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A1ims of this doctoral thesis

The main aim of this doctoral thesis was to study virus-host interactions in HIV-1
and HIV-2 infections, and their potential association with disease progression. The
specific aims for each study were:

Paper I: To investigate the immunophenotype of CD8" T-cell populations in people
living with HIV-1 or HIV-2, and in HIV seronegative individuals, and determine
the associations between CD8" T-cell populations and viraemia or disease
progression.

Paper II: To study the immunophenotype of B-cell populations in people living
with HIV-1 or HIV-2, and in HIV seronegative and determine the associations
between B-cell populations and viraemia or disease progression.

Paper II1: To characterise the blood plasma proteome in people living with HIV-1
or HIV-2, and in HIV seronegative individuals, and to determine associations
between protein expression and HIV viraemia or pathogenic properties of B- and T-
cells. Furthermore, to explore if inferred protein perturbations were associated with
different cell types and tissues.

Paper IV: To characterise the blood plasma proteome in people living with chronic
HIV-1 or HIV-2 infection, and in HIV seronegative individuals, and to determine
the associations between disease progression rate and inferred tissue or protein
perturbations.



Abstract

Human immunodeficiency virus type 1 (HIV-1) and type 2 (HIV-2) are the two
causative agents of AIDS. HIV-1 is responsible for the HIV pandemic, while HIV-
2 is primarily confined to West Africa. Although HIV-1 and HIV-2 share several
characteristics, such as route of transmission, is HIV-2 less pathogenic than HIV-1.
The asymptomatic disease stage in treatment naive individuals is approximately
twice as long among in people living with HIV-2 (PLWH2) compared to in people
living with HIV-1 (PLWH1). The underlying mechanisms behind this difference are
unknown but may be attributed to a more effective immune response in HIV-2
compared to in HIV-1 infection. Moreover, although most PLWH2 display low to
undetectable plasma viral loads (pVL), in general they still do progress towards
AIDS in the absence of antiretroviral treatment — albeit at a slower rate.

The objectives of this thesis were to characterise virus-host interactions in
PLWHI1 and PLWH2, and to investigate the associations of these interactions with
different traits of disease progression. More specifically to study: 1) the impact of
HIV-2 viraemia on CD8" T cell and B cell phenotypes, and plasma proteomes; and
2) associations between plasma proteome signatures and HIV disease progression.

To do this, we immunophenotyped CD8" T-cells and B-cells using flow
cytometry and bioinformatics. We observed that both viraemic and aviraemic HIV-
2 infection promoted CD8" T-cells exhaustion and induced an expansion of
hyperactivated B-cells as well as high levels of the T helper 1 cell-associated
transcription factor T-bet. We also utilised a novel analysis pipeline of data-
independent acquisition mass-spectrometry (DIA-MS) to determine the proteome in
blood plasma. The analysis showed alterations of plasma proteins that were
associated with frequencies of terminally exhausted CD8" T-cells and
hyperactivated B-cells. Next, we used the same DIA-MS approach on archived
plasma collected within three years of the estimated date of HIV-1 or HIV-2
infection. The analysis indicated that increased release of proteins from sigmoid
colon and spleen tissue was associated with depletion of CD4" T-cells, and that the
expression profile of ten specific proteins, found to be associated with CD4" T-cell
loss, could distinguish faster from slower disease progression.

In summary, increased understanding of how HIV-host interactions dictate
viraemia and disease progression rate provides important insights about HIV-1 and
HIV-2 pathogenesis that may open up new directions for developing HIV
therapeutic and prophylactic strategies.
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Popularvetenskaplig sammanfattning

Tva typer av humant immunbristvirus (hiv) har hittills identifierats, hiv-1 och hiv-
2. Hiv-1 och hiv-2 dr de tvd virus som kan orsaka sjukdomen aids (acquired
immunodeficiency syndrome [eng], forvirvat immunbristsyndrom [sv]). Aids
uppkommer nidr immunforsvar hos en hiv-infekterad individ forsvagats sa till den
grad att det inte langre kan skydda individen mot vanligt forekommande smittimnen
som é&r ofarliga for friska individer. Vid en hiv-infektion férsvagas immunforsvaret
genom att hiv infekterar och dodar en viktig typ av immuncell, CD4 T-cellen, som
bland annat orkestrerar immunsvar mot virus. En annan bidragande faktor ar att hiv
fordndras snabbare 4n immunforsvaret hinner med, vilket resulterar i en kronisk
infektion dar immunforsvaret gradvis utmattas.

Trots att hiv-1 och hiv-2 &r tva néra besléktade virus, sé& skiljer de sig at i flera
viktiga aspekter. Hiv-1 har spridits 6ver hela véirlden medan hiv-2 framfor allt &ar
spritt i Véstafrika. Hiv-2 ar dessutom mindre patogent &n hiv-1, och det tar ungefar
dubbelt sa ldng tid att utveckla aids vid hiv-2-infektion jamfort med vid hiv-1-
infektion. En anledning till detta kan vara att immunforsvaret hAmmar hiv-2 mer
effektivt dn hiv-1. En annan skillnad ar att hiv-2-infekterade personer oftast har
visentligt hogre virusnivaer i blodet jamfort med hiv-1-infekterade personer om de
inte far behandling med virushdimmande ldkemedel.

Malet med min avhandling har varit att studera hur hiv-1 och hiv-2-infektioner
paverkar immunforsvaret och kompositionen av proteiner i blodet (proteinprofilen),
och hur detta kan kopplas till olika virusnivier samt hur snabbt hiv-infekterade
individer utvecklar sjukdom. Resultaten fran mina studier har jag sammanfattat i
fyra arbeten. De tre forsta arbetena visar att hiv-2-infekterade personer med icke-
detekterbara virusnivaer i blodet dels hade utmattade immunceller, och dels att dven
andra celler och vdvnader, forutom de i blodet, paverkades av hivinfektionen. Detta
tyder pd att kronisk hiv-2-infektion kan leda till forsdémrat immunsvar och
vivnadsskada dven hos personer dér hiv-2 inte detekteras i blodet. I det fjarde
arbetet letade vi efter samband mellan proteinprofilen och hastigheten med vilken
studiepersonerna utvecklade sjukdom, och identifierade tio specifika proteiner som
kunde kopplas till snabbare eller langsammare utveckling av aids.

Sammantaget ger resultaten i dessa studier en 6kad forstaelse kring hur olika
virus-vérd-interaktioner paverkar sjukdomsforloppet hos hiv-infekterade personer.
Denna typ av kartliggning ar viktigt for utveckling av nya och befintliga
terapeutiska eller profylaktiska behandlingar av hiv.
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Introduction

HIV-1 and HIV-2 and epidemiology

The two known types of human immunodeficiency virus (HIV), HIV-1 and HIV-2,
emerged after zoonotic transmission of simian immunodeficiency virus (SIV) from
primates to humans (Figure 1) (1). The existing HIV-1 strains can be divided into four
groups: Main (M), Non-M and non-N (N), Outlier (O), and Pending (P) (2, 3). HIV-
1 group M and N resulted from transmission of SIV from chimpanzees (SIVcpz) to
humans, while group O and P originated from SIV in gorillas (SIVgor) (3). Nine
separate transmission events of SIV from sooty mangabeys (SIVsmm) gave rise to
HIV-2 groups A-I (4). HIV-1 group M and O and HIV-2 group A and B are the only
HIV groups to have spread significantly in the human population, while the remaining
groups have been identified in less than 20 individuals each (3).Following the
transmission of HIV-1 group M and HIV-2 group A and B, HIV-1 group M gave rise
to the global HIV pandemic while HIV-2 has been primarily restricted to West Africa
(5). According to UNAIDS, approximately 84 million individuals have been infected
by HIV-1 since the start of the pandemic, and approximately half have succumbed to
HIV and AIDS-related illnesses (6). HIV-2 has been found to be less pathogenic and
transmissible than HIV-1 (7, 8), but still approximately 1-2 million individuals have
been estimated to be infected by HIV-2 (9).

HIV-1 group M is believed to have been transmitted from chimpanzees to humans
in Southeast Cameroon and thereafter established its spread in Kinshasa, the
Democratic Republic of Congo (DRC), during the 1920s (10), with subsequent rapid
spread during the 1960s (10, 11). The high mutation rate of the reverse transcriptase,
the high virus turnover, and the high genetic recombination rates of HIV-1 has given
rise to nine subtypes (A-D, F-H, J, K) and several circulating recombinant forms
that have been dispersed globally (12). Virus strains are divided into subtypes based
on sequence similarity, where the genetic variation within a subtype is
approximately 15-20% and the variation between subtypes is approximately 25—
35% (12). Subtype B is believed to have arisen from a single strain that first spread
to Haiti during the 1960s, and thereafter spread globally (13). A recent study
identified the DRC city Kinshasa as the origin of subtypes A and D, Mbuji-Mayi as
the origin of subtype C, and Matadi as the origin of subtypes H and J (14). A recent
meta-analysis of global prevalence of HIV-1 subtypes revealed that today subtype
C is the most prevalent subtype (46%), followed by subtype B (12%), subtype A
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(10%), CRF02_AG (8%), CRFO1_AE (5%), subtype G (5%), and subtype D (3%),
and subtypes F, H, J, and K (<1%) (15).

The two endemic HIV-2 groups, A and B, are predicted to have been transmitted
to humans from sooty mangabeys in the Tai forest in Ivory Coast during the 1940s
(16-18). Although both group A and B are endemic, group A represents >90% of all
HIV-2 infections. The remaining groups, believed to have been transmitted to
humans in Ivory Coast, Liberia, and Sierra Leone, have only been detected in one
or two individuals (16). Although HIV-2 group A and B are believed to have been
transmitted to humans in Ivory Coast, Guinea-Bissau is the country that has reported
the highest HIV-2 prevalence (16, 19-30). Similar to HIV-1 group M, the prevalence
of HIV-2 is believed to have increased rapidly during the 1960s (17). In line with
the high HIV-2 prevalence in Guinea-Bissau, phylogenetic analyses have suggested
that Guinea-Bissau as a hub for HIV-2 transmission in West Africa (16, 31). Outside
of Africa, Portugal and France, both with previous colonial ties to West Africa, are
the two countries with the highest HIV-2 burden (31, 32). Despite the lack of
evidence-based recommendations for preferred treatment regimens and criteria for
treatment failure (9), HIV-2 incidence has been reported to decrease in both Guinea-
Bissau and Senegal (20, 24-26, 28, 33). Given the observed reduced HIV-2
incidence, and the fact that the prevalence of HIV-2 is higher among older than
younger adults (older or younger than 34 or 44 years (20, 34)), it has been suggested
that HIV-2 might disappear in approximately 100 years (35).

The Guinea-Bissau HIV pandemic

As Guinea-Bissau is the country with the highest HIV-2 prevalence, as well as an
increasing in HIV-1 prevalence (19, 20, 25, 26, 34), it has provided the chance to
study the impact of HIV-1 and HIV-2 infections in the same ethnic groups. Three
large cohorts have been established to monitor the HIV epidemic in Guinea-Bissau
since 1988: the “Caid cohort” (a community-based cohort in the rural village Caio
in north-western Guinea-Bissau) (34); the “Bissau HIV cohort” (a community-based
cohort in the suburbs of Bissau, belonging to the Bandim Health Project) (20, 36,
37); and the “Guinea-Bissau police cohort” (an occupational cohort of police
officers in Guinea-Bissau) (38-40).

In Guinea-Bissau, HIV-2 group A is the most prevalent HIV-2 group (16). During
the 1980s, the HIV-2 prevalence was found to be up to 20% among individuals older
than 40 years (21). It is not known why Guinea-Bissau became the epicentre of the
HIV-2 epidemic, but iatrogenic medical procedures during the War of independence
against Portugal 1963-1974 is believed to have been one of the key drivers (17, 21,
41, 42). However, in line with the low transmission rate of HIV-2 and the lower
plasma viral load of HIV-2 infected individuals comparted to HIV-1 infected
individuals (43, 44), the HIV-2 prevalence has decreased over time (19, 20, 25, 26,
33, 34). In addition to viral factors, the increased prevalence of HIV-1 and reduced
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high-risk sexual behaviour following the Independence war has also been suggested
to be associated with the reduced HIV-2 incidence (16, 45).

HIV-1 is believed to have been introduced into Guinea-Bissau during the end of
the 1970s, likely in association with an observed migration wave following the end
of the independence war in 1974 (46). A phylogeographic analysis suggested that
HIV-1 was initially introduced to the capital Bissau, and subsequently spread to the
rural areas of the country (46). The epidemic has been shown to be dominated by
the recombinant form CRF02 AG, sub-subtype A3, and A3/CRF02_AG
recombinant form, where A3/CRF02_AG infection has been associated with a faster
time to death compared to sub-subtype A3 (46-49). Similar to the predicted increase
in HIV-2 prevalence during the independence war 1963-1974, HIV-1 prevalence,
but not HIV-2 prevalence, was found to increase during the civil war 1998-1999
(24, 25). Although HIV-1 was found to increase almost exponentially during the
1990s, later studies have found that HIV-1 prevalence and incidence has stabilised
or potentially even decreased since the mid-00s (19, 20, 24, 25, 34, 50).

HIV structure, genome and replication cycle

Structure

Both HIV-1 and HIV-2 are spherical, approximately 100 nm diameter in size,
enveloped viruses (Figure 1). The lipid bilayer enveloping the virion contains viral
envelope glycoproteins (Env). The Env complex consists of an outer surface unit
(SU), Gp120 in HIV-1 and Gp125 in HIV-2, and a transmembrane unit (TM), Gp41
in HIV-1 and Gp36 in HIV-2, associated into trimers (51). In addition to Env
proteins the virions contain host proteins that are part of the producer cell surface
plasma membrane proteome (52). It has been suggested that HIV-1 and HIV-2 differ
in Env incorporation, where mature HIV-1 virions would contain fewer intact Env
trimers compared to mature HIV-2 virions (53), but the underlying mechanism
behind the difference in frequency of dissociated SU is still unknown. The inner
lipid layer of the virion membrane is layered by the myristoylated virus matrix (MA)
protein, through interaction with inositol phospholipids (54). Within the virion, a
conical icosahedral capsid, consisting of the virus capsid (CA) protein, which
encapsulate the nucleocapsid (NC)-virus RNA complex. Within the capsid also
other viral proteins are contained, including viral enzymes Reverse Transcriptase
(RT) and Integrase (IN) which are required for the intracellular steps of the
replication cycle following infection of a target cell (55). Both HIV-1 and HIV-2
contains two copies of approximately 10 kilobase pair long single-stranded positive-
sense viral RNAs (55).
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HIV-2 virion

HIV-1 virion

Figure 1. Schematic representation of HIV-1 and HIV-2 structure.

Genome

The HIV-1 and HIV-2 genomes (Figure 2) share approximately 50% nucleotide
sequence similarity (56), but have some key differences reflecting their different
SIV origin (3).

The HIV-1 genome is approximately 9.7 kilobase pair long and encodes three
structural genes, gag, pol and env, as well as the six accessory proteins vif, vpr, vpu,
tat, rev, and nef (51). The HIV-2 genome is approximately 10.5 kilobase pair long
(51), and encodes the same proteins as HIV-1, with the exception that HIV-2 has
retained vpx and have not acquired vpu (57). The two terminal ends of the HIV
genome consist of two long terminal regions (LTRs) that are required for the
initiation of the reverse transcription and serves as the promotor region during the
transcription of the integrated HIV provirus (58, 59). Importantly for the
transcription of HIV-1 proviruses, the LTR regions contains two to three nuclear
factor kappa B (NF-kB) binding sites that facilitates efficient transcription in
activated cells (60). In contrast, HIV-2 LTRs have been found to contain commonly
only one NF-«B binding site, possibly leading to reduced proviral transcription (61).
The gag gene encodes for the Gag polyprotein, consisting of MA, CA, NC, and p6,
as well as the two spacer peptides p2 and p1 located upstream and downstream of
NC, respectively (62). Similarly, pol encodes for the Pol polyprotein which contains
the three viral enzymes Protease (PR), RT, and IN (51). As previously mentioned,
one of the key differences between the HIV-1 and HIV-2 genomes is the presence
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of vpu in the HIV-1 genome instead of vpx, which also resulted in an overlap
between vif'and vpr in the HIV-1 genome (57). Further, in the HIV-2 genome nef’
overlaps with gp36, while nef'and gp41 are separated by two nucleotides in the HIV-
1 genome (51). In addition, a putative antisense gene, called antisense protein (asp),
has been suggested to overlap with env in the HIV-1 group M strains, but not in the
remaining HIV-1 groups, SIVs, or HIV-2 (63-65). Interestingly, a recent study
found that the presence of asp was approximately 85% in highly prevalent HIV-1

group M subtypes (A, B, C, G and CRF01_AE), compared to 45% presence in low-

prevalent subtypes (D, F, J, H and K) (63). Although both antibodies and CD8" T-

cells targeting ASP have been detected in infected individuals (65), it is still not
known if this putative protein has a function in vivo.
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Figure 2. HIV-1 and HIV-2 genome organisation. The figure was adopted from (51).

Replication cycle

As the majority of HIV research has been performed on HIV-1, the following
chapter will in large describe the HIV-1 replication cycle (Figure 3). However, key
steps where HIV-2 differ from HIV-1 will be highlighted.
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Virus entry

Virus entry is mediated through the interactions between Env trimers and the main
receptor CD4 and a co-receptor, typically CCRS or CXCR4. As is typical for type I
fusion proteins (66), Env exists as heterodimeric trimers, consisting of Gp120 and
Gp41, at the virus membrane (67). Interaction with CD4 is mediated by Gp120,
while fusion to the plasma membrane of the infected cell is mediated by the fusion
peptide in Gp41 (67). Following binding of Gp120 to CD4, Gp120 undergoes a
conformational change that exposes the co-receptor binding site (the so-called
bridging site and the V3 loop). Binding of the co-receptor stabilises the Env-receptor
complex and brings the virus and cellular membranes closer together. Together, the
conformational changes of Gp120 induced by CD4 and co-receptor binding will
induce the dissociation of Gp120 from Gp41, and the fusion peptide in Gp41 to be
inserted into the cellular plasma membrane (67, 68). Insertion of the fusion peptide
will bring the virus and cellular membranes close enough to fuse and release the
virus capsid into the cytoplasm.

However, more research is still needed to completely understand the events
taking place during Env-binding and virus fusion. For example, the mechanisms
behind CD4-independent infection, which has been reported to be more common
among HIV-2 viruses compared to HIV-1 viruses (69), are still largely unknown.
Coreceptor use of HIV-2 is also distinct from HIV-1 in the ability of HIV-2 to use
alternative coreceptors, such as CCR2b, CXCR6 and GPR15 (69). Still, it has
previously been reported that also HIV-2 isolates are highly dependent on either
CCRS5 or CXCR4 for replication in peripheral blood mononuclear cells (PBMC)
(70). Moreover, the subcellular location of the entry event is still debated (71).

Uncoating, reverse transcription and nuclear transport

Capsid uncoating and reverse transcription were initially believed to occur in the
cytoplasm shortly after the fusion of virus and cellular membranes (72). However,
initial assumptions of the subcellular location of virus capsid uncoating and reverse
transcription have recently been challenged by the introduction of novel advanced
microscopic methods (72). Recent findings indicate that the capsid remains intact
and thereby prevents detection of cDNA by cellular restriction factors (72). A
central pore in the capsid hexamer has been postulated to mediate import of dNTPs
into the capsid and enable encapsulated cDNA synthesis (73). Irrespective of the
site of uncoating, the reverse transcription is initiated by a host transfer RNA
(tRNALys) bound to the virus RNA (59). The reverse transcription is performed by
the viral RT enzyme. The high mutation rate of the RT (approximately 0.1
mutations/10 000 base pair) is partly responsible for the high evolutionary rate of
HIV (10, 31, 74). Another key driver of HIV diversity is the frequent occurrence of
recombination events during reverse transcription (up to 10 switches per cDNA
synthesis event) (75-78). Recombination occurs when the virion contains two non-
identical RNA strands, incorporated into the virion during budding from a cell
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infected by two non-identical virus variants, and the RT jumps between the two
strands during the synthesis of the negative cDNA strand (78).

Through interactions with cellular proteins, intact capsids have been shown to be
transported to nuclear pores, transported into the nucleus, and subsequently
disassembled to release the pre-integration complex (PIC) (79, 80). However, more
research is still needed to determine if uncoating occurs in the cytoplasm, at the
nuclear pore while allowing for the import of the PIC into the nucleus (81), or inside
the nucleus (79). Following the import of the PIC into the nucleus, the cDNA is
integrated into the host genome. The integration is catalysed by IN, which binds to
the nascent cDNA to form the DNA-IN complex known as the intasome (82). The
IN removes two nucleotides from the 3° ends of the cDNA strands to create two
reactive 3'-hydroxyl ends, which are used by IN to perform the strand transfer and
integrate the cDNA into the host genome and create the provirus (83).
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Figure 3. Schematic overview of key steps in the HIV replication cycle. The key steps include: 1)
Binding of HIV to CD4 and a coreceptor. 2) Structural rearrangements of the Env proteins facilitates the
fusion of the virus and host membrantes and the release of the virus capsid into the cytoplasm. 3) In
the cytoplasm the virus RNA is reverse transcribed by the viral Reverse Transcriptase into cDNA. The
cDNA is thereafter transported into the nucleus. 4) In the nucleus, the cDNA is integrated by the viral
Integrase into the cellular genome. 5) The provirus is thereafter transcribed into mRNA that
subsequently are exported into the cytoplasm. 6) In the cytoplasm the mRNA is either translated into
virus proteins, or bound to Gag/Gag-Pol polyproteins for packaging into nascent viruses. 7) The
Gag/Gag-Pol polyproteins are transported to the plasma membrane and assemble to form the new
viruses. 8) Gag/Gag-Pol multimerisation induces membrane curvature and eventually budding of the
nascent virus. 9) Following the budding, the viral Protease digest the Gag/Gag-Pol polyproteins and the
mature, infectious virus is formed (84).
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Transcription, assembly, budding and maturation

Following integration, the provirus can either remain transcriptionally silent, i.e. latent,
or be actively transcribed. The initiation of provirus transcription is regulated by the
balance of cellular transcription activators or repressors binding to the 5’-LTR. Key
elements described to be required to initiate proviral include NK-«kB, Sp1 and TATA-
box binding protein (TBP) (58). These proteins bind to the 5’-LTR and recruit the RNA
polymerase 11 (RNAPII)-dependent transcriptional machinery. During active virus
transcription, Tat increases virus transcription 1000-fold (85), by interacting with
positive transcriptional elongation factor b (P-TEFb), and stop RNAPII from pausing
at the 5’-LTR to allow an efficient transcriptional elongation (58).

Following the initiation of proviral transcription, several different spliced variants
of the proviral transcripts are produced. The different HIV transcripts are typically
divided into three groups: Unspliced transcripts that encodes Gag and Gag-Pol
polyproteins and are represent the genomic RNA (gRNA) packaged into new
virions; singly spliced transcripts encoding the Env, Vif, Vpr, and Vpu proteins; and
the multiply spliced transcripts that encode the Rev, Tat, and Nef proteins (86).
During early transcription, multiply spliced transcripts are transported out of the
nucleus, while the instability sequence elements (INS) containing unspliced and
singly spliced transcripts are retained in the nucleus. After translation, Tat and Rev
are transported into the nucleus where Tat will increase virus transcription and Rev
will mediate the transport of unspliced and singly spliced transcripts into the
cytoplasm. Nef will target CD4, CD28, MHC class I, and SERINCS for degradation
(57, 87). In addition, HIV-1 Nef and HIV-2 Env mediate the degradation of tetherin
(57). The translation of the singly spliced transcripts produces Vif, Vpr, Vpu, and
Env. Vif and Vpu increases viral replication by counteracting cellular restriction
factors, by targeting these proteins for proteasomal degradation (57, 88-91). Vpr
induces G2/M cell-cycle arrest of infected cells and increases proviral transcription
(92). Although Vpr was initially believed to be involved in the transportation of the
PIC to the nucleus, further studies did not support a role for Vpr in this process (72).
Env is translated as Gpl60 in the endoplasmic reticulum (ER), where it is
extensively glycosylated (93). As the Gp160 trimers are transported through the
Golgi apparatus, the oligosaccharide side chains are modified and Gpl160 is
proteolytically cleaved by the cellular proteas furin into Gp120 and Gp41 (93).
Translation of the unspliced transcripts will produce the Gag and Gag-Pol
polyproteins required for the assembly and maturation of nascent viruses (55).

MA in the Gag and Gag-Pol polyproteins are myristoylated following translation,
and thereafter target the polyproteins to the plasma membrane through their
interactions with inositol phospholipids (54). Unspliced gRNA dimers are bound to
the NCs through the interaction of the packaging signal, Psi (¥), in the 5’-LTR
region (94). At the plasma membrane, Gag and Gag-Pol multimerisation leads to
membrane curvature and eventually budding (95). The exact mechanism of Env
incorporation into the budding virus is still not known, but it has been shown that
interactions between the cytoplasmic tail of Gp4l and MA is important for the
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trapping of Env in the budding virus (96-98). Budding is mediated through the
interaction of p6 and the ESCRT machinery (95).

Following, and during, budding of the nascent virion, PR cleaves Gag and Gag-
Pol polyproteins and releases the individuals proteins. The separation of the
individual Gag and Pol proteins drives the maturation of the virus, which is
characterised by the formation of the mature capsid.

HIV-1 and HIV-2 pathogenesis

HIV infection is characterised by a progressive deterioration of the immune system,
eventually leading to a collapse of the immune system and a subsequent increased
susceptibility to opportunistic infections (99). HIV infection in individuals not
receiving treatment is typically divided into three different stages: the acute
infection stage, the asymptomatic stage, and finally the AIDS stage (Figure 4). As
the majority of HIV research has focused on HIV-1 (9, 41), this chapter will broadly
describe HIV-1 pathology and highlight key steps where HIV-2 infection is known
to differ.
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Figure 4. Schematic view of general HIV disease progression in treatment naive individuals. As plasma
viral load dynamics during acute HIV-2 infection has not been studied, hypothesised dynamics are
represented by a dashed line.
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Transmission and acute infection stage

Sexual transmission represents the most common route of HIV transmission
globally (100), but HIV can also be transmitted through contact with HIV
contaminated blood, e.g., through sharing of injection equipment, transfusion of
non-heat inactivated blood from PLWH or from an HIV infected mother to her child
during delivery. Despite the presence of a highly variable population of viruses in
infected individuals, onward sexual infection is typically established by a single
transmitted founder (T/F) virus (101). The mechanisms regulating the epithelial
translocation of HIV are still not known, but it is believed to either occur due to
epithelial damage during intercourse, or that the viruses are captured by dendritic
cells (DC) as the DCs sample the mucosa apical surface of the mucosa for incoming
pathogens (102). The DCs are believed to transport viruses from the site of infection
to neighbouring lymphoid tissue, where they will infect CD4" T-cells. However, it
is still not known if this occurs through cis- or frans-infection. Cis-infection occurs
when DCs becomes productively infected, and thereafter spreads newly produced
viruses to CD4" T-cells through close contact sites known as immunological
synapses (103). However, cis-infection is not believed to be a major pathway of in
vivo mediated infections since myeloid cells express high levels of the restriction
factor SAMHD1, which makes them poorly permissive to HIV-1 infection (104).
Instead, trans-infection is believed account for most of the DC-mediated infections
in vivo. Trans-infection is initiated by the binding of C-type lectins, such as Siglec-
1 (105-107), to glycoproteins at the surface of the HIV particle without infecting the
DC. The virus particle is thereafter either endocytosed and stored in the DC or
remain at the surface of the DC. When the DC later on comes into close contact with
CD4" T-cells, typically in nearby lymphoid tissue, the viruses released from the DCs
can then infect the CD4" T-cells through the immunological synapse (102). In
support for the role of trans-infection in vivo, a subset of DCs in the vaginal mucosa
has been shown to have the exclusive ability to capture HIV particles, but not be
infected by them (108). In addition, Siglec-1" DCs in cervical biopsies have been
shown to have intracellular HIV-1-containing compartment (109). In addition to the
DC-mediated infection in lymphoid tissue, CD4" T-cells can also be infected at the
site of HIV entry, either as tissue resident cells or as CD4" T-cells infiltrating an
inflammatory site.

Following sexual transmission, initial HIV replication typically occurs locally,
and plasma viral load is undetectable. This stage, termed the eclipse stage, typically
lasts for 6-10 days (110, 111), and is characterised by increasing plasma levels of
pro-inflammatory cytokines and the establishment of the HIV reservoir (112). The
rapid increase in plasma levels of pro-inflammatory cytokines, such as type 1 and
type 2 IFNSs, is typically referred to as a cytokine storm, and has been shown to occur
during many types of infections (113). In the case of acute HIV infection, the
initiation of the cytokine storm occurs as a result of the sensing of an increasing
amount of HIV by the innate immune system. Resistance to type 1 IFN by T/F
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viruses is known to be a key determinant for successful transmission (114), which
highlights the importance of the early cytokine response during HIV transmission.
Although the early cytokine response is likely to be protective against transmission
and replication, the failure to control the replication leads to a pathogenic activation
of the innate immune system and a stronger cytokine response during acute infection
has been shown to correlate with increased disease progression rate (115). The
uncontrolled HIV replication leads to an exponential increase of the plasma viral
load and further systemic dissemination of HIV. Fiebig et al. divided the acute
infection phase into five stages, referred to Fiebig I-V, following the sequential
emergence of detectable pVL, positive CA ELISA test, and HIV specific antibodies
(116). Following the systemic dissemination of HIV, HIV replication is established
throughout the secondary lymphoid organs, in particular the gut associated
lymphoid tissue (GALT). The GALT contains high numbers of activated CD4" T-
cells, and the extensive replication taking place before the onset of the adaptive
immune response is believed to deplete the GALT of approximately 80% of all
CD4" T-cells within the three first weeks of infection (117-119). The depletion of
CD4" T-cells occurs both due the cytopathic effect of HIV, but also due the massive
death of bystander CD4" T-cells that are not infected. The exact mechanisms behind
the rapid depletion of bystander CD4" T-cells are not known, but a highly pro-
inflammatory cell death pathway called pyroptosis is believed to be a key reason
(120). In addition to the depletion of CD4" T-cells, the high amount of damage
associated molecular patterns (DAMPs) and pro-inflammatory cytokines causes
both a collapse of germinal centres and loss of gut epithelial integrity (121, 122).
The loss of epithelial integrity leads to increased microbial translocation, which
further contributing to chronic systemic inflammation (123, 124). The pVL
increases exponentially during the systemic replication, prior to the mounting of an
adaptive immune response, and reaches the so-called peak VL. Following the
mounting of an adaptive immune response, the pVL decreases until it reaches as
steady-state level referred to as set-point VL (SPVL). The SPVL has been reported
to vary up 1,000,000-fold between PLWH (125), due to a combination of both viral
and host genetics factors (125-129), and has been found to be associated with
disease progression rate (129-134). In parallel to the reduction of the pVL, the CD4"
T-cell count in blood is restored to almost pre-infection levels, but not in GALT
(117-119). The mounting of an adaptive immune response and the subsequent
reduction in viral replication marks the end of the acute infection stage and the
beginning of the early asymptomatic disease stage.

So far, only one adult HIV-2 acutely infected individual has been identified (135),
which has prevented the study of differences between acute HIV-1 and HIV-2
infections. However, as the pVL of HIV-2 infected AIDS patients is lower compared
to HIV-1 infected AIDS patients (5, 136-138), it is likely that acute HIV-2 infection
is associated with lower VL compared to HIV-1 infection. In addition, HIV-2
viruses have been shown to induce a stronger type 1 IFN response in myeloid cells
compared to HIV-1 viruses (139). As resistance to type I interferon has been shown
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to be a key determinant of HIV-1 T/F virus transmission fitness, it is likely that
initial HIV-2 replication is inhibited more potently by the innate immune response
compared to HIV-1. In addition, DC-mediated HIV-2 trans-infection of CD4" T-
cells has been shown to be less effective compared to HIV-1 trans-infection (140).
Further, HIV-2 has been shown to be more susceptible to type I IFN-inducible
restriction factors (57), further suggesting that acute HIV-2 infection could be better
managed by the innate immune system compared to HIV-1.

The asymptomatic stage

The asymptomatic disease stage follows the acute infection stage. The length of the
asymptomatic disease stage can vary greatly, from less than a year to more than 20
years, and is determined by a combination of both host and virus genetic factors
(141). During the asymptomatic disease stage, the CD4" T-cell count gradually
decreases as a consequence of virus replication and the chronic inflammation (125).
The immune system is capable of maintaining the pVL at a relatively stable level
around the SPVL during the asymptomatic disease stage, although a gradual
increase is typically observed (134). The ongoing virus replication causes persistent
stimulation of the innate and adaptive immune system, and eventually leads to
immunosenescence (142). In addition to the exhaustion of the HIV-specific immune
cells, the chronic inflammation causes a generalised exhaustion of both B- and T-
cells (143, 144). The general immune activation increases gradually during the
asymptomatic disease stage, until the exhaustion of immune cells and severe loss of
CD4" T-cells causes the immune system to collapse, and the infected individual
becomes susceptible to opportunistic pathogens.

Although PLWH1 and PLWH2 have similar disease trajectories, the
asymptomatic disease stage is approximately twice as long among PLWH?2
compared to PLWH1 (145). In line with the prolonged asymptomatic disease stage,
the SPVL has been estimated to be 10-30x lower among PLWH2 compared to
PLWHI (5, 136, 138). Similar to PLWH1, the SPVL in PLWH2 has been found to
be associated with disease progression (44). However, other reports have reported
that general immune activation, rather than pVL, is associated with disease
progression among PLWH?2 (146, 147). Interestingly, the group have observed that
PLWH2 can progress to immunodeficiency even in the absence of detectable
viraemia (148). The underlying mechanisms behind CD4" T-cell decline in
aviraemic PLWH2 are not well understood, but CD4" T-cell loss is closely related
to general immune activation and exhaustion (146, 147, 149).

Interestingly, the group has previously found the time to AIDS and HIV/AIDS-
related death following HIV-1 infection was approximately 50% longer among
individuals with a preceding HIV-2 infection compared to individuals infected with
only HIV-1 (150, 151). The CD4" T-cell decline was found to be similar among
people living with HIV-1 and HIV-2 dual-infection (PLWH-D) and PLWH-1, but
the extrapolated CD4" T-cell levels at estimated time of seroconversion was found

26



to be significantly higher among PLWH-D (150). This suggests an inhibition of
early HIV-1 replication and initial CD4" T-cell decline, rather than a continuous
inhibition of HIV-1 by HIV-2. However, the underlying mechanism behind this are
still unknown, but both the innate and adaptive immune system have been proposed
to play a role (152-157). Previous studies have suggested that inhibition of HIV-1
disease progression by HIV-2 could be attributed to cross reactive T-cells (156,
158), cross-reactive antibodies (152, 157), HIV-2 induced release of beta-
chemokines that can compete for CCRS binding (154, 155), as well as inhibition of
intracellular HIV-1 replication steps in dual-infected cells (159, 160).

Effect on tissue pathology

In addition to the depletion of CD4" T-cells, the HIV infection impacts several
different bystander cells and increases the risk of comorbidities in PLWH (161). As
previously mentioned, the extensive depletion of CD4" T-cells in the GALT leads
to release of DAMPs and proinflammatory cytokines that both induces lymphoid
tissue fibrosis, myeloid cell activation, and damage the gut mucosa (123, 124, 162).
Impairment of the gut epithelial integrity has been suggested to be driven through
interactions between epithelial cells with viruses, virus proteins, cytokines, and
cytotoxic lymphocytes (163-167). In addition to the increased epithelial cell death,
the loss of T helper 17 (Th17) cells in PLWH reduces 1L-22-mediated epithelial
regeneration (168-170). Further, Th17 cells have been found to be essential for the
control of extracellular microbes, and the depletion of this cell type contribute to
microbial overgrowth (168). LPS levels, a marker of microbial translocation, have
been shown to be inversely correlated with CD4% in both PLWHI1 and PLWH2
(123). In addition, clearance of microbial products is decreased in PLWH due the
reduction of Kupffer cells (liver resident macrophages), both through direct
infection and due to microbial translocation and chronic inflammation (171, 172).
The activated Kupffer cells are also believed to promote a proinflammatory
environment in the liver, which increases the risk of liver fibrosis (171-173), both
in PLWH with or without Hepatis B or C co-infections (174, 175). In addition to the
engagement of cells in the gut and liver, monocyte and macrophage activation have
been attributed reduced function of several other tissues, such as the spleen and
cardiovascular system (176). Within the spleen, HIV replicates in macrophages, as
well as DCs and T-cells, and induces morphological changes that disrupt the
function of the spleen (177-179). Microbial translocation, myeloid cell activation,
and liver and spleen pathology have all been linked to the induction of a
hypercoagulable state in PLWH (176, 180). The combination of monocyte
activation and hypercoagulation are believed to be key drives of cardiovascular and
tissue damage in PLWH (99, 181-184).
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The AIDS stage

Following the exhaustion and depletion of essential immune compartments, an
increase in pVL is often seen, which further decrease the CD4" T-cell levels. Once
the CD4" T-cell count falls below a certain level, typically ~200 cells/pL or <14%
CD4" T-cells of the total lymphocyte count (CD4%) (185, 186), the immune system
is unable to control otherwise non-pathogenic pathogens, and opportunistic
infections are observed (125). Identification of the appropriate CD4" T-cell level
that should be used for the diagnosis of AIDS has been extensively studied, and
CD4" T-cell levels below 200 cells/uL or <14% have been reported to be strong
predictors for the development life-threatening opportunistic infections (186-189).
CD4% has been reported to be a more stable marker of CD4" T-cell decline
compared to absolute CD4'T-cell count, especially in countries with high
pathogenic burden (187, 188, 190, 191). A range of different AIDS-defining
diseases have been described, such as pneumonia, candidiasis, Kaposi’s sarcoma,
and pulmonary tuberculosis (192, 193). Interestingly, AIDS onset has been
described to occur at higher CD4" T-cell count in PLWH2 compared to PLWHI1
(145, 193), but the underlying mechanisms are still not known. Without treatment,
most PLWH succumb to the opportunistic infections within two years following
AIDS onset (193, 194).

HIV-1 and HIV-2 immune responses

The immune system is typically divided into two parts, into the innate and the
adaptive immune system. Innate immune responses are typically initiated through
the recognition of conserved damage- and pathogen-associated molecular patterns
(DAMPs and PAMPs) by germline-encoded pattern recognition receptors (PRR). In
contrast, the receptors used by the adaptive immune responses are created through
genetic rearrangement, which allow them to recognise a wide range of different
proteins and structures (195). In addition to this division, the immune system
consists of an ever-growing number of cell subtypes with specific functions (196).
Following an infection of an individual, the various cell types coordinate the
mounting of an immune response, followed by the equally important subduing of
the immune response (197, 198). However, during an HIV infection, and other
chronic infections, virus replication and antigen exposure persists and a chronic
inflammatory state is instead established (99). The following chapter will describe
important aspects of both protective and pathogenic immune responses occurring in
PLWH.
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Innate immune responses

The innate immune system is made up by both constitutive and inducible
mechanisms, that are both required for the maintenance of host homeostasis and
pathogen/damage surveillance (198). The constitutive mechanisms can be further
divided into physical and chemical barriers, such as the skin and mucus layer, and
molecularly defined mechanisms that can prevent microbes prior to the engagement
by the inducible factors. These mechanisms include for example secreted
antimicrobial peptides and lectins, as well as restriction factors like SAMHDI,
APOBEC3s, TRIMS5a, and tetherin (198). The restriction factors play an important
role in the inhibition of HIV replication, and their expression is commonly increased
by type I IFN signalling (199, 200). HIV-1 and HIV-2 (and the SIV strains they are
derived from) have evolved different ways of evading the interferon stimulated
restriction factors, which has been suggested to partly explain their difference in
pathogenicity (201). During an acute HIV infection, the virus overcome the
constitutive immune mechanisms and trigger the inducible factors. The inducible
factors include different classes of PRRs (202). These receptors have primarily been
studied in innate and adaptive immune cells, but they are also expressed in several
non-immune cells. These include endothelial cells, epithelial cells, and fibroblasts,
where they also play an important role in the initiation and maintenance of an
immune response (202). Following the binding PRRs to PAMPs, such as HIV
cDNA, a signalling cascade is initiated that upregulates the expression of several
genes involved in proinflammatory and antiviral responses. These include
intracellular antiviral restriction factors, chemokines, and proinflammatory
cytokines such as type I interferons and tumour necrosis factor (TNF) (203). The
mode of activation by the innate immune system shapes the subsequent response,
as well as the ensuing adaptive immune response (197). Due to the potent
proinflammatory response induced by PRRs, several negative feedback loops exist
to control the duration of the PRRs response (203). The importance of the negative
regulation of these processes are highlighted by the hyperactivation of the innate
immune responses in several diseases including chronic antigen stimulations, such
as autoimmune diseases, e.g. systemic lupus erythematosus (SLE), and chronic
virus infections, e.g. HIV infection (202).

Tissue resident macrophages and dendritic cells continuously surveil the mucosal
surface and underlying tissue for the presence of DAMPs and PAMPs (204). The
binding of DAMPs or PAMPs to PRRs will result in a rapid release of chemokines
and proinflammatory cytokines (203). This will induce the activation of vascular
endothelial cells and promote recruitment of additional immune cells to the site of
infection. Neutrophils are among the first responders following the detection of
DAMPs and PAMPs, but monocytes, dendritic cells, and natural killer (NK) cells
are also recruited (205). Circulating monocytes egress from the blood stream and
differentiate into macrophages or monocyte derived DCs (MDDCs) (206).
Neutrophils and macrophages can potently inhibit pathogen spread in the tissue
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through phagocytosis of opsonised pathogens and the release of inhibitory factors
such as proteases and reactive oxygen species (ROS) (207). Although these factors
play an important role in the inhibition of pathogen replication and spread, their
release also damages tissue and bystander cells (207). Uncontrolled activation of
these cell types is therefore associated with extensive tissue damage, and PLWH
have been shown to have increased risk of e.g. liver, lymphoid and myocardial tissue
fibrosis (172, 173, 208-210). Further, the proinflammatory state of PLWH1 and
PLWH2 has been found to induce the expansion of activated monocytes with an
inflammatory profile (211, 212).

Several different types of DCs have been described, but the most commonly
studied subset are conventional DCs (cDCs), plasmacytoid DCs (pDCs), and
MDDCs (213). These different DC cell types have distinct expressional profiles,
ontogeny, and play different roles in the mounting of an immune response (214).
Activation of pDC results in the release of large amounts of type I interferons (215),
which further drives the activation of the innate and adaptive immune systems. In
addition, type I interferons induce the upregulation of several ISG, several of which
are intracellular restriction factors that inhibit various intracellular steps of the HIV
replication cycle (216). pDCs and MDDC are believed to act as antigen presenting
cells (APC) at the sites of inflammation, while ¢cDCs are believed to be the primary
DC subset that migrates to lymphoid tissue and activate T-cells (214). During HIV-
1 and HIV-2 infections, pDCs and MDDCs have been shown to be progressively
depleted from peripheral blood during disease progression (211, 217). DCs are the
most efficient APCs, although other cell types such as macrophages and B-cell can
also act as APC. Following the sensing of a PAMP by a DC, they will transition into
a professional APC (214). The professional APCs bridge the innate and adaptive
immune response by presenting pathogen-derived peptides to T-cells. The
transcriptional program of the dendritic cells is shaped by a combination of cytokine
signalling and mode of PRR stimulation (213), which in turn influence the activation
signals provided to T-cells during the subsequent antigen presentation. This will
shape the adaptive immune response mounted to the invading pathogen (197).

The recruitment of NK cells also plays an important role in innate immune
response towards viruses (218). As indicated by their name, they can efficiently
induce apoptosis in infected cells. This is performed through two mechanisms,
either through the release of cytotoxic proteins such as granzyme and perforin, or
through death receptor-induced apoptosis (219). In addition to their apoptosis-
mediating role, they also secrete chemokines and proinflammatory cytokines, such
as IFN-y. NK cell activation and effector function depends on the summative
interaction of activating and inhibitory receptors with the target cells (220). The
inhibitory receptors bind to MHC class I receptors and prevent NK cell mediated
killing. Infected or malignant cells often have reduced MHC class I expression and
upregulated expression of exhaustion or senescence associated receptors that can
interact with the stimulating receptors on the NK cells, which results in killing of
the target cell (220). In addition, antibodies binding to virus proteins expressed on

30



the surface of infected cells can interact with CD16 on the NK cells, and mediate
antibody dependent cellular cytotoxicity (ADCC) (221). Interestingly, increased
NK cell response skewed towards increased ADCC activity has been associated
with a reduced risk of HIV-1 acquisition (218, 222). In addition, certain MHC class
I HLA-C alleles, the target of several inhibitory NK cell receptors (223), have been
associated with reduced risk of HIV-1 seroconversion, further suggesting that NK
cells can play an important role in preventing the establishment of an HIV infection
(224). The downregulation of HLA-C protein expression by HIV-1 Vpu and HIV-2
Vif prevent the binding of the inhibitory receptors and can induce NK-cell mediate
lysis of infected cells (223, 225).

Although immunological memory and antigen specificity was initially believed
to be an exclusive hallmark of the adaptive immune response, this dogma has been
challenged by a growing number of observations of memory-like and antigen
specific-responses among different innate immune cell types (226, 227). Trained
immunity has primarily been studied in monocytes and macrophages, but memory-
like traits among subsets of NK cells has gained interest due to their role in
maintenance of viral infections and malignancies (226). Interestingly, a subset of
both human and murine NK cells has been found to shown antigen-specificity
towards human and murine cytomegalovirus (CMV), and these cells can undergo
rapid expansion and faster degranulation upon a second challenge (226-229).
Although HIV-specific NK cells have been observed in humanized mice vaccinated
with HIV-1 Gp120 (230, 231), the contribution of antigen specific NK cells in
PLWH are still unknown.

Adaptive mediated immune responses

B- and T-cells are responsible for the adaptive immune response towards HIV (195).
In contrast to the innate immune cells, B- and T-cells do not recognise their antigens
using germline encoded receptors. Instead, the genes encoding their receptors
undergoes somatic assembly of variable (V), diversity (D), and joining (J) gene
segments (232). Several different sets of V, D, and J segments exist, and an extreme
diversity of the T-cell receptor (TCR) and B-cell receptors (BCR) repertoire is
created by the random arrangement of single VDJ (TCR f and 6 chains and BCR
heavy chain chains) and VJ (TCR a and y chains and BCR light chains) segments
in individual cells (233). The diversity is further increased by endonuclease
trimming followed by the addition of random non-template encoded nucleotides at
the recombination ends between the segments (232). Following the exposure of
naive B- or T-cells to their cognate antigen, they will undergo rapid proliferation
and expand the size of the clonal population. The activated cells can then undergo
differentiation towards several different fates to generate both various effector cells,
which target the existing pathogen, as well as memory cells, that can rapidly respond
to the next exposure to the same pathogen (234).
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T-cell mediated immune responses

Following maturation of T-cells in the thymus, naive T-cells circulate between
secondary lymphoid organs and the blood until they encounter an activated DC
presenting the peptide sequence that they are specific to. The PRR-mediated
activation of the DCs induces the upregulation of MHC molecules and co-
stimulatory receptors and increases the release of proinflammatory cytokines.
Activation of CD4" T-cells require presentation of peptides on MHC class II
molecules, while CD8" T-cells require cross-presentation of the peptides on MHC
class I molecules. The naive T-cells are primed by the activated DC through the
signalling induced by these three factors. The subsequent proliferative response and
subset commitment by the naive T-cell is determined by the cumulative signalling
induced by the three factors and by the DC subset (197).

The activation of naive CD8" T-cells results in proliferation and differentiation
into effector cells (Ter) that can efficiently eliminate infected cells. The massive
activation of HIV-specific CD8" T-cells during acute HIV infection largely
coincides with the decrease in HIV viraemia (235, 236). In line with the lower SPVL
of PLWH2, HIV-2 infection has been found to induce a broader and more potent
HIV-2-specific CD8" T-cell response compared to HIV-1 infections (5, 156, 237,
238). Interestingly, a more heterogenous CD8" TCR repertoire in PLWH?2 has been
suggested to enhance the potential of the CD8" T-cells to recognise emerging virus
variants (239), and possibly limiting viral diversification (240). In the case of viral
clearance, the majority of activated CD8" T-cells die by apoptosis, while a small
subset differentiates into long-lived memory cells (Tmem). The Teff and Tmem
subsets are believed to differentiate from the same activated progenitor cells, driven
by expression networks maintained by T-bet or Eomes, respectively (241).
However, during chronic HIV infections the persistent antigen exposure prevent
efficient differentiation into Teff and Tmem cells (241). Instead, the activated CD8"
progenitor cells differentiate into exhausted cells (Tex), with distinct transcriptomic
profile, progressive loss of effector function, elevated levels of inhibitory receptors,
such as PD-1, CTLA-4, and TIGIT, and reduced ability to differentiate into long-
lived memory cells (241). Both HIV-1 and HIV-2 infection have been found to be
associate with progressive increase in activated and exhausted T-cells (146, 148,
242, 243). This is believed to be part of the normal response of the immune system
to maintain control of virus replication, for parallel reduced risk of bystander cell
and tissue damage (244). The reduced effector function of Tex cells depends partly
on the binding of the inhibitory receptors, such as PD-1, to their ligands on APC,
such as PD-L1. However, the hampering of the effector functions can be overcome
in cells with intermediate PD-1 levels through the administration of PD-1L-binding
antibodies (245, 246), suggesting that the exhausted cells can exist on a spectrum
between intermediate and terminally exhausted (247). Intriguingly, antibodies
binding to inhibitory receptors/ligands have been shown to increase the effector
function of HIV-specific CD8" T-cells both ex vivo and in vivo (248). Early
progenitor cells of Tex cells (Tex™ ) are believed to be maintained by the
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expression of TCF-1 and TOX. Depending on the activation signals received, this
population can subsequently differentiate into an polyfunctional effector population
(Tex®™) or a terminally exhausted population (Tex*™) (247). Similar to the Teff, the
Tex“" express high levels of the transcription factor T-bet and intermediate levels of
PD-1. The Tex"™™ express high levels of the transcription factor Eomes and PD-1.
Administration of PD-L1 targeting antibodies has been found to induce the
expansion and differentiation of TexP™¢ into Tex®™ (249, 250). The maintenance of
the Tex"™ € and Tex“" populations have been found to be crucial for the control of
chronic viral infections in mice (251), but their importance in humans are still being
elucidated.

CD4" T-cells can differentiate into several different subsets that promote diverse
types of immune responses. These subsets include Thl cells, which are important
for the mounting of an efficient CD8" T-cells response, and Th2 and Tfh cells that
are important for efficient antiviral B-cell responses (252). Thl cell differentiation
is promoted in the presence of type I interferons and IL-12, and they are
characterised by the expression of the master regulator transcription factor T-bet
and by their secretion of IFN-y and TNF (253). Th2 differentiation is dependent on
IL-2 and IL-4 and they are characterised by the expression of the transcription factor
GATA3 and production of IL4, ILS, and IL-13 (252). Tth cell differentiation
requires 1L-6 and IL-21, which in turns upregulate the transcription factor STAT3,
and they are characterized by high expression of the receptors PD-1, CXCRS, and
ICOS (254). Th1 and Th2 cells promote the licensing of DCs, which in turn promote
the activation and differentiation of CD8" T-cells and B-cells. The Tth migrate into
germinal centres and provide crucial support to B-cells undergoing affinity
maturation. Similar to CD8" T-cells, the CD4" T-cells become exhausted in
chronically infected individuals, although the process has been less extensively
studied in this T-cell population (143). Due to their role as a key the coordinator of
the adaptive immune response, the progressive loss and exhaustion of this
population eventually causes a collapse of the immune system (143). Further, the
HIV reservoir has been found to be enriched among CD4" cells expressing
exhaustion markers (255). The extensive exhaustion of memory CD4" T-cells, the
main target cells of HIV replication, has therefore been suggested to contribute to
the maintenance of the latent reservoir. In line with this, administration of antibodies
blocking CTLA4 and/or PD-1 has been seen to increase cell bound RNA in CD4"
T-cells, but not in plasma (256, 257). This suggests that immune checkpoint
blockers (ICBs) might both help induce the latent reservoir, and improve the effector
functions of HIV specific CD4" T-cell and CD8" T-cells (248). However, due to the
high risk of adverse effects associated with ICBs, this therapy is so far only used to
treat PLWHI1 that have been diagnosed with leukaemia (258, 259).
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B-cell mediated immune responses

Following the rearrangement of the V(D)J segments and the creation of a functional
BCR, immature/transitional B-cells leave the bone marrow and migrate to the spleen
to mature into naive B-cells (260). The naive B-cells thereafter circulate between
secondary lymphoid organs (SLOs) until they either encounter their cognate antigen
or die, typically within six week (261). Although B-cells can encounter and become
activated by soluble antigens in blood and SLO, the most efficient way has been
shown via DCs, macrophages, or follicular DC (FDCs) presentation of antigen to
the B-cells in the SLO (205). The DC are capable of capturing antigen in the
periphery and migrate to the SLO; the SLO resident macrophages sample the
lymphatic fluid passing through the SLO and bind e.g. immune complexes and
opsonised viruses; and the FDC can bind antigen through complement and Fcy
receptors (262). Once the naive B-cell encounter its cognate antigen, it can go
through either T-cell-dependent or T-cell-independent activation. During a primary
HIV infection, Th cells provide help at the border between the B-cell follicles and
T-cell zone of the SLO, which induce the B-cells to differentiate into short-lived
plasmablasts that provide rapid production of low affinity antibodies (263). High
affinity antibodies are produced following affinity maturation of the B-cells, which
requires the activated B-cell to re-enter the follicle and either establish a new
germinal centre (GC) or to enter an existing one (264). In the dark zone of the GC
the B-cells proliferate rapidly and undergo activation-induced cytidine deaminase
(AID)-induced somatic hypermutations (SHM). The B-cells then compete for the
binding of the cognate antigen, presented on FDCs, using the BCR. The B-cell with
the highest affinity BCR will bind the cognate antigen and present it to Tth cells in
the light zone of the GC (265). B-cells receiving help from Tth cells can either re-
enter the dark zone to go through another cycle of affinity maturation, or
differentiate into memory B-cells (MBCs) or plasmablasts/plasma cells (266). In
addition to SHM, affinity maturation can also include isotype class switching (265,
267). The five different antibody isotypes, IgM, IgD, IgG, IgA and IgE, have unique
structural features that regulate the function of the antibodies (268). For example,
the pentameric IgM can efficiently activate the complement cascade upon antigen
binding, while IgGs show enhanced Fc-receptor (FcR)-mediated effector functions,
such as ADCC. Class-switching therefor represent another way of adapting the
immune response towards the incoming pathogen.

In PLWH, class switching to IgG1 and IgG3 increases both the neutralisation
capacity and FcR-mediated effector function of the anti-HIV antibodies (268).
Importantly, in the RV 144 vaccine trial, the only HIV-1 vaccine trial to have shown
evidence of efficacy, protection against HVI-1 acquisition was attributed to
mounting of IgG1 and IgG3 antibodies targeting the V1/V2 region and increased
ADCC activity (269). Class switching to I[gG1/IgG3 has been shown to be regulated
by the T-bet, the Th1 master regulator transcription factor (270). T-bet expression
in B-cells has been shown to be required for the clearance of viral infections in mice
(271), and plays a key role in antiviral responses in human too (270). In addition to
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B-cells and Thl-cells, T-bet is also expressed in DC, CD8" T-cells, and NK cells as
part of a multi-cell type orchestrated Th1-associated antiviral immune response. In
addition to their role in infections, T-bet expressing B-cells have also been
suggested as the source of autoantibodies (272). As molecular mimicry is a well-
established immune evasion mechanism by several pathogens, peripheral B-cell
tolerance is commonly decreased during virus infection to allow self-reactive B-cell
to undergo somatic hypermutations and increase their affinity for foreign antigens
(273-275). This has been shown to be especially important in PLWH, where
neutralising antibodies (nAbs) have been suggested to often arise from self-reactive
antibodies (276-278).

Following the clearance of an invading pathogen, the frequency of pathogen-
specific B-cells gradually decreases (279). However, in chronic infections such as
HIV, the persistent exposure to antigens and proinflammatory cytokines drives
exhaustion of B-cells (144). Within PLWHI1 and PLWH2, an expansion of
hyperactivated atypical MBC (atMBC) has been observed (144, 242, 280-283). The
atMBCs can be identified by their downregulation of memory markers, such as
CD21 and CD27, upregulation of inhibitory receptors, such as Fcrl4, Fcrl5, and
CD95, and expression of T-bet (284-286). T-bet expressing memory B-cells were
recently shown to dominate the HIV-specific B-cell response (287), but their role in
protective HIV immune responses is still not known (288). The production of high-
affinity antibodies is dependent on B-cells receiving help from Tth during affinity
maturation. However, the exhausted Tth in PLWHI1 has been shown to provide
inadequate help, which hinders the development of nAbs (289). In addition, the
expansion of Thl cells and the cytokine milieu in the follicles has been suggested
to promote extrafollicular B-cell responses (288). In line with the importance of
GC:s for affinity maturation, HIV-1-specific extrafollicular T-bet expressing B-cells
have been shown to have lower BCR mutation frequencies and neutralisation
capacity compared to HIV-1-specific GC B-cells (288). More research is needed to
define if, and under which circumstances, T-bet expressing B-cells provide an
immunological benefit to the host.

Understanding how broadly nAbs (bnAbs), nAbs that capable of neutralising a
broad range of HIV strains, are developed in PLWH is vital for development of both
prophylactic and therapeutic vaccines. The emergence of bnAbs in PLWHI is very
rare, and commonly take several years to develop (290). In contrast, the antibody
response among PLWH2 has been found to be broader and more potent compared
to PLWHI (152, 153, 291-295). In PLWHI1, bnAbs have been found to often
originate from naive B-cells with uncommon precursor traits (290). Extensive
research is ongoing to try to stimulate the activation and sequential affinity
maturation of these rare naive B-cells, for the purpose to trigger vaccine-elicited
HIV-specific bnAbs (296, 297).
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Treatment

The first antiretroviral drug used to inhibit HIV-1 replication, azidothymidine
(AZT), was introduced in 1987 (298). However, it was not until the introduction of
combination triple-drug antiretroviral therapy (ART) in the mid-1990s that the
treatment resulted in sustained reduction of pVL and increased CD4" T-cell count
(299, 300). Initially, the three-drug regimen consisted of two nucleoside RT
inhibitors (NRTIs) and one protease inhibitor (PI) (299, 300). In addition to these
two classes, several additional classes of ART have been developed. These include
non-nucleotide RT inhibitors (NNRTIs), IN strand transfer inhibitors (INSTIs), and
CA inhibitor (301). The NRTIs are nucleotide analogues that are incorporated into
nascent cDNA during reverse transcription and prevent the addition of additional
nucleotides. In contrast, NNRTIs, Pls, INSTI, and CA inhibitors bind directly to
their target protein and introduces structural changes of the protein, which inhibits
their function. As available antiretroviral drugs have been developed for HIV-1
proteins, they are therefore typically less effective, or not effective at all, against
HIV-2 (301). HIV-2 viruses have been found to be intrinsically resistant towards all
NNRTIs, as well as some PIs (9, 301). In addition, the CD4" T-cell recovery has
been shown to be slower among PLWH2 compared to PLWHI, especially for
individuals with <200 CD4" T-cells/pl (302, 303).

Despite the success of ART in inhibiting virus replication and disease
progression, PLWH need to receive lifelong ART treatment since the latently
infected cells are not killed. Following treatment cessation, viral rebound is typically
detected within a few months (304). Extensive research is now focused on achieving
viral control following ART treatment interruption (305). However, the only
individuals cured from HIV-1 so far have received CCR5A32/A32 haematopoietic
stem cell (HSC) transplantation, as part of their treatment of leukaemia (306-308).
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Materials and methods

Study cohort and sample collection

All four studies in this thesis have been performed using samples collected from
participants in an occupational cohort in Guinea-Bissau (39, 40, 145). The cohort
includes police officers recruited from the Guinea-Bissau police force, from both
rural and urban areas of the country. The cohort was established in February 1990
and study participants were included until September 2009, and individuals
followed up until September 2011. Following inclusion in the cohort, blood samples
were collected for serology testing and general health check-up was performed. At
enrolment, each individuals donated a blood sample for serology testing and
received a general health check-up. Follow-up visits were scheduled at 12-18-month
intervals. In 2013, 2015 and 2017 additional blood samples were collected from
previously enrolled police officers in the capital Bissau, but not from other regions
of the country. The cohort, currently studied within a network of scientist in Sweden
and Guinea-Bissau named “Sweden Guinea-Bissau Cohort Research (SWEGUB)
group, is unique since it contains a large number of HIV-1 and HIV-2
seroconverting individuals, i.e. individuals that were seronegative at enrolment and
then tested positive for HIV-1 and/or HIV-2 at follow-up visits. The estimated date
of infection was determined as the date between the last seronegative and the fist
seropositive sample. In addition, the cohort also contain seroprevalent individuals,
i.e. individuals that tested positive for HIV-1 or HIV-2 at inclusion. Following a
seropositive sample, absolute CD4" T-cell count and CD4% were determined using
flow cytometry, and blood plasma were stored for subsequent analyses. To allow
the comparison of seronegative and seropositive individuals, longitudinal CD4" T-
cell dynamics was studied in age and sex matched HIV seronegative individuals
each time a new seroprevalent or seroconverting individual was identified.
Following a seropositive sample, each individual received counselling and were
informed about ART (following the introduction of ART) and referred to the
Guinea-Bissau National HIV treatment program initiated in 2005.

In papers I-III blood samples obtained in 2017 from PLWHI1, PLWH2 and
PLWHD, as well as HIV seronegative individuals, were analysed. In paper 1V,
archived blood plasma samples obtained between 1993 and 2008 from PLWH1 and
PLWH2, as well as HIV seronegative individuals, were used to analyse the plasma
proteome using MS-DIA.
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Ethical considerations

The studies performed in this thesis have been approved by the ethical committees at
both Lund University and the Ministry of Health in Guinea-Bissau. Prior to 2011 oral
consent was required, but at the following visits written consent was also received.

The study participants received pre-test counselling, and it was voluntary to
receive the test result. As the cohort was established before the national ART
program was started, the participants diagnosed before the program was started
would not be able to receive effective treatment. For this reason, some participants
decided not to know their test results. The individuals that were informed about their
positive results received post-test counselling. However, after the establishment of
the national ART program in 2005, almost all individuals chose to receive their
results. All individuals that were notified about a positive HIV test result received
post-testing counselling and were also referred to the national ART program.
However, the health care system in Guinea-Bissau still faces a lot of challenges at
all stages of the HIV treatment continuum (309), and many individuals that known
their HIV status do not receive successful treatment (310).

Flow cytometry

In paper I and II we immunophenotyped the CD8" T-cells and B-cells, respectively.
Whole blood samples were collected using Cyto-Chex BCT tubes (Streck) and the
samples were stored for up to 14 days before they were labelled by antibodies and
analysed using a BD Fortessa instrument (BD Biosciences). Prior to antibody
labelling, the whole blood samples were divided into two portions and labelled by
two separate antibody panels, for phenotyping of B-cells and T-cells, respectively.

Raw data was exported from the Fortessa and compensated using the FlowJo™
Software (BD Life Sciences). For the FlowSOM analyses in paper I and I, CD14
CD19CD3"CD8" T-cells and CD3CDI14CDI19" B-cells were exported,
respectively. A combination of hierarchical and Boolean gating was performed in
FlowJo to manually determine the frequency of populations of interest.

Viral load determination

Plasma samples were collected from each participant using EDTA vacutainer tubes
(BD Biosciences) during the 2017 sampling and an in-house developed RT-qPCR
protocols were used to determine the pVL of PLWHI1 and PLWH2 (311). The
quantification limit was 75 RNA copies/ml for both HIV-1 and HIV-2 (311), and
PLWH2 with viral loads below this limit were classified as aviraemic. ART treated
individuals with a pVL below 1000 copies/ml were classified as successfully treated
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and those with pVL above 1000 copies/ml were classified as suboptimally treated
(312).

Multiplexing assays for protein detection

In paper I, absolute plasma concentrations of IP-10, soluble CD14 (sCD14), and
b2-microglobulin (B2M) were determined using the Magnetic Luminex assay
(R&D Systems Inc.) on the Bio-Plex 200 platform (Bio-Rad Laboratories Inc.). In
paper II we utilised a proximity ligation assay approach to determine the relative
concentration of 92 plasma proteins using the Olink® Immuno-oncology panel
(Olink Proteomics). The relative concentrations are reported in the arbitrary unit
Normalized Protein eXpression (NPX) in a Log?2 scale.

Data-independent acquisition mass spectrometry

The top 14 most abundant plasma proteins (albumin, alpha-1-acid glycoprotein,
alpha-1-antitrypsin, alpha-2-macroglobulin, apolipoprotein Al, fibrinogen,
haptoglobin, and transferrin, and the kappa and lambda light chains of
immunoglobulin (Ig) G, IgA, IgM, IgD, and IgE) constitute approximately 95% of
all plasma proteins. We therefore decided to deplete these proteins to increase the
detection of less abundant plasma proteins (313, 314), using the High Select™
Top14 Abundant Protein Depletion Mini Spin Columns (ThermoFisher Scientific).
The remaining proteins were thereafter denatured, reduced, alkylated, and finally
digested by Trypsin. For each sample, one pg of digested peptides was injected onto
the Dionex Ultimate 3000 Rapid Separation liquid chromatography (RSLC) nano
Ultra-performance LC system coupled to an Orbitrap Exploris 480 MS with FAIMS
Pro interface (Thermo Scientific). The raw peptide precursor and fragment ion
intensities data was exported from the Spectronaut (Biognosys) software. Using the
raw data, the relative protein concentration was determined using the ig package in
R (315). Proteins with more than 20% missingness were excluded from further
analysis (316), which is the consensus level in the field. As missing values will
prevent normalisation of the data, the missing values were replaced with imputed
values. At imputation the missing values were replaced with a random value
between 1, so that all values would remain positive once transformed to a
logarithmic scale, and the lowest detected value, which was assumed to represent
the detection limit of the instrument. The imputed dataset was thereafter normalised
by the variance stabilizing normalization algorithm (317).

We chose the MS-DIA approach to analyse the archived plasma samples in paper
IV since we hypothesised that this method was less sensitive to structural modifications
of proteins compared to e.g. antibody based approaches. Since the samples have been
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stored for up to 30 years and used for several projects, the multiple freeze-thaw cycles
may have impacted the structural integrity of the plasma proteins, as well as increase
the rate of protein degradation. However, as the proteins are denatured and digested by
trypsin prior to mass spectrometry analysis, we hypothesised that this method is less
sensitive to freeze-thaw cycles compared to structure-dependent methods. In addition,
even if the proteins are partially degraded due to the freeze-thaw cycles, the mass
spectrometer will still be able to detect the peptides.

Statistical analyses and bioinformatics

General statistics

The analysis of variance (ANOVA) or Kruskal-Wallis tests were used for
comparisons of multiple groups when the data was either parametric or non-
parametric, respectively. Pearson correlation test or Spearman rank test were used
for parametric and non-parametric data, respectively. In paper IV we compared the
relative protein intensity between different HIV status groups using a linear
regression model with sample age as a covariate. Dunn’s multiple comparisons test
was used to correct for multiple testing in paper I and II, while the Benjamini-
Hochberg (BH) procedure was used in paper III and IV.

Kaplan-Meier analysis

In paper IV we performed a Kaplan-Meier analysis to compare the time to AIDS
onset between two clusters of PLWH (318). AIDS onset was determined as CD4%
of <14% (185). A log-rank test was performed to compare the two groups.
Individuals that did not reach AIDS during follow-up, or that were lost during
follow-up, were right censored at their last visit.

Simplified Presentation of Incredibly Complex Evaluations

In paper I, we used the simplified presentation of incredibly complex evaluations
(SPICE) method to study the expression, or the lack of expression, of proteins on
the CD8" T-cells (319). Although this user-friendly method allows a comprehensive
analysis of the different markers combinations, the expression of proteins was only
assessed in a binary fashion in our analysis.

FlowSOM

Flow cytometry data has historically been analysed primarily using a manual gating
strategy where cells are either regarded as expressing or not expressing a protein of
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interest. However, this approach has several limitations. One limitation is that this
approach typically does not take in account the variation of expression of each
protein, but rather assumes a binary expression pattern. Although this type of
analysis is suitable for the detection of e.g. CD4 or CD8 on T-cells, it is less suitable
when studying activation or differentiation of cells where the expression of several
proteins increases or decreases gradually (320-322). In addition, the increased
dimensionality of flow cytometry experiments (up to 50 in new spectral flow
cytometers) makes analysis of one to two proteins at a time too time consuming. To
address these limitations, several different groups have developed different types of
clustering algorithms to analyse high-dimensional flow cytometry data.

For paper I and 11, we utilised the FlowSOM algorithm to perform unsupervised
hierarchical cluster analysis of the flow cytometry data (320, 323). When
performing hierarchical clustering, the number of clusters in the data is not pre-
determined. Instead, the data is clustered a certain number of times, 100 times in our
two studies, and the clustering algorithm is used to determine the optimal number
of clusters for the dataset (323).

Dimensionality reduction

When analysing high-dimensional data, presenting the data in one or two
dimensions becomes very time consuming and increases the risk of missing
important and novel information. As the dimensionality reduction can be performed
in an unsupervised manner (324), it can be used to identify clusters of cells that
express a combination of markers that have not been previously studied. We utilised
the uniform manifold approximation and projection (UMAP) technique to reduce
the multidimensionality of the flow cytometry data down to two dimensions (325).
The strength of UMAP over the previously dominant dimensionality reduction
technique t-distributed stochastic neighbour embedding (t-SNE) is that it scales
better when using datasets with a large sample size (324). In addition, it preserves
the global data structure better than t-SNE (i.e. separate clusters that are closer to
each other are more likely to be more similar on a UMAP plot compared to a t-SNE
plot), which makes it easier to visualise the continuity of the cell subsets during
processes such as exhaustion and differentiation (324). This makes results from
pseudotime trajectory inference analyses, where an ongoing differentiation process
is modelled, more easily visualised (321).

Similar to UMAP, a principal component analysis (PCA) can be done to reduce
the dimensionality of a dataset (326). In paper II we performed a PCA to compare
the composition of the B-cell compartment (of FlowSOM clusters) between HIV
status groups. In paper 111 and IV, we performed PCA analyses to identify technical
aspects, such as sample age and preparation order, that could influence the relative
protein intensity of all proteins within each individual.
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Pseudotime trajectory analysis

As previously mentioned, protein expression typically changes in a gradual way
during activation or differentiation of cells. As the FlowSOM clustering algorithm
can identify cells that only differ in subtle protein expression changes, the clusters
can be used to recreate a differentiation trajectory. In paper II, we used the
Slingshot algorithm to infer B-cell differentiation (321, 322). Based on literature,
we defined transitional B-cell as the least differentiated population detected and
specified this as the starting population for the pseudotime trajectory. The Slingshot
algorithm then generated a minimum spanning tree, based on the gradual increase
or decrease of protein expression in each cluster, to determine the pseudotime
trajectories found in the dataset.

Kyoto Encyclopedia of Genes and Genomes pathway analysis

To reduce the complexity of the mass spectrometry data in paper IV, and to gain
mechanistic insights into the impact of HIV-1 and HIV-2 infections, we performed
a Kyoto encyclopaedia of genes and genomes (KEGG) pathway analysis. The
KEGG pathway database contains a collection of manually drawn pathways, based
on experimental evidence. Although commonly used to analyse intracellular protein
or gene expression, KEGG pathway analysis is also used when studying changes in
the blood plasma proteome (327).

Analysis of disease progression

In paper IV, we used CD4% at time of sample donation and CD4% midpoint as
markers of disease progression (328). The CD4% midpoint was defined as the
midpoint on a regression line fitted to the longitudinal CD4% measurement.

As previously mentioned, CD4% has been found to be a more reliable marker of
disease progression in countries with a high pathogenic burden (187, 190), and has
therefore been the preferred marker of disease progression within the Guinea-Bissau
police cohort (39, 40).

Generation of tissue engagement signatures

To produce tissue engagement signatures, we used a previously published list of
tissue-specific transcriptional signature dataset (329). The proteins that overlapped
between the datasets in paper III and IV, and a previously published tissue-specific
transcriptional signature dataset were used to create the tissue engagement
signatures used for our studies (329).
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Identification of cell type enhanced proteins

To improve our understanding of the impact of HIV-1 and HIV-2 infections on
different cell types, we utilised the information from the Human Protein Atlas
(HPA) to identify plasma proteins that were cell type enriched (330, 331).
According to the HPA, the cell type enriched genes have an expression in 1-10 cell
types that is at least four times higher compared to the remaining 78-69 cell types
(based on single cell RNA sequencing data).
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Main findings and discussion

The overarching aim of this doctoral thesis was to investigate virus-host interactions
in HIV-1 and HIV-2 infections, with particular focus on; 1) studies on the impact of
viraemia on B and T cell perturbations, and the plasma proteome, in HIV-2
infection; and 2) identification of blood plasma signatures associated with HIV
disease progression.

The impact of viraemia on B- and T-cell perturbations,
and the plasma proteome, in HIV-2 infection

A large fraction of PLWH2 was initially believed to be able to control their infection
without ART. A study found that the mortality rate of aviraemic PLWH2 was
similar to that of the control population, suggesting that that aviraemic HIV-2
infection had limited impact on the infected host (44). However, the SWEGUB
CORE group recently reported that the majority of HIV-2 infected individuals most
likely will progress to AIDS in the absence of ART (145). In line with this, previous
studies have reported that aviraemic PLWH2 harbour PBMCs expressing HIV-2
RNA and CA expression in colon tissue, which indicate that active HIV-2
replication is still ongoing (350, 351). We therefore hypothesized that HIV-2
replication is ongoing in both viraemic and aviraemic PLWH2, and that the
replication would induce both immunopathology and tissue damage. To evaluate
the impact of viraemia in HIV-2 infections, we performed an in-depth
characterisation of immunopathologies and plasma proteome profiles in viraemic
and aviraemic PLWH2 using flow cytometry and DIA-MS. As a comparison, we
also included PLWHI1 and HIV seronegative individuals.

Main findings

e In paper I, unsupervised hierarchical cluster analysis showed a cluster of
activated and exhausted CD8" T-cells that distinguished viraemic PLWHI1
from successfully treated PLWHI1 and viraemic PLWH2 from treatment
naive aviraemic PLWH2.
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e The in paper I identified CD8" T-cell cluster was associated with pVL,
CD4% and plasma levels of inflammation markers, including IP-10, soluble
CD14 (sCD14), and beta-2 microglobulin (B2M).

e In paper I, both viraemic and aviraemic HIV-2 infection skewed the CD8"
T-cells towards exhaustion and reduced responsiveness, i.e elevated
expression of TIGIT and reduced expression of CD226.

e In paper II, unsupervised hierarchical cluster analysis showed an
expansion of T-bet"€" hyperactivated and T-bet" proliferating memory-like

B-cells in both viraemic and aviraemic PLWH2.

e In paper II, pseudotime trajectory inference analysis showed that HIV-1
and HIV-2 infection promoted terminal B-cell differentiation towards T-
bet-associated hyperactivation.

e In paper III, both viraemic and aviraemic PLWH2 had elevated tissue
engagement signatures, although the changes tended to be more obvious in
viraemic individuals.

e In paper III, blood plasma profiling suggested that macrophage and
endothelial cell engagement was associated with HIV immunopathology in
PLWH2.

CD8" T-cell activation

In paper I, we investigated the impact of HIV-1 and HIV-2 viraemia on the
activation and exhaustion state of CD8" T-cells by analysing the expression of
differentiation markers (CD45RO, CCR7), a co-stimulation marker (CD226),
activation markers (CD38, HLA-DR), inhibitory receptors (2B4, PD-1, TIGIT), and
the exhaustion-associated transcription factor Eomes. Unsupervised hierarchical
cluster analysis indicated a cluster of activated and exhausted memory CD8" T-cells
with high expression of the exhaustion markers 2B4, PD-1, TIGIT and Eomes. The
frequency of this cluster was higher in viraemic PLWH1 compared to PLWHI1 on
ART, in viraemic PLWH2 compared to aviraemic PLWH2, and in aviraemic
PLWH2 compared to HIV seronegative individuals. Further in-depth analysis of
CDS8" T cells expressing CD38, HLA-DR, 2B4, PD-1, and TIGIT suggested that the
frequencies of highly exhausted memory cells coexpressing all five markers could
distinguish aviraemic PLWH2, but not successfully treated PLWHI, from HIV
seronegative individuals. Furthermore, the frequency of these cells was associated
with CD4%, pVL, and general inflammation in PLWH2 (IP-10, sCD14 and B2M.
Finally, we investigated the relationship between the two receptors CD226 and
TIGIT in PLWH2. As previously described, these two receptors compete for the
binding of PVR, and reduced CD226 expression and increased TIGIT expression
has been associated with reduced co-stimulation responsiveness and increased
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exhaustion (332, 333). We found that both viraemic and aviraemic HIV-2 infection
induced a clear skewing of the CD226/TIGIT axis, and a significant expansion of
CD226TIGIT" cells and reduction of the CD226 TIGIT  memory CD8" T-cells
were observed among both viraemic and aviraemic PLWH2 compared to HIV
seronegative individuals.

Taken together, these findings suggest that although CD8" T-cell activation and
exhaustion is associated with viraemia and inflammation in PLWH1 and PLWH2,
aviraemic PLWH2 also display signs of immunopathology. These results are in line
with previous findings showing that aviraemic PLWH2 harboured elevated
frequencies of activated and exhausted CD4" T-cells (148). The analysis of the
expression of both co-stimulatory receptors and inhibitory receptors allowed us to
dissect the transition of the CD8" T-cells from activation towards exhaustion. Both
viraemic and aviraemic HIV-2 infection was associated with a transition of CD8"
T-cells from the expression of the activation marker 2B4 and the co-stimulatory
receptors CD226 towards exhaustion, as defined by the loss of the co-stimulatory
receptor CD226 and upregulation of the inhibitory receptors PD-1 and TIGIT. The
expression of CD226 is needed for the activation of CD8" T-cells by non-
professional APCs (334), and the loss of CD226 on bulk CD8" T-cells can
contribute to loss of CD8" T-cell responsiveness to other infections and malignant
cells (335-338). The association between the frequency of terminal exhausted CD8"
T-cells and the three inflammation markers suggest that the chronic inflammation
in aviraemic PLWH2 drives the expansion of the exhausted CD8" T-cells.

Taken together, these results suggest that HIV-2 infection induces the
propagation of exhausted CD8" T-cells also in aviraemic PLWH2. The underlying
mechanisms behind this are still unknown, but they might include low-level
replication in tissue (339, 340).

B-cell activation

In paper II, we immunophenotyped the B-cells, in the same study participants as in
paper I, to gain a broader understanding of the impact of aviraemic and viraemic
HIV-2 infections on the adaptive immune system. In this study, we focused on the
expression of the Thl-associated transcription factor T-bet in B-cells, which has
previously been reported to be expressed by the majority of the HIV-1 Env-specific
B-cells (287). Moreover, the expansion of virus-specific T-bet expressing B-cells
has been reported to be driven by HIV-1 antigen exposure (286, 287). However, T-
bet expression in B-cells from PLWH?2 had not been studied before.

We identified twelve different B-cell clusters using unsupervised hierarchical
cluster analysis, representing different differentiation stages and activation statuses.
A principal component analysis of the cluster frequencies suggested that both
viraemic and aviraemic HIV-2 infection induced a statistically significant
reorganisation of the B-cell compartment. Viraemic and aviraemic PLWH2
displayed elevated frequencies of a cluster containing hyperactivated T-bet"€" B-
cells and a cluster containing proliferating T-bet” B-cells, as well as reduced
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frequencies of resting naive-like B-cells. The elevated frequency of the cluster of
hyperactivated T-bet"¢" B-cells in PLWH2 was associated with lower CD4%, and
higher pVL as well as plasma levels of the Thl-associated cytokines IL-12, IL-18,
TNF-a, IFN-y, CXCL9, and IP-10. A trajectory inference analysis suggested that
viraemic HIV-1 and HIV-2 infections in particular, but also aviraemic HIV-2
infection, promoted terminal differentiation of B-cells into activated T-bet
expressing B-cells.

Taken together, and in line with the results from paper I, we observed that both
viraemic and aviraemic HIV-2 infection induce B-cell perturbations. Although the
expansion of T-bet expressing B-cells has been reported to be dependent of viraemia
in PLWHI1 (287), we observed an increase of this population among aviraemic
PLWH2. This contrasted with PLWH]1 on successful ART, which did not display
increased frequencies of T-bet expressing B-cells. The functional role of T-bet
expressing B-cells in vivo are still not fully known, but it has been suggested to play
an important role in the clearance of viral infections (270, 286, 341). However, in
the context of chronic inflammation, e.g. during chronic infections or autoimmune
diseases, these cells have been associated with elevated levels of autoantibodies,
and their role in protective and pathological immune responses are still to be
elucidated (270, 342-344). As HIV-specific B-cells were not labelled in our study,
the contribution of the HIV-specific response in relation to the expansion of non-
HIV-specific T-bet expressing B-cells was not assessed. However, the HIV-specific
B-cells have been reported to represent as little as approximately one percent of the
class-switched memory B-cells (287). Taken together with the fact that the
frequency of the T-bet expressing B-cells in our study far exceeded this, the
expansion observed by us is likely due to non-HIV-specific activation. The observed
correlation between the plasma levels of Thl-associated pro-inflammatory
cytokines and the frequency of hyperactivated T-bet"" B-cells may also suggest
that the expansion is due to the heightened inflammatory state of PLWH. Indeed, in
vitro experiments have shown that CD40 ligation and Thl-associated cytokine
mediated signalling can rescue potentially autoreactive B-cells from BCR-mediated
TLR9 signalling-induced apoptosis and promote the expression of T-bet in these
cells (270, 342). BCR-mediated TLR9 signalling can occur through binding of e.g.
protein-DNA complexes, such as histones, released from dying cells. The induced
cell death is believed to act as a peripheral tolerance mechanism to reduce
autoreactivity (342). However, the ability of Thl-associated cytokines to reverse
this mechanism is believed to be important during infections when pathogen
DNA/RNA is produced (270, 274, 286). Still, the contribution of the T-bet
expressing B-cells to protective B-cell responses needs to be further investigated. A
recent study suggested that T-bet expressing MBCs were primarily located outside
of the GC, and the BCR mutation frequency of HIV-specific T-bet" MBC was lower
compared to HIV-specific GCBCs (288). In addition, the neutralisation breadth of
cloned BCRs from T-bet” MBC was lower compared to GCBC, and the frequency
of extra-GC T-bet” MBC were inversely correlated with the plasma neutralisation
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breadth of the study participants (288). However, influenza infection in mice and
humans has been shown to give rise to different subpopulations of T-bet expressing
B-cells, with distinct migratory and functional attributes (345). Thus, this suggest
that T-bet expression in B-cells may vary according to compartment, and more
research is needed to elucidate the role of the subpopulations in effective antiviral
responses.

Taken together, our results suggest that both viraemic and aviraemic HIV-2
infection induces a proinflammatory milieu that promotes the expansion of T-bet
expressing B-cells. Further research is needed to determine if these cells provide an
immunological benefit to the host, or if they represent an immunopathology-
associated population.

Plasma proteome profiling

In paper III, we characterised the blood plasma proteome of the study participants
included in paper I and I1. Previously, in PLWH]1, the persistent high levels of both
pro-inflammatory cytokines and viral proteins have been shown to contribute to
fibrotic remodelling, endothelial and epithelial dysfunction, and hypercoagulation
(209, 346, 347). However, less is known about the impact of HIV-2 infection on the
plasma proteome profile, particularly in aviraemic HIV-2 infection. To study the
impact of both HIV-1 and HIV-2 infection on the proteome, we utilised publicly
available databases to define plasma signatures suggestive of specific tissue
engagement, and to define cell type enhanced proteins. Although both viraemic and
aviraemic PLWH2 displayed signatures of colon and heart tissue engagement,
viraemic infection was associated with engagement of more tissues. Increased
plasma signatures of spleen and lung engagement were associated with elevated
frequencies of exhausted CD8" T-cells in PLWH2. In depth analysis of tissue and
cell type enriched proteins identified 19 proteins that were associated with CD8" T-
cell and B-cell immunopathology. Further analysis suggested that the most common
cellular origins of these proteins were macrophages and endothelial cells.

Taken together, these results suggest that similar to HIV-1 infection, HIV-2
infection induces bystander cell engagement. In line with paper I and II, several of
the immunopathology-associated proteins were differentially expressed in
aviraemic PLWH2 compared to HIV seronegative individuals, further supporting
our previous findings that aviraemic PLWH2 display signs of continuous pathologic
processes (145, 148, 243, 281, 348, 349). The observed signs of macrophage
engagement are in line with previous studies reporting activation of myeloid cells
throughout HIV-2 disease progression (211, 217). In addition to activation of
macrophages, release of proteins could also be a sign of increased macrophage cell
death. Since both HIV-1 and HIV-2 can infect macrophages, it is possible that the
observed increase of macrophage-originating proteins is associated with ongoing
HIV replication in macrophages. The expression of Vpx allows HIV-2 to counteract
the restriction factor SAMHD1, which increases the permissibility of myeloid cells
(350). However, the increased reverse transcription in myeloid cells have also been
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linked to increased sensing of intracellular cDNA in DCs, resulting in increased type
1 IFN signalling (139). In addition to activation of macrophages as a result of direct
infection, macrophages have also been reported to be activated by several indirect
pathways. These include e.g. elevated levels of pro-inflammatory cytokines, tissue
damage, and increased microbial translocation (351). Of note, the SWEGUB CORE
group has previously noted that decreasing CD4% was associated with elevated
plasma LPS levels in both PLWH1 and PLWH2 (123). The combination of systemic
inflammation and increased LPS levels could therefore further explain the observed
increased engagement of macrophages.

Although certain HIV-1 and HIV-2 strains have been reported to have the ability
to infect endothelial cells (352), the observed engagement of endothelial cells most
likely involve an indirect pathway (346, 347). Endothelial cell activation has been
well studied in PLWHI1, particularly in the cardiovascular research field (346, 347),
but less is known about the impact of HIV-2 infection. The association of the
endothelial derived proteins with immunopathology-associated CD8" T-cell and B-
cell populations suggest that this could be due to the chronic inflammation. Indeed,
chronic inflammation is a well-known mechanism of endothelial cell damage and
activation.

Taken together, these results further support the findings in paper I and II that
aviraemic PLWH2 displays signs of immune perturbations and pathogenic
activities. The attenuated tissue and bystander cell types engagement profile of
aviraemic PLWH2 compared to viraemic PLWH2 likely reflects the lower degree
of immune activation and HIV-2 replication induced death of infected cells, which
are known causes of bystander cell death and tissue damage (120, 346).

Conclusions from the investigation of the impact of HIV-2 viraemia on
immunophenotypes and the plasma proteome profile

In conclusion, paper I-III showed that both viraemic and aviraemic PLWH2
display signs of disease progression. The underlying mechanisms behind disease
progression in the absence of detectable viraemia is still largely unknown. However,
the study of progressing HIV-1 viraemic controllers (HIV-1 VCs, i.e. ART naive
aviraemic individuals), and so-called immunological non-responders (i.e. PLWHI
on ART with virological suppression with persistently low or declining CD4" T cell
counts), have implicated disruption of lymphopoiesis as a potential mechanism for
viraemia independent disease progression (353, 354). This mechanism includes both
effects directly on the hematopoietic stem and progenitor cells (HSPC), as well as
reduced thymic output (353-358). Progressing HIV-1 VCs have been reported to
both harbour lower frequencies of circulating CD34 " hematopoietic progenitor cells
(HPCs) and to have HPCs with reduced lymphopoietic potential in comparison to
non-progressing HIV-1 VCs (353). In addition, both slowly progressing PLWH2
and immunologically responding PLWH1 have been found to have a higher thymic
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output compared to chronically progressing PLWH2 and immunologically non-
responding PLWHI1, respectively (355-359). Reduced lymphopoietic potential of
HSPCs and reduced thymic output have been attributed to both direct binding of
HIV-1 and HIV-1 proteins to the HSPCs and thymocytes, and to the elevated plasma
concentration of pro-inflammatory cytokines (354). Taken together, these results
indicate that HIV-1 both induces exhaustion of existing T-cells, as well as impairs
the replenishment of the senescent T-cells by de novo produced naive T-cells.
Although the lymphopoietic potential of HSPCs in PLWH2 has not been
investigated, CD4" T-cell decline in both PLWH1 and PLWH2 has been associated
with a lower thymic output (356, 359), Furthermore, both PLWH1 and PLWH2
below the age of 45 years have been found to have reduced thymic output compared
to HIV seronegative individuals (356, 359), suggesting that both HIV-1 and HIV-2
infection induces premature aging of the immune system. A combination of reduced
thymic output, as reported by others (355-359), and exhaustion of the immune
system, as observed both in paper I-II and in additional papers by us and others
(146, 148, 283, 348, 349), could explain the slow but progressive depletion of CD4"
T-cells in aviraemic PLWH?2.

Although direct binding of HIV-1 and HIV-2 proteins to the HSPCs and
thymocytes can impact lymphopoiesis, this is unlikely to drive the exhaustion in
PLWH2 due to the low viraemia. Instead, the heightened inflammatory state of the
PLWH2 is more likely to drive the exhaustion and aging of the immune system
(146, 354). Still, the underlying mechanism behind the pro-inflammatory state of
aviraemic PLWH2 are still not fully known. A potential explanation could be that
low-level replication in tissue, which does not result in sufficient release of viruses
into plasma for the detection by RT-qPCR, drives systemic inflammation. In line
with this, previous studies have reported the detection of HIV-2 RNA and CA
expression in PBMCs and colon tissue, respectively, in aviraemic PLWH2 (339,
340). Furthermore, the increased ability of DCs to sense HIV-2 cDNA compared to
HIV-1 cDNA could potentially explain the heightened inflammatory state in
aviraemic PLWH2 (139). In line with this, DCs sensing HIV-2 cDNA have been
reported to release IP-10 (139), a cytokine we found to correlated with the expansion
of pathogenic CD8" T-cell and B-cell populations in paper I and II, respectively.
In addition, a recent study found that IP-10 was part of a group of proteins that could
distinguish immunological responders from immunological non-responders (360).
In addition to HIV replication-mediated inflammation, microbial translocation has
also been associated with systemic immune activation in PLWHI1 (124). In
agreement with this, plasma LPS levels have been found to be inversely associated
with CD4" T-cell levels during HIV-2 disease progression (123). Similarly, colon
epithelial dysfunction has been reported to be distinguish immunological non-
responders from immunological responders (361). Importantly, our findings in
paper III, that aviraemic HIV-2 infection is associated with an engagement of
multiple tissues and cell types further highlights the systemic impact of aviraemic
HIV-2 infection.
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In conclusion, our results show that aviraemic HIV-2 infection, potentially due to
low-level tissue replication, triggers chronic immune activation in PLWH2. The
chronic immune activation could in turn drive exhaustion of immune cells and
HSPCs, which eventually could lead to a collapse of the immune system.

Identification of blood plasma signatures associated with
HIV disease progression

A large variation in time from infection to AIDS onset has been reported among
PLWH (7, 44, 137, 145, 362). To determine protein expression patterns that
distinguish faster from slower progressors, we profiled plasma proteomes of
PLWHI1 and PLWH2, after three years of infection.

Main findings

e Increased leakage of sigmoid colon enhanced proteins distinguished
PLWHI from PLWH2 and HIV seronegative individuals.

e The level of sigmoid colon engagement was associated with CD4% and
CD4% midpoint.

e Hierarchical cluster analysis showed that the plasma levels of 10 specific
proteins distinguished two groups of PLWH that differed significantly in
their time to AIDS onset.

In paper IV we characterised the plasma proteome of PLWHI1, PLWH2, and HIV
seronegative participants from the same occupational cohort as the study
participants in paper I-III. A KEGG pathway analysis suggested that HIV-1 and
HIV-2 infections induced similar reorganisations of the plasma proteome in the two
infections. As the analysis of plasma signatures of tissue and cell type engagement
could be used to identify proteins associated with immunopathology, we next
investigated if this approach could be used to identify a plasma signature associated
with faster or slower HIV disease progression. We found that signatures of increased
protein leakage from sigmoid colon and increased secretion of proteins from spleen,
two known HIV replication sites (363), was associated with disease progression.
Although both HIV-1 and HIV-2 infection induced increased proteins from the
spleen, the leakage of proteins from the colon sigmoid was higher in PLWHI
compared to both PLWH2 and HIV seronegative individuals. In addition, and in
line with paper III, we found that both HIV-1 and HIV-2 infections were associated
with engagement of several tissues and cell types. Furthermore, we identified 10
proteins whose plasma levels could be used to distinguish faster from slower HIV
progressors.
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Conclusions from the identification of blood plasma signatures
associated with HIV disease progression

In conclusion, paper IV showed that HIV-1 and HIV-2 infections induce a similar
reorganisation of the plasma proteome. However, in line with the faster disease
progression rate of PLWHI (7, 44, 145, 362), these changes appeared to be more
obvious among PLWHI1 compared to PLWH2. Thus, in paper IV, using the
archived plasma samples and study participants with estimated data of infection we
uniquely could analyse, side-by-side, the reorganisation of the plasma proteome in
PLWH1 and PLWH2 after three years of infection. A comparison not possible to do
in papers I-11I due to different length of infection duration and survival bias. Thus,
of particular interest, the results obtained in paper IV suggest that HIV-1 infection
induces more leakage of proteins from the sigmoid colon, possibly due to increased
cell death. These results are in line with previous reports that HIV-2 infection is
associated with reduced impact on the gastrointestinal epithelium integrity
compared to HIV-1 infection (340). In addition, the negative association between
sigmoid colon protein leakage and CD4% are also in line with a previous report
from our cohort showing that plasma LPS levels were inversely associated with
CD4% in both PLWH1 and PLWH2 (123).

In addition to the impact of HIV infection on the sigmoid colon, we found that
proteins released from both potential target cells and bystander cells were associated
with disease progression. The systemic impact of HIV-1 on bystander cells have
been attributed to both direct interactions with viruses and virus proteins, and to
elevated levels of proinflammatory cytokines (209, 346, 347, 354, 364). However,
as previously mentioned, in the context of HIV-2 infection, the impact is most likely
driven by immune activation (146). In line with this, two previous studies have
found inflammatory markers predictive of HIV-2 disease progression (147, 365). In
our study, we identified ten proteins that could be used to distinguish faster from
slower HIV progressors. Further analysis is required to determine if these ten
proteins can distinguish faster from slower progressors independently of the HIV
type.

In conclusion, plasma signatures indicative of increased engagement of target and
bystander cells was associated with faster HIV disease progression rate. These
findings motivate both further research on the role of bystander cells during HIV
disease progression, as well as investigation of the potential for plasma markers of
bystander cell engagement to serve as biomarkers for disease progression and
treatment success.
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Overall conclusion and future
perspectives

The overall aim of this thesis was to compare virus-host interactions in HIV-1 and
HIV-2 infections, and their associations with disease progression. In line with
previous studies from us and others (123, 148, 217, 243, 281, 283, 348, 349), paper
I-III showed that PLWH?2 display similar signs of immunopathology and disease
progression as PLWHI1, despite low pVL and slower disease progression trajectory.
In paper IV, we observed engagement of several tissues and cell types already
within the first three years past the estimated date of infection, further highlighting
the need for treatment as early as possible. We hypothesise that the enhanced ability
of the innate immune system to sense HIV-2 compared to HIV-1 is responsible for
the control of HIV-2 replication (139, 366), but also for the chronic immune
inflammation observed in these individuals. The chronic inflammatory state may
gradually exhaust the lymphopoietic potential of the host (353, 354), despite the low
pVL. In line with this, several publications have reported a high fraction of PLWH2
act as immunological non-responders following ART initiation (302, 303, 367), a
phenomenon found to be associated with reduced lymphopoietic potential of HSPCs
and reduced thymic output (353-361). As the fraction of HIV-2 infected
immunological non-responders has been reported to be inversely correlated with the
CD4% at treatment initiation (303), it is important for PLWH2 to receive ART
treatment as early as possible. However, the most recent HIV survey in Guinea-
Bissau indicated that only 10% of PLWH2 received ART (310). Taken together
with our findings, this clearly highlights the need to improve all areas of the
treatment continuum in Guinea-Bissau, from increased testing to maintained
retention of individuals within treatment programs (309), to prevent further HIV
spread and HIV infection-related death.

Future perspectives

CDS8" T-cells

In paper I we found that both HIV-1 and HIV-2 infections promote the transition
of CD8" T-cells, from co-receptor stimulation receptive 2B4 " PD-1 TIGIT CD226"
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memory cells to exhausted 2B4"PD1 TIGIT'CD226™ memory cells. Although this
paper provided important insight into the exhaustion process in both viraemic and
aviraemic PLWH2, new surface markers and transcription factors have been
identified that can delineate the exhaustion process in higher resolution. Analysing
the expression of additional surface markers, such as Ly108", CXCR5, CXCR®,
CX3CR1, Tim-3, KLRGI1, and Lag3, and transcription factors, such as TOX, TCF-
1, and T-bet, would allow us to determine in more depth the different exhausted
CD8" T-cell subpopulations in PLWH1 and PLWH2 (241, 247). Recent studies
have suggested that the maintenance of TexP™® population with proliferative
capacity is important for the maintenance of viral control during chronic infections
(247), but the frequency of this population has not been investigated in PLWH?2.
Investigating the prevalence, polyfunctionality, and proliferative capacity of the
different exhausted CD8" T-cell populations in PLWHI1 and PLWH2 could
therefore provide important insight into the difference between HIV-1 and HIV-2
pathogenicity. Further, analysis of HIV specific T-cells, identified using the
activation induced marker (AIM) assay, would allow us to determine the frequency
and functionality of exhausted HIV-specific CD8" T-cells among PLWHI1, viraemic
PLWH?2, and aviraemic PLWH2. In addition, available longitudinal samples
collected from PLWH2 with persistent virological control and samples collected
before and after loss of virological control will provide novel insight into the
underlying mechanism behind the emergence of viraemia in PLWH2. A study of
PLWHI1 has previously found that expression of the antiproliferative transcription
factor KLF2 in HIV-specific CD8" T-cell was associated with loss of virological
control (368), but this has not been assessed in PLWH2.

B-cells

In paper II we observed an expansion of hyperactivated T-bet expressing B-cells in
both PLWH1 and PLWH2. In contrast to a previous report where the expansion of T-
bet expressing B-cells was viraemia-dependent in PLWH1 (287), we observed an
expansion of these B-cells even in aviraemic PLWH2. In PLWHI, the T-bet
expressing B-cells were found to dominate the HIV-1-specific B-cell response (287).
However, as we did not identify the HIV-2-specific B-cells we do not know to which
extent these cells contributed to the HIV-2 specific response. Future studies where
HIV-specific B-cells in PLWH1 and PLWH2 would be immunophenotyped,
including additional transcription factors, activation markers and inhibitory receptors,
could provide important insight into how the exhaustion state of the B-cell
compartment is associated with the previously mentioned difference in the breadth
and potency of anti-HIV-1 and anti-HIV-2 B-cell responses (152, 153, 291-295, 311,
369). In addition, cloning of the BCR from available longitudinal samples would
provide insight into both the differentiation pathways of the T-bet expressing B-cells,
as well as information about ongoing affinity maturation and neutralisation capacity
of the different B-cell subpopulations. A recent study suggested that the majority of
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T-bet expressing B-cells accumulate in the extrafollicular regions of lymph nodes in
PLWHI1, where they underwent limited affinity maturation, and do not contribute to
effective control of HIV-1 replication (288). However, the contribution of such B-
cells to HIV-2 control has so far not been examined. Cloning and sequencing of the
BCR would permit examination of the hypermutation frequency and neutralisation
capacity of the T-bet expressing B-cell in PLWH2. Extrafollicular accumulation of
memory B-cells has been suggested to be a consequence of the hyperinflammatory
state of PLWHI1 (288, 289). As HIV-2 infections are associated with reduced
inflammation compared to HIV-1 infections, it is possible that more efficient affinity
maturation is ongoing in PLWH2. In line with this, previous studies have described
gradual increase in Env-specific antibody titres in PLWH2 during disease progression
(369, 370). Studies of HIV-2 neutralisation sensitivity has focused on Env, which has
been suggested to have a more open configuration compared to HIV-1 Env, which in
turn could make HIV-2 more sensitive to neutralising antibodies (294). However, the
BCR sequence motifs that are associated with HIV-2 neutralisation has not been
investigated so far. In PLWHI1, bnAbs have been found to commonly derive from
BCR clones with uncommon sequence motifs, such as SHMs outside the complement
determining regions (CDRs), the regions with the largest impact on antigen binding,
as well as long CDR3 loops (290, 371). Whether the same is true for HIV-2 bnAbs is
not known. Thus, future studies of the sequence motifs will provide important insight
into effective HIV-targeting antibodies. In addition to investigation of BCR sequences
from PLWH2, in vitro studies of the antigenicity of HIV-1 and HIV-2 could provide
important insight into effective anti-HIV antibody responses. HIV-2 particles have
been suggested to have a higher Env spike density compared to HIV-1 (53). As higher
antigen density has been shown to be associated with more efficient affinity
maturation and production of neutralising antibodies (273), it is possible that HIV-2
is more antigenic compared to HIV-1. In a recent publication, a human tonsil organoid
system was established where de novo adaptive B-cell responses were mounted
towards novel antigens (372). This model system could therefore be used to compare
the antigenicity of HIV-1 and HIV-2, as well as investigate their potential in activating
the rare B-cell subsets that have been associated with HIV-1 bnAb production. In
addition, this system could also enable the comparison of the impact of HIV-1 and
HIV-2 infection on B-cell responses. HIV-1 Nef has previously been shown to induce
dysregulation of B-cells in tonsil tissue (373), but the impact of HIV-2 infections on
B-cell responses has not yet been investigated.

Plasma profiling

In paper III and IV, we utilized a novel analysis pipeline to profile the plasma
proteome. Although plasma inflammation markers have long been used as markers
of disease progression in PLWHI1 and PLWH2 (115, 147, 149, 181, 188, 374-376),
no one has so far taken an untargeted plasma profiling approach to identify
signatures of tissue and cell type engagement in PLWH. As ongoing HIV replication
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impacts several tissues and cell types, we have taken advantage of recent advances
in the proteomics field to perform an in depth characterisation of the plasma
proteome to investigate the presence of signatures of tissue and cell type
engagement (329, 331, 377-379). However, although modern MS instruments can
identify over 1000 plasma proteins (380), they are still far less sensitive compared
to targeted approaches offered by companies such as Olink and SomaLogic that are
able to quantify up to 7000 proteins (329, 377). Plasma proteome profiling using
MS-based approaches will therefore be more limited by the number of identified
proteins compared to studies using the more sensitive approaches offered by Olink
and SomaLogic. Future studies where these large panels of proteins are quantified
can therefore identify novel biomarkers of HIV disease progression, tissue damage,
cell activation, and cell death. In addition, the potential identification of proteins
exclusively associated with either HIV-1 or HIV-2 disease progression could
provide novel insight into their differential pathogenicity. Further, as traditional
inflammation markers can be upregulated following a wide range of infections and
pathological conditions (113, 381), studies comparing the use of inflammation
markers to tissue damage/cell type engagement markers could potentially identify
more specific biomarkers for HIV replication.
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