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The human immunodeficiency virus (HIV) is the causative agerd#cauired immune
deficiencysyndrome (AIDS), a conditiamaracterizel bydepletion of CD4T cells and other
immune system dysfunctions. Due to its widespread geographic distribution and ease of
transmission, HIV has become a serious global healthcare concerh.ddbtype C (HN-C)

is of particular interest since it is the most rapidly exgeg and is especially prevalent in
southern Africa. In addition, H/C is poorly studied in comparison to other subtypes.
Despite HIV being extensively researched, much is still unknown about the host cell response
to infection at a molecular level arfiebw this might be exploited for therapeutic intervention.
Therefore, the purpose of this study was to use microatvaged transcriptomic analysis to

gain an unbiased perspective of the host cell response in* D#ymphocytes and
macrophages when exposed primary HIV1-C viruses of different tropisms (R®pic, X4

tropic, duattropic). In order to achieve this overall aim, we first needed to develop and
optimize protocols for the culture of primary HI£C strains. A p24 ELISA assay was used to
confirmsuccessful viral replication, followed by functional titration using the GHOST reporter
cell line. We found that the efficiency of replication of primary viral isolates was highly
stochastic. While many of the strains cultured suffered severe lossesfadftiuity, we
managed to produce infective stocks of dr@pic and X4ropic isolates. We next aimed to
optimizecell culture protocols for CDA lymphocytes and macrophages that would ensure
maximal susceptibility to HIV. Since activation of TD4els is reported to enhance viral
replication, we assessed the efficacy of various activation protocols. We found that antibody
mediated activation was highly successful. Flow cytometric analysis revealed increased cell
proliferation and CD25 expression.dddition, CD4T-cell activation dramatically increased
CXCR4 surface expression while CCR5 expression was diminished. Infection experiments with
our duattropic isolate confirmed that these cells were susceptible to infection. In order to
optimize macrophage cell culture conditions, we compared the effects of differentiation
under the influence of different growth factors (RISF or GNCSF). Successful differentiation
was determined by phenotypic analysis using flow cytometry coupled with a functional
phagaytosis assay. Additional analysis ofreoeptor expression revealed extremely low

levels of CXCR4 and relatively high CCR5 expression in both macrophage populations. The
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differentiated macrophages were completely refractory to infection with our du@bic
isolate, making them unsuitable for further experiments. The final component of the study
was the gene expression analysis itself, which was performed using activatedTCD4
lymphocytes exposed ta duaktropic isolate (CM9). Differential gene expressianalysis
revealed altered expression patterns in a relatively srnatl functionally diverse groupf
genesinvolved in apoptosis, deubiquitination, transcriptional regulation and immune system
functions. Apoptosis and deubiquitination were identified statistically overrepresented
functional pathways in our subsequent é@sed analysis. Comparison of our findings with
previous studies performed using HIMB seems to indicate that while many of the genes
observed in our study have not specifically beketected previously, they do tend to belong

to similar pathways.

Key words:HI\V1-C, CD4T lymphocyte, macrophage, transcriptome, vihgst interaction,

microarray, gene expression, viral culture, immunophenotypingeceptor
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Abbreviation Description

7-AAD 7-Aminoactinomycin D

AHR Aryl hydrocarbon receptor

AIDS Acquired Immune Deficiency Syndrome
AKR7A2 Aldo-keto reductase family 7, member A2

AR1 Activator protein 1

APC Allophycocyanin

APCCy7 AllophycocyanirCyanine 7

APE 1 Apurinic/apyrimidinic endonuclease 1
APOBEC3 Apolipoprotein B mRNA editing enzyme, catalytic polypeplikie 3
APOD Apolipoprotein D

ATP Adenosine triphosphate

AUC Area under the curve

BAK Bcl2 antagonist/killer

Bax Bcl2-associated X

Bcl2 B-cell lymphoma 2

Bclé B-cell lymphomab

Bckx B-cell lymphoma x

BP Bandpass

BSL2+ Biosafety Level 2+

BTN3A3 Butyrophilin, subfamily 3, member A3

BV 510 CNREEALFYG A2t SGu pwmn
BV 605 CNREEALFYG 2A2ESGu cnp
BV 711 CNREEALFYG 2A2fSGun TMmm
C9orf3 Bhromosome 9 opereading frame 3

CAL Calibration (factor)

CAR Chimeric antigen receptor

CART Combination antiretroviral therapy

Cas9 CRISPR associated protein 9

CCL GC motif chemokine ligand

CCR GC chemokine receptor

CCR5 GC chemokine receptor type 5

CD Cluster of differentiation

CDC25 Cell division cycle 25

CDK1 Cyclindependent kinase 1

CDK9 Cyclindependent kinase 9

cDNA Complementary DNA

CIDEC Cell deathinducing DFF#ke effector C

XiX
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CLTAM CytotoxicT-lymphocyteassociated protein 4

CRISPR Clustered regularly interspaced short palindromic repeats
CcRNA Complementary RNA

CSIR Council for Scientific and Industrial Research
CTRC Chymotrypsin C (caldecrin)

CXCL GX-C motif chemokine ligand

CXCR GX-C chemokine receptor

CXCR4 GX-C chemokine receptor type 4

DAPI n -diaenidino2-phenylindole

DC Dendritic cell

DEG Differentially expressed gene

DMEM Dulbecco's modified Eagle's medium
DMSO Dimethyl sulfoxide

DN Doublenegative

DNA Deoxyribonucleic acid

dNTP Deoxyribonucleotide triphosphate

DOA Day of assay

DOl Day of infection

DP Doublepositive

ds Doublestranded

dTTP Deoxythymidine triphosphate

dUuTP Deoxyuridine triphosphate

E. coli Escherichia coli

EDTA Ethylenediaminetetraacetic acid

elFAE Eukaryotic translation initiation factor 4E
ELISA Enzymdinked Immunosorbent Assay
ER Endoplasmic reticulum

FABP5 Fatty acid binding protein 5

FACS Fluorescenceactivated cell sorting
FAM26F Family with sequence similarity 26, member F
FBS Foetal bovine serum

FITC Fluorescein isothiocyanate

FMO Fluorescence Minus One

Foxp3 Forkhead box P3

FS Forward scatter

FSA Forward scatter area

FSH Forward scatter height

GADD45 Growth arrest and DNA damage 45
GATSL2 GATS proteitike 2

GFP Green Fluorescent Protein

Glut Glucose transporter



GMCL1
GM-CSF
GO
GPR15
GWAS
HIST
HIV
HI\1-B
HI\V1-C
HLA
HOS
HOXB4
HRP
HSC
HSP90
ICOS
IFN

Ig
IGHMBP2
IGLC
IGLJ
IGLV

IL

IL-2 GM
IL-2R
INF
IRF
ISG
ITFG1
iTreg
IVT
JAKSTAT
KCNK4
KIR3DL
KO
LEAF
Lin
IncRNA
Log

LP

LPS

Germ celless, spermatogenesis associated 1
Granulocytemacrophagecolonystimulating factor
Gene Ontology

G proteincoupled receptor 15
Genomewide association studies
Histone

Human immunodeficiency virus

HI\:1 subtype B

HI\VA1 subtype C

Human leukocyte antigen

Human Osteosarcoma

Homeobox B4

Horseradish peroxidase

Haematopoietic stem cell

Heatshock protein 90

Inducible cestimulator

Interferon

Immunoglobulin

Immunoglobulin mu binding protein 2
Immunoglobulin lambda constant
Immunoglobulin lambda joining
Immunoglobulin lambda variable
Interleukin

IL-2 growth medium

Interleukin2 receptor

Interferon

Interferon regulatory factor
Interferon-stimulated gene

Integrin alpha F&AP repeat containing 1
Induced regulatory T (cell)

In vitro transcription

Janus kinase signal transducer and activator of transcription
Potassium channel, two pore domain subfamily K, member 4

Killer cell immmunoglobulitike receptor, three domains, long cytoplasmic tail

Krome Orange
Lowendotoxin Aziddree
Linear

Long norcoding RNA
Logarithmic

Longpass

Lipopolysaccharide

XXi



LRRC8C
LTR

M group
MAP3K8
M-CSF
MDM
MDM2
MFI
MHC
MIP-m h
MIP-m |
MIR
miRNA
MLR
MOI
mMRNA
MYT1

N group
NFAT
NFS .
NICD
NIPA1
NK
NKT
NLR
nTreg
O group
OAS
OR
PBMNC
PBS
PCR
PDCL3
PDE3B
PE
PECy7
PHAL
PHAP
PMN
PP2A
p-TEFb

Leucine rich repeat containing 8 family, member C
Long terminal repeat

Major group

MAP kinase kinasdnase 8

Macrophage colomgtimulating factor
Monocyte-derived macrophage

Mouse double minute 2 homolog

Median Fluorescence Intensity

Major histocompatibilty complex

al ONRPLIKIF IS AYyFEFYYIFIG2NE LINRGSAY
al ONRPLIKEF3IS AYyFEFYYIFIG2NE LINRGSAY

MicroRNA encoding gene

MicroRNA

Mixed lymphocyte reaction

Multiplicity of infection

Messenger RNA

Myelin transcription factor 1

New group

Nuclear factor of activated-Gells

Nuclear factor kappdight-chainenhancer of activated B cells
National Institute for Communicable Diseases
Non imprinted in PradeWilli/Angelman syndrome 1
Naturalkiller (cell)

natural killer T (cell)

Nucleotidebinding oligomerization domaitike receptor
Natural regulatory T (cell)

Ouitlier group

Oligoadenylate synthetase

Olfactory receptor

Peripheral bloodnononuclear cell

Phosphate buffered saline

Polymerase Chain Reaction

Phosducin like 3

Phosphodiesterase 3B, cGNthibited

Phycoerythin

PhycoerythrinCyanine 7

PhytohemagglutinirL

PhytohemagglutinisP

Polymorphonuclear leukocytes

Protein phosphatase 2A

Positive transcription elongation factor B
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PTEN
RANTES
RDH16
RIN
RMA
RNA
RNASeq
ROC
whw! ¢
RPMi1640
RPMi1640
RTPCR
S. aureus
SamHD1
SCNB8A
SD

SEB
SEM

SI

SIvV
SIVagm
SIVcpz
SIVsmm
SLC
SMAD 4
snoRNA
SOD2
Spl

ss

SS
STAT
TAC
TAE
TALENSs
TAR
TAS2R
TBP
TCID50
Tem

TCR
TdT

Phosphatase and tensin homolog

Regulated on Activation, Normal T Expressed and Secreted
Retinol dehydrogenase 16 (#lans)

RNA integrity number equivalent

Robust Multiarray Average

Ribonucleic acid

RNA sequencing

Receiver operatingharacteristic
RetinoicaciNS t  § SR 2 NLIKFy NBOSLIWi2NJ ' ¢
Roswell Park Memorial Institute 1640 medium
Roswell Park Memorial Institute 1640

Reverse transcription PCR

Staphylococcus aureus

SAM domain and HD domad@ontaining protein 1
Sodium channel, voltage gated, type VIl alpha subunit
Standard deviation

Staphylococcal enterotoxin b

Standard error of the mean

Staining Index

Simian immunodeficiency virus

SIV derived from African green monkeys

SIV derived from chimpanzees

SIV derived from sooty mangabeys/macaques
Solute carrier family member

SMAD family member 4

Small nucleolar RNAs

Superoxide dismutase 2

Specificity protein 1

Singlestranded

Side scatter

Signal transducer and activator of transcription
Transcriptome Analysis Console
TrisacetateEDTA

Transcription activatolike effector nucleases
Transactivating response

Taste receptor, type 2

TATAbinding protein

Tissue Culture Infectious Dose 50

Central memory T cell

T cell receptor

Terminal deoxynucleotidyl transferase
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Terr Effector T (cell)

Tem Effector memory T (cell)

Tfh Follicular helper T (cell)

TGH ¢CNI yaFT2NY¥AY3 INRGGK FI OG2NI I
Th Helper T (cell)

TLR Toltike receptor

TMB 0 X o -térpnkethylbenzidine
ROS Reactive oxygen species

TNF Tumour necrosis factor

TRAJ T cell receptor alpha joining
TRBV T cell receptor beta variable
TREX2 Three prime repair exonuclease 2
TRIM16 Tripartite motif containing 16
UDG UracitDNA glycosylase

UsSP Ubiquitin specific peptidase
USP17L Ubiquitin specific peptidase Hike
uv Ultraviolet

V3 region/loop  Third hypervariable region/loop
vDC +20NIyidt 58S/ &0ftSu
Vol Volume

VSVG Vesicular stomatitis virus G

ZNF Zinc finger protein

Unit Description

°C Degree<Lelsius

bp Basepairs

cells/mL Cells/millilitre

OSft f ak >[ Cells/microlitre

h Hours

U Infectious units
IU/mL Infectious units/millilitre
kb Kilobases

Kcal/mol) Kilocalories/mole

M Molar

mM Millimolar

mg/mL Milligrams/millilitre
min Minutes

mL Millilitres

mm3 Cubic millimetres
ng Nanograms

ng/mL Nanograms/millilitre
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Nanograms/microlitre

nm Nanometres

nM Nanomolar

pg/mL Picograms/millilitre

rpm Rotations per minute

sec Seconds

U/mL Enzyme units/millilitre

vV Volts

>3 Micrograms

>3k Y] Micrograms/millilitre

> [ Microlitres

>Y Micometres

Symbol Description

% Percent

< Less than

X Greaterthan or equal to

> Greater than

h Alpha

i Beta

. Gamma

n k Delta

S Epsilon

y Zeta

¢ Kappa

< Lambda

R Coefficient of determination
k D Gibbs free energy

Tm Primer nelting temperature
g G-Force/ Relative centrifugal force
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The human immunodeficiency virus (HIV) is a devastating pathogen that has been recognized
o 3Jf2olf KSIfOK FdziK2NAGASE |a 2yS 2F GKS
challenges. The virus targets and destroys immune cells, partichieper T lymphocytes,

which are positive for cluster of differentiation (CD) 4 and are involvedowrdinaing the
responses of almost all immune system cells. The progressive deplet©@DbT cellsas a

result of HIV infection leads to patients becoming selyeif®munocompromised and results

in a greatly increased risk of infection with other pathogens, often with lethal consequences.
HIV is readily transmitted through contact with bodily fluids of an-ptisitive individual.
Common routes of transmission inde sexual intercourse, bloet-blood contact and
mother-to-child transmission. In the early stages of infection, the virus replicates with very
few overt symptoms, often leading to further transmission before the patient is aware that
they have been infaded. This asymptomatic phase can last several years, allowing the virus

ample opportunity to reach a large number of potential hosts.

To date, no cure for HIV infection has been found; however, antiretroviral drugs that impose
restrictions on viral replation at various points in its life cycle have been successfully
developed. Under ideal circumstancemjtiretroviral drugssignificantly slow the rate of
disease progression, allowing patients to live almost as long as uninfected persons. However,
antiretrovirals are not without their drawbacks. They can often have serious adverse side
effects, leading to poor adherence in some cases. Since they must be taken continually for
GKS NBad 2F GKS LI GASydQa tAFSaLN yfofthig 2NRS)
treatment can become a serious burden. The development of drug resistant HIV strains is also
a relatively common occurrence, leading to treatment failure. Clearly, alternatives to the
currently available treatments are needed. The main goals w¢hnHIV research in recent
years has therefore been 1) the development of a preventative vaccine, and 2) the

development of a cure that can completely eliminate all trace of infection. These efforts have
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been thwarted by the extremely mutable nature of thigus, coupled with its ability to form
latent reservoirs in which it is protected from both the immune system of the host and

therapeutic agents directed against it.

The failure of conventional approaches in the development of alternative therapiesresqu

us to investigate novel strategies to combat HIV. However, we are still lacking a
comprehensive understanding of the complex interactions between HIV and its target host
cells upon which to base such strategies. This knowledge would be invaluabikeefor
identification of factors which might be manipulated to benefit the host and to undermine
the virus. Efforts have been made to elucidate these interactions at a gene expression level
usingin vitro models, often involving the use of laboratory virusagts and cell lines. An
overview of the findings of these studies is presente@€apter 2.However, it is a concern

that these models may not adequately capture the complexity of infection of hosticeilso

with naturally occurring HIV strains. Haermore, much of the research that has been done

is largely limited to just one viral subtype, namél\ 1 subtype B HI\¢1-B), due to its
prevalence in high income countries. In comparison, the most globally prevalent $ii%in,

1 subtype CHI\V1-C), has been very poorly characterized. Its effects on the host cell

transcriptome remain largely speculative, based on observations froriiBlV

This study aims to address these issues by investigating the effect of infection with primary,
patient-derived HV-1-C strains on the gene expression profiles of the main cellular targets of
HI\A1, namely CD4T lymphocytes and macrophages. In order to achieve this goal, several
preliminary objectives had to be accomplished. First, protocols for the culture of pririat

1-C strains had to be developed angtimized in order to produce a highuality stock of

virus for use in gene expression experiments. Methods to successfully detect infected cells
also had to beptimized for use with these primary isolates. Wor&rgaining to viral culture

and optimisation of detection methods is presentedGhapter 3 Second, pure populations

of primary CD4T lymphocytes and macrophages, cultured under optimal conditions to
enhance susceptibility to infection, were require@hater 4 covers the harvesting,
purification and culture of these two cell types, as well as assessment of the effects of various
culture conditions on their phenotypic properties and their susceptibility to our-HG/
primary isolatesChapter 5describesthe final infection and gene expression experiments
performed, in which the effects of exposure to these isolates on the transcriptome of the

2
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target cell population were determined by Affymetrix microarray technold@gapter 6
comprises a concluding disssion of the results of these experiments and provides some

insight into the future directions of this field.
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HIV was identified as the causative agenfofjuiredimmuneDeficiencySyndrome (AIDS) in

0 KS M%) an@kas since become a roagepidemic with global distributio4,5) HIV is

a particular concern in the South African context, since there are approximately 7.5 million
individuals currently livig with HIV in our country, which corresponds to 13.1% of the total
population, according to the latest report from Statistics (BA This epidemic continues to
contribute significantly to the health burden in South Africa, even though combination
antiretroviral therapy (CART) regimens are available. Current cART can improve life
expectancy dramatically by limiting viral replicatidi,8) Free access to CAR&As proven
effective in South Africa, with the proportion of AHDSated deaths dropping from 42.2% in
2004 (whenantiretrovirals were made publicly available) to 22.0% in 2088 However,
treatment with cART requires IHeng use, which places a heavy cost burden on the health
sector. Furthermoreantiretroviralsoften have adverse effects on the patier{®), andare
unable to completely eliminate viral reservo{i©,11) Poor adherence to cART regimens also
contributes to the emergence of resistant viral stra{d®,13) which is a serious cause for
concern in the management of thélV epidemic. Therefore, the development of alternative

or ancillary strategies in addition to CART would be greatly beneficial.

Attempts to develop a preventative vaccine as an alternative strategy to combat HIV have
thus far been unsuccessful. The magason is the high genetic diversity of HIV, leading to
the requirement for an effective vaccine that would enable production of extremely broad
spectrum neutralizing antibodieg14¢16). Unfortunately, the primary immunogenic
component of the virus particle (the envelope protein) highly variable, making most

antibody responses to HIV straspecific when using conventional vaccine development

VR YI ONR2 LK =
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approaches(14¢16). Another challenge in the development of more efficient treatment
strategies is the ability of HIV to enter a state of latent infection in cert&ih tgpes.
Productive infectionis characterized by integration of the viral genome into the host cell
deoxyribonucleic aciddNA, followed by active transcription of viral genes and production of
viral proteins that ultimately leads to the generationr@w virions from the host cell. In the
case of latent infection, however, the viral genome is integrated but viral gene expression is
repressed.n this state, the virus can persist as an inert component of the host cell DNA,
protected from both the immuneystem and any therapeutic agent directed against it, while

still retaining the ability to be reactivated at a later stgd6,11,17)

In the past few decades, there has been a concerted global effort to ae\si effective,
LISNXYIFySyid Odz2NB FT2NJ I Lz AYyFSOGA2yd t20SydAl
GFdzy OiA2y It ¢ RSLISYRAYI 2y (GKSANI LldzN1}2aSo
eradication of all replication competent virus is achiewddoughout the body, while a
functional cure refers to the establishment of stable, ldegn control of viral replication
obviating the need foantiretroviraltreatment (18). Several strategies have employed various
forms of genome editing such zHioger nucleasestranscription activatoflike effector
nucleases TALEN), and clustered regularly interspaced short palindromic repeats/CRISPR
associated protein QCRISPR/Cas%echnologiesin an attempt to eradicate or mutate
integrated virus in the DNA of host cq(ls8). Other forms of preventative gene therapy aim

to modify host cells to be resistant to further infection, thereby achieving a functional cure
(18). Both approaches are currently limited by the difficulty in genetically modifying a large
enough number of patient cells to achieve the desired effétie use othimeric antigen
receptor CART cells is another emerging cblsed therapy. These engineered cytotoxic T
cells, initially developed to eliminate malignant cells in cancer patients, could theoretically be
engineered to destroy HHnfected cdls with great specificit(19) ¢ KS daaKz2 O]
strategy, on the other hand, is a chemotherapeutic approach which aims to eliminate the viral
reservoir through the use of latency reversing agents coupled with potent antiviral

therapeutic agents.

While some of the approaches described have shown promiseslmpnary studies, they are
all still in various stages of development and none have thus far been validated irstaige

clinical trials. There is therefore a critical need to continue to search for effective novel
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therapeutic approaches to combat HIM. order to develop these alternative strategies, we

need to have a comprehensive understanding of the interaction between the virus and the

host cell. This will allow us to identify potential molecular targets for therapeutic intervention.

Such moleculati  NHESGa&a ¢2dzZ R AyOf dzRS FI OG2N&E GKFG F N
successful infection, as well as factors through which the host cell may effectively inhibit viral
replication. By gaining a better understanding of these factors, it may eaéntoe possible

to modulate the host cell itself to be immune to infection and potentially to eliminate latent

viral reservoirs.
2. ¢KS KdzYly AYYdzy2RSTAOASYyOe @A NHz3
2.1. Fundamental biology of HIV

2.1.1. Structure and genomic organization

HIV is taxonomically classified as a retrovirus (family Retroviridae, subfamily
Orthoretrovirinae) within the Lentivirus gen@20). The structure of the virion is typical of
most lentiviruses, comprising a conical capsid surrounded by a spherical envelope with spiked
projections dispersed around the surfa(®l), (Figure 21). These projections are composed

of the envelope glycoproteins gp120 and gp41 (together known as gp160) which mediate
attachment and fusion with host cel(22). The lipid membrane surrounding the capsid is
derived from the host cell membrane from which the virion was produ@g and as such
contains several host cell membrane praotei The membrane is lined with viral p17 matrix
proteins, which stabilize the structure of the mature virion and facilitate assembly of viral
structural components at the host cell membrane during the formation of new vi{@h22)

The viral protease enzyme is packaged in the space between the envelope and the capsid,
while the rest of the viral enzymes (reverse transcriptase, integrase) as well dstoegand
accessory proteins, are contained within the capsid along with the viral geri@&)eThe
genome comprises two copiesf singlestranded positive sensebonucleic acid RNA
molecules which are coated with p7 nucleocapsid prote{@8,23) These proteins function

as chaperones that facilitate correct folding of the RR3). The entire virion is approximately

110-130 nmin diameter when fully mature@4).
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Figure 21: Structure of a mature HIV virionThe core of the virus particle is composed of capsid pretein
Enclosed within the capsid are two strands of Rbbfated with nucleocapsid proteins, which function as the
viral genome. Most viral enzymes (tat, integrase, reverse transcriptase) are also found within the capsid. The
outer envelope of the virion comjses a spherical lipid membrane. Envelope glycoproteins composed of gp120
and gp41 subunits are found on this outer membrane, as well as host proteins derived from the originating host
cell. Matrix proteins are arranged along the inner surface of the memdr The viral protease enzyme resides

in the space between the capsid and the enveldpailable fromhttps://commons.wikimedia.org/wiki/File:HlI

virion-structure en.svg

The genome, which is approximately 9.8 kb in ler{@®#27), encodes nine genegag, pol,

env, tat, rev, nef, vif, vpand vpu/vpx (22,23,25,28,29]Figure 22). Vpuis unique to HIM,

while vpxis a feature of HA2 strains(30). These genes encode the full complement of viral
enzymes, structural proteins and regulatory proteins. g gene encodes a polyprotein
precursor which is cleaved by the viral protease into structural components: pl7 matrix
protein, p24 capsid protein, p7 nucleocapsid protein, and(2K;23,28,29) Theenv gene
encodes the Env polyprotein, which is cleaved into surf@l20) and transmembrane
(gp41) envelope glycoprotein subunit82,23,28,29) Thepol gene, expressed as part of a
GagPol fusion protein, encodes the viral protease, p51 reverse transcriptase (RT) and p31
integrase enzymes as Weas pl5, which has RNase H actiy$,29,31,32) The regulatory
genestat and rev encode proteins that control gene exgssion from the viral genome
(22,28,29) The rest of the genesi€f, vif, vpr,vpu) are termed accessory genes, since they

are not technically essential for viral replicati¢?9,30) However, they do play important


https://commons.wikimedia.org/wiki/File:HI-virion-structure_en.svg
https://commons.wikimedia.org/wiki/File:HI-virion-structure_en.svg

A W N P

© 00 N O

10

11

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

roles in facilitating a favourable environment for replication to 00@%,30) The genome is
bounded by long terminal repeat (LTR) elements on either side, which are involved in
integration of the viral genome into the DNthe host cel(29,30,33) The LTR also functions

as a promoter sequence for transcription of viral ge(#%,29,34)

Reading

frame gag
g tat
1 LTR pl7 p24 p7 pb vif I nef
2 pol {VPH e LTR
3 PR pS1RT pls  p31IN gp120 gpal
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Figure 22: Genonic organization of HIVL. LTRelementsborder the genomd & 624K GKS pQ | yR
indicated in greyGenes encoding structural proteins and essential viral enzygaeg gol, env) are indicated in

blue. Genegncoding acessory proteinéindicated in greenincludevif, vpr, vpuand nef. The egulatorygenes

tat andrev (indicated in red) comprise two exons each, which are spliced together to form their final products.

Adapted from an image available frotps://commons.wikimedia.org/wiki/File:HPgenome.png

2.1.2. Classification of HIV strains based on genetic diversity

The origins of HIV have been traced to multiple zoonotic transmission events of simian
immunodeficiency virus (SIV) from nbmman primates to humans in Central and Western
Africa(13,25,35) Due to the multifocal nature of these events and the inherent mutability of
the viral genome, significant genetic variation exists among HIV strains. This haghed
formation of several suigroupings based on phylogeny. First and foremost is the distinction
between HIV1 and HIW2 strains, of which HIY is by far the more pathogenic and prevalent
(36,37) As illustrated by the phylogenetiee in Figure 23, HI\A1 is most closely related to
the SIV strains found naturally in chimpanzees (SIVcpz), while both subtypes2ofHHX2A

and HIV2B) are closely related to Slerdved from sooty mangabeys and macaques (SIVsmm)
(13,25) The group of SIV strains derived from tB&lorocebugyenus of African green
monkeys (SIVagm) are also close relatives of botR2HIND SIVsmm strains. Within HLY
there ae three groups: M (major), O (outlier) and N (n€@&7,38) Each of thesgroups are
phylogenetically distinct(Figure 23) and are believed to have arisen froseparate
transmission events of SIVci8,25,35,39)The HIVL M group is responsibler the majority

of worldwide HIV infection§35,37) Due to the extensive genetic diversity within this group,
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it has been further subdivided into 13 subtypes (Al, A2, A3, A4, B, C, D, F1, F2 G, H, J and K),

also known as clad€45,25,40)

g HIV-1
TeN|
T A HIV-1 O group
C

HIV-2B  SIVSYK
HIV-2A

SIVSMM

0.10

GRI

% Pt.t. : VER

SIV L'HOEST
SIVSUN

SIVMND

Figure 23: Phylogenetic tree of HIV and related SIV strains from various-homan primates Relative genetic

distance is indicated by the scale bar in the lower left corner. CPZ = SIV derived from chimpanzees. Strains from

two chimpanee subspecies?an troglodytegroglodytes(SIV CPZ P.t.t.) afn troglodytes shweinfuth{SIV

CPZ P.t.s.) are shown, with three geographically distinct SIV CPzLiBpdpulationsincluded (Gab, US, C8jn

SIVSMM= SIV derived from sootgnangabeys md macaquesSIVAGM = SIV derived fromAfrican green

monkeys This group includes strains from the following monkey species: TAfldrtalus VER = vervet monkey

(C pygerythru3, GRI = grivet monke{.(aethiopg, SAB € sabaeus{ L *

[ Q1 hROS{N®A &S R{ LFNR Y

monkey. SIV SUN = SIV derived from-tsiled monkeys (SIV SUNBLV MND = SIV derived from mandrills.

Available fromhttps://commons.wikmedia.org/wiki/File:HINWSIV\phylogenetietree straight.svg

The HIVL group M subtypes were historically differentiated based on variation in the

sequences of theigag and env genes(40). While classification is now performed using

sequences from all genomic regio@), most sequence divergence is still detected in the

envgene(15,37,38,41yvhich may vary up to 35% between different subtypes and up to 20%

within the same subtypd€15,41) Recombination can occur within these subtypes, during

either superinfection or cenfection with two or more straing25,38) This has led to the

emergence of numerous reported circulating recombinant forms, presently numbered at 97

strains in the Los Alamos HIV sequence datalbé®g The different HIML. group M subtypes

have distinct geographic distributior(§igure 24). HI\V1-B is the dominant form in North

America and Europé38). As such, it has received the most attention for studyhese

[ QI 2
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resourcerich settings. Circulating A/E recombinants are predominant in Southeas{383ia
while HIVV1-C is most common in s#Baharan Africa and Ind(&8). HI\V1-C is of particular
interest since it is the most rapidly expanding subtype, accounting for 60% eddditwe
individuals globally38,43) The reason for the epidemiological success of this clade compared

to others remains uncledg@3).

CRFOZ_AG

A8 HIV-A sy s

CRFD1_AE. kLB.) b
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Figure 24: Geographic distribution of different HINL group M subtypes The most prevalent
subtypécirculating recombinant formiound in each country is indicated on the world map, as per the celour
coded key. Annotations are used to indicate the presence of gihemninentsubtypesgcirculating recombinant

forms in some countries. Subtype B clearly predominates in North and South America, Europe, China and

Australia, while subtype Clisghly prevalenin southern Africa and Indialaken from Santos & Soar@s3)

2.1.3. The HIV1 replication cycle

The replication cycle of H'gummarisel in Figure 25, is acomplex process involving both
viral components and numerous host cell proteins. Successful ktiféction is initiated by
adherence of a mature, infectious virion to a susceptible host cell expressing the surface
marker @4, such a CD4I lymphocyteg(22,29) The gp120 domain of the surface envelope
glycoprotein (Env) binds the CD4 receptof22,29) Subsequent engagement of chemokine
co-receptorson the host cell surface, such asC@&hemokine receptdlCCR)ype 5 (CCR5) or
GX-C chemokine receptofCXCRbype 4 (CXCR4), induces conformational changes in the
transmembrane envelope glycoprotein gp41 that activate fusion of the viral envelope with
the host cell membrané22,29) The viral capsid enters the host cell gtasm and the capsid

proteins coating the viral genome are removét®,29) The exposed RNA genome is then

10



o 0o~ W N BB

10
11
12
13

14
15
16

converted into double stranded DNA by the viral reverse transcriptase en@229) The
DNA, in combination with several viral and host cell proteins (together termed the pre
integration complex), is transported into the nuclg@®,29) This process is facilitated by the
accessory protein Vp§22,29) Integrase catalyses the cleavage of the host cell DNA and
insertion of the viral DNAto the host cell genomé&2,29) Once integrated, the viral DNA is

referred to as a provirus.

7. RELEASE

The new virus particle is
released from the host cell,
taking with it part of the cell's
membrane, and capable of
infecting other cells.

1. BINDING

On the surface of a
T-cell, HIV binds to
a CD4 receptor
and one of two
co-receptors
—CXCR4 or CCRS.

Integrase
RNA

Reverse
transcriptase

2. FUSION

The virus fuses with the host cell
membrane and releases its genetic
material (RNA) into the cell

CD4 CCRS

Protease
5. TRANSCRIPTION 00 Sﬁ:fmmm
AND TRANSLATION %,
The enzyme RNA

(Y
polymerase makes RNA L
copies of DNA. HIV RNA % -
is either inserted into \-L\_‘ ® \/\M % '4.‘
0 ~ 4
L)
%

new virus particles or
processed and trans-
lated into HIV proteins.

N \LLL 6. AsSEMBLY
transcriptase Jf/\/\’\' \—\—“\ The long protein
. A chains are cut into
= individual proteins
. by the enzyme HIV )
p protease. A new virus Yy

D | 200000C Integrase : .
. cuts cell's / ti”pg is assembled with
DNA o NN these proteins and

3. REVERSE " 4. INTEGRATION S HIV RNA.

TRANSCRIPTION After the HIV DNA

The single-stranded HIV enters the cell’s d (
RNA is converted into nucleus, the enzyme

double-stranded HIV integrase cuts the ke )
DNA by the reverse cell's DNA and inserts

transcriptase enzyme. the HIV DNA into it.

Figure 25: The eplication cycleof HI\A1 in a susceptible CD4and CCRExpressing host cellThe lifecycle of

HIV can be summarized in the following stages: 1) binding of the virion to a hos?)ckikion of the viral
envelope with the host cell membrane and entry of the capsid into the cell, 3) reverse transcription of the RNA
genome into DNA, 4) integration of the viral DNA into the host cell genome, 5) transcription and translation of
viral geresinto viral proteins, 6) assembly of viral proteins into new viral particles which bud off from the host

cell membraneAvailable fromhttp://www.5wgraphics.com/img/gallery/Swsample020-hiv-lifecycle.jpg

Expression of viral transcripts and protein products from proviral DNA is mediated by the
transcripticnal and translational machinery of the host cell. The LTR promoter region contains

binding sites for multiple cellular transcription factors, suchnaslear factorkappalight-

11


http://www.5wgraphics.com/img/gallery/5w-sample-020-hiv-lifecycle.jpg

© 00 N O O b~ W N P

I
N R O

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

30
31

chainenhancer of activated B cells (NF. specificity protein 1 (Spl), TA®inding protein
(TBP)nuclearfactor of activated Fcells (NFAT), anactivator protein 1 (AP1), which are
located upstream of the transcription start si{22,29,34,44)Expression of these factors by
the host cell therefore facilitates initiation of transcription from the provirus. Transcriptional
elongation, on the other hand, is primarily mediated by the viral Tat protein. Tat binds the
trans-activating response (Tw0o St SYSy G Fy wb! KFANLAY F2dzy!
transcripts, resulting in stabilisation of the transcription complex and recruitment of- host
derived transcription elongation factors, the most important of which is positive transcription
elongation factor B ((TEFb}22,29,34,45) This interaction drastically increases the efficiency

of the RNA polymerase complex, enabling transcription of the entire gen(#Bg9)
Subsequent processing of the resulting viral transcripts via a complex system of differential

RNA splicing enables the production of the entire complement of viral gene psduct

Transcripts that have undergonaryingdegrees of splicing differ in the final gene products
they are able to encode. The unspliced transcripts of 9.2 kb are used for translation of the Gag
and GagPol polyproteins, and are also packaged into newly formed virions where they serve
as the genonu RNA(29,33) Another set ofncompletely splicednessenger RNANRNA
species of approximately 4 kb are produced, which are used for production of the Env
polyprotein, as well as the accessory proteins Vif, Vpr and (2piB3) The fully spliced
MRNAs (1.8 kb) encode the regulatory proteins Tat, Rev and(29e33) The relative
proportions of dfferentially spliced mRNA isoforms presesitietermined by the efficiency

of the cellular spliceosome enzymes and the relative strengths of the different splice donor
and acceptor sequences in the viral transcrif@88). Early in infection, only the fully spliced
MRNAs encoding Tat, Rev and Nef are exported to the cytoplasm for translation, while
incompletely or unspliced transcripts are degraded in the nucl&bs. resulting production

of Tat leads to an overall increase in the production of viral transcripts, while the newly
translated Rev proteins facilitate transport of incompletely spliced and unspliced mRNAs to
the cytoplasm(22,29,33) Therefore, as infection progresses, increased production of Rev
enables the transport and subsequent translation of more viral products encoded by the

unspliced and partially spliced mRNAS,33)

Translation of virgbroteins from the various transcripts is carried out by the ribosomes of the

host cell(22). Most of the protein products are sthesised in the host endoplasmic reticulum

12
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(ER) by conventional translation from a single open reading frame, with the exception of the
GagPol fusion protein which is generated through programmed ribosomal frameshifting
(29,34,46) This unusual mechanism is used by several retroviruses to enable translation of a
protein across overlapping reading frames, thereby packing more information into a genome
of limited size(47). In HIV, ribosomal frameshifting is mediated by the presence of a-stem
loop secondary structure in thgagpolii NI Yy aONRA LIG ' yR | KSEI ydzOtf §$2 i
at the start of thepol coding region(34,46) The sterdoop stalls the ribosome over the
slippery sequence, which occasidlgacauses the ribosome to move backwards by one
nucleotide. This causes -4 frameshift, forcing the ribosome into the correct frame for
translation of thepol coding region and resulting in production of the G&g fusion protein
(34,46) This frameshift occurs in only1®% of trandting ribosomes, while the majority

translate only the Gag coding regi(2il,34,46)

Assembly of new virions is initiated by movement to and localization of Gag anédbag
polyproteins, accessory proteins (Vif, Vpr and Nef), and the genomic RNA at the cell
membrane (21,22,29) The envelope glycoproteins also need to be trafficked to the cell
surface for the production of infectious virions. This is hinddrgdhe CD4 molecule, which
forms complexes with Env polyproteins in the ER as they are translated, thereby preventing
them from being cleaved into functional subunits and incorporated into new vil@229)

The accessory protein Vpu facilitates release of Env by inducing degradation (#2279}
enabling transport of Env to the Golgi apparatus where it is cleaved into gp120 and gp41l
subunits byhost cell proteasef2,29) The subunits are trafficked to the cell sagé, allowing

their assembly into envelope spikéx2,29) The expressioaf surface CD4 is inhibited by the
activities of Nef, which binds to CD4 and increases the rate at which it is internalized from the
plasma membran€29), thereby preventing further interferenceith the Env subunits. Once

all components of the virus particle are assembled at the cell membrane, the immature virion
buds off, taking a portion of the host cell membrane with it. Complete maturation of the virion
occurs after budding21), with the activation of the ival protease leading to cleavage of Gag
and GagPol polyproteins into their final protein products, which reassemble to form the

components of the mature virion, arranged in distinct lay@%,22,29)

As mentioned previously, HIV can also enter a state of latency in which viral gene expression
from the integrated provirus is repressed and no new wisiare producedl17,45,48) This is

13
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often due to the induction of transcriptional quiescence in the infected host cell. For instance,
in CD4 T cells, infection is initiated in activated cells which express the transcription factors
required for expression of viral genék7,45) However, if the cell transitions into a resting
memory cell state, the lack of these essential transcription factors renders the cellular
environment nonpermissive for viral gene expresgibn,45,48) The chromatin structure of

the surrounding host cell DNA also plays an important role in determining transcriptional
activity (17,48) Chromatin can exist as either a loose uncompacted DNA strand, referred to
as euchromatin, or as a tigih condensed structure, referred to as heterochromatin.
Heterochromatin inhibits gene expression by preventing access of transcription factors, while
euchromatin permits active transcriptiofi7,48) Another molecular mechanism which may
potentially induce latency is interference from transcription of cellular genes in close
proximity to the integratel provirus(17,48) The transcription factors involved in expressing
the host cell gene may causeclusion of the viral promoter or, if the viral genome is
integrated in the opposite orientation to the host cell gene, RNA polymerases transcribing in
opposite directions may collideesulting intruncation of nascent viral transcrip{d7,48)
Latency can generally be reversed by providing the latently infected cell with suitable
activation stimulithat lift the initial restrictions imposed upon viral gene expression
(17,45,48)

2.1.4. Viral tropism

Viral tropism refers to the ability of @rus to infect and replicate within a specific host cell
type or tissue. In the case of HIV, tropism is largely determined by the ability of the viral Env
protein to interact with cereceptors on the host cell surface which facilitate adherence and
fusion with the cell membran€22,29,49) The specificity of this interaction is determined at

a molecular level by the amino acid composition in the third hypervariable (V3) region of the
gp120 Env subunit, also called the V3 Iq@p,50,51) As mentioned previously, the most
common cereceptors which can be utilized by HIV for entry are CCR5 and CXCR4, although
several alternate coeceptors such a& protein-coupled receptor 15 (GPR1Byb, CXCR6
and CCR3 have also been identifid@,53) HI\A1 strains which use CCR5 and CXCR4 are
generally referred to & R5tropic and X4ropic respectively, while strains which are capable
of using either CCR5 or CXCR4 are referred to agrdpat. Differential levels of expression

of coreceptors in various cell types therefore affects the efficiency of viral entoytirese
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cells and determines their susceptibility to infection with strains of different tropisms. The

availability of cereceptor on potential host cells can depend on many factors, including host

specific mutations in the coeceptor genes, differentidtanscriptional regulation and/or RNA

splicing, and the quantity of natural ligands for theregeptor present that may compete

with the virus for binding50).

The tropism of the strain with which patient is infected is an important diagnostic feature,

since it can be correlated with certain characteristic behaviours and may affect treatment

efficacy. R8ropic viruses have the capacity to infect cells of the monocyte/macrophage

lineage in additn to CD4T lymphocyte subsets, such as memory cells, which express CCR5

in abundance(54¢56). R5tropic viruses generally do not induce syncytium formation,

replicate mae slowly, and can be recovered from patient cells at all stages of the disease

(54,55) X4tropic strains, on the dter hand, preferentially infect CD7Z cells, especially the

naive subset which has increased expression of CE@R4) X4tropic viruses are generally

far more cytopathic than R5 strains, with a tendency to induce formation of syncytia and

typically have more rapid replication rat€s4). They are generally observed in later stages of

infection and are associated with severe depletionGid4 T lymphocyteqg54,55) Viral

tropism also has implications for the selection of appropriate antiretroviral tresmit,

particularly in the case of entry inhibitors. These drugs function by competitively binding CCR5

(e.g. maraviroc) or CXCR4 (e.g. ABIDO), thereby selectively preventing entry of-&R&pic

or X4tropic strains respectively.

2.2.

The pathogenesis of HiWinfection can be attributed to the disruption of intricate cellular

Pathogenesis and clinicgiresentations of HIV infection

networks that leads to systemic dysregulation and dysfunction of the immune system and an

associated spectrum of AlRIgfining ilhesses. HIV infection occurs in three stages: the initial

acute infection, an asymptomatic chronic phase, and finally progression to AIDS. During the

acute phase, a few days peisfection, flulike symptoms may be experienced by the patient

as a result othe massive amounts of viral replication and activation of the host immune

response(57). Within approximately 6 months postfection, viremia stabilizes due to the

anti-viral activities of the adaptive and innate immune responses and the patient enters the

asymptomatic phase wherein viral replication continuebedlat much lower levelE7). The

@A NI f

t 21

R

[fl

0 KAaA

adalr3as ira

G§SN)YSR

idKS
15

a DA N,



oo 00 B~ W N P

~

10
11
12
13
14
15
16
17
18

19
20
21
22
23
24
25
26
27
28
29
30
31

approximately 1620 years in individuals without accessdART during which time CD4T
lymphocytes are gradually depleted and immune system functions are slowly suby&rjed

An HIVpositive individual is diagnosed as having AIDS once the TT&4 count in blood is
below 200 cells/mr This stage is associated with theegence of unusual AlBf&fining
opportunistic infections and cancers, such Riseumocystis jirovedi Yy T SO0 A2y I YR

sarcoma(37).

The depletion of CD4T lymphocytes, which play a central role in mediating immune
responses, is the primary reason for the occurrence of A¢lffed illnesses and is mediated
by several factors. The viral proteins of HIV are themselves cytopathic toTGie#s as well
as their progenitor cell§58). Furthermore, HIV infection renders the cell membrane more
permeable and therefore more fragile and susceptible to apopt{&r3 due to continued
budding of virions from the cell membran&he induction of apoptotic pathways is further
promoted due to the widespread induction of phoflammatory cytokines from viraly
mediated immune actiation (37,59) Hostmediated immune dysfunctions, such as
production of antiCD4 autoantibodies(37)and the cytotoxiq60)and autophagic activities
(61) of other immune cells directed against Cl2élls, may exacerbate cell loss. Finally,-HIV
associated destruction of bone marrow and lymphoid tissue inhibits restoration of depleted

CD4T cells, making the eventual decline into complete immunodeficiency inevitable (8).

In addition to its debilitating effect on the immune system, HIV infection can be linked to
dysfunctions in almost all other host systems. HIV pathogenesis can ntanifes
haematologically in the form of anaemia, leukopenia, thrombocytopenia or even
pancytopenia(62) The causes of these cytopenias are multifactorial, including direct
infection of blood cells, inflammation, malnutrition, malignancy, and
antiretroviralchemotherapy administration(62). HIV may also impact on haematopoiesis
through direct infection of progenitor cells, or via indirect mecisams, such as altered
cytokine levels, which impact the bone marrow microenvironmgff). HI\irelated
enteropathy, anorexia, malabsorptioand deficiencies of iron, vitamin B12 amitamin B9

are frequently observe@62,63) Lipodtrophy is another common emorbidity associated
with HIV infection which is characterized by wasting, redistribution of adipose tissue,
dysregulation of lipid metabolism and possible development of insulin resist@4de HIV

may also have neurological effects, manifesting asd$Bociated neurocognitive disorder,
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which afflicts 4670% of infected patient§65). Without treatment, HIMnfected individuals

often present with sukacute dementia, sensory neuropathy and vacuolar myelop &y,
usually resulting from underlying acute encephali@8). cART itsel€anexacerbate many of
these symptoms, with different classes of antiretrovirals having various adverse effects as
reviewed by Shibuyama and colleagues (2@0%)Reverse transcriptase inhibitors have been
reported to cause peripheral neuropathy and lipoatrophy; #mrcleoside reverse
transcriptase inhibitors have been linked to hepatotoxicity, and protease inhibitors have been
associated with wide range of siddfects including lipodystrophy, hyperglycemia and

gastrointestinal disruptior(9).

The rate of viral progression can vary streally from patient to patient. Based on this,
patients can be divided into three major groups: 1) rapid progressors, in which the transition
to AIDS occurs within three years following infection and seroconversion; 2) intermediate
progressors in whichlBS develops between 3 to 10 years; and 3)-@mgn nonprogressors,

in which viral replication is controlled to such an extent that CD4 counts remain stable for
many years, even in the absence of antiretroviral thergp®,67) These progressor
phenotypes are correlated to the viral set point, with higher viral set points generally leading
to more rapid progressiorf66,67) In some longerm nonprogressors, the viral load is
maintained at undetectable levels (below 50 HRMA copies/mL) in which case they are
a2YSGAYSa NBFSNNBR ®® THese palichtt haveSbeed 2xfeitdN@yf f S NE
studied with the aim of discovering mechanisms to control viral replication in other patients.
Another group of interest is Hi&&posed, but uninfected patients. In several of these cases,
resistance to infection can be attributed to the presence of @2 mutation in the CCR5-co
receptor gene which inhibits entry of Rfpic viruses(68). Following the discovg that a

bone marrow transplant from p32 homozygous donor to an Hpésitive recipient resulted

in the eradication of HIV in the recipiefwidely known as the Berlin patien9), efforts are

currently underway to replicate this cure using gene therapy approaches.
2.3. The role of viral genome diversity and plasticity in the dynamics of HIV infection

The extreme divergr in the HIV1 genome across different strains is as a result of an
extraordinarily high rate of mutation, coupled with short generation tin25). The small

genome contributes to rapid viral replication, resulting in an average replication dyjlsto
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1.2 dayq(70). Each round of replication produces an enormous number of progeny viruses,
leading to an estimated 1x1®virus particles being produced per day in the average infected
individual (70). In vitro mutation rates for HIVL have been reported to be in the region of
2x10° mutations per genome per generatioff1¢73). In a recent study by Cuevas and
colleagues (2015), thin vivogenomewide rate of spontaneous mutation in the DNA of
peripheral blood mononudear cells (PBMNCs) was quantified by examining the frequency of
premature stop codong74). This revealed a mutation rate of 4.1%1@er base per cell, a
record rate unmatched by any other organism or virus according to the authors of the study
(74). A subsequent study by Zanini and colleagues (2017) using whole genome deep
sequencing estimated thim vivorate to be 1.2x16 mutations per site per dag75), which

was more closely correlated to previoumsvitrofindings.

The high mutation rate is affected by several fact@@ne intrinsic to the virus itself, and
others arising from host cell activities. First, the HIV reverse transcriptase enzyme, which
catalyses the conversion of the RNA genome into DNA, has no proofreading ability to repair
incorrectly added nucleotide$71,74,76) Second, host cell enzymes belonging to the
apolipoprotein B mRNA editing enzyme, catalytic polypepliikke 3 (APOBEC3) family have
been reported to mediate genomic editing, resaf in the induction of base substitution
mutations throughout the viral genomé4,77,78) However, this effect is inhibited by the
viral accessory prote Vif, which functions by targeting the APOBEC3 enzymes for
degradation via the host cell proteasome thereby preventing lethal hypermutation of the viral
genome(74,77) Lastly, the viral genome can undergo retroviral recombination when a single
cell is infected by two or more different viruses, resulting irpeckaging of two different
RNA genomes into progeny virug&s,79) When the resulting genome is reverse transcribed

in the next host cell, the reverse transcriptase switches between both templates leading to
production of a chimeric DNA provirus with elements of both pteiegenomeg78). The rate

of retroviral recombination of HRL has been estimated at approximately 1 to 3
recombination events per genome per generat{@®,81) or 2% per kilobase per genexati

(79).

As a result of these mechanisms, each round ofHt¥plication leads to a wide variety of
progeny viruses which have undergone extensive mutation and/or recombindtenvaried

progeny strains arising from mutation of a parent virus are referred to as viral quasispecies
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(82,83) Given the rapid mutation rates in the viral genome and the huge numbers of viruses
produced by each infected cell, the numbers of different quasispecies generated in a single
patient is immens€25). These quasispecies undergo microevolutionary processes within the
environment of their host, leading to selection of the most fitagispecies, and the rapid
emergence of strains adapted to overcoming potential obstacles to further replicéti®n

The genetic diversity of HYVis theefore key to its ability to evade the immune responses of
the host and to adapt rapidly to environmental chan@2s,78) This leads to circumvention

of treatment strategies and the evolution of resistance to antiretroviral drugs. Furthermore,
as mentioned previously, the extremely variable nature of the envelope glycoproteins has
stymied the development of effective vaccines, since the probability of devejapiaccine

that elicits a sufficiently broadpectrum response to be able to recognize the multitude of

envelope protein mutants present in the HI\population is extremely lo\{d4¢16).

A growing body of evidence suggests that the inherent genetic diversity among different HIV
1 subtypes may affect many of their biological properties. This could mean that research
performed on model HAZ-B strains may not be applicable to the rBrstrans which are far
more prevalent globally. For this reason, this study is focussed oi-BIMvith the aim of
potentially identifying differences in the host cell responses to infection compared td-HIV

B. Structurally unique features of HMC include greater number of binding sites for NF.

in the LTR37), a truncation in the Rev protein, and an insertion of five amino acid residues
the Vpu protein(43), as well as extensive differences in the Env profé8). The increased
numberof NF . O0AYRAY3 aAidSa FyR (KS wS@ {NXzy Ol (A:
viral gane expressiolrf43). The protease of HIY-C also possesses several amino acid variants
compared to subtypes A, B and D, which could affect its function. Indeed, thé-ElIV
protease has been shown to have higher catalyticificy than the HAZ-B protease and

has greater diversity in its cleavage sité3). In contrast, the HAZ-C reverse transcriptase is
less efficient compared to other subtypé€43) This couldoe the reason for observations
made usingn vitromodels, in which subtype C viruses have been demonstrated to have lower

replication fitness than other types in both helper T cells and PBM#&R)s

In addition to subtypespecific differences at a molecular level that can affect replication
efficiency, subtypes may differ in other important phenotypic characteristics, such as

transmissibility, tropism, virulence and development of drug resistance. Despite having
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decreased reptation capacity, clade C strains appear to have higher viremia set points during
chronic infection and higher virus levels in genital fluids compared to other strains, which may
enhance sexual transmissi@¢87). An interesting difference between HIVB and HIVI-C is

the increased tendency of HiB to undergo tropism switching. HIMB infection is primarily
initiated by CCRA4itilizing viruses, which subsequently evolve into dtralpic strains and
finally make the conversion into full Xebpic viruses via ongoing mutation in tkeavgene

with each round of replicatio(87,49) In contrast, most isolated HA/C strains are RBopic

at all stages ofdisease, although X4and dualtropic strains have also been observed
(37,49,84) Perhaps because of this pattern oft@@epta usage, many HFV-C strains appear

to be slightly less cytopathogenic than other cla@®). This may further enhance their ability

to persist for long periods in an infected host cell and spread to others. Another importan
difference between subtypes is variations in mutational patterns across the genome that
affect the development of resistance to specific antiretroviral drugs through different
pathways(13,85,86) This means that certain classes of antiretrovirals may be less effective

in the treatment of HIV1-C strains compared to others.
3. /5 OStfm AYWRSOLAE2Y
3.1. Fundamental CD4T lymphocyte biology
3.1.1. Origin, development and differentiation of CDZ lymphocytes

CD4 T lymphocytes are specializegopulation of immune system cells characterized by co
expression of the T cell receptor (TCR) complex, which enables recognition and response to
foreign peptides, as well as the CD4receptor. Like all blood cells, they are ultimately
derived from faemaopoietic stem cells (HSCs) found in the bone marf®v89). From this

basal cell type, a common lymphoid progenitall arises which is able to differentiate into

all lymphocyte lineages, including T lymphocytes, B lymphocytes and natural killer (NK) cells
(87¢91)Figure 26). Immature TFcell progenitorsmigrate from the bone marrow to the
thymus. Upon entry into the thymus at theorticomedullary junction these cells (now
termed thymocytes) undergo lineage specificati(®®). At this stage, the thymocytes are
double negative (DN) for both CD4 and GP3). The DN population can be classified into
subgroups based o&D44 and CD25 expression. The COB25 (DN1) cells comprise a
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heterogenous group that have the potential to differentiate into multiple lymphoid lineages
including T cells, NK cells, dendritic cells, macrophages, and B2¢IEhe DN1 population
can be further subdivided into five subsets (DM)éased on CD117 and CD24 expression
(92). Of these subsets, the CDI1@roups (DN1la, DN1b) are most likely to undergo
specification to the Tell lineage and become CD&D25 (DN2) cell§92).

Hematopoietic
stem cell

| |

Megakaryocyte Lymphoid
erythrocyte progenitor progenitor
Myeloid
. progenitor
] [ ]
o
2 $ O 0 ¢
Mega- Erythrocyte T cell Bcell NKcell
karyocyte

e & © X

Neutrophilic Eosinophilic Basophilic Monocytic Dendritic
cell cell cell cell cell

Lymphocytes

PMNs / granulocytes PBMCs/agranulocytes

Leukocytes

Figure 26: Blood cell lineages that arise from hematopoietic stem cefisom the basal haematopoietic stem
cell, megakaryocyte erythrocytemyeloid and lymphoid progenitors arise. The megakaryocyte erythrocyte
progenitor can differentiate into either of these two cell types. The myeloid progenitor gives rise to a diverse
array of cell types, including granulocytesitrophils, eosinophils, basophils) as well as monocytes and
dendritic cells. The lymphoid progenitor gives rise to B and T lymphocytes as well as natural killeMd¢lts.
polymorphonuclear leukocytes PBMCs = peripheral blood mononuclear cellAvailabe from:

https://lwww.miltenyibiotec.com/GBen/resources/macshandbook/humancellsand-organs/humancelk

sources/blooghuman.html

The DN2 cells can give rise to both conventibnal ¢ OSftf axX Ay HKAOK
TCR and TCR subunits, as well as the functionally distinct ¢ OStf &ddzoaSidxz
TCR I YR ¢4/ ded(82y BN2 &ells migrate through the thymic cortex towards the
capsule and undergo rearrangements of the TCR gene segn@®2)s TCR gene

rearrangement is a complex process that is essential for generating variability in the antigen
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binding variable reigns of the TCRAt the DN2 stage, onlJCR X -¢/ Wwy R ¢I/Sw S a
undergo rearrangement92)® / 2 YYAGYSyd G2 GKS hi ¢ OStt fA
of DN2 cells to theCD44CD25 (DN3) stagg(92). Selection of DN3 cells in whidiCR
rearrangement was successful occurs via the formation of alf@® complex consisting of a
temporary pre¢ / wh  adzdzyAd |a&da20AF SR gAGK GKS ySgf
against apoptotic cell deatf92). This process also induces downregulation of CD25, resulting

in a transient CD4€D25 population (DN4) locatedhithe subcapsular region of the thymic

cortex (92). The DN4 population subsequently upregulates both CD4 @i t€ yield a
double-positive (DP) population in whicfCR* 3Sy S NBF NNX)ISYSy i 200dz

CD4+

¢
[
@

TCR-B gene TCR-a gene
rearrangement rearrangement
- ) - ¢ . g
D~ D~ D D —,9
] » Pre-TCR-B 9
| dependant
CD44+ CcDAad+ CD44- CD44- CD4+
CD25- CD25+ CD25+ CD25- CD8+

CD8+

Figure 27: Specification of immature thymocytes to the @Dand CD8T cell lineagesimmature thymocytes,

which are doublenegative (DN) for CD4 and CD8, undergo differentiation through TD#% (DN1),

CD44CD25 (DN2), CD44CD25 (DN3), andCD44CD25 (DN4) stages. At the DN3 stage, ICR ISy $
rearrangements occur. Only cells possessing successfully rearrangd@re NS OSLJi 2 NE & dzNWA @S
DN4ATCR NBI NNJ y3ISYSyid 200dz2NA 2 ypossive{(IRPET t6 Sinaf specificaticho 6 S O2 Y &
either the CD4or CD8 single positive lineages occurs from this DP precursor.

hyOS aLISOATA Ol idll dintage iy Godnpleted By progressibn through the
aforementioned stages, DP cells undergo simultaneous positive and negative selection in the
cortex of the thymug92). DP cells interact with sedintigens complexed to either human

leukocyte antige{HLA) class | or class Il, which presented on the cell surfaces of thymic

antigen presenting cell§93). Cells with negligible affinity for Hiaktigen complexes diby

neglect, due to a failure to induce signalling, while cells that bind with extremely high affinity
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are actively destroyed by apoptos{93). In contrast, cells that bind the Hiaktigen
complexes with intermediate affinity are preserved. Thymocytes that survive this selection
process are therefore able to respond to Hh#ptide complexes witout being overly
responsive to seléntigens, which could lead to autoimmune responses. The selected
thymocytes become single positive for either CD4 or CD8 and undergo differentiation into
either helper (CD% or cytotoxic (CD8 T cell lineage@2,93) Maturation to fully functional
naive T cells, as well as further negative selection againstesaifive cells, occurs in the
medulla of the thymug92,93) Once matured, CD4and CD8T cells leave the thymus and
enter the circulatory systen92,93) where they account for 70% of all peripheral blood
lymphocyteg88). It should be noted that, in addition to i ¢ se&d dth&rhorclassical

T cells also develop in the thymus. These include the aforementionddcells, as well as

natural killer T (NKT) cells and natural regulatory (nTreg) T(86¢/32).

In order to diferentiate further, naive CD4ymphocytes of the helper T (Th) lineage must
first be activated. Activation is induced upon interaction of the TCR to its cognate antigen,
presented by HLMN which is expressed by professional antigeasenting cell$90,94) This
generally occurs in theecondary lymphoid organsgleen, lymph nodes, mucosal lymphoid
tissue) where large numbers of dendritic cells (DCs), which are the preferred antigen
presenting cell for naive T cells, are pred@@,94) The initial activation signal is augmented
by a cestimulatory signal which is spped through the interaction of a estimulatory
receptor with corresponding ligands on the activating antigeesenting cel(90). CD28 is
the most common cetimulatory recepor found on naive T cells, although others such as
inducible cestimulator (ICOS), CD2ZP137and OX40 may also be usg@®0). Common ce
stimulatory ligands include CD80 and 8BDboth of which are found on dendritic cells.
Engagement of the TCR with concurrenistionulation induces a signal transduction cascade
mediated by the CD3 complex associated with the (BO®5)that leads to proliferation and
differentiation of the activated CD4 cell into a clonef effector cells (#rg with specificity

for the activating antiger{95). Activated effector cellsra responsible for migrating to the

site of infection and responding to the activating antigen.

CD4 Th cells may differentiate into one of many functionally distinct effector subsets,

depending on the conditions under which activation occurs. To date,fa¢Howing seven

subsets have been identified: Thl, Th2, Th17, Th9, Th22, Tfth (follicular helper T cells) and
23
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inducedregulatory T(iTreg) cell$95¢98). Differentiation into one of these subsets is primarily
determined by the various cytokines present in the activation microenvironment. These
cytokines are largely dependent on the type and activation state of the anpigesenting

cell mediating activabon (90). Effector T cells are shelived, lasting only long enough to
eliminate the activating pathoge{®5). Asubset of the progeny produced from proliferation
following activation transition into lonlved memory cells, which have the ability to respond
rapidly upon reexpacsure to the same stimulu@5,99) Memoly cells may be found in the
secondary lymphoid organs, in which case they are referred to as central memory Toaglls (T
or in the infected tissue, in which case they are referred to as effector memory T egdls (T
(95). Effector memory T cells can transition back to effector cells with relative ease, while
central memory cells can only be reverted uperexposure to the same pathogenerg Tem

and Tcm CD4 T cell populations can be identified through differential expression of CD25,

CD45RA, CD45R0 and CD(®Bj(Figure 28).

APC
Re-exposure to

MHC same antigen
‘\ o
TCR Antigenic /_\

peptide
—_— _—

TN TEFF TCM
CD25- CD25+ CD25+
CD45RA+ CDA5RA+/- CD45RA-
CD45RO- CDASRO+/- CDASRO+
CD127+ CD127- CD127+

CD25-
T CD45RA-
EM
CDASRO+
CD127+

Figure 28: Functional differentiation of naive T cells upon activatioMaive T cells (TN) are activated into
effector T cells &g upon exposure to aantigen presented by an antigegresenting cell (APC). Effector T cells
can transition into either effector @) or central memory @v) T cellsAdapted fromGolubovskayat al.(2016)
(95)
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3.1.2. Functional roles of CD4 lymphocytes

CD4 T lymphocytes are considered master regulators of the adaptive immune response,
although they also interact closely wittells of the innate immune system. Their primary
mode of operation is through the production of specific cytokines and chemokines which
coordinate the responses of other immune cgl®9,91,96,98) However, they also utilize
direct celtto-cell interactions for theinduction of celmediated and humoral immune
responses, though the activation of CD&totoxic T lymphocytes and B lymphocytes
respectively(88,89) The precise mechanism by which CD4ymphocytes regulate other
immune cells is determined by the subset to which they belong (Thl, Th2, Th17, Th9, Th22,
Tfh, iTreg), since each subset produces a different set of effector cytdkiigese 29). These
specializedsubsets develop in response to the cytokine environment of the tissues in which
they reside. These environmental cues result in the induatibwarious signal transducer

and activator of transcription (STAT) family members which are responsible for triggering
expression of lineagsepecific geneg90,96,98) The roles of each of the seven CD4
lymphocyte subsets derived from the classical Th lineage in modulating immune responses

will be discussedithe section to follow.

Th1 cells are generally recognised as a primarilyiftammatory CD4T cell subsef90,91)
They are induced by the @kines interleukin (IL) 12 and interfer@ghi-N)!, which activate

signal transduction pathways leading to upregulation of the Th1l master regulator géee, T

(90,91,98) The principal cytokines induced byb@t expression are IFN X { dzY 2 dzNJ y S ON

FLOO2NIU |63689,81,95)A positive feedback loop is thus formed from Th1l cells

produchg IFN' g KA OK A G A Ydz F G§Sa (JoRNITH EehNslae gasticuRily T F S NB

important for the response to intracellular pathogens uas Mycobacterium tuberculosis

(91). The INF (i KSé& &aSONBGS A& AYLEZNIIID)arRdw | O A ¢

increasing expression of Tdike receptors (TLRs) on innate immune c€@S). Il-2 is
important for T lymphocyte activation and is involved in the ability of ‘@Bl to transition
to memory cells(91). The dysregulation of Thcells has been implicated in several

autoimmune diseases and other chronic inflammatory conditi@®1is.
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Figure 29: Differentiation of naive T cells into various effector subsets following activatidine cytokines
present at the time of activation (indicated as coloured dots) lead to the stimulation of the various effector

phenotypes, each of which secrete a specifitaf effector cytokines (indicated in the grey boxes).

Th2 cells, on the other hand, tend to release antiammatory cytokines that counteract the
activities of Thl cells. The production of Th2 cells is mediated 4y Wwhich induces
expression of themaster regulator GATAS, via STAT 6 mediated signé&li)gThe major
cytokines of this subset ate-4, I11-5, 11-:10 and 113 (91,98) As for INF in Thl cells, Th2 cells
possess a positive feedback mechanism mediated 4y Which is both a product and a
differentiation stimulus for this cell typ@1). The primary role of Th2 cells is the induction of
immune defences against extracellular parasites, such as heln(@i88) They also play a
causative role in allergic reactions and asth(®4,98) IL-4 is critical for B lymphocyte
function, as it mediates immunoglobulin class switch{8d) IL-5 stimulates eosinophil
recruitment to the site of an infectio(®@1), while IL13 is critical for elimination of helminthic

parasiteq91).

The Th17 subset, like Tleells, is primarily pranflammatory although they secrete different
effector cytokines. Differentiation into the Th17 subset consists of three stages: 1) initiation

by exposure tdL-6in combination withi NI y & F 2 NY A y 3 (TAMN)R2painilifcalionO (i 2 NJ |
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due to exposure to 21; and 3) stabilization due to sustainee2R production(90,97) All

the aforementioned cytokines activateTAT, leading to expression of Retinoic aoaliated

2NLIKFY NBOSLII2NI * ¢ owhw! ¢0X gKAOK TFdzyOuAazy

(90,97,98) RORT-expressing Th1l7 cells secretel7A, IE17F, 121, 122 and 126
(90,91,97) The main function of these cells is to control immune responses towards
extracellular bacteria and fungi through the activities of their cytokine prod(8s91,95)
IL-17A is a pranflammatory cytokine that induces release of other inflammatory signalling
molecules such as-B.and IE8 (90,91) IL-:17A and £17F are both involved in activation of
neutrophils in response to bacterial and fungal patéog (90,91) I-21 induces pre

inflammatory responses from CDB8 cells, B lymphocytes, NK cells and @G®1)

The responses of Th9 cells, which secret® ks their primary cytokine, were initially
attributed the Th2 subset before being recognised as a distinct cell type. This is béwause
signals leading to Th9 responses overlap significantly with Th2 si@&IsTh9 cells are
primed by exposure to #; however, I£9 production is only induced in the presence of TGF

i (96). Unlike the previously discussed subsets, no master regulator has yet been identified
for Th9 cells. However, it has been established that STAT6 (induced as a resudt of IL
stimulation) plays a critical role in priming cells for Th2/Th9 differentiatiohile TGP
induces SMAD proteins that alter the STAT signalling response away from the classical Th2
pathway and ultimately leading to induction of-9L(96). The Th9 subset is involved in
recruitment of mast cells and eosinomilthe expulsion of helminths, and has also been
implicated in the development of allergic disea$@8,98) Th9 cells have beeshown to have
potent antitumour activity, although this seems to be restricted to solid tumours such as
melanoma and adenocarcinomé6). Conversely, Th9 cells have been implicated in

promoting other cancers, such as lymphon(@s).

The Th22 subset is characterized by secretion of particularly high levels of its prototypical
cytokine, IE22, and downregulation of cytokines typical of other subsets such as [EM L [
and 1117 (97,100) Differentiation into this lineage is mediated by engagement of the aryl
hydrocarbon receptor (AHR) transcription fac{ei7,100) Cells which express receptors for
IL-22 are generally noimmune cells found at barrier surfaces, such as the skin,
gastrointestinal tract and the respiratory systgav,100) IL-22 is implicated in antimicrobial

responses, particularly against bacteria suchvhgobacterium tuberdosisand Klebsiella
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pneumoniae (97). For example, in skin Kkeratinocytes,-2B. causes upregulatn of
antimicrobial molecules such asdefensins, psoriasin, and calgranuli{®¥). This cytokia

also appears to be related to viral responses and facilitates viral cleaf@ncén interesing

side note is that that patients which demonstrate resistance to-H&ppear to have elevated
IL-22 levels(97). 1122 also appears to play an important role in wound healing and tissue

repair(97).

A relatively high proportion of the total Th cell population belongs to the Tth subset, which is
generally located in lymphoid tissué®7). The primary function of Tfh cells is assisting in the
activation and differentiation of B lymphocytes as they mate8,101) They play an
important role in the establishment and maintenance of germinal centres, in which
differentiation of naive B lymphocytes into plasma and memory cells takes place following
exposure to antigenic peptide®8,101) They are essential for processes such as isotype
switching, somatic hypermutation and affinity maturation, which are crucial for normal B cell
development(101) They exert regulatory funicins through the secretion of soluble factors
such 121, I4 and GX-C motif chemokineligand (CXCL 4, as well as through direct
interaction with B cell§101) Differentiation into this lineage is mediated bydlin the
absence off GF (98,101) The expression of the primary effector cytokine2ll, is induced

by theB cell lymphoma @ct6) transcription factor, which functions as the master regulator
for this subse(98,101)

The functions of the Treg subset include suppression the responsdw dfther subsets
through the induction of negative regulatory pathways and the establishment of self
tolerance(91,98. Treg cells can be split into two groups, the naturally occurring nTreg cells,
which arise preifferentiated from the thymus, and the iTreg subset which differentiate upon
exposure to cytokine signalling during interaction with an antigegsentingcell, like the rest

of the Th subsets. The differentiation of iTregs from naive T T@dlls is induced by TGF
signalling in the absence of pioflammatory cytokines(91,98) TGEF | O A @I G Sa
signalling pathways that promote expression of the iTreg master regulator, derkdead

box P3 (Foxp3P1,98) Tregs produce suppressive cytokines, includingiT&GFLOLapd 1E35
(91,95) IL-10 is a potent inhibitor of Thl differentiation, and also inhibits dendritic cell
activities (91). Tregs also supressta@tion of other T cells by direct ceb-cell contact,

through the action otytotoxic Flymphocyteassociated protein 4GLTA4). This ligand binds
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to CD80/CD86 on antigggresenting cells, preventing the induction of CBf#8diated

costimulatory signal.

3.2. The response of CDZ lymphocytes to infection with HAM

The cellular response to infection constitutes a mosaic ofdittted events, which promote
replication mediated by the activities of viral proteins, and hdisected events which
attempt to limit viral replication. In a successful infection, the i{dIkécted responses
counteract or undermine the defence responses of the host cell, allowing the virus to take
control. CDAT lymphocytes have long been recognized as being the predominant target for
infection by HIVL, and the progressive depletion of this cell population is a hallmark of HIV
pathogenesig37,102) CD4 T lymphocytes possess several qualities that make for a highly
favourable environment for HFY replication, such as ample surface expression of recsp
required for viral entry as well as expression of transcription factors essential for viral
replication (22,29) Infection of CD4T cells with HIAL leads to widespread modulation of
cellular processes, including transcriptional and translational regulation, cell cycle regulation,
immune functions, cellular metabolism, astress response mechanisr¥4,59,108107).
Ultimately, most cells are unable to withstand the combined effects of the various stresses

imposed by the viral alaught and frequently undergo apoptosis.

A trait that is common to all retroviruses, including HIMs the subversion of the host cell
biosynthetic machinery for viral replication. Infected CD4ymphocytes display modulation
of a diverse array of trascriptional control networks, as well as alteration of translational and
protein trafficking pathways. HIV appears to suppress overall synthesis of host cell mMRNA in
favour of viral transcript expressiqi04,106,108,109)This is primarily deito the activities

of the viral Tat protein, which functions as an extremely potent transcription factor and co
opts essential host transcription elongation factors to drive viral gene expre&22029,45)

In addition to transcriptional dysregulation, HIMnfection is associated with inhibition of
host protein translation and dominance of the translation of/structural proteing108)
This effect can be attributed to the HiMmediated arest of the cell cycle in the G2/M phase
(108) In this phase, translation of celultranscripts (and fully spliced viral transcripts) is
suppressed due to the limited activity of the essengiakaryotic translation initiation factor

4E €IF4B, a cytoplasmic cap binding prote(h08) The unspliced viral mMRNAs that encode
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late stage viral products are exempt from this limitation, due to retention of nuclear cap
binding complex components that allow elF#iEependent initiation of translatiori108) In
addition, a study by Kleinman and colleagues (2014) showed that thdl iHfgction is linked

to impaired ribosome biogenesis in the nucleolus, which could lead to further inhibition of

translation.

Dysregulation of cell cycle signalling is a marleadure of HIVL infection. It has been well
established that the accessory protein Vpr is responsible for inducing the characteristic arrest
of the cell cycle at the G2/M phase checkpoint, which prevents infected cells from entering
mitosis(108,110,111)The currently accepted mechanism by which Vpr affects the cell cycle
is through inactivation of cyclidependent kinase 1 (CDK1), which is associated with cyclin B
and regulates the G2/M transitiof111) Vpr does not interaawith this complex directly but

has been shown to interact with an upstream regulator, protein phosphatase 2A (PP2A)
(111,112) PP2A controls phosphorylation @l division cycle 2320C2pand WEE1, which

in turn control activation of CDK1 as positive and negative regulators respecfidliyl 12)

Gene expression studies in HI\infected CD4T cells have demonstrated upregulation of
WEEL1 and other negative regulators of CDK1, suchyatin transcription factor 1IMYT2J
(102,113) Upregulation of 148-3 proteins and CHK kinases, whiehdtivate CDC25, as well

as direct modulation of CDC25 itself, have also been repd8a,113) It isimportant to

note that cell cycle arrest can also be initiated by the host cell itself as a response to DNA

damage, through the p53 pathway, ultimately leading to the induction of apop{b$113)

Immune activation of CD4T lymphogtes plays a central role in the life cycle of HI\As
described previously, the expression of HIV genes requires the presence of host cell
transcription factors induced as a result of T cell activation for which there are response
elements in the viraLTR, such as NB, NFAT and AP(22,29,34,44)It is therefore not
surprising that studies examining the transcriptome of -ifécted CDAT cells frequently
identify upregulation of both these transcription factors as well as the genes under their
control (44,114116) HIV1 further exploits these pathways through mechanisms that
enhance expression of activati@ssociated genes. For instance, Nef is recruited into the
immunological synapse and promotes expression of NFATEBNHRterferon regulatory
factor 1 (RF 1, IRR2, F® and Jur{114,117) Nef also appears to induce production of the
essential Tat cofactor, cycldependent kinase 9 (CDK9), thereby enhancing viral gene
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expression furthe(114) Tat itself can promote activation and proliferation of surrounding
bystander cells through upregulation of-21(118,119) thereby providing a continuous pool

of new cells to infect.

In addition to promoting inappropriate activation signalling, HI¢an have marked effects
on other immune ekctor functions of CD4T lymphocytes. HHAfected patients present
with an imbalance in the ratio of pamflammatory and antinflammatory cytokines produced
by the various Th cell subs€#4,120) Ingeneral, HIMnfected CD4T cells express cytokine
profiles consistent with the prinflammatory Thl and Th17 cell subsets, rather than the Th2
type (44). These perturbatins in cytokine networks contribute to the overall dysregulation
of immune system functioning and chronic immune activation that is often associated with
HI\A1 infection. In addition to modulation of cytokine secretion, HI\¢an mediate the
downregulationof HLA class I, thereby preventing the induction of CTD8ell and NK cell
responses against the infected c€l21,122) HLAA and HLA are affected by NeflL22)
while the downregulation of HLE& is mediatedy the activities of Vpyl121,122) Genes
relating to motility and chemotaxis also appear to be affected in infected*dDdells
(106,107) which may impair their ability to migrate to sites of infection and facilitate immune

responses.

CD4T cells do, however, possess antiviral mechanibmmisare activated as a result of HIV
infection, which may ameliorate some of the deleterious effects and slow viral replication.
Many transcriptomic studies have identified defence response genes to be functionally
enriched in HIMnfected CDA4T cellsthe most important of which are interferons (INFs) and
interferon stimulated genes (ISG4pP7,115,128125) Interferons are innate immune system
signalling molecules produced in response to viral/microbiadidn (126) The binding of
IFNs to their corresponding receptors initiates signalling through Jdweus kinase signal
transducer and activator of transcription (FSKAT) pathway and consequent activation of
ISGK126) ISGs maglirectly interfere with pathogen functioning, or may enable elimination
of the infected cell through wuction of p53dependant apoptosis and exertion of
immunomodulatory effects on other immune cgl26) ISGs upregulated in response to HIV
1 generally includdghose induced by Type | interferor(g.g. INF* ~ -il),ls@h as Mx
proteins oligoadenylate synthetase (OAS) family members, and interferon regulatory factors,
such as IFN (125) Early in the infection processjl\tinfected CD4T cells present with
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increased expression of INF ¥l YAt & Y SYo(fORKE4) Upfdgulatiork of
interferons and ISGs becomes more pronounced in the chronic phase of infection during

which viral replication is more efficiently controll¢t07,124,125,127)

HI\:1 has also been shown to modulate diverse aspects of the metabolism 6fTCEls,
particularly with respect to glucose and lipicetabolic pathway$59,113,128,129)Nef plays

a particularly important role in the modulation of cholesterol metabolism, through
upregulation of genes involvad cholesterol uptake and intracellular biogene@29131)
Cholesterol is an essential component of lipid rafts, whichspecializednicrodomains of

the lipid bilayer of cell membrangd29,130,132) They have been shown to be essential in
the viral life cycle, enabling concentration of viraustural components in defined regions
during virion assembly and buddi(i$§29,130,132and by acting as platforms for viral entry
which facilitate receptowirus interactions (129,130) Metabolism of lipids other than
cholesterol may also be affected by HiMnfection. A proteomicbased study identified
several proteins involved in enhancing free fatty acid, taghide and lipoprotein synthesis,

as well as regulation of lipid transport and lipid oxidation that were modulated by HIV
infection in a human T cell lin@33) These findings corroborate clinical studies in which
elevated triglyceride and lipoprotein levels were detected in treatraeaitve HIV patients
(134,135) This dysregulation of lipid metabolism leads to the presentation of lipodystrophy
in HIViinfected patients, and is exacerbatéy severahntiretroviraltreatments, particularly

protease inhibitor{133;135).

Another proposed mechanism of HIVpathogenesis in CD4 lymphocytes is metabolic
exhaustion that arises as a consequet interactions between prinflammatory activation
signals and glucose metabolism. A key gene linked to both increased metabolic activity and
HI\tinfection is glucose transportgiGlut) 1 (59). This gene mediates the transition from
oxidative phosphorylation, carried out in resting T cells, to the less efficient aerobic glycolytic
pathway used in activatecklls in response to inflammatory signéd®). Since activated CbD4

cells have inherently low energy serves and predominantly make use of adenosine
triphosphate (ATP) in biosynthetic rather than metabolic pathways to support cell
proliferation (59), the Glutl-mediated transition to glycolysis renders them highly
susceptible to metabolic exhaustion and eventual cell d€&#). In addition to Glutl, other

genes relating to glucose metabolism have been shown to be upregulated by HIV, including
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Glut-3, Glut4, Gluté and Hexokinasé (128) Modulation of these genes in Hinfected cells
results in abnormally high levels of glucose uptake, which induces oxidative stress. In addition,
enhanced glucose uptake is associated with upregulation of CXCR4 expression, allowing for

increased entry of Xtropic strains(59).

As mentioned in the preceding discussion, apoptosis is often the ultimate consequence of
infection of CD4T lymphocytes. This occurs as a result of multifactorial stresses imposed by
the activities of the virus, including dysregtibn of normal cellular functions due to cell cycle
arrest, genotoxic stress as a result of viral integration, oxidative stress, and metabolic
exhaustion. In one of the first transcriptomic studies of-Hifécted CD4T cells, Corbeil and
colleagues (20D observed the increased expression of proapoptotic genes belonging to the
p53 apoptotic pathwayl104) Since thenmany other studies have highlighted modulation of
apoptotic genes as one of the most pronounced features of the transcriptome ahfé¢iated

CD4 T cells (44,105,106,113,136) Frequently reported pr@apoptotic genes that are
upregulated upon response to infection includixt2-associated X (Bax)104,113,116)
growth arrest and DNA damage 45 (GADD449)104,125) Fas/Fas ligan(44,136) Bci2
antagonist/killer (BAK[|113,125) heatshock protein 90HSP9D(115,136) mouse double
minute 2 homolog (MDM2(44,104) aswell as p53 itself104,113,116,125)The expression

of these preapoptotic genes leads to the induction of caspases (particularly caspases 2, 3, 6,
7 and 9) which mediate cell death via controlled proteolysit,125) HI\V1-infected CD4T

cells also demonstrate corresponding dowagulation of cell survival and ardpoptotic
geneslike Bcell lymphoma 2 (B&) and Bcell lymphoma x (Be) (104,136) The induction

of apoptotic pathways is a common response to stresses and athr@cellular pathogens,
induced to prevent replication of damaged and/or infected cells. However, in the case-of HIV
1, these mechanisms fail to contain the infection, leading to the ultimate destruction df CD4

T cellsn untreated patients.

33



© 00 N o o b

10
11
12
13
14
15
16

17
18
19
20
21
22
23
24
25
26
27
28
29

4. al ONR LK 3 aA ¥y FROG L2y
4.1. Fundamental macrophage biology

4.1.1. Origin, development and differentiation of macrophages

Macrophages comprise a heterogenous population of cells distributed throughout multiple
tissues in the body, which, along with monocytasdadendritic cells, form part of the
mononuclear phagocyte systef88,89) They are assigned various names depending on their
tissue specializationdMacrophages may be found in fat (adipose tissue macrophages), the
alveoli of the lungs (alveolar macrophages), in connective tissues (histocytes), in lymph nodes
(sinus histiocytes), in the kidngfintraglomerular mesangial cells), in bone (osteoclasts),

the peritoneal cavity (peritoneal macrophages), in the red pulp of the spleen (sinusoidal lining
cells), in the liver (Kupffer cells), and in the brain (microdi®),89,137) Macrophaes
residing in these various tissues are exposed to and profoundly affected by the various
cytokines, chemokines, microbial Hpyoducts, and other cell types that occur within their
specific tissue microenvironmentg137,138) Therefore, different types of tissue
macrophages possess different phenotypic properties and have the capacity to perform
specialzed functiong(54,137)

The classically described pathway though which macrophagesisfigen differentiation of
adult HSCs along the myeloid lineage. HSCs give rise to common myeloid prod&8itprs
which have the capacity to form megakaryocytes, erythrocytes, granulocytes (including
neutrophils, basophils and eosinophils), dendritic cells and monocytes-{gaee 26). The
common myeloid progenitors progress through sequential stages of differentiation, first
giving rise to a granulocytmacrophage progenitor, which is further differentiated into a
common nacrophagedendritic cell precursor and finally into monocyte and dendritic
progenitors which are fully committed to their respective lineag&37)Figure 210). The
committed monocyte pogenitors mature into functional monocytes, which may be found
circulating in the peripheral blood, as well as in the bone marrow and sfl&51) Monocytes

can be recruited from the vasculature into various tissue compartments where they undergo
differentiation into macrophage$88,89,137,139) The migration of monocytes from the

peripheral blood is mediated by the interactions @ motif chemokine ligandCCl.2 or
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1 CXCL1 with their cognate receptors on monocytE37) These signalling molecules are
2 released by fibroblasts, epithelial cellacaendothelial cells in response to inflammatory

3 signals or microbial produc{d37)
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5 Figure 210: lllustration of the various originsof tissueresident macrophages.Embryonically derived

6  macrophages can arise from undifferentiatedematopoietic cellshemangioblast) which are initially present

7  inthe yolk sac, or in the fetal liver during later stages of development. In the adult bone marrow, macrophages
8 can arise though differentiation of hematopoietic stem cells (HSC) initiatity granulocytemacrophage

9  progenitor (GMP), thenmacrophagedendritic cell progenitof(MDP) stages and finally into peripheral blood

10  monocytes. Monocytes can be recruited into the various tissues indicated (blue shading), where they can

11  differentiate into tissueresident macrophages. Taken frddiewekeand Allen (2014(140)

12 Monocytederived macrophage$MDM) are not the only source of macrophages in the

13 various tissues of the bodyFigure 210). Distinct lineages ofmbryonically derived

14 macrophages also exist that populate tissues before birth. These lineages are derived from

15 haemangpblast precursors produced during embryonic haematopoiesis, which occurs in the

16 yolk sac of the developing embryo and in the fetal liver at later stages of development

17 (137,141) Tissue resident macrophages of these embryonic lineages have recently been

18 shown to have the potential for setenewal, despite an apparent state of terminal
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differentiation(137,140,141)Embryonicallgerived macrophages play important roles in the
clearance of dead cells and tissue remodelling during devedop and rapid tissue growth
(137,141) For instance, microglia in the developing brain are involved in regulation of
neuronal patterning, the proas by which neurons acquire specific functions based on their
spatial position, through direction of either cell survival or programmed cell dgath) In

fully developed adult tissues, these cells are mainly involved in maintenance of tissue
homeostasis and resolution of inflammatidt37,141) The proportions of embryonic to
monocytederived macrophages varies from tissue to tisgii7,141) adding to the

heterogeneity of the macrophage population as a whole.

The two most important growth factors involved in macrophage differentiation are
macrofhage colony stimulating factor (@@SF) and granulocyteacrophage colony
stimulating factor (GMCSF). MCSF is produced constitutively by multiple cell types
throughout the body and promotes proliferation of mononuclear phagocytic cells under
homeostatic onditions(137,142) This icludes the enhanced production of monocytes via
haematopoiesis from the bone marrow, as well as proliferation andreakwal of tissue
resident macrophagefl37) Mature monocytes and macrophages express high levels of the
M-CSF receptor. Therefore, when the number of mature cellsffiently high, MCSF is
sequestered by binding to its cognate receptor on these cells, and a negative feedback loop
is formed that inhibits further differentiation from the bone marrai@37,142) GMCSF, on

the other hand, is mainly produced by activated leukocytes and is invatvedhancing the
activation and survival of monocytes and macrophages that have been recruited to sites of

infection or inflammation(137,142)

4.1.2. Functional roles of macrophages

Macrophages have many essential roles within the body. First, they are key effector cells of
the innate immune system and are involved in the elimination of pathogens, vinédigted

cells and cancer celk4,88,89,143) They are primarily responsible for the recognition,
phagocytosis and intracellular killing of invading pathogés4,88,89,143) In addition,
macrophages have the capacity to act as professional anpgesenting cells, by processing
phagocytosed pathogens and presenting the resulangigenic peptides to other immune

cells(54,88,89,143)They can also exert pinflammatory responses through the production
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of reactive oxygen/nitrogen species and inflammatory cytokines in response to activating
signals(54,137,139) In addition to their roles in the immune system, macrophages have

important functions in the maintenance of tissue homeostasis though the elimination or

repair of damaged cells and tissue matri¢g4,137,139) The function exerted by any given

macrophage will be dependent on the timing and type of activation signals the cell receives

within its microenvironmentFigure 211).
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Figure 211: Polarization pathways of monocytelerived macrophagesDepending on the type of stimulus

present at the time of activationJnpolarizedmonocytes can differentiate into macrophage spipulations

with different polarization states (M1, M2a, M2b, or M2€hese differentially polarized macrophages perform

specalized functions

Macrophage polarization was initially described using terms analogous to the classical Th cell

subsets. Macrophages with pinflammatory functions similar to the Thl subset were

described as M1 polarized, while the opposing -amflammaory Th2like macrophages were

designated as M2138) These subsets may also be referred to as classically activated (M1)

and alternatively activated (M2) macrophagesspectively. M1 macrophages are highly

responsive towards bacterial infections, intracellular pathogens and cancer cells. They release

inflammatory effector cytokines such asliL =-121 1E23 and(i dzY 2 dzNJ y S O NINRE A &

h)as well as reactive oxygen and nitrogen spei8) In vitroexperiments indicate that M1

macrophages can be inducday exposure to the Thl cytokines HNF
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combination with TLR or nucleotidéinding oligomerization domailike receptor (NLR)
agonists(144) GM-CSF plays an important role in inducing the proliferatiorlM@M in
response to inflammation and priming them towards an-Nke phenotype(137) However,

full polarization requires exposure to the aforementioned {mmammatory signals.

Macrophages of ta anttinflammatory M2 program are proposed to represent the default
state of macrophages maintained under homeostatic conditions due to the production of M
CSHK137) They are characterized by the secretion of the -amftammatory cytokine H10,

and the expression of scavenger and mase receptorg138) M2 macrophages comprise a
more heterogenous population than M1 macrophages and are thusdsubed into the
following subsets: M2a, M2b and MZ&38) The M2a subset is produced as a result of
exposure to #4 and/or 11-:13, while M2b is induced by stimulation with immune complexes,
IL-1 receptor antagonists, OFLR agonists, in the absence of-prflammatory stimuli(138)
Both M2a and M2b macrophages are involved in driving Th2 type responses, such as the
elimination of extacellular parasites, as well as the enhancement of phagocytt38 The
M2c population is induced by exposure to-1, and is involved in suppression of

inflammatoly responses as well tissue repair and remode((ii88)

4.2. The response of monocytderived macrophages to infection with H¥Y

Like CDAT lymphocytes, cells of the monocyte/macrophage lineage are important cellular
targets of HIVL and are among the first cell types to be infected as they are present in tissues
that have a high risk of HIV exposure, such as the vaginal mucosa. In gddiicrophages
constitutively express both CD4 and CCR5 on their cell surfa¢dsi5) although the level

of CD4 expression is generallykr than that observed on CDZ lymphocyteg56) CXCR4
expression, although not typical, has been reported in primary macrophages and may be used
for entry by duakropic HI\A1 if expressed68). An impotant difference in the response to

HIV exposure in macrophages (and other myeloid cells) compared toTQp#phocytes is

that infection is far less cytotox{64,146) This is attributed to intrinsic exprees of host cell
restriction factorsn this cell type such aSAM domain and HD domagontaining protein 1
(SamHD})and the APOBECS3 family of enzyn(ie$3,147) Freshly isolated peripheral blood
monocytes are reported to be highly resistant to infectiorvitro, and the presencef HI\V1

is only detected in a tiny fraction (0.001P%0) of monocytes vivo(148;150) Differentiated
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macrophages are more susceptible than monocytes to infection bylHparticularly R5
tropic strains(54,147,151) This has been linked to the progressive increase in expression of
CCR5 as they mature, as well as concurrent downregulation of the APOBEC3 enzymes

(54,147,148)

Although macrophages are resistant to the direct cytopathic effects of HIV infection which
occurs in CD4T lymphocytes(152) they do develop a wide range of physiological
dysfunctions. Like CD7Z cells, the cell cycle of infected machages is dysregulated by the
activities of Vpr, resulting in arrest at the G2/M checkpoint as previously described for CD4
T cell§153,154) However, unlike CD4T lymphocytes, infected macrophages persistently fail
to undergo apoptosis even when infected with a productively replicating {b&) Infected
macrophages demonstrate a reduction in their primary effector functions such phagocytosis,
phagosomelysosome fusion and antigen presentati@#,152,155as well as aberrant killing

of uninfected CD#%and CD8T lymphocyte$152) Furthermore, hey present with abormal
secretion of various cytokines and other signalling molecules, resultadygnegulation of the
activities of other immune cells that respond to these sigiiai?,154,155)Finally, infected
macrophages appear to lose their chemotactic motility and are thereby unable to effectively

respond to invading pathoger{54,155)

These alterations in macrophage behaviour as a result of infection have been linked to
modulation of the host cell transcriptome. Dysregulated biological pathways include
apoptosis (31,32), cell cycling and celblgeration (31,32), inflammation and immune
responses(154) cell motility (154) signal transduction (31,32), energy and protein
metabolism(154) cytoskeletal motility(154)and host defene (30,32). The induction of host
defences includes the upregulation of wdbcumented genes encoding antiviral proteins
(such as Mx1, Mx2, and OAS1) and other ISGs which are essential for the innate immune
response(155) ISGs were found to account for a large proportion of genes modulated in
response to HIAL exposure in several transcriptomic stud{@55¢158) Interestingly, a study

by Wie and colleagues (2013) found that several knownardl ISGs (IFl44, ISG15, and
OAS1) were markedly downregulated in primary macrophages which were pmvitbd
interferons and then exposed to HIM159) indicating that HIM. possesses mechanisms by
which it can undermine interferoassociated antiviral response. It has also been
hypothesized that interferon stimulation mawg fact be favourable for H¥Y, enabling viral
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replication though induction of transcription factors that promote viral gene expression like

NFAT, while simultaneously preventing competitive superinfedtl®i®)

A major mechanism by which infected macrophages can mediate systemic changes in other

host cells is through the modulation of cytokine and chemokine networks. Infected
macrophages ted to produce increased levels of piflammatory cytokines, such as TNF

IL-1, 11-6, 11-8 (54). The induction of a prinflammatory state is believed to activate HIV
replication as well as maintain high levels of viral gene expression through the binding of NF

¢ . He giral promoter regiorf54). Perturbations are also commonly observed in cytokines
belonging to the Th2 profile, particularly in levels e10(54,154) I1.-10 is produced in excess

by infected macrophages and inhibits both T cell proliferation as well as macrophage
activation (54), leading to impaired immunological capacity of the host. -liécted

YI ONRBLIKI 3Sa &SONB(GS St Scdmikdes, sticB @Srhagropiage A Y LJ
AYFELEYYEFG2NEMIPMINRG E SAYY OMR LIKE IS Ay T MY YOI GI2WER L
Regulated on Activation, Normal T Expressed and Secreted (RANTES), all of which are
endogenous ligands for the CCR5receptor (54). These chemokines function to enhance

the activation of resting CD4I cells(54), converting theminto ideal targets for infection.

Other signalling molecules modulated by HIV infection in both monocytes and macrophages
include colonystimulating factors such as¥aSF (which is increased) and -GEF (which is

decreased), as well as interferons suchfdh and IFN (54,155)

As a consequence of this wide range of #iduced behavioural dysfunctions and HIV
mediated alterations in the host cell transcriptome, infected macrophages play an important
role in the pathogenesis of HIV. First, their permissiveness to infection cethhinth
resistance to apoptosis, and their ability to enter tissue compartments, make macrophages
an excellent viral reservo{b4,152) In addition, virus particles have been shown to bud from
the intracellular membranes of macrophages, allowing virions to accumulate within the
macrophage where they are protected from immune surveilla(t&0) Macrophages can
also function as simultaneous incubators of multipieportunistic infections, which may
exacerbate the pathogenicity of both HIV and theimf@cting pathogen(149,160) This
synergistic interaction is often observed duringinection with Mycobacterium aviumand
Pneumocystis carinil49,160) As mentioned previously, the modification of cytokine profiles

in infected macrophage contributes to sustained immune activation and exacerbates the
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effects d HIV infection on other cel(®4). Infected macrophages may also contribute directly
to CD4 T lymphocyte depletion by participating in the killing of uninfected ¢@B2) Lastly,
macrophage dysfunction has been implicated in the development of kild antiretroviral

related disorders such as atherosclerosis, lipodystrophy and metabolic syndi&2e
5. / 2y Of dZRAY 3 NBYI NJ a

Years of intensive researchveelucidated many aspects of the fundantal biology of HIV
and its pathogenesi®s disease causatigms outlined in the preceding discussi®ienow
possess thorough understanding of the structure and function of all viral components, and
the variousroles they play in the viral life cycl#/e have collected vast resources of clinical
data and have developambustmodels of disease progressidPhylogenetic and

evolutionary studies have revealed the mechanisms by which HIV generates its
extraordinary genetic diversity and overcomes obstadb replicationDespite these

insights, we have thus far still not been able to develop a practical solution in tereithef

a preventative vaccine or a permanent cure. We belignas the ability to develop such
therapeutic interventions hinges on our understanding of the interactions between HIV and
its target host celldn this study we have focussed our attention on CDdymphocytes and
macrophages. Both cell types are complcomprised of heterogenous subsets which arise
under specific conditions to perform specialized immune functi®nevious studies have
utilized transcriptomic approachds assess the effectsf HI\L1-B infectionin these cell

types.In CDAT cellsit has been shown that HIV disrupts many cellular pathways including
transcriptional and translational regulation, cell cycle, immune functions, and cellular
metabolism, ultimately resulting in apoptosis. Infected macrophages are similarly affected in
termsof cell cycle regulation and have impaired immune function. Unlike T@4lls, they
do not readily undergo apoptosis, making them important viral reservimirghis study, we
performed transcriptomicandyses using primary HIV1-C isolate to determia how these

effects may differ from previous findings using 8.
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1. 1 6aidN) Of

A critical prerequisite for studies involvirig vitro HIV infection is the production of large
guantities of infectious viral stocKhe first objective of this chapter wasu$ o optimize viral
culture protocols for HM-C isolates of different tropisms (Rf®pic, X4tropic, dualtropic).

The production of X4ropic (SW7) and dudtopic (CM9) isolatesvas successfully achieved
through the modification of existing protocot® suit the replication dynamicof these
strains, as measured by analysis of p24 production using a p24 ELISAasstylosses of
infectivity, no R&ropic isolates could be produced. The second objective was to optimize a
titration assay using the GHOST reportell line and use it to quantify the number of
infectious viral particles present in the produced stocks. Optimal timepoints for various stages
of the assay were determined and the expression of HIV receptors (CD4, CCR5 and CXCR4) on
the surface of the GH®I cells was evaluated by flow cytometry to ensure maximum
susceptibility to infection. While CCR5 and CXCR4 were highly expressed, CD4 expression was
unstable requiringisolation of aCD4'9"GHOST cqtlopulation using FAGS allowfor further

work. Futher investigation revealed that CD4 was negatively affected by enzymatic
dissociation using trypsin, but that this effect waslucedin the sorted GHOST celEhe final
objective of this chapter waotoptimize and validaé two complementaryassays to detect
cells infected with our HI¢ultures(CM9 and SW7). Our flow cytometric method to detect
intracellular p24 in infected GHOST cells using the K@koclonalantibody demonstrated

good correlation between HIV positives deted with the antibody and HIV positives
detected with the inbuilt GHOST cell reporter system. Our alternative-B&$ed method to
detect viral DNA was likewise successful and demonstrated the ability to detect both CM9
and SWinfected GHOST celltn summary, despite several setbacks, we were able to

produce and quantify two primary H/C isolates with which to perform our infection

42

'.[

S



© 00 N o o b

10
11
12
13

14
15
16
17
18
19
20
21
22
23

24
25
26
27
28
29
30

experiments in CD4T lymphocytes and macrophages, as well as validate methods to detect

infected cells.

2. LYGNR2RdAzOUGAZY

One of the key requirements fan vitro HIV studies is the availability of high quality, well
characterizé virus stock. Several primary HIMsolates of HAZ-C were obtained from the
National Institute for Communicable Diseases (NICD) for this projémivever, these initial
stocks needed to be further propagated to produce sufficient quantities of infectious virus for
experiments to be performed. In order to determine the success of the productions, the viral
stocks were quantified and analysed fordafivity. The ability to detect Hiwifected host

cells after exposure to the primary HIV isolates was another essential requirement when we
performed our experiments. The purpose of this chapter was thus to develop of a set of tools
and techniques to ende efficient virus production, accurate quantification and detection of

HI\tinfected cells with high sensitivity and specificity.

The HIV production method used in this study was originally based on a standard protocol
published by the Montefiori Laboratgrat Duke Universitf161) This method makes use of
activated PBMNCs obtained from peripheral bloodndie which are rich in naturally
susceptible host cells (such as CD4lymphocytes, monocytes and dendritic cells). Once
infected, these cells have the ability to produce large quantitiegirad particles, which are
released into the culture supernatatitough budding and eventual cell lysis. The vitiok
supernatant is then harvested and used for infection experiments. While this system is a very
good model for maintaining physiological relevance, it is important to note that it is
uncontrolled in thesense that the virus is free to mutate as it would in a natural host, resulting

in the formation of multiple viratjuasispeciesvithin one culture(83).

The quantificationof the HIVV1-C strains produced in this study was of critical importance,
enabling the addition of defined amounts of virus to target cells for infection experiments.
There are many different approaches to quantifying HIV in culture, the most basicqaehni
being atissueculture infectiousdose50 (TCID5Passay, in which the degree of cell death is
used as a measure of the quantity of virus presgii§2) Another approach makes use of
geneticdly engineered cell lines that contain bditt HI\\responsive reporter mechanisms
such as GHO{I63)and TZMbl cells(164) Although these cell lines were developed for co
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receptor usage analysis and neutralizing antibody assagpectvely, methods have been
developed to take advantage of the fact that these cells produce an easily detectable HIV
induced signal that can be correlated to the amount of virus used to infect {ié&) A third
approach is to directly quantifyarious viral components, such as the amount of p24 capsid
protein (e.g. by enzymelinked immunosorbentassay ELISA(162,166) or the amount of

viral nucleic acids presen{l67,168) Another commonly employed technique is the
measurement of reverse transcriptase activity, which serves as a proxy for the amount of virus
present(169) For the purposes of infection experiments, it is best to use a method that also
gives an indication of the infectivity of the virus, rather than just the quantity. Therefore, for
this study, the GHOST cell assay was selected fotiditravhile a p24 ELISA assay was used

for confirmation of viral production.

A challenge posed by working with primary virus is the absencelmfiinreporter systems

able to detect infected target cells. Detection methods for primary isolates therefore
generally rely on detecting viral proteins and nucleic acids directly. In this study, a flow
cytometric assay for intracellular p24 detection, as well as a simplebB&R technique,

were optimized and validated for use with the HIMC strains availabl&he intracellular p24
assay makes use of an antibody specific to the viral capsid protein which is added to cells that
have been fixed and permealéd, enabling access to internal cellular compartments
(170,171) The bound antibody is detected by flow cytometry, enabling single cell resolution
and detection of individual infeed cells(170,171)

Flow cytometry is a technique in which the optical dlubrescent characteristics of a single

cell (or particle) are measured as they pass in stfiglehrough a laser light source in a highly
pressurised fluid stream within a flow cytometé72) A flow cytometer comprises four
integrated systems: 1) a fluidics system for transporting thetigdas in the sample in a
focussed stream, 2) an optics system which includes an excitation component (the laser light
source) and a collection component to gather light generated or scattered by the particle, 3)
an electronic network which converts thiglt signal into a voltage pulse proportional to the
intensity of the light, and 4) a computer that is able to analyse the collected(d@® Cell
populations can be differentiated by the instrument on the basis of their size, complexity and
their fluorescent propertie172) Specialized flow cytometers can be used to isotxk

populations of interest based on thesharacteristicsa technique known as fluorescence
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activated cell sorting (FACS). These instruments, generally called cell sorters, are able to
selectively charge particles with usaefined characteristics andeflect the charged particles

via electrostatic plates into different collection vessglg2)
3. alUSNAIFf&a YR aSUK2RaA
3.1. Propagation of primary HM-C isolates

3.1.1. Viral stocks

Primary HIVL-C isolates were generously donated by Professor Lynn Morris and her team at
the NICD HIV Virology Section, dohesburg, South Africa. Details regarding the patients
from whom these strains were isolated, the primary tropism of the strains and their ability to
utilize alternate cereceptors is given iffable 31. These strains were stored in the form of

celkree viral supernatants aB0°C until used for experiments.

Table 31: Details of primary HIM-C strains used in teistudy

Strain Place Isolated Clinical CD4 Year Patient Primary Alternate Ref

Name Category count Isolated Age* tropism  receptor usage

SW7 Sizwe Hospital Advanced 10 1999 Adult X4 None (173)
Johannesburg (AIDS)

CM9 Sizwe Hospital Advanced 21 1999 Adult R5X4 Bob,CCR3CXCR6 (52)
Johannesburg (AIDS)

SW20 Sizwe Hospital Advanced 2 1999 Adult R5X4 None (173)
Johannesburg (AIDS)

CM1 Sizwe Hospital Advanced 2 1999 Adult R5 CXCR6 (173)
Johannesburg (AIDS)

Du422 Durban HIV 409 2000 Adult R5 Not tested (174)

Dul23F Durban Acute 841 2000 Adult R5 Not tested (174)

Dul56 Durban HIV 404 2000 Adult R5 Not tested (174)

COoT1 Cotlands Acute 1229 1999 Child R5 Not tested (175)
Johannesburg

*adult refers to patientsk18 years of age

3.1.2. Propagation of primaryHI\-1-Cisolates in PBMNCs
Frozen stocks of primary isolated PBMNCs (Septer 4for details regarding isolation) were
thawed in Roswell Park Memorial Institute 1640 (RRBY0) culture medium (Thermo Fisher

Scientific; Waltham, MA, USA). Each cryovial of PBMNCs containéadliclZolated from

a single donor. Multiple vials from two to four different donors (depending on the number of
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cells required) were pooledo account for interdonor differences in susceptibility to HIV that
might interfere with viral production. The thsed cells were centrifuged at 36@ for 10 min

and the supernatant was aspirated to remove any residual dimethyl sulfoxide (DMSO) from
the freezing medium. The cells were resuspended in REMO culture medium
supplemented with H2 to promote activatio and proliferation, termed H2 growth medium

(I2 GM¢ RPM#1640, 20% Foetal Bovine Serum [EB®iermo Fisher Scientific; Waltham,
MA, USA], 2% penicillin/streptomycin [Thermo Fisher Scientific, Waltham, MA, USA], 5%
recombinant human H2 [Roche; BaseSwitzerland]). The PBMNCs were then plated in either

a 25 or F75 cell culture flask, depending on the volume used, and incubated °at, HP%

CQ for 24 hours. After the 24hour resting period, the medium was changed te?lIGM
supplemented with 5>g/mL phytohemagglutini® (PHAP ¢ SigmaAldrich; St. Louis, MO,
USA, a potent mitogen which stimulates massive immune activation of PBMNCs. The
activated PBMNCs were permitted to proliferate for a further 2 days in culture prior to HIV
exposure. The volungeof reagents and quantities of cells used was dependant on whether
the cells were used for initiating a production cycle, or if they were used to feed an existing

culture, as indicated ifable 32.

Table 32: PBMNC activation conditions

Purpose Total number of Volume of 12 GM Volume of PHAP
cells activated medium used (mL) added 6 )

Initial infection 3x10 30 150

Feeding of viral culture 2x10 20 100

After two days, PHActivated PBMNCs were collected and centrifuged at:3@€r 10 min.

The cell pellet was resuspended in 2 mL e&M to which 1 mL of thawed viral stock was
added. This small volume allowed for maximum wviagell contact during the initial
exposure. After incubation at 3C, 5% Cgor 2 hours, the HAéxposed cell suspension was
made up to a total volume of 30 mL with RPMHKO, plated in a-¥5 flask and incubated
further. During viral production, fresh cells must be periodically added to the culture, since
extensive HIhduced cell death is expected t@aur. Therefore, the cultures were fed with
PHAactivated PBMNCs every 3 days following virus exposure. On feeding days, both-the HIV

infected culture and the PHActivated PBMNC culture were transferred to 50 mL tubes and
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centrifuged at 30k g for 10 min The respective pellets were resuspended in 1 mL RPMI
1640 each, the two cell suspensions were combined, and the total volume was adjusted to 30

mL.

The culture medium of the HIWRBMNC ceaulture, which contains viral particles released
from infected ceB, was harvested at 7 or more days podgection, depending on the isolate
used. For productions of isolate SW7, virus was harvested on Day 7, while other isolates were
generally harvested at Day 10. During optimization, some harvests were performeq at Da
15. On the day of harvest, the contents of the cell culture flask were centrifuged at @00

for 10 min to collect the PBMNCs into a pellet. The culture supernatant was collected and
passed through an MHilliporex 0.45>m filter (Merck; Darmstadt, Geramy) to remove any
remaining cells and contaminants. The resultingitel supernatant was frozen in both 1 mL
and 0.5 mL aliquots aB0°C until use in further experiments. The infected PBMNCs contained
in the pellet were resuspended freezing mediun{FBS, 10% DMSO (Sigaldrich; St. Louis,

MO, USA)iransferred to cryovials and stored é80°C. This infected PBMNAIV ceculture

was used as starting material in subsequent viral productions.

3.2. Viral quantification

3.2.1. ELISAased quantification of p24 viral capsid protein

To determine whether viral productions were successful, the-foedl supernaants were
tested using a p24 ELISA asdalISA is a wadktablished method that uses antibodies
coupled with an enzymatic reporter system to detect and quantify a protein of interest in a
sample(162) in this case viral p24&igure 31). We used the commercially available Lext

p24 Rapid Titer Kit (Clontech Laboratories; Mountain View,USA)for this assayBefore
starting, positive controls were generated by preparing 200 pg/mL and 12.5 pg/mL solutions
of the 10 ng/mL p24 Control solution provided with the kit. A working solution of wash buffer
was prepared by diluting a 20x stock solution with distilledexatnd dilutions of the viral
supernatants to be tested were made up in RPM#0. A negative control consisting of only

RPM41640 medium was also included.

{FYLX S&a 2F wnn >][ sepdraekvells & AEEISA Rateda®Rwithayhitl 2

p24primary capture antibodesd [ @ AA & 0dzFFSNJ oun >[ 0 61 & | RRS

particles and release soluble pZhhe plate was incubated at 37°C for 60 min to allow binding
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of p24 to theprimary capture antibodiegFigure 31). The wells were aspirated and washed

4-6 times with 1x wash buffer using a multichannel pipette. A solution of biotinylated
secondaryanti-p24 biotinconjugated antibody (18 >[ 0 61 & | RRSR G2 SI OK
was incubated at 37°C for a further 60 min, allowing secondanantibody to adhere to the
plate-bound antibodyp24 complexegFigure 31). The antibody solution was removed, and

the wells were washed as described previoudly.solution of streptavidirtonjugated

| 2NBESNI RA&EK t SNPEARIFI&AS o6l wto ¢Fa& | RRSR omn
temperature for 30 nm during which time the HRP reporter enzyme attaches to the antibody
complex by biotirstreptavidin interactions(162) (Figure 31). The secondary antibody
az2tdziAzy 61 a NBY2OSR: TF2ft26SR o6& | y2iG§KSNJ
GSGNF YSOKBEOSYTARAYS o0¢a. 0 &dzoaddNIGS o6mnn >
incubated for 20 min in the dark. The HRP reporter enzyme catalyses the oxidation of the TMB
substrate, converting it from a colourless solution to a blue prodkicfure 31). The intensity

of the colour change depends on the amount of substrate converted and therefore the
amount of antibodybound enzyme present. The quantity of antibeolyund enzyme present

is proportional to the number of secondary amtidies bound to the captured p24 proteins,

and thus gives an indication of the amount of p24 present in the sa(@pt&) Stop Solution

6mMnn >[ 0 ¢Fa | RRSR (2 Kliflidandic&uSes &Nsgdoraanhcalgu® ¢ K A
change to yellow. The absorbance of the solution in each well was measured using a

PowerWaveX spectrophotometer (BioTek; Winooski, VT, USA) at a wavelength of 450 nm.
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Substrate  Product

HRP
Streptavidin-HRP
conjugate
+«—— Streptavidin

T Biotin
Primary anti-p24 / \
antibody p24 Biotinylated

secondary anti-p24
\ , antibody

ELISA plate
surface

Figure 31: Principlesof the p24 ELISA assaphe ELISA plate is coated with g4 antibody which captures
p24 protein present in the sample. A biotinylated secondary antibody is added, which also binds p24. A reporter
enzyme (such@HRP) conjugated to streptavidin binds to the biotinylated antibody. When a suitable substrate

(TMB) is provided, the reporter enzyme catalyses a measurable colour change reaction.

For each ELISA plate used in this study, a standard curve was estaltisteddie the
absorbance detected in a sample to tAbsolutequantity of p24 present. Standards of 600,
400, 200, 100, 50, 25, 12.5 and 0 pg/mL p24 were produced from the control solution
provided with the kit. The ELISA assay, as described above, eyt on these controls

and the values weranormalized by dividing the absorbance reading obtained for each
standard by the absorbance obtained in the negative control (0 pg/mL p24). An example of
the ELISA plate obtained after assaying a set of standarilsistrated inFigure 32. The
normalized values obtained were used to plot a standard cur¥ég(re 33). The p24
concentrations of other measured samples can be extrapolated from the standard curve. For
example, a sample withrormalizedabsortance of 10 has a p24 concentration of 300 pg/mL
(indicated by the red arrow ifrigure 33). To perform this extrapolation mathematically,
linear regres®n was performed in Microsoft Excel and the equation of the regression line
was determined. This equation is given in the fafim ¢ & qwherewis the normalized
absorbancegis the concentration of p24pis the intercept on the axis andwis the slope

of the regression line. The equation can thus be used to solve for the concentration of p24 in
a sample @) once the absorbance valuay( has been obtained. The -efficient of

determination (R) is also calculated to give an indication of thresgth of the correlation of

49



1
2

o N oo o b~

10
11
12
13
14

15

16
17

the two variables. If Rs close to 1, there is a strong correlation and the standard curve can

be used to estimate the p24 concentration with confidence.

0 12,5 25 100 20 400 800
pg/mL pg/mL pg/mL pg/mL pg/mL pg/mL pg/mL pg/mL

Figure 32: Example of a p24 ELISA plate used to produce a standard clihesintensity of the colour increases

as the amount of p24 in the sample increas@xe he amount of p24 present in the sample at the beginning

of the assay is proportional to the amount aftdbbody-bound reporter enzyme present at the end of the assay.
The greater the amount of reporter enzyme present, the more substrate is converted and the more pronounced

the colour change reaction will be.
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Figure 33: Exampleof a standard curve for the p24 ELISA assBlye normalizedabsorbance measurements
obtained at a wavelength of 450 nm were plotted on thaxis, while the different concentrations of the p24
standards were plotted on the-axis. The linear regressiondi used to correlate the two measures is indicated
on the graph in black, as well as the linear regression equation anc?tr@UR, which indicates the strength of

the association.

3.2.2. GHOST cell functional titration assay

The GHOST cell assay is a technique used to quantify the amount of functional, infectious HIV

virus particles present in a sample. Unlike methods such as ELISA, it does not rely on detection
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of viruscomponents thatmay or may not form part of functionalrus particles, but rather
detects infection at a cellular level. This is achieved using the specially modified GHOST cell
line, originally derived from Human Osteosarcoma (HOS) (€18} These cells have been
genetically modified through transduction with multiple constructs to elicit a detectable HIV
specific response upoimfection (163) First, they contain an antibiotgelectable construct

which encodes for the HIV receptor molecule, CD4, enabling the viral adherence and entry
(163) A range of second generation cell lines have also been engineered to express additional
coreceptors, including CCR5, CXCR4, Bob and CXCR6, which can further promote entry of
viral isolates with particular tropisn{83). The second critical component is the incorporation

of a Green Fluorescent Protein (GFP) reporter construct under the control ofiadtiatble

HI\(2 LTR element that functions as a promof@83) When HIV enters the cell and infects
successfully it induces production ofethTat protein, a potent transcription factor that
normally functions to accelerate viral transcription when bound at the LTR of the integrated
HIV genome(22). When a GHOST cell becomes infected, the presence of Tat results in
induction of transcription from the artificially introduced LTR element and subsequent
production of GFEFigure 34). The GFP signal can then be detected using techniques such as

fluorescence microscopy or flow cytometry.

Tat protein

GFP expression

S

Infected GHOST cell
fluoresces green

GHOST (3) CCR5+ Infected GHOST cell
CXCR4+ cell

Figure 34: Principles of the GHOST reporter chitle. A GHOST cell engineered to express essential receptors
for HIMAL entry (CD4, CCR5 and CXCR4) and transduced with-eespidvisive GFP construct is exposed to HIV
virions. When a cell is infected, the integrated virus directs expression of therdtain that binds to the LTR
promoter of the construct and activates expression of the GFP reporter gene. This results in translation and

expression of GFP and enables the infected cell to fluoresce green.
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3.2.2.1. GHOST cell culture

GHOST (3) cells expressingtbGCR5 and CXCR4eceptors (R5X4) were obtained from the

NIH AIDS ReageRtogram. For the resuscitation of frozen stocks, cells were thawed through

j dzZA O1 OGN ya¥TSNI 2F (KS ONEB2LINBaSNBSR OSftfa
(DMEM) supplmented with 10% FBS and 2% penicillin/streptomycin (Thermo Fisher
Scientific; Waltham, MA, USA), hereafter termed complete DMEM. To remove residual DMSO
that was present in the freezing medium, the suspension was centrifuged at §@6r 10

min, after which the supernatant was aspirated. The cells were resuspended in 8 mL in
selective growth medium consisgy of DMEM, 10% FBS, 56@/mL G418 (Roche; Basel,
Switzerland), 100>g/mL hygromycin (Biovision Incorporated; Milpitas, CA, US29,
penicillin/streptomycin and 1>g/mL puromycin $igmaAldrich; St. Louis, MO, USAnd

plated in a 775 cell culture. Once GHOST cells have been exposed to this selective medium
for at least one passage, most of the cells in culture should expres€CCR%, CXCR4 and the
LTRinduced GF@xpressing constructs. At this stage, the culture can be changed to complete

DMEM for further maintenance of the cell culture.

The GHOST cells were maintained at 37°C, 5ac@&hging medium every 3 days until they
reached confluence, at which point they were either passaged or used in experiments. To
passage, all growth medium was removed from the flask and the culture flasks were rinsed
with phosphate buffered salin@PBS, pH 7.4 remove dead cells and debris. Tagherent

cells were then dissociated by incubation in 3 mL of 0.25% TrASIA (Thermo Fisher
Scientific; Waltham, MA, USA) for 5 min at@G7 After visual confirmation (using a light
microscope) that all the cells had been dislodged, an equal voluneoroplete culture
medium was added to inactivate the trypsin. The resulting cell suspension was collected and
centrifuged at 300 g for 10 min. The cell pellet was then resuspended in an appropriate
volume of medium and counted. The cell concentration \dgisted, and cells were +e

plated in F75 flasks at approximately 2x46ells per flask.

For certain experiments, Cell Dissociation SolutigrfaAldrich; St. Louis, MO, UB#as
used as a noenzymatic alternative to trypsin. The dissociation solutvas prewarmed to
37°C and 3 mL was added to the to the cell culture flaskS(Tafter removing the culture
medium and washing with PBS. The cells were incubated*@tfdr 510 min, until they could
be dislodged with agitation. A further 3 mL of complddMEM was added to dilute the
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Dissociation Solution. The dissociated cells were collected and then centrifuged»ad 80
10 min. After removing the supernatant, the cells were resuspended in an appropriate volume

of complete DMEM.

GHOST cells that we not used immediately for experiments were cryopreserved at
approximately 21 cells per cryovial. The cell suspension was centrifuged akgdor 10

min, the culture medium aspirated, and the pellet resuspended in an appropriate volume of
freezing nedium (FBS, 10% DMSO). Aliquots ( of this suspension were transferred to
cryovials and stored aB0°C in Mr Frosty freezing containers. After at least 24 hours, the

frozen cells were transferred to a liquid nitrogen vapour dewar for {tamm storace.
3.2.2.2. Enumeration of GHOST cells by flow cytometry

In flow cytometry, size and cellular complexity can be used to identify cells of interdbts
caseGHOST cells. These properties are measured as functions of light scatter as the cell passes
through the laser of the instrumer(Figure 35). The largetthe cell, the more it will disrupt

the light from reaching the detector parallel to the light source, resulting in what is called a
forward scatter (FS) sign@dl72) If the cell is highly complex and contains either numerous or
large subcellular structures (e.g. granules, moltied nuclei,organelles), the light will be
diffracted at an angle when it encounters these structures. This results in side scatter (SS),
which is measured by a detector that is perpendicular to the light so{dr¢2) In addition to

light scatter, a flow cytometer can detect the emittldorescence of each cell that passes
through the system using a series of optical filters and detectorsase of GHOST cells,

fluorescence will be emitted from GFP produced in response to HIV infection.
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Figure 35: Theprinciples of forward scatter and side scatter as used for differentiating cells based on size and
complexity in flow cytometry.A) Light from the light source is scattered upon contact with a cell as it passes
through the flow cytometer. The degree to wh light is scattered in the forward direction depends on the
overall size of the cell, while the degree of side scatter is determined by the number/size of intracellular
components present that cause the light to diffraB) A plot of forward scatter vside scatter illustrates how
different cellpopulations are differentiated from each other based on their morphological features (size and

intracellular complexity).

3.2.2.2.1. Sample preparation

A 50> [aliquot of the GHOST cell suspension was transferreaifitmwv cytometry tube and
stained with 3> [of 7-AminoactinomycirD (~AAD¢ Beckman Coulter; Miami, FL, USA). 7
AAD is dluorescentnuclear dye used to assess cell viability. Thispemmeable dye is able

to cross the cell membranes of cells with compromiseembranes and intercalate into
doublestranded DNAFlow/ 2 dzy (0 1 T { dBEedkian CBHUSeNSiami, FL, US&Ye
added tothe tube at volume of 50> [ yielding a proportional ratio of Flo@ounu beads to

cell suspension. Flo@ountt beads have a known concentration, expressed as a calibration
(CAL) factor provided in the product information insert of each batch purchased. The CAL
factor is used to calculate the absolute number of cells presetitdrsample Equation 31).

An additional 500> [PBS was added to increase the overall volume of the sample. The cells
were then assayed on the Gallioglow cytometer (Beckman Coulter; Miami, FL, USA). The
laser and filter configurations available on this instrument are described in defgigandix

A.
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3.2.2.2.2. Flow cytometry setup and data acquisition

Flow/ 2dzyin Tt dz2NRALIKSNBa | NBe with labgoeddl Rmissiani K |
spectrum and can be detected in any of the following detection channels: FL1, FL2, FL3 and
FL4. A ongarameter Count vs FLUEXxcitation: 488 nm; Emission: 620/30 BBp plot was

used to identify the Flow 2 dzy (i n T f dERyiN®38d).JRKh& NLB detection channel was

selected to avoid interference with the fluorescence froMA&D which is optimally detected

in the FL4 channdExcitation: 488 nm; Emissiod95/30 BP].A second ongarameter plot

6C[o [23 @& ¢AYSO ¢Fa ONBFIGSR IyR 3AFTGSR 2y
fluorosphereqFigure 36b). Disintegrated beads and beads clumped together were excluded

(Figure 36b). GHOST cells were then identified ldhea their size and cellular complexity in

a FSLinear Lin) versus SS Lagthmic (Log)two-parameter plot Figure 36c). The Flow

/| 2dzyin 0SIFRa ¢gSNB 3IIFGSR 2dzi 2F (KARADDDR G dza A
vs FSLintwhJr N} YSGSNJ L 20 3AFGSR 2y GKS aDI h{¢ /9]
used to determine the viable cell populatidiigure 36d). Nonviable cells with compromised
membranes become more permeable teAAD and thus have déneased fluorescence
compared to viable cells. Data was acquired and analys#ig Kaluza Flow Cytometry

Analysis Software (Version 2.1). The concentration of the cell suspension and the total cell

count values were then obtained using the following edoas:
Equation 31:

- - . 0 VL QEE I QOVEME 0 QI Q
O Qe et WQt OWQTE@E &———+————————— .0
U & Q0 QO®mio D Q'QQ¢ ¢

\ I4

.0, » .
WO WO € i

Equation 32:

"YE 0GR BIQOEE OQE O LQATEE H Qhrai nAViIERDHH W
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Figure 36: Flow cytometry protocol setup for GHOST cell enumeratiéy) Flow-Countt fluorospheres were
ARSYUATASR Ay (KS C[o OKI yySt B)AaFLB Lok vsTifé gpardmter A G A @S LIS
L 24 3FGSR 2y GKS d.9!5{¢ NBIA2Y>S 4+a& dzaSR (G2 ARSY(A
C)A FS Lin vs SS Log {marameter plot was used to identify the GHOST cell population, after the Flow

Count6 S R& KIFIR 0SSy 3FG§SR 2dzi ¢ DYARS LinSKAD og flofdatgdoBA + G S dab
GKS aDIl h{¢ /9[[{¢ NBIaemanydlthie GHBST cullsiegiablB. Jlie Budber of S K
OStfa Ay (K SvasusedifEquptidoré3l t&Bulag yhe concentration of viable GBDcells

present in the sample.

3.2.2.3. Analysis of HIV coeceptor expression by immunophenotyping of GHOST

cells

Immunophenotyping is a flow cytometric technique in which antibodies conjugated to
fluorochromes are used to detect cells that possess a particliaracteristic, such as

expression of a particular cell surface protéiktv2) Cells are stained with the antibody
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fluorochrome conjugate, which binds to an epitope on the cell surface protein (marker) of
interest with a high degree of specificity. When the cell passes through the instrunhent, t
fluorochrome is excited by the laser if the light is of the correct excitation wavelength.
Following excitation, the fluorochrome returns to its ground state and releases energy in the
form of light of a longer emission wavelength72) The fluorescent signal emitted by an
individual cellwill be increased in cells that possess higher levels of the cell surface protein
and thus were stained with more of the antibeflyorochrome conjugat€Figure 37). The
antibodies used for flow cytometry are generally monoclonal. This means that they are
generated from a single clone of identical B lymphocytes, and therefore will all bind to a
single, pecific epitope on the target antiggii 76) The reactivity of the antibody depends on

the species in which it was generated (e.g. mouse, rat, rabbit) and the species from which the
target antigen was derived. Antibodies also come in different classes, or isotypes, which are
characterized by differensein the constant region segments of the antibody. In mammals,
G§KSNBE I NB FTAOS KSIFI@ge OKFIAYy 6L3I!I LIAF™ELIDZ

The inclusion of appropriate controls is essential for immunophenotyping experiments. Cells
tend to have a low level of background autofluaresce, the extent of which is dependent

on the cell typg177,178) This is generally controlled for by including unstained cell samples
to which no fluorochrome has been addeBidqure 37). Nonspecificstainingis another
potential issue. Thi®ccurs when the antibodgonjugate binds with low affinity to Fc
receptors on the cell surfad@79) Isotype controls are often used to control for nspecific
binding. Isotye control antibodies are from the same immunoglobulin class as the target
antibody, and are conjugated to the same fluorophore, but do not have the same epitope
specificity(178) Theefore, thedegree of norspecific binding in the isotype control should
ideally be similar to that of the antibody of interest, allowing one to account for any shift in

fluorescence intensity it may caug&’3)

Another important potential confounding factorin immunophenotyping experimentss

spectraloverlap. Thisoccurs when the emitted fluorescent signal occurs over a relatively

broad + y3S 2F 41 @St SyaiKaxz NBadzZ GAy3 Ay Ff dz2 NE

channel (based on optimal signal emission) into adjacent detebt@si dzf G Ay 3 Ay aF I €

signals in the adjacent detectors/chann€l80)(Figure 38). Compensation is an electronic

correction that may be applied to remove the unwanted signal (as a percentage of the total
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1 signal) from all detectors into which the signal has spilled ¢¥/ér) Since spectral overlap
2 can negatively impact the accuracy of immunophenotyping, we performed compensation

3 during data analysis for all experimemtswhich more than one fluorochrome was used.
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5  Figure 37: lllustration of emitted signal intensity based of different levels of monoclonal antibody binding by

6 individual cells.Signal intensity can be visualized @oneparameter plot (histogram) illustrating the number

7  of events counted (area under generated pedd) each relative fluorescence intensity value generated.

8 Unstained cells emit a low level of background autofluorescence (indicated in blue) due to the presence of
9

naturally fluorescent cell components. When cells are stained with an antiiodsochrome conjugge specific

10 to an epitope present on the cell surface, an additional fluorescent signal is generated (indicated in green). The
11  greater the number of epitopes on a cell, the more antibdldyprochrome conjugates will be bound, which

12 increaseghe strength d this fluorescent signal. In general, cells with higher expression levels will thus emit at

13 higher relative fluorescence intensities, resulting in a shift tortgbt thatis indicative of greater positivity.
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FITC (530/30)
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Figure 38: lllustration of the principles of spectral overlap usingFluorescein isothiocyanatgFITG and
Phycoerythrin PE as exampls. A) The emission spectra of FITC and PE are presented on a graph of emitted
fluorescence vs wavelgth. The range of the two bandpass (BP) filters intended for detection of FITC and PE at
their maximum emission wavelengths are superimposed on the graph. Some of the light emitted by FITC will
pass through the filter intended to collect light from PE, ttweverlap in the two emission spectra (indicated in

the dark grey region), resulting in sgNer into the PE channdB) The spilover signal can be observed using
FITGabelled PBMNCs visualized on a {fparameter plot of FITC vs PE. TReSIgnal idicates the intended
positive signal in the FITC channel, while tA&@nal is a false positive signal in the PE channel as a result of

spilkover. Figure 38b available from https://bitesizebio.com/13696/introductioro-spectratoverlapand

compensatiorAflow-cytometry-protocol/)

3.2.2.3.1. Sample preparation

Two 100> [aliquots of the GHOST cell suspension were transferred to flow cytometry tubes.
The two samples were stained witaither monoclonal antibody conjugates or their
corresponding isotypic controls andAAD, as indicated ifiable 33. CCR5 was detected with

a Phycoerythin-Cyanine 7 (REy7) conjugate, while the CXCR4 antibody was conjugated to
the Brilliant Violeit 605 (BV605) fluorochromd&he cells weréncubated for 20 min at room
temperature in the dark to allow antibody binding. They were then washed with 1 mL PBS to
remove residual unbound antibodies, centrifuged at 30for 10 min and resuspended in
500> [PBS. The samples were analysed on a FAg€SAusion instrument (BD Biosciences;
Franklin Lakes, NJ, USA) to determine th@eceptor expression profiles of the cells. The

laser and filter configurations used for this instrument are also indicatégppendix A
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Table 33: Sample preparation to phenotype e@ceptor expression of GHOST cells

TUBE 1 TUBE 2
Monoclonal antibody Volume & ) Monoclonal antibody Volume & )
CCR¥®ECy7 5 PECy7 Isotypic Control 5
CXCRBV605 5 BV605 Isotypic Control 5
Viability dye Volume ¢ ) Viability dye Volume & ]
7-AAD 5 7-AAD 5

3.2.2.3.2. Flow cytometry setup and data acquisition

Firstly, the viable cells were identified using a SS LogAV7Log twegparameter plot Figure
39ab ® ¢KS DI h{¢ OStta 6SNB (GKSYy ARSY(GAFASR
region, while debris and large cell clumps were edetl Figure 39b). CXCR4 and CCR5
expressionwere analysed by plotting BV605 Log and@®# Log against SS Log respectively.
These plots were gated dhe viable GHOST cell population. The position of the positive gates
for these cereceptor plots were defined according to the negative populationsoftitvhen

the samples were stained with the isotypic contrdtsg(re 39c & Figure 39d). The isotypic
controls serve as negative controls which accdantnon-specific binding of the respective
monoclonal antibodies. Data was acquired using C! / {VerAig[8.2.1) andnalysed

usingKaluza Flow Cytometry Analysis Software (Version 2.1).
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Figure 39: Flow cytometry setup for immunophenotyping of emeceptor expression in GHOST celg.Cells

with intact membranes that stained negative fotAAD were first identified using a SS Log-¥éAD Log twe

parameter plot, indics R Ay ( KS & B)The GHOST celdBiatd tieyl identified on a FS Lin vs SS Log

L 2G> 3 G§SR 2y Q) KSSLagvs CXCRABY60NIBgHRaRafedplot enabled identification

2F O0Stta GKFG SELINBaaSR positowaf thergdte i setusing the isotypiccéntrdNB I A 2 y «
as indicated hereD) A SS Log vs CCRE®E Log twegparameter plot was used to detect cells expressing CCR5

Ay GKS &/ 1 wp b époshive Bgich yab algoke$ ac¢ordingto the isotypittiml. A few cells (events

within the CCR{positive region) displayed high levels of rgpecific binding for the isotypic control antibody

© 00 N o o~ WDN PP

S
N B O

used. Therefore, the region was set on the edge of the majority of the cells, ignoring the few outliguerddre

non-specific bindingobservedwithin the CCRpoitive region (isotypic control) was subtracted from the CCR5

positive percentage obtained when cells were stained with a monoclonal antibody directed against the CCR5

epitope.
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3.2.2.4. Analysis of CD4 expression@HOST cells

3.2.24.1. Sample preparation

Cells were collected from culture flasks using either-eamymatic Cell Dissociation Solution

or trypsin as described in the GHOST cell cuberion Section 3.2.2.L Two 50> [aliquots

of each sample were used to assess CD4 expression. The fuist a@p stained with & [of

a CD4 Allophycocyanin (APC) monoclonal antibody in additio®\&LY, while the second was
stained with the corresponding isotypic contrdlaple 34). In some instances, the isotypic
control was not available and an unstained control was used instead. Since the cells to be
phenotyped were generally seeded for experiments directly after analysis, a count was
included as part athe protocol.Flow/ 2 dzy (i v Tt dz2 N[Rwrd addedideiach tupen

and500> [of PBS was added to the tubes before analysis on the Gaflos cytometer.

Table 34: Sample preparation for analysis of CD4 expression of GHOST cells

TUBE 1 TUBE 2
Monoclonal antibody Volume & ) Monoclonal antibody Volume & )
CD4 APC 3 APdsotypic Control 3
Viability dye Volume & ) Viability dye Volume & )
7-AAD 3 7-AAD 3

3.2.2.4.2. Flow cytometry setup and data acquisition

As for the enumeration protocol described $ection3.2.2.2 the fluorospheres were first

identified in the FL3 channdtigure 310a). In the subsequent FS Lin vs SS Logpavameter

plot, the GHOST cells were identified based on their size and complegitye 310b). Flow

| 2dzyin Fftd2NRALKSNBA 6SNB SEOf dzZRSR FTNRY GKA:
From the GHOST cell population, the viable cells were selected using a FS-ARD/$.Gg

plot (Figure 310c). Finally, the CD4 expression of the viable GHOST cell population was
analysed using a FS Lin vs CD4 APC Leggatameter plot, with the position of thegsitive

region being set according to either an isotypic congfajure 310d) or an unstained control.

CD4 APC is detected in the FL6 channel [Excitation: 638 nm; Ent&gldi0 BP], while -7

62



1 AAD is detected in FLAcquired data was analysading Kaluza Flow Cytotmg Analysis
2  Software (Version 2.1).

A) B)
- [Ungated] TIME / FL3 [NOT BEADS] SS INT / FS INT
: 1000
200
BEADS
— 600 / \
- z GHOST CELLS
: 101_ ; . o
(T
400+
200~
0 T
10° 10' 107 10°
TIME SS INT
9 D)
[GHOST CELLS] 7AAD / FS INT [VIABLE] CD4 APC / FS INT
1000 1000
CD4+: 0,08%
800+ 800
£ %97 ViABLE b
» ~
. |1
e 0 I : :
10° 10' 102 10° 10° 10' 102 10°
7AAD CD4 APC
3 Figure 310: Flow cytometry setup for counting and immunophenotyping of CD4 expression of GHOSTAglls.
4 Flow/ 2dzyiun Ffdz2NRPALIKSNB& FNB ARSYGATASR JpgrametkrPlotNB I A 2 y
5 B)AFSLinvsSSLog#dh NI YSGSNJ LX 2G 3FGSR dzaAy3d GKS .22t Sty 3l GS
6  cells. Cell debris and large clumps wexcludedC)A FS Lin vs LogAAD plot enabled detection of viable cells,
7 AYRAOIFGSR Ay (DfASwopardameted[JOZ G NBBAQY o Ay @a [23 /5n !t/ X
8 4l a dzASR G2 Fylfeas$S /5n SELNBeding 16 the mositidn ofithemheghtiie NB I A 2
9  population using either unstained cell or cells stained with an isotypic control.
10
11
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3.2.3. Sorting of CD4ositive GHOST cells

Preliminary experiments with GHOST cells seemed to indicate that CD4 expression was highly
variable, raising doubts as to whether they were suitable for use. In order to overcome this
potential problem, it was decided that GHOST cells with uniformly HigheRpression should

be sorted to be used for future experiments. Several confluent flasks of GHOST cells were
used as the starting material. Since it was possible that treatment with trypsin could cause
proteolytic cleavage of CD4, the cells were detacliean the culture flasks using Cell
Dissociation Solution. Cells collected from all flasks were pooled and centrifuged »ig300

for 10 min. Thereafter, they were resuspended in 1mL of complete DMEM for each flask used.
For example, if cells were harvedtom a total of 4 flasks the cell pellet was resuspended in

4 mL of medium. Cells were stained idr min with5 > [of ant-rCD4 APC antibody and>5[

7-AAD for each flask used after which the cells were washed twice with PBS. Cells that were
both viable(7-AAD negative) and strongly CD4 positive were sorted into a 15 mL tube using
the FACSAria Fusion cell sorterRigure 311). The resulting CD8" GHOS cell population

was plated and expanded for two passages into bulk stocks which were stored for future
experiments. A second population of cells that expressed CD4 weakly was also sorted for

comparison Figure 311).
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populations, which were then sorted into separate tubB3 A postsort purity check was performed, in which

an aliquot of sorted cells was-snalysed immediately using the same protocol. In this example the results are

shown for the CD¥" population, indicating a sort

purity of 99.09%.

3.2.4. RTPCR of CD4 mRNA in GHOST cells

The Polymerase Chain Reaction (PCR) is an essential molecular tool which is used to

determine whether a specific target DNA sequence is present in a cell population of interest

by creating numerous copies of the target sequencénbyitro DNA replicatior(181)(Figure
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3.12). Conventional PCR products can be visualized using a technique called gel
electrophoresis(182) the principles of which are illustrated iRigure 313. Reverse
transcription PCR (RACR) is a modification to conventional PCR in which the aim is to amplify
an mRNA target. In this case, the mRNA in the starting material is first converted to
complementary DNA (cDNA) using a reverse transcriptase enzymethandused as a

template for a PCR reactiqt81)

nuclaotide

THL /

original DMA /“‘
to be replicated 5 3 5 3 \-

nmivmm R
' : LLL

¢ ~ ¥ 5-unnn-u1 / ws 5 \ H” /
 » 3,/' o hh “g
i © ° ° g S-
3 5'\ o |m /o

» 3 Lt 5 3 i
F‘ ‘|* ? ? \‘ |mu|u ., |mu||| / \‘

DNA primer 3 5 3 5

. nm}/
\-

€) Denaturation at 94-96°C
e Annealing at ~568°C
) Elongation at ca, 72°C

Figure 312: Principlesof the polymerase chain reactiarShort oligonucleotids called primers are designed to

bind to sites flanking the sequence of interdstthe presence of primers amttoxyribonucleotide triphosphates
(dINTPMonomers, the template DNA is denatured at high temperatures to separate the two strandlgh@.

the temperature is reduced, the primes anneal to the template DNA (2). The temperature is rais€€tartR

a thermostable DNA polymerase synthesizes the opposite strand of each template, creating two copies (3). This
cycle is repeated for multipleounds, generating many copies of the target DNA sequence. Available from:

https://commons.wikimedia.org/wiki/File:Polymerase_chain_reaction)svg
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Figure 313. Principles of gel electrophoresisd) A diagram illustrating the experimental setup for gel
electrophoresis. Samples containing DNA fragments are loaded into sample wells set into an agarose gel slab.
The gel is pleed in an electrophorestank thatis filled with buffer. The two electrodes at either end of the tank
are attached to a power supply unit and transmit an electric field through the tank. The samples are loaded near
the negative electrode, allowing the BNto migrate through the gel towards the positive electrode when
current is suppliedB) The bands of DNA in the samples are visualized using ethidium bromide (often added to
the gel itself), which intercalates into the DNA strands and is visible when lgtutMs applied. The bands
separate based on the size of the DNA fragments. Larger fragments migrate slowly and are thus are found closer
to the sample wells, while smaller fragments migrate faster and thus move further through tha elder,

comprisng a set of DNA fragments of known size is usually run alongside the samples.

For analysis of CD4 mRNA expression in GHOST celf& &44CDRB"Y (control) GHOST cell
populations were sorted using the FACSArkusion instrument (as peection3.2.3) and

then immunophenotyped for CD4 expression, as describeSeirtion3.2.2.4. The percent

CD4 cells were 91.63% and 35.42% for the héyipressing and lovexpressing populations
respectively. RNA was isolated from both these GHOST cell populations)| s vilmm
positive (PBMNC, TZM) and negative (HEK293T) control cell types, using the RNeasy® Mini

YAOG O6vAF3ASYT 1 AfRSYZ DSNXIyeEo |a -iieldsakKS YI

genetically modified HeLa cell line known to stably expreds lbigels of CDéL64)while the

CD4 T lymphocyte population present in PBMNCs expresses high levels of endogenous CD4.
In contrast, the HEK293T cell line does not express(CE34184) The isolated RNA samples
were converted to cDNA using the SensiitadDNA Synthesis Kit from Bioline (London, UK).
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Reverse transcription reaction mixes were set up on ice, aq@ae 35. The cDNA synthesis

NBI OGA2Y 61 & OFNNARSR 2dzi Ay | DSYyS! YL t/ w
Waltham, MA, USA) using the protocol outlined able 36. Both the RNA and cDNA products

were analysed using a NanoDrogpectrophotometer (Thermo Fisher Scientific; Waltham,

MA, USA) to determine thsample concentration and purity.

Table35Y wSIF OdGA2y &aSGdzLd F2NJ NEZSNES (NI yaONA LI A

Component Volume per reaction
5x TransAmp buffer 4>

Reverse transcriptase 1> [

RNAtemplate Variable*
Nucleasefree water Variable**

Total reaction volume 20> |

*The volume was adjusted to allow for the addition ofd of RNA to the reaction.
**The volume of the nucleas&ee water was adjusted to ensure a total reaction volume ofi20

Table 36:¢ KSNXY 208 O0f Ay3d O2yRAGAZ2Yya FT2NJ NEBOSNRS GN
kit)

Step Temperature Duration
Primer annealing 25C 10 min
Reverse transcription 42°C 15 min
Inactivation of reverse transcriptase 85C 5 min
Hold 4°C b

The cDNA products were used as the template for a PCR reaction designed to amplify a small
region of the CD4 gene. Previously published prinfg8%)were used (sequences available

in Appendix B;Table B2), however the annealing temperature required optimisation prior to

use for experimentsAppendix B JFigure Bl). The PCR reactions were set up as indicated in

Table 37, using the KAPA Tagq ReadyMix (Kapa Biosystems; Wilmington, MA, USA) and
FylFrfe@aSR dzaAy3a GKS DSyS! YL t/w {@2adGdSY odrnnd
Table 38. A positive PCR control reaction using a previously validated primer pair targeting

the Homo sapiensibosomal protein L32 pseudogene (sequences availabkppendix B,

Table B2) was included to confirm that the reagents and thermocycler were functioning
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1 correctly. GHOST C™4cDNA was arbitrarily selected as the templaiethe positive control
2  reaction since GHOST cells, like all the cell types used for this experiment, are of human origin
3 and should possesses the L32 target sequence. A negative PCR control reaction which
4  contained no template DNA was included, also ugimg L32 primer pair. The resulting
5 products were visualized by gel electrophoresis which was run for 1 hour at 90 V in a 1%
6 agarose (Benchmark Scientific; Edison, NJ, USA) gel madeanelateEDTA (TAE) buffer
7 (Thermo Fisher Scientific; Waltham, MASA). Band sizes were determined using the Low
8 Range FastRuberDNA Ladder (Thermo Fisher Scientific; Waltham, MA, USA).
9
10 Table372wSI OGA2y &aS0dzld F2NJt/w 2F /5n dzaAy3d Y! t!
Component Volume per reaction
2X Kapa Tag ReadyMix 12.5> |
Forward primer (16-M) 0.75> [
Reverse primer (18M) 0.75> |
DNA template 1>[ F
Nucleasefree water 10> |

Total reactionvolume: 25> |

11  *Template DNA concentration was variable

12 Table38Y ¢ KSNX20eOtAy3a O2yRAUAZ2YyEA F2NIt/w 2F /5

Step Temperature Duration Number of cycles
Initial denaturation 94C 2 min 1
Denaturation 94C 10 sec
Annealing 65C 10 sec 30
Extension 72°C 1 min
Final extension 72°C 10 min 1
Hold 4°C b -

13

14

15

16

17
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3.2.5. GHOST cell assay protocol

3.2.5.1. Seeding and quality control of GHOST cells

ThecompleteGHOST cell assay protocasusnmarisel in Figure 315. In preparation for the
assay, CO¥MGHOST cells grown in &5 flask were dissociated usingmenzymatic Cell
Dissociation Solution, centrifuged at 3@ for 10 min and resuspended in 5 mL complete
DMEM. Thereafter, the cells were enumerated and immunophenotyped for CD4 expression
by flow cytometry, as per the previously described protoc@eation3.2.2.4 This was done

to ensure the cells were expressing consistently high levels of the CD4 receptor, which is
critical for HIV entry into the cell. Cells were then seeded Hwé&R plates at a density of
150000 cells/mL in 1 mL DMEM, witlsafficient number of wells being seeded to allow each
condition to be assayed in triplicat€igure 314). The cells were then cultured for 24 hours

before infection.

4 1 2 3 4
HIV+ HIV+ HIV+ HIV+ HIV+ HIV- HIV-
neat 1/4dil. 1/16dil. 1/64dil. 1/256 dil. count control

Figure 314: Cell culture plate layout of cells seeded for the GHOST cell asbag. 12well cell culture plates
were used to seed enough wells for three replicates (R1, R2, R3) to be assayed for each cahditveslls to
which a dilution series of viral supernatant was added are indicated in shades of red (HIV+). The HIV negative
control wells used on Day 3 for GFP analysis are indicated in blue. The HIV negative wells used for obtaining a

cell count on Day ére indicated in green. The wells to which no cells were added were filled with PBS.

3.2.5.2. Enumeration of GHOST cells

Prior to infection on Day 1 of the assay, the three wells seeded for GHOST cell enumeration
(Figure 314:) were dissociated as described in the GHOST cell cgkot®n Gection 3.2.2.1
but using only 200> [0.25% TrysHEDTA to account for the siber surface area. After
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neutralizing the trypsin with 208 [complete DMEM, the cells were collected, centrifuged at
300xgfor 10 min, resuspended in 160[PBS and stained with=3[7-AAD. The entire sample
was used to obtain an absolute viable cellot on the Galliog flow cytometer, as per the
GHOST cell enumeration protocol describedSiection 3.22.2 The average cell count
obtained from these 3 replicates was usedEnuatian 3.3 for the calculation of the functional

titre.

3.2.5.3. Infection of GHOST cells

On Day 1 of the assay (24 hours after seeding), the GHOST cells were infected with the virus
stock to be titrated. A series of dilutions of the stock was set up in séreenRPVH1640
culture medium. The dilutions of virus included were as follows: N&@k,dilution, 1/8
dilution, 1/16 dilution, 1/64 dilution, 1/256 dilution. An uninfected control, containing only
RPMI1640, was also prepared to determine the background autofluorescence of GHOST cells
in the GFP (FL1) channel. PolybréBemaAldrich; St Louis, MO, USAg, cationic polymer

that neutralises charge repulsion at the cell membrane, was added to each sample at 20
>g/mL to facilitate viral adhesion. The growth medium in which the GHOST cells were seeded
the previous day was removed, and thellsevere washed with 1 mL PBS to remove any
residual FBS that may interfere with HIV infection. Aliquots of the prepared dilutions were
added to the appropriate wells in triplicat€igure 314:), using 500> [per well. The plates

were incubated for 2 hours at 37°C, 5%,Clhereafter, each well was supplemented with

500 > [ serumfree DMEM and cultured overnight for a further 16 hours. On Day 2
(approximately48 hours after seeding), the medium in all wells was replaced with 1 mL
complete DMEM and the cells were incubated for another 24 hours. Quantification of GFP
expression via flow cytometry was carried out on Day 3 (approximately 72 hours post initial

seedng) of the assay.
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Seed GHOST cells in 12-well cell culture
plate at 150 000 cells per well

l Incubate for 24 hours

Add viral supernatant at various concentrations

HIV negative Undiluted HIV
control supernatant 1/4 dilution 1/16 dilution ~ 1/64 dilution  1/256 dilution

i Incubate for 2 days

Figure 315: Functional titration of HIM strains using the GHOST cell reporter system. Viral supernatant was

Measure GFP expression via flow cytometry

added to seeded GHOST cells at varying concentrationdfiofirdncubation period allows infectious virions to
infect GHOST cells and initiate GFP expression (illustrated with green cells), which were quantified by flow
cytometry after a further 2 days in culture. Viral titre was estimated in terms of infectiniis per mL of viral

stock usingequatian 3.3 and Equation 34.

3.2.5.4. Sample preparation for analysis of GFP expression by flow cytometry

The cells in each well were dissociated as previously described and collected in
microcentrifuge tubes. After centrifugation at 38@ for 10 min and removal of supernatgnt

the cells were resuspended in 360[IC Fixation Buffer (Thermo Fisher Scientific; Waltham,
MA, USA) and incubated for 10 min at room temperature. Fixation of the cells renders them
non-infectious and enables them to be safely removed from Biesafetylevel 2+ BSL2)
facility and run on the flow cytometer. However, this also prevented assessment of cell
viability during the analysis since the cells were killed in the process of fixation. The cells were
subsequently washed with 1 mL of PBS, then cierged at 300k g for 10 min to collect cell
pellets. After the cell pellets were resuspended in 40PBS, the cells were analysed on the

Galliost flow cytometer.
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3.2.5.5. Flow cytometry setup and data acquisition

The proportion of GFpositive GHOST cells in easample was quantified using a
standardized protocol on the Gallwsflow cytometer. Since GHOST cells are prone to
clumping, especially after fixation, doublet discrimination was incorporated into the protocol.
Doublet discrimination refers to removal \gating of all cell clumps, resulting in only single
cells being analysed. This technique takes advantage of the fact tleavdltage pulse
generated by the light detector when measuring forward scatter has three characteristics:
height, width and area. éight is the maximum intensity of the light signal, width refers to the
duration of the signal, while area is the overall amount of light detected during the event.
Area is thus a result of the combined effects of width and heigttten a single cell is
measured all these characteristics should be identical, while a doublet or cell clump will have
the same height as a singlet but increased width, and therefore increased 86y Figure
3.16).

Single small cell Clump of 2 small  Single large cell
cells —_
. x
- - PR s v -
Cell size e Py @ ] = @
= @b N AP - Ny
: L e -. & = 5 Be e N
E o - s
Q
T ~n
= - - Area E ’_. -
£ 2 g £ <.
. g Area 5 Area E 3 - / =
Signal pulse £ E . E A 14 ‘® ST
fil E ~ E 5 Height - =, '_..’ kN
protile 5 /\ I Height & /\/\ IHeight 3 g e
£
Time Time Time E 45°
T T
. . : 1 2
Area 1 unit 2 units 2 units
Forward Scatter Area (FS-A)
Height 1 unit 1 unit 2 units

Figure 316: lllustration of the use of different forward scatter parameters to distinguish single cells from cell
clumps. A)Cells of different sizes will have different FS signal pulse profiles, plotted as the signal pulse intensity
vs time. A single cell will alwaiave a 1:1 ratio of F&rea to FSeight, whether is it is a small cell (first panel)

or a large cell (last panel). A cell clump on the other hand (middle panel) will have the sétagRSas a single

cell of the same size, but since the time taken &spthrough the laser is greater, the-&i®a will increaseB)

When FSA and F&$ are plotted against each other, the 1:1 proportionality ofA~® FSH in the single cells
results in a population following a 4§radient up the plot axes with increasingll size, indicated in the blue
region. Cell clumps on the other hand will fall below this region, since thfe \Fues will be larger than the

corresponding F8l value of a single cell of the same size.
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Thesinglet cells were thus identified as a gadipulation with an approximately or®-one

ratio of Forward Scatter Area 3 to Forward Scatter Height (H$, following an

approximately linear 45angle on a F8 Lin vs F8 Lin plot Figure 317a). Clumps displayed

increased F$

gl t dzS a

O2YLJ NBR

G2 aArAy3atSaa

plotted against the F8l values.The GHOST cells were then identified on a FS Lin vs SS Log

L 24 31 GSR

2y Figi& 31)A A S LSdI e GRPALog:pamameter plot

enabled identification of HPgositive cells Figure 317d). GFP was detected in the FL1

channel [Excitation: 488 nm, Emissi®25/40]). The region indicating GFP positivity was set

according to the position of theegative population in the uninfected contrdtiQure 317c).

Data was acquired and analysesing Kaluza Flow Cytometry Analysis Software (Version 2.1).

A) [Ungated] FS-A / FS-H

1000+

800+

600

FS-H

400+

2004

T
0 200

T T
400 600 300

1000
FS-A
Q [Ghost cells] GFP / FS-A
1000
GFP+ : 0,79%
300
0 T T T
10 10 100 100
GFP

B)

D)

FS-A

[B] SS INT / FS-A

1000

8004

600+

400

200

10° IE) 10° 10°
SS INT

[Ghost cells] GFP / FS-A

1000+

800+

GFP+: 23,20%

T
10° 10° 107 107
GFP

Figure 317: Flow cytometry setup for analysis of GFP expression as part of the GHOST cell functional titration

assay.A) A FSH Lin vs F& Lin plot was used to exclude any clumps and analyse only single cells downstream.
aLiSR 2y a.

{(Ay3tSi OSftfa | NEB)ARBSYNAFASR Ay NBIARW 2.
with the intact cells indicated in the B2A 2 Y & D K@ A A 10nS/$ GF® £09 twparameter plot gated on

GDK2ald OSfface

Aa-APzZASRIBR REBEGAYAYWZAAKS|I GPCt bé NBIAZ2Y

of this region is set using an Hiliiexposed control, represented in this pl@) HI\tinfected cells demonstrate

a clear shift towards the right in the FL1 (GFP) channel, allowing for the enumeration ‘oé\@R& in the
GDCt bé¢ NBEIAZ2Y O
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3.2.5.6. Calculation of functional titre

The average percent of GipBsitive cells across the three replicates for leatilution was
used inEquatian 3.3 to obtain an estimate of the number of infected cells, which was used
as a proxy for the number of infectious vigarticles present at the time of infection. If any

of the three replicates differed greatly from the other two, causing the standard deviation of
the triplicate mean to be greater than 10%, that replicate was considered an outlier and was
not used in the alculation. The concentration of infectious viral particles in the stock as a
whole was then calculated usirigquation 34, which converts thenumber of infectious
particlesper500>[ O0GKS @2f dzyYS 2F @GANIf &aG201 dzaSR
applicable value of IU/mL. Once IU/mL values were obtained from all dilutions, the three
consecutive dilutions that yielded the most sianiresults were averaged to obtain the final
IU/mL used in downstream calculations. An example of this calculation is illustraiedblie

3.23.

Equatian 3.3:

e, L) i O T W ) & x roN 1 p “O“ij ) o, \ r oy e T n ron
0¢ "QQ W IVENO'Y oQooe(osem O0Qua 6 D& o6 £ i
Equation 34:

7~ ¥ [ANRY T\ 7 N N 7 T 7, "OTY
O DU Qii WE W ————
WE a Orpad ‘Q aoad

3.3. Detection of HIVinfected Cells
3.3.1. Detection of intracellular p24 using the KC57 antibedgised assay

3.3.1.1. Sample Preparation

Two sets of samples were used in all experiments-éxposed samples and uninfected
controls. Cell suspensions from both sample sets were prepared and counted as per the
relevant protocols for each cell type. For optimization purposes, aliquots containit@ 1
GHOST cells were taken, centrifuged at 8@Pand resuspended in 108 [PBS. A fixable
viability dye, Zombie Violet (Biolegend, San Diego, CA, USA), was addedt &t 1 LIS NJ & |
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if viability was to be assessed. After incubation at room temperaturéenabbsence of light

for 15 min, the dye was washed off with 1 mL PBS and resuspendedn[RB8. The stained

cells were resuspended in 160[PBS, to which 108 [of IC Fixation Buffer was added. After

pulse vortexing to mix, the cells were incubated fohour at room temperature in the dark.

The fixed cells were then washed with 2 mL of 1 x Permeabilization Buffer (Thermo Fisher
Scientific; Waltham, MA, USA) and centrifuged at #@0for 5 min. The supernatant was

removed, and the wash step repeatedhe cells were then resuspended in 160[

t SNXYSIFoAfATFGARZY . dzF FSNJ | VR -pMiaitidogyScBnjugated K H ®p
to the fluorochrome PE({Beckman Coulter; Miami, FL, USA)the corresponding isotypic

control. The cells were incubatet room temperature in the dark for 1 hour. Stained cells

were washed twice more using Permeabilization buffer and resuspended in a final volume of
500> t.{® ¢KS FTAylIf OStft RAGBALaTySkel sodter. 6 SNE | Y

3.3.1.2. Flow cytometry s&up and data acquisition

GHOST cells were identified on a FS Lin vs SS Log plot, while excluding clumps and debris as
in previous analyseds-jgure 318a). Viability was determined using the fixable viability dye,
Zombie Violet since AAD cannot be used in fixed cells. The viable population was identified

in the Zombie Violet negative region, as illustrated in the FS Lin vs Zombie Violet a two
parameter plot (Figure 318b). A KC5PE Log vs GFP Log {parameter plot enabled
identification of HIVpositive cells detected through either GFP expressiantbody binding

or both Figure 318c). The positions of the quadrant regions were set according to the
position of the double negative population olrged in the uninfected control. This analysis

of coexpression allowed assessment of the agreement between the two HIV detection

methods5 F G+ 6+ & I OljdZANBR dzaAy3 .5 CludingBaugal n 6

I+

Flow Cytometry Analysis Software (VersR.1).
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A) B) C)

7 [GHOST CELLS]  [VIABLE]KC57-PE / GFP
[Ungated] 55681 F5C A Zombie Violet / FSC-A D-+: 0,91% D++: 0,01%
250 A

250-VIABLE: 96,81% 10°4
GHOST CELLS

(x 107
(x 10"

2004

150

FSC-A
FSC-A

T
10° 10 10°

: 10° 10 e i 10° 10°
SSC-A Zombie Violet KC57-PE

Figure 318: Flow cytometry protocol setup for the KC57 ass&@).GHOST cells were first identified in the region
DI h{¢ /9[[{¢& dzaA y-pghramete€dot.B)iaffle o8lE wefe{therj igemified désidg a FS Lin vs
%2YOAS A2t S0 [ 23 LI 2 &)Toepreds®rirof Both GEPDand ifittcellup@4 ja ¢ ®
determined using a GFP Log vs kBELogtwd.J- NI YSGSNJ LX 2G 3 4GSR 2y GKS a=L! .
both were detected in the bottom left quadrant {, KC57GFPcells were detected in the bottom right (B+
guadrant, KC5GFPcells were detected in the top left (B) quadrant, and cells positifer bothwere detected
in the top right (D++) quadrant.

3.3.2. PCRbased detection of viral DNA

3.3.2.1. Primer design

A collection 6 HI\*1-C genome sequences generated between 20055 was obtained from
the Los Alamos National Laboratory HIV  database (accessed from:

https://www.hiv.lanl.gov/content/indey. These sequences wereigaed in CLC Main

Workbench using the MUSCLE algorithm and a consensus sequence was generated. Primers
for amplification of the VV3oop region of theenvgene as well as for amplification across the

LTR andjagregions were designed manually using this semsus sequence by Ms Candice

Herd (MSc student, Department of Immunology, University of Pretoria). The primers were
checked for specificity against the CM9 and SW7 sequences and modified if necessary. The
final sequences of the primers used are indicatedlable 39. The binding sites of the
designed primers were checked against the-fetigth consensus sequence for the HFC

genome with NCBI Prim&last (accessed frorhttps://www.ncbi.nlm.nih.gov/tools/primer

blast/), an example of which is shown KEgure 319. Selfcomplementarity, melting
temperatures and Gibbs free enerdyQ) metrics were assessed using the online OligoCalc

tool (accessed fromhttp://biotools.nubic.northwestern.edu/OligoCalc.htin(Figure 320).
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All primers were found to have acceptable specificity to thesemsus sequence as well as to
the isolatespecific sequences. The results of the -selinplementarity analysis and
examination of physical properties performed in OligoCalc is indicatdalie 310:.. The

primers were synthesized by Ingaba Biotech (Pretoria, South Africa).

Table 39: Sequences of primers used for detection of HIZ isolates

Isolate &  Primers SljdzSy0S 6pQ Size of
target region amplicon
CM9 LTRjag Forward:LTR fwd6 CCCTCAGATGCTGCATATAAGCAC 983 bp
Reverseil & p QDI 3 TCCTTTAACATTTGCATGGCTGCTT

SW7LTRfag Forward:LTR fwd6 CCCTCAGATGCTGCATATAAGCAC 978 bp
Reverseii & p QDI 3 TCTTTTAACATTTGCATGGCTGCTT

CM9 V3loop Forward:V3 fwd6 GGACCATGCAATAATGTCAGC 406 bp
ReverseV3 rvsl.2 GTGTTGTAATTTCTAGGTCCCC

SW7V3loop Forward:V3 fwd3 GGACCATGCCATAATGTCAGC 551 bp

ReverseV3 rvs2

CCTACCCCCTGCCACATG

Input PCR template
Range

Specificity of primers
Other reports

1 - 9681

B Search Summary

Graphical view of primer pairs

C.ZA.1999.99ZACM9.AF41190/TGGAAGGGTTAATTTACTCCAAGCAAAGGCAAGATATCCTTGATTTGTGGGTCTATAACACACAAGGCTACTTCCCAGAT

Primer pairs are specific to input template as no other targets were found in selected database: Refseq mRNA (Organism limited to Homo sapiens)

&2 Query_1+ | Find: ylE el @, |d;| = e Tools - | 4§ Tracks -
|se |1k 1588 X3 2,508 |3k |3.50@ |4 K |4.588 5K 5508 |E K |6.588 7k |7.500 2K 2508 EX3
(U) Primer pairs for job urBlJOESTJIRrgkmvRMStnT7ULKETx2=vEqQ
Frimer 1
1 ] LK |1.508 2K [z.5mm 3K [z.500 [+ K |4.508 5K 5580 K |5.500 [FK 7500 [BK [8.588 XS

Query_1: 1..9.7K (9.7Kbp) ¥ Tracks <

Detailed primer reports

Primer pair 1

Sequence (5'-=3")
CCCTCAGATGCTGCATATAAGCAGCTGC
TCCTTTAACATTTGCATGGCTGCTTG
Product length 984

Forward primer
Reverse primer

Template strand
Plus 28
Minus 26

Length Start Stop Tm GC%  Self complementarity
333 380 6761 5357 12.00

1316 1291 6317 4231 400

Self 3' complementarity
10.00
1.00

Figure 319: Screenshot of the NCBI Primer BLAST output for the CM9 LTR/gag primefTpaiprimer pair
was predicted to be specific to the HIVC CM9 consensus input sequence, and to have ntaafét binding,

using the Refseq mMRNA database asfarence.
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phj,si:d Con=tantes Melting Temperature (Tpy) Calculations
Length: 28| Molecular Weight: 8533.62 GC content: G4 1 62.9|°C (Basic)

1 ml of a sol'n with an Absorbance of 1| at 260 nm 2 71.8|°C (Salt Adjusted)

iz 3.421| microMolar 2 and contains 292 micrograms. £ 65.59|"C (Nearest Neighbor)

Themodynamic Constants Conditions: 1 M NaCl at 25°C at pH 7.

RInk 33.404| call(*K*maol) deltaH 218.7| Kcalimol

deltaG 33.6/ Kcallmol deltas 564 5| cali(*K*mol)

Deprecated Hairpin/self dimenization calculations

5 ¥ | {(Minimum base pairs required for single primer self-dimerization)
4 ¥ | (Minimum base pairs required for a hairpin)

B)

Minimum base pairs required for single primer self-dimerization: 5.
Minimum base pairs reguired for a hairpin: 4.

[ Check Self-Complementarity |

Potential hairpin foermation :

L' CCCTCAGATGCTECATATARGCAGCTGEC 31

3" Complementarity:

Mone |

All potential self-annealing sites are marked in red (allowing 1 mis-match);

CCCTCAGATGCTECATATRAGCAGCTGC 37

Lioin

CETCGRCOGRATATRCGTICGTAGRCTCCC 3

5! CCCTCRGATGCTGCATATRARGCAGCTEE 3
3' CGTCGACGRATATACGTCGTAGRCTOCC 57
CCCTCAGATGCTGCATATRARAGCAGCTEE 37

a3 N

COTCGRCGRATATACGICGTAGRCTCCC 57

Figure 320: Screenshots of output from the OligoCalc primer analysis tool for the CM9 LTR/gag forward primer

(LTR fwd6). ADutput for analysis of physical constants gives all relevant physical properties of the primer,

including GC content, melting temperaturéd¥m) Gibbs free energy (delta G), etB) Output for self

O2YLX SYSyGIFNRGe Fylfeéeara akKz2ga LlxdoBpemdntarity, o walNEIA v

potential sites at which selnnealing of the primer can occur.
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Table 310: Results of primer analysis using the OligoCalc tool

Primer Tm %GC kG Potential 0 Q02 Y Number and length
(°C) (Kcal/ hairpin mentarity  of selfannealing
mol) formation sites

LTR fwd6 65.59 54 38.6 Yes (4 bp) None 3 (10 bp, Dp, 8 bp)

GapQDl 3 5911 42 337 None None None
Gap QDI 58.05 38 32.8 None None None
V3 fwd6 51.73 48 25.8 None None None
V3 rvsl.2 49.93 45 26.3 None None None

V3 fwd3 53.10 52 26.7 None None 2 (7 bp, 7 bp)
V3 rvs2 51.88 67 24.5 None None None

3.3.2.2. Isolation of DNA from infected GHOST cells

In order to isolate infected GHOST cell template DNA for primer optimizatioft9CGidted
GHOST cells were seeded inadl plate and allowed to become confluent. At confluence,
the culture medium was removed and 1 mL of either €99118 or SWD10818 was added
to the cells. Seruairee RPMI was used in one well instead of supernatahich served as a
mockinfected control. After a zhour incubation period at 3T, 5% Cfthe supernatant was
supplemented with 1 mL of seruiree DMEM. Following a further incubation overnight for
16 hours, the medium was changed to complete DMEM dnedcells were cultured for a
further 3 days. On the fourth day pestfection, the HIexposed cells were dissociated using

trypsin and centrifugation at 300g for 10 min. DNA was extracted from the cell pellets using

the QiaAm®DNA Mini Kit (Qiagen; HIRSY = DSNXF y& 0o a4 LISNJ 0KS Yl

cultured cells.

A second batch of infected GHOST cells was produced using the same method to determine
the limit of detection of the LTRAgPCR. However, for this infection cycle, GHOST cells were
sealed in F25 flasks at 21 cells per flask and infected using 2 mL of viral supernatant per
flask. Isolates CM290118 and SW©10818 were used. An additional7b flask of cells was

not exposed to HIV and served as an uninfected control. Cells from all flasks were harvested
after 3 days in culture. The GFP+ cells in each culture were quantified and used to produce a
set of standards containing different concentrations of the respective viruses. This was

achieved by sorting the required numbers of GFP positive cells and uninfegdtedto 48
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well cell culture plates, using the FACSARausion cell sorter, to yield a total of 1000 cells
each as indicated imable 311. The soted cells in each well were collected by centrifugation
at 500x g for 10 min and DNA was extracted from the respective cell pellets, using the

QiaAm@®@5 b! aAONR YAOG OovAF3ASYT |1 AftRSY>S DSNXIyYyeRoD

Table 311: Setup of HIMnfected cell standards used to determine the limit of detection of

13

14

15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

the LTR/gag PCR reaction

Proportion of infected cells Number of GFPinfected

.
Number of uninfected

cells cells o

0.1% 100 99 900 ©
1% 1 000 99 000 9

5% 5 000 95000 10

10% 10 000 90 000 11
20% 20 000 80 000 15

3.3.2.3.  Amplification of LTR/gag and \‘®op regions by PCR

PCR reactions for amplification of viral DNA in target cells were set up asipler312 and

analysed using the thermocycling conditions indicated@able 313. Additional PCRontrols

using the L32 primer pair were included negative ndemplate control and a positive PCR

control using DNA from uninfected cells as template. The L32 primer pair should be able to

amplify from any human genomic DNA template and thus servesrtbrm that the reaction

conditions are correct. The resulting PCR products were visualized by gel electrophoresis.

Electrophoresis conditions were as follows: 40 min to 1 hour at 90 V in a 1% agarose TAE gel.

Band sizes were determined using either a lRange or Middle Range FastRulddNA

Ladder (Thermo Fisher Scientific; Waltham, MA, USA).
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Table 312: Reaction setup for PCR of LTR/gag and-Id® regions using KAPA Taq
wSl RéahiEmn

Component Volume per reaction
2X Kapa Taq ReadyMix 12.5> |

Forward primer (16-M) 0.75> |

Reverse primer (18M) 0.75> |

DNA template 1>]

Nucleasefree water 10> [

Total reaction volume 25> |

Table 313: Thermocycling conditions for PCR of LTR/gag andodp regions using KAPA
¢l wSkRe&aAEnx

Step Temperature Duration Number of cycles
Initial denaturation 94C 2 min 1

Denaturation 94C 10 sec

Annealing 58.5T 10 sec 30

Extension 72C 1 min

Final extension 72C 10 min 1

Hold 4°C b -

4, wSadzZ (4
4.1. Propagation of primary HIM-C isolates

4.1.1. Optimization of the virus production protocol

During the course of this studyarious modifications were made to the original Montefiori
protocol based on the behaviour of the primary HXC isolates in cultureF{gure 321).
Initially, three strains were selected for their different tropisms: CMZLt(Bpic), CM9 (dual
tropic) and SW7 (X#opic). During the first production of CM9, aliquots of cell culture
supernatant were harvested at Day 7 and Day 10 during the productionemtedt using a

p24 ELISA assay to determine whether viral replication had occurred. It was noticed that,

although viral p24 protein was clearly detected in both aliquots, the Day 10 harvest yielded
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better results Table 314). Therefore, when the next strain (CM1) was produced shortly
afterwards, it decided to increase the length of the production. Aliquots were taken at Day
10 and Day 15 for p24 ELISAlgsis. Interestingly, the quantity of p24 protein in the Day 10
harvest was higher than the Day 15 harvesalfle 314), indicating that the increased
production time did not improve virus yield. Since the Day 10 harvest produced good yields
for both strains, it was decided to harvest only once at Day 10 in future productions, thereby

reducing the number of feed cycles to two.

Table 314: p24 ELISA results of initial HIV productions using CM1 and CM9 primary isolates

Sample description Raw absorbance  Normalized p24 concentration
(450 nm) absorbance (pg/mL)
(450 nm)
CM9 Blank 0.364 1 -
Day 7 1.116 3.066 67.36
Day 10 3.577 9.827 303.76
CM1 Blank 0.322 1 -
Day 10 3.824 11.876 375.40
Day 15 2.514 7.807 233.15

10
11
12
13
14
15
16
17
18
19
20
21
22

23

In an effort to further increase virus output in the next round of productions, the PBMNC
1-C cocultures were split into two separate flasksdure 321b) at the first feed (addition of
3 A @ S yellsp ¥iss dotidiry Bi@riumber2 NI K

of host cells available to the virus. This sfdid strategy generally resulted in higher p24

fresh PBMNCsY | OK K1 f F

yields compared to the previous productiomaple 315andFigure 322). This was especially

g1l a

true for the CM1 production in which one of the absorbance readings was in fatigh for

the spectrophotometer to quantify. However, there is quite a large discrepancy between the
yields observed in the two different flasks for each isolate, particularly in CM9 where the p24
yield of the second flask is markedly reduced. This cbaldecause the cultures were kept

separate, allowing independent divergence of viral quasispecies with different replication
capacities in the different flasks. Therefore, in future productions the two viral cultures were

pooled prior to feeding and spliince more after the PBMNCs were added to homogenize the

viral quasispecies present in each flask.
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A) Original protocol

HARVEST HARVEST HARVEST
30 ml CFS 30 ml CFS 30 ml CFS
1 mlHIV+ PBMNCs 1 ml HIV+ PBMNCs 1 ml HIV+ PBMNCs

B | ) | B v
—_ _ —_— —
30 mL 30 mL 30 mL 30mL 30 mL
DAY 1: DAY 4: DAY 7: DAY 10: DAY 15
Infect 3x107 Feed with 1x107 Feed with 1x107 Feed with 1x107
PBMNCs with 1 mL PBMNCs PBMNCs PBMNCs

HIV+ PBMNCs or CFS

B) Modified protocol

—_— e
15mL ome omL
‘ DAY 4: DAY 7: DAY 10: HARVEST
Split and feed each Feed each flask Pool and 20 ml CES
flask with 1x107 with 1x107 harvest both 1 ml HIV+ PBMNGSs (x2)
" PBMNCs in 15 mL PBMNCs in 10 mL flasks
30 mL
| ' —
| B n |
DAY 1:
Infect 3x107
PBMNCs with 1 mL g E—
HIV+ PBMNCs or CFS
1smL 0mL womL

Figure 321: Overview of modifications made to the initial HIgroduction protocol. Production cycles were
initiated using 3x10 PHAactivated PBMNCs which were exposed to the viral inoculum. On feeding days,
additional activated PBMNCs were added to the cultures. Harvesting involved separating thenviched
supernatant from the cells in the erlture by centrifugation. Theupernatant was filtered to remove residual

cells, resulting in cefree supernatant (CFS). The Hifected PBMNC pellet remaining once the supernatant
has been removed was also harvested in a 1 mL aliquot (HIV+ PBMWITis& original production stratgg

based on the Montefiori protocol uses a single culture flask kept at 30 mL with sequential feeds and harvests.

Multiple harvests may be taken, depending on virus output as measured by p24 BE)JT8A& modified protocol

© 00 N o o~ WNBE

differs in that the culture was dipinto two cultures at the first feed on Day 4, with each half being given a full
FSSRQA ¢62NIK 2F OStfaod i (KS aSO2yR FSSR 2y 5l& 713

R e
= O

pre-concentrate the virus particles in the supernatant that vaasvested on Day 10.
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Table 315: p24 ELISA results of HIV productions using the $pdit strategy

Sample description Raw absorbance  Normalized p24 concentration
(450 nm) absorbance (pg/mL)
(450 nm)

Blank 0.212 1.000 -
CM1 Day 10 (Flask 1) 3.596 16.962 55325
CM1 Day 10 (Flask 2) ouUT* - -
CM9 Day 10 (Flask 1) 3.984 18.792 617.24
CM9 Day 10 (Flask 2) 0.484 2.283 39.99

FEKS ah! ¢é NBadzZ § AYyRAOF(GSa GKFG (KS s$pécticphairheeiO S

Figure 322: ELISA plate used to assay p24 yield in CM1 and CM9fsglit strategy productionsl = Blank, 2
= Positive p24 control 12.5 pg/mL, 3 = Positive p24 control 200 pg/mL, 4 = CM1 Flask 1, SasiCRIBE CM9

Flask 1, 7 = CM9 Flask 2.

oI

Despite these changes to increase viral production in culture, the concentration of infectious

viral particles in the harvested supernatant remained too low to be useful in downstream

experiments. Therefore, two fther methods were investigated to improve the virus

concentration during HRZ-C viral productions. The first method involved centrifugation of

freshly harvested ceffee supernatantat 3 000x g overnight o collect virus particles

towards thebottom of the vessel) and removing the top layer of depleted supernatant. The

second method involved reducing the culture volume during the second feed cycle of the

production, so that the supernatant would be more concentrated prior to harvesting. In the

original protocol, the total culture volume was 30 mL. However, when the-gglare

protocol described above was adopted, the volume in each of the two flasks was halved to 15

mL. In the second method, referred to as the jo@ncentration method, the fial volume of

each flask was reduced to 10 mL. Both the methods tested improved the concentration of

virus in the CM9 viral supernatant. We found that the simple-goacentration was more

effective than centrifugation, yielding a higher titre in the GHOS8ITassayTable 316). This

step was therefore added to the final modified proto¢bigure 321b).
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1 Table 316: Comparison of GHOST assay results for CM9 productions using different

2 methods for concentration of the viral supernatant

CENTRIFUGATION PRECONCENTRATION
Dilution Mean % GFP Mean 1U/mL Mean % GFP Mean IU/mL
Neat 24.34 1.10x16 33.81 1.53x16
1/4 dilution 2.10 3.80x10 4.94 8.92x10
1/16 dilution 0.88 6.36x10 1.47 1.06x16
Average across dilutions: 7,05x10 IU/mL 1.16x1C IU/mL
3
4 4.1.2. Modification of production strategy for an X4ropic isolate
5 The adapted production protocol was usaatccessfully for the duaitopic isolate CM9 as well
6 as for early productions of the RBpic CM1 strain. However, the Xebpic isolate, SW7,
7  proved to be more challenging. During the first production (SM/@618), it was noticed that
8 extensive cell de&t had occurred. Observations were done both under the microscope and
9 visually (decrease in the turbidity of the culture). Examination of p24 ELISA results from
10 supernatant harvested at Days 4 and 10, respectively, indicated that while p24 had been
11  producedat Day 4, virus production had dropped to noticeably lower levels by Dalable(
12 3.17 and Figure 323a). It was hypothesized that the Xrbpic primary isolate was more
13  cytotoxic than the duatropic and R&ropic strains produced previouslgausing massive cell
14 death during the initial infection and thereby depleting its own host pool. Due to the
15 apparently more rapid infection kinetics of this isolate, it was decided that more frequent
16 feeds with higher cell numbers were required. The poatowas thus shortened to aday
17  production (SW7240618), with feeds occurring every two days and using double the amount
18 of PBMNCs at each step. A p24 ELISA was performed using supernatant collected at Days 3, 5
19 and 7, respectively, after applying theswodifications. The results indicate that the
20 modifications were successful, with detectable p24 obtained at all time poirabl¢ 317
21 andFigure 323b). Maximum yield was observed on Daylalfle 317 andFigure 323b). This
22  success was replicated in a subsequent production (8Y0818) using the same protocol,
23 but harvesting virus at Day 7 onlyable 316 and Figure 323c).
24
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1 Table 317: p24 ELISA results of HIV productions for isolate SW7

Raw Normalized p24
Production Sample description absorbance absorbance concentration
(450 nm) (450 nm) (pg/mL)
Blank 0.166 1 -
SWFLI0618 — pay 4 (1/10 dilution)  ¢.404 2.434 45.26
(First production) o
Day 10 (1/10 dilution) 0.24 1.446 10.71
Blank 0.169 1 -
SW7#240618 Day 3 (1/10 dilution) 0.227 1.343 7.13
(Production with .
modified protocol) Day 5 (1/10 dilution) 0.297 1.757 21.61
Day 7 (1/10 dilution) 1.099 6.503 187.54
Blank 0.199 1 -
SWZ010818 I
Day 7 (1/5 dilution) 3.855 19.372 637.50
2
3 Figure 323: ELISA plates used to quantify viral p24 in HIV productions of isolate SWReAjlts from first
4 production using the standard viral culture protocol. 1 = Blank, 2 = Positive p24 control 20 pg/mL, 3 = Positive
5  p24 control 200 pg/mL, 4 = Day 4 neat, 5 = Bdy10 dilution, 6 = Day 10 neat, 7 = Day 10 1/10 diluti&n.
6  Results from the second production using the modified protocol. 1 = Blank, 2 = Positive p24 control 200 pg/mL,
7 3 =Day 3 neat, 4 = Day 3 1/10 dilution, 5 = Day 5 neat, 6 = Day 5 1/10 dilutid®ay 7 neat, 8 = Day 7 1/10
8  dilution. C)Results from subsequent production to validate the modified protocol. 1 = Blank, 2 = Positive p24
9  control 200 pg/mL, 3 = Day 7 1/5 dilution.
10 4.1.3. Screening of RiEropic strains for use in production

11  Several attemptsvere made to produce more infectious ®Spic virus after the initial

12 successful production round. Despite early successes with CM1 during optimization, this
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isolate appeared to lose infectivity with subsequent rounds of production, resulting in the
infedtious stocks becoming depleted. In order to find a suitablérBaic replacement, small
scale productions of five separate Rb6pic strains (CM1, COT1, Dul23F, Dul56 and Du422)
were performed over 3 days using 14%Hetivated PBMNCs each, to screen thiemtheir
productive potential. On the third day, aliquots of supernatant were harvested for a p24
ELISA, the results of which are presentedable 318 and Figure 324. The two isolates in
which the most p24 was observed were COT1 and Dull’xse two isolates were then taken
through fulkscale productions, using 5 mL of supernatant from the Day 3 harvest as the viral
inoculum. Despite the initial promising p24 results, the-$olle productions were
unsuccessful as determined by GHOST asdays, in which little to no GFP signal was
observed Figue 325). Even when given the best chance of success, production of-an R5
tropic strain fromthe stocks available proved too challenging to be accomplished in the given
time frame for the project and had to be abandoned. Further work was completed using only

the duakttropic and X4ropic isolates, CM9 and SW7 respectively.

Table 318 p24 ELISA results of smaltale R&ropic HIV productions

Sample description Raw absorbance  Normalized p24 concentration
(450 nm) absorbance (pg/mL)
(450 nm)

Blank 0.199 1 -
CM1:250217 1.006 5.055 136.92
COT1081002 1.867 9.382 288.20

Du123F080605 0.676 3.397 78.94
Du156090499 1.767 8.879 270.63
Du422240718 0.402 2.020 30.79

Figure 324: p24 ELISA results from smaltale R&ropic HIV productionsl = Blank, 2 = Positive p24 control
200 pg/mL, 3 =CM1, 4 = COT1, 5 = Dul23F, 6 = Dul56, Du422
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A) HIV isolate Dul5€

HIVnegativecontrol HIV-exposed(neat)
[VIABLE] GFP / FS INT [VIABLE] GFP / FS INT
10004 10004
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f GFP+: 0,86% § GFP+: 0,90%
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GFP GFP
B) HIV isolate COTZ
HIVnegativecontrol HIV-exposed(neat)
[VIABLE] GFP / FS INT [VIABLE] GFP / FS INT
1000 1000
8004 8004
o 6004 . 6004
= GFP-+: 0,68% = GFP+: 0,81%
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Figue 325: GHOST assay results from full scaletRtpic HIV productions. AFS Lin vs GFP Log tperameter

plots illustrate the GFP expression observed during the GHOST cell assay fordtadydroduction of the R5
tropic isolate Du156. An HIV negative control sample (left) and a sample exposed to undiluted viral stck (righ
were selected for illustration purposes, both of which are negative for GFP expression. It was therefore
concluded that the virus was nenfectious.B)Identical plots from the GHOST cell assay performed using isolate
COT1 are presented. As for Dulliere was no evidence of HIV infection in the exposed sample since GFP

expression is no different to the HIV negative control.

4.2. Viral quantification
4.2.1. Optimisation of the GHOST cell assay

4.2.1.1. Analysis of CCR5 and CXCR4 expression in GHOST cells

An important qually control step for the GHOST cell assay is to ensure there is enough

receptor and cereceptor expression on the cell surfaces to mediate HIV entry. The parental
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GHOST cell stock which was expanded and used for all subsequent experiments was
immunophenotyped for the HIV caeceptors, CXCR4 and CCR{pression levels were high

for both, measuring 92.77% and 89.26% for CXCR4 and CCR5, resp&agwedy326). This

served as a confirmation that the GHOST cells expressed #texeptors at sufficiently high

levels and immunophenotyping of these markers was not repeated on any of the expanded

stocks.

A) [GHOST CELLS] B)
CXCR4 BV605 / SSC-A 100

80

103 CXCR4+: 92,82%
i CXCR4+

SSC-A
Count

10° 1'2)3 1‘10‘ 10°
CXCR4 BV605

Q [GHOST CELLS] D)
CCR5 PE-Cy7 / SSC-A

10°3 CCR5+: 89,26%

Count

SSC-A

10°

1074

107 163 1ll)‘ 10°
CCR5 PE-Cy7

Figure 326: Immunophenotyping of GHOST (3) R5X4 stocks for confirmation of Hikéceptor expression.

A)ASSvsBV605twadl NI} YSGSNI LI 20 AffdAGNI 6Sa GKS LINRPLERNIAZY 27

The negative/positive CXCR4 expression was determined using an appropriate isotypicRotrolerlay of

a Count vs CXCR4 (BV605)-pasametr plot shows the level of fluorescence observed for the isotypic control

(red) compared to the fluorescence observed for the antibsthined sample (green)A SS vs PEy7 twe

parameter plot illustrates the proportion of cells expressing CCR5, INBB&AA 2y &/ / wpbé d ¢KS yS3

regions for CCR5 expression were determined using an appropriate isotypic cbhaloverlay of a Count vs

CCR5 (RPEy7) oneparameter plot shows the level of fluorescence observed for the isotypic control (red)

compared to the fluorescence observed for the antibestgiined sample (green).
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4.2.1.2. Analysis of CD4 expression in GHOST cells

During optimisation experiments, it was noted that the CD4 levels of the initial stocks were
considerably lower than expected. GHOST @étures at different passages that had been
used in our laboratory were immunophenotyped for CD4 expression, including two cultures
kindly donated by th€€ouncil for Scientific and Industrial Reseaf€8I{Rfor comparison (see

Table 319for details of GHOST stocks used). It was hypothesized that the loss of CD4 could
be because the cells were treated with trypsin, a proteolytic enzyme. Due to itsghybite
enzyme activity it was possible that trypsin cleaved the CD4 molecule on the GHOST cell
surfaces preventing optimal CD4 monoclonal antibody binding during flow cytometric

analysis.

The effect of trypsin on CD4 expression by GHOST cells was thed iteshe different
cultures listed inTable 319. The cultures were treated with trypsin and an aliquot was
phenotyped to assess baseline expression levels. The remaining cells were seedactin 12
plates to investigate CD4 recovery over time following exposure to trypsin. The cells were
harvested evey 24 hours over 4 days using renzymatic Cell Dissociation Solution (to
prevent any further potential enzymatic cleavage) and phenotyped. Each time point was
assayed in duplicate. The results of this experiment saremarisel in Figure 327. The
baseline averaged CD4 expression levels were extremely variable, ranging fron83%00
(95% CI [21%, 77.34). However, in all cultures, the levels steaditgrease over time,
reaching plateaus ranging between 8898% at Day 4 (95% CI [8%P8.24). This indicated

that trypsin did indeed influence CD4 expression, but the extent appears toulbere
specific Given that GHOST cells should be a relatiweiyogenous cell line, the extent of

variability observed across these biological replicates was concerning.

Table 319: Details of GHOST cell cultures used for immunophenotyping of CD4

Culture number Passage Date frozen Source laboratory
BR 1 P4 09-03-2017 ICMM
BR 2 P7 2307-2017 ICMM
BR 3 P3 29-06-2016 ICMM
BR 4 P14 01-01-2017 CSIR
BR 5 P11 08-09-2014 CSIR
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Figure 327: Analysis of GHOST cell CD4 expression by flow cytomefrge CD4 expression levels of five
different GHOST cell cultures (BR1, BR2, BR3, BR4 and BR5) were assessed every 24 hours for 4 days following
treatment with trypsin at Day 0. At each time pointtivthe exception of Day 0, two replicates were assayed.

The average %CDvalues for each condition were plotted in a bar graph, while the individual values from the

two replicates are represented by the black diamond markers over the corresponding bars.

In order to correct the problem of variable CD4 expression and improve the reliability of the
GHOST cell assay, a population of GHOST cells expressing high levels of CD4 were isolated
from the initial stocks using FACS. A second population on the lowerokiide CD4
expression spectrum was also sorted, to be used for comparison with th&9Cids (see

Figure 311). The CD4 expression of both sorted@3T cell populations was subsequently
analysed to confirm the success of the s@tigure 328). The proportion of CDZ4ells was

greatly increased posgort, reaching 96.79%, while the CD%opulation was only 57.64%

positive.
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Figure 328: Analysis of CD4 expression of sorted GHOST cell populatiOnsrlay histograms are used to
compare the number of events in the CBRC channel in unstained (red) vs stained (purple) GHOST cells, using

either the A) CD49" sorted population or théB) CD#" sorted population

The immunophenotyping and CD4 recovery assay was repeated di#"Giored GHOST
cells, using both enzymatic and nenzymatic dissociation methods for the baseline
measurement. Directly after treatment, the cells treated witlgdsin demonstrated a slight
decrease in CD4 expression, while the femzymatically dissociated cells remained close to
100% CD4Table 320). Thus, ouresults indicated that trypsin still does have some effect on
the sorted cells, but the extent was markedly reduced. As in the CD4 recovery experiment for
the unsorted GHOST cells, the time taken for expression of CD4 on the cell surface to return
to baseline levels was assayed following treatment with trypsin. Treated cells were seeded in
a 6well plate to allow analysis in duplicate at three time points. Cells were harvested®4

and 72hours posttreatment and CD4 expression was analysed by flotwwnegtry. The
percent CD4 positive values for the two replicates at each time point were averaged after

analysis.

It was found that CD4 expression returned to-freatment levels by 24 hours. Since GHOST
cells were exposed to HIV only 24 hours after platiwe reasoned that the initial use of

trypsin should not affect the results of the assay when ®Dbdxpressing GHOST cells are
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used. However, it was decided that Cell Dissociation Solution should be used instead of trypsin
prior to seeding GHOST celty infection to eliminate any possibility of CD4 reduction.
Despite identifying trypsin as a factor influencing CD4 expression, the underlying cause of the
variability in expression levels and the response to trypsin was not clear and required further
investigation. However, the challenge was circumvented by using thé<€CBatted GHOST

cells in future experiments. Using CAGHOST cells ensured that the assay was carried out

using cells that have consistently high CD4 expression.

Table 320: Results of CD4 recovery experiment using sorted" @D@HOST cells

CELLS TREATE CELLS TREATED WITH TRYPSIN
Time post WITH CDS
treatment Average % CD4 % CD#4Replicate 1 % CD#4Replicate 2  Average % CD4
Oh 97.45 93.44 - 93.44
24 h - 97.88 98.44 98.16
48 h - 99.32 99.15 99.23
72h - 99.11 98.83 98.97

*CDS = Cell Dissociation Solution

4.2.1.3. Confirmation of CD4 mRNA presence in GHOST cells

Since the initial immunophenotyping results seemed to indicate low expression ofnCD4
some cultures, it was decided that it was necessary to check whether CD4 was present at the
transcript level. The absence of the mMRNA would indicate the absence or loss of functionality
of the CD4 construct, while its presence would suggestapiimal post-transcriptional
modification (such as protein degradation or a failure to produce functional protein from the
MRNA). To investigate, reversanscriptase PCR was performed on RNA isolated from sorted
CD4'9"and CDB" GHOST cell populations. As aitige control, RNA was also isolated from
PBMNCs and TZM cells, since both cell types had demonstrated robust CD4 expression in
previous flow cytometric analysis. RNA from HEK293 cells, which are not known to express

CD4, was included as a negativetcohn

From the gel electropherogram of the PCR produEigure 329), it is apparent that the
GHOST cells do indeed express CD4 transcripts, indicatttk presence of a band which
corresponds to the expected size of the amplicon (67 bp). Interestingly, there is no difference

between the CD#" and CD®" GHOST cell populations, indicating that the differences in
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expression observed at the protein ldweay be due to some form of pestanscriptional
regulation. All controls responded as expected, with the exception of the PBMNC sample

which had an additional faint band slightly larger than the expected product. Upon inspection
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fall on either side of a small introrrigure 330). Amplification of the unsplicedanscript

would therefore yield a product of 186 bp, which corresponds to the size of the second band.

we 1500 bp

s 850 bp

w= 400 bp

W 200 bp

50 bp
I 2 '3 4 5 6.7 89 L

Figure 329: Gel electropherogram of CD4 PCR produtts.ladder, 1 = No template PCR control, 2 = L32 positive

PCRecontrol, 3 = No template cDNA control, 4 = No reverse transcriptase cDNA control, 5bt GZNA, 6 =

PBMC cDNA, 7 = GHOST'GDNA, 8 = GHOST DdDNA, 9 = HEK 293T cDNA.
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exons 2 and 3 with angall intervening intron being included in the PCR prodB3tWhen the transcript has

been spliced, the intron is no longer present, resulting in a smaller amplicon being produced.

4.2.1.4. Selection of optimal time points at which to perform cell counts and analys

GFP expression

There is currently no consensus on the best practice for functional titration of primary HIV
isolates using the GHOST cell assay that gives consistent, reliable results. Our initial
experiments resulted in IU/mL values that were vastlyedé@nt across different dilutions,
which is problematic since the values should theoretically be similar. The aim of the following
experiments was thus to determine the conditions that limit variability of the IU/mL across
the different dilutions. Two vaables were selected for optimization: 1) the optimal day on
which the GHOST cell count to be use&guatian 3.3 (to determine infectious viral units$
obtained and 2) the day on which the GFP expression is analysed by flow cytometry. Since
Tatactivated transcription of GFP is initiated soon after viral entry, GFP expression should be

detectable from 2 to 3 days after exposure to K187)

96



© 00 N O O b~ W N P

N N B R R R R R R R R R
P O © ©® ~N o 0 M W N B O

22

23

24

Several options for determining cell count were considered based on literature. Many
researchers simply use the number of celleded as a proxy for the number of cells present
during the assay, or simultaneously obtain an absolute count on a flow cytometer during the
guantification of GFP expression. The use of the seeding number is not ideal, because it does
not account for celtlivision that occurs in the 24 hours prior to infection and could therefore
cause undesestimation of the viral titre (IU/mLFgure 331). Since thggremise of the GHOST
assay is that one infected cell equals one infectious particle present at the time of exposure,
it would be ideal to obtain a measure of the number of infected cells present as soon after
the viral stock is added as possible. Howegarce GFP is not produced immediately, the
detection of infected cells is delayed untd @ 3-days postinfection. During this time, the
cells will likely have undergone cell division and the number of infected cells will increase,
although the proportimn of infected cells should theoretically remain constant due to the
inheritance of integrated virus in the progeny cells. If the cell count was taken at the time of
GFP expression analysis, this increase in cell number would causestiveation of the wial

titre because the absolute number of infected cells is no longer be equal to the number of
infectious particles present at the time of infectioRigure 331). An alternate solution is to
obtain a cell count on the day of infection and multiply it by the proportion of GFP positive
cells obtained on the day of the assay, taking advantage of the fact that the proportion of
infected cells remains constanThe absolute number of infected cells calculated in this way
should theoretically give a better estimation of the number of infectious virus particles

present at the time of infectionHigure 331).
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Cell count: 1 Cell count: 2 Cell count: 8 Cell count: 16
Number infected: 0 Number infected: 1 Number infected: 4 Number infected: 8
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Estimated IU: 1 % (0,5) = 0,5 Estimated IU: 2 x (0,5) =1 Estimated IU: 8 x [0,5) =4 Estimated IU: 16 x (0,5) =8

Figure 331 lllustration of potential underestimation or overestimation of viral titre caused by taking the

cell count measurements for the GHOST cell assay on the day of seeding or the day of GFP analysis
respectively.In a hypothetical situation, a single GHOSITiseseeded 24 hours prior to infection on Day 0. The

rate of cell division is assumed to be 1 round of replication per 24 hours, therefore by the day of infection (Day
1) the cell number has increased to 2. In this example, only one of the virus paitidtee viral stock added is
infectious, resulting in a single infected GHOST cell. Two further rounds of cell division occurred between Day 1
and Day 3, increasing the cell number to 8. Another round of division occurs between Day 3 and Day 4, thereby
bringing the count to 16. The number of infected cells increases proportionally, since the progeny of the initially
infected cell will also be infected. The proportion of @xBressing infected cells (50%) is measured at either
Day 3 or Day 4. The estimathdi is calculated as Cell count x (%@EFR®), as peEquatian 3.3 (with no dilution

factor applied). The true titre of the viral stock (1 IU) is cotyeptedicted using the count obtained on Day 1.
Using the Day 0 cell count results in unastimation (0,5 IU) while using cell counts from Day 3 or 4 results in

over-estimation (4 IU and 8 IU respectively) due to changes in the total cell count.

In orderto characterize the change in cell number due to expansion of the GHOST cells in
culture, and to determine whether it is likely to affect the accuracy of the assay, a growth
curve was established for the C¥3expressing cells over 4 days. The cellsewsmeded at
150000 cells/well in a 1-2vell cell culture plate for analysis in duplicate at three time points,
namely Days 1, 3 and 4 after seeding, and cultured under standard conditiGs 3% C£).

Cell counts were obtained from two separate wellstta¢ respective time points, and the
average of these duplicates was used to plot a growth cufigufe 332). Since the sorted
CD4'9"GHOST cell stocks should be homogenous, this experiment was only performed once.
From the growth curve, it is apparent that the cell count increases in a logarithmic fashion
between Day 1 and Day 3, reaching a plateau by Day 4. Since the changesumbel are

quite dramatic, it is likely to affect the estimation of the titre.

98



w

© 0 N o O b

10
11
12
13
14
15
16
17
18
19
20
21

1200 000+

1000 000 .
IS
.
S 800000 -
o
3
o 600000
E;
3
S 400 000 A
<
200 000
<
O T T T 1
0 1 2 3 4

Day

Figure 332 Growth curve of GHOST (3) R5X4 cells over 4 days in culioents were taken from duplicate
samples at Day 1, Day 3 and Day 4 folgwseeding at 15000 cell/mL on Day O.

A second experiment was designed to test the reproducibility of the functional titres obtained
when the cell count was taken on the day of infection (DOI) or the day of the GFP assay (DOA),
with the day of the GFP say being either 48 hours or 72 hours pogection (i.e. Day 3 or

Day 4 of the experiment respectively). Four sets of GHOST cells were seeded080 150
cells/well in 12well cell culture plates to perform assays under the conditeum®mmarisel in

Table 321. The assays were carried out using a serial dilution of C8&ree viral
supernatant (neat, 1/4, 1/16, 1/64, 1/256) and an uninfectaahtrol, as per the standard
protocol Section3.2.5). The results of this experiment are illustratedrigure 333. There

is clearly less variabiligbserved across dilutions in the 48 h pasiection dataset, with the

most consistent results coming from the DOI datas&giire 333a). The resultslotained from

the 72 h postinfection dataset appeared to be skewed, with IU/mL increasing dramatically
across the dilutions, especially in the DOA datasegure 333b). The IU/mL value is
consistently higher in the assays in which cell count was obtained on the same day as the GFP
readings (DOA datasets), indicating possible inflation of the IU/mL based on the increased cell
numbers. Taking both these results and threwgth curve data into account, it was decided

that the count should be performed on the day of infection as this gives the least variability
and ensures that the IU/mL is calculated based on the number of cells present at the time of

infection, rather thanat the time of the GFP assay. It was also decided that GFP expression
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reduce variability in the readings.

should be measured at 48 hours pasfection (Day 3 of the assay), since this appeared to

Table 321: Conditions for GHOT cell optimization experiment

Time of GFP analysis Day of count

N

Abbreviation

48 hourspostinfection Day of infection (Day 1)

48 hourspostinfection

Day of assay (Day 3)

72 hourspost-infection Day of infection (Day 1)

72 hourspostinfection

Day of assay (Day 4)

48 h, DOI 5
48 h, DOA
72 h,DOI

72 h, DOA

A)

U/mL

48 h post-infection

1200000 -
1000000 4
800 000 A
600 000 4

400 000 A

o I I l

Neat 1/4 dilution 1/16 dilution

DOl

= DOA

B)

u/mL

1200000 -

1000000 -

800 000 A

600 000 A

400 000

200 000

72 h post-infection

DOl

= DOA

Neat 1/4 dilution 1/16 dilution

Figure 333: Functional titres (IU/mL) calculated from GHOST cell assays using either the day of infection (DOI)

or the day of assay (DOA) as tltiene point at which the cell count was obtainedl'he day of the assay, on

which GFP readings were taken, was eitAgA8 h postinfection orB) 72 h postinfection. No GFP signal was

observed past the 1/16 dilution, so these data points have been excluded

4.2.2. Quantification of HIV isolates used in downstream experiments

The fullyoptimized GHOST cell assay was, from this point forward, used to obtain a functional

titre for the HIV1-C primary isolates used in further infection and gene expression

experiments.The IU/mL values for all isolates produced for which GHOST assays performed

are presented iffable 322. Only the most ujio-date assays using CI¥4GHOST cells and

the optimized GHOST cell assay are included. An example of the spreadsheet used in the
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calculation of the functional titre is psented inTable 323 for isolate CM920518, which

was used for final gene expression experiments.

Table 322 Functional itres of all HIV primary isolates produced as determined by the

GHOST cell assay

Tropism Isolate Date Harvested IU/mL
R5tropic CM1-250217 2017/02/25 1.60x10
CM1-110618 2018/06/11 2.24x1C
R5X4tropic CM9280217 2017/02/28 5.46x10
CM9290118 2018/01/29 9.47x10
CM9020518 2018/05/02 1.05x10
CM9270618 2018/06/27 3.60x10
X4tropic SW7240618 2018/06/24 3.04x16
SW*7110718 2018/07/11 2.87x10
SW7010818 2018/08/01 4.71x10

101



Table 323: Calculation of functional titre for isolate CM020518 using the GHOST cell assay

A: Calculation of GHOST cell counts obtained on Day 1 of the assay (in triplicate)

sample Ghost cell #Flow/ 2dzy i Cal /8% f Ak o Absolute cell Mean cell count  SDof mean D % of
count beads factor count mean

Count R1 5050 2659 1014 192580 100 192580

Count R2 5024 1941 1014 262459 100 262459 223931,40 3231791 14%

Count R3 5017 2347 1014 216755 100 216755

B: Calculation of the concentration of Hi}/C infectious units (IU/mL) using measurements of GFP expresditained on Day 3 of the assay (in triplicate)

Sample %GFP  %GFP/100 l_\/le_an/ Normalized Dilution L' kpnn U/mL Mean 1U/mL D of D % of
triplicate mean factor IU/mL mean
Control R1 0.09 0.0009 1.05x10" 6.28x10¢ 59.83%
Control R2 0.08 0.0008 0.000 0.00 0 0 0
Control R3 0.06 0.0006
Neat R1* 51.54 0.5154
Neat R2 62.6 0.626 0.635 0.64 1 14219644 28439287
Neat R3 64.4 0.644
1/4 R1 25.08 0.2508
1/4 R2 24.44 0.2444 0.250 0.25 4 22431954 44863909
1/4 R3 2561 0.2561
1/16 R1 13.17 0.1317
1/16 R2 1471 0.1471 0.139 0.14 16 49945659 99891317
1/16 R3* 9.65 0.0965
1/64 R1 6.27 0.0627
1/64 R2 5.86 0.0586 0.059 0.06 64 85081988 170163975
1/64 R3 5.68 0.0568
1/256 R1 6.81 0.0681
1/256 R2 8.45 0.0845 0.080 0.08 256 461286734 922573467
1/256 R3 8.88 0.0888

SD =standard deviation
*Qutliersexcluded from calculation of mean/triplicate
**Mean calculated using the IU/mL values of the 1/4, 1/16 and 1/64 dilutions (indicated in red)
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4.3. Detection of HlVinfected cells

4.3.1. Optimisation of the KC5@ntibody-based assay using GHOST cells

The KC57 antibodyased assay is a flow cytometric assay, intended to detect intracellular
p24 protein at singleell resolution, yielding a quantitative estimate of the proportion of
infected cells present in the sgte. Because of the singéell resolution, this assay can be
used for the detection of events that occur at low frequency, provided enough total events
are analysed171) Furthermore, if a multicolour flow cytometer is available, the expression
levels of other cell surface proteins can be assessed in conjunction with HIV detection, by co
staining with other antibdies. The main drawback to the approach is the fact that the cells
require fixation prior to analysis, which prohibits the isolation of viable infected cells
identified in the assay by FACS for use in downstream experiments. This assay is also not able
to determine whether the virus detected is fully replicattoompetent, or whether it is simply
translationcompetent and thus able to produce pg#71) We firstoptimized the assay using
GHOST cells, since they are highly susceptible to infection and contairrespibvisive GFP
reporter system which functions as anbnilt positive control. In later experimenttis assay

was applied to CD4I lymphocytes and macrophages, as detaileGhapter 4

In order to confirm that the KC&htibody was indeed capable of detecting cells infected with
our primary HIVL-C isolates, a KC57 assay was performed on GHOSiifeetksd with isolate

CM9 as well as on unexposed GHOST wdlish served aa negative control. For both these
conditions, aliquots of the cells were stained with either the KC57 isotypic control, or the KC57
antibody itself. This was done to ensure thsdifts in positivity observed were due to HIV
infection and not due to nospecific staining. The eexpression profiles of GFP versus KC57
of these samples are presentedrigure 334. These plots illustrate the concurrent detection

of HIV through two independent mechanismBat-dependent GFP expression from the
reporter construct and staining of the intracellular viral p24 capsid protein by the KC57

antibody.
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A) HI\- isotypic control B) HIV- KC57

[VIABLE] KC57-PE / GFP [VIABLE] KC57-PE / GFP
1D-+: 1,14% D++: 0,00% 1D-+: 0,91% D++: 0,01%
10° 10°
10‘-§ 10‘—E
Q. - a. ;
(V' (V9
O &)
100
10° :
“D--: 98,86% D+-: 0,00% D+-: 0,12%
10° 10° 10° 10° 10° 10° 10° 10°
KC57-PE KC57-PE
O HIV+ isotypic control D) HIV+ KC57
[VIABLE] KC57-PE / GFP [VIABLE] KC57-PE / GFP
D-+: 76,86%] D++: 0,01% | 1D-+: 3,25% D++: 74,43%
10° : ‘ ' e
10* 10‘—5
5 5
10° 10° 5
o LEED O e
D--: 23,13% D+-: 0,00% iD--: 14,90% D+-: 7,42%
R T T 107 10 10° 10°
KC57-PE KC57-PE

Figure 334: Validation and optimization of the KC57 assay using GHOST cells to detentpession of GFP
and KC5+PE on GFP Log vs K&H Log tweparameter plots.A) Uninfected GHOST cells stained with the
isotypic control.B) Uninfected GHOST cells stained with the kBE7monoclonal antibod{)Infected GHOST
cells stained with the isotypic contrdd) Infected GHOST cells stained with the kE7monoclonal antibody.

From these results, it is clear that the KC57 antibodgsdiodeed detect HIV positive cells,
with a high degree of cexpression with GFP observed in the infected antibsi@dyned
sample(Figure 334d). A smdl percentage of cells are either Gp&sitive but KC5nhegative
(3.25%) or KC5fgositive but GHRegative (7.42%), indicating that neither of these methods

detect all infected cells present. This discrepancy could be due to temporal differences in the
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production of the signal used to detect HIV or could simply indicate that the assays have
different limits of detection. The profiles shownkigure 334a andFigure 334cindicate that

the isotypic control is clearly negative in the PE channel for both the infected and uninfected
samples, with only GFP mession increasing in the HiMected sample. However, it is
important to note that when comparingigure 334a and Figure 334b, which are both from
uninfected samples, a shift towards the right of the plot is observed in the K@s®d
sample. This shift is indepdent of HIV infection, indicating that it is due to the presence of
the KC57 antibody itself. Since the isotypic controls do not account for thispexgific shift,

it was decided that the use of the isotypic control should be discontinued in future
expeaiments and an uninfected control stained with KC57 should be used to set the position
of the KC57region. The reason for the shift observed for the isotypic control is unknown and

requires further investigation.

4.3.2. Optimisation of PClased detection of HIdsing GHOST cells

As an alternative approach for HIV detection, a simple-P£&3Rd assay was developed to
amplify a portion of the HIV genome which is integrated into the host cell DNA. This provides
a qualitative method of detecting the virus during tbarly infection stages of infection when

p24 protein is not being produced. This method, like the KC57 assagptuaized using DNA

from GHOST cells since they are highly susceptible to infection and successful infection can

easily be confirmed by fluoseence microscopy.

4.3.2.1. Primer optimisation and validation

The four primer pairs listed ifiable 39 were validated for PCR using infected GHOST cell
DNA, and the optimal annealing temperatures for each were determiApddéndix B Figure

B.2). For eachprimer pair validation, two reactions were set up. For the first reaction,
template DNA from GHOST cells infected with the corresponding target HIV isolate was used,
while uninfected GHOST cell DNA was used for the second. This allowed for the detection of
any nonHI\tspecific amplification that may have occurre@mplification only occurred in
HI\tinfected samples, with all primer pairs yielding distinct bands of product of the expected
length (Figure 335). Therefore, all these primers were deemed suitable for detection of HIV

infection. However, it was decided that only the LTR/gag primer pairs should be used for
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1 detection purposes since the bindingesis more conserved and the product is much longer,

2  resulting in increased sensitivity and specificity of the assay.

V3 loop primers LTR/gag primers

L123456¢6 L 1 2 3 4 5 6 L

Size (bp) Size (bp)

1500
1500
850 850
400 400
200
200 50
3
4 Figure 335: Gel electropherograms from primer validation PCRs which were performed for both the V3 loop
5 and LTR/gag regions in HIV isolates, SW7 and CMfinfected GHOST cell DNA was used for the control
6 reactions while DNA from GHOST cells infected with one ofwloeidolates was used in the HIV positive test
7 reactions.V3 loop primers:L = ladder, 1 = No template PCR control, 2 = L32 positive PCR control, 3 = SW7
8 uninfected, 4 = SW7 infected, 5 = CM9 uninfected, 6 = CM9 infectieRllgag primersL = ladder, 1 = No
9 template PCR control, 2 = L32 positive PCR control, 3 = SW7 uninfected, 4 = SW7 infected, 5 = CM9 uninfected,

10 6 = CM9 infected.

11 4.3.2.2. Limit of detection

12 When using primary cells, it is unlikely that a high proportion will become infected upon
13  exposure to HIV,hus the quantity of uninfected host cell DNA will be far greater than the

14 target viral DNA, reducing the efficiency of the PCR reaction. Therefore, in order to use this
15 assay for HIV detection in primary cells instead of GHOST cells, it was criticartoidetthe

16 limit of detection, i.e. the lowest number of infected cells that will allow reproducible

17  detection of HIV1-C DNA using PCR. Samples of DNA from a set of standards, using a known
18 proportion of GHOST cells infected with CM9 and SW7 (0.1%, 1%0%8020%) were used

19 as templates for LTBAg PCR reactions. Gel electrophoresis of the PCR products revealed
20 that the lowest proportion of infected cells at which amplification could be detected is 1% for

21 CM9 and 5% for SW7, with the intensity of the Baincreasing as the percentage of infected

22 cells used to generate template DNA increaséguyre 336). The bands are fainter in SW7
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compared to CM9, phaps indicating a slightly less efficient reaction when using the SW7

LTRgag primer pair, resulting in an increased limit of detection.

HIV isolate: CM9 HIV isolate: SW7
2 3 4 5 6 7 L1 2 3 45 67 8

Size (bp) Size (bp)
5 000 5 000

2 000 2 000
850 850

400 400

100 100

Figure 336: Gel electropherograms of PCR products generated during the limit of detection assay using both

CM9 and SW7 LTR/gag primer paiNA from GHOST cell standards with varying proportions of cells infected

with either SW7 or CM9 were used as templa@®9:L =ladder, 1 = L32 positive PCR control, 2 = 0.1% HIV+

GHOST cells, 3 = 1% HIV+ GHOST cells, 4 = 5% HIV+ GHOST cells, 5 = 10% HIV+ GHOST cells, 6 = 20% HIV+ GHO
cells, 7 = HAMGHOST cell contrddW?7:L = ladder, 1 = No template PCR control, 2 = L32iy@m$§ICR control, 3

=0.1% HIV+ GHOST cells, 4 = 1% HIV+ GHOST cells, 5 = 5% HIV+ GHOST cells, 6 = 10% HIV+ GHOST cells, 7 = 2C
HIV+ GHOST cells, 8 =+HBYOST cell control.

5 5A480dAaA2y FyR /2yOfdarzya

In vitro propagation of HIM. primary isolates pose®geral unique challenges compared to
the production of lentiviral vectors, molecular clones and modified pseudoviruses. Unlike
molecular clones, primary isolates cannot be propagated through plasmid replication but
must undergo their entire natural life cle in vitro. In direct contrast to clonally replicated
viruses, primary virus cultures consist not of one defined type of virus, but a collection of
guasispeciethat each possess unique sequence varig@83) This makes the viral pool as

a whole very difficult to characterize and work with but malgo provide a more clinically
relevant model of infection. The infection efficiency of primary strains is markedly reduced
compared to modified stins. For examplé&/esicular stomatitis virus & $VG)-pseudotyped
viruses have an extremely broad tropism range and are thus not restricted by receptor
binding resulting in improved infection efficienci€$88) There are numerous other factors

that can influence whether or not a primary virus will replicate successfully, asdhe
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amount of host cells available, the susceptibility of those host cells to infection, the response
of those cells once infected, the accessory protein content of the virus, its replication rate and

the mutability of its genome, to mention a few.

In order to propagate, HIV needs a constant supply of susceptible host cells, which are given
at intervals suitable to its replication ratnce HIVL virions will lose viability within a few
hours if they do not have access to a new host ¢etbo few cdls are provided or they are
supplied at intervals too far apart, the virus will likely destroy all the available host cells. On
the other hand, if too many host cells are supplied, the virus will become sequestered within
the cells and there will no longde appreciable amounts left in the supernatant to harvest.
The ideal feeding regimen is therefore a balance between these two extremes, and most
importantly is dependent on the replication kinetics of the viral isolate. This study has
demonstrated that d@ferent isolates can have very different replication mechanics, and that

0§ KSNB Asizefis? tdZy SINR (2 O2 t dtropi@SIW7 Sdiate ¥audfedntassivek S

cell death over a very short time, requiring modification to the feeding procedure.

In addition to the number of available host cells, the susceptibility of those cells to infection
plays a crucial role in the success of the production. Since this method makes use of primary
donated PBMNCs, there are many host factors both environmentafjandtic in nature that

can alter susceptibility to infection. Since different donors will have varying expression
profiles for genes involved in HIV restriction and susceptil{li8®) PBMNCs from at least
three different donors were used to mitigate the risk that some may be resistant to infection.
In addition, the PBMNCs from all donors usedHiN productions were immunophenotyped

for expression of the coeceptors CCR5 and CXCR4 (Skapter 4, to screen for any
anomalies such as a donor homozygous for the @GR nutation which would completely
inhibit entry of R&ropic HIV straing189) Activation of the PBMNC pool prior to infection is
another step that ensures maximum susceptij as it is well established that HIV
preferentially infects activated CD4T lymphocytes(190¢193) Although all possible
precautions were taken to ensure maximum susceptibility, it is unfortunately not feasible to

control all the variables involved this production system.

A further complication is the fact that the HIV genome is highly prone to mutation, primarily
due to the notorious infidelity of its reverse transcripta@3). As it replicates, errors will be
introduced into the genome which cannot bectified due to the lack of any proofreading
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ability (74). In addition, the genome may be subject to editing by cellular enzymes of the
APOBEZfamily which induce widespread base substitutidi@d) These factors contribute

to the instability of the HIV genome, increasing the likelihood that the progeny from an
infectious virus will mutate and be reated nonrinfectious in some way83). The fact that

HIV ontinues to persist from one generation to the next is purely a numbers game, made
possible by the production of massive quantities of virions by each infected cell. Even though
only a small fraction of these are likely to be infectious, there are stdugh in terms of
absolute numbers to enable the next replication cycle. In a primary viral culture setting, what
this means is that the overall infectivity of the strain will fluctuate unpredictably from one
round of replication to the next. Furthermord,is not guaranteed that other properties of

the strain, such as its tropism or virulence, will remain consistent. This fundamental aspect of
HIV biology is in fact what enables the virus to evade the host immune system and adapt
rapidly to its environmen{74), but the resulting lack of predictable behaur makes long

term primary viral culture incredibly challenging in a laboratory setting.

The quantification component of this chapter has highlighted both the utility of the methods
chosen, as well as some of their limitations. The p24 ELISA methodeal-established
technique for HIV detection and quantification which is favoured for its simplicity and ease of
application. However, as mentioned earlier, it does not exclude virus particles that possess
p24 but are noAnfectious and is thus not a usetitration method for infection experiments.

This method is often used as a check during virus productions to ensure that replication is
ongoing, for which it is very appropriate. In this study it did not serve as a good predictor of
successful replicaih when used to assess the-R8pic strains for their production potential.
However, this is not necessarily a reflection on the robustness of the assay but is more likely

due to the unpredictable nature of the primary HIMC isolates.

After extensive opmization, troubleshootingand quality control, the GHOST cell assay
appears to be suitable for use in viral quantification; however, while working with these cells

a few key issues were noted. The lack of consistency in CD4 expression in culturesest diff
passages suggests that the construct may not be entirely stable. The NIH AIDS Reagent
Program recommends that GHOST cells should not be used in experiments abage 10
passages. The inconsistencies we experienced might be precisely for this reaserihsy

were from stocks previously used in our laboratory and were of unknown starting passage.
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Based on the findings in this study, it seems advisable to check all GHOST cell stocks for CD4
and coreceptor expression prior to use, since any deficiemcyeceptor expression could

lead to underestimation of viral titre. This study has also illustrated that trypsin, which is used
routinely for GHOST cell culture, may have an impact on the expression of CD4. This is
important to keep in mind when plannirigture infection experiments with GHOST cells since

it may interfere with susceptibility to infection.

A few assumptions were made during the execution of the GHOST cell assay that may not
always hold true. The first assumption is that the proportion tddted cells remains constant

in the period between exposure and measuring GFP expression. While in theory the
integrated virus and previously synthesized GFP present in the cytoplasm should pass to
progeny cells that are produced in the days followingatibn, this may not always occur in
practice and has not been fully investigated. Furthermore, the assay takes place over three
days. New infections may have occurred during this period and there is a possibility that the
newly infected cells could alrepde expressing GKP87) resulting in aroverestimation of

the infectious units. The second assumption made is that orfiecied cell equals one
infectious particle. This assumption does not make allowance for the possibility of multiple
virus particles infecting a single cell, but the likelihood of such an occurrence is small and it

should not have much impact on the ovénadsult.

One of the most important prerequisites for a method to quantify HIV isolates for infection
experiments is that it must be able to discriminate between infectious andinfattious

virus particles. Methods that failed to meet this criterion, suas PClRased detection, p24
guantification and reverse transcriptase activity analysis, were therefore not considered for
use in this study. Of the methods which do give a functional measure of infection, the most
commonly employed is the classical TQIRSsay which uses cell death as a measure of
infection (162) However, this method can be problematic if used to quantify a strain with low
cytotoxicity since the infected cells may not be killéeading to undeestimation of the
amount of virus present. Reporter cell lines circumvent this problem since the signal produced
is a direct consequence of HIV infection rather than a downstream effect like cell death,
making the GHOST cell assay adyethoice. Cell lines other than GHOST cells may also be
used for quantification, such as the TAiMine¢ a HelLa cell derivative transduced to express

both CD4 and CCR5 as well asréaponsive firefly luciferase ariescherichia colE. colji -
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galadosidase reporter constructél64) The benefit of using GHOST cells compared to-TZM
bl cells and other lines is that multiple variants with differe@receptor constructs are

readily available.

Detection of HIMnfected cells, when working with primary virus that lacks any kind of
reporter mechanisms, was a challenging yet essential componeniraffection studies. The
flow cytometrybased KC57 asay is a welestablished technique that is well suited to
detecting productively infected cells that are actively producing the p24 prdigif,171) In

this study, it has been clearly demonstrated that intracellular staining with the KC57 antibody
shows good correlation with GFP positivity in infected GHOST cells. The ggnditthis
method can also be greatly improved with the incorporation of concurrent fluoresoesitu
RNA hybridization to detect the Hiag-pol RNA(171) The developers of this technique,
Baxteret al, report detection of 0.5 to 1 doublpositive infected cells per million CDR cells
(171) Another key benefit of this flow cytometric approach is the potential to combine HIV
detection with analysis of expression patterns of other cell surface proteins, makingfilg hi
versatile research too{171) This modification to the classic assay should therefore be
seriously consigred for future experiments, particularly when using primary cells which

generally have lower susceptibility to infection than GHOST cells.

Like the KC57 assay, the RfaRed assay developed for this study appears to have been
successful based on the ddiion performed using infected GHOST cells. The use of
customized primers specific to the L§Rgregions of the clade C strains used for this study
has ensured specific and sensitive amplification. Although the PCRptiaszed as far as
time and resouces allowed, we feel that the sensitivity of the assay could be improved. The
limit of detection was measured at approximately 1% for CM9 and 5% for SW7, which may
not be sufficient for detection in primary CD# lymphocytes and macrophages. The assay is
also only qualitative and would need to be adapted to a-temé PCR in order to give a
guantitative measure of HIV infection. Another potential limitation of this type of PCR is that
it does not discriminate between integrated and niomnegrated viral DNA which has
implications for determining whether the cell was successfully infected or not. The gold
standard for detection of integrated viral DNA is thierHIVPCR which involves the use of a
primer pair which binds to a wetlonservedoortion of the virus genomegagor the LTR) as

well as to the repetitiveAlu sequence which is found scattered throughout the human
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genome. This configuration only permits amplification when both the human and viral
sequences are in close proximity, which occursaagsult of viral integratior{194¢196)
However, if a simple indication of HIV presence or absence is all that is required, then a

conventional PCR assay, such as the one used in this study, is sufficient.

Despite the many challenges encountered, three main outcomesvachieved in this
chapter. Firstly, we were able to produce two primary HPC isolates with a sufficiently high
titre to perform downstream infection experiments. The production strategies for these two
isolates, CM9 (dudtopic) and SW7 (X#topic), have beeroptimized according their strain
specific replication mechanics, and reproducibly used for several rounds of production.
Secondly, the GHOST cell assay has beendijptiisnized for use with these isolates, with
modifications made to account fahe generally lower infectivity of primary cultures and to
reduce intraassay variability. Furthermore, the GHOST cells themselves have been
extensively quality controlled, and validated in terms of CD4 anteceptor expression.
Finally, two independenitilV detection mechanisms have been validated for use with these
primary isolates using GHOST cells: 1) the KC57 intracellular p24 assay and 2)gdgpRJR/
assay. The viral isolates and the methods used to detect them were therefore deemed ready
for usein infection experiments with the natural target cells of HIV: CDWmphocytes and

macrophages.
6. YS@ CAYRAYy3a

Themain goal of this chapter was tlevelop viral culture techniques optimized for primary
HI\A1-C isolates. An important point arising frorarcoptimization experiments was that the
mutability of the HIV genome creates many challengdgen propagating primary viral
isolates. We found that the productioprotocol had to be modified to fit the unique
replication dynamics of eacisolate and thatsome isolates may undergo complete loss of
infectivity, as demonstrateth our R5tropic strains.Despite these challenges, we managed
to produce infectious stocks of isolat€M9 (duailropic) and SW7 (X#opic). For titration

of our viral stocks, we elected to use the GHOST cell assay sinatstiys/es a measure of
infectivity. The assay required extensive optimisatiéirst, when CD4, CXCR4 and CCR5 cell
surface expresen was examined, the levels of CD4 expressiaafaund to be suboptimal

necessitating the sorting of a C¥4populationto allowfor further work. It was also noted
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that CD4 expression can be negatively affected by theemzgmatic dissociation reagen

like trypsin. Second, optimal timepoints at which to perform cell counts and GFP readings
were determined, since it became clear that these factors can drastically alter the results of
the assayA subsidiary objective of this work was the opsation and validation of methods

to detect cells infected with our specific straiZge utilized the GHOST cell line to validate
the KC57 antp24 antibodybased assay, as well as a RfaBed assay designed to target the
LTRgag and V3 loop regions of CM9 and SWhitracellular stainingpf p24 with the KC57
antibody shoved good correlation with GFP positivity in GHOST cells infected with our
selected isolates. The PCR assag ableto detect a minimum proportion ofl%infected
cellsfor CM9 and 5% for SWIHh summary, we successfully develogbe tool required for
production, accurate quantification and detection of infected cells when using primary HIV

1-C isolates.
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1. 1 6aidN) Of

CD4 T lymphocytes and macrophages are key target cell types for HIV infelctiorder to
investigate the effects of infection at a transcriptomic level, optimal isolation and cell culture
protocols had to be developed to maximize susceptibil@MNCs were isolated from
peripheral blood and pure populations of CD4cells and mornzytes were obtained using
FACs. Monocytes were differentiated into MDM under the influence of eitherx@3% or M

CSF. Successful differentiation into functional macrophages was confirmed by analysis of

classic macrophage markers using flow cytometry,asoby analysis of phagocytic capacity

with the pHrodot F a &l @ ® LYy 2 NRS NEGMCSRréat8dioSMOSKrgated ¢ K S i K ¢

macrophages would be more susceptible to infection, cell surface expression of CD4, CXCR4
and CCR5 was also assessedC 8Hreated cellswere found to have higher levels of all these
HIV receptor molecules; however, preliminary infection experiments revealed that both
populations were in fact refractory to infection. F@D4 T cells, we evaluated various
methods ofin vitroactivation as a means to enhance susceptibjlitying flow cytometricell
proliferation and CD25 expression assay¥e found that anti-CD3/anttCD28 based
stimulationwas more effective thaf®HAbased activationWe also investigated the effects

of activation onco-receptor expression and found tha€CXCR4 expression was markedly
upregulated undethe cell culture conditions used while CCR5 expression was significantly
reduced, especially upon activatioRieliminary infection experimentsere performed on
activaed CD4 T cellsusing CM9 and SW@ determine the optimal infection conditions and

the kinetics of infection. CM9 was found to infect optimally using an MOI of at least 2, and

timepoints of 36h and 48h posnfection were selected for the final gene expression
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experiments. SW7 was found be massively cytotoxic to the activated cells and could not be

used further.
2. LYUNRRdzOUAZ2Y

It is well established that the primary cellular hosts of-Hilsfe CD4T lymphocytes and cells

of the monocyte/macrophage lineage. It is thus a priority to understand the pathogenesis of
HI\A1 within these cell subsets, as they have the greatest effect on the clinical outcome of the
disease. In order to interrogate the tracrgptome of these two cell types when exposed to
HI\:1-C, which is the ultimate goal of this project, it was necessary to establish protocols for
the isolation and culture of treerespective cell populations. FACS was used to harvest pure
cell populationsof CD4 T lymphocytes and CD14+ monocytes from miBMNCsThe
monocytes were differentiatedn vitro to obtain MDM, while the purified CDA4T cell
population was used directly for experiments. Since infection efficiency has been reported to
be lower inprimary cells than in cell line€l15,197) it was anticipated that achieving
successful infection in these primary cell cultures would be challenging. Therefore,

optimisation of factors that might influence susceptibility to infection was required.

In the case of CDZ lymphocytes, one of themst important factors influencing susceptibility

to infection is activatior{190¢193) The activation of CDZ celldn vivois a complex process
involving interaction with professional antiggmesenting cells, such as macrophages and
dendritic cells, \ the TCRFigure 41). The TCR exists as a heterodimer of alpha and beta
chains complexed with an array of CD3 proteins which are important for T@QRI sig
transduction(198,199) The structure of the TCR complex is illustrateigure 42. An initial
activation signal is provided by the binding of the TCR complex to its cognate antigen, which
is presented by the antigepresenting cell via the Major Histocompatibility Complex Class Il
(MHC 1l) proteirf176) The CD4 molecule is closely associated with the TCR on the cell surface,
and t stabilizes the interaction between the two complexes by binding to the MHC Il protein
(176) In order to induce an effective response, a secongtououlatory signal is required.

This signal is supplied by the binding of the CD28 receptor (expressed by T cells) to a suitable
ligand on the antigesresenting cell, such as CD80/CO@86) The comimation of these

two signals results in the cells entering an activated state, characterized by significant

modulation of certain gene00,201) the most important of which is the upregulatiaf
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both IL-2 and the IE2 receptor (IL2R)(176) The upregulation of {2 and IL2R leads to the
induction of T cell proliferation and differentiation via autocrine signalling pathwais
results in a clonally expanded effector cell population which is able to respond to the

activating antiger{176)

Dendritic cell

CcDh4
q . F m—lp- Signal 1
. MHC I TCR 8 .
- Signal 2

cD3so/ cD28
D86

CD4+ T lymphocyte

Figure 41: lllustration of cell receptor interactions required for CDZ lymphocyte activationA dendritic cell

is used as an example of an antigaesenting cell. An antigenic peptide (indicated in red) complexed to the
MHC II molecule is presented to a CD4ymphocyte by the dendritic cell. The binding of MHC Il to the TCR,
facilitated by the cereceptor CD4, generates an initial activation signal (Signal 1). A secgatichotatory signal
(Signal 2) is received when the CD28 receptor on the T cell is bguaD®0/CD86 on the dendritic cell.

Activation of cultured CD4 cellsn vitrorequires these signals to be supplied in the absence
of natural stimuli. Mitogens are often used to activate the cells through-smercific cross
linking of all cell surface ygloproteins, including the TCR02) Common examples of
mitogens usedor T cell activation include phytohemdgtnin (PHA) or concanavalin(202)
Phorbol myristate acetate (PMA), which does not engage the TCR but @eiactivation by
acting on a downstream signalling pathway involving protein kinase C, is also commonly used
(202) Anotherin vitro activation method involves the use of monoclonal antibodies which
bind to CD3 and CD28, and in so doing provide artificial stimulatory signals to tHeDIECR
complex and CD28 receptor respectivi@®2) The mitogerassociated and CD3/CD28 cross
linking methods are independent of antigémding, therefore T cells with manyfigirent
antigenspecificities will be activated simultaneously, resulting in polyclonal expansion. An
antigenspecific alternate method involves exposure of T cells to a particular antigen of
interest in culture, in conjunction with suitable antigeneserting cells that can mediate
activation(203,204)

116



o 0B~ WN

\I

10
11
12
13
14
15
16
17
18
19

Ag-binding

site —
o v ﬁ
TCR
C
5—5— =
T cell membrane
¥
CD3 complex
[ I
gy T b
L -
Q@

Figure 42: Structure of the T cell receptor compleXhe TCR itself is a heterodimer comprisingd atain and
ai chain linked by a dulphide bond. Each of these chains has a variable (V) and constant (C) region. The variable

regions of both chains form a groove for antigen (Ag) binding. The TCRdsvalantly associated with the CD3

complex. The CD3 complex comprises three pailR 5fY SNBEY G(KS /50¢:+ | yR /5081 KSi
CD3 homodimer.

Cells of the monocyte/macrophage lineage have very different responses to HIV infection
compared to CD4T lymphocytes, and the susceptibility of these cells to infection can be
influenced by many factors. It has been westablished that differentiation of monocytes
enhances susceptibility to CGR8&pic strains of HI\(205¢207), which is why macrophages
were selected as the targedif infection experiments in this study. However, the response to
infection can also be profoundly altered by exposure to microbial gene products, such as
lipopolysaccharides (LPS), or cytokines which induce differentiation down either pro
inflammatory or ati-inflammatory pathways which are designated as M1 and M2
respectively(138,139) M1 macrophages produce pinflammatory cytokines such asil.IL-

12, 23 and TNE = & ¢Sttt | & NBI OdpdciesflasAIopThAcyire | YR Y
involved in supporting Thl activities, tumour suppression and response to intracellular
pathogeng138,139) M2 macrophages produce the amiflammatory cytokine H10 and are

involved in Thype responses, elimination of extracellular parasites and promotion of tissue
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repair (138,139) The addition of granulocytmacrophage colongtimulating facor (GM
CSF) to monocytes in culture promotes differentiation of macrophages with afiki&l1
phenotype, while Maike macrophages can be induced by the addition of macrophage
colonystimulating factor (MCSFJ137) In this study, we compared macrophages that were
differentiated using thee two cytokines in terms of their phagocytic capacity, cell surface

protein expression and susceptibility to infection when exposed teIHDVprimary isolates.

Another key factor that can affect susceptibility in both cell types is the expression dfthe
coreceptors CXCR4 and CCR5. Both form part of the chemokine receptor family: a group of

seventransmembranespanning &oupled proteins (22,208) that respond to various

chemokines. Chemokines are divided into the CC, CXC and CX3C families, characterized by the

position of their cysteine residu¢208) CCRS5 is a receptor for members of the CC chemokine

family (specificallRANTES, Mi@h | y-Ri aLB KAt S (GKS yI GdzNat A3l

member of the CXC fami{2). These caeceptors arenormally involved in chemotaxis and
mobilization of intracellular calciur(22). However, CCR5 and CXCR4 also essential for viral
entry, since they facilitate the interaction between gp120 and CD4 that mediates fusion of
the virus envelope with the host cell membra(2). Analysis of CCR5 and CXCR4 expression
was therefore included when phenotypic characterization of cultured*GDYmphocytes

and macrophages was performed in this study.
3. al (SNiaSiaK 2FR/ER
3.1. Isolation oftargetcells from peripheral blood

3.1.1. PBMNC isolation and purification

Peripheral blood donors were recruited via advertisements within the University of Pretoria.
The identity of the donors was kept strictly confidential. After donors had given their informed
consent, approxirately 250 mL blood was taken from each donor and processed for PBMNC
isolationunder University of Pretori&aculty of Health Scienc&esearch Ethics Committee
approval (EthicApprovalNumber: 204/2016) The blood samples were layered on top of
Histopaque®1077 SigmaAldrich; St. Louis, MO, USA 50 mL centrifuge tubes, using 15 mL

of Histopaque®@077 per 35 mL blood. The layered samples were subjected to density

gradient centrifugation at 1700 rpm for 30 min ai@l without applying a brake. Under e
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conditions, the PBMNCs formed a distinct layer which could be collected into 50 mL centrifuge
tubes using a Pasteur pipette. Tubes containing approximately 20 mL of collected PBMNCs
were filled with TP buffer (PBS, 1% Human Albu@igmaAldrich; St. auis, MO, USJA2 mM
ethylenediaminetetraacetic acid [EDTAAssociated Chemical Enterprises; Johannesburg,
South Africa]) to dilute any residual Histopaque®. The cells were centrifuged ag 30010

min at 4 C and theHistopaque@&ontaining supernatant was aspirated. The cell pellet was
reconstituted in ammonium chloride lysis buffer (distilled water, 150 mM ammonium chloride
[Labchem; Johannesburg, South Africa], 10 mM sodium bicarbo8afmpAldrich; St. Louis,

MO, USA, 0.25 mM EDTA) and incubated alC4for 30 min in order to lyse any residual
erythrocytes. The ammonium chloride was removed by centrifuging the cell suspension at
300 x g for 10 min and aspirating the supernatant. In order moinimize platelet
contamnation, a further two centrifugations at 100g for 10 min without applying a brake,
followed by aspiration of supernatant, were performed. Although this step resulted in
decreased PBMNC vyields, it was important to remove the platelets as they are known
sequester HIV virions, thereby reducing the efficacy of viral culture. The final pellet containing
the isolated PBMNCs was resuspended in 10 mL complete-EFIcell culture medium
(RPMI1640, 10% FBS, 2% penicillin/streptomycin). Following eacltiasplthe PBMNCs

were enumerated and phenotyped for cell surface marker expression using flow cytometry.
3.1.2. PBMNC counting and immunophenotyping
3.1.2.1. Sample preparation

' pn >[ FfAld2dG 2F t.ab/ OSff adzalLISyarzy gl 3
well as the relative proportions of CDA lymphocytes and monocytes present. The cell
suspension was placed in a flow cytometry tube and CD45 Krome Orange (KO) and CD4 FITC
ant-K dzY'l 'y Y2y20t 2yt FyiGAo2Re O2yedzal 64Sa 6SNS
genagal cell surface marker found on all leukocytes. CD4 is present on both TD4
lymphocytes and monocytes, though it is only weakly expressed by the latter. An additional 3

> [ -AAD was added to assess sample viability. The cells were incubated fan iOthe

RFEN] G2 Fftt26 | yiAo2Re Oo/AYRANE OF (¢SS LIK SNNE &
F2NJ SydzyYSNIX GA2y FYyR GKS &l YL S 41 & adzZJJ SYSy
@2t dzyS® ¢KS al YLX S g1 a &adz aSl dxfoyhétdr.e Iyl £ &aSR
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3.1.2.1.1. Flow cytometry setup, data acquisition and analysis

~ A oA~ s oA~

Flow/ 2dzyin Ffdz2NRALKSNB& ¢S EkcitaRoS: @B om; Emissiory (1 K S
620/30 BP] on a FS Lin vs FL3 Loggsrameter ploth y G KS & . 9Figherd 48a). NS I A 2 Y
Clo [23 @& ¢AYS LX24 3AFGSR 2y (GKS a. 9! 5{¢ N
clumped fluorospheresHjgure 43b). PBMNCs were identified on the basis of size and cellular
complexity using a FS Lin vs SS Logpvameter plot. The Flow 2 dzy' G v Fresz@rdP & LIK S
removed postr Olj dzA aAGA2Y FNRY GKS t.ab/ LINRBFAES dzi
(Figure 43c). This was necessary as the fluorospheres apped with the PBMCs and were

therefore present in the same region. Failure to remove the Flo& dzy G »  Ff dz2 NP & LIK
the PBMNC region would therefore lead to an overestimation of the PBMNC cell count. The

FS Lin vs SS Log plot also enabled the exclo$ianlysed erythrocytes, debris, and cell
F33aNB3AFGSae ! [/ 5np Yh [ 23 drgureg4pd) ag dsedltd 2 G 3 |
confirm that the PBMNCs we in fact positive for CD45 as they should be. CD45 KO was
measured in the FL10 channélxXcitation: 405 nm; Emission: 550/40]BR SS Log vsAAD

LogtwoelLJF NI YSGSNI LIX 202 3IFGSR 2y a/5npés gl & dza S
CD45 positive callfFigure 43e), with ZAAD being detected in the FL4 channel [Excitation:

488 nm; Emission695/30 BP]. The concentration of viable PBMNCs in the sample was
obtained from this plot, usinquation 410 2 NXf I S GKS LINRPLR2NIOAZ2Y 2
region to the number of Flow 2 dzy i n T dz2 NB & LIK S NBrigure\dghb. Th&k S & / !
total cell number in the original PBMNC cell suspension waraa usingequation 42. In

order to distinguish CD4I' lymphocytes and monocytes, a SS Log vs CD4 FITC Log plot gated

on viable, CD4%ells was used-{gure 43f), with CD4 FITC being measured in the FL1 channel
[Excitation: 488 nm, Emissiob25/40]. CD4 T lymphocytes stain more brightly for CD4 than
monocytes, which have intermediate CD4 expression. From this plot, the absolute numbers

of CD4 T cells and monocytes present in the PBMNC suspensiald also be calculated

using Equation 41 and Equation 42. The acquired data was analysed using Kaluza Flow

Cytometry Analysis Software (Version 2.1).
Equation 41:
6 Qoét OQE 0 LAT WE ¢

0& Q0O IQQRE®E 0 Qiw™o®d 0 O 0 G b £
0 WORWWO €1
VD& QUL QEODiIo D QQQE ¢
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Y& 0AG BiIQhEE OQE O DATWE & Qb ai QDL BHH OB
A) B) C)
. [Ungated] FL3 / SS INT - [BEADS] TIME / FL3 [NOT BEADS] SS INT / FS INT
9 BEADS ' o0
% o et o e il
o5 . “Jcat: 1659
- 600
= 10'F ¥ ) :_jj 10'4 =
Ve * e 400
10° 107
200+
PBMNCs
T T T T T T T 0 T T T
10° 10 10° 107 0 20 40 60 80 10° 10 10° 10
FL3 TIME SS INT
D) E) F)
» [PBMNCs] CD45 KO / S5 INT 5 [CD45] 7AAD / SS INT o [VIABLE] CD4 FITC / SS INT
CD45: 95,46%
VIABLE:|99,68%
10° 107 07
MONOCYTES: 25,33%
= — A =
Z 404 = ro‘*l Z o1 ;
10°4 10°4 Sl 10°4
CD4+ T CELLS: 36,36%
133 1(‘)' 1cl)‘ 10° 1:73 15‘ 151 10° 1;;: 15' 11)1 10?
CD45 KO 7AAD CD4 FITC
Figure 43: Flow cytometry setup for postsolation analysis of PBMNCs. AJowCountt fluorospheres,
AYRAOFGSR Ay GKS NB3IA2Y d.9!5{¢3 6SNBE ARSYUGUABASR ol a
{Ay3fSE AyirOG Ftd2NRALKSNBA 6SNB ARSYGATASR Ay | CJ|
G/ 'Qt dab/ a 6SNB ARSYGATASR o0lFlaSR 2y GKSANIC{ [AYy @& {
the exclusion of FlovCounw fluorospheres from this plotD) The PBMNCs that were CD45 positive, and were
therefore characterized as leukocytes, wer®ih OF G SR Ay GKS NBIA2Y a/5npé 2F |
parameter plotE) Viable, CD4%cells with intact membranes which were impermeable $8AD were identified
Ay GKS a+L! . [9¢ NBIZAZEI2EARGE{ I 8 SRCEY ynipKoBytesdnd n p ¢ NIB
monocytes present in the PBMNC sample were differentiated based on their SS profiles and differential levels
of CD4 expression in a SS Log vs CD4 FITC Log plot.
3.1.3. Storage of PBMNCs
Once the isolated PBMNCs had been enumerated and phenotyped, they were either used
immediately for experiments or cryopreserved for laegm storage. Cells to be
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cryopreserved were centrifuged at 38@ for 10 min. The PBMNC pellet was resuspended in
freezing medium (10% DMSO in FBS) at a concentration’ofelle/mL. Working on ice,
aliquots of 1 mL were transferred to cryovials and frozenr8X°C in Mr Frosty freezing
containers Thermo Fisher Scientific; Waltham, MA, USXjer at least 24 hours, thcells

were transferred to a dewar for loagrm storage in liquid nitrogen.
3.1.4. FACSased isolation of CD4T lymphocytes and monocytes

3.1.4.1. Sample preparation

A sorting strategy was developed to simultaneously extract both*@D¢mphocytes and
monocytes fronfreshly isolated PBMNCs using fB@CSAria Fusioncell sorter. An estimate

of the number of monocytes and CDH cells present in the sample was obtained during the
simultaneous phenotyping and count performed following isolation. From this information, i
was determined what volume of the PBMNC cell suspension contained the desired number
of cells to be sorted. Since the sorter has extremely stringent parameters, approximately half
of the cells that pass through the instrument are discarded. Thus, theinesj number of

input cells was doubled. In order to determine the optimal concentrations of monoclonal
antibodies required to stain the cell surface markers used for sorting and
immunophenotyping, titrations were carried out for each of the monoclonalikenay

conjugates Appendix G.

An aliquot of PBMNCs containing the appropriate number of cells was stained with the
monoclonal antibody conjugates CD4 FITC and CD14 PE as well as the viabHAByd& e
volume required wasptimizeR (2 nedchperix1® Fab/ a® ¢62 | RRAGAZ2
aliquots of PBMNCs were taken for a more comprehensive baseline immunophenotype,
including analysis of HIV teceptor expression. The first aliquot was stained with the
monoclonal antibodies indicated imable 41. In this panel, aCD45 Birilliant Violet 711
(BV711) conjugate was used instead of CD45 KO, to avoid spectral overlap with other
fluorochromes. Thesecond was stained with the same antibodies except for CCREyPE

and CXCR4 BV605, which were substituted for equal volumes of their corresponding isotypic
controls. Staining was carried out for-30 min in the dark. The stained cells were washed
with PBS, using 1 mL for the immunophenotype samples and one equivalent volume for the

cells to be sorted. Both sets of cells were centrifuged at 8@for 10 min and the
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supernatant was aspirated. This wash step was repeated once more to ensure removal of

excess antibodies. The cells to be sorted were resuspended in approximately 1 mL complete

RPM#1640 per 1x10cells and passed through a filter to remove any clumps. The

AYYdzy 2 LIKSY

~

2081LJS &l YL S& 6SNB NBadzaLISYRSR Ay

Table 41: Sample preparation for immunophenotyping of PBMNC isolates

TUBE 1 TUBE 2
Monoclonal antibody Volume ¢ ) Monoclonal antibody Volume ¢ )
CD4BV711 1.25 CD43V711 1.25
CD4FITC 1.25 CD4FITC 1.25
CD14PE 2.5 CD14PE 2.5
CCR®ECy7 2.5 PECy7IsotypicControl 2.5
CXCRBV605 5 BV605IsotypicControl 5
Viability dye Volume ¢ ) Viability dye Volume & ]
7AAD 5 7AAD 5

3.1.4.2. Flow cytometry setup, sorting and data acquisition

Target cells were sorted using the purity sorting mode ofGhe / { ! NA | v Cdzaiz2y O

The required number of target cells were sorted into 15 mL centrifuge tubes prepared with 2

mL complete RPM164

0 using a serial gating strategy. In the sort protocol, illustrated in

Figure 44, PBMNCsvere first gated on a FS Lin vs SS Logpsrameter plot Figure 44a).

Viable cells were then detected using a SS LogAALY Log twgparameter plot Figure 44b).

A CD4 Logvs CD14 L

og+vavameter plot Figure 44c) was used to distinguish monocytes

(CD4™ CD14+) and CDZ lymphocytes (CD#" CD14). The sorted cells were centrifuged

at 300x g for 10 min and the supernatant was discarded. The cells were resuspended in an

appropriate volume of culture medium for further experiments. In order to ensure that

sorting was successful, a pesirt purity check was carried ouE{gure 44d & Figure 44e).

Samples of sorted CD# lymphocytes and monocytes (approximately Zbddis each) were

analysed immediately after sorting using the same protocol. The percent of cells that fall into

the original gate used for sorting indicates the purity of the sort. Data was acquired using BD

C!'/ {5AQIn

0y ®n ®MKaluzh FWRCytbryetryt ABady SsFSoftalzrel (Yession 2.1).
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Figure 44: Flow cytometry setup for FACIgased isolation of CD4T lymphocytes and monocytes. Ajhe
PBMNC population was defined based on FS Lin vs SS L&) @lable cells were identified as~AAD negative
inaSSLogvsl7! 5 [ 23 LX 24 3+ (SR QAwopiSnetdipla bf P4 vé ED14 datedioh ®
GKS axL! . [ 9¢ NrHadtichyfths yvb @opultions Roid sbrted. CDRlymphocytes, indicated
Ay GKS NBIA2Y a¢ /9[[{¢é¢ 6SNB KAIKi& /5n LIRaAAGADS GKAT
I 5mn LRAAGAGBS 6SNB ARSY(ATA SHReprgseniafivs imayl & podoyt puiity 6 St f SR
check of sorted CD4 lymphocytesE) Representative image of pasbrt purity check of sorted monocytes.

For the immunophenotyping protocol, doublet discrimination was employed to exclude cell
clumps from the aalysis. The principles of this technique are describéghapter 3Section

3.2.5.5). A FSH Lin vs F8 Lin tweparameter plot was used to identify single cells which

have proportional F8l to F&A valueskigure 45a). A conventional FS Lin vs SS Log plot gated

2y O0KS a{LbD[9 /9[[{€¢ NBIA2Y 61 a& dzaASR G2 AF
residual debris not gated out in the previous pl&igure 45b). A SS Log vsAAD Log plot

was used to determine the viability of the celsgure 45c). The CD43eukocyte population

gla RSUGSNYAYSR dzaAy3a | {{ [23 QD& /5np .TMM
(Figure 45d). In the subsequent CD4 FITC Log vs CD14 PE Log plot, also gated on
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al 97 Yh/ Figure {45e), tke CD4 T lymphocyteand monocyte populations were

identified using the same markers as for the sorting protocol, so that the Hhé¢ceptor

expression of the sorted populations could be assessed by proxy. This was achieved using SS
Log vs CXCR4 BV605 Log and SS Log VBBGRSwoeLJ: NI YSGSNI LX 2G4 3K 4GS
¢ /9[[{¢€ FYR aahbh/ , tFyyredsitNTERp&SHcEs oNiePpasiBO (0 A O S |
regions for these plots was set using the position of the negative population in the
O2NNBaLRYyRAY3I Aaz20eLIAO0 O2yGNRf &l YLX Sao 51 Gl

analysed usin&aluza Flow Cytometry Analysis Software (Version 2.1).
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3.2.  Culture and activation of CD4I' Lymphocytes

3.2.1. Cell culture conditions

Sorted CD4T lymphocytes were seeded at a concentration of 526G f f &k Y[ A Y
complete RPML640 in 24well cell culture plates. They were incubated at 37°C, 5%d@O
up to 24 hours, to allow recovery from sorting. After this resting period, the cells tneated

to induce activation and proliferation followed by incubation at 37°C, 5% T@ cells were

used in downstream experiments after up to 7 days in culture depending on the experiment.

3.2.2. CD4 T lymphocyte activation

3.2.2.1. PHAL-induced activation

In preiminary experiments, the potent mitogen Phytohemagglutihin(PHAL) was
investigated as a means to induce T cell activation. Sorted T@#nphocytes were seeded

in 12well culture plates at 1.25x2@ells per well in 1.5 mL complete RPMI. RHRoche;
Basel, Switzerlandyyas added to the cell culture medium at a range of concentrations in the
presence of recombinant human2.(Thermo Fisher Scientific; Waltham, MA, YS¥4so at a
range of concentrations, as indicated Trable 42. The extent of cell proliferation was
determined by flow cytometry and used as a measure of activation sucgestidn 3.2.3.
Activation with PHA. proved to be suoptimal with respect tonducing proliferation and
maintaining viability, therefore an alternative method was investigated following a series of

troubleshooting experiments.

Table 42: Concentrations of K2 and PHAL used in a checkerboard experimentdetermine

optimal T cell activation conditions

IL-2 concentration

PHAL

concentration 0 U/mL 10U/mL 20 U/mL 40U/mL
0>g/mL Norrinduced 10 I1-2 20 I1-2 40 112
1>g/mL 1 PHAL 1012+ 1PHA. 2012+ 1 PHA. 4012 + 1 PHA
2>g/mL 2 PHAL 1012 +2PHA. 20112 + 2 PHA. 40 1:2 + 2 PHA
4>g/mL 4 PHAL 1012 + 4PHA. 20112 + 4 PHA. 4012 + 4 PHA
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3.2.2.2. Antibody-mediated activation by cestimulation with anti-CD3 and antCD28

A 1:100 dilution otL.owEndotoxin Azidd-ree( 9 ! )@mtirhuman CD3 antibod{Biolegend,

San Diego, CA, US#gs prepared in PBS. This solution was added towe24culture plate,
02y OSvy i Nbrafilm2y 2 F

and incubated at 4°C overnight to allow the antibodies to coat the surface of the plate. The

dzZaAy3a onn >]

LISNJ ¢St ¢

l.:.l

antibody solution was removed, and the wells were washed with PBS. Sortéd CEl% that

had been rested overnight were then transferred directly itite pre-coated wells of the 24
& 2 f dzo fudnan[ GDR8Cantibodyy (i A

well plate. Recombinant human-i. | Yy R

(Biolegend, San Diego, CA, UBANBE I RRSR

lj

TAYI

respectively. The treated cells were then cultured at@73% CgXor a further 46 days to

O2y OSy i NI G

allow activation and proliferation. The success of activation was determined by flow

cytometry (Seéection 3.2.4.

During optimization experiments, the addition of conditioned medium from autologous

unsorted PBMNCs thatad undergone activation using the same antibdidysed method was

tested as a possible means to enhance activation of the isolated Tiyhphocytes. After 2

days of activation, the culture medium was harvested from these PBMNCs by centrifugation

of the cell suspension at 300g for 10 min followed by collection of the supernatant. Purified

CD4 T lymphocytes that had been sorted and rested during the 2 days were then collected

from their culture plate, centrifuged at 300g for 10 min and resuspended the PBMNE

conditioned supernatant. They were then activated in an-@&ii3coated plate as described

above. This step was removed from the final protocol, based on the findings described in

Section 4.2.1.

3.2.3. CD4 T lymphocyte proliferation assay

3.2.3.1. Sample prearation

Aliquots of 100>L were taken directly from cell culture plates containing activated*dD4

lymphocytes. The cells were stained with 8l50f(i K S  y dzOf S| NJ R& S
Ruby Thermo Fisher Scientific; Waltham, MA, USA). An equal volume>106f Flow
/[ 2dzy in Ff dz2 NP aLIKSNEa

FT2NJ @2f dzySo

Pylteaaa

gl

gl

~

a

a

+20 N} yit

I RR S RL ofPBSWaS gdded S NI (i A

o]

- NNA SR 2 dzi

2y
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Count

3.2.3.2. Flow cytometry setupdata acquisition and analysis

A 2 s oA

TheCt 2¢ /[ 2dzyin 06SIRa ¢S pBamR& hiSdgans &t evdaisinyhd | & A
C[m OKIFyYyySt I|yR I N5 AY Rigugel46a)SARFLA yog s Kide thdS I A 2 v
LI N} YSGSNJ LX 20 3AFGSR 2y a.9!5{¢ ga dzaSR (2
small clumpgFigure 46b). The intact beads used for enumeration are indicated in the region

G/ ' [é¢d ¢KS ydzOf SFGSR OSff LRLIz I GA2Yy S gKAOK
a FS Lin vs VDC Ruby Logpartameter plot(Figure 46¢c). VDC Ruby was detected in the FL7

channel Excitation: 638 nm; Emissior25/20 BP. Thenumbero€t 2 ¢ / 2 dzy 4 n  F £ dz2 NJ
Ay GKS d&/Flglré€46bNB BY RY 6 &S ydzYoSNJ 2F OS$Fgiréd Ay
4.6c), were used irEquation 41 and Equation 42 to obtain the total nucleated cell count.

Data acquisition and analysiss performed using Kaluza Flow Cytometry Analysis Software

(Version 2.1).

[Ungated] FL1 ) [BEADS] TIME / FL1 [NOT BEADS] VDC Ruby / FS INT
400 s 1000
56 . f~ _g'.;;"-f_;'~%:!-‘xt.«':;-i»,1~'\.:_),‘r::&'a~'if., 800+ Nucleated: 1202 | }
CAL: 15 812 600 i
200 2 105 = :
& ] 5}
100 10 o
200 ¥
BEADS L |
0 T T : : 0 T T T
10° 10' 10 10° 0 100 200 10° 10' 10? 10°
FL1 TIME VDC Ruby

Figure 46: Flow cytometry setup for cell proliferation assay performed on activated CD4dymphocytes. A)

CKS Ct2¢ /2dzylin Ffdz2NRALKSNBA Ffdz2NBaOS oNRIKGEE Ay
aCountvs FL1 Logohd NJ YSGSNJ LJX 23 A B)AFFIKSogds Tarle Hlt svas Ndedtd ideyitidy

Ayalr Ol Cct2g [/ 2dXyn 6 KSIH REPWEB ViR ODAIREIEY Logpaameter plot was

dzaSR (2 RSGSOG GKS OSftta iGKFIG adlAySR LRaixidArodSte T2NJ

3.2.4. Analysis of CD25 expression and enumeration of activated ‘CD4

lymphocytes
3.2.4.1. Sample preparation

CD4 T lymphocytes activated using the a@iD3 and aCD28 cestimulation method were

analysed by flow cytometry to determine whether the cells had responded by upregulating
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CD25, a classical T cell activation marker. Aa@efitavas performed simultaneously to assess

the degree to which they had undergone proliferation. AS5{aliquot of cell suspension was

taken from each well to be tested. Each aliquot of cells was stained according to the table
below (Table 43) for 10 min in the dark. Depending on antibody availability at the time of the
experiment, either CD25 PE or CD25 FITC were used to asseaticacistate. To each

Al YL ST pA2dy (2T FCUR MR ALIKSNBA 61 a I RRSR Ay 2

~

nnn >[ 2F t.{ 6Fa FRRSR T2N) g2k flonrcStdmetert G oI a

Table 43: Sample preparation for analysis of proliferation and activation of CDR

lymphocytes
10
Monoclonal antibody Volume ¢ )
CD4XO 3 11
C25 PE or CD25 FITC 3 12
Viability dye Volume & ) 13
7AAD 3 14

3.2.4.2. Flow cytometry setup, datacquisition and analysis

A singleparameter histogram of the FL1 channel was used to identifyGtfe2 ¢ / 2 dzy G «
fluorospheres Figure 47a) and a subsequent FL1 vs Time plot was used to select only the
intact beads Figure 47b). Leukocytes positive for CD45 expression were identified on a SS

Log vs CD45 KO Log plot. The fluorospheres were excludeeéhqupssition from the

G[ 9! Yh/ , ¢9{¢é NBIAZ2Y dza Ay Figurkds). CCR2KOSpsessian: 4 S a
was detected in the FL10 channEkEitation: 405 nm; Emissios50/40 BR. Nontviable cells

and cell debris were gated out of the leukocyte population using a SSSLBYAD Log plot

(Figure 47d) and a FS Lin vs SS Log (fmure 47e), respectively. This viable, CD4®&II

population was used to assess the extent of CD25 expression using either a SS Log vs CD25 PE
Log plot Figure 47f) or a SS Log vs CD25 FITC plot. CD25 PE was measured in the FL2 channel
[Excitation: 488nm; EmissioB75/30 BP] while CD25 FITC was detected in the FL1 channel.

The position of the gate fothe CD25 positive region was set according to an unstained
negative control and kept consistent throughout the analysis. The numb€rfo2 ¢ / 2 dzy (i u
Tt dz2NRPALIKSNBAZ ARSY Figue MBRandithe numkied of NabIE sellsy o/ |
ARSYUGAFTASR Ay (Bidue 478)Bnare eyl in Bquatian A aad Equation 42

130



1
2

© 00 N oo 0o b~ W

10
11
12
13
14
15

16

to obtain the total viable cell count. Data acquisition and analysis was performed using Kaluza

Flow Cytometry Analysis Software (Version 2.1).

A) B) C)

[Ungated] FL1 [BEADS] TIME / FL1 . [NOT BEADS] CD45 KO / S5 INT

00

10° LEUKOCYTES
CAL

Count
SS INT

50 10° 4 10°

10° 10 10° 0 0 50 100 150 10° I(I)' 10° 10°
FL1 TIME CD45 KO

[LEUKOCYTES] 7-AAD / SS INT [VIABLE] SS INT / FS INT [PBMCS] CD25 PE / SSINT
ACTIVATED

VIABLE 1000

SSINT
FS INT
SSINT

200

T T
s 2 ) o . 3 T T
10° 10 10° 10 10° 10 10° 10 1 1o . 10
7-AAD SS INT

CD25 PE

Figure 47: Flow cytometry setup for analysis of CD25 expression in activated “OD¥mphocytesA) Flow

/ 2dzyiun Tt dz2NRPALIKSNBAE 6SNBE ARSYGATFASR IApgrametsrPlotd). 9! 5{ ¢
Intact beads wereident@§ R Ay GKS NBIA2Y G/ ! [ € dzaiAy3d E)ASPhegyVys23I Ja
CD45 KO Log twgarameter plot enabled identification of the leukocyte population in the positive region, while

I .22t Sy 3FLG§ST abh¢ . 9! 5/{Zdzy bt AT (drrSNRREIBENB)NEDS LaR2Sa (i K S
vs 7AAD Log plot enabled identification of viable cells in the negative reB}@D4 T lymphocytes (only CD4

¢ OStfta ¢gSNBE a2NISROU ¢6SNB ARSYGATASRTE tlLoStfSR KSNB |
two-LJF N} YSGSNI LIX 20> 3ALG6R 2y (BS @ALYSH9e [ REIALREG Il GSF
identify cells that are positiveor CD25, indicating an activated phenotype. In this example, ®B2bas used,;

however, CD2%ITC was also used as an alternative fluorochrome in some experiments.
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3.2.5. Coreceptor expression analysis

3.2.5.1. Sample preparation

CD4 T lymphocytes that had been ltured and activated prior to coeceptor expression

analysis had to be reounted on the day of the assay to account for cell proliferation that

may have occurred which would interfere with the ratio of cells to antibodies used. These
cells were collected N2 Y (G KSANJ Odzf GdzNB LI | §Sa FyR pn >]
OStfa 6SNB aili+ AYgSRNERANKGE BHES2F RRAdpARW B Fdzp M
and 400> [of PBS for volume. The number of viabl&AXD negative cells present in éac

sample was determined on the Galliolow cytometer, and the concentration of cells in the
original cell suspensions were calculated udtiggiation 41. Four aliquots containing 3x10

cells each were taken from the enumerated cell suspensions, centrifuged at 6@ 10

min, resuspended in 109 [of PBS and finally transferred into flomtaynetry tubes. For the

analysis of freshly sorted CD# lymphocytes, purified cells were first resuspended to a
concentration of 50@00 cells/mL in complete RPNI640 as per the previously described
culture protocol Section 3.2.1). Four 600> [aliquotscontaining 3x18cells each were then

taken directly from this cell suspension.

For each sample set, the four tubes of cells to be analysed were stained as indicasddiein

4.4 and incubated for 15 min in the dark. The first tube contained antibodies reactive against
CD45 and CD4 for positive identification of the CD4ymphocytes, as well as the isotypic
controls for the antibodies used for detection of the CCR5 and CXCiéceptors. The
second tube was a Fluorescence Minus One (Fbt@trol for the BV605 fluorochrome,
containing all antibodies other tha@XCR4 BV60#&hile the third tube was an FMO control

for 7-AAD. These controls were included as it was observed that BV605 caused excessive spill
over into the ZAAD channel even after compensation, confounding the correct placement of
the positive regions. The final tube contains the full combination of antésdised in the
analysis. After staining, the cells were washed once with 1 mL of PBS to remove residual
antibodies before being resuspended in a final volume of 5(06f PBS for analysis on the

FACSArna Fusion cell sorter.
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Table 44: Sample preparation for analysis of @eceptor expression on CD# lymphocytes

TUBE USOTYPIC TUBE2: BV605  TUBE3: 7-AAD TUBE: AB
CONTROLS FMO CONTROL FMO CONTROL COMBO

Monoclonal antibody Volume & ) Volume ¢ ) Volume ¢ ) Volume & ]
CD43BV711 0.75 0.75 0.75 0.75
CD4FITC 0.75 0.75 0.75 0.75
CCR®ECy7 - 15 15 15
CXCRBV605 - - 3 3
PECy7Isotypic control 15 - - -
BV605IsotypicControl 3 - - -
Viability dye Volume & ] Volume 6 ) Volume ¢ ) Volume & )
7AAD 3 3 - 3

3.2.5.2.  Flow cytometry setup, data acquisition and analysis

During analysis, it was noticed that the activated and -aohivated samples had very
different expression profiles, particularly in CD45 (BV711) and CXCR4 (BV605), illustrated by
Figure 48. Therefore, a unique compensation matrix was applied to the activated cells to
account for these differences. The first part of the analysis involved the positive identification

of the CDAT cells to be assayed. ThB4% population was first identified using a SS Log vs

/' 5np . xTtmmMm [ 23 LJ 20 A Figuré 498). AN Bidv@ $S Lind plof was / | ¢ ¢
thenuSR G2 SEOf dZRS RSONAA | YR A R SHglrk 8. They G I O
CD4 expression of this population was then checked in a subségiot of SS Log vs CD4
CL¢/ [ 23 3l G SHRyureddc). tihe setodd parf @f thed analysis involved the
determination of viability and coeceptor expression, which was complicated by intense-spill

over of BV605 signal into the AAD channel, especially when the cells were activated. The

full gating strategyncluding the use of isotypic and FMO controls, is illustratétgore 410.
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A) B)

Non-activated Activated Non-activated Activated

[Ungated] BV711-A / PE-Cy7-A [Ungated] BV711-A / PE-Cy7-A [Ungated] PE-Cy5-A / BV605-A [Ungated] PE-Cy5-A / BV605-A

PE-Cy7-A
BV605-A

T T T T
T T T - T T T T T T T T 102 10 10 10
10% 10* 10° 10° 10* 10* 10° 10° 10 10° 10¢ 10°

BV711-A BV711-A PE-Cy5-A PECYRA
Figure 48: Uncompensated tweparameter plots of A) PEy7 (CCR5) vs BV711 (CD45) and B) BV605 (CXCR4)
vs PECy5 (?AAD) for nonactivated and activated CD4T cells from the same donor after 7 days in culture.
These plots illusate the difference in spHbver due to BV7114) and BV6058) between these two conditions,

requiring greater compensation to be applied to the activated cells than theirantimated counterparts.

[Ungated] CD45 BV711 / SSC-A [LEUKOCYTES] SSC-A / FSC-A [T CELLS] CD4 FITC / SSC-A
LEUKOCYTES _. 250 % CD4+: 99,76%
10°4 > 10°4 Sl
x T CELLS
200
10 10°4
< < 150 <
10°4 - 1004 1074
1074 a 107+
T T T T 0 U‘fm T T T T T T T
107 10 10¢ 10° 107 10° 10¢ 10° 108 108 10¢ 10°
CD45 BV711 SSC-A CD4 FITC

Figure 49: Flow cytometry setup for caeceptor analysis (Part & identification of CD4 T lymphocytes). A)

TheCD450St t & 6SNB ARSYGATFASR Ay ((G(KS NBIA2Y BiiTheidtaxth / , ¢ 9 { ¢
cellswereidentifikR Ay GKS a¢ / 9[ [ {£¢ NBEAN Ny YRISWI LI 2G{Z [IN Vi SARA 2{y]
C)tKS /5n SELINB&aaAZY 2F GKAA& LRLAIIGA2y 61 & adaSaasSR d:

region. Viability was assessed during the seqoad of the analysis along with @eceptor expression.

The isotypic control sample was used to determine the initial position of the viable population
onaSSlogvsl7! 5 [23 LX 24X 3IFGSR 2y OGKS a¢ [/ 9[[{¢
analyss Figure 410a). The isotypic control sample was also used to set the positions of the
negative populations for CXCR4 and CCR5 using SS Log vs CXCR4 Bufi0® uadk) and

SS Log vs CCR5®K LogHRigure 410c) L 20a NBaLISOLAOBEOE@>INBHAS
The BV605 FMO control sample was then used to confirm the position ofAdd7negative
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population in the absence of staining with BV6&ig(re 410d) and to check for any spill

over from ZAAD into the BV605 channel by inspection of the SS Log vs CXCR4 BV605 Log plot
(Figure 410e). Nosuch spilover was observed; however, there was a slight decrease in the
fluorescence intensity of BV605 in the FMO compared to the isotypic control, indicating the
occurrence of nof LISOAFAO aldlAyAy3a Ay (GKS Aaz2d0@LRAO
region was thus kept as per the isotypic control to account for this. FA&D FMO was
likewise used to check for spdiver from BV605 into the-AAD channel. In this case, a very
clear positive shift in the-AAD channel was observeedure 410i) due to the presence of a

strong signal in the BV605 channEigure 4100 ® ¢ KS o02dzy RIF N®B 2F {(KS
thus shifted from its original position set using the isotypic samples (indicated by a dotted
line) to a new position further to the right (indicatdxyy a solid line), to account for this spill

over that could not be entirely compensated out. The final values-#AD, CXCR4 and CCR5
SELINBaarzy 6SNB 20iGFAYySR FNRY (GKS a4a!. [/ ha.

antibodies, using the regions fileed in the controlsKigure 410h-j).
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ISOTYPIC CONTROLS
A) B)

[VIABLE] CXCR4 BV605 / SSC-A

[T CELLS] 7-AAD / SSC-A

VIABLE: 98,92% CXCR4+: 0,63%

SSC-A

T T T
T T 1 e 10 100 10¢ 10°

SSC-A

[VIABLE] CCR5 PE-Cy7 / SSC-A

CCR5+: 0,35%

T T T T
10 10 10 10°

BV605 FMO CONTROL

[T CELLS] 7-AAD / SSC-A
' [viABLE: 98,68%

SSC-A

E)

[VIABLE] CXCR4 BV605 / SSC-A

CXCR4+: 0,01%

SSC-A

T
10 10 10* 10°

10° 10° 10¢ 10 1 107 1 L
7-AAD CXCRABY60 CCR5 PE-Cy7 7-AAD CXCR4 BV605
[T CELLS] 7-AAD / SSC-A [VIABLE] CXCR4 BV605 / SSC-A [VIABLE] CCR5 PE-Cy7 / SSC-A [T CELLS] 7-AAD / SSC-A [VIABLE] CXCR4 BV605 / SSC-A
) " [VIABLE: 97,00% CXCR4+: 89,38% CCR5+: 5,41% ] " [VIABLE: 98,20% : CXCR4+: 89,68%
10°+ i 10°4 10° 10° i 10°4
104 ; 10°4 10° 10 ! 10°4
< < < < =
n “ 7y « v o
10°5 10°4 104
1074 1074 1074
10 s 10° 10 10 1 10 10 10 10 10° 10° 10 10 10° 10 o 10 o 10
7-AAD CXCR4 BV605 CCR5 PE-Cy7 7-AAD CXCR4 BV605

Figure 410: Flow cytometry setup for cereceptor analysis (Part 2 viability and coreceptor expression). ISOTYPIC CONTROLBhedYiable population was identified in

the negative region on a SS Log ¥&AD Log plot. The positions of the CXGRd CCRGegions were set usinB) SS Log vs CXCR4 BV605 Log#pf Log vs CCR5GRH

Log plotsBV605 FMOthe signal of the 7AAD and BV605 channels were examined ubiyigS Log vsAAD Log an&)SS Log vs CXCR4 BV605 Log plots in the absence of
stainingwith BV605 7-AAD FMOthese same plotd) SS Log vs-AAD Log and)SS Log vs CXCR4 BV605 Log, were then examined in samples stained vAkDUAR
COMBOThe final analysis of viability, CXCR4 and CCR5 expression was carried out on samplesithtah@mtibodies, using)SS Log vsAAD Lod5)SS Log vs CXCR4
BV605 Log anH)SS Log vs CCR5@H Log plots respectively.
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3.3. Culture anddifferentiation of monocyte-derived macrophages

3.3.1. Cell culture and cytokinenduction

Isolated CD14 positive monocytes were plated intae8l cell culture plates in 2 mL of
complete RPML640. The number of cells seeded was dependant on the yield from sorting,
ranging from 20@00¢ 250 000 monocytes per well. Plated cells wereubated at 37°C, 5%
CQfor 48 hours to encourage adherence to the plastic surface-dttherent cells were then
removed by aspirating the culture medium and rinsing each well gently withvprened PBS

or medium. Fresh medium was added to each well dmel thonocytes were treated with
cytokines to promote differentiation. Stock solutions of@&F Thermo Fisher Scientific;
Waltham, MA, USAand GMCSF Thermo Fisher Scientific, Waltham, MA, YSwith
O2yOSYUNIY GA2Yyd {£F | wRn mnBRASSFEectVdy, wlra diluted 1:10

in RPMHI1640. In order to obtain final concentrations of 25 ng/mta8F and 10 ng/mL GM

/I {C Ay HY[ 2F OStft OdzZ §dzNF YSRAdzYz Hu >[ 27F
further 7 days in culture at 37°C, 5%Ci®emonocytes had differentiated into macrophages.

3.3.2. Functional phagocytosis assay

In order to confirm that the macrophages had retained their phagocytic potential following
differentiation, a functional phagocytosis assay using pHFoBed S. aureusand E. coli
BioParticles® Conjugates (Life Technologies; Carlsbad, CA, USA) was peiftwsed.
microbe-derived particlesare conjugated to the piB | OU A ¥S Tt dz2NBaOSy

(Excitation: 560 nm; Emission: 585 niffje intensity of the emitted flu& & OSy OS 2 F LJ NZ

Reddyeat its maximum emission wavelength increases dramatically in a low pH environment
(Figure 411). Particles that are phagocyed will be processed in intracellular vesicles called
phagolysosomes, which are highly acidic and provide an ideal environment for pathogen
degradation by hydrolytic enzymeBigure 4120 ® ¢ KS LJ NBR2u O2yadzal &S
a strong signal when engulfed by phagocytic cells, such as macrophages, and can be easily

captured using fluorescence microscopy.

To perform the assay, lyophilized BioParti@lesere resuspended to a concentration of 1
mg/mL in complete RPMI640 medium. The culture medium was aspirated from the

adherent macrophages and the cells were gently washed twice wittwarened medium.
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BioParticles® were added to the macrophages usimgil > [ 15J6eNE) a1 kem the
YIydzFl OGdZNBENDR&a AyaldNHOUGA2yad ¢KS gStfa 6SNB
volume of 1 mL per well and the macrophages were incubated at 37°C for at least 2 hours. In
order to visualize the nuclei, the macrophages werenstd with either VDC VioleTbhermo

Fisher Scientific; Waltham, MA, USA 2 Miamidinb2:phenylindole (DAR] Thermo Fisher

Scientific; Waltham, MA, U8A®» L ¥ +5/ A2t S0 ¢l a dzaSRX nodp
particle suspension and the cells weneubated for a further 10 min before visualization. If

DAPI was used, the particles were removed and replaced with fresh medium, then incubated
with2>[ 2F ReéS az2tdziAzy gAGK I O2yOSYyGNI GA2Yy 2
before visualizaobn, the cells were washed thoroughly with PBS to remove excess dye and/or
particles. Microscopy was performed onZaiss AxioVert A1 microscope (Carl Zeiss AG;
Oberkochen, Germanyysing Zen 2.3 Lite software. Filter set 00 [Excitation: BBB30

Beam &J AGGSNY C¢cnnX 9YAaadA2YyY [tcmpyYY8 4l & dz
while filter set 49 [Excitation: BP48®0, Beam splitter: FT395, Emission: BP445/50] was used

to detect either DAPI or VDC Violet. The proportion of cells that had taken N®pR 2 u

particles was determined by manual counting in five random fields (at 10x magnification) per

condition.
pH 4
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Figure 411: The fluorescence emission spectra bfl NP R 2 mndew Sifierent pH conditions As the pH
decreases,t8 Ay (i Syairide 2F (GKS Ftdz2NBaOSyOS SYAGGISR AyONBI| a
Green BioParticles® Conjugates for Phagocytosis technical datasheet, available from:

https://www.thermofisher.com/order/catalog/product/P35361
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Figure 412: Principles of the pHrodm phagocytosis assay. AYlacrophages are exposed to pHroddred
BioParticleg. B) The macrophages engulf the partichefiich become contained within intracellular vesicles
called phagosomes during phagocytosis. Lysosomes are cell orgapelalizedor degrading phagocytosed
pathogens, containing hydrolytic enzymes within the acidimen of the structureC)The phagosomes fuse with
nearby lysosomes, forming structures called phagolysosomes in which the hydrolytic enzymes degrade the

particles in an acidic environmenD) Due to the low pH within the phagolysosome, the-p#dctive dye

o N o 0o A WD

10

11
12
13
14
15
16
17
18
19

conjugated to the particles fluoresces brightly at 590 nm (red).

3.3.3.

3.3.3.1.

Immunophenotyping of differentiated macrophages

Sample preparation

Differentiated macrophages were dissociated from their culture plates W&G2%5% Trypsin

EDTA. The cell culture mediumas removed, and the cells were washed with-dcodd PBS

before adding 500> [trypsin per well. The cells were incubated at’G7and agitated by

pipetting at 10minute intervals. After 30 min total incubation time, the trypsin was

neutralized by addition ©500 > [complete RPML640 medium. The cells were collected,

centrifuged at 30& g for 10 min and resuspended in 250PBS. Two aliquots of 180|were

taken for each condition and stained for 15 min in the dark, as indicatddbie 45. The

antibody panel included markers found on cells of thenmcyte/macrophage lineage (CD14
PE, CD16 APC, CD64 Brilliant o0 [BV510]), as well as the primary HIV receptor (CD4
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FITC) and the most common-peceptors (CXCR4 BV605 and CCRGYRPE The general
leukocyte marker CD45 BV711 was also included.

Table 45: Sample preparation for immunophenotyping of differentiated macrophages

TUBE 1 TUBE 2
Monoclonal antibody Volume ¢ ) Monoclonal antibody Volume & ]
CD43BV711 1 CD45 BV711 1
CD4FITC 1 CD4 FITC 1
CD14PE 1 CD14PE 1
CDDb APC 1 CD16 APC 1
CD64BV510 1 CD64 BV510 1
CCR¥®ECy7 1 PECy7IsotypicControl 1
CXCRBV605 1 BV605IsotypicControl 1
Viability dye Volume ¢ ) Viability dye Volume & ]
7AAD 1 7AAD 1

3.3.3.2.  Flow cytometry setup, data acquisition ar@halysis

Viability was determined using a SS Log-»&\D twoeparameter plot. Viable,-AAD negative

OStfta 6SNBE ARSY(ATFi§ur 4133 ABKIDg s €045 B7B1ld ogRBtI A 2 y
gated on viable cells was used to exclude any cells not expressing CD45, while the CD45
LI2aAGAGS OStfa 6SNBE ARSY FigueMSBR. AFY LinivKSS Logs I A 2
L 240 3AF4SR 2y a[9!Yh/  ¢9{¢ ¢g+a GKSYy dzaSR G2
CD45Y | ONR LK 38a ¢ SN /avdr t310 (i BOR{FiurdNEacK IS 3eyies of
subsequent plots were then used to assess expression of HIV receptors (CD4, CXCR4, CCR5)
and macrophage nNJ SNA 6/ 5mn> /5mc> /5cnox Fff 3IFGSR
plotted against SS Lo§igure 413d-i). The position of the positive regions for @4 and

CCRS5 were set according to their corresponding isotypic controls, while the unstained control

gl a dzaSR F2NJ GKS NBad 2F GKS YIFENJSNBE® ! TFAYL
was used to assess-expression of the HIV receptors (CDZR5, CXCR@igure 413j-1).
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Figure 413: Flow cytometry setup for immunophenotyping of differentiatedhacrophages. A)dentification

of the viable cells was carried out using a SS Log v6 B
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set according to the unstained control, while CXCR4 and CCR5 were set according to their respective isotypic

controls.
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3.4. Infection of target cells with HI\/1
3.4.1. Infection protocols

3.4.1.1. CD4T lymphocytes

Cells that had been sorted and activated by #Ei3/anttCD28 cestimulation were used as

the starting point for CD4T lymphocyte infection experiments. The cultured cells were
collected and viable cells were counted, as previously describedtibn 3.2.5.]. Aliquots

of the cell suspension containing the required numbers of cells were transferred to
microcentrifuge tibes and centrifuged at 300g for 10 min. The supernatant was aspirated,
and the cells were resuspended in the required volume offoe#l HIV supernatant to yield

the desired multiplicity of infection (MOI). The MOI describes the ratio of infectiaus vi
particles to target cells present during the infection process. The volume of virus required can
be calculated usingquation 43. The HIexposed cells were incubated in this volume for 2
hours at 37°C in a rotating incubator toaximisevirusto-cell contact. After this initial
exposure period, the cells were topped up with serinee RPM1640 to a final
concentration of 5x19cells/mL. After overnight incubation at 37°C, 5% &® 16-18 hours,

the HI\lexposed T lymphocytes were collected, centrifuged at 20§ for 10 min and
resuspended in complete RPHI640. The cells were then cultured at 37°C, 5% @l 48
hours postinfection, at which point the degree of productive infection achieved was assessed

using the KC57 intracellular p24 assay.

3.4.1.2. Macrophages

Differentiated macrophages were infected using a similar method to the Th4nphocytes,

with some modifications made to eeunt for their adherent nature. The culture medium of

the cells to be infected was aspirated and the cells were rinsed with PBS to remove any
residual FB®ontaining medium. The appropriate volume of viral -bele supernatant
calculated usindequation 43 was added directly to the wells. The cells were not counted,
since this would require them to be lifted off the culture plate. The number of seeded
monocytes prior to differentiation was thus used as an estimate for the number present at
the time of infection. As for the T cells, the macrophages were incubated in the small volume

of celHree supernatant for 2 hours at 37°C to promote vitascell contict and then topped
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up with serumfree RPMI1640 to a normal working well volume of 2 mL. AfterlBhours,
the medium was changed to Hfkée complete RPM1640 and the cells were cultured for a

further 48 hours. The success of the infection was deteeahinsing the KC57 assay.
Equation 43:

DE & 6O & a0l Qa oo o
wEé o 6éa | Ot ~
OM D€ "0 QilidE wQ

3.4.2. Detection of HIVinfected target cells using the KC57 assay
3.4.2.1. Samplepreparation

CD4 T lymphocytes to be assayed were collected from their culture plate in aliquots of 6x10
cells per sample, using the number of cells counted at infection to estimate the concentration.
The macrophage samples had to be trypsinised pridltow cytometric analysis, which was
performed as per the macrophage immunophenotyping protoSelction 3.3.3. Once again,
enumeration was not possible for the macrophages since the input cell numbers were too
low to waste any sample on a count. The &trgells were processed according to the protocol
for the KC57 assay presented@hapter 3(Section 3.3.1.J, with the inclusion of viability
staining using Zombie Violetfor both CD4 T lymphocytes and macrophages.

3.4.2.2. Flow cytometry setup, data acquisdn and analysis

A similar protocol was used for the analysis of HIV positivity in both target cell types. The first

step was the identification of either the CD# lymphocytes or the macrophages based on

GKSANI LINPFAESE Ay C{ 9[ ARpuwesdblad{ {I y[ R Jda al.bf /2wihat | AlyD

(Figure 415a) regions respectively. Next, viability was determineddach using a SS Log vs

%2YOAS +#A2tSG [23 L2z 3AFTGSR 2y GUKS ARSYGAT

region on the negative populatiorrigure 414b & Figure 415b). Finally, the proportions of
the HIVinfected cells were determined using SS Log vs KC57 PE L-pgrammeter plots,

g SR 2y (GKS a+L! . [ 9¢ FiybeHide§ Bourd £5¢). Data @ds OSf f
I Olj dZA NBR dzaAy3a .5 C!/ {5AQ nsedppstadquiditididBsing + S NA A

Kaluza Flow Cytometry Analysis Software (Version 2.1).
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3.4.3. Determination of infection kinetics in CDZ lymphocytes

To determine the infection kinetics of the HIV primary isolates CM9 and SW7, an experiment
was designed to assetige extent of infection observed in H_kposed CD4T lymphocytes
using two independent detection methods at multiple time points. The cells were activated
using antiCD3/antitCD28 cestimulation (as peSection 3.2.2 and collected for infection 4
days mst-induction. A 50>L aliquot of this cell suspension was taken to perform a count and

simultaneously determine the extent of activation through analysis of CD25 expression, as
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previously describedSection 3.2.4. Aliquots containing the desired numbelr D cells to be
infected were taken from the enumerated cell suspension and centrifuged ak §dor 10

min. The supernatants were removed, and the pellets were resuspended in the appropriate
volume of viral celfree supernatant (either CM020518 or SVi-110718) to yield an MOI of

2, as calculated usingquation 43. A negative control treated with serufnree RPVH1640
instead of viral supernatant was also included. The cells were incubated for 2 hours at 37°C in
a rotating incubator. Instead of an oveghit incubation step in the viral supernatant, as was
done previously, these cells were immediately centrifuged at 80§ for 10 min and
resuspended in complete RPI#640 to a concentration of 300 cehid/. This modification to

the infection protocol wasistituted to improve cell viability by limiting the length of time the
cells were kept in viral supernatant which has been depleted of nutrients by PBMNCs during
viral culture. The cells were then plated in-24ll cell culture plates at 1.5x1@ells pemvell

and incubated at 37°C, 5% Qitil harvest.

The cells were harvested for analysis didur intervals over a 48our period. At each of the

8 time points, aliquots of cell suspension were collected firstly for p24 ELISA and secondly for
PCRoased HV detection. For the p24 ELISA, two aliquots of 200vere taken. One aliquot
comprising both cells and the culture supernatant was frozen dows2@(C directly. The
second aliquot was centrifuged at 3&@ for 10 min and the supernatant was transferred

a new tube prior to freezing, allowing the supernatant and the cell pelldbda@nalysed
independently. For the P@fased assay, an aliquot of 460] ¢l a O2f f SOGSR
at 300x g for 10 min. The cell pellet was frozen -&0°C and stored ntil the end of the
experiment when DNA extraction from the collected cell pellets was performed. The negative
control was only collected at 48 hours mainimizethe number of samples to be analysed.
Once all samples had been collected, the HIV detection component of the experiment was
performed. The p24 ELISA samples were thawed, usingl200PBS to resuspend the cells
only sample, and then processed using thenttXx p24 Rapid Titer Kit as described in

Chapter 3Section 3.2.). For the PCR samples, DNA was extracted from the cell pellets after

thawing, using the QiaAn@ b! aAONRB YA G Fa LISNI GKS YI ydzF |

reaction was carried out usy LTRJagprimer pairs specific to either CM9 or SW7, depending

on which strain the cells were exposed to, as per the protocGhapter 3(Section 3.3.2.3
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3.5. Statistical analysis

Statistical analysis of quantitative results for which multipgehnical and/or biological
replicates were available was carried out in GraphPad Pweraion 7.00 for Windows
(GraphPad Software; La Jolla, CA, USA; Available from: www.graphpadsaore) sample
sizes were small in all experiments, only qgarametricstatistical methods were used. Data
from the T cell proliferation assay describediection 3.2.3vere analysed using the Kruskal
Wallis test for statistical significance, followed by correction for multiple comparisons using
5dzyyQa (Saido werk Gsedad ohé&k far S@nifisant differences among all
conditions tested in the combined assay to determine CD25 expression in conjunction with T
cell proliferation Section 3.2.4 In addition, ManAVhitney tests were used to determine
significance intte difference between the control and each treatment condition separately,
to give the analysis greater power. The data from analysis-oé@eptor expressionSection

3.2.5 were also analysed usingaKruskdi £ t Ad (1Sad ¢A0K 5diply Qa
comparisons. The results from the pHrodo assaection 3.3.2 and from
immunophenotyping of macrophageSédction 3.3.3were analysed using the Manfthitney

test to compare cells treated with either KSF or GNCSF. Statistical analysis of thealat
obtained from the KC57 assay to determine infection efficiency in T cells and macrophages
(Section 3.4.2 was handled differently for each of the two cell types. For the T cells, three
different MOls were being tested, therefore a KrusWaallis with Duy’ Q& GSad G2
multiple comparisons was used. For the macrophages, the MOI was kept constant while the
effects of treatment with either MCSF or GMCSF were being examined. Therefore, the
Mann-Whitney test was used to determine statistical sigrafice. In all tests, ayalue<0.05

was considered significant.
4, wSadzZ Ga
4.1. Isolation oftargetcells fromperipheralblood

4.1.1. Quantification and characterization of isolated PBMNCs

Flow cytometric evaluation of the freshly isolated PBMNCs was performed to ensure that the
guantity and quality of the isolated cells was acceptable for use in downstream experiments.

The first step was to obtain a total cell count directly after isola@éonl determine what
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proportion of the PBMCs expressed CD4. This allowed for estimation of the numbers of
monocytes and CD4T cells present in the sample prior to sorting. A summary of this
information is presented for all donors #ppendix D(Table D1). The second step was a
Y2NBE O2YLINBKSYaaA@dS ol aStAyS AYYdzy2LIKSy2ie@eL)S:
sorter. The purpose of this experiment was paiity to determine the expression levels of

the HIV cereceptors CXCR4 and CCR5 on the*dBsells and monocytes, since any
deficiencies in these receptors would impact on the suitability of using these cells for viral
culture or HIV infection experiment§he results arsummarisé in Figure 416. For the
individual results of each donor phenotyped, s&ppendix D(Table D2). CXCR4 positivity
was high in CD4I' lymphocytes (75.81%11.47%) and lown monocytes (37.54%24.99%),

while CCR5 expression was relatively high in monocytes (5283%4) but very low in CD4

T lymphocytes (10.34%3.81%) Figure4.16). Beyond this general trend, the results were

highly variable across donors.
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Figure 416: Results of immunophenotypic analysis of-teceptor expression in PBMNCEXxpression levels of

the CXCR4 and CCRE&eoeptorsare presentedas a percentage of positive cells in the CD4ell and monocyte

populations. Results are expressed as the ngamcent expressior SD (n = 11).
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4.2. CD4 Tlymphocyteculture and activation
4.2.1. Optimization of activation conditions

During cell culture optimization, the use of PHAvas initially investigated as a means to
induce T cell activation with thatimate aim of enhancing susceptibility to HIV. The effect of
adding the cytokine 2 was investigated in parallel, using a checkerboard experiment where
pure populations of isolated CDZ cells were cultured at four different concentrations of
PHAL 0>3kY[ X ™M >3kY[ZXZ H >3kY[ZXZ nn >3kY[OU
concentrations of H2 (0 U/mL, 10 U/mL 20 U/mL, 40 U/mL) over a period of either 4 or 6
days. The extent of cell proliferation was used as a measure of activation success and was
determined by performing duplicate cell counts on a flow cytometer, as per the protocol
described infSection 3.2.3The mean cell count for each condition was used to calculate the
fold change compared to theon-induced control fo PHAL, no IE2). The resultsof this
preliminary experiment, in which only one biological replicate (PB15) was used, are presented
in Figure 417. Unfortunately, no major increasés cell count were observed for any of the
culture conditions, indicating that the PHAfailed to significantly induce T cell population
proliferation, even in the presence of the activation signalling cytokifie Ih fact, by day 6

the cell counts fran the induced samples were in fact lower than the Anduced control,

except for the conditions where 40 U/noff IL-2 was used.
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Figure 417: Results of cell proliferation assay performed using CD4ymphocytes stimulated with varying
concentrations of both PHA. and IE2. The assay was performed at both Day 4 and Day 6 following treatment
with PHAL and/or 11-:2. A)The raw cell counts are reported as the mean + SD from two technical replicates for
each conditionB) The relative fold change of the mean cell counts compared to theinduced control (No
PHAL, No It2) is presented for each condition. The dotted line indicates a fold change of 1, i.e. no change

relative to the control. Data is repsentative of one biological repeat.

Several follomup experiments were performed to troubleshoot the failure of PHAo
activate the cultured T cells. Two possibilities were investigated. Firstly, it was suspected that
the frozen PHA. stocks may have ba stored too long or been through too many freeze

thaw cycles. The cell proliferation assay was thus repeated using both the original frozen

stocks and afreshly made PIA a2 f dziA2y > 020K 2F 6KAOK ¢SNB

control, PHAP was ued at the same concentration since it had been clearly shown to activate
PBMNCs during viral culture. PiHAand PHA® are both preparations containing mitogenic
lectins isolated from the red kidney beaRhaseolus vulgaridHowever, PH®R is a crude

extrad containing a mixture of isolectins which are able to induce agglutination of both
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erythrocytes (erythroagglutinating) and leukocytes (leukoagglutinating), while-lPi$Aa

purified extract containing only leukoagglutinating isolec(i2@9)

The other possibility considerasas that residual ariCD3 Allophycocyani@yanine 7 (ARC
Cy7) conjugated antibody, bound to the cells during sorting of the puré T&ell population,
may be interfering with the mitogenic potential of the PHAy preventing CD3 creksking

and theresultant TCR stimulation. In order to test for this potential interference, a final
condition was included in the cell proliferation experiment in which the-@RB8 antibody
was added to cells treated with the fresh RHAolution. In all the above comidins, 11-2 was
added at a concentration of 20 U/mL. The results of the proliferation assay after 6 days in
culture are illustrated ifrigure 418. The fozen PHA. stocks demonstrated a clear failure to
induce proliferation (cell count = 6.11x1# 3.38x16) compared to both the fresh PHA
(1.60x10 + 2.69x160) and the PHA (2x16 + 3.90x10), indicating that this was indeed a
problem. Interestingly, it was apparent that addition of the a@D3 antibody greatly
stimulated proliferation, resulting in the highest absolute cell counts observed (4.06x10
8.09x10). This increase was statistically significant compared to the use of tiearfrozen
PHAL stocks (svalue = 0.0102).
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Figure 418: Results of cell proliferation assays performed during troubleshooting of RHédiated CDAT cell
activation. The same frozen PHAstocks used in the previous activait experiment were tested, as well as
several alternative options. These included the use of freshIBEHAIAP and PHA. in combination with an anti
CD3 antibody. A neimduced control was included for comparison with the different conditions. The metits
for each of the conditions were obtained 6 days after activation. The @b of the cell counts for three

technical replicates are presented on the graph. Data is representative of one biological repeat. * p < 0.05
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Since the addition of the anr@ilD3 antibody appeared to have such a strong impact on cell
proliferation, further investigation was carried out to see if it could be used to supplement
PHAmediated activation. The proliferation assay was repeated once more, using. RHé

PHAt O (v¥[H SH+DKO SAGKSNI I f2yS 2 MD3ahtbddg(PODA Y (A
>3AK Y[ 0P ! &A-8D3axfibodykalBne was (ko tested. The resulting cell counts are
presented inFigure 419. These results seem to indicate, firstly, that PPI#vas slightly more

effective than PHA. (9.46x10+ 1.16x10vs 7.26x10+ 2.79x16) and secondly that addition

of anti-CD3 antibody to either PHIA (1.04x10+ 1.94x16) or PHAP (1.08x10+ 2.12x16)
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improves proliferation slightly. However, use of a@b3 antibody alone was clearly the most

effective (1.33x19+ 2.19x10), showing a significant increase in cell count compared to the

nornrinduced control (p &lue = 0.0198). Based on the results of these two experiments, it was

decided that antibodymediated T cell activation was a more promising method than the use

of PHA. The anrtCD3 antibody used in previous experiments, which was conjugated to an

APCCy7 fuorochrome, was replaced with a LBA&nconjugated substitute which is more

appropriate for cell culture applications. In addition, use of an antildidgcted against the

CD28 cestimulatory molecule was included in the protocol based on recommendations

existing literature(202,210,211)
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Figure 419: Results of cell proliferation assay performed to compare the activation efficiency of fHhd

PHAP with and without the addition of an antiCD3 antibody.The conditions tested were as follows: ron

induced, induced with PHRA alone, induced with PHAin combination with the CD3 antibody, induced with
PHAP alone, induced with PHRA in combination with the CD3 antibody and finally induced with the CD3

antibody alone. Cell counts were obtained 6 days after activation. Degprissentative of one biological repeat

and cell counts are reported as the measD of three technical replicateg < 0.05
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In order to validate anaptimizethe new antibodybased activation method, a final set of
experiments was performed. In additidn assessing cell proliferation, expression levels of
the classical T cell activation marker CD25 were also investigated using flow cytometry. The
possibility was considered that the isolated CD4 T cell population may need the influence of
paracrine signia from other cell types present in the PBMNC pool to undergo effective
activation. Therefore, the degree of activationaintibody treatedCD4 T cells was compared

with and without the addition of conditioned medium harvested from activated PBMNCs.
Both these conditions were compared to nactivated control cells. All conditions were
tested using three technical replicates per experiment and were repeated using three
different donors (PB18, PB21 and PB22).

The results of the T cell activation experimame illustrated inFigure 420. It appears that

the anttFCD3/anttCD28 antibody treatment does result in increased cell counts compared to
the respective controls at both Day 4 (Control: 1.33x%@.77x16 vs AB only: 3.85x2&
2.65x10) and Day 6 (Control: 1.02)X16 7.57x10 vs AB only: 4.13x2@& 2.4x10), although

this difference is statistically nesignificant due to the large intedonor variability Eigure
4.20a). The addition of conditioned medium seems to increase the cell count marginally at
Day 4 (4.40x10+ 6.66x10) and at Day §5.21x10 + 1.29x10), but once again is not
significantly different from either the controls or from antibody treatment alone. The
variability in cell counts is much greater in the antibamhty samples than in the antibody
treatment with conditioned medim. CD25 expression appears to increase dramatically for
both the antibodyonly (Day 4: 79.22% + 13.19%, Day 6: 85.62% + 3.85%) and combination
treated cells (Day 4: 83.81% + 3.86%, Day 6: 88.10% + 2.79) when compared to the control
(Day 4: 7.79% + 3.46%ay 6: 7.88% + 6.53%), but the increase was not statistically significant
(Figure 420b).
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Figure 420: Results of T cell activation experiments, using aBD3 and antCD28 cestimulation. The effects

of using the antiCD3/antiCD28 antibody treatment alone (AB only) or in combination with conditioned medium

treatment (AB + ClMwere compared against a nettivated control. The assays were carried out 4 days and 6

days posttreatment. A) The results of the cell proliferation assay are presented as the mean cell £@niof

three biological replicate®8) The results of CD25pression analysis indicate the proportion of total T cells that

were positive for CD25, expressed as the me&D of three biological replicates.

4.2.2. CCR5 and CXCR4reoeptor expression analysis

A flow cytometric analysis was carried out to determine what the effect of antivoegiated
activation was on the expression of the essential Heceptors, CXCR4 and CCR5. The assay
was performed at different time points during the culturing procesgive a complete picture

of the changes induced by activation. Firstly, the cells were analysed directly after isolation
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and sorting, to establish baseline expression levels. After a 24 resting period and prior to
activation, they were assayed once more d¢heck for any changes induced by cell culture
conditions. Finally, they were analysed after 7 days in culture, both with and without
antibodymediated activation. The results this experimentre expressed as the mean £ SD

of three biological replicate (PB32, PB33, PB3Bigure 421).

A) B)
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Figure 421: Analysis of expression levels of the Ht@receptors CXCR4 and CCR5 on*QDi¢mphocytes at
various time points during culture. AYhe proportion of CXCR4ells as determined by flow cytometry is
indicated at three time points: Day O (directly after isolation; grey bars), Day dadpirationy blue bars) and
Day 7 (poshctivation; red bars). A Day 7 nativated control is also included (green baB)The proportion

of cells in the CCR5+ population was simultaneously determined under the same conditions. * p <0.05

The expression of CXCR4dsiconsistently high, even in the baseline Day 0 samples (80% =+
13.85%). There was a statistically significant increasal{ee = 0.0197) in expression from
baseline to Day 1 prior to activation (98.62% + 1.25%), indicating that the cell culture
conditions appear to enhance CXCR4 expression. Both the activated (92.66% + 3.40%) and
non-activated Day 7 (97.14% + 0.36%) samples show the same trend, although these increases
were not statistically significant. The similarity in the Day 7 samples supports plo¢hiegis

that the increase from baseline is independent of activation. The average CCR5 expression
profile, on the other hand, started out much lower at.8% + 5.69%. The proportion of cells
expressing CCR5 decreased even further during culture. At D@y’4% + 5.69% of activated
T-cells expressed CCR5, which decreased to 10.09% + 3.8% and 5.23% * 0.24% (p = 0.0276) at
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Day 7 for noractivated and activated-gells respectively. The significant decrease observed
in the Day 7 activated samples compareday O indicates that the activation method used

inhibits CCR5 expression, independently of the cell culture conditions.

4.3. Differentiation andculture of monocyte-derived macrophages

4.3.1. Morphological examination of differentiated macrophages

The first indicatia that the macrophages had undergone differentiation successfully was

though examination under a light microscope to check for any changes in their morphological
features.As can be seen iRigure 422, the macrophages comprised a mixture of cells with
NRdzy R aFNASR S3I3¢ &KI LISshapedacellss Bhistshowed a Qcarz y I | {
change from the typical monocyte morphology obserwadhediately after plating, in which

the cells were entirely rounded with no protrusions. There was little difference observed

between cells treated with the two different cytokines.

A) X1SF TREATED B) GI@SF TREATED

Figure 422 Light micrographs (% magnification) of morphological changes observed in differentiated
macrophages treated with A) MCSF and B) GIaSF.

4.3.2. Analysis of phagocytic potential of differentiated macrophages

¢KS LI NRPRR2ux | adaateée g¢gla dzaSR Fa |y208KSNJ AYRAC
differentiated into functional macrophages. The phagocytic potential of monocytes
differentiated under the influence of either GKISF or MCSF were also compardthese two

cytokines promote different macrophage activation pathways with specialized fursgtion

therefore, it is possible that they may have different phagocytic capacities. Since HIV has been
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reported to infect macrophages via phagocyto§kd?) the efficiency with which they
phagocytose may impact their susceptibility to infection. Differentiated npgicages were

obtained from three different donors (PB28, PB31 and PB32), exposed tpHhmlat

BioParticleg | YR SEFYAYSR dzy RSNJ I Ff dz2NBaOSyO0S YA
the proportion of cells that took up the particles, five micrographgeveaken of random

fields for each condition at XJobjective magnification. The mean proportion of positively

stained cells for each donor was determined for each by manual counting and averaging the

results across the five replicatéBie percent positity was generally high, averaging.58 +
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36.90% for GMCSF and 784% * 20.21% for MLSF treated cells across all don@iable 46).

Although the MCSF treated cells seemed to respond better overall, there is no statistically
significant difference due to the large samyesample variation. A second set of

micrographs was taken at 2R objective magnification for the purpose of illustratioRigure

4.23).

Table 46: Proportions of macrophages differentiated with either GRISF or MCSF that

A0FAYSR LRAAGAOSE e FT2N LI NRPR2u . A2t NIAOt Sanx
GM-CSF TREATED M-CSF TREATED
Donor ID Mean % positive SD Mean % positive SD
PB28 17.04 9.14 50.38 19.14
PB31 88.43 12.25 82.64 6.25
PB32 68.91 19.43 87.59 7.66
AVERAGE 58.13 36.90 73.54 20.21
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GM-CSF TREATED

M-CSF TREATED

Figure 423. Representative fluorescence micrographs (20x magnification) from the pHrodanctional

phagocytosis assayicrographs were taken of macrophages differentiated under the influence of either GM

CSF or MCSF and then exposed to pHredBioParticler @ ¢ KS y dzOf SA 4 SNB

and thus appeared blue undethe fluorescence microscope, while thBioParticlex

aKI G

Kl &8

phagocytosed appeared red. Areas oflooalization of red and blue staining thus represent macrophages that

were capable of phagocytosis.

4.3.3. Immunophenotyping of differentiated macrophages

The reasons for performing characterization of surface marker expression on macrophages

differentiated with either MCSF or GNCSF treatment were twiold. Firstly, it was intended

as a check to ensure that the cells were in fact expressing classic mageaplaakers (CD14,

CD16, CD64), and secondly it enabled comparison of HIV receptor (CD4, CXCR4, CCR5)

expression levels between the two groups. It was reasoned that cells with increased receptor

expression would be more susceptible to HIV infection and evtuls be preferable for use

in this study. The results of this experiment are illustrateBigure 424. Although expression

was not statistically sigficantly different between GMCSFand M-CSHreated cells for any

of the markers analysed, a few trends were observed. In terms of macrophage marker
expression, it was found, as expected, that both CD14 and CD16 were extremely highly

expressed in both rgups of cells. CD64 expression was moderate, averaging 50.28% and

71.13% for GMCSF and M-CSHreated cells respectively. While the levels were quite

variable, both groups of macrophages expressed appreciable levels of these classical

macrophage markerdgndicating that the majority of the cells were behaving as expected

following differentiation.
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A high level of variability was also observed for the expression of HIV receptor molecules
across the donors. However, the same trend of slightly higher leviie M-CSHreated cells
compared to the GMCSRreated cells was observed. CD4 expression was variable but
generally low in both groups, averaging 33.14% for th€8Freated and 46.16% for the
GM-CSHreated cells. CXCR4 expression was low but nbtedy absent, indicating a slight
possibility that X4ropic HIV strains might be able to infect these cells. As expected, CCR5
expression was much higher than CXCR4, reaching 88.4% in@&Fk&ated cells. A brief
analysis of the degree of expresson of CD4, CCR5 and CXCR4 was carrigd ahie 47).
However, no clear patterns of reproducible-erpression emerged from this analysis. Overall,

it would seem that the macrophages differentiated usingd8F would have the greatest
susceptibity to HItinfection, particularly with an R&opic strain, although it is

acknowledged that coeceptor expression is not theoledeciding factor for viral entry.
120+
100+

80+

07 B M-CSF

% expression

40- [ GM-CSF

20+

Figure 424: Results of immunophenotyping to determine ofx@ression of surface markers on differentiated
macrophages treated with either MCSF or GMCSF.Expression levels are indicated as the measD
percentage of viable, CD#Bacrophage that express the respective markers. Results are representative of 3

biological repeats.
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Table 47: Coexpression of CD4, CXCR4 and CCR5 in macrophages differentiated with either
GM-CSF or MCSF

GM-CSHREATED M-CSF TREATED
Donor ID % CD4 % CD4 % CXCR4 % CD4 % CD4 % CXCR4

CCR5 CXCR4 CCR5 CCR5 CXCR4% CCR5

PB32 31.16 12.95 92.7 36.99 15.92 95.05
PB33 20.78 5.45 18.1 5.1 0.63 3.21
PB34 61.45 4.27 6.94 78.78 9.67 15.99
MEAN 37.80 7.56 39.25 40.29 8.74 38.08
D 21.13 4.71 46.63 36.95 7.69 49.75

4.4. Infection oftargetcells with HI\V1

44.1. Optimization of MOI for infection of CO4 lymphocytes

A critical parameter tamptimizefor infection studies is how much virus to add to the target
cells, since too much virus will result in cell death, while too little will result irogtinal
infection. In order to determine the ideal MOI (i.e. the ratio of infectious virus particles to
target cells), activated CDZ lymphocytes from four different donors (PB28, PB35, PB36 and
PB37) were infected with varying amounts of CM9 viral stock (MOl = 1, MOI =2, MOI = 4). The
proportion of HIV positive cells was measured using the KC57 irtracep24 flow
cytometric assay at 48 h pestfection. The response to infection is expected to be highly
donor-dependant; therefore, the percent HIV positive values were not only reported as an
averaged percentage across donors, but also as the individgalts obtained for the three
donors, as is illustrated iRigure 425. The percent HIV+ was very low across all donors. This
is not entirely unexpeded since the experiment was performed with primary cells and using
viral stocks with a relatively low concentration of infectious virus particles. In each donor,
there is a definite trend towards increasing percent HIV positivity with increasing MOI,
although in some donors this difference is almasgligible,and it was not statistically
significant. The first donor, which appears to have a greater susceptibility to infection than
the others, illustrates this trend best with a maximum @d3% HIV+ celishen using an MOI

of 4. Although this data suggests that an MOI of 4 gives the highest percent infection, it was

noted during data acquisition that cells treated with higher MOI tended to have greatly
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decreased viability. It was thus decided that an M2 should give sufficiently high levels of

infection without causing excessive cell death.
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Figure 425: Results of KC57 intracellular p24 assay to determine optimal MOI for infection of activated CD4

% HIV positive

T lymphocytesThe percent HIV positive cells detected 48 hours after exposure to HIV at three different MOls
is reported as the meas standard error of the mear{SEM of 4 biological replicates (horizontal bars). The

values for each donor are represedtey individual symbols with different shapes for each donor.

4.4.2. Analysis of infection kinetics of CM9 and SW7 in CD#/mphocytes

Once the optimal MOI was determined, the next step was to decide on optimal time points
at which to collect RNA samples for gene expression analysis. The ideal time point would fall
within a window period in which the target cells are viable, with detelgaHIV that is
intracellular and integrated into the host cell. To assist in this decision, an experiment was
designed to assess the infection kinetics of the two HIV isolates to be used: CM9 and SW?7.
Activated CD4 T lymphocytes were exposed to HIV using@l of 2 and assayed for the
presence of HIV at 6 h intervals over a 48 h period. Both p24 ELISA and PCR were used for HIV
detection. For the p24 ELISA, two aliquots were assayed at each time point: an aliquot
containing both cells and supernatant, and sacond aliquot in which the cells and
supernatant were separated by centrifugation. The resulting three samples were then
assayed separately, which allowed discrimination between p24 still in the host cell and p24

which had been released into the cellttume medium. An additional aliquot of infected cells
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was collected for DNA extraction and subsequent PCR analysis. The assay was performed in
duplicate for CM9 but could not be replicated in SW7 due to extensive syncytium formation
and rapid cell death. Atlustration of the syncytia observed during the second replicate of

the experiment is presented iRigure 426.

A) Unexposed B) SW*exposed

Figure 426: Light micrographs 20x magnification) illustrating syncytium formation in activated CD4A
lymphocytes following exposure to the HIV isolate SW7. @yntrol cells that were not @osed to SW7
demonstrate a scattered pattern of mainly single cells with a few small cell clB)@lls exposed to SW7

formed long twisted structures comprising large numbers of cells fused together (syncytia).

The results of the p24 ELISA component of the experiment are presenkagiure 427. For

CM9, the two replicates appear to have responded in a similar fashion, although the first
replicate appears to have been more successful in terms of p24 production. As expected, the
majority of p24 signal appears to come from the supernatant in both cases, although some
intracellular p24 is detectable. Both seem to indicate a progressive increase in p24 over time,
although in the first replicate there are dips at B34 h and 42h postinfection. Given that

the same dips are not observed in the second replicate, it seems that they are artefactual,
most likely due to the fact that there were two groups of samples which were infected at
staggered start times in the first replicate, for eagesample collection (Group 1 time points:

6 h, 12 h, 30 h, 36 h, 48 h; Group 2 time points: 18 h, 24 h and 42 h). The overall signal intensity
is lower in the second replicate, perhaps indicating a more resistant donor. Taking both
replicates into consigration, it seems that p24 signal starts to increase from around 24 h
onwards and peaks at 48 h. The p24 signal for the SW7 experiment is more erratic and difficult

to interpret. However, it does seem that there is a peak of intracellular p24 at 24 kwéalo
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by a peak in the supernatant at 30 h, which might be indicative of infected cells completing a

lytic cycle at this time point.

The results of the PCR component of the infection kinetics experiment are presefiigaiia

4.28. In the first replicate for isolate CM9, HIV was detected with extremely faint bands
appearing at 24 h to 42 h and a clearer band observed at 48 h. This correlates well with the
p24 ELISA data, indicating a gradual increase peaking at B@gjurg 428). For both the
second CM9 replicate and SW7, the PCR is clearly negatiVdiateapoints, indicating that
infection was below the detection limit for the PCR despite the apparent positivity in the p24
ELISA assay. It appears that the p24 ELISA was slightly more sensitive than the PCR, perhaps
because the input number of cells uséor DNA extraction was too low. Based on these
results, the time points decided on for analysis of Gkf@cted cells were 36 h and 48 h post
infection. SW7 was problematic, since no clear PCR detection was achieved and the p24
profile was not definitive Additional replicates could not be performed, because this strain is
extremely cytotoxic. Within a few hours of exposure, it caused the formation of massive

syncytia which lysed very rapidly, making further analysis impossible.
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Figure 427: Results of the p24 ELISA for HIV detection to determine the infection kinetics of A) CM9 and B)

SWY7. Three different samples types were assayed at each time point: combined cells and supernatant

(cells+sup), cdlonly (cells) and supernatant only (sup). The p24 signal is reported as the absorbance measured

at 450 nmhormalizedto an HIV negative control collected at 48 h pvdection. Note: the scale of the axes for

CM9 (replicate 1) is different to the othgraphs since the p24 signal was generally much higher.
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Figure 428: Results of PCRased detection for the determination of the infection kinetics of CM9 and SW?7.
In replicate one, both strains were analysed on a single gel, while in replicate two only CM9 waRajdiedie

1 CM9.L = ladder, 1 = No template negative® control, 2 = CM9 HIV+ GHOST cell contdl,=3CM9 HIV+ T
cells (6h, 12h, 18h, 24h, 30h, 36h, 42h, 48h), 11 = CM9THI®II controlReplicate 1 SWT. = ladder, 1 = L32
positive PCR control, 2 = SW7 HIV+ GHOST cell coat®k 3W7 HIV+ T celgh, 12h, 18h, 24h, 30h, 36h,
42h, 48h), 11 = CM9 HIV cell controlReplicate 2 CM9L = ladder, 1 = No template negative PCR control, 2 =
L32 positive PCR controk1® = CM9 HIV+ T cells (6h, 12h, 18h, 24h, 30h, 36h, 42h, 48h), 11 = CM&llV
control, 12 = CM9 HIV+ GHOST cell control.

4.4.3. Susceptibility of macrophages to infection

Once it had been established that the MDM were expressing the correct cell surface
molecules and were indeed capable of phagocytic activity, their susceptibility to Highcjea

was investigated. Macrophages from four independent donors (PB34, PB35, PB36, and PB37)
were differentiated under the influence of either GBISF or MCSF and were subsequently
exposed to the HIV isolate CM9 at an MOI of 4. After 48 hours, the pgropaf HI\Vinfected

cells was determined using the KC57 intracellular p24 g&sayre 429 & Figure 430). The
percent positivity was extremely low in all donors even at this relatively high MOI, indicating
that the efficiency of infection was extremely poor. Only one of th€ BHreated samples

(Donor PB36) showed definitive evidence of infection, in whichrifexied cells appear as a

distinct population comprising 1.11% of the viable macrophages. However, even in this
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sample, the absolute number of infected cells was extremely low. Since the infection
efficiency was so low using the dueadpic isolate CM9 ando R5tropic primary isolates were

available to use instead, no further infection experiments were carried out using

macrophages.
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Figure 429 : Results of KC57 intracellular p24 assay to determine infection efficiency in opd@ages
differentiated using either GMCSF or MCSF.The percentage of viable macrophages identified as HIV positive

is reported as the meat SD for four biological replicates.
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Figure 430: Results of KC57 assays to determine the extent of infection in MDMs from 4 donors (PB34, PB35, PB3a&rdBY with either GM-CSF or MCSF during
differentiation. Overlay tweparameter plots of SS Log vs PE Log (KC57) are used to compare KC57 positivity of the uninfected control (light grefy)hie shatple
exposed to HIV at an MOl of 4 (dark grejjo S+ OK O2y RAGA2Yy ® ¢KS LISNOSyl LRAAGAGS OSftfta 20aSNBSR Ay (K
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