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HIV establishes a reservoir comprising long lived, latently infected CD4+ T cells and
monocytic cells early during primary infection. This population represents a major barrier
to an HIV cure. This thesis aimed to investigate the role of the immunological synapse in
the failure of cytotoxic T lymphocytes (CTLs) to eliminate the HIV reservoir and the
potential for engineered bispecific Immune-mobilising monoclonal T cell receptors
Against Viruses (ImmTAV) to overcome this by redirecting fully functional CD8+ T
cells against viral targets.

A primary cell model of latency was used to investigate the expression of HIV Gag on
latently infected cells and their susceptibility to InmTAV-mediated elimination. A subset
of cells expressed low levels of Gag without spreading infection and ImmTAV-redirected
healthy donor CD8+ T cells were able to eliminate up to 40% of infected cells without
latency reversal. CD8+ T cells from chronic HIV infected (CHI) donors showed impaired
antiviral activity even with InmTAYV redirection.

To investigate this further, confocal microscopy was used to study immunological
synapse formation using primary CD8+ T cells from HIV-negative and CHI donors.
CD8+ T cells from CHI donors were able to form conjugates with virus-infected cells but
exhibited impaired synapse maturation, indicated by reduced Zap70 localisation, delayed
microtubule-organising centre polarisation and impaired perforin recruitment to the
synapse. ImmTAYV redirection partially overcame these defects.

Finally, the impact of antiretroviral agents on T cell mitochondrial function was explored.
Exposure to zidovudine increased mitochondrial reactive oxygen species production and
susceptibility to apoptosis. However, there was no evidence of impaired mitophagy.

These data show that defects in CD4+/CD8+ T cell synapse maturation contribute to HIV
persistence but nevertheless suggest that a subset of HIV reservoir cells may be
susceptible to ImnmTAV-mediated elimination. The therapeutic potential of ImmTAVs
may depend in part on correction of CD8+ T cell exhaustion.
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CHAPTER ONE

Since the first description of the Acquired Immune Deficiency Syndrome (AIDS)
and the subsequent identification of the Human Immunodeficiency Virus (HIV) in the
1980s approximately 70 million people have been infected with HIV and 35 million have
died. However, the discovery of antiretroviral therapy (ART) dramatically changed the
outcome for people living with HIV (PLWH). PLWH who begin ART can achieve a near
normal lifespan and access to ART has reduced the number of transmissions between
sexual partners and from HIV-positive mothers to their children. As of 2016, 18.2 million
people had access to ART, up from <1 million in 2000. However, there is not only a gap
in those with access to ART — especially in Sub Saharan Africa where ~70% of HIV
cases worldwide occur — but with those who are aware of their HIV status.
Approximately 40% of PLWH worldwide are undiagnosed and therefore not receiving
ART, without which the immune system is unable to control viral replication.” Even on
ART the virus is never fully cleared from the body due to the establishment of HIV
reservoirs. Because lifelong ART is required to maintain virological suppression and
immune competence, there is a strong rational to develop new therapies that can reduce or
even eliminate these reservoirs and thus enable patients to discontinue ART. Immune-
based therapies are being actively investigated for this strategy and this thesis will assess
the role of a new biological therapeutic approach to HIV cure involving engineered
bispecific immune-mobilising T cell receptors (ImmTAVs) to mediate clearance of HIV-
infected cells.

1.1 The Human Immunodeficiency Virus
1.1.1 Structure of HIV-1

HIV can be divided into two major types — HIV-1 and HIV-2. Originally

lentiviruses that naturally infected African primates but were largely non-pathogenic

(Simian Immunodeficiency Viruses, SIV), HIV-1 and HIV-2 both entered the human

14



CHAPTER ONE

population independently via multiple zoonotic transmission events, from
chimpanzees/gorillas and sooty mangabeys, respectively.” Despite coding for similar
viral proteins the genomes of the two viruses differ (for example, HIV-2 codes for the
accessory protein, vpx, but not vpu) and HIV-2 is less pathogenic than HIV-1 plus mainly
limited to West Africa.®® For the purposes of this thesis HIV will refer to HIV-1. HIV-1
is a 120 nm wide virus complete with two copies of positive sense single stranded RNA
that code for the nine viral genes (figure 1.1).

a
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Figure 1.1: The Human Immunodeficiency

= Ly 2 Virus. (a) The HIV genome encodes all the

p17 Hembrane proteins required for the structure of the virus
0 including the three major genes: gag, po!/ and env.
7\‘ e megse (D) HIV-1 1s comprised of two copies of ssRNA
within a conical capsid created by p24 Gag
_— proteins. Included within the capsid are important
Transariptase o |4 Poteme  enzymes (reverse transcriptase, integrase), p7 and
of o accessory proteins (Vif, Vpr and Nef). A matrix of
Nudeocapsid RNA pl7 Gag proteins surrounds the capsid and viral
Vi, vor, M ps proteases. A host-cell derived envelope constitutes

et &e7 the outside of the virus, incorporating viral

glycoproteins gp41 and gp120 (appendix 1.1).

o

Group-specific antigen (Gag)

The Gag polyprotein is comprised of matrix protein (MA; pl7), capsid protein
(CA; p24), spacer peptide 1 (SP1; p2), nucleocapsid protein (NC; p7), spacer peptide 2
(SP2; pl) and p6 proteins. During viral maturation, the viral protease cleaves the Gag
polyprotein in five sites, separating the MA, CA, NC and p6 proteins into individual

components. These proteins rearrange to form the mature virion; the NC encloses and
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protects the viral RNA, the CA-composed conical core surrounds the NC (and other viral
proteins like reverse transcriptase) and the MA proteins associate with the viral
membrane to form the matrix and to recruit Env.” MA has been implicated in many
aspects of virion assembly, including early post entry events, incorporation of Env into
the virus and targeting of Gag to the PM.'” The p6 protein contains late assembly
domains that facilitate viral budding and possesses binding sites for inclusion of Vpr into
the virus.”!! Finally, the two spacer peptides are involved with regulating conformational
changes that occur during maturation.'>"*

Envelope (Env)

The env gene encodes the gp160 protein. The host protease, furin, cleaves gp160
into the transmembrane protein gp41 (TM) and the surface protein gpl120 (SU) at the
endoplasmic reticulum. Assembled into trimers, the heavily glycosylated Env ‘spikes’ are
delivered to the plasma membrane (PM) in vesicles. When the virion buds from the PM
the spikes are incorporated into the virion membrane and facilitate re-entry into another
target cell.”"”

Polymerase (Pol)

The pol gene encodes for the necessary viral enzymes found within the virus:
reverse transcriptase, integrase (IN), RNase H and protease (PR). Reverse transcriptase
has both RNA and DNA-dependent polymerase activities and generates a double stranded
DNA from the single stranded RNA template; RNase H eliminates the ssSRNA template
from the first DNA strand to allow for the second to be synthesised.'®'” As there is no
associated proofreading mechanism replication is error prone, which contributes
significantly to the diversity of HIV. IN facilitates the insertion of proviral DNA into the

genome of the host cell by trimming the proviral DNA, cleaving the host DNA and

ligating the proviral DNA to the free ends.'® PR cleaves the Gag and Gag-Pol
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polyproteins during virion maturation, allowing virion assembly and release to be
completed.”"’
Regulatory proteins

The proteins Tat (trans-activator of transcription) and Rev (regulator of
expression of virus proteins) are important for regulating the life cycle of the virus. Tat is
a transcriptional activator that binds the transactivation response element (TAR) on the
viral RNA, activating transcription from the HIV long terminal repeat (LTR). The Tat
protein is made from the small number of RNA transcripts produced early on and upon
binding TAR elicits a positive feedback cycle resulting in a sharp increase in the

production of HIV.?*?!

Rev contains both a nuclear import and export signal and is able
to shuttle between the cytoplasm and the nucleus. Once inside the nucleus, Rev binds the
Rev response element (RRE) within the viral RNA and facilitates export of unspliced or
incompletely spliced mRNAs, typically retained in the nucleus, to the cytoplasm.** >
Accessory regulatory proteins

The nef, vif, vpr and vpu genes encode proteins that are not necessary for
replication in in vitro systems but are critical virulence factors. Negative factor (Nef)
accumulates early in infection and has been implicated with a host of actions that increase
the infectivity of the virus and restrict the host’s immune response. Nef facilitates
downregulation of CD4 and human leukocyte antigen (HLA) class I expression. While
downregulating CD4 seems counterintuitive as HIV relies on the receptor for cell entry,
reducing its expression produces a controlled infection by preventing superinfection of
CD4+ T cells and encouraging release of virions.”> Downregulation of HLA class I
molecules helps protect HIV’s host cells from CTL-mediated destruction, as CTLs rely

on peptide-HLA presentation for activation, allowing for further production of the virus.

In HIV-2 and SIV Nef also mediates downregulation of CD3 which functions to protect
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the virus’s host cells by preventing activation-induced cell death or any induction of PD-1
that may affect the survival of the T cell. However, nef alleles from HIV-1 have lost this
ability to suppress T cell activation, resulting in the higher pathogenicity seen in HIV-1

26-28 Nef can also alter a T cell’s

compared to HIV-2 or some strains of SIV in primates.
programme of activation, inducing transcriptional changes similar to those produced by
anti-CD3 T cell activation, by upregulating factors that create an environment favourable
to production of the virus.”> Additionally, Nef is able to retarget Lck, one of the earliest
kinases involved in TCR signalling, away from the plasma membrane and into endosomal
compartments; this limits TCR signalling at the PM but the compartmentalised Lck is still
in the active conformation allowing Nef to generate intracellular signals downstream

(discussed further in section 5.1).*%!

Finally, Nef is able to increase the infectivity of its
progeny virions by inhibiting the constitutively expressed host restriction factors,
SERINC3 and SERINCS. SERINCS is normally packaged into budding HIV and can
impair the ability of a viral particle to transfer its contents into the cytoplasm of
susceptible CD4+ T cells. Nef redirects SERINCS to endosomal compartments to
spatially separate it from the budding virus particles.”*>°

The viral infectivity factor (Vif) is required for HIV-infection in peripheral blood
lymphocytes/macrophages but not in most cells lines; it targets the host enzyme,
APOBEC3G, for degradation thereby disrupting its antiviral activity. APOBEC3G
deaminates deoxycytidine in viral cDNA replication and must be incorporated into the
virus during assembly to assert its antiviral effect; vif prevents this incorporation in new
viruses in addition to facilitating its degradation in virus-producing cells.”” The viral
protein R (Vpr) enables nuclear localisation of the pre-integration complex (PIC; viral

DNA and proteins required for insertion of the viral genome into the host genome) and

arrests cells in the G, phase of the cell cycle (when the LTR is most active) to increase
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40,41

virus production. The viral protein U (Vpu) facilitates degradation of CD4, which

prevents CD4-Env binding in the ER to allow for correct Env assembly and enhances the

release of viral particles from the host cell.***

Vpu also facilitates budding of the virion
via its antagonism of the cellular host factor, tetherin. Induced by IFN-a, tetherin proteins
in Vpu-defective HIV virions are able to bind the viral envelope preventing the release of
the virion from the plasma membrane and resulting in the internalisation of the virus in
endosomal compartments. Vpu has been shown to both reduce total cellular levels of
tetherin and redirect the tethering protein to intracellular compartments within the trans-
Golgi network.**® All together HIV’s virulence factors act to both increase production of
the virus and control the host’s immune response to achieve favourable survival
conditions for the virus.
HIV Clades

Due to the rapid replication and mutation rate of HIV the genomic diversity of the
virus has expanded over the course of the HIV pandemic. HIV isolates have been
assigned to four groups, based on their zoonotic origins (independent transmission
events) and phylogenetic relationships: M group (major, >90% of cases; transmission
event from chimpanzees), O group (outlier; from gorillas), N group (non-M, non-O; from

chimpanzees) and P group (putative; from gorillas).>*"**

Isolates within the M group can
be further sub-divided into clades (also known as subtypes) A-K; diversity is also
generated by recombination between viruses of different subtypes, resulting in circulating
recombinant forms (CRFs; e.g., CRF07 BC). HIV clades are classified according to the

4749 Between the M and

nucleotide sequence differences in the env region of the genome.
O groups Env proteins may differ by 30 —50% with inter-clade variation at 20 — 30% and

intra-clade variation at 10 — 15%.% In contrast, the pol region of HIV is less divergent

because it encodes critical enzymes for the virus, as is the gag region, which encodes
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inflexible core proteins. Inter- and intra-clade diversity also includes differences in LTR
copy number, ability to respond to transcriptional factors, co-receptor usage and
syncytium-inducing capacity between clades.””' Global genetic (and consequently
antigenic) variability is one of the main challenges for vaccine immunogen design.*”*

The geographical spread of HIV can be explained in part by the demographic
characteristics of PLWH infected with different clades of HIV. For example, clade B is
the predominant species in Europe and the Americas and its spread has been largely
driven by sexual transmission between men, while the epicentres of the HIV pandemic in
Africa and India are dominated by clade C viruses which have spread mainly through
heterosexual contact (reviewed in Spira et al.*").
1.1.2 Viral life cycle

The viral life cycle of HIV is comprised of seven steps: binding, fusion, reverse
transcription, integration, replication, assembly and budding (figure 1.2). HIV infects
activated CD4+ T cells, although HIV can also target cells of the monocyte/macrophage
lineage, relying on the surface expression of CD4 and the CCRS or CXCR4 coreceptors.
When the viral gp120 binds to the CD4 receptor on the CD4+ T cell conformational
changes expose a second binding site for the CCRS5 or CXCR4 coreceptor; CCRS is
mainly expressed on memory T cells while CXCR4 is more widespread and found on
naive T cells.” Viral isolates in the early stages of HIV infection often use CCR5 (R5
tropic) to enter the cell while later isolates use CXCR4 (X4 tropic); viruses frequently go
through an R5X4 stage during the evolution from R5 to X4 tropism.”* R5 viruses have
been associated with transmission of infection; those individuals who are homozygous for
the 32 base pair deletion (ACCRS) that results in a defective CCRS that is unable to reach

the cell surface are resistant to infection and heterozygotes experience a slower course of

disease highlighting the importance of the coreceptor for HIV pathogenesis. X4 viruses
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have been associated with a faster decline of CD4+ T cells and disease progression to

AIDS especially if acquired early.”” >

THE HIV LIFE CYCLE

mature

viral maturation

(protease)
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Figure 1.2: Life cycle of the Human Immunodeficiency Virus. The viral life cycle of
HIV is comprised of seven steps: 1) binding, 2) fusion, 3) reverse transcription, 4)
integration, 5) replication, 6) assembly and 7) budding. Once the immature virus buds the
virus’s protease cleaves polyproteins to allow for assembly of a mature, infectious virus.
Engagement of both receptors allows gp4l to insert into the PM and another
conformational change allows the two membranes to align and fuse. Upon viral entry into
the cell, uncoating of the CA occurs, exposing the viral genome. Reverse transcription
then follows, using the packaged reverse transcriptase and RNase H enzymes. HIV
infects activated CD4+ T cells as this population, in contrast to resting CD4+ T cells, is
able to support the reverse transcription process. Resting CD4+ T cells express the
restriction  factor, SAMHDI1, which as a deoxynucleoside triphosphate

triphosphohydrolase converts dNTPs into deoxynucleosides and inorganic triphosphates.

This enzymatic process reduces the availability of free dNTPs for the virus to use to
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create its cDNA, thus blocking viral replication early on. SAMHDI1 expression decreases
during T cell activation and proliferation such that expression of SAMHDI is low enough
in activated CD4+ T cells that the resultant ANTP concentrations can support viral
replication. Interestingly, HIV-2’s vpx protein is able to degrade SAMHDI1; addition of
exogenous dNTPs, silencing of SAMHDI or expression of vpx in non-permissive cell
lines lessens HIV-1 restriction, although a downstream block still prevents release of
virions.”

The resulting PIC enters the cell’s nucleus via nuclear pore complexes. Inside, IN
facilitates integration of the viral DNA into the host’s DNA. HIV integration is not
random — it appears to favour actively expressed genes and the distribution of host factors
along the chromatin may impact site usage.” It is estimated about 80% of HIV
integration events are in genes that comprise 40% of the genome.***> Once integrated, the
host’s RNA polymerase mediates proviral transcription and multiply spliced viral
mRNAs are produced. mRNAs are then exported out of the nucleus (larger mRNAs
require Rev-dependent mechanisms) and translated into viral proteins. Together with full
length genomic RNA the virus is assembled into immature particles at the PM of the cell
and buds, incorporating some of the host’s PM within the virion; budding is orchestrated
by interactions between the late domain of Gag (p6) and cellular ESCRT machinery, a set
of proteins normally involved in membrane remodelling, which are required for virus
particle fission from the plasma membrane.®*®” Concomitant with budding, the viral PR
cleaves the Gag and Gag-Pol polyproteins to allow for the assembly of the mature and
infectious virus.®® Antiretroviral classes target different stages of the viral life cycle such
as viral entry (co-receptor antagonists and fusion inhibitors), enzyme activity (reverse
transcriptase, protease and integrase inhibitors) and production of mature virus (protease

inhibitors) thereby inhibiting viral replication and spread of infectious particles.®®*
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1.1.3 Transmission of infection

Transmission of HIV occurs when blood, semen, vaginal fluids, rectal fluids or
breast milk containing infectious virus comes in contact with a mucous membrane or
damaged tissue (or is injected into the bloodstream). Horizontal transmission occurs most
frequently through sexual intercourse and less commonly through sharing of
contaminated needles/syringes, receipt of a contaminated blood product or occupational
exposure (needle stick injury). Vertical transmission from a mother to child is most likely
to occur during vaginal delivery or through breastfeeding. A systematic review estimated
that the per act HIV transmission risk was highest from a blood transfusion (9,250
infections per 10,000) followed by mother-to-child transmission (2,260 per 10,000) then
sexual intercourse (varied depending on act, low — 138 per 10,000).”%"" Viral load is the
main determinant of transmission risk; other factors, including co-infection with a
sexually transmitted infection, can increase the transmission risk while use of condoms

and adherence to ART regimens can drastically reduce the risk.”" "
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Figure 1.3: Clinical course of HIV infection. During acute HIV infection, the viral load
increases and the CD4+ T cell count decreases as the virus infects activated CD4+ T cells
and draining lymph nodes. Within these first weeks of infection the latent reservoir is also
established. As the immune system begins to mount a response to the virus the viral load
decreases, but the CD4+ T cell count does not fully recover. While PLWH on treatment
can maintain a normal lifespan, if the virus escapes immunological and treatment control
the CD4+ T cell count can drop below 200 cells/'mm’ resulting in clinically defined
AIDS, including the acquisition of dangerous opportunistic infections. Figure inspired by
McMichael et al.”*
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1.1.4 Clinical course of HIV infection

During acute HIV infection, the interaction between the virus and host immune
system dictates the kinetics of both viral replication and CD4+ T cell count (figure 1.3).
Viruses first cross the mucosal barrier by transcytosis, capture by or infection of dendritic
cells (DCs) or by infecting intraepithelial lymphocytes; damage to the barrier, including
inflammation and infection, facilitates this process. Single genome amplification followed
by direct sequencing was used to demonstrate that ~80% of mucosally-transmitted HIV
infections (clade B and C) started with a single virus.””’® After transmission a short
period (mean 10 days) before viral RNA is detectable in the plasma marks the ‘eclipse
phase.””” However, during this time virus propagation occurs as it infects CD4+ T cells
(as well as monocytes and macrophages) in the submucosa. Virus-infected cells drain to
local lymph nodes where the number of available target cells is extremely high. Virus
particles are produced at a rate of 10'” per day.”® HIV is able to infect new targets through
both cell free and cell-to-cell mechanisms; the cell-cell formation of a virological synapse
eliminates the rate-limiting step of viral diffusion for more efficient viral spread although

7782 Dissemination of

this method of viral propagation is sensitive to viral entry inhibitors.
the virus occurs as infected cells traffic in and out of lymphoid tissues and free virions are
released into the peripheral blood.**" When HIV spreads to the gut-associated lymphoid
tissue (GALT), which contains large numbers of CD4+CCR5+ memory T cells, ~80% of
the CD4+ T cells in the GALT can be depleted by three weeks post-infection.
Additionally, many of the germinal centres in the gut (up to 50%) are lost within the first
80 days.* ¥

By 21 — 28 days post-infection plasma viraemia reaches its peak and CD4+ T cell

numbers in the peripheral blood fall due to the pathogenic effects of HIV preferentially

infecting CD4+ T cells; this normally coincides with systemic symptoms such as
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headache, fever and malaise. Viraemia then declines towards a steady state, known as the
set point, at 12 — 20 weeks. Virus diversification arises as HIV-specific CD8+ T cell
responses become detectable and drive the selection of escape mutants (section 1.1.6).
The set point is partially determined by host genetics as those who exhibit spontaneous
control of viraemia and/or slow progression are more likely to carry certain HLA alleles,
such as HLA-B*5701, which are associated with more effective CD8+ T cell
responses.™ *° There has been no recorded case of the immune system naturally resolving
an HIV infection as the HIV reservoir is established within the first few days of infection,
before adaptive immune responses have developed (discussed further in section
1.1.5). Therefore, chronic infection is inevitable. However, even without treatment, this
period may be symptom-free for 10 years; a minority experience extreme outcomes —
either very rapid progression or maintenance of a low viral load without treatment for >

91,92

10 years. In most cases the CD4+ T cell count declines steadily, although in some

cases it remains stable then drops steeply, and once the CD4+ T cell count reaches < 200
cells/ul the risk of opportunistic infections and some cancers is greatly increased.**”
CD8+ T cell responses may be crucial for maintaining viral suppression even in the
presence of ART as depletion of CD8+ T cells in ART-treated SIV-infected rhesus
macaques resulted in increased plasma viraemia that was only controlled upon re-
establishment of the CD8+ T cell population.”
1.1.5 The HIV reservoir
Establishment of the HIV reservoir

During acute HIV infection, viral DNA is inserted into the host cell genome. HIV
preferentially infects activated cells as they support efficient viral production. However,

proviral DNA may also become integrated in activated CD4+ T cells as they return to a

resting state. In this environment HIV is transcriptionally inactive and no viral peptides
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are available for display to passing T cells (although this is now debated, discussed in
section 3.1). Long-lived central memory and transitional memory T cells contribute to the
majority of the CD4+ T cell reservoir.”” Estimates suggest there is a reservoir of 10® — 107
latently infected cells within an individual or about 0.1 — 1 cell per million
lymphocytes.”®”” Despite this low frequency, the latent reservoir persists throughout
chronic infection and can support productive infection at any time, as indicated by rapid
rebound of viraemia when ART is stopped (reviewed in ***?). As HIV does not possess
latency genes the virus does not ‘choose’ latency. The problem of HIV latency is only
relevant because of the use of ART, which induces a state of latency by preventing
further viral replication and infection of additional CD4+ T cells.

In addition to resting CD4+ T cells, the reservoir is also established in other
immune cells and tissues. Monocytes, which can differentiate into macrophages,
represent another cellular reservoir of HIV. Viral decay is slower in monocytes and
macrophages due to their longer half-life and resistance to viral cytopathic effects.'* "
These long-term infected cells are more resistant to ART, as only partial inhibition of
virus was achieved when monocytes/macrophages were cultured with high concentrations
of protease inhibitors, and can even disseminate infection; macrophage cytokine secretion
attracts T cells to the vicinity and cell-to-cell spread can occur via a virological
synapse.'”*'% The migration of macrophages and T cells out of the peripheral circulation
and into tissues of the gastrointestinal tract, central nervous system, spleen and lymph

. - 85,107-110
nodes creates anatomical reservoirs.” 7

Lymphoid tissues, especially, contain a high
proportion of total body CD4+ T cells and poor drug penetration into the tissues
contributes to viral persistence.'"!

The seeding of the reservoir in both peripheral blood mononuclear cells (PBMC)

and tissue sites occurs early in primary HIV infection (PHI). Ananworanich et al. reported

26



CHAPTER ONE

that in a study of untreated individuals enrolled in Fiebig I/II stages of the infection, the
frequency of PBMCs harbouring HIV DNA peaked at two weeks post-enrolment and
reached a set point two weeks later; Fiebig staging categorises the stages of an HIV
infection based on the sequential gain in positive HIV clinical diagnostic assays — I/II is
defined by viral RNA+ (by PCR) and p24+ (by ELISA) results.''? Additionally, the size
of the established reservoir (as measured by total HIV DNA) has been shown to predict

the time to viral load rebound after stopping ART.'">'"*

The rapid rate of viral seeding is
reflected in the outcome of attempts to eliminate the reservoir with immediate or early
ART. In the same study by Ananworanich et al. some individuals were started on ART
during PHI but a reservoir of latently infected cells still remained despite reductions in
the reservoir size compared with delayed treatment.''* Similarly, in a study of rhesus
macaques that were started on suppressive ART as early as three days post-infection the
virus still rebounded after later cessation of ART despite a substantial reduction in the

115
Even

levels of proviral DNA detected in the peripheral blood and mucosa.
intensification of ART, as in the study by Ramratnam et al., only accelerated the decay of
the reservoir but did not fully deplete it."'*'"” Measuring the viral decay over years on
ART, and in different treatment groups of PLWH, highlights the kinetics of viral decay
and the need for early ART to prevent the establishment of a large reservoir.''*'*!

There is debate about whether ongoing cycles of replication (‘re-seeding’) or the
persistence and proliferation of stable reservoirs of infected cells (‘clonal expansion’)
contribute to the low levels of viraemia that endure in patients on ART; while deemed
‘undetectable’ by standard clinical tests viraemia is still present in PLWH. If cycles of
viral replication were ongoing while on normal ART regimens then intensification of

antiretroviral treatment with different drug classes (i.e. addition of (additional) integrase

inhibitors or CCRS antagonists) would prevent the virus from infecting new cells thus
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reducing the size of the reservoir. Furthermore, ongoing replication would allow the virus
to adapt to selection pressures resulting in a change to the viral sequence. However,
multiple studies of PLWH on ART intensification found that there was no decay of the
latent reservoir.'**'** Additionally, longitudinal assessment of viral sequences taken from
PLWH over the course of their ART showed no evidence of viral evolution''®2!:12%:126,
the DNA sequences from the reservoir were found to be similar to the RNA sequences of
the viruses found actively replicating in the plasma before the start of ART.'” This
evidence suggests that clones of cells, infected before treatment began and containing
proviruses within, can survive and proliferate maintaining the viral reservoir without
active replication,''®12"-122127

However, some groups suggest that ongoing replication — at very low levels and
possibly in sanctuary sites with limited ART access — maintains the reservoir without
evolution of the virus as the ART concentrations are so low that there is no competitive
advantage for the virus to evolve. This could explain the absence of resistance mutations
described by other groups and the failure of treatment intensification to work.'"'?’
Lorenzo-Redondo et al. deep sequenced HIV-1 DNA in cells from the blood and lymph
nodes of individuals on treatment and using phylogenies concluded that ongoing
replication was occurring based on the divergence of the samples.''' Lorenzo-Redondo et
al.’s description of a model, whereby virus evolution and trafficking between tissue
compartments continues in PLWH with undetectable plasma viral loads, has been refuted
by other groups who claim that qPCR errors and a small sample size (n = 3) measured
over a short time (0, 3 and 6 months on ART) resulted in a limited data set; taking PCR

resampling and hypermutations into account another group showed there was no ongoing

replication based on the same data set.'*

28



CHAPTER ONE

Indeed, measuring the size of the viral reservoir presents many difficulties
including which samples, method and readout to use. Blood samples are more readily
acquired from patients on ART but latently infected cells may also be present in other
sites such as lymph nodes or the GALT. To measure the reservoir viral outgrowth assays
are thought to underestimate the size of the reservoir as all the proviruses may not be
reactivated, while qPCR may overestimate the size, as it does not distinguish whether or

. . L 128
not a virus is replication competent.

Adding a further layer of complexity the readouts
reported by different groups vary including plasma HIV-1 RNA, total HIV-1 DNA,
integrated HIV-1 DNA and 2-LTR circles (representative of viral cDNA that fails to
integrate and is circularized by host DNA repair enzymes). Analyses of HIV reservoir
data must take into account the strengths and weaknesses of the different readouts.
Mechanisms of latency

Maintenance of HIV latency in the reservoir is achieved through a variety of
cellular and viral mechanisms that transcriptionally silence the proviral DNA (reviewed
in #1239 A5 chromatin access affects DNA targeting by the PIC, many proviruses are
found at easily accessible sites in highly expressed host genes. However, the competition
with adjacent promoters for transcription factors and machinery can inhibit transcription
of viral genes, thus helping to establish latency. The 5° LTR serves as the promoter for
the viral genome and if it is divergent to a stronger host promoter in the host gene (RNA
polymerases travelling away from each other) the RNA polymerase at the LTR may fail
to recruit the required elongation complex factors. If the two promoter sites are
convergent (RNA polymerases travelling towards each other), the RNA polymerase

complexes may collide, halting transcription of both genes. Promoter traffic may be

avoided if the proviral DNA is inserted into intergenic regions but as these are enriched
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with transcriptional repressor binding sites this may also promote pre-integration
latency.5+131:132

Post-translational modifications to the chromatin structure near the 5° LTR also
influence HIV replication. Viral latency is enhanced by the recruitment of histone
deacetylases (HDAC) that remove acetyl groups from histones, further repressing
transcription. Hypermethylated CpG islands close to the HIV transcription site can attract
the endogenous host protein, MBD2, which recruits HDAC during latency."*® Similarly,
loss or inhibition of Tat lowers the recruitment of transcription-inducing histone

acetyltransferases (HAT). 134,135

Host cell transcription factors can also increase latency,
for example, overexpression of IkBa, which is normally degraded during cellular
activation, prevents NF-kB from entering the nucleus and binding the 5° LTR."**"’
Finally, the cellular RNA interference pathway may also maintain viral latency.
MicroRNAs (miRNA; ~22 nucleotides in length) are non-coding RNAs that bind mRNA.
If the complementarity is correct, the mRNA is cleaved but if the matching is imperfect
the translation of the target mRNA is inhibited. Huang et al. investigated the potential
miRNA target sites in the 3’ untranslated region (UTR) of HIV RNAs and found that five
cellular miRNAs that could bind this region were upregulated in resting T cells. After
inhibiting these five miRNAs within resting T cells from ART-treated patients,
replication-competent virus was recovered.'”® Reversal of latency upon blocking of the
miRNAs suggests that cellular miRNAs may play a role in maintaining viral latency. In
summary, diverse mechanisms have been implicated in the prevention of transcription
and translation of viral proteins at multiple stages, from the exclusion of host
transcription factors from the nucleus to host miRNA-mediated destruction of transcribed

- 63,96,99,130
transcripts. "
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Eradication strategies

As ART, even started during PHI, does not eliminate the HIV reservoir other
eradication strategies have been proposed to target the latently infected cells that
contribute the viral reservoir. As latently infected cells can be invisible to the immune
system (also see section 3.1) the ‘shock and kill’ cure strategy aims at selectively
reactivating latent viruses with pharmacological agents and then facilitating the killing of
these cells, for example, by administering a vaccine to boost the CD8+ T cell response.
This approach requires finding latency-reversing agents (LRAs) that can selectively
reactivate latently infected cells only, preventing mass reactivation of global populations
of T cells (cytokine storms). The latently reactivated cells must be reactivated enough to
produce viral proteins which can then be displayed on HLA class I molecules to signal
that the cell is infected.'””"**'* An addendum to the ‘shock and kill’ strategy is the
‘lock-in and apoptosis’ strategy. Tateishi et al. synthesized a new compound, L-HIPPO,
which is able to capture the HIV-1 protein Pr559¢, preventing Pr55%* from translocating
the virus to the plasma membrane for budding. Without being able to bud, the ‘locked-in’
viruses induce apoptosis of the cell.'*® Used in conjunction with a ‘shock’ reagent, this
compound could facilitate the ‘kill” of the latently infected cells without relying on CD8+
T cell responses. The ‘shock and kill” approach, while currently being tested in clinical
trials, for example the RIVER trial, requires further work to discover strong yet specific
LRAs, dosing strategies and ART requirements (see section 3.1 for further details on
‘shock and kill”).

In opposition to the ‘shock and kill” strategy is an additional strategy aimed not at
reactivating virus to remove it, but silencing it forever with the cells. In the ‘block and
lock’ strategy didehydro-cortistatin A (dCA), a Tat inhibitor, is used to block

transcription of HIV essentially driving gene expression into a deep latency state. Kessing
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et al. reported that dCA prevents viral rebound after interruption of ART or upon
stimulation by increasing nucleosomal occupancy at Nucleosome-1.'*” While proviruses
would still be hidden within cells this potential functional cure could allow PLWH to stop
ART. This strategy would require further studies to determine how long dCA treatment
would be required to induce enough transcriptional repression so that reactivation of virus
would not occur. Strict monitoring of viral loads would be needed upon removal of ART
when testing dCA dosing.
1.1.6 Immune response to HIV infection
Early innate immune responses to acute HIV infection

Studies of plasma donors who acquired HIV suggested that the first detectable
innate response was induction of acute-phase protein synthesis; inflammatory cytokines
or LPS stimulation (possibly via commensal bacteria that translocated from the damaged
gut) may have instigated this initial response (immune response to HIV reviewed in’*).
Subsequent waves of cytokines and chemokines, such as IL-18, TNF, IFNy and IL-22
loosely mirrored the peak in viral load. While some of these cytokines can enhance innate
and adaptive immune responses they may also promote viral replication and

148

immunopathology. ™ In addition to soluble factors, innate cellular responses are

triggered. During acute HIV infection the population of DCs circulating in the blood

149,150

decreases as they traffic to the lymphoid organs. While some DC functions are

impaired, for example, TLR-induced secretion of IL-12, TNFa, and IL-6, DCs can

151-153
Natural

produce IFNa which enhances subsequent adaptive immune responses.
killer cells (NK) are also activated during acute infection and can produce antiviral

cytokines and lyse infected cells. Their role in the control of HIV is supported by

evidence that HIV may reduce the expression of activating NK ligands and evades NK
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cell-mediated pressure by selecting for sequence polymorphisms in regions of its genome
targeted by the NK’s killer immunoglobulin-like receptors.'>* '
Adaptive immune responses to acute HIV infection

While innate responses develop before viral RNA is even detectable, the first
CD8+ T cell responses (cytotoxic T lymphocytes, CTLs) are not generally measurable
until the peak viraemia occurs. These early responses are specific for Env and Nef and
reach their highest frequencies approximately 1 — 2 weeks after peak viraemia.”>"*"'>®
The lack of sequence divergence from transmitted/founder viruses suggests that these

early CD8+ T cell responses do not drive escape mutants.”>’

However, positive
selection of viral mutations within CD8+ T cell epitopes, indicative of immune escape, is
evident after the initial CD8+ T cell responses. New waves of T cell populations emerge
in response to the viral diversification, targeting epitopes across the entire proteome but

particularly in p24 Gag and Pol.75-157.158.160.161

While previous reports suggested that
CD8+ T cell driven escape events happen early and often, recent longitudinal viral
sequence data proposed that the time to escape varies widely in patients and occurs
slowly during the first three years of infection; 33% of patients studied experienced no
escape incident in gag, pol or nef after two years of observation.'®® Even though HIV
infects CD4+ T cells, severely depleting their numbers, HIV-specific CD4+ T cell
responses are also primed in acute infection; responses to Gag epitopes are the best
characterised, however, they quickly decline due to loss of proliferative capacity and
preferential infection by HIV.'® %7

The first detectable B cell responses, occurring from day eight after RNA
detection, are non-neutralising antibodies directed against gp41 and gp120; they may be
present as free antibodies or as immune complexes. Although they develop during acute

. . . . . . 168—170
infection, these responses neither control viral replication nor select escape mutants.'®*"’
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Neutralising antibodies that drive escape mutants do not occur until at least 12 weeks
. . 169,171,172
post-transmission and respond to a narrow range of epitopes. Broadly
neutralising antibodies (bNAb), such as those that recognise conserved epitopes within
Env (for example, the CD4 binding site), arise 20 — 30 months post-transmission but only
in a small subset of patients; this may reflect both the requirement for extensive
hypermutation in B cell receptors and the need for prolonged affinity maturation to elicit

. . . 168,173,174
such broadly specific antibodies.'®®!"*!?

In general, the composition of the B cell
population is affected directly and indirectly by the presence of HIV; viral replication in
mucosal sites severely damages follicular B cells and germinal centres while HIV-
induced early class switching results in an increase in memory B cells and plasma cells
but a decline in naive B cells. B cells are further hindered by the lack of help from CD4+
T follicular helper cells (Ts), which normally reside in germinal centres and provide
support to B cells necessary for somatic hypermutation of antibodies and maturation of
the cells. During HIV infection this T cell population expands however it fails to provide
help to B cells as PD-1 triggering on the Ty, reduces cell proliferation, activation and IL-
21 secretion.'” These effects may hinder the specificity and speed of the B cell
response.' "’
The consequences of chronic immune activation

The clinical latency phase of an HIV infection lasts for years in PLWH.""®!”
Persistent HIV replication is associated with chronic immune activation that is not
completely resolved even after sustained virological suppression under ART (reviewed in
Klatt et al.'"™). An emerging view is that gut mucosal barriers are damaged by viral
infection through destruction of CD4+ T cells and subsequent fibrosis, allowing microbial

products to breach the tight mucosal barrier. These products recruit inflammatory cells

and decrease mucosal regulatory cells, driving cellular activation and establishing a
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vicious cycle. However, there is a disparity between this microbial translocation
described in macaques (with SIV) compared to the reported lack of microbial

translocation of natural hosts, like sooty mangabeys.'®"'®

Hyper-activated monocytes
and macrophages have impaired phagocytic responses to bacteria, DC subsets are altered
and NK production of cytokines, like IFNy and TNF, is reduced. B cells also appear

184186 T cells from

dysfunctional and do not produce optimal antibody responses.
untreated PLWH display an activated phenotype, indicated by expression of CD38 and
HLA-DR, together with upregulation of inhibitory receptors (IR) such as PD-1 and
CTLA-4. Expression of both negative regulators and activation markers has been
associated with disease progression.'®” Deeks et al. suggested that a T cell “activation set
point’ can be defined by the level of CD38 expression and that this was predictive of the
rate of CD4+ T cell decline and correlated with HIV viral load in untreated
individuals."** "'

A high proportion of HIV-specific CD8+ T cells, the main contributors to initial
control of the virus, may be lost rapidly due to apoptosis during acute infection.'”* Those
that survive may become functionally impaired over time due to chronic antigen
stimulation. This is manifested by reduced perforin and cytokine production, reduced
proliferation and impaired lytic and antiviral inhibitory activity. A loss in the ability to
self-renew in addition to deletion of exhausted clones results in a small, dysfunctional

189193196 part of the decrease of function of both B cells and

anti-HIV T cell response.
CD8+ T cells is due to the loss of CD4+ T cell help, including the release of cytokines
needed for isotype class switching and CTL proliferation, as the CD4+ T cell count
declines.'”>"” This is in sharp contrast to the CD8+ T cell responses seen in rare

individuals (elite controllers or long-term nonprogressors), that generally display intact

antiviral ~ functions and the capacity to secrete multiple cytokines
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olyfunctionality).'”*"*®*!"* ART improves immune function, but even in patients with an
poly y p p
undetectable viral load for many years an elevated level of activation is evident.?** 2"
Yy
This persistent immunologic dysfunction and the overall systemic failure to clear HIV
p gic dy Y

from the body suggests a more targeted approach is needed to enhance CD8+ T cell

antiviral activity and potency.

1.2 Immune retargeting therapies to target the HIV reservoir

Attempts to eliminate HIV by therapeutic vaccination have been unsuccessful, in
part because they generally boost CD8+ T cells that are functionally exhausted or
ineffective due to pre-existence of escape mutants. However, novel immune retargeting
therapies (IRT) originally developed for cancer immunotherapy may provide a solution.
Although the first approaches to immune retargeting involved the adoptive transfer of
engineered T cells, this is not within the scope of this literature review (reviewed in ***
205)
1.2.1 Advent of IRT
Bispecific antibodies

Therapeutic monoclonal antibody (mAb) treatments were developed to induce
immune-mediated tumour cell killing through both complement-dependent cytotoxicity
and antibody-dependent cytotoxicity (ADCC). For example, the mAb, rituximab, binds
CD20 on lymphocytes involved in Hodgkin’s lymphoma and recruits effector cells with
Fey receptors (FcyR) to bind the Fc portion of the mAb.*”® However, mAb therapies are
limited by both their large size (~150 kDa) and the propensity for circulating
immunoglobulins to compete for FcyR on effector cells. To overcome these limitations,
bispecific antibodies (bsAbs) were developed. As tumour-infiltrating lymphocytes are

known to mount an effective anti-cancer response, bsAbs were developed in order to
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retarget T cells towards tumours as attempts to develop therapeutic T cell-based cancer
vaccines failed.”” Available in many different formats, bsAbs are able to bind two
different targets simultaneously and have been engineered to be smaller and more potent
as an IRT.”” bsAbs can also have other non-retargeting functions, such as blocking
cytokines, as reviewed in Fan et al.>”

The first bsAb platform, introduced in 1995, was the trifunctional hybrid antibody
(Triomab; figure 1.4). The Triomab was comprised of one half of a tumour-specific
mouse IgG2a and one half of a CD3-specific rat I[gG2b. This combination allowed for
retargeting and activation of T cells towards cancer cells presenting the chosen antigen.
This resulted in tumour lysis, cytokine release and ADCC even at picomolar
concentrations. Additionally, the mouse/rat Fc-portion was still able to activate FcyR+
cells and immunogenicity caused by human anti-mouse/rat antibodies (HAMA/HARA)
was reduced compared to earlier platforms; the induction of HAMA/HARA can shorten
the serum half-life of the bispecific and may trigger adverse reactions thus reducing the
clinical applicability.*'® Catumaxomab (anti-CD3/anti-EpCAM) was approved for use in
cancer patients with EpCAM+ carcinomas with limited or no other treatment options.*''

However, the Triomab platform was still relatively large. To reduce the size, the
minimal binding domains of two different antibodies (the variable heavy and light chains)
were associated resulting in a single chain variable fragment (scFv). Tandem scFv (TaFv)
bispecifics were made by covalently bonding two scFv with a flexible peptide linker in a
tandem orientation (figure 1.4). The flexibility provided by the tandem linker enhanced
simultaneous, but targeted, binding and the smaller size facilitated easier tumour
penetration.”'> The combination of an anti-CD3 scFv to an anti-tumour associated antigen
scFv was given the moniker Bispecific T cell Engagers (BiTE). BiTEs can redirect

polyclonal T cells to serially kill tumour cells with a strong cytotoxic response even at
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213,214
=" However, because of the

low concentrations and low effector to target ratios.
smaller size BiTEs do not remain in the serum for extended periods and in a clinical trial
with blinatumomab (anti-CD19/anti-CD3) it was necessary to use continuous infusions to
maintain serum levels.”"”

Achieving a slightly different orientation, bispecific diabodies (bsDb) are a second
type of scFv-based platform. These are formed by non-covalently linking two scFvs with
a short peptide; the variable domains are oriented against each other creating a small,
rigid bispecific molecule. The slight instability resulting from the lack of a covalent bond
was improved by adding a disulphide bond resulting in a Dual-Affinity Re-Targeting
protein (DART). DARTSs have a prolonged storage and serum stability and do not form
aggregates.”'® A direct comparison of an anti-CD3/anti-CD19 DART and BiTE proved
that DARTSs were better at inducing B cell lysis and T cell activation; this was likely due

to a higher association rate and target affinity.”'’ Clinical trials involving different

DARTS and BiTEs are underway to assess in vivo efficacy and dosing strategies.”"

mAb Triomab

mouse 1gG

scFv TaFv bsDb

¢ T Q

Figure 1.4: Bispecific antibody platforms. Trifunctional hybrid antibodies (Triomab)
are comprised of the halves of two different antibodies to form a full-size monoclonal
antibody (mAb). Single chain variable fragments (scFv) are comprised of the variable
portions of the heavy and light chains and are connected via a peptide linker. Two scFv
can be combined in tandem with a flexible peptide linker to create a tandem scFv (TaFv)
or in opposition with a short linker to create a bispecific diabody (bsDb). Heavy chains
shown in dark colours, light chains shown in light colours and linkages shown by dark
lines; colours represent different specificities of the arms.***2%%2!®
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Despite the engineering improvements seen over the course of bsAb development
there are still limitations with the technology. While possible cancer antigen targets have
been determined, any antibody technology is limited to surface presented antigens on
tumour tissues.”'” Another issue, a key factor for clinical use, is the immunogenicity of
the bsAb. As they are comprised of rat and mouse antibodies, the foreign epitopes induce
production of neutralising HAMA/HARA, which can trigger a cytokine release
syndrome.?*®*** Additionally, crosslinking of FcyR+ cells and T cells may activate the
latter in the absence of target antigen. This risk was reduced by removal of the Fc region
in BiTEs and DARTS, although other immune activation effects have been reported in
clinical trials with BiTEs.””!

The lack of an Fc-portion in some bsAb platforms comes at a cost as the Fc-
portion enhances the serum half-life through neonatal-Fc receptor (FcR) mediated
recycling by endothelial cells.”** To circumvent this limitation, and to avoid continuous
infusions, small bsAbs can be altered with pegylation, N-glycosylation or linkage to anti-
CDI16 antibody fragments to improve serum retention. However, steric hindrance may
impact cytotoxicity.””> The decrease in size associated with the TaFv technology (50 — 60
kDa) allows for better and more homogeneous tumour penetration. This ability to
penetrate the tumour, where the technology is needed the most, may render the serum
concentration less important. The bsAb technology can also be difficult to manufacture as
mammalian cells are usually needed and this increases time and cost. While scFv can be
produced in bacteria TaFv can form insoluble aggregates reducing the production

224

yields.”" In general, an ideal bsAb technology needs to have a high affinity for target

antigens without causing non-specific activation, a high storage and serum stability and

208,209
ease of manufacture.”"
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Bispecific T cell Receptors (TCR)

The bsAbs discussed above are able to redirect T cells via an anti-CD3 antibody
or fragment, an important step for the anti-tumour immune response, but the restriction in
specificity to cell surface antigens limits their scope. An alternative and possibly
complementary option to BiTEs and DARTS is an Immune-Mobilising Monoclonal T cell
receptor Against Cancer (ImmTAC). The InmTAC comprises a humanised anti-CD3
scFv coupled to an engineered high-affinity monoclonal TCR (figure 1.5). The TCR
portion is able to target intracellular antigens presented on HLA class I molecules,
allowing the ImmTAC to target a much larger pool of tumour antigens. Unlike
engineered ‘TCR-like’ antibodies TCRs are naturally better able to recognise the flat two-
dimensional conformation of the peptide-HLA complex (pHLA). As in BiTEs and

DARTs, the anti-CD3 scFv is able to activate T cells by binding CD3 and recruiting T

. : 219,225-22
cells to form an immunological synapse.” ’

\ Figure 1.5: Immune-mobilising
HIV-Infected T Cell monoclonal TCR against viruses
(ImmTAY). The engineered
monoclonal TCR end of the bispecific
ml21 ImmTAV recognizes the HLA-
A2 presented SL9 peptide (from HIV
Gag) on HIV-infected CD4+ T cells
with picomolar affinity. The anti-CD3
scFv end, by binding CD3 on T cells,
Disulphide bond can redirect non-HIV specific CD8+ T
cells to kill the infected cell. The
‘ImmTAC’ has the same structure but
. 3 includes a TCR that recognises cancer
antigens.

HLA-Gag peptide

ImmTAV

¥ILL

Anti-CD3 scFv

Non-HIV Specific CTL

To achieve a soluble, stable and functional bispecific TCR many engineering
challenges had to be overcome. Natural TCRs bound to the cell benefit from the stability

of the plasma membrane, which allows them to retain native ligand binding. A disulphide
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bond between the alpha and beta constant domains of the soluble InmTAC allowed the
TCR chains to achieve a native-like conformation that is not immunogenic in vivo. A
phage display technique was also used to select and enhance the affinity of natural TCRs;
by targeting mutation(s) in all six complementarity determining regions of the TCR a one
million-fold or higher increase in affinity compared to natural TCRs was achieved. The
ImmTAC’s TCR binds its cognate antigen with a higher affinity than the effector anti-
CD3 end, with off-rates of several hours and minutes respectively, ensuring that the
ImmTAC function is primarily governed by binding to the correct target yet ensuring that
T cell engagement is sufficient to achieve an effector response. The InmTAC is able to
recognise tumour cells expressing as few as 10 HLA-peptide complexes even at
picomolar concentrations. The requirements for a successful bispecific molecule also
apply to the InmTACs: small (75 kDa), stable, soluble, easily manufactured in E. coli
and a low risk of immunogenicity.*'***>**

The first InmTAC to reach the clinic targeted the melanoma antigen, gp100;
ImmTACs targeting three other tumour-associated antigens: MAGE-A3 (cancer testis
antigen), Melan-A/MART-1 (primary/metastatic melanomas) and NY-ESO-1 (cancer
testis antigen) were also developed. The ImmTACs were able to activate unstimulated
CD8+ T cells and their potency depended on the ImmTAC-pHLA affinity. The activated
CD8+ T cells showed polyfunctional memory responses (IL-2, IFNy, and TNF
production) and a subset of CD4+ T cells also produced TNF and IL-2 and were able to
lyse tumour cells. In a mouse tumour model, in vitro imaging showed the lysis of tumour
cells by InmTAC-redirected CD8+ T cells even at low concentrations and effector to

target ratios.”>>**

Interestingly, the IMCgp100 ImmTAC also elicited cross-presentation
of melanoma antigens by DCs. After inducing T cells to lyse tumour cells the resultant

antigens activated DCs, which were able to display the tumour antigens on their surface
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and activate both melanoma-specific and polyclonal ImmTAC-redirected T cells.”*’

Clinical trials of IMCgp100 not only proved safe in uveal melanoma patients but there
was tumour shrinkage in those with poor prognosis and immune checkpoint antagonist
resistant disease.**®

Although theoretically there is a larger selection of target antigens for InmTAC
development there are limitations. Ideally, a tumour-specific antigen or mutation found
only in tumours represents the cleanest target but these are rare and may not occur at a
sufficient frequency even for the high affinity ImmTAC. Overexpressed or aberrant
versions of self-proteins are more common for tumours but may be expressed in normal

219229 Differences in expression may provide a therapeutic window wherein the

tissues.
location or level of expression in normal tissues is minimal in comparison to the tumour,
allowing for safe use of an ImnmTAC. However, as the TCR is restricted by a given HLA
class I allele, this limits the use of the InmTAC to individuals carrying this allele. The
first ImnmTACs are all HLA-A*0201-restricted as this allele is the most frequent across
the world. Nevertheless, similar restrictions can also be seen in antibody therapies, which
only target certain tumour mutations not present in every cancer case.”' >>** As the
ImmTAC targets peptides in the context of human HLA alleles, safety testing to assess
cross-reactivity in animal models is of limited or no use. Instead, combinations of in vitro
tests on whole blood and tissues are used to screen for cross-reactivity. Pre-clinical data
with the most advanced ImmTAC, IMCgpl00, demonstrated the validity of this

approach.*'***

In summary, InmTACs represent a new therapeutic option that may be
used in combination with other bispecific molecules, monoclonal antibodies or

conventional cancer treatments to overcome tolerance and clear tumours.
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1.2.2 Application of IRT for viral infections

The similarities between the tumour and chronic viral infection environments lend
support for exploring the use of bispecific molecules for chronic viral infections
(reviewed in Kim et al.”"). As described previously, during chronic viral infections
persistent antigen exposure can exhaust the immune system, similar to the effect seen

. . 232,233
with cancer antigens.””

Whereas conventional therapeutic HIV vaccines can only
mobilise a fraction of the CD8+ T cell repertoire, including those clones in the exhausted
immune response which failed to control the virus initially, IRT has the potential to
redirect a larger population of CD8+ T cells to target HIV-infected cells potentially
mitigating viral escape. The affinity enhancement of the bispecific molecules also allows
for targeting of infected cells with low antigen expression, including resting infected
cells, and in contrast to tumour antigens the viral antigens targeted by bispecific
molecules are immunogenic as they are not expressed in the thymus.”' >

One of the early bispecific viral therapeutics was a tetravalent bispecific antibody
that targeted hepatitis B virus (HBV) surface antigens. Attempts to produce mAbs against
the surface antigens (S protein) for prophylaxis of HBV infection were unsuccessful as
many immune escape mutants emerged.”>* To improve the protection against infection,
Park et al. developed a multivalent bsAb comprised of two consecutive scFv fused to the
Fc region of a human IgG1 that was able to bind the S and preS2 antigens of HBV.> For
targeting HIV, Duval et al. developed a bispecific antibody comprised of a broadly
reactive anti-gp41 antibody (F240) and an anti-IgA receptor (CD89). This bsAb
recognised primary isolates from all clades of HIV and recruited neutrophils for
destruction of the infected cells; as neutrophils are competent at mediating cell
cytotoxicity and are partially resistant to infection the recruitment of neutrophils instead

236

of T cells provided an alternative for destruction of infected cells.””” The retargeting with
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an antibody other than anti-CD3 represents an interesting idea for increasing the
specificity of the cells that are recruited. Anti-CD3 recruits both CD8+ and CD4+ T cells,
including potentially suppressive regulatory T cells (Tr,), which have been found in high
numbers in tumours.*’

With the advancement of bsAb technology, more recently bsAbs targeting HIV
Env, fused to an anti-CD3 scFv, have been developed for treatment of chronic HIV
infection. Sung et al. reported the development of an HIV x CD3 DART comprising a
non-neutralising mAb against Env (A32 or 7B2) and a humanised anti-CD3 mAb. These
HIV x CD3 DARTs were able to redirect polyclonal CD8+ T cells from both HIV
seronegative and ART-suppressed HIV-seropositive donors to kill HIV-infected CD4+ T
cells ex vivo. The reduction in virus recovery even without the addition of CD8+ T cells
(infected CD4+ T cells and DARTs only) also suggested that the DARTSs recruited
cytotoxic CD4+ T cells. The DARTs did not induce T cell activation or lysis in the

28 However, the effectiveness of the DARTSs could be limited as Env is

absence of Env.
highly variable and expression is low. Additionally, viral escape from the use of anti-Env
DARTSs may occur as viral escape from single anti-Env bNAbs has been reported in trials
of bNAD infusions during ART followed by ART interruption.”***’

Sloan et al. also developed a panel of HIV x CD3 DARTSs that utilised bNAbs.
The PGT121 and PGT145-based DARTs (in addition to the previously described A32
and 7B2 DARTSs) successfully mediated CTL killing of HIV-infected resting primary
cells with low Env expression. Using ex vivo PBMCs from patients on suppressive ART
these DARTSs were able to significantly reduce viral RNA in culture supernatants after 14
days suggesting that a portion of the HIV reservoir cells may express enough Env to be

targeted.”*' Naturally occurring bNAbs have also been re-engineered to improve their

potency as a component of a bispecific molecule. Rudicell et al. used sequencing and
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bioinformatics to enhance the neutralisation capacity of the VRC07 anti-Env bNADb;
VRCO07-523 as part of a bsAb was able to redirect follicular CD8+ T cells to kill HIV-
infected cells.”****

Given the limitations of targeting HIV Env as discussed earlier, the ImmTAC
platform technology has been applied to target the Gag protein, which is highly conserved
and highly abundant in infected cells. The prototype molecule, known as an Immune-
mobilising monoclonal T cell Receptor Against Viruses (ImmTAV) was designed to
target the HLA-A*0201-restricted Gag pl7 epitope, SLYNTVATL (SL9) and known

escape mutants.”**

Two candidates that target the same epitope but with different binding
half-lives (indicated by batch numbers, m121 and m134) were tested in in vitro model
systems and ex vivo assays with CD4+ T cells from patients. Our laboratory reported that
these HIV-specific InmTAVs were able to elicit elimination of Gag+ cells even at
nanomolar concentrations and low effector to target ratios. As with the bsAbs, the
ImmTAVs were able to redirect CD8+ T cells from both HIV seronegative and ART-
suppressed donors. Epitope counting analysis using a biotinylated mTCR with the same
specificity showed that the epitope density on infected cells ranged from 8 to 46 epitopes,

highlighting the sensitivity of the engineered TCR.**

This provided the first evidence that
ImmTAVs may have the potential to target HIV reservoir cells ex vivo. While
encouraging, it is likely that a combination of several InmTAVs would be needed to
achieve clinical benefit. Additionally, the ability to improve killing by retargeting the

CD8+ T cells of chronically infected patients or healthy donors, provides scope to

investigate the T cell-T cell interaction mediated by the InmTAV.
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1.3 The importance of the immunological synapse
1.3.1 The immunological synapse

The immune retargeting mediated by the bispecific molecules described in section
1.2 brings an effector and target cell together, facilitating the formation of an
immunological synapse (IS). The IS refers to the temporal and spatial organisation of
structural and signalling molecules between a lymphocyte and an antigen presenting cell
(APC; reviewed in ***2*). The IS serves as a conduit for signals transmitted or received
by the T cell.***° Although interactions between APCs and lymphocytes had been
described in terms of functional outcomes, the advent of advanced microscopy-based
techniques allowed for the description of the structural rearrangements that occur when
the two cells communicate.****' A majority of this pioneering work defining the IS has
relied on in vitro systems such as supported lipid bilayers and mouse models.”>***° The
mature IS is comprised of three supramolecular activation clusters that form a ‘bullseye’
pattern: the central (¢cSMAC) region contains the TCR-CD3-pHLA complex and
costimulatory molecules like CD28 or inhibitory molecules like CTLA-4; the peripheral
(pSMAC) region is comprised of adhesion molecules, like lymphocyte function-
associated antigen 1/intracellular adhesion molecule 1 (LFA-1/ICAM-1), and signalling
cascade proteins like lymphocyte-specific protein tyrosine kinase (Lck); larger

transmembrane cell surface proteins like CD43, CD44, and CD45 plus actin comprise the

distal (dSMAC) region (figure 1.6).***
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Peptide

Figure 1.6: The immunological
synapse. (a) When a lymphocyte’s
TCR recognizes pHLA on the APC the
two cells interact, forming an
immunological synapse. Molecules
like LFA-1 (orange), Lck (green),
Zap70 (yellow), MTOC (red), perforin
(blue) and F-actin (outer green) can be
used to assess the structure of the
synapse. (b) As the synapse matures
the synapse molecules organise into a
bullseye pattern of supramolecular
activation complexes (SMAC).

The bullseye arrangement indicates a mature synapse but this structure is the

endpoint of molecular reorganisation and signalling between the two cells occurs before

this point.>® The first stage in the formation of the IS requires the highly motile

lymphocyte to slow down to allow for the TCR-pHLA signalling to occur. LFA-1

expressed on the lymphocyte binds ICAM-1 on the APC creating adhesive interactions to

bring the cell to a stop; the time from antigen recognition to arrest is dependent on the

quantity of antigen.”’?% Studies with ICAM-1-deficient mice showed that the LFA-
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1/ICAM-1 interaction was crucial for memory responses but not cytokine production or
proliferation.*®' Recognition of antigen induces the creation of microclusters of 11 — 17
TCRs plus separate LFA-1 microclusters in the dASMAC.*** Both types of cluster move
through the pSMAC towards the cSMAC by an actin-dependent mechanism but only
TCR clusters penetrate the actin-free cSMAC. This exclusion of LFA-1 may be related to
the size of the molecule as TCR/pHLA complexes are ~15 nm whereas LFA-1/ICAM-1
complexes are 40 nm.”* This ‘kinetic segregation’ model also applies to the exclusion of
CD45 to the dSMAC (the smallest variants are ~22 nm) and is supported by
thermodynamics; grouping molecules by size allows the correct pairings to interact
regardless of the ‘height’ of their neighbours.***

Signalling begins when the TCRs form microclusters in the pPSMAC and upon
localising to the cSMAC the signalling decreases. In a comparison of antigenic peptide
dosing phosphotyrosine staining showed that higher doses of peptide elicited less
phosphotyrosine staining in the cSMAC even though the cSMAC formed with greater

: 258,265,266
efficiency.” ">

This seemingly contradictory pattern may be explained by the natural
recycling of TCRs. TCRs triggered by agonist ligands become degraded in lysosomal
compartments in order to control the level of signalling and consequent T cell activation.
If the cSMAC functions as one of these compartments, then in the case of strong agonist
signalling (higher dose of peptide) TCRs would become degraded at the easily formed
cSMAC resulting in the reduced phosphotyrosine staining; likewise, the weak agonist
(lower dose) would not stimulate the degradation process, resulting in more

267,268 . . .
7268 Because of the consistent inwards flow of microclusters

phosphotyrosine detection.
of TCR, and subsequent degradation, continuous formation of TCR microclusters is

required at the periphery to maintain signalling.*®*
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TCR-mediated tyrosine kinase signalling is the first step in a cascade of signalling
molecules that transmit the antigen-derived information to the T cell. Lck and Fyn
phosphorylate tyrosine residues in the immunoreceptor tyrosine-based activation motifs
(ITAMs) of the CD3 cytoplasmic domain. This leads to the recruitment of zeta chain
associated protein kinase 70 (Zap70), which becomes activated and phosphorylates SLP-
76 and Lat. These scaffolding sites provide binding positions for the continuation of
signalling events to promote cytoskeletal rearrangements, activation of additional

269 The recruitment and

signalling paths and recruitment of relevant transcription factors.
activation of the kinase, PKC-6, is particularly important for the activation of the NF-kB,
NFAT and AP-1 transcription factors.””**’* Additionally, the production of inositol
triphosphate triggers the release of Ca®" from the endoplasmic reticulum; this in turn
instigates a Ca”" influx into the cell through calcium channels and the elevated Ca**
concentration activates Ca*'-dependent enzymes and transcription factors, like NFAT.*”
These transcription factors translocate to the nucleus to regulate expression of genes
required for cell survival and effector functions. Signalling can be inhibited and
controlled by the binding of inhibitory receptors like CTLA-4, which competes with
CD28 for binding of CD80/CD86. Once bound, it recruits the phosphatase SHP2 which
dephosphorylates activated CD3 subunits.*””

The initiation of signalling and the formation of an IS results in changes to the
morphology of the cell and polarisation of the molecules within. As lymphocytes migrate
integrin-mediated adhesions at the leading edge promote forward mobility, and unlike
other cell types, the microtubule-organising centre (MTOC) is positioned towards the rear

of the cell.”” However, once a stable contact is formed the MTOC begins to migrate

towards the synapse directed by the minus end protein, dynein, which may pull the
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microtubules and thus the MTOC towards the IS. The distance of the MTOC from the IS
is crucial in CTLs for the release of cytotoxic granules at the cytotoxic synapse.”’®
1.3.2 Cytotoxic synapses

The effector functions of cytotoxic CD8+ T cells and NK cells require the directed
release of granules towards the correct target cell without bystander destruction. This
specificity is achieved by the formation of a cytotoxic synapse, a specialised form of an

. - 277-281
IS (reviewed in*"’

). While the synapse formed with a naive CD8+ T cell may last for
hours, and priming of the cell to divide and differentiate takes days, the already primed
CTL’s effector functions are triggered within minutes of forming a cytotoxic
synapse.”>®*’*"7 Additionally, while the antigen sensitivity of a CTL is similar to that of
a helper T cell, CTLs are able to kill after forming only three pHLA complexes and
without complete signaling.***

Upon TCR microcluster signalling, within the first 20 seconds of contact between
the two cells, filamentous actin (F-actin) begins to accumulate at the synapse but then
rapidly clears. The subsequent reorganisation of membranes to form tight contacts
provide an ideal interface for the release of cytotoxic granules into the junction between
the two cells and thus ensure that only the target cell is killed. Two minutes post-contact
the TCR clusters appear at the cSMAC, as described earlier, and the MTOC migrates
towards the synapse bringing the cytotoxic granules, which have polarised towards it,
with it. Within six minutes these granules are released into the synaptic cleft and the
perforation of the target cell’s membrane (by perforin) and cleavage of proteins (by
granzymes) results in blebbing and destruction of the cell. According to the bullseye
model of the SMACs, the region of cytotoxic granule release lies within the cSMAC,
dividing the central region into a TCR-based and granule-based region. In a comparison

of CD8+ and CD4+ cytotoxic T cell clones both types of cell used the perforin/granzyme
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pathway to kill but CD8+ CTLs formed more stable synapses and were 100-fold more
efficient.”™*** While CTLs are also able to kill via the CTL’s Fas ligand binding CD95
on target cells perforin-mediated killing is faster.” CTLs are known to kill multiple
targets in rapid succession and this serial killing is facilitated by the quick retraction of
the MTOC from the plasma membrane before the target cell even starts to die.”>**’® As
the centrosome retracts the microtubules reorganise and any transiting granules, which
have not yet docked, retract back into the cell with the MTOC. This process prevents any
further access of granules to the IS and allows the cell to repolarise to another target cell
immediately.”

NK cells also form cytotoxic synapses to achieve efficient killing. NK cell-
mediated killing is triggered by antibody recognition of the Fc receptor CD16. However,
this binding alone does not initiate polarisation of the granules as other NK activating
receptors are required to elicit a synergistic cytotoxic response. Signalling, including the
recruitment of Fyn, leads to the formation of cSMAC and pSMAC regions. However,
unlike CTLs not all synapses formed by an NK cell result in killing; the ratio of activating
tyrosine kinases to the inhibitory phosphatase, SHP-1, determines the fate of the synapse
with a higher ratio resulting in a cytotoxic synapse.”®”** As a result, in studies of NK cell
synapses the NK cells sustained the IS for a longer period of time compared to T cells.”’
The formation of a mature bullseye pattern acts as a checkpoint to assess the balance of
activating and inhibitory signals, unlike in a CTL which once triggered exerts its effector

function rapidly.”****

Despite the differences between the two cell types, the shared
process of SMAC formation and degranulation highlights the importance of coordinated
structural rearrangements to achieve the most efficient killing. The number of molecules

and steps that are required suggest that failure at any step along the pathway could result

in a CTL that is unable to clear target cells. As CTLs from PLWH fail to clear the
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infection, the failure may be a result of an inability to form a mature and functional

synapse.

1.4 Thesis aims
This thesis aims to address questions concerning the failure of cytotoxic T
cells to eliminate HIV in chronically infected patients including:
* Are latently infected CD4+ T cells susceptible to elimination via ImmTAV-
mediated killing?
* Can an HIV-specific ImmTAV be used to study the development of
immunological synapses between primary CD4+ and CD8+ T cells?
* Can studying the immunological synapse between CD8+ T cells and HIV-
infected CD4+ T cells shed light on the failure of CTLs to kill HIV-infected
CD4+ T cells during chronic HIV infection?

* To what extent do antiviral therapies impact T cell fitness and function?
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2.1 Study subjects and cell lines
2.1.1 HIV seronegative donors

For healthy controls, peripheral blood mononuclear cells (PBMCs) were isolated
from the peripheral blood of healthy adult volunteers (covered by the Human Tissue
Authority licence no. 12217) or from HIV seronegative buffy coats acquired from the
NHS Blood Transfusion Service (Bristol, England). All donor samples were processed
within one day of collection and were either used fresh or were cryopreserved in foetal
calf serum (FCS; Sigma-Aldrich, UK) with 10% dimethyl sulfoxide (DMSO; Sigma-
Aldrich).
2.1.2 PBMC:s from patients with chronic HIV infection

PBMC samples from patients with chronic HIV infection were acquired from

three different studies.”" >

Initial blood samples were obtained with written informed
consent from all participants and approval from UK Research Ethics Committees (Dorrell
et al. 2006 — Gene Therapy Advisory Committee, Medicines and Health Products
Regulatory Agency, local Research Ethics Committee; Holloway et al. 2013 —
Oxfordshire Research Ethics Committee (No. 10/H0604/95); Hancock et al. 2017 — Gene
Therapy Advisory Committee, Medicines and Health Products Regulatory Agency (No.
2009-012662-31), Oxford University Hospitals NHS Trust). Isolated PBMCs were
cryopreserved in the NDM Research Building (covered by the Human Tissue Authority
licence no. 12217). All subjects had received combination ART for at least one year and
were virologically suppressed at the time of sampling.
2.1.3 PBMC:s from SPARTAC trial participants

PBMC samples from HIV positive subjects who had initiated ART during primary

HIV infection (SPARTAC trial) were obtained through the CHERUB collaboration

including Prof John Frater and Prof Sarah Fidler. The cohort included 10 HLA-A*0201
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participants from arm C of the trial (assigned to receive 48 weeks of ART) who were
virologically suppressed and had started ART within six months of seroconversion.*”
2.1.4 PBMC:s from RIVER trial participant

Blood samples from HIV positive subjects who had initiated ART during primary
HIV infection (RIVER trial) were obtained with written informed consent and ethics
approval (REC reference 14/SC/1372). The blood samples were collected as described in
Fun et al. and the PBMCs were depleted of resting CD4+ T cells.”” The remaining
fraction of one patient’s PBMCs (CD8+ and CD25+CD69+HLA-DR+CD4+ cells) was
used in this thesis (cell separation by Axel Fun, University of Cambridge).
2.1.5 Cell lines

T2 cells were obtained from the American Type Culture Collection. T2 cells
(HLA-A*02/B*51) were derived from TO cells and carry just one chromosome 6; they are
TAP-deficient and present only peptides derived from leader sequences or exogenous
peptides as used in this thesis. Immunocore Ltd. provided the TO cells; these cells were
derived from a B cell line (721.174) and a T cell line (CEM) and are triploid (class 1
HLA-A*01/A*02/A*31 and HLA-B*08/B*40/B*51). The WJR076 B cell line (HLA-
A*02/B*57) was a gift from Dr Gerry Gillespie (University of Oxford). Cryopreserved
cell lines were thawed and cultured in R10 for at least one week before use to allow them
to resume their normal cell cycle. Cells were counted and resuspended in fresh R10 every
3 — 4 days to maintain a productive cell density (0.5 — 1 million cells/ml) and to limit
exhaustion of nutrients.
2.2 Reagents and buffers
2.2.1 Buffers
R0O: RPMI-1640 (Sigma-Aldrich) with 1% penicillin/streptomycin (Sigma-Aldrich) and

1% L-glutamine (Sigma-Aldrich)
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R10: RPMI-1640 with 10% FCS, 1% penicillin/streptomycin and 1% L-glutamine
R10 with IL-2: R10 with 20 IU/ml IL-2 (PeproTech)
HI10: RO with 10% human AB serum (Sigma-Aldrich), filtered
MACS buffer: 2 mM EDTA (Life Technologies Ltd.) and 0.5% BSA (Sigma-Aldrich) in
PBS (Life Technologies Ltd.)
Paraformaldehyde (PFA): 2 — 4 % PFA (Insight Biotechnology Ltd.) in PBS
Lysolecithin PFA: 4% PFA (in PBS; Insight Biotechnology Ltd.) with L-a-
lysophosphatidylcholine (20 pg/ml; Sigma-Aldrich)
NP-40: 0.1% Nonidet P-40 (Sigma-Aldrich) in PBS
Saponin buffer: 0.1% saponin (MP Biomedicals UK) and 0.5% BSA in PBS
2.2.2 ImmTAVs

Immune-mobilising monoclonal TCRs against viruses (ImmTAYV) were provided
by Immunocore Ltd. mTNF121 (used at 10" to 10® M) comprised a disulphide linked
TCR, recognising the HIV-1 p17 epitope SLYNTVATL (SL9) with picomolar affinity
(and escape variants — SLYNTIATL, SLYNTIAVL, SLYNTVAVL, SLFNTIATL,
SLFNTIAVL, SLFNTVATL and SLFNTVAVL) fused to an anti-CD3 scFv.?®*®
mTNF231 (used at 10” to 10™® M) comprised the same SL9 TCR fused to a non-binding
anti-CD3 scFv. mTNF232 (used at 10” to 10 M) and irrelevant InmTAC (used at 10~
to 10™ M) were comprised of non-SL9 specific TCRs fused to the binding anti-CD3 scFv
portion.
2.2.3 Antiretroviral agents

Antiretroviral agents were used in vitro at concentrations equivalent to the
therapeutic Cp,x measured in patients where possible. Zidovudine (ZDV; 5 uM) was

obtained from Oxford University Hospitals NHS Trust Pharmacy. Tenofovir disoproxil

56



CHAPTER TWO

fumarate (TDF; 10 pM) and darunavir (DAR; 10 uM) were obtained through the NIH
AIDS Reagent Program.
2.2.4 Latency-reversing agents

To reactivate HIV in resting cell infections the latency-reversing agents (LRA)
bryostatin (10 nM, stock at 5 uM in PBS; Sigma-Aldrich), romidepsin (40 nM, stock at 4
uM in PBS; Sigma-Aldrich), acitretin (5 uM, stock at 10 mM in DMSO; Sigma-Aldrich)
and vorinostat (350 nM, stock at 2 mM in DMSQO; Sigma-Aldrich) were added, alone or
in combination, to resting infected cells.
2.2.5 Autophagy inhibitors

Autophagic flux inhibitors were included in autophagy assays to manipulate
autophagic flux in PBMCs including chloroquine (15 pM in water; Sigma-Aldrich),
bafilomycin (0.1 pM in ethanol; Sigma-Aldrich) and the proprietary autophagy reagent A
(ARA; inhibitor of autophagic flux, 1:1000 in water; Merck Millipore). Equal volumes of
ethanol or water were used as diluent controls.
2.3 HIV-1 isolates

HIV-1y5 is a clade B, CXCR4 tropic isolate and was obtained from the Centre for
AIDS Reagents, NIBSC, Health Protection Agency, UK. The preparation and titration of
the stock of HIV-Iyp used in this thesis was completed by another member of the
research group as previously described.”>**° In short, for propagation of virus, PBMCs
from HIV-seronegative donors (2 x 10° cells/ml) were stimulated with
phytohaemagglutinin (PHA; 5 pg/ml) in R10 for three days, after which the cells were
washed and spinoculated with HIV-1y (2000 rpm) for two hours at 25°C. After
spinoculation 80% of the supernatant was removed and the remaining cells and virus
were resuspended in R10 with IL-2 (1 x 10° cells/ml) in a tissue culture flask. The cells

were incubated at 37°C /5% CO; for seven days and aliquots were taken at two, three,
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five, and seven days post-spinoculation for analysis of the rate of infection (section
2.10.1). The supernatant containing the viral particles was collected on days three and
five and stored at -80°C in 2 ml freezer vials; R10 with IL-2 culture medium was replaced
as necessary.

To titrate the HIV-1yg, stimulated PBMCs were infected with ten-fold serial
dilutions of virus in replicates (four/titration). After six days, flow cytometry was used to
assess the %p24+ cells in each of the wells; wells with %p24+ cells > 1% were scored as
‘infected.” The Reed-Muench method was then used to calculate the 50% tissue culture
infective dose (TCIDsg) based on the number of infected and uninfected wells for each
dilution of virus; this included calculating the proportionate distance (PD) based on the
two dilutions achieving >50% infected wells and <50% infected cells (appendix 2.1).%"
The TCIDsy was then used to calculate the number of plaque-forming units (PFU). To
determine the volume of virus required for a specific multiplicity of infection (MOI; ex:
MOI of 0.01 = 10,000 virus particles/1,000,000 cells) the number of cells to be infected
(ex: 1 x 10%) and the PFU of the virus available was used (appendix 2.1).2%®
2.4 HLA typing

In order to identify HLA-A2+ donors PBMCs were initially screened by staining
with an HLA-A2-specific antibody (BioLegend) and analysed using flow cytometry.
200,000 cells/donor were plated in a 96-well plate (1800 rpm, 3 minutes) then washed in
PBS. They were then stained with LIVE/DEAD™ fixable aqua dead cell stain (0.5
ul/sample; Invitrogen) and HLA-A2-PE (1.5 pl/sample) in PBS for 20 minutes at room
temperature (RT). Cells were then washed twice in PBS and resuspended in 200 pl of 2%
PFA. Samples were acquired on a CyAn flow cytometer (Beckman Coulter) and data

analysed using FlowJo software (version 9 or above; FlowJo, LLC). The mean
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fluorescence intensity (MFI) of HLA-A2-PE of the alive (LIVE/DEAD"™*) population
was compared to known HLA-A2-positive or negative PBMC controls (figure 2.1).

In order to confirm the HLA-A2 status, DNA was extracted from donor PBMCs
and sent to the DNA Sequencing/HLA Typing Laboratory (WIMM, John Radcliffe
Hospital) for typing by ARMS-PCR with probe-specific primers. In brief, 1 x 10° cells
were added to 1 ml RBC lysis buffer (Qiagen), then centrifuged at 1500 rpm for 5
minutes. Supernatant was discarded and 200 pl cell lysis solution (Qiagen) was added to
the cell pellet followed by gentle mixing. 200 pl protein precipitation solution (Qiagen)
was added and the solution was gently inverted for three minutes. The sample was
centrifuged again and the supernatant was transferred into a new tube. 600 pl isopropanol
was added and mixed gently to precipitate the DNA. The sample was centrifuged again
and the pellet was washed in 70% ethanol. After a final spin the supernatant was
discarded and the lid was left off to allow the alcohol to evaporate. The pellet was

resuspended in 30 ml sterile distilled water.

Figure 2.1: Identification of HLA-A2+
donors. To screen for HLA-A2+ donors
PBMCs were stained using an anti-HLA-A2-
PE antibody. A histogram of the MFI of the
PE fluorescence was compared to those from
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2.5 Preparation of primary T cells
2.5.1 PBMC isolation

To separate PBMCs from fresh blood or buffy coats (diluted in 150 ml R0) blood
was added to Lymphoprep ™ (STEMCELL Technologies) in 50 ml tubes to isolate the
PBMCs via density gradient centrifugation (2000 rpm, 20 minutes; no brake). The
lymphocyte layer (located between the Lymphoprep and the plasma) was removed and
washed twice in RO (2000 rpm, 10 minutes). Cells were resuspended in R10 for counting.
If using fresh, PBMCs were rested in R10 (1 x 10° cells/ml) at 37°C/5% CO, for at least
two hours before use; otherwise the freezing protocol was followed. Pelleted cells were
resuspended in chilled FCS and combined with a 20% DMSO in FCS mix to make a 10%
DMSO solution in CS (5 — 30 x10° cells/ml). The solution was quickly aliquoted
intocryovials (1 ml cell suspension/vial) and stored overnight at -80°C in an isopropanol
cooling box. Cells were transferred to vapour phase liquid nitrogen the next day for long-
term storage.
2.5.2 Thawing cells

To thaw frozen cells the vials were agitated in a 37°C water bath until only a
small pellet remained. Cells were added dropwise to warmed R10 with DNase I (6 pg in
10 ml R10; Sigma-Aldrich) then washed twice in R10 (1500 rpm, 5 minutes). Cells were
resuspended in R10 and rested for at least two hours at 37°C. Before use cells were
counted using a Z Series Coulter Counter (20 ul cell suspension in 10 ml buffer; 1:500
dilution factor; Beckman Coulter) and viewed under a microscope using the Trypan Blue
stain (Sigma-Aldrich) to assess cell viability.
2.5.3 CD8+ T cell separation

Magnetic bead separation was used to isolate CD8+ T cells from PBMCs. Cells

were centrifuged at 1500 rpm for 10 minutes then resuspended in 80 ul MACS buffer and
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20 pl anti-CD8 microbeads per 15 x 10° cells (Miltenyi Biotec). After 15 minutes at 4°C
cells were washed in MACS buffer and resuspended in 500 pl MACS buffer per 15 x 10°
cells. 500 pl cell suspension was added to each MS column (Miltenyi Biotec) in the
MACS magnetic separator (pre-eluted with 500ul MACS buffer). The column was
washed three times with 500 ul MACS buffer and the eluent was collected in a tube
(CD8™* fraction). The column was removed and 1 ml buffer was pushed through the
column into a second tube using the plunger (CD8+ fraction). Cells were washed in R10,
counted and resuspended at 1 x 10° cells/ml in R10. CD8"# cells were used for infections
(as CD4+) while CDS8+ cells were used as effectors.
2.5.4 Resting cell separation

To isolate resting cells, CD8"* cells (from section 2.5.3) were rested for 2 — 24
hours at 37°C then centrifuged at 1500 rpm for five minutes. Cells were resuspended in
100 ul PBS and stained with CD25-PE, CD69-PE and HLA-DR-PE (4 pl each per 10 x
10° cells; BD Biosciences) for 15 minutes at RT. Cells were washed with PBS (1500 rpm,
10 minutes). The pellet was then resuspended in 80 pl MACS buffer and 20 pl anti-PE
microbeads (Miltenyi Biotec) per 10 x 10° cells for 15 minutes at 4°C. Cells were washed
and run through MS columns as described in section 2.5.3 The first eluted fraction
contained the resting cell population as confirmed by flow cytometry
(CD25™%/CD69™*/HLA-DR™*).
2.6 In vitro HIV infection of CD4+ T cells
2.6.1 Activated CD4+ T cell infection

Freshly separated CD8"* cells (1 x 10° cells/ml R10) were activated with PHA (5
ng/ml) for three days at 37°C. Cells were transferred to 14 ml round bottomed capped
tubes, then washed twice in R10 and counted; a portion of cells were resuspended in R10

with IL-2 and returned to 37°C as uninfected controls. HIV-1iys was added to the
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remaining cells at 100 ul/10° cells (multiplicity of infection, MOI = 0.01) and cells were
spinoculated at 2000 rpm for two hours at 27°C. Cells were washed twice in R10,
counted and resuspended at 1 x 10° cells/ml in R10 with IL-2. Infected cells were
cultured at 37°C for 5 — 7 days.
2.6.2 Resting CD4+ T cell infection

The method of generating resting infected CD4+ T cells was described by Pace et
al. >’ In short, CD8"%/CD25™¢/CD69"¢/HLA-DR"* cells were rested for 2 — 3 days
post-purification. Cells were infected with HIV-1yys by spinoculation (as described in
section 2.6.1) but with 500 pl to 1 ml virus/10° cells (MOI = 0.05 to 0.1). After
spinoculation cells were washed first in R10 with DNase I then an additional two times in
R10 alone. An aliquot of cells was cultured with darunavir (10 pM) to confirm the
absence of a spread of infectious virus in resting cells. Infected cells were cultured at
37°C for 5 — 6 days.
2.7 Viral inhibition assay

To assess the viral inhibitory capacity of CD8+ T cells a viral inhibition assay
(VIA) was used as described previously.”> On day zero CD8"® T cells were isolated
from a vial of thawed PBMCs (sections 2.5.2 — 2.5.3) and activated with PHA (section
2.6.1). On day three activated cells were infected with HIV-1s at an MOI of 0.01
(section 2.6.1); meanwhile, a new vial of cells was thawed and the CD8+ T cells isolated
and rested. After infected cells were washed and counted, these infected targets and
CD8+ T effectors were co-cultured in replicates at various effector to target ratios (E:T)
in wells of a 96-well plate (200 pl R10 with 1 x 10> targets/well). Target cells cultured
alone (1 x 10’ cells) and uninfected cells were always plated as controls. For experiments
in which ImmTAVs (m121 and controls) were used to redirect CD8+ T cells, the final

ImmTAV concentration was 10° M unless otherwise stated. Cells were co-cultured at
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37°C for 5 — 7 days, after which the frequency of p24+ cells was determined by p24
intracellular staining (section 2.10.1). CD8+ T cell antiviral inhibitory activity was
calculated using the following equation:

.. . %p24 +CD4 alone ™ %p24 +coculture with CD8+
% Elimination = %p24 +opg o ] * 100

For the resting cell infection VIA a few changes were made to the VIA protocol.
On day zero resting CD8"* T cells (sections 2.5.3 — 2.5.4) were cultured in R10 alone for
three days, after which they were infected with HIV-1y3 (MOI = 0.05 — 0.1), thoroughly
washed with R10/DNase, then cultured for an additional five days. On day eight resting
infected CD4+ T cells were combined with purified CD8+ T cells, with or without
ImmTAVs, and cultured for two days followed by p24 intracellular staining.
2.8 Latency reversal

To reactivate latent virus LRAs (section 2.2.4) were added to resting infected
CD4+ cells plated into 96-well plates (1 — 2 x 10> cells/well; section 2.6.2). After six
hours’ culture at 37°C cells were washed in R10 twice, then resuspended in R10 for an
additional 42 hours followed by p24 intracellular staining. For VIAs, CD8+ T cells and
ImmTAVs were added after the six hour wash for an additional 42 hours followed by
staining.
2.9 Flow cytometry and analysis

For all flow cytometry experiments single stain (compensation beads stained with
each antibody individually; BD Biosciences) and fluorescence minus one controls (FMO
— cell samples stained with all fluorochromes in a panel but one) were run alongside
samples during each acquisition period on the flow cytometer (CyAn, Beckman Coulter;
LSRFortessa X-20, BD Biosciences). FlowJo software was used for analysis of acquired
samples. First, single stain controls were used to create a compensation matrix to correct

for fluorescence spillover emissions; this compensation matrix was then applied to all
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samples. Next, a gating strategy was applied to all samples to identify lymphocyte
(forward scatter vs. side scatter), single cell (forward scatter vs. pulse width), alive
(LIVE/DEAD™®) and CD8+ T cell (CD3+CD8+) or CD4+ T cell (CD3+CD8"™*
populations. For gating of further cell subpopulations (for example, PD-1+ populations)
gates were set using the appropriate FMO control and applied to the other samples.
2.10 Flow cytometry staining
2.10.1 p24 intracellular staining

Cell cultures containing infected cells were analysed as described previously.*”
Briefly, cells were harvested, pelleted (1800 rpm, three minutes in 96-well plates) and
washed in PBS. Samples were stained with LIVE/DEAD (0.5 pl/sample in 100 pl PBS)
for 20 minutes at RT, washed with PBS and fixed with lysolecithin PFA for two minutes
at RT. Cells were then permeabilised with 50% cold methanol for 15 minutes at 4°C then
0.1% NP-40 for five minutes at 4°C. Cells were stained with cell surface antibodies
(CD3-APC-Cy7 and CD8-APC, BioLegend; CD4-PerCP, BD Biosciences) and p24 (KC-
57-FITC; Beckman Coulter) for 15 minutes; for resting cell infections CD25/CD69/HLA -
DR antibodies (all conjugated to PE; BD Biosciences) were added to confirm purity.
Cells were washed twice in PBS and resuspended in 200 ul PBS. Samples were acquired
on a CyAn flow cytometer. Uninfected controls were used to set the p24+ gate.
2.10.2 Assessment of exhaustion and activation status

To assess PD-1 expression, cells were washed in PBS, pelleted (1800 rpm, three
minutes), and stained with LIVE/DEAD (as in section 2.10.1). After washing, cells were
stained with cell surface markers (as in section 2.10.1) and PD-1-PE (1.5 pl/sample;
BioLegend) in 100ul PBS for 20 minutes at RT. After washing, cells were resuspended in

2% PFA and run on a CyAn flow cytometer.
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For the activation staining panel, PBMCs were washed in PBS, pelleted and
stained with LIVE/DEAD followed by staining with cell surface markers (0.15 — 1
ul/sample of CD3-APC Fire 750, CD4-PE Dazzle CF594, CD8-PerCP in 100 pl PBS for
15 minutes at RT. Cells were then fixed in CytoFix (BD Biosciences) for 20 minutes at
4°C followed by staining for intracellular markers (p24-FITC; CD154-BV421 and CD69-
APC, BioLegend; 0.1 — 1.25ul/sample in 100 pl CytoPerm) for 20 minutes at RT. After
washing, cells were resuspended in PBS and run on an LSRFortessa X-20. An uninfected
control was used to gate on p24+ populations.

For the second exhaustion staining panel, PBMCs were stained and fixed
according to the PD-1 staining protocol (no permeabilisation required) but using a surface
marker panel comprised of CD3-APC-Cy7, CD4-PE Texas Red, CD8-PerCP/Cys5.5,
CD45RA-PE/Cy7, CD27-APC, PD-1-PE, CD39-BB515, and CCR7-BV421
(BioLegend). Samples were run on an LSRFortessa X-20.

2.10.3 Mitochondrial reactive oxygen species accumulation

PBMCs were pelleted into a 96-well plate (< 10%well, 1500 rpm, four minutes)
and washed with PBS followed by staining with LIVE/DEAD for 20 minutes at RT. After
washing the cells, they were stained with 100 pl of MitoSOX™ Red (5uM in PBS;
Invitrogen) for 15 minutes at 37°C. Cells were washed twice in FACS buffer (0.5% BSA
in PBS) then stained with cell surface antibodies (CD3-APC-Cy7, CD4-Pacific Blue;
BioLegend) for 20 minutes at 4°C. After all staining was complete samples were washed
and resuspended in 200 pl FACS buffer for acquiring on a CyAn flow cytometer.
MitoSox+ populations (cells producing mitochondrial reactive oxygen species, mtROS)

were analysed within the alive CD3+CD4+ or CD3+CD4™¢ (CD8+) populations.*”
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2.10.4 Quantification of mitochondrial mass

To measure mitochondrial mass (mtMass) cells were stained following the
MitoSox protocol (section 2.10.3) but instead of MitoSox cells were incubated with 100
ul MitoTracker Green™ (150 nM in FACS buffer; Invitrogen) after the cell surface
staining step. Histograms of the MitoTracker fluorescence signal (FITC channel) were

used to calculate the change in mitochondrial mass according to the following equation:

MFlireated = MFlcontrol
1\/IFIcontrol

% change mitochondrial mass = < ) * 100

2.10.5 FACS-based autophagic flux assay

A FACS-based assay that detects LC3 II was used to measured autophagic flux in
primary T cells (FlowCellect'™ Autophagy LC3 Antibody-Based Assay Kit, Merck
Millipore). Cells were treated for two hours with zidovudine (section 2.2.3), autophagy
inhibitors (section 2.2.5) or controls in a 96-well plate. The plate was then washed with
PBS (1800 rpm, three minutes). Cells were stained with LIVE/DEAD followed by
surface markers as in section 2.10.1. After staining, cells were washed with 100 pl 1x
assay buffer per well and then 100 pl 1 x autophagy reagent B (ARB) was added. Plates
were immediately centrifuged, the supernatant was discarded and the anti-LC3-FITC
antibody (1:20 in 1 x assay buffer, 100 pl/sample) was added for 30 minutes at 4°C. After
washing if fixation was required 100 pl of 2% PFA was added for 15 minutes at 4°C, then
washed out with assay buffer. Samples were resuspended in 200 ul assay buffer and
acquired on a CyAn flow cytometer. The MFI(LC3) of the treatment sample (cultured
with autophagy inhibitor) and the basal sample (untreated) was then used to calculate the
Autophagy Activity Factor (AAF):

— (MFILC?’treatment - MFILCBbasal)

AAF
MFILC3,a1
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2.10.6 Intracellular cytokine staining for caspase-3 and IFNy

To determine T cell responses to HIV, cells were stimulated with HIV-1
consensus B Gag peptides (NIH AIDS Reagent Program) and stained for intracellular
IFNy and caspase-3. To begin with, thawed PBMCs were rested overnight then plated
into 96-well plates at 1 x 10° cells/well. Cells were stimulated with 2 pg/ml of one of two
peptide pools (HIV-1 consensus B Gag 15-mer peptides with 11 amino acid overlaps
totalling 123 peptides; originally pooled as part of a matrix plate but pooled again into
two final pools ‘A’ and ‘B’ — see appendix 2.2), Staphylococcal enterotoxin B (SEB; 1
pg/ml as positive control; Sigma-Aldrich), or PBS (negative control). Co-stimulatory
antibody cocktail CD28/CD49d (1 pg/ml) was added to each well and cells were
incubated for 30 minutes at 37°C. Protein transport inhibitors, brefeldin (1/1000; BD
Biosciences) and monensin (1/1000; BD Biosciences) were added and the cells were
incubated for an additional 5 ’2 hours. The plate was then placed at 4°C overnight until
ready for staining.

Cells were washed with PBS (1500 rpm, five minutes), stained with LIVE/DEAD,
washed with FACS buffer, stained with cell surface markers (CD3-APC-Cy7, CD8-APC,
CD4-PerCP), and washed again in FACS buffer (section 2.10.1). CytoFix was then added
for 20 minutes at RT. Cells were then washed with CytoPerm (1800 rpm, five minutes).
IFNy-FITC (BioLegend) and activated caspase-3-PE antibodies (2 pl each; BD
Biosciences) in 100 pl CytoPerm were then added for 20 minutes at RT. Cells were
washed with CytoPerm twice then resuspended in 2% PFA. Samples were acquired on a
CyAn flow cytometer. The percentage caspase-3+ populations of total T cells (CD4+ or

CD8+) and HIV-specific T cells (CD4+IFNy+ or CD8+IFNy+) were determined.
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2.11 Quantification of SL9-specific T cells by staining with HLA-A*0201/SL9
dextramers

To screen for SL9-specific responses, PBMCs (5 x 10> cells) were pelleted in a
round bottom tube and 10 pl dextramer (Immudex, Copenhagen) was added to the
residual R10. After 10 minutes at RT in the dark cell surface antibodies (CD3-APC-Cy7,
CDS8-APC, CD4-PerCP) were added for an additional 15 minutes. Samples were washed
in 2 ml PBS (1500 rpm, five minutes) after which LIVE/DEAD in PBS was added. After
20 minutes the samples were washed in PBS and resuspended in 2% PFA prior to
acquisition on a CyAn flow cytometer.
2.12 Short-term cell line production

To generate SL9-specific short term CD8+ T cell lines (STCL), PBMCs from
chronic ART-treated patients were screened for SL9-specific responses by staining with
an HLA-A*0201/SL9 dextramer (section 2.11). PBMCs from reactive donors were then
resuspended at 2 x 10° cells/ml in H10 with 25 ng/ml IL-7 (Bio-Techne). 1 ml of cell
suspension was added to each well of a 12-well plate with PBS in the empty wells. 4
pg/ml SL9 peptide (1 mM stock; Sigma-Aldrich) was added to each well and cells were
cultured at 37°C. On day three, IL-2 was added at 1.8 x 10’ units/ml and cells were
returned to 37°C. On day seven, 1 ml fresh H10 and IL-2 was added; this was

repeatedon days eight and nine if the medium turned yellow. On day 10, cells
were washed in PBS twice then rested in R10 (1 x 10° cells/ml) before use; 2 x 10° cells
were used to determine the percentage of SL9+ CD8+ T cells by dextramer staining.
2.13 Immunofluorescence
2.13.1 Antibodies

Immunofluorescence staining of HIV-infected cells used the following primary

antibodies: mouse monoclonal to HIV-1 p18 (1:500; NIBSC), human monoclonal to
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HIV-1 gp120-A488 (1:75; 2G12 clone, a gift from Dr Jakub Chojnacki, WIMM) and
human monoclonal to HIV-1 p24 (1:75; 37G12 clone, NIBSC and Polymun). The 37G12
primary could not be used with an anti-human secondary due to non-specific binding. It
was conjugated to the Abberior STAR 635P dye (section 2.14.2; Abberior) or KK114 dye
(a gift from Dr Jakub Chojnacki, WIMM).

CD8+ T cells were identified using either a mouse monoclonal to CD8a (1:50;
clone 37006, R&D Systems) or rabbit polyclonal to CD8a (1:200; Abcam). For
immunological synapse imaging, primary antibodies included a mouse monoclonal to Lck
(1:50; clone 3AS5, Santa Cruz Biotechnology), mouse monoclonal to phosphoss-Lck
(1:100; clone 755103, R&D Systems), rabbit polyclonal to active-caspase-3 (1:300;
Abcam), mouse monoclonal to CD11/CD18 (for LFA-1, 1:100 pre-permeabilisation;
Abcam), rabbit polyclonal to a-tubulin (for MTOC, 1:50; Abcam); rabbit polyclonal to
Zap70 (1:100; Abcam), Alexa Fluor 488 phalloidin (for F-actin, 1.25 pl ethanol
solution/50 pl total volume; Invitrogen) and mouse monoclonal to human perforin (1:100;
clone dG9, BioLegend). All primaries (except those already conjugated to a dye) were
used with a goat secondary antibody (anti-mouse or anti-rabbit) coupled to Alexa Fluor
488, 568 or 647 (1:1000; Life Technologies Ltd.).

2.13.2 Conjugation of dye to primary antibody for immunofluorescence

To overcome the non-specific binding of the goat anti-human secondary antibody
used with the human anti-p24 antibody (37G12) a fluorescent dye was conjugated to the
primary antibody. Primary 37G12 antibody was concentrated to 2 — 4 mg/ml using spin
columns (Spin-X UF 500ul 50k MWCO; Corning) and centrifugation at 3700 x g for five
minutes rounds. The concentration was confirmed using the ‘protein A280° module of a
NanoDrop™™ (ThermoFisher Scientific); placing 1.3 pl of antibody on the probe of the

NanoDrop provided the concentration and purity of the IgG. Next, the conjugation mix
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(150 pl total volume) was prepared: 100 pl IgG solution, 20 ul 0.2 M NaHCO; (pH 8.3),
Aberrior STAR 635P dye (3:1 molar dye to antibody ratio; dye at 1254 M, IgG at
150,000 M) and PBS. The mix was incubated for one hour at RT with constant shaking.
The unbound dye was removed via filtration through a new spin column and washes with
4 ml of PBS. The mixture was then further concentrated to 200 pl by repeated rounds of
centrifugation in the same spin column. Antibody concentration and degree of labelling
(DOL) was calculated using measurements from the NanoDrop — the protein A280
module followed by the ‘UV-VIS’ module was used to determine Abs (280 nm) and Abs
(max absorption wavelength of the dye). The antibody concentration (M) and DOL

(moles dye/moles protein) was calculated using the following equation:

Ab conc (M) = (Abszsonm — (AbSmax * CFag0nm dye))

Ext coefantibody

DOL — Absmax
xt coe * Ab conc
(E faye * Ab )

For Abberior STAR 635P and IgG:

*  CFas50nm dye = 0.47

*  Ext coefantibody = 210,000

* Ext coefyye = 75,000
Once the desired DOL was achieved (further rounds of conjugation and concentration
were sometimes needed) 2.5 mg/ml BSA and 2 mM sodium azide were added to stabilise
the antibody for freezing in aliquots.
2.13.3 Preparation of slides for visualisation of cells by confocal microscopy

To make slides for confocal microscopy 13 mm glass coverslips (VWR) were

placed into 24-well plates and coated with 5 pg/ml fibronectin (Sigma-Aldrich) in PBS.
The plate was incubated at 37°C for at least one hour, after which the fibronectin was

removed and cells were immediately added. Alternatively, slides were soaked in poly-L-
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lysine (1:10 in water; Sigma Aldrich) for 30 minutes, blotted dry on a paper towel, then
placed in 24-well plates followed by addition of cells. After settling for 5 — 30 minutes
cells were fixed for 15 minutes with 2% PFA or 10 minutes with 4% PFA depending on
the antibody. After removal of PFA wells were covered in PBS until ready for staining.

For visualisation of T2-T cell conjugates T2 cells (5 x 10°/slide) were pelleted in a
14 ml round bottomed tube, washed in RO, then pulsed with 12.5 uM SL9 peptide in RO
for 5 % hours at 37°C. After pulsing, cells were washed and mixed with CD8+ T cells
(E:T of 1) and 10° M m121 ImmTAV (or control InmTAVs) in 300 pl R10/well. HLA-
A2+ CD8+ T cell donors were used to prevent any HLA-mismatched alloreactivity.**>>%
After quickly mixing, the cell mixture was added to the prepared coverslips in the 24-well
plate. Co-cultures were left for 5 — 30 minutes at 37°C followed by fixation. For the
formation of primary T cell-T cell conjugates, infected CD4+ T cells (either resting or
activated, see sections 2.6.1 — 2.6.2) or CD4+ T cells from ART-treated patients (PHA-
stimulated to reactivate autologous virus) replaced SL9-pulsed T2 cells as targets; E:T
ratios varied depending on experiment.
2.13.4 Staining for immunofluorescence

The general staining method for immunofluorescence was as follows. After cells
were settled and fixed on coverslips in the wells of the plate (section 2.13.3) they were
permeabilised with 0.1% Triton-X100 (Sigma-Aldrich) for 10 minutes. To wash cells,
PBS was added dropwise to the well, left for five minutes, then carefully removed. After
two washes, cells were blocked with blocking buffer (2.5% goat serum and 0.5% BSA in
PBS; Life Technologies Ltd.) for 45 minutes at RT. Cells were stained either by adding
the primary antibody to the coverslip in the well (200 pl total volume 0.5% BSA in PBS)
or the coverslip was removed with tweezers then inverted on a 50 pl bubble of

antibody/buffer on Parafilm® (Sigma-Aldrich); the former method was preferred for
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delicate samples or experiments with short settling time periods. After primary antibody
staining for one hour cells were washed three times followed by the secondary antibody
(1:1000) for one hour at RT. Cells were then washed twice in PBS and once in distilled
water. For optimisation experiments with saponin buffer, the cells were
blocked/permeabilised for 30 minutes with saponin buffer (with added 2.5% goat serum
and 2.5% human serum) and the saponin buffer was also used for washes plus primary
and secondary antibody steps.

The coverslip was then inverted onto a 2 pl droplet of Vectashield® mounting
medium (Vector Laboratories) on a glass slide. The coverslip was sealed with clear nail
polish and after drying was stored at 4°C until microscope acquisition (< 1 month). For
the LFA-1 primary antibody the primary and secondary staining was performed before
permeabilisation: cells were fixed, blocked, stained with anti-LFA antibody followed by
secondary antibody, permeabilised and then stained with CD8 and p24 antibodies. For all
experiments, a control slide with cells stained with secondary antibodies only was
prepared to check for non-specific staining.

2.13.5 Confocal microscopy image acquisition

Immunofluorescence samples were acquired using either an LSM 510 or 880
inverted confocal microscope (Zeiss), both with Zen software (v. 2.1; Zeiss). A 63x plan-
apochromat objective (1.4 NA oil) was used for all immunological synapse analyses and
a 40x plan-apochromat objective (1.3 NA oil) was used for conjugate quantification. The
following dyes — A488 (used for all immunological synapse markers), A568 (used for
CDS8) and Abberior STAR 635P (used for p24) — were excited using the 458/488/514 nm
(Argon), 561 nm (HeNe) and 633 nm (HeNe) lasers respectively. A differential
interference contrast (DIC) image was acquired for assessment of cell morphology. Laser

settings were optimised to prevent over- or under-saturation of the stains and were kept
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the same between comparable experiments. Pixel size was adjusted in accordance with
the resolution to prevent over- or under-sampling.

To identify conjugates the slide was scanned using the eyepiece of the microscope
alternating between red fluorescence (to visualise CD8+ T cells) and DIC (to see
morphology) until a possible conjugate was found. To confirm the correct pairing (CD8+
T cell and T2 or infected CD4+ T cell) the ‘live’ imaging program was run; if a correct
pairing was identified (CD8+ cell touching a T2 cell, as defined by large morphology, or
p24+ cell) a final image was acquired of the conjugate. For immunological synapse
imaging, one image in all colours (synapse marker in 488 nm, CD8 in 568 nm, p24 in 647
nm (if required) and DIC) was taken at the widest section of the cells (‘the equator’) to
identify the correct conjugates. Then, a Z-stack of the synapse marker (26 images, 0.37
um apart) was taken to maximise data acquisition. Images of at least 10 conjugates per
condition were acquired.

To quantify the number of T2-T cell conjugates, the slide was moved around
without direct visualisation under the microscope to minimise bias. Upon random
stopping, the eyepiece was only used to confirm that there were in focus T2 cells (targets)
in the field of view; using the 40x objective an overview image of the slide (DIC and
CDS only) was then acquired for counting. This was repeated until at least 50 target cells
were found per condition per donor, depending on the cell density on the slide (see
section 2.13.8 for analysis).

2.13.6 Confocal image analysis: p24 expression

All analysis of .Ism and .czi images was done using ImageJ (NIH) with the Bio-
Formats plugin; individual macros were written using the macro editor to streamline
analysis of large numbers of images. To analyse p24 expression in target cells the total

corrected cellular fluorescence (TCCF) of each CD4+ T cell was calculated. An outline of
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the cell, looking at the DIC channel, was drawn using the ‘freehand sections’ tool.
Switching to the p24 channel, but maintaining the outline, a measurement of the area,
integrated density (IntDen), mean, min and max was taken using the ‘measure’ tool. This
was repeated with an area of the background near the cell. The measurements were then
used to calculate the TCCF (figure 2.2):

TCCF = IntDencell - (Areacell * MFIbackground)

Figure 2.2: Total corrected cellular fluorescence (TCCF)
of p24+ cells. In ImageJ the p24 channel of an image of a
possibly infected cell either alone (top) or in conjugate with a
CD8+ T cell (bottom) was used to measure the integrated
density (IntDen) and area of the cell as well as the MFI of a
background region. The product of the area of the cell and the
MFT of the background region was subtracted from the IntDen
of the cell to calculate the TCCF.

For each experiment, a slide of uninfected CD4+ T cells was also stained for p24
and the TCCF of approximately 50 cells was also calculated. The mean TCCF(p24) of the
uninfected cells was then used as a cut-off for detection of p24 in the target cells (either
on their own or in a conjugate); values below the mean were excluded from further
analyses. The TCCF was used to determine whether the CD8"™# cell in a T cell-T cell pair
expressed p24 and if the p24 signal was below the cut-off the T cell-T cell pair was
excluded from further synapse analysis. For T2-T cell conjugates the target T2 cell was
pulsed with peptide not virus and was easily identified without a cell marker as T2 cells

are larger (~ 12 pm) than CD8+ T cells (~7 pm).
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2.13.7 Confocal image analysis: immunological synapse molecules

Once an appropriate conjugate was determined (section 2.13.6) the synapse
molecules were analysed (figure 2.3). For LFA-1 the A488 channel Z-stack was
combined into one image using the ‘SumStacks’ module on ImageJ. From this image, the
LFA-1 at the contact (% of total) was measured by drawing an outline around the synapse
(on the CD8+ T cell where it touched the target cell), measuring the IntDen for the LFA-1
channel and then doing the same for an outline of the entire CD8+ T cell. The LFA-1

localised was compared between conditions.

IntDenLFAlgynapse
IntDenLFA1 1016 cenl

LFA1 at contact (% of total) = < ) * 100

In single, unstimulated cells Zap70 resides in the cytoplasm whereas upon
signalling via the T cell receptor/CD3 complex it localises to the plasma membrane. To
quantify Zap70 polarisation the same method used for LFA-1 quantification was applied
(Zap70 at contact (% of total)). Alternatively, the percentage of conjugates with Zap70
localised to the periphery vs. the centre of the CD8+ T cell was calculated for each
condition.

To analyse the MTOC the Z-stack of the a-tubulin channel was used to identify
where the MTOC was located within the CD8+ T cell (defined as the point where
microtubules converge into a visible point of maximal brightness). A line was drawn
from this point to the centre of the synapse and measured. The lengths (um) were
compared between conditions.

F-actin typically accumulates at the synapse then clears to the dSMAC. To
analyse F-actin distribution the equator image of F-actin was used to determine the F-
actin at the contact (% of total) in the CD8+ T cell (same method as LFA-1).

Finally, to measure perforin at the synapse the Z-stack of perforin in the CD8+ T

cell was used to categorise perforin distribution into one of three categories: distal
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(located at the far side of the CD8+ T cell away from the synapse), dispersed (located

throughout the CD8+ T cell) or docked (polarised to the synapse). The percentage of

distal, dispersed and docked perforin was compared between conditions.
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Figure 2.3: Final methods for synapse analysis. Schematics show the chosen methods
for analysis of LFA-1, Zap70, F-actin, MTOC and perforin polarisation in the CD8+ T
cell of a T cell-T cell or T2-T cell conjugate.

2.13.8 Confocal image analysis: conjugate quantification

To quantify the number of T2-T cell conjugates that formed the low power images

(section 2.13.5) were used to count the total number of T2 cells and the number of T2

cells in conjugates with CD8+ T cells (figure 2.4); if a T2 cell formed a conjugate with

multiple CD8+ T cells each synapse counted as one conjugate. The percentage of T2 cells

in conjugates was calculated from these counts and compared between conditions.
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Because T cell-T cell conjugate formation was rare the random method used for
T2-T cell conjugates did not always find conjugates. Instead, slides of T cell-T cell
conjugates under different InmTAV conditions (m121, m231, etc.) were coded so that
the observer was blinded to the experimental conditions. The observer marked as many
synapses as possible searching through the eyepiece for 15 minutes and the final synapse
count was based on the number of correctly paired cells after image acquisition and

analysis.

Figure 2.4: Quantifying numbers of T2-T cell
conjugates. To quantify the number of T cell
| conjugates formed several random, blind images
were acquired on the microscope at low power (DIC
and CDS8 channel shown overlaid). The number of
target cells counted are shown marked with yellow
stars and an example target cell in conjugate with an
effector is marked with the yellow arrow. Scale bar
represents 20 um.

2.13.9 Stimulated emission depletion microscopy image acquisition

Stimulated emission depletion microscopy (STED) was used to improve the
resolution for p24 and synapse marker distribution. A custom RESOLFT STED or Leica
SP8 Gated STED microscope was used (in collaboration with Dr Jakub Chojnacki,
WIMM) to analyse prepared slides. The STED laser channel was used for p24 (KK114 or
Abberior STAR 635P) and/or synapse markers (Alexa Fluor 488) while CD8 (Alexa
Fluor 568) was included in the non-STED channel to identify cell pairs. XY and Z-stack
confocal images were acquired for all channels first, followed by acquisition with the
STED laser to allow for a comparison of the resolution gain when using STED. Images

were analysed using ImageJ software.
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2.14 Statistical analyses

GraphPad Prism (v.7.0a) and Microsoft Excel was used to perform all statistical
analyses. Any technical replicates for each donor were averaged and multiple donors
were combined by determining the pooled mean, pooled standard deviation (SD) and
standard error of the mean (SEM). Where a normal distribution was assumed, data were
analysed with parametric tests ((RM) one-way ANOVA (with or without Dunnett’s,
Tukey’s or Sidak’s multiple comparisons tests — adjusted P values shown), (un)paired t
tests or multiple t tests); apparently skewed data were analysed with non-parametric tests

(Mann-Whitney tests or Kruskal-Wallis te:sts).3m’302
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3.1 Introduction
A reservoir of latently infected memory CD4+ T cells is established early in the
course of an HIV infection, allowing the virus to persist even during treatment with

98,303

suppressive ART regimens (reviewed in ). Latently infected cells can be defined as

infected cells that contain integrated but transcriptionally silent proviral HIV DNA (but

304395 This classical

upon activation are capable of generating infectious viral particles).
definition implies that latently infected cells cannot be targeted by the host immune
response. However, new evidence suggests that this binary depiction of reservoir cells
may be too simplistic.*®* Low levels of HIV RNA have been detected in resting CD4+ T
cells from patients on ART suggesting that the provirus within the cells was not fully

306-308

transcriptionally silent. However, compared to activated CD4+ T cells there was

less HIV RNA in resting CD4+ T cells and the transcripts were often abortive or

d.>%02973% While these differences in the composition of the RNA transcripts

unsplice
may not have resulted in protein expression it is also possible that non-productive
infection in these cells reflects partial blocks at multiple stages of viral gene transcription,
supporting the concept of a ‘spectrum’ of latency. At one end are the classically defined
latently infected cells with provirus that is completely transcriptionally silent. Resting
CD4+ T cells that transcribe integrated HIV DNA but do not produce HIV proteins, as
described in these ART patients, are intermediate on the spectrum. Finally, there are
resting CD4+ T cells that can express HIV proteins but still do not spread infection. This
latter population was generated in an in vifro model of HIV latency, wherein resting
CD4+ T cells were directly infected with HIV and produced p24 but did not support a
spreading infection (‘Gag+ reservoir cells’, GPR cells).”**** GPR cells may also exist in

vivo as Gag+ resting CD4+ T cells from chronic HIV infected (CHI) donors on ART

contained more copies of HIV DNA per cell than Gag"® resting CD4+ T cells did,
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although further investigation of this rare population of cells is needed.’'® However, some
groups would debate whether this final category of cells are truly latent, as protein
production may result in elimination of the cells by immune effector mechanisms.*'''*

If a proportion of the viral reservoir were comprised of GPR cells then these could
be targeted by immune-based therapies without the need for viral reactivation. However,
because of the low antigen expression, T cells may not be able to recognise the infected
cells as TCRs typically have low affinity for pHLA complexes (micromolar range) and

310

fast dissociation rates (seconds).”~ To overcome this, ‘shock and kill’ strategies have

been proposed. Latency-reversing agents (LRAs) are applied to selectively reactivate

: : . 313,314
latent proviruses (the ‘shock’; reviewed in ™

). Infected cells that resume virion
production are rendered potentially susceptible to HIV-mediated cytopathic effects or
immune clearance, mediated by immunomodulatory enhancement strategies such as
vaccines or bispecific molecules (the ‘kill’; reviewed in ***'*?'%). Effective LRAs target
host cell-mediated molecular mechanisms that regulate expression of genes, into which
HIV has integrated, within the resting CD4+ T cells. For example, histone deacetylases
remove acetyl groups from the amino acids on a histone; this allows the histones to
tightly wrap the DNA creating a repressive chromatin environment (i.e. at the HIV
promoter). HDAC inhibitors reverse this process by inducing HIV chromatin acetylation,
promoting virus production without full cellular activation. Protein kinase C (PKC)
agonists target signalling pathways within the host cell that lead to transcription complex
formation, transcript initiation and processing of the transcription complex. Combinations
of different classes of LRAs have been shown to enhance viral reactivation in vitro.'***'°
The key challenge for latency reversal in vivo is to selectively reactivate proviruses within

latently infected cells without causing global activation as this could increase spread of

infectious virus or cause a cytokine storm.
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Because of the requirement to carefully reverse latency in infected cells, LRAs
may not be adequate for inducing cell death from viral cytopathic effects alone. In clinical
trials where LRAs, including vorinostat, romidepsin and panobinostat, were administered
in vivo to CHI patients on suppressive ART there was a measurable increase in cell-
associated HIV-1 RNA production (indicative of transcription) and/or plasma viraemia

143,317-319

but no reduction in the frequency of latently infected cells. This failure to clear

the latently infected cells indicates that a functional immune response is needed for the

‘kill.” This can be seen with CTLs from elite controllers which contribute to the control of

199,320

HIV replication and limit seeding of the reservoir. In vitro studies have also shown

that ex vivo CD8+ T cells from elite controllers can kill both non-productively infected
cells and GPR cells which both represent populations that may contribute to the HIV

2310 However, in the majority of CHI patients their CD8+ T cells have a limited

reservoir.
impact on virological control and reservoir size. This is in part due to mutational escape
by HIV and the resultant functional exhaustion of the cells but also a reduction in their
frequency during ART,'193-3217324

To combat this dysfunction therapeutic vaccines were designed that might
enhance CD8+ T cell responses to clear HIV-infected cells. However, therapeutic
vaccines have been tested in ART-treated patients, but without LRAs, generally without
success.”*** 3% Even though to date no vaccine has permitted sustained ART
interruption, in the context of ‘shock and kill’ therapy a LRA and ART would be used in
parallel, helping prevent viral replication and escape. In the few therapeutic vaccine trials
that have investigated the impact of a vaccine on the reservoir size none have had a
significant effect, likely due to the lack of viral protein expression in latently infected

292,329,330

cells. To address this, several clinical trials investigating ‘shock and kill’ have

: 139,314,331,332
been conducted or are ongoing. ~ 7 7
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An alternative to vaccine-induced immunomodulation is the application of
bispecific molecules to retarget non-HIV-specific CD8+ T cells towards the latently
infected targets. As discussed in section 1.2.1, DARTSs are antibody-based molecules that
can simultaneously bind two different cell surface molecules; for example one arm,
derived from an anti-HIV antibody, binds HIV’s Env while the other arm binds CD3 on
CDS8+ and CD4+ T cells.”® DARTSs are thus able to bind infected CD4+ T cells and
redirect polyclonal populations of CD8+ T cells to kill them, eliminating the need for
recruitment of pre-existing HIV-specific T cells. However, in directly infected resting T
cells Env was barely detectable compared to Gag, suggesting that few latently infected
cells may be detected by a DART.> Additionally, the variability of HIV’s Env protein
may restrict the DARTS use in cells infected with a strain of the virus with a mutation at
the epitope the DART recognises.

Engineered bispecific T cell receptors against viruses, or InmTAVs, represent a
different class of bispecific molecules that may overcome these limitations. Like DARTS,
ImmTAVs are able to simultaneously recognise an infected target and redirect non-HIV-
specific CD8+ T cells via an anti-CD3 single chain variable fragment (scFv). However, as
ImmTAVs recognise HIV epitopes via a TCR when presented by HLA molecules this
expands the potential targets to include intracellular proteins. There is the potential to
develop ImmTAVs against a wide range of epitopes by selection and engineering of
diverse TCRs (albeit with the limitation that their use is limited to subjects with the
relevant HLA allele(s)). A crucial step in the development of both DARTs and ImmTAVs
is affinity enhancement through site-directed mutagenesis of the Fab and TCR domains.
In the case of ImmTAVs, picomolar affinities for pHLA can be achieved, which
significantly increases the likelihood of engagement with a virus-infected cell compared

with a natural CD8+ T cell; in comparison DARTs and BiTEs exhibit nanomolar
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affinities for their peptide targets.”'"****%*** An HIV-specific InmTAV was shown to
redirect CD8+ T cell killing of HIV-infected primary CD4+ T cells ex vivo including
activated infected CD4+ T cells from healthy donors (HD) and reactivated latently
infected CD4+ T cells from ART-treated patients. However, as the latter are rare in vivo
these experiments are challenging to reproduce.**’

The aim of this chapter was to use a latency model to examine whether latently
infected cells are susceptible to elimination via an ImmTAV-mediated ‘shock and kill’
strategy. Antiviral activity of both ImmTAV-redirected healthy donor and CHI donor
CD8+ T cells was compared by using directly infected resting CD4+ T cells, as described
by Pace et al. (O’Doherty model), and a previously developed viral inhibition assay.”"*"*

The mechanisms underlying any differences in antiviral activity between the two groups

were then investigated.

84



CHAPTER THREE

3.2 Results
3.2.1 Resting infected CD4+ T cells express low levels of p24 without spreading
infection

The O’Doherty model of HIV latency relies on directly infecting resting CD4+ T
cells with HIV to develop a population of Gag-expressing cells that do not spread

infection.?*”1°

To replicate this model magnetic bead separation was applied to CD4+ T
cells to remove the activated (CD25+/CD69+/HLA-DR+) fraction. The resting
(CD25™%/CD69"¢/HLA-DR"*) fraction was stained with the same three activation
markers to assess purity. The samples were 98% pure immediately after separation but
after three days’ rest were >99% resting. Resting CD4+ T cells were spinoculated with
HIV-1y3 (MOI = 0.01) then cultured alone, with a protease inhibitor (PI; darunavir, 10
uM) or a reverse transcriptase inhibitor (RTI; tenofovir, 10uM). After four days, the p24
expression was measured by FACS for all three conditions (figure 3.1a). There was no
difference in the percentage of p24+ cells between the +/- PI samples (1% vs. 1.02%)

neg.

indicative of a non-spreading infection. The PI"™* sample was then stimulated with PHA
to reactivate latent virus, after which it was cultured with and without PI again. After two
days, the p24+ population was higher in the PI"*®* sample (3.04%) compared to the PI+
sample (1.33%) indicating that the infected cells contained replication-competent virus.
The resting status of resting infected CD4+ T cells was also confirmed by comparing the
PD-1 expression between activated infected and resting infected cells (figure 3.1b).%%*°**
The size of the PD-1+ population and MFI(PD-1) was higher in the activated population
compared to the resting (activated vs. resting % p24+, mean (SEM): 34.4% (3.2) vs. 3.3%
(1.01); MFI, mean (SEM): 21.4 (0.7) vs. 8.7 (1.2)).

To compare the p24 expression between resting and activated infected samples,

CD4+ T cell infections using the same MOI of HIV-1yg (0.01) were set up and stained
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for p24. By FACS the percentage p24+ population and MFI(p24) of the activated CD4+
T cells (25.4% p24+; MFI of CD4+ T cells = 255; MFI of p24+ T cells = 690) was higher
than the resting CD4+ T cells (4.25% p24+; MFI of CD4+ T cells = 41.1; MFI of p24+ T
cells = 302).
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Figure 3.1: Directly infected resting CD4+ T cells express p24 without spreading
infection. (a) CD25"%/CD69™*/HLADR-"*/CD4+ T cells were spinoculated with HIV-
I (MOI = 0.01) and cultured alone or with a protease inhibitor (darunavir, 10uM) or a
RTI (tenofovir, 10uM) for four days before measuring intracellular p24. The resting cells
cultured alone (-PI) were then activated with PHA and cultured with and without the
protease inhibitor for an additional 48 hours. X-axis = p24, Y-axis = CD4. (b) The PD-1
expression (%PD-1+ of CD3+ T cells, left; MFI(PD-1) of CD3+ T cells, right) was also
compared between uninfected, activated infected and resting infected T cells (n = 2).
Mean with SEM shown.

To determine whether the p24+ population could be enlarged, while still
maintaining the resting phenotype, different MOIs of virus were tested. The p24+

population expanded with the higher MOI and remained non-spreading (figure 3.2, left).
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After two days of PHA stimulation, the p24+ population increased, confirming the
presence of replication-competent virus (figure 3.2, right). An MOI of 0.05 or 0.1 was
chosen for further study. To confirm the kinetics of infection in resting cells, recently
spinoculated cells (MOI = 0.1) were cultured for 4 — 7 days. Peak frequency of infected
cells was observed at six days but as the cells appeared most viable and resting at five

days this time point was chosen for future use (figure 3.3).
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Figure 3.2: Titration of virus for directly infecting resting CD4+ T cells. Resting
CD4+ T cells were spinoculated with HIV-1ys using an MOI from 0.01 to 1 then
cultured with tenofovir (RTI, 10uM), darunavir (PI, 10uM) or alone for four days before
measuring intracellular p24 (left). On day four resting cells were activated with PHA for
an additional 48 hours before measuring p24 expression (day six post-infection, right).
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Figure 3.3: p24 kinetics of resting infected CD4+ T cells. Resting CD4+ T cells were
spinoculated with HIV-1y3 (MOI = 0.1) then cultured with and without darunavir (PI,
10uM). Intracellular p24 expression was measured on days 5 — 7 post-infection.
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3.2.2 ImmTAV-redirected healthy donor CD8+ T cells can eliminate resting infected
CD4+ T cells

HIV-specific InmTAVs were able to redirect HD CD8+ T cells to eliminate
activated infected CD4+ T cells from HD and ex vivo reactivated CD4+ T cells from
ART-treated CHI patients.”*> To assess whether the reduced p24 expression in resting
infected cells would impact ImmTAV-redirected clearance they were used as targets in a
viral inhibition assay. Resting infected HD cells (five days post-infection) were co-
cultured with autologous HD CD8+ T cells (E:T of 1) with and without ImmTAV
(irrelevant TCR or HIV-specific m121 ImmTAV at 10 or 10 M) for 48 hours. A co-
culture time of seven days, to match the previously published results, was not feasible as
cell survival was poor under the IL-2-free culture conditions used to avoid any activation

of cells (not shown).**

Without ImmTAYV redirection there was no spontaneous
elimination of target cells. However, infected cell elimination was detected with the
addition of 10° M of m121 ImmTAV (no ImmTAV vs. 10° M mI121 % elimination
mean, (SEM): 1.48% (7.9) vs. 20.4% (8.3), P = 0.0015 for all groups). The higher
concentration of 10® M for both the irrelevant TCR and m121 ImmTAV appeared to
increase the infection resulting in a negative elimination (10°®* M irrelevant vs. 10° M
ml21 % elimination, mean (SEM): -26.2% (8.2) vs. -13.3% (9.2); figure 3.4). The

irrelevant InmTAV was not tested at the 10° M concentration due to the acquisition of

new ImmTAYV controls (m231, m232 — see figure 3.5b).
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Figure 3.4: Elimination of resting infected cells by ImmTAYV-redirected healthy
donor CD8+ T cells. Resting infected CD4+ T cells (1 x 10°) from healthy donors (n = 2
from four independent experiments) were co-cultured with autologous CD8+ T cells (E:T
of 1) and InmTAV (10® M irrelevant TCR ImmTAV or 10® — 10° M m121 ImmTAV)
for 48 hours before assessment of intracellular p24. % Elimination was calculated by
comparing the %p24+ cells in CD4/CD8/ImmTAV samples to the %p24+ cells in
infected CD4+ T cells cultured alone. Mean and SEM shown. Groups were analysed by
one-way ANOVA. Note: ‘negative elimination’ apparent in both donors.

An E:T of 1 was used in figure 3.4 but to test the efficacy of HIV ImmTAV
redirection further, various E:T ratios (0.1 — 5) were compared using 10° M ml21
ImmTAV. Peak percentage elimination was observed at an E:T of 2 (E:T of 1 (no
ImmTAYV) vs. 0.1 vs. 0.2 vs. 1 vs. 2 vs. 5 % elimination, mean (SEM): -3.5% (8.1) vs.
10.6% (12.5) vs. 9.3% (2.6) vs. 20.5% (4.9) vs. 39.9% (4.3) vs. 28.1% (3.5), P = 0.0008;
figure 3.5a). To confirm that the elimination was specific to the mI121 ImmTAYV,
additional controls were made available for use in a subsequent VIA; these were m231,
which was identical to m121 but with a non-binding anti-CD3 scFv, and m232, which
had another non-HIV specific TCR (WT-1) fused to a functional anti-CD3 scFv. No

elimination was detected with either of these InmTAYV controls at both 1 and 2 E:T ratios

(figure 3.5b).

89



CHAPTER THREE

- P < 0.0001
60 P =0.0008 50 P =0.0001
—

P = 0.0003
304 P=0.0006
—

% Elimination
N H
o o
L L
% Elimination
N
o
L

o
1

'20 T T T T T L]
ImmTAV - m121 m121 m121 m121 m121
E:T 1 01 02 1 2 5 ET 1

ImmTAV - m121 m231 m232 - mi121 m231 m232
1 1 1 2 2 2 2

Figure 3.5: Range of ImmTAV-redirected elimination of resting infected cells.
Resting infected CD4+ T cells (1 x 10°) from healthy donors (n = 2) were co-cultured
with autologous CD8+ T cells at varying E:T ratios and (a) 10° M m121 ImmTAYV or (b)
10°M m121, m231 (non-binding anti-CD3) or m232 (non-HIV-specific TCR) InmTAV
for 48 hours before assessment of intracellular p24. % Elimination was calculated by
comparing the %p24+ cells in CD4/CD8/ImmTAV samples to the %p24+ cells in
infected CD4+ T cells cultured alone. Mean and SEM shown. Groups were analysed by
one-way ANOVA with Dunnett’s multiple comparisons test (for (a) multiple comparisons
with ‘no ImmTAYV’ control: n.s, n.s., n.s., P =0.0002, P = 0.009).
3.2.3 A high concentration of ImnmTAYV alone can reactivate HIV within resting
infected cells

In the VIA in figure 3.4 the higher concentration of the m121 and irrelevant TCR
ImmTAYV resulted in apparent negative elimination. To assess whether this increase was
due to reactivation of latent virus and spread of infection, resting infected CD4+ T cells
were cultured with the m121, m231 and m232 ImmTAVs at a range of concentrations and
in the absence of CD8+ T cells for 48 hours before staining for p24 and activation
markers (CD69 and CD154; acquisition and analysis completed in collaboration with Dr
Jakub Kopycinski, in our laboratory). The p24+ population only increased in samples
cultured with the m121 or m232 ImmTAVs at the 10® M concentration (figure 3.6a).
CD154 expression was low in all the samples (appendix 3.1) but CD69 expression also

increased after exposure to the highest InmTAV concentration. This effect was most

pronounced in uninfected cells, indicating a non-specific effect (figure 3.6b).
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Furthermore, it was not seen in cells exposed to m231, indicating that the effect was

mediated by the anti-CD3 scFv.
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Figure 3.6: High concentrations of ImmTAYV reactivate cells and latent virus.
Resting infected CD4+ T cells were cultured with m121, m231 or m232 ImmTAV at
varying concentrations (107" — 10™® M) for 48 hours before assessment of (a) intracellular
p24 or (b) CD69 and CD154 expression (CD154 expression was low under all conditions,
CD69+CD154™#p24™% and CD69+CD154™#p24+ populations shown). Dotted line
represents the p24 or activation marker expression of resting infected cells cultured
without ImmTAV.

To assess whether the reactivation effect of the 10® M ImmTAV concentrations
would elicit a negative elimination, all four ImmTAVs (‘irrelevant” TCR, m121, m231
and m232) were compared in a VIA with resting cell targets. The irrelevant, m121 and

m232 ImmTAVs caused negative elimination at the 10® M concentration but not at the

lower 10° M concentration; neither concentration of m231 had any effect on the
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elimination of target cells (10° M m121 vs. irrel. vs. m231 vs. m232 % elimination, mean
(SD): -13.7% (3.7) vs. -14.7% (5.4) vs. 4% (6.6) vs. -16.5% (14.4); figure 3.7).
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Figure 3.7: High concentrations of InmTAYV induce ‘negative elimination’ of resting
infected CD4+ T cells. Healthy donor (n = 1) resting infected CD4+ T cells (1 x 10°)
were co-cultured with autologous CD8+ T cells (E:T of 1) and m121, m231, m232 or
irrelevant ImmTAYV at 10™ or 10 M for 48 hours before assessment of intracellular p24.
% Elimination was calculated by comparing the %p24+ cells in CD4/CD8/ImmTAV
samples to the %p24+ cells in infected CD4+ T cells cultured alone. Mean and SD
shown.
3.2.4 The effect of latency-reversing agents on susceptibility of resting infected CD4+
T cells to HIV InmTAV-mediated killing

As part of a proposed ‘shock and kill’ strategy LRAs are used to reactivate latent
virus before the application of an immunotherapeutic to enhance elimination of the
infected cells.'***>> A panel of LRAs comprising bryostatin (10 nM, PKC agonist),
romidepsin (40 nM, HDAC inhibitor), acitretin (5 pM, retinoic acid derivative) and
vorinostat (350 nM, HDAC inhibitor) were cultured with resting infected cells to assess
which LRA(s) would reactivate virus with the most efficiently in this latency model,
PHA, as a mitogen, was used as a positive control as it reactivated virus better than

PMA/ionomycin in previous tests (not shown). LRAs were washed out after six hours as

longer co-culture times were found to be toxic to the cells (not shown). 48 hours after
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this, the cells were stained for p24 and the percentage change in frequency of p24+ cells
to the untreated sample was calculated. Romidepsin or romidepsin in combination with
bryostatin ~ significantly increased the p24+ population (romidepsin  vs.
bryostatin/romidepsin % change to control, mean (SEM): 83.7% (7.4) vs. 101.6% (14.2);

P =0.0009, P =0.0001 compared to DMSO control; figure 3.8).
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Figure 3.8: Comparison of latency-reversing agents in resting cell infection latency
model. Resting infected CD4+ T cells from healthy donors (n = 2) were cultured with
latency-reversing agents bryostatin (10 nM), romidepsin (40 nM), bryostatin/ romidepsin,
acitretin (5 pM), vorinostat (350 nM) or acitretin/ vorinostat; DMSO was used as a
diluent control and PHA as a positive control. Intracellular p24 was assessed 48 hours
after washing out LRAs. % Change of the p24+ population to the untreated resting
infected cells is shown. Mean and SEM shown. Groups were analysed by one-way
ANOVA with Dunnett’s multiple comparisons test (P < 0.0001 for all groups).

Bryostatin/romidepsin were then used in combination with the m121 ImmTAYV in
a VIA. HD resting infected CD4+ T cells were cultured with bryostatin/romidepsin or
PHA for six hours, washed, then cultured with m121 ImmTAV (10° M) and autologous
CD8+ T cells at an E:T of 2 for two days. For this experiment, percentage elimination
was calculated by comparing the percentage p24+ cells of the LRA-treated

CD4/CD8/ImmTAYV culture to the LRA-treated CD4/CD8 culture. A mean (SEM) 41.6%
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(3.8) of infected cells were eliminated after PHA stimulation compared to 25.9% (4.1)
after bryostatin/romidepsin stimulation (figure 3.9a). The remaining p24+ population
after PHA stimulation and ImmTAV-redirected CD8+ T cell killing was still higher than

the original p24+ population of unstimulated resting infected CD4+ T cells alone (figure

3.9b).
a
501
40
<
.0
® 30
£
£ 5
w
2
104
0_
PHA Bryo./Rom.
LRA Treatment
b
PHA-reactivated inf. CD4+

resting infected CD4+ PHA-reactivated inf. CD4+ & m121/CD8+

p2er p24+ p24+
10 5.06 103 163 03 831

CD4 PerCP
CD4-PerCP
CD4-PerCP

10° 10! o? 10 10 10° 10! 10? 10 10 10° 10! o? 10 10

D24-FITC D24-FITC D24-FITC

»
>

p24

Figure 3.9: Latency-reversing agents do not improve ImmTAV-directed elimination
of resting infected CD4+ T cells. Healthy donor CD8+ T cells (2 x 10°; n = 2) were co-
cultured with resting infected cells (1 x 10°) that had been treated for six hours with PHA
or bryostatin/romidepsin (10 nM/40 nM). (a) Intracellular p24 expression was measured
after two days co-culture. % Elimination was calculated by comparing the %p24+ cells in
the LRA-treated CD4/CD8/ImmTAV sample to the %p24+ cells in LRA-treated
CD4/CD8 sample. (b) Example of p24+ expression in resting infected cells (left) and
PHA-reactivated infected cells before (middle) and after (right) ImmTAV-redirected
CD8+ T cell killing. Mean and SEM shown.

3.2.5 CD8+ T cells from CHI patients eliminate p24+ resting infected cells with
ImmTAV-redirection
It was previously shown that CD8+ T cells from ART-treated CHI patients were

inferior to HD CD8+ T cells in InmTA V-redirected killing assays.”* To assess whether
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ImmTAV-redirected CHI CD8+ T cells could eliminate resting infected cells CHI donors
with pre-existing responses to SL9, the cognate epitope for the m121 ImmTAV, were
chosen for analysis in the VIA. Without InmTAV-redirection the natural CTL responses
eliminated only 5.6% (4.8) of the resting infected cells whereas the m121 ImmTAV (10
M) increased the elimination to 13.7% (4.1) and 26.8% (6.8) at E:T ratios of 1 and 2

respectively (figure 3.10).
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Figure 3.10: Impaired elimination of resting infected CD4+ T cells by CHI patient
CD8+ T cells. CD8+ T cells from chronic HIV patients (n = 9) on ART were co-cultured
with resting infected healthy donor CD4+ T cells (1 x 10°) alone (E:T of 1) or with m121
ImmTAV (10° M, E:T of 1 or 2) for 48 hours before measuring intracellular p24. %
Elimination was calculated by comparing the %p24+ cells in CD4/CD8/(ImmTAV)
samples to the %p24+ cells in infected CD4+ T cells cultured alone. Mean shown.
Groups were analysed by one-way ANOVA.

3.2.6 Assessment of functional exhaustion in CD8+ T cells

As CHI patient CD8+ T cells were less effective than HD CD8+ T cells at
eliminating resting infected targets in the latency model, I investigated whether this was
due to functional exhaustion (acquisition and analysis completed in collaboration with Dr
Jakub Kopycinski, in our laboratory). CD8+ T cells from ten healthy and ten ART-treated
CHI donors were assessed for PD-1 and CD39 expression on CD8+ T cells, using anti-
CD45RA, CCR7 and CD27 antibodies to define the T cell memory subsets within the

336

CD8+ T cell population (appendix 3.2).””” There was no significant difference in the
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composition (proportions of naive, central, effector or terminally differentiated cells) of

the CD8+ T cell populations between the CHI and healthy donors (figure 3.11).
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Figure 3.11: Comparison of CD8+ T cell subpopulations. CD8+ T cells from CHI
donors (n =9, blue) and healthy donors (n = 10, red) were stained for CCR7, CD27 (°27’)
and CD45RA (‘45RA’) expression to define CD8+ T subpopulations. There was no
significant difference between the two donor groups for any of the subpopulations.
Groups were analysed by one-way ANOVA (P < 0.0001) with Sidak’s multiple

comparisons test.

There was a significantly higher proportion of CD39+ CD8+ T cells in the CHI
donors compared to the healthy donors in the effector memory subset (CHI vs. HD, mean
(SD): 3.8% (2.4) vs. 1.4% (1.1), P = 0.0002) but not within the other subsets, although
there was a trend toward a higher proportion of CD39+ CD8+ T cells in the CHI donors’
central memory subset (figure 3.12a). Although not significant, there was also a trend
towards a higher population of CD39+PD1+ CD8+ T cells in the CHI donors compared
to the healthy donors for the central memory (CHI vs. HD, mean (SD): 3.6% (1.8) vs.

2.1% (1.1)) and effector memory (CHI vs. HD, mean (SD): 3.61% (2.5) vs. 2.2% (1.3))
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subsets (figure 3.12a). PD-1 expression was also higher in the central and effector
memory subsets compared to the naive subset but there was no significant difference in
expression between the two donor groups (figure 3.12a). As CD39 is polymorphic CD39
expression in the total CD8+ T cells from all the donors was compared. Only 15% of
donors expressed <1% CD39+ CD8+ T cells (figure 3.12b).'*’

CD39 expression was also assessed on CD4+ T cells from the HIV-positive and
HIV-negative subjects as it was reported to be upregulated on CD4+ T,e, from PLWH and
correlated with immune activation.”>’ There was a significantly larger population of
CD39+ CD4+ T cells in the CHI donors compared to the healthy donors (CHI vs. HD,

mean (SD): 7.7% (2.5) vs. 4.6% (2.4), P = 0.02; figure 3.12c¢).
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Figure 3.12: Analysis of exhaustion markers in T cell subsets. PBMCs from CHI
donors (n = 9; +) and healthy, seronegative donors (n = 10; -) were stained for CD39 and
PD-1 expression. (a) Box and whisker plots are shown for the CD39+, PDI1+ and
CD39+/PD1+ populations of the naive, central memory, effector memory and terminally
differentiated CD8+ T cell subsets (see gating strategy) for each donor group. (b) Plot
showing % of CD8+ T cells expressing CD39 with cut-off for donors with < 1% CD39
expression (red line) and example FACS plots of CD39 expression. (¢) A box and
whisker plot for CD39+ expression on the CD4+ T cells of each donor group is shown.
Groups in (a) were analysed by one-way ANOVA (P < 0.0001 for all groups) with
Sidak’s multiple comparisons test and groups in (c) by unpaired t test. CHI donors are
shown in blue and healthy donors in red.
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3.3 Discussion

The work in this chapter investigated the susceptibility of GPR cells to
elimination by InmTAV-redirected CD8+ T cells. Resting CD4+ T cells directly infected
with HIV expressed less p24 than activated infected cells but were still susceptible to
clearance by InmTAV-redirected healthy and CHI donor CD8+ T cells.

The O’Doherty model of HIV latency is based on direct infection of resting CD4+
T cells without altering the cellular phenotypes (table 3.1).>°>'" Infection rates reported
in the original description of the model using an NL4-3 virus ranged from < 1% to 13%

304

p24+ populations.” HIV-lis was chosen for this investigation as it produced

consistently high rates of infection in previous work involving activated cells.””
Achieving a reproducible infection while maintaining the resting state of the cells was
difficult as sensitivity to reactivation during infection varied amongst donors. While an
MOI of 0.1 resulted in the highest frequency of infected cells (up to 8% p24+ CD4+ T
cells) this was often associated with reactivation, therefore, an MOI of 0.05 was chosen
despite the slight decrease in infection (figure 3.2). Compared to other latency models the
O’Doherty model provided certain advantages (table 3.1). The use of primary cells and
direct infection of resting cells matches physiological conditions in vivo more closely. A
similar model described by Lewin also relied on directly infecting resting CD4+ T cells
but with slight alterations to the chemokine environment, which may have affected their
phenotype as CCR7 expression was downregulated and CCR5 expression increased.>>®
To achieve higher frequencies of resting infected CD4+ T cells others have activated the
cells before infection and then cultured them for long periods (up to four weeks) with
cytokines or feeder cells prior to isolation of resting cells (Romerio, Siliciano, Planelles
and Cloyd models).”*>** However, long-term culture may alter the composition of the

cell population, for example transitional memory cells may be lost.””*
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Table 3.1: Latency models for studying the HIV reservoir

Model* Description
Lewin®*® Isolation of resting CD4+ T cells, incubation with CCL19/21, direct
infection

O’Doherty™*****!” Isolation of resting CD4+ T cells, direct infection

Greene®* Isolation of CD4+ T cells, infection with reporter virus, short culture

Romerio>>” DC-activation of CD4+ T cells, infection, culture with IL-7

Siliciano™* CD4+ T cells transduced with Bcel-2, infection with GFP-virus,
culture without cytokines, isolate GFP™* cells

Planelles®* Prime naive cells, infection with defective HIV, culture with IL-2

Cloyd**! Long term culture of activated infected cells with feeder cells and

Verdin** }fl;aisfection of Jurkat cells with retroviral vector, infection with

GFP virus, isolation of GFP™* cells

Zack>*® Infection of CD4+CD8+ thymocytes with reporter virus, culture
with IL-2/IL-4

Siliciano””'** Viral outgrowth assay: isolate resting CD4+ T cells from patients,
reactivate, culture with MOLT-4/CCRS5 cells, measure outgrowth

Garcia™*’ Infect BLT mice (treated with ART) = harbour resting infected

CD4+ T cells

*Model named after senior investigator

The most significant finding from the work described in this chapter is that despite
low Gag expression, the HIV ImmTAYV was able to recognise resting infected CD4+ T
cells without the need for an LRA-induced ‘shock’ (figure 3.4). As expected, HD CD8+ T
cells alone were unable to recognise resting infected cells except when redirected by the
ImmTAV; use of a non-HIV specific InmTAV (m232) or HIV-specific InmTAV with a
non-binding anti-CD3 (m231) did not successfully redirect cells, confirming the
specificity of the m121 ImmTAV (figure 3.5). A comparison of these results with
historical data showed that maximal ImmTAV effects were lower with resting than
activated infected CD4+ T cells. This is likely due to differences in epitope density.**

Interestingly, a high concentration of InmTAV did not improve clearance, but

increased the spread of infection (figures 3.4, 3.6 and 3.7). As this was observed with

100



CHAPTER THREE

both the m121 and m232 ImmTAVs, this suggested that the effect was mediated by the
anti-CD3 scFv. Indeed, the m231 ImmTAYV, which lacked a binding anti-CD3 chain, did
not cause activation of the cells and reactivation of virus at any concentration (figure 3.6).
As CD4+ T cells also express CD3, they could also be activated by the anti-CD3 scFv. It
is possible that serial triggering occurred at the 10° M concentration, thus delivering a

signal that was sufficient to drive transcription of latent proviruses.’****

However,
previous work in our laboratory confirmed that the InmTAV, when added alone to
activated infected CD4+ T cells, did not increase infection by recruiting uninfected CD4+
T cells (Dr Hongbing Yang, unpublished). The reactivation effect was highest with the
m232 ImmTAV which suggests an additional explanation for the enhanced infection at
10® M ImmTAV concentrations: this may be a result of HLA-restricted cross-reactivity
which has been seen with some candidate immune-mobilising TCRs at concentrations
greater than 107 M,>>>2263%0

While it is expected that therapeutic dosing would be achieved with ImnmTAV
concentrations less than or equal to 10° M, a non-specific activating effect could be
harnessed to provide both the ‘shock and kill” with one molecule. Pegu et al. reported
applying a dual specificity antibody, recognising the CD4-binding site of Env and the
CD3 antigen, to both reactivate latent virus and redirect CD8+ T cells. While the
combination of the bispecific molecule and CD8+ T cells eliminated latently infected
cells in an in vitro model of latency the success of the anti-CD3 arm at stimulating env
gene expression in latently infected CD4+ T cells from ART-treated patients ex vivo
varied widely.***
As the InmTAV-redirected HD CD8+ T cells eliminated only 40% of resting

infected cells in the absence of any LRAs, different LRAs were compared to see whether

LRA treatment could enhance killing. Only romidepsin or a combination of
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bryostatin/romidepsin had any significant effect on the frequency of Gag+ cells (figure
3.8). Stimulation with the mitogen, PHA, confirmed that the cells carried replication-
competent virus that was not inducible by most LRAs on their own. Acitretin enhances
RIG-I signalling ex vivo (RIG-I, a cytosolic pathogen recognition receptor, senses HIV
RNA and activates innate antiviral signalling) and in combination with vorinostat has

been shown to induce apoptosis specifically in HIV-infected cells.*"

In the latency model
the combination of acitretin/vorinostat slightly decreased the p24+ population suggesting
that this combination may have provided both the ‘shock and kill” without the InmTAV
(figure 3.8).

Limitations of the latency model may have accounted for the partial effect of
LRAs on viral reactivation in resting infected cells. For all the LRAs, reactivation
efficiency varied between donors and infections. The LRAs also proved toxic to the
CD4+ T cells, even after six hours, and this limited the duration of time the cells could be
exposed to the treatment and how long they could be cultured before p24 expression was
measured. A study of HDAC inhibitors and PKC agonists reported assorted impacts of
LRAs on cell viability and function. Exposure to romidepsin reduced cell viability after
48 hours co-culture and reduced antigen-specific proliferation over five days. Bryostatin
also proved toxic to PBMCs and limited the number of proliferative cycles of antigen

stimulated T cells.**?

Walker-Sperling et al. also reported that the LRAs used in this
thesis, romidepsin and bryostatin, also had an impact on CD8+ T cell function. Following
the failure of peptide stimulated CD8+ T cells to reduce HIV RNA in LRA-reactivated
CD4+ T cells from ART-treated patients, CD8+ T cells from elite suppressors were
cultured directly with bryostatin and romidepsin. This direct exposure significantly

inhibited the ability of elite suppressor CD8+ T cells to suppress infection in a

mechanism linked to increased cell death.'*? In this thesis LRAs were washed out of the
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culture before addition of the CD8+ T cells but this study has implications for the use of
LRAs in vivo.

Despite reactivating virus in resting infected cells alone LRA exposure did not
have an impact on viral clearance by ImmTAV-redirected effectors (figure 3.9a). This
result may have been due to the inter-assay variation in reactivation as defined by the
proportion of the p24+ population — the percentage change of p24+ cells to the untreated
sample (mean 41%) was lower than in the initial tests of the LRA (figure 3.8). The
specific infected cell elimination may have also been masked by the concomitant viral
spread induced by the effect of the LRAs. For example, PHA treatment activated more of
the resting infected cells than bryostatin/romidepsin but after co-culture with the
ImmTAV and effectors the remaining p24+ population was still higher than the
unstimulated resting infected cells suggesting there were newly infected cells still to be
eliminated (figure 3.9b). A longer co-culture time may be required to detect elimination
under these conditions but this was not attempted as resting cell viability after separation,
infection, reactivation and prolonged culture was a limiting factor. Another possibility is
that reactivation by LRAs did not increase the SL9 epitope density on the cell surface.**’
In summary, the data obtained with LRAs are inconclusive due to their weak and variable
effects and narrow window of toxicity in primary cells. Other latency models were
considered but LRA effects in these models are poorly predictive of their effects in
ive 97128.144353

CD8+ T cells from CHI patients were not as effective at killing resting cell targets
as HD CD8+ T cells (figures 3.4 and 3.10). This is consistent with published data

25 1t could reflect

showing the same phenomenon with autologous reactivated cells.
persistent functional exhaustion despite effective ART, which is the consequence of an

altered programme of memory T cell differentiation that results in the hierarchical loss of
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effector functions, upregulation of inhibitory receptors (IR) and altered expression of key

transcription factors.'*>>>

Previous studies reported that CD8+ T cells from CHI donors
(virologically suppressed on ART) expressed more PD-1 and activation markers, like
CD38, but had smaller populations of perforin-expressing cells compared to HD or long-
term nonprogressors; this pattern of expression correlated with exhausted function

including lower proliferative capacity.'**'*343>

Incorporation of multiple markers of IR
and activation are crucial to assess the exhaustion status of cells as PD-1 alone may not
necessarily be indicative of exhaustion; PD-1 is also a T cell activation marker and can be

induced via CD3 signalling.*>®>>®

Duraiswamy et al. reported that PD-1 was expressed on
memory CD8+ T cells in healthy donors and the presence of PD-1 did not affect their
ability to secrete cytokines.””® Additionally, as ART has been shown to reduce the surface
expression of inhibitory molecules effective virological suppression may have contributed
to reduced PD-1 expression in the CHI patients.>>”

To investigate the exhaustion status of the CHI donor CD8+ T cells a flow
cytometry panel comprising PD-1 and CD39 was developed. CD39, an ectonucleotidase,
hydrolyses extracellular adenosine triphosphate (ATP) into adenosine monophosphate,
which is then catalysed to adenosine by CD73. Adenosine regulates immune responses
including inhibiting T cell proliferation and secretion of cytokines.”’ Gupta et al.
reported that CD39 expression on antigen specific CD8+ T cells specific for hepatitis C
virus (HCV) or HIV — chronic viral infections — was higher than on those cells specific
for EBV or CMV (or total CD8+ T cells from healthy donors). Additionally, the co-
expression of CD39 with PD-1 marked cells with transcriptional signatures of T cell

exhaustion.”*® CD39 has also been implicated in the suppressive tumour environment, as

tumour-infiltrating lymphocytes (found in tumours but not lymph nodes) were marked by
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high expression of CD39 and exhibited an exhausted phenotype — expression of IR (Tim-
3, Lag-3 and PD-1) and reduced production of TNF and IL-2.>®

While Gupta et al. analysed CD39 expression in both antigen-specific and total
CD8+ T cells, only the total CD8+ T cell populations were investigated in this thesis.
However, additional cellular markers were included to define the naive
(CCR7+CD45RA+), central memory (CCR7+CD45RA™®), effector memory
(CCR7™®CD45RA™®), and terminally differentiated effector (CCR7"*CD45RA+)
subsets. There was a significantly larger proportion of CD39+ cells, and a trend towards a
larger proportion of CD39+PDI1+ CD8+ T cells, in the effector memory CD8+ T cell
subset of the CHI donors compared to the healthy donors (figure 3.12a). PD-1 expression
was high in both groups and this may have masked any difference in the CD39+PD1+
double positive populations. The exhaustion phenotype in the effector memory subset is
important because healthy donor effector memory T cells showed the strongest capacity

to clear HIV infected cells when redirected by an InmTAV **

The increased expression
of CD39 in the CHI donor CD8+ T cells, especially the effector memory subset crucial
for InmTAV-redirected killing, suggests that the impaired killing seen in section 3.2.5
could be related to the CD39/adenosine pathway. However, it is important to take into
consideration the polymorphism of the CD39 molecule. Roederer et al., using an
immunophenotyping approach, investigated 78,000 immune traits in a large cohort of
twins and found that CD39 expression per cell was associated with an ‘on/off’ control;
those homozygous for the rs7096317A SNP express the most CD39 on their surface
while heterozygotes express half as much (although still enough to remain CD39+) and
those homozygous for the rs7096317G SNP expressed no CD39.%°! Thus in the analysis

of CD39 expression between the CHI donor and healthy donor groups the difference in

the frequency of CD39+ CD8+ T cells between the two groups may be due to HD with
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the rs7096317G SNP, resulting in lack of CD39 expression regardless of their exhaustion
phenotype. While SNP data was not available for the CHI donors and healthy donors
studied, only 15% of the donors expressed <1% CD39 (figure 3.12b), compared to the
50% reported by Hoffman et al.'®’

Further work is required to support the potential link to exhaustion provided by
the higher frequency of CD39+ CD8+ T cells in CHI donors. Hoffman et al.’s
investigation of exhaustion in SPARTAC trail participants included assessment of CD39
and other IR, like Tim-3, in addition to the expression of the T-bet and Eomes
transcription factors. The percentage of CD8+ T cells expressing CD39 was higher within
the T-bet"™Eomes™ than the T-bet"Eomes"™ populations.'®” This confirms the work of
Buggert et al. who found that IR were elevated in chronically infected individuals and
highly associated with the T-bet"™Eomes" transcriptional profile; the virus specific CD8+
T cells belonging to this phenotype exhibited poor polyfunctional effector
characteristics.’®

An assessment of the T-bet and Eomes expression of the CD8+ T cells from the
CHI and healthy donors used in this thesis would help provide a link between the surface
expression of exhaustion markers and the transcriptional pathway to effector dysfunction.
Addition of further activation and inhibitory markers would also allow for a more
definitive classification of exhaustion especially by measuring the degree of co-
expression.356’359’363 IRs, including CTLA-4, LAG-3, 2B4, CD160 and TIM3, regulate the
cell in multiple ways. IR competition for ligands affects microcluster formation and
modulates intracellular mediators, leading to attenuation of positive signals from

364,365 . ..
187.364.365 Punctional exhaustion in

activating receptors and induction of inhibitory genes.
CD8+ T cells could also be further explored using immune checkpoint receptor

antagonists. In previous studies, anti-PD-1 or anti-PD-L1 blocking antibodies improved
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cell proliferation, cytokine production, cell survival and overall effector function in CD8+
T cells from CHI patients,'*'%3-32%-366.3¢7

Interestingly, there was also a larger proportion of CD39+ CD4+ T cells in the
CHI donors compared to the healthy donors which corroborates the findings of Nikolova
et al. who reported that more T, from PLWH expressed CD39 compared to seronegative

33
donors.>’

While no additional T cell markers were included to define the regulatory T
cell population in this thesis, the presence of CD39 on total CD4+ T cells suggests a
possible role for T, suppressive activity in the observed CD8+ T cell functional
impairment that merits further investigation. CD39 expression on CD8+ T cells may also
define a population of CD8+ Ty, as recent evidence suggests that HIV-infected patients
have increased levels of CD8+CD28-CD127"°CD39+ Tree cells, a population previously
only described in the tumour microenvironment. The frequency of this population
correlated with clinical disease as well as chronic immune activation.’®® This population
was not assessed in this thesis but defining this subset of CD8+ T, could provide further
understanding of the exhaustion status of CHI patients’ cell.

In summary, the HIV-specific InmTAV was able to detect resting infected CD4+
T cells without LRAs despite their low Gag expression. This supports the theory that the
latent reservoir may be comprised of cell populations on a spectrum according to the level
of viral gene transcription and suggests that at least a portion of latently infected cells
could be targeted with optimised ‘shock and kill” strategies. Recent modelling of HIV
dynamics under integrase inhibitor therapy in individuals suggested that the dynamics of
cell subpopulations, including long-lived, resting infected cells with slow integration,
may contribute to the overall observed viral kinetics; the variations of integration and

survival in these subpopulations may make them differentially affected by treatments.’®

Further work is needed to clarify the effects of LRAs in this model and to understand why
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CD8+ T cells from CHI patients fail to match the antiviral activity of healthy donors,
even with InmTAYV redirection, to grasp the full redirection potential of the ImmTAV.
Chapters five and six investigate whether impaired antiviral activity is caused by defects
in the ability of CHI donor CD8+ T cells to form immunological synapses with target

cells.
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3.4 Questions addressed in this chapter

Can latently infected cells express Gag?

Yes. After directly infecting resting CD4+ T cells low levels of p24, compared to
activated infected cells were detected by FACS in a population of cells that did
not spread infection (figures 3.1; section 3.2.1).

Can resting infected cells be cleared by ImmTAV-redirected CD8+ T cells?

Yes. InmTAV-redirected HD CD8+ T cells eliminated up to 40% (mean) of
resting infected CD4+ T cells at an E:T of 2 (figures 3.4 — 3.5). This effect was
only achieved with the HIV-specific InmTAV with the active anti-CD3 scFv at
the recommended 10° M concentration as higher concentrations of ImmTAVs
with the anti-CD3 scFv reactivated CD4+ T cells (figures 3.6 — 3.7; sections 3.2.2
—-3.2.3).

Does reactivation of latently infected cells with an LRA improve ImmTAV-
redirected killing?

No. Bryostatin/romidepsin were able to reactivate latent virus in resting infected
cells but this did not improve the clearance of infected cells by ImmTAV-
redirected CD8+ T cells. This suggests that presentation of the cognate epitope
was not enhanced following LRA treatment, despite an increase in Gag expression
(figures 3.8 — 3.9; section 3.2.4).

Can CD8+ T cells from CHI donors eliminate resting infected cells?

Yes, but poorly. Pre-existing virus-specific CD8+ T cells from CHI donors were
only able to eliminate 5.6% of the resting infected cells. InmTAV redirection
modestly improved killing to 13.7% and 26.8% at an E:T of 1 and 2 respectively,
which was less than that seen with InmTAV-redirected HD CD8+ T cells (figure

3.10). This impairment suggests global dysfunction in CHI donor CD8+ T cells,
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as seen by the presence of a significantly larger CD39+ CD8+ T cell population in

CHI donors compared to healthy donors (figures 3.12; sections 3.2.5 — 3.2.6).
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INFECTION
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4.1 Introduction

The availability of new microscopy techniques has greatly enhanced the
understanding of the immunological synapse (IS) as each technique offers the opportunity
to obtain increasingly higher resolution images. When Monks et al. first described the
three-dimensional segregation of molecules at the IS they acquired images of the
interacting cells along the X-Y and Z-axes before using deconvolution software to merge

the slices into a 3D structure.”***

This method produced an image of the cell-cell
interface without requiring the APC to be positioned directly on top of or below the
effector cell. However, resolution and information were lost through the Z-stack and
deconvolution process.

The limitations of this method have been addressed by many studies that have
made use of anti-CD3-coated glass coverslips in place of an APC. By coating coverslips
with specifically designed pHLA complexes of interest, co-stimulatory molecules, or
adhesion receptors the T cell can settle on the coverslip and interact as it would with an
APC. This interaction can be captured from below the coverslip with total internal
reflection fluorescence microscopy (TIRFM): a laser beam is reflected off the interface at
a critical angle and the resulting evanescent light wave penetrates the sample less than
200 nm deep in the Z-direction thus generating an image of the surface of the cell
interacting with the pseudo-APC. However, as cells respond to surfaces, the glass
coverslip may cause activation of the cell and artificial reorganisation of surface
molecules. To overcome this lipid bilayer surfaces can be applied to the coverslip,
mimicking the fluid surface of an APC.>¢?#7-22028037037% A gutlined in section 1.3.1 this
model has been used to understand TCR segregation kinetics on the microdomain level,
describing a further aspect of segregation of molecules before the mature SMAC

253,375

formation. The supported bilayer method may recapitulate the synapse by

112



CHAPTER FOUR

incorporating a plasma membrane-like structure into the synapse but the stiff glass and
limited diversity of proteins incorporated into the bilayer can still limit the formation of a
physiologically relevant synapse.”’**’" Additionally, it restricts the study of the cell to the
basal membrane, restricting study of the molecules and signalling occurring within the
cell.

Light microscopy has limited resolution, which restricts the ability to identify
small structures or differentiate between altered patterns of clustering. Super resolution
techniques have been developed that improve the resolution from ~200 nm down to
below 50 nm in the X-Y direction. STED, PALM/STORM (Photo-Activated Localisation
Microscopy/Stochastic Optical Reconstruction Microscopy) and SIM (Structured
[llumination Microscopy) all manipulate light through the use of differentially calibrated
lasers, grids and fluorophores, which enable acquisition of images at a higher resolution
than the diffraction limit of light. For example, STED uses two lasers to shrink the
effective excitation area of the laser beam (figure 4.1). The first laser excites the
fluorophore to a higher state while a second laser, with a doughnut shape, de-excites the
fluorophore in all areas except the hole in the middle. This suppresses fluorescence
emission except at the centre of the STED beam which is smaller than the original
excitation beam. This microscopy technique was used to redefine the kinetics of F-actin
clearing at the NK immunological synapse; super resolution images showed a pervasive
network of actin with small hypodense regions that allowed granules to pass through, thus
challenging the original theory of total F-actin clearance at the centre of the IS.*7**"’

Despite the clear benefits of super resolution microscopy there are still unresolved
challenges with this type of imaging, such as labelling of the proteins of interest,
controlling the timing of signalling or interactions and achieving meaningful statistical

significance. With typical light microscopy the size of the antibody labelling the protein
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of interest does not impact the image greatly because of the limited resolution. However,
when trying to resolve two molecules 50 nm apart the size of the label suddenly becomes
an important concern. Additionally, with the amount of laser power required to
manipulate the fluorophores, such as the double lasers used in STED, the degree of
photo-bleaching increases as well. When multiple colours are required this issue increases
and synchronisation of the beams becomes more complicated. Finally, the cell type used
for any super resolution microscopy experiment is important as using cells transfected to
overexpress protein, to increase signal size, may lead to artificial associations and

artefacts.

y . +

200 nm 50 nm

Figure 4.1: Schematic of lasers for STED microscopy. The effective excitation volume
is reduced by adding a doughnut-shaped STED laser to de-excite the fluorophores, except
those in the centre. This improves the resolution beyond the diffraction limit of light to
~50 nm. From left to right: conventional microscopy excitation volume, STED laser,
effective excitation volume in STED mode.

For the aforementioned reasons special dyes, fluorophores, chemical tags and
antibody fragments (Fab) are required to accurately label the molecules while remaining
biocompatible. Once an appropriate labelling method has been selected further choices
must be made to make the best use of available resources. There is a tight balance
between achieving adequate signal without phototoxicity, quickly capturing synapse
dynamics while keeping maximum resolution and striving for statistical power with the

time investment of super resolution imaging. Despite the inherent complexities the steady

development of hardware, software and protocols that combine different microscopy
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techniques is paving the way for super resolution microscopy that is easier to use and can
be applied to live-cell and 3D-imaging. Other microscopy techniques have also been
developed to tackle model specific requirements such as two-photon microscopy, which
is able to penetrate tissues to image cell-cell interactions in vivo, or atomic force
microscopy to measure the adhesions force kinetics between interacting cells.’*?7%3
There is currently a gap in the literature regarding the study of physiologically
relevant synapses between primary CD8+ T cells and APCs in the context of an HIV
infection.’'*°**%*3%7 This reflects the scarcity of data on the IS in primary human CD8+ T
cells generally, the specific challenges of working with HIV-infected material and the
lack of super resolution microscopy or TIRFM in containment level 3 facilities. The focus
of the work in this chapter was to design a stable and repeatable protocol to identify both
CD8+ T cells and HIV-infected targets involved in the conjugate; SL9-pulsed T2 cells
were also tested as an alternative non-primary target cell. For HIV-infected or SL9-pulsed
targets the m121 ImmTAV was also applied to mediate synapse formation when using
HIV-naive HD CD8+ T cells. The use of primary cells imposed limitations on the type of
synapse molecules that accurately described the IS but a panel of markers spanning
distinct stages of synapse formation was eventually developed. Confocal microscopy was
chosen as this relies on a pinhole to remove out-of-focus light, eliminating the need for
deconvolution, but is flexible enough to allow imaging of multiple markers throughout a
cell pair. Alternative target cells and microscopes were also evaluated for their potential
to provide different perspectives on synapse formation. This chapter covers the
optimisation work required for the immunological synapse investigation described in

chapter five.
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4.2 Results

The optimisation process for each antibody was dependent on the manufacturer’s
instructions and protocols previously reported in the literature; for example, several
fixation methods were tested for the anti-Zap70 antibody as reported fixation methods
varied. Optimisation is only shown if method was in question. If not mentioned or
optimised the ‘basic protocol’ refers to 4% PFA fixation, 0.1% TX100 permeabilisation,
2.5% goat serum blocking and primary/secondary antibodies at the end.
4.2.1 Comparison of antibodies to detect HIV-1 Gag protein by immunofluorescence

To identify HIV-infected target cells under the microscope primary antibodies
against different HIV proteins were assessed by confocal microscopy. HIV-infected
primary CD4+ T cells were detectable by anti-p24, p17 or gp120 antibodies at optimised
titrations (figure 4.2a). Since the gp120 expression was not as well defined as the two
Gag antibodies, no further testing with this antibody was performed. The TCCF of the
p24 stain was higher than the p17 stain with a larger range of expression (p24 vs. pl7,
median (range): 2032 (224.3 — 14261) vs. 943 (-492.6 — 6110); figure 4.2b) and was able
to detect both mature and immature forms of Gag making it a valuable tool for detecting

Gag in GPR cells.
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a
gpl120
b
Figure 4.2: Comparison of primary antibodies
150007 . to detect HIV. HIV-infected primary CD4+ T
°® cells were stained using primary human anti-p24
10000 d (left), anti-pl7 (middle) and anti-gp120 (right)
o antibodies followed by a secondary goat anti-
e s000]  ®_e LI human Alexa Fluor 488 antibody (except for
Lg ::.’.:: - o: . gp120 which was directly conjugated). From (a)
[~ ‘*’. o confocal images a (b) comparison of the
0f- PO _v_ TCCF(Gag) of the infected cells stained for p24
and pl7 was made. Lines represent the median.
-5000 : : Green = HIV protein.
p24 p17
Gag Stain

Uninfected control slides also stained positive for HIV proteins but upon further
staining of uninfected cells with the secondary antibody only this was determined to be
because of non-specific binding by the latter (figure 4.3, left). Alterations to the blocking
buffer, blocking time, wash steps and secondary antibody concentration did not eliminate
the non-specific binding, so the p24 antibody (37G12) was then conjugated to a far-red
dye (Abberior STAR 635P) to remove the need for a secondary antibody. In a comparison
of the conjugated p24 antibody to the original primary/secondary combination the
TCCF(p24) difference between the uninfected and infected cells was significant for both
(conjugated infected vs. uninfected, median: 864 vs. 377, P < 0.0001; primary/secondary
infected vs. uninfected, median: 1755 vs. 502, P < 0.0001) but as there were no
TCCF(p24)™¢" uninfected cells with the conjugated p24 antibody, as seen with the

primary/secondary combination, this staining method was chosen (figure 4.3, right).
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To determine how best to measure p24 expression in the target cells the
TCCF(p24) of a summed Z-stack taken of the entire cell and a single image taken at the
widest part or ‘equator’ of the cell were compared. In 16 cells with differing p24
expression there was a strong correlation in TCCF(p24) values obtained by the two
methods of image acquisition (r* = 0.96; figure 4.4). The ‘equator’ method was chosen to

limit acquisition times and risk of photo bleaching.

Alexa-Fluor 488

100000+

50000+ b

--Pﬁﬂz. ............ ” .............................................

8000T
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Uninfected Infected Uninfected Infected

Primary/Secondary  Conjugated Primary

Figure 4.3: Non-specific staining following use of anti-human secondary antibody.
(Left) Uninfected primary cells stained with anti-human secondary antibodies alone
appear infected under the microscope due to non-specific binding of the antibody. Green
= Alexa Fluor 488. (Right) Uninfected and HIV-infected CD4+ T cells were stained with
either a primary p24/secondary anti-human antibody (black) or with a primary p24
antibody directly conjugated to a secondary dye (grey) for immunofluorescence.
Immunofluorescence images of the p24 stain were used to calculate the total corrected
cellular fluorescence (TCCF(p24)) for all groups and the uninfected sample was used to
set a cut-off for p24-positivity for the infected sample (red = primary/secondary cut-off;
blue = conjugated primary cut-off); each dot represents a cell.
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Figure 4.4: TCCF(p24) comparison at the ‘equator’ versus a summed Z-stack.
Confocal images (n = 16) of the p24 channel taken at the widest part of the infected cell
(‘equator’) and throughout the cell via Z-stacks that were summed together (‘Sum
Slices’) were used to compare the TCCF(p24). Linear regression shown (r* = 0.9599).
4.2.2 Assessment of anti-CD8 antibodies to detect primary effectors in synapses

A mouse anti-CD8a chain antibody clearly detected effector cells by
immunofluorescence (figure 4.5, left). However, for panels involving mouse primary
antibodies against the synapse proteins, like Lck, a primary antibody from another species
was required. A rabbit anti-CD8a antibody from SCBT tested did not stain the CDS8
molecules clearly, resulting in patchy CD8 expression even with the different fixation
times (10 — 30 minutes; double fixation before and after CDS8 stain) and antibody
titrations tested (figure 4.5, middle image). A rabbit anti-CD8a antibody from Abcam
against a different epitope did stain the CD8+ cells clearly as long as the cells were

permeabilised (figure 4.5, right). The mouse anti-CD8a and Abcam rabbit anti-CD8a

antibodies were used for future work.
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mouse anti-CDS8 SCBT rabbit anti-CDS Abcam rabbit anti-CDS

Figure 4.5: Identification of a rabbit anti-CD8 antibody for immunofluorescence.
Confocal microscopy images of primary CD8+ T cells stained with mouse anti-CD8a
antibody (left), SCBT rabbit anti-CD8a antibody with suboptimal staining (middle), and
Abcam anti-CD8a antibody (right). Magenta = CD8a.
4.2.3 Optimisation of a method to identify Lck in primary T cells

Lck is one of the first tyrosine kinases involved in signalling via the TCR complex
during the formation of an IS.** ' As reported fixation methods to identify Lck varied,
CD8+ T cells were fixed with 4% PFA or 50% methanol (in PBS) for 5, 10 or 30 minutes
before staining with the mouse anti-Lck primary antibody (Santa Cruz). Sparse Lck

patterning was visible under all conditions but 30 minutes of PFA fixation achieved the

clearest Lck staining (figure 4.6).
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5 min. fix PFA 10 min. fix PFA 30 min. fix PFA

5 min. fix MeOH 10 min. fix MeOH 30 min. fix MeOH

Figure 4.6: Different fixation methods for use with anti-Lck antibody. PBMCs were
fixed for 5, 10 or 30 minutes (left to right) with (a) 4% PFA or (b) 50% methanol before
staining with an anti-Lck primary antibody. Green = Lck.

The active form of Lck, phosphorylated at the Y394 (tyrosine) position, is present
in resting T cells but accumulates at the IS after APC-T cell interaction.”’****** To
investigate this pattern of expression PBMCs were stimulated with PHA or left

k"*** antibody

unstimulated before staining with the anti-Lck antibody or an anti-Lc
(active form). The ring-like expression remained similar under all four conditions except
in the stimulated cells stained with anti-Lck”>** where the Lck expression was patchy
throughout the cell (figure 4.7a). To determine whether Lck expression would be more
distinct at the site of an IS primary CD8+ T cells were co-cultured with SEB-pulsed
WIRO076 B cell line cells, a ‘model APC’, for 1 or 30 minutes then stained with both Lck

antibodies. Again, Lck expression was either patchy throughout the CD8+ T cell or ring-

like around the edge (figure 4.7b). As Lck expression was weak and inconsistent with
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published data, despite all attempts at optimisation, this protein was not used for further

. 31,258
synapse analysis.”

a
Lck/unstim. Lck/stim.

Lck — 1 min. co. Lck-Y394 — 30 min.

Lck-Y394

4

Figure 4.7: Comparison of anti-Lck and anti-Lek "™ antibodies. (a) PBMCs were left
unstimulated or stimulated with PHA before staining with an anti-Lck or anti-Lek™™
primary antibody. From left to right: Lck + unstim., Lek + PHA, Lek™™ + unstim,,
Lck ™™ + PHA. (b) CD8+ T cells were cultured with an SEB-stimulated B cell line for 1
or 30 minutes before staining for Lck. From left to right (top = Lck, bottom = CD8 on
DIC of same pair): 1 min. Lck, 30 min. Lck, 1 min. Lck™*, 30 min. Lek™™. Green =
Lck, magenta = CDS8 on DIC image.
4.2.4 Optimisation of method to quantify LFA-1 in T cell synapses

LFA-1 is the main T cell adhesion molecule that initiates IS formation by binding
to ICAM-1 on the APC and stabilising contact.’******* To assess LFA-1 staining at the
synapse CD8+ T cells were co-cultured with SEB-pulsed B cells before staining for LFA-

1 using the basic protocol. However, no LFA-1 was visible anywhere on the CD8+ T cell
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(figure 4.8a). As alterations to antibody concentration and fixation did not affect this
staining (not shown) different permeabilisation methods were tested. LFA-1 expression
was visible with the use of a saponin buffer, however, the buffer affected the clarity of the
CD8 stain (figure 4.8b). LFA-1 staining was improved by both omission of
permeabilisation and permeabilisation with 0.1% TX100 after the LFA-1 primary
antibody step (figure 4.8c, d). As permeabilisation was required for staining with p24 and
CDS8 antibodies the latter method was chosen for the synapse panel.

a b

TX100 perm. — 10 min. Saponin perm. — 30 min.

Figure 4.8: Comparison of permeabilisation methods for LFA-1 staining. CD8+ T
cells were cultured with SEB-pulsed B cells for 30 minutes then stained for LFA-1 under
different permeabilisation conditions. Cells were permeabilised with (a) 0.1% TX100 for
10 minutes (normal perm. protocol), (b) saponin buffer for 30 minutes, (c) no
permeabilisation or (d) 0.1% TX100 for 10 minutes after the LFA-1 staining. Green =
LFA-1 (on DIC image — smaller cell = CD8+ T cell), magenta = CDS.

As stated earlier, SEB-pulsed B cells are useful as a model APC but are less
physiologically relevant to the research question than primary CD4+ T cells. To ensure
that LFA-1 expression was detectable when different APCs were used ImmTAV

redirected CD8+ T cells (10° M m121) were co-cultured with SL9-pulsed T2 cells or

123



CHAPTER FOUR

HIV-infected primary CD4+ T cells. LFA-1 expression was visible at the synapse for all
three target cells (figure 4.9a), however, it was not consistent in every synapse (figure

4.9b).

a

B cell-T cell T2-T cell T cell-T cell

B cell-T cell T2-T cell

Figure 4.9: LFA-1 polarisation in B cell-T cell, T2-T cell and T cell-T cell
immunological synapses. Comparison of LFA-1 polarisation in CD8+ T cell conjugates
with SEB-pulsed B cells, SL9-pulsed T2 cells (+ m121 ImmTAV) and HIV-1yp infected
CD4+ T cells (+ m121 ImmTAYV; from left to right). Examples shown of (a) complete
polarisation of LFA-1 to the synapse in the CD8+ T cells and (b) incomplete polarisation
of LFA-1 to the synapse. Green = LFA-1, red = p24 on DIC images.

LFA-1 expression at the IS has been quantified using various methods including
measuring the percentage of cells with LFA-1 polarisation (L2), the percentage of LFA-1
expression in the proximal/medial/distal portions of a cell (L3) or the amount of LFA-1 at
the synapse in comparison to the whole cell (percentage localisation — L1, figure
4.10).%%3% This final method was chosen as the first method was not compatible with
low conjugate numbers and it was difficult to divide the cell into three areas for the

second method. Of note, while a few pairs of cells did show obvious LFA-1 polarisation

at the contact this was not always the case, especially with HIV-infected CD4+ T cell
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targets; LFA-1 polarisation appears more obvious with more artificial targets as shown by
other groups.””****® Attributing a binary “polarised’ or ‘non polarised’ status for LFA-1
was difficult as the LFA-1 polarisation could vary depending on the slice of a Z-stack. As
so few cells were easily categorised as ‘polarised’, to avoid losing conjugates to analyse,
all cells with the correct cell pairing were assessed for LFA-1 at the contact (% of total).
Analysis was completed using a single image taken at the ‘equator’ or widest part of the
cell (figure 4.11, left), a composite image based on the maximum value at a particular
pixel over all the slices of a Z-stack (figure 4.11, middle) or a summed Z-stack of all the
pixels in all the slices (figure 4.11, right; Sum Stack). All three methods measured the
LFA-1 intensity at the synapse but the Sum Stack method was chosen, as no signal was

lost during analysis.
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Figure 4.10: Methods for synapse analysis. Graphical representations of the different
methods cited in the literature for analysing Zap70 (Z1-4), F-actin (F1-3), MTOC (M1-4),
perforin (P1-4) and LFA-1 (L1-3) expression. Chosen methods boxed in red.
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LFA-1 (sum stack)

Figure 4.11: Comparison of analysis methods for quantifying LFA-1 localisation.
LFA-1 expression can be measured using the ‘equator’ slice of LFA-1 (left), the ‘Max
Intensity’ of a Z-stack of LFA-1 (middle) or the ‘Sum Stack’ summation of a Z-stack of
LFA-1 (right). Green = LFA-1, white = LFA-1 in Sum Stack.
4.2.5 Optimisation of method to quantify Zap70 in T cell synapses

Upon TCR-pHLA contact and subsequent phosphorylation of the CD3 and TCR-(
cytoplasmic domains Zap70 is recruited from the cytoplasm to the plasma membrane to
facilitate the signalling cascade required for the formation of a mature synapse.”® To
optimise staining for Zap70 various fixation methods were compared. Zap70 expression
was not visible when the cells were fixed with 50% methanol (not shown) but staining

improved when PFA was used; Zap70 was more visible after fixation with 4% PFA for

10 minutes than it was with 2% PFA for 15 minutes (figure 4.12).

2% PFA fix 4% PFA fix

Figure 4.12: Comparison of fixative methods for Zap70 staining. CD8+ T cells were
fixed with 2% PFA for 15 minutes (left) or 4% PFA for 10 minutes (right) before staining
for Zap70. Green = Zap70.
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Other groups have analysed Zap70 expression either by measuring the percentage
of cells with Zap70 clustering (Z4), counting the number of Zap70 clusters (Z3),
calculating the percentage of Zap70 at the synapse (Z2) or comparing the percentage of
cells with either peripheral or central localised Zap70 (Z1 ‘binning’, figure 4.10).2%40042
The first two methods required better resolution than was achievable with the available
confocal microscope or a different type of microscopic technique to count individual
Zap70 clusters. When ImmTAV-redirected CD8+ T cells (10° M m121) were conjugated
to SL9-pulsed T2 cells Zap70 expression was easily categorised into either a peripheral or
a central location in the CD8+ T cell (Z1, figure 4.13) and localisation at the synapse

could be assessed in the Sum Stack image, as with the LFA-1 (Z2). As both methods

provided comparable data they were both used for Zap70 expression studies.

peripheral Zap70 cytoplasmic Zap70

/ /

Figure 4.13: Zap70 localisation at the immunological synapse. CD8+ T cells were co-
cultured with m121 ImmTAV and SL9-pulsed T2 cells then stained for Zap70.
Localisation of Zap70 (a) at the periphery (arrow) vs. (b) in the cytoplasm (arrow) of the
CD8+ T cell is shown. Green = Zap70, magenta = CD8 on DIC image.
4.2.6 Optimisation of method to quantify MTOC in T cell synapses

After intracellular signalling occurs the MTOC migrates towards the

247236276 sing an anti-o-tubulin antibody to stain for the MTOC

immunological synapse.
(region of brightness where microtubules converge), different fixation/permeabilisation
methods reported in the literature were compared. Both fixation with 4% PFA for 10
minutes (followed by 0.1% TX100 for 10 minutes) or 100% methanol for 10 minutes
resulted in a clearly defined MTOC (figure 4.14); however, the 100% methanol affected

the visibility of the CD8 stain so this condition was not used.
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4% PFA + TX100 perm.
a- lTubulin

100% MeOH perm.
a- Tubulin

Figure 4.14: Fixation of cells for a-tubulin staining. CD8+ T cells were fixed with 4%
PFA for 10 minutes, followed by 0.1% TX100 for 10 minutes (left) or 100% methanol for
10 minutes (right), before staining for a-tubulin. Green = a-tubulin (arrow = MTOC).
Other groups have analysed MTOC location by determining the angle of the
MTOC from the centre (M3) or measuring the distance from the MTOC to the centre of
the IS (M1, figure 4.10).°**%454%* A comparison of these two methods using ImmTAV-
redirected CD8+ T cells (10 M) in conjugates with SL9-pulsed T2 cells showed that the
variation of angles was greater than the variation of lengths (angle vs. length, mean (SD):
5° (6.5) vs. 1.3 um (0.6)); additionally, it was difficult to measure the angle from the
centre due to the varying orientations of the cells (figure 4.16). The chosen method for
analysis was the distance from the MTOC to the IS (M1) which could also be binned into
categories of distance (< 1 um, 1-2.5 um, >2.5 um) (M2, figure 4.10). A Z-stack of each
cell was acquired and 3D rendered to confirm that the MTOC was not further from the IS

than a single slice measurement could suggest (figure 4.15).
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Figure 4.15: 3D rendering of a-tubulin stain. A (a) cross-sectional image of a-tubulin
and (b — e) Z-stack slices rendered into a 3D projection (rotated clockwise around the y-
axis) were used to assess MTOC position (arrow). Green = a-tubulin, magenta = CDS.
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Figure 4.16: Comparison of analysis methods for measuring MTOC polarisation.
CD8+ T cells were co-cultured with m121 ImmTAV and SL9-pulsed T2 cells then
stained for a-tubulin. The (a) DIC image with CDS8 overlay was used to identify
conjugates and the (b) a-tubulin image was used to measure the MTOC location. (c) The
length from the IS to the MTOC versus the angle of misalignment is compared in T2-T
cell synapses (n = 15); each dot represents a conjugate imaged by microscopy. Horizontal
lines represent the mean. Green = a-tubulin (MTOC = arrow), magenta = CD8 (on DIC
image background).
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4.2.7 Optimisation of method to quantify F-actin in T cell synapses
F-actin localises to the IS at the start of IS formation but quickly clears from the

centre to allow for granules to be deposited.’”***>4%

Under the basic protocol the signal
from the phalloidin stain used to identify F-actin was very strong in CD8+ T cells (10° M
ml21) conjugated with SL9-pulsed T2 cells (figure 4.17, top left). F-actin expression at
the synapse has been analysed previously by calculating the percentage of F-actin at the
synapse (percentage localisation — F1), measuring the intensity of F-actin at the centre of
the IS (F2) or determining the ratio of F-actin at the periphery of the synapse compared to
the centre (F3, figure 4.10).>* Due to the density of F-actin within the cell, summation of
a Z-stack for analysis purposes made it difficult to identify the position of the synapse
relative to the rest of the cell (figure 4.17, bottom left); F-actin localisation was more
easily defined in an image taken at the equator of the cell (figure 4.17, top left). For the
F2 and F3 methods it was difficult to identify positions to measure the centre vs. the
periphery of the synapse as each conjugate formed with different touching surface areas
and F-actin density. However, F-actin localisation at the synapse (F1) using the equator

image was easy to define and yielded similar results in comparison to using the Z-stack

image (figure 4.17).
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Figure 4.17: Comparison of analysis methods for measuring F-actin polarisation.
CD8+ T cells were co-cultured with m121 ImmTAV and SL9-pulsed T2 cells then
stained for F-actin. F-actin images were (left) acquired at the equator (top image) and
throughout the cell in a Z-stack (bottom, summed to form a Sum Stack). (Right)
Comparison of F-actin polarisation at the synapse using the equator (E) or Sum Stack
images (Z); each dot represents a conjugate imaged by microscopy. Horizontal lines
represent the mean. Green = F-actin, black and white = Sum Stack of F-actin.
4.2.8 Optimisation of method to quantify perforin in T cell synapses

Perforin polarises to the MTOC and is delivered to the synapse to facilitate killing
of the target cell.”’®*’® Cellular permeabilisation with either saponin buffer or 0.1%
TX100 resulted in clear perforin expression but as saponin buffer affects the intensity of
the CD8 stain 0.1% TX100 was chosen as the main permeabilisation method (figure
4.18). Perforin expression has been analysed by determining the percentage of cells with
perforin polarisation at the synapse (P4), measuring the length from the IS to the middle
of the perforin expression (P3), comparing the expression of perforin in two halves of the
cell (P2) and categorising perforin expression as docked, dispersed or distal to the IS (P1,
figure 4.10).*""*'> As with the other molecules, determining the percentage of cells with
fully polarised perforin (P4) was limited when conjugate numbers were low, whereas

binning the perforin expression into the three categories (P1) was easier and provided

information about the distribution of perforin in the cells where perforin was not polarised
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to the IS (figure 4.19). Perforin granules were too spread out to be able to measure the
distance between the centre of the distribution and the synapse (P3, figure 4.19a).
Likewise, it was difficult to perform a comparison of perforin expression in each half of
the cell (P2, distal side vs. synapse side) because of the heterogeneity in cell shapes and
positions (figure 4.19¢). The binning method, using Sum Stack images, to visualise
expression throughout the cell was chosen as the clearest way to analyse perforin
expression.

a b

Saponin perm. TX100 perm.

Figure 4.18: Permeabilisation of cells for perforin staining. CD8+ T cells were stained
for CD8 and perforin after permeabilisation with (a) saponin or (b) 0.1% TX100. Green =
perforin, magenta = CDS.
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Figure 4.19: Comparison of analysis methods for measuring perforin localisation.
CD8+ T cells were co-cultured with m121 ImmTAV and SL9-pulsed T2 cells then
stained for perforin. Perforin distribution in CD8+ T cells was described as (a) distal
(across from synapse), (b) dispersed (throughout cell) or (c) docked (next to synapse).
Black and white = Sum Stack of perforin; magenta = CD8 (on DIC image background).
4.2.9 Utility of other microscopy techniques for investigation of immunological
synapses

To determine whether more quantitative and/or structural information on primary
CD8+ T cell synapses could be obtained by techniques other than confocal microscopy,
wide-field and STED microscopy were assessed for their utility in investigating the IS. A
wide-field microscope (Delta Vision Elite) was tested for its ability to illuminate the
whole visual field of the chosen microscope objective, in order to improve detection of

conjugates. Raw images (figure 4.20a, left) were deconvolved using built-in software to

eliminate excess light (figure 4.20a, middle).
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Figure 4.20: Wide-field microscopy for p17 Gag expression. HIV-infected CD4+ T
cells were stained for pl7 Gag and imaged using wide-field microscopy (raw = left,
deconvolved = middle, DIC = right). Green = p17.

To test whether STED microscopy could improve the resolution of proteins
involved in the IS, an initial assessment was performed using beads, which were imaged
with and without application of the STED laser (in collaboration with Dr Jakub
Chojnacki, WIMM). When the STED laser was turned on it was possible to distinguish
pairs of beads as two separate objects (figure 4.21a). Additionally, the p24 expression in

HIV-infected CD4+ T cells, alone or in conjugates with CD8+ T cells (with m121

ImmTAYV redirection) was more defined (figure 4.21b, c).
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Beads (confocal)

p24 (confocal)

c
Figure 4.21: STED microscopy of p24. (a) Control 20 nm diameter crimson beads
imaged using confocal (left) and STED microscopy (middle) vary in size when overlaid
(right). p24 Gag expression in (b) infected single CD4+ T cells using confocal (left) and
STED (right) microscopy or (c¢) in a conjugate using STED (STED on p24, confocal for
CDS8). Green = confocal (beads or p24), red = STED (beads or p24), magenta = confocal
CD8.

Next, InmTAV-redirected CD8+ T cells (10° M m121) were co-cultured with
SL9-pulsed T2 cells before staining for perforin, Zap70 or F-actin. A confocal image was
acquired first before the STED image for comparison. For all three stains the STED
microscopy successfully increased the resolution of the acquired image, although at the
cost of reduced signal intensity due to the increased photobleaching. Resulting images
displayed smaller perforin or Zap70 punctae and thinner F-actin filaments (figure 4.22).
Thanks to increased STED images could be used to measure the gap between contacting
cells (figure 4.23a) or the diameter of Zap70 punctae (figure 4.24b). On the other hand,

exposure to a high power STED laser caused increased bleaching of the fluorophore

(figure 4.22d).
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Perforin (confocal) Perforin (STED)

— F-actin (high int.)

Figure 4.22: Comparison of confocal and STED for synapse analysis. CD8+ T cells
were co-cultured with m121 ImmTAV and SL9-pulsed T2 cells then stained for (a)
perforin, (b) Zap70 and (c) F-actin. Confocal images shown on the left, STED images on
the right. (d) A confocal image (F-actin) of the bleaching that occurs after STED image
acquisition of the top right corner of large cell. Fire lookup table to show intensity of F-
actin — lowest = blue, brightest = white/yellow. Green = perforin in (a) or Zap70 in (b).
Scale bar =5 uM.
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Figure 4.23: Potential applications for STED. (a) Confocal (left) and STED (right)
image of F-actin staining of a T2-CD8+ T cell conjugate. (b) Intensity of Zap70 plotted as
measured through Zap70 punctum (white box on image) of confocal image (top) and
STED image (bottom). Green = F-actin in (a), Zap70 in (b).
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4.3 Discussion

The aim of this chapter was to optimise a staining protocol for
immunofluorescence imaging of the immunological synapse components. This is the first
report of a protocol to study the immunological synapse formed by primary HIV-infected
CD4+ T cells and primary CD8+ T cells under HIV-specific InmTAV redirection. This
method will allow for the ex vivo study of CD8+ T cell killing of infected T cells,
indicative of the events occurring in vivo. To achieve this, it was necessary to develop a
method suitable for use in a containment level 3 (CL3) laboratory; as there was no CL3-
based confocal microscope at the time of the investigation it was necessary to work with
fixed samples that could be removed from the CL3 laboratory. These requirements, to
work with fixed samples and physiologically relevant cells, imposed limitations on the
questions that could be addressed.

As no similar work had been done before, a critical evaluation of several other
protocols was necessary to create an informed methodological design as discussed below.
When formulating the immunofluorescence panel, deciding which cells and molecular
markers were crucial for the synapse analysis led the design process with HIV-infected
CD4+ T cell/CD8+ T cells synapses as the primary goal. As both cells involved were T
cells markers were needed to distinguish the two and to identify infected cells from
uninfected cells (figures 4.2, 4.3 and 4.6). The choice of a Gag antibody was based on the
clarity of the signal gained and the relevance to the questions being asked. While
activated infected cells were used to test the antibodies, it was also important to image
synapses involving GPR cells with low Gag, but not Env, expression. Between the two
Gag antibodies available the anti-p24 antibody could detect both mature (CA) and
immature (CA domain of Gag — p55) forms of Gag allowing detection of Gag proteins on

resting infected cells that were not producing mature virus. This resulted in labelled hazy
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clouds of Gag throughout the cell, in addition to punctae at the plasma membrane seen
with the anti-p17 antibody (figure 4.2a). SL9-pulsed T2 cells were also used as a more
robust and simpler APC, distinguishable by cell size (figure 4.10).

Two proteins involved in early signalling events in IS formation were tested to
ascertain whether either were detectable during the co-culture conditions used to observe
primary T cell synapses. Lck was chosen for two reasons: it is the first tyrosine kinase to
be recruited to the signalling cascade and HIV sequesters it in endosomal compartments

to modulate early lymphocyte responses.’'=%-70:413-41>

However, despite optimisation
efforts it was difficult to achieve consistent Lck expression at the synapse as reported by
other groups. Zap70, another early signalling kinase, provided a clearer signal as the
antibody detected both isoforms of Zap70 and was polyclonal. Polyclonal antibodies can
have higher overall affinity against the antigen allowing them to detect proteins present in
low quantities but there is the potential for variability between batches or cross reactivity.
However, this increased Zap70 signal came at a cost as it limited the detection of purely
active Zap70 involved in signalling at the synapse.”® Despite these issues Zap70 was
chosen as a synapse marker instead of Lck.

The choice of staining method and how it affected antibody binding to the epitope
of interest also impacted the quality of the immunofluorescence. For example, the mouse
anti-human CD8a antibody bound an extracellular epitope of the a-chain of CD8 (aa #22
— 198, extracellular) and cells could be stained without permeabilisation. However, the
rabbit anti-CD8a antibody bound amino acids in the cytoplasmic tail (aa #1 — 13,
cytoplasmic) of the a-chain and thus permeabilisation was required. TX100, which acts as
a non-ionic detergent, forms holes in the plasma membrane allowing the antibody access

to this epitope without affecting cell surface structure. Saponin was less compatible with

anti-CD8a antibodies as it allowed intracellular access by selectively removing
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cholesterol from the membrane to make holes, affecting the distribution of the cell
surface CD8.*'° LFA-1 was affected in the converse manner to the rabbit anti-CD8o. as
any permeabilisation before the primary antibody eradicated the staining; cells had to be
stained for LFA-1, then permeabilised to allow staining for CD8 and/or p24.

Using primary and secondary antibodies, instead of direct conjugations, meant
antibodies could be flexibly used in different panels. For all of the mouse and rabbit
primary antibodies there were no concerns with the goat anti-mouse or anti-rabbit
secondary antibodies as, according to the manufacturers (ThermoFisher), the antibodies
were cross-adsorbed against human IgG and serum to increase the specificity of the
antibodies. However, the anti-p24 antibody was of human origin and the goat anti-human
secondary, while cross-adsorbed against mouse, rabbit and bovine serum, was able to
non-specifically bind human epitopes on uninfected cells. While there was a statistically
significant difference of the TCCF(p24) between the uninfected and infected cells (figure
4.3b) the presence of uninfected cells with staining patterns that mimicked infected cells
(TCCF(p24)™€") posed a problem for identifying genuine synapses (figure 4.3a). By
conjugating a dye to the antibody this improved the background staining; a far-red dye
was chosen to avoid conflicts with the typical staining panel (Alexa Fluor 488 for synapse
markers, Alexa Fluor 568 for CD8) and to make it photostable for use with STED
microscopy. It was difficult to achieve a high degree of labelling and multiple
conjugation steps were undertaken to ensure enough dye was attached to the primary
antibody. While the dye was difficult to see with low p24-expressing cells, compared to
the secondary Alexa Fluor 488, it was still able to differentiate between uninfected and
infected cells (figure 4.3b and chapter three).

The optimised immunofluorescence images provided qualitative information

about the IS but with the correct analysis further information was extracted from the
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images. Many groups measured the percentage of conjugates that expressed a certain

0747419 Eor example, Khaznadar et al. quantified the percentage

synapse marker pattern.
of conjugates with polarised lytic granules using a quadrant system to define whether
granules were polarised.””” While this method provided a simple assessment of whether
or not granule polarisation was evident, as granule polarisation is not discrete but on a
continuum other information from the images was lost. In those cells where the granules
were ‘not polarised’ the granules may have been located completely on the opposite side
of the cell, representing no polarisation, or were en route to the synapse, representing
partial polarisation. However, in this thesis by defining perforin expression as distal to,
dispersed, or docked at the IS the images were better represented.’*>**® Another group
assessed synapse maturation by measuring the distance between perforin and the IS.*!°
However, this method was not useful for the analysis in this thesis as perforin was rarely
concentrated enough in one place that the distance to the IS could be measured, unlike
with the MTOC. Measurement of the distance of the MTOC (a clearly defined point of
brightness) from the IS proved to be simple and robust, as well as consistent with
previous data that showed that the MTOC moves closer to the IS over time.?’®277:408:420

To measure the expression of a fluorophore multiple parameters were available
including the MFI and the IntDen. Whereas the MFI might have been applicable when
comparing two areas of an equal size or with uniform intensity the IntDen, which is the
product of the area and the mean grey value, was useful for comparing two different sized
areas with variable intensities. The IntDen was used for most assessments to compare the
total amount of protein in the observed area. For example, the TCCF, used to measure the

expression of p24, was a measure of the IntDen of the p24 expression with the

background fluorescence subtracted to control for any variations in autofluorescence.
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Another important component of image analysis was to identify and minimise the
sources of bias. All slides were stained with the same concentrations of antibody and
imaged using the same laser settings to allow direct comparisons of images. Parameters
were set to define the synapse pairs, i.e. touching CD8"®/CD8+ pair, TCCF(p24) of
target > mean TCCF(p24) of the uninfected cells and any alterations to the images, using
software like Imagel, were kept to a minimum to ensure artefacts were not added or
removed. Marker expression at the ‘equator’ versus the entire Z-stack was repeatedly
compared to ensure decisions to choose one over the other for ease of analysis did not
affect the results greatly (figures 4.4 and 4.17).

This work highlighted the utility of confocal microscopy for investigation of the
IS in primary T cells: the pinhole system restricts the amount of light that reaches the

sample, limits background fluorescence and is less phototoxic to the cells.”®"**!

However,
one of the aims was to perform a quantitative analysis rather than just a description of IS
formation and this was a particular challenge due to the rarity of conjugates in primary
CD4+/CD8+ T cell co-cultures. A widefield microscope was therefore tested as it enabled
imaging of a large area without the need for scanning by simultaneously illuminating the
sample, thus potentially increasing statistical power and reducing bias that could occur
from selection of cell conjugates that were poorly representative of the sample.’’!*#*4>
The widefield microscope proved useful for finding target cells and detecting
fluorescence, however, built-in deconvolution software had to be used to eliminate
background light in the raw images and there was less control over the depth of field.
This lengthened the acquisition process and overall the microscope was less user-friendly
than the confocal microscope, which was eventually adapted to automate the process of

finding cell conjugates to some degree; however, restricted access to the microscope and

storage capacity limited the extent to which automation methods could be applied.
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STED microscopy was used to assess whether the investigation of synapse
architecture would benefit from higher resolution than was achievable with the confocal
microscope. Potential ideas for the application included assessing whether F-actin
clearing from the ¢cSMAC was visible (as the phalloidin stain was oversaturated in
confocal images) and if perforin deposition at the cSMAC occurred in this cell system.
STED was chosen because the dyes/fluorophores used with the confocal microscope were
compatible with the STED laser and provided the option of using a CL3-based STED
microscope. As expected, STED did improve the resolution of all the markers tested
(figure 4.21 — 4.22) although the information gained from this improvement varied. p24
expression was more defined with clearer punctae, however, as p24 was only used to
identify the infected cell in the conjugate the added resolution of the Gag proteins was not
required. On the other hand, the improved resolution of the Zap70 punctae helped resolve
two clusters of Zap70 that were close together and measure their size (figure 4.23). Due
to the strength of the STED laser for dim stains, like LFA-1, molecule expression was
almost non-existent (not shown) but for bright stains, like phalloidin, STED revealed
structural details including gaps between the cells or thin filaments (figures 4.22 — 4.23).
STED had to be carefully used as the laser could bleach the sample making it hard to
discern whether bleaching or improved resolution had occurred (figure 4.22d).

While a few of the stains showed promise for use with STED the potential was
limited by the methodological approach. Reported successful applications of STED for
synapse analysis relied on imaging the synapse from below the cell via the use of planar

. . 424425
bilayers or coated coverslips.”™

While this limited the physiological relevance of the
study it did allow a full view of the interface without relying on Z-stacks. In this thesis

the use of physiologically relevant targets and reliance on the ImmTAV to mediate the

synapse limited the imaging orientation to the side of the synapse and Z-stacks were
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difficult to acquire due to the strength of the STED laser. Other groups have also imaged
multiple molecules at the synapse at once, for example F-actin and perforin, to provide

. 424,425
reference points for the movement of each molecule.™™

Therefore future questions,
which may be addressed with STED, such as how the cytoskeleton remodels during an
ImmTAV-driven synapse or with CD8+ T cells from CHI patients, would benefit from
improvements to the staining panel and orientation of cells to acquire the most
information.

The work in this chapter focused on preparing a method to analyse synapse
markers in parallel in fixed, primary T cell synapses using confocal microscopy. This
method was limited because the cells were fixed and only one synapse marker was
present in a sample at a time, however, this sets up future work for optimising multi-
colour synapse panels and methods for live cell imaging. For example, co-staining of a-
tubulin (MTOC) and perforin would provide information on when perforin localises to
the MTOC in relation to the MTOC localising to the IS.*”***”* Live cell imaging offers the
potential to investigate the kinetics of synapse formation but identification of cellular
proteins would requires the use of reporter systems.’’*********” However, imaging the
kinetics would be beneficial for understanding the efficiency of ImmTAV-mediated
killing. For example, Foley et al. used a 3D in vitro model of tissue to visualise the
interaction between HIV-specific CTLs with infected or peptide pulsed CD4+ T cells and
found that target cells with high motility or those presenting low avidity antigens escaped
killing by CTLs, suggesting that the migration of target and CD8+ T cells impacts CD8+
T cell function.””® This investigation underlined the utility for investigating cell-to-cell
contact in real time as a fixed cell experiment may not have captured the subtleties of the
CTLs’ attempts to kill the targets (i.e., a ‘direct hit,” ‘successful tether,” ‘failed tether’ or

‘brush’). In vivo imaging, or 3D in vitro models as used by Foley et al., may better
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estimate the efficiency of CTL killing as the surrounding environment, including other
effectors and immune cells, may contribute to the killing process.””>*** As primary CD8+
T cell synapse formation appeared sparse on fixed slides ensuring the IS formation is
captured by real time microscopy would lengthen image acquisition times or require
multiple attempts.

In conclusion, there were multiple factors that impacted the outcome of
immunofluorescence staining and the quantity of information that could be gained from
those images. Protein marker and antibody choice was a crucial first step for ensuring the
proposed synapse questions were being investigated properly. Optimising the protocol for
staining was more difficult when fixation and multi-colour panels were required, but a
successfully designed panel facilitated fast and accurate imaging of the correct targets;
the staining optimisation process was also applicable to imaging of other viruses
including recombinant ZIKV proteins (appendix 4.1). Multiple methods for analysis then
had to be tested with the proposed set up of cells to ensure the method could be repeated
with minimal bias. The synapse marker panels optimised in this chapter, comprising
LFA-1, Zap70, MTOC, F-actin and perforin (with p24 and CDS8) were used for the
comparison of primary CD8+ T cell immunological synapses in the context of HIV

infection as reported in the next chapter.
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4.4 Questions addressed in this chapter

What is the best method to detect HIV-infected cells by immunofluorescence?
Primary non-conjugated antibodies (with a secondary antibody) against HIV Gag
pl7 and p24 proteins gave a stronger signal than those against an Env gp120
protein (figure 4.2); the biggest range of expression was achieved with a human
anti-p24 primary antibody. However, the directly conjugated anti-p24 antibody
had less non-specific staining than the primary/secondary combination (figure 4.3;
section 4.2.1).

What is the best staining protocol to detect immunological synapses between
primary CD8+ T cells and physiologically relevant HIV-infected targets?

An antibody was required to mark the CD8+ T cell, the HIV-infected targets and
molecules of the synapse (LFA-1/Zap70/MTOC/Perforin/F-actin). It was
necessary to optimise fixation/permeabilisation methods for each of the primary
antibodies used (figures 4.5 — 4.19). The best method involved fixation with 2 —
4% PFA, permeabilisation with 0.1% TX100, blockade with 2.5% goat serum and
the best titration of primary antibodies and secondary antibodies (sections 4.2.2 —
4.2.8).

How can immunofluorescence images be used to quantify events involved in
immunological synapse formation?

A limitation of previous work that relied on representative images was that much
of the data was descriptive and raised questions about how reproducible the
reported observations were. The work in this chapter developed methods that
enabled capture of a larger number of events in order to be confident about the
reproducibility of the observed signals and to determine if observed changes were

biologically meaningful (sections 4.2.3 —4.2.8).
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What does super resolution microscopy add to the information gained from an
immunofluorescence study of the immunological synapse?

STED microscopy improves the resolution of p24 and synapse marker stains
compared to confocal microscopy with the potential for measuring molecule sizes
and distances between molecules more accurately (figures 4.21 — 4.23). However,
there was a risk of photo bleaching (figure 4.22) and the improved resolution did
not provide more information about the immunological synapse in the context of

the markers and analysis methods chosen (section 4.2.9).
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5.1 Introduction

In chapter three, the antiviral function of CD8+ T cells from HIV-positive and
HIV-negative subjects was compared in a model of HIV latency. InmTAV-redirected
healthy donor (HD) and chronic HIV infected (CHI) donor CD8+ T cells could both
recognise and eliminate a proportion of resting infected CD4+ T cells. However, CHI
donor CD8+ T cells failed to achieve the same antiviral effects as the HD cells; InmTAV
assistance improved killing to a level just above the natural (HIV-primed) CTL responses.
Due to the bispecific design, the InmTAYV is able to bring a target and effector cell in
close proximity to instigate killing via the release of perforin and granzymes at the
immunological synapse (IS). The mechanism underlying the impaired antiviral activity of
ImmTAV-redirected CHI donor CD8+ T cells may lie in a compromised ability to form a
functioning IS.

As described previously in section 1.3.1 the IS is the interface between an APC
and a lymphocyte that facilitates the temporal and spatial organisation of molecules and
signalling between the two cells. For most structural investigations, the IS was studied
under conditions that facilitated efficient formation of the IS including super antigen-
pulsed APCs and supported lipid bilayers. However, in the context of an HIV infection
the formation of the IS may not be optimal. One of the viral accessory proteins, Nef,
manipulates the host cell’s formation of an IS to alter T cell activation. This may be an
adaptation to promote viral survival by triggering enough activation for viral replication
without premature cell death. In previous studies, HIV-infected CD4+ T cells formed
abnormal conjugates with super antigen-pulsed B cells: T cell receptors and Lck were
sequestered in endosomal compartments due to a Nef-mediated mechansim.’’ Nef not
only hijacked Lck but also triggered Lck-independent signalling, promoting production of

30,430
d.”™

IL-2 which led to enhancement of viral sprea In another study, in which primary
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human lymphocytes were infected with HIV isolates encoding Nef proteins from various
primate lentiviruses, Nef was reported to hamper cell spreading and actin ring formation
by interfering with N-Wasp translocation to the periphery and subsequent activation. This
mechanism allowed for the initial TCR microcluster signalling, but affected the
cytoskeletal movement crucial for other molecular rearrangements within the cell. It was
suggested that this modulation of IS maturation could help Nef create a modest TCR
signal aimed at HIV-1 production.?’**%

Although the signalling effects of Nef on infected CD4+ T cell synapses with
APCs have been convincingly demonstrated, the effects of Nef and other HIV proteins on
CD4+/CD8+ T cell synapses have not been studied. This is surprising, given that
understanding how HIV may impact target cell synapses with CD8+ T cells is important
because CTLs are at best only partially successful in controlling viral replication. There is
currently a gap in the literature concerning the architecture of the IS between HIV-
infected target cells and primary CD8+ T cells. While previously reported killing assays
provide evidence for the interaction between these two cell types there are limited

89,196,245,431,432

microscopy-based descriptions of the synapse. By contrast, the interactions

involved in the cell-to-cell transfer of HIV via virological synapses have been well

studied: this leads to viral propagation instead of viral control.,”” ®!2%>#33-433

Importantly,
many studies of CD8+ T cell synapses have employed super antigen-pulsed APCs as the
target cell; such systems may not fully recapitulate the relevant cellular interactions in
. 278,436-438
vivo.
The work described in this chapter aimed to use confocal microscopy to
investigate synapses between primary CD8+ T cells and target cells under experimental

conditions that were as physiologically relevant as possible. The objectives were as

follows: (i) to describe synapses in which either the effectors or the targets were from
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HIV-positive patients; (ii) to determine whether a specific block in synapse formation
could by identified that could explain defective antiviral function; (iii) to use the HIV
ImmTAV as a tool to observe synapse formation in a model system and under
physiological conditions, given that it could mediate clearance of activated and resting
infected cells (chapter three and previously published work in our laboratory).** To
achieve these objectives it was necessary to choose only a few synapse proteins (see
chapter four) that could collectively demonstrate the evolution and maturation of the
I1S.2777%281 While other cell types form IS these cells were beyond the scope of this
investigation as the ImmTAVs are designed to redirect CD8+ T cells to target HIV-

. 9,245,251,439,440
infected cells,”?4>21:4%:
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5.2 Results
5.2.1 Kinetics of Gag expression in HIV-infected primary CD4+ T cells

To obtain a population of HIV-infected CD4+ T cell targets for IS formation, a
panel of PHA-stimulated HD CD4+ T cells (n = 5, including n = 3 HLA-A2+ donors
compatible with the m121 ImmTAV) were spinoculated with HIV-1z (MOI = 0.01).
Gag p24 expression was assessed by flow cytometry on days one, two, three, four and
seven post-infection (figure 5.1). Peak p24 expression (17 — 27% p24+ cells of
CD3+CD8"* population) occurred at days 4 — 7 in all five donors. Day six post infection
was chosen as the optimal time point, as consistently high infection rates and minimal cell

death were observed, similar to previously described results.*”
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Figure 5.1: Kinetics of HIV infection in primary CD4+ T cells. Primary CD4+ T cells
from five donors were stimulated with PHA for three days before spinoculating with
HIV-Iyjjg (MOI = 0.01). The %p24+ cells (of the CD3+CD8"® population) were
determined by flow cytometry on days 1-7 post-spinoculation. Donor 12 was also left
uninfected as a control.
5.2.2 LFA-1 localisation at the immunological synapse varies between ImmTAV-
redirected CD8+ T cells from different donor groups

One of the early stages of IS formation involves the recruitment of the adhesion
molecule, LFA-1, to provide stability between the interacting cells via ICAM-1 ligation

and to promote T cell signalling.”******! To assess whether the HIV status affects LFA-1

localisation in CD8+ T cells during synapse formation with HIV-infected healthy donor
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CD4+ T cells, the latter were co-cultured with CD8+ T cells from healthy donors (n = 3),
CHI donors (n = 3) or SPARTAC trial participants who began ART during PHI (early
ART, n = 3) plus m121 ImmTAV (10" M) for 30 minutes before staining for CDS8, p24
and LFA-1.*> Synapses were defined as contacts forming between HIV-infected CD4+ T
cells (confirmed by measuring TCCF(p24)) and CD8+ T cells (marked by the anti-CDS8
antibody) from each donor group — only these cell pairings were imaged using confocal
microscopy (figure 5.2a). Based on these criteria, LFA-1 polarisation was not statistically
different amongst the three donor groups (HD vs. CHI vs. Early ART, mean (SD): 17.9%
(6.6) vs. 19.7% (8.1) vs. 19.4% (7.4)) (figure 5.2b).

The LFA-1 at the contact in the CD8+ T cell (percentage of total) was measured
as described in chapter four. Of note, while other groups have defined whether LFA-1
was fully polarised to provide a ‘% of conjugates with polarised LFA-1" measurement
(i.e., LFA-1 at the contact is >50% of the total LFA-1 in the cell — by visual assessment
or measurement of fluorescence) based on the acquired images this was not possible for
this set of data. Due to the use of primary CD4+ T cells infected with HIV-1 as targets,
except for a few examples including the one in figure 5.2 most pairs of cells did not have
an obvious polarisation of LFA-1 at the contact. Instead of ruling out all of these pairs as
‘non synapses’ leaving very few pairs left to analyse, LFA-1 polarisation at the contact as
a percentage of the total LFA-1 polarisation (taken from a Z-stack summed into one
image) was used to quantify LFA-1 polarisation in all the pairs that met the target and

effector criteria on a continuous rather than bimodal scale.
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Figure 5.2: LFA-1 localisation at the immunological synapse of CD8+ T cells. m121
ImmTAV-redirected primary CD8+ T cells from three donor groups (healthy, CHI, early
ART; n = 3 donors per group and n > 10 conjugates/donor — black circle, grey circle,
white circle) formed conjugates with HIV-infected healthy donor CD4+ T cells. (a)
Confocal image of a T cell-T cell conjugate with the most LFA-1 at the contact. Red =
p24, magenta = CDS, green = LFA-1. (b) Quantification of the LFA-1 at the contact (%
of total); each dot represents a conjugate imaged by microscopy. Horizontal lines
represent the mean. Groups were analysed by one-way ANOVA.
5.2.3 Early ART during PHI does not fully rescue impaired antiviral activity

In the previous comparison of LFA-1 polarisation at the synapse (section 5.2.2)
the CD8+ T cells from the early ART donors showed slightly more localisation of LFA-1
at the IS than the healthy donor CD8+ T cells but less than the CHI donor CD8+ T cells.
As CHI patients were shown previously to have impaired CD8+ T cell-mediated antiviral
activity, it was hypothesised that initiation of ART during PHI might preserve CD8+ T
cell function and/or CD4+ T cell help. SPARTAC participants’ PBMCs were sampled

while they were still receiving ART and were used in a viral inhibition assay to assess
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their antiviral activity.*****

Purified CD4+ T cells from the patients (n = 9) were
stimulated with PHA for three days to reactivate latent HIV and then cultured with
autologous CD8+ T cells (E:T of 1 or 0.1) with and without InmTAV (irrelevant TCR
ImmTAV at 10° M; m121 at 10® M and 10° M for E:T of 1; m121 at 10" M for E:T of
0.1) for six days before assessing the percentage elimination.

Without ImmTAV-redirection SPARTAC CTLs eliminated a mean (SD) 39.5%
(27.4) of infected cells (figure 5.3). Only addition of ml121 ImmTAV significantly
increased elimination (none vs. 10° M m121 % elimination, mean (SD): 39.5% (27.4) vs.
59.9% (14.34), P = 0.04). When compared with historical data on InmTAV effects on
CD8+ T cells from CHI and healthy donor subjects CD8+ T cells from the SPARTAC
participants were similar to CHI donors and were inferior to healthy donors at the higher

ImmTAV concentrations (10 M) (early ART vs. CHI vs. HD, mean (SD): 60% (14) vs.

60% (21) vs. 87% (7), P = 0.002 one-way ANOVA).***
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Figure 5.3: Viral inhibitory activity of CD8+ T cells from donors treated with ART
during PHI. PHA-stimulated CD4+ T cells from SPARTAC patients (n = 9) were co-
cultured with autologous CD8+ T cells at different E:T ratios and InmTAV redirection
(irrelevant TCR or m121). After six days, intracellular p24 was measured to calculate the
% elimination. Lines represent the mean. Groups were analysed by one-way ANOVA
(n.s.) with Dunnett’s multiple comparisons test.
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5.2.4 Antigen presentation on target cells affects LFA-1 localisation at the
immunological synapse

Less LFA-1 polarised at the contact of the cell pairings than others have reported
in different cell systems.”** A limitation of using primary HIV-infected CD4+ T cells
as the targets in this analysis was the scarcity of synapses formed with primary CD8+ T

249

cells, irrespective of the donors’ HIV status.”” To assess whether the low LFA-1

polarisation in CD8+ T cells was related to cognate epitope density on primary CD4+ T
cell targets alternative target cells were investigated. T2 cells are TAP-deficient and are
only able to present HLA-A2 on the cell surface when the heavy chain and 2
microglobulin complex is stabilised by exogenously loaded peptide. Peptide-pulsed T2
cells have been used extensively as a model target cell to assess the potency of HLA-A2-
restricted ImmTACs and ImmTAVs.*??*** Prior to use in this work, HLA-A2
expression on T2 cells was compared after pulsing with the HIV Gag SL9 epitope (HLA-
A2 restricted), a non HLA-A2 restricted influenza peptide or no peptide. While there was
some background HLA-A2 expression, only the SL9 peptide increased HLA-A2
expression immediately after pulsing (figure 5.4).

0 Hour Post-Pulse 18 Hour Post-Pulse Figure 5.4: Peptide pulsing
. of T2 cell line. T2 cells were

] left unpulsed (black line) or
were pulsed with flu peptide
1 (12.5 pM; blue line) or SL9
peptide (12.5 pM; red line)
for 5% hours before staining
] for HLA-A2 immediately or
after 18 hours. Histograms of
I ana e the MFI of HLA-A2-PE is

HLA-A2-PE HLA-A2-PE ShOWIl.

Count
Count

HD CDS8+ T cells were then co-cultured with various target cells plus m121

ImmTAV (10 M) as follows: (i) SL9-pulsed T2 cells; (ii) resting infected HD CD4+ T
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cells (latency model, chapter three); (iii) early ART-treated CD4+ T cells (SPARTAC
patients) reactivated with PHA (‘reactivated autologous HIV’); (iv) SEB-pulsed WJR076
B cell line cells; the latter were included as a positive control as super antigen-pulsed B
cells, or other APCs, induce potent T cell activating activity (figure 5.5).”%"7**%5 L FA-
1 localisation was significantly higher in CD8+ T cells forming conjugates with the T2
cells compared to the activated infected, resting infected or reactivated autologous HIV+
CD4+ T cells (T2 vs. activated vs. resting vs. reactivated, mean (SD): 30.5% (17.0) vs.
17.9% (6.6) vs. (13.1% (4.2) vs. 15.0% (7.8), P < 0.0001). Although LFA-1 polarisation
was higher in conjugates with activated infected CD4+ T cells compared to resting
infected CD4+ T cells the difference was not significant due to the low number of resting
infected conjugates (figure 5.5a). T2 cells left unpulsed or SL9-pulsed but cultured with
CD8+ T cells in the absence of m121 ImmTAYV did not form any conjugates (not shown).

Of the HIV-infected target cells, Gag expression (TCCF(p24) by confocal
microscopy) was highest in the activated infected CD4+ T cells (activated vs. resting vs.
reactivated, mean (SD): 1874 (2428) vs. 557.6 (337.8) vs. 446.2 (260.6), P < 0.0001;
figure 5.5.b). In summary, LFA-1 localisation to the IS was highest when the target cell
HIV antigen expression was predicted to be maximal, either through saturation of HLA
class I molecules by exogenous peptide loading or productive infection, which required

activation of CD4+ T cells.
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Figure 5.5: LFA-1 polarisation according to target cell type. Immunofluorescence
images were used to make a comparison of (a) LFA-1 at the contact (% of total) in CD8+
T cells cultured with different target cells (n = 1, 3, 1, 3, 1 CD8+ T cell donors/group
respectively with n > 9 conjugates/donor) and (b) p24 expression (TCCF(p24)) of the
primary CD4+ T cell targets from (a); each dot represents a target cell. Horizontal lines
represent the mean. Groups were analysed by one-way ANOVA with Tukey’s multiple
comparisons test.
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5.2.5 SL9-pulsed T2 cells elicit reproducible immunological synapses with primary
CD8+ T cells

As co-culture with SL9-pulsed T2 cells elicited greater localisation of CD8+ T
cell LFA-1 at the synapse compared to infected primary CD4+ T cells, T2 cells were used
for further investigation of the immunological synapse. Based on previous kinetic studies,
30 minutes may have been too late to assess peak LFA-1 recruitment to the
synapse.”’*"**% To find the optimal co-culture time, SL9-pulsed T2 cells were co-
cultured with HD CD8+ T cells in the presence of m121 ImmTAV (10™ M) for 5, 15 or
30 minutes. To quantify the synapses formed ten low magnification fields of view were
acquired on the slide and the number of T2 cells in conjugates with CD8+ T cells was
compared to the total number of T2 cells imaged (sections 2.4.5 and 2.4.18). Over time
the number of synapses formed with m121 ImmTAV-redirected HD CD8+ T cells
increased (5 vs. 15 vs. 30 min., mean: 11.9% vs. 27.2% vs. 42.7%), while very few
synapses (3.9%) formed with the m232 control (irrelevant TCR ImmTAV) and the
number did not change over the time course (figure 5.6a).

Slides were also stained for Zap70, F-actin, a-tubulin (MTOC) and perforin
(figure 5.6b). Cell pairs were chosen based on the presence of a T2 cell (large
morphology) and CD8-stained T cell (magenta); cells not meeting these criteria were
neither imaged nor assessed for synapse marker polarisation. Zap70 polarisation at the
synapse increased over time and appeared to plateau between 15 and 30 minutes (5 vs. 15
vs. 30 min., mean (SD): 15.2% (5) vs. 27.8% (11.8) vs. 28.8% (8.6), P = 0.0001). An
alternative method of analysing Zap70 that involved measuring the proportion of Zap70
localised to the periphery (active), showed that the percentage of peripheral Zap70 peaked
at 15 minutes (figure 5.7). F-actin polarisation significantly decreased over time (5 vs. 15

vs. 30 min., mean (SD): 57% (13.5) vs. 44.7% (14.2) vs. 36.6% (10.3), P = 0.0008). The
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MTOC moved closer to the synapse over time (5 vs. 15 vs. 30 min., mean um (SD): 4.2
(0.9) vs. 2.8 (1) vs. 2.2 (1.3), P < 0.0001) while perforin docking at the synapse peaked at
15 minutes (5 vs. 15 vs. 30 min., % docked: 15% vs. 47% vs. 23%). The 15-minute co-
culture time was therefore chosen for all subsequent experiments as it best captured the
maximal changes in the polarisation of several relevant synapse proteins, suggesting
synchronization of synapse formation within the cell populations being studied. Due to
limited CD8+ T cell numbers and difficulties accurately analysing F-actin polarisation at

the synapse the phalloidin stain was not included in further experiments (appendix 5.1).

See next page for figure 5.6.
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Figure 5.6: Time course of synapse formation in T2-T cell synapses. InmTAV-
redirected healthy donor CD8+ T cells (n = 1 donor) were co-cultured with SL9-pulsed
T2 cells for 5, 15 or 30 minutes before (a) quantifying the percentage of T2 cells in
conjugates and b) measuring Zap70 (at contact, % of total), F-actin (at contact, % of
total), MTOC (um from synapse) and perforin (% distal, docked, dispersed) polarisation
in the CD8+ T cells; each dot represents a conjugate imaged by microscopy (n >
10/timepoint). Horizontal lines represent the mean. Groups were analysed by one-way
ANOVA.
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Figure 5.7: Alternate analysis of Zap70 polarisation at the immunological synapse.
Zap70 polarisation in the CD8+ T cell over time (compare to figure 5.6b) was also
analysed by measuring the percentage of conjugates with either CD8+ T cell central or
peripheral Zap70 expression (binning method).
5.2.6 HIV ImmTAYV facilitates formation of fully functional synapses with both
activated infected and resting infected primary CD4+ T cells

While SL9-pulsed T2 cells present the cognate epitope for the m121 ImmTAV,
they are not as physiologically relevant as an APC as HIV-infected primary T cells. The
results in chapter three showed that Gag expression in HIV-infected cells varies within
infected cell populations, especially between activated and latently infected cells. To
assess the formation of synapses with HIV-infected primary CD4+ T cells with both low
and high Gag expression, HD CD8+ T cells were co-cultured with activated infected or
resting infected CD4+ T cells and ImnmTAV (HIV-1ys used at an MOI = 0.01 for both
infections).

The method used to determine the number of conjugates in section 5.2.5 was

found to be unsuitable for quantifying primary T cell-T cell synapses because of their

scarcity; careful scanning of the slides was necessary to find the conjugates as ten random
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low magnification fields of view were insufficient to capture them. A subjective
observation was that it was easier to find synapses when the targets were activated
infected cells than resting infected cells. In order to test this more objectively, a second
method was applied. Slides were coded so that the observer was blinded to the
experimental condition (active or resting infection and HIV ImmTAV or control
ImmTAVs). The observer marked as many synapses as possible searching through the
eyepiece for 15 minutes. Images were then acquired and the final synapse count was
based on correctly paired cells only (CD8"/CD8+ touching cells, TCCF(p24) of target >
uninfected controls). After 15 minutes 12 conjugates were found on the slide with
activated infected targets, in contrast to six on the slide with the resting infected cells
(figure 5.8); a negligible number of synapses were found on slides with no InmTAV or

with the m231 or m232 ImmTAYV controls.

ImmTAYV, infection Conjugates

Figure 5.8: Quantification of T cell-T ml21 resting 6

cell synapses. Healthy donor CD8+ T )

cells were co-cultured with ImmTAVs ml21 active 12

and either resting infected or activated m231 active 0
infected CD4+ T cells before counting

for 15 minutes the number of m232 active 1
conjugates that could be found under )

each condition (blinded). - active 0

The slides prepared with m121 ImmTAV-redirected CD8+ T cells were also
stained for synapse proteins, CD8 and Gag before images were acquired by confocal
microscopy. Target cells with a TCCF(p24) lower than that of the stained, uninfected
cells were not considered for further analysis (appendix 5.2). Gag expression was
significantly higher in the activated infected target cells (active vs. resting, median: 2819
vs. 1264, P = 0.003) in keeping with the TCCF data from chapter three (section 3.2.3).

While all target cells in the synapses that were included in the final analysis were
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confirmed as infected according to the TCCF measurements, Gag could be also seen by

eye in activated infected cells (figure 5.9); this was not often the case for resting infected

cells (not shown).
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Figure 5.9: HIV Gag expression in the target cells of T cell-T cell synapses. (a)
Immunofluorescence images of ImmTAV-redirected HD T cell-T cell conjugates with
both activated and resting infected CD4+ T cell targets (images not shown for resting
infected targets as p24 expression was not visible in images). Red = p24, magenta = CDS.
(b) Measurements of the TCCF(p24) of the target cells (target cells with a TCCF(p24)
less than the TCCF(p24) for the uninfected cells were not considered for further analysis
and are not shown here); each dot represents a conjugate imaged by microscopy (n = 3
donors/condition with n > 20 conjugates/condition). Horizontal lines represent the
median. Groups were analysed by Mann Whitney test.

In view of the difference in Gag expression in activated and resting target cells, its
impact on recruitment of synapse proteins in the CD8+ T cells was explored. Zap70
localisation at the synapse was not significantly different (activated vs. resting, mean
(SD): 11.3% (2.7) vs. 12.7% (3.2)) and peripheral polarisation of Zap70 was prominent in
both groups (figure 5.10). The MTOC was significantly closer to the IS in CD8+ T cells

forming conjugates with resting infected T cells (activated vs. resting, mean pm (SD): 3.6

(0.8) vs. 2.7 (0.9), P = 0.048) although further donors would be needed to confirm this as
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only nine synapses were found for the resting infected targets (figure 5.11). Analysis of
MTOC location at 5, 15 and 30 minutes also confirmed that the synapse progression with
activated infected T cell targets was similar to that seen with T2 cell targets (appendix
5.3). 14.3% of activated infected cell synapses expressed docked perforin compared to
27.3% of resting synapses, although perforin polarisation in both groups was primarily

located dispersed throughout the cell (figure 5.12).
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Figure 5.10: Zap70 polarisation in T cell-T cell immunological synapses. (a)
Immunofluorescence images of ImmTAV-redirected HD T cell-T cell conjugates with
both activated (top) and resting (bottom) infected CD4+ T cell targets. Red = p24,
magenta = CD8, green = Zap70; p24 intensity in resting infected cells is low enough it
does not show up visibly in images. (b) Measurements of the Zap70 at contact (% of total;
left) or % of conjugates with central versus peripheral Zap70 polarisation (right) in the
CD8+ T cells; each dot represents a conjugate imaged by microscopy (n = 1 donor, n > 9
conjugates/condition). Horizontal lines represent the mean. Groups were analysed by
unpaired t test.
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Figure 5.11: MTOC polarisation in T cell-T cell immunological synapses. (a)
Immunofluorescence images of ImmTAV-redirected HD T cell-T cell conjugates with
both activated (left) and resting (right) infected CD4+ T cell targets. Red = p24, magenta
= CD8, green = MTOC (o-tubulin, arrow), black/white = DIC. (b) Measurements of the
length (um) from the immunological synapse to the MTOC (left) which were binned into
three categories (right; <1 pm, 1 — 2.5 pm, >2.5 pm); each dot represents a conjugate
imaged by microscopy (n = 1 donor, n > 8 conjugates/condition). Horizontal lines

represent the mean. Groups were analysed by unpaired t test.
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Activated infection — docked perforin
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Figure 5.12: Perforin polarisation in T cell-T cell immunological synapses. (a)
Immunofluorescence images of ImmTAV-redirected HD T cell-T cell conjugates with
both docked, dispersed and distal perforin polarisation. Red = p24, magenta = CD8, green
= perforin, black/white = DIC. (b) Perforin polarisation was categorised into distal,
dispersed and docked regions (n = 1 donor, n > 9/condition).
5.2.7 Enrichment of the SL9-specific cytotoxic T lymphocyte population does not
alter synapse protein polarisation

While the viral epitope expression on the target cell may affect the number of
immunological synapses that form, the impaired antiviral activity of CD8+ T cells from

CHI (and PHI) donors compared to healthy donors suggests that the effector cell is also

implicated in synapse maturation.®?* The m121 ImmTAV was able to redirect HIV-
p ynap
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naive or non-HIV specific CD8+ T cells towards SL9-pulsed T2 cells or HIV-infected

245
To assess whether

primary CD4+ T cells, resulting in killing of the target cells.
naturally primed CTLs from PLWH were able to form synapses with target cells, CHI
donors with pre-existing SL9-specific CTLs were chosen. The frequency of SL9-specific
CD8+ T cells in the peripheral blood was assessed by dextramer staining. To improve the
chances of finding natural synapses a short-term cell line (STCL) was created for each
SL9-responding CHI donor; for example, this increased the SL9-dextramer positive
population from 0.65% to 1.68% in one donor (figure 5.13a). Enriching the CD8+ T cell
population for SL9-specific cells increased the percentage of peptide-pulsed T2 cells in

conjugates from 5.7% to 17.5% (figure 5.13b).
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Figure 5.13: Enrichment of SL9-specific CTLs from CHI donors. (a) A STCL
(‘enriched’) was created to enrich for SL9-specific CD8+ T cells from the CHI donors
and the SLO9-specific population was measured with SL9-dextramer staining (one
representative donor shown). Unenriched and SL9-enriched CD8+ T cells from a CHI
donor (n = 1) were co-cultured with SL9-pulsed T2 cells before (b) quantifying the
number of T2 conjugates that formed and (c¢) measuring the polarisation of Zap70,
MTOC and perforin as previously described; each dot represents a conjugate imaged by
microscopy (n = 1 donor, n > 10 conjugates /condition). Horizontal lines represent the
mean. Groups were analysed by unpaired t test.
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To determine whether the enrichment process, which includes peptide stimulation
and in vitro expansion over a 10-day period, might enhance synapse formation the three
chosen proteins were compared in synapses using unenriched (ex vivo CD8+ T cells) and
enriched (SL9-STCL) CD8+ T cells without InmTAYV redirection (n = 1). There was no
significant difference between the two groups for Zap70 localisation, length from the IS
to the MTOC as determined by a-tubulin staining or perforin polarisation (figure 5.13c¢).
Additional experiments with the CHI donor’s CD8+ T cells showed that increasing the
E:T ratio increased the number of conjugates but did not improve MTOC localisation. By
contrast, addition of the m121 ImmTAV to the co-culture increased the number of
conjugates by more than 2-fold and also significantly polarised the MTOC towards the

synapse (figure 5.14).
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Figure 5.14: Effect of enrichment, E:T ratio and ImmTAYV on synapse formation
(extension of figure 5.13). Enriching for SL9-specific CTLs, increasing the E:T ratio and
adding the m121 ImmTAYV all increased the number of conjugates that formed (left; each
dot represents a slide with n = 1 donor) but only adding the ImnmTAV improved the
localisation of the MTOC (right; each dot represents a conjugate imaged by microscopy
with n = 1 donor). Horizontal lines represent the mean. Groups were analysed by one-way
ANOVA and Tukey’s multiple comparisons test.

5.2.8 IS protein polarisation varies between ImmTAV-redirected CD8+ T cells from
HIV-positive and negative donors
Previously reported functional data suggested that CD8+ T cells from CHI

patients failed to achieve the same levels of viral inhibitory activity of HD CD8+ T cells
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when redirected by the HIV InmTAV .** To assess whether defective synapse formation
and/or maturation could account for these functional differences, CD8+ T cells from HD
(n = 3, m121 ImmTAV redirected) and CHI patients (n = 3, SL9-enriched, +/- m121
ImmTAYV redirection) were co-cultured with SL9-pulsed T2 cells for 15 minutes before
immunofluorescence staining for Zap70, a-tubulin (MTOC) or perforin. The m231, m232
and no ImmTAYV controls were not included for either donor group for synapse marker
analysis due to limiting CD8+ T cell numbers and the lack of conjugate formation seen in
figure 5.8.

The number of synapses that formed under the different conditions is shown in
figure 5.15. As expected, InmTAYV redirection increased the number of synapses formed
regardless of whether the CD8+ T cells were from HIV-negative or HIV-positive donors.
27.2% of the target cells were in conjugates with HD CD8+ T cells compared to 21.8%
with non-ImmTAYV redirected CHI donor cells and 42.6% with InmTAV-redirected CHI
donor cells. InmTAYV redirection was specific to SL9-presenting targets because healthy
donor CD8+ T cells without HIV ImmTAV redirection or with the non-SL9 specific

m232 ImmTAYV did not form a significant number of synapses (figure 5.15).
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Figure 5.15: Quantification of T2-T cell synapses with CD8+ T cells from different
donors. SL9-pulsed T2 cells were co-cultured with CD8+ T cells from healthy and CHI
donors with and without InmTAYV redirection to quantify the percentage of T2 cells in
conjugates (n > 50 T2 cells counted/slide); each dot represents a slide that was imaged (n
= at least 2 donors/condition). Horizontal lines represent the mean.
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Zap70 localisation at the synapse was significantly higher in InmTAV-redirected
HD CD8+ T cells than CHI donor CD8+ T cells without InmTAYV redirection (HD/m121
vs. CHI/-, mean (SD): 18.8% (8) vs. 12.4% (7), P = 0.0002); using the binning analysis
method more HD CD8+ T cells expressed peripheral Zap70 as well (HD/m121 vs. CHI/-,
mean: 85% vs. 17.2%; figure 5.16). Unfortunately, there were not enough CD8+ T cells
from these CHI patients to assess the impact of ImmTAV-redirection on Zap70
polarisation. However, it was possible to assess MTOC polarisation and perforin
polarisation in enriched SL9-specific CD8+ T cells from CHI donors with and without
ImmTAYV redirection. The MTOC of the non-ImmTAV redirected CHI donor CD8+ T
cells was significantly further away from the synapse compared to ImnmTAV-redirected
CHI donor or HD CD8+ T cells, however there was no significant difference in the
location of the MTOC between the two ImmTAV-redirected groups (HD/m121 vs. CHI/-
vs. CHI/m121, mean um (SD): 2.4 (1.3) vs. 4.7 (2.6) vs. 2.8 (2.1), P < 0.0001 CHI/- vs.
HD/121 or CHI/m121; figure 5.17). Polarisation of perforin docked at the synapse was
highest in HD CD8+ T cells compared to either CHI donor CD8+ T cell condition
(HD/m121 vs. CHI/- vs. CHI/m121, mean: 38.9% vs. 19.2% vs. 18.1%; figure 5.18). The
number of conjugates, Zap70 localisation, MTOC polarisation and perforin polarisation
were consistent amongst the three healthy donors, illustrating the robustness of the
measurements used to assess synapse formation (appendix 5.4). A preliminary analysis of
CD8+ T cells from one patient who initiated ART during PHI (RIVER donor) was also
used to assess synapse formation. In a comparison with the healthy donor CD8+ T cells
from the early ART donor exhibited impaired synapse formation (appendix 5.5) but due
to bead contamination (magnetic separation beads aggregated on CD8+ T cells and T2
cells hindering identification of synapses) additional donors were not available or further

comparison.
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Figure 5.16: Zap70 polarisation in T2-T cell immunological synapses. SL9-pulsed T2
cells were cultured with InmTAV-redirected HD CD8+ T cells (n = 3) or SL9-enriched
CHI patient CD8+ T cells (n = 3). (a) Immunofluorescence images of Zap70 polarisation
(left = peripheral, right = central Zap70). Magenta = CDS§, green = Zap70. (b)
Measurements of the Zap70 at the contact (% of total) (left) or % of conjugates with
central versus peripheral Zap70 polarisation (right) in the CD8+ T cells; each dot
represents a conjugate imaged by microscopy (n > 10/donor). Horizontal lines represent
the mean. Groups were analysed by unpaired t test.
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Figure 5.17: MTOC polarisation in T2-T cell immunological synapses. SL9-pulsed
T2 cells were cultured with InmTAV-redirected HD CD8+ T cells (n = 3) and InmTAV-
redirected or naturally occurring SL9-enriched CHI patient CD8+ T cells (n = 3). (a)
Immunofluorescence images of the MTOC showing docked (left) and distal (right)
MTOC (arrow). Magenta = CD8, green = MTOC. (b) Measurements of the length (um)
from the immunological synapse to the MTOC (left) which were binned into three
categories (right; <1 um, 1 — 2.5 pm, >2.5 pum); each dot represents a conjugate imaged
by microscopy (n > 10/donor). Horizontal lines represent the mean. Groups were
analysed by one-way ANOVA with Tukey’s multiple comparisons test.

175



CHAPTER FIVE

Healthy donor — docked perforin CHI donor — dispersed perforin

100+ C Distal
Dispersed

28.4%
40.5% 46.7% @ Docked

~
2]
L

32.7%

% of Conjugates
(4]
o

N
[4)]
1

0-
Healthy Chronic Chronic
ImmTAV mi21 - mi21
Enriched - + +

Figure 5.18: Perforin polarisation in T2-T cell immunological synapses. SL9-pulsed
T2 cells were cultured with InmTAV-redirected HD CD8+ T cells (n = 3) and InmTAV-
redirected or naturally occurring SL9-enriched CHI patient CD8+ T cells (n = 3). (a)
Immunofluorescence images of perforin polarisation (docked, dispersed and distal).
Magenta = CDS8, green = perforin, black/white = DIC. (b) Perforin polarisation was
binned into docked, dispersed and distal regions (n > 10/donor).
5.2.9 Live cell imaging of the formation of primary CD8+ T cell synapses

To capture the kinetics of synapse formation and target cell killing, the interaction

between primary CD8+ T cells and HIV-infected T cells was studied using time-lapse

microscopy (in collaboration with Dr Jakub Chojnacki, WIMM). HLA-A2 transfected
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cell lines were chosen as potential target cells due to their large size compared to CD8+ T
cells and potential to support a high level of infection — both traits that would facilitate
detection of synapses (figure 5.19a). Jurkat cells were larger than the other target cells
and, more importantly, also larger that CD8+ T cells (Jurkat vs. C8166 vs. TO vs. T2 vs.
CD8+ T, mean (SD): 13.6 (1.7) vs. 9.5 (1.7) vs. 10.9 (1.9) vs. 12.2 (1.5) vs. 7.2 (1.4), P =
0.0001 Jurkat vs. CD8+ T; figure 5.19b). Additionally, Jurkat cells retained a consistent
appearance and high viability after infection in contrast to the other cell types, which

clustered together and began to die (figure 5.19a).
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Figure 5.19: Comparison of target cell sizes. Various cell lines (all HIV-infected except
for T2 cells, which were SL9 peptide-pulsed) were (a) imaged (from left to right: T2 with
primary CD8+ T cells, Jurkats, TO cells) and (b) measured to determine the average
diameter of the target cells in comparison to the size of CD8+ T cells. Magenta = CD8 on
DIC image. Horizontal lines represent the mean. Groups were analysed by one-way
ANOVA with Dunnett’s multiple comparisons test.
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Previous studies in our group showed that peak infection of Jurkat cells was
attained at around 10 days post-spinoculation (>80% Gag-positive cells by intracellular
staining; Dr Hongbing Yang, unpublished results). However, elimination of infected
Jurkat cells by InmTAV-redirected CD8+ T cells was sub-optimal at a concentration of
10” M, possibly due to the high expression of CD3 on their surface (Dr Hongbing Yang,
unpublished results), which may have sequestered the InmTAV away from the CD8+ T
cells. However, clearance of the infected Jurkat cells reached over 90% after seven days
co-culture when the InmTAV concentration was increased to 10® M (Dr Hongbing
Yang, unpublished results). For live cell imaging, infected Jurkat cells were therefore co-
cultured with primary CD8+ T cells (E:T of 1) and 10® M m121 ImmTAV in a well of a
chambered coverglass. After five minutes in the incubator chamber of the microscope to
calibrate the temperature the microscope ocular was used to find a potential field of view
with both cell types visible and images were taken every two seconds for 30 minutes.
Figure 5.20 illustrates single images taken from one example time-lapse video (appendix
5.6). This video began 15 minutes after co-culture and shows the complete formation of a
synapse (conjugate one — white arrows) and the completion of an already formed synapse
(conjugate two — black arrows). For conjugate one, the CD8+ T cell migrated around the
slide (figure 5.20a), scanned the Jurkat cell (figure 5.20b), formed a contact with the
Jurkat cell (figure 5.20c), remained tightly attached to the Jurkat cell with minor
membrane fluctuations (figure 5.20d) and began roaming around the Jurkat cell (figure
5.20e) before the Jurkat’s cellular membrane began blebbing at ~21 minutes post-contact
(figure 5.20f). The CD8+ T cell of conjugate two had already bound the Jurkat at the start
of imaging and the Jurkat’s cellular membrane blebbing began ~19 minutes after imaging

began.
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Figure 5.20: Live cell imaging of the formation of primary CD8+ T cell
immunological synapses. Selected images taken from the time-lapse microscopy shown
in appendix 5.6. HIV-infected, HLA-A2 transfected Jurkat cells were co-cultured with
HD CD8+ T cells (E:T of 1) and m121 ImmTAV (10® M). Timestamp on each image is
in relation to the start of imaging at 0:00, 15 minutes after co-culture began. Images show
stages of synapse formation for top conjugate (white arrow marking CD8+ T cell)
including (a) the migration of the CD8+ T cell, (b) the CD8+ T cell scanning the target,
(c) the CD8+ T cell making contact with the target, (d) the formation of a tight synapse,
(e) the CD8+ T cell roaming around the target and (f) the blebbing of the cell membrane
of the target (*). Second conjugate already formed at 0:00 marked in black. Scale bar
represents 10 pm.
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5.3 Discussion

The work described in this chapter provides, to my knowledge, the first
description of immunological synapses between primary CD8+ T cells and primary HIV
antigen-expressing CD4+ T cells. The HIV ImmTAV (ml21), a potent bispecific
retargeting molecule, enabled demonstration of CD8+ T cell recruitment, activation and
killing of HIV-peptide pulsed or virus-infected target cells by fixed and live cell confocal
microscopy. As spontaneous synapses between ‘natural,” i.e. HIV-primed CTL, and
virus-infected targets were found to be rare events, this could explain the lack of
published data on IS development in the context of HIV infection. The HIV ImmTAV
promotes rapid and efficient effector-target conjugate formation and thus provided a
unique opportunity to explore the impact of both viral antigen expression on target cells
and CD8+ T cell functional capacity on synapse formation and maturation, with minimal
manipulation of the cell populations in vitro.*****

Previous studies of the IS suggested that the accumulation of LFA-1 at the IS, or
even the virological synapse, stabilises the interaction between the effector and target
cells, which promotes synapse maturation.””*******7 The importance of LFA-1/ICAM-1
interactions in initiating CD8+ T cell effector functions was demonstrated by blockade of
LFA-1 on tumour-infiltrating lymphocytes. This led to inhibition of actin clearance and
reduced cytotoxic activity.”® ImmTAV-redirected CD8+ T cells from healthy donors,
CHI donors and early ART donors all expressed a similar percentage of LFA-1 at the
contact with the HIV-infected target cells (figure 5.2). It was hypothesized that the CD8+
T cells from the CHI donors might express less LFA-1 at the contact (as a consequence of
chronic antigenic stimulation and dysregulation of TCR signalling), which could result in
unstable immunological synapses and reduced killing. While there is no difference seen

in figure 5.2 this may be because all of the contacts formed were mediated by the m121
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ImmTAYV; as none of the CHI or early ART donors were HLA-A2+ the natural synapses
formed by CTLs could not be directly compared with those mediated by the ImnmTAV
which recognises an HLA-A2 presented peptide. The InmTAYV, in binding the target
cell’s pHLA with picomolar affinity and recruiting CD8+ T cells via the binding of their
CD3 may normalise the signalling received by the effector cells resulting in a similar
level of LFA-1 recruitment to the contact. Further work with natural, non-ImmTAV
redirected, HIV-specific CTL synapses would be required to see what effect the
ImmTAYV had on LFA-1 localisation and adhesion and if any pre-existing defect occurs in
CHI donor cells in relation to LFA-1 recruitment.'*”'**?

LFA-1 polarisation to the contact site was not as complete as has been described
in the literature; the number of conjugates with LFA-1 at the contact reaching more than
50% of the total was limited (figure 5.2).”7%***%4%%7 However, the experimental design
reported here differed from that in the literature and may contribute to the differing LFA-
1 pattern. First, an antibody was used to measure total LFA-1 polarisation, yet LFA-1
recruitment to the synapse does not necessarily indicate a functional role in adhesion.”
Others have used an antibody specific for the high-affinity conformation of LFA-1 that
detects LFA-1 bound to ICAM-1 which requires it to adopt an open conformation,*****
Secondly, in vitro HIV-infected CD4+ T cells were used as targets whereas in other
investigations showing total LFA-1 polarisation to the synapse the observations were
based on IS formation with super antigen-pulsed B cells as APCs >*?%+40%%8 quper
antigens are able to cross-link HLA class II and TCR molecules, bypassing classical
HLA-restricted antigen presentation, in addition to binding co-stimulatory molecules.
This creates a more stable interaction that leads to polyclonal T cell activation on a

419,449

massive scale, circumventing normal regulatory mechanisms. When peptide-pulsed

T2 cells were used as targets, LFA-1 polarisation in CD8+ T cells at the synapse was
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higher than that observed with HIV-infected CD4+ T cells, which suggests that LFA-1
recruitment may be a function of pHLA density on the target cell. However, even with
SL9-pulsed T2s the number of conjugates where LFA-1 at the contact was over 50%
(‘polarised’) was still minimal (figure 5.3) suggesting even this relevant positive control
for HIV-infected targets still forms less stable and artificial conjugates compared to sAg-
pulsed B cells.

The picomolar affinity of the HIV-specific TCR component of the ml21
ImmTAV confers exquisite sensitivity to pHLA on the target cell (several orders of
magnitude higher than the affinity of a natural TCR). This enabled it to detect resting
infected CD4+ T cells, despite the low density of Gag antigen (and possibly HLA-A2-
SL9 peptide complexes). Detection of resting infected cells by microscopy was difficult
as many of the CD8"# (CD4+) cells in the conjugate were designated ‘uninfected” using
the TCCF(p24) cut-off derived from uninfected cells. This could be because the cells
were genuinely uninfected but were in transient conjugates that did not progress to mature
synapses, which might represent a non-specific effect of the InmTAV. More likely,
however, is the dye-conjugated Gag antibody (or the microscope’s detectors) was not
sensitive enough to detect such low levels of Gag above non-specific staining. As such
there may be a population of very low Gag-expressing cells that were eliminated from
analysis as they did not meet the acceptance criteria. A second marker for the target cell
(e.g. CD4) would improve detection of correctly paired conjugates upon the slide. Despite
this, immunological synapses involving resting infected cells were detected, although less
frequently than with activated infected cells; increasing the MOI of virus to 0.05 to
increase the rate of infection (as used in chapter three) may result in the detection of more
resting synapses. Interestingly, the resting cell synapses did not differ greatly from those

formed with activated infected cells with respect to Zap70 recruitment, MTOC
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polarisation and perforin mobilisation. Contrary to expectations, according to these
criteria there was a trend towards enhanced synapse maturation with resting infected
targets. This requires confirmation with further donors, but raises questions as to whether
IS maturation is impaired by viral products expressed in productively infected CD4+ T
cells. Taken together, the detection of functional resting infected cell synapses
demonstrates the sensitivity and potency of the m121 ImmTAV.

To appreciate the impact of the InmTAYV on synapse formation it was important
to examine the development of ‘natural’ synapses, i.e. those formed by circulating HIV-
specific CTLs upon encounter with targets expressing viral antigens. The three CHI
patients chosen for this work had been shown previously to have pre-existing SL9
responses and to exhibit antiviral activity ranging from ~40 — 80% when their
unstimulated CD8+ T cells were co-cultured with autologous reactivated CD4+ T cells at
an E:T of 1 in a viral inhibition assay.**> While the principal objective of this work was to
develop the most physiologically relevant method to investigate CD8+ T cell synapses, in
the present study SL9-pulsed T2 cells were used as a model APC to ensure that any
observed differences between natural and ImmTAV-mediated synapses would not be
confounded by variability in target antigen expression. The LFA-1 data with HIV-
infected CD4+ T cells as targets also prompted this switch to a T2 cell line. Ex vivo CD8+
T cells from these individuals (SL9-specific CTLs were not sorted due to low
frequencies) did form synapses with SL9-pulsed T2 cells but were rare (figure 5.13b). To
enrich for SL9-specific CTLs a STCL was generated; this increased the proportion of
SL9-specific cells by ~150% (but they still accounted for < 2% of CD8+ T cells) but had
no effect on the synapse formation (figure 5.13). As predicted, addition of the m121
ImmTAYV increased the number of synapses formed as it redirected CD8+ T cells to the

target cells, independently of their specificity. However, its impact on synapse formation
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was limited: MTOC polarisation was enhanced but perforin docking was similar to that
observed in the absence of the InmTAV (figures 5.15 — 5.18). In summary, based on the
Zap70, MTOC and perforin staining there was evidence of defective synapse formation in
the context of both naturally primed SL9-specific CD8+ T cells and InmTAV-redirected
CD8+ T cells from CHI patients.

In previous studies recruitment of Zap70 occurred 5 — 7 minutes after conjugate
formation and persisted at the synapse for up to 30 minutes; the activated form of Zap70
was mainly found at the periphery of immature synapses and polarisation decreased as the
synapse matured.””**° Zap70 polarisation at the synapse/periphery was higher in the
ImmTAV-redirected HD CD8+ T cells than the CHI donor SL9-enriched CD8+ T cells,
consistent with functional data showing superior killing of virus-infected targets by the
former (figure 5.16).* For this study the antibody used to mark Zap70 bound both
isoforms — isoform one concentrates at the synapse after antigen stimulation, and isoform
two remains cytoplasmic (ab134509, Abcam). However, the use of an antibody against
the non-phosphorylated/non-activated form of Zap70 limited detection of the early
activated forms of Zap70. In addition, it was not possible to assess whether InmTAV
redirection of CHI donor CD8+ T cells could enhance Zap70 recruitment as cell samples
were limited. Impaired Zap70 recruitment requires further investigation; it could reflect
increased Zap70 degradation due to chronic immune activation or sequestration in the

402,450,451
cytoplasm.™ ™™

Jenkins et al. showed that when Zap70 catalytic activity was switched
off in a Zap70(AS) mouse model (mice expressing a Zap70 mutant, the catalytic activity
of which can be stopped with an inhibitor) the resultant abrogation of killing was
associated with an MTOC that began, but did not finish, its migration and granules that

did not polarise completely to the synapse. Similarly, using Zap70-deficient cells

Blanchard et al. described that Zap70 signalling controls the TCR-dependent polarisation
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of the MTOC to the synapse as well as being involved in the supply of PKC6 and LAT
signalling molecules.”’******* Defective or slowed Zap70 activity in CHI donor CD8+ T
cells could affect the completion of MTOC and granule polarisation to the synapse, which
might explain the differences in MTOC distance from the synapse and perforin
polarisation between HD and CHI CD8+ T cells.

One of the major mechanisms of cytotoxicity is the release of pore-forming
proteins such as perforin and granzymes to destroy the target cells.**”*"®*%*2% For this
study perforin was chosen as a marker of synapse completion because its morphology and
abundance made it readily detectable by confocal microscopy.”******'7 50% more HD
CD8+ T cells expressed perforin at the synapse than CD8+ T cells from CHI patients,
whether the latter were tested alone or in the presence of the InmTAV. The failure of
ImmTAV-redirection to mobilise perforin to the same extent as in HD CD8+ T cells
suggests that CHI CD8+ T cells may be globally depleted of perforin. A recent study of
CD8+ T cell functional evolution from primary to chronic HIV infection found that
following HIV infection perforint CD8+ T cells expanded but then decreased after the
resolution of viraemia. It was suggested that the loss of cytolytic potential was due to

low

transcriptional dysregulation as the population of T-bet®“Eomes™ cells, which express
little to no perforin, expanded. This loss of perforin polarisation would explain why CHI
donor CD8+ T cells express less docked perforin than HD CD8+ T cells and why, despite
facilitating the formation of conjugates and migration of the MTOC, the InmTAYV has no
effect on perforin localisation in CHI donor CD8+ T cells (figures 5.15, 5.17 and 5.18).**
Additionally, while MTOC polarisation is useful for delivery of granules to the synapse
the recruitment of granules, not the MTOC, to the synapse is the predictor of

cytotoxicity.””® As ImmTAV-redirection did not enhance CHI patients’ CD8+ T cell

antiviral activity to levels observed with healthy donor effectors in killing assays with
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resting (chapter three) or reactivated CD4+ T cells, this suggests that HIV ImmTAVs
alone may be insufficient to facilitate elimination of virus-infected cells.** Other agents
may be required to correct defects in lytic granule mobilisation.

An alternative explanation is that differences in perforin migration may explain
the variation in perforin polarisation. Beal et al. analysed patterns of granule polarisation
in CTLs and discovered that granules can take a short, direct path to the cSMAC resulting
in a concentration of granules at the cSMAC (as in many CD8+ CTLs) or a longer,
delayed path with a spread of granules finishing at the pSMAC (as seen in less efficient
CD4+ CTLs). If this slower path were dominant in the CHI donor synapses the 15-minute
time point may have missed the maximal accumulation of the granules. In addition,
upstream events such as impaired early signalling, as suggested by differences in Zap70
polarisation in healthy and CHI donor CD8+ T cells, could have had an impact on granule
polarisation to the synapse.”® As perforin has been described as localising to the MTOC
before the MTOC moves to the synapse dual staining of these proteins may provide more
evidence as to why perforin was not fully recruited to the synapse.******

The defective killing and synapse formation by the CD8+ T cells from CHI
donors may be a result of the chronic antigenic stimulation-induced exhaustion state
described in chapter three. Indeed, other groups have described changes to TCR and
cytokine signalling pathways and expression of genes involves in adhesion and migration
as a result of persistent antigen exposure. Singh et al. reported that monoclonal naive T
cells modulated their responsiveness after exposure to persistent antigen resulting in cells
with an impaired proliferative ability, TCR signalling and cytokine production after

restimulation.*>

This phenomenon has also been described in the context of chronic viral
infection by comparing the gene expression profile of exhausted LCMV-specific CD8+ T

cells from chronic infection with functional LCMV-specific CD8+ T cells after acute
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infection. The exhausted cells overexpressed inhibitor receptor genes with ITIM motifs
(delivery of negative signals), downregulated signalling molecules like Lck (early kinase
required for IS formation), did not upregulate perforin (required for cytotoxicity), had an
altered expression of genes required for cytokine signalling and exhibited a profile pattern
suggestive of metabolic and bioenergetics deficiencies (see section 7.2).'”° This
molecular signature of CD8+ T cell exhaustion during chronic LCMV infection suggests
that the antigen exposure in chronic HIV infection could push T cells to adapt by altering
expression of genes involved in TCR signalling and immunological synapse formation as
seen by the results in this chapter.

Advances in microscopy have allowed for improved resolution and capture of the
unique dynamics of synapse formation. Live cell imaging of CTLs has captured complete
cycles of activation and degranulation, that can occur within a few minutes.””***
Bertrand et al. described CTLs that were able to secrete lytic granules within 40 — 60
seconds after target cell encounter, even when MTOC polarisation had been inhibited.*”
In this thesis I have described how HIV-infected Jurkat cells were used to capture
synapse formation in real time (figure 5.20). While this method required the use of a
different target from those used for confocal microscopy, it provided additional evidence
for effective synapse formation between HIV-infected CD4+ T cells and ImmTAV-
redirected CD8+ T cells. Evolving synapses were observed from 5 — 45 minutes post co-
culture; synapses could be found at different stages at a given time point. While
contacting their targets the CTLs appeared very motile, forming the ‘kinapses’ described
by Halle et al. in their study of CTL killing of virus infected targets.*> Additionally, not
all conjugates culminated in cytolysis of the target cell — some CD8+ T cells made

contact with the target but subsequently detached or sampled the entire surface of the

Jurkat cell without killing. However, a comparison of the slide directly after co-culture
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and after 60 minutes demonstrated that widespread killing had occurred as the previously
intact Jurkats had been replaced with debris. In the conjugate shown in figure 5.20 the
time from cell contact to blebbing of the target cell’s membrane was ~21 minutes. While
this is a longer killing time than described by Bertrand et al. (< 1 minute) or Stinchcombe
et al. (< 6 minutes) in their CTL studies this is only one synapse (a heterogeneous
population of CTLs could result in a range of killing times) and HIV-infected targets and
human CTLs were used in contrast to the mouse CTLs used by Stinchcombe et al. and the
peptide-HLA coated surfaces (‘targets’) used by Bertrand et al.>>**!493%4> Acquisition of
further real-time data on CTL synapse formation would allow for the calculation of the
‘per capita killing rate,” i.e. the number of targets that are killed during a set time by one
CTL with ImmTAV redirection.””** While further development of this work,
incorporating HIV-specific and synapse protein-specific tags, is needed in order to
capitalise on the potential of live cell imaging to provide detailed kinetic information, this
proof of principle experiment illustrated the utility of the m121 ImmTAV.

To conclude, CD8+ T cells from CHI patients form defective immunological
synapses compared to healthy donors; while the number of synapses that formed were
similar the resulting molecular rearrangements were inhibited in CHI donor CD8+ T cells
(figure 5.21). Further studies with co-staining of synapse proteins and live cell imaging
could help define more precisely at what stage the signalling cascade falters in CHI CTLs
and thus identify new targets for therapeutic intervention.”**7¢2%%3%54% The ImmTAV
was found to be an effective tool for studying synapses as it permitted the use of more
relevant experimental conditions than those used to date, such as ex vivo primary T cell
co-cultures and expression of native viral antigens. The data reported here provide the

foundation for further study of immunological synapses to determine the impact of novel
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interventions for HIV eradication, including immune checkpoint blockade and other

immunomodulators.

Dysfunctional Functional
Synapse Synapse

Figure 5.21: Dysfunctional versus functional synapses. During the formation of a
functional synapse (as seen with ImnmTAV-redirected healthy donor CD8+ T cells) upon
TCR complex engagement with the pHLA complex intracellular signalling (arrow)
facilitates the recruitment of Zap70 (yellow), MTOC (red) and perforin (blue) to the
synapse for lysis of the infected cell. In dysfunctional synapses, like those formed by
CTLs from CHI donors, there is less Zap70 at the synapse and the MTOC and perforin
are found further away. This may result in the impaired antiviral response reported in
chronic HIV infected patients.
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5.4 Questions addressed in this chapter

Can immunological synapses be observed between primary CD4+ T cells and
CDS8+ T cells from HIV-positive patients?

Yes. T cell-T cell synapses were observed using ImnmTAV-redirected CD8+ T
cells from CHI and early ART donors in combination with HIV-infected healthy
donor CD4+ T cells (figure 5.2; section 5.2.2). However, SL9-pulsed T2 cell
targets were used for further investigation of synapse formation by HIV-positive
patient CD8+ T cells to ensure the observed differences between natural and
ImmTAV-mediated synapses would not be confounded by variability in target
antigen expression (figure 5.5; section 5.2.4).

How does the immunological synapse change over time?

Over the course of 30 minutes conjugates between primary CD8+ T cells and
SL9-pulsed T2 cells accumulated (figure 5.6). Zap70 recruitment, MTOC and
perforin migration towards the synapse and F-actin clearing peaked between 15
and 30 minutes (figure 5.6). The 15-minute time point was chosen for further
studies as it best captured the critical events, suggesting that synapse
synchronisation was maximal at this time (section 5.2.5).

How does enriching for SLY-specific CTLs affect synapse formation?

Enriching for SL9-specific CTLs via the generation of a STCL increased the
percentage of SL9+ cells by dextramer staining and the number of synapses that
formed (figure 5.13). The peptide stimulation did not affect the synapse
parameters measured (section 5.2.7). However, even after enrichment, the
proportion of SL9-specific CTLs was very low, therefore, sorting the cells to

achieve higher purity would be needed to address this question fully.
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Can the T2-T cell model be applied to HIV-infected T cell-T cell synapses?

Yes. While fewer synapses were found using primary T cell targets the
progression of MTOC localisation over time was similar to that seen in T2-T cell
conjugates (figure 5.8 and appendix 5.3). Synapse marker polarisation was normal
in HD CD8+ T cells forming synapses with either activated infected or resting
infected CD4+ T cells despite the difference in Gag expression (figures 5.9 —
5.12; section 5.2.6). Furthermore, live cell imaging showed the redirection of
healthy donor CD8+ T cells towards infected Jurkat cells and their subsequent
death (figure 5.20; section 5.2.9).

Is there a difference in the development of immunological synapses formed by
CDS8+ T cells from HIV-positive and HIV-negative donors?

Yes. While there was no apparent defect in conjugate formation, i.e. the number
of T2-T cell synapses that formed (figure 5.15), both spontaneous and ImmTAV-
mediated synapse maturation were hindered when the effectors were CD8+ T cells
from CHI donors; there was less Zap70 recruitment as well as MTOC and perforin
polarisation to the synapse in CD8+ T cells from CHI donors compared to
ImmTAV-redirected healthy donor CD8+ T cells (figures 5.16 — 5.18; section
5.2.8).

Does early ART improve the formation of CD8+ T cell immunological synapses?
This was only partially explored due to sample availability and conclusions are
limited. In a comparison of InmTAV-redirected CD8+ T cells in conjugates with
primary HIV-infected CD4+ T cells, LFA-1 polarisation in CD8+ T cells was
unexpectedly higher in early ART treated subjects than healthy donors and higher
still in CHI patients (figure 5.2). The trend was contrary to expectations as LFA-1

polarisation is indicative of a more functioning synapse, yet CHI CD8+ T cells
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were dysfunctional in viral inhibition assays. This may be due to the use of
primary T cell targets (figure 5.5), characteristics of the anti-LFA-1 antibody used
or the 30-minute time point chosen to analyse LFA-1 polarisation (sections 5.2.2 —
5.2.4). Likewise, the synapses formed with SL9-pulsed T2 cells by the CD8+ T
cells from another early ART donor were not as mature as those formed by HD
CD8+ T cells in a comparison of Zap70 polarisation, MTOC migration and

perforin polarisation (appendix 5.5).
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6.1 Introduction

Since the identification of the Human Immunodeficiency Virus as the causative
agent of AIDS, researchers have developed at least 20 drugs that inhibit virus replication.
Previously developed as a treatment of the Friend virus, zidovudine (ZDV, also known as
azidothymidine or AZT) became the first approved agent for the treatment of HIV in
adults, and soon after in children and for mother-to-infant transmission.***’ ZDV
functions as a thymidine analogue and was the first of the nucleoside reverse transcriptase
inhibitor (NRTI) class of drugs that include thymidine, cytidine, guanosine and adenosine
analogues. Within the cell kinases convert ZDV to the active 5’-triphosphate form. This
competes with the naturally occurring thymidine triphosphate as a substrate for HIV’s
reverse transcriptase. Once ZDV is incorporated into the growing DNA strand the chain
terminates due to a modification of the 3’-hydroxy group into an azido group. As HIV
lacks the genes required to synthesise enzymes to metabolize purine and pyrimidine
nucleotides the modification prevents further phosphodiester linkages needed to complete

the growing chain.”%*’

Without the ability to reverse transcribe the viral RNA into DNA
the virus is unable to replicate using the host cell’s machinery and viral spread is halted.
Despite the initial clinical benefit for some PLWH, newer antiretrovirals replaced
ZDV due to its toxicity. In addition, the emergence of drug-resistant variants became
apparent with ZDV monotherapy and was a consequence of error prone reverse
transcription; ZDV resistance mutations reduced binding of the drug to reverse
transcriptase and/or released the analogue, allowing for further chain extension.*®"*!
Several metabolic toxicities also emerged with long-term use including fat redistribution
(leading to facial and limb lipoatrophy and central adiposity) hepatic steatosis, myopathy

462-464

and lactic acidosis. Many of these side effects have been attributed to the

mechanism of action of the drug — despite having a 100-fold greater affinity for reverse
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transcriptase ZDV can bind and inhibit the cellular mitochondrial DNA polymerase-y
(Pol- y) as well.*®> The ‘Pol-y hypothesis’ proposes that the interference of ZDV with the
host cell nucleotides, mitochondrial DNA (mtDNA) production and Pol-y proof-reading
activity can cause compromised mitochondrial function and mtDNA depletion especially

. . 461,466
in cells with excess drug.”™"

mtDNA depletion produces defective electron transport
chain complexes and the resulting ATP production failures can cause dysfunction in the
tissues.***” However, the mitochondrial toxicity does not correlate with the inhibitory
effect of ZDV on Pol-y when compared to other NRTIs.**"****"* Fyrthermore, mtDNA
depletion does not inevitably lead to clinically apparent toxicity as mtDNA depletion has
been reported in asymptomatic and treatment naive patients. The conflicting data suggests
that the mechanism of ZDV toxicity is not fully explained by its activity as a thymidine
analogue.

Previous studies suggested that an alternative mechanism for the mitotoxicity of
ZDV (and stavudine, another thymidine analogue) is their ability to inhibit autophagic
flux.*”"** Autophagy (macroautophagy) is a homeostatic mechanism, upregulated in
times of stress, used by the cell to degrade and recycle cellular contents such as excess
organelles. Autophagy begins with a double membrane phagophore that forms around the
cellular components. Microtubule-associated protein 1 light chain 3 (LC3) proteins are
post-translationally modified to a lipidated form, LC3-II, and are incorporated into the
forming autophagosome (figure 6.1). The fully formed autophagosome fuses with a
lysosome to form the autolysosome and the internal components are degraded by acid
hydrolases, while the LC3 is recycled.*”*”* Any blockage of this catabolic pathway can
result in the accrual of damaging reactive oxygen species (ROS) and defective

mitochondria within the cell.’” Stankov et al. reported that thymidine analogues

interfered with recycling of toxic cellular components in hepatocyte and adipocyte cell
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lines, which led to increased apoptosis, decreased proliferation and an accumulation of

intracellular lipids.*”"*"?

These results provide a possible mechanism to account for the
hepatotoxicity and lipoatrophy associated with thymidine analogue exposure in vivo.

However, whether ZDV adversely affects other tissues via the same mechanism has not

been explored.

Phagophore Autophagosome

Double membrane

(

Le3-Nl LC3-1 Pro-LC3

Damaged organelles - -4_ -

& misfolded proteins

Post-translational
modifications

Autolysosome

Degradation
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Figure 6.1: The cycle of autophagy. In order to recycle excess or damaged cellular
components the cell utilises the cyclical process of autophagy. A double membrane
phagophore begins to form around the cellular components and the post-translationally
lipidated LC3-I1 protein is incorporated into the membrane. The membrane fully encircles
the cellular components to form the autophagosome and it fuses with a lysosome to form
the autolysosome. The acidic hydrolases within the lysosome degrade the cellular
components and the whole vesicle is recycled.

As ZDV accumulates in T cells, these are potentially susceptible to drug-related
toxicity. A Southern African multi-centre cohort study showed that patients on ZDV-
containing ART regimens exhibited impaired immunological recovery compared to
patients on ZDV-sparing regimens. CD4+ T cell counts from over 70,000 patients were

tracked over the course of five years. Despite, higher CD4+ cell counts at baseline, those

on ZDV-containing regimens were more likely to show severely impaired immunological
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recovery (defined as < 100 CD4+ T cells/ul) after one year than those without ZDV
exposure.”’® This finding suggests that ZDV could have an effect on T cell proliferation
and function.”’” The aim of the work described in this chapter was to explore the
consequences of ZDV exposure in primary T cells, in vitro and in vivo, focusing on

mitochondrial turnover, autophagic flux and antiviral T cell function.
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6.2 Results
6.2.1 Assay optimisation: mitotoxicity

As ZDV is reported to be mitotoxic, parameters of mitochondrial function were
assessed by flow cytometry using two separate staining panels — one incorporating the
MitoSOX dye (mtROS) and one the MitoTracker stain (mtMass). The staining panel
containing the MitoSOX dye presented smeared CD3 and CD4 surface staining. This
problem was resolved by titrating the CD3 and CD4 antibodies and MitoSOX dye in

addition to reversing the surface stain and MitoSOX staining order (figure 6.2).
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Figure 6.2: MitoSOX surface staining optimisation. Surface stain (CD3 vs. CD4) flow
cytometry plots of PBMCs stained with decreasing concentrations of MitoSOX (5, 2.5,
1.25 uM; top row), decreasing amounts of surface stains (2, 1, 0.5 uL each antibody;
middle row) and staining with MitoSOX before surface stains (5, 2.5 uM MitoSox
‘reverse protocol’ — bottom row, 1* and 2™ boxes) as compared to MitoSOX-negative
sample (bottom row, 3™ box).

198



CHAPTER SIX

As it was a safety requirement to treat PBMC samples from PLWH with a fixative
before acquisition on the flow cytometer, it was necessary to check first for any effect of
the fixation process on MitoSOX and MitoTracker staining. PBMCs stained using either
the MitoSOX or MitoTracker panels were fixed with 2% or 4% PFA and compared to
unfixed counterparts. Fixation of cells stained with MitoSOX inflated the MitoSOX+
population and caused a recurrence of the surface stain smearing (figure 6.3a). Fixation of
MitoTracker stained cells destroyed the MitoTracker signal (figure 6.3b). Consequently,
it was necessary to perform all analyses of MitoTracker-stained HIV+ samples without

fixation on a designated cytometer.
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Figure 6.3: PFA fixation alters MitoSOX and MitoTracker staining. (a) Surface
stains (top row) and MitoSOX stain (bottom row) from MitoSox panel and (b) MFI
MitoTracker histograms for PBMCs left unfixed (left column or red) or fixed with 2%
PFA (middle column or blue) or 4 % PFA (right column or green).
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Finally, to assess the effect of cryopreservation on mitochondrial staining fresh
and frozen PBMCs from healthy donors were tested in parallel: cells were rested
overnight and treated with ZDV for six hours to induce mtROS production. MitoSOX
staining showed that fresh cells produced more mtROS than frozen samples for both
CD8+ T cells (5 uM fresh vs. frozen % MitoSox+, mean (SD): 43.7% (6.1) vs. 13% (4.5),
P <0.0001) and CD4+ T cells (5 uM fresh vs. frozen % MitoSox+, mean (SD): 30% (9.2)
vs. 10.8% (4.6), P < 0.0001; figure 6.4). The cell viability of the total T cells (%
LIVE/DEAD™®#) decreased upon the addition of 10 uM ZDV for both fresh (0 — 5 uM vs.
10 uM ZDV, mean: 95.9% vs. 35%) and frozen (0-5 uM vs. 10 uM ZDV, mean: 93.6%

vs. 63%) conditions.
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Figure 6.4: Fresh cells produce more mtROS than frozen cells when exposed to
increasing concentrations of ZDV. PBMCs were separated from the blood of healthy
donors (n = 6 — 9) and either used fresh or were frozen and cryopreserved for at least one
week. Both fresh and thawed PBMCs were cultured with 0, 1, 5 and 10 uM of ZDV for
six hours before staining for mtROS. % MitoSOX+ cells of (a) CD8+ T cells and (b)
CD4+ T cells is shown for fresh (circle) and frozen cells (square). Horizontal lines
represent the mean. Groups were analysed by multiple t tests (*P = 0.02; **P < 0.0001).

6.2.2 ZDV recapitulates the effects of autophagic flux inhibitors
Previous studies suggested that ZDV can inhibit autophagic flux (or mitophagy
when this occurs with mitochondria) resulting in a build-up of normally recycled

471,472

mitochondrial contents. To begin to assess whether such effects could be observed

in T cells mtROS expression and mtMass were analysed in PBMCs from healthy donors
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(n = 3) cultured with ZDV and known flux inhibitors, E64d/Pepstatin A or chloroquine.
Although not significant, ZDV caused the biggest increase in mtROS, as measured by
percentage MitoSOX+ CD8+ T cells (ZDV vs. control vs. untreated, median: 43.8% vs.
12.9% vs. 4.5%) and CD4+ T cells (ZDV vs. control vs. untreated, median: 19.2% vs.
5.8% vs. 2.9%). mtMass, as measured by the percentage change to control of
MitoTracker MFI was also affected by ZDV in CD8+ T cells (ZDV vs. control, median:
35.9% vs. -1%) and CD4+ T cells (ZDV vs. control, median: 41.1% vs. 3.4%; figure 6.5).
Chloroquine, a known lysosomal inhibitor, also caused a non-significant increase in both
the MitoSOX+ population (CD8+ T cells chloroquine vs. control, median: 21.5% vs.
10.2%; CD4+ T cells chloroquine vs. control, median: 13.8% vs. 3.7%) and percentage
change to control MitoTracker (CD8+ T cells chloroquine vs. control, median: 43.5% vs.
1.9%; CD4+ T cells chloroquine vs. control, median: 34.1% vs. 2.4%). However, there
was little change with E64d/Pepstatin A compared to the respective control for
percentage MitoSOX+ populations in CD8+ T cells (E64d/Pepstatin A vs. ethanol
control, median: 8.9% vs. 17.1%) and CD4+ T cells (E64d/Pepstatin A vs. ethanol control
CD4+ T cells, median: 4.4% vs. 5%) or percentage change to control MitoTracker MFI in
CD8+ T cells (E64d/Pepstatin A vs. control, median: 15.5% vs. -4.3%) and CD4+ T cells
(E64d/Pepstatin A vs. control, median: 16.4% vs. -1.8%), possibly due to the high ethanol
concentration (figure 6.5). In summary, ZDV appeared to recapitulate the effect of flux

inhibitors suggesting that ZDV may also interfere with mitophagy.
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Figure 6.5: Zidovudine recapitulates the effects of autophagic flux inhibitors.
PBMCs from healthy donors (n = 3) were cultured for 18 hours with media alone,
zidovudine (5 uM), E64d/Pepstatin A (10 wg/ml), chloroquine (15 uM) or the appropriate
controls (PBS, ethanol or water of the same volumes respectively) before staining for
mtROS or mtMass. % MitoSOX+ cells shown for (a) CD8+ T cells or (b) CD4+ T cells.
MFI MitoTracker for each condition compared to the untreated samples to calculate %
change to untreated for (¢) CD8+ T cells and (d) CD4+ T cells. Each bar represents the
median of 3 donors (no significant differences).
6.2.3 In vitro exposure to ZDV, but not tenofovir disoproxil fumarate or darunavir,
increases mtROS in T cells

Next, the effects of ZDV and two other antiretroviral drugs (tenofovir, TDF;
darunavir, DNV) on mitochondria were investigated in PBMCs from healthy donors.
PBMCs (n = 10) were cultured with therapeutic concentrations of ZDV (tNRTI), TDF
(aNRTT) or DNV (protease inhibitor) for six hours before quantification of mtROS and

mtMass using previously described assays (section 6.2.1). ZDV exposure led to a
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significant increase in mtROS+ T cells for both CD8+ T cells (ZDV vs. control, mean
(SD): 17.5% (9.7) vs. 7.1% (5.0), P = 0.008) and CD4+ T cells (ZDV vs. control, mean
(SD): 12.1% (10.1) vs. 4.7% (2.7), P = 0.048; figure 6.6). This effect was dose dependent,
although concentrations of ZDV higher than 5 puM, which is estimated to reflect
therapeutic dosing levels, resulted in excessive cell death (figure 6.4). No change in the
mtROS+ T cell population was seen for TDF or DNV compared to their controls (figure
6.6). Change in mtMass, assessed by percentage change in the MitoTracker MFI upon
drug exposure, was slightly higher in ZDV-exposed than TDF- or DNV-exposed CD8+ T
cells (% change ZDV vs. TDF vs. DNV, mean (SD): 22.3% (26.8) vs. 7.6% (19.9) vs.
0.6% (18) respectively) and CD4+ T cells (% change ZDV vs. TDF vs. DNV, mean (SD):
16.6% (22.9) vs. 0.8% (24.7) vs. 0% (17.7)) but the differences were not statistically

significant (figure 6.6).
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Figure 6.6: In vitro exposure to ZDV increases mtROS expression in primary T cells.
PBMCs from healthy donors (n = 10) were cultured with zidovudine (5 uM), tenofovir
(10 uM), darunavir (10 uM) or PBS controls of equal volume for six hours before being
stained for mtROS or mtMass. %MitoSOX+ cells shown for (a) CD8+ T cells or (b)
CD4+ T cells. % change to control of mtMass (MFI (MitoTracker) for (¢) CD8+ T cells
and (d) CD4+ T cells. Horizontal lines represent the mean. Groups were analysed by
paired t test for two groups and one-way ANOVA for three groups.
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6.2.4 T cells from HIV patients on ZDV-containing ART regimens express more
mtROS than those from patients on ZDV-sparing regimens

ZDV toxicity may develop over months and years of exposure and could be
underestimated in a short term in vitro exposure. The effect of long-term exposure to the
drug was investigated by assessing mtROS and mtMass in ex vivo T cells from patients
who had been treated with a ZDV-containing regimen for at least one year (n = 10).
Patients on ZDV-sparing regimens who were age and ART duration matched (n = 10)
were studied as controls (Table 6.1). Because fresh blood samples from patients on ZDV-
containing regimes were not available all comparisons made in this study were with
frozen samples. There was a significantly higher frequency of mtROS+ cells within the
CD4+ T cell subset in the ZDV-treated group than the ZDV-spared group (ZDV+ vs.
ZDV-, mean (SD): 8.7% (3.4) vs. 6.0% (2.0), P = 0.046). While not significant, the
mtROS+ cells were 2-fold more frequent among CD8+ T cells in the ZDV-containing
regimes (ZDV+ vs. ZDV-, mean (SD): 23.6% (21.2) vs. 11.7% (12.0); figure 6.7). There
was no correlation between the duration on ART and the frequency of mtROS+ cells in
the ZDV-treated or ZDV-spared groups (not shown).

Based on the autophagic flux inhibition hypothesis of Stankov et al. it is possible
that ZDV exposure in vivo would result in the accumulation of defective mitochondria,
leading to an increase in mtMass.*’" Previous groups suggested the existence of a discrete
mtMass"" population, similar to the mtROS+ population, consistent with accumulations
of defective mitochondria;*”® however, this population was not visible in the patient
samples and a difference between ZDV-exposed and spared groups could not be
discerned. As the MitoTracker MFI values could not be directly compared due to the

ZDV+ and ZDV- cohort samples being acquired separately a long-term effect of ZDV on

mtMass was not confirmed (figure 6.7).
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Table 6.1: Clinical information on ART-treated subjects

Patient  Age CD4 Duration of .
ID#  (years) Gender (cells/pl)  ART (years) ART regimen
ZDV+ 3 53 F 400 6 ZDV/TDF/R/DNV
14 52 F 410 3 ZDV/NRTI/NNRTI
26 49 M 400 2 ZDV/NRTI/PI
27 42 M 1130 2 ZDV/NRTI/PI
50 36 F 610 8 ZDV/3TC/NVP
56 38 M 490 1 ZDV/3TC/NVP
61 66 M 520 9 ZDV/3TC/NVP
63 43 M 400 7 ZDV/3TC/TDF/R/LPV
78 69 M 550 8 ZDV/NRTI/NNRTI
97 49 M 450 14 ZDV/NRTI/PI
Mean (SD) 50 (11) 536 (221) 6 (4)
ZDV- 28 40 F 560 7 Dual NRTI/NNRTI
30 50 M 410 2 TDF/FTC/R/DNV
32 47 F 790 2 TDF/NRTI/NNRTI
40 68 M 820 5 TDF/FTC/EFV
62 39 F 380 8 ABC/3TC/NVP
67 55 M 710 2 TDF/FTC/EFV
81 64 M 600 10 ABC/3TC/NVP
93 53 M 670 15 ABC/TDF/NVP
113 37 M 420 1 Dual NRTI/PI
123 54 F 600 6 Dual NRTI/NNRTI
Mean (SD) 51 (10) 596 (156) 64)

ZDV — zidovudine; TDF — tenofovir; 3TC — lamivudine; FTC — emtricitabine; ABC —
abacavir, NVP — nevirapine; EVF — efavirenz; R — ritonavir (booster dose); DNV —

darunavir; LPV — lopinavir; where
available, this is indicated by italics.
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Figure 6.7: In vivo exposure to zidovudine increases mtROS in CD4+ T cells. PBMCs
from patients on ZDV-containing and ZDV-sparing ART regimens (n = 10 each) were
assessed for (a) mtROS (% MitoSox+ of CD8+ and CD4+ T cells) and (b) mtMass (Raw
MFI MitoTracker of CD8+ and CD4+ T cells). No statistical tests were completed for
mtMass because the MFI MitoTracker could not be directly compared between patient
groups due to acquisition at different times. Horizontal lines represent the mean. Groups
were analysed by paired t test.
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6.2.5 Assay optimisation: autophagy
Quantification of autophagy in primary cells is challenging because of the cyclical
nature of the process, the difficulty in using GFP-labelled constructs of LC3 and the

heterogeneity of autophagic flux.*”>*”

Previous work with an ImageStream-based assay
showed that changes to autophagic flux in primary T cells are subtle and there is wide
inter-donor variation.*” Instead, a flow cytometry-based assay was chosen to assess the
effect of ZDV on autophagic flux in T cells; this assay uses an LC3-specific FITC-
conjugated antibody that binds LC3-I/II but the application of a selective permeabilisation
reagent (Autophagy Reagent B) that extracts cytosolic LC3-I enables detection of
autophagosome-bound LC3-II alone. Treating samples with a lysosomal inhibitor
prevents degradation of LC3, amplifying the signal for detection with flow cytometry.
From the MFI of the LC3 in an untreated and treated sample the Autophagy Activity
Factor (AAF) can be calculated (section 2.10.5). The AAF normalises the autophagic flux
of the treated condition to the untreated or basal autophagy activity; the higher the AAF
the more autophagosome formation or autophagic flux inhibition has occurred.
Autophagy Reagent A (ARA) is a proprietary agent of unknown composition so
its autophagic activity was first compared with that of a known lysosomal inhibitor,
chloroquine. The ARA had a comparable effect on autophagic flux to chloroquine, with
no effect from the control in CD8+ T cells (AAF for ARA vs. chloroquine vs. control,
mean (SD): 0.96 (0.23) vs. 0.68 (0.12) vs. 0.002 (0.05), P < 0.0001) and CD4+ T cells
(AAF for ARA vs. chloroquine vs. control, mean (SD): 0.69 (0.22) vs. 0.51 (0.09) vs.
-0.008 (0.06), P < 0.0001; figure 6.8). Importantly, the recommended maximum number
of cells was 150,000 per well of a 96-well plate (in contrast to the manufacturer’s higher
cell number recommendation) to ensure complete permeabilisation and consistent LC3

staining (figure 6.9). Finally, to ensure this assay could be used with HIV+ samples the
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assay was tested with and without a 2% PFA fixation step. Even though fixation caused a
slight loss of LC3 intensity the drop was consistent amongst all controls and still allowed

the agents to amplify the LC3 signal (figure 6.10).
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Figure 6.8: Autophagy Reagent A compares to chloroquine as a lysosomal inhibitor
in flow cytometry-based autophagy assay. ARA, as supplied in the FlowCellect
Autophagy LC3 Antibody-based Assay Kit from Millipore, was compared to
chloroquine, a known late stage autophagy inhibitor, by culturing healthy donor PBMCs
(n =5) in media alone, ARA (1:1000), chloroquine (15 uM) or diluent control. The AAF
was calculated for both CD8+ T cells (circles) and CD4+ T cells (squares). Horizontal
lines represent the mean. Groups were analysed by one-way ANOVA.
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Figure 6.9: Excessive cell numbers results in partial permeabilisation. Flow
cytometry forward scatter/side scatter plots of ~150,000 PBMCs (left) and ~1 million
PBMCs (right) used with the recommended amount of Autophagy Reagent B
permeabilisation reagent (100 uL 1x/sample). Lymphocytes should be in one cluster as
on the left but partial permeabilisation results in two different sized groups of cells.
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Figure 6.10: Fixation slightly decreases the AAF in primary T cells. PBMCs, cultured
with chloroquine (15 uM), bafilomycin (0.1 uM), ARA (1:1000) or the appropriate
diluent controls were stained for LC3 then either left unfixed or were fixed with 2% PFA.
AAF is shown for (a) CD8+ T cells and (b) CD4+ T cells that were fixed (circles) and
unfixed (squares) after staining.
6.2.6 In vitro exposure to ZDV does not affect autophagic flux in T cells

As defective and excess mitochondria are normally cleared by mitophagy to
prevent cellular damage, the association between ZDV and mtROS production could be

17249 To assess the short-term effect of ZDV on

due to impaired autophagic flux.
autophagy PBMCs from five donors were cultured with ZDV, ARA (autophagic flux
inhibitor control) or PBS control for two or six hours followed by staining for LC3-II.
The AAF did not differ significantly in the ZDV-exposed cells compared to the PBS
control after either two or six hours for CD8+ T cells (six hour AAF ZDV vs. control,
mean (SD): 0.02 (0.157) vs. -0.05 (0.03)) or CD4+ T cells (six hour AAF ZDV vs.
control, mean (SD): 0.14 (0.18) vs. -0.05 (0.04); figure 6.11). The ARA positive control
did increase the AAF as expected, with a significant increase between two and six hours
for CD8+ T cells (ARA two vs. six hours, mean (SD): 0.96 (0.23) vs. 1.8 (0.26), P =

0.0006) and CD4+ T cells (ARA two vs. six hours, mean (SD): 0.69 (0.22) vs. 1.52

(0.22), P = 0.0003; figure 6.11).
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Figure 6.11: In vitro exposure to zidovudine does not alter autophagic activity
PBMCs from healthy donors (n = 5) were cultured with ARA (1:1000),

zidovudine (5uM) or diluent control for two or six hours before staining for LC3. AAF is
shown for (a) CD8+ T cells and (b) CD4+ T cells for the two hour (circle) and six hour
(square) time points. Horizontal lines represent the mean. Groups were analysed by
multiple t tests.
6.2.7 No difference in autophagic flux seen in T cells from patients on ZDV-
containing or ZDV-sparing ART regimens

The effect of ZDV on autophagy may only be evident after long-term exposure.
To investigate this, PBMCs from patients in the same ZDV-containing (n = 9) and ZDV-
sparing (n = 10) ART cohorts as used previously (section 6.2.4) were cultured with and
without ARA for 2 2 hours. There was no significant difference in the AAF between the
two groups for either CD8+ (AAF ZDV+ vs. ZDV-, mean (SD): 0.7 (0.12) vs. 0.8 (0.26))
or CD4+ T cells (ZDV+ vs. ZDV-, mean (SD): 0.62 (0.29) vs. 0.67 (0.26); figure 6.12).

Figure 6.12: Autophagic flux does

5 1 ns —_ not vary in primary T cells from
k3 |_|. i patients on ZDV-containing versus
L ZDV-sparing ART  regimens.
2 1.0 " | PBMCs from patients on ZDV-
2 o . containing and ZDV-sparing
< o0 Tm ° " regimens were cultured with and
> 0.0.‘ - —et— ?_ without then stained for LC3. The
8 054 o oo am AAF, calculated by comparing the
Q o® - treated and untreated cells is shown
5 for both CD8+ and CD4+ T cells
< from ZDV+ patients (circle) and
0.0 ZDV+ ZDV- ZDV+ ZDV- ZDV- patients (squares). Horizontal
CD8+ T cells CD4+ T cells lines represent the means. Groups

were analysed by paired t tests.
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6.2.8 Assay optimisation: apoptosis

Despite having no apparent effect on autophagy in ex vivo primary T cells, ZDV
exposure may increase their susceptibility to apoptosis as the intrinsic pathway of
apoptosis is linked to both mitochondrial damage and autophagy.”' A previous report
suggested that HIV-specific CTLs were preferentially primed for apoptosis and HIV-
specific CTLs from elite controllers were more resistant to apoptosis compared to those
from ART-treated chronic patients.*® To distinguish any effect of ZDV on the HIV-
specific versus total population of T cells, HIV-specific cells were identified by
measurement of intracellular IFNy after stimulation with HIV Gag peptide pools. Using
unstimulated and SEB-stimulated PBMCs the appropriate concentration of the IFNy
antibody was determined following a titration (figure 6.13a). Induction of apoptosis was
measured by expression of activated caspase-3. An FMO panel was initially used to set
the caspase-3+ gate but this gate did not accurately capture the caspase-3+ population
when applied to the fully stained sample; gates were better set on the negative control

before applying to the samples (figure 6.13b — ¢).
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Figure 6.13: Optimisation of intracellular staining for IFNy and caspase-3. (a) IFNy-
FITC antibody was titrated using unstimulated and SEB-stimulated PBMC:s; the signal to
noise ratio was calculated by comparing the MFI(IFNy) of the positive and negative
controls. (b) Originally to gate on the caspase-3+ population a caspase-3-PE FMO was
applied to samples but the gate unnaturally bisected the T cell population. As a result, (c)
gating on the caspase-3+ population was based on the untreated T cell population.
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6.2.9 In vitro exposure to ZDV increases apoptosis in T cells

To assess the effect of ZDV on spontaneous apoptosis in T cells, healthy donor
PBMCs (n = 6) were cultured with ZDV, TDF or DNV for six hours. The frequencies of
caspase-3+ cells within the entire CD8+ and CD4+ T cell subsets were measured using
flow cytometry. Short-term exposure to ZDV significantly increased caspase-3
expression compared to TDF, DNV or the PBS control in both CD8+ T cells (ZDV vs.
TDF vs. DNV vs. control, mean (SD): 12.1% (7.1) vs. 0.8% (0.6) vs. 1.2% (2.0) vs. 0.7%
(0.6), P =10.008) and CD4+ T cells (ZDV vs. TDF vs. DNV vs. control, mean (SD): 5.1%
(2.5) vs. 0.5% (0.3) vs. 0.4% (0.2) vs. 0.5% (0.4), P = 0.006; figure 6.14a). Caspase-3
expression was also confirmed by confocal microscopy of ZDV-exposed CD8+ T cells

(figure 6.14b).
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Figure 6.14: In vitro exposure to ZDV increases susceptibility to apoptosis in T cells.
Healthy donor PBMCs (n = 6) were cultured in media alone (-), zidovudine (5 uM),
tenofovir (10 uM) or darunavir (10 uM) for six hours before intracellular staining for
caspase-3. (a) The % caspase-3+ CD8+ T cells and CD4+ T cells are shown. (b)
Representative confocal image of CD8+ T cells exposed to zidovudine (ZDV+) or media
alone (ZDV-); cyan = caspase-3, magenta = CD8. Horizontal bars represent the mean.
Groups were analysed by one-way ANOVA.
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6.2.10 Ex vivo T cells from HIV patients on ZDV-containing ART regimens
demonstrate increased apoptosis compared to those from patients on ZDV-sparing
regimens

To assess the susceptibility to apoptosis of T cells exposed to ZDV long-term ex
vivo PBMCs from patients on ZDV-containing (n = 6) and ZDV-sparing ART (n = 7)
regimens were cultured with PBS (negative control), SEB (positive control) or a pool of
overlapping HIV Gag peptides (representing the full Gag protein sequence and split into
pool A and pool B — appendix 2.2) for six hours. After stimulation, the samples were
analysed for caspase-3 expression in Gag-specific (IFNy+) and total CD8+ T cell and
CD4+ T cell populations. Unfortunately, the IFNy+ populations were too small to gate
accurately on the caspase-3+ subset; as a result, the caspase-3 populations reported are
the total CD8+ or CD4+ T cell populations from the negative control with ‘spontaneous
apoptosis.” The samples from patients on ZDV regimens had a significantly greater
proportion of T cells that were programmed for spontaneous apoptosis for both CD8+
(ZDV+ vs. ZDV-, mean (SD): 0.13% (0.06) vs. 0.05% (0.03), P = 0.012) and CD4+ T
cell subsets (ZDV+ vs. ZDV-, mean (SD): 0.22% (0.03) vs. 0.06% (0.04), P < 0.0001;
figure 6.15). These data indicate that CD4+ T cells were more affected than CD8+ T cells
(P = 0.01). However, the proportion of apoptotic cells was less than after in vitro ZDV

exposure (figure 6.14).
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Figure 6.15: T cells from ZDV-exposed patients show increased susceptibility to
apoptosis. PBMCs from patients on ZDV-containing (n = 6) and ZDV-sparing (n = 7)
regimens were stained for caspase-3 expression. % Caspase-3+ CD8+ T cells and CD4+
T cells are shown. Horizontal bars represent the mean. Groups were analysed by unpaired
t test.
6.2.11 Exposure to ZDV in vivo does not affect the viral inhibitory activity of CD8+
T cells

ART-treated patients exhibit impaired CD8+ T cell antiviral activity as compared
to the rare individuals who spontaneously control HIV (elite controllers).'*®***
Whether this reflects immune compromise that necessitates initiation of ART in these
patients or incomplete immune reconstitution during ART is still unresolved. To assess
whether the toxic effects of ZDV on CD8+ T cells, as indicated by increased mtROS and
susceptibility to apoptosis, were associated with impaired viral inhibitory activity T cells
from the previously mentioned patient cohorts were used in a viral inhibition assay. The
frequency of p24+ CD4+ T cells of HIV-infected CD4+ T cell samples cultured alone or

with autologous CD8+ T cells was used to calculate the percentage elimination (section

2.7). There was no significant difference in the viral inhibitory activity between CD8+ T
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cells from patients on ZDV-containing (n = 9) or ZDV-sparing regimens (n = 10) (ZDV+

vs. ZDV-, mean % elimination (SD): 48.77% (23.32) vs. 53.74% (24.52); figure 6.16).
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Figure 6.16: Long-term exposure to ZDV does not affect CTL viral inhibitory
activity. CD4+ T cells from patients on ZDV-containing (n = 9) and ZDV-sparing (n =
10) ART regimens were superinfected with HIV-1iyg (MOI = 0.01) then cultured with
and without autologous CD8+ T cells at an E:T ratio of 2. After a six day co-culture the
samples were stained for p24 Gag and the % elimination was calculated. Horizontal lines
represent the mean. Groups were analysed by unpaired t test.

215



CHAPTER SIX

6.3 Discussion

The work in this chapter sought to investigate the effect of therapeutic
concentrations of ZDV on the mitochondrial turnover and function of primary T cells
after both short and long-term exposure. To explore the possibility that ZDV has other
means of toxicity than mtDNA depletion the mitochondrial turnover in cells exposed to
ZDV was investigated. T cells exposed in vitro to ZDV produced a significantly higher
quantity of mtROS than cells exposed to either tenofovir, an aNRTI, or darunavir, a
protease inhibitor, suggesting the mechanism was thymidine analogue-specific. The effect
could be seen after only six hours of culture with the drug (figure 6.6), significantly less
time than the 15 days reported by Yamaguchi et al. for their investigation of ZDV-altered
mitochondrial energy production in cultured lymphoid cells.*** Their study also highlights
the possibility that ZDV’s mitotoxic effects could be due to inhibition of the election
transport chain as the ZDV-exposed human lymphoid cells exhibited decreased ATP
production in addition to the mtROS accumulation reported in this chapter.*®>**

For the patients on ZDV-containing and ZDV-sparing regimens there was only a
significant increase in mtROS in CD4+ T cells, although the trend was present for CD8+
T cells (figure 6.7); the standard deviation for the CD8+ T cells was much higher
highlighting the heterogeneity of the mtROS+ expression. These patients were on ART
for a median of six years at the time of sampling and thus would have all had long-term
exposure to ZDV. The other drugs in the backbone, as well as the time on treatment, were
matched between cohorts as best as possible to limit any other confounding factors. It is
interesting to note the difference in mitochondrial turnover between CD8+ T cells and
CD4+ T cells. Under both in vitro and in vivo exposure to ZDV CD8+ T cells expressed
higher proportions of mtROS+ cells. During T cell development CD8+ T cells reduce

their mitochondria by 80%, compared to double positive thymocytes, while CD4+ T cells
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only reduce their mitochondria by 50%.****® This increased elimination may reflect a
lower tolerance for superfluous and damaged mitochondria and suggest why CD8+ T
cells exposed to ZDV express more mtROS.

If the mtROS+ cell accumulation was caused by a downstream effect on
autophagy (mitophagy) there should be a concomitant increase in mitochondrial mass.
While the ZDV-exposed cells did express a higher mtMass the change was not significant
compared to the effects of other antiretroviral drugs (figure 6.6). This may be because
mtMass was only measured after six hours and it could take longer for damaged

472,486

mitochondria to significantly amass. Unfortunately, mitochondrial mass could not

be compared in the patient samples, due to the lack of a mtMass™e"

population to
compare, so any additive effects from long term exposure could not be measured (figure
6.7).

Previous studies concluded that ZDV’s toxicity in hepatocytes and adipocytes
derived from its ability to inhibit autophagic flux; inhibiting the late stages of autophagy
prevents the final recycling of damaged mitochondria, facilitating their accrual, and the
accumulation of mtROS. However, the work in this chapter showed that ZDV did not
affect autophagic flux in primary T cells either through short term in vitro culture or
through long term in vivo exposure (figures 6.11 — 6.12). The discrepancies between the
work of Stankov et al. and the work in this thesis may lie in the experimental design
differences. Stankov’s findings were primarily in hepatocyte and adipocyte cell lines,
which were used as a tool to study the mechanisms underlying the reported morbidities

466,468,469,487,488
468,469,487, These cells were able to

such as lipoatrophy and hepatic steatosis.
withstand concentrations of ZDV above the estimated clinical concentration for longer

exposure times without deleterious effects, resulting in a larger effect on autophagy than

seen in this chapter. Additionally, the effects on autophagy were less pronounced when
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primary hepatocytes were tested so the relevance of these findings to clinical use of the

drug may be questionable.471,472

For the work in this chapter, any attempt to expose
primary T cells to concentrations higher than the clinical range, or for longer than 24
hours, resulted in excessive cell death. Additionally, the assay used may not have been
sensitive enough to detect any effect on autophagy under these clinically relevant
conditions. Thus the effects reported by Stankov et al. may be specific to the cell types
they studied or any effects on T cells in vivo are subtle and only investigating total T cell
populations has diluted them. Further investigation of effector and memory subsets may
uncover different susceptibilities to ZDV’s effect on autophagy as CD8+ T cells utilise
autophagy differently during effector and memory cell differentiation.**

Detecting changes in autophagy in primary T cells poses methodological
difficulties based on the cyclical nature of the process. Most autophagy assays quantify
the accumulation or loss of the major autophagic proteins such as LC3-1, LC3-II or p67.
As autophagic proteins are naturally recycled combinations of known pharmacological
autophagy activators and inhibitors must be used in combination to determine whether an
accumulation of LC3-II, for example, relates to an increase in autophagy or a late-stage
block.*”****! Primary T cells, which exhibit varied but high basal levels of autophagy,
do not always react to known autophagy-altering agents the same way (or to the extent of
cell lines) so careful consideration must be taken when choosing appropriate controls for
an experiment. Initially a combination of E64d/Pepstatin A was tested as a positive
control but these late-stage inhibitors only had a modest effect on autophagic flux, which
made interpretation of the effects of ZDV difficult. Additionally, the diluents used
contained DMSO or ethanol, which can each have their own effects on autophagy; this
may have contributed to the minimal difference seen between E64d/Pepstatin A and the

diluent control (ethanol) in the mitochondrial turnover assays (figure 6.5). Chloroquine,
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diluted in water, proved to be a more potent late-stage positive control, eliciting a clearer
LC3-1II signal that could be readily measured by multiple assays.

Previous studies have used fluorescently tagged LC3 proteins, organelle specific
dyes or antibodies to trace the generation and loss of autophagosomes via microscopy,

immunoblotting or flow cytometry.***"

The utility of these approaches, often only semi-
quantitative, depends on the sensitivity of the antibodies, required expertise (as in the case
of morphological quantification) and quantity of cells required. For example, Western
blots cannot differentiate between cell types in a mixed population unless cells are pre-
sorted; however, this has been widely used in animal models where genetic modification

of the autophagy genes has caused a significant loss or gain of function,*’!#80:48>#1.492 g

or
detecting autophagy in PBMC samples flow cytometry methods are more applicable
because they facilitate sorting of cell populations and the antibody staining provides a
more quantitative method. Previously an ImageStream-based assay was tested for its
ability to measure autophagic flux. Originally reported by Phadwal et al. this assay
provided quantitative autophagy readouts of different cell subsets by combining flow
cytometry with individual cell imaging at a high resolution.””” Measurement of the co-
localisation of two probes in a cell (reported as the Bright Detail Similarity, (BDS)) was
applied for the detection of autolysosomes using a reagent panel to mark LC3 and
lysosomal proteins. Induction of autophagy, as by starvation, or inhibition, as by flux
inhibitors, increased the number of autolysosomes and thus the BDS. However, overall
this assay was unsuitable for further analysis of autophagy as it lacked the sensitivity to
detect the small effects that are observed in primary cells with intact autophagic capacity;
also, the requirement for a large quantity of cells restricted its use when working with

limited patient samples. The greater sensitivity of the flow cytometry based assay applied

in this chapter allowed for the use of smaller sample sizes than those required for
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ImageStream, with simultaneous identification of T cell subsets. However, the
completeness of the selective permeabilisation reagent (designed to selectively remove
LC3-1) is unknown and it is possible that LC3-1 may remain within the cells affecting the
intensity ratios.

Cells exposed to ZDV not only showed an increase in mtROS but also activated
caspase-3, a marker of programed cell death (figures 6.14 — 6.15). This is not surprising
as mitochondrial metabolism and apoptosis are intimately linked through their association
with autophagy. While the relationship between apoptosis and autophagy is multifaceted,
in many cases autophagy represents as adaptation to stress that suppresses apoptosis to

avoid cell death (reviewed in ***%

). During nutrient-rich states basal levels of autophagy
act as a quality control mechanism ensuring that excess and irreversibly damaged
organelles, such as mitochondria, are recycled (mitophagy). In times of stress such as
starvation, ER stress or hypoxia autophagy is upregulated to limit the damage caused by

mtROS and to recycle macomolecules.*”

Without the regulation by autophagy the
intrinsic signalling pathway of apoptosis can be triggered. The intrinsic pathway of
apoptosis relies on non-receptor mediated stimuli, including absence of growth factors
and hormones or the presence of toxins, free radicals and viral infections, to produce
intracellular signals that act on targets within the cell.*”” These stimuli cause changes in
the inner mitochondrial membrane eventually resulting in the release of pro-apoptotic

498
1.

proteins into the cytoso These proteins then trigger a cascade that results in effector

proteins, such as caspase-3, which cleave key cellular components leading to the
controlled dismantling of the cell (apoptosis).*’’

T cells from mice lacking critical autophagy-related genes (ATG) expressed
480,485

increased ROS and mitochondrial mass and were more susceptible to apoptosis.

Additionally, Watanabe et al. reported that autophagy-defective human T cells
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(transfected with vectors encoding ULK1 K461, a kinase dead mutant that blocks
autophagy) accumulated mitochondria and mtROS, eventually resulting in enhanced
apoptosis.*”” This work suggests that the homeostatic mechanism of autophagy may feed
into an intrinsic cell death pathway. While the work in this chapter suggests ZDV did not
reduce autophagy in T cells from CHI patients, a possible explanation for the effect of
ZDV exposure on caspase-3 expression is that ZDV is preferentially phosphorylated in
activated T cells and thus may compound the known effect of HIV on activation-induced

200392 However, the functional outcome of these effects did not impact the

apoptosis.
antiviral activity of CTLs from CHI patients (figure 6.16). Even if ZDV was causing
spontaneous apoptosis in CD8+ T cells from HIV patients the death was not significant
enough that an effect was seen on top of the chronic CTL exhaustion phenotypically
characterised in CHI patients.

Further investigation is required to uncover the causal mechanism behind
increased mtROS production in ZDV-exposed T cells, as the effect was not related to an
autophagy-dependent mechanism. Testing a larger range of ZDV concentrations and time
courses, possibly requiring a T cell line to withstand the toxicity, might help determine
the limits, if any, of ZDV’s effect on autophagy. As the toxicity is definitely affecting the
mitochondria, further tests examining the morphology and function of the mitochondria,
especially in relation to triggering apoptotic pathways, would be useful to map the chain
of events leading to the failed immune reconstitution.

This investigation highlighted the complexities of the mechanism of ZDV toxicity
in exposed primary T cells. While ZDV is no longer part of current adult ART regimens
this work has relevance as ZDV is still widely used for post-exposure prophylaxis and in

low resourced settings for treatment of vertically acquired HIV infection. It has been

reported that infants exposed to the drug in utero can exhibit symptoms of mitochondrial
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dysfunction such as neurological abnormalities. T cell toxicity or impaired immune

reconstitution could thus have dangerous impacts on long term health for the infants.”*"

% Improvements to in the safety of ART regimens have benefited adults more than

children and this needs to be urgently addressed.
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6.4 Questions addressed in this chapter

How does zidovudine affect mitochondrial turnover in primary T cells?

In vitro and in vivo exposure to ZDV increased mitochondrial reactive oxygen
species in T cells compared to exposure to other ART regimens; assessment of
mitochondrial mass was inconclusive (figures 6.6 — 6.7). However, exposure to
ZDV did not affect autophagic flux compared to positive controls (figures 6.11 —
6.12). The autophagic flux assay may not have been sensitive enough to detect the
small changes in autophagic activity in the highly variable primary T cells
(sections 6.2.2 — 6.2.7).

Did exposure to ZDV increase the susceptibility to apoptosis in T cells?

Yes. In vitro and in vivo exposure to ZDV increased the percentage of caspase-3+
T cells (figures 6.14 — 6.15; sections 6.2.9 — 6.2.10).

Did exposure to ZDV affect the viral inhibitory activity of CD8+ T cells?

No. There was no difference in viral inhibitory activity using CD8+ T cells from
patients on ZDV-containing versus ZDV-sparing regimens despite the increased
susceptibility to apoptosis and mtROS after exposure to ZDV (figure 6.16; section

6.2.11).
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For the work in this thesis engineered bispecific T cell receptors (ImmTAVs)
were applied to investigate the failure of CTLs to kill HIV-infected CD4+ T cells. The
inability of CTLs to completely control the virus in most PLWH has been well
documented both in vivo and in vitro.”*'®"***%" Because initial responses that attempt to
clear the virus during PHI fail, persistent viraemia results in a chronically stimulated
population of CTLs with impaired function. Integration of HIV DNA into host cell
chromosomes before CTL responses are fully developed also results in the establishment
of a viral reservoir of latently infected cells that conventional ART is unable to

116,117,330,508-510
clear, 16117330

To address these aspects of HIV persistence, firstly, a primary T cell
model of latency was used to examine the Gag expression in resting CD4+ T cells, which
constitute the largest component of the HIV reservoir, and their susceptibility to a ‘shock
and kill” intervention. Secondly, a microscopy-based method was extensively developed
in order to compare the immunological synapses formed by HIV antigen-expressing T
cells and primary CD8+ T cells from healthy donors and patients with chronic HIV
infection, both naturally and under redirection by ImmTAVs. Finally, in vivo and in vitro
exposure to different antiretrovirals, especially zidovudine, were compared in primary T
cells to measure the mitotoxic effects of ART and the impact on CTL function.
7.1 Immunological synapses and the HIV reservoir

To investigate the potential heterogeneity of the latent reservoir and implications
for immune targeting, direct infection of resting CD4+ T cells was employed to create a
population of HIV-infected T cells that had low Gag expression but that did not spread
infection. Despite the reduced antigen presentation compared with infection of activated
CD4+ T cells, the HIV-specific InmTAV, m121, was able to redirect healthy donor

CD8+ T cells to eliminate up to 40% of the infected cells without the need for latency

reversal. This suggests that the paradigm of latency as a state of transcriptional silence

225



CHAPTER SEVEN

needs revision. Addition of LRAs did reactivate virus in this model but did not improve
elimination of latently infected cells, possibly because the LRAs did not increase the SL9
epitope density on the surface. A further observation from the resting cell model was that
CTLs from CHI donors were able to eliminate less than 6% of the resting infected cells
naturally and ImmTAV-redirection did not restore the antiviral activity to that of the
ImmTAV-redirected HD CD8+ T cells (chapter three). Importantly, the immunological
synapses formed by the ImmTAV-redirected HD CD8+ T cells appeared more mature
than those with the CHI donor CD8+ T cells: more Zap70 localised to the synapse, the
MTOC moved closer to the synapse and more cells had perforin docked at the synapse.
With ImmTAYV redirection MTOC localisation was found to be normal in the CHI donor
CD8+ T cells but perforin mobilisation was reduced (chapter five). Collectively these
results suggest that a subset of the cells of the HIV reservoir may be susceptible to
elimination but persistent defects in HIV-specific CTLs and to a lesser extent, all other
CD8+ T cells of CHI patients, render them unable to form fully functional synapses to
clear these cells.

In addition to contributing to the failure to clear latently infected cells, in vivo the
immunological synapse may also play a role in the induction and maintenance of latency.
An APC can direct the fate of an interacting lymphocyte and could condition a CTL to
have a less effective antiviral response or change the biology of a latently infected CD4+

T cell to prolong latency.’"!

When Evans et al. investigated the relationship between
myeloid DCs and latently infected memory CD4+ T cells they found that cell-to-cell
contact increased the frequency of HIV DNA integration and latent HIV infection.
Blocking of CD18, the B chain of LFA-1, which binds to ICAM-1, reduced the number of

latently infected cells, thus demonstrating the importance of a stable IS for DC-induced T

cell latency. Examination of gene transcriptional changes suggested that the cell-cell
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interaction impacted two main nodes: up-regulation of type I interferons, inhibiting viral
replication, and down-regulation of NF-xB, inducing further T cell quiescence.”’? As
resting CD4+ T cells can be found in lymphoid tissue where DCs are also frequent, the
importance of this cell-cell contact for inducing latency presents a difficult mechanism to
target. Other groups also confirmed the importance of cell-to-cell contact for inducing
latency as latent infection was more commonly found in resting lymphoid cell aggregates
and in co-cultures of resting CD4+ T cells and endothelial cells; the stimulation provided
by the endothelial cells (possibly mediated by the interaction of the endothelial cell
costimulatory molecule, CD58, interacting with CD2 on the T cell) rendered the resting

CDA4+ T cells, particularly the memory T cell subset, permissible to latent infection.**!'

515

The maintenance of latency through contact with an APC at the IS may be
achieved through the promotion of signals to induce stem cell-like qualities in the
infected cell. Memory CD4+ T cells are ideal reservoirs of latent virus because of their
ability to survive long-term, self-renew and differentiate upon stimulation — all of which
are stem cell-like properties. The self-renewal of embryonic stem cells relies on the
transcriptional coactivator, Yes-associated protein (YAP). However, YAP expression was
also sustained in T cells after the activation of PD-1, suggesting that the IS could induce a
long-lived stem cell-like memory phenotype in infected CD4+ T cells.”''”'**!7 Indeed,
more integrated HIV DNA was found in PD-1"¢" cells compared to PD-1"" cells from
viraemic donors.”''”'® The PD-1/PD-L1 pathway inhibits T cell activation via the
dephosphorylation of signalling molecules such as Zap70. As the viral reservoir is
established during the first days of primary infection, negative signals from inhibitory
molecules like PD-1 could push the cell towards a quiescent phenotype by limiting the

cellular transcription factors needed for active HIV gene expression. Addition of an anti-
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PD-1 blocking antibody in an in vitro system could provide information on whether
limiting this signal reduces the state of latency and makes the cells more susceptible to
elimination; attenuation of PD-1 signalling during PHI could limit seeding of the
reservoir although there is the risk of catastrophic immune activation.

Future work with a latency model that includes other participating cells could
provide more information on the effect of cell-to-cell induced latency on HIV protein
expression and susceptibility to clearance of reservoir cells. This could also include the
influence of regulatory cells on clearance of reservoir cells as Siewe et al. reported that
regulatory B cells may play a role in attenuating CTL responses after reactivation of HIV
latent reservoirs.”'” Additionally, other cell populations contribute to the latent reservoir,
such as cells of monocytic lineage, which can become infected with virus but survive
long-term as they do not generally support viral replication.'?'*>!%>2 While the work
presented in this thesis focused on the impact of HIV infection on the effector arm of the
immune response, further experiments with diverse cell targets and virus would provide
more information about how latent infection of an APC could influence synapses with
CD8+ T cells. A recently reported marker of latently infected cells, CD32a, could be used
to identify potential synapses with latently infected cells.”'

7.2 CTL exhaustion and metabolism

PLWH must remain on life-long ART to suppress viral replication but the chronic
use of different antiretrovirals may be associated with adverse effects in the long-term.
While these are less common with modern ART, older agents in the NRTI and PI classes,
especially zidovudine (ZDV) and stavudine, have been linked to morbidities including
metabolic  syndrome, impaired immune reconstitution and  mitochondrial

468,487,522,523

toxity. In this thesis, ZDV-exposed T cells were shown to be more prone to

mtROS production and spontaneous apoptosis. Despite previous studies that linked
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ZDV’s mitotoxic effects to an inhibition of autophagic flux, autophagy assays were not
sensitive enough to detect any changes in the primary T cells exposed to clinically
relevant concentrations of ZDV. There was no difference in the antiviral activity of CD8+
T cells from either ZDV-exposed or ZDV-spared patients (chapter six); however, any
effect may have been masked by the generalised dysfunction of CD8+ T cells from CHI
donors that was evident from the analysis of immunological synapse formation (chapter
five) and resting cell infection viral inhibition assays (chapter three). Furthermore, CD39
expression, an identifier of exhausted cells, was higher in CD8+ T cells from CHI donors
compared to healthy donors, consistent with previously published data (chapter
three), 187336

The dysfunction described in the CTLs of CHI patients in this thesis may be a
result of the HIV-induced chronic antigenic stimulation from HIV altering the metabolic
profile of the T cells. Under normal conditions the metabolic requirements of a T cell
change upon encounter with antigen. Naive T cells rely on oxidative phosphorylation
(OXPHOS) or fatty acid oxidation (FAO) to produce the required ATP. Without TCR
ligation ATP production, mitochondrial potential and metabolic substrates decrease
leading to apoptosis.”** Once a naive T cell is activated the requirement to rapidly divide
favours the switch to glycolysis to incorporate nucleotides, amino acids and lipids into the

525,526

biomass. This switch requires ligation of the TCR and costimulatory molecules,

which signal for the cell to increase glucose transporter 1 (GLUT1) expression to promote

glucose uptake.””’

mTOR integrates signals from the intracellular environment and the
pathway is required to sustain glycolysis in CTLs.*® Finally, when a T cell begins to
transition to a memory state its metabolism switches to FAO, which allows for rapid ATP

529

generation upon secondary antigenic challenge.”™ Just as a T cell’s metabolic needs

change after antigenic stimulation a stimulated T cell also has different autophagic
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requirements. Using Atg7ﬂ/ﬂszb-Cre mice, in which antigenic stimulation results in the
deletion of A#g7 in granzyme B-expressing CD8+ T cells, Xu et al. reported that there
was no difference in T cell proliferation and differentiation (into functional effector T
cells) between the wild type and autophagy-deficient virus-specific CD8+ T cells after
infection with lymphocytic choriomeningitis virus (LCMV); however, few autophagy-
deficient antigen-specific T cells survived the contraction phase to transition into memory
cells. A metabolite analysis of Atg7-sufficient versus Azg7-deficient cells found that
pathways involved in lipid biosynthesis and FAO were dysregulated in the absence of
Atg7. These results suggest that while T cells may have low autophagy requirements for
anabolic processes, autophagy is required for the survival of effector CD8+ T cells;
autophagy may be used to produce the lipid substrates necessary for FAO or to remove
damaging ROS and defective mitochondria to promote the longevity of the memory T
cell population.*®-*°

T cells adapt their metabolism to meet the energetic requirements of each stage of
their development but chronic antigenic stimulation has been shown to alter this tightly
regulated programme of metabolism. Bengsch et al. compared the metabolic profiles of
murine T cells infected with an acutely cleared strain (Arm) and a chronic strain (clone
13) of LCMV. Chronic antigenic stimulation drove high mTOR activity early in
infection, which increased the dependence on glycolysis and OXPHOS. However, with
limited glucose uptake the exhausted T cells (Tex) could not meet the bioenergetic
demand. This early metabolic dysfunction resulted in ROS production, mitochondrial
depolarisation, fused mitochondria and consequently, the exhausted effector function
described during chronic infection. Despite transcriptional upregulation of genes
necessary for metabolic pathways, the Tex did not switch to OXPHOS in the absence of

glucose.”™" In a separate study investigating T cell exhaustion in HBV patients, metabolic
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dysregulation related to glycolysis dependence also preceded major mitochondrial and
functional changes in exhausted HBV-specific T cells; this was in contrast to CMV-
specific T cells from the same patients which were able to switch to OXPHOS in the
absence of glucose.” An overreliance on glycolysis and a failure to switch to OXPHOS
in the absence of appropriate glucose supplies may drive the dysfunction in exhausted
HIV-specific CTLs; an analysis of the GLUT1 expression and glucose dependence of
CD8+ T cells from patients with divergent clinical outcomes could uncover a mechanism
behind the impaired antiviral activity and defective synapse formation described in this
thesis. Further investigation of the T cell subsets recruited to the infected targets, their
metabolic requirements and their mitochondrial health (as measured in chapter six) could
be important for identifying new therapeutic targets. Reversal of generalised CD8+ T cell
exhaustion will be essential for achieving maximal therapeutic benefit from ImmTAVs
and other retargeting agents in HIV cure strategies.

PD-1 has also been implicated in the reported metabolic dysfunction of CD8+ T
cells; PD-1 blockade is a heavily favoured method to reverse T cell exhaustion because of
its upregulation during chronic HIV infection. Bengsch et al. reported that PD-1
negatively regulated PGC-1la, a key transcriptional regulator of genes involved with
metabolism and mitochondrial biogenesis.”®>' The metabolomic analysis reported in the
LCMYV model by Bengsch et al. suggests that the mechanism underlying the efficacy of
PD-1 blockade in reversing CD8+ T cell exhaustion is linked to PD-1’s dysregulation of
the metabolism of an effector T cell; blocking the PD-1 pathway relieved the metabolic
limitations and allowed the cell to meet the bioenergetic demands crucial for
proliferation. However, PD-1’s apparent unwanted effects may be crucial for cell
survival, allowing chronically stimulated cells to survive as terminally differentiated

CTLs with adapted metabolic requirements, albeit at the cost of their effector function.”
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This raises the possibility of treating T cell exhaustion by normalising the regulation of
metabolism in effector T cells. If achieved early in the course of HIV infection, T cell
dysfunction could be averted.”' In future work it would be interesting to explore the
effects of manipulating glucose availability in culture on the antiviral function of
exhausted CD8+ T cells.
7.3 HIV in perspective

Understanding the impact of chronic infection on T cell effector function is
crucial for the development of targeted therapeutics against HIV. Many PLWH are
unaware of their status and encouraging testing does not always reach the groups most at
risk. Even on an effective ART regimen, PLWH must cope with daily side-effects.”™* If
achieved, the UN’s ambitious 90-90-90 goal — ensuring 90% of PLWH know their status,
starting 90% of them on ART and achieving viral suppression in 90% of those people —
could help curb the HIV epidemic but it faces many hurdles that are both culturally and

economically dependent.'”*

While some antiretrovirals are nearing the end of their
patent, opening up the opportunity for cheaper generics, the cost of HIV to healthcare
systems is still great; HIV treatment costs ~£360,800 per person in the United Kingdom
and ART makes up the majority of these healthcare costs.”® A functional cure for HIV,
such that PLWH could maintain control of the virus without daily ART, would have
enormous benefits on the health and wellbeing of PLWH and would alleviate the burden
on healthcare systems. The m121 ImmTAYV used in this thesis was specific for the HLA-
A2-presented SL9 epitope of HIV’s Gag, however, there is the potential to broaden the
application of the ImmTAV through the development of additional ImmTAVs.
ImmTAVs targeting different HIV epitopes could be used at the same time to eliminate a

more diverse population of infected cells, expressing non-SL9 epitopes, and ImmTAVs

specific for epitopes presented by different HLA alleles could be applied to a larger
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population of PLWH. As the work presented in this thesis provides proof of concept for
using ImmTAVs to target resting infected cells there is the potential to eliminate a

proportion of the HIV reservoir, one of the key barriers to an HIV cure.
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Appendix: Chapter One

RNA

“ RT, IN, Vif, Vpr, Nef, p7 s
, “

Appendix 1.1: Structure of HIV-1 modelled in cake.
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Appendix: Chapter Two

Appendix 2.1:

Equations A:

PD = (% next above 50%) — 50
B [(% next above 50%) — (% next below 50%)

**10-fold dilution = corrective factor of 1

1*1

logTCIDs, = 1 0 (exponential dilution>50%)+PD
**Dilution of virus giving the next percentage of infected culture > 50% (ex: 10" > -1)

PFU = TCIDs, * 0.69

Equations B:

Infectious particles needed = # cells to infect * MOI

PF
Volume virus needed = infectious particles needed/(ﬁ)
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Appendix 2.2: HIV-1 consensus B Gag peptides (15-mer with 11 amino acid
overlaps) for intracellular cytokine staining for IFNy

Final pool ‘A’

Peptides: 1, 2, 3,4, 5,6, 7, 11, 15, 16, 17, 18, 19, 20, 21, 23, 29, 30, 31, 32, 34, 38, 39,
42,47, 48, 49, 50, 51, 53, 54, 61, 63, 64, 65, 66, 67, 69, 72, 78, 81, 82, 88, 89, 91, 96, 99,
102, 104, 112, 120, 121, 123

Final pool ‘B’

Peptides: 8, 9, 10, 12, 13, 14, 22, 24, 25, 26, 27, 28, 33, 35, 36, 37, 40, 41, 43, 44, 45, 46,
52,55, 56, 57, 58, 59, 60, 62, 68, 70, 71, 73, 74, 75, 76, 77, 79, 80, 83, 84, 85, 86, 87, 90,
92, 93, 94, 95, 97, 98, 100, 101, 103, 105, 106, 107, 108, 109, 110, 111, 113, 114, 115,
116,117,118, 119, 122

Peptide Number Sequence Peptide Number Sequence

1 MGARASVLSGGELDR 23 HQRIEVKDTKEALEK
2 ASVLSGGELDRWEKI 24 EVKDTKEALEKIEEE
3 SGGELDRWEKIRLRP 25 TKEALEKIEEEQNKS
4 LDRWEKIRLRPGGKK 26 LEKIEEEQNKSKKKA
5 EKIRLRPGGKKKYKL 27 EEEQNKSKKKAQQAA
6 LRPGGKKKYKLKHIV 28 NKSKKKAQQAAADG
7 GKKKYKLKHIVWASR 29 KKAQQAAADTGNSSQ
8 YKLKHIVWASRELER 30 QAAADTGNSSQVSQN
9 HIVWASRELERFAVN 31 DTGNSSQVSQNYPIV
10 ASRELERFAVNPGLL 32 SSQVSQNYPIVQNLQ
11 LERFAVNPGLLETSE 33 SQNYPIVQNLQGQMV
12 AVNPGLLETSEGCRQ 34 PIVQNLQGQMVHQAI
13 GLLETSEGCRQILGQ 35 NLQGQMVHQAISPRT
14 TSEGCRQILGQLQPS 36 QMVHQAISPRTLNAW
15 CRQILGQLQPSLQTG 37 QAISPRTLNAWVKVV
16 LGQLQPSLQTGSEEL 38 PRTLNAWVKVVEEKA
17 QPSLQTGSEELRSLY 39 NAWVKVVEEKAFSPE
18 QTGSEELRSLYNTVA 40 KVVEEKAFSPEVIPM
19 EELRSLYNTVATLYC 41 EKAFSPEVIPMFSAL
20 SLYNTVATLYCVHQR 42 SPEVIPMFSALSEGA
21 TVATLYCVHQRIEVK 43 IPMFSALSEGATPQD
22 LYCVHQRIEVKDTKE 44 SALSEGATPQDLNTM
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45 EGATPQDLNTMLNTV 79 VKNWMTETLLVQNAN
46 PQDLNTMLNTVGGHQ 80 MTETLLVQNANPDCK
47 NTMLNTVGGHQAAQ 81 LLVQNANPDCKTILK
48 NTVGGHQAAMQMLE 82 NANPDCKTILKALGP
49 GHQAAMQMLKETINE 83 DCKTILKALGPAATL
50 AMQMLKETINEEAAE 84 ILKALGPAATLEEMM
51 LKETINEEAAEWDRL 85 LGPAATLEEMMTACQ
52 INEEAAEWDRLHPVH 86 ATLEEMMTACQGVGG
53 AAEWDRLHPVHAGPI 87 EMMTACQGVGGPGHK
54 DRLHPVHAGPIAPGQ 88 ACQGVGGPGHKARVL
55 PVHAGPIAPGQMREP 89 VGGPGHKARVLAEAM
56 GPIAPGQMREPRGSD 90 GHKARVLAEAMSQVT
57 PGQMREPRGSDIAGT 91 RVLAEAMSQVTNSAT
58 REPRGSDIAGTTSTL 92 EAMSQVTNSATIMMQ
59 GSDIAGTTSTLQEQI 93 QVTNSATIMMQRGNF
60 AGTTSTLQEQIGWMT 94 SATIMMQRGNFRNQR
61 STLQEQIGWMTNNPP 95 MMQRGNFRNQRKTVK
62 EQIGWMTNNPPIPVG 96 GNFRNQRKTVKCFNC
63 WMTNNPPIPVGEIYK 97 NQRKTVKCFNCGKEG
64 NPPIPVGETYKRWII 98 TVKCFNCGKEGHIAK
65 PVGEIYKRWIILGLN 99 FNCGKEGHIAKNCRA
66 IYKRWIILGLNKIVR 100 KEGHIAKNCRAPRKK
67 WIILGLNKIVRMYSP 101 IAKNCRAPRKKGCWK
68 GLNKIVRMYSPTSIL 102 CRAPRKKGCWKCGKE
69 IVRMY SPTSILDIRQ 103 RKKGCWKCGKEGHQM
70 YSPTSILDIRQGPKE 104 CWKCGKEGHQMKDCT
71 SILDIRQGPKEPFRD 105 GKEGHQMKDCTERQA
72 IRQGPKEPFRDYVDR 106 HQMKDCTERQANFLG
73 PKEPFRDYVDRFYKT 107 DCTERQANFLGKIWP
74 FRDYVDRFYKTLRAE 108 RQANFLGKIWPSHKG
75 VDRFYKTLRAEQASQ 109 FLGKIWPSHKGRPGN
76 YKTLRAEQASQEVKN 110 IWPSHKGRPGNFLQS
77 RAEQASQEVKNWMTE 111 HKGRPGNFLQSRPEP
78 ASQEVKNWMTETLLV 112 PGNFLQSRPEPTAPP
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113 LQSRPEPTAPPEESF 119 SQKQEPIDKELYPLA
114 PEPTAPPEESFRFGE 120 EPIDKELYPLASLRS
115 APPEESFRFGEETTT 121 KELYPLASLRSLFGN
116 ESFRFGEETTTPSQK 122 PLASLRSLFGNDPSS
117 FGEETTTPSQKQEPI 123 LRSLFGNDPSSQ

118 TTTPSQKQEPIDKEL
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Key: from left to right
(for CD69+CD154-p24+
or CD69+CD154-p24-)

m121 (108 M) - blue
m121 (10° M)

m121 (10710 M)
m121 (101" M)
m231 (108 M) - teal
m231 (109 M)

m231 (1010 M)
m231 (10711 M)
m232 (108 M) - brown
m232 (10° M)
m232 (1010 M)
m232 (10" M)
None - black

Appendix 3.1: SPICE plot of InmTAV-induced reactivation of resting infected cells.
Resting infected CD4+ T cells were cultured with m121, m231 or m232 ImmTAV at
varying concentrations (10" — 10 M) for 48 hours before assessment of p24, CD69 and
CD154 expression.
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Appendix 3.2: FACS gating for exhaustion markers. Top row shows gating for single,
lymphocyte, alive CD3+ and CD8+ or CD8"*® (CD4+) T cells. Middle (CD8+ T cells)
and bottom (CD8"* T cells) rows show expression of CD45RA, CCR7, CD27, PD-1 and

CD39.
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Appendix: Chapter Four

a

b

Appendix 4.1: Application of staining optimisation process to ZIKV vaccine
candidate investigation. (a) Six DNA constructs for ZIKV vaccine candidates were
designed incorporating the pre-membrane (prM), envelope, envelope C-terminus
transmembrane domain (TM), domain III (DIII), non-structural 2b (NS2b) and/or non-
structural (NS3) proteins. (b) Vero cells were used to optimise staining for Zika envelope
antigens using an anti-flavivirus group antigen antibody. Optimised method was used to
stain Vero cells transfected with the different DNA constructs (three examples of staining
patterns shown for negative control, prM Env DIII, and prM Env DIII TM constructs).
Green = flavivirus group antigen, blue = DAPI (nucleus). Scale bar = 20 uM.

M

M
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Appendix: Chapter Five

Appendix 5.1: F-actin expression in T2-T cell synapses. F-actin staining of T2-T cell
synapses produced bright, oversaturated images that were difficult to use for
quantification of F-actin expression.
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Appendix 5.2: TCCF(p24) measurements. Immunofluorescence images of the p24 stain
were used to calculate the total corrected cellular fluorescence (TCCF(p24)) for all
groups and the uninfected sample was used to set a cut-off for p24-positivity for the
infected sample. (a) p24 infection in a sample can be detected by this method at an MOI
of 0.001 but not 0.0001. (b) Uninfected controls must match the activation status of the
infected cells (activated = red line/bottom infected cell, resting = blue line/top infected
cell); each dot represents a cell. Red = p24.
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Appendix 5.3: Time course of MTOC localisation in T cell-T cell synapses.
Progression of synapse formation can be seen in T cell-T cell synapses by measuring the
length from the MTOC to the synapse (um) over time; each dot represents a conjugate
imaged by microscopy (n > 5/condition). Horizontal lines represent the mean.
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Appendix 5.4: Comparison of synapse formation amongst healthy donor CD8+ T
cells. Breakdown of Zap70 expression (left; binned analysis), length from immunological
synapse to MTOC (middle; pm) and perforin expression (right; binned analysis) for each
of three healthy donors used for T2-T cell analysis; each dot represents a conjugate
imaged by microscopy (n > 10/donor). Horizontal lines represent the mean. Groups were
analysed by one-way ANOVA.
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Appendix 5.5: T2-T cell synapses with CD8+ T cells from an early ART donor. SL9-
pulsed T2 cells were cultured with m121 ImmTAV-redirected CD8+ T cells from one
donor who began ART during PHI (early ART). Immunofluorescence images (n > 10
conjugates/stain) were used to measure Zap70 (%, binning), MTOC (length, um) and
perforin (binning) expression. Data for healthy donors from figures 5.16 — 18 is shown
for comparison. Horizontal lines represent the mean. Groups were analysed by unpaired t
test.
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Appendix 5.6: Live cell imaging of the formation of primary CD8+ T cell
immunological synapses (VIDEQ). QR code for access to live-cell imaging video from
figure 5.20 or follow this link: https://youtu.be/GIgBUpbmsPg
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