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11. Abstract

Both the epidermis and dermis of type II anogenital mucosa are host to a variety of
mononuclear phagocytes (MNPs; Langerin® cells, CD11¢" Dendritic Cells (DCs)) and T
lymphocytes (CD3+), which play a significant role in the sexual transmission of HIV infection.
While it is well known that prior infection with HSV increases the risk of acquiring HIV, likely
by inducing a proinflammatory state and ulcerating the mucosal barrier, the precise
mechanisms through which this happens during early mucosal infection have not yet been well

defined.

As such, we first took a well-optimised HSV1 ex vivo inner foreskin tissue explant model and
quantified the impact of HSV1 infection on the migration and densities of epidermal Langerin®
cells, epidermal CD11¢" DCs, subsets of dermal CD3" T cells, dermal Langerin® MNPs and
dermal CD11¢" DCs. We showed that at sites of HSV 1 infection, there is potentially migration
of epidermal MNPs into the dermis, while dermal MNPs and T lymphocytes are concentrated
directly under sites of HSV infection. We also found that several key inflammatory cytokines
and chemokines are upregulated in HSV1 infected tissue. The formation of a cell relay to carry
virus into a dermis enriched with HIV target cells and a proinflammatory environment could

be significant mechanisms by which HSV increases HIV acquisition.

Secondly, we also attempted to develop a novel HSV2-HIV coinfection explant. Despite facing
significant experimental challenges, we made substantial progress towards the completion of
this valuable model. We first demonstrated HSV2 infection in vaginal tissue which showed
similar T lymphocyte redistributions as observed in the HSV1 foreskin explant. We identified
that using a cloning cylinder to deliver HIV 18 hours after HSV2 infection at a TCID50 70
000, and leaving HIV in culture for 24 hours, resulted in optimal HIV infection. Ultimately,
although we were not able to achieve true overlapping HSV2-HIV coinfection, we were able
to produce an explant that contained both HSV2 and HIV infection, and where we reported
HSV2 uptake by a langerin® cell lining the basement membrane and HIV uptake by an

epidermal CD4" T cell infected with HIV, lending credence to our conclusions in chapter 3.

Overall, this thesis has provided further clarity into the mechanisms by which HSV may
increase the risk of HIV acquisition while also making significant progress on optimising a
HSV2-HIV coinfection explant model, which will be utilised by the host lab to directly

visualise and provide further clarity into the relationship between these two viruses.
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1.1. Human Immunodeficiency Virus 1

1.1.1. HIV Origins and Current Status
During the early half of the 20™ century, changing hunting practices within Africa permitted

Simian Immunodeficiency Virus (SIV) to enter human populations by zoonotic transfer from
primates, resulting in the evolution of Human Immunodeficiency Virus (HIV)1 (Crawford,
2013). As there are four highly divergent strains of HIV1: M, N, O and P, it is believed four
separate primate to human transfers occurred; the most common and oldest HIV1 strain, M, is
believed to have originated from chimpanzees due to similarities between chimpanzee isolated
SIV (SIVcpz) and HIV1 M isolates (Sharp and Hahn, 2011). Current evidence suggests that
this jump occurred in the Kinshasa region of the Democratic Republic of Congo, where a large
group of migrants following the construction of a railway network for work extending from
Kinshasa, and a high population of sex workers facilitated the spread of the virus throughout
Africa (Nuno ef al., 2014). As a result of the poor healthcare system in Africa, and a long-
lasting asymptomatic period in infected individuals, HIV wasn’t officially reported until June
1981 in Los Angeles, where a cluster of individuals presented with opportunistic infections not

associated with their age and apparent health (CDC, 1981, Hymes et al., 1981).

In 1983 a viral agent, HIV, had been reported as being responsible for the Acquired
Immunodeficiency Syndrome (AIDS) rapidly becoming globally prevalent, resulting in a
period of mass hysteria and the eventual declaration of a ‘global epidemic’ by the World Health
Organisation (WHO) as AIDS became the fourth most common cause of mortality globally
(Barré-Sinoussi et al., 1983, Quinn, 1996). Today, approximately 40 years onwards since the
discovery of HIV/AIDS, it remains a significant burden to global health, with an estimate of
38 million cases worldwide and only 26 million accessing treatment; in 2023 alone, there were

1.3 million new cases and 600 000 AIDS related deaths (HIVGov, 2025). In the absence of a
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HIV vaccine, understanding factors that influence the infection of HIV target cells is essential

to reduce the number of cases per year, and to design more successful preventative therapies.

1.1.2. The Structure and Genomic Organisation of HIV Virions

HIV is a lipid bilayer enveloped Baltimore Class VI member of the Retroviridae family and
Lentivirus genus; each virion is spherical, pleomorphic, and has a diameter of approximately
60 nm (Figure 1.1a) (Cheslock et al., 2003). HIV virions contain two copies of non-covalently
linked positive-sense single-stranded RNA attached to late assembly proteins (p6) and
nucleocapsid proteins (NC), functioning as the viral genome; the viral genome is surrounded
by a conical capsid composed of p24 (Lu et al., 2011). External to the p24 capsid is the virion
matrix, composed of p17, which maintains virion structural integrity and plays a critical role
in carrying proteins essential for interactions with target cells and is in turn surrounded by an
envelope produced from the host cell (Dorfman et al., 1994). The capsid also contains the core
proteins: protease, integrase, and reverse transcriptase, while accessory proteins are packaged
in the space between the matrix and the capsid and include: viral protein R (Vpr), viral protein
U (Vpu), virion infectivity factor (Vif), and negative effector factor (Nef) (Hill ez al., 2005).
Extending from the matrix and envelope are glycosylated spikes referred to as glycoprotein
(gp)160; these protrusions are organised in trimers and are composed of gp120 and gp41 which

mediate cell entry (Magaret ef al., 2019).

The HIV genome is approximately 9.7 kb long and contains nine genes across three different
open reading frames (ORF) encoding a total of 15 proteins (Figure 1.1b). The first reading
frame consists of a 5’-long terminal repeat (LTR), the gag gene, which encodes for a
polyprotein cleaved into the structural genes: p17, p24, NC and p6 (Bell and Lever, 2013).
Both Vif and Nef are also encoded in ORF one, separately as vif and nef respectively (Frankel

and Young, 1998). The second ORF contains the vpu gene, which encodes Vpu and the 3’-
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LTR, while the third ORF encodes pol, a polyprotein cleaved to form protease, reverse
transcriptase, and integrase (Cohen et al., 1988, Wayengera, 2011). The gene vpr, which
encodes Vpr, and env, which encodes a polyprotein consisting of gp120 and gp41, are also
located in the third reading frame (Le Rouzic and Benichou, 2005, Bell and Lever, 2013).
Finally, the gene fat, encoding trans-activator of transcription (Tat), has exons in both the first
and second ORF, while the gene rev, encoding regulator of expression of viral proteins (Rev),

has exons in the second and third ORF (Likhoshvai et al., 2014).
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Figure 1.1. HIV Virion Structure and Organisation of Genome. (a) The structure of the
HIV virion. Each virion contains two copies of the virus’s genome associated with NC and p6
in a capsid composed of p24 containing the core proteins: reverse transcriptase, integrase and
protease. The capsid is surrounded by the virion matrix composed of p17 which also contains
small amounts of various accessory proteins. The virion is enveloped with gp160 envelop
proteins protruding. (b) The structure of the HIV genome. The HIV genome is 9.7 kb in length

and arranged in three ORFs, composed of 9 genes and encodes for 15 proteins.
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1.1.3. Lifecycle of HIV
1.1.3.1. Cell Entry

As alluded to previously, the glycosylated protein spikes extending from the spherical virion
are responsible for mediating entry into the target cells. Both gp120 and gp41 form trimers
with N-linked glycosylation; gp120 is one of the most heavily glycosylated proteins discovered
with over half its mass a result of attached glycans (Zhu et al., 2000). Glycosylation ensures
correct folding of trimers, reduces the detection of HIV by the host immune system, and limits
the enzymatic activity of proteases, however, it has been demonstrated that glycosylation is not
essential for folding or infection (Rathore et al., 2017, Ping et al., 2008). gp120 has five
constant and five variable regions known as C1-C5 and V1-VS5 respectively (Julien ef al.,
2013). The variable regions (Figure 1.2a) mediate conformational changes responsible for HIV
cell entry while constant regions act as anchors to gp41 (Hamoudi ef al., 2013). gp41 is attached
to the lipid bilayer and interacts with structural proteins beneath the envelope; gp41 is
responsible for mediating the fusion between the virion and Cluster of Differentiation (CD)4"
T cells, the site of explosive viral replication (Garg and Blumenthal, 2008), and other CD4-

expressing target cells (macrophages and dendritic cells).

When HIV virions interact with CD4" T cells, the gp120 CD4 binding site (CD4bs), located
near the V1/V2 variable sites, induces a conformational change that exposes the V3 site, pulling
the virion close to the target cell (Lijun ef al., 1996, Cicala et al., 2011). The V3 site binds to
the HIV infection coreceptors, either C chemokine receptor (CCR)5 or C-X-C chemokine
receptor (CXCR)4 depending on the strain; this results in further conformational changes in
gp120 which brings gp41 into contact with the cell membrane and induces virion-cell mediated
fusion, resulting in virion entry (Figure 1.2b) (Rizzuto et al., 1998). Various mononuclear
phagocytes (MNP) also take up and/or are infected by HIV virions. Macrophages, CD16"

monocytes, myeloid dendritic cells (mDC), plasmacytoid dendritic cells (pDC), and



Chapter 1

Langerhans cells (LC) express CD4 and the HIV infection co-receptors CCRS (or CXCR4) at
varying levels making them susceptible to infection (Zaitseva et al., 1997). Furthermore, many
MNPs also express a unique repertoire of surface receptors which facilitate other mechanisms

of HIV cell entry (Bertram et al., 2019).

1.1.3.2. Replication and Inhibition by Antiretroviral Therapy

Following cell entry and uncoating, virion reverse transcriptase will use host nucleotides to
synthesis proviral cDNA; due to the absence of any ability to proofread and self-correct this
process is highly error-prone and is responsible for at least half of the mutations that form in
the HIV genome (Goto ef al., 1998, Abram et al., 2014). The de novo synthesised cDNA is
then integrated into the host cells genome by a three-step process involving the viral protein
integrase: 1) processing, 2) joining, and 3) post-integration repair (Gongalves ef al., 2016). It
is theorised that unlike many retroviruses, HIV integration is not strongly tropic for specific
loci, rather integration occurs at a range of sites where chromatin is loosely packed and
transcription of proximal host genes occurs at a high rate (Gongalves ef al., 2016). The vast
majority of integrated HIV provirus is defective, however, the intact provirus acts as a template
for transcription by RNA polymerase II to produce both spliced and unspliced viral messenger
RNA; full-length unspliced messenger RNA acts as the genome for the HIV virion (Einkauf et
al., 2019). Both spliced and unspliced messenger RNA can be translated at ribosomes to

produce the viral proteins essential for the assembly of new virions (Liu ef al., 2014b).

Protein assembly and productive infection occur in cells that are actively transcribing resulting
in cell death and cytopathicity (Wang and Pang, 2008). During virion assembly, Gag
polyproteins will form a spherical shell around the genome; immature virions pass through the

host cell membrane through a process called budding and virus protease cleaves the polyprotein
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gag to generate a set of structural proteins that will assemble to form the layers of a mature

virion (Ganser-Pornillos ef al., 2008).

Antiretroviral therapy (ART) prevents HIV infection from resulting in AIDS by targeting the
various stages of the HIV lifecycle discussed above (Figure 1.2¢); while this has resulted in
reduced HIV related mortality, many HIV patients are unable to access ART drugs at the
frequency required for treatment, and others do not comply with the treatment regime (Reniers
et al., 2017). Furthermore, it has been demonstrated ART has limited capacity to penetrate
tissues that harbour significant HIV reservoirs, such as the brain (Marban et al., 2016).
Typically, multiple ART drugs are administered at the same time (combined ART) targeting
different stages of the lifecycle to prevent the development of resistance (Davey et al., 1999).
ART does not clear infection in latent reservoirs, rather it suppresses productive viral

replication, and upon cessation of treatment viral rebound will occur from these reservoirs.
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Figure 1.2. HIV cell entry and lifecycle. (a) The structure of gp120 showing the distribution
of the variable regions and location of the CD4bs. Adapted from Didgu and Doms, 2012. (b)

Assembly

The mechanism employed by HIV to bind and fuse with the cell membrane. Initially trimeric
gp120 is in a closed configuration, however, following CD4bs-CD4 binding gp120 shifts to an
open configuration, exposing V3. V3 binds to CCRS5 or CXCR4, the HIV infection coreceptors,
which allows gp41 to fuse with the cell membrane resulting in viral entry. (¢) The lifecycle of

HIV in target cells and the inhibition targets of ART medications (red text).

1.1.4. Clinical Course of HIV Infection
1.1.4.1. Sexual Acquisition of HIV

Generally it is estimated that 90% of HIV transmission occurs at anogenital sites through sexual
activity (HIVGov, 2025). However, a wide range of factors influence the likelihood of virus
acquisition resulting in a great deal of variability in the observations of HIV infectivity.
Following entry at mucosal sites, HIV initially interacts with its target cells: DCs,

macrophages, LCs and the newly discovered CDI11c" epidermal DCs which then pass the
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infection to activated CD4" T cells. These antigen-presenting cells (APC) DCs transfer HIV
virions to CD4" T cells in two phases: after uptake into virus-containing compartments, or after
productive infection (Rhodes ef al., 2021). HIV crosses a viral synapse, which is a modified
immunological synapse, between APCs and the CD4" T cell, where it is protected from anti-
HIV antibodies, and results in explosive replication (McDonald ef al., 2003, Turville et al.,
2002). Alternatively, productively infected CD4" T cells and MNPs expressing the gpl60
trimer, may form a variant of the viral synapse with uninfected bystander CD4" T cells, passing
on virions (Figure 1.3a). CD4 T cells can be infected in lymph nodes, or in anogenital tissue
in which resident memory CD4" T cells form the primary cells of infection (Baharlou et al.,
2022, Cantero-Pérez et al., 2019). The probability of HIV acquisition upon exposure is
relatively low compared to other sexually transmitted infections (STI), however, this can be
increased by certain factors. The integrity of the epithelial surface determines if virions can
directly enter submucosal compartments of anogenital tissue, and regions that are richer in HIV
target cells due to inflammation increase the likelihood of acquisition (Abu-Raddad et al.,
2008). Diseases that may ulcerate or disrupt the epithelium and cause inflammation such as
bacterial vaginosis and the STIs Herpes Simplex Virus (HSV)1 and 2 greatly increase the risk

of HIV acquisition (Looker et al., 2017).

1.1.4.2. Later stages of HIV Infection

Following the acquisition of HIV, primary infection ensues and the number of CD4" T cells in
the blood is markedly reduced (Figure 1.3b); infected individuals may experience flu-like
symptoms, however this typically resolves after 6 weeks when the CD4" T cell population
begins to rebound (Mellors et al., 1996). After approximately 12 weeks CD4" T cell rebound
ceases, and the number of CD4" T cells circulating in the blood will gradually decline as the
host immune system fails to recognise and destroy infected cells (McCune, 2001). During the

carly stages of HIV infection, CD8" T cells recognise and kill infected cells by secreting
9
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perforin and granzyme B, limiting HIV viremia (Borrow et al., 1994). However, as the
infection progresses, CD8" T cells experience exhaustion, expressing markers of exhaustion
including T-cell immunoglobulin and mucin-domain containing (TIM)-3 and programmed
death (PD)-1 which prevents their activation and reduces proliferation of CD8" T cells by
interfering with the T cell receptor (TCR) (Roberts et al., 2016, Kuchroo et al., 2014). Once
the number of circulating CD4" T cells reduces to <350 cells/uL the risk of severe bacterial
infections, notably tuberculosis, increases; at <200 cells/uL. oesophageal candidiasis and
pneumocystis pneumonia become common, and at <100 cells/uL HIV-associated wasting
syndrome and severe cryptococcosis, cryptosporidiosis, and encephalopathy occur (Deeks et
al., 2015). Progression to AIDS is slow, taking approximately 10 years for most patients,
although HIV progresses much quicker in some individuals, and other individuals, termed ‘elite
controllers’, possess immune systems capable of slowing or even preventing disease

progression (Deeks and Walker, 2007).
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Figure 1.3. Clinical Course HIV Infection. (a) Once HIV virions are acquired in the
anogenital mucosa, APCs may pass the virus uninfected CD4" T cells in lymph nodes or at the
site of infection by an interaction closely resembling the immunological synapse incorporating
MHCII and the TCR; alternatively, HIV infected cells may express gpl160 allowing for the
formation of a viral synapse with uninfected CD4" T cells and transmission of the virus. (b)
Relative levels of HIV, CD4 T cells numbers, and the CD8 T cell response following HIV

infection.
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1.2. Herpes Simplex Virus 1 & 2
1.2.1. Epidemiology and History of HSV1 and 2

It is believed that herpes simplex viruses have infected members of the order of primates for
hundreds of millions of years (Luebcke et al., 2006). HSVs have undergone zoonotic jumps
multiple times in history with viral codivergence, the parallel divergence of a lineage in two
distinct phylogenies, being a common occurrence (Kitchen et al., 2011). Studies employing
phylogenetic modelling suggest that HSV1 resulted as a product of codivergence and HSV2
evolved from a cross-species transmission event (Wertheim et al., 2014). It is theorised that
HSV?2 originated from chimpanzees as it is closely related to the chimpanzee HSV (Severini et
al., 2013). HSV1 is classified into 6 clades with the majority being present in East Africa,
suggesting this region was the origin of the virus; HSV2 can be subdivided into two clades,
one limited to Sub-Saharan Africa and the other globally distributed (Kolb et al., 2013, Burrel
et al., 2017). Symptoms of herpes simplex, the disease caused by the two HSV serotypes, have
been reported for 2,000 years and there is evidence that rulers of the ancient Roman empire

took measures to limit the spread of disease in the population (Whitley et al., 1998).

Herpes simplex disease was linked to HSV1 and 2 during the mid-20" century (Roizman and
Whitley, 2001). It is estimated that on average globally 67% of individuals are infected with
HSV1 and that 16% of the population is infected with HSV2, however this varies significantly
globally (Chayavichitsilp et al., 2009). The seroprevalence of HSV2 is highest in Africa, where
approximately half of the female population between the ages of 25 and 34 are infected with
HSV2 and over 90% of males and females are seropositive for HSV1 (James et al., 2020). In
Australia, 84% of the population is seropositive for HSV1 (AlMukdad et al., 2023) and 12%
is seropositive for HSV2 (AlMukdad et al., 2022). HSV1 is responsible for orolabial herpes
which usually results in an asymptomatic primary infection followed by reactivation and

development of recurrent orolabial lesions during which are accompanied by burning, itching

11
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and tingling (Bader et al., 1978). HSV-2 is the causal agent for the majority of cases of genital
herpes, although a growing number of genital herpes cases are associated with HSV1 (Ayoub
et al., 2019). Genital HSV1 or HSV2 infection results in epidermal lesions most commonly
located on the vagina or labia, and both the inner and outer foreskin (Looker et al., 2008).
Although the vast majority of HSV infections only causes minor discomfort or are
asymptomatic, in immunocompromised patients HSV may be disseminated through the body
and infect the central nervous system which results in life-threatening encephalitis with a
mortality rate that exceeds 70%, or severe neonatal disease, or keratitis which may lead to loss
of vision (Jereb et al., 2005). HSV2 significantly increases the risk of acquiring other STIs such
as HIV which is particularly problematic given the high incidence of both HIV and HSV in
Sub-Saharan Africa (Reniers et al., 2017). Transmission of HSV1 most commonly occurs
orolabially during childhood from the mother, or orogenitally during adolescence and young
adulthood, while HSV2 is almost exclusively transmitted by sexual contact between a
seropositive and seronegative individual symptomatically (20%), or asymptomatically (80%)
(Fatahzadeh and Schwartz, 2007). In the absence of an effective vaccine for the two HSV
serotypes, the infection can be treated and controlled by anti-viral therapy either

prophylactically or as prodromal symptoms emerge (Kimberlin and Rouse, 2004).

1.2.2. Virion Structure and Genomic Organisation of HSV

HSV1 and HSV2 are members of the Herpesviridae family, which is a taxonomic group
divided into three subfamilies: alphaherpesviridae,  betaherpesviridae,  and
gammaherpesviridae (Nahmias et al., 1981). Both HSV1 and HSV2 are members of the
alphaherpesviridae group, which is also occupied by Varicella-Zoster virus (Purohit et al.,
2021). All animal herpesviruses possess a large double-stranded DNA genome enclosed in an
icosahedral capsid that is tightly coiled, similar to the genome of bacteriophages (Howley et

al., 2021). The capsid is enclosed by a lipid bilayer envelope expressing 600-750 glycoprotein
12
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spikes and by an intermediate proteinaceous layer termed the tegument (Mettenleiter et al.,
2006). Like all members of alphaherpesviridae, HSV1 and HSV2 virions express 16 surface
glycoproteins, most important are: glycoproteins B (gB), D (gD), G (gG), and H:L (gH:L)
which is frequently cross-linked and present as a heterodimer (Heldwein and Krummenacher,
2008, Howley et al., 2021). The virion is pleiomorphic in size, ranging from 170-200 nm with
the extending glycoprotein spikes making the full diameter 225 nm on average (Figure 1.4.)

(Griinewald et al., 2003).

Both HSV1 and HSV2 have a colinear and near identical genome approximately 150 kbp in
length that is believed to have at least 84 unique protein-coding genes, although through
splicing and gene overcrowding there could be more than this number (Boldogkdi ef al., 2018).
The majority of genes are separated into two covalently linked regions called the short unique
region (Us) and the long unique region (UL), and are classified as immediate-early (o), early
(B), and late (y) genes (Howley et al., 2021). The key difference between the genomes of HSV1
and HSV?2 is the length of Us4 which encodes for gG (Howley et al., 2021). The viral capsid
consists of the capsid portal, and 150 hexameric and 11 pentameric blocks primarily made up
of 6 UL encoded proteins: UL17, UL18, UL25, UL35, UL38, and the most significant component,
UL19 (McElwee ef al., 2018). The tegument, initially believed to be a disordered and poorly
structured layer, consists of over 24 unique proteins from genes encoded in both the UL and the
Us interacting in complex ways not yet fully understood (Vittone ef al., 2005). Of the proteins
that make up the tegument, there are four considered to be most important and are the most
defined: 1) UL36, which is the largest and is required for virion assembly and cellular entry, 2)
pUL2S5, which binds with 3) UL37 to facilitate intracellular transport of the capsid on
microtubules, and 4) Ur48, which is believed to be the central organiser of the tegument and
also play a role in the transcription of immediate-early viral genes (Bohannon et al., 2013,

Schipke et al., 2012, El Bilali et al., 2017).
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Figure 1.4. Key structural features of HSV1 and HSV2. Both HSV1 and HSV2 have
virtually identical virion structures. The genome consists of dsDNA encased in an icosahedral
capsid which is attached to the tegument. The tegument is a complex protein layer that connects
the capsid to a bilayer envelope which carries a wide range of protruding glycoproteins, many

of which play an important role in mediating cell entry.

1.2.3. Sexual Transmission of HSV

Approximately 4.4% of HSV seropositive individuals aged 15-49 present with obvious
vesicles, fissures, genital ulceration, and other lesion types within the genital epithelium and
the anal canal, however it is estimated that upon careful examination less obvious lesions are
present in approximately 20-30% of seropositive individuals (Bernstein et al., 2012).
Collectively these presentations are referred to as genital ulcer disease (GUD) (Looker et al.,
2020). HSV associated GUD leads to an increase in viral production compared to
asymptomatic shedding periods and typically lasts for 2-3 weeks following initial infection;
GUD reoccurs far more frequently as a result of HSV2 compared to HSV1 which often only
occurs once, however both present similarly and disrupt the epithelial layer of anogenital tissue
(Schiffer et al., 2010). GUD is twice as likely to occur in women compared to men and is
highest in Africa with female to male sexual transmission being the primary source of new
infections (Looker ef al., 2020). Studies on serodiscordant couples have demonstrated that the
use of condoms reduce the likelihood of male to female HSV transmission significantly,

however, the use of condoms during sexual acts between long term partners is infrequent
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(Magaret et al., 2016, Wald et al., 2001). Furthermore, the frequency of sexual intercourse in
discordant couples plays an important role in transmission: a clinical study has demonstrated
that HSV2 transmission is more likely to occur when sexual acts are performed over a longer
period at a lower frequency compared to the same number of sexual acts performed in a shorter
period of time resulting in a higher frequency (Wald ef al., 2001). This is attributed to an

increase in the risk of performing sexual acts during a period of increased viral shedding.

It has been demonstrated that HSV2 transmission requires a viral load in excess of 10* copies
of the virus genome, and that larger ulcers result in a greater degree of viral shedding (Schiffer
etal.,2014). Infection primarily occurs from viral shedding by infected keratinocytes that make
up 98% of epithelium of the mucosa or skin, however HSV DNA has also been isolated from
seminal plasma and can contribute to transmission (Wald et al., 1999). While the risk of virus
acquisition from one sexual encounter is low, repeated sexual acts in a short period results in a
reduction of the integrity of tissue and degradation of the typically impermeable mucosal
barrier, this results in an increased risk of infection (Vitali et al., 2020). Similarly, the injuries
that are frequently sustained by anogenital tissue during coercive sexual intercourse also
greatly increase the risk of HSV acquisition (Ghebremichael et al., 2009). Furthermore, as
shown in patients with psoriasis and atopic dermatitis, HSV1 infiltrates diseased skin with
greater ease compared to healthy skin, and may result in the development of a life-threatening
secondary viral infection known as Eczema Herpeticum (Liaw et al., 2012). Collectively, these
studies highlight the significant role played by microtrauma during sexual encounters in the

acquisition and sexual transmission of HSV.

15



Chapter 1

1.2.4. HSV Lifecycle
1.2.4.1. Entry into Target Cells

Both serotypes of HSV can enter a wide range of target cells by mechanisms that are some of
the most complex observed in mammalian viruses (Figure 1.5a) (Heldwein and
Krummenacher, 2008). Cells commonly infected by HSV1 include epithelial cells of the oral-
perioral mucosa, while HSV?2 infects epithelial cells in the anogenital mucosa; this includes
resident MNPs (2%), and keratocytes (98%) (Carmichael et al., 2018). The HSV envelope
protein glycoprotein C (gC) binds to glycosaminoglycans, most commonly heparan sulphate
(HS) proteoglycans (HSPG) on host cells to initiate viral attachment, however gC deficient
virions have been observed to employ gB for attachment to HSPG on host cells at a reduced
binding affinity suggesting that gC is not essential to the process (Cagno et al., 2019). In many
cases, virion attachment occurs on filopodial surfaces and the virus will migrate to the cell body
through an interaction between gB, HSPGs, and actin organisers referred to as viral ‘surfing’.

(Oh et al., 2010).

Upon arrival at the cell body, interactions between gB, gD, and gH:L and host cell receptors
nectin-1/2, herpes virus entry mediator (HVEM), and 3-O-sulfated HS (3-OS HS) result in
membrane fusion (Nicola and Straus, 2004). The precise details of how HSV cell entry occurs
has not yet been precisely elucidated, however it is well established that gD on the surface of
the virion will bind to one or more of the aforementioned host cell surface receptors bringing
the virion into close proximity (Akhtar and Shukla, 2009). This induces a conformational
change in gD allowing it to interact with gH:L heterodimers; gB that did not bind to HSPGs
will then interact with the newly formed gD-gH:L complex causing the gB to extend from a
Christmas tree like morphology to an extended form exposing the fusion loops, which puncture
the cell membrane and allowing for the viral envelope to fuse with the cell membrane (Vollmer

and Griinewald, 2020). gB is the ‘conserved fusogen’, as its absence completely inhibits fusion
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between the viral and host membranes (Cooper and Heldwein, 2015). Once inside the
cytoplasm, residual tegument proteins, notably UL37, facilitate intracellular movement of the
capsid to the nucleus, where the capsid portal attaches to a nuclear entry pore and virus DNA
is ejected from the capsid into the nucleus (Cardone et al., 2007). Although surface membrane
fusion is the most frequent method of cell entry, in epidermal keratinocytes, and both retinal
pigment and conjunctival epithelial cells, HSV can be endocytosed in a non-clathrin mediated
manner requiring activation of Rho GTPases to trigger significant cytoskeletal rearrangements
(Clement et al., 2006) then fuses through the endosomal membrane (Vollmer and Griinewald,
2020). It has also recently been demonstrated that HSV1 may be taken up by epidermal MNPs

in subset specific pathways described in Sections 1.6.1. and 1.6.3.1. (Bertram et al., 2021).

1.2.4.2. Lytic Replication of HSV and Therapeutic Targets
The life cycle of HSV1 and HSV2 takes approximately 18-20 hours to complete and is divided

into the following major stages: 1) entry into the host cell (discussed above), 2) viral gene
expression, 3) replication, 4) assembly of the virion, and 5) egress of the de novo synthesised
virion particles (Figure 1.5b) (Kukhanova et al., 2014). Upon HSV entry into the nucleus, the
nucleolus is disrupted, and chromatin condensation is halted while host RNA polymerase II
with the assistance of viral factors from the tegument initiate transcription of the viral genome
(Neumann et al., 1997, Call¢ et al., 2008). a genes transcription is facilitated by VP16, these
genes produce proteins that significantly reorganise cellular pathways to benefit the virus such
as infected cell protein (ICP)0, a protein that degrades proteins involved in defence against
viral infection (Rodriguez ef al., 2020). Immediate early proteins also initiate the transcription
of B genes; these genes initiate viral genome replication such as the gene that encodes a viral
DNA polymerase (UL30) which plays a pivotal role in duplicating the genome (Zarrouk et al.,

2017). Once genome replication is initiated, the double helix will unwind and a rolling circle
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mechanism will produce concatemeric molecules of viral DNA in a process involving UL30,

other proteins encoded by B genes, and cellular proteins (Howley et al., 2021).

Once genome replication initiates, expression of y genes is triggered; these genes are essential
to the construction of de novo capsids and the packaging of the genome into new virions which
occurs in the nucleus (Burch and Weller, 2005). HSV is enveloped and de-enveloped at the
inner and outer nuclear membrane respectively; once in the cytoplasm, the newly forming
virion passes through the trans-Golgi network (TGN) where it undergoes secondary
envelopment and acquires envelope proteins (Mettenleiter et al., 2009). After passing through
the TGN, the virus is transported in exocytic vesicles by actin fibrils to the cell membrane
where it undergoes exocytosis, releasing the virus into the extracellular environment (Miranda-
Saksena et al., 2018). HSV infected cells also produce non-infectious virus particles known as
L-particles, which consist only of tegument and glycoproteins coated in host cell clathrin that
can enter bystander target cells delivering proteins capable of suppressing host cell immune
functions increasing infection by infectious HSV virions (Ibiricu et al., 2013). Although there
is currently no cure or vaccine for HSV1 or HSV2, there exists a wide range of antiviral

medications for HSV that prevent viral genome replication (McCormack et al., 2019).
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Figure 1.5. HSV1 and HSV2 entry into target cells and inhibition of replication by
antiviral therapeutics. (a) HSV entry into host cells is facilitated by envelope glycoproteins.
gB or gC binds to HSPGs on the membrane or filopodial surfaces pulling the virion close to
the cell surface. gD interacts with gD receptors on the cell surface inducing a conformational
change allowing for it to interact with the heterodimer gH:L, and then gB, eventually resulting
in membrane fusion. (b) The replication cycle of HSV1 and HSV2. Following entry into the
cell, tegument proteins traffic the capsid to nuclear pores where the genome is released via the

capsid portal for circularisation of the genome, and sequential transcription and translation of
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a (facilitated by VP16 infiltrating the nucleus), B, and y genes. While a and 3 proteins disrupt
the functions of the cell, y proteins allow for de novo replication of the host genome and
assembly of viral capsids which are coated in a tegument, enveloped in the TGN, and

exocytosed from the cell.

1.2.5. Significant Stages of HSV Infection
1.2.5.1. Immune Response to Primary Infection

Initial or primary HSV1 or HSV2 infection occurs upon first exposure to the virus.
Keratinocytes act as the first line of defence against HSV infection by both forming a barrier
to pathogen entry and acting as a key component of innate immunity (Heath and Carbone,
2013). Keratinocytes employ pattern recognition receptors such as Toll-like receptors (TLR),
RIG-I-like receptors (RLR), and Nod-like receptors (NLR) to detect HSV infection, resulting
in the secretion of a vast array of cytokines and chemokines, notably interferon (IFN)B and
chemokine C-C ligand (CCL)3-5, triggering the activation of local CD8" and T helper 1 CD4"*
T cells (Sandgren et al., 2020). Early during HSV infection pDCs migrate to infection sites to
secrete type I interferons, primarily IFNa, further stimulating T cell proliferation (Schuster et
al., 2015). Natural killer (NK) cells play an important role in controlling the severity of
infection: it has been demonstrated that mice with defective NK cell populations experience
more severe infection than observed in mice with intact NK cell populations (Ashkar and
Rosenthal, 2003). Innate lymphocyte cells (ILC), have been demonstrated to infiltrate to
inflamed skin in many inflammatory skin conditions and infections and ILCs may also play a

role that is currently undefined in HSV infection (Briiggen et al., 2016).

LCs are typically the first APC to encounter HSV. Infected LCs carry HSV to the dermis where
they apoptose; BDCA3" dermal DCs form clusters near infected LC fragments, phagocytose
debris, and migrate to nearby lymph nodes for antigen presentation to T and B cells to activate
the adaptive immune response (Kim et al., 2015). Following the infiltration of inflammatory

cells to infected tissue, components of the adaptive immune system will activate in an attempt
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to control infection. B cells residing in lymph nodes will begin to produce IgG a few days and
IgA 2 weeks post-infection, these antibodies bind to glycoproteins preventing virions from
entering cells (Agostini et al., 2017). T cells play the most critical role in managing HSV
infection: CD4" T helper 1 cells secrete IFNYy, which induces antiviral genes in infected cells
(Cunningham et al., 1985). One such gene, protein kinase RNA-activated (PKR), prevents
translation from occurring within HSV infected cells (Egan et al., 2013). Interferon gamma
also restores major histocompatibility complex (MHC)I expression on infected keratinocytes
after downregulation by HSV1 and allows their recognition by specific CD8" T cells
(Cunningham and Noble, 1989). In recurrent lesions, resident memory CD8" T cells secrete
IFNy to control HSV infection and terminate shedding (Roychoudhury et al., 2020). CD4" T
regulatory cells have also been reported to be present later on in HSV lesions; their role is
controversial as they could suppress the immune response resulting in increased infection, but
also prevent the inflammatory environment associated with herpetic lesions from excessively

damaging surrounding tissue (Fernandez ef al., 2008).

1.2.5.2. Establishment and Maintenance of Latency
Although the majority of HSV infected keratinocytes are killed by CD8" T cells and other

components of the immune system, latency is established within sensory neurons resulting in
lifelong infection (Figure 1.6.) (Cohen, 2020, Truong et al., 2019). Virions enter the neurons
via the axon terminal where the capsid travels a long-distance relative to the infection of
epithelial cells to reach the cell body in the ganglion and enter the nucleus (Wilson and Mohr,
2012). HSV1 infection of the orolabial region typically establishes latency in the sensory
neurons proximal to the trigeminal ganglia, while HSV2 latency is more commonly observed
in the sacral ganglia (Whitley et al., 2007). The molecular mechanisms that result in latency in
neurons are not yet well defined. For three decades the theory it has been suggested that rapid

microtubule-mediated axonal transport of the capsid over long distances within the dorsal root
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ganglia compared to the slower transport of VP16 contributes to latency establishment in some
neurones by preventing productive gene expression (Roizman and Sears, 1987). Once inside
the nucleus, the genome is circularised and loaded with histones by the host cell's DNA repair
machinery, allowing for long-term episomal persistence without integration (Howley et al.,
2021). During latency, the HSV genes required for productive replication are not transcribed,
rather a latency-associated transcript (LAT) is transcribed and several microRNAs units are
rapidly developed; these microRNAs stabilise latency by influencing viral and cellular gene
expression, preventing antiviral immune responses and host cell apoptosis, and regulate the

production of viral proteins (Cohen, 2020).

Infected neurons play a major role in maintaining latency by preventing the virus from
reactivating and leading to secondary infection (Howley ef al., 2021). Several seminal studies
have demonstrated that preventing nerve growth factor (NGF) from binding to its receptor
increases viral shedding, suggesting NGF plays a role in latency maintenance (Wilcox and
Johnson Jr, 1987, Hill et al., 1997, Camarena et al., 2010). NGF binds to Tropomyosin receptor
kinase A (TrkA) to activate several signalling pathways to suppress reactivation: 1)
phosphoinositide-dependent kinase (PDK)1, 2) phosphoinositide 3-kinases (PI3K), and 3)
protein kinase B (Akt) (Camarena et al., 2010). H3K9me3, an epigenetic modification to
histone H3 resulting in gene silencing, is present at an increased frequency in HSV chromatin
during latency, likely contributing to the suppression of gene expression (Cohen, 2020). HSV
latency is not a uniform process; viral DNA is not evenly distributed among latently infected
neurons although the majority of latently infected neurons harbour between 10 to 100 copies
of the viral genome, however up to 1000 copies in one neuron has been observed (Cabrera
Jorge et al., 2018). Although the significance of this heterogeneity is not clear, it is postulated
that ganglia with higher viral copy numbers are more likely to reactivate and cause secondary

infections (Nicoll et al., 2012).

22



Chapter 1
1.2.5.3. Reactivation and HSV Secondary Infection
Upon exposure to a triggering factor, latent HSV within ganglia may resume productive
infection and release infectious virions (Figure 1.6); triggering factors include UV exposure,
stress, trauma to the area surrounding the infected neuron, changes in hormone secretion, and
a weakened immune system (Stoeger and Adler, 2019). Reactivation requires HSV episomes
to reorganise the chromatin in such a way that a gene expression overcomes the effects of
microRNA and other suppressive mechanisms of productive infection; this typically occurs
when VP16 levels steadily accumulate in the nucleus (Wysocka and Herr, 2003). During
latency reversal, VP16 forms a complex with octamer transcription factor (Oct)-1 and host cell
factor (HCF)-1 which replaces the histone modifications suppressing replication such as
H3K27me3 with those that assist in the activation of transcription, such as H3K4me3 (Wilson
and Mohr, 2012). Gene knockout experiments in HSV1 infected mice have also revealed that
ICPO plays an important role in latency, likely initiating or sustaining cellular gene expression
following the activities of VP16 (Halford and Schaffer, 2001). Cyclin-dependent kinases
(CDK)2, 4, and 7 are all elevated in neurons during reactivation and replication of HSV; it is

believed they play a role in ensuring ICP0 functions nominally (Arthur et al., 2001).

In vitro studies with HSV infected primary rat neurons demonstrated that withdrawal of NGF
resulted in virus replication suggesting that when NGF supply in vivo is disrupted HSV
reactivation may occur (Roizman and Whitley, 2013). Following reactivation of HSV within
ganglia, productive infection resumes resulting in the characteristic symptoms of herpes
simplex or subclinical shedding of infectious virions; this is termed a secondary or recurrent
infection (Groves, 2016). recurrent HSV infection typically resolves much more rapidly than
primary infection due to a near-immediate response from the adaptive immune response and
are less likely to become systemic (Truong et al., 2019). For unknown reasons there is strong

selective pressure on HSV to maintain the fidelity of its genome sequence during reactivation
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from the latent state; this genetic conservation will likely prove to be beneficial to vaccine
attempts (Minaya ef al., 2017). The median frequency of reactivation is 1 and 5 per year for
HSV1 and HSV2 respectively in the first two years following primary infection; however, the
frequency of reactivation from latency often reduces as time since primary infection increases

(Benedetti et al., 1999).

Latency establishment

Axon terminal H3K9me3 loaded viral genomej Cell body

Silencing miRNA

HSV virion
®

Loss of VP16 and other tegument
proteins during retrograde
transport to the nucleus

Reactivation

VP16 and other tegument
proteins accumulate

1Silencing miRNA

Anterograde transport of newly
synthesied virions to the axon
terminals for release

Figure 1.6. The establishment of latent infection within ganglia. During initial HSV
infection, virions enter sensory neurons at the axon terminal and travel to the cell body where
they enter the nucleus. Due to the intracellular distance virions travel, VP16 and other tegument
proteins are lost, preventing transcription of a genes in the nucleus. Host silencing miRNA and
chemical cascades initiated by NGF maintain suppression of the virus which is circularised and
loaded with the H3K9me3 histone. Over time through accidental transcription by the host of
VP16 and other tegument proteins necessary for productive infection allows them to
accumulate, resulting in reactivation which can be aided by a reduction in silencing mIRNA or
NGF production. Newly synthesised virions will travel from the cell body to the axon terminal

where they will release and infect surrounding cells, leading to recurrent or secondary infection.
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1.3. Structure of Anogenital Tissue

The physical barrier of various tissues that make up the anogenital tract is the first line of
defence against sexually transmitted infections such as HIV, and HSV1 and HSV2. Knowledge
of the differences in their anatomy, chemistry, biology, and immunology is important as it
provides a better understanding of differences in their susceptibility to infection. The anogenital
tract is composed of three tissue types: 1) skin, 2) type Il mucosa, and 3) type [ mucosa (Hladik

and Hope, 2009).

1.3.1. Skin

Skin provides the most robust challenge to STIs as it is the thickest tissue type that comprises
the human anogenital tract, ranging from 1 to 5 mm; It is composed of an underlying dermis
and the superficial epidermis, linked by the basement membrane (Porth, 2011, Marieb and
Hoehn, 2007). The epidermis is composed of 4 or 5 keratinised layers of stratified squamous
epithelium, from most superficial to basal, these are: 1) the stratum corneum, 2) the stratum
lucidum (only found on hands and feet), 3) the stratum granulosum, the stratum spinosum, and

the stratum basale (Marieb and Hoehn, 2007). The stratum corneum is composed of flattened,

dead, keratin filled cells that protect against penetration and abrasion; this layer is
approximately 25 cells thick and glycolipids are present to protect against water loss (Strayer,

2015). The stratum granulosum is composed of several layers of keratocytes; these cells

migrate up towards the stratum corneum while increasing accumulation of keratin and

glycolipid granules (Feingold, 2012). The stratum spinosum is of similar thickness to the

stratum granulosum and is the most frequent site of LCs; it consists of several layers of
keratinocytes containing intermediate filament bundles (Marieb and Hoehn, 2007). The deepest

layer of the epidermis is the stratum basale, which consists of a single layer of highly mitotic

keratinocytes that are in a state of near-constant division, renewing the keratocyte populations

in the superficial layers of the epidermis. Melanocytes in this layer produce melanin granules,
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and Merkel cells are sparsely distributed, functioning as mechanoreceptors associated with type

A sensory nerve endings in the dermis (Fradette et al., 2003).

The basement membrane plays an important role in adhering the epidermis to the dermis, it
also maintains epithelial cell polarity (Strayer, 2015). The dermis is the most significant
component of the skin. It hosts nerves, both blood and lymphatic vessels, and skin appendages;
it is broadly divided into two layers: the papillary and the reticular layer (Marieb and Hoehn,
2007). The papillary layer is the most superficial and vascularised layer; it is composed of a
thin layer of collagen and elastin with projections termed the dermal papillae (Eroschenko and
Di Fiore, 2013). The dermal papilla plays a role in keeping the epidermis associated with the
dermis and houses both sensory receptors and nerve endings. The reticular layer typically
makes up 80% of the dermis; this layer contains much more densely packed collagen and
elastin, providing much of the skin’s elasticity, strength, and water retention capacities
(Eroschenko and Di Fiore, 2013, Marieb and Hoehn, 2007). The dermis is home to most of the
immune cells in the skin; these cells and their distributions will be discussed in later sections
of this thesis. The dermis also contains several appendages, including hair follicles, sebaceous
glands and sweat glands (Marieb and Hoehn, 2007). Hair follicles, located in the dermis, act as
a pathway for pathogens to traffic between the dermis and the epidermis (Gilliam ez al., 1998).
Sebaceous glands associate closely with hair follicles and secrete bactericidal oils which also
prevent water loss, while sweat glands secrete either a predominantly water-based substance
or a mixture of protein and fatty oils, depending on their type and location (Grice and Segre,

2011).
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1.3.2. Type Il Mucosa

Type II mucosal surfaces closely resemble skin except for a few key differences that increase
their susceptibility to infection (Figure 1.7). Type Il mucosa consists of a superficial stratified
squamous epithelium resembling closely resembling the epidermis, however. it is not as
keratinised and is typically covered in mucous (Iwasaki, 2010). Type II mucosal surfaces do
not secrete immunoglobulin A due to the lack of polymeric immunoglobulin expression, rather
IgG is released by diffusion (Iwasaki, 2010). The underlying sub-epithelium closely resembles
the dermis of the skin, except it often lacks the appendages that are found in the skin and contain
a higher density of immune cells relative to skin (Hladik and McElrath, 2008). Due to the
similarities between the epidermis and dermis of skin, and the squamous epithelium and
underlying submucosa of type II mucosa, the terms epidermis and dermis are often used when
referring to type II mucosa. Type II anogenital mucosal sites include the vagina, ectocervix,
fossa navicularis, and inner foreskin. Due to the extensive use of the inner foreskin and vagina
in this thesis, the structure and environment of these tissues will be elaborated on in Section
1.3.2.1. & 1.3.2.2. respectively. Previous work by the host lab has demonstrated that type II
mucosa harbours more tissue-resident and non-tissue resident CD4" T cells than abdominal
skin, and this likely holds true for skin from the majority of the body (O'Neil, 2023). This is
hypothesised to be an evolutionary response to STIs and as a result of a thinner epidermis,

allowing infected hosts to respond to invading pathogens quicker.

1.3.2.1. The Foreskin

The foreskin is a region of tissue that covers the glans of the penis and is composed of an inner
and outer component; the inner foreskin makes contact with the glans while the outer foreskin
is exposed to the external environment (Dinh et al., 2012). Classification of the inner and outer
foreskin as type Il mucosa rather than skin is controversial as there is much more keratinisation

than what is typically seen in type Il mucosa, although observations vary greatly from between
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individuals, which may be due to race (Ganor and Bomsel, 2011). Furthermore, some studies
have reported that the inner foreskin is less keratinised than the outer foreskin (Ganor and
Bomsel, 2011, Lemos et al., 2014), while other studies have not observed any difference (Dinh
etal.,2012, Dinh et al., 2010). For the purposes of this thesis, inner foreskin will be considered
a form of type Il mucosa, which possesses a thin keratinised layer, while the outer foreskin will
be considered a form of skin. There are also mixed reports about the abundance and types of

immune cells in the inner and outer foreskin.

It is well established that LCs reside in the epidermis (Dinh et al., 2015) and that various subsets
of DCs and macrophages can be found in the dermis (Donoval ef al., 2006). Some studies have
reported no difference in the amount of LCs between the inner and outer foreskin, while others
have shown that the inner foreskin is home to more LCs than the outer foreskin (Donoval et
al., 2006, Ganor et al., 2010). It has been demonstrated that LC dendrites in the inner foreskin
extend more superficially compared to the outer foreskin; this is often attributed to differences
in the level of keratinisation (McCoombe and Short, 2006). Both CD4" and CD8" T cells are
present in the dermis of the inner and outer foreskin, the majority of CD8" T cells are tissue
resident (Donoval et al., 2006, Ganor et al., 2010). Previous work by the host lab has also
demonstrated a small population of CD4" tissue-resident memory T cells in the epidermis of
the inner foreskin (O'Neil, 2023), it has also been demonstrated that the inner foreskin contains
more CD4" T cells than the outer foreskin (Dinh et al., 2015). These differences in the number
of immune cells in the inner and outer foreskin likely contribute to the differences in
susceptibility to HIV infection at each site that has been observed (Liu et al., 2014a). The
thinner cornified layers of inner foreskin also acts as an easier entry site for HSV and is a

clinically common site of recurrent lesions (Rana ef al., 2024).

28



Chapter 1

1.3.2.2. The Vagina

The vagina is an 8-10 cm tube of fibromuscular tissue between the hymen and the cervix; it
acts as the connection between the internal and external female genital tract (Lloyd et al., 2005).
The vagina consists of type Il mucosa of a thickness that is approximately 200 um with multiple
ridges which allow for extension during sexual intercourse and childbirth (Marieb and Hoehn,
2007). Mucous is secreted by the cervical glands and then acidified by the microflora of the
vagina, providing an extra defence against pathogens (Klebanoff and Coombs, 1991). The
tough stratified squamous epithelial epidermis plays an important role in protecting the dermis
from friction at this site (Shen et al., 2011). As seen with most type Il mucosa, the surface of
the vagina is characterised by limited keratinisation. The diverse microflora present in the
vagina, especially Lactobacilli, limits the establishment of pathogens through competition and
the production of hydrogen peroxide and lactic acid (Quayle, 2002). It has been demonstrated
that the likelihood of HSV and HIV infection is reduced in the presence of vaginal lactobacilli
both in vivo and in vitro (Zabihollahi et al., 2012), and there is currently great interest into the
role of vaginal dysbiosis in HIV acquisition. The underlying dermis has deeper papillae than
seen in type II mucosal surfaces; these extend deep into the epidermis and are supplied with

nutrients by a significant network of small blood vessels (Pudney et al., 2005).

Similar to the inner and outer foreskin epidermis, the vagina houses LCs, both CD8" and CD4"
T cells as well as low numbers of macrophages (Edwards and Morris, 1985, Duluc et al., 2013,
Pudney et al., 2005). The dermis contains significant numbers and types of DC subsets as well
as both CD8" and CD4" T cells (Mselle et al., 2007). Previous work from the host lab has
demonstrated that there is a larger CD4" tissue-resident memory cell population in the
epidermis of the vagina than the inner and outer foreskin, although these cells are more frequent
in the dermis (O'Neil, 2023). It has also been shown that CD8" T cells are more prevalent in

the dermis of the vagina than the epidermis; CD103", a marker for mucosal tissue residency, is
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also expressed at higher levels than observed in other sites of the body (Hladik et al., 2007,
Pudney et al., 2005). The majority of T cells in non-inflamed vaginal tissue, like all type II and
I mucosa, and the skin as a whole, are memory cells, although some circulating naive cells are
also present (Ildgruben et al., 2003, Pudney et al., 2005). The number of immune cells in the
dermis is highest proximal to the basement membrane (Pudney et al., 2005); this is also true

for other type II mucosa such as the inner and outer foreskin (Marieb and Hoehn, 2007).

1.3.3. Type I Mucosa

Type I mucosa has significant structural differences compared to skin and type II anogenital
mucosa (Figure 1.7.). The epithelium of type I mucosa is a single layer of columnar epithelium
that is maintained by paracrine and autocrine secretion of interleukin (IL)-3; this allows for
more efficient transport of molecules and nutrients (Oh et al., 2019). Such a thin epithelium
results in an increased susceptibility to ulcers and micro-abrasions that can be used as portals
for HIV entry (Miller et al., 2005). The epithelial layer also contains goblet cells, which are
responsible for maintaining the mucous membrane through the secretion of mucins, which are
large glycoproteins that store large amounts of water, giving them gel like properties
(Johansson et al., 2013). The underlying sub-epithelium of type I mucosa is termed the lamina
propria and contains lymphoid aggregates known as mucosa-associated lymphoid tissue
(MALT), which act as local lymph nodes housing lymphocytes and plasma cells; it is believed
that this contributes to an even higher density of immune cells than that observed in type II
mucosa (Iwasaki, 2010). The innermost sites of the body are lined with type I mucosa,

including the endocervix, rectum, bronchi, lungs, colon, and penile urethra.
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Figure 1.7. Comparison of Type I and II mucosa. Type I and Il mucosa make up the majority
of the anogenital mucosa. Type Il mucosa consists of an outer layer of stratified squamous
epithelium resembling a thinner version of the epidermis seen in the skin; it harbours LCs,
epidermal DCs and CD4" T cells. Type II mucosal surfaces less keratinised than skin. The
stratified squamous epithelium is attached to an underlying submucosa referred to as the dermis
by a layer of connective tissue known as the basement membrane. The dermis harbours
significantly more immune cells than the above layers, including macrophages, DCs, and CD4"
T cells. Type I mucosa consists of an outer single row of columnar epithelial cells that harbour
CD4" T cells and is attached to an underlying submucosa termed the lamina propria. The lamina
propria harbours similar immune cells to those observed in type I mucosal dermis, albeit at

increased densities.

1.4. CD4" T Cells

CD4" T cells are the major site of HIV infection, where it undergoes explosive replication, and
also the latent reservoir, as well as an important cell in the HSV1 and HSV2 immune response.
This section will explore the different subsets of both naive and memory CD4" T cells. CD4"
T cells originate from the bone marrow as haematopoietic stem cells, they migrate to the
thymus where they specialise and progressively differentiate into T cells (Koch and Radtke,
2011). The developing ‘thymocytes’ undergo beta-selection, a process that selects for cells that

develop pre-TCR chains; cells that successfully pass beta-selection will develop TCR-CD3
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complexes, promoting cell survival and proliferation, while those that do not develop pre-TCR
will be apoptosed (Kang et al., 2001). The surviving CD3 expressing cells go on to express
both CD4 and CDS and are assessed by positive selection for low affinity for self-peptides
bound to MHC expressed on epithelial cells; successful low affinity binding results in survival
signals for the cell (O’Neil et al., 2021). Following successful positive selection, negative
selection takes place where high or excessive affinity for self-peptides bound to MHC
expressed by thymic DCs results in cells receiving apoptotic signals (Vanhecke et al., 1995b).
The surviving cells differentiate into CD8 or CD4 single-positive cells and downregulate the
tissue retention marker CD69, allowing their emigration from the thymus as mature T cells

(Vanhecke ef al., 1995a).

Following their development in the thymus, CD4" T cells are termed ‘naive’ due to their lack
of exposure to antigen; naive CD4" T cells express CD45A, CD62L, CCR7 and sphingosine 1-
phosphate (S1P)1, which allows for migration to lymph nodes, the spleen, Peyer’s patches and
tonsils (Gunn et al., 1998, Caccamo et al., 2018). Upon exposure to their cognate antigen, CD4"
T cells differentiate into a T helper subset, which if exposed to stimulating memory signals,
may progress to a memory cell. CD4" T helper (Tn) cells play a critical role in the immune
system by secreting cytokines that combat infection, and activate other immune cells and
components of innate and adaptive immunity (Deepak et al., 2017). Memory T cells play
important roles in limiting reinfection; upon re-exposure to an antigen, they rapidly proliferate
from a repertoire of antigen-specific, long-lived, resting cells to develop a CD4" T cell

population that is specific to the foreign antigen (Murray et al., 2016).
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1.4.1. The Role of CD4* T Cell Subsets in HIV and HSV Infection
Upon antigen presentation by DCs and LCs, the majority of naive CD4" T cells activate and

differentiate into the specialised subsets of CD4" T effector cells: follicular (Trn), regulatory
(Treg) and Tw 1, 2, 9, 17, and 22; they then downregulate markers associated with naivity and
upregulate a variety of chemokine receptors (Figure 1.8), notably CCL3, CCL4, and CCR5,
allowing for migration to sites of inflammation such as the source antigen to clear infection
(Castellino et al., 2006). As the respective mediators of antiviral immunity and mucosal
immunity, CD4" Tul and Tnl7/Tn22 cells play an essential role in the immune response against
HIV and both HSV serotypes (d'Ettorre et al., 2014, Baiyegunhi et al., 2018). All subsets of Th
cells interact with HIV in unique ways, however CD4" T cells are more important in the control

of HSV infection (Cunningham et al., 1985), and instead act as target cells for HIV.

1.4.2. CD4" Ty Cells Subsets
1.4.2.1. CD4" Thl Cells

A key effector function of CD4" Tul cells is IFNy secretion, which promotes adaptive immune
responses against intracellular pathogens such as HIV and HSV (Cope et al., 2011). Tul
differentiation is induced by IL-12 and they are regulated by the transcription factor T-bet; Thl
cells also produce IL-22, IL-2 and TNF-a (Lohning ef al., 2008). A recent in vitro study
demonstrated that Tnl cells express elevated levels of CCRS, resulting in increased
susceptibility to infection by CCRS tropic HIV strains (Orlova-Fink et al., 2017). It has also
been demonstrated that CD4" Tnl cells are not only productively infected with HIV, but contain
genetically intact HIV provirus DNA and undergo significant clonal expansion during HIV
infection; this implicates Tn1 cells as a significant source of both productive and latent infected

CD4" memory cells (Lee et al., 2017).
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1.4.2.2. CD4" Th2 and Th9 Cells

CD4" Tn2 cells play an important role in helminth immunity and the regulation of the humoral
response through the facilitation of B cell proliferation; they are regulated by the transcription
factor GATA-3 and secrete IL-13, IL-5 and IL-4 (Walker and McKenzie, 2018). CD4" Tn9
cells play roles in tumour suppression, allergic inflammation, and autoimmune diseases; they
are regulated by the transcription factor PU.1 and primarily produce IL-9 (Kara et al., 2013,
Chang et al., 2010). There is limited information on the role of Th2 and Th9 cells in the context
of HIV infection, however studies have demonstrated that these Th subsets express high levels
of CXCR4 making them more susceptible to CXCR4 tropic HIV strains rather than CCRS5

strains (Gosselin et al., 2010, Orlova-Fink et al., 2017).

1.4.2.3. CD4" Tu17 Cells
CD4" Tul7 cells are regulated by the transcription factor RAR-related orphan receptor gamma

(RORYy)T and primarily secrete IL-17, initiating the production of antimicrobial molecules by
epithelial cells that protect against mucosal pathogens (Xu and Cao, 2010). Tul7 cells produce
6 types of IL-17 proteins (A-F) as well as IL-22, IL-26, and IL-26 (Dambacher et al., 2009, Xu
and Cao, 2010). Tnl7 express high levels of both HIV co-receptors, lack HIV inhibitory
RNAses, and do not secrete CCRS5 ligands, making them highly susceptible to HIV infection
(Christensen-Quick et al., 2016, Alvarez et al., 2013). In studies focusing on HIV patients and
SIV infected macaques it has been observed that Thl7 cells deplete at a more rapid rate than
other Th subsets in both the intestinal mucosa and peripheral blood; this results in chronic
inflammation and increased microbial translocation from the intestinal lumen (Chege et al.,
2011, Ryan et al., 2016). Importantly, Tnl7 cells are also enriched in the inner foreskin of
uninfected men, although the dynamics of these cells during HIV infection remain to be

determined (Galiwango et al., 2019). While suppression of viral load by ART restores Tnl7

34



Chapter 1

cell populations in the blood, for the majority of HIV infected individuals, there remains a

decreased number of Th17 cells in mucosal tissue (Sandler and Douek, 2012).

1.4.2.4. CD4" Ti22 Cells
Similar to Tul7 cells, CD4" Tn22 cells play an important function in gut homeostasis; Tn22

cells express levels of IL-22 similar to Tnl7, which stimulates enterocytes to produce
antimicrobials and preserves the structural integrity of the gut epithelial barrier (Xu et al.,
2014). Tn22 cells are regulated by Aryl hydrocarbon receptors and can be phenotypically
differentiated from Tn17 cells by CCR10 expression (Duhen et al., 2009). Similar to Tnl7 cells,
studies in SIV infected macaques and HIV infected individuals have demonstrated that Tn22
cells are depleted in peripheral blood, colon and the rectum, resulting in mucosal barrier
damage and increased microbial translocation (Kok et al., 2015, Ryan et al., 2016). Unlike
Tnl7 cells, viral suppression by ART restores Th22 populations in tissue, however despite their
similar function to Thl7 they are unable to compensate for the loss of Tnl7 cells at mucosal
surfaces that is observed in ART virologically suppressed patients (Sandler and Douek, 2012).
The presence of Tn22 cells in the gut despite the absence of Tnl7 cells is attributed to the use
of a CCR10-CCL28 chemotactic gradient that continues to occur in virologically suppressed
HIV patients; the CCR6-CCL10 gradient typically employed by immune cells for gut
migration, including Tnl7 cells, is impaired during ART treatment (Nayrac et al., 2021).
Finally, a recent study focusing on uninfected men has demonstrated that Tn22 cells are

enriched in the outer foreskin compared to the inner foreskin (Galiwango ef al., 2019).

1.4.2.5. CD4"' Treg cells

CD4" Trec cells play an essential role in regulating inflammation during an immune response
through the secretion of immunosuppressive cytokines, notably IL-10 and transforming growth

factor (TGF)-B; they also sequester IL-2, resulting in the apoptosis of T cell populations (Smith,
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2012). Rather than deplete, studies focusing on the rectal mucosa and cervix demonstrate that
Treg cell frequencies become elevated during HIV infection (Rueda et al., 2013, Shaw et al.,
2011). It has been demonstrated that HIV elite controllers, patients with the ability to limit
CD4" T cell depletion and thus potentially not progress to AIDS, have lower frequencies of
Trec cells compared to normal progressors in rectal mucosa (Shaw ef al., 2011). However, in
both cohorts, TreG cells limit the proliferation of other T cell populations to similar extents,
suggesting they maintain their functions during chronic infection and play a role in diminishing
the T cell response to HIV (Jiao ef al., 2015, Shaw et al., 2011). While sustained ART reduces
the Trec cell frequency, it does not return to the levels observed prior to HIV infection (Caruso
et al., 2019, Rueda et al., 2013). Trec cells have also been implicated in the formation of the
latent reservoir: A recent study showed HIV replication was inhibited by Trec cells in resting
CD4" cells by a cyclic adenosine monophosphate (cAMP) dependent protein kinase A (PKA)
pathway, potentially contributing to virus latency (Li ef al., 2017). Trec cells themselves are
also an important HIV reservoir: Significant amounts of proviral DNA has been found in these
cells in ART-treated HIV infected individuals and SIV infected macaques(McGary et al.,

2017).

1.4.2.6. CD4" Try Cells

CD4" Trn cells are located in the germinal centres of lymphoid tissue. They are responsible for
class-switching and promote somatic hypermutation of antibodies; Tru cells are regulated by
B cell lymphoma (bcl)-6 (Crotty, 2014). Tru cells express high levels of CXCR4 and low levels
of CCRS, making them susceptible to CXCR4 tropic strains, however CCRS5 tropic strain
provirus is still the primary DNA detected in Tru cells (Xu et al., 2017). It is hypothesised that
Tru precursor populations that express CCRS are preferentially infected with CCRS strains of
HIV, and upon TCR stimulation, these populations differentiate into HIV infected Tru cells

(Xu et al., 2017). CD8" T cells are unable to enter the follicular regions of lymph nodes to
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target infected cells, and ART is unable to effectively penetrate lymphoid tissue; this implicates
Tru cells residing in follicles as a potentially significant site for persistent HIV replication

(Martinez-Picado and Deeks, 2016, Connick et al., 2007).
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Figure 1.8. Summary of CD4" T helper cell subsets. Each subset of CD4" Tn cells is
characterised by a combination of the cytokines they secrete (bolded), and the transcription
factors that regulate them (italicised, blue). Each CD4" T helper cell subset also expresses a
combination of surface markers (red) that is unique and specific to the function they perform

and where they localise.

1.4.3. CD4" T Memory Cells
After CD4" T cells help clear foreign pathogens, a small number differentiate to form CD4" T

memory cells (Fritsch et al., 2005). It has not yet been established whether specific subsets of
CD4" Th cells progress to form memory cells for each, or if the process is generalised; however,

the host lab is undergoing studies to address this gap in the literature. Despite their
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heterogeneity, CD4" T memory cells typically express CD45RO, contrasting with naive CD4"
T cells which express CD45RA (Beynon et al., 2012). Unlike naive CD4" Th cells, T memory
cells progressively differentiate in a particular order through four major circulating subsets:
stem cell-like memory (TSCM), central memory (TCM), transitional memory (TTM) and
effector memory (TEM) (Figure 1.9.) (Youngblood et al., 2013). There also exists a more
recently discovered and highly differentiated subset of CD4" T memory known as tissue-
resident memory (TRM) cells: These cells are retained in the tissue and therefore do not
circulate (Wakim et al., 2010). Following exposure to a cognate antigen, naive CD4" T cells
progressively differentiate from CD4" TSCM to TRM cells, how far they progress depends on
the persistence and strength of the signals that initiated memory differentiation (Gattinoni et
al., 2017). The capacity for CD4" T memory cells to perform their T effector cell functions
increases as they become more differentiated, this is accompanied by increased antigen
dependence for cell survival and reduced proliferation and self-renewal (Dagenais-Lussier et
al., 2016). Each CD4" T memory cell subset expresses different surface markers, these can
play arole in survival (CD27), lymph node homing (CCR7) and mediation of apoptosis (CD95;

Figure 1.9) (Okada et al., 2008).

1.4.4. CD4" T Memory Cells Subsets and Their Contribution to the Latent Reservoir
1.4.4.1. CD4" TSCM

It was hypothesised, and now generally accepted, that before the development of canonical
memory cell subsets (TCM-TEM), a population of memory CD4" T cells with stem cell-like
properties, termed CD4" TSCM cells exists (Gattinoni et al., 2011). TSCM cells have a
phenotype largely resembling CD4" naive T cells, however overexpress CD95 (Lugli et al.,
2013). Although most activated and resting memory T cell populations diminish in the absence
of cognate antigen, TSCM cells have a tenfold increase in survival when compared to TCM

cells in the absence of antigen; this, along with their multipotency has implicated them as being
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essential in the maintenance and regeneration of other CD4" memory T cell subsets (Gattinoni
et al.,2011). It has also been demonstrated that TSCM cells contain the highest proportion of
integrated HIV provirus (Buzon et al., 2014). Despite the high amount of integrated HIV
provirus and the long-lived nature of TSCM cells, the scarcity of the cell population means that
they only make up an average of 8% of cells that contribute to the latent HIV reservoir (Buzon

et al., 2014, Gattinoni et al., 2011).
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Figure 1.9. Differentiation and phenotype of subsets of CD4" T memory cells. There are 4
circulating subsets of CD4" T memory cells: TSCM, TCM, TTM, and TEM while TRM cells
reside in tissues around the body. Surface markers that are in red are downregulated in CD4"
TRM while those that are red are upregulated; this phenotype plays a significant role in tissue

retention.
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1.4.4.2. CD4" TCM Cells

CD4" TCM cells are a long-lived memory subset with some capacity for self-renewal; they
have limited effector function however upon recognition of antigen, rapidly differentiate into
subsets capable of responding to reinfecting pathogens (Sallusto et al., 2004). TCM cells
express CCR7 and CD62L, which allows for migration between secondary lymphoid organs
(SLO); this has implied that the limited effector functions TCM cells perform are localised to
SLOs (Cyster, 2005). While significant amounts of HIV DNA can be found in TCM cell
genomes, it is typically defective and doesn’t lead to productive infection (Horsburgh et al.,
2020). Interestingly, it has been demonstrated that in viremic non-progressors, individuals with
high viremia but normal CD4" T cell numbers, CD4" TCM cells have a decreased susceptibility
to infection, implicating these cells in the preservation of T cell homeostasis (Klatt et al., 2014).
Furthermore, a recent study showed that CXCR4 dependent HIV strains are more commonly
found integrated in TCM and naive T cells than CCRS5 dependent HIV strains (Samri et al.,

2019).

1.4.4.3. CD4" TTM Cells
CD4" TTM cells have a capacity for proliferation similar to CD4" TCM cells, however, are

more differentiated and responsive to IL-15, a cytokine associated with the inducement of
proliferation; they represent a transitional state between TCM and TEM cells (Soriano-Sarabia
et al., 2014). TTM cells express CD27, however downregulate the lymphoid homing marker
CCR7, allowing them to circulate in the blood without homing to lymph nodes (Mo et al.,
2020). While TTM cells harbour more replication-competent virus than TCM memory cells,
they have significantly less than TEM cells (Soriano-Sarabia et al., 2014). During HIV
infection, it has also been demonstrated that longer durations of ART in HIV patients are linked

to a decreased frequency of infected TTM cells in peripheral blood; this suggests that while
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TTM cells may contribute to the HIV reservoir, over time their contribution wanes (Soriano-

Sarabia et al., 2014).

1.4.4.4. CD4" TEM Cells
CD4" TEM cells are a memory subset that is differentiated by a lack of CCR7 and CD27

expression, preventing lymph node homing and survival without antigen presence (Lintermans
etal.,2017). TEM cells are short-lived, however are able to respond to reinfection rapidly and
have a significant capacity for effector function (Caccamo et al., 2018). TEM cells contain a
higher proportion of replication-competent integrated HIV provirus than TTM and TCM cells,
but make up a very small proportion of memory cells, limiting their contribution to the latent
reservoir (Hiener ef al., 2017). It has been demonstrated that IFNa secretion by plasmacytoid
dendritic cells reactivates latent reservoirs within resting TEM cells, however, this happens in
the absence of infection of bystander cells suggesting the cell employs mechanisms to prevent

viral release (Tong et al., 2021).

1.4.4.5. CD4" TRM Cells

CD4" TRM cells are a more recently discovered memory subset that resides in peripheral tissue
without recirculation, this allows for near-immediate responses in tissue to invading pathogens
(Kumar et al., 2017). What triggers TRM cell differentiation from TEM cells remains unclear,
however, their phenotypic similarity to TEM cells and interactions with I[FNa secreting pDCs
has suggested that when TEM cells enter tissue, exposure to pDCs and other local factors
induces their differentiation into TRM cells (Tong et al., 2021). CD4" TRM cells express the
tissue retention markers CD103 and, most frequently, CD69; they also upregulate survival the
survival marker CD127 and decrease egression markers such as CCR7, CD62L, and SI1PRI1
(Mackay et al., 2015a, Rajasuriar et al., 2010). PD-1, which is known to inhibit T cell activation

is upregulated on CD69" TRM cells and TRM demonstrate phenotypic differences that are
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specific to the tissue from which they are isolated from; some of these differences include
CCRY and cutaneous lymphocyte antigen which play a role in determining tissue homing

(Sharpe and Pauken, 2018, Nguyen et al., 2019).

Interestingly, it has been demonstrated that TRM cells harbour more than 200 times more HIV
DNA and protein than any other subset of memory T cells in cervix (Cantero-Pérez et al.,
2019). It has also been postulated that the CD4" T cells that localise to the neuronal ganglia,
suppressing HSV reactivation alongside CD8" T cells, are CD4" TRM cells, however this has
not yet been conclusively proven (van Velzen et al., 2013, O’Neil ef al., 2021). In murine
models, it has been shown that CD4" T cells responding to HSV1 infection form memory cells
at the site of infection. Nevertheless these cells have only be observed returning to circulation
and not being retained in tissue as TRM cells, however this has not yet been excluded (Gattinoni
et al., 2011, Mackay et al., 2015a). Furthermore, it has been demonstrated in the vagina of
parabiotic mice infected with attenuated HSV-2 then reinfected at a later point that mice with
CD4" TRM cells cleared infection quicker, suggesting that CD4" TRM cells are an important
immunological component in the defence against HSV1 and 2 (Iijima and Iwasaki, 2014). In
humans, Zhu et al. (2007) have observed the persistence of memory CD4" and CD8" T cells

between recurrent herpes lesions which are almost certainly TRM cells (Zhu et al., 2007).

1.4.5. Maintenance and Establishment of HIV Latency

CD4" T memory cells are characterised as resting or in an activated state. Activated cells
express the activation markers CD69, CD38, CD25 and human leukocyte antigen DR isotype
(HLA-DR) (Mahnke et al., 2013). While infection of activated CD4" T memory cells result in
explosive viral replication, infection of resting memory cells results in latent infection. Virus
is integrated into the host genome and is transcriptionally silent in the various memory cell

lineages (Mahnke ef al., 2013, Kumar et al., 2017). Two pathways lead to latent infection: 1)
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directly due to depletion of deoxyribonucleotide triphosphates employed by HIV for reverse
transcription through the actions of cell factors such as sterile alpha and motif aspartic acid
domain-containing protein (SAMHD)-1; or 2) indirectly when an activated CD4" T memory
cell is infected and returns to a quiescent state before apoptotic pathways responsible for the
cessation of provirus production are initiated (Lahouassa et al., 2012, Choudhary et al., 2012).
HIV latency is maintained by reduced expression of cell factors that are essential for
transcription; notably this includes nuclear factor of activated T cells (NFAT) and nuclear
factor kappa light chain enhancer of activated B cells (NF-kB) (Acchioni et al., 2019). A recent
in vitro study performed with CD4" T memory cells isolated from peripheral blood also
demonstrated that PD-1 is important in latency maintenance and that blocking PD-1 reduced
the number of latently infected memory cells (Evans ef al., 2018). Integrated HIV can survive
and remain dormant in CD4" T memory cells for many years during ART suppression due to
their long-lived nature, however, upon ART interruption, virus replication is induced (Burnett

etal.,2010).

1.5. CDS8" T Cells
1.5.1. Introduction to CD8* T Cells

CD8" T cells, commonly referred to as cytotoxic or killer T cells, are a type of T lymphocyte
adept at recognising intracellular pathogens including HSV1/2 and HIV, as well as neoplastic
cells (Al-Shura, 2020). Similar to CD4" T cells, CD8" T cells express CD3 and possess antigen-
specific TCRs that mature in the thymus through positive and negative selection resulting in
the production of naive CD8" T cell populations (Koch and Radtke, 2011). Activation of naive
CD8" T cells is initiated by exposure to MHC-I molecules carrying antigens that interact with
the TCR and CD8 coreceptor (Lanzavecchia, 1998). Unlike MHC-II, MHC-I is expressed on
the surface of the majority of cells to allow for the recognition of infected or dysfunctional

cells. CD8" T cells also require a second signal to activate, the CD28 surface receptor must
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bind to costimulating molecules such as CD80 or CD86 on DCs; costimulatory molecules are
also secreted by CD4" T cells (Shedlock et al., 2003). Once a naive CD8" T cell is activated,
CDA40 signalling will trigger differentiation from a naive CD8" T cell to an activated T cell and
paracrine secretion of IL-2 by CD4" T cells will result in clonal expansion of antigen
recognising CD8" T cell lineages, resulting in a large population of CD8" T cells specific to
the offending antigen (Bennett ez al., 1998). The transcription factor implicated in CD8" T cell
regulation is Eomesodermin: A study using murine models demonstrated that reduced
Eomesodermin prevented CD8" T cells from producing proteins essential to their effector

function (Pearce ef al., 2003).

When an activated CD8" T cell binds to a dysfunctional/infected cell, it releases cytotoxins
such as granzymes, perforin, and granulysin (Bennett et al., 1998). Perforin creates pores in
the membrane of cells allowing granzymes to gain access to the cell; once inside the cell
granzymes, which act as serine proteases, initiating the caspase cascade which results in
apoptosis (Ahmadzadeh and Rosenberg, 2005). It has also been demonstrated that an essential
part of this process is the restructuring of the cell membrane of CD8" T cells to prevent
accidental autologous cell death through the actions of perforin and granzymes (Ahmadzadeh
and Rosenberg, 2005). Granulysin is a pore-forming protein that only affects microbial cells,
this gives CD8" T cells some effector function against bacterial pathogens and other
microorganisms (Dotiwala and Lieberman, 2019). CD8" T cells may also induce apoptosis by
an interaction between the surface protein Fas ligand (FasL) which is expressed on activated
CDS8" T cells and Fas, which is expressed on most cells (Li ef al., 2002). When FasL binds with
Fas, the death-induced signalling complex (DISC) is recruited and the Fas-associated death
domain (FADD) associates with DISC leading to the recruitment of procaspases 10 and 8; the

newly formed complex activates caspases 7, 6 and 3 resulting in cleavage of DNA and
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activation of protein kinases, poly-adenosine diphosphate ribose polymerase, and other death

substrates, resulting in target cell apoptosis (Lee et al., 2003).

1.5.2. CD8" Tissue Resident Memory Cells
Similar to CD4" T cells, CD8" T cells form several types of distinct memory subsets: TCM,

TEM and TRM; however, as CD8" T memory cells are not susceptible to latent HIV infection,
and CD8" TRM cells play a much more significant role in HSV1 and HSV2 infections than
other memory subsets (O’Neil ef al., 2021), this literature review will focus primarily on
CD8" TRM cells. CD8" T memory cells develop by repetitive interactions with APCs, notably
DCs, in the presence of CD4" Th cells which licence DCs to provide memory forming signals
to the CD8" T cell (Yang ef al., 2011). IL-21 secreting virus-specific CD4" TRM cells have
also been implicated in the development of CD8" TRM cells (Ren ef al., 2020). Murine models
have shown that CD8" TRM memory is established by downregulating of SIPR1 and Kriippel-
like Factor (KLF)2 with simultaneous upregulation of CD69 expression (Skon et al., 2013).
Studies on CD8" TRM cells isolated from the gastrointestinal tract and mouse skin implicate
IL-7 and IL-15 in their maintenance (Mackay et al., 2015b, Thome et al., 2014); and a study
examining the role of TGF-B, which is secreted by keratocytes in the mucosa, demonstrated
that CD103 is regulated by TGF-B on CD8" TRM cells, inducing a long-lived, immobilised

phenotype (Fonseca et al., 2020).

1.5.3. CD8" T Cells and HSV Infection
CD8" T cells play an essential role during both HSV1 and HSV2 infections at the site of initial

infection, genital mucosa/skin, the neuronal ganglia, and recurrent lesions (Knickelbein et al.,
2008, Zhu et al., 2007, Cunningham et al., 1985). IFNy causes epithelial cells to secrete CXC
ligand (CXCL)9 and 10 as well as TGF-B which recruits CD8" T cells to infected mucosa

(Nakanishi et al., 2009). HSV specific CD8" T cells use their TCR to recognise cells expressing

45



Chapter 1

HSV antigen on MHC-I molecules, these cells are targeted for killing through the use of
perforin and granzyme B (Knickelbein et al., 2008). CD8" T cells have been demonstrated to
be essential for the clearance of herpetic lesions and their activation and infiltration to infection
sites typically results in the eradication of activated virus during primary infection (Knickelbein
et al., 2008). Following lesion clearance in the female genital tract, CD8" TRM cells with
specificity for HSV2 have been identified residing in the epidermal-dermal junction near
former lesion sites and also surveying local peripheral neuronal endings (Posavad et al., 2017).
It has been demonstrated that HSV2 specific CD8" T cells accumulate near the sensory nerve
endings of neurons in the anogenital mucosa allowing for a rapid response during HSV-2
reactivation (Zhu et al, 2007), The frequency of reactivation at these nerve endings is
dependent on the number of CD8" T cells present via their secretion of IFNy not direct
cytotoxicity (Cunningham et al., 1985, Roychoudhury et al., 2020). Finally, both TRM and

CD8" T cells have been demonstrated to persist between lesions (Zhu e al., 2007).

1.5.4. CD8" T Cells and HIV Infection
As briefly discussed previously, CD8" T cells play an important role in the control of HIV

spread through their effector function. However chronic HIV infection is characterised by the
loss of their efficacy due to the expression of exhaustion markers such as PD-1 and TIM-3
(Borrow et al., 1994, Roberts et al., 2016). A recent study showed that during HIV infection a
novel CD8" T cell phenotype emerged: CD27- CD38" CD8" T cells that express CDS at very
low frequencies reducing their efficacy against viruses; the majority of CD8" T cells that
demonstrate specificity to HIV match this novel phenotype while the minority of HIV specific
CD8" T cells were characterised as having CD8 expression at traditional levels (Eller et al.,
2016). Furthermore, an increased proportion of CD27- CD38" CD8'°¥ T cells correlated with a
more severe and earlier loss of CD4" T cells, suggesting that variable proportions of this

ineffective CD8" T cell population contribute to the differences in AIDS onset between those
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infected with HIV (Eller et al., 2016). In elite controllers, CD8" T cells have been shown to
have greater proliferative capabilities and can develop their cytolytic potential by in vitro
stimulation alone (Migueles et al., 2008). However, CD8" T cells isolated from normal

progressors fail to respond to in vitro stimulation (Migueles et al., 2002).

1.6. Subsets of Mononuclear Phagocytes in Human Tissue

Mononuclear phagocytes are a group of leukocytes that have significant phagocytic activity
and are specialised for antigen presentation; MNPs include LCs, DCs, macrophages and
monocytes (Guilliams et al., 2014). Traditionally, only macrophages and monocytes were
considered MNPs, however, the grouping was extended to include dendrite possessing antigen
presenters: LCs and DCs (Harman et al., 2013b). It was originally believed that both
macrophages and DCs were all derived from monocytes. However, studies examining the
transcriptome and ontogeny of these cells demonstrated that they may form independent
clusters and develop independently of monocytes (Miller et al., 2012, Haniffa et al., 2012).
DCs are a subset of cells derived from bone marrow that possess extending dendrites, they can
be found in blood, and both non-lymphoid and lymphoid tissues including, lymph nodes, skin,
liver, intestines, tonsils, lungs and the anogenital mucosae (Steinman and Cohn, 1973). LCs
were the first subset of dendritic cell identified and were initially believed to be a type of nerve
cell (Langerhans, 1868). In healthy tissue, LCs typically patrol the epidermis and can home to
the lymph node upon detection and uptake of antigen to activate the immune response (Kaplan
et al., 2005). There is a wide range of DC subsets each with a unique cytokine secretion and
surface protein expression profile contributing to the specificity and magnitude of their

function (McGovern et al., 2014).

Monocytes are a CD14", highly plastic MNP subset with the capacity to differentiate into a

wide range of cells depending on their stimulation; blood monocytes may differentiate into a
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distinct macrophage population, monocyte-derived macrophages (MDM), and a DC
population, monocyte-derived DCs (MDDC) (Randolph ef al., 1999, Randolph et al., 1998,
Becker et al., 1987). There are tissue-resident macrophages derived from the yolk sac across
most tissues of the body, although they have unique names and functions at different sites (i.e.
Kupfter cells located in the liver and microglia cells of the brain). Macrophages do not migrate
out of tissue and are relatively poor antigen presenters despite their high phagocytic potential
(Sica and Mantovani, 2012, Mantovani et al., 2013). Macrophage populations are broadly
classified functionally as either: IFNy and TNF-a secreting pro-inflammatory classical
macrophages (M1); or IL-10 and IL-4 secreting anti-inflammatory alternative macrophages
(M2) (Martinez and Gordon, 2014, Varol et al., 2015). pDCs are a type of circulating MNP
that secrete significant amounts of type 1 IFNs, playing an important role in responding to viral
infections; pDCs are also found in lymph nodes and inflamed tissues (Musumeci ef al., 2019).
As described previously, when sexually transmitted pathogens such as HSV and HIV breach
the physical barriers of human anogenital tissue the first immune cells they interact with are
MNPs (Joeris et al., 2017). MNPs express the HIV entry receptor CD4 and the co-receptors
CXCR4 and CCRS5 allowing them to become infected by HIV (Arakelyan et al., 2019).
Furthermore, many MNP subsets express binding C-type lectin receptors, this allows these
cells to take up virions into intracellular compartments (Turville et al., 2003) through the
mechanisms described in Section 1.1.4.1. Many MNPs act as ‘trojan horses’ and pass HIV
virions to nearby CD4" T cells or carry the virus to naive CD4" T cells in lymph nodes for viral
transfer, thus making MNPs of critical importance in HIV cell to cell transmission (Rhodes et
al., 2019). The literature traditionally classified macrophages, monocytes, DCs and LCs based
on their function, location and phenotype (Guilliams ef al., 2014). However, the increasing
availability of transcriptomic analysis has resulted in the controversial reclassification of some

subsets and updated nomenclature, resulting in multiple names for the same MNP; this is
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further complicated by subsets that possess features associated with multiple cell types (Rhodes
et al., 2019). A summary of the major MNP subsets previously defined by the host lab and
others is provided in Table 1.1. and those of importance to this thesis are reviewed in Section

1.6.1-1.6.3.

1.6.1. Langerhans Cells

Langerhans cells are a population of cells with the capacity for self-renewal that reside in the
epidermis of type II mucosal surfaces and the skin (Kanitakis e al., 2011). LCs are primarily
characterised by the expression of Langerin and CD1a as well as the presence of unique ‘tennis
racket’ shaped granules termed Birbeck granules (Bigley et al., 2015). LCs express TLR-1
through to 6 and 10; LCs also produce higher amounts of CXCL10 and IL-8 than DCs, however
produce low levels of IL-10, IL-6 and IL-1PB (Haniffa et al., 2012, Flacher et al., 2006). LCs
are traditionally considered to be a highly immunogenic APC, with the capacity to stimulate
CD4" Tul and Tu2 cells (Furio et al., 2010), as well as Tu subsets involved in mucosal
immunity: Th22 (Fujita et al., 2009) and Tnl7 (Mathers et al., 2009). However, they also
display some tolerogenic properties, notably the ability to stimulate CD4" Trec cells (Seneschal

etal.,2012).

The classification of LCs is controversial: The function of LCs closely resembles DCs as they
uptake antigen, migrate from the epidermis of peripheral tissue to lymph nodes, and present
the antigen to naive T cells. However, LCs ontogeny resembles macrophages more so than
DCs as they share a common precursor and both LCs and macrophages are self-renewing
(Guilliams et al., 2016, Mass et al., 2016). Furthermore, early in vitro studies demonstrated
that monocytes stimulated with granulocyte-macrophage colony-stimulating factor (GM-CSF)
and TGF-P could develop into cells that partly resemble LCs through the expression of langerin

(Geissmann et al., 1998), However, by transcriptomics, they resemble monocyte-derived DCs
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more closely than LCs (Bertram et al., 2019). It was later shown that the same was true for
certain subsets of DCs (Milne ef al., 2015, Martinez-Cingolani et al., 2014). While residing
within the epidermis, LC dendrites can extend between the tight junctions formed by
keratinocytes, allowing them to process and sample antigens without disrupting the integrity
of the barrier formed by the keratinocytes (Ouchi ef al., 2011). It has also been demonstrated
that epidermal LCs express the HSV entry receptors HVEM and nectin-1, allowing for uptake

and infection by a pH-dependent endocytic pathway (Bertram et al., 2021).

1.6.2. Tissue Residing Conventional Dendritic Cells 1

Conventional dendritic cells 1 (cDC1) cells are characterised by low/no expression of CDlc,
CDllc, CDI11b, CD14, CCRS5, and Signal Regulatory Protein (SIRP)a, moderate expression
of XCR1, C-Type Lectin Domain Containing (Clec)9A and Cell Adhesion Molecule (CADM)1
and high expression of CD141 (Watchmaker et al., 2014, Haniffa et al., 2012). cDCls have
been identified in blood and both peripheral and lymphoid tissues, all originating from similar
precursor cells; within type I and II mucosal surfaces as well as skin, cDCls reside in the
underlying submucosa (Haniffa et al., 2012). cDCl1s express a limited TLR profile compared
to conventional dendritic cells 2, however, they express TLR-7, TLR-9 and high amounts of
TLR-3 (Pigni et al., 2018). Compared to other dermis residing DC subsets, cDC1s have an
increased ability to cross-present antigens to CD8" T cells, which is enhanced upon TLR-3
stimulation (Haniffa et al., 2012). Tissue cDCls produce little to no IL-1, IL-6, IL-8, IL-10,
IL-12, and IL-23, however, produce high levels of CXCL10 and TNF-a upon stimulation
(Haniffa et al., 2012). The isolation and identification of cDCls from tissue is challenging as
many of the markers used for there definition: CD141, CADMI1 and CD1Ic, are expressed by

conventional dendritic cells 2 during migration from tissue (Botting et al., 2017).

50



Chapter 1

1.6.3. Tissue Residing Conventional Dendritic Cells 2

Conventional dendritic cells 2 (cDC2s) located in tissue typically express more C-type lectin
receptors than those located in the blood and are 10 times more frequent than ¢cDCls; they also
show a more activated phenotype including increased expression of maturation markers,
notably CD80, CD86, and CD83 (Haniffa et al., 2012, Watchmaker et al., 2014). Tissue cDC2s
are defined by their expression of SIRPa, CDI1c, and CD11c as well as an absence of Dendritic
Cell-Specific Intercellular Adhesion Molecule 3 Grabbing Non-integrin (DC-SIGN). This
demonstrates that DC-SIGN is not universally expressed by DCs as once thought (Harman et
al., 2013a, Schlitzer et al., 2013). cDC2s can express Langerin but are differentiated from LCs
that are migrating through the dermis by expression of CD11c and CD11b as well as an absence
of Birbeck granules (De Monte et al., 2016, Harman et al., 2013a). cDC2s express TLR-1
through to 9 and can produce a wide range of cytokines, notably IL-6, IL-8, IL-23, TNF-a, IL-
1B and CXCL-10 (Lundberg et al., 2013, Harman et al., 2013a). Within the intestine, cDC2s
stimulate a strong CD4" Tul7 response, while the presentation of antigen by MHC-II induces

a strong Tru response (Eisenbarth, 2019, Watchmaker et al., 2014).

1.6.3.1. Epidermal Langerin* CD11c* ¢DC2s
Until recently, LCs have been the only MNP described in the epidermis of healthy tissue (Nasr

et al., 2014) however it has been demonstrated that the traditional methods employed to isolate
MNPs from tissue, enzymatic digestion with trypsin, cleaves key MNP surface markers
(Yoshida et al., 2014). A recent study employing collagenase digestion reported the presence
of three new MNP subsets residing in the healthy epidermis that had unique phenotypes and
transcriptional profiles that resembled dermal ¢cDC2s (Bertram et al., 2019). Of significant
interest, was an epidermal MNP subset characterised by low Langerin expression which is not
traditionally thought to be a ¢cDC2 marker, and high CD11c expression termed Epi-DCs; as a

result of their high expression of CCRS they are more efficient at acquiring and transferring
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HIV to CD4" T cells (Bertram et al., 2019). Furthermore, a recent study published by the host
lab demonstrated that Epi-DCs can support higher levels of HSV1 infection compared to LCs
or keratinocytes, despite similar levels of viral uptake and expressing similar HSV entry
receptors (Bertram et al., 2021). Unlike LCs, HSV entry into Epi-DCs is pH-independent,
contrasting with entry into LCs, likely contributing to enhanced infection by HSV. However
Epi-DCs likely follow the same apoptosis and dermal migration processes seen in LCs
(Bertram et al., 2021). Further investigation is required to understand the functional differences
between Epi-DCs and both LCs and Langerin™ ¢cDC2s, especially in relation to the stimulation

of T cells.

1.6.4. Tissue Residing Conventional Dendritic Cells 3

Also recently, unbiased high-dimensional transcriptomic and proteomics demonstrated the
existence of a pro-inflammatory, cDC2 like, MNP population that express CD163, CD14,
CDlc, CDI11b and CD64 termed conventional dendritic cells 3 (cDC3) (Girard et al., 2020).
Expansion of cDC3 populations is believed to correlate with an increased risk of acquiring an
autoimmune disease as demonstrated by studies on patients with systemic lupus erythematosus
(Villani et al., 2017). cDC3 maturation is driven by IFN secretion and relative to cDC2s they
express less CD86 and higher levels of Glucocorticoid-induced tumour necrosis factor receptor
family-related protein ligand (GITRL) (Girard ef al., 2020). Similar to cDC2s, cDC3s stimulate
a strong CD4" Tu17 and Tn2 immune response (Dutertre et al., 2019) and an in vitro and in vivo
study has demonstrated that they are potent activators of CD8'CD103"CD69" TRM cells
(Bourdely et al., 2020). Some of the current literature and discussion among researchers
supports claims that the newly discovered cDC3s are actually a previously described pDC
population that expresses Sialic Acid-Binding Immunoglobulin-Type Lectin (SIGLEC)-1 and

Axl, often termed ASDCs (Villani et al., 2017, Wilhelm et al., 2016, Gerl, 2020). Finally, it
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remains to be determined if the before mentioned Epi-DCs are derived from dermal ¢cDC3s

rather than dermal cDC2s, Investigations into this by the host lab are currently underway.

Table 1.1. Summary of significant tissue residing MNPs

MNP Population  Markers TLRs Secretion

LCs Birbeck granules CD1c 1-3 IL-8 CXCL10
HLA-DR EpCAM 6
Langerin E-Cadherin 10

cDC1s HLA-DR XCR1 7 CXCL10 TNF-a
CD141 CADM1 9
Clec9a CD103- (intestine) 3

Langerin'cDC2s HLA-DR CD11c 1-9 IL-6 TNF-a
CD1a CD1c IL-8 IL-18
SIRPa CD103-(intestine) CXCL- IL-23

Langerin* cDC2s CD11b Langerin*" 10

cDC3s CD163 CD1c Not Not defined
CD14 CD11b define  however is pro-
CD64 d inflammatory

CD1c* MDDCs DC-SIGN CD11c 1-9 IL-13 IL-8
CD141- CD11b IL-10 IL-6
(activated) CX3CR1
CD14 CD1c*"
CD86 CD80

CD1c"MDMs CD163 SIRPa

Macrophages Auto-fluorescent CD64 Not IL-1 TNFa
FXllla SIRPa define IL-6 IL-23
CD14 DC-SIGN d IL-10

Inflammatory CD1a CD36 1-9 TNFa IL-12

Dendritic CD11c CD32 IL-6 IL-18

Epidermal Cells FceR1 CD11b IL-23

(IDEC) HLA-DR

1.7. HIV and HSV Coinfection in the Context of MNPs and T Lymphocytes

As mentioned previously, prior HSV2 infection increases the risk of HIV acquisition by as an

average of 3-fold, and if the HSV2 infection was recent this increases to as much as a 5-fold

increase (Reynolds ef al., 2003, Looker et al., 2017). It is hypothesised that this occurs as a

result of inflammation and ulceration of the anogenital mucosa (Passmore et al., 2016). It has

also been shown that in sub-Saharan Africa over 50% of HIV infections in women, and 37%

globally are associated with prior HSV2 infection (Looker et al., 2017, Masese et al., 2015). It
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is also well established that herpetic lesions shed HIV virions during coinfection (Augenbraun
et al., 1995). As such, understanding the association between prior HSV infection and HIV
acquisition is a priority for HIV researchers as it may lead to approaches that reduce the

transmission of HIV and negate the effects of prior HSV infection.

1.7.1. Mechanisms of Increased HIV Acquisition During HSV-HIV Coinfection

The mechanisms by which HSV2 enhances HIV transmission is complex and not completely
defined. The genital ulcers formed by HSV2 in the epidermis disrupt the stratum corneum,
providing easier entry into the epidermis (Abu-Raddad et al., 2008). Furthermore, phenotyping
of the inflammatory infiltrate in type II mucosa demonstrated that activated CD4" T cells and
macrophages accumulate at the base of herpetic lesions and persist even after recovery,
increasing the number of HIV target cells in the epidermis (Cunningham et al., 1985). A study
examining HIV replication in cellular infiltrate isolated from biopsied HSV2 lesions showed
significant populations of CD8" and CD4" T cells as well as myeloid DCs; the isolated CD4" T
cells had enriched expression of CCRS5 and showed increased integrated HIV DNA (Zhu et al.,
2009). These cells are highly persistent, and HSV2 infection likely facilitates both HIV
replication and infection in the anogenital mucosa (Zhu et al., 2009). As most CD4" T cells are
in the dermis and HSV lesions are confined to the epidermis, it is hypothesised that coinfection
or adjacent infection of Epi-DCs or LCs provide a route for HIV to reach the dermis to infect

CD4" T cells during coinfection (Marsden ef al., 2015, Nasr et al., 2014).

While it is well established that LCs residing in type II mucosa are major targets for HIV or
HSV infection the viruses have different, potentially converging, interactions with CD4" T
cells and DCs (Nasr et al., 2014). HSV infection results in the apoptosis of many DC
populations for uptake and presentation to T cells by bystander DCs as HSV antigen (Kim et

al., 2015, Bosnjak et al., 2005). However, HIV employs DCs as trojan horses facilitating its
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transfer to CD4" T cells resulting in explosive replication (Nasr ez al., 2014). It is hypothesised
that due to the persistent inflammatory environment associated with HSV infection there is also
an increase in the number of CD4" TRM cells in the dermis to control recurrent lesion
formation (O’Neil ef al., 2021). SIV infected macaques demonstrate that there are both resting
and activated CD4" T memory cells in the dermis/submucosa, however while the majority of
activated cells migrate to the lymph nodes the resting cells may become latently infected (Van
der Sluis et al., 2020). Thus, as HSV infection may increase the number of CD4" TRM cells,
even in through asymptomatic viral shedding, it can assist the HIV latent reservoir in becoming
established even in the absence of the characteristic lesions associated with infection (O’Neil
et al., 2021). Finally, a study has demonstrated that DCs exposed to HSV secrete cytokines
with potent HIV latency reversal properties, exacerbating disease progression (Marsden ef al.,

2015).

It has also been demonstrated that antiretroviral drugs taken as part of HIV pre-exposure
prophylaxis (PrEP), notably topically applied tenofovir gel, have efficacies dependent on
inflammation: 75% of women with minimal to no vaginal inflammation applying tenofovir gel
were protected against HIV (McKinnon et al., 2018). However, those with moderate to severe
inflammation experienced no protection. Since genital herpes caused by both HSV1 and HSV?2
is associated with significant inflammation (O’Neil ez al., 2021), it probable that HSV infection

reduces the efficacy of certain antiretroviral drugs taken as part of PrEP.

1.8. Aims and Hypothesis
The host lab has previously studied how HSV is transported within LCs to dermal DCs to form

distinct clusters (Kim et al., 2015) which has lead us to hypothesise that HIV may also travel
along the same route, by either coinfection or adjacent infection of activated epidermal

DCs/LCs that are migrating to the dermis due to the presence of HSV. We have also shown
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that upon HSV infection, MDDCs and LCs produce TNFa, which upregulates expression of
the HIV infection coreceptor CCRS enhancing the establishment of epidermal HIV in local
LCs (Marsden ef al., 2015), and possibly epi-DCs. However, there is still a significant gap in
the literature surrounding the migration after viral uptake and subsequent cell interactions that
take place during HSV-HIV coinfection, and those that take place in HSV infection that create
an environment conducive for later HIV infection. As such, this thesis had two key aims:
1. To identify changes HSV infection induces in type II mucosa that have the potential to
increase the acquisition of HIV upon exposure.
2. To design an optimised HSV2-HIV coinfection explant model utilising tissue taken
from the anogenital tract that can be used to address some of the most significant

questions in the HSV2-HIV coinfection field.

In order to address aim 1, we employed a HSV1 explant infection model that has previously
been optimised by the host lab that utilises inner foreskin specimens donated by patients of
surgeons in the Western Sydney and Blue Mountains Local Health Districts after
circumcisions. To address aim 2, we took the principles of the HSV1 foreskin explant model,
adapted it to vaginal tissue in addition to foreskin tissue, and shifted from the use of HSV1 to
HSV2 to ultimately design an optimised novel HSV2- HIV coinfection explant model to
accurately simulate the events that occur during coinfection at the anogenital mucosa. Both the
HSV1 and the HSV2-HIV coinfection explant model use High Density Microarray Patches
designed by Vaxxas for intraepidermal dermal vaccine delivery, allowing us to simulate the
microtrauma that occurs during sexual intercourse that contributes to HSV/HIV infection. Both
HSV and HIV were visualised by highly sensitive DNAscope or RNAscope respectively while
the distribution of cells was visualised and quantified by rounds of cyclic immunofluorescence.
Cyclic immunofluorescence allows us to generate images that circumvent many of the

traditional limitations that immunofluorescence panels face. The increased understanding of
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the role prior HSV infection plays in HIV acquisition by MNPs and CD4" T cells ascertained
by the execution of the methodology detailed in this thesis, is hoped to contribute to curative

approaches and vaccine design against HIV.
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2.1. General Solutions and Comments

All filter sterilisations were performed with 0.22 um filters (Merck Millipore; Darmstadt,
Germany). All plasticware was supplied by Corning (CA, USA), Greiner Bio-One

(Kremsmunster, Austria) or Eppendorf (Hamburg, Germany) unless otherwise specified.

2.1.1. Human Antibody Serum

Human Ab (hAb) serum was heat-inactivated at 56 °C for 30 minutes, followed by storage at -

20 °C until use. Before use, hAb serum was filter sterilised.

2.1.2. Foetal Bovine Serum

Foetal bovine serum (FBS; Sigma-Aldrich; MO, USA) was filter sterilised and stored at 4 °C

until use.

2.1.3. Blocking Solution

Unless otherwise specified, microscopy blocking steps were completed with 1% bovine serum
albumin (BSA; w/v; Sigma-Aldrich), 0.1% saponin (w/v; Sigma-Aldrich) and 10% donkey

serum (v/v; Sigma-Aldrich) in tris buffered saline (TBS; Sigma-Aldrich).

2.1.4. Cyclic Immunofluorescence Photobleaching Solution

Photobleaching of microscopy sections was completed with 5% hydrogen peroxide (Advanced

Cell Diagnostics; ACD; CA, USA) and 20 mM sodium hydroxide (Sigma-Aldrich) in TBS.

2.1.5. High-Density Microarray Patch Coating Solution

High-density microarray patch coating solution used as a wetting agent during HSV1/2
infection by intraepidermal injection with Vaxxas High-Density Microarray Patches was
prepared as 50% sucrose (w/v; Sigma-Aldrich) and 0.05% poloxamer188 (v/v; Sigma-Aldrich)
dissolved in Milli-Q water.
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2.1.6. Cell/Tissue Culture Media
Continuous cell lines were cultured in Dulbecco’s Modified Eagle Medium (DMEM) which

contains glucose (4.5 g/L) and L-glutamine (4 mM), supplied by Lonza (Basel, Switzerland),

and was supplemented with 10% (v/v) FBS, referred to as DMEM10.

Tissue explants were cultured in DC culture medium (DCM): Roswell Park Memorial Institute
(RPMI) containing L-glutamine (Lonza), supplemented with 10 uM HEPES (Gibco; MA,
USA), 1 x non-essential amino acids (Gibco), 10 pg/mL gentamicin (Gibco), 50 uM 2-

mercaptoethanol (Gibco), | mM sodium pyruvate (Gibco), and 10% (v/v) FBS.

Transformed bacteria were cultured in Luria-Bertani (LB) broth (Sigma-Aldrich)

supplemented with 100 pg/mL of ampicillin (Sigma-Aldrich).

2.1.7. Cell Lines

HEK293T cells, a transfectable human embryonic kidney immortal cell line, were cultured in
150 cm? flasks with DMEM10 and passaged when the cells reached 80% confluency

(approximately every two days).

Vero cells, an immortal cell line derived from monkey epithelial kidney cells, were cultured in
150 cm? flasks with DMEMI10 and passaged when the cell reached 80% confluency

(approximately every three days).

TZMbl cells (NID AIDs Research and Reference Reagent Program), a HeLa cell derivative
used as a HIV infection reporter cell line, were cultured in 75 or 150 cm? flasks with DMEM10

and passaged when they reached 80% confluency (approximately every three days).

Stbl. 2 E. coli (Invitrogen; CA, USA) cells, a high-transformation competent clone, were

cultured in either LB broth or agar supplemented with ampicillin.
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2.2. Experimental Rationale

Prior work performed by the host lab involving HSV1 infection of donated inner foreskin
specimens has led to the optimisation of an explant model in which tissue is infected by the
injection of the virus past the stratum corneum and into the mid-epidermis by application of
High-Density Microarray Patches coated with virus (Rana et al., 2024). After culture in DCM,
at 24 hours post infection (hpi), tissue was removed from culture and snap-frozen for
cryosectioning. Immunofluorescent microscopy and RNAscope amplification were used to
visualise HSV1 interactions with immune cells. In some cases, culture supernatants were
retained to assess the inflammatory cytokine-chemokine environment by the LEGENDplex
assay. The principles underlying the HSV 1 infection explant model were adapted in this project
to design a new model utilising vaginal and inner foreskin tissues to visualise and assess virus-
cell interactions during HSV2-HIV coinfection. The concentration of HIV to be added, method
of HIV infection following HSV-2 infection, and duration of culture post HIV inoculation

required optimisation prior to the successful use of the coinfection model.

2.3. Preparation of Viral Stocks

2.3.1. Growth of HIV Stock
Frozen glycerol stocks of Stbl. 2 E. coli transformed to contain the HIVBa plasmid (pBal; NIH

AIDS Research and Reference Reagent Program) were thawed and spiked into LB broth starter
cultures supplemented with ampicillin and incubated at 250 revolutions per minute (rpm) at 37
°C for 16 hours. pBal presence was confirmed by 1) isolation of plasmid DNA by the PureYield
Plasmid Miniprep System (Promega; WI, USA), 2) enzymatic digestion with EcoRI-HF and
KnpI-HF (New England Biolabs; NEB; MA, USA) using the CutSmart Buffer system (NEB),
and 3) visualised by gel electrophoresis. Maxicultures were spiked at a ratio of 1:100 (starter
culture: LB broth supplemented with ampicillin) and incubated as above. Transfection grade

pBal was collected using the NucleoBond Xtra Maxi kit (Macherey-Nagel; Duren, Germany)
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and concentration and purity were assessed by nanodrop (Victor X3 203 Multi-Label Reader;

PerkinElmer; MA, USA).

HEK293T cells were cultured in 150 cm? flasks in DMEM10 at eight million cells per 20 mL
for transfection. Once the cells reached a confluence of 60-70% the media was changed to 15
mL of DMEM supplemented with 2% FBS. 1 mL of transfection solution A: 1 mL HEPES
buffered saline (HBS; Lonza) and 10 uL. 150 mM Na2HPOs4, and 1 mL of transfection solution
B: 50 pg of plasmid DNA and 128 pL 2M CaClz (Sigma-Aldrich) were brought to 1 mL with
10% TE buffer (ThermoFisher Scientific; MA, USA) were prepared per flask. Solutions A and
B were combined just before transfection and the resulting 2 mL solution was added to each
flask and incubated at 37 °C for 18 hours, after which the media was replaced with 13 mL of
fresh DMEM supplemented with 2% FBS. The virus-containing media (VCM) was collected,
replaced with fresh media everyday for 5 days and concentrated in 300 kDa molecular cut-off
filters (Vivaspin 20; Sartorius; Gottingen, Germany) by centrifugation at 3000 xg. The
concentrated virus was pelleted by ultracentrifugation (Beckman Optima XL-100 K
Ultracentrifuge) for 2 hours at 28 000 rpm and resuspended in 100 puL of PBS, left at 4 °C to
solubilise overnight, and then aliquoted and frozen at -80 °C. Infectivity was assessed with the
HIV infection reporter TZMbl cell line to determine the 50% tissue culture infectious dose
(TCID50). the virus titre was confirmed in primary cells by titration with activated CD4" T

cells. The calculated TCID50 was 1077 per mL.

2.3.2. Growth of HSV1-GFP and HSV2 Stocks

Vero cells in 850 cm? roller bottles were cultured in DMEM10 at twenty million cells per 200
mL for infection. Once the cells reached an 80% confluency, 20 mL of DMEM supplemented
with 2% FBS, 1% penicillin, and HSV at a multiplicity of infection (MOI) of 0.001 was added

and gently rocked over the cell monolayer for 1 hour at 37 °C. The roller bottles were then
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topped up to 200 mL with the above DMEM solution and incubated at 37 °C until 90-100% of
the cells exhibited cytopathic effects (approximately three days). Cells were scraped into the
VCM and collected in falcon tubes, centrifuged at 4000 rpm for 10 minutes, and resuspended
in 0.5 mL of the VCM. The remainder of the VCM was retained for ultracentrifugation at 12
000 rpm for 2 hours, aliquoted, and frozen at -80 °C. The virus associated cells were sonicated
(Branson 450 Digital Sonifier; Marshall Scientific; NH, USA) in four cycles of 60 second
bursts at maximum power, with 30 second rests and centrifuged at 875 xg for 10 minutes, and
the resulting supernatant was aliquoted and frozen at -80 °C. The titre of HSV1 bound to Green
fluorescent protein (GFP) and HSV2 cell-associated virus and the concentrated VCM was
obtained by a crystal violet plaque assay using Vero cells and were calculated to be 1.03 x 10°
plaque forming units (PFU)/mL for HSV1 strain F with GFP tagged at US9 (HSV1-GFP), and

2.83 x 108 PFU/mL for HSV?2 strain 186.

2.4. Preparation of Anogenital Tissue Explants and Microscopy Slides

The host lab has collaborations with surgeons operating at hospitals and private practices within
the Western Sydney Local Health District (WSLHD) and Nepean Blue Mountains Local Health
District providing us with mucosal tissues of the anogenital tract, particularly vaginal mucosa
and inner foreskin, which being common sites of HSV1/2 and HIV infection, are the focus of
this thesis. The use of this tissue was approved by the WSLHD Human Research Ethics

Committee (HREC), with reference number (4192) AU RED HREC/15 WMEAD/11.

2.4.1. Preparation of Tissue Explants and Infection by HSV
Vagina and inner foreskin specimens were infected with HSV1-GFP or HSV2 by

intraepidermal application via proprietary 9 x 9 mm silicon magnetic micropatches known as
High-Density Microarray Patches (HD-MAPs) generously donated by Vaxxas (QLD,

Australia; Figure 2.1a-b). HD-MAP Coating Solution (Section 2.1.5) was spiked with 10®
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PFU/mL of HSV1-GFP or HSV2 and was prepared at a total volume of 1 mL within a 12-well
plate. HD-MAPs were dipped 10-20 times in the coating solution using forceps to allow the
solution to soak up between the microneedles. The addition of Poloxamer188 and Sucrose
Solution reduced the surface tension of the coating solution, increasing the amount of virus-
containing solution coating the HD-MAP. Using a mechanical applicator supplied by Vaxxas
(Figure 2.1¢), soaked HD-MAPs were magnetically transferred, and ejected onto the taut tissue
specimen. The HD-MAPs remained attached to the tissue for 1 minute while a scalpel was used
to cut around HD-MAP treated tissue. Following this, HD-MAPs were removed, and the tissue
was cut into anywhere from 1 to 4 equal segments and placed in a twenty-four-well plate with
300 pL of DCM resting on 1 cm x 1 cm gelfoam sponges (Pfizer; Sydney, Australia) pre-
soaked in DCM with the epidermis of the tissue facing up and the dermis making contact with
the gelfoam. After being left in culture for 18-24 hours, tissue could either be infected with
HIV for co-infection optimisations or placed in optimal cutting temperature compound (OCT;
SciGen Pte. Ltd; Singapore), snap-frozen in isopentane that was pre-cooled in liquid nitrogen,
and stored at -80 °C until cryosectioned or, if paraffin embedded, fixed in 4%
paraformaldehyde (PFA; Electron Microscopy Sciences; PA, USA). In some experiments, the
culture supernatants of explants were retained and stored at -80 °C for interrogation by

LEGENDplex.

2.4.2. Infection of Explants by HIV

Following the application of Vaxxas HD-MAPs coated in mock (coating solution without
virus) or HSV2 coating solution, vaginal and foreskin explants were infected with HIV. The
method of virus application, the concentration of HIV used (measured by TCID50), and the
collection time post-HIV infection were optimised. At 18 after application of a HD-MAP, HIV
was either topically applied to the epidermis by a paintbrush, or pipetted onto the surface within

6 mm cloning cylinders (Sigma-Aldrich) adhered to the epidermis of the explant via the use of
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surgical glue (B.Braun; Melsungen, Germany; Figure 2.1d). Application by paint brush
involved dipping the brush in a single well of a 96 well plate containing 60 pL of RPMI with
a known TCID50 of HIV, and painting the explant until no RPMI remained in the well. Cloning
cylinder application involved pipetting the 60 pL of HIV-containing RPMI directly into the
cloning cylinder following its adherence to the tissue. Concentrations of 7 000 and 70 000
TCID50 per 60 uL were tested as advised by previous work with anogenital mucosa infection
performed by the host lab. Following HIV infection, explants were collected at either 2, 12, 24,

36, or 48 hpi and fixed for 24 hours in 4% PFA followed by freezing in OCT or paraffin

embedding.

10 kV x 400 5 ; / >~ -

Figure 2.1. Key equipment used during explant preparation. To infect explants with HSV
and puncture the epidermis of anogenital tissue, HD-MAPs supplied by Vaxxas, typically used
for intradermal vaccine delivery, were used. (a & b) HD-MAPs contain 10K silicon
microneedles 250 + 50 um in length, with a width of 40 = 5 ym and 100 um between needles.
(¢) The HD-MAPs were magnetic and could be applied with an applicator that utilised a spring-
loaded release to embed the HD-MAP into the explant. (d) For HIV infection, after the
epithelium had been punctured with an HD-MAP, 6 mm cloning cylinders were glued to the
surface of the explant for topical administration of HIV or (not pictured) administered by

painting HIV onto the epidermis. (a & b) Images were supplied by Griffin ef al. (2017).
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2.4.3. Microscopy Slide Preparation and Selection
Frozen samples were cryosectioned at 7 um using a CryoStar Nx70 or HM-505E Cryostat,

while PFA fixed paraffin embedded (FFPE) blocks were sectioned at 4 um with a microtome
provided by the Histology Core Facility at the Westmead Research Hub (WRH). A light
microscope with high contrast was used to check the quality and transverse orientation (cross-
section of epidermis and underlying dermis) of the sections prior to storage at -80 °C (OCT
frozen) or RT (FFPE) until immunofluorescent microscopy and RNAscope were performed.
Before staining, FFPE slides were baked for approximately 1 hour at 60 °C, then dewaxed and
rehydrated by immersion in Xylene followed by 100% ethanol three times. The first immersion

was 2 minutes while the 2 following immersions were 1 minute each.

2.5. Immunofluorescence Microscopy Staining

Note: All washes were performed in TBS for 2.5 minutes at 70 rpm on an orbital shaker unless

otherwise stated.

Frozen slides selected for immunofluorescent microscopy were washed twice in TBS to
remove OCT. Sections were then dried and encircled with a hydrophobic DAKO fixation pen
(Aligent Dako; CA, USA) followed by fixation with 2% PFA for 20 minutes in the dark at
room temperature and washed twice. For FFPE sections, slides underwent antigen retrieval in
a Decloaking Chamber immersed in RNAscope Target Retrieval buffer at 95 °C for 20 minutes
and cooled indirectly with running water. Sections were then dried and encircled with a
hydrophobic DAKO fixation pen. All sections were blocked with Blocking Solution (Section
2.1.3) for 30 minutes, followed by staining with the primary antibodies from Table 2.1. & 2.2.
as specified in figure legends for 1 hour at 37 °C or overnight at 4 °C in the dark. Sections were
washed twice and stained with secondary antibodies (Table 2.1. & 2.2) for 30 minutes in the
dark at room temperature followed by another two washes. When primary fluorophore-
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conjugated antibodies were also used, a second identical fixation step was performed followed
by incubation of the slides with the conjugated antibodies for 1 hour at 37 °C. Nuclear staining
of cells was performed with DAPI for 3 minutes at room temperature in the dark. Following
another two washes with TBS, autofluorescence within the tissue was quenched by a precise
1.5-minute incubation at room temperature with reagents supplied in the TrueView
Autofluorescence Quenching Kit (Vector Labs; Ca, USA). Sections were washed twice with
TBS and once with Milli-Q water as described above and allowed to air dry before
coverslipping using Slowfade Gold Antifade Reagent Without DAPI (Invitrogen; MA, USA).
Slides were sealed before imaging with nail polish only if no further rounds of
immunofluorescence or RNAscope staining was required. Imaging was performed using the
VS120 Virtual Slide Microscope (Olympus; Tokyo, Japan) at 20x magnification and the

generated images were acquired using version 2.9 of VS-Desktop (Olympus).

In the case of multiple rounds of immunofluorescence staining (cyclic immunofluorescence)
or RNAscope, slides were not sealed with nail polish and were washed in TBS for 30 minutes
to remove the coverslips. Mounting media was removed by two washes with TBS as described
above, and the fluorescent signal from previous rounds of staining was bleached by incubation
with Cyclic Immunofluorescence Photobleaching Solution (Section 2.1.4) for 1 hour under a
15W 2700K light bulb (Sansai, Australia). Slides were then washed and immunofluorescent
staining as described above or RNAscope as described in the next section was performed. The

antibodies used and what round they were used in is summarised in Table 2.3.
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Table 2.1. Antibodies used for IF microscopy before Section 4.8.1 re-optimisation

Ligand Species Clone Conjugate Source Dilution
Primary CD3 Mouse OKT3 Cy3 Sigma Aldrich  1:100
antibody Langerin Goat Polyclonal - R&D Systems 1:100
CD4 Rabbit EPR6855 - Abcam 1:100
CD11c Mouse 3.9 - Invitrogen 1:50
Secondary Mouse IgG Donkey  Polyclonal AF647 Invitrogen 1:400
antibody Rabbit IgG Donkey  Polyclonal Dylight755 Invitrogen 1:400
Goat IgG Donkey Polyclonal AF488 Invitrogen 1:400

Table 2.2. Antibodies used for IF microscopy after Section 4.8.1. re-optimisation

Ligand Species  Clone Conjugate Source Dilution
Primary CD3 Rabbit Polyclonal Cy3 Dako 1:20
antibody Langerin Goat Polyclonal - R&D Systems 1:50
CD4 Rabbit EPR6855 - Abcam 1:50
CD11c Rabbit EP1347Y AF647 Abcam 1:20
Secondary RabbitlgG Donkey Polyclonal Dylight755 Invitrogen 1:200
antibody Goat IgG Donkey  Polyclonal Dylight755 Invitrogen 1:400
Table 2.3. Summary of employed cyclic IF panel
Panel before re-optimisation of IF panel (Section 4.8.1)
Channel Cycle1 Cycle 2
DAPI DAPI DAPI
FITC - Goat anti-Langerin (primary)
Donkey anti-goat IgG AF488 (secondary)
TRITC Mouse anti-CD3 Cy3 (conjugated) HSV1/2 DNA FastRed
Cy5 Mouse anti-CD11c (primary) -
Donkey anti-Mouse IgG AF647 (secondary)
Cy7 Rabbit anti-CD4 (primary) -

Donkey anti-Rabbit IgG Dylight755
(secondary)

Panel after re-optimisation of IF panel (Section 4.8.1.)

Channel Cycle 1 Cycle 2

DAPI DAPI DAPI

FITC - HIV RNA Tyramide FITC

TRITC Rabbit anti-CD3 Cy3 (conjugated) HSV-2 DNA RNAscope FastRed
Cyb5 Rabbit anti-CD11c AF647 (conjugated) -

Cy7 Rabbit anti-CD4 (primary) Goat anti-Langerin (primary)

Donkey anti-rabbit-Dylight755 (secondary)

Donkey anti-goat Dylight755 (secondary)
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2.6. HSV1/2 and HIV RNAscope

In order to visualise viral DNA/RNA in a tissue infected with a single virus, the RNAscope 2.5
HD Manual Assay — RED kit (ACDBi0) was utilised with ACDBio supplied probes specific
to HSV1 DNA (Gene Target: UL30/GU734771.1; Base Pairs: 63215-64488; Catalogue
Number: 498861), HSV2 DNA (Gene Target: UL29; Base Pairs: 1180-2758; Catalogue
Number: 440121), and a probe specific to HIVea RNA (Gene Target: HIV-Bal; Base Pairs:
1144-8431; Catalogue Number: 486631) following a host lab optimised version of the
manufacturer's protocol for fluorescent (rather than chromogenic) staining. Similarly, to
visualise viral DNA/RNA in tissue coinfected with HSV2 and HIV, the RNAscope 2.5 HD
Duplex Assay kit (ACDBio) was employed with the previously described probes following an

optimised version of the protocol supplied by the manufacturer for fluorescent staining.

2.6.1. Visualisation of Either HSV1/2 or HIV
Note: All washes were performed in 0.5x RNAscope Wash Buffer (ACDBio) for 2 minutes at

room temperature at 70 rpm unless otherwise stated.

Endogenous enzymes within sections were blocked by incubation with BLOXALL (Vector
Laboratories) for 10 minutes at room temperature. Following two washes with TBS for 2.5
minutes each, sections were incubated with Protease Plus (ACDBIi0) at a 1:5 dilution in TBS
for 20 minutes at 40 °C using a HybEZ hybridisation oven (220 VAC;ACDBi0) and washed
twice with Milli-Q water for 2.5 minutes. Prewarmed probes specific for HSV1 or HSV2 DNA
or HIV RNA or positive control (targeting the housekeeping gene PPIB) or negative control
(targeting bacterial gene DAPB) probes were added to sections and incubated for 2 hours at 40
°C followed by two washes. Following this, signal amplification was performed using the
RNAscope 2.5 HD Assay kit — Red amps 1-6, as described in Table 2.4. with two washes after

each incubation step. FastRed solution was prepared by the addition of Red B to A at a B:A
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ratio of 1:60, and 50 pL was added to each section for incubation for precisely 1.5 minutes at
room temperature in the dark. Sections were washed once with TBS and twice with Milli-Q
water each for 2.5 minutes, followed by coverslipping as described in Section 2.5. or additional
rounds of staining. Imaging was performed with the VS120 Virtual Slide Microscope using

VS-Desktop software.

Table 2.4. Optimised Probe Amplification by RNAscope 2.5 HD Assay - Red
Amp Volume added per Time (Minutes) Temperature (°C)

section (uL)

1 50 30 40
2 75 15 40
3 50 30 40
4 75 15 40
5 75 30 Room Temperature
6 50 15 Room Temperature

2.6.2. Visualisation of HSV2 and HIV Coinfected Tissue

Note: All washes were performed in 0.5x RNAscope Wash Buffer twice for 2 minutes at room

temperature at 70 rpm unless otherwise stated.

Following BLOXALL and Protease Plus treatments as described in the previous section, HSV2
and HIV probes were mixed at a ratio of 1:50 (HSV2:HIV) and added to each section for a 2-
hour incubation at 40 °C followed by 2 washes. Amplification and detection were performed
as described in Table 2.4. and the previous section, however, using reagents from the
RNAscope 2.5 HD Duplex Assay kit to detect both HIV RNA and HSV2 DNA simultaneously
within a single tissue section. HIV RNA probes were amplified by a second round of
amplification at the conditions described in Table 2.5. with washing performed in between the
addition of each amp. HIV RNA signal detection solution was prepared by 1:750 dilution of

Tyramide-FITC with PLUS diluent (Tyramide:PLUS diluent, Akoya Biosciences) and 50 pL
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of the solution was added to each section for a 30 minute incubation at room temperature in
the dark. Sections were washed once with TBS and twice with Milli-Q water each for 2.5
minutes, followed by coverslipping as described previously or additional rounds of

immunofluorescent staining and imaged.

Table 2.5. Optimised Probe Amplification by RNAscope 2.5 HD Duplex Assay

Amp Volume Added (uL) Time (Minutes) Temperature (°C)
75 15 40
75 30 40

75 30 Room Temperature

10 75 15 Room Temperature

2.7. Analysis of Microscopy Images

Fluorescent microscopy images were analysed using VS-Desktop and version 2.0.0 of Fiji
Image]J software (National Institutes of Health; NIH; WI, USA). VS-Desktop was used to
convert microscopy images to high resolution ‘tif’ files for manual counting using Imagel.
Prior to analysis, the image registration function of ImageJ used the DAPI signal from the same
tissue across multiple rounds of staining to merge images of the same tissue and show an

overlay of all fluorescent markers from each round within a single image (Appendix A).

2.7.1. Determining CD3" Lymphocyte and MNP Distribution and Density

In infected sections, sites of HSV/HIV epidermal infection and the underlying dermis were
outlined with rectangular boxes referred to as ‘frames’ and the length of the epidermis of the
largest infection site within the tissue was measured (Figure 2.2a). Regions of tissue
designated as ‘far from infection’ within infected tissue sections were at least this measured
epidermal distance away from any detected virus. For non-infected sections, frames of the
epidermis and underlying dermis were selected at random. The epidermis of frames designated

as healthy or infected were outlined, and a distance map from the basement membrane between
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the epidermis and dermis was applied and used to create an outline of the first 120 pm of the
dermis (Figure 2.2b). The number of CD3" lymphocytes, CD3"CD4*, CD3"CD4", CD3"
CDll1c", and CD11c Langerin® cells within the first 120 um of the dermis of frames taken from
explant sections that were not treated with a HD-MAP (no HD-MAP), explants treated with
HD-MAP without virus (mock HD-MAP), and both sites of infection and far from infection in
HSV infected explants were quantified by manually counting cells in a known area and

converted to density/mm?.

Following this, the dermis and accompanying counts and cell densities were split into three
segments: the first 30 um from the epidermis (Dermis 0-30 pm), the next 30 um of the dermis
(Dermis 30-60 um), and finally the 60 um of the dermis that followed these regions (Dermis
60-120 um; Figure 2.2¢). The first 60 um of the dermis was selected as an area of increased
interest (and hence split into 0-30 um and 30-60 pm) as a previous study has demonstrated that
the CD3" lymphocytes and CD11¢” MNPs preferentially home to this region of the dermis in
healthy skin (Wang et al., 2014). Finally, the distance map function of Fiji (ImageJ) was used
to determine the average distance from the basement membrane of the cell populations of

interest that resided in the first 120 um of the underlying dermis (Figure 2.2d).

2.7.2. Spatial Analysis of CD11¢* MNPs and CD3*CD4" Lymphocytes

The cartesian coordinates of MNPs and lymphocytes were obtained using Fiji during the
manual counting performed in the previous section and exported for use with an R based spatial
analysis software package — Spatstat (v2.3). Using the coordinates, a two-dimensional cartesian
plane consisting of the point patterns of the MNP and lymphocyte populations was generated,
and a matrix of the cross distances was calculated for the two-point patterns (i.e. CD3°CDI11¢"

cells against CD3°CD4" cells etc). Finally, the mean of the cross distances in the resulting
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matrix was calculated and converted from pixels to microns. This provided an effective

measure of the average distance between cells of one population to cells of another population.
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Figure 2.2. ImageJ analysis pipeline for cell distributions and densities in the dermis. (a)
Sites where virus was detected by RNAscope in infected tissue were outlined with rectangular
boxes (white) to generate frames and the length of the epidermis of the largest infection site
was measured (blue). Regions within infected tissue that were designated as ‘far from
infection” were also outlined with rectangles (yellow) and had an epidermal distance from the
nearest infection site (green) that exceeded the length of the epidermis of the largest infection
site. (b) Following the outlining of the epidermis, the dermis was distance mapped and cells of
interest were counted in the first 120 um of the underlying dermis and converted to densities.
(¢) Densities were also determined for different segments of the underlying dermis: Dermis 1-
30 um, Dermis 30-60 um, and Dermis 60-120 um. (d) Finally, distance mapping was used to
determine the average distance of the cells of interest from the basement membrane within the
first 120 pm of the dermis. (a-d) This process was also performed on explants that were not
treated with a HD-MAP, and explants treated with HD-MAP without any virus, however

frames were selected at random.

2.8. LEGENDplex

Supernatants from select foreskin explants were retained and frozen at -80 °C for assessment
of the inflammatory cytokines and chemokines by LEGENDplex. Two LEGENDplex plates
were setup in accordance with the manufacturer’s protocols with reagents supplied as part of
the Proinflammatory Chemokine Assay and LEGENDplex Multiplex Inflammatory Panel 1
kits (BioLegend; USA, CA). 25 puL of Assay Buffer was added to 25 pL of explant supernatant
and added to a 96-well V-bottom plate in duplicate. Similarly, standards were added to separate
control wells and 25 pL of capture bead solution was added to each well and incubated for 2
hours in the dark at room temperature on a shaker. Following this, the solution was aspirated
from the wells, then washed with 200 uL of supplied wash buffer, and 25 uL of detection
antibodies were added to each well followed by a 1 hour incubation as above. 25 uL of
Streptavidin PE was then added to each well and incubated for 30 minutes, followed by a final

two washes with 200 puL of wash buffer and resuspension of the beads on a plate shaker for 1
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minute. The samples were acquired on a BD LSRFortessa using FACSDiva and analysed with
FlowJo. The Flow Cytometry Core Facility at the WRH performed the LEGENDplex assay

and acquisition as a paid service.

2.9. Data Representation and Statistical Analysis

All data in this thesis is reported as mean = standard deviation (SD) unless otherwise specified.
All statistical analyses were completed using GraphPad 10 (version 10.4.2; Prism; USA, CA).
Cells densities and distances within the epidermis were assumed to be parametric and where
single comparisons between two experimental conditions were made paired Student T-tests
were utilised (Figures 3.4, 3.5, and 3.12). Similarly, dermal densities and distributions were
assumed to be parametric, however, to account for uneven sample numbers across experimental
conditions and the need for multiple pair-wise comparisons, Mixed-effects analysis (ANOVA)
with Tukey’s Multiple Comparisons was utilised (Figures 3.7-3.11 panels a & ¢). Finally, to
examine the differences in cell densities at both different depths of the dermis (dermis 0-30
um, dermis 30-60 pm, and dermis 60-120 um) and different experimental conditions (site of
infection and far from infection), Two-way repeated measures ANOVAs were used (Figures

3.7-3.11 panel b).
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3.1. Introduction

To determine how prior HSV1 and HSV2 infection increases HIV acquisition, it is necessary
to examine the immunological changes that occur in the anogenital mucosa during HSV1/2
infection. Epi-DCs were recently identified in the epidermis of human abdominal tissue and
anogenital mucosae, which along with LCs may act as HIV ‘trojan horses’ by using C-type
lectin receptors to take up and traffic the virus to the dermis or lymph nodes for transfer to
CD4" T cells (Bertram et al., 2019, Nasr ef al., 2014). It has also been shown by microscopy
of biopsied HSV1 lesions that LCs carrying virus antigen migrate to the dermis which apoptose
and the fragments are taken up by dermal DCs, which in turn likely emigrate to the lymph node
for antigen presentation (Kim et al., 2015). HSV1 also infects both LCs and Epi-DCs by

different mechanisms of entry and induces apoptosis in both (Bertram et al., 2021).

While the healthy epidermis only hosts two known MNP populations, the dermis contains
many different macrophage and DC populations such as cDCl1s, cDC2s, MDDCs, MDMs, pro-
inflammatory macrophages, and anti-inflammatory macrophages (Rhodes et al., 2021).
Although most studies focus on epithelial MNPs in the context of inflammation such as IDECs,
sub-epithelial cells such as the CD14"CDI1¢” MDDC and Langerin® ¢cDC2 take up HIV at
increased frequencies (Rhodes et al., 2021). This highlights the importance of looking at factors

that impact not just epidermal MNP populations, but also those that reside in the dermis.

Of particular interest, is how HSV1/2 infection alters the distribution of CD4" T cells, the main
target cells of HIV infection and explosive replication (Garg and Blumenthal, 2008). Although
both the dermis and the epidermis are populated with CD4" or CD8" T lymphocytes, their
numbers are low in the epidermis relative to the dermis where they are most frequent in the 60
um closest to the basement membrane (Wang et al., 2014). Understanding the changes in the
distributions and densities of both CD4" T cells and MNPs in the anogenital mucosa due to

HSV1/2 infection is of great importance. Finally, as changes in the secretion of cytokines and
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cellular infiltration inducing chemokines during HSV1/2 infection may alter the risk of HIV
acquisition, this is also an area of interest for investigation. Thus, in this chapter we employ an
inner foreskin explant infection model previously optimised by the host lab to examine the
distributions of T lymphocyte, DC, and LC populations in both the epidermis and dermis in
addition to the cytokine-chemokine environment within the first 24 hours of HSV1 infection
of anogenital mucosa (Figure 3.1.). This explant model was optimised with inner foreskin over
other anogenital tissue types as it is a common site of HSV infection, only contains a thin layer
of keratinisation (the stratum corneum), and also typically has a slightly thinner epidermis than
other type II mucosae, reducing the distance for cells to traffic to the dermis (Ganor and

Bomsel, 2011, Lemos et al., 2014).

3.2. Summary of Key Methodology
GFP expressing HSV1 passaged and titred by the host lab (Section 2.3.2) was administered

intraepidermally into inner foreskin explants through the use of HD-MAPs with the aid of an
optimised coating solution to reduce surface tension (Figure 3.1). HD-MAP treated tissue was
excised out of the specimen and was cut into a maximum of 4 pieces for culturing in DC media,
ensuring that the dermis of the inner foreskin was in contact with a DC media pre-soaked
gelfoam (Section 2.4.1). The inner foreskin explant model has previously been optimised by
the host lab. At 24 hpi the tissue was frozen in OCT for sectioning and the supernatants were
retained for the LEGENDplex assay (Section 2.8). Inmunofluorescent staining and subsequent
imaging were performed on the slides to visualise: CD3, CD4, CDI11c and langerin (Section
2.5). Slides were then photobleached with a sodium hydroxide and hydrogen peroxide solution
under direct light. RNAscope was performed to detect HSV1 DNA (Section 2.6.1) followed

by a second round of immunofluorescent staining to detect Langerin® cells. Immunofluorescent
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microscopy was selected as this allowed us to visualise cell-cell and cell-virus spatial

interactions in situ which flow cytometry cannot do.

Images from different rounds of Cyclic IF were merged based on aligning the DAPI staining
from both rounds by a script written by the host lab that utilises the Registration and Alignment
tools in Fiji (ImageJ; Appendix A). Merged images of the controls, foreskin explants cultured
but not treated with a HD-MAP (no HD-MAP), and explants treated with a HD-MAP coated
with sucrose solution without virus (mock HD-MAP), or the test condition, foreskin explants
coated with HSV1 containing sucrose (HSV1 HD-MAP) were analysed by manually counting
as described in Section 2.7. In brief, ImageJ was used to generate frames of the epidermis and
underlying dermis from no HD-MAP, mock HD-MAP, and HSV1 HD-MAP treated explants.
For images of infected explants, frames were generated at both sites of HSV1 infection (site of
infection) and sites far from any signs of HSV1 (far from infection). Densities and the average
distance of cells in the epidermis, the most superficial 30 um of the dermis (dermis 0-30), the
next 30 pum (dermis 30-60 um), and finally the 60 um of dermis deep to this (dermis 60-120
um) were calculated (Section 2.7.1), and the average cross distance between MNP and
lymphocyte populations was determined by the R statistical package Spatstat (Section 2.7.2).
This depth of the dermis was selected as the focus region as it has been demonstrated that the

immune cells of interest preferentially home to this region of the dermis (Wang et al., 2014).
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Figure 3.1. Inner foreskin infection explant model workflow. HSV1 was administered
intraepidermally using HD-MAPs which penetrate the keratinised outer layer of the inner
foreskin (stratum corneum). Tissue that was either left untreated (no HD-MAP), treated with
HD-MAP Coating Solution only (mock HD-MAP), or with HSV1 coated HD-MAPs (HSV1
HD-MAP) was placed in DC Culture Medium (DCM) on gel foam. At 24 after application of
a HD-MAP (hours post patch/hpp), the tissue was snap-frozen for sectioning to perform Cyclic
IF microscopy including RNAscope, while the supernatants were retained for the

LEGENDplex Assay.
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3.2.1. Selection of Inner Foreskin Donors

To replicate the natural course of HSV1 infection, stringent criteria was put in place for the
selection of tissue donors. Inner foreskin donors selected were aged 5 years and above as
previous observations by the host lab have demonstrated that inner foreskins from donors aged
less than 5 years old had much thinner foreskins resulting in accidental injection of the virus
directly into the dermis, and thus does not model the natural course of HSV'1/2 infection in vivo
(Rana et al., 2024). Furthermore, it is well established that the cell types and densities found in
the skin of young children do not reflect what is seen in the age groups that are most typically
exposed to STIs such as HSV1/2 and HIV (Vreman et al., 2021, Razavi et al., 2015, Gadsbell
etal.,2021). All foreskin specimens were received directly from surgeons in operating theatres
located across the Western Sydney Local Health District within 30 minutes of removal from
patients and transported to the lab on ice for immediate preparation of the explant model.
Finally, collected foreskins were inspected by the surgical team and the host lab for signs of
macroscopic inflammation or disease. Foreskins that were severely inflamed were excluded.

Donors selected for the inner foreskin explant infection model are described in Table 3.1.

Table 3.1. Summary of donors selected for the inner foreskin explant infection model.

Donor Shape Reason forremoval Inflammatory Age Surgeon
Status
1 [ Circumcision Healthy 9 Dr Cohen
2 [ | Circumcision Mild 21 Dr Ferguson
3 A Circumcision Healthy 12 Dr Cohen
4 < Lichen sclerosus Mild-moderate 41 Dr Wines
5 L Circumcision Mild 5 Dr Cohen
6 * Circumcision Mild-moderate 22  DrFerguson
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3.3. Validation of the Cyclic Inmunofluorescence Bleaching Solution

As observing interactions between DCs and CD4" T cells is important due to the transfer of
HIV between them (Bertram et al., 2019, Rhodes et al., 2021), both these cell populations
needed to be visualised in the same microscopy section. However, the limits of traditional
immunofluorescent microscopy make this challenging. Cyclic IF allows us to visualise DCs,
lymphocytes, HSV1 virions in the same image, and will allow follow up studies to add markers
to identify different DC and CD4" T cell subsets. Also, to visualise lymphocytes, DCs and both
HSV2 and HIV virions in co-infected explants (Chapter 4) Cyclic IF becomes essential. For
Cyclic IF to be used to visualise multiple cell markers, it is necessary to validate that the
antibodies selected for cell visualisation can be bleached by the Cyclic IF photobleaching
process described in Section 2.1.4. To compare the staining of cells before and after
photobleaching, images of antibody-stained sections were taken before and after
photobleaching and aligned (Figure 3.2). CD11c, CD4, and CD3 expressing cells were not
identified in the images taken after photobleaching. However, Langerin expression was
detected (Figure 3.2). This demonstrates that the antibodies anti-CD4 with secondary
Dylight755, anti-CD11c with secondary AF647 and anti-CD3 conjugated to Cy3 can be
photobleached and can therefore be used in either round of Cyclic IF, while use of Langerin
AF488 should be limited to the final round of immunofluorescent staining. The host lab has
previously tried bleaching the fluorescent signal associated with RNA/DNAscope, but this was
also unsuccessful; thus RNA/DNAscope staining must also be limited to the final round of

Cyclic IF.
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Before Bleaching

DAPI |

Figure 3.2. Assess Cyclic IF photobleaching process. Untreated
inner foreskin specimens were cultured in DCM on gelfoam for 24 hours and snap-frozen in
OCT for sectioning. Sections underwent a round of staining consisting of: fixation with 2%
PFA; blocking with Blocking Solution; addition of the primary antibodies rabbit anti-CD4
(1:100), mouse anti-CD11c¢c (1:50) and goat anti-Langerin (1:100); addition of the secondary
antibodies anti-rabbit Dylight755 (1:400), anti-mouse AF647 (1:400) and anti-goat AF488
(1:400); and finally DAPI nuclear staining, use of the TrueView Autofluorescence Quenching
kit, and cover-slipping with Slow Fade Diamond Antifade Mountant for imaging.
Alternatively, the primary round of staining consisted of rabbit anti-CD3 conjugated to Cy3.
Sections were decover-slipped, bleached using the Cyclic IF photobleaching solution under
direct light for 1 hour, re-stained with DAPI and cover-slipped again with Slow Fade Diamond
Antifade Mountant for imaging. Cells stained by antibodies are indicated with grey arrows.

Scale bars =30 pm.
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3.4. Analysis of Epidermal LC and Epi-DC Density and Distribution

Our lab has previously employed immunofluorescent microscopy staining for CD11c and
Langerin expression to examine the density and distribution of epidermal LCs and the newly
discovered CD11c¢" Epi-DCs (Bertram et al., 2021, Rana et al., 2024) at sites of infection and
sites far from infection in HSV1 infected foreskin explants. At 24 hpi, HSV1 infection is
restricted to the epidermis, and it has been demonstrated that LCs may traffic the virus to the
dermis while they apoptose (Kim ef al., 2015). This section reanalysed images acquired by Dr
Hafsa Rana to determine the distributions and densities of Epi-DCs and LCs in the epidermis
at sites of infection (Figure 3.3a) and sites far from infection (Figure 3.3b) (Rana et al., 2024)
using the analysis approach described in Sections 3.4.2 and 3.4.3 and described in Section

2.7.1.

Site of Infection
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Far from Infection

Figure 3.3. Representative images of foreskin explants stained for epidermal counting.
Inner foreskin specimens were treated with a HD-MAP coated with HSV1 and were then
placed in DCM on gelfoam. 24 hpi specimens were frozen in OCT and sectioned, followed by
a round of staining consisting of: fixation with 2% PFA; blocking with Blocking Solution;
addition of the primary antibodies mouse anti-CD11c (1:50) and goat anti-Langerin (1:100);
addition of the secondary antibodies rabbit anti-mouse AF647 (1:400) and donkey anti-goat
Dylight755 (1:400); and finally, DAPI staining and application of the TrueView
Autofluorescence Quenching Kit. HSV1 was visualised with RNAscope in which endogenous
enzymes were blocked with BLOXALL; Protease Plus (1:5) was applied to sections; and
finally, the RNAscope 2.5 HD assay with HSV1 DNA probe was added to detect virus using
FastRed. Slides were cover-slipped with Slow Fade Diamond Antifade Mountant for imaging.
Images were aligned and merged using the registration function in Fiji (ImageJ). (a-b) Arrows

denote: epidermal CD11c¢" (orange) cells, LCs (white) and Scale bars = 50 um.
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3.4.1. Epi-DCs were Sparsely Distributed and Closer to the Basement Membrane at Sites
of HSV1 Infection
To identify how HSV1 infection alters the density and distance of Epi-DCs from the basement

membrane at sites of infection and sites far from infection, Epi-DC cell density and distance
from the basement membrane were determined by manual counting. Epi-DCs had a
significantly lower number of cells per mm? at sites of HSV 1 infection (13.4 £ 9.4 cells/mm?)
relative to sites far from infection (35.7 = 19.1 cells/mm?; p = 0.017; Figure 3.4a). At sites of
infection (59.3 = 12.6 um) the average distance of Epi-DCs from the basement membrane was
less than half the distance of Epi-DCs residing at sites far from HSV1 (130.4 + 129.6 um; p =

0.266; Figure 3.4b). In summary, HSV1 infection caused epidermal DCs to migrate from

epidermal sites of infection, either laterally to epidermal sites far from infection, or more likely,

into the dermis, as sugegested by the reduced distance from the basement membrane.
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Figure 3.4. The density and average distance from the basement membrane of Epi-DCs.
Inner foreskin explants were infected with HSV1 via HD-MAP and cultured in DCM for 24
hours before being frozen in OCT and sectioned. Immunofluorescent microscopy was
performed as described in Figure 3.3. CD3'CDll1c" cells were manually counted using Fiji
(Imagel) at sites of HSV1 infection, and sites far from infection. (a) The density at sites of
HSV1 infection and sites far from infection. (b) The average distance of Epi-DCs from the
basement membrane. (a & b) Statistical analysis performed by Paired T-Tests (n = 5; ns p >

0.05, * p <0.05), graphs depict the mean + standard deviation (SD).
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3.4.2. Epidermal LCs were Less Dense at Sites of HSV1 Infection
As performed with the Epi-DCs, epidermal LCs at sites of HSV1 infection and sites far from

infection were quantified by manual counting to determine the density and average distance
from the basement membrane. Similar to Epi-DCs, LCs were significantly less densely
distributed at sites of HSV1 infection (22.8 + 27.1 cells/'mm?) compared to sites far from
infection (90.2 £ 62.5 cells/mm?; p = 0.042; Figure 3.5a). Unlike Epi-DCs, epidermal LCs
were not located closer to the basement membrane at sites of HSV1 infection (117.0 = 135.9
um) when compared to sites far from infection (111.4 + 94.7 um; p = 0.834; Figure 3.5b). In

summary, epidermal LCs have a lower density at sites of HSV1 infection compared to sites far

from infection, however rather than being closer, their distance from the basement membrane

1s unaltered.
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Figure 3.5. Density and the average distance from the basement membrane of LCs
residing in the epidermis. See Figure 3.4. however, cells that were only Langerin® were

manually counted. (a) n=6, (b) n=5.
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3.5. T Lymphocyte and MNP Distribution in the Dermis

As Section 3.4. demonstrated that epidermal MNPs reduce in density in the epidermis, during
HSV1 infection, we next investigated whether this corresponded to a change in the density and
distance of dermal T lymphocytes and MNP cells (Figure 3.6a-d). CD3°'CD11c" cells were
counted as DCs and CD11¢Langerin® cells were considered LCs. CD3" cells were counted as
T lymphocytes, CD3"CD4" were classified as CD4" T cells, and CD3"CD4" cells were also
examined as cell subsets with this phenotype are immunologically relevant to HSV1 and HIV
infection. The CD3"CD8" T cell subset have been shown to have an important role in
controlling reactivation of HSV (van Velzen et al, 2013) and accumulate near HSV
reactivation sites (Zhu et al., 2007), while CD3"CD4°CD8" T cells form an important part of
the HIV and HSV immune response (Cunningham et al., 1985, Meziane et al., 2020). In HSV1
infected sections, HSV1 DNA was exclusively seen in the epidermis as large indistinct clumps
overlapping with DAPI staining in small regions of dense infection which typically spanned
the entire epidermal width (Figure 3.6a); HSV1 infected foci were interspaced by regions of
tissue that lacked HSV1 DNA (Figure 3.6b). As expected, no HD-MAP and mock HD-MAP
explants did not show any positive staining for HSV1 DNA by RNAscope (Figure 3.6¢ & d).
The employed cyclic IF panel allowed for CD3, CD4, CD11c, and Langerin expressing cells
to be discretely stained with appropriate colocalisation of markers within the dermis. This
enabled the visualisation and quantification (Section 3.6.1-3.6.2) of CD3", CD3"CD4", and

CD3*CD4 T cells, and the MNP subsets: CD3'CD11¢" DCs and CD11¢ Langerin® LCs.
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Figure 3.6. Representative images of foreskin explants stained for dermal manual
counting. Inner foreskin specimens were either treated with (a-b) a HD-MAP coated with
HSV1, (¢) a HD-MAP with no virus (mock HD-MAP), or (d) untreated (no HD-MAP). They
were then placed in DCM on gelfoam. 24 hpi specimens were frozen in OCT and sectioned
followed by a round of staining consisting of: fixation with 2% PFA; blocking with Microscopy
Blocking Solution; addition of the primary antibodies anti-CD3-Cy3 (1:100), mouse anti-
CDl11c (1:50), and rabbit anti-CD4 (1:100); addition of the secondary antibodies anti-mouse
AF647 (1:400) and anti-rabbit Dylight755 (1:400); and finally DAPI staining, application of
the TrueView Autofluorescence Quenching Kit, and cover-slipping with Slow Fade Diamond
Antifade Mountant for imaging. Sections were decover-slipped for photobleaching prior to a
second round of staining consisting of the above steps except: endogenous enzymes were
blocked with BLOXALL; Protease Plus (1:5) was applied to sections; the RNAscope 2.5 HD
assay with HSV1 DNA probe was employed to detect virus; the primary antibody goat anti-
Langerin (1:100) was used followed by secondary antibody donkey anti-goat Dylight755
(1:400). Images were aligned and merged using the registration function in Fiji (Imagel).
Arrows denote: CD3"CD4" (grey), CD3"CD4 (white), or CD11c" (orange) cells, LCs (blue)
(a-d) Scale bars = 50 um.

3.5.1. Distribution and Density of LCs and DCs in the Dermis
As HSV1 is relayed from the epidermis to the dermis by LCs (Kim et al., 2015) and we

demonstrated that epidermal CDI11c¢c" cells seemingly also migrated towards the dermis

(Section 3.4), we first investigated whether the densities and distributions of LCs (Langerin®

cells) and CD11¢" DCs (CD3CDI11c" cells) in the dermis were impacted by HSV1 infection.

3.5.1.1. Dermal CD11c¢* DCs were Denser at Sites of HSV1 Infection and Closer to the
Basement Membrane

We first examined the density of CD11¢" DCs in the most superficial 120 pm of the dermis in
no HD-MAP, mock HD-MAP, and HSV1 HD-MAP inner foreskin explants (Figure 3.7a). In
contrast with the epidermis, the average number of DCs per mm? (385.8 = 124.4 cells/mm?)

directly below sites of HSV1 infection, was significantly higher than sites far from infection
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(139.3 £ 39.3 cells/'mm?; p = 0.011) and mock HD-MAP treated explants (162.4 £ 69.8
cells/mm?; p = 0.012). There was no significant difference in the density of DCs at sites far
from infection in HSV1 infected explants compared to mock HD-MAP treated explants (p =

0.613), nor between mock HD-MAP treated explants and no HD-MAP explants (p = 0.673).

Next, we examined if the density of DCs varied at different depths of the dermis by segmenting
the dermis into regions based on distance from the basement membrane: 0-30 pm, 30-60 um
and 60-120 pm (Figure 3.7b). In the first 0-30 pm of the dermis, sites of infection in HSV1
infected explants had the most significant increase in the number of DCs per mm? (675 + 204.4
cells/mm?) relative to sites far from infection (103.9 + 36.2 cells/mm?; p = 0.0006). The next
30 um of the dermis (dermis 30-60 um) also had an increase in DC density at sites of HSV1
infection (367.9 + 209.7 cells/mm?) compared to sites far from infection (157.9 + 34.8
cells/mm?), however, this did not reach statistical significance (p = 0.053). DCs in the deepest
region of dermis examined (dermis 60-120 pm) were also significantly more densely
distributed at sites of HSV1 infection (231.9 + 86.8 cells/mm?) relative to sites far from
infection (152.3 + 57.6 cells/mm?; p=0.039). At sites of HSV1 infection, DCs were most
densely distributed in the 30 um most proximal to the basement membrane, followed by the
next 30-60 um of the dermis (0-30 pm vs. 30-60 um p=0.032), and finally, the deepest 60 um
of dermis examined which had the lowest cell density (0-30 um vs. 60-120 um p=0.0038).
However, there were no significant differences in cell density at the different depths at sites far

from infection.

To determine if the distance of DCs from the basement membrane was altered by HSV1
infection in the foreskin explant model, the average distance of DCs residing in the first 120
pum of the dermis from the basement membrane was determined (Figure 3.7¢). DCs directly

below sites of HSV1 infection in HSV1 HD-MAP explants were significantly closer to the
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basement membrane (39.8 + 8.1 um) relative to both sites far from infection (62.7 + 4.6 um; p
= 0.008) and no HD-MAP explants (61.5 + 5.7 um; p = 0.024). Compared to mock HD-MAP
explants (60.5 £ 11.2 um), DCs at sites of HSV1 infection were also closer to the basement
membrane, however, this trend was not statistically significant (p = 0.169). In summary, HSV1

infection increased the number of DCs in the dermis in a distance specific manner, with

increased numbers in regions closer to the basement membrane than deeper segments, which

resulted in a reduction in the average distance of DCs from the basement membrane.
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Figure 3.7. Distribution and density of DCs in the most superficial 120 pm of the dermis.
Cyclic IF was employed to detect CD3°CD11c" cells within foreskin explants as described in
Figure 3.6. Using ImageJ, the epidermis was outlined and the most proximal 120 pm of the
dermis was distance mapped and outlined allowing for DCs in this region to be manually
counted. (a) The average density of DCs within the first 120 um of the dermis from the
basement membrane. (b) The average density of DCs in different segments of the first 120 um
of the dermis from the basement membrane: 0-30 pm, 30-60 pm, and 60-120 um. (¢) The
average distance of DCs that reside in the first 120 pm of the dermis from the basement
membrane. (a-c) Statistical analysis was performed by (a & c¢) Mixed-effects analysis
(ANOVA) with Tukey’s Multiple Comparisons, Mock HD-MAP n=5, all other groups n=6 or
(b) Two-way repeated measures ANOVA, n=6; ns p > 0.05, * p <0.05, ** p <0.01, *** p <
0.001), graphs depict the mean £ SD
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3.5.1.2. Dermal LCs were Denser at Sites of HSV1 Infection and Closer to the Basement
Membrane

As done for the dermal DCs, we examined the density of LCs residing in the most superficial
120 um of the dermis, counting cells that were only positive for Langerin (Figure 3.8a). Sites
of infection in HSV1 infected explants (157.7 + 54.9 cells/mm?) harboured significantly more
LCs per mm? compared to sites far from infection (86.8 + 43.1 cells/mm?; p = 0.042) and mock
HD-MAP explants (92.8 = 37.9 cells/mm?; p = 0.012). There was no significant difference in
the density of LCs at sites far from infection in HSV1 infected explants compared to mock HD-
MAP treated explants (p=0.999), nor between mock HD-MAP treated explants and no HD-

MAP explants (p = 0.770).

The density of LCs in the dermis was next assessed at different depths from the basement
membrane: 0-30 pm, 30-60 pm and 60-120 um (Figure 3.8b). The first 0-30 um below sites
of infection in HSV1 HD-MAP explants (315.3 £ 120 cells/mm?) harboured significantly more
LCs per mm? than sites far from infection (64.6 + 26.9 cells/mm?; p = 0.003). The next 30 pm
of the dermis (dermis 30-60 um) showed a slight increase in the density of LCs at sites of
infection (124.3 + 65.2 cells/mm?) relative to sites far from infection (102.9 = 57.9 cells/mm?),
but this was not statistically significant (p = 0.570). For the deepest segment of dermis
examined (dermis 60-120 um), there was no difference in the LC density at sites of infection
(87.4 £42.7 cells/mm?) compared to sites far from infection (92.4 £ 54.5 cells/mm?, p = 0.710).
Atsites of HSV1 infection, LC density was highest in the segment of dermis directly bordering
the basement membrane (dermis 0-30 pm), followed by dermis 30-60 um (0-30 um vs. 30-60
um p = 0.007), and finally dermis 60-120 um which had the lowest density of LCs (0-30 pm
vs. 60-120 um p = 0.009). Contrasting this at sites far from infection, the average LC density
was highest in dermis 30-60 pm, followed by dermis 60-120 pum and finally dermis 0-30 pm,

however these trends were not significant.
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Finally, the average distance from the basement membrane of LCs residing within the first 120
um of the dermis was quantified (Figure 3.8¢). Similar to our observations of DCs, LCs were
significantly closer to the basement membrane at sites of infection in HSV1 HD-MAP explants
(38.3 £ 6.4 um) compared to sites far from infection (60.4 £ 7.3 um; p =0.016), no HD-MAP
explants (62.5 £ 8.9 pm; p = 0.005), and mock HD-MAP explants (63.2 + 9.8 um; p = 0.024)
which harboured LCs that were the furthest from the basement membrane. In summary, similar

to our observations of dermal DCs, HSV1 infection of the epidermis increased the density of

LCs in the subjacent dermis, with the effect being confined to the first 30 um of the dermis,

resulting in a reduction in the average distance of LCs from the basement membrane.
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Figure 3.8. Distribution and density of LCs in the first 120 pm of the dermis. See Figure

3.7. however, cells that were exclusively Langerin” were manually counted.

3.5.2. Distributions and Densities of T Lymphocyte Populations in the Dermis
Both types of T lymphocytes play critical roles during initial HIV infection. HIV undergoes

explosive replication in CD4" T cells (Buzon et al., 2014), and CD8" T cells play an important

role in the immune response against HIV (Migueles et al., 2002), although both the CD4" and
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CD8" T cells residing in the dermis will not be specific for HIV. Therefore, it is important to
understand how prior HSV infection affects the distribution of these cells (most importantly
CD4" T cells) to understand how HSV impacts the acquisition of HIV. This distribution is also
important for understanding the pathogenesis of HSV itself. The host lab has previously shown
that tissue resident CD4" and CD8" T are found at low density in the epidermis of inner foreskin
(O'Neil, 2023). However, their numbers are not sufficient to allow for their counting in the
small regions of infection that the inner foreskin infection explant model generates. As such,

the distributions of T lymphocytes in the epidermis were not examined.

3.5.2.1. Dermal T Lymphocytes Were Uniformly Denser at Sites of HSV1 Infection
We first looked at changes in the density of the total CD3™ T cell population residing in the

first 120 pm of the dermis of HSV1 HD-MAP explants (Figure 3.6a). As observed with the
dermal MNPs, at sites of HSV 1 infection, the average number of CD3" T cells per mm? (380.8
£ 155.1 cells/mm?) was significantly higher compared to sites far from HSV 1 infection within
infected explants (111.4 £42.1 cells/mm?; p=0.015), mock HD-MAP (154.6 = 69.8 cells/mm?;
p =0.017) and no HD-MAP explants (121.7 £ 34.2 cells/mm?; p = 0.029). However, there was
no significant difference in the number of CD3" T cells per mm? in mock HD-MAP explants

compared to no HD-MAP treated explants (p = 0.649).

To identify whether the observed change in CD3" T cell density varies at different depths of
the dermis, the first 120 pm of the dermis was segmented into different depths from the
basement membrane: 0-30 um, 30-60 pm, and 60-120 um (Figure 3.9b). In the first 0-30 um,
sites of HSV 1 infection showed the most significant increase in T cells per mm? (421.8 £ 194.5
cells/mm?) compared to sites far from infection (110.3 £ 69.9 cells/mm?; p = 0.003). Similarly,
albeit to a lesser degree of significance, the next 30-60 pm of the dermis harboured significantly

more T cells per mm? (376.9 £ 179.6 cells/mm?) compared to sites far from HSV1 infection
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(134.8 + 36.1 cells/mm?; p = 0.010). The final segment of 60-120 pm also demonstrated a
significant increase in the number of T cells per mm? (360.1 = 170.1 cells/mm?) compared to
sites far from HSV 1 infection (101.0 +42.9 cells/mm?; p=0.011). In contrast to dermal MNPs,
there were no significant differences in the densities of T cells at sites of infection between the
segments of dermis examined. At sites of HSV1 infection the density of T cells was highest in
the first 0-30 pm, followed by 30-60 um (0-30 pm vs. 30-60 pm p=0.640), and finally 60-120
pm (0-30 um vs. 60-120 pm p=0.754). At sites far from HSV1 infection there were no
significant differences or trends in the density of T lymphocytes between the segments of

dermis examined.

Unlike what we saw with dermal MNPs, the average distance of T cells from the basement
membrane was not impacted by HSV1 infection in the foreskin explant model (Figure 3.9c¢).
For all conditions the average distance was within 2 microns of 55 (55 + 2 um) from the

basement membrane and were therefore not statistically significant (summary p value = 0.696).
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Figure 3.9. Distribution and density of CD3" T cells in the first 120 pm of the dermis. See
Figure 3.7. however, cells that were CD3" were manually counted and (c) Statistical analysis
was performed by a Mixed-effects analysis (ANOVA) reporting the summary p value only,
Mock HD-MAP n=5, all other groups n=6.
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3.5.2.2. Dermal CD4" T cells Were Uniformly Denser at Sites of HSV1 Infection
Next, the distributions and densities of the CD4" T cell subpopulation were analysed (Figure
3.10a). As observed with the MNP and total T lymphocyte populations, at sites of infection in
HSV1 HD-MAP explants the average number of CD4" T cells per mm? (206.2 + 73.7
cells/mm?) was significantly higher than both sites far from infection (55.0 + 21.5 cells/mm?;
p = 0.008) and mock HD-MAP treated explants (77.9 + 49.8 cells/mm?; p = 0.020). There was
no significant difference in the density of CD4" lymphocytes at sites far from HSV1 infection
compared to mock HD-MAP explants (p = 0.618), nor between mock HD-MAP explants

compared to no HD-MAP explants (59.2 + 22.1 cells/mm?; p = 0.653).

As before, the first 120 pm of the dermis was segmented (0-30 pm, 30-60 um, and 60-120 pm)
and the distribution of the density of CD4" T cells was investigated (Figure 3.10b). The 0-30
um dermal segment demonstrated the most significant increase in the density of CD4" T cells
at sites of infection in HSV1 HD-MAP explants (221.5 £ 118 cells/mm?) relative to sites far
from infection (51.3 + 43.8 cells/mm?; p = 0.007). The 30-60 um dermal segment also had a
significant increase in the number of CD4" T cells per mm? at sites of HSV1 infection (222.6
+ 77.3 cells/mm?) compared to sites far from infection (80.1 + 35.2 cells/mm?; p = 0.010). As
seen in the previous two segments, the 60-120 um segment showed a significant increase in
the density of CD4" T cells at sites of HSV1 infection (188.5 = 103.5 cells/mm?) relative to
sites far from infection (51 £ 29.7 cells/mm?; p = 0.020). At both sites of HSV1 infection and
sites far from infection, there were no significant differences in the density of CD4" T cells

between the segment depths of dermis examined.

Finally, the average distance of CD4" T cells in the first 120 um of the dermis from the
basement membrane was determined to identify any impact on CD4" T cell distribution by
HSV1 infection (Figure 3.10c). CD4" T cells at sites far from infection in HSV1 HD-MAP
explants had the lowest average distance from the basement membrane (54.7 = 11.9 pm),
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followed by sites of HSV1 infection (57.2 + 10.6 pm), no HD-MAP explants (57.3 + 3.8 pm),
and finally, mock HD-MAP explants (61 = 7.9 um). None of the variations in cell distances

were statistically significant (summary p value = 0.639).
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Figure 3.10. Distribution and density of CD4" T cells in the first 120 pm of the dermis.
See Figure 3.7. however, cells that were CD3"CD4" were manually counted and (¢) Statistical
analysis was performed by a Mixed-effects analysis (ANOVA) reporting the summary p value
only, Mock HD-MAP n=5, all other groups n=6.

3.5.2.3. Dermal CD3*CD4" T cells Were Uniformly Denser at Sites of HSV1 Infection
Following the analysis of CD4" T cells in the first 120 um of the dermis, the distributions and

densities of CD4" T cell subpopulation were analysed (Figure 3.11a). At sites of infection in
HSV1 HD-MAP explants, the average number of CD4™ T cells per mm? (174.5 + 87.6
cells/mm?) was significantly higher than sites far from infection (59.0 £ 23.1 cells/mm?; p =
0.036) and non-significantly higher than mock HD-MAP treated explants (76.2 £ 24.2
cells/mm?; p = 0.068). Albeit not significant, there was a consistent reduction in the average

density of CD4" T cells at sites far from infection in HSV1 infected explants compared to mock
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HD-MAP explants (p = 0.570). Finally, there was a small non-significant increase in the
average number of CD4™ T cells per mm? in mock HD-MAP treated explants compared to no

HD-MAP explants (61.9 £ 17.9 cells/mm?; p = 0.717).

The dermis was segmented into dermis 0-30 pm, dermis 30-60 um, and dermis 60-120 um to
compare the density of CD4" T cells at different depths of the dermis (Figure 3.11b). The
density of CD4" T cells at sites of HSV1 infection (200.3 + 91.9 cells/mm?) increased most
significantly compared to sites far from HSV1 infection (60.0 £ 33.6 cells/mm?; p = 0.009) in
the first 0-30 um of the dermis. Dermis 30-60 um had a non-significant increase in the density
of CD4™ T cells at sites of infection (154.3 + 104.7 cells/mm?) compared to sites far from
infection (67.3 + 21.3 cells/mm?; p = 0.061), while in the dermis 60-120 um CD4" T cells at
sites of infection (171.7 + 99.1 cells/mm?) increased significantly compared to sites far from
infection (54.6 + 23.6; p = 0.016). Again, there were no significant differences in the CD4" T
cell densities between dermal segments when examined at sites of HSV1 infection and sites far

from infection.

The average distance from the basement membrane of CD4" T cells residing in the first 120
um of the dermis was lowest in mock HD-MAP explants (44.6 + 13.6 um), followed by no
HD-MAP treated explants (51.2 = 11.5 um), sites far from HSV1 infection (52.5 = 11.5 um)
and finally sites of HSV1 infection, which had the highest average distance from the basement
membrane (54.1 = 9.8; Figure 3.11¢). However the differences in the average distance from

the basement membrane were not statistically significant (summary p value = 0.282).
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Figure 3.11. Distribution and density of CD4" T cells in the first 120 pm of the dermis. See

Figure 3.7. however, cells that were CD3"CD4 were manually counted and (c¢) Statistical

analysis was performed by a Mixed-effects analysis (ANOVA) reporting the summary p value
only, Mock HD-MAP n=5, all other groups n=6.

3.5.2.4. Summary of the T Cell Distributions in the HSV1 Inner Foreskin Explant Model
As the CD3", CD3"CD4", CD3*CD4" T cell populations exhibited similar trends, this section

will briefly summarise the trends that were consistent in Figures 3.9-3.11.

1.

All T cell populations showed increased density at sites of HSV1 infection in the first

120 pm of the dermis compared to sites far from infection that are significant compared

to mock HD-MAP explants that were only statistically significant in the CD3" and

CD3"CD4" T cell subsets.

Sites far from HSVI infection exhibited a small non-significant reduction in T cell

density compared to mock HD-MAP explants in the first 120 um of the dermis.

T cell density had a trend of being highest in either the first 0-30 or 30-60 um at sites

of HSV1 infection and far from infection. However, differences in the T cells between

any dermal segments were not statistically significant.
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4. HSVI infection did not induce a statistically significant change in the average distance

from the basement membrane for any T cell population.

Collectively, these results indicate that HSV 1 infection of anogenital tissue uniformly increases

the density of T lymphocytes in the first 120 um of the dermis at sites of infection without

reducing the average distance of cells from the basement membrane, suggesting lateral

migration towards sites of HSV 1 infection.

3.5.3. HSV1 Infection Reduced the Lymphocyte-MNP Cross Distance in the Dermis
As mentioned previously, HIV is typically transferred to CD4" T cells by MNPs that have taken

up the virus. As a result of this, we next took the same microscopy images that were generated
and utilised in Section 3.5.1 & 3.5.2 to investigate if the increase in the density of dermal
MNPs and dermal T cell populations resulted in a change in the average distance between
MNPs and lymphocytes (cross distance), as this may have implications for the probability of
HIV transfer to CD4" T cells. We measured the average cross distance within each donor and
saw that at sites of HSV1 infection, the average cross distance between CD4" T cells and
CDI11c¢" DCs (67.4 = 49.1 um) was significantly lower than at sites far from infection (108.7 +
23.8 um; p = 0.031; Figure 3.12a). Similarly, there was a significant reduction in the average
cross distance between CD4" T cells and DCs at sites of infection (65.5 +£44.1 um) relative to
sites far from infection in HSV1 HD-MAP explants (109.3 + 30.4 um; p = 0.025; Figure
3.12b). The average cross distance between LCs and CD4" T cells was significantly reduced
at sites of HSV1 infection (66.4 + 44.2) compared to sites far from infection (112.2 = 19.5 um;
p = 0.013; Figure 3.12¢). Finally, there was also a significant reduction in the average cross
distance between CD3"CD4" T cells and LCs at sites of infection (67.7 + 47.1 um) relative to

sites far from infection (109.2 + 27.2 um; p = 0.036; Figure 3.12d).
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Interestingly, regardless of which two populations of cells were examined, the average cross
distance at sites of infection typically fell between 60-70 pm, while at sites far from infection
the average cross distance was typically two times higher (105-115 pm). Also, a large increase
in the density of cell populations at sites of infection relative to sites far from infection did not
always translate to a reduction in the average cross distance: For a single donor, despite an
increase in the density of both MNP and T lymphocyte populations, the average cross distance
was larger at sites of infection compared to sites far from infection. In summary, this data

indicates that HSV1 infection of the foreskin explant model resulted in a reduction in the

average cross distance between MNPs and T cell populations.
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Figure 3.12. The average cross distance between T Cell and MNP populations. CD4" T

cells, CD3"CD4 T Cells, CD11¢" DCs, and LCs were counted in the first 120 um of the dermis

at sites of infection and sites far from infection in HSV1 HD-MAP foreskin explants using

ImagelJ and the cartesian coordinates were exported. Using the R software package Spatstat,

point patterns were generated for each cell population and the average (a) DC-CD4" T cell, (b)

DC-CD4" T cell, (¢) LC-CD4" T cell, and (d) LC-CD4" T cell cross distance was calculated.

(a-d) All statistical analysis was performed by Paired T-Tests (n = 6; * p < 0.05).
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3.6. HSV1 Infection Altered the Chemokine/Cytokine Environment of

Inner Foreskin Explants

It is well established that the migration of cells in the skin and mucosa is influenced by the
release of chemokines and proinflammatory cytokines during an immune response, such as
after virus infection (Hernandez-Ruiz et al., 2017). Additionally, recent studies investigating
proinflammatory cytokines have demonstrated that certain chemokine and proinflammatory
cytokines such as IL-1B, TNFa, IL-8, CXCL9, CXCL10, CCL3, CCL4, CCL5 and CCL2,
correlate with an increased risk of HIV acquisition (Liebenberg et al., 2017, Prodger et al.,
2016, Sabo et al., 2020). As such, we next quantified chemokines and proinflammatory
cytokines in supernatants retained from mock HD-MAP and HSV1 HD-MAP treated inner
foreskin explants using LEGENDplex assays to identify any chemokines/cytokines that may
be responsible for the observed cell migrations and also those implicated in increased HIV

acquisition.

As inflammation of tissue is associated with increased HIV infection (Liebenberg et al., 2017),
the LEGENDplex Multiplex Inflammatory Panel 1 Kit was used to quantify: IFN-a2, IL-18,
IL-10, TNFa, IL-6, IFNy, IL-12p70, IL-33, IL-23, and IL-18 in supernatants from mock and
infected explants. (Figure 3.13a). Relative to mock HD-MAP explant supernatants, HSV1
HD-MAP explant supernatants showed consistent upregulation of: IFN-a2 (8.9-13.6 pg/mL to
14.6-16.2 pg/mL), IL-1pB (105.3-155.7 pg/mL to 478.7-2067.8 pg/mL), IL-10 (45.4-107.2
pg/mL to 165.5-224.1 pg/mL), TNFa (10.7-12 pg/mL to 37-61.3 pg/mL), IL-6 (199291.2-
202409.3 pg/mL to 378287.5-393503 pg/mL), [FNy (13-17.4 pg/mL to 17.6-18.9 pg/mL), IL-
12p70 (14.7-17.5 pg/mL to 19.1-19.3 pg/mL), IL-33 (65.4-107.3 pg/mL to 138.1-269.4
pg/mL), IL-23 (19-25.4 pg/mL to 28.3-35.4 pg/mL), and IL-18 (341.5-2553.4 pg/mL to

1181.8-2759.9 pg/mL).
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As many chemokines such as CCL11, CCL17, CXCL10, CCL20, CXCL9, IL-8, CCL4,
CXCLS5, CCL3, CCLS, and CCL2 are also implicated in cell migration, these were also
quantified by LEGENDplex, using the Proinflammatory Chemokine Assay (Figure 3.13b).
Relative to mock HD-MAP explant supernatants, HSV1 HD-MAP explant supernatants
showed consistent upregulation of: CCL11 (6.1-6.1 pg/mL to 8.2-11.7 pg/mL), CCL17 (3.9-
11.1 pg/mL to 6.6-47.5 pg/mL), CXCL10 (34.1-1076.9 pg/mL to 49.8-7214 pg/mL), CCL20
(2.5-5.6 pg/mL to 19.7-26.8 pg/mL), CXCL9 (34.1-1076.9 pg/mL to 49.8-7214 pg/mL), IL-8
(18313.26-18886.6 pg/mL to 23128.4-24124.3 pg/mL), CCL4 (3.8-21.7 pg/mL to 58.3-74.1
pg/mL), CXCLS5 (143.8-280.5 pg/mL to 193.2-752.1 pg/mL), CCL3 (68.1-121 pg/mL to 630.2-
662.5 pg/mL), CCLS5 (5.5-7.6 pg/mL to 12.2-35.6 pg/mL), and CCL2 (10757.9-14969.5 pg/mL

t0 29910.9-19806.33 pg/mL).

In summary, these results demonstrated that HSV1 upregulated all inflammatory cytokines and
chemokines that were assessed by the LEGENDplex chemokine and cytokine assays. As many
of these proinflammatory cytokines and chemokines are associated with cell migration and
increased HSV1 acquisition (Looker et al., 2017, Mikloska et al., 1998) this upregulation
likely contributes to the changes in cell distributions and may also contribute to the increased

risk of HIV acquisition that is observed in HSV positive individuals.
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Figure 3.13. Quantification of inflammatory cytokines and chemokines in foreskin
explant supernatants. (a) Inflammatory cytokines and (b) chemokines in mock HD-MAP and
HSV1 HD-MAP foreskin explant supernatants were quantified using the LEGENDplex
Multiplex Inflammatory Panel 1 kit and the Proinflammatory Chemokine Assay respectively.
Retained supernatants and standards were combined with assay buffer and added to a 96-well
V-bottom plate with capture bead solution and incubated in the dark at room temperature for
two hours. Following a wash with supplied wash buffer, detection antibodies were added for a
1-hour incubation as above and Streptavidin PE was then added for a further 30 minutes. This

was followed by two washes and bead acquisition by flow cytometry. (a-b) n = 2.

3.7. Chapter Three Discussion

STIs such as HSV1/2 and HIV1 are transmitted at sites of microtrauma in the anogenital
mucosa where they enter the epithelium and encounter epidermal residing MNPs; they may
eventually be transported to the submucosa where they encounter dermal residing MNPs and a
range of CD3" T cell populations (Bertram et al., 2019, Bertram et al., 2021, Harman et al.,
2013Db). It has been demonstrated that prior HSV infection increases the risk of HIV acquisition,
however the mechanisms behind this remain undefined (Looker et al., 2017). In this chapter,
we employed an inner foreskin HSV1 infection explant model designed and optimised by the
host lab to investigate changes HSV may induce in the anogenital mucosa that increases the
risk of HIV acquisition. We observed that epidermal MNPs such as LCs and CD11¢" Epi-DCs
were significantly less frequent at sites of HSV1 infection and were typically closer to the
basement membrane (although this was not significant) than MNPs in the epidermis of far from
infection sites. This correlated with our second major observation, LCs and DCs residing in the
dermis at sites of infection were significantly closer to the basement membrane and
significantly denser relative to sites far from infection, where these MNPs were more evenly
distributed in the first 120 pm of the dermis and less frequent. Collectively, these findings

suggest that within the first 24 hours of HSV infection epidermal MNPs ‘flee’ sites of infection
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to migrate and accumulate in the dermis underlying the infection. An alternative, although less
likely explanation given the increase in dermal MNPs, is that the decrease in epidermal MNPs
at sites of HSV infection is not due to migration to the epidermis, but rather exclusively due to
apoptosis within the epidermis. Further clarity could be provided with the inclusion of mock

and mock HD-MAP treated tissue samples as used within Section 3.5.

The migration of LCs is consistent with previous work performed by the host lab which utilised
primary biopsies from sites of HSV1 3 days after symptom onset to show that HSV1 infected
epidermal LCs apoptose and migrate to the dermis where they are taken up by BDCA3" dermal
DCs for antigen presentation (Kim et al., 2015). More recently, in vitro experiments
demonstrated that 18 hpi with HSV1 Epi-DCs begin to show signs of apoptosis, suggesting
they share a similar fate to epidermal LCs (Bertram et al., 2021). We have previously
demonstrated that while HSV1 infects LCs by pH-dependent pathways, CD11¢" Epi-DC
infection utilises a pH-independent pathway which allows for enhanced infection (Bertram et
al.,2021). Of the cells we classified as dermal CD11c" DCs, the vast majority are likely DC2s
(Rhodes et al., 2021), with the remainder being CD14" monocyte-derived DCs and the density
of dermal DCs we reported in healthy tissue is consistent with previous findings (Rhodes et al.,
2021). As DC2s and CD14" monocyte-derived DCs express very similar functional markers
(Rhodes ef al., 2021) regardless of which dermal cell CD11c is staining it is expected they
would behave very similarly. Therefore, our findings of a greater concentration of DC2s in the
dermis, especially the upper dermis, under foci of HSV1 infection may be due to Epi-DC
migration from the epidermis or concentration from the dermis. It is important to note that as
we did not utilise a marker that allows for differentiating between epidermal and dermal DC2s
and LCs within the dermis, migration from the epidermis cannot be definitively proven with

the current staining panel.
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We also reported that LC density at sites of HSV1 infection increased significantly in the 30
pum of the dermis closest to the basement membrane, however there was no increase in deeper
dermal segments, while there was an increase in DC density across all dermal depths that was
statistically significant at 0-30 um and 60-120 um. This could be explained by higher rates of
Epi-DC migration from the epidermis to the dermis allowing them to reach deeper segments
of the dermis than LCs at 24 hpi. An alternative explanation to this is that the migrating LCs
apoptose before reaching deeper segments of the dermis for DCs to uptake fragments as shown
in Kim et al., (2015). However, it is important to note that despite the significant increase in
DC density at all depths of the dermis, HSV1 infected Epi-DCs have also been shown to

undergo apoptosis (Bertram et al., 2021).

We also reported that both major populations of CD3* lymphocytes, CD3"'CD4" cells and
CD3"CD4" cells, increased significantly in density at sites of HSV1 infection relative to sites
far from infection and relative to explants that were mock HD-MAP (significant for CD3" and
CD3'CD4" subsets). However, contrasting what we saw with the MNPs, there was no
significant difference in the distance from the basement membrane between conditions.
Although the host lab have previously reported that CD3" T cells can be found in the epidermis

(O'Neil, 2023), their numbers are too low to reliably quantify.

The increase in the density of dermal T cell populations at sites of HSV1 infection relative to
sites far from infection in the absence of any migration of lymphocytes from the epidermis or
changes in the average distance from the basement membrane suggests that this is a product of
lateral migration within the dermis. This explanation is supported by the small and non-
significant, but highly consistent trend of a lower density of lymphocyte populations at sites
far from infection relative to mock HD-MAP treated explants. At sites of HSV1 infection the

different dermal segments examined had near-uniform densities. This suggests that whatever
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chemotactic gradient induces CD3" lymphocyte migration is either: 1) by 24 hpi is reaching a
limit of effect/range on attracting cells from the surrounding tissue and the migrating cells are
uniformly distributing in the underlying dermis; or 2) by 24 hpi there are opposing
chemokines/mechanisms preventing a further increase in cell density. Mechanisms that
temporarily inhibit T cell migration to sites rich in antigen to allow for emigration of activated
T cells have been demonstrated (Dustin et al., 1997) which is consistent with a range of
mathematical models that show a limit to the range of chemotaxis in the absence of

inflammatory infiltrate from blood vessels (Painter, 2019).

We also observed that the average cross distance between the MNP and CD3" T cell
populations investigated was significantly lower in the dermis of sites of infection compared
to sites far from infection in HSV1 HD-MAP treated foreskin explants, likely because of the
increase in density of cells in the dermis. The increase in density of the different cell
populations examined in the dermis has significant implications for the risk of HIV acquisition,
as it has been demonstrated that regions of tissue that are richer in HIV target cells due to
inflammation are more susceptible to infection (Abu-Raddad et al., 2008, Zhu et al., 2007) The
uptake of HIV virions by MNPs typically results in the eventual degradation of the virion (or
in some cases immunological evasion and productive infection of DCs) unless it encounters a
CD4" T cell for antigen presentation resulting in the transfer of the virion to the T cell and
which becomes highly productively infected (Piguet and Steinman, 2007). As epidermal MNPs
are closer to the basement membrane, and the dermal MNP-CD4" T cell cross distance is
reduced during HSV infection, perhaps during HSV-HIV coinfection MNPs that have taken up
HIV virions encounter CD4" T cells for antigen presentation more frequently and earlier,
increasing the risk of an intact HIV virion being passed to the CD4" T cell for productive

infection.
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The chemokines and proinflammatory cytokines we investigated by LEGENDplex were either
upregulated in HSV1 HD-MAP explants relative to mock HD-MAP explants or had
concentrations out of the range of the assay (not shown). Statistical significance could not be
assessed due to the sample size (n=2). The function of each chemokine/cytokine investigated
is summarised in Table 3.2. The inflammatory environment caused by the upregulation of IL-
1B, TNFa, IL-8, CXCL9, CXCL10, CCL4 and CCL2 is associated with an increase in the risk
of acquiring HIV (Sabo et al., 2020, Liebenberg et al., 2017, Prodger et al., 2016); this may
partially explain why prior HSV infection increases the risk of HIV acquisition. The excessive
inflammation induced by these chemokines and cytokines likely enhances T cell and MNP
migration and activation allowing for HIV infection. Furthermore, both CCL5 and CCL3 are
ligands to the HIV coreceptor CCRS, the upregulation of these ligands can upregulate the
receptor, resulting in increased HIV infection (Gonzalez et al., 2001). Many of these
inflammatory cytokines and chemokines are associated with the migration of lymphocytes and
MNPs, notably CCL17, CXCL10, CCL3/4 and CCL2 (Sokol and Luster, 2015, Zaid et al.,
2017); therefore these chemokines could explain the increase in MNPs and T cells in the dermis
underlying sites of HSV infection. It is worth noting that our LEGENDplex kit did not quantify
anti-inflammatory cytokines such as TGF- which act to counter the effects of these pro-
inflammatory cytokines (Walter, 2020). Future investigations should examine whether there is
also a significant increase in anti-inflammatory cytokines such as TGF-} as they may resist

changes that could be caused by a rise in the studied inflammatory cytokines and chemokines.

Our LEGENDplex data was consistent with previous work done by the host lab looking at
chemokine and inflammatory cytokine production in a HSV infected keratocyte cell line
(HaCaTs) and another study that examined HSV1 infected primary keratinocytes and vesicle
fluid in recurrent herpes infection (Mikloska et al., 1998, Rana et al., 2024). The concentrations

we reported were higher than the cell line study by the host lab, however, were similar or
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slightly lower than what Mikloska et a/ (1998) found. This is consistent with the fact that higher
levels of cytokines/chemokines are known to be produced by primary keratinocytes than cell
lines (Olaru and Jensen, 2010). It is important to note that the explant model only contains
resident immune cells and therefore does not measure the input from an inflammatory infiltrate
as in vesicle fluid from lesions. Furthermore, the explant model mimics initial infection rather
than the formation of a recurrent lesion, which is where resident memory T cells and an
inflammatory infiltrate may synergise in cytokine production. Unfortunately, we only retained
supernatants from two inner foreskin donors, and therefore were unable to test for statistical
significance on the data obtained from the LEGENDplex due to a limited sample size. Although
the LEGENDplex allowed us to assess a wide range cytokines and chemokines, it does not
allow us to visualise what cells are responsible for their secretion and localisation. Performing
RNAscope with probes specific to the cytokines/chemokines that show the largest fold change
would allow us to visualise which cells are responsible and whether the production of the
cytokines/chemokines was localised to sites of infection or present throughout the entire

explant.
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Table 3.2. Function of the chemokines and inflammatory cytokines investigated

Chemokine/Cytokine

Function

Reference

IFN-a2

Secreted by virally infected cells to inhibit
viral infection of surrounding cells.

(Gresser, 2015)

IL-18 Produced by activated macrophages and (Lopez-Castejon
is a lymphocyte inflammation marker and Brough, 2011)

IL-10 Proinflammatory and survival cytokine that (lyer and Cheng,
induces antibody production. 2012)

TNFa Produced by macrophages during acute (Idriss and
infection and induces inflammation Naismith, 2000)

IL-6 Produced by macrophages to mediate the (Tanaka et al.,
production of neutrophils and lymphocytes. 2014)

IFNy Activates macrophages and MHC-II (Schoenborn and
expression as part of anti-viral responses.  Wilson, 2007)

IL-12p70 Secreted by MNPs during infection to (Gee et al., 2009)
regulate of the T cell response.

IL-33 Induces a type 2 immune response in (Miller, 2011)
CD4* T cells, eosinophils, and basophils.

IL-23 Proinflammatory cytokine particularly (Tang et al., 2012)
important to CD4* Th17 cell expansion.

IL-18 Produced by macrophages and induces (Dinarello et al.,
cell-mediated type | immunity. 2013)

CCL11 Responsible for the recruitment of (Rankin et al., 2000)
eosinophils during inflammation.

CCL17 Induces a CD4* T2 T cell response at (Saeki and Tamaki,
infection sites. 2006)

CXCL10 Chemoattractant for MNPs and T cells; (Liu et al., 2011)
promotes adhesion to endothelial cells.

CCL20 Chemoattractant for lymphocytes and (lwata et al., 2013)
neutrophils in mucosal lymphoid tissues.

CXCL9 Responsible for the recruitment of CD8* T (Schoenborn and
cells, NK cells, and CD4* Ti1 cells. Wilson, 2007)

IL-8 Responsible for the recruitment and (Bickel, 1993)
activation of neutrophils.

CCL4 Chemoattractant for lymphocytes and (Maurer and von
MNPs and induces a type 2 response. Stebut, 2004)

CXCL5 Neutrophil chemoattractant and activator. (Mostafa and Al-

Ayadhi, 2015)

CCL3 Secreted by macrophages and plays an (Bhavsar et al.,
important role in wound healing. 2015)

CCL5 Induces proliferation of NK ells and a (Appay and
chemoattractant for leukocytes. Rowland-Jones,

2001)
CCL2 Key chemokine for the recruitment of (Deshmane et al.,

monocytes and lymphocytes.

2009)
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The strengths of the foreskin explant model are that it utilises healthy tissue removed from
donors which is this then infected with HSV1; this allows us to control the amount of virus
delivered, the time since infection, and allows definition of the initial interaction with resident
immune cells. Its limitations are that it does not include the effects of inflammatory infiltrate
during HSV infection. It is likely that the differences we observed between sites of infection
and sites far from infection would be much more significant if an inflammatory infiltrate was
able to migrate to sites of infection from blood vessels. As was done in the past, obtaining new
biopsies of primary and recurrent herpes lesions would allow us to compare the findings
observed in our explant model, but also capture the inflammatory infiltrate and understand the
more complex immunology in true herpetic lesions. Another limitation of the explant model in
its current form, is that our staining panel does not distinguish between DC2s residing in the
dermis, and those that migrate from the epidermis to the dermis during HSV1 infection, as
mentioned above. Follow-up studies could include an IF marker specific for HSV infected Epi-
DCs, such as capase-3 for apoptosis or ICP27 indicative of productive HSV infection, or the
implementation of a topically applied epidermal staining fluorescent dye for the Epi-DCs to
take up and carry as they migrate, as utilised by Fernandez and Marull-Tufeu (2019).
Furthermore, working with excised tissue from diverse donors introduces a wide range of
variation in the cell numbers within the tissue, which could obscure trends unless an
impractically large sample size is achieved. Although our cytokine studies were only performed
in duplicate, they were consistent, although we will need further replicates for significance.
Finally, whilst we presumed the vast majority of CD3"CD4" cells residing in the dermis to be
CDS8" T cells, CD3"CD4  natural killer T cells share this phenotype and with limited data on
their numbers in the dermis during HSV infection, they limit our ability to draw conclusions

about CD8" T cells densities and distribution. This uncertainty can be readily resolved by
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including CD8 and CD356 as additional markers for CD8" T cells and NK/T cells respectively

in future IF experiments.

Overall, we have demonstrated in our ex vivo HSV1 explant model that resident T lymphocytes
and MNPs accumulate in the dermis underlying sites of HSV1 infection resulting in a reduced
MNP-T cell cross distance, while epidermal MNPs likely migrate from the epidermis to the
dermis, along with changes in the chemokine-cytokine environment; this has significant

implications for the risk of HIV acquisition in individuals with prior HSV infection.
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4.1. Introduction

Epidemiological evidence has demonstrated that prior HSV1/2 infection increases the risk of
HIV acquisition: Individuals with HSV are 3-5 fold more likely to acquire HIV and over 50%
of new infections in sub-Saharan Africa occur in women infected with HSV2 (Looker ef al.,
2017, Masese et al., 2015). Genital ulcers caused by HSV2 disrupt the stratum corneum and
provide HIV with easy entry to the underlying epidermis (Abu-Raddad et al., 2008) while
activated CD4" T cells expressing increased CCRS5, can accumulate in the underlying dermis
and in the epidermis at the base of herpetic lesions and remain after recovery (Zhu et al., 2009,
Cunningham et al., 1985). Furthermore, consistent with previous findings on biopsied HSV1
lesions (Kim et al., 2015), in Chapter 3 we showed that during HSV1 infection MNPs that
take up HIV, such as epidermal LCs, migrate to the dermis along with the newly discovered
CDI11c" epi-DC2s. The latter are more susceptible to HIV uptake and infection (Bertram et al.,
2019). Our findings in Chapter 3 also suggest that inflammatory cytokines and chemokines
associated with an increased risk of HIV acquisition are secreted during HSV1 infection and

the average cross distance between CD4" T cells and MNPs is reduced in the dermis.

Despite this knowledge, the ex vivo visualisation of HSV and HIV coinfection has not yet been
achieved, leaving much to elucidate on how prior HSV infection increases the risk of HIV
acquisition. The host laboratory has optimised a HSV1 infection in the inner foreskin explant
model, which we used in Chapter 3 however, attempts at adapting this model for HSV-HIV
coinfection have been limited. This chapter aims to adapt the principles employed by the inner
foreskin infection explant model to design and optimise a coinfection explant model that will
allow for the ex vivo visualisation of HSV2 and HIV coinfection and the accompanying
immunological changes that may be responsible for increased mucosal HIV acquisition and
targeting of resident CD4 T cells. We hypothesize that a newly optimised HSV2-HIV

coinfection explant model could answer major questions in the field of HSV-HIV coinfection:
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3. Do HIV and HSV colocalise in epidermal MNPs, either by coinfection or infection of
cells within a cluster?

4. Are epidermal MNPs more likely to ferry HIV to the dermis during HSV infection?

5. Does prior HSV infection increase the likelihood of HIV virions encountering CD4" T

cells in dermis?

4.2. Summary of Key Methodology
HSV2, passaged and titrated by the host laboratory (Section 2.3.2.), was administered

intraepidermally into donated vaginal tissue specimens using silicon HD-MAPs dipped in HD-
MAP Coating Solution, optimised to reduce surface tension (Section 2.4.1.). Although the host
laboratory previously worked with GFP expressing HSV1 viruses (Kim et al., 2015, Bertram
et al., 2021, Rana et al., 2024), we used HSV?2 for optimisation of the coinfection explant as
HSV2 is more commonly associated with genital herpes and thus, associated with HIV
acquisition (Looker et al., 2017). HD-MAP treated tissue was excised from the specimen and
split into 4 pieces and cultured in DCM with the submucosa in contact with gelfoam pre-soaked
with DCM. At 24 hpi the tissue was fixed with 4% PFA and frozen in OCT for sectioning and

assessment of the degree of infection (Section 2.4.1).

To optimise HIV infection, vaginal or foreskin explants were treated with HD-MAPs that were
coated with mock coating solution (mock HD-MAP) and at 18 hours after application of a
mock HD-MAP (hours post patch or hpp), either a second mock HD-MAP was applied or
HIVgal (Section 2.3.1) was applied by a paintbrush or a cloning cylinder at a TCID50 of 7 000
or 70 000 (Section 2.4.2). These methods and the TCID50 were selected based on previous
explant models using various type I and II anogenital mucosa to investigate the early events of
HIV uptake and infection performed by the host laboratory (Baharlou ef al., 2022). At 12, 24,
36, and 48 hpi with HIV the tissue was fixed with 4% PFA and frozen in OCT for sectioning
and assessment of infection (Section 2.4.3). These steps allowed us to select the optimal
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TCID50, HIV infection method, and time point post HIV exposure that resulted in optimal
infection. To visualise virus in infected explants, we used RNAscope with either a probe for
HSV2 DNA or HIVBa RNA (Section 2.6). All manual counting was performed following the
methodology employed in Chapter 3 and is as described in Section 2.7.1. The key
methodology employed within Chapter 4 is summarised in Figure 4.1.

Vaxxas HD-MAP

Application of Mock or
HSV-2 Coated HD-MAP

Microscopic
Needles
@Vagina or Foreskin
¢ 18 hpp

Painting | |Cloning Cyl." |
+(_J((_l7cinsa: 70 000
== = P p———— —

() @ @ @ Infection with HIV-1 and

- b @ Culture in DCM on Gelfoam

TCID50: 7 000]

o JC JC JC )t ) )
N 7 N 7 N NN NS NS

V¢ ()
S \ // O /,,/'

¢ 30,48, 60 & 72 hpp

Microscopy Panel
-HIV-T RNA
-HSV-2 DNA

@ Assess HIV and (if
present) HSV Infection

Figure 4.1. Optimisation of HSV2-HIV coinfection explant model. Tissue was infected with
HSV2 intraepidermally using the HD-MAPs that were used in Chapter 3 to penetrate the partly
keratinised outer layer of the vaginal or foreskin mucosa. 18 hours after application of the HD-
MAP various methods were trialled to administer HIV at different TCID50s such as: the
application of a second HD-MAP, viral painting, or applying HIV within a cloning cylinder
attached to the epidermis. Once a method of infection and TCID50 were selected, various time
points post HIV infection were examined to determine the best time balance between detectable

virus and tissue integrity, and finally HSV2-HIV coinfections were trialled.
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4.2.1. Selection of Tissue Donors

Due to the increased availability of vaginal tissue via new collaborations with gynaecological
surgeons, optimisation of the HSV2-HIV coinfection explant largely took place using vaginal
tissue as well as inner foreskin tissue. Interchangement of inner foreskin and vaginal tissue in
this chapter depended on what tissue was available, meaning to progress our model of
coinfection we accepted both foreskin and vaginal tissue as they are both relevant human
anatomical sites of infection in male and female respectively. In women, one of the most
common site for genital herpes to present is the vagina, which has a type II mucosal structure
and T cell population best-resembling foreskin tissue (Malkin, 2004, Duluc et al., 2013).
Discarded healthy vaginal and foreskin tissue was received from surgeons based in the
WSLHD within 30 minutes of tissue removal from the body and were transferred to the
laboratory on ice for immediate use. Tissue was inspected macroscopically for signs of disease
or inflammation by members of the host laboratory and the surgical team following the
screening criteria described in Chapter 3. The clinical details of donors are described in Table

4.1.

Table 4.1. Summary of donors used for the optimisation of a coinfection explant model

Donor Tissue Reason for Inflammatory Age Use
Type Removal Status
1 Vagina Vaginoplasty Healthy 56 Section 4.3.
Section 4.4.
2 Vagina  Vaginal prolapse Healthy 80 Section 4.5.
3 Vagina  Vaginal prolapse Healthy 53 Section
4.6.1.
4 Vagina Vaginoplasty Healthy Not Section
disclosed 4.6.2.
5 Inner Phimosis Minimally 43 Section
Foreskin Inflamed 4.7.2.
6 Inner Phimosis Minimally 25 Section 4.8.
Foreskin Inflamed
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4.3. Assessment of HSV2 Infection in Vaginal Tissue

To assess whether vaginal explants could be infected with HSV2 infection they were exposed
to 108 PFU/mL of HSV2 for 24 hours and visualised using RNAscope to qualitatively compare
them to the inner foreskin HSV1 infection explant model (Section 3.3; Figure 3.2.). Mock
infected vaginal tissue explants stained for HSV2 were devoid of any background signal
(Figure 4.2a), facilitating easy identification of viral signals in HSV?2 infected vagina (Figure
4.2b). Detecting HSV1 was more difficult in the inner foreskin infection explant model due to
the higher level of autofluorescence (Section 3.3.). While staining of HSV1 by RNAscope
produced large indistinct regions of HSV1 DNA (Section 3.3.), staining for HSV2 within

vaginal tissue produced more frequent discrete points of staining at sites of infection (Figure

4.2b). In summary, we successfully demonstrated that similar to the inner foreskin, vaginal

tissue can be infected with HSV by intraepidermal injection with HD-MAPs to create foci of

HSV?2 infection. Furthermore, RNAscope HSV2 DNA probes can be used to visualise HSV in

the infected tissue in a highly specific manner.

No Virus HD-MAP Treatment

DAPI |
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HSV2 HD-MAP Treatment

Figure 4.2. Visualisation of HSV2 infection in vaginal tisissue was
treated with HD-MAPs coated with either (a) a mock coating solution or (b) HSV2 containing
coating solution, then placed in DC culture medium on gelfoam. 24 hpi specimens were fixed
in 4% PFA, frozen in OCT and sectioned. Sections were treated with BLOXALL to inhibit
endogenous enzymes, followed by application of Protease Plus diluted with TBS (1:5). HSV2
infection was visualised using the RNAscope 2.5 HD RED assay with an HSV2 UL29 DNA
probe. Following this, sections were stained with DAPI, subjected to the TrueView
Autofluorescence Quenching Kit, and cover-slipped with SlowFade Diamond Antifade

Mountant for imaging at 20x. (a-b) Scale bars = 30 um.

4.4. Changes in Cell Distributions in HSV2 Infected Vaginal Tissue

As we were now using HSV2 rather than HSV1 to infect tissue, we next attempted to confirm
that some key observations we made in Chapter 3 using the HSV1 infected inner foreskin
were similar in HSV2 infected vaginal tissue. Therefore, human vaginal tissue was treated with
HSV2 HD-MAPs, then dermal CD3"CD4" T cells and CD3*CD4" T cells at sites of HSV2
infection and sites far from infection were stained and their densities and distributions
quantified as in Chapter 3. Within the HSV2 infected inner foreskin explant, the density of
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dermal lymphocytes was increased at sites of HSV2 infection relative to sites far from infection
(CD4" T cells: 178.83 to 231.6; CD3"CD4" T cells: 134.13 to 180.2; Figure 4.3b). These
densities fell within the range of the densities we observed in HSV1 infected explants

performed in Chapter 3 (Table 4.2).

In the dermis, the average distance of CD4" and CD3'CD4 T cells from the basement
membrane at sites far from infection and sites of HSV2 infection was similar for both CD4"
(61.1 and 53.4) and CD3"CD4 (54.3 and 46.5) T cells (Figure 4.3¢). Similar to the densities,
our observed cell distances also fell within the range of the average cell distances from the
basement membrane for both CD4" and CD3"CD4" T cells obtained from the HSV1 infected

foreskin explants performed in Chapter 3 (Table 4.2). Overall, these preliminary findings

suggest that infecting vaginal tissue with HSV2 induces a change in lymphocyte density similar

to what we observed in HSV1 infected foreskin.
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Figure 4.3. Density and distribution of lymphocytes in the epidermis and dermis. a)
Vaginal tissue was infected with HSV2 by HD-MAP and cultured in DCM for 24 hours then
frozen in OCT and sectioned. RNAscope to detect HSV2 and immunofluorescent microscopy
to detect CD3, CD4 and Langerin was performed. Scale bars = 50 um unless otherwise
specified. White arrows = CD3" cells, grey arrows = CD4" cells (n=1). b & ¢) CD3'CD4" T
and CD3*CD4" cells, were manually counted using Imagel] at sites of HSV2 infection and sites
far from infection. (a) The density and (b) the average distance of cells from the basement

membrane of the manually counted cells were determined.

Table 4.2. Range of Densities and average cell distances from the basement membrane
reported in Chapter 3

Metric Sample Cell Type Minimum Maximum Figure
Site of Infection 109.46 237.51 Figure
CD3-CD4*
Density Site far from infection 76.85 26.16 3.10a
(cells/mm?) Site of Infection 71.72 296.48 Figure
- CD3-CD4-
Site far from infection 28.03 86.79 3.11a
Site of Infection 41.3 66.3 Figure
CD3-CD4*

Distance Site far from infection 42.3 72.3 3.10c
(um) Site of Infection 35.8 63.9 Figure
CD3-CD4-

Site far from infection 31.2 65.6 3.11c
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4.5. Application of Two HD-MAPs to the Same Explant

Due to the successful application of HSV in the inner foreskin explant model using HD-MAPs,
we initially decided that application of a second HD-MAP would be the best way to infect a
vaginal tissue explant with HIV. However, as the effects of applying two silicon HD-MAPs on
the same piece of tissue had not been characterised, we first took vaginal tissue explant and
applied either no HD-MAPs, one HD-MAP, or one HD-MAP followed by a second HD-MAP
24 hpp (Figure 4.4). Vaginal tissue that was treated with one HD-MAPs was structurally intact,
with no tearing with the epidermis or lifting of the epidermis from the dermis (Figure 4.4).
Furthermore, autofluorescence, was frequent throughout tissue treated with one HD-MAP as
vertical lines starting at the stratum corneum through approximately 25-75% of the epidermis.
These autofluorescent lines are the result of needle punctures from the HD-MAP after it

penetrates the tougher partly keratinised superficial layer.

Vaginal tissue treated with two HD-MAPs had signs of significant structural damage (Figure
4.4). Much of the epidermis had been torn away from the dermis leading to autofluorescence
of the basement membrane. The remaining cells of the epidermis were loosely distributed
above the basement membrane and were also often associated with significant
autofluorescence. Overall, these findings suggest that while application of one HD-MAP does
not significantly disrupt the structure of the tissue, application of a second HD-MAP 24 hours
after the initial HD-MAP resulted in significant damage to the epidermis rendering it unusable.

Thus, the design of a vaginal tissue coinfection explant model cannot involve infection with

HIV that is facilitated by the application of a second silicon HD-MAP.
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No HD-MAP

1 HD-MAP

2 HD-MAPs

’ - o

Figure 4.4. The structural integrity of tissue following HD-MAP application. Segments

taken from a vaginal specimen were either treated with one silicon HD-MAP that did not
contain virus or left untreated (No HD-MAP) and were placed on gelfoam in DCM. 24 hours
after initiation of the explant model, tissue treated with HD-MAPs either had a second HD-
MAP (Two HD-MAPs) applied or were left untreated (One HD-MAP). Tissue was fixed in

129



Chapter 4

4% PFA for 24 h, frozen in OCT, and sectioned for visualisation of the structural integrity of
the tissue. Sections were stained with DAPI before being cover-slipped with Slow Fade
Diamond Antifade Mountant for imaging. To identify the structural integrity of the tissue,
autofluorescence was visualised using an empty channel (FITC) as well as DAPI. Arrows

indicate puncture marks and scale bars = 50 pm.

4.6. Optimisation of HIV Infection of Vaginal Tissue

We next optimised HIV infection of vaginal tissue to: 1) determine the virus concentration that
should be added to the tissue; 2) the route to intraepidermally deliver HIV as the application of
a second virus coated HD-MAP was not feasible, and 3) the time of HIV exposure that will

provide the highest level of infection without tissue degradation.

4.6.1. Titration and Selection of a Route of Delivery for HIV

To identify the optimal concentration of HIV and a route of delivery that will induce high level
of HIV infection, vaginal tissue was treated with one HD-MAP and left in culture for 18 hours
(to simulate infection with HSV), then infected with HIV using either a cloning cylinder or a
paintbrush at TCID50s of 7 000 and 70 000. At 2 hpi, the tissue was prepared for sectioning
and stained for HIV RNA using RNAscope. In both vaginal tissue explants infected by either
cloning cylinder or paint brush, HIV RNA was detected (Figure 4.5a-b). The explants infected
by cloning cylinder showed HIV RNA within the epidermis of the tissue, at a depth consistent
with virus uptake after 2 hours (Figure 4.5a). In contrast, HIV within explants infected by
paintbrush was evenly distributed superficially on vaginal epidermis without penetrating into
the epidermis (Figure 4.5b). Similar to HSV2 infection of vaginal explants (Figure 4.2b) and
HSV1 infection of inner foreskin explants (Figure 3.2a), vaginal explants infected with HIV
by cloning cylinder had areas of tissue containing significant amounts of HIV RNA interspaced
by regions of minimal to no virus (Figure 4.5a). This contrasts with the inability of painted

virus to penetrate the epidermis (Figure 4.5b).
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Vaginal explants infected with a TCID50 of 7 000 contained much less HIV RNA in the
epidermis compared to the explants infected with a TCID50 of 70 000 (Figure 4.5a-b). Within
explants infected with a TCID50 of 7 000, the presence of HIV RNA was limited throughout
the tissue to the extent that it would be difficult to identify it in a coinfection explant.
Contrasting this, explants infected at a TCID50 of 70 000 had distinct foci of HIV RNA.
Interestingly, the amount of virus present seemed to also be affected by the method of infection:
Explants infected at either TCID50 by cloning cylinder contained much more virus than the

explants infected by paint brush at identical TCID50s. In summary, this data demonstrates that

the best route to infect vaginal tissue explants with HIV is through the utilisation of cloning

cylinders as it leads to better HIV uptake into the epidermis. Furthermore, a TCID50 of 70 000

should be used as it produces distinct foci of HIV infection which can be compared with and

without HSV coinfection. Finally, regardless of concentration and route, virus that made it into

the tissue was largely present as extracellular aggregate particles, consistent with virus uptake

without infection.
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Cloning Cylinder
7 000 70 000
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Paint Brush

o

on and TCIDS50. A vaginal explant was treated
with HD-MAPs without virus and segmented. The HD-MAP treated tissue segments were
placed in DCM on gelfoam and 18 hpp HIVBaL was topically administered at a TCID50 of 7
000 and 70 000 by either (a) cloning cylinders adhered to the epidermis or (b) use of a paint
brush soaked in virus. At 2 hpi tissue was fixed in 4% PFA for 24 hours, frozen in OCT, and
sectioned for visualisation of infection by RNAscope consisting of: blocking of endogenous
enzymes using BLOXALL; application of Protease Plus (1:5) to all sections; use of the
RNAscope 2.5 HD assay with an HIV1sa. RNA probe, DAPI staining and cover-slipping with
Slow Fade Diamond Antifade Mountant for imaging. To differentiate between

autofluorescence and true staining, slides were also imaged with an unstained channel (FITC).

(a-b) Scale bars = 50 um.
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4.6.2. Defining the Optimal Time Post HIV Treatment to Visualise Infection

We next performed a time course to visualise HIV infection as it was unknown what time point
would result in the best HIV infection, and for how long after application of a HD-MAP and
subsequent HIV infection the tissue would maintain its integrity in culture before degrading.
Vaginal tissue was mock HD-MAP treated to simulate the microtrauma induced during HSV2
infection and at 18 hpp infected with HIV at a TCID50 of 70 000 using a cloning cylinder.
Samples were cultured for 12, 24, 36 or 48 hpi with total culture times of 30, 42, 56 and 66

hours, respectively. HIV infection was then visualised by RNAscope (Figure 4.6).

Twelve hours after HIV exposure, RNAscope revealed that most of the epidermis contained
HIV RNA, with the highest density being approximately halfway between the epidermis and
basement membrane. At 24 hpi, HIV RNA was closer to the basement membrane than it was

at 12 hpi and appeared slightly more widespread. In contrast to the extracellular viral staining

particles seen at 2 hpi in the HIV viral uptake experiment performed in Section 4.6.1, viral

staining in Figure 4.6 was far more discrete and largely co-localised to cell nuclei. At both 12

and 24 hpi, the epidermis and dermis of the vaginal tissue explants were not degraded and were
structurally intact. At 36 hpi, HIV RNA was still mostly found in the epidermis and
infrequently in the dermis, typically closely co-localising with cells. At this time point, the
epidermis was generally thinner than earlier time points. At 48 hpi, the epidermis was almost
completely absent, however compared to 12, 24 and 36 hpi larger quantities of HIV RNA could
be seen localising to the basement membrane. At this time point, HIV RNA could also be seen

in the dermis deeper than at 36 hpi. This data has demonstrated that while the structural

integrity of the dermis remains unchanged overtime, by 36 hpi the epidermis appeared partially

missing, and was completely degraded by 48 hpi. Finally, HIV infection was clearly visible at

all investigated time points, with the best time balance between tissue integrity and infection

being 24 hpi (total culture time of 42 hours).
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Figure 4.6. Selection of the best time point after HIV infection. Human vaginal mucosal
explants were treated with a HD-MAP coated in mock coating solution and left in culture with
DCM for 18 hours. HIVsarat a TCID50 of 70 000 was administered by a cloning cylinder glued
to the epidermis and left in culture for either a further 12 (a), 24 (b), 36 (c), or 48 (d) hpi.
Following this, cloning cylinders were removed, and the explants were fixed with 4% PFA for
24 hours. RNAscope was used to detect HIV RNA consisting of: blocking of endogenous
enzymes using BLOXALL; application of Protease Plus (1:5); use of the RNAscope 2.5HD
assay with HIV1sa. RNA probes, DAPI staining and cover-slipping with Slow Fade Diamond
Antifade Mountant for imaging. To differentiate between autofluorescence and true staining,

slides were also imaged with an unstained channel (FITC). Scale bars = 50 pm.

4.7. Updates to the Cyclic Immunofluorescent Microscopy Panel and the
HD-MAP for the Coinfection Explant

To progress to co-infected explants containing HIV rather than HSV alone, it became necessary
to shift embedding our samples from the fixed-frozen (PFA-OCT) approach to formaldehyde
fixed paraffin-embedded (FFPE). FFPE tissue is more compatible with other techniques used
in the host laboratory such as Imaging Mass Cytometry (IMC) and spatial transcriptomics,
which we plan to use in our HSV and HIV coinfection studies in future experiments. This shift

in experimental design required re-optimisation of several antibodies in the cyclic IF

microscopy panel. Furthermore, due to recent manufacturing changes in the material (silicon

to polymer) and needle density of HD-MAPs, we needed to compare the punctures generated

by the silicon and polymer HD-MAPs in explant tissues to understand the impact the change

in material might have on experimental outcomes.
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4.7.1. Optimisation of a New Immunofluorescent Microscopy Panel

Antibodies validated by their manufacturers to be compatible with the FFPE tissue preservation
were titrated to identify optimal concentrations for staining. The optimisation of the new cyclic
IF microscopy panel was performed by Honours student Xinyi Ding as a component of her

2023 honours thesis and is summarised below:

A new commercially conjugated rabbit anti-CD11c-AF647 antibody and an in-house
conjugated rabbit anti-CD3-Cy3 antibody were tested at 1:20, 1:50 and 1:100 dilutions.
Acquired images revealed 1:20 as the optimal dilution for both conjugated antibodies in
foreskin tissue (Figure 4.7). A primary rabbit anti-CD4 antibody was tested at 1:50 and 1:100
dilutions with a donkey anti-rabbit Dylight755 secondary at 1:200 and 1:400 dilutions. The
1:50 for the primary and 1:200 for the secondary were selected as the optimal dilutions (Figure
4.7). The primary goat anti-Langerin and secondary donkey anti-goat-Dylight755 antibodies
were used at 1:50 and 1:200 dilutions respectively. A summary of the cyclic IF panel employed

in all future experiments is shown in Table 4.3.

Table 4.3. Summary of re-optimised cyclic IF panel for FFPE explant infections

Round 1 Round 2
Channel Stain Dilution Stain Dilution
DAPI DAPI 1:1000 DAPI 1:1000
FITC - - HIV RNA RNAscope Tyramide -
FITC
TRITC Rabbit anti-CD3-Cy3 1:20 HSV2 DNA RNAscope Fast -
Red
Cy5 Rabbit anti-CD11c-AF647 1:20 - -
Cy7 Rabbit anti-CD4 (primary) 1:50 Goat anti-Langerin (primary) 1:50
Donkey anti-rabbit-Dylight755  1:200 Donkey anti-goat Dylight755 1:200
(secondary) (secondary)
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Negative control

Negative control 1:50 - CD4 1:50 - CD4 1:100 - CD4
(secondary only) 1:200 - DAR-755 1:400 - DAR-755 1:200 - DAR-755

Figure 4.7. Titration of antibodies for FFPE preserved foreskin tissue. Inner foreskin
specimens that did not receive a HD-MAP treatment were fixed using 4% PFA and paraffin
embedded. Following sectioning, antigen retrieval, and blocking with blocking buffer; the
primary antibodies anti-CD11c AF647, anti-CD3 Cy3, and rabbit anti-CD4 were added at
dilutions of 1:20 (not used for anti-CD4), 1:50, or 1:100; the secondary antibody donkey anti-
rabbit Dylight755 was added at dilutions of 1:200 and 1:400; and finally DAPI staining and
cover-slipping with Slow Fade Diamond Antifade Mountant for imaging. The dilutions
determined to have the best cellular staining are indicated with red boxes. Scale bars = 10 pm
unless otherwise indicated, D = dermis and E = epidermis. Figure generated by Xinyi Ding as

part of her Honours thesis (2023).
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4.7.2. Polymer HD-MAP Punctures Were More Frequent and Deeper Than Silicon
We have previously used silicon HD-MAPs with a density of 10 000 microneedles per 1 cm?

and average needle length of 250 + 20 um for the HSV1 explant model in Chapter 3 and for
the optimisations of the HSV2-HIV coinfection explant in Chapter 4 prior to Section 4.7.
However, Vaxxas discontinued manufacturing silicon HD-MAPs and required us to use their
polymer HD-MAP which have a density of 5 000 microneedles per 1 cm? and average needle
length 0f 250 + 50 um. Due to this, we compared the number and depth of punctures introduced
by the new polymer HD-MAPs to the old silicon HD-MAPs by treating regions of a single
foreskin donor with either a polymer or silicon HD-MAP and visualising sections from each
region with a H&E stain (Figure 4.8a). After excluding sections without any punctures, we
determined the average: 1) number of punctures per section, 2) length of punctures per section,
and 3) the number of punctures penetrating 30% of the epidermal thickness, as reaching 30%

of the epidermal thickness is required to reliably establish infection (Rana et al., 2024).

The average number of punctures per section in inner foreskin where the polymer HD-MAPs
was applied (7.2 + 1.32) was significantly higher (p=0.042) than the region where the silicon
HD-MAPs was applied (4.25 + 0.58; Figure 4.8b). Critically, the number of these punctures
reaching deep in the epidermis (30% of the epidermal thickness) using the HD-MAPs (4.8 +
1.11) was also significantly higher (p=0.0002) than the number of punctures obtained using the
silicon HD-MAPs (0.25 + 0.13; Figure 4.8¢). Consistent with this, the average length of
punctures generated by the polymer HD-MAPs (206.21 + 12.09 pm) was also significantly
higher (p < 0.0001) than the punctures generated by the silicon HD-MAPs (90.62 + 6.21 um:
Figure 4.8d). No punctures were seen reaching the dermis from either polymer or silicon HD-

MAP. In summary, the polymer HD-MAP more consistently penetrated the epidermis of

anogenital tissue than the silicon HD-MAP, and more frequently reached the depth required
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for a high probability of a successful (established) viral infection, likely increasing the

reliability of the explant model.
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Figure 4.8. Comparison of the frequency and depth of punctures generated by different
HD-MAP materials. Inner foreskin tissue was treated with either a polymer or silicon HD-
MAP. (a) Following cryopreservation in OCT, punctures in sections taken from each treatment
were visualised using a H&E stain, and the frequency and average length of punctures per
section was measured. Scale bars = 100 um. (b-d) Graphs show (b) The number of punctures
per section, (¢) The number of punctures per section that exceed 30% of the epidermal
thickness, and (d) The average depth of the punctures that were identified in each section. Each
data point represents a different tissue section, and the column graph represents the mean *
standard deviation. Statistical significance was determined by unpaired Student’s T-Test (n =

10/12, #p<0.05, ***p<0.001, ****p<0.0001).
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4.8. Trialling the HSV2 and HIV Coinfection Foreskin Explant Model

After performing various experiments to determine the optimal conditions to achieve a HSV-
HIV coinfection, we attempted to demonstrate coinfection of HSV2 and HIV in foreskin tissue.
We opted to swap from a 24 hour HIV infection to a 6 hour as we expected a preestablished
HSV infection would create a viral relay (Kim et al., 2015) to allow for rapid HIV transfer to
dermal MNPs. The mock infected tissue demonstrated cellular staining consistent with the
newly optimised cyclic IF panel (Section 4.8.1) and good tissue integrity following application
of a mock coated HD-MAP and the gluing and removal of a cloning cylinder (Figure 4.9a).
The HSV2 only infection revealed a single focus of HSV2 infection deep in the epidermis
(Figure 4.9b). This focus of infection was surrounded by CD4, Langerin, and CDIllc

expressing cells, however, HSV2 was not detected in any of these cells.

The HIV only specimen showed that the majority of the viral signal was concentrated on the
epidermal surface, with small foci of infection within the epidermis and no detectable viral
signal in the dermis. (Figure 4.9¢). Figures 4.9a-c also showed that mock-infected tissues
lacked RNAscope signal for either HSV2 or HIV, demonstrating the reliability of our staining
protocol to identify HSV2 and HIV. The HSV2 HIV coinfected tissue showed very limited
HSV2 and HIV infection within the dermis, and importantly no regions within the tissue where
the viruses were co-localised (Figure 4.9d). However, we were able to identify two regions of
significant interest: 1) a langerin” cell lining the basement membrane, that co-expressed HSV2;
and 2) an epidermal CD3"CD4" T cell that co-expressed HIV. Despite these interesting and
rare visualised interactions, our inability to produce large amounts of epidermal HSV2/HIV
infection and coinfected foci suggests future optimisation of the co-infection explant model is

required.
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HSV-2 Only
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HIV Only
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Chapter 4

which consisted of: blocking of endogenous enzymes using BLOXALL; application of
Protease Plus (1:5); and use of the RNAscope 2.5 HD Duplex Assay kit with HSV2 UL29
DNA and HIV1sa. RNA probes. Slides underwent DAPI staining, autofluorescent quenching,
and cover-slipping with Slow Fade Diamond Antifade Mountant for imaging. The two rounds
of imaging were aligned using the image registration script in Fiji (ImageJ). Scale bars = 50
um unless otherwise specified, gold arrow = HSV2 infected Langerin® cell, and pink arrow =

HIV infected CD3"CD4" T cell.

4.9. Chapter Four Discussion

Despite strong evidence that HSV1/2 infection is a significant risk factor for developing a HIV
infection upon exposure (Masese et al., 2015, Looker et al., 2017), the exact mechanisms why
this is the case are yet to be elicited and there is a paucity of publications in this field. A major
barrier to research in this area is the lack of a high-quality model that can visualise cell and
virus interactions during HSV-HIV coinfection in tissue. In this chapter, we aimed to take the
HSV1 inner foreskin tissue explant model that has been extensively validated by the host lab
and utilised in Chapter 3 and optimise it to include HIV infection to create a HSV2-HIV
coinfection tissue explant that would allow us to track and visualise CD4" T cells, LCs, Epi-

DC2s, and (in future) dermal DC subtypes interactions with both viruses.

As the host lab traditionally used HSV1 to infect inner foreskin tissue, we first demonstrated
that the T cell changes observed in Chapter 3 were analogous to the changes observed when
using HSV2 to infect vagina tissue. This was important as prior HSV2 infection of vaginal
tissue is the most epidemiologically relevant to HSV-HIV coinfection (Masese et al., 2015,
Looker et al., 2017). While we also attempted to demonstrate this for MNPs examined in
Chapter 3, we were unable to quantify these in at sites of HSV2 infection, attributable to the
small foci of infection and only performing the experiment in one donor. A 2012 study that

compared the immune responses between HSV1 and HSV2 in mice infected vaginally
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suggested significantly more cell infiltration to the vagina in HSV2 infected mice, suggesting
HSV2 is associated with a similar but greatly exaggerated immune response compared to HSV1
(Zheng et al., 2012). Their use of in vivo infected mice versus our ex vivo human tissue infection
(preventing blood vessel to tissue migration) and our lack of replicates could explain why we
did not see an obviously exaggerated immune response to HSV2 as Zheng et al. reported. A
study focusing on individuals infected with HSV1 or HSV2 showed that HSV2 infection likely
induces more T cell migration than HSV1 (Schmid ef al., 1997) which, as the primary HIV
target cell, could suggest that moving forward HSV2 may provoke more T cell migration

making it more useful to the coinfection explant.

Our microscopy data showed that the vagina is more keratinised and exhibits greater variability
in keratin thickness than the inner foreskin, a finding consistent with the literature (Dinh ef al.,
2010, Schaller, 1990). This observation aligns with recent findings from our host lab, which
demonstrated that successful HSV infection in ex vivo tissue explants requires delivery of the
virus to a depth exceeding 30% of the epidermis of inner foreskin (Rana ef al., 2024). Such
penetration is more readily achievable in inner foreskin tissue, as its thinner outer keratin layer
presents less of a barrier compared to the vagina. Although we observed HSV infection and
cell migration with both inner foreskin (Chapter 3) and vaginal tissue, with vaginal tissue
being particularly relevant to in vivo HSV-HIV coinfection in sub-Saharan Africa, the use of
inner foreskin may maximise the chances of successful viral infection in the explant model as

it is easier for the HD-MAPs to penetrate to 30% the thickness of the epidermis.

Just like with HSV, we investigated whether HIV-coated HD-MAPs could be used to simulate
the microtrauma that occurs during sexual acquisition of HIV (Harman et al., 2013b). However,
the application of a second HD-MAP to tissue (24 hours after the first HD-MAP) resulted in

the destruction of the epidermis due to either: 1) the tissue notwithstanding the trauma caused
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by the application of a second HD-MAP; or 2) after 24 hours in culture after excision from the
body, the tissue became highly friable, making it unsuitable for the second application of HD-
The donor utilised for this experiment was 80 years old, which is much older than other donors
used in this chapter, which could also contribute to such significant tissue destruction. This
experiment was also performed utilising Vaxxas' older silicon HD-MAPs which have double
the number of needle density present than the newer polymer HD-MAPs; therefore, it is
possible repeating the experiment on a younger donor, and with the less dense polymer HD-
MAPs would have resulted in better tissue integrity after the application of a second HD-MAP,
allowing for the use of a HD-MAP to deliver HIV into the tissue 24 hours after HSV infection.

However, due to time constraints and limited availability of tissues, this was not performed.

We next demonstrated that the use of a cloning cylinder with a HIV TCID50 of 70 000 resulted
in the best viral uptake into the tissue. A 2007 study demonstrated that the HIV TCID50 in
seminal plasma during an acute HIV1 infection ranges from 10 000-100 000 (Pilcher et al.,
2007), highlighting the physiological relevance of HIV infection at a TCID50 of 70 000 to the
natural course of HIV transmission. Previous work by the host lab has however demonstrated
at TCID50s as low as 3500 can result in HIV uptake in type I anogenital mucosa sometimes
just as reliably as infection with a higher TCID50 (Bertram et al., 2019, Rhodes et al., 2021)
which is why we attempted infection with a lower TCID50. As the actual amount of virus
delivered into our tissue explants depends greatly on the tissue surface integrity during explant
preparation, spending large amounts of time and multiple tissue replicates on the optimisation
of the best HIV TCIDS50 is not justifiable, so we proceeded with a high physiologically relevant
HIV dose (Pilcher et al., 2007) that allowed us to successfully visualise HIV viral uptake into

the tissue.
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The success of the cloning cylinder to deliver HIV into vaginal tissue is consistent with
previous work done by the lab utilising cloning cylinders to deliver HIV into type I mucosa
(Baharlou et al., 2022). However, in type Il mucosa such as the keratinised vagina, it is more
challenging for the virus to enter the tissue. A 2022 study using Vaxxas HD-MAPs showed in
vivo skin punctures began to heal at 24 hours and was completed by 48 hours (Henricson ef al.,
2022). We hypothesise that the application of the HD-MAP 24 hours before HIV infection as
part of the HSV infection protocol, induces breaks in the stratum corneum that are still present
when HIV was added to the tissue, thus simulating microtrauma and allowing the virus to pass
the keratinised outer barrier into the deeper layers of the epidermis. Some explanations for why
the paintbrush did not allow HIV viral uptake in the tissue include: 1) A large amount of virus
may have been retained by the paintbrush reducing the true TCID50 that was applied to the
tissue, and 2) the virus-containing solution that was painted onto the tissue dried out before the

virus enters the tissue.

We determined that a 24 hour period of culture with HIV, 18 hours after the application of a
HD-MAP to the explant (thus representing a total of 42 hours explant culture time) led to the
best balance of HIV infection and tissue integrity. The substantial tissue damage we observed
after 54 hours of explant culture (36 hpi with HIV) contrasted with similar ex vivo explant
models in the literature: these utilised human skin placed on top of gelfoam in contact with
media and demonstrated that skin explants can maintain structural integrity for 4 weeks
(Steinstraesser et al., 2009) and also maintain some of their wound healing properties for 1-2
weeks (Xu et al., 2012, Neil et al., 2020). Our inability to maintain tissue integrity for this long
is likely attributed to the significant tissue trauma induced by HD-MAPs, the removal of the
cloning cylinders which are glued to the tissue, the increased fragility of anogenital mucosa
compared to skin, and our lack of use of Human Keratinocyte Growth Supplement in the media,

compared to the previous studies.
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The fact that transcription (de novo RNA production) starts at approximately 24 hpi
(Mohammadi et al., 2013) is consistent with our observation of some increased HIV RNA
staining at 24 hpi compared to 12 hpi. However, at a time point as early as 24 hpi it is more
likely that what we visualised was cellular uptake of HIV virions, as true productive infection
would likely have produced more diffuse RNAscope staining of HIV, consistent with similar
studies visualising HIV infection ex vivo (Deleage ef al., 2016). Uptake of HIV into cells with
the epithelium also explains our observation that there was a shift from the extracellular viral
staining ‘aggregate viral particles at 2 hpi to discrete intracellular viral RNA in the nucleus at
24 hpi. Previous work by host lab has demonstrated that once HIV has been taken up by a HIV
target cell and internalised into a virus containing compartment, productive infection typically
ensues (Nasr ef al., 2014). Alternatively, as HIV virions can travel along tissue abrasions into
tissue without true internalisation into cells, it is possible that this has occurred at the 24 hpi
time point (Maher ef al., 2005). Finally, our observation that most of the HIV RNA associated
with epidermal cells, can be explained by studies reporting that the time from HIV infection of
myeloid cells to export of de novo virions is approximately 52 hours (Murray et al., 2011, Nasr

etal.,2014).

Our attempt at HSV2-HIV coinfection explant included a HSV2 only control, a HIV only
control with largely epidermal and some intraepidermal HIV infection, and a co-infected
explant. The coinfected tissue had very limited presence of both viruses and no region where
they co-localised. However despite, this we observed a HSV2 infected langerin” cell lining the
basement membrane, and an epidermal CD3"CD4" T cell that expressed HIV. Demonstration
of an HSV infected epidermal langerin® cell at the basement membrane, and an epidermal
CD3"CD4" T cell that expressed HIV supports previous work demonstrating HSV infected
epidermal MNPS ferry HSV from the epidermis into the dermis (Kim et al., 2015). The HSV2

infected LC’s proximity to the basement membrane, is also consistent with our conclusions in
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Chapter 3 that HSV1 infection causes epidermal MNPs to migrate from superficial to deeper
regions of the epidermis (towards the basement membrane). It is established that the majority
of epidermal CD3"CD4" T cells in the anogenital mucosa are CD69 expressing TRM cells
(O’Neil et al., 2021), mainly present in the dermis but also in the epidermis of anogenital
mucosa (O'Neil, 2023). Therefore, the presence of a HIV infected CD3"CD4" T cell in the
epidermis suggests that CD4" TRM cells can likely be directly infected in the epidermis and
likely contribute to the viral reservoir during latent HIV infection. Our visualisation of HIV
infection in an epidermal CD4" T cell in foreskin that is likely a TRM cell, is also consistent
with previous reports of HIV infection of CD4 TRMs in the human cervix (Cantero-Pérez et
al., 2019). However, it is important to note that as our microscopy panel did not utilise CD69
staining, we are unable to definitively confirm that the visualised CD4" T cell infected with
HIV in the foreskin epidermis is a TRM. As vagina has more epidermal and dermal CD4* TRM
cells than inner foreskin (O'Neil, 2023), HIV infection of epidermal CD4" TRM cells may

prove to be more relevant in this tissue type.

We noted that successful HIV infection is far more challenging and infrequent in our explant
model than HSV2 infection. This is consistent with studies that have demonstrated that HSV1/2
requires only mucosal contact and subsequent keratinocyte uptake for successful infection
(Clarke, 2015) while HIV infection necessitates interaction with less frequently encountered
CD4" T cells or CD4/CCRS5 expressing myeloid or dendritic cells (Bertram et al., 2019, Rhodes
et al., 2021). One technical issue to avoid in future explants is that the use of surgical glue to
fix cloning cylinders to the tissue which can result in a barrier forming over the tissue
preventing HIV infection, as well as causing the epidermis to be stripped from the tissue when
the cloning cylinder is removed. Although we appeared to overcome this as evidenced by
visualisation of numerous HIV particles in the upper epidermis, a potential future direction to

allow better HIV infection of the tissue could involve experimenting with other adhesives such
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as waxes to attach the cloning cylinders to tissue. Importantly any new adhesives used to fix
the cloning cylinder to tissue should be assessed with trypan blue to determine if the adhesive
forms an adequate seal with. In the coinfection studies we opted to swap to a 6 hour HIV
infection despite demonstrating the best results with single HIV infection at 24 hpi, as we
expected a preestablished HSV infection would create a viral relay (Kim et al., 2015) to allow
for rapid HIV transfer to dermal MNPs by this time point. However instead we saw HIV
infection limited to the superficial epidermis and coating the epidermal surface, likely due to a
lack of HSV2 infection of LCs/DCs at these very superficial sites. A longer HSV infection may

be needed for deeper diffusion of the HIV particles.

While working with excised human tissue provides the ideal in situ model for investigating
interactions of HSV1/2, HIV and cells in the anogenital mucosa, it has some key limitations.
Due to the limited availability of tissue, we adopted a flexible approach to specimen selection.
This often required the use of vaginal tissue, which while epidemiologically relevant and
structurally similar to foreskin, had not previously been utilised in the host lab’s ex vivo tissue
explant model which has implications for achieving tissue infection. It has been demonstrated
that the lactobacilli dominated vaginal microbiota coats the vaginal wall with antimicrobial
acid and hydrogen peroxide which inhibits HSV2 and HIV1 replication (Zabihollahi et al.,
2012). However as our explant model use HDMAPs to bypass the surface of the epithelium,
the impact of these secreted antimicrobials is likely reduced or eliminated. Furthermore,
vaginal tissue may be more difficult to infect with HIV than foreskin tissue, especially if
obtained during the estrogenic part of the of the menstrual cycle as progesterone treatment
enhances vaginal SIV infection in macaque models (Marx et al., 1996) and thickness of the
vaginal wall is known to vary throughout the menstrual cycle (Wang et al., 2024). The host lab
has observed that HD-MAP application to inner foreskin may potentially result in a greater

number of punctures reaching the depth within the epidermis required for HSV infection to
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take place compared to vaginal tissue, although this has not been formally investigated.
Foreskin tissue is also well established to be highly susceptible to HIV infection, to the extent
that in high-risk areas, circumcision as a public health measure significantly reduces
transmission (Moses, 2009). Furthermore limited tissue supply meant key optimisation steps
were performed only once, without repetition to confirm results, and required us to accept
tissue from donors who varied greatly in age, menstrual cycle stage, inflammation status, and
health. In future we will check the cycle stage by H&E staining and glycogen staining (Ayre,

1951).

The challenges we faced in achieving HIV infection may mean that rather than focusing on
non-simultaneous HSV and HIV infection of tissue, we could shift towards designing a model
that utilises one HD-MAP coated in both HSV and HIV to produce simultaneous HSV-HIV
coinfection in the explant. Although this is a less likely occurrence and will not best replicate
how HSV induced cell changes increase HIV acquisition, it is indeed feasible that both viruses
may be present during an active herpes lesion. This less experimentally challenging approach
could still provide valuable insight into the interactions between the two viruses and cells.
Finally, as discussed in Chapter 3, as the infection takes place in tissue after it is excised from
the body, our explant model cannot capture the impact of inflammatory cells circulating within

the vasculature that would typically infiltrate the mucosa.

4.9.1. Conclusions

Despite not demonstrating HSV2 and HIV coinfection, in our ex vivo tissue explant model, the
optimisations detailed in this chapter significantly contribute to the development of a HSV2-
HIV coinfection explant:

1. We demonstrated that HSV2 infection of human vaginal epithelial explants was shown

to produce very similar results to HSV1 infection of inner foreskin explants (Chapter
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3), with a similar migration of dermal CD4 T cells to regions subjacent to foci of
epidermal HSV infection.

The following protocol was suggested for attempts at producing HSV2 HIV coinfected
explants: HSV2 is delivered by HD-MAP followed 24 hours later by HIV added at a
concentration of 70 000 TCID50 within a cloning cylinder. HSV2 and HIV particles
and foci within cells will be visualised using RNAscope staining 24 hours after HIV
inoculation and the locations of virus and cells of interest within in the dermis and
epidermis can be identified.

Should our current approach to HSV2-HIV coinfection continue to be unsuccessful, an
alternative backup plan is to coinfect with both simultaneously with a single HD-MAP
coated with HSV2 and HIV, simulating the effect of microtrauma during intercourse

and the presence of both viruses.
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The global rate of new HIV infections has held steady, adding continuously to the number of
people living with HIV requiring lifelong ART. With 600,000 death related to AIDS and 1.3
million new infections in 2023 (HIVGov, 2025), HIV/AIDS remains a significant public health
concern. There is growing evidence that prior HSV2 infection makes individuals 3-5 times
more likely to acquire HIV via sexual transmission (Looker et al., 2017, Reynolds et al., 2003).
While it is hypothesised that this is related to ulceration and inflammation of the anogenital
mucosa (Passmore ef al., 2016), the precise mechanisms underlying this increased risk have
not yet been elucidated. Since HIV infection largely occurs through sexual transmission
(HIVGov, 2025), and HSV1/2 are two of the most prevalent STIs globally, understanding the
mechanisms by which HSV1/2 infection increases HIV acquisition risk could contribute to

novel prevention approaches in populations with high HSV1/2 prevalence.

In Chapter 3, we first utilised a preexisting ex vivo HSV1 infected inner foreskin explant model
optimised by the host lab to visualise and quantify cellular and cytokine/chemokine alterations
that may increase susceptibility to mucosal acquisition of HIV. We found that epidermal LCs
and CD11c¢" Epi-DCs were less dense and closer to the basement membrane at sites of
epidermal HSV1 infection, and that dermal LCs and CDI1lc¢" DCs were more densely
distributed under foci of HSV1 infection compared to sites far from infection. In contrast, when
examining CD3" lymphocyte populations (CD3"CD4" and CD3"CD4") in the dermis under
sites of infection, we found that although their density increased at sites of HSV1 infection,
there was no change in the average distance of lymphocytes from the basement membrane
compared to sites far from infection. We finally showed that the average cross distance between
dermal MNPs and CD3" lymphocyte populations was reduced in the dermis underlying sites
of infection, and that HSV1 infected foreskins upregulated the production of all inflammatory

cytokines and chemokines that we examined.
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These findings of Chapter 3 have several implications for understanding how early HSV
infection affects the cellular landscape and reveals multiple mechanisms by which prior HSV
can facilitate enhanced HIV transmission. The fact that epidermal MNPs decreased in density
and were closer to the basement membrane while dermal MNPs increased in density and were
also closer to the basement membrane led us to hypothesise that within the early hours of HSV
infection epidermal MNPs migrate from the epidermis and accumulate in the dermis under foci
of infection. This is supported by previous literature examining LC (Kim et al., 2015) and
CD1l1c" Epi-DC (Bertram et al., 2021) migration during HSV infection where these cells act
as a viral relay to carry virus into the dermis of the anogenital mucosa. In contrast, as
lymphocytes increased in density in the dermis under sites of infection uniformly in the first 0-
120 pm without a reduction in distance from basement membrane, we hypothesise that HSV
infection induces lymphocyte populations to migrate laterally within the dermis rather than
from the epidermis. However, given that CD3" cells are rare in the epidermis (O'Neil, 2023),
this may be the primary reason why our observations with T cells do not align with epidermal

to dermal LC and DC cell migration.

The fact that the average cross distance between MNP and lymphocyte subsets is reduced has
significant implications when considering that: 1) regions enriched in HIV target cells are more
likely to acquire HIV when exposed to the virus (Abu-Raddad et al., 2008, Zhu et al., 2007),
and 2) if the hypothesised migration of epidermal MNPs to the dermis potentially acts as a viral
relay for HIV (Bertram et al., 2019), this will allow HIV to be transported from the epidermis
into the more target cellrich dermis underlying sites of HSV infection. Therefore, the changes
in the cellular landscape between potentially HIV carrying MNPs and CD4" T cells could

facilitate the latent or productive infection of these target cells.
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Although our analysis was limited to supernatants from only two donors, the upregulation of
several chemokines and proinflammatory cytokines known to mediate lymphocyte and MNP
migration may explain the patterns of cell migration we observed. This is consistent with
previous work examining chemokines and inflammatory cytokines performed in HaCaTs
(Rana et al., 2024) and HSV1 infected primary keratinocytes (Mikloska et al., 1998). The cell
distributions we observed with the upregulation of chemokines and proinflammatory cytokines
suggest that HSV induces inflammation within the anogenital mucosa that could create a
chemotactic environment, which could contribute to the recruitment and redistribution of key

HIV target cells, lowering the threshold for HIV sexual transmission.

In Chapter 4 we adapted our explant model for use with vaginal tissue and HSV-2, establishing
a HSV2 HIV coinfection explant model to visualise viral and cellular interactions in both
vaginal and foreskin tissue. Despite limited tissue supplies and technical challenges, we
demonstrated that vaginal tissue could be infected with HSV2 using a method similar to that
used for generating HSV1 infected foreskin explants. This resulted in a redistribution in
lymphocyte populations consistent with our findings in Chapter 3. Optimal HIV infection in
vaginal tissue was achieved with a TCID50 of 70 000, delivered by cloning cylinder, with the
tissue preserved 24 post HIV infection. Finally, despite the challenges we faced, we produced
a foreskin explant which while lacking regions of overlapping HSV2 and HIV infection,
contained a region of HSV2 infection and a separate region of HIV infection which allowed us
to observe a HSV2 carrying Langerin® cell lining the basement membrane and a HIV infected

CD4" T cell residing in the epidermis.

While not achieving HSV2 HIV coinfection, we significantly optimised the coinfection model
which will be used for a variety of experiments to: 1) examine early interactions between HSV2

and HIV with CD4" T cells and other immune cells in the anogenital mucosa, and 2) directly
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visualise how mucosal acquisition of HIV is enhanced by prior HSV infection. Most
importantly, our observation of a HSV2 carrying Langerin® cell lining the basement membrane
contributes to the conclusions we drew in Chapter 3 and other reports (Kim et al., 2015)
showing that HSV2 forms a viral relay that HIV could utilise to reach the dermis as discussed
above. The HIV infected epidermal CD4" T cell we identified was most likely a TRM cell
(O’Neil et al., 2021), which is consistent with the literature that demonstrates that these cells
contribute to the HIV viral reservoir (Cantero-Pérez et al., 2019), however without a marker of
tissue residency such as CD69, this cell cannot be confirmed to be a TRM cell. An alternative
explanation for this is that chemokines CCL3, CCL4, and CCLS5, which induce T cell migration
and were upregulated in our HSV1 infected tissue, could cause dermal residing CD4" T cells
to migrate to the epidermis. These cells could therefore be part of the HSV lesion inflammatory

infiltrate that contribute to the heightened risk of HIV acquisition in the epidermis.

Before future work can take place, the HSV2 HIV infection explant model will require further
optimisation in order to ensure more reliable HSV2 HIV coinfection can be achieved. An area
of significant interest to the lab is the optimisation of HD-MAP application to tissue, as we
demonstrated that polymer HD-MAPs more frequently produced punctures that were > 30%
the epidermal depth which are associated with better infection, while more recent data has
suggested silicon HD-MAPs are superior. This is likely due to polymer HD-MAPs having
thicker tips, which limit skin deformation, thereby reducing puncture formation and depth
(Zhang et al., 2018). Changes to the spring velocity and the material underlying tissue during
HD-MAP application have also been explored by the host lab to further optimise puncture
formation. Such works have since proven to be successful during the writing of this thesis, with
the host lab producing HSV2 infected foreskins with significantly more punctures and virus

detection than previously seen using the explant system.
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Concerns about puncture sites closing and tissue integrity led us to reduce the interval between
HSV and HIV inoculation from 24 hours to 18 hours in Chapter 4. However, even at this
reduced time length, there is a significant risk of puncture closure (Nuutila et al., 2012).
Therefore, moving forward, the host lab will assess whether coinfection explants with a shorter
culture time between HSV2 and HIV infection (1-6 hours) can be used to produce useful
results. Furthermore, experiments will be conducted to identify a new adhesive for securing
cloning cylinders to tissue, one that is gentler to the tissue while still providing an effective
seal. Once fully optimised, we hope to use this novel coinfection explant model with
technologies that assess 30-40 markers such as imaging mass cytometry or high parameter
sequential IF. These advanced methodologies will produce high-quality staining of a large
panel of immune markers to identify more immune subsets, their functional markers, and their

interactions with HSV and HIV.

Our study was strengthened by our exclusive use of human anogenital mucosa such as foreskin
and vagina which is physiologically relevant when investigating the landscape of tissue
residing immune cells during early HSV and HIV infection. Previous models have replicated
microtrauma with scalpel incisions (Rhodes et al., 2021), however this method resulted in less
consistent depths and frequencies compared to our use of HD-MAPs. Traditionally
visualisation of HSV and HIV has been achieved with virus tagged with fluorescent protein
(such as GFP) or IF. However, our use of RNAscope is significantly more sensitive and allows
the visualisation of individual virions or aggregates as GFP is not typically detectable until
replication occurs which is 18-24 hpi. Finally, our use of cyclic IF allowed us to visualise both
lymphocytes and MNPs within the same panel due to the increased number of markers we
could visualise, and allows for additional markers to be added without significant further

optimisations of a staining and imaging protocol.
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Despite the significant advantage of using human tissue to closely mimic the in vivo cellular
response to HSV and HIV infection, a major limitation encountered in Chapter 4 was the
limited availability of such tissue. This led us to first shift from inner foreskin to vaginal tissue
despite our concerns about its menstrual cycle-dependent thickness and the more keratinised
epidermis (Schaller, 1990), and then based on availability we ultimately accepted both foreskin
and vaginal tissue from donors of varying health, age, and tissue size. These variations and
supply challenges meant that confirming optimisations in multiple donors was not feasible, and
a large number of replicates was required to achieve statistical significance. Our tissue explant
system also currently limits us from examining early mucosal infection, as cells and tissue
degrade significantly after 48 hours in culture, and as the tissue is excised from the body prior
to infection we are unable to observe the impact of circulating inflammatory cells which are

known to migrate to sites of HSV infection (Cunningham ef al., 1985, Zhu et al., 2009).

In conclusion, this thesis demonstrated some of the mechanisms and changes induced by HSV
in the anogenital mucosa that potentially contribute to an increased risk of HI'V acquisition and
made significant progress in optimising a novel HSV2 HIV coinfection explant. Once fully
optimised, this coinfection explant could pave the way for exciting new avenues of research

and ultimately contribute to reducing or preventing mucosal acquisition of HIV.
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Appendices

A. Fiji script for alignment of two rounds of image based on registration
/*

* This macro will perform registration of two rounds of images based on comparison of DAPI between rounds
of staining.

* Files should be in two folders "1" and "2". In each folder there should be another folder which contains
individual channels of the image

* Folders "1" and "2" should be alphabetically matched so that the lists are in correspondence.
*

*/
setBatchMode(true);

roiManager("reset");
run("Clear Results");
run("Close All");

dir = getDirectory("select main directory");
dirFirst = getDirectory("Select folder with 1st round Tiffs in folders");
dirSecond = getDirectory("Select folder with 2nd round Tiffs in folders");

listOne = getFileList(dirFirst);
listTwo = getFileList(dirSecond);
//Array.show(listOne);

if(listOne.length != listTwo.length){
print("Directories must have equal number of files");
exit;
}
if(File.exists(dir + "/TransformationFiles") == 0){
File.makeDirectory(dir + "/TransformationFiles");
}
if(File.exists(dir + "/alignedStacks") == 0){
File.makeDirectory(dir + "/alignedStacks");
}

transformationFiles = dir + "/TransformationFiles";
alignedStacks = dir + "/alignedStacks";

//Naming for output files for each round in order of CHO, CH1... etc).

//Note: The CHO, and consequently the first entry in rd1 and rd2 must be DAPI for this program to work.
rd1 = newArray("DAPI1", "CD3", "CD11c", "CD4");

rd2 = newArray("DAPI2", "LANG", "HSV");

//resolutions to assign to images. x20 mag

var resolution = "0.32529";

//resolutions to assign to images. x40 mag

//resolution ="0.16278";

i=0;

for(i=0; i<listOne.length; i++){
//names of images containing all imagelnfo
namel = substring(listOne[i], 0,lengthOf(listOne[i])-1);
name?2 = substring(listTwo[i], 0,lengthOf(listTwo[i])-1);
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//Create subdirectory to output aligned channels
savePath = alignedStacks + File.separator + namel;
print(savePath);

if(File.exists(savePath) == 0) File.makeDirectory(savePath);
else continue;

//Paths to access images from rd1 and rd2
files1 = dirFirst + namel + File.separator;// + "Layer0";
files2 = dirSecond + name2 + File.separator;// + "Layer0";

//open all images in rd1 and rd2. Convert names (e.g. round 1 CHO = rd1[0])
for(j=0;j<rd1.length;j++) fileFinderWithError("CH" + d2s(j,0), d2s(i,0), files1, rd1[j]);
for(j=0;j<rd2.length;j++) fileFinderWithError("CH" + d2s(j,0), d2s(i,0), files2, rd2[j]);

//Merge stacks and then split stacks to get image size same for all images
run("Images to Stack", "method=[Copy (center)] name=Stack title=[] use");
run("Stack to Images");

//Save all rd1 images which are now of a new size equivaling rd2 image size. Keep only the DAPI
image open.
for(j=0;j<rd1.length;j++) {
selectWindow(rd1[j]);
saveAs("Tiff", savePath + File.separator + rd1[j] + ".tif");
if(j!=0) close();
}

//Inside the "[ ]" you can choose the transformation type. i.e. 'Rigid Body', 'Affine', 'Translation' etc.

run("MultiStackReg", "stack_1=" + rd1[0] + ".tif action_1=[Use as Reference] file_1=[] stack_2="+
rd2[0] + " action_2=[Align to First Stack] file_2=[" + transformationFiles + "/" + namel + ".txt]
transformation=[Rigid Body] save");

selectWindow(rd2[0]);

saveAs("Tiff", savePath + File.separator + rd2[0] + ".tif");

for(j=1; j<rd2.length; j++){
selectWindow(rd2[j]);
run("MultiStackReg", "stack_1=" + rd2[j] + " action_1=[Load Transformation File] file_1=[" +
transformationFiles + "/" + namel + ".txt] stack_2=None action_2=Ignore file_2=[] transformation=[Rigid
Bodyl");
saveAs("Tiff", savePath + File.separator + rd2[j] + ".tif");
close();
}
print(savePath);
//Finds and opens a file within a specified directory. Inputs: name1l = part of file name, name2 = another part
of file name, directory
//of file, suffix of file name (i.e. the file type e.g. ".tiff", ".zip", ".roi").

//This file finder has been modified so that an exact match is required.
function fileFinder(namel, name2, directory){

list = getFileList(directory);

//nis used as a counter to determine if a file is found. n increases with each cycle through the loop
below. If n==0 at the end the function

//returns 0, if n>0 then 1 is returned.

n=0;

for(i=0;i<list.length;i++){

if((indexOf(list[i], name1l)>= 0) && (indexOf(list[i], name2) >=0)){
fileName = list[i];
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n++;
if((endsWith(fileName, ".roi") == 1) | | (endsWith(fileName, ".zip") == 1)){
roiManager("open", directory + File.separator + fileName);
}
else
print(directory + File.separator + fileName);
//run("Bio-Formats", "open=" + directory + File.separator + fileName +"
autoscale color_mode=Default rois_import=[ROI manager] view=Hyperstack stack_order=XYCZT");
open(directory + File.separator + fileName);

}
}
if(n==0){
return O;
}
else
return 1;

function directoryFinder(name, directory){
list = getFileList(directory);
//n is used as a counter to determine if a file is found. n increases with each cycle through the loop
below. If n==0 at the end the function
//returns 0, if n>0 then 1 is returned.
n=0;
for(i=0;i<list.length;i++){
if((indexOf(list[i], name)>= 0)) {
return list[i];
n++
}
}
if(n==0) return "NA";
}

/* This function executes the fileFinder function, but will give an error message when files are not found and
continue to next image for registration.

* name = unique substring of image, allowing filefinder to identify and open image.

* imageNo = current loop cycle count input as string (allows error message to contain info on images that are
missing)

* path = directory to search using fileFinder

* Additionally, the images are renames to 'newName' and assigned a 'resolution' which is defined at the top of
the macro as a gloabl variable.

*/

function fileFinderWithError(name, imageNo, path, newName){
if(fileFinder(name, name, path) == 0) {
print("Missing file at " + imageNo);
run("Close All");
continue;
}
rename(newName);
run("Set Scale...", "distance=1 known=" + resolution + " unit=um");
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