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ABSTRACT
The immunodynamics of HIV infection have been studied for over three decades
in the hopes of determining underlying mechanisms that contribute to the sustained
immune dysfunction observed even in individuals on therapy. Conventional and
adaptive T cells are both the target of the virus and considered the main players in
controlling viral burden. However, there are unconventional T cells with innatelike, rapid effector functions that are also altered in HIV infection. Among these
are iNKT cells and MAIT cells, which both decline in frequency, are dysfunctional,
and have an altered phenotype in the blood in chronic HIV infection. The dynamics
of their loss, phenotype, and dysfunction are a major focus of this thesis. In order
to study MAIT and iNKT cell dynamics in acute HIV-1 infection, the unique acute
HIV infection cohort, RV217, was used with donor matched pre- and post- HIV
infection blood samples in the acute infection stage. An additional study where
ART is initiated in the acute infection stage, RV254, which collected both blood
and rectosigmoid biopsy samples, was also used. This cohort allowed for both the
study colonic MAIT and iNKT cell dynamics in acute HIV infection, as well as
the impact of early ART initiation on blood and colonic iNKT cells. In Paper I,
an optimized multiparameter immunofluorescence panel (OMIP) was generated
to measure the frequency and phenotype of iNKT and MAIT cells in individuals
from RV217. In Paper II, detailed studies of the RV217 cohort revealed that
MAIT cells express markers of activation and exhaustion, and briefly expand
alongside an elevated functional capacity in the acute infection stage. However,
by 3 months post-infection the MAIT cell response to E. coli stimulation in vitro
declined. Total transcriptome analysis showed that MAIT cells upregulate an
innate-like transcriptional signature. This finding, coupled with the expansion of
a subset of MAIT cells that express the NK-cell receptor CD56 and produce more
and IL-18 in vitro, suggests that MAIT cells become progressively more innatelike during the course of acute HIV infection. The OMIP was also used to study
iNKT cells in acute HIV-1 infection in Paper III. The RV217 cohort showed that
iNKT cells are preferentially depleted in the blood in acute HIV infection, particularly CD4+ iNKT cells. Remaining iNKT cells express markers of activation
and become dysfunctional during acute infection. Colonic samples revealed that
CD4+ iNKT cells are depleted more substantially than in the blood in the acute
infection stage. The early ART treatment cohort, RV254, demonstrated that early
ART initiation is able to prevent iNKT cell activation and depletion in the blood,
but unable to stop their depletion in the colon during acute HIV infection. The
work in Paper IV, shows that conventional adaptive CD8 T cells can develop an
of HIV infection. Expression of CD16 occurs in late-stage differentiated CD8
T cells, is associated with expression of the IKZF2 transcription factor (Helios)

mediates antibody-dependent cellular cytotoxicity (ADCC) against HIV protein
coated target cells at a level on par with NK cells on a per cell basis. In summary,
the work in this thesis sheds new light on the behavior and responses of unconventional T cell subsets during acute HIV infection. Furthermore, the work defines
a novel function of conventional adaptive CD8 T cells in chronic HIV infection.
Altogether, this thesis provides new insights on the role of innate-like functions
in the human T cell compartment in the immunopathogenesis of HIV-1 infection.
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INTRODUCTION

1.1

The innate and adaptive immune system

The human immune system works as an elegant, evolutionarily selected system to
protect the body against the assault humans undergo daily from pathogens. This
collection of cells, molecules, and protective physical barriers that contribute to the
immune system are often categorized into two subsystems; adaptive/acquired and
innate immunity. Innate immunity is the first to respond to pathogens and respond
within hours of infiltration. Days to weeks later, a highly antigen specific adaptive
immune response emerges. Several hundred million years older than the adaptive immune system, innate immunity is highly evolutionarily conserved across
vertebrates (1, 2). The human innate immune system consists of physical barriers
like skin, cellular components such as phagocytic and granular cells including
macrophages, dendritic cells, and neutrophils, and humoral components like complement. Innate immune cells may recognize non-self molecules through pattern
recognition receptors (PRRs) that bind to conserved pathogen-associated molecular
patterns (PAMPs), such as viral RNA or bacterially-derived lipopolysaccharide
(LPS) (3). Toll-like receptors (TLRs) are PRRs expressed in a variety of myeloid
cell types such as monocytes. Cell surface expression of TLR4 on monocytes, for
instance, can recognize bacterially-derived LPS and elicit the transcription and
production of pro-inflammatory cytokines and type-1 interferon from monocytes,
thus engaging the recruitment of other immune cells to combat the pathogen (4).
Similar to innate immunity, the adaptive response is composed of humoral and
cellular components. The main cellular components in adaptive immunity are B
and T lymphocytes. B cells will generate humoral immunity through their ability
to produce circulating antibodies. T cells provide cellular immunity and elicit cell
based effector functions. B cells and T cells are able to recognize foreign antigen with exquisite specificity based on the somatic recombination of their B cell
receptor (BCR) or T cell receptor (TCR), respectively. The genes that encode
these receptors undergo somatic recombination of the variable (V), diversity (D)
and joining (J) segments, allowing for the formation of a unique gene within each
lymphocyte encoding their respective BCR or TCR. Consequently, these uniquely
encoded BCRs and TCRs can recognize distinctive antigens. This allows for a
diverse collection of BCRs and TCRs in the body, each expressed by their own
B or T cell, respectively, that facilitate the recognition of a multitude of antigens
(5). The B cell BCR can exist as a membrane-bound cell signaling antibody (Ab)
or can be secreted in the form of an effector antibody. Antibodies have two major
components. The antigen-binding region of the antibody is known as the F’ab
region, and the Fc region is the effector portion that binds to cellular Fc-receptors.
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1.2

Conventional and unconventional T cell subsets
and recognition of their cognate antigens

1.2.1

Conventional, adaptive CD8 T cells

The TCR of a T cell is only found in its membrane-bound form and is used for
antigen recognition and signal transduction (1). The TCR occurs as the more

expressing helper T cells, or CD8 expressing cytotoxic T cells. CD8 and CD4 T
cells recognize peptide antigens presented in the context of MHC-I or MHC-II,
respectively (Figure 1). One of the aims of this thesis focuses on an innate-like
adaptive CD8 T cell subset. Therefore, for now I will only focus on the biology
of conventional, adaptive CD8 T cells.
The fundamental paradigm that cytotoxic T cells recognize foreign antigen in the
context of a self-antigen presenting molecule was first discovered in 1974 using a
mouse model of LCMV infection (6). Since then it has been appreciated that CD8
T cells (CD3+) have high antigenic specificity towards peptide antigen presented in
the context of MHC-I (Figure 1) (7). The CD8 TCR recognizes antigenic peptides
that are 8-10 amino acids in length. Antigenic stimulation of a naïve, or antigeninexperienced, CD8 T cell also requires costimulation of the activating receptor
CD28, which binds with CD80 or CD86 expressed by an antigen presenting cell
(APC), and a pro-inflammatory signal such as IL-12 or type-1 interferon (8). An
effector CD8 T cell response against the presented antigen is mounted over the
course of 1-2 weeks after initial TCR engagement. These antigen-specific effector
CD8 T cells elicit cytotoxic effector functions on target cells expressing its cognate
antigen. This is done through the delivery of cytoplasmic granular molecules into
the target cell, a process known as degranulation. Within the granular molecules
are perforin, a pore-forming molecule that makes pores in the plasma membrane
of the target cell (9). Serine proteases, known as granzymes, are also included in
these granular molecules, and facilitate cleavage of caspases and the initiation of
apoptosis within the target cell (10).
T cells that share the same TCR are known as clonotypes, and it is estimated
that there are approximately 1010 unique clonotypes within the human body (11,
12). Antigen recognition by the TCR causes the antigenic-specific clonotypes to
undergo massive proliferation, transcriptional alteration, and gain tissue homing
capability. This event is known as clonal expansion, where an antigen-specific
CD8 T cell expands from a low frequency of naïve cells to millions of effector
cells (13-15). After antigenic clearance, presumably due to pathogen clearance,
the specific CD8 T cell population undergoes a contraction phase wherein the
majority of the clonally expanded cells die via apoptosis. There are, however,
a subset of antigen-specific cells that enter long-term quiescence and become
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memory CD8 T cells. Memory CD8 T cells can respond with rapid effector function upon restimulation with antigen, and that immunological memory may last
the lifetime of the host (Figure 3) (16). These long-term memory effector cells
are a mechanism to clear previously-eliminated pathogens upon re-exposure. The
transition of a CD8 T cell from antigen-naïve to a memory T cell comes with it a
changing phenotype, function and location in the body, with varying expression
CD27, and CCR7, summarized in Table 1 (17-23).
Table 1. Descriptive characteristics of the maturation of adaptive CD8 T cells.

Information gathered from (23, 24).

There are instances where antigens can persist, such as in chronic inflammation
and chronic viral infections, such as HIV-1 (HIV for the remainder of this thesis)
infection (25). It is in these instances where CD8 T cells can become “exhausted,”
with altered phenotypic profiles, effector responses, and transcriptional regulation.
An exhausted CD8 T cell population can lead to incomplete pathogenic clearance
and dysfunctional immune response (25, 26). In particular, persistent TCR cell
stimulation leads to exhausted antigen-specific T cells, and this impaired functionality of CD8 T cells is often described in HIV, hepatitis B virus (HBV), hepatitis
C virus (HCV) infection, as well as cancer in humans (27).
In instances of chronic TCR stimulation, such as a persistent viral infection, the
ability of CD8 T cells to produce cytokines is lost in a step-wise manner, with IL-2
and TNF production lost first. This can be followed by a decreased ability to pro28-30). TCR-mediated exhaustion of a CD8
T cell can induce altered transcriptional expression of nuclear factor of activated
T cells (NFAT) and sprouty homologue 2 (SPRY2), which is consistent with a role
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for ongoing TCR stimulation (31, 32). Along with this, an exhausted CD8 T cell
upregulates surface expression of a number of inhibitory molecules, a phenotype
also observed in antigen-specific T cell populations in chronic viral infections.
Examples of such molecules are the checkpoint inhibitor programmed cell death
protein 1 (PD1), lymphocyte activation gene 3 protein (LAG3), 2B4, CD160,
cytotoxic T-lymphocyte-associated protein 4 (CTLA4), and T cell immunoreceptor
with immunoglobulin and ITIM domains (TIGIT) (33-35). This exhausted phenotype is accompanied by decreased proliferative capacity, and loss of the ability to
self-renew in an IL-7 and IL-15 dependent fashion (34). Expression of Eomes and
T-bet, transcription factors responsible for maintaining the homeostasis of memory
T cell function through the modulation of checkpoint inhibitor expression, can
further delineate exhausted CD8 T cells (36, 37). The coexpression of inhibitory
molecules PD-1, CD160, and 2B4, the expression of which are elevated in chronic
HIV infection (CHI), correlates with a T-betdim Eomeshi transcription factor profile
amongst HIV-specific CD8 T cells (38). Virus-specific EomeshiPD1hi exhausted
CD8 T cells have been identified in chronic HCV and HIV infection and are likely
driven by chronic antigen exposure (38, 39). Despite the potential for exhaustion
in these states, the response of adaptive, conventional CD8 T cell is critical for
controlling pathogens in the host.

Figure 1. Conventional and unconventional T cells and recognition of their cognate
antigens. Unlike conventional CD4 and CD8 T cells that have variable TCR chains that
recognize peptide antigen, MAIT cells and iNKT cells have invariant TCR chains that
recognize antigen presented in conserved MHC-I-like molecules that present riboflavin
metabolites or glycolipids, respectively. Reprinted with permission from (40).

1.2.2

Mucosal associated invariant T (MAIT) cells

In between the conventional, adaptive T cells and innate effector cells such as
natural killer (NK) cells, there is a family of unconventional T cells that recognize non-polymorphic MHC-I-like molecules that present nonpeptide antigens
(Figure 1). Mucosal associated invariant T (MAIT) and invariant natural killer T
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(iNKT) cells are amongst these unconventional T cells and respond to their cognate
antigen in a rapid innate-like fashion. Unlike conventional T cells that need many
days to weeks to mount an antigen-specific response and gain memory after antigenic exposure, the unconventional T cells MAIT and iNKT cells can be activated
and respond within hours of exposure to foreign pathogens, and exhibit an effector memory phenotype prior to antigen exposure in the periphery (Table 1) (41).
This allows for a buffer of time for conventional T cells to mount their adaptive,
antigen-specific response (Figure 2). Upon reactivation with their cognate antigen,
conventional adaptive T cells that have attained memory can respond more rapidly
than their naïve counterparts, in a manner almost in tune with unconventional T
cells (Figure 2). While most T cells have highly variable TCRs the MAIT and iNKT
cells express semi-invariant or invariant TCRs, respectively, that have undergone
somatic rearrangement (42). This thesis aims to further elucidate the role of iNKT
and MAIT cells in HIV infection.

Figure 2. The temporal dynamics of unconventional and conventional T cell responses to
their cognate antigen. Unconventional T cells, including iNKT and MAIT cells, respond to
stimulation within hours of their activation. Conventional T cells will take days to weeks to
mount their response and at a weaker functional magnitude compared to conventional T cells.
However, upon generation of immunological memory, conventional T cells can respond to
stimulation at a faster pace and stronger magnitude, akin to unconventional T cells, which
already poses an effector memory phenotype prior to antigen recognition in the periphery.
Material from: Godfrey et al., Nature Immunology, 2015, Nature Publishing (43)

the circulating T cell pool, and thus form a formidable part of the immune defense
(44-47). MAIT cells can be found throughout the body, including tissues such as
44, 48-51).
There are relatively few MAIT cells in the thymus, but their numbers expand in
the periphery (52). Functionally competent MAIT cells have been identified in the
cord blood and human fetal tissue, albeit with a naïve phenotype including surface
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expression of CD45RA (Table 1). The development of a central memory phenotype as is found in adults is thought to occur within the first year of life, possibly
stimulated by the establishment of the commensal flora (51, 53, 54). The frequency
of MAIT cells in the blood is lower in children, peaks in young adulthood, and
declines in the elderly (55).
43, 56-60). Their
TCR recognizes microbially derived pyrimidine intermediates from the riboflavin
biosynthesis pathway that are presented in the context of major histocompability
complex class Ib-like molecule 1 (MR1) (45, 47, 61-63). MR1 is ubiquitously
expressed at the gene level in the majority of human lymphocytes and APCs in
the blood, and is highly evolutionarily conserved (45, 47, 61-63). Thymic MAIT
cells require engagement with MR1 and an unknown antigen in order to develop
and egress into the periphery (52). The ability to metabolize riboflavin is found
in many bacteria and fungi, implicating MAIT cells in immunity against a vast
range of microbial infections (62).
Great advances have been made to identify MAIT cells, which express high levels
of the C-type lectin CD161 (KLRB1), a marker commonly associated with NK
cells and innate-like functionality. CD161 can be found on CD8 T cells as either
CD161dim or CD161bright, with the majority of the latter being MAIT cells (64). The
role of CD161 on MAIT cells has yet to be determined, but MAIT cells have classically been identified in flow cytometry through the coexpression of CD161bright
65, 66). With the identification of a
main MAIT activating antigen, 5-(2-oxopropylideneamino)-6-D-ribitylaminouracil (5-OP-RU), MR1 tetramer can also be used to identify MAIT cells by flow
cytometry, and encompass the vast majority of CD161bright
67). In
to be activated in a TCR-independent manner through innate cytokine stimulation (Figure 3). They acquire expression of the transcription factor promyelocytic
leukemia zinc finger (PLZF) (ZBTB16) in the thymus. This transcription factor
is also expressed in iNKT cells and is believed to play a role in innateness and
the pro-apoptotic nature of these cells (49, 68, 69). MAIT cells can express CD8
(70
proportion of MAIT cells lack expression of both CD4 and CD8 and are deemed
49,
58, 68, 70). Their CD8 expression reflects their cytotoxic potential, and ligation of
their TCR with antigen-loaded MR1 elicits rapid and broad cytokine production
in both the blood and mucosal sites. MAIT cells can production of TH1 cytokines
such as granzyme (Grz) to deliver to target cells and induce cell death (Figure 3)

6

(62, 70, 71). Ex vivo studies demonstrate that mucosal MAIT cells can produce
IL-17 and IL-22 and may contribute to mucosal immunity (42, 46-48). Peripheral
blood MAIT cells can express these cytokines at lower levels, but predominantly
produce granzymes and TH1 cytokines but not TH2 cytokines in vitro (58, 70, 72,
73). Recently, it was determined that the education of the TH17 MAIT cell subset
occurs in the thymus upon establishment of commensal microbiome (44, 48-50, 74).
Their ability to produce a wide range of cytokines in response to microbiallyderived antigen in both the peripheral blood and mucosal sites implicates MAIT
cells in combating bacterial and fungal pathogens. MR1 knockout mice lacking
MAIT cells due to the lack of MR1 education in the thymus, have higher bacterial
loads upon challenge with of Francisella tularensis, Klebsiella pneumoniae, and
Mycobacterium bovis (75-77). Humans with cystitis have MAIT cells present in
their urine, and patients with active tuberculosis (TB) have an increase in MAIT
cells in the lung. These findings support a notion that MAIT cells assist with bacterial control at the site of infection and are recruited to places of bacterial infection (78, 79). Furthermore, MR1 knockout mice have lowered gut integrity and an
infiltration of bacterial DNA in the peripheral blood compared to mice that have
MAIT cells, suggesting a role for MAIT cells in protecting gut homeostasis (80).
Studies in mice also demonstrate MAIT cells acquire a tissue-repair gene signature after the resolution of a bacterial infection. This finding points towards a role
for MAIT cells in wound repair. It may be that damage to the mucosa results in
engagement of the MAIT cell TCR with either commensal or pathogenic bacteria
to not only induce a proinflammatory response to clear the bacterial invasion, but
also begin assisting in the healing process of the damaged tissue (81).
Peripheral blood MAIT cells in adults display an effector memory (CD45RO+
CD28+CD62L-CCR7-) phenotype and express an array of surface receptors
CCR9 (44, 68, 82, 83). MAIT cells are distinct from conventional T cells in that
84).
Despite their relatively homogenous phenotype compared to conventional CD8
T cells, there are subsets of MAIT cells that can be divided based on CD8/CD4
expression, CD56 expression, and also some level of antigen discrimination based
83
MAIT cells are hyper-responsive to C. albicans stimulation, while MAIT cells
E. coli stimulation
(83). The DN and CD8+ MAIT cell subsets may be functionally distinct, and the
DN subset may derive from CD8+ MAIT cells. Furthermore, DN MAIT cells have
a pro-apoptotic gene signature and higher propensity towards activation-induced
cell death (85). Finally, a subset of MAIT cells express high levels of the NK-cell
associated molecule CD56 also express more IL-12R and IL-18R on their surface,
in vitro (86).

7

Figure 3. MAIT cell response to bacterial compared to viral infections. APCs can present riboflavin metabolites in the context of MR1 to the MAIT cell TCR, along with CD28
coreceptor engagement. This can elicit the production of cytolytic effector molecules such
as GrzB and perforin which can be delivered to target cells. Additionally, TLR, PRR, or
inflammasome signaling during either bacterial or viral infections can trigger the production of inflammatory cytokines such as IL-12 and IL-18 and engage relevant receptors on the MAIT cell surface. Engagement with IL-12 and IL-18 receptors on the MAIT
cell elicits production of effector cytokines, predominantly IFN . Figure generated with
information from (87, 88).

1.2.2.1 MAIT cells in viral infections
There is no known viral ligand recognized by MAIT cells, however given that
viral infections, their role in viral infections warrants exploring (reviewed in 88).
There are phenotypic and functional characteristics of MAIT cells that suggest a
potential role in combating viral infection as well. MAIT cells uniformly express
IL-18R, and as with NK and other T cell subsets, IL-18 can synergize with IL-12R
Figure 3) (89, 90). These innate cytokines can be elicited
by APCs in the example of a viral infection, through TLR8 binding of viral RNA,
leading to IL-12 and IL-18 production and supporting a role for MAIT cells in
antiviral immunity (51, 91). Furthermore, the subset of MAIT cells that express
CD56 and respond more readily to these innate-like signaling induced by viral
infections, support a role for MAIT cells in contributing to antiviral immunity (83).
MAIT cells can also be activated by type-I interferons, molecules produced by a
wide variety of immune cells and tissue types during viral infections. Stimulation
cells (92). Type-I interferons can also act as a costimulatory molecule upon MAIT
TCR engagement, along with other innate signals shown to do the same, including
93).
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The impact of MAIT cells in viral infections is emphasized by their changing
characteristics during acute and chronic viral infections. For example, MAIT frequency and phenotype is altered in humans infected by flaviviruses. Decreased
MAIT cell frequencies are observed in acute Dengue virus infection, and MAIT
cells have increased expression of activation markers HLA-DR and CD38 in
in vitro
stimulation of total PBMC with Zika virus. (94). Several studies have observed
MAIT cell perturbations in chronic HCV infection, where MAIT cells are depleted
in both the blood and liver. In chronic HCV infection MAIT cells in the blood
and liver have increased expression of activation and exhaustion markers, with
hepatic MAIT cells becoming dysfunctional (95). In HIV and HCV co-infection,
MAIT cells are depleted from the peripheral blood, and therapy is unable to
restore their loss. However, intrahepatic MAIT cells are restored with therapy in
HCV monoinfection (96, 97). While MAIT cells are not depleted in HBV, they
have an increase in activation marker expression (98). Human T-lymphotropic
virus (HTLV) -1 infection causes depletion and dysfunction in peripheral blood
MAIT cells as well, and MAIT cell loss is independent of viral load and they do
not appear to be targets of HTLV-1 infection (99). MAIT cells can be activated
in vitro with macrophages or dendritic cells
infected with dengue virus, Zika virus, influenza, or HCV (92, 94). Activation of
MAIT cells in this manner depends on IL-12 and IL-18 together, or IL-18 alone.
In mouse models, MAIT cells also contribute to protection against lethal influenza
A challenge in a TCR-independent manner (100).
MAIT cell alterations in chronic HIV monoinfection has been explored in crosssectional studies compared to healthy controls, and is reviewed later in this thesis
and is the focus of Paper II. Altogether, in vitro work, coupled with observable
alterations in vivo in viral infection, suggest MAIT cells respond to viral infections.
1.2.3

Invariant natural killer T (iNKT) cells

There are three types of cells commonly referred to as “NKT” cells; Type I, Type II,
population of T cells that are identified generally through the expression of the
NK-associated markers CD161 or CD56 (101). They are conventional, adaptive
T cells that recognize antigen using classical MHC molecules (102). True NKT
cells are an unconventional T cell subset subdivided into Type I and Type II, that
can recognize and rapidly respond to non-peptide antigens presented in the context
of the MHC-I-like molecule, CD1d (103). CD1d presents a variety of synthetic,
exogenous and endogenous glycolipid antigens to the NKT TCR. All CD1 (CD1a,
b, c and d) molecules present lipid antigen to T cells and are expressed by DCs.
But only CD1d is expressed by additional cell types including epithelial cells,
B cells, and macrophages (104). Type I and Type II NKT cell discovery was based
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on the observation of an unusual phenotypically mature subset of CD4 and CD8
double negative T cell within the mouse thymus that also expressed the NK-related
in vitro (105-107). These
108).
ant NKT (iNKT) cells, and are a focus of Paper III in this thesis. Engagement
of the iNKT cell TCR triggers the production of a wide breadth of both TH1 and
TH2 cytokines, giving them an immunomodulatory role thus far not described
in MAIT cells. All iNKT cells express the innate-like transcription factor PLZF
(ZBTB16), a trait they share in common with MAIT cells (109, 110). Like MAIT
cells, iNKT cells are evolutionarily conserved within mammals, and in humans
111, 112). The iNKT
cells can be identified in flow cytometry using monoclonal antibodies against

when loaded into the CD1d molecule, can stimulate iNKT cells. This complex
also allows for their identification via flow cytometry and further description (113,
114
115, 116). This low frequency of iNKT cells in the
blood in humans declines 2 to 10 fold lower in old age (117). Mice have differing
frequencies compared to humans in the blood and liver, representing between 0.2118). Mouse
studies have revealed that iNKT cells undergo positive selection by endogenous
self-ligand presented by CD1d in the thymus (119).
Phenotypically, iNKT cells in the blood can express NK-associated markers CD161
and sometimes CD56 and have an effector memory phenotype with expression
of CD45RO, CCR7, and CD28 (120). Upon activation, iNKT cells can express
classical markers of T cell activation including HLA-DR and CD38, but they also
upregulate inhibitory molecules such as PD-1, Tim-3 and LAG-3 (121). iNKT
cells can be subdivided into CD4+ or CD4- subsets, with distinct phenotypes and
functional profiles (122
They are found enriched in the gut mucosa and thymus, and are functionally distinct
from CD4- iNKT cells, with a bias towards TH2 cytokine production. Considered
immunomodulatory, CD4+ iNKT can produce IL-4, IL-6, and IL-10, and IL-13
and are implicated in suppressing the immune response in some mouse disease
models including diabetes (123). Phenotypically, CD4+ iNKT cells can express
CD62L giving them lymph node homing capabilities, but can also express tissue-
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124). The
CD4- subset expresses a wider variety of chemokine receptors including CCR1,
CCR6, CXCR6 and again, high levels of CXCR4 and CCR5 (122). Amongst the
CD4- iNKT cells, some express the T cell regulatory transcription factor T-bet and
produce TH
perforin and granzyme (125-127). The production of these molecules can occur
within minutes to hours upon in vitro stimulation (125-127). Others in the CD4H17 functional
profile with the ability to produce IL-17, IL-21 and IL-22 in vitro. This subset has
suggested roles in supporting mucosal immunity (127, 128). Additionally, iNKT
cells can provide B cell help with a TFH (follicular helper) functional profile and
the expression of follicular homing molecule CXCR5, aiding in the formation of
early germinal centers in a Bcl-6 dependent manner (129). These TFH iNKT cells are
predominantly CD4+. In germinal centers, B cells undergo somatic hypermutation
and the selection of B cell populations that express high-affinity BCRs to antigen,
giving rise to mature memory B cells. Finally, all iNKT cells can facilitate direct
cell to cell killing via FAS/FASL interactions (130).
The antigens loaded into the CD1d molecule that engage the iNKT cell TCR can
be either endogenously or exogenously derived. The endogenous antigens that have
been identified include isoglobotrihexosylceramide (iGb3) and ganglioside GD3,
and there is evidence mammals can produce a-linked glycosylceramides (131-134).
Exogenous antigens are microbially derived, including a-glucouronosylceramide
from Bacteroides fragilis, a common inhabitant of the human gut microbiome, and
bacterial pathogens such as Borrelia burgdoferi, Sphingomonas, and mycobacteria
(135-138). Despite their small numbers, iNKT cells likely play a role in defending against microbial pathogens, as they recognize these lipid-derived antigens
derived from a variety of microbes. However, particular attention has been made
to TCR-independent activation of iNKT cells through engagement of PAMPs like
LPS by PRRs expressed by APCs. In response, the APC will produce the innate
cytokines IL-12 and IL-18 which engage the IL-12R and IL-18R expressed on
the surface of iNKT cells (139, 140
elicit antimicrobial effects against bacterial infections, even if the bacteria cannot
produce the cognate glycolipid antigen recognized by iNKT cells, such as in the
case of Salmonella typhimurium (141). Additional research has implicated the
same mechanism driving iNKT cell activation by fungi, viruses, and protozoa,
with IL-18 being the dominant cytokine driving this activation, and DCs being the
dominant APC (142). Interestingly, despite the inability of a pathogen to generate
cognate lipid antigen to engage the iNKT cell TCR, blocking with CD1d antibodies
in vitro, suggesting a role for TCR engagement in this
type cytokine-mediated activation. This may depend on the endogenous antigen
presented by APCs (143). In vivo, infection with microbes in mouse models has
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elucidated changes iNKT cell phenotype, function and frequency induced by
microbial infections. iNKT cells have been found enriched in tissues, such as the
lung in Cryptococcus neoformans infection, and in the liver of mice infected with
plasmodium (144, 145). Chronic exposure to microbes in mouse models induces
an exhausted phenotype in iNKT cells, with an upregulation of PD-1 and hyporesponsive functionality, followed by apoptosis and sometimes contraction of the
iNKT cell compartment (146, 147). This suggests that while iNKT cells can be
rapidly activated to help combat microbial infections, chronic exposure to antigen can lead to an exhausted phenotype, similar to MAIT cells and conventional,
adaptive T cells.
1.2.3.1 iNKT cells in viral infections
While there have been no viral antigens identified that can be recognized by the
iNKT cell TCR, iNKT cells can be activated and have indirect roles in viral infections through differing mechanisms facilitated by APCs (Figure 4). iNKT cell
activation during viral infection is similar to what is observed in some bacterial
infections, such as through TCR-independent activation via IL-12R and IL-18R
engagement. A second mechanism is activation through TCR engagement with an
endogenous lipid antigen. This type of TCR stimulation is still dependent on IL-12
and CD40/CD40L costimulation with an APC (Figure 4) (141, 148). Thirdly, LPS
that enters the blood stream as a consequence of viral infections, such as in HIV
infection, can cause engagement of TLR4 on APCs and production of the innate
cytokines that activate iNKT cells (149).

Figure 4. Proposed role of iNKT cell help during viral infections. iNKT cells can be
activated by an APC such as a DC that activates iNKT cells through engagement with
cytokine receptors on the surface of iNKT cells with or without the TCR engagement with
an endogenous antigen. IFN production by the activated T cell, along with CD40L engagement can facilitate DC maturation, including the upregulation of CD80/CD86 as well as
iNKT cells can also provide B cell help, along with IFN and IL-4 production, and allow
for B cell activation and maturation, thereby eliciting effector antibody responses in leu
of CD4 helper T cells (150). IFN production by iNKT cells can also activate NK cells,
thereby eliciting their effector responses. Figure generated with information from (122, 151).

1.2.3.1 iNKT cells in viral infections
To date iNKT cells have been studied in mice in the context of several viral infections including Lymphocytic choriomeningitis virus (LCMV) and influenza virus.
LCMV infection causes long-term depletion of iNKT cells from the blood, spleen
and liver in mice. The mechanism behind this loss may be activation-induced
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apoptosis, as remaining iNKT cells have higher expression of caspase 3 (152). In
influenza A virus models, CD1d knockout mice that lack iNKT cells were more
susceptible to death from influenza challenge (153). Furthermore, bronchioalveolar
with less NK-cell activity and antigen-specific CD8+ T cell responses. The influhelps CD8 T and NK cells combat viral infection.
The iNKT cell dynamics have also been studied in natural viral infections in
humans, with studies performed in HIV (reviewed later in this thesis), HCV, and
influenza virus infected patients. In HCV infection, there are divergent findings
on iNKT cells. Some studies have shown that iNKT cells are depleted from the
blood in individuals with detectable viremia compared to healthy controls, and
iNKT cells found in the liver have an activated phenotype in these individuals
(154-156). Others have observed similar frequencies of blood iNKT cells in
HCV infection compared to controls (157). iNKT cells in chronic HCV infection
may have enhanced ability to produce the TH2 cytokine IL-13 ex vivo compared
to healthy controls, suggesting iNKT cells could be activated to provide B cell
help (158). In vitro work with influenza A virus suggests iNKT cells may counter
the actions of the immunosuppressive cell type myeloid-derived suppressor cells
(MDSCs), which in the absence of activated iNKT cells suppress the function of
influenza-specific CD4 and CD8 T cells (159). The important role of iNKT cells in
viral infections is supported by the concept that certain viruses can downregulate
and prevent the recycling of the CD1d molecule from the surface of APCs. This
has been demonstrated in HSV and HIV infection (160, 161), and is a suggested
mechanism for the evasion of iNKT cell responses in HCV infection (157).

1.3

The immunodynamics of the mucosal barrier

Mucosal barriers play a major role in innate immunity and act as not only physical but also immunological barriers. They contain immune cells and tight junctions between lining epithelial cells that protect the host against a vast array of
microbes that inhabit these locations. Of particular relevance to this thesis is the
mucosal barrier of the gastrointestinal tract or “gut,” which is populated by a
commensal microbiota in the healthy state (reviewed extensively elsewhere 162).
The commensal microbiome can be of benefit to the host, for example the generation of vitamin K and vitamin B, which humans require for nutrition but cannot
be metabolize themselves. While maintaining the presence of these beneficial
commensal microbiota, the gut mucosal barrier must also prevent the invasion of
these bacteria into the blood and prevent the over proliferation of pathogenic or
inflammatory bacteria.
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The gastrointestinal mucosal barrier has several mechanisms to maintain this
balance. The first is the structure of the tissue itself, with an outer mucous layer
produced by goblet cells in the intestine. This is underlaid by a border of epithelial cells, followed by the tissue underneath the epithelial layer known as the
lamina propria. Some lymphocytes reside in the epithelial layer itself. These are
are enriched here compared to the blood (163). The lamina propria underlying
the epithelial layer that lines the gastrointestinal lumen is populated with large
amounts of immune cells. These immune cells include innate and adaptive populations such as T cells, B cells, and macrophages. These function to maintain the
mucosal barrier through cytokine production and the prevention of microbes from
entering the underlying blood stream. Of relevance to this thesis, it is important to
note which immune cells participate in maintaining the gut barrier and play a role
in HIV infection. Unconventional T cells are found in this tissue, including iNKT
and MAIT cells which play unique roles in the control of invading pathogens.
CCR5 expressing CD4 T cells are also found in abundance in the gut mucosa and
display an TEM and TTM phenotype and function (164). IL-17 and IL-22 producing
cells, such as CD4 T cells and MAIT cells, can also be found in the lamina propria
and produce the cytokines that assist in maintaining the gut barrier (163). IL-17
can recruit neutrophils, promote the production of antibacterial molecules known
as defensins, and induce the proliferation of enterocytes, the epithelial cells lining
the gastrointestinal lumen (165). IL-22 also promotes enterocytes proliferation, and
can stimulate the production of mucous by goblet cells (166). It is the maintenance
of this single layer of epithelial cells and the tight junctions between them that
prevent the gastrointestinal microbiota from passing into the lamina propria and
entering the blood stream. Gut homeostasis can be altered, such as when immune
cells are depleted or altered at this site as a consequence of a viral infection like
HIV. Such alterations can allow microbes and microbial by products to cross the
epithelial layer and enter the blood stream to be distributed throughout the body.
This occurrence is a potential cause of systemic inflammation.

1.4

The immune reponse to HIV infection

From the identification of the virus that causes acquired immunodeficiency syndrome (AIDS) in the 1980s, to the introduction of the first antiviral therapy only
few years later, the scientific community has made monumental advancements
in patient treatment and life expectancy in those that become infected in a very
short time (167). However, HIV continues to challenge the minds of researchers
and clinicians alike (168). The epidemic still rages on in sub-Saharan Africa with
smaller epicenters in locations like India, Russia and the United States, yet an
effective preventative vaccine remains elusive (169, 170). Additionally, because
of the need for complex medical infrastructure, significant financial investment,
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and the complex societal stigmas that surround effectively treating HIV, a significant percentage of those at risk for acquiring or already infected with HIV do not
have access to treatment (171). Current therapies do not eliminate the latent HIV
reservoir, wherein circulating viral loads are reduced or undetectable. HIV persists
in a subset of infected CD4 T cells with limited or undetectable viral replication.
To add to this, those successfully on treatment continue to be susceptible to serious non-AIDS events such as cardiovascular disease, malignancies, bacterial and
fungal co-infections, and sustained immune activation and inflammation (172).
Furthermore, the ability to reduce the HIV reservoir could signal the beginning
of an era of HIV cure. These notions drive the need for a cost-effective and efficacious vaccine, and improved therapies for HIV infection. These goals may be
achievable with a greater understanding of the complex immunological events in
both the acute and chronic stages of HIV infection (170).
1.4.1

The immunopathology and T cell response to HIV infection

HIV can be transmitted from an HIV infected individual through semen, vaginal
secretions, blood, and breast milk. Upon infection, HIV disease progression can
be divided into three phases: acute HIV infection (AHI), chronic infection (CHI),
and acquired immunodeficiency syndrome (AIDS). AHI infection occurs in the
first days to weeks post-HIV transmission. There is first an eclipse phase lasting
10-12 days post-transmission where HIV RNA is undetectable in the blood with
current diagnostic testing (173). This is followed by a phase marked by high levels
of HIV plasma viremia as the virus replicates, with peak viremia occurring on
average 13 days post infection (174, 175). Infected individuals can present with
acute retrovirus syndrome during this time period, with symptoms such as fever,
malaise, and lymphadenopathy (175). The primary target of viral infection are the
CD4 T cells, wherein HIV enters through the binding of the viral envelope protein
gp120 to the CD4 receptor as well as the coreceptors CCR5 or CXCR4 (176-180).
The HIV retrovirus enters a host cell as two, single-stranded RNA molecules, capable of integrating into the host genome. It does this by first by reverse transcribing
its own viral genome into DNA using the reverse transcriptase enzyme released
from the infectious virion. The viral cDNA can integrate into the host DNA, preferentially at transcriptionally active sites. Once integrated, HIV then uses the host
cell transcriptional and translational machinery to generate new infectious virions,
a process known as productive infection (181). It is widely accepted that HIVspecific CD4 T cells are the main source of productive infection in HIV, and their
activation and proliferation provide a transcriptionally active state wherein new
virions can be produced efficiently (182). Both infected and uninfected mucosal
CD4 T cells are rapidly reduced in frequency during AHI. An activated CD4 T cell
that is productively infected may die from the induction of the apoptotic pathway
facilitated by caspase 3 (183). A resting, abortively infected CD4 T cell likely dies
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via the inflammatory cell death process, pyroptosis, and may be the fate of the
183). In this scenario, the accumulation
of incomplete reverse transcripts and sensing of viral DNA through IFI16 induces
formation of the inflammasome and cell death via caspase 1. CD4 T cells can also
die through the immune response to a virally infected cell or through “bystander”
induced apoptosis (184-186). However, a percentage of infected CD4 T cells will
enter the resting phase of the cell cycle and become resting memory CD4 T cells.
These resting and relatively transcriptionally dormant CD4 T are then considered
latently infected and are a part of the viral reservoir that escapes both the host
immune response and antiretroviral therapy (ART) (187-189). Early events in
AHI define subsequent disease progression, with higher peak viral loads in AHI
associated with higher viral set point into CHI, establishment of a larger viral
reservoir, and faster progression to AIDS (190, 191). AHI is likely an ideal time
for initiation of ART to reduce the size of the viral reservoir, limit inflammation
and immune activation, and better preserve immunity (191-193).
Productively infected CD4 T cells disseminate HIV throughout the body. The virus
initially replicates intensely until peak viral load is observed in the plasma, after
which it recedes to a set point level approximately 30 days post infection (175).
In the mucosa, within four days post infection mucosal epithelial cells exposed to
HIV recruit plasmacytoid dendritic cells (pDCs) to the site of infection. These cell
initiate the mounting of a cytokine storm. The earliest of these cytokines found
194, 195). This cytokine
milieu recruits other immune cells to the site of infection, such as macrophages
and T cells, and facilitates a target rich environment of activated CD4 T cells that
are susceptible to infection and necessary for viral propagation. Subsequently, over
half of the memory CD4 T cell compartment is depleted, and the HIV-specific
cytotoxic CD8 T cells expand in response to the infection (Figure 5) (195-197).
HIV-specific cytotoxic CD8 T cells will control the virus to some extent and
contribute to establishing viral set point and the beginning of CHI. In most cases,
HIV escapes away from the host immune response by mutating away from the
adaptive HIV-specific response, establishing a persistent chronic infection (197,
198). Due to the persisting virus, CD4 T cell levels continue to decline, and CD8
T cells are exposed to chronic antigenic stimulation leading to their functional
exhaustion into CHI (33, 199). The depletion of the immune system overtime in
CHI may ultimately lead to the last stage of HIV infection, AIDS. AIDS can be
defined clinically as a CD4 T cell count below 200 cells/mm, and depletion of
immune system to this point allows for a number of opportunistic infections. In
fact, it is the depletion of these essential CD4 helper T cells that leads ultimately
to immune failure (200, 201). However, with the advancement of effective of
therapies, individuals on ART may never reach this stage and the associated severe
immunodeficiency (202).
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In the earliest days of HIV infection, there are dynamic changes within the T cell
compartment, that continue into CHI and AIDS. Amongst these other T cell subsets
impacted conventional adaptive CD8 T, MAIT, and iNKT cells, the dynamics of
which during HIV infection are the focus of this thesis.
1.4.2

The adaptive CD8 T cell response to HIV infection

The exact mechanism of how CD8 T cells control HIV infection is incompletely
understood, though there is evidence of their contribution to viral control. In most
who are infected with HIV, the HIV-specific CD8 T cell clonotypes expand in
coincidence with declining viremia, implicating their role in fighting the virus and
reducing the viral burden to set point (Figure 5) (197). Viral mutants are able to
escape the adaptive CD8 T cell response within the first weeks of HIV infection,
and persist into CHI. This supports the notion that immune pressure from CD8
T cells is being exerted against the virus (203). Functionally, CD8 T cells may be
controlling virus through either cytotoxic or soluble factor-mediated mechanisms,
or a combination of both. HIV-specific CD8 T cells ability to produce perforin and
Grz directly ex vivo is higher in individuals that are able to spontaneously control
virus, supporting a role for CD8 T cell cytotoxic functionality in controlling HIV
replication (204). HIV control may also be established by CD8 T cells through the
205). These are molecules that prevent the entry of R5-tropic HIV
into a target cell. The production of beta chemokines from CD8 T cells can limit
viral replication in vitro and also correlates with individuals able to spontaneous
control virus (206, 207).
The CD8 T cells that persist in HIV infection exhibit an exhausted phenotype,
with upregulation of markers of activation such as HLA-DR and CD38 as well as
exhaustion markers PD-1 and TIM-3 (208, 209). The expression of these markers
in CHI is accompanied by impairment of CD8 T cytotoxic capacity and cytokine
production, and reduced ability to proliferate (33, 210). The cause of this phenotype and function likely has several contributing mechanisms. One possible cause
is chronic antigenic stimulation for HIV-specific CD8 T cells, driven by persistent viral replication and the absence of help from the depleted CD4 T cell compartment (211
untreated individuals, contributing to a large pool of CD8 T cell that may become
exhausted in this manner (212). Bystander activation may also drive exhaustion
and functional decline in adaptive CD8 T cells during HIV infection. This TCRindependent stimulation is facilitated through the engagement of chemokine and
cytokine receptors expressed by CD8 T cells (213). While the exact mechanism of
TCR-independent CD8 T cell activation and exhaustion in HIV infection has yet
to be determined, peak CD8 T cell activation correlates with peak type-I interferon
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levels in the plasma during the course of infection, suggesting a role for type-I
interferons as a contributor of CD8 T cell activation (214). Non-HIV specific CD8
T cells may be activated in this manner in CHI. Elevated expression of HLA-DR
and CD38 is observed on CD8 T cells specific for Epstein bar virus, cytomegalovirus, and influenza A virus from HIV infected individuals (213). In chronic
untreated and treated HIV infection the CD4:CD8 ratio remains low (Figure 5),
suggesting there are elevated levels of CD8 T cells beyond those of HIV-specific
clonotypes. A third possible cause of adaptive CD8 T cell altered phenotype and
functionality in CHI is chronic immune activation, propelled by the decline in gut
integrity and introduction of microbial products into the peripheral blood (24, 197,
215, 216). The presence of LPS and other markers of microbial translocation in
the blood can activate APCs to produce activating cytokines that lead to CD8 T
cell activation. The role of microbial translocation in HIV infection is reviewed
in more detail later in this thesis.

Figure 5. Numerical, phenotypic, and functional changes in conventional CD8 T cells
in acute and into chronic, treated HIV infection. Dynamics of conventional CD8 and
CD4 T cells in HIV infection, with rapid decline of CD4 T cells in acute infection and their
reconstitution upon ART initiation. CD8 T cells expand in response to the viral burden,
become activated, and maintain that level of activation to some extent even with ART initiation. ART initiation also restores CD8 functionality to some extent, albeit not the same
levels as pre-infection. Material from: Perdomo-Celis, Taborda and Rugeles, CD8+ T-Cell
Response to HIV Infection in the Era of Antiretroviral Therapy, Frontiers in Immunology,
2019, Frontiers Journal Series.

In most cases HIV is unable to be completely controlled by the adaptive CD8
T cell response as the infection progresses, leading to a rise of inefficient and
exhausted CD8 T cells and advancement to AIDS (33, 199, 203, 217, 218). The
exceptions where individuals can spontaneously control HIV are referred to as
“HIV controllers.” These individuals were initially shown to have enrichment of
an MHC-I encoding allele, HLA-B*57 (219). It is thought that this allele, similar
to other protective alleles like HLA-B*27 and HLA-B*14, presents viral epitopes
that mount a more effective HIV-specific CD8 T cell response (219, 220). CD8
T cells in controllers maintain higher levels of cytolytic effector molecules, have
a great ability to proliferate, and demonstrate higher polyfunctionality, or the
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ability to produce multiple cytokines in response to in vitro stimulation, than noncontrollers (221-225). The antigenic target of the HIV-specific CD8 T cells also
appears to play a role in spontaneous viral control. Individuals with early adaptive
CD8 T cell responses directed towards the HIV Gag protein are more likely to be
controllers (226, 227). Several in vitro studies also suggest that in controllers, the
HIV-specific CD8 T cells are more cross-reactive, meaning they can recognize a
broader array of antigens compared to non-controllers (228). Despite the potential for CD8 T cell control, the overwhelming majority of the time, HIV is able
to escape the adaptive immune pressure from CD8 T cells and persist in the host.
In another chronic viral infection where CD8 T cells become exhausted, HCV
infection, many individuals are unable to clear the virus, thought in part due to
impaired CD8 T cell function and viral escape away from the HCV-specific CD8
T cell response (229, 230). An anomalous CD8 T cell phenotype was observed

of antibodies and is associated with antibody-dependent cellular cytotoxicity
only if there is a large amount of antibody present, such as the opsonization of
a cell (231
to deliver cytotoxic molecules like granzymes to kill the target cell (232). This
function and receptor expression are usually attributed to NK cells, but can be
233236
effector phenotype, and functionally respond in a manner similar to that of NK
cells upon CD16 stimulation, with robust degranulation after in vitro stimulation
(237). This suggests that CD16+ CD8 T cells may contribute to the immune control of the virus by ADCC through an unexpected mechanism. ADCC is a critical
function in HIV infection, as ADCC responses in adults are associated with slower
disease progression (238, 239). Furthermore, HIV negative infants born to HIV
positive mothers have evidence of passive acquisition of HIV-specific, ADCCmediating antibodies. This same study showed that in infants that do become
infected, higher levels of HIV-specific ADCC mediating antibodies correlated
with reduced infant mortality (240). Importantly, in the RV144 HIV vaccine trial
ADCC-mediating IgG was associated with decreased acquisition of HIV (241).
cells has yet to be elucidated in CHI. Therefore, a cohort of chronically infected,
untreated individuals from the Rakai District of Uganda was used to survey for the
Paper IV of this thesis (Figure 8). The
and their transcriptional signature was also examined.
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1.4.3

The MAIT cell response to HIV infection

Although it has not been shown that MAIT cells can recognize HIV antigen or
be infected with HIV, perturbations in MAIT cells in cross sectional studies show
that MAIT cells are altered during HIV infection. MAIT cells are lost permanently
in the periphery and remaining MAIT cells are dysfunctional in CHI (73, 242).
Studies of SIV infection in nonhuman primates (NHP) show similar findings of
numerical decline in the blood. These studies also show fewer MAIT cell in the
lymph nodes and broncho-alveolar lavage fluid compared to uninfected NHPs (243).
This loss may contribute to weakened mucosal immunity and the susceptibility
of chronically infected individuals to fungal and bacterial co-infections such as
tuberculosis, non-typhoidal Salmonella, and Streptococcus pneumoniae infections
(244-247). As TB is a common and sometimes deadly coinfection of the lung in
those infected with HIV, studying the implication of declining MAIT cells to the
susceptibility to TB is of great interest as MAIT cells can be found in the lung
mucosa. MAIT cells in chronic HIV/TB co-infection are severely affected as in
HIV monoinfection, but MAIT depletion is not seen in the periphery in TB monoinfection, suggesting HIV as the driver of MAIT cell decline (248). Furthermore,
MAIT cells are enriched in bronchio-alveolar lavage fluizd in individuals with
active tuberculosis (301). Several cross-sectional studies of CHI have observed
activation and dysfunctionality in MAIT cells in tissues other than the peripheral
blood, such as the lymph nodes and gut mucosa, compared to healthy controls
(73, 242, 249). It was initially thought that the MAIT cell loss observed in CHI
was due to the downregulation of CD161 on the MAIT cell surface, but use of the
5-OP-RU loaded MR1 tetramer confirmed the numerical loss of MAIT cells in the
blood (242, 250). Still, loss of CD161 expression is a contributing factor to this
pattern in patients with late stage chronic HIV infection (66). The residual MAIT
cell population circulating in chronic untreated HIV infection express markers of
activation , HLA-DR, CD69, CD38, and PD-1 (73, 84, 242). They also express
higher levels of tissue-homing markers compared to uninfected controls such as
CCR5, CCR6, CCR9, and CXCR6, suggesting MAIT cells may be recruited to sites
of inflammation during HIV infection. Work with NHP models further elucidated
3 weeks post SIV/SHIV infection. This, coupled with increased expression of
proliferation marker Ki-67 and the expanded frequency of MAIT cells in the gut,
suggested that loss of MAIT cells in the blood may be in part due to trafficking
to the gut (251). Because mucosal barrier homeostasis and integrity is markedly
disrupted during HIV infection, MAIT cells may be recruited to sites of bacterial
infiltration in the mucosa in order to combat the rising microbial burdens. This
prolonged activation of MAIT cells at these sites may ultimately cause their demise
due to activation-induced apoptosis (73, 252).
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Functionally, MAIT cells from chronically HIV infection individuals have reduced
E. coli stimulation, in
vitro (253). This functional decline is not observed in early HIV infection when
MAIT cells are stimulated in vitro with the strong MAIT cell antigen 5-OP-RU
(four months post-infection) (250). However, several years of ART partially restores
diminish the expression of PD-1 (242). Recently, single-cell transcriptomic work
showed a large upregulation of IFN-induced genes in MAIT cells in HIV infected
IL-10 production in monocytes, which in turn reduced IL-12 signaling, a powerful costimulatory molecule for MAIT cell functionality. This ultimately inhibited
the MAIT cell response to E. coli stimulation in vitro, suggesting a mechanism
contributing to diminished MAIT cell function in chronic HIV infection (254). The
cytokine IL-7, which is thought to be necessary for T cell memory, may contribute
to enhanced MAIT cell function. Short stimulation with IL-7 induces cytolytic
“arming” of MAIT cells in vitro (84). IL-7 is reduced in the blood in CHI, and
administration as an HIV treatment may reduce the HIV reservoir (84, 255). In a
small pilot study of HIV infected individuals on ART, administration of IL-7 was
able to partially restore circulating frequencies of MAIT cells, suggesting IL-7
treatment may alleviate circulating MAIT cell loss (256). However, the effect of
IL-7 administration systemically, especially in mucosal sites where MAIT cells
may have their most important role, has not been determined. The exact cause and
temporal dynamics of the loss, activation, and ultimate functional exhaustion of
MAIT cells in HIV infection is unknown.
Because of the proposed role that MAIT cells play in combatting bacterial coinfections, and because they are irreversibly lost in the blood and to some extent the
gut in HIV infection, this thesis aims in part to understand the temporal dynamics
of MAIT cells in AHI (Paper II). Using a unique, prospective cohort from the
U.S. Military HIV Research Program (MHRP) with cryopreserved blood samples
from donor-matched, pre- and post-HIV infection time points captured within the
first days of infection (Figure 6), the temporal dynamics of MAIT cells in AHI
can be examined (175).
1.4.4

The iNKT cell response to HIV infection

As with MAIT cells, iNKT are reduced in frequency in the blood in HIV infection.
In fact, CD4 expressing iNKT cells and are preferentially depleted from the blood
compared to conventional CD4 T cells (257-259). However, the mechanism of
decline for iNKT cells is likely different than that of MAIT cells. In two landmark
studies by Sandberg et al. and Motsinger et al. in 2002, iNKT cells were shown to
be preferential targets of HIV infection in vitro (257, 258). Given that iNKT cells
express high levels of the HIV entry coreceptors CCR5 and CXCR4 alongside
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the CD4 molecule, and are preferentially infected over conventional CD4 T cells,
iNKT cells may play a significant role in viral seeding, propagation of the founder
virus, and establishment of latent HIV reservoirs.
The CD4+ subset of iNKT cells is depleted faster than their CD4 negative counterparts during HIV infection, suggesting that they may be depleted by different
mechanisms. HIV viral load measurements correlate inversely with the CD4+ iNKT
cell counts and percentages, while the CD4 negative subset does not (257, 258).
In NHPs, it was not only shown that iNKT cells decline in frequency and can be
infected with SIV, but in a monkey species that lacks CD4+ iNKT cells, there is
no iNKT cell depletion in SIV infection compared to healthy controls (257, 260).
In the gut mucosa, CD4+ iNKT cells are more prevalent compared to the blood,
but are depleted in individuals with CHI compared to healthy controls (261). Loss
of gut, but not peripheral blood, CD4+ iNKT cells correlates with T cell activation
and viral load, suggesting a link to disease progression. Furthermore, in individuals on therapy and thus undetectable viremia, CD4+ iNKT cells were found to
be depleted in the blood but not in the gut mucosa (262). This is an interesting
finding, and it may be that initiation of ART begins the trafficking of CD4+ iNKT
cell from the blood into the gut, allowing for replenishment of their numbers in
this tissue and not the peripheral blood (251). These authors also discovered that
elite controllers had higher frequencies of iNKT cells in their gut mucosa that
non-controllers, including those on therapy. This may suggest that natural control
of HIV viremia prevents the loss of CD4+ iNKT cells in the gut. As the majority
of iNKT cells in the gut express CD4 and produce TH2 cytokines such as IL-4
and IL-10, the authors propose that the immunoregulatory role of these persisting
iNKT cells suppress the immune activation and microbial translocation normally
observed in HIV. Supporting this, the ability of gut iNKT cells from HIV infected
people to produce IL-4 and IL-10 after PMA/ionomycin stimulation in vitro correlated inversely with CD4 and CD8 T cell activation. Along these lines, amount
of IL-4 produced by iNKT cells in vitro correlated inversely with levels of marker
of microbial translocation, LPS-binding protein, in the plasma.
Another case motivating further understanding iNKT cell dynamics in HIV infection involves the HIV proteins Nef and Vpu. Nef and Vpu downregulate a variety
of host cell surface molecules, including MHC-I, in order to evade the immune
response to viral antigen presentation. HIV can downregulate CD1d on the surface
of APCs by interfering with its recycling from endosomal compartments (161).
Thus, HIV has a mechanism to directly evade iNKT cell responses. Furthermore,
iNKT cells can recognize HIV-infected DCs through a TCR-mediated mechanism
(263). It has yet to be determined if iNKT cells are infected with HIV in vivo,
which is one of the goals of Paper III of this thesis. In Paper III the temporal
dynamics of iNKT cell depletion in the blood and gut mucosa in untreated and
early treated HIV infection is explored, as well as the effects of AHI on iNKT
cell phenotype, function, and gene expression profile in the blood. These analyses
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were performed with the same cryopreserved blood samples from unique cohort
of natural HIV infection as in Paper II, as well as an additional cohort of patients
where ART was initiated in AHI from Thai donors using cryopreserved blood and
fresh gut biopsy samples (Figures 6 and 7).
1.4.5

Disruption of the gut mucosal barrier in HIV infection and
associated microbial translocation

Studies in NHPs illuminate how rapid depletion of gut-associated CD4 T cells in
acute SIV infection through direct infection with SIV, or bystander cell death by
the apoptosis of nearby cells that are either infected or uninfected, leads to a permanently altered balance of the gut barrier (196, 264). It is thought that the loss of
IL-17 producing CD4 T cells is particularly devastating to the epithelial layer, as this
cytokine and thus the cells that produce it are critical for enterocyte proliferation
and maintenance. IL-17 producing CD4 T cells are also slow to recover after ART
initiation (265). HIV infection also causes dysregulation of the gut microbiome,
with declining representation of commensal bacteria and increasing frequency in
more inflammatory bacterial species, even upon ART initiation (266). Finally, there
is disruption of tight junctions between epithelial cells in the gut in HIV infection,
and HIV proteins themselves may facilitate this disruption. The HIV proteins Tat
and gp120 can be released from infected CD4 T cells and have been implicated
in the disruption of tight junctions in the gastrointestinal tract (267, 268). This is
facilitated through the aberrant internalization and sometimes proteasomal degradation of surface proteins involved in tight junction formation after induction of
the mitogen-activated protein kinase (MAPK) pathway in epithelial cells (269).
Additionally, proinflammatory cytokines released from epithelial cells and gut
actin cytoskeleton contraction and downregulate expression of proteins involved
in tight junction formation between epithelial cells, as well (270). Observations
of damaged and inflamed gut epithelia and lamina propria are observed even
upon ART initiation in the acute stages of HIV infection, albeit the inflammation
is somewhat ameliorated after treatment initiation. Furthermore, ART initiation
in acute HIV has been shown to preserve IL-17 producing CD4 T cells in the
gut (286). However even upon ART initiation in AHI, a biomarker of enterocyte
turnover, intestinal fatty-acid binding protein (I-FABP), and marker of monocyte
activation and microbial translocation, soluble CD14 (sCD14), remains elevated
above healthy control levels (271). With or without ART, damage to this critical
component of the immune system occurs during HIV infection and facilitates
microbial translocation, or the translocation of microbial products from the lumen
of the intestine into the bloodstream and driving systemic immune activation (272).
Systemic immune activation in HIV is marked by sustained levels of inflammatory
T cell activation, and a high turnover of CD4 and CD8 T cells (273-276). This leads
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to both T cell exhaustion and the generation of new targets for HIV infection. The
presence of microbial products in the blood stream is systemic and is observed even
in ART treated individuals with durably suppressed viral loads (272, 277). When
gastrointestinal microflora translocate into the lamina propria of the gut in a healthy
state, they are rapidly phagocytosed by the host immune cells (278). However, in
HIV infection there is dysregulation of the immune cell homeostasis in the lamina
propria, and thus translocated microbes and microbial by products make their way
into the blood and can even persist within the body at extraintestinal sites (279).
LPS is a component of the cell wall in gram-negative bacteria and a TLR4 agonist
as previously mentioned, and is most well studied in dendritic cell and macrophage
activation (280). Initial studies of microbial translocation in HIV reported LPS
levels elevated in the blood in CHI compared to uninfected controls (272). LPS
In vitro work in this study showed the induction of sCD14 expression from LPSstimulated monocytes. In a somewhat disputed conclusion, the authors argue that
sCD14 can act as a surrogate biomarker of microbial translocation. LPS can bind
CD14 when bound to LPS-binding protein (LBP), another surrogate biomarker
for microbial translocation produced in the liver. The LPS-LBP complex binds to
CD14-expressing Kupffer cells, or liver-resident macrophages, which in turn shed
their CD14 molecules (281). This hypothesis that sCD14 is exclusively a marker of
microbial translocation is disputed by the notion that monocytes can be activated
is also elevated in the blood during chronic HIV infection (282). Whether or not
sCD14 is a true marker of microbial translocation, its elevated levels in chronic HIV
infection coupled with elevated levels of LBP, EndoCAb (endotoxin-specific IgG),
LPS, and I-FABP in circulation strongly suggests that microbial translocation is
occurring and influencing the immune response during chronic HIV infection (283).
Additionally, Brenchley et al. found that LPS levels in the blood in CHI correlate
with CD8 T cell activation measured as the coexpression of CD38 and HLA-DR,
suggesting microbial translocation-induced immune activation can be a driver of
the sustained CD8 T cell activation observed in HIV infection. Another marker of
immune activation is C-reactive protein (CRP), and is a reliable marker of disease
progression (284). It is produced is mainly from the liver, although IL-6 produced
from monocytes can also cause the vascular endothelium to release this soluble
vation associated with HIV infection, and is a chemokine released from a variety
285). Sustained
immune activation is thought to a leading cause of non-AIDS related co-morbidities
like HIV-associated neurocognitive disease (HAND), cardiovascular disease, and
liver and renal disease (172). Additionally, sustained immune activation and the
increased microbial presence in the periphery may be a driver of the MAIT and
iNKT cell depletion and activation observed in chronic HIV infection studies, the
temporal dynamics of which are aims in Paper II and III of this thesis.
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2

AIMS

Initially, the goal of this thesis was to gain an understanding of the unknown
immunodynamics of MAIT cells in AHI. To do this, an optimized flow cytometry
panel was required to identify and sort for MAIT cells. The iNKT cell markers
were also included in this flow cytometry panel to enhance the use of a precious
cohort of natural HIV infection. Exploration of these unconventional and innatelike T cells in HIV infection added motivation to complete an unfinished story
about an innate-like conventional CD8 T cell subset, also in the context of HIV.
Therefore the aims of this these are as follows:
1. Develop a flow cytometry panel to identify conventional and unconventional
T cells and markers of activation on their surface to maximize use of a precious
longitudinal cohort in HIV infection.
2. Determine the phenotypic, functional, and transcriptional changes in peripheral
MAIT cells during AHI and define drivers of any observed changes such as
correlations to viral load or markers of microbial translocation.
3. Determine the phenotypic, functional, and transcriptional changes in peripheral
and colonic iNKT cells during AHI and upon ART initiation during AHI.
4. Examine for the presence of a unique, innate-like CD8 T cells in chronic,
untreated HIV infection and define their functional relevance in HIV.
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3

METHODS

3.1

Ethics

All subjects in studies RV217/WRAIR#1373, RV254/SEARCH 010/ WRAIR#1494,
and RV304/SEARCH 013/WRAIR#1751, were adults and provided written
informed consent. For subjects that were unable to read, the consent document was
read to them with an impartial witness present; the volunteer, the witness and the
study staff obtaining consent signed the affidavit with a signature or mark. Studies
were reviewed and approved by the human subject ethics and safety committees in
each country, as well as by the Walter Reed Army Institute of Research (WRAIR)
(Silver Spring, MD, USA), in compliance with relevant federal guidelines and
institutional policies. RV304: The Institutional Review Board of the Faculty of
Medicine, Chulalongkorn University; and the WRAIR Institutional Review Board.
RV217: Institutional Review Board Royal Thai Army Medical Department; Kenya
Medical Research Institute (KEMRI) Scientific and Ethics Review Unit (SERU);
Uganda National HIV/AIDS Research Committee (NARC); Mbeya Medical
Research and Ethics Committee (MMREC) and the National Health Research Ethics
Committee (NatHREC); and the WRAIR Institutional Review Board. RV254: The
Institutional Review Board of the Faculty of Medicine, Chulalongkorn University;
and the WRAIR Institutional Review Board.
The RV228 Rakai District cohort was approved by the following institutional
review boards in the United States and Uganda: the institutional Review Boards
of Uganda’s National Council for Science and Technology and the National AIDS
Research Committee, as well as Division of Human Subjects Protection at the
Walter Reed Army Institute of Research. All participants gave written informed
consent. For samples from the Couples Observational Study (COS) in Kampala,
Uganda, all participants gave written-informed consent, and ethical approvals for the
study were obtained from Uganda’s National Council for Science and Technology
and the National AIDS Research Committee and the University of Washington.

3.2

Subjects

3.2.1

The RV217 Early Capture HIV Cohort study (ECHO)

To investigate MAIT and iNKT cell dynamics in AHI, longitudinal samples from
29 individuals were available for the study of MAIT cells (Paper II), and 23 overlapping individuals for the study of iNKT cells (Paper III) in AHI. These individuals were enrolled in a unique U.S. Military HIV Research Program (MHRP)
cohort, as previously described (175). Briefly, consenting, HIV uninfected adults
at high-risk for acquiring HIV were enrolled in this prospective trial to study HIV
incidences rates and viral load dynamics in AHI in three countries in East Africa
and Thailand (Figure 6). HIV uninfected participants had lifestyle qualifications
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for enrollment, with women exchanging goods for sex as the predominant enrollees
in East African countries, and men who have sex with men (MSM) as the predominant enrollees in Thailand. Enrollees were educated on HIV prevention and
given access to providers for infection treatment, based on national guidelines.
Participants were screened bi-weekly for the presence of HIV RNA in the plasma
using the Real-Time HIV Assay (m2000 Real Time System, Abbott Molecular),
and if HIV was detected, were entered in a second phase of study where follow
up visits collected larger blood volumes in order to study the immunodynamics
of AHI. Cyropreserved PBMC were used with donor-matched pre-infection and
at least 3 post-HIV infection time points, with time points ranging from 1–1,040
days post first positive test for HIV RNA. The majority of the data about iNKT
and MAIT cell dynamics in AHI in this thesis come from time points coinciding
with peak viral load (VL) (median 16 days, range 14–22, since first positive test
for HIV RNA), set point VL (median 43 days, range 31–50, since first positive test
for HIV RNA), and early chronic infection (median 85 days, range 60–126, since
first positive test for HIV RNA (Figure 6)).

Log Viral Load
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Figure 6. The RV217 Early Capture HIV Cohort (ECHO). Samples from the RV217
cohort were used to study MAIT and iNKT cell dynamics in acute HIV infection. This study
enrolled high-risk, consenting adults at four clinical research sites: Walter Reed Project,
Kericho, Kenya; Makerere University Walter Reed Project, Kampala, Uganda; Mbeya
Medical Research Center, Mbeya, Tanzania; and Armed Forces Research Institute of Medical
Sciences, Bangkok, Thailand.

3.2.2

The RV254/SEARCH 010 early ART initiation, and the RV304
uninfected control cohorts

RV254 is a currently ongoing study in Bangkok, Thailand that enrolls acutely HIV
infected individuals in order to study the effects of ART initiation in the acute stages
of HIV infection, wherein ART is initiated a median of 4 days from cohort enrollment (Figure 7). For Paper III, cryopreserved PBMC were used to study iNKT
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cell frequency, phenotype, and functionality in the blood, with samples from 40
donors after ART initiated during AHI. Rectosigmoid colon biopsies collected by
sigmoidoscopy from RV254 participants were used to study MAIT and iNKT cell
frequency in the colon in acute, untreated HIV infection. In total, 26 donors from
RV254 participating in elective rectosigmoid biopsies at any time during diagnosis, and from 20 donors followed up after 24 months of treatment, were collected
to study iNKT cell phenotype in AHI and after treatment initiation in the colon
(Paper III). Of the acutely HIV infected donors from the RV254 cohort, samples
from 7 were used to study MAIT cell frequencies in the colon before ART initiation (Paper II). Rectosigmoid colon biopsies from 17 uninfected age- sex- and
risk- matched uninfected controls from the RV304/SEARCH 013 study were used
to compare MAIT cell frequency in HIV uninfected controls (Paper II), whereas
samples from 28 donors were used to study colonic iNKT cell frequency and
phenotype as uninfected controls.

Figure 7. The RV254 early ART initiation cohort. Donors with acute HIV infection from
Thailand were used to study the immunodynamics of ART initiated in the acute stages of
HIV infection. Cryopreserved PBMC and rectosigmoid colon biopsies from the RV254
cohort were used to study the effect of treatment initiation on iNKT cells in acute HIV
infection before and after treatment. Rectosigmoid colon biopsies were used to study MAIT
cell frequencies in untreated, acute HIV infection.
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3.2.2.1 Biopsy processing and calculation of absolute number of colonic T-cell
subset
RV254 or RV304 subjects underwent a routine sigmoidoscopy procedure under
moderate conscious sedation. Approximately 30 endoscopic biopsies were randomly collected from the sigmoid colon using Radial Jaw 3 biopsy forceps (Boston
Scientific, Natick, MA, USA), with 20–25 processed for flow cytometry analysis
within 30 minutes of collection, as previously described (286). Cell counts were
performed manually by Trypan Blue exclusion, which allows exclusion of epithelial cells due to morphological differences compared to lymphocytes. Absolute
numbers of conventional CD4 T, iNKT, and MAIT cells per gram of gut tissue
were calculated by multiplying the total viable lymphocyte count by frequencies
of cell subsets obtained from flow cytometric analysis. The total lymphocyte
count per gram of tissue was calculated by dividing the viable lymphocyte count
by tissue weight. This proportion was then multiplied by the percent of cells in the
live lymphocyte gate and that number was subsequently multiplied by the percent
of T cells. The absolute number of colonic T cells was used in conjunction with
the subset percentages to determine the absolute number of each T cell subset per
gram of biopsy tissue.
3.2.3

The RV228 chronic untreated HIV infection cohort

Donors with chronic, untreated HIV infection and community-matched uninfected
controls were used to both optimize performance of OMIP-046 (Paper I) and examPaper IV). Study participants
aged 15–49 years old were enrolled in a prospective community-based cohort to
assess the prevalence and incidence of HIV infection in Rakai District of Uganda,
from 1998 to 2004 (Figure 8) (41–43). The Rakai District borders Lake Victoria and
is largely a fishing district with a high incidence of HIV infection, predominantly
in women who exchange goods for sex (287-289). Infected and enrolled subjects
had continued annual follow up through 2008. Blood samples from 103 randomly
selected HIV seropositive individuals and 40 community-matched seronegative
controls were obtained. PBMCs were isolated and cryopreserved as described
previously (290). None of the patients had received ART. The HIV–infected study
participants initiating ART were from the Couples Observation Study (COS) in
Kampala Uganda as previously described (291). 32 HIV-infected partners in each
HIV–serodiscordant couple was followed up after the initiation of ART. Samples
were collected; CD4 T cell counts determined and viral load assessments made at
baseline, 6 and 12 months after initiation of ART.
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Figure 8. The RV228 chronic untreated HIV infection cohort to study the prevalence of
Cryopreserved PBMC from the Rakai District, Uganda
were used to determine the frequency, phenotype, function, and transcriptional signature
of Fc RIIIA-expressing CD8 T cells in chronic, untreated HIV infection. Samples from
the Kayunga District were used to determine the frequency of Fc RIIIA-expressing CD8
T cells pre- and post-antiretroviral treatment.

3.3

Polychromatic flow cytometry

Polychromatic flow cytometry panels were used to measure MAIT, iNKT, and
conventional CD8 T cell phenotype, function, and for cell sorting for downstream transcriptomics. The panels can be found in detail in Paper I, II, III and
IV. Briefly, cryopreserved samples were thawed in pre-warmed media, washed,
stained with LIVE/DEAD Fixable Aqua Dead Cell dye (ThermoFisher), blocked
for Fc receptors using normal mouse serum (ThermoFisher), and surface stained
with antibody cocktail. Samples were surface stained at room temperature for
30 minutes, and some were intracellularly stained using BD Perm/Wash Buffer (BD
Biosciences) at room temperature for 30 minutes. For assessment of transcription
factors, cells were washed, permeabilized and fixed using an optimized kit (FOXP3
transcription factor staining buffer set) before intranuclear stain. Some samples
before acquisition on a 5 laser, 16-parameter BD LSRII SORP flow cytometer
(BD Biosciences) within 12 hours of staining. Other samples used for sorting for
downstream transcriptomics were resuspended in sorting buffer (PBS containing
Fluidigm Biomark, or the functional PanToxiLux Assay. Data were analyzed with
FlowJo v.9.9.4 (TreeStar). Flow cytometry data were acquired with a BD LSR
II instrument or a BD FACSCanto II instrument (BD Biosciences). Sorting was
performed on a 5-laser BD FACSAria II SORP (BD Biosciences) contained in a
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biosafety cabinet. Clinical lymphocyte immunophenotyping was performed using
the FACS MultiSET System and run on a FACSCalibur using the single-platform
Multitest four-color reagent in combination with Trucount tubes (BD Biosciences).
3.3.1

Multiplexed targeted quantitative gene expression analysis
(RT-qPCR)

To study gene expression changes in MAIT cells in AHI, CD161bright
MAIT cells from 20 individuals from the RV217 acute capture cohort from one
pre-infection and three post-infection time points were bulk sorted (100 cells/well)
directly into reaction mixture (SuperScript III Reverse Transcriptase/Platinum Taq
Mix, Cells Direct 2X Reaction Mix, Invitrogen) into a 96 well plate (Paper II).
The same was done for three sorted T cell populations and CD56dim CD3- NK cells
from 8 donors from the RV228 Rakai District chronic HIV infection cohort to
(Paper IV
two post-infection time points was used from 10 donors from the RV217 cohort
to study gene expression in iNKT cells in AHI (Paper III). Targeted genes evaluated for each cell type can be found in detail in Paper II , III, and IV. Briefly,
reverse transcription and specific transcript amplification were performed using
a thermocycler (Applied Biosystems Gene Amp PCR System 9700) with the following parameters: 50 °C for 15 minutes, 95 °C for 2 minutes, and 95 °C for 15
seconds; and then 60 °C for 30 seconds for 18 cycles. Amplified cDNA was then
loaded into a Biomark 96.96 Dynamic Array chip using the Nanoflex IFC controller (Fluidigm). This microfluidic platform was then used to conduct quantitative
PCR (qPCR). Threshold cycle (CT), as a measurement of relative fluorescence
intensity, was extracted from the BioMark Real-Time PCR Analysis software.
3.3.2

RNA-seq analysis

In Paper II, peripheral blood MAIT cells identified as CD161bright
purified by sorting (range of 1911–64,011 cells) using a FACS Aria SORP (BD

RNA was extracted using the RNeasy Mini Kit (Qiagen), and RNA quality and
concentration were assessed with the Agilent 2100 Bioanalyzer Pico Chip. RNASeq libraries were prepared using the SMART-Seq v4 Ultra Low Input RNA Kit
(Clontech) according to the manufacturer’s instructions. Amplified material was
purified using Agencourt AMPure XP beads (Beckman). cDNA quantity was
assessed on a Qubit 3.0 (ThermoFisher) and fragment size was evaluated on a 2100
BioAnalyzer (Agilent). The PCR products were next indexed using the Nextera
XT DNA Library Prep Kit (Illumina) according to the manufacturer’s instructions.
Briefly, products were tagmented using the Amplicon tagment mix containing Tn5
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transposase and indexed using Nextera index 1 (i7) and index 2 (i5) primers. The
libraries were again cleaned-up with Agencourt AMPure XP beads, quantified,
pooled, and sequenced across 75 base pairs (bp) using a single-end strategy with
a 75-cycle high output flow cell on a NextSeq 500 (Illumina). Nine biological
replicates were sequenced, with four donor-matched time points corresponding to
one pre-infection and three post HIV-infection time points at peak viral load, set
point viral load, and early chronic infection. Median reads per sample was 22.9
million. The Unix based program Spliced Transcripts Alignment to a Reference
(STAR) v.2.6.1 with human genome hg38 was used for alignment, and transcription
mapping was performed using RNA-seq by Expectation Maximization (RSEM)
v.1.3.155 (292, 293). The feature Counts program was used for counting mapped
reads. RUVSeq v1.12 was used to remove unwanted variation and differentially
expressed gene list was generated by edgeR v3.20. R package (294, 295). The
GSEA method as used for finding statistically significant pathways with 5,917
gene sets of GO in Molecular Signatures Database (MSigDB) issued by Broad
Institute (296).

3.4

Functional assays

3.4.1

iNKT and MAIT cell functionality measured in vitro

MAIT and iNKT cell functionality were assessed using one of three stimulation
techniques (Paper II and III). PBMC were stimulated for 24 hours with briefly
fixed E. coli (D21) together with anti-CD28, or for 24 hours with rhIL-12 and
rhIL-18, or for 6 hours with PMA/ionomycin as the manufacturer described
(eBioscience™ Cell Stimulation Cocktail (500X), ThermoFisher). All conditions
included BFA and monensin for the last 6 hours of stimulation and were stained
for flowy cytometry for markers of degranulation and intracellular cytokines.
3.4.2

PanToxiLux Assay to measure ADCC

In Paper IV, measurement of ADCC was performed using the PanToxiLux assay
(OncoImmunin, Gaithersburg, MD) similar to previously described (297). rHIV
BaL gp120 (catalog no. 4961; obtained through the National Institutes of Health
AIDS Reagent Program, Division of AIDS, National Institute of Allergy and
Infectious Diseases, National Institutes of Health) were used to coat target CEM.
NKRCCR5 cells, which are resistant to spontaneous NK cell lysis. After coating CEM.
NKRCCR5
with a fluorescent target cell marker, TFL4 (OncoImmunin), for 15 minutes at 37°C
2. Cells were washed twice with PBS and stained with LIVE/DEAD
Fixable Aqua Dead Cell Stain (Life Technologies) for viability for 30 minutes
concentration of 8.0 x 105 cells/ml. Sorted effector cell populations (NK cells,
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CD45RA+CD57+ CD8 T cells, and CD45RA-CD57- CD8 T cells) were washed
6

of the granzyme B substrate (OncoImmunin). After incubation for 5 minutes at

room temperature. The plate was then spun at 300xg for 1 minutes and incubated
2 for 1 hour. After washing cells were acquired on an LSR
II SORP (BD Biosciences) on the same day. Fluorophores were detected using
a 488-nm 50-mW laser with 515/20 filters to detect the granzyme B substrate, a
406-nm 100-mW laser with 525/50 filters to detect Aqua LIVE/DEAD stain, and
a 640-nm 40-mW laser with 670/30 filters to detect TFL4 target cell stain. Data
were analyzed by using FlowJo 9.7.5 (Ashland, OR).

3.5

Soluble cytokine analysis

Luminex® bead based detection assays were used to measure plasma levels of
CRP and IL-6 (EMD Millipore, Billerica MA) per manufacturer’s instructions.
Samples were mixed with a cocktail of MagPlex® magnetic microspheres bound
to capture antibody specific to proteins of interest. After incubation with the sample
overnight at 4 °C, excess sample was washed away using a magnetic plate washer
(BioTek Instruments, Winooski VT). Biotinylated detection antibody cocktail was
added for 1 hour at RT. Streptavidin-phycoerythrin was added for 30 minutes before
a final wash and resuspension in sheath fluid. Data was collected on a FlexMap
3D® system. Levels of sCD14 and I-FABP were measured by chemiluminescent
detection ELISA (R&D Systems, Minneapolis MN) per manufacturer’s instructions and read on a VersaMax® reader (Molecular Devices, Sunnyvale CA). Data
were analyzed in Prism version 6.0 for Mac OS X (GraphPad, La Jolla CA) using
a 4-parameter fit standard curve.

3.6

Statistical analyses

The Wilcoxon Signed Rank test was used for comparison of non-parametrically
distributed paired data sets. Unpaired data was analyzed using the Mann–Whitney
test, and the Spearman rank correlation test was used to compare correlation between
two parameters. For matched longitudinal analysis a nonparametric Friedman test
was performed with the Dunn’s multiple comparison test. Statistical analyses were
performed with GraphPad Prism v.6.0c (GraphPad Software). *p<0.05, **p<0.01,
***p<0.001
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4

RESULTS

4.1

An optimized multiparameter flow cytometry
panel (OMIP-046) to identify conventional and
unconventional T cells and surface expression
of markers of activation and exhaustion

Because of the unique nature of the cohorts used in this thesis, it was essential
that the methods used were optimized to maximize use of precious cohorts with
longitudinal sampling before and after untreated, AHI. In particular, the nature of
the cohort is invaluable given that current protocol of HIV treatment now recommends beginning ART upon diagnosis. Being able to study the immunodynamics
of natural, untreated HIV infection is a gift and therefore every precaution was
taken to ensure that no samples were wasted or under-utilized. The dynamics of
unconventional T cells in acute, untreated HIV infection has yet to be explored in
this setting, therefore the first step was to design a flow cytometric panel to measure the frequency and phenotype of conventional and unconventional T cells. This
panel was designed to be compatible with FACS sorting, with the goal of sorting
several cell subsets for downstream gene expression analysis. Thus, in Paper I,
a 14-color flow cytometric panel was designed to identify conventional, adaptive
CD8 and CD4 T cells, as well as iNKT and MAIT cells (Figure 9a and b). Cell
surface expression of T cell activation markers HLA-DR and CD38, and markers
of T cell exhaustion PD-1 and TIGIT were measured on each of these four subsets,
with particular attention paid to the unconventional T cell subsets (Figure 9c).
Although the initial goal of this thesis was to determine MAIT cell dynamics in
AHI as in Paper II, the ability to have similar data for iNKT cells was beneficial
and primed additional studies, resulting in Paper III.
Using OMIP-046, the relative baseline frequencies of MAIT cells and iNKT
cells in HIV uninfected individuals could be determined (Figure 10). As MAIT
T cells, respectively, establishing baseline frequencies of these variable T cell subsets between geographic locations outside of HIV infection was important. This
information is essential to interpret subtle changes in frequencies in donors from
different regions post HIV-infection.

34

a) Example gating
strategy to identify T cells from cryopreserved PBMC from a chronically infected, HIV
positive donor. b) Identification of the four T cell populations of interest, convention
CD4 T cells (green), conventional CD8 T cells (purple), MAIT cells (red) and iNKT cells
(orange). c) Example staining of markers of T cell activation HLA-DR and CD38 markers of exhaustion PD-1 and TIGIT on the surface of the unconventional T cell subsets.
Reproduced with permission from (298).

sets in HIV uninfected donors in the U.S., and in East African and Thai donors from
the RV217 cohort. Unconventional T cell subsets were identified in cryopreserved PBMC
from uninfected U.S. based donors and compared to the frequencies of pre-HIV infection
time points in donors from East Africa and Thailand in the RV217 cohort.
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Interestingly, compared to HIV uninfected U.S. donors, HIV uninfected individuals from East Africa had lower frequencies of MAIT cells but higher frequencies
of iNKT cells in the peripheral blood. Uninfected Thai donors had comparable
levels of MAIT cells compared to the U.S. donors, but higher levels of iNKT cells.
The reasons underlying the differences between unconventional T cell frequencies
between geographical locations is beyond the scope of this thesis, however genetic
and environmental factors could play a role in determining unconventional T cell
frequencies in the blood.

4.2

MAIT cells expand in the blood and the gut in acute
HIV infection

After optimizing OMIP-046, the panel was used to study MAIT cell frequency
and phenotype in AHI (Figure 11a). This was done using cryopreserved PBMC
from the RV217 cohort, with longitudinal samples of natural HIV infection from
pre- and post-HIV infection time points in AHI from donors from East Africa and
Thailand (Paper II, Supp. Table 1) (Figure 6). In analysis of one pre-infection
time point and donor matched post- HIV infection time points ranging from a
median of 14 days post first test for HIV RNA out to 3 years post-infection, it was
determined that the MAIT cell frequency is relatively unchanged compared to preinfection within the acute infection stage (Figure 11b). This was surprising, given
that previous research using cross-sectional studies would suggest that the MAIT
cell loss observed in CHI may occur within the acute infection time frame. Data
generated from the RV217 cohort suggests that the loss occurs later than these
studies hypothesized. However, the absolute count of MAIT cells revealed dynamic
changes within the MAIT cell compartment in the blood in AHI. A brief period of
MAIT cell expansion was observed at the time point corresponding to a median
of 43 days post-HIV infection, around VL set point, with return to pre-infection
levels later in infection (Figure 11c and Figure 19). Using an additional cohort,
RV254, in which rectosigmoid colon biopsies from acutely infected individuals
were collected (Paper II, Supp. Table 2), an expansion of the absolute cell count
of MAIT cells was also observed in the colon (Figure 11d). As detailed earlier in
this thesis, the T cell compartment is incredibly dynamic during AHI. Therefore,
normalized values of T cell abundance are critical measurements for understanding
their perturbations during this time period. Taken together, the overall MAIT cell
count expands in both the blood and colonic gut mucosa in AHI. In donors where
follow up samples were available out to 3 years post-infection, overall MAIT cell
frequency began to decline, consistent with observations of MAIT cell decline
observed in cross sectional studies of chronic HIV infection (Figure 11b).
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4.3

MAIT cells have an activated phenotype and gene
expression profile, and enhanced functional capacity
in acute HIV infection

The data set generated with OMIP-046 was also interrogated for the expression of
markers of activation and exhaustion measured on the surface of MAIT cells within
AHI from the RV217 cohort. At the first measured time point post-infection, corresponding to peak VL, MAIT cells express significantly higher levels of T cell activation markers HLA-DR and CD38. They also express higher levels of markers of
T cell exhaustion, the check point inhibitors PD-1 and TIGIT (Paper II, Figure 2a).
In MAIT cells sorted based on the OMIP-046 panel for targeted multiplexed gene
expression analysis (RT-qPCR), markers of activation and exhaustion were also
elevated at the transcript level (Paper II, Figure 2b). Expression of these markers
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correlated with the gene encoding Ki-67 (MKI67) at the post-infection time point
corresponding to peak VL (Paper II, Figure 2d), suggesting activation induced
cell proliferation. Induction of MAIT cell proliferation due to activation at peak
VL may indicate why there is an increase in MAIT cell levels a few weeks later
at the time of set point viral load (Figure 19). Increased expression of markers of
activation and exhaustion is observed in MAIT cells throughout AHI, and out to
3 months post- infection.
MAIT cells in the blood are dysfunctional in chronic HIV infection compared to
healthy controls, but the timing of the onset of this dysfunction is unknown. Therefore,
MAIT cell functionality was explored through in vitro stimulation of RV217 samples.
Total PBMC were stimulated with either mildly fixed E. coli or PMA/ionomycin,
TNF) produced by MAIT cells was analyzed (Paper II, Figure 6a-c). MAIT cells
displayed a brief boost in functional capacity at the time point corresponding to set
point VL, driven by enhanced CD107a and GrzB production after E. coli stimulation
(Paper II, Figure 6d). However, at the time point corresponding to early, chronic
infection (3 months post-infection) MAIT cells showed declining functional capacPMA/ionomycin stimulation, possibly marking the beginning of the dysfunctionality
observed in MAIT cells in chronic HIV infection (Paper II, Figure 6d).
Taken all together, MAIT cells become activated as early as peak VL in AHI, and
this may lead to activation-induced cell proliferation, the consequence of which
is measured a few weeks later with an increase in MAIT cell counts in the blood
and colon. MAIT cell activation may in turn induce a boost in functional capacity,
measured at set point VL. MAIT cells may be exhausted as a consequence of activation and functional boost early on, given that their decline in functional capacity
is observed by 3 months post-infection.

4.4

MAIT cell activation and function correlate with
markers of microbial translocation and innate
immune activation

To further understand what drives MAIT cell activation and functional changes
in AHI, MAIT cell activation and function were correlated with soluble factors in
the plasma that correspond to innate immune activation and markers of microbial
translocation. As MAIT cells have a proposed protective role at the gut mucosa,
and their loss in chronic HIV infection may contribute to sustained immune activation and microbial translocation, MAIT cells could be associated with markers
of these events in AHI. Measurements of soluble factors in the plasma in AHI
show peak levels of marker of innate immune activation CRP at peak VL, with
gradual and moderately elevated levels of sCD14 and I-FABP within the acute
infection stage (Paper II, Figure 7a). IL-6 had gradually rising levels, with the
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highest observed at set point VL. The peak of MAIT cell activation, observed at
peak VL (median days post first positive test for HIV RNA = 14), correlated with
sCD14 levels at the same time point (Paper II, Figure 7b). Likewise, the peak of
MAIT cell function, observed at viral set point (median days since first positive
test for HIV RNA = 43), correlated with levels of sCD14, also at the same time
point (Paper II, Figure 7b). Further analysis revealed that CRP levels at peak VL
(median day since first positive test for HIV RNA = 16), where CRP levels are
highest, can predict MAIT cell functionality at later time points in acute HIV, cor(median day since first positive test for HIV RNA= 43) and early chronic infection
(median days since first positive test for HIV RNA = 85) (Paper II, Figure 7c).
These data suggest that systemic immune activation and microbial translocation
may be contributing to perturbations in MAIT cell function and phenotype in AHI.

4.5

In acute HIV infection MAIT cells become more
innate-like phenotypically, functionally, and
transcriptionally

The altered gene expression in MAIT cells in AHI measured by targeted multiplexed
RT-qPCR motivated a deep dive into changing gene expression patterns induced by
AHI in MAIT cells. Therefore, RNA-seq was performed on bulk sorted CD161bright
infection infection time points in AHI. RNA-seq revealed a large upregulation of
genes at the post-infection time point compared to pre-infection, corresponding
to peak VL, with a trend towards normalized gene expression profile by the time
point corresponding to early chronic infection (Figure 12a). When these differentially expressed genes in AHI were subjected to Gene Set Enrichment Analysis
(GSEA), a pathway entitled Natural Killer cell mediated immunity was found to
be upregulated in MAIT cells (Figure 12b). Further analysis from the targeted
multiplexed gene expression data on MAIT cells also revealed the upregulation of
a large number of genes normally attributed to NK cells, such as NCAM1, KLRD1,
NKG7, IL12RB1, and IL18R1 (Figure 12c). Taken together, MAIT cells in AHI
are skewed towards an innate transcriptional profile compared to pre-infection.
An innate-like MAIT cell phenotype was next explored, motivated by previous
research that identified a subset of MAIT cells that expresses CD56 (NCAM-1), a
cell surface protein that is also often associated with NK cells (83). CD56+ MAIT
cells express elevated levels of IL-12R and IL-18R on their surface and produce
in
vitro compared to their CD56- counterparts. This pattern was confirmed in RV217
uninfected controls (Figure 12e). In AHI, MAIT cells expressing CD56 expanded
overtime, with the largest increase observed at the last available time point out
to 3 years post infection (Figure 12d). Stimulation of pre- and post-HIV infection time points in vitro revealed a maintenance of the ability of both CD56- and
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CD56+ MAIT cells to respond to IL-12 and IL-18 stimulation in vitro post-HIV
infection. This is counter to what is observed with other means of MAIT cell
stimulation, where MAIT cells have declining functional responses at the same
time point into early, chronic infection in response to PMA/ionomycin or E. coli
stimulation (median days since first positive test for HIV RNA=85) (Paper II,
Figure 6d). These data suggest an enhancement of innate-like gene expression,
phenotypic, and functional profile in MAIT cells in AHI.
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4.6

Rapid and preferential activation, dysfunction, and
decline of CD4+ iNKT cells in the acute stages of
HIV infection

The other unconventional T cell subset whose identifying markers were included in
the flow cytometry panel included in the OMIP-046, the iNKT cells, was examined
next (Figure 13a). Using some of the same overlapping donors in RV217 where
MAIT cell dynamics was measured, the temporal dynamics of iNKT frequency,
phenotype, function and gene expression was explored (Paper III, Table 1).
There was a significant decline in the frequency (Figure 13b) and absolute counts
(Figure 19) of blood iNKT cells at the first post-infection time point corresponding
to peak VL in AHI. The relative depletion of CD4+ iNKT cells at this time point
was more substantial than that of conventional CD4 T cells (Figure 19). As it is
thought that the CD4- and CD4+ iNKT cell subsets differ in several respects in
the healthy host and in their susceptibility to death in HIV infection. Therefore,
determining factors driving both CD4- and CD4+ iNKT cells loss is important.
The CD4+ subset declined at a faster rate and more robustly than CD4- iNKT cells,
supporting differing causes of their loss in the blood (Figure 13 c and d). In fact,
CD4+ iNKT cells may be directly infected early and play a role in establishing
viral replication in the acute infection stage, as pre-infection levels of iNKT cells,
and more strikingly CD4+ iNKT cells, correlate with peak VL post-infection in
AHI (Paper III, Figure 3c-e).
The expression of markers of T cell activation and exhaustion were also measured on iNKT cells in AHI. iNKT cells expressed elevated levels of the activation
makers CD38 and HLA-DR, but not of markers of exhaustion PD-1 and TIGIT,
at the time point corresponding to peak VL (Figure 13e). Additionally, iNKT
cell functionality was measured after PBMC from RV217 were stimulated with
PMA/ionomycin. Here, it was elucidated that iNKT cell dysfunction observed in
CHI may begin in AHI, with declining ability of iNKT cells to produce TNF and
in vitro by approximately 3 months post-infection (Figure 13g). Bulk sorted
iNKT cells from AHI also showed altered gene expression profiles compared to
pre-infection as determined by targeted multiplexed RT-qPCR. iNKT cells postinfection upregulated genes marking T cell activation such as the chemokines CCL4
and CCL3, and LAG3 which encodes an inhibitor protein in T cells (Paper III,
Figure 2). Additionally IFI16, a marker of pyroptosis, the pathway thought to
drive HIV-infected conventional CD4 T cell death, was upregulated in iNKT cells
at peak VL (Paper III, Figure 2).
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4.7

ART initiation in acute HIV infection prevents iNKT
cell loss in the blood, but not in the gut

The RV217 acute capture cohort demonstrated that iNKT cells rapidly decline
in acute untreated HIV infection, and previous research has shown this loss is
not fully recovered upon ART initiation in chronic HIV infection. The impact of
initiating ART in AHI on iNKT cell dynamics, at a time when most individuals
are unaware they are infected with HIV, is unknown. To address this, samples
from RV254, a cohort where ART is initiated in AHI, were utilized and compared
to community-matched controls (Paper III, Table 2). Donors were categorized
based on Fiebig stages (I-III). Unlike untreated HIV infection, ART initiation
during the acute stage prevented iNKT cell decline in the blood 24 months postART, even in the highly susceptible CD4+ iNKT cells (Figure 14a). There was
also no detectable change in the expression of markers of activation HLA-DR,
CD38, or TIGIT in iNKT cells compared to uninfected controls 24 months post
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ART initiation (Figure 14b
blood iNKT cells in vitro after PMA/ionomycin stimulation was similar to that
of uninfected controls (Figure 14c). This promising result gives incentives for
early treatment initiation, as peripheral blood iNKT cells in acute, treated HIV
infection are preserved.

Figure 14. ART initiation in acute HIV infection prevents iNKT cell loss, activation, and
dysfunction in the blood. a) Total iNKT cell frequency or the CD4+ iNKT subset in HIV
negative donor-matched subjects compared to acutely infected, HIV+ untreated donors
and 24 months post-ART initiation. b) Expression of HLA-DR, CD38 and TIGIT in HIV
uninfected controls compared to 24 months after ART initiated in acute HIV infection.
c) Cytokine expression in iNKT cells in HIV uninfected controls compared to 24 months
after ART initiated in acute HIV infection after stimulation with PMA/ionomycin in vitro.

Despite the breadth of knowledge that can be gained using peripheral blood
sampling, the real battle in HIV infection occurs in the gut mucosa. iNKT cells
are inhabitants of the gut, and possible targets of HIV infection. Therefore, their
dynamics in this location are essential to understanding their role in HIV seeding, pathogenesis, and the progression to AIDS. Sigmoid colon biopsies from the
RV254 acute treatment initiation cohort and uninfected matched controls from
the RV304 cohort were used to study iNKT cells in the colon. Prior to treatment
in AHI, donors already had significantly lower counts of iNKT cells per gram of
tissue in the colon compared to uninfected controls (Figure 15a). This reduction
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was most pronounced in the CD4+ iNKT cells subset (Figure 15b and c). Donors
that received 24 months of ART initiated in AHI still had lower levels of colonic
iNKT cells compared to healthy controls. Prior to treatment in acute HIV infection,
the plasma VL correlated negatively to the number of CD4+, but not CD4-, iNKT
cells in the colon (Figure 15d and e). Depletion of colonic CD4+ iNKT cells was
also more severe than that of conventional CD4+ T cells at this site, with more
pronounced relative depletion compared to healthy controls before (Figure 15f)
and after treatment (Figure 15g). Levels of CD4+ iNKT cells in the gut also correlated negatively with levels of soluble factor and marker of immune activation
IP-10 in the plasma. This suggests that the depletion of the immunomodulatory
CD4+ iNKT cell subset from the colon may be a partial contributor to systemic
immune activation. (Paper III, Figure 8a).

Figure 15. Early ART initiation does not prevent the rapid and preferential depletion of
iNKT cells in the colon. a) Total iNKT cells, (b) the CD4+ iNKT cell and (c) CD4- iNKT
cell subsets per gram of tissue in recto-sigmoid colon biopsies in uninfected controls compared to untreated, HIV infected donors in acute infection and 24-month post ART initiation
in acute infection. The plasma viral load at time of biopsy sampling in untreated, acutely
infected individuals correlated with the (d) CD4+ iNKT cell subset, and (e) CD4- iNKT
cell subset. The relative fold change of the depletion of conventional CD4+ T cells and
the CD4+ iNKT cell subset (f) pre-ART initiation, and (g) after 24 months on ART initiated in acute HIV infection.
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4.8

Chronic untreated HIV infection leads to the
emergence of a terminal effector, innate-like

After exploring innate-like, unconventional T cells in AHI, it seemed like a plausible hypothesis that in CHI, chronic activation of conventional adaptive CD8
T cells through persistent antigen exposure and systemic inflammation could lead
to an altered, possibly innate-like properties in conventional T cells. Toward that
end, cryopreserved PBMC from a cohort of chronically infected, untreated HIV+
donors from the Rakai District of Uganda were used to explore the prevalence of
previously been observed in chronic HCV infection (237). The function of CD16
is often studied in the NK cells and can facilitate ADCC. In this cohort there was
tion compared to uninfected controls (Figure 16a and b). This expanded subset
expressed higher levels of the marker of T cell activation, CD38, but not the
immune checkpoint inhibitor PD-1, suggesting they may not be exhausted compared
their CD16-negative counterparts, and retain some functional capacity (Figure
16a, c, and d). This was supported by elevated levels of the cytolytic effector
molecule perforin in CD16+ CD8 T cells compared to CD16- (Paper IV, Figure
2c). Further exploration of their phenotype revealed that CD8 T cells expressing
consistent with terminally differentiated effector memory T cells re-expressing
CD45RA (TEMRA) (Table 1) (Paper IV, Figure 2a, b, and c). Expression of the
activating and inhibitor receptors killer Ig-like receptors (KIRs) was also evaluated on CD16+ CD8 T cells and compared to their CD16- counterparts and NK
cells in HIV uninfected and infected individuals. CD16+ CD8 T cells from donors
with CHI had higher expression levels and a more diverse array of KIRs on their
surface, akin to KIR expression on NK cells, compared to CD16+ CD8 T cells
in uninfected controls. CD16+ CD8 T cells express more KIRs in both disease
states than the CD16- counterparts (Paper IV, Figure 2d). As KIR expression
expressing CD8 T cells adopt an NK cell-like phenotype in CHI. Using a second
cohort of longitudinally sampled donors from the Kayunga District in Uganda
who initiated ART at chronic stages of HIV infection, the persistence of CD16+
CD8 T cells and their phenotype was measured 6- and 12-months post treatment
initiation. Even 12 months post-treatment, there was no decline in the prevalence
expression CD38 on their surface (Figure 16e and f).
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activated, terminally differentiated effector memory phenotype, and persist upon treat
ment initiation. a) Example staining of Fc RIIIA (CD16) in CD8+ T cells amongst CD3+
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Reprinted with permission from (299).

transcriptional signature
parts, central memory CD8 T cells, and NK cells. These four cell populations
were sorted for targeted, multiplexed RT-qPCR to measure the expression of 96
genes. 74 of these 96 gene assays passed quality control, and were subjected to the
dimensionality reduction tool, Principal Component analysis (PCA). PCA revealed
that that CD16+ CD8 T cells have a transcriptional profile that falls in between
NK cells and CD16- CD8 T cells, and share no overlap with the central memory
CD8 T cell population (Figure 17a
the variability of the dataset, with expression of genes GZMB, LAIR1, GZMK,
PRF1, and CD244 contributing the most to this component. Principal compoGZMK, IL-6ST,
TGFB1, CD38, and CD160 contributing the most to this principal component.
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Looking at the individual gene level, it became evident that CD16+ CD8 T cells
express higher levels of innate-like genes compared to CD16- or central memory
CD8 T cells (Figure 17b). CD16+ CD8 T cells expressed higher levels of IKZF2,
the gene that encodes the transcription factor Helios, than the other three cell
populations. Additionally, IL7R was expressed at lower levels, similar to NK cells,
at both the gene expression (Figure 17b) and protein level as measured through
IL-7R expression by flow cytometry (Paper IV, Figure 4c). CD16+ CD8 T cells
also expressed higher levels of genes associated with cytoxicity, such as GRZMB
(GrzB) and PRF1 (perforin), than the other CD8 T cell populations. NCR1, KLRF1,
TNFSF13B, and CD244, genes also normally associated with NK cells and innate
like function, were highly expressed by CD16+ CD8 T cells compared to the other
CD8 T cells analyzed.
High levels of the transcription factor Helios within this population inspired
analysis of other transcription factors that influence T cell differentiation, including Eomes and T-bet, at the protein level by flow cytometry. In chronically HIV
of Helios, but also co-expressed Eomes and T-bet at levels higher than CD8 T cells
Paper IV, Figure 3a and b). While CD16- CD8
CD8 T cells expressed a T-bethigh and Eomeshigh phenotype similar to that seen in
NK cells (Paper IV, Figure 3b and c). Examination of the gene expression and
the transcription factor profile of CD16+ CD8 T cells, their CD16- counterparts,
and NK cells suggests CD16+ CD8 T cells inhabit a space in between conventional
CD8 T cells and NK cells.

generally attributed to NK cells

may be an important effector function in controlling HIV replication, as nonneutralizing IgG antibodies are a correlate of protection in HIV vaccines (300).
To do this, cells were FACS sorted and evaluated using the PanToxiLux assay,
a flow cytometry based assay used to measure direct cytotoxicity of an effector
cell against fluorescently labeled target cells through ADCC. Successful delivery
of a lethal hit from a cytotoxic effector cell is measured through cleavage of a
cell permeable fluorogenic substrate by granzyme and upstream caspase activity
within the target cell.
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) Sorted cell populations CD8+
CD45RA- CD57- T cells, CD8+ CD45RA+CD57+ T cells (enriched for CD16+ CD8
T cells), or NK cells were used in the PanToxiLux assay to measure the delivery of a cytotoxic hit to fluorescently labeled target cells (CEM.NKRCCR5 cell line) coated with gp120
in the presence of polyclonal HIV-Ig as an antibody source. b) Measurement of granzyme
delivered to target cells in the PanToxiLux assay by each respective sorted cell type, and
(c) normalization on a per-CD16 expressing cell basis the granzyme delivered to target
cells. Reprinted with permission from (299).

Since the monoclonal antibody against CD16 may block or trigger its downregulation, CD16+ CD8 T cells were enriched for by sorting CD45RA+CD57+ CD8
dim
CD3- NK
cells (Figure 18a). The CD45RA-CD57- CD8 T cells, which include very few
CD16+ cells, were used as a negative control. HIV BaL gp120 coated NKR.
CEMCCR5 cells, which express CD4 and CCR5 and are resistant to spontaneous lysis
by NK cells, were used as targets and co-incubated with one of the sorted effector
cell populations in the presence of HIV-Ig as an antibody source (Figure 18a).
CD56dim NK cells were able to facilitate ADCC at levels higher than the sorted T
cell populations (Figure 18b). However when the killing activity was re-calculated
based on the percentage of CD16+ cells present in the CD45RA+ CD57+ CD8
dim

CD8 T cells facilitated ADCC at a similar level as the NK cells on a per cell basis
(Figure 18c
facilitate HIV-specific ADCC at levels similar to NK cells.
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5

DISCUSSION AND FUTURE DIRECTIONS

HIV infection is a severe and persistent assault on the immune system, even in the
presence of the effective therapies that are available today. The target of HIV is
the immune system itself, creating a negative feedback cycle wherein the immune
system is progressively depleted, further weakening the host while the virus continues to propagate into chronic infection and the progression to AIDS. The study
of HIV immunopathogenesis will continue to be important in the absence of a
preventative vaccine, the persistence of comorbidities even upon therapy initiation, and no cure. This thesis hopes to further our understanding of the changes
occurring in innate-like T cell subsets, a group of immune cells often overlooked as
they are not the classically identified targets of HIV infection nor often considered
players in controlling the virus itself. Exploring a unique, prospective cohort of
individuals where pre- and post- infection time points are available in natural HIV
infection (RV217), unconventional T cell dynamics were studied in the earliest days
of HIV infection. This is a time period that sets the stage for disease progression
into chronic infection. CD4+ iNKT cells, which are preferentially infected with
HIV in vitro, decline significantly and more profoundly than conventional CD4
T cells in the acute infection stage (Figure 19). The quantity of these cells preinfection correlates positively with peak VL post HIV infection. These findings
suggest iNKT cells may play a significant role in propagating HIV virus in acute
infection, and contribute to the establishment of the elusive viral reservoir where
HIV persists despite therapy. CD4- iNKT cells, however, decline at a slower rate
than CD4+ iNKT cells, suggesting their loss is caused by other factors beyond
direct viral infection per se. It is possible that iNKT cells may die because of
chronic antigen exposure, or they may be lost from the blood due to recruitment
to mucosal sites, as hypothesized for MAIT cell loss.
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The iNKT cells and MAIT cells share many characteristics, such as the ability to
recognize microbial antigen presented by evolutionarily conserved MHC class
I-like molecules, and rapid innate-like effector function. However, this thesis
supports the notions that these two unconventional cells subtypes differ in the
temporal dynamics of their loss, phenotypic changes, and functional alterations
in AHI. Therefore, they likely have differing roles in HIV immunopathogenesis.
For example, there is a brief but significant expansion of MAIT cells (Figure 19),
along with a boost in functionality post- peak VL, and this is not observed in
iNKT cells. This expansion and cytotoxic functionality boost, along with increased
expression of activation and exhaustion markers, may be driven by increasing
microbial burden because of lowered gut integrity found in AHI, and engagement
of the MAIT cell TCR. This is supported by findings that peak MAIT cell function
and activation correlate with levels of the proposed marker of microbial translocation sCD14 (Paper II, Figure 7b). The loss of the important immunomodulatory
CD4+ iNKT cells in the gut during AHI may be a significant contributing factor
behind the increase in microbial translocation at this early time point, driving
immune activation (Paper III, Figure 8). Both iNKT and MAIT cells experience
a loss of functional capacity as chronic HIV infection begins, but the drivers of
functional impairment may be different as well. MAIT cells upregulate check point
inhibitory receptors already at this time point, while iNKT cells do not. It can be
hypothesized that chronic TCR stimulation of MAIT cells drives their exhaustion
and functional decline, as is the case with conventional CD8 T cells which share
a similar exhausted phenotype and functional potential in chronic untreated HIV
infection due to chronic antigen exposure.
The immune system is elegantly collaborative. Its components have unique responsibilities, but at the same time there is redundancy, in order to create an umbrella
of protection in the host against whatever pathogen, and for however long the
pathogen may endure. It is therefore not surprising that T cells have mechanisms of
activation beyond TCR-dependent function to be used in instances where antigenspecific response are exhausted. The expansion and maintenance of an enhanced
innate-like phenotype, function, and transcriptional signature in the MAIT cell
compartment in HIV infection, characterized by expression of the NK-marker
CD56, may benefit the failing immune system in a chronic viral infection. With an
and IL18R on their surface, the maintenance of this directly innate responding
subset of MAIT cells could prove to help fight the virus itself, as has been shown
in other viral infections. However, the exact role of CD56 expressing MAIT cells
in HIV infection has yet to be determined.
Given that harnessing the innate-like functions of T cells may be a way of repurposing T cells towards alternate functions, it stands to reason that an adaptive
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are, in fact, HIV-specific CD8 T cells. However, it is interesting to speculate that
the massive expansion of HIV-specific CD8 T cell clonotypes that exhaust their
ability to be activated via TCR-mediated triggering would upregulate other effector
mechanisms to help combat viral infection. HIV-targeted ADCC, the functionality
efficacy and important for control of viral infections. Therefore, the repurposing
of another cell type, beyond the normally utilized NK cell, to perform ADCC may
benefit the host in an attempt to control viral replication.
Further studies need to be performed to determine if enhanced innate functionality
in conventional CD8 T cells or MAIT cells is beneficial to the host in HIV infection,
or simply a consequence of a chronic viral infection. It has yet to be determined if
iNKT cells also utilize an innate-like effector capacity in chronic HIV infection,
however innate cytokine stimulation of iNKT cells contribute to control in other
viral infections. Together, the findings of this thesis suggest innate-like T cells
may have an important role in HIV immunopathogenesis, or at the very least, are
engaged in HIV infection.

52

6

ACKNOWLEDGEMENTS

First and foremost, thank you to all the clinical trial donors and organizers from
across the globe that were involved in the clinical trials included in this thesis. It
is humbling to consider the generous donations and massive collaborative efforts
that had to occur to facililate the clinical trials included in this thesis. These individuals have allowed me the opportunity to study my innate T cells and I am very
grateful. I hope one day this work may lead to insight towards an HIV vaccine or
therapy to give back to those that gave so much.
Many, many thanks to Johan Sandberg. Thank you for not only agreeing to be
my supervisor but providing excellent mentorship and advice in all things science
and life. You somehow managed to provide incredible guidance from across the
Atlantic Ocean, a feat not many could achieve, and agreed to supervise my PhD
in an unconventional arrangement. I have truly enjoyed getting to know you. I am
inspired by the way you look at scientific data. I am so grateful for the opportunity to be a part of your lab and esteemed university, to develop friendships with
people from across the world, and to a be part of something I think is bigger than
myself. My ability to experience Stockholm and Karolinska in the manner I did
is a once in a lifetime experience that I will truly cherish. I know this is not the
end of our future endeavors.
Overwhelming thanks goes to my co-supervisor Mike Eller. Thank you for strongly
suggesting that I attain my PhD with Johan at KI. You were right as usual; this
was the best experience. I have learned so much from you and your enthusiasm for
science is infectious. You are somehow able to balance work and life in an expert
manner, and are a constant source of knowledge and empowerment. It has been
a real pleasure working for you for the past 7 (!) years and you continue make it
exciting to come to work at MHRP/HJF every day.
To Johan and Mike together. What a pair. There is such a vast amount of knowledge
shared between the two of you and you work incredibly together. Thank you for
being my powerhouse of support. Also, just thank you for the laughs. You both have
taught me science does not have to be stuffy. Thank you for the long days binging
science in Mike’s office, only to be broken up by rants about current events, too
much chocolate, and surprisingly frequent rapping and singing outbursts.
Thank you to HJF/MHRP for all the opportunities they have provided. I would
especially like to thank my colleagues at HJF. A special shout out goes to Margaret
Costanzo and Matt Creegan for being the O.G. members of the Eller group
with me, and for all the scientific input and friendship. Margaret, it was you
who inspired me to go back to school and taught me it is OK to have kids while

53

doing it- I am forever grateful! Thank you to Dominic Paquin-Proulx for being
an invariant T cell and Karolinska buddy, and for all the scientific advice. Thank
you for my officemates Justin and Mayah for all the comradery.
Thank you to all CIMers, especially Joana, Edwin, Caroline, JB, and Tiphaine.
Even though I was essentially a visitor to your lab, whenever I traveled to KI you
made me feel included and welcome. In fact, you went out of your way to do so. It
has been wonderful getting to know each and every one of you.
Thank you to my scientific influencers. Thank you to Jacqueline Curley, my
anatomy and AP Bio teacher in high school. I have never had an educator inspire
me so much and believe in me so immensely. Thank you for demonstrating how
fascinating biology is and continues to be. Thank you to my undergraduate research
advisor Timothy Bloss and my master’s degree advisor Michelle Parent. Dr.
Bloss, my time in your lab motivated the biological research career path I am now
pursuing. I will always cherish nematodes and apoptosis research because of it. Go
Dukes! Dr. Parent, thank you for the opportunity to learn about academic research
and graduate student life as a full time occupation. You exposed me to the wonders
of immunology and I learned at a rapid-fire pace in your lab thanks to your guidance and expertise. I loved my time in Newark and think about it often and fondly.
Thank you to my in-laws, Amma and Papa, for being a constant support network.
Thank you for helping out with my daughter while I took classes and traveled
(torture for you I am sure!), and for believing in me.
Thank you to my parents, and my sister, Shannon. Mom and Dad, thank you for
getting me to this point by showing me unconditional love, providing a happy
childhood, and giving me every opportunity for success. You trust my decisions
even if you might not understand them at first, but have taught me integrity and
hard work can take me far. Thank you for always taking interest in my job and my
never-ending career in school. Thank you for watching my daughter while I travel
and providing luxury accommodations for Hal M. Lal. From taking my phone calls
at all hours of the day when I am traveling, to funny text messages that keep me
smiling and motivated, I could not have done this without you all.
To Varun, my best friend and partner in life. I often say I have the easy part of this
partnership. I get to travel and go to school while you hold down the fort at home.
It was no easy task, and I am so grateful. You never wavered or complained. You
encouraged me in moments when I thought it was too much to handle and have
always been my biggest cheerleader. You are a once in a lifetime, and I love you.
To my little love, my daughter. I cannot believe how lucky I am to be your mom.
Though you may not understand now, you were with me throughout this entire
process, and the motivating force behind it all. I hope it shows you that hard work
and following your passion can lead to great things.
54

7

REFERENCES

1.

M. F. Flajnik, M. Kasahara, Origin and evolution of the adaptive immune
system: genetic events and selective pressures. Nat Rev Genet 11, 47-59
(2010).

2.

K. Buchmann, Evolution of Innate Immunity: Clues from Invertebrates via
Fish to Mammals. Front Immunol 5, 459 (2014).

3.

T. H. Mogensen, Pathogen recognition and inflammatory signaling in innate
immune defenses. Clin Microbiol Rev 22, 240-273, Table of Contents (2009).

4.

T. Kawai, S. Akira, The roles of TLRs, RLRs and NLRs in pathogen recognition. Int Immunol 21, 317-337 (2009).

5.

J. Nikolich-Zugich, M. K. Slifka, I. Messaoudi, The many important facets
of T-cell repertoire diversity. Nat Rev Immunol 4, 123-132 (2004).

6.

R. M. Zinkernagel, P. C. Doherty, Restriction of in vitro T cell-mediated
cytotoxicity in lymphocytic choriomeningitis within a syngeneic or semiallogeneic system. Nature 248, 701-702 (1974).

7.

N. Zhang, M. J. Bevan, CD8(+) T cells: foot soldiers of the immune system.
Immunity 35, 161-168 (2011).

8.

J. M. Curtsinger, C. M. Johnson, M. F. Mescher, CD8 T cell clonal expansion
and development of effector function require prolonged exposure to antigen,
costimulation, and signal 3 cytokine. J Immunol 171, 5165-5171 (2003).

9.

D. Masopust, J. M. Schenkel, The integration of T cell migration, differentiation and function. Nat Rev Immunol 13, 309-320 (2013).

10. I. Voskoboinik, J. C. Whisstock, J. A. Trapani, Perforin and granzymes:
function, dysfunction and human pathology. Nat Rev Immunol 15, 388-400
(2015).
11. Q. Qi et al., Diversity and clonal selection in the human T-cell repertoire.
Proc Natl Acad Sci U S A 111, 13139-13144 (2014).
12. G. Lythe, R. E. Callard, R. L. Hoare, C. Molina-Paris, How many TCR clonotypes does a body maintain? J Theor Biol 389, 214-224 (2016).
13. D. Hamann et al., Phenotypic and functional separation of memory and effector human CD8+ T cells. J Exp Med 186, 1407-1418 (1997).
14. M. F. Bachmann, M. Barner, A. Viola, M. Kopf, Distinct kinetics of cytokine
production and cytolysis in effector and memory T cells after viral infection.
Eur J Immunol 29, 291-299 (1999).

55

15. W. Weninger, N. Manjunath, U. H. von Andrian, Migration and differentiation of CD8+ T cells. Immunol Rev 186, 221-233 (2002).
16. R. S. Akondy et al., Origin and differentiation of human memory CD8 T cells
after vaccination. Nature 552, 362-367 (2017).
17. E. J. Wherry et al., Lineage relationship and protective immunity of memory
CD8 T cell subsets. Nat Immunol 4, 225-234 (2003).
18. L. Lefrancois, A. L. Marzo, The descent of memory T-cell subsets. Nat Rev
Immunol 6, 618-623 (2006).
19. F. Sallusto, D. Lenig, R. Forster, M. Lipp, A. Lanzavecchia, Two subsets of
memory T lymphocytes with distinct homing potentials and effector functions. Nature 401, 708-712 (1999).
20. H. Unsoeld, H. Pircher, Complex memory T-cell phenotypes revealed by
coexpression of CD62L and CCR7. J Virol 79, 4510-4513 (2005).
21. S. L. Reiner, F. Sallusto, A. Lanzavecchia, Division of labor with a workforce
of one: challenges in specifying effector and memory T cell fate. Science 317,
622-625 (2007).
22. S. M. Kaech, R. Ahmed, Memory CD8+ T cell differentiation: initial antigen
encounter triggers a developmental program in naive cells. Nat Immunol 2,
415-422 (2001).
23. M. D. Martin, V. P. Badovinac, Defining Memory CD8 T Cell. Front Immunol
9, 2692 (2018).
24. F. Perdomo-Celis, N. A. Taborda, M. T. Rugeles, CD8(+) T-Cell Response to
HIV Infection in the Era of Antiretroviral Therapy. Front Immunol 10, 1896
(2019).
25. A. Saeidi et al., T-Cell Exhaustion in Chronic Infections: Reversing the State
of Exhaustion and Reinvigorating Optimal Protective Immune Responses.
Front Immunol 9, 2569 (2018).
26. E. J. Wherry et al., Molecular signature of CD8+ T cell exhaustion during
chronic viral infection. Immunity 27, 670-684 (2007).
27. E. J. Wherry, T cell exhaustion. Nat Immunol 12, 492-499 (2011).
28. E. J. Wherry, J. N. Blattman, K. Murali-Krishna, R. van der Most, R. Ahmed,
Viral persistence alters CD8 T-cell immunodominance and tissue distribution
and results in distinct stages of functional impairment. J Virol 77, 4911-4927
(2003).

56

29. M. J. Fuller, A. Khanolkar, A. E. Tebo, A. J. Zajac, Maintenance, loss, and
resurgence of T cell responses during acute, protracted, and chronic viral
infections. J Immunol 172, 4204-4214 (2004).
30. K. J. Mackerness et al., Pronounced virus-dependent activation drives exhaustion but sustains IFN-gamma transcript levels. J Immunol 185, 3643-3651
(2010).
31. G. J. Martinez et al., The transcription factor NFAT promotes exhaustion of
activated CD8(+) T cells. Immunity 42, 265-278 (2015).
32. Y. L. Chiu et al., Sprouty-2 regulates HIV-specific T cell polyfunctionality.
J Clin Invest 124, 198-208 (2014).
33. C. L. Day et al., PD-1 expression on HIV-specific T cells is associated with
T-cell exhaustion and disease progression. Nature 443, 350-354 (2006).
34. E. J. Wherry, M. Kurachi, Molecular and cellular insights into T cell exhaustion. Nat Rev Immunol 15, 486-499 (2015).
35. S. D. Blackburn et al., Coregulation of CD8+ T cell exhaustion by multiple
inhibitory receptors during chronic viral infection. Nat Immunol 10, 29-37
(2009).
36. A. Banerjee et al., Cutting edge: The transcription factor eomesodermin
enables CD8+ T cells to compete for the memory cell niche. J Immunol 185,
4988-4992 (2010).
37. A. M. Intlekofer et al., Requirement for T-bet in the aberrant differentiation
of unhelped memory CD8+ T cells. J Exp Med 204, 2015-2021 (2007).
38. M. Buggert et al., T-bet and Eomes are differentially linked to the exhausted
phenotype of CD8+ T cells in HIV infection. PLoS Pathog 10, e1004251
(2014).
39. H. Luxenburger, C. Neumann-Haefelin, R. Thimme, T. Boettler, HCV-Specific
T Cell Responses During and After Chronic HCV Infection. Viruses 10,
(2018).
40. P. Yong-Wook et al., Mucosal-associated Invariant T cells: A New Player in
Innate Immunity. J Rheum Dis 22, 337-345 (2015).
41. K. Franciszkiewicz et al., MHC class I-related molecule, MR1, and mucosalassociated invariant T cells. Immunol Rev 272, 120-138 (2016).
42. M. Salio, J. D. Silk, E. Y. Jones, V. Cerundolo, Biology of CD1- and MR1restricted T cells. Annu Rev Immunol 32, 323-366 (2014).

57

43. D. I. Godfrey, A. P. Uldrich, J. McCluskey, J. Rossjohn, D. B. Moody, The
burgeoning family of unconventional T cells. Nat Immunol 16, 1114-1123
(2015).
44. M. Dusseaux et al., Human MAIT cells are xenobiotic-resistant, tissuetargeted, CD161hi IL-17-secreting T cells. Blood 117, 1250-1259 (2011).
45. S. Huang et al., MR1 antigen presentation to mucosal-associated invariant
T cells was highly conserved in evolution. Proc Natl Acad Sci U S A 106,
8290-8295 (2009).
46. L. Le Bourhis, Y. K. Mburu, O. Lantz, MAIT cells, surveyors of a new class
of antigen: development and functions. Curr Opin Immunol 25, 174-180
(2013).
47. E. Treiner et al., Selection of evolutionarily conserved mucosal-associated
invariant T cells by MR1. Nature 422, 164-169 (2003).
48. L. Le Bourhis et al., MAIT cells detect and efficiently lyse bacterially-infected
epithelial cells. PLoS Pathog 9, e1003681 (2013).
49. L. Le Bourhis et al., Antimicrobial activity of mucosal-associated invariant
T cells. Nat Immunol 11, 701-708 (2010).
50. A. Gibbs et al., MAIT cells reside in the female genital mucosa and are biased
towards IL-17 and IL-22 production in response to bacterial stimulation.
Mucosal Immunol 10, 35-45 (2017).
51. N. M. Provine, P. Klenerman, MAIT Cells in Health and Disease. Annu Rev
Immunol, (2020).
52. O. Lantz, F. Legoux, MAIT cells: programmed in the thymus to mediate
immunity within tissues. Curr Opin Immunol 58, 75-82 (2019).
53. E. Leeansyah, L. Loh, D. F. Nixon, J. K. Sandberg, Acquisition of innatelike microbial reactivity in mucosal tissues during human fetal MAIT-cell
development. Nat Commun 5, 3143 (2014).
54. G. Ben Youssef et al., Ontogeny of human mucosal-associated invariant
T cells and related T cell subsets. J Exp Med 215, 459-479 (2018).
55. P. Chen et al., Circulating Mucosal-Associated Invariant T Cells in a Large
Cohort of Healthy Chinese Individuals From Newborn to Elderly. Front
Immunol 10, 260 (2019).
56. R. Reantragoon et al., Structural insight into MR1-mediated recognition of
the mucosal associated invariant T cell receptor. J Exp Med 209, 761-774
(2012).

58

57. M. Lepore et al., Parallel T-cell cloning and deep sequencing of human MAIT
cells reveal stable oligoclonal TCRbeta repertoire. Nat Commun 5, 3866
(2014).
58. L. J. Walker et al., Human MAIT and CD8alphaalpha cells develop from a
pool of type-17 precommitted CD8+ T cells. Blood 119, 422-433 (2012).
59. A. Bendelac, P. B. Savage, L. Teyton, The biology of NKT cells. Annu Rev
Immunol 25, 297-336 (2007).
60. S. Porcelli, C. E. Yockey, M. B. Brenner, S. P. Balk, Analysis of T cell antigen
receptor (TCR) expression by human peripheral blood CD4-8- alpha/beta
T cells demonstrates preferential use of several V beta genes and an invariant TCR alpha chain. J Exp Med 178, 1-16 (1993).
61. S. Huang et al., Evidence for MR1 antigen presentation to mucosal-associated
invariant T cells. J Biol Chem 280, 21183-21193 (2005).
62. L. Kjer-Nielsen et al., MR1 presents microbial vitamin B metabolites to
MAIT cells. Nature 491, 717-723 (2012).
63. K. Tsukamoto, J. E. Deakin, J. A. Graves, K. Hashimoto, Exceptionally
high conservation of the MHC class I-related gene, MR1, among mammals.
Immunogenetics 65, 115-124 (2013).
64. T. Takahashi, S. Dejbakhsh-Jones, S. Strober, Expression of CD161 (NKRP1A) defines subsets of human CD4 and CD8 T cells with different functional
activities. J Immunol 176, 211-216 (2006).
65. N. A. Gherardin et al., Human blood MAIT cell subsets defined using MR1
tetramers. Immunol Cell Biol, (2018).
66. M. L. Freeman, S. R. Morris, M. M. Lederman, CD161 Expression on
Mucosa-Associated Invariant T Cells is Reduced in HIV-Infected Subjects
Undergoing Antiretroviral Therapy Who Do Not Recover CD4(+) T Cells.
Pathog Immun 2, 335-351 (2017).
67. A. J. Corbett et al., T-cell activation by transitory neo-antigens derived from
distinct microbial pathways. Nature 509, 361-365 (2014).
68. E. Martin et al., Stepwise development of MAIT cells in mouse and human.
PLoS Biol 7, e54 (2009).
69. S. Gerart et al., Human iNKT and MAIT cells exhibit a PLZF-dependent
proapoptotic propensity that is counterbalanced by XIAP. Blood 121, 614623 (2013).

59

70. R. Reantragoon et al., Antigen-loaded MR1 tetramers define T cell receptor
heterogeneity in mucosal-associated invariant T cells. J Exp Med 210, 23052320 (2013).
71. O. Patel et al., Recognition of vitamin B metabolites by mucosal-associated
invariant T cells. Nat Commun 4, 2142 (2013).
72. Y. Miyazaki, S. Miyake, A. Chiba, O. Lantz, T. Yamamura, Mucosal-associated
invariant T cells regulate Th1 response in multiple sclerosis. Int Immunol 23,
529-535 (2011).
73. C. Cosgrove et al., Early and nonreversible decrease of CD161++ /MAIT
cells in HIV infection. Blood 121, 951-961 (2013).
74. M. Salou et al., A common transcriptomic program acquired in the thymus
defines tissue residency of MAIT and NKT subsets. J Exp Med 216, 133-151
(2019).
75. P. Georgel, M. Radosavljevic, C. Macquin, S. Bahram, The non-conventional
MHC class I MR1 molecule controls infection by Klebsiella pneumoniae in
mice. Mol Immunol 48, 769-775 (2011).
76. A. Meierovics, W. J. Yankelevich, S. C. Cowley, MAIT cells are critical for
optimal mucosal immune responses during in vivo pulmonary bacterial infection. Proc Natl Acad Sci U S A 110, E3119-3128 (2013).
77. W. J. Chua et al., Polyclonal mucosa-associated invariant T cells have unique
innate functions in bacterial infection. Infect Immun 80, 3256-3267 (2012).
78. Y. Cui et al., Mucosal-associated invariant T cell-rich congenic mouse strain
allows functional evaluation. J Clin Invest 125, 4171-4185 (2015).
79. M. C. Gold et al., Human mucosal associated invariant T cells detect bacterially infected cells. PLoS Biol 8, e1000407 (2010).
80. O. Rouxel et al., Cytotoxic and regulatory roles of mucosal-associated invariant T cells in type 1 diabetes. Nat Immunol 18, 1321-1331 (2017).
81. T. S. C. Hinks et al., Activation and In Vivo Evolution of the MAIT Cell
Transcriptome in Mice and Humans Reveals Tissue Repair Functionality.
Cell Rep 28, 3249-3262 e3245 (2019).
82. F. Tilloy et al., An invariant T cell receptor alpha chain defines a novel TAPindependent major histocompatibility complex class Ib-restricted alpha/beta
T cell subpopulation in mammals. J Exp Med 189, 1907-1921 (1999).

60

83. J. Dias, E. Leeansyah, J. K. Sandberg, Multiple layers of heterogeneity and
subset diversity in human MAIT cell responses to distinct microorganisms
and to innate cytokines. Proc Natl Acad Sci U S A 114, E5434-E5443 (2017).
84. E. Leeansyah et al., Arming of MAIT Cell Cytolytic Antimicrobial Activity Is
Induced by IL-7 and Defective in HIV-1 Infection. PLoS Pathog 11, e1005072
(2015).
85. J. Dias et al., The CD4(-)CD8(-) MAIT cell subpopulation is a functionally
distinct subset developmentally related to the main CD8(+) MAIT cell pool.
Proc Natl Acad Sci U S A 115, E11513-E11522 (2018).
86. J. Dias et al., Factors Influencing Functional Heterogeneity in Human MucosaAssociated Invariant T Cells. Front Immunol 9, 1602 (2018).
87. A. Toubal, I. Nel, S. Lotersztajn, A. Lehuen, Mucosal-associated invariant
T cells and disease. Nat Rev Immunol 19, 643-657 (2019).
88. J. E. Ussher, C. B. Willberg, P. Klenerman, MAIT cells and viruses. Immunol
Cell Biol, (2018).
89. M. J. Micallef et al., Interferon-gamma-inducing factor enhances T helper
1 cytokine production by stimulated human T cells: synergism with interleukin-12 for interferon-gamma production. Eur J Immunol 26, 1647-1651
(1996).
90. J. E. Ussher et al., CD161++ CD8+ T cells, including the MAIT cell subset,
are specifically activated by IL-12+IL-18 in a TCR-independent manner. Eur
J Immunol 44, 195-203 (2014).
91. J. P. Hagel et al., Human MAIT Cell Activation In Vitro. Methods Mol Biol
2098, 97-124 (2020).
92. B. van Wilgenburg et al., MAIT cells are activated during human viral infections. Nat Commun 7, 11653 (2016).
93. C. J. Turtle et al., Innate signals overcome acquired TCR signaling pathway
regulation and govern the fate of human CD161(hi) CD8alpha(+) semiinvariant T cells. Blood 118, 2752-2762 (2011).
94. D. Paquin-Proulx et al., MAIT cells are activated in acute Dengue virus infection and after in vitro Zika virus infection. PLoS Negl Trop Dis 12, e0006154
(2018).
95. B. J. B. Beudeker et al., Mucosal-associated invariant T-cell frequency and
function in blood and liver of HCV mono- and HCV/HIV co-infected patients
with advanced fibrosis. Liver Int, (2017).

61

96. M. Spaan et al., Frequencies of Circulating MAIT Cells Are Diminished in
Chronic HCV, HIV and HCV/HIV Co-Infection and Do Not Recover during
Therapy. PLoS One 11, e0159243 (2016).
97. F. J. Bolte et al., Intra-Hepatic Depletion of Mucosal-Associated Invariant
T Cells in Hepatitis C Virus-Induced Liver Inflammation. Gastroenterology
153, 1392-1403 e1392 (2017).
98. L. L. Boeijen et al., Mucosal-Associated Invariant T Cells Are More Activated
in Chronic Hepatitis B, but Not Depleted in Blood: Reversal by Antiviral
Therapy. J Infect Dis 216, 969-976 (2017).
99. D. Paquin-Proulx et al., MAIT cells are reduced in frequency and functionally
impaired in human T lymphotropic virus type 1 infection: Potential clinical
implications. PLoS One 12, e0175345 (2017).
100. B. van Wilgenburg et al., MAIT cells contribute to protection against lethal
influenza infection in vivo. Nat Commun 9, 4706 (2018).
101. S. E. McNerlan, I. M. Rea, H. D. Alexander, T. C. Morris, Changes in natural
killer cells, the CD57CD8 subset, and related cytokines in healthy aging. J
Clin Immunol 18, 31-38 (1998).
102. D. I. Godfrey, H. R. MacDonald, M. Kronenberg, M. J. Smyth, L. Van Kaer,
NKT cells: what’s in a name? Nat Rev Immunol 4, 231-237 (2004).
103. M. M. Venkataswamy, S. A. Porcelli, Lipid and glycolipid antigens of CD1drestricted natural killer T cells. Semin Immunol 22, 68-78 (2010).
104. S. K. Dougan, A. Kaser, R. S. Blumberg, CD1 expression on antigen-presenting
cells. Curr Top Microbiol Immunol 314, 113-141 (2007).
105. B. J. Fowlkes et al., A novel population of T-cell receptor alpha beta-bearing
thymocytes which predominantly expresses a single V beta gene family.
Nature 329, 251-254 (1987).
106. A. Zlotnik, D. I. Godfrey, M. Fischer, T. Suda, Cytokine production by mature
and immature CD4-CD8- T cells. Alpha beta-T cell receptor+ CD4-CD8T cells produce IL-4. J Immunol 149, 1211-1215 (1992).
107. O. Lantz, A. Bendelac, An invariant T cell receptor alpha chain is used by
a unique subset of major histocompatibility complex class I-specific CD4+
and CD4-8- T cells in mice and humans. J Exp Med 180, 1097-1106 (1994).
108. S. Rhost, S. Sedimbi, N. Kadri, S. L. Cardell, Immunomodulatory type II
natural killer T lymphocytes in health and disease. Scand J Immunol 76, 246255 (2012).

62

109. D. Kovalovsky et al., The BTB-zinc finger transcriptional regulator PLZF
controls the development of invariant natural killer T cell effector functions.
Nat Immunol 9, 1055-1064 (2008).
110. A. K. Savage et al., The transcription factor PLZF directs the effector program of the NKT cell lineage. Immunity 29, 391-403 (2008).
111. M. Brigl et al., Conserved and heterogeneous lipid antigen specificities of
CD1d-restricted NKT cell receptors. J Immunol 176, 3625-3634 (2006).
112. S. D. Gadola, N. Dulphy, M. Salio, V. Cerundolo, Valpha24-JalphaQindependent, CD1d-restricted recognition of alpha-galactosylceramide by
human CD4(+) and CD8alphabeta(+) T lymphocytes. J Immunol 168, 55145520 (2002).
113. T. Kawano et al., CD1d-restricted and TCR-mediated activation of valpha14
NKT cells by glycosylceramides. Science 278, 1626-1629 (1997).
114. K. Benlagha, A. Weiss, A. Beavis, L. Teyton, A. Bendelac, In vivo identification of glycolipid antigen-specific T cells using fluorescent CD1d tetramers.
J Exp Med 191, 1895-1903 (2000).
115. D. I. Godfrey, K. J. Hammond, L. D. Poulton, M. J. Smyth, A. G. Baxter,
NKT cells: facts, functions and fallacies. Immunol Today 21, 573-583 (2000).
116. M. A. Exley, M. J. Koziel, To be or not to be NKT: natural killer T cells in
the liver. Hepatology 40, 1033-1040 (2004).
117. Y. Jing et al., Aging is associated with a rapid decline in frequency, alterations in subset composition, and enhanced Th2 response in CD1d-restricted
NKT cells from human peripheral blood. Exp Gerontol 42, 719-732 (2007).
118. S. H. Krovi, L. Gapin, Invariant Natural Killer T Cell Subsets-More Than
Just Developmental Intermediates. Front Immunol 9, 1393 (2018).
119. Y. H. Chiu et al., Multiple defects in antigen presentation and T cell development by mice expressing cytoplasmic tail-truncated CD1d. Nat Immunol 3,
55-60 (2002).
120. B. Gansuvd et al., Phenotypic and functional characterization of long-term
cultured rhesus macaque spleen-derived NKT cells. J Immunol 171, 29042911 (2003).
121. E. A. Bae, H. Seo, I. K. Kim, I. Jeon, C. Y. Kang, Roles of NKT cells in
cancer immunotherapy. Arch Pharm Res 42, 543-548 (2019).
122. J. A. Juno, Y. Keynan, K. R. Fowke, Invariant NKT cells: regulation and
function during viral infection. PLoS Pathog 8, e1002838 (2012).

63

123. K. J. Hammond et al., alpha/beta-T cell receptor (TCR)+CD4-CD8- (NKT)
thymocytes prevent insulin-dependent diabetes mellitus in nonobese diabetic
(NOD)/Lt mice by the influence of interleukin (IL)-4 and/or IL-10. J Exp
Med 187, 1047-1056 (1998).
124. T. Takahashi et al., Cutting edge: analysis of human V alpha 24+CD8+ NK
T cells activated by alpha-galactosylceramide-pulsed monocyte-derived
dendritic cells. J Immunol 168, 3140-3144 (2002).
125. J. E. Gumperz, S. Miyake, T. Yamamura, M. B. Brenner, Functionally distinct
subsets of CD1d-restricted natural killer T cells revealed by CD1d tetramer
staining. J Exp Med 195, 625-636 (2002).
126. P. T. Lee, K. Benlagha, L. Teyton, A. Bendelac, Distinct functional lineages
of human V(alpha)24 natural killer T cells. J Exp Med 195, 637-641 (2002).
127. J. M. Coquet et al., Diverse cytokine production by NKT cell subsets and
identification of an IL-17-producing CD4-NK1.1- NKT cell population. Proc
Natl Acad Sci U S A 105, 11287-11292 (2008).
128. L. Moreira-Teixeira et al., Proinflammatory environment dictates the IL-17producing capacity of human invariant NKT cells. J Immunol 186, 5758-5765
(2011).
129. P. P. Chang et al., Identification of Bcl-6-dependent follicular helper NKT
cells that provide cognate help for B cell responses. Nat Immunol 13, 35-43
(2011).
130. L. S. Metelitsa et al., Human NKT cells mediate antitumor cytotoxicity
directly by recognizing target cell CD1d with bound ligand or indirectly by
producing IL-2 to activate NK cells. J Immunol 167, 3114-3122 (2001).
131. D. Y. Wu, N. H. Segal, S. Sidobre, M. Kronenberg, P. B. Chapman, Crosspresentation of disialoganglioside GD3 to natural killer T cells. J Exp Med
198, 173-181 (2003).
132. D. Zhou et al., Lysosomal glycosphingolipid recognition by NKT cells.
Science 306, 1786-1789 (2004).
133. L. Kain et al., Endogenous ligands of natural killer T cells are alpha-linked
glycosylceramides. Mol Immunol 68, 94-97 (2015).
134. P. J. Brennan et al., Activation of iNKT cells by a distinct constituent of the
endogenous glucosylceramide fraction. Proc Natl Acad Sci U S A 111, 1343313438 (2014).
135. Y. Kinjo et al., Natural killer T cells recognize diacylglycerol antigens from
pathogenic bacteria. Nat Immunol 7, 978-986 (2006).

64

136. Y. Kinjo et al., Recognition of bacterial glycosphingolipids by natural killer
T cells. Nature 434, 520-525 (2005).
137. K. Fischer et al., Mycobacterial phosphatidylinositol mannoside is a natural
antigen for CD1d-restricted T cells. Proc Natl Acad Sci U S A 101, 1068510690 (2004).
138. L. C. Wieland Brown et al., Production of alpha-galactosylceramide by a
prominent member of the human gut microbiota. PLoS Biol 11, e1001610
(2013).
139. H. Kitamura et al., The natural killer T (NKT) cell ligand alpha-galactosylceramide demonstrates its immunopotentiating effect by inducing interleukin
(IL)-12 production by dendritic cells and IL-12 receptor expression on NKT
cells. J Exp Med 189, 1121-1128 (1999).
140. M. C. Leite-De-Moraes et al., A distinct IL-18-induced pathway to fully activate NK T lymphocytes independently from TCR engagement. J Immunol
163, 5871-5876 (1999).
141. M. Brigl, L. Bry, S. C. Kent, J. E. Gumperz, M. B. Brenner, Mechanism of
CD1d-restricted natural killer T cell activation during microbial infection.
Nat Immunol 4, 1230-1237 (2003).
142. P. J. Brennan, M. Brigl, M. B. Brenner, Invariant natural killer T cells: an
innate activation scheme linked to diverse effector functions. Nat Rev Immunol
13, 101-117 (2013).
143. J. Mattner et al., Exogenous and endogenous glycolipid antigens activate
NKT cells during microbial infections. Nature 434, 525-529 (2005).
144. K. Kawakami et al., Monocyte chemoattractant protein-1-dependent increase
of V alpha 14 NKT cells in lungs and their roles in Th1 response and host
defense in cryptococcal infection. J Immunol 167, 6525-6532 (2001).
145. V. Soulard et al., Primary infection of C57BL/6 mice with Plasmodium yoelii
induces a heterogeneous response of NKT cells. Infect Immun 75, 2511-2522
(2007).
146. A. Chiba, C. C. Dascher, G. S. Besra, M. B. Brenner, Rapid NKT cell responses
are self-terminating during the course of microbial infection. J Immunol 181,
2292-2302 (2008).
147. S. Kim et al., Impact of bacteria on the phenotype, functions, and therapeutic
activities of invariant NKT cells in mice. J Clin Invest 118, 2301-2315 (2008).
148. D. I. Godfrey, J. Rossjohn, New ways to turn on NKT cells. J Exp Med 208,
1121-1125 (2011).

65

149. N. A. Nagarajan, M. Kronenberg, Invariant NKT cells amplify the innate
immune response to lipopolysaccharide. J Immunol 178, 2706-2713 (2007).
150. G. Galli et al., Invariant NKT cells sustain specific B cell responses and
memory. Proc Natl Acad Sci U S A 104, 3984-3989 (2007).
151. C. W. Keller, S. Freigang, J. D. Lunemann, Reciprocal Crosstalk between
Dendritic Cells and Natural Killer T Cells: Mechanisms and Therapeutic
Potential. Front Immunol 8, 570 (2017).
152. J. A. Hobbs et al., Selective loss of natural killer T cells by apoptosis following
infection with lymphocytic choriomeningitis virus. J Virol 75, 10746-10754
(2001).
153. H. Ishikawa et al., IFN-gamma production downstream of NKT cell activation in mice infected with influenza virus enhances the cytolytic activities of
both NK cells and viral antigen-specific CD8+ T cells. Virology 407, 325-332
(2010).
154. M. Lucas et al., Frequency and phenotype of circulating Valpha24/Vbeta11
double-positive natural killer T cells during hepatitis C virus infection. J Virol
77, 2251-2257 (2003).
155. T. Deignan et al., Decrease in hepatic CD56(+) T cells and V alpha 24(+)
natural killer T cells in chronic hepatitis C viral infection. J Hepatol 37, 101108 (2002).
156. A. Karadimitris et al., Human CD1d-glycolipid tetramers generated by in
vitro oxidative refolding chromatography. Proc Natl Acad Sci U S A 98,
3294-3298 (2001).
157. H. J. van der Vliet et al., Circulating Valpha24+Vbeta11+ NKT cell numbers
and dendritic cell CD1d expression in hepatitis C virus infected patients. Clin
Immunol 114, 183-189 (2005).
158. M. Inoue et al., Enhanced ability of peripheral invariant natural killer T cells
to produce IL-13 in chronic hepatitis C virus infection. J Hepatol 45, 190-196
(2006).
159. C. De Santo et al., Invariant NKT cells reduce the immunosuppressive activity of influenza A virus-induced myeloid-derived suppressor cells in mice
and humans. J Clin Invest 118, 4036-4048 (2008).
160. W. Yuan, A. Dasgupta, P. Cresswell, Herpes simplex virus evades natural
killer T cell recognition by suppressing CD1d recycling. Nat Immunol 7,
835-842 (2006).

66

161. M. Moll, S. K. Andersson, A. Smed-Sorensen, J. K. Sandberg, Inhibition of
lipid antigen presentation in dendritic cells by HIV-1 Vpu interference with
CD1d recycling from endosomal compartments. Blood 116, 1876-1884 (2010).
162. Y. Belkaid, T. W. Hand, Role of the microbiota in immunity and inflammation. Cell 157, 121-141 (2014).
163. A. M. Mowat, W. W. Agace, Regional specialization within the intestinal
immune system. Nat Rev Immunol 14, 667-685 (2014).
164. S. Khan, S. Telwatte, M. Trapecar, S. Yukl, S. Sanjabi, Differentiating Immune
Cell Targets in Gut-Associated Lymphoid Tissue for HIV Cure. AIDS Res
Hum Retroviruses 33, S40-S58 (2017).
165. T. Korn, E. Bettelli, M. Oukka, V. K. Kuchroo, IL-17 and Th17 Cells. Annu
Rev Immunol 27, 485-517 (2009).
166. G. F. Sonnenberg, L. A. Fouser, D. Artis, Border patrol: regulation of immunity, inflammation and tissue homeostasis at barrier surfaces by IL-22. Nat
Immunol 12, 383-390 (2011).
167. “UNAIDS 2019 Report; AIDS Data,” (2019).
168. A. S. Fauci, H. D. Marston, Ending the HIV-AIDS Pandemic--Follow the
Science. N Engl J Med 373, 2197-2199 (2015).
169. I. R. Grubb et al., Maximizing the benefits of antiretroviral therapy for key
affected populations. J Int AIDS Soc 17, 19320 (2014).
170. A. S. Fauci, An HIV Vaccine Is Essential for Ending the HIV/AIDS Pandemic.
JAMA 318, 1535-1536 (2017).
171. R. Granich et al., Trends in AIDS Deaths, New Infections and ART Coverage
in the Top 30 Countries with the Highest AIDS Mortality Burden; 1990-2013.
PLoS One 10, e0131353 (2015).
172. D. C. Hsu, I. Sereti, J. Ananworanich, Serious Non-AIDS events:
Immunopathogenesis and interventional strategies. AIDS Res Ther 10, 29
(2013).
173. M. S. Cohen, G. M. Shaw, A. J. McMichael, B. F. Haynes, Acute HIV-1
Infection. N Engl J Med 364, 1943-1954 (2011).
174. M. L. Robb, J. Ananworanich, Lessons from acute HIV infection. Curr Opin
HIV AIDS 11, 555-560 (2016).
175. M. L. Robb et al., Prospective Study of Acute HIV-1 Infection in Adults in
East Africa and Thailand. N Engl J Med 374, 2120-2130 (2016).

67

176. J. A. Zack et al., HIV-1 entry into quiescent primary lymphocytes: molecular
analysis reveals a labile, latent viral structure. Cell 61, 213-222 (1990).
177. M. I. Bukrinsky, T. L. Stanwick, M. P. Dempsey, M. Stevenson, Quiescent T
lymphocytes as an inducible virus reservoir in HIV-1 infection. Science 254,
423-427 (1991).
178. Y. Zhou, H. Zhang, J. D. Siliciano, R. F. Siliciano, Kinetics of human immunodeficiency virus type 1 decay following entry into resting CD4+ T cells.
J Virol 79, 2199-2210 (2005).
179. L. Margolis, R. Shattock, Selective transmission of CCR5-utilizing HIV-1:
the ‘gatekeeper’ problem resolved? Nat Rev Microbiol 4, 312-317 (2006).
180. J. P. Moore, S. G. Kitchen, P. Pugach, J. A. Zack, The CCR5 and CXCR4
coreceptors--central to understanding the transmission and pathogenesis of
human immunodeficiency virus type 1 infection. AIDS Res Hum Retroviruses
20, 111-126 (2004).
181. D. A. Eckstein et al., HIV-1 actively replicates in naive CD4(+) T cells residing within human lymphoid tissues. Immunity 15, 671-682 (2001).
182. D. C. Douek et al., HIV preferentially infects HIV-specific CD4+ T cells.
Nature 417, 95-98 (2002).
183. G. Doitsh, W. C. Greene, Dissecting How CD4 T Cells Are Lost During HIV
Infection. Cell Host Microbe 19, 280-291 (2016).
184. G. Doitsh et al., Abortive HIV infection mediates CD4 T cell depletion and
inflammation in human lymphoid tissue. Cell 143, 789-801 (2010).
185. G. Doitsh et al., Cell death by pyroptosis drives CD4 T-cell depletion in
HIV-1 infection. Nature 505, 509-514 (2014).
186. T. H. Finkel et al., Apoptosis occurs predominantly in bystander cells and
not in productively infected cells of HIV- and SIV-infected lymph nodes. Nat
Med 1, 129-134 (1995).
187. T. W. Chun et al., Quantification of latent tissue reservoirs and total body
viral load in HIV-1 infection. Nature 387, 183-188 (1997).
188. D. Finzi et al., Latent infection of CD4+ T cells provides a mechanism for
lifelong persistence of HIV-1, even in patients on effective combination
therapy. Nat Med 5, 512-517 (1999).
189. M. Hermankova et al., Analysis of human immunodeficiency virus type 1
gene expression in latently infected resting CD4+ T lymphocytes in vivo.
J Virol 77, 7383-7392 (2003).

68

190. T. W. Chun et al., Early establishment of a pool of latently infected, resting
CD4(+) T cells during primary HIV-1 infection. Proc Natl Acad Sci U S A
95, 8869-8873 (1998).
191. T. A. Crowell et al., Initiation of antiretroviral therapy before detection of
colonic infiltration by HIV reduces viral reservoirs, inflammation and immune
activation. J Int AIDS Soc 19, 21163 (2016).
192. J. Ananworanich et al., Impact of multi-targeted antiretroviral treatment on
gut T cell depletion and HIV reservoir seeding during acute HIV infection.
PLoS One 7, e33948 (2012).
193. C. Deleage et al., Impact of early cART in the gut during acute HIV infection. JCI Insight 1, (2016).
194. A. T. Haase, Early events in sexual transmission of HIV and SIV and opportunities for interventions. Annu Rev Med 62, 127-139 (2011).
195. A. R. Stacey et al., Induction of a striking systemic cytokine cascade prior
to peak viremia in acute human immunodeficiency virus type 1 infection, in
contrast to more modest and delayed responses in acute hepatitis B and C
virus infections. J Virol 83, 3719-3733 (2009).
196. J. J. Mattapallil et al., Massive infection and loss of memory CD4+ T cells in
multiple tissues during acute SIV infection. Nature 434, 1093-1097 (2005).
197. P. Borrow, H. Lewicki, B. H. Hahn, G. M. Shaw, M. B. Oldstone, Virusspecific CD8+ cytotoxic T-lymphocyte activity associated with control of
viremia in primary human immunodeficiency virus type 1 infection. J Virol
68, 6103-6110 (1994).
198. H. Hatano et al., Evidence for persistent low-level viremia in individuals
who control human immunodeficiency virus in the absence of antiretroviral
therapy. J Virol 83, 329-335 (2009).
199. M. A. Eller et al., Expansion of Inefficient HIV-Specific CD8 T Cells during
Acute Infection. J Virol 90, 4005-4016 (2016).
200. D. R. Collins, G. D. Gaiha, B. D. Walker, CD8(+) T cells in HIV control,
cure and prevention. Nat Rev Immunol, (2020).
201. S. Mehandru et al., Primary HIV-1 infection is associated with preferential
depletion of CD4+ T lymphocytes from effector sites in the gastrointestinal
tract. J Exp Med 200, 761-770 (2004).
202. S. G. Deeks, S. R. Lewin, D. V. Havlir, The end of AIDS: HIV infection as
a chronic disease. Lancet 382, 1525-1533 (2013).

69

203. P. Borrow et al., Antiviral pressure exerted by HIV-1-specific cytotoxic T
lymphocytes (CTLs) during primary infection demonstrated by rapid selection of CTL escape virus. Nat Med 3, 205-211 (1997).
204. A. R. Hersperger et al., Perforin expression directly ex vivo by HIV-specific
CD8 T-cells is a correlate of HIV elite control. PLoS Pathog 6, e1000917
(2010).
205. F. Cocchi et al., Identification of RANTES, MIP-1 alpha, and MIP-1 beta as
the major HIV-suppressive factors produced by CD8+ T cells. Science 270,
1811-1815 (1995).
206. G. Ferrari et al., Relationship between functional profile of HIV-1 specific
CD8 T cells and epitope variability with the selection of escape mutants in
acute HIV-1 infection. PLoS Pathog 7, e1001273 (2011).
207. S. A. Freel et al., Initial HIV-1 antigen-specific CD8+ T cells in acute HIV-1
infection inhibit transmitted/founder virus replication. J Virol 86, 6835-6846
(2012).
208. V. K. Kuchroo, A. C. Anderson, C. Petrovas, Coinhibitory receptors and CD8
T cell exhaustion in chronic infections. Curr Opin HIV AIDS 9, 439-445
(2014).
209. P. W. Hunt et al., T cell activation is associated with lower CD4+ T cell gains
in human immunodeficiency virus-infected patients with sustained viral suppression during antiretroviral therapy. J Infect Dis 187, 1534-1543 (2003).
210. M. Lichterfeld et al., Loss of HIV-1-specific CD8+ T cell proliferation after
acute HIV-1 infection and restoration by vaccine-induced HIV-1-specific
CD4+ T cells. J Exp Med 200, 701-712 (2004).
211. W. Cao, V. Mehraj, D. E. Kaufmann, T. Li, J. P. Routy, Elevation and persistence of CD8 T-cells in HIV infection: the Achilles heel in the ART era.
J Int AIDS Soc 19, 20697 (2016).
212. M. R. Betts et al., Analysis of total human immunodeficiency virus (HIV)specific CD4(+) and CD8(+) T-cell responses: relationship to viral load in
untreated HIV infection. J Virol 75, 11983-11991 (2001).
213. J. M. Doisne et al., CD8+ T cells specific for EBV, cytomegalovirus, and
influenza virus are activated during primary HIV infection. J Immunol 173,
2410-2418 (2004).
214. S. Bastidas et al., CD8+ T cells are activated in an antigen-independent
manner in HIV-infected individuals. J Immunol 192, 1732-1744 (2014).
215. A. Hoffenbach et al., Unusually high frequencies of HIV-specific cytotoxic
T lymphocytes in humans. J Immunol 142, 452-462 (1989).
70

216. H. Streeck et al., Human immunodeficiency virus type 1-specific CD8+ T-cell
responses during primary infection are major determinants of the viral set
point and loss of CD4+ T cells. J Virol 83, 7641-7648 (2009).
217. J. F. Salazar-Gonzalez et al., Genetic identity, biological phenotype, and evolutionary pathways of transmitted/founder viruses in acute and early HIV-1
infection. J Exp Med 206, 1273-1289 (2009).
218. L. Trautmann et al., Upregulation of PD-1 expression on HIV-specific CD8+
T cells leads to reversible immune dysfunction. Nat Med 12, 1198-1202
(2006).
219. C. A. Brennan et al., Early HLA-B*57-restricted CD8+ T lymphocyte
responses predict HIV-1 disease progression. J Virol 86, 10505-10516 (2012).
220. H. I. V. C. S. International et al., The major genetic determinants of HIV-1
control affect HLA class I peptide presentation. Science 330, 1551-1557
(2010).
221. A. R. Hersperger et al., Increased HIV-specific CD8+ T-cell cytotoxic potential in HIV elite controllers is associated with T-bet expression. Blood 117,
3799-3808 (2011).
222. S. A. Migueles et al., Lytic granule loading of CD8+ T cells is required for
HIV-infected cell elimination associated with immune control. Immunity 29,
1009-1021 (2008).
223. S. A. Migueles et al., HIV-specific CD8+ T cell proliferation is coupled to
perforin expression and is maintained in nonprogressors. Nat Immunol 3,
1061-1068 (2002).
224. Z. M. Ndhlovu et al., High-dimensional immunomonitoring models of HIV1-specific CD8 T-cell responses accurately identify subjects achieving spontaneous viral control. Blood 121, 801-811 (2013).
225. A. Peris-Pertusa et al., Evolution of the functional profile of HIV-specific
CD8+ T cells in patients with different progression of HIV infection over
4 years. J Acquir Immune Defic Syndr 55, 29-38 (2010).
226. M. A. Brockman et al., Early selection in Gag by protective HLA alleles
contributes to reduced HIV-1 replication capacity that may be largely compensated for in chronic infection. J Virol 84, 11937-11949 (2010).
227. S. A. Migueles et al., CD8(+) T-cell Cytotoxic Capacity Associated with
Human Immunodeficiency Virus-1 Control Can Be Mediated through Various
Epitopes and Human Leukocyte Antigen Types. EBioMedicine 2, 46-58
(2015).

71

228. J. B. McBrien, N. A. Kumar, G. Silvestri, Mechanisms of CD8(+) T cellmediated suppression of HIV/SIV replication. Eur J Immunol 48, 898-914
(2018).
229. E. J. Wherry, R. Ahmed, Memory CD8 T-cell differentiation during viral
infection. J Virol 78, 5535-5545 (2004).
230. D. G. Bowen, C. M. Walker, Mutational escape from CD8+ T cell immunity:
HCV evolution, from chimpanzees to man. J Exp Med 201, 1709-1714 (2005).
231. M. Daeron, Fc receptor biology. Annu Rev Immunol 15, 203-234 (1997).
232. G. Hashimoto, P. F. Wright, D. T. Karzon, Antibody-dependent cell-mediated
cytotoxicity against influenza virus-infected cells. J Infect Dis 148, 785-794
(1983).
233. J. V. Ravetch, S. Bolland, IgG Fc receptors. Annu Rev Immunol 19, 275-290
(2001).
234. L. L. Lanier, A. M. Le, J. H. Phillips, N. L. Warner, G. F. Babcock, Subpopulations of human natural killer cells defined by expression of the Leu-7
(HNK-1) and Leu-11 (NK-15) antigens. J Immunol 131, 1789-1796 (1983).
235. L. L. Lanier, T. J. Kipps, J. H. Phillips, Functional properties of a unique
subset of cytotoxic CD3+ T lymphocytes that express Fc receptors for IgG
(CD16/Leu-11 antigen). J Exp Med 162, 2089-2106 (1985).
236. D. F. Angelini et al., FcgammaRIII discriminates between 2 subsets of
Vgamma9Vdelta2 effector cells with different responses and activation pathways. Blood 104, 1801-1807 (2004).
237. N. K. Bjorkstrom et al., Elevated numbers of Fc gamma RIIIA+ (CD16+)
effector CD8 T cells with NK cell-like function in chronic hepatitis C virus
infection. J Immunol 181, 4219-4228 (2008).
238. R. Ahmad et al., Evidence for a correlation between antibody-dependent cellular cytotoxicity-mediating anti-HIV-1 antibodies and prognostic predictors
of HIV infection. J Clin Immunol 21, 227-233 (2001).
239. A. J. Hessell et al., Fc receptor but not complement binding is important in
antibody protection against HIV. Nature 449, 101-104 (2007).
240. C. Milligan, B. A. Richardson, G. John-Stewart, R. Nduati, J. Overbaugh,
Passively acquired antibody-dependent cellular cytotoxicity (ADCC) activity in HIV-infected infants is associated with reduced mortality. Cell Host
Microbe 17, 500-506 (2015).

72

241. B. F. Haynes et al., Immune-correlates analysis of an HIV-1 vaccine efficacy
trial. N Engl J Med 366, 1275-1286 (2012).
242. E. Leeansyah et al., Activation, exhaustion, and persistent decline of the antimicrobial MR1-restricted MAIT-cell population in chronic HIV-1 infection.
Blood 121, 1124-1135 (2013).
243. C. Vinton et al., Mucosa-Associated Invariant T Cells Are Systemically
Depleted in Simian Immunodeficiency Virus-Infected Rhesus Macaques.
J Virol 90, 4520-4529 (2016).
244. M. A. M. Huson, M. P. Grobusch, T. van der Poll, The effect of HIV infection on the host response to bacterial sepsis. The Lancet Infectious Diseases
15, 95-108 (2015).
245. K. Buchacz et al., AIDS-defining opportunistic illnesses in US patients,
1994-2007: a cohort study. AIDS 24, 1549-1559 (2010).
246. C. A. Sabin et al., Late presenters in the era of highly active antiretroviral
therapy: uptake of and responses to antiretroviral therapy. AIDS 18, 21452151 (2004).
247. I. Perbost et al., In the era of highly active antiretroviral therapy, why are
HIV-infected patients still admitted to hospital for an inaugural opportunistic
infection? HIV Med 6, 232-239 (2005).
248. E. B. Wong et al., Low levels of peripheral CD161++CD8+ mucosal associated invariant T (MAIT) cells are found in HIV and HIV/TB co-infection.
PLoS One 8, e83474 (2013).
249. L. Greathead et al., CD8+/CD161++ mucosal-associated invariant T-cell
levels in the colon are restored on long-term antiretroviral therapy and correlate with CD8+ T-cell immune activation. AIDS 28, 1690-1692 (2014).
250. C. S. Fernandez et al., MAIT cells are depleted early but retain functional
cytokine expression in HIV infection. Immunol Cell Biol 93, 177-188 (2015).
251. J. A. Juno et al., MAIT Cells Upregulate alpha4beta7 in Response to Acute
Simian Immunodeficiency Virus/Simian HIV Infection but Are Resistant to
Peripheral Depletion in Pigtail Macaques. J Immunol 202, 2105-2120 (2019).
252. C. D’Souza, Z. Chen, A. J. Corbett, Revealing the protective and pathogenic
potential of MAIT cells. Mol Immunol 103, 46-54 (2018).
253. J. K. Sandberg, J. Dias, B. L. Shacklett, E. Leeansyah, Will loss of your
MAITs weaken your HAART [corrected]? AIDS 27, 2501-2504 (2013).

73

254. X. Tang et al., Sustained IFN-I stimulation impairs MAIT cell responses
to bacteria by inducing IL-10 during chronic HIV-1 infection. Sci Adv 6,
eaaz0374 (2020).
255. G. Carcelain, B. Autran, Immune interventions in HIV infection. Immunol
Rev 254, 355-371 (2013).
256. O. Sortino et al., IL-7 treatment supports CD8+ mucosa-associated invariant
T-cell restoration in HIV-1-infected patients on antiretroviral therapy. AIDS
32, 825-828 (2018).
257. A. Motsinger et al., CD1d-restricted human natural killer T cells are highly
susceptible to human immunodeficiency virus 1 infection. J Exp Med 195,
869-879 (2002).
258. J. K. Sandberg et al., Selective loss of innate CD4(+) V alpha 24 natural killer
T cells in human immunodeficiency virus infection. J Virol 76, 7528-7534
(2002).
259. H. J. van der Vliet et al., Selective decrease in circulating V alpha 24+V
beta 11+ NKT cells during HIV type 1 infection. J Immunol 168, 1490-1495
(2002).
260. C. S. Fernandez et al., Peripheral NKT cells in simian immunodeficiency
virus-infected macaques. J Virol 83, 1617-1624 (2009).
261. F. J. Ibarrondo et al., Preferential depletion of gut CD4-expressing iNKT
cells contributes to systemic immune activation in HIV-1 infection. Mucosal
Immunol 6, 591-600 (2013).
262. D. Paquin-Proulx et al., Bacteroides are associated with GALT iNKT cell
function and reduction of microbial translocation in HIV-1 infection. Mucosal
Immunol 10, 69-78 (2017).
263. D. Paquin-Proulx et al., Innate Invariant NKT Cell Recognition of HIV-1Infected Dendritic Cells Is an Early Detection Mechanism Targeted by Viral
Immune Evasion. J Immunol 197, 1843-1851 (2016).
264. Q. Li et al., Peak SIV replication in resting memory CD4+ T cells depletes
gut lamina propria CD4+ T cells. Nature 434, 1148-1152 (2005).
265. D. Favre et al., Tryptophan catabolism by indoleamine 2,3-dioxygenase 1
alters the balance of TH17 to regulatory T cells in HIV disease. Sci Transl
Med 2, 32ra36 (2010).
266. E. A. Mutlu et al., A compositional look at the human gastrointestinal microbiome and immune activation parameters in HIV infected subjects. PLoS
Pathog 10, e1003829 (2014).

74

267. I. Sufiawati, S. M. Tugizov, HIV-associated disruption of tight and adherens
junctions of oral epithelial cells facilitates HSV-1 infection and spread. PLoS
One 9, e88803 (2014).
268. A. Nazli et al., Exposure to HIV-1 directly impairs mucosal epithelial barrier
integrity allowing microbial translocation. PLoS Pathog 6, e1000852 (2010).
269. E. Toschi et al., HIV-1 Tat regulates endothelial cell cycle progression via
activation of the Ras/ERK MAPK signaling pathway. Mol Biol Cell 17, 19851994 (2006).
270. S. Tugizov, Human immunodeficiency virus-associated disruption of mucosal
barriers and its role in HIV transmission and pathogenesis of HIV/AIDS
disease. Tissue Barriers 4, e1159276 (2016).
271. I. Sereti et al., Persistent, Albeit Reduced, Chronic Inflammation in Persons
Starting Antiretroviral Therapy in Acute HIV Infection. Clin Infect Dis 64,
124-131 (2017).
272. J. M. Brenchley et al., Microbial translocation is a cause of systemic immune
activation in chronic HIV infection. Nat Med 12, 1365-1371 (2006).
273. H. C. Lane et al., Abnormalities of B-cell activation and immunoregulation
in patients with the acquired immunodeficiency syndrome. N Engl J Med
309, 453-458 (1983).
274. M. Hellerstein et al., Directly measured kinetics of circulating T lymphocytes
in normal and HIV-1-infected humans. Nat Med 5, 83-89 (1999).
275. H. Valdez, M. M. Lederman, Cytokines and cytokine therapies in HIV infection. AIDS Clin Rev, 187-228 (1997).
276. Z. Grossman, M. B. Feinberg, W. E. Paul, Multiple modes of cellular activation and virus transmission in HIV infection: a role for chronically and latently
infected cells in sustaining viral replication. Proc Natl Acad Sci U S A 95,
6314-6319 (1998).
277. J. D. Estes et al., Damaged intestinal epithelial integrity linked to microbial
translocation in pathogenic simian immunodeficiency virus infections. PLoS
Pathog 6, e1001052 (2010).
278. R. D. Berg, Bacterial translocation from the gastrointestinal tract. Trends
Microbiol 3, 149-154 (1995).
279. J. W. Alexander, L. Gianotti, T. Pyles, M. A. Carey, G. F. Babcock, Distribution
and survival of Escherichia coli translocating from the intestine after thermal
injury. Ann Surg 213, 558-566; discussion 566-557 (1991).

75

280. H. M. Garay-Malpartida et al., Toll-like receptor 4 (TLR4) expression in
human and murine pancreatic beta-cells affects cell viability and insulin
homeostasis. BMC Immunol 12, 18 (2011).
281. S. D. Wright, R. A. Ramos, P. S. Tobias, R. J. Ulevitch, J. C. Mathison, CD14,
a receptor for complexes of lipopolysaccharide (LPS) and LPS binding protein. Science 249, 1431-1433 (1990).
282. H. Rempel, B. Sun, C. Calosing, S. K. Pillai, L. Pulliam, Interferon-alpha
drives monocyte gene expression in chronic unsuppressed HIV-1 infection.
AIDS 24, 1415-1423 (2010).
283. M. M. Pelsers et al., Intestinal-type and liver-type fatty acid-binding protein
in the intestine. Tissue distribution and clinical utility. Clin Biochem 36, 529535 (2003).
284. A. D. Redd et al., C-reactive protein levels increase during HIV-1 disease
progression in Rakai, Uganda, despite the absence of microbial translocation.
J Acquir Immune Defic Syndr 54, 556-559 (2010).
285. M. Liu et al., CXCL10/IP-10 in infectious diseases pathogenesis and potential
therapeutic implications. Cytokine Growth Factor Rev 22, 121-130 (2011).
286. A. Schuetz et al., Initiation of ART during early acute HIV infection preserves
mucosal Th17 function and reverses HIV-related immune activation. PLoS
Pathog 10, e1004543 (2014).
287. N. Kiwanuka et al., Effect of human immunodeficiency virus Type 1 (HIV-1)
subtype on disease progression in persons from Rakai, Uganda, with incident
HIV-1 infection. J Infect Dis 197, 707-713 (2008).
288. M. A. Arroyo et al., Higher HIV-1 incidence and genetic complexity along
main roads in Rakai District, Uganda. J Acquir Immune Defic Syndr 43, 440445 (2006).
289. M. E. Harris et al., Among 46 near full length HIV type 1 genome sequences
from Rakai District, Uganda, subtype D and AD recombinants predominate.
AIDS Res Hum Retroviruses 18, 1281-1290 (2002).
290. R. E. Olemukan et al., Quality monitoring of HIV-1-infected and uninfected
peripheral blood mononuclear cell samples in a resource-limited setting. Clin
Vaccine Immunol 17, 910-918 (2010).
291. R. Heffron et al., Use of hormonal contraceptives and risk of HIV-1 transmission: a prospective cohort study. Lancet Infect Dis 12, 19-26 (2012).
292. A. Dobin et al., STAR: ultrafast universal RNA-seq aligner. Bioinformatics
29, 15-21 (2013).

76

293. B. Li, C. N. Dewey, RSEM: accurate transcript quantification from RNASeq data with or without a reference genome. BMC Bioinformatics 12, 323
(2011).
294. D. Risso, J. Ngai, T. P. Speed, S. Dudoit, Normalization of RNA-seq data
using factor analysis of control genes or samples. Nat Biotechnol 32, 896902 (2014).
295. M. D. Robinson, D. J. McCarthy, G. K. Smyth, edgeR: a Bioconductor
package for differential expression analysis of digital gene expression data.
Bioinformatics 26, 139-140 (2010).
296. A. Subramanian et al., Gene set enrichment analysis: a knowledge-based
approach for interpreting genome-wide expression profiles. Proc Natl Acad
Sci U S A 102, 15545-15550 (2005).
297. J. Pollara et al., High-throughput quantitative analysis of HIV-1 and SIVspecific ADCC-mediating antibody responses. Cytometry A 79, 603-612
(2011).
298. K. G. Lal, E. Leeansyah, J. K. Sandberg, M. A. Eller, OMIP-046: Characterization
of invariant T cell subset activation in humans. Cytometry A, (2018).
299. P. Naluyima et al., Terminal Effector CD8 T Cells Defined by an IKZF2(+)
IL-7R(-) Transcriptional Signature Express FcgammaRIIIA, Expand in HIV
Infection, and Mediate Potent HIV-Specific Antibody-Dependent Cellular
Cytotoxicity. J Immunol 203, 2210-2221 (2019).
300. A. W. Chung et al., Polyfunctional Fc-effector profiles mediated by IgG subclass selection distinguish RV144 and VAX003 vaccines. Sci Transl Med 6,
228ra238 (2014).
301. E. B. Wong et al., TRAV1-2(+) CD8(+) T-cells including oligoconal expansions of MAIT cells are enriched in the airways in human tuberculosis.
Commun Biol 2, 203 (2019).

77

