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Abstract

Systemic lupus erythematosus (SLE) pathogenesis is a cycle of inflammation and immune
complex formation with damage to tissues such as the kidneys, resulting in lupus nephritis
(LN). Cyclophosphamide and mycophenolic acid (MPA) are used to control disease flares but
drug choice remains arbitrary. This thesis aims to assess both drugs in vitro to understand the
factors which could influence inter-individual differences in patient response and potentially

guide the initial treatment choice.

Conversion of cyclophosphamide intermediate 4-hydroxycyclophosphamide (4-OHCP) to the
DNA-alkylating metabolite phosphoramide mustard (PAM) is assumed to occur spontaneously
via chemical hydrolysis. Using a quantitative PCR-block (QPCR-block) assay to detect PAM-
induced DNA adducts, enzyme catalysis of this reaction was shown in peripheral blood
mononuclear cells (PBMC). Human cAMP-phosphodiesterase 4B2 was identified as a
candidate for this catalysis in vitro (increased gDNA alkylation, p = 0.0406).

Differences in repair of PAM-induced DNA adducts could also influence therapeutic response
to cyclophosphamide. A small clinical study of the extent of PAM-induced DNA damage
between healthy individuals and LN patients was undertaken using the QPCR-block assay. LN
patients (n = 16) were significantly (p = 0.0319) more sensitive to PAM than healthy

individuals (n = 13), and four LN patients were particularly sensitive.

MPA prevents lymphocyte proliferation by inosine monophosphate dehydrogenase (IMPDH)
inhibition. Assessment of radiolabelled MPA transport and kinetics into a T-cell line (Jurkat)
demonstrated partially sodium-dependent active uptake (Vmax 8540 + 1180 pmol.min.10°
cells®, Km 478 + 116 uM). IMPDH inhibition was quantified through HPLC (optimised and
validated here). Despite intracellular MPA accumulation, there were clear time-dependent
rebounds in IMPDH activity. The ECso increased more than 40-fold in 20-minute incubations,

and by 240 minutes there was no inhibition.

Database analyses were undertaken to explore determinants of variable IMPDH expression.
Females were found to have higher expression of IMPDH1 in whole blood (p < 0.01) but lower
expression in spleen (p < 0.01) compared to males. Higher IMPDH1 than IMPDH2 in myeloid
cells but vice versa in lymphoid were observed. The in vitro behaviours observed for both
drugs at their respective targets have identified potential sources of biomarkers which could be

used to select a drug for patients.
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Chapter 1: Introduction



1.1. Autoimmune disease

Autoimmune diseases are characterised by abnormal immune response to tissues and include
diseases such as systemic lupus erythematosus (SLE), vasculitis and membranous nephropathy.
The involvement of the immune system results in a complex and multifactorial nature of these
diseases. SLE is widely considered to be the prototypical autoimmune disease, due to its
complex nature and because many of its symptoms are shared with other autoimmune diseases.
In particular, SLE has proven to be a difficult disease to treat, often progressing to more serious
complications such as kidney damage, known as lupus nephritis. The exact cause of SLE is not
known but SLE is believed to arise from complex interactions between genetic and
environmental factors. Globally, SLE affects 43.7 in 100,000 persons, although this varies

substantially between countries and ethnicities.

In a recent study of SLE epidemiology in Aotearoa (Lao et al., 2023), SLE has a similar
prevalence as in European countries. However, there were notable disparities between different
ethnicities. The prevalence of SLE in Pasifika was the highest and was three times higher than
in Europeans who had the lowest SLE prevalence. In contrast, Maori and Asian SLE prevalence

was twice that of Europeans.

The increased prevalence of SLE in both Maori and Pasifika contributes to the
disproportionately larger burden of disease experienced by both ethnic groups compared to
other ethnicities (Gurney et al., 2020), which in turn leads to substantially worse health
outcomes. Hence, investigation of factors which influence therapeutic outcomes in SLE

especially in Aotearoa’s most vulnerable populations could address some of these inequities.



1.1.1. Hallmarks of SLE

Clinical manifestations of SLE include inflammatory skin rashes, arthritis, haematologic
disorders such as leukopenia, as well as kidney damage (lupus nephritis) (Lahita, 2011). The
aetiology of these symptoms is the formation and deposition of immune complexes in tissues.
These immune complexes, which are comprised of autoantibodies (antibodies specific to the
body’s own proteins) and self-antigens (complexes of normal protein present in the body),
invariably trigger pro-inflammatory cytokine cascades, leading to inflammation and tissue
damage (Podolska et al., 2015). The production of autoantibodies and self-antigens are

therefore central hallmarks of SLE.

The exact pathogenesis of SLE has not been elucidated and is thought to be a combination of
genetic predisposition and numerous environmental factors including UV (sun) exposure.
Abnormal function of genes that have been implicated in SLE pathogenesis include genes
involved in B- and T-cell signalling and maturation such as PTPN22 (Al-Awadhi et al., 2018)
and BLK (Harley et al., 2008), immune function such as ITGAM and ITGAX (Hom et al., 2008),
and DNA damage recognition and repair such as XPC (Souliotis et al., 2016), PARP (Cerboni
et al., 2009; Sibley et al., 1989), POLB (Senejani et al., 2014) and various XRCC isoforms

(Jahantigh et al., 2015).

Abnormal lymphocyte maturation can lead to an overactive immune system and a loss in
tolerance, which has been thought to be a trigger in SLE. For example, PTPN22 has been
extensively researched and is implicated in the pathogenesis of numerous autoimmune diseases
including SLE. PTPN22 encodes a lymphoid cytoplasmic phosphatase which inhibits T-cell
receptor signalling (Chung & Criswell, 2007). A gain of function polymorphism for PTPN22
(rs2476601) has been associated with SLE patients and is speculated to result in suppression

of Treg production, allowing autoreactive T- and B-cells to circulate (Bottini et al., 2006).



Variation in genes such as ITGAM may also aid in the development of SLE through
enhancement of innate immune response. ITGAM produces a membrane protein that mediates
adhesion between numerous immune cells such as neutrophils. Increased production of this
protein may enhance the immune response in SLE and autoimmunity. In SLE patients, elevated

ITGAM expression has been observed in the neutrophils (Buyon et al., 1988).

The role for impaired DNA damage-repair efficiency in the pathogenesis of SLE has only been
elucidated relatively recently. Defective DNA damage recognition and repair may accelerate
the production of self-antigens, exacerbating immune complex formation. Various studies have
also observed associations with gene variants of the numerous proteins involved in the
pathways of recognition and repair of damaged DNA (Lee et al., 2011; reviewed in Mireles-
Canales et al., 2018). This is supported, in part, by the hypothesis that UV exposure and its
subsequent DNA damage in the skin is an important environmental stimulus for SLE

manifestation.

Based on wavelength, solar UV radiation can be classified into UV-A (315-400 nm), UV-B
(280-315 nm) and UV-C (<280 nm) (Sinha & Héader, 2002). However, the majority of solar
UV-B and all of UV-C radiation is absorbed by the ozone layer (Madronich et al., 1998). These
different classes of UV radiation also damage DNA differently. Relative to UV-B and UV-C,
UV-A radiation is absorbed poorly by native DNA (Sutherland & Griffin, 1981). Instead, UV-
A mostly indirectly damages DNA through the generation of reactive oxygen species (ROS)
such as hydrogen peroxide (Petersen et al., 2000), singlet molecular oxygen and hydroxyl
radicals (Cadet et al., 2009). The predominant lesions observed in UV-A-induced DNA damage
are thymine-thymine cyclobutene pyrimidine dimers (CPD) formed by direct absorption of
UV-A (Girard et al., 2011) and 8-oxo0-7,8-dihydroguanine (8-oxoGua) formed by ROS reaction
(Cadet et al., 2009). In contrast, UV-B and UV-C radiation is readily absorbed by native DNA.
The DNA damage caused by UV-B and UV-C is thus mainly in the form of CPDs between
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cytosine and thymine as well as 6-4 pyrimidine-pyrimidone photoproducts (Rastogi et al.,
2010). Of these UV-induced lesions, the CPD and 6-4 pyrimidine-pyrimidone photoproducts
are mainly repaired (in mammals) by the nucleotide excision repair (NER) system (Marteijn et
al., 2014). Repair of this type of DNA damage is initiated by either transcription coupled repair
or global genome repair, the latter process is considered to be predominant in skin

keratinocytes.
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Figure 1-1. Genetic predisposition and environmental factors such as UV exposure serve
as entry points into the self-propagating cycle of autoimmunity in SLE. SLE patients
possess genetic factors that aid the production of autoantibodies and self-antigens.
Environmental factors such as UV exposure cause tissue damage that persists in SLE patients.
4Genetic predisposition factors

Hence, environmental factors such as UV exposure combined with genetic predisposition may
provide entry into the self-propagating autoimmune cycle in SLE (Figure 1-1). UV exposure
results in DNA damage, which might persist in SLE patients due to impaired DNA damage
repair capacity. Persistent DNA damage in cells could then result in production of self-antigens
due to defective apoptotic processes. The presentation of self-antigens ultimately triggers
production of autoantibodies to nuclear material, due to a loss of tolerance. This leads to the
deposition of immune complexes in tissues with subsequent inflammation and organ damage.

This damage results in the further production of self-antigens.

The abnormal production of self-antigens is an important step in the SLE cycle. These self-
antigens are produced through insufficient immune clearance. Apoptosis is a controlled cell
death process which utilises phagocytic activity to remove cell debris and avoid activation of
the immune system (Kerr et al., 1972). It is postulated that in SLE, the apoptotic process of

cells is impaired (Bijl et al., 2001; Gaipl et al., 2007; Munoz et al., 2008). This has been



observed in SLE cells (Shao & Cohen, 2011). Furthermore, these apoptotic cells were
demonstrated to be pro-inflammatory in the presence of autoantibodies, leading to additional
production of autoantibodies and inflammatory cytokines. After apoptosis, these cells were not
cleared. Instead, this leads to necrosis, resulting in an accumulation of cellular debris no longer
bound by membranes. Accumulation of these damage associated molecular patterns (DAMP)
aids the activation of dendritic cells, which take up antigenic material, such as DNA, and
presents to CD4* T-cells (Choi et al., 2012; Fransen et al., 2010). The T-cells are then activated
and trigger the proliferation of autoreactive B-cells, ultimately leading to autoantibody

production specific to the antigen presented by dendritic cells.

Autoantibodies range from anti-DNA antibodies (Rekvig et al., 2004) to anti-RNA-protein
antibodies (Lerner & Steitz, 1979). These antibodies are antinuclear antibodies which have
become a mainstay of serological testing criteria for SLE diagnosis (Tan et al., 1982). The
production of autoantibodies in SLE can be attributed to the loss of tolerance in the immune
system, leading to an increase of autoreactive B-cells. These autoreactive B-cells produce
autoantibodies which then form immune complexes with self-antigens. The deposition of

immune complexes in tissues then leads to tissue and organ damage.

A key process involved in the autoimmunity observed in SLE is the formation of neutrophil
extracellular traps (NETosis). NETosis in healthy patients is a mechanism used by neutrophils
to bind foreign agents such as bacteria or viruses and kill them. The process involves the release
of granular protein and chromatin from the neutrophils to form an extracellular network
(Brinkmann et al., 2004). This traps the microorganisms and prevents them from spreading.
Due to the release of DNA into extracellular fluid, NETosis is tightly regulated in physiological
conditions. In SLE, a pathological subpopulation of neutrophils, known as low-density
granulocytes, have been observed to possess an increased capacity for NETosis (Villanueva et
al.,, 2011). These NET mediate inflammatory pathways through increased release of

7



inflammatory cytokines such as IL-17 and activating inflammasomes which eventually result
in the release of cytokines such as IL-1p and IL-18 (Kahlenberg et al., 2013). NETosis has also
been observed to contribute to clonal expansion of autoreactive T- and B-cells through release
of self-antigens. Sustained NETosis can result in the escape of self-antigens such as double-
stranded DNA (dsDNA) from the trap, leading to increased selection of autoreactive
lymphocytes. NETosis also contributes to autoantibody production through activation of
plasmacytoid dendritic cells. In SLE, plasmacytoid dendritic cells are activated through
immune complexes containing anti-microbial peptides from neutrophils such as LL-37. These
dendritic cells then release type | interferon, sustaining differentiation of mature dendritic cells
(Lande et al., 2011). SLE patients have also been observed to possess impaired ability to
remove NET, leading to sustained autoimmunity and clinical manifestations such as lupus

nephritis (Hakkim et al., 2010).
1.1.2. Lupus nephritis

A common complication of SLE is lupus nephritis, which is characterised by inflammation in
the kidney. Up to 60% of SLE patients experience varying degrees of renal injury in relation
to the disease (Maroz & Segal, 2013). In a recent meta-analysis, biopsy-proven lupus nephritis
was found to occur in 29% of lupus patients globally (Wang et al., 2017). Higher rates have
been observed in certain ethnicities, for example 40 to 82% in Asians (Bastian et al., 2002;
Jakes et al., 2012). Furthermore up to 22% of lupus nephritis patients develop end stage renal
disease (Tektonidou et al., 2016), which has been associated with a higher risk of mortality in
SLE patients (Yap et al., 2012). Importantly, kidney failure as a result of lupus nephritis
frequently requires dialysis and renal transplantation. Transplantation is not only associated
with better survival but also a risk reduction in two other major mortality factors —

cardiovascular disease and infection (Jorge et al., 2019).



1.1.3. Treatment of SLE

Management of SLE tends to rely on immunosuppression and anti-inflammatory agents.
Current treatment of SLE is typically biphasic and consists of induction therapy to control acute
disease flares followed by maintenance therapy. The choice of drugs used has remained

controversial with no clear advantageous drug despite various available options (Table 1-1).

Mild SLE is usually treated with hydroxychloroquine, which is ineffective against severe SLE
flares. Glucocorticoids, such as prednisone, are commonly used at the start of flares to curb
excessive inflammation and tissue damage. However, corticosteroid treatment has been
associated with severe adverse effects, requiring the moderation of corticosteroid use.
Antimetabolites such as mycophenolic acid (MPA), azathioprine as well as cyclophosphamide,
a cytotoxic DNA-alkylating drug, are also used to treat SLE to curb T- and B-cell proliferation.
Recent advances have led to the increasing use of B-cell depleting therapies such as the
chimeric monoclonal antibody rituximab, with varying degrees of success in SLE (Yildirim-
Toruner & Diamond, 2011). Alternative treatments for SLE have been suggested, including

anti-cytokine therapies such as anti-TNF or anti-IL1 therapies.

Currently, in combination with steroids, MPA or cyclophosphamide are the mainstay of

induction therapy and either MPA or azathioprine utilised for long-term maintenance therapy.



Severity of flares

Mild Severe
Therapy - Induction Maintenance
Phase
Mycophenolic acid
Mycophenolic acid® + GC Azathioprine®
Drugs and Cyclophosphamide ¢+ GC Rituximab
common Hydroxychloroquine?® + Rituximab? + GC Cyclophosphamide
regimens used glucocorticoids (GC)? Tacrolimus® £ GC Tacrolimus

Tacrolimus + Mycophenolic acid £ GC
Cyclophosphamide + Cyclosporin A®

Cyclosporin A
Mycophenolic acid + Tacrolimus
Cyclophosphamide + Tacrolimus

Table 1-1. Commonly used drugs and regimens for SLE. ®Anti-inflammatory drug, YAntimetabolite drug (disrupts de novo purine biosynthesis
in B- and T-cells), ‘Cytotoxic (alkylates DNA and causes inter-strand crosslinks in B- and T-cells), “Cytotoxic monoclonal antibody (binds to
CD20 on B-cells and triggers cell death), *Calcineurin inhibitor (decreases T-cell production of pro-inflammatory cytokines). Abbreviations:

glucocorticoids (GC).

10



1.2. Mycophenolic Acid

MPA is an important drug in treating SLE. Besides its role as a prominent immunosuppressant
in both induction and maintenance therapy of SLE, MPA is also widely used as an
immunosuppressive drug after renal transplantation to prevent graft-versus-host disease. In
2017, MPA formulated either as mycophenolate mofetil (MMF) or MPA, was administered to
97% of primary renal transplant recipients in New Zealand (ANZDATA Registry, 42" Report,
Chapter 7: Transplantation., 2019). However, the substantial graft rejection rate (19%)
experienced 6 months after renal transplantation suggests a considerable amount of variability
in patient response to immunosuppression via MPA. This inter-individual variability in
response to MPA is even more important when considering therapeutic outcomes in SLE
patients with kidney failure. Since these patients are likely to have been previously treated with
MPA for severe SLE, prior to further use post-renal transplantation, understanding factors
which influence inter-individual variation in therapeutic response to MPA in the context of

SLE and renal transplantation could aid in improving outcomes for both.

MPA was first developed for use in kidney transplant recipients in 1981 (Allison & Eugui,
1993). Discovery of the immunosuppressive properties and development of MPA for clinical
use was borne out of the need to avoid genotoxic effects of the predecessor drugs such as
cyclophosphamide, methotrexate and cyclosporin A. Another motivation was the desire for
rapid reversibility of the immunosuppression after treatment withdrawal, which other drugs do

not [poSssess.
1.2.1. Mechanism of action

The basis of lymphocyte selectivity of MPA is the dependence of T- and B-lymphocytes on
the de novo purine synthesis pathway. A key mechanism of the adaptive immune system is
lymphocyte proliferation, which involves mitosis, and this DNA replication requires purine
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synthesis. Two metabolic pathways are important in this process, the salvage pathway and the
de novo pathway. These pathways ultimately produce deoxyguanosine triphosphate (dGTP)
and deoxyadenosine triphosphate (dATP) which are substrates of DNA polymerases and allow
the cell to replicate DNA during mitosis. The salvage pathway synthesises these nucleotides
from guanine and adenine nucleobases and this is catalysed by hypoxanthine-guanine
phosphoribosyltransferase (Murray, 1971). However, in the de novo pathway, inosine
monophosphate is first synthesised from ribose-5-phosphate and ATP. This is catalysed by 5-
phosphoribosyl-1-pyrophosphate synthetase. Inosine monophosphate is then converted to
guanosine monophosphate by inosine monosphosphate dehydrogenase (IMPDH) and
subsequently to dGTP (Kornberg et al., 1955). Lymphocytes rely heavily on the de novo
pathway for purine synthesis and do not require the salvage pathway (Allison et al., 1977). In

contrast, other cell types derive purines mainly through salvage pathways.

MPA is a non-competitive and reversible inhibitor of IMPDH, thereby targeting the de novo
pathway to allow selective depletion of lymphocytes over other proliferating cells.
Importantly, there are two isoforms of IMPDH: type 1 and 2. MPA has a lower K; for type 2
than type 1 (Carr et al., 1993). IMPDHL1 is expressed in most tissues and is thought to be
constitutively expressed as a housekeeping isoform of IMPDH. IMPDH2 is also expressed in
most tissues, with relatively low expression in peripheral blood mononuclear cells (PBMC)
compared with IMPDHL1 expression (Nagai et al., 1992; Jain et al., 2004). However, IMPDH2
MRNA and protein levels have been found to increase substantially in mitogen stimulated
PBMC and immortalised cell lines (Nagai et al., 1992; Jain et al., 2004). Hence, MPA possesses
a two-step selectivity for it inhibits the de novo synthesis of purines, the exclusive pathway for
these nucleotides in these immune cells and has a high affinity for IMPDH2 that has increased
expression in proliferating lymphocytes. Ultimately, this depletion of purine synthesis leads to

inhibition of DNA replication, G:-S arrest and quiescence of stimulated lymphocytes.
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1.2.2. Pharmacokinetics

MPA is often administered orally in the form of the ester prodrug mycophenolate mofetil
(MMF), which is hydrolysed by carboxylesterases (CES- 1 and CES-2) in the Gl tract and liver
(Fujiyama et al., 2010) to form the pharmacologically active MPA. However, more than 90%
of the administered dose is eliminated in the urine (Bullingham et al., 1998). Most of the MPA
that is excreted in the urine is in the glucuronidated form as MPA-7-O-glucuronide (MPAG),
which is the main metabolite formed. Furthermore, the majority of circulating MPA and MPAG
is bound to plasma proteins (Langman et al., 1994). Additionally, after *C-labelled MPA
administration to whole blood ex vivo and separation into plasma, PBMC and erythrocyte
fractions, 0.01% of the dose was found in the PBMC (Nowak & Shaw, 1995). Hence, it appears

that only a small portion of the dose is taken up by PBMC.

MPA undergoes phase Il glucuronidation by UDP-glucuronosyltransferases (UGT) that are
present mainly in the liver, as well as the kidney and intestine. Three MPA metabolites are
formed through this process, namely MPAG, acyl glucuronide MPA (AcMPAG) and MPA-

phenyl glucoside (GIuMPA) (Figure 1-2).
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Figure 1-2. Metabolic pathways of MPA to its three metabolites when administered as
MMEF. The thickness of the arrows represents the relative amount of conversion from one
metabolite to the next. Most of MMF is converted to MPA, which then forms the major
metabolite MPAG, whilst relatively little MPA is converted to GIUMPA and AcCMPAG.

MPAG is the major metabolite formed and is catalysed mainly by the hepatic enzyme UGT1A9
and by UGT1A8 extrahepatically (Bernard & Guillemette, 2004). It is important to note that
MPAG and GIuMPA are not pharmacologically active. In contrast, the minor metabolite
ACMPAG, whose formation is catalysed by UGT2B?7, is an active metabolite and can act as a
non-competitive inhibitor of IMPDH2 (Gensburger et al., 2009), although AcMPAG has a 10-
fold higher Kj (511 nM) compared to MPA (57.7 nM) and is thus not as clinically relevant. It
has also been suggested that ACMPAG induces cytokine release (Wieland et al., 2000). This
active metabolite, once eliminated in the bile, may therefore be responsible for mediating the

Gl toxicity observed with this drug.

The concentration-time profile of oral administered MPA exhibits a Cmax 1 hour after dose,
with secondary peaks occurring 6 to 12 hours after dose (Bullingham et al., 1996). This is
attributed mainly to enterohepatic cycling of MPAG. After delivery to the liver via the portal

vein, MPAG is actively transported into hepatocytes by the basolaterally localised anionic
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transporters organic anion transporting polypeptides 1B1 (OATP1B1) and OATP1B3 (Picard
et al., 2010). The apical canalicular efflux transporter, multidrug resistance-associated protein
2 (MRP2) then secretes MPAG into bile (Patel et al., 2013). It is then thought that MPAG
undergoes de-glucuronidation into MPA in the intestine (possibly catalysed by gut flora) before
reabsorption. Enterohepatic recirculation of MPAG is estimated to contribute 40% of the
overall plasma AUC of MPA (Bullingham et al., 1998) and thus is important when considering

MPA plasma concentrations.
1.2.3. MPA Dose Adjustment

When first introduced as a therapeutic drug, MPA was billed a “one size fits all” drug, leading
to the initial fixed dosing regimen. However, fixed dosing has proven to be suboptimal,
exhibiting large inter-individual variability in terms of MPA exposure when measured as
trough concentrations (Cmin) or area under curve for MPA concentration over the first 12 hours
(AUCo-12). Numerous studies of cohorts have observed an association between either MPA
AUCo.12 or Cmin trough concentration with acute graft rejection in the first 3 months post-
transplant (Gaston et al., 2009; Okamoto et al., 2005; Takahashi et al., 1995). However, it is
important to note that apart from acute failure or toxicity, there seems to be no clear
relationship between MPA exposure and overall therapeutic response (Le Meur et al., 2011).
Thus, there is a clear need for precision dosing of MPA to achieve suitable immunosuppression

for long term renal transplant success.

Currently, two methods of precision dosing are in use: therapeutic drug monitoring (TDM) and
target concentration intervention (TCI). Either AUCo.12 or Cmin trough concentrations of MPA
are used for TDM and TCI guided dosage adjustments (Kuypers et al., 2010). TDM is used
when dosing to a therapeutic range (MPA AUCo.12 between 30 to 60 mg h/L) whereas TClI is

used to achieve a target concentration (MPA AUCo.12 = 40 mg h/L).
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There have been a number of randomised controlled trials to determine the benefits of TDM or
TCI for MPA dosing. Two such trials have demonstrated a decreased acute rejection rate in
optimised TCI groups compared to fixed dosing groups or groups with lower MPA exposure
(11.5% vs 27.5% and 7.7% vs 24.6% respectively) (Hale et al., 1998; Le Meur et al., 2007).
A TDM trial demonstrated a slightly lower (22%) rejection rate compared to fixed dosing

(28%) groups, although this was not significant (Gaston et al., 2009).
1.2.4. MPA in blood leukocytes

Whilst there have been promising developments and results in understanding how MPA
exposure impacts beneficial outcomes, there is little consensus. Indeed, even in trials which
report the benefits of controlling MPA exposure by appropriate dosage adjustments, there is
still a substantial proportion of patients who have suboptimal response. This means that even
with optimal MPA exposure (optimal MPA AUC,.12), these patients do not respond. A possible
explanation for this is how MPA exposure is measured. The AUCo.12 is derived from
determining MPA concentrations from at least 8 blood plasma samples of the patient over the
first 12 hours of administration. Therefore, the MPA concentrations determined are the
concentrations of MPA in plasma. However, the concentrations of MPA in the target site (i.e.

lymphocytes) may differ from plasma MPA concentrations.

A recent study (Dom et al., 2018) found that MPA concentrations within peripheral blood
mononuclear cells (PBMC) independently correlated with early transplant rejection whereas
plasma unbound MPA concentrations did not. The authors concluded that measurement of
MPA concentrations within PBMC could be used to facilitate TCl or TDM based dosage
adjustment and thereby decrease rejection. Thus, intracellular MPA concentrations in

lymphocytes may be an overlooked but important parameter for MPA precision dosing.
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The transport of MPA into cells, specifically PBMC, is thus an important question to answer.
There has been little research into the uptake transport of MPA into these cells. Instead, the
focus has mostly been identification of the transporters for the movement of the glucuronidated
metabolites of MPA into and out of hepatocytes. Using transfected HEK293 cell lines, it was
demonstrated that MPAG was a substrate for the OATP1B1 and OATP1B3 uptake transporters
and that neither MPA or AcCMPAG could be transported by either OATP transporters (Picard
et al. 2010). There is little known about the role of OATP transporters in the uptake transport

of MPA into PBMC.
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1.3. Cyclophosphamide

Cyclophosphamide is a prodrug that has a long history as a chemotherapeutic drug and was
first approved for use in 1959. It is still a key part of the treatment of various cancers including
breast and lymphoid. Along with the cytotoxic effects on cancer cells, cyclophosphamide also
possesses immunomodulatory properties (Brock & Wilmanns, 1958) and has since been used
in the treatment of autoimmune diseases such as SLE and minimal change nephrotic syndrome
in children. Additionally, cyclophosphamide is frequently utilised in myeloablative treatment

before haematopoietic stem cell transplantation (McCune et al., 2009).
1.3.1. Mechanism of action

Cyclophosphamide exerts its cytotoxic effects through the metabolite phosphoramide mustard
(PAM). PAM is a bifunctional, alkylating nitrogen mustard (Figure 1-3) and can alkylate DNA,
RNA and protein. However, it is mainly through DNA alkylation that PAM is cytotoxic (Masta

etal., 1995).
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Figure 1-3. Mechanism of bifunctional adduct (G-Nor-G) formation. The intramolecular
cyclisation of PAM forms the aziridinium cation which then alkylates DNA, creating a
monofunctional adduct, then a bifunctional adduct with both “arms” of the mustard moiety.

PAM first undergoes intramolecular cyclisation through nucleophilic attack of the nitrogen
atom on the last carbon on an “arm” of the mustard, eliminating a chloride anion. This results
in the formation of an aziridinium cation with a single free mustard “arm”. The reactive
aziridinium cation then creates an adduct with a guanine base through electrophilic attack on
N> of the imidazole ring (this is known as a monofunctional-adduct). The free “arm” of PAM
in these monofunctional adducts can then undergo similar nucleophilic attack by the nitrogen
of PAM as before, forming the aziridinium cation once again. This cation then reacts with
another guanine base, forming a G-nor-G adduct (Povirk & Shuker, 1994). This results in inter-
strand DNA crosslinks, where two guanine bases in opposite DNA strands are crosslinked.

Due to the molecular size and steric hindrance of PAM, these inter-strand crosslinks induced
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by PAM occur at 3’-GNC-5’ sequences. Intra-strand crosslinks can also occur but are thought

to possess no cytotoxic effect (Bauer & Povirk, 1997).

Most adducts formed by PAM are mono-functional adducts and inter-strand crosslinks make
up only around 6% of all adducts formed by cyclophosphamide (Maccubbin et al., 1991).
However, the inter-strand crosslinks are thought to be responsible for the cytotoxicity of
cyclophosphamide. In an inter-strand crosslink induced by cyclophosphamide, the two
opposite strands of DNA are covalently bound by PAM. This results in the mechanical
distortion of DNA and the inability of replication complexes to form. This leads to the slowing
of DNA replication, as has been observed by the retardation of S-phase growth in mouse
embryos treated with cyclophosphamide (Chernoff et al., 1989). The accumulated DNA

damage eventually culminates in a S-G; arrest of the cell.

Importantly, inter-strand crosslinks can be repaired by the cell. The damage to DNA is thought
to be recognised by the cell through the stalling of DNA replication and transcription. Repair
proteins are then recruited to excise the adduct and the resulting broken DNA strands are
subsequently re-ligated. After recognition, repair is carried out through specific DNA damage
repair pathways such as nucleotide excision repair (NER). The NER proteins ERCC-1 and
ERCC-4/XPF form an endonuclease complex around the crosslink, making an incision at the
3’ end of the nucleotide sequence containing the crosslink (Laat et al., 1998). XPG makes the
incision at the 5’ end of the nucleotide sequence (Friedberg et al., 2005). These incisions free
the crosslink and results in a double strand break. The cell then repairs this double strand break
through homologous recombination involving the enzymes XRCC2 and XRCC3 (Silva et al.,

2000) and then the DNA strand is religated.
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1.3.2. Metabolism of cyclophosphamide

Cyclophosphamide was initially developed to be specific for cancer cells possessing high levels
of phosphamidase activity, as it was predicted that these enzymes would cleave the bond
between phosphorous and nitrogen in cyclophosphamide and release nitrogen mustard
(Friedman & Seligman, 1954). However, it was subsequently observed that this was not the
case and that cyclophosphamide underwent extensive and complicated metabolism in the

human body.

After administration, cyclophosphamide undergoes hydroxylation by hepatic the cytochrome
P450 (CYP) enzymes (Figure 1-4) to form 4-hydroxycyclophosphamide (4-OHCP). In
addition, cyclophosphamide can also undergo N-dechloroethylation. This is catalysed by
CYP3A4 and produces the inactive minor metabolite dechloroethylcyclophosphamide and the
by-product chloroacetaldehyde (Kaijser et al., 1993). In contrast, many CYP can catalyse the
4-hydroxylation of cyclophosphamide and include CYP2B6 (Xie et al., 2003), as CYP2C9,
CYP2C19 (T. K. Chang et al., 1997), CYP2A6 and CYP3A4 (S. Ren et al., 1997; Roy et al.,
1999). However, CYP2B6 and CYP2C19 appear to be the two important enzymes involved in
human liver (Helsby et al., 2010). In addition, cyclophosphamide has been demonstrated to
auto-induce CYP2BS6, increasing the CYP2B6-catalysed metabolism of cyclophosphamide to

4-OHCP.
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Figure 1-4. Metabolism pathways of cyclophosphamide. Cyclophosphamide is a prodrug
and is activated by 4-hydroxylation, this is catalysed mainly by hepatic CYP2B6, CYP2C19
and CYP3AA4. 4-hydroxycyclophosphamide exists in an equilibrium with its tautomer,
aldophosphamide. This can then undergo hydrolysis (B-elimination) to release
phosphoramide mustard (PAM), which alkylates DNA, and the by-product acrolein.
Aldophosphamide can also be metabolised by ALDH1Al into the inactive
carboxyphosphamide. The other metabolic route of cyclophosphamide (N-
dechloroethylation) also produces inactive metabolites.

The 4-OHCP metabolite is unstable and exists in an equilibrium with its open-ringed tautomer
aldophosphamide (Valente et al., 1984). Aldophosphamide is assumed to then readily diffuse
into target proliferating cells. Once in cells, such as lymphocytes, aldophosphamide then

undergoes two different pathways.

The first pathway is one of detoxification, where aldehyde dehydrogenase 1A1 (ALDH1A1)
converts aldophosphamide to the inactive carboxyphosphamide (Domeyer & Sladek, 1980;
von Eitzen et al., 1994). The second pathway is via hydrolysis, where base catalysed f-
elimination leads to the production of the DNA-alkylating PAM and the by-product acrolein.
Subsequently, PAM may also undergo further chemical cleavage of the phosphoramide residue
to form nornitrogen mustard (Struck et al., 1975); nornitrogen mustard can also form inter-

strand and intra-strand DNA crosslinks (Hemminki, 1987), albeit less efficiently than PAM.
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Formation of PAM from aldophosphamide has classically been considered to be non-
enzymatic, however the involvement of phosphodiesterase enzymes in this final activation step

has been postulated (Bielicki et al., 1983).
1.3.3. Basis of cell selectivity

The ability of cyclophosphamide to inhibit the proliferation of neoplastic and immune cells has
contributed to its continued relevance despite the age of the drug. Thus, the basis of cell

selectivity and toxicity should be considered.

A generally accepted factor in the selective cytotoxicity of cyclophosphamide is the level of
ALDH1ALl activity of the cell. Higher ALDH1Al activity allows the cell greater
cyclophosphamide detoxification capacity and protects the cell from DNA damage. This was

first demonstrated in cyclophosphamide-resistant leukaemic L1210 cell lines (Hilton, 1984).

This has also been observed in the immune context, where haematopoietic stem cells are
protected by high endogenous ALDH1AL activity (Levi et al., 2009; Magni et al., 1996)
whereas mature immune cells are not. Furthermore, ALDH1A1-expressing regulatory T-cells
(Tregs) recovered rapidly after posttransplant high-dose cyclophosphamide administration,

unlike other T-cell populations with lower ALDH1A1 expression (Kanakry et al., 2013).

Alternative detoxification processes have also been suggested to contribute to
cyclophosphamide cellular selectivity, notably, glutathione conjugation of cyclophosphamide
metabolites such as PAM by glutathione S-transferase enzymes (Dirven et al., 1994). It has
been suggested that since glutathione synthesis is an ATP-dependent process, high levels of
ATP could allow more synthesis of glutathione and confer resistance to cyclophosphamide.
This is one hypothesis to explain the effect of ultralow-dose (metronomic) cyclophosphamide
administration on the selective depletion of Tregs, which have low ATP levels compared to other
T-cells (Zhao et al., 2010).
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Within the cell, the balance between the formation and the repair of the DNA crosslinks
induced by PAM also determines the cytotoxicity of cyclophosphamide. If not repaired, the
crosslinks will inhibit gene transcription and DNA replication by mechanically blocking the
formation of enzyme complexes required for these processes. Thus, any proliferating cell is
vulnerable to the cytotoxicity of cyclophosphamide as they are most dependent on these
processes. Recently, an additional susceptibility of cells to cyclophosphamide-induced DNA
damage has been suggested to lie in the impaired DNA damage repair capacity of tumour cells
that occurs during cell cycle checkpoint adaptation. Thereby these neoplastic adaptations
increase the susceptibility of tumour cells to cyclophosphamide-induced cell death (Swift &
Golsteyn, 2014). Similarly, mass spectrometry analysis identified higher levels of G-nor-G
DNA adducts (i.e. derived from interstrand cross-links) in PBMC from cyclophosphamide-
treated patients with Fanconi anaemia (a known defective response to DNA damage) compared
to patients without Fanconi anaemia (Johnson et al., 2012). This indicates either a greater
capacity for adduct formation, reduced capacity to remove the adducts or a combination of both

factors in these patients.
1.3.4. Toxicity

With the wide range of disease indications, various cyclophosphamide dosing regimens
(differing in route of delivery, dosage and frequency) are used. For example, in myeloablative
conditioning prior to haematopoietic stem cell transplantation, a very high dose of
cyclophosphamide, typically above 5000 mg/m? of body surface area, is administered
intravenously over 2 to 4 days. In contrast, the standard regimen for treatment of lupus nephritis
is intravenous pulse cyclophosphamide, which consists of a single intravenous dose of 500
mg/m? cyclophosphamide once a month for 6 months (Valeri et al., 1994). More recently, the
role of metronomic cyclophosphamide dosing (ultra-low continuous dosing) has highlighted

the role of immunogenic cell death and stimulation of immune response in the treatment of
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cancer (de Boo et al., 2017). This ultralow-dose cyclophosphamide regimen typically involves
daily oral cyclophosphamide (100 mg). These different dosing regimens invariably result in
different toxicity profiles. However, there are common toxicities that can be observed
regardless of dose. These include ovarian toxicity, haemorrhagic cystitis, unwanted
immunosuppression and alopecia. In SLE, ovarian toxicity is of particular concern as SLE

patients are predominantly female and of childbearing age (Rees et al., 2017).
1.3.5. Pharmacokinetics of cyclophosphamide

There is considerable variation in the pharmacokinetics of cyclophosphamide and its
metabolites when given at standard dosages. The clearance of cyclophosphamide varies
between 1.0 to 12.6 L/h (de Jonge et al., 2005), and the AUC of cyclophosphamide and
metabolites 4-OHCP and PAM were observed to vary up to 9-fold between patients (de Jonge
et al., 2005). Alongside the variability in pharmacokinetic parameters, therapeutic response to
and toxicity of cyclophosphamide is also variable between individuals. This inter-individual

variation has been attributed largely to inherited germline variation.
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1.3.6. Genetic polymorphisms

Polymorphisms present in the enzymes which metabolise cyclophosphamide are thought to be
main genetic contributors to the variation in cyclophosphamide pharmacokinetics and clinical
outcomes. The initial bioactivation of cyclophosphamide to 4-OHCP is catalysed mainly by
CYP2B6 and CYP2C19. These isozymes are highly polymorphic due to the presence of single
nucleotide polymorphisms (SNP) in the genes encoding them (Table 1-2), resulting in the
highly variable expression and activity between individuals. Decreased or null function
variants of these enzymes decrease the bioactivation of cyclophosphamide to 4-OHCP,
resulting ultimately in decreased PAM formation and less cytotoxicity. Thus, understanding
individual SNP profiles may be able to guide cyclophosphamide dosing and improve outcomes

for patients.
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Gene SNP Variant Allele Effect

rs2279343 785A>G *4 Increased function®
rs3211371 1459C>T *5 Unclear effect on expression?
CYP2B6 - (516G>T and 785A>G) *6 Decreased function?

- (516G>T, 785A>G and 1459C>T) *7 Decreased function®
rs3745274 516G>T *9 Decreased function®
rs4802101 -750T>C *G Altered HNF binding site®
rs4244285 681G>A *2 Null function®

CYP2C19 rs4986893 636G>A *3 Null function®
rs12248560 -806C>T *17 Putative increased expression*

Table 1-2. Common polymorphisms of CYP2B6 and CYP2C19 and their effect on gene expression. Desta et al. (2021) ?Lang et al. (2001)
3Nakajima et al. (2007) “Botton et al. (2021)
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In CYP2B6, coding region SNP can impact the amount and activity of the enzyme. For
example, the 516G>T SNP, located at a splice site, causes aberrant splicing and results in less
functional enzyme. In contrast, non-coding region SNP such as -750T>C have been theorised
to change transcription factor binding sites of the gene and alter the auto-inducibility of

CYP2B6.

Pharmacogenomic studies of cyclophosphamide have mostly focussed on determining the
association between the SNP in Table 1-2 and various parameters of cyclophosphamide
exposure. An important parameter often used to measure exposure is the bioactivation ratio,
which is the plasma AUC ratio of cyclophosphamide to 4-OHCP. This is an approximation of
the extent of conversion from cyclophosphamide to the main metabolite 4-OHCP. Studies
assessing the influence of the SNP on the bioactivation ratio have drawn conflicting
conclusions, with several studies finding no association between SNP and the bioactivation
ratio (Ekhart, et al., 2008; Kim et al., 2013; Raccor et al., 2012; Timm et al., 2005). However,
the robustness of these conclusions is questionable. Many of these studies assessed a SNP
individually without considering haplotype which accounts for different combinations of SNP,
thus possibly overlooking synergistic effects a SNP may possess in a single individual
(Nakajima et al., 2007; Raccor et al., 2012; Timm et al., 2005; Xie et al., 2006). Additionally,
assessment of each of CYP2B6 or CYP2C19 genetic variation alone without consideration of
the other gene may be unreliable (Helsby et al., 2010). These studies have been reviewed
(Helsby et al., 2019) and whilst inconsistencies have been observed, there appears to be
substantial evidence of a combined contribution of CYP2B6 and CYP2C19 genotype towards
cyclophosphamide pharmacokinetics and response (Tables 1-3 and 1-4 respectively) in both

cancer and autoimmune disease (Helsby et al., 2019).
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Study Variant allele assessed” Significant Association
Disease size Population ~ CYP2B6 Multivariate
(n) ancestry? SNP (Haplotypes assessed) CYP2C19 analysis CYP2B6 CYP2C19
Cancer [1] 51 516G>T, 785A>G, 1459C>T (*4, *5, *6) ND No - ND
[2] 60 64C>T, 516G>T, 777C>A, 785A>G, 1459C>T  *2 No - *2
(*2, *3, *4, *5, *6, *7)
[3] 49 516G>T, 785A>G, 1459C>T (*5, *6) *2,*17 Yes *5, *6 -
[4] 124 64C>T, 516G>T, 785A>G, 1459C>T *2 Yes - -
[5] 29 516G>T (*9) *2 No *9 -
[6] 68 Pakistan 516G>T, 785A>G, 1459C>T (*4, *5, *6) *2 Yes *4,*5, *6 -
[7] 103 -2320T>C, -750T>C, 136A>G, 296G>A, *2,*3 No *H -
419G>A, 415A>G, 516G>T, 785A>G,
1172T>A, 1459C>T, 15582C>T, 18492T>C
(*G, *H, *4, *5, *6, *7, *8, *9, *11, *12, *14,
*15)
[8] 567 Chinese 64C>T, 516G>T, 785A>G, 1459C>T (*2, *4, *2,*3 Yes *2, %4, *6, *2
*6, *9, *29, *30) *9, *29, *30
Autoimmune  [9]° 21 64C>T, 516G>T, 777C>A, 785A>G (*2, *3, *6) *2 Yes - -
disease [10] 16 Polynesian ~ 516G>T, 785A>G, 1459C>T *2 *3 Combined genotype | x5 *2 *3
(*4, *5, *6, *7, *9)
[11] 23 African- 516G>T, 785A>G, 1459C>T ND No *9 ND
American (*4, *5, *9)
[12] 18 Indian ND *2 No ND -
[13] 189 Chinese -2320T>C, -750T>C, 516G>T, 785A>G, *2,*3 Combined genotype | *G *H, *2
1459C>T, 15582C>T 15582C>T

Table 1-3. Summary of studies (reference numbers in square brackets) assessing the relationship between CYP2B6 and CYP2C19 genetic
polymorphisms and cyclophosphamide bioactivation plasma pharmacokinetics. Table was author’s contribution to Helsby et al. (2019) and
reproduced from the paper. 2European ancestry was major ethnicity, unless indicated. "Alleles are as described in Table 1-2 with additional alleles
(SNP or haplotypes) as follows: CYP2B6*H (-750T>C & -2320T>C) = rs4802101 & rs7254579; *2 (64C>T) = rs8192709; *3 (777C>T) =
rs45482602; *8 (415A>G) = rs12721655; *11 (136A>G) = rs35303484; *12 (296G>A) = rs36060847; *14 (419G>A) = rs35773040; *15
(1172T>A) =rs35979566; *29 &*30 are CYP2B6-CYP2B7 hybrids (crossover in intron 4) (Martis et al., 2013); CYP2B6 15582C>T=rs4803419,
18492T>C =rs2279345; CYP2C19*17 (-806C>T) = rs12248560. “This study did not fully disclose the CYP2B6 and CYP2C19 SNP assessed. ND
= Not Determined

29



S_tudy Populatlgn Variant allele assessed® Significant Association
Disease ZI]Z)E ancesty CYP2B6 Multivariat
SNP (Haplotypes assessed) CYp2CI9 an:Iysiz ** | cypaBe CYP2C19
Cancer [8] 567 Chinese 64C>T, 516G>T, 785A>G, 1459C>T (*2, *4, *2,*3 Yes *4 *2
*6, *9, *29, *30)
[14] 44 516G>T, 785A>G (*6) ND No - ND
[15] 26 516G>T, 785A>G, 1459C>T (*4, *5,*6,*9) ND No *4 ND
[16] 119 516G>T, 785A>G (*6) ND No *6 ND
[17] 93 516G>T, 785A>G, 1459C>T (*5, *6, *7) *2 Yes *5, *7 -
[18]° 359 516G>T, 785A>G, 1459C>T (*4, *5, *6, *7)  *2,*3 No *6 *2,*3
[19]¢ 38 Middle East 516G>T, 785A>G, 1459C>T (*4, *5,*6,*9) ND No *5,%6,*%9 ND
[20] 350 516G>T, 785A>G, 1459C>T (*4, *5, *6, *7, ND Yes - ND
*9
[21] 230 64)C>T, 415A>G, 516G>T, 777C>A, *2 No *2,*4,*8,*9 *2
785A>G, 1459C>T (*2, *3, *4, *5, *8, *9)
[22] 111 Indian 516G>T (*9) *2 Yes
[23] 250 Indian GWAS (700,000 SNP) - - *2
Autoimm  [12] 136 Indian ND *2 Yes ND *2
une [13]¢ 189 Chinese -750T>C, -2320T>C, 785A>G, 1459C>T, *2,*3 Combined CYP2B6*H and CYP2C19*2
disease 516G>T, 15582C>T genotype
[24] 62 1459C>T (*5) *2 No *5 *2
[25] 36 1459C>T (*5) *2 Yes - -
[26] 70 516G>T, 785A>G, 1459C>T (*5, *6) *2,%*3,*17 No - -
[27] 93 1459C>T (*5) *2 No - -
[28] 109 Korean GWAS (491,617 SNP) - - -

Table 1-4. Summary of studies (reference numbers in square brackets) assessing the relationship between CYP2B6 and CYP2C19 genetic
polymorphisms and therapeutic outcomes (overall and disease-free survival). Table was author’s contribution to Helsby et al. (2019) and was
reproduced from the paper. ®European ancestry was major ethnicity, unless indicated. "Alleles are as described in Table 1-2 with the additional
alleles (SNP or haplotypes) as follows: CYP2B6*H (-750T>C & -2320T>C) = rs4802101 & rs7254579; *2 (64C>T) =rs8192709; *3 (777C>T)
= rs45482602; *8 (415A>G) = rs12721655; *11 (136A>G) = rs35303484; *12 (296G>A) = rs36060847; *14 (419G>A) = rs35773040; *15
(1172T>A) = rs35979566; *29 &*30 are CYP2B6-CYP2B7 hybrids (crossover in intron 4) (Martis et al., 2013); 15582C>T= rs4803419;
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CYP2C19*17 (-806C>T) = rs12248560. “These studies stratified patients by a putative metaboliser status based on various combinations of
CYP2B6 alleles assessed. “This study stratified patients by a putative metaboliser status based on combinations of both CYP2B6 and CYP2C19
alleles assessed. ND = Not Determined

Reference number Paper Reference number Paper
1 Raccor et al., 2012 15 Jakobsen Falk et al., 2012
2 Timm et al., 2005 16 Johnson et al., 2013
3 Veal et al., 2016 17 Bachanova et al., 2015
4 Ekhart et al., 2008 18 Melanson et al., 2010
5 Xie et al., 2006 19 Haroun et al., 2015
6 Afsar et al., 2012 20 Gor et al., 2010
7 Nakajima et al., 2007 21 Bray et al., 2010
8 Shuetal., 2017 22 Tulsyan et al., 2014
9 Kim et al., 2013 23 Kalraet al., 2018
10 Helsby et al., 2010 24 Takada et al., 2004
11 Joy et al., 2012 25 Winoto et al., 2011
12 Kumaraswami et al., 2017 26 Audemard-Verger et al., 2016
13 Shu et al., 2016 27 Cartin-Ceba et al., 2017
14 Vukovic et al., 2019 28 Kim et al., 2016

Table 1-5. Reference numbers of papers assessed in Tables 1-3 and 1-4.
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The commonly polymorphic enzyme ALDH1A1 should also be considered when assessing
cyclophosphamide exposure. However, ALDH1A1 variants are poorly characterised even
though several have been observed to possess greatly diminished activity (Yoshida, 1992). In
the same vein, not many clinical studies have been undertaken to assess the contribution of
ALDH1AL1 variants to therapeutic response to cyclophosphamide. Those few which have done
so have found associations of ALDH1AL1 cellular levels with therapeutic response (Sladek et
al., 2002) and certain SNP with toxicity (Yao et al., 2014). Increased ALDH1AL1 cellular levels
were found to associate with increased resistance to cyclophosphamide, whilst an ALDH1A1

SNP was associated with increased toxicity.

Hence, determining an individual’s profile of genetic polymorphisms is likely to be important
when assessing cyclophosphamide activated metabolite exposure and eventually understanding

variation in therapeutic response and toxicity.
1.3.7. DNA repair capacity

Another determinant of therapeutic response to cyclophosphamide is likely to be differences
in DNA repair capacity between individuals. As described previously, several proteins are
involved in the recognition and repair of the DNA crosslinks induced by activated
cyclophosphamide. There is in vitro evidence that increased sensitivity to alkylating agents
similar to cyclophosphamide is associated with deficiency in these processes. For example,
sensitivity to alkylating agents and genomic instability was observed in ERCC1 knockout mice
(Weeda et al., 1997), whilst XRCC2 and XRCC3 mutant Chinese hamster ovary cell lines had
increased sensitivity to nitrogen mustard (Silva et al., 2000). Furthermore, deficiency in other
proteins involved in S phase homologous recombination repair such as FANC proteins and

BRCA2 have been demonstrated to result in accumulation of DNA damage in the form of
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double strand breaks, which are the repair intermediates of the inter-strand crosslinks (Sobeck

et al., 2006).

Despite substantial evidence of impaired DNA damage-repair capacity increasing sensitivity
to cyclophosphamide in vitro, few clinical studies have sought to elicit the link between DNA
damage-repair capacity and response to cyclophosphamide. However, Fanconi anaemia
patients with inherited FANC deficiencies, are known to require lower doses of
cyclophosphamide, achieve similar amounts of G-nor-G DNA adducts as non-Fanconi anaemia
patients receiving standard doses (Johnson et al., 2012). It has also been suggested that the
DNA repair protein, OS%-methylguanine-DNA  methyltransferase, may modulate
cyclophosphamide toxicity by neutralising acrolein damage (Cai et al., 1999). However,
beyond these studies, not much research has been conducted to determine if impaired DNA
damage-repair capacity may contribute to the variation in response to and toxicity of

cyclophosphamide.
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1.4. MPA and Cyclophosphamide in treatment of lupus nephritis

The use of either MPA or cyclophosphamide in the treatment of lupus nephritis has had limited
success. Traditional drug regimens in the initial 6-month induction phase of treatment usually
consist of MPA or cyclophosphamide in combination with glucocorticoids and other
immunosuppressive drugs such as tacrolimus or cyclosporin A. Maintenance therapy usually
follows induction and has historically utilised pulsed (monthly) intravenous
cyclophosphamide. However, over the past decades, MPA has gradually become the mainstay
of maintenance therapy (Contreras et al., 2004) due to substantial germline toxicities observed
with long-term cyclophosphamide use. In contrast, usage of MPA in induction therapy has
relied on the patient’s failure to respond to initial cyclophosphamide treatment, although more
clinicians have started choosing MPA in lieu of cyclophosphamide. This is mainly due to the

lack of clear evidence supporting superior efficacy of MPA over cyclophosphamide.

Several studies and a meta-analyses have demonstrated that MPA treatment achieves similar
renal remission rates (50% to 70%) as cyclophosphamide when used in induction therapy
(Appel et al., 2009; Mak et al., 2009; Ong et al., 2005; Sahay et al., 2018). However, other
studies have concluded that MPA is superior to cyclophosphamide (Ginzler et al., 2005; W.
Hu et al.,, 2002), in contrast, a recent meta-analysis has found cyclophosphamide in
combination with glucocorticoids and tacrolimus to be superior even to regimens using MPA

(J. Zhou et al., 2020).

Importantly, amidst the inconsistency among the studies, most agree that utilising MPA affords
a more ideal profile of adverse reactions (Mak et al., 2009; J. Zhou et al., 2020), which may be
the reason behind clinicians increasingly favouring MPA use in induction therapy. Whilst there
is an increasing shift towards MPA as the standard in lupus nephritis treatment,

cyclophosphamide may not be obsolete. The standard protocol for cyclophosphamide
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induction therapy involves monthly intravenous cyclophosphamide at 500 to 1000 mg/m? for
six months. A newer regimen calls for a lower fixed dose of cyclophosphamide (500 mg) to be
administered fortnightly six times (Houssiau et al., 2002) and was observed in a meta-analysis
to achieve similar remission rates as the standard dose cyclophosphamide regimen, whilst
decreasing notable adverse reactions such as risk of infection and menstrual disorder (Tian et
al., 2017). This may mean that cyclophosphamide can achieve a similar response and adverse

reaction incidence as MPA if administered optimally.
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1.5. Aims

The choice between MPA and cyclophosphamide in SLE treatment has to date been
insufficiently informed and usually made empirically as a consequence of non-response to
either drug. Certain aspects of an individual patient’s response to these drugs remain unclear
despite extensive research. Understanding these overlooked aspects may improve outcomes for

SLE patients and guide future treatment.

Intracellular concentrations of MPA within peripheral blood leucocytes have been
demonstrated to be better predictors of therapeutic response than plasma concentrations (Dom
et al., 2018). This suggests that transport of MPA into lymphocytes may be important. Thus
far, only uptake transport of the MPAG metabolite into hepatocytes has been well-
characterised. Furthermore, pharmacodynamic assessment of IMPDH activity as well as
IMPDH expression has not been well researched. Thus, this thesis aims to examine the kinetics
of MPA uptake in a lymphoid-derived cell line using radiolabelled drug, and to characterise
changes in IMPDH activity in response to drug treatment with an optimised and validated high
performance liquid chromatography (HPLC) assay. Additionally, this thesis aims to examine
IMPDH1 and IMPDH2 expression in relevant immune tissues to identify any potential inter-
individual differences that could contribute to response to MPA through an iterative analysis

of available online databases with aggregated datasets.

Despite the long use of cyclophosphamide, the understanding of its complicated metabolism
and mechanism of action is still insufficient. Little is known about the complex dynamic
interaction between 4-OHCP, aldophosphamide and PAM formation in immune cells and inter-
individual differences in repair of the resulting DNA adducts. An assay to characterise inter-
individual differences PAM-induced DNA damage-repair capacity in peripheral blood

mononuclear cells (PBMC from LN patients and healthy individuals will be developed. Finally,
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this thesis also aims to determine whether the final step of bioactivation from 4-OHCP to PAM
is an enzyme-catalysed process in peripheral blood leucocytes and to identify whether

phosphodiesterase enzymes are involved as was previously hypothesised (Bielicki et al., 1983).

These results may then provide a better understanding of treatment of autoimmune diseases
such as SLE, using MPA and cyclophosphamide and serve as a basis for biomarker-guided

regimen choice.
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Chapter 2: Methods
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2.1. Cyclophosphamide

2.1.1. Preparation of 4-OHCP and PAM solutions

4-hydroperoxycyclophosphamide (Niomech-1IT GmbH, Germany) was stored as 5 or 12.5
mg/mL (200 pL aliquots) in storage buffer (0.5 M Tris-HCI, pH 5) at -20 °C. Sodium
thiosulphate solution (25 mM sodium thiosulphate, 10 mM Tris-HCI, pH 8.5) was freshly
prepared and 800 uL of this solution was added to each 4-hydroperoxycyclophosphamide
aliquot. The 1 mL solutions were then briefly vortexed and incubated for 2 hours at 37 °C to
convert 4-hydroperoxycyclophosphamide into 4-OHCP (1 or 2.5 mg/mL), as previously

described (Zon et al., 1984).

Phosphoramide mustard (PAM), purchased from Niomech-IIT GmbH (Germany) was stored
as 1.7 mg aliquots at -20 °C. These aliquots were dissolved in 1.36 mL of phosphate-buffered

saline (PBS) to produce 1.25 mg/mL stock solutions immediately prior to use.
2.1.2. Preparation of genomic DNA

Whole blood was collected from consented donors (ethics approval 18/NTB/170) in PAXgene
Blood DNA tubes (Qiagen, Germany). Genomic DNA (gDNA) was then extracted from the
blood using the PAXgene Blood DNA kit (Qiagen, Germany). The concentration and purity of
DNA was assessed using a NanoDrop 2000 UV-Vis spectrophotometer (Thermo Fisher
Scientific Inc., USA). The isolated gDNA was then pooled (n=3 donors), aliquoted and stored

at -20 °C.
2.1.3. Preparation of peripheral blood mononuclear cells (PBMC)
Whole blood (24 mL) was drawn from consented donors (ethics approval 18/NTB/170) in BD

Vacutainer® CPT™ sodium citrate tubes (Becton, Dickinson and Company, USA). PBMC
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were isolated from the buffy coat layer by centrifugation at 1800 g for 30 minutes. The plasma
layer was also collected and stored at -20 °C. Isolated PBMC were transferred to another tube
and pelleted by centrifugation at 400 g for 40 minutes. The supernatant was discarded, and the
pellet was resuspended in PBS to a target concentration of 37 x 10° cells/mL. The PBMC cell
count and viability were assessed using trypan blue exclusion in a haematocytometer

(Neubauer, Germany).
2.1.4. Pre-incubation of 4-OHCP with candidate enzymes

Solutions (500 pL) of freshly prepared 4-OHCP (3.6 mM) were pre-incubated with various
candidate enzymes and human plasma. Briefly, the 4-OHCP solution was incubated with 1-2
units of phage T4 DNA Polymerase (Life Technologies, Australia), 0.1-0.2 units (10-20 mg)
phosphodiesterase (PDE) I type 1V from Crotalus atrox (snake venom PDE-I; Sigma-Aldrich,
Germany), 0.64 ug purified human recombinant PDE 3B, 4B2, 8A1 and 11A4 (Sigma-Aldrich,
Germany), or 125 pL human plasma for 1 hour at 37 °C. Subsequently, the solution was
transferred into an Amicon Ultra-0.5 30 kDa Centrifugal filter unit (Merck, Germany) and
centrifuged at 14,000 g for 15 minutes to separate the enzyme-protein from the hydrolysed 4-
OHCP solution. Genomic DNA was then exposed to known volumes of the ultrafiltrate as

described below.
2.1.5. Experimental incubations
2.1.5.1. Incubations with purified gDNA

Aliquots of gDNA (33.3 pg/mL) were exposed to 4-OHCP (0 — 3 mM) or PAM (0 — 23 uM)
in ultrafiltrate solution, or ultrafiltrate solution in a final volume of 200 uL PBS, for 1 hour at

37 °C (n = 4 replicates), prior to analysis by PCR.
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2.1.5.2. Incubations with PBMC

The viability of PBMC were first calculated through the trypan blue exclusion assay. PBMC
(5 x 10° cells/mL) were then exposed to 4-OHCP solution (0 — 0.9 mM) or PAM solution (0 —
4.5 mM) in PBS in a final volume of 200 pL for 1 hour at 37 °C (n = 4 replicates for 4-OHCP
activation, or n = 1 — 4 replicates for REPAIR). After the exposure to 4-OHCP or PAM the
PBMC were pelleted by centrifugation (1600 g, 5 minutes), the supernatant was discarded, and

the cell pellets were stored at -20 °C prior to analysis.
2.1.5.3. Incubation with cell lines

The Jurkat (T-cell leukaemia) cell line was purchased from Sigma-Aldrich (Germany) and
cultured in RPMI11640 medium (Life Technologies, New Zealand) with 10% foetal bovine
serum at 37 °C and 5% CO. Cells (30 — 50 x 10° cells) suspended in media were transferred
to a 50 mL Falcon tube and pelleted (1600 g, 5 minutes). The supernatant was discarded and
the cells resuspended to a target concentration of 37 x 108 cells/mL. Jurkat cells were then
exposed in a final concentration of 5 x 10° cells/mL to 4-OHCP (0 — 3 mM) in PBS in a final
volume of 200 L for 1 hour at 37 °C (n = 4 replicates). After the exposure to 4-OHCP, the
cells were pelleted by centrifugation (1600 g, 5 minutes), the supernatant was discarded, and

the cell pellets were stored at -20 °C before analysis.

The Caco-2 (colorectal adenocarcinoma) cell line (Lot number 13J022) was purchased from
Sigma-Aldrich (Germany) and cultured in MEMa medium (Life Technologies, New Zealand)
with 10% foetal bovine serum at 37 °C and 5% CO.. Prior to exposure to drugs, the cells were
treated with 1X trypsin-EDTA solution (Sigma-Aldrich, Germany) to detach cells from the
culture flasks. Cell pellets were then resuspended in their respective media and aliquoted into
96-well tissue culture plates at a cell density of 10,000 cells in 100 pL of media per well. The

plates were incubated at 37 °C and 5% CO. overnight before the experiment. The wells were
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visually inspected through the microscope before the experiment to ensure that the cells had
formed a monolayer at the bottom of the well and were attached to the surface. The media was
then aspirated from the wells and the cells were exposed to 4-OHCP solution (0 — 3.6 mM) in
a final volume of 200 pL for an hour (n = 4 replicates). Subsequently, the drug solution was
aspirated from the cells. Cells were detached from wells and then stored at -20 °C before

analysis. Both cell lines were tested for mycoplasma every month.
2.1.6. Inhibitory effect of Rolipram

For the experiments assessing PDE4B2 inhibition by rolipram (Abcam PLC, UK), a 10 mM
stock solution was prepared in ethanol. PBMC were then exposed to 80 uM rolipram in PBS
(0.8 % ethanol) or control solution (PBS, 0.8% ethanol) for 1 hour at 37 °C, then pelleted (1600
g, 5 minutes), the supernatant discarded and the PBMC re-suspended in PBS containing vehicle
(0.8% ethanol) prior to exposure to 4-OHCP (325 puM; 1 hour at 37 °C). For co-incubation
experiments, PBMC were pre-incubated in the vehicle solution (PBS, 0.8% ethanol) for 1 hour
at 37 °C, pelleted and resuspended in solutions containing 80 pM rolipram in 0.8% ethanol
with 4-OHCP (325 pM) or control solutions (PBS, 0.8% ethanol) and incubated for 1 hour at
37 °C. For incubations involving purified human recombinant phosphodiesterase 4B2, the
enzyme was incubated with 500 pL of 4-OHCP solution (3.6 mM) in the presence of 80 uM

rolipram or control solution (PBS, 0.8% ethanol) prior to ultra-filtration.
2.1.7. REPAIR study

The recruitment of lupus nephritis (LN) patients (20/NTB/182) and healthy donors
(18/NTB/170) was carried out with the approval of the Northern B Health and Disability Ethics
Committee. LN patients were recruited at renal clinics conducted by the Auckland and
Waitemata District Health Boards at Auckland City Hospital, Greenlane Clinical Centre and

North Shore Hospital. Healthy donors were recruited at the University of Auckland, Grafton
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Campus. The inclusion criteria for LN patients were that they had to be greater than 18 years
old, able to give informed consent, had a diagnosis of either active or quiescent lupus nephritis
and were not currently on cyclophosphamide or other alkylating agents. Exclusion criteria for
LN patients were not being able to give a blood sample and currently taking cyclophosphamide
or other alkylating agents. For healthy donors, the only inclusion criteria was that they had to
be greater than 18 years old and the only exclusion criteria were that they were pregnant or
currently breast feeding, or were on any medications besides oral contraceptives, or had current

illness at the time of sampling.

Blood samples were drawn from LN patients by trained nurses at their next visit to the renal
clinics after admission into the study. For healthy donors, trained phlebotomists drew blood
samples at the University of Auckland Clinical Research Centre after admission into the study.
Approximately 24 mL of blood was drawn into 3 8 mL BD Vacutainer® CPT™ sodium citrate
tubes (Becton, Dickinson and Company, USA) and mixed thoroughly. The tubes were then
centrifuged at 1800 g for 30 minutes at 24 °C for separation of PBMC from plasma and red
blood cells. The PBMC in the buffy coat were pooled from the 3 tubes and the plasma stored
at -80 °C. The pooled PBMC were mixed thoroughly and an aliquot was taken out to count the
number of cells. The PBMC were then centrifuged again at 400 g for 40 minutes to isolate the
PBMC pellet. The PBMC pellet was then resuspended in PBS in an appropriate volume to
dilute the cells to 37 x 10° cells/mL. The PBMC suspension was aliquoted and the tubes were
exposed to a range of PAM concentrations (0 — 1000 uM) for 1 hour at 37 °C. PBMC were
then isolated from the PAM solution at the end of the hour by centrifugation at 1600 g for 5

minutes and stored as dry cell pellets.

2.1.8. QPCR-block assay
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Stored cell pellets (previously exposed to treatments) were prepared for QPCR using
Arcturus® PicoPure® DNA Extraction Kit (Life Technologies, Australia), as per the
manufacturer’s instructions. Briefly, PBMC Pellets were resuspended in 150 pL of DNA
reconstitution buffer containing proteinase K and vortexed gently, then incubated (65 °C, 3
hours) followed by inactivation of proteinase K (95 °C, 10 minutes). The lysate solution

containing DNA was then stored at -20 °C prior to QPCR.

The conditions used for the QPCR-block assay were as described (van Kan et al., 2019). The
region amplified was a 1.6 kb region in the TP53 gene. The primer sequences used were
forward primer: 5-TTCCTCTTCCTACAGTACTCC-3" and reverse primer: 5'-
CCTGCTTGCTTACCTCGCT-3" (Invitrogen, Thermo Scientific, New Zealand). The PCR
reactions (50 pL) consisted of 25 pL Tag PCR Master Mix (Qiagen, Germany), 0.2 uM of each
primer, 50 ng of DNA (or 1.5 uL of DNA-PBMC cell lysate), and PCR-grade H20O. Cycling
conditions were: initial denaturation at 94 °C for 3 minutes; 35 cycles at 94 °C for 30 seconds,
53 °C for 30 seconds, 72 °C for 1 minute; and final extension at 72 °C for 10 minutes. The
PCR amplicon was quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Life
Technologies, Australia) according to the manufacturer’s instructions. Each PCR reaction was
quantified in duplicate and the average value reported. Briefly, 20 uL of the PCR product, 80
pL of Tris-EDTA buffer and 100 pL of PicoGreen reagent was incubated at room temperature
for 5 minutes. The resulting fluorescent product was measured at 485/20 nm excitation and
528/20 nm emission (BioTek Synergy 2 microplate reader). The average background
fluorescence (determined from wells containing no PCR product) was subtracted and the
dsDNA concentration of each well was calculated using a ADNA standard curve (30 — 1000

ng/mL, n = 3 technical replicates).

2.1.8.1. Data analysis
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dsDNA concentration data were calculated in Excel (Microsoft, USA). All other analyses were
conducted in GraphPad Prism 9.0.2 (GraphPad Prism Software Inc., USA). ICsg values for
QPCR-block were calculated using least squares regressions ([Inhibitor] vs. response three
parameter, four parameter or linear regression models, as appropriate), taking into account the
N and scatter of the replicates (constraints: 1Cso > 0, Bottom > 0 for nonlinear regression
models). Three-parameter, four-parameter or linear regression models were selected based on
a comparison of fits test conducted in Prism. In each experiment, replicate concentrations (n =
3 — 4) were also determined in replicate PCR amplifications (n = 4). Each PCR amplification
was also quantified in duplicate. Independent repeat experiments (N = 2 — 3) were undertaken
unless otherwise stated. Data are presented as mean + SD. Where stated, data was assessed for
likelihood of normality or lognormality of distribution using Akaike Information Criterion in
GraphPad Prism 9.0.2. Subsequently, adherence to normality or lognormality was tested using
the Shapiro-Wilk test. Correlation was tested using Pearson’s product-moment correlations
(parametric data) or Spearman’s rank correlations (non-parametric data). Differences between
groups were assessed using student’s t-tests or one-way ANOVA if parametric. When the data
was found to not be parametric, Mann-Whitney and Kruskal-Wallis rank sum tests were used
instead. Differences between proportions were tested using either chi-square tests or Fisher’s
exact tests where stated. All p-values reported are two sided and were corrected for multiple
testing using Sidak's multiple comparisons test if multiple comparisons were made. Adjusted

p-values < 0.05 were considered statistically significant.
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2.2. Mycophenolic acid

2.2.1. Preparation of MPA solutions

MPA was purchased from AK Scientific (USA) and stored in 10.267 mg/mL, 6.72 mg/mL and
0.672 mg/mL aliquots dissolved in 100% ethanol at -20°C. Radiolabelled [carboxyl-**C] MPA
was purchased from ViTrax (USA) and stored as 100 puCi/mL (0.672 mg/mL) dissolved in

100% ethanol at -20°C.

For the time-course assays, both radiolabelled MPA solutions were prepared using [**C] MPA
and non-radiolabelled MPA. The solutions were diluted to the concentrations 31.2 and 312 pM
using complete uptake buffer (140 mM NaCl, 5 mM KCI, 0.4 mM KH2POs, 0.8 mM MgSOs,
1 mM CaCl;, 25 mM glucose, 10 mM HEPES, pH 7.4) to give a final radioactivity
concentration of 0.55 uCi/mL. In the incubations, 50 pL of the solutions were incubated with
50 uL of cell solution to give final concentrations of 15.6 and 156 uM MPA. MPA solutions
used in all time-course assays had a final ethanol concentration of 1.5% (v/v). Vehicle controls

in the time-course assays were made up using complete uptake buffer and ethanol (1.5% v/v)

For the determination of Michaelis-Menten curves, all radiolabelled MPA solutions (the final
concentrations that cells were incubated with were 0 pg/mL, 2.5 pg/mL, 5 pg/mL, 10 pg/mL,
25 pg/mL, 50 pg/mL, 75 pg/mL, 100 pg/mL, and 250 pg/mL) were made up with radiolabelled
[**C] MPA and non-radiolabelled MPA, as well as complete uptake buffer for a final
radioactivity concentration of 0.55 puCi/mL. All radiolabelled MPA solutions had a final
ethanol concentration of 9.68% (v/v). Vehicle controls in these experiments were made up

using complete uptake buffer and ethanol (9.68% v/v).

For the determination of IMPDH activity response to varying MPA concentrations, all non-

radiolabelled MPA solutions (the final concentrations cells were incubated with were 0 pg/mL,
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0.005 pg/mL, 0.05 pg/mL, 0.5 pg/mL, 1 pg/mL, 5 pg/mL, 20 pg/mL, 50 pg/mL, 100 pg/mL
and 250 pg/mL) prepared in complete uptake buffer. All MPA solutions had a final ethanol
concentration of 9.68% (v/v). Vehicle controls in these experiments were prepared using

complete uptake buffer and ethanol (9.68% v/v).

In experiments determining the nature of MPA uptake, 156 uM (50 pg/mL) and 624 uM (200
pg/mL) radiolabelled MPA solutions were prepared in sodium-free complete uptake buffer
(140 mM choline chloride, 5 mM KCI, 0.4 mM KH2PO4, 0.8 mM M@gSQOs4, 1 mM CaCly, 25
mM glucose, 10 mM HEPES, pH 7.4). In the incubations, 50 pL of the solutions were incubated
with 50 pL of cell solution to give final concentrations of 78 and 312 uM MPA (4.84% ethanol
v/Vv). Vehicle controls in these experiments were made up using sodium-free uptake buffer and

ethanol (4.84% v/v).

2.2.2. Incubation of [Y*C]MPA with Jurkat cell line

The Jurkat cell line was cultured as detailed previously (Section 2.1.5.3). There was no
decrease in viability of Jurkat cells (viability at all time points was above 95%, range 97.2% to
99.3%) when incubated up to 4 hours with 5% ethanol (v/v). Cultured cells were counted with
the trypan blue assay (>95% viability), harvested (30 — 50 x 10° cells) and pelleted by
centrifugation (1600 g, 5 minutes). The pellet was then resuspended in complete uptake buffer
at a concentration of 20 x 10° cells/mL. Then 50 pL of the cell solution (1.0 x 108 cells) was

then aliquoted into Eppendorf tubes at 37°C.

The time-course assays included 0's, 20 s, 40 s, 1 min, 3 min, 6 min, 20 min, 1 hour, 2 hour, 3
hour and 4 hour time points and the Michaelis-Menten curves included 5 min and 1 hour time
points. Inhibitor experiments were conducted at a 5 min time point based on the initial uptake

time first observed in time-course assays.
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The start of the incubation time for each replicate was marked by the pipetting of 50 pL of
radiolabelled MPA solution into the tube. The radiolabelled MPA solution was then mixed
with the cell solution by pipetting up and down 3 times. The end of the incubation time for
each replicate was then marked by the pipetting of 900 pL ice-cold complete uptake buffer and
the transfer of the tube from the 37°C dry bath to an ice bath. Subsequently, the tubes were
centrifuged (1600 g, 5 min) and the supernatant removed. The cell pellets were washed with
500 pL of ice-cold complete uptake buffer and centrifuged (discarding the supernatant each
time) twice more. After the wash cycles, the cells were lysed with lysis buffer (1% SDS (v/v),
0.1 M NaOH). The solution was then transferred to a 6 mL scintillation tube and 5 mL of
scintillation cocktail fluid Emulsifier-Safe™ (PerkinElmer, USA) was added. The tube was
inverted 3 times to mix and radioactivity was then measured using the Tri Carb® 4910TR
liquid scintillation analyser (PerkinElmer, USA). The intracellular [**C] MPA concentrations
were measured in disintegrations per minute (DPM). DPM measurements were then analysed

as follows.

Measured DPM was first converted to mCi (Equation 2-1).

1
DPM = —— x 1 mCi
22 %100 ¥ L

Equation 2-1. Conversion of measured DPM to mCi.

The intracellular concentration of MPA per million cells was then obtained by converting the
previously obtained mCi (measured in 1 million cells) to pmol/108 cells using the specific

activity of [**C]MPA specified by the manufacturer (Equation 2-2).
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mcCi
Intracellular MPA concentration = — — - x 1012 pmol per 10° cells
specific activity (mCi/mmol)

Equation 2-2. Conversion of obtained mCi to intracellular MPA concentration
(pmol/10° cells).

Further conversion of the intracellular MPA concentration into molarity was undertaken for

comparison to literature values (Equation 2-3).

Intracellular MPA concentration (pmol/10°cells)

Intracellular MPA concentration (UM) = volume of lysate (pL)

Equation 2-3. Conversion of intracellular MPA concentration (pmol/108 cells) to
molarity (UM).

2.2.3. IMPDH activity determination

To observe IMPDH activity changes in response to intracellular accumulation of MPA, time-
course and MPA inhibitor concentration assays were undertaken. Identical to the radioactivity
assays, the time-course assays included 0's, 20 s, 40 s, 1 min, 3 min, 6 min, 20 min, 1 hour, 2
hour, 3 hour and 4 hour time points at two MPA concentrations (15.6 uM and 156 puM). The
IMPDH activity relative to MPA concentration (0-780 uM) assays were undertaken at 5

minutes, 20 minutes and 4 hour time points.
2.2.3.1. HPLC determination of IMPDH activity

Incubation of non-radiolabelled MPA solutions with Jurkat cells was carried out as described
in the Section 2.2.2. In summary, after incubation of 1.0 x 10° cells with the MPA solution in
100 pL, uptake of MPA was stopped by the addition of 900 pL of ice-cold complete uptake

buffer and washed twice more before the cell pellet was isolated and stored in 83.3 puL of MilliQ
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water at -80°C overnight before IMPDH activity determination through HPLC analysis. The
trypan blue assay was then used to count cells with the Countess cell counter (Thermo-Fisher,

USA) to ensure that the Jurkat cells were lysed (<2% viability).

Briefly, IMPDH activity of the treated cells was determined through the incubation of cell
lysate with IMP to measure the conversion of IMP to XMP, which was then quantified by a

validated HPLC assay.

The stored cell solutions were removed from -80°C and brought up to room temperature
rapidly. Once warmed, the solution was vortexed vigorously for 30 seconds. The solution was
then centrifuged at 16,000 g for 10 minutes, after which 50 pL of the supernatant (lysate) was
incubated with 180 uL of the reaction mixture (1 mM IMP, 0.5 mM NAD", 40mM NaH2PO4,

100 mM KClI, pH 7.4) for 2.5 hours.

The incubation was terminated with the addition of 460 pL of ice-cold methanol. The mixture
was then vortexed briefly and stored at -20 °C for at least 30 minutes. The solution was vortexed
again and centrifuged at 16,000 g for 5 minutes. 650 pL of the supernatant was then transferred
to a new Eppendorf tube and dried under nitrogen at 40°C for 30 to 45 minutes. The pellet was
then resuspended in 100 uL of mobile phase (98% 0.1% formic acid in MilliQ, 2% methanol)
and vortexed thoroughly before transferring into HPLC injection vials and injection onto

column. 80 pL of the solution was injected onto column.

The HPLC method used for the determination of IMPDH activity was adapted from the method
developed by Glander et al. (2009). Chromatographic separation was achieved using a Gemini
reversed-phase C18 column (150 mm length x 4.6 mm inner diameter, 5 um particle size),
(Phenomenex, USA). The mobile phase used for elution consisted of 0.1% formic acid in

MilliQ water (aqueous) and 100% methanol (organic). Gradient elution (as detailed in Table
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2-1) was utilised to separate the compounds of interest, AMP and XMP, along with IMP and

NAD". At a flow rate of 0.6 mL/min, the cycle time for the gradient elution was 22 minutes.

Time (min) % organic
0-5 2
5-15 2-15
15-16 15-80
16-17 80
17-18 80-2
18-22 2

Table 2-1. Gradient elution for the quantification of AMP and XMP in the determination
of IMPDH activity.

HPLC chromatography resulted in retention times for AMP and XMP of 7.9 minutes and 17.5

minutes (Figure 2-1).
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Figure 2-1. Representative HPLC chromatograms of AMP and XMP with IMP and
NAD* spiked in blank Jurkat cells at a) 254 nm and b) 275 nm. HPLC chromatograms
show the elution of the compounds of interest, AMP (7.9 minutes) and XMP (17.5 minutes)
along with IMP and NAD" (16.2 minutes). The standards were spiked in blank Jurkat cells
and extracted before elution. 254 nm is the wavelength used to quantify AMP whilst 275 nm
is used to quantify XMP.
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The range of concentrations used for the calibration curve of AMP was 10 to 50 uM, whilst
the range of concentrations used for the calibration curve of XMP was 5 to 150 uM. Example
calibration curves are shown in Figure 2-2. Initial runs to determine the lower limits of
quantification assessed AMP and XMP concentrations (n = 6) down to 0.5 uM. The lowest
concentrations of AMP and XMP where at least 75% of calibrators fell within £20% of nominal
concentrations were determined as the lower limits of quantification. The lower limits of
quantification for AMP and XMP were 5 uM. Concentrations of AMP and XMP that were
determined to fall below the lower limit of quantification were assigned a value of 0 and plotted
as 0 on the graphs. Inter-run accuracy and precision were determined from 3 runs. 4 QCs (10,
18, 35 and 45 uM for AMP and 5, 10, 75 and 140 uM for XMP) were used (n = 5) in 3 separate
runs to determine accuracy and precision. Accuracy and precision for AMP ranged from 96.1%
to 108.1% and 103.2% to 107.4% respectively, whereas that for XMP ranged from 91.3% to

107.1% and 101.9% to 112.2% respectively.
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Figure 2-2. Typical calibration curves of AMP and XMP in Jurkat cells. Samples were
analysed in triplicate and error bars represent SD.

After the determination of AMP and XMP concentrations, IMPDH activity was calculated

(Equation 2-4). In the baseline normalisation of IMPDH activity, IMPDH activity was
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determined in Jurkat cells incubated with O pug/mL MPA and the mean value of IMPDH activity

was used as 100%.

Concentration of XMP

IMPDH measured (UM) o XMP 4 o AMP o1
activity ~ Concentration of AMP  Incubation time H formed per p S
x
measured (uUM) (seconds)

Equation 2-4. Calculation of IMPDH activity normalised to amount of AMP (UM XMP
formed per uM AMP s'1,

2.2.4. IMPDH database analysis

In the database analysis of factors affecting IMPDH1 and IMPDH2 gene expression, three
databases were chosen and analysed iteratively to generate results. These three databases are
the Genotype-Tissue Expression (GTEX), All RNA-seq and ChlIP-seq sample and signature
search (ARCHS?), (Lachmann et al., 2018) and the Human Protein Atlas (HPA) databases
(Pontén et al., 2008; Uhlen et al., 2019). The general characteristics and data extracted from

the databases are shown in Table 2-2.

Databases
GTEX ARCHS* HPA
Sex Yes No No
Data Polymorphisms Yes No No
stratified Yes, but immune . .
Immune Yes, immune cell  Yes, immune cell
based on .\ issue t cell types ¢ ilabl ilabl
ypes unavailable ypes available types available
Dataset used GTEx GEO HPA

Table 2-2. The general characteristics of the three databases used for the determination
of factors affecting IMPDH1 and IMPDH2 expression. GEO = Gene Expression Omnibus.

IMPDHL1 and IMPDH2 gene expression data (MRNA transcription quantification data) was

first extracted from GTEX, and expression differences in the data were analysed based on sex,
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polymorphisms and immune tissue type. The gene expression data was then extracted from
ARCHS* and expression differences between immune cell and tissue types were analysed. This
data was then compared to GTEX. Lastly, protein-coding mRNA expression data was extracted
from HPA and analysed based on immune cell and tissue type. This was then compared to both

GTEx and ARCHS* data and results.

2.24.1. GTEX

The data from the GTEXx portal was first extracted using the GTEx API (v1), which was

accessed through the website: https://www.gtexportal.org/home/api-docs/#. First, normalised

transcription data was extracted. This was accessed with the following parameters: datasetld
(gtex_v8), gencodeld (ENSG00000106348.16 for IMPDH1 and ENSG00000178035.11 for
IMPDH2), tissueSiteDetailld (Whole_Blood, Spleen and Cells_EBV-
transformed_lymphocytes), attributeSubset (sex for data stratified by sex) and format (tsv). The
.tsv format file was then downloaded and data extracted in Excel. The data was subsequently
transferred to GraphPad Prism 9.0.2 and analysed. Next, expression quantitative trait loci
(eQTL) and splicing quantitative trait loci (SQTL) were analysed for the three most commonly
assessed SNP rs2278293, rs2278294 and rs11706052, as well as the genes IMPDH1 and
IMPDH2. These were queried individually on the GTEx portal (website:

https://gtexportal.org/home/) by either the SNP ID or the gene ID. The data was then

downloaded in a .csv format and extracted (9" June 2023) and analysed in Excel.

Differences in IMPDH1 and IMPDH2 expression between the sexes in different tissues, as well
as differences between IMPDH1 and IMPDH2 expression were analysed using 2-tailed Mann-

Whitney tests in GraphPad Prism 9.0.2.
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2.2.4.2. ARCHS*

The IMPDH1 and IMPDH2 expression data from ARCHS* was extracted with R scripts. First,
the master file (ARCHS4 version 2.2 Ensembl 107, human_transcript_v2.2.h5) was

downloaded (website: https://maayanlab.cloud/archs4/download.html). Individual R scripts for

each immune cell/tissue type as well as each cell line were downloaded (website:

https://maayanlab.cloud/archs4/data.html). The sample code for each R script is provided

(Figure 2-3). Each R script was then run in RStudio 2022.12.0 Build 153 (RStudio Team, USA)
with R 4.2.2. The output of the code was then saved as a .tsv tab separated file and data for
IMPDH1 and IMPDH2 gene expression was extracted (16" June 2023) using Excel. The data

was then transferred to GraphPad Prism 9.0.2 and graphed.
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# R script to download selected samples

# Copy code and run on a local machine to initiate download
# Check for dependencies and install if missing
library("rhdf5") # can be installed using Bioconductor

destination_file = "human_matrix_v9.h5"
extracted_expression_file = "GSM2679484 expression_matrix.tsv"
url = "https://s3.amazonaws.com/mssm-seq-matrix/human_matrix_v9.h5"

# Check if gene expression file was already downloaded, if not in current direct
ory download file form repository
if(!file.exists(destination_file)){

print("Downloading compressed gene expression matrix.")

download.file(url, destination file, quiet = FALSE, mode = 'wb')

}

# Selected samples to be extracted

samp = c("GSM2679452","GSM2679453", "GSM2679454" , "GSM2679455" , "GSM2679456" , "GSM26
79457" ,"GSM2679458" , "GSM2679459" , "GSM2679460" , "GSM2679461" , "GSM2679462" , "GSM2679
463", "GSM2679464" , "GSM2679465" , "GSM2679466" , "GSM2679467" , "GSM2679468" , "GSM267946
9", "GSM2679470" , "GSM2679471" , "GSM2679472" , "GSM2679473" , "GSM2679474" , "GSM2679475"
, "GSM2679476" , "GSM2679477" , "GSM2679478" , "GSM2679479" , "GSM2679480" , "GSM2679481", "
GSM2679482",

"GSM2679483" , "GSM2679484" , "GSM2679485" , "GSM2679486" , "GSM2679487" , "GSM2679488" , "G
SM2679489", "GSM2679490" , "GSM2679491" , "GSM2679492" , "GSM2679493" , "GSM2679494" , "GSM
2679495", "GSM2679496" , "GSM2679497" , "GSM2679498" , "GSM2679499" , "GSM2679500" , "GSM26
79501", "GSM2679502" , "GSM2679503" , "GSM2679504" , "GSM2679505" , "GSM2679506" , "GSM2679
507", "GSM2679508" , "GSM2679509" , "GSM2679510" , "GSM2679511","")

# Retrieve information from compressed data
samples = h5read(destination_file, "meta/samples/geo_accession")
genes = h5read(destination_file, "meta/genes/genes")

# Identify columns to be extracted
sample locations = which(samples %in% samp)

# extract gene expression from compressed data

expression = t(h5read(destination_file, "data/expression", index=1list(sample_loc
ations, 1:length(genes))))

H5close()

rownames (expression) genes

colnames(expression) = samples[sample_locations]

# Print file

write.table(expression, file=extracted expression_file, sep="\t", quote=FALSE, c
ol.names=NA)

print(paste@("Expression file was created at ", getwd(), "/", extracted_expressi
on_file))

Figure 2-3. Sample R script for the extraction of data for each immune cell/tissue type
and cell line. The R scripts were provided by ARCHS?, and the sample script was taken
from ARCHS* documentation for parsing the H5 file.
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2.2.4.3. HPA

Data for IMPDH1 and IMPDH2 expression was then extracted and analysed from HPA. The
full dataset (18th dataset, RNA HPA immune cell gene data) was downloaded from the HPA

data page (website: https://www.proteinatlas.org/about/download) in .tsv format. Data was

then extracted (9" June 2023) from the file in Excel and transferred to GraphPad Prism 9.0.2

for visualisation and analysis.
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Chapter 3: Intracellular activation of 4-
hydroxycyclophosphamide into a DNA-
alkylating agent in human leukocytes
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3.1. Introduction

3.1.1. Cyclophosphamide use

Despite its age and the advent of many alternative treatments, cyclophosphamide has continued
to be an important and relevant therapeutic agent in its treatment of cancers and autoimmune
diseases. This is due in part to its efficient killing of neoplastic lymphoid cells, as well as its
immunomodulatory properties. Cyclophosphamide has selectivity for mature immunocytes
(e.g. T- and B-lymphocytes) but spares the early haematopoietic progenitors and stem cells at
doses between 500-1000 mg/m?, making it useful for control of some autoimmune diseases. It
can also induce peripheral immune tolerance by preventing the clonal proliferation of reactive
T-lymphocytes, which has led to the use of a short-pulse of post-transplant cyclophosphamide
(PTCy) to prevent graft-versus host disease (Kato et al., 2020). This short-pulse (1-2 day, low
dose ~1000 mg/m?) PTCy approach is now established for allogeneic-haematopoietic stem cell
transplant (HSCT) and is also under investigation for Kkidney transplantation.
Cyclophosphamide is also used for conditioning (lymphodepletion) prior to chimeric antigen
receptor-T cell (CAR-T) immunotherapy of haematological malignancies (Hirayama et al.,

2019).
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3.1.2. Cyclophosphamide metabolism

Cyclophosphamide is a prodrug and requires enzymatic bioactivation (reviewed in Emadi et
al. 2009; Helsby et al. 2019). This occurs via hydroxylation to 4-hydroxycyclophosphamide
(4-OHCP), which is catalysed primarily by the hepatic cytochrome P450 enzymes CYP2B6,
CYP2C19, and to a lesser extent CYP3A4, as was discussed in chapter 1. Importantly, 4-OHCP
exists in an equilibrium with aldophosphamide, its open-ringed tautomer (Figure 3-1).
Aldophosphamide can then either (a) be detoxified by aldehyde dehydrogenase 1Al
(ALDH1A1) to form the inactive metabolite carboxyphosphamide, or (b) undergo conversion
into the DNA alkylating agent phosphoramide mustard (PAM) with formation of the by-

product acrolein.
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The cytotoxic mechanism of action of cyclophosphamide is via alkylation of DNA (Cushnir et
al., 1990) to form inter-strand crosslinks, which then inhibit DNA replication and lead to cell
death (as discussed in Chapter 1, Section 1.3.1). This DNA alkylating activity has been
attributed to PAM, since 4-OHCP/aldophosphamide tautomer and carboxyphosphamide are

poor alkylating compounds (Colvin et al., 1976; Jardine et al., 1978; Struck et al., 1975).
3.1.3. Formation of PAM

Conversion of aldophosphamide into PAM (Figure 3-1) has classically been considered to be
a non-enzymatic decomposition process (-elimination) that directly results in the formation
of the by-product acrolein (Borch & Millard, 1987). More recently it has been suggested that
the by-product in mammalian tissue is 3-hydroxypropanal (Voelcker, 2017), which can then
readily dehydrate to form acrolein (Engels et al., 2016). A number of studies suggest a possible
role for enzyme catalysed hydrolysis of the phospho-ester bond in 4 -OHCP/aldophosphamide.
Decomposition of 4-OHCP is faster following incubation in human plasma than in phosphate
buffer (keat = 285 vs 0.013 M min't), with this reaction observed only in the macromolecular
fraction (>10 kDa) (Kwon et al. 1987); these data suggest that 4-OHCP decomposition is
catalysed by a protein in human plasma. Both rat and human serum can also catalyse this
reaction (Bielicki et al., 1983; VVoelcker et al., 1981; VVoelcker, 2017). Additionally, the release
of acrolein (as a biomarker of PAM formation) following incubation of 4-OHCP with enzymes
that have ribonucleotide phosphohydrolase activity has been reported (Bielicki et al., 1983).
Enzymes with 3’-5” exonuclease activity could catalyse the release of acrolein from 4-OHCP
(or 4-peroxyCP), with the highest activity observed with rabbit DNA polymerase o

(summarised in Table 3-1). In contrast, 5’-3” exonuclease could not catalyse this reaction.
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Rate of acrolein formation

Source Enzyme name Activity (nmol/min/mg protein)

Rabbit (bone marrow)

EC2777 DNA polymerase ¢ 3’-5 exonuclease 97.0
ESCEhCEI;(.I?.i?.;O“ DNA polymerase | 3’-5 exonuclease 31.3and 37.8
Penicél(ljiugmlﬂtrium Nuclease P1# 3-5’ exonuclease 2.3
Crotalus adarggn;?ijz .(fnake venom) Phosphodiesterase | 3’-5’ c/A31\;[P g(};%slfggg;zsterase 42
Béggi(.tfggt) Phosphodiesterase (PDE3) 3phgssr[?o ﬁgﬁg};g 0.7
%acl:ff'l?llegq) Phosphodiesterase |1 5’-3’ exonuclease 0

Table 3-1. Summary of the rate of acrolein formation from 4-hydroxycyclophosphamide catalysed by various enzyme candidates, as
previously described in Bielicki et al. (1983). #has activity for both DNA and RNA. The activity in human lymphocytes (n= 5 donors) was
reported to range between range 22-67 nmol/min/mg.
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The rate of acrolein formation following incubation of 4-OHCP with a range of rat tissues has
been assessed (Bielicki et al., 1983). Acrolein formation was detected only in lymphocyte-rich
tissues (spleen and thymus) of the rat. Notably, when 4-OHCP was incubated with human
lymphocytes (n = 5 donors), formation of acrolein was observed at a range >44-fold higher
than in human plasma (22-67 nmol/min/mg vs 0.56 nmol/min/mg). This indirectly suggests

that formation of PAM is an enzymatic process associated with lymphocytes.

From these studies Bielicki et al. (1983) hypothesised that 4-OHCP was selectively activated
by 3’-5’exonucleases within the nucleus. In human cells these exonucleases are DNA
polymerases a, 6 and & (EC 2.7.7.7), known as “proofreading” DNA polymerases (Brieba,
2008), as well as TREX1 (three prime exonuclease-1; EC 3.1.11.2), which is considered to be
the major cellular 3°-5” DNA exonuclease in humans (Mazur & Perrino, 1999). Tissue specific
expression of these DNA exonucleases (i.e. in lymphocytes) is unlikely and hence other
enzymes with the ability to activate 4-OHCP/aldophosphamide tautomer may account for the

relative tissue specificity of hydrolysis of 4-OHCP observed by Bielicki et al. (1983).

Notably, snake venom phosphodiesterase-1 (PDE-1) could also efficiently catalyse formation
of acrolein from 4-OHCP (Table 3-1). This protein has both exonuclease and cAMP
phosphodiesterase activity (Uzair et al., 2018). Mammalian class | PDE enzymes consist of
eleven families, each with different substrate specificity (CAMP and/or cGMP) and have
different kinetic properties for these substrates (Omori & Kotera, 2007). The non-selective
(cCAMP/cGMP) PDE3 isoform had negligible ability to hydrolyse 4-OHCP (Table 3-1), which
was in agreement with the lack of formation of acrolein in rat heart, a tissue which selectively
expresses PDE3 (Bielicki et al. 1983). The possibility that 4-OHCP activation could be
catalysed by isoforms of cAMP-phosphodiesterase (EC 3.1.4.53) that are selectively expressed
in human lymphocytes, i.e. PDE4B, PDE4D, PDE7A, PDE8SA and PDE10A (Azevedo et al.
2014; Wang et al. 1999), has not been assessed.
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In summary there is preliminary evidence that 4-OHCP/aldophosphamide may undergo
enzyme catalysed hydrolysis and that this potentially occurs in lymphocytes. However, these

previous studies did not directly demonstrate formation of the key alkylating metabolite, PAM.
3.1.4. Study design

An assay to quantify DNA-adduct formation in human peripheral blood mononuclear cells
(PBMC) when exposed ex vivo to alkylating agents was recently developed (van Kan et al.,
2019). This Quantitative PCR-block (QPCR-block) assay is a well-validated approach based
on the ability of a DNA lesion to block DNA polymerase and stall amplification. Increasing
numbers of adducts in the DNA template proportionally decrease the amplification of a target

sequence.

The aim of this study was to use this QPCR-block assay to quantify the formation of the DNA-
alkylating product (i.e. PAM) following incubation of 4-OHCP with human PBMC, and to
assess the ability of various cAMP/cGMP-PDE isoforms, known to be expressed in
lymphocytes, to activate 4-OHCP into a DNA-alkylating agent. To do so, optimal
concentration ranges of 4-OHCP and PAM for incubation with DNA and PBMC were first
obtained. Since 4-OHCP is an unstable metabolite, PAM was freshly made up immediately
prior to each experiment; 4-hydroperoxycyclophosphamide (4-OOHCP) was first converted to
4-OHCP by base reduction, before incubation with genomic DNA (gDNA) or PBMC for 1
hour. Subsequently, 4-OHCP was also incubated with immortalised cells (Jurkat, Caco-2) to
compare their sensitivity to 4-OHCP with that of healthy PBMC. 4-OHCP was also pre-
incubated with various enzyme candidates such as recombinant catalytically active human PDE
before treating with gDNA to assess the effect on its alkylating ability. Treated gDNA, or DNA
extracted from cells (detailed in Chapter 2 Section 2.1.8) that were treated with 4-OHCP or

PAM were then amplified in the QPCR-block assay.
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Briefly, 50 ng of gDNA or 1.5 pL of cell lysate were mixed with 25 uL Tag PCR Master Mix,
0.2 uM of reverse and forward primer and PCR-grade H>O before amplification in the QPCR-
block assay. The amplification conditions were an initial denaturation at 94 °C for 3 minutes;
35 cycles at 94 °C for 30 seconds, 53 °C for 30 seconds, 72 °C for 1 minute; and final extension
at 72 °C for 10 minutes. Amplified DNA was then kept at -20 °C or used for quantification
immediately. The amplification product was assessed in duplicate and 20 pL of the product
was mixed with 80 pL of Tris-EDTA buffer and 100 pL of PicoGreen reagent for 5 minutes at
room temperature. The mixture was excited at 485/20 nm and emission was measured at 528/20
nm. The calculation of double-stranded DNA concentration from the fluorescence values is
covered in detail in Chapter 2 Section 2.1.8. Results were graphed in GraphPad Prism 9.0.2
and differences between groups were analysed using either student’s t-tests or one-way
ANOVA. All p-values reported are two sided and were corrected for multiple testing using

Sidak's multiple comparisons test.

67



3.2. Results

3.2.1. DNA alkylation in gDNA incubated with 4-OHCP and PAM

To compare the intrinsic DNA-alkylating reactivity of 4-OHCP and PAM, purified pooled
genomic DNA (gDNA) was exposed to increasing concentrations of these compounds in vitro
(Figure 3-2). No appreciable inhibition of the PCR amplicon was observed for 4-OHCP
concentrations below 1000 uM, suggesting little or no alkylation of purified gDNA (calculated
ICs0 = 6343 UM, 95% CI = 114.8 to 17091 uM). In contrast, PAM exposure inhibited PCR
amplification at low drug concentrations, with an ICso of 2.27 pM (95% CI = 0.636 to 5.08
UM). The maximum QPCR-block (mean PCR amplification) calculated for PAM was 29.0%
(95% ClI 19.7 to 36.0%) of untreated control amplification. The comparable data for 4-OHCP

could not be determined, as concentrations greater than the calculated 1Cso were not tested.
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Figure 3-2. The effect of known concentrations of 4-OHCP or PAM on alkylation of
purified gDNA. Data points represent the mean = SD of two independent experiments (n =
4 technical replicates per experiment). Least squares regressions (solid lines) were calculated
taking into account the N and scatter of the replicates using an [Inhibitor] vs. response three
parameter model in GraphPad Prism 9.0.2 (constraints: ICso > 0, Bottom > 0); 95%
confidence intervals of the curve are indicated by the dotted lines.
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3.2.2. DNA alkylation in PBMC incubated with 4-OHCP and PAM

The ability of 4-OHCP and PAM (Figure 3-3) to alkylate DNA in intact, viable cells was then
assessed. In all experiments, PBMC viability was more than 98%. The 4-OHCP concentration
that resulted in 50% QPCR-block (ICsp) in freshly collected donor PBMC ranged from 123.9
MM (donor 2) to 350.5 uM (donor 3). This was >18-fold more sensitive than the ICso observed
following exposure of purified gDNA to 4-OHCP. In contrast, the intact PBMC were >227-
fold less sensitive to PAM than was observed for the purified gDNA, with 1Csg ranging from
514.8 uM (donor 1) to 1157 uM (donor 3). Notably, 4-OHCP had slightly increased potency
relative to PAM in each of the three PBMC donors (ICso ratio 0.51, 0.17 and 0.30 respectively)
compared to the very low alkylating potency relative to PAM in purified gDNA (ICso ratio

2794). This suggests that activation of 4-OHCP occurs within PBMC.
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Figure 3-3. The ability of 4-OHCP (a, c, ) and PAM (b, d, f) to alkylate DNA in intact
PBMC from three individual donors. Data are mean £ SD from N = 3 repeat experiments,
undertaken using either triplicate or quadruplicate technical replicates, as cell numbers
permitted. Least squares regressions (solid lines) were calculated taking into account the N
and scatter of the replicates using either an [Inhibitor] vs. response three parameter model or
an [Inhibitor] vs. response variable slope four parameter model, as appropriate, in GraphPad
Prism 9.0.2 (constraints: 1Csp > 0, Bottom > 0); 95% confidence intervals of the curve are
indicated by the dotted lines.
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3.2.3. DNA alkylation in cell lines incubated with 4-OHCP

To investigate whether this 4-OHCP activation was specific to lymphoid-derived cells, the
ability of Jurkat cells (immortalised T-cells) to convert 4-OHCP into a DNA alkylating agent
were compared with intestinal epithelial Caco-2 cells (derived from colon adenocarcinoma).
While there was no evidence of QPCR-block following incubation of Caco-2 cells with up to
3609 uM 4-OHCP, significant inhibition of PCR amplification was observed in the Jurkat cells
over this concentration range (Figure 3-4). These immortalised cells were 1.6 — 4.5-fold less
sensitive than individual donor PBMC to 4-OHCP (Jurkat ICso = 553.4 uM, 95% CI = 179.0

t0 2092 UM).
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Figure 3-4. Activation of 4-OHCP into a DNA alkylating agent in immortalised T-cells
(Jurkat) compared to epithelial cells (Caco-2). Data points represent the mean £ SD of N
= 3 independent repeat experiments, each undertaken using n = 4 technical replicates.
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3.2.4. Pre-incubation of 4-OHCP with candidate enzymes

In an attempt to identify the enzyme(s) capable of this activation 4-OHCP was pre-incubated
with T4 phage DNA polymerase, which has both 3’-5’ and 5°-3” exonuclease activity.
Following ultrafiltration of the solution to remove the enzyme and 1 h exposure of gDNA there
was no change in PCR-block compared to the effect of 4-OHCP in the absence of this enzyme
(Figure 3-5a). Human plasma was similarly ineffective for 4-OHCP activation into a gDNA-
alkylating product (Figure 3-5b). In contrast, pre-incubation of 4-OHCP with snake venom
PDE-I significantly increased QPCR-block (Figure 3-5c¢). Since snake venom PDE-I has both
DNA-exonuclease and cAMP phosphodiesterase activity, an initial assessment of the major
cAMP-phosphodiesterase isoform found in lymphocytes, PDE4B, was then undertaken (Figure
3-5d). Following pre-incubation of 4-OHCP with purified human recombinant PDE4B, a
significant (p = 0.0011) increase in QPCR-block was observed compared to zero enzyme
control (40.7 + 11.5% vs 74.0 + 0.3% of vehicle control, respectively). Unpaired t-tests and

one-way ANOVA were used to assess the differences in QPCR-block.

72



|
a 0.9982 b 0.8186
125+ [ | 125+ I |
S — S
X 5 100+ T T X 5 1004 T
8% 85 i
o © i o © -
8 5 50 8 5 50-
oS oS3
G k]
e\i 25 § 25
0 I I | 0 I I
0 1 2 0 125
Units of T4 DNA Polymerase VVolume of human plasma (uL)
pre-incubated with 4-OHCP pre-incubated with 4-OHCP
C d
125 0.0159 125+
s i s
X 5 100- 0.0628 < = 100+ 0.0011
o B c
28 3 8 '—‘
o i . i
25 5o &€ s0-
o2 L o3 L
5 L 5
S g
0 1 1 I 0 I 1
0 10 20 0 0.64
Amount of snake venom PDE (mg) Amount of PDE4B2 (ng)
pre-incubated with 4-OHCP pre-incubated with 4-OHCP

Figure 3-5. The effect of pre-incubation of 4-OHCP with a) phage T4 DNA Polymerase,
b) human plasma, c) snake venom phosphodiesterase-I type 1V, and d) recombinant
human PDE4B2 on activation to a DNA alkylating agent. Data are mean + SD of either
N =3 (A, B, C) or N =1 (D) independent repeat experiments, each undertaken using n = 4
technical replicates. Adjusted p-values are indicated for pairwise comparisons.
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3.2.5. Pre-incubation of 4-OHCP with PDE

A range of other commercially available PDE isoforms known to be expressed in lymphocytes
were then assessed for ability to activate 4-OHCP into a DNA alkylating agent (Figure 3-6).
Pre-incubation of 4-OHCP with purified human recombinant PDE3B, PDE8AL and PDE11A4
did not significantly alter QPCR-block compared to zero enzyme control. This confirmed the
previously reported lack of formation of the by-product acrolein following incubation of 4-
OHCP with bovine heart PDE3. This isoform (PDE3B), well as PDE11A4, is a non-specific
CAMP/cGMP PDE. Pre-incubation with PDE4B2 again confirmed that this cAMP-specific
isoform could activate 4-OHCP, although this increase in QPCR-block did not reach the
threshold for significance following correction for multiple testing (p= 0.017, unadjusted; p =
0.0822, adjusted). Snake venom PDE-I was also included as a positive control and significantly

activated 4-OHCP compared with zero enzyme control (p = 0.0406 adjusted).
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Figure 3-6. The effect of pre-incubation with PDE isoforms (0.64 pg) found in
lymphocytes on the activation of 4-OHCP to a DNA alkylating agent. Data are mean +
SD of N = 3 independent repeat experiments, each undertaken using n = 4 technical
replicates. Adjusted p values for pairwise comparisons are indicated. Snake venom PDE-I
(0.2 units, 20 mg) was included as a positive control.

Hence, of the enzymes assessed, only snake venom phosphodiesterase (PDE-I) and the cCAMP
specific PDE4B2 could activate 4-OHCP into a DNA-alkylating agent. However, snake venom
PDE-I had low specific activity for 4-OHCP (1.53 nmol/min/mg) [calculated from data in

Bielicki et al. (1983)] compared with PDE4B2 (47.0 nmol/min/mg).

75



3.2.6. Rolipram treatment of PDE and effect on 4-OHCP activation

To determine whether the activation of 4-OHCP in PBMC is primarily catalysed by PDE4B
the effect of rolipram, a selective inhibitor of PDE4, was assessed. Firstly, it was confirmed
that rolipram could inhibit the activation of 4-OHCP into a DNA alkylating agent by purified
PDE4B2 (Figure 3-7a). Then PBMC were exposed to 4-OHCP following either a 1 h pre-
incubation or co-incubation with rolipram. Unexpectedly co-incubation of rolipram with 4-
OHCP in PMBC resulted in a significant (p = 0.0387) increase in QPCR-block relative to the
4-OHCP-only control (Figure 3-7b). Pre-incubation with rolipram for an hour prior to the
addition of 4-OHCP did not have this stimulatory effect and resulted in QPCR-block that was
not significantly different from 4-OHCP-only control. Rolipram had no direct effect on the

QPCR-block assay in the absence of 4-OHCP.
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Figure 3-7. The effect of rolipram on the activation of 4-OHCP to an alkylating agent
A) by human recombinant PDE4B2 (0.64 ug) or B) in PBMC (1 x 108 cells). Data are
mean £ SD of N = 3 independent repeat experiments, each undertaken using n = 4 technical
replicates. Adjusted p values for pairwise comparisons are indicated.
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3.3. Discussion

It has previously been assumed that the major process involved in the conversion of
aldophosphamide (the tautomer of 4-OHCP) into PAM is chemical hydrolysis of the phospho-
ester bond via B-elimination. Whilst it has been suggested previously that this reaction could
be enzyme-catalysed (Bielicki et al., 1983), there was only indirect evidence for this (i.e.
formation of the by-product acrolein). Using an assay to detect formation of DNA-alkylating
adducts which block PCR amplification, the work detailed in this chapter has demonstrated
that 4-OHCP had only a very weak ability to alkylate purified gDNA, unlike the potent effect
of its hydrolytic product PAM. This data not only confirms previous data of poor alkylating
reactivity of 4-OHCP/aldophosphamide (Struck et al., 1975), but also suggests that over the 1
hour incubation period at physiological pH there was little spontaneous hydrolysis of 4-OHCP

aldophosphamide tautomer into PAM.

There was an increased potency of DNA-alkylation in PBMC exposed to 4-OHCP relative to
exogenous PAM for all three donors tested. Indeed, the DNA-alkylating potency of 4-OHCP
in cells increased >18-fold compared to the intrinsic reactivity of 4-OHCP for purified gDNA.
This contrasts with the >190-fold decrease in potency of PAM in PBMC relative to purified
gDNA. This could be related to the ability of PAM to alkylate cysteine-rich proteins (Wei et
al., 1999) and other intracellular proteins (Groehler et al., 2016). Such reactions with membrane
and cytosolic proteins will sequester PAM as it enters cells and decrease the amount able to
reach the nuclear compartment. In contrast, intra-cellular conversion, as opposed to extra-
cellular conversion, of 4-OHCP into PAM would be expected to increase the relative amount
of PAM reaching the nucleus. This would result in an apparently higher alkylating potency of
4-OHCP compared to exogenous PAM. However, the possible additional effect of DNA adduct

formation by the by-product hydroxypropanal/acrolein cannot be discounted. This by-product,
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formed from hydrolysis of the phospho-ester bond of aldophosphamide, can cause DNA single
strand breaks (Crook et al., 1986; Fleer & Brendel, 1982; McDiarmid et al., 1991; M. Tang et
al., 2011) and apoptosis (Engels et al., 2016; Voelcker, 2017). The effect of acrolein on the
QPCR-block assay could not be assessed since it was not commercially available in New
Zealand. However, PAM, rather than acrolein, is considered to be the major contributor to

DNA-alkylation.

Previous reports suggested that only lymphocyte-rich tissues, (i.e. spleen and thymus of the
rat) could substantially produce acrolein from 4-OHCP (Bielicki et al., 1983). Notably,
activation of 4-OHCP into a DNA alkylating product was observed in immortalised T-cells
(Jurkat) but not in neoplastic colorectal enterocytes (Caco-2). Moreover, this intracellular
activation of 4-OHCP by PBMC and Jurkat cells is also consistent with previous reports that
substantial DNA inter-strand cross-links were formed in K562 cells (myeloid leukaemia)
following exposure of 4-OHCP, whereas exposure to equimolar amounts of PAM resulted in
minor formation of these adducts in the DNA extracted from these cells (Crook et al., 1986;
McGown & Fox, 1986). Assessment of activation of 4-OHCP by isolated myeloid and
lymphoid subsets from normal blood cells or neoplastic cell lines should be considered in future

studies.

Previous reports demonstrated that 3’-5’-exonucleases (such as DNA polymerase 6 and E. coli
DNA polymerase 1) could catalyse the formation of the by-product acrolein from 4-OHCP with
high specific activity, and it was speculated that activation may occur within the nuclei of cells
(Bielicki et al., 1983). However, activation of 4-OHCP by T4 phage DNA polymerase, a 3’-
5’-exonuclease with highly conserved amino-acid residues and a comparable catalytic site to
E. coli DNA polymerase | (Frey et al., 1993; Reha-Krantz & Nonay, 1993) was not observed.
It is possible that this enzyme can catalyse formation of PAM, but that PAM then alkylates the
enzyme and is trapped as a protein adduct and not released into the buffer. Indeed, this type of
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inactivation (suicide inhibition) of a 3’-5’exonuclease enzyme following pre-incubation with
4-OHCP or PAM (10 mM) has been previously demonstrated with E coli DNA polymerase |
(Bielicki et al., 1984). Future studies should assess the ability of mammalian 3’-5’-
exonucleases, such as polymerases o, 6 and g, or the cytosolic TREX1 (three prime
exonuclease-1) to activate 4-OHCP into PAM. If 4-OHCP is activated into PAM by these 3’-

5’ exonucleases this could selectively target rapidly proliferating rather than quiescent cells.

The possibility of leucocyte-selective activation of 4-OHCP was intriguing, and hence
subsequent experiments assessed enzymes with ribonucleotide phosphohydrolase activity,
namely the cyclic-nucleotide phosphodiesterases (PDE). Snake venom PDE-I was observed to
catalyse the formation of a DNA-alkylating product from 4-OHCP, confirming the previous
observation that this enzyme could produce the by-product acrolein when incubated with 4-
OHCP (Bielicki et al., 1983). The specific activity of snake venom PDE-I for activation of 4-
OHCP was remarkably similar to that previously reported (1.53 nmol/min/mg vs 4.2

nmol/min/mg; Bielicki et al. 1983).

Since snake venom PDE-I has both 3’-5’-exonuclease and 3’5-CAMP phosphodiesterase
activity (Uzair et al., 2018), the ability of those human cyclic-nucleotide PDE isoforms known
to be expressed in human lymphocytes to catalyse the hydrolysis 4-OHCP into a DNA
alkylating product was then investigated. Of the eleven members of the superfamily identified
to date, isoforms PDE4, PDE7 and PDES are specific for catalysis of cCAMP, PDES5, PDEG6 and
PDES9 are specific for cGMP, whilst PDE1, PDE2, PDE3, PDE10 and PDE11 hydrolyse both
of these cyclic nucleotides (Omori & Kotera, 2007). Of the isoforms assessed, only the cAMP-
specific phosphodiesterase PDE4B2 could activate 4-OHCP. The specific activity for
activation of 4-OHCP into a DNA alkylating product was 30-fold greater than snake venom

PDE-I. This specific activity of PDE4B (47 nmol/min/mg) was at least as high as that
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previously observed for 3’-5’-exonuclease DNA polymerases (Belicki et al. 1983, Table 1 p.

28)

This is the first time that a human cAMP-PDE has been indirectly shown to catalyse the
hydrolysis of 4-OHCP/aldophosphamide. The possible role of a PDE isoform selective for
CAMP is further corroborated by the previous observation of 4-hydroperoxycyclophosphamide
inhibition of cAMP-specific phosphodiesterase activity in a rat tumour cell line (Tisdale, 1977).
This study demonstrated that 4-hydroperoxycyclophosphamide, but not its other metabolites,
could competitively inhibit cAMP phosphodiesterase activity with a Kj of 0.19 mM. Moreover,
these authors described the molecular similarity (bond length and angle) of the phospho-ester
(P-O-C) bonds in cAMP and 4-OHCP, as well as the chair conformation of both cCAMP and 4-
OHCP. They hypothesised that some of the therapeutic effects of cyclophosphamide were
mediated through the elevation of cAMP. While this may be a possible mechanism for some
of the pharmacological effects of cyclophosphamide, the catalysis of 4-OHCP to a DNA
alkylating product by PDE4B2 demonstrated in our in vitro experiments provides a direct link

to the classical DNA-alkylation mechanism of cyclophosphamide cytotoxicity.

It is well established that cyclophosphamide spares haematopoietic stem cells and early
lymphoid-myeloid progenitor cells whilst targeting mature B- and T-lymphocytes. Indeed, both
cyclophosphamide (in patients) and 4-OHCP (in vitro) have selective effects on CD4*CD25*
(Berd & Mastrangelo, 1988; Lutsiak et al., 2005; Zhao et al., 2010) and the CD8" regulatory
T-cell (Tregs) Subset of cytotoxic T-cells (Traverso et al., 2012). Furthermore, Treg cells have
increased numbers of inter-strand crosslinks (a biomarker of PAM formation) in comparison
to T-helper (CD4") or cytotoxic T-cells (CD8") after exposure to the 4-OHCP precursor
mafosfamide (Heylmann et al., 2013). The selectivity of cyclophosphamide for mature
lymphocytes is generally attributed to high levels of aldehyde dehydrogenase, which detoxifies
aldophosphamide (Figure 1-1), in the stem/progenitor cells. However, there are also reports of
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increased expression of PDE4 and PDE?Y in activated (compared to quiescent) T-cells (Glavas
et al., 2001; Szczypka, 2020). Moreover, PDE4 is upregulated in cyclophosphamide-sensitive
illnesses such as rheumatoid arthritis (Wu et al., 2012) and chronic B-cell lymphocytic
leukaemia (Kim & Lerner, 1998). The intracellular conversion of 4-OHCP/aldophosphamide
tautomer into PAM by PDE4 could further explain the selective immunomodulatory effects of

cyclophosphamide on the subsets of mature immune cells that express this isoform.

There was a somewhat paradoxical behaviour of the PDE4-inhibitor, rolipram, on the
activation of 4-OHCP in PBMC; co-incubation of rolipram with 4-OHCP in PBMC appeared
to enhance, rather than inhibit, the latter’s activation into a DNA alkylating compound. There
could be a number of reasons for this. Firstly, PDE4B2 is a short form of PDE4 with a truncated
N-terminal region called URC2. The URC2-region interacts with the catalytic region and can
alter enzyme dimerisation. The ability of rolipram to bind to the catalytic site of PDE4 can alter
substantially depending on enzyme conformation (Omori & Kotera, 2007). The apparent
increase (rather than inhibition) of activation of 4-OHCP by rolipram in PBMC could be due
to this type of allosteric effect on this splice variant of PDE4, which may have a different
enzyme conformation from wild-type PDE4. However, pre-incubation of rolipram with PBMC
prior to addition of 4-OHCP did not stimulate the activation into a DNA alkylating agent. It
has previously been noted that agents which elevate cCAMP can cause a transient stimulation of
PDE activity, which is thought to be due to negative feedback regulation via cAMP-dependent
protein kinase phosphorylation of PDE4 (Madelian & Vigne, 1996). It may be that this transient
increase in activity has declined when cells were pre-incubated with rolipram, prior to exposure

to 4-OHCP.

Whilst purified PDE4B has been demonstrated to have the ability to activate 4-OHCP, the lack
of inhibition of this activation in PBMC by rolipram could also be due to the involvement of
another PDE isoform. The other major PDE in lymphocytes is PDE7, which is a rolipram-
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insensitive cAMP-specific PDE. Unfortunately, isolated PDE7A was not commercially
available for assessment in these studies. Further investigation will be needed to determine
whether PDE7A is able to activate 4-OHCP and if this an important isoform for this activation

in PBMC.

Intracellular activation of 4-OHCP to PAM by PDE4 may also explain some of the toxicities
associated with cyclophosphamide chemotherapy. Of note, rolipram has been shown to prevent
cyclophosphamide-induced cystitis in rats (Blylknacar et al., 2008; Sakura et al., 2009).
Urotoxic injury is generally considered to be a consequence of high exposure of the bladder
epithelium to excreted acrolein, and the anti-inflammatory effects of rolipram may therefore
account for this effect. However, activation of 4-OHCP by PDE4, which is expressed at high
levels in bladder, could be an alternative explanation for this tissue-selective toxicity. High
dose tadalafil (a selective PDES5/PDEL11A inhibitor) has also been shown to inhibit
cyclophosphamide-induced haemorrhagic cystitis in rats (Bischoff, 2004) and to ameliorate the
cyclophosphamide-induced apoptosis of spermatogonia (Yigitaslan et al., 2014). Rolipram and
pentoxifylline (a non-specific PDE inhibitor) have also been shown to attenuate

cyclophosphamide-induced type 1 diabetes in NOD mice (Liang et al., 1998).

When cyclophosphamide is used in the treatment of auto-immune diseases the major toxicity
of concern is premature ovarian failure. 4-OHCP has been shown to have a direct cytotoxic
effect on granulosa cells of the ovarian follicle in vitro (Tsai-Turton et al. 2007). However,
granulosa cells cannot convert cyclophosphamide into 4-OHCP (Ataya et al. 1990). Granulosa
cells do however, express very high levels of PDE4, PDE7 and PDES, since the tight control
of CAMP levels by these enzymes is important for appropriate timing of oocyte meiosis and
maturation (Vigone et al., 2018). If 4-OHCP is a substrate for PDE4 and/or PDE7 this could

also explain this tissue specific toxicity.
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In conclusion, the experiments conducted have demonstrated that hydrolysis of the phospho-
ester bond of 4-OHCP/aldophosphamide to form the DNA alkylating agent PAM appears to be
an enzyme catalysed reaction. This activation is observed to occur in leucocytes and cyclic-
nucleotide PDE, such as PDE4, are promising candidates for this process. This should be
investigated further as a possible additional mechanism for the tissue-specific

immunomodulatory effects of cyclophosphamide.
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Chapter 4: Differences in DNA repair capacity
In lupus nephritis patients: The REPAIR study
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4.1. Introduction

The inter-individual variability of therapeutic response to cyclophosphamide treatment has
mainly been attributed to differences in cyclophosphamide metabolism, particularly the
conversion of the prodrug cyclophosphamide to the intermediate metabolite 4-
hydroxycyclophosphamide (4-OHCP) by cytochrome P450 (CYP) enzymes. However, inter-
individual variability in the degree of DNA alkylation caused by the ultimate
cyclophosphamide product, phosphoramide mustard (PAM) may also contribute to differences
in therapeutic response. This chapter focuses on determining whether SLE patients exhibit

higher sensitivity to DNA alkylation by PAM than healthy individuals.

As was outlined in Chapter 1 (Section 1.3.1), the generally accepted mechanism of action of
cyclophosphamide cytotoxicity is through the formation of inter- and intra-strand crosslinks in
DNA. These bulky crosslinks act as physical barriers to DNA replication and eventually result
in cell cycle arrest. In the context of SLE treatment this leads to the suppression of immune

expansion particularly in T- and B- lymphocytes.

The variability in the degree of DNA alkylation following cyclophosphamide therapy can thus
arise from numerous factors, such as transport of 4-OHCP/aldophosphamide tautomer or PAM
into the cell, inactivation of aldophosphamide by aldoketoreductase enzymes (such as aldehyde
dehydrogenase), differences in the intracellular formation of PAM (via PDE enzymes)
alkylation of intracellular proteins and ultimately differences in the capacity of the cell to repair

the DNA damage.
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4.1.1. Transport of 4-OHCP/aldophosphamide tautomer or PAM into cells

The consensus in the literature is that the 4-OHCP/aldophosphamide tautomer passively
diffuses into the cell and is ultimately converted to PAM intracellularly (Zhang et al., 2005).
This is assumed to be the mechanism since PAM is a charged molecule at physiological pH
and unlikely to passively diffuse across the membrane. Both PAM and 4-
OHCP/aldophosphamide tautomer are detectable in the plasma of patients and there is evidence
that PAM, as well as 4-OHCP/aldophosphamide tautomer, can be actively transported into
cells (Erickson et al., 1980). Although the transporters have not been identified, it is feasible
that transporter expression and/or function may influence the amount of 4-
OHCP/aldophosphamide tautomer and PAM transported into the cell and ultimately the extent

of DNA alkylation caused by PAM.
4.1.2. Inactivation of 4-OHCP/aldophosphamide tautomer

Once inside the cell the 4-OHCP/aldophosphamide tautomer can be inactivated through
numerous pathways. Aldophosphamide is primarily inactivated by the conversion to
carboxyphosphamide, and this is catalysed by the enzyme aldehyde dehydrogenase 1A1
(ALDH1AL1). Increased ALDH1A1 expression has been associated with worse overall survival
in breast cancer patients receiving cyclophosphamide therapy (Khoury et al., 2012). Similarly,
ALDH1AL genetic polymorphisms (rs3764435 and rs8187996) have been associated with
haematological toxicity in breast cancer patients treated with cyclophosphamide in
combination with doxorubicin (Yao et al., 2014). Interestingly, in a separate study, the
ALDH1AL1 variant rs8187996 was found to associate with a lower risk of toxicity in cancer
patients treated with cyclophosphamide (Hwang et al., 2022). However, there has been little
headway made in understanding the relationship between these genetic polymorphisms and

their impact on ALDH1AL1 activity. Inter-individual differences in ALDH1A1 activity arising
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from genetic polymorphisms could result in differences in the inactivation of
aldophosphamide/4-OHCP, ultimately influencing the total amount of the cytotoxic metabolite

PAM formed within a cell.
4.1.3. Intracellular formation of PAM (via PDE enzymes)

As demonstrated in the previous chapter (Chapter 3), there is evidence that 4-
OHCP/aldophosphamide tautomer can be activated into the DNA-alkylating molecule (PAM)
by cellular enzymes. The preliminary data suggests that this may be catalysed by
phosphodiesterase enzymes including PDE4B. Hence differences in the enzymatic formation

of PAM could also influence extent of DNA alkylation and therapeutic response.
4.1.4. Protein alkylation

In addition to factors which influence the amount of PAM formed from the 4-
OHCP/aldophosphamide tautomer, the final concentration of PAM within the nucleus, and
therefore the amount of DNA damage, is dependent on the extent of PAM alkylation of other
biomolecules. PAM is a highly reactive electrophilic molecule and will alkylate glutathione

and proteins within the cell as well as DNA.

Whilst PAM can directly alkylate the cysteine moiety of glutathione, it has been suggested that
a glutathione S-transferase (GSTA1) enzyme catalyses the formation of a glutathione-
conjugated form of PAM, monochloro-monoglutathionylphosphoramide mustard (Dirven et
al., 1994). This is an inactive form of PAM and can no longer alkylate other biomolecules such
as DNA or proteins. Decreased expression of GSTAL was associated with decreased risk of
death (increased survival) in the first 5 years after diagnosis in breast cancer patients treated
with cyclophosphamide (Sweeney et al., 2003). This suggests that decreased detoxification via

glutathione conjugation of PAM led to more favourable therapeutic outcome.
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Many intracellular proteins alkylated by PAM have been identified and these include the
metallothionein protein family. These are cysteine- and thiol-rich, low molecular weight family
of proteins which are localised to the Golgi apparatus. In vitro, PAM has been found to alkylate
metallothioneins, forming covalent links at cysteine residues of the proteins (Wei et al., 1999).
Importantly, a study has shown that upregulation of metallothioneins is associated with worse
outcomes in cancer patients treated with cyclophosphamide (Poulsen et al., 2006). This
suggests that increased metallothionein expression decreases the therapeutic effectiveness of

cyclophosphamide, possibly through the increased detoxification of PAM.

In addition, other proteins can be alkylated by PAM and within the nuclear compartment many
of these have been identified as DNA-protein complexes. Importantly these PAM adducts on
DNA-proteins are involved in transcriptional regulation, translation, RNA processing and also
the DNA damage response (Groehler et al., 2016). Hence alkylation of DNA-proteins by PAM

could be an additional way in which this molecule damages DNA and leads to cell death.
4.1.5. DNA damage repair capacity

The DNA repair capacity of the cells will also influence the eventual cytotoxicity of the PAM
product of cyclophosphamide. As was previously mentioned in Chapter 1 (Section 1.3.1), the
monoadducts and inter-strand cross links formed by PAM at the 3’-GnC-5’ sequences in DNA
form bulky lesions that block DNA replication and transcription. This initiates DNA repair

pathways, in particular, nucleotide excision repair and double strand break repair.

Inherited variants in many DNA repair pathways are well characterised to predispose to
carcinogenesis due to poor repair of endogenous damage, induced by factors such as random
replication-induced errors, as well as hormonal and environmental carcinogens. However,
there is also increasing evidence that impaired function in both nucleotide excision repair and

double strand break repair pathways is observed in patients with SLE (Davies et al., 2012;
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Jahantigh et al., 2015; Manolakou et al., 2022; Namas et al., 2016; Souliotis et al., 2016).
Indeed, there is some suggestion that differences in repair of UV- or ROS- damaged DNA
could predispose to autoantigen generation in this immune-mediated disease (Lo, 2016; Lo &

Tsokos, 2018; Meas et al., 2017; Noble et al., 2016).

The formation of PAM-induced DNA monoadducts mainly triggers the nucleotide excision
repair pathway. DNA damage that leads to this pathway can be sensed by two different
mechanisms, global genome repair and transcription-coupled repair. Global genome repair
targets localised lesions in the genome whereas transcription-coupled repair detects damage in
active genes during transcription. Subsequently, the DNA double helix is unwound by helicase
activity and the lesion is removed, followed by re-ligation of this area of DNA. In SLE patients,
deficiencies in various steps of this pathway have been observed (Lee et al., 2011; Souliotis et

al., 2016).

On the other hand, inter-strand crosslinks caused by PAM induce the double strand break repair
response. The double strand break repair response is mediated through different mechanisms
including, non-homologous end joining and homologous recombination. Both utilise different
sets of proteins with different mechanisms to repair double strand breaks. SLE patients
generally exhibit impaired capacity to repair these double strand breaks (Davies et al., 2012;

Souliotis et al., 2016).

There are numerous proteins involved in each of these repair pathways, each of which may be
differentially expressed in individuals. Due to the complex overlapping nature of the numerous
proteins involved in DNA damage repair, a single protein (and its coding variant) within a
pathway is unlikely to be individually causative of the impaired capacity previously reported

in SLE patients. Therefore, a functional endpoint-based assay such as southern blotting, single
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cell gel electrophoresis assay (COMET) or the QPCR-based assay (described in Chapter 2

Section 2.1.8) is required.

The studies to date have assessed the repair capacity in lupus patients compared to healthy
controls following damage due to alkylating agents, such as melphalan (Souliotis et al., 2016),
UV or oxidants (Davies et al., 2012; Harris et al., 1982; McCurdy et al., 1997). Remarkably,
despite this evidence of impaired DNA-damage repair capacity in patients with SLE, there has
been little consideration as to the therapeutic consequences with respect to differences in repair

of PAM-induced DNA damage.

Individuals with impaired repair could thus be more sensitive to cyclophosphamide (PAM)-
induced DNA damage and would be expected to have an earlier or more robust response to

cyclophosphamide treatment.

To further investigate the putative differences in the functional-capacity to repair DNA damage
in SLE patients the QPCR-based assay was used quantify differences in PAM-induced DNA

damage in ex vivo exposed PBMC from healthy controls and patients with lupus nephritis (LN).
4.1.6. Study design

The study was approved by the Northern B Health and Disability Ethics Committee
(18/NTB/170 for healthy donors, 20/NTB/182 for lupus nephritis (LN) patients). Following
informed consent, patients above 18 years old diagnosed with either active or quiescent lupus
nephritis and not currently being treated with cyclophosphamide or any other alkylating agent
were recruited into the study. Donors above 18 years old and were healthy were recruited into
the study. Patients who were not able to provide a blood sample or donors who were pregnant
or breast feeding, on any medication other than oral contraception or had current illness were

excluded from the study.
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Following informed consent, lupus nephritis patients were recruited at renal clinics conducted
at Auckland District Health Board and Waitemata District Health Board and healthy donors
were recruited at the University of Auckland. In a previous study (Souliotis et al., 2016), 6
participants per group (active and quiescent lupus nephritis) and 6 healthy donors were enough
to detect differences in DNA damage repair capacity following treatment with a different DNA
alkylating agent (melphalan). Assuming an effect size of 30%, and a population standard
deviation of 0.3, the study aimed to recruit 17 patients and 17 healthy donors, which would
provide 80% power to detect a difference in mean QPCR-block ICso between lupus nephritis

patients and healthy donors using the Mann-Whitney test.

Following recruitment into the study, a blood sample was taken from the patients at their next
renal clinic visit. Blood samples were drawn by a trained phlebotomist from healthy donors
following informed consent after recruitment at the University of Auckland. The blood sample
(24 mL) was collected in 3 x 8 mL BD Vacutainer® CPT™ sodium citrate tubes (Becton,
Dickinson and Company, USA). The tubes were then centrifuged (1800 g, 30 min, 24 °C)
within half an hour of collection and the plasma removed and stored at —80 °C. The remaining
buffy coat (containing PBMC) was pooled from the 3 tubes and an aliquot of the cells were
counted (as described in Chapter 2 Section 2.1.3). The pooled PBMC were centrifuged (400 g,
40 min) and the pellet was gently resuspended in an appropriate volume of PBS to provide 37
x 108 cells/mL. Subsequently, PBMC in PBS were exposed to a range of PAM concentrations
(0 — 1000 uM) for 1 hour at 37°C. The PBMC were then removed from the PAM solution by
centrifugation (1600 g, 5 min). The DNA was then extracted from the PBMC through lysis
(detailed in Chapter 2 Section 2.1.8). The extracted DNA was then amplified in the QPCR

assay (detailed in Chapter 2 Section 2.1.8).

The amount of PAM-induced DNA adduct was quantified as the amplification of a treated
sample relative to untreated control (% QPCR block) and the concentration of PAM which

92



resulted in 50% of untreated control was calculated and reported as 1Csg. For comparison of
the differences between patients and donors in PAM-induced DNA damage repair, the data are

reported as the 1Cso values (mean of four technical replicates) for each individual donor.

The statistical analyses were conducted in GraphPad Prism 9.0.2 (Graphpad Software Inc.,
USA). All p-values calculated were two-sided and considered significant below 0.05. To
determine the likelihood of continuous data being sampled from a normal or lognormal
distribution, the Akaike Information Criterion was used in Prism. Thereafter, the Shapiro-Wilk
normality test was used to determine normality or lognormality of the data, depending on the
result above. Correlation between continuous variables was calculated using Pearson’s
product-moment correlations if parametric or using Spearman’s rank correlations if non-
parametric. Differences between parametric data sets were calculated using unpaired t-tests
(with Welch’s correction) and 1-way ANOVA, whereas differences between non-parametric
data sets were calculated using Mann-Whitney rank sum tests and Kruskal-Wallis rank sum

tests.
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4.2. Results

4.2.1. Study demographics

The demographics of the patient and healthy volunteer populations in the study are summarised
in Table 4-1. Of the 17 patients recruited for the study, blood samples could be obtained from
16, of which 75% were female. Multiple ethnicities were reported for both study populations.
The average age of lupus nephritis (LN) patients included in the study was 38.7 + 12.9 years,
with 37.5% identifying as New Zealand European or European, 37.5% Asian, 25% Pasifika. A
similar proportion of the 13 healthy volunteers recruited for the study were female (77%). The
average age of healthy volunteers recruited for the study was 35.4 £ 13.1 years, with 61.5%
identifying as New Zealand European or European and 23.1% Asian. There was no significant
difference in the ages (p = 0.409), or the female to male proportion in the two study populations
(chi-square test, p = 0.904). Fisher’s exact tests were used to test differences in ethnicity
proportions between the two populations. In both study populations, there was no statistically
significant difference between the proportion of New Zealand European/European (p = 0.175),
Maori (p = 0.417), Pasifika (p = 0.125), Asian (p = 0.705) and Middle Eastern/Latin

American/African (p > 0.999) ethnicities.
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Healthy donors LN patients

(n=13) (n=16)
Age
(years) 35.4+13.1 38.7+12.9
Sex
Female (%) 77 75
Male (%) 23 25
Ethnicity*
New Zealand European/European (%) 61.5 37.5
Maori (%) 7.69 0
Pasifika (%) 0 25.0
Asian (%) 23.1 37.5
Middle Eastern/Latin American/African (%) 15.4 6.25
Others (%) 0 0

Table 4-1. Demographics of lupus nephritis (LN) patients and healthy donors recruited
for the study. Multiple ethnicities were reported. 'Categories of self-identified ethnicity as
described in the NZ census (2021).

In the patient group, 50% of the patients included in the study had active lupus nephritis and
50% had quiescent disease. All patients with quiescent or active disease were concomitantly
treated with prednisone at varying dosages (2.5 — 80 mg/day). Several of these patients were
also treated with other drugs, such as hydroxychloroguine and mycophenolate for control of
lupus as well as calcineurin inhibitors, such as tacrolimus and cyclosporin (listed in Table 4-

2).
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ID Medications given

ID Medications given

ID Medications given

Cyclosporine

Hydroxychloroquine Prednisone
Candesartan .
Mycophenolate Allopurinol Prednisone
Prednisone Folic Acid
Cotrimoxazole Omepra_zole Methotrexate
01 o 07 Ezetimibe 13 .
Colchicine . Sulphasalazine
Cholecalciferol Carvedl_léjl Cholecalciferol
Amlodipine Frl_Jseml ¢ Cetirizine
Ferrous fumarate Cotrlmoxa'zo-le
Erythropoietin
Nortriptyline
Mycophenolate
Prednisone Prednisone Prednisone
02 Cholecalciferol 08 Hvdroxvehloroduine 14 Mycophenolate
Tenofovir ydroxy g Hydroxychloroquine
Omeprazole
Hydroxychloroguine
Mycophenolate
Hydroxychloroquine Aspirin
Mycophenolate Prednisone Omeprazole
03 Prednisone 09 Azathioprine 15 Cilazapril
Cilazapril Hydroxychloroquine Risedronate
Cholecalciferol Cholecalciferol
Prednisone
Sertraline
Mycophenolate
Hydroxychloroquine
Prednisone Hydroxychloroquine Prednisone
04 Amlodipine 10 Prednisone 16 Hydroxychloroquine
Cotrimoxazole Mycophenolate Omeprazole
Cholecalciferol
Oxynorm
Amlodipine
Cotrimoxazole
Hydroxychloroquine Aspirin
Prednisone Metoprolol
Frusemide Candesartan
05 Cilazapril 11 Omeprazole
Sodium bicarbonate GTN
Cholecalciferol Prednisone
Erythropoietin Mycophenolate
Hydroxychloroquine
Atorvastatin
Mycophenolate
06 Prednisone Prednisone
Hydroxychloroquine Mycophenolate
Tacrolimus

Table 4-2. Concomitant medications of recruited lupus nephritis patients at the time of
blood sampling.
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4.2.2. Quantification of PAM-induced DNA damage repair

Sensitivity of PBMC to PAM was quantified by the QPCR-block assay after exposure to a
range of PAM concentrations, and the ICso value for each PBMC donor was calculated.

Example 1Cso curves are shown for two donors with widely differing sensitivity to PAM-

induced DNA damage (Figure 4-1).
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Figure 4-1. Example 1Cso curves of two individual lupus nephritis patients with
differing sensitivity to PAM. Individual datapoints are the mean QPCR-block of
experimental (n = 1 —4) and technical replicates (n = 4) as determined by the concentrations
of double-stranded DNA after PCR. Error bars around datapoints represent the standard
deviation of the mean and the dotted lines around the curve represent the 95% confidence

intervals of the fit of the curve. ICso values and standard deviations were determined by the
curve fit in GraphPad Prism 9.0.2.
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There was a wide range of sensitivity to PAM observed in the healthy donors, the 1Csp ranged
8-fold from 100 pg/mL to 815 pg/mL. In lupus nephritis (LN) patients, a wider range of
sensitivity to PAM was observed, with ICso values ranging more than 300-fold from 2.23
pg/mL to 733 pg/mL (Figure 4-2). The median (IQR) of ICso values were 260 (100-587) and
161 (13.74-733) pg/mL for healthy donors versus LN patients respectively. There was a
significant difference (p = 0.0319, Mann-Whitney test) in the sensitivity to PAM-induced DNA

damage between the healthy donors and the lupus nephritis patients (Figure 4-2).
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Figure 4-2. Lupus nephritis (LN) patients (n = 16) have higher sensitivity to PAM-
induced DNA damage than healthy donors (n = 13). Individual datapoints are 1Cso values
determined in each donor by the QPCR-block assay. Box and whisker plots represent the
median, 25-75 % IQR (boxes) and the minimum and maximum of each population. A
significant (* p < 0.05) difference between the two groups was observed, (Mann-Whitney
test).
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The data for the LN patients was highly skewed (1.209) with a positive kurtosis (1.144),
suggesting a non-Gaussian distribution. The spread of the 1Cso values obtained in the study
populations were therefore assessed for conformity to a normal (Gaussian) distribution and for
lognormal distribution. Initial comparison of likelihoods suggested that both populations
followed a lognormal distribution. Both the healthy donors (AIC: P(lognormal) = 0.852) and
LN patients (AIC: P(lognormal) = 0.999) were found more likely to follow a lognormal
distribution. In healthy donors, sensitivity to PAM conformed to a lognormal distribution.
However, in LN patients, sensitivity to PAM did not conform to either a normal or lognormal
distribution in more than one test. Significant deviation from lognormality was: p = 0.0245,
Shapiro-Wilks test; p = 0.0184, Andersen-Darling test. The quantile-quantile (QQ)
lognormality plots are shown (Figure 4-3). This suggests that that the distribution of the data

in the LN patients is not lognormal.
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Figure 4-3. The quantile-quantile (QQ) probability plots for lognormality in sensitivity
to PAM-induced DNA damage in a) healthy donors (n = 13) and b) LN patients (n =
16). Individual datapoints are ICso values determined in each donor by the QPCR-block
assay. LN patients substantially deviate from the null hypothesis (dotted line) by two
lognormality tests (p = 0.0245, Shapiro-Wilks test; p = 0.0184 Andersen-Darling test).
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To visualise the distribution of 1Cso values for both the healthy donor and LN patient
populations, the values were log-transformed (as both populations were found to more likely
follow a lognormal distribution) and graphed in histograms (Figure 4-4). In healthy donors, the
log-transformed 1Cso values followed a unimodal shape whereas 2 peaks were present in LN
patients. Additionally, an extra sum-of-squares F test was conducted for both populations to
compare a Gaussian distribution model against a sum of 2 Gaussian distributions model. In
healthy donors, the single Gaussian distribution model was considered the better fit (p = 0.996),
whereas the sum of 2 Gaussian distributions model was a better fit in LN patients (p = 0.0258).

This suggests a bimodal population distribution in LN patients.
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Figure 4-4. The histograms of log-transformed 1Cso values in a) healthy donors (n =
13) and b) LN patients (n = 16). The frequencies of bin buckets are plotted on the left axis,
whilst cumulative frequency is represented by the solid black line and is plotted on the right
axis. 1Cso values for PAM sensitivity in LN patients fit a bimodal population model (sum of
2 Gaussians preferred over single Gaussian model, p = 0.0258) whereas healthy donors fit a
unimodal Gaussian model (sum of 2 Gaussians not preferred over single Gaussian model, p
= 0.996).
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4.2.3. Comparison of active versus quiescent disease

The sensitivity to PAM-induced DNA damage data was then sub-categorised into patients with
active versus quiescent disease as determined by clinicians. In patients with active LN (n = 8),
the sensitivity to PAM-induced DNA damage (ICso) ranged from 3.67 pg/mL to 433 pg/mL
(median: 59, IQR 4.4-188 pg/mL), whilst in patients with quiescent LN (n = 8), the range of

ICso values was greater at 2.23 pg/mL to 733 pg/mL (median: 251, IQR 73-456 pg/mL),

(Figure 4-5).
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Figure 4-5. Active LN patients (n = 8) appear to have higher sensitivity to PAM-induced
DNA damage than healthy donors (n = 13). Individual datapoints are 1Csg values
determined in each donor by the QPCR-block assay. Box and whisker plots represent the
median, 25-75% IQR (boxes) and minimum and maximum of each population. Kruskal-
Wallis multiple comparisons tests were conducted to determine p-values. * p < 0.05.
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There was no significant difference (p = 0.682) in PAM sensitivity (ICso values) between
healthy donors and quiescent LN patients (median 278 pg/mL versus 251 pug/mL, respectively).
Despite the substantial difference between the median value for active LN patients and
quiescent LN patients (58.7 pug/mL vs 251 pg/mL), this was not statistically significant (p =
0.269). This is likely due to the small population size as well as the skew (0.8) of data in the

quiescent group.

In contrast, a significant difference was observed between healthy donors and active LN
patients (p = 0.0177), (Figure 4-2). Overall, 4 LN patients (3 with active and 1 with quiescent
disease) had very high sensitivity to PAM-induced DNA damage with ICso values below 10

pg/mL.

4.2.4. Comparison of male-female and age-related differences in PAM
sensitivity

No significant difference in sensitivity to PAM was observed between male and female LN

patients in the study (p = 0.599). However, there was a significant difference in sensitivity to

PAM between male and female healthy donors (p = 0.0020), (Figure 4-6). This may be

influenced by the relatively small sample size, and a larger study is needed to confirm this

finding.
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Figure 4-6. a) Male healthy donors (n = 3) had lower sensitivity to PAM-induced DNA
damage than female healthy donors (n = 10). (b) No difference in sensitivity to PAM
was observed between male (n = 4) and female (n = 12) LN patients. Box and whisker
plots represent the median, 25-75% IQR (boxes) and minimum and maximum of each
population. An unpaired t-test was conducted to statistical significance in a). A Mann-
Whitney rank sums test was conducted in b), due to the non-normal distribution of the data.
**p <0.01

There was no significant correlation between age and sensitivity to PAM in either the LN
patient group (Spearman’s R = -0.236 (95% CI -0.664 to 0.309), p = 0.376) or the healthy
donor group (Pearson’s R =-0.157 (95% CI -0.652 to 0.431), p = 0.609). Finally, there was no
significant correlation between daily prednisone dosage and PAM sensitivity in LN patients

(Spearman’s R =-0.390 (95% CI -0.750 — 0.146), p = 0.136).

103



4.3. Discussion

The observation that lupus patients appear to have increased sensitivity to DNA damage (i.e.,
decreased DNA repair capacity) than healthy individuals in the current work is supported by
previous studies. These studies however used various methods of DNA damage detection and
different DNA damaging agents. Of note are the studies conducted by Souliotis et al. (2016),
who demonstrated this difference through Southern blotting and immunohistochemistry, as
well as the finding that SLE patients had higher endogenous mitochondrial DNA damage than

healthy individuals (LOpez-L06pez et al., 2014) detected by a QPCR assay.

Notably, Souliotis et al. (2016) assessed DNA damage-repair activity in PBMC from SLE
patients and healthy volunteers treated ex vivo with a different alkylating agent (melphalan).
This report observed significant differences in DNA damage between the healthy donors and
SLE patients similar to our observations. However, in contrast to the findings in this chapter,
Souliotis et al. (2016) observed a significant increase in DNA damage between the quiescent
SLE patients and those with active proliferative lupus nephritis. It is also important to note that
the present study was only powered to detect differences between healthy individuals and lupus
nephritis patients. This lack of power could be the reason why there was no difference detected

between quiescent and active lupus nephritis patients.

However, these authors (Souliotis et al., 2016) used a different technique to assess DNA-
damage repair. They measured melphalan-induced DNA damage in a nucleotide sequence from
a selected region of the N-ras gene using the semi-quantitative Southern blotting method.
Melphalan has very similar DNA-alkylating behaviour to PAM. The Southern blotting assay
involves converting the melphalan DNA-adducts into strand breaks using alkaline hydrolysis
and heat denaturation. These strand breaks decrease the size of the nucleotide sequence.

Following addition of 32P nucleotide probes detection of the full-length nucleotide sequence in
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treated versus untreated samples is assessed by autoradiography (Episkopou et al., 2009). The
assumption is that the melphalan monoadducts are repaired by nucleotide excision repair and
that an increased number of adducts (decreased full length nucleotide sequence) indicates lower
repair. However, this autoradiography method is semi-quantitative unlike the QPCR block
assay described in this thesis. In addition, this Southern blotting technique is an indirect

measure of the adducts produced by melphalan, since it only measures strand breaks.

Levels of endogenous damage using DSB repair were also assessed in these patients. For
quantification of double strand break repair capacity in SLE patients’ PBMC, the authors
(Souliotis et al., 2016) used immunocytochemistry. Detection of the DNA double strand break
damage sensor (YH2Ax) and Rad51 (a homologous recombination repair protein) was used,
with the number of immunoreactive foci counted per nucleus. Manual counts of foci in this
method of detection are prone to inter- and intra-user variability. Furthermore, these measures
do not encompass all aspects of double strand break repair capacity. Whilst the phosphorylation
of YH2Ax is a damage sensor that is important in both non-homologous end joining and
homologous recombination processes (Feng et al., 2017; Podhorecka et al., 2010), Rad51 is

only involved in homologous recombination repair.

Hence, the Southern blotting technique is limited to detection of strand breaks and
immunocytochemistry approaches assume that non-homologous end joining and homologous
recombination processes have been activated. It is of note that there is a plethora of other DNA-
damage repair processes that may be important for alkylating agents such as PAM, these
include base-excision repair and direct-repair. It is also important to note that the QPCR-block
assay described in this thesis will detect any adduct or DNA damage that prevents amplification
of the nucleotide sequence, this includes DNA-proteins that have been alkylated by PAM and
it is therefore a more holistic approach and does not make assumptions as to which type of
DNA-repair process is impaired.
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The PBMC from healthy donors and lupus patients used in the REPAIR study described in this
thesis chapter were isolated and immediately exposed to PAM for 1 hour prior to determination
of the DNA-repair capacity. In contrast, the study by Souliotis et al. (2016) used
phytohaemagglutinin-stimulated PBMC. These cells were allowed to proliferate for 48 h before
assessment of DNA-repair capacity following exposure to melphalan. This difference may be
important since PMBC typically consist of resting T-lymphocytes. Some of the processes of
repair of PAM-induced DNA damage are pathways only available during S-phase of mitosis
(during DNA synthesis). Indeed, when stimulated T-cells are exposed to a double strand break-
inducing drug (zeocin), they can repair via homologous repair and non-homologous end joining
pathways. In contrast, resting T-cells with zeocin-induced double strand breaks undergo
apoptosis as these specific pathways are not available (Hu et al., 2018). Hence the use of non-
proliferating (unstimulated) cells in this study may have biased this assay towards repair of
PAM monoadducts by processes such as nucleotide-excision repair rather than processes which

repair double-strand DNA breaks.

The DNA adducts induced by PAM rapidly convert from a monoadduct into an inter-strand
crosslink (in less than 30 minutes). In contrast, this conversion is much slower (>6 hours) for
melphalan (Bauer & Povirk, 1997). However, on a molar basis, PAM is 25-fold less efficient
than melphalan at forming an inter-strand crosslink. This could be another reason for a lower
sensitivity in detection of differences between quiescent and active lupus patients in the

REPAIR study compared with the earlier report by Souliotis et al. (2016).

The study by Souliotis et al. (2016) is not the first to have demonstrated DNA repair
deficiencies in lupus patients. It has been suggested that defective DNA repair capacity in
SLE/LN patients contributes to the cycle of autoimmunity and predisposes these individuals to
the development of SLE. An early study observed that human lymphocytes from SLE patients
possessed lower amounts of endonuclease required for DNA repair after exposure to UV light
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(Beighlie & Teplitz, 1975). Cleaver (1968) also suggested that individuals with the hereditary
disease xeroderma pigmentosum (caused by a mutation in a DNA repair gene family XP) were
susceptible to greater amounts of UV damage and this could be a first step in the development
of SLE. Other studies have also shown various aspects of defective DNA repair, such as
inhibited repair of double strand breaks in paediatric SLE patients through the COMET assay
(Davies et al., 2012), delayed repair response to ionising radiation (McCurdy et al., 1997) and
difficulty in repairing methylated bases as evidenced by delayed cell growth (Harris et al.,

1982).

The results of the REPAIR study reported in this chapter therefore confirm many previous
reports that lupus nephritis patients appear to have a significantly impaired DNA damage repair
capacity compared to healthy individuals. Many of these previous reports have focussed on the
possible role of impaired-DNA damage repair as a factor which increases immunogenic DNA

and pre-disposes individuals to risk of SLE.

In contrast to these previous reports, this assay directly measures sensitivity to PAM, the
ultimate cytotoxic metabolite of cyclophosphamide. The use of PAM as the damaging agent in
the assay, avoids the complexity of the differences in the rate of formation or detoxification of
the intermediate metabolites of cyclophosphamide and hence reports directly on the differences
in sensitivity as an endpoint. This is the first time that differences in DNA repair sensitivity to
cyclophosphamide (a treatment for active lupus nephritis) have been considered in lupus

patients.

Following treatment with cyclophosphamide, patients with Fanconi anaemia (a very severe
DNA repair deficiency) have 15-fold higher DNA adduct formation than in patients with
haematological malignancies (L. A. Johnson et al., 2012b). In contrast, the difference in median

DNA-damage sensitivity (following in vitro exposure to PAM) in the LN patients compared to
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healthy controls observed in the REPAIR study was only ~1.6-fold. This suggests that the
aberrant DNA-damage repair processes may be relatively mild in the lupus patients. However,
this could still have consequences for individual patient sensitivity to cyclophosphamide

treatment.

Although it was a relatively small sample size, the PAM induced DNA damage in the lupus
patients did not follow a normal distribution in contrast to the distribution in healthy
individuals. There was also a larger inter-individual variability within lupus nephritis patients
than in healthy individuals. In particular, four patients appeared to be very sensitive to PAM

exposure with 1Csg <10 pg/mL.

This suggests that these four patients may have the potential to be particularly responsive to
cyclophosphamide therapy. Conversely, this could also indicate that these patients may be
more vulnerable to adverse excessive immunosuppression outcomes, such as severe infections.
With further validation, this assay could potentially be utilised in a clinical setting to screen
patients before deciding use of either mycophenolic acid or cyclophosphamide for induction

therapy.

Notably, three of these patients with extreme sensitivity to PAM-induced DNA damage were
older females and one was a younger male. SLE has a well-characterised female predominance
(McDonald et al., 2015; Ramirez Sepulveda et al., 2019; Tan et al., 2012; Thomas & Jawad,
2022) and this was evident in the present study, with the majority of LN patients recruited being
female. Importantly, the distribution of sex and age was similar in the healthy donor group and

the patients recruited into this study.

Some studies in the literature have found sex differences in DNA damage repair, particularly
during aging. In one study it was observed that the percentage of double strand breaks that were

repaired and re-joined was consistently lower in women than in men irrespective of age (Mayer
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et al., 1991). In another study conducted in cultured peripheral blood lymphocytes, Rall-
Scharpf et al. (2021) found that non-homologous end joining was impaired in elderly females
above 60 years old compared to younger females below 60 years old, whereas this was
increased in males above 60 years old compared to younger males. Additionally, genes such
as KU70, ATM and BLM, which encode for key proteins involved in the repair of the inter-
strand crosslinks formed by PAM, were found to be downregulated only in older females, not
in older males. In the present study, although the sample size was small (with a low proportion
of male participants), there was a significantly increased sensitivity to PAM-induced DNA
damage in healthy females compared to males. However, there was no difference observed in
the sensitivity of PBMC to PAM-induced DNA damage between males and females in the LN
patients. Itis also likely that sex or age differences in DNA-repair are only a few of the potential

factors that determine the sensitivity to PAM.

The use of concomitant therapies is prevalent in the treatment of LN and has proven to be
useful in managing various SLE symptoms. In particular, glucocorticoids are a staple of LN
treatment and are effective at managing acute flare ups because of their anti-inflammatory
properties. Prednisone is the most used glucocorticoid in SLE treatment (Johns Hopkins Lupus
Center, 2024), and this is also evident in the present study wherein all patients were prescribed

prednisone.

Whilst prednisone is effective in modulating inflammation in LN, the main concern arising
from long-term usage stems from irreversible organ damage frequently associated with
glucocorticoid use. Hence, the schedule for prednisone use in LN treatment has been suggested
by the European Alliance of Associations for Rheumatology to not exceed 7.5 mg/day and be
withdrawn completely if possible (Fanouriakis et al., 2019). Thus, common practice for the
prescription of prednisone usually involves a variable starting dose that tapers quickly to a low,
maintenance dose of 2.5 to 5 mg/day (Ruiz-Irastorza, 2021). The starting dosage of prednisone
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depends largely on the patient and the severity of symptoms, with high doses of prednisone
(>20 mg/day) being used only in the most severe cases. This explains the range of dosage

reported for the patients in this study (2.5 — 80 mg/day).

Glucocorticoids were first suggested to impair DNA damage repair in 1974 (Gaudin et al.,
1974), but this is still poorly understood, with a recent study finding that prednisone increased
endogenous DNA damage in mouse bone marrow cells (de Oliveira et al., 2021). The effect of
prior treatment with prednisone on the activity of DNA repair pathways in the LN patients
could explain the difference in sensitivity to PAM-induced DNA damage between the healthy
donors and the patients. However, there was no correlation between prednisone dose and the
PAM-induced DNA damage (ICso values) obtained (data not shown), suggesting that

prednisone use does not further sensitise patients to PAM.

Hydroxychloroquine (used by 14 of 16 patients in the study) was also recently observed to
induce oxidative DNA damage in mouse embryonic fibroblasts (Besaratinia et al., 2021).
Further experiments could determine the potential for prednisone or hydroxychloroquine to
modulate DNA damage or DNA damage repair processes through co-incubation of prednisone

and/or hydroxychloroquine, with PAM and PBMC ex vivo.

There are various limitations in this preliminary study that should be addressed. First, the
further sub-categorisation of LN patients into quiescent and active was not initially considered
in the study design and this is likely to have resulted in insufficient power to discern any
statistical differences between these two patient groups and the healthy donors. Future work
should consider a larger sample size to independently verify if differences in sensitivity to PAM
due to disease status can be observed. Furthermore, whilst the ethnicities of the patient and
donor populations were not statistically different, the number of different ethnicities and small

sample size could mean that ethnicity contributed in part to the differences observed. This is
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particularly relevant considering the large disparity in SLE susceptibility as well as health
outcomes between Maori, Pasifika, Asian and European NZ ethnicities. Maori and Pasifika, in
particular, display increased SLE and LN prevalence as well as worse health outcomes due to
systemic social and health inequities. Differing sensitivity to cyclophosphamide treatment

could then aid in improving health outcomes for Maori and Pasifika.
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Chapter 5: Assessment of Mycophenolic acid
intracellular uptake and effect on IMPDH
activity
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5.1. Introduction

The immunosuppressive properties of mycophenolic acid (MPA) have established the drug as
an important therapy in several indications, primarily solid organ transplantations and
autoimmune diseases, such as lupus nephritis. As discussed in Chapter 1 (Section 1.2.1),
mycophenolic acid immunosuppression is mediated through IMPDH inhibition which leads to

selective inhibition of lymphocyte proliferation.
5.1.1. IMPDH structure and activity

IMPDH is the rate-limiting enzyme in the de novo biosynthesis of guanine nucleotides (Figure
5.1). In the de novo pathway of purine synthesis, inosine monophosphate (IMP) is the common
precursor of adenosine monophosphate (AMP) and guanosine monophosphate (GMP).
Following the synthesis of IMP from ribose-5-phosphate, the conversion of IMP to xanthosine
monophosphate (XMP), catalysed by IMPDH, represents the first committed step in guanine
nucleotide synthesis. This contrasts with the conversion of IMP to succinyl-AMP, catalysed by

adenylosuccinate synthase, which is the first committed step in adenine nucleotide synthesis.
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committed step to guanine nucleotide synthesis.
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IMPDH has two isoforms, IMPDH1 and IMPDH2, which both contain 514 amino-acid
residues and are 84% identical. Regardless of the isoform, the IMPDH protein monomer
consists of two main domains, a catalytic domain comprised of both a- and -barrels, as well
as a regulatory Bateman domain. The enzyme (IMPDH1/2) exists within cells as a stable
tetramer, which is ordered in square planar geometry, with the Bateman domains located at the
corners of the tetramer and the sides of the o/p barrels located between the IMPDH monomers.
The active site is located in the catalytic domain at the C-terminal loops of the -barrels and
can be covered, depending on enzyme conformation, by a large 50-residue polypeptide

segment acting as a flap (Hedstrom, 2009).

Using purified recombinant protein the enzyme has been shown to be a bi-bi reaction with
product inhibition (Carr et al., 1993) and that the two isoforms have similar kcat (1.5 and 1.3
secl). The active site consists of various residues critical to the catalysis of IMP to XMP. This
conversion is a biphasic process: a dehydrogenase reaction followed by a hydrolysis reaction.
The dehydrogenase reaction produces an enzyme-bound thioimidate intermediate, E-XMP*
through the transfer of a hydride from IMP to the cofactor NAD*. The active site cysteine
residue (Cys331 in human IMPDH2) forms the covalent bond with IMP, thus trapping the
substrate, whilst the cofactor NAD" is held in place through hydrogen bonds to various residues
such as aspartate (Asp274) and serine (Ser276), (Futer et al., 2002). During the dehydrogenase
reaction, the enzyme is in an open conformation, with the polypeptide flap oriented away from
the active site. Having produced the thioimidate intermediate, the by-product NADH
dissociates from IMPDH, inducing a conformational change in the enzyme. The enzyme shifts
to a closed conformation, with the flap moving to cover the NAD™-binding site. The flap
contains an arginine residue (Arg429) which, along with the adjacent tyrosine residue

(Tyr430), acts as a proton acceptor for water, generating a hydroxyl ion (Hedstrom, 2009). The
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hydroxyl ion undertakes nucleophilic attack on C; of the E-XMP* intermediate, breaking the

bond between Cys331 and XMP. This releases the final product XMP.

The IMPDH enzyme can also be allosterically regulated by both adenine and guanine
nucleotides. The Bateman domain contains three nucleotide binding sites (Fernandez-Justel, et
al., 2019): ATP/ADP and GTP/GDP bind competitively to the second site, whilst ATP/ADP
and GTP/GDP bind exclusively to the first and third site respectively. The binding of GDP and
GTP to the second and third sites of Bateman domains of IMPDH enzymes induces a tight and
compressed octamer conformation. This octamer is made up of two tetramers stacked against
each other at their Bateman domains and induces a ‘bowed’ conformation of the IMPDH
enzyme such that the active site cannot adopt the position necessary for catalysis, thus
decreasing catalytic activity (Buey et al., 2015, 2017). In contrast, the binding of ATP to the
Bateman domains of IMPDH results in the formation of a looser octamer conformation (‘flat”)

with unaltered catalytic activity (Fernandez-Justel, Nufiez, et al., 2019; Thomas et al., 2012).
5.1.2. Mechanism of IMPDH inhibition by mycophenolate (MPA)

Mycophenolate (MPA) binds IMPDH at the NAD*-binding portion of the active site. When
bound to the active site, the 6,5-ring of MPA is oriented similarly to the nicotinamide ring of
NAD", forming hydrogen bonds with many of the residues that bind NAD* (Colby et al., 1999).
Notably, MPA occupies this site only after the hydride transfer from IMP to NAD* has occurred
(and NADH has been released), this results in MPA trapping the intermediate E-XMP*. It is
also important to note that MPA has high selectivity for E-XMP* in human IMPDH in contrast
to bacterial IMPDH where MPA does not display such affinity (Hedstrom, 2009). The
occupation of the NAD*-binding site thus prevents the enzyme from assuming the closed

conformation necessary for the hydrolysis reaction to take place. Hence, MPA is a non-
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competitive inhibitor as it does not compete with NAD™ for the binding site. This also means

that MPA inhibition increases as substrate concentration increases.

MPA is a very potent non-competitive inhibitor and the enzyme inhibitor constant (ki) of MPA
is reported to be 37 nM and 9.5 nM for IMPDH1 and IMPDH2 respectively, using purified
recombinant protein (Carr et al., 1993), and 11 nM and 6 nM when using purified human

protein preparations (Hager et al., 1995).
5.1.3. Cellular responses to MPA inhibition of IMPDH

The inhibition of IMPDH by MPA is especially relevant in cells that rely on de novo guanine
nucleotide synthesis. This is important as MPA immunosuppression in the treatment of
autoimmune diseases and post-transplant regimens primarily targets stimulated/proliferating
lymphocytes. Resting lymphocytes, like most other tissues, generally utilise the salvage
pathway for any purine and pyrimidine nucleotide requirements. However, when expansion
and proliferation are required, the turnover of nucleotides from the salvage pathway is no

longer sufficient and de novo nucleotide biosynthesis becomes crucial (Fairbanks et al., 1995).

Several feedback mechanisms maintain the balance of the purine nucleotide pools within the
cell. Both branches of purine synthesis contain steps utilising the other nucleotide (i.e. the
conversion of IMP to succinyl-AMP is driven by GTP hydrolysis whilst XMP to GMP
conversion is driven by ATP hydrolysis) and can be inhibited by their end products. Notably,
5-phosphoribosyl-1-pyrophosphate amidotransferase, which catalyses the rate-limiting step in
the conversion of ribose-5-phosphate to IMP, can also be inhibited by purine nucleotides
(Camici et al., 2018). Thus, the inhibition of IMPDH by MPA and subsequent guanine
nucleotide deprivation has further downstream effects on the de novo purine biosynthesis
pathway. In fact, the interlinkage and intricacies of both salvage and de novo purine and

pyrimidine pathways mean that MPA-mediated guanine nucleotide deprivation results in
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overall nucleotide deprivation (Qiu et al., 2000). This nucleotide deprivation leads to G1/S
phase cell cycle arrest since DNA cannot be replicated, thus inhibiting proliferation of the cell.
Besides this cytostatic effect, MPA has also been shown to possess cytotoxic effect, although
its cytotoxicity does not appear to be primarily mediated through apoptosis following cell cycle
arrest. Rather, cell death from MPA treatment occurs via a caspase-independent necrotic signal

(Chaigne-Delalande et al., 2008).

5.1.4. Quantification of IMPDH activity

The methods for the quantification of IMPDH activity have mostly utilised three techniques:
measurement of radiolabelled compounds, spectrophotometry and high-performance liquid
chromatography (HPLC). These methods have been devised with the core principle of
measuring either the loss of substrate/cofactor (IMP/NAD™) or the formation of product

(XMP).
5.1.4.1. Radiolabelled IMP assays

Initial attempts to assay IMPDH activity used radiolabelled [**C]-IMP and thin layer
chromatography (TLC) to separate the substrate and product (Ikegami et al., 1985; Proffitt et
al., 1983; Saccoccia & Miech, 1969) followed by measurement of radioactivity from the
different spots. The commercial availability of [*H]-IMP led to the development of an
alternative assay measuring enzyme activity based on 3H-release over time (Langman et al.,

1996). This has become the standard radiolabelled isotope for assay of IMPDH activity.
5.1.4.2. Spectrophotometric assays

Spectrophotometric assays have not been as popular as radioactivity assays or HPLC assays
due to lower sensitivity, but this approach has been used due to the high throughput and

relatively quick run time. Carr et al. (1993) first used spectrophotometry to monitor the
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formation of NADH during IMPDH catalysed metabolism of IMP, by monitoring changes in
absorbance of NADH at 340 nm. Subsequent assays have utilised the same conditions
(Gollapalli et al., 2010; Pua et al., 2017) or with modified detection methods. For example,
measuring emission at 440 nm (Anthony et al., 2017) or coupling NADH release with the
reduction of iodonitrotetrazolium (INT) to INT-formazan to increase assay sensitivity

(Keppeke et al., 2018). Several commercial IMPDH activity assays also rely on this method.
5.1.4.3. HPLC assays

The inconvenience of the radioactivity assays resulted in the use of HPLC methods to separate
the product XMP from the substrate IMP and cofactor NAD™. The first published HPLC
method used reversed-phase liquid chromatography and an ion-pairing reagent,
tetrabutylammonium hydrogen sulphate (TBAS), and monitored the chromatographically
separated compounds at 254 nm and 280 nm to determine IMPDH activity in erythrocytes
(Montero et al., 1995). Further optimisation of the HPLC assay eventually led to the
development of conditions for IMPDH activity determination in PBMC (Glander et al., 2009).
This assay used a PBMC lysate in a 2.5-hour incubation with IMP and NAD" followed by
termination of the reaction and protein precipitation using 4 M perchloric acid. The supernatant
was then neutralised with 5 M potassium carbonate before injection onto the column. The
products were then chromatographically separated using either an isocratic or gradient elution
with methanol and an aqueous phase (50 mM KH2PO4 containing 7 mM TBAS). The authors
also established a procedure to standardise the amount of XMP produced relative to the amount
of AMP present in the lysate, rather than the more widely used normalisation to the number of
cells used or amount of protein in the cell lysate. This assay has since become the standard
HPLC assay for the determination of IMPDH activity in PBMC (Chariyavilaskul et al., 2022;

Dom et al., 2018; Tang et al., 2017). A liquid chromatography-mass spectrometry (LCMS)
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method has been reported with improved sensitivity, and this assay can also quantify numerous

purine bases simultaneously (Vethe et al., 2014).
5.1.5. Pharmacokinetic-guided personalised dosing of MPA

The current standard of personalised dosing is through monitoring the plasma
pharmacokinetics of MPA, although it is also important to note that a fixed dosing strategy is
still more commonly used clinically in transplantation and autoimmune disease, especially
SLE, than personalised dosing with target concentration intervention (TCI) or therapeutic drug
monitoring (TDM). The routinely used plasma pharmacokinetic parameters for MPA are
concentrations immediately prior to next dose (Cwough) and the area under the plasma
concentration-time curve (AUCo.12n). The use of an AUCo.12n rather than Cirough has gained
more traction, especially with new techniques such as maximum a posteriori Bayesian
estimation and limited sampling strategies. As noted previously, MPA dose adjustment (using
either TCIl or TDM using these parameters has substantially decreased acute rejection incidence
compared to fixed dose MPA dosing regimens (Metz et al., 2019). Despite this, a substantial
percentage of patients (7.7 to 11.5%) who had achieved optimal MPA plasma pharmacokinetic
exposure, following dose adjustment still experienced acute rejection (Le Meur et al., 2007;
van Gelder et al., 1999). This could be attributed to several factors including inadequate
intracellular MPA concentrations in the target cells or inter-individual variability in IMPDH

inhibition.
5.1.6. Pharmacodynamics: Clinical measurement of IMPDH activity

Using assays to detect IMPDH activity in PBMC, high inter-individual variability in baseline
IMPDH activity (0.8 — 35 nmol h* mg™?) in untreated subjects has been observed (Chiarelli et
al., 2010; Schaier et al., 2015). In addition, some researchers have tried to correlate therapeutic

response with inter-individual differences in IMPDH activity following MPA dosing. These
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studies have been undertaken in patients receiving MPA for immunosuppression following
organ transplant and to date there is little information regarding IMPDH activity following

MPA treatment in SLE patients.

Pre-dose (trough) IMPDH activity, prior to subsequent MPA doses, rather than treatment naive
baseline IMPDH activity, is typically assessed as this can be undertaken during collection of
blood for TDM. However, some studies have also assessed enzyme activity at baseline
(treatment-naive), as well as at selected times during the dosing interval to investigate whether

inter-individual variability may account for differences in clinical outcome.

5.1.7. Pharmacodynamic assessment of IMPDH activity

5.1.7.1. Baseline (treatment-naive) IMPDH differences

An early study measuring baseline IMPDH activity observed that relatively high IMPDH
activity significantly correlated with the occurrence of acute rejection (< 6 months) in renal
transplant patients (Glander et al., 2004). In addition, relatively low pre-transplant (baseline)
IMPDH activity in recipients of nonmyeloablative haematopoietic stem cell transplant was
unexpectedly associated with higher incidence of acute graft versus host disease (Bemer et al.,

2014).

5.1.7.2. Associations between MPA plasma concentration and IMPDH
inhibition

Using an Emax model, the pharmacodynamic effect has been determined to have a direct

relationship with MPA plasma concentrations (Fukuda et al., 2011; Li et al., 2014; Tang et al.,

2017; Vethe et al., 2008). Using this approach, Fukuda et al. (2011) observed that the predicted

ECso value of 1.0 mg/L MPA was close to the Ciough cONcentrations typically observed during

therapeutic drug monitoring (1.0 mg/L to 3.5 mg/L) of patients receiving mycophenolate
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mofetil (MMF) for transplantation. Glander et al. (2010) also determined the Emax (78.7
pmol/s/mol ATP) and an ECso of 1.24 mg/L MPA. This suggests that IMPDH should be more
than 50% inhibited during the whole of the dosing interval. Notably this ECso value in patient
samples is equivalent to 3.1 uM and this is ~80-fold greater than the K; for the purified enzyme

(<37 nM).

A number of studies that have obtained matched pharmacodynamic (IMPDH activity) and
plasma pharmacokinetic MPA profiles broadly confirm this >50% enzyme inhibition during
the dosing interval. The 12-hour pharmacodynamic profile in patients dosed with MMF twice
daily displays a maximal inhibition of IMPDH activity that corresponds to the plasma MPA
Cmax, Which occurs about 1 to 2 hours after the drug dose. Subsequently, IMPDH activity
recovers slowly to pre-dose levels by 12 hours. Another study conducted in liver transplant
patients (already on MMF treatment for at least 3 months) observed that IMPDH activity
inversely correlated with plasma MPA levels both at 30 minutes and 2 hours post-dose
(Neuberger et al., 2020). In children with nephrotic syndrome treated with MPA, Sobiak et al.
(2020) observed that the mean IMPDH activity was lowest when the mean plasma MPA
concentration was highest (at 1 hour post-dose). Mean IMPDH activity then increased as mean
plasma MPA decreased (1 to 4 hours post-dose). The authors also noted that the highest
variability in IMPDH activity was observed at 1 hour post-dose when IMPDH activity was

lowest, suggesting inter-individual variability in the inhibitory capacity of IMPDH.

In contrast to the above, (Molinaro et al., 2013) observed that following multiple-doses of the
drug, there was no correlation between IMPDH activity pre-dose (a Cirough Sample) or at 2 hours
post-dose with the corresponding total or free plasma MPA concentrations. Furthermore,
detailed assessment of both MPA plasma pharmacokinetics (AUC) and IMPDH enzyme

activity-time curve (AEC) during the 12-hour post dose interval in 65 renal transplant patients
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after 3 days of dosing (Glander et al., 2010) demonstrated that whilst there was an inverse

relationship, this relationship was very weak (r> = 0.24).

5.1.7.3. IMPDH activity during a dosing interval and associations with

outcome

IMPDH activity assessment at timepoints during the 12-hour MPA dosing interval is less well
studied. However, some studies have assessed limited timepoints during the dosing interval
and these suggest a lack of relationship between extent of IMPDH inhibition, during the early

part of the dosing interval, and therapeutic outcome.

One study, conducted in renal transplant patients, found no difference in IMPDH activity at 2
hours post-dose between patients who suffered acute rejection and patients who did not
(Molinaro et al., 2013). Another study also observed that there was no difference in the 1.5 h
post-dose IMPDH activity between renal transplant patients who suffered acute rejection and

those who did not (Klaasen et al., 2020).

Using assessment of the enzyme activity-time curve from multiple samples across a dosing
interval, associations with therapeutic outcomes have been inconsistent (Glander et al., 2010;
Lietal., 2014; Schaier et al., 2015; Sommerer et al., 2010; Tang et al., 2017). In renal transplant
patients, Sommerer et al. (2010) found that there was no difference in IMPDH (area under the
time-effect curve, AUEC,.12) assessed at week 12, between patients who experienced biopsy
proven acute rejection and patients who did not. However, there was a significant difference in
AUEC,.12 was detected between patients who experienced gastrointestinal side effects and

those who did not, suggestive of greater immunosuppression in these individuals.

In MMF-treated haematopoietic stem cell transplant recipients, a higher IMPDH AUECo.s
(greater IMPDH inhibition) assessed at day 21 was significantly associated with better

therapeutic outcomes (observed as lower cytomegaly virus reactivation, as well as decreased
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non-relapse and overall mortality), (Li et al., 2014). Notably, a higher median 2-month IMPDH
AUECo,.12 was also significantly associated with relapse occurrence in MMF-treated patients

with the autoimmune disease ANCA-associated vasculitis.
5.1.7.4. IMPDH activity following multiple doses

Interestingly chronic changes in IMPDH activity following multiple doses of MPA have been
observed. Notably a study conducted in heart transplant patients observed that, despite stable
plasma MPA trough levels across a 12-month period, the IMPDH activity substantially altered
during this chronic dosing period. In the initial three months of MPA treatment the pre-dose
IMPDH activity (at Cirough Sampling) decreased by almost 50%. After six months of treatment
activity was almost completely inhibited, whilst at twelve months there was a small increase in
this pre-dose IMPDH activity (Devyatko et al., 2008). Interestingly, this study also observed
positive correlations between lymphocyte activation markers and IMPDH activity, indicating
that high IMPDH activity was associated with weaker immunosuppression. In contrast, Dom
et al. (2018) found no correlation between the incidence of renal transplant rejection and the
pre-dose IMPDH activity (at Ciough Sampling) when activity was assessed between 5-22 days

post-transplantation.

Chronic changes in pharmacodynamic effects of MPA have also been reported following
detailed assessment of IMPDH activity during the dosing interval. Glander et al. (2010)
assessed IMPDH activity (0-12 h) on four occasions (day 3, 10, 21 and 56) in 75 renal
transplant patients receiving MPA. The average IMPDH activity (Aavg) during the 0-12 h post
dose period was highest at day 10 and at later timepoints declined to values similar to those

observed at day 3.

Moreover, the authors also noted that of four patients with biopsy-proven acute rejection, two

patients had relatively weak inhibition of IMPDH at day 0 (IMPDH activity values in the upper
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quartile of the population (n = 75). One patient had strong inhibition of IMPDH in a day-3
sample but had very high IMPDH activity (value in the upper quartile of the population) at day

56 prior to experiencing biopsy-proven acute rejection.

Whether the observed variability in IMPDH inhibition following chronic dosing accounts for
the inconsistent associations of pre-dose IMPDH activity (measured in a Ciough Sample) and

outcomes, noted above, is unclear.

5.1.7.5. Relationship between intracellular mycophenolate and IMPDH

inhibition in clinical samples

Few studies have assessed the intracellular MPA concentrations achieved clinically in target
cells. The assumption in the majority of studies which have assessed IMPDH activity was that
plasma MPA is an accurate reflection of intracellular MPA. Of note, the clinically observed
ECso (1 mg/L) is ~80-fold higher than the ki of MPA for the purified enzyme, suggesting that

assessment of free (unbound) MPA rather than total plasma concentrations may be important.

To date, only three studies have explored the intracellular pharmacokinetic-pharmacodynamic
relationship. Intracellular concentrations of MPA at Cirough in lymphocytes from treated patients
are between 0.1 to 3.9 ng 10" cells (median = 0.68 ng 107 cells), n = 48 patients (Dom et al.,
2018). A similar range was observed in a separate study, 0.69 to 3.39 ng/10’ cells, n= 40
patients (Nguyen Thi et al., 2013), with similar results also reported in an additional study by
these authors, (mean: 1.42 ng/107 cells; range: 0.12-8.23, n = 40 patients), (Nguyen Thi et al.,

2015).

Both studies (Dom et al., 2018; Nguyen Thi et al., 2013) have independently reported that there
was a poor relationship between plasma MPA concentrations and these intracellular
concentrations. Although the second study by Nguyen Thi et al. (2015) suggested that a

significant association was observed, this remained a weak linear correlation. Dom et al.
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(2018) also measured the free (unbound) plasma concentration of MPA and noted that there
was a statistically significant association between the free MPA plasma concentrations and the

resulting intracellular concentrations, however the Spearman’s coefficient was rs = 0.418.

Importantly, all three studies (Dom et al., 2018; Nguyen Thi et al., 2013, 2015) reported a lack
of a correlation between intracellular concentrations and IMPDH activity. This includes a
further report of lack of association when using limited sampling (0. 1.5 and 3.5 h post dose)
to determine an AUECo-3sn (Nguyen Thi et al., 2015). This is particularly intriguing since the
intracellular concentrations (assessed in Ciough Sample) was a predictor of transplant rejection
risk (Dom et al., 2018). However, it remains unclear as to why IMPDH activity did not

associate with rejection risk.

It is not known how MPA is taken up into these target cells, or if it is actively effluxed from
the cells. Whilst MPA is effluxed from hepatocytes into the bile by MRP-2 (encoded by
ABCC2), no relationship between the mRNA expression of this efflux pump in the PBMC and

the intracellular levels of MPA was observed (Dom et al., 2018).

5.1.8. Conclusion and aims

In summary, whilst plasma MPA concentrations are obtained for dose adjustment in transplant
recipients, the clinical assessment of inhibition of IMPDH activity is not routinely undertaken
in any therapeutic context. The research studies to date suggest that there is substantial inter-
subject variability in treatment-naive (baseline) IMPDH. There is reported to be a general
inverse relationship between MPA plasma concentrations and inhibition of IMPDH, although
the concentration-dependent effect correlation is weak. Notably, intracellular concentrations in
target cells do not appear to correlate with plasma concentrations. Data from three studies also
suggest a lack of association between intracellular concentrations and IMPDH activity in

patient samples. The relationship between extent of IMPDH inhibition and therapeutic
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outcomes, particularly in autoimmune diseases such as SLE, is remarkably scant and
inconsistent. This may relate to the timepoint of data collection within a dosing interval and/or

chronic changes that effect on IMPDH activity over time.

Thus, the aims of the following experiments were to investigate the relationship between
intracellular uptake of mycophenolic acid and IMPDH activity using an in vitro model of
human lymphocytes. As this is an exploratory study, the experiments in this chapter were
designed to establish baseline behaviour of MPA transport and interactions with its target
IMPDH in a well-characterised cell line before taking into account potential external factors

such as inter-individual variability in buffy coat cells.
5.1.9. Study design

To assess the effects of MPA on IMPDH activity, Jurkat cells (immortalised T-lymphocytes
were used). The activity of IMPDH was determined using a HPLC assay for detection of the
reaction product XMP. This assay was modified from previously published methods and was
validated as accurate and reproducible with an LLOQ of 5 uM (detailed in Chapter 2 section
2.2.3.1). The uptake kinetics (intracellular accumulation) of MPA was determined using

radiolabelled MCIMPA with liquid scintillation counting (detailed in Chapter 2 Section 2.2.2).

Initial studies were undertaken at two concentrations of MPA, these were chosen to be
representative of MPA plasma concentrations that PBMC would be exposed to in vivo. A low
concentration (15.6 UM, equivalent to 5 pg/mL) was chosen as an approximate total plasma
‘Ctrough’, similar to that observed in a large cohort of lupus nephritis patients (Pourafshar et al.,
2019). A high concentration (156 pM, equivalent to 50 pg/mL) was chosen to approximate to
total plasma ‘Cmax’ values. Large inter-individual variability in plasma Cmax MPA
concentrations are observed in lupus nephritis patients (Lertdumrongluk et al., 2010) and this

value is within the upper range of those values.
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To observe the intracellular uptake kinetics of MPA, Jurkat cells (10 x 10° cells/mL) were
incubated in suspension with radiolabelled [*““IMPA in complete uptake buffer for up to 4
hours. At chosen timepoints, the cells were isolated from the incubation by centrifugation and
then washed, lysed and the intracellular radioactivity measured by scintillation counting
(detailed in Chapter 2 Section 2.2.2). The scintillation counts (DPM) were converted to mCi
and molarity determined using the specific activity of the compound (Section 2.2.2). Data are

reported as pmol.10° cells™.

Identical experiments were undertaken in parallel with non-radiolabelled MPA to determine
the effect of MPA on IMPDH activity relative to the observed intracellular 24CIMPA
concentrations. Following incubation, the Jurkat cells were centrifuged, the cell pellet was
washed and re-pelleted and then resuspended in MilliQ water and stored at -80°C overnight.
The cell solution was then thawed, and the lysate centrifuged to remove debris. The resulting
supernatant was then incubated with IMP and NAD™ for 2.5 hours, the analytes were then
extracted using methanol and the XMP and AMP concentrations determined by HPLC
(detailed in Chapter 2 Section 2.2.3.1). IMPDH activity following incubation with MPA is
expressed as percentage of IMPDH activity of Jurkat cells incubated with vehicle for 240

minutes.

To determine the concentration-time effect of MPA on IMPDH inhibition, Jurkat cells were

incubated with a range of concentrations of MPA (0 — 780 uM) for 5, 20 and 240 minutes.

Characterisation of the nature of MPA uptake into Jurkat cells included experiments to
establish the effect of MPA concentration on uptake under both first order (5 minutes) or zero
order (1 hour) conditions. The Michaelis-Menten kinetics of this data were then derived. To

assess whether this uptake was a sodium-dependent process, uptake at was evaluated in Na*
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free buffer (NaCl replaced with equimolar choline chloride) using two concentrations of MPA

(78 uM and 312 uM) under first order rate conditions (5-minute incubation).

All incubations were undertaken in triplicate and independent experiments (n = 3) undertaken
to confirm the results. Graphical analyses were undertaken in GraphPad Prism 9.0.2 (GraphPad
Prism Software Inc., USA). Differences between groups were assessed using unpaired t-tests.
MPA uptake rate, IMPDH activity response curves as well as the Eadie-Hofstee analysis were

fitted using the Akaike Information Criterion.
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5.2. Results

5.2.1. Time-course of MPA accumulation and corresponding IMPDH

activity change in Jurkat cells

Assessment of the intracellular concentrations of MPA in Jurkat cells following incubation
with either 15.6 uM or 156 uM MPA for up to 4 hours indicated that there was rapid uptake
into cells. When Jurkat cells were incubated with 156 uM MPA (Figure 5-2a) intracellular
concentrations after 6 minutes were 12640 + 3880 pmol.10° cells™ (mean + SD), and after
incubation with a 10-fold lower MPA concentration (15.6 pM) the mean £ SD uptake was
3206 + 809 pmol.10° cells™ (Figure 5-3a). The uptake curve was hyperbolic over the first 60
minutes at the high MPA concentration (156 uM), with a relatively small increase over the next
2 hours to a plateau at 26350 + 4160 pmol.10° cells™ (Figure 5-2a). In contrast, at the low MPA
concentration (15.6 uM) the initial period of uptake (0-6 minutes) appeared to follow linear
kinetics, followed by a substantial but not statistically significant (p = 0.126) decrease in the
intracellular concentrations at 20 minutes (33% decrease). Intracellular concentrations then
remained relatively constant over the next 220 minutes at 2145 + 503 pmol.10° cells™ (Figure

5-3a).

Baseline (untreated) IMPDH activity was determined in Jurkat cells from n = 6 independent
experimental repeats. Formation of XMP was 8.53 + 3.16 nmol.s%.10° cells™*. The formation

of XMP normalised to AMP was 3530 + 1560 pmol.s*.mol AMP,

The time-dependent effect of MPA on inhibition of IMPDH activity was then assessed and the
data are reported as % change compared to untreated control. After exposure to 156 uM MPA
IMPDH was rapidly inhibited, with activity decreased to below the LLOQ within 60 seconds.

IMPDH remained maximally inhibited up to 6 minutes (Figure 5-2b). Notably, after 180
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minutes of incubation and despite the MPA intracellular concentration remaining high (26350
+ 4160 pmol.10° cells), IMPDH activity rebounded to 116% of the baseline (untreated)

activity in these cells.

At the lower MPA concentration (15.6 pM), IMPDH activity was also maximally inhibited
(9.63% of baseline untreated activity) within the first 6 minutes of incubation (Figure 5-3b).
At 20 minutes the activity increased to 75.6% of untreated activity and this corresponded with
the apparent small decrease in intracellular MPA observed at this timepoint. This rebound in
activity was not sustained and IMPDH activity was minimal at 60 minutes (5.36% of baseline),
despite evidence that the intracellular concentrations were not significantly different to that
observed at the 20-minute timepoint (1640 vs 2150 pmol.10° cells?, p = 0.321). IMPDH
activity then increased in a linear manner at 120, 180 and 240 minutes to 120% of baseline.
The intracellular concentrations of MPA were not significantly different between the 60-minute

timepoint and the 180-minute timepoint (1640 vs 2190 pmol.10° cells, p = 0.529).

131



} ------------------------------------------ 3
e o

> 10000~ { -------- B {

I T T T T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180 200 220 240

Time (min)

150~
100 T }

30000- {

MPA concentration @
(pmol 10% cells 1)

IMPDH activity ©
ul
o
[ ]

(% of untreated)

0 20 40 60 80 100 120 140 160 180 200 220 240
Time (min)

Figure 5-2. a) The intracellular accumulation of MPA within Jurkat cells incubated with 156 uM MPA over 4 hours. b) The IMPDH activity of
Jurkat cells incubated with 156 uM MPA over 4 hours. Data points represent the mean £ SD of three independent experiments (n = 3 technical replicates
per experiment). IMPDH activity is expressed as percentage of IMPDH activity in cells incubated with vehicle-only (untreated) for 4 hours (n = 3).
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Figure 5-3. @) The intracellular accumulation of MPA within Jurkat cells incubated with 15.6 uM MPA over 4 hours. b) The IMPDH activity
of Jurkat cells incubated with 15.6 uM MPA over 4 hours. Data points represent the mean + SD of three independent experiments (n = 3 technical
replicates per experiment). IMPDH activity is expressed as percentage of IMPDH activity in cells incubated with vehicle-only (untreated) for 4 hours (n
=3).
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Since a small rebound (11.3 %) in IMPDH activity after 20 minutes was also apparent in the
incubations with 156 uM MPA, a more detailed determination of this apparent rebound in
IMPDH activity was conducted over a 60-minute time course in three independent experiments

(Figure 5-4).
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Figure 5-4. Profile of the IMPDH activity response in Jurkat cells over 1 hour following
exposure to 15.6 uM MPA. Data represent mean of three independent experiments (n = 3
technical replicates per experiment) and error bars represent SD.

Following incubation with 15.6 uM MPA, a gradual loss of inhibitory effect of MPA on
IMPDH activity was observed as early as 13.3 minutes of incubation. There was clear rebound
in IMPDH activity to baseline levels observed after 20 minutes of incubation (107.29 + 8.66
% of untreated activity). This independently confirmed the earlier observations (Figure 5-3).
The rebound peak in activity at 20 minutes was not significantly different from untreated
control (p =0.762), indicating complete loss of MPA inhibition of enzyme activity. In addition,
there also appears to be a second rebound in activity (62.1 + 15.7 % of untreated activity) at 40

minutes. At this timepoint the IMPDH activity was significantly higher (p = 0.0007) than that
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observed at either adjacent timepoint (30 or 50 minutes) following incubation with 15.6 uM

MPA.

5.2.2. MPA concentration-dependent effect on IMPDH activity

To ascertain the concentration-time dependence of MPA on IMPDH activity a range of MPA
concentrations (0 — 780 uM) were incubated with Jurkat cells for 5, 20 and 240 minutes (Figure
5-5). The logarithmic concentration-effect curves were generated using non-linear regression
and the concentration which resulted in 50% of maximal inhibitory response (ECso) was

determined.

After 5 minutes of incubation of Jurkat cells with MPA, the ECso of IMPDH activity inhibition
was 0.266 + 0.135 uM. After 20 minutes of incubation the ECsp increased by more than 40-
fold to 42.4 + 9.5 uM. After 240 minutes of incubation there was no observable inhibition of
IMPDH even at the highest MPA concentration tested (780 uM) and the ECso could not be
determined. This decreased sensitivity to MPA after 20 and 240 minutes incubation is

consistent with that observed (Figures 5-2 and 5-3) for 15.6 and 156 uM MPA incubations.
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Figure 5-5. Time dependent decrease in IMPDH inhibition sensitivity across MPA
concentrations. Incubations were assessed at 5 minutes (black squares), 20 minutes (blue
circles) and 240 minutes (red triangles). Data points represent the mean £ SD of three
independent experiments (n = 3 technical replicates per experiment). MPA concentration is
plotted on a logarithmic axis. The logarithmic concentration-effect curves were generated
using non-linear regression in Prism and the ECso determined. The dotted plots represent the
95% confidence interval of the curve fit.
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The HPLC assay for IMPDH catalysed formation of XMP also quantified the amount of
AMP in the cell lysate (Chapter 2 Section 2.2.3) and the XMP formation data are normalised
to the molar amount of ATP in the lysate (IMPDH activity = pmol.s.mol AMP1). IMPDH
activity is known to be positively regulated in an allosteric manner by intracellular AMP. To
ascertain whether the apparent time-dependent changes in sensitivity of IMPDH to MPA
observed above (Figure 5-5) was due to changes in AMP concentration leading to an apparent
change in normalised IMPDH activity, the AMP and XMP concentrations determined at all

MPA concentrations at each timepoint are shown (Figure 5-6).

There was a time-dependent decrease in AMP concentration, which were significantly lower
(4.6 £ 0.73 uM, adjusted p < 0.001) in the 240-minute incubation samples compared to the 5-
and 20-minute incubation samples (9.1 £ 1.0 uM and 7.8 + 1.2 uM, respectively), (Figure 5-
6). There was no change in AMP concentration with respect to MPA concentration at any of
these incubation times (Tukey’s multiple comparisons test), except for a statistically
significant lower AMP concentration observed in Jurkat cells incubated with 780 uM than

with 312 uM for 20 minutes.

The pattern of XMP formation in response to MPA remained broadly similar to the AMP-
normalised IMPDH activity (Figure 5-5). The ECso of XMP formation are summarised in

Table 5-1.
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Figure 5-6. a) AMP and b) XMP concentrations determined in lysates of Jurkat cells
incubated with a range of MPA concentrations at different incubation timepoints.
Incubations were assessed at 5 minutes (black squares), 20 minutes (blue circles) and 240
minutes (red triangles). Data points represent the mean + SD of three independent
experiments (n = 3 technical replicates per experiment). MPA concentration is plotted on a
logarithmic axis. The logarithmic concentration-effect curves were generated using non-
linear regression in Prism and the ECso determined. The dotted plots represent the 95%
confidence interval of the curve fit.
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MPA ECso (LM)
AMP-normalised XMP

XMP formation

formation
5-minute MPA 0.266 + 0.135 0.045 + 0.326
incubation
20-minute MPA 42.4+95 57.5 + 40
incubation
240_—m|nute_ MPA >780 >780
incubation

Table 5-1. ECso values of AMP-normalised XMP formation and XMP formation in 5-,
20-, and 240-minute incubations with MPA.

5.2.3. Characterisation of MPA transport into cells

The uptake kinetics of MPA into Jurkat cells were then determined at 5 minutes and 1 hour.
Based on the initial time course data (Figures 5-2a and 5-3a), these time points will detect first

order and zero order uptake kinetics respectively.

The first order concentration dependent MPA uptake in Jurkat cells was saturable with
hyperbolic behaviour (Figure 5-7a). This suggests a transport-mediated process rather than
simple diffusion. A Michaelis-Menten non-linear regression model was a good fit (r> = 0.933)
for this data. The maximal velocity (Vmax) for uptake was 8540 + 1180 pmol.min=.10° cells™
(95% CI = 6540 — 11800 pmol.min™.10° cells). The Kn for MPA uptake under these first
order conditions was 478 £ 116 pM (95% CI = 290 — 821 uM). Hence the “clearance”
(Vmax/Km) of extracellular MPA into cells by this transporter-mediated process was 17.9

pL.mint.10% cells™.
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Figure 5-7. The rate of MPA uptake into Jurkat cells as a function of MPA concentrations.
a) First order and zero order uptake kinetics (5 -minute incubation) at 37°C (circles) and
0°C (squares) respectively and b) Zero order uptake Kinetics (1- hour incubation). Note the
different Y-axis scale. Data points represent the mean + SD of three independent experiments (n
= 3 technical replicates per experiment. The first-order uptake curve was fitted using the
Michaelis-Menten regression model and the zero-order uptake curve was fitted using a simple
linear regression model in Prism.). Dotted plots represent the 95% confidence interval of the curve
fit.

MPA uptake at 1 hour was linear (r? = 0.985), (Figure 5-7b). The slope was not zero, suggesting

that some passive diffusion of MPA occurs over a 60-minute incubation time. At the highest
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MPA concentration tested (780 M) this passive diffusion rate was 830.61 + 2.07 pmol.min-
1108 cells™* and this was 85% lower than that observed via active transport at this concentration.
The slope of this linear regression indicates that the passive diffusion ‘clearance’ of
extracellular MPA into cells was 1.05 pL.min"%.10° cells. This is 17-fold lower than the

transporter-mediated ‘clearance’ process.

To further characterise the nature of the transporter-mediated process an Eadie-Hofstee
analysis (velocity of transport vs velocity relative to substrate concentration) was undertaken
(Figure 5-8). The lack of linearity of the transformed data (comparison of linear and non-linear
likelihoods AICc P(non-linear) = 0.997) is suggestive of more than one transporter-mediated
process under these first order conditions. However, additional datapoints at higher MPA

concentrations are required to confirm this.

S

2 6000-

8 ~ °

o

=} ’\’.

3 40004 %

E

6 -

(] iR

@

£ 2000-

£ }

©

L ¢ . o

6:6 0 T T T 1
0 10 20 30 40

VIS

Figure 5-8. Eadie-Hofstee plot of rate of MPA uptake at 5 minutes. Data points represent the
mean = SD of three independent experiments (n = 3 technical replicates per experiment). The
data was fitted using a simple linear regression model in Prism, to demonstrate the lack of a
simple linear effect, which would be indicative of a single transporter.

Several proteins involved in the transport of drug molecules across cell membranes rely on co-
transport of sodium ions. Preliminary experiments were then undertaken to assess the effect of

sodium ions on transport of MPA in Jurkat cells. Two concentrations of MPA were chosen (78
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MM and 312 uM MPA) which are below the Km of uptake reported above. MPA intracellular
accumulation under first order conditions (5 minute incubation time) was determined in
sodium-free uptake buffer (NaCl replaced with choline chloride) and the data compared to

incubations in complete uptake buffer (Figure 5-9).
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Figure 5-9. MPA uptake in sodium-free buffer compared to complete buffer when
Jurkat cells were incubated for 5 minutes with (a) 78 uM and (b) 312 uM MPA. Data
represent mean of three independent experiments (n = 3 technical replicates per experiment)
and error bars represent SD. Student’s t-tests were conducted in Prism to compare the uptake
of MPA in both buffers at the two MPA concentrations tested.

In the absence of sodium ions the rate of MPA uptake significantly (p = 0.0206) decreased by
27.0 £ 10.3% at 78 UM MPA. When incubated with 312 uM MPA in sodium-free buffer, a
small but non-significant (p = 0.107) change in MPA uptake was also observed. This suggests
that the major component of MPA transport into cells is likely to be mediated by a transporter
protein which is not dependent on the co-transport of sodium ions. Further preliminary
experiments to assess the effect of chemical inhibitors selective for transporters such as the
organic anion transporter and organic anion transporter polypeptide families including
probenecid (50 — 750 uM) and cyclosporin (400 puM) did not result in significant inhibition of

MPA uptake into cells (data not shown).
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5.3. Discussion

5.3.1. Intracellular MPA accumulation

The hyperbolic kinetics of intracellular accumulation of MPA indicates that there was active
uptake of MPA into Jurkat cells. The rapid initial uptake of MPA and consistent accumulation
of MPA intracellularly further indicates that efflux processes over the 4-hour period were
minimal. The concentration-dependent uptake kinetics at first order (initial rate) and zero order
were determined and the values (Vmax and Kw) indicate that active transport is the major process
by which MPA accumulates in Jurkat cells, since the passive diffusion was 17-fold lower than
the transporter-mediated ‘clearance’ process. This is the first report of the mechanism of uptake

of MPA into cells.

Since the Kw (concentration which results in half-maximal uptake) was 478 + 116 uM and the
lowest plasma concentration (Ciough) during a dosing interval is ~ 3.12 uM (Staatz & Tett,
2007), this suggests that active uptake into cells is unlikely to be a limiting factor in the
therapeutic response to MPA. However, whilst Jurkat cells were used as an in vitro model of

lymphocytes, these findings need to be confirmed in primary human lymphocytes.

The lack of a linear Eadie-Hofstee transformation of the uptake kinetics suggests that multiple
transporter proteins are involved in this uptake. At least one of these transporters appears to be
sodium-dependent, but this is unlikely to be the major uptake transporter of MPA in Jurkat
cells. The transport of MPA into cells is poorly characterised. It has been observed that MPA
is able to inhibit the uptake of p-aminohippurate and estrone sulphate by SLC22A6 and
SLC22A8 (Uwai et al., 2007; Wolff et al., 2007). Co-incubation of MPA and probenecid, a
well characterised probe for organic anion transporters, with Jurkat cells had no effect on MPA
uptake. This likely discounts a role for SLC22A6, SLC 22A28 and SLC22A12. Cyclosporin
A, a known inhibitor of organic anion transporter polypeptides and the putative MPA efflux-
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transporter candidates P-gp and MRP-2 (Wang et al., 2008), was also tested but had no effect
on MPA uptake. Additionally, cyclosporin A is a common immunosuppressant prescribed
concomitantly with mycophenolic acid in lupus patients as well as solid organ transplant
recipients. Cyclosporin A has been observed to decrease MPA plasma concentrations in
patients (Grinyd et al., 2009; Gregoor et al., 1999; van Hest et al., 2005). However, the
inhibition of the biliary efflux transporter MRP-2 — and therefore the enterohepatic
recirculation of MPA — by cyclosporin A is thought to be the primary mechanism. However,
the lack of inhibition of MPA active uptake into Jurkat cells by cyclosporin A suggests that in
patients taking both MPA and cyclosporin A, MPA exposure at the site of action would not be

further decreased.

Whilst MRP2 has been suggested as an efflux transporter, as it is involved in MPA hepatic
efflux, it is also expressed on PBMC cell membranes (Giraud et al., 2010). It has been
previously shown that MPA is a substrate of the multidrug resistance protein 1 (MDR1)
transporter in mice (J. Wang, Figurski, et al., 2008) and in a MDR1-expressing cell line MDCK
(Sawamoto et al., 2001). Importantly, this MDR-1 transporter is also expressed on PBMC cell
membranes (Giraud et al., 2010) and may also be involved in efflux of MPA from PBMC.
However, efflux of MPA is unlikely to be a major determinant of intracellular MPA
concentration, as there was no significant decrease of intracellular MPA concentrations
observed in the time-course assays of Jurkat cells’ incubation with MPA. Even when exposed
to trough concentrations of MPA, intracellular MPA concentrations (1.08 uM to 6.41 uM)
remained well above the ki of recombinant IMPDH1 and IMPDH2 (37 nM). However, whilst
Jurkat cells were used as an in vitro model of lymphocytes, these findings need to be confirmed

in primary human lymphocytes.
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5.3.2. IMPDH activity response

Unlike the gold standard IMPDH assay established by Glander et al. (2009) or other adaptations
based on this method, the modified HPLC-UV assay used in these experiments did not require
the use of ion-pairing reagents or phosphate buffers. This ensured the adaptability of the assay
to LCMS/MS if required in the future. However, there were a few noteworthy drawbacks,
namely a slightly lower sensitivity and longer chromatographic run-time. Despite this, the
modified HPLC assay was accurate and sensitive enough for the quantification of changes in

IMPDH activity in Jurkat cells in response to MPA exposure.

Most studies exploring pharmacokinetic-pharmacodynamic relationships have noted that the
peak of IMPDH activity inhibition coincided with the peak of plasma MPA concentrations.
This was also observed in the current work; the peak of IMPDH activity inhibition (i.e. low
IMPDH activity) also coincided with the peak in intracellular MPA concentrations at 5 minutes
when incubated with either 15.6 uM or 156 uM MPA. However, at 20 minutes, the observed
rebound in IMPDH activity was disproportionate to the small decrease in intracellular MPA
concentrations in both the 15.6 uM and 156 pM MPA incubations. Surprisingly even though
intracellular MPA concentrations remained well above the reported ki the IMPDH activity did
not remain inhibited and instead increased. Similarly, even though MPA continued to
accumulate within Jurkat cells at concentrations well above ki, the IMPDH activity continued

to increase after 20 minutes of exposure.

The changes in the intracellular pharmacokinetic-pharmacodynamic relationship demonstrated
in these experiments have thus far not been explicitly reported in most studies assessing such
relationships in patient samples. However, there is some evidence that some patients may
exhibit this in vivo. Sanquer et al. (1999) observed varying IMPDH pharmacodynamic profiles

in kidney transplant patients who had been treated with MPA and identified three subgroups
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of profiles. The first group of profiles exhibited typical features of previously characterised
pharmacodynamics, with IMPDH activity inhibited and slowly returning to pre-dose activity
levels as plasma MPA decreased. Conversely, in the second group of profiles, following
maximal inhibition, a sharp increase in IMPDH activity was observed. IMPDH activity
subsequently increased to 300% of pre-dose activity levels as MPA plasma concentration
decreased. In the third group of profiles, IMPDH activity seemed to be relatively uninhibited
and eventually increased to almost 7-fold of pre-dose activity levels. Thus, there seems to be
complex IMPDH activity response to MPA exposure than simply predicted from the simple

enzyme-inhibitor relationship.

Characterisation of the IMPDH activity response (ECso) following in vitro MPA exposure over
time indicated that at initial exposure (5-minute incubation) the extracellular MPA to achieve
ECso was almost 10-fold higher (0.27 uM) than the reported ki of recombinant IMPDH
inhibition by MPA (37 nM). This was apparent in the time-course assays as the intracellular
MPA concentrations were only a fraction (15.1 — 21.3%) of the extracellular MPA
concentrations. At 20 minutes, the ECso increased to 42.4 uM, whereas at 4 hours, IMPDH was

insensitive to MPA and could not be inhibited.

Notably, the reported ECso for MPA inhibition of cell proliferation was 2.5 uM (Sugiyama et
al., 2008). This was also similar to the ECso for IMPDH activity inhibition (3.03 uM MPA)
obtained through plasma pharmacokinetic-pharmacodynamic modelling in MPA-treated
patients (Fukuda et al., 2011). However, these studies used values obtained at either 96 hours
of incubation (Sugiyama et al., 2008) or a range of timepoints (0 — 9 hours), (Fukuda et al.,
2011). These time-dependent changes in ECso suggest that the sensitivity of IMPDH activity
in response to MPA exposure may decrease over time within a single dosing period. This could
be the result of several different mechanisms, such as an increase in IMPDH1 or IMPDH2 gene
transcription or allosteric regulation of IMPDH via the formation of IMPDH filaments.
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An increase in gene transcription and/or protein translation would result in the increase in
IMPDH protein levels, increasing IMPDH activity. The expression of IMPDH1/2 after MPA
administration has not been widely studied. IMPDHL1 is generally regarded as the constitutively
expressed gene, with expression remaining constant even with increased need for guanine
biosynthesis. In contrast, IMPDH2 expression is thought to increase rapidly in response to
increased cellular requirements for guanine biosynthesis. Indeed that has been observed in male
volunteers after the administration of MPA (Kim et al., 2014). In the 10 hours following MPA
administration to 6 MPA-naive volunteers, IMPDH1 mRNA expression did not fluctuate
markedly from baseline, except in 1 volunteer where IMPDH1 gene expression increased from
1 hour and plateaued at 3 hours. In contrast, IMPDH2 gene expression showed substantial
upregulation. Peak IMPDH2 mRNA expression could be seen as early as 1 hour after MPA
administration. In addition, there was also considerable inter-individual variability in IMPDH2
MRNA, with some individuals displaying multiple peaks of transcription whereas others had
little to no change in expression. Conversely, another study, in CD4" cells and whole blood,
observed significantly decreased IMPDH1 expression following MMF administration whereas
IMPDH2 expression was not changed (Bremer et al., 2009). The large inter-individual
variability of IMPDH1/2 expression patterns in response to MPA could thus contribute to
different extent of IMPDH inhibition in patients. However, changes in gene expression and the
resulting increased protein production are unlikely to have occurred within the timeframe (20-
240 min) of the changes in IMPDH activity observed in the experiments described in this

chapter.

An important recent discovery has demonstrated that IMPDH may also be regulated at the
oligomeric level in response to MPA treatment. The study observed the formation of extended
filaments of clustered IMPDH enzymes when various cell types, cancer cell lines and healthy

lymphocytes, were treated with MPA (Ji et al., 2006). These IMPDH filaments took on the
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appearance of long linear arrays (rods) as well as circular arrays (rings) and are made up of
stacked IMPDH octamers. Addition of GTP led to the disassembly of these filaments, as did
ATP to a lesser extent. Further research has elucidated the physiological aspects of these
IMPDH filaments. Calise et al. (2018) observed rapid formation of IMPDH filaments in rapidly
proliferating splenic B- and T-lymphocytes in mice and observed that filament formation
correlated with the proliferation marker Ki-67 in ex vivo stimulated human T-lymphocytes.
Another study utilised mutant IMPDH with a non-functional Bateman domain along with
IMPDH2 gene knockdown to show that filament formation was required to maintain
proliferation of HeLa cells (Keppeke et al., 2018). The same study also showed that increasing
IMP levels in cells (either through allopurinol or an increase in GMP reductase expression) led
to a substantial increase in IMPDH filament formation. These findings indicate that IMPDH
filament formation is an essential cellular response to the increased guanine nucleotide
requirements that arise from cell proliferation. In the context of MPA inhibition, the trapping
of IMPDH in the E-XMP* complex leads to a decrease in guanine nucleotide production and
an increased need for guanine nucleotide production and could thereby induce IMPDH filament

formation.

Once formed, these IMPDH filaments have been reported to be insensitive to further inhibition
either by MPA or other endogenous substrates (Johnson & Kollman, 2020). This could explain
the time-dependent insensitivity of IMPDH inhibition by MPA observed in this thesis.
However, to date, studies have not established patterns of filament formation in response to
MPA administration to patients. Instead, most studies have only noted the presence of fully
formed IMPDH filaments, or the proportion of cells in which the filaments are present, using
various cell lines and tissues following between 30 minutes to 24 hours of in vitro MPA

treatment (Calise & Chan, 2020). The mechanisms that contribute to the time-dependent
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decrease in sensitivity of IMPDH to MPA inhibition are thus unclear and should be explored

further in future studies.
A limitation in the studies detailed in this chapter is the use of only one immortalised cell line.

In conclusion, characterisation of the uptake kinetics and intracellular MPA accumulation
within cells has suggested that MPA uptake may not be a limiting factor in the inhibition of
IMPDH and thus therapeutic effectiveness. Instead, the extent to which IMPDH remains

inhibited over time may be more pertinent and should be explored further in future studies.
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Chapter 6: Differential expression of IMPDH1
and IMPDH2
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6.1. Introduction

The previous chapter demonstrated that following in vitro incubation with Jurkat cells
(immortalised neoplastic T-cells) the relationship between intracellular MPA concentration
and its effect on inhibition of IMPDH activity displays temporal changes. However, the
immune response, either disordered (as in the autoimmunity of SLE) or activated (as in the
graft vs host disease after transplantation), is complex and comprised of many different
immune cell types. Each immune cell-type may exhibit different IMPDH behaviour in the
presence of MPA and this could be an additional reason for the heterogenous MPA therapeutic
responses between individuals. However, other factors could influence IMPDH expression in

immune cells, such as genetic polymorphisms and even sex-related differences.
6.1.1. IMPDH1 and IMPDH2 genetic polymorphisms

Various studies have tried to assess the impact of IMPDH1 and IMPDH2 genetic
polymorphisms on therapeutic outcomes in SLE/LN or transplant patients receiving MPA
therapy. Other studies have assessed IMPDH1 and IMPDH2 single nucleotide polymorphisms
(SNP) in the inherited predisposition to SLE/LN. However, there is conflicting evidence and
hence no clear consensus on the impacts of such genetic variants. IMPDHL1 genetic SNP have
been assessed more frequently than those of IMPDH2, this may be due to greater conservation

of IMPDH2 than IMPDH1 (Wang et al., 2007).

The IMPDH1 SNP rs2278293 and rs2278294 are the most frequently assessed IMPDH1
variants. Both are SNP in intron 7 of the IMPDH1 gene. In a comprehensive study of
prevalence of SNP in this gene, these variants (rs2278293 and rs2278294) were the most
common with minor allele frequencies of 42.7% and 40.6% respectively. Moreover, these
IMPDH1 SNP associated with the increased incidence of biopsy-proven acute rejection of renal
transplant within 12 months in patients receiving MPA (Wang et al., 2008). However,
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subsequent assessment of these two SNP has yielded conflicting results depending on the
clinical outcome reported. A lower risk of biopsy-proven acute rejection and greater
immunosuppression resulting in higher leukopenia post-renal transplantation has been reported
with rs2278294 (Gensburger et al., 2010). This rs2278294 SNP has been found to significantly
associate with increased risk of adverse events related to excessive immunosuppression
(leukopenia) in Chinese autoimmune patients receiving MPA (Shu et al., 2021). It is also
associated with increased Gl intolerance in paediatric heart transplant patients (Ohmann et al.,
2010). There have also been other studies that have found no association between this SNP and
MPA therapeutic outcomes in LN patients (Schwartz et al., 2012), or between this SNP and

risk of acute rejection in renal transplant patients (Kagaya et al., 2010).

The other SNP (rs2278293) also has contradictory associations, with a lower incidence of
chronic graft vs host disease in nonmyeloablative haematopoietic stem cell transplant recipients
(McCune et al., 2018) and also with an increased risk of acute rejection in renal transplant
patients (Zhou et al., 2018). However, rs2278293 (in contrast to rs2278294) did not associate
with Gl intolerance in paediatric heart transplant patients (Ohmann et al., 2010) or any clinical

outcome post-renal transplant in a large clinical study (Gensburger et al., 2010).

Conversely, IMPDH2 SNP are less well characterised. The most assessed variant, rs11706052
is a polymorphism in intron 7, with a minor allele frequency of 19% (Winnicki et al., 2010).
This SNP has been found to associate with decreased graft rejection in renal transplant patients
(Cilido et al., 2018) although several other studies have not observed such an association with

clinical outcomes (McCune et al., 2018; Scalzotto et al., 2017; Schwartz et al., 2012).

In summary, although these SNP have been extensively studied, there has been no consistent
association with MPA therapeutic response. Importantly, no study thus far has questioned the

effect these SNP have on IMPDH expression.
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6.1.2. Roles of immune cells in SLE/LN

While the main effectors of the dysfunctional immune response in SLE/LN are T- and B- cells,
other immune cells such as macrophages, neutrophils and dendritic cells have also been
implicated in SLE/LN pathogenesis. As was detailed in Chapter 1 Section 1.1, the
autoimmunity observed in SLE/LN is a self-propagating cycle that broadly consists of two
stages: immune complex formation, and then tissue damage due to immune complex
deposition. The lupus self-antigens produced are presented by dendritic cells to autoreactive
CD4" T-cells, which aid the maturation of autoreactive B-cells, leading to the formation of
autoantibodies. These autoantibodies then bind to the self-antigens, forming immune
complexes which are then deposited in tissues. After the deposition of immune complexes in
tissues, inflammatory cytokine cascades trigger the involvement of innate immune cells, such
as macrophages and neutrophils, leading to inflammation and tissue damage. This in turn
results in the further production and release of self-antigens. Hence, these multiple different
immune cell types mediate unique pathways in SLE/LN pathogenesis and may have different

responses to MPA therapy.

6.1.2.1. T-cells

Different subsets of T-cells play different roles in the autoimmunity of SLE/LN. A major
subpopulation of T-cells, the CD4" helper T-cells, aid in the production of autoantibodies and
tissue inflammation. CD4" helper T-cells primarily assist in the maturation of autoantibody-
producing B-cells and do so through differentiation from naive CD4" T-cells to various
subtypes, such as T-helper cells, T-follicular helper cells and regulatory T-cells. T-helper cells
mainly produce cytokines which aid in the proliferation and differentiation of B-cells. T-helper
type 1 cells produce IFN-y, a cytokine that promotes IgG class switch recombination as well

as autoantibody formation in B-cells (Peng et al., 2002). T-helper type 2 cells produce
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cytokines including IL-4 and IL-13, which can promote differentiation of B-cells into
autoantibody-producing plasma cells (Raphael et al., 2015). T-follicular helper cells localise to
B-cell follicles and the geminal centres within these follicles (Craft, 2012), where they secrete
cytokines such as IL-21 and ICOS that promote B-cell maturation and somatic class switching.
Additionally, T-follicular helper cells highly expresses the receptor PD-1, which ensure the
survival of B-cells and the differentiation into high-affinity plasma cells, via signalling through

the surface ligands PD-L1 and PD-L2 on geminal centre B-cells (Good-Jacobson et al., 2010).

In SLE/LN, abnormal circulating T- follicular helper cells have been observed to form geminal
centres and lymphoid-like structures within organs such as the kidney, contributing to the
autoimmune response (Chang et al., 2011). On the other hand, whilst regulatory T-cells inhibit
the expansion and differentiation of T-cells and dampen autoimmunity, there is conflicting
evidence on their role in SLE/LN. Some reports suggest decreased capacity for T-cell
suppression (Bonelli et al., 2008; Miyara et al., 2005) while others have observed expansion of
regulatory T-cell populations and increased suppression (Alexander et al., 2013; Yan et al.,

2008).

Other notable T-cell subpopulations include the cytotoxic CD8" T-cells, y8T-cells and
mucosal-associated invariant T (MAIT) cells. Naive CD8" cytotoxic T-cells recognise and
process antigens presented by MHC I cells which, along with other cytokines and extracellular
signals, trigger various pathways that result in the clonal expansion of antigen-specific CD8"
T-cells and differentiation into effector cells. These effector cells then release perforin and
granzymes to kill cells with the antigen they are specific for (Zhang & Bevan, 2011). CD8" T-
cells in SLE patients have been found to have impaired cytotoxic capacity with decreased

perforin and granzyme production (Comte et al., 2017).
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In contrast, yo6T-cells are double negative T-cells and make up a small proportion of circulating
lymphocytes. These ydT-cells can take on other T-cell phenotypes and secrete various
cytokines that aid in immune response activation, such as IFN-y and IL-17 (Paul et al., 2014).
These cells also aid in B-cell class switching and plasma cell longevity (Huang et al., 2016)
and can also function as antigen-presenting cells to aid T-cell maturation and differentiation
(Brandes et al., 2005). There is emerging evidence that ydT-cells could play important roles in
the pathogenesis of SLE autoimmunity, such as the promotion of B-cell hyperactivity through

increased expression of CD40L and IL-21 (Yin et al., 2015).

The mucosal-associated invariant T-cells (MAIT) are an abundant T-cell subpopulation that
possess innate-like characteristics. These MAIT cells are uniquely specific to a microbial
metabolite, 5-amino-6-D-ribitylaminouracil (Corbett et al., 2014). When activated, MAIT cells
produce cytokines such as IFN-y that promote B-cell maturation and antibody production
(Dusseaux et al., 2011) and can also act as cytotoxic effector cells (Kurioka et al., 2015; Le
Bourhis et al., 2013). In SLE patients, MAIT cell numbers have been found to be decreased
but a higher proportion are in the activated state compared to healthy individuals (Chiba et al.,

2017).

6.1.2.2. B-cells

The role of B-cells in the adaptive immune system is complex and encompasses antibody
production, presentation of antigens and cytokine secretion. After initial production to form a
mature but naive B-cell in the bone marrow, the cells become activated through contact with
antigens in peripheral lymphoid tissues. These antigens can be soluble foreign molecules or
smaller peptides presented on the surfaces of antigen-presenting cells, such as dendritic cells.
Once activated by its specific antigen, B-cells then internalise the antigen via endocytosis and

present the antigen on MHC class Il molecules on their surfaces. These antigens are recognised
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by T-cells, which further activate B-cells through cytokine secretion and signal cascades. The
activated B-cells can then proliferate and differentiate into antibody-producing plasma cells

(Merlo & Mandik-Nayak, 2013).

The involvement of B-cells in SLE autoimmunity is well characterised. A central role is the
production of autoantibodies, which target self-antigens such as double-stranded DNA,
ribonucleoproteins and histones. These autoantibodies form immune complexes with self-
antigens which result in tissue inflammation. The presence of B-cell abnormalities promotes
dysfunctional B-cell activity, such as increased proportion of memory B- cells, allowing lower
activation requirement, or evasion of central tolerance by the autoreactive B-cells (Karrar &

Cunninghame Graham, 2018).

6.1.2.3. Dendritic cells

Dendritic cells are innate immune cells which make up most of the antigen-presenting cells,
which are crucial for the engagement of adaptive immunity, i.e. T-and B-cell activation. These
cells have two distinct subpopulations from two lineages, conventional myeloid dendritic cells
and plasmacytoid dendritic cells. Myeloid dendritic cells mainly assist in CD4* and CD8" T-
cell activation through phagocytosis and subsequent presentation of antigens through expressed
MHC I and Il proteins. Conversely, plasmacytoid dendritic cells have low expression of MHC
proteins and have been theorised to promote regulatory T-cell proliferation (Swiecki &

Colonna, 2010) whilst suppressing other T-cell expansion (Jahrsdorfer et al., 2010).

In SLE, plasmacytoid dendritic cells are thought to play a critical role in autoimmunity. Several
studies have found that increased production of type 1 IFN by these cells in SLE leads to their
own increased activation in an autocrine manner, resulting in a further increase in IFN
production and the increased expression of stimulatory surface markers such as CD80 and

MHC class Il (Chan et al., 2012; Elkon & Wiedeman, 2012). This leads to enhanced capability
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to activate T-cells by plasmacytoid dendritic cells, as well as direct simulation of B-cell
proliferation and antibody production. Phenotypic changes in myeloid dendritic cells have also
been implicated in SLE pathogenesis. Increased pro-inflammatory cytokine (CD80 and CD86)
expression has been observed in myeloid dendritic cells which may lead to increased activation

of T-cells and enhanced differentiation (Carrefio et al., 2009).
6.1.2.4. Macrophages

Macrophages are an important component of innate immunity. They are derived from
haematopoietic stem cells and are differentiated from monocytes. Macrophages are mostly
situated in tissues, where their specific environment define their phenotypes. Their main role
is the ingestion and clearance of debris, including dead cells and foreign material such as
bacteria. Macrophages also serve as antigen-presenting cells, and present digested peptides on
MHC Il molecules. Importantly, macrophages present antigens in tissues, and do not take part
in the activation and differentiation of naive CD4" T-cells. Instead, they activate differentiated

helper T-cells in tissues.

Macrophages also contribute to the pathogenesis of SLE. In particular, the defective clearance
of apoptotic cells by macrophages has been observed in SLE, leading to an increased release
of self-antigens. This then results in the accumulation of self-antigens and, together with
sustained production of autoantibodies, the formation of immune complexes. Macrophages
with digested cellular fragments were found to be markedly decreased in SLE patients.
Furthermore, anti-inflammatory signalling by macrophages when clearing apoptotic cells was
found to be decreased, leading to greater tissue inflammation and damage (Herrmann et al.,
1998). Autoantibodies in the macrophage environment have also been observed to

downregulate phagocytosis and increase pro-inflammatory cytokine production, leading to

157



impaired clearance of apoptotic cells and increased tissue inflammation by macrophages

(Thanei & Trendelenburg, 2016).

6.1.2.5. Neutrophils

Neutrophils are the most abundant cell type in blood and have important roles in the innate
immune system. They are important effector cells which mainly clear foreign microorganisms.
They can do this through three methods: degranulation, phagocytosis, and formation of
neutrophil extracellular traps (NET). In degranulation, neutrophils release the digestive content
of their intracellular granules to the environment which degrades the microorganism.
Neutrophils can also phagocytose the microorganism, engulfing it in a vacuole containing
digestive enzymes and with a low pH. Lastly, neutrophils also form NET when the
microorganism is too big to phagocytose. This is the release of granular proteins and DNA

fibres, forming extensive net-like structures that trap the microorganism.

Neutrophils have also been implicated in the pathogenesis of SLE. As with macrophages,
neutrophils appear to have impaired phagocytic capacity in SLE patients (Brandt & Hedberg,
1969). Furthermore, neutrophils in SLE have been observed to overexpress adhesion
molecules, causing aggregation and inhibition of phagocytosis and release of lysosomal
enzymes (Abramson et al., 1983). Neutropenia and increased apoptosis of neutrophils have
also been observed in SLE, resulting in increased production of self-antigens (Y. Ren et al.,
2003). Importantly, impaired NET degradation and increased NETosis also contribute to the
release of self-antigens and promote autoimmunity (Hakkim et al., 2010; Villanueva et al.,

2011).
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6.1.3. Conclusion and aims

The immune disruption observed in SLE is complex and involves multiple immune cells.
Hence the effect of MPA on overall therapeutic effectiveness may be related to the expression
patterns of IMPDH1 and/or IMPDHZ2 in these various immune cell types. Importantly, it is not
known whether there are any differences in IMPDH expression based on sex; given the sex
bias of SLE/LN, this may be an important factor to consider for MPA effect. Lastly, the effect
of genetic polymorphisms (rs2278293, rs2278294 and rs11706052) in IMPDH1 and IMPDH?2

on the gene transcription is not known.

This chapter aims to investigate whether there are differences in IMPDH1 and IMPDH2
expression relative to sex, genetic polymorphisms and immune cell type using an iterative

assessment of gene-expression data available in multiple public databases.
6.1.4. Study design

Three databases were chosen to extract and analyse the mRNA expression data of both
IMPDH1 and IMPDH2. These were the Genotype-Tissue Expression (GTEX), All RNA-seq
and ChIP-seq sample and signature search (ARCHS*) databases (Lachmann et al., 2018) and

the Human Protein Atlas (HPA), (Pontén et al., 2008; Uhlen et al., 2019).

The GTEXx database was chosen for the ability to segregate the mMRNA expression data based
on sex, as well as the capability to analyse expression quantitative trait loci (eQTL) and also
splicing quantitative trait loci (SQTL). The ARCHS* database was chosen for its more detailed
categorisation of mMRNA expression in different immune cell types and importantly has an
independent dataset from that available in GTEXx. Lastly, the HPA was chosen for its inclusion
of protein expression data. Whilst this database includes mMRNA expression data from the
Functional Annotation of Mammalian Genomes 5 (FANGDb) dataset, it also includes the GTEXx

dataset; unless indicated, only the former data were used in this study. The full details of the
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publicly available datasets, sequencing techniques used to derive these data as well as the
information of the tissue, cell type and cell lines that have been included in these datasets are

detailed in Table 6-1.

An iterative approach was taken to analyse the data from these datasets. In brief, data was first
extracted from GTEXx and analysed, followed by extraction and analysis of data from ARCHS?,
and then the analysis of the HPA data was undertaken. The comprehensive detail of the

methods undertaken are described in Chapter 2 section 2.2.4.

Graphical analyses were undertaken in GraphPad Prism 9.0.2 (GraphPad Prism Software Inc.,
USA). Differences between groups were assessed using Mann-Whitney or Kruskal-Wallis

tests.
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GTEXx
Genotype-Tissue
Expression

ARCHS*
All RNA-seq and ChIP-seq sample and
signature search

HPA
Human Protein Atlas

Whole blood (n=670)
Human Tissues
Spleen (n=227)

Granulocytic

Granulocyte (n=152)
Neutrophil (n=1518)

Lymphoid
B lymphocyte (n=186)
Plasma Cell (n=1294)
Plasmacytoid Dendritic Cell (n=276)
T lymphocyte (h=300)
Myeloid

Alveolar Macrophage (n=560)
Dendritic Cell (n=2300)
Kupffer Cell (n=16)
Macrophage (n=5342)
Spleen
Spleen (Bulk Tissue), (n=880)

Thymus

Thymus (Bulk Tissue), (n=208)
Thymocyte (n=18)

Granulocytes
Basophil
Eosinophil
Neutrophil
Monocytes

Classical monocyte
Non-classical monocyte
Intermediate monocyte

T-cells
T-reg
GdT-cell
MAIT T-cell
Memory CD4 T-cell
Naive CD4 T-cell
Memory CD8 T-cell
Naive CD8 T-cell
B-cells

Memory B-cell
Naive B-cell

Dendritic cells
Plasmacytoid Dendritic Cell
Myeloid Dendritic Cell
NK-cells
Total PBMC
Bone Marrow
Spleen
Thymus
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Cell Lines

EBV-transformed
lymphocytes (n=147)

Lymphoid Lymphoid
Jurkat
U-698

Jurkat (n=2492) H?QLEI\I—/:-Z
e (o U-266/84

NALMS (n=168) U-260/64
REH (n=230)

RPMI-8226 (n=62) RII\:’/II\(/IDII:§|36

Karpas-707

Daudi

Myel0|d Myel0|d
HEL
U-937

HMC-1

THP-1 (n=1128) HL-60
U-937 (n=352) THP-1
NB-4
K-562
HAP1

Datasets used

Genotype-Tissue
Expression (GTEX)

Tissue Atlas

Human Protein Atlas (HPA)
Genotype-Tissue Expression (GTEX)
Functional Annotation of Mammalian Genomes 5

Gene Expression Omnibus (FANTOMS)

Sequence Read Archive

(Does not include GTEX) Blood Atlas

Human Protein Atlas (HPA)
Schmiedel
Monaco
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Tissue Atlas

Illumina HiSeq 2000 (HPA)
Illumina HiSeq 2500 (HPA)

lllumina TrueSeq RNA-seq Illumina TrueSeq (GTEX)

Sequencing Affvmetrix Human Gene Illumina HiSeq 2000 Cap Analysis of Gene Expression and Illumina
techniques and y . Illumina HiSeq 2500 Sequencing (FANTOMS5)

1.1 ST Expression Array .
platforms Illumina NextSeq 500 Blood Atlas

(V3, 837 samples)
Illumina HiSeq 2000 (HPA)

Illumina HiSeq 2500 (HPA)
Illumina HiSeq 2500 (Schmiedel)
Illumina HiSeq 2000 (Monaco)

Table 6-1. A summary of the datasets, sequencing techniques, and platforms as well as immune human tissues and cell lines assessed in
the publicly available databases: GTEx, ARCHS* and Human protein atlas.
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6.2. Results

6.2.1. IMPDH1 and IMPDH2 expression in GTEx

The GTex database contains only two tissues of relevance, whole blood and spleen. The mMRNA
expression (transcripts per million, TPM) of IMPDH1 and IMPDH2 in these two tissues are
shown in Figure 6-1. Expression of IMPDH1 ranged from 6.08 to 906 TPM in whole blood
(median and IQR: 173 TPM, 68.4 — 416 TPM). This data was not normally distributed and
significantly (p < 0.0001) deviated from a normal or lognormal distribution in all statistical
tests of normality undertaken (Table 6-2). Expression of IMPDH2 ranged from 2.65 to 205
TPM in whole blood (median and IQR: 36.8 TPM, 23.8 — 53.8 TPM). This data was also not
normally distributed and also significantly deviated from a normal or lognormal distribution in

numerous statistical tests of normality (Table 6-2).

Significant deviation from normality

Test name (p-value)
IMPDH1 IMPDH2
Anderson-Darling < 0.0001 <0.0001
D’Agostino & Pearson <0.0001 <0.0001
Shapiro-Wilk < 0.0001 <0.0001
Kolmogorov-Smirnov <0.0001 0.0002

Table 6-2. Normality and lognormality tests of whole blood IMPDH1 expression data in
GTEX dataset.

In the spleen the expression of IMDPH1 was lower than in whole blood ranging from 43.9 to
200 TPM (median and IQR: 95.6 TPM, 73.8 — 115 TPM). The expression of IMPDH2 was
median and IQR: 122 TPM, 102 — 146 TPM. The distribution of expression of both IMPDH1
and IMPDH2 did not significantly deviate from lognormal (Gaussian distribution) in spleen (p
> 0.100 in all 4 lognormality tests for both IMPDH1 and IMPDH2). The expression of
IMPDH2 was significantly lower than IMPDH1 in whole blood (p < 0.0001) and in contrast

was significantly higher than IMPDHL1 (p < 0.0001) in spleen (Figure 6-1).
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Figure 6-1. IMPDH1 mRNA expression was significantly higher than IMPDH2
expression in (a) whole blood (n = 755) but IMPDH2 expression was significantly higher
than IMPDHL1 expression in (b) spleen (n = 241). Data was extracted from GTEX database.
The hatched line (- - -) in each violin plot represents the median of the population. The 25th
and 75th quartile as shown as dotted lines (- - ). Two-tailed Mann-Whitney tests were
conducted separately for each tissue in Prism. Note y-axes for a) and b) are on different
scales. **** p < 0.0001
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In whole blood (Figure 6-2), males had a significantly lower IMPDHL1 expression (median =
148 TPM) than females (median = 228 TPM, p = 0.0038, 95% CI of difference = 9.50 — 51.8
TPM). However, in spleen tissue, IMPDH1 expression was significantly higher (median = 99.8
TPM) in males than females (median = 88.3 TPM, p = 0.0093, 95% CI of difference = 2.52 —

17.6 TPM).

In contrast IMPDH2 expression did not differ between sexes in either of these tissues (Figure
6-3). In whole blood, males had similar expression levels as females (median = 36.8 vs 37.1
TPM respectively, p = 0.736). Similarly, in spleen tissue, males had similar expression levels

of IMPDH2 as females (median = 122 TPM vs 118 TPM respectively, p = 0.632).

Both ARCHS* and HPA did not have expression data stratified by sex, so no expression data

stratified by sex was extracted from these two databases.
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Figure 6-2. IMPDHL1 expression in (a) whole blood is higher in females compared to
males, in contrast in (b) spleen, IMPDH1 expression is lower in females compared to
males. Data was extracted from GTEx database (whole blood male n =501, female n = 254;
spleen male n = 154, female n = 87). The hatched line (- - -) in each violin plot represents
the median of the population. The 25" and 75" quartile as shown as dotted lines (). Two-
tailed Mann-Whitney tests were conducted separately for each tissue in Prism. Note y-axes
for a) and b) are on different scales. ** p < 0.001
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Figure 6-3. No difference in IMPDH2 expression between males and females in (a)
whole blood and (b) spleen. Data was extracted from GTEXx database (whole blood male n
=501, female n = 254; spleen male n = 154, female n = 87). The hatched line (- - -) in each
violin plot represents the median of the population. The 25" and 75" quartile as shown as
dotted lines (). Two-tailed Mann-Whitney tests were conducted separately for each tissue
in Prism. Note y-axes for a) and b) are on different scales. ns = not significant
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6.2.2. Gene transcript expression relative to IMPDH SNP

The eQTL and sQTL for the IMPDH1 SNP (rs2278293 and rs2278294) and the IMPDH2 SNP

(rs11706052) were then queried in the GTEx web interface for all tissues.

There was no association for these three SNP and the expression of either IMPDH1 or IMPDH2
in whole blood, spleen or EBV-transformed lymphocytes in this database. However, there were
significant associations of the IMPDH1 SNP rs2278293 and rs2278294 with IMPDH1
expression differences in a number of other tissues which are not directly related to the immune

system (Tables 6-3 and 6-4).

Normalised Effect

Tissue p-value Size (NES)
Adipose - Subcutaneous 1.70E-20 -0.22
Adipose - Visceral (Omentum) 2.50E-08 -0.14
Esophagus - Mucosa 2.00E-09 0.18
Skin - Not Sun Exposed (Suprapubic)  8.10E-14 0.17
Skin - Sun Exposed (Lower leg) 1.90E-08 0.14

Table 6-3. Significant eQTL observed for rs2278293 with IMPDHL1 expression in different
tissues.

Normalised Effect

Tissue p-value Size (NES)
Adipose - Subcutaneous 4.50E-32 -0.3
Adipose - Visceral (Omentum) 2.80E-18 -0.22
Breast - Mammary Tissue 2.80E-08 -0.12
Skin - Not Sun Exposed (Suprapubic)  0.0000037 0.11
Testis 0.0000045 0.14

Table 6-4. Significant eQTL observed for rs2278294 with IMPDH1 expression in different
tissues.

Both of these SNP (rs2278293 and rs2278294) were associated with decreased expression in
adipose tissue and with increased expression in the skin (not sun-exposed). Of note, rs2278293
was significantly associated with an increase in IMPDH1 expression (p = 2.00 x 10°, NES =

0.18) in the mucosa of the oesophagus.
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However, these three SNP in IMPDH1 and IMPDH2 have been found to associate with
expression changes in different genes in whole blood, spleen and EBV-transformed
lymphocytes. The rs2278293 SNP associated with the expression (eQTL) of the RP11-
274B21.x pseudogenes and the CICP14 gene in both whole blood and spleen. A significant
eQTL was also observed between this SNP and RP11-274B21.x. in EBV-transformed

lymphocytes. These eQTL are summarised in Table 6-5.

For rs2278294, significant eQTL were also observed for these same genomic regions, RP11-
274B21.x and CICP14 in whole blood. In the spleen, however a significant eQTL was only

observed between rs2278294 and the pseudogenes, RP11-274B21.x. (table 6-6).

For the SNP (rs11706052) in IMPDH2 there were significant eQTL observed for the following
genomic regions: WDR6, RBM6, CCDC71, RP11-3B7.1, NCKIPSD, and CCDC36 in spleen
(p <0.001, NES = -0.57). In whole blood, significant eQTL were observed between the SNP

and WDR6, NCKIPSD, RBM6 and UBAY (table 6-7).
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Normalised Effect

Tissue Gene p-value Size (NES)

RP11-274B21.4 7.40E-29 0.23

RP11-274B21.12 3.30E-22 0.22

RP11-274B21.3 1.30E-18 0.17

Whole Blood RP11-274B21.2 1.60E-11 0.13
CICP14 3.20E-10 0.14

RP11-274B21.1 0.0000016 0.094

RP11-274B21.13 0.000002 0.12

RP11-212P7.2 0.0000022 -0.11

RP11-274B21.3 8.90E-08 0.33

RP11-274B21.12 4.80E-07 0.36

Spleen RP11-274B21.4 7.60E-07 0.37
CICP14 0.0000023 0.27

RP11-212P7.2 0.0000058 -0.33

RP11-274B21.2 0.0000083 0.26

RP11-274B21.3 4.10E-08 0.47

RP11-274B21.4 9.30E-08 0.44

EBV-transformed RP11-274B21.12 1.00E-07 0.49
lymphocytes RP11-274B21.2 6.00E-07 0.32
RP11-274B21.13 0.0000054 0.3

RP11-274B21.1 0.000022 0.26

Table 6-5. Significant eQTL observed for IMPDH1 SNP (rs2278293) in whole blood,
spleen, and EBV-transformed lymphocytes.

Normalised Effect

Tissue Gene p-value Size
(NES)

RP11-274B21.4 3.40E-19 0.2

RP11-274B21.12 6.00E-12 0.17

RP11-274B21.3 1.30E-10 0.13

Whole Blood CICP14 1.90E-09 0.14
RP11-274B21.2 2.70E-08 0.11

RP11-274B21.13 0.00009 0.1

Spleen RP11-274B21.12 0.000016 0.31
RP11-274B21.3 0.000073 0.25

Table 6-6. Significant eQTL observed for IMPDH1 SNP (rs2278294) in whole blood and
spleen.
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Normalised Effect Size

Tissue Gene p-value NES
WDR6 2.10E-28 0.44

NCKIPSD 0.0000015 -0.19

Whole Blood RBM6 0.000018 0.23
UBA7 0.000038 0.13

WDR6 1.60E-07 0.44

RBM6 0.0000089 0.41

Spleen CCDC71 0.000017 0.33
RP11-3B7.1 0.000019 -0.64

NCKIPSD 0.0001 -0.41

CCDC36 0.00011 -0.57

Table 6-7. Significant eQTL observed for IMPDH2 SNP (rs11706052) in whole blood and
spleen.

No significant eQTL for the expression of either IMPDH1 or IMPDH2 in whole blood, spleen
and EBV-transformed lymphocytes was observed for any SNP loci in other genomic regions

in the database.

Associations of the three SNP with splice variant expression (SQTL) were assessed. This

included assessment of IMPDH1 and IMPDH?2 splice variants as well as other loci.

The rs2278293 SNP in IMPDHL1 displayed associations with mRNA expression of splice
variants (sQTL) in the FAM71F2 gene in whole blood (p =0.000037, NES =-0.21). Significant
SQTL were observed between rs2278294 and METTL2B in EBV-transformed lymphocytes (p
=0.000003, NES = 0.57) and RP11-274B21.1 in whole blood (p = 1.00 x 107, NES = -0.33).
The SNP (rs11706052) in IMPDH2 displayed significant sQTL with splice variants of MST1
in spleen (p = 0.0000011, NES = -0.93), SLC26A6 in whole blood (p = 7.30 x 107, NES =
0.48) and also ARIH2 in whole blood (p = 0.0000015, NES = 0.46). In whole blood there was
a number of significant sSQTL associations between various SNP in the IMPDH1 gene and the
expression of a splice variant (intron ID: 128405865:128409756:clu27651) of the IMPDH1
gene (Table 6-8). There were however, no associations with the rs2278293 or rs2278294 SNP
and this IMPDH1 splice variant. In contrast, no significant sSQTL were observed with any

IMPDH2 SNP and expression of IMPDH?2 splice variants.
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IMPDH1 IMPDH1

SNP ID p-value NES SNP ID p-value NES
rs10228542  1.20E-09  0.32 rs17152065  1.70E-10 0.34
rs10239919  3.70E-09  0.31 rs184013121  9.20E-09 0.31
rs10247945  1.20E-10 0.34 rs201811442  9.20E-09 0.31
rs10264312  5.10E-07  0.21 rs202102209  1.30E-08 0.31
rs10273872  2.70E-10  0.34 rs28391244  2.30E-10 0.34

rs1053124 8.90E-07  -0.22 rs28429588  2.30E-10 0.34
rs111671542  1.30E-08  0.31 rs28580600  5.90E-10 0.33
rs112711903  1.30E-08  0.31 rs3213981 9.20E-09 0.31
rs112715555 1.30E-08  0.31 rs373300541  7.80E-09 0.31
rs112948804 9.20E-09  0.31 rs375057895  5.80E-09 0.31
rs113275480 1.30E-08  0.31 rs3802003 3.20E-07 0.25
rs114191334 1.30E-08  0.31 rs3993558 9.20E-09 0.31

rs11562031  3.70E-09  0.31 rs4731449 1.20E-10 0.34
rs115939256  9.20E-09  0.31 rs4731452 1.20E-10 0.3
rs117260885 1.30E-08  0.31 rs531807355  5.80E-07 0.21
rs117639833  1.30E-08  0.31 rs532701505 2.80E-07 0.22
rs12111997  2.90E-09  0.31 rs549906784  5.80E-07 0.21
rs12113115  3.50E-09  0.32 rs57075087  2.30E-08 0.3
rs12113427  8.80E-09  0.31 rs571143742  5.50E-11 0.35
rs1327355829 5.80E-07  0.21 rs571296380  5.80E-07 0.21
rs138294558 5.40E-09  0.31 rs61266907  4.40E-07 0.24
rs138727180 1.30E-08  0.31 rs6944392 6.70E-09 0.31
rs138876806  5.40E-09  0.31 rs6978246 5.70E-10 0.32
rs1397373054 5.80E-07  0.21 rs714510 5.50E-10 0.3
rs140544495 6.50E-07  0.24 rs714511 2.80E-10 0.33
rs141071648 9.20E-09  0.31 rs72624928  5.50E-11 0.35
rs141499142  2.40E-08 0.3 rs74343948  1.30E-08 0.31
rs142590003 5.10E-07  0.25 rs74986205  3.70E-09 0.31
rs142719374  9.20E-09  0.31 rs75746814  1.30E-08 0.31
rs143866678 1.30E-08  0.31 rs76672854  9.90E-11 0.34
rs144684667 5.30E-09  0.35 rs76951139  4.20E-08 0.32
rs145488283 9.20E-09  0.31 rs77699733  1.30E-08 0.31
rs146312386  1.00E-07  0.28 rs7779455 5.40E-09 0.31
rs146461766  1.30E-08  0.31 rs7779818 2.30E-10 0.34
rs146695703 1.30E-08  0.31 rs7779945 3.70E-09 0.31
rs147009057 1.30E-08  0.31 rs7781310 4.20E-10 0.33
rs147597701 1.30E-08  0.31 rs7783540 3.70E-09 0.31
rs147749075 1.30E-08  0.31 rs7784120 2.30E-10 0.34
rs148028705 3.50E-09  0.36 rs77906067  1.20E-09 0.33
rs1560215 5.80E-09  0.31 rs7806193 5.80E-09 0.31

rs78763502  2.70E-10 0.34
Table 6-8. The sQTL associations between SNP within IMPDH1 and the expression of the
splice variant (intron ID: 128405865:128409756:clu27651) of IMPDH1.
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IMPDH1 has 18 exons (gene model is shown in Figure 6-4) and this splice variant (intron ID:
128405865:128409756:¢clu27651) results in expression of a transcript that excludes exon 17.
However, the splice variant transcript also includes expression of the intron between exons 1
and 4, this encompasses transcription of both exons 2 and 3 (Figure 6-4). It is of note that the
predominant exons expressed in whole blood do not include exon 17 (GTEX exon expression

data).

The SNP (Table 6-8) which associate with this splice variant (sSQTL) are interspersed across
all of the noncoding and coding regions of the IMPDHL1 gene and also upstream of the

transcription start site, TSS, of this gene (Figure 6-5).
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Figure 6-4. The gene model of IMPDH1 exons and introns. This image was modified from GTEXx. Curves with closed circles in the middle
connecting exons represent possible introns identified by LeafCutter software (Y. I. Li et al., 2018). * is the intron included in the IMPDH1
splice variant associated in sQTL analysis with numerous IMPDH1 SNP.
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Figure 6-5. The distribution of SNP in relation to the IMPDH1 gene. This image was modified from GTEx. SNP which had a normalised
effect size (NES) greater than 0.3 were included. SNP annotated in pink have a positive NES on splice variant expression, whereas SNP annotated
in blue have a negative NES on splice variant expression. TES and TSS represent the transcription end site and transcription start site of the
IMPDHL1 gene respectively. The exon model of IMPDHL (in red bars) show the position of the coding region of the gene with respect to the SNP.
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6.2.3. Immune tissue expression of IMPDH1 and IMPDH2 in ARCHS*

As noted earlier (Figure 6-1), the data extracted from the GTEx database indicated that
IMPDH1 was expressed at almost a 5-fold higher level than IMPDH2 in whole blood, whereas
in spleen, IMPDH1 was expressed at a lower level than IMPDH2. Moreover, IMPDH1
expression was almost 2-fold higher in whole blood than in spleen, whereas IMPDH2
expression was almost 4-fold lower in whole blood than in spleen. To investigate this further
data extracted from the ARCHS* database to assess the expression of IMPDH1 and IMPDH2
in numerous individual immune cell types, immune related tissues, as well as in lymphoid and

myeloid cell lines (Figure 6-6 and 6-7).

IMPDH1 was most highly expressed in granulocytes (median = 2566 TPM), followed by B-
lymphocytes (median = 2454 TPM). Macrophages expressed approximately 50% IMPDH1
lower than these two cell types (median = 1373 TPM), whereas T-lymphocytes expressed even
less (median = 887 TPM). Plasmacytoid dendritic cells (median = 512.5) had almost 4-fold
higher IMPDHL1 expression than myeloid dendritic cells (median = 155 TPM). Interestingly,
little or no expression of IMPDH1 (median = 0 TPM) was observed in plasma cells or the

spleen.

Of all the cell lines, Jurkat displayed the lowest expression of IMPDH1 (median and IQR: 40
TPM, 0 — 737 TPM) and the highest variability in expression of IMPDH1 (range: 0 — 16900

TPM).
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Figure 6-6. The expression of IMPDHL1 in various immune cell types and tissues, as well
as myeloid and lymphoid cell lines. Data was extracted from ARCHS* and error bars
around the box represent the 10" to 90" percentile TPM measured in individual experiments.
The line in the box represents the median value measured.
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Figure 6-7. The expression of IMPDH2 in various immune cell types and tissues, as well
as myeloid and lymphoid cell lines. Data was extracted from ARCHS* and error bars
around the box represent the 10" to 90" percentile TPM measured in individual experiments.
The line in the box represents the median value measured.

In contrast, IMPDH2 was most highly expressed in B-lymphocytes (median = 6103 TPM), at
more than twice the expression of IMPDH1. Conversely, granulocytes expressed almost 10-
fold lower IMPDH2 (median = 278 TPM) than IMPDH1. T-lymphocytes had lower IMPDH2
than granulocytes (median = 3175 TPM) however IMPDH2 was 3-fold higher compared to
IMPDHL1 in these T-cells. Plasmacytoid dendritic cells also had high levels of IMPDH2
(median = 1439 TPM) expression compared to IMPDH1, whereas myeloid dendritic cells had
lower expression of IMPDH2 (median = 53 TPM) relative to IMPDH1. Macrophages also had
lower expression of IMPDH2 (median = 884 TPM) relative to IMPDH1. Both plasma cells

and the spleen had very low expression of IMPDH2 (median values of 2 TPM).
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In cell lines, Jurkat again had the lowest IMPDH2 expression (median and IQR: 492 TPM, 117

— 3730 TPM).

The expression of IMPDHL1 relative to IMPDH2 are summarised in Table 6-9. In contrast to
the data extracted from GTEX, (figure 6-1) the ARCHS* data indicates that the spleen expresses
minimal IMPDH1 and IMPDH2. However, the high expression of IMPDHL1 relative to
IMPDHZ2 in whole blood and the higher overall expression of IMPDH1 in whole blood relative

to the spleen in the data extracted from GTEX is also observed in the ARCHS* data.

Median Median

Ratio of
Immune cell types/tissue IMPDHI IMPDHZ IMPDH1:IMPDH2
expression expression

(TPM) (TPM) expression
Granulocyte 2566 278 9.23
Neutrophil 251 57 4.40
Macrophage 1373 884 1.55
Myeloid Kupffer 209 757 0.276
Alveolar 1048 905.5 1.16
Dendritic 155 53 2.93
Plasmacytoid dendritic cell 512.5 1439 0.356
T lymphocyte 886.5 3175 0.279
. B lymphocyte 2454 6103 0.402
Lymphoid Plasma cell 0 2 0.00
Thymocyte 18 147 0.122
Tissue Thymus 403 2003 0.201
Spleen 0 2 0.00
THP1 904.5 1795 0.504
uo37 1408 4032 0.349
Jurkat 40 491.5 0.081
Cell lines MT4 3290 17145 0.192
NALMG6 2982 13180 0.226
REH 841 2636 0.319
RPMI18226 1018 3707 0.275

Table 6-9. Median IMPDH1 and IMPDH2 expression levels (TPM) and ratio of
IMPDH1:IMPDH2 expression of immune cell types, tissues and cell lines assessed in
ARCHS*,
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6.2.4. Immune tissue expression of IMPDH1 and IMPDH2 in HPA

Data were then extracted from the HPA database. This focussed on the mRNA expression data
that results in a protein coding transcript. In brief, transcript per million reads were normalised
to protein-coding transcripts only. The median values of expression of IMPDH1 in the immune

cells was determined and is shown in Table 6-10.

Neutrophils have the highest IMPDH1 expression (median = 161 pTPM), followed by the non-
classical monocyte (131.8 pTPM), intermediate monocyte (102.8 pTPM), eosinophil (87.2

PTPM) and classical monocyte (82.1 pTPM).

The myeloid dendritic cells have high IMPDH1 expression (62.3 pTPM) compared to the
plasmacytoid dendritic cells (6.8 pTPM). Memory B-cells (13.5 pTPM) and naive B-cells (8.8
pTPM) have lower IMPDH1 expression than T-cells. The IMPDHL1 expression levels of T-
cells is around 20-30 pTPM, except for naive CD4" and CD8" T-cells, which express lower
levels of IMPDH1 (11.2 and 14.7 pTPM respectively). Total PBMC have a relatively low

IMPDH1 expression (26.1 pTPM).

In contrast, IMPDHZ2 expression levels (Table 6-10) are highest in MAIT T-cells (96.1 pTPM),
followed by naive CD4" T-cells (91.6 pTPM) and natural killer (NK) cells (79.5 pTPM).
Interestingly, memory T-cells (65.4 and 58 pTPM) have lower IMPDH2 expression than naive
T-cells (91.6 and 81 pTPM) whereas naive B-cells (72 pTPM) have similar IMPDH2
expression to memory B-cells. Myeloid dendritic cells had similar IMPDH2 expression (53.3
pTPM) as observed for IMPDH1, although plasmacytoid dendritic cells had increased
IMPDH2 expression (42.2 pTPM) compared to IMPDHZ1. Neutrophils (8.9 pTPM) had much
lower IMPDH2 expression than IMPDH1 (almost 20-fold lower), whilst total PBMC exhibited

low levels of IMPDH2 expression similar to the low IMPDH1 expression.
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Protein- Protein-

coding coding Ratio
Immune cell types/tissues IMPDH1 IMPDH2 IMPDHL1:IMPDH2
expression expression expression
(pTPM) (pTPM)
Total PBMC 26.1 23.8 1.10
Basophil 10.3 17 0.606
Eosinophil 87.2 10.9 8.00
NK cell 15.7 79.5 0.197
Neutrophil 161 8.9 18.1
Myeloid Classical monocyte 82.1 26.3 3.12
Non-classical monocyte 131.8 39.6 3.33
Intermediate monocyte 102.8 45.4 2.26
Myeloid DC 62.3 53.3 1.17
Plasmacytoid DC 6.8 42.9 0.159
Naive CD4" T-cell 11.2 91.6 0.122
Naive CD8" T-cell 14.7 81 0.181
Memory CD4" T-cell 20 65.4 0.306
Memory CD8" T-cell 24.4 58 0.421
Lymphoid yoT-cell 29.4 56.3 0.522
MAIT T-cell 29.1 96.1 0.303
Treg 22.9 42.9 0.534
Naive B-cell 8.8 72 0.122
Memory B-cell 135 65.5 0.206
Tissue Thymus 13.9 159 0.0874
Spleen 42.8 76.5 0.559

Table 6-10. Protein-coding transcript levels of IMPDH1 and IMPDH2 and ratio of
protein-coding transcript levels of IMPDH1:IMPDH2 in individual immune cell types
assessed from the HPA database. pTPM = transcripts per million of protein-coding mRNA.

Data from the HPA database indicate that in PBMC, IMPDHL is expressed slightly higher at
the protein-coding transcript level than IMPDH2 with a ratio of 1.10. This is consistent with
the expression of IMPDHL1 versus IMPDH2 in whole blood in the GTEx data (ratio of 4.69),

but the relative difference in IMPDH1 and IMPDH2 expression is larger in GTEX.

The data from the ARCHS* and the HPA databases independently indicate several consistent
trends but also highlight various differences. Firstly, IMPDH2 was consistently expressed at
lower levels than IMPDH1 in neutrophils. Secondly, dendritic cells (myeloid and

plasmacytoid) displayed similar IMPDH1:IMPDH2 expression ratios in both HPA (1.17 and
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0.159 respectively, ratio 7.36) and ARCHS* (2.93 and 0.356 respectively, ratio 8.23). However,
contradictory to ARCHS*, myeloid dendritic cells were observed to have higher IMPDH1 and

IMPDH2 protein transcript levels than plasmacytoid dendritic cells.

Similar to the data from ARCHS?, in the HPA dataset, B- and T-cells had higher IMPDH2
expression than IMPDH1 expression. However, B-lymphocytes were shown to have a larger
ratio of IMPDH1:IMPDH2 ratio than T-lymphocytes in ARCHS*, whereas in HPA, T-cells
generally had greater IMPDH1:IMPDH2 expression ratios than B-cells. Interestingly, T-cells
were found to have higher protein-coding expression of IMPDH2 than B-cells in HPA, whereas
in ARCHS*, B-cells expressed twice as much IMPDH2 mRNA. In both HPA and ARCHS?,
IMPDH2 was expressed at a higher level than IMPDHL1 in thymus. The protein-coding
transcript levels in spleen observed in HPA followed the same trend as in GTEX, with an

IMPDH1:IMPDH2 ratio of 0.559 compared to 0.783 in GTEX.
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6.3. Discussion

This exploratory assessment of differential IMPDH expression has shown that baseline (MPA-
naive) IMPDH expression can vary substantially inter-individually and between tissues. These
expression differences could potentially contribute to the variability in response to MPA

therapy observed in patients.

The consensus in the literature is that the primary target of MPA therapy is the two isoforms
of IMPDH in proliferative lymphocytes. PBMC are predominantly lymphocytes, and these
cells are also at high density in the spleen or the thymus (Rowland-Jones & McMichael, 2000).
Most studies have used PBMC as a way of measuring IMPDH activity, either as a baseline

marker or response parameter, based on the convenience and ease of access to blood sampling.

In GTEX, IMPDH1 expression in whole blood appears to have substantial variability, with a
150-fold difference across the range of samples (n = 755), compared to a 25-fold difference in
IMPDH2. This has not been previously reported in the literature, although this finding is
consistent with the variability in baseline IMPDH activity observed in patients. Several studies
have observed a high interpatient variability in baseline IMPDH activity (40-fold difference)
when measured prior to the start of MPA therapy (Kuypers et al., 2008; Schaier et al., 2015;
Schitz et al., 1998), which would be due in part to such high variability in IMPDH1 and

IMPDH2 mRNA expression.

A novel result from the analysis of the GTEx database is the finding of sex-based differences
in IMPDHL1 in both whole blood and spleen. This could have important implications for MPA
therapy in SLE/LN patients due to the female predominance of the disease (Stojan & Petri,
2018). A previous study demonstrated that female rats were more susceptible to MPA-induced
Gl toxicity than male rats (Stern et al., 2007), although this was thought to be due to decreased

glucuronidation of MPA in the GI tract. Importantly, in whole blood, females express 54%

183



more IMPDH1 than males. Whereas in the spleen, IMPDH1 expression in males was slightly
(13%) higher than in females. A higher IMPDH mRNA expression in females’ whole blood
may imply that IMPDH activity in females may be higher. However, IMPDH activity has not
been found to significantly differ in PBMC between males and females in children 4 to 16

years old (Sobiak et al., 2022), although no information is available for adults.

Higher baseline IMPDH activity prior to MPA treatment could associate with worse
therapeutic outcomes (Glander et al., 2004), since subsequent MPA inhibition of IMPDH may
not be sufficient to cause cell cycle arrest. Females who possess higher baseline IMPDH
expression may also have higher baseline IMPDH activity, potentially predisposing female
patients to worse therapeutic outcomes. Higher baseline IMPDH expression in females could
also imply that IMPDHL1 transcription is greater in females than in males while translation into
IMPDH protein could remain similar. Considering the temporal changes in MPA-IMPDH
inhibition relationship observed in the previous chapter, this could have further implications.
Higher IMPDHL1 gene expression and a higher number of mRNA transcripts could allow a
more rapid response to MPA inhibition and faster restoration of IMPDH activity in response
to MPA. This may then result in worse therapeutic outcomes for females receiving MPA

treatment.

Another key finding was that the most common IMPDH1 and IMPDH2 SNP did not associate
with their respective gene or splice variant expression in immune tissues. Interestingly, both
IMPDH1 SNP (rs2278293 and rs2278294) were associated with changes in IMPDH1
expression in tissues of little concern in MPA therapy such as adipose, skin and testis. Of maybe
more relevance, due to the known Gl toxicity of MPA, is the association of rs2278293 with a
slight (13%) increase in IMPDH1 expression in the mucosa of the oesophagus. However, as
was noted above, rs2278293 did not associate with GI toxicity parameters in paediatric heart
transplant patients (Ohmann et al., 2010) or any clinical outcome in another study (Gensburger
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etal., 2010). Importantly, Gl cells do not rely on de novo synthesis of purines through IMPDH1
or IMPDH2 (LeLeiko et al., 1983) as they are exposed to purines through diet, implying that
the associated increase of IMPDH1 expression may not influence GI toxicity. Furthermore, Gl
toxicity from MPA exposure has been suggested to occur either via local exposure to a toxic
metabolite of MPA, acyl-MPA-glucuronide or through the release of N-2-hydroxyethyl-
morpholine after de-esterification of mycophenolate mofetil, the ester formulation of MPA

(Arns, 2007).

Since there was no relevant association of IMPDH1 and IMPDH2 mRNA expression changes
with the three most common SNP (rs2278293, rs2278294 and rs11706052) in these genes, this
suggests that any of the reported associations these SNP may have with therapeutic outcomes
is likely to be due to other reasons. This could be catalytic changes to the IMPDH enzyme,

changes in efficiency of protein translation or protein stability.

Whilst the functional effects of most SNP in IMPDH1 and IMPDH2 have not been
characterised, some SNP have been shown to result in lower catalytic activity (Wang et al.,
2007; Wu et al., 2010). Although only one SNP (rs2278293) thus far appears to alter catalytic
activity through changes in enzymatic structure, other SNP may have effects on post-
transcriptional pathways such as altering mRNA stability, protein quantity, or protein
degradation. Since the SNP assessed were intronic SNP, it was theorised that they could alter
the splicing of the mRNA. However, the lack of associations of the assessed SNP with different
splice variants of IMPDH1 and IMPDH2 also indicates that these SNP are unlikely to influence
splicing of both IMPDH1 and IMPDH2 mRNA, further implying that there would be no
differences in the translated enzyme from mRNA with these SNP. Thus, it is unlikely that these

SNP alter catalytic activity of the enzymes.
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These SNP in IMPDH1 and IMPDHZ2 do appear to associate with changes in the expression of
other genes which may influence therapeutic outcomes. Interestingly, the SNP in IMPDH2 was
associated with changes in expression of a number of different genes and the proteins these
genes encode could have clinically relevant effects. This includes WDRG6, a protein-coding gene
that is involved in cell cycle arrest which has also been found to be differentially expressed in
SLE patients (Lyons et al., 2010). An increase in WDR6 expression could result in an increase
in vulnerability to cell cycle arrest and possibly improve therapeutic outcomes. Other genes
include, NCKIPSD, a gene involved in stress fibre formation but has not been implicated in
SLE to date, RBM6, which codes for an alternative spliced RNA processing protein and has
been found to be decreased in expression in SLE monocytes (Patel, 2008), UBA7, which codes
for the UBELL ubiquitin modifier protein, CCDC36, which codes for a protein involved with
gamete generation, and CCDC37, which codes for a protein involved with ciliary movement.

These genes have no interaction with SLE or MPA as far as it is known.

In contrast, the two SNP in IMPDHL1 are associated with altered expression of CICP14 and the
RP11-247B21.x gene family. These are pseudogenes and are not implicated in any regulatory
processes or pathways relevant to MPA therapy or SLE/LN pathogenesis as far as it is known.
However, some RP11-247B21.x genes are located in close proximity to IMPDH1 (Figure 6-8),

which could explain the effect these SNP have on the expression of this family of genes.

Associations of these IMPDH1, IMPDH2 SNP (rs2278293, rs2278294 and rs11706052) with
increased expression of alternatively spliced variants of other genes may also impact
susceptibility to MPA treatment. Importantly, this includes changes to FAM71F2 and
METTL2B. These genes are in close proximity to IMPDH1 as well (Figure 6-8), which could
explain the SNP associations with differential expression of splice variants of these genes. Of
particular note is the association of the IMPDH2 SNP with expression of a splice variant of
SLC26A6. Although there has not been much characterisation of SLC26A6, it is an anion
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transporter and could be involved in MPA pharmacokinetic pathways of absorption,

distribution, and excretion.
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Interestingly, no eQTL were observed with respect to these SNP and the expression of
IMPDH1 and IMPDH2 in immune tissues. This suggests that at the transcription level, gene
expression of IMPDH is unaffected by SNP, although no inferences can be made about the
functional effects and translational effects of other SNP besides the three assessed. The
association of the IMPDHL1 splice variant with several SNP spread throughout the IMPDH1
gene (and beyond) could also imply a functional or translational change from wild-type
IMPDH1, however, more research has to be conducted into this splice variant (intron ID:
128405865:128409756:clu27651) and how it potentially affects catalytic activity and/or

translation of IMPDHL1.

The three different databases have shown that there are subtle differences in the expression of
IMPDH1 and IMPDH?2 in different immune cell subsets. A common observation that was
particularly highlighted in GTEx and ARCHS* is the large variability in IMPDHZ1 and IMPDH2
expression, especially in the circulating blood. Whilst it is widely accepted in the literature that
IMPDH1 and IMPDH2 have similar enzyme inhibition kinetics with MPA, there is evidence
that there may be differences in the response to MPA. It was noted that IMPDH2 had a 4-fold
lower ki than IMPDHL (Carr et al., 1993), and it was also suggested that IMPDH1 and IMPDH2
may undergo different regulatory processes when assembling macrostructures due to different
nucleotide-binding properties (Thomas et al., 2012). Thus, understanding how IMPDH1 and
IMPDH2 are differentially expressed individually in immune cell subsets may aid in

understanding the response to MPA therapy.

Importantly, the data from GTEx and HPA have shown that in whole blood IMPDHL1 is
expressed at a higher level than IMPDH2, which is consistent with the general assumption in
the literature that IMPDH1 is the constitutively expressed housekeeping protein whereas
IMPDH?2 is induced only when proliferative need for de novo purine synthesis arises. In the
thymus, there was also consensus from ARCHS* and HPA that IMPDH2 was more highly
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expressed than IMPDH1. This is consistent with the function of the thymus in the immune
system as the regulator of T-cell selection and maturation, along with expansion of T-cell
subsets (Thapa & Farber, 2019). This would thus require higher IMPDH activity and hence
higher expression driven by IMPDH2. Data from both GTEx and HPA also displayed similar
ratios of IMPDH1 to IMPDH2 expression in the spleen, indicating higher levels of IMPDH2
than IMPDHL1 expression. The spleen is a secondary lymphoid organ which can also be a site
of lymphocyte proliferation (Bronte & Pittet, 2013), which would be again consistent with the

higher expression of IMPDH2 than IMPDH1.

In the immune cell subsets, broad trends that persist across both ARCHS* and HPA include the
consistently high IMPDH1 expression of granulocytes, including neutrophils and eosinophils.
Granulocytes represent the bulk of circulating white blood cells and are terminally
differentiated cells. A high IMPDH1 expression level as opposed to IMPDH2 could represent
the lower requirements for purine synthesis. The dendritic cell subsets, myeloid and
plasmacytoid, have also displayed similar IMPDH1:IMPDH2 ratios across the databases.
Interestingly, myeloid dendritic cells expressed higher IMPDH1 than IMPDH2 whereas
plasmacytoid dendritic cells had the opposite characteristic. It has been noted that MPA can
have differential effects on these subsets of dendritic cells, such as the inhibition of STAT4
signalling in myeloid dendritic cells but not in plasmacytoid, and the disruption of type I IFN
production in plasmacytoid dendritic cells (Shigesaka et al., 2020). This could be due to

different expression profiles of IMPDH isoforms in these subsets.

In comparison to the myeloid lineage, cells of the lymphoid lineage had substantially higher
levels of IMPDH2 relative to IMPDHL1 in both the databases (ARCHS4 and HPA), (mean
IMPDH1:IMPDH2 ratio for myeloid cells is 4.11 vs mean IMPDH1:IMPDH2 ratio for
lymphoid cells is 0.302). This indicates that lymphoid cells generally have a higher IMPDH2
expression than IMPDHL1 regardless of proliferation status, whereas myeloid cells generally
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have higher IMPDH1 than IMPDH2 expression. The general consensus within the literature is
that IMPDH2 is more abundant in cell types which have high proliferative requirements, and

the results observed here are consistent with this.

However, there were also several inconsistencies amongst the databases. First, the spleen was
observed to have minimal IMPDH1 and IMPDH2 expression in ARCHS?, in contrast to the
data obtained from HPA and GTEX. This could be due to the differences in the datasets used
by the databases. Whilst both HPA and GTEXx use specifically curated datasets, ARCHS* pulls
in a large number of user-submitted experiments in the publicly available GEO dataset, which
could result in less consistent data. Also, data from HPA did not always corroborate ARCHS*
data in the hierarchy of IMPDH expression amongst the various immune subsets. This could
also be due to the use of protein-coding transcript levels in HPA in contrast to total mMRNA

transcript in ARCHS?. Hence the data from HPA may be more robust and more relevant.

There are several limitations in this database assessment of associations with IMPDH
expression differences. Firstly, the key pharmacodynamic parameter, IMPDH activity, cannot
be inferred directly IMPDH expression. Further research should be conducted to elucidate the
impact differential IMPDH expression has on IMPDH activity. Additionally, the assessment
of sex-based differences could not be further investigated in different immune cell subsets in
GTEXx and the other databases do not include sex as a parameter to investigate. Hence this
finding requires further independent verification. Whilst there is detailed categorisation of
immune cell subpopulations and subsets in ARCHS* and HPA, these two datasets do not
always corroborate each other (for reasons noted above). Hence in the context of SLE/LN,
studies characterising IMPDH expression relative to biological sex in all the immune cell

subpopulations important for this disease may be useful in the future.
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In conclusion, possible sex-based differences in IMPDH expression and heterogeneity in
immune cell IMPDH expression appear to exist. It is not known if this contributes to
differences in the response to MPA therapy. Further studies are required to determine if these
MRNA expression differences affect IMPDH protein levels and/or IMDPH activity and

whether these will in turn affect therapeutic outcomes.
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Chapter 7: General Discussion
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7.1. Preamble

Immunosuppressive drugs are key for the treatment of the autoimmune disease SLE/LN. The
two drugs assessed in this thesis, cyclophosphamide and mycophenolic acid (MPA), are both
excellent at suppressing the immune system but do so via different pathways. The novel
findings detailed in this thesis demonstrate that there is additional complexity to the
mechanisms of action of these drugs at their targets (IMPDH for mycophenolate, and formation

of PAM and its interaction with DNA for cyclophosphamide).

In this chapter, the findings from this thesis are discussed in the broader context of the disease
and how they could aid in optimising treatment on an individualised basis for better therapeutic

outcomes.
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7.2. Cyclophosphamide

The observation that lymphocytes and phosphodiesterase enzymes, in particular PDE4B2, can
activate 4-OHCP/aldophosphamide into the DNA reactive PAM is an important finding that
could further explain the selectivity of cyclophosphamide for this cell type in autoimmune
disease. Whilst lymphocyte depletion has been generally accepted as main immunosuppressive
mechanism of action of cyclophosphamide (Hurd & Giuliano, 1975), it is currently thought
that this is mainly due to the low levels of ALDH in these mature cells compared to the
progenitor cells. However, it is becoming increasingly apparent that cyclophosphamide has
differential effects on lymphocyte subsets. For example, numerous studies have shown that
cyclophosphamide selectively depletes Treg cells when administered in low doses (Lutsiak et
al., 2005; Motoyoshi et al., 2006; Noordam et al., 2018; Zhao et al., 2010). Cyclophosphamide
is selective for B-cell apoptosis (Hemendinger & Bloom, 1996) when both T- and B-cells were
exposed to cyclophosphamide. Such differential effects on the lymphocyte subsets could be
due to not only differences in ALDH expression but also differences in the

expression/regulation of PDE4B2 and the intracellular formation of PAM.

PDE4B?2 is constitutively associated with the CD3¢ chain of the T-cell receptor, and upon
activation of T-cell receptor signalling, PDE4B is phosphorylated when the CD3¢ chain is
ligated (Baroja et al., 1999). The release of phosphorylated PDE4B2 is accompanied by a
transient increase of CAMP followed by a subsequent decline in cAMP levels. Whilst the
authors were not able to determine the functional significance of the phosphorylation of
PDE4B2, they hypothesised that tyrosine phosphorylation of PDE4B2 could induce a
conformational change in the enzyme, thereby increasing its stability, leading to an effective
increase in phosphodiesterase activity and degradation of CAMP. This may suggest that there

is an additional mechanism of selectivity of cyclophosphamide for activated T-cells. Following
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activation of T-cells via T-cell receptor signalling, the increase in PDE4B2 activity would
increase the conversion of 4-OHCP to PAM and hence result in increased cytotoxicity in
activated T-cells. CAMP is also a key regulator of Treg function (Klein et al., 2012) and whilst
it is unclear whether this subtype of lymphocytes over-express PDE4B, competitive inhibition
of this enzyme by 4-OHCP/aldophosphamide could decrease cAMP degradation and hence be
an additional mechanism by which cyclophosphamide has immunosuppressive effects in

autoimmune disease.

Inter-individual variability in response to cyclophosphamide could also arise from differences
in PDE4B2 expression. Genetic polymorphisms in PDE-encoding genes have not been
investigated thoroughly, but in recent years, there has been emerging research on the
associations of SNP with various diseases or therapeutic response (M. E. Gurney, 2019; Yee
et al.,, 2019). Interestingly, in patients with diffuse large B-cell lymphoma treated with
cyclophosphamide, increased expression of PDE4B in the tumours was associated with poorer
therapeutic outcomes (Shipp et al., 2002). The work in this thesis would suggest that this higher
expression should lead to a more selective and increased activation of 4-
OHCP/aldophosphamide in these tumour cells and a better therapeutic response. However, the
authors hypothesised that higher expression of PDE4B could lead to decreased cCAMP levels,
limiting protein kinase A signalling and increasing proliferation, cytokine release and
chemotaxis. The elevated proliferation rate in these neoplastic cells could outweigh the

increased selective activation in the cells.

The increased susceptibility to the DNA damage following exposure to PAM observed in LN
patients from the REPAIR study is also another attribute that should be considered in the
context of inter-individual differences in response to cyclophosphamide in SLE/LN patients.
DNA-adduct formation is the mechanism of action of cyclophosphamide and the
pharmacodynamic measurement of therapeutic response to cyclophosphamide using this
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measure has not been thoroughly investigated. Some studies have reported surrogate measures
for DNA-alkylation and cytotoxicity such as the relationship between cyclophosphamide
exposure (AUC of plasma concentration curves) and neutropenic toxicity (neutrophil counts),
(Ahmed et al., 2020; Joerger et al., 2007). These studies found associations between the two
measures and concluded that cyclophosphamide plasma concentration could be a useful
parameter to include in models to predict effectiveness and/or toxicity of cyclophosphamide
therapy. However, using cyclophosphamide exposure as a surrogate measure of effect does not
take into account a) the conversion of the prodrug via hepatic CYP enzymes into 4-
OHCP/aldophopshamide, b) the catalytic conversion of aldophosphamide into PAM by
phosphodiesterases and c) the differences in the repair of the DNA adducts of PAM. The data
from the REPAIR study suggests that there was a non-normal distribution of formation of
PAM-induced DNA adducts in the LN patients compared to the normal distribution observed
in the healthy individuals. This suggests that there may be individuals who are extremely
sensitive to cyclophosphamide. This thesis has not investigated the role of differences in
specific DNA-adduct repair processes in this extreme sensitivity. These studies were
undertaken in unstimulated PBMC which contains mostly lymphocytes and some monocytes.
Hence the differences in DNA-adduct formation (measured by PCR-block) are not likely to be
due to DNA repair that occurs during mitosis (such as double strand break repair/homologous
recombination) and is more likely to be due to differences in transcription-coupled nucleotide
excision repair or possibly base-excision repair processes. Germline variants in nucleotide
excision repair proteins, such as ERRC2 and ERRC3, are relatively common and these could
be assessed in future studies to further interrogate which patients are very sensitive to
cyclophosphamide. However, a simple method, which is agnostic to the cause of slower DNA-

repair in each individual, such as the PCR block assay could be used to pre-screen patients and
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to prioritise use of cyclophosphamide rather than mycophenolate in those that are most

sensitive to the drug.

A notable difference between the healthy individuals and LN patients was the higher Pasifika
(25%) and Asian (37.5%) demographic in the LN patient population. The higher incidence of
SLE and LN in Pasifika (almost 3-fold higher), Maori and Asian (1.5 fold higher) as compared
to those of European descent is well established (Lao et al., 2023). Importantly, Maori and
Pasifika have worse health outcomes than other ethnicities in New Zealand (Disnhey et al.,
2017) and early prediction/screening of susceptibility to cyclophosphamide could aid close
monitoring of therapeutic response and/or excessive toxicity particularly in these populations,

improving health outcomes.
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7.3. MPA

This thesis has found a novel observation in that, following prolonged MPA exposure, there
was a time-dependent decline in the ability of MPA to inhibit IMPDH activity in Jurkat cells.
The mechanism for this has not been investigated in this thesis, but this could be an important
way in which proliferating immune cells can resist MPA-induced depletion of purines and cell
death. due to. One possible mechanism for this upregulation of IMPDH activity, even in the
presence of high concentrations of MPA, is the allosteric effect of formation of IMPDH

filaments.

IMPDH enzyme is a tetramer and IMPDH filaments are helical polymers formed from stacked
octamers of IMPDH. These filaments are formed through dimerization of the Bateman domains
of IMPDH tetramers (Fernandez-Justel, et al., 2019). The formation of IMPDH filaments
stabilises the ‘flat’ conformation of the octamers (which is seen when ATP/ADP binds to the
Bateman domains) but does not inhibit the ‘bowed’ (when GTP/GDP binds) conformation
(Anthony et al., 2017; Johnson & Kollman, 2020). Some studies suggest that IMPDH filaments
possess similar catalytic activity to unassembled IMPDH enzymes (Anthony et al., 2017,
Fernandez-Justel et al., 2019). However, others suggest that IMPDH filaments consist of both
catalytically active and inactive enzymes (Anthony et al., 2017) suggesting that these filaments
could serve to quickly modulate IMPDH function by facilitating transitions between active and

inactive conformations throughout the filaments.

Another function that IMPDH filament formation seems to serve is to decrease the sensitivity
to allosteric inhibition by guanine nucleotides (Johnson & Kollman, 2020). The differences in
the “flat” versus “bowed” form, alters the affinity for guanine nucleotides hence increasing the
enzyme activity. Future studies should investigate whether filament formation and

conformational changes also effect the ability of MPA to inhibit this enzyme.
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Whilst there is consensus in the literature that IMPDH filament assembly acts as a general
sensor of the increased need for guanine nucleotides, the mechanism by which the filaments
form is not well-researched. To date, only one study has been conducted to elucidate the
signalling mechanisms for filament formation. Duong-Ly et al. (2018) hypothesised that
filament assembly would be triggered by early biochemical changes in T-cell activation,
specifically through the mTOR pathway and the STIM1 pathway. The mTOR pathway plays a
central role in T-cell activation and integrates immune signals to effect various metabolic
changes necessary for expansion (Chi, 2012). The STIM1 pathway is upstream of the mTOR
pathway and in response to Ca?* release from the endoplasmic reticulum mediates the
expression of crucial genes such as nuclear factor of activated T-cells (NFAT) and also
cytokines (Desvignes et al., 2015). The knockout of STIM1 was found to decrease IMPDH
filament formation in mouse splenic T-cells, disproportionate to the decrease in IMPDH
expression observed. Furthermore, treatment of splenic T-cells with mTOR inhibitors such as
rapamycin resulted in disassembly of IMPDH filaments. These observations suggest that the
STIM1 and mTOR pathways that are essential in T-cell activation may be part of the
mechanism through which IMPDH filaments form. This suggests that the effect of MPA on
changes in IMPDH filament formation in activated immune cells could be an important focus

of further research in lupus therapy.

Thus, the time-dependent decrease in sensitivity of IMPDH to MPA inhibition within cells
relative to the formation of filaments should be investigated. However, filament formation has
not been extensively researched in vivo, and it is not known whether the effect of MPA on
IMPDH activity displays the same properties in PBMC as in Jurkat cells. This future work
could help determine if there is a role of IMPDH filament formation in MPA resistance in some

SLE/LN patients.
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Interestingly, database analysis of IMPDH expression suggested that females intrinsically
express higher levels of IMPDH1 compared to males in whole blood but lower levels than
males in spleen. Along with the unclear therapeutic implications of higher IMPDH1 expression
and/or IMPDH activity, these findings also pose further questions in the context of IMPDH
filaments formation, namely whether higher IMPDHL1 expression affect IMPDH1 filament
formation, structure and conformation. Recent research has shown that IMPDH1 forms
filaments with similar properties to IMPDH2, albeit with a few notable differences (Burrell et
al., 2022). When bound with GTP, the IMPDH1 filament was demonstrated to have different
points of contact between monomers compared to IMPDH2. These different points of contact
allow a more bent tetramer structure, in turn increasing the inhibitory capacity of GTP on
IMPDHL1. Furthermore, N-terminal extension of IMPDH1 stabilised the active, compressed
form of the filament whilst a C-terminal extension had the opposite effect. Whether these

conformational differences affect MPA-inhibition in IMPDH1 filaments is unknown.

Interestingly, the association of various SNP in IMPDH1 with altered expression of an
IMPDH1 splice variant could have implications for IMPDH1 filament formation. This splice
variant has an intron not normally included at the 5’ end of the mRNA, which may cause an
extension in the N-terminal of the polypeptide chain. Thus, higher expression of this splice
variant may then stabilise the active form of the IMPDH1 filament, increasing IMPDH1
activity. An individual with these SNP could theoretically have increased IMPDH1 activity,

whether this would influence the therapeutic effect of MPA is not known.

The finding that there is substantial variation in IMPDH1 and IMPDHZ2 expression in different
immune cell types could have therapeutic implications in MPA treatment. Whilst MPA has
been thought to target mainly lymphocytes, effects on other immune cells have also been
observed. For example, in dendritic cell subsets, MPA was shown to interfere with the nuclear
translocation of interferon regulatory factor 7, a transcription factor that is crucial to type 1 IFN
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production, decreasing IFN production by plasmacytoid dendritic cells (Shigesaka et al., 2020).
The decrease in IL-17 produced by T-cells as a result of inhibition of T-cell proliferation is
also hypothesised to decrease granulopoiesis and cause neutropenia (von Vietinghoff et al.,
2010). However, not much research has been conducted on whether the effects of MPA
treatment on the different immune cell types are mediated through IMPDH inhibition.
Although it is important to note that different immune cells may have different dependencies
on the de novo purine synthesis pathway, which may further influence the effect of MPA on
these cells. Thus, more research needs to be conducted on the impact of varying IMPDH

expression in different immune cell types and the effect of MPA on these cells.
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7.4. Conclusion

In summary, it is not currently known which patients will most benefit from cyclophosphamide
or MPA, and biomarkers which could help stratify patients for each therapy would be clinically

useful in SLE/LN.

In cyclophosphamide therapy, in addition to the well characterised inherited differences in the
initial CYP catalysed hepatic bioactivation of this prodrug, the activation of 4-OHCP into the
cytotoxic metabolite PAM via phosphodiesterases, such as PDE4B2, could vary between
individuals and in different subsets of immune cells. Once PAM is formed, differences in the
amount of DNA-adduct produced and repaired may further influence which patients are most
susceptible to the therapeutic effects of cyclophosphamide. These factors should be further

assessed in vivo to examine the impact this may have on response to cyclophosphamide.

In the context of MPA therapy, inter-patient differences in the uptake of MPA into immune
cells is unlikely to be the limiting factor in terms of therapeutic outcomes, since uptake
transport was rapid and concentrations achieved within cells were well above the
concentrations which inhibit the enzyme. However, the time-dependent loss of IMPDH
inhibition suggests that additional regulatory changes occur. Investigation of whether in this
time-dependent rebound in IMPDH activity in the presence of MPA occurs in patients is
required, since inter-individual differences in this process could account for the poor

therapeutic response in some SLE/LN patients.
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