DEFINING HIV PERSISTENCE AND HOST IMMUNE RESPONSES IN LYMPH NODES

OF COMBINED ANTIRETROVIRAL THERAPY (cART) SUPPRESSED INDIVIDUALS

AND THE DETERMINATION OF THE IMPACT OF HIV INFECTION ON SARS-CoV-2
SPECIFIC T CELL RESPONSES IN SOUTH AFRICA.

CAROLINE CHASARA

Submitted in fulfillment of the requirements for the

Doctoral of Philosophy Degree

in the

School of Laboratory Medicine and Medical Sciences
College of Health Sciences
Nelson R. Mandela School of Medicine
University of KwaZulu-Natal
Durban, South Africa
2023

Supervisor: Professor Zaza M. Ndhlovu



PREFACE
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This thesis comprises of two independent research projects including Coronavirus disease of 2019
(COVID-19) and Human Immunodeficiency Virus (HIV) research and the original aim of this study
which was centered around understanding the HIV reservoir. When the COVID-19 pandemic hit South
Africa in 2020, subsequent lockdowns and restrictions were implemented. This compelled us to change
the original PhD proposal to incorporate COVID-19 research. My thesis, therefore, is a combination of
the COVID-19 research work carried out during the first half of my PhD studies and the HIV reservoir

research work carried out during the second half of my PhD studies.

These studies represent original work by the author and have not otherwise been submitted in any form
for any degree or diploma to any University. Where use has been made of the work of others, it is duly

acknowledged in the text.
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ABSTRACTS

Abstract 1

People living with HIV (PLWH) who have unsuppressed HIV are at a greater risk of acquiring
infectious diseases such as Coronavirus disease of 2019 (COVID-19). More recent data has shown that
unsuppressed HIV is associated with severe COVID-19 symptoms, but the mechanisms underpinning
this susceptibility are still unclear. In our study we used flow cytometry and culture T lymphocyte
expansion to assess the impact of HIV infection on the quality and epitope specificity of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) T cell responses in the first wave and second wave
of the COVID-19 epidemic in South Africa. We observed that HIV-seronegative individuals had
significantly greater CD4" T cell responses against the Spike protein compared to the viremic
individuals living with HIV. In addition, there was diminished T cell cross-recognition between the two
waves, which was more pronounced in individuals with unsuppressed HIV infection. Importantly, we
identified four mutations in the Beta variant that resulted in the abrogation of T cell recognition. These
findings partly explain the increased susceptibility of PLWH to diseases such as COVID-19 and
highlight their vulnerability to emerging SARS-CoV-2 variants of concern.

Abstract 2

The major keys to developing an HIV cure is through understanding HIV reservoir dynamics. The role
of tissue macrophages in HIV reservoirs is complex and not yet fully understood. However, their ability
to support viral replication, longevity, localization in immune sanctuaries, and potential for viral latency
all contribute to the persistence and resilience of HIV reservoirs in various tissues throughout the body.
Understanding and targeting these reservoirs is a critical area of research in the quest for an HIV cure.
To gain insight into the macrophage reservoir, we used a combination of flow cytometry and
immunofluorescence microscopy to characterize and investigate HIV persistence in lymph node (LN)
macrophages. We detected pro-inflammatory (CD68") macrophages harboring HIV Gag p24 and HIV-
1 RNA in the germinal centers of HIV positive early and late treated individuals suggesting their
potential role as an HIV reservoir. In contrast, anti-inflammatory (CD206") macrophages were localized
along lymphatic vessels and outside the germinal centers. Importantly, we show the presence of long-
lived CD4 " TIM-4" macrophages in LNs. The data reported in this thesis will go a long way in furthering

our understanding of macrophage HIV reservoirs in lymph node macrophages.
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ISIZULU ABSTRACTS

Abstract 1

Abantu abaphila ne-HIV (PLWH) abane-HIV engacindezelwe basengozini enkulu yokuthola izifo
ezithathelwanayo njenge-Coronavirus ka-2019 (COVID-19). Idatha yakamuva ibonise ukuthi i-HIV
engacindezelwe ihlotshaniswa nezimpawu ezinzima ze-COVID-19, kodwa izindlela ezisekela lokhu
kuba sengozini azikacaci. Lapha, siqale sasebenzisa i-flow cytometry kanye nokwandiswa
okuthuthukisiwe ukuhlola umthelela wokutheleleka nge-HIV kukhwalithi nokucaciswa kwe-epitope ye
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) T cell izimpendulo kumagagasi
okugala kanye negagasi lesibili. Siqaphele ukuthi abantu abangenayo i-HIV babene-CD4" T cell
impendulo enkulu kakhulu ngokumelene ne-Spike protein uma kughathaniswa nabantu abane-HIV
abaphila ne-HIV. Ukwengeza, kube nokuncipha kokuqashelwa kwe-T cell phakathi kwamagagasi
amabili, okwakubonakala kakhulu kubantu abane-HIV engacindezelwanga. Okubalulekile, sihlonze
izinguquko ezine kokuhlukile kwe-Beta okuholele ekuhoxisweni kokubonwa kweseli le-T. Lokhu
okutholakele kuchaza ngokwengxenye ukwanda kwe-PLWH ezifweni ezinjenge-COVID-19 futhi

kuggamisa nokuba sengozini kwezinhlobonhlobo ezisafufusa ze-SARS-CoV-2 zokukhathazeka.

Abstract 2

Enye yezinkinobho ezinkulu zokuthuthukisa ikhambi le-HIV ngokusebenzisa ukuqonda amandla we-
HIV reservoir. Ighaza lama-macrophage ezicubu kumithombo ye-HIV iyinkimbinkimbi futhi
ayikagondwa ngokugcwele. Kodwa-ke, ikhono labo lokusekela ukuphindaphinda kwegciwane,
ukuphila isikhathi eside, ukwenziwa kwasendaweni ezindaweni ezivikela amasosha omzimba, kanye
namandla ngokubambezeleka kwegciwane konke kunomthelela ekuphikeleleni nasekuqineni
kwemithombo ye-HIV ezicutshini ezihlukahlukene emzimbeni wonke. Ukuqonda nokukhomba lezi
zindawo zokugcina amanzi kuyingxenye ebalulekile yocwaningo ekufuneni ikhambi le-HIV. Ukuthola
ukuqonda nge-macrophage reservoir, sisebenzise inhlanganisela yokugeleza kwe-cytometry, i-
immunofluorescence microscopy, ne-RNAscope ukukhombisa nokuphenya ukuphikelela kwe-HIV
kuma-macrophages e-lymph node (LN). Sithole i-pro-inflammatory (CD68") ama-macrophages
aphethe i-HIV-Gag p24 ne-HIV-1 RNA ezikhungweni zamagciwane ze-HIV e-ET nabantu be-LT
abaphakamisa ighaza labo njenge-HIV reservoir. Ngokuphambene nalokho, ama-macrophages alwa
nokuvuvukala (CD206") ama-macrophages enziwa endaweni ngemikhumbi ye-lymphatic
nangaphandle kwezikhungo zamagciwane. Ngokubalulekile, sibonisa ukuba khona kwama-CD4 TIM-
4" ama-macrophages ama-LNs. Idatha ebikwe kule thesis izohamba ibanga elide ekughubekiseleni

phambili ukugonda kwethu amarezebe e-HIV e-macrophage kuma-lymph node macrophages.
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CHAPTER 1
BACKGROUND AND LITERATURE REVIEW

SECTION A

1.1 The Coronavirus disease 2019 (COVID-19) pandemic

COVID-19 is a highly contagious and infectious disease caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) [1, 2]. Sadly, the COVID-19 pandemic remains a global challenge due
to the unanticipated emergence of evolving SARS-CoV-2 variants. These variants have brought
devastating effects including loss of lives and a dramatic strain on public health systems and economies
[3, 4]. Additionally, several studies have shown that SARS-CoV-2 variants lead to an increase in
COVID-19 severity, viral transmissibility, and mortality [5-8]. These devastating COVID-19 pandemic
outcomes necessitated the need for the rapid design of diagnostic methods to rapidly detect and manage
SARS-CoV-2 infections [9]. Unprecedented collaborative efforts among researchers, pharmaceutical
industries, and governments around the world led to the rapid design and deployment of highly

efficacious preventive vaccines and drugs that helped to bring the ragging epidemic under control [10].

1.1.1 COVID-19 burden in South Africa

To date, the impact of COVID-19 has been felt globally and the unprecedented spread of the virus has
negatively impacted economies and health sectors [4]. Approximately 519 million cases and 6.26
million mortalities were recorded globally as of 11 May 2022, causing a strain on most global health
systems [11]. On March 5, 2020, the first COVID-19 patient was confirmed in South Africa followed
by the implementation of a national lockdown on the 27" of March 2020 [12]. Thereafter, the emergence
of new variants led to repeated pandemic waves and increased transmissibility [13]. Like many places,
by February 2022, South Africa had experienced four distinct pandemic waves caused by the ancestral
SARS-CoV-2, Beta, Delta, and Omicron BA.1 variants. The emergence of variants negatively impacted
South Africa’s economy as well as its healthcare system [14] leading to reprogramming of hospital care
units to accommodate COVID-19 patients and closure of selected health facilities. Nevertheless,
primary vaccination and booster vaccines were urgently introduced leading to virus containment [15].
In addition, vaccination reduced virus transmission and reinforced protection against severe viral strains

[16].



1.2 SARS-CoV-2 structure.
SARS-CoV-2 is a single-stranded positive sense RNA-enveloped virus belonging to the subfamily

Coronavirinae [8, 17]. Its genome size is larger than most RNA viruses (approximately 29 kb) and it

encodes approximately 9860 amino acids [18]. SARS-CoV-2 contains four main structural proteins
including the spike glycoprotein (S), membrane protein (M), nucleocapsid protein (N), and envelope
protein (E) (Figure 1.1). The spike protein facilitates virus entry into host cells by binding to
angiotensin-converting enzyme 2 (ACE2), a host cell receptor. Immediately after the spike protein binds
to ACE2, transmembrane protease serine 2 (TMPRSS2) promotes SARS-CoV-2 viral entry into the
host cell [19]. Subsequently, viral RNA is released followed by transcription, translation, and virus
release from the infected cell to other host cells [20]. The membrane protein is one of the most abundant
viral structural proteins. Additionally, it plays a significant role in virus assembly by interacting with
other structural proteins. Unlike the membrane protein, the nucleocapsid protein packages viral RNA
into ribonucleoprotein (RNP) complexes located on the viral membrane. Lastly, the envelope protein

facilitates virus assembly and release [21].

Envelope (E)

Spike glycoprotein (S)

Genomic RNA (gRNA)

Membrane protein (M)

Nucleocapsid (N)

Lipid bilayer

Figure 1.1: SARS-CoV-2 structure.

SARS-CoV-2 structure showing the four structural proteins including M, N, S, and E proteins. Image
adapted from Yang et al. [21].



1.3 COVID-19 pathogenesis

Upon infection by SARS-CoV-2, the virus is transported through the naso-oral cavity to the lungs [22].
During this phase, virus replication occurs in the upper respiratory tract including the trachea, nasal
passage, pharynx, and larynx. Within a few days (~2-14) early symptoms of COVID-19 such as dry
cough, pharyngitis, fever, shortness of breath, and joint pain begin to appear. Additionally, nosocomial
transmission of viral infection may occur during this phase, thereby increasing the possibility of
spreading viral infection. Once the virus moves to the lower respiratory tract, a strong immune response
is mounted [23]. Cumulative reports have shown that immunocompromised individuals are at higher
risk of SARS-CoV-2 infection and usually have worse COVID-19 outcomes compared to healthy
individuals [24].
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Figure 1.2: SARS-CoV-2 pathogenesis.

Upon exposure to SARS-CoV-2, patients develop mild symptoms within approximately 5 days, known
as the incubation period, shortly followed by SARS-CoV-2 clinical manifestations such as mild
infection, severe disease, or death. Mild infection can be readily controlled by initial host immune
responses. However, severe COVID-19 takes longer to manage and may be associated with exacerbated
immune responses, ultimately causing organ damage and mortality [25]. The viral load peak occurs
during the first week of infection and gradually declines thereafter. Antibody responses increase to

detectable levels by day 14. Image adapted from Cevik et al. [26].



1.3.1 Immune responses against SARS-CoV-2

The adaptive immune responses are important determinants of the clinical outcomes associated with
SARS-CoV-2 infection [27, 28]. Recently, there has been heightened interest in understanding cellular
immunity during acute SARS-CoV-2 infection. Moreover, research has shown that T cells may be one
of the major mediators of COVID-19 control. Despite the high SARS-CoV-2 mortality rate, most
individuals infected with the virus survive during acute infection. It is also important to note that SARS-

CoV-2-specific T cells develop in most individuals despite their immune state [29, 30].

Many studies have sought to understand the complexity of T cell responses against SARS-CoV-2. These
include the sequencing of SARS-CoV-2 in 2020 followed by a study by Peng et al. to assess the breadth
of T cell responses in individuals with mild and severe infection [31]. This study reported the presence
of stronger T cell responses in individuals with severe viral infection compared to individuals with mild
infection. Additionally, the use of peptide pools to identify specific T cell responses against most viral
proteins has improved the understanding of SAS-CoV-2 T cell responses [32, 33]. The magnitude of
the SARS-CoV-2-specific CD4"and CD8" memory T cell response is typically low (around 0.2% and
0.6%), although a characteristic feature is heterogeneity between donors. The breadth of response within
individual donors has been estimated at approximately 19 and 17 epitope-specific responses in most
people. All the major proteins are targeted by T cell responses. SARS-CoV-2 infection is also associated
with polyfunctional responses dominated by interleukin-2 (IL-2) and interferon-gamma (IFN-y) [34].
A comprehensive understanding of immune responses against SARS-CoV-2 is needed for the design

of next-generation vaccines and cures.
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Figure 1.3: SARS-CoV-2 infection and T cell responses.

Summary of T cell responses mounted against SARS-CoV-2 after viral infection. When SARS-CoV-2
is captured and processed by antigen-presenting cells, CD4" and CD8" T cells are activated and
cytokines such as IFN-y, TNF-a, and granzyme B are released to fight the viral infection. Image adapted
from Wang et al. [35].

1.4 COVID-19 prevention strategies (vaccines)

Initial vaccine rollout programs against SARS-CoV-2 were implemented approximately nine months
after COVID-19 was declared a global pandemic. Since then, several vaccines have been developed
and distributed. These include messenger RNA-based vaccines such as Sinopharm, adenovirus-based
vector vaccines, and inactivated vaccines such as the Pfizer-BioNTech, Janssen, Moderna, and
AstraZeneca vaccines [36, 37]. Messenger RNA vaccines have become more favorable for human use
because they have low manufacturing costs, have high potency, and are considered safer than vector-
based vaccines [38]. Subsequent vaccine studies have shown that most commercially available vaccines
elicit robust SARS-CoV-2 T cell responses. Generally, the adaptive immune response underpins

vaccine efficacy and determines the clinical outcome after SARS-CoV-2 infection. However,
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discrepancies in the number of individuals eliciting T cell responses differ across the various vaccine

types [39, 40].

Generally, most COVID-19 vaccines have been extremely effective in reducing hospitalization and
preventing COVID-19 severe disease [41]. Nonetheless, significant challenges and concerns
surrounding vaccine efficacy and ensuring equitable vaccine access around the globe still exist. Some
of these concerns include the inability of current vaccines to protect against emerging viral variants and
the side effects associated with these vaccines [42, 43]. Measuring the efficiency of T cell and antibody
responses to Covid-19 vaccines is vital to power the rapid release of novel vaccines for public health

interventions during the Covid-19 pandemic and beyond.

1.5 SARS-CoV-2 in people living with HIV (PLWH)

Immunocompromised individuals are generally considered a high-risk population due to weakened
immune systems [44]. Currently, there is no consensus on the contribution of HIV to COVID-19 disease
outcomes. However, research has shown that PLWH are at a higher risk of contracting SARS-CoV-2
infection and currently there is insufficient data and no substantive evidence on the association between
HIV and SARS-CoV-2 disease outcomes [45]. Our study reported in chapter 2 of this dissertation

demonstrated deleterious effects of unsuppressed HIV infection on T cell immunity to SARS-CoV-2.



SECTION B

1.6 HIV/AIDS

Acquired immune deficiency syndrome (AIDS) remains a global health burden and continues to cause
numerous deaths across the globe. To date, approximately 74.9 million individuals have been infected
globally, with nearly half of the infected population succumbing to AIDS disease [46, 47]. In 2018,
over 400 000 AIDS-related deaths were recorded in Africa. Progressive research has shown that
approximately 16 Southern Africa Development Community (SADC) countries remain the epicentre of
the HIV/AIDS epidemic with the largest number of people living with HIV/AIDS [48]. The use of
combination antiretroviral therapy (cART) has significantly reduced HIV-associated deaths and has
undoubtedly improved the quality of life in PLWH. However, antiretroviral therapy is lifelong and may
cause side effects such as drug toxicity or resistance when not taken optimally [49]. Moreover, ART
interruption results in viral rebound revealing the persistence of HIV in sanctuary sites such as the brain

and lymph nodes [50, 51].

One of the major barriers to an HIV cure is the persistence of latently infected cells which contain
transcriptionally silent HIV DNA. Upon ART interruption, the transcriptionally silent HIV genome is
activated leading to virus production [52, 53]. CD4" T cells remain one of the well characterized HIV
reservoirs in virally suppressed individuals on cART. However, besides CD4" T cells, various other
immune cells have been implicated as HIV reservoirs. These include cells of the myeloid lineage such
as dendritic cells and macrophages [54, 55] where HIV remains sequestered for prolonged periods.
Initially, researchers presumed that macrophages lack the potential to self-renew. However, more recent
evidence challenges this dogma. There is now broad scientific consensus that a subset of macrophages
has self-renewing capacity, a long-life span, and resist the cytopathic effects of HIV infection [56, 57].
This knowledge, combined with animal model studies, has led to a resurgence of interest in investigating

HIV persistence in macrophages during cART.

1.7 Monocytes as macrophage precursors

A thorough understanding of monocytes and macrophages is critical for the specific targeting of the
macrophage reservoir which will enrich the scientific HIV cure development strategies [58]. During
infection and inflammation, monocytes travel to peripheral sites through the lymph and bloodstream
and differentiate into macrophages in tissues [59, 60]. Evidence has shown that monocytes appear in
the peripheral blood at different times suggesting that monocyte populations transition sequentially in
the blood [61]. According to traditional nomenclature, human monocytes can be divided into three

distinct populations including, intermediate monocytes (CD147CD16"), classical monocytes



(CD147°CD16), and non-classical monocytes (CD14°CD16™) [62, 63]. Classical monocytes
differentiate into pro-inflammatory (M1) macrophages [64]. Nonclassical monocytes differentiate into
anti-inflammatory (M2) macrophages [65]. While monocytes are vital for phagocytosis and pathogen
clearance, they potentially have negative effects on the pathogenesis of some inflammatory and

degenerative diseases [61].

1.7.1 Macrophage plasticity

Macrophages detect and clear pathogens in the blood and tissues by triggering a series of immuno-
inflammatory reactions [59]. In addition, macrophages are highly heterogenous cells, and they
demonstrate high plasticity. Their phenotypic and functional diversity is influenced by various factors
such as the presence of pathogens, the presence of a wound, and their interaction with various immune
cells [61]. The polarization of macrophages into M1 and M2 macrophages is enhanced by various
signaling molecules and transcription factors [66]. For instance, polarization of M1 macrophages occurs
by lipopolysaccharides and Thl cytokines such as IFN-y. As a result, M1 macrophages secrete pro-
inflammatory cytokines such as interleukin-1p (IL-1p), interleukin-6 (IL-6), and interleukin-12 (IL-12).
On the contrary, M2 macrophages are mainly polarized by Th2 cytokines such as interleukin-4 (IL-4)
and interleukin-13 (IL-13) and they secrete anti-inflammatory signals including interleukin-10 (IL-10)
and transforming growth factor-p (TGF-P) [67-69].

Macrophages have been assessed in a wide range of diseases and cumulative evidence has shown that
M1 and M2 macrophages have distinct functions and transcriptional profiles [70]. However, it is
important to note that the M1/M2 macrophage polarization balance influences the fate of an organ
during inflammation and injury [71]. For instance, when inflammation is high and severe enough to
damage the organ, macrophages release anti-inflammatory cytokines against the stimulus and vice versa
[72]. Despite the known role of chemokines as the major mediators of macrophage chemotaxis, the

mechanisms underlying how they regulate M1 and M2 macrophages remain unclear.
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Figure 1.4: Monocyte differentiation into M1 and M2 macrophages

Human monocytes can be classified as classical, intermediate, and non-classical monocytes. Classical
and intermediate monocytes differentiate into pro-inflammatory (M1) macrophages and non-classical
monocytes differentiate into anti-inflammatory (M2) macrophages. Image adapted from Cutolo et al.

[65].

Another notable factor is the ability of macrophages to change their phenotype in response to various
signals in-vitro. The macrophage stimulating factor (M-CSF) and granulocyte-macrophage stimulating
factor (GM-CSF) have been used to polarize macrophages into distinct phenotypes by manipulating
various pathways in-vitro [73-75]. Markers such as cluster of differentiation 68 (CD68) and cluster of
differentiation 206 (CD206) have been extensively used to phenotype M1 and M2 macrophages
respectively [76].

The relevance of macrophage polarization is seen during infection. A shift of macrophage phenotype
from a pro-inflammatory state to an anti-inflammatory state is vital for host defence [77]. In addition,
macrophage polarization into different phenotypes is also relevant in HIV-associated inflammation,
specifically during late and chronic HIV and simian immunodeficiency virus (SIV) infection [78].
Extensive macrophage in-vitro infection studies demonstrate that M1 and M2 macrophages have

impaired function during both acute and chronic HIV infection [79, 80]. Although there is limited



evidence to support this notion, macrophage polarization likely has significant effects on HIV disease

outcomes.

1.8 HIV reservoirs in tissues

HIV persists in tissues for prolonged periods leading to reservoir establishment in tissues such as the
liver, gut, brain, and lymph nodes [20]. The persistence of replication-competent virus in tissues is a
major challenge to the development of an HIV cure. Moreover, the mechanisms underlying viral
persistence in tissues are not clear. Partly, this is caused by limited access to tissue samples and
techniques to measure the size of the reservoir. Understanding HIV dynamics in tissues is crucial to

inform HIV cure development and the specific targeting of HIV-infected cells.

The gut is one of the major sites of viral infection as it contains a large proportion of lymphocytes [81,
82]. HIV infection has been detected in gut CD4" T cells and myeloid cells in ART-suppressed
individuals. A study by Poles et al. showed that HIV-RNA and DNA levels remain stable for over a
year in rectal tissues [83]. Moreover, HIV-DNA and RNA have also been detected in brain tissues of
ART-treated individuals. The virus was mostly localized to perivascular macrophages, microglial cells,
and astrocytes [84]. Several tissues including kidneys, thymus, and lymph nodes have been implicated
in HIV persistence. Despite extensive studies in HIV-infected tissues, much remains unclear about
tissue reservoirs and their persistence during ART. However, lymph nodes are known to be a key

reservoir site for HIV-1 persistence [85, 86].

1.8.1 Lymph nodes and their role in HIV infection

The presence of HIV has also been detected in lymph node CD4" T cells, with a few studies suggesting
the presence of persistent HIV in macrophages [85, 87]. Lymph nodes are secondary lymphoid organs
that play a role in filtering foreign particles through lymphatic vessels [88]. Some of the most important
lymph node structures include the germinal center (GC), lymphatic vessels, and lymphatic sinuses. GCs
are temporary structures formed in the B cell follicle within lymph nodes in response to infection [89,
90]. Afferent and efferent lymphatic vessels serve as immunologic communication highways by
mediating the transport of leukocytes and antigens to draining lymph nodes [91]. Generally, B-
lymphocytes are localized in the nodular lymphatic tissue, while T-cells and myeloid cells are present

in regions such as the diffuse lymphatic tissue, sinus, and GC.
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Figure 1.5: Lymph node structure

Lymph nodes are widely distributed throughout the body where they filter foreign antigens and fight
infections. Image adapted from SlideServe (https://www.slideserve.com/mariah/chapter-21-lymphatic-

and-immune-systems).

HIV infection leads to a disruption in the lymph node (LN) function and impairment of humoral as well
as cellular immune responses. SIV studies have shown that GCs and LN follicular regions are primary
sites of viral replication and viral reservoir establishment [87, 92]. Although some of the well-
recognized anatomical reservoirs include the genitourinary (GU) tract [93], the lungs [55], the gut [94],
and the central nervous system (CNS) [95], lymph nodes have received much attention in recent years.
There is convincing evidence that lymph nodes are the major anatomical reservoirs of HIV infection
[85]. Additionally, the continuous circulation of HIV-infected macrophages and their trafficking in
lymph nodes represents an avenue for reservoir establishment. An in-depth understanding of the biology
and function of immune cells in HIV-infected lymph nodes will better inform the specific targeting of

infected cells needed to eradicate HIV in tissues.
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1.8.2 HIV infection in macrophages

Macrophages are widely distributed throughout the body in most tissues including the liver, gut, and
lymph nodes where they play various immunological roles. For instance, mononuclear phagocytes play
a role in the construction of the vessel wall as well as in maintaining cardiac rhythm. In addition, liver
macrophages (Kupffer cells) contribute to liver homeostatic functions [96]. Similar to monocytes, [97]
the implications of tissue macrophage function and origin have not been fully explored. Scientific
evidence suggests that macrophages play a critical role in the establishment and persistence of the HIV
reservoir due to numerous factors [98]. First, research has shown that HIV production in macrophages
occurs intracellularly in specific compartments known as virus-containing compartments (VCCs) [99].
These compartments play a role in sheltering virions, allowing for the retainment of their infectious
potential for extended periods. Second, HIV-infected macrophages resist HIV-induced apoptosis and
cytotoxic T cell killing [100, 101]. Moreover, some HIV-infected macrophages have self-renewing

capacity and a long half-life, allowing them to reside in tissues for prolonged periods [102].

A recent study by Ganor et al. revealed that macrophages are a key HIV reservoir in penile urethral
tissue in cART-suppressed individuals. In addition, a series of fluorescent in-situ hybridization (FISH)
assays detected the presence of CD68" HIV-infected macrophages in the penile urethra [93].
Replication-competent SIV has also been detected in brain macrophages of ART-suppressed SIV-
infected pig-tailed macaques [103]. Although the role of macrophages in HIV infection has been
documented over the years, their role in HIV persistence is still controversial. Contrary to what other
studies have reported, some researchers suggest that myeloid cells are not a major source of virus in
SIV-infected nonhuman primates. They propose that macrophages merely ingest HIV-infected T cells
during phagocytosis, which explains the presence of HIV nucleic acids and proteins in macrophages
[104] [105]. Understanding the mechanisms underlying HIV persistence in LN macrophages is
warranted for the design of strategies targeting the elimination of macrophages which may be different
from CD4" T cell targeting strategies because of the inherent differences in the cellular biology of the

two subsets.

1.8.3 Long-lived tissue resident macrophages

Tissue-resident macrophages originate from the fetal liver during embryonic development and from the
bone marrow after birth [106]. Recently long-lived macrophages have been identified in certain organs
such as the gastrointestinal tract, liver, lung, and brain [107], where they contribute to tissue homeostasis
and immune surveillance. T cell immunoglobulin and mucin domain containing 4 (TIM-4), a
phosphatidylserine receptor that is highly expressed on resident peritoneal macrophages [108]. Two

independent studies have shown that long-lived macrophages express TIM-4 and CD4 [109, 110].
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Additionally, HIV infection of long-lived macrophages elevates the potential of this subset to be an

important reservoir in tissues.

1.8.4 Techniques and animal models used to study the myeloid reservoir.

Studies aimed at characterizing HIV reservoirs in HIV-infected individuals have mainly focused on
peripheral blood, with a few studies focused on tissues. Generally, the tissue reservoir is understudied.
Given the hurdles associated with obtaining human tissues, animal models such as SIV-infected
macaques have become valuable models for studying HIV infection and replication in macrophages
[111]. Similar to HIV, SIV infects macrophages in macaques, making SIV-macaque models useful for
understanding HIV reservoir establishment during cART. In addition to SIV-infected macaques,
humanized mice models have also been used to study the macrophage reservoir. A study by Arainga et
al. revealed that humanized mice sustain viral infection and respond effectively to cART [112].
Interestingly, like humans, antiretroviral treatment in mice significantly lowers viral load, but it does
not eliminate HIV infection in reservoirs. However, the use of mice models to study HIV reservoirs is

hampered by the short half-life of mice [113].

The use of non-human primate models (NHPs) for HIV pathogenesis and HIV reservoir studies has led
to significant advances in HIV cure development [114, 115]. Some of the advantages of using NHPs
include easy access to tissue samples [116]. Additionally, NHPs allow researchers to carry out
numerous procedures, most of which may be difficult to carry out in humans. Generally, many NHP
species are naturally infected by SIV making them a good model to study HIV pathogenesis [117].
However, these models are limited in their ability to replicate the effects of HIV on various tissues and
to recreate basic features of HIV disease in humans [118]. Although there is no perfect animal model,
each animal model has its benefits and limitations and has provided the tools to explore HIV

pathogenesis and HIV reservoirs.

One of the major challenges for HIV reservoir research is the lack of accurate and reliable methods that
can be used to reproducibly measure HIV reservoirs. Currently, techniques such as DNAscope and
RNAscope have been used to detect SIV-infected macrophages [78]. For instance, DiNapoli et al. used
DNAscope to investigate macaques with undetectable viral load after receiving cART for five months.
They detected the presence of SIV DNA in macrophages localized in the spleen [119]. Additionally,
assays such as the quantitative viral outgrowth assay (QVOA) have been successfully used in mice
studies to measure the frequency of HIV-infected cells [120]. However, the qVOA requires large blood
volumes which may be difficult to obtain in some cases. Overall, the development of more sensitive
techniques to detect HIV infection and the use of various animal models can significantly improve

understanding of macrophage biology and the macrophage reservoir.
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1.9 THESIS OUTLINE

Combined antiretroviral therapy has played a significant role in the suppression of plasma viremia in
HIV-infected individuals [121]. However, the complete eradication of HIV-1 has been hampered by the
formation of viral reservoirs. These reservoirs are established during early infection, and they can
remain stable for extended periods in sanctuary sites. Immune dysfunction is well known to contribute
to the establishment and maintenance of HIV reservoirs but the mechanisms underlying viral

persistence under suppressive ART remain unclear.

The HIV reservoir was originally described as a homogeneous pool of resting memory CD4" T cells.
An ever-growing body of in vitro and in vivo studies have demonstrated that memory CD4" T cells play
a key role in HIV persistence. In addition, CD4" T cells can proliferate and contribute to the longevity
of the reservoir in ART-treated individuals [122-124]. Over the years, multiple CD4" T cell subsets
have been identified as a source of HIV persistence. The heterogeneity of these reservoirs suggests that

numerous other cell types may contribute to viral persistence.

More recently, there has been a resurgence of interest in the myeloid reservoir. There is broad consensus
that macrophages may contribute to HIV persistence due to their self-renewing capacity, long life span,
and ability to resist the cytopathic effects of HIV infection. However, contrary to this notion, nonhuman
primate studies suggest that myeloid cells are not a major source of HIV during suppressed infection
[125]. They speculate that, unlike CD4" T cells, myeloid lineage populations are not readily permissive
to HIV infection, that most of the seemingly infected macrophages are merely a result of ingested HIV -

infected T cells during phagocytosis and not productive infection [126].

In addition to resisting cytotoxic T cell killing during HIV infection, macrophages are highly
heterogeneous cells. They differentiate into pro-inflammatory and anti-inflammatory macrophages in
response to environmental stimuli. Studies have reported a constant shift in macrophage states during
HIV infection. However, the mechanism by which this polarization occurs remains unclear. Detailed
investigation of macrophage phenotypes, distribution, and function will inform a better understanding
of HIV pathogenesis in macrophages. On the other hand, unsuppressed HIV places HIV patients at a
higher risk of acquiring infectious diseases such as COVID-19 although the mechanisms underpinning
this susceptibility are not fully understood. Understanding the mechanisms underlying viral persistence

is essential for managing HIV disease as well as the development of an HIV cure.

This thesis seeks to address the following questions:
e Research Question 1: How does unsuppressed HIV affect COVID-19 pathogenesis?

e Research Question 2: What macrophage phenotypes are found in lymph nodes?
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e Research Question 3: What is the spatial distribution of lymph node macrophages?
e Research Question 4: What is the role of macrophages in HIV pathogenesis and reservoir
establishment?
By addressing these study questions, we hope to provide information that will further our understanding
of HIV pathogenesis and the persistence of HIV in lymph node macrophages.

The aims of the present studies are as follows:

Aim 1: To determine the impact of HIV infection on SARS-CoV-2-specific CD4" and CD8" T cell

responses in the first wave and second wave of the COVID-19 epidemic in South Africa.

Aim 2: To perform a comprehensive phenotypic and functional characterization of lymph node

macrophages.

Aim 3: To investigate the role of lymph node macrophages in HIV persistence during cART.

Chapter 1 is the introduction of the thesis consisting of the relevant topics relating to the defined aims

of the study.

In chapter 2, we assessed the impact of HIV infection on the quality and epitope specificity of SARS-
CoV-2 T cell responses in the first and second wave of the COVID-19 epidemic in South Africa.

In chapter 3, we conducted a detailed characterization of the phenotype, spatial localization, and

function of macrophages within human lymph nodes.

In chapter 4, we extended our study and investigated the role of macrophages in HIV persistence.

Chapter 5 is a general discussion including overall implications and future directions of our studies.

15



1.10 REFERENCE LIST

10.

1.

12.

13.

14.

15.

16.

Cascella, M., et al., Features, Evaluation, and Treatment of Coronavirus (COVID-19), in
StatPearls. 2022: Treasure Island (FL).

Hu, C.Y., et al., Characteristics of patients with SARS-COV-2 PCR re-positivity after
recovering from COVID-19. Epidemiol Infect, 2023. 151: p. e34.

Walsh, F., Loss and Resilience in the Time of COVID-19: Meaning Making, Hope, and
Transcendence. Fam Process, 2020. 59(3): p. 898-911.

Tessema, G.A., et al., The COVID-19 pandemic and healthcare systems in Afvica: a scoping
review of preparedness, impact and response. BMJ Glob Health, 2021. 6(12).

Krause, P.R., et al., SARS-CoV-2 Variants and Vaccines. N Engl ] Med, 2021. 385(2): p. 179-
186.

Han, X. and Q. Ye, The variants of SARS-CoV-2 and the challenges of vaccines. J Med Virol,
2022. 94(4): p. 1366-1372.

Mistry, P., et al., SARS-CoV-2 Variants, Vaccines, and Host Immunity. Front Immunol, 2021.
12: p. 809244.

Wang, M.Y., et al., SARS-CoV-2: Structure, Biology, and Structure-Based Therapeutics
Development. Front Cell Infect Microbiol, 2020. 10: p. 587269.

Fernandes, Q., et al., Emerging COVID-19 variants and their impact on SARS-CoV-2 diagnosis,
therapeutics and vaccines. Ann Med, 2022. 54(1): p. 524-540.

Ciotti, M., et al., The COVID-19 pandemic: viral variants and vaccine efficacy. Crit Rev Clin
Lab Sci, 2022. 59(1): p. 66-75.

Schroder, M., et al., COVID-19 in South Africa: outbreak despite interventions. Sci Rep, 2021.
11(1): p. 4956.

Moonasar, D., et al., COVID-19: lessons and experiences from South Africa's first surge. BMJ
Glob Health, 2021. 6(2).

lacopetta, D., et al., COVID-19 at a Glance: An Up-to-Date Overview on Variants, Drug
Design and Therapies. Viruses, 2022. 14(3).

Cooper, S., H. van Rooyen, and C.S. Wiysonge, COVID-19 vaccine hesitancy in South Africa:
how can we maximize uptake of COVID-19 vaccines? Expert Rev Vaccines, 2021. 20(8): p.
921-933.

Moghadas, S.M., et al., The impact of vaccination on COVID-19 outbreaks in the United States.
medRxiv, 2021.

Minka, S.O. and F.H. Minka, 4 tabulated summary of the evidence on humoral and cellular
responses to the SARS-CoV-2 Omicron VOC, as well as vaccine efficacy against this variant.

Immunol Lett, 2022. 243: p. 38-43.

16



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Huang, Y., et al., Structural and functional properties of SARS-CoV-2 spike protein: potential
antivirus drug development for COVID-19. Acta Pharmacol Sin, 2020. 41(9): p. 1141-1149.
Sah, R., et al., Complete Genome Sequence of a 2019 Novel Coronavirus (SARS-CoV-2) Strain
Isolated in Nepal. Microbiol Resour Announc, 2020. 9(11).

Shapira, T., et al., A TMPRSS2 inhibitor acts as a pan-SARS-CoV-2 prophylactic and
therapeutic. Nature, 2022. 605(7909): p. 340-348.

Wong, J.K. and S.A. Yukl, Tissue reservoirs of HIV. Curr Opin HIV AIDS, 2016. 11(4): p.
362-70.

Yang, H. and Z. Rao, Structural biology of SARS-CoV-2 and implications for therapeutic
development. Nat Rev Microbiol, 2021. 19(11): p. 685-700.

Shah, V.K., et al., Overview of Immune Response During SARS-CoV-2 Infection: Lessons From
the Past. Front Immunol, 2020. 11: p. 1949.

Cui, X., etal., Pulmonary Edema in COVID-19 Patients: Mechanisms and Treatment Potential.
Front Pharmacol, 2021. 12: p. 664349.

Davis, H.E., et al., Long COVID: major findings, mechanisms and recommendations. Nat Rev
Microbiol, 2023. 21(3): p. 133-146.

Hu, B., et al., Characteristics of SARS-CoV-2 and COVID-19. Nat Rev Microbiol, 2021. 19(3):
p. 141-154.

Cevik, M., et al., Virology, transmission, and pathogenesis of SARS-CoV-2. BMJ, 2020. 371:
p. m3862.

Hermens, J.M. and C. Kesmir, Role of T cells in severe COVID-19 disease, protection, and
long term immunity. Immunogenetics, 2023. 75(3): p. 295-307.

Sette, A. and S. Crotty, Adaptive immunity to SARS-CoV-2 and COVID-19. Cell, 2021. 184(4):
p. 861-880.

Kared, H., et al., SARS-CoV-2-specific CD8+ T cell responses in convalescent COVID-19
individuals. J Clin Invest, 2021. 131(5).

Lu, X. and S. Yamasaki, Current understanding of T cell immunity against SARS-CoV-2.
Inflamm Regen, 2022. 42(1): p. 51.

Peng, Y., et al., Broad and strong memory CD4 (+) and CD8 (+) T cells induced by SARS-
CoV-2 in UK convalescent COVID-19 patients. bioRxiv, 2020.

Tarke, A., et al., Comprehensive analysis of T cell immunodominance and immunoprevalence
of SARS-CoV-2 epitopes in COVID-19 cases. Cell Rep Med, 2021. 2(2): p. 100204.

Grifoni, A., et al., Targets of T Cell Responses to SARS-CoV-2 Coronavirus in Humans with
COVID-19 Disease and Unexposed Individuals. Cell, 2020. 181(7): p. 1489-1501 el5.

Moss, P., The T cell immune response against SARS-CoV-2. Nat Immunol, 2022. 23(2): p. 186-
193.

17



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Wang, L., et al., T Cell Response to SARS-CoV-2 Coinfection and Comorbidities. Pathogens,
2023.12(2).

Kudlay, D., A. Svistunov, and O. Satyshev, COVID-19 Vaccines: An Updated Overview of
Different Platforms. Bioengineering (Basel), 2022. 9(11).

Han, X., P. Xu, and Q. Ye, Analysis of COVID-19 vaccines: Types, thoughts, and application.
J Clin Lab Anal, 2021. 35(9): p. €23937.

Pardi, N., et al., mRNA vaccines - a new era in vaccinology. Nat Rev Drug Discov, 2018. 17(4):
p- 261-279.

Keeton, R., et al., Prior infection with SARS-CoV-2 boosts and broadens Ad26.COV2.S
immunogenicity in a variant-dependent manner. Cell Host Microbe, 2021. 29(11): p. 1611-
1619 e5.

Fodor, E., et al., Comparison of immune activation of the COVID vaccines: ChAdOxl,
BNT162b2, mRNA-1273, BBIBP-CorV, and Gam-COVID-Vac from serological human
samples in Hungary showed higher protection after mRNA-based immunization. Eur Rev Med
Pharmacol Sci, 2022. 26(14): p. 5297-5306.

Watson, O.J., et al., Global impact of the first year of COVID-19 vaccination: a mathematical
modelling study. Lancet Infect Dis, 2022. 22(9): p. 1293-1302.

Vitiello, A., et al., COVID-19 vaccines and decreased transmission of SARS-CoV-2.
Inflammopharmacology, 2021. 29(5): p. 1357-1360.

Tregoning, J.S., et al., Progress of the COVID-19 vaccine effort: viruses, vaccines and variants
versus efficacy, effectiveness and escape. Nat Rev Immunol, 2021. 21(10): p. 626-636.
Jakharia, N., A.K. Subramanian, and A.E. Shapiro, COVID-19 in the Immunocompromised
Host, Including People with Human Immunodeficiency Virus. Infect Dis Clin North Am, 2022.
36(2): p. 397-421.

Bhaskaran, K., et al., HIV infection and COVID-19 death: a population-based cohort analysis
of UK primary care data and linked national death registrations within the OpenSAFELY
platform. Lancet HIV, 2021. 8(1): p. e24-e32.

Ng'uni, T., C. Chasara, and Z.M. Ndhlovu, Major Scientific Hurdles in HIV Vaccine
Development: Historical Perspective and Future Directions. Front Immunol, 2020. 11: p.
590780.

Olufadewa, 1., et al., COVID-19: Learning from the HIV/AIDS pandemic response in Africa.
Int J Health Plann Manage, 2021. 36(3): p. 610-617.

Gona, P.N., et al., Burden and changes in HIV/AIDS morbidity and mortality in Southern Africa
Development Community Countries, 1990-2017. BMC Public Health, 2020. 20(1): p. 867.
Pennings, P.S., HIV Drug Resistance: Problems and Perspectives. Infect Dis Rep, 2013.
5(Suppl 1): p. 5.

Hoetelmans, R.M., Sanctuary sites in HIV-1 infection. Antivir Ther, 1998. 3 Suppl 4: p. 13-7.

18



51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

Poveda, E. and A. Tabernilla, New Insights into HIV-1 Persistence in Sanctuary Sites During
Antiretroviral Therapy. AIDS Rev, 2016. 18(1): p. 55.

Smith, M.Z., F. Wightman, and S.R. Lewin, HIV reservoirs and strategies for eradication. Curr
HIV/AIDS Rep, 2012. 9(1): p. 5-15.

Chen, J., et al., The reservoir of latent HIV. Front Cell Infect Microbiol, 2022. 12: p. 945956.
Gartner, S., et al., The role of mononuclear phagocytes in HTLV-III/LAV infection. Science,
1986. 233(4760): p. 215-9.

Costiniuk, C.T. and M.A. Jenabian, The lungs as anatomical reservoirs of HIV infection. Rev
Med Virol, 2014. 24(1): p. 35-54.

Murphy, J., et al., The prolonged life-span of alveolar macrophages. Am J Respir Cell Mol
Biol, 2008. 38(4): p. 380-5.

Clayton, K.L., et al., Resistance of HIV-infected macrophages to CD8(+) T lymphocyte-
mediated killing drives activation of the immune system. Nat Immunol, 2018. 19(5): p. 475-
486.

Wacleche, V.S, et al., The Biology of Monocytes and Dendritic Cells: Contribution to HIV
Pathogenesis. Viruses, 2018. 10(2).

Yang, J., et al., Monocyte and macrophage differentiation: circulation inflammatory monocyte
as biomarker for inflammatory diseases. Biomark Res, 2014. 2(1): p. 1.

Ginhoux, F. and S. Jung, Monocytes and macrophages: developmental pathways and tissue
homeostasis. Nat Rev Immunol, 2014. 14(6): p. 392-404.

Shapouri-Moghaddam, A., et al., Macrophage plasticity, polarization, and function in health
and disease. J Cell Physiol, 2018. 233(9): p. 6425-6440.

Ozanska, A., D. Szymczak, and J. Rybka, Pattern of human monocyte subpopulations in health
and disease. Scand J Immunol, 2020. 92(1): p. e12883.

Kapellos, T.S., et al., Human Monocyte Subsets and Phenotypes in Major Chronic
Inflammatory Diseases. Front Immunol, 2019. 10: p. 2035.

Gordon, S. and P.R. Taylor, Monocyte and macrophage heterogeneity. Nat Rev Immunol,
2005. 5(12): p. 953-64.

Cutolo, M., et al., The Role of M1/M2 Macrophage Polarization in Rheumatoid Arthritis
Synovitis. Front Immunol, 2022. 13: p. 867260.

Yunna, C., et al., Macrophage M1/M?2 polarization. Eur J Pharmacol, 2020. 877: p. 173090.
Mantovani, A., A. Sica, and M. Locati, New vistas on macrophage differentiation and
activation. Eur J Immunol, 2007. 37(1): p. 14-6.

Gordon, S. and F.O. Martinez, Alternative activation of macrophages: mechanism and
functions. Immunity, 2010. 32(5): p. 593-604.

Biswas, S.K., et al., Macrophage polarization and plasticity in health and disease. Immunol

Res, 2012. 53(1-3): p. 11-24.

19



70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Richter, L., et al.,, Transcriptional profiling reveals monocyte-related macrophages
phenotypically resembling DC in human intestine. Mucosal Immunol, 2018. 11(5): p. 1512-
1523.

Wang, N., H. Liang, and K. Zen, Molecular mechanisms that influence the macrophage m1-m2
polarization balance. Front Immunol, 2014. 5: p. 614.

Zhou, D, et al., Macrophage polarization and function with emphasis on the evolving roles of
coordinated regulation of cellular signaling pathways. Cell Signal, 2014. 26(2): p. 192-7.
Orecchioni, M., et al., Macrophage Polarization: Different Gene Signatures in M1(LPS+) vs.
Classically and M2(LPS-) vs. Alternatively Activated Macrophages. Front Immunol, 2019. 10:
p- 1084.

Mills, C.D., et al., M-1/M-2 macrophages and the Thi/Th2 paradigm. J Immunol, 2000.
164(12): p. 6166-73.

Hamilton, T.A., et al., Myeloid colony-stimulating factors as regulators of macrophage
polarization. Front Immunol, 2014. 5: p. 554.

Tarique, A.A., et al., Phenotypic, functional, and plasticity features of classical and
alternatively activated human macrophages. Am J Respir Cell Mol Biol, 2015. 53(5): p. 676-
88.

Ricketts, T.D., et al., Mechanisms of Macrophage Plasticity in the Tumor Environment:
Manipulating Activation State to Improve Outcomes. Front Immunol, 2021. 12: p. 642285.
Wong, M.E., A. Jaworowski, and A.C. Hearps, The HIV Reservoir in Monocytes and
Macrophages. Front Immunol, 2019. 10: p. 1435.

Burdo, T.H., J. Walker, and K.C. Williams, Macrophage Polarization in AIDS: Dynamic
Interface between Anti-Viral and Anti-Inflammatory Macrophages during Acute and Chronic
Infection. J Clin Cell Immunol, 2015. 6(3).

Galvao-Lima, L.J., etal., Classical and alternative macrophages have impaired function during
acute and chronic HIV-1 infection. Braz J Infect Dis, 2017. 21(1): p. 42-50.

Moss, S.F., Gastroenterology Clinics of North America. Gastric cancer. Preface. Gastroenterol
Clin North Am, 2013. 42(2): p. xiii-xiv.

Mowat, A.M. and J.L. Viney, The anatomical basis of intestinal immunity. Immunol Rev, 1997.
156: p. 145-66.

Poles, M.A., et al., Lack of decay of HIV-1 in gut-associated lymphoid tissue reservoirs in
maximally suppressed individuals. J Acquir Immune Defic Syndr, 2006. 43(1): p. 65-8.

Levy, J.A., et al., Isolation of AIDS-associated retroviruses from cerebrospinal fluid and brain
of patients with neurological symptoms. Lancet, 1985. 2(8455): p. 586-8.

Scholz, E.M.B. and A.D.M. Kashuba, The Lymph Node Reservoir: Physiology, HIV Infection,
and Antiretroviral Therapy. Clin Pharmacol Ther, 2021. 109(4): p. 918-927.

20



86.

&7.

8.

9.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Huot, N, et al., Lymph Node Cellular and Viral Dynamics in Natural Hosts and Impact for HIV
Cure Strategies. Front Immunol, 2018. 9: p. 780.

Baiyegunhi, O.0., et al., CD8 lymphocytes mitigate HIV-1 persistence in lymph node follicular
helper T cells during hyperacute-treated infection. Nat Commun, 2022. 13(1): p. 4041.
Ruddle, N.H. and E.M. Akirav, Secondary lymphoid organs: responding to genetic and
environmental cues in ontogeny and the immune response. J Immunol, 2009. 183(4): p. 2205-
12.

Hufert, F.T., et al., Germinal centre CD4+ T cells are an important site of HIV replication in
vivo. AIDS, 1997. 11(7): p. 849-57.

Adachi, Y., et al., Distinct germinal center selection at local sites shapes memory B cell
response to viral escape. J Exp Med, 2015. 212(10): p. 1709-23.

Arasa, J., V. Collado-Diaz, and C. Halin, Structure and Immune Function of Afferent
Lymphatics and Their Mechanistic Contribution to Dendritic Cell and T Cell Trafficking. Cells,
2021. 10(5).

Thornhill, J.P., et al., The Role of CD4+ T Follicular Helper Cells in HIV Infection: From the
Germinal Center to the Periphery. Front Immunol, 2017. 8: p. 46.

Ganor, Y., et al., HIV-1 reservoirs in urethral macrophages of patients under suppressive
antiretroviral therapy. Nat Microbiol, 2019. 4(4): p. 633-644.

Thompson, C.G., C.L. Gay, and A.D.M. Kashuba, HIV Persistence in Gut-Associated
Lymphoid Tissues: Pharmacological Challenges and Opportunities. AIDS Res Hum
Retroviruses, 2017. 33(6): p. 513-523.

Hellmuth, J., V. Valcour, and S. Spudich, CNS reservoirs for HIV: implications for eradication.
J Virus Erad, 2015. 1(2): p. 67-71.

Locati, M., G. Curtale, and A. Mantovani, Diversity, Mechanisms, and Significance of
Macrophage Plasticity. Annu Rev Pathol, 2020. 15: p. 123-147.

Italiani, P. and D. Boraschi, From Monocytes to M1/M2 Macrophages: Phenotypical vs.
Functional Differentiation. Front Immunol, 2014. 5: p. 514.

Kruize, Z. and N.A. Kootstra, The Role of Macrophages in HIV-1 Persistence and
Pathogenesis. Front Microbiol, 2019. 10: p. 2828.

Chu, H., et al.,, The intracellular virus-containing compartments in primary human
macrophages are largely inaccessible to antibodies and small molecules. PLoS One, 2012.
7(5): p. €35297.

Castellano, P., L. Prevedel, and E.A. Eugenin, HIV-infected macrophages and microglia that
survive acute infection become viral reservoirs by a mechanism involving Bim. Sci Rep, 2017.
7(1): p. 12866.

Swingler, S., et al., Apoptotic killing of HIV-1-infected macrophages is subverted by the viral
envelope glycoprotein. PLoS Pathog, 2007. 3(9): p. 1281-90.

21



102.

103.

104.

105.

106.

107.

108.
109.

110.

I11.

112.

113.

114.

115.

116.

117.

118.

119.

Boliar, S., et al., Inhibition of the IncRNA SAF drives activation of apoptotic effector caspases
in HIV-1-infected human macrophages. Proc Natl Acad Sci U S A, 2019. 116(15): p. 7431-
7438.

Avalos, C.R., et al., Brain Macrophages in Simian Immunodeficiency Virus-Infected,
Antiretroviral-Suppressed Macaques: a Functional Latent Reservoir. mBio, 2017. 8(4).

Lima, R.G., et al., The replication of human immunodeficiency virus type 1 in macrophages is
enhanced after phagocytosis of apoptotic cells. J Infect Dis, 2002. 185(11): p. 1561-6.
Sattentau, Q.J. and M. Stevenson, Macrophages and HIV-1: An Unhealthy Constellation. Cell
Host Microbe, 2016. 19(3): p. 304-10.

Wynn, T.A. and K.M. Vannella, Macrophages in Tissue Repair, Regeneration, and Fibrosis.
Immunity, 2016. 44(3): p. 450-462.

Bain, C.C., et al., Long-lived self-renewing bone marrow-derived macrophages displace
embryo-derived cells to inhabit adult serous cavities. Nat Commun, 2016. 7: p. ncomms11852.
Davies, L.C., et al., Tissue-resident macrophages. Nat Immunol, 2013. 14(10): p. 986-95.
Shaw, T.N., et al., Tissue-resident macrophages in the intestine are long lived and defined by
Tim-4 and CD4 expression. J Exp Med, 2018. 215(6): p. 1507-1518.

De Schepper, S., et al., Self-Maintaining Gut Macrophages Are Essential for Intestinal
Homeostasis. Cell, 2018. 175(2): p. 400-415 el3.

Shedlock, D.J., G. Silvestri, and D.B. Weiner, Monkeying around with HIV vaccines: using
rhesus macaques to define 'gatekeepers’ for clinical trials. Nat Rev Immunol, 2009. 9(10): p.
717-28.

Arainga, M., et al., 4 mature macrophage is a principal HIV-1 cellular reservoir in humanized
mice after treatment with long acting antiretroviral therapy. Retrovirology, 2017. 14(1): p. 17.
Victor Garcia, J., Humanized mice for HIV and AIDS research. Curr Opin Virol, 2016. 19: p.
56-64.

Hu, S.L., Non-human primate models for AIDS vaccine research. Curr Drug Targets Infect
Disord, 2005. 5(2): p. 193-201.

Apetrei, C., 1. Pandrea, and J.W. Mellors, Nonhuman primate models for HIV cure research.
PLoS Pathog, 2012. 8(8): p. €¢1002892.

Witham, C. and S. Wells, Nonhuman primates' tissue banks: resources for all model organism
research. Mamm Genome, 2022. 33(1): p. 241-243.

Veazey, R.S. and A.A. Lackner, Nonhuman Primate Models and Understanding the
Pathogenesis of HIV Infection and AIDS. ILAR J, 2017. 58(2): p. 160-171.

Vallender, E.J. and G.M. Miller, Nonhuman primate models in the genomic era: a paradigm
shift. ILAR J, 2013. 54(2): p. 154-65.

DiNapoli, S.R., et al., Tissue-resident macrophages can contain replication-competent virus in

antiretroviral-naive, SIV-infected Asian macaques. JCI Insight, 2017. 2(4): p. €91214.

22



120.

121.

122.

123.

124.

125.

126.

Stuelke, E.L., et al., Measuring the Inducible, Replication-Competent HIV Reservoir Using an
Ultra-Sensitive p24 Readout, the Digital ELISA Viral Outgrowth Assay. Front Immunol, 2020.
11: p. 1971.

Chun, T.W., et al., Rebound of plasma viremia following cessation of antiretroviral therapy
despite profoundly low levels of HIV reservoir: implications for eradication. AIDS, 2010.
24(18): p. 2803-8.

Bukrinsky, M.L., et al., Quiescent T lymphocytes as an inducible virus reservoir in HIV-1
infection. Science, 1991. 254(5030): p. 423-7.

Chun, T.W., et al., In vivo fate of HIV-1-infected T cells: quantitative analysis of the transition
to stable latency. Nat Med, 1995. 1(12): p. 1284-90.

Chun, T.W., et al., Quantification of latent tissue reservoirs and total body viral load in HIV-1
infection. Nature, 1997. 387(6629): p. 183-8.

Busman-Sahay, K., et al., Eliminating HIV reservoirs for a cure: the issue is in the tissue. Curr
Opin HIV AIDS, 2021. 16(4): p. 200-208.

Andrade, V.M., et al., A minor population of macrophage-tropic HIV-1 variants is identified in
recrudescing viremia following analytic treatment interruption. Proc Natl Acad Sci U S A,

2020. 117(18): p. 9981-9990.

23



CHAPTER 2

Aim: Investigate the impact of HIV infection on the quality and epitope specificity of SARS-CoV-2 T

cell responses in the first wave and second wave of the COVID-19 epidemic in South Africa.

Chapter 2 Overview

HIV and SARS-CoV-2 are global pandemics and their co-action in humans is still a subject of growing
research interest and clinical importance. Currently, the search for the most appropriate and relevant
therapy for both HIV and SARS-CoV-2 continues, and the emergence of more transmissible and
evasive variants is of great concern. Although several studies have demonstrated that unsuppressed HIV
is associated with severe COVID-19, the mechanisms underpinning this susceptibility are still unclear.
In Chapter 2, we present a study conducted to assess the CD4" T cell responses to SARS-CoV-2 using
a combination of flow cytometry and culture T lymphocyte expansion during the first wave and second
wave of the COVID-19 epidemic in South Africa. We observed that HIV-seronegative individuals had
significantly greater CD4" T cell responses against the Spike protein compared to the viremic PLWH.
In addition, we observed diminished T cell cross-recognition between the two waves, which was more
pronounced in individuals with unsuppressed HIV infection. Notably, we identified four mutations in
the Beta variant that resulted in abrogation of T cell recognition. These findings may partly explain the
increased susceptibility of PLWH to severe COVID-19 and highlights their vulnerability to emerging

SARS-CoV-2 variants of concern.
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Figure 1. The impact of unsuppressed HIV infection on SARS-CoV-2-specific CD4* and CD8* T cell responses.
(A) Representative flowplots gated on IFN-y/TNF-a dual positive CD4* and CD8* T cells. (B) Aggregate data for
IFN-y/TNF-at dual positive CD4* and CD8° T cells are shown (HIV-neg, n=14; suppressed, n=16: viremic, n=13).
SARS-CoV-2-specific CD4* and CDB* T cells producing IFN-y, TNF-e, and IL-2 cells in various combinations are

Figure 1 continued on next page
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Figure 1 continued

shown. Pie chart and dot plots for (C) SARS-CoV-2-specific CD4* and (D) CD8* T cells. Pie chart represents the
mean distribution across subjects of mono-functional, bi-functional, and poly-functional cytckine producing SARS-
CoV-2-specific T cells. Size of each pie segment relates to the frequency of a mono-functional, bi-functional, and
triple-functional response. Dot plot represents the frequency of combinations of cytokines produced. Wilcoxon
test was done among the dot plots using SPICE software (significant p values are highlighted).

combinations. Consistent with dual IFN-y, TNF-a cytokine secretion data (Figure 1B), the patterns of
cytokine production of HIV-seronegative was mostly similar to HIV suppressed individuals (pie charts,
Figure 1C and D). Analysis of single cytokine production revealed that HIV-seronegative individ-
uals and suppressed PLWH predominantly produced IFN-y responses (green sectors of the pie chart,
Figure 1C and D), whereas viremic PLWH predominantly produced TNF-a responses for both CD4*
and CD8" T cells (magenta sectors of the pie chart, Figure 1C and D). Cells co-producing all three
cytokines were very rare regardless of HIV status (red sectors of the pie chart, Figure 1C and D).
Nonetheless, HIV-seronegative had greater frequencies of dual cytokine secreting cells compared
to viremic PLWH (p=0.0330 for CD4, Figure 1C; p=0.0330 for CD8, Figure 1D). Taken together, the
data show that uncontrolled HIV infection lowers the magnitude and alters the quality of SARS-CoV-2
T cell responses. Importantly, complete plasma HIV suppression preserves the capacity to mount high
magpnitude, dual-functional SARS-CoV-2-spedific T cell responses.

T cell responses against the major SARS-CoV-2 structural proteins

Having observed differences in magnitude and quality of SARS-CoV-2 spike-specific T responses,
we next measured responses directed against major structural proteins, the nucleocapsid (N), the
membrane (M), and Spike (S), again using PepTivater peptide pools from Miltenyi biotec. Our data
show all three major SARS-CoV-2 proteins are targeted by SARS-CoV-2-specific CD4* and CD8* T cells
(Figure 2A and B), with a preponderance for greater S-specific CD8* T cell responses relative to M
(Figure 2A). These data suggest that most SARS-CoV-2 structural proteins can be targeted by T cells,
consistent with previous reports (Tarke et al., 2021).
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Figure 2. Comparison of SARS-CoV-2 protein targeting by T cell responses among HIV-negatives, suppressed and viremic donors. Magnitude of
(A) CD4* T and (B) CD8" T cell responses targeting the Membrane (M), Nucleocapsid (N), and Spike (S) SARS-CoV-2 proteins among study groups. P
values for differences among the groups are *<0.05; as determined by the Wilcaxon matched-pairs signed rank test (GraphPad Prism version 9.3.0).
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Figure 3. Poor cross-recognition of SARS-CoV-2-specific CD4* and CD8* T cell responses between wt and beta variants in wave 1 and wave 2 COVID-19
participants. Ex vivo assessment of T cell cross-recognition between the two waves. (A) Intra-donor SARS-CoV-2-specific T cell responses to wt and
corresponding Beta variant peptides by wave 1 participants. (B) Intra-donor SARS-CoV-2-specific T cell responses to wt and comresponding Beta variant
peptides in wave 2 participants. Next, PBMCs were expanded for 12 days in the presence of 5152 SARS-CoV-2 peptide pools and tested against wt

Figure 3 continued on next page
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Figure 4. The effects of unsuppressed HIV infection on T cell breadth and ability to cross-recognize the Beta variant. Representative data for a negative
donor showing greater, (A) CD8* and (B) CD4* T cell breadth. A cross-recognized responses between wt and Beta is circled. Representative data for

a suppressed donor shawing greater, (C) CD8* and (D) CD4* T cell breadth. A cross-recognized response is circled. Representative data for a viremic
donor showing greater, (E) CD8* and (F) CD4* T cell breadth. (G) Aggregate data comparing breath of SARS-CoV-2-specific CD8*, and (H) CD4* T
Figure 4 continued on next page
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cell response between HIV-negative and suppressed versus viremics. Breadth here is simply the number of positive responses among the individual
peptides tested.
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Figure 5. |dentification of Beta mutations associated with reduced cross-recognition between wt and Beta variant. (A) Side-by-side comparison of
SARS-CoV-2-specific CD8* T cell response between wt and Beta. (B) Side-by-side comparison of SARS-CoV-2-specific CD4* T cell response between wt.
The analysis combined all the 12 participants. P values calculated by Mann-Whitney U-test. wt, wild-type.
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Figure 6. Immunodominance hierarchy of SARS-CoV-2 CD8* and CD4* T cell responses targeting wt and Beta.

Immunodominance hierarchy of CD8* T cell responses to, (A) wt and (B) the coresponding Beta variant peptides.
Similarly, Immunodominance hierarchy of CD4* T cell responses to, (C) wt and (D) the corresponding Beta variant.
Arrows indicate resp that changed hierarchical position (among the six most dominant responses) between
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the two waves. Data arranged in descending order of magnitude of responses to wt peptide stimulation. wt, wild-
type.

people had greater responses compared to older people, whereas disease severity and sex did not
have discernible effect on SARS-CoV-2 T cell responses.

Discussion

The greater burden of HIV in sub-Saharan Africa makes investigating the impact of HIV infection on
COVID-19 immunity and disease outcomes critical for bringing the epidemic under control in the
region. Recent studies have documented strong cellular responses following SARS-CoV-2 infection
and vaccination, but the effects of HIV on SARS-CoV-2-specific T cell responses are not well character-
ized. Here, we investigated the antigen-specific CD4* and CD8" T cell responses in a cohort of SARS-
CoV-2- infected individuals with and without HIV infection. Our results show that unsuppressed HIV
infection is assodated with reduced cellular responses to SARS-CoV-2 infection. We also show that
low absolute CD4 count and hyper immune activation are associated with diminution of SARS-CoV-
2-spacific T cell responses. Importantly, we identify spike mutations in the Beta variant that abrogate
recognition by memory T cells raised against wt epitopes. Similarly, immune responses targeting Beta
variant epitopes poorly cross-recognize corresponding wt epitopes. These data reveal the potential
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The online version of this article includes the following figure supplement{s) for figure 7:

Figure supplement 1. Assessment of the effect of COVID-19 disease severity on, (A) SARS-CoV-2-spacific CD4*, and (B) CD8" T cell responses.
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CHAPTER 3

Aim: Determine the phenotype, spatial location, and function of macrophages within human lymph

nodes (LNs).

Chapter 3 Overview

Macrophages are dynamic cells that play a crucial role in host defence against pathogen invasion [1, 2].
In addition, macrophages exhibit extreme heterogeneity in response to physiological and pathological
stimuli. According to traditional nomenclature, macrophages can be polarised into pro-inflammatory
(M1) and anti-inflammatory (M2) macrophages in vitro. M1 and M2 macrophages exhibit diverse
phenotypes and functions, and their characterization has been extensively conducted in mice. However,
only a few studies have characterized macrophages in human lymph nodes (LNs). Additionally, the role
of macrophage polarization during HIV infection is also of relevant importance but it has not been fully
explored. In vitro studies have highlighted changes in macrophage states during acute and chronic HIV
infection leading to impaired macrophage function. Given the heterogeneous nature of human
macrophages, it is vital to further investigate and understand the distinct lymph node macrophage

populations to ultimately manage HIV pathogenesis and macrophage reservoir dynamics.

Chapter 3 presents a study conducted to identify the different macrophage phenotypes found in human
LNs using a combination of immunofluorescence microscopy and multi-color flow cytometry. In
addition, the spatial location of these macrophage populations was determined and and the effect of
HIV infection on the expression and frequency of these macrophage populations was investigated.
CD68" (M1) macrophages localized inside and outside germinal centers (GCs) in HIV negative and
HIV positive tissues. In contrast, CD206" (M2) and CD68"CD206" macrophages (an intermediate
phenotype) localized along lymphatic vessels (LV). Interestingly, an increase in CD68", CD206", and
CD68"CD206" macrophage frequency during HIV infection was observed. Flow cytometry was used
to identify similar macrophage populations in lymph node mononuclear cells. These findings may partly
explain the establishment and maintenance of the macrophage reservoir in germinal centers of human
LN tissues. Additionally, the alteration of macrophage frequency during HIV infection may affect

macrophage function leading to HIV persistence.
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3.1 ABSTRACT

Pro-inflammatory (M1) and anti-inflammatory (M2) macrophages exhibit distinct phenotypes and
functions. The role of macrophages in HIV pathogenesis has been extensively characterized in mice.
However, their characterization in humans, specifically in lymph nodes (LNs), has lagged because of
the inability to access LN tissues. In human studies, polarization of macrophages into M1 and M2
subtypes has been shown to impact HIV pathogenesis. It has also been established that macrophage
states switch during HIV infection hence influencing disease outcomes. A critical understanding of
macrophage populations in LNs will inform the development of effective cure strategies. To gain insight
into the various macrophage populations found in human LNs, we used immunofluorescence
microscopy and multi-color flow cytometry to phenotypically characterize LN macrophages. We
identified CD68" (M1) macrophages inside and outside the germinal centers (GCs). In addition, we
identified CD206" (M2) and CD68"CD206" (double positive) macrophages localized along lymphatic
vessels (LV). We further investigated if HIV infection influences the frequency of these macrophages.
Notably, immunofluorescence microscopy results revealed that HIV infection leads to a significant
increase in both M1 and M2 macrophage frequencies. Lastly, we confirmed these data by flow
cytometry and show that M1 and M2 macrophage frequencies are increased during HIV infection.
Overall, this work identified spatial localization of different macrophage subsets within human LNs and

highlight their potential role during HIV infection in lymphoid tissues.
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3.2 INTRODUCTION

Monocytes and macrophages are myelomonocytic cells that play an important role in innate immunity.
They provide protection by detecting and engulfing pathogens in the blood and tissues [3]. Once these
myelomonocytic cells detect a pathogen, they trigger an immune inflammatory reaction, ultimately
leading to homeostasis reinstating as well as pathogen clearance [3, 4]. Monocytes are derived from
monocyte progenitors in the bone marrow. Thereafter, they enter the blood stream and use the blood as

a transport system to migrate into tissues where they differentiate into macrophages [5].

Human monocytes are subdivided into three populations defined as classical (CD147°CD16°), non-
classical (CD14"CD16"), and intermediate (CD14"CD16") monocytes [6, 7]. Over the years, research
has shown that macrophages are dynamic cells that differentiate under the influence of cytokines such
as interleukin-10 (IL-10) into either pro-inflammatory (M1) or anti-inflammatory (M2) macrophages
[8]. [9]. Some of the common markers that have been reliably used to identify M1 and M2 macrophages
in mice include CD68 and CD206 respectively [10, 11]. However, the selection of the most appropriate
markers for the identification of human macrophages will involve continuous screening as only a few

studies have been attempted to define human M1 and M2 macrophages [12, 13].

CD4" T cells are the main targets of HIV-1 infection but circulating monocytes and tissue macrophages
are also infected by HIV. Certain subsets of tissue macrophages have the potential to contribute to the
establishment of viral reservoirs due to their long half-life, their resistance to cytopathic effects of virus
replication, and their ability to produce mature HIV virions in intracellular compartments [14]. The
persistence and outcome of HIV infection has been attributed to macrophage polarization [15, 16].

However, the specific mechanism of macrophage polarization in humans is not fully understood.

Alternatively activated CD206" (M2) macrophages have been reported to produce cytokines, such as
IL-10, and help with the resolution of inflammation. Moreover, an increased frequency of CD206"
macrophages has been associated with decreased inflammation during HIV infection. In contrast,
classically activated CD68" (M1) macrophages have been reported to contribute to the viral reservoir
in urethral tissue [17]. Currently, there is no consensus on the distinct macrophage markers that best
define M1 and M2 macrophages. In addition, the frequency of M1 and M2 macrophages in HIV-
infected individuals remains a subject of debate. Identifying the macrophage phenotypes in human
lymph nodes and understanding the mechanisms underlying the changes in macrophage frequency

during HIV infection is vital to inform HIV pathogenesis and macrophage reservoir formation.

Here, we postulate that the phenotype and location of macrophages play a significant role during HIV

infection in human lymph nodes. Using immunofluorescence microscopy, we identified CD68" (M1)
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macrophages localized inside and outside the germinal centers (GCs) in HIV negative and HIV positive
individuals. In contrast, CD206" (M1) and CD68"CD206" (double positive) macrophages localized
along lymphatic vessels and outside the GCs. Several studies have combined flow cytometry and
immunofluorescence microscopy to investigate changes in macrophage phenotype and frequency as
well as the potential effect of this alteration. Despite the information known to date, it is still not fully
understood whether HIV infection impacts macrophage polarization and/or induces a shift in
macrophage frequency. Therefore, to address this, we used immunofluorescence microscopy and
multicolour flow cytometry to investigate the effect of HIV on macrophage frequency. Our results show
that HIV infection results in increased frequencies of M1 (CD68") and M2 (CD206") macrophages.

Increased macrophage frequencies elevate their potential to contribute to the HIV reservoirs in LNs.
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3.3 MATERIALS AND METHODS

3.3.1 Study approval

All study participants provided written informed consent before inclusion in the study. This study is a
follow up study. Ethical approval for the primary study was granted by the University of KwaZulu-
Natal Biomedical Research Ethics Committee (protocol number BF298/14) and the Institutional
Review Board of Massachusetts General Hospital (protocol number 2015-P001018).

3.3.2 Study cohort

A total of 31 LN samples (20 LN tissue biopsies obtained from late treated (L T) individuals (Table 3.1;
supplementary Table 3.1) and 10 mononuclear cell samples isolated from LNs (Table 3.1;
supplementary Table 3.2)) were used in this study. Late treatment was defined as treatment initiated
after the acute phase of HIV infection (3 months post infection). These samples were selected based on
availability. Matched LN tissue biopsies and mononuclear cells were used. However, in cases where
matched samples could not be obtained, samples from different timepoints were used instead. Study
participants were drawn from the HIV Pathogenesis Programme (HPP) lymph node study (LNS) cohort
in Durban, South Africa (SA). Recruitment was conducted at a study site in Umlazi, Durban, SA as part
of the Females Rising through Education, Support and Health (FRESH) program. The FRESH program
was designed to minimize HIV progression by implementing early and frequent HIV testing and

treatment [18].

3.3.3 Sample collection and experimental procedures

Inguinal and mesenteric LNs were surgically excised at Prince Mshiyeni Hospital in Umlazi, and 120
ml paired PB was also obtained from each participant. Viral load measurements were performed by
HIV-1 RNA testing using the NucliSens EasyQ v2.0 assay (BioMérieux Clinical Diagnostics, Marcy-
I’Etoile, France), through a certified commercial laboratory. CD4" T cell counts were enumerated by
Tru-Count technology and analyzed on a FACSCalibur flow cytometer (Becton Dickinson (BD) New
Jersey, USA). Sample processing and laboratory studies were performed at the Africa Health Research

Institute in Durban, South Africa.
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3.3.4 Lymph node and blood sample processing

Excised LNs were divided into two sections. One section was fixed in 10% formal-saline (Sigma-
Aldrich, St. Louis, Missouri, USA) for immunofluorescence microscopy studies while the second
section was macerated to release lymph node mononuclear cells (LMCs) as described by Schacker et
al [19]. Thereafter, cells were passed through a mesh screen and harvested by centrifugation (625 x g,
6 min, room temperature (RT). Peripheral blood mononuclear cells (PBMCs) were isolated from
patients’ blood samples by density-gradient centrifugation using Histopaque-1077 (Sigma-Aldrich)

and cryopreserved in liquid nitrogen.

3.3.5 Hematoxylin and Eosin (H and E) staining

Briefly, tissue sections were deparaffinized using xylene (Honeywell research chemicals) and
rehydrated prior to staining with the Harris” hematoxylin solution for 10 min at 37 °C. Next, the sections
were rinsed in water followed by differentiation using 10% acetic acid and 85% ethanol. After
differentiation, the slides were placed in the blueing agent for 3 min at 37 °C, dipped in ammonia water
until the sections turned blue, and rinsed under running tap water. Thereafter, the slides were stained
with eosin Y ethanol solution for 3 min at RT. Slides were then mounted with Dako fluorescence
mounting medium (Agilent Technologies) and imaged with the Axio Observer, x20 objective lenses, a
Hamamatsu C13440- 20C camera, and TissueFAXS imaging software (TissueGnostics, Vienna,

Austria).

3.3.6 Immunofluorescence (IF) microscopy

IF microscopy staining was performed on 4 pM tissue sections of formalin-fixed paraffin-embedded
(FFPE) LNs using the Opal 4-color fluorescent immunohistochemistry (IHC) kit (PerkinElmer,
Waltham, MA, USA). Sections were deparaffinized using xylene (Honeywell research chemicals) and
rehydrated before antigen retrieval using AR6 buffer (20 min, 100 °C, (PerkinElmer)). Next, two
blocking steps (2 x 10 min, RT) were performed with the Dako peroxidase-blocking reagent (Agilent
Technologies, Glostrup, Denmark) and Bloxall block (Vector Laboratories, Burlingame, CA, USA).
The slides were washed with 0.05% Tween 20 in Tris-buffered saline (TBS-T) for 5 min, sequentially
probed with the primary antibody (30 min, RT), and Opal polymer HRP (20 min, RT (PerkinElmer))
and detected using the Opal polymer 520 (10 min, RT). This protocol was repeated for the second and
third antibodies with Opal polymers 570 and 690 respectively, followed by counterstaining with spectral
DAPI (PerkinElmer) to make a total of four different fluorochromes. Primary antibodies used in these
combinations include anti-human BCL-6 ((clone PG-B6p) Dako/Agilent Technologies), CD68 ((clone
KP1) Dako/Agilent Technologies), and CD206 ((clone 685645) R&D Systems. After staining, slides
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were mounted with Dako fluorescence mounting medium (Agilent Technologies) and imaged with the
Axio Observer, x20 objective lenses, a Hamamatsu C13440- 20C camera, and TissueFAXS imaging

software (TissueGnostics, Vienna, Austria).

3.3.7 Quantitative image analysis

Quantitative image analysis was conducted using TissueQuest (TissueGnostics). Statistical analysis and
graphical presentation were performed using GraphPad Prism version 9.0 software (GraphPad Software
Inc., La Jolla, CA, USA). The Mann-Whitney U test was utilized to compare differences between any

two groups. Differences between groups were significant at a P value of <0.05.

3.3.8 Flow cytometry analysis

Lymph node mononuclear cells (LMCs) were characterized using multi-parameter flow cytometry
analysis. Briefly, cells were stained with LIVE/DEAD Fixable Blue dead cell stain kit (Thermo Fisher
Scientific, Waltham, MA, USA), CD3-BV711 (BD Biosciences, San Jose, CA), CD4-BV650
(BioLegend, San Diego, CA, USA), CD19-PE-Cy5 (BioLegend), HLA-DR-APC-CY7 (BioLegend),
CD45-BV786 (BD Biosciences), CD11B-BV421 (BioLegend), and TIM-4-APC (BioLegend). For
intracellular staining, cells were washed with PBS and incubated for 20 min with cytofix/cytoperm (BD
Biosciences) according to the manufacturer’s instructions. After fixation, cells were washed with perm
wash buffer (BD Biosciences) and incubated for 20 min at RT with perm wash buffer containing CD68
(BioLegend) and CD206 (BD Biosciences) antibodies. Fluorescence minus one (FMO) or unstained
cells were used as a control. Stained cells were acquired using an LSRFortessa (BD Biosciences) with
FACSDiva™ software. Data were analyzed using FlowJo version 10.6.0 (FlowJo, LLC, Ashland,
Oregon).
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3.4 RESULTS

Macrophage spatial localization, distribution, and function within lymph node tissues.

Macrophages are a heterogenous population and their polarization into diverse phenotypes has been
shown to impact HIV progression [20]. However, the interplay between their polarization and disease
progression has not been fully explored. To gain more insight into the phenotypes, distribution, and
function of macrophages in human lymph nodes, we used a total of 31 HIV negative and HIV positive

late treated (LT) samples to phenotype and spatially localize lymph node macrophages.

Table 3.1: Donor characteristics stratified by HIV status.

All (n=31) HIV negative HIV positive
(n=11) (LT) (n=20)
Age years (median) 27 (24-61) 27 (25-29) 27 (24-61)
Male 6 0 6
Female 25 11 14
HIV viral load copies/ml 275(20-6000) N/A 275 (20-6000)
CD4 count cells/ul (median) 737 (375-406) 789 (659-1143) 737 (225-1369)

* Abbreviations: not applicable (NA), late treated (LT)

3.4.1 Lymph node morphology

HIV infection causes cells to undergo clonal expansion. These cells rapidly expand over time in
peripheral blood and LNs and may ultimately contribute to viral rebound [21]. The hematoxylin and
eosin staining technique has been widely used as a standard technique to analyze tissue morphology
and alteration during disease. To gain insight into the LN morphology and structure during HIV
infection, we used H and E staining to study LN morphology in HIV negative and HIV positive LN
tissues. We observed that follicles were expanded in HIV-infected tissues (Figure 3.1C) compared to
the HIV negative tissues (Figure 3.1A-B). Our results confirm that HIV infection leads to an expansion

of LN follicles due to HIV induced inflammatory responses.
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Figure 3.1: Hematoxylin and eosin staining of lymph nodes.

(A) Lymph node biopsy obtained from an HIV negative individual showing red blood cells, subcapsular
sinus, fatty tissue, and lymphatic vessels. Lymphatic vessels form part of the lymph node transport
system. (B) Lymph node biopsy obtained from an HIV negative individual showing a normal germinal
center (GC). (C) Lymph node biopsy obtained from an HIV positive individual showing expansion of
GC cells during HIV infection. GCs are major sites of HIV replication in LN tissues. Images were

scanned at x40 magnification and scale bars equal 100um.

3.4.2 CD68" (M1) macrophages localize inside and outside germinal centers (GCs) in lymph node
tissues.

Although H and E staining is a quick and versatile technique used to study tissue morphology, it does
not provide phenotypic information needed to identify the different macrophage subsets. To address
this, we used immunofluorescence imaging, a technique that simultaneously permits quantitative
assessment of cellular phenotype and localization in tissues. We used the macrophage marker CD68 to
define pro-inflammatory (M1) macrophages in HIV positive individuals. CD68 has been widely used
to identify M1 macrophages in tonsils and brain tissues [22, 23]. BCL-6 was used to identify active
GCs (Figure 3.2A), the regions of interest were selected (Figure 3.2B), and the frequency of CD68"
macrophages were measured using the image analysis software TissueQuest (TissueGnostics) (Figure
3.2C). We identified CD68" macrophages localized inside and outside GCs of HIV positive tissues
(Figure 3.2A; 3.4) with a higher frequency of these cells localized outside the GCs (p=0.04; Figure
3.2C). The presence of CD68" macrophages inside GCs, which are primary sites of viral replication
and reservoir establishment suggests that this macrophage population may play a role in trapping HIV

for prolonged periods or may potentially be a reservoir harboring subset.
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Figure 3.2: Localization and distribution of CD68" macrophages

(A) Images showing staining for CD68 (white), BCL-6 (green), and DAPI (blue) in LN sections
obtained from three HIV positive individuals. Images were scanned at x40 magnification and scale bars
equal 200um and 100um for zoomed in images. The white circle defines the germinal center (GC). (B)

[lustration of histology region (ROI) selection. The area of each box is dependent on the area of the

56



different germinal center regions. (C) Frequency of CD68" macrophages localized inside and outside

the GC. P values were determined using the Mann-Whitney U test.

3.4.3 CD206" (M2) macrophages localize along lymphatic vessels and outside germinal centers
(GCs) in lymph node tissues.

Macrophages are found in virtually every tissue in the body where they take on specific properties that
allow them to perform unique functions required in their tissue of residence [24]. In addition, the bulk
of LN macrophages are directly exposed to the lymphatic vessel where they constantly flush out
antigens. To further characterize lymph node macrophages, we used the macrophage marker CD206 to
localize anti-inflammatory (M2) macrophages. Similarly, the regions of interest were selected (Figure
3.3B) and the frequency of CD206" macrophages were measured using the image analysis software
TissueQuest (TissueGnostics) (supplementary Figure 3.6). In contrast to CD68" macrophages,
CD206" macrophages were localized along the lymphatic vessels (Figure 3.3A; supplementary
Figure 3.2-3.4) and outside the GCs (Figure 3.4). We observed a similar pattern of distribution in HIV
negative (HIV neg) and HIV positive (HIV pos) individuals (p=0.033; p<0.000; Figure 3.3C).
Interestingly, we also identified another macrophage population expressing both CD68 and CD206

localized along the lymphatic vessels and outside of the GCs.

57



Donor 3

/O
vl .
/O
cp206

O
/7
/7

O

je

Donor 2

Donor 1

C'
5 vy ** * k%
°
& & 20004 e
® E
£ E 15001 o » Along LV
o -
= e Away from LV
v 1000 °
i4 =L ]
e .}
g O'M
=} & &
Q¢ N\
& &

Figure 3.3: Localization and distribution of CD206" macrophages along lymphatic vessels

(A) Images showing staining for CD206 (red) and DAPI (blue) along lymphatic vessels in LN sections
obtained from three HIV positive individuals. Images were scanned at x40 magnification and scale bars
equal 100um. (B) Representative image illustrating region of interest (ROI) selection. (C) Comparison
of the frequency of CD206" macrophages localized along the LV and away from the LV in HIV negative

and HIV positive individuals. P values were determined using the Mann-Whitney U test.
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Figure 3.4: Merged image showing the localization of CD68", CD206', and CD68 CD206"

macrophages.

(A) Representative image showing staining for CD68 (white), CD206 (red), and DAPI (blue) in a LN
section obtained from an HIV positive (LT) individual. CD68" cells were detected inside and outside

the GC while CD206* and CD68"CD206" cells were localized outside the GC.

3.4.4: Phenotypic characterization of LN macrophages using flow cytometry.

To validate our imaging (immunofluorescence) results, we used mononuclear cells isolated from LNs
to perform ten colour flow cytometry on LN samples obtained from HIV negative and HIV positive
individuals. Sequential gating analysis was performed using FlowJo (Figure 3.5A) and dimensional
reduction and visualization was conducted using the t-SNE algorithm (Figure 3.5B). After the
exclusion of doublets and debris, immune cells were identified using CD45 (a pan-hematopoietic
marker). Dead cells were also excluded at this step using live/dead staining. CD68", CD206", CD11B",
and TIM-4" macrophage populations were readily identified based on the expression of HLA-DR.
Double-positive cells were enumerated based on their expression of the detected macrophage markers.
Our analysis revealed four distinct macrophage populations (Figure 3.5B). Similarly, we detected
CD68" and CD206" macrophage subsets in LN. Interestingly, TIM-4 (a marker used to define tissue-
resident long-lived macrophages) was detected in one of the macrophage populations P3 (Figure 3.5C).

The expression of a broad range of macrophage markers in LNs reveals macrophage heterogeneity, a
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quality that allows macrophages to polarize into various subsets, some of which play a role in the

establishment of the HIV reservoir [15].
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Figure 3.5: Macrophage subsets identified in LN using flow cytometry.

(A) Gating strategy used to identify HLA-DR" macrophage subsets in LN. Cells were stained as
described in the methods section and analysis was done using t-SNE. (B) t-SNE plots showing all
macrophage markers classified into four clusters. (C) Phenotypic expression of macrophage markers
CD68, CD206, CD11B, and TIM-4. Using flow cytometry, we identified 4 distinct LN macrophage
populations including P1 (CD68 CD206'CD11B'TIM-4"), P2 (CD68CD206'CD11B'TIM-4"), P3
(CD68"CD206"CD11B'TIM-4), and P4 (CD68"CD206 CD11B TIM-4").

3.4.5: HIV infection alters macrophage frequency.

HIV infection is characterized by persistent inflammation and chronic immune activation [25]. Over
the years, the use of ART has helped reduce inflammation and manage disease outcomes. [26]. Unlike
CD4" T cells, the interplay between HIV infection and macrophage function has not been fully
established. Previous studies have demonstrated that HIV infection primes macrophage polarization
toward a pro-inflammatory (M1) phenotype [16]. This phenotype gradually shifts to an anti-
inflammatory (M2) phenotype during chronic HIV infection. In addition, the accumulation of
macrophages in organs such as the lungs and liver has been observed during suppressed HI'V infection
(Nowlin et al., 2015). However, how HIV infection impacts lymph node macrophage phenotype,
frequency, and function is not well understood. We, therefore, hypothesized that unsuppressed HIV
infection increases lymph node macrophage frequencies that have the potential to form part of the HIV
reservoirs. To test this hypothesis, we compared the frequency of CD68", CD206", and CD68"CD206"
macrophages using immunofluorescence microscopy (Figure 3.6A-F) and flow cytometry (Figure
3.7A-E). The frequency of CD68", CD206", and CD68"CD206" macrophages were measured using the
image analysis software TissueQuest (TissueGnostics) (supplementary Figure 3.6). We observed
elevated levels of CD68", CD206", and CD68'CD206" macrophages in HIV-infected individuals
compared to uninfected individuals (p=0.0039; p=0.0061; p=0.0194; Figure 3.6D-F). We speculate
that CD68" macrophages are recruited to sites of active viral infection and may be continuously
recruited to these sites during active viral infection. However, since CD68" macrophages amplify the
pro-inflammatory response, their presence in sites of viral infection increases the likelihood of direct
infection. Furthermore, increased HIV infection may prompt the recruitment of anti-inflammatory
CD206" (M2) macrophages to dampen the pro-inflammatory response during HIV infection. It is
possible that CD68" macrophages enter the vessel wall during acute inflammation and recruit CD206"

macrophages during the inflammatory process.
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Figure 3.6: Comparison of macrophage frequency in HIV negative and HIV positive individuals

(A-C) Immunofluorescence staining showing CD206 (red), CD68 (white), and DAPI (blue) in LN
sections of three HIV negative and three HIV positive (LT) individuals. Images were scanned at x40
magnification and scale bars equal 100pum and 20pm. (D) Frequency of CD68" macrophages in HIV
negative and HIV positive individuals. (E) Frequency of CD206" macrophages in HIV negative and
HIV positive individuals. (F) Frequency of CD68"CD206" macrophages in HIV negative and HIV
positive individuals. Quantitative image analysis (D-F) was conducted using TissueQuest

(TissueGnostics).
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To further investigate how HIV infection impacts lymph node macrophage phenotype and frequency
we used flow cytometry to measure lymph node macrophage cell frequency in HIV negative and HIV
positive individuals. We used t-SNE (Figure 3.7A) and GraphPad Prism (Figure 3.7B-E) to visualize
and measure macrophage cell frequency. HIV infection resulted in a 2-fold increase in the cell
frequency of HLA-DR'CD206" macrophages (p=0.1; Figure 3.7B). Surprisingly, this effect was not
observed in HLA-DR'CD68" (p=0.27; Figure 3.7C). The phosphatidylserine receptor T-cell
transmembrane immunoglobulin and mucin domain containing 4 (TIM-4) is expressed on antigen-
presenting cells [27]. Recent studies have confirmed that TIM-4 partially mediates exosome-mediated
trafficking leading to enhanced HIV entry into human immune cells [28]. In addition, upcoming studies
reveal that CD4"TIM4" cells are long-lived and may contribute to HIV persistence [29]. To investigate
how HIV infection impacts TIM-4 macrophage frequency, we measured the frequency of
HLADR'TIM-4" cells in HIV negative and HIV positive individuals. However, we did not observe any
significant difference in the frequency of HLA-DR'TIM-4" cells in HIV negative and HIV positive
individuals (p>0.99; Figure 3.7E). Furthermore, HIV infection resulted in a 2-fold decrease in cell
frequency of HLA-DR'CDI11B" cells (p=0.02; Figure 3.7D). Integrin aM (CD11B) is primarily
expressed in monocytes, macrophages, basophils, eosinophils, and neutrophils. The decrease in the
frequency of HLA-DR'CDI11B" cells in peripheral blood could be attributed to co-morbidities during
HIV infection or side effects associated with ART such as eosinophilia. Taken together, these data
reveal macrophage heterogeneity and diversity of lymph node macrophages. We speculate that HIV
infection is associated with increased lymph node macrophage frequencies thereby increasing the
potential for macrophage infection and reservoir formation. In addition, given that macrophages
undergo phenotypic changes during HIV infection, longitudinal studies that track these changes may
provide direct evidence about the effect of HIV infection on macrophage evolution. We also recommend

the use of more phenotypic markers to better define the different macrophage subsets in human tissues.
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Figure 3.7: Multi-color flow cytometric analysis performed on LN cells from HIV negative and
HIV positive (LT) individuals.

LN cells were identified as CD45"/CD3'CD19/HLA-DR" by flow cytometry. (A) t-SNE plots showing
changes in macrophage frequency during HIV infection. (B) Summary plot showing percentages of
HLA-DR'CD206" macrophages. (C) Summary plot showing percentages of HLA-DR'CD68"
macrophages. (D) Summary plot showing percentages of HLA-DR'CD11B" macrophages. (E)
Summary plot showing percentages of HLA-DR'TIM-4" macrophages. Data were analyzed using
FlowJo. The Mann-Whitney U test was utilized to compare differences between any two groups.

Differences between groups were significant at a P value of <0.05.
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3.5 DISCUSSION

Macrophages are highly heterogenous cells that polarize to pro-inflammatory (M1) and anti-
inflammatory (M2) subtypes under various environmental stimuli [5, 30]. Although macrophages have
been extensively characterized in mice, many questions related to their phenotype and distribution in
human tissues remain poorly understood. Moreover, their role in HIV pathogenesis and the interplay
between HIV infection and macrophage polarization is still unclear. In this study, we investigated the
phenotype, distribution, and function of macrophages in LNs of HIV negative and HIV positive
individuals. We identified CD68" (M1) macrophages inside and outside the GCs. Although the bulk of
CD68" macrophages were localized outside the GC, a small proportion were localized inside the GCs.
Whether the GC and non-GC CD68" macrophages are biologically distinct from each other remains an
open question. The HIV macrophage reservoir and HIV infection localize preferentially in distinct
regions in lymph node tissues. Germinal centers are one of the established major HIV replication sites
[31]. It is highly likely that GC CD68" macrophages harbor HIV and may potentially lead to the
persistence of HIV in lymph node tissues. Additional work is required to determine the presence of HIV

Gag p24 and replication competent virus in CD68" macrophages.

The mannose receptor CD206 has been successfully used in mice and human studies to identify M2
macrophages [32], hence we also used CD206 to localize M2 macrophages in lymph nodes. Contrary
to CD68" macrophages, CD206" (M2) macrophages predominantly localized along lymphatic vessels
and outside the GCs. We also identified another subset expressing both CD68 and CD206 (double
positive cells). The biological relevance of this M1/M2 intermediate warrants further investigation.
Cancer studies have shown that clonal expansion of stem progenitor cells may trigger the expression of
macrophage surface markers leading to metastasis [33]. We therefore speculate that CD68"
macrophages are significantly enhanced during HIV infection due to clonal expansion. Since CD68"
macrophages promote inflammation, it is possible that these cells enter lymphatic vessels during the
initial stages of HIV infection. Their migration into lymphatic vessels may lead to the recruitment of

anti-inflammatory macrophages such as CD206" macrophages to dampen the inflammatory response.
ry phag phag p

The persistent expression of M1 macrophages may lead to tissue damage long-term [34, 35]. When
tissues are injured during infection an inflammatory response is induced in response to molecules
released by apoptotic cells [36]. These molecular triggers induce a complex inflammatory response
characterized by the recruitment and proliferation of cells such as neutrophils and macrophages [36].
When the infection and inflammation is severe enough to affect an organ, macrophages first exhibit the
M1 phenotype to release TNF-a, IL-1B, IL-12, and IL-23 against the stimulus [37]. Once the wound

healing response is well organized and controlled, the inflammatory response quickly resolves leading
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to the restoration of normal tissue architecture. However, if the wound healing response is dysregulated
leading to the overexpression of M1 macrophages, normal tissue can be impaired ultimately causing
organ failure. Studies aimed at targeting macrophage polarization states with the aim of striking a
balance between M1 and M2 marker expression are currently being investigated in various diseases
[35, 38]. It is therefore important to determine how macrophage frequency changes during HIV
infection. To address this, we measured the frequency of CD68,CD206", and CD68'CD206"
macrophages in HIV negative and HIV positive individuals. We observed a rise in the frequency of
CD68", CD206", and CD68"CD206", macrophages in HIV positive individuals compared to HIV
negative counterparts. Consistent with our results, Zanni et al. investigated CD206" macrophage
dynamics during HIV infection in the aorta [39]. They reported a greater abundance of
CD206" macrophages in the aortas of HIV-infected individuals compared to HIV-uninfected
individuals. To gain more insight into the changes in macrophage frequency in the peripheral blood, we
measured the frequency of HLA-DR" macrophages in HIV negative and HIV positive individuals. Flow
cytometry results confirmed a significant increase in CD206" macrophages. However, this effect was
not observed in CD68" macrophages. More sensitive experiments that can timeously track changes in
macrophage states are required to inform macrophage dynamics during HIV infection. At this point, it
is difficult to correlate the change in macrophage state and macrophage frequency during the various

stages of HIV infection.

Integrin aM (CD11B) is an integrin molecule expressed on myeloid cells such as macrophages,
dendritic cells, eosinophils, basophils, and neutrophils [40]. Although the expression of CD11B is not
specific to one cell type, a series of humanised mice studies have used CD11B expression to identify
M2 macrophages [41]. We also attempted to assess the changes in CD11B" cell frequency using flow
cytometry and we observed a lower frequency of CD11B" cells in HIV positive individuals compared
to HIV positive individuals. More work using techniques such as immunofluorescence microscopy and
the quantitative viral outgrowth assay (qQVOA) is needed to better understand and validate the role of
CD11B" macrophages in HIV infection. However, the scarcity of suitable human LN biopsies remains

a significant challenge.

In summary, our study suggests that lymph node tissues contain diverse tissue macrophage phenotypes
highlighting macrophage heterogeneity and plasticity. As previously shown by other researchers, we
confirm that HIV infection indeed alters macrophage frequency. The increased frequency of
macrophages during HIV has been associated with impairment of macrophage function which in turn
negatively affects adaptive immune responses and ultimately leads to HIV persistence in LNs.
However, more studies are required to support this theory. Further elucidation of M1 and M2
macrophages using more markers will improve our understanding of their role in HIV pathogenesis in

lymph nodes.
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3.6 STUDY STRENGTHS AND LIMITATIONS

This study provides more insight into macrophage distribution and function in HIV negative and HIV
positive LNs. Additionally, we assessed the expression of various macrophage markers in lymph nodes
and provided a guide to macrophage subsets found in lymph nodes. However, the difficulties associated
with obtaining lymph node biopsies due to the subsequent lockdown implemented during the COVID-
19 pandemic hampered our efforts to use a larger sample size. Lastly, the number of male participants
in this study was greatly outnumbered by female participants. Therefore, the study lacked gender

diversity.

3.7 FUTURE RECOMMENDATIONS

We recommend using a larger cohort including a balanced number of female and male participants.
Despite the use of a combination of assays to characterize and localize LN macrophages, we highlight
the need to perform longitudinal experiments to detect the shift in macrophage states and to further

understand the interplay between HIV and macrophage polarization.
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3.8 SUPPLEMENTARY DATA

A.

Supplementary Figure 3.1: Images showing the localization of CD68" macrophages inside and

outside the GC and CD206" macrophages outside the GC along lymphatic vessels.

(A-B) Representative image showing staining for CD68 (white), CD206 (red), BCL6 (green), and DAPI
(blue) in LN tissue sections from two HIV positive (LT) individuals. CD68" cells were detected inside

and outside the GC while CD206" and CD68"CD206" cells were localized outside the GC.
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Supplementary Figure 3.2: Immunofluorescence staining showing CD68" and CD206"

macrophage frequency in HIV positive tissue sections.

(A-E) Immunofluorescence staining showing CD206 (red), CD68 (white), and DAPI (blue) in LN tissue
sections obtained from five HIV positive (LT) individuals. Images were scanned at x40 magnification

and scale bars equal 100um.
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Supplementary Figure 3.3: Immunofluorescence staining showing CD68" and CD206"

macrophage frequency in HIV positive tissue sections.

(A-E) Immunofluorescence staining showing CD206 (red), CD68 (white), and DAPI (blue) in LN tissue
sections obtained from five HIV positive (LT) individuals. Images were scanned at x40 magnification

and scale bars equal 100pm.
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Supplementary Figure 3.4: Immunofluorescence staining showing CD68" and CD206"

macrophage frequency in HIV negative tissue sections.

(A-E) Immunofluorescence staining showing CD206 (red), CD68 (white), and DAPI (blue) in LN tissue
sections obtained from five HIV negative individuals. Images were scanned at x40 magnification and

scale bars equal 100pm.

73



3 single Cells * CD45+ cells 0*1 €D19-CD3- cells s HLA-DR* cells
9.5 L, - 48.6 474
10‘
1
g o 3
2
Jﬂ’ 1 —
<|°’ 0 ‘ol W‘ '05 10 0
FSC-H =——d> LIVE-DEAD =—>
G | cosg
] 514
<, &
o
.
L7, L)
CD68 —

Supplementary Figure 3.5: Flow cytometry gating strategy.

LN cells were identified as CD45"/CD3'CD19/HLA-DR" by flow cytometry. Populations were further
gated for SSC-A vs the different macrophage markers.
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Supplementary Figure 3.6: Image cytometry pipeline used for immunofluorescence microscopy

image analysis using TissueQuest software (TissueGnostics, Vienna, Austria).

(A) Files used for analysis are uploaded in TissueQuest for analysis. (B) The nuclear segmentation
method is selected. (C) The regions of interest are specified, and appropriate parameters are defined
using 4’ 6-diamidino-2-phenylindole (DAPI) as the master channel. (D) Single cell information for
Texas Red, fluorescein Isothiocyanate (FITC), cyanine 5 (CyS5) are displayed in scatter plots. (E)

Summary results are exported in excel graphs.
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Supplementary Table 3.1: Detailed patient characteristics (Immunofluorescence microscopy)

Study group  PID Type of  Age Gender HIV  Treatment  Absolute  Plasma viral
node status status CD4 count load
(cells/ul) (copies/ml)
HIV negative 103 Inguinal 26 F Neg N/A 1143 N/A
HIV negative 106 Inguinal 29 F Neg N/A 928 N/A
HIV negative 111 Inguinal 29 F Neg N/A 667 N/A
HIV negative 116 Inguinal 27 F Neg N/A 874 N/A
HIV negative 168 Inguinal 25 F Neg N/A - N/A
Early treated 63 Inguinal 32 F Pos N/A 898 <20
Early treated 88 Inguinal 28 F Pos Yes 942 2055
Late treated 96 Inguinal 27 M Pos Yes 856 <20
Late treated 133 Inguinal 27 M Pos Yes 834 <20
Late treated 138 Inguinal 25 M Pos Yes 599 <20
Late treated 165 Inguinal 27 F Pos Yes 733 140
Late treated 170 Inguinal 26 F Pos Yes 472 180
Late treated 184 Inguinal 33 F Pos Yes 555 6000
Late treated 192 Inguinal 27 F Pos Yes 847 <20
Late treated 95025  Mesenteric 38 F Pos Yes 741 20
Late treated 95044  Mesenteric 61 F Pos Yes 375 20
Late treated 95069  Mesenteric 44 M Pos Yes - 20

* Abbreviations: Patient identifier (PID), male (M), female (M), positive (Pos), negative (Neg)
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Supplementary Table 3.2: Detailed patient characteristics (Flow cytometry)

Study group PID Type of Age Gender HIV Treatment  Absolute Plasma viral
node status status CD4 count load
(cells/ul) (copies/ml)
HIV negative 106 Inguinal 29 F Neg N/A 928 N/A
HIV negative 110 Inguinal 27 F Neg N/A 659 N/A
HIV negative 111 Inguinal 29 F Neg N/A 667 N/A
HIV negative 113 Inguinal 29 F Neg N/A 704 N/A
HIV negative 167 Inguinal 27 F Neg N/A - N/A
HIV negative 168 Inguinal 25 F Neg N/A - N/A
Late treated 126 Inguinal 28 F Pos Yes 406 <20
Late treated 133 Inguinal 27 M Pos Yes 834 7730
Late treated 171 Inguinal 25 F Pos Yes 1369 59
Late treated 172 Inguinal 27 F Pos Yes 624 370
Late treated 186 Inguinal 26 F Pos Yes 554 3000
Late treated 190 Inguinal 24 F Pos Yes 225 <20
Late treated 202 Inguinal 24 F Pos Yes 883 <20
Late treated 203 Inguinal 29 M Pos Yes - <20

* Abbreviations: Patient identifier (PID), male (M), female (M), positive (Pos), negative (Neg)
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CHAPTER 4

Aim: Investigating the role of lymph node (LN) macrophages in HIV persistence.

Chapter 4 Overview

In Chapter 3, we phenotypically characterized and determined the spatial location of LN macrophages.
We identified CD68", CD206", and CD68"CD206" macrophage populations in HIV negative and HIV
positive LN tissues. We also identified CD4 " TIM-4" macrophages in HIV negative and HIV positive
lymph node mononuclear cells. The distribution and location of these macrophage populations differed
in LN tissues. CD68" macrophages were localized inside and outside the germinal centers (GCs). Unlike
CD68" macrophages, CD206" macrophages were localized outside the GCs, along lymphatic vessels.
We also observed a significant increase in the frequency of CD68", CD206", and CD68"CD206"
macrophages during HIV infection. The localization of CD68" macrophages in GCs (which are major
sites of HIV replication) makes them a target for persistent HIV replication in virally suppressed
individuals on combined antiretroviral therapy (cART). Human and murine studies have identified
transcriptionally active HIV in tissue macrophages. In these studies, they identified CD68"
macrophages as a potential HIV reservoir. In chapter 4 of this thesis, we expanded our study to
investigate the role of CD68" macrophages in HIV persistence using immunofluorescence microscopy
and flow cytometry. We show that CD68" LN macrophages contain HIV Gag p24 protein. Moreover,
we report the presence of HIV-1 RNA in CD68" macrophages in LN tissues of HIV positive individuals
on cART.
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4.1 ABSTRACT

A major obstacle to the complete eradication of HIV is the establishment of cellular HIV reservoirs that
persist in secondary lymphoid organs for prolonged periods. It is well established that HIV persists in
CD4" T cells, specifically in lymph node (LN) tissues. However, recent evidence suggests that myeloid
cells such as macrophages are also infected by HIV, making them a potential source of viral rebound.
A critical understanding of HIV infection in tissue macrophages is important to aid the development of
effective cure strategies. Here, we investigated HIV infection in lymph node biopsies obtained from 16
HIV positive (5 early treated and 11 late treated) individuals. Using multicolor immunofluorescence
microscopy, we detected the presence of HIV Gag p24 antigen in CD68" macrophages. We also detected
HIV-1 RNA in HIV positive late treated individuals on cART. Notably, flow cytometry on 14 lymph
node mononuclear cell samples revealed the presence of long-lived CD4 TIM-4" macrophages. These
cells have been shown to have a low turnover suggesting their potential role in long term HIV
persistence. Overall, these results reveal HIV persistence in LN macrophages despite the initiation of
ART in hyperacute infection and highlight the importance of understanding the macrophage reservoir
to ultimately inform the specific targeting of HIV-infected macrophages and the development of an

effective HIV cure.
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4.2 INTRODUCTION

Combined antiretroviral therapy (cART) has successfully improved the life span and mortality of people
living with HIV. However, many hurdles still hamper the complete eradication of HIV [1, 2]. These
include the establishment and maintenance of HIV reservoirs in secondary lymphoid organs leading to
persistent viremia [3, 4]. Lymph nodes have been established as one of the major anatomical reservoirs,
where HIV persists in CD4" T cells [5, 6]. In addition to CD4" T cells (which are major cellular
reservoirs) are macrophages, which can be found in all lymphoid and non-lymphoid tissues [7]. Some
studies have demonstrated that macrophages may potentially harbor HIV in mucosal and brain tissues
[2]. Moreover, a recent study reported the presence of replication competent HIV in penile tissues
obtained from HIV-infected individuals on cART [8] suggesting that urethral macrophages are a
principal HIV reservoir. Some macrophage subsets such as Kupffer cells in the liver and alveolar
macrophages in the lungs are known to have longer lifespans. They also resist the cytopathic effects of

viral infection and cytotoxic T cell killing [9, 10].

According to traditional nomenclature, macrophages can be distinguished into M1 (pro-inflammatory)
and M2 (anti-inflammatory) macrophages [11-13]. Cumulative tissue and peripheral blood studies have
detected varying frequencies of M1 and M2 macrophages. Of particular interest amongst the two
subsets are CD68" (M1) macrophages. Highly phagocytosing CD68" macrophages are found in the
germinal centers of active LNs [14] [15] making them a potential site for HIV persistence. On the other
hand, macrophages are phagocytic cells and can orchestrate the elimination of HIV-infected CD4" T
cells causing them to get infected in the process. Although the infection of macrophages has been

demonstrated in various tissues, their role as a replication-competent reservoir remains controversial.

The inability of the field to accurately quantify changes in these tissue-resident reservoirs represents a
major obstacle to the clinical development of approaches to shrink the reservoir. To date, several studies
have been conducted to measure the size of the myeloid reservoir using a broad range of assays [16].
These include the quantitative viral outgrowth assay (QVOA), intact proviral DNA assay (IPDA),
RNAscope, and fluorescence in situ hybridization (FISH) [17]. The success of these assays is based on
their ability to estimate the size of the HIV reservoir before and after ART. However, there is no
consensus on the actual reservoir size as each assay presents various limitations. More sensitive assays

are urgently needed to ensure accurate measurement of the HIV reservoir in myeloid cells.

In this study, we report that CD68" LN tissue macrophages constitute an important cellular reservoir in
lymph node tissues. We detected the presence of HIV Gag p24 antigen in HIV-infected individuals
undergoing cART using immunofluorescence microscopy. Progress on elucidating the role of

macrophages in human health and diseases has been hampered by the lack of suitable human tissue
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samples for research. Consequently, we used RNAscope from 6 HIV-infected late treated tissues to
confirm the presence of HIV RNA in CD68" macrophages. Importantly, our study identified CD4 " TIM-
4" LN tissue macrophages, a macrophage subset, previously reported to have a slow turnover in blood
monocytes. Taken together, these results suggest that macrophages may be a potential cellular reservoir

in HIV-positive LN tissues despite effective ART.
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4.3 MATERIALS AND METHODS

4.3.1 Study approval

All study participants provided written informed consent before inclusion in the study. This study is a
follow up study. Ethical approval for the primary study was granted by the University of KwaZulu-
Natal Biomedical Research Ethics Committee (protocol number BF298/14) and the Institutional
Review Board of Massachusetts General Hospital (protocol number 2015-P001018).

4.3.2 Study cohort and sample collection

A total of 30 LN samples (6 LN tissue biopsies obtained from early treated (ET) and late treated (LT)
individuals (Table 4.1; supplementary Table 4.1)) and 14 mononuclear cells isolated from LNs
(Table 4.1; supplementary Table 4.2)) were used in this study. Early treatment was defined as
treatment initiated during acute HIV infection, at a median of one day after virus detection. Late
treatment was defined as treatment initiated after the acute phase of HIV infection (3 months post
infection). Study participants were drawn from the HIV Pathogenesis Programme (HPP) lymph node
study (LNS) cohort in Durban, South Africa. Recruitment into the HPP LNS cohort was from the
FRESH cohort described before [18]. Inguinal LNs were surgically excised at Prince Mshiyeni Hospital
in Umlazi, and 120 ml paired PB was also obtained from each participant. Viral load measurements
were performed by HIV-1 RNA testing using the NucliSens EasyQ v2.0 assay (BioMérieux Clinical
Diagnostics, Marcy-1’Etoile, France), through a certified commercial laboratory. CD4" T cell counts
were enumerated by Tru-Count technology and analyzed on a FACSCalibur flow cytometer (Becton
Dickinson (BD) New Jersey, USA). Sample processing and laboratory studies were performed at the
Africa Health Research Institute in Durban, South Africa.
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Table 4.1: Donor characteristics stratified by HIV and treatment status.

All (n=30) HIV negative HIV positive HIV positive
(n=6) (ET) (n=5) (LT) (n=19)
Age years (median) 27 (23-33) 28 (25-29) 27 (25-31) 27 (23-33)
Male 3 0 0 3
Female 27 6 5 16
HIV viral load copies/ml 2055 (59-11000) N/A 492 (59-614) 3000 (59-11000)
CD4  count  cells/ul 7275 (225-1369) 685.5 (659-928) 1168 (624-1800) 589.5 (225-1369)

(median)

* Abbreviations: NA, not applicable, early treated (ET), late treated (LT)

4.3.3 Lymph node and blood sample processing

Excised LNs were divided into two sections. One section was fixed in 10% formal-saline (Sigma-
Aldrich, St. Louis, Missouri, USA) for immunofluorescence microscopy studies while the second
section was macerated to release LNMCs as described by Schacker et al [19]. Thereafter, cells were
passed through a mesh screen and harvested by centrifugation (625 x g, 6 min, room temperature (RT).
Peripheral blood mononuclear cells (PBMCs) were isolated from patients’ blood samples by density-

gradient centrifugation using Histopaque-1077 (Sigma-Aldrich) and cryopreserved in liquid nitrogen.

4.3.4 Immunofluorescence (IF) microscopy

IF microscopy staining was performed on 4 uM sections of formalin-fixed paraffin-embedded (FFPE)
LNs using the Opal 4-color fluorescent immunohistochemistry (IHC) kit (PerkinElmer, Waltham, MA,
USA). Sections were deparaftinized using xylene (Honeywell research chemicals) and rehydrated
before antigen retrieval using AR6 buffer (20 min, 100 °C, (PerkinElmer)). Next, two blocking steps (2
x 10 min, RT) were performed with the Dako peroxidase-blocking reagent (Agilent Technologies,
Glostrup, Denmark) and Bloxall block (Vector Laboratories, Burlingame, CA, USA). The slides were
washed with 0.05% Tween 20 in Tris-buffered saline (TBS-T) for 5 min, sequentially probed with the
primary antibody (30 min, RT), and Opal polymer HRP (20 min, RT (PerkinElmer)) and detected using
the Opal polymer 520 (10 min, RT). This protocol was repeated for the second and third antibodies with
Opal polymers 570 and 690 respectively, followed by counterstaining with spectral DAPI
(PerkinElmer) to make a total of four different fluorochromes. Primary antibodies used in these
combinations include anti-human BCL-6 ((clone PG-B6p) Dako/Agilent Technologies), CD68 ((clone
KP1) Dako/Agilent Technologies), and p24 ((clone Kal-1) Dako/Agilent Technologies). Cell Sciences).
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After staining, slides were mounted with Dako fluorescence mounting medium (Agilent Technologies)
and imaged with the Axio Observer, x20 objective lenses, a Hamamatsu C13440-20C camera and
TissueFAXS imaging software (TissueGnostics, Vienna, Austria). Quantitative image analysis was

conducted using TissueQuest (TissueGnostics).

4.3.5 Quantitative image analysis

Quantitative image analysis of HIV Gag p24 protein in whole tissue section scans was conducted with
TissueQuest software (TissueGnostics). Total area measurements and nuclear segmentation analysis
were performed on each whole tissue scan. The numerical data generated from the analysis are
displayed in scattergrams. Statistical analysis and graphical presentation were performed using
GraphPad Prism version 9.0 software (GraphPad Software Inc., La Jolla, CA, USA). The Mann-
Whitney U test was utilized to compare differences between any two groups. Spearman’s Rank
correlation was used to define the correlation between variables. Statistical analysis of significance was
calculated using Kruskal Wallis test with Dunn’s post hoc analyses for multiple comparisons.

Differences between groups were significant at a P value of <0.05.

4.3.6 RNAscope in situ hybridization (ISH)

RNAscope ISH was conducted using the RNAscope 2.5 HD assay kit (Advanced Cell Diagnostics
(ACD), Newark, CA, USA, Cat No: 322300) and the RNAscope multiplex fluorescent kit v2.0 (ACD,
Cat No: 323100) as per manufacturer’s instructions. Briefly, pre-treated samples were hybridized with
the clade C HIV-1 gag-pol probe (Cat No: 317691) at 40 °C or 16 h. Next, the samples were incubated
with signal amplification probes and horseradish peroxidase conjugated secondary antibodies. The
signal was detected with either diaminobenzidine for the RNAscope 2.5 HD assay (ACD) or with Opal
fluorophores (PerkinElmer) for the multiplex fluorescent assay. Slides were imaged with Axio Observer

and TissueFAXS imaging software (TissueGnostics).

4.3.7 Quantitative image analysis

Statistical analysis and graphical presentation were performed using GraphPad Prism version 9.0
software (GraphPad Software Inc., La Jolla, CA, USA). The Mann-Whitney U test was utilized to
compare differences between any two groups. Spearman’s Rank correlation was used to define the
correlation between variables. Statistical analysis of significance was calculated using Kruskal Wallis
test with Dunn’s post hoc analyses for multiple comparisons. Differences between groups were

significant at a P value of <0.05.
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4.3.8 Flow cytometry analysis

Lymph node mononuclear cells (LMCs) were characterized using multi-parameter flow cytometry
analysis. Briefly, cells were stained with LIVE/DEAD Fixable Blue dead cell stain kit (Thermo Fisher
Scientific, Waltham, MA, USA), CD3-BV711 (BD Biosciences, San Jose, CA), CD4-BV650 (BD
Biosciences), CD19-PE-Cy5 (BioLegend, San Diego, CA, USA), HLA-DR-APC-CY7 (BioLegend),
CD45-BV786 (BD Biosciences), CD11B-BV421 (BioLegend), and TIM-4-APC (BioLegend). For
intracellular staining, cells were washed with PBS and incubated for 20 min with cytofix/cytoperm (BD
Biosciences) according to manufacturer’s instructions. After fixation, cells were washed with perm
wash buffer (BD Biosciences) and incubated for 20 min at RT with perm wash buffer containing CD68
(BioLegend) and CD206 (BD Biosciences) antibodies. Fluorescence minus one (FMO) or unstained
cells were used as a control. Stained cells were acquired using an LSRFortessa (BD Biosciences) with
FACSDiva™ software. Data were analyzed using FlowJo version 10.6.0 (FlowJo, LLC, Ashland,
Oregon). LN cells were identified as CD45"/CD3'CD19/HLA-DR" by flow cytometry. Further gating
was used to identify specific macrophage phenotypes (Supplementary Figure 4.7).
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4.4 RESULTS

Long-term persistence of HIV in lymph node macrophages

Cumulative studies have shown that CD4" T cells are primary targets of HIV infection. Although HIV
persistence in CD4" T cell reservoirs has been well studied, the eradication of latent HIV reservoirs
remains a major challenge. Increasing evidence now suggests that macrophages contribute to the HIV
reservoir as they are readily infected by HIV and can persist for prolonged periods in human tissues.
However, the specific role of lymph node tissue macrophages in HIV persistence remains unclear. To
address this, we hypothesized that ongoing HIV replication occurs in macrophages within lymph nodes
of cART-suppressed individuals leading to persistent HIV infection. We first used immunofluorescence
microscopy to analyze tissues obtained from n=16 HIV-positive (5 ET and 11 LT) individuals. The
clinical characteristics and demographic data of the participants included are outlined in

supplementary Table 4.1.

4.4.1 Long-term persistence of HIV Gag p24 antigen in CD68" macrophages of HIV positive early
treated (ET) individuals

The early initiation of ART has been shown to limit the establishment of the HIV reservoir. However,
early ART initiation does not prevent the establishment of the reservoir. Non-human pirate studies have
shown that a replication-competent HIV reservoir can be established in the first few days of SIV
infection [20]. To test this hypothesis in human LN tissues, we investigated HIV persistence in HIV-
positive ET individuals (Figure 4.1B). We used multicolor immunofluorescence (IF) staining to
measure HIV Gag p24 antigen in formalin-fixed paraffin-embedded (FFPE) LN sections. The
transcription factor BCL-6 was used to identify active germinal centers (GCs) and the CD68 antibody
was used to identify macrophages (Figure 4.1B). HIV Gag p24 detection was conducted on a total of
5 LNs from ET individuals (median viral load 492 copies/ml). All five stained tissues had detectable
HIV Gag p24 in at least one GC. CD68" macrophages harboring HIV Gag p24 were detected in all the
HIV positive ET individuals (Figure 4.1B; supplementary Figure 4.1A-D).

4.4.2 Long-term persistence of HIV Gag p24 antigen in CD68" macrophages of HIV positive late
treated (LT) individuals

To gain further understanding into the macrophage reservoir, we investigated HIV persistence in HIV
positive (LT) individuals. Similarly, we used multicolor immunofluorescence (IF) staining to measure
HIV Gag p24 antigen in FFPE LN sections. The transcription factor BCL-6 was used to identify active
GCs and the CD68 antibody was used to identify macrophages (Figure 4.1A). HIV Gag p24 detection
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was conducted on a total of 7 LNs from LT individuals (median viral load 3000 copies/ml). All seven
stained tissues had detectable HIV Gag p24 in at least one GC. CD68" macrophages harboring HIV
Gag p24 were detected in all the HIV positive LT individuals (Figure 4.1B; supplementary Figure
4.2A-F). To compare the frequency of HIV Gag p24 staining cells between the study groups (ET vs
LT), we conducted quantitative image analysis on all the tissues with detectable HIV Gag p24 using the
image analysis software TissueQuest (TissueGnostics). Our analysis revealed a higher frequency of
HIV Gag p24 staining macrophages in LT individuals compared to ET individuals (p<0.02; Figure
4.1C). There was a strong association between the frequency of GC CD68p24" macrophages and
plasma viral load in LT individuals (Figure 4.1D). However, there was no correlation observed in ET
individuals (Figure 4.1E). Additionally, there was no correlation between the frequency of GC
CD68p24" and CD4 count in ET and LT individuals (Figure 4.1E).Taken together, these data
demonstrate that early ART initiation limits the magnitude of HIV Gag p24 antigen in LN macrophages
hence limiting the establishment of the macrophage reservoir. However, HIV Gag p24 persists for

prolonged periods in LN macrophages despite early treatment initiation.
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Figure 4.1: HIV Gap p24 co-localizes with germinal center CD68" macrophages in lymph node

(LN) tissue sections.

(A) Representative image of a whole LN section showing Gag p24 (yellow), BCL-6 (green), and CD68
(white). (B) Representative images of HIV positive ET and LT individuals. White circles depict
germinal centers. Costaining of Gag p24 (yellow) and CD68 (white) was observed in both ET and LT
individuals. (C) Frequency of Gag CD68'p24" macrophages in ET and LT individuals. Quantitative
image analysis was conducted using TissueQuest (TissueGnostics). (D) Correlation between GC C68"

p24" cells and plasma viral load. (E) Correlation between GC C68" p24” cells and CD4 count.

4.4.3 CD68" LN macrophages harbor HIV-1 RNA

To date, the relevance of the macrophage HIV reservoir in humans has been subject to debate [21].
However, various techniques such as qPCR and quantitative viral outgrowth assays (QVOA) have been
routinely used to investigate HIV infection in humans. More recently, a combination of techniques to
comprehensively map the macrophage HIV reservoir have been developed. For instance, RNAscope,
an in-situ hybridization technique has been used to detect viral RNA transcription. Coupled with flow
cytometry, RNAscope has been previously used to detect HIV-1 RNA in macrophages expressing CD68

in human brain tissue during suppressive cART [22].

After detecting the presence of HIV Gag p24 protein in LN macrophages, we sought to determine if
viral RNA transcription (which is paramount to facilitate the production of infectious virions) was
occurring in these cells. We investigated the presence of HIV-1 RNA by in situ hybridization (ISH) in
LN tissues of n=6 different HIV-1/cART individuals, using an antisense HIV-1 RNA probe followed
by immunohistochemistry using the CD68 antibody to identify macrophages. Although the presence of
HIV Gag p24 antigen was detected in both ET and LT LN tissues, we were unable to measure HIV-1
RNA in ET tissues because of the lack of tissue samples. Consequently, RNA scope experiments were
conducted on LN tissues obtained from HIV positive LT individuals. CD68" macrophages harboring
HIV-1 RNA were detected in 5 of the 6 HIV-positive LT tissues (Figure 4.2A-B; supplementary
Figure 4.3A).
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Figure 4.2: HIV-1 RNA persistence in lymph nodes of LT individuals.

(A) Representative image of a whole LN section showing HIV-1 RNA (red), KI67 (green), and CD68
(white). (B) HIV-1 RNA detection in lymph nodes (LN) of 2 HIV positive LT treated individuals.
RNAscope hybridization for HIV gag-pol RNA was detected using immunofluorescence microscopy.

Single RNA transcripts are shown as punctate dots.

4.4.4: Multi-color flow cytometric analysis performed on LN cells from HIV negative and HIV
positive LT individuals.

Humanized mice studies have previously used flow cytometry and PCR to study the macrophage
reservoir. These studies used vigorous ART regimens to treat humanized mice but despite the use of
these regimens, HIV-1 DNA was detected in spleen and bone marrow macrophages [23]. More recently,

flow cytometry was used in combination with other assays to identify long-lived tissue-resident
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macrophages based on the expression of TIM-4 and CD4 [24]. This study identified locally maintained
CD4'TIM-4" gut macrophages, which persist for prolonged periods and may consequently lead to the

establishment of the HIV reservoir in the gut tissues.

Based on the established information on tissue-resident macrophages, we explored the presence of
CD4'TIM-4" cells and the co-expression of TIM-4 with the macrophage markers CD68, CD206, and
CD11B. We used HIV negative (n=6) and HIV positive LT (n=8) LN mononuclear cells (LMCs) to
analyze the frequency of the subsets of interest. The clinical characteristics and demographic data of
the participants included are outlined in supplementary Table 4.2. Most of the LMC samples used
were matched with PIDs used for immunofluorescence staining. In the case where the matched LMCs
could not be obtained, different samples were selected based on viral load and suppression status. We
used FlowJo to analyze the changes in the macrophage cell frequency during HIV infection and
graphical presentations were performed using GraphPad Prism (Figure 4.3A-D). HIV infection resulted
in a ~2-fold increase in cell frequency of CD68 TIM-4" macrophages (p=0.0004; Figure 4.3A).
However, this effect was not observed in CD206 TIM-4" (p=0.22; Figure 4.3B) and CD11B"TIM-4"
(p=0.94; Figure 4.3C). To further investigate the presence of long-lived TIM-4" macrophages, we
measured the frequency of CD4'TIM-4" macrophages. Flow cytometry analysis identified a
significantly higher frequency of CD4 TIM-4" cells in HIV positive individuals compared to HIV
negative counterparts (p<0.03; Figure 4.3D). Taken together these results confirm the existence of a
small subset of CD68 TIM4" macrophages that have the potential to persist for a long time in tissues

and therefore contribute to LN tissue reservoirs.
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Figure 4.3: Multi-color flow cytometric analysis performed on LN mononuclear cells from HIV

negative and HIV positive LT individuals.

LN cells were identified as CD45/CD3'CD19/HLA-DR" by flow cytometry, as described in the
methods section. (A) Representative flow cytometry and summary plot showing percentages of
CD68'TIM-4" macrophages. (B) Representative flow cytometry and summary plot showing
percentages of CD206 TIM-4" macrophages. (C) Representative flow cytometry and summary plot
showing percentages of CDI11B'TIM-4" macrophages. (D) Representative flow cytometry and
summary plot showing percentages of CD4 ' TIM-4" macrophages. Data were analyzed using FlowJo.
Mann-Whitney U test was utilized to compare differences between any two groups. Differences

between groups were significant at a P value of <0.05.
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4.5 DISCUSSION

Despite advances in antiretroviral treatment, the complete eradication of HIV remains elusive.
Combined antiretroviral therapy (cART) effectively suppresses HIV, but it does not eliminate the latent
HIV reservoir. One of the well-established sources of viral rebound are long-lived resting memory CD4"
T cells. However, cumulative evidence now suggests that macrophages also contain persistent HIV. A
thorough understanding of spatial localization and phenotype of the macrophage reservoir will allow

for targeted elimination of lymph node reservoirs.

Macrophages may be a potential therapeutic target for HIV elimination. However, their potential role
in HIV cure strategies has not been explored due to the paucity of information on their biology and
function. Reports have implicated CD68" macrophages as an HIV reservoir in the gut and brain [2],
with a few studies showing their relevance in lymph nodes [25]. In this study, we investigated HIV
persistence in ET and LT human CD68" LN macrophages using flow cytometry and
immunofluorescence microscopy. We detected the presence of HIV Gag p24 antigen in CD68"
macrophages of HIV positive ET and LT individuals on cART, with a higher frequency observed in LT
individuals. Our findings demonstrate the importance of early ART initiation to limit the magnitude of
HIV Gag p24 antigen in LN macrophages hence limiting the establishment of the macrophage reservoir.
Unfortunately, it has not been well established whether early ART initiation significantly affects

reservoir establishment as HIV Gag p24 persists in LN macrophages despite early treatment initiation.

Determining the presence of HIV-1 RNA in tissue compartments is vital for understanding the dynamics
of HIV infection and persistence. Using a highly specific ISH assay, RNAscope, we detected HIV-1
RNA in HIV positive LT germinal center macrophages indicating ongoing HIV transcription in CD68"
macrophages. The presence of viral antigens and HIV transcription in LN macrophages in the face of
cART supports previously reported data showing the persistence of HIV in macrophages. Besides
weakening the immune system, we speculate that HIV persistence in lymph node macrophages may

cause cell and tissue damage leading to impaired macrophage function during cART.

Recently long-lived macrophages have been identified in certain organs such as the liver, the lung, the
brain, and the gastrointestinal tract. These long-lived macrophages contribute to tissue homeostasis,
immune surveillance, and to immune responses in their respective tissue microenvironment. T cell
immunoglobulin and mucin domain containing 4 (TIM-4) is a protein expressed by antigen presenting
cells and macrophages. HIV infection of long-lived macrophages elevates the potential of this subset to
be an important reservoir in tissues. Thus, we investigated the frequency and spatial localization of
TIM-4 expressing macrophages in lymph node tissues using imaging approaches and flow cytometry.

Using flow cytometry and LN mononuclear cells from HIV negative and HIV positive individuals, we
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identified a small subset of potentially long-lived CD68" cells expressing TIM-4 reflecting their

potential to persist for a long time in tissues and therefore contribute to LN tissue reservoirs.

In conclusion, our results demonstrate HIV persistence in LN macrophages despite early ART initiation.
HIV structural proteins persist in LT individuals at lower levels compared to ET individuals.
Additionally, we detected HIV-1 RNA in LT individuals showing the presence of transcriptionally
active virus in LT germinal centers. Taken together, our results highlight the importance of early
initiation of ART to reduce the levels of viral antigens and persistent HIV in the lymph nodes. Moreover,
we emphasize the need for effective interventions to completely eradicate persistent virus or eliminate

HIV-infected cells in immune-privileged sites.

4.6 STUDY STRENGTHS AND LIMITATIONS

This study provided novel information including the detection of HIV Gag p24 protein and HIV-1 RNA
in CD68" lymph node macrophages. Additionally, we highlight the importance of early ART initiation
to minimize HIV persistence in LN macrophages. The use of flow cytometry and immunofluorescence
microscopy combined was of paramount importance in addressing our study questions. However, we
had limited access to lymph node samples due to the lockdown implemented during the COVID-19
pandemic. Consequently, we could not comprehensively quantify HIV Gag p24 protein and HIV-1
RNA in HIV positive ET individuals. Distinguishing HIV infected macrophages from macrophages that
have engulfed HIV infected CD4" T cells is a major challenge since macrophages can internalize various
cellular material including infected T cells. Moreover, the detection of HIV infected macrophages in
vivo can be particularly challenging due to the lower levels of viral replication within these cells
compared to CD4" T cells. Research in this area is ongoing and novel approaches may emerge to
enhance the accuracy of distinguishing between productively infected macrophages and macrophages
that have engulfed infected cells. That notwithstanding there is compelling evidence to suggest that
indeed macrophages contribute to HIV persistence and reservoirs in human tissues, and strategies aimed

at eradicating HIV in tissues should always take into consideration the macrophage reservoir.

4.7. FUTURE RECOMMENDATIONS

We recommend the use of a larger sample size including a balanced number of ET and LT participants

were applicable. In addition, we recommend the use of serial fine needle aspirates (FNA) to obtain
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tissue samples as this procedure is quick, less invasive, and minimizes the loss of information

downstream.

100



4.8 SUPPLEMENTARY DATA

" -
-
-

-
~
Srcmmm—-——

101




Supplementary Figure 4.1: HIV Gag p24 detection in CD68" macrophages in lymph node (LN)

sections obtained from HIV-positive ET individuals.

(A-D) Representative images of LN sections showing Gag p24 (orange), BCL-6 (green), and CD68
(white). (B) Costaining of Gag p24 (yellow) and CD68 (white) was observed in both ET and LT

individuals.
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Supplementary Figure 4.2: HIV Gag p24 detection in CD68" macrophages in lymph node (LN)

sections from HIV-positive LT individuals.

(A-F) Representative images of LN sections showing Gag p24 (orange), BCL-6 (green), and CD68
(white). (B) Costaining of Gag p24 (yellow) and CD68 (white) was observed in both ET and LT

individuals.
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Supplementary Figure 4.3: Detection of HIV-1 RNA in lymph nodes of HIV positive LT

individuals.

(A) Images of tissue sections obtained from 4 HIV positive LT individuals showing HIV-1 RNA (red),
K167 (green), and CD68 (white). (B) Zoomed in images of tissue sections shown in (A). Scale bars
equal 10pm. RNAscope hybridization for HIV gag-pol RNA was detected using immunofluorescence

microscopy. Single RNA transcripts are shown as punctate dots.
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Supplementary Figure 4.4: Detection of HIV-1 RNA in lymph nodes of HIV positive LT

individuals.

(A) Representative image of a whole HIV positive (LT) LN showing HIV-1 RNA (green), CD4 (red),
and CD68 (white). Image shows detection of HIV-1 RNA in CD68 and CD4 co-expressing cells.
RNAscope hybridization for HIV gag-pol RNA was detected using immunofluorescence microscopy.

Single RNA transcripts are shown as punctate dots.
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Supplementary Figure 4.5: Detection of HIV Gag p24 protein and HIV-1 RNA in tissues obtained

from two LT donors.

Side-by-side comparison of samples stained for HIV Gag p24 (left) and HIV-1 RNA (right) using BCL6
(green), P24 (orange/ yellow), and HIV-1 RNA/GAG-POL (red).
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Supplementary Figure 4.6: Image cytometry pipeline used for immunofluorescence microscopy

image analysis using TissueQuest software (TissueGnostics, Vienna, Austria).

(A) Files used for analysis are uploaded in TissueQuest for analysis. (B) The nuclear segmentation
method is selected. (C) The regions of interest are specified, and appropriate parameters are defined

using 4’ 6-diamidino-2-phenylindole (DAPI) as the master channel. (D) Single cell information for
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Texas Red, fluorescein Isothiocyanate (FITC), cyanine 5 (Cy5) are displayed in scatter plots. (E)

Summary results are exported in excel graphs.
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Supplementary Table 4.1: Detailed patients’ characteristics (Gag p24 detection and RNAscope)

Study group PID Type of Age Gender  HIV status Treatment Absolute CD4 Plasma viral
node status count load (copies/ml)
(cells/ul)
Early treated 88 Inguinal 28 F Pos Yes 942 2055
Early treated 152 Inguinal 31 F Pos Yes 1168 <20
Early treated 171 Inguinal 25 F Pos Yes 1369 59
Early treated 172 Inguinal 27 F Pos Yes 624 370
Early treated 166 Inguinal 25 F Pos Yes 1800 614
Late treated 72 Inguinal 30 F Pos Yes 639 11000
Late treated 126 Inguinal 28 F Pos Yes 406 <20
Late treated 129 Inguinal 27 F Pos Yes 908 500
Late treated 133 Inguinal 27 M Pos Yes 834 7730
Late treated 184 Inguinal 33 F Pos Yes 555 6000
Late treated 186 Inguinal 26 F Pos Yes 554 3000
Late treated 190 Inguinal 24 F Pos Yes 225 <20
Late treated 191 Inguinal 23 F Pos Yes - <20
Late treated 192 Inguinal 31 F Pos Yes 847 <20
Late treated 194 Inguinal 24 F Pos Yes 854 <20
Late treated 215 Inguinal - F Pos Yes 751 <20

* Abbreviations: Patient identifier (PID), male (M), female (M), positive (Pos)
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Supplementary Figure 4.7: Flow cytometry gating strategy.

LN cells were identified as CD45"/CD3 CD19/HLA-DR" by flow cytometry. Populations were further
gated to analyze the co-expression of markers CD68, CD206, CD11B, CD4 and TIM-4.
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Supplementary Table 4.2: Detailed patients’ characteristics (Flow cytometry)

Study group PID Type of Age Gender  HIV status Treatment Absolute CD4 Plasma viral
node status count load (copies/ml)
(cells/ul)
HIV negative 106 Inguinal 29 F Neg N/A 928 N/A
HIV negative 110 Inguinal 27 F Neg N/A 659 N/A
HIV negative 111 Inguinal 29 F Neg N/A 667 N/A
HIV negative 113 Inguinal 29 F Neg N/A 704 N/A
HIV negative 167 Inguinal 27 F Neg N/A - N/A
HIV negative 168 Inguinal 25 F Neg N/A - N/A
Late treated 126 Inguinal 28 F Pos Yes 406 <20
Late treated 133 Inguinal 27 M Pos Yes 834 7730
Late treated 171 Inguinal 25 F Pos Yes 1369 59
Late treated 172 Inguinal 27 F Pos Yes 624 370
Late treated 186 Inguinal 26 F Pos Yes 554 3000
Late treated 190 Inguinal 24 F Pos Yes 225 <20
Late treated 202 Inguinal 24 F Pos Yes 883 <20
Late treated 203 Inguinal 29 M Pos Yes - <20

* Abbreviations: Patient identifier (PID), male (M), female (M), positive (Pos), negative (Neg)
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CHAPTER 5: SYNTHESIS

5.1 GENERAL DISCUSSION

HIV and AIDS persist as a global health problem despite endless efforts to find a cure [1]. In 2001,
HIV/AIDS was declared a global health crisis [2]. Thereafter, numerous efforts were made to mitigate
severe disease outcomes as well as mobilize the resources required to develop a preventive vaccine or
to cure people living with HIV. There is a broad consensus that scientific efforts should be directed
towards the development of a safe, effective, and easily accessible HIV cure [3, 4]. Although combined
antiretroviral therapy (cART) has significantly lowered AIDS-related mortalities, factors such as lack
of access to drugs and drug resistance still complicate the effective use of ART. In addition, HIV
continues to persist in various sanctuary sites resulting in the formation of long-lived HIV reservoirs
[5-7]. It has been argued that macrophages harbor persistent HIV during cART [3]. However,
conclusive evidence to support this notion has not yet materialized due to the lack of sensitive assays
to quantify the macrophage reservoir as well as limited access to human tissue samples for researchers
[8]. Sadly, people living with HIV (PLWH) have a higher risk of developing noncommunicable diseases
such as cardiovascular disease and cancer [9, 10]. Recently, cumulative evidence has shown that PLWH
have greater risk of contracting SARS-CoV-2 compared to uninfected individuals. In addition, global
data has shown that PLWH have a 38% greater risk of developing severe COVID-19 compared to HIV
negative individuals [11]. The inability to completely eradicate HIV, herein, highlights the need to gain

more insight into HIV persistence and reservoir establishment.

The original aim of this study was to understand the HIV reservoir in lymph nodes. The COVID-19
lockdown in South Africa forced us to modify the original PhD proposal to include COVID-19 work
for two major reasons. Firstly, my original study was suspended during the COVID-19 lockdown, which
significantly delayed my original research work. Secondly, to better utilize the time during the
lockdown we decided to use our immunology knowledge, skills, and tools, to contribute towards finding
a solution to the COVID-19 pandemic while advancing my doctoral studies. Therefore, we changed the
first part of my thesis to focus on investigating the impact of HIV infection on cellular immunity to
SARS-CoV-2. After the lockdown, I resumed the original proposed work which was to investigate the
role of macrophages in HIV reservoirs in lymph node tissues. It is important to note that both projects
were executed successfully, and each study contributes towards partial fulfillment of the requirements

for my dissertation.
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We first investigated whether HIV infection has detrimental effects on SARS-CoV-2 T cell immunity
and hampered cross-recognition of COVID-19 viral variants. We used peripheral blood samples from
anewly established mechanisms cohort, which is an ongoing longitudinal study of COVID-19 patients.
Samples from this cohort were used to gain insight into the impact of HIV infection on SARS-CoV-2-
specific CD4" and CD8" T cell responses during the first wave and second wave of the COVID-19
epidemic in South Africa. We showed that uncontrolled HIV infection is associated with reduced
polyfunctionality and diminished cross-recognition of SARS-CoV-2-specific CD4" and CD8" T cell
responses. Additionally, we showed that unsuppressed HIV infection impairs T-cell responses to SARS-
CoV-2 infection. These findings may partly explain the high propensity for severe COVID-19 among
PLWH and highlight their vulnerability to emerging SARS-CoV-2 variants of concern. The findings

from this work were published in eLife journal in 2022 and are reported in chapter 2 of this thesis.

The second part of the study used excisional lymph node tissue samples and paired blood samples to
interrogate the role on macrophages in HIV tissue reservoirs. The study participants enrolled in this
study were drawn from a well-characterized cohort known as the Females Rising through Education,
Support, and Health (FRESH). The FRESH cohort was established to detect, treat, and manage early
HIV infection by early ART initiation and frequent HIV testing. Clinical characteristics of study

participants are readily captured during the initial recruitment and treatment phase.

One of the major hurdles to the complete eradication of HIV is the establishment of persistent long-
lived HIV-infected cells in various anatomic compartments. It is well established that HIV reservoirs
persist in various CD4" T cell subsets [12, 13], but cumulative evidence suggests that tissue
macrophages may be a minor but important component of the HIV reservoir, considering that it only
takes one replicative competent virion to re-establish infection [14, 15]. Thus, understanding the
contribution of tissue macrophages is vital for the complete elimination of latently infected cells in
tissues. Moreover, identifying HIV reseirvoirs in tissues and the mechanisms involved in viral
persistence will be essential for the development of effective HIV cure strategies. A growing body of
literature has shown that macrophages are highly heterogenous cells and polarize to M1 (pro-
inflammatory) and M2 (anti-inflammatory) macrophages in response to various stimuli [16, 17]. In
addition, macrophage heterogeneity and polarization have been implicated in HIV persistence.
However, the mechanisms pinning macrophages and their specific role in viral persistence remain

unclear.

Therefore, we used tissue biopsies and lymph node (LN) mononuclear cells to perform a comprehensive
characterization of LN macrophages during HIV-1 subtype C infection. We identified three main
macrophage populations including CD68" (M1), CD206" (M2), and CD68"CD206" macrophages in

HIV negative and HIV positive LT individuals. CD68" macrophages were localized inside and outside
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the GC while CD206" and CD68"CD206" were localized in lymphatic vessels and outside the GCs. We
also investigated the impact of HIV on macrophage frequency and observed a significantly higher
macrophage frequency in HIV positive individuals compared to HIV negative individuals (Chapter 3).
We expanded our research to further investigate the presence of HIV in CD68" macrophages. Imaging
results showed the presence of HIV Gag p24 protein in HIV positive LT GCs ET GCs, with a higher
frequency of HIV Gag p24 protein in LT GCs. The use of a combination of assays to study HIV infection
in LN macrophages is vital for result validation. To further probe HIV infection in macrophages, we
used RNAscope to show the presence of transcriptionally active HIV in LT GCs and we detected HIV-
1 RNA in five of the six stained LN tissues (Chapter 4).

5.2 STUDY IMPLICATIONS AND FUTURE DIRECTIONS

Our COVID-19 studies highlight the importance of managing HIV infection and treatment as
unsuppressed HIV may contribute to weaker immune responses to diseases such as COVID-19. Our
studies mainly focused on investigating the impact of HIV infection on SARS-CoV-2-specific T-cell
responses in the first wave and second wave of the COVID-19 epidemic in South Africa. Our results
demonstrate that uncontrolled HIV infection is associated with low magnitude, reduced
polyfunctionality, and diminished cross-recognition of SARS-CoV-2-specific CD4" and CD8" T cell
responses. Importantly, fully suppressed PLWH had comparable SARS-CoV-2-specific T-cell
responses with HIV-seronegative individuals. These findings reveal the elevated risk of contracting
SARS-CoV-2 among PLWH. Additionally, we also highlight the need to ensure uninterrupted access
to cART for PLWH during the COVID-19 pandemic and beyond.

Although, we repeatedly showed robust in vitro T cell expansion following ex vivo peptide stimulation
but limited expansion against mutant versions of the peptides, there is need to identify optimal peptides
that were targeted by CD8" and CD4" T cells in the context of restricting MHC class I and II alleles.
SARS-CoV-2 responses are generally very broad [18]; thus, it is not clear from these studies how the
loss of T cell cross-recognition in Spike affects the overall protective immunity. Furthermore,
investigating if the observed poor T cell cross-recognition between wave 1 and wave 2 is generalizable
to the Delta and the Omicron variants is clearly warranted. Importantly, our data raise the question of
whether CTL selection pressure plays a significant role in shaping emerging variants. This concept
should be investigated using larger longitudinal studies with longer durations of follow-up. Previous
work in this cohort examined the relationship between T cell and B cell responses and found a positive
association between CD8" T cell frequency and several CD19 B cell subsets, which was attenuated in

PLWH [19], suggesting that both arms of the immune system are impacted by HIV/SARS-CoV-2
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coinfection. However, the current study did not examine this relationship at the antigen-specific level
due to sample limitations. Future work is required to understand the relationship between T cells and

humoral immunity and the impact of unsuppressed HIV infection on long-term protection.

The second part of this thesis reveals the potential contribution of human LN macrophages to HIV
reservoirs in lymphoid tissues. Chapters 3 and 4 focused on the phenotypic and functional
characterization of LN macrophages. Our major findings include firstly, that CD68" are distinguishable
from CD206" macrophages by their location and function. Secondly, we discovered that HIV infection
results in increased macrophage frequency despite plasma viral suppression. Other studies have shown
an increase in CD68" macrophages in bone marrow during primary myelofibrosis [20]. However, the
mechanisms underlying this increase are not known. Similarly, we did not conduct further research to
probe the alteration of macrophage frequency in LN, hence the interplay between macrophage
frequency and HIV infection is yet to be explored. Thirdly, having identified the various macrophage
populations and their spatial localization in LN macrophages, we used immunofluorescence microscopy
to identify HIV infected macrophages that were positive for HIV Gag p24 protein and HIV Gagpol
RNA. Consistent with other studies in brain and urethral tissues, we detected transcriptionally active
virus in LT individuals. Whether or not the transcriptionally active reservoirs can lead to productive
infection remains to be explored. Lastly, we used TIM-4 to identify long-lived LN resident macrophages
that have the greatest potential to contribute to HIV reservoirs in human lymph nodes. We postulate
that targeting HIV-infected macrophages could be effective in reducing the levels of HIV trapped in
microanatomical sites. Our studies highlight the role of LN macrophages in HIV persistence during

cART.

5.3 STUDY LIMITATIONS

One of the major limitations of these studies was the inability to access peripheral blood mononuclear
cells (PBMCS) and LN tissue biopsies during the COVID-19 pandemic. Consequently, our sample size
was small. For instance, we could not quantify HIV-1 RNA in ET LN tissues and had fewer ET patient
samples compared to LT samples. Comparing HIV-1 RNA levels in ET and LT individuals would have
enlightened our understanding of the persistence of HIV in individuals initiating ART in less than 3
months of infection. Another notable limitation of this study was gender diversity. All the study
participants recruited into the FRESH study are females. Therefore, we did not have the capacity to
interrogate gender related differences in macrophage biology. Lastly, there are several other
macrophage markers such as CD163, CD169 that have been described in literature, but we did not have

the opportunity to interrogate their expression and distribution in LNs due to budget limitations. Future
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studies should include these additional markers to allow for more nuanced characterization of
macrophage subsets which will help to determine the biomarkers of macrophage reservoirs more

precisely.

5.4 CONCLUDING REMARKS

An in-depth understanding of HIV pathogenesis and reservoir establishment has been hampered by the
inability to access human blood and tissue samples. Here, we confirm that LN macrophages are
heterogeneous. We detected CD68" (M1) and CD206" (M2) macrophages in LNs. Moreover, we show
the presence of persistent HIV in ART-treated individuals. Understanding the functional roles of LN
macrophages during HIV will inform the targeted elimination of HIV-infected macrophages. Follow-
up studies will investigate the role of macrophages in the brain and gut using the markers identified in
this study. Overall, an improved understanding of HIV persistence will require the use of a combination

of sensitive assays to interrogate the macrophage reservoir.

Our study highlights the need to conduct further studies to more definitively determine the extent to
which macrophages contribute to the persistence of the HIV reservoir in the setting of long-term
effective virologic suppression. The lifespan of infected macrophages needs to be determined. There is
need for more detailed characterization of the frequency and phenotype and spatial localization of
latently infected macrophages. Future studies should also determine whether macrophages are an
important source of cryptic viremia in sanctuary tissue sites such as lymphoid tissues, the brain, and
other tissues. Moreover, there is need to determine the extent to which macrophage reservoirs
contribute to rebound viremia following cART cessation. Answers to these outstanding questions will

better inform research into HIV cure strategies.

Our data also reveals impaired SARS-CoV-2-specific T cell responses in individuals with unsuppressed
HIV infection. Additionally, we observed poor cellular cross-recognition between variants and more
pronounced cross recognition in individuals with unsupressed HIV. The muted responses in
unsuppressed HIV infection may be attributable to low absolute CD4 count and immune activation.
Importantly, we identified mutations in the Beta variant that could potentially reduce T cell recognition.
Taken together, these data highlight the need to ensure uninterrupted access to ART for PLWH during
the COVID-19 pandemic. Overall, our study findings demonstrate the persistence of HIV in human
lymph nodes despite the early initiation of ART. We also highlight the need for monitored therapy to
avoid treatment interruption as this may impact HIV pathogenesis resulting in viral rebound and may

expose HIV-infected individuals to diseases such as COVID-19 and its variants.
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Major Scientific Hurdles in HIV
Vaccine Development: Historical
Perspective and Future Directions
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KwaZub-Natal, Durban, South Africa, ? Ragon institute of Massachusetts General Hospital, Massactusetts institute of
Technobgy, and Harvard University, Cambridge MA, Unted States

Following the discovery of HIV as a causative agent of AIDS, the expectation was to rapidly
develop a vaccine; but thirty years later, we still do not have a licensed vaccine. Progress
has been hindered by the extensive genetic variability of HV and our imited understanding
of immune responses required to protect against HIV acquisition. Nonetheless, valuable
knowledge accrued from numerous basic and translational science research studies and
vaccine trials has provided insight into the structural biology of the virus, immunogen
design and novel vaccine delivery systems that will likely constitute an effective vaccine.
Furthermore, stakeholders now appreciate the daunting scientific challenges of
developing an effective HIV vaccine, hence the increased advocacy for collaborative
efforts among academic research sdcientists, governments, pharmaceutical industry,
philanthropy, and regulatory entities. In this review, we highlight the history of HIV
vaccine development efforts, highlighting major challenges and future directions.

Keywords: HIV, history of HIV-1 vaccines, efficacy trials, HIV prevention, HIV-1 vaccine design

INTRODUCTION

The HIV/AIDS epidemic remains a major global health challenge and continues to exert significant
strain on healthcare resources in sub-Saharan Africa. According to the UNAIDS, globally,
approximately 379 million people were living with HIV infection in 2018. In addition, there
were 1.7 million new infections with approximately 770,000 AIDS-related deaths in the same year
despite widespread rollout of antiretroviral therapy (ART) (1, 2). The global HIV incidence-to-
prevalence ratio of 0.05 indicates that the number of HIV-infected people will continue to rise unless
more effective preventive strategies are employed to reduce transmission (3). There is broad
scientific consensus that the most effective approach to control and eventually end the HIV
epidemic is to develop a preventive AIDS vaccine that is safe, effective, cost efficient, and easily
accessible worldwide (4). Regrettably, despite over 30 years of rigorous HIV research and numerous
vaccine trials, there is no licensed HIV vaccine currently on the market (5). The aim of this review is
to discuss pastand present approaches to vaccine development and clinical trials to date. The review
also highlights current gaps in knowledge and proposes new directions and novel strategies toward
developing an efficacious preventive HIV vaccine.
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HIV persistence in tissue sites despite ART is a major barrier to HIV cure. Detailed studies of
HIV-infected cells and immune responses in native lymph node tissue environment is critical
for gaining insight into immune mechanisms impacting HIV persistence and clearance in
tissue sanctuary sites. We compared HIV persistence and HIV-specific T cell responses in
lymph node biopsies obtained from 14 individuals who initiated therapy in Fiebig stages I/Il, 5
persons treated in Fiebig stages III-V and 17 late treated individuals who initiated ART in
Fiebig VI and beyond. Using multicolor immunofluorescence staining and in situ hybridiza-
tion, we detect HIV RNA and/or protein in 12 of 14 Fiebig |/I| treated persons on suppressive
therapy for 1to 55 months, and in late treated persons with persistent antigens. CXCR3* T
follicular helper cells harbor the greatest amounts of gag mRNA transcripts. Notably, HIV-
specific CD87 T cells responses are associated with lower HIV antigen burden, suggesting
that these responses may contribute to HIV suppression in lymph nodes during therapy.
These results reveal HIV persistence despite the initiation of ART in hyperacute infection and
highlight the contribution of virus-specific responses to HIV suppression in tissue sanctuaries
during suppressive ART.
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Fig. 1HIV Gag p24 persists in germinal centers (GCs) despite early ART initiated in Fiebig stages I/IL. a IF images of Gag p24 antigen (yellow) and
BCL-6 (green) staining in lymph node (LN) sections and a scatter plot showing CD4* T cell counts, plasma viral loads and the time of LN excision for a
Fiebig | treated (Tx) participant. Nuclei are counterstained with DAPI (blue) and scale bar is 20 pm. b Gag p24 density per GC computed from TissueQuest
(TissueGnostics, Vienna) analysis of IF LN sections (HIV negative, n=2; Fiebig I/1l Tx, n=14), and ¢ correlation analyses of average density of Gag p24
per donor and the treatment duration prior to LN excision.d Representative IF images of Gag p24 antigen (yellow) and BCL-6 (green) staining (scalebar is
50 pm) and e aggregate data from TissueQuest (TissueGnostics, Vienna) analysis of IF LN sections (Fiebig I/Il Tx, n =14; Fiebig llI-V Tx, n=3; late Tx,
n=8; and untreated (unTx), n=13). Each dot represents the density of Gag p24 per GC and the total number of GCs analyzed per group is displayed.
f Comparison of the total percentage area staining for Gag p24 within GCs and outside the GCs (EF) for dl donors (n=36). Three independent
experiments were conducted with similar results. Error bars represent interquartile range. Data are presented as median tinterquartile range. All statistical
tests are two-sided. Two-tailed p values from Mann-Whitney U test (f) or adjusted p values from Dunn’s multiple comparison’s test (e) are shown.
Spearman rho (r) values and p values are reported for correlation analyses (c). Dotted line denotes threshold of detection (b). Source data are provided as
a source data file.
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Fig. 2 HIV-RNA persistence in lymph nodes of Fiebig I/l treated individuals. HIV-RNA detection in lymph nodes (LN) of Fiebig |/l treated individuals
using RNAscope (a-e) and Cobas® AmpliPrep HIV-1 test (f<i). a RNAscope hybridization for HIV gag-pol RNA was detected using 3, 3"-diaminobenzidene
(DAB, brown) or b, ¢ fluorescent Opal polymers (green). Representative images for HIV negative, Fiebig /Il treated (Tx), late Tx and untreated (unTx)
HIV-infected LN sections are shown. Single RNA transcripts are seen as punctate dots; clusters of transcripts are also observed. Red arrowheads identify
HIV RNA* cells and green arrowheads identify virions on follicular dendritic cells. ¢ Images showing multiplexed RNAscope gag-pd hybridization (green)
coupled with IF staining for CD4* cells (red). Three independent experiments were conducted with similar results. Scale bars are 50 pm (a) or 20pm
(b, ¢). d RNA signals quantified in micrographs using Fiji [((Image) software, Fiebig /1l Tx, n=12; Fiebig |ll-V Tx, n=4; late Tx, n=2; and unTx, n=4). Five
fields of view are analyzed per sample and averaged. e A correlation analysis of area staining of gag-pd RNA and Gag p24 density for Fiebig /Il Tx LNs.
f Viral RNA loads are quantified in lymph node mononudear cells (LNMCs) (Fiebig I/l Tx, n=7; Fiebig lll<V Tx, n=4; late Tx, n=9; and unTx, n=7).
Viral loads below the limits of detection of the assay are assigned a value of 20. Correlation analysis of LNMCs’ viral loads with g peak plasma viral loads,
h treatment duration, and i time to suppression for Fiebig /Il Tx, n=7; and Fiebig |Il-V, n= 4; donors. All statistical tests are two-sided and p values are
from the Mann-Whitney U test (d, f). Spearman rho (r) values and p values are reported for correlation analyses (e, g-i). Dotted line denotes threshold of

viral load detection. Error bars represent interquartile range (d, f). Data are presented as median and interquartile range (d, f). Source data are provided as
a source data file.
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Fig. 3 Expansion of Germinal center T follicular helper (GCTth) cells during HIV-1 infection. a R tative flow cytometry plots, b pie chart and

¢ summary plots comparing the proportions of GCTfh (CXCRSPPD-1), and d nonGCTth (PD-1*CXCRS*) cells in HIV negative (HIVneg), Fiebig I/11

treated (Tx), Fiebig |ll-V Tx, Late Tx and untreated HIV-infected (unTx) groups. e Repr

ive images showing lymph node sections stained with BCL-6

(green) to define germinal centers and CD4 (red), or PD-1 (red) to localize GCTth cells. Three independent experiments were conducted with similar

results. Aggregate results for the (f) area of GCs and (g) area density of GCTth cells computed using TissueQuest (TissueGnostics, Vienna) software.
h Representative flow cytometry plot showing gating for Tfh subsets and i aggregate data across the groups. j Correlation analysis of Gag p24 density
measured using image cytometry with GCTfh1 (CXCR3*CCR6™) and k R6+GCTfh (CXCR3~CCRE) subsets distribution measured using flow cytometry
(n=13). Al statistical tests are two-sided and p values are from the Mann-Whitney U test (c, d, f, g, i). Spearman rho (r) and p values are reported for

correlation

lysis (j, k). The number of donor samph h

yzed in each group is indicated. Error bars represent interquartile range. Data are presented as

median and interquartile range (¢, d, f, g i). Source data are provided as a source data file.

Lastly, given the notion that HIV-specific CD4™ T cells might
be more susceptible to infection and contribute to viral
persistence®, we used class II tetramers to characterize HIV-
specific Tfh responses in LN tissues. DRBI*11:01 and
DRBI*1301 class II tetramers previously described®4® were

6 NATURE

COMMUNICATIONS | (2022)13:4041 | Mttps/ /dai org 10.1038/541467-022-31692-8| *

used to identify HIV-specific GCTfh and nonGCTrh cells in 3
Fiebig I/II Tx, 2 late Tx and 4 unTx donors within our cohort
expressing the class II DRBI*11:01 and DRBI*13:01 alleles
(Supplementary Fig. 31, m). These results demonstrate that HIV-
specific Tth responses are induced during early Tx HIV infection.
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immune responses and reduced viral burden in LNs indicates
that T cell responses contribute toward elimination of infected
cells during therapy. Combined, these data highlight the need
to prioritize elimination of active HIV persistence in LNs as a
critical step to achieving a cure or prolonged HIV remission
off therapy.

Our unique ability to obtain excisional LN biopsies in the
FRESH cohort allowed for characterization of sites of virus per-
sistence within the LN architecture in persons in whom peak
viremia is blunted. The topological analysis of persistent HIV
antigens within intact LN tissues identified greater HIV protein
antigen burden within B cell follicles in some patients. Notably,
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treatment in chronic infection. Given sample limitations, one
cannot rule out persistent infection in the other two individuals,
Among those with detectable infection, GCs serve as the primary
anatomical site of HIV persistence and the major cellular source
is CXCR3 expressing Tfh cells. Together, our results emphasize

NATURE COMMUNICATIONS | (2022)13:4041 | hitps/ /ddi 0rg /10.1038/541467-022-31692-8 | www.nat,

the importance of very early initiation of ART in Fiebig stage I/II
to reduce the amounts of persistent virus in the LN and highlight
the need for interventions to completely eradicate residual vir-
emia in immune privileged and anatomically compartmentalized
tissue sites.
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APPENDIX D: WHOLE LYMPH NODE TISSUES USED TO PHENOTYPE AND
SPATIALLY LOCALIZE MACROPHAGES
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APPENDIX E: WHOLE LYMPH NODE TISSUES USED TO QUANTIFY HIV GAG P24
PROTEIN AND HIV-1 RNA
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