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Abstract 

Antigen presenting cells (APCs) are the sentinel cells of the immune system and can initiate 

strong, directed immune responses against foreign pathogens. In humans, APCs are found at 

sites susceptible to pathogen infiltration, including the skin. APCs are therefore ideal vaccine 

targets as they are accessible by cutaneous vaccination strategies such as intradermal 

injection or topical application, and they can stimulate functional immune responses. 

Toll-like receptors (TLRs) enable APCs to detect pathogens and induce an appropriate 

immune response against that pathogen. This capacity can be exploited by incorporating 

synthetic TLR ligands into vaccines in order to augment immune responses against vaccine 

antigens. Currently, the TLR3 ligand Poly I:C and the TLR7/8 ligand R848 are being tested in 

clinical trials as potential vaccine adjuvants, however, the effect of intradermal and/or topical 

application of these ligands individually or combinatorically on cutaneous APC subsets and 

other cells in human skin is not well characterised, and this provides the impetus for this study. 

First, immunohistochemical analyses were conducted to determine which cells in human skin 

express TLR 3, 7 and 9 protein, as previous studies assessing these TLRs are conflicting and 

only consider expression of TLR mRNA. Epidermal Langerhans cells, CD1a+ dermal APCs, 

CD14+ dermal APCs, and blood and lymphatic endothelial cells all expressed TLR 3, 7, and 9 

protein, however MetaMorph analyses demonstrated that these TLRs were expressed to 

varying extents by each cell subset.  

Next, a human skin explant model was developed, in which a defined concentration of TLR 

ligand/s could be administered both intradermally and topically, in order to assess their 

influence on cells in situ in human skin. When Poly I:C and/or R848 were intradermally injected 

into skin explants, the phenotype and maturation status of APCs that migrated out of the 

explants was not influenced, however R848 alone did induce a reduction in the number of 

migratory APCs. Intradermal injection of Poly I:C significantly increased the secretion of IL-6 

and IL-8 by cells in skin explants while intradermal injection of R848 significantly increased 

the secretion of a wider range of cytokines including IL-1β, IL-10, IL-12/IL-23p40, IP-10, 

MIP-1, MIP-1β, MIG, TNF, G-CSF, GM-CSF, MCP-1, and VEGF. Simultaneous intradermal 

injection of Poly I:C and R848 induced the additional secretion of IFN-, and a significantly 

higher level of IP-10 and MIP-1β than that induced by R848 alone, indicative of a synergistic 

response. The addition of topical application of Poly I:C and R848 did influence the secretion 

of particular cytokines by skin explants, however whilst significant the changes were small.  

 



 

 iii 

Mixed leukocyte reactions demonstrated that whilst Poly I:C enhanced the initial 

allostimulatory capacity of CD1c+ blood APCs, by day 6 Poly I:C and/or R848 had no 

discernible influence. Interestingly each treatment supressed secretion of the Th1 (IFN- and 

Th2 cytokines (IL-4, and IL-5), whilst secretion of the immunomodulatory cytokine IL-10 was 

elevated for the R848 and Poly I:C treatments but not the combined treatment. Preliminary 

data utilising CD1a+/CD14+ APCs that migrated from skin explants intradermally injected with 

Poly I:C and/or R848 suggest that simultaneous delivery of these ligands may enhance the 

allostimulatory capacity of human skin APCs, however this requires confirmation.  

Finally, the influence of Poly I:C and/or R848 on the barrier integrity of human dermal 

microvascular endothelial cells (HMEC-1) was measured using Electric Cell-substrate 

Impedance Sensing (ECIS). It was found that Poly I:C with or without R848 induced an 

immediate transient decrease in barrier integrity, which was followed by a further sustained 

reduction, while R848 induced a similar but substantially smaller effect.  

Collectively, these data highlight that Poly I:C and R848 differentially influence cells in situ in 

human skin, furthermore their simultaneous application appeared to induce a small synergistic 

pro-inflammatory response. These data contribute to our understanding of cutaneous immune 

responses and have important implications for the delivery of TLR adjuvants via the cutaneous 

route. 
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Chapter 1 Introduction 

1.1 Overview 

Human skin is a remarkable organ; forming the interface between a treacherous environment 

and the precious internal organs of the body, skin provides both a robust physical barrier to 

pathogens and a defence force of immune cells should it’s integrity be compromised, 

alongside the provision of sensation, thermoregulation, fat storage, and a niche for commensal 

organisms. The skin can also be utilised as a means for medicinal administration; medications 

can be applied topically, intradermally or subcutaneously injected, or pulsed into layers of skin 

to prevent, treat, or cure disease. The presence of immunoreactive Antigen Presenting Cells 

(APCs) within skin and the ease of administration of medications to human skin are exploited 

in this study in order to discern the effects of Toll-Like Receptor (TLR) ligands, currently used 

to augment immune responses in clinical trials of viral and cancer vaccines. The availability of 

skin from cosmetic procedures has allowed the development of a skin explant model, in which 

TLR ligands can be administered via intradermal injection or topical application, and the 

resultant influence of these ligands on the migration, phenotype, and maturation status of 

APCs, and the secretion of cytokines from these explants can be assessed. These data will 

emphasise which TLR ligand or combination of ligands administered cutaneously can 

augment the immune response to a cancer or viral vaccine.  
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1.2 The structure and cellularity of human skin  

Human skin is comprised of multiple layers of ectodermal tissue, including the stratum 

corneum, epidermis, and dermis, as illustrated in Figure 1.1. The following sections describe 

the structure and distribution of cells within each layer.  

1.2.1 The stratum corneum 

The stratum corneum forms the outermost layer of skin, and is the first line of defence against 

physical, chemical, or biological insult. It is comprised of multiple layers of flattened, non-

nucleated, fully differentiated keratinocytes, referred to as corneocytes. Corneocytes of the 

epidermis bind together with  corneodesmosomes and exist within a non-polar lipid-rich 

intercellular matrix, granting the stratum corneum hydrophobic properties (reviewed in [1]). 

While the stratum corneum provides an essential physiological barrier in humans, methods to 

penetrate or remove dead cells of the stratum corneum such as tape stripping and skin 

scarification have been utilised previously to physically or chemically activate immune cells 

which reside in the underlying epidermis [2]. 

1.2.2 The epidermis 

The epidermis lies below the stratum corneum and is primarily comprised of keratinocytes, 

and smaller populations of Merkel cells, melanocytes, Langerhans cells (LCs), and T cells. 

The epidermis is avascular, and oxygen required for cellular respiration is sourced entirely 

from the external environment. The basal layer of the epidermis is formatted into rete ridges, 

which interlock with papillae of the dermis. Keratinocytes originate from a self-renewing pool 

of epidermal progenitor cells [3], and exist in an increasingly differentiated status the closer 

they are to the stratum corneum, culminating in an extensive structural transformation into 

corneocytes. Keratinocytes maintain the epidermal barrier through the production of  

antimicrobial peptides to combat pathogenic infiltration, lipids to maintain hydrophobicity, and 

proteins including keratin, collagen, and elastin which together create a strong, yet flexible 

epidermal layer. Merkel cells are located in the basal epidermis of human skin and convert 

mechanical stimulation of light touch into action potentials in the connecting nerve fibre [4]. 

Melanocytes also reside in the basal layer of the epidermis and produces the UV-B-absorbing 

black pigmented melanin both basally, and after UV-B induced activation [5].  LCs are the 

epidermal-resident APC subset, and will be discussed in detail in section 1.3.1. LCs are found 

interdigitated throughout the basal and suprabasal epidermis and function to induce 

appropriate inflammatory immune responses to pathogens and tolerogenic responses to 

commensal bacteria, via the capture and presentation of antigen, migration to the lymph node  
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Figure 1.1. Cells of the human skin. Diverse cell types reside in the skin, and render the skin a highly 
functional organ. Anucleated corneocytes form the stratum corneum and provide a hydrophobic 
physical barrier and first line of defence against pathogens. The epidermis consists of differentiating 
keratinocytes, interdigitated with melanin-producing melanocytes and antigen sensing Langerhans cells 
(LC). The dermis is comprised of ECM-producing fibroblasts, and CD1a+ APCs distributed in the upper 
layers, CD14+ APCs spread throughout, as well as the occasional CD141+ APC and migrating LC. CD4+ 
resident memory T cells (and less commonly CD8+ resident memory T cells), are found in both the 
dermis and epidermis while the professional phagocytes, the macrophages are found throughout the 
dermis. Blood and lymphatic vessels weave through the dermis alongside hair follicles and sweat 
glands.  
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 (LN), and interaction with T cells. In the epidermis of healthy skin, LCs arise during yolk sac 

haematopoiesis and self-renew locally, but are also replenished during inflammation or UV 

irradiation by bone-marrow derived classical monocytes ([6, 7] and reviewed in [8]). 

Additionally, CD4+ and CD8+ resident memory T cells are found in the epidermis, and 

represent the immunological history of an individual’s pathogenic skin challenges [9]. These 

T cells can respond with immediate effector cell function if challenged with familiar antigen, 

providing further defensive strength to the skin. Cells of the epidermis can be targeted with 

medications administered topically, or with coated microneedles. 

1.2.3 The dermis 

Below the epidermis lies the dermis, which in turn is divided into the more superficial papillary 

dermis and the deeper layer of the reticular dermis. The dermis is highly functional and 

contains multiple cell types interspersed amongst the extra-cellular matrix (ECM), including 

but not limited to fibroblasts, APCs, macrophages, lymphocytes, adipocytes, mast cells, and 

specialised cells associated with sweat and apocrine glands, hair follicles, blood and lymphatic 

vessels, and nerves. Fibroblasts form the predominant cell population in the human dermis,  

accounting for ~43% of a dermal digest, while HLA-DR-CD45+ lymphocytes and 

HLA-DR+CD45+ APCs form ~21 % and ~13 % of the digest, respectively [10]. The title 

fibroblast encompasses multiple subsets of differentiated mesenchymal cells which have 

multiple roles including the production of ECM proteins which provide structural integrity to 

skin, wound healing, immune regulation, and adipogenesis [11]. Both B and T lymphocytes 

exist in human skin; B cells subsets form 1 % of CD45+ skin digests [12], while the vast majority 

of the remaining lymphocytes are interferon-gamma (IFN-) secreting CD45RO+ effector 

memory T cells [13], with 3-4 times more CD4+ T cells than CD8+ T cells [14]. These presence 

of these lymphocytes in skin allows an immediate effector response to pathogens that have 

been encountered by the individual before. However, when a pathogenic antigen has not been 

seen before, APCs in human skin are responsible for detecting, processing, and displaying 

antigens from these pathogens before migrating to proximal lymph nodes to initiate 

appropriate T cell responses. Multiple APC subsets including CD1a+ dermal APCs, CD14+ 

dermal APCs, and CD141+ dermal APCs reside within the human dermis, each with varying 

capacity to stimulate T cells; each subset is discussed in detail in section 1.3. CD1a+ dermal 

APCs are commonly found in the upper layers of the dermis often close to lymphatic 

endothelium while CD14+ dermal APCs are distributed throughout the dermis and CD141+ 

dermal APCs are rare [14, 15]. Epidermal LCs can also be found migrating through the dermis 

on route to the LN via lymphatic ducts [14, 15]. Blood and lymphatic vessels weave together 

throughout the dermis; looped blood capillaries are present below the dermoepidermal 
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junction, while blind-ended initial lymphatics reside below these and come together lower in 

the dermis to form collecting lymphatic vessels [14]. These vessels are essential for the 

transport of nutrients to the skin, and are also required for the passage of immune cells in 

various states of activation during steady state and inflammatory conditions to and from skin. 

Blood and lymphatic vessels are lined with blood endothelial cells (BECs) and lymphatic 

endothelial cells (LECs) respectively, which control the permeability of the vessels to 

macromolecules, and the transendothelial migration of immune cells in and out of the skin 

[16]. BECs and LECs have also been shown to have immune-modulatory effects, and are 

discussed further in section 1.5.  

  



Chapter 1 

 6 
 

1.3 APCs of the human skin 

While all cell types mentioned in the previous sections play a role in host defence to 

pathogens, APCs are the supreme inducers of innate and adaptive immune responses in the 

human body and are therefore targets of vaccines.  Murine studies conducted by Ralph 

Steinman and Zanvil Cohn led to the discovery of a rare cell type from a splenic cell 

suspension that was structurally distinct from macrophages with arm-like processes [17], and 

held the capacity to induce proliferation of lymphocytes in a mixed leukocyte reaction [18], 

induce antigen-specific immunity [19], and activate naïve T cells via antigen presentation on 

major histocompatibility complex II (MHCII) [20]. They named these cells ‘dendritic cells’ (DC) 

after the Greek word dendron, meaning tree. In this thesis, these same cells are referred to 

as APCs, which alludes to their function over their form. APCs can be classified in a number 

of ways which may represent their origin (myeloid or lymphoid precursors), anatomical location 

(lymphoid, or non-lymphoid tissues, or migratory) or phenotype. In this thesis, subsets of APCs 

that reside in the human skin are assessed using a skin explant model. Previous human 

studies have allowed the identification of LCs, CD1a+ dermal APCs, CD14+ dermal APCs, and 

CD141+ dermal APCs in the skin [21-25], which are named in previous literature and in this 

thesis by their primary identifying surface marker (Langerin, CD1a, CD14, and CD141). These 

subsets will be discussed in detail in the following sections.  

1.3.1 Langerhans cells 

LCs represent a specialised subset of epidermal APCs first thought of as nervous receptors, 

but later confirmed as self-renewing leukocytes with dendritic morphology that continuously 

monitor the epidermis for antigenic threats [8, 23].  LCs can be distinguished from other cells 

in the epidermis through their expression of HLA-DR, CD45 (a tyrosine phosphatase 

expressed by differentiated leukocytes), and CD207 (or langerin, a C-type lectin involved in 

the detection of microbial -glucans [26]). LCs also uniquely possess cytoplasmic, tennis 

racket-shaped Birbeck granules, which form in response to the binding of antigen by CD207 

[27]. Additional phenotypic markers differentiate LCs from dermal APC subsets, as shown in 

Table 1.1. Notably, LCs express high levels of CD1a, a trans-membrane lipid-presenting 

glycoprotein structurally similar to MHC proteins, incidentally used to define the CD1a+ dermal 

APC subset despite it being expressed in higher levels by LCs [28]. Interestingly, a recent 

report showed CD1a deficiency does not influence the immune function of LCs suggesting 

CD1a is not essential for LC function [29]. 

 

 



Introduction 

 7 

Table 1.1. Phenotype of human skin APCs 

 

 

Surface marker 

Epidermis Dermis 

Reference 
LCs 

CD1a+ 
APCs 

CD14+ 
APCs 

CD141+ 
APCs 

 
CD1a 

 
+++ 

 
++ 

 
- 

 
+ 

 
[23, 28, 30, 31] 

CD1b + + - ND [32] 

CD1c/BDCA-1 ++ ++ + + [22, 23] 

CD11a/ITGAL + + + + [22] 

CD11b/ITGAM + + + + [15] 

CD11c/ITGAX + + + + [15, 23, 33] 

CD14 - - + - [23, 31, 33] 

CD18/ITGB2 + + + + [22] 

CD32/FcRI + + + + [22] 

CD36/FAT - + ND ND [30] 

CD40 + + + ND [23, 34] 

CD45/PRPTC + + + + [22] 

CD54/ICAM-1 + + + + [22] 

CD68 - - + ND [15] 

CD80/B7-1 ++ ++ + + [34] 

CD83 + + + + [15] 

CD86/B7-2 ++ ++ + + [23, 34] 

CD135/FLT-3 - + + + [35] 

CD141/BDCA-3 - + + ++ [33] 

CD197/CCR7 + + +/- + [34, 35] 

CD205/DEC205 - ++ - - [30, 36, 37] 
CD206/MMR - +/- + - [15, 30, 33] 

CD207/Langerin + - - - [23, 36] 

CD208/DC-LAMP +/- + - ND [15, 30] 

CD209/DC-SIGN - +/- + ND [15, 23, 30, 36] 

CD324/E-cadherin + - - - [38] 

Clec9A - - - + [33] 

Factor XIIIa - + + + [22, 30] 

HLA-DR + + + + [22, 39] 

HLA-DQ + + + + [22] 

XCR1 - - - + [33, 40] 
 

NB: +/- represents conflicting data between studies, ND: not determined  
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Recent microarray analysis showed that CD207-expressing epidermal LCs are homologous 

between humans and mice [41]. Interestingly, a dermal CD207+CD8+CD103+ APC subset is 

found in mice, and a dermal CD207+CD1aloCD11chi APC subset has also been detected in 

humans, however these cell subsets are unrelated to each other [42-47]. It has also recently 

been shown that CD207-expressing cells can be generated from CD1c+ blood APCs in 

response to serum or transforming growth factor beta (TGF-) [48], suggesting that CD207 is 

not uniquely expressed by the epidermal LC compartment as once thought. Regardless, LCs 

form the majority of CD207-expressing cells in human skin. 

LCs undergo activation and maturation in response to danger signals detected in the 

epidermis. LCs can be found migrating through the dermis towards the lymphatic vasculature 

and in the LN in both steady state conditions and during inflammation carrying either self or 

foreign antigen [49-51]. Once at the LN, LCs interact with T cells to maintain tolerance to 

commensal skin bacteria [52, 53] or induce pro-inflammatory responses to pathogenic threats 

[54]. 

Defence against tumours or viruses requires the uptake and cross-presentation of exogenous 

antigens on MHC-I by APCs. Previous studies have reported LCs are capable of cross 

presenting exogenous antigen to CD8+ T cells, and are superior CD8+ T cell activators in 

comparison to CD14+ dermal APCs [23, 55]. It has recently been shown that antigen can be 

targeted to LCs via CD207, further enhancing their cross-presenting capacities [56]. 

Additionally, LCs can facilitate the differentiation of naïve CD4+ T cells into a Th2 phenotype 

capable of eradicating parasites [23].  

Collectively, the presence of LCs in the epidermis of human skin, their ability to cross present 

tumour or viral antigen, and their capacity to migrate to the lymph node and interact directly 

with T cells makes them a potential target for vaccines administered to the epidermis. 

Vaccines must be designed to correctly direct LCs to induce pro-inflammatory over tolerogenic 

responses, through the inclusion of specific adjuvants.  

1.3.2 CD1a+ dermal APCs 

Dermal APCs were first characterised in 1993; three populations of dermal APCs including 

CD1a+CD14-, CD1a-CD14+, and CD1a-CD14- APCs were found with distinct antigen 

presenting and T cell stimulatory capacities [21, 22]. Additional to CD1a, other lipid-presenting 

CD1 molecules (CD1b, CD1c, CD1d) are expressed by CD1a+ dermal APCs, and have been 

retained by most mammalian species [57], suggesting each molecule has a non-redundant 

and functional role, further supported by confirmed differences in tissue expression and 

transcriptional regulation of these molecules [58, 59]. As such, CD1a+ dermal APCs have been 
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referred to as CD1c+ or BDCA-1+ APCs in other studies [60, 61]. While both LCs and CD1a+ 

dermal APCs express CD1a, HLA-DR, and costimulatory proteins, CD1a+ dermal APCs are 

distinguishable from LCs by their lack of Birbeck granules, higher expression of CD36, lower 

expression of CD1a, and absence of E-cadherin [34, 39, 62]. CD1a+ dermal APCs also 

express higher levels of costimulatory markers CD40, CD83, and CD86 than CD14+ dermal 

APCs, suggesting CD1a+ dermal APCs exist in a more mature state than CD14+ dermal APCs 

in the dermis [15, 34]. Additional studies have shown that APCs with a phenotype that closely 

resembles CD1a+ dermal APCs can be generated if CD1c+ blood APCs are cultured with the 

supernatant from human skin digests [25].  

Functionally, CD1a+ dermal APCs can initiate potent immune responses after antigenic 

stimulation similarly to LCs. In steady state and inflammation, they migrate through the dermis 

towards lymphatic structures of which they are often associated with in immunohistochemical 

analyses [34]. CD1a+ dermal APCs express the LN homing protein chemokine receptor 7 

(CCR7) and chemokinetically migrate along the chemokine ligand 19 (CCL19) and CCL21 

gradient produced by lymphatic endothelial cells to the paracortex of the LN, where they 

induce greater levels of naïve CD4+ T cell proliferation than CD14+ dermal APCs [34, 50]. 

They have also been shown to associate with and induce the proliferation of allogeneic CD4+ 

and CD8+ T cells, although to a lesser extent than LCs [23, 60, 63]. Like LCs, they can induce 

T helper type 2 (Th2) polarisation of T cells in the LN [64].  

Overall, while CD1a+ dermal APCs are less characterised than LCs, they represent a subset 

of APCs which could respond well and induce both humoral and cellular immunity in response 

to an adjuvanted vaccine administered to the dermis of human skin.  

1.3.3 CD14+ dermal APCs 

CD14+ dermal APCs comprise an additional subset of APCs in the human dermis. In the early 

90’s, CD14 was detected on a subset of dermal APCs distinct from those expressing CD1a 

[22]. CD14 is a pattern recognition receptor (PRR) which, alongside TLR4 and 

lipopolysaccharide-binding protein (LBP), detects gram-negative bacterial lipopolysaccharide 

(LPS) [65]. CD14 is expressed by monocytes and APCs alike, and is found anchored to 

cellular membranes via a glycosylphosphatidylinositol tail but also exists in a secreted form 

[66]. As CD14 is expressed by multiple cell types in blood and skin including monocytes and 

macrophages, the division of CD14 expressing cells into separate functional subsets is 

challenging and contentious. On one hand, CD14+ dermal APCs differ from monocytes in their 

physical form; they are larger than monocytes but smaller than CD1a+ dermal APCs with a 

ruffled surface and granular cytoplasm [15]. CD14+ dermal APCs are also distinguished from 
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skin-resident CD14+ macrophages as they are not autofluorescent, have low side scatter 

profiles when assessed using flow cytometry, and express CD1c, higher levels of CD11b and 

CD11c, and lack CD163 [24]. However, comparative transcriptomic analysis has shown the 

close relationship of CD14+ dermal APCs with blood monocytes [25, 67]. It also has been 

found that CD14+ dermal APCs are heterogeneous in the expression of TLR2 and CD83; 

intriguingly CD14+TLR2+CD83- dermal APCs were found in the lower regions of the dermis 

while CD14+TLR2-CD83+ were found in the upper regions, like CD1a+TLR2-CD83+ dermal 

APCs [15]. These data suggest CD14+ dermal APCs represent an intermediate cell subset 

with phenotypic and functional similarities to both APCs and monocytes. 

Collectively, CD14+ dermal APCs express lower levels of CD80 and CD86 than CD1a+ dermal 

APCs or LCs but express the C-type lectins CD206 and CD209 [15, 23, 34, 64, 68, 69]. 

Alongside a reduced capacity to migrate to the LN [69] and a reduced capacity to stimulate 

naïve CD4+ T cell proliferation [23, 70], CD14+ dermal APCs appear to be more tailored 

towards antigen uptake than T cell stimulation. Additionally, CD14+ dermal APCs have been 

shown to induce lower expression of cytotoxic effector proteins granzyme and perforin when 

cultured with CD8+ T cells than LCs [23]. However, they are just as efficient as other skin APC 

subsets at regulating memory T cell responses and uniquely express high levels of the 

pleiotropic cytokine interleukin 1 alpha (IL-1) which can both stimulate fibroblasts and recruit 

neutrophils into skin [69]. CD14+ dermal APCs have also been shown to induce regulatory T 

cells through the production of IL-10 [71], and their ability to stimulate naïve CD8+ T cells can 

be enhanced if IL-10 is blocked [72].  They also play a role in humoral immunity and mediate 

the differentiation of T follicular helper (Tfh) cells [23, 64].  

Collectively, these data suggest that CD14+ dermal APCs may represent an intermediate APC 

population in form and function. In steady state these cells are not efficient antigen presenters 

or T cell stimulators but inflammatory signals or adjuvants included in vaccines may influence 

the maturation and function of these cells into APCs which can potentiate strong immune 

responses. 

1.3.4 CD141+ dermal APCs 

A rare subset of CD141+ APCs has also been characterised, first in lineage negative cells of 

the blood, bone marrow and tonsils [73], and later in the human dermis [25]. These APCs are 

characterised by the expression of CD141, or thromobomodulin, which acts as an 

anticoagulant in blood. CD141 is also referred to as the third blood DC antigen (BDCA3) as it 

characterises the correspondingly rare population of APCs (10 % of blood myeloid APCs) in 

human blood [74]. CD141 is expressed by number of cell subsets including monocytes, other 
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APCs, and endothelial cells [40, 71, 73], and therefore cannot be used alone to discriminate 

this rare subset of APCs. CD141+ dermal APCs express CLEC9A, a c-type lectin which binds 

actin filaments exposed by dead cells and cross-presents dead cell antigens [75, 76]. CLEC9A 

is expressed by other cells including a subset of monocytes and B cells [75, 77]. Interestingly, 

CLEC9A was found to be expressed on immature CD141+ dermal APCs only and maturation 

of these APCs with TLR ligands resulted in the disappearance of this molecule [78]. 

Additionally, CD141+CLEC9A+ dermal APCs selectively express XCR-1, a chemokine 

receptor, of which the ligand XCL-1 is secreted by NK and CD8+ T cells during early and late 

infection to facilitate innate and adaptive immune responses, respectively [40, 79, 80], or from 

tumour-resident NK cells to recruit CD141+ APCs and promote anti-tumour immunity [81]. 

Additionally, CD141+ dermal APCs can express surface markers that are used to denominate 

other APC subsets in the skin, including CD1a and CD1c.  

Morphologically, like CD1a+ dermal APCs, CD141+ dermal APCs are large ruffled cells, but 

possess additional small lamellipodia [25]. While CD141+ dermal APCs are rare in the dermis 

(500 cells per cm2), it is likely they represent an APC subset with distinct functional qualities. 

CD141+ dermal APCs migrate from skin explants ex vivo in response to XCL-1 [25], a 

chemokine secreted by NK cells, and have also been detected in the paracortical T cell areas 

of the LN, mediated by their expression of CCR7 and migration via lymphatic vessels in the 

dermis [25, 82]. CD141+ dermal APCs can proficiently cross-present soluble antigens to CD8+ 

T cell clones in a manner superior to other dermal APC subsets, notably without the influence 

of cytokines or TLR stimulation [25], and in a similar manner to their suggested CD141+ blood 

APC counterparts which were shown to be more efficient cross-presenters than CD1c+ blood 

APCs, CD16+ monocytes, or pDCs [79]. Also, CD141+ dermal APCs, like CD1a+ dermal APCs, 

are capable of activating allogeneic CD4+ responses [73]. Interestingly, a previous study has 

suggested that CD141+CD14+ dermal APCs are immunoregulatory APCs which constitutively 

express IL-10 and are involved in tissue homeostasis and tolerance [71]. However, this study 

did not distinguish CD141+CLEC9A+XCR-1+ dermal APCs from CD14+CD141+ dermal APCs 

which are known to secrete IL-10 [28].  

Collectively, these data suggest CD141+ dermal APCs represent the subset in skin most 

capable of cross presenting antigen and stimulating CD4+ and CD8+ T cells. These APCs are 

highly suitable for targeting with a vaccine, however their rarity in human skin may limit the 

capacity of their response.  
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1.4 Human blood APCs 

Vasculature of the dermis of human skin permits the ingress and egress of APCs, including 

APCs present in human blood which are thought to replenish populations of dermal APCs in 

human skin [83]. Blood APCs are categorised using blood dendritic cell antigens BDCA1 

(CD1c), BDCA2 (CD303), BDCA3 (CD141), and BDCA4 (CD304), to delineate conventional 

BDCA1+/CD1c+ and BDCA3+/CD141+ blood APCs, from BDCA2+BDCA4+/CD303+CD304+ 

plasmacytoid DCs (pDCs) [74]. In this thesis, blood APCs are referred to as CD1c+ blood 

APCs, CD141+ blood APCs, and pDCs. Similar to the human dermis, CD141+ blood APCs 

form the minority of APC subsets, accounting for about 10 % of the total blood APC pool, while 

CD1c+ blood APCs and pDCs contribute equally (about 45 % each) to the remainder [84].  

Both CD1c+ and CD141+ blood APCs are capable of antigen presentation, Th1 differentiation 

of naïve CD4+ T cells, and cross presentation [73, 85]; functions which are further influenced 

by TLR stimulation [86]. In contrast, pDC are specialised antiviral effector cells, and secrete 

high levels of type I IFN which, via the IFN alpha/beta receptor, modulate the expression of 

thousands of IFN-regulated genes to combat viral infection [87]. Due to the similar expression 

of CD1c, CD11c, HLA-DR, and, CD45, CD1c+ APCs isolated from blood can be used to 

represent dermal APCs, or with the addition of TGF-, CD207-expressing LCs [23, 48, 60]. 

Recent transcriptional profiling studies have discovered an additional subset of APCs in 

human blood with a similar phenotype to pDCs but further defined by their expression of the 

tyrosine protein kinase AXL, the sialic acid-binding immunoglobulin-type lectins SIGLEC1 and 

SIGLEC6, and a heightened capacity to activate T cells [88]. Additionally, the classical CD1c+ 

subset has been divided into two cell subsets which differ in their expression of MHCII and 

inflammatory genes [88]. As current magnetic-activated cell sorting (MACS) isolation 

techniques for pDCs and CD1c+ APCs do not currently discriminate between these new 

subsets, and therefore, data generated using pDCs and CD1c+ APCs isolated in this manner 

will be based on the collective influence of multiple cell subsets.  

Monocytes are also found in the blood and are further divided into classical CD14++CD16-, 

intermediate CD14++CD16+, and nonclassical CD14+CD16++ subsets; each subset of 

increasing maturity (reviewed in [89]). Blood monocytes are derived from bone marrow 

precursor cells, and migrate via blood vasculature to peripheral tissues where they 

differentiation into tissue-resident macrophages which do not migrate but phagocytose dead 

cells and maintain tissue homeostasis [31, 90].  
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1.5 Endothelial cells in human skin 

Endothelial cells also process and present antigen in the human skin [91]. Endothelial cells 

are simple squamous cells of mesodermal origin that form the interior layer of lymphatic and 

blood vasculature. They have a number of important functions including, but not limited to, the 

control of blood pressure and basal body temperature through vasodilation and 

vasoconstriction, angiogenesis in early development and wound healing, and formation and 

regulation of an endothelial barrier to control ingress and egress of white blood cells and small 

molecules to and from tissues. Transcriptional profiling has revealed that BECs and LECs 

differentially express a small percentage of genes, suggesting that while these cell subsets 

are closely related, they can be distinguished phenotypically and functionally [92]. In particular, 

LECs express higher levels of APC chemoattractant molecules such as Regulated on 

Activation, Normal T cell Expressed and Secreted (RANTES), CCL21, and CCL20, which are 

further upregulated during inflammation [92]. Blood and lymphatic endothelial cells can be 

distinguished from one another in the skin using multicolour fluorescent microscopy; BECs 

express the transmembrane phosphoglycoprotein CD34 and the platelet endothelial cell 

adhesion molecule (PECAM-1/CD31) but lack expression of the mucin-type protein 

podoplanin (PDPN) and the lymphatic vessel endothelial hyaluronan receptor (LYVE-1), while 

LECs express podoplanin, LYVE-1 (on initial but not collecting lymphatics), and low levels of 

CD34 and CD31 [14, 16, 93, 94]. 

BECs and LECs play important roles in inflammation including the presentation of antigen to 

circulating memory T cells [91], the detection of antigen via pathogen recognition receptors 

and secretion of cytokines and chemokines in response to pathogenic antigens [95, 96], and 

the modulation of adhesion molecules involved in lymphocyte transendothelial migration and 

endothelial barrier integrity [91, 97]. These properties suggest blood and lymphatic endothelial 

cells may be influenced by an immunostimulatory adjuvant-containing vaccine administered  

to the human dermis. 
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1.6 The induction of adaptive immune responses by APCs 

A common feature of the APC and endothelial cell subsets as described above is their ability 

to sense pathogens and initiate immune responses, albeit to varying extents. The next 

sections detail the detection of antigen by TLRs and the associated signalling pathways 

invoked, the processing and presentation of antigen on MHC molecules, the maturation and 

migration of APCs, and the influences of APC antigen presentation on T cell differentiation. 

1.6.1 Toll-like receptor sensing 

Toll-like receptors (TLRs) are pattern recognition receptor (PRR) proteins expressed by cells 

of the innate immune system such as APCs, macrophages, B cells, T cells, and endothelial 

cells [86, 95, 96, 98]. TLRs detect patterns expressed by commensal organisms, pathogens, 

and host cells alike. They function to discern non-harmful from harmful antigens, and in healthy 

individuals initiate tolerogenic or pro-inflammatory immune responses, respectively. They also 

initiate immune responses when host-derived damage-associated molecular patterns 

(DAMPs) are present in response to trauma and tissue damage [99]. Additional classes of 

PRRs exist and include C-type lectins (CLRs), NOD-like receptors (NLRs), and RIG-I-like 

receptors (RLRs) each with unique capacity to detect pathogens and initiate immune 

responses in humans, however TLRs are the focus of this thesis. Ten TLRs have been 

characterised in humans; each of these consist of a leucine rich repeat (LRR) ligand binding 

domain connected via a transmembrane domain to the Toll interleukin-1 Receptor (TIR) 

domain that mediates signal transduction via cytoplasmic adapter proteins. TLRs function as 

homodimers or heterodimers in the case of TLR2 (with TLR1, TLR6, or TLR10). Some TLRs 

exist on extracellular membranes (TLRs 1, 2, 4, 5, 6) and generally recognise extracellular 

components of bacteria and fungi, and others are found in intracellular endosomal 

compartments (TLRs 3, 7, 8, 9) and recognise compounds containing nucleotides. TLR 

inflammatory stimuli can also come from endogenous sources and include heat shock 

proteins, necrotic proteins, and fibronectin [100]. Additionally, synthetic TLR ligands are 

available commercially and are being utilised as vaccine adjuvants in clinical trials. A summary 

of the human TLRs, their natural ligands and examples of commercially available ligands is 

shown in Table 1.2.  

Additionally, many endogenous ligands (often referred to as Danger Associated Molecular 

Patterns, or DAMPS) of TLRs and other PRRs are known and are indicated in Table 1.2. 

These can be released during the cellular stress response and once they bind their cognate 

receptor, induce signalling events essential for the initiation of wound healing. For example 

necrotic cell antigens and heat shock proteins can signal through multiple TLRs, resulting in  
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Table 1.2. Human TLRs, their natural ligands, and examples of commercially available 
ligands 

TLR Localisation Responsive to 
Natural 
Ligand 

Commercially 
available ligands 

Adapter 
molecules 

TLR1 
Plasma 
membrane 

Bacteria 
Triacyl 
lipoprotein 

Pam3CSK4 MyD88 

TLR2 
Plasma 
membrane 

Bacteria, 
viruses, 
parasites, self 

Lipoprotein, 
hyaluronan, 
heat shock 
proteins 

Pam2CSK4 
Pam3CSK4 
Bacterial 
lipoproteins 

MyD88, 
TIRAP/MAL 

TLR3 Endolysosome Viruses 
dsRNA, 
mRNA 

Poly I:C, Poly ICLC TRIF 

TLR4 
Plasma 
membrane/ 
Endolysosome 

Bacteria, 
viruses, self 

LPS, 
hyaluronan, 
heat shock 
proteins, 
fibrinogen 

LPS, MPLA 
MyD88, 
TIRAP/MAL, 
TRIF, TRAM 

TLR5 
Plasma 
membrane 

Bacteria Flagellin 
Flagellin from 
various bacteria 

MyD88 

TLR6 
Plasma 
membrane 

Bacteria, viruses 
Diacyl 
lipoprotein 

Pam2CSK4 MyD88 

TLR7 Endolysosome 
Bacteria, 
viruses, self 

ssRNA (viral), 
ssRNA 
(endogenous)  

R837, R848, CL075, 
CL097, 
Gardiquimod, 
Loxoribine 

MyD88 

TLR8 
Plasma 
membrane 

Bacteria, 
viruses, self 

ssRNA (viral), 
ssRNA 
(endogenous) 

R848, CL075, 
CL097 

MyD88 

TLR9 Endolysosome 
Bacteria, 
viruses, 
parasites, self 

CpG-DNA, 
IgG-
chromatin 
complexes 

Class A CpG ODNs: 
1585, 2216, 2336 
Class B CpG ODNs: 
1669, 1826, 2006 
Class A CpG ODNs: 
2395, M362, SL03 

MyD88 

TLR10 
Plasma 
membrane 

Unknown Unknown Not available Unknown 

NB. Italicised natural ligands represent those found endogenously. 

  



Chapter 1 

 16 
 

the secretion of pro-inflammatory cytokines and chemokines such as TGF-, fibroblast and 

epidermal growth factors, and IL-8 which recruit neutrophils into the skin and induce their 

phagocytic capacity [101]. TLR activation by endogenous ligands has also been implicated in 

the development and progression of cancer and autoimmune disease [102]. Therefore, these 

ligands may contribute to the immunological outcome in experimental models of these 

diseases, and must be considered and controlled for when assessing the influence of synthetic 

TLR ligands.   

1.6.2 Toll-like receptor signalling  

TLR binding of natural or synthetic TLR ligands initiates signalling pathways in cells, which 

ultimately modulate the expression of inflammatory genes, accordingly.  After ligand binding, 

TLRs recruit adaptors proteins within the cytoplasm to mediate signal transduction, as 

depicted in Figure 1.6 and reviewed in [103]. Myeloid differentiation factor 88 (MyD88), and 

MyD88 adaptor-like protein (TIRAP/MAL) are recruited after ligation of TLR2 and TLR1 or 

TLR6 heterodimers, or homodimers of TLRs 4, 6, 7, 8, and 9. MyD88 recruits additional 

adapter molecules including IL-1R-associated kinase (IRAK) -1, 2, and 4, which through the 

interaction with TNFR-associated factor 6 (TRAF6), allow the activation of the TGF--activated 

kinase 1 (TAK1), and the TAK1-binding proteins TAB2 and TAB3 (together named the TAK 

complex). Additionally, TLR2 and TLR4 require MyD88 adapter-like protein (MAL/TIRAP) to 

bridge the TLR:MyD88 interaction [104]. Together, the TAK complex mediates the 

phosphorylation of IB kinase (IKK)-, which alongside IKK-, and NF-B essential modulator 

(NEMO), phosphorylates the NF-B inhibitory protein IB. This frees NF-B which 

translocates to the nucleus and as a transcription factor, induces the transcription of numerous 

pro-inflammatory cytokines.  

The TIR domain–containing adaptor inducing IFN- (TRIF) signalling pathway is employed by 

homodimers of endosomal TLR3 and also TLR4 which translocates to endosomal membranes 

after interacting with LPS, and co-receptors CD14 and MD2 [65]. While TLR3 directly interacts 

with TRIF, the TLR4 interaction with TRIF is mediated by the TRIF-related adaptor molecule 

(TRAM). TRIF can interact with both TRAF6, allowing downstream NF-B activation, and  

TRAF3, which mediates the interaction between TANK-binding kinase 1 (TBK1) and IKK-I, 

allowing the phosphorylation and translocation of IRF3 and IRF7 to the nucleus and 

transcription of type I interferons [105].   

Homodimers of TLR7, TLR8, or TLR9 are induced from the endoplasmic reticulum to 

translocate to endosomal membranes after ligation, where TLR9 undergoes proteolytic 

cleavage [106]. From here, MyD88 is recruited, and signalling frees both NF-B to induce   
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Figure 1.6 TLR signalling pathways. Left panel: Ligand bound heterodimers of TLR2 and TLR1 or TLR6 or homodimers of TLR4 and TLR5 recruit MyD88 
(with or without additional adaptor TIRAP), resulting in the recruitment IRAKs and ubiquitination of TRAF6, which activate the TAK complex (TAK1, TAB2, 
TAB3). The TAK complex activates both MAPK and the IKK complex (NEMO, IKK-, IKK-) which phosphorylation IB releasing NF-B to the nucleus, and 
alongside AP-1, pro-inflammatory gene transcription is initiated. Middle panel: TLR4 also translocates to endosomal membranes and recruits the adaptor protein 
TRAM. TRAM mediates the recruitment of TRIF, as does ligated TLR3. TRIF activates IKK-I, TBK-1, and TRAF3, which in turn activate IRF3, enabling its 
translocation to the nucleus and transcription of Type 1 Interferons. Right panel: Ligation of TLRs 7, 8, and 9 induce their  translocation from the endoplasmic 
reticulum (ER) to endosomal membranes, the cleavage of TLR9, and recruitment of MyD88. In a similar manner to TLRs 1, 2, 4, 5, and 6, MyD88 signalling 
frees NF-B for gene transcription. MyD88 can also recruit TRAF3, which, in combination with IRAK4 and IRAK1, enable the translocation of IFR7 to the nucleus 
which induces the transcription of Type 1 Interferons. P: phosphoryl group, Ub: ubiquitin chain. Figure adapted from [103]. 
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pro-inflammatory cytokine gene transcription (via TRAF6), and IRF7 to induce type I interferon 

gene transcription (via TRAF3).   

1.6.3 Toll-Like receptor expression by APCs and endothelial cells in human skin 

TLR mRNA expression studies have been conducted on multiple cell subsets in numerous 

tissues of humans, including the skin. The purpose of expression analyses is to identify cell 

subsets that express functional proteins in order to discriminate cell subsets, discern 

something about their function, and/or identify potential drug targets.  However mRNA  

analyses do not necessarily confirm functional protein expression, and do not identify the 

proportion of cells within a subset that express functional protein. Additionally, methodologies 

used to isolate cell subsets for mRNA analysis may influence the expression of TLRs, 

especially by APCs which are highly sensitive to environmental stimuli. Immunohistochemistry 

analyses are more useful for assessing TLR protein expression in situ as they remove the 

influence of tissue digestion and assess individual cells, as opposed to the mRNA of many 

cell. One study successfully utilised immunohistochemistry to identify the expression of TLR2 

and TLR4 on dermal APC subsets, confirming this as a possibility for future TLR expression 

analyses in situ in human skin [15]. Additionally, immunohistochemistry techniques have 

highlighted differential expression profiles of TLR3 and TLR6 by cells in infant, child, or adult 

human skin [107]. The next sections highlight studies which have assessed the expression of 

TLRs by APCs and endothelial cells in the human skin, and this data is also consolidated onto 

Table 1.3. 

1.6.3.1 Expression of TLRs 1, 2, 6, 10 by human skin APCs and endothelial cells    

In human skin, studies collectively agree that TLR1 and TLR2 mRNA is expressed by LCs, 

CD1a+ dermal APCs, and CD14+ dermal APCs, as shown on Table 1.3, although the levels of 

TLR mRNA expressed by these cells varies between subsets. The expression of TLR6 and 

TLR10 mRNA by LCs, CD1a+ dermal APCs, and CD14+ dermal APCs is contradictory between 

studies. This is possibly due to the different protocols used to isolate these APC subsets, such 

as migration from skin explants or digestion of skin tissue, or the use of qPCR or microarray 

analysis to assess TLR mRNA expression. Interestingly, as mentioned above, one study has 

assessed the expression of TLR2 protein on APC subsets in human skin using 

immunohistochemistry; here, TLR2 protein was expressed by a subset of CD14+ dermal APCs 

but not CD1a+ dermal APCs or epidermal LCs [15]. Additionally, it has been shown that TLR6 

protein is expressed by keratinocytes of the basal epidermis, but not by LCs or dermal APC 

subsets [107]. 
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Table 1.3. TLR mRNA Expression by cells in human skin detected in previous studies 

 
 

TLR1 TLR2 TLR3 TLR4 TLR5 TLR6 TLR7 TLR8 TLR9 TLR10 

CD1a+ dermal APCs 

Oosterhoff et al. [108]  + + + + - - + + - - 
Matthews et al. [109]  + +  + + +  + + + + + 
Harman et al. [67]  + + + +/- - + + - - + 
Fehres et al. [110] 
 

+ + + + + - + + - + 

CD14+ dermal APCs 
Matthews et al. [109]  + +  + +  +  + + + + + 
Klechevsky et al. 
[111] 

+  +  +  +  +  +  +  +  +  +  

Harman et al. [67] + + + - - + + +/- - - 
Fehres et al. [110] 
 

+ + + + + - + + - + 

Combined dermal APCs 
Van der Aar et al. 
[112]  

+ + + + + + + + + - 

Lundberg et al. [113]  
 

- + ND - ND ND ND - ND ND 

LCs 
Flacher et al. [53]  + + + - + + - - - + 
Oosterhoff et al. [108]  + + + - - + - - - - 
Klechevsky et al. 
[111]  

+/- +/-  +  +/-  +/-  +/-  +  +/-  +  +  

Van der Aar et al. 
[112]  

+ - + - - + + + - - 

Harman et al. [67]  + +/- + - - + + ND - + 
Fehres et al. [110] 
 

+ + + + + - + + - + 

Keratinocytes 
Flacher et al. [53] + + + + + - + - - + 
Mempel et al. [114]  + + + - + - - - + - 
Kollisch et al. [115]  + + + - + + - - - + 
Lebre et al. [116] 
 

+ + + + + + - - + + 

Melanocytes           
Yu et al. [117]  
 

+ + + + - + + - + - 

Fibroblasts           
Wang et al. [118] 
 

+ + + + + + + + + ND 

Endothelial cells (pooled BECs and LECs) 
Fitzner et al. [96]  
 

+ + + + + + - - + - 

Lymphatic Endothelial cells  
Pegu et al [95] 
 

+ + + + + + - - + - 

Abbreviations: +, detected; -, not detected; +/-, expressed in some but not all donors; ND, not determined. 
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Pooled dermal endothelial cells and dermal lymphatic endothelial cells also express mRNA of 

TLRs 1, 2, and 6 (Table 1.3). Additionally, immortalised human dermal microvascular cells 

(HMEC-1) express mRNA of TLRs 1, 2, and 6 [94]. While mRNA of TLR10 is expressed by 

HMEC-1 cells, it is not expressed by pooled dermal endothelial cells or dermal lymphatic 

endothelial cells, although de novo mRNA expression of TLR10 was shown for pooled dermal 

endothelial cells stimulated with the pro-inflammatory cytokines IL-1, TNF, and 

IFN-(Table 1.3 and [96]). In a similar manner, mRNA of TLR2 was upregulated by pooled 

dermal endothelial cells and immortalised dermal endothelial cells, TLR1 was upregulated by 

pooled dermal endothelial cells only, however TLR6 was downregulated by HMEC-1 cells only 

after cytokine stimulation with IL-1, TNF, and IFN- [96].  

1.6.3.2 Expression of TLR3 by human skin APCs and endothelial cells 

TLR3 mRNA is expressed by LCs, CD1a+ dermal APCs and CD14+ dermal APCs consistently 

across multiple studies (Table 1.3), but interestingly, one immunohistochemical analysis of 

both juvenile and adult human skin did not detect any expression of TLR3 by LCs or dermal 

APC subsets [107]. Additional protein expression analyses are required to explain this 

discrepancy. 

TLR3 mRNA is also expressed by pooled dermal endothelial cells and dermal lymphatic 

endothelial cells (Table 1.3), and HMEC-1 cells [96]. Additionally, TLR3 mRNA is upregulated 

in both pooled dermal endothelial cells and HMEC-1 cells after stimulation with IL-1, TNF, 

and IFN- suggesting that TLR3 is utilised by endothelial cells during inflammation [96]. 

1.6.3.3 Expression of TLR4 by human skin APCs and endothelial cells 

TLR4 mRNA is expressed by CD1a+ and CD14+ dermal APCs in the majority of studies listed 

in Table 1.3, and additionally, TLR4 protein is expressed by these subsets in situ in human 

skin [15].  The expression of TLR4 mRNA on epidermal LCs is not as conclusive amongst the 

mRNA studies. Interestingly, one study has confirmed the expression of TLR4 protein by 

CD1a+ dermal APCs and CD14+ dermal APCs digested from human skin using flow cytometry, 

however TLR4 protein expression by Langerhans cells was not assessed in this study [15].  

Like TLR3, TLR4 mRNA is expressed by human dermal endothelial cells, dermal lymphatic 

endothelial cells, and HMEC-1 cells (Table 1.3 and [96]).  However, unlike TLR3, dermal 

endothelial expression of TLR4 mRNA is not influenced by stimulation with IL-1, TNF, and 

IFN-, likely due to its constitutive expression at high levels in unstimulated cells [96]. 
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1.6.3.4 Expression of TLR5 by human skin APCs and endothelial cells 

While TLR5 mRNA expression by CD14+ dermal APCs is noted in the majority of studies in 

Table 1.3, findings are conflicting for LCs and dermal APCs, likely due to differences in APC 

isolation and mRNA detection as discussed above.  

TLR5 mRNA is expressed by human dermal endothelial cells, dermal lymphatic endothelial 

cells (Table 1.3), and HMEC-1 cells [96]. Interestingly, TLR5 is downregulated in primary 

dermal endothelial cells but not influenced in immortalised HMEC-1 cells after stimulation with 

IL-1, TNF, and IFN- [96]. 

1.6.3.5 Expression of TLRs 7 and 8 by human skin APCs and endothelial cells 

TLR7 and TLR8 mRNA is expressed by both CD1a+ and CD14+ dermal APCs, however mRNA 

expression of TLR7 and TLR8 by LCs was detected in some studies but not others (Table 1.3).  

Unlike the previous TLRs, TLR7 and TLR8 mRNA is not expressed by human dermal 

endothelial cells, dermal lymphatic endothelial cells, or HMEC-1 cells (Table 1.3 and [96]). 

However, TLR7 is highly expressed in immortalised and primary dermal endothelial cells after 

stimulation with IL-1, TNF, and IFN-while TLR8 is upregulated by primary dermal 

endothelial cells only after the same stimulation [96].  

1.6.3.6 Expression of TLR9 by human skin APCs and endothelial cells 

Finally, while some studies have detected the expression of TLR9 mRNA by epidermal LCs 

and CD1a+ and CD14+ dermal APCs, the expression of TLR9 by APCs in skin is the most 

contentious among studies (Table 1.3). Additional studies assessing the protein expression of 

TLR9 may help clarify if this TLR is expressed by APCs in human skin.   

Interestingly, both pooled dermal endothelial cells, and dermal lymphatic endothelial cells 

express TLR9 mRNA, however this is not influenced in response to pro-inflammatory 

cytokines, suggesting mRNA levels of TLR9 in dermal endothelial cells are consistent in 

steady state and inflammation [96].  

1.6.3.7 Expression of TLRs by blood APCs 

mRNA analyses of blood APCs show distinct profiles of TLR expression between pDCs, 

CD1c+ blood APCs, and CD141+ blood APCs, which are associated with their distinct 

responses to pathogens. pDCs express high levels of mRNA for TLRs 7 and 9, which enables 

them to sense viruses in the blood, highlighted by their production of TNF and IFN- in 

response to the TLR7/8 ligand CL097, and TLR9 ligand ODN2395 [86]. CD1c+ blood APCs 
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express the highest levels of TLRs 2, 4, 5, and 8, although the level of mRNA expression was 

still relatively low. Interestingly though, CD1c+ blood APCs upregulatated costimulatory 

molecules and secreted high levels of pro-inflammatory cytokines in response to multiple TLR 

ligands, especially Poly I:C and CL097 [86]. CD141+ blood APCs expressed very high levels 

of TLR3 mRNA, and expressed even higher levels of costimulatory molecules than CD1c+ 

blood APCs after Poly I:C stimulation [86].  

1.6.4 Antigen processing and presentation by MHC molecules 

APCs and other cells express TLRs in order to detect both intracellular and extracellular 

pathogens. However, in order for APCs to direct effector cells to target these pathogens, APCs 

must process antigen from pathogens into a form recognisable by T cells, and this occurs via 

distinct pathways (as reviewed in [119]). PRR-expressing APCs detect whole or degraded 

extracellular pathogens in the local environment, which are internalised into endosomes and 

processed into peptides. Peptides are then loaded onto MHCII molecules bound in endosomal 

membranes resulting in the formation of the MHCII-peptide complex. Peptide-bound MHCII is 

transported to the surface of APCs for display to antigen-specific CD4+ T cells. This process 

also occurs in other MHCII-expressing cells, such as B cells, endothelial cells, and 

macrophages [91, 120, 121]. 

Intracellular pathogens, including viruses and bacteria, are also processed into peptides that 

can be displayed on MHC, but in a distinct manner. Here, viral or bacterial peptides which 

have been processed in the cytosol are loaded onto MHCI molecules bound in the 

endoplasmic reticulum (ER). Peptide-bound MHCI is transported via the Golgi apparatus to 

the cell surface for display to antigen-specific CD8+ T cells. This process occurs in all cells 

and is not unique to APCs.  

However, specialised APC subsets can cross-present extracellular antigens on MHCI. After 

exogenous antigen is phagocytosed by an APC, the antigen is either processed in the 

phagosome or exported from the phagosome and degraded by the proteasome in the cytosol. 

Peptides in the phagosome can be loaded onto MHCI which has translocated from the plasma 

membrane or endoplasmic reticulum (ER) to the phagosomal membrane, whilst peptides in 

the cytosol can either be transported back into the phagosome and loaded onto MHCI here, 

or enter the ER via TAP transporters and are loaded onto MHCI there [122]. Peptide-bound 

MHC is then transported to the plasma membrane as described above. Exogenous tumour 

antigens can be processed and cross-presented in this manner, resulting in the induction of 

anti-tumour CD8+ T cell responses.  
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1.6.5 The APC and T cell interaction 

The processing and presentation of antigen stimulates APCs to upregulate the LN-homing 

chemokine CCR7 which binds CCL19 and CCL21, chemokines secreted constitutively by both 

lymphatic endothelial cells and cells of the LN [123, 124]. This chemokine gradient permits the 

migration of APCs to the LN, where they interact with T cells and form an immunological 

synapse; peptide-bound MHCII expressing APCs bind antigen-specific CD4+ T cells, while 

peptide-bound MHCI expressing APCs bind antigen-specific CD8+ T cells. Formation of the 

APC: T cell immunological synapse requires a T cell to downregulate it’s migratory machinery 

to form a contact with an APC, and depending on the nature of the environment, phenotype 

and antigen load of the APC, and activation status of the T cell, this contact may be short-lived 

and dynamic, or long-lived and stable and may last from minutes to hours (reviewed in [125]).   

The immunological synapse enables APCs to interact with T cells and induce their activation. 

T cell activation requires three signals from APCs; the peptide-bound MHC complex, 

costimulatory molecules, and cytokine secretion. These signals function to activate T cells, 

promote the survival of T cells, and induce the differentiation of T cells, respectively. Mature 

APCs express multiple costimulatory molecules, including the B7 proteins CD80 and CD86, 

CD83, and CD40. CD80 and CD86 bind CD28 or cytotoxic T lymphocyte associated antigen 

4 (CTLA-4) molecules expressed by T cells, thereby promoting or inhibiting T cell activation, 

respectively. Additional B7 proteins expressed by APCs, the programmed death  ligands -1 

and -2 (PD-L1, PD-L2), bind PD-1 on T cells, and in concert with the CD80/CD86-CD28 

interaction, determine whether the T cell response will be inflammatory or tolerogenic in nature 

[126]. CD40 ligates CD40L (CD154) on T cells which induces immunoglobulin class switching 

and activation of B cells. Membrane-bound CD83 is also upregulated by mature APCs and 

while less is known about this molecule, it has been shown to permit both immunostimulatory 

and immunosuppressive responses as a membrane bound or soluble form, respectively [127]. 

Some tumours can supress the activation of T cells by binding CTLA-4 or PD-1 on T cells 

thereby inducing T cell anergy. Antibodies which bind and block CTLA-4 or PD-1 have had 

clinical success in the treatment of metastatic cancers recently, however, these treatments 

are only functional in some patients and additional therapeutics which augment immune 

responses against cancerous cells are still required [128]. 

1.6.6 CD4+ T cell differentiation and effector cell functions 

APCs which express MHCII-peptide complexes influence the differentiation of the naïve 

antigen-specific CD4+ T cells. The expression of costimulatory molecules and secretion of 

cytokines by APCs mediates the differentiation of CD4+ T helper cells into Th1, Th2, Th17, or 

T regulatory (Treg) subsets (described in the following sections) or additionally Th9, Th22, or 
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T follicular helper cells (not discussed in this thesis). These cells subsequently mediate the 

effector functions of CD8+ T cells and other cells through the release of cytokines and are 

essential for the generation of robust immune responses. 

1.6.6.1 Type 1 T helper cells 

Th1 cells are induced when APCs both express high levels of costimulatory molecules, and 

secrete IL-12p70. Two subunits of IL12-p70, IL12p40 and IL12p35 form IL-12p70, and these 

subunits are transcribed separately in APCs in response to viral or bacterial-induced TLR 

signalling, IFN-, and influences from other cells such as existing Th1 cells and NK cells [129]. 

Additionally, IFN-y and IL-18 promote the differentiation of Th1 cells [130]. Th1 cells in turn 

activate cytotoxic CD8+ T cells and secrete IFN-and TNF allowing the activation of nitric oxide 

producing-macrophages which together mediate potent immune responses targeted towards 

intracellular pathogens and tumours alike.  

1.6.6.2 Type 2 T helper cells 

The mediators involved in the differentiation of Th2 cells are less obvious than those of Th1 

cells however it is known that the secretion of IL-4 by basophils or APCs, or a reduced MHC-

TCR affinity can both drive the differentiation of Th2 cells [131]. Upon induction, Th2 cells 

secrete cytokines including IL-4 , IL-5, and IL-13. IL-4 mediates antibody class switching to 

IgE in B cells, mast cell activation, and macrophage induced-tissue repair, while IL-5 induces 

the maturation of eosinophils, and IL-13 can induce hypersecretion and contraction by 

epithelial cells in the gastrointestinal tract, in a bid to expel parasites from this region [129]. 

Additionally, these effector cells can mediate anti-tumour responses [132]. 

1.6.6.3 Type 17 T helper cells 

Th17 cells differentiate from naïve CD4+ T cells in response to signals from multiple cells, 

including IL-1, IL-6, and IL-23 by TLR-stimulated APCs, and IL-17 and IL-21 by  T cells, or 

environmental stimuli [133, 134]. Th17 cells secrete IL-17A, IL-17F, IL-22, GM-CSF, and TNF, 

and mediate potent inflammatory responses towards fungi and bacteria but are also 

associated with inflammatory disease. 

1.6.6.4 Regulatory T cells 

Regulatory T cells (Treg) develop in response to interactions with less mature APCs which 

express low levels of costimulatory molecules and secrete IL-10, TGF-, and retinoic acid 

[135, 136].  Tregs play an essential role in the regulation of immune reactions to self-antigens 

and the suppression of inflammatory responses through the production of anti-inflammatory 
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cytokines such as IL-10, IL-35, and TGF- [129]. Additionally, they can be induced by certain 

pathogens, such as Bordetella pertussis as a means for dampening immune responses 

targeted towards them [129]. 

1.6.7 CD8+ T cell differentiation and effector cell functions 

APCs and other cells which express MHCI-peptide complexes influence the differentiation of 

naïve antigen-specific CD8+ T cells into cytotoxic T cells. In some cases, APCs can directly 

activate naïve CD8+ T cells, but often they must first interact with antigen-specific CD4+ T cells 

which induces further upregulation of APC co-stimulatory molecules, required for the 

activation of CD8+ T cells. CD8+ T cells produce IL-2 in response which permits their 

differentiation and proliferation into antigen-specific cytotoxic T cells, which target and kill 

infected cells or tumours displaying the same antigen through the production of cytotoxic 

agents. 
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1.7 Experimental protocols used to assess the influence of TLR ligands administered 

cutaneously. 

Human skin is an ideal route for vaccination; administering vaccines to the skin mimics the 

natural immune response to pathogens and reduces the risk of adjuvant-induced toxicity. The 

skin hosts multiple TLR-expressing APC subsets, and the associated vasculature to enable 

their migration once activated. It is also home to numerous other cell subsets including 

keratinocytes, melanocytes, fibroblasts, and endothelial cells which express and respond to 

TLR stimulation, and can also indirectly activate or influence the maturation of skin APCs 

through the secretion of cytokines. The power of the skin for vaccination is exemplified by the 

success of the smallpox vaccine administered via skin scarification [137], however, the 

majority of vaccines are currently administered subcutaneously or intramuscularly and the 

efficacy of intradermal and/or topical administration of TLR ligand containing vaccines is still 

under assessment [138].  

Before TLR ligands can be included in cutaneous vaccines and administered to human 

patients in clinical trials, they must first be tested rigorously in vivo using animal models, and 

in vitro or ex vivo using human cells and tissues respectively, to make inferences about their 

function, potency, and toxicity. The next sections highlight the pros and cons of models 

currently used to assess the influence of TLR ligands on skin APCs thus far.  

1.7.1 Animal models used to assess the influence of TLR ligands administered 

cutaneously. 

The majority of preclinical vaccine studies have been conducted in mice, due to the ease of 

access and the capacity to assess systemic responses in vivo. Research efforts have been 

directed at both assessing APC responses to TLR ligands and profiling the murine APC 

subsets in order to determine their equivalents in humans and infer the potential systemic 

responses to TLR ligand stimulation in humans [139, 140]. Murine studies have enabled the 

functional assessment of LCs through the use of langerin depleted mice to show LCs are 

responsive to epidermal antigens but are less efficient than dermal APC subsets at stimulating 

CD4+ T cell responses [141-143]. Murine studies have also shown that migratory APCs 

differentially present viral antigens to CD4+ and CD8+ T cells at the LN; while CD103+ dermal 

APCs (equivalent to CD141+ dermal APCs in humans) are the best subset at presenting 

antigen to CD8+ T cells, all migratory subsets are capable of presenting antigen to CD4+ T cells 

[144]. Furthermore, murine studies have highlighted the significance of using TLR ligands as 

adjuvants in vaccines targeting viruses [145-149] and cancer [150-153]. While murine models 

are essential for monitoring systemic responses in vivo, murine skin differs from human skin 

in thickness, hairiness, and cellularity, the TLR expression profiles in mice differ from humans, 
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the dosage of TLR ligands is not equivalent, and the responses to TLR ligand stimulation and 

potential synergy when using multiple TLR ligands are likely to be different. Pigs have been 

considered as a suitable model for cutaneous vaccination, as porcine skin closely represents 

the thickness and tautness of human skin, with increased subcutaneous fat and sparse hair 

follicles, and contains LCs and dermal APC subsets with similar phenotypes to human APCs 

[154]. Studies have also utilised outbred non-human primates as these mammals have similar 

APC subset distributions, TLR expression, and TLR ligand dosage requirements, but as with 

pigs, these animals require additional ethical and practical considerations.  

1.7.2 Human models used to assess the influence of TLR ligands administered 

cutaneously. 

APCs of human origin are also used to assess the influence of TLR ligands administered via 

the skin. APCs can be isolated directly from blood or derived from blood monocytes and have 

been used to represent APC subsets in human skin with similar phenotypes. Additionally, 

APCs can be digested directly from human tissues including skin. These models are compared 

in the next sections.  

1.7.2.1 Human blood APCs and monocyte derived APCs 

Monocytes are present in high numbers in human blood, and with particular cytokine cocktails, 

can be matured into functional APCs. Monocyte derived APCs (moAPCs) are typically 

generated from purified blood monocytes using IL-4 and GM-CSF; this protocol generates a 

heterogeneous population of immature APCs which display distinct functions after maturation 

and can be used to broadly represent dermal APCs of human skin [155-158]. Additionally, 

Birbeck granule-containing monocyte derived LCs (moLCs) can be generated to represent 

LCs of the human skin by including TGF- in the cytokine cocktail [157]. These cells can be 

cultured with tumour or viral antigens and matured with TLR ligands to represent functionally 

mature APC subsets that can present antigen to T cells [159]. Clinically, autologous moAPCs 

have been used as vaccines, by loading the cells with tumour or viral antigen ex vivo and 

subsequently administering back into the patient [160, 161]. 

As human dermal APCs originate from circulating blood APC subsets, blood APCs can also 

be used directly to represent dermal APC subsets, although they are much less frequent in 

human blood than monocytes and CD141+ blood APCs are particularly rare [162]. Additionally, 

CD1c+ blood APCs can be differentiated into CD207-expressing, LC-like cells with the addition 

of TGF- [47, 48].  
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The availability and ease of use of moAPCs or blood APC subsets make them an attractive 

model to assess the effects of TLR ligand stimulation, however, in vitro models remove the 

influence of additional cells, solutes, and cytokines of the local environment which influence 

the overall response of TLR ligands. 

1.7.2.2 Skin digest APCs 

LCs and dermal APCs can also be digested from human skin using various enzymatic 

protocols containing collagenase, dispase, trypsin and DNAse, and the resultant digest cells 

can be sorted into APC subsets to measure the expression of TLR mRNA, phenotypic and 

costimulatory molecules, or for use in functional analyses such as the determination of 

allogeneic T cell stimulatory capacity of different APC subsets [22, 24, 25, 34, 53, 109]. While 

skin digests isolate APCs directly from skin and will therefore represent APCs influenced by 

cutaneous vaccines more closely than blood APCs or moAPCs, this model does not account 

for the influences of other cells and cytokines present in the tissue and so does not represent 

the administration and influence of a TLR ligand containing vaccine in situ. Additionally, these 

digest protocols are harsh on the cells in human skin, and may influence the phenotype of 

these cells, especially APCs which have highly plastic phenotypes [163]. 

1.7.2.3 Human skin explants 

Human skin explants have been used to assess APCs and other cells in the natural 

environment of the human skin since the early 90’s [164]. In healthy human skin, both LCs 

and dermal APCs migrate to the LN via afferent lymphatic vessels. In the skin explant culture, 

LCs and dermal APCs migrate out of the skin explants in both a chemotactic motion via 

truncated afferent lymphatic vessels and through chemokinetic motion inadvertently out the 

edge of the explant. Of note, APCs, monocytes, and lymphocytes present in blood capillaries 

found in human skin also move into the culture media via truncated blood vessels [69]. All 

migrated cells can then be harvested and analysed. It must be noted that the role of infiltrating 

monocytes, neutrophils, and lymphocytes which infiltrate inflamed tissues via blood 

vasculature and contribute to the overall inflammatory response are not assessed in the skin 

explant model, and can only be monitored in animal models which contain a closed circulatory 

system. However, skin explant models provide useful information on the influence of 

cutaneous treatments on cells in skin prior to the infiltration of these cells.  

Recently, multiple studies have assessed the influences of TLR ligands applied to skin 

explants and their influence on cutaneous APCs; TLR ligands can be intradermally injected or 

topically applied to skin explants and the resulting effect on APCs and other cells which 

migrate from skin explants, APCs and other cells which remain in situ, and cytokine secretion 
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from the explants can be assessed using flow cytometry, immunohistochemistry, and cytokine 

arrays. Collectively, a small number of skin explant studies have assessed the influence of 

particular TLR ligands administered to skin explants and the findings of these studies are 

discussed in section 1.8 [37, 165-168]. Skin explant models allow skin APCs to experience 

TLR ligand stimulation in a natural environment, amongst other cells in which they interact 

with, and in the presence of any cytokines produced in response to TLR stimulation by other 

cells. As the APCs migrate from skin explants into the surrounding culture media their 

phenotype and maturation status from this point forward may not completely represent the in 

vivo setting. Regardless, skin explants are useful tools to assess the influences of intradermal 

and topical administration of individual or combined TLR ligands on APCs and other cells of 

human skin. 

1.7.3 Human dermal endothelial cells  

Dermal endothelial cells express mRNA of TLRs, suggesting these cells may also respond to 

TLR ligands administered to human skin. A small number of studies have studied the influence 

of TLR ligands on human dermal microvascular endothelial cells by stimulating primary dermal 

endothelial cells, primary dermal lymphatic endothelial cells, or immortalised dermal 

microvascular endothelial cells (HMEC-1) with TLR ligands in vitro, and assessing the 

production of inflammatory cytokines in response [95, 96].  

In human skin, endothelial cells line blood and lymphatic vessels and regulate the passage of 

cells and solutes between the vessel lumen and the skin, under both steady state and 

inflammatory conditions. The permeability of the endothelial barrier to cells and solutes in 

response to inflammatory cytokines has been assessed previously in vitro [169, 170]. More 

recently, technologies which monitor endothelial barrier integrity in real time, including Electric 

Cell-substrate Impedance Sensing (ECIS) [171] and xCELLigence technologies [172], have 

been developed and are discussed in further detail in Chapter 7. In these assays, endothelial 

cells are seeded into specialised culture plates lined with gold electrode arrays, and an 

alternating current is applied. The endothelial cells form a barrier by adhering to the plate and 

to each other and provide resistance to the flow of current. Changes in the strength of 

endothelial cell adhesion after the addition of inflammatory mediators can be detected as 

changes to the resistance. These technologies have been used to monitor the influence of 

inflammatory cytokines on endothelial cell barrier integrity, especially the blood brain barrier 

[173], but not the dermal endothelial cell response to TLR ligands. While these assays do not 

specifically detail which endothelial cell proteins are being influenced during the stimulation, 

they provide important information on the temporal nature and direction of the response and 

enable additional functional assays to be designed in the critical response period identified.  
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1.8 The use of TLR ligands as vaccine adjuvants 

During the late 1800’s an American surgeon, William Coley, noticed tumour reduction in his 

cancer patient after they developed a streptococcal infection. He found records documenting 

this phenomenon from other doctors, and began radical therapies that involved injecting live 

bacteria into cancer patients (as discussed in [174]). Only in 1985 was it discovered that LPS 

from the streptococcal cell membrane stimulates TLR4, elucidating the adjuvanting influence 

of LPS and the resultant immune activation as the mechanism of action of Coley’s extreme 

treatments [175]. Vaccine adjuvant research aims to identify immunostimulatory peptides 

within pathogens that induce robust immune responses without the associated danger of using 

whole organisms. While these peptides are less immunostimulatory than the pathogen they 

were derived or modelled from, current research is identifying mechanisms to enhance their 

immunogenicity in a non-toxic manner, for example, by protecting them from degradation in 

vivo, targeting them to specific cell subsets, or including multiple peptides that have distinct 

immunostimulatory properties. 

Adjuvants are components of vaccines that transform, direct or stimulate an immune 

response, specifically through strengthened antigen presentation, and upregulation of 

costimulatory molecules and cytokines [176]. They can be synthetically derived or are often 

inadvertently present in vaccines which include live or attenuated pathogens, like Coley’s 

toxins. Currently, adjuvants licensed for use in human vaccines include aluminium salts, 

virosomes, R837, R848, AS03 (oil in water immersion), and AS04 (MPLA with aluminium salts) 

[177, 178]. Recently, much attention has been given to the use of TLR ligands as adjuvants 

in cancer and viral vaccines alike, due to their ability to mimic the immunostimulatory effects 

of natural infection, and induce the potent cytotoxic immune responses required for the 

clearance of viruses and cancer cells [179-182]. In an ideal situation, a TLR ligand included in 

a vaccine would induce APCs to upregulate costimulatory molecules, antigen presentation 

machinery, and LN homing receptors like CCR7, and secrete Th-1 skewing and anti-

tumour/viral cytokines such as IFN-, IFN-, TNF, and IL-12p70, all without inducing excessive 

inflammatory responses. The skin is an excellent site to vaccine administration as it contains 

an abundance of immune cells, including APCs. Additionally, intradermal injection or topical 

administration of TLR ligands have been shown to induce less toxicity than other routes of 

delivery, confirming that these administrative routes should be investigated further [183]. The 

following sections highlight the use of synthetic TLR ligands currently being tested in clinical 

trials as vaccines adjuvants and discusses the documented influences of these ligands on 

APCs and endothelial cells in human skin.  
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1.8.1 Lipopeptides, zymosan, lipotechoic acid and peptidoglycan. 

Ligands targeting TLRs 1, 2, and 6 are being studied as potential vaccine adjuvants. These 

include the various lipopeptides such as PAM2CSK4, PAM3CSK4, and Macrophage-

activating lipopeptide (MALP-2), the fungal glucan zymosan, and the cell membrane 

molecules lipotechoic acid (LTA) and peptidoglycan (PGN).  

Ligands of TLRs 1, 2, and 6 have shown promise in murine models of disease, including the 

therapeutic treatment of leishmaniasis; the TLR2 agonist PAM3CSK4 could both increase the 

production of IL-12 by bone marrow derived APCs in vitro, and decrease the parasite burden 

when intradermally injected into the ears of mice [145]. The cutaneous administration of TLR2 

ligands has not be assessed in human clinical trials, however the TLR2/6 ligand MALP-2 has 

been shown to be safe in phase I/II clinical trials in pancreatic cancer patients when 

administered via other routes [184]. 

Preclinical studies have assessed the effects of ligands of TLRs 1, 2, and 6 on APCs isolated 

from human skin. While LCs express mRNA of TLRs 1, 2, and 6, LCs digested from the 

epidermis of human skin or moLCs do not significantly increase the expression of 

costimulatory molecules in response to PAM3CSK4 [53, 112], while moAPCs, or skin migrant-

CD14+ dermal APCs stimulated with these ligands do mature, and secrete higher levels of 

pro-inflammatory cytokines [109, 112]. It is thought that LCs may be less responsive to ligands 

of TLRs 1, 2, and 6 as they represent molecules found on commensal bacteria that inhabit 

human skin, and pro-inflammatory response to these bacteria are unnecessary. Interestingly, 

different TLR 1, 2, and 6 ligands have different potencies, and the fungal glucan zymosan has 

been shown to induce the secretion of higher levels of pro-inflammatory cytokines by migrant 

CD14+ dermal APCs in vitro than PAM3CSK4, LTA, or PGN [109]. Cells within skin explants 

intradermally injected with PAM3CSK4 and especially PGN have also been shown to secrete 

higher levels of pro-inflammatory cytokines [166]. Additionally, cells which migrated from skin 

explants intradermally injected with PGN could increase the proliferation of allogeneic 

peripheral blood leukocytes (PBLs) and the secretion of Th cell-skewing cytokines TNF, IL-6, 

IFN-after their co-culture in a mixed leukocyte reaction [166].  

Endothelial cells may also respond to these ligands although PAM3CSK4 and LTA can only 

increase the secretion of IL-8 in immortalised dermal endothelial cells, and not primary cells 

[96]. However, PAM3CSK4 can induce mRNA expression of a number of cytokines and 

chemokines in dermal lymphatic endothelial cells [95]. 
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1.8.2 Poly I:C 

Polyinosinic:polycytidylic acid (Poly I:C) and various formulations of Poly I:C show promise as 

vaccine adjuvants [185, 186]. Poly I:C is structurally similar to viral dsRNA, the natural ligand 

of TLR3 and has been shown to induce apoptosis of tumour cells which express TLR3, MDA5, 

and/or RIG-I, directly [187]. Multiple studies assessing the influence of Poly I:C and derivatives 

of Poly I:C are underway and are producing interesting findings. A stabilised version of Poly I:C 

which contains poly-L-lysine and carboxymethylcellulose (Poly ICLC, Hiltonol®) is currently 

being assessed as a single agent, or in peptide-based or APC-based clinical trials of cancer 

vaccines and has shown both increases in humoral and Th1 immune responses including 

cytotoxic CD8+ T cell responses, which has led to maintenance of stable disease or disease 

regression in some patients, particularly in glioblastoma cancers [181, 188]. However, in 

comparison to Poly I:C, Poly ICLC at the same dose has increased toxicity, resulting in the 

reduction in the concentration of intravenous doses, or intramuscular administration of this 

formulation in human clinical trials [181]. The influence of Poly I:C administered cutaneously 

is not well understood, but provides a viable avenue for reducing the toxicity of some variations 

of this ligand.     

Preclinical studies have assessed the effects of Poly I:C on APCs isolated from human skin. 

Poly I:C has been shown to induce the maturation of moLCs and moAPCs, LCs digested from 

the epidermis of human skin, and LCs, CD1a+ APCs, and CD14+ dermal APCs which have 

migrated from skin explants intradermally injected with Poly I:C [53, 112, 165]. Poly I:C also 

increases the expression of pro-inflammatory cytokines by these cells, and from human skin 

explants intradermally injected with Poly I:C [166]. Intradermal injection of Poly I:C has also 

been shown to increase the number of CD1a+ dermal APCs which migrate from skin explants 

and alongside other migrant cells enhanced the proliferation of PBL in a MLR [166]. 

Intradermal injection of Poly I:C has also been shown to enhance the targeting of DEC205 to 

LCs, CD1a+ dermal APCs, and CD14+ dermal APCs in human skin [37].  

Endothelial cells are also highly responsive to Poly I:C, and both primary and immortalised 

endothelial cells secrete high levels of IL-8 [96]. Dermal lymphatic endothelial cells have been 

shown to increase the expression of mRNA for inflammatory cytokines and chemokines in 

response to Poly I:C [95].  
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1.8.3 LPS and its derivatives 

Lipopolysaccharide (LPS) is present in the cell membrane of Gram negative bacteria and 

stimulates TLR4. Monophosphryl lipid A is extracted from LPS and is currently licensed as a 

vaccine adjuvant. Other derivatives of LPS are also licensed as vaccine adjuvants when 

combined with alum salts such as in the Cervarix (human papilloma virus), Fendrix (hepatitis 

B virus), Pollinex Quattro (allergy), and Melacine (melanoma) vaccines. MPLA and other 

similar formulations such as glucopyranosyl acid (GLA) are also being tested in preclinical and 

clinical cancer [189] and viral [178] vaccine studies. These vaccines are administered 

intramuscularly, and the influence of TLR4 ligands administered cutaneously is not yet clear 

[190]. 

Preclinical studies have assessed the effects of LPS and its synthetic derivatives on APCs 

isolated from human skin. Like the TLR 1, 2, and 6 ligands, LPS can enhance the maturation 

and pro-inflammatory cytokine secretion by moAPCs and APCs which have migrated from 

intradermally injected skin explants, but not moLCs [53, 112, 165]. As mentioned above, this 

may prevent excessive immune responses directed towards commensal bacteria. 

Interestingly, GLA has been shown to have more efficacy when intradermally injected into skin 

explants as an oil-in-water immersion instead of an aqueous solution and can enhance the 

proliferation of allogeneic naïve CD4+ T cells by cells which migrated from GLA-stimulated 

skin explants [165].  

Additionally, both primary and immortalised dermal endothelial cells secrete high levels of IL-8 

in response to LPS in vitro [96]. Lymphatic endothelial cells also induce mRNA expression of 

multiple chemokines and inflammatory cytokines in response to IL-8 [95]. 

1.8.4 Flagellin 

Flagellin is the major protein that forms the bacterial flagellum, and is a ligand for TLR5. 

Flagellin has been considered as an adjuvant for vaccination, but not to the same extent as 

other TLR ligands. Flagellin is currently being assessed as an adjuvant in clinical trials of 

influenza vaccines administered intramuscularly or subcutaneously, however toxicity is 

associated with higher doses when administered intramuscularly [191].  Flagellin has also 

been shown to improve humoral immunity when administered to the skin with microneedles 

as a fusion protein with an influenza peptide in virus-like particles [192], holding promise for 

the cutaneous administration of flagellin. 
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A few studies have assessed the influence of flagellin on human APCs in vitro. As a bacterial 

protein, flagellin cannot stimulate moLCs to mature or increase the secretion of cytokines, but 

it can increase the expression of CD86 and the secretion of IL-6 by moAPCs, and the secretion 

of IL-6, TNF, IL-1, and IL-10 by CD14+ dermal APCs which have migrated from human skin, 

although to lesser extents than other TLR ligands [109, 112]. 

Flagellin does increase the secretion of IL-8 by immortalised but not primary dermal 

endothelial cells, and modestly increases pro-inflammatory cytokine and chemokine mRNA 

expression by dermal lymphatic endothelial cells [95, 96].   

1.8.5 R837 and R848  

TLR7 and TLR8 detect single stranded RNA molecules present in viral genomes and 

commercially available synthetic imidazoquinolines such as R848 (also called resiquimod) and 

R837 (also called imiquimod). R837, in the topical format of AldaraTH (3M) is FDA approved 

for the direct treatment of genital warts and basal cell carcinoma [193, 194]. Currently, there 

is much interest in these synthetic ligands as adjuvants in cancer or viral vaccines.  

R837 is currently being tested in preclinical and clinical trials as a single immunogenic agent, 

and as a vaccine adjuvant. R837 has been shown to induce the in vivo maturation and 

migration of autologous APCs injected into skin [195], and enhance the recruitment of APCs 

and pDCs into R837-treated skin zones [196], which then mature, migrate and induce effector 

functions against cancer cells [197]. R837 has immune efficacy when administered alone, or 

in combination with tumour antigens, including the cancer/testis antigen, NY-ESO-1 [196]. Due 

to the commercial availability of R837 in the topical cream Aldara, the topical application of 

R837 has been studied as an adjuvant in a number of disease models and can enhance 

immune responses against influenza [146], Mycobacteria tuberculosis [198], and melanoma 

[152].  

Resiquimod, or R848, like R837 is an imidazoquinoline, but due to structural differences which 

increase the affinity of R848 for TLR8, can induce signalling through both TLR7 and TLR8 

[199, 200]. R848 is suggested to be more potent than R837 at activating some APC subsets 

[182], including CD141+ blood APCs which express higher levels of TLR8 than TLR7, and is 

currently in trial to determine its immunogenicity alongside NY-ESO-1. Interestingly, while 

NY-ESO-1 can induce CD4+ T cell responses in patients regardless of TLR stimulation, 

application of topical R848 has been shown to induce additional CD8+ T cell responses in a 

small proportion (25%) of the patients tested [201].  
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The immunogenic properties of R848 and R837 have been studied using APCs isolated from 

human skin. R848 was used to stimulate CD14+ dermal APCs which migrated from human 

skin, and could increase the capacity of these cells to produce IL-6, TNF, and IL-10. 

Interestingly, while moLCs and moAPCs upregulated CD86 and secreted IL-6, TNF, and IL-12 

in response to R848, LCs digested from the epidermis of human skin did not upregulate 

costimulatory molecules in response to R837 or R848 [53], but moLCs stimulated with R848 

did [53, 112]. These contradictory findings are likely due to the use of different cell models, 

and warrant further investigation. CD14+ dermal APCs which migrated from skin explants were 

stimulated with R848, and secreted high levels of IL-6, TNF, and IL-10 in response [109]. As 

R837 is commercially available as a topical cream, one study has assessed the influence of 

R837 applied to human skin explants topically, in comparison to the intradermal injection of 

R837 or R848 [166]. This study showed that topical application of R837 increased the number 

of APCs which migrate from skin explants and increases the expression of costimulatory 

molecules by skin migrant-CD1a+ dermal APCs. Additionally, topical R837 enhanced the 

secretion of pro-inflammatory cytokines and increased the secretion of IFN- by CD8+ T cells 

which were cultured with cells that migrated from skin explants topically applied with R837.  

R837 has no influence on the secretion of IL-8 or pro-inflammatory gene expression by 

immortalised or primary dermal endothelial cells, or dermal lymphatic endothelial cells, 

respectively [95, 96]. The influence of R848 on dermal endothelial cells has not been 

assessed.  

1.8.6 Synthetic oligodeoxynucleotides 

Synthetic oligodeoxynucleotides (ODNs) are short single-stranded DNA molecules rich in 

unmethylated CpG motifs, and mimic similar sequences found in bacterial and viral genomes 

but not mammalian genomes resulting in the activation of TLR9. Many ODNs have been 

synthesised and contain different structural modifications to their backbone. Various classes 

of ODNs are now characterised based on these structural modifications and exert differential 

effects on TLR9 expressing pDCs and B cells [180]. ODNs of different classes are currently 

being assessed in numerous clinical trials, however the majority of these  trials have utilised 

ODN2006 (ODN7909), a class B TLR9 ligand which stimulates potent B cell responses [176].  

Much consideration has been given to ODNs as vaccine adjuvants due to their capacity to 

induce the production of type I interferons by pDCs [202] and proliferation and antibody 

secretion by B cells [203]. Clinically, ODNs are effective at enhancing CD8+ T cell responses 

when co-administered with antigenic peptides such as Melan-A/MART-1 or NY-ESO-1 [204, 

205], can clear whole tumours in mice [206], and reduce disease progression in human 
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patients, although tumour clearance has not been observed yet which may be attributed to 

immune suppression mechanisms employed by cancerous cells [180]. ODNs are also being 

tested in clinical trials of viral vaccines targeting influenza, malaria, anthrax, including stage III 

clinical trials for hepatitis B [207]. Additionally, the inclusion of ODNs alongside intradermal 

injection of Hepatitis B antigen can convert a Th2-based immune response to a Th1 response 

in mice [208].  

Interestingly, a few studies have shown that ODNs have a lesser influence on APCs in human 

skin than other TLR ligands. CD14+ dermal APCs which migrated from human skin and were 

subsequently stimulated with a C class ODN (ODN2395) in vitro did not increase the secretion 

of any pro-inflammatory cytokines in response [109]. Additionally, LCs digested from the 

epidermis of human skin not increase the expression of CD80, CD83, or CD86 [53].  

Also, a class B ODN (ODN2006) was shown to have a limited influence on the mRNA 

expression of inflammatory cytokines and chemokines by dermal lymphatic endothelial cells 

[95]. Additionally, a class A ODN also had no influence on secretion of IL-8 by HMEC-1 cells 

and primary dermal endothelial cells in vitro but did influence the recruitment of MyD88 to 

vesicles surrounding the nucleus suggesting that the ODN did induce signalling events in 

these cells [96]. Additional read-outs of endothelial function such as the expression of 

adhesion molecules or the permeability of the endothelial barrier may help to clarify the 

influence of ODNs on these cells.  

1.8.7 Synergistic combinations of TLR ligands 

When the physical barriers of skin and mucosa are breached, it is highly likely that more than 

one potential pathogen will gain access to the tissue within – for example, wounds would be 

exposed to a diverse mixture of bacteria, viruses and fungi, which individually and 

combinatorically possess multiple ligands for TLRs. Additionally, TLR ligands can influence 

the expression and responsiveness of other PRRs locally and may be essential 

mechanistically for the induction of a robust immune response.  Consequently, multiple studies 

have looked at the influence of synergism of TLR ligands on immune responses, including 

clinical trials where TLR ligands are used combinatorically as adjuvants.  One approach is to 

use TLR ligands that signal through distinct pathways. For example, a TLR3 or TLR4 ligand 

that induces signalling via TRIF could be included alongside a TLR ligand that induces 

signalling exclusively via MyD88, as it has been shown that these signalling pathways interact 

cooperatively [209]. It has been shown that a TLR4 ligand and TLR8 ligand synergistically 

increase the secretion of IL-12 by human PBMC or CD1c+ APCs above that of other TLR 

combinations [210-212]. Interestingly, this synergy only occurs when TLR ligands are added 
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within 12 hrs of each other suggesting this synergistic response was influenced in a temporal 

manner [211]. Also, synergy is abrogated when MAP kinase inhibitors are included alongside 

TLR4 and TLR7/8 ligands suggesting MAP kinases are required for the synergistic cross-talk 

of theses pathways  [213]. Murine studies show the inclusion of three TLR ligands is even 

more effective without an associated toxicity; the combination of MALP2, Poly I:C, and CpG 

DNA can increase the overall CD8+ T cell counts, strengthen memory T cell responses, and 

increase the avidity of the T cell:APC interaction through an increased secretion of IL-15, 

resulting in significant reductions in HIV viral titre over dual or single TLR combinations [214]. 

The combined administration of Poly ICLC and R848 has also been conducted in human trials 

for melanoma and although no synergistic effect was detected in this study, no associated 

toxicity was observed with the combined adjuvants [215, 216].  

The influences of multiple TLR ligands on APCs in human skin were assessed by one research 

group. They found the combination of Poly I:C and R848, or LPS and R848 could 

synergistically increase the secretion of cytokines including IL-12p40 by skin migrant CD14+ 

dermal APCs when stimulated in vitro [109]. Also when Poly ICLC and R848 were 

intradermally injected into large skin explants, the cells which migrated out expressed higher 

levels of costimulatory molecules and the cells in the explants secreted higher levels of TNF, 

IL-6, IL-10, and IL-12p40 when compared to Poly ICLC or R848 alone [167].  However the 

influence of these ligands on individual APC subsets was not assessed.   

These data suggest that the inclusion of combinations of TLR ligands in vaccines may 

augment immune responses generated above those of individual ligands. However additional 

research is required to determine the influence of combinations of TLR ligands on individual 

APC subsets, and their influence on T cells. 

Collectively, an increasing interest in TLR ligands utilised as vaccine adjuvants has seen a 

number of studies identify promising immune responses in a multitude of disease models and 

clinical trials. However, the influence of TLR ligands administered cutaneously is less 

characterised. A small number of studies detailed in the previous sections have assessed the 

influence of TLR ligands on APCs and endothelial cells isolated from human skin, and an even 

smaller number of studies have assessed the influence of TLR ligands on cells in situ in human 

skin through the use of skin explants. These studies have highlighted the potential of using 

Poly I:C and R848 as adjuvants administered cutaneously, and provide the impetus for the 

study of these ligands in this thesis.  However, some important questions regarding the 

influence of Poly I:C and R848 on APCs and cells in human skin have not yet been answered. 

How do Poly I:C and R848 influence individual APC subsets when administered to human skin 

explants individually or combinatorically? Does topical application of these ligands further 
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enhance their influence over the intradermal injection of Poly I:C and/or R848 alone? Do these 

ligands synergistically influence APC subsets in a manner that enhances their interaction with 

naïve CD4+ T cells? Additionally, the influence of Poly I:C on human dermal endothelial cells 

has been minimally addressed, and the influences of R848 on these cells are unknown. These 

questions have led to the research objectives listed in the next section. 

 

 

  



Introduction 

39 
 

1.9 Aims and objectives of this thesis 

Previous data suggests that TLR ligands targeting TLRs 3, 7, 8, and 9 induce robust APC 

responses capable of stimulating both CD4+ and CD8+ T cell responses. Poly I:C and R848 

hold particular interest as they are both currently utilised in clinical trials as adjuvants, are 

commercially available and trigger different signalling pathways in cells. However, there is 

limited data reporting the influence of these ligands administered intradermally or topically to 

skin, individually or in combination,  and the resultant effect on APCs and other cells found 

within the skin. To this end, this thesis assesses the influence of Poly I:C, R848, or a 

combination of Poly I:C and R848 intradermally injected into skin explants with or without 

simultaneous topical administration, in order to assess the effects on APC migration from skin 

explants, phenotype, and maturation, as well as overall cytokine secretion from skin explants. 

The influence of TLR stimulation of cutaneous APCs ex vivo, and blood CD1c+ APCs in vitro 

on allogeneic naïve CD4+ T cell proliferation and differentiation, and endothelial barrier 

integrity is also assessed to infer some of the direct and indirect effects of cutaneous TLR 

ligand stimulation.   

Research objective 1: To identify which APC and endothelial cell subsets in human skin 

express TLRs 3, 7, 8, and 9. While mRNA analyses of TLR expression have been conducted 

for APC and endothelial cell subsets from human skin, the expression of TLR protein, and the 

proportion of cells which express TLR protein within each cell subset is unknown. Furthermore, 

as TLR expression is sensitive to environmental influences, and the methods used to isolate 

cell subsets for mRNA analyses may have influenced the expression of these receptors.  

Immunohistochemical analyses and MetaMorph image analysis will enable the visualisation 

and quantification of TLR protein expression in situ in human skin. 

Research objective 2: To develop and validate a skin explant model, suitable for 

assessing the influence of the intradermal injection and/or topical application protocols 

has on skin structure, APC migration, phenotype, and maturation, and the secretion of 

cytokines from human skin explants. Skin explant models have been used to assess the 

influence of TLR ligands administered intradermally or topically, however, the influence of 

various procedures within the skin explant protocol such as intradermal injection, topical 

application, and culture of the skin explants on the tissue architecture, cytokine secretion, and 

migration, phenotype, and maturation status of APCs which migrate from skin explants is not 

well characterised. This information is required to confirm the true influence of TLR ligands 

administered to skin explants. Additionally, this skin explant model was developed to minimise 

inflammation to the tissue and adhere to the WHO guidelines for intradermal injections.  
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Research objective 3: To utilise the skin explant model developed in the previous 

chapter to assess the influence of intradermal and/or topical Poly I:C, R848, and a 

combination of Poly I:C and R848 on APC migration, phenotype, and maturation, and 

the secretion of cytokines from human skin explants. Previous studies have utilised skin 

explant models to assess the influence of intradermal injection of Poly I:C or R848 on APC 

migration, phenotype, and maturation status, but the influence of these ligands administered 

topically or combinatorically on APCs is less characterised. Therefore, the optimised skin 

explant model will be used to test the influence of Poly I:C, R848, or Poly I:C and R848 

intradermally injected into skin explants, with or without subsequent topical application of the 

same ligands, on APC migration, phenotype, and maturation, and the secretion of cytokines 

from human skin explants. 

Research objective 4: To assess the influence of APCs stimulated with Poly I:C, R848, 

or a combination of Poly I:C and R848 on T cell differentiation and proliferation when 

APCs and T cells are co-cultured in a MLR. The enhancement of T cell responses is an 

important outcome of the inclusion of adjuvants within vaccines. Due to a limited availability of 

skin, CD1c+ blood APCs which represent CD1a+ dermal APCs will be stimulated with Poly I:C, 

R848, or Poly I:C and R848 and cultured with allogeneic naïve CD4+ T cells to determine the 

influence of these ligands on T cell proliferation and differentiation. Additional preliminary 

experiments utilising migrant CD1a+/CD14+ APCs enriched from skin explants intradermally 

injected with the same ligands will also be used to indicate possible influences of these cells 

on T cell proliferation and differentiation.  

Research objective 5: To assess the influence of TLR ligand stimulation on dermal 

endothelial cell barrier integrity. Both blood and lymphatic endothelial cells express TLRs, 

respond to TLR stimulation, and will likely be influenced by TLR ligands administered to human 

skin. xCELLigence and ECIS technologies can be used to monitor the effects of TLR ligands 

added to endothelial cell cultures in real time, and highlight the influence of these ligands on 

endothelial barrier integrity. To this end, a human microvascular dermal endothelial cell line 

(HMEC-1) will be used to monitor the temporal influence of Poly I:C, R848, Poly I:C and R848, 

and additional ligands of TLRs 7, 8, and 9 on endothelial barrier integrity
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Chapter 2 Materials and Methods 

2.1 Materials 

Table 2.1. Labwares 

Product Cat # Manufacturer 

T75 (75 cm2) cell culture flask  430641  Corning, NY, USA  
50 mL centrifuge tube  430829  Corning, NY, USA  
15 mL centrifuge tube  430791  Corning, NY, USA  
ECIS 96-well electrode array  96W20idf  Applied BioPhysics, NY, USA  
xCELLigence E-Plate 96 PET  00300600910  ACEA Biosciences, CA, USA  
12-well cell culture plate  CLS3513  Corning, NY, USA  
96-well Microplate  167008  Nunc, NY, USA  
16-well Lab-Tek chamber slide  178599  Nunc, NY, USA  
26G intradermal needle  304300  BD Biosciences, CA, USA  
12 mm biopsy punch  P1225  Acuderm, FL, USA  
Durapore™ Surgical Tape  DH888841565 3M, MN, USA 
15x15x5 mm Cryomold  4566  Sakura Finetek, The Netherlands  
Frosted microscope slide  SCF90W-PC  Hurst Scientific, WA, Australia  
Cell strainer 130-098-463 MIltenyi Biotec, Germany  
Dako delimiting pen  S2002  Dako, Denmark 
MiniMACS™ Separator 130-042-102 MIltenyi Biotec, Germany 
MidiMACS™ Separator 130-042-302 MIltenyi Biotec, Germany 
MS Columns 130-042-201 MIltenyi Biotec, Germany 
LS Columns 130-042-401 MIltenyi Biotec, Germany 
LD Columns  130-042-901 MIltenyi Biotec, Germany 
50 mLLeukosepTH tubes Z642843 Sigma Aldrich, MO, USA 

 

Table 2.2. HMEC-1 culture media constituents (M199 media) 

Constituent  Concentration  Cat #  Manufacturer  

Medium 199  -  11150  Gibco, MA, USA  
Foetal Bovine Serum (FBS)  10 % v/v  12203C  Sigma Aldrich, MO, USA  
Hydrocortisone  1 μg/mL  H0888-1G  Sigma Aldrich, MO, USA  
Human basic fibroblast  
growth factor (hFGF)  

3 μg/mL  100-18B  PeproTech, NJ, USA  

Human epidermal growth  
factor (hEGF)  

1 ng/mL  AF-100-15  PeproTech, NJ, USA  

Heparin  10 μg/mL  H3393  Sigma Aldrich, MO, USA  
GlutaMAX  2 mM  35050-061  Gibco, MA, USA  
dibutyryl-cAMP  80 μM  D0260  Sigma Aldrich, MO, USA  

 

Table 2.3. Human skin explant culture media constituents (RF5 media) 

Constituent  Concentration  Cat #  Manufacturer  

RPMI 1640 Medium -  11150  Gibco, MA, USA  
Foetal Bovine Serum (FBS)  5 % v/v  12203C  Sigma-Aldrich, MO, USA  
Penicillin-Streptomycin 
(PenStrep)  

1 % v/v  15140122 Fisher Scientific, MA, USA  

GlutaMAX  
 

1 % v/v 35050-061  
Gibco, MA, USA  
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Table 2.4. Immunostaining antibody dilution buffer  

Constituent  Concentration  Cat #  Manufacturer  

Tris-buffered saline pH 8.0 
(TBS) 

-  T664 Sigma-Aldrich, MO, USA 

Human Serum (HS)  10 % v/v   H4522 Sigma-Aldrich, MO, USA  
 

Table 2.5. Immunostaining blocking buffer  

Constituent  Concentration  Cat #  Manufacturer  

Casein -  10010023 Gibco, MA, USA 
Human Serum (HS)  10 % v/v  H4522 Sigma-Aldrich, MO, USA  

 

Table 2.6. Magnetic cell sorting buffer (MACS buffer) 

Constituent  Concentration  Cat #  Manufacturer  

PBS -  10010023 Gibco, MA, USA 
Foetal Bovine Serum (FBS)  0.5 % v/v  12203C  Sigma-Aldrich, MO, USA  
EDTA  2 mM  15575020 Gibco, MA, USA 

 

Table 2.7. Flow cytometry buffer (FACS buffer) 

Constituent  Concentration  Cat #  Manufacturer  

PBS -  10010023 Gibco, MA, USA 
Foetal Bovine Serum (FBS)  0.5 % v/v  12203C  Sigma-Aldrich, MO, USA  
EDTA  2 mM  15575020 Gibco, MA, USA 

 

Table 2.8. Additional chemical reagents 

Reagent Pupose Cat # Manufacturer 

Acetone Fixing tissue sections NA Internal stores 
Tris-buffered saline pH 8.0 
(TBS) 

Washing 
immunostains 

T664 Sigma-Aldrich, MO, USA 

Trypsin-EDTA 
Detaching HMEC-1 
cultures 

25300-054 Gibco, MA, USA 

Tissue-Tek Optimal Cutting 
Temperature (OCT) 

Embedding tissue 
blocks 

4583 
Sakura Finetek, The 
Netherlands 

4´,6-diamidino-2-phenylindole 
(DAPI) 

Dead cell exclusion 
stain 

D3571 
Molecular Probes, OR, 
USA 

7-Aminoactinomycin D (7AAD) 
Dead cell exclusion 
stain 

A1310 
ThermoFisher Scientific, 
MA, USA 

Heparin 
Preventing blood 
coagulation 

H3393  Sigma Aldrich, MO, USA  

Dynabeads® Human T-
Expander CD3/CD28 beads 

Inducing proliferation   
of naïve CD4+ T cells 

11141D 
ThermoFisher Scientific, 
MA, USA 

Positive negative beads Compensation 552843 BD Biosciences, NJ, USA 

LymphoprepTH 
Density gradient 
centrifugation  

1114547 
Axis-Shield Diagnostics, 
United Kingdom 

Cysteine 10 mM 
Coating ECIS 
electrodes 

A9165 Sigma Aldrich, MO, USA 

Tryphan Blue (0.4 % in PBS) Cell viability dye 15250-061 Gibco, MA, USA 
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Table 2.9. Primary antibodies used in multicolour immunohistochemistry 

Primary Antibody Species Clone Cat # Manufacturer 

CD1a Mouse NA1/34-HLK MCA80 Serotec 

CD1a Mouse HI149 300101 BioLegend 

CD3 Rabbit MRQ-39 103-A95 Cell Marque 

CD14 Mouse MEM-18 MCA2185 Serotec 

CD14 Mouse M5E2 301802 Biolegend 

CD31 Mouse WM59 555444 BD 

CD34 Rabbit EP373Y Ab81289 Abcam 

CD45 Mouse F10-89-4 Ab30470 Abcam 

CD141 Mouse M80 344102 Biolegend 

CD207 Mouse 12D6 Ab49730 Abcam 

CD207 Mouse DCGM4 IM3449 Beckman 

CD208 Mouse 104.G4 IM3448 Beckman 

CD281 (TLR1) Mouse GD2.F4 MCA2153 Serotec 

CD282 (TLR2) Mouse TL2.1 MCA2151 Serotec 

CD282 (TLR2) Mouse TLR2.3 MCA2152 Serotec 

CD282 (TLR2) Mouse T2.5 121801 Biolegend 

CD283 (TLR3) Mouse TL3.7 MCA2267 Serotec 

CD283 (TLR3) Mouse TLR-104 315001 Biolegend 

CD284 (TLR4) Mouse HTA125 312802 Biolegend 

CD285 (TLR5) Mouse 19D759.2 Ab13876 Abcam 

CD286 (TLR6) Mouse 86B1153.2 Ab22046 Abcam 

CD287 (TLR7) Rabbit NA AHP867 Serotec 

CD287 (TLR7) Rabbit NA PA5-23488 Thermo Fisher 

CD288 (TLR8) Mouse 44C143 Ab12120 Abcam 

CD289 (TLR9) Rabbit  NA 52-5197 Zymed  

CD289 (TLR9) Rat eB72-1665 14-9099 eBioscience 

CD290 (TLR10) Mouse 3C10C5 354601 Biolegend 

Clec9A Mouse 8F9 353801 Biolegend 

Collagen I,II,III,IV,V Rabbit NA 2150-2206 Serotec 

Fibronectin Mouse 2B6-D4 555867 BD 

HLA-DR Mouse TU36 MHLDR00 Caltag 

Laminin 1 & 2 Rabbit NA Ab7463 Abcam 

Lyve-1 Rabbit NA Ab36993 Abcam 

Podoplanin Rat NC-08 337001 Biolegend 
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Table 2.10. Secondary antibodies used in multicolour immunohistochemistry 

Secondary Antibody Fluorochrome Species Cat # Manufacturer 

Anti-mouse IgG1 Alexa Fluor® 488 Goat A21120 Molecular Probes 

Anti-mouse IgG1 Alexa Fluor® 555 Goat A21127 Molecular Probes 

Anti-mouse IgG1 Alexa Fluor® 647 Goat A21240 Molecular Probes 

Anti-mouse IgG2a Alexa Fluor® 488 Goat A21131 Molecular Probes 

Anti-mouse IgG2a Alexa Fluor® 555 Goat A21137 Molecular Probes 

Anti-mouse IgG2a Alexa Fluor® 647 Goat A21241 Molecular Probes 

Anti-mouse IgG2b Alexa Fluor® 488 Goat A21141 Molecular Probes 

Anti-mouse IgG2b Alexa Fluor® 555 Goat A21147 Molecular Probes 

Anti-mouse IgG2b Alexa Fluor® 647 Goat A21242 Molecular Probes 

Anti-rabbit IgG Alexa Fluor® 488 Goat A11008 Molecular Probes 

Anti-rabbit IgG Alexa Fluor® 555 Goat A21428 Molecular Probes 

Anti-rabbit IgG Alexa Fluor® 647 Goat A21245 Molecular Probes 

Anti-rat IgG Alexa Fluor® 488 Goat A11006 Molecular Probes 

Anti-rat IgG Alexa Fluor® 555 Goat A21434 Molecular Probes 

Anti-rat IgG Alexa Fluor® 647 Goat A21247 Molecular Probes 

 

Table 2.11. Conjugated antibodies used in flow cytometry 

Target Fluorochrome Species Clone Cat # Manufacturer 

CD1a Alexa Fluor® 647 Mouse HI149 300116 Biolegend 

CD1c FITC Mouse L161 331518 Biolegend 

CD3 PE Mouse UCHT1 300408 Biolegend 

CD4 APC Rat A161A1 357408 Biolegend 

CD11c PE Mouse 3.9 301606 Biolegend 

CD14 FITC Mouse HCD14 325604 Biolegend 

CD40 PE Mouse 5C3 334308 Biolegend 

CD45RA FITC Mouse HI100 304106 Biolegend 

CD45RO PE Mouse UCHL1 304206 Biolegend 

CD80 PE Mouse 2D10 305208 Biolegend 

CD83 PE Mouse HB15e 305308 Biolegend 

CD83 Alexa Fluor® 647 Mouse HB15e 305316 Biolegend 

CD86 PE Mouse IT2.2 305406 Biolegend 

CD86 Alexa Fluor® 647 Mouse IT2.2 305416 Biolegend 

CD123 FITC Mouse 6H6 306014 Biolegend 

CD207 PE Mouse DCGM4 IM3577 Beckman 
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HLA-ABC FITC Mouse W6/32 311404 Biolegend 

HLA-DR PE Mouse L243 307606 Biolegend 

HLA-DR FITC Mouse L243 307604 Biolegend 

 

Table 2.12. Skin explant migratory cell activation panels for polychromatic flow cytometry 

Target Fluorochrome Species Clone Cat # Manufacturer 

1  CD1a Alexa Fluor® 647 Mouse HI149 300116 Biolegend 

    CD14 FITC Mouse HCD14 325604 Biolegend 

    HLA-DR PE Mouse L243 307606 Biolegend 

2  CD1a Alexa Fluor® 647 Mouse HI149 300116 Biolegend 

    CD14 FITC Mouse HCD14 325604 Biolegend 

    CD40 PE Mouse 5C3 334308 Biolegend 

3  CD1a Alexa Fluor® 647 Mouse HI149 300116 Biolegend 

    CD14 FITC Mouse HCD14 325604 Biolegend 

    CD80 PE Mouse 2D10 305208 Biolegend 

4  CD1a Alexa Fluor® 647 Mouse HI149 300116 Biolegend 

    CD14 FITC Mouse HCD14 325604 Biolegend 

    CD86 PE Mouse IT2.2 305406 Biolegend 

 

Table 2.13. Blood APC activation panel for polychromatic flow cytometry  

Target Fluorochrome Species Clone Cat # Manufacturer 

1  HLA-DR FITC Mouse L243 307604 Biolegend 

    CD40 PE Mouse 5C3 334308 Biolegend 

    CD83 Alexa Fluor® 647 Mouse HB15e 305316 Biolegend 

2  HLA-ABC FITC Mouse W6/32 311404 Biolegend 

    CD80 PE Mouse 2D10 305208 Biolegend 

    CD86 Alexa Fluor® 647 Mouse IT2.2 305416 Biolegend 

 

Table 2.14. InvivoGen TLR ligands 

TLR Agonist Cat # Stock 
Working 
concentration 

3 Poly I:C HMW Tlrl-pic 1 mg/mL 10 µg/mL 
7 R837 Tlrl-imqs 1 mg/mL 5 µg/mL 
7/8 R848 Tlrl-r848-5 1 mg/mL 10 µg/mL 
7/8 CL075 Tlrl-c75 1 mg/mL 5 µg/mL 
9 ODN2006 Tlrl-2006 500 µM 5 µM 
9 ODN2216 Tlrl-2216 500 µM 5 µM 
9 ODN2395 Tlrl-2395 500 µM 5 µM 
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Table 2.15. Miltenyi MACS kits 

Kit Cat # Method 

CD1c+ (BDCA-1) DC 
Isolation Kit, human 

130-090-506 CD19 depletion, CD1c selection 

Diamond pDC Isolation Kit 
II, human 

130-097-240 Lineage (CD3, CD14, CD16, CD19, 
CD20, CD56) depletion, CD304 selection 

CD14 Microbeads, human 130-050-201 CD14 selection 

CD1a Microbeads, human 130-051-001 CD1a selection 

Naive CD4+ T Cell 
Isolation Kit II, human 

130-094-131 CD45RO, CD8, CD14, CD15, CD16, 
CD19, CD25, CD34, CD36, CD56, 
CD123, anti-TCRγ/δ, anti-HLA-DR, and 
CD235a depletion 

 

Table 2.16. BDTH Cytometric Bead Array Flex Sets 

Cytokine  Assay range Bead position Cat #  

bFGF  10-5000 pg/mL C5 558327 

G-CSF  10-5000 pg/mL C8 558326 

GM-CSF  10-5000 pg/mL C9 558335 

ICAM/CD54  10-5000 pg/mL A4 560269 

IFN-  10-5000 pg/mL E7 558269 

IL-1  10-5000 pg/mL B4 558279 

IL-4  10-5000 pg/mL A5 558272 

IL-5  10-5000 pg/mL A6 558278 

IL-6  10-5000 pg/mL A7 558276 

IL-8  10-5000 pg/mL A9 558277 

IL-10  10-5000 pg/mL B7 558274 

IL-12/ IL-23p40  10-5000 pg/mL E5 560154 

IL-17A  10-5000 pg/mL B5 560383 

IP-10  10-5000 pg/mL B5 558280 

MCP-1  10-5000 pg/mL D8 558287 

MIG  10-5000 pg/mL E8 558286 

MIP-1  10-5000 pg/mL B9 558325 

MIP-1  10-5000 pg/mL E4 558288 

RANTES  10-5000 pg/mL D4 558324 

TNF  10-5000 pg/mL D9 558273 

VCAM/CD106  10-5000 pg/mL D6 560427 

VEGF  10-5000 pg/mL B8 558336 
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2.2 Methods 

2.2.1 Human skin acquisition 

Healthy, human skin was obtained from consenting donors after reconstructive breast or 

abdominal surgery through our collaboration with Professor Rod Dunbar. Patients or their next 

of kin supplied written informed consent under protocols approved by the Health and Disability 

Ethics committee and by the University of Auckland Human Participants Ethics Committee 

(reference number: NTX/08/09/086/AM06). 

2.2.2 Human skin preparation for multicolour immunohistochemistry 

Human skin was processed immediately upon arrival, no longer than four hours after surgery. 

Subcutaneous fat was removed, and skin was cut into 1 cm by 1 cm squares. Skin was 

embedded in TissueTek OCT compound (Sakura Finetek) in cryomolds, snap-frozen in liquid 

nitrogen, and stored at -80 oC for downstream immunohistochemical analyses 

2.2.3 Multicolour immunohistochemistry  

Snap-frozen tissue blocks were cut into 5 µm sections using a CM1850 cryostat (Leica) and 

layered onto glass slides. Skin sections were fixed with ice-cold acetone for 5 minutes, 

rehydrated in TBS, blocked with blocking buffer for 10 min, washed in TBS, and probed with 

the primary antibodies listed in Table 2.9 in dilution buffer for 1 hr at room temperature (RT). 

Unbound primary antibodies were washed off with TBS once briefly, then three times with 

rocking for five minutes. The bound primary antibodies were detected with the species-specific 

and/or isotype-specific secondary antibodies listed in Table 2.10, together with DAPI (1:2000) 

in dilution buffer for 30 min at RT. Unbound secondary antibodies were washed off with TBS 

once briefly, then twice with rocking for 15 minutes. The probed sections were mounted with 

ProLong® Gold (Thermo Fisher Scientific) and a coverslip.  

2.2.4 HMEC-1 cell culture  

HMEC-1 (human dermal microvascular endothelial cells) were obtained from the CDC (Centre 

for Disease Control, USA) through ATCC. HMEC-1 cells were cultured in M199 media 

(Table 2.2) within T75 culture flasks at 37oC with 5% CO2. HMEC-1 cells were detached using 

Trypsin-EDTA, washed, and resuspended for downstream analysis or cryopreserved at a 

passage number of 12-16.  
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2.2.5 Multicolour Immunocytochemistry 

HMEC-1 were seeded into wells of an 16-well chamber slide at a density of 50,000 cells/well. 

The cells were incubated in M199 media at 37 oC with 5% CO2 for 24 hrs. The media was 

removed, the cells were washed with TBS, and then fixed, blocked and stained as described 

above for the human skin sections using primary and secondary antibodies listed in Tables 

2.9 and 2.10, respectively.  

2.2.6 Multicolour immunofluorescence microscopy 

Images of the probed skin sections or cells were obtained using a Leica DMRE fluorescent 

microscope and SPOT camera (Sterling Heights) with analySIS FIVE software (Olympus). 

Images were processed for figures using Cytosketch (CytoCode). 

2.2.7 MetaMorph® image analysis 

MetaMorph® software (Molecular Devices, Sunnyvale, CA, USA) was used to conduct multi-

wavelength cell scoring image analysis of immunohistochemical skin images. This software 

segments individual wavelengths of a multi-colour fluorescent image into positive and negative 

regions, and determines how many and what proportion of DAPI+ nucleated cells are positive 

for each of these additional wavelengths. This is conducted by first specifying the size range 

of nuclei and setting the intensity of DAPI above the background level. Additional wavelengths 

are then analysed by selecting the area of expression (nucleus, cytoplasm or both) and 

specifying the size range of cells and intensity of positive expression above background. Once 

these parameters are defined, MetaMorph® calculates which DAPI+ nucleated cells are 

positive for individual or multiple wavelengths to provide count and proportion data for the cell 

subsets of interest. 

2.2.8 PBMC cell isolation  

Peripheral blood mononuclear cells (PBMCs) were obtained from healthy human blood of 

consenting donors.  Donors supplied written informed consent under protocols approved by 

the Health and Disability Ethics committee and by the University of Auckland Human 

Participants Ethics Committee (reference number: 010558). Blood was drawn and 

immediately transferred to sterile 50 mL tubes containing 1000 U/mL heparin to prevent 

coagulation. Pre-warmed RPMI 1640 was used to dilute the blood at a 1:1 ratio. 15 mL of pre-

warmed LymphoprepTH was centrifuged at 300 x g  into 50 mL LeukosepTH tubes, to spin the 

LymphoprepTH beneath the membrane. 35 mL of diluted blood was added to each LeukosepTH 

tube. The tubes were centrifuged for 15min at 800 x g with low acceleration and no brakes in 

order to obtain the buffy coat via density separation. The buffy coats were aspirated with a 
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transfer pipette into a fresh 50 mL tube, and washed twice with RPMI 1640. Cells of the buffy 

coat (PBMCs and plasma cells) were counted and resuspended in MACS buffer (Table 2.6) 

for cell subset purification. 

2.2.9 MACS separation 

CD1c+ APCs, CD45RA+ Naïve CD4+ T cells, pDCs, and B cells were purified from peripheral 

blood mononuclear cells (PBMCs) obtained from healthy human blood, following the 

manufacturer’s instructions for the kits listed in Table 2.15. In cases where high numbers of 

cells were being sorted (greater than 108 cells), the amount of reagent used was scaled up 

according to the manufacturer’s directions. Additionally, CD1a+ and CD14+ APCs were 

enriched from the cells which migrated from skin explants after 48 hrs of culture using CD1a+ 

and CD14+ MACS beads. All MACS separations were conducted using reagents, columns, 

and magnets chilled to 2-8 oC.  

2.2.10 Magnetic purification of B cells and CD1c+ APCs 

PBMC suspended in 200 L MACS buffer were incubated with 100 L FcR blocking reagent, 

100 L CD19 microbeads, and 100 L CD1c Biotin for 15 minutes at 2-8 oC. Cells were 

washed and resuspended in 500 L MACS buffer before addition to an LD column and 

magnetic array, pre-rinsed with MACS buffer. The column was washed three times with 2 mL 

MACS buffer and the unlabelled fraction was retained. The bound fraction (CD19+ B cells) was 

collected by removing the LD column from the magnet and flushing the column with 5 mL 

MACS buffer. The unlabelled fraction was centrifuged, resuspended in 400 L MACS buffer, 

and incubated with 100 L anti-biotin beads for 15 minutes at 2-8 oC. Cells were washed and 

resuspended in 500 L MACS buffer before addition to an MS column and magnetic array, 

pre-rinsed with MACS buffer. The column was washed three times with 500 L MACS buffer. 

The bound fraction (CD1c+ APCs) was collected by removing the MS column from the magnet 

and flushing the column with 1 mL MACS buffer. The purity of the B cells and CD1c+ APCs 

was assessed using flow cytometry (Appendix C-1). 

2.2.11 Magnetic purification of pDCs 

PBMC suspended in 400 L MACS buffer were incubated with 100 L non-pDC biotin-

antibody cocktail II for 10 minutes at 2-8 oC. Cells were washed and resuspended in 400 L 

MACS buffer and incubated with 100 L non-pDC microbead cocktail II for 15 minutes at 

2-8 oC. Cells were washed and resuspended in 500 L MACS buffer before addition to an LD 

column and magnetic array, pre-rinsed with MACS buffer. The column was washed three 
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times with 2 mL MACS buffer and the unlabelled fraction (pre-enriched pDCs) was retained. 

The unlabelled fraction was centrifuged and resuspended in 100 L CD304 microbeads 

directly and incubated for 15 minutes at 2-8 oC. Cells were washed and resuspended in 500 L 

MACS buffer before addition to an MS column and magnetic array, pre-rinsed with MACS 

buffer. The column was washed three times with 2 mL MACS buffer. The bound fraction 

(pDCs) was collected by removing the MS column from the magnet and flushing the column 

with 1 mL MACS buffer. The purity of the pDCs was assessed using flow cytometry 

(Appendix C-1). 

2.2.12 Magnetic purification of naïve CD4+ T cells for the mixed leukocyte reaction 

PBMC suspended in 40 L MACS buffer were incubated with 10 L naïve CD4+ T cell biotin-

antibody cocktail II  for 5 minutes at 2-8 oC. Cells were then incubated with 30 L MACS buffer 

and 20 L naïve CD4+ T cell microbead cocktail II for 10 minutes at 2-8 oC. Cells added to an 

LS column and magnetic array, pre-rinsed with MACS buffer. The column was washed three 

times with 3 mL MACS buffer and the unlabelled fraction (naïve CD4+ T cells) was retained. 

The purity of the naïve CD4+ T cells was assessed using flow cytometry (Appendix C-2). Of 

note, a small population of T effector memory cells which express CD45RA (TEMRA) (less than 

10% of naïve CD4+ T cells) will be present in this purification.  

2.2.13 Magnetic enrichment of skin migrant CD1a+ and CD14+ APCs 

Cells which migrated from skin explants (as described in section 2.2.13) were harvested, 

centrifuged, counted, and resuspended in 60 L MACS buffer. Cells were incubated with 20 L 

CD14 microbeads and 20 L CD1a microbeads for 15 minutes at 2-8 oC. Cells were washed 

and resuspended in 500 L MACS buffer before addition to an MS column and magnetic array, 

pre-rinsed with MACS buffer. The column was washed three times with 500 L MACS buffer 

and the unlabelled fraction was retained. The bound fraction (CD1a+ and CD14+ enriched skin 

migrant APCs) was collected by removing the MS column from the magnet and flushing the 

column with 1 mL MACS buffer.  

2.2.10 TLR ligand stimulation of purified blood APCs 

Magnetically purified CD1c+ APCs or pDCs were used to validate the functionality of the TLR 

ligands (InvivoGen, Table 2.14), Poly I:C, R848, R837, and CL075, or ODN2006, ODN2216, 

and ODN2395, respectively. 10,000 CD1c+ APCs suspended in 100 L RF10 were added in 

triplicate to wells of a 96 well plate with 10, 1, or 0.1 g/mL of Poly I:C, R848, or Poly I:C and 

R848, or 5, 0.5, or 0.05 g/mL of R837 or CL075. 10,000 pDCs suspended in 100 L RF10 
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were added in triplicate to wells of a 96 well plate with 5, or 0.5 M of ODN2006, ODN2216, 

or ODN2395. CD1c+ APCs and pDCs were incubated for 48 hrs at 37 oC with 5 % CO2. Cells 

were harvested and probed with the antibodies listed in Table 2.13 as detailed in section 

2.2.14 for downstream flow cytometric analysis.  

2.2.11 Human skin explant preparation 

Human skin was processed immediately upon arrival. Subcutaneous fat was removed, and 

12 mm circular punch biopsies were taken. If ligands were to be applied topically, the 

epidermis was first tape-stripped 20 times using Durapore™ Surgical Tape (3M) to remove 

dead corneocytes of the stratum corneum before the skin explants were punched. 100 µL of 

Poly I:C, R848, or Poly I:C and R848 were injected using a 1 mL syringe (BD) and 26G x 5/8 

inch hypodermic needle (BD). Topical TLR ligands were applied after intradermal injection. 

30 mg of non-ionic Cetomacrogol cream (obtained through collaboration with Dr Zimei Wu) 

containing 150 µg of Poly I:C, R848, or Poly I:C and R848 was applied to the tape-stripped 

epidermal side of skin explants using a transfer pipette, taking care not to place cream on any 

cut side of the tissue. TLR ligand-treated skin explants were floated in 1.5 mL RF5 in a 12 well 

culture plate, in triplicate. The epidermis of the biopsies floated above the air interface while 

the dermis was submerged. Plates were incubated for 48 hrs at 37 oC with 5% CO2. 

Supernatants were harvested at 24 and 48 hrs and stored at -80 oC until use. Skin explants 

were removed after 48 hrs, cut in half along the injection site, embedded in TissueTek OCT 

compound (Sakura Finetek) with the injection site facing out, snap-frozen in liquid nitrogen, 

and stored at -80 oC for downstream immunohistochemical analyses. Migratory cells were 

harvested after 48 hrs, centrifuged and washed once, and immediately probed with antibodies 

for flow cytometric analyses.  

2.2.12 Flow cytometric probing of surface markers  

Skin explant migratory cells, blood cells, or mixed-leukocyte reactions were harvested from 

culture plates, washed, and stored on ice prior to antibody probing. Cells were probed with 

fluorescently labelled antibodies (Table 2.11) at pre-optimised doses on ice for 30 min and 

washed with chilled FACS buffer (Table 2.7). 7AAD was added prior to analyses to determine 

cell viability. Specific antibody panels used for polychromatic flow cytometry are shown in 

Table 2.12 and Table 2.13. 

2.2.13 Flow cytometry data acquisition and analysis 

Antibody stained skin explant migratory cells, blood cells, or mixed-leukocyte reactions were 

run on a BD Accuri™ flow cytometer using the BD Accuri™ C6 software. Fluorescence 
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compensation was performed manually using cytometry beads individually stained with 

fluorophores detected in channels FL-1 to FL-4. Clean-up steps were routinely employed to 

exclude cellular debris (on FSC-SSC plots) and doublets (on FSC-H-FSC-A, and SSC-H-

SSC-A plots). 7AAD-positive dead cells were excluded from analysis. Gating strategies are 

detailed in the relevant results sections. Data were analysed using FlowJo V10 (Tree Star). 

2.2.14 Measurement of secreted cytokines using a cytometric bead array   

The cytokines secreted by cells in skin explants were measured using a cytometric bead array 

(CBA, BD Biosciences), as per the manufacturer’s instructions. Briefly, 25 μl of the skin explant 

culture media was incubated with 25 μl of CBA bead cocktail (listed in Table 2.16) for 1 hr with 

gentle agitation. 25 μl of a PE-reporter antibody cocktail was added and incubated for 2 hrs 

with gentle agitation. A 10-point standard curve ranging from 0 to 5000 pg/mL was conducted 

for each cytokine assessed. The samples were measured using a BD Accuri C6 flow 

cytometer. Data analysis was performed using FCAP Array software (BD Biosciences, version 

3.0), which converted the fluorescent intensity values of each sample into protein 

concentration based on the standard curves generated for each individual cytokine. 

2.2.15 Mixed leukocyte reaction 

Human CD1c+ APCs were obtained from human PBMC using a human CD1c+ isolation kit 

(Miltenyi Biotec). CD1c+ APCs were subsequently stimulated with 10 µg/mL of Poly I:C, R848 

or a combination of both, and incubated for 48 hrs at 37oC, 5% CO2. CD1c+ APCs were 

washed twice to remove any TLR ligands in the culture media, and resuspended in triplicate 

in 50 mL RF10 in 96-well U-bottom plates. 

Alternatively, skin-migrant cells were collected from skin explants which had been 

intradermally injected with PBS, Poly I:C, R848, a combination of Poly I:C and R848, or left 

uninjected and were subsequently enriched for CD1a+ and CD14+ APCs using the MACS 

protocol described above. 

 Allogeneic naïve CD4 T cells were obtained from an allogeneic PBMCs using a human naïve 

CD4 T cell isolation kit (Miltenyi Biotec). Isolated naïve CD4+ T cells were stained with 

CytoTrackTH Green (Biorad) for 15 min at RT in the dark, washed, and then cultured with the 

TLR-stimulated CD1c+ APCs at a ratio of 1:10 in 50 µL forming a final volume of 100 µL. 

Alternatively, naïve CD4+ T cells were cultured alone, or in the presence of washed human T 

activator CD3/CD38 Dynabeads (Thermo Fisher) at a 1:1 ratio. On days 3/4 (due to 

unforeseen circumstances, one experiment in this group was conducted at day 3, and the rest 

at 4) and day 6, supernatants were harvested, and cells were stained with CD3-PE and 
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assessed using a BD AccuriTH flow cytometer. Dilution of CytoTrackTH Green on CD3+ T cells 

was used to monitor T cell proliferation. Th-cell skewing cytokines IFN-, IL-4, IL-5, IL-17A, 

and IL-10 were assessed from MLR culture supernatants using the Cytometric Bead Array 

(BD) as described above. 

2.2.16 xCELLigence sample preparation 

50 µL of M199 growth media was added to each well of the E96 xCELLigence plates (ACEA 

Biosciences). The plated media was brought to equilibration in a 37 °C incubator, and then 

placed into the xCELLigence station (ACEA Biosciences), and impedance was measured over 

30 seconds to check correct functioning of the plates electrodes. Cells were then seeded into 

each well of the plate in 50 µL M199 growth media at a density of 72,000 cell/cm2, which 

equates to 50,000 cells per well. The plate was placed back into the xCELLigence station and 

impedance was measured at 10,000 Hz every 15 minutes for the following 24 hrs. After 24 

hrs, ODN2006, ODN2216, ODN2395, R837, R848, or CL075 were added to the plate in 

quadruplicate in 100 µL M199 growth media at the concentrations indicated in the figure 

legends. The plate was placed back into the xCELLigence station and impedance was 

measured every five minutes for the following 72 hrs. 

2.2.17 xCELLigence data analysis 

Cell Index versus time plots were visualised using RTCA software Version 1.2.1.1002 (ACEA 

Biosciences). Cell index (CI) is a unitless parameter proportional to impedance generated in 

each well of the E-plate. CI is calculated using the following formula: 

Cell Index (CI) formula 

 CI(t)= 
R(fn,t)-R(fn,t0)  

Zn  

      Where:  
 

  

ƒn is the frequency used by xCELLigence (i.e. 10,000 Hz)  
R(ƒn,t) is the measured impedance at frequency ƒn at time point t.  
R(ƒn,t0) is the measured impedance at frequency ƒn at time point t0  
               (usually t0 is the time when the background is measured).  
Zn is the corresponding frequency factor of ƒn (15  at 10,000 Hz). 

 

When no cells are present, or cells have not adhered to the plate, the CI is zero. As cells 

proliferate and adhere to the plate, the cell index increases. CI is also affected by changes in 
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cellular morphology and viability. Cell Index plots were generated using Prism GraphPad 

version 7 (GraphPad software). 

2.2.18 ECIS sample preparation  

ECIS 96W20idf plates (Applied Biophysics) were first coated with 10-mM L-cysteine to prepare 

the electrode surface for impedance monitoring. HMEC-1 cells were seeded into each well of 

the plate at a density of 50,000 cells per well, in 100 µL M199 growth media. The plate was 

placed in the ECIS® Zθ station (Applied Biophysics), a well check was performed and multi-

frequency data was collected for 24 hrs. After 24 hrs, ODN2006, ODN2216, ODN2395, 

Poly I:C, R848, or a combination of Poly I:C and R848 were added to the plate in quadruplicate 

in 100 µL M199 growth media at the concentrations indicated in the figure legends. The plate 

was placed back in the ECIS station and multi-frequency data was collected over the following 

72 hrs.  

2.2.19 ECIS data analysis 

Total Impedance data was modelled using ECIS software version 1.2.135 (Applied 

Biophysics) into the cell:cell adhesion (Rb), basolateral adhesion (), and cell membrane 

capacitance (CM) parameters which are uniquely influenced by changes to the endothelial 

barrier. Overall resistance, Rb, and CM plots were generated using Prism® GraphPad 

version 7 (GraphPad Software).  

2.2.20 Statistical analysis 

R version 3.4.0 (The R Foundation) was used for all statistical analyses. Specifically, a linear 

mixed effects model fitted with a restricted maximum likelihood approach (REML) was 

performed, as described previously [217]. Statistical significance is indicated with the p-value 

in the figure legend. 
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Chapter 3 TLR protein expression in human skin 

3.1 Introduction 

In order to develop vaccine adjuvants that stimulate TLRs and enhance immune responses 

within human skin following cutaneous delivery, it must first be determined which immune cells 

in human skin display TLRs and are therefore likely to respond to TLR ligands. Historically, 

TLR expression on APC subsets in human skin has been assessed following skin dissociation 

and cell enrichment using MACS or FACS procedures; the mRNA from these cells has then 

been used for qPCR to assess TLR mRNA expression. Table 1.3 summarises the results of 

these studies. For a number of reasons, the results of these studies are not consistent with 

each other. One reason may be the different isolation techniques used to obtain the APCs. 

For example, some researchers assessed TLR expression on APCs that had been liberated 

from the skin following enzyme digestion [53, 67, 108, 112, 113], while others assessed APCs 

that had migrated out of skin spontaneously [23, 109]. Studies have shown that APC isolation 

methodologies affect the maturation status of APCs [163], and hence these APCs may not 

truly represent the APCs in situ in human skin. Recently, Botting et al. showed that while APCs 

obtained from enzymatic digestion of skin were in a less mature state than APCs that had 

spontaneously migrated from skin, particular blends of skin digestion enzymes cleaved 

functional proteins also used as identifying markers of APC subsets which would influence the 

function of these cells, and make downstream identification of APC subsets difficult [163]. 

Differences in the techniques used to assess mRNA expression may also contribute to the 

differences in TLR expression observed to date. For example, some earlier studies measured 

TLR mRNA expression using qPCR or microarray analysis, in varying formats. Some studies 

assessed TLR expression using a Taqman qPCR assay, while others used a SYBR green 

assay format. Furthermore, most authors normalised qPCR data against GAPDH, but one 

study used 18S Ribosomal RNA to normalise their data [53].  

In addition, the methods used in these studies to purify the APC subsets from skin 

preparations may include other contaminating populations of cells that express the same 

identifying markers. For example, MACS selection of CD1a+ cells from a digested skin 

preparation using CD1a microbeads will pool all cells expressing CD1a, including dermal 

CD1a+ APCs, CD1a+ epidermal LC, and migrating dermal CD1a+ LC. Similarly, MACS 

selection using CD14 microbeads of a dermal cell preparation will isolate dermal CD14+ APCs, 

as well as CD14+ endothelial cells [218], macrophages [219] and neutrophils [220].  
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Collectively, these inconsistencies regarding how the skin APCs were obtained, purified, and 

assessed may all contribute to the variations observed regarding TLR expression by skin 

APCs, especially given the plasticity of TLR expression.  

TLR mRNA has also been shown to be expressed on other cells in human skin not generally 

classified as immune cells such as keratinocytes [114, 115], melanocytes [117] and 

endothelial cells [96]. It is important to consider the response of these cells to TLR ligands as 

they will be exposed to any cutaneous vaccination strategy also. For these reasons, we 

decided to use immunohistochemical analyses to assess TLR protein expression in situ by 

cells in healthy human skin, with a particular focus on APCs and endothelial cells. 

Immunohistochemical analyses allow researchers to assess the expression and distribution 

of multiple molecules in tissue simultaneously. This approach will allow us to map all the cells 

in healthy human skin which express TLR protein and could therefore potentially respond to 

TLR ligands included in a vaccine. These immunohistochemical studies will:  

1. Confirm whether TLR protein is expressed on cells in situ in healthy human skin.  

2. Identify which APC and endothelial cell subsets in human skin express which TLRs, 

and hence may be influenced by vaccines containing their ligands.  

3. Calculate the percentage of cells within each subset that are positive for a particular 

TLR protein. This information has not been generated from qPCR or microarray 

analyses thus far as these methods pool individual cells  within a subset together and 

report the average mRNA level overall for each subset. 

However, there are associated challenges that come with immunohistochemical analysis. It is 

less sensitive than PCR or microarray analysis and the background autofluorescence of 

extracellular matrix proteins including collagen and elastin in human skin can conceal positive 

expression, especially with antigens expressed at a low level. Consequently, few authors have 

used immunohistochemistry to assess TLR protein expression on APCs or endothelial cells in 

human skin. However, in 2007 a technique was developed by Angel et al. which showed TLR2 

expression on a subset of dermal CD14+ APCs, demonstrating immunohistochemistry can be 

sensitive enough to detect TLRs on cells in human skin [15]. This study also showed 

differential expression of TLR2 within the CD14+ APC subset, highlighting the effectiveness of 

IHC for illustrating cell-to-cell differences in protein expression within a cellular subset. 

Following the initial assessment of the expression of TLRs 1-10 in situ in human skin, this 

chapter will focus on the expression of TLRs 3, 7, and 9, which each recognise components 

of viral nucleic acids. These TLRs were selected as previous studies have demonstrated that 
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APCs in human skin express mRNA of TLRs 3, 7, and 9 [23, 53, 67, 108, 109, 112]. 

Furthermore, ligands recognised by these TLRs are increasingly being incorporated into 

human clinical trials as adjuvants for vaccines (reviewed in [180-182]), including those being 

administered via the cutaneous route. It is therefore important to identify the cells in human 

skin which may respond to ligands recognised by TLRs 3, 7, and 9 in order to further develop 

these vaccine strategies. 
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3.2 Chapter Aims and Justification 

This chapter aims to identify TLR protein expression on APC subsets and blood and lymphatic 

endothelium, using immunohistochemistry. The specific aims are: 

 To assess the protein expression of TLRs 1-10 in human skin using 

immunohistochemistry 

 To determine whether APCs in situ in human skin express protein of TLRs 3, 7, or 9 

using multi-colour immunohistochemistry: 

 Assess TLR3 protein expression by CD1a+ LCs, CD1a+ dermal APCs, and 

CD14+ dermal cells 

 Assess TLR7 protein expression by CD207+CD1a+ LCs, CD1a+ CD207- dermal 

APCs, and CD14+CD45+ dermal APCs  

 Assess TLR9 protein expression by CD207+CD1a+ LCs, CD1a+ CD207- dermal 

APCs, and CD14+CD45+ dermal APCs  

 To determine whether blood (BECs) and lymphatic (LECs) endothelial cells in situ in 

human skin express protein of TLRs 3, 7, or 9 using multicolour immunohistochemistry: 

 Assess TLR3 protein expression by CD34+LYVE-1- BECs and CD34loLYVE-1+ 

LECs 

 Assess TLR7 protein expression by CD31+PDPN- BECs and CD31loPDPN+ LECs 

 Assess TLR9 protein expression by CD31+PDPN- BECs and CD31loPDPN+ LECs 

 To use the immunohistochemical images generated to quantify the proportion of cells 

within APC and endothelial cell subsets which express protein of TLRs 3, 7, and 9 

using MetaMorph image analysis. 

Justification 

The expression of TLR protein by APC and endothelial cell subsets must be determined in 

steady state human skin in order to predict which cell subsets will respond to TLR ligand 

stimulation. A number of studies have assessed the expression of TLR mRNA on these cells 

using a variety of methodologies, however the expression data is not consistent, and mRNA 

expression does not always predict protein expression. Furthermore, many of these studies 

have processed the skin to isolate cells, which may influence TLR expression. This study 

therefore aims to assess TLR protein expression in situ in human skin. These data will 

highlight which APC and endothelial cell subsets express what TLRs in human skin and will 

indicate which cell subsets are likely to respond TLR ligands used as adjuvants in a vaccine. 
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3.3 TLR protein expression in human skin 

A large number of antibodies which probe TLRs 1-10 are commercially available. The first 

objective of this chapter was to assess a range of these and determine which ones recognise 

cells in situ in human skin. At the time this study was conducted, multiple antibodies 

recognising TLRs 2, 3, 7, and 9 were available (as shown in Table 3.3.1) and 

immunohistochemical experiments were conducted with each of these antibodies.  

Figure 3.3.1 shows the images generated using antibodies recognising TLRs 1-10; the 

resulting data is also summarised in Table 3.1. TLRs 1, 2, 3, 7, and 9 were detected throughout 

the epidermis, while TLR5 appeared to be expressed by the cells in the basal epidermal layer, 

which includes keratinocytes, melanocytes, and LCs. This expression pattern is consistent 

with TLR5 mRNA expression by keratinocytes [114]. TLRs 1, 2, 3, 7, and 9 were also detected 

in the dermis, and appeared to be expressed by individual cells, and cellular clusters. Some 

of the TLR antibodies non-specifically bound to the stratum corneum which covered the 

epidermis. The non-specific binding of antibodies to the stratum corneum was not considered 

as true TLR expression and excluded from all future analyses. TLRs 4, 6, 8, and 10 were not 

detected in human skin using the antibodies assessed in this study. The use of positive 

controls and additional antibodies targeting TLRs 4, 6, 8, and 10 will help to confirm the 

expression of these TLRs in skin, but as the overall focus of this study was to assess the 

influence of Poly I:C and R848, ligands of TLR3 and TLR7/8 respectively, further analyses of 

TLRs 4, 6, 8, and 10 were not conducted.  

For some TLRs, multiple antibodies were available. Interestingly, as depicted in Figure 3.3.1, 

two separate TLR3 antibodies of different clones displayed different recognition profiles in 

skin. Clone TLR104 was detected throughout the epidermis and it also appeared to bind non-

specifically to non-nucleated material in the dermis, likely extracellular matrix components. 

The TL3.7 clone recognised cells in the epidermis and some nucleated cells in the dermis, but 

did not appear to non-specifically bind proteins in skin like the TLR104 clone. Therefore, all 

future immunohistochemical analyses of TLR3 were conducted using the TL3.7 clone.  

Both of the TLR7 antibodies screened displayed similar recognition profiles in the epidermis 

and dermis, however the Thermo Fisher antibody and not the Serotec antibody consistently 

recognised the stratum corneum. As both antibodies recognised nucleated cells in the 

epidermis and dermis, and displayed little non-specific binding, both TLR7 antibodies were 

used in subsequent experiments.  

Two antibodies recognising TLR9 were assessed. The antibody acquired from Zymed 

recognised nucleated cells in the epidermis and dermis and the expression pattern observed 
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was granular and consistent with intracellular TLR9 expression highlighted later in Figures 

3.4.7 and 3.4.8. In contrast, the eBioScience antibody non-specifically bound to non-nucleated 

components in the dermis. Hence, the Zymed antibody was used for all further 

immunohistochemical analyses of TLR9.   
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Figure 3.3.1. TLR antibodies recognise nucleated cells in human skin. Frozen human skin sections 
were probed with antibodies targeting TLR 1 – 10 (clone numbers are indicated in brackets). Nuclei 
were stained with DAPI. Data is representative of two (TLRs 1, 2, 4, 5, 6, 8, and 10) or four (TLRs 3, 7, 
and 9) separate donors. A representative figure illustrates the localisation of the stratum corneum (red 
dashed line), the epidermis (area between the red and white dashed lines), and the dermis (area below 
the dashed white line). Images containing the epidermis and dermis are shown in A, while zooms of 
individual cells showing granular antibody binding patterns are shown in B. Scale bars represent 10 or 
100 µm as indicated. 

 



Chapter 3 

 62 

Table 3.1. Summary of Immunohistochemical data generated by probing human skin with anti-
TLR antibodies  

TLR Isotype Clone number Location of cells recognised by antibody 

1 IgG1 GD2.F4 Epidermis, dermis  

2 IgG2a TLR2.3 Epidermis, dermis 

2 IgG2a TL2.1 Epidermis, dermis 

2 IgG1 T2.5 Epidermis, dermis 

3 IgG2a TLR-104 Epidermis, dermis non-specific 

3 IgG1 TL3.7 Epidermis, dermis 

4 IgG2a HTA125 Not detected 

5 IgG2a 19D759.2 Suprabasal epidermis 

6 IgG1 86B1153.2 Not detected 

7 Rabbit Thermo Fisher Epidermis, dermis 

7 Rabbit Serotec Epidermis, dermis 

8 IgG1 44C143 Not detected 

9 Rat eB72-1665 Not detected 

9 Rabbit Zymed Epidermis, dermis 

10 IgG1 3C10C5 Not detected 
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Figure 3.3.2. Antibodies detecting TLR3 (TL3.7), TLR7 (Thermo Fisher), and TLR9 (Zymed) 
recognise CD19+CD20+ B lymphocytes. CD19+ B lymphocytes were positively selected from human 
PBMC, seeded into fibronectin-coated chamber slides and probed with antibodies recognising CD20, 
and TLRs 3, 7, and 9 simultaneously. Nuclei were stained with DAPI. Data is representative of one 
donor. Scale bars represent 10 µm. 

 

Immunocytochemistry was also used to provide a clear picture of the expression of TLRs 3, 

7, and 9 without the distracting features of the skin environment and to provide a positive 

control for the antibodies selected for further analysis.  Figure 3.3.2 shows the expression of 

TLRs 3, 7, and 9 on B cells isolated from human blood, which have been shown to express 

mRNA of TLRs 3, 7, 9 albeit at varying levels [221]. The granular nature of intracellular protein 

fluorescence is particularly obvious at 64x magnification with the TLR3 and TLR9 antibodies.  
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3.4 TLR protein expression on human skin APC subsets 

Next, TLR expression was assessed on APC subsets in human skin. Figure 3.4.1 shows TLR3 

expression by CD1a+ APCs. TLR3 was detected on CD1a+ APCs in the epidermis (B-C), and 

on a subset of CD1a+ APCs in the dermis (D-E). Some CD1a+ APCs in the epidermis and 

dermis had no detectable TLR3, while some CD1a- cells that expressed TLR3 were detected 

in the dermis (A). Variable intensity of TLR3 expression was observed for CD1a+ APCs, within 

and across donors. 

TLR3 expression was next assessed on CD14+ dermal APCs. Unfortunately, at the time these 

experiments were conducted, we were not able to include a CD45 antibody (used to exclude 

CD14+ endothelial cells) with an isotype distinct from the TLR3 and CD14 antibodies. 

Therefore, in order to assess TLR3 expression by likely CD14+ dermal APCs, all CD14+ cell 

clusters, likely endothelial cells, were excluded, and only TLR3 expression by lone CD14+ cells 

assumed to be APCs was assessed. Figure 3.4.2 shows TLR3 was detected on some lone 

CD14+ cells (D-E), but not others (A). Like CD1a+ APCs, lone CD14+ cells express TLR3 at 

varying levels. Note the punctate detection profile of TLR3 by CD14+ dermal APCs typical of 

intracellularly expressed TLRs, and exemplified on CD11c+ blood APCs [222]. Cells 

expressing TLR3 but not CD14 were also detected (A-B). 

MetaMorph analysis was used to quantify the percentage of nucleated epidermal and dermal 

CD1a+ APCs and lone dermal CD14+ cells which express TLR3. The MetaMorph analysis 

indicates that across donors, the percentage of APCs expressing TLR3 varied greatly, 

although a significantly higher percentage of CD1a+ epidermal APCs express TLR3 in 

comparison to CD1a+ dermal APCs or lone CD14+ dermal cells. 

Next, TLR7 was assessed on APC subsets in human skin. Two different polyclonal antibodies 

(Serotec and Thermo Fisher) were used to assess TLR7 expression. Figure 3.4.4 highlights 

the differences in frequency of epitope recognition between these two antibodies. As shown 

previously in Figure 3.3.1, the Thermo Fisher antibody (F) displayed a higher frequency of 

epitope recognition in the epidermis than the Serotec antibody (A). However, the intensity 

displayed in the upper stratum corneum by the Thermo Fisher antibody is possibly non-specific 

binding, as TLR7 mRNA is not detected on keratinocytes in the epidermis [114-116]. TLR7 

expression was detected on CD207+CD1a+ LCs in the epidermis (B) using the Serotec 

antibody, however distinct staining of individual cells could not be determined with the Thermo 

Fisher antibody as it recognised cells throughout the epidermis. Both antibodies detected 

TLR7 expression by CD1a+CD207- APCs in the dermis (C-E, G, I, J). It was noted that the 

expression CD207 was dimmer in some skin donors, however it was always detectable   
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Figure 3.4.1. TLR3 is expressed by CD1a+ APCs in the epidermis and dermis of human skin.    
A-E; Frozen human skin sections were probed with antibodies targeting TLR3 and CD1a 
simultaneously. Nuclei were stained with DAPI. Data is representative of four separate donors. Scale 
bar represents 50 µm.  
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Figure 3.4.2. TLR3 is expressed by CD14+ dermal cells in human skin. A-E; Frozen human skin 
sections were probed with antibodies targeting TLR3 and CD14 simultaneously. Nuclei were stained 
with DAPI. Data is representative of four separate donors. Scale bar represents 50 µm.  
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Figure 3.4.3. MetaMorph analysis shows divergent expression of TLR3 by CD1a+ epidermal LCs, 
CD1a+ dermal APCs, and CD14+ dermal cells in human skin. MetaMorph multi-wavelength cell 
scoring analysis was used to assess the proportion of each of these APC subsets that co-express TLR3. 
Each data point represents the average of two 20x magnification images from 4 separate donors. 
Statistical analysis was performed using a Linear Mixed Effect Model fitted with REML using R, and is 
displayed in Appendix D-1.The mean and SEM are displayed. *P<0.05. 
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Figure 3.4.4. TLR7 is expressed by CD1a+CD207+ epidermal LCs and CD1a+CD207- dermal APCs 
in human skin. A-J; Frozen human skin sections were probed with antibodies targeting TLR 7 (A-E: 
Serotec, F-J: Thermo Fisher), CD207, and CD1a simultaneously. Nuclei were stained with DAPI. Data 
is representative of four separate donors. Scale bars represent 50 µm.  
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Figure 3.4.5. TLR7 is expressed by CD14+CD45+ APCs in human skin. A-J; Frozen human skin 
sections were probed with antibodies targeting TLR7 (A-E: Serotec, F-J: Thermo Fisher), CD45, and 
CD14 simultaneously. Nuclei were stained with DAPI. Data is representative of four separate donors. 
Scale bars represent 50 µm.  
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(Appendix A-1). Figure 3.4.5 illustrates that both antibodies also recognised TLR7 expression 

by CD14+CD45+ APCs in the dermis (B-E, G-J).  

MetaMorph analysis was again used to quantify the percentage of nucleated CD1a+ epidermal 

LCs, CD1a+ dermal APCs and CD14+CD45+ dermal APCs which express TLR7. MetaMorph 

analysis indicated that across donors, the percentage of APCs expressing TLR7 varied 

greatly, like observed with TLR3. It appears that a higher percentage of CD1a+ dermal APCs 

express TLR7 in comparison to CD1a+CD207+ epidermal LCs and CD14+CD45+ dermal APCs, 

and this is observed with both antibodies. 

Lastly, TLR9 was assessed on APC subsets in human skin. CD1a+CD207+ epidermal LCs and 

CD1a+CD207- dermal APCs were first assessed in Figure 3.4.7. Both CD1a+CD207+ 

epidermal LCs (B) and CD1a+CD207- dermal APCs (C and D) were found to express TLR9. 

Unfortunately, the TLR9 antibody also non-specifically bound ECM proteins and this hindered 

recognition of TLR9 expression in the same regions of the dermis. However, the granular 

intracellular staining pattern of TLR9 on cells (especially obvious in E) distinguished true 

expression from non-specific binding. TLR9 was also detected on CD14+CD45+ dermal APCs 

as shown in Figure 3.4.8. (A-D), and a granular intracellular expression pattern was also 

detected here. The MetaMorph analysis indicated that TLR9 was more frequently expressed 

on dermal APC subsets than epidermal LCs, although some variation was detected across 

donors for CD1a+CD207- dermal APCs. 

  



TLR protein expression in human skin 

71 
 

 

Figure 3.4.6. MetaMorph analysis shows divergent expression of TLR7 by CD1a+CD207+ 
epidermal LCs, and CD1a+CD207- and CD14+CD45+ dermal APCs. MetaMorph multi-wavelength cell 
scoring analysis was used to assess the proportion of CD1a+CD207+ epidermal LCs, and CD1a+CD207- 
and CD45+CD14+ dermal APCs that express TLR7. Data represent the average of two 20x 
magnification images from 4 separate donors. Statistical analysis was performed using a Linear Mixed 
Effect Model fitted with REML using R, and is displayed in Appendix D-1. The mean value and the SEM 
are shown. *P<0.05, **P<0.01. 
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Figure 3.4.7. TLR9 is expressed by CD1a+CD207+ epidermal LCs and CD1a+CD207- dermal APCs 
in human skin. A-E; Frozen human skin sections were probed with antibodies targeting TLR9, CD207, 
and CD1a simultaneously. Nuclei were stained with DAPI. Arrows indicated non-specific binding. Data 
is representative of four separate donors. Scale bar represents 50 µm. 
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Figure 3.4.8. TLR9 is expressed by CD14+CD45+ dermal APCs in human skin. A-E; Frozen human 
skin sections were probed with antibodies targeting TLR9, CD45, and CD14 simultaneously. Nuclei 
were probed with DAPI. Arrows indicated non-specific binding. Data is representative of four separate 
donors. Scale bar represents 50 µm.  
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Figure 3.4.9. MetaMorph analysis shows divergent expression of TLR9 on CD1a+CD207+ 
epidermal LCs, and CD1a+CD207- and CD14+CD45+ dermal APCs. MetaMorph multi-wavelength cell 
scoring analysis was used to assess the proportion of CD1a+CD207+ epidermal LCs, and CD1a+CD207- 
and CD14+CD45+ dermal APCs that express TLR9. Data represent the average of two 20x 
magnification images from 4 separate donors. Statistical analysis was performed using a Linear Mixed 
Effect Model fitted with REML using R, and is displayed in Appendix D-1. The mean value and the SEM 
are shown. 
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3.5 TLR protein expression on human skin endothelial cells 

In the following section, antibodies targeting CD31 and CD34 have been used in combination 

with antibodies targeting LYVE-1 and podoplanin (PDPN) to discern blood from lymphatic 

endothelium, respectively. The expression of TLRs 3, 7, and 9 by these endothelial 

populations was determined.  

First, TLR3 protein expression was assessed on blood and lymphatic endothelial cells in 

human skin. Figure 3.5.1 illustrates that TLR3 is expressed by CD34+LYVE-1- blood 

endothelial cells (B and C), and is expressed to a lesser extent by CD34lo LYVE-1+ lymphatic 

endothelial cells (C and D). MetaMorph analysis was used to quantify the percentage of 

nucleated CD34+ LYVE-1- blood endothelial cells and CD34lo LYVE-1+ lymphatic endothelial 

cells which express TLR3. In Figure 3.5.2, the MetaMorph analysis indicates that a higher 

percentage of blood endothelial cells express TLR3 than lymphatic endothelial cells.   

TLR7 protein expression was next assessed on blood and lymphatic endothelium in human 

skin. Figure 3.5.3 illustrates that both antibodies detected a higher level of TLR7 expression 

on CD31+PDPN- blood endothelial cells (B, D, F, H) than CD31loPDPN+ lymphatic endothelial 

cells (C, G), although a low level expression was detected on these cells. In Figure 3.5.4, 

MetaMorph analysis suggests that for the Serotec antibody, a slightly higher percentage of 

blood endothelial cells were TLR7 positive in comparison to lymphatic endothelial cells. The 

same trend was not observed with the Thermo Fisher antibody, however it should be noted 

that the considerable donor variation observed with both TLR7 antibodies renders any 

difference between blood and lymphatic endothelial cells as inconsequential.  

Lastly, TLR9 protein expression was assessed on endothelial cells in human skin. 

Interestingly, Figure 3.5.5 shows that TLR9 was detected on both CD31+PDPN-  blood (B and 

D) and CD31loPDPN+ lymphatic (C) endothelial cells at similar levels, unlike TLR3 and TLR7 

expression which differed between blood and lymphatic endothelium. MetaMorph analysis 

shown in Figure 3.5.6 suggests more lymphatic endothelial cells express TLR9 than blood 

endothelial cells, although high donor variation was observed here also.  
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Figure 3.5.1. TLR3 is expressed by CD34+LYVE-1- blood and LYVE-1+CD34lo lymphatic 
endothelial cells in human skin. A-D; Frozen human skin sections were probed with antibodies 
targeting TLR3, LYVE-1, and CD34 simultaneously. Nuclei were stained with DAPI. Data is 
representative of four separate donors. Scale bar represents 50 µm. 
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Figure 3.5.2. MetaMorph analysis shows divergent expression of TLR3 by CD34+LYVE-1- blood 
and LYVE-1+CD34lo lymphatic endothelial cells in human skin. MetaMorph multi-wavelength cell 
scoring analysis was used to assess the proportion of CD34+LYVE-1- blood endothelial cells, and 
LYVE-1+CD34lo lymphatic endothelial cells that express TLR3. Data represent the average of two 20x 
magnification images from 4 separate donors. Statistical analysis was performed using a Linear Mixed 
Effect Model fitted with REML using R, and is displayed in Appendix D-2. The mean value and the SEM 
are shown. *P<0.05. 
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Figure 3.5.3. TLR7 is expressed by CD31+PDPN- blood and PDPN+CD31lo lymphatic endothelial 
cells in human skin. A-H; Frozen human skin sections were probed with antibodies targeting TLR7 
(A-D: Serotec, E-H: Thermo Fisher), CD31, and Podoplanin (PDPN) simultaneously. Nuclei were 
stained with DAPI. Data is representative of four separate donors. Scale bar represents 50 µm.  
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Figure 3.5.4. MetaMorph analysis shows divergent expression of TLR7 by CD31+PDPN- blood 
and PDPN+CD31lo lymphatic endothelial cells in human skin. MetaMorph multi-wavelength cell 
scoring analysis was used to assess the proportion of CD31+PDPN- blood endothelial cells, and 
PDPN+CD31lo lymphatic endothelial cells that express TLR7. Data represent the average of two 20x 
magnification images from 4 separate donors. Statistical analysis was performed using a Linear Mixed 
Effect Model fitted with REML using R, and is displayed in Appendix D-2. The mean value and the SEM 
are shown. 
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Figure 3.5.5. TLR9 is expressed by CD31+PDPN- blood and PDPN+CD31lo lymphatic endothelial 
cells in human skin. A-D; Frozen human skin sections were probed with antibodies targeting TLR9, 
CD31, and Podoplanin (PDPN) simultaneously. Nuclei were stained with DAPI. Data is representative 
of four separate donors. Scale bar represents 50 µm. 
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Figure 3.5.6. MetaMorph analysis shows divergent expression of TLR9 by CD31+PDPN- blood 
and PDPN+CD31lo lymphatic endothelial cells in human skin. MetaMorph multi-wavelength cell 
scoring analysis was used to assess the proportion of CD31+PDPN- blood endothelial cells, and 
PDPN+CD31lo lymphatic endothelial cells that express TLR9. Data represent the average of two 20x 
magnification images from 4 separate donors. Statistical analysis was performed using a Linear Mixed 
Effect Model fitted with REML using R, and is displayed in Appendix D-2. The mean value and the SEM 
are shown. 
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3.6 Discussion  

In order to design cancer vaccine adjuvants that stimulate APCs in human skin, the expression 

of TLR protein by cells residing in human skin must be determined. However, little work has 

been conducted to assess the distribution of TLR proteins on subsets of epidermal and dermal 

APCs and endothelial cells in situ in human skin. This chapter examined the protein 

expression of all known human TLRs in skin,  and then assessed the protein expression of on 

TLRs 3, 7, and 9 on epidermal and dermal APCs, as well as BECs and LECs, whose 

corresponding ligands are currently being investigated as promising cancer vaccine adjuvants 

[182, 223, 224]. TLRs 1, 2, 3, 5, 7, and 9 were detected in human skin using selected 

monoclonal and polyclonal antibodies available during the time this work was conducted. 

Surprisingly, TLRs 4, 6, 8, and 10 were not detected in human skin at all. As other studies 

have shown expression of TLRs 4, 6, 8, and 10 on a number of cell subsets in human skin 

using quantitative molecular methods detecting mRNA (as highlighted in Table 1.3), the lack 

of detection in this study may be the result of: 

 Various post-transcriptional regulatory machinery preventing TLR mRNA being 

translated into protein (reviewed in [225]) that could be bound by the antibodies used 

in this study.  

 Insufficient recognition of the TLRs in human skin by the antibodies used in this study 

due to low antigen density.  

 Insufficient affinity of the TLR antibodies used in this study for the epitope on the TLRs 

in human skin.  

As the antibodies against TLRs 4, 6, 8, and 10 were monoclonal, it is possible that the antigen 

density or affinity of the particular antibody clone was too low, resulting in low secondary 

antibody binding and resultant fluorescence. Antibody affinity is affected by pH, temperature, 

and buffer composition. Titrating or altering these factors and comparing with other TLR 

antibodies was out of the scope of this study but would lead to some interesting findings, and 

enable a more comprehensive comparison of TLR mRNA to TLR protein expression on skin 

cell subsets. One study has detected the expression of TLR4 protein on dermal APC subsets 

using flow cytometry [15]. It is possible that TLR4 was upregulated during the enzymatic 

digestion of human skin used to obtain dermal APCs in this study, thus providing their positive 

result. Alternatively, the TLR4 antibody in this study did not have sufficient affinity for TLR4 on 

dermal APC subsets or TLR4 was too low in density to be recognised on these subsets, as 

discussed above.  

The protein expression of TLRs 3, 7, and 9 were further analysed on APC and endothelial 

subsets in human skin and the results are summarised in Table 3.2. TLR3 was expressed   
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Table 3.2. Summary of MetaMorph analyses of TLR expression on APC and endothelial cell 
subsets in human skin. 

TLR 

Percentage range and mean of cells positive for TLR expression 

Epidermal LCs 
CD1a+ dermal 

APCs 
CD14+ dermal 

APCs 
BECs LECs 

TLR3 
46-67 % 

Mean: 59 % 
70-100% 

Mean: 88 % 
25-76% 

Mean: 55 % 
66-88% 

Mean: 75 % 
12-54% 

Mean: 29 % 

TLR7 
(Serotec) 

20-98% 
Mean: 74 % 

60-85% 
Mean: 74 % 

71-92% 
Mean: 82 % 

75-97% 
Mean: 77 % 

25-93% 
Mean: 71 % 

TLR7 
(Thermo 

Scientific) 

10-52% 
Mean: 30 % 

60-90% 
Mean: 74 % 

34-85% 
Mean: 56 % 

59-95% 
Mean: 74 % 

18-74% 
Mean: 46 % 

TLR9 
30-95% 

Mean: 46 % 
56-79% 

Mean: 64 % 
15-73% 

Mean: 58 % 
5-77% 

Mean: 32 % 
14-73% 

Mean: 55 % 

 

by CD1a+ epidermal LCs (46-67 %, mean 59 %), CD1a+ dermal APCs (70-100 %, mean 88 %), 

and CD14+ lone cells (25-76 %, mean 55 %) in human skin. Interestingly, a significantly higher 

proportion of CD1a+ dermal APCs expressed TLR3 than the other two subsets. Interestingly, 

flow cytometric analysis of intracellular TLR3 expression by Langerhans cells isolated from 

human skin showed TLR3 was expressed on some but not all LCs [53], concordant with the 

immunohistochemical analyses of this chapter. Plasticity of TLR3 expression has been 

observed during moAPC differentiation; while TLR3 mRNA was absent from monocytes, it 

was detected in moAPCs and then downregulated after LPS, IL-1β, or TNF stimulation of 

moAPCs, proposing that maturation of moAPCs leads to down-regulation of TLR3 [98]. 

Although the MetaMorph analysis of data does not provide information on antigen density, it 

is possible that the higher numbers of CD1a+ dermal APCs expressing TLR3 are due to their 

more advanced differentiation status over CD14+ dermal APCs [15]. Regardless, the majority 

of epidermal and dermal CD1a+ APCs and lone CD14+ dermal cells were positive for TLR3 in 

most donors which complements the positive TLR3 mRNA expression on these subsets 

determined previously by others [23, 53, 67, 108, 109, 112].  

Some individual APCs on which no TLR3 was detected may have expressed some protein but 

at a density too low to be detected using this immunohistochemistry method. Interestingly, 

TLR3 was often detected in a punctate form (indicating a presence within the endoplasmic 

reticulum and/or endosomal vesicles), but on some cells it co-localised closely with CD14, 

possibly at the membrane. The presence of TLR3 on the plasma membrane of keratinocytes 

after Poly I:C stimulation has been reported previously and could provide an explanation for 

this particular staining pattern [115]. It is possible that the inflammatory response triggered 
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during the surgical procedure and biopsy punching may have stimulated a transient re-

localisation of TLR3 as shown by these cells. Also, as CD14 antigen is present intracellularly 

[226], fluorescence from antibody-bound intracellular CD14 and TLR3 may overlap. 

TLR3 expression has also been reported to be expressed by keratinocytes in the human 

epidermis [53, 114, 115]. The particular TLR3 antibody chosen for our studies revealed low 

level expression on keratinocytes in human epidermis, consistent with these earlier findings.  

Viral, double stranded RNAs or synthetic analogues of these (such as Poly I:C) can bind and 

induce signalling events via TLR3 and other cytoplasmic pattern recognition receptors such 

as Retinoic acid Inducible Gene 1 (RIG-1) and Melanoma Differentiation Associated protein 5 

(MDA-5) [227, 228]. Studies have shown functional responses from Poly I:C stimulated LCs 

(such as the increased production of TNF, IL-6 and IL-8 but not IL-1β, IL-12p70 or type I IFN) 

[53], and dermal CD14+ APCs (resulting in increased production of TNF, IL-6, IL-10, and 

modest levels of IL-1β) [109]. The influence of Poly I:C is therefore likely the combined output 

of multiple signalling events triggered by multiple dsRNA receptors expressed by these APC 

subsets. Additional expression and functional analyses of the cytoplasmic MDA-5 and RIG-I 

receptors across different APC and endothelial cell subsets is therefore warranted.  

Together, TLR3 was expressed by epidermal and dermal CD1a+ APCs, and dermal CD14+ 

cells confirming TLR3 as a suitable target for adjuvants in cutaneous cancer vaccines. Further 

investigations to assess the trafficking of TLR3 in human skin APC subsets after TLR 

stimulation would provide useful information on TLR function by these cell subsets within the 

human skin environment. 

TLR7 was expressed by CD207+CD1a+ epidermal LCs (Serotec: 20-98 %, mean 74 %, 

Thermo Scientific 10-52 %, mean 30 %), CD1a+CD207- dermal APCs (Serotec: 60-85%, mean 

74 %, Thermo Scientific 60-90% , mean 74 %), and CD14+CD45+ APCs (Serotec: 71-92%, 

mean 82 %, Thermo Scientific 34-85% , mean 56 %) in human skin.  

The Serotec and Thermo Scientific TLR7 antibodies were concordant in TLR7 expression for 

the CD1a+CD207- dermal APC subset only. Indeed, there was a significant difference in the 

percentage of CD207+CD1a+ epidermal LCs expressing TLR7 between the two antibodies 

used. Although the same donors were used for both antibodies, the differences observed here 

could still be due to differences in the antigen density of TLR7 between different sections of 

an individual donor. Also, as the number of epidermal LCs is low in these tissue sections, 

proportion data is heavily influenced by small increases or decreases in the number of TLR7+ 

cells.  This result may also stem from differences in epitope recognition by each of the two 

antibodies used; each of these antibodies are polyclonal and were raised against a synthetic 
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peptide (Thermo Scientific: 16 AA long, Serotec: 14 AA long) from murine TLR7 in rabbits. 

During the production of polyclonal antibodies, multiple antibodies are produced recognising 

different epitopes of the murine TLR7 immunogen, each with a different affinity for human 

TLR7. Also, the affinity and avidity of these polyclonal antibodies for TLR7 will differ between 

batches and manufacturers. Hence, these factors must be considered when quantifying this 

data using polyclonal antibodies.  

While TLR7 mRNA expression by dermal APC subsets is consistently reported in the literature 

and is concordant with the data described in this chapter, TLR7 mRNA expression by LCs is 

inconclusive; some authors suggesting LCs express TLR7 mRNA [23, 67, 112], while others 

disagree [53, 108]. As mRNA analyses are more sensitive than immunohistochemical 

analyses, it is interesting that TLR7 protein was detected on some LCs in the human epidermis 

in this study. The TLR7 ligand R837 (currently manufactured as a topically applied treatment 

(Aldara) for actinic keratosis, superficial basal cell carcinoma, and external genital and perianal 

warts) induces the migration of LCs to the LN, suggesting LCs respond to TLR7 stimulation. 

However, it has been suggested this is the result of R837 stimulation of dermal APC subsets, 

not LCs, and the cytokine production from the dermal APC subsets subsequently stimulates 

the migration of LCs [53]. Others suggest that while LCs display a reduced expression of 

bacterial TLRs in order to prevent overreaction to commensal bacterial populations, they still 

possess TLRs 3 and 7 and are fully responsive to viral ssRNA and dsRNA stimulation [112]. 

Regardless, this study showed TLR7 protein expression by CD207+CD1a+ epidermal LCs, 

CD1a+CD207- dermal APCs, and CD14+CD45+ APCs in human skin, qualifying TLR7 as a 

suitable target for adjuvants in cutaneous vaccines. Further studies investigating TLR7 protein 

expression using different monoclonal antibodies may provide clarity for the discrepancies 

seen between TLR7 expression using the Serotec and Thermo Scientific antibodies.   

TLR9 was expressed on CD207+CD1a+ epidermal LCs (30-95 %, mean 46 %), CD1a+CD207- 

dermal APCs (56-79 % , mean 64 %), and CD14+CD45+ APCs (15-73 %, mean 58 %) in 

human skin. Interestingly, in previous literature, TLR9 was the least expressed TLR by 

epidermal LC and dermal APC populations. One group found low level TLR9 mRNA was 

expressed by CD14+ APCs, however these same APCs did not increase expression of IL-1β, 

IL-6, IL-10, or TNF in response to the TLR9 ligand, ODN2395 (Class C) [109]. TLR9 was 

challenging to detect using immunohistochemical analysis; a long exposure was required 

when imaging TLR9 on APC subsets in skin in order to detect any fluorescence, and 

unfortunately this increased the level of autofluorescence that was also detected. However, 

the punctate, intracellular TLR9 expression was distinct when detected on APCs. It has been 

shown that TLR9 is located in the ER in resting pDC, and is recruited to the site of CpG DNA 

entry along with MyD88 upon stimulation through ER fusion with the plasma membrane [229]. 



Chapter 3 

 86 

Therefore, while plasma membrane expression of TLR9 is possible, in resting cells 

intracellular expression of TLR9 is expected and was detected on cutaneous APCs in these 

analyses. Interestingly, TLR9 protein was detected on approximately half of all cells in each 

APC subset assessed. This contradicts the majority of literature assessing TLR9 mRNA 

expression which find that most cutaneous APCs lack TLR9. It is possible that the tissue 

processing or culture conditions induced a down-regulation of TLR9 mRNA expression in 

previous studies, or conversely, the damage from the tissue preparation procedure in this 

study resulted in the upregulation of TLR9 on APCs in skin. However, the antibody utilised did 

successfully recognise likely TLR9 on pDCs, known to express high levels of TLR9 [230]. 

These data suggest TLR9 ligands are plausible candidates for vaccine adjuvants, but further 

analyses with monoclonal TLR9 antibodies would strengthen this finding. 

Collectively, heterogeneity in the percentages of APC subsets expressing TLRs was observed 

across human skin donors. Heterogeneity was also observed within donors, with some tissue 

sections possessing many TLR positive cells, and others possessing fewer. Also, Angel et al 

observed variable TLR2 protein expression on CD14+ APCs in human skin that inversely 

corresponded with CD83 expression [15], suggesting that levels of TLR expression can 

indicate the maturation status of a particular cell subset, and provide a rational as to why some 

cells within an APC subset expressed a particular TLR, and other cells did not.  

TLR protein expression was also assessed on BECs and LECs in human skin. TLR3 was 

expressed by CD34+LYVE-1- BECs (66-88 %, mean 75 %), and by a significantly lower 

proportion of LYVE-1+CD34lo LECs (12-54 %, mean 29 %) in human skin. This is concordant 

with the findings of Fitzner et al, in which both immortalised HMEC-1 and primary dermal 

endothelial cells (both consist of BECs and LECs) expressed TLR3 mRNA and were 

responsive to Poly I:C stimulation through the production of IL-8 [96]. LYVE+ LECs, separated 

from BECs, have also been shown to express TLR3 mRNA, as well as cell surface and 

intracellular protein as measured by flow cytometry, however the expression of TLR3 on BECs 

has not been previously assessed [95].  This chapter highlighted that a significantly lower 

percentage of LECs expressed TLR3 than BECs. BECs and LECs have been shown to 

express 33% of genes differentially [231] and produce and secrete distinct chemokine profiles 

including higher levels of Von Willebrand factor (involved in blood coagulation) by BECs and 

CCL21 (the ligand of CCR7, expressed by migratory APCs) by LECs [16]. The finding that 

TLR3 protein expression differs between BECs and LECs is therefore unsurprising, and as for 

APC subsets, this variation in TLR3 expression may represent the local inflammatory 

environment at a particular point in time. Endothelial cells have been shown to transiently 

augment or diminish the expression of TLR mRNA after cytokine stimulation; after an 18 hr 

stimulation with TNF, IL-1β, and IFN-, TLRs 1, 2, and 3 were upregulated, TLR5 was 
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downregulated, while TLRs 7, 8, and 10 were expressed de novo in pooled human dermal 

endothelial cells [96]. This has been observed in HUVECs also; TLR2 was barely detected in 

unstimulated cells, but significantly upregulated after TNF, IL-1β, and LPS stimulation [232]. 

The data in this chapter suggests that both BECs and LECs in human skin may be able to 

respond to TLR3 ligands such as Poly I:C administered as part of a vaccine strategy.  

TLR7 was expressed by CD31+PDPN- BECs (Serotec: 75-97 %, mean 77 %, Thermo Scientific 

59-95 %, mean 74 %), and PDPN+CD31lo LECs (Serotec: 25-93 %, mean 71 %, Thermo 

Scientific 18-74%, mean 46 %) in human skin. As observed for the APC subsets, differences 

in TLR7 expression were detected between the Serotec and Thermo Scientific antibodies, and 

are likely due to the factors discussed previously. TLR7 protein was expressed by a similar 

percentage of BECs and a higher percentage of LECs when compared to TLR3.   These data 

are not concordant with the findings of Pegu et al, or Fitzner et al, for which no TLR7 mRNA 

was detected on resting cells, although endothelial stimulation with TNF, IL-1β, and LPS for 

18 hrs did induce the expression of TLR7 mRNA [96]. This suggests either the presence of 

these inflammatory cytokines in the human skin tissue (possibly produced in response to 

tissue processing) may have induced expression of TLR7 by endothelium in this study, or 

alternatively, tissue processing methods used in previous studies may have caused 

downregulation of TLR7 expression. However, the data from this section suggests that 

cutaneous BECs and LECs express TLR7 protein and may therefore be able to respond to 

TLR7 ligands like R837 and R848. 

TLR9 was expressed by CD31+PDPN- BECs (5-77 %, mean 32 %), and PDPN+CD31lo LECs 

(14-73 %, mean 55 %) in human skin which is concordant with previous data [95, 96]. 

Interestingly, unlike TLR3, TLR9 mRNA expression on dermal endothelial cells was not 

upregulated after endothelial stimulation with TNF, IL-1β, and LPS [96]. Stimulation of these 

same cells with the TLR9 ligand ODN2395 downregulated the production of IL-8 [96]. 

Furthermore, although the presence of TLR9 protein on the surface of LECs was shown using 

flow cytometry, the secretion of pro-inflammatory cytokines or chemokines after ODN2395 

stimulation was minimal [95]. Therefore, while TLR9 protein appears to be expressed by both 

BECs and LECs in the skin, its functional relevance remains to be shown and stimulation with 

TLR9 ligands such as CpG ODNs may have a limited response.  

Interestingly, the expression of TLRs 3, 7, and 9 on endothelial structures was easier to detect 

using the same antibodies than TLR expression on APC subsets. The exposure times required 

for TLR detection on endothelial cells were much reduced in comparison to APCs, resulting in 

a lower level of background autofluorescence. It is likely that the high cell density of endothelial 

structures contributes to the detectability of TLR fluorescence on these structures, but it is also 
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possible that the TLR density is higher on individual endothelial cells than APCs. Studies 

comparing TLR density show high variability amongst professional and non-professional cell 

subsets and this is again variable across different human TLRs [233]. Regardless, the 

expression of TLR proteins by BECs and LECs suggests vaccination strategies using TLR 

adjuvants to stimulate APCs in human skin will likely stimulate both BECs and LECs.  

Collectively, these data have for the first time detected protein expression of TLRs 3, 7, and 9 

by epidermal CD1a+ LCs, dermal CD1a+ APCs, dermal CD14+ APCs, and also cutaneous 

BECs and LECs. TLR expression was highly variable between cell subsets and across 

individuals. This variability will likely contribute to diverse patient responses to vaccines 

containing adjuvants targeting these TLRs and provides justification to target multiple APC 

subsets with multiple TLRs within the skin environment to induce a robust immune response. 

Routes of administration that target cells of both the epidermis and dermis should also be 

investigated as both epidermal LCs and dermal APCs express TLRs 3, 7, and 9.   
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3.7 Conclusions 

 Protein expression of TLRs 1, 2, 3, 5, 7, and 9 was detected in human skin. 

 TLR3 protein was expressed by the majority of CD1a+ epidermal LCs, CD1a+ dermal 

APCs, CD14+ APCs, and CD34+LYVE-1-BECs, and a minority of LYVE-1+CD34lo 

LECs. 

 TLR7 protein was expressed on the majority of CD1a+CD207- dermal APCs, 

CD14+CD45+ dermal APCs, and CD31+PDPN- BECs as detected using two separate 

antibodies. TLR7 protein was expressed by a higher proportion of CD1a+CD207+ 

epidermal LCs and PDPN+CD31lo LECs when assessed using the Serotec antibody, 

as compared to the Thermo Scientific antibody.  

 TLR9 protein was expressed on the majority of CD1a+CD207+ epidermal LCs, and 

CD1a+CD207- dermal APCs, about half of the dermal CD14+CD45+  APCs and 

PDPN+CD31lo LECs, and a minority of the CD31+PDPN- BECs. 
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Chapter 4 Development of the human skin explant model 

4.1 Introduction 

The next objective of this thesis was to develop a method to stimulate APCs (that express the 

TLRs identified in the previous chapter) with corresponding synthetic TLR ligands, within the 

human skin environment. As the primary role of APCs is to detect and respond to pathogenic, 

or host-derived damage-associated molecules, APCs are highly sensitive to any change in 

environment [234]. It is important to develop a model which will have a minimal effect on the 

APCs and tissue secretory profile so that the influence of TLR stimulation on APC phenotype 

and tissue secretory profile can be accurately assessed. Skin explants have been used to 

represent an in situ tissue environment in order to model immunological processes including 

vaccination [37, 70, 166-168, 235-238] but also bacterial infection [239] and graft versus host 

disease [240]. TLR ligands can also be intradermally injected or topically applied to the 

explant, to determine how they influence cells including APCs in situ in human skin.  The APCs 

which migrate out of the skin explant can then be collected together with the culture media 

and analysed. 

This model is the closest human representation that enables stimulation of skin-resident APCs 

using TLR ligands, and avoids using skin cell preparations from tissue digests, where many 

of the cells including APCs are dead or dying. Many factors were considered during the 

optimisation of this model, and are described in the following paragraphs. 

4.1.1 Source of human skin tissue 

A number of other researchers have used human skin explants to assess APC responses to 

TLR stimulation [37, 166-168, 238]. The majority of these studies obtained tissue from 

reconstructive surgeries, although one study used cadaveric skin [167]. This current study 

utilised breast and abdominal tissue sourced from reconstructive surgeries through a 

collaboration with Professor Rod Dunbar. This tissue was variable in terms of hairiness, 

thickness and elasticity within and across donors due to variations in donor gender, age, and 

location of surgical excision. While skin donations were readily available during some phases 

of this work, there were periods when it was difficult to source as either surgeries were not 

being conducted or it was required by other researchers in the wider lab group. Also, some 

pieces of skin obtained were too small to conduct a complete experiment.   
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4.1.2 Size of human skin explant  

Many factors were considered when deciding the size of skin explants to conduct experiments 

with. Firstly, explants needed to be big enough to obtain enough migratory cells for flow 

cytometric analysis and reduce the proportion of damaged to non-damaged skin after the 

explant punching procedure. Other studies assessing APCs which migrate from human skin 

explants had to pool multiple 6 mm biopsies per test condition in order to obtain enough cells 

for flow cytometric analysis [70, 166, 168, 237, 238]. Also, as the cut edge contributed to a 

greater proportion of the total skin area in these smaller explants, overall damage was higher 

in these explants meaning skin-resident APCs in these smaller explants would be more 

inclined to change phenotype before any TLR stimulation. For the explant model developed 

in this thesis, the largest possible disposable biopsy punch was sourced from Medsource 

(Ashburton, NZ). These veterinary biopsy punches enabled biopsies of 12mm in diameter to 

be taken.  

Secondly, skin explants needed to be identical in size in order to compare emigration counts 

of skin APCs between treatments, and to confidently know the concentration of TLR ligand 

that was applied to each skin explant. While most studies used biopsy punches to generate 

skin explants of known size, some authors cut skin explants from skin using a scalpel [167, 

236]. Additionally, in some skin explant models, the explants were further shortened to a height 

of 2-3 mm using a scalpel [70, 237]. These methods were deemed unsuitable to analyse APC 

emigration data and compare the effect of TLR ligand stimulation at known concentrations due 

to the size variation of the explants. Therefore, in this thesis all work was conducted using skin 

explants of a uniform size, taken with the 12 mm biopsy punch.  

Finally, skin explants needed to be small enough so that replicates could be taken from a 

single skin donor. Skin donations varied in size, but majority of the time at least 10 cm by 

10 cm of skin was acquired, which was enough to complete a full intradermal or topical 

stimulation experiment using 12 mm biopsy punches.  

4.1.3 Mode of delivery 

Both intradermal and topical application of TLR ligands have been used in skin explant studies 

[37, 166-168] . Both methods were trialled in this thesis. Intradermal injections were performed 

as specified by the World Health Organisation using a 26G needle, 1 ml syringe, and injecting 

at a 10o angle so that an urtica (welt) that was visible to the eye formed below the epidermis 

[241]. Topical application was performed by thoroughly mixing resuspended TLR ligands into 

a non-ionic Cetomacrogol cream (sourced through a collaboration with Dr Zimei Wu), and 

rubbing into the epidermis of tape-stripped skin with the bulb of a sterile transfer pipette. Care 
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was taken to ensure cream did not touch the cut edge of the explant. The amount of tape 

stripping required to remove the stratum corneum before topical stimulation was also 

considered and assessed using H & E and immunohistochemical analysis. Both intradermal 

and topical administration of the PBS vehicle were assessed carefully in this chapter to make 

sure that the mode of delivery had no confounding effect on the outcome of the TLR skin 

explant experiments.  

4.1.4 Volume to be intradermally injected 

The greatest volume that could be intradermally injected and penetrate the entire 12 mm 

explant without leaking out was 100 µL. 100 µL is also the usual volume intradermally injected 

in clinical trials [241]. Earlier explant studies have used 20 µL, due to the smaller size of their 

explants. Interestingly, these studies intradermally injected their TLR ligand solutions into skin 

before performing the biopsy punch around the urtica that forms after intradermal injection. 

With this method, it could never be certain if the formulation was fully contained within the 

resultant explant, or if some had penetrated surrounding skin or had leaked out when the skin 

was under pressure during the biopsy punch procedure. For this reason, in this study TLR 

ligands were intradermally injected or topically applied to 12 mm skin explants that had already 

been punched from skin. This meant that the amount of the TLR ligand administered was 

standardised across skin explants.  

4.1.5 Skin explant culture conditions  

Culture conditions for the prepared skin explants were also considered. RPMI1640 (Gibco) 

supplemented with foetal bovine serum (FBS), penicillin, streptomycin, and glutamine was 

used for all skin explant culture as it had been in previous studies [37]. Individual skin explants 

were cultured in 1500 µl media in 12-well culture plates for up to 72 hrs of culture, and enabled 

the biopsies to float freely with the epidermis at the air-liquid interface, representative of skin 

on the human body.  In this chapter, the number of APCs migrating from skin explants after 

24, 48, and 72 hrs was assessed to confirm the length of culture most suitable for APCs in the 

skin explants to respond to TLR stimulation, begin their maturation process, and migrate out 

of the skin, without compromising viability. Since immature and mature APCs expressing 

variable levels of costimulatory molecules can migrate to the LN chemotactically through the 

expression of CCR7 [49, 235], it was important to assess the influence of TLR stimulation on 

the expression of costimulatory molecules CD40, CD80, and CD86 by APCs which migrated 

from skin explants. However, as time in culture can influence the expression of costimulatory 

molecules by APCs, this may influence the expression of these molecules and was a 

consideration when selecting the end point of the skin explant protocol. 
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Collectively, all of these factors were considered whilst developing this skin explant model, the 

final version of which was used to assess how intradermally injected and topically applied TLR 

ligands influence cutaneous APCs and the skin explant secretory profile in Chapter 5.   
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Table 4.2. Summary table of human skin explant protocols. 

Study 
Tissue 
source 

Biopsy size 
Injection 
Volume 

Injection 
media 

Needle Syringe 
Topical 

application 
Culture 
media 

Culture 
Plate 

Culture 
volume 

Culture 
length 

Biopsies/ 
condition 

Lukas et 
al. [236] 

Breast/ 
abdominal 

1 cm x 1 cm 
square 

NA NA NA NA NA 

RPMI 1640             
10% FCS   

Gentamycin           
2ME 

6 well 
double 

chamber 
plate 

Not 
specified 

1-4 days 1 / condition 

de Gruijl et 
al. [237] 

Breast/ 
abdominal 

6 mm biopsy 
after 

injection 
20 L 

Serum free 
IMDM 

29G Insulin 
Needle 

Insulin 
syringe 

NA 

IMDM                         
5% HS                    

PenStrep           
Glutamax                  

2ME 

48 well 1 mL 48 hr 
12-20 / 

condition 

de Gruijl et 
al. [70] 

Breast/ 
abdominal 

6 mm biopsy 
after 

injection 
20 L 

Serum free 
IMDM 

29G Insulin 
Needle 

Insulin 
syringe NA 

IMDM                   
5% HS    

PenStrep           
Glutamax                  

2ME 

48 well 1 mL 48 hr 
12-20 / 

condition 

Oosterhoff 
et al. [166] 

Breast/ 
abdominal 

6 mm biopsy 
after 

injection 
20 L 

Serum free 
IMDM 

Not 
specified 

500 L 
microfine 
syringe 

NA 

IMDM                   
5% HS                  

PenStrep           
Glutamax 

48 well 1 mL 48 hr 
10-30 / 

condition 

Matthews 
et al. [167] 

Cadaveric 
skin 

5 cm x 5 cm 
square 50 L x 5 PBS 

Insulin 
needle 0.5 
mm x 16 

mm 

Not 
specified 

NA 
Not 

specified 
Petri dish 

Not 
specified 

48 hr 
3-10 / 

condition 

Stoizner et 
al. [37] 

Breast/ 
abdominal 

8 mm biopsy 

50 L - or 
added to 
culture 
media 

PBS 
Not 

specified 
Not 

specified 
NA 

RPMI1640             
10% FCS  
Glutamine      

Gentamycin 
2ME 

Not 
specified 

Not 
Specified 

4 days 
Not 

specified 

Fehres et 
al. [168] 

Abdominal 
6 mm biopsy 

after 
injection 

20 L 
Serum free 

IMDM 
Not 

specified 
Not 

specified 

Cream 
rubbed on 

skin, left 20 
minutes, 
excess 

removed 

IMDM                     
10% FCS  
PenStrep 
Glutamine      

Gentamycin 

48 well 1 mL 48 hr 
10-24 / 

condition 

Fehres et 
al. [238] 

Abdominal 
6 mm biopsy 

after 
injection 

20 L 
Serum free 

IMDM 
Not 

specified 
Not 

specified 
NA 

IMDM                     
10% FCS  
PenStrep 
Glutamine      

Gentamycin 

48 well 1 mL 48 hr 
10-15 / 

condition 
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4.2 Aims and Justification 

This chapter describes the optimisation of the human skin explant protocol. This chapter is 

split in three sections to compare and contrast variations of the skin explant protocol and 

ensure that tissue disruption is minimal, and intradermal injection or topical application 

methods do not confound the analytical outputs of APC counts, APC phenotype and cytokine 

secretion before the addition of the TLR ligand treatments in Chapter 5. The aims for each 

section are listed below. 

Section 4.3 – The influence of the skin explant protocol on the  tissue structure of human skin. 

 Assess the distribution of extracellular matrix proteins in human skin explants after 

various lengths of skin explant culture, both with and without intradermal injection, 

using immunohistochemistry. 

 Assess the effect tape stripping has on the stratum corneum and epidermis of human 

skin explants using H & E staining and immunohistochemistry. 

Section 4.4 – The influence of intradermal injection or topical application of the PBS vehicle 

on the number, proportion, or maturation status of the APC subsets which migrate from human 

skin explants. 

 Assess the effect of 24, 48, or 72 hr skin explant culture on the numbers of live, 

migratory APCs using multicolour flow cytometry. 

 Assess the effect intradermal injection, or tape stripping and topical application has on 

the numbers of live, migratory APCs using multicolour flow cytometry. 

 Assess the effect intradermal injection, or tape stripping and topical application has on 

the proportion of each APC subset migrating from human skin explants using 

multicolour flow cytometry. 

 Assess the effect intradermal injection, or tape stripping and topical application has on 

the maturation status of each APC subset migrating from human skin explants using 

multicolour flow cytometry. 

Section 4.5 – The influence of intradermal injection or topical application of the PBS vehicle 

on cytokine secretion from human skin explants. 

 Assess the effect intradermal injection, or tape stripping and topical application has on 

cytokine secretion by cells in the human skin explants using a cytometric bead array. 
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Justification 

Previous studies have assessed the influence of TLR ligands on APCs isolated from skin 

digests, these APCs may have been influenced by the procedures and may not represent the 

APCs in situ in the skin. Therefore, a skin explant model was developed to study the influence 

of TLR ligands on APCs and other cells in situ in human skin. A skin explant model provides 

useful information regarding the number, phenotype, and maturation status of migrant APCs, 

and the cytokine secretory profile from the explants after TLR stimulation in situ.  While a few 

other studies have used similar models, the skin explant model in this study was based on the 

WHO protocol for intradermal delivery and designed to induce minimal inflammatory damage. 

The experiments in this chapter were conducted to assess the extent of damage induced by 

the protocols of this skin explant model. These data will highlight what effects the intradermal 

and topical skin explant protocols have on the skin tissue structure, migratory APC numbers, 

migratory APC phenotype, and migratory APC maturation status, and skin explant cytokine 

secretion, which will discern the true effect of TLR ligands in the TLR stimulation experiments 

of Chapter 5.  
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4.3 The influence of the skin explant protocol on the  tissue structure of human skin. 

The first objective of this chapter was to discern the effect of the intradermal injection on skin 

explant tissue structure. To achieve this, 100 µl of a PBS vehicle was intradermally injected 

into the skin explants. Figure 4.3.1 shows the distribution of extracellular matrix (ECM) proteins 

fibronectin, collagen, and laminin after 24, 48, or 72 hrs in culture, with or without an 

intradermal injection of PBS. As fibronectin is present throughout the entire dermis, it was easy 

to determine the extent of damage that time in culture and the intradermal injection had on 

tissue structure using this antibody. In the time zero image the fibronectin fibres pan the entire 

dermis, but with time in culture black voids which lacked fibronectin fibres are spread 

throughout the dermis. There are also voids observed in the corresponding time frames when 

an intradermal injection of PBS has been included. Interestingly, time in culture or an 

intradermal injection of PBS did not appear to affect the distribution of the extracellular matrix 

proteins collagen and laminin that are less abundant than fibronectin. Collagen and laminin 

also appeared to be expressed on circular structures, typical of vasculature. The distribution 

of LCs, CD1a+ or CD14+ dermal APCs, BECs and LECs were also assessed, and like collagen 

and laminin, no observable differences were detected across different time frames of culture, 

or with or without intradermal injection (Figure 4.3.2).  

Next, the effect of tape stripping on the stratum corneum and epidermis of human skin explants 

was assessed. Figure 4.3.3 shows a thick stratum corneum in the H & E panel corresponding 

to zero tape strips, which is reduced after ten tape strips, and is further reduced after 20 tape 

strips. CD1a+ and CD207+ APCs were both still detected in the epidermis and dermis after 

twenty tape strips.  

In summary, aspects of the skin explant protocol disrupt the normal presentation of human 

skin, including the disruption of the extracellular matrix protein fibronectin after intradermal 

injection and culture of skin explants. Furthermore, the stratum corneum but not epidermal 

APCs was removed through tape stripping.  
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Figure 4.3.1. Distribution of laminin, fibronectin and collagen after 24, 48, and 72 hrs in culture, 
with or without intradermal injection of the PBS vehicle. 12 mm skin explants were taken from 
healthy human skin trimmed of subcutaneous fat, and either snap frozen in liquid nitrogen immediately 
(0 hr), intradermally injected (ID) with 100 µL PBS, or left uninjected and cultured in RF5 at 37oC, with 
5% CO2 for 24, 48, or 72 hrs before snap freezing. Sections were probed with antibodies targeting 
extracellular matrix proteins fibronectin, collagen, and laminin and visualised using a fluorescent 
microscope. Images were taken at 20x magnification. Scale bars represent 100 µm. 
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Figure 4.3.2. Distribution of APCs and endothelial structures after 24, 48, and 72 hrs in culture, 
with or without intradermal injection of the PBS vehicle. 12 mm skin explants were taken from 
healthy human skin trimmed of subcutaneous fat, and either snap frozen in liquid nitrogen immediately 
(0 hr), intradermally injected (ID) with 100 µL PBS, or left uninjected and cultured in RF5 at 37oC, with 
5% CO2 for 24, 48, or 72 hrs before snap freezing. Sections were probed with antibodies targeting 
CD207+CD1a+ LCs, CD1a+CD207- dermal APCs, CD14+CD45+ dermal APCs, CD31+PDPN- BECs, and 
PDPN+CD31lo LECs and visualised using a fluorescent microscope. Arrowheads indicate 
autofluorescence of putative ECM proteins in the lower dermis of skin. Images were taken at 20x 
magnification. Scale bars represent 100 µm. N=2. 
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Figure 4.3.3. Tape stripping removes stratum corneum from healthy human skin. Healthy human 
skin was tape-stripped with surgical tape 0, 10, or 20 times, punched into 12 mm skin explants, snap-
frozen in liquid nitrogen and cut using a microtome into 5 μm sections. Sections were stained with 
Haematoxylin and Eosin and visualised with light microscopy, or probed with antibodies targeting CD1a, 
and CD207 and visualised with a fluorescent microscope. Scale bars represent 200 μm (H&E), or 50 μm 
(fluorescent images).  
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4.4 The influence of intradermal injection or topical application of the PBS vehicle on 

the number, proportion, or maturation status of the APC subsets which migrate 

from human skin explants. 

Figure 4.4.1A shows the flow cytometry gating strategy used to assess the cells which migrate 

out of skin explants; this gating strategy was used throughout this thesis. Large APC-like cells 

were first gated on the FSC-SSC plot, followed by doublet and 7AAD+ dead cell exclusion. 

HLA-DR+ APCs were then gated and divided into CD14+, CD14+CD1a+, CD1a+ and CD1a-

CD14- APC subsets. Additionally, immunocytochemical analyses of APCs which had migrated 

out of skin explants showed that these cells express CD1a and/or CD14 and retain the 

expression of TLRs (Appendix A-2). In Figure 4.4.1B, the event count of all migratory HLA-

DR+ APCs is displayed from biopsies from three donors harvested at 24, 48, and 72 hrs. A 

general trend in the increase of HLA-DR+ APC counts is shown, however in one donor, the 

count remains similar across the three time points. Also, this plot highlights the large variability 

in the number of APCs migrating from skin explants between donors. 48 hrs in culture was 

chosen for all future experiments, as enough APCs had migrated by this stage to conduct 

downstream analyses, and furthermore this was also the time point selected by earlier studies 

[166, 168, 238]. 

The preceding experiments of chapter 4 enabled the finalisation of the skin explant protocol, 

which is depicted in Figure 4.4.2, and representative photographs of the procedure are also 

shown in Figure 4.4.3. The optimised skin explant procedure utilises human skin obtained 

from breast or abdominal reconstructive surgery. Once received, subcutaneous fat was 

removed from the skin using surgical scissors. In experiments where topical administration 

was conducted, surgical tape was next firmly applied to the epidermal side of skin and quickly 

removed 20 times. After this, 12 mm skin explants were punched and intradermally injected 

with 100 μl of PBS (containing TLR ligands in chapter 5) into each biopsy using a sterile 26G 

needle and 1 mL syringe to form a visible welt on the explant. 30 mg of topical cream 

(containing TLR ligands in chapter 5) was applied to the epidermis of the explants using the 

sterile bulb end of a transfer pipette. Skin explants were then cultured in RF5 in 12-well plates 

for 48 hrs at 37oC with 5 % CO2. Aliquots of culture media were taken at 24 and 48 hrs of 

culture. After 48 hrs, all migratory cells were harvested, spun down and resuspended for flow 

cytometry analysis. The skin explants were embedded in OCT and snap frozen for 

immunohistochemical analysis. The intradermal injection only procedure was similar, but the 

skin was not tape-stripped and topical ligands were not administered. 

Having identified 48 hrs as an appropriate culture period for the skin explant model, the effect 

of intradermal injection and/or topical application on the migratory APCs and secretory profile  
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Figure 4.4.1. The gating strategy used to identify and assess the APC subsets which migrate out 
of human skin explants. 12 mm skin explants were taken from healthy human skin trimmed of 
subcutaneous fat and cultured in RF5 at 37oC with 5% CO2 for 48 hr. Migratory cells were harvested 
after explant culture, and probed with CD14-FITC, HLA-DR-PE, CD1a-Alexa 647, and 7AAD then 
analysed with a BD AccuriTH flow cytometer. (A) Gates were drawn around cell populations indicative 
of APCs on FSC-SSC plots, doublets were excluded on SSC-A::SSC-H and FSC-A::FSSC-H plots, and 
dead 7AAD+ cells were excluded. Live cells were then delineated into HLA-DR+ and HLA-DR-, and 
event counts were taken of the HLA-DR+ APCs. Quadrants were placed to identify CD1a+, 
CD1a+CD14+, CD14+ and CD1a-CD14- HLA-DR+ APC subsets and the expression of HLA-DR by each 
subset was recorded. The analytical outputs which are used throughout this thesis are indicated in red. 
(B) 12 mm skin explants were taken from healthy human skin trimmed of subcutaneous fat, 
intradermally injected with 100 µL PBS, and cultured in RF5 at 37oC with 5% CO2. Migratory cells were 
collected from separate skin explants after 24, 48, or 72 hrs explant culture, probed with CD14-FITC, 
HLA-DR-PE, CD1a-Alexa 647, and 7AAD and then analysed with a BD AccuriTH flow cytometer. As the 
entire sample was run, the event count of HLA-DR+ APCs from three separate donors detected by the 
flow cytometer indicates the number of APCs which migrated from the skin explants, and is displayed. 
Data for each time point was obtained from a separate skin explant, and connected lines indicate 
explants originating from the same donor. 
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Figure 4.4.2. Schematic illustrating the human skin explant protocol. The optimised topical skin 
explant procedure is as follows: (1) skin was received from surgery and subcutaneous fat was removed 
from the skin, (2) surgical tape was firmly applied to the epidermal side of skin and quickly removed 20 
times, (3) 12 mm skin explants were punched, (4) treatment ligands in 100 μL PBS were intradermally 
injected into the dermis of punched biopsies, (5) producing a visible welt on the explant, (6) treatment 
ligands in 30 mg topical cream were applied to the epidermis of the explants using the sterile bulb end 
of a transfer pipette, (7) biopsies were cultured in RF5 in 12-well plates for 48 hrs at 37oC with 5 % CO2, 
(8) migratory cells, (9) skin explants, and (10) culture media were harvested for downstream analysis. 
The intradermal injection only procedure was similar, but the skin was not tape-stripped and topical 
ligands were not administered. 
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Figure 4.4.3. Photos illustrating the human skin explant protocol. (1) Skin was received from 
surgery containing subcutaneous fat which was removed from the skin. (2) 12 mm skin explants were 
punched. (3) Treatment ligands were administered via intradermal injection and/or topically applied, 
and all treated skin explants were cultured RF5 in 12-well plates for 48 hrs at 37oC with 5 % CO2. 
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of the skin explants could now be assessed. In Figure 4.4.4 A, skin explants that had or had 

not been intradermally injected with the PBS vehicle were cultured for 48 hr.  The event count 

of all migratory HLA-DR+ APCs is displayed and whilst there is a high level of donor variation, 

the means were not significantly different between uninjected explants and explants that 

received a PBS injection. A similar result is shown in Figure 4.4.4 B in which skin explants 

were left untreated, or were tape stripped, and received an intradermal injection or topical 

application of PBS where indicated. Interestingly, the topical application of PBS in cream 

appeared to reduce the number of HLA-DR+ APCs migrating from the skin explants. 

The proportions of different APC subsets migrating from skin explants was next assessed. 

Figure 4.4.5 shows the combined data from eight donors (A), and data from each individual 

donor (B). As expected, CD1a+ APCs formed the majority of the migrant APCs, followed by 

small proportions of the CD1a-CD14-, CD14+, and CD14+CD1a+ APC subsets. No differences 

were observed between the proportion of APC subsets which migrated from the control 

explants and the explants intradermally injected with PBS (Figure 4.4.5A). This is also 

apparent in the individual donor plots in B, as is the high level of donor variation.   The same 

assessment was conducted for topically treated skin explants, in Figure 4.4.6.  Whilst a few 

differences were observed between treatments in individual donors (shown in B; particularly 

donor 4), these were not consistent across all donors, and when the data from different donors 

were combined the mean for each APC subset was similar across all treatments (A).  

Finally, the expression of activation markers expressed by APCs which had migrated from 

skin explants that had been intradermally or topically treated was assessed (Figure 4.4.7 and 

Appendix B-1). Figure 4.4.7 shows the relative change in median fluorescence intensity 

between uninjected skin explants (set at 1), and skin explants that were intradermally injected 

with PBS. Little change is detected between the uninjected and PBS intradermally injected 

explants for HLA-DR, CD86, CD80, or CD40 expression by any of the APC subsets. In Figure 

4.4.8 and Appendix B-2, a reduction in the expression of some costimulatory molecules was 

noted when cream was topically applied to the skin explants, however these changes were 

not statistically significant. For all APC subsets, HLA-DR and CD86 are reduced in the 

explants that received a topical application of PBS. This was also the case for all APC subsets 

except CD14+ APCs which exhibited a decline in CD80, and CD1a+ and CD1a-CD14- APCs 

which had a reduction in CD40 expression following topical treatment of the skin explants.  

In summary, intradermal injection of the PBS vehicle had no effect on the number, proportion, 

or maturation status of the APC subsets migrating out of human skin. In contrast, topical 

application of PBS appeared to reduce the number of migrant HLA-DR+ APCs, and of the  
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Figure 4.4.4. Topical application, but not intradermal injection reduces the event count of 
HLA-DR+ APCs migrating from human skin explants. 12 mm skin explants were taken from healthy 
human skin and trimmed of subcutaneous fat. (A) Skin explants were left untreated or were 
intradermally injected with 100 µL PBS. (B) Skin explants were left untreated, or were tape-stripped, 
and received and intradermal injection and/or topical application of PBS in cream, as indicated. Explants 
were cultured in RF5 at 37oC with 5% CO2 for 48 hrs. Migratory cells were harvested, probed with 
CD14-FITC, HLA-DR-PE, CD1a-Alexa 647, and 7AAD and then analysed with a BD AccuriTH flow 
cytometer. Event counts of HLA-DR+ APCs are displayed and represent 8 (A) or 4 (B) individual skin 
donors. Statistical analysis was performed using a Linear Mixed Effect Model fitted with REML using R. 
The mean and SEM are displayed. ns; non-significant, *P<0.05, **P<0.01. 

 

APCs that did migrate out after topical application of PBS, they exhibited similar subset 

proportions but were less mature than their untreated explant control APC counterparts. 
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Figure 4.4.5. Intradermal injection does not affect the proportion of HLA-DR+ APC subsets which 
migrate from human skin explants. 12 mm skin explants were taken from healthy human skin 
trimmed of subcutaneous fat, intradermally injected with 100 µL PBS, or left uninjected and cultured in 
RF5 at 37oC with 5% CO2 for 48 hrs. Each treatment was administered to three separate skin explants, 
and the migratory cells from all three explants were harvested and pooled, probed with CD14-FITC, 
HLA-DR-PE, CD1a-Alexa 647, and 7AAD and then analysed with a BD AccuriTH flow cytometer. The 
proportion of CD1a+, CD1a+CD14+, CD14+ and double negative APCs was assessed within the 
HLA-DR+ gate (gating strategy shown in Figure 4.4.1). (A) Bar graphs show the combined data from 
eight donors for each APC subset alongside the mean and SEM. (B) Stacked bar graphs show the data 
from each individual donor. N=8. 
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Figure 4.4.6. Topical application does not affect the proportion of APC subsets which migrate 
from human skin explants. 12 mm skin explants were taken from healthy human skin trimmed of 
subcutaneous fat, and tape stripped twenty times where indicated. Explants were left uninjected or were 
intradermally injected with 100 µL PBS. PBS in 30 mg topical cream was also applied where indicated. 
Explants were cultured in RF5 at 37oC with 5% CO2 for 48 hrs. Each treatment was administered to 
three separate skin explants, and the migratory cells from all three explants were harvested and pooled, 
probed with CD14-FITC, HLA-DR-PE, CD1a-Alexa 647, and 7AAD and then analysed with a BD 
AccuriTH flow cytometer. The proportion of CD1a+, CD1a+CD14+, CD14+ and CD1a-CD14- APCs was 
assessed within the HLA-DR+ gate (gating strategy shown in Figure 4.4.1). (A) Bar graphs show the 
combined data from four donors for each APC subset alongside the mean and SEM. (B) Stacked bar 
graphs show the data from each individual donor. N=4.  
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Figure 4.4.7. Intradermal injection does not affect the maturation status of APC subsets which 
migrate from human skin explants. 12 mm skin explants were taken from healthy human skin 
trimmed of subcutaneous fat, intradermally injected with 100 µL PBS, or left uninjected and cultured in 
RF5 at 37oC with 5% CO2 for 48 hrs. Each treatment was administered to three separate skin explants, 
and the migratory cells from all three explants were harvested and pooled and then split into four tubes 
and probed with CD14-FITC, CD1a-Alexa 647, 7AAD, and either HLA-DR-PE, CD86-PE, CD80-PE, or 
CD40-PE, and then analysed with a BD AccuriTH flow cytometer. The median fluorescence intensity of 
HLA-DR, CD86, CD80, and CD40 was assessed for each APC subset and is displayed above as a 
value relative to the uninjected control set at 1, alongside the SEM. This figure shows the combined 
data from four donors. 
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Figure 4.4.8. Topical application appears to slightly reduce the maturation status of APC subsets 
which migrate from human skin explants. 12 mm skin explants were taken from healthy human skin 
trimmed of subcutaneous fat and tape stripped twenty times where indicated. Explants were left 
uninjected or intradermally injected with 100 µL PBS. PBS in 30 mg topical cream was also applied 
where indicated. Explants were cultured in RF5 at 37oC with 5% CO2 for 48 hrs. Each treatment was 
administered to three separate skin explants, and the migratory cells from all three explants were 
harvested and pooled and then split into four tubes and probed with CD14-FITC, CD1a-Alexa 647, 
7AAD, and either HLA-DR-PE, CD86-PE, CD80-PE, or CD40-PE, and then analysed with a BD AccuriTH 
flow cytometer. The median fluorescence intensity of HLA-DR, CD86, CD80, and CD40 was assessed 
for each APC subset and is displayed above as a value relative to the uninjected control set at 1, 
alongside the SEM. This figure shows the combined data from four donors. 
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4.5 The influence of intradermal injection or topical application of the PBS vehicle on 

cytokine secretion from human skin explants. 

The final section of this chapter assesses the production of cytokines after intradermal 

injection or topical application of the PBS vehicle. A range of pro- and anti-inflammatory 

cytokines and chemokines were assessed in the culture media of skin explants at 24 and 

48 hrs after stimulation. Figure 4.5.1 compares the concentration of pro- and anti-inflammatory 

interleukins (A), and chemokines (B), from untreated and PBS intradermally injected skin 

explants after 24 and 48 hrs in culture. Statistical analysis shows that intradermal injection of 

PBS does not significantly influence the secretion of these cytokines following 24 or 48 hrs in 

culture. The same result is observed for the additional cytokines measured in Figure 4.5.2. 

Table 4.1 summarises these results.  

Interestingly, some significant differences were observed in the next set of experiments which 

aimed to determine how tape stripping, intradermal injection, and topical application influenced 

cytokine secretion by human skin explants (Figure 4.5.3). Firstly, the tape stripping process 

did not influence cytokine secretion by the skin explants which had or had not been 

intradermally injected with PBS at 24 hrs, however at 48 hrs tape stripping did cause a 

significant reduction in IL-6 secretion in comparison to the untreated control, and a reduction 

in IL-1β when the explants had undergone intradermal injection. Secondly, when tape stripping 

was combined with intradermal injection of PBS, this did not influence cytokine secretion at 

either 24 or 48 hr, when compared with the untreated control or tape strip only control. Thirdly, 

when tape stripping was combined with intradermal and topical PBS application, this did not 

influence cytokine secretion at either 24 or 48 hrs when compared with the untreated, or tape 

strip only controls. However, when tape stripping was combined with intradermal and topical 

application of PBS, a significant increase in IL-8 at 24 hrs and a significant decrease in IL-10, 

MIP-1α, and MIP-1β at 48 hrs was observed when compared with intradermal injection alone. 

Furthermore, the significant increase in IL-8 was also observed when this data was compared 

to the tape strip + intradermal injection control, indicating that the topical treatment itself was 

causing the increase in IL-8. Table 4.2 summarises these results. 

To conclude, the intradermal injection process does not influence the secretion of cytokines 

by cells in skin explants. The tape stripping process does not influence secretion of most 

cytokines assessed but may cause a slight decrease in IL-6 and IL-1β secretion by cells in 

skin explants, and topical application may cause an increase in IL-8 and a decrease in IL-10, 

MIP-1α, and MIP-1β. As some changes were observed amongst the various topically treated 

skin explant controls, care must be taken when interpreting the results of cytokine production 

from skin explants that receive a topical TLR stimulation in Chapter 5. 
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Figure 4.5.1. Intradermal injection does not affect interleukin or chemokine secretion from 
human skin explants. 12 mm skin explants were taken from healthy human skin trimmed of 
subcutaneous fat, intradermally injected with 100 µL PBS, or left uninjected and cultured in RF5 at 37oC 
with 5% CO2 for 48 hrs. Aliquots of culture media were taken at 24 and 48 hrs and analysed with the 
BD AccuriTH flow cytometer after performing a Cytometric Bead Array. The concentration of each 
interleukin (A) or chemokine (B) is plotted above. Statistical analysis was performed using a Linear 
Mixed Effect Model fitted with REML using R, and is displayed in Appendix D-3 and D-4 and 
summarised in Table 4.1. This figure shows the total data from three explants per donor, and four 
donors. Ns; non-significant. 
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Figure 4.5.2. Intradermal injection does not affect cytokine secretion from human skin explants. 
12 mm skin explants were taken from healthy human skin trimmed of subcutaneous fat, intradermally 
injected with 100 µL PBS, or left uninjected and cultured in RF5 at 37oC with 5% CO2 for 48 hrs. Aliquots 
of culture media were taken at 24 and 48 hrs and analysed with the BD AccuriTH flow cytometer after 
performing a Cytometric Bead Array. The concentration of each cytokine is plotted above. Statistical 
analysis was performed using a Linear Mixed Effect Model fitted with REML using R, and is displayed 
in Appendix D-3 and D-4 and summarised in Table 4.1. This figure shows the total data from three 
explants per donor, and four donors. Ns; non-significant. 
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Figure 4.5.3. Topical application does not consistently influence cytokine secretion from human 
skin explants, and from all donors. 12 mm skin explants were taken from healthy human skin trimmed 
of subcutaneous fat that had been tape stripped twenty times where indicated. Explants were left 
uninjected or intradermally injected with 100 µL PBS. PBS in 30 mg topical cream was also applied 
where indicated. Explants were cultured in RF5 at 37oC with 5% CO2 for 48 hrs. Supernatants were 
taken from the culture media at 24 and 48 hrs and then analysed with the FACSAccuri after performing 
a Cytometric Bead Array. The concentration of each cytokine is plotted above. Statistical analysis was 
performed using a Linear Mixed Effect Model fitted with REML using R, and is displayed in Appendix 
D-5 to D-12 and summarised in Table 4.2. This figure shows the total data from three explants per 
donor, and three donors. *p<0.05, **p<0.01 (non-significant differences are not indicated). 
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Table 4.1. Summary of differences in cytokine secretion by human skin explants after 
intradermal injection of PBS.  

 

NB: NC; no change (linear mixed effects model fitted with REML). 

  

Cytokine 

 Intradermal 
PBS 

 
 Relative to 

no treatment  

  24 hr 48 hr 

IL-1  NC NC 

IL-6  NC NC 

IL-8  NC NC 

IL-10  NC NC 

IL-12/IL-23p40  NC NC 

IP-10  NC NC 

MIP-1  NC NC 

MIP-1  NC NC 

MCP-1  NC NC 

MIG  NC NC 

bFGF  NC NC 

CD106  NC NC 

G-CSF  NC NC 

GM-CSF  NC NC 

IFN-  NC NC 

TNF  NC NC 

VEGF  NC NC 
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Table 4.2. Summary of differences in cytokine secretion by human skin explants after tape 
stripping and intradermal injection and topical application of PBS. 

  

Tape Strip 
Tape Strip, 
Intradermal 

PBS 

Tape Strip, 
Intradermal

- Topical 
PBS 

 
Tape Strip, 
Intradermal 

PBS 

Tape Strip, 
Intradermal- 
Topical PBS 

Cytokine  

Relative to No Treatment  Relative to Tape Strip 

 24 hr 48 hr 24 hr 48 hr 24 hr 48 hr  24 hr 48 hr 24 hr 48 hr 

IL-1  NC NC NC NC NC NC  NC NC NC NC 

IL-6  NC * NC NC NC NC  NC NC NC NC 

IL-8  NC NC NC NC NC NC  NC NC NC NC 

IL-10  NC NC NC NC NC NC  NC NC NC NC 

IL-12/IL-23p40  NC NC NC NC NC NC  NC NC NC NC 

IP-10  NC NC NC NC NC NC  NC NC NC NC 

MIP-1  NC NC NC NC NC NC  NC NC NC NC 

MIP-1  NC NC NC NC NC NC  NC NC NC NC 

TNF  NC NC NC NC NC NC  NC NC NC NC 

 

  
Tape Strip + 
Intradermal 

PBS 

Tape Strip + 
Intradermal 
+ Topical 

PBS 

 
Tape Strip + 
Intradermal + 
Topical PBS 

Cytokine  

Relative to Intradermal PBS 

 Relative to 
Tape Strip + 
Intradermal 

PBS  

  24 hr 48 hr 24 hr 48 hr  24 hr 48 hr 

IL-1  NC * NC NC  NC NC 

IL-6  NC NC NC NC  NC NC 

IL-8  NC NC ** NC  * NC 

IL-10  NC NC NC *  NC NC 

IL-12/IL-23p40  NC NC NC NC  NC NC 

IP-10  NC NC NC NC  NC NC 

MIP-1  NC NC NC *  NC NC 

MIP-1  NC NC NC *  NC NC 

TNF  NC NC NC NC  NC NC 

NB: NC; no change, *P<0.05, **P<0.01 (linear mixed effects model fitted with REML). Red boxes indicate a significant increase 
in concentration while blue boxes indicate a significant decrease in concentration.  
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4.6 Discussion 

In this chapter, a human skin explant model was developed and examined to determine 

whether it would be suitable for assessing intradermally and topically applied compounds such 

as TLR ligands as potential adjuvants for vaccines. This model was designed with three major 

distinctions from previous skin explant models: 

 The use of larger 12 mm skin explants to reduce the overall proportion of the cut skin 

edge to the undamaged skin in each explant. 

 The punching of skin explants before intradermal injection or topical administration, 

allowing the concentration of intradermally and topically administered TLR ligands to 

be empirically defined. 

 The inclusion of an untreated control as well as a vehicle control to provide information 

on the inflammatory nature of intradermal injection of PBS and topical administration 

of cream alone. 

Collectively, this chapter describes experiments designed to establish whether the skin 

explant procedure and the treatment administration methods used influence the skin explant 

sand the cells within it. Initially, their influence on the ECM and vasculature of the skin was 

determined, thereafter their effect on the distribution of cutaneous APCs was assessed. The 

phenotype and maturation status of the APCs which migrated out of these explants was 

determined using flow cytometry and finally the cytokines secreted by each of these explant 

models were measured and compared.  

First, histological assessments revealed the tissue disruption induced by intradermal injection 

and culture of skin explants in media. While intradermal injection and culture in media affected 

the distribution of fibronectin expression in human skin explants, the distribution of collagen, 

laminin, APCs, or endothelial cells were not visibly affected. Fibronectin is produced and 

secreted throughout the human dermis by dermis resident-fibroblasts to form an insoluble 

extra-cellular matrix created during biogenesis of tissue and wound healing [242]. As the 

human skin explants were subjected to intradermal injection of PBS and were then cultured in 

liquid media, it is likely that the introduction of non-biological fluids resulted in freeze artefacts 

that formed during the snap-freezing of the skin explants. Consequently, the voids of 

fibronectin detected using immunohistochemical staining were due to ice crystals creating 

holes within the tissue blocks. Collagen and laminin were less frequently detected in the skin 

than fibronectin, and therefore, the voids observed in the fibronectin images were not detected 

when assessing these proteins.  
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The distribution of APC and endothelial proteins were also monitored after intradermal 

injection of PBS, and culture in media, and like collagen and laminin, were found to be 

equivalently distributed after 24, 48, or 72 hrs in culture, with or without the intradermal 

injection. Quantification analyses may strengthen these findings, however, as observed in 

Chapter 3, intra-donor biopsy variation will influence these data. 

It is possible that this observed disruption of the tissue due to fluid uptake from intradermal 

injection and culture may trigger an inflammatory response in the skin explant. For this reason, 

unstimulated control skin explants were included in all downstream analyses for comparison 

with explants which were intradermally injected with PBS alone, thus highlighting any 

inflammation caused by the intradermal injection procedure.  

Tape stripping was included in the skin explant protocol to expose the epidermis to topical 

cream treatments. Tape stripping has been shown to be an effective method for removing 

stratum corneum, although standardisation of the type of tape used, pressure of application, 

speed of removal, and number of strips applied is not documented within current literature 

[243]. However, the protocol utilised in this study sufficiently removed the stratum corneum of 

skin thus potentially enhancing the accessibility to epidermal LCs by treatments delivered in a 

topical format. Furthermore, immunohistochemical analyses of CD1a and CD207 confirmed 

that LCs were still present in the epidermis after tape stripping, suggesting that treatments 

applied topically following tape stripping could still encounter LCs. A study in mice has shown 

that tape stripping stimulates LC migration into the dermis and subsequently the vasculature 

of murine skin [244]. Although murine skin differs to human skin, this finding prompted the 

inclusion of tape strip controls in all subsequent analyses in this study, to determine whether 

LC were stimulated to leave the epidermis following tape stripping alone. The effect of tape 

stripping on the maturation of epidermal LCs in human skin was outside the scope of this study 

but would provide an insight into the sensitivity of these cells to the disruption of stratum 

corneum induced by tape stripping.  

Next, the effect of intradermal injection, tape stripping, and topical administration on the 

numbers and proportions of APC subsets migrating out of the human skin explants, and their 

maturation status was determined. In vivo, cutaneous APCs migrate from the skin via the 

lymphatics to the afferent lymph node; this migration is mediated by the expression of CCR7 

by APCs and the expression of CCR7’s respective ligands CCL19 and CCL21 by lymphatic 

endothelial cells and cells in the LN. However, under skin explant conditions, as the skin itself 

and associated lymphatic and blood vessels are truncated, APCs may chemokinetically fall 

out of the explant whilst moving with random motion within the skin, or may migrate out 

chemotactically via the truncated lymphatic vessels. It was found that a variable number of 
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APCs migrated from skin explants, within and across donors. Also, the number of migratory 

APCs generally increased with length of culture for 2 of 3 donors, and while the intradermal 

injection and tape stripping procedures did not affect the number of migratory APCs, topical 

administration of cream significantly reduced the number of APCs migrating out of the skin 

explants. As the cream was carefully applied to the epidermis only, it does not seem likely that 

it would have blocked the egress of APCs from the dermis of skin explants. Interestingly, flow 

cytometric analysis showed a high level of debris in all migratory cell samples from explants 

treated with cream. This level of debris was not observed with other explants, including the 

tape strip only explants, hence this debris is not from the disrupted epidermis. It is possible 

that the high level of debris in these samples could be cellular debris as a result of the cream 

inducing the migratory cells to die, but further experiments are required to confirm this. 

Alternatively, small cream particles may have contributed to the debris observed in these 

samples. 

Other studies have assessed the number of cells migrating from human skin explants using 

methods distinct from those used in this study. Specifically, one study quantified migratory 

APCs based on FSC-SSC parameters, not HLA-DR expression and hence the counts may 

include other cell subsets or potentially exclude some APCs [70], while other studies quantified 

HLA-DR+ migratory APCs from multiple biopsies after 1 min of acquisition on the flow 

cytometer instead of enumerating the whole sample [168, 238]. Another study quantified all 

HLA-DR+ APCs migrating from 5 x 5 cm explants, with no significant differences being 

observed between unstimulated and PBS-intradermally injected skin explants, supporting the 

observation of this study that intradermal injection does not influence the number of HLA-DR+ 

APCs migrating out of human skin explants [167].  

APCs in human skin can be divided into a number of subsets based on their phenotype and 

function. In this study, migratory HLA-DR+ APCs were divided into subsets based on their 

expression of CD1a and CD14, and included CD1a+, CD1a+CD14+, CD14+ and CD1a-CD14- 

subsets. This study confirmed that the majority of migratory APCs belonged to the CD1a+ 

subset, in accordance with previous data [37, 70, 168]. Although, one earlier study found 

CD14+ APCs to form the majority of skin emigrating APCs, however, HLA-DR was not included 

in this study to exclude HLA-DR- cells, hence HLA-DR-CD14+ cells may have contributed to 

this result [166].  

Interestingly, the HLA-DR+CD1a-CD14- population formed the second largest subset migrating 

from skin explants. This subset may include multiple HLA-DR+ subsets found in human skin 

including CD1a-CD14-CD141+Clec9A+ APCs and CD1a-CD14-CD16+ macrophages [25]. 

While T cells can also upregulate HLA-DR during their activation, these cells would be 
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excluded from the initial FSC:SSC gating of large APC-like cells, and would therefore not 

contribute to this population. These subsets were in too small a number to be analysed 

individually in this study, but would fall within the CD1a-CD14- “subset” noticed in the flow 

cytometric analyses. As this subset is multimodal, any changes observed in this subset in 

downstream analyses could be caused by either or both of these APC subsets.  

There was a high level of variation between the proportions of APC subsets across donors, 

however, no significant differences were observed between untreated explants and explants 

that had been intradermally injected with PBS. The proportion of APC cell subsets migrating 

from human skin has previously been shown to reflect the local cytokine environment – 

intradermal injection of IL-10 resulted in an increased proportion of migratory CD14+CD1a- 

APCs after 7 days culture, while intradermal injection of GM-CSF and IL-4 resulted in an 

increased proportion of migratory CD1a+CD14- APCs [70]. As the number of cells migrating 

out of skin explants was the same between treatments, this suggests the cutaneous APCs 

respond to inflammatory stimuli in the skin and adjust their phenotype either during or after 

migration from the skin explants. The data in this chapter demonstrate that intradermal 

injection, tape stripping, and topical administration of cream do not provide an inflammatory 

trigger that influences the proportions of APC subsets which migrate out of human skin 

explants.  

The expression of HLA-DR, CD40, CD80, and CD86 was measured on APC subsets which 

had migrated from skin explants and while intradermal injection and tape stripping did not 

affect the expression of these maturation markers by APC subsets, topical administration of 

cream induced obvious reductions in HLA-DR and CD86 for all APC subsets, CD80 for all 

APC subsets except CD14+ APCs, and CD40 for CD1a+ and CD1a-CD14- APC subsets. It is 

possible that the cream induced a downregulation of these proteins by APC subsets, but given 

the incubation period of 48 hrs, it is unlikely that the cream would have had sufficient time to 

penetrate the basement membrane, penetrate the dermis and influence the dermal APCs 

before they migrate out of the skin explant.  However, cream did come into contact with the 

culture media and migrant APCs just before flow cytometric analysis, as the skin explants 

were gently shaken in the culture media to release migrant APCs. This introduced cream into 

the culture media but this was not highlighted as a concern as the migrant cells were then 

immediately washed, stained and analysed. Interestingly, previous immunohistochemical 

analyses of intradermally injected skin explants showed an increase in CD40 and CD83 after 

intradermal injection of serum-free IMDM culture media alone (further increased with GM-

CSF) [237], however the increases were observed on cells in situ that had not migrated from 

the skin explants and are therefore not comparable to migratory APCs. As all skin explants 
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from this thesis were snap frozen for immunohistochemical evaluation, this finding can be 

assessed in future analyses.  

Occasionally, the fluorescence output of HLA-DR, CD40, CD80, and CD86 for the CD1a-

CD14- and CD14+ APC subsets produced bimodal histograms of fluorescence. This is likely 

due to the gating strategy including multiple cell types (as in the case of the CD1a-CD14- 

subset, which includes CD141+Clec9A+ APCs and macrophages), or cells which are 

transitioning through differentiation or maturation and are therefore expressing variable and 

distinct levels of these maturation markers that do not form a normal distribution. Care must 

be taken when interpreting these data, as the median of these data falls in the middle of two 

peaks and is not representative of each peak.  

Cytokine production by skin explants that were intradermally injected with PBS with or without 

topical application of PBS was measured, and while intradermal injection of PBS had no effect 

on cytokine secretion from skin explants, some differences were observed when PBS was 

also administered in a cream topically, following tape stripping. At 24 hrs, the tape stripped 

explants topically applied with PBS-containing cream and intradermally injected with PBS 

secreted a significantly higher level of IL-8 than the explants which had only been intradermally 

injected and tape stripped, indicating that the topical application process had induced the 

increase in IL-8.  Interestingly, at 48 hrs tape stripping alone appeared to reduce the secretion 

of IL-6, compared to the unstimulated control. Furthermore, tape stripping also reduced the 

level of IL-1β secreted from the explants intradermally injected with PBS. Finally, tape stripped 

explants which were topically applied with PBS-containing cream and intradermally injected 

with PBS reduced the secretion of IL-10 MIP-1α, and MIP-1β by explants intradermally 

injected with PBS. These data suggest that topically applied cream may induce inflammation 

via IL-8. Interestingly however, the same processes appear to suppress the production of 

MIP-1α and MIP-1β, which are involved in recruiting and activating immune cells [245], hence 

if this inflammatory response is genuine, it is unlikely to be mediated by MIP-1α and MIP-1β. 

As the power of the tape stripping and topical application experiments was lower than the 

intradermal injection experiments (n=3 compared to n=4, respectively), significance here was 

interesting. In some cases (for example IL-10), the significant p-value appeared to be 

influenced by a single donor, hence caution should be exercised when interpreting this data. 

Also, only one difference obtained significance of <0.01 (IL-8). As p<0.05 is an arbitrary cut-

off that indicates significance, it is possible that these treatments have limited or no influence 

on cytokine secretion, and in order to confirm these observations, further data from additional 

donors should be obtained and incorporated into this dataset in the future.  
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In summary, this skin explant model can be used to monitor the effect intradermal injection of 

potential compounds e.g. TLR ligands has o the number, proportion, and maturation status of 

APC subsets that migrate from human sin explants, and the cytokines secreted by cells in the 

explants as the process of intradermal injection itself does not influence these factors. This 

model can also be used to measure the effect of topical administration of compounds, however 

more care must be taken here when interpreting data as small differences in the APC 

maturation status and explant secretory profile may be attributed to the topical administration 

protocol, and hence may not be a direct result of the test compound.  

4.7 Conclusions 

 Intradermal injection and culture of skin explants disrupts the distribution of the 

extracellular matrix protein fibronectin.  

 Cells of the stratum corneum but not epidermal LCs are removed by tape stripping.  

 Intradermal injection of PBS has no effect on the number, proportion, or maturation 

status of the APC subsets migrating out of human skin explants.  

 Topical application of PBS appeared to reduce the number of migrant HLA-DR+ APCs, 

and downregulate the expression of maturation markers by these cells, but did not 

affect the proportion of APC subsets migrating from human skin explants.  

 Intradermal injection of PBS does not influence the secretion of cytokines by cells in 

skin explants.  

 Tape stripping does not influence the secretion of most of the cytokines assessed by 

cells in skin explants but may cause a slight decrease in IL-6 and IL-1β secretion.  

 Topical application of PBS in the cetomacrogol cream may cause an increase in the 

secretion of IL-8 and a decrease in the secretion of IL-10, MIP-1α, and MIP-1β by cells 

in skin explants.  
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Chapter 5 The influence of TLR ligands in a human skin 

explant model 

5.1 Introduction 

TLR ligands are currently used as adjuvants in a number of prophylactic and therapeutic 

vaccination strategies administered via the skin and are also being tested in numerous clinical 

trials for cancer vaccines (as reviewed in [246]). However, their effect on individual APC 

subsets in situ in the human skin environment is not well characterised. In this chapter, TLR 

ligands are intradermally injected and/or topically administered to human skin using the skin 

explant protocols developed in Chapter 4, in order to assess their effect on the phenotype and 

maturation status of APCs migrating out of human skin explants, and the cytokines secreted 

by the skin explants.  

In order to examine these parameters, two TLR ligands, Poly I:C and R848, were selected for 

in depth analysis. Polyinosinic:polycytidylic acid (Poly I:C) is a synthetic analogue of double 

stranded RNA, used to mimic the double stranded RNA found in some viruses. Poly I:C has 

been shown to induce strong type I and type III interferon responses, and a Th1 cytokine 

response via both the TLR3 [185] and MDA-5 [247] receptors. Clinical trials utilising Poly I:C 

in various formats have historically focused on non-cancer therapeutics, however, there is now 

considerable interest in Poly I:C as a cancer immunotherapeutic, and at the time of writing, 

there were over 70 clinical trials listed on clinicaltrials.gov utilising various formats of Poly I:C 

such as Hiltonol (Poly ICLC), and Ampligen (Poly IC12U) in proposed cancer therapies. 

Because Poly I:C induces strong interferon and Th1 cytokine responses, and is currently being 

utilised as an adjuvant in clinical trials targeting cancer, it was selected for analysis in this 

study.  

R848 is a synthetic imidazoquinoline nucleoside analogue. Like the clinically approved 

imidazoquinoline R837 (manufactured originally by 3M as Aldara), R848 is a selective ligand 

for human TLR7, however it has been shown to induce a strengthened cytokine and cellular 

immune response in comparison to R837. Interestingly, while R837 induces NF-κB activity 

through TLR7 only [248], R848 can induce NF-κB  activity through both TLR7 and TLR8, 

although a 10-fold higher concentration of R848 was required to achieve the same level of  

NF-κB  activity by TLR8 as compared to TLR7 [199]. R848 is currently being assessed in 15 

clinical trials targeting cancer (clinicaltrials.gov), including 4 in which Poly I:C is being 

administered together with R848. Earlier literature has highlighted that combined TLR ligands 



Chapter 5 

 124 

can stimulate APCs in a synergistic manner, thus improving their T cell stimulatory capacity 

[167, 211, 249, 250]. As some of these clinical trial therapies are being administered via the 

cutaneous route, it is important to determine how the TLR ligands individually and in 

combination will influence APCs and other cells in situ in human skin, which is the aim of this 

chapter.  

A number of other imidazoquinoline compounds are commercially available, and include 

gardiquimod, loxoribine and CL075, each with a distinct capacity to induce NF-κB activity 

through TLR7 and/or TLR8. However, R848 was selected for analysis in this study due to the 

previously reported strength of response, and also as it is currently being assessed in 

combination with Poly I:C in a number of clinical trials targeting cancer [215].  

The concentration of TLR ligands intradermally injected or topically administered to the human 

skin explants in this study was an important consideration. In this study the dose of Poly I:C 

and R848 was selected after trialling 10, 1, and 0.1 µg/ml of Poly I:C, R848, and a combination 

of Poly I:C and R848 on blood CD1c+ APCs in vitro to determine the functionality and possible 

toxicity of the TLR ligands at these concentrations. Incidentally, 10 µg/ml is the top dose 

recommended for TLR ligand functionality by Invivogen, the manufacturer of Poly I:C and 

R848. Poly I:C and/or R848 were prepared in PBS for intradermal injection as in previous 

human skin explant studies [37, 167]). A higher concentration of Poly I:C and R848 was used 

in the topical cream preparations as this route of administration is less direct than intradermal 

injection as it needs to penetrate the densely packed keratinocytes of the epidermal layer to 

reach epidermal resident LCs. Lyophilised Poly I:C and R848 were resuspended in sterile 

water at the highest concentration possible. The suspensions of Poly I:C and/or R848 were 

then added to Cetomacrogol cream at a 1:1 ratio and 30 mg of cream containing 150 µg of 

Poly I:C and/or R848 was applied topically to each tape-stripped explant. This was 150 times 

higher than the amount administered intradermally, but 100 times lower than the concentration 

of R837 in Aldara that is also applied topically for treatment of actinic keratosis, basal cell 

carcinoma, or perianal warts. Unfortunately, creams containing Poly I:C or R848  could not be 

resuspended at a comparable concentration to that of Aldara. The skin to which the topical 

treatment was to be administered was also tape-stripped to remove the stratum corneum 

which earlier studies have shown facilitates treatment penetration of the epidermis [251].  

A small number of previous studies have assessed Poly I:C and R848 in a skin explant model; 

Table 5.1 summarises the results of these studies. While a number of studies monitored the 

effects of intradermally injected Poly I:C and/or R848 on APC migration, maturation, cytokine 

production, and T cell stimulation, none of these studies assessed whether simultaneous 

topical administration of these ligands enhances the cutaneous immune response, although 
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one study has assessed the influence of topically applied R837 containing Aldara, in contrast 

with intradermally injected R837 [168]. Only one study assessed the potential synergy of 

Poly I:C and R848, but this study did not assess the maturation status of distinct APC subsets, 

or the T cell stimulatory capacity of the cutaneous APCs [167]. Furthermore this study only 

assessed the secretion of a limited panel of cytokines (i.e. IL-6, TNF, IL-10, and IL-12p40) by 

the cells in the explants [167]. As the purpose of using TLR ligands as adjuvants in cancer 

vaccines is to mimic the pro-inflammatory immune response generated during a skin infection, 

the combination of TLR ligands as adjuvants will closer resemble the mixed microbial 

population present in a skin wound which would be exposed to multiple molecular patterns of 

viral, bacterial, and fungal origin. The synergy of TLR ligand stimulation has been documented 

before [211], and a number of clinical trials utilise multiple TLR ligands to produce a multi-

faceted strong pro-inflammatory immune response. Therefore, in this thesis, the effect of 

Poly I:C, R848, or a combination of Poly I:C and R848 after intradermal injection alone or in 

combination with topical application to human skin explants was conducted to 

comprehensively compare and contrast the effects of Poly I:C and R848 on APC responses 

in human skin.



 

Table 5.1. The effect of TLR ligands in human skin explant models.  

Study TLR ligand 
Biopsy 

size 
APC Number + Subset 

Proportion 
APC Maturation Cytokine Secretion MLR T cell priming 

MLR T cell 
differentiation 

Schneider 
et al. 2012 
[165] 

Intradermal Poly I:C  
(10 µg/biopsy) 
 

6 mm 
punch 

Poly I:C did not affect the 
total number of migrating 
cells,  
Poly I:C increased the 
proportion of LCs migrating 
from skin. 

Poly I:C increased expression 
of CD86 by CD14+ APCs, 
CD1a+ APCs and LCs. 

Poly I:C increased IL-1β 
and IP-10, but not IL-6, 
IL-8, or IL-10 

Poly I:C did not 
increase the number 
of proliferating 
allogeneic naïve CD4 
T cells. 

Poly I:C did not 
increase the 
percentage of IFN-γ+ 
or IL-4+ T cells. 

Oosterhoff 
et al. 2013 
[166] 

Intradermal Poly I:C  
(20 µg/biopsy)  
Intradermal R848  
(10 µg/biopsy)          
 

6 mm 
punch  

Poly I:C increased the 
proportion of migrating 
CD1a+ APCs, but not CD14+ 
APCs or LCs 
R848 did not increase the 
proportion of any subset 

Poly I:C but not R848 
increased percentage of APCs 
expressing PD-L1, CD70, 
CD83 and CD80. 
 

Poly I:C increased TNF 
but not IL-1β, IL-6, IL-8, 
IL-10, or CCL5. R848 
did not increase any 
cytokine. 
 

Poly I:C but not R848 
increased the 
percentage of PBLs 
proliferated after 6 
days co-culture 

R848 increased IL-6, 
but not IL-4, IL-10, 
IFN-γ, TNF, or 
IL-17A. Poly I:C 
didn’t induce 
secretion of any 
cytokine measured. 

Matthews 
et al. 2013 
[167] 

Intradermal Hiltonol 
(Poly ICLC)  
(100 µg/biopsy) 
Intradermal R848  
(25 µg/biopsy) 
Intradermal Hiltonol 
+ R848  
(amount as above) 

5x5 cm 
square 

Hiltonol + R848 increased 
the number of migrating 
HLA-DR+ APCs when 
combined, single TLR 
ligands had no effect. No 
effect was observed on APC 
subset proportion. 

Hiltonol increased CD40 and 
CD80, not CD86. R848 
decreased CD86, no effect on 
CD40 and CD80. Hiltonol + 
R848 increased CD40, CD80, 
CD86  
(NB. gMFI of HLA-DR+ APCs) 

Hiltonol increased TNF, 
IL-6 but not IL-10, or 
IL-12p40.  
R848 increased TNF, 
IL-6, IL-10, IL-12p40.  
Hiltonol + R848 acted 
synergistically  

NA NA 

Stoitzner  
et al. 2014 
[37] 

Intradermal Poly I:C  
(25 µg/biopsy) 

8 mm 
punch 

Poly I:C had no influence on 
the total number of migrating 
APCs, but increased the 
proportion of LC and CD1a+ 
APCs  

NA NA NA NA 

Fehres     
et al. 2014 
[168] 

Topical Aldara 
(undefined*) 
Intradermal R837  
(undefined*) 
Intradermal R848  
(0.1 µg/biopsy) 

6 mm 
punch 

Aldara but not intradermal 
R848 or R837 increased the 
number of migrating 
HLA-DR+ cells. 
No treatment affected the 
proportion of CD14, CD1a or 
LC migrating from skin. 

Aldara but not intradermal 
R848, or R837 increased 
CD86 by CD1a+ APCs but not 
CD14+ APCs. 
Aldara increased CD70, 
MHCI, CD40, and CD86 by 
pooled migratory cells. CD83 
was unaffected. 

R837 increased IL-6, 
IL-8, IL-1β, TNF, IL-10. 
Aldara enhanced 
secretion of IL-6, IL-8, 
IL-1β, TNF, IL-10 above 
the increase seen for 
R837 

Aldara induced the 
proliferation of Mart-
specific CD8 T cells 
beyond that of 
GM-CSF + IL-4,  

Aldara induced more   
IFN-γ in the MLR. 
R837 had no effect 
above control 

*One sachet of Aldara (containing 12.5 mg of R837) was applied to an undefined area of skin, incubated for 20 minutes, the excess was removed, and skin explants were punched. R837 was 
intradermally injected at the same concentration of R837 as each Aldara treated skin explant.  
NB. Results in red type are indicative of data that was statistically tested and has achieved significance. Results in blue type are indicative of data that was statistically tested and has not achieved 
significance. Results in black type are indicative of data that was not statistically tested.
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5.2 Aims and Justification 

The purpose of this chapter was to assess the effect of TLR ligands delivered via intradermal 

injection and topical application on cutaneous APCs and the secretory profile of the cells in 

the human skin explants. The specific aims of this chapter were: 

1. To validate the functionality of Poly I:C (TLR3), R848 (TLR7/8), or a combination of 

Poly I:C and R848 using CD1c+ APCs from human blood, which are known to express 

TLRs 3, 7, and 8 and respond to these TLR ligands. 

2. To assess the effect intradermal injection and topical application of Poly I:C, R848, or 

a combination of Poly I:C and R848 has on the number of APCs which migrate from 

human skin explants. 

3. To assess the effect intradermal injection and topical application of Poly I:C, R848, or 

a combination of Poly I:C and R848 has on the proportions of APC subsets which 

migrate from human skin explants. 

4. To assess the effect intradermal injection and topical application of Poly I:C, R848, or 

a combination of Poly I:C and R848 has on the expression of HLA-DR, CD40, CD80, 

and CD86 by subsets of APCs which migrate from human skin explants. 

5. To assess the effect intradermal injection and topical application of Poly I:C, R848, or 

a combination of Poly I:C and R848 has on the secretion of cytokines from the cells in 

human skin explants. 

Justification 

Numerous clinical trials targeting cancer are currently utilising Poly I:C in combination with 

R848 as an adjuvant; a number of these therapies are administered via the cutaneous route 

therefore it is important to determine how Poly I:C and R848 both separately and in 

combination influence the cells including APCs in situ in human skin. Furthermore, these trials 

are utilising both intradermal injection and/or topical application as delivery routes hence both 

will be assessed in this chapter. 
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5.3 Validation of TLR ligand functionality 

The functionality of TLR ligands was tested using CD1c+ APCs enriched from human blood 

(routinely >95% pure, Appendix C-1). Figure 5.3.1 shows the effect of Poly I:C, R848, or a 

combination of Poly I:C and R848 at 10, 1, and 0.1 µg/ml on the expression of HLA-DR, 

HLA-ABC, CD40, CD80, CD83, and CD86 by CD1c+ APCs. Poly I:C increased the expression 

of all maturation markers assessed in a dose dependent manner (except CD86 and CD83 in 

donor 2). Stimulation with R848 also increased the expression of all maturation markers by 

CD1c+ APCs (except for CD83 and CD86 in donor 2), however dose-dependent responses 

were less apparent except for HLA-DR, CD40, and CD80 expression by CD1c+ APCs from 

donor 2. When Poly I:C and R848 were administered together, only CD40 expression was 

substantially upregulated by CD1c+ APCs from both donors in comparison to individual TLR 

ligands. In fact, there was a reduction in CD80, CD83, and CD86 expression when compared 

with CD1c+ APCs from donor 1 which were stimulated with 10 µg/ml Poly I:C alone, indicating 

that R848 may have a tempering effect on the upregulation of these molecules, although this 

wasn’t reflected in donor 2.   

Collectively, these data demonstrate that the Poly I:C and R848 ligands can induce the 

maturation of APCs as previously reported and can therefore be used in situ in the human 

skin explant studies. As 10 µg/ml of Poly I:C and R848 most consistently induced the highest 

level of expression of the maturation markers on CD1c+ APCs, 10 µg/ml of Poly I:C and 

10 µg/ml of R848 was used in all subsequent experiments.  
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Figure 5.3.1. TLR ligands Poly I:C and R848 effectively induce maturation of CD1c+ APCs from 
human blood. CD1c+ APCs were MACS sorted from human PBMC and cultured in a 96 well plate at 
a density of 10,000 cells per 100 µL. CD1c+ APC were stimulated with Poly I:C, R848, or a combination 
of Poly I:C and R848 at a concentration of 10, 1, or 0.1 µg/mL, or PBS as a vehicle control, and cultured 
for 48 hrs at 37oC with 5% CO2. CD1c+ APCs were harvested, divided in half, and probed with antibodies 
targeting HLA-DR-FITC, CD40-PE, and CD83-Alexa 647, or HLA-ABC-FITC, CD80-PE, and CD83-
Alexa 647 along with 7AAD and analysed using a BD AccuriTH flow cytometer. Dead cells and doublets 
were excluded from analysis. The expression level of each marker is displayed as representative 
histograms of donor one in which the TLR ligands had been applied at 10 µg/mL (A) and the median 
fluorescence intensity of two donors in which TLR ligands were applied at 10, 1, 0.1 µg/mL (B). N=2.  

  



Chapter 5 

 130 

5.4 Assessment of the effect of intradermal and topical TLR ligand administration on 

the number, phenotype, and maturation status of APCs migrating from human 

skin explants 

Next, Poly I:C, R848, or a combination of Poly I:C and R848 were intradermally and/or topically 

administered to human skin explants and the number of live, HLA-DR+ APCs which migrated 

from the explants was quantified. Figure 5.4.1A shows the number of HLA-DR+ APCs 

migrating from skin explants intradermally injected with TLR ligands – whilst donor variability 

was observed, R848 significantly reduced the number of migrating APCs in comparison to 

intradermal injection of PBS only. This same trend was observed when R848 was applied 

topically and intradermally to tape-stripped skin, although this reduction in migrating APCs 

was not significant when compared to the PBS treated explant. However, significantly fewer 

APCs migrated out of explants treated with R848 intradermally and topically, when compared 

with explants treated with Poly I:C intradermally and topically (Figure 5.4.1B). Explants that 

were tape-stripped and intradermally injected with Poly I:C and R848, but did not receive 

topical application of these TLR ligands were included in the topical application experiments 

as a control to determine if topical application of these ligands affected the number of cells 

migrating from skin explants which had been intradermally injected. The data indicates that 

topical application of Poly I:C and R848 does not influence the number of APCs migrating out 

of skin explants which had also been intradermally injected with Poly I:C and R848 (Figure 

5.4.1B).  

Interestingly, a much higher level of particulate matter was detected by flow cytometry in all 

explant samples that had received a topical application of cream. This could be cellular debris 

or alternatively it could be derived from the cream itself. While the topical cream remained on 

the epidermis during the culture of skin explants and did not enter the media, when the skin 

explants were harvested at the end of the culture period they were gently shaken in the media 

to release any APCs from the edge of the explants. During this procedure, it was noticed that 

cream came off the explants into the culture media containing the migrant APCs, and hence 

this could be what is being observed. As this media was immediately transferred  to ice, 

washed and analysed, it is unlikely that they responded to the cream, however it does remain 

a possibility.    

The effect of intradermal and/or topical TLR stimulation on the phenotypes of APCs which 

migrated from human skin explants was next assessed by comparing the proportions of 

HLA-DR+ CD1a+, CD1a+CD14+, CD14+, and CD1a-CD14- APCs that migrated from skin 

explants. None of the intradermal or topical treatments had a significant effect on the 

proportions of APC subsets which migrated out of the explants when separate donors were  
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Figure 5.4.1. The number of HLA-DR+ APCs migrating from human skin explants after 
intradermal injection and topical application of Poly I:C, R848, or a combination of Poly I:C and 
R848 is influenced by donor variation. (A) 12 mm skin explants were taken from healthy human skin 
trimmed of subcutaneous fat, intradermally injected with 100 µL PBS alone or containing TLR ligands 
at 10 μg/mL. (B) Skin was trimmed of subcutaneous fat and taped stripped, 12 mm explants were taken 
and intradermally injected with 100 µL PBS alone or containing TLR ligands at 10 μg/mL. Thereafter, 
150 μg TLR ligand/s in 30 mg cream were topically applied to skin explants where indicated. Skin 
explants were cultured in RF5 at 37oC with 5% CO2. Migratory cells were collected after 48 hrs explant 
culture, probed with CD14-FITC, HLA-DR-PE, CD1a-Alexa 647, and 7AAD and then analysed with a 
BD AccuriTH flow cytometer. Event counts of HLA-DR+ APCs are displayed above and represent 6 (A), 
or 4 (B) individual skin donors. The mean and SEM are displayed. 
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plotted together (Figure 5.4.2A and Figure 5.4.3A, respectively). Data were also presented as 

stacked bar graphs for each individual skin donor, and while differences between treatments 

were observed for some donors, no consistent trends were detected (Figure 5.4.2B, and 

Figure 5.4.3B). Similar to the control experiments in Chapter 4, the CD1a+ APCs were the 

predominant population of APCs which migrated out of TLR treated explants.  

The expression of HLA-DR, CD40, CD80, and CD86 by migratory APCs was measured after 

intradermal and/or topical administration of Poly I:C, R848, or a combination of Poly I:C and 

R848 to human skin explants. Interestingly, no change in expression was detected for any of 

the maturation markers after intradermal TLR ligand delivery, relative to the PBS control 

(Figure 5.4.4). This was in contrast to the upregulation of HLA-DR, CD40, CD80, and CD86 

by blood CD1c+ APCs after Poly I:C and R848 stimulation (Figure 5.3.1). Furthermore, topical 

application of TLR ligands to tape-stripped skin explants did not significantly affect the 

expression of HLA-DR, CD40, CD80, and CD86 by the migratory APCs relative to the PBS 

control, however TLR stimulation did appear to slightly reduce expression of the maturation 

markers by APC subsets in some cases (Figure 5.4.5). Explants that were tape-stripped and 

intradermally injected with Poly I:C and R848, but did not receive topical application of these 

same TLR ligands were again included as controls in the topical application experiments to 

determine if topical application of TLR ligands affected expression of maturation markers by 

APCs migrating out of skin explants which had been intradermally injected. The data shows 

that topical application of Poly I:C and R848 did not significantly influence the maturation 

status of APCs migrating from skin explants which had been intradermally injected with 

Poly I:C and R848 (Figure 5.4.5), although interestingly, the expression of CD40, CD86, and 

HLA-DR by CD14+ APCs was lower when Poly I:C and R848 were applied together topically 

and intradermally, relative to CD14+ APCs which migrated out of skin explants that had only 

been intradermally injected with Poly I:C and R848.  

Collectively, these data demonstrate that while intradermally injecting R848 reduces the 

number of APCs migrating out of human skin explants, neither Poly I:C, R848, or a 

combination of Poly I:C and R848 has a significant effect on the phenotype or maturation 

status of skin-migrant APC subsets, regardless of the TLR ligand delivery route. 
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Figure 5.4.2. Intradermal injection of Poly I:C, R848, or a combination of Poly I:C and R848 does 
not affect the proportion of APC subsets which migrate from human skin explants. 12 mm skin 
explants were taken from healthy human skin trimmed of subcutaneous fat, intradermally injected with 
100 µL PBS alone or containing Poly I:C, R848, or Poly I:C and R848 at 10 μg/mL where indicated, and 
cultured in RF5 at 37oC with 5% CO2 for 48 hrs. Each treatment was administered to three separate 
skin explants per donor, and the migratory cells from all three explants were harvested, pooled, probed 
with CD14-FITC, HLA-DR-PE, CD1a-Alexa 647, and 7AAD and then analysed with a BD AccuriTH flow 
cytometer. The proportion of CD1a+, CD1a+CD14+, CD14+ and double negative APCs was assessed 
within the HLA-DR+ gate (gating strategy shown in Figure 4.4.1). (A) Bar graphs show the combined 
data from five donors for each APC subset alongside the mean and SEM. (B) Stacked bar graphs show 
the data from each individual donor. N=5.  
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Figure 5.4.3. Topical and intradermal administration of Poly I:C, R848 or a combination of 
Poly I:C and R848 does not affect the proportion of APC subsets migrating from human skin 
explants. 12 mm skin explants were taken from healthy human skin trimmed of subcutaneous fat that 
had been tape stripped. Explants were intradermally injected with 100 µL PBS alone or containing Poly 
I:C, R848, or Poly I:C and R848 at 10 μg/mL where indicated. Thereafter, PBS or 150 μg of Poly I:C, 
R848, or Poly I:C and R848 in 30 mg cream was applied topically to skin explants after the intradermal 
injection where indicated. Explants were cultured in RF5 at 37oC with 5% CO2 for 48 hrs. Each treatment 
was administered to three separate skin explants per donor, and the migratory cells from all three 
explants were harvested, pooled, probed with CD14-FITC, HLA-DR-PE, CD1a-Alexa 647, and 7AAD 
and then analysed with a BD AccuriTH flow cytometer. The proportion of CD1a+, CD1a+CD14+, CD14+ 
and double negative APCs was assessed within the HLA-DR+ gate (gating strategy shown in Figure 
4.4.1). (A) Bar graphs show the combined data from four donors for each APC subset alongside the 
mean and SEM. (B) Stacked bar graphs show the data from each individual donor. N=4. 
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Figure 5.4.4. Intradermal injection of Poly I:C, R848 or a combination of Poly I:C and R848 does 
not affect the maturation status of APC subsets which migrate from human skin explants. 12 
mm skin explants were taken from healthy human skin trimmed of subcutaneous fat, intradermally 
injected with 100 µL PBS alone or containing Poly I:C, R848, or Poly I:C and R848 at 10 μg/mL where 
indicated, and cultured in RF5 at 37oC with 5% CO2 for 48 hr. Each treatment was administered to three 
separate skin explants, and the migratory cells from all three explants were harvested, pooled and then 
split into four tubes and probed with CD14-FITC, CD1a-Alexa 647, 7AAD, and either HLA-DR-PE, 
CD86-PE, CD80-PE, or CD40-PE, and then analysed with a BD AccuriTH flow cytometer. The median 
fluorescence intensity of HLA-DR, CD86, CD80, and CD40 was assessed for each APC subset and is 
displayed above as a value relative to the PBS control set at 1, alongside the SEM. This figure shows 
the combined data from four individual donors. 
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Figure 5.4.5. Topical and intradermal administration of Poly I:C, R848, or a combination of Poly 
I:C and R848 subtly affects the maturation status of APC subsets which migrate from human 
skin explants. 12 mm skin explants were taken from healthy human skin trimmed of subcutaneous fat 
that had been tape stripped. Explants were intradermally injected with 100 µL PBS alone or containing 
Poly I:C, R848, or Poly I:C and R848 at 10 μg/mL where indicated. Thereafter, PBS or 150 μg of 
Poly I:C, R848, or Poly I:C and R848 in 30 mg cream was topically applied to the skin explants where 
indicated. Explants were cultured in RF5 at 37oC with 5% CO2 for 48 hrs. Each treatment was 
administered to three separate skin explants per donor, and the migratory cells from all three explants 
were harvested, pooled and then split into four tubes and probed with CD14-FITC, CD1a-Alexa 647, 
7AAD, and either HLA-DR-PE, CD86-PE, CD80-PE, or CD40-PE, and then analysed with a BD AccuriTH 
flow cytometer. The proportion of CD1a+, CD1a+CD14+, CD14+ and double negative APCs was 
assessed within the live, HLA-DR+ gate. The median fluorescence intensity of HLA-DR, CD86, CD80, 
and CD40 was assessed for each APC subset and is displayed above as a value relative to the PBS 
control (first section of x-axis) or intradermal Poly I:C + R848 control (second section of x-axis) each 
set at 1, alongside the SEM. This figure shows the combined data from four individual donors. 
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5.5 Assessment of the effect of intradermal and topical TLR ligand administration on 

cytokine secretion by cells in human skin explants 

Intradermal injection and topical application of TLR ligands to skin explants induced the 

secretion of a range of cytokines and chemokines into the explant culture media after 24 or 

48 hrs in culture. Figure 5.5.1 and 5.5.2 and Table 5.2 show that intradermal injection of 

Poly I:C significantly increased the secretion of IL-6 and IL-8 by cells in the explant after 48 hrs 

in culture, while in contrast, intradermal injection of R848 significantly increased the secretion 

of IL-1β, IL-10, IL-12/IL-23p40, IP-10, MIP-1α, MIP-1β, MIG, TNF, MCP-1, VEGF, and G-CSF 

by cells in the explants following 24 and 48 hrs of skin explant culture, relative to the explants 

intradermally injected with PBS. Intradermally injected R848 also significantly increased the 

secretion of GM-CSF at 24 hrs, although this was non-significant by 48 hrs. Interestingly, whilst 

neither intradermal injection of Poly I:C or R848 alone induced IFN- secretion, it was 

significantly induced when Poly I:C and R848 were intradermally injected together, indicating 

a synergistic effect. Intradermally injecting Poly I:C and R848 together also appeared to 

significantly temper the IL-6 and IL-8 secretion which was induced when Poly I:C was 

intradermally injected alone. Finally, combined intradermal injection of Poly I:C and R848 

significantly induced the secretion of IP-10 and MIP-1β at 24 hrs and IFN- at 48 hrs relative 

to intradermal injection of R848 alone as these cytokines were not induced by Poly I:C alone, 

suggesting another possible synergistic effect of Poly I:C and R848.  Apart from the 

aforementioned cytokines, the secretory profile of the explants intradermally injected with 

Poly I:C and R848 mirrored that of the explants intradermally injected with R848 alone.   

A refined panel of cytokines were tested for the topical-stimulated skin explant model, to see 

if the addition of topical TLR ligand application to the skin explants modulates the secretion of 

cytokines. Figure 5.5.3 and Table 5.3 show that while some cytokines are upregulated by 

explants in which R848 has been intradermally injected and topically applied (IL-1β and 

MIP-1α at 48 hr, and IL-12/IL-23p40, MIP-1β, and TNF at 24 and 48 hr), some of the 

differences were not as evident and IL-10 wasn’t affected at all when compared to the R848 

intradermal injection only skin explant dataset (Figure 5.5.1 and 5.5.2), although the increase 

in IL-12/IL-23p40 and TNF was statistically significant. Also, when Poly I:C was intradermally 

injected and topically applied to tape-stripped skin, this did not influence the secretion of IL-6 

or IL-8, as was observed when Poly I:C was only intradermally injected (Figure 5.5.1). The 

intradermal injection and topical application of both R848 and Poly I:C increased the secretion 

of IL-1β, IP-10 and MIP-1β at 24 hr, and IL-12/IL-23p40, and TNF at 24 and 48 hrs, relative to 

the PBS control. Interestingly, slight reductions in IP-10 at 24 hr, and IL-10 and MIP-1β at 

48 hrs were observed when Poly I:C and R848 were topically and intradermally administered 

relative to R848 alone, indicating that Poly I:C may be tempering the secretion of these  
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Figure 5.5.1. Intradermal injection of Poly I:C, R848, or a combination of Poly I:C and R848 
modulates interleukin and chemokine secretion by cells in human skin explants. 12 mm skin 
explants were taken from healthy human skin trimmed of subcutaneous fat, intradermally injected with 
100 µL PBS alone or containing Poly I:C, R848, or Poly I:C and R848 at 10 μg/mL where indicated, and 
cultured in RF5 at 37oC with 5% CO2 for 48 hrs. Aliquots of culture media were taken at 24 and 48 hrs 
and cytokines were measured using a cytometric bead array. The concentration of each interleukin (A) 
or chemokine (B) is plotted above. Statistical analysis was performed using a Linear Mixed Effect Model 
fitted with REML using R, and is displayed in Appendix D-13 to D-18 and summarised in Table 5.2. This 
figure shows the total data from three explants per donor, and four donors. *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001 (non-significant differences are not indicated). 
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Figure 5.5.2. Intradermal injection of Poly I:C, R848, or a combination of Poly I:C and R848 
modulates cytokine secretion by cells in human skin explants. 12 mm skin explants were taken 
from healthy human skin trimmed of subcutaneous fat, intradermally injected with 100 µL PBS alone or 
containing Poly I:C, R848, or Poly I:C and R848 at 10 μg/mL where indicated, and cultured in RF5 at 
37oC with 5% CO2 for 48 hrs. Aliquots of culture media were taken at 24 and 48 hrs and cytokines were 
measured using a cytometric bead array. The concentration of each cytokine is plotted above. Statistical 
analysis was performed using a Linear Mixed Effect Model fitted with REML using R, and is displayed 
in Appendix D-13 to D-18 and summarised in Table 5.2. This figure shows the total data from three 
explants per donor, and four donors. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (non-significant 
differences are not indicated).  
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Figure 5.5.3. Topical and intradermal application of TLR ligands modulates cytokine secretion 
by cells in human skin explants. 12 mm skin explants were taken from healthy human skin trimmed 
of subcutaneous fat that had been tape-stripped. Explants were intradermally injected with 100 µL PBS 
alone or containing Poly I:C, R848, or Poly I:C and R848 at 10 μg/mL where indicated. Thereafter, PBS 
or 150 μg of Poly I:C, R848, or Poly I:C and R848 in 30 mg cream was topically applied to the skin 
explants where indicated. Explants were cultured in RF5 at 37oC with 5% CO2 for 48 hrs. Aliquots of 
culture media were taken at 24 and 48 hrs and cytokines were measured using a cytometric bead array. 
The concentration of each cytokine is plotted above. Statistical analysis was performed using a Linear 
Mixed Effect Model fitted with REML using R, and is displayed in Appendix D-19 to D-24 and 
summarised in Table 5.3. This figure shows the total data from three explants per donor, and three 
donors. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (non-significant differences are not indicated).   
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Table 5.2. Summary of differences in cytokine secretion by cells in human skin explants after 
intradermal injection of Poly I:C, R848, or Poly I:C and R848.  

Cytokine 

 
Intradermal 

Poly I:C 
Intradermal 

R848 

Intradermal 
Poly I:C + 

R848 

 

Intradermal 
R848 

Intradermal 
Poly I:C + 

R848 
 

Intradermal 
Poly I:C + 

R848 

  

Relative to intradermal PBS 
Relative to intradermal  

Poly I:C 

Relative to 
intradermal 

R848  

 24 hr 48 hr  24 hr 48 hr  24 hr 48 hr  24 hr 48 hr  24 hr 48 hr  

 

24 hr 48 hr  
IL-1 NC NC *** ** ** ** **** *** *** ** NC NC 

IL-6 NC * NC NC NC NC * ** NC ** NC NC 

IL-8 NC * NC NC NC NC NC *** NC *** NC NC 

IL-10 NC NC **** **** **** **** **** **** **** **** NC NC 

IL-12/IL-23p40 NC NC ** *** **** **** ** *** **** **** NC NC 

IP-10 NC NC **** *** **** **** ** ** **** **** * NC 

MIP-1 NC NC **** ** **** * **** *** **** ** NC NC 

MIP-1 NC NC **** **** **** **** **** **** **** **** * NC 

MCP-1 NC NC **** *** **** **** **** **** **** **** NC NC 

MIG NC NC * *** ** **** ** *** ** **** NC NC 

bFGF NC NC NC NC NC NC NC NC NC NC NC NC 

CD106 NC NC NC NC NC * NC ** NC *** NC NC 

G-CSF NC NC **** * **** NC **** ** **** * NC NC 

GM-CSF NC NC ** NC * NC *** * *** NC NC NC 

IFN- NC NC NC NC ** ** NC NC ** * NC * 
VEGF NC NC * * * * ** *** ** **** NC NC 

TNF NC NC * *** ** ** * *** ** ** NC NC 

NB: NC; no change, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (linear mixed effects model fitted with REML).                             
Red boxes indicate a significant increase in cytokine concentration, while blue boxes indicate a significant decrease in cytokine 
concentration.  
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Table 5.3. Summary of differences in cytokine secretion by cells in human skin explants after 
intradermal injection and topical application of Poly  I:C, R848, or Poly I:C and R848. 

  
Intradermal 
+ Topical 
Poly I:C 

Intradermal 
+ Topical  

R848 

Intradermal + 
Topical 

Poly I:C + 
R848 

 
Intradermal 

+ Topical R848 

Intradermal 
+ Topical 
Poly I:C + 

R848 
Cytokine  

Relative to Intradermal + Topical PBS  Relative to Tape Strip 

  24 hr 48 hr 24 hr 48 hr 24 hr 48 hr  24 hr 48 hr 24 hr 48 hr 

IL-1  NC NC NC ** * NC  NC ** NC NC 

IL-6  NC NC NC NC NC NC  NC NC NC * 
IL-8  NC NC NC NC NC NC  NC NC NC * 
IL-10  NC NC NC NC NC NC  NC NC NC NC 

IL-12/IL-23p40  NC NC *** ** *** ****  ** ** ** *** 
IP-10  NC NC NC NC * NC  NC NC NC NC 

MIP-1  NC NC NC * NC NC  NC NC NC NC 

MIP-1  NC NC * ** * NC  * * * NC 

TNF  NC NC ** ** ** **  ** *** ** NC 

 

 

NB: NC; no change, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (linear mixed effects model fitted with REML). Red boxes 
indicate a significant increase in cytokine concentration, while blue boxes indicate a significant decrease in cytokine 
concentration 

 

 

 

 

 

 

 

 

 

  Intradermal 
+ Topical 
Poly I:C + 

R848 

 Intradermal 
+ Topical 
Poly I:C + 

R848 

Cytokine  Relative to 
Intradermal 
+ Topical 

R848 

 Relative to 
Intradermal 
Poly I:C + 

R848 

  24 hr 48 hr  24 hr 48 hr 

IL-1  NC NC  * NC 

IL-6  NC NC  NC * 
IL-8  NC NC  * * 
IL-10  NC *  NC NC 

IL-12/IL-23p40  NC NC  ** NC 

IP-10  * NC  * NC 

MIP-1  NC *  NC NC 

MIP-1  NC *  NC ** 

TNF  NC NC  NC NC 
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cytokines. Skin explants in which Poly I:C and R848 had been intradermally injected and 

topically applied were also compared to skin explants which had only been intradermally 

injected with Poly I:C and R848. These data highlighted subtle differences induced by the 

additional topical application of Poly I:C and R848; IL-1β was increased at 24 hrs, IL-8 was 

decreased at 24 hrs then increased at 48 hrs, IP-10 was decreased at 24 hrs, IL-6 was 

increased at 48 hrs, and MIP-1β was decreased at 48 hrs. However, interestingly the most 

significant observation was the increase in IL-12/IL-23p40 secretion after 24 hrs culture, 

induced when Poly I:C and R848 were intradermally and topically administered, compared to 

explants that received only the intradermal injection of Poly I:C and R848.  

Collectively, the cytokine secretion data obtained from the skin explants which had been tape 

stripped and used in the topical application experiments did not yield as convincing data as 

the skin explants which were not tape stripped and had only been subjected to intradermal 

injection. This could be due to the increased manipulation of these explants by tape stripping 

and might explain the overall elevated level of pro-inflammatory cytokine secretion by the 

intradermally injected explants in Figures 5.5.1 and 5.5.2 which were not exposed to tape 

stripping. Also, the cream which was technically challenging to apply, may have been another 

factor which contributed to the inconsistency of this dataset.  

In conclusion, these data demonstrate a strong influence of R848 on the secretion of 

inflammatory cytokines and chemokines, especially when delivered via intradermal injection. 

The complex topical skin explant protocol provided a less distinctive picture, although similar 

trends of enhanced cytokine secretion from skin explants after topical application and 

intradermal injection of R848 are still seen. Importantly, combining Poly I:C and R848 appears 

to have induced IFN- secretion when administered intradermally and IL-12/IL-23p40 

secretion when administered intradermally and topically, although this later observation was 

only seen at 24 hrs.  
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5.6 Discussion  

The intradermal injection and topical application skin explant models developed in Chapter 4 

were used in this chapter to test the capacity of Poly I:C, R848, or a combination of Poly I:C 

and R848 to stimulate APCs and other cells within the local skin explant environment. While 

previous studies have assessed intradermal injection or topical application of Poly I:C or R848, 

there has been no study that has compared intradermal injection and topical application of 

these TLR ligands individually or combinatorically, and as both of these TLR ligands are 

currently utilised in clinical trials in these formats, a greater understanding of their effect in the 

cutaneous environment is required. To this end, the number, phenotype, and maturation status 

of migrant APCs, and the cytokine secretory profile of the skin explant after intradermal 

injection and/or topical application of these TLR ligands was assessed.  

It was found that intradermal injection of R848 reduced the number of HLA-DR+ APCs 

migrating from human skin explants when compared to PBS-treated samples.  Simultaneous 

topical application and intradermal injection of R848 also reduced the number of migrant 

HLA-DR+ APCs, although this was not significant when compared to explants that received 

intradermal injection and topical application of PBS, although it was significantly lower than 

explants that received intradermal injection and topical application of Poly I:C. This reduction 

in the number of migrating HLA-DR+ APCs may not be a result of R848-induced cell death, as 

when Poly I:C and R848 were intradermally and/or topically administered together, a 

significant reduction in cell number was not observed. Previous studies have shown that while 

intradermal injection of R848 alone did not affect the number of APCs migrating from human 

skin explants [167, 168], when intradermally injected in combination with Poly ICLC, or when 

the TLR7 ligand R837 was applied topically, more HLA-DR+ APCs migrated out of skin, 

although statistical analyses weren’t provided in these studies [167, 168]. This is in contrast 

to the data obtained in this thesis, where there was no significant difference in the number of 

APCs which migrated from skin explants when Poly I:C was intradermally injected, and topical 

application of Poly I:C and R848 did not influence the number of APCs migrating from explants 

intradermally injected with these same ligands. TLR-signalling in APCs induced by R848 

and/or Poly I:C induces the upregulation of CCR7 via NF-κB-mediated gene transcription 

[252]. As the ligand of CCR7, CCL21, is constitutively secreted both luminally and 

basolaterally by lymphatic endothelial cells isolated from the dermis of human skin [16], it is 

possible that the activation and subsequent upregulation of CCR7 by skin APCs after R848 

stimulation may have directed these cells to migrate to CCL21-producing lymphatic 

endothelial cells within the skin explant and APCs may have then remained within the 

endothelium where the concentration of CCL21 is the highest instead of migrating out of the 

skin explants. It has been shown that more HLA-DR+CD86+ APCs migrated out of skin 
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explants from CCR7-deficient mice in comparison to wild-type mice [49], possibly due to 

random, non-directed steady state migration of APCs out of the skin explants from the CCR7 

knock-down mice, while CCR7 expressing APCs in the wild-type skin migrate towards zones 

high in CCL21 within the skin explant, such as lymphatic endothelial structures, and remain 

there. However, as the reduction in the number of APCs that migrated out of the skin explants 

was not noticed in Poly I:C-treated or Poly I:C and R848-treated skin explants, it is also 

possible that the significant reduction in cell number is a product of chance, as in both the 

intradermal and topical experiments, significance with only 95% certainty was obtained. As 

other studies did not note any change in the number of APCs migrating from skin explants 

after stimulation with R848 at higher concentrations than those used in this study, this 

explanation seems more likely.  These experiments highlighted that R848 may have an effect 

on the number of APCs migrating from human skin explants, but further analyses comparing 

the number of APCs within the skin explants after R848 stimulation and monitoring CCR7 

expression by migrant APCs and those still within the skin explant with antibodies targeting 

CCR7 will help to clarify the nature of this response.  

The proportion of APC subsets migrating from human skin explants was next examined, in 

order to determine if a higher proportion of mature CD1a+ APCs would migrate from skin 

explants after TLR stimulation. Interestingly, no significant differences in the proportion of 

CD1a+, CD1a+CD14+, CD14-, or CD1a-CD14- APCs that migrated out of the skin explants were 

detected after Poly I:C, R848, or Poly I:C and R848 intradermal injection and/or topical 

administration. While some studies have shown that the proportion of CD1a+ APCs migrating 

from skin explants was increased after intradermal injection of Poly I:C [37, 166], other studies 

have shown no effect on the proportion of migrant skin APC subsets after intradermal injection 

of Poly I:C and/or R848 [166, 167], or topical application of Aldara [168]. These results are 

influenced by both aspects of the experimental design and the flow cytometric parameters 

applied to define the individual APC subsets. Differences in experimental design, including 

variations in the concentration of TLR ligands administered to skin explants, the size of the 

explants and the length of time in culture may influence the proportion of APC subsets that 

migrate from skin explants. As APCs can change phenotype in culture [163], it is possible that 

any minor TLR ligand-induced changes in subset proportions may be influenced by changes 

incurred by migratory APCs during the culture period. As discussed before, it is also possible 

that the APCs that have migrated from skin explants have done so randomly and are therefore 

present in similar proportions between the explants, and those APCs that have upregulated 

CCR7 after stimulation with the TLR ligands have homed to areas of the skin explant in which 

CCL21 is in highest concentration such as the lymphatic endothelium and are therefore 

missed in this analysis. While some studies utilised APC markers such as HLA-DR and CD11c 
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to first isolate APCs from migrant cells, other studies did not. The inclusion of APC-specific 

markers such as HLA-DR used in this thesis allows the exclusion of APC-sized cells that are 

not necessarily APCs, which would influence the proportion of the individual APC subsets 

within this group. Also, as the expression of CD1a and CD14 is transitional during APC 

activation and maturation [15], the placement of gates which define these populations can be 

difficult and will influence the proportions of these subsets described across studies. Further 

work to assess the shift in phenotype of migrant APCs and those that have remained in the 

skin explants over time may help to elucidate the mechanisms behind the discrepancies seen 

amongst these studies.  

The expression of HLA-DR, CD86, CD80, and CD40 by APC subsets after topical application 

and/or intradermal injection of TLR ligands was also assessed. No significant changes were 

detected in the intradermal injection experiments, and while some reductions in maturation 

marker expression were noticed in the topical and intradermal experiments, the donor to donor 

variation was too great for any significance to be observed here. As mentioned previously, the 

APCs that migrated from skin explants may have done so randomly, and may not be 

influenced by the application of TLR ligands. Alternatively, the APCs that migrated from skin 

explants may have matured as a result of being in culture as has been shown before [163] 

and are therefore similar in maturation status regardless of treatment. However, other studies 

have detected changes in the maturation status of TLR-stimulated migrant APCs; intradermal 

injection of Poly I:C was shown to increase the expression of CD86 by CD1a+ and CD14+ 

APCs (although statistical testing was not performed here) [165], while another study found 

intradermal injection of Poly ICLC increased the expression of CD40 and CD80, but not CD86 

by HLA-DR+ APCs while R848 decreased CD86, and when Poly ICLC and R848 were 

combined, increased CD40, CD80, and CD86 [167], although in this study, individual APC 

subsets were not analysed.  Another study showed that CD86 was upregulated by CD1a+ and 

CD14+ APCs that migrated from skin explants in which R837 was applied topically, but not 

explants in which R837 or R848 was intradermally injected [168]. The data in this thesis 

suggest that the maturation status of APCs which have migrated from skin explants is not 

affected by Poly I:C and/or R848 stimulation, however further analyses monitoring the 

maturation status of APCs that have remained within the skin explants may further clarify the 

effect of intradermal injection and/or topical application of TLR ligands, especially given the 

inconsistencies between studies.  

As intradermal injection and topical application of Poly I:C, R848, or a combination of Poly I:C 

and R848 reaches a variety of cell types expressing TLRs 3, 7, and 8 in the skin explant, the 

secretion of cytokines from TLR-stimulated skin explants was also assessed to monitor the 

overall inflammatory status after these treatments. Interestingly, intradermal injection of R848 
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induced significant upregulation of the majority of the cytokines tested. In the intradermal 

injection skin explant model, R848 enhanced the secretion of the pro-inflammatory cytokines 

IL-1β, IL-12/IL-23-p40, and TNF, the anti-inflammatory cytokine IL-10, chemokines IP-10, 

MIP-1α, MIP-1β, MIG, and MCP-1, and the growth factors VEGF, G-CSF, and GM-CSF. The 

significant increase in the anti-inflammatory cytokine IL-10 was expected as IL-10 is also 

secreted during a pro-inflammatory response in order to prevent excessive inflammation and 

maintain a negative feedback loop for the IL-1 and TNF inflammatory pathways [253]. 

Interestingly, no difference in IL-10 secretion was seen between skin explants that received 

intradermal injection of R848, and skin explants that received intradermal injection of Poly I:C 

and R848 even though and increase in the secretion IFN- was noticed in the culture media 

of the explants that received an intradermal injection of Poly I:C and R848, and IFN- is known 

to block the production of IL-10 [253].  However, it is possible that the 48 hr time point was too 

early to witness a reduction in IL-10 secretion, and later time points in the skin explant culture 

may show a reduction in IL-10 in response to the increase in IFN- after intradermal injection 

of Poly I:C and R848.  

Interestingly, Poly I:C induced an increase in the secretion of the pro-inflammatory cytokine 

IL-6 and chemokine IL-8 only, and R848 had no effect on these cytokines. IL-6 is secreted by 

APCs, macrophages, B cells, and keratinocytes, and can induce a Th2 phenotype in naïve 

CD4+ T cells via the upregulation of IL-4 and the suppression of IFN-, or a Th17 phenotype 

via the upregulation of IL-17 when IL-6 is produced alongside other cytokines including TGF-β 

(as reviewed in [254]). IL-8 is secreted by APCs, endothelial cells, T cells, fibroblasts, and 

keratinocytes and in the skin, has been shown to play a role in wound healing, neutrophil 

recruitment, and keratinocyte activation (as reviewed in [255]). Interestingly, while some 

studies have shown intradermal injection of Poly I:C did not influence the secretion of IL-6 and 

IL-8 [165, 166], one study did show an increase in secretion of IL-6 [167]. Discrepancies in 

these results can be attributed to differences in Poly I:C concentration, and the skin explant 

protocol used.   

Also, when Poly I:C and R848 were intradermally injected into skin explants together, the 

increase in IL-6 and IL-8 observed after intradermal injection of Poly I:C alone was dampened. 

As increases in cytokine secretion induced by R848 alone were not affected by the inclusion 

of Poly I:C, this suggests that the influence of R848 is stronger than that of Poly I:C at the 

concentrations used in these experiments. 

Contradictory results have been found in previous studies in which Poly I:C and/or R848 were 

intradermally injected into skin explants; one study found that intradermal injection of Poly I:C 

increased the secretion of TNF but not IL-1β, IL-6, IL-8, IL-10, or CCL5 while intradermal 
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injection of R848 did not affect the secretion of any of these cytokines [166], and another study 

found intradermal injection Poly ICLC increased the secretion of IL-6 and TNF, but not IL-10 

or IL-12p40, while intradermal R848 increased the secretion of all of these cytokines, and the 

addition of Poly ICLC enhanced this synergistically [167]. The skin explants used in this study 

were bigger than in Oosterhoff et al. [166] and smaller than in Matthews et al. [167] and 

Poly I:C, and/or R848 were administered in lower concentrations in this thesis than those used 

in these previous studies. It is interesting that lower concentration of R848 used in this thesis 

increased the secretion of multiple cytokines that weren’t influenced when higher 

concentrations of R848 were used in the study by Oosterhoff et al. The differences observed 

across these datasets can be attributed to variations in methodology including the size of the 

explant, concentration of TLR ligands administered to the explant, volume of the culture media 

in which the cytokines were measured, and the assay used to measure the cytokine secretion. 

These data suggest that intradermal injection of R848 alone induces a strong pro-

inflammatory, and chemotactic response in skin explants, likely induced by the collective effort 

of a number of cell types in the skin explants including APCs, lymphocytes, keratinocytes, 

fibroblasts and endothelial cells. When Poly I:C is co-administered with R848, a strengthened 

cytokine secretory profile is observed, with increases in IP-10, and MIP-1β at 24 hrs and IFN- 

at 48 hrs. This suggests a combinatorial approach of intradermal injection of Poly I:C and 

R848 may generate a strengthened pro-inflammatory response in skin that may drive the 

activation and maturation of APCs, and create an environment rich in chemokines that attract 

effector cells. 

When R848 or a combination of Poly I:C and R848 were applied topically and intradermally 

injected into skin explants, the secretion of the pro-inflammatory cytokines IL-1β, 

IL-12/IL-23p40, and TNF, and chemokines MIP-1α and MIP-1β was significantly increased 

when compared to the topical application and intradermal injection of PBS. The significance 

achieved here was less than in the intradermal injection only experiments, likely due to the 

reduced number of individual donors in the topical experiments (N=3) in comparison to the 

intradermal experiments (N=4). Interestingly, the secretion of IL-10 and IP-10 was not 

increased by R848 in the topical experiments as they were in the intradermal experiments. 

Topical application and intradermal injection of Poly I:C did not induce an increase in the 

secretion of any cytokine tested, but when combined with R848, induced an increase in the 

secretion of IP-10. Also, when Poly I:C and R848 were topically applied to skin explants which 

had already received an intradermal injection of Poly I:C and R848, an increase in the 

secretion of IL-12/IL-23p40, IL-6 and IL-8, and a decrease in IP-10 and MIP-1 was observed 
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when comparing these data to explants which were intradermally injected with Poly I:C and 

R848 alone.  

The influence of the topical application of Poly I:C and R848 is unclear in this dataset. As 

identified in the previous chapter, the cream used for topical application reduced the number 

of HLA-DR+ APCs migrating from skin explants, lowered the maturation status of these APCs, 

and reduced the secretion of IL-10, MIP-1α, and MIP-1β, suggesting that the cream itself had 

immunomodulatory effects, and may have influenced the reduced effects of Poly I:C and/or 

R848 in these experiments. It is possible that the differences in the diffusive capacity of 

intradermally injected or topically applied TLR ligands through the skin explants and into the 

culture media has mediated these responses. In this study, the cream containing TLR ligands 

was applied to the skin explants and left for the duration of the explant culture, while in another 

study, all cream applied topically was removed after a twenty minute incubation period [168]. 

This same study also found that cream containing R837 increased the secretion of IL-1β, IL-

6, IL-8, IL-10, and TNF from skin explants above that of an intradermal injection of R837 alone. 

If the cream used in the experiments of this thesis influences the APC count, APC maturation 

status, and cytokine secretion from skin explants, removing the cream before the extended 

culture of the skin explants as was done in a previous study may help curtail this influence, 

and should be tested in future experiments [168].  

Overall, this chapter has highlighted for the first time that intradermal injection of R848 alone 

affects the number of APCs which have migrated from skin explants, without affecting their 

phenotype or maturation status, and increases the secretion of numerous cytokines and 

chemokines, many uncharacterised previously. Intradermal injection of Poly I:C acts in a 

distinct, and less immunostimulatory way, but when combined with R848, enhances the 

secretion of key cytokines. The addition of Poly I:C and R848 applied to skin explants topically 

does not enhance these results, and further work is required to discern the effect of the topical 

cream in these assays.  
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5.7 Conclusions  

 Both Poly I:C and R848 induced the maturation of CD1c+ APCs as previously reported.  

 Intradermal injection of R848 but not Poly I:C or the combination of Poly I:C and R848 

reduced the number of APCs migrating out of human skin explants. 

 Neither Poly I:C, R848, or a combination of Poly I:C and R848 had a significant effect 

on the phenotype or maturation status of skin-migrant APC subsets, regardless of the 

TLR ligand delivery route. 

 R848 significantly increased the secretion of many of the cytokines assessed including 

pro-inflammatory cytokines and chemokines, especially when delivered via intradermal 

injection.  

 Poly I:C increased the secretion of IL-6 and IL-8, but only when delivered via 

intradermal injection.  

 Combined intradermal administration of Poly I:C and R848 induced IFN- secretion, 

not seen when Poly I:C or R848 were intradermally injected alone.  
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Chapter 6 The effect of TLR ligand stimulation of human 

APCs in a mixed leukocyte reaction 

6.1 Introduction  

Mixed leukocyte reactions (MLRs) are assays in which stimulator cells (i.e. APCs) are co-

cultured with allogeneic responder cells (i.e. T cells) in order to measure the immune response 

induced by the stimulator cells. MLRs occur because T cells can respond to peptide-bound 

allogeneic MHC complexes expressed on the surface of APCs from allogeneic donors. During 

thymic selection, developing T cells that are unreactive or overreactive to peptide-self MHC 

complexes are positively and negatively selected, respectively. This results in a pool of 

functional T cells that through rearrangement and combination of the TCR α and β chains can 

respond to a multitude of MHC-peptide complexes. While individual T cells are selected to 

respond to the MHC alleles they were presented in the thymus, a single TCR can recognise 

multiple MHC alleles, meaning thymic selection does not eliminate T cells that have the 

potential to respond to other alleles of MHC from allogeneic donors. Currently, it is unclear if 

the TCR recognises the allogeneic MHC, the peptide it is presenting, or the MHC:peptide 

complex as a whole in an allogeneic response, however, it is argued that the nature of the 

response is more similar to a response generated conventionally, in which a T cell receptor 

interacts with both the MHC complex and peptide, than was previously thought (as reviewed 

in [256]). 

In the laboratory, MLRs are used to assess the capacity of APCs that have been stimulated 

in some manner to induce T cell proliferation and differentiation. They are currently utilised in 

studies to assess the T cell response to inflammation induced by graft vs host disease [257], 

environmental particulate [258], microbes [259], immune disorders [260],  and cancer [261]. 

They have also been used to assess the T cell differentiation and proliferative response to 

APCs of blood or skin origin that have been stimulated with TLR ligands. As summarised in 

Table 6.1 (human CD1c+ APCs) and Table 6.2 (human skin migrant cells), the results of these 

studies are varied, due to variations in the type and ratio of responder cell, the concentration 

of the TLR ligand used, the length of co-culture, and the different methodologies used to 

assess T cell differentiation and proliferation.  Therefore, further studies are required to 

elucidate the effect TLR stimulation of human APCs has on naïve CD4+ T cell proliferation and 

differentiation.   
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In this study, the effect of stimulating APCs with Poly I:C, R848, or a combination of Poly I:C 

and R848 has on their capacity to induce the proliferation and differentiation of allogeneic 

naïve CD4+ T cells was assessed. Naïve CD4+ T cells were used as responder cells as they 

can differentiate into Th1, Th2, or Th17 subsets and produce IFN-, IL-4 and IL-5, and IL-17A 

respectively, which can be measured in the MLR supernatant thus demonstrating the nature 

the of immune response induced by the TLR-stimulated APCs.  

Within this chapter, experiments using allogeneic CD1c+ APCs purified from human PBMCs 

as stimulator cells in the MLR. Additionally, preliminary experiments using allogeneic CD1a+ 

and CD14+ APCs enriched from cells which had migrated from TLR-stimulated human skin 

explants as stimulator cells were also conducted. Unfortunately, due to the experimental 

optimisation required to obtain sufficient cutaneous APCs and the infrequency of skin donors, 

only preliminary data has been obtained using skin APCs. However, a complete set of data 

was generated using CD1c+ APCs from human blood, as CD1c+ APCs also express TLRs 3, 

7, and 8, and hence can respond to Poly I:C and R848 [262], and were shown to increase the 

expression of maturation markers after stimulation with Poly I:C and R848 in Chapter 5. CD1c+ 

APCs are similar in phenotype to CD1a+ dermal APCs and are thought to represent precursors 

for APCs found in human skin and [23, 60], and they can also be differentiated into LC-like 

cells [48], hence substituting them for skin APCs in MLRs may provide clues regarding how 

TLR stimulation of skin APCs influences the proliferation and differentiation of allogeneic naïve 

CD4+ T cells in an MLR. T cell proliferation was measured using CytoTrack Green, a dye which 

permeates live cells, binds intracellular proteins and fluoresces. As the cell divides, the number 

of fluorescent molecules per cell halves, allowing each cell division to be tracked using flow 

cytometry. Th cell-skewing cytokines IFN-γ, IL-4, IL-5, IL-10, and IL-17A which had been 

secreted into the culture media during the MLR were also measured to determine how TLR 

stimulation of the APCs skewed the differentiation of CD4+ T cells. 

This chapter describes the effect that stimulation of blood CD1c+ APCs with Poly I:C, R848, 

or a combination of Poly I:C and R848 has on allogeneic naïve CD4+ T cell proliferation as 

measured using flow cytometry, and differentiation as measured using cytometric bead arrays. 

Similar preliminary experiments were conducted using CD1a+ and CD14+ APCs that have 

migrated from human skin explants which had been intradermally injected with Poly I:C, R848, 

or a combination of Poly I:C and R848, however this dataset is not complete, as discussed 

above.
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Table 6.1. TLR stimulated blood CD1c+ APCs induce varied responses in allogeneic mixed leukocyte reactions. 

 
Study Experimental design Experimental output 

Stimulator 
Allogeneic 
Responder 

Treatment 
APC:T cell 

Ratio 
Length of 
co-culture 

T cell differentiation T cell proliferation 

Hemont et al 2010 [86] CD1c+ APCs 

Naïve CD4+ T cells Poly I:C (100 µg/ml) 

1:5 6 days 
The percentage of IFN-+ T cells was 
not affected by TLR ligands 
assessed 

Not assessed 
Naïve CD8+ T cells CL097 (2 µg/ml) 

Jongbloed et al 2010 

[73] 
CD1c+ APCs CD4+ T cells Poly I:C (10 µg/ml) 1:10 6 days 

Poly I:C did not enhance the 
secretion of IL-2, IL-4, IL-5, IL-10, 
IL-13, or IFN- 

3[H]-Thymidine incorporation was 
not enhanced by Poly I:C 

Kassianos et al 2012 

[263] 

CD1c+ APCs 
CD4+ T cells Poly I:C (10 µg/ml) 1:10 6 days 

Poly I:C enhanced the secretion of 
IFN- by moAPC and CD1c+ APCs 

3[H]-Thymidine incorporation was 
not enhanced by Poly I:C MoAPCs 

Skold et al 2015 [264] CD1c+ APCs PBLs R848 (4 µg/ml) 1:10 5 days 

R848 did not increase the 
percentage of IFN-y+ PBLs but 
increased the secretion of IFN- and 
IL-10. 

R848 increased the percentage 
of proliferating PBLS 
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Table 6.2. Migrant cells from TLR 3, 7, and 8 stimulated skin explants variably influence T cells. 

 

Study 

Experimental design Experimental output 

Stimulator Responder Treatment 
APC: 
T cell 
Ratio 

Length 
of co-

culture 
T cell differentiation T cell proliferation 

Schneider et 
al 2012 [165] 
  

Irradiated, 
migrated skin cells 

Allogeneic naïve 
CD4+ T cells 

Intradermal Poly I:C (10 µg/biopsy) 

1:1 

5 days 
Poly I:C did not influence the 
number of IFN-+ or IL-4+ 

T cells 

Poly I:C did not increase the 
number of proliferating T cells 

1:2 

1:4 

Oosterhoff et 
al 2013 [166] 

Migrated skin cells 
Monocyte-
depleted allogenic 
PBLs 

Intradermal Poly I:C  (20 µg/biopsy) 
Intradermal R848 (10 µg/biopsy) 

1:10 6 days 

R848 increased the 
secretion of IL-6 but not IL-4, 
IL-10, IFN-, TNF, or IL-17A. 
Poly I:C had no influence 

Poly I:C but not R848 increased 
the number of CFSE-labelled 
proliferating PBLs 

Fehres et al 
2014 [168] 
  

Migrated HLA-A2+ 
skin cells 

MART-1-specific 
CD8+ T cell clones 
 
Allogeneic 
MART-1-specific 
CD8+ T cells 

Topical Aldara (undefined*) 

1:10 7 days 

Aldara increased the 
secretion of IFN-, while 
intradermal R837 had no 
effect above control 

Aldara enhanced the 
proliferation of MART-1-specific 
CD8+ T cells 

Intradermal R837 (undefined**) 

Intradermal R848 (0.1 µg/biopsy) 

Ilarregui et al 
2016 [265] 
  

Migrated skin cells 
Allogeneic 
CD4+CD45RO+    
T cells 

Intradermal Poly I:C (0.4 µg/biopsy) 
  

1:10 
  

5 days 
  

Poly I:C increased the 
secretion of IFN- but not 
IL-17 

Not assessed 

*One sachet of Aldara (containing 12.5 mg of R837) was applied to an undefined area of skin, incubated for 20 minutes, the excess was removed, and skin explants were punched. **R837 was 
intradermally injected at the same concentration as the R837 in Aldara. 
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6.2 Aims and Justifications 

The purpose of this chapter was to assess the influence of Poly I:C, R848, or a combination 

of Poly I:C and R848 stimulation of CD1c+ blood APCs, or CD1a+ and CD14+ skin explant 

migrant APCs on the proliferation and differentiation of allogeneic naïve CD4+ T cells. The 

specific aims are: 

 To assess the capacity of CD1c+ APCs that have been stimulated with Poly I:C, R848, 

or a combination of Poly I:C and R848 to induce the proliferation of allogeneic naïve 

CD4+ T cells. 

 To assess the T cell polarising capacity of CD1c+ APCs that have been stimulated with 

Poly I:C, R848, or a combination of Poly I:C and R848.  

 To assess the capacity of CD1a+ and CD14+ APCs which have migrated out of human 

skin explants intradermally injected with Poly I:C, R848, or a combination of Poly I:C 

and R848 to induce proliferation of allogeneic naïve CD4+ T cells. 

 To assess the T cell polarising capacity of CD1a+ and CD14+ APCs which have 

migrated out of human skin explants intradermally injected with Poly I:C, R848, or a 

combination of Poly I:C and R848. 

Justification 

CD1c+ APCs are easily isolated from human blood PBMC and possess a similar phenotype to 

CD1a+ dermal APCs. This suggests CD1c+ APCs can provide insights into the individual and 

synergistic effects that Poly I:C and R848 stimulation of APCs has on naïve CD4+ T cell 

proliferation and differentiation in a mixed leukocyte reaction. Specifically, the synergistic 

effects of Poly I:C and R848 stimulation of CD1c+ APCs have not been assessed previously 

in an MLR. 

Migrated cells from skin explants intradermally injected with Poly I:C or R848 have been used 

in MLRs previously, but have included non-APC cell subsets, including lymphocytes. 

Furthermore, like for blood CD1c+ APCs, the synergistic effect of combined administration of 

Poly I:C and R848 on skin resident APCs and their subsequent T cell stimulatory capacity  has 

not been established. The preliminary data in this chapter sought to enrich CD1a+ and CD14+ 

APCs from cells that migrated from Poly I:C and/or R848 intradermally injected explants, to 

determine the effect TLR stimulation of CD1a+ and CD14+ APCs has on naïve CD4+ T cell 

proliferation and differentiation in an MLR.  
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6.3 TLR ligand stimulation of human APCs affects T cell proliferation and 

differentiation in distinct manners in a mixed leukocyte reaction 

In this chapter, the proliferation of naïve CD4+ T cells after co-culture with allogenic APCs was 

assessed using a CytoTrack Green cell division assay (outlined in Figure 6.3.1). Untouched, 

naïve CD4+ T cells were isolated from human PBMC (routinely >95% pure, Appendix C-1), 

stained with CytoTrack Green, and co-cultured with CD1c+ APCs or CD3/28 Dynabeads which 

mimic T cell receptor and co-receptor binding that occurs during the T cell:APC interaction 

and acts as a positive control. With each T cell division, the amount of CytoTrack Green 

present in the T cell cytoplasm is halved, resulting in lower fluorescent output as detected by 

the flow cytometer (Figure 6.3.1A). As shown in Figure 6.3.1, both CD3/28 Dynabeads (Figure 

6.3.1B) and allogeneic blood CD1c+ APCs (Figure 6.3.1C) induced the T cells to divide. 

Interestingly, the CD3/28 Dynabeads stimulated up to three rounds of division after 6 days in 

culture, whilst the blood CD1c+ APCs induced up to five rounds of division. However, whilst 

the majority of T cells stimulated with CD3/28 Dynabeads divided, only a small percentage 

stimulated with CD1c+ APCs were induced to divide. This is because only a subset of CD4+ T 

cells recognise and respond to the foreign peptide: MHC complex being presented by the 

allogeneic CD1c+ APCs.  The ratio of CD1c+ APCs to T cells in the MLR was assessed at day 

4 and day 6 (Figure 6.3.2); as expected, the greatest number of naïve CD4+ T cell divisions 

occurred when the highest ratio of CD1c+ APCs: T cells (1:10) was used at day 6. Hence, all 

subsequent MLRs were conducted using APCs at a 1:10 ratio with naïve CD4+ T cells, for 6 

days. CD3/28 Dynabeads were included in all experiments as a positive control.  

Next, blood CD1c+ APCs were stimulated with Poly I:C, R848, or a combination of Poly I:C 

and R848 for 48 hrs and washed before co-culture with CytoTrack Green-labelled allogeneic 

naïve CD4+ T cells, to determine if individual or combinatorial TLR stimulation of CD1c+ APCs 

enhances their ability to induce T cell proliferation and cytokine production. Figure 6.3.3 shows 

that Poly I:C induced an early significant increase in T cell proliferation at day 3/4, but by day 6, 

no differences were observed between any of the treatments. Interestingly, the increase 

induced at day 3/4 by Poly I:C was abrogated when R848 was included in the stimulation. 

Also, the general trend of increased T cell proliferation when co-cultured with Poly I:C 

stimulated CD1c+ APCs for 3/4 days is seen for all individual MLR experiments, however 

contradictory effects can be observed at day 6. At day 6, Poly I:C enhances T cell proliferation 

in MLR1, but in MLR2 proliferation is reduced. In MLR3 all treatments enhance proliferation 

over CD1c+ APCs that received no TLR stimulation, while in MLR4, untreated and TLR-treated 

APCs induce similar levels of proliferation.  
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Figure 6.3.1. Schematic illustrating the proliferation of naïve CD4+ T cells labelled with CytoTrack 
Green. Untouched naïve CD4+ T cells were isolated from healthy human PBMC, labelled with 
CytoTrack Green for 15 min, and co-cultured for 6 days with CD3/CD28 Dynabeads, or allogeneic 
CD1c+ APCs isolated from healthy human PBMC. Due to the provision of T cell receptor and 
costimulatory signals from the Dynabeads, or mismatched HLA on the CD1c+ APCs, the T cells were 
induced to divide, resulting in a halving of the CytoTrack green dye within their cytoplasm. Each T cell 
generation can be visualised using flow cytometry as fluorescent peaks of lesser intensity, as shown in 
(A). When T cells were stimulated with CD3/CD28 Dynabeads for 6 days, the majority of T cells were 
induced to divide, as shown in (B), however when T cells were co-cultured with CD1c+ APCS, only a 
subset of T cells were induced to divide (C). Figures represent one of four MLRs. Unique donor pairings 
were used in each MLR.  
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Figure 6.3.2. Naive CD4+ T cell division is enhanced when CD1c+ APCs are included at a higher 
ratio with naive CD4+ T cells in an allogeneic MLR. CD1c+ APCs and untouched, naïve CD4+ T were 
isolated from healthy human PBMC. T cells were labelled with CytoTrack Green and co-cultured with 
CD1c+ APCs at a ratio of 1 CD1c+ APC to 100 naïve CD4+ T cells, or 1 CD1c+ APC to 10 naïve CD4+ 

T cells, as indicated above. Cells were cultured at 37oC with 5 % CO2 for 4 – 6 days before the cells 
were harvested, probed with CD3-PE and 7AAD, then analysed using a BD AccuriTH flow cytometer. 
Histograms show the counts of live, naïve CD4+ T cells against CytoTrack Green fluorescence. The 
percentage of naïve CD4+ T cells that have divided 1 or more times is indicated as ‘proliferating cells’.   
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Figure 6.3.3. Poly I:C stimulation of blood CD1c+ APCs enhances their capacity to induce the 
proliferation of allogeneic naïve CD4+ T cells at early time points and the inclusion of R848 
tempers this proliferative capacity. CD1c+ APCs were isolated from healthy human PBMC and 
stimulated with the indicated TLR ligands at 10 μg/mL in RF5 at 37oC with 5 % CO2 for 48 hrs. 
Untouched naïve CD4+ T cells were isolated from healthy human PBMC, labelled with CytoTrack Green, 
and co-cultured with CD1c+ APCs at a ratio of 1 CD1c+ APC to 10 Naïve CD4+ T cells, or CD3/28 
Dynabeads, as indicated. The MLRs were cultured at 37oC with 5 % CO2, for 3 – 6 days before the cells 
were harvested, probed with CD3-PE and 7AAD, and analysed using a BD AccuriTH flow cytometer 
(gating strategy indicated in Appendix B-7). The dot plots show the percentage of naïve CD4+ T cells 
that have divided 1 or more times. Representative histograms are shown in Appendix B-8. Data is 
derived from three replicates from each of four donors. Statistical analysis was performed using a Linear 
Mixed Effect Model fitted with REML using R, and is displayed in Appendix D-27 and D-28. *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001.  
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The Th1/Th2/Th17 skewing cytokines produced during the MLRs were also quantified and are 

plotted in Figure 6.3.4. No cytokines were produced at day 3/4 or day 6 by T cells alone, 

however the addition of PBS-stimulated CD1c+ APCs induced the secretion of IFN-, IL-4, and 

IL-5 at both time points, and IL-10 at day 6 in comparison to the PBS control (Figure 6.3.4A). 

CD3/28 Dynabeads stimulated the secretion of all cytokines measured at days 3-6 often to a 

greater extent than CD1c+ APCs except IL-4 which had become insignificant by day 6 (Figure 

6.3.4A). When TLR stimulation of CD1c+ APCs was conducted prior to the APC: T cell co-

culture, a variety of effects on cytokine secretion were observed and are displayed in Figure 

6.3.4B and summarised in Table 6.3. IFN- was unaffected at day 3/4 but at day 6 all TLR 

treatments suppressed the secretion of IFN- compared to the PBS control. Low 

concentrations of IL-4 were secreted after all treatments at day 3/4, but at day 6, again, all 

TLR treatments suppressed the secretion of IL-4 compared to the PBS control. This result was 

heavily skewed by all replicates of MLR3. IL-5 secretion by T cells co-cultured with Poly I:C-

stimulated CD1c+ APCs was significantly lower than all the other treatments at both time 

points. At day 6, R848 and Poly I:C + R848 treated APCs also suppressed the secretion of 

IL-5 relative to the control. IL-10 secretion was significantly higher than the control at both time 

points when CD1c+ APCs were stimulated with Poly I:C. Furthermore, at day 6 R848 had also 

significantly increased IL-10 secretion relative to the control. Interestingly, it also appears that 

at days 3/4, when CD1c+ APCs were stimulated with Poly I:C and R848 together, R848 

tempers the secretion of IL-10 induced by the Poly I:C-stimulated APCs (Figure 6.3.4B).  

Finally, IL-17A was not significantly affected by any of the treatments. 

Preliminary studies assessing the effect of enriched CD1a+ and CD14+ APCs which had 

migrated from human skin explants after intradermal TLR stimulation on the proliferation and 

differentiation of naïve CD4+ T cells were also conducted. Interestingly, in Figure 6.3.5, it 

appears that intradermal injection of Poly I:C slightly reduces the proliferation of naïve CD4+ 

T cells when co-cultured with migratory CD1a+ and CD14+ APCs at day 4, contradictory to that 

seen for the Poly I:C-stimulated CD1c+ APC MLR at the same time point. Also, at day 6, 

intradermal injection of Poly I:C and R848 stimulated APCs to induce the highest level of T 

cell proliferation when compared to all the other treatments which exhibited similar levels of 

proliferation. Cytokine secretion was also assessed; again, T cells did not secrete any 

cytokines when cultured alone, however, the addition of Dynabeads induced the production of 

high levels of all cytokines at both time points (Figure 6.3.6A), consistent with the data shown 

in Figure 6.3.4. Interestingly, when unstimulated or PBS-stimulated migratory CD1a+ and 

CD14+ APCs were co-cultured with allogeneic naïve CD4+ T cells, a higher level of IFN- was 

secreted than by T cells stimulated with the Dynabeads at both time points, distinct from the 

blood CD1c+ APC  
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Figure 6.3.4. TLR stimulation of blood CD1c+ APCs influences cytokine secretion after co-culture 
with allogeneic naïve CD4+ T cells. CD1c+ APCs were isolated from healthy human PBMC and were 
stimulated with 10 μg/mL of the indicated TLR ligands in RF5 at 37oC with 5 % CO2 for 48 hrs. 
Untouched naïve CD4+ T cells were isolated from healthy human PBMC, labelled with CytoTrack Green, 
and co-cultured with CD1c+ APCs at a ratio of 1 CD1c+ APC to 10 naïve CD4+ T cells, or CD3/28 
Dynabeads. The MLRs were cultured at 37oC with 5 % CO2 for 3 – 6 days. Culture media was aspirated 
at day 3/4 and day 6, and cytokine levels were measured by CBA. The dot plots show controls (A) and 
treated samples (B) derived from three replicates from four individual experiments. Statistical analysis 
was performed using a Linear Mixed Effect Model fitted with REML using R, and is displayed in 
Appendix D-29 to D-30. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (non-significant differences are 
not indicated). 
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Table 6.3. Summary of differences in cytokine secretion after co-culture of Poly I:C, R848, or 
Poly I:C and R848 stimulated CD1c+ APCs with naive CD4+ T cells.   

Cytokine 

 

Poly I:C R848 
Poly I:C + 

R848 

 

R848 
Poly I:C + 

R848 
 

Poly I:C + 
R848 

  
Relative to PBS Relative to Poly I:C 

Relative to 
R848  

 3-4 
Days 

6 
Days 

3-4 
Days 

6 
Days 

3-4 
Days 

6 
Days 

3-4 
Days 

6 
Days 

3-4 
Days 

6 
Days 

 

3-4 
Days 

6 
Days 

IFN- NC **** NC **** NC *** NC NC NC NC NC NC 

IL-4 NC *** NC ** NC ** NC NC NC NC NC NC 

IL-5 ** **** NC *** NC *** *** * ** * NC NC 

IL-10 **** *** NC * NC NC *** NC **** * NC NC 

IL-17A NC NC NC NC NC NC NC NC NC NC NC NC 

NB: NC; no change, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (linear mixed effects model fitted with REML). Red boxes 
indicate a significant increase in cytokine concentration, while blue boxes indicate a significant decrease in cytokine 
concentration.  
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Figure 6.3.5. Preliminary data indicates that Intradermal TLR stimulation of human skin APCs 
does not substantially enhance their capacity to induce the proliferation of allogeneic, naïve 
CD4+ T cells. 12 mm skin explants were punched from healthy human skin trimmed of subcutaneous 
fat, intradermally injected with 100 µL PBS, with or without 10 μg/mL of the indicated TLR ligands, and 
cultured in RF5 at 37oC with 5% CO2 for 48 hrs. Migratory cells were harvested, and CD1a+ APCs and 
CD14+ APCs were positively enriched using CD1a+ and CD14+ magnetic microbeads. Untouched naïve 
CD4+ T cells were isolated from healthy human PBMC, labelled with CytoTrack Green, and co-cultured 
with CD1a+ and CD14+ APCs at a ratio of 1 APC to 10 naïve CD4+ T cells, or CD3/28 Dynabeads. The 
MLRs were cultured at 37oC with 5 % CO2 for 4-6 days before the cells were harvested, probed with 
CD3-PE and 7AAD, and analysed using a BD AccuriTH flow cytometer (gating strategy indicated in 
Appendix B-9). The dot plots show the percentage of naïve CD4+ T cells that have divided 1 or more 
times. Representative histograms are shown in Appendix B-10. Data is derived from three replicates 
from one donor. 
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Figure 6.3.6. Preliminary data indicates that intradermal TLR stimulation of human skin APCs 
does not substantially influence cytokine secretion after co-culture with allogeneic naïve CD4+ 
T cells. 12 mm skin explants were punched from healthy human skin trimmed of subcutaneous fat, 
intradermally injected with 100 µL PBS with or without 10 μg/mL of the indicated TLR ligands, and 
cultured in RF5 at 37oC with 5% CO2 for 48 hrs. Migratory cells were harvested, and CD1a+ APCs and 
CD14+ APCs were positively enriched using CD1a+ and CD14+ magnetic microbeads. Untouched naïve 
CD4+ T cells were isolated from healthy human PBMC, labelled with CytoTrack Green, and co-cultured 
with CD1a+ and CD14+ APCs at a ratio of 1 APC to 10 Naïve CD4+ T cells, or CD3/28 Dynabeads. The 
MLRs were cultured at 37oC with 5 % CO2 for 4-6 days. Culture media was aspirated at days 4 and 6 
and cytokine levels were measured by CBA. The dot plots show controls (A) and treated samples (B) 
derived from three replicates from one donor.  
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MLR experiments (Figure 6.3.4A). When T cells were co-cultured with CD1a+ and CD14+ 

APCs which had migrated from skin explants that had been intradermally injected with 

Poly I:C, R848, or a combination of Poly I:C and R848, no obvious differences in cytokine 

secretion were seen amongst any of the treatments. Due to the poor enrichment of the 

migratory APCs, the data should not be over interpreted. Going forward, this experimental 

procedure requires further optimisation to yield a higher proportion of CD1a+ and/or CD14+ 

APCs and thereafter will be repeated to generate a robust data set. However, it should be 

noted that earlier studies detailed in Table 6.2 used migratory cells directly without enriching 

the APCs, hence the data shown here is more representative of the T cell response induced 

by skin APCs than previously reported. 

In summary, Poly I:C and/or R848 stimulation of APCs of blood and skin origin may influence 

their capacity to induce the proliferation of allogeneic naïve CD4+ T cells, and the production 

of T cell differentiation cytokines in distinct manners. While Poly I:C stimulation of CD1c+ APCs 

influenced their capacity to stimulate CD4+ T cell proliferation at early time points of the MLR, 

this trend appeared to be inversed when Poly I:C-stimulated skin migrant CD1a+ and CD14+ 

APCs were used. By day 6, no differences were observed in T cell proliferation induced by 

TLR-stimulated CD1c+ APCs, but Poly I:C and R848-stimulated CD1a+ and CD14+ APCs 

appeared to have induced higher levels of T cell proliferation. While significant differences in 

the concentration of IFN-γ, IL-4, IL-5, and IL-10 were observed in the MLRs after TLR 

stimulation of CD1c+ APCs, further analyses are required to determine the significance of 

intradermal TLR stimulation of APCs in skin, and their resultant effect on the differentiation of 

naïve CD4+ T cells. 
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6.4 Discussion 

In this chapter, the capacity of Poly I:C and/or R848 to modulate the blood-derived CD1c+ APC 

or skin-derived CD1a+/CD14+ APC interaction with naïve CD4+ T cells was assessed, by 

measuring the resultant T cell proliferation and secretion of cytokines involved in T cell 

differentiation. While other studies have conducted MLRs using TLR-stimulated migratory 

APCs, no study has assessed the effect of using Poly I:C and R848 combinatorically to 

stimulate APCs, and no study has assessed Poly I:C and/or R848 stimulated CD1a+/CD14+ 

enriched skin migrant APCs in an allogeneic co-culture with T cells. To this end, this chapter 

included experiments in which CD1c+ APCs derived from blood were stimulated with Poly I:C, 

R848, or Poly I:C and R848, or enriched CD1a+/CD14+ APCs which had migrated from skin 

explants that had been intradermally injected with Poly I:C, R848, or Poly I:C and R848. These 

APCs were co-cultured alongside naïve CD4+ T cells and the resultant T cell proliferation, and 

cytokine secretion was assessed at days 3-6.  

First, T cell proliferation was assessed using a CytoTrack Green assay. It was found that 

stimulation of CD1c+ APCs with Poly I:C but not R848 or a combination of Poly I:C and R848 

enhanced the proliferation of naïve CD4+ T cells at early time points only. Interestingly, other 

studies did not detect a shift in the proliferative capacity of T cells when Poly I:C was used [73, 

263], however these studies assessed proliferation after 6 days of co-culture only, and 

measured proliferation using a thymidine incorporation method, distinct from the method used 

in this thesis. Collectively, these data suggest that proliferation of naïve CD4+ T cells may be 

enhanced initially by Poly I:C-stimulated CD1c+ APCs, however, this effect is transient. 

Another study saw an increase in proliferation when R848 was used to stimulate CD1c+ APCs 

[264]. In this study, R848 was used at a lower concentration than in this thesis (4 g/ml, as 

opposed to 10 g/ml), however CD1c+ APCs were cultured with PBLs instead of MACS 

purified CD4+ naïve T cells, and it was not clear whether the CD1c+ APCs were washed after 

stimulation with R848 before the co-culture with T cells. As naïve CD4+ T cells have been 

shown to express TLR7 [221, 266, 267] and proliferate when stimulated with R848 [267], if the 

CD1c+ APCs were not washed thoroughly before co-culture, R848 may have directly 

stimulated the T cells and induced their proliferation in this study. Also, a high level of donor 

variation provided by both the stimulator CD1c+ APCs and the responder T cells, was 

observed in all studies including this thesis, and would provide varying degrees of HLA-DR 

mismatching. This variability, coupled with different methods used to quantify T cell 

proliferation, different lengths of co-culture, and different concentrations of Poly I:C and R848 

used may account for the discrepancies seen between studies. Further studies assessing T 

cell proliferation at multiple time points during the MLR co-culture with a range of TLR ligand 
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concentrations would provide interesting information on the temporal nature of Poly I:C and/or 

R848 stimulation of CD1c+ APCs.  

Next, cytokines involved in T cell differentiation were measured from the CD1c+ APC and 

naïve CD4+ T cell MLR culture media. During early time points, it was found that co-culture of 

PBS-stimulated CD1c+ APCs with T cells significantly increased the secretion of IFN-, IL-4, 

and IL-5, and at late time points, IFN-, IL-4, IL-5, and IL-10 above that of T cells cultured 

alone. A similar finding was also found in [73]; IFN- and IL-2 were both secreted at higher 

concentrations when CD4+ T cells were co-cultured CD1c+ APCs for 6 days in comparison to 

T cells cultured alone. This confirms the secretion of these cytokines is in response to the T 

cell: APC interaction. In this thesis, the average concentration of IFN- was high at 31 ng/ml 

by day 6, in comparison to the much lower average concentrations of IL-4 (60 pg/ml), IL-5 

(250 pg/ml), IL-10 (230 pg/ml), and negligible IL-17A, suggesting that as the CD1c+ APC co-

culture with naïve CD4+ T cells predominantly produced this Th1 type cytokine, the 

development of T cells with a Th1-type phenotype is likely, however additional functional 

studies are required to confirm this.  

Interestingly, when CD1c+ APCs were stimulated with Poly I:C and then co-cultured with naïve 

CD4+ T cells, the concentration of IL-5 was significantly supressed and the concentration of 

IL-10 was increased in relation to the PBS-stimulated CD1c+ APCs at day 3/4 of the MLR. 

However, this response was abrogated when R848 was included with Poly I:C in the 

stimulation. Later in the MLR, CD1c+ APCs stimulated with Poly I:C alone continued to supress 

the secretion of IL-5 and increase the secretion of IL-10, but also supress the secretion of 

IFN- and IL-4 with respect to the PBS-stimulated control. When CD1c+ APCs were stimulated 

with R848, or both Poly I:C and R848, no significant effect on cytokine secretion was detected 

at day 3/4 of the MLR, but a significant reduction in IFN-, IL-4, and IL-5, and an increase in 

IL-10 (for R848, but not Poly I:C and R848) at day 6 of the MLR was detected. These data 

confirm that Poly I:C has a greater influence than R848 in the early stages of the MLR, 

observed both in the cytokine secretion dataset and the T cell proliferation dataset. However, 

the cytokine data obtained is in contrast to a previous study which found Poly I:C stimulation 

of CD1c+ APCs did not influence the production of IL-2, IL-4, IL-5, IL-10, IL-13, or IFN- after 

a 6 day co-culture with CD4+ T cells [73], and also differs from another study which showed 

Poly I:C stimulation of either CD1c+ APCs or moAPCs increased the secretion of IFN-, also 

after a 6-day co-culture [263]. Both of these studies included naïve and memory CD4+ T cells, 

and it has been shown previously that CD45RO+CD4+ T cells proliferate more and produce 

higher levels of IFN- in response to TLR ligand-stimulated APCs than naïve CD45RA+CD4+ 

T cells [267], which were used in this thesis. Hence, the inclusion of memory T cells may 
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explain the positive effects of Poly I:C stimulation on IFN- secretion seen in the latter study.  

High levels of donor variation may also explain the discrepancies between these earlier 

studies, which were conducted in a similar manner. Another study also showed R848 

increased the secretion of IFN- (not increased in this thesis) and IL-10 (increased in this 

thesis) after 5 days of CD1c+ APC: PBL co-culture [264]. PBLs contain multiple leukocyte 

subsets that respond in distinct manners to TLR-stimulated APCs and hence could account 

for the increases in IFN- seen at day 5 in this study.  

Interestingly, Poly I:C or R848-stimulated MLRs saw a suppression in the secretion of IFN- 

at day 6, and an increased secretion of IL-10 at days 3/4 and 6 when compared to PBS 

stimulated MLRs. It is possible that the increase in IL-10 is responsible for the decreased 

concentration of IFN-. As IL-10 is produced during inflammatory reactions by many cell types 

including Th1, Th2, and Th17 T cells, and microbial products induce the production of IL-10 

by APCs in order to prevent excessive, damaging inflammation, the presence of IL-10 is 

consistent with the regulation of TLR-induced inflammatory responses (as reviewed in [253]), 

and suggests that inflammatory processes induced by Poly I:C and/or R848 stimulated CD1c+ 

APCs are being regulated to a greater extent than PBS stimulated CD1c+ APCs in the MLRs. 

Additional studies assessing these cytokines at each day of the MLR reaction will help to 

provide clarity on the temporal nature of their secretion in the MLR. Also, functional analyses 

of the T cells will help clarify the influence of the TLR stimulated CD1c+ APCs on their 

phenotype.  

Additionally, the restimulation of T cells with CD3/CD28 Dynabeads is often conducted in T cell 

proliferation and differentiation assays to ensure high levels of T cell proliferation and cytokine 

production. T cells can become exhausted after time in culture and as APCs are sensitive to 

culture conditions, they may not survive the entire length of the MLR culture period. In the 

APC: T cell MLR, restimulation with CD3/CD28 Dynabeads partway through the culture period 

(i.e. day 4) may enhance the influence of the TLR-stimulated APCs and increase the 

proliferation and cytokine production by allogeneic T cells and should be tested in additional 

experiments.  

Preliminary MLR analyses were conducted using enriched CD1a+/CD14+ APCs which 

migrated from skin explants that were intradermally injected with Poly I:C, R848, or a 

combination of Poly I:C and R848, and allogeneic naïve CD4+ T cells, to determine the 

influence on T cell proliferation and cytokine secretion.  When T cell proliferation was 

assessed, no proliferation occurred when T cells were cultured alone, up to 40% of T cells had 

proliferated when cultured with unstimulated CD1a+/CD14+ APC enrichments, and over 80% 

of T cells had divided by day 6 when T cells were incubated with Dynabeads alone, a similar 
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response to the CD1c+ MLR experiments. However, when CD1a+/CD14+ APC enrichments 

from Poly I:C injected skin explants were co-cultured with the naïve CD4+ T cells, a small 

decrease in proliferation was observed when compared to the PBS control at Day 4, opposite 

to the result in the CD1c+ MLR experiments. This could be due to a decreased  availability of 

Poly I:C to APCs in the skin environment after intradermal injection, a shorter half-life of 

Poly I:C due to enzymes found within the skin environment [268], or donor variation as 

different blood and skin donors were used in these experiments compared to the CD1c+ APC 

experiments. Interestingly, at day 6, while the level of T cell proliferation from MLRs containing 

Poly I:C or R848 stimulated CD1a+/CD14+ APC enrichments was similar to MLRs containing 

CD1a+/CD14+ APC enrichments which had migrated from uninjected, or PBS injected skin 

explants, the CD1a+/CD14+ APC enrichments from Poly I:C and R848 injected skin explants 

induced a higher percentage of T cells to proliferate. This may represent a potential synergistic 

effect of Poly I:C and R848, although further replicates are essential to confirm this. While a 

previous study showed that cells which migrated from skin explants intradermally injected with 

Poly I:C increased the proliferation of PBLs [166],  another study found Poly I:C had no effect 

on the proliferation of naïve CD4+ T cells [165], analogous to the data presented here. Also, it 

has been shown that cells that migrated from skin explants which received topical application 

of the TLR7 ligand R837, but not cells that migrated from skin explants which received 

intradermal injection of R837 or R848, enhanced the proliferation of MART-1-specific CD8+ T 

cells after 7 days of co-culture [168]. In combination with the preliminary results from this 

thesis, these data suggest that T cell proliferation is influenced by numerous factors, however 

as there is little concordance in the literature due to multiple differences in experimental 

design, it is difficult to make comparisons between this study and previous literature. Additional 

replicates of these experiments will confirm whether the potential synergism of Poly I:C and 

R848 seen in this preliminary study is genuine. 

An important consideration in these experiments was the purity of the isolated cell subsets 

used in the MLR co-culture. MACS enrichment of CD1c+ APCs and naïve CD4+ T cells yielded 

cell populations of high purity. However, while the MACS enrichment of CD1a+/CD14+ APCs 

removed most of the migratory lymphocytes, 40% of the enriched cells did not express either 

CD1a or CD14 despite being positively selected for with CD1a and CD14 microbeads, 

suggesting the data in this study could also be influenced other cell which migrated from the 

skin explants. While other studies used all the cells that migrated out of TLR-stimulated 

explants either through the ECM or via truncated blood and lymphatic vessels and hence 

included lymphocytes, leukocytes, and erythrocytes, [165, 166, 168, 265], the purpose of 

these experiments was to assess the effect of intradermal injection of TLR ligands on CD1a 

and CD14 expressing APCs in situ, and their subsequent effect on T cell proliferation and 
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differentiation. This required purification of these cells from other cells which had migrated 

from the explant culture. In future analyses, to further optimise these experiments, the purity 

of CD1a+/CD14+ APCs will be increased by either running the labelled cells through a second 

column, although this does run the risk of reducing cell yield, or alternatively sorting CD1a and 

CD14 cell subsets using a flow cytometer.  

Cytokine production was also measured in the MLRs containing skin-migrant CD1a+/CD14+ 

APC enrichments. Similar to the CD1c+ APC MLR experiments, low levels of IL-4, IL-5, IL-10, 

and IL-17 were produced when unstimulated CD1a+/CD14+ APC enrichments were used in 

the MLR, and Dynabead stimulation of naïve CD4+ T cells again induced the secretion of 

higher levels of these cytokines. Interestingly though, unstimulated CD1a+/CD14+ APC 

enrichments induced the secretion of more IFN- than the Dynabeads, possibly suggesting 

that CD1a+/CD14+ APC enrichments provide a bigger stimulus than CD1c+ APCs in the MLR 

to induce the secretion of IFN-.  While Poly I:C or R848 stimulation induced little change in 

cytokine secretion when compared to the PBS control, intradermal injection of Poly I:C and 

R848 prior to CD1a+/CD14+ migration, enrichment, and co-culture with naïve CD4+ T cells, 

induced subtle increases in IL-4 at day 4, and IL-5 at day 6 in comparison to the PBS control, 

however further analyses are required to confirm these data. Interestingly, IFN- and IL-10 

were not influenced by TLR ligands in the MLRs containing CD1a+/CD14+ APC enrichments 

as they were in the MLRs containing blood CD1c+ APCs. These data are somewhat 

concordant with a previous study which showed that cells migrated from intradermally injected 

Poly I:C or R848 skin explants and cultured with PBLs had no influence on the secretion of 

IL-10, IFN-γ, TNF, or IL-17A, however this study also showed these ligands has no influence 

on IL-4, while R848 did induce an increase in the secretion of IL-6  [166], a cytokine involved 

in the differentiation of Tfh cells and Th17 cells [254]. In additional reports,  Poly I:C increased 

the secretion of IFN- but not IL-17 when skin-migrant cells were co-cultured with 

CD45RO+CD4+ T cells [265], and topical application but not intradermal injection of the TLR7 

ligand R837 to skin explants increased the secretion of IFN- when skin-migrant cells were 

co-cultured with monocyte-depleted PBLs [168]. Taken together, various methods of 

cutaneous administration of Poly  I:C and R848 may influence the cytokine secretory profiles 

of an MLR and while preliminary findings in this thesis show subtle increases in IL-4 and IL-5 

when these ligands are administered together, further studies are required to confirm these 

findings across additional donors. 

In summary, these data provide important insights into the effect of TLR stimulation on both 

blood-derived and skin-derived APCs, when these cells are used to stimulate naïve CD4+ T 

cells. Importantly, TLR ligand stimulation of APCs may influence T cell proliferation and 
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cytokine secretion in a temporal manner, so additional experiments should encompass several 

time points in order to capture all effects of TLR stimulation. While there is a scarcity of 

literature using TLR-stimulated skin-migrant APCs in an MLR, these studies are important to 

discern the effect of in situ TLR stimulation of APCs on the T cell response, especially as these 

data are distinct in a number of ways from the data generated using CD1c+ APCs from blood. 

Additional studies assessing naïve CD4+ T cells stimulated with TLR stimulated skin-migrant 

allogeneic or antigen loaded APCs will strengthen the current literature and highlight possible 

outcomes of the APC:T cell interaction in situ following administration of a TLR ligand-

containing treatment.  

6.5 Conclusions 

 Poly I:C stimulation of blood CD1c+ APCs induced an early significant increase in naïve 

CD4+ T cell proliferation after 3/4 days of the MLR co-culture, but  no differences were 

observed between any of the treatments by day 6.  

 Preliminary analyses show combined intradermal injection of Poly I:C and R848 may 

increase the proliferation of naïve CD4+ T cells after 6 days of the MLR co-culture with 

skin-migrant CD1a+ and CD14+ APCs, but further analyses are required to confirm this.  

 Poly I:C stimulation of blood CD1c+ APCs reduced the secretion of IL-4 and increased 

the secretion of IL-10 at day 3/4 of the MLR, while stimulation with R848 or a 

combination of Poly I:C and R848 had no effect. 

  Poly I:C or R848 stimulation of blood CD1c+ APCs reduced the secretion of IFN-, IL-

4 and IL-5 and increased the secretion of IL-10 at day 6 of the MLR, while stimulation 

with a combination of Poly I:C and R848 reduced the secretion of IFN-, IL-4 and IL-5 

but had no significant effect on IL-10. 

 Preliminary analyses show intradermal injection of Poly I:C, R848, or a combination of 

Poly I:C and R848 may have a subtle influence on the secretion of cytokines after 4-6 

days of the MLR co-culture of naïve CD4+ T cells with enriched skin-migrant CD1a+ 

and CD14+ APCs, but further analyses are required to confirm this. 
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Chapter 7 The effect of TLR ligand stimulation on human 

dermal microvascular endothelial cell (HMEC-1) barrier 

integrity 

7.1 Introduction  

The inclusion of TLR ligands in vaccines administered via the skin will result in the stimulation 

of other cells within the skin that express TLRs, including endothelial cells. The response of 

these cells to TLR stimulation may influence the effects of the vaccine. In Chapter 3, both 

BECs and LECs were shown to express protein of TLRs 3, 7, and 9, and previous studies 

have shown endothelial cell lines modulate the expression of TLRs, adhesion molecules, and 

cytokines in response to ligands of these TLRs [95, 96]. This suggests that BECs and LECs 

in human skin could also respond to ligands of these TLRs. Endothelial cells line blood and 

lymphatic vessels in the human dermis and form tightly regulated barriers between the vessel 

lumen and the interstitium. Endothelial cells modulate vascular permeability in steady state 

and inflammatory conditions to control the transvascular passage of cells and solutes; the 

spacing between endothelial cells is tightly controlled by signalling pathways that regulate cell 

contractility via actin remodelling and the production and deconstruction of cell:cell junctional 

proteins such as VE-cadherin, occludins, and claudins (as reviewed in [269]). During steady 

state, endothelial cells secrete anti-inflammatory cytokines including TGF- which 

downregulates the vascular cell adhesion molecule (VCAM-1), and prevents the attachment 

and migration of neutrophils and other cells through the vessels and into tissue [270]. Under 

inflammatory conditions, inflammatory cytokines trigger the activation of endothelial cells, 

leading to an increased endothelial permeability and capacity for leukocyte adhesion and 

transendothelial migration ([269, 271, 272] and reviewed in [97]). Inflammatory mediators 

including IL-6 and VEGF that were shown to be upregulated by intradermal injection of Poly I:C 

and/or R848 in Chapter 5 have also been shown to increase vascular permeability in previous 

studies [169, 170].  

The endothelial barrier can be modelled in culture, using primary and immortalised cells. A 

number of assays have been developed to monitor disruptions to the endothelial barrier 

resulting in increased or decreased endothelial permeability. Classically, endothelial barrier 

integrity was monitored using labelled tracer molecules, or Trans-Endothelial Electrical 

Resistance (TEER) studies where endothelial cells were allowed to form a barrier on a 

permeable filter in culture and were then exposed to a direct current running from an electrode 
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above the filter to an electrode below the filter. The changes in voltage induced by the addition 

of an influencing variable are monitored and the resultant change in resistance was calculated 

using Ohm’s law to provide a numerical output of barrier strength. However, sustained 

exposure of endothelial cells to direct current can influence cellular processes [273]. Newer 

technologies have therefore been developed to enhance the measurement of endothelial 

barrier integrity; both Electric Cell-substrate Impedance Sensing (ECIS) and xCELLigence 

technologies have removed the requirement for a filter by incorporating gold electrode arrays 

on the bottom of specialised cell culture plates, on which endothelial cells can grow. These 

plates are inserted into array stations within incubators, which apply a low ampere alternating 

current through the electrodes and travels underneath and between cells (and through cells if 

applied at a high frequency) to reach a counter electrode. In these systems, any change to 

the coverage of the electrode (during the cell attachment phase) or properties of the 

endothelial barrier due to actin remodelling or changes in cell:cell and cell:substrate binding 

are monitored in the form of changes to impedance. Impedance encompasses the total 

resistance and reactance provided by the endothelial cell barrier and electrode, and increases 

when the endothelial barrier tightens.   

The xCELLigence and ECIS systems differ in a number of ways, as outlined in Figure 7.1.1. 

Firstly, the gold electrode array set-up within the ECIS and xCELLigence plates differs in 

percentage coverage of each well – both the E plate 96 (xCELLigence) and the 96Widf20 

plate (ECIS) contain gold arrays of inter-digitated fingers and are recommended for monitoring 

barrier integrity, however the arrays within the E plate 96 cover ~80 % of the well while the 

96Widf20 arrays cover ~12%, and individual electrodes are distinct in size and shape between 

the two technologies. Also, the data output differs between the two technologies; ECIS 

provides the total impedance, resistance (impedance without the reactance component), and 

capacitance, while xCELLigence provides a relative measure of the total impedance in the 

form of the Cell Index (the Cell Index calculation is found in Chapter 2). A distinct advantage 

of the ECIS technology is the ability to run multi-frequency currents in one experiment, which 

enable the cell:cell adhesion (Rb), basolateral adhesion (), and cell membrane capacitance 

(CM) to be modelled from the total impedance, resistance, and capacitance values collected 

at these multiple frequencies. Single frequency xCELLigence assays do not provide this 

information, however they do provide increased temporal clarity as less time is spent cycling 

between multiple frequencies when measuring the impedance of each well. The differences 

in electrode layout, size, impedance measurement, and data calculation between these two 

assays will provide different observations of endothelial barrier integrity. Most studies use 

either xCELLigence or ECIS to assess changes in endothelial barrier strength, however 

previous work in this lab group has shown HMEC-1 cells respond quickly to IL-1 and TNF as  
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Figure 7.1.1. Comparative schematic of xCELLigence and ECIS technologies used to assess 
barrier properties of endothelial cells. Endothelial cells are seeded on to xCELLigence and ECIS 
plates, placed on their respective array stations, and a AC current is applied (indicated by the red arrows 
on the schematic) that flows underneath and between cells until it reaches a counter electrode. At higher 
frequencies, current can also flow directly through the cells (indicated by the dashed red arrows). As 
cells provide resistance to the flow of current, changes in morphology of the cells due to actin 
remodeling and expression of cell:cell or cell:substrate adhesion proteins can increase or decrease 
these resistance values, which is monitored by the xCELLigence and ECIS systems. Both xCELLigence 
and ECIS technologies are used to monitor changes in endothelial barrier strength, but differ in many 
regards, including the format and coverage of the gold arrays that line the wells of the culture plates, 
the frequency of the current which is applied to the cells, the frequency of data acquisition, and the 
analytical output. The analytical output of xCELLIgence is the Cell Index, a value relative to the total 
impedance measured (indicated as CI on the schematic). As ECIS can be run using multiple 
frequencies, the total impedance (Z), resistance (R), and capacitance (CT) values can be modelled into 
individual components including cell:cell adhesion (Rb), basolateral adhesion (), and the capacitance 
of the cell membrane alone (CM) (as indicated on the schematic).  

 

measured by both xCELLigence and ECIS technologies [274]. Interestingly, some subtle 

differences in the length and magnitude of the acute response to IL-1 and TNF stimulation 

were observed between technologies and for this reason, both assays were used in this thesis; 

xCELLigence to provide a temporally clear snap shot of the effect of TLR stimulation on overall 

endothelial barrier integrity, and ECIS to determine the individual effects of TLR stimulation 

on cell:cell adhesion, basolateral adhesion and cell membrane capacitance.  
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Previous studies have shown both blood and lymphatic endothelial cells of the human dermis 

express mRNA of TLRs 3, 7, and 9, and the analyses in Chapter 3 have confirmed the protein 

expression of TLRs 3, 7, and 9 on both BECs and LECs in the human dermis. These studies 

have also highlighted that endothelial cells can respond to ligands of TLRs 3, 7, an 9 through 

the upregulation of TLRs, modulation of adhesion molecule expression, and/or the secretion 

of cytokines [95, 96]. A small number of studies have also assessed the transendothelial 

electrical resistance of Poly I:C stimulated human pulmonary artery endothelial cells [275], 

and primary human lung microvascular endothelial cells [276, 277], and noted that Poly I:C 

induced a decrease in resistance, suggestive of an increase in endothelial barrier permeability. 

However, the effect of Poly I:C stimulation of dermal endothelial cell barrier integrity has never 

been tested, and the effect of R848, a combination of Poly I:C and R848, or other TLR7, 8, or 

9 ligands has not been assessed on any endothelial cell line. 

In this chapter, an immortalised human dermal microvascular endothelial cell line (HMEC-1) 

derived from human foreskin and containing both BECs and LECS was used to assess the 

effect of TLR stimulation on endothelial barrier strength. The protein expression of TLRs 3, 7, 

8, and 9 by HMEC-1 cells in culture was first confirmed. HMEC-1 cells were next seeded into 

ECIS and xCELLigence plates, cultured until they had formed a stable endothelial barrier 

(determined to be at ~24 hr, using ECIS modelling) then stimulated with synthetic ligands of 

TLRs 3, 7/8, and 9, to determine the effects of TLR stimulation on endothelial barrier strength. 

The response of HMEC-1 cells to TLR stimulation was monitored temporally using ECIS and 

xCELLigence impedance sensing technologies. Poly I:C, R848, or a combination of Poly I:C 

and R848 were tested using multi-frequency ECIS, while additional TLR7/8 ligands CL075, 

R837, and R848 as a comparison were tested using xCELLigence. TLR9 ligands ODN2006, 

ODN2216, and ODN2395 were also tested using both ECIS and xCELLigence. These data 

will provide insight on the endothelial barrier response to TLR stimulation and indicate the 

potential response of dermal endothelial cells to TLR ligands included in vaccines that are 

administered via the skin. 
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7.2 Aims and Justification 

The purpose of this chapter was to assess the effect of TLR stimulation on the endothelial 

barrier properties, as endothelial cells will inevitably be stimulated during cutaneous 

administration of a TLR ligand containing vaccine. The specific aims of this chapter were:  

 To assess the protein expression of TLRs 3, 7, and 9 on the human dermal endothelial 

cell line, HMEC-1 

 To determine the effect that Poly I:C, R848, or a combination of Poly I:C and R848 has 

on the barrier integrity of HMEC-1 cells using multi-frequency ECIS technology 

 To determine the effect that TLR7/8 ligands CL075 and R837 has on the barrier 

strength of HMEC-1 cells in comparison to R848, using xCELLigence technology  

 To validate the function of TLR9 ligands ODN2006, ODN2216, and ODN2395 by 

stimulating pDCs from human blood (known to express and respond to TLR9) and 

assessing their expression of HLA-DR, HLA-ABC, CD40, CD80, CD83, and CD86. 

 To determine the effect that TLR9 ligands ODN2006, ODN2216, and ODN2395 have 

on the barrier integrity of HMEC-1 cells using multi-frequency ECIS technology and to 

compare this with data obtained using xCELLigence technology. 

 

Justification 

While a small number of studies have assessed the functional responses of dermal endothelial 

cells to TLR stimulation by studying changes in cytokine secretion and adhesion molecule 

expression, the effect of TLR stimulation on dermal endothelial barrier integrity has not been 

assessed. This data will provide information for the first time regarding the temporal influence 

of TLR ligands on human dermal endothelial barrier integrity.  This data will also facilitate 

future functional studies by identifying time points or periods when endothelial cells are 

responsive following TLR stimulation. 
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7.3  TLR expression by HMEC-1 cells 

The human dermal microvascular endothelial cell line HMEC-1 was used to assess the 

response of dermal endothelial cells to TLR stimulation. First, protein expression of TLRs 3, 

7, and 9 by HMEC-1 cells was confirmed using immunocytochemistry. In Figure 7.3.1, 

HMEC-1 cells were probed with antibodies detecting the blood endothelial marker CD31, and 

lymphatic endothelial marker LYVE-1 to confirm the phenotype of these cells. Both 

CD31+LYVE-1- BECS and LYVE-1+CD31lo LECS were detected, as expected (Figure 7.3.1A). 

TLRs 3, 7, and 9 were also detected on all HMEC-1 cells at varying levels (Figure 7.3.1B). 

TLR8 was also assessed, however was not detected on HMEC-1 cells (data not shown). 

Interestingly, the appearance of TLRs 3, 7, and 9 differed slightly – TLR3 appeared to be less 

punctate than TLRs 7 or 9. There were multiple levels of binding of the TLR3 antibody, some 

individual TLR3+ cells were highly positive, while others were less so. TLR7 appeared to be 

expressed with the most uniformity across all and staining appeared punctate, consistent with 

TLR7 being located endosomally. Also, the Thermo Scientific and Serotec TLR7 antibodies 

displayed similar TLR7 binding patterns. Like TLR7, TLR9 staining was punctate in nature, 

and like TLR3, displayed multiple levels of binding, with some bright and some dim TLR9+ 

cells. Often, TLR9 was localised to a particular side or area of a DAPI+ cell. These data confirm 

that BECS and LECS express variable levels of TLRs 3, 7, and 9, and therefore may respond 

to stimulation with TLR ligands.  
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Figure 7.3.1. TLRs 3, 7, and TLR9 proteins are expressed by HMEC-1 cells. 50,000 HMEC-1 cells 
were seeded into wells of an 8-well chamber slide and incubated at 37 oC with 5 % CO2 for 72 hrs. Cells 
were then fixed with acetone, blocked with casein containing 10% human serum and probed with CD31 
and LYVE-1 (A), or TLR3, TLR7 Serotec, TLR7 Thermo Scientific (TS), or TLR9 antibodies. Nuclei were 
stained with DAPI. Data is representative of three separate donors. Scale bars represent 100 μm.  
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7.4 Poly I:C, R848, or a combination of Poly I:C and R848 influence HMEC-1 cell 

barrier integrity in distinct manners. 

Next, the effect of stimulation of HMEC-1 cells with Poly I:C, R848, or a combination of Poly I:C 

and R848 on endothelial barrier integrity was assessed. HMEC-1 cells were seeded onto ECIS 

plates, cultured until an endothelial barrier had formed, and were stimulated with Poly I:C, 

R848, or a combination of Poly I:C and R848 at 24 hrs. The left panels of Figure 7.4.1 show 

the total resistance data from the full 100 hr experiment; this is influenced by changes in the 

strength of basolateral adhesion of HMEC-1 cells to the gold array lining the bottom of the 

plate, and changes in the strength of cell:cell adhesion of HMEC-1 cells to each other as they 

form a monolayer. The right panels show the modelled Rb (influenced by changes in cell:cell 

adhesion) and zoom of the initial response period, alpha (influenced by changes in basolateral 

adhesion), and cell membrane capacitance data during the response period after TLR ligand 

stimulation. Across three experiments, Poly I:C at 10 g/ml induces a small initial decrease in 

resistance, due to a reduction in Rb but not alpha, followed later by a sustained decrease in 

resistance due to equal decreases in Rb and alpha, alongside a small increase in cell 

membrane capacitance for the duration of the experiment. A lesser response with a similar 

profile is seen when Poly I:C is used at 1 g/ml. R848 appeared to have little effect on total 

resistance, Rb, or alpha until the later stages of the experiment, where a small sustained 

decrease in resistance was detected when R848 was added at 10 g/ml. When Poly I:C and 

R848 were added together, a similar response to Poly I:C alone was observed. These data, 

summarized in Table 7.4.1, indicate that Poly I:C has an early and sustained influence on the 

barrier integrity of HMEC-1 cells, which was greater than the influence of R848.  
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Figure 7.4.1. ECIS modelling shows that Poly I:C, R848, and Poly I:C + R848 induce distinct acute 
transient responses in endothelial barrier integrity. HMEC-1 cells were seeded onto L-cysteine-
washed, collagen-coated ECIS 96W20idf plates at a density of 50,000 cells/well in 100 uL M199 growth 
media. Multi-frequency data was collected for 24 hrs, the experiment was paused, an additional 100 uL 
M199 growth media containing TLR ligands at the indicated concentrations was added to each well, 
and multi-frequency data was collected for another 72 hrs. Data was then modelled to determine the 
individual components Rb, alpha, and cell membrane capacitance that contribute to the overall 
resistance. Overall resistance data plots are shown on the left, with the TLR ligand addition point 
indicated with an arrow. The modelled data is shown on the right, including Rb, a zoom of the initial 
response period for Rb, alpha, and cell membrane capacitance plots. N=3.  
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7.5 TLR7 and TLR8 ligands influence HMEC-1 cell barrier integrity in distinct manners. 

As TLR7 was detected on endothelial cells but R848 had only a subtle influence on endothelial 

barrier integrity when measured using multi-frequency ECIS, additional TLR7/8 ligands 

including the TLR7 ligand R837, and TLR7/8 ligand CL075 were tested alongside R848 to 

determine if they had differing effects on HMEC-1 barrier integrity, using xCELLigence 

technology. xCELLigence provides an increased temporal resolution over multi-frequency 

ECIS, but as it is run at a single frequency, the data output cannot be broken down into Rb, 

alpha, and cell membrane capacitance.  

First, the functionality of R837 and CL075 was measured by testing their capacity to induce 

the maturation of CD1c+ APCs, known to express TLR7 and TLR8, using flow cytometry. 

Appendix B-11 shows all concentrations of CL075 induced the upregulation of all maturation 

markers, while only 10 g/ml of R837 induced the upregulation of the maturation markers, and 

this was to a lesser extent than lower concentrations of CL075. These data suggest these 

ligands are functional and may influence the barrier properties of dermal endothelial cells 

which express TLR7 protein.  

CL075, R837, and R848 were used to stimulate HMEC-1 cells after 24 hrs of culture in 

xCELLigences plates and the resultant change in Cell Index was monitored temporally using 

xCELLigence. The left panels of Figure 7.5.1 show the raw Cell Index values, while the right 

panels show the Cell Index values normalised to 1 at the last data point measured before TLR 

ligand addition. Interestingly, once normalised, all concentrations of R837 and R848 had little 

effect on the Cell Index values until the late stages of the experiment where a small drop in 

Cell Index was observed, while 5 g/ml of CL075 appeared to induce a very slight increase in 

the Cell Index immediately after the addition of CL075, which then tracked towards the control 

by the later stages of the experiment. While subtle, these profiles were observed consistently 

in all three donors, and are titratable. These data, also summarised in Table 7.1, indicate that 

while CL075 induces a subtle increase in Cell Index initially, R837 and R848 induce a modest 

reduction in Cell Index later in the experiment, consistent with the R848 data obtained using 

multi-frequency ECIS. 
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Figure 7.5.1. xCELLigence technology shows that CL075 induces and acute and prolonged 
increase in endothelial barrier strength, in contrast with late stage reduction in barrier strength 
after the addition of R837 or R848. HMEC-1 cells were seeded onto xCELLigence E-plates at a 
density of 50,000 cells/well in 100 uL M199 growth media. Impedance data was collected for 24 hrs, 
the experiment was paused, an additional 100 uL M199 growth media containing TLR ligands at the 
indicated concentrations was added to each well, and data was collected for a further 72 hrs. Impedance 
data was converted to the Cell Index value which is plotted above. Cell index plots are shown on the 
left, with the TLR ligand addition point indicated with an arrow. Cell Index plots normalised to 1 at the 
last data point measures before TLR ligand addition are shown on the right. N=3. 



The effect of TLR ligand stimulation on HMEC-1 barrier integrity 

 
 

183 

7.6  TLR9 ligands influence HMEC-1 cell barrier integrity in distinct manners. 

Synthetic TLR9 ligands fall into three classes – A, B, and C, which have distinct effects when 

used to stimulate pDCs and B cells [278]. In these experiments, ODN2006 (Class B), 

ODN2216 (Class A), and ODN2395 (Class C) were used to stimulate HMEC-1 cells to 

determine if these ligands had distinct effects on the barrier integrity of HMEC-1 cells. First, 

these ligands were tested on pDCs to check their functionality at 5 M and 500 nM (conducted 

using separate donors due to the rarity of pDCs in human blood). Figure 7.6.1 shows that all 

three ligands induce an upregulation of the maturation markers HLA-DR, HLA-ABC, CD40, 

CD80, CD83, and CD86 when used at 5 M. Interestingly, when the ligands were used at 500 

nM, only ODN2006 upregulated all the maturation markers tested, while ODN2395 

upregulated all maturation markers except CD40 and CD86, and ODN2216 upregulated 

HLA-ABC only. This suggests these ligands have distinct potencies and variably induce the 

maturation of pDCs.  

Next, HMEC-1 cells were seeded onto ECIS plates, cultured until an endothelial barrier had 

formed, and were stimulated with ODN2006, ODN2216, or ODN2395. The left panels of Figure 

7.6.2 show the total resistance data from the full 100 hr experiment; this is influenced by 

changes in the strength of basolateral adhesion of HMEC-1 cells to the gold array lining the 

bottom of the plate, and changes in the strength of cell:cell adhesion of HMEC-1 cells to each 

other as they form a monolayer. The right panels show the modelled Rb (influenced by 

changes in cell:cell adhesion) and zoom of the initial response period, alpha (influenced by 

changes in basolateral adhesion), and cell membrane capacitance data during the response 

period after TLR ligand stimulation.  Neither ODN2006, ODN2216, or ODN2395 appeared to 

have a strong effect on the resistance, Rb, alpha, or capacitance values during the first 15 hrs 

after stimulation. However, a decrease in resistance (primarily due to a decrease in Rb) was 

observed 40 hrs after the addition of ODN2006, ODN2216, and ODN2395 at 5 M and also 

when ODN2216 was added at 1 M which was sustained until the end of the experiment.    

Finally, HMEC-1 cells were seeded onto xCELLigence plates, cultured until an endothelial 

barrier had formed, and were stimulated with ODN2006, ODN2216, and ODN2395, in order 

to compare the changes in barrier properties with those detected by ECIS. Interestingly, Figure 

7.6.3 shows the Cell Index values are influenced by the TLR9 ligands to a greater extent than 

the ECIS resistance values displayed in Figure 7.6.2. ODN2006 (5 M and 500 nM) induced 

a small but immediate increase in Cell Index, however, ODN2006 reduced the Cell Index with 

respect to the control as the experiment progressed. 5 M ODN2216 induced an immediate 

decrease in Cell Index, which increases 10 hrs post-treatment, but like ODN2006, a reduction 

in Cell Index was observed in the later stages of the experiment, and this was also observed  
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Figure 7.6.1. TLR9 ligands ODN2006, ODN2216, and ODN2395 effectively induce maturation of 
pDCs from human blood. pDCs were MACS sorted from human PBMC and cultured in a 96 well plate 
at a density of 10,000 cells per 100 uL. pDC were stimulated with each ODN at a concentration of 5 µM 
or 0.5 µM and cultured for 48 hrs at 37oC with 5% CO2. Cells were harvested, divided in half and probed 
with antibodies targeting the maturation markers HLA-DR-FITC, CD40-PE, and CD83-Alexa 647 or 
HLA-ABC-FITC, CD80-PE, and CD86-Alexa 647 along with 7AAD and analysed using a BD AccuriTH 
flow cytometer. Dead cells and doublets were excluded from analysis. The expression level of each 
marker is displayed as representative histograms of donor one in which the TLR ligands had been 
applied at 5 µM (A) and the median fluorescence intensity of which TLR ligands were applied at 5 µM 
(donor 1) or 0.5 µM (donor 2) (B).   
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Figure 7.6.2. ECIS modelling shows that ODNs affect endothelial barrier integrity in a minimal 
manner. HMEC-1 cells were seeded onto L-cysteine-washed, collagen-coated ECIS 96W20idf plates 
at a density of 50,000 cells/well in 100 uL M199 growth media. Multi-frequency data was collected for 
24 hrs, the experiment was paused, an additional 100 uL M199 growth media containing TLR ligands 
at the indicated concentrations was added to each well, and multi-frequency data was collected for 
another 72 hrs. Data was then modelled to determine the individual components of Rb, alpha, and cell 
membrane capacitance that form the overall resistance. Overall resistance data plots are shown on the 
left, with the TLR ligand addition point indicated with an arrow. The modelled data is shown on the right, 
including Rb, a zoom of the initial response period for Rb, alpha, and cell membrane capacitance plots. 
N=3.  
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Figure 7.6.3. xCELLigence technology shows that ODNs induce acute and prolonged 
disruptions to endothelial barrier integrity. HMEC-1 cells were seeded onto xCELLigence E-plates 
at a density of 50,000 cells/well in 100 uL M199 growth media. Impedance data was collected for 24 
hrs, the experiment was paused, an additional 100 uL M199 growth media containing TLR ligands at 
the indicated concentrations was added to each well, and data was collected for a further 72 hrs. 
Impedance data was converted to the Cell Index value which is plotted above. Cell index plots are 
shown on the left, with the TLR ligand addition point indicated with an arrow. Cell Index plots normalised 
to 1 at the last data point measures before TLR ligand addition are shown on the right. N=3. 
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Table 7.1. Summary of HMEC-1 endothelial barrier responses to TLR stimulation, as 
measured using multi-frequency ECIS and xCELLigence technologies. 

 

TLR TLR ligand 

Modelled ECIS xCELLigence 

Initial Late Initial Late 

RT Rb  CM RT Rb  CM CI CI 

TLR3 Poly I:C 
10 g/ml   NC NC     

  
1 g/ml NC NC NC NC    NC 

TLR7/8 R848 

10 g/ml NC NC NC NC    NC NC  

1 g/ml NC NC NC NC NC NC NC NC NC  

TLR3, 
TLR7/8 

Poly I:C 
+ R848 

10 g/ml    NC     
  

1 g/ml NC NC NC NC    NC 

TLR7/8 CL075 

5 g/ml 

 
  

 
    

500 ng/ml     NC NC 

TLR7 R837 

5 g/ml 

 
  

 
  NC  

500 ng/ml     NC NC 

TLR9 

ODN2006 

5 M NC NC NC NC   NC NC   

1 M NC NC NC NC NC NC NC NC   

500 nM NC NC NC NC NC NC NC NC   

ODN2216 

5 M NC NC NC NC    NC   

1 M NC NC NC NC    NC   

500 nM NC NC NC NC NC NC NC NC NC  

ODN2395 

5 M NC NC NC NC   NC NC NC  

1 M NC NC NC NC NC NC NC NC   

500 nM NC NC NC NC NC NC NC NC   

NB:   - small increase,  - large increase,  - small decrease,  - large decrease  
 - decrease followed by an increase, NC - no change, grey boxes - not conducted 
RT – Total resistance, Rb – cell:cell adhesion,  – basolateral adhesion,  
CM – cell membrane capacitance, CI- Cell Index 
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with ODN2216 at 500 nM. ODN2395 affected the endothelial barrier in a similar manner to 

ODN2006, although the initial increase in Cell Index was lower.  

These data, summarized in Table 7.4.1, confirm that ODN2006, ODN2216, and ODN2395 are 

functional at 5 M, and whilst small decreases in endothelial barrier integrity were observed 

40 hrs after stimulation using multi-frequency ECIS (as measured by decreases in resistance 

and Rb), xCELLigence showed immediate increases in barrier strength for ODN2006, and 

ODN2395, and immediate decreases for ODN2216 at 5 M. These data highlight the 

differences between these technologies used to monitor endothelial barrier integrity and 

suggest that while multi-frequency ECIS highlighted that the reduction in resistance seen 

40 hrs after ODN stimulation was primarily due to a reduction in cell:cell adhesion (Rb), 

xCELLigence is more sensitive at recognising subtle changes induced by the TLR9 ligands at 

the initial stages of the experiment.  

Overall, it was found that different TLR ligands modulate endothelial barrier integrity in subtle, 

but in distinct manners. While other effector molecules will play a role on endothelial barrier 

permeability in vivo, the administration of TLR ligands to the dermis of skin may influence 

endothelial permeability and thus potentially influence the overall strength of the immune 

response stimulated by a TLR-ligand containing vaccine. 
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7.7 Discussion 

In this chapter, TLR ligands were applied to the endothelial cell line HMEC-1 to determine if 

they had an effect on endothelial barrier properties. The endothelial response was assessed 

using ECIS and xCELLigence technologies which enabled the temporal response of HMEC-1 

cells to TLR ligands to be determined. Additionally, multi-frequency ECIS modelling allowed 

the influence of TLR stimulation on cell:cell adhesion (Rb), basolateral adhesion (alpha), and 

cell membrane capacitance to be determined.  

While TLR mRNA expression by HMEC-1 cells has been previously assessed [96], mRNA is 

not always translated and folded into functional proteins. Therefore, it was important to first 

check that cultured HMEC-1 cells express protein of the TLRs which could recognize the TLR 

ligands being assessed. While this study detected the protein expression of TLRs 3, 7, and 9 

but not TLR8 on HMEC-1 cells, previous studies did not detect the protein expression of TLR7 

or TLR8 mRNA on human dermal lymphatic endothelial cells [95], or HMEC-1 cells [96] in 

steady state, however stimulation with IL-1, IFN-, and TNF could significantly increase the 

expression of TLRs 3 and 7 [96]. The discrepancy between the TLR7 protein expression 

detected in this study and the lack of TLR7 mRNA in steady state in previous studies could be 

due to variations in culture conditions or the use of HMEC-1 cells at a higher passage number 

than in this thesis (20-30 versus 12-16), resulting in a downregulation of TLR7. Alternatively, 

binding of the polyclonal TLR7 antibodies non-specifically or to similar epitopes on non-TLR7 

proteins is possible and could result in erroneous detection of TLR7. However, as two separate 

TLR7 antibodies detected TLR7 protein, and the TLR7/8 ligands R837, R848, and CL075 had 

modest but detectable influences on endothelial barrier strength as measured using ECIS and 

xCELLigence (discussed later in the text), this further indicates the expression of functional 

TLR7 protein by HMEC-1 cells. 

As TLRs 3 and 7 were shown to be expressed on BECs and LECs in human skin (Chapter 3) 

and HMEC-1 cells (Chapter 7), and Poly I:C, R848, or a combination of Poly I:C and R848 

were shown to influence cytokine secretion when administered to skin explants (Chapter 5),  

these ligands were used to stimulate HMEC-1 cells to determine their effects on dermal 

endothelial barrier integrity, monitored using multi-frequency ECIS. It was found that Poly I:C 

induced a small dip in resistance at the time of addition which was attributed to a reduction in 

cell:cell adhesion of HMEC-1 cells, and a substantial and sustained decrease in resistance 

20 hrs after stimulation which was attributed to an equal reduction in cell:cell and basolateral 

adhesion, and a small increase in cell membrane capacitance. Consistent with the 

xCELLigence findings, R848 had no effect until late in the experiment, in which a small drop 

in resistance was detected and was attributed to a reduction in barrier integrity and basolateral 
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adhesion. Consistent with other studies assessing lung endothelial cells, Poly I:C has been 

shown to reduce the TEER value increasingly with time [275-277], by inducing a reduction in 

the expression of the tight junction protein claudin-5 [277], resulting in an increased 

permeability of the barrier to labelled dextran molecules [275].  One of the most beneficial 

outputs of ECIS and xCELLigence technologies is that they provide information on the 

temporal nature of the endothelial response after stimulation. While some molecules exert 

immediate, transient alterations to endothelial barrier integrity, such as stimulation with 

histamine or pro-inflammatory cytokines IL-1 and TNF [171, 274, 279], in this thesis, the 

response induced by Poly I:C was minimal initially but increased and sustained at later stages 

of the experiment.   HMEC-1 cells can secrete inflammatory mediators, such as IL-8 and 

inducible nitric acid synthase (iNOS) in response to Poly I:C or R837 stimulation [96]. 

Additionally, dermal lymphatic endothelial cells have been shown to upregulate mRNA of 

IL-1, IL-6, IL-8, TNF, and VEGF after Poly I:C or R837 stimulation [95], and IL-1 and TNF 

have been shown to increase the permeability of endothelial barriers [274, 279]. Interestingly, 

both HMEC-1 cells and dermal lymphatic endothelial cells stimulated with Poly I:C secrete 

higher levels of these pro-inflammatory cytokines than HMEC-1 cells or dermal lymphatic 

endothelial cells stimulated with R837 [95, 96]. It is possible that while the interaction of 

Poly I:C with TLR3 (or other receptors responsive to Poly I:C and expressed by endothelial 

cells [280]) and the induction of associated signalling pathways had a subtle effect on 

endothelial cell morphology initially, the more substantial decrease in endothelial barrier 

integrity was a result of the accumulation pro-inflammatory mediators produced by the 

HMEC-1 cells after Poly I:C stimulation and signalling. These inflammatory mediators may 

then influence the expression of adhesion molecules involved in cell:cell and basolateral 

binding. R848 had a noticeable but lesser effect than Poly I:C on cell:cell and basolateral 

binding, and this may be due to a lower production of pro-inflammatory mediators induced by 

R848 stimulation. Further studies monitoring cytokine secretion and expression of adhesion 

molecules at initial and late time points after Poly I:C and/or R848 stimulation will help 

elucidate the mechanism driving the reduction in endothelial barrier integrity observed in these 

experiments.  

The TLR7 ligand R837 and the TLR7/8 ligand CL075 were tested to determine if their influence 

on the barrier strength of HMEC-1 cells would be similar or distinct to R848.  First the 

functionality of these ligands was assessed; R837, R848, and CL075 induced the upregulation 

of all maturation markers by CD1c+ APCs, but interestingly, CL075 and R848 induced higher 

levels of all the maturation markers tested than R837 at comparative doses.  Regardless, 

these analyses confirmed the functionality of R837 and CL075. These ligands were next 

added to HMEC-1 cells in an xCELLigence assay. Like R848, The TLR7 ligand R837 had a 
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small influence on endothelial barrier integrity in the late stages of the xCELLigence 

experiments, however, the TLR7/8 ligand CL075 induced a modest increase in Cell Index 

immediately after addition which was sustained until it began to reduce towards the control in 

the late stages of the experiment, in a similar profile to that of R837 and R848. As discussed 

before, dermal endothelial cells can secrete pro-inflammatory cytokines after TLR stimulation 

and these may influence endothelial barrier integrity and may account for the small decrease 

in Cell Index seen after R837 or R848 stimulation.  CL075 has been shown to induce NF-B 

preferentially through TLR8, but also TLR7 at higher concentrations [281]. This subtle increase 

in Cell Index suggests CL075 either binds TLR7 and/or TLR8 (although no TLR8 protein was 

detected on resting HMEC-1 cells) in a manner distinct from R837 and R848 or induces the 

early increase in Cell Index independently of TLR7. These assays have highlighted the 

differential influence and the temporal nature of CL075 in comparison to R837 and R848 on 

the endothelial barrier response. Additional analyses monitoring the expression of adhesion 

molecules and cytokine secretion by HMEC-1 cells in response to stimulation with these 

ligands will shed light on the influence of CL075 in comparison to R837 and R848 at both early 

and late stages of these experiments. Multi-frequency ECIS experiments will also highlight 

whether the changes in the endothelial barrier integrity after the additional of R837, R848, or 

CL075 are due to changes in basolateral (alpha) or cell:cell (Rb) adhesion. The inclusion of 

additional TLR7/8 ligands such as Loxoribine and Gardiquimod, or MyD88 inhibitors which 

prevent TLR signalling in future experiments will also help to confirm if the response induced 

by CL075 is mediated via TLR7/8 signalling or if CL075 influences the barrier integrity of 

HMEC-1 cells independently of these TLRs.  

TLR9 ligands of three separate classes were also tested in xCELLigence and ECIS 

experiments as both HMEC-1 cells and endothelial cells in human skin were shown to express 

TLR9. Class A (ODN2216), B (ODN2006), and C (ODN2395) TLR9 ligands induced the 

maturation of pDCs, confirming their functionality.  Previous literature has described the 

distinct effects class A, B, and C TLR9 ligands have on pDCs and B cells. For example, Class 

B ODN2006 induces the highest levels of naïve B cell proliferation [282], but Class A 

ODN2216 and Class C ODN2395 induce higher levels of IFN- secretion by pDCs [283]. 

Interestingly, ODN stimulation of HMEC-1 cells resulted in the induction of much lower levels 

of pro-inflammatory cytokines than Poly I:C but similar levels to R848 [95, 96]. ODN2006 

stimulation of HMEC-1 cells was shown to induce a redistribution of the TLR signalling adaptor 

protein MyD88 to vesicles surrounding the nucleus [96], confirming that ODNs do induce 

signalling events within HMEC-1 cells. Additionally, Vollmer et al. characterized multiple 

variations of ODNs and found that in hTLR9 transfected HEK293 cells, ODN2006, ODN2216, 

and ODN2395 all stimulated NF-B activity, although much lower concentrations of ODN2006 
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were required to induce NF-B than for ODN2395 and ODN2216 [278]. These data further 

suggest that ODNs of different classes vary in potency and initiate distinct responses in 

multiple cell types. 

The data in this thesis demonstrated that different classes of TLR9 ligands differentially 

influence the HMEC-1 endothelial barrier immediately after their addition as measured with 

xCELLigence, but these acute differences were not seen when multi-frequency ECIS was 

used. While ODN2006 and ODN2395 induced subtle increases in Cell Index initially, 

ODN2216 (5 M) induced an immediate drop in Cell Index. However, over a longer time scale, 

all three ligands induced a decrease in Cell Index and these decreases were greater than 

those measured after stimulation with the TLR7/8 ligands R837, R848, and CL075. 

Additionally, multi-frequency ECIS similarly detected the reduction in barrier integrity 40 hrs 

after ODN stimulation at 5 M (and 1 M for ODN2216), corroborating the overall reduction 

observed using xCELLigence. As discussed before, the decrease in barrier integrity in 

response to ODN stimulation observed with ECIS and xCELLigence may be due to the 

production of pro-inflammatory cytokines which then inhibit the signalling pathways of 

adhesion molecules of HMEC-1 cells, reducing the strength of the endothelial barrier. It has 

been shown recently that Class A, B and C TLR9 ligands bind TLR9 with different strengths, 

depending on the nature of the ODN backbone; the inclusion of phosphorothioate 

modifications (like in ODN2006 and ODN2395) at different positions along the ODN backbone 

influence the strength of TLR9 binding and activation [284]. These differences may account 

for the distinct influences of ODN2006/ODN2395 in comparison to ODN2216 on the 

endothelial barrier strength of HMEC-1 cells during the initial response. 

Multi-frequency ECIS was not sensitive enough to distinguish the changes in the initial 

response of HMEC-1 cells to ODN stimulation but saw the same decrease in resistance over 

the length of the experiment. Differences in the layout and coverage of the gold arrays that 

are used to apply and monitor the changes to the current in the xCELLigence and ECIS 

experiments influence the sensitivity of each assay [171], and are a likely source of variation 

between these datasets. Differences were also noticed in the overall shape of the trace 

between the ECIS and xCELLigence experiments; while the ECIS trace appeared to stabilize 

by 24 hrs, the xCELLigence trace continues to increase in Cell Index. While both experiments 

were seeded with cells in passage 12-16 and at a density of 50,000 cells per well, it is possible 

that the cells in the xCELLigence assay adhered to the arrays with less strength or slower than 

in the ECIS assay.  These differences may also contribute to the differences in the responses 

detected by ECIS and xCELLigence. 
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Regardless, these data have confirmed that TLR9 ligands all eventually induce a weakening 

in HMEC-1 endothelial barrier integrity, but Class A, B and C ligands induce varied responses 

by endothelial cells in the initial period after stimulation. Interestingly, unlike Poly I:C or R848, 

the modelled ECIS data showed the reduction in endothelial barrier integrity after ODN 

stimulation was mostly due to changes in cell:cell adhesion (Rb), and not basolateral adhesion 

(alpha). These data suggest TLR9 ligands induce responses in HMEC-1 cells that are distinct 

from the responses induced by Poly I:C or R848. Further evaluation of cytokine secretion and 

expression of adhesion molecules during both the initial and late response periods of HMEC-1 

cells after stimulation with these TLR ligands is required to elucidate the mechanisms behind 

this observation.  

In summary, HMEC-1 cells express protein of TLRs 3, 7, and 9, and respond to stimulation 

with TLR ligands that bind these receptors in distinct and temporally sensitive manners. Both 

ECIS and xCELLigence technologies can be used to monitor endothelial barrier integrity, 

however while ECIS can be used to determine the influence of TLR ligand stimulation on  

basolateral adhesion, cell:cell adhesion, and cell membrane capacitance, xCELLigence 

detects subtle initial changes in endothelial barrier integrity with higher sensitivity.  Both 

technologies provide useful information on the temporal nature of the endothelial response to 

TLR stimulation, however further functional analyses are required to elucidate the mechanism 

driving the observed changes in endothelial barrier integrity.    
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7.8 Conclusions 

 HMEC-1 cells express variable levels of TLRs 3, 7, and 9. 

 Multi-frequency ECIS analysis shows that Poly I:C induces an initial decrease followed 

by a sustained decline in the endothelial barrier integrity of HMEC-1 cells, while R848 

has no influence initially but induces a lesser sustained decline from 40 hrs post 

stimulation, onwards. These responses were primarily attributed to decreases in both 

cell:cell adhesion and basolateral adhesion.   

 Multi-frequency ECIS analysis shows ODN2006, ODN2216, and ODN2395 have no 

influence initially but induce a lesser decline from 40 hrs post stimulation, onwards, like 

R848. These responses were primarily attributed to decreases in cell:cell adhesion 

only.   

 xCELLigence analysis shows that while ODN2006 and ODN2395 induce an immediate 

increase in Cell Index, 5 M ODN2216 induces an immediate decrease in Cell Index. 

All three ligands at 5 and 0.5 M induce a sustained decline in Cell Index from 40 hrs 

post stimulation onwards, which concurs with the decline in resistance observed during 

the ECIS experiments. 
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Chapter 8 General Discussion 

TLR ligands are included in vaccines to strengthen immune responses against cancerous cells 

or viruses. Currently, some commercially available TLR ligands are included in cancer and 

viral vaccines, and multiple clinical trials containing TLR ligands as adjuvants are underway. 

The administration of TLR ligands with cancer or viral antigens to the epidermis and dermis of 

human skin, where APCs reside, is a viable route for immunotherapeutic treatment of chronic 

viral infections or cancer. This primary goal of this study was to increase the understanding of 

the response of APCs, endothelial cells, and the general skin environment to stimulation with 

synthetic TLR ligands which could be included in vaccines as adjuvants.  

To this end, a skin explant model was established in order to assess the effects of TLR 

stimulation on APC phenotype and maturation status, and also to assess their ability to 

stimulate nave CD4+ T cells. The influence of the TLR ligands on the whole explant was also 

assessed by measuring the cytokines secreted by the cells in situ in the explant. Specifically, 

the effects of TLR3 ligand Poly I:C, TLR7/8 ligand R848, and a combination of Poly I:C and 

R848 were assessed throughout this study, as individual and combinations of these ligands 

are currently being assessed in clinical trials. Mixed leukocyte reactions were performed to 

assess the influence of CD1c+ blood APCs that had been stimulated with TLR ligands or 

enriched CD1a+/CD14+ APCs which migrated from skin explants that were intradermally 

injected with TLR ligands on the proliferation and differentiation of naïve CD4+ T cells.  

Additionally, changes in HMEC-1 endothelial barrier integrity after TLR stimulation were 

measured using ECIS and xCELLigence technologies, as endothelial cells in skin control the 

ingress and egress of solutes and cells during the inflammatory response and may influence 

the overall response of the skin to TLR stimulation. Poly I:C, R848, and a combination of 

Poly I:C and R848 as well as additional TLR7/8 ligands CL075 and R837, and TLR9 ligands 

ODN2006, ODN2216, and ODN2395 were included in these analyses. Overall, Poly I:C and/or 

R848 induced distinct responses in a temporal manner – in particular, R848 reduced the 

number of APCs that migrated out of skin explants and increased the secretion of multiple 

cytokines from skin explants while Poly I:C had the greatest influence on the integrity of the 

endothelial barrier. Together, Poly I:C and R848 synergistically increased the secretion of 

IFN-, IP-10, and MIP-1 by cells in human skin explants.  

Chapter 8 compares and contrasts the major influences of Poly I:C and R848, administered 

individually or combinatorically, that were observed in the skin explant, MLR, and endothelial 

barrier integrity experiments, and highlights the limitations, main findings, future directions and 

conclusions of this study. These findings are also summarised in Figure 8.1 and Figure 8.2.
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Figure 8.1. Summary of the influences of Poly I:C, R848, and Poly I:C and R848 when intradermally injected into human skin explants or used to 
stimulate CD1c+ blood APCs before co-culture with allogeneic naïve CD4+ T cells.
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Figure 8.2. Summary of the influences of Poly I:C, R848, and Poly I:C and R848 on HMEC-1 
endothelial barrier integrity. The influence of Poly I:C, R848, or Poly I:C and R848 on HMEC-1 barrier 
integrity, basolateral adhesion, and cell membrane capacitance was assessed using multi-frequency 
ECIS and is summarised in this figure. Pale pink arrows indicate modest increases or decreases, red 
arrows indicate strong increases or decreases, and black dashes indicate no increases or decreases 
in these properties. These data summarise the findings of three independent experiments.   
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8.1 Characteristics of the skin explant model 

The skin explant model utilised in this thesis was developed with specific goals in mind. First, 

the skin explants had to be a uniform shape, in which a known concentration of TLR ligands 

could be administered into. 12 mm biopsy punches were used to create skin explants with a 

consistent circumference, with the least amount of damage imposed as possible. This 

diverges from other methods where skin explants were cut to an approximate size using a 

scalpel [167, 236]. TLR ligands were administered to the skin explants after they were 

generated, so the entire intradermal injection or topical application was contained in the 

explant. This also differs from previous methods where TLR ligands are administered to larger 

pieces of skin, and the explant is then punched around the injection site [70, 166, 168, 237]; 

in these models, the total amount of TLR ligand contained in the skin explant cannot be certain. 

Additionally, the skin explants used in this thesis were larger than the majority of others used, 

which meant the ratio of cut skin to untouched skin was lower than in the smaller explants. 

Every step of the TLR ligand administration protocol was controlled for, and the skin explant 

experiments included unstimulated explants, tape-stripped explants, and explants which had 

been intradermally injected with PBS, or intradermally injected and topically applied with PBS. 

These controls confirmed that intradermal injection itself does not influence the number, 

phenotype, or maturation of APCs subsets which migrate from skin explants or the secretion 

of the numerous cytokines monitored in this thesis above the basal level of inflammation 

induced during the biopsy-punching of the explants. While the topical application of PBS-

containing cream does not influence the phenotype of APCs which migrate from skin explants, 

it does reduce the number and maturation status of these cells. Additionally, tape stripping 

and the topical application of PBS-containing cream influenced the secretion of IL-6 and IL-1β 

or IL-8, IL-10, MIP-1α, and MIP-1β respectively. These data suggest that tape stripping, or 

topical application of cream alone is enough to influence APCs and other cells in skin and 

confirmed the requirement for these controls in all topical experiments, whereas the influence 

of the cream itself could not be ruled out in other studies [168]. Altogether, the skin explant 

model utilised in this study was developed in a manner in which the amount of TLR ligands 

applied to each explant could be confidently defined, and the influence of all protocols 

administered to the skin explants could be controlled and accounted for.   
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8.2 The influence of Poly I:C on cells in human skin 

Poly I:C is a well-recognised ligand of TLR3. Chapter 3 highlighted the expression of TLR3 

protein by CD1a+ epidermal LCs, CD1a+ dermal APCs, CD14+ dermal APCs, BECs and LECs, 

suggesting that these cells may respond to Poly I:C stimulation in skin. In this thesis, Poly I:C 

was shown to significantly increase the secretion of IL-6 and IL-8 when intradermally injected 

into human skin explants, temporally increase the proliferation of naïve CD4+ T cells co-

cultured with Poly I:C-stimulated CD1c+ blood APCs, suppress secretion of the Th-1 skewing 

cytokine IFN- and the Th-2 skewing cytokines IL-4 and IL-5 whilst increasing the secretion of 

immunomodulatory IL-10 relative to the PBS control, and finally reduce the barrier integrity of 

HMEC-1 human dermal endothelial cells.  

Poly I:C increased the secretion of IL-6 when intradermally injected into human skin explants. 

IL-6 is a pleiotropic pro-inflammatory cytokine, with important roles in acute phase 

inflammatory responses, wider systemic homeostatic responses, and disease pathology [285]. 

Interestingly, in vitro studies have also shown IL-6 can induce the differentiation of monocytes 

into macrophages over APCs [286], and downregulate the LN-homing receptor CCR7 on 

APCs [287], activities suggested to promote the resolution of inflammation [285]. However, 

despite these influences of IL-6 on immune cells in vitro, the experiments conducted in this 

thesis did not detect any influence of an increased secretion of IL-6 in response to the 

intradermal injection of Poly I:C on the number of APCs which migrated from skin explants, or 

the phenotype or maturation status of the migrant APCs.  

Additionally, Poly I:C increased the secretion of IL-8 when intradermally injected into human 

skin explants. IL-8 is a neutrophil homing chemokine, capable of inducing the transendothelial 

migration and degranulation of these cells from blood into inflamed tissues. In these tissues, 

neutrophils phagocytose opsonised microbes and secrete soluble antimicrobials. Poly I:C 

mimics dsRNA of viral genomes, so the upregulation of IL-8 to mediate the recruitment of 

neutrophils by cells in human skin may be a cellular response to a perceived viral threat. 

Additionally, neutrophil degranulation induced by IL-8 results in the release of T cell 

chemoattractant molecules, facilitating the recruitment of T cells into inflamed tissues [288]. 

Multiple cell subsets in human skin secrete IL-8 in response to stimulation with Poly I:C, 

including but not limited to endothelial cells, keratinocytes, and LCs, and collectively will have 

contributed to the increased secretion of IL-8 seen by the skin explants intradermally injected 

with Poly I:C [96, 110, 116]. Additionally, LCs digested from skin secrete IL-8 in response to 

Poly I:C stimulation [53]. IL-8 is also modulated in cancer and can promote the proliferation 

and invasion of cancer cells and is a target in current cancer therapies [289]. While an increase 

in the secretion of IL-8 by cells in human skin in response to Poly I:C may promote neutrophil 
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and T cell recruitment, thereby potentially facilitating additional APC:T cell interactions, the 

influence of IL-8 in a cancer setting needs further consideration.  

Poly I:C signalling via TLR3, MDA-5, or RIG-I induces the translocation of IRF3 to the nucleus, 

resulting in the transcription of Type I IFNs. At the time of these studies, cytometric bead array 

kits were not available for the Type I IFNs, IFN- and IFN-However the IFN- CBA flex set 

is now available and additional studies assessing the secretion of this cytokine by TLR 

stimulated cells in skin explants would highlight the functional capacity of Poly I:C in the skin 

explant model. Also, as monoclonal antibodies targeting the IFN and IFN- receptor (IFNAR) 

are available, it would be interesting to determine what influence blocking IFNAR in skin 

explants prior to TLR stimulation has on cytokine secretion by cells in human skin.   

Poly I:C was used to stimulate CD1c+ blood APCs before co-culture with naïve CD4+ T cells. 

It was found that Poly I:C enhances T cell proliferation at day 3/4, although T cell proliferation 

at day 6 was comparable between Poly I:C and the PBS control. While both unstimulated and 

Poly I:C-stimulated CD1c+ blood APCs were capable of inducing a small proportion of 

allogeneic naïve CD4+ T cells to divide, Poly I:C may enhance this capacity temporally, 

possibly through increased expression of allogeneic MHC:self-peptide complexes, or 

costimulatory molecules by CD1c+ blood APCs (factors that need to be assessed in future 

studies), and/or the secretion of T-cell skewing cytokines by these cells. Poly I:C influenced 

the secretion of the immunomodulatory cytokine IL-10 and had suppressed the Th2-skewing 

cytokine IL-5 day 3/4, earlier than R848, and this may be associated with the increase in T cell 

proliferation induced by Poly I:C at day 3/4. Together, these data suggest that Poly I:C-

stimulated CD1c+ blood APCs can mediate quicker responses from naïve CD4+ T cells. 

However, as IFN--secreting Th1 cells are the desired outcome of TLR-ligand containing 

cancer or viral vaccines as these cells help to activate cytotoxic T cells which can home to and 

destroy cancer cells or intracellular infections, the lower secretion of IFN- induced by Poly I:C-

stimulated CD1c+ blood APCs is interesting. Do Poly I:C-stimulated APCs lessen IFN- 

secretion by Th1 cells, or do they increase the production of IL-10 to prevent excessive 

inflammatory response and suppress IFN-? These data show Poly I:C stimulation of APCs 

does influence the proliferation and differentiation of naïve T cells; however, the effector 

function of the resultant T cells must be assessed in future experiments. These data have 

highlighted the importance of assessing these responses temporally and additional studies 

assessing earlier time points (day 2) in these responses may help to clarify the T cell-skewing 

effects of Poly I:C.  

Interestingly, preliminary MLR experiments using CD1a+/CD14+ enriched cells that migrated 

from skin explants into which Poly I:C was intradermally injected appear to have an opposite 
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effect to CD1c+ APCs on T cell proliferation at day 4, and only slight influences on cytokine 

secretion. Additional to the direct stimulation by Poly I:C, the enriched, migrant CD1a+/CD14+ 

APCs may have also been influenced indirectly by other Poly I:C-stimulated cells in human 

skin, causing them to modulate the expression of MHC:peptide complexes, costimulatory 

molecules or cytokines. The availability of Poly I:C to these cells in situ will also differ to the 

CD1c+ blood APCs stimulated in vitro. While further analyses are required to confirm these 

contrasting findings, these data highlight the varied influences of different APC subset 

responses to TLR ligands, and influences on T cell proliferation and differentiation. Further 

studies assessing the influence of cutaneously-administered TLR ligands on individual skin 

APC subsets, and their subsequent capacity to induce naïve CD4+ T cell proliferation and 

differentiation will help elucidate the best strategy to support cytotoxic T cell responses. 

Poly I:C also induced the greatest reduction in HMEC-1 human dermal endothelial barrier 

integrity, as measured with multi-frequency ECIS. Endothelial cells line blood and lymphatic 

vessels in human skin and provide a semipermeable barrier to the transendothelial or 

paracellular passage of cells and solutes which can influence inflammatory responses.  The 

reduction in endothelial barrier integrity observed in this thesis suggests that HMEC-1 cells 

are responsive to Poly I:C and modulate their phenotype in both an immediate but transient 

and a sustained manner after stimulation. Notably, the reduction in endothelial barrier integrity 

was to greater effect with Poly I:C than R848 but with reduced effect than the direct 

administration of pro-inflammatory cytokines IL-1 and TNF [274]. Therefore, in situ, it is likely 

that combined inflammatory responses induced by the direct effect of Poly I:C on endothelial 

cells and the indirect effect of pro-inflammatory cytokines secreted by other cells stimulated 

by Poly I:C may influence endothelial barrier integrity in the skin. Additionally, the secretion of 

the neutrophil homing chemokine IL-8 by cells in human skin and the reduction in endothelial 

barrier integrity both induced by Poly I:C may together augment the recruitment of effector 

cells such as neutrophils and T cells into an inflamed skin environment and increase the 

likelihood of APC: T cell interactions. 

While ECIS technology is highly useful for determining if and when molecules such as Poly I:C 

can influence endothelial barrier integrity, ECIS provides no information on the molecular 

nature of the response, and additional studies are required to determine if Poly I:C induces 

changes in the expression of adherence proteins in HMEC-1 cells, and if this influences  the 

passage of cells and solutes across the endothelial barrier. 

Overall, Poly I:C administered intradermally to human skin may induce pro-inflammatory 

responses, highlighted by increased levels of general pro-inflammatory cytokines and 
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increased endothelial permeability. However, the specific effect of Poly I:C on APCs in human 

skin, and their resultant influence on T cells is still to be determined.    
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8.3 The influence of R848 on cells in human skin 

R848 is an equally well-recognised ligand of TLR7/8. Chapter 3 highlighted the expression of 

TLR7 protein by CD207+CD1a+ epidermal LCs, CD1a+ CD207- dermal APCs, CD14+CD45+ 

dermal APCs, BECs and LECs, suggesting that these cells may respond to R848 stimulation 

in human skin. In this thesis, R848 induced divergent responses from Poly I:C; R848 reduced 

the number of APCs which migrated from skin explants and increased the secretion of pro-

inflammatory cytokines IL-1, IL-12p40, and TNF, the pro-inflammatory chemokines IP-10, 

MCP-1, MIG, MIP-1, and MIP-1, the immunomodulatory cytokine IL-10, and the growth 

factors VEGF, G-CSF, and GM-CSF by cells in the human skin. Furthermore, R848 

suppressed the secretion of Th1 and Th2 skewing cytokines whilst increasing the secretion of 

immunomodulatory IL-10 in the CD1c+ blood APC MLR in a similar manner to Poly I:C, 

although the timing of this response was delayed in comparison.  

An intriguing finding unique to the intradermal injection of R848 was the reduction in the 

number of APCs which migrated from skin explants. As discussed in Chapter 5, this may be 

the result of a switch to an increasingly directed motion of APCs towards lymphatic vessels in 

skin, through the upregulation of CCR7 on APCs, or the increased secretion of CCL19 or 

CCL21 by lymphatic endothelial cells although this remains to be confirmed. Interestingly, 

earlier findings have shown that R848 has little influence on the migration of moAPCs in vitro 

unless prostaglandin E2 was included in the stimulation [290], suggesting that molecules 

available in skin, such as prostaglandin E2 [291], may be able to modulate the functional 

responses of APCs to TLR ligands. This further corroborates the use of the skin explant model 

over in vitro models. The relevance of this data in vivo is important as R848 may be able to 

influence the migration of skin APCs towards the LN in response to cutaneous vaccination. 

Additional immunohistochemical analyses tracking the distribution of APCs in situ in human 

skin relative to the lymphatics at various time points after intradermal injection of R848, and 

assessing their expression of CCR7 will help to elucidate the influence of R848 on APC 

migration in human skin.  

The intradermal injection of R848 into human skin explants induced a strengthened and 

broadened cytokine response when compared to Poly I:C. R848 increased the secretion of 

the pleiotropic pro-inflammatory cytokines IL-1 and TNF, as well as the functionally-specific 

IL-12p40, which in the heterodimeric form of IL-12p70 can induce the differentiation of naïve 

T cells into Th1 cells which can secrete IFN- and IL-2 and activate antitumour or antiviral 

responses of macrophages, CD8+ T cells and B cells  [292]. Additionally, homodimers of 

IL12p40 have been shown to influence the responsiveness of APCs towards chemokines, the 

migration of macrophages into inflamed tissues, and the secretion of IFN- by CD8+ T cells 
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via NF-B and MAPK signalling [293].  As the development of antigen specific cell-mediated 

immunity is the ultimate goal of cancer and viral vaccines, the increased production of 

IL-12p40 after intradermal injection of R848 in the skin explant model was an exciting finding 

and warrants further investigation into the precise immunostimulatory effects of R848 

administered to the dermis of human skin. The assessment of IL-12p70 should also be 

conducted to determine if this Th1-skewing cytokine was increased in R848-treated human 

skin explants also.  

R848 increased the secretion of multiple inflammatory chemokines, including IP-10, MCP-1, 

MIG, MIP-1, and MIP-1, which function as monomers, dimers, and polymers and bind 

multiple receptors to recruit lymphocytes, granulocytes, and APCs from the blood to tissues 

during inflammation. While these chemokines bind similar receptors with a level of 

redundancy, factors such as their oligomerisation state, the signalling pathways induced upon 

chemokine receptor ligation, differences in tissue expression, and the temporality of their 

expression may define unique functions of these chemokines [294, 295]. Multiple cell subsets 

in skin can secrete IP-10 and MIP-1including endothelial cells, fibroblasts and 

macrophages, while the secretion of MIP-1 is more restricted to neutrophils, which have 

important functions in wound healing [296]. As the studies in this thesis confirmed the 

expression of TLR7 on BECs and LECs in skin, it is possible that R848 induced these cells to 

secrete IP-10 or MIP-1and neutrophils present in the blood vessels of retained in the skin 

explants may also have responded to R848 through their expression of TLR7 and TLR8 and 

secreted MIP-1 in response [297]. The increased expression of these chemokines in 

response to R848 suggests that more immune cells may be recruited into human skin to the 

site of intradermal injection, which may further facilitate APC:T cell interactions. 

Intradermal injection of R848 increased the secretion of the immunomodulatory cytokine IL-10 

from human skin explants. IL-10 is a well-established regulatory cytokine and is synthesised 

alongside pro-inflammatory cytokines by leukocytes to prevent excessive inflammation. 

Therefore, the increased expression of IL-10 seen in skin explants intradermally injected with 

R848 but not those intradermally injected with Poly I:C may be in response to the augmented 

pro-inflammatory cytokine secretion also induced by R848. APCs can produce IL-10 and 

CD14+ dermal APCs are particularly implicated in the production of this cytokine [23]. IL-10 

induces the downregulation of antigen presentation machinery by APCs, inhibits cytokine 

production, and may also regulate key molecules in TLR signalling pathways [298, 299].  

Interestingly, it has recently been shown that moAPCs express lower levels of the IL-10 

receptor, IL-10R1, in comparison to macrophage counterparts, which correlated with their 

reduced responsiveness to IL-10 [300]. Consequently, monocyte, macrophage, and APC 
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subsets in human skin may exhibit different responses to IL-10, also. Therefore, while R848 

may increase the secretion of IL-10 in skin explants, the influence of this immunomodulatory 

cytokine on APCs and the overall inflammatory outcome needs further analysis.     

Additionally, R848 also increased the secretion of growth factors, VEGF, G-CSF, and 

GM-CSF, which are produced by endothelial cells, fibroblasts, and keratinocytes in human 

skin, and promote the proliferation and migration of these cell types [301-303]. Additionally, 

VEGF, originally called vascular permeability factor, increases permeability and angiogenesis 

of endothelial cells in human skin, critical for wound repair [304]. As G-CSF and VEGF were 

already elevated in response to the tissue damage incurred during the skin explant processing, 

further increases in these factors in response to R848 suggests that R848 may be mimicking 

a viral insult to the skin explants which may have caused the increased expression of these 

proteins in order to restore skin health.  

When R848 was both intradermally injected and applied topically, some cytokines were 

increased (IL-1, IL-12p40, MIP-1, TNF) while others were not influenced (IL-10, IP-10) when 

compared to skin explants in which PBS was both intradermally injected and applied topically. 

It is possible that some particles of cream which entered the cell culture media inhibited the 

detection of cytokines in the cytometric bead array, reducing the significance of these findings. 

To prevent this in future experiments, a smaller volume of cream could be used with a margin 

left at the edge of the explant, or the removal of excess cream after a short incubation period 

as was conducted in a previous study [168].   

Interestingly, the increased expression of immunomodulatory and pro-inflammatory cytokines 

in skin explants intradermally injected or topically applied with R848, or the increase in IL-6 

and IL-8 in skin explants intradermally injected or topically applied with Poly I:C, had no 

influence on the phenotype of APCs which migrated from human skin explants. The maturation 

status of APCs which migrated from skin explants which were topically applied with TLR 

ligands or PBS was diminished; an influence confirmed in Chapter 4 to be attributed to the 

topical cream itself. Furthermore, the maturation status of APCs was not influenced by 

intradermal injection of TLR ligands. As only the migratory APCs were assessed in this study, 

it will be interesting in future studies to assess the distribution of APCs which remained in the 

skin explants and the expression of antigen-presentation and co-stimulatory molecules by 

these APCs in situ, as this may be a more informative method for assessing the influence of 

TLR ligands on APC phenotype and maturation in human skin explants.  

Together, the increased secretion of cytokines after intradermal injection of R848 may support 

an immune response by APCs and other cells in human skin in a beneficial manner. While the 
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persistence and associated toxicities of pro-inflammatory cytokines must be considered in 

clinical trials of R848, it has been shown that cutaneously administered TLR ligands are better 

tolerated than those administered via subcutaneous or intramuscular routes and therefore 

may provide a safer avenue for the enhancement of immune responses using TLR ligands as 

adjuvants [305].  

Distinct from Poly I:C, R848 had no influence on the proliferation of naïve CD4+ T cells cultured 

with R848-stimulated CD1c+ blood APCs, and while R848 had the same effect as Poly I:C on 

the secretion of T cell skewing cytokines, this effect was observed later than Poly I:C at day 6 

of the MLR. Additionally, R848 had a reduced influence on endothelial cell barrier integrity 

than Poly I:C. These findings are intriguing as R848 appeared to be more stimulatory than 

Poly I:C overall when administered to human skin explants. This is likely due to distinct TLR 

expression profiles and responsiveness to TLR ligands by these cell subsets; while a greater 

proportion of cells in skin respond to R848, individual cell subsets such as endothelial cells or 

CD1c+ APCs may be more responsive to Poly I:C.  CD1c+ APCs have previously been shown 

to express mRNA of TLRs 3, 7, and 8 and respond to both Poly I:C and CL097 (a TLR7/8 

ligand similar to R848) but in different manners; Poly I:C could induce greater maturation of 

CD1c+ blood APCs and greater secretion of IL-12p70 and IFN-, while CL097 induced greater 

secretion of IL-12p40, IL-1, and TNF [86]. Additionally, HMEC-1 cells produce more IL-8 in 

response to Poly I:C than the TLR7 ligand R837 [96]. Poly I:C and R848 initiate distinct 

signalling pathways after binding TLR3 or TLR7/8 respectively, which likely mediate the 

differences in cytokine secretion, T cell differentiation and proliferation, and HMEC-1 barrier 

integrity seen between these TLR ligands in this thesis. Alternatively, as Poly I:C is susceptible 

to enzymatic degradation [181], it is possible that Poly I:C was degraded at a quicker rate than 

R848 in the skin explants, contributing to the reduced cytokine secretion profile, while retaining 

full function when cultured with purified CD1c+ blood APCs or HMEC-1 endothelial cells, where 

the concentration of degradative enzymes is much reduced. Poly ICLC is a stabilised version 

of Poly I:C with heightened toxicity in vivo; additional studies comparing the cytokine secretory 

profiles of Poly ICLC and Poly I:C intradermally injected into the skin explant model will 

highlight if the latter hypothesis is correct.  

Overall, R848 increased the secretion of a greater number of pro-inflammatory cytokines and 

chemokines, while the influence of Poly I:C was greater in the MLR and endothelial cell 

studies. These data suggest that Poly I:C and R848 will induce distinct responses in vivo, and 

therefore need to be studied individually to determine their distinct potential as vaccine 

adjuvants.  
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8.4 The synergistic influence of Poly I:C and R848 on cells in human skin 

Synergistic influences of Poly I:C and R848 were observed in the cytokine secretory profiles 

of intradermally injected skin explants. When Poly I:C and R848 were intradermally injected 

into skin explants simultaneously, the cytokine secretory profiles were mostly similar to R848, 

but altered in a couple of significant ways. First, the secretion of IFN- was increased above 

that of PBS, Poly I:C, or R848. IFN-, the canonical cytokine associated with Th1 cells, directs 

cellular responses of NK cells and T cells against intracellular bacterial or viral infections, or 

tumours. IFN- upregulates the expression of MHC molecules to enhance antigen 

presentation, increases the secretion of other inflammatory cytokines to augment effector cell 

responses, and stimulates the production of antimicrobial molecules which directly attack 

infected cells or tumours. In vitro analyses have shown that TLR ligands which signal through 

TRIF (such as Poly I:C) allow the enhancement of TLR ligand signalling through the MyD88 

pathway (induced by R848), and the use of these ligands together augments the overall 

response above the additive influence of these ligands [211, 306]. The increase in IFN- seen 

after the combined intradermal injection of Poly I:C and R848 into skin explants in this thesis 

exemplifies this finding in the context of human skin.  

Additionally, the combined intradermal injection of Poly I:C and R848 into skin explants saw a 

further increase in the secretion of two inflammatory cytokines, IP-10 and MIP-1, above the 

increase in secretion induced by intradermal injection of R848 alone. Both IP-10 and MIP-1 

are secreted by cells in response to IFN- which may account for the synergistic upregulation 

of these chemokines in response to Poly I:C and R848 [245, 307]. One study has assessed 

the influence of co-administration of Poly ICLC and R848 in skin explants, and found the 

combined administration synergistically increased the secretion of IL-6, IL-10, IL-12p40, and 

TNF, which was not seen in this thesis [167]. These data could be explained by the use of 

higher concentrations of TLR ligands used, or the use of the stabilised, yet more toxic Poly 

ICLC. Together, these data confirm the synergistic influences of Poly I:C and R848 when 

intradermally injected into human skin.  

While synergistic influences of Poly I:C and R848 on T cell proliferation and differentiation 

were not detected in the CD1c+ MLR, preliminary MLR data utilising CD1a+/CD14+ APCs, 

enriched from cells which migrated from skin explants intradermally injected with Poly I:C and 

R848, suggests these ligands together may increase naïve CD4+ T cell proliferation by day 6. 

Additional studies are required to confirm this result.   

Overall, the combined intradermal injection of Poly I:C and R848 synergistically increase the 

secretion of pro-inflammatory cytokines from human skin explants, including the important Th1 
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cytokine IFN-. The combined influence of Poly I:C and R848 on APCs in situ in human skin 

and the subsequent capacity to stimulate T cell proliferation and differentiation remains 

unresolved and additional studies are required to determine if TLR synergy occurs.  
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8.5 Advantages and limitations of the studies in this thesis 

This study was conducted in order to discern the effects of Poly I:C and/or R848 on APCs and 

other cells in situ in human skin, as these ligands are currently administered via the skin as 

adjuvants in clinical trials and limited data is available regarding how these ligands influence 

cells whilst they reside in human skin.  

Unfortunately, the intermittent acquisition of skin from donors resulted in limited replicates 

being conducted (4 for the intradermal injection skin explant analyses, 3 for the topical 

application skin explant analyses, and only preliminary analyses for the skin APC MLR), this 

therefore influenced the power of these analyses which may not be representative of humans 

entirely. These data may therefore be influenced by gender, age, and ethnicity; factors which 

were not controlled for in these studies.  

The skin explants used in this thesis are a model for human skin. These explants are not 

connected to vasculature and have experienced damage during the surgical excision of the 

skin and subsequent punching of the skin explants, factors which cannot be controlled for. 

This means the infiltration of neutrophils, monocytes and T cells into human skin in response 

to the chemokines secreted by Poly I:C and/or R848 stimulated skin explants and the resultant 

interactions of these cells with APCs and other cells in skin would further influence the 

inflammatory environment of the skin explants and may further modulate the phenotype and 

maturation status of APCs in skin. However, the skin explant model provides a good way to 

assess how skin APCs respond to TLR ligands whilst they are in situ in their natural 

environment amongst other skin cells, prior to the infiltration of these cells, and in contrast to 

other methods which stimulate APCs that have been isolated from skin using digestion or 

migration protocols. 

The CD1c+ APCs used in the MLR experiments are isolated from human blood. While these 

cells may not respond in an identical manner to TLR ligands to influence allogeneic naïve 

CD4+ T cells as skin APCs would, they express multiple TLRs and have a similar phenotype 

to CD1a+ dermal APCs and therefore provide the most suitable substitute for these cells [23, 

60]. 

The endothelial studies were conducted to determine the temporal effects of TLR stimulation 

on barrier integrity. However, HMEC-1 cells seeded onto an xCELLigence or ECIS plate does 

not truly represent the cellular architecture of endothelial vessels or the pressures associated 

with circulation that vessels experience in vivo. Also, HMEC-1 is a heterogeneous cell line 

containing both blood and lymphatic endothelial cells, which will likely respond to TLR 

stimulation in distinct manners. Therefore, while these data propose possible responses of 
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endothelial cells as a whole to TLR stimulation in vivo, additional studies are required to further 

elucidate the effects TLR stimulation of BECs and LECs has on endothelial cell permeability 

in skin. 

Despite previous comments, the skin explant data presented in this thesis is representative of 

the in situ environment and takes into account the influences of all cells which reside in human 

skin. The CD1c+ MLR may represent possible outcomes of TLR stimulation of skin APCs on 

naïve CD4+ T cell proliferation and differentiation, and additional analyses utilising APCs which 

have migrated from TLR stimulated skin explants will further enhance these findings. And 

finally, the endothelial studies highlight the influence and response period of dermal 

endothelial cells to TLR ligand stimulation.  
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8.6 Summary of novel discoveries in this thesis 

 For the first time, a comprehensive analysis of the expression of TLR proteins 3, 7, 

and 9 by LCs, CD1a+ dermal APCs, CD14+ dermal APCs, BECs and LECS was 

conducted. It was found that a percentage of cells within each subset expressed each 

TLR; TLR3 and TLR7 were expressed by the majority of cells in all subsets except 

LECs for TLR3 and LCs for TLR7, while TLR9 was expressed by fewer cells in each 

subset, overall.  

 

 A skin explant model in which explants of uniform size could be administered with 

known amounts of TLR ligands was developed. The model was used to assess the 

influence of intradermal injection, tape stripping, and topical application of cream, and 

showed that the intradermal injection protocol had no influence the phenotype or 

maturation status of migrant APCs or cytokine secretion by cells in the skin, however 

the tape stripping protocol influenced cytokine secretion, and topical application of 

cream influence the number and maturation status of APCs which migrated from skin 

explants, and the secretion of cytokines by cells in the skin, necessitating the 

requirement for these controls.  

 

 Intradermal injection of R848 but not Poly I:C or simultaneously injection of Poly I:C 

and R848 into human skin explants significantly reduced the number of HLA-DR+ 

APCs which migrated out of the skin explants. 

 

 Intradermal injection of PBS or Poly I:C and/or R848 had no effect on the proportion, 

or maturation status of APC subsets migrating out of human skin explants. Topical 

application of PBS or TLR ligands appeared to reduce the number of migrant HLA-DR+ 

APCs and downregulate the expression of maturation markers by these cells but did 

not affect the proportion of APC subsets migrating from human skin explants. 

 

 The cytokine secretion analyses revealed that while intradermal injection of PBS into 

skin explants does not influence the secretion of cytokines by cells in skin explants, 

intradermal Poly I:C increased the secretion of IL-6 and IL-8, R848 increased the 

secretion of IL-1, TNF, IL-12p40, IP-10, MCP-1, MIG, MIP-1, MIP-1, IL-10, VEGF, 

G-CSF, and GM-CSF, and the combined intradermal injection of Poly I:C and R848 

increased the secretion of the same cytokines intradermal R848 induced, with the 

addition of IFN- and CD106, and an increased secretion of IP-10 and MIP-1. Topical 

administration alongside intradermal injection of R848 but not Poly I:C induced an 
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increase in the secretion of multiple cytokines including IL-1, IL-12p40, MIP-1, and 

TNF. 

 

 Mixed leukocyte reactions of TLR stimulated blood CD1c+ APCs with naïve CD4+ T 

cells showed that only Poly I:C stimulation induced a significant increase in naïve CD4+ 

T cell proliferation at day 3/4 but not day 6. Preliminary co-culture analyses of TLR 

stimulated skin-migrant CD1a+ and CD14+ APCs with naïve CD4+ T cells showed that 

the combined intradermal injection of Poly I:C and R848 may increase the proliferation 

of naïve CD4+ T cells after 6 days but additional analyses are required to confirm this.  

 

 Mixed leukocyte reactions of TLR stimulated blood CD1c+ APCs with naïve CD4+ T 

cells also showed that Poly I:C stimulation of blood CD1c+ APCs supressed the 

secretion of IL-5 and increased the secretion of IL-10 at day 3/4 of the MLR, while 

stimulation with R848 or a combination of Poly I:C and R848 had no effect at this early 

time point. However, after 6 days of co-culture, Poly I:C alone and R848 alone had 

suppressed the secretion of IFN-, IL-4 and IL-5 and increased the secretion of IL-10, 

while stimulation with Poly I:C and R848 together suppressed the secretion of IFN-, 

IL-4 and IL-5 but had no significant effect on IL-10 relative to the PBS control. 

Preliminary co-culture analyses of TLR stimulated skin-migrant CD1a+ and CD14+ 

APCs with naïve CD4+ T cells showed that intradermal injection of Poly I:C, R848, or 

a combination of Poly I:C and R848 did subtly influence the secretion of cytokines by 

the MLR after 4-6 days, but further analyses are required to confirm this. 

 

 The response of TLR3, 7, and 9 expressing HMEC-1 cells to TLR stimulation was 

measured using real-time impedance sensing technologies, ECIS and xCELLigence, 

which showed that Poly I:C reduced the basolateral adhesion and barrier integrity of 

HMEC-1 cells transiently after administration, followed by a greater, sustained 

decrease in basolateral adhesion and barrier integrity from 20 hrs after stimulation until 

the end of the experiment. A similar outcome was observed when Poly I:C and R848 

were added together, while R848 induced a subtler decrease in basolateral adhesion 

and barrier integrity. In a similar manner to R848, R837 induced a decrease in the 

overall barrier strength as measured using xCELLigence, while CL075 increased the 

overall barrier strength for ~60 hrs after stimulation. TLR9 ligands ODN2006, 

ODN2216, and ODN2395 also induced a subtle decrease in barrier integrity, 

interestingly without substantially influencing basolateral adhesion.   
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8.7 Future directions 

 For the first time, these studies determined the protein expression of TLRs 3, 7, and 9 

on APC and endothelial subsets in human skin. The expression of additional PRRs, 

including MDA-5 and RIG-I which are known to respond to TLR ligands would be 

useful. Additionally, studies investigating TLR7 protein expression using monoclonal 

antibodies may help clarify the discrepancies seen in TLR7 protein expression using 

the Serotec and Thermo Scientific antibodies, and additional antibodies targeting TLR8 

should be employed to determine if this protein is expressed in human skin.   

 

 It would be interesting to monitor the protein expression levels of TLRs after cutaneous 

stimulation with TLR ligands, as the expression of TLRs is modulated during 

inflammation. All TLR ligand-stimulated skin explants studied in this thesis have been 

snap frozen so this immunohistochemical analysis can be performed at a later date. 

 

 Immunohistochemical analyses of frozen skin explants can also be used to assess the 

distribution, phenotype, and maturation status of APCs that remained in the skin 

explants after TLR stimulation to determine if these cells are influenced in a similar or 

distinct manner to cells which migrated out of human skin explants. The surface 

expression of CCR7, or costimulatory molecules CD40, CD80, CD83, and CD86, and 

distribution of cells in relation to lymphatic vasculature in situ may provide further clues 

as to the influence of TLR ligands on APC maturation.  

 

 The topical application of cream appeared to influence the maturation status of APCs 

which migrated from human skin explants, and cytokine secretion by the explants. It is 

possible that some of the cream may have come off the explants into the culture media 

and influenced these cells. Therefore, to avoid this in future experiments, a smaller 

volume of cream or leaving a margin at the edge of the explant may help prevent this 

influence. Alternatively, excess cream could be removed after a short incubation period 

as was conducted in a previous study [168]. 

 

 The inclusion of additional time points in the MLR may help elucidate the temporal 

influences of Poly I:C and/or R848 on naïve CD4+ T cell proliferation and cytokine 

secretion.  Also, additional skin donors are required to complete the MLRs containing 

APCs which migrated from TLR stimulated skin explants. The purification of CD1a+ 

and CD14+ APC subsets should also be enhanced, possibly by running through a 
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second MACS purification column, or by isolating these cells using fluorescence-

activated cell sorting. 

 

 ECIS and xCELLigence assays have highlighted the temporal response of HMEC-1 

cells to Poly I:C, R848, and other TLR ligands. Additional studies assessing cytokine 

secretion and adhesion protein expression by these cells will help clarify the influence 

to these TLR ligands on endothelial barrier integrity.  
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8.8 Conclusion 

Human skin is a highly functional organ which provides multiple layers of immune protection. 

The presence of multiple subsets of immuno-responsive cells in skin, including TLR-

expressing APCs and endothelial cells, and the ease of access to this organ endorse skin as 

a suitable site for vaccination. These studies have highlighted the heterogeneity of TLR protein 

expression in human skin and shown divergent responses of cells in human skin, T cells, and 

endothelial cells to Poly I:C and R848 stimulation. Additionally, these analyses have 

highlighted synergistic influences of Poly I:C and R848 when administered to human skin. It 

is likely that the inclusion of TLR ligand as adjuvants in combined therapeutic strategies may 

enhance the efficacy of other treatments. For example, the inclusion of TLR ligands in cancer 

vaccines to enhance cell mediated immune responses, alongside checkpoint inhibitors which 

act to release the immune suppression induced by certain tumours may provide a heightened 

defence against cancer. Therefore, future analyses which assess the influence of TLR ligands 

in these circumstances should be evaluated. Collectively, the data from this thesis provides 

additional support for the use of these TLR ligands as adjuvants in vaccination strategies and 

highlight the requirement for careful assessment of the influence of cutaneous administration 

of individual and combinatorial TLR ligands.
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Appendices 

Appendix A Supplementary Immunofluorescence analyses 

 

 

Appendix A-1. CD207 antibodies bind CD207 differentially across skin donors. Frozen 
human skin sections were probed with antibodies targeting CD207 of various clones (indicated 
in brackets). Nuclei were stained with DAPI. Data shows two separate donors. Scale bar 
represents 50 µm. 
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Appendix A-2. CD1a+ and CD14+ APCs migrate out of human skin explants and retain 
TLR7 protein expression. 12 mm skin explants were taken from healthy human skin trimmed 
of subcutaneous fat, and cultured in RF5 at 37oC with 5% CO2 for 48 hrs.  Migratory cells were 
harvested, spun down onto fibronectin coated chamber slides, incubated for 1 hr, and probed 
with CD1a, TLR7 (Thermo Scientific) and CD14 antibodies. Nuclei were stained with DAPI. 
The top row represents an image taken at 20x magnification, with three zooms from this image 
(indicated by the white boxes) displayed below. Scale bars represent 50 μm. N=1 
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Appendix B Supplementary Flow cytometry analyses 

 

 

Appendix B-1. Intradermal injection does not affect maturation status of APC subsets 
which migrate from human skin explants. 12 mm skin explants were taken from healthy 
human skin trimmed of subcutaneous fat, intradermally injected with 100 µL PBS, or left 
uninjected and cultured in RF5 at 37oC with 5% CO2 for 48 hr. Each treatment was 
administered to three separate skin explants, and the migratory cells from all three explants 
were harvested and pooled and then split into four tubes and probed with CD14-FITC, CD1a-
Alexa 647, 7AAD, and either HLA-DR-PE, CD86-PE, CD80-PE, or CD40-PE, and then 
analysed with a BD AccuriTH flow cytometer. The median fluorescence intensity of HLA-DR, 

CD86, CD80, and CD40 was assessed for each APC subset and is displayed above. Data 
displayed are from one donor and represent four individual donors. US: unstained. 
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Appendix B-2. Topical application does not affect maturation status of APC subsets 
migration from human skin. 12 mm skin explants were taken from healthy human skin 
trimmed of subcutaneous fat that had been tape stripped twenty times where indicated. 
Explants were left uninjected or intradermally injected with 100 µL PBS. PBS in 30 mg topical 
cream was also applied where indicated. Explants were cultured in RF5 at 37oC, 5% CO2 for 
48 hr. Each treatment was administered to three separate skin explants, and the migratory 
cells from all three explants were harvested and pooled and then split into four tubes and 
probed with CD14-FITC, CD1a-Alexa 647, 7AAD, and either HLA-DR-PE, CD86-PE, CD80-
PE, or CD40-PE, and then analysed with a BD AccuriTH flow cytometer. The median 
fluorescence intensity of HLA-DR, CD86, CD80, and CD40 was assessed for each APC 
subset and is displayed above. Data displayed are from one donor and represent four 
individual donors. US: unstained. 
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Appendix B-3. Intradermal injection of Poly I:C, R848, or a combination of Poly I:C and 
R848 does not affect the maturation status of APC subsets which migrate from human 
skin explants. 12 mm skin explants were taken from healthy human skin trimmed of 
subcutaneous fat, and intradermally injected with 100 µL PBS alone or containing Poly I:C, 
R848, or Poly I:C and R848 at 10 μg/mL where indicated, and cultured in RF5 at 37oC with 
5% CO2 for 48 hr. Each treatment was administered to three separate skin explants per donor, 
and the migratory cells from all three explants were harvested, pooled, and then split into four 
tubes and probed with CD14-FITC, CD1a-Alexa 647, 7AAD, and either HLA-DR-PE, CD86-
PE, CD80-PE, or CD40-PE, and then analysed with a BD AccuriTH flow cytometer. The 
expression levels of HLA-DR, CD86, CD80, and CD40 was assessed for each APC subset 
and is displayed above. Data displayed are from one donor and represent four individual 
donors.  
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Appendix B-4. Topical and intradermal administration of Poly I:C, R848, or a 
combination of Poly I:C and R848 subtly affects the maturation status of APC subsets 
which migrate from human skin explants. 12 mm skin explants were taken from healthy 
human skin trimmed of subcutaneous fat that had been tape stripped twenty times. Explants 
were intradermally injected with 100 µL PBS alone or containing Poly I:C, R848, or Poly I:C 
and R848 at 10 μg/mL where indicated. Thereafter, PBS or 150 μg of Poly I:C, R848, or Poly 
I:C and R848 in 30 mg cream was topically applied to the skin explants where indicated. 
Explants were cultured in RF5 at 37oC with 5% CO2 for 48 hr. Each treatment was 
administered to three separate skin explants per donor, and the migratory cells from all three 
explants were harvested, pooled, and then split into four tubes and probed with CD14-FITC, 
CD1a-Alexa 647, 7AAD, and either HLA-DR-PE, CD86-PE, CD80-PE, or CD40-PE, and then 
analysed with a BD AccuriTH flow cytometer. The expression level of HLA-DR, CD86, CD80, 
and CD40 was assessed for each APC subset and is displayed above. Data displayed are 
from one donor and represent four individual donors.  
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Appendix B-6. The number of emigrating HLA-DR+ APCs is variably affected by the 
concentration of Poly I:C, R848, or combination of Poly I:C and R848 intradermally 
injected into human skin explants. 12 mm skin explants were taken from healthy human 
skin trimmed of subcutaneous fat, intradermally injected with 100 µL PBS containing TLR 
ligands at the indicated concentrations, and cultured in RF5 at 37oC, with 5% CO2. Explants 
were cultured for 24, 48, or 72 hrs and at the end of the culture period, the migratory cells 
were harvested, probed with CD14-FITC, HLA-DR-PE, CD1a-Alexa 647, and 7AAD and 
analysed with a BD AccuriTH flow cytometer. Debris, doublets, and dead cells were excluded 
and HLA-DR+ APCs were assessed. N=1.  
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Appendix B-7. The gating strategy used to identify and assess the proportion of 
allogenic naïve CD4+ T cells that have divided after co-culture with CD1c+ APCs. 
Untouched naïve CD4+ T cells were isolated from healthy human PBMC, labelled with 
CytoTrack Green, and co-cultured with CD1c+ APCs at a ratio of 1 CD1c+ APC to 10 CD4+ 

T cells. The MLRs were cultured at 37oC with 5 % CO2, for 3 – 6 days before the cells were 
harvested, probed with CD3-PE and 7AAD, and analysed using a BD AccuriTH flow cytometer. 
The initial gate was drawn around cell populations indicative of resting and dividing T cells, 
doublets were excluded using FSC-A::FSSC-H and SSC-A::SSC-H plots, and live, CD3+ T 
cells were gated and analysed. All events to the left of the full dose CytoTrack Green peak 
were considered proliferating T cells and were quantified as a proportion of total live, CD3+ T 
cells, this was the analytical output used in this thesis. 
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Appendix B-8. Representative histograms displaying live CytoTrack-stained CD3+ T 
cells after co-culture with TLR stimulated blood CD1c+ APCs or CD3/28 Dynabeads. 
CD1c+ APCs were isolated from healthy human PBMC and were stimulated with the indicated 
TLR ligands at 10 μg/mL in RF5 at 37oC with 5 % CO2 for 48 hr. Untouched naïve CD4+ T cells 
were isolated from healthy human PBMC, labelled with CytoTrack Green, and co-cultured with 
CD1c+ APCs at a ratio of 1 CD1c+ APC to 10 Naïve CD4+ T cells, or CD3/28 Dynabeads, as 
indicated. The MLRs were cultured at 37oC with 5 % CO2, for 3 – 6 days before the cells were 
harvested, probed with CD3-PE and 7AAD, and analysed using a BD AccuriTH flow cytometer. 
The histograms show all live, CD3+ T cells (gating strategy indicated in Appendix B-7) and the 
events left of the full dose CytoTrack Green peak were considered proliferating T cells and 
were quantified as a proportion of total live, CD3+ T cells. Histograms represent one of three 
replicates from one of four donors.  
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Appendix B-9. The gating strategy used to identify and assess the proportion of 
allogenic naïve CD4+ T cells that have divided after co-culture with skin migrant CD1a+ 

and CD14+ APCs. 12 mm skin explants were punched from healthy human skin trimmed of 
subcutaneous fat and cultured in RF5 at 37oC with 5% CO2 for 48 hr. Migratory cells were 
harvested, and CD1a+ APCs and CD14+ APCs were positively enriched using CD1a+ and 
CD14+ magnetic microbeads. Untouched naïve CD4+ T cells were isolated from healthy human 
PBMC, labelled with CytoTrack Green, and co-cultured with CD1a+ and CD14+ APC 
enrichments at a ratio of 1 CD1a+/CD14+ APC to 10 CD4+ T cells. The MLRs were cultured at 
37oC with 5 % CO2, for 4 – 6 days before the cells were harvested, probed with CD3-PE and 
7AAD, and analysed using a BD AccuriTH flow cytometer. Gates were drawn around cell 
populations indicative of resting and dividing T cells, doublets were excluded using FSC-
A::FSSC-H and SSC-A::SSC-H plots, and live, CD3+ T cells were gated and analysed. All 
events left of the full dose CytoTrack Green peak were considered proliferating T cells and 
were quantified as a proportion of total live, CD3+ T cells, this was the analytical output used 
in this thesis. 
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Appendix B-10. Representative histograms displaying live CytoTrack-stained CD3+ T 
cells after co-culture with TLR stimulated skin CD1a+ and CD14+ APCs or CD3/28 
Dynabeads. 12 mm skin explants were punched from healthy human skin trimmed of 
subcutaneous fat, intradermally injected with 100 µL PBS with or without 10 μg/mL of the 
indicated TLR ligands, and cultured in RF5 at 37oC with 5% CO2 for 48 hr. Migratory cells were 
harvested, and CD1a+ APCs and CD14+ APCs were positively enriched using CD1a+ and 
CD14+ magnetic microbeads. Untouched naïve CD4+ T cells were isolated from healthy human 
PBMC, labelled with CytoTrack Green, and co-cultured with CD1a+ and CD14+ APC 
enrichments at a ratio of 1 CD1a+/CD14+ APC to 10 CD4+ T cells. The MLRs were cultured at 
37oC with 5 % CO2, for 4 – 6 days before the cells were harvested, probed with CD3-PE and 
7AAD, and analysed using a BD AccuriTH flow cytometer. The histograms show all live, CD3+ 
T cells (gating strategy indicated in Appendix B-9) and the events left of the full dose CytoTrack 
Green peak were considered proliferating cells and were quantified as a proportion of total 
live, CD3+ T cells. Histograms represent one of three replicates from one donor.  
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Appendix B-11. TLR7/8 ligands R837 and CL075 effectively induce maturation of CD1c+ 
APCs from human blood. CD1c+ APCs were MACS sorted from human PBMC and cultured 
in a 96 well plate at a density of 10,000 cells per 100 uL. CD1c+ APCs were stimulated with 
each ODN at a concentration of 5, 0.5, or 0.05 µg/ml and cultured for 48 hrs at 37oC with 5% 
CO2. Cells were harvested, divided in half and probed with antibodies targeting the maturation 
markers HLA-DR-FITC, CD40-PE, and CD83-Alexa 647 or HLA-ABC-FITC, CD80-PE, and 
CD86-Alexa 647 along with 7AAD and analysed using a BD AccuriTH flow cytometer. Dead 
cells and doublets were excluded from analysis. The expression level of each marker is 
displayed as representative histograms of donor one in which the TLR ligands had been 
applied at 5 µg/ml (A) and the median fluorescence intensity of which TLR ligands were 
applied at 5, 0.5, or 0.05 µg/ml (B).
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Appendix C Magnetic isolation cell purity 

 

 

Appendix C-1. MACS isolation successfully enriches cell populations. CD1c+ APCs, 
pDCs, and Naïve CD4+ T Cells from human blood were enriched using MACS and assessed 
for purity using a BD AccuriTH flow cytometer. Debris, doublets and dead cells were excluded, 
and CD1c+ CD11c+ APCs (n=2, A), CD123+ CD303+ pDCs (n=1, B), or CD45RO- CD45RA+ T 
Cells (n=5, C) were assessed. The corresponding percentage of enrichment is shown. FACS 
plots represent an individual donor. 
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Appendix C-2. MACS isolation enriches CD1a+ and CD14+ APCs from cells that migrated 
from human skin explants. CD1a+ and CD14+ APCs that had migrated from human skin 
explants were enriched using MACS and assessed for purity using a BD AccuriTH flow 
cytometer. Debris, doublets and dead cells were excluded, and CD1a+ and/or CD14+ migratory 
APC populations were assessed and compared before and after MACS. The corresponding 
percentage of enrichment is shown. FACS plots represent an individual donor.
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Appendix D Statistical analyses 

Appendix D-1. Statistical output of Linear Mixed Effects Model for the MetaMorph 

analyses of TLRs 3, 7, and 9 protein expression by APC subsets in human skin

 

  

Lower bound Upper bound

CD1a+ dermal APCs 32.6475 10.7752 3.029875 0.0231 6.28154 59.01346

CD1a+ epidermal APCs 3.7325 10.7752 0.346397 0.7409 -22.63346 30.09846

CD1a+ epidermal APCs -28.915 10.7752 -2.683477 0.0364 -55.28096 -2.54904

Lower bound Upper bound

CD207
+
CD1a

+ 
epidermal

 
LCs                

(Thermo Fisher) compared to:

CD207+CD1a+ epidermal LCs (Serotec) 43.61 14.94964 2.917127 0.0106 11.745592 75.47441

CD1a+CD207- dermal APCs (Serotec) 43.41 14.94964 2.903748 0.0109 11.545592 75.27441

CD1a+CD207- dermal APCs (Thermo Fisher) 43.8975 14.94964 2.936358 0.0102 12.033092 75.76191

CD14+CD45+ dermal APCs (Serotec) 51.995 14.94964 3.47801 0.0034 20.130592 83.85941

CD14+CD45+ dermal APCs (Thermo Fisher) 25.14 14.94964 1.681646 0.1133 -6.724408 57.00441

CD207
+
CD1a

+ 
epidermal

 
LCs                         

(Serotec) compared to:

CD1a+CD207- dermal APCs (Serotec) -0.2 14.94964 -0.013378 0.9895 -32.06441 31.66441

CD1a+CD207- dermal APCs (Thermo Fisher) 0.2875 14.94964 0.019231 0.9849 -31.57691 32.15191

CD14+CD45+ dermal APCs (Serotec) 8.385 14.94964 0.560883 0.5832 -23.47941 40.24941

CD14+CD45+ dermal APCs (Thermo Fisher) -18.47 14.94964 -1.235481 0.2357 -50.33441 13.39441

CD1a
+
CD207

- 
dermal

 
APCs                            

(Thermo Fisher) compared to:

CD1a+CD207- dermal APCs (Thermo Fisher) -0.4875 14.94964 -0.032609 0.9744 -32.35191 31.37691

CD14+CD45+ dermal APCs (Serotec) 8.0975 14.94964 0.541652 0.596 -23.76691 39.96191

CD14+CD45+ dermal APCs (Thermo Fisher) -18.7575 14.94964 -1.254712 0.2288 -50.62191 13.10691

CD1a
+
CD207

- 
dermal

 
APCs                         

(Serotec) compared to:

CD14+CD45+ dermal APCs (Serotec) 8.585 14.94964 0.574261 0.5743 -23.27941 40.44941

CD14+CD45+ dermal APCs (Thermo Fisher) -18.27 14.94964 -1.222103 0.2405 -50.13441 13.59441

CD14
+
CD45

+
 dermal APCs                      

(Serotec) compared to:

CD14+CD45+ dermal APCs (Thermo Fisher) -26.855 14.94964 -1.796364 0.0926 -58.71941 5.009408

Lower bound Upper bound

CD14
+
CD45

+
 dermal APCs compared to:

CD1a+CD207- dermal APCs 18.2225 11.89468 1.531987 0.1764 -10.88274 47.32774

CD207+CD1a+ epidermal LCs 11.6125 11.89468 0.976277 0.3666 -17.49274 40.71774

CD1a
+
CD207

- 
dermal

 
APCs compared to:

CD207+CD1a+ epidermal LCs -6.61 11.89468 -0.55571 0.5985 -35.71524 22.49524

TLR3

TLR7

CD14
+ 

dermal cells compared to:

Cell subset
Mean 

Difference

Standard 

Error
T-value P-value

95% Confidence 

P-value
95% Confidence 

CD1a
+ 

dermal APCs compared to:

Cell subset
Mean 

Difference

Standard 

Error

TLR9

T-value P-value

95% Confidence 

Cell subset
Mean 

Difference

Standard 

Error
T-value
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Appendix D-2.Statistical output of Linear Mixed Effects Model for the MetaMorph 

analyses of TLRs 3, 7, and 9 protein expression by endothelial cell subsets in human 

skin 

 

 

 

 

 

 

 

 

 

 

 

 

Lower bound Upper bound

LYVE-1+CD34lo LECs -45.5475 10.90244 -4.178 0.025 -80.24393 -10.85107

Lower bound Upper bound

CD31
+
PDPN

-
 BECs                       

(Serotec) compared to:

CD31+PDPN- BECs (Thermo Fisher) -2.9325 17.01879 -0.172 0.867 -41.43169 35.566685

PDPN+CD31lo LECs (Serotec) -6.045 17.01879 -0.355 0.7306 -44.54419 32.454185

PDPN+CD31lo LECs (Thermo Fisher) -30.945 17.01879 -1.818 0.1024 -69.44419 7.554185

PDPN+CD31lo LECs (Serotec) -3.1125 17.01879 -0.183 0.8589 -41.61169 35.38669

PDPN+CD31lo LECs (Thermo Fisher) -28.0125 17.01879 -1.646 0.1342 -66.51169 10.48669

PDPN
+
CD31

lo
 LECs                      

(Serotec) compared to:

PDPN+CD31lo LECs (Thermo Fisher) -24.9 17.01879 -1.463 0.1775 -63.39919 13.59919

Lower bound Upper bound

CD31
+
PDPN

-
 BECs compared to:

PDPN+CD31lo LECs 22.375 11.68231 1.9153 0.1513 -14.80333 59.55333

TLR3

TLR7

TLR9

P-value
95% Confidence 

Cell subset
Mean 

Difference

Standard 

Error
T-value

Cell subset
Mean 

Difference

Standard 

Error
T-value P-value

95% Confidence 

CD34
+
LYVE-1

-
 BECs compared to:

Cell subset
Mean 

Difference

Standard 

Error
T-value P-value

95% Confidence 
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Appendix D-3. Statistical output from the Linear Mixed-Effects Model comparing the 

secretion of cytokines after 24 hrs by skin explants that have been intradermally 

injected with PBS, to the untreated control. 

 

Appendix D-4. Statistical output from the Linear Mixed-Effects Model comparing the 

secretion of cytokines after 48 hrs by skin explants that have been intradermally 

injected with PBS, to the untreated control. 

 

  

Lower bound Upper bound

IL-1β Intradermal PBS 4.43417 20.7698 0.213491   0.8318 -37.24345 46.11179

IL-6 Intradermal PBS -346.068 306.822 -1.127911 0.2645 -961.7526 269.6159

IL-8 Intradermal PBS -636.606 1417.89  -0.448980 0.6553 -3481.815 2208.604

IL-10 Intradermal PBS 2.5475 3.70183 0.688173 0.4944 17.193616 32.926384

IL-12/IL-23p40 Intradermal PBS 2.52333 17.8079 0.141697 0.8879 -33.21088 38.25754

IP-10 Intradermal PBS 2.398 760.508 0.003154 0.9975 -1523.6724 1528.469

MIP-1α Intradermal PBS 9.87833 18.4767 0.534636 0.5952 -27.19794 46.95461

MIP-1β Intradermal PBS 2.02 34.4425 0.058649 0.9535 -67.09383 71.13383

MIG Intradermal PBS 847.606 2320.07 0.3653372 0.7163 -3807.945 5503.156

TNF Intradermal PBS 1.446667 7.02056 0.2060613 0.8375 -12.641126 15.53446

GM-CSF Intradermal PBS 1.045833 1.3038 0.802145 0.4261 -1.570425 3.662092

IFNγ Intradermal PBS 1.085 9.72124 1.140287 0.2594 -8.422092 30.59209

MCP-1 Intradermal PBS 830.7 443.707 1.872183 0.0668 -59.66255 1721.063

VEGF Intradermal PBS 346.6167 237.971 1.456551 0.1513 -130.90677 824.1401

bFGF Intradermal PBS 6.425 3.95912 1.622836 0.1107 -1.5195505 14.36955

CD106 Intradermal PBS 213.7275 165.147 1.294163 0.2013 -117.6648 545.1198

G-CSF Intradermal PBS 125.36 101.34 1.237027 0.2216 -77.99306 328.7131

Treatment

No Treatment Control (24 hr)

Cytokine

Mean 

Difference

Standard 

Error T-value P-value

95% Confidence 

Lower bound Upper bound

IL-1β Intradermal PBS -7.50667 23.876 -0.314402 0.7545 -55.41739 40.40406

IL-6 Intradermal PBS -556.985 366.067 -1.521537 0.1342 -1291.553 177.583

IL-8 Intradermal PBS -186.459 1265.28 -0.147366 0.8834 -2725.4313 2352.5129

IL-10 Intradermal PBS 4.5225 3.92016 1.153651 0.2539 -3.343884 12.388884

IL-12/IL-23p40 Intradermal PBS -1.04667 34.7523 -0.030118 0.9761 -70.7823 68.68897

IP-10 Intradermal PBS -146.673 882.232 -0.166253 0.8686 -1917.001 1623.654

MIP-1α Intradermal PBS -44.40667 44.5959 -0.9957564 0.324 -133.894914 45.08158

MIP-1β Intradermal PBS -29.59167 34.4842 -0.858123 0.3948 -98.7892 39.60587

MIG Intradermal PBS 1147.168 5369.37 0.213651 0.8317 -9627.257 11921.59

TNF Intradermal PBS 1.558333 2.5149 0.619641 0.5382 -3.48817823 6.604845

GM-CSF Intradermal PBS 0.261667 2.57758 0.1015166 0.9195 -4.9106184 5.433952

IFNγ Intradermal PBS 0.93 10.7726 0.0863299 0.9315 -20.68686 22.54686

MCP-1 Intradermal PBS 692.371 408.667 1.694218 0.0962 -127.6793 1512.421

VEGF Intradermal PBS 216.189 393.769 0.549025 0.5853 -573.967 1006.345

bFGF Intradermal PBS 3.43583 4.60147 0.746681 0.4586 -5.797696 12.669362

CD106 Intradermal PBS 203.5833 300.552 0.677365 0.5012 -399.51856 806.6852

G-CSF Intradermal PBS 88.2967 99.8256 0.884509 0.3805 -112.01801 288.6113

No Treatment Control (48 hr)

Cytokine Treatment

Mean 

Difference

Standard 

Error T-value P-value

95% Confidence 



Appendix D 

 
 

233 

Appendix D-5. Statistical output from the Linear Mixed-Effects Model comparing the 

secretion of cytokines after 24 hrs by skin explants that have been tape stripped, tape 

stripped and intradermally injected with PBS, or tape stripped, intradermally injected, 

and topically applied with PBS, to the untreated control. 

 

Appendix D-6. Statistical output from the Linear Mixed-Effects Model comparing the 

secretion of cytokines after 24 hrs by skin explants that have been tape stripped and 

intradermally injected with PBS, or tape stripped, intradermally injected, and topically 

applied with PBS, to skin explants that have been tape stripped only. 

 

 

Lower bound Upper bound

Tape Strip 15.19333 43.26941 0.351133 0.7265 -71.104784 101.49145

Tape Strip + Intradermal PBS 1.76889 43.26941 0.040881 0.9675 -84.529228 88.06701

 Tape Strip + Intradermal-Topical PBS 70.29889 43.26941 1.624679 0.1087 -15.999228 156.59701

Tape Strip -646.184 2266.627 -0.285086 0.7764 -5166.83 3874.461

Tape Strip + Intradermal PBS 555.377 2266.627 0.245023 0.8072 -3965.269 5076.022

 Tape Strip + Intradermal-Topical PBS 992.253 2266.627 0.437766 0.6629 -3528.392 5512.899

Tape Strip 701.52 2271.651 0.308815 0.7584 -3829.145267 5232.185

Tape Strip + Intradermal PBS -152.198 2271.651 -0.066999 0.9468 -4682.863045 4378.467

 Tape Strip + Intradermal-Topical PBS 4521.18 2271.651 1.990262 0.0505 -9.485267 9051.845

Tape Strip 23.95 22.77011 1.0518176 0.2965 -21.46355 69.36355

Tape Strip + Intradermal PBS -7.25444 22.77011 -0.3185951 0.751 -52.66799 38.1591

 Tape Strip + Intradermal-Topical PBS 7.83889 22.77011 0.3442623 0.7317 -37.57466 53.2524

Tape Strip -0.91667 17.87756 -0.051275 0.9593 -36.57233 34.739

Tape Strip + Intradermal PBS -0.93667 17.87756 -0.052393 0.9584 -36.59233 34.719

 Tape Strip + Intradermal-Topical PBS -0.77889 17.87756 -0.043568 0.9654 -36.43455 34.87678

Tape Strip 101.029 8082.947 0.012499 0.9901 -16019.9 16221.96

Tape Strip + Intradermal PBS 194.787 8082.947 0.0240985 0.9808 -15926.142 16315.72

 Tape Strip + Intradermal-Topical PBS 432.716 8082.947 0.0535344 0.9575 -15688.213 16553.64

Tape Strip 31.84333 35.916 0.886606 0.3783 -39.78888 103.47554

Tape Strip + Intradermal PBS 12.00222 35.916 0.334175 0.7392 -59.62999 83.63443

 Tape Strip + Intradermal-Topical PBS 48.54667 35.916 1.351672 0.1808 -23.08554 120.17888

Tape Strip 30.78111 60.26768 0.51074 0.6111 -89.41899 150.9812

Tape Strip + Intradermal PBS 16.51889 60.26768 0.274092 0.7848 -103.68121 136.719

 Tape Strip + Intradermal-Topical PBS 51.35111 60.26768 0.852051 0.3971 -68.84899 171.5512

Tape Strip 8.89889 49.70625 0.17903 0.8584 -90.23709 108.03487

Tape Strip + Intradermal PBS -0.18444 49.70625 -0.003711 0.997 -99.32043 98.95154

 Tape Strip + Intradermal-Topical PBS 23.41778 49.70625 0.471123 0.639 -75.7182 122.55376

IP-10

MIP-1α

MIP-1β

TNF

IL-1β

IL-6

IL-8

IL-10

IL-12/IL-23p40

No Treatment Control (24 hr)

Cytokine Treatment

Mean 

Difference

Standard 

Error T-value P-value

95% Confidence 

Lower bound Upper bound

Tape Strip + Intradermal PBS -13.42444 43.26941 -0.310253 0.7573 -99.722562 72.87367

 Tape Strip + Intradermal-Topical PBS 55.10556 43.26941 1.273545 0.207 -31.192562 141.40367

Tape Strip + Intradermal PBS 1201.561 2266.627 0.53011 0.5977 -3319.084 5722.207

 Tape Strip + Intradermal-Topical PBS 1638.438 2266.627 0.722853 0.4722 -2882.208 6159.083

Tape Strip + Intradermal PBS -853.718 2271.651 -0.375814 0.7082 -5384.383 3676.947

 Tape Strip + Intradermal-Topical PBS 3819.66 2271.651 1.681447 0.0971 -711.0053 8350.325

Tape Strip + Intradermal PBS -31.20444 22.77011 -1.3704127 0.1749 -76.61799 14.2091

 Tape Strip + Intradermal-Topical PBS -16.11111 22.77011 -0.7075553 0.4816 -61.52466 29.30244

Tape Strip + Intradermal PBS -0.02 17.87756 -0.001119 0.9991 -35.67566 35.63566

 Tape Strip + Intradermal-Topical PBS 0.13778 17.87756 0.007707 0.9939 -35.51789 35.79344

Tape Strip + Intradermal PBS 93.758 8082.947 0.0115995 0.9908 -16027.17 16214.69

 Tape Strip + Intradermal-Topical PBS 331.687 8082.947 0.0410354 0.9674 -15789.24 16452.62

Tape Strip + Intradermal PBS -19.84111 35.916 -0.5524309 0.5824 -91.4733206 51.7911

 Tape Strip + Intradermal-Topical PBS 16.70333 35.916 0.4650666 0.6433 -54.9288761 88.33554

Tape Strip + Intradermal PBS -14.26222 60.26768 -0.236648 0.8136 -134.46232 105.93788

 Tape Strip + Intradermal-Topical PBS 20.57 60.26768 0.341311 0.7339 -99.6301 140.7701

Tape Strip + Intradermal PBS -9.08333 49.70625 -0.18274 0.8555 -108.21932 90.05265

 Tape Strip + Intradermal-Topical PBS 14.51889 49.70625 0.292094 0.7711 -84.61709 113.65487

MIP-1α

MIP-1β

TNF

IL-6

IL-8

IL-10

IL-12/IL-23p40

IP-10

IL-1β

Tape Strip Control (24 hr)

Cytokine Treatment

Mean 

Difference

Standard 

Error T-value P-value

95% Confidence 
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Appendix D-7. Statistical output from the Linear Mixed-Effects Model comparing the 

secretion of cytokines after 24 hrs by skin explants that have been tape stripped and 

intradermally injected with PBS, or tape stripped, intradermally injected, and topically 

applied with PBS, to skin explants that have been intradermally injected with PBS only. 

 

Appendix D-8. Statistical output from the Linear Mixed-Effects Model comparing the 

secretion of cytokines after 24 hrs by skin explants that have been or tape stripped, 

intradermally injected, and topically applied with PBS, to skin explants that have been 

tape stripped and intradermally injected with PBS only. 

 

 

 

 

 

 

 

 

 

Lower bound Upper bound

Tape Strip + Intradermal PBS -83.45333 43.26941 -1.9286913 0.0578 -169.7514507 2.844784

 Tape Strip + Intradermal-Topical PBS -14.92333 43.26941 -0.3448934 0.7312 -101.2214507 71.374784

Tape Strip + Intradermal PBS 3605.633 2266.627 1.590748 0.1162 -915.0122 8126.279

 Tape Strip + Intradermal-Topical PBS 4042.51 2266.627 1.783491 0.0788 -478.1355 8563.156

Tape Strip + Intradermal PBS 1910.817 2271.651 0.841158 0.4031 -2619.849 6441.482

 Tape Strip + Intradermal-Topical PBS 6584.194 2271.651 2.898418 0.005 2053.529 11114.86

Tape Strip + Intradermal PBS -36.33556 22.77011 -1.5957569 0.115 -81.7491 9.077992

 Tape Strip + Intradermal-Topical PBS -21.24222 22.77011 -0.9328995 0.3541 -66.65577 24.171325

Tape Strip + Intradermal PBS -0.68556 17.87756 -0.038347 0.9695 -36.34122 34.97011

 Tape Strip + Intradermal-Topical PBS -0.52778 17.87756 -0.029522 0.9765 -36.18344 35.12789

Tape Strip + Intradermal PBS 47.979 8082.947 0.0059358 0.9953 -16072.95 16168.91

 Tape Strip + Intradermal-Topical PBS 285.908 8082.947 0.0353717 0.9719 -15835.021 16406.84

Tape Strip + Intradermal PBS -44.72111 35.916 -1.2451583 0.2172 -116.353321 26.9111

 Tape Strip + Intradermal-Topical PBS -8.17667 35.916 -0.2276608 0.8206 -79.808876 63.45554

Tape Strip + Intradermal PBS -52.37778 60.26768 -0.869086 0.3878 -172.5778762 67.82232

 Tape Strip + Intradermal-Topical PBS -17.54556 60.26768 -0.291127 0.7718 -137.745654 102.65454

Tape Strip + Intradermal PBS -0.94222 49.70625 -0.018956 0.9849 -100.0782 98.19376

 Tape Strip + Intradermal-Topical PBS 22.66 49.70625 0.455878 0.6499 -76.47598 121.79598

MIP-1β

TNF

IL-8

IL-10

IL-12/IL-23p40

IP-10

MIP-1α

IL-1β

IL-6

Intradermal PBS Control (24 hr)

Cytokine Treatment

Mean 

Difference

Standard 

Error T-value P-value

95% Confidence 

Lower bound Upper bound

IL-1β  Tape Strip + Intradermal-Topical PBS 68.53 43.26941 1.583798 0.1177 -17.768117 154.82812

IL-6  Tape Strip + Intradermal-Topical PBS 436.877 2266.627 0.192743 0.8477 -4083.769 4957.5222

IL-8  Tape Strip + Intradermal-Topical PBS 4673.378 2271.651 2.05726 0.0434 142.7125 9204.043

IL-10  Tape Strip + Intradermal-Topical PBS 15.09333 22.77011 0.6628574 0.5096 -30.320214 60.50688

IL-12/IL-23p40  Tape Strip + Intradermal-Topical PBS 0.15778 17.87756 0.008825 0.993 -35.49789 35.81344

IP-10  Tape Strip + Intradermal-Topical PBS 237.929 8082.947 0.0294359 0.9766 -15883 16358.86

MIP-1α  Tape Strip + Intradermal-Topical PBS 36.54444 35.916 1.017498 0.3124 -35.08777 108.17665

MIP-1β  Tape Strip + Intradermal-Topical PBS 34.83222 60.26768 0.577959 0.5651 -85.36788 155.0323

TNF  Tape Strip + Intradermal-Topical PBS 21.74889 49.70625 0.437548 0.6631 -77.38709 120.88487

Tape Strip + Intradermal PBS Control (24 hr)

Cytokine Treatment

Mean 

Difference

Standard 

Error T-value P-value

95% Confidence 
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Appendix D-9. Statistical output from the Linear Mixed-Effects Model comparing the 

secretion of cytokines after 48 hrs by skin explants that have been tape stripped, tape 

stripped and intradermally injected with PBS, or tape stripped, intradermally injected, 

and topically applied with PBS, to the untreated control. 

 

Appendix D-10. Statistical output from the Linear Mixed-Effects Model comparing the 

secretion of cytokines after 48 hrs by skin explants that have been tape stripped and 

intradermally injected with PBS, or tape stripped, intradermally injected, and topically 

applied with PBS, to skin explants that have been tape stripped only. 

 

 

Lower bound Upper bound

Tape Strip 10.86556 76.115 0.142752 0.8869 -140.94103 162.6721

Tape Strip + Intradermal PBS 10.46333 76.115 0.137467 0.8911 -141.34325 162.2699

 Tape Strip + Intradermal-Topical PBS 52.27778 76.115 0.686826 0.4945 -99.5288 204.0844

Tape Strip -5537.23 2590.944 -2.137148 0.0361 -10704.705 -369.7552

Tape Strip + Intradermal PBS -2658.578 2590.944 -1.026104 0.3084 -7826.053 2508.897

 Tape Strip + Intradermal-Topical PBS -941.802 2590.944 -0.363498 0.7173 -6109.277 4225.6726

Tape Strip -2102.507 2326.403 -0.903759 0.3692 -6742.3703 2537.357

Tape Strip + Intradermal PBS 154.964 2326.403 0.066611 0.9471 -4484.8992 4794.828

 Tape Strip + Intradermal-Topical PBS 1511.082 2326.403 0.649536 0.5181 -3128.7814 6150.946

Tape Strip 25.40667 30.85108 0.8235259 0.413 -36.123877 86.93721

Tape Strip + Intradermal PBS -0.06111 30.85108 -0.0019808 0.9984 -61.591655 61.46943

 Tape Strip + Intradermal-Topical PBS -16.48889 30.85108 -0.5344671 0.5947 -78.019432 45.04165

Tape Strip -1.07333 46.69407 -0.022986 0.9817 -94.20173 92.05506

Tape Strip + Intradermal PBS -2.73444 46.69407 -0.058561 0.9535 -95.86284 90.39395

 Tape Strip + Intradermal-Topical PBS -1.13889 46.69407 -0.02439 0.9806 -94.26728 91.98951

Tape Strip 420.5489 465.6167 0.9032083 0.3695 -508.0944 1349.1921

Tape Strip + Intradermal PBS 613.0067 465.6167 1.3165478 0.1923 -315.6366 1541.6499

 Tape Strip + Intradermal-Topical PBS 734.26 465.6167 1.5769623 0.1193 -194.3832 1662.9032

Tape Strip 28.14111 71.07968 0.395909 0.6934 -113.622842 169.90506

Tape Strip + Intradermal PBS 12.98111 71.07968 0.182628 0.8556 -128.782842 154.74506

 Tape Strip + Intradermal-Topical PBS -28.90111 71.07968 -0.406602 0.6855 -170.665065 112.86284

Tape Strip 43.63778 68.22099 0.639653 0.5245 -92.42469 179.7002

Tape Strip + Intradermal PBS 28.05 68.22099 0.411164 0.6822 -108.01247 164.1125

 Tape Strip + Intradermal-Topical PBS -3.78222 68.22099 -0.055441 0.9559 -139.84469 132.2802

Tape Strip 8.89889 49.70625 0.17903 0.8584 -90.23709 108.03487

Tape Strip + Intradermal PBS -0.18444 49.70625 -0.003711 0.997 -99.32043 98.95154

 Tape Strip + Intradermal-Topical PBS 23.41778 49.70625 0.471123 0.639 -75.7182 122.55376

IP-10

MIP-1α

MIP-1β

TNF

IL-1β

IL-6

IL-8

IL-10

IL-12/IL-23p40

No Treatment Control (48 hr)

Cytokine Treatment

Mean 

Difference

Standard 

Error T-value P-value

95% Confidence 

Lower bound Upper bound

Tape Strip + Intradermal PBS -0.40222 76.115 -0.005284 0.9958 -152.2088 151.4044

 Tape Strip + Intradermal-Topical PBS 41.41222 76.115 0.544074 0.5881 -110.39436 193.2188

Tape Strip + Intradermal PBS 2878.652 2590.944 1.111044 0.2704 -2288.82255 8046.127

 Tape Strip + Intradermal-Topical PBS 4595.428 2590.944 1.77365 0.0805 -572.047 9762.903

Tape Strip + Intradermal PBS 2257.471 2326.403 0.97037 0.3352 -2382.393 6897.335

 Tape Strip + Intradermal-Topical PBS 3613.589 2326.403 1.553295 0.1249 -1026.275 8253.453

Tape Strip + Intradermal PBS -25.46778 30.85108 -0.8255068 0.4119 -86.99832 36.062766

 Tape Strip + Intradermal-Topical PBS -41.89556 30.85108 -1.3579931 0.1788 -103.4261 19.634988

Tape Strip + Intradermal PBS -1.66111 46.69407 -0.035574 0.9717 -94.78951 91.46728

 Tape Strip + Intradermal-Topical PBS -0.06556 46.69407 -0.001404 0.9989 -93.19395 93.06284

Tape Strip + Intradermal PBS 192.4578 465.6167 0.4133395 0.6806 -736.1855 1121.101

 Tape Strip + Intradermal-Topical PBS 313.7111 465.6167 0.673754 0.5027 -614.9321 1242.3544

Tape Strip + Intradermal PBS -15.16 71.07968 -0.213282 0.8317 -156.92395 126.60395

 Tape Strip + Intradermal-Topical PBS -57.04222 71.07968 -0.802511 0.425 -198.80618 84.72173

Tape Strip + Intradermal PBS -15.58778 68.22099 -0.2284895 0.8199 -151.65025 120.47469

 Tape Strip + Intradermal-Topical PBS -47.42 68.22099 -0.695094 0.4893 -183.48247 88.64247

Tape Strip + Intradermal PBS -9.08333 49.70625 -0.18274 0.8555 -108.21932 90.05265

 Tape Strip + Intradermal-Topical PBS 14.51889 49.70625 0.292094 0.7711 -84.61709 113.65487

MIP-1α

MIP-1β

TNF

IL-6

IL-8

IL-10

IL-12/IL-23p40

IP-10

IL-1β

Tape Strip Control (48 hr)

Cytokine Treatment

Mean 

Difference

Standard 

Error T-value P-value

95% Confidence 
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Appendix D-11. Statistical output from the Linear Mixed-Effects Model comparing the 

secretion of cytokines after 48 hrs by skin explants that have been tape stripped and 

intradermally injected with PBS, or tape stripped, intradermally injected, and topically 

applied with PBS, to skin explants that have been intradermally injected with PBS only. 

 

Appendix D-12. Statistical output from the Linear Mixed-Effects Model comparing the 

secretion of cytokines after 48 hrs by skin explants that have been or tape stripped, 

intradermally injected, and topically applied with PBS, to skin explants that have been 

tape stripped and intradermally injected with PBS only. 

 

  

Lower bound Upper bound

Tape Strip + Intradermal PBS -167.53333 76.115 -2.2010554 0.031 -319.33992 -15.72675

 Tape Strip + Intradermal-Topical PBS -125.71889 76.115 -1.6516966 0.1031 -277.52547 26.08769

Tape Strip + Intradermal PBS 451.933 2590.944 0.174428 0.862 -4715.541 5619.408

 Tape Strip + Intradermal-Topical PBS 2168.709 2590.944 0.837034 0.4054 -2998.766 7336.184

Tape Strip + Intradermal PBS 3045.269 2326.403 1.309003 0.1948 -1594.595 7685.133

 Tape Strip + Intradermal-Topical PBS 4401.387 2326.403 1.891928 0.0626 -238.477 9041.25

Tape Strip + Intradermal PBS -55.77333 30.85108 -1.807824 0.0749 -117.30388 5.75721

 Tape Strip + Intradermal-Topical PBS -72.20111 30.85108 -2.34031 0.0221 -133.73165 -10.670568

Tape Strip + Intradermal PBS -4.12 46.69407 -0.088234 0.9299 -97.24839 89.00839

 Tape Strip + Intradermal-Topical PBS -2.52444 46.69407 -0.054063 0.957 -95.65284 90.60395

Tape Strip + Intradermal PBS 324.64 465.6167 0.6972258 0.488 -604.0032 1253.2832

 Tape Strip + Intradermal-Topical PBS 445.8933 465.6167 0.9576403 0.3415 -482.7499 1374.5366

Tape Strip + Intradermal PBS -121.81 71.07968 -1.713711 0.091 -263.574 19.953953

 Tape Strip + Intradermal-Topical PBS -163.6922 71.07968 -2.30294 0.0243 -305.4562 -21.928269

Tape Strip + Intradermal PBS -127.2011 68.22099 -1.864545 0.0664 -263.26358 8.861357

 Tape Strip + Intradermal-Topical PBS -159.0333 68.22099 -2.33115 0.0226 -295.0958 -22.970865

Tape Strip + Intradermal PBS -0.94222 49.70625 -0.018956 0.9849 -100.0782 98.19376

 Tape Strip + Intradermal-Topical PBS 22.66 49.70625 0.455878 0.6499 -76.47598 121.79598
TNF

IL-10

IL-12/IL-23p40

IP-10

MIP-1α

MIP-1β

IL-1β

IL-6

Intradermal PBS Control (48 hr)

Cytokine Treatment

Mean 

Difference

Standard 

Error T-value P-value

95% Confidence 

IL-8

Lower bound Upper bound

IL-1β  Tape Strip + Intradermal-Topical PBS 41.81444 76.115 0.549359 0.5845 -109.99214 193.621

IL-6  Tape Strip + Intradermal-Topical PBS 1716.776 2590.944 0.662606 0.5098 -3450.6992 6884.25

IL-8  Tape Strip + Intradermal-Topical PBS 1356.118 2326.403 0.582925 0.5618 -3283.7459 5995.981

IL-10  Tape Strip + Intradermal-Topical PBS -16.42778 30.85108 -0.5324863 0.5961 -77.958321 45.10277

IL-12/IL-23p40  Tape Strip + Intradermal-Topical PBS 1.59556 46.69407 0.03417 0.9728 -91.53284 94.72395

IP-10  Tape Strip + Intradermal-Topical PBS 121.2533 465.6167 0.2604145 0.7953 -807.38991 1049.8966

MIP-1α  Tape Strip + Intradermal-Topical PBS -41.88222 71.07968 -0.589229 0.5576 -183.64618 99.88173

MIP-1β  Tape Strip + Intradermal-Topical PBS -31.83222 68.22099 -0.4666045 0.6422 -167.894691 104.2302

TNF  Tape Strip + Intradermal-Topical PBS 23.60222 49.70625 0.474834 0.6364 -75.53376 122.7382

Tape Strip + Intradermal PBS Control (48 hr)

Cytokine Treatment

Mean 

Difference

Standard 

Error T-value P-value

95% Confidence 
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Appendix D-13. Statistical output from the Linear Mixed-Effects Model comparing the 

secretion of cytokines after 24 hrs by skin explants that have been intradermally 

injected with Poly I:C, R848, or a combination of Poly I:C and R848, to the PBS control. 

  

 

  

Lower bound Upper bound

Intradermal Poly I:C -3.39583 20.76978 -0.163499 0.8708 -45.07345 38.28179

Intradermal R848 83.35 20.76978 4.013041 0.0002 41.67238 125.02762

Intradermal Poly I:C + R848 70 20.76978 3.370281 0.0014 28.32238 111.67762

Intradermal Poly I:C 93.438 306.8224 0.304533 0.7619 -522.2467 709.12173

Intradermal R848 -573.414 306.8224  -1.868880 0.0673 -1189.0984 42.27007

Intradermal Poly I:C + R848 -464.388 306.8224  -1.513541 0.1362 -1080.0726 151.2959

Intradermal Poly I:C -364.178 1417.892 -0.256845 0.7983 -3209.388 2481.031

Intradermal R848 1096.067 1417.892 0.773025 0.443 -1749.143 3941.276

Intradermal Poly I:C + R848 1177.783 1417.892 0.830658 0.41 -1667.426 4022.993

Intradermal Poly I:C -2.040833 3.701829 -0.551304 0.5838 -9.469096 5.387429

Intradermal R848 25.786667 3.701829 6.965927 <0.0001 18.358404 33.214929

Intradermal Poly I:C + R848 28.148333 3.701829 7.6039 <0.0001 20.720071 35.576596

Intradermal Poly I:C -4.18167 17.80792  -0.234821 0.8153 -39.91588 31.55254

Intradermal R848 56.75833 17.80792 3.187252 0.0024 21.02412 92.49254

Intradermal Poly I:C + R848 90.375 17.80792 5.074988 <0.0001 54.64079 126.10921

Intradermal Poly I:C 859.049 760.5079 1.129573 0.2638 -667.0215 2385.12

Intradermal R848 3422.241 760.5079 4.499941 <0.0001 1896.1701 4948.312

Intradermal Poly I:C + R848 4954.907 760.5079 6.515261 <0.0001 3428.8368 6480.978

Intradermal Poly I:C -9.39167 18.47673  -0.508297 0.6134 -46.46794 27.68461

Intradermal R848 122.66 18.47673 6.63862 <0.0001 85.58373 159.73627

Intradermal Poly I:C + R848 140.91167 18.47673 7.626439 <0.0001 103.83539 177.98794

Intradermal Poly I:C -5.07917 34.44245 -0.147468 0.8833 -74.19299 64.03466

Intradermal R848 221.42417 34.44245 6.428816 <0.0001 152.31034 290.53799

Intradermal Poly I:C + R848 292.08667 34.44245 8.480427 <0.0001 222.97284 361.20049

Intradermal Poly I:C -638.248 2320.065  -0.2750994 0.7843 -5293.7988 4017.302

Intradermal R848 5459.237 2320.065 2.3530536 0.0224 803.6862 10114.787

Intradermal Poly I:C + R848 6217.437 2320.065 2.6798552 0.0098 1561.8871 10872.988

Intradermal Poly I:C -0.189167 7.020564 -0.0269447 0.9786  -14.276960 13.89863

Intradermal R848 15.7425 7.020564 2.2423411 0.0292 1.654707 29.83029

Intradermal Poly I:C + R848 20.5325 7.020564 2.9246224 0.0051 6.444707 34.62029

Intradermal Poly I:C -1.565 1.303796 -1.2003411 0.2354 -4.1812582 1.051258

Intradermal R848 3.484167 1.303796 2.6723249 0.01 0.8679085 6.100425

Intradermal Poly I:C + R848 3.171667 1.303796 2.4326402 0.0185 0.5554085 5.787925

Intradermal Poly I:C -1.889167 9.721238 -0.194334 0.8467 -21.396259 17.617925

Intradermal R848 14.35 9.721238 1.476149 0.1459 -5.157092 33.857092

Intradermal Poly I:C + R848 29.8875 9.721238 3.074454 0.0034 10.380408 49.394592

Intradermal Poly I:C -210.771 443.7067 -0.475023 0.6368 -1101.133 679.59171

Intradermal R848 2215.529 443.7067 4.993229 <0.0001 1325.167 3105.89171

Intradermal Poly I:C + R848 2508.958 443.7067 5.654543 <0.0001 1618.596 3399.32088

Intradermal Poly I:C -219.8258 237.9708 -0.9237511 0.3599 -697.34927 257.6976

Intradermal R848 599.7617 237.9708 2.5203157 0.0148 122.23823 1077.2851

Intradermal Poly I:C + R848 512.2508 237.9708 2.1525781 0.036 34.72739 989.7743

Intradermal Poly I:C 0.27417 3.959118 0.069249 0.9451 -7.670384 8.218717

Intradermal R848 1.06 3.959118 0.267736 0.79 -6.884551 9.004551

Intradermal Poly I:C + R848 -1.18083 3.959118 -0.298257 0.7667 -9.125384 6.763717

Intradermal Poly I:C -24.9533 165.1473 -0.151097 0.8805 -356.34563 306.439

Intradermal R848 258.25 165.1473 1.563756 0.1239 -73.1423 589.6423

Intradermal Poly I:C + R848 249.7308 165.1473 1.51217 0.1365 -81.66147 581.1231

Intradermal Poly I:C -174.1042 101.3397 -1.718025 0.0917 -377.4572 29.24889

Intradermal R848 452.5192 101.3397 4.465367 <0.0001 249.1661 655.87223

Intradermal Poly I:C + R848 455.2183 101.3397 4.492002 <0.0001 251.8653 658.57139
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Appendix D-14. Statistical output from the Linear Mixed-Effects Model comparing the 

secretion of cytokines after 24 hrs by skin explants that have been intradermally 

injected with R848, or a combination of Poly I:C and R848, to those that have been 

intradermally injected with Poly I:C alone.  

  

Lower bound Upper bound

Intradermal R848 86.74583 20.76978 4.17654 0.0001 45.06821 128.42345

Intradermal Poly I:C + R848 73.39583 20.76978 3.53378 0.0009 31.71821 115.07345

Intradermal R848 -666.852 306.8224 -2.17341 0.0343 -1282.5359 -51.16743

Intradermal Poly I:C + R848 -557.826 306.8224 -1.81807 0.0748 -1173.5101 57.8584

Intradermal R848 1460.245 1417.892 1.02987 0.3078 -1384.964 4305.454

Intradermal Poly I:C + R848 1541.962 1417.892 1.087503 0.2818 -1303.248 4387.171

Intradermal R848 27.8275 3.701829 7.517231 <0.0001 20.3992375 35.255762

Intradermal Poly I:C + R848 30.189167 3.701829 8.155204 <0.0001 22.7609042 37.617429

Intradermal R848 60.94 17.80792 3.422072 0.0012 25.20579 96.67421

Intradermal Poly I:C + R848 94.55667 17.80792 5.309809 <0.0001 58.82246 130.29088

Intradermal R848 2563.192 760.5079 3.370368 0.0014 1037.121 4089.2624

Intradermal Poly I:C + R848 4095.858 760.5079 5.385688 <0.0001 2569.7876 5621.929

Intradermal R848 132.05167 18.47673 7.146917 <0.0001 94.97539 169.12794

Intradermal Poly I:C + R848 150.30333 18.47673 8.134736 <0.0001 113.22706 187.37961

Intradermal R848 226.50333 34.44245 6.576285 <0.0001 157.38951 295.61716

Intradermal Poly I:C + R848 297.16583 34.44245 8.627896 <0.0001 228.05201 366.27966

Intradermal R848 6097.485 2320.065 2.628153 0.0113 1441.935 10753.035

Intradermal Poly I:C + R848 6855.686 2320.065 2.954955 0.0047 2200.135 11511.236

Intradermal R848 15.931667 7.020564 2.269286 0.0274 1.843874 30.01946

Intradermal Poly I:C + R848 20.721667 7.020564 2.951567 0.0047 6.633874 34.80946

Intradermal R848 5.049167 1.303796 3.872666 0.0003 2.432908 7.665425

Intradermal Poly I:C + R848 4.736667 1.303796 3.632981 0.0006 2.120408 7.352925

Intradermal R848 16.23917 9.721238 1.670483 0.1008 -3.2679253 35.74626

Intradermal Poly I:C + R848 31.77667 9.721238 3.268788 0.0019 12.2695747 51.28376

Intradermal R848 2426.3 443.7067 5.468252 <0.0001 1535.9375 3316.6625

Intradermal Poly I:C + R848 2719.729 443.7067 6.129566 <0.0001 1829.3666 3610.0917

Intradermal R848 819.5875 237.9708 3.444067 0.0011 342.0641 1297.1109

Intradermal Poly I:C + R848 732.0767 237.9708 3.076329 0.0033 254.5532 1209.6001

Intradermal R848 0.78583 3.959118 0.198487 0.8434 -7.158717 8.730384

Intradermal Poly I:C + R848 -1.455 3.959118 -0.36751 0.7147 -9.399551 6.489551

Intradermal R848 283.2033 165.1473 1.714853 0.0923 -48.18897 614.5956

Intradermal Poly I:C + R848 274.6842 165.1473 1.663268 0.1023 -56.70813 606.0765

Intradermal R848 626.6233 101.3397 6.183392 <0.0001 423.27027 829.9764

Intradermal Poly I:C + R848 629.3225 101.3397 6.210027 <0.0001 425.96944 832.6756
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Appendix D-15. Statistical output from the Linear Mixed-Effects Model comparing the 

secretion of cytokines after 24 hrs by skin explants that have been intradermally 

injected with a combination of Poly I:C and R848, to those that have been intradermally 

injected with R848 alone.  

 

  

Lower bound Upper bound

IL-1β Intradermal Poly I:C + R848 -13.35 20.76978 0.642761 0.5232 -28.32762 55.02762

IL-6 Intradermal Poly I:C + R848 109.026 306.8224 -0.35534 0.7238 -724.7101 506.6584

IL-8 Intradermal Poly I:C + R848 81.717 1417.892 -0.05763 0.9543 -2926.926 2763.493

IL-10 Intradermal Poly I:C + R848 2.36167 3.701829 -0.63797 0.5263 -5.066596 9.789929

IL-12/IL-23p40 Intradermal Poly I:C + R848 33.61667 17.80792 -1.88774 0.0646 -69.35088 2.117545

IP-10 Intradermal Poly I:C + R848 1532.667 760.5079 -2.01532 0.0491 -3058.737 -6.59596

MIP-1α Intradermal Poly I:C + R848 18.25167 18.47673 -0.98782 0.3278 -55.32794 18.82461

MIP-1β Intradermal Poly I:C + R848 70.6625 34.44245 -2.05161 0.0453 -139.7763 -1.548675

MIG Intradermal Poly I:C + R848 758.201 2320.065 -0.3268 0.7451 -5413.751 3897.35

TNF Intradermal Poly I:C + R848 4.79 7.020564 -0.68228 0.4981 -18.87779 9.297793

GM-CSF Intradermal Poly I:C + R848 -0.3125 1.303796 0.239685 0.8115 -2.303758 2.9287582

IFNγ Intradermal Poly I:C + R848 15.5375 9.721238 -1.59831 0.116 -35.04459 3.969592

MCP-1 Intradermal Poly I:C + R848 293.429 443.7067 -0.66131 0.5113 -1183.792 596.9334

VEGF Intradermal Poly I:C + R848 -87.5108 237.9708 0.367738 0.7146 -390.0126 565.03427

bFGF Intradermal Poly I:C + R848 -2.24083 3.959118 0.565993 0.5738 -5.703717 10.185384

CD106 Intradermal Poly I:C + R848 -8.5192 165.1473 0.051585 0.9591 -322.8731 339.91147

G-CSF Intradermal Poly I:C + R848 2.6992 101.3397 -0.02664 0.9789 -206.0522 200.6539

Intradermal R848 (24 hr)

Cytokine Comparative Treatment

Mean 

Difference

Standard 

Error T-value P-value

95% Confidence
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Appendix D-16. Statistical output from the Linear Mixed-Effects Model comparing the 

secretion of cytokines after 48 hrs by skin explants that have been intradermally 

injected with Poly I:C, R848, or a combination of Poly I:C and R848, to the PBS control.

  

 

  

Lower bound Upper bound

Intradermal Poly I:C -9.71917 23.87601 -0.407068 0.6856 -57.62989 38.19156

Intradermal R848 77.90917 23.87601 3.263073 0.002 29.99844 125.81989

Intradermal Poly I:C + R848 71.5925 23.87601 2.998512 0.0042 23.68178 119.50322

Intradermal Poly I:C 862.808 366.0674 2.356966 0.0222 128.2404 1597.3763

Intradermal R848 -303.883 366.0674 -0.830129 0.4103 -1038.4513 430.6846

Intradermal Poly I:C + R848 -404.413 366.0674 -1.104749 0.2744 -1138.9805 330.1555

Intradermal Poly I:C 2899.107 1265.281 2.291275 0.026 360.1346 5438.0788

Intradermal R848 -1803.655 1265.281 -1.425498 0.16 -4342.6271 735.3171

Intradermal Poly I:C + R848 -1421.973 1265.281 -1.123839 0.2662 -3960.9446 1116.9996

Intradermal Poly I:C -6.13 3.920164 -1.56371 0.124 -13.996384 1.736384

Intradermal R848 23.4675 3.920164 5.986357 <0.0001 15.601116 31.333884

Intradermal Poly I:C + R848 20.5375 3.920164 5.238939 <0.0001 12.671116 28.403884

Intradermal Poly I:C -5.25667 34.75232 -0.151261 0.8804 -74.9923 64.47897

Intradermal R848 128.14583 34.75232 3.687404 0.0005 58.4102 197.88147

Intradermal Poly I:C + R848 182.7325 34.75232 5.258138 <0.0001 112.99687 252.46813

Intradermal Poly I:C 760.812 882.2318 0.862373 0.3924 -1009.515 2531.14

Intradermal R848 3548.522 882.2318 4.02221 0.0002 1778.194 5318.849

Intradermal Poly I:C + R848 4930.932 882.2318 5.589158 <0.0001 3160.605 6701.26

Intradermal Poly I:C -31.67083 44.59591 -0.7101734 0.4808 -121.15908 57.81741

Intradermal R848 132.67917 44.59591 2.9751418 0.0044 43.19092 222.16741

Intradermal Poly I:C + R848 113.37333 44.59591 2.5422359 0.014 23.88509 202.86158

Intradermal Poly I:C -19.20417 34.48416 -0.556898 0.58 -88.401701 49.99337

Intradermal R848 167.7975 34.48416 4.865929 <0.0001 98.599965 236.99503

Intradermal Poly I:C + R848 219.54 34.48416 6.366401 <0.0001 150.342465 288.73753

Intradermal Poly I:C -1024.52 5369.368 -0.190808 0.8494 -11798.945 9749.905

Intradermal R848 18971.151 5369.368 3.533219 0.0009 8196.726 29745.576

Intradermal Poly I:C + R848 26244.363 5369.368 4.887794 <0.0001 15469.938 37018.788

Intradermal Poly I:C -0.465833 2.514898 -0.18523 0.8538 -5.512345 4.580678

Intradermal R848 9.749167 2.514898 3.876566 0.0003 4.702655 14.795678

Intradermal Poly I:C + R848 6.968333 2.514898 2.770822 0.0077 1.921822 12.014845

Intradermal Poly I:C -1.2975 2.577576 -0.5033799 0.6168 -6.4697851 3.874785

Intradermal R848 4.403333 2.577576 1.7083232 0.0935 -0.7689517 9.575618

Intradermal Poly I:C + R848 3.256667 2.577576 1.2634609 0.2121 -1.9156184 8.428952

Intradermal Poly I:C 5.61917 10.77263 0.5216152 0.6042 -15.997692 27.23603

Intradermal R848 8.58417 10.77263 0.7968499 0.4292 -13.032692 30.20103

Intradermal Poly I:C + R848 31.1425 10.77263 2.8908918 0.0056 9.525642 52.75936

Intradermal Poly I:C -396.084 408.6669 -0.96921 0.3369 -1216.1343 423.9659

Intradermal R848 1552.552 408.6669 3.799066 0.0004 732.5024 2372.6026

Intradermal Poly I:C + R848 1978.451 408.6669 4.841231 <0.0001 1158.4007 2798.5009

Intradermal Poly I:C -633.433 393.7694 -1.6086402 0.1138 -1423.5895 156.7228

Intradermal R848 976.725 393.7694 2.4804491 0.0164 186.5688 1766.8812

Intradermal Poly I:C + R848 1033.967 393.7694 2.6258197 0.0113 243.8113 1824.1237

Intradermal Poly I:C -4.28917 4.601472 -0.932129 0.3556 -13.5227 4.944362

Intradermal R848 -1.78083 4.601472 -0.387014 0.7003 -11.01436 7.452696

Intradermal Poly I:C + R848 -3.92083 4.601472 -0.852082 0.3981 -13.15436 5.312696

Intradermal Poly I:C -455.2208 300.5521 -1.514615 0.1359 -1058.32272 147.8811

Intradermal R848 467.585 300.5521 1.555754 0.1258 -135.51689 1070.6869

Intradermal Poly I:C + R848 656.5292 300.5521 2.184411 0.0335 53.42728 1259.6311

Intradermal Poly I:C -93.0425 99.82558 -0.932051 0.3556 -293.35717 107.2722

Intradermal R848 219.6942 99.82558 2.20078 0.0322 19.37949 420.0088

Intradermal Poly I:C + R848 160.2383 99.82558 1.605183 0.1145 -40.07634 360.553
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Appendix D-17. Statistical output from the Linear Mixed-Effects Model comparing the 

secretion of cytokines after 48 hrs by skin explants that have been intradermally 

injected with R848, or a combination of Poly I:C and R848, to those that have been 

intradermally injected with Poly I:C alone.  

 

  

Lower bound Upper bound

Intradermal R848 87.62833 23.87601 3.670141 0.0006 39.71761 135.53906

Intradermal Poly I:C + R848 81.31167 23.87601 3.40558 0.0013 33.40094 129.22239

Intradermal R848 -1166.692 366.0674 -3.1871 0.0024 -1901.26 -432.1237

Intradermal Poly I:C + R848 -1267.221 366.0674 -3.46172 0.0011 -2001.789 -532.6529

Intradermal R848 -4702.762 1265.281 -3.71677 0.0005 -7241.734 -2163.7896

Intradermal Poly I:C + R848 -4321.079 1265.281 -3.41511 0.0012 -6860.051 -1782.1071

Intradermal R848 29.5975 3.920164 7.550067 <0.0001 21.731116 37.463884

Intradermal Poly I:C + R848 26.6675 3.920164 6.802649 <0.0001 18.801116 34.533884

Intradermal R848 133.4025 34.75232 3.838664 0.0003 63.66687 203.13813

Intradermal Poly I:C + R848 187.98917 34.75232 5.409399 <0.0001 118.25353 257.7248

Intradermal R848 2787.709 882.2318 3.159838 0.0026 1017.382 4558.037

Intradermal Poly I:C + R848 4170.12 882.2318 4.726785 <0.0001 2399.792 5940.448

Intradermal R848 164.35 44.59591 3.685315 0.0005 74.86175 253.8382

Intradermal Poly I:C + R848 145.04417 44.59591 3.252409 0.002 55.55592 234.5324

Intradermal R848 187.00167 34.48416 5.422828 <0.0001 117.804132 256.1992

Intradermal Poly I:C + R848 238.74417 34.48416 6.923299 <0.0001 169.546632 307.9417

Intradermal R848 19995.671 5369.368 3.724027 0.0005 9221.246 30770.1

Intradermal Poly I:C + R848 27268.883 5369.368 5.078602 <0.0001 16494.458 38043.31

Intradermal R848 10.215 2.514898 4.061795 0.0002 5.168488 15.261512

Intradermal Poly I:C + R848 7.434167 2.514898 2.956051 0.0047 2.387655 12.480678

Intradermal R848 5.700833 2.577576 2.211703 0.0314 0.5285483 10.873118

Intradermal Poly I:C + R848 4.554167 2.577576 1.766841 0.0831 -0.6181184 9.726452

Intradermal R848 2.965 10.77263 0.275235 0.7842 -18.651858 24.58186

Intradermal Poly I:C + R848 25.52333 10.77263 2.369277 0.0216 3.906475 47.14019

Intradermal R848 1948.637 408.6669 4.768276 <0.0001 1128.5866 2768.6868

Intradermal Poly I:C + R848 2374.535 408.6669 5.810441 <0.0001 1554.4849 3194.5851

Intradermal R848 1610.1583 393.7694 4.089089 0.0002 820.0022 2400.314

Intradermal Poly I:C + R848 1667.4008 393.7694 4.23446 0.0001 877.2447 2457.557

Intradermal R848 2.50833 4.601472 0.545115 0.588 -6.725196 11.741862

Intradermal Poly I:C + R848 0.36833 4.601472 0.080047 0.9365 -8.865196 9.601862

Intradermal R848 922.8058 300.5521 3.070369 0.0034 319.7039 1525.9077

Intradermal Poly I:C + R848 1111.75 300.5521 3.699026 0.0005 508.6481 1714.8519

Intradermal R848 312.7367 99.82558 3.132831 0.0028 112.42199 513.0513

Intradermal Poly I:C + R848 253.2808 99.82558 2.537234 0.0142 52.96616 453.5955
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Appendix D-18. Statistical output from the Linear Mixed-Effects Model comparing the 

secretion of cytokines after 48 hrs by skin explants that have been intradermally 

injected with a combination of Poly I:C and R848, to those that have been intradermally 

injected with R848 alone.  

 

  

Lower bound Upper bound

IL-1β Intradermal Poly I:C + R848 -6.31667 23.87601 0.264561 0.7924 -41.59406 54.22739

IL-6 Intradermal Poly I:C + R848 -100.529 366.0674 0.274619 0.7847 -634.0388 835.0971

IL-8 Intradermal Poly I:C + R848 381.682 1265.281 -0.301658 0.7641 -2920.6546 2157.29

IL-10 Intradermal Poly I:C + R848 -2.93 3.920164 0.747418 0.4582 -4.936384 10.79638

IL-12/IL-23p40 Intradermal Poly I:C + R848 54.58667 34.75232 -1.570734 0.1223 -124.3223 15.14897

IP-10 Intradermal Poly I:C + R848 1382.411 882.2318 -1.566947 0.1232 -3152.738 387.9167

MIP-1α Intradermal Poly I:C + R848 -19.30583 44.59591 0.432906 0.6669 -70.18241 108.79408

MIP-1β Intradermal Poly I:C + R848 51.7425 34.48416 -1.500471 0.1395 -120.94 17.45503

MIG Intradermal Poly I:C + R848 7273.213 5369.368 -1.354575 0.1814 -18047.64 3501.212

TNF Intradermal Poly I:C + R848 -2.780833 2.514898 1.105744 0.2739 -2.265678 7.827345

GM-CSF Intradermal Poly I:C + R848 -1.146667 2.577576 0.4448624 0.6583 -4.0256184 6.3189517

IFNγ Intradermal Poly I:C + R848 22.55833 10.77263 -2.094042 0.0411 -44.17519 -0.9414749

MCP-1 Intradermal Poly I:C + R848 425.898 408.6669 -1.042165 0.3022 -1245.948 394.1518

VEGF Intradermal Poly I:C + R848 57.243 393.7694 -0.145371 0.885 -847.3987 732.9137

bFGF Intradermal Poly I:C + R848 -2.14 4.601472 0.465069 0.6438 -7.093529 11.373529

CD106 Intradermal Poly I:C + R848 188.9442 300.5521 -0.628657 0.5323 -792.0461 414.15772

G-CSF Intradermal Poly I:C + R848 -59.4558 99.82558 0.595597 0.554 -140.8588 259.77051

Intradermal R848 (48 hr)

Cytokine Comparative Treatment

Mean 

Difference
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Error T-value P-value

95% Confidence
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Appendix D-19. Statistical output from the Linear Mixed-Effects Model comparing the 

secretion of cytokines after 24 hrs by skin explants that have received an intradermal 

injection and topical application of Poly I:C, R848, or a combination of Poly I:C and 

R848, to the PBS control.   

 

Appendix D-20. Statistical output from the Linear Mixed-Effects Model comparing the 

secretion of cytokines after 24 hrs by skin explants that have received an intradermal 

injection and topical application of R848, or a combination of Poly I:C and R848, to skin 

explants that have received an intradermal injection and topical application of Poly I:C 

alone.  

 

  

Lower bound Upper bound

Intradermal/Topical Poly I:C 24.44111 43.26941 0.5648589 0.574 -61.857006 110.73923

Intradermal/Topical R848 22.66222 43.26941 0.523747 0.6021 -63.635895 108.96034

Intradermal/Topical Poly I:C + R848 100.89667 43.26941 2.3318244 0.0226 14.598549 187.19478

Intradermal/Topical Poly I:C -2080.941 2266.627 -0.918078 0.3617 -6601.587 2439.7044

Intradermal/Topical R848 -2016.267 2266.627 -0.889545 0.3768 -6536.912 2504.3789

Intradermal/Topical Poly I:C + R848 -1616.768 2266.627 -0.713292 0.478 -6137.413 2903.8778

Intradermal/Topical Poly I:C -4509.88 2271.651 -1.985287 0.051 -9040.545 20.785267

Intradermal/Topical R848 -789.084 2271.651 -0.347362 0.7294 -5319.75 3741.580823

Intradermal/Topical Poly I:C + R848 -4145.09 2271.651 -1.824704 0.0723 -8675.755 385.575267

Intradermal/Topical Poly I:C 8.64222 22.77011 0.3795424 0.7054 -36.771325 54.05577

Intradermal/Topical R848 -14.01222 22.77011 -0.615378 0.5403 -59.425769 31.40132

Intradermal/Topical Poly I:C + R848 -10.70111 22.77011 -0.4699631 0.6398 -56.114658 34.71244

Intradermal/Topical Poly I:C 14.15556 17.87756 0.791806 0.4311 -21.50011 49.81122

Intradermal/Topical R848 70.21667 17.87756 3.927643 0.0002 34.561 105.87233

Intradermal/Topical Poly I:C + R848 70.38333 17.87756 3.936966 0.0002 34.72767 106.039

Intradermal/Topical Poly I:C -47.261 8082.947 -0.005847 0.9954 -16168.19 16073.67

Intradermal/Topical R848 300.982 8082.947 0.0372367 0.9704 -15819.946 16421.91

Intradermal/Topical Poly I:C + R848 17161.252 8082.947 2.1231431 0.0373 1040.324 33282.18

Intradermal/Topical Poly I:C 5.83222 35.916 0.1623851 0.8715 -65.799987 77.46443

Intradermal/Topical R848 65.06778 35.916 1.8116653 0.0743 -6.564432 136.69999

Intradermal/Topical Poly I:C + R848 55.67 35.916 1.5500054 0.1256 -15.962209 127.30221

Intradermal/Topical Poly I:C 9.78778 60.26768 0.162405 0.8715 -110.41232 129.98788

Intradermal/Topical R848 138.35889 60.26768 2.295739 0.0247 18.15879 258.55899

Intradermal/Topical Poly I:C + R848 134.15 60.26768 2.225903 0.0292 13.9499 254.3501

Intradermal/Topical Poly I:C -1.85333 49.70625 -0.0372857 0.9704 -100.98932 97.28265

Intradermal/Topical R848 146.18111 49.70625 2.9409002 0.0044 47.04513 245.31709

Intradermal/Topical Poly I:C + R848 142.58333 49.70625 2.8685194 0.0054 43.44735 241.71932

Intradermal/Topical PBS Control (24 hr)

P-value

95% Confidence

Cytokine Comparative Treatment

Mean 

Difference

Standard 

Error T-value

IL-1β

IL-6

IL-8

IL-10

IL-12/IL-23p40

IP-10

MIP-1α

MIP-1β

TNF

Lower bound Upper bound

Intradermal/Topical R848 -1.77889 43.26941 -0.0411119 0.9673 -88.077006 84.519228

Intradermal/Topical Poly I:C + R848 76.45556 43.26941 1.7669655 0.0816 -9.842562 162.753673

Intradermal/Topical R848 64.674 2266.627 0.028533 0.9773 -4455.971 4585.32

Intradermal/Topical Poly I:C + R848 464.173 2266.627 0.204786 0.8383 -4056.472 4984.819

Intradermal/Topical R848 3720.796 2271.651 1.637926 0.1059 -809.86971 8251.461

Intradermal/Topical Poly I:C + R848 364.79 2271.651 0.160584 0.8729 -4165.87527 4895.455

Intradermal/Topical R848 -22.65444 22.77011 -0.9949204 0.3232 -68.067992 22.7591

Intradermal/Topical Poly I:C + R848 -19.34333 22.77011 -0.8495056 0.3985 -64.75688 26.07021

Intradermal/Topical R848 56.06111 17.87756 3.1358373 0.0025 20.405447 91.71678

Intradermal/Topical Poly I:C + R848 56.22778 17.87756 3.14516 0.0024 20.572114 91.88344

Intradermal/Topical R848 348.243 8082.947 0.0430837 0.9658 -15772.685 16469.17

Intradermal/Topical Poly I:C + R848 17208.513 8082.947 2.1289901 0.0368 1087.585 33329.44

Intradermal/Topical R848 59.23556 35.916 1.6492803 0.1036 -12.396654 130.86777

Intradermal/Topical Poly I:C + R848 49.83778 35.916 1.3876204 0.1697 -21.794432 121.46999

Intradermal/Topical R848 128.57111 60.26768 2.133334 0.0364 8.371013 248.77121

Intradermal/Topical Poly I:C + R848 124.36222 60.26768 2.063498 0.0428 4.162124 244.56232

Intradermal/Topical R848 148.03444 49.70625 2.978186 0.004 48.89846 247.17043

Intradermal/Topical Poly I:C + R848 144.43667 49.70625 2.9058052 0.0049 45.30068 243.57265

IL-1β

IL-6

IL-8

IL-10

IL-12/IL-23p40

IP-10

MIP-1α

MIP-1β

TNF

Intradermal/Topical Poly I:C (24 hr)

Cytokine Comparative Treatment

Mean 

Difference

Standard 

Error T-value P-value

95% Confidence
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Appendix D-21. Statistical output from the Linear Mixed-Effects Model comparing the 

secretion of cytokines after 24 hrs by skin explants that have received an intradermal 

injection and topical application of a combination of Poly I:C and R848, to skin explants 

that have received an intradermal injection and topical application of R848 alone.  

 

Appendix D-22. Statistical output from the Linear Mixed-Effects Model comparing the 

secretion of cytokines after 24 hrs by skin explants that have received an intradermal 

injection and topical application of a combination of Poly I:C and R848, to skin explants 

that have received an intradermal injection only of Poly I:C and R848. 

 

  

Lower bound Upper bound

IL-1β Intradermal/Topical Poly I:C + R848 78.23444 43.26941 1.8080774 0.0749 -8.063673 164.532562

IL-6 Intradermal/Topical Poly I:C + R848 399.499 2266.627 0.176253 0.8606 -4121.147 4920.144

IL-8 Intradermal/Topical Poly I:C + R848 -3356.006 2271.651 -1.477342 0.1441 -7886.671 1174.6597

IL-10 Intradermal/Topical Poly I:C + R848 3.31111 22.77011 0.1454148 0.8848 -42.102436 48.72466

IL-12/IL-23p40 Intradermal/Topical Poly I:C + R848 0.16667 17.87756 0.009323 0.9926 -35.489 35.82233

IP-10 Intradermal/Topical Poly I:C + R848 16860.27 8082.947 2.0859064 0.0406 739.3415 32981.2

MIP-1α Intradermal/Topical Poly I:C + R848 -9.39778 35.916 -0.26166 0.7944 -81.02999 62.234432

MIP-1β Intradermal/Topical Poly I:C + R848 -4.20889 60.26768 -0.069837 0.9445 -124.40899 115.9912095

TNF Intradermal/Topical Poly I:C + R848 -3.59778 49.70625 -0.072381 0.9425 -102.73376 95.5382

Intradermal/Topical R848 (24 hr)

Cytokine Comparative Treatment

Mean 

Difference

Standard 

Error T-value P-value

95% Confidence

Cytokine Lower bound Upper bound

IL-1β Intradermal/Topical Poly I:C + R848 101.24444 43.26941 2.3398619 0.0221 14.94633 187.54256

IL-6 Intradermal/Topical Poly I:C + R848 -1177.67 2266.627 -0.519569 0.605 -5698.316 3342.9755

IL-8 Intradermal/Topical Poly I:C + R848 -4681.797 2271.651 -2.060966 0.043 -9212.462 -151.1314

IL-10 Intradermal/Topical Poly I:C + R848 -32.72222 22.77011 -1.4370693 0.1552 -78.13577 12.691325

IL-12/IL-23p40 Intradermal/Topical Poly I:C + R848 49.70556 17.87756 2.7803326 0.007 14.049891 85.36122

IP-10 Intradermal/Topical Poly I:C + R848 16812.106 8082.947 2.0799476 0.0412 691.177 32933.03

MIP-1α Intradermal/Topical Poly I:C + R848 -30.23333 35.916 -0.841779 0.4028 -101.86554 41.398876

MIP-1β Intradermal/Topical Poly I:C + R848 -112.5878 60.26768 -1.868129 0.0659 -232.7879 7.612321

TNF Intradermal/Topical Poly I:C + R848 -12.41444 49.70625 -0.249756 0.8035 -111.5504 86.72154

Intradermal Poly I:C + R848 (24 hr)

Comparative Treatment

Mean 

Difference

Standard 

Error T-value P-value

95% Confidence
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Appendix D-23. Statistical output from the Linear Mixed-Effects Model comparing the 

secretion of cytokines after 48 hrs by skin explants that have received an intradermal 

injection and topical application of Poly I:C, R848, or a combination of Poly I:C and 

R848, to the PBS control.  

 

Appendix D-24. Statistical output from the Linear Mixed-Effects Model comparing the 

secretion of cytokines after 48 hrs by skin explants that have received an intradermal 

injection and topical application of R848, or a combination of Poly I:C and R848, to skin 

explants that have received an intradermal injection and topical application of Poly I:C 

alone. .

 

  

Lower bound Upper bound

Intradermal/Topical Poly I:C 9.11111 76.115 0.1197019 0.9051 -142.69547 160.9177

Intradermal/Topical R848 214.26444 76.115 2.8150094 0.0063 62.45786 366.071

Intradermal/Topical Poly I:C + R848 70.84778 76.115 0.9307991 0.3552 -80.9588 222.6544

Intradermal/Topical Poly I:C -2068.84 2590.944 -0.798489 0.4273 -7236.315 3098.635

Intradermal/Topical R848 557.048 2590.944 0.214998 0.8304 -4610.427 5724.523

Intradermal/Topical Poly I:C + R848 4041.003 2590.944 1.559665 0.1233 -1126.471 9208.478

Intradermal/Topical Poly I:C -2861.278 2326.403 -1.229915 0.2228 -7501.141 1778.586

Intradermal/Topical R848 -1181.001 2326.403 -0.507651 0.6133 -5820.865 3458.863

Intradermal/Topical Poly I:C + R848 2575.583 2326.403 1.10711 0.272 -2064.28 7215.447

Intradermal/Topical Poly I:C 2.33111 30.85108 0.0755601 0.94 -59.19943 63.86165

Intradermal/Topical R848 38.16 30.85108 1.2369096 0.2203 -23.37054 99.69054

Intradermal/Topical Poly I:C + R848 -28.39222 30.85108 -0.9202991 0.3606 -89.92277 33.13832

Intradermal/Topical Poly I:C 19.48889 46.69407 0.417374 0.6777 -73.63951 112.61728

Intradermal/Topical R848 156.91889 46.69407 3.360574 0.0013 63.79049 250.04728

Intradermal/Topical Poly I:C + R848 203.27778 46.69407 4.353396 0 110.14938 296.40617

Intradermal/Topical Poly I:C -304.04 465.6167 -0.6529834 0.5159 -1232.6832 624.6032

Intradermal/Topical R848 314.8556 465.6167 0.6762119 0.5011 -613.7877 1243.4988

Intradermal/Topical Poly I:C + R848 -360.9378 465.6167 -0.7751822 0.4408 -1289.581 567.7055

Intradermal/Topical Poly I:C 29.13778 71.07968 0.409931 0.6831 -112.62618 170.9017

Intradermal/Topical R848 162.76111 71.07968 2.28984 0.025 20.99716 304.5251

Intradermal/Topical Poly I:C + R848 -13.27667 71.07968 -0.186786 0.8524 -155.04062 128.4873

Intradermal/Topical Poly I:C 52.55333 68.22099 0.77034 0.4437 -83.50913 188.6158

Intradermal/Topical R848 202.87889 68.22099 2.973849 0.004 66.81642 338.9414

Intradermal/Topical Poly I:C + R848 48.34667 68.22099 0.708677 0.4809 -87.7158 184.4091

Intradermal/Topical Poly I:C -1.85333 49.70625 -0.0372857 0.9704 -100.98932 97.28265

Intradermal/Topical R848 146.18111 49.70625 2.9409002 0.0044 47.04513 245.31709

Intradermal/Topical Poly I:C + R848 142.58333 49.70625 2.8685194 0.0054 43.44735 241.71932

Intradermal/Topical PBS Control (48 hr)

95% Confidence

Cytokine Comparative Treatment 

Mean 

Difference

Standard 

Error T-value P-value

IL-1β

IL-6

IL-8

IL-10

IL-12/IL-23p40

IP-10

MIP-1α

MIP-1β

TNF

Lower bound Upper bound

Intradermal/Topical R848 205.15333 76.115 2.6953075 0.0088 53.34675 356.95992

Intradermal/Topical Poly I:C + R848 61.73667 76.115 0.8110972 0.4201 -90.06992 213.54325

Intradermal/Topical R848 2625.888 2590.944 1.013487 0.3143 -2541.587 7793.363

Intradermal/Topical Poly I:C + R848 6109.843 2590.944 2.358153 0.0212 942.3686 11277.318

Intradermal/Topical R848 1680.277 2326.403 0.722264 0.4725 -2959.587 6320.14

Intradermal/Topical Poly I:C + R848 5436.861 2326.403 2.337025 0.0223 796.9975 10076.725

Intradermal/Topical R848 35.82889 30.85108 1.1613495 0.2494 -25.701655 97.35943

Intradermal/Topical Poly I:C + R848 -30.72333 30.85108 -0.9958592 0.3227 -92.253877 30.80721

Intradermal/Topical R848 137.43 46.69407 2.9432 0.0044 44.30161 230.55839

Intradermal/Topical Poly I:C + R848 183.78889 46.69407 3.936022 0.0002 90.66049 276.91728

Intradermal/Topical R848 618.8956 465.6167 1.3291953 0.1881 -309.7477 1547.5388

Intradermal/Topical Poly I:C + R848 -56.8978 465.6167 -0.1221987 0.9031 -985.541 871.7455

Intradermal/Topical R848 133.62333 71.07968 1.879909 0.0643 -8.14062 275.38729

Intradermal/Topical Poly I:C + R848 -42.41444 71.07968 -0.596717 0.5526 -184.178398 99.34951

Intradermal/Topical R848 150.32556 68.22099 2.203509 0.0309 14.26309 286.38802

Intradermal/Topical Poly I:C + R848 -4.20667 68.22099 -0.0616624 0.951 -140.26913 131.8558

Intradermal/Topical R848 67.38 16.28922 4.136479 0.0001 34.8921827 99.86782

Intradermal/Topical Poly I:C + R848 27.27778 16.28922 1.674591 0.0985 -5.2100395 59.7656

P-value

95% Confidence

Cytokine Comparative Treatment 

Mean 

Difference

Standard 

Error T-value

IL-8

IL-10

IL-12/IL-23p40

IP-10

MIP-1α

MIP-1β

TNF

IL-1β

IL-6

Intradermal/Topical Poly I:C (48 hr)
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Appendix D-25. Statistical output from the Linear Mixed-Effects Model comparing the 

secretion of cytokines after 48 hrs by skin explants that have received an intradermal 

injection and topical application of a combination of Poly I:C and R848, to skin explants 

that have received an intradermal injection and topical application of R848 alone.  

 

Appendix D-26. Statistical output from the Linear Mixed-Effects Model comparing the 

secretion of cytokines after 48 hrs by skin explants that have received an intradermal 

injection and topical application of a combination of Poly I:C and R848, to skin explants 

that have received an intradermal injection only of Poly I:C and R848. 

 

  

Lower bound Upper bound

IL-1β Intradermal/Topical Poly I:C + R848 -143.4167 76.115 -1.88421 0.0637 -295.2232 8.389915

IL-6 Intradermal/Topical Poly I:C + R848 3483.956 2590.944 1.344667 0.1831 -1683.519 8651.43033

IL-8 Intradermal/Topical Poly I:C + R848 3756.584 2326.403 1.614761 0.1109 -883.2792 8396.448

IL-10 Intradermal/Topical Poly I:C + R848 -66.55222 30.85108 -2.1572087 0.0344 -128.08277 -5.021679

IL-12/IL-23p40 Intradermal/Topical Poly I:C + R848 46.35889 46.69407 0.992822 0.3242 -46.76951 139.48728

IP-10 Intradermal/Topical Poly I:C + R848 -675.7933 465.6167 -1.4513941 0.1511 -1604.4366 252.8499

MIP-1α Intradermal/Topical Poly I:C + R848 -176.0378 71.07968 -2.476626 0.0157 -317.8017 -34.273824

MIP-1β Intradermal/Topical Poly I:C + R848 -154.5322 68.22099 -2.265171 0.0266 -290.5947 -18.46975

TNF Intradermal/Topical Poly I:C + R848 -3.59778 49.70625 -0.072381 0.9425 -102.73376 95.5382

Intradermal/Topical R848 (48 hr)

95% Confidence

Comparative Treatment 

Mean 

Difference

Standard 

Error T-value P-valueCytokine

Lower bound Upper bound

IL-1β Intradermal/Topical Poly I:C + R848 -19.74 76.115 -0.2593444 0.7961 -171.546582 132.06658

IL-6 Intradermal/Topical Poly I:C + R848 -5617.867 2590.944 -2.16827 0.0335 -10785.341 -450.3919

IL-8 Intradermal/Topical Poly I:C + R848 -5011.038 2326.403 -2.153986 0.0347 -9650.901 -371.1741

IL-10 Intradermal/Topical Poly I:C + R848 -30.72333 30.85108 -0.9958592 0.3227 -92.253877 30.80721

IL-12/IL-23p40 Intradermal/Topical Poly I:C + R848 -76.88222 46.69407 -1.646509 0.1041 -170.0106 16.24617

IP-10 Intradermal/Topical Poly I:C + R848 166.0744 465.6167 0.3566763 0.7224 -762.5688 1094.7177

MIP-1α Intradermal/Topical Poly I:C + R848 101.44 71.07968 1.4271308 0.158 -40.32395 243.204

MIP-1β Intradermal/Topical Poly I:C + R848 180.74778 68.22099 2.6494454 0.01 44.68531 316.81025

TNF Intradermal/Topical Poly I:C + R848 12.41444 49.70625 0.249756 0.8035 -86.72154 111.55043

Intradermal Poly I:C + R848 (48 hr)

Cytokine Comparative Treatment 

Mean 

Difference

Standard 

Error T-value P-value

95% Confidence
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Appendix D-27. Statistical output from the Linear Mixed-Effects Model comparing the 

proliferation of CD4+ naïve T cells after 3/4 days of co-culture with PBS-stimulated or 

TLR stimulated CD1c+ APCs.

 

 

 

 

Appendix D-28. Statistical output from the Linear Mixed-Effects Model comparing the 

proliferation of CD4+ naïve T cells after 6 days of co-culture with PBS-stimulated or 

TLR stimulated CD1c+ APCs.

 

 

 

  

Lower bound Upper bound

Poly I:C-stimulated CD1c+ APCs 11.065 3.18227 3.47708 0.0012 4.63828 17.49172
R848-stimulated CD1c+ APCs -4.345833 3.18227 -1.365641 0.1795 -10.772553 2.080886
Poly I:C/R848-stimulated CD1c+ APCs -4.900833 3.18227 -1.540044 0.1312 -11.327553 1.525886

Comparative Treatment

Mean 

Difference

Standard 

Error T-value P-value

95% Confidence
PBS-stimulated CD1c+ APCs control (day 3/4)

Lower bound Upper bound

R848-stimulated CD1c+ APCs -15.41083 3.18227 -4.842721 0 -21.837553 -8.984114
Poly I:C/R848-stimulated CD1c+ APCs -15.96583 3.18227 -5.017125 0 -22.392553 -9.539114

Comparative Treatment

Mean 

Difference

Standard 

Error T-value P-value

95% Confidence

Poly I:C-stimulated CD1c+ APCs (day 3/4)

Lower bound Upper bound

Poly I:C/R848-stimulated CD1c+ APCs -0.555 3.18227 -0.174404 0.8624 -6.98172 5.87172
Comparative Treatment

Mean 

Difference

Standard 

Error T-value P-value

95% Confidence

R848-stimulated CD1c
+
 APCs (day 3/4)

Lower bound Upper bound

Poly I:C-stimulated CD1c+ APCs 5.34583 3.80152 1.406237 0.1672 -2.331486 13.023153
R848-stimulated CD1c+ APCs 3.17083 3.80152 0.834097 0.4091 -4.506486 10.848153
Poly I:C/R848-stimulated CD1c+ APCs 2.22917 3.80152 0.586389 0.5608 -5.448153 9.906486

PBS-stimulated CD1c+ APCs control (day 6)

Comparative Treatment

Mean 

Difference

Standard 

Error T-value P-value

95% Confidence

Lower bound Upper bound

R848-stimulated CD1c+ APCs -2.175 3.80152 -0.57214 0.5704 -9.85232 5.50232
Poly I:C/R848-stimulated CD1c+ APCs -3.11667 3.80152 -0.819848 0.417 -10.79399 4.560653

Poly I:C-stimulated CD1c
+
 APCs (day 6)

Comparative Treatment

Mean 

Difference

Standard 

Error T-value P-value

95% Confidence

Lower bound Upper bound

Poly I:C/R848-stimulated CD1c+ APCs -0.94167 3.80152 -0.247708 0.8056 -8.618986 6.735653

R848-stimulated CD1c+ APCs (day 6)

Comparative Treatment

Mean 

Difference

Standard 

Error T-value P-value

95% Confidence
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Appendix D-29. Statistical output from the Linear Mixed-Effects Model comparing the 

secretion of cytokines after 3/4 days of co-culture of PBS-stimulated and TLR 

stimulated CD1c+ APCs with allogeneic CD4+ naïve T cells. 

 

 

Lower bound Upper bound

PBS-stimulated CD1c+ APCs 6312.21 1594.486 3.958774 0.0002 3125.883 9498.533

CD3/CD28 Dynabeads 36090.25 1594.486 22.634415 0 32903.923 39276.573

PBS-stimulated CD1c+ APCs 4.855833 1.779446 2.728845 0.0082 1.29989344 8.411773

CD3/CD28 Dynabeads 23.425 1.779446 13.164207 0 19.86906011 26.98094

PBS-stimulated CD1c+ APCs 67.19917 15.05806 4.46267 0 37.10803 97.29031

CD3/CD28 Dynabeads 105.89333 15.05806 7.032334 0 75.80219 135.98447

PBS-stimulated CD1c+ APCs 131.91 120.3025 1.096486 0.277 -108.495335 372.3153

CD3/CD28 Dynabeads 915.7567 120.3025 7.612118 0 675.351332 1156.162

PBS-stimulated CD1c+ APCs 3.88167 6.843824 0.567178 0.5726 -9.794625 17.55796

CD3/CD28 Dynabeads 109.415 6.843824 15.987406 0 95.738708 123.09129

IFN-y

IL-4

IL-5

IL-10

IL-17A

No CD1c+ APCs control (day 3/4)

Cytokine Comparative Treatment

Mean 

Difference

Standard 

Error T-value P-value

95% Confidence

Lower bound Upper bound

IFN-y CD3/CD28 Dynabeads 29778.04 1594.486 18.675641 0 26591.715 32964.365

IL-4 CD3/CD28 Dynabeads 18.569167 1.779446 10.435362 0 15.013227 22.125107

IL-5 CD3/CD28 Dynabeads 38.69417 15.05806 2.569664 0.0126 8.603027 68.78531

IL-10 CD3/CD28 Dynabeads 783.8467 120.3025 6.515632 0 543.44133 1024.252

IL-17A CD3/CD28 Dynabeads 105.53333 6.843824 15.420228 0 91.857042 119.209625

PBS-stimulated CD1c+ APCs control (day 3/4)

Cytokine Comparative Treatment

Mean 

Difference

Standard 

Error T-value P-value

95% Confidence

Lower bound Upper bound

Poly I:C-stimulated CD1c+ APCs -904.213 1594.486 -0.567088 0.5727 -4090.538 2282.112

R848-stimulated CD1c+ APCs 1099.272 1594.486 0.689421 0.4931 -2087.053 4285.598

Poly I:C/R848-stimulated CD1c+ APCs 1014.947 1594.486 0.636536 0.5267 -2171.378 4201.272

Poly I:C-stimulated CD1c+ APCs -1.266667 1.779446 -0.711832 0.4792 -4.822607 2.289273

R848-stimulated CD1c+ APCs -0.418333 1.779446 -0.235092 0.8149 -3.974273 3.137607

Poly I:C/R848-stimulated CD1c+ APCs -1.356667 1.779446 -0.762409 0.4487 -4.912607 2.199273

Poly I:C-stimulated CD1c+ APCs -49.63583 15.05806 -3.296296 0.0016 -79.726973 -19.54469

R848-stimulated CD1c+ APCs 5.24167 15.05806 0.348097 0.7289 -24.849473 35.33281

Poly I:C/R848-stimulated CD1c+ APCs 1.14917 15.05806 0.076316 0.9394 -28.941973 31.24031

Poly I:C-stimulated CD1c+ APCs 704.7383 120.3025 5.858053 0 464.333 945.1437

R848-stimulated CD1c+ APCs 208.3283 120.3025 1.731704 0.0882 -32.077 448.7337

Poly I:C/R848-stimulated CD1c+ APCs 103.8767 120.3025 0.863462 0.3912 -136.52867 344.282

Poly I:C-stimulated CD1c+ APCs 3.47667 6.843824 0.508001 0.6132 -10.199625 17.152958

R848-stimulated CD1c+ APCs 3.08833 6.843824 0.451258 0.6534 -10.587958 16.764625

Poly I:C/R848-stimulated CD1c+ APCs 1.6925 6.843824 0.247303 0.8055 -11.983792 15.368792

IFN-y

IL-4

IL-5

IL-10

IL-17A

PBS-stimulated CD1c+ APCs control (day 3/4)

Cytokine Comparative Treatment

Mean 

Difference

Standard 

Error T-value P-value

95% Confidence

Lower bound Upper bound

R848-stimulated CD1c+ APCs 2003.486 1594.486 1.256509 0.2136 -1182.839 5189.811

Poly I:C/R848-stimulated CD1c+ APCs 1919.16 1594.486 1.203623 0.2332 -1267.165 5105.485

R848-stimulated CD1c+ APCs 0.848333 1.779446 0.47674 0.6352 -2.707607 4.40427322

Poly I:C/R848-stimulated CD1c+ APCs -0.09 1.779446 -0.050578 0.9598 -3.64594 3.46593989

R848-stimulated CD1c+ APCs 54.8775 15.05806 3.644393 0.0005 24.78636 84.96864

Poly I:C/R848-stimulated CD1c+ APCs 50.785 15.05806 3.372612 0.0013 20.69386 80.87614

R848-stimulated CD1c+ APCs -496.41 120.3025 -4.126349 0.0001 -736.8153 -256.0047

Poly I:C/R848-stimulated CD1c+ APCs -600.8617 120.3025 -4.994591 0 -841.267 -360.4563

R848-stimulated CD1c+ APCs -0.38833 6.843824 -0.056742 0.9549 -14.06463 13.287958

Poly I:C/R848-stimulated CD1c+ APCs -1.78417 6.843824 -0.260697 0.7952 -15.46046 11.892125

IFN-y

IL-4

IL-5

IL-10

IL-17A

Poly I:C-stimulated CD1c+ APCs (day 3/4)

Cytokine Comparative Treatment

Mean 

Difference

Standard 

Error T-value P-value

95% Confidence

Lower bound Upper bound

IFN-y Poly I:C/R848-stimulated CD1c+ APCs -84.326 1594.486 -0.052886 0.958 -3270.651 3101.999

IL-4 Poly I:C/R848-stimulated CD1c+ APCs -0.938333 1.779446 -0.527318 0.1009 -4.494273 2.6176066

IL-5 Poly I:C/R848-stimulated CD1c+ APCs -4.0925 15.05806 -0.271781 0.7867 -34.183639 25.99864

IL-10 Poly I:C/R848-stimulated CD1c+ APCs -104.4517 120.3025 -0.868242 0.3886 -344.857 135.9537

IL-17A Poly I:C/R848-stimulated CD1c+ APCs -1.39583 6.843824 -0.203955 0.839 -15.072125 12.280458

R848-stimulated CD1c
+
 APCs (day 3/4)

Cytokine Comparative Treatment

Mean 

Difference

Standard 

Error T-value P-value

95% Confidence
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Appendix D-30. Statistical output from the Linear Mixed-Effects Model comparing the 

secretion of cytokines after 6 days of co-culture of PBS-stimulated and TLR 

stimulated CD1c+ APCs with allogeneic CD4+ naïve T cells. 

Lower bound Upper bound

PBS-stimulated CD1c+ APCs 31030.97 4485.863 6.917503 0 22066.68554 39995.248

CD3/CD28 Dynabeads 35069.36 4485.863 7.817751 0 26105.07637 44033.639

PBS-stimulated CD1c+ APCs 58.38667 16.37004 3.566679 0.0007 25.673756 91.09958

CD3/CD28 Dynabeads 27.61833 16.37004 1.687127 0.00965 5.094577 60.33124

PBS-stimulated CD1c+ APCs 255.45167 36.05038 7.085963 0 183.41072 327.49261

CD3/CD28 Dynabeads 149.39083 36.05038 4.143946 0.0001 77.34989 221.43178

PBS-stimulated CD1c+ APCs 227.1683 110.0425 2.064369 0.0431 7.265941 447.0707

CD3/CD28 Dynabeads 1106.1308 110.0425 10.051851 0 886.228441 1326.0332

PBS-stimulated CD1c+ APCs 7.21417 31.9618 0.225712 0.8222 -56.6564 71.08473

CD3/CD28 Dynabeads 207.0475 31.9618 6.477967 0 143.17694 270.91806

IL-4

IL-5

IL-10

IL-17A

No CD1c+ APCs control (day 6)

Cytokine Comparative Treatment

Mean 

Difference

Standard 

Error T-value P-value

95% Confidence

IFN-y

Lower bound Upper bound

IFN-y CD3/CD28 Dynabeads 4038.391 4485.863 0.900248 0.3714 -4925.89 13002.672

IL-4 CD3/CD28 Dynabeads -30.76833 16.37004 -1.879552 0.0648 -63.48124 1.944577

IL-5 CD3/CD28 Dynabeads -106.0608 36.05038 -2.942017 0.0046 -178.1018 -34.01989

IL-10 CD3/CD28 Dynabeads 878.9625 110.0425 7.987482 0 659.060108 1098.864892

IL-17A CD3/CD28 Dynabeads 199.83333 31.9618 6.252255 0 135.96277 263.7039

T-value P-value

95% Confidence

PBS-stimulated CD1c+ APCs control (day 6)

Cytokine Comparative Treatment

Mean 

Difference

Standard 

Error

Lower bound Upper bound

Poly I:C-stimulated CD1c+ APCs -22033.068 4485.863 -4.911668 0 -30997.35 -13068.786

R848-stimulated CD1c+ APCs -22535.301 4485.863 -5.023627 0 -31499.58 -13571.02

Poly I:C/R848-stimulated CD1c+ APCs -17110.283 4485.863 -3.814268 0.0003 -26074.56 -8146.002

Poly I:C-stimulated CD1c+ APCs -57.12583 16.37004 -3.489658 0.0009 -89.83874 -24.412923

R848-stimulated CD1c+ APCs -54.99917 16.37004 -3.359746 0.0013 -87.71208 -22.286256

Poly I:C/R848-stimulated CD1c+ APCs -53.89083 16.37004 -3.292041 0.0016 -86.60374 -21.177923

Poly I:C-stimulated CD1c+ APCs -223.8167 36.05038 -6.208441 0 -295.8576 -151.77572

R848-stimulated CD1c+ APCs -150.8975 36.05038 -4.185739 0.0001 -222.9384 -78.85656

Poly I:C/R848-stimulated CD1c+ APCs -134.2992 36.05038 -3.725319 0.0004 -206.3401 -62.25822

Poly I:C-stimulated CD1c+ APCs 433.9217 110.0425 3.943219 0.0002 214.019274 653.824059

R848-stimulated CD1c+ APCs 269.9458 110.0425 2.453105 0.0169 50.043441 489.848226

Poly I:C/R848-stimulated CD1c+ APCs 163.5375 110.0425 1.48613 0.1422 -56.364892 383.439892

Poly I:C-stimulated CD1c+ APCs 17.76333 31.9618 0.555768 0.5803 -46.10723 81.6339

R848-stimulated CD1c+ APCs 5.7775 31.9618 0.180763 0.8571 -58.09306 69.64806

Poly I:C/R848-stimulated CD1c+ APCs 2.325 31.9618 0.072743 0.9422 -61.54556 66.19556

IFN-y

IL-4

IL-5

IL-10

IL-17A

PBS-stimulated CD1c+ APCs control (day 6)

Cytokine Comparative Treatment

Mean 

Difference

Standard 

Error T-value P-value

95% Confidence

Lower bound Upper bound

R848-stimulated CD1c+ APCs -502.233 4485.863 -0.111959 0.9112 -9466.514 8462.0478

Poly I:C/R848-stimulated CD1c+ APCs 4922.784 4485.863 1.0974 0.2766 -4041.497 13887.0653

R848-stimulated CD1c+ APCs 2.12667 16.37004 0.129912 0.897 -30.58624 34.83958

Poly I:C/R848-stimulated CD1c+ APCs 3.235 16.37004 0.197617 0.844 -29.47791 35.94791

R848-stimulated CD1c+ APCs 72.91917 36.05038 2.022702 0.0474 0.8782248 144.96011

Poly I:C/R848-stimulated CD1c+ APCs 89.5175 36.05038 2.483122 0.0157 17.4765582 161.55844

R848-stimulated CD1c+ APCs -163.9758 110.0425 -1.490114 0.1412 -383.8782 55.92656

Poly I:C/R848-stimulated CD1c+ APCs -270.3842 110.0425 -2.457089 0.0168 -490.2866 -50.48177

R848-stimulated CD1c+ APCs -11.98583 31.9618 -0.375005 0.7089 -75.8564 51.88473

Poly I:C/R848-stimulated CD1c+ APCs -15.43833 31.9618 -0.483025 0.6308 -79.3089 48.43223

IFN-y

IL-4

IL-5

IL-10

IL-17A

Poly I:C-stimulated CD1c+ APCs (day 6)

Cytokine Comparative Treatment

Mean 

Difference

Standard 

Error T-value P-value

95% Confidence

Lower bound Upper bound

IFN-y Poly I:C/R848-stimulated CD1c+ APCs 5425.017 4485.863 1.209359 0.231 -3539.264 14389.2986

IL-4 Poly I:C/R848-stimulated CD1c+ APCs 1.10833 16.37004 0.067705 0.9462 -31.604577 33.82124

IL-5 Poly I:C/R848-stimulated CD1c+ APCs 16.59833 36.05038 0.46042 0.6468 -55.44261 88.6392752

IL-10 Poly I:C/R848-stimulated CD1c+ APCs -106.4083 110.0425 -0.966975 0.3373 -326.31073 113.49406

IL-17A Poly I:C/R848-stimulated CD1c+ APCs -3.4525 31.9618 -0.10802 0.9143 -67.32306 60.41806

R848-stimulated CD1c
+
 APCs (day 6)

Cytokine Comparative Treatment

Mean 

Difference

Standard 

Error T-value P-value

95% Confidence
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