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ABSTRACT

A complex network of host and virological factors will contribute to the
success or failure of antiretroviral therapy. Cellular and viral mechanismscontribute
to variability in suppression of the virus. The immuneresponseto HIV is insufficient
to resolve infection and there is increasing evidence that exhaustion of immunecells
in chronic infection is a major cause of this inability to clear infection. Negative

costimulatory proteins may contribute to this phenomenon.In addition, there are a
considerable numberof variables that affect the expression of proteins involved in

these costimulatory processes.
Drug efflux transporters expressed on lymphocytes and drug disposition
enzymes expressed within lymphocytes may contribute to sub-optimal intracellular
concentrationsof antiretrovirals. Flow cytometric detection assays were developed or
validated to determine the lymphocyte expression of ABCB1, ABCC1, ABCC2,
CYP2B6, CYP3A4, CXCR4 and CCRSto assess the impact of cytokines crucial in

the immune response. Cytokines were generally shown to increase the expression of
transporters and chemokine receptors. CYP2B6 and CYP3A4 expression was
decreased by T,1 cytokines such as IL-2 but increased by T;,2 cytokines such as IL-4.
There was also a correlation between the change in expression of transporters and
chemokine receptors in response to cytokines, which supports a previous hypothesis
that these genes may be coregulated. Single nucleotide polymorphisms (SNP) in the
genes encoding IL-2 and IFNy were investigated to determine if there were any
associations between these SNPs and expression of transporters and chemokine

receptors in HIV+ patients and healthy volunteers. A SNP (874A>T) in IFNy was
shownto be associated with increased CCRS expressionin these patients.

PD-1 is a negative costimulatory molecule expressed on T cells that has been
shownto decrease the functionality of HIV specific T cells. Expression of PD-1 is
related to production of stimulatory cytokines such as IL-2 by the cells expressing it.
The PD-1 gene contains SNPsthat have been associated with autoimmunediseases.
Weinvestigated the PD-1.3 SNP, in a cohort of HIV+ patients initiating efavirenz
therapy. PD-1.3 genotype was associated with immunological progression in these
patients with heterozygotes having lower CD4 recovery.

CYP2B6is predominantly responsible for the metabolism of efavirenz and

recently a SNP in CYP2B6 (983T>C) has been associated with supratherapeutic
concentrations of this drug in Black patients. We hypothesised that this SNP results
in altered subcellular localisation and investigated this in vitro. The mutant
CYP2B6*18 protein was shown to be absent from microsomal preparations by
Western blotting and the subcellular localisation was different from wild type by
confocal microscopy.
Finally the interaction of three novel CCRS5 antagonists with efflux
transporters was investigated. The CCRS5 antagonists were found to be non-toxic in
cell lines and PBMC. However, they enhanced vinblastine and epirubicin toxicity in
cells over expressing ABCB1 and ABCC1. Twoof these compounds were also found
to increase accumulation of saquinavir in PBMC from healthy volunteers.
In summary, some of the pathways that govern drug disposition and the
immune response to HIV are related in terms of their regulation. Underlying these

responses, host genetic variability has a significant impact on how these factors

influence treatment response. Knowledge of these mechanisms underpins the
selection of candidate genes for pharmacogenetic studies, which may help
individualise therapy.
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CHAPTER1
1. INTRODUCTION
Acquired Immune Deficiency Syndrome (AIDS) results from the immune system
damage cause by infection with human immunodeficiency virus (HIV, Barre-

Sinoussi et al, 1983). AIDSis characterised by severe immunedeficiency in patients
manifesting as profound susceptibility to opportunistic infections and tumours which
are often fatal. At the end of 2007 33.2 million people were estimated to be HIV
positive worldwide with approximately 2.5 million new infections being reported
(http://data.unaids.org/pub/GlobalReport/2008/2008_globalreport_core_en.ppt,

last

accessed 04/03/09).

1.1 HIV PATHOGENESIS
HIVis passed from infected to uninfected individuals through bodily fluid transfer.

HIV has been found in the semen and germ cells of patients with HIV however,little
is known about how the virus infects cells of the genital tract. It has been
demonstrated that testicular macrophages express the receptors necessary for HIV

infection (Habasque et al, 2002) suggesting that macrophages in the testis may be
infected by HIV. It is therefore possible that these macrophages may bea site of
early viral localisation and therefore become a potential HIV reservoir. However,

work carried out by Le Tortorec et al (2008) has shownthat the human prostate is
capable of serving as a site of CCRSutilising strains of HIV. Indeed, the authors also
showedthat the prostate was more suitable for the replication of CCRS5tropic strains
than CXCR4tropic strains still suggesting that cells such as macrophages (which
express CD4 and CCR5 necessary for HIV infection) may be present in the prostate
and serveas site ofviral replication. As such, the most common modesofinfection
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are sexual contact (both hetero and homosexual), or contact with contaminated blood
products in the case of intravenous drug users, haemophiliacs and blood transfusion
recipients (Selik et al, 1993). HIV transmission can also occur from mother to child
in utero (Pizzo et al, 1991) or via breast milk (Villamoref al, 2007).

Following initial exposure, the clinical course of HIV infection has three major
stages: primary infection (presenting flu-like symptoms), clinical latency (up to 10

years), symptomatic infection (development of opportunistic infections such as
tuberculosis) and AIDS (usually defined as the presentation of several severe
opportunistic infections or cancers) (Pantaleo and Fauci, 1996) which can be defined,
amongst other parameters, by plasma viraemia and the numberof circulating CD4+
T cells. Primary infection is characterised by an initial burst in viral replication with
a sharp rise in plasma virus whichis thought to be a reflection of high levels of viral
replication in lymph nodes (Pantaleo and Fauci, 1996). Clinically, patients may
present with an acute infectious mononucleosis-like syndrome (Cooperef al, 1985).

4-12 weeksafter infection, seroconversion occurs and a range of anti-HIV antibodies
can be detected in the blood (Mannset al, 1992). The initial burst in viraemia is
followed by a dramatic decrease and concomitant recovery in the number of
circulating CD4+ cells which is thought to be due to control, but not elimination, of
virus by both a humoral and cellular immune response (Vrisekoop ef al, 2008).
Immunological control of HIV leads to a clinically asymptomatic phase of infection
in which circulating virus remains low. Despite low plasma viraemia during the
asymptomatic phase of infection, HIV continues to replicate at high levels in the
lymph organs (Pantaleo ef a/, 1993). Viral production in the lymph nodesand the

4
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emergence of immune escape mutants eventually overwhelms the body andleads to
the destruction of the immune system characterised by a decrease in CD4+ T cell
count and a resurgence of plasma viraemia (Fauci, 1993).

1.2 THE HIV VIRUS
1.2.1 Structure of HIV-1

Two single strands of RNA, the unspliced viral genome, are complexed and
stabilised by around 2000 copies of nucleocapsid protein (NC) (Turneret al, 1999).
This complex, the enzymes protease, reverse transcriptase and integrase together
with accessory proteins Nef, Vif and Vpr are surrounded by a conical core made up
of many copies of capsid proteins (CA) (Freed, 2004). Vpr is encoded by HIV-1

whereas HIV-2 instead encode Vpx (Tristem et al, 1990). This viral core is
surrounded by a matrix shell comprising matrix proteins (MA) whichlines the inner
surface of the lipid membrane, and encases the virus and is acquired from the host
cell during budding. This membrane is covered in multiple gp120/gp41 complexes
whichare essential for viral entry into host cells (Earl et al, 1990; Weiss et al, 1990).

1.2.2 HIV life cycle
Thelife cycle of HIV is relatively complex and includes a numberof stages that can
both promote or inhibit infection and replication. These stages are summarised in

figure 1 and discussed below.

CHAPTER1
Attachment

The main method of attachment of HIV particles to target cell surfaces is due to the
interaction of viral glycoproteins with receptors on the target cell. The envelope
glycoproteins of HIV are made as a precursor molecule, gp160, which is cleaved in
the Golgi apparatus by a cellular protease (for example, furin and related proteases)
(Hallenberger ef al, 1997) into a surface gp120 molecule, noncovalently attached to a
transmembrane (TM) gp41. Each attachment complex onthe virus particle is made

up of three gp120 and three gp41 molecules, held together as trimers (Weissef al,
1990) by determinants in gp41 (Earl et a/, 1990). Gp120 is particularly exposed to
host antibodies and contains five variable loops (V1 — V5). These variable loops, and
specifically mutations that can occure within them, may represent a mechanism by
whichreplicating viruses can escape antibody-mediated neutralisation however these
variable loops are interspersed by more conserved regions (Clapham and McKnight,

2002).
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Figure 1. Cellular factors in the HIV life cycle. Positive factors that promote the
virusare indicated in green; negative factorsthat restrict replication are in red (Freed,

2004).
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The primary receptorfor HIVinfection, CD4

It was recognised early in the AIDS epidemic that the CD4+ subset ofhelper T cells
is depleted in HIV1 infected individuals and that CD4, a member of the
immunoglobulin superfamily, is the major receptor for HIV-1 (Sattenau er al, 1988).
CD4is involved in the interaction between T helper cells and MHCclass II restricted

antigen presentingcells (figure 2). Each monomer of gp120 contains a binding site
for CD4. While somecell types express high levels of CD4 (e.g., T-lymphocytes)
others, including macrophages and dendritic cells (DCs), express barely detectable
amounts. In the absence of CD4 as a primary receptor HIV mayattach to target cells

by CD4-independentinteractions involving sugar groups on the viral envelope with
other sugars on target cell surface receptors, such as the membrane-specific
macrophage endocytosis receptor (Larkin ef al, 1989). However, although HIV may
attach to cells via a numberof distinct interactions, fusion will not occur until
sufficient CD4 and coreceptor molecules are recruited to trigger formation of a
fusion pore (Joly and Pinto, 2005). Althoughit is the primary receptor for HIV, CD4
alone is insufficient for the virus to fuse with the target cell membrane. This is
discussed in detail in section 1.3 (Coreceptors and viral tropism).

Membranefusion
The final stage in viral entry is membrane fusion (summarised in figure 3) which
involves conformational changes occurring in the gp41 trimers which are non-

covalently attached to gp120 and influenced by its binding to CD4 and coreceptors.
gp41 consists of three major domains, an endodomain(intramembrane,the portion of

CHAPTER1
the complex that will anchor gp41 to the target cell membrane), a transmembrane
anchor domain and an ectodomain (intracellular) (Cooley and Lewin, 2003). When
gp120 interacts with CD4 this conformation changes and the fusion peptide is

“flipped” outwards towards the target cell membrane into which it can insert (Moore
et al, 2002). The cell and virus are then connected by gp41 with the fusion peptide

inserted in the cell membrane anda bridge formed between the two consisting of two
hydrophobic heptad repeat sequences (H1 and H2) whicharepositioned closerto the
C-terminus of gp41 (Cooley and Lewin, 2003). Following gp120-CD4 binding, and
prior to coreceptor engagement, the HR1 region of each gp41 unit in the trimer

associate to form triple stranded coiled coil structure. With association of the fusion
peptide and the cell membrane, the HR2 regions coil, fold over and bind to the

grooves of the HR1 coiled coil to form a highly stable six helix complex (Chanef al,
1998). This action is thought to pull the viral particle into sufficiently close
proximity with the cell for fusion of the two lipid membranes to occur and the
contents ofthe viral particle to be expelled into the cell (Chan et al, 1998).

Reverse transcription
Following membrane fusion, the CA proteins dissociate from the remaining viral
components which form the reverse transcription complex (Freed, 2004). As each
virus contains two strands of HIV RNA, the jump of the primer DNA maylead to
template switches and viral recombination. This phenomenon coupled with the lack
of proofreading ability of the RT enzyme leads to a high mutation rate and the
heterogeneous population of viruses present within a single host (Freed, 2004). The
resulting linear double stranded DNAstructure remains associated with MA, NC,
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RT, IN and Vpras a pre-integration complex whichis translocated into the hostcell
nucleus under regulation by Vpr (Popovef al, 1998).

Integration
Following the completion of reverse transcription, the newly synthesised viral DNA

remains associated with a high molecular weight complex composed of both viral
and cellular proteins (Freed et al, 2004). Whereas most retroviruses must await the
breakdown of the nuclear membrane during mitosis to allow the viral DNAto access
the host genome,lentiviruses have evolved a mechanism wherebythe preintegration
complex (PIC) is actively transported across the nuclear envelope (Segura-Totten ef
al, 2001). Although a consensus has not emerged so far regarding the mechanism by
which the PIC is imported into the nucleus, this unique property enables lentiviruses

to infect non-dividing cells, including the physiologically important monocytederived macrophages (Cassol ef al, 2006). It has been determined that areas of the
human genomethatare rich in transcription factor binding sites are particular targets
for HIV genomeintegration (Felice et al, 2009). Indeed it has been shown that
histone acetylation is crucial to opening up areas of the host genometo effectively
make the target cell more permissive to viral integration (Quivy ef al, 2007). HIV-1
has been shownto be able to manipulate the regulatory pathways involved in the
regulation of histone deacetylase enzymes (HDAC)to decrease their expression and
allow for greater viral integration (Triboulet et al, 2007). Following the arrival of the
PIC in the nucleus, IN catalyses the integration of the viral DNA into the hostcell
chromosome (Li ef al, 2005). Although purified IN is able to carry out a partial
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integration reaction in vitro, the efficiency is much greater and the product more
authentic when PICs are used (Faure ef al, 2005).

Viral gene transcription, packaging and budding
Viral gene transcription occurs in two stages. Early transcripts are translated into the
regulatory and accessory proteins Tat, Rev, Vif, VPu and Nef. Only when the
concentration of Rev exceeds a certain threshold are gag-pol-env and spliced env
transcripts formed encoding the structural proteins of the virus (Freed, 2004). Once

translated, env polyprotein transits through the endoplasmic reticulum and golgi
apparatus of the cell where it is glycosylated and cleaved to form gp120 and gp41
prior to transport to the cell membrane (Stein and Engleman, 1990). Gag and GagPol

transcripts are also translated as polyproteins by free ribosomesin the cytoplasm and
travel to the membrane, specifically to lipid rafts (Campbell ef a/, 2001), where they
assemble with each other and interact with the env gene products. Finally the virus
buds from the host cell membrane. At this point, the Gag and GagPol precursors are
cleaved by the viral protease (Quillent et al, 1996). Following HIV infection there
are three potential outcomes for the cell; (1) the cell can become latently infected
following proviral integration but not produce progeny virions, (2) cell replication
can continue andcreate further generations of provirally infected cells or (3) infected
cells may be destroyed byrelease of viral particles or (4) may produce low levels of
infectious virus which are released without causing the demise of the cell (Fauci,

1993). Such reservoirs represent a major obstacle in the treatment of HIV.

1]
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1.3 CORECEPTORS AND VIRAL TROPISM
Maddonet al (1986) showed that CD4 expressed on mouse cells allowed virus to

bind but did not confer virus entry. This suggested that the cells used in the study
lacked a coreceptor needed to trigger HIV entry. The first HIV coreceptor was
cloned by Feng and colleagues (Feng ef al, 1996) and wasoriginally termed fusin

and later designated CXCR4. Coexpression of CXCR4 with CD4 on mousecells
confers fusion to somebut notall viral strains. It was later discovered that CCR5was
the primary coreceptor for strains of the virus that primarily infect macrophages
(Alkhatib et al, 1996; Deng et al, 1996; Dragic et al, 1996) and CCRS is the major
coreceptorin vivo.

This necessity for a coreceptor explains viral tropisms that cannot be accounted for
by the use of CD4 alone. HIV-1 isolates have historically been divided into two
distinct groups depending on their biological properties. The two groups were
described as slow-low and rapid-high, depending upon their replication rates in
peripheral blood mononuclear cells (PBMC) (Asjo ef al, 1986). Meanwhile, other
reports indicated that the two virus groups could be designated as non-syncitium
inducing (NSI) or syncitium inducing (SI) depending on their ability to induce
syncitia in certain T-cell lines as well as macrophage-tropic (M-tropic) and T-cell
tropic (T-tropic) (Gartner, 1986), depending ontheirability to infect certain primary
cell subsets.
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It is now clear that rapid-high/SI/T-cell tropic viruses utilise CKCR4 for cell entry
whereas slow-low/NSI/M-tropic viruses utilise CCRS5. Huang eft al (1996)
demonstrated that the differences between the two types of isolate were determined

by examining differences in gp120 env sequences primarily located in the V3 loop.
Which was consistent with the two virus groups requiring different cell surface
coreceptors forentry.

Class II MHC molecule

Antigenic peptide
CD4 _”

T-cell receptor (CD3)

Figure 2. Ternary complex formed by CD4, CD3 and Class Il HLA molecules.
Discussed on page8.

13

Chemokine receptor

(b)

(c)

(d)

pages.

Figure 3. Schematic of the first steps of viral entryillustrating (a) viral and cellular proteins involved in the interaction, (6) CD4 and gp120 interactions causing a
conformational diange exposing the V3 loop of gp120, (c) virus binding to a coreceptorvia the V3 loop and (d)viral particle is pulled into sufficient proximityto the
target cell membrane for the membranes to fuse and allow expulsion of viral genetic material into the target cell (modified from Cooley and Lewin, 2003). Discussed on

(a)
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Both CCR5 and CXCR4 are members of the seven transmembrane (7TM)
chemokine receptor families. CCRS and CXCR4 are the major HIV-1 coreceptors
and all strains can use one (R5 or X4) or both (R5X4) to enter CD4+ cells although

R5 viruses are predominantly transmitted and persist throughout infection. HIV
strains that exploit CXKCR4 emergelater in disease, are more virulent than those that

use CCRS5 and can beisolated from up to 50% of AIDSpatients (Pantaleo and Fauci,
1996). The switch in coreceptor usage has been shownto be due to the development
of mutations in HIV envelope protein gp120. The most frequent mutations appear to
Arg-Lys substitutions in mainly the V3 but also the V1 and V2 loops of gp120

however these mutations seemsto be specific to the particular isolate being studied
(Pastore et al, 2004). The X4strains are also morelytic (figure 5) than the R5 strains
and are also temporally associated with a marked decline in circulating CD4+ T cells

(Locheret al, 2005). More than a dozen other 7TM receptors have been shownto act
as coreceptors on CD4+cell lines, in vitro (Sodhi et al, 2004). These coreceptors are
also chemokinereceptors or are closely related orphan receptors. Currently, there is
little evidence to suggest that coreceptors other than CCR5 and CXCR4 are used
significantly in vivo.

Certain individuals who seem to be partially resistant to HIV infection despite
multiple exposures have been found to be homozygousfor the defective A32 allele of
CCRS5 (Paxton ef al, 1998). About 1-3% of European-descended populations are
protected from HIV infection because they carry two mutant copies of the CCR5
gene (Cowley, 2001). It is speculated that the mutation became fixed in the
population during the fourteenth century, when it might have conferred some
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protection during the bubonic plague epidemic (Cowley, 2001). This 32 base pair
deletion results in a truncated protein product that is not expressed at the cell surface
and does not function as a coreceptor (Galvani and Novembre, 2005). Howeverthis
protection is not complete and a small number of homozygousindividuals that do

become infected are emerging, probably reflecting the use of alternative coreceptors
by the virus (Maedaet al, 2004). Nonetheless, the relative resistance to infection of

the individuals that carry the A32 mutation indicates that CCRS is a critical
coreceptor for primary virus transmission. Genetic surveys reveal that the A32 allele
is also present in some non-European populations (Galvani and Novembre, 2005).

The vast majority of primary HIV infections comprise viral strains utilising only
CCRS for cell entry (Zhou et al, 1998) and that this viral phenotype persists during
the asymptomatic stage of infection, although in the few A32 homozygotes who do
becomeinfected, virus is consistently X4 tropic throughout the infection (Naif ef al,
2002). In around 50% of infected individuals however, chemokine receptor usage of
the predominant quasi species of virus evolves during the course of disease by either
expanding to include CXCR4 as well as CCRS5 or by switching completely to X4
usage via this dual tropic intermediate (Scarlatti et al, 1997).

The preference for HIV-1 entry via the CCR5 receptor through the mucosal
epithelium may reside in at least three innate factors. Firstly, there are high
concentrations of stromal derived factor-1 (SDF-1), a chemokine involved in the
recruitment and chemotaxis of immunecells to sites of inflammation/infection,

in
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the genital epithelium (Agace et al, 2000) which may block and down regulate
CXCR4thus preventing X4-dependant transmission (Sallusto et al, 2000). Secondly,

certain complement proteins, especially C3 which bridges the classical and alternate
pathways, have been found in cervical-vaginal secretions (Dempsey ef al, 1996).

Thirdly, cervico-vaginal intraepithelial Langerhans’ cells do not express DC-SIGN
decreasing the chance ofinfection of dendritic cells (Miller and Shattock, 2003).

Since individuals with the homozygousdeletion are apparently healthy, the results
suggest that CCR5 may be dispensable. Small molecules that antagonise CCR5
coreceptor function (e.g., Maraviroc) have been developed by pharmaceutical
companies in order to exploit the apparent redundancy of the immune system in the
absence of CCRS.

1.3.1 Endogenousroles of chemokine receptors
Aside from their use as coreceptors for HIV, the chemokine receptors have a key role
in the immuneresponse. Chemokine receptors are members of the G-protein coupled
receptor (GPCR) family which constitutes the largest family of cell surface proteins
involved in signal transduction (figure 4), they account for >2% of the proteins that
are encoded by the human genome (Floweret al, 1999). GPCRsparticipate in a wide
variety of physiological functions, including neurotransmission, exocytosis and
angiogenesis (Marinissen and Gutkind, 2001). They are also involved in a numberof
humandiseases, whichis reflected by the fact that GPCRsare the target (directly or
indirectly) of 50-60% ofall present therapeutic agents (Floweref al, 1999).
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Cc chemokines

GPCRS: XCR1

GPCRs: CCRI-11

GPCRs: CXCRI-6

GPCRs: &X,CR1

Figure 4. Classification of chemokines (Sodhief al, 2004)
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Figure 5. Interaction of CXCR4 with HIV gp120 promotes lymphocyte migration

and apoptosis (Sodhier al, 2004). Figure describes a proposed mechanism of how X4
tropic strains of HIV-1 can potentially interact with apoptotic pathways to causecell
death directly. This is one potential mechanism for the increased lytic activity
observed with X4 tropic HIV-1 strains.
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The diversity of the biological responses that are elicited by GPCRsresults from an
intricate network of intracellular signalling pathways. These include secondarymessengers, small GTPases, and members of the mitogen-activated protein kinases
(MAPK)family of serine/threonine kinases (Gutkind, 2000). Given the versatility of

GPCRsignalling and its wide involvement in physiological processes, the fact that
viruses have evolved to exploit these receptors to their advantage is unsurprising.
Expression of CCR5 has been demonstrated to be highest in cells associated with the

Tyl immune response thus mediating the migration and epithelial adhesion of
appropriate cells via RANTESgradients and promoting cell mediated immunity to
intracellular pathogens (Craneef al, 2006). Conversely, CXCR4 expression is higher

in cells associated with a T;2 response which is involved in humoral immunity and
promotes migrationto sites of infection as well as bone marrow (Avigdoref al, 2004)

The expression of CXCR4 and consequent migration of cells in response to SDF-1
gradients has also been implicated in angiogenesis and the metastasis of some
cancers (Jankowskief al, 2003).

There are a large number of chemokine receptors which are often expressed in
different subsets of leukocytes as well as in other cells — for example in endothelial
cells and neurons (Salcedo ef al, 2000). Chemokines are the natural ligands of the
chemokine receptors. They are bioactive peptides that regulate leukocyte activation
and migration, are essential mediators of inflammation andare crucial for the control
of viral infections (Christopherson ef al, 2001).
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Clusters of chemokine receptors and CD4 have been demonstrated to exist within
cholesterol rich microdomains, known aslipid rafts, in the membrane andthere is
evidence to suggest that disruption of these rafts decreases cells sensitivity to

infection with HIV (Singer et al, 2001; Popik et al, 2002). The binding ofthe viral
V3 loop to coreceptors causes exposure of the fusion peptide in gp41 whichis

essential for the next stage of viral entry, fusion with the cell membrane.

1.4 HOST IMMUNOLOGICAL RESPONSES

The host defence against invading organisms is composed of two arms: the innate
and the adaptive immunesystems. The adaptive immune responseis characterised by
the clonal selection and expansion of lymphocytes specific to an antigen - over time
this give rise to long lasting immunity (Chiodetti ef al, 2006). Unlike adaptive
immunity, innate immunity is not specific to the invading pathogen and does not
generate immunological memory; specifically cells do not persist with a memory
phenotype (Fearon et al, 1996). The essential function of the innate immune system
stems from its ability to provide a rapid response, acting directly on the pathogen
without the need for induction (such as antigens expressed in the context of MHC
molecules) or maturation (reception of stimulatory signals to reactivecells).

1.4.1 Innate response
Prior to establishing infection by evading the adaptive immune system HIV hasto
overcome the innate immune system. Innate immunecells, such as natural killer
(NK) cells and macrophages, initially have effector functions, but later act as
20
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regulatory cells in adaptive immunity (Vankayalapati et al, 2004). Unlike the
mechanism of adaptive immunity (T and B cells), the innate immunecells do not use
cell-surface

immunoglobulins

or

T

cell

receptors,

they

are

not

major

histocompatibility complex (MHC)restricted and lack memory (Kandil et a/, 2003).
An early, non-specific protective response may limit HIV replication and

dissemination which then allows adaptive immunity sufficient time to mount an
effective protective response. This is evident by the fact that HIV-1

can

downregulate the expression of MHCclass I molecules on the surface of the cell it
infects making it relatively protected from cytotoxic CD8+ T cells that would
ordinarily lyse the infected cell (Fauci et al, 2005). Natural killer (NK) cells, an
important component of the innate immune system, have the role of clearing cells
lacking MHCclass I expression from the body. Downregulation of MHC class I
molecules is usually a signal to the immune system that the cell is potentially
infected/malignant. However, it has been demonstrated that HIV+ patients have an
impaired NK cell response preventing them from clearing infection in the early
stages (Fauci et al, 2005). The importanceofthe role of the innate immune system in
controlling HIV infection may be highlighted by the fact that selected individuals
exposed to HIV develop an immune response and apparently clear the infection
(exposed seronegatives) (Lopalco et al, 2005). In another small percentage of HIV-1
infected individuals (long term non-progressors), immediate and prolonged antiviral
responses may delay disease to such an extent that treatment to suppress HIV-1 viral
load appears unnecessary (Levy, 2006).
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1.4.2 Adaptive response
It is generally agreed that cellular immuneresponses, particularly specific anti-HIV
perforin secreting cytotoxic T-lymphocytes (CTL), are important in the host response
to HIV-1 (McMichaelet al, 2001). This has been shownbythe rapid increasein viral
replication in macaque monkeys that lacked CTLs (Schmitz et al, 1999). CTLs
develop very early in acute HIV-1 infection, coincident with a rapid fall in plasma

viraemia, and in chronic infection, their levels are inversely related to viral load (Day
et al, 2007). CD8+ T cells have a number of avenues open to them in their role
against HIV-1 such asthe ability to kill infected cells before new virus progeny are
produced, secretion of antiviral factors such as chemokines that can compete with
HIV-1 for binding of the CCRS5 receptor (Ahuja et a/, 2008). The main entry point

for HIV is the mucosal epithelium due to the presence of high numbers of CCR5
expressing macrophages. The ability to recognise the selectively infected T cells
through the presentation of viral antigens by the infected cell in the context of MHC
class I molecules allowing CTLs to determine the location of sites of active viral
replication (Uenoet al, 2008).

Human immunodeficiency virus (HIV) infects cells that express the CD4 molecule,
the primary HIV receptor found mainly on T cells, dendritic cells and macrophages
(Cooley et al, 2003; Stumptner-Cuvelette et al, 2001; Scheppler et al, 1989). Upon
HIV infection, infected cells are phagocytosed by macrophagesandviral proteins (as
well as endogenousproteins) are processed and broken downinto antigenic peptides
before being complexed with Major Histocompatibility Complex (MHC) molecules
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(class II molecules in the case of professional antigen presenting cells), which are
then transported to and expressed onthecell surface (Villadangosef al, 1999).

There are two main classes of MHC molecules, class I which are expressed by most
host somatic cells and class II which are found on professional antigen presenting
cells (APC) (Muhlethaler-Mottet ef al, 1997; Ploegh et al, 1990; Germain ef al,

1994). Class I MHC molecules associate with peptides derived from de novo
synthesised proteins in the host somatic cell and the MHC-peptide complex then
presents peptides to CTLs (Buseyne ef al 2001). Class II MHC molecules are
expressed constitutively, and relatively exclusively, in professional APC such as
macrophagesand dendritic cells (Germain ef al, 1994). Extracellular pathogens and

virally infected cells are phagocytosed by these professional APC and then degraded
internally within the APC, the antigens are processed, complexed with class IT MHC
and presented to CD4” T lymphocytes (Stumptner-Cuvelette et al, 2001). Due to
their lack of cytotoxic or phagocytic activity, presentation of antigens by APC via
MHCclass II molecules to CD4" cells rather than CD8* T cells protects the APC
from destruction (Pahwa ef al, 2006). CD4° T cells become activated after
recognition of the MHC-antigen complex, secreting cytokines and other soluble
factors that regulate the immune response (Pahwaer al, 2006).

T cell costimulatory pathways regulate T cell activation and tolerance (Chen, 2004).
Costimulation provides a second signal to T cells in conjunction with signaling
though the T cell receptor (TCR, CD3) via the costimulatory molecules B7-1 and
23
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B7-2 which augment and sustain T cell responses through binding to the CD28
costimulatory receptor (Chen, 2004). The B7/CD28 superfamily has expanded to

include other costimulatory and inhibitory receptors such as, inducible costimulator
(ICOS) and programmed death 1 (PD-1), which are inducibly expressed on the
surface of T cells and provide unique secondary signals that shape the immune
response (Greenwald ef al, 2005).

PD-1 is a 50-55 kDa type I transmembrane receptor that was identified in a T cell

line undergoing activation-induced cell death (Ishida et al, 1992). The PD-1 receptor
consists of a single immunoglobulin variable-like domain and a cytoplasmic domain
containing two tyrosine-based signaling motifs (Parry ef a/, 2005). Phosphorylation
of the second tyrosine residue, located in an immunoreceptor tyrosine-based switch
motif (ITSM),

recruits

the

phosphatases

SHP-2

(SH2

domain

containing

phosphatase-2) and, to a lesser extent SHP-1 (SH2 domain containing phosphatase1), to the PD-1 cytoplasmic domain (figure 6). Recruitment of the phosphatases leads
to the dephosphorylation of effector molecules activated by TCR and BCRsignaling
(such as Syk and PI3K [Phosphoinositide 3-kinase]) (Okazaki ef a/, 2001). In
addition, PD-1 signalling reduces CD28-mediated activation of PI3K, thereby
suppressing certain metabolic mechanisms e.g., phosphorylation of the kinase Akt,
glucose metabolism and expression of the gene encoding the survival protein Bcl-x
(Okazaki et al, 2001).
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The amount of PD-1 expression and the extent of engagement of PD-1 byits ligands
regulates the threshold for T cell activation and the extent of initiation of its
inhibitory mechanismssuchas controlling the quantities of cytokines produced. It is
possible that PD-L1/2 expression on the antigen presenting cell (APC) may be the
crucial point of recognition and determination of an appropriate immune response
from the T cell. CD80/86 are upregulated in APC following the stimulation of
particular Toll-like receptors (TLR) specific for the infecting organism (e.g., TLR3
detecting double stranded RNA in the case of HIV) (Sanchez et al, 2007). It is likely
that ligands for inhibitory molecules such as PD-1 are similarly regulated by
intracellular mechanisms downstream of TLR signaling. The balance of ligands,
whether stimulatory or inhibitory, on the surface of APC is most likely to be the
deciding factor of the immuneresponse.

In most humans the HIV-specific CTL responseis ultimately insufficient to control
HIV-1 replication, a feature that antiretroviral therapy is not completely successfulat
correcting. The reverse transcriptase encoded by HIV-1 is error prone in that it lacks
proof reading ability. This high error frequency, the production of in excess of 10°
virions per day in vivo, the large number of affected individuals and the persistence
of infection, are some of the reasons that HIV-1 can generate massive viral diversity
to the extent of six orders of magnitude greater than that observed for mammalian
gene families. Selective pressures therefore allow HIV proteins to mutate to avoid
this immuneresponse (Masoneral, 2004).
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HIV specific CTLs produce a full range of antiviral cytokines and chemokines on
encounter with antigen, but are often characterised by low levels of perforins, a key
mediator of cytolysiswhich results in less efficient target cell killing and a pattern of

cell-surface markers previously thought to indicate immature T cells such as
CD45RA (Appayef al, 2000). Research has shown that long term non-progressors,
specifically HIV+ patients who successfully suppress viral replication independant of

antiretroviral therapy, have increased and maintained expression of perforins
associated with their HIV-specific T cells (Zhang et a/, 2000). In terms of antibody-

producing B cells during infection (the humoral arm of the adaptive immune
response), potent neutralising antibodies can protect against experimentally acquired
infection in animal models (Vella et al, 1993). However this type of response is
rarely generated in vivo in HIV+ patients and neutralisation resistant viral variants,
specifically those viruses that have generated mutations within certain viral coat
proteins, develop rapidly in chronic infection (Vella et al, 1993).

The identification of HIV envelope structures that generate broadly cross-reactive
and maintained neutralising antibody levels has been a major goal for HIV vaccine
development in order to provide a specific prolonged immune response to viral
antigens via immune memory. The generation of anti-HIV antibodies may be of
particular importance as it was shown that one individual with excellent anti-HIV
CTL responses, being treated with antiretrovirals in a ‘stop-start’ protocol, became
super-infected with subsequent loss of CTL control (McMichael et al, 2001). During
this study the patient underwent supervised treatment interruption (STI) three times,
each time successfully suppressing viral replication in the absence of antiretroviral
26
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therapy. However, during the third interruption, viral levels increased dramatically.
Upon examination ofthe viral isolates from the patient a number of mutationsin the

16 regions of the virus that were recognised by the patient’s CD8+ T cells 7 of them
differed between the original isolates and the virus following STI. This provides
evidence that specific CD8+ T cell responses are required for efficient viral

suppression and the developmentof vaccines that can elicit these responses from the
host immunesystem isvital.

1.4.3 Cytokines in HIV infection
In general, cytokines are important chemical messengers in vivo that act through
receptors and secondary messengers in a similar mechanism to that of hormones.
Particularly important in the immuneresponse, they participate in governing how the
body deals with non-self molecules by orchestrating the signalling mechanisms
responsible for stimulating or inhibiting the immune response. An example ofthis
would be the PD-1 signalling pathway explained earlier in the chapter/ Their

pleiotropic and redundant nature makesit difficult to define particular roles for
individual cytokines and those that act in concert with others.
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Figure 6. Role of PD-1 in T-cell activation. T-cell activation requires a signal from the trimolecular complex
(MHC+peptide+TCR)in addition to costimulatory signals (mainly CD80/86 & CD28). Inducible PD-1 is an inhibitory
signal in that ligation of PD-1 leads to inhibition of T-cell activation via phosphorylation of the ITIM motif,
recruitment of SHP-2, and inhibition ofthe CD28 activated PI3K. Adapted from Kroneretal, 2005.
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The report by Mosmann and colleagues (1986) detailing the presence of two types of
CD4+ T helper (Ty) cell, having different profiles of cytokine production, led to the
idea of polarisation of CD4+ Ty, cells into T,1 and Ty2 subsets. The Ty] cytokines IL-

2, IL-12 and IFN-y induce a cell-mediated immune response usually triggered by an
intracellular pathogen such as a virus (Garcia ef al, 2001). They promote the

production of opsonising and complement-fixing antibodies, macrophage activation,
antibody dependant cell cytotoxicity and activation of cytotoxic T-lymphocytes
(CD8+ T cells) (Ekkenset a/, 2007). All of these mechanismscanresults in the lysis
of virally infected cells (Derrick et al 1995). Ty2 cells produce IL-4, IL-5, IL-6, IL10 and IL-13. These cells provide support for the humoral immune responses,
including antibody isotype switching from IgE to IgGl and mucosal immunity
through the activtion of eosinophil growth and differentiation and induction of IgA
synthesis which, in its secreted form, is found in mucosal secretions synthesis
(Romagnani, 1996).

Studies on both T,1 and T;,2 cytokine synthesis revealed an aberration in HIV-1
infected people resulting in a shift towards a T)2 cytokine profile over the course of
infection (Becker 2004). Clerici and Shearer (1993) presented a hypothesis whereby
Tl cell activity declines and T;2 activity increases, the Ty1-T)2 switch hypothesis.
This switch to a more humoral mediated immuneresponse would confer a relative
advantage on the virus. As HIV replicates within CD4+ cells, it would normally be
subject to a cell-mediated response, destroying the virally infected cell. However, a
shift towards a T,2 response would direct the immune system away from cellmediated immunity resulting in insufficient killing of the virus.
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There are many possible explanations as to why this T)1-T,2 switch occurs during
HIV infection. However, an intriguing hypothesis was suggested whereby the Ty2
shift may be a result of an allergic response (Becker, 2004a). It was discovered that
soluble, viral gp120 as well as the regulatory Tat and Vpr proteins induce IL-4
synthesis by binding to the FceRI receptor on mast cells (Becker, 2004). This led to
the hypothesis by Becker (2004b) that shed gp120 proteins may act in a similar

fashion to allergens and lead to AIDS in infected people by producing chronic
immuneactivation leading to immune exhaustion.

1.5 ANTIRETROVIRAL THERAPY

Table 1 summarises the antiretroviral compounds licensed for use in the UK.
Antiretroviral drugs can be categorised according to the phase of the HIV life cycle
that they target. Nucleoside analogue reverse transcriptase inhibitors (NRTIs) inhibit
the reverse transcription of viral RNA to cDNAprior to integration into the hostcell
genome. NRTIs compete with cellular dNTPs for incorporation into the viral cDNA
strand by the reverse transcriptase enzyme. Once integrated into the viral cDNA
strand they prevent further incorporation and elongation (Arts and Wainberg, 1996).
NRTIs are administered as pro-drugs and require phosphorylation to their active
triphosphate metabolite. Non-nucleoside reverse transcriptase inhibitors (NNRTIs)
also affect the reverse transcription process but bind to a secondsite on the reverse
transcription enzymepreventing its function (Merluzzi et al, 1990).
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The protease inhibitors (PIs) are peptidomimetic compounds that prevent the

cleavage of Gag and GagPol polyprotein precursors by the virally encoded protease
enzyme whichis essential for the formation of new infectious virions (Tomasselli
and Henrikson, 2000).

The most recently exploited target for antiretroviral therapy is the process ofviral
entry into the target cell. Enfuvirtide (T-20) was the first commercially available
memberof the entry/fusion inhibitor group of compounds. T-20 is a synthetic 36
amino acid peptide with a sequence homologous to that of a section of the HR2
region of gp41 (Rimsky ef al, 1998). The peptide binds to the HR1 region of gp41,
which is exposed following CD4/gp120 interaction (Chan ef al. 1998), and prevents

HR1 and HR2 formingthe stable 6 helix complex whichis essential for viral and cell
membranesto fuse (Xuef al, 2005).

Theviral integrase enzyme provides anotherpotential target for antiretroviral therapy
because of both its central role in the HIV life cycle and the absence of a human
homologue, the development of which led to discoveries delineating the multi-step
process ofintegration of viral DNA into the host cells genome (Hazudaeral, 2000).
Raltegravir inhibits strand transfer, the third and final step of the provirus integration
and its activity has been assessed among 699 patients infected with HIV (Steigbigel
et al, 2008). Only patients infected with HIV that had documentedresistanceto three
classes of HIV drugs wereeligible for these studies. Patients who received raltegravir
had higher rates of virologic suppression than those whoreceived placebo, and the
1
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overall rates of viral suppression are among the highest reported for patients infected
with HIV with triple-class resistance (Steigbigel ef al, 2008). Increases in CD4+ cell
count were more pronounced in the group receiving raltegravir compared to the
placebo group and there were no overall differences in the occurrence of adverseevents between the two groups (Steigbigel ef al, 2008).

Other maturation inhibitors are also now undergoingclinical trials to determine their
efficacy. Bevirimat is an anti-HIV drug derived from a betulinic acid-like compound,
first isolated from Syzygium claviflorum, a Chinese herb (Stoddart et al, 2007). Like
protease inhibitors, bevirimat and other maturation inhibitors interfere with protease
processing of newly translated HIV polyprotein precursor, gag (Salzwedel ef al,
2000). The gag molecule is the precursor for a number of HIV proteins whichis the
subjected to cleavage by the viral protease producing functional structural proteins
(Huisman ef al 2002). The protease inhibitors currently being employed in HAART
bind the viral protease in order to inhibit this cleavage step whereas bevirimat binds
the gag protein itself and once bound to gag, prevents a critical cleavage at a site
called the capsid-SP1 junction (Salzwedel et al, 2007). Following the inhbition of
this step virus particles lack a functional capsid protein and therefore contain critical
structural defects which render them incapable of infecting other cells (Stoddart er al,

2007).

Of particular relevance to this thesis are chemokine receptor antagonists. The
development of CCRS5 antagonists is more advanced than for CXCR4 antagonists.
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This is mainly because the blockade of CCRS, at least theoretically, has less clinical
consequences as individuals with the A32 mutation in CCRS5 (and are, therefore
effectively CCRS) are healthy and have no apparent defect in their immune
responses. This provides a clear potential for the blockade of CCRS by chemical
antagonists as CCR5 appears to have redundant mechanism to compensate for this
blockade. The case for CXCR4 is not so clear. A congenital, harmless defect in
CXCR4 in humanssimilar to A32 in CCRS5 does not exist. Maraviroc (UK427857,
Celsentri™) from Pfizer is currently the only licensed CCRS antagonist but others
are under development. In a double blind randomisedtrial, in which 63 patients with
R5-tropic virus received different doses of maraviroc, the median drop in viral load
was 1.6 logs after 10-15 days on maraviroc 2x100mg.day (Fatkenheuer, 2005). As
expected there was no antiviral effect on X4-viruses. However, in a double blind,

randomised Phase II pilot study on 113 pre-treatment patients with X4 tropic virus
there was a marked increase in the CD4+cell count (Mayer ef a/, 2006) suggesting
maraviroc may have a potential immunomodulatory effect.

A major area of concern regarding this new class of inhibitors is how resistance will
develop in humans. Since CCRS5 antagonists are selective for R5 viruses, selection
for CXCR4-using variants would lead to virus escape (Mosieref al, 1999). In vitro
studies aimed at generating HIV-1 resistance to CCRS5 antagonists have not led to a
rapid emergence of CXCR4 using HIV variants (Trkola et al, 2002). Since maraviroc
blocks binding of the virus to CCR5 without altering CCR5 levels on the cell
membraneit is possible that this may select for HIV variants that have an increased
affinity for the inhibitor bound receptor by binding to other areas of CCRS5 not bound
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by maraviroc (Dorr et al, 2005). Therefore, as CCR5 expression levels effectively do
not decrease there isn’t a selective pressure on the development of X4 tropic strains
of the virus.

Reverse Transcriptase Inhibitors
Nucleoside
Analogues

Non-nucleoside
analogues

(NRTI)

(NNRTI)

Zidovudine

Efavirenz

Zalcitabine
(ddC)

P

Fusi

I

Usion/ Entry
Inhbitors

anSErase
Inhibitors

Ritonavir

Enfuvirtide

galrescair

Nevirapine
(NVP)

Saquinavir
(SQV)

Maraviroc
(MVC)

Lamivudine

Delavirdine

Nelfinavir

Didanosine

Etravirine

Lopinavir

(ZDV)

(3TC)
(ddl)

(EFV)

(DLV)

(ETR)

notense
Inhibitors

(RTV)

(T-20)

6

(NFV)

(LPV)

Stavudine

Indinavir

(d4T)

(IDV)

Abacavir

Fosamprenavir

(ABC)

(FPV)

Tenofovir

Atazanavir
Tipranavir
Darunavir

Table 1 Antiretroviral compoundslicensed for use in the UK
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1.6 THERAPEUTIC FAILURE
Despite improving life expectancy and quality of life in HIV patients HAART
(Highly Active Antiretroviral Therapy) does not eradicate HIV infection so HIV is,
at best, a manageable condition. Current available therapy aims to suppress HIV

replication for as long as possible thus delaying the progressive destruction of the
immune system and postponing the occurrence of opportunistic infection and the

onset of AIDS. To some extent HAART has achieved this, causing a decrease in
viral load and increasein circulating CD4+ cell counts (Wiley ef al, 2002). However,
in roughly 11% of patients, this goal is not achieved in the long term and therapy
fails (Health protection agency report, 2007). The reasons for such failure can be
broadly divided into three main interrelated areas: viral, pharmacological and patient
factors (Waters and Nelson, 2007).

1.6.1 Viral resistance to antiretroviral drugs
Viral resistance develops in the presence of subtherapeutic concentrations of drug
and poses a major obstacle in attaining long term virological control with
antiretroviral therapy. This problem is exacerbated by the extremely high replication
rate of HIV and the lack of proof reading ability of the viral RT enzyme leads to
mutations occurring in the viral genome. Many of these mutations decrease viral
fitness and do not therefore dominate in the absence of drug. However, other
mutations render virus less susceptible to the effects of antiretrovirals. When this
multiple variant pool of virus is placed under the selective pressure of drug the
resistant quasi species will have a selective advantage and come to dominate, thus
rendering the compoundless effective (Frost and McClean, 1994).
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Several mechanisms of resistance have been demonstrated for each drug class
(Hanna ef al, 2002) including the newly developed entry inhibitor maraviroc
(Westby et al, 2007). Resistance to NRTIs can be conferred by mutations which (a)
promote hydrolytic removal of the chain terminating NRTI thus enabling continued
DNAsynthesis, (b) decrease the affinity of the RT enzyme for NRTIs (Scott e¢ al,
2001) and (c) cause the virus to package an increased number of RT molecules
(Peters et al, 2001). PI resistance may be conferred by mutations within the active

site of the viral protease enzyme and may be exacerbated by sequence changes
elsewhere on the protease enzyme (Mendendez-Arias, 2002) or at the protease target

sites within the Pol and GagPolprecursors (de Oliveira et al, 2003).

Resistance mutations increase the amount of drug required to inhibit viral replication
and increasing drug concentration should theoretically control replication even with a
resistant virus (Condra et al, 1998). Howeverthis is not possible indefinitely as dose
limiting toxicities are associated withall antiretroviral compounds.

1.6.2 Toxicity of antiretroviral drugs
Some

toxicities

antiretrovirals.

are

associated

Hepatotoxicity

with
is

supra-therapeutic

one

such

toxicity

concentrations
associated

of
with

atazanavir/ritonavir combinations and nevirapine (Pineda et al, 2008) is frequent and
can lead to interruption of therapy, clinical hepatitis and death (Reisler et al, 2003;
Nunez, 2006). Within the NNRTI class of antiretrovirals, efavirenz can be
considered a safer drug for the liver than nevirapine as the incidence of severe
efavirenz-induced

hypertransaminasaemia is

lower than that

observed with
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nevirapine (Rivero ef al, 2007). However, neurological toxicity (e.g., fatigue,
headaches and sleep disorders) is the most commonly reported side effect of
efavirenz (Stazewski ef al, 1999). Nevirapine is associated with idiosynchratic

toxicity in women, especially those who have CD4 counts >250 cells/mm’.
Hypersensitivity reactions are also associated with abacavir and amprenavir with 35% of the abacavir hypersensitivity reactions being potentially life threatening (Clay,

2002).

Several well known important risk factors for cardiovascular disease (CVD) can be
induced and/or enhanced by protease inhibitor (PI)-containing HAART (Carr eral,
1998). These include increases in serum total cholesterol, particularly an increase in

the atherogenic non-high density lipoprotein (non-HDL)cholesterol (Behrenser al,
1999), and triglycerides, as well as impaired glucose tolerance/overt diabetes
mellitus associated with increased insulin resistance (Carr et al, 1998), and possibly
arterial hypertension (Cattelan et al, 2001). The antiretroviral drugs most frequently
associated with the development of lipodystrophy (zidovudine, stavudine, protein
inhibitors) are knownto increase the release of proinflammatory CCL2 and IL-6 in
adipocytes in vitro (Lagathu et al, 2007) and incite increased macrophageinfiltration
in suprailiac subcutaneousadiposetissue in vivo in HIV-1-positive patients started on
antiretroviral treatment (Nolan ef al, 2003). Factors that affect plasma and
intracellular levels of antiretrovirals will be discussed in the next section.
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1.7 PHARMACOLOGICAL FACTORS LIMITING THERAPY
The emergence of drug resistant strains of the virus can occur due to inadequate
plasmaorintracellular (IC) drug concentrations. Inadequate IC concentrations are a
result

of certain

pharmacological

factors.

These

include:

drug

absorption,

elimination, intracellular activation and transport across cell membranes and for
some drugs(e.g., nucleoside reverse transcriptase inhibitors), intracellular activation.

1.7.1 Cytochrome P450 drug metabolising enzymes

First pass metabolism in the intestine and liver is a major obstacle to obtaining
therapeutic drug concentrations and is mediated by enzymes such as cytochrome

P450s (CYP). These enzymes belong to a superfamily of membrane-bound haemcontaining proteins responsible for the metabolism of several

endogenous

compoundssuch assteroids and fatty acids, as well as drugs and other xenobiotics.
They have unique redox properties that are fundamental to their diverse functions
(Udit et al, 2004).

CYP1, CYP2 and CYP3 gene families are predominantly

involved in drug metabolism, many members of which are induced or inhibited by a
range of compounds(Girault ef al, 2005).

Drug oxidation by the mono-oxygenase system requires molecular oxygen, NADPH
and a flavoprotein (NADPH-P450 reductase) (Reed ef al, 2008). The overall net
effect of the reaction is the addition of one atom of oxygen (from molecular oxygen)
to the drug to form a hydroxyl group, the other atom of oxygen being converted to
water (McFadyenef al, 2004). The apparent simplicity of this overall reaction is
deceptive since the mechanism involves a complex catalytic cycle in which NADPH-
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P450 reductase supplies one or both electrons needed for the oxidation and restores

the redox state of the P450 (McFadyenet al, 2004).

Antitretrovirals used in HIV therapy have been shown to be substrates for CYP2B6
and CYP3A4. PIs are predominantly metabolized by CYP3A enzymes whereas the
NNRTIsare also metabolised by CYP2B6. The CYP2B6 geneis highly polymorphic
with numerous SNPs and haplotypes (Owenef al, 2006).

1.7.2 Drug transporters
In addition to drug metabolism, active drug transport into and out of various sites

within the body mayalso contribute to low plasma and IC drug penetration allowing
continued viral replication leading to the emergence ofviral resistance. A major
focus has been on active drug efflux which is mediated by a numberof proteins of
the ATP-binding cassette family (Komdeur ef a/, 2003). Of particular relevance to
HIV therapy are three members of the ABC superfamily of drug transporters: Pglycoprotein (ABCB1) and multidrug resistance proteins ABCC1 and ABCC2.

The PIs are substrates for ABCB1 (Maffeo et al, 2004), ABCC1 (Owen and Khoo,
2004) and ABCC2 (Huismanef al, 2002). However, it is important to recognise that
most other efflux transporters have not been characterised for antiretroviral drug
efflux. The ATP-binding cassette (ABC) superfamily of transporters consists of a
large number of functionally diverse transmembrane proteins that have been
subdivided into seven families designated A through G (Borst and Elferink, 2002).
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They facilitate unidirectional translocation of chemically diverse substrates including
amino acids, lipids, inorganic ions, peptides, saccharides, metals, drugs and proteins.

1.7.3 ABCB1 (P-glycoprotein)

ABCBI1 wasoneofthe first multi-drug transporters to be identified. It is a 170-180
kDa transmembrane glycoprotein (Ambudkar, 1999). The protein has two distinct

halves which display 48% homology and are thought to have arisen from a gene
duplication event (Gottesman and Pastan, 1988). Each of these two halves, which are
connected by a short linker sequence, comprise 6 transmembrane domains and an
ATP binding region whichis essential for the transport function of the protein. The

two halves of ABCB1 are thought to be positioned symmetrically in the cell
membrane to form a membrane spanningpore.

Although first discovered as a transporter of anti-cancer agents, it has since been

established that ABCB1 is capable of transporting a wide range of structurally
diverse

compounds

including

calcium

channel

blockers,

peptides,

steroids,

antihistamines and antiretroviral drugs (Endicott and Ling, 1989; Gottesman and
Pastan, 1988). Most substrates are large, amphipathic and aromatic although nonaromatic linear or circular molecules are also transported. Of the antiretrovirals used
in the treatment of HIV, in vitro studies have shownthat both Pls (Profit et al, 1999;
Gutmann ef al, 1999; Vishnuvardhanet al, 2003) and NNRTIs (Antoniou and Tseng,

2005) are substrates for ABCB1.
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ABCBI1 is constitutively expressed on the apical surface of intestinal epithelial cells

and has been shown to transport drugs that have passed to the interior of the
enterocytes, back out into the lumen thus preventing entry into the systemic
circulation (Profit et al, 1999; Kim et al, 1998). This action compoundsthe effects of

first pass metabolism onoral drug availability.

ABCBI expression may also be influenced by the presence of inducers which may
be both pharmacological and environmental. The promoter region of MDR/, the gene
encoding ABCB1, contains recognition sites for several transcription factors and may

be activated by ligands for these receptors (Bentires-Alj, 2003). The MDRI/ geneis
located on chromosome 7 and contains 29 exons (Bodor ef al, 2005). Several
therapeutic compounds have been shown to induce ABCB1 expression (rifampicin;
Geick et al, 2001, digoxin; Takara et al, 2003) by increasing transcription.
Endogenous agents such as cytokines have been demonstrated to have a similar
effect (McRaeef al, 2003).

Despite its role in transporting drugs, the normal physiological role of ABCB1 and
its expression in lymphocytes still requires clarification. Possible endogenous,
cellular functions of ABCB1 include regulation of intracellular pH and possible
regulation of chloride channel function (de Lange, 2004). More recent evidence
suggests ABCB1 may confer resistance to apoptosis by interfering with caspase-8
activation (Ruefli et al, 2002). A role in the secretion of cytokines (Vasquez et al,
2005) has also been suggested which may account for its expression on lymphocytes
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(Drachef al, 1996). The highest levels of ABCB1 are expressed in CD56+ NKcells
with CD8+ T cells, CD4+ T cells, CD19+ B cells and CD14+ monocytes also
expressing functional ABCB1 in lower amounts (Lucia ef al, 1997; Cauda ef al,

1998; Ludescheref al, 1998). As the majority of HIV replication occurs in CD4+ T
cells, transporter expression in this cellular subset is particularly relevant to their
study in relation to viral infection and treatment success.

1.7.4 Additional drug transporters
The first member of the MRP (Multidrug Resistance Protein) family, ABCC1
(MRP1), was found in 1992 in a lung cancer cell line displaying resistance to
doxorubicin that was not related to ABCB1 (Cole et al, 1992). ABCC1 is present in

most tissues including hepatic and intestinal tissues and peripheral blood cell types
(Zamanet al, 1993; Burgeret al, 1994). Expression levels of ABCC1 are different in
various organs andcell lines (Flens ef al, 1996; Qian et al, 2001). Although ABCC]
and ABCBI1 display some overlap in substrate specificity, this overlap is not
complete. ABCB1 cantransport drugs in original form, while ABCC1 can transport
glutathione (GSH) oxidised GSH (GSSG) as well as a number of GSH, glucoronate
and sulphate conjugates of drugs (Lautieret a/, 1996).

ABCC2 (ABCC2) wasoriginally designated canalicular multispecific organic anion
transporter (CMOAT)andits location is unique being present on the apical plasma
membrane of polarised cells such as hepatocytes, pneumocytes, kidney proximal
tubules and specialised cells in the intestine and brain (Nakamura et al, 1999), while
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other MRPsare located in the basolateral membraneofpolarised cells. Based onits
localisation and substrate specificity, the primary physiological function of ABCC2
appears to be the export of amphiphilic organic anions and xenobiotics into bile and

into the lumen of excretory organs (Keppler and Kartenbech, 1996).

1.7.5 Drug transporters andviral infection
Apart from their effects on transport of PIs, transporters may have a role in
desensitising cells to infection by enveloped viruses. Researchers have found that
ABCBI over expression blocks insertion of the influenza virus fusion protein
(Haemagglutinin-2) into the plasma membraneofcells (Raviv et al, 2000). Speck er
al (2002) reported similar data for CEM cells that over express ABCB1 andthat the
effect was reversible using an ABCB1 inhibitor (verapamil). The authors showed
that ABCB1 over expressing cells were more resistant to HIV infection in vitro. It is
thought that the reason over expression of ABCB1 may desensitise cells to HIV
infection is by disrupting the arrangement of receptors (CD4) and coreceptors
(CCR5/CXCR4) in the lipid rafts and increase the spatial distance between CD4 and
the coreceptors. Thus, HIV gp120 maystill bind to CD4 but without the use of a
coreceptor, fusion with the cell membrane will not take place. However, this does not

explain the sensitivity to verapamil. Verapamil competes for efflux from cells via
ABCBI and does not affect its expression. Also, a significant difference in the
expression of CD4 and CXCR¢4has been reported between parental CEM cells and
drug selected CEM cells, specifically drug selected/efflux overexpressing cells
expressed lower levels of CD4 than parental cells (Owen ef al, 2003). Howeverthis
was discordant with previous findings by Speck et al who showed no difference in
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expression of HIV receptors between these cells and mayserve to highlight lab-tolab differences in cells.

1.7.6 Regulation of transporter and CYP expression
Regulation of hepatic and intestinal enzymes and transporters in response to
exogenous and endogenousactivators is largely mediated by nuclear receptors (NRs)
such as the constitutive androstane receptor (CAR; NR1I3), pregnane X receptor
(PXR; NRI1I2) and farnesoid X receptor (FXR; NR1H4). PXR, responsible for
mediating the expression of many drug disposition/metabolism genes, including
CYP2B6, CYP3A4, ABCBI and ABCC2 is the most widely studied (Synold ef ai.,
2001; Wang et al., 2003). PXR and MDR1 mRNAhave been shown to be positively

correlated (Owenet al, 2004). Howeverthere is now emerging evidence for the role
of other NRs in the regulation of expression of transporters and CYP enzymes
(Martin et al, 2008).

A large number of drugs influence ABCB1 expression, notably rifampicin which
upregulates MDRI1 transcription as a result of interaction with the PXR-RXR
complex, which in turn binds to the DR4 motif of the MDR1 promoter region.
However, recent data suggests that the impact of cytokines such as TNFa and IFNy,
on the expression of ABCB1, are independent of PXR-RXRinteractions (Gayaetal,
2007). TNFa is a known inducer of NF-«B and data suggests that the NF-«KB system
is activated when cytokines exert their effects on ABCB1 expression (Gaya efal,
2006). Indeed it has been shown that NF-«Bis directly involved in the regulation of
transcription of the MDR/ gene (Sukhai and Piquet-Miller, 2000).
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1.8 PHARMACOGENETICS OF ANTIRETROVIRAL THERAPY

Pharmacogenetics is generally regarded as the study or clinical testing of genetic
variation that gives rise to differing response to drugs involving the analysis of one
or at most a few genesof interest (Mahunguef a/, 2009). Pharmacogenomicsis the
application of genomic technologies to new drug discovery and involves analysis of
the entire genomeofthe target organism (Ahuja et al, 2008).

Recent topics of clinical interest is centered on pharmacogenetics, specifically
involving investigations into gene variations related to drug disposition with a
particular emphasis on improving drug safety (Mahungu eft al 2009). CYP
polymorphisms have been related to treatment response and drug concentrations in
HIV+ patients. Efavirenz and nevirapine are metabolized by CYP2B6 (Rotgeret al,
2005). Lang et al (2001) originally described the SNP and haplotype organization of
CYP2B6 in Caucasians and showed an association with reduced hepatic CYP2B6
protein expression and activity in HIV+ patients who were carriers of the 516G>T
and 1459T>C polymorphisms. The role of the 516G>T SNP in disposition and
treatment response to non-nucleoside reverse transcriptase inhibitors (NNRTIs) is
now well established in HIV + patients (Haas ef al, 2006; Ribaudo eft al, 2006;
Ritchie et al, 2006). Recently, the 983T>C SNP was described in African

populations and has been demonstrated to result in an amino acid change in the
CYP2B6

protein

(Ile*Thr)

with

heterozygosity

impacting

upon

efavirenz

pharmacokinetics by increasing plasma concentrations of the drug (Klein et al, 2005;
Rotger et al, 2005; Wyenet al, 2008). This effect is more pronounced whenit occurs
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in the presence of the heterozygous version of the 516G>T SNP in CYP2B6 also,
resulting in roughly three times higher plasma Efavirenz concentrations in HIV+
patients (Wangef al, 2006).

Drug transporters have many known single nucleotide polymorphismsthat can affect
their expression or activity. One commonvariant in the ABCB/ geneis the 3435C>T
polymorphism originally identified by Hoffemeyeref al (2000). 3435C>T was found
to correlate with P-gp expression in the duodenum as determined by Western blots
and quantitative immunohistology (Hoffemeyeret al, 2000). Individuals with the CC

genotype had higher levels of P-gp expression, approximately 2-fold, compared with
individuals with the TT genotype; heterozygotes had intermediate expression levels.
The mechanism by whichthe T allele results in lower duodenal P-gp expression is
unknown, because 3435C>Tis a silent mutation and does not result in changes in the
P-gp sequence. However, Hoffmeyeref al (2000) hypothesize that 3435C>T may be
linked to other variants in the ABCB/ gene. The 3435C>T polymorphism has been
relatively controversial with respect to functional consequences on the activity of
ABCB1. There have been several studies that have shown an increased intracellular
concentration of the antiretroviral nelfinavir (Colombo et al, 2005) and elevated
plasmalevels (Fellay et al, 2005) however other studies have shown no effect (Haas
et al, 2005). The 3435C>T SNP in ABCBI is a synonymous mutation, howeverit
has been linked to decreased levels of ABCB1 transcription in CD56+ cells (Hitzl et

al, 2001) and PBMC(Fellay etal, 2002).
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Gene polymorphisms mayinfluence the response of patients to HIV drug therapy by
limiting the repertoire of drugs that can be incorporated into HAART.This may be as
a result of polymorphismsaffecting disposition genes and increasing susceptibility to
toxicity of a given drug or lead to incomplete penetrance of a drug into the target
cells leading to the emergence of resistant strains of HIV. Polymorphismsin the
genes that encode other host proteins may also influence disease progression and

treatment response. Aside from the well characterised A32 polymorphism in CCRS5,
discussed earlier in section 1.3, polymorphisms in immunesystem related genes have
been reported to impact on immuneresponse or control. Polymorphismsin certain
immune related genes have also been linked to HIV infection and disease
progression e.g., CCL3L1-CCR5 genotype influencing immune recovery in HIV+
patients (Ahuja ef al, 2008).

Toll-like receptor (TLR) genes encode a family of transmembraneproteins that are
essential for the innate immunerecognition of pathogens. Through their extracellular
domain, TLRs sense conserved molecular motifs from a variety of organisms,
including bacteria, fungi, parasites and viruses (Beutler, 2004). TLR3, TLR7, TLR8

and TLR9are located exclusively in the endosomal compartmentand detect nucleic
acids (Kawai ef al, 2006). TLR9 recognizes cytidine-phosphate—guanosine (CpG)
DNA motifs that are present in bacteria and viruses (Hemmief a/, 2000). Through
the intracellular domains, TLRs interact with several adaptor proteins to activate
transcription factors, leading to the production of inflammatory cytokines and the
activation of the adaptive immunity. There is increasing evidence for a role for TLRs
in HIV-1 pathogenesis (Beignonet al, 2005) and it has been shown that SNPs related
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to TLR9 expression (decreased) have been shownto be associated with rapid CD4
decline in HIV+ patients (Bochudef al, 2007).

RANTES(regulated on activation normal T cell expressed and secreted) is one of the
natural ligands for the chemokine receptor CCRS5 and potently suppresses in vitro
replication of the R5 strains of HIV-1, which use CCRSas a coreceptor (ArenzanaSeisdedoset al, 1996). Liu et al (1999) showed that two polymorphisms, located in

the RANTESpromoter, upregulate RANTESexpression. This was in turn associated
with slower HIV disease progression evidenced by increased RANTESbinding to
CCRS inhibiting infection by R5 tropic HIV strains. Knowledge of the underlying
pharmacology and immunology should result in the identification of other candidate
genes for studying host pharmacogenetics and its impact on treatment response in
HIV infection.
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1.9 RELATIONSHIP BETWEEN CHEMOKINE RECEPTORS AND DRUG
TRANSPORTERS
A positive correlation has been shown between ABCB1 and CXCR4 expression
(mRNA andprotein) in both healthy volunteers (figure 7) (Owen ef al, 2004) and
HIV+ patients (figure 8) (Chandler et al, 2007). This relationship in expression
extends to the protein’s colocalisation in the plasma membrane of PBMCs (figure 9).
A correlation between expression of MDR1 and CCRSat the mRNAlevel but notat
the protein level was also observed. CCRS5is expressed at relatively low levels on
lymphocytes and, therefore, difficult to detect using flow cytometry. Therefore a
number of HIV+ patients and healthy volunteers involved in the study had

undetectable levels of CCRS5 expression. In addition, a strong correlation between
expression of ABCC1 and CXCR4protein was observed (Chandler ef al, 2005). This
positive correlation may also have implications for patient treatment.

The PIs used in HAARTare substrates for ABCB1 efflux, which may subsequently
lower the IC concentration of the drug below optimal therapeutic concentrations.
Combined with increased levels of CXCR4 expression, this may select for more
cytopathic, virulent strains of the virus i.e., X4. The emergence of X4 strains of HIV
is temporally associated with a rapid decline in CD4+ cell count and the progression
to AIDS. Given that the use of Pls in the clinic is increasing, it is important to gain
an understanding of how drug transporter and chemokine receptor genes may be coordinately regulated and define how this may impact on clinical outcome ofpatients
undergoing HAART. These findings may also bear relevance outside the realms of
HIV therapy.
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Figure 7. Relationship between expression (RFU, Relative fluorescence Units) of
ABCBI1 and CXCR4onhealthy volunteer PBMC (n=21) (Owenet al, 2004)
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Figure 8. Relationship between expression (RFU, Relative fluorescence Units) of ABCB1
and CXCR4 on HIV+ PBMC (n=98) (Chandler et al, 2007)
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Figure 9. Colocalisation of ABCB1 and CXCR4 in PBMC. (a) Bright field image of
PBMC, (b) and (c) PBMC labelled with anti-CXCR4 (green) and anti-ABCBI1 (red)
respectively. (d) Shows the images merged, with areas of colocalisation shownin yellow.
(Owenet al, 2004). The yellow pseudocolour observed in panel (d) results from overlay of
the red and green fluorescence outputs of the secondary antibodies. Yellow areas within the
cell membraneindicate areas of CKCR4 and ABCB1 in close proximity to each other in the
plasma membraneof the cell suggesting colocalisation.
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1.10 AIMS OF THE THESIS

The aimsofthis thesis are to investigate pharmacological and immunologicalfactors

that influence antiretroviral drug response. Three main factors govern how an
individual will respond to a given drug; pharmacological, virological and
immunological. The interplay between these factors will determine the overall
response to drug therapy. The proteins involved in these responses are expressed on
the target cell of antiretroviral therapy, the lymphocyte. How these factors mayrelate

to one another in the host lymphocyte formsthe basis of this hypothesis. Figure 10,
which explains someofthese potential interactions on a cellular basis, is summarised
below.

Pharmacological factors such as efflux drug transporters and drug metabolising

enzymescanrestrict the bioavailability of antiretrovirals resulting in the insufficient
drug concentrations and the emergence of drug resistant HIV strains. Expression of
these proteins at the lymphocyte level restricts the amount of drug available in the
cell permitting the replication of resistant viral strains. Cellular factors produced by
the lymphocyte, e.g., cytokines such as IL-4, may affect the function of these drug
disposition proteins by either increasing (reduced intracellular drug concentrations)
or decreasing (potential drug toxicity) their expression. Drug resistant viral strains
that may emerge from these cells will continue to infect CD4+ cells resulting in an
appropriate

immune

response

that

will

also

potentially

affect

drug

disposition/metabolism via modulation of transporter and CYP expressionoractivity
via immunological feedback. Production of cytokines by the cell, in response to
infection, that enhance cell mediated immunity (e.g. IL-2) can act in an autocrine
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fashion affecting the cell that produces them. This in turn may affect the expression
and function of drug disposition genes as well as chemokine receptor expression.
Concomitant increase in the expression of drug transporters and chemokinereceptors
may permit infection by more cytopathic HIV strains (X4) whilst preventing drug
penetration of the cell. During the immuneresponse, potentially self reactive immune
cells are regulated via negative stimulatory molecules like PD-1 as discussed above.
PD-1 inhibits the activity of the cell expressing it by ablating the production of
stimulatory cytokines such as IL-2 via SHP2. The down regulation of IL-2 may have
a beneficial effect on the cell by preventing the modulation of transporter activity.
Underlying each of these mechanisms, host genetic factors such as polymorphismsin
the genes that encode proteins relevant to these responses will also impact on
antiretroviral drug responseby altering their expression or functionality.

Chapter 2 explores the capacity of cytokines that are integral to the control of HIV
immune responses to modulate expression of efflux drug transporters and drug

metabolising enzymes in human lymphocytes. This was carried out using ex vivo
PBMC to determine how cytokines can impact on their expression. Chapter 3
investigates the relationship of single nucleotide polymorphisms in genes encoding
inflammatory cytokines with the expression of proteins relevant to drug disposition
and HIV infection. Chapter 4 examinesthe relationship between the PD-1 SNP (PD1.3) and disease progression in HIV+ patients before and after the initiation of
antiretroviral therapy. Chapter 5 investigates a novel mechanism for CYP2B6
983T>C affects the functionality of the resultant protein.
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Finally chapter 6 details the interaction of novel CCR5 antagonists with current
antiretrovirals in humancell lines and primary lymphocytes.
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CHAPTER 2
The Impact of Cytokines on the Expression of
Proteins Relevant to Drug Disposition and HIV
Infection in HumanPeripheral Blood
Lymphocytes
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2.1.

INTRODUCTION

Cytochrome P450 enzymes are present in many tissues of the body including
hepatocytes and the mucosa ofthe gastrointestinal tract. CYP2B6 and CYP3A4are also
present in lymphocytes (Haasef al, 2005; Hukkanenet al, 1997). The protease inhibitors
(PI) darunavir, lopinavir, saquinavir, atazanavir, tipranavir and ritonavir used in HAART

are substrates for CYP3A4 (Yakiwchuk ef al, 2008) and the NNRTI efavirenz is a
substrate of CYP2B6 (Wardef al, 2003). Nevirapine is a substrate for both CYP3A4 and
CYP2B6 (Erickson et al 1999). Since the site of action for these drugs is the
lymphocyte, factors that impact on the expression and activity of these enzymesin this
particular cell type warrant investigation. Few studies have investigated CYP isoforms
in lymphocytes, potentially importantfor all drug therapies that target the lymphocyte.

Distribution of therapeutic compounds in vivo can be affected by transport across cell
membranes by drug transporters. For example, ABC transporters can actively restrict
drug distribution to the site of action (e.g. lymphocytes) by effluxing drug from thecell
via an ATP-dependant mechanism that is not clearly defined thereby modulating the
effectiveness of drug therapy (Janneh et al, 2005; Janneh et al, 2007; Owenet al, 2004;

Detsika et al, 2007). The activity of ABC transporters is highly variable and can be
affected within hours by inhibitors and days by inducing agents (Albermannefal, 2005).
Also, genetic influences (Hoffemeyer et al, 2000) such as single nucleotide
polymorphisms (SNP) and endogenous factors such as hormones (Cummins ef al, 2002)
have been shownto affect ABC transporter expression and activity.
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Probably the best studied ABC transporter is ABCBI1 (P-glycoprotein). ABCBI is
capable of expelling many hydrophobic compounds including immunosuppressive
agents (e.g. cyclosporin A, methotrexate), statins (Holtzmann ef al, 2006), and
glucocorticoids (Richard-Pautin, et al, 2004).

Similar to ABCB1, ABCCI has been

shown to have wide substrate specificity. ABCC1 is present in most tissues including
hepatic and intestinal tissues and peripheral blood cell types (Zamanef al, 1993; Burger
et al, 1994). Transporters have also been implicated in failure to treat autoimmune
diseases such as myasthenia gravis (MG) and rheumatoid arthritis (RA), where
incomplete penetration of the drug is responsible for unsuccessful therapy. In the latter
case it has been shown that patients with refractory RA are those with the highest
lymphocyte ABCB1 functional activity, and this correlates with an increases amount of
TNF-a mRNA (Tsujimura et a/, 2008). Furthermore, it has been recently shown that
ABCCI1 expression is down-regulated in lymphocytes in RA patients treated with
methotrexate (Hideret al, 2006).

Despite their role in transporting drugs, the normal physiological role of ABCB1 and
ABCCI in lymphocytes still requires clarification. Possible endogenous, cellular
functions include regulation of intracellular pH and possible chloride channel function
(de Lange, 2004). More recent evidence suggests ABCB1 may confer resistance to
apoptosis by interfering with caspase-8 activation (Ruefli et a/, 2002) and role in the
secretion of cytokines (Vasquez et al, 2005) has also been suggested which may account
for its expression on lymphocytes (Drachef al, 1996).
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It has previously been reported that a positive correlation exists between the expression
of ABCBI and the chemokine receptor CXCR4 in PBMC from both healthy volunteers
(Owenet al, 2004) and HIV+ patients (Chandler et al, 2007). CXCR4is involved in the
recruitment and subsequent chemotaxis of immune cells to sites of inflammation.
CXCR4is also the major coreceptor in vivo for the more potentially cytopathic T-tropic
strain of HIV and has also been implicated in the metastasis of malignant cells. This
correlation was also observed between expression of ABCB1 and CCRS, the major
coreceptor for M-tropic strains of HIV, mRNA but not at the protein level. CCRS is
expressed at relatively low levels on lymphocytes and is, therefore, difficult to detect
using flow cytometry. In addition, a strong correlation between expression of ABCC1
and CXCR4protein was observed (Owenef al, 2004).

Differences in the pharmacokinetics of many antiretrovirals between HIV-infected
persons and healthy volunteer controls have been reported in particular atazanavir
(Dickinsonet al, 2008). This has been attributed to a numberof factors observed in HIV
patients such as higher gastric pH (Welage ef al, 1995) higher al-acid glycoprotein
concentrations (Merry ef al, 1996) and a greater degree of variability in CYP3A activity
(Fellay et al, 2000; Slain et al, 2000). However, differences in cytokine profiles have

also been reported between healthy volunteers and HIV+ patients (Becker, 2004) and so
the effect on HIV relevant proteins deserves study. CD4+ T helper (T;) cells are the
major source of cytokines in vivo. The difference in their profiles of cytokine production
led to the identification of polarised CD4+ Ty) cell subsets termed CD4+ T,1 and CD4+
Ty2. The Ty1 cytokines IL-2, IL-12 and IFN-y induce a cell-mediated immune response
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usually triggered by an intracellular pathogen such as a virus. This is discussed in detail
in section 1.2.3.

Given that CYP3A4 and CYP2B6 are expressed in lymphocytes, transporters and
chemokine receptors appear co-ordinately regulated and that cytokines play a pivotal
role in the immune response to HIV infection, it is necessary to gain a coherent
understanding of the impact that cytokines may have on the expression of these proteins
on the primary site of HIV infection, the lymphocyte. In particular an investigation of
the relationships at a subcellular level is also warranted given the colocalisation of
ABCBI and CXCR4 in PBMC. Evidence suggests that these proteins are expressed in
distinct areas of the cell membrane e.g. caveolae.

Caveolae are small (50—100nm) invaginations of the plasma membrane. These structures
are rich in proteins as well as lipids and have been demonstrated to have several
functions related to signal transduction (Anderson, 1998a). A number of important
molecules involved in the immune response, such as MHC molecules, and signalling
molecules such the EGF receptor have been shown to be enriched in caveolae
(Anderson, 1998b). They are also believed to play a role in endocytosis, oncogenesis,
and the uptake of pathogenic bacteria and certain viruses (Anderson, 1998b). Formation
and maintenance of caveolae structures is made possible by the protein caveolin. Due to
their content oflipids that are relatively distinct from the rest of the plasma membrane,
caveolae can be considered as a caveolin-positive subset of lipid rafts (Storch er al,

2007).
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A numberof drug transporters have been shown to be expressed in lipid rafts such as
ABCG2(Storch et al, 2007), ABCB1 and ABCC1 (Bendayanef al, 2006). ABCB1 and
ABCCI are known to be dependant on their lipid environment for optimal functioning;
in membrane model systems the ATPase activity of both proteins is dependent on the
close proximity of specific phospholipids, especially phosphatidylethanolamine (PE)
(Dudeja et al, 1995). It has been shownthat caveolin-1 expression, as well as caveolae
themselves, are upregulated in Pgp-overexpressing cells and that a substantial fraction of
Pgp is located in caveolin-l-containing Triton X-100-insoluble membrane domains
(Lavie et al, 1998). The chemokine receptor CXCR4 has been shownto localize to lipid
rafts along with CD4 suggesting that HIV infection is dependant on these membrane
domains (Nguyen and Taub, 2002). Recent evidence suggests that in PBMC ABCBI
and CXCR4are colocalised (Owenet al, 2004) in the plasma membrane.

The aims ofthis chapter were to investigate the effects of cytokines on the expression of
CYPstransporters and chemokine receptors, over a period of 48 hours. In addition the
effect of both T;,1 and T;,2 cytokine profiles was also investigated at both the mRNA and
protein level using real-time quantitative polymerase chain reaction (QPCR) and flow
cytometry, respectively. The functionality of CYPs, i.e. metabolism, was determined in
lymphocytes.

We sought to ascertain which particular domain ABCBI and CXCR4

localize to specifically in CD4+ cells and whether or not their colocalisation was
dependanton the activation status of the cell. We also sought to determine whetherthis
colocalisation occurs in caveolae or lipid rafts as the lipid content of these domains may
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have functional consequences for ABCBI activity and for lipophilic antiretroviral
compounds
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2.2

METHODS

2.2.1

Materials

RPMI 1640, Chloroform, Tri reagent and Phosphate Buffered Saline (PBS) were
purchased from Sigma-Aldrich (Poole, UK). Isopropyl alcohol and ethanol were
obtained from Fisher Scientific (Loughborough, UK). All cytokines were purchased
from Insight Biotechnology (Middlesex, UK). QPCR Master Mix was purchased from
ABgene (Epsom, UK). MDCKII cells were purchased from European Collection ofcell
cultures (ECACC, Salisbury, UK). Taqman reverse transcrption reagents, primers and
probes for real-time QPCR were purchased from Applied Biosystems (Warrington, UK).
CellFix was purchased from BD Bioscience (Oxford, UK). Antibodies used for flow
cytometric analysis were as follows; P-glycoprotein primary antibody (UIC2 clone,
Immunotech,

Marseilles,

France),

ABCCI

primary

antibody

(QCRL-1

clone,

Calbiochem, San Diego, USA), ABCC2 primary antibody (M2III-6 clone, AbCam,
Cambridge, UK) and CXCR4primary antibody obtained from NIBSC AIDS reagent
project (Herfordshire, UK). MACS Columns, CD4 and CD8 MACS MicroBeads were
obtained from Miltenyi Biotec (Bergisch Gladbach, Germany). Caveolin-1 primary
antibody was purchased from AbCam (ab2910, Cambridge, UK). Vybrant alexafluor
488 lipid raft labelling kit was purchased from Molecular Probes (Paisley, UK).
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2.2.2

Isolation and preparation of peripheral blood mononuclear cells (PBMC)

Venous blood samples (60ml) were obtained from healthy volunteers via venopuncture.
Samples

were

layered

onto

Lymphoprep

and

separated

by

density

gradient

centrifugation according to the manufacturer’s instructions. Cell count was determined
using a Chemometec nucleocounter. PBMC were resuspended in media (RPMI-1640
containing 15% FCS, 2x10°/ml) and incubated with relevant cytokines at a concentration
of 10ng/mL in a humidified incubator (37°C, 5% CO.) as described in previous studies
(Belliard et al (2004); Ottonello et al (2002); Odamaki ef al (2004)). Cytokines included
were: IL-2, IL-4, IL-6, IL-7, IL-10, IL-12, IL-13, IL-15, IFNy, TGFB and TNFa. Control
incubations consisted of untreated PBMC in media at each time point to enable a relative
comparison. After a period of 0, 2, 4, 8, 24 and 48 hours, cells (2x10°) were isolated,
resuspended in HBSS andcentrifuged (2000rpm, 6mins). The resultant cell pellet was
resuspended in Tri reagent (Iml) for subsequent RNA extraction or CellFIX for protein
analysis via flow cytometry.

2.2.3

Analysis of transporter and coreceptor expression by real-time QPCR

RNA sample concentration and purity were assessed by spectrophotmetry. cDNA was
generated from mRNA by reverse transcription. Reverse transcription reactions
contained: 10x Taqman RT Buffer (Sul), 25mM MgCl (1 1 ul, final conc. 5.5mM)dNTP
mix (10ul, 500uM each), random hexamer primers (2.5ul, 2.5uM), RNase inhibitor
(lul, 0.4 U/ul), reverse transcriptase (1.75ul, 1.25 U/ul) and RNA (2u1g). Reaction
mixtures were made up to 50u] with RNase free water.
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Thermal cycling conditions consisted of 10 min at 25°C followed by 30 min at 48°C and
5 min at 95°C with a hold stage on completion at 4°C. The resulting cDNA wasfrozen
at -20°C until use.

Following reverse transcription cDNA samples were prepared for real time QPCR as
follows; cDNA (40ng) was combined with universal master mix, sense and antisense
primers (0.4uM each) and oligonucleotide probe (0.2uM). Assays on demand primer
and probe mixes, for ABCC1 (assay ID Hs00219905ml), ABCC2 (assay ID
Hs00166123_ml) and CCR5 (Hs00152917_ml), were received ready mixed from
Applied Biosystems. Primers and probes for glyceraldehyde 3-phosphate dehydrogenase
(GAPDH)werealso included as an internal control. Primers and probe sequences were
as follows:

ABCBI-F
ABCBI-R
ABCBI probe

5'-GGAAGCCAATGCCTATGACTTTAT-3'
5'-TCAACTGGGCCCCTCTCTCT-3'
5'-TGAAACTGCCTCATAAATTTGACACCCTGG-3'

CXCR4-F

5’-CACCGCATCTGGAGAACCA-3’

CXCR4-R

5’-CCCATTTCCTCGGTGTAGTTATCT-3’

CXCR4probe

5’-CACCGCATCTGGAGAACCA-3°

GAPDH-F

5’-GAAGGTGAAGGTCGGAGTC-3’

GAPDH-R
GAPDH probe

5’-GAAGATGGTGATGGGATTTC-3’
5’-CAAGCTTCCCGTTCTCAGCC-3’

Thermal cycling conditions consisted of 15 mins at 95°C followed by 50 cycles of 15

seconds at 95°C and 60°C. Samples were then held at 4°C. Quantification of PCR
products occurred in real time and was analysed using the ABI prism 7700 Sequence
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Detection System. Expression data were normalised to GAPDH expression using the
comparative AACt method consisting of 2 raised to the powerof the difference in the Ct
between the reference gene (GAPDH)andthetest gene.

2.2.4

Optimisation of ABCC2 flow cytometry assay

MDCKII and MDCKII.ABCC2 (ABCC2 over expressing) cells were routinely
subcultured in DMEM media supplemented with FBS (10%). When confluent, cells
were washed with HBSS andtrypsin added to detach cells from the culture flask. Total
cell number was determined and cell density adjusted to 2x10°/mL. Cells were
transferred (100uL) into appropriate wells of a 96 well plate, washed and resuspended in
CellFIX (100uL, commercially available paraformaldehyde solution) for 30 mins. Cells
were then washedthree times and resuspended in saponin solution (0.l1mg/mL in PBS)
in order to permeabilise the cell membranes. A serial dilution of the ABCC2 primary
antibody (M2III-6) was prepared (antibody concentration range 0.195—25ug/mL) in
saponin solution along with a corresponding dilution range of an isotype matched
control antibody (IC). Following incubation with saponin, cells were washed and
subsequently incubated with either primary antibody or isotype control antibody (22°C,
1 hour). Cells were then washed and incubated with appropriate FITC conjugated
antibody (22°C, 1 hour protected from light). A final wash was performed and cells were
transferred to FACS tubes containing CellFIX (300uL). These samples were analysed on
a Coulter Epics XL-MCL flow cytometer. Forward scatter and side scatter were detected
on a linear scale to aid gating of viable cells and fluorescence on a logarithmic scale.
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Median fluorescence of the IC stained cells was subtracted from that of test antibody
stained cells to yield relative fluorescence units (RFU) for ABCC2 expression.

2.2.5

Optimisation of CYP2B6 and CYP3A4flow cytometry assays

In the absence ofcell lines over expressing CYP2B6 and CYP3A4 HepG2 and Caco2
cells were used in the optimisation of flow cytometry assays. Previous studies have
shown that HepG2 cells express significantly more CYP2B6 and CYP3A4 than Caco2
cells (Martin e¢ a/, 2008) enabling a titration comparison similar to that in section 2.2.4.
Cell staining was carried out as described previously in section 2.2.4 using primary
antibodies specific for either CYP2B6 or CYP3A4.

2.2.6

Analysis of transporter and coreceptor expression by flow cytometry

Following incubation, PBMC were washed in PBS (1x) and cell density corrected to
2x10°/ml. 100uL of cell suspension wastransferred into corresponding wells of a 96
well plate. The plate was then centrifuged (2000 rpm, 10 mins) and the supernatant
carefully removed. Cells were then resuspended in CellFIX (100uL) for 30mins at 4°C.
Cells were subsequently washed twice in PBS and incubated with monoclonal antibodies
against: ABCBI, ABCC1, ABCC2 or CXCR4 for | hour at room temperature (22°C).
Cells were also incubated separately with matched IC antibodies to control for nonspecific binding. Following incubation with primary antibody, or IC, cells were washed
(3x) in PBS and incubated with an appropriate secondary antibody for one hour. After a
final three washes cells were transferred to appropriate tubes and analysed using a
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Coulter Epics XL-MCL flow cytometer. Forward scatter and side scatter were detected
on a linear scale to aid gating of viable cells and fluorescence on a logarithmic scale.
Median fluorescence of the IC stained cells was subtracted from that of test antibody
stained cells to yield RFU.

2.2.7 Isolation of CD4+ cells by MACS Bead Separation

PBMCswere washed in 2mLs MACS buffer (0.5% BSA, 2mM EDTA, 1xPBS) per 10’
cells then centrifuged (300xg, 10mins). The supernatant was discarded and pellet
resuspended in MACS buffer (80uL per 10’ cells). Cell suspensions were then mixed
thoroughly with CD4 magnetic beads (20uL per 10’ cells) and incubated (4°C, 15mins).
Cells were washed in MACS buffer (2mLs per 10’ cells), centrifuged (300xg, 10mins),
supernatant removed and cells resuspended in MACS buffer (SO0uL). A LS column was
placed within a magnetic field of a MACS separator and prepared by rinsing with
MACS buffer (3mL). The cell suspension wasapplied to the column and washed 3 times
using MACS buffer (3mL). The depleted fraction was discarded into Virkon solution
(1%). The column was then removed from the separator and placed on a collection tube.

MACS buffer (SmL) was added to the column and the magnetically labelled cell fraction
was immediately flushed out with a plunger.

2.2.8 Stimulation of CD4+ cells

CD4° cell suspensions were centrifuged (2000rpm, Smins) and resuspended to a cell
density of 1x10° cells/mL in media (RPMI-1640, 15% FCS). CD4+ cell suspension
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(ImL)

was

dispensed

into

3

corresponding

wells

of

a

12

well

plate.

Phytohaemagglutinin (PHA, final conc. 10ug/mL) was added to the wells and. The plate

wasthen incubated for 24 hours (37°C, 5% CO>).

2.2.9 Confocal Laser Scanning Microscopy to Determine Cellular Localisation of
ABCBI1 and CXCR4

Following cell fixation, cells were washed and then placed in PBS containing BSA
(0.5%) for 30mins in order to block non-specific binding. Cells were then stained for
ABCBI, CXCR4, caveolin-1 and lipid rafts. Cells underwent a 3 stage wash using PBS
(1x). Cells were resuspended in ~20uL Dako CytoMount fluorescent mounting medium
before image acquisition using Zeiss Confocal Laser Scanning Microscope.

2.2.10 CYP2B6 and CYP3A4activity in PBMC

Fluorescence microscopy, with fluorescent substrates, was utilised in order to assess
whether CYP2B6 and CYP3A4 were functional within PBMC. This was conducted in
the presence or absence of the CYP3A4inhibitor, ritonavir (10uM) and the CYP2B6
inhibitor, orphenadrine (10M) (Guoet al, 1997; Soars et al, 2006). Cells were adhered
to coverslips, previously coated in poly —L-lysine and loaded onto a Bioptechs perfusion
chamber maintained at 37°C. At time zero, cells were then perfused with invitrogen
fluorescent vivid CYP450 probes (either 5uM DBOMF[for CYP3A4] or 24M BOMFC
[for CYP2B6] in RPMI media containing 10% FCS). The cells were scanned for 10
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minutes (at 1 minute intervals) on a Zeiss LSM Pascal confocal microscope. For
DBOMEF, fluorescence (green pseudocolour) was excited using the 488 nm line of an
argon laser and collected off a NFT 545 dichroic mirror through a 505-530 nm bandpass
filter. For BOMFC, fluorescence (blue pseudocolour) was excited using a mercury
vapour lampandvisible light was analysed using pseudo DAPI settings.

2.2.11 A32 Genotyping of healthy volunteers

Gold PCR reagents from Applied Biosystems AmpliTaq were used to create the reaction
mixture. This consisted of 10x Buffer II (Sul), MgCl. (25mM, 31), A32 forward primer
(S0uM, Il), A32 reverse primer (SOuM, Iul), dNTP mix (10mM, Il), AmpliTaq Gold
(Su/pl, 0.41) and gDNA (2ul, 20ng.ul"'). Volumes were made up to 50ul using DNase
free water. Primer sequences were:

CCRS5 A32 F
CCR5 A32 R

5’ - ACCTGCAGCTCTCATTTTCC - 3’
5’ - GCAGATGACCATGACAAGCA- 3’

Standard PCR wasexecuted utilizing the following cycle parameters: 95°C for 10mins
followed by 45 cycles of 95°C for Imin, 61°C for 30secs and 72°C for 30secs. Samples
were held at 4°C at the end of the PCR andvisualised on a 4% agarose gel containing
ethidium bromide.

72

CHAPTER 2
2.2.12 Evaluation of the impact of IL-2 and IFNy onthe intracellular accumulation
of digoxin and saquinavir in PBMCtreated with IL-2 and IFNy

To assess the functional consequences of increased transporter expression the
intracellular (IC) accumulation of substrates for efflux transporters was examined.
PBMC wereisolated from whole blood of healthy volunteers (n=3) via density gradient
centrifugation and resuspended to 5x10° cells/mL. PBMC were incubated in media
containing IL-2 or IFNy at a concentration of 10ng/mL for 24 hours. To assess the
intracellular accumulation of digoxin and saquinavir, PBMC were resuspended in media
containing digoxin C@H, 0.025uCi/mL) or saquinavir 7H, 0.33uCi/mL). Cells were
incubated for 20 mins, centrifuged (9000rpm, Imin) and 100uL aliquots of supernatant
taken into scintillation vials. The remaining supernatant was discarded, the pellet was
washed 3 times (HBSS, 9000rpm, 1°C, Imin) and then solubilised in water (100uL).

Scintillation fluid (4mLs) was then added to both supernatant and pellet and the cellular
accumulation wascalculated (ratio of radiolabelled drug associated with the cell pellets
devided by that associated with media). A cell volume of 0.4pL was assumed (Janneh er
al, 2007). The cellular accumulation of digoxin and saquinavir was determined at 0
hours and 24 hours post incubation with cytokines. Controls consisted of PBMC
incubated in media in the absence of cytokines. Expression of efflux transporters
ABCBI, ABCCI and ABCC2 wasalso conducted to confirm increases in expression as
in section 2.2.6.
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2.2.13 Statistical analysis
Data on the effects of cytokines on expression of efflux drug transporters and chemokine
receptors are expressed as mean percentage change compared to controls + standard
deviation. Normality of the data was assessed using a Shapiro-Wilk test andstatistical
differences determined using the Mann-Whitney U test. A p <0.05 was considered
statistically significant, adjusted for multiple comparisons using a Bonferroni correction.
Correlations in the degrees of change of expression were analysed using Pearson’s
Correlation Coefficient on log transformed data using the difference between the 0 hour
and 4 hourtime points.
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2.3.

RESULTS

2.3.1

Optimisation of ABCC2 flow cytometry assay

Using MDCKII parental cells and MDCKII cells transfected with an ABCC2
overexpressing plasmid (MDCKIIABCC2) it was possible to determine an optimum
concentration of primary antibody to use for the detection of ABCC2protein. Figure la
and 1b show the ability of the antibody to detect ABCC2 expression above background
and the difference in expression between the parental cells (figure la) and the over
expressing cells (figure 1b). Using the results of the titration a suitable antibody
concentration (Sug/mL) was determined that allowed for detection above background
(level of fluorescence of isotype control antibody) with sufficient staining of the protein
(figure 2).
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2.3.2

Optimisation of CYP2B6 and CYP3A4flow cytometry assays

Using HepG2 and Caco2cells it was possible to determine an optimum concentration of
primary antibody to use for the detection of CYP2B6 and CYP3A4protein in PBMC.
Figure 3a and 3b show the detection of CYP2B6 in Caco-2 and HepG?cells respectively
whereas figure 3c and 3d show detection of CYP3A4 above background in Caco-2 and
HepG2 cells respectively. Using the results of the titration a suitable antibody
concentration (Sug/mL) was determined that allowed for detection above background
with sufficient staining of the protein (figure 4 and 5).
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2.3.3

Optimisation of a CCRS5flow cytometry assay

Using U87 and U87 cells containing a plasmid for increased expression of CCRS5
(U87.CD4.CCRS) it was possible to determine an optimum concentration of primary
antibody to use for detection of CCRS protein. Figure 6 showsthe ability of the antibody
to detect CCR5 above background and to differentiate between levels of CCR5
expression. Using the results of the titration a suitable antibody concentration
(2.5ug/mL) was used that allowed for detection above background as well as enabling
sufficient saturation of the protein (figure 7). Detection of CCR5 in healthy volunteer
PBMCproveddifficult as flow cytometry consistently revealed negative results. Healthy
volunteers used in the study were genotyped for A32 polymorphism and subsequently
assessed for CCR5 expression. Figure 8 shows that although wild type volunteers
expressed slightly more CCR5 than heterozygous individuals RFU values werestill
negative.
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2.3.4

Th1 cytokine effects on the expression of ABCB1, ABCC1, ABCCZ2,

CYP2B6, CYP3A4, CXCR4 & CCR5

This section with figures 9-15 gives detailed expression data which is then summarised
in section 2.3.7 figure 30. Thl cytokines had a numberofstatistically significant effects
on the expression of ABCBI1 at both the mRNAandprotein level (figure 9a & b). The
greatest effects on ABCBI mRNAwere seen 4 hours post incubation with IL-2 (474600
+ 1196200), IL-12 (902700 + 1660900, p=0.0014) and IFNy (702500 + 990600,
p=0.0049). However effects on ABCB! mRNAlevels (figure 9a) were observed with
IL-12 (1800 + 2500) and IFNy (11200 + 20000, p=0.0049) after 24 hours. Protein levels
(figure 9b) were affected only after 24 hours of incubation with IL-2 (200 + 57,

p=0.0014), IL-12 (133 + 65) and IFNy (202 + 102, p=0.028).

ABCCI was similarly affected by Thl cytokines (figure 10).

IL-12 and IFNy had

statistically significant effects after 4, 8 and 24 hours on ABCCI mRNA however, the

greatest impact was seen at 4 hours for IL-12 (14400 + 31100, p=0.0042) and 8 hours
for IFNy (1577800 + 4056100). IL-2, Il-12 and IFNy had significant impact on protein
levels after 24 hours (fig 10b). IL-12 also had statistically significant effect on protein
at 8 hours (166 + 26, p=0.033).

IL-12 affected ABCC2 mRNAlevels (figure 11a) to the greatest extent after 4 hours of
incubation (65100 + 110800, p=0.0042). ABCC2 wassimilarly affected by IFNy after 4
hours (27000 + 59200, p=0.0042). IL-2 also had its greatest impact after 4 hours but this
was not statistically significant. IFNy had significant effects on ABCC2 protein
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expression (figure 1 1b) after 8, 24 and 48 hours, however protein expression washighest
after 24 hours incubation (552 + 81, p=0.0002).

IL-2 had a significant impact on CXCR4 (40500 + 91500, p=0.04) and CCRS (52242600
+ 894698, p=0.0042) mRNA(figure 12 & 13 respectively) after 4 hours andits greatest
impact on protein expression at 24 hours (141 + 44, p=0.04). Similarly, IL-12 had its
most significant impact after 4 hours on CKCR4 mRNA(185700 + 340600, p=0.0014),
CXCR4 protein (figure 12a) at 24 hours (181 + 84, p=0.03) and CCRS5 mRNA

(31470300 + 82802800, p=0.0042) at 4 hours (figure 13).

Figures 14a and 14b detail the impact of Thl cytokines on the expression of CYP2B6
mRNAandprotein respectively. Overall Thl cytokines decreased CYP2B6 mRNA and
protein levels. The greatest decrease in CYP2B6 mRNA(63 “%control + 10, p=0.03) and
protein (55%control + 18, p=0.0021) in response to IL-2 was seen after 24 hours. IL-12
had the greatest impact on CYP2B6 mRNAlevels maintaining a decrease over 24 hours
(25 + 17, p=0.0014). CYP2B6 protein levels were affected to the greatest extent by IFNy
over 48 hours (54 + 16, p=0.0014). CYP3A4 was similarly affected by Thl cytokines
(figure 15). IL-2 had the greatest impact on CYP3A4 mRNA (24 hours, 49 + 21,
p=0.008). IFNy had the most significant impact on CYP3A4 protein (24 hours, 48 + 16,

p=0.0028).
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Figure 9. Effect of T,1 cytokines on the expression of ABCB1 (P-gp). Figures 9(a)
and (b) show the impact of Ty! cytokines on ABCBI mRNAandprotein expression
respectively. (n=8, * = P < 0.05, ** = P < 0.01, *** = P < 0.001).
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Figure 10. Effect of T,1 cytokines on the expression of ABCC1 (MRP1). Figures
10(a) and (b) show the impact of T;,1 cytokines on ABCCI mRNA and protein
expression respectively. (n=8, * = P < 0.05, ** = P < 0.01, *** = P < 0.001).

83

CHAPTER 2

(b)

(a)

3

BL2
B12
OFNg

gneee Relative Ex; gessign meg

100000

10000

3

8

1000

°

8

°

ABCC2 Relative Expression (%ctl)

1000000

4

8

24

O

8

24

48

Incubation Period (hours)

Incubation Period (hours)

Figure 11. Effect of T,1 cytokines on the expression of ABCC2 (MRP2). Figures
11(a) and (b) show the impact of T,l cytokines on ABCC1 mRNA and protein
expression respectively. (n=8, * = P < 0.05, ** =P < 0.01, *** = P < 0.001).
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Figure 12. Effect of T,1 cytokines on the expression of CXCR4. Figures 12(a) and
(b) show the impact of Ty1 cytokines on ABCC] mRNA and protein expression
respectively. (n=8, * = P < 0.05, ** = P < 0.01, *** = P < 0.001).
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Figure 14. Effect of T,1 cytokines on the expression of CYP2B6. Figure 14 shows
the impact of T,1 cytokines on CYP2B6 mRNA(a) and protein (b) (n=8, * = P < 0.05,
#2 = P< 0,01, PF = P< 0001),
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Figure 15. Effect of T,1 cytokines on the expression of CYP3A4. Figure 15 shows
the impact of T,1 cytokines on CYP3A4 mRNA(a) and protein (b) (n=8, * = P < 0.05,
** = P< 0.01, *** = P < 0.001).
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2.3.5

Th2 cytokine effects on the expression of ABCB1, ABCC1, ABCC2, CXCR4

& CCRS5

This section with figures 16-22 gives detailed expression data which is then summarised
in section 2.3.7 figure 30. ABCBI mRNA (36400 + 94500, figure 16a) and protein (200
+ 57, p=0.042, figure 16b) levels were affected by 24 hours incubation with IL-4. IL-13
had a similar affect on ABCBI mRNA (17100 + 35300) after 24 hours but effects on
protein levels were not observed until after 48 hours (165 + 71, p=0.009). ABCC1
mRNA wasaffected by IL-10 after 8 (3623200 + 6101800) and 24 hours (148500 +
341500). However IL-4, IL-6, IL-10 and IL-13 all had significant effects on ABCC1

protein expression after 24 hours (figure 17b).

ABCC2 mRNA levels (figure 18a) increased after 4 hours with IL-10 (779100 +
2058300) and 24 hours with IL-4 (2200 + 3400). There were a number ofsignificant
effects on ABCC2 protein expression (fig 18b). IL-10 had its greatest effects at 24 (330

+ 33, p=0.0014) and 48 hours (276 + 19, p=0.0014).
IL-4 impacted on CXCR4 mRNA(figure 19a) expression after 8 hours (3200 + 400) and
protein expression after 24 hours (15200 + 3000). IL-13 had similar effects after 8 hours
on mRNA (203500 + 33980) and 24 hours at the protein level (250 + 109) (figure 19a).
Th2 cytokines had a marked impact on the expression of CCRS (figure 20). IL-13 in
particular had dramatic effect after 4 hours (497000 + 117950) and 8 hours (970700 +
175120). IL-6 had the greatest impact on CCR5 mRNA expression (9772400 +
2585510) after 8 hours incubation.
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IL-4 (6320 + 640, p=0.028) and IL-13 (150 + 120) had the greatest impact on CYP2B6
mRNAafter 8 hours and protein after 24 hours (fig 21a & b). IL-6 and IL-13 did not
significantly affect CYP2B6 mRNA levels however IL-6 did significantly decrease
CYP2B6 protein after 48 hours (53 + 12, p=0.0035). CYP3A4 mRNAlevels were most
significantly affected by IL-4 (44300 + 780, p=0.049), IL-10 (600 + 13) and II-13 (489 +
160, p=0.049) after 24 hours incubation (fig 22a). This was reflected in altered protein
levels after 24 hours incubation with IL-4 (335 + 96) and IL-13 (287 + 33, p=0.005) (fig

22b).
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Figure 16. Effect of T,2 cytokines on the expression of ABCB1 (P-gp). Figure 16
showsthe impact of T,2 cytokines on ABCB1 mRNA(a) and protein (b) (n=8, * = P <
0.05, ** = P< 0.01, *** = P < 0.001).
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Figure 17. Effect of T,2 cytokines on the expression of ABCC1 (MRP1). Figure 17
showsthe impact of T,2 cytokines on ABCC1 mRNA(a) and protein (b) (n=8, * = P <
0.05, ** = P < 0.01, *** = P < 0.001).
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Figure 18. Effect of T,2 cytokines on the expression of ABCC2 (MRP2). Figure 18
showsthe impact of T,2 cytokines on ABCC2 mRNA(a) and protein (b) (n=8, * = P <
0.05, ** = P< 0.01, *** = P < 0.001).
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Figure 19. Effect of T,2 cytokines on the expression of CXCR4. Figure 19 showsthe
impact of T,2 cytokines on CKCR4 mRNA(a) and protein (b) (n=8, * = P < 0.05, ** =
P<0.01, *** =P < 0.001).
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Figure 20. Effect of T,2 cytokines on the expression of CCRS5. Figure 20 showsthe
impact of T,2 cytokines on CCR5 mRNA(n=8, * = P < 0.05, ** = P< 0.01, *** =P <

0.001).

ow
~—

—=
oO
—

(

BIL-4

o
3

1000

4

8

Incubation Period (hours)

24

&

BIL6
OIL-10
BIL-13

8

CYP2B6Relative Expression (%ctl)

10000

3

CYP2B6Relative Expression (%ctl)

100000

150

0

8

24

48

Incubation Period (hours)

Figure 21. Effect of T,2 cytokines on the expression of CYP2B6. Figure 21 shows
the impact of Ty2 cytokines on CYP2B6 mRNA(a) and protein (b) (n=8, * = P < 0.05,
**¥ = P< 0.01, *** =P < 0.001).
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Figure 22. Effect of T,2 cytokines on the expression of CYP3A4. Figure 22 shows
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2.3.6

Non-Th1/Th2 cytokine effects on the expression of ABCB1, ABCC1,

ABCC2, CXCR4 & CCRS5

This section with figures 23-29 gives detailed expression data which is then summarised
in section 2.3.7 figure 30. IL-7 had that greatest impact on ABCB1 mRNA(figure 23a)
expression after 24 hours (2975 + 723) but no detectable impact on protein expression.
IL-15 had a marked impact on ABCBI1 mRNAafter 4 hours (2400 + 600) but again no
detectable impact on protein expression. After 8 hours incubation with TGFB ABCB1
mRNAlevels were greatest (5800 + 1580) but protein levels (fig 23a) were not affected
until after 48 hours (208 + 103). TNFa had a significant affect on mRNA levels after 24
hours (1500 + 290) and also protein after 48 hours (200 + 84).

Only IL-7 had statistically significant effect (152100 + 37500, p=0.028) on ABCC1
mRNAexpression after 8 hours. TGFB had the greatest effect on ABCCI mRNAafter

24 hours (144700 + 38050, p=0.007). IL-7, IL-15, TGFB and TNFa had their greatest
impact on ABCC protein after 24 hours (figure 24b).

ABCC2 mRNAexpression (fig 25a) was affected to the greatest degree by IL-7 after 4
hours (3800 + 600, p=0.0042). IL-7 also hada statistically significant effect on protein
after 24 and 48 hours (219 + 17, p=0.0014) (figure 25b). Although IL-7, IL-15 and
TGFB had significant effects on ABCC2 protein expression, TNFa had the most impact
on protein expression of ABCC2 after 24 (449 + 74, p= 0.0014) and 48 hours (358 = 49,

p=0.0014).
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CXCR4 mRNA expression was significantly affected by TGFB (13900 + 3610,
p=0.0021) and TNFa (28800 + 8280) after 4 hours incubation (figure 26a). IL-7 did not
have anystatistically significant effects on CKCR4 mRNAorprotein levels. However,
IL-15 did have significant effects on CXCR4protein after 8 hours (168 + 41, p=0.0014)
and 24 hours (159 + 29, p=0.0014) (figure 26b). TNFa had statistically significant
effects on CCR5 mRNAlevels after 4 hours (1000 + 220, p=0.014) and 8 hours (1600 +
390) incubation (figure 27).

TNFa had a marked impact on CYP2B6 mRNA(fig 28a) and protein (fig 28b) levels
with the greatest impact being at 24 hours (mRNA, 77100 + 930, p=0.0056) (protein,
436 +44, p=0.0042). CYP2B6 wasalso significantly affected by IL-15 and TGFB at both
the mRNAand protein level (fig 28a & b respectively). CYP3A4 mRNA (1000 + 40,
p=0.028) and protein (187 + 20, p=0.021) was affected by IL-7 to the greatest extent
after 24 hours. IL-15 significantly decreased CYP3A4 protein levels after 48 hours (54 +
21, p=0.049).
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Figure 23. Effect of non-T,1/T,2 cytokines on the expression of ABCB1 (P-gp).
Figure 23 shows the impact of non-Ty1/T,2 cytokines on ABCBI mRNA (a) and

protein (b) (n=8, * = P < 0.05, ** = P < 0.01, *** = P < 0.001).
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Figure 24. Effect of non-T,1/T}2 cytokines on the expression of ABCC1 (MRP1).
Figure 24 shows the impact of non-Ty1/T;,2 cytokines on ABCC] mRNA(a) and

protein (b) (n=8, * = P < 0.05, ** = P < 0.01, *** = P< 0.001).
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Figure 25. Effect of non-T,1/T}2 cytokines on the expression of ABCC2 (MRP2).
Figure 25 shows the impact of non-Ty1/T,2 cytokines on ABCC2 mRNA(a) and protein
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Figure 26. Effect of non-T,1/T,2 cytokines on the expression of CXCR4. Figure 26
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Figure 27. Effect of non-T;1/T,2 cytokines on the expression of CCRS. Figure 27
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Figure 28. Effect of non-T,1/T},2 cytokines on the expression of CYP2B6. Figure 28
shows the impact of non-T;,1/T;,2 cytokines on CYP2B6 mRNA(a) and protein (b)
(n=8, * = P < 0.05, ** = P < 0.01, *** = P < 0.001).
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Figure 29. Effect of non-T,1/T)2 cytokines on the expression of CYP3A4. Figure 29
shows the impact of non-T,1/T,2 cytokines on CYP3A4 mRNA(a) and protein (b)

(n=8, * = P < 0.05, ** = P< 0.01, *** = P < 0.001).
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2.3.7

Relationship between the degrees of change in expression of mRNA in

response to cytokines

The cytokines included in this study had a number of significant effects on the
expression of transporters (summarised in figure 30) with changes often occurring after
4 hours incubation. When the degree of change in expression between the 0 and 4 hour
timepoints was calculated and compared between transcripts a numberof significant
relationships emerged. Ofparticular interest was the relationship between ABCB1 and
CXCR4astheir change in expression in response to cytokines waspositively correlated
(r° = 0.545, p=0.0061) (fig 31a). Other relationships emerged between ABCC1 & CCRS
(r° = 0.425, p=0.0217), ABCC2 & CCRS5(1° = 0.740, p=0.0003) (fig 31b) and between
ABCCI and ABCC2(r? = 0.795, p<0.0001). These correlations are summarised in Table
1.
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Table 1. Summary of the correlations in the degree of change between mRNA
transcripts in response to cytokines. Degree of change wascalculated by subtracting the
0 hours time point from the 4 hours time point. (n=12, * = P < 0.05, ** = P < 0.01, *** =

P <0.001).
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2.3.8 Cellular localisation of ABCB1 and CXCR4 in unactivated and activated
CD4-+cells

CD4+ cells were isolated from healthy volunteer PBMC and activated with PHA in
order to determine any relationship in the cellular localisation of ABCB1 and CXCR4.
The appearance of a pseudo-yellow colour in the merged fluorescence images indicates
areas of colocalisation of the differentially stained proteins in the cell membrane. Figure
32 showsthe localisation of ABCB1 and CXCR4 in unstimulated CD4+ cells. The
images show an apparent lack of colocalisation. Conversely, in the stimulated CD4+
cells (figure 33) ABCBI and CXCR4were colocalised. ABCB1 did not localise in lipid
rafts in either unstimulated (figure 34) or stimulated (figure 35) CD4+ cells whereas
ABCBI translocated to caveolae when CD4+ cells were activated (figure 37) but were
no localised in caveolae when unstimulated (figure 36).
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Figure 32. Confocal microscopy image showing the localisation of ABCB1 and CXCR4
in unstimulated CD4+ cells. Panel (a) showsa bright field image of CD4+ cells stained
with antibodies for ABCB1 and CXCR4, panel (b) shows the merged fluorescent image
and panels (c) and (d) show CXCR4 and ABCBI signals respectively. The lack of any
yellowfluorescence indicates no colocalisation of the proteins.
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(b)

Colocalisation of ABCB1
and CXCR4

Figure 33. Confocal microscopy image showing the localisation of ABCB1 and CXKCR4
in stimulated CD4+ cells. Panel (a) shows a bright field image of CD4+ cells stained
with antibodies for ABCB1 and CXCR4, panel (b) shows the merged fluorescent image
and panels (c) and (d) show CXCR4 and ABCBI signals respectively. The pseudoyellow seen in panel (b) indicates colocalisation of the proteins in the highlightedcells.
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Figure 34. Confocal microscopy image showing the localisation of ABCBI1

in

unstimulated CD4+ cells. Panel (a) showsa bright field image of CD4+ cells stained
with antibodies for ABCB1 andlipid rafts, panel (b) shows the merged fluorescent
image and panels (c) and (d) showlipid raft and ABCBI1 signals respectively. Lack of
pseudo-yellow fluorescence indicates a lack of colocalisation.
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Figure 35. Confocal microscopy image showing the localisation of ABCBI

in

stimulated CD4+ cells. Panel (a) showsa bright field image of CD4+ cells stained with
antibodies for ABCB1 and lipid rafts, panel (b) shows the merged fluorescent image and
panels (c) and (d) showlipid raft and ABCBI signals respectively again with a lack of
colcalisation.
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Figure 36. Confocal microscopy image showing the localisation of ABCBI in
unstimulated CD4+ cells. Panel (a) shows a bright field image of CD4+ cells stained
with antibodies for ABCB1 and caveolin-1, panel (b) shows the merged fluorescent

image and panels (c) and (d) show caveolin-1 and ABCBI signals respectively. Lack of
pseudoyellow indicates a lack of colocalisation.
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Figure 37. Confocal microscopy image showing the localisation of ABCBI in
stimulated CD4+ cells. Panel (a) showsa bright field image of CD4+ cells stained with
antibodies for ABCBI1 and caveolin-1, panel (b) shows the merged fluorescent image
and panels (c) and (d) show caveolin-| and ABCBI signals respectively. Yellow
fluorescence in panel (b) indicates colocalisation of ABCB1 and Caveolin-1. Areas of
ABCBI expression in panel (d) indicated by arrows may reflect ABCB1 expression in
caveolin-| positive invaginations of the cell membrane.
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2.3.9 CYP2B6 and CYP3A4activity in PBMC
In order to determine the functional activity of CYP2B6 and CYP3A4 PBMC were
incubated with fluorescent substrates for CYP2B6 and CYP3A4. PBMC were able to
metabolise the DBOMF (CYP3A4; Figure 38A) and BOMFC (CYP2B6; Figure 38C)
vivid substrates and this metabolism was inhibited, in a concentration dependant
manner, by the addition of ritonavir (Figure 38B) and orphenadrine (Figure 38D),
respectively.
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Figure 38. Metabolism of fluorescent CYP substrates in PBMC. Representative
PBMCturnover of vivid DBOMF substrate (CYP3A4) in the absence (A) and presence
(B) of ritonavir (10uM) at 0, 2 and 4 minutes, respectively. Representative PBMC
turnover of vivid BOMFCsubstrate (CYP2B6) in the absence (C) and presence (D) of
orphenadrine (10uM) at 0, 5 and 10 minutes, respectively.
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2.3.10 Impact of cytokine incubation on the intracellular accumulation of digoxin
and saquinavir in PBMC.

Figure 39 showsthe cellular accumulation of digoxin (a) and saquinavir (b) in PBMC
following incubation with IL-2 and IFNy. In accordance with an increase in expression
of efflux drug transporters, the intracellular accumulation of digoxin and saquinavir
were significantly decreased in PBMC following 24 hour incubation with IL-2 and
IFNy. Control incubations were not significantly different. However after 24 hours
digoxin cellular accumulation was significantly lower than the control incubation by
17% (1.23 + 0.05) when incubated with IL-2 and 26% lower when incubated with IFNy
(1.09 40.07). The intracellular accumulation of saquinavir wasalso significantly affected
by incubation with cytokines, IL-2 decreased the cellular accumulation of saquinavir by
28% (10.2 +0.99) and IFNy decreased saquinavir cellular accumulation by 30% (10.01 +
0.75). Increases in efflux transporter expression were determined in these cells to
confirm these findings. Figure 40 showsthat expression of ABCB1 wassignificantly
increased following incubation with IL-2 and IFNy. ABCC] and ABCC2 expression
wassignificantly increased following incubation with IFNy also.
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2.4

DISCUSSION

Cytokines are a critical component of the immune response. In a similar manner to
hormones, they act as chemical mediators and are a method of physiological
communication between cells both locally and systemically throughout the body.
Cytokines are notoriously pleiotropic in nature, interact in complex networks and have a
capacity for redundancy in that loss of expression of one cytokine can be compensated
for by another. The combination of these factors makes cytokines incredibly powerful
chemical mediators but provides a major disadvantage when attempting to study the
effects of individual cytokines in various cells and tissues on an ex vivo basis. Given the
importance of cytokines, particularly in the immuneresponse,it is important to gain an
understanding of how they might affect the expression of proteins that influence
treatment outcome. This is particularly important in the case of lymphocytes as not only
are they the “front-line” cell of the immuneresponse butthey are also the primary site of
action for many drugs.

The relationship observed between expression of drug transporters and chemokine
receptors (Owen et al, 2004) has important pharmacological implications particularly
with respect to HIV and cancer. Protease inhibitors (PI) used in HAARTare substrates
for ABCBI1 efflux, which may lowerthe intracellular (IC) concentration of the drug
below optimal therapeutic concentrations. Combined with increased levels of CXKCR4
expression, this may select for X4 strains of the virus. Similarly, during cancer
chemotherapy, increased levels of CXCR4 expression mayresult in increased metastasis
of malignant cells with a concomitantly high level of ABCBI1 that may result in
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phenotypethat is refractory to therapy. Thereforeit is critical to gain an understanding
of how these proteins may be coregulated and determine how endogenous factors,
dysregulated during disease, may affect their expression.

In order to examine the impact of cytokines on the protein expression of drug
transporters, drug metabolising enzymes and chemokine receptors it was necessary to
optimise flow cytometry assays for ABCC2, CYP2B6, CYP3A4 and CCR5. These
assays were successful in determining the expression of these proteins in PBMC.
However, CCRS protein expression on the PBMCofthe 8 healthy volunteers included
in the induction experiments was below the limit of detection of the current assay.
Figures 6a and 6b show the capability of the assay to detect CCRS and differentiate
between variations in expression however figure 8 showsthat, irrespective of A32
genotype, the levels of CCR5 expression on these healthy volunteer PBMC were below
the limit of detection.

In this study we sought to examine how cytokines affect either drug transporter
expression or chemokine receptor expression in PBMC and gain a coherent
understanding of their impact. Previous studies have reported potentially conflicting data
most likely as a result of the particular cell type studied, differences in experimental
design and the inherent nature of the cytokines themselves i.e. one cytokine can have
multiple effects in different cell types. The cytokines used in this study were grouped
into the categories Thl, Th2 or those not classically designated as either Th1 or Th2 for
ease of presentation but also to examine howeachprofile can affect expression overall.
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Both Thl and Th2 cytokines had marked effects on the expression of the transporters
and coreceptors included in this study.

Interestingly TNFa had a marked effect on ABCB1 expression. TNF-a has a well known
role in the pathogenesis of rheumatoid arthritis (RA) (Feldman et al, 1996). TNF-a,
unlike other cytokines, lacks hydrophobic signal sequences and hence, must be secreted
by non-conventional mechanisms. Furthermore, it has been demonstrated that the
presence of TNFa induces ABCBI gene expression and functional activity in cultures of
rat hepatocytes (Hirsch-Ernst et al, 1998) and similar results were found in a human
GMCSF-dependent leukemia myeloid cell line (Bailly et al, 1995). Thus, if TNFa has
such effects on immune cells, it could explain the ABCBI over expression in
lymphocytes from refractory RA patients.

Overall the data suggests that cytokines involved in a Th2 profile might have a greater
impact on the expression of these HIV relevant proteins. This bears particular relevance
when accompanied by the observation of increased Th2 profiles in later stages of
infection when HAARTis even morecritical. Although it is known that HIV+ patients
with advanced disease do not respond to therapy as well as those in the early stages of
disease it is currently unclear whether transporter expression/function increases in
advanced disease states, possibly as a function of dysregulated cytokine profiles, and
warrants further investigation in a large cohort of HIV+ patients.

The observed relationship between changes in expression of ABCB1 and CXCR4in
response to cytokines lends support to the hypothesis proposed by Owenet al (2004)
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that these genes may be coregulated. There have been a numberof studies examining the
regulation of expression of the MDR/ that encodes ABCB1. These studies have shown
that the MDR/ promoter contains binding site for transcription factors known to be
involved in the regulation of the CXCR4 gene such as NF-«B (Bentires-Alj et a/, 2003),
NF-Y (Okamuraet al, 2004) and NF-IL6 (Combateset al, 1997). Given these common
regulatory seuquencesit is possible that these factors may be involvedin transcriptional
cross-talk to coregulate expression of ABCB1 and CXCR4, and indeed other efflux
transporter and chemokine receptors, at both the protein and mRNAlevel. Experimental
work is currently underway to delineate these potential overlaps in transcriptional
mechanisms.

The increase in transporter expression was also shownto have functional consequences
for the cellular accumulation of digoxin and saquinavir. Digoxin is a known ABCB1
(Liu et al, 2006), ABCC1 and ABCC2(Stephens ef a/, 2001) substrate and saquinavir is
also an ABCBI (Kim etal, 1998), ABCC1 and ABCC2 (Williams ef al, 2002) substrate
whose site of action is the lymphocyte. The cellular accumulation of these two
compounds in PBMCfollowing incubation with cytokines was determined. Both IL-2
and IFNy increase expression of these proteins significantly in PBMC anddecrease the
cellular accumulation of digoxin and saquinavir (fig 35a & 35b respectively). This
showsthat there are functional consequencesof the cytokine mediated upregulation.
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In addition the impact of these cytokines on the expression of CYP2B6 and CYP3A4
was also determined in PBMC. Data presented in this chapter show that PBMC express
functional CYP2B6 and CYP3A4. Expression in these cells is unlikely to contribute to
the clearance of the drug from the systemic circulation. However, the intracellular
metabolism in PBMC may be an additional factor determining the concentration of
drugs at their target site. Our data alsoillustrate that the previously reported association
between CYP2B6 516G>T and expression of the protein (Lang ef al, 2001) is not
limited to hepatic tissue. As such, PBMC mayserveas easily accessible surrogates for
investigating the

impact of polymorphisms on expression of CYP

isoforms.

Furthermore, studies are now required to relate these findings to metabolism in PBMCs
and efficacy of drugs in vivo.

Overall the Thl cytokines IL-2, IL-12 and IFNy decreased both CYP2B6 and CYP3A4
mRNA and protein expression whereas the Th2 cytokines generally increased
expression of these two enzymes. Th1 polarised responses occur early in HIV infection
with a gradual shift to Th2 profiles in chronic stages of infection. Given this change in
cytokine secretion profiles and the impact these cytokines have on the expression of
drug metabolising enzymesit is possible that changes in metabolism may also occur. In
early infection drug metabolism maybe slowerthan in chronic infection but studies are
now requiredto assessthis.

In addition to a functional correlation in expression, ABCB1 and CXCR4havealso been
shownto colocalise in the membrane of lymphocytes (Owenet al, 2004). Data presented
in this chapter confirms this finding by showing that ABCB1 and CXCR4 are
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colocalised in the plasma membranes of activated CD4+ cells. Furthermore, upon
activation, ABCB1 translocates to caveolae. This translocation of ABCB1 to caveolin-1

positive domains may have functional consequencesfor its activity. ABCB1 function is
dependant on the presence of phosphatidylethanolamine (PE) for optimum function. The
PE content of caveolae has not been determined and translocation of ABCB1 to caveolae
in activated CD4+ cells could potentially increase or decrease its activity. A caveat to
these results is the use of differentially, fluorescently labelled antibodies to investigate
this relationship. Using this technique areas of colocalisation appear as a pseudo-yellow
colour in images where contrasting fluorophores have been merged. In order to address
this problem it would be necessary to use a technique such as FRET (fluorescent
resonance energytransfer) to confirm these findings. This technique makes use of the
transfer of photons between two contrasting chromophores to produce a third, unique,
fluorescence signal. This negates the possibility of colocalisation being the result of
digital superimposition of two colours. However this technique is complicated and
expensive and therefore immunofluorescence was chosen to initially investigate any
relationships between subcellular localisation of transporters and chemokine receptors
before such a task was undertaken to confirm these findings.

In summary we have shownthe impact of cytokines on the expression of transporters
that have widetissue distribution and may be exposed to any numberof cytokines. Also,
the impact of cytokines on chemokine receptors relevant to HIV infection has been
demonstrated. This has led to evidence supporting the coregulation of these genes which
may have important pharmacological implications. How these genes maybe functionally
coregulated now warrants further study.
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CHAPTER 3
Association of single nucleotide polymorphismsin
cytokine gene regulatory regions with expression of
drug transporters and chemokinereceptors in human
lymphocytes
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3.1 INTRODUCTION

It has been known for some time that cytokines and their receptors are encoded for by
genes that are highly polymorphic (Keen, 2002). These polymorphisms may be
responsible for observed inter-individual differences in cytokine production and
responses to cytokine therapy. Polymorphism within regulatory sequences at the 5’ and
3’ ends of the gene mayaffect transcription by altering the structure of transcription
factor binding sites (Scotto et al, 2003). Polymorphisms occurring in introns may affect
mRNAsplicing, if at the ends of the intron, or the structure of enhancers or silencers
(Tabara et al, 2002). The effects of conserved mutations often have less impact in terms
of cytokine production, due to the redundantnature of cytokines, than those thatalter the
structure of the protein (Keen, 2002). Altered cytokine protein structure may change the
functionality of the protein itself whereas polymorphisms that alter concentrations of
cytokines may be associated with additional upregulation of compensatory cytokines
(Ozaki et al, 2002).

Chapter 2 detailed the impact of IL-2, IL-4, IL-6, IL-7, IL-10, IL-12, IL-13, IL-15,

TGFB, TNFa and IFNy on the expression of drug transporters, cytochrome P450s and
chemokine receptors. Polymorphisms have been reported in the genes encoding these
cytokines and a numberofdiseaseassociation studies have been conducted(seetable 1).
Since the greatest magnitudeof effect in chapter 2 was seen for IL-2 and IFNy and the

genes for these havereliable, replicated pharmacogenetic associations, we selected them
for further analysis.
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INCREASE (Suarez et al, 2003)
INCREASE (Davoodi-Semiromi et al, 2002)

INCREASE (Cotton et al, 2002)

INCREASE (Jeong et al, 2004)
INCREASE (Hoffmann etal, 2004)

Hodgkins lymphoma(Cordanoet al, 2005)
Kaposi’s sarcoma (Gazouli et al, 2004)
Acutegraft rejection (Alakulppi et a/, 2004)
Systemic lupus erythematosous (Chong et al, 2004)
Immunerestoration diseases (Price et al, 2002)
Atopic dermatitis (Tsunemi et al, 2002)

Renal Parenchymalscarring (Cotton et al, 2002)

Multiple sclerosis (Drulovic et al, 2003)
Sepsis (Hedberg et al, 2004)
Recurrent pregnancy loss (Daher et al, 2003)
Acute graft-vs-host disease (Mlynarczewskaet al, 2004)

-590 C>T

-174G>C

Haplotype I
(GCC/GCC)

-1188 A>C

Q110/Q110

367 G>A

-800 G>A

-308 G>A

874 A>T

IL-4

IL-6

IL-10

IL-12

IL-13

IL-15

TGFB

TNFa

IFNy

None reported

INCREASE (Arimaet al, 2002)

INCREASE (Haddyet al, 2005)

NO EFFECT(Liu etal, 2004)

determinedeither by reporter constructs or in vivo measurements.

cytokine expression and their disease associations. Effects on cytokine expression were

Table 1. Single nucleotide polymorphismsin cytokine genes that have been shown to impact on

Asthma (Kurzet al, 2004)

Juvenile idiopathic arthritis (Heinzmann et al, 2003)

Multiple sclerosis (Kantarci et al, 2003)

COPD(Hegabetal, 2004)

INCREASE (Matesanz et al, 2004)

Graft-vs-host disease (Macmillan et al, 2003)
Renaltransplant outcome (Morgun et al, 2003)

-330T>G

IL-2

Impact on cytokine expression

Disease Association

Polymorphism

Gene
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IL-2 is crucial to the expansion of the immuneresponse, specifically the stimulation and
growth of antigen specific T-cells. Antigen binding to the T cell receptor (TCR)
stimulates the secretion of IL-2, and the expression of IL-2 receptors (IL-2R) (Langston
et al, 2003). Binding of IL-2 to its receptor stimulates the differentiation, maturation and
survival of cytotoxic T cells, already having undegone clonal selection and deletion, via
the induction of specific genes (Nelson, 2004). As such, IL-2 is crucial to the
developmentof immunologic memory in CD4+ and CD8+ T cells (Nelson, 2004).

T cell development in the thymus also requires IL-2 for the maturation of a unique
subset of T cells that express CD4, CD25 (which can form a high affinity receptor for
IL-2 with CD122) and the transcription factor FoxP3which are termed regulatory T cells
(Tregs) (Borsellino et al, 2007). Tregs prevent other T cells from reacting against "self
antigens", which could result in "autoimmunity", by preventing the responding cells
from producing IL-2 (Thornton et al, 1998). IL-2 has been found to be similar to IL-15
in terms of function with both cytokines able to initiate the mechanisms by which
immunoglobulin production by B cells is increased and the differentiation and
proliferation of natural killer cells is initiated (Waldmann et al, 2006). How IL-2 and IL15 function in the adaptive immuneresponse is where their roles begin to diverge e.g.,
IL-2 is involved in the orchestration of Treg differentiation and maturation which in
turn reduces self-reactive T cells (Antony et al, 2006). IL-15 is necessary for
maintaining highly specific T cell responses by eupooring survival of CD8 memory T
cells (Berard et al, 2003). Given that these two cytokines are very similar it is most

likely that the differences in their functions results from differential receptor usage and
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the subsequent signal transduction mechanisms that occur downstream of receptor
binding (Cornishet al, 2006).

A SNP located in the promoter region of the IL-2 gene, that results in a T>G transition
330bp upstream of the transcriptional start site, has been shown to increase IL-2
expression (Macmillan et al, 2003). This particular SNP has also been associated with
pollen hypersensitivity (Nieters et al, 2004), renal transplant outcome (Morgun et al,
2003) and graft-versus-host disease (Macmillan et al, 2003).

IFNy is a dimerized soluble cytokine that is the only member of the type II class of
interferons andis serologically distinct from Type I interferons being acid-labile, while
the type I variants are acid-stable (Cooke et al, 2006). IFN-y has antiviral,
immunoregulatory, and anti-tumour properties and canalter the transcription of up to 30
genes whch results in a variety of cellular responses (Schroder, 2004). These effects
include; an increase in the presentation of antigens by macrophages as a result of
increased lysosome activity, suppression of Th2 cell activity shifting the immune
response towards a morecell mediated response and promotion of adhesion and binding
required for leukocyte migration (Schroderef al, 2004).

Activation by IFN-y is achieved by its interaction with a heterodimeric receptor
consisting of IFNGR1 & IFNGR2 (interferon gamma receptors) which activates the

JAK-STATsigmalling pathway (Kotenko et al, 1995). IFN-y is the hallmark cytokine of
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Th1 cells (Th2 cells produce IL-4). IFNy activates antigen presenting cells (APC) and
promotes Th1 differentiation (Gorbachevefal, 2004).

An enhancer region SNP has been identified in IFNy that results in an A>T transition
874bp upstream of the transcriptional start site. This SNP has also been shown to
increase IFNy production both in vitro and in vivo (Hoffmann et al, 2002) and has been
associated with recurrent pregnancy loss (Daheret al, 2003) and acute graft-versus-host
disease (Mlynarczewska et al, 2004). Improvement in patients with hepatitis B and C
infections has also been associated with higher levels of IFNy (Ben-Ari et al, 2004;
Ocanaet al, 2005).

The aim of this chapter was to investigate the relationship between expression of
ABCB1, ABCC1, CXCR4 and CCRS in HIV+ patients and healthy volunteers PBMC

and determineif this was related to genotypes for IL-2 (-330T>G) and IFNy (874 A>T)
polymorphisms that have been shown to increase the production of these cytokines.
Associations with ABCC2 expression were not determined in this chapter as a ABCC2
flow Cytometry assay had not yet been developed.
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3.2 METHODS

3.2.1 Materials

Primers and probesfor real time PCR basedallelic discrimination assay were obtained
from Assays by Design Service, Applied Biosystems (Warrington, UK). QPCR mix was
obtained from ABGene (Epsom, UK). Whole blood DNAextraction kit purchased from
Qiagen (West Sussex, UK).

3.2.2 Subject Data

HIV+ patients were recruited from the Royal Liverpool University Hospital. Each
participant gave informed, written consent and the study was approvedbythe local
research Ethics committee. Genotyping for 874T>A and -330T>G was conducted in 38
healthy volunteers and 66 HIV+ patients. Median (range) viral load (VL) and CD4
counts were 249 (<50, 646000) and 327 (8, 1318), respectively. Of the 66 patients 44
patients were receiving antiretroviral therapy, 13 of which were on a PI containing
regimen and 31 a non-PI-containing regimen. 42 were male and 24 were female. Ethnic
origins were as follows; 53 Caucasian, 12 African and one Asian. All healthy volunteers
were Caucasian.
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3.2.3 Extraction of genomic DNA

Genomic DNA wasextracted according to the manufacturer’s instructionsas outlined in
section 2.2.11. Genomic DNA concentrations were normalised to 20ng/uL.

3.2.4 Genotyping of cytokine polymorphisms by real time QPCR based allelic
discrimination assay

Samples were prepared for real-time QPCRas follows: 20x primer mix (1.25uL 1.8uM
final concetration), 20x probe mix (1.25uL, 0.4uM final concentration), 2x QPCR
Master Mix (12.5uL) and gDNA (2uL). Reaction mixtures were then made up to 25uL
final volume using DNasefree water. Primer and probe sequenceswereas follows:

IL-2 -330T>G Forward
IL-2 -330T>G Reverse

5’-ACCACAATATGCTATTCACATGTTCA-3’
5’-TGATAGCTCTAATTCATGCAATTAACG-3’

T Probe (VIC)
G probe (FAM)

5’-TTTCTTTGTCATAAAACTACA-3’
5’?-TTTCTTTGTCCTAAAACTACA-3’

IFNy 874T>A Forward
IFNy 874T>A Reverse

5’-ACATTCCACAATTGATTTTATTCTTACAACA-3’
5’- ACGAGCTTTAAAAGATAGTTCCAAACA-3’

T Probe (VIC)
A Probe (FAM)

5’- AAATCAAATCACACACACACAC-3’
5’- AAATCAAATCTCACACACACAC-3’

Thermal cycling conditions consisted of 15 mins at 95°C followed by 50 cycles of 15

seconds at 95°C and 60°C. Samples were then held at 4°C. Quantification of PCR
products occurred in real time and was analysed using the Chromo4realtime detection
system.
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3.2.5 Analysis of drug transporter and chemokine receptor expression in PBMC by
flow cytometry

Expression of drug transporters and chemokine receptors in PBMC has been reported
previously (Chandler et al, 2007). Someofthis data has been reproducedin this chapter
owing to its incorporation into multivariate analysis. Expression of ABCB1, ABCC1,
CXCR4 and CCRS5were conducted as previously described in section 2.2.6.

3.2.6 Statistical analysis
All data are given as median (range) unless stated otherwise. Distribution of the data was
determined via Shapiro-Wilk test. Univariate analysis consisted of Mann-Whitneytest to
assess differences in expression of transporters and chemokine receptors between
genotypes; gender or HIV status (categorical data). Spearman’s rank correlation
coefficient was used to assess correlation of age with transporter/chemokine receptor
expression (continuous data). Multiple linear regression using best subset selection was
used to assess differences between genotypes.

129

CHAPTER3
3.3 RESULTS

3.3.1 Allele frequencies in HIV+ patients and healthy volunteer controls

Allele frequencies for both IL-2 and IFNy SNP were similar between HIV+ patients and
healthy volunteer controls. Allele frequencies for IL-2 -330 T>G SNPin HIV+patients
was 0.68 for the T allele and 0.32 for the G allele. Healthy volunteer control allele
frequencies were 0.65 for T allele and 0.35 for the G allele. Allele frequencies for IFNy
874 A>T SNP in HIV+ patients were 0.46 for the A allele and 0.54 for the T allele.
Healthy volunteer control allele frequencies were 0.45 for the A allele and 0.56 for the T
allele. The balance between the allele frequencies could suggest there has been no
selective pressure on this particular gene.

3.3.2 Expression of Drug Transporters and Chemokinereceptors in HIV+ patients
and healthy volunteers

Figure 1 summarises the expression of ABCB1, ABCC1, CXCR4 and CCRSin both
HIV+ patients and healthy volunteers PBMCas determined by flow cytometric analysis.
There was a large degree of interindividual variability in expression of these proteins.
The fold variability, determined by dividing the highest expression value by the lowest,
for ABCB1 washigherin patients (female — 18; male — 150) than in healthy volunteers
(female — 4; male — 4). ABCC1, CCR5 and CXCR4hada greater degree of variability in

healthy volunteers with 15 of the studied patients having CCRS5 expression below the
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limit of detection of the assay. HIV+patients had significantly lower CXCR4 expression
compared to healthy controls (P=0.0001). A trend toward ABCBI1 expression being
lower in HIV+ patients was observed (P=0.06).
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Figure 1. Expression of (a) ABCB1, (b) ABCC1, (c) CCR5 and (d) in HIV+ patients
and healthy volunteers (data expressed as median and range of data). Data presented as
relative fluorescence units (RFU), defined as the level of fluorescence associated with

target specific antibody minus that ofits relevant isotype control (see section 2.2.4 for
further details).
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3.3.3.

Association

between

demographic

factors

and

expression

of drug

transporters and chemokine receptors

Figure 2a shows that ABCB1 expression was lower in female HIV+ patients (data
expressed as median and range) (0.67, 0.13 — 2.33) than in male HIV+patients (0.9, 0.02
— 2.25) and significantly lower than female healthy volunteers (1.05, 0.52 — 2.11,
P=0.002). Healthy volunteers ABCB1 expression was higher in females than in healthy
male volunteers (0.87, 0.54 — 1.99). ABCB1 expression was comparable between
patients on therapy (0.83, 0.02-2.30) and those not receiving therapy (0.86, 0.39-2.23).
Caucasian patients had higher expression of ABCB1 (0.86, 0.02-2.25) than African
patients (0.61, 0.24-2.33) but this wasnotstatistically significant (P=0.08).

ABCC1 expression (figure 2b) was similar among male patients (0.33, 0.05-2.11),
female patients (0.16, 0.005-0.97), male healthy volunteers (0.23, 0.02-1.13) and female
healthy volunteers (0.14, 0.005-0.88). ABCC1 expression was also similar between
patients receiving and not receiving therapy (0.25, 0.005-1.07 and 0.32, 0.04-2.11
respectively). There were no statistical differences between African and Caucasian
patients in expression.

CCRSexpression (figure 3a) was lowest in female HIV patients (0.035, 0.001 — 0.39).
Male healthy volunteers (0.049, 0.01 — 0.27) and male HIV+ patients (0.053, 0.005 —
0.38) had comparable levels of CCR5 expression. However, CCR5 expression was
considerably more variable in male HIV+ patients (figure 3a). Expression of CCR5 was
higher in patients not receiving therapy (0.077, 0.013-0.37) than those receiving therapy
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(0.032, 0.005-0.38). There was a trend towards Caucasian patients expressing higher
levels of CCR5 (0.052, 0.005-038) than African patients (0.024, 0.013-0.19) (P=0.07).

Figure 3b shows the expression of CXCR4. Female HIV+ patients (0.35, 0.027 — 0.9)
had significantly lower CXCR4expression than female healthy volunteers (0.98, 0.14 2.57; P=0.0001) and male HIV+ patients (0.39, 0.11 — 1.17) had significantly lower
CXCR4 expression than male healthy volunteers (0.85, 0.01 — 1.33) (P=0.0002).There
was no significant difference in the expression of CXCR4 betweenpatients receiving
therapy (0.35, 0.027-0.82) and those not receiving therapy (0.495, 0.075-1.17). A trend
in the expression of CXCR4 wasobserved, Caucasian patients expressed higher levels of

CXCR4 (0.38, 0.027-1.17) than African patients (0.246, 0.075-0.821) (P=0.06).
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3.3.4 Association of IL-2 genotype with drug transporter and chemokine receptor
expression in HIV+ patients and healthy volunteers

There were no significant associations between IL-2 genotype and expression of
ABCB1, ABCC1, CXCR4 and CCRS in HIV+ patients (figure 4). However, HIV+
patients with the G allele did have a trend toward higher ABCB1 expression(figure 4a,
P=0.09). Figure 5 shows the distribution of ABCB1, ABCC1, CXCR4 and CCR5
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3.3.5 Association of IFNy genotype with drug transporter and chemokine receptor
expression in HIV+ patients and healthy volunteers

Figure 6 shows the expression of ABCB1, ABCC1, CXCR4 and CCRSaccording to
IFNy genotype in HIV+ patients. A significantly higher CCR5 expression was observed
in patients with the TT genotype (P=0.04, figure 6d). CCRS5 expression was 0.09 (0.001,
0.4) in HIV+ patients with TT genotype compared to 0.06 (0.02, 0.17) in the
heterozygouspatients. Figure 7 shows expression according to IFNy genotypein healthy
volunteers. CCRS expression wassignificantly lower in healthy volunteers with the TT
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specific antibody minusthatof its relevant isotype control (see section 2.2.4 for further
details)
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3.3.6 Multivariate analysis of CCRS5 expression with HIV+ patient characteristics

Using multiple linear regression with best subset analysis, associations between HIV+
patient characteristics and CCRS5 expression were analysed and are summarisedin table
4. IFNy genotype was independantly associated with CCR5 expression. Viral load was
also shownto besignificantly associated with CCR5 expression.

R’

Univariate P

Multivariate P

Gender

-

NS

NA

Ethnicity

-

NS

NA

On therapy

-

0.08

0.42

CD4 count

0.01

NS

NA

Viral load

0.23

0.0002

0.005

IL-2 (-330)

0.01

NS

NA

IFNy (+874)

0.08

0.04

0.005

Table 4. Multivariate analysis of CCRS expression with HIV+ patient characteristics
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3.4 DISCUSSION

IL-2 and IFNy had the greatest impact on expression of drug transporters and chemokine
receptors in healthy volunteer PBMC (chapter 2). After searchingtheliterature, the IL-2
-330 T>G and IFNy 874 A>T SNPs were chosen as they had been well characterised for
their impact on expression of these cytokines in vivo andin vitro (table 1). Expression of
ABCB1, ABCC1, CXCR4 and CCR5 were from a previous study in HIV+ patient and
healthy volunteer PBMC (Chandler et al, 2008). These individuals were genotyped for
the presence of mutant alleles shown to increase cytokine production in orderto relate
these polymorphismsto expression.

This proof of principle study investigates a novel association between cytokine
genotypes and drug disposition proteins that may impact on patient response and
underlie interindividual variability in HIV treatment response. The lack ofstatistical
significance with some of the observation could be due to a lack of powerin the study.
To address this power calculation was used in order to estimate the sample size that
would be required to observe a 50% increase in ABCB1 expressionasa result of the IL2 and IFNy genotype. Based on using a power of 80% to observe a 50% difference in
expression a sample size of 260 patients would be required. The current study utilised
existing patient and healthy volunteer samples but it would be interesting to expandthis
sample basein order to increase the powerofthe study.
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Of the 66 patients included in this study, CCR5 expression was available for 53.
However, 15 of these patients had CCR5 expression below the lower limit of detection
of the CCRSassay. Similarly out of the 38 healthy volunteers, 8 individuals expressed
CCRS below the lowerlimit of detection of the CCR5 flow cytometry assay. These were
included in the analysis as zero expression. This is consistent with the findings in
chapter 2 where CCRS5 expression was below the limit of detection of the flow
cytometry assay. CCRS is expressed primarily on macrophages and dendritic cells with
only a small subpopulation of T cells (T,1) expressing CCR5 (Ledermanet al, 2006).
CCRSisvital to the priming of adaptive immuneresponsesand is expressed on memory
T cells (Lederman et al, 2006). In healthy volunteers, the amount of circulating or
resting memoryT cells is lower than in HIV+ patients due to the absenceofa persistent
antigenic signal and the lack of requirement for an adaptive immuneresponse.

There were no significant associations between expression of drug transporters,
expression of chemokine receptors and IL-2 genotype. Given the data presented in
chapter 2 detailing the marked impact that IL-2 has on the expression of these in vitro
this would initially appear inconsistent. As mentioned earlier IL-2 has potent
immunomodulatory effects and can provide an autocrine response to the cell that
secretes it. This positive feedback is required to rapidly increase the clonal expansion of
T cells and numerous other immunecells in order to conduct an effective immune
response. In the case of the in vitro data presented in chapter 2 concentrations of IL-2
wereartificially maintained at 10ng/mL. Jn vivo, factors that increase IL-2 expression
and secretion are tightly regulated to ensure that such a powerful positive mechanism

does not “spiral out of control” (Shun et a/, 2005). Therefore, one could speculate that
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genetic factors such as the IL-2 (-330) polymorphism that are associated with higher IL2 production mayin turn be controlled by other endogenousfactors. For example, upon
exiting the thymus, T regulatory cells (Treg) are involved in ensuring that any immune
response generated is appropriate. Tregs function to prevent potentially “self” reactive T
cells from responding to IL-2 and in turn producing more IL-2.

Indeed it has been

shownthat IL-2 can stimulate the expression of Foxp3, an importanttranscription factor
in Treg cells and confer a Treg phenotype (Hoji et al, 2008). Therefore, individuals who
have higher levels of IL-2 are likely to have an increase in functional Treg cells which in
turn decrease the response of other cells to IL-2. This may explain the lack of
association with IL-2 and warrants further investigation but was beyond the scopeofthis
study.

A statistically significant association emerged between CCRS expression and the IFNy
874 T allele which is associated with higher IFNy expression. Patients homozygous for
the T allele were found to have significantly higher CCR5 expression than those
heterozygous for the T allele. This is in line with the finding in chapter 2 that IFNy
increases CCRS expression in vitro. A number of papers have shownassociations with
IFNy and HIV infection. IFNy is crucial to the immune response to HIV andit has been
demonstrated that increased concentrations of IFNy in vivo are linked to viral
suppression and delay of disease progression in HIV (Bailer et al, 1999).

Intriguingly, in healthy volunteers the 874 T allele was associated with lower levels of
CCRS5 expression comparedto those with the low IFNy producerA allele. It is important
to acknowledge that the number of healthy volunteers included in this study was
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relatively low. However, this is a striking difference between patients and volunteers.
From a mechanistic perspective it has been shown that HIV Tat protein can induce the
expression of CCRS5 (Zhengetal, 2005). CCR5 expression was mostvariable in patients
with the IFNy TT genotype whereas patients with AA and AT genotype had comparable
levels of CCRS expression andvariability (figure 6d). Therefore, CCR5 expression may
be a balance between IFNy responsiveness and HIV-tat mediated induction. This is
certainly an interesting area for study but must be preceeded by confirmation ofthis
difference in larger cohorts.

Another SNP in IFNy has been reported in HIV patients that impacts on IFNy
production has been reported (Kang et a/, 2006). In this study the authors found a
decreased occurrence of an IFNy promoter CA repeat in HIV patients compared to
healthy volunteers and a previous study showed this repeat to be associated with the
874A>T SNP (Pravica et al, 2000). This led the authors to speculate that this
polymorphism protects against infection. Our findings provide a biologically plausible
explanation, via CCRS, for why this may occur.

Interestingly, polymorphisms in IRF1 have also recently been shown to be associated
with infection in Kenyan sex workers. IRF1 encodes interferon regulatory factor 1, a
memberofthe interferon regulatory transcription factor (IRF) family. IRF1 functions as
a transcriptional activator of interferons alpha, beta, and gamma (Gabriele er al, 2006).
Polymorphisms in IRF-1 have been shownto increase the activity/expression of IRF1
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and hence the expression ofits target genes such as IFNy (Ball et al, 2007). Therefore, a
similar mechanism via CCRS mayalso be involvedin this association.

Noassociations were observed between IFNy genotypes and expression of ABCB1 and
ABCC1. Manyalternative mechanisms have been shown to be involved in regulation of
drug transporters. Many ABC drugtransporters have a "TATA-less" promoter, where,
instead of a TATA box, the transcription complex is controlled by an initiator (Inr)
element (Scotto, 2003). Transcription factors acting on the ABCB1 includethe inverted
CCAAT-box (Y-box) binding proteins (NF-Y, YB-1), the CAAT-box interacting
proteins (c-fos, NFxB), and the GC-box interacting proteins (Spl—3, EGR1, WT1)
(Scotto, 2003). These elements have been shown to be a requirementfor the constitutive
expression of ABCB1 (Sarkadi et al, 2006). As discussed earlier in section 1.7.6 nuclear
receptors are also key regulators of transporter expression. Nuclear receptors act as
xenobiotics sensors that respond tointracellular cues such as xenobiotics and therapeutic
drugs which allows rapid control of transporter expression in response to potentially
harmful xenobiotics. On the other hand cytokines act via membrane boundreceptors and
secondary messenger systems. Therefore, it is possible that rapid responses (e.g. via
nuclear receptors) may maskthe effects of cytokines on such drug disposition genes.

There is evidence to suggest that chemokine receptor expression in T helper cells is
regulated via signal transducers and activators of transcription (STATs). The CCR5
promoter contains a STAT bindingsite, as well as other “immune”related transcription
factor binding sites such as Nf-«B and AP-1 (Liu ef al, 1998). For example, CCR5

expression was shownto be negatively regulated by the STAT4/6 mechanism (Kim et
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al, 2006) and CCRS expression has been shownto upregulated by STAT3 (Makutaetal,
2003). Therefore, given the well characterised impact of IFNy on JAK/STATsignalling
(Choi et al, 2007) this would seem to be a prime candidate for investigating the
mechanismsof this association.

The association between this IFNy genotype and CCRSexpression in HIV+ patients also
has potential implications for antiretroviral therapy with CCRS5 antagonists. Variability
in CCRSexpression as a result of the IFNy 874A>T genotype may impact on the use of
CCRSantagonists such as maraviroc. Therefore, CCR5 antagonists may have different
efficacy in patients with different IFNy alleles. However, IFNy is also a potent antiviral
cytokine andtherefore there is likely to be a balance between the impact of the SNP on
antiretroviral therapy and its benefit in augmenting the immuneresponse.

To summarise, this chapter describes a novel association between IFNy 874A>T
polymorphism (that results in higher levels of IFNy production) and the expression of
CCRS. This is in accordance with data presented in chapter 2 that shows in vitro
evidence of the effects of IFNy on expression of CCR5 in human PBMC. The impact of
these findings on the efficacy of CCR5 antagonists, such as maraviroc now warrants
further study.
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CHAPTER 4
Influence of PD-1 Genotype on Virological and Immunological
responsein Patients Initiating Antiretroviral Therapy
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4.1

INTRODUCTION

Recent studies have shown that HIV specific CD8+ T cells obtained from HIV viremic
individuals express much higher levels of PD-1 than CMVspecific cells from the same
individual. This increased expression of PD-1 correlates with high HIV viral load and
consequently high antigenaemia and this correlation was present both cross-sectionally
and longitudinally (figure 1, Trautmann ef al, 2006). This observation was confirmed
independently by a group showing a similar correlation between HIV specific CD4+ T
cells and HIV viral load (Day et al, 2006). The increase in HIV viral load may be the
result of an increased expression of PD-1 inhibiting CD4+ and/or CD8+ T cells via
repression of IL-2 production resulting in a reduced proliferative capacity and decreased
production of IFNy and TNFa. Indeed, functional studies on PD-1"HIV-specific T cells
have showna reduced capacity for IL-2, IFN-y and TNF-a production (Trautmannefal,
2006). The immunomodulatory role of PD-1 is discussed in section 1.4.2 of chapter1.

Given that the level of PD-1 expression appears to be linked to the functionality of the
cells expressing it, factors that may affect or regulate its expression must be explored. A
number of polymorphismspresent in the gene encoding PD-1 have been reported (James
et al, 2005). The PD-1.3 (nomenclature from Prokunina ef a/, 2002) in particular has
been well documented in relation to its association with autoimmune disorders such as
multiple sclerosis (Kroner er al, 2005), rheumatoid arthritis (Prokunina e¢ al, 2004) and

systemic lupus erythematosis (Johansson et al, 2005). Each of these autoimmune
disorders can be broadly characterized by a dysregulated immune response.
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PD-1.3 (rs1 1568821) is a single nucleotide polymorphism (SNP) resulting in a G to A
transition that disrupts a RUNX1 transcription factor binding site. Runt-related
transcription factor | (RUNX1), also known as AMLI, CBFa2, and PEBP2«B, is the
DNA binding subunit of a highly conserved transcription factor that regulates
differentiation. Studies of targeted mutagenesis have shown that RUNX1 andits cofactor CBFB are essential for the establishmentof definitive hematopoiesis in the murine
developing embryo (Lacaud et al, 2002). In vitro studies showed that RUNX1 regulates
the expression of several factors modulating the expression of receptors, cytokines, and
enzymesthat regulate the hematopoietic programs (Uchida er al, 1997; Zhang et al,
1996a; Zhanget al, 1996b). More recently, several investigators suggested that RUNX1
also has role in the proliferation and cell renewal of hematopoietic progenitor cells
(Lorsbach et al, 2004; Taniuchi et al, 2002). RUNXI contains several domains with

specific functional activity. At the N terminusthere is the evolutionarily conserved DNA
binding domain (runt domain (RD)) (Ogawa et al, 1993; Pepling et al, 1995;
Chattopadyhayef al, 2003) that interacts with the genes encoding several hematopoietic
factors.

RUNXI1 has also been shown to contain polymorphisms that affect its function in
autoimmunediseases. It has been reported that a SNP on a putative RUNX1-binding
site, located between SLC9A3R1 and NAT9 is associated with the development of
psoriasis (Maier e¢ al, 2005; Helms ef al, 2003). Tokuhiro ef al. (2003) reported that a
SNP on the RUNXI-binding site of SLC22A4, which encodes an organic cation
transporter is associated with the developmentof rheumatoid arthritis (RA). They further
identified that a SNP in the intron 6 of RUNXI gene itself is associated with the
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development of RA. Carriers of the A allele have differential expression of the PD-1
gene at the mRNAlevel in CD4+ T cells (Kroner et al, 2005). PD-1 mediated inhibition
of IFN-y production in German patients with multiple sclerosis who have the PD-1.3
polymorphism has been shownto be decreased (Kroneret al, 2005).

The aims of this chapter were to confirm the effect of the PD-1.3 polymorphism on PD1 protein expression in CD4+ and CD8+ T cells from healthy volunteers. The
occurrence of this polymorphism in a cohort of HIV+ patients initiating antiretroviral
therapy (ART) wasalso investigated for its impact on immunological and virological
progression before and during therapy.
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Figure 1. Differential PD-1 expression on T-cells and its functional consequences.
PD-1 is most highly expressed on cells specific for HIV epitopes (a) and its expression
on HIV specific CD8+ T cells from HIV+ individuals is positively correlated with HIV
viral load (b) and a decrease in the expression of IL-2 (c) and TNFa (d). Monoclonal
antibodies blocking the PD-1 signalling pathway recover TNFa and IFNy production (e)
(Trautmanet al, 2006).
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4.2 METHODS

4.2.1 Materials

MACS LS Columns, CD4 and CD8 MACS MicroBeads were obtained from Miltenyi
Biotec (Bergisch Gladbach, Germany). UCHT-1 (anti-CD3) antibody was obtained from
Serotec (Oxford, UK). PD-1 primary antibody (MIH4 clone, mouse anti-human IgG),),
isotype matched control antibody and PD-1 secondary antibody (FITC conjugated goat
anti-mouse IgG) were obtained from BD Pharmingen (Oxford, UK). Primers and probes
for real time PCR based allelic discrimination assay were obtained from Assays by
Design Service, Applied Biosystems (Warrington, UK). QPCR mix was obtained from
ABGene (Epsom, UK). CellFIX was obtained from Becton Dickinson (Oxford, UK).
Whole blood DNA extraction kit was purchased from Qiagen (West Sussex, UK).
Ficoll-Paque was obtained from GE Healthcare UK (Buckingham, UK). All other
reagents, unless stated otherwise, were obtained from Sigma-Aldrich (Poole, UK).

4.2.2 Subject data

Ethics committee approval was obtained for this study and written informed consent
from each individual was recorded. The expression of PD-1 in response to varying
stimuli and it’s localisation in CD4 and CD8 cells was examined in a cohort of healthy
volunteers (n=11). Only patients naive to therapy and starting an efavirenz based
regimen were included in this study (n=113) However data prior to baseline was only
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available for 77 patients. The median viral load (VL) and CD4 countat baseline were
4.9logio (0.7-6.6logio) and 202cells/uL (11-1208cells/uL), respectively. The current
study included 42 males and 35 females. Ethnic backgrounds were African (40),
Caucasian (35) and Asian (2). Blood samples were taken during routine visits to clinic.
Patients were selected for the current study on the basis that clinical parameters existed
for a period of 8 months. NRTI backbone consisted generally of either Combivir

(AZT/3TC) or Truvada (TDF/FTC).

4.2.3

Isolation of CD4+ and CD8+ cell subsets

Peripheral Blood Mononuclear Cells (PBMC) were separated from healthy volunteer
blood (n=11) via density gradient centrifugation as described in section 2.2.2. PBMCs
were washed in 2mLs MACS buffer (0.5% BSA, 2mM EDTA, 1IxPBS) per 10’ cells

then centrifuged (300xg, 10mins). The supernatant was discarded and pellet resuspended
in MACS buffer (80uL per 10’ cells). Cell suspensions were then mixed thoroughly with
either CD4 or CD8 MicroBeads(20uL per 10’ cells) and incubated (4°C, 15mins). Cells
were washed in MACS buffer (2mLs per 10’ cells), centrifuged (300xg, 10mins),
supernatant removed andcells resuspended in MACS buffer (SOOuUL). A LS column was
placed within a magnetic field of a MACS separator and prepared by rinsing with
MACS buffer (3mL). The cell suspension wasapplied to the column and washed3 times
using MACS buffer (3mL). The depleted fraction was discarded into Virkon solution
(1%). The column was then removed from the separator and placed on collection tube.
MACS buffer (SmL) was addedto the column and the magnetically labelled cell fraction
was immediately flushed out and collected.
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4.2.4

Activation of CD4+ and CD8+ subsets

CD4* and CD8*"cell suspensions were centrifuged (2000rpm, Smins) and resuspendedto
a cell density of 1x10° cells/mL in media (RPMI-1640, 15% FCS). Cell suspension

(ImL) of both CD4” and CD8" was dispensed into 3 corresponding wells of a 12 well
plate. For both subsets two separate means of stimulation were used; 20uL of
Phytohaemagglutinin (PHA, 10u.g/mL) was addedto one of the wells and 20uL ofantiCD3 monoclonal antibody (mouse anti-human CD3, UCHT-1 clone, 10ug/mL) to
another. The plate was then incubated for 24 hours (37°C, 5% CO>).

4.2.5

Analysis of PD-1 expression by flow cytometry

CD4* and CD8°cell suspensions were corrected to a cell density of 1x10° cells.mL”
using CellFIX by diluting the cell pellet. Cell suspension (150uL) was dispensed into the
corresponding wells of a 96 well plate and placed at 4°C for 30mins. Followingfixation,
plates were washed twice in 1xPBS (2000rpm, 10mins). PD-1 primary antibody (MIH4
clone, anti-human mouse IgG;,) and isotype matched control antibody (final antibody
concentrations Sug.mL”) were prepared in PBS and SOul added to appropriate wells for
incubation (22°C, lhr). Samples were washed 3 times using PBS (2000rpm, 10mins).
Secondary antibody (FITC conjugated goat anti-mouse IgG) was prepared in PBS to a
final concentration of 2.5ug/mL and addedto all wells (SOuL). Plates were then washed
for a final three times in PBS. CellFIX (100u1l) was added to each well and to FACS
tubes (300yL). The mixed contents of each well were then dispensed into corresponding
FACS tubes for analysis via flow cytometry using a Coulter Epics XL-MCL flow
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cytometer. Forward scatter and side scatter were plotted on a linear scale to aid gating of
viable cells and fluorescence wasplotted on a logarithmic scale. Median fluorescence of
the IC stained cells was subtracted from that of test antibody stained cells to yield
relative fluorescence units for PD-1.

4.2.6

Genotyping of PD-1.3 by real time qPCR basedallelic discrimination assay

Genomic DNA wasextracted from healthy volunteer and HIV+ patient blood using a
Qiagen DNA mini-prep kit as described in section 2.2.11. Quality and concentration of
DNAwasassessed on a spectrophotometer and DNA concentration was normalized to
20ng.uL'' for all samples. qPCR reactions were then set up and carried out as described
in section 2.2.11. Primer and probe final concentrations were 1.8uM and 0.4uM
respectively. Primer and probe sequences were as follows:

PD-1.3 Forward primer
PD-1.3 Reverse primer
G-probe
A-probe

5’-CCTCAATCCCTAAAGCCATGATCTG-3’
5’-CAGGCAGGCACACACATG-3’
(VIC) 5’°-ACCTGCGGTCTCC-3’
(FAM) 5’°-ACCTGCAGTCTCC-3’
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4.2.7

A32 Genotyping of HIV+ patients

The A32 genotype has a number of well known associations with HIV disease
progression and treatment response which confer an advantage in a lack ofinfectivity of
cells and improved responseto treatment respcetively (Galvani ef al, 2005; Ahuja eg al,
2008; Paxton ef al, 1998). In order to ensure improvements in immune constitution and

viral load were as a result of PD-1.3 and not A32 mutations HIV+ patients were
genotyped for the A32 polymorphism as described in section 2.2.12

4.2.8

Cellular localization of PD-1 in CD4+ and CD8+T cells

Following cell fixation, cells were washed and then placed in PBS containing BSA
(0.5%) for 30mins in order to block non-specific binding. Subsequently cells were
stained for PD-1 expression as described in section 4.2.5. Prior to propidium iodide
staining cells were equilibrated in SSC (1 mL, 2x) for Imin. A stock of RNase A was
prepared in SSC (2x) and 200puL added to each well for incubation (37°C, humidified
atmosphere, 5% CO2, 15mins). After incubation, cells underwent a 3 stage wash using
SSC. Propidium iodide solution was added (200uL, 0.5ug/mL) to each well for
incubation (22°C, 3mins) protected from light. Cells were resuspended in Dako
CytoMount fluorescent mounting medium before image acquisition using a Zeiss
Confocal Laser Scanning Microscope. For FITC, fluorescence (green pseudocolour) was
excited using the 488 nm line of an argon laser and collected off a NFT 545 dichroic
mirror through a 505-530 nm bandpassfilter.

158

CHAPTER4
4.2.9

Statistical analysis

Data in table 2 are expressed as the median value and interquartile range. Unless stated
otherwise data are expressed as mean + standard deviation (SD). Normality of the data
was assessed using a Shapiro-Wilk test. Expression of PD-1 was analysed using a
Wilcoxon signed rank test when comparing unstimulated, PHA and UCHT-1 activation
states. A Mann-Whitney U test was used when comparing expression of PD-1 on CD4*
and CD8* T cells. Statistical significance was assumed if P<0.05. “Time to event”
endpoints (i.e. time to CD4 count > 100cell/mm>) were calculated using standard
survival methodsandstatistical significance determined using the log rank test. Changes
in CD4, CD4%, CD8 and CD8% were assessed using a 2 sample unpaired t-test.
Statistical analysis for the clinical data was conducted bystatisticians at the Royal Free
Hospital, London.
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4.3 RESULTS

4.3.1

Impact of PD-1.3 genotype on PD-1 protein expression in healthy volunteers

Using flow cytometry, figure 2 showsthe differential expression of PD-1 between GG
and GA genotypes in CD4"(fig. 2a) and CD8" (fig. 2b) T cells of 12 healthy volunteers.
Figure 2a shows that CD4° T cells of wild-type individuals (n=11) expressed higher
levels of PD-1 than the heterozygote (n=1) in all three activation states, unstimulated
(GG, 0.3 + 0.2 and GA, 0.01), PHA stimulated (GG, 0.6 + 0.3 and GA, 0.1) and UCHT1
stimulated (GG, 1.7 + 1.5 and GA, 0.2). Figure 2b showsthe sametrend in CD8'T cells,

with wild-type expressing higher levels of PD-1 than the heterozygote in unstimulated
(GG, 0.1 + 0.1 and GA, 0.006), PHA stimulated (GG, 0.3 + 0.1 and GA, 0.05) and

UCHT1 stimulated cells (GG, 1.0 + 0.7 and GA, 0.2). Even though only one PD-1.3
heterozygote wasinvestigated in this study expression levels of PD-1 in CD4 cells were
consistently below the expression levels of the lowest wild-type PD-1 individuals for
unstimulated (GG, 0.08; GA, 0.01), PHA stimulated (GG, 0.19; GA, 0.08) and UCHT-1
stimulated (GG, 0.32; GA, 0.17). The same was seen for CD8 cells also.

4.3.2

Expression of PD-1 in CD4+ and CD8+ cells

Figure 3 showsthe differential expression of PD-1 between CD4° and CD8" subsets
determined by flow cytometry. CD8° T cells (unstimulated) expressed significantly
lower PD-1 than CD4* T cells in unstimulated (CD4, 0.3 + 0.2 and CD8, 0.1 + 0.1,

P=0.004) and PHA stimulated (CD4, 0.6 + 0.3 and CD8, 0.3 + 0.1, P=0.02) states. A
significant difference in PD-1 expression between activation states for each subset was
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observed with the unstimulated cells (CD4, 0.3 + 0.2 and CD8, 0.1 + 0.1) expressing
significantly lower levels of PD-1 compared to PHA (CD4, 0.6 + 0.3, P=0.004 and CD8,
0.3 + 0.1, P=0.004) and UCHT1 (CD4, 1.8 + 1.5, P=0.004 and CD8, 1.0 + 0.7, P=0.004)
activated states.
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4.3.3

Localization of PD-1 in stimulated and unstimulated CD4+ and CD8+cells

Figures 4 and 5 illustrate confocal immunofluorescence of PD-1 on stimulated and
unstimulated CD4" T cells respectively. Figure 4 shows the expression of PD-1 on
stimulated CD4 cells whereas PD-1 expression is undetectable in unstimulated CD4
cells. Similarly, figures 6 and 7 show PD-1 on stimulated CD8* and unstimulated CD8*
T cells respectively. Again, PD-1 was not detected by confocal immunofluorescence in
unstimulated CD8 cells.
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Figure 4. PD-1 membrane expression on UCHT-1 stimulated CD4+ cells. (a) propidium
iodide nuclear staining, (b) PD-1 staining (FITC), (c) bright field image and (d) merged

fluorescence image.
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Figure 5. PD-1 membrane expression on unstimulated CD4+ cells. (a) propidium iodide
nuclear staining, (b) PD-1 staining (FITC), (c) bright field image and (d) merged

fluorescence image.
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Figure 6. PD-1 membrane expression on UCHT-1 stimulated CD8+ cells. (a) propidium
iodide nuclear staining, (b) PD-1 staining (FITC), (c) bright field image and (d) merged

fluorescence image.
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Figure 7. PD-1 membrane expression on unstimulated CD8+ cells. (a) propidium iodide
nuclear staining, (b) PD-1 staining (FITC), (c) bright field image and (d) merged
fluorescence image.
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4.3.4 Impact of A32 genotype on baseline characteristics in HIV+ patients

Table 1 summarises the impact of the A32 polymorphism with HIV+ patient baseline
characteristics. There was a significant association of the A32 polymorphism with
ethnicity. A32 heterozygosity was higher in Caucasian patients (12/13) than in African
patients (1/13) by C test (P=0.04). No other associations between A32 and baseline
characteristics were observed.

4.3.5

Impact of A32 genotype on virological and immunological characteristics

Noassociation (virological) was observed with CCR5 A32 heterozygosity howeverthere
was a difference with respect to the change in CD8 count from baseline between
genotypes (WT +59 [+588], Het -231 [+708]) (table 2). There were no statistical
associations with CD4 count changes from baseline and A32 genotype.

4.3.6

Impact of PD-1.3 genotype on baseline characteristics in HIV+ patients

Table 3 showsthe effect of PD-1 genotype on baseline viral load, baseline CD4 count,
baseline CD4%, baseline CD8 count and baseline CD8%. No differences were observed

between genotypes. GA/AA individuals had significantly lower nadir CD4 counts than
wild-type individuals (median =121, range =5-335, P=0.02). No associations with viral
load were observed.
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4.3.7

Impact of PD-1.3 genotype on CD4 countfollowing theinitiation of therapy

Figure 8 shows the CD4 count of wild-type (GG) and heterozygote (GA) individuals at 0
(baseline), 2, 4, 6 and 8 months following initiation of efavirenz therapy. In accordance

with the analysis in section 5.3.5 there were no significant differences between
genotypes at baseline. CD4 counts between GG and GA genotype at 2 months, 4
months, 6 months and 8 months were significantly lower in GA individuals (P=0.03,
P=0.02,

P=0.0land P=0.009 respectively). There were no significant associations

between backbone therapy and CD4 counts however information relating to this was not
available onall patients.
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Wild type

Heterozygous

100 (100.0%)
77 (77)
23 (23)

13 (100.0%)
12 (92.3)
1 (7.7)

White

55 (55.0)

12 (92.3)

Other

16 (16.0)

0 (0.0)

57 (57.0)

11 (84.6)

0.21

Nadir CD4(cells/mm’*)

174 (5, 500)

178 (11, 760)

0.78

Baseline CD4 (cells/mm*)
Baseline CD4%

190 (5, 1020)
11 (0, 39)

219 (11 ,850)
14 (2, 22)

0.35
0.89

3090)
66 (25, 87)

4545)
74 (50, 84)

0.41

5.0 (3.4, 6.6)

5.2 (3.6, 6.0)

0.66

CCR5

Number
Sex

Male
Female

Ethnicity

Black African

Risk group

Homosexual

Heterosexual
Other

Baseline CD8 (cells/mm’*)

29 (29.0)

Baseline VL (log copies/ml)

p-value
0.30
0.04

1 (7.7)

39 (39.0)
4 (4.0)

890 (231,

Baseline CD8%

CCRS5

2 (15.4)
0 (0.0)

1352 (270,

0.37

Table 1. Impact of CCR5 A32 genotype on baseline viral load (VL), baseline CD4
count, baseline CD4%, baseline CD8 count and baseline CD8%.

Mean (SD) Change in immunological marker from baseline

(cells/mm? or %)

Time point
6 months

A32 genotype
Het
WT
p-value

CD4 count
114 (191)
124 (131)
0.87

CD4%
5.5 (4.5)
6.5 (5.1)
0.54

CD8 count
-231 (708)
+59 (588)
0.15

CD8%
-8.3 (9.2)
-7.9 (9.2)
0.89

Table 2. Impact of CCRS A32 genotype on median change in CD4 & CD8 count and %
at 6 months.
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Number
Sex
Ethnicity

Risk group

PD-1 GG

PD-1 GA/AA

p-value

90 (100.0%)
68 (75.6)
22 (24.4)

23 (100.0%)
21 (91.3)
2 (8.7)

0.15

White
Black African
Other

51 (56.7)
26 (28.9)
13 (14.4)

16 (69.6)
4 (17.4)
3 (13.0)

0.48

Homosexual

52 (57.8)

16 (69.6)

0.10

2 (2.2)

2 (8.7)

Male
Female

Heterosexual

Other

Nadir CD4 (cells/mm‘*)

36 (40.0)

5 (21.7)

187 (10, 760)

121 (5, 335)

0.02

Baseline CD4(cells/mm’*)
Baseline CD4%

202 (11, 1020)
12 (1, 39)

167 (5, 693)
8 (0, 22)

0.17
0.14

Baseline CD8(cells/mm*)

933 (270,

849 (231, 3592)

0.87

68 (42, 87)

0.60

4.9 (3.5, 5.9)

0.31

Baseline CD8%
Baseline VL (log copies/ml)

4545)
66 (25, 86)
5.1 (3.4, 6.6)

Table 3. Impact of PD-1 genotype on baseline viral load (VL), baseline CD4 count,
baseline CD4%, baseline CD8 count and baseline CD8%.
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4.3.8 Association of PD-1.3 genotype with CD4+ recovery after Efavirenz therapy
Patients who were heterozygous for the PD-1.3 mutation had lower recovery of CD4+
cells following the initiation of therapy compared to wild-type individuals ([GG 134 +
137, GA 85 + 143, p=0.18], table 4). Figure 9 shows the impact of PD-1 genotype on
time to CD4 increase of >100cells/mm? in individuals on highly active antiretroviral
therapy (HAART) compared to pre-HAARTlevels. After initiating EFV therapy, GA
individuals had >100cells/mm* compared to homozygousindividuals (Log rank test =

0.14).
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Timepoint

.

:

genotype

PD-1.3

CD4 count

CD4%

CD8 count

CD8%

9

6 months

GA

+85 (143)

+5.7 (+3.8)

-39 (931)

-5.4 (6.9)

GG

+134 (137)

+6.5 (+5.3)

+28 (491)

-8.7 (9.6)

p-value

0.18

0.57

0.79

0.20

Table 4. Impact of PD-1 genotype on median change in CD4 & CD8 count and % at 6
months.
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4.4 DISCUSSION

Wecarried out a proof of principle study to determine the impact of this polymorphism
on protein expression of PD-1 in CD4+ and CD8+ T cells that were unstimulated or
stimulated with either PHA or UCHT-1 (an anti-CD3 monoclonal antibody) in CD4+
and CD8+ cells from healthy volunteers. The differences in PD-1 expression between
the GG (wild type) and GA individual can be seen in figure 2. The level of PD-1
expression on CD4 and CD8 cell from the heterozygote was consistently lower than the
lowest wild-type individual. This is consistent with a previous report (Kroner ef al,
2005) but must be interpreted with caution because only one heterozygote was observed
in our small analysis. CD4+ and CD8+ cells from GG individuals expressed higher
levels of PD-1 than those from the GA individual regardless of activationstate.

The greatest level of PD-1 expression was seen in UCHT-1 stimulated cells. It has been
shown that the UCHT-1 clone of the anti-CD3 antibody stimulates T cells in an IL-2
independent manner (Van Wauweef al, 1984). CD3 is made up of four protein chains
(CD3y, CD38 and two chains of CD3¢) and, along with the T cell receptor, generated
stimulatory signals to the T cell expressing it (Carpentier et a/, 2009). UCHT-1 was
shownto induce the expression of IL-2 receptors but not IL-2 itself and is knownto bind
to CD3e of the T cell receptor complex. PHA has been shown to activate T cells by
crosslinking CD2 and CD3 (Tiefenthauleret a/, 1989). The difference in binding may be
the reason for the differences in PD-1 expression between the differentially activated
cells as UCHT-1 will continually bind the same eptiope on CD3e whereas PHAbinding
could potentially shift slightly each time the protein binds to CD2/CD3. Interestingly
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CD8+ cells expressed significantly lower levels of PD-1 than CD4+ cells (fig. 3). This
may be due to CD8+ cells being unable to express IL-2 to the levels associated with
CD4+ cells meaning that CD8+ cells may be more sensitive to the effects of PD-1
expression and therefore require less PD-1 in order to be affected by it. This is consistent
with previous work that has shown PD-1 to be expressed at higher levels (2-fold) on
CD4+ cells compared to CD8+ cells (D’souzaef al, 2007).

Expression of PD-1 was also confirmed on stimulated CD4+ and CD8+ cell by confocal
microscopy. PD-1, expressed at the cell surface, was only detectable on stimulated cells.
Interestingly the membranedistribution showed staining of PD-1 in the cell membrane.
Weare currently determining if this staining pattern shows colocalisation of PD-1 with
CD3 or expression within sphingomyelin rich lipid rafts or caveolae, both of which have
been shownto be important in the topographical organization of signaling complexes.
These signaling complexes can include the T cell receptor and other immunomodulatory
proteins. As HIV requires CD4 and other coreceptors, that have been shown to be
expressed in domains such as lipid rafts and caveolae, factors that may affect the
structure and content of these microdomains may have an impact on HIV infectivity and
the functionality of the proteins located in these domains such as PD-1.

Given the well characterized effects CCR5 A32 on HIV infection it was necessary to
genotype the HIV patients included in this present study in order to rule it out as a
potential confoundingfactor. In line with previous studies (Dean et al, 1999; Howard et
al, 1999; Nguyen ef al, 1999; Carrington et al, 1999) the A32 polymorphism was
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significantly more prevalent in Caucasians than in patients of African origin.

No

virological associations were observed with A32 heterozygosity. There was however a
non-significant difference with respect to the change in CD8+ cell count from baseline
and A32 heterozygosity (table 2) which may be a result of the A32 allele limiting
infection and therefore less proliferation of CD8+ cells. Persons who are homozygous
for the deletion have decrease susceptibility to infection with HIV (Liu ef al, 1996).
Most studies have found that person heterozygous for the CCR5 A32 mutation are not
less susceptible to infection (Liu et a/, 1996) but that heterozygotes for the A32 mutation
do have a delayed onset of an AIDS defining event (Huangef al, 1996). In the study by
Dean and colleagues (1996) the frequency of heterozygosity was significantly greater in
long-term nonprogressors than in progressors and rapid progressors and the authors
assumedthat heterozygosity of the A32 allele limits the number of co-receptors available
for HIV binding. Expression levels of CCR5 on the membrane of CD4+ T cells have
been positively correlated with viral load in persons with untreated HIV infection
(Reyneset al, 2000). This is consistent with the data presented here as patients who were
heterozygous for the A32 mutation did not have any significant difference in their
baseline CD4 counts, CD4 recovery of virological response following initiation of
therapy.

Patients who were carriers for the A allele of PD-1.3 had a significantly lower nadir
CD4+ count than those who were wild-type. A non-sginifcant difference was also
observed between PD-1.3 genotype and baseline CD4+ count and percentage. Following
the initiation of efavirenz therapy CD4+ counts increased. Over the course of 8 months
following therapy significant differences were observed in the CD4+ count between wild
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type and heterozygous individuals. Wild type individuals had significantly more CD4+
cells than heterozygous individuals and over the course of 8 months this difference
became more significant, most likely as a result of a greater increase in CD4+ cells
comparedto a relatively lowerincrease in the heterozygous group. Similarly, there was a
non-significant difference in the proportion of patients with greater than 100cells/mm?
being lowerin heterozygotes than in wild type patients over the course of therapy.

This observation can be rationalised by taking into account that a higher level of PD-1
expression can result in greater functional impairment in CD4+ and CD8+ cells and that
any factor associated with lower PD-1 expression may also be associated with more
functionally active cells particularly in the case of CD8+ cells. These CD8+ cells may
then be more effective at clearing virally infected CD4+ cells in heterozygous patients
than those of wild type patients, resulting in lower CD4+ cell recovery. This is certainly
an interesting hypothesis that is worthy of further investigation. Perforins form pores in
the target cell's plasma membrane allowing granzymes, serine proteases, to enter the
target cell which then activate a series of enzymes, the caspase cascade, that eventually
lead to apoptosis (cell death). Therefore, one way in which this hypothesis could be
tested would be by measuring intracellular perforin and granzyme production in these
CD8+ cells to see if the presence of the PD-1.3 SNP increase or decreases this
production and hencetheir cytolytic activity.

The decreased resurgence of CD4+ cells in patients carrying the PD-1.3 SNP mayalso
be important with respect to immunereconstitution syndrome (IRIS). IRIS results from
an inflammatory response to a previously acquired opportunistic infection once the
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patients CD4+ cell count rises as a result of successful antiretroviral therapy (Shelburne
et al, 2005). From the data presented here patients who carry the PD-1.3 SNP have a
lower resurgence of CD4+ cells. It is therefore possible that patients with lower
expression of PD-1 as a result of the PD-1.3 SNP maybeless at risk of developing IRIS
as they maypotentially have a decreased resurgence of these cells which is considered to
be one of the major causes of IRIS (Shelburne e¢ al, 2005). However, the caveat is that
although these patients have less CD4+ cells following the initiation of therapy the lack
of PD-1 inhibitory signals may mean that CD4 responsesare heightened in these patients
leading to an INCREASEDincidence of IRIS in PD-1.3 carriers. This hypothesis now
warrants further study in a cohort of patients who have developed IRIS following
therapy to determineif the PD-1.3 SNP could be a predictorofrisk.

Apoptosis can also be triggered in the target cell by CD8 cells via expression of Fas
ligand (FasL) on their cell surface. When a CD8cell is activated it starts to express the
surface protein FasL, which can bind to Fas molecules expressed on the target cell and
trigger apoptosis. Levels of each of these factors in CD8 cells will determine the cells
potential for activity. Once these cells have been identified they can be sorted via FACS
and their ability to trigger apoptosis in infected CD4 cells can be determined in vitro.
This is particularly important as studies have shown that CD8 responsesare importantin
controlling HIV infection (Goulder ef al, 2004; Leslie et al, 2004). This, therefore,

constitutes an additional means ofinvestigating this hypothesis.

These results indicating lower counts of CD4” T cells as a result of PD-1 genotype
appear to initially contradict work by Day ef al that showed higher levels of PD-1
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expression were associated with lower CD4° counts. It is important to recognize that
expression data, for PD-1, were not available from patients in our cohort. The rationale
for the basis of this data could be related toCD8+ T cells. Increased expression levels of
PD-1 have been shownto lead to T cell impairment via the abalation of inflammatory
cytokine production (Trautmannef al, 2006). As a result CD8" T cells may not be as
effective at lysing the virally infected cells because of PD-1 mediated inhibition of their
activity. It is also important to note that in the study by Dayef al duration of infection
and details of therapy were not given andit is therefore difficult to put forth a robust
hypothesis for the discrepancy. Nonetheless, this phenomenon now requires further
investigation by examining the effectiveness of these CD8 cells as discussed above.

Helms et al reported that a SNP on a putative RUNX1 binding site, which locates
between SLC9A3RI1 and NAT9 is associated with the development of psoriasis (Maier
et al, 2005; Helms et al, 2003) Tokuhiro et al (2003) reported an association between
the development of rheumatoid arthritis and a SNP on the RUNX1 binding site of
SLC22A4. This details the impact of a SNP similar to PD-1.3 that affects the activity of
RUNXI byaltering its binding sites. RUNX1 itself has also been shown to be
polymorphic and these polymorphisms have been implicated in autoimmune diseases.
Tokuhiro et al (2003) identified a SNP on intron 6 of the RUNX1 geneitself that is
associated with the development of rheumatoid arthritis. The potential impact of these
SNPsin HIV disease progression warrants further investigation.

In summary the PD-1.3 polymorphism appears to have an association with immune
recovery following the initiation of antiretroviral therapy. This now needs to be
180

CHAPTER 4
confirmedin a larger cohort of HIV patients and the impact of this polymorphism on the
functionality of CD8 cells in these patients needs to be addressed. A number of
polymorphisms have also been determined in PD-1 and in the PD-1 ligands PD-L1 &
PD-L2 the impact of which is also under investigation. PD-1.3 has also been shown to
affect immunological progression in HIV+ patients; this is being confirmed in a larger
cohort ofpatients.
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Determining the mechanism by which the CYP2B6
983T>C SNP reduces CYP2B6function
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5.1

INTRODUCTION

The antiretrovirals efavirenz (EFV) and nevirapine (NVP) are part of the major
HIV/AIDS treatment programs used in Africa (Nachega et al, 2008). These drugs are
principally metabolised by the human hepatic Cytochrome P450 2B6 (CYP2B6) (Ward
et al, 2003). The CYP2B6 gene (chromosome 19) is highly polymorphic. The most
frequent variant allele CYP2B6*6 (516G>T and 785A>G) is associated with a 65%
reduction in the mean protein expression and 50% reduction in the mean enzymeactivity
in the homozygous state (Wang et al, 2006). In many studies, containing patients of
various ethnicities, the CYP2B6*6allele (or its key SNP 516G>T)has been associated
with two- to three-fold higher plasma EFV concentrations and 50-60% lower EFV
clearance (Nyakutira et al, 2008). The 516TT genotype has been shown to potentially
predict an increased risk of developing drug resistance after discontinuation of EFVcontaining regimens (Nolan et al, 2006). Similar but less marked associations have also
been shownfor nevirapine (Wyenet al, 2008; Wintergerst et al, 2008).

A numberof novel alleles have recently been discovered in CYP2B6. A recent study
identified a number of SNPs in CYP2B6that provided a novel haplotype (Zukunft etal,
2005). Among this haplotype T>C transition was identified 82bp upstream of the
transcriptional start site that enhancedtranscriptional activity in vitro and was associated
with increased hepatic expression in vivo (Zukunft et al, 2005). Constructs containing
the -82T— C, were predicted to disrupt a putative TATA box, and to be responsible for
this effect. Computational analysis and gel shift assay demonstrated conversion of the
putative TATA box into a functional CCAAT/enhancer-binding protein binding site
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revealing a novel mechanism by which SNPscan increasetranscriptionalactivity. This
SNP was shown to increase metabolism of bupropion (CYP2B6 substrate) 2 fold
compared to the wild type protein. However, currently no studies have assessed the
impactof this SNP on efavirenz metabolism.

Recently, the novel CYP2B6 SNP 983T>C (1328T, exon-7) was reported in Africans,
African-Americans and Turks but was not found in Caucasians, Swedes, Chinese,
Japanese, Taiwanese, Koreans or South-east Asians (Mehlotra et al, 2007). The
prevalence of the 983T>C SNPin Africans, with an allele frequency of 7.5% (Wyenet
al, 2008), has particular relevance as it has been shown that the NNRTI efavirenz has a
longer elimination half life in African than Caucasians(Pfister et al, 2003) and NNRTIs
such as efavirenz and nevirapine are used extensively in Africa. The SNP when present
alone defines the CYP2B6*/8 allele and causes reduction in the CYP2B6 protein
expression in vitro (figure 1 &2). This SNP is also associated with three-fold higher
mean plasma EFV concentrations in African HIV patients (Klein et al, 2005; Wangetal,
2006; Wyen et al, 2008). Moreover, 516G>T and 983T>C together are associated with

up to five-fold higher mean plasma EFV concentrations, suggesting an additive effect of
these polymorphisms(figure 3, Wanget al, 2006).

Previous studies investigating the association of the CYP2B6 983T>C polymorphism
with protein expression have shown decreased expression of CYP2B6 protein in
microsomal preparations associated with the C allele of the 983T>C SNP (Zangeretal,
2007). CYP2B6 is located in the lumen of the endoplasmic reticulum (Donato et al,
2004). In order to function correctly, CYP2B6 requires a functional NADPH-P450
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reductase to supply electrons needed for oxidation reactions (Richter et al, 2005). We
hypothesised that the 983T>C SNP alters subcellular localisation of CYP2B6 resulting
in a phenotypically non-functional protein. This would explain the absence of CYP2B6
983CCvariants from microsomal preparations (Wanget al, 2006).

The aim of this chapter was to clone wild type and 983T>C variants of CYP2B6 into
GFP expression vectors in order to create CYP2B6-GFPfusion proteins. Unfortunately,
despite successful cloning of CYP2B6*1 and CYP2B6*18 into GFP fusion vectors, GFP
was not expressed from these constructs. Therefore antibodies against CYP2B6 were
used in conjunction with confocal microscopy to determine the subcellular localisation
of wild type and 983T>C CYP2B6. Tracker dyes specific for the endoplasmic reticulum
were then used to confirm the presence or absence of the 983T>C CYP2B6 variant from
the endoplasmic reticulum. Following transfection of allelic variant constructs into cell
lines whole cell, cytosolic and microsomal preparations were analysed via Western
blotting to confirm the localisation of CYP2B6.
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standards

Figure 1. CYP2B6 genetic variants expressed in COS-1 cells. Representative Western
blots shown for 10ug microsomal protein (Klein et al, 2005). The absence of the
CYP2B6*18 band from the microsomal preparation, highlighted in red, suggests a
possible mechanism for the 983T>C SNP. The SNP mayresult in altered subcellular
localization of the CYP2B6 protein away from the ER lumen.
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Figure 2. Expression of CYP2B6 variants in HEK293 cells and yeast microsomes. The
results shown in (a) Western blot and (b) in bars are based on quantification from
duplicate analyses. (c) Relative mRNAlevels of CYP2B6 in HEK293 cells as measured
by real time PCR (Wang et al, 2006). Data showsthat although there is no significant
change in mRNA levels (c) protein levels are significantly decreased in the presence of
the 983C allele (b) and theprotein is absent from yeast microsomalpreparations (a).
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Figure 3. Efavirenz steady state concentrations (uM) in 51 subjects treated with 600mg
once daily analysed against 516G>T and 983T>C genotype (Wang et al, 2006). In the
presence of the 983C allele alone plasma EFV concentrations are not significantly
increased compared to wild type CYP2B6 (highlighted in green). However, when the
983C allele and the 516T allele occur together (highlighted in red), there is a significant
increase in EFV plasma concentrations.
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5.2 METHODS

5.2.1 Materials

Primers were purchased from Sigma-Genosys (Dorset, UK). CT-GFP TOPOexpression
kit was purchased from Invitrogen (Paisley, UK). Plasmid mini-prep kits, plasmid maxiprep kits, PCR clean up kit and gel extraction kits were purchased from Sigma (Dorset,
UK). Lipofectamine was purchased from Invitrogen (Paisley, UK). Nucleofection kits
were purchased from Amaxa (Germany). CYP2B6 primary antibody and related isotype
controls and secondary antibodies were purchased from AbCam (Cambridge, UK).
Western blotting reagents were purchased from Invitrogen (Paisley, UK). All other
reagents, unless stated otherwise, were purchased from Sigma Aldrich (Dorset, UK).

5.2.2 Modelling the CYP2B6*18 SNP as part of the three dimensional structure of
the protein

Expasy SWISS-MODELprogram was used to model the 3-D structure of both the wild
type (CYP2B6*1) and mutant (CTP2B6*18) proteins. Currently there are no crystal
structures available for CYP2B6 so homology modelling was used incorporating
CYP2C5 as a template for CYP2B6 as they share 48% sequence identity. Use of the
CYP2C5structure to model CYP2B6 has been successful previously (Lewis et al, 2002;
Lewiset al, 2004; Lewis et al, 2006; Bathelt et al, 2002). The amino acid sequence for

CYP2B6 wasaligned against CYP2C5 sequence and computational modelling provided
a 3-D structure of CYP2B6 showing the various domainsincluding the transmembrane.
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5.2.3 Transformation of chemically competent E. coli with pCMV4 plasmids
containing wild type and *18 variants of CYP2B6

Plasmids containing allelic variants of CYP2B6 were a kind gift from Prof. Ulrich
Zanger as extracted vectors. pIKAT17 contained wildtype (CYP2B6*1) CYP2B6 and
pIKATS3 contained the 983T>C (CYP2B6*18) variant. Prior to transformation of E.
coli, plasmids were checked for quantity and purity by spectrophotometry. Agarplates
used for positive selection were made up containing 100ug/mL ampicillin and allowed
to set. A vial of TOPI0F’ chemically competent £. coli were defrosted per
transformation. X-gal (40uL, 40mg/mL) and IPTG (40uL) were spread onto selective
agar plates and incubated at 37°C until required. X-gal and IPTG were utilised for
blue/white colour screening, colonies that have taken up the plasmid will appear white.
Plasmid DNA (10pg) was addedto a vial of £. coli and incubated on ice for 5 minutes
before heat shock at 42°C for 30 secondsandtransfer back to ice. SOC medium (250yL)
was added andthe resultant mixture placed into an incubator at 37°C and shaken for 1
hour. Various dilutions of culture (neat, 1:10, 1:100) were spread onto selective plates to
ensure colonies were well spaced and incubated at 37°C overnight. Following
incubation, white colonies were picked and added to LB broth (4mL) containing
ampicillin and incubated overnight at 37°C.
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5.2.4 Restriction enzyme digests to ensure presence of CYP2B6allelic variants in
pCMV4vector

Restriction enzyme digestion was used to ensure the plasmids grown in TOP10F’cells
contained CYP2B6. Using NEB cutter software EcoRI was selected to determine the
presence of CYP2B6 as this restriction enzyme was shown to produce bands of
sufficient differential size for determination of correct insert via virtual digest. Plasmids
were extracted using Sigma Miniprep kit according to the manufacturer’s instructions
and quality/quantity of resultant plasmids was determined by spectrophotometry.
Plasmid DNA (500ng) was digested with EcoRI for 1 hour at 37°C and digest products
were visualised on a 0.8% agarose gel. Upon confirmation of the correct digestion
products, transformed £. coli were grown up in preparation for Midiprep extraction as
per the manufacturer’s instructions. Extracted plasmid DNA was analysed via
spectrophotometryand frozen at -80°C in working aliquots (101g).

5.2.5 PCR amplification of CYP2B6allelic variants from pCMV4vector

PCRreactions were set up to amplify the CYP2B6*1 and CYP2B6*18 variants from the
pCMV4vector. Reverse primers were designed in order to produce CYP2B6 allelic
variants fused to GFP. In order to do this the stop codon at the end of CYP2B6 was
mutated.
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Primers wereas follows;

Forward primer

CCACCATGGAACTCAGCGTCCTCCTCTTC

Reverse primer (R1)

CTCAGCGGGGCAGGAAGC

Reverse primer (R2)

CTCTGCGGGGCAGGAAGC

(Mutated stop codon)

Reaction mix consisted of; Taq polymerase (0.5uL), Reaction buffer (2.5uL), dNTP
(2uL, 2.5mM each), Forward primer(0.5L, 0.2uM), Reverse primer(either R1 or R2,
0.5uL, 0.2uM) and plasmid (20ng). Reactions volumes were made up to 25uL with
nuclease free water. A gradient PCR was conducted with thermal cycling conditions

consisting of 94°C for 2mins followed by 40 cycles of 94°C for 10secs, then either
68°C/70°C/72°C for 30secs and 72°C for 90secs followed by 72°C for 7mins.

PCRproducts were visualized on a 1% agarose gel and bands corresponding to CYP2B6
were excised from the gel using the Sigma gel extraction kit according to the
manufacturer’s instructions.

5.2.6 Sub-cloning CYP2B6 allelic variants into CT-GFP Fusion TOPO TAvector

TOPOcloning reactions (6uL) were set up using a molarratio of insert to vector of 3:1
and 2:1. The reactions were as follows; PCR product (0.6uL, 3:1; 0.4L, 2:1), salt
solution (1uL) nuclease free water (2.4L) and TOPO vector (1uL). The reaction was
mixed gently for 5mins at room temperature. 2uL of the TOPO cloning reaction was
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added into a vial of One Shot® TOP10 chemically competent E. coli and gently mixed
before incubation on ice for 15 mins. Cells were then heat shocked at 42°C for 30secs
and immediately transferred to ice. Super optimal catabolite repression (SOC) medium
(250uL) was then added and was shaken for 1 hour at 37°C. SOC mediais rich andis
specifically used for bacterial recovery following chemical transformation. SOL from
each culture was then spread on selective agar plates (containing ampicillin, 100ug/mL)
and incubated overnight at 37°C. Colonies (~20) were then picked and grown in LB
broth overnight containing ampicillin (100pg/mL).

5.2.7 Restriction enzyme digestion to determine the presence, and orientation, of
CYP2B6 insert.

BamHIwas usedto determine if the vectors had taken up the CYP2B6insert and Stul
was used to verify the inserts were in the correct orientation as these enzymes were
deemed the mostsuitable, from a virtual digest of the plasmid sequences, to give easily
identifiable banding patterns. Digests (20uL reaction volume) were set up as follows;
restriction enzyme (0.5uL), buffer (2uL), nuclease free water (14.5uL) and plasmid
DNA (~0.6,1g). Plasmids were digested for 1 hour at 37°C and then heat inactivated at
65°C for 20mins before electrophoresis on a 0.5% agarose gel. Clones containing
CYP2B6 inserts in the correct orientation were sent to GATC Biotech for sequencing.
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5.2.8 Transfection of CYP2B6 constructs into cell lines via lipid based transfection
reagents.

Lipofectamine 2000 was used to transfect HUH7 (hepatic), HepG2 (hepatic), Jurkat
(lymphocyte) and 293T (kidney) cell lines in order to determinethe best cell line for the
expression of the recombinant proteins. A matrix of Lipofectamine 2000 (1-6yL) and
plasmid (0.2-5.21g) were used in all four cell lines in order to optimize conditions for
expression of CYP2B6 recombinantproteins. Transfections were performed according
to the manufacturer’s instructions. Briefly, the day before transfection 2x10° cells were
plated in culture medium (DMEM,500uL) so that on the day of transfection they were
90-95% confluent. Plasmid DNA was then diluted in DMEM (50uL) and incubated at
room temperature for Smins whilst Lipofectamine 2000 wasdiluted with DMEM media
(SOuL). Following incubation, dilute DNA and diluted Lipofectamine 2000 were
combined andincubated at room temperature for a further 20mins. DNA/Lipofectamine
complexes were addedto appropriate wells containing cells and mixed gently by rocking
the plate. Plates were then retruned to the incubator (37°C, 5% CO») until ready for
analysis.
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5.2.9 Transfection of CYP2B6 constructsinto cell lines via nucleofection

Nucleofection ofcell lines was also performed to determine if an increased transfection
efficiency was possible by this method. Optimised protocols for the nucleofection of
HepG2, 293T and Jurkat cell lines were previously reported by Amaxa.Briefly, cells
(2x10°) were resuspended in appropriate nucleofector solution and transferred to a
nucleofector cuvette. The cuvette was then placed in the nucleofector and the
appropriate program was inititated. Following nucleofection pre-warmed media
(DMEM, 500uL) was added to the cuvette and the resultant mix transferred to culture
plates containing pre-warmed growth media (DMEM, 1.5mL) and returned to the
incubator (37°C, 5% CO2) prior to analysis. Nucleofection of HuH7cells was performed
using recommendations from Amaxa using the same methodologydiffering only in the
use of a numberof nucleofection protocols.

5.2.10 Measuring CYP2B6 expression in cell lines by real time qPCR and flow
cytometry

CYP2B6 expression in transfected cell lines was measured byreal time qPCR and flow
cytometry as previously described in sections 2.2.3 and 2.2.6 respectively.
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5.2.11 Generating microsomesand cytosolic preparations from HuH7cells

3x10° HuH7 cells (non-transfected, CYP2B6*1 and CYP2B6*18 transfected) were
resuspended in extraction buffer (50mM TRIS, pH 7.3, 250mM Sucrose, 2mM EDTA,
2mM Protease inhibitor) and centrifuged at 2800xg at 4 °C for 20 minutes, the
supernatant was decanted into a separate vial and placedin an ice bath. The pellet was
resuspended in 500u1 of Extraction Buffer and vortexed then centrifuged at 2800xg at
4°C for 20mins. Supernatants were pooled and pellets discarded. SmL of ice-cold
aqueous 0.1 M NazCO; solution (pH >11) was added to the pooled supernatants and
agitated gently on ice at 4°C for 1 hr. Solution wasthenultracentrifuged at >100,000xg
for 1 hr at 4 °C and the supernatant decanted into a separate vial and placed in an ice
bath 4°C. Thepellet was retained and resuspended in 500p] of 5S0mM TRIS(pH 7.3) and
ultracentrifuged at >100,000xg for 20min at 4°C. Once again the supernatant was
decanted and pooled with the other supernatants. The pooled supernatants contained the
soluble plasma(cytosolic) proteins and the pellet contained the membrane (microsomal)
proteins. Plasma proteins from the pre-chilled supernatants were precipitated by adding
cold, absolute ethanol in a 1:3 (sample to ethanol) ratio. Sample was vortexed and
placed on ice for 30min. The mixture was centrifged at 3000xg for 30 minutes at 4C and
supernatant discarded.
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5.2.12 BCAassay for protein concentration

Protein concentrations from whole cell, microsomal and cytosolic preparations were
determined using Bicinchoninic Acid (BCA) assay (Kaderet al, 1997). Briefly, protein
samples were allowed to thaw onice for approximately 30mins. Bovine Serum Albumin
(BSA) standards were prepared in a flat bottomed 96 well plate. 50mg BSA was
dissolved in ImL cell lysis buffer 150mM NaCl, 5mM EDTA, 0.2% Triton X100,

50mM Tris-HCL, pH 7.4). BSA standards were performed in duplicate; 40ul of BSA
standard wasdispensed into each well and 1:2 dilutions were performed with cell lysis
buffer across the plate giving a range of concentrations (1-2000ug). Similarly, after
protein samples had thawed, 40u1 of each sample was dispensed into individual wells
and 1:2 dilutions were performed across the plate. 80uL of BCA standard working
solution contained a 1:50 dilution of reagent A to reagent B. The plate was incubatedat
60°C for 30mins, cooled and absorbance at 562nm measured on a Tecan Magellan plate
reader and analysed using XFluorsoftware.

5.2.13 Determining the subcellular localisation of CYP2Bé6allelic variants using
Westernblotting.

50g total protein from each sample (whole cell, microsomal and cytosolic preparations
from section 5.2.12) was added to 1uL NuPage reducing reagent combined with an
equal volume of NuPage LDSloading buffer. Samples were transferred to a water bath
and incubated at 70°C for 10min, then centrifuged for 30secs to collect any
condensation. The entire sample was loaded onto NuPage 4-12% Bis-Tris gels and
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electrophoresed for 60min at 180V. The gel was removed, placed onto iBlot gel stacks
and transferred onto nitrocellulose membranes using iBlot gel transfer system as per
manufacturer’s instructions. Nitrocellulose membranes were blocked in 10% non fat

dried milk (NFDM)overnightat 4°C.

CYP2B6 primary antibody was added to the blot and incubated for 2 hours at room
temperature in 2% NFDM and 0.01% Tween-Tris buffered saline (T-TBS) solution.
Primary antibody wasdiluted in 0.01% T-TBS at 1:1000. Blot was washed three times
in 0.05% T-TBS. Horseradish peroxidase (HRP) conjugated secondary antibodies were
incubated for 1 hour at room temperature in 2% NFDM and 0.01% T-TBS. Blot was
then washedthree times in 0.05% T-TBS. Secondary antibody was diluted in 0.01% TTBS at 1:10000.

Visualisation of bands was performed using enhanced chemiluminescence (ECL)
technology. Briefly, after the final wash stage, the nitrocellulose membranes were
blotted dry and ECLsolution added for approximately 20sec. The membrane was then
blotted dry and X-ray film was placed on top of the blot and exposed for Imin. Finally,
the X-ray film wasplaced into developing fluid until the image was resolved, removed
and placedinto fixative for 2min, washed with distilled water andleft to air dry.
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5.2.14 Confocal Laser Scanning Microscopy to Determine Cellular Localisation of
CYP2B6allelic variants

Fusion of CYP2B6 allelic variants was unsuccessful so detection of proteins was
performed using primary and secondary antibodies. Cells were adhered to slides
overnight and then fixed in CellFIX for 30mins at 4°C then washed three times in
phosphate buffered saline (PBS, 1x). Cells were then permeabilised using saponin for
30mins at room temperature. Primary and secondary antibodies werediluted in PBS (1x)
containing saponin. Cells were incubated for 1 hour in primary antibody in the dark
before being washed three times in PBS. Secondary antibodies were then added and
cells incubated for 1 hourin the dark then washedthree times in PBS. Slides were then
mounted using fluorescent mounting medium.

The subcellular localisation of

CYP2B6*1 and CYP2B6*18 was determined using confocal microscopyas outlined in
section 2.2.10. Endolplasmic reticulum (ER) was also stained in these cells using ERTracker DYE (BODIPY-TRlabeled, Molecular Probes) according to the manufacturer’s
instructions. Briefly, ER tracker dye (100nM) was addedto the cells for 15 mins and the
cells were then washed in PBS before being mounted as described previously.
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5.3 RESULTS

5.3.1 3-D modeling of CYP2B6allelic variants

In order to ascertain the impact of the CYP2B6*18 SNP on the protein structure of
CYP2B6, homology modeling was usedto visualize the changes. Bioinformatic analysis
of the 983T>C SNP showsthat this SNP lies in the transmembrane domain of CYP2B6
(figure 4). The C allele results in an isoleucine to threonine amino acid substitution that
occurs in the hydrophilic domain in the transmembrane domain of the CYP2B6 protein.
The substitution appears to change the charge of the domain so that the transmembrane
domain is now folded back behind the region. Because of this disruption of the
transmembrane domain the CYP2B6 may not be able to bind to the ER lumen
membrane and therefore may becomedifferentially localised.It is also possible that this
transition to threonin mayresult in the hydroxyl side chain becoming glycosylated also
resulting in differential post-translational modification.
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Figure 4. Three-dimensional view of CYP2B6 detailing the location of the 983T>C polymorphismfor both the T allele and Callele. The area of the protein
highlighted in red corresponds to the transmembrane domain of CYP2B6 andthe area highlighted in yellow shows the location of the 983T>C SNP.It is evident
from the structural model resultsin a significant alteration to this domain responsible for anchoring with thelumen ofthe endoplasmic reticulum (ER)
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5.3.2 EcoRI restriction enzyme digests to determine the presence of CYP2B6allelic
variants

In order to ensure that the plasmids received contained CYP2B6 andin the correct
orientation EcoRI digestion was used. Figure 5a showstherestriction map of pCMV4
contatining CYP2Bé6 andthe EcoRIrestriction sites within the vector and insert. Figure
Sb showsa virtual digest detailing the results of a vector containinginsert in the correct
orientation whilst figure 5c shows the approximate size of the bands in that digest.
Figure 6 showsthe digest of colonies picked following the transformation of chemically
competent E. coli with the pCMV4plasmids and confirms the presence and orientation
of CYP2B6 inall selected plasmids.
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Ends

Coordinates

Length (bp)

1
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2685-6303

3619
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|EcoRI-EcoRI

850-2684

1835
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EcoRI-EcoRI

6304-849
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Figure 5. Details of the (a) restriction sites within the pCMV4 plasmids containing
CYP2B6 allelic variants (b) results of a virtual digest of the plasmid and (c) the correct
size of the digest products.
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Figure 6. Restriction enzyme digest of pCMV4 plasmids containing CYP2B6*1 and
CYP2B6*18 plasmids. As expected band patterns were the same for each colony as they
contained the plasmid with the CYP2B6 inserts in the correct orientation and the wild
type (*1) and mutant (*18) plasmid sequencesdiffered only by the 983T>C SNP.
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5.3.3 Amplification of CYP2B6*1 and CYP2B6*18 from pCMV4plasmidsprior to
sub-cloning into CT-GFP TOPO GFPfusion vector.

CYP2B6 allelic variants were PCR amplified from pCMV4prior to cloning into the CTGFP vector. Reverse primers were designed in order to produce two variants of each
allele, two CYP2B6 proteins with GFP attached for subcellular localisation studies and
variants without GFP attached as controls and for confirmation of subcellular
localisation via Western blot. This is summarisedin table 1.

pcDNA3.1-CT-GFP2B6"1 (WT)
pcDNA3.1-CT-GFP-

2B6*18 (mutant)

STOP
(Western blotting and
confocal microscopy)

NO STOP
(confocal microscopy)

-GFP

+GFP

“ore

“GFP

Table 1. Summaryofthe plasmids produced following a successful cloning strategy

Three separate annealing temperatures were used with the primers in order to ensure
specificity of the amplification. Successful amplifications with the highest temperature
wereselected as this provided the highest level of stringency of the PCR reaction. Figure
7 show successful amplification of CYP2B6 from pCMV4. Bands excised from PCR
reactions ran at the highest annealing temperature were pooled for maximum recovery of
PCR products.
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Figure 7. Agarose gel showing the successful amplification of CYP2B6 allelic variants
from the pCMV4plasmids. Highlighted bands correspond to CYP2B6. No significant
differences in amplification were observed between annealing temperatures therefore a
decision was madeto use the highest annealing temperature (72°C) to ensure the greatest
primerstringency.
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5.3.4 Restriction enzyme digestions of CT-GFP TOPO plasmids to confirm the
presence and orientation of CYP2B6 inserts

The restriction enzymes BamHI and Stul were used to determine the presence and
orientation of CYP2B6 inserts respectively in the CT-GFP TOPOvector. Figure 8 shows
the restriction sites for BamHIpresent in the vectorand virtual digest of the constructs
that have not takenuptheinsert correctly. Figure 9 showsthe results of BamHIdigest of
vectors that have taken up the CYP2B6 inserts. Figure 10 showsa representative agarose
gel of the BamHI digests of 10 colonies following cloning into the GFP vector and
picking from selective plates. Lane 4, 5, 7, 9 and 10 in figure 10 showsthat these

colonies have taken up the CYP2B6 insert.

Figure 11 showsthe virtual digest, for Stul, of vectors that have taken up the CYP2B6
insert in the correct orientation and figure 12 showsa representative agarose gel showing
colonies that have taken up the insert in the correct orientation. The colonies in lanes 4,
5, 7 and 9 are shown to contain the CYP2B6 insert and it is in the correct orientation.

Similar analysis was performed for subsequent plasmids and successful cloning products
were sent for sequencing. Sequencing confirmed the presence of CYP2B6 inserts in the
correct orientation as seen following restriction enzyme analysis. It was also confirmed
that no mutations had been introduced into the CYP2B6 following PCR amplification,
the STOP codon had been successfully mutated in the appropriate vectors and the GFP
sequence wasin frame.
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(a )

(b)

'

6157 bp

BamHI

art

narker

10000

_

(c)
Ends
BamHI-BamHI
BamHI-BamHI

Coordinates
1527-920
921-1526

Length (bp)
5551
606

Figure 8. CT-GFP TOPOvector details without CYP2B6 insert. (a) Restriction sites in
CT-GFP TOPO for BamHI,(b) virtual digest of CT-GFP TOPO without insert and (c)
length of digest products
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(b)
SS
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16060
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921-3008

Length (bp)
5551
2088

Figure 9. CT-GFP TOPOvector details with CYP2B6insert. (a) Restriction sites in CTGFP TOPOfor BamHI, (b) virtual digest of CT-GFP TOPO with insert and (c) length of
digest products.
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Figure 10. Representative agarose gel showing plasmids following digestion with
BamHI. Lanes 4, 5, 7, 9 and 10 show the presence of CYP2B6 inserts in the CT-GFP

TOPO vector. Ligation products analysed in lane 4 (highlighted in red) gave correct
banding pattern for the presence of the CYP2B6 insert in the correct orientation. This
ligation product was chosen for subsequentanalysis.
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Figure 11. CT-GFP TOPOvector details with CYP2B6 insert in the correct orientation.
(a) Restriction sites in CT-GFP TOPOforStul, (b) virtual digest of CT-GFP TOPO with
insert in correct orientation and (c) length of digest products in the correct and incorrect
orientation.
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Figure 12. Representative agarose gel showing plasmids following digestion with Stul.
Lanes 4, 5, 7 and 9 show the presence of CYP2B6 inserts in the CT-GFP TOPO vector.

Ligation products analysed in lane 4 (highlighted in red) gave correct banding pattern for
the presence of the CYP2B6 insert in the correct orientation. This ligation product was
chosen for subsequentanalysis
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5.3.5

Expression

of CYP2B6

in

Jurkat

cells

following

transfection

via

Lipofectamine 2000 and nucleofection

In order to determine the best method of transfection both Lipofectamine 2000 (lipid
based transfection reagent) and Nucleofection (electroporation) were used. A matrix of
plasmid DNA amounts against increasing amounts of Lipofectamine 2000 wasset out in
a 96 well plate as detailed in section 5.2.8. Figure 13a shows the impact of increasing
amounts of plasmid DNA,using 1.5uL of Lipofectamine 2000, on the level of CYP2B6
mRNA expression whereas figure 13b shows the impact of increasing amounts of
Lipofectamine 2000 on CYP2B6 mRNAexpression using 4g of plasmid DNA. Figure
13a shows a dramatic increase in CYP2B6 mRNAexpression when larger amounts of
CYP2B6 plasmid DNA wastransfected into the cells whereas increasing the amount of
Lipofectamine 2000 in the transfections hadlittle impact on CYP2B6 mRNAexpression
(fig 13b). For subsequent experiments, 4ug DNA and 4uL of Lipofectamine were used
for transfections.

Optimised protocols for the nucleofection of nucleic acids into Jurkat cells were
obtained from Amaxa and plasmids containing allelic variants of CYP2B6 were
transfected into Jurakt cells. Figures 14a and 14b show the impact of transfection on
CYP2B6 mRNA andprotein levels respectively. Nucleofection dramatically increased
CYP2B6 expression at both the mRNA andprotein level; however changes in mRNA
were not as marked as those seen with Lipofectamine 2000. Following transfections cell
viability was assessed using trypan bluestaining viable cell counts were >90%.
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Figure 13. CYP2B6 mRNA(a) and protein (b) expression following the transfection of
plasmids containing allelic variants of CYP2B6 into Jurkat cells via Lipofectamine
2000. Using 1.5uL Lipofecatmine in (a) and 4ug plasmid DNAin (b)
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Figure 14. CYP2B6 mRNA(a)andprotein (b) expression following the transfection of
plasmids containing allelic variants of CYP2B6 into Jurkat cells via Nucleofection.
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5.3.6 Expression of CYP2B6 in 293T cells following transfection via Lipofectamine
2000 and nucleofection

Lipofectamine 2000 and Nucleofection were again used in order to determine the most
appropriate method for transfecting plasmid DNA into 293T cell lines. Lipofectamine
experiments were set up as described previously in section 5.2.8 using 293T cells.
Figure 15a and 15b show the levels of CYP2B6 mRNA following transfection of
increasing amounts of CYP2Bé6plasmids (figure 15a) and increasing amounts of
Lipofectamine 2000 (figure 15b) into 293T cells using 4.5ugplasmid DNA. Similarly to
the effects seen in Jurkatcells increasing the amount of Lipofectamine 2000 used in the
transfection procedure did not appear to have any great impact on expression levels
(figure 15a). Unlike Jurkat cells increasing the amount of Lipofectamine in the
transfection reaction didn’t have as marked an effect in 293T cells (figure 15b)
compared to Jurkatcells.

Protocols for the transfection of nucleic acids into 293T have previously been optimised
by Amaxa. Figures 16a and 16b show the impact of transfecting CYP2B6 containing
plasmids into 293T cells by nucleofection on CYP2B6 mRNAandprotein respectively.
Nucleofection was not as effective at transfecting 293T cells as expression levels are
greater after transfection using Lipofectamine compared to nucleofection. Following
transfections cell viability was assessed using trypan blue staining viable cell counts
were >90%.
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Figure 15. CYP2B6 mRNA(a) and protein (b) expression following the transfection of
plasmids containingallelic variants of CYP2Bé6 into 293T cells via Lipofectamine 2000.
Using 1.5uL Lipofecatmine in (a) and 4.5ug plasmid DNAin (b)
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Figure 16. CYP2B6 mRNA(a) and protein (b) expression following the transfection of
plasmids containingallelic variants of CYP2B6 into 293T cells via Nucleofection.
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5.3.7.
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transfection

via

Lipofectamine 2000 and nucleofection

HepG2 cells were transfected with plasmids containing CYP2B6 allelic variants using
Lipofectamine 2000 and nucleofection. Figures 17a and 17b show the impact of
increasing plasmid DNA and Lipofectamine 2000 amounts on CYP2B6 expression,
respectively. Expression of CYP2B6 in HepG2 cells was much lower following
transfection using Lipofectamine 2000 than the previous cell lines and in accordance
with previous data increasing the amount of Lipofectamine 2000 used did not
significantly impact on the expression of CYP2B6.

Using previously optimised protocols, CYP2B6 plasmids containing allelic variants
were transfected into HepG2 cells via nucleofection. Although there was slight
increase in CYP2B6 mRNA(fig 18a) and protein (fig 18b) these increases did not
approach those seen in other cell lines cell lines. Following transfections cell viability
wasassessed using trypan bluestaining viable cell counts were >90%.
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Figure 17. CYP2B6 mRNA(a) and protein (b) expression following the transfection of
plasmids containing allelic variants of CYP2B6 into HepG2 cells via Lipofectamine
2000. Using 1.5L Lipofecatminein (a) and 4ug plasmid DNAin (b)
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Figure 18. CYP2B6 mRNA(a) andprotein (b) expression following the transfection of
plasmids containingallelic variants of CYP2B6 into HepG2cells via Nucleofection.
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5.3.8 Expression of CYP2B6 in HuH7cells following transfection via Lipofectamine
2000 and nucleofection

A second hepatic cell line wasselected for transfection of recombinant CYP2B6. HuH7
cells were transfected with CYP2B6 allelic variants as previously described. Figure 19a
and figure 19b show the effects of increased plasmid DNA andincreased Lipofectamine
2000 on CYP2B6 expression in HuH7cells respectively. Expression of the recombinant
CYP2B6 was much higher in HuH7cells than in the previous cell lines. Although the
amount of Lipofectamine 2000 used did not have much of an impact on expression, the
expression seen post transfection was much greater than in previouscell lines.

Protocols for the nucleofection of HuH7 cells were unavailable; therefore it was

necessary to attempt to determine the best program for nucleofection based on
recommendations from the manufacturer. A series of programs weretested including the
program used for the nucleofection of HepG2 cells (another hepatic cell line). Figure 20
showsthe effects of nucleofection on the expression of CYP2B6 in HuH7cells. Program
T-28 (recommended for use in HepG2 cells) gave the greatest mRNA andprotein
expression and also maintainedthe highestcell viability (figure 21).
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Figure 19. CYP2B6 mRNA(a) and protein (b) expression following the transfection of
plasmids containing allelic variants of CYP2B6 into HuH7 cells via Lipofectamine
2000.
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Figure 20. CYP2B6 mRNA(a) and protein (b) expression following the transfection of
plasmids containing allelic variants of CYP2B6 into HuH7cells via Nucleofection.
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HuH7cells. Viability was determined using Trypan blue exclusion assay. Program T28
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5.3.9 Determining the subcellular localisation of CYP2B6*1 and CYP2B6*18 in
HuH7cells via Western blotting and confocal microscopy

HuH7cells were transfected with plasmids containing CYP2B6 allelic variants using
nucleofection under optimal conditions. From the wholecells, cytosolic and microsomal
preparations were prepared and the presence of CYP2B6 determined in the various
samples by Western blot.

From the results of the Western blot, shown in figure 22, the CYP2B6*18 protein was
present at much lowerlevels in the microsomal preparations compared to the wild type
CYP2B6*1 protein. Conversely, the CYP2B6*1 protein was not present at all in the
cytosolic preparation whereas CYP2B6*18 was. The nitrocellulose membrane was
stained with ponceau to ensure that protein had been transferred equally. The resultant
stain, seen in figure 22, shows that protein had been equally transferred to the
membrane.

Figure 23 shows a confocal microscopy image of HuH7cells transfected with allelic
variants of CYP2B6. The images show that the wild type, T allele, CYP2B6 was more
evenly distributed in the cell whereas the mutant, C allele, appeared to be expressed
more closely to the plasma membraneofthe cell. It should be noted that although the
mutant CYP2B6 did not colocalise with the endoplasmic reticulum tracker dye, as put
forwardin the original hypothesis, neither did the wildtype CYP2B6.
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Figure 22. Subcellular localisation of CYP2B6 allelic variants determined by Western blot. CYP2B6*18 appears to be at
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CYP2B6

CYP2B6 + ER stain

CYP2B6*1

CYP2B6*18

Figure 23. Confocal microscopy of HuH7 cells transfected with allelic variants of
CYP2B6 (green) and counterstained with an endoplasmic reticulum tracker dye (red).

CYP2Bé6 staining showsdifferential localisation of the T and C allele. Areas highlighted
by boxes represent single cell imaging. In the these areas, as examples, the presence of
the T (wild type, CYP2B6*1) allele staining pattern of CYP2B6 is more diffuse through
the cell whereas the C allele (mutant, CYP2B6*18) produces a staining pattern
inconsistent with ER localisation.
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5.4 DISCUSSION

The 983T>C SNP in CYP2B6 has been shownto be associated with altered protein
expression of CYP2Bé6andaltered pharmacokinetics of efavirenz and nevirapine (Wyen
et al, 2008). Previous work has shownthat the mutant, CYP2B6*18, protein appears to
be absent from microsomal preparations in transfected cell lines (Wangetal, 2006). The
aim of this chapter was to clone CYP2B6*1 and mutant CYP2B6*18 into a GFP
plasmid to produce a GFP tagged version of these proteins in order to determine the
subcellular localisation of each of the variations of CYP2B6. Following successful
cloningof the allelic variants of CYP2B6, these constructs were transfected into HuH7
cells. A decision was made proceed with the use of HuH7cells for transfections due the
adherent nature ofthese cells, allowing not only for ease of imaging from a technical
perspective but also due the fact that HuH7cells are a hepatic cell line. As the majority
of metabolism by CYP2B6 occurs in the liver and this is the major site of clearance of
Efavirenz, the impact of this SNP on protein localisation is particularly relevant.

Despite confirmation of the presence of inserts in the correct orientation and sequences
being in frame as confirmed byrestriction digest analysis and sequencing GFP wasnot
expressed from these plasmids. However, the recombinant CYP2B6*1 and CYP2B6*18
themselves were expressed. Microsomal and cytosolic preparations were extracted from
transfected cells and the subcellular localisation of CYP2B6 determined by Western
blot. HuH7 cells were chosen as the model cell line for these experiments as they
showed the greatest expression of transfected CYP2B6 andare also hepatic cells giving
a closer approximation to in vivo cell types.
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The results of the Western blot indeed show altered localisation of the mutant 983C
CYP2B6, with increased presence in the cytosolic preparation concordant with the
hypothesisthat it alters the transmembrane domain of CYP2B6 that anchors it into the
lumen of the ER. An unexpected result was the lack of a CYP2B6 bandin the whole cell
fraction of the CYP2B6*18 transfected cells. To confirm the presenceofprotein on the
nitrocellulose a ponceau stain was performed and the presence of a band confirms
transfer from the polyacrylamide gel. These findings were confirmed on 3 separate
Western blots.

In order to confirm aberrant localisation, GFP tagged CYP2B6 allelic variants were
expressed in the samecell lines in order to perform colocalisation with the ER in the
form of an ER tracker dye. Following cloning of the CYP2B6 variants into the GFP
fusion vector and successful mutation of the stop codon following the CYP2B6 gene
(confirmed by sequencing) these constructs were transfected into HuH7cells. However,
no fluorescence was observed in cells transfected with the GFP tagged proteins. To
ensure successful transfection of CYP2B6 constructs into target cells expression of
CYP2B6 was confirmed at the mRNA and protein level which was found to be
successful. To check that the GFP vector was capable of expressing GFP the empty
vector was transfected into HuH7cells to be used as a positive control. No fluorescence
was observed; therefore it was unlikely that the constructs were producing active GFP
indicating a problem with the GFP fusion vectors. Therefore, antibody staining was used
to determine the subcellular localisation of the allelic variants by confocal microscopy.
Differential intracellular staining patterns were observed for each of the variants
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however rather than seeing the predicted, diffuse cytoplasmic staining for the
CYP2B6*18 construct there appeared to be a pattern similar to staining of the inner
leaflet of the cell membrane. Localisation of CYP2B6*18 now needs to be confirmed
using successfully produced GFP tagged proteins. These data indicate that the lack of
proximity to the NADPH reductase means that the enzyme cannot be “powered”andis
hence inactive. These data, taken together with clinical findings with efavirenz, therefore
suggest that 983C constitutes an allele that results in a virtually ineffective protein
product.

There have been a numberofstudies that have shown that acquired mutations can result
in altered subcellular localisation of proteins in cancerous cells. The p27 (Kip1) protein
is a negative regulator of the cell cycle and a potential tumor suppressor gene. It has
been suggested that sequestration in the cytoplasm might be an alternative way to
inactivate p27 (Kip1)-associated inhibitory activity (Sgambato et al, 1999). Both normal
and neoplastic tissues expressed variable amounts of the p27 (Kip1) protein, as assessed
by western blot analyses. Moreover, while there was no significant difference in nuclear
p27 (Kip1), and the amount of p27 (Kip1) in the cytoplasmic fraction was significantly
higher in the tumor samples than in the normal mucosa samples. These data show the
impact of altered subcellular localisation of proteins on phenotypic changes in cell
function.

Similar findings were reported with suppressin (SPN), a novel inhibitor of the entry into
the cell cycle which has properties of a tumor suppressor gene (Manneetal, 2001). The
authors evaluated the status of SPN and its prognostic value in human colorectal
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adenocarcinoma and found that mutations in SPN result in its nuclear localisation and
were strong prognostic indicators of colorectal carcinoma. Studies examining the ING1
locus found that a single point mutation in ING1B (tumour suppressorthat cooperates
with p53) resulted in localisation in the cytoplasm instead of the nucleus resulting in
unsuccessful tumour suppression (Vieyra et al, 2003). Hence this mechanism is
relatively commonfor acquired mutationsin cancer.

Recently, a similar mechanism wasreported in a protein from a germ line cell resulting
in altered subcellular localisation of the protein (Rosas-Vargaset al, 2008). The authors
investigated mutations in the human X-linked cyclin-dependent kinase-like 5 (CDKL5)
gene which have been shownto cause infantile spasms as well as Rett syndrome-like
phenotype. The authors screened the entire coding region of CDKLSin 151 affected girls
with a clinically heterogeneous phenotype ranging from encephalopathy with epilepsy to
atypical Rett syndrome andidentified three novel missense mutations located in catalytic
domain of CDKL5 termed Ala40Val, Arg65Gln, Leu220Pro. For the Ala40Val and
Leu220Pro mutations the cellular localisation of the mutants caused mislocalisation of
the mutant CDKLSproteins in the cytoplasm. Therefore, the CYP2B6 983C allele is one
of only two polymorphismsthat have been shownto alter the subcellular localisation of
the resultant protein.

To summarise, the data reported here for CYP2B6 983T>Crepresent a novel mechanism
by which a SNPcanresult in an ineffective protein product and alter the metabolism and
plasma levels of antiretroviral compounds. This potential mechanism now requires
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confirmation in hepatocytes from liver biopsies to determine if individuals with the
983T>C genotype indeed havedifferentially localised CYP2B6.
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6.1. INTRODUCTION

Drug transporters are expressed in manytissues suchastheintestine, liver, kidney, and
brain that are involved in detoxification of the body however they are also expressed in
cells of the immune system (Bleasby ef al, 2006). These proteins can be broadly divided
into two categories; influx transporters and efflux transporters and are involved in
mechanismssuchas in drug absorption, distribution, and excretion (Mizune ef al, 2003).

Information on the functional characteristics of drug transporters provides important
information to allow improvements in drug delivery or drug design by targeting specific
transporter proteins. The expression of drug transporters in lymphocytes may have
important implications for the pharmacokinetics of drugs whose target cell is the
lymphocyte (Beringeret al, 2005). Therefore, it is particularly important to investigate
how drugs mayinteract at the lymphocytelevel.

Of the two main HIV coreceptors, CCRS presents a particularly attractive drug target,
since the natural genetic absence of CCR5 in individuals homozygous for the A32
genotype has apparently little impact on immunestatus or general health (Dorr eg al,
2005). Furthermore, the population is highly protected against HIV infection (Liu eg al,
1996), and the reduced cell surface expression of CCR5 in A32-heterozygotes is
associated with slower disease progression (Tayloref a/, 2000).

Various CCR5 antagonists with antiviral properties have been described, including
modified chemokines (such as the natural CCR5 ligand RANTES [Regulated upon
Activation Normal T cells Expressed and Secreted]) and monoclonal antibodies(J i et al,
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2007) and more importantly small-molecule inhibitors with potential for oral
administration (Walker et al, 2005). Maraviroc (Celsentri®) is now indicated for use in
treatment experienced adult patients infected with CCR5 tropic strains of HIV-1.
Selectivity with respect to CCR2 and other receptors, variable anti-HIV activity,
inhibition of the hERG ion channel leading to QT (interval of electrocardiogram)
prolongation and limited oral bioavailability are just some of the problems reported by
previous attempts to develop CCRS antagonists (Barber, 2004; Paterlini, 2002; Zhang et

al, 2000).

Since antiretroviral drugs are used in combination regimensit is necessary to gain an
understanding of any interactions that may occur when different classes, are
coadministered. Given that some CCRSantagonists are substrates for drug transporters
(Walker et al, 2005) and will be used clinically together with PIs which are also
substrates (Turriziani, 2004), transporter interactions need to be investigated.

The aim of this chapter is to determine interactions between three novel CCR5
antagonists, structurally related to the lead CCRS5 antagonist maraviroc (maraviroc only
becameavailable at the conclusion of this project), and conventional antiretrovirals in
order to determine effects on transporter function. Preliminary information supplied with
each of the three CCRS antagonists suggests that UK-408030 is a ABCB1 inhibitor, PF227153 is a ABCBI substrate and PF-3245751 is neither a ABCB1 substrate nor
inhibitor.
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The study was conducted in vitro using cell lines over-expressing key transporters
involved in the efflux of antiretrovirals. The CEM cell line is a T-lymphoblastoid cell
line used in many drug interaction studies relating to lymphocytes (Jannehet al, 2007).
CEMypz_ and CEMegjo00 are derived from CEM parental cell by drug selection using

increasing concentrations of vinblastine and epirubicin respectively. These compounds
are toxic to CEM cells and are substrates for ABCB1 and ABCC1 which are
overexpressed in CEMyp_ and CEMgo00 respectively (Janneh et al, 2005; Taub et al,

2005). Due to the lack of radiolabelled CCRS5 antagonists the interaction between
antagonists and transporters can only be evaluated using a modification of the MTT
toxicity assay. The conversion of MTT, via mitochondrial reductase enzymes, to a blue
formazan derivative is used as an assessment of cell viability. Due to a lack of
functioning mitochondria, non-viable cells are unable to process MTT. Since CEMypi
and CEMg000 are resistant to the effects of vinblastine and epirubicin respectively these
cells will have higher cell viability with increasing drug concentrations of vinblastine
and epirubicin (or indeed any compounds that are ABCB1! or ABCC1 substrates) when
compared to the parental CEM cells.

Coincubation of these cells and drug with CCRS antagonists will allow determination of
transporter modulation by examining changesin cell viability due to CCR5 antagonists
interacting with either ABCBI or ABCCI in the transporter over expressing cells. It
should be noted that this system ofutilising drug selected cell lines for over-expression
of ABCB1I and ABCCI1 maynotbethe ideal model system asit is possible that the drug
selection process may have increased expression of other transporters on the cell.
However, this system has been used successfully and repeatedly for similar interaction
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studies (Janneh et al, 2005; Janneh et al, 2007; Owen et al, 2003) and is the closest

representation of the T lymphocyte for comparison of increased expression of efflux
transporters such as ABCBI specifically with CCR5 antagonists as these cells express
CCRS5 (Owenet al, 2003).

Similarly the interaction of CCR5 antagonists with transporters was conducted in vitro
in CEM, CEMypri, CEMej000 and ex vivo in PBMCusing liquid scintillation counting

and radiolabelled saquinavir. Saquinavir is an ABCBI and ABCC1 substrate (Kim etal,
1998; Williams et al, 2002). Modulation of the intracellular accumulation of saquinavir
when coincubated with CCRS5antagonists or known inhibitors of transporters showed
the interactions of CCRS antagonists with transporters.
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6.2 METHODS

6.2.1 Materials

CCRS5antagonists (UK408030, PF-03245751 and PF-00227153) were a kind gift from
Pfizer (Sandwich, UK). PH]-SQV (specific activity, 1Ci/mmol) was purchased from
Moravek Biochemicals (California, USA). Tariquidar (XR9576) was purchased from
Xenova (Sloane, UK). MK571 and montelukast were obtained from Merck (Quebec,
Canada). CellFIX was obtained from Becton Dickinson (Oxford, UK). UIC2 (anti-Pglycoprotein) antibody was obtained from Immunotech (Marseilles, France). QCRL-1
(anti-ABCC1) antibody was obtained from Calbiochem (California, USA). IgG2a
negative control and goat anti-mouse IgG2a:RPE were obtained from Serotech Ltd.
(Oxford, UK). CEM, CEMypz and CEMgio000 were donated by Ross Davey, Bill Walsh

Cancer Research Laboratories (St’ Leonards, Australia). Liquid scintillation fluid
(Ultima Gold) was obtained from Perkin Elmer (Boston, USA). Lymphoprep was
obtained from Axis Shield (Oslo, Norway). PBMCs were obtained from the National
Blood Service (Liverpool, UK). All other reagents were obtained from Sigma (Poole,

UK).

6.2.2 Cell culture

The parentalcell line was CEM (T-lymphoblastoid cell line). CEMyvsi (VBL) cells have
increased expression of the efflux transporter ABCB1 and were selected under
vinblastine (Janneh et al, 2005). CEMej000 (E1000) cells were selected under epirubicin
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and have increased expression of ABCC1 (Janneh et al, 2005). Stepwise selection of
drug resistant cells was performed using increasing concentrations of vinblastin and
epirubicin up to 100ng/mL and | g/mL respectively. The cells were maintained at 37°C,
5% CO, in RPMI 1640 media containing 10% foetal calf serum (FCS), L-glutamine
(2mM) and phenol red. For routine culture, all cell lines were passaged 1:6 upon
reaching confluence (every 3-4 days). To maintain drug pressure, CEMyp, and
CEMe1000 were incubated with vinblastine (100ng/mL) and epirubicin (1ug/mL) every 8
weeks. Following drug incubation (3 days) cells were washed in RPMI-1640 (10%
FCS), the supernatant discarded and cells resuspended in RPMI-1640 (10% FCS) and
culture resumed. Cells were passaged at least 2 times in drug free media before
confluent cells were used in experiments.

6.2.3 Isolation of peripheral blood mononuclear cells (PBMC) from healthy
volunteer buffy coats

Blood buffy coats were obtained from the Regional Blood Transfusion Service
(Liverpool, UK). Lymphoprep (Sigma, Poole, UK) was used to isolate PBMC from the
blood buffy coats via density gradient centrifugation as previously described in section
aes
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6.2.4 Detection of ABCB1 and ABCCI1 expressionin cell lines and PBMC byflow
cytometry

PBMC, CEM, CEMysiio00 and CEMgjo90 cell lines were centrifuged (2000rpm, 5mins),

supernatant discarded and pellet resuspended in CellFIX (2x10° cells/mL, 30mins).
100uL of cells were dispensed per well of a 96 well plate and incubated (4°C, 30mins).
Plates were centrifuged (2000rpm, 10mins) and supernatant discarded. PBS was added
and samples were centrifuged again (2000rpm, 10mins) after which supernatant was
discarded. ABCB1 and ABCCI1 expression was determined via flow cytometry as
described in section 2.2.6.

6.2.5 Evaluation of the toxicity of CCR5 antagonists

CEM, CEMysztioo and CEMe i000 cells (SOuL, 1x10°cells/mL) were incubated with 50uL

of a serial dilution of CCR5 antagonist (0-25uM) plus control containing no compound
in 96 well plates and incubated (37°C, 5% COz) for 72 hours. Following incubation an
MTT assay was carried out. The MTT assay is based on the formation of formazan
(blue) from tetrazolium salt (yellow) by reduction in the mitochondria of viable cells
(Mosmann, 1983). MTT solution (Smg/mL, 20uL) was addedto all wells and plates
returned to the incubator (2hr, 37°C). Lysis buffer (50% dimethylformamide v/v in
distilled water, 20% w/v SDS) was then added to plates (100uL) which were read on a
plate reader at 570nm. Mean absorption was calculated (n=4) and expressed as a
percentage of the drug free incubated control. The concentration of compoundresulting
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in a 50% decrease in cell viability (ECso) was calculated for each compound using
Graphpad Prism software by nonlinear regression.

6.2.6 Evaluation of the effects of CCR5 antagonists on ABCB1 and ABCC1
mediated drug transport

In order to investigate the effects of CCR5 antagonists on transport by ABCB1, the
modulation of vinblastine toxicity in CEM and CEMyprioo in the presence of CCR5

antagonists was evaluated. Cells (CEM or CEMypi, n=4) were centrifuged (2000rpm,
S5mins), resuspended in RPMI

1640 media (10% FCS) and counted using a

nucleocounter (Chemometec). Cell density was corrected (to 1x10°cells/mL) and cell
suspension (50uL) was addedto wells in a 96 well cell culture plate. Serial dilutions of
vinblastine were performed and 50uL added to cells (final concentration range of
vinblastine

5-1000ng/mL

plus

control,

25uM

CCRS5

antagonist,

cell

density

0.5x10°cells/mL). Verapamil (ABCBI inhibitor, 601M) wasused as a positive control
and negative controls consisted of incubations in the absence of CCRS antagonist.

To investigate the effects of CCR5 antagonists on transport by ABCC1, the modulation
of epirubicin toxicity in CEM and CEMgio00 cells in the presence of CCR5 antagonists
was

evaluated.

Experiments

were performed

as

above

with

final

epirubicin

concentrations ranging from 50 - 10000ng.mL”. Negative controls consisted of
epirubicin dilutions added to cells in the absence of CCRS5 antagonist. Probenicid
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(200uM) wasused as a positive control. Following incubation (37°C, 5% CO>, 72 hours)
all plates were analysed for cytotoxicity by MTT assayas described in section 6.2.5.

6.2.7 Evaluation of the effects of CCR5 antagonists on the accumulation of
saquinavir in cell lines

For cultured CEM, CEMystioo and CEMg 000 a constant cell density of 2.5x10° cells/mL

were incubated in RPMI 1640 media (10% FCS) containing PH]-SQV. Cells were
incubated (37°C, 5% CQO) in the presence or absence of varying concentrations of
CCRSantagonists (1-30uM). Cells were incubated for 20 mins, centrifuged (9000rpm,
Imin) and 100uL aliquots of supernatant taken into scintillation vials. The remaining
supernatant wasdiscarded before a 3 step wash of the pellet occurred (HBSS, 9000rpm,
1°C, Imin) which was then solubilised in water (100uL). Finally scintillation fluid
(4mLs) was added to both supernatant and pellet for cellular accumulation ratio (CAR,

ratio of [H]-SQV associated with the cell pellet sample to compared to that of the
extracellular media sample) assessment using a scintillation counter assuming a cell
volume of IpL for each cell. The CAR value is calculated as a ratio of cell associated
drug to that of extracellular drug and incorporates the volume of each cell so that cell
associated samples and extracellular samples have equal volume.
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6.2.8 Evaluation of the effects of CCR5 antagonists on the accumulation of
Saquinavir in healthy volunteer peripheral blood mononuclear cells (PBMC)

A constant cell density of 5x10°cells/mL was used and incubated in the presence or
absence of CCRS5antagonists (25uM). Knowninhibitors of; ABCB1 (XR9576, 1M),
ABCC1

(MK571,

10uM),

ABCBI/ABCCI1

(dipyridamole,

50M),

ABCC1/2

(frusemide, 501M) and an inhibitor of the influx transporters OATP (montelukast,
50uM; Janneh ef al, 2008) were also included as controls. CAR values were then

determined as described in section 6.2.7 assuming a cell volume of 0.4pl for PBMC.

6.2.9 Statistical analysis

Data are expressed as mean + standard deviation (SD). ECso data for toxicity were
generated by non-linear regression using GraphPad Prism 3.0. Normality of the data was
assessed using a Shapiro-Wilk test. Toxicity, and modulation of toxicity, was analysed
using a paired t-test. Intracellular accumulation data, in cell lines and in PBMC, was
transformed logo before being analysed by paired t-test. Relationships between data sets
were analysed using Spearmans Rank Correlation coefficient. Statistical significance
was assumedif p<0.05 between control and test means. Stats Direct statistical software
version 2.3 was used for analysis.
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6.3. RESULTS

6.3.1 Transporter expression in CEM, CEMygszio9 and CEMg1 990cell lines

Expression of transporters in the cell lines used for subsequent studies was determined
using flow cytometry to ensure over expression of ABCBI (7.6 + 0.58, p=0.003) and
ABCCl1 (16.8 + 0.87, p=0.0004) in CEMysiioo and CEMgjo00 respectively. CEM cells
expressed basal levels of ABCB1 (0.1 + 0.1) and ABCC1 (1.7 + 0.6). Data are expressed
as relative fluorescence units (median fluorescence minus that of the isotype control) +
SD.
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Figure 1. Expression of ABCBI and ABCCI in CEM, CEMystio0 and CEM 000 cell

lines. Data is expressed as the mean + SD. (n=4, * = P< 0.05, ** = P < 0.01, *** =P <
0.001). As expected, CEMygr and CEMgjo00 cells express significantly higher levels of

ABCBI1 and ABCCI respectively.
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6.3.2 Toxicity of CCRS5 antagonists in CEM, CEMygrioo and CEM 000 cells

CCRSantagonists showed no evtotoxieity in cell lines (fig. 2). Cell viability (% mean
viability + SD, n=4) appeared unaffected by concentrations up to 25uM for UK-408030
(CEM 98.6 + 7.0, VBL 122.6 + 10.5), PF-227153 (CEM 99.6 + 12.0, VBL 91.5 + 8.3)
and PF-3245751 (CEM 90.2 + 9.9, VBL 87.2 + 3.7). There was no statistically
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Figure 2. Toxicity of (a) PF-227153, (b) PF-3245751 and (c) UK408030 in CEM (—) and
CEMystio0 (—) cells. Data expressed as percentage control (n=4) + SD. Figure details a

lack of toxicity of the three CCR5 antagonists as determined by MTT assay. Percentage
cell viability is not significantly below that of cells in media alone.
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6.3.3 Modulation of vinblastine toxicity in CEM and CEMyp,cells by verapamil

and CCRSantagonists

The ECso (mean + SD, n=4, ng/mL) of vinblastine in CEMysrioo (223.9 + 11.6,

p<0.0001) was significantly higher than CEM cells (4.5 + 0.8) (fig. 3). Figure 4 shows
that the addition of verapamil significantly reduced the ECso in CEMysrioo (4.5 + 1.3,

P<0.0001) but not CEM cells (5.9 + 1.2).

The ability of CCR5 antagonists to impact on ABCBI function was assessed by
modulation of vinblastine cytotoxicity. PF-227153 (11.8 + 0.7), PF-3245751 (2.2 + 1.9)
and UK-408030 (5.2 + 0.3) the CCR5 antagonists (25uM) hadlittle effect in CEM cell
lines (fig 5(a), 5(c) and 5(e) respectively). UK-408030 (285.4 + 174.9) and PF-227153
(397.6 + 3.7) similarly had little effect on CEMypziioo. When compared to controls PF-

3245751 (25.5 + 3.7, P<0.0001) significantly reduced cell viability (figure 5S(d)
summarised in table 1).
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Figure 3. Toxicity of vinblastine in CEM (—) and CEMyp, (—) cells. Data are
expressed as mean + SD (n=4). CEMypzcells express significantly more ABCB1 than
the parental CEM cells. Vinblastine is a ABCB1 substrate and therefore accumulated
far less in CEMyp, cells than in parental cell lines protecting them from the toxic
effects of the compound. Significantly higher cell viability is observed in the CEMysi
cells at higher vinblastine concentrations.
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Figure 5. Vinblastine toxicity in the presence (—) or absence (—) of PF-227153 (a&
b), PF-3244751 (c & d) and UK408030 (e & f) in CEM and CEMypiioo cells. Data
expressed as mean + SD (n=4). PF-3244751 significantly decreased the ECso of
vinblastine in CEMypr cells suggesting it is an inhibitor of ABCB1. Statistical

significance of this observation is reported in table 1.
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CEM (ng/mL)

CEMystioo (ng/mL)

Vinblastine

4.5+0.8

223.9 + 11.6 ***

Vinblastine + Verapamil (60M)

5.9+1.2

4.5+ 1.3 ***

Vinblastine + UK-408030 (254M)

§.2+0.3

285.4 + 174.9 ***

Vinblastine + PF-227153 (251M)

11.8+0.7

397.6 + 121.7 ***

Vinblastine + PF-3245751 (254M)

2.2+1.9

D553 7 re

Table 1. Summary of vinblastine ECso values for CEM and CEMyprioo cells alone or in

the presence of verapamil or CCR5 antagonists. ECs) were compared to those of CEM
and CEMyprioo in the presence of vinblastine alone (*) and CEMvsrioo ECso compared to

CEM ECS» (*) using a paired t-test (* = p< 0.05, ** = p < 0.01, *** = p< 0.001).
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6.3.4 Modulation of Epirubicin toxicity in CEM and CEMgyjoo0 by probenicid and

CCRSantagonists

The ECso of epirubicin was significantly higher in CEMgiooo cells (4043 + 2114,

p=0.016) than in CEM cells (60.5 + 16.3) (fig. 6). The addition of probenicid (ABCC1
inhibitor) significantly reduced the ECso of epirubicin in both CEMgio00 (762.7 + 89.3,

p=0.0289) and CEM (40.1 + 4.4, p=0.0314)cells (fig. 7b and 7a respectively).

Impact of CCR5 antagonists on ABCC1 function was determined by their ability to
modulate epirubicin toxicity. UK408030 hadlittle effect on ABCC1 function (50.4 +
10.6) (fig. 8e and 8f). PF-3244751 had statistically significant effect on epirubicin
toxicity in CEM cells (40.8 + 2.8, p=0.0337). An effect on epirubicin toxicity in
CEMg1000 was also seen with PF-3244751 however this was just outside of statistical

significance (1942.3 + 229.7, p=0.0589)(fig. 8d). PF-227153 hadstatistically significant
effects on epirubicin toxicity in both CEM (37.1 + 10.5, p=0.0091) (fig. 8a) and
CEMe1000 (708 + 107.7, p=0.0284)(fig. 8b) (data is summarised in Table 2).

256

CHAPTER6

150>

=

E1000

«

CEM

5 100-4
©

>

8se

807

0

0

T

1

q

2

T

3

T

4

1

5

log [Epirubicin] (ng.mI")

Figure 6. Toxicity of epirubicin in CEM (—) and CEMei000 (—) cells. Data are
expressed as mean + SD (n=4). CEMeto00 cells express significantly more ABCC]

than the parental CEM cells. Epirubicin is a ABCC1 substrate and therefore
accumulated far less in CEMgi000 cells than in parental cell lines protecting them from

the toxic effects of the compound. Significantly higher cell viability is observedin the
CEM1000 cells at higher epirubicin concentrations
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Figure 7. Toxicity of epirubicin in the presence (—) or absence (—) of probenicid in
(a) CEM and (b) CEMgj000 cells. Data are expressed as mean + SD (n=4). Probenicid
is an inhibitor of ABCC1 and when coincubated with epirubicin decreases the ECso of
epirubicin in CEMg 00 cells.
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in table 2.
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CEM (ng.mL")

CEMe1000 (ng-mL")

Epirubicin

60.5 + 16.3

4043 +2114 *

Epirubicin + Probenicid

40.1 + 4.4 *

762.7 + 89.3 * (***)

Epirubicin + UK408030

50.4 + 10.6

2761 + 468.7 (***)

Epirubicin + PF-32445751

40.8 + 2.8 *

1942, 4229.7("**)

37.1 + 10.5 **

708 + 107.7 * (***)

Epirubicin + PF-227153

Table 2. Summary of epirubicin ECso values for CEM and CEMejo00 cells alone or in the

presence of probenicid or CCRS5 antagonists. ECs) were compared to those of CEM and
CEM000 in the presence of epirubicin alone (*) and CEMei000 ECso compared to CEM ECs

(*) using a paired t-test (* = p< 0.05, ** = p< 0.01, *** =p < 0.001).
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6.3.5 Impact of CCRS antagonists on Saquinavir accumulationin cell lines

The effects of UK-408030, PF-227153 and PF-3245751 (Figure 9a, 9b and 9c
respectively) on the cellular accumulation ratio (CAR) of SQV in CEM, CEMysrioo and
CEMe000 cell lines were determined. UK-408030 did not alter the CAR of SQV in
CEMe000, unlike PF-227153 and PF-3245751. PF-227153 in CEMey090 cells caused a

significant increase in intracellular accumulation between control (8.6 + 2.7) and
concentrations of 10uM (17.8 + 5.9, p=0.0012) and 30uM (19.5 + 5.0, p=0.009). For
PF-3245751, an even greater difference occurred between control (5.6 + 1.4) and

concentrations of 10WM (12.0 + 2.1, p=0.0002) and 30uM (16.1 + 3.3, p=0.0006).
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(50nM) accumulation in CEM, CEMyptioo and CEMgio00 cells. Data are expressed as

mean CAR + SD. Statistical significance determined relative to controls (* p < 0.05, **

p<0.01, *** p< 0.001)
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6.3.6 Expression of ABCB1 and ABCC1 on healthy volunteer PBMC

ABCBI and ABCC1 expression on healthy volunteer PBMC wasdetermined using flow
cytometry (fig. 10). Marked interindividual variation was observed in expression of both
transporters between the 10 healthy volunteers for both ABCB1 (0.10 — 0.35 RFU) and

ABCCI (0.04 — 0.46).
@ P-gp

0.6 5

m@ MRP1

Relative Fluorescence

0.5 5

0.4 5

0.3 4

0.2 4

0.1 +

1
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3
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Figure 10. ABCB1 and ABCCI expression on healthy volunteer PBMC. Data expressed
as mean + SD (n=4). A large degree of interindividual variability was observed in
ABCBI and ABCC1 expression between the healthy volunteers (n=10) included in the
study.
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6.3.7 Impact of CCR5 antagonists, and known transporter inhibitors, on the
accumulation of 7H-SQVin healthy volunteer PBMC

Figure 11 illustrates the impact of CCRS5 antagonists on the accumulation of saquinavir
in healthy volunteer PBMC. Figure 10 also demonstrates the degree of variability
observed between each healthy volunteer. For example, control CAR of saquinavir
ranged from 8.9 — 50.2, supported by the heterogeneity of expression of ABCB1 and
ABCCI1 in these samples (fig. 10). Significant increases in the CAR (percentage of
control + SD) of saquinavir were observed when cells were treated with; 30uM
UK408030 (146.5 + 30.8), 10UM PF-03245751 (144.5 + 38.3, p = 0.0004), 30uM PF03245751 (163.7 + 40.4, p<0.0001), 104M PF-00227153 (151.7 + 55.04, p=0.003) and
30uM PF-00227153 (151.2 + 35.8, p=0.0005).

In concordance with other work, known efflux transport inhibitors dipyridamole (176.9
+ 51.7, p=0.0001), frusemide (204.9 + 58.2, p<0.0001), XR9576 (166.8 + 51.9,
p=0.0005) and MKS571 (158.2 + 68.8, 0.005) significantly increased the cellular
accumulation of saquinavir. A significant decrease in CAR was observed with
montelukast (36.4 + 9.8, p<0.0001) a knowninhibitor of influx.
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Figure 11. Modulation of saquinavir CAR in PBMC by CCRSantagonists and known
transporter modulators (n=10, * p < 0.05, ** p < 0.01, *** p < 0.001). The increases in
CARvalues observed are a result of efflux transporter activity being decreased/inhibited
by the coincubated compounds resulting in greated intracellular accumulation of
saquinavir. The decrease in CAR value when cells were coincubated with montelukast
confirms that it is an influx inhibitor. Another hypothesis is that it may increase efflux
transporter expression however given that incubation times were only 30 minutes this
seems unlikely to have had a significant effect on efflux expression.

265

CHAPTER6
6.3.8

The

relationship

between

transporter

expression

and

the

cellular

accumulation of Saquinavir

Simple linear regression was used to investigate correlation between expression of
transporters and the cellular accumulation of saquinavir. Figure 12(a) and (b) show the
relationship between ABCB1 expression and ABCC1 expression in relation to the CAR
of saquinavir respectively. A negative correlation is to be expected due to an increase in
efflux transporter resulting in decreased cellular accumulation of saquinavir. However,
these correlations werenotstatistically significant.
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Figure 12. Relationship between the expression of (a) ABCC1 and (b) ABCB1 and
the CAR of saquinavir in human PBMC (n=10). Negative correlations are observed
betweenincreased efflux transporter expression and the CARvalues of saquinavir in
PBMCdue to efflux transporters extruding saquinavir from the cell. The lack of
statistical significance of these correlations is most likely due to saquinavir not being
exclusively effluxed by either ABCB1 or ABCC1.
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6.4. DISCUSSION

The MTTassay, first described by Mosmann (1983), was used to assess toxicity of
CCR5 antagonists (up to a maximum concentration of 25uM) in human Tlymphoblastoid cell lines. Lack of availability of these compounds restricted further
analysis to determine the concentration at which each antagonist would become toxic in
the CEM and CEM derived cell lines. Saquinavir, ritonavir, lopinavir, indinavir and
nelfinavir and the NNRTI efavirenz cause toxicity in this system at a concentration of
10uM (Chandler et a/, 2003). This apparent lack of toxicity of the CCR5 antagonists at
25uM may be important in a clinical setting as both healthy volunteer and HIV+ patients
have maraviroc plasma concentrations (Cmax) of around 1-3uM. As the CCRS5
antagonists investigated here were not toxic up to concentrations of 25uM in the CEM
parental system this may mean that therapeutic doses could be increased safely when
necessary. However, the observations in CEM cells would need to be repeated not only
in both PBMC from healthy volunteers and HIV+ patients but also in other somatic cells
such as cardiomyocytes and hepatocytes to ensure there are no differential effects on
toxicity in these cells.

The lack of toxicity in this system, coupled with the

unavailability of radiolabelled compounds, prohibited an analysis of which transporters
these antagonists are substratesfor.

Vinblastine and epirubicin are toxic to cells. In cells over expressing ABCB1 and
ABCCI the ECso of these compounds is much higher than that in the parental cells due
to increased efflux of these compoundsfrom the cell. When inhibitors of ABCBI and
ABCC1, verapamil and probenicid are added, the ECso is greatly reduced. This is due to
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inhibition of drug efflux allowing a greater accumulation of the toxic compoundsin the
cell. The MTT assay makesit possible to assess modulation of transporter function by
novel compounds such as CCRS5antagonists. Using this assay modulation of ABCB1
function was observed for PF-3244751 and modulation of ABCC1 function by both PF3244751 and PF-227153.

In concordance with previous work (Janneh ef al, 2005) saquinavir was found to be a
substrate for both ABCB1 and ABCC1. This was exemplified by marked decreases in
the CAR of saquinavir in cell lines over expressing ABCB1 and ABCCI. In addition
CCRS5 antagonists were observed to increase the CAR of saquinavir in CEMe1000 cells.

This, combined with the data from the MTTassays, suggests that CCRS5 antagonists
alter ABCC1 functionresulting in an increased intracellular concentration of saquinavir.
No effect on

ABCBI

function

was observed using radiolabelled

saquinavir

accumulation in CEMyprjoo cells. However PF-3244751 was seen to modulate ABCB1

function via vinblastine toxicity. It has been suggested that ABCBI has multiple
binding sites (Garrigues ef al, 2002) which may account for this difference in results
due to these compoundsbinding at different sites. UK-408030 exhibited no effect in
cell line studies.

Expression of ABCB1 and ABCC1 varied greatly in healthy volunteer PBMCsimilarly
to work carried out by others (Cascorbi, 2006). This heterogeneity of expression is
reflected in the large deviations observed in the accumulation assays. Due to relatively
low sample size (n=10) genotyping for single nucleotide polymorphisms (SNP) in
ABCBI and ABCCI genes, previously linked to variations in expression levels of
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ABCB1 and ABCC1, wasnot carried out. Since PBMC express not only ABCB1 and
ABCCI but also many other transporters it is difficult to attribute the effects observed
with CCRS antagonists to modulation of an individual transporter protein. The negative
correlations observed between ABCBlexpression, ABCC1

expression and_ the

intracellular accumulation of saquinavir are to be expected given that saquinavir is a
substrate for efflux by these proteins. However, the lack of statistical significance of
each of these correlations may be dueto the fact that the accumulation of saquinavir is
dependent on more than one transporter and, due to only ABCB1 and ABCC1 assays
being available at the time, only two transporters were studied here. It is possible that
the low sample size, coupled with a degree of interindividual variability, may also be
involved in the lack of statistical significance. Nonetheless, this is consistent with the
previously reported association between ABCBI1 expression and ex vivo activity of
saquinavir in PBMC (Owenetal, 2004).

In agreement with previous work by Janneh ef al (2005) dipyridamole, frusemide and
XR9756 were observed to significantly increase the intracellular accumulation of SQV
in PBMC. Montelukast significantly decreased the intracellular accumulation of
saquinavir. Montelukast is a leukotriene antagonist which has been suggested to inhibit
the influx transporter, SLCO1B3 (Letschert et al, 2006). SLCO1B3 has been shown to
be expressed in PBMCas well as SLCO3A1, SLCO2B1, SLCOIBI AND SLCO4A1.
Data presented here are in line with the hypothesis that montelukast is an inhibitor of
cellular influx transporters.
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Information from Pfizer supplied with each of the three CCRS5 antagonists stated
preliminary data had indicated that UK-408030 is a ABCB1 inhibitor, PF-227153 is a
ABCBI substrate and PF-3245751 neither a ABCBI substrate nor inhibitor. These
results differ from those observed in work utilising CEM and CEM derived transporter
over expressing cell lines. No information was provided on how these previous studies
were conducted and so it is not possible to rationalise these discrepancies. These
differences may be due to physiological differences betweencell lines used in this study
and those utilised by Pfizer.

In summary, the CCR5 antagonists PF-3245751 and PF-227153 exhibit MRP-1
inhibition. In addition PF-3245751 appears to modulate ABCB1 function. This would
suggest that the combination of these CCRS antagonists with saquinavir (ABCB1 and
ABCCI substrate) could potentially provide a beneficial interaction. In addition to their
desired antiviral effects, CCR5 antagonists may increase the intracellular accumulation
of saquinavir and other antiretrovirals when coadministered in vivo. Although in vitro
investigations at the transporter level are important for assessing interactions with other
ARTs,it is vital for interactions to be determined in vivo as many other pharmacological
and patient factors will be involved.
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Despite the success of HAART, antiretroviral therapy fails to completely suppress
viral replication in HIV+ patients (Kristiansen et al, 2005). The emergence of drug
resistant strains of HIV is one of the major obstacles to successful therapy. The
replication fidelity of the HIV reverse transcriptase is poor and it has been estimated
that the error rate is about 10°-10°i.e. approximately one mutation per genome per
replication cycle (Larder et al, 2001). Resistance to antiretroviral therapy has been
documented for each of the classes of antiretroviral drugs: NRTIs, NNRTIs and PIs
(Gupta and Pillay, 2007). Resistance has also been demonstrated for the newer
classes of antiretroviral such as enfuvirtide (Reeveset al, 2005), raltegravir (Maletet
al, 2008) and Maraviroc (Westbyet al, 2007). The failure of HAART maybe due to
pharmacological factors suchas first pass metabolism and inadequate penetration of
HIV-replication competent cells. There is also emerging evidence that highlight
certain immunological factors that may contribute to variability in disease
progression.

The

focus

of this

thesis

was

to

examine

the

interrelationships

between

pharmacological factors such as efflux transporters and metabolism enzymes and
immunological factors such as chemokine receptors, cytokines and PD-1. The
context of this interaction is the lymphocyte; expression of these factors in the
lymphocyte (a primary reservoir of HIV infection) has been demonstrated. Although
transporters and metabolism enzymes expressed in the liver and the intestine are
integral to pharmacokinetics (PK) ofdrugsin the body,it is unlikely that expression
of these proteins in lymphocytes will contribute to the overall plasma PK of drugs.
Conversely, their expression at the lymphocyte is likely to have important

implications for disposition of the drug at their site of action. Much work has been
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conducted on transporters in lymphocytes (Ford et al, 2003; Chinn et al, 2007; Elliot
et al, 2004). However, in chapter 2 we demonstrated for the first time that CYP2B6
and CYP3A4 are both present in the lymphocyte and are functionally active. Host
genetic factors that influence these proteins were also investigated for their impact on
functionality and expression. Due to the presence of drug transporters, drug
metabolising enzymes, chemokine receptors and immunomodulatory proteins in
lymphocytes it is necessary to understand the combinedinfluence of these proteins.

HIV infection triggers an immuneresponse that involves the secretion of cytokines,
such as IL-2, from immunecells (Antonyet al, 2006). In early infection the profile of
cytokines secreted is Ty1, specifically cytokines that initiate a cell mediated response
to resolve infection by intracellular pathogens (Becker, 2004). However, in chronic
infection the cytokine profile shifts to a T;,2 profile producing humoral immunity
(Becker, 2004). The cytokines produced in each of these profiles impact on drug
transporter and drug metabolising enzyme expression as detailed in chapter 2. HIV
infection maytherefore indirectly impact on drug disposition by altering the cytokine
profiles of the immune response, initially by triggering the secretion of Thl
cytokines and then later in chronic infection by the secretion of Th2 cytokines.
Indeed,there are reports of differences in PK between healthy volunteers and HIV+
patients (Dickinson et al, 2008). Interpretation of this is dependant on whether
similar effects of cytokines are observedin the intestine andliver.

The cytokines included in this study generally increased expression of ABCBI1,
ABCC1 and ABCC2 at both the mRNA andprotein level. Intriguingly, the Thl
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cytokines decreased CYP2B6 and CYP3A4 expression whereas Th2 cytokines
increased their expression. This dual response may have implications for drug
metabolism in that during early infection there may be decreased metabolism
whereas in chronic infection metabolism may be increased. The impact of cytokines
on the expression of influx transporters in the lymphocyte now also warrants
investigation. Differences in PK between healthy volunteers and HIV patients may
support this hypothesis. Currently there is a lack of evidence in the literature
investigating differences in PK at different stages of infection. This warrants further
study.

Because of the impact of IL-2 and IFNy on the expression of genes relevant to HIV
infection and drug disposition, detailed in chapter 2, the relationship between SNP in
the regulatory regions of the genes encoding these proteins and the expression of

drug transporters and chemokine receptors in both HIV+ patient and healthy
volunteer PBMCwasinvestigated. Interindividual variability in response to HAART
may, in part, be due to variability in the expression of drug transporter and drug
metabolism proteins (Owenet al, 2006). There are well characterised polymorphisms
in the genes that encode these proteins however; it is possible that variability
(specifically an increase) in cytokine production as a result of SNP in the genes
encoding them mayaddto this interindividual variability. The effects of cytokines on
transporters may influence drug disposition but may also have an effect on HIV
infection and replication. The association of the IFNy 874A>T SNP with increased

CCR5 expression also shows how cytokines may potentially affect treatment
response. Chapter 6 examined theinteractions of CCRS antagonists with transporter

function in PBMC. It is possible that the IFNy 874A>T SNP mayinfluence the
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efficacy of treatment with maraviroc by increasing CCR5 expression on immune
cells. This, coupled with an increase in expression of efflux drug transporters, might
impact on therapy as maraviroc has been demonstrated to be a substrate of ABCB1
(Walker et al, 2005). Therefore, an increase in the expression of efflux proteins may
decrease the intracellular accumulation of maraviroc. This hypothesis now requires
testing in a cohort of HIV+ patients receiving maraviroc but it is important to
recognise that maraviroc may not need to penetrate the cell as it acts by binding an
extracellular target, CCR5, and therefore doesn’t necessarily need to accumulate in

the cell. It may be possible that maraviroc may accumulate in the cell by either active
influx or via its physiochemical properties and then be effluxed from the cell by
proteins such as ABCB1. Data presented in chapter 2 demonstrated that ABCB1 and
CXCR4colocalise in the membrane of activated CD4+ cells and this will most likely
be true for CD4+ macrophages that express CCRS. It may therefore be possible that
efflux from the cell will created a concentrated microenvironment of maraviroc
around the cell membrane and given the increased proximity of CCRSto transporters
in these activated cells may, in turn, increase receptor occupancy by maraviroc.
Howeverthis is highly speculative and requires further investigation but may provide
an interesting role of efflux transporters in the disposition of therapeutic compounds
that target extracellular domainsof proteins.

Maraviroc bindsto an extracellular domain of CCRSin order to prevent fusion with
viral peptides (Westby et al, 2007). Therefore, the intracellular accumulation of
maraviroc maynotbe integralto its function. The three CCR5 antagonists studied in
chapter 6 significantly increased the cellular accumulation of saquinavir in PBMC,
and PF-3244751 was shown to modulate ABCBI1 activity by restoring the
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susceptibility of CEMvsr cells to vinblastine toxicity. Therefore, although CCR5
antagonists such as maraviroc may not be required to enter the cell there is a high
probability for drug interactions with antiretrovirals that do (e.g. protease inhibitors.
Maraviroc has been shownto inhibit binding of endogenous CCR5 ligands such as
RANTESbut not to act as an agonist of CCR5 and trigger downstream signalling
mechanisms(Dorr et al, 2005). However, there is currently no data on the effects of
intracellular maraviroc on CCRSsignalling mechanisms. Therefore, it remains to be
seen if intracellular maraviroc has any impact on endogenous CCR5 mechanisms.
Intriguingly, patients who are infected with X4 tropic HIV strains have been shown
to have an increase in their CD4 count following treatment with maraviroc indicating
a potentially immunomodulatory role (Goodrich et al, 2007). Further study is now

warranted to examinethe intracellular accumulation of maraviroc and to characterise
its affinity for other transporters.

Over expression of ABCBI in cell lines has been shownto result in termination of
HIV RTactivity and a decrease in p24 expression (Lee et al, 2000). Further
experiments demonstrated a capability of ABCB1 to interfere with viral membrane
fusion. This could indicate that either directly or indirectly increased expression of
ABCB1 may decrease the ability of HIV to fuse with and bud from the cell. The
relationship observed, in chapter 2, between changes in expression of transporters
and chemokinereceptors in response to cytokines support the hypothesis that these
genes may be coregulated. As well as the relationship between their expression
ABCB1 and CXCR4are colocalised within the cell membrane, specifically in CAV1
positive rafts, in activated CD4cells. Association of CXCR4 with membranerafts

may be relevant in the context of HIV entry into host cells and the formation of
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signalling platforms at the leading edge of migrating cells. Over expression of CAV1
has been showntoresult in reduced multidrug resistance accompanied by a decrease
in the transport of rhodamine 123 whichis a substrate of ABCB1 (Caiet al, 2004). It
also results in termination of viral replication in cell lines by inhibiting viral budding
(Llano et al, 2002). The increase in transporter expression may also have functional
consequencesfor the secretion of cytokines as they have been shownto be substrates
for efflux by ABC transporters (Drachet al, 1996; Zhanget al, 2006).

Depletion of cholesterol from cell membranes has been shownto affect lipid raft
structure and activity of ABCB1 as well as the function of receptors located within
the rafts (Gimplet al, 2002). ABCB1 expressed in these rafts has been shown to be
more active than whenlocalised in non raft regions (Ghetie et al, 2004). Subsequent
experiments

have

shown that depletion of cholesterol

results

in reduced

colocalisation of CD4 and CXCR4 in PBMCleading to reduced susceptibility of
infection (Viard et al, 2002). These data indicate that drug efflux and viral entry may
be related to the expression of raft associated proteins. However, CAV1+ rafts have
been shown to be distinct from lipid rafts (Oh et al, 2001). The data presented in
chapter 2 showing the translocation of ABCB1 to CAV1 rafts upon activation may
result in cholesterol dependant effects and this now requires further study.

The changes in expression of proteins relevant to HIV infection in response to
cytokines can also be modulated by other host proteins as the immunomodulatory
effects of cytokines are tempered by coinhibitory signals from receptors expressed on
the cell surface. PD-1 is one such receptor and inhibits the proliferation of T cells by
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ablating IL-2 and IFNy secretion via a mechanism involving SHP2 (Kroneretal,
2005). PD-1 expression has been shownto be high on HIV specific T cells (Day et
al, 2006; Trautman et al, 2006). However, it is currently unclear whether this
increased PD-1 expression is caused by HIV directly or if another mechanism exists
because there are discordant reports on the induction of PD-1 by cytokines (Okazaki
et al, 2007). Therefore, it remains to be elucidated whether the increased expression
of PD-1 on HIV specific T cells is as a result of HIV infection increasing cytokine
production that in turn upregulate PD-1 or if PD-1 expression is already high on

these cells specific for HIV epitopes as an attempt, by the immunesystem, to prevent
further tissue/cell damage following unsuccessful resolution of HIV infection as
discussed in detail in the discussion section of chapter 4.

The broader expression of PD-1 is in contrast to the relatively restricted expression of
other members of the CD28 family to T cells suggesting that PD-1, when compared
to other CD28 family members such as CTLA-4, regulates a wider spectrum of
immune responses compared with (Parry et al, 2005). Although most of the studies
investigating expression of PD-1 are directed againstthe protein expressed onthecell
surface, reports have also demonstrated that PD-1 can also be detected in the
cytoplasm of T cells whilst retaining its regulatory function (Raimondiet al, 2006). It
is not currently clear whether intracellular PD-1 exerts an inhibitory function in
cytoplasm via an uncharacterised mechanism orif activated T cells simply store PD1 in the cytoplasm to achieve quick expression of PD-1 uponreactivation (Terawaki
et al, 2007). Therefore, it is possible that HIV infection leads to translocation of PD1 from the cytoplasm to the cell surface.
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The increased expression of PD-1 on the surface of HIV specific T cells appears to
hinder the immuneresponse leading to immune exhaustion (Trautmann et al, 2006)
and a poor prognosis for HIV infected patients. This raises the question of what the
mechanism of this advantage is for the host, since the inhibition results in down
modulation of the response to HIV. It is possible that if the host immune system
cannot eliminate the virus in a given period of time PD-1 expression may be
increased to suppress an excessive immuneresponse that would damage host cells
and tissues. Modulation of IL-2 and IFNy secretion, and hence shifting the immune
response away from cell mediated immunity, maybe part of this protective
mechanism allowing Th2 cytokines to increase in prevalence and prevent the
destruction of host associated cells. However, this has the unfortunate side effect of
preventing the clearance of virally infected cells. This is consistent with the findings
reported in chapter 4 showing that HIV+ patients who are heterozygous for the PD1.3 mutant allele (associated with decreased PD-1 expression in the literature) have
decreased recovery of CD4 cells following the initiation of antiretroviral therapy
compared to wild type homozygotes. The presence of this polymorphism may
partially explain why somepatients appear to perform better on antiretroviral therapy
with carriers of PD-1.3 having improved“killing” of virally infected CD4 cells. The
relationship between HIV disease progression and PD-1.3 now needs to be
confirmed in a larger cohort but preliminary data presented here highlights the
importance of the polymorphic nature of PD-1. Studies investigating polymorphisms
in PD-1 ligands also warrant further study.

There have been a numberof recent studies examining polymorphismsin genesthat
could potentially impact on CD4recovery following initiation of therapy. The study
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by Ahuja ef a/ (2008) examinedvariability in the gene for CCRS5 and its major ligand
CCL3L1. Amongst their finding they demonstrated that HIV+ patients who had an
increased copy numberof the CCL3L1 gene (and therefore an increase in CCL3L1
production) had significantly improved recovery of CD4+ cells following the
initiation of therapy. This may be protective effect resulting from CCL3L1 binding

to CCRS and therefore displacing the receptor preventing new roundsofinfection.
Similar studies examining promoter polymorphisms in the gene encoding another
CCRS ligand, RANTES, in HIV disease progression have shownthat patients
carrying the mutantallele have an improved disease prognosis compared to wild type
carriers (McDermott et al, 2000). Again, this is most likely due to an increase in
circulating levels of RANTESinthese patients preventing HIV binding to CCRS.

Each of the mechanisms described in this thesis are dependant on the level of
expression and functionality of the proteins involved, for which there is a high
degree of variability within the population. Underlying each of these mechanismsare
polymorphisms in the genes that encode the proteins. Data presented in this thesis
details the impact of polymorphisms in immunomodulatory and drug disposition
proteins and their potential mechanistic impact.

Chapter 5 examines the 983T>C SNP in CYP2B6 and how this SNP affects the
structure of the protein. This SNP was found to alter the membrane binding domain
of CYP2B6 resulting in altered subcellular localisation of the protein as
demonstrated by Western blotting and confocal microscopy. Clinically, this

particular SNP has been shown to be associated with supratherapeutic plasma
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concentrations of efavirenz. This represents a novel mechanism by which a SNP
affects the function of a protein, in this case a drug metabolising enzyme, thereby
impacting on its function. This effectively null allele of CYP2B6 has important
implications for antiretroviral therapy in that substrates of CYP2B6 may accumulate
to toxic concentrations in heterozygous or homozygous mutant patients. This is
particularly relevant in African populations as the 983T>C SNP has been shownto
be prevalent in African HIV patients and efavirenz is one of the main antiretrovirals
used in Africa (Mehlotra et al, 2007). It is possible that the lack of functioning
CYP2B6 mayresult in the shunting of metabolism of certain substrates into other
CYP450 pathways and this warrants further investigation.
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Figure 1. Interrelated areas of host dynamics that affect treatment response. Figure | gives an overview the work carried out in this thesis and shows
howeach area connects to impact on treatment response. Modulation of drug transporter and drug metabolism proteins by immunefactors such as cytokines
alters antiretroviral drug disposition in HIV patients by reducing bioavailability of antiretrovirals, prevent the penetration of antiretrovirals into cells and
potentially lead to the creation of sanctuary sites. HIV infection itself will affect immune responses which mayin turn affect drug disposition by increasing or
decreasing the activity of transporters and CYP450 enzymes. In summary a complex network of components are involved in HIV therapy and previously
unrelated factors are now knowntointeract.
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In summary, this thesis presents data that shows the interrelationship of proteins
involved in antiretroviral disposition and disease progression. Figure 1 summarises
how the factors investigated here are interrelated and can impact on treatment
response. Virological factors were not directly investigated during the course ofthis
project, however further work is now warranted to determine the mechanisms by
which HIV can escape from the immune system and how they may impact on current

and future antiretroviral therapy. During the course of this project assays for the
determination of drug disposition protein and drug metabolising enzyme expression
in lymphocytes were developed based on flow cytomteric methodology enabling
relatively simple, high throughput analysis of expression. These assays are now

being validated in clinical samples. Novel associations between polymorphisms in
immunomodulatory genes and HIV disease progression are also presented and
describe the impact the immunesystem itself can have on drug disposition. This is

particularly relevant in the context of infection due to the differences in immune
profiles between homeostatic and diseasestates.
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