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Abstract

Elucidating the roles of αβ and γδ T cells in HIV infection
Shivkumar Biradar, PhD
University of Pittsburgh, 2021

Abstract

Untreated HIV infection leads to acquired immunodeficiency syndrome (AIDS) in nearly
all cases [1]. However, a small proportion of HIV-infected individuals, known as long-term nonprogressors (LTNPs), suppress viremia to undetectable levels without antiretroviral treatment [2,
3]. Additionally, while most HIV-infected individuals display defects in T cell frequency and
function, including the γδ T cell subpopulations [4, 5], these parameters are maintained in LTNPs
[6-8]. Although their role in HIV infection is not well-defined, γδ T cells display anti-HIV
properties in vitro [9], and their maintained numbers in LTNPs implies that they may contribute
to HIV control in vivo. An alternate hypothesis for the limited disease progression noted in LTNPs
is based on the infecting HIV strain itself [10, 11], as defects in HIV Nef have been shown to
impact the pathogenic properties of HIV in vitro [12, 13] and are associated with nonprogressive
infection [14, 15]. However, it remains unclear if these reported modifications in HIV Nef and the
preservation of γδ T cell frequency demonstrated in LTNPs are mechanistically interrelated and
associated with in vivo outcomes. Thus, we optimized a robust bone marrow-liver-thymus (BLTS)huMouse (huMouse) model to elucidate the role of Nef and γδ T cells in chronic HIV infection. In
doing so, we demonstrated that preventing Nef dimerization abrogates HIV viremia and associated
immune dysregulation in vivo, suggesting that Nef dimerization may serve as an effective HIV
therapeutic target. To our knowledge, we also demonstrate for the first time that human γδ T cell
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subsets can be successfully reconstituted in a huMouse model, and we show that their in vivo
dynamics during infection recapitulate those observations described in humans during natural HIV
infection, with a particular loss in the Vδ2 subset occurring with wild-type but not Nef-defective
HIV infection. Additionally, we found that replenishing the Vδ2 T cell numbers through adoptive
transfer failed to control HIV infection, but instead exacerbated viremia, with the transferred cells
serving as targets for HIV infection. Importantly, this small animal model provides an effective
and useful platform for in vivo mechanistic studies to explore HIV pathogenesis and HIV
therapeutic strategies.
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1.0 Introduction

1.1 Human immunodeficiency virus (HIV-1)

1.1.1 History and global burden of HIV/AIDS

Human immunodeficiency virus (HIV) was discovered in the early 1980s. The disease was
named acquired immunodeficiency syndrome (AIDS) by the Center for Disease Control and
Prevention. In the early 1980s, two leading scientists Robert Gallo (USA) and Luc Montagnier
(France) separately discovered that AIDS patients may have been infected by a new retrovirus
[16]. Gallo’s group isolated the virus from peripheral blood mononuclear cells (PBMC) of an
AIDS patient. This virus was similar in structure to human T-lymphotropic viruses (HTLVs),
which is why they initially named it HTLV-III [17]. However, Montagnier’s group demonstrated
that viral structural proteins p19 and p24 isolated from a lymphadenopathy patient were indeed
antigenically different to those of HTLV and named it as lymphadenopathy-associated virus [16].
Initially each group gave the virus different name based on the symptoms observed in the infected
patients or similarities to known viruses, however in 1986, a group of scientists suggested the name
HIV-1 and this name was globally accepted.
HIV belongs to Retroviridae family (genus Lentiviridae) and is transmitted by blood
transfusion, vertically (in utero, breast milk), and sexually via the vaginal tract or rectal mucosal
tissues [18]. HIV predominantly infects cells expressing the CD4 receptor, these include CD4+ T
cells, dendritic cells (DC), and macrophages. One of the hallmarks of HIV infection is dramatic
depletion of CD4+ T lymphocytes leading to asymptomatic chronic phase and opportunistic
1

infections in those who are untreated, which ultimately leads to AIDS and death [19-23]. Despite
several decades of research, the development of a successful prophylactic vaccine or cure for HIV
infection remains elusive. The discovery of antiretroviral drugs in the 1990s and implementation
of cART (combined anti-retroviral therapy) in the mid-1990s, has increased the life expectancy
and quality of life of many HIV infected individuals. Despite successful suppression of virus by
cART, HIV remains one of the most fatal infectious diseases worldwide. Currently over 37 million
people living with HIV globally, approximately 1.8 million new infections occur each year, and
one million people die due to HIV/AIDS annually [24].
Cross-species transmission of simian immunodeficiency viruses (SIV) from chimpanzees
and gorillas in West Central Africa resulted in the establishment of HIV-1, the virus strain that
initiated the HIV/AIDS epidemic in humans. Whereas multiple transmissions of SIVs in sooty
mangabeys in West Africa resulted in HIV-2 [25]. Within these HIV types multiple groups of
genetically different HIV have been identified and categorized. Groups A – H have been assigned
for HIV-2 strains, and HIV-1 is divided into groups M, N, O, and P, with some of these groups
being even further categorized into additional subtypes [25]. These groups vary in many ways
including pathogenicity, infectivity, and geographical prevalence [26]. In North America, South
America, Europe, and Australia, HIV-1 group M subtype B is the most common, whereas subtype
C is the most common type identified in Africa and Asia [27]. Although HIV-1 and HIV-2 share
similar mechanisms of infection and pathogenicity, HIV-1 is more infectious and causes more
severe and rapid disease progression compared to HIV-2 strains [28, 29].
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1.1.2 HIV-1 genome

The HIV-1 genome is composed of 9kb single-stranded positive sense RNA. It encodes
fifteen protein flanked on either side by the 5’ and 3’ long terminal repeats (LTR), which help in
viral transcription and insertion of the HIV-1 proviral DNA into the infected host cell genome [30,
31]. Three fundamental genes of HIV-1 are Gag, Pol, and Env, which are translated into structural
and enzymatic proteins. The Gag polyprotein is processed into single protein products such as the
matrix protein (MA), capsid (CA or p24), and nucleocapsid (NC) [32]. Pol gene encodes enzymes
such as viral protease (PR), reverse transcriptase (RT), and integrase (IN), which helps in
processing and maturation of viral proteins, reverse transcription of single-stranded viral RNA into
double-stranded cDNA and insertion of viral cDNA into the host cell genome respectively [3335]. The Env gene expresses the gp160 polyprotein, which is cleaved by the cellular protease Furin
to produce the transmembrane glycoprotein 41 (gp41) and the surface glycoprotein 120 (gp120),
which binds with host cell receptors such as CD4 and CCR5 or CXCR4 and mediates viral binding
and fusion with the host cell membrane [36]. HIV-1 also encodes regulatory proteins such as
transactivator protein (Tat) and the regulator of virion expression protein (Rev). Tat helps in
transcription of integrated viral DNA and enhance the viral replication within infected cells [37].
Rev hijacks the host nuclear export machinery to transport unspliced viral RNA out of the nucleus
and into the cytoplasm [38]. HIV also encodes accessory proteins such as Vif, Vpr, Vpu, and Nef,
which are not essential for viral replication but play and important role in viral pathogenesis, viral
spread and immune escape [39]. Nef protein plays an important role in immune dysregulation and
disease progression and is discussed in the next section.

3

1.1.3 HIV-1 Nef

HIV-1 nef gene encodes a 27 kDa myristoylated Nef non-enzymatic protein, which is one
of the first proteins expressed during the viral life cycle. Nef plays a critical role in HIV
pathogenesis by promoting viral replication and disease progression to AIDS by enabling immune
escape of HIV-infected cells. Individuals infected with Nef-deleted or -defective HIV display
slower progression to AIDS [40, 41], while Nef-deleted SIV has similarly been shown to impair
SIV replication and progression to AIDS in rhesus macaques [42]. Moreover, expression of Nef
alone in CD4+ T cells induce AIDS-like disease in a transgenic mouse model, which suggests that
Nef has a direct role in disease progression [43].

1.1.4 Key functions of Nef

In 1994, it was demonstrated that deletion or disruption of Nef gene severely impairs the
infectivity of HIV [44]. Subsequent studies demonstrated the Nef-mediated enhancement in viral
replication and infectivity across various viral subtypes [45]. Later it was confirmed that
enhancement of infectivity required the myristoylation of Nef, AP-2 association and clathrinmediated endocytosis [46]. However, the underlying mechanism(s) was not still clear. In 2015, the
host cell restriction factor SERINC5 was identified as a critical factor involved in Nef-mediated
infectivity of HIV. SERINC5 is a multipass transmembrane protein expressed on the surface of
HIV-1-infected cells that gets incorporated into the newly produced virions [47-49]. SERINC5
disrupts the fusion of viral particle and host cell membrane through and Env-dependent
mechanism. However, Nef downregulates SERINC5 from the cell membrane through AP-2-
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depedent pathway and thereby prevents its incorporation in the budding virion and aids in
enhancing the infectivity [48].
Another critical function mediated by HIV Nef is the downregulation of MHC-1. MHC-1
is required for loading digested viral peptide antigens for presentation to the effector CD8+ T cells
needed for clearing the infected cells. By downregulating MHC-1 from infected cell surfaces, HIV
escapes the immune recognition and thereby continues to replicate in the host cell. Two different
models have been reported for Nef-mediated MHC-1 downregulation. In the first model, Nef is
recruited by the phosphofurin acidic cluster 2 (PACS-2) adaptor protein to the trans-Golgi
network, where it activates the Src-family kinases such as Hck in macrophages or Lyn in T cells.
Subsequent downstream signaling cascade by the Src-family kinases leads to increase in levels of
membrane phosphatidylinositol (3,4,5)-trisphosphate via phosphoinositide 3-kinase, which causes
activation of the small GTPases Arf1 and Arf6 and endocytosis of cell-surface MHC-I [50, 51].
MHC-1 is further prevented from recycling back to the plasma membrane. In the second model,
Nef associates with endocytic adaptor protein complex 1 (AP-1) and Arf1 and traps newly
synthesized MHC-I within Trans Golgi Network, thereby prevents anterograde trafficking to the
plasma membrane [52]. Proposed sequences of these two models suggest that the first model
occurs earlier during the infection cycle [50, 53].
Nef also downregulate CD4 because as a means to protect the cell from cytotoxic
superinfection. Moreover, it has been shown that interactions between CD4 and Env triggers
antibody-dependent cell-mediated cytotoxicity [50, 54]. Nef engages the S2 subunit of endocytic
adaptor protein complex 2 (AP-2) and cytosolic tail of CD4 and initiates clathrin-mediated

endocytosis of CD4 molecule of HIV infected cells [55, 56]. CD4 downregulation is also induced
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by the HIV-1 accessory protein Vpu, which is expressed later in the viral infection and
downregulates CD4 through a ubiquitination-dependent process [57].
Nef interacts with range of host cell proteins such as Src-family kinases to modulate the
host immune system. Nef preferentially binds to Src-family kinase-Hck and Lyn via SH3 domain,
[58, 59], which displaces the SH-3 domain from its regulatory position resulting in constitutive
activation of these kinases [60, 61]. Studies have demonstrated that knockdown of Hck or
dominant negative Hck mutant reduces the HIV-1 transcription and viral replication in
macrophages [62, 63]. Nef also induces intracellular relocalization of Lck, another Src-family
kinase that plays an important role in T cell activation [64]. However, it is not clear if Nef binds
directly or indirectly to Lck for mediating immune dysregulation.

1.2 HIV-1 replication cycle

HIV-1 begins its infection cycle by binding glycosylated envelope protein (gp120 + gp 41)
to CD4 molecule on the host T cells, monocytes, macrophages, and dendritic cells [65, 66].
Interaction of gp120 and CD4 results in change in configuration of variable loops of gp120 and
that allows binding to chemokine receptors C-C chemokine receptor type 5 (CCR5) or C-X-C
chemokine receptor type 4 (CXCR4) [67, 68]. This conformational change exposes gp41, which
facilitates fusion of the virus and host cell membrane and thereby allows entry of the virus into the
cells [69]. Upon entry, the viral core is destabilized, and uncoating of capsid proteins and reverse
transcription of HIV genome begins simultaneously [70, 71]. Reverse transcriptase converts the
viral single-stranded RNA genome into a double-stranded DNA genome using host cell
deoxynucleoside triphosphates (dNTPs) [72, 73]. Reverse-transcribed viral genetic material is
6

detected within 4 hours of infection, and maximum double stranded viral DNA is detected by 12
hours post infection [74]. Next, newly synthesized viral DNA assembles with the capsid proteins,
integrase, and host cell nuclear import factors to form the pre-integration complex (PIC) that
crosses the nuclear membrane [75, 76]. Next, integrase performs 3’ endonuclease processing of
the viral DNA and nicks the host cell DNA and ligates with the with host DNA [77]. Host DNA
repair enzymes repair the gaps and stabilize the integration of proviral DNA into host genome for
further replication by host cell machinery [78]. Next, host cell transcription factors bind to the 5’
long terminal repeat of HIV-1 to begin transcription of the proviral genome [79]. Tat and Rev are
produced early in the replication cycle. Tat protein binds with transactivation-response (TAR)
region and recruit transcription elongation factor to enhance the transcription of HIV-1 RNA
products [80]. Rev binds to the Rev response element in Env coding region of unspliced viral RNA
and helps in the nuclear export of unspliced products such as gag, gag-pol, env by interacting with
nuclear pore proteins [81, 82]. After translation of viral mRNA, matrix protein, capsid,
nucleocapsid, protease, RT, integrase and envelope proteins assemble with the viral RNA, and
then the assembled viral particles are transported to the cell membrane [83, 84]. Next, viral
structural proteins multimerize in lipid rafts of host cell membrane, and the virions finally release
from the cell by the host endosomal sorting complexes [85].

1.3 HIV-1 pathogenesis

CD4+ T cells are the primary targets of HIV-1, which play an essential role in regulating
the adaptive immune system by interacting with other immune cells and cytokine production. HIV1 binds to receptor CD4 and co-receptor CCR5 and CXCR4 molecule expressed on various immune
7

cells. Although CD4+ T cells are the main targets of HIV-1, it can also productively infect
monocytes/macrophages and dendritic cells by binding to CD4 and DC-SIGN [86-88]. HIV-1
transmission occurs through various routes such as sexual contact, blood transfusion, blood exposure,
vertical transmission from mother to baby. It is observed that <1% of HIV-1 exposure events in the
female or male genital tract led to infection [89], whereas 5-20% of transmission occurs through direct
blood contact (needles or transfusion) [89]. Approximately three weeks post infection, plasma viremia
reaches a peak and then dropped to a viral set-point as the cells of adaptive immune system responds
to limit the virus replication [90]. The period when virus replication is steady and the individual is
asymptomatic is called “clinical latency,” which can last for years. Early signs of HIV-1 infection can
be asymptomatic or manifest as a flu-like symptoms, rashes, and unexplained weight loss within 4
weeks of infection. However, the systemic depletion of CD4+ T cells is a pathogenic hallmark of HIV1 infection [91]. Moreover, immune homeostasis is disrupted as a result of cytotoxic HIV-1 production,
pyroptosis/apoptosis of infected and uninfected cells, and killing of infected cells by CTLs and NK
cells [91-93]. Disruption of gut epithelial barrier caused by HIV-1 infection results in microbial
translocation [94] from gut to other body parts and into the circulation, which further perturbs immune
function and contributes to pathogenicity [95]. HIV-1 infection is also associated with progressive
neurocognitive decline and brain atrophy resulting from inflammation and damage to glial cells [96,
97]. Finally subsequent opportunistic infections due to a weakening immune system and viral
reactivation ultimately leads to the development of AIDS [98].

1.4 HIV-1 and therapeutics

HIV-1 infection is dynamic, and it displays varying rate of disease progression in infected
patients. Based on the rate of progression, people with untreated HIV infection can be divided into
8

three

major

groups: (1) rapid

progressors

(AIDS

developed

within

3

years

of

infection), (2) intermediate progressors, (AIDS developed within a span of 3-10 years after
seroconversion), and (3) long-term non-progressors (LTNP), where normal CD4+, CD8+ T-cell
and δ T cell counts and function are maintained for decades in in the absence of anti-retroviral
therapy [99]. LTNP comprises less than 5% of total HIV-1 infected individuals. With an advent of
new viral load testing technology LTNP can be further classified in two sub-groups, with those
having detectable plasma viremia <5000 HIV-RNA copies/ml defined as LTNP, and individuals
with persistent viral copies below 50 copies/ml being termed elite controllers [100].
In rapid progressors during acute infection, robust viral replication results in peak plasma
viremia mirrored by a dramatic decrease in blood CD4+ T cell and Vδ2 T cell counts [101, 102].
With the advent of anti-retroviral drugs (ARD), viremia is reduced significantly in those infected
undergoing therapy. Currently, there are more than 25 FDA approved ARDs, which target various
viral components such as reverse transcriptase (RT), integrase, and protease to inhibit their
function. The first class of ARD, such as Enfuvirtide and maraviroc, block viral fusion with host
cell by interacting with gp41 and CCR5 respectively [103, 104]. The second class of ARD inhibit
reverse transcriptase, of which there two types that nucleoside reverse transcriptase inhibitors
(NRTIs) and non-nucleoside reverse transcriptase inhibitors (NNRTIs). NRTIs are competitive
inhibitors and they compete with natural dNTPs to be incorporated by RT but they lack 3’ hydroxyl
group necessary for DNA elongation and thereby terminate the viral DNA replication [105]. On
the other hand, NNRTIs are allosteric inhibitors that bind directly to hydrophobic region of RT
known as NNRTI-binding pocket and inhibit its function [106, 107]. A third class of ARD are
integrase inhibitors, which bind directly to the enzyme and prevent viral DNA strand transfer to
host genome [108]. The fourth class of ARD are the protease inhibitors, which bind to the catalytic
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domain of protease to prevent its polyprotein cleavage activity necessary for viral maturation and
infectivity [109]. All of these ARDs can be successfully used in various combinations as an antiretroviral therapy (ART) for people living with HIV. Early ART suppresses viremia, reduces
transmission and mortality [110, 111], and also prevents immune cell depletion and dysregulation.
However, there is a subset of T cells known as γδ T cells, whose frequency and functions are
severely altered in HIV infection, and they fail to recover to normal levels even after years of ART.
In the following section impact of HIV on γδ T cells is discussed in detail.

1.5 γδ T cells

The Unknown Unknowns: Recovering Gamma-Delta T Cells for Control of Human
Immunodeficiency Virus (HIV).
Shivkumar Biradar , Michael T Lotze , Robbie B Mailliard
Viruses. 2020; 12(12):1455.

Although alpha beta T cells have been studied intensively as a current ‘known’ with the
basis of their recognition of processed peptides in the context of MHC molecules understood, far
less attention has been paid to gamma delta T cells, in part because of their relative limited numbers
in the blood and spleen but in particular because they reside primarily in tissues which are less
readily accessible for study. They clearly play a role in infectious diseases, the second leading
cause of death worldwide. The development of vaccines or treatments targeting viral pathogens
with a high mutation rate has been ineffective because of their immune evasion properties.
Conversely, focusing on host factors that regulate disease progression could be very useful. Hence,
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utilizing underappreciated host immune cells such as gamma-delta (γδ) T cells could enable
developing therapies, surmounting the difficulties associated with escape from αβ T cells. They
recognize relatively conserved molecules on the pathogen, recognize stress ligands expressed on
infected cells, and can mount a rapid and effective immune response, including mobilizing other
immune effectors such as myeloid cells. Unconventional T cell, including those bearing γδ TCR,
make up a small proportion of T cells as compared to conventional αβ T cells in humans. They are
widely distributed throughout the body [112] and recognize a variety of self and non-self-antigens
in an MHC independent fashion, producing cytokines and inducing cytotoxicity in target cells
[113]. Their frequency and function are severely altered in the setting of several diseases, including
HIV.

1.6 Development of γδ T cells

γδ T cells are important components of both innate and adaptive immunity. Mechanisms
underlying their expansion and regulation following development and selection in the thymus
remain largely unknown. Both αβ and γδ T cells originate during fetal development from a
common CD4- CD8- (double negative; DN) progenitor cell in the thymus [114]. Based on their
stage of development and expression of CD44 and CD25, DN cells can be further divided into four
subsets: DN1 (CD44+ CD25-), DN2 (CD44+ CD25+), DN3 (CD44- CD25+), and DN4 (CD44CD25-) [115]. At the DN2 stage TCR δ, TCR γ, and TCR β loci undergo rearrangement [116] and
at DN3 stage cells those undergoing productive β selection rearrange with a pre-TCR α chain to
mature into double-positive cells (CD4+ and CD8+), giving rise to conventional αβ T cells
following secondary rearrangement of the TCR α chain. γδ TCR rearrangement precedes β
11

selection. β selection does not operate in γδ T-cell development [117]. Since TCR α and TCR δ
are interleaved within the same locus, their expression is mutually exclusive [118]. Hence, at the
stage of β selection, DN thymocytes must express either pre-TCR α or γδ TCR to mature into a
distinct T-cell lineage. Furthermore, the downregulation of expression of CD73 and CD24 on DN
T cells determines the final fate of the γδ lineage [119]. TCR signaling is stronger downstream of
the γδ TCR than the pre-TCR, driving γδ TCR progenitors into γδ T-cell lineage [120]. γδ T cell
development from CD34+ hematopoietic progenitor is depicted in figure 1. Unlike αβ T cells,
which are dependent on the thymus for their development, γδ T cells can be developed in

Figure 1. An overview of γδ T cell development.
The diagram illustrates the differentiation and development of mouse γδ T cells from thymic progenitor cells. First,
(CD4neg and CD8neg) double-negative 1 (DN1) progenitor cells with CD44posCD25neg phenotype differentiate to
the CD44posCD25pos DN2 stage. At the DN2 stage the β-, γ-and δ-chains of the T cell receptor (TCR) are rearranged.
Expression of the γδ -TCR and strong γδ TCR downstream signaling drives cells into the γδ -T cell lineage, supported
by the expression of SRY-box 13 (SOX13), an HMG family protein, binding to TCF7/TCF1. Rearrangement of γδ
TCR precedes β selection, whereas DN3 cells which fail to produce functional γδ _TCR undergo β-selection and
rearrange with pre-TCR α chain to mature into double positive cells (CD4+ and CD8+) and give rise to αβ T cells.
Furthermore, in the presence of strong γδ TCR activating signals they differentiate into IFN-γ (SOX13 is
downregulated) producing cells whereas in weaker γδ TCR activating signals, SOX13 expression is maintained, and
cells differentiate into IL-17 producing γδ cells.
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extrathymic sites such as the fetal liver and gut epithelium during the 6–8-week period of gestation
[121]. Although there is a partial overlap of thymic and extrathymic repertoires early in
development, they diverge and become non-overlapping during the second trimester [122]. In
humans, there are only a few Vγ and Vδ germline genes (Vγ 2,3,4,5,8,9 and Vδ 1,2,3,4,6,7,8)
among which rearrangement takes place [123]. It is believed that pairing of Vγ and Vδ genes is
not random because in neonates and adults, a majority of Vδ2 variable genes rearrange with the
Vγ9 gene and are pre-programmed to recognize phosphoantigens (pAgs) from birth, providing a
level of innate immunity. Rearrangement of Vγ9 and δ2 variable (V) gene segments proceeds in
the fetal liver as early as five weeks of gestation, and by 20-30 weeks of gestation they dominate
the γδ repertoire. Later, Vδ1+ T cells increase within the cord blood and thymus [124, 125].
Postnatal exposure to microbes causes a dramatic increase in Vγ9Vδ2 T cells, which become the
predominant γδ T-cell population in the peripheral blood [126]. Interestingly, the Vδ2 chain can
also rearrange with other γ chains besides Vγ9 and circulate in the blood as naïve T cells and
differentiate into effector T cells upon antigen specific encounter[127]. Although the distinct
antigens recognized by the Vγ9negVδ2 T cells have yet to be characterized, they do respond to
non-pAgs such as CMV and contribute to adaptive immunity [128, 129].

1.7 Structural and functional subsets of γδ T cells

Based on TCR δ chain usage, human γδ T cells can be categorized into three major subsets:
Vδ1, Vδ2, and Vδ3 T cells. Vδ1 T cells constitute less than 30% of total γδ T cells in the peripheral
blood, but they are the predominant population in tissues, including the dermis, spleen, liver, gut
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epithelia, lung, and other mucosal sites [130]. Vδ1 T cells maintain epithelial tissue integrity, and
function through recognition of the stress-inducible ligands MICA and MICB expressed by
transformed and virus-infected cells, and self-glycolipids presented by CD1c/d molecules [131].
Vγ9Vδ2 T cells circulating in the peripheral blood and lymphatics recognize phosphoantigens
produced by various microbes and transformed host cells in an MHC non-dependent fashion [113].
The third subtype of γδ T-cells, the Vδ3 T cells, comprise approximately 0.6% of peripheral blood
T lymphocytes and are also found in the liver and gut [132, 133]. Although there are no known
specific antigens identified for Vδ3 T cells, they can function through cognate interactions with
HLA-A2 and CD1d [134], another β2 macroglobulin containing MHC-like molecule, primarily
presenting lipid moieties. Vδ3 T cells are expanded in peripheral blood of renal and stem cell
transplant recipients with cytomegalovirus reactivation [135], and B-cell chronic lymphocytic
leukemia [136]. Similar to Vδ2 T cells, Vδ3 T cells can also act as a bridge linking innate and
adaptive immunity through their capacity to modulate B-cell and dendritic cell (DC) maturation
[137, 138]. Furthermore, Vδ4, Vδ6, Vδ7, and Vδ8 T cells have been detected in the peripheral
blood of lymphoma patients, but their chain pairing and activation remains unclear [139], serving
as distinct minorities of γδ T cells.
γδ T cells can also be categorized into different subgroups based on their functional
characteristics, which include the Th1-like IFN-γ producing subset, the IL-17 producing cells, and
those which function as regulatory γδ T cells. Human peripheral blood γδ T cells activated with
IPP can be differentiated into Th1-like cells by culturing them in the presence of recombinant IL12 and anti-IL-4 blocking antibody [140]. Whereas culturing γδ T cells in the presence of
recombinant IL-4 and anti-IL-12 blocking antibody differentiates them into Th2-like cells,
mediating immune responses that are particularly effective against extracellular pathogens [140].
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1.8 Ligand recognition by γδ T cells

Although γδ TCRs are less diverse than αβ TCRs, they recognize a plethora of molecules
such as non-peptidic metabolites of isoprenoid biosynthesis, stress molecules (MICA and MICB),
heat-shock proteins, etc. [141]. Recognition of these molecules allows them to respond to many
microbial components as well as transformed and infected host cells by inducing direct
cytotoxicity and rapid secretion of inflammatory chemokines and cytokines [142]. Each of these
ligands recognized by γδ T cells is explored in detail below.

1.8.1 Phosphoantigens

The breadth and variety of antigens γδ T cells are specifically capable of recognizing have
yet to be completely defined. However, their capacity to recognize non-peptidic antigens has been
studied in great depth. The predominant circulating Vγ9δ2 T cells, which contribute to 90-95% of
the total γδ T cells in human peripheral blood, recognize phosphorylated isoprenoid precursors,
collectively called phosphoantigens (pAg) [143]. The most studied pAg in prokaryotes is HMBPP,
an intermediate of the 2-C-methyl-d-erythritol 4-phosphate (MEP) pathway, and in eukaryotes
isopentenyl pyrophosphate (IPP), intermediate of the mevalonate pathway [143]. Besides
microbial activation of γδ T cells, pAg that accumulates in transformed cells can also trigger γδ T
cell activation [144]. In contrast to αβ T cells, which recognize peptide antigens presented on MHC
molecule, γδ T cells recognize pAg in the context of members of the immunoglobulin superfamily
members butyrophilin 2A1 and 3A1 (BTN2A1 and BTN3A1). Thus, butyrophilin mediated
interaction activates the signaling of the γ9δ2 TCR. Specifically, BTN2A1 binds the Vγ9+ domain
of the TCR, whereas BTN3A1, binds the Vδ2 and γ-chain regions on the opposite side of the TCR
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to mediate signaling [145]. This new understanding of BTN and the γδ TCR signaling pathway
may facilitate development of future γδ T-cell–based immunotherapies. Interestingly, the pAg is
thought to bind within the cytosolic portion of the butyrophilins, promoting allosteric changes
[146].

1.8.2 MHC-like ligands

γδ T cells recognize cellular stress proteins and pathogen-associated molecules (Fig. 2)
through their expression of several common natural killer (NK) cell receptors, including NKp30,
NKp44,

Figure 2. Ligand recognition by gamma delta (γδ) T cells.
γδ T cells provide a wide range of immunologic functions, recognizing a diverse array of self- and non-self-ligands
through their expression of various signaling receptors (depicted in the figure). Abbreviations: HMBPP: (E)-4Hydroxy-3-methyl-but-2-enyl pyrophosphate, IPP: Isopentenyl pyrophosphate, BTN2A1: Butyrophilin 2A1, ADCC:
Antibody-dependent cell-mediated cytotoxicity, TLR: Toll-like receptor, PD1: Programmed cell death protein 1,
MICA/B: MHC class I chain-related protein A/B, ULBP- UL16 binding protein, NKG2D: Natural killer group 2D.

NKp46, and the C-type lectin-like receptors NKG2D, NKG2A, and NKG2C. Specifically, Vδ1 T
cells recognize the MHC-like molecules CD1a, b, c, and d that present lipid Ags (glycolipids and
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certain microbial lipids) and are primarily expressed on professional Ag presenting cells [147].
Tissue resident Vδ1 T cells demonstrate reactivity to these ligands by producing several effector
proteins, including IFN-γ and granulysin. γδ T cells also maintain epithelial tissue integrity by
recognizing stress-induced MHC class I-related molecules MICA and MICB in an MHC
independent fashion [148].

1.8.3 Other cell surface and soluble proteins

Besides phosphoantigens, γδ T cells also recognize the mitochondrial F1/F0-ATPaserelated structure expressed on the Burkitt’s lymphoma cell line Daudi [149]. Several bacterial
proteins can elicit γδ T cells responses, including staphylococcal enterotoxin A [150], toxin
listeriosis O [151], tetanus toxoid from Clostridium tetani [152], and ESAT-6, the highly virulent
and immunogenic protein of Mycobacterium tuberculosis (Mtb) [153].
γδ T cells can also express co-stimulatory molecules such as tumor necrosis factor (TNF)
receptor family molecules including CD27, CD30, CD137, and inhibitory factors such as CD279
(PD-1), regulate innate and adaptive immune responses [154, 155]. Moreover, Vδ2 T cells express
CD16 (Fcγ receptor), which facilitates their antibody-mediated cellular cytotoxicity (ADCC)
activity [156, 157].

1.9 γδ T cell interaction with other immune cells

In addition to γδ T cells ability to recognize microbial and cellular stress ligands to carry
out their direct effector functions, these cells play an integral role in the immune system in part
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through their extensive crosstalk and intercellular communication activities with other immune
cells (Fig. 3).

1.9.1 γδ and B cells

The ability of γδ T cells to produce a wide range of cytokines and chemokines aids in their
interaction with a wide variety of immune cells. One such chemokine produced by activated γδ T
cells is the CXC-chemokine ligand 13 (CXCL13), which facilitates B-cell arrangement in the
germinal centers of lymphoid tissue [158]. While αβ T cells are important for germinal center
formation and B cell production of immunoglobulins (Ig’s), mice deficient in TCR𝛼 efficiently
develop normal lymph node germinal centers and maintain the capacity to produce
immunoglobulins (Ig’s) [159]. This study suggests that in the absence of αβ T cells, γδ T cells may
play a role in providing help to support B cell function [159]. In vitro studies have demonstrated
that γδ T-cells in the presence of IL-4 can induce B-cell activation, Ig isotype switching, and
secretion of IgE [160]. Co-culturing Vδ3 T cells and B cells results in B-cell maturation,
characterized by upregulation of CD40, CD86, and HLA-DR surface expression on both cell types
[137]. This suggests that similar to Vδ2 T cells, Vδ3 T cells can induce B cell maturation and
differentiation into functional APC capable of activating conventional T cells [161]. Thus, γδ T
cells play a critical role in promoting B-cell maturation antigen presentation, and antibody
production, thus contributing to humoral immunity [162].
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1.9.2 γδ and dendritic cells

γδ T cells interact with DC to induce maturation in vitro [163], characterized by the
upregulation of MHC molecule and co-stimulatory molecules such as HLA-DR, CD86, and CD83
on DCs. DC maturation is contact independent and predominantly driven by TNF-α secreted from
activated γδ T cells. Phosphoantigen mediated activation of γδ T cells induces IL-12p70
production by DC, which in turn is critical for driving the differentiation of naïve αβ T cells into
IFN-γ producing effector cells [163, 164]. Besides Vδ2 T cells, Vδ1 T cells can also induce DC
maturation. Tissue resident Vδ1 T cells, interacting with CD1a, b, and c molecules expressed on
immature DCs, promotes DC maturation [165]. Early during microbial infection, when there is no
apparent microbe specific CD8 T cells, these Vδ1 T cells can induce maturation of DCs and
enhance their ability to present antigen to naïve CD4 T cells. γδ T cells produce a large quantity
of IFN- γ early during TB infection, which help DCs prime CD8 T cells, generating protection
against TB infection [166]. Recent studies suggest that human Vδ3 T cells are also capable of
inducing maturation of DC into cytokine-producing APC [161]. Thus, γδ T cells are a bridge
between innate and adaptive immunity, and their unique properties can be potentially used for
immunotherapeutic purposes.

1.9.3 γδ and monocyte/macrophages

Monocytes and γδ T cells, are rapidly recruited to the sites of infection or inflammation,
and they affect each other’s ability to effectively eliminate infected cells [167] [168]. Microbe
activated Vγ9Vδ2 T cells can differentiate monocytes into inflammatory DCs, which in turn
display effector function such as antigen presentation and inflammatory cytokine production [167].
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Increased cytotoxic activity of γδ T cells is noted when they are incubated with M. tuberculosis
(Mtb)-infected monocytes [168]. Besides monocytes, macrophages and γδ T cells also regulate
each other’s function. Macrophages infected with Mtb release chemokines to efficiently
recruit γδ T cells and regulate their function [169]. PAg-expanded γδ T cells kill human or avian
influenza virus-infected macrophages, promoting viral clearance [170]. The terminal effector
memory cell following malaria infection is an M-CSF producing γδ T cell [171]. Thus, γδ T cells
play a crucial role in regulating macrophage function to promote control and elimination of
microbes.

1.9.4 γδ and NK cells

NK cells crosstalk with γδ T cells to modulate and regulate the adaptive immune response
[172-174]. Provision of Zoledronic acid (ZA) activates γδ T cells that in turn interact with NK
cells via CD137, resulting in the upregulation of the cytotoxic receptor NKG2D on NK cells,
enhancing their capacity to recognize and kill tumors that are usually resistant to NK cytolysis
[175]. In Listeria monocytogenes-infected mice, γδ T cells produce IFN-γ early during the
infection, aiding in the NK cell’s capacity to mount effective innate immune responses against the
intracellular pathogen [176]. Thus, it is now accepted that γδ T cells play an essential role in
regulating NK cell-mediated immunity and that the absence of or dysfunction of γδ T cells may
impair NK cell activation and function [177].
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Figure 3. Crosstalk of γδ T cells with innate and adaptive immune cells.
DC: Activated γδ T cells secrete IFN-γ and TNF-α, which promotes upregulation of CD86 and MHC class I molecules
on DC and provide help to increase IL-12 secretion by DC. B cell: γδ T cells secretes IL-4, IL-10 and CXCL13, and
provides help to B cell for antibody production. Neutrophil: γδ T cells secretes IL-17A and CXCL8, which recruit
neutrophils to the site of inflammation. NK cell: γδ T cells provide costimulatory signal (CD137-CD137L interaction)
to NK cells and promotes upregulation of activation markers on NK cells which facilitates antitumor activity of NK
cells. αβ T cell: activated γδ T cells can process soluble antigens and present them in the context of both MHC class I
and Class II to naïve CD8+ and CD4+ αβ T cells respectively, to drive their maturation, proliferation, and
differentiation. Tumor cell: γδ T cells can provide immunosurveillance and induce cytotoxicity in tumor cells.

1.10 γδ T cells as antigen presenting cells

Besides producing cytokines and having cytotoxic potential, human γδ T cells can also
function as professional antigen-presenting cells [178]. While Vγ9Vδ2 T cells predominantly
circulate in peripheral blood, following their activation, they can express MHC class I and class II
molecules, the co-stimulatory molecules CD80 and CD86, and the lymph node homing
CC-chemokine receptor 7 (CCR7) [178]. Furthermore, activated human γδ T cells can take up and
process soluble antigens [179] [180], and present them in the context of both MHC class I and
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Class II to naïve CD8+ and CD4+ αβ T cells respectively, to drive their maturation, proliferation,
and differentiation [178]. Although precise mechanisms of antigen uptake is not very well studied,
Seino et al have demonstrated that activated γδ T cells phagocytose apoptotic or live cancer cells
and tumor antigens possibly through the scavenger receptor CD36 in a C/EBPα
(CCAAT/enhancer-binding protein α)-dependent mechanism and mount a tumor antigen-specific
CD8+ T-cell response [181]. This fact highlights their therapeutic potential to initiate antigenspecific adaptive responses against various pathogens.

1.11 Impact of HIV on γδ T cells

1.11.1 HIV-specific destruction of phosphoantigen responsive γδ2 T cells

In healthy individuals, Vγ9Vδ2 T cells contribute to 90-95% of the total γδ population in
the peripheral blood, and the remaining 5-10% are Vδ2neg such as Vδ1 and Vδ3s [182]. In HIVinfected individuals, Vγ9Vδ2 T cells are drastically depleted and Vδ2: Vδ1 ratio is inverted in
peripheral blood [182]. Interestingly Vδ2 cell depletion occurs very early during the infection and
correlates with viral load and CD4 depletion [183]. HIV preferentially depletes phosphoantigen
responsive Vδ2 cells with Vγ9-Jγ1.2 TCR rearrangement [184]. Although the precise mechanism
of depletion of Vδ2 cells in HIV-infected individual is not understood, some studies indicate that
α4β7 and CCR5 receptors form a complex on Vδ2 cell which facilitate the V3 loop of HIV gp120
to bind to CCR5 in the absence of expression of the CD4 co-receptor. This interaction leads to p38
kinase activation and induces apoptosis in these cells [185]. Also, HIV infection leads to loss of
Th17 CD4 cells, which regulate epithelial barrier integrity in the gut [186]. Depletion results in
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dysregulation of mucosal immunity and allows microbial translocation into the circulation,
resulting in systemic immune activation [94] and expansion of Vδ1 cell in viremic patients [187].
Moreover, the Vδ2 subset from HIV-infected individuals fail to proliferate or produce cytokine in
response to mycobacterial infection in vitro, suggesting that Vδ2 cells are functionally inactive
[4]. This functional anergy in residual Vδ2 cells mediates their less responsive phenotype to
phosphoantigens as well as recognition and lysis of Daudi cells [188].

1.11.2 Impact of γδ T-cell perturbations on immune control of HIV

Much of the impact of γδ T cells on immune function in health and disease is mediated
through their bi-directional cross-talk with other immune cells [177]. In healthy individuals
activated γδ T cells induce the maturation and differentiation of DCs and B cells into functional
APC, but in HIV-infected individuals, this immunomodulatory capacity of γδ T cells is
compromised [189]. Typically, upon activation Vγ9Vδ2 T cells can drive the upregulation of
CD80, CD86, HLA-DR, and CD40 surface expression on APCs, enhancing their capacity to
induce primary αβ T-cell responses [178]. HIV infection alters the ability of APC to process and
present antigen, inhibiting the ability of Vγ9Vδ2 T cells to effectively interact with and positively
impact the phenotype and function of APC [189].
Activated γδ T cells can also act as APC. Impairment of γδ T cells in HIV infection may
impact their ability to present antigen and induce a primary response in αβ T-cell [190]. Activated
γδ T cells produce large quantities of chemokines including macrophage inflammatory protein
(MIP)-1α/CCL3, MIP-1β/CCL4, and CCL5/RANTES which bind to CCR5, a coreceptor for HIV,
blocking HIV infection of target cells. Again, alteration of γδ T cells in HIV infection may lead to
reduced protection against new infection of target cells. Vδ2 T cells cultured in the presence of
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HMBPP and IL-21 express B-cell-attracting chemokine CXCL13, and the CXCL13 receptor
CXCR5. This promotes B-cell somatic mutation, productive rearrangement, and maturation in the
germinal center thereby promoting antibody production by B cells [191-193]. Due to the loss of
γδ T cells in HIV infected individuals, it is likely that these crucial helper functions will also be
compromised.
Numerous studies demonstrate the protective role of γδ T cells in controlling HIV
replication and inducing cytotoxicity in HIV infected cells [170, 194, 195]. However, γδ T cells
can also contribute to negative outcomes in HIV infection. γδ T cells express high levels of the
inhibitory receptor TIGIT in aviremic HIV-infected individuals. They are the primary
inflammatory driver in ART-suppressed HIV infection and contribute to age-associated morbidity
and mortality [196]. Alveolar immune cell homeostasis is disrupted in HIV-infected adults by
increasing infiltration of γδ T cells along with other immune cells in broncho-alveolar lavage fluid,
enhancing the susceptibility of these individuals to lower respiratory tract infections [197].

1.12 Impact of ART on γδ T cells in HIV infection

Although ART is very effective in restoring CD4 counts and suppressing the virus below
detectable levels, it fails to fully restore standard frequencies of Vδ2 T cells in HIV-infected
individuals [182]. Long term ART treatment partially restored the Jγ1.2 repertoire of the Vδ2
subset [184]. These Vδ2 cells are highly activated [198] but are functionally compromised,
including diminished cytokine production, cytotoxicity, and proliferation [199]. At the same time,
expanded Vδ1 levels remain stable and produce proinflammatory cytokine during ART treatment
in peripheral blood and mucosal sites and express the exhaustion molecule, CD279 (PD-1) [200].
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Table 1. HIV immunotherapy studies using Vδ2 T cells
Treatment

Participant
status

Result

Reference

Adoptive transfer of
zol + IL-2 expanded
PBMCs

HIV infected
huMice

No impact of Vδ2 T cell on CD4+
depletion or plasma viremia

[201]

HMBPP + IL-2
injected in Macaque

SHIV- infected
Macaque

Expansion and activation of Vδ2 T
cell. Increase in Env specific antibody
but no impact on viral load during
chronic infection.

[202]

Pamidronate + IL-2
expanded PBMCs

Human
HIV+ ART

Inhibition of HIV replication in vitro.
PAM expanded Vδ2 T cell suppress
p24 production by CD4+ T cells in the
presence of vorinostat.

[203]

Ex vivo Vδ2 T cells

Human
HIV+ ART

Ex vivo IPP + IL-18

Human
HIV+ ART

CD16 activation on Vδ2 T cells from
HIV-ART treated individuals induced
ADCC in target cells in vitro.
IL-18 stimulation improves IPP
induced Vδ2 activation, proliferation
and degranulation in HIV infected
individuals

[204]

[205]

Whether ART has an impact on reducing the Vδ1 number, and activation is not clearly
understood. Studies suggest that loss of Vδ2 cells in viral controllers is significantly lower than
untreated or ART-treated individuals, and γδ17 cells are highly preserved. This preserved γδ
population may be responsible for preventing the microbial translocation and controlling the
chronic systemic immune activation [6, 206].

1.13 HIV reservoirs

Even though ART suppresses HIV replication significantly, the viral genome remains
transcriptionally silent in host chromatin, representing a major challenge towards efforts to
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eradicate infection [207]. To eradicate the virus, it is essential to identify and understand various
host cells that can harbor the integrated HIV genome for prolonged periods. Resting memory
CD4+ T lymphocytes are considered the major reservoir site for HIV [208]. Recent studies
demonstrate that other cell types can also harbor latent HIV including γδ T cells [209]. Replicationcompetent HIV can be obtained from highly purified Vδ2 T cells of ART treated HIV patients.
Interestingly, this study has identified a previously unrecognized Vδ2 reservoir in which latent
HIV infection is unexpectedly frequent [210]. Although precise mechanism is not known, γδ T
cells could be infected by the CXCR4-tropic laboratory clone HIVLAI.

[188]. Possible

mechanisms of infection includes binding of HIV envelope glycoprotein to CCR5/α4β7 receptor
on Vδ2 T cells and establishes infection in the absence of expression of the CD4 receptor, the
natural receptor for HIV infection [185]. HIV induced immune activation causes CD4 receptor
upregulation on γδ T cells, making them susceptible to HIV infection [210].
B-cell follicles are the other major source of latent HIV reservoirs. Specifically, in B-cell
follicles, T-follicular helper and T-follicular regulatory cells are significantly more permissive to
HIV infection and persistence. Furthermore, extracellular HIV virions accumulated on the surface
of follicular dendritic cells in germinal centers and thus are also a major source of virus. Although
activated γδ T cells with cytotoxic properties can traffic to secondary lymphoid organs, their role
in clearing HIV reservoirs in B-cell follicles is not clearly understood [211]. There are contrasting
views about the integration of HIV DNA in monocytes and macrophages. A few studies suggest
that macrophages are even more susceptible to HIV infection [212, 213]. Detection of HIV DNA
and HIV p24 in CD68+ macrophages present in duodenal tissue from gut biopsies of virologically
suppressed HIV+ individuals can be found [212]. Similarly, replication-competent HIV in urethral
macrophages from virologically suppressed donors [213] is also observed. Active replication of
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HIV within CD68+ macrophages in brain tissue of ART treated patients may contribute to the
development of HIV associated neurocognitive disorders [214, 215].

1.14 Use of γδ T cell for immunotherapy in HIV

γδ T cells are the first line of defense against many pathogens, but their number and
functions are severely altered in many infectious diseases, including HIV. Despite the long-term
ART treatment, γδ T cells are not reconstituted to the original frequency in HIV-infected
individuals. However, in viral suppressors, Vγ9Vδ2 T cell number is maintained at normal levels,
implying that immunotherapy using Vγ9Vδ2 T cells might recreate the immune function as viral
suppressors and control HIV infection [6]. Several efforts were made to develop suitable methods
for expanding γδ T cells in vitro and in vivo. In vitro method involves stimulating PBMCs with
bisphosphonates such as Isopentenyl pyrophosphate (IPP), HMBPP and FDA approved drug
zoledronic acid (ZA) [216]. ZA blocks the metabolic conversion of isopentenyl pyrophosphate
(IPP ), allowing this phosphoantigen to accumulate until stimulatory levels are reached, resulting
in Vγ9Vδ2 T cell activation and expansion [216]. Bisphosphonate mediated expansion of γδ T cell
is a rapid means to generate large quantities of γδ T cells for adoptive cell therapy. On the other
hand, delta one T cells (DOT) can be expanded using OKT-3 monoclonal antibody and cytokine
cocktail (rIL4, rIFNγ, rIL21 and rIL1β) [217]. Siegers et al achieved high yield of DOT cells by
treating PBMCs with Con-A and recombinant human IL-2 and IL-4 [218]. Alternative strategies
for expanding γδ T cells that do not respond to pAgs or N-BP involves use of monoclonal
antibodies (mAb). Using γδ TCR specific antibodies low level of expansion of Vδ1 and Vδ2 T
cells has been achieved but it’s not very successful to date. However, 20.1 an agonistic Ab specific
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for CD277 (a member of BTN3 subfamily), mimics pAg-induced Vγ9Vδ2 cell activation. This
antibody may simulate a conformational change in the CD277 molecule to activate and expand
Vγ9Vδ2 T cells [219].
In vivo approach includes ZA and IL-2 combination treatment to induce Vγ9Vδ2 T-cell
expansion and maturation [220]. Expanded Vγ9Vδ2 T cell belong mainly to the central memory
and effector memory subgroups. Increased DC maturation and HIV-specific CD8 T-cell responses
were observed in ZA treated patients [220]. Very limited adverse events of ZA are found,
highlighting the safety of the ZA treatment. Moreover, the expansion of Vγ9Vδ2 T cells in HIVinfected patients could also improve tumor immunity and enable better control of opportunistic
pathogens. However, impact of ZA treatment on viral RNA and CD4 levels is lacking in this study
thus it needs to be addressed in future clinical trials [220].
Specifically in case of HIV infected individuals, phosphoantigen responsive Vγ9Vδ2 T
cells can be recovered by IL-18 supplementation, promoting inflammasome formation and
triggering more robust activation and expansion of Vγ9Vδ2 cells in vitro [205]. Differences in the
capacity of γδ T cell to recover and expand from early vs. late ART treated individuals might be
an obstacle for immunotherapy. On the other hand, γδ T cells from healthy individual can be grown
efficiently, which could be used in the setting of allogeneic transfer in HIV-infected individuals,
hopefully without significant toxicity to the host. Transplantation of γδ-T cells from an allogenic
donor promotes engraftment and are incapable of mediating GVHD since they recognize antigen
in an MHC independent fashion [221]. Adoptive transfer of ex vivo expanded γδ T cells in HIV
infected individuals is a promising strategy to increase host control over HIV disease (Table 1).
An immune reconstruction syndrome [222], associated with immune reconstitution and production
of proinflammatory cytokines by activated γδ T cells could produce undesirable toxicity. Some
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studies reported relatively minor adverse effects, including fever, injection site soreness, nausea,
and diarrhea for bisphosphonate/IL-2 therapy for cancer [223]. Other cancer studies reported
decreased responses during extended bisphosphonate/IL‑2 therapy dosing schedules due to the
development of anergy [223]. Since HIV is a chronic disease, repeated administration of
bisphosphonate/IL-2 therapy may be needed. The development of functional anergy in γδ T cells
needs to be evaluated carefully. Treating γδ T cells with rapamycin (targeting both MTORC1 and
MTORC2) reduces the anergy induced in γδ T cells and this could be an effective strategy for
overcoming some of the potential problems in γδ T cell-based immunotherapy [224].

1.15 Animal models for hiv-1 infection

Moving beyond the mousetrap: current and emerging huMouse and rat models for
investigating prevention and cure strategies against HIV infection and associated
pathologies.
Yash Agarwal, Cole Beatty, Shivkumar Biradar , Isabella Castronova, Sara Ho, Kevin
Melody, Moses Turkle Bility
Retrovirology 17, 8 (2020). https://doi.org/10.1186/s12977-020-00515-3.

Cell culture-based in vitro studies cannot accurately reflect the complexities of pathogen
infection in a host. For example, a novel therapeutic compound/ cell therapy that targets a pathogen
may be highly effective in vitro but host factors such as bioavailability, and tissue penetration/
tissue trafficking may affect clinical efficacy. Thus, robust in vivo models should be used to study
such intricate interactions.
To truly understand host and pathogen interactions, it is ideal to study disease pathogenesis,
and therapeutic strategies in the host species. However, HIV-1 is a human-specific pathogen, and
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it does not infect any other species. Currently, the two most common animals used for HIV-1
modeling are macaques and huMice. Use of these models help in translating in vitro discoveries
to in vivo studies and mitigates the high costs associated with long-term human trials that require
hundreds to thousands of participants. Animal models allows researchers to manipulate
experimental variables for hypothesis-driven investigation and provide in vivo proof-of-concept
data that can guide clinical trial studies in human.

1.16 Non-human primate models

HIV-1 evolved from multiple cross-species transmission of simian immunodeficiency
virus (SIV) from African non-human primates (NHP) to humans [225-228]. However, HIV-1 does
not readily infect NHPs nor recapitulate AIDS disease progression [71]. Multiple NHP restriction
factors such as Macaque variations of tripartite-motif-containing protein 5α, APOBEC3, tetherin,
and SAM domain- and HD-domain-containing protein 1 inhibit HIV-1 replication in macaques
[229-233]. Moreover, SIV infection does not progress to AIDS in NHP and their immune system
abrogate the pathogenesis and control the chronic immune activation which is not observed in
humans [234, 235]. Furthermore, SIV contains only about 50 percent of the genetic code of HIV
and there are substantial differences in γδ subset composition and phenotype in monkeys and
humans [236]. Alike humans, alteration in the peripheral Vδ1/Vδ2 ratio in SIV-infected macaques
was not observed [237]. Hence, studying γδ T cells' role in SIV-infected animals provides limited
information about whether these cells will respond in a similar fashion against the human
immunodeficiency virus. Besides physiological limitations, macaques’ studies can be limited by
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availability and high costs associated with purchase and maintenance. Hence, an ideal model
would be less expensive small rodent model with easy maintenance and permit the use of HIV-1.

1.17 HuMouse (huMouse) models

A second animal model for studying HIV-1 infection is the huMouse. HuMice are
generated by engraftment of human cells and/or tissue into an immunodeficient mouse strain such
as NSG for reconstitution of a human immune system in a small animal [238]. HuMice provide
the platform to study the in vivo system in which actual HIV-1 and human cell response can be
understood. There are multiple advantages of using mice over NHPs for studying HIV infection.
Mice are readily available or can be bred quickly in lab, less expensive than NHPs and they require
very less space and maintenance, and they are very easy to handle. Because of all these advantages
larger cohorts of mice can be studied. HuMice can be created by various methods and each one of
them has pros and cons which are described below (Table 2).

1.18 Peripheral blood lymphocytes (PBL)- huMouse model

Human CD4+ T cells are the major target for HIV infection; thus, a mouse model with
human CD4+ T cells provides a platform for modeling HIV/AIDS. Various immunodeficient
mouse models lacking mature T, B, [239] and NK cells, along with defects in macrophage
phagocytic function [240] support robust reconstitution of human CD4+ T cells and other
lymphocytes (e.g. CD8+ T cells) following transplantation of human peripheral blood
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mononuclear cells (PBMCs) or CD4+ T cells. Such cells can be transplanted via intravenous (IV)
or intraperitoneal (IP) injection into myoablated, immunodeficient juvenile mice (6-8 weeks old),
to generate peripheral blood lymphocyte (PBL)-huMice. Human CD4+ T cells are readily
detectable in the blood at 4 weeks post-transplantation [240, 241], providing a huMouse model
that can be generated in a relatively short period of time. The PBL-huMouse model supports HIV
replication and provides a means of evaluating the efficacy of direct-acting therapeutics (e.g.
antivirals drugs, antibodies) geared towards preventing HIV transmission [242] and controlling
HIV replication [240]. Additionally, PBL-huMouse models constructed using PBMCs from HIVinfected individuals with undetectable viral load can be employed as an in vivo assay (mousequantitative Viral Outgrowth Assay, mouse-qVOA) for evaluating the eradication of the HIV
reservoir in said individuals [243, 244]. A major limitation of this model is the rapid development
of graft-versus-host (GvHD) disease within 6-7 weeks following transplantation of lymphocytes,
thus significantly restricting the experimental window [245]. Additionally, the PBL-huMouse
model does not incorporate human macrophages, which are a major HIV reservoir in various
organs, including the brain [240].

1.18.1 Hematopoietic stem cells (HSC)-huMouse model

In order to reconstitute a broader spectrum of human immune cells in HIS-huMice,
myoablated, immunodeficient mice are transplanted with CD34+ HSCs via intrahepatic injection
(neonatal mice) [241] or intravenous injection (juvenile/adult mice) [246]. These HSCs can be
obtained from a myriad of sources including fetal liver tissue [247], mobilized stem cells in the
blood, and neonatal cord-blood stem cells [246, 248, 249]. Human immune reconstitution in the
HSC-huMouse model requires 10-12 weeks to develop [250]. Various hematopoietic lineages,
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including T cells, monocytes/macrophages, B cells, and dendritic cells, are developed in the blood
and other tissues (e.g., spleen, liver, brain) [250]. Moreover, the HSC-huMouse model generates
a naïve human immune system, which negates confounding factors associated with prior pathogen
exposure [246, 251]. The HSC-huMouse model supports HIV infection, CD4+ T cell depletion,
chronic immune activation and limited anti-HIV T and B cell immune responses [248]. A major
advantage of the HSC-huMouse model over the PBL-huMouse model is the delayed and reduced
incidence of GvHD, which provides the opportunity for long-term modeling of HIV infection and
replication [240]. The HSC-huMouse model provides a means of evaluating the efficacy and safety
of direct-acting therapeutics (e.g. antivirals drugs, antibodies) and immune-modulatory agents
(e.g. pDC modulators [252]) geared towards preventing HIV transmission, controlling HIV
replication, and ameliorating CD4+ T cell depletion and chronic immune activation [248]. The
HSC-huMouse model supports HIV transmission via the intravenous (along with intraperitoneal)
route [247]; however, conflicting reports exist for mucosal route of transmission [253, 254].
Additionally, the reconstituted human T cells are educated in the mouse thymic epithelium, thus
limiting antigen-specific responses [255]. This limitation of T cell education in the murine thymic
epithelium has been partially overcome by the construction human leukocyte antigen (HLA) class
I transgenic-immunodeficient mice to support robust T cell development of HLA-matched HSC
transplants [256].
Moreover, lymph nodes and spleen are poorly reconstituted, including a limited
development of human B cells and myeloid cells in the white and red pulps of the spleen [257].
Several modifications have been made to the HSC model to address these limitations. Li et. al.
constructed an immunodeficient mouse model that incorporated a lymphoid tissue-stromal
cytokine transgene (i.e. thymic-stromal-cell-derived lymphopoietin) and demonstrated improved
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lymph node development in HSC-huMice [257]. Additionally, studies have demonstrated
enhanced human B and myeloid cell development in murine secondary lymphoid tissues via
transgenic expression of critical cytokines (i.e. IL6; IL3, GM-CSF and SCF) for B and myeloid
cell maturation [258-260]. Although incorporation of requisite human transgenes in HIS-huMice
has been successful in demonstrating improved development of immune cells, often the resultant
lineage is skewed, as the transgene expression is not synchronized for physiological expression,
and supporting stromal cells and other essential cytokines are absent [258-260].

1.18.2 Bone marrow-liver-thymus (BLT)-huMouse model

Another strategy for improving human immune cell development in HIS-huMouse models
is to implant human lymphoid tissues containing the requisite microenvironment for supporting
robust immune cell development. To facilitate human T cell education and associated function,
human thymic tissues are incorporated in HIS-huMice, and termed, Bone Marrow-Liver-Thymus
(BLT)-huMice [261, 262]. BLT-huMice have served as a major animal model for HIV research
for over a decade and are a cost-effective alternative to the surrogate, simian immunodeficiency
virus (SIV)-non-human primate (NHP) models. The BLT-huMouse model is generated via
surgically transplanting myoablated, immunodeficient mice with autologous fetal human liver and
thymus tissues, followed by IV injection of autologous CD34+ HSC [263-265]. Transplanted mice
require 10-12 weeks for systemic reconstitution of human cells post-transplantation [263-265].
The most widely utilized strain for constructing BLT huMice is the NOD-Prkdcscid IL2rgTm1Wjl
(NSG) [251, 262], which is readily available from Jackson Laboratory. BLT-huMice can also be
constructed using comparable immunodeficient mouse strains, such as, C57BL/6 Rag2-/-γc-/CD47-/- (TKO) [251, 266]. The key benefit of the BLT-huMouse model over PBL- and HSC34

huMouse models is the presence of human thymic microenvironment, which facilitates T cell
education in an autologous human tissue that contains the requisite stromal cells (as well as
cytokines and factors, presumably at physiological levels) [251]. BLT-huMice have systemic
tissue reconstitution with human immune cells, including in mucosal tissues, which enables
mucosal transmission [267-274] and recapitulates the main route of HIV transmission in humans
[89, 267-274]. Other hallmarks of HIV infection and replication in BLT-huMice include robust T
cell depletion [267, 273], CNS infiltration [275, 276], immune response [266, 277-280], and
latency [281-283]. The BLT-huMouse model is a robust platform for evaluating antiretroviral
therapy, pre-exposure prophylaxis (PrEP), latency reversing agents (LRA), vaccination, proviral
excision, and T cell engineering. Despite scientific advances gained from the BLT model, the
system does have disadvantages. The generation of BLT-huMice requires surgical expertise and
access to human fetal tissues, which may not be readily available. Recently, a novel BLT-like
huMouse model has been developed using non-autologous cord blood-derived hematopoietic stem
cells and neonatal thymus, which enable investigators to construct >1000 BLT-like huMice using
cryopreserved thymus and readily available cord-blood stem cells [284]. Recent studies
demonstrate that these BLT-like huMice develop a myriad of human immune cells and supports
HIV infection and replication (unpublished data from Elie Haddad, Chloé Colas, et al, at the
CanCure 5th Annual General Meeting – 2019, Poster Session, in Montreal, Canada). BLT-huMice
are prone to GvHD, which limits the experimental window these animals can be utilized to
approximately 6 months post-engraftment [285, 286]. However, BLT-huMice constructed with a
C57BL/6 immunodeficient background are resistant to GvHD [266, 283]. Despite systemic
immune cell reconstitution and HIV-specific immune responses, BLT huMice do not develop a
complete human immune system. The current widely used immunodeficient mouse models
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possess an IL-2 receptor γ chain deletion [287-290]. As a result, mouse lymphoid organs do not
fully develop in those models, [251] and the loss of lymphoid tissue microenvironment impairs
the ability of BLT-huMice to develop a robust humoral immune response, as immunoglobulins are
skewed towards IgM or weak IgG response [266, 279, 289, 291-293]. Constructing a BLThuMouse model using immunodeficient mice with requisite human transgenic factors/cytokines
may optimize human B cell development and overcome limitations of humoral immune response
in the model [294-296]. An alternative strategy, which is consistent with the BLT-model strategy,
is to incorporate the requisite secondary human lymphoid tissue (i.e. spleen) microenvironment
for robust human immune cell (e.g. B cells, macrophages) development and response [297].

1.18.3 Bone marrow-liver-thymus-spleen (BLTS)-huMouse model

To address the limitations of the BLT-huMouse model, namely, poor development of
secondary lymphoid tissue and modest macrophage reconstitution, we incorporated human spleen
into the BLT-huMouse model, and termed those animals, Bone Marrow-Liver-Thymus-Spleen
(BLTS)-huMice [297]. The BLTS-huMouse model exhibits significant improvement over the
BLT-huMouse model by addressing several limitations [297]. Successful spleen growth
dramatically lowers the incidence of GVHD in BLTS-huMice, thus allowing for experimental
studies that extend up to 9 months post-transplantation [297]. Decreased interference from the
effects of GVHD and a longer experimental window may improve insights gained from long-term
studies of HIV infection, such as investigation of therapeutics once chronic infection is established.
The human spleen in the BLTS-huMouse model recapitulates human adult spleen architecture and
facilitates better reconstitution of immune cells, including human red pulp macrophages, which
are poorly reconstituted in the BLT-huMouse model [297]. It is well established that macrophages
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can serve as a reservoir for HIV [213, 298, 299]; thus, the BLTS-huMouse model provides a
system for investigating human splenic macrophage-HIV interactions [297]. Additionally, the
spleen is a major lymphoid tissue reservoir, with B cell follicles in the white-pulp serving as an
immune privilege site for anti-HIV T-cells [211]. The human spleen in BLTS-huMice provides a
model for investigating anti-HIV immune response within the white-pulp and the role of B cell
follicle in mediating HIV persistence. The BLTS-huMouse model supports cART-mediated HIV
load suppression to undetectable levels, and replication competent HIV reservoirs can be detected
in human spleen tissues [297]. Lymphoid tissue fibrosis is an immuno-pathogenic feature
associated with HIV infection and plays a major role in mediating chronic inflammation and
abrogating the development of a robust immune response [300]. A major advantage of the BLTShuMouse model is that HIV infection results in lymphoid tissue fibrosis; this disease manifestation
is absent in HIV-infected BLT-huMice [297]. Although the BLTS-huMouse model exhibits more
robust immune reconstitution compared to its BLT counterpart, the two models share some
limitations. The transplantation of the human tissues under the renal capsule requires an individual
with advance surgical skills to successfully and safely perform the procedure.
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Table 2. HuMice models used for HIV studies
Model

Approach

Hu-PBL-SCID

Engraftment of human
PBMCs or PBLs

Engraftment of human
Hu-HSC-SCID

(CD34+) hematopoietic
stem cells

Characteristics

Application

Rapid human immune cell

HIV infection, Mature T cell

reconstitution, predominantly

response, mouse-quantitative

engrafts T cells, Early GVHD

viral outgrowth assay

Robust development of lymphoid
and myeloid lineage immune
cells, and naïve immune system,
delayed GVHD

Long term HIV infection,
ART suppression, anti-HIV
T and B-cell immune
responses in chronic HIV
infection,
Mucosal HIV infection,

Hu-BLT
(Bone
Marrow-LiverThymus)

Engraftment of human
hematopoietic stem cells,
fetal liver and thymus

Robust development of
hematopoietic and naïve immune
system. Improved T cell
education in human thymus.

sustained viremia, cARTmediated suppression of the
virus, and cellular immune
response, therapeutic testing
of drugs/ vaccines, latent
HIV infection.

Hu-BLTS
(Bone
Marrow-LiverThymusSpleen)

Engraftment of human

Robust development of

hematopoietic stem cells,

hematopoietic and naïve immune

fetal liver, thymus and

system. Improved B cell follicle

spleen

and macrophage development.

HIV reservoir studies,
therapeutic drug screening
for HIV eradication.

The BLTS-huMouse model uses human fetal tissues, which introduces logistical and
operational constraints. The use of frozen fetal tissues and hematopoietic stem cells can alleviate
some of those constraints (unpublished data). Demonstrating robust anti-HIV immunity in HIShuMouse models has been a long-term goal in the field; said system would allow robust evaluation
of HIV vaccine candidates against circulating viral strains. The incorporation of human primary
and secondary lymphoid tissues in HIS-huMice brings us one step closer to this goal. At present,
we are actively investigating the anti-HIV human immunity in the BLTS-huMouse model to
determine if this system provides a means for evaluating HIV vaccines.
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2.0 Specific Aims

2.1 Aim 1

Optimize the huMouse model for studying HIV (Nef) and αβ/γδ T cells interaction in vivo.

Hypothesis - Transplantation of immunodeficient mice with human lymphoid tissues and
hematopoietic stem cells provides the requisite microenvironment for robust human immune
system development and HIV infection.

Rationale - Although in vitro studies can be used to understand direct interactions and effects of
HIV on αβ/γδ T cells, it does not reflect complex interactions occurring in an in vivo
microenvironment, especially in immunological studies where multiple cell types work in
coordination with each other to produce an effective immune response. Thus, it is necessary to
study the function of αβ/γδ T cells using an in vivo model. Rhesus and cynomolgus macaques
infected with simian immunodeficiency virus (SIV) have been commonly used as in vivo models
for SIV studies [301]. However, SIV contains only about 50 percent of the genetic code of HIV
and there are substantial differences in γδ subset composition and phenotype in monkeys and
humans [236]. The information we can extrapolate from non-human primate models of SIV
becomes limited by the unaltered peripheral Vδ1/Vδ2 T cell ratio in SIV-infected macaques [237]
and the genetic differences between SIV and HIV [236]. Therefore, an alternate approach is needed
to understand the in vivo dynamics of γδ T cells in HIV infection. Among the widely used small
mammal platforms for investigating HIV pathogenesis and therapeutics is the huMouse model
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[302], generated via retro-orbital injection of CD34+ hematopoietic stem cells and autologous
transplantation of fetal thymus and spleen organoids into immunodeficient mice, this huMouse
provides both the peripheral immune circulation and human lymphoid microenvironment to study
HIV in blood and human lymphoid tissues. We and others have previously shown that human
CD4+/CD8+ T cell ratios before and after HIV infection of huMice are comparable to clinical
values, but γδ T cells have yet to be characterized in this model.

2.2 Aim 2

Determine the impact of WT and Nef defective HIV infection on αβ and γδ T cells in huMice.

Hypothesis- Nef defective HIV but not WT HIV will maintain the normal frequency, phenotype,
and function of αβ and γδ T cells in huMice.

Rationale- HIV Nef plays an important role in optimal infection, efficient viral replication, and
persistence and accelerated disease progression to AIDS in HIV-1 infected humans [14, 15].
Individuals infected with Nef deleted HIV exhibit reduced viral load, immunopathogenesis, and
slower disease progression [303, 304]. Nef-deleted HIV exhibit reduced infectivity and replication
as compared to the wild type HIV [4, 5]. However, whether Nef has any direct impact on peripheral
blood and lymphoid tissue-resident γδ T cells remains unresolved. Moreover, in vivo, mechanistic
studies confirming the impact of Nef-dimerization defective virus infection on T cells are lacking.
Thus, we have studied the interactions between wild type/Nef defective HIV and immune cells αβ
and γδ T cells in huMice.
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2.3 Aim 3

Elucidate the role of γδ T cells in control of HIV infection in huMouse.

Hypothesis- Adoptive transfer of Vδ2 T cells in huMice will control HIV infection.

Rationale- Although in vitro studies have shown that γδ T cells interact with various immune cells
and play important role in regulating the innate and adaptive immune system, their role in
controlling HIV infection in vivo remains unresolved [9, 305, 306]. We designed an adoptive
transfer experiment to test the protective function of allogenic Vδ2 cells against HIV infection in
an in vivo setting by injecting ex vivo expanded Vδ2 T cells, into huMice.
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3.0 Materials and Methods

3.1 Construction of huMice

Non-Obese Diabetic. Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice were obtained from the
Jackson Laboratory and bred in the Division of Laboratory Animal Resources facility at the
University of Pittsburgh. The mice were bred and housed under biosafety level 1, pathogen-free
conditions according to the guidelines approved by the Institutional Animal Care and Use
Committee and were fed irradiated chow (Prolab Isopro RHM 3000 Irradiated, catalog 5P75-RHIW 22, PMI Nutrition International) and autoclaved water. Human fetal tissues were obtained from
the Health Sciences Tissue Bank at the University of Pittsburgh Advanced Bioscience Resources
Inc and processed under biosafety level 2 conditions. Within 12 hours of receipt of fetal human
liver and thymus, CD34+ hematopoietic stem cells (HSCs) were isolated from the fetal liver as
previously described [307] and cryopreserved at -170 C until transplantation. Portions of the fetal
liver and thymus sample were cryopreserved at -170 C until transplantation. 4 to 6-week-old NSG
mice received a radiation dose of 1.50 Gray before transplantation to suppress any residual immune
functions and were immediately transferred to biosafety level 2+ animal housing. On the day of
operation, the cryopreserved CD34+ HSCs and tissues were thawed, and the tissues were
morcellated into ~1 mm3 fragments, and the irradiated mice were anesthetized using 1.5-3%
isoflurane. Autologous human fetal thymus and spleen tissue sections were implanted under the
kidney capsule, and 150,000 CD34+ HSCs were engrafted via retroorbital injection in 100 uL of
PBS. Immediately following the procedure, the mice received 150uL injections of carprofen (1
mg/mL) and ceftiofur (1 mg/mL) as a painkiller and antibiotic, respectively. These injections
42

continued once a day for 2 days for a total of three sets of injections. Successful engraftment was
determined by flow cytometric analysis of human CD45 expression on blood cells of mice, now
termed huMice. Mice harboring > 30% of human CD45+ cells were used for further experiments.

3.2 Study participants

Participants of the Pittsburgh clinical site of the Multicenter AIDS Cohort Study (MACS)
were included in this study. These participants were HIV-1 infected men who were on ART for a
median duration of 12.08 years, who had a median CD4+ T cell count of 620 cell/l and a viral
load of <50 copies/ml. Wherever mentioned blood products from age-matched HIV-negative
MACS participants were used in the study. Whole blood products from HIV-1-seronegative blood
donors were purchased from the Central Blood Bank of Pittsburgh. Written informed consent was
obtained from participants before inclusion in the study, which was approved by The University
of Pittsburgh Institutional Review Board.

3.3 Isolation of monocytes and peripheral blood lymphocytes

Peripheral blood mononuclear cells (PBMC) obtained from a buffy coat or whole blood
were isolated by standard density gradient separation using Lymphocyte Separation Medium
(Corning). Monocytes were isolated from PBMC by positive magnetic bead selection (Miltenyi
Biotec), and CD4+ T cells and γδ T cell subsets were isolated by negative selection (EasySepTM
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CD4 T cell, Cat #-17952 and γδ T cell isolation kit, Cat #- 19255) according to the manufacturer's
specifications, and the differentially isolated cells were cultured or cryopreserved until use.

3.4 Flow cytometry

Single-cell suspensions prepared from peripheral blood, splenocytes and thymocytes of
huMice were stained with a live/dead fixable aqua dead cell stain kit (Thermo Fisher Scientific)
and fluorochrome-conjugated antibodies [anti-human CD45, anti-human CD4, anti-human Vδ2,
(BioLegend); anti-human CD8, CD3, CD-19, CD56, PD1, HLA-DR, CD25, CD69, CD45RA, and
CD27, IFN-γ (Becton Dickenson); and anti-human Vδ1, (Thermo Fisher Scientific)], CD16PerCP-Cy5.5 (Beckman Coulter), and HIV-p24 (KC57, Beckman Coulter). Cells were fixed using
2% paraformaldehyde, and data were acquired using an LSR Fortessa flow cytometer (BD
Biosciences) and analyzed using FlowJo software. Gating was done based on fluorescence minus
one (FMO).

3.5 Virus production

The dimerization mutant constructs used in this study are based on the HIV NL4-3
backbone in which part of the NL4-3 Nef ORF is replaced with that of Nef from the closely related
HIV-1 B-clade isolate, SF2. HIV-1 stocks were produced in 293T cells (ATCC; CRL-3216) after
transfection and amplified in the T-cell line MT2 (AIDS Reagent Program) [12, 308]. Viral titers
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were quantified by HIV-1 p24 AlphaLISA assay (PerkinElmer; AL291F) according to the
manufacturer's protocol.

3.6 Generation of monocyte-derived DC

Bone marrow cells were harvested from huMice and performed ACK lysis to get rid of
RBCs. Then 1 X 106 cells were cultured for 7 days in the presence of 100ng/ml of recombinant
human stem cell factor (cat# 255-SC-010),100 ng/mL Flt3-ligand (Cat #-308-FK-005), 50 ng/mL
of recombinant human GM-CSF (Sanofi-aventis Cat# NAC2004–5843-01) and 2.5 ng/mL of
tumor necrosis factor (TNF)-α (25 ng/mL; R&D Systems Cat# 210-TA). Next, immature DCs
were generated from bone marrow cells and cultured for 7 days in Iscove's Modified Dulbecco's
Media (IMDM; Gibco Cat# 12440-053) containing 10% fetal bovine serum Atlanta biologicals
Cat# S12450H) and 0.5% gentamicin (Gibco Cat# 15710-064) in the presence of granulocytemonocyte colony-stimulating factor (GM-CSF; 1000 IU/mL; Sanofi-aventis Cat# NAC2004–
5843-01) and interleukin-4 (IL-4; 1000 IU/mL; R&D Systems Cat# 204-1 L). Mature, high IL12p70-producing Type 1 DC and IL-12p70 deficient, prostaglandin E2-treated DC (Type 2-DC)
were generated as previously described (29) by exposure of immature DC cultures at day 5 for
48 h to a cocktail of maturation factors containing either interferon (IFN)-α (1000 U/mL; Schering
Corporation Cat# NDC:0085–1110-01), IFN-γ (1000 U/mL; R&D Systems Cat# 285-1F), IL-1β
(10 ng/mL; R&D Systems #201-LB), tumor necrosis factor (TNF)-α (25 ng/mL; R&D Systems
Cat# 210-TA), and polyinosinic:polycytidylic acid (20 ng/mL; Sigma-Aldrich Cat# P9582-5MG),
or IL-1β (10 ng/mL), TNF-α (25 ng/mL), IL-6 (1000 U/mL; R&D Systems Cat# 206–1 L), and
PGE2 (2 μM; Sigma-Aldrich Cat# P6532-1MG), respectively. Differentiation of DC was
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confirmed by assessing the DC-specific markers such as CD83, CD86, Sig 1, OX40L, CCR-5 by
flow cytometry.

3.7 Functional characterization of differentially matured DCs

To test the IL12p70-producing capacity of DC, they were harvested, washed, and plated in
flat-bottom 96-well plates at 2 × 104 cells/well. To mimic the interaction with CD40L-expressing
Th cells, recombinant human CD40 ligand was added to the culture. Supernatants were collected
after 24 h and tested for the presence of IL-12p70 by ELISA.

3.8 Functional characterization of T cells

Immunomagnetic selected human splenic T cells from BLTS-huMice and human T cells
from PBMCs were seeded at 8x10^4 cells per well (96-well plate) and stimulated with
Dynabeads™ Human T-Activator CD3/CD28 (Life Technologies Cat# 11131D) and PBS was
used as vehicle control. The cells were stimulated with beads at a ratio of 1:1. T cells were
harvested after 24 hr and used directly for flow cytometry analysis of the human IFNg levels (T
cell activation marker).

46

3.9 Functional characterization of macrophages

HuMice were euthanized and human splenocytes were isolated from spleen tissue by
mechanical grinding. CD163+ splenic macrophages were isolated using Milteny biotech human
CD163 MicroBead Kit (cat #- 130-124-420). 100,000 macrophages were plated in 96 well plate
and incubated in a humidified CO2 incubator for 1 hr. After the cells have adhered culture medium
was replaced with 100 μL of the prepared pHrodo™ Red . coli BioParticles (Cat #- P35361). Next,
microplate was transferred to an incubator warmed to 37°C for 1–2 hours to allow phagocytosis
and acidification to reach their maximum. Fluorescence emitted by the pHrodo BioParticle
phagocytosed macrophages was analyzed by the flow cytometry.

3.10 Tissue culture assay

TZM-bl cells and Dynabeads™ Human T-Activator CD3/CD28 (Life Technologies Cat#
11131D) treated human PBMCs-derived CD4+ T cells (via immunomagnetic selection) from an
HIV negative donor (10,000 cells per cell) were added to separate 96-well plates in RPMI medium
1640-based growth medium (100 ul volume) and cultured overnight. The cells were inoculated
with 0.1 ng p24 inoculum (100 ul) of wild-type, nef-deleted, or dimerization defective HIV-1
(NL4-3 strain) and incubated for the indicated time (2, 4 and 6 days). For measuring HIV
infectivity and replication in TZM-bl cells, culture supernatant was removed from each well and
Beta-Glo® reagent (Promega, Madison, WI) was added and the chemiluminescence activity
(Relative Light Units-RLU) was subsequently (after 1 hour) measured using a luminometer
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following manufacturer's recommended protocol. For measuring HIV infectivity and replication
in human CD4+ T cells, culture supernatant was removed and measured using qPCR.

3.11 In vitro expansion of γδ T cells

HuMice were sacrificed and fully developed lymphoid tissues were collected and single
cells were isolated following mechanical dissociation. Cells isolated from the lymphoid tissue were
cocultured with allogeneic monocytes (4:1 ratio) from HIV-seronegative human blood bank
donors in the presence of nitrogen-containing bisphosphonate zoledronate (ZOL, 5uM)
(Zoledronic Acid, Selleckchem, S1314) and recombinant human (rh)IL-2 (Proleukin®,
100 IU/mL; Prometheus Laboratories) for 10 days as previously described [309]. rhIL-2 (100
IU/ml) was subsequently added every 3 days. The 10 day-cultured γδ T cells were characterized
by flow cytometry analysis.

3.12 HIV infection of huMice

The CCR5-tropic strain of HIV-1 (NL4-3) [310] was generated by transfection of 293T
cells (ATCC; ATCC CRL-3216) with a plasmid containing a full-length HIV genome and
collecting the HIV containing culture supernatant. The viral titer was determined using GHOST
cells (NIH AIDS Reagent Program; catalog 3942) as previously described [311]. Supernatant from
uninfected 293T cells was used as a mock control. huMice were anesthetized and inoculated with
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mock control supernatant or HIV-1 (~1 × 105 infectious units) by i.v. injection via retroorbital
delivery.

3.13 HIV-1 genomic RNA detection

Total RNA was purified from plasma using RNA-Bee (AMSBIO). The RNA was then
reverse-transcribed using TaqMan Reverse Transcription Reagents (Invitrogen) and quantitatively
detected by real-time PCR using the TaqMan Universal PCR Master Mix (Invitrogen) with primers
(forward primer, 5′ - CCCATGTTTTCAGCATTATCAGAA - 3′, and reverse primer, 5′ CCACTGTGTTTAGCATGGTGTTTAA - 3′) and detection probe targeting HIV Gag gene (5′ AGCCACCCCACAAGA - 3′) [312]. The assay sensitivity/cutoff was 10 copies/ml.

3.14 Adoptive transfer of T cells to huMice

PBMC derived CD4+ T cells were isolated from HIV-infected MACS participants using
EasySep™ Human CD4+ T Cell Isolation Kit and activated overnight with Human T-Activator
CD3/CD28 Dynabeads® (Life Technologies). The next day Dynabeads were separated from the
CD4+ T cells by manual dissociation followed by magnet isolation. The activated CD4+ T cells
were, washed, resuspended in PBS, and adoptively transferred into huMice via intraperitoneal
injection (5 million cells/100l/mouse). PBMC from the allogenic HIV non-infected donor were
cultured in the presence of ZOL and rhIL-2 for 10 days to expand the Vδ2 cells. Activated and
expanded Vδ2 cells were adoptively transferred to huMice via intraperitoneal injection (10
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million/100l/mouse). The huMice were divided into two treatment cohorts; one that received only
activated CD4+ T cells from HIV-infected donor, and the other that received the activated HIVinfected CD4+ T cells as well as in vitro expanded allogenic Vδ2 cells.

3.15 Gene expression profiling using nCounter analysis

HIV infected, and Mock-inoculated huMice were sacrificed at the end of the study and
total RNA was isolated from engrafted spleen tissue of huMice using Qiagen RNA isolation kit
Cat# 74104. Nanostring profiling of host response was performed at the University of Pittsburgh
Genomic Core facility using the nCounter Human Immunology v2 Panel, Cat #-XT-CSO-HIM212. Total RNA (50ng) was hybridized to reporter and capture probe sets at 65°C for 24 h.
Hybridized samples were loaded on the nCounter cartridge and post-hybridization steps and
scanning was performed on the nCounter Profiler. RCC files were analyzed using nSolver analysis
software (Version 4.0) as per the manufacturer's protocols. Negative and positive controls included
in probe sets were used for background thresholding, and normalizing samples for differences in
hybridization or sample input respectively.

3.16 Statistics

Differences between HIV-infected/uninfected humans and huMice were compared using
the two-tailed unpaired Student t-test. Differences among the human or huMice groups were
compared using the two-tailed paired students t-test. The normality of the samples was tested using
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the Shapiro-Wilk normality test. Statistical analyses were performed using the Prism8 (GraphPad
Software) and p values <0.05 were considered statistically significant. The sample numbers and
statistical analyses used are specified in each figure legend.

3.17 Approval for acquisition and use of human fetal tissue and biological agents

Human fetal liver and thymus (gestational age of 18–20 weeks) were obtained from
medically or elective indicated termination of pregnancy through Magee-Women’s Hospital of
UPMC via the University of Pittsburgh, Health Sciences Tissue Bank. Written informed consent
of the maternal donors was obtained in all cases, under IRB of the University of Pittsburgh
guidelines and federal/state regulations. The use of human fetal organs/cells to construct huMice
was reviewed by the University of Pittsburgh’s IRB office, which has determined that this
submission does not constitute human subject research as defined under federal regulations (45
CFR 46.102 [d or f] and 21 CFR 56.102[c], [e], and [l]). The use of human hematopoietic stem
cells was reviewed and approved by the Human Stem Cell Research Oversight (hSCRO) at the
University of Pittsburgh. The use of biological agents (e.g., HIV), recombinant DNA, and
transgenic animals was reviewed and approved by the Institutional Biosafety Committee (IBC) at
the University of Pittsburgh. All animal studies were approved by the IACUC at the University of
Pittsburgh and were conducted following NIH guidelines for housing and care of laboratory
animals.
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3.18 Human ethical approval and informed consent:

The study was performed in accordance with the guidelines of “Ethical Principles for
Medical Research Involving Human Subjects” provided by the World Medical Association
Declaration of Helsinki (1964), and its subsequent amendments [41]. Written informed consents
were obtained from the human study participants from Pittsburgh clinical site of the Multicenter
AIDS Cohort Study (MACS), as well as from the maternal donors of fetal tissues used in the study
following the University of Pittsburgh IRB guidelines as well as federal/state regulations. The
ethical use of human fetal organs/cells to perform the studies was reviewed prior to study initiation
by the University of Pittsburgh IRB, which determined that the submitted study does not constitute
human subject research as defined under federal regulations (45 CFR 46.102 [d or f] and 21 CFR
56.102[c], [e], and [l]). The ethical use of human hematopoietic stem cells was reviewed and
approved by the University of Pittsburgh Human Stem Cell Research Oversight (hSCRO)
committee.

52

4.0 Results

4.1 The BLTS-huMouse model supports functional human innate and adaptive immune
cells in the blood and the human lymphoid tissues.

We demonstrate here the reconstitution of γδ T cells, NK cells, CD4+ and CD8+ αβ T cells,
monocytes, memory B cells, and plasma blasts in peripheral blood mononuclear cells (PBMCs)
and the primary (thymus) and secondary (spleen) lymphoid tissue grafts (Fig. 4 & 5). Additionally,
we demonstrate the human antigen presenting cells' functionality in the BLTS-huMouse model
(Fig. 6) Bone marrow-derived hematopoietic stem cells in the BLTS-huMice can differentiate into
type 1 and type 2-polarized dendritic cells (DCs). Type-1 DCs secrete type-1 cytokine (IL12 p70)
upon stimulation with physiological ligand (CD40L) (Fig. 6A). Human CD163+ splenic
macrophages from BLTS-huMice phagocytized bacteria (pHrodo™ Red E. coli BioParticles) upon
co-culture (Fig. 6B). Furthermore, we demonstrate the functionality of T cells in the BLTShuMouse model. We show robust splenic T cell response (type-1 cytokine, IFN) to physiological
stimulation (CD3/CD28) that was comparable to the cytokine (IFN) response by T cells from
human PBMCs that was comparable to the cytokine (IFN) response by T cells from human
PBMCs (Fig. 6C).
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Figure 4. Human peripheral blood cell reconstitution in BLTS-huMouse model.
Flow cytometry analysis of the blood from representative BLTS-huMouse demonstrate the presence of human
leukocytes (CD45+ cells), T cells (CD4+ and CD8+ cells), γδ T cells (Vδ1 and Vδ2 T cells), monocytes (CD14+
CD16+ cells), B cells and NK cells.
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Figure 5. Human immune cell reconstitution in the human spleen in the BLTS-huMouse model.
Flow cytometry analysis of the human splenocytes from a representative BLTS-huMouse demonstrate the presence
of human leukocytes (CD45+ cells), T cells (CD4+ and CD8+ cells), monocytes (CD14+ CD16+ cells), NK cells and
B cells and γδ T cells (Vδ1 and Vδ2 T cells).

Figure 6. The functionality of human antigen presenting cells and T cells in the BLTS-huMouse model.
(A) Human CD34+ cells were differentiated into Type-1 and Type-2 dendritic cells (DC), and subsequently stimulated
with CD40 ligand or vehicle, and human IL12p70 was measured. (B) Human CD163+ macrophages were
immunoselected from human splenocytes and cultured with or without pHrodo™ Red E. coli BioParticles™
(ThernoFisher), and phagocytosis was measured using flow cytometry. (C-D) Human CD3+ T cells (immunomagnetic
selected) were stimulated with CD3/28 beads and human IFN-g secretion.
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The human immune system in the BLTS huMouse model abrogates nef-deleted HIV
viremia.
We previously reported that BLTS-huMice support HIV replication and associated
immunopathogenesis [297]. We demonstrated that human macrophages (CD163+ splenic cells)
and CD4+ T cells facilitate HIV replication [297]. Therefore, BLTS-huMice provide an in vivo
model for investigating Nef-immune system interactions in HIV infection. Nef enhances HIV
infectivity and replication in some cell lines, although other studies have reported that Nef
enhancement of HIV replication is variable in human PBL-derived activated-primary CD4+ T cells
[314-316]. Here we show that nef-deleted HIV (NL4-3 strain) exhibits reduced replication
compared to wild-type HIV in the TZM-bl cell line (Fig. 7A).
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Figure 7. The human immune system in the BLTS huMouse model abrogates nef-deleted HIV viremia.
Analysis of the infectivity and replication of wild-type HIV and nef-deleted HIV (0.1 ng HIV p24 per 1x10^4 cells)
demonstrate (A) reduced infectivity and replication kinetics in TZM-BL cells (N=3-4 wells per group); on the contrary,
(B) similar infectivity and replication kinetics were recorded in activated (CD3/CD28)-primary CD4+ T cells (N=2
wells per group). (C-E) The infectivity and replication of wild-type and nef-deleted HIV (10 ng HIV p24 inoculum
per mouse) in peripheral blood lymphocytes (PBL; reconstituted with predominately human CD4+ T cells) huMice
(PBL-huMice; N=7-8 mice per group, and 3-5 per timepoint) is comparable as measured in the blood (plasma and
PBL) and splenocytes at indicated weeks post-infection (WPI). (C) For additional controls, non-transplanted NSG
mice (NTP) were inoculated with the different HIV strains and mock to demonstrate that HIV replication (i.e., viral
load) requires the presence of human cells. (C) For negative controls, the absence of viral load was demonstrated in
the blood and splenocytes of mock-inoculated PBL-huMice. (F) On the contrary, BLTS-huMice (N=4-7 mice per
group; 10 ng HIVp24 inoculum per mouse) exhibit complete inhibition of nef-deleted HIV viremia. For BLTS-huMice
inoculated with nef-deleted HIV, 7 mice were evaluated up to 6 weeks post-infection (WPI), and only 2 huMice and
1 huMouse remained in the study at 8-12 WPI and at 20 WPI, respectively. Mock inoculated BLTS-huMice (n=4)
were used for controls, with those mice showing no detectable HIV genome (C; timepoints data not shown). Not
significant (ns) = P>0.05, * = P≤ 0.05, ** = P≤ 0.01, *** = P≤ 0.001, **** = P≤ 0.0001.
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Figure 8. The human-immune system in BLTS-huMice mediate a cytokine response to nef-deleted HIV and
wildtype HIV transmission.
Analysis of the human cytokine levels before and after inoculation with wild-type HIV and nef-deleted HIV (10 ng
HIVp24 ≈ 1x10^6 infectious units per mouse) in BLTS-huMice (N=2-6 mice per group) demonstrate that both viruses
induce Th1 and Th2 cytokines albeit, relatively higher levels with wild-type HIV replication. N=2-3 mice per group.
ns = P>0.05, * = P≤ 0.05, ** = P≤ 0.01, *** = P≤ 0.001.

However, nef-deleted HIV and wild-type HIV exhibit negligible differences in viral
replication in the activated-primary CD4+ T cell culture model (Fig. 7B). The in vivo equivalent
of the activated-primary CD4+ T cell culture model is the PBL-huMouse model [317, 318]. Using
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the PBL-huMouse model, we demonstrate that nef-deleted HIV and wild-type HIV exhibit similar
infectivity and replication in the blood and lymphoid tissues (Fig. 7D-E), which is consistent with
previous studies [319]. On the contrary, inoculation of BLTS-huMice with nef-deleted HIV and
wild-type HIV resulted in divergent outcomes, with viremia in wild-type HIV inoculated mice and
no viremia in nef-deleted HIV-inoculated mice (Fig. 7F). We inoculated BLTS-huMice with the
same high dose of nef-deleted HIV and wild-type HIV stocks used to infect PBL-huMice;
therefore, the nef deleted HIV inoculum is infectious and replication-competent. These
observations demonstrate that Nef overrides host immune control of HIV-1 replication in the BLTS huMouse model.
HIV transmission in humans results in a cytokine burst (includes IFN, IL10, and TNF)
within two weeks of exposure [320], which stimulates immune cells to initiate an anti-viral
immune response [321]. Inoculation of BLTS-huMice with nef-deleted HIV induces a modest
increase in the secretion of Type 1 cytokines (IFN, IL-2, TNF, IL12p70) and Type 2 cytokines
(IL10, IL6, IL8) as compared to the highly viremic wild-type HIV (Fig. 8). The cytokine burst in
wild-type HIV infection in humans does not eliminate the virus or reduce viremia to undetectable
levels; instead, it may fuel immune dysregulation [320]. The resulting chronic HIV infection
induces progressive T cell-immune activation and [320, 322, 323] inadequate anti-viral T cell
responses [320, 322, 323], and general immune dysregulation (including B cell hyperactivation)
[324, 325].
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4.2 Nef dimerization defect abrogates HIV viremia and associated immunodeficiency in the
BLTS-huMouse model.

Previous X-ray crystallography studies of HIV-1 Nef proteins either alone or in complexes
with host cell kinase regulatory domains revealed that Nef forms homodimers [326]. Comparison
of these structures identified several residues common to these Nef dimer interfaces, including
L112, Y115, and F121. Mutagenesis of these residues prevents homodimerization of recombinant
Nef in vitro and reduces Nef dimer formation in a cell-based bimolecular fluorescence
complementation (BiFC) assay. [12, 327].

Figure 9. Nef-dimerization defect abrogates HIV viremia in in BLTS-huMice.
BLTS-huMice (BLTS-Mice; N=3-4) exhibit viremic control of nef-dimerization defective-HIV. N=3-4 mice per
group, with mock (2 mice at 7 weeks post-inoculation and 1 huMouse at 4 weeks post-inoculation), wild-type HIV (3
mice at 7 weeks post-infection), Nef-deletion-Nef (2 mice at 7 weeks post-inoculation and 2 mice at 4 weeks postinoculation) and Nef dimerization-defective-Y115D (2 mice at 7 weeks post-inoculation and 1 huMouse at 6 weeks
post-inoculation) for indicated 4-7 weeks timepoints. Not significant (ns) = P>0.05, * = P≤ 0.05, ** = P≤ 0.01, *** =
P≤ 0.001, **** = P≤ 0.0001.
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Figure 10. Nef-dimerization defect reduces HIV infected-CD4+ T cells in BLTS-huMice.
(A-B) Inoculation of BLTS-huMice with a nef-dimerization defective HIV (Y115D; 10 ng HIVp24) results in reduced
HIVp24+ CD4+ T cells in the human spleen, as compared to wild-type HIV infection, as measured using flow
cytometry. Mock inoculated huMouse was used as a control in flow cytometry analysis. N=3 mice per group, with
wild-type (3 mice at 7 weeks post-infection), Nef-deletion-Nef (2 mice at 7 weeks post-inoculation and 1 huMouse
at 4 weeks post-inoculation) and Nef dimerization-defective-Y115D (2 mice at 7 weeks post-inoculation and 1
huMouse at 6 weeks post-inoculation) for the 4-7 weeks sacrifice-timepoints. Not significant (ns) = P>0.05, * = P≤
0.05, ** = P≤ 0.01, *** = P≤ 0.001, **** = P≤ 0.0001.
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Figure 11. HIV-nef dimerization defect abrogates HIV-induced CD4+ T cell depletion in the BLTS-huMouse
model.
Flow cytometry analysis of human CD4+ and CD8+ T cells (CD4+/CD8+ T cell ratio) in mock, wild-type HIV, and
nef-defective HIV infection (nef-deleted-Nef, and nef-dimerization defective-Y115D; 10 ng HIVp24) in BLTShuMice. N=3 mice per group, with mock (2 mice at 7 weeks post-inoculation and 1 huMouse at 4 weeks postinoculation), wild-type HIV (3 mice at 7 weeks post-infection), nef-deleted-Nef (2 mice at 7 weeks post-inoculation
and 2 mice at 4 weeks post-inoculation) and nef-dimerization defective-Y115D (2 mice at 7 weeks post-inoculation
and 1 huMouse at 6 weeks post-inoculation) for indicated timepoints. ns = P>0.05, * = P≤ 0.05.

Based on the BiFC assay, the relative disruption of dimerization in the Nef mutants is:
L112D+Y115D double mutant (87%) > Y115D (59%) > F121A (33%) [12, 308].Previous studies
showed that these dimerization-defective Nef mutants also reduce HIV replication [12] and
abrogate HIV-induced impairment of host defense [328] in tissue culture models, implicating Nef
dimers in signaling mechanisms by which HIV-Nef promotes viremia and immune dysregulation
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[12]. Here, we showed that BLTS-huMice inoculated with the nef-dimerization defective HIV
strains (Y115D) abrogate HIV viral load in the blood (aviremic) (Fig. 9) and results in reduced
HIV-infected CD4+ T cells in human spleen xenografts when compared to wild-type HIV infection
(Fig. 10). BLTS-huMice inoculated with nef-deleted HIV (NL4-3 strain) were predominately
aviremic (75% of the mice) and had low levels of HIV-infected CD4+ T cells in the human spleen
xenografts (Fig. 10). Additionally, nef-defective HIV (Nef and the dimerization-defective
mutant, Y115D) and mock-inoculated BLTS-huMice exhibited similar CD4+/CD8+ T cell ratios,
whereas wild-type HIV-infected BLTS-huMice resulted in immunodeficiency (reduced
CD4+/CD8+ T cell ratio; CD4+ T cell loss) (Fig. 11).

4.3 Nef dimerization defect attenuates HIV-induced immune dysregulation in the BLTShuMouse model.

Many studies have shown that Nef impairs the anti-viral immune response to HIV infection
[329]. Furthermore, several lines of evidence demonstrate that Nef-dimerization defective mutants
and Nef dimerization inhibitors abrogate HIV-induced immune dysregulation [330, 331]. We show
that Nef dimerization defect (Y115D mutant) attenuates HIV-induced T cell-immune activation
(elevated CD25 and HLA-DR levels) (Fig. 12) and (elevated PD1 levels) (Fig. 13) in the blood
and human spleen. Consistent with the role of Nef in promoting HIV-induced immune
dysregulation, complete deletion of the nef gene in the HIV genome attenuates HIV-induced T
cell-immune activation (elevated CD25, HLA-DR levels and PD1 levels) in the blood and the
human spleen in BLTS-huMice (Fig. 12).
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Figure 12. Nef dimerization defect abrogates HIV-induced elevated HLA-DR+ and CD25+ CD4+ T cells in the
blood and human spleen in BLTS-huMice.
(A, B) Flow cytometry analysis of human CD4+ T cells in the blood in BLTS-huMice demonstrates HIV-induced
HLA-DR+ and CD25+ CD4+ T cells are reduced in nef-defective HIV infection (nef-deleted-Nef, and nefdimerization defective-Y115D; 10 ng HIVp24 per huMouse). Human CD4+ T cells from Mock-BLTS-huMouse
served as a control. (C) Flow cytometry analysis of human CD4+ T cells in the human spleen xenografts in BLTShuMice demonstrates reduced HLADR+ and CD25+ CD4+ T cells in nef-defective HIV infection (nef-deleted-Nef,
and nef-dimerization defective-Y115D) compared to wild-type HIV. N=3 per group, with wild-type HIV (3 mice at 7
weeks post-infection), nef-deleted-Nef (2 mice at 7 weeks post-inoculation and 1 huMouse at 4 weeks postinoculation) and nef-dimerization defective-Y115D (2 mice at 7 weeks post-inoculation and 1 huMouse at 6 weeks
post-inoculation) at indicated 4-7 weeks sacrifice-timepoints.

The current consensus posits that chronic HIV infection in humans results from an
inadequate antiviral-Th1 immune response, which is associated with T cell immune exhaustion
[322], systemic immune inflammation (i.e., elevated levels of CXCL13) [332], B cell hyperactivation and dysregulation [324, 333], and reduced levels of anti-viral factors (i.e., CXCL12)
[334].
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Figure 13. Nef dimerization defect abrogates HIV-induced T cell-checkpoint inhibitor expression in the blood
and human spleen in BLTS-huMice.
(A, B, C) Flow cytometry analysis of human CD4+ and CD8+ T cells in the blood and human spleen in BLTS-huMice
demonstrates elevated CD4+ and CD8+ T cell-checkpoint inhibitor expression (PD1) in the wild-type HIV group
compared to nef-defective HIV groups (nef-deleted-Nef, and nef-dimerization defective-Y115D; 10 ng HIVp24 per
mouse). (A) Human CD4+ T cells from Mock-BLTS-huMouse served as a control. (D) Additionally, gene expression
analysis of the human secondary lymphoid tissue xenograft (Spleen) in BLTS-huMice demonstrates elevated
expression of PD1 in the wild-type HIV group compared nef-defective HIV groups (nef-deleted-Nef, and nefdimerization defective-Y115D) and mock. Not significant (ns) = P>0.05, * = P≤ 0.05, ** = P≤ 0.01. N=3 per group,
with wild-type HIV (3 mice at 7 weeks post-infection), nef-deleted-Nef (2 mice at 7 weeks post-inoculation and 1
huMouse at 4 weeks post-inoculation) and nef-dimerization defective-Y115D (2 mice at 7 weeks post-inoculation and
1 huMouse at 6 weeks post-inoculation) at indicated 4-7 weeks sacrifice-timepoints.

Previous studies also show that HIV Nef dimers are required to activate non-receptor
tyrosine kinases of the Src and Tec families to enhance viral replication (Staudt et al. JBC 2020)
and are also linked to downregulation of MHC-I and CD4 receptor on T cells [12]. Additionally,
Nef promotes B cell hyper-activation and dysregulation; this pathogenic effect has been associated
with T cell interaction [324, 333]. Dysregulated immune activation and signaling by Nef are
presumed to drive chronic HIV infection and progression to AIDS [335]. Gene expression analysis
demonstrates that wild-type HIV infection in BLTS-huMice induces systemic inflammation
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(elevated CXCL13), B cell hyper-activation (elevated CD19, CD79, PAX5, and BLNK), and
reduced levels of anti-viral factors (CXCL12, PML/TRIM19) in the human spleen xenograft (Fig.
14A). Wild-type HIV infection also induced the expression of the non-receptor tyrosine kinase,
ABL1, in the human spleen xenografts of BLTS-huMice (Fig. 14A). ABL1 plays a critical role in
cytoskeletal rearrangement and facilitate HIV entry into the host cell. ABL1 also enhances HIV-1

Figure 14. Nef dimerization defect abrogates HIV-induced immune dysregulation in the human spleen in
BLTS-huMice.
(A-C) Nanostring analysis of the human spleen in BLTS-huMice demonstrates elevated expression of systemic
immune activation, B cell hyper-activation and non-receptor tyrosine kinase genes and reduced anti-viral inhibitors
genes in Wildtype HIV infection compared to (A) mock and (B-C) nef-defective HIV infection (nef-deleted-Nef,
and nef-dimerization defective-Y115D; 10 ng HIVp24 per mouse) and mock inoculation. Note: blue denotes
downregulation and red denote upregulation. N=3 per group, with wild-type HIV (3 mice at 7 weeks post-infection),
Nef (2 mice at 7 weeks post-inoculation and 1 mouse at 4 weeks post-inoculation) and nef-dimerization defectiveY115D (2 mice at 7 weeks post-inoculation and 1 mouse at 6 weeks post-inoculation) at 4-7 weeks sacrificetimepoints.

replication by activating RNA pol-II [336]. Comparative analysis of gene expression in BLTShuMice inoculated with wild-type HIV and nef-deleted HIV showed reduced expression of the
non-receptor tyrosine kinase, SYK, reduced systemic inflammation (CXCL13, HLA-DR),
decreased B cell hyper-activation (CD19, AICDA), and elevated levels of anti-viral factors
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(CXCL12, LIF) in the human spleen xenografts in nef-deleted HIV infection compared to wildtype HIV infection (Fig. 14B). A similar analysis of the human spleen xenograft revealed reduced
systemic inflammation (CXCL13); elevated levels of anti-viral factors (CXCL12, IFIT2);
upregulation of genes involved in complement activation (C1Q); increased expression of RAG1/2
for the development of diverse repertoire of immunoglobulins; and elevated levels of MHC-related
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Figure 15. Nef dimerization defect abrogates HIV-induced immune dysregulatory signaling in human spleen
in BLTS-huMice.
(A-C) Ingenuity Pathway Analysis of the Nanostring gene expression data demonstrates elevated systemic immune
activation signaling and B cell signaling and reduced anti-viral immune signaling in wildtype HIV infection compared
to mock (A). Ingenuity Pathway Analysis also demonstrates elevated anti-viral immune signaling and Th1 signaling
in nef-defective HIV infection (nef-deleted-Nef, and nef-dimerization defective-Y115D; 10 ng HIVp24 per mouse)
compared to wild-type HIV (B, C). Note: blue denotes downregulation and red denote upregulation. N=3 per group,
with wild-type HIV (3 mice at 7 weeks post-infection), Nef (2 mice at 7 weeks post-inoculation and 1 mouse at 4
weeks post-inoculation) and nef-dimerization defective-Y115D (2 mice at 7 weeks post-inoculation and 1 mouse at 6
weeks post-inoculation) at 4-7 weeks sacrifice-timepoints.

molecule CD1A in BLTS-huMice challenged with the nef-dimerization mutant (Y115D) as
compared to huMice challenged with wild-type HIV (Fig. 14C). Consistent with the gene
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expression profile in the human spleen in BLTS-huMice, Ingenuity pathway analysis (IPA)
demonstrates elevated systemic immune activation signaling (Th1 pathway, Neuroinflammatory
pathway, Induction of apoptosis by HIV) and B cell signaling (PI3K signaling, FcRIIB signaling,
B cell receptor signaling) in HIV infection (Fig. 15A). It also revealed reduced anti-viral immune
signaling, specifically Toll-like receptor signaling, HMGB1 signaling, NK cell signaling, RIG1like receptors and pattern recognition receptors (PRR) signaling) and enhanced Th1 signaling and
decreased B cell signaling (PI3K signaling, FcRIIB signaling, B cell receptor signaling) in nefdefective HIV infection cohorts (Nef and dimerization-defective Nef-Y115D) compared to wildtype HIV (Fig. 15B&C). This suggests that components of the innate immune system such as
complement system, PRRs, HMGB1, NK cells, dendritic cells, and macrophages are playing an
essential role in controlling viremia in nef-defective HIV infected huMice. Furthermore, deletion
or mutation of nef abrogates its ability to interact with host proteins to downregulate MHC-I, which
allows CTLs to recognize infected cells in the context of MHC-I and induce cytotoxicity to control
viremia in BLTS-huMice.

4.4 HIV infection alters γδ T cell populations in huMice and humans

To investigate the impact of HIV infection on γδ and αβ T cell populations, we infected
huMice reconstituted with a CCR5-tropic laboratory strain of HIV-1 (NL4-3). We have previously
shown HIV replication kinetics in huMice [297], which is similar to HIV replication kinetics in
adult humans [320]. Consistent with the previous studies, HIV RNA copies were detected in the
peripheral blood of the HIV-infected huMice as early as 2 weeks post-infection (Fig. 16A) [267,
297]. PBMC from mock-inoculated and HIV-infected huMice were collected before and after HIV
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infection for further viral load analysis, and these huMice were sacrificed for tissue collection 4
weeks after infection. We first determined the proportion of γδ T cells present in PBMC of HIVinfected and non-infected huMice before and after HIV infection. Representative flow cytometry
analysis plots displaying the percentage of γδ T cells present at pre-and post-infection time points
are shown in Fig. 16B. We noted an approximate 3-fold increase in total γδ T cell population in
peripheral blood of both HIV-infected (p=0.03) and mock-infected huMice (p=0.001) at the postinfection time point as compared to pre-infection (Fig. 16C). Interestingly we found that postinfection peripheral blood γδ T cell frequency was approximately 2.3-fold higher HIV-infected

Figure 16. Peripheral blood γδ T cell number is altered in HIV-infected humans and huMice.
5

(A) HIV-1 replication (HIV RNA genome copies per ml) in the blood following HIV NL4 inoculation at 1X 10 IU per
mouse measured by qPCR (n = 3 per group). (B) Frequency of total γδ T cells before and after HIV infection in mock
and HIV-infected huMice analyzed by flow cytometry (n = 3 per group). (C) Representative flow plot showing the
change in frequency of γδ T cell subsets before and after HIV infection. (D) Graphical representation of the change in
frequencies of Vδ1 and Vδ2 cells within γδ population pre- and post-HIV infection. (E) Quantitation of changes in
Vδ2 T cell frequency pre- and post-HIV infection in peripheral blood of HIV-infected and non-infected huMice. (F)
Comparison of changes in CD4+/CD8+ T cell ratio in peripheral blood of HIV-infected and non-infected huMice
analyzed by flow cytometry. (G) Frequency of Vδ1 and Vδ2 T cell subsets in peripheral blood of ART-treated HIVinfected and non-infected MACS participants analyzed by flow cytometry. Data are presented as a mean value ±
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SEM. p values <0.05 were considered statistically significant. P values were determined using paired 2-tailed
Student’s t-test for comparing changes in γδ T cells population within the same cohort at two different time points,
whereas an unpaired, 2-tailed Student’s t-test was used to compare differences between 2 groups.

Figure 17. T cell number is altered in lymphoid tissue of HIV-infected huMice.
(A-B) Quantification of human T cell subsets, γδ T cells and αβ T cells in human thymus and humanized spleen tissue
of HIV-infected (n=3) and non-infected (n = 4) huMice at 22 weeks post-transplantation. Data are presented as mean
values ± SEM. P values <0.05 were considered statistically significant as determined using an unpaired, 2-tailed
Student’s t-test.

in huMice than non-infected huMice [p=0.009] (Fig. 16C). This suggests that HIV infection
elevates the total γδ T cell population in huMice.
Next, we determined the impact of HIV infection on the frequency of γδ T cell subsets. We
found that HIV infection leads to an approximate 2-fold depletion of peripheral blood Vδ2 T cells
of huMice during early infection, while the Vδ1 T cell frequency increased approximately 3-fold
(Fig 16D). The observed decrease of Vδ2 T cells in huMice with HIV-infection was not seen in
the mock-infected mice, which actually showed an increase in Vδ2 T cell frequency (Fig. 16E),
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suggesting that HIV infection causes the selective elimination of the Vδ2 cells. Furthermore,
depletion of peripheral blood CD4+ T cells of the HIV-infected huMice results in a dramatic
decrease in the CD4+/CD8+ T cell ratio (Fig. 16F). These results are consistent with what has been
previously reported in human γδ T cell studies [337, 338], and similar to the trend we find among
HIV-infected MACS participants on ART who display higher frequencies of Vδ1 cells and lower
percentages of Vδ2 cells (Fig. 16G).
In HIV-infected humans, lymphoid tissues are known to be sanctuaries for the latent HIV
reservoir during ART [339]. Therefore, we assessed the impact of HIV infection on the
lymphocytes derived from lymphoid tissues of huMice by flow cytometry analysis. Although not
statistically significant, we observed an approximately 3-fold increase in the frequency of Vδ1 T
cells in the human thymus (p = 0.058), and approximately 2-fold increase in the humanized spleen
of HIV-infected huMice (p = 0.065) when compared to respective tissues from non-infected
huMice (Fig. 17A). This suggests that the frequency of Vδ1 T cells is increased in lymphoid tissue
of huMice during HIV infection. We did not find a significant difference between the Vδ2 T cell
population frequencies derived from the lymphoid tissues of HIV-infected or mock-infected
huMice. Besides γδ T cells, we found approximately a 2-fold increase in the proportion of
cytotoxic CD8+ T cells derived from thymus and humanized spleen tissue of HIV-infected huMice
as compared to the mock-inoculated huMice, suggesting a rapid proliferation of cytotoxic T cells
in response to HIV infection (Fig. 17B).
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4.5 Selective in vitro expansion of Vδ2 T cells from HIV-infected and non-infected huMice

We cultured leukocytes derived from lymphoid tissue of huMice (n = 6), peripheral blood
of ART-suppressed HIV-infected (n = 4), and age-matched uninfected MACS participants (n = 5)

Figure 18. HIV infection impairs the in vitro expansion of Vδ2 T cells.
(A-B) Splenocytes from HIV-infected/non-infected huMice were cultured in the presence of zoledronate, IL-2, and
allogenic uninfected monocytes (n= 3 mice per group). (C-D) Flow plots representing in vitro expansion of Vδ2 cells
from HIV-infected and non-infected individuals in the presence of zoledronate and IL-2. Expansion of Vδ2 cell
frequency was significantly higher in non-infected donors (n=4) compared to HIV-infected donors (n=5). Data are
presented as mean values ± SEM. P values <0.05 were considered statistically significant as determined using a 2way ANOVA test.

and stimulated them with the combination of ZOL and rhIL-2 to selectively promote the in vitro
expansion of Vδ2 cells. The basal percentage of Vδ2 cells within the CD3+ population of
lymphocytes were analyzed by flow cytometry, which revealed a range of inter-individual
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differences among uninfected donors (1.2% - 2.2%), ART-suppressed HIV-infected individuals
(0.5% - 1.2%), and huMice (0.2% - 1%). Initially, when we cultured Vδ2 T cells from the
peripheral blood or the lymphoid tissues of huMice in the presence of ZOL and rhIL-2, we
observed minimal expansion of Vδ2 T cells, but it was not optimal. Next, we supplemented the
cultures with allogenic monocytes from healthy individuals and obtained higher expansion of Vδ2
T cells. Our results show that Vδ2 T cell expansion from lymphoid tissues of non-infected huMice
after 10 days was approximately 4-fold higher than HIV-infected huMice (p=0.013) (Fig. 18B).
Similarly, we expanded Vδ2 T cells from HIV-infected and non-infected MACS participants and
found that Vδ2 T cell expansion was approximately 3-fold higher in non-infected individuals than
those with HIV-infection (p=0.001) (Fig. 18D). This suggests that HIV infection not only depletes
the frequency of Vδ2 T cells in vivo but it also severely impacts the ability of these cells to expand
in vitro in response to ZOL and rhIL-2 treatment.

4.6 The phenotype of ex-vivo expanded Vδ2 T cells

The phenotype of expanded Vδ2 cells after 10 days of exposure to ZOL and rhIL-2 was
analyzed in a subgroup of HIV-infected and uninfected MACS participants and HIVinfected/uninfected huMice by measuring the expression of markers of activation and
differentiation by flow cytometry (Fig. 19A). Surface expression of the inhibitory receptor PD-1
was observed in a mean of 78% and 45% on the cultured Vδ2 cells derived from HIV-infected and
uninfected huMice, respectively (p=0.04). Similarly, the mean percentage of Vδ2 cells expressing
PD-1 from HIV-infected and uninfected human donors was respectively 40% and 20% (p=0.001)
(Fig. 19B). The activation markers CD69 and CD25 were co-expressed on a mean of 80% and
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65% of the Vδ2 cells cultured from HIV-infected and uninfected huMice, respectively. Similarly,
CD69 and CD25 co-expression was observed in a mean of 50% and 25% of the Vδ2 T cells from
HIV-infected and uninfected humans, respectively (Fig. 19C). Together, these results suggest that
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Figure 19. Phenotype characterization of cultured Vδ2 cells.
The phenotype of Vδ2 cells from 6 huMice and 6 HIV-infected/non-infected donors after the expansion was analyzed
by flow cytometry. (A) Representative flow cytometry analysis of expanded Vδ2 cells from lymphoid tissue of huMice
expressing activation, inhibitory, and differentiation markers. (B) Expression of the checkpoint inhibitory marker PD1 on Vδ2 cells expanded from HIV-infected and non-infected huMice and humans. (C) Dual expression of activation
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markers CD69 and CD25 on Vδ2 cells expanded from HIV-infected and non-infected huMice and humans. (D)
Percentage of Vδ2 cells defined as central memory (CM) (CD45 –CD27+), terminally differentiated (TDM) (CD45 +
CD27–) and effector memory (EM) (CD45–CD27–) derived from HIV-infected and non-infected huMice. (E)
Percentage of Vδ2 cells derived from HIV-infected and non-infected human MACS participants defined as having
EM, CM, TDM phenotypes. Data are presented as mean values ± SEM. P values were determined using 2 tailed
unpaired t-tests between the 2 groups.

the expression of activation markers on Vδ2 cells expanded in vitro are slightly higher in those
derived from HIV-infected humans and huMice than from their uninfected counterparts. We also
evaluated the differentiation status of the cultured Vδ2 cells based on memory cell phenotypes
defined as follows: (CM) central memory (CD45–CD27+), (TDM) terminally differentiated
(CD45+CD27–-) and (EM) effector memory (CD45–CD27–). Although not statistically
significant, we noted an increase in the TDM phenotype and a decrease in the CM and EM
phenotypes in the in vitro expanded Vδ2 T cells derived from HIV-infected huMice compared to
the Vδ2 cells cultured from uninfected huMice (Fig. 19D). However, in humans, we found an
approximately equal distribution (20-30%) of EM, CM, TDM phenotypes between HIV-infected
and non-infected individuals (Fig. 19E).

4.7 Adoptive transfer of Vδ2 T cells enhances HIV infection in huMice

Many in vitro studies have demonstrated a protective role of γδ T cells against HIV
infection [9, 305, 306]. Therefore, we tested the impact of Vδ2 cells on HIV infection in the in
vivo huMice model through the adoptive transfer of ex vivo expanded allogeneic Vδ2 cells. As
discussed above, in vitro expansion of Vδ2 T cells from HIV-infected individuals was not optimal.
We overcame this barrier in our adoptive transfer experiment by utilizing Vδ2 T cells expanded
from allogeneic non-infected individuals. A similar strategy was previously demonstrated to be
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safe and effective in humans [340]. Moreover, it is therapeutically relevant because Vδ2 T cells
lack functional MHC-restriction and therefore pose a minimal risk for developing graft-versushost complications [341]. They may however serve as targets for an allogeneic response by the
engrafted immune cells. HuMice were grouped into 2 different cohorts: one cohort received only

Figure 20. Adoptive transfer of Vδ2 T cells exacerbates HIV infection in huMice.
A) Vδ2 cell number significantly increased post-adoptive transfer in peripheral blood of huMice (n=3 per group);
analyzed by flow cytometry. (B) HIV viral load increased significantly in plasma of Vδ2+CD4-treated huMice as
compared to CD4-treated huMice; measured 2 weeks post-adoptive transfer by qPCR (n=3 per group). (C & E)
Representative flow cytometry analysis of peripheral blood CD4 + T cells and Vδ2 cells that are expressing HIV p24
respectively. (D & F) HIV p24 is significantly higher in peripheral blood CD4+ and Vδ2 T cells of huMice that received
CD4+Vδ2 treatment as compared to the huMice that received only CD4+ T cells treatment respectively (n=3 per
group). Data are presented as mean values ± SEM. P values were determined using 2 tailed paired t-test within the
treatment groups.
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activated CD4+T cells from HIV-infected human donor (CD4-only cohort), while the other cohort
received activated CD4+ T cells from HIV-infected human donor as well as the cultured activated
allogenic Vδ2 cells from an HIV non-infected human donor (CD4+Vδ2 cohort). Reconstitution of
human Vδ2 and CD4+ T cells in the peripheral blood of huMice was examined via flow cytometry
two weeks after the adoptive transfer procedure. We found that a mean of 50% of all T cells were
Vδ2 T cells in the peripheral blood of CD4+Vδ2 cohort, whereas less than 1% of T cells were Vδ2
T cells in CD4 only cohort (p=0.03) (Fig. 20A), which indicated successful engraftment of human
Vδ2 T cells in the huMice. Next, we confirmed HIV replication in the plasma of huMice by qPCR.
Surprisingly, we observed a viral load in the CD4+Vδ2 cohort was approximately 2-fold higher
than the CD4-only cohort (Fig. 20B) (p=0.042). Hypothesizing that this increase in viral load could
be due to HIV-infection of the adoptively transferred Vδ2 T cells, we decided to analyze the CD4+
and Vδ2 T cell subsets in the peripheral blood of both cohorts at 2 weeks post-adoptive transfer.
Representative flow cytometric plots of HIV p24 from both cohorts are shown in Figure 20C &D.
Again, we observed an approximate 2-fold higher presence of HIV p24 in CD4+ T cells (p=0.020)
and Vδ2 T cell (p=0.049) in the CD4+Vδ2 cohort of huMice compared to the reference CD4-only
cohort (Fig. 20E&F). Therefore, our results indicate that the adoptive transfer of Vδ2 T cells
exacerbated HIV infection.
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Figure 21. Induction of CD4 expression on Vδ2 T cells in vivo during HIV infection.
CD4+ T cells from an HIV-infected MACS participant were administered to huMice with or without co-transfer of in
vitro activated Vδ2 T cells. CD4 expression on human Vδ2 T cells from the huMice was measured by flow cytometry
analysis pre-and post- (2 weeks) cell transplant. Data are presented as mean values ± SEM. P values were determined
using 2 tailed paired t-test within the treatment groups.

Despite low or lack of CD4 receptor expression on Vδ2 T cells, our in vivo data suggest
that these cells can indeed be targets of HIV infection. This is in accordance with a previous study
from Sarabia et al, which reported that resting Vδ2 cells act as a reservoir for latent HIV infection
[342]. We posited that HIV infection could impact the phenotype of Vδ2 T cells to make them
more susceptible to direct infection. Since Vδ2 T cells already express high levels of the CCR5
co-receptor, we examined whether the expression of the CD4 receptor on Vδ2 T cells was induced
on this cell type during HIV infection. Prior to adoptive transfer, less than 5% of endogenous and
in-vitro cultured Vδ2 T cells expressed the CD4 receptor, but at 2 weeks after adoptive transfer,
we indeed detected a mean of 30% of Vδ2 T cells expressing the CD4 receptor in both the cohorts
(Fig. 21). Contrary to the previous reports [9, 343] highlighting the protective function of Vδ2 T
cells in controlling HIV infection in vitro, our result suggests that HIV infection can drive CD4
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expression on Vδ2 T cells in vivo, priming them to become targets for HIV infection and
contributors to viral dissemination.

81

5.0 Discussion

The role of HIV accessory protein Nef has been implicated in HIV replication, immune
dysregulation, and immunodeficiency [12, 324, 325, 344-346]. Although humans and monkeys
infected with nef-defective HIV and SIV, respectively, have provided insights into the pathogenic
and immune inhibitory role of Nef [303, 304, 347], humanized rodents provide the ideal small
animal model for in vivo mechanistic studies of HIV-immune system interactions [297, 317, 318].
Previous studies in the BLT-huMouse model confirmed the role of HIV Nef in mediating HIVinduced CD4+ T cell depletion [348]. However, nef-defective HIV viremia in the BLT-huMouse
model was only delayed for a few weeks (at low doses of inoculum) or reduced (at high doses of
inoculum) [348], suggesting that an improved human immune system in huMice could completely
mitigate nef-defective HIV viremia.
We recently incorporated a human secondary lymphoid tissue (the spleen xenograft) in the
BLT-huMouse model to create the BLTS-huMouse model. The BLTS-huMouse model enabled T
cell development and education in the human thymic microenvironment [349] and antigen-specific
T cell expansion in the human splenic microenvironment [350]. Furthermore, the BLTS-huMouse
model is reconstituted with various human innate and adaptive immune cells, including
macrophages, T, and B cells [297]. Here, we demonstrate the functionality of the antigenpresenting cells and T lymphocytes cells in BLTS-huMice, suggesting that those cells can enable
an effective antiviral T cell immune response. We previously demonstrated that the BLTShuMouse model supports HIV replication [297]. HIV viremia kinetics in BLTS-huMice mimic
patterns in HIV-infected adult humans, such as the partial control of viremia after peak viremia 2-
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weeks post-infection [297]. Here, we employed the BLTS-huMouse model to determine the role
of Nef expression and homodimerization in HIV viremia and associated immune dysregulation.
First, we demonstrated that nef-defective HIV and wild-type HIV exhibit similar infectivity
and replication at high inocula in a tissue culture model (activated CD4+ T cells) and an in vivo
model (PBL-huMice containing activated CD4+ T cells) of HIV infection and replication. In
contrast, nef-deleted HIV and wild-type HIV exhibit divergent viremia outcomes at high inocula
in BLTS-huMice; the nef-deleted HIV group remains aviremic for 20-weeks post-inoculation,
while the wild-type HIV group exhibits high viremia by 2 weeks post-infection followed by a
plateau in viral load up to 6 weeks. Furthermore, HIV viremia was associated with CD4+ T cell
depletion in the blood. Both nef-defective HIV and wild-type HIV elicited an initial burst of human
cytokine responses in the BLTS-huMice that was higher in the wild-type HIV infection. This
elevated cytokine response in wild-type HIV infection is likely due to the high viremia, compared
to the aviremic, nef-defective HIV. Notably, the elevation of human cytokine levels suggests a
human immune response to both nef-defective HIV and wild-type HIV, with an adequate response
elicited by nef-defective HIV and an ineffective response elicited by wild-type HIV.
Previous studies have demonstrated that homodimerization is essential for Nef-mediated
enhancement of HIV infectivity, replication, and immune dysregulation in tissue culture models
[12, 346]. Here, we show that Nef dimerization enhances HIV viremia and associated T cell
activation (i.e., elevated CD25 and HLA-DR expression and PD1 expression) and general immune
dysregulation in a small animal model with a robust human-immune system. The level of
disruption in Nef dimerization activity was consistent with the viremia outcomes. Additionally,
gene expression analysis suggests that functional Nef promotes the expression of nRTK such as
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Syk, general immune dysregulation (including B cell dysregulation), and impairs the expression
of anti-viral factors in vivo.
In summary, we report for the first time that Nef dimerization mediates enhancement of
HIV viremia and promotes T cell activation and general immune dysregulation in vivo in the
BLTS-huMouse model. T cell activation, and widespread immune dysregulation are believed to
be significant drivers in maintaining the HIV reservoir. Furthermore, recent evidence demonstrates
that Nef is expressed in HIV-infected individuals receiving highly active-ART, suggesting Nef
could play a significant role in maintaining the HIV reservoir by supporting low-level infection
and replication and dysregulating the anti-viral immune response[351]. The BLTS-huMouse
model supports an ART-mediated HIV reservoir [297], thus providing an ideal model for
investigating the impact of Nef-inhibitors (including inhibitors targeting Nef dimerization) in HIV
cure strategies.
γδ T cells are the first line of defense against many pathogens, but their frequency and
functions are severely altered in the setting of many infectious diseases, including HIV. Despite
long-term ART and viral control, γδ T cells do not reconstitute in HIV-infected individuals to their
levels set prior to infection [338]. However, in HIV elite controllers, Vδ2 T cell numbers are
maintained at normal levels throughout infection, implying that Vδ2 T cells play an important role
in HIV infection and control. Therefore, a better understanding of their function during HIV
infection will be necessary in order for them to be effectively utilized or targeted for therapeutic
benefit. While prior studies have demonstrated the protective effect of γδ T cells against HIV
infection in vitro [9, 305, 306], there is a paucity of information available and a gap in knowledge
regarding their therapeutic potential in vivo.
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In this study, we offer the first evidence that clinical trends of γδ T cell subpopulations
before and after HIV infection can be modeled in huMice. Immunodeficient NSG mice exhibited
robust reconstitution of human immune cells, including γδ T cells, by 12 weeks post-engraftment
of CD34+ human fetal liver cells and thymic tissues. Flow cytometric analysis of human T cell
subsets revealed that Vδ1/Vδ2 T cell ratios and CD4+/CD8+ T cell ratios in both the blood and
lymphoid tissues of healthy huMice were comparable to that seen in healthy humans. Furthermore,
we observed high levels of viremia two weeks following infection, an associated depletion of Vδ2
T cells, and an expansion of Vδ1 T cells in the peripheral blood of these animals. These features
suggest that huMice can overcome some of the translational limitations that exist in non-human
primate models of SIV, which include unremarkable changes in Vδ1/Vδ2 T cell ratios otherwise
common to human HIV infection. Our study demonstrating the in vivo reconstitution of Vδ2 T
cells in the huMouse model also provides a proof-of-concept and basis for the design of future in
vivo studies for further evaluating the role of human γδ T cells in the setting of HIV infection as
well as other chronic diseases such as cancer.
Current HIV cure strategies center on utilizing the effector functions of conventional CD8+
cytotoxic T cell lymphocytes (CTL) to kill the HIV-infected cellular reservoir following the
induction of latency reversal. Unfortunately, the need to specifically stimulate or target the
activation of autologous HIV-antigen specific autologous CD8+ T cells ex vivo or in vitro on an
individual MHC/peptide-specific level, and the existence of HIV CTL escape variants within the
latent reservoir has challenged the progress of this approach [352, 353]. γδ T cells offer an
attractive alternative to CTL as a potential therapeutic tool to mediate anti-HIV effector functions.
Their lack of MHC-restriction may provide added benefits by raising the threshold for HIV to
achieve immune escape. Moreover, since they pose a reduced risk of inducing allogeneic graft
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rejection, they may be considered for application in allogeneic immunotherapy settings. A
previous study has shown that γδ T cells mediate inhibition of HIV replication [190], but the
natural scarcity of γδ T cells in tissues and circulation indicates that these cells would likely need
to be expanded ex-vivo in order for them to have the intended therapeutic effect. Although there
are numerous in vitro protocols for expanding γδ T cells from bulk PBMC, two major approaches
can be considered for targeting γδ T cells for clinical translation. First, both ZOL and rhIL-2 can
be administered to directly increase the proliferation of endogenous Vδ2 T cells [220]. The other
approach would be ex-vivo activation and expansion of Vδ2 T cells for adoptive therapy. In the
HIV setting, this approach is limited by the substantial loss of Vδ2 T cells that occurs during the
early stages of the infection cycle, which fail to fully recover after initiation of ART. An alternative
would be to harvest Vδ2 T cells from healthy donors and expand them in vitro using ZOL and
rhIL-2 for allogeneic delivery, as has been previously reported in human cancer clinical trials [340,
354] and non-human primate models [355]. One of these cancer trials demonstrated that the
adoptive transfer of haploidentical expanded Vδ2 T cells from relatives of cancer patients was safe
and effective for achieving meaningful responses [340]. We attempted to culture and expand Vδ2
T cells derived from PBMC as well as lymphoid tissue of huMice using ZOL and rhIL-2.
Unfortunately, while we were able to expand these huMouse derived cells in vitro, we were not
able to collect and generate an adequate number to carry out in vivo studies using this method.
However, when we supplemented the cultures with allogeneic monocytes from healthy individuals
to enhance ZOL-induced phosphoantigen presentation, we achieved a 20-fold increase in Vδ2 T
cell expansion. Importantly, this was the first reported evidence that Vδ2 T cells derived from the
lymphoid tissue of huMice can indeed be expanded in vitro.
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Our study examined the therapeutic potential of adoptively transferred Vδ2 T cells in HIV
infection of BLT huMice. Although previous in vitro studies described the protective effect of γδ
T cells against HIV infection [9, 305, 306], we did not see a therapeutic benefit with the delivery
of Vδ2 T cells in huMice. In fact, treatment with the activated γδ cells resulted in a significant
enhancement of HIV infection as compared to the HIV-infected huMice that were not treated with
the Vδ2 T cells. Our results demonstrate that during HIV infection the Vδ2 T cells can transiently
upregulate surface expression of CD4 and served as viable targets for active HIV infection and
dissemination. These findings raise more questions about the role of γδ T cells in the initial
sequelae of HIV infection and their potential contribution to the HIV cellular reservoir as has been
previously reported [342].
To our knowledge, this is the first report demonstrating that functional human γδ T cells
can be robustly reconstituted in a huMice model. This small animal model provides a platform for
future mechanistic studies to explore interactions between HIV and T cell subsets and, more
broadly, for in vivo evaluation of γδ T cells and γδ T cell-based therapies in the setting of various
human diseases.
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6.0 Implications to Public Health

The development of antiretroviral therapy (ART) has played a significant role in
controlling the human immunodeficiency virus (HIV) epidemic. ART inhibits viral replication
and prevents progression to acquired immunodeficiency syndrome (AIDS), resulting in decreased
overall mortality [356, 357]. Unfortunately, despite highly active-ART that reduces the viral
genome load to undetectable levels in the blood, HIV persists in cellular reservoirs, abrogates the
anti-HIV immune response, and promotes immune dysregulation [356-358]. Indeed, clinical data
reveals that the HIV-accessory protein negative factor (Nef) remains detectable in the blood and
blood cells of individuals living with ART-controlled HIV, suggesting that Nef promotes immune
dysregulation during ART [351, 359].
Individuals infected with HIV containing defects in the nef gene exhibit reduced viral load
and delayed AIDS progression [304]. Some individuals infected with nef-defective HIV exhibit a
negligible viral load without needing ART [304]. However, a few individuals infected with nefdefective HIV develop AIDS after years of naturally controlling the virus [304]. Data from this
subset of HIV-infected individuals established Nef as a pathogenic factor in HIV infection [303,
304]. However, the mechanisms by which Nef promotes viremia and immune dysregulation in
vivo remain unresolved [331, 345].
In this study, we reported here for the first time that Nef dimerization mediates
enhancement of HIV viremia and promotes T cell activation and general immune dysregulation in
vivo in the BLTS-huMouse model. T cell activation, and widespread immune dysregulation are
believed to be significant drivers in maintaining the HIV reservoir. Furthermore, recent evidence
demonstrates that Nef is expressed in HIV-infected individuals receiving highly active-ART,
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suggesting Nef could play a significant role in maintaining the HIV reservoir by supporting lowlevel infection and replication and dysregulating the anti-viral immune response [351]. Therefore,
Nef dimerization domain may represent a novel and effective target for ART development. We
have optimized the BLTS-huMouse model which supports an ART-mediated HIV reservoir [297],
thus providing an ideal model for investigating the impact of Nef-inhibitors (including inhibitors
targeting Nef dimerization) in HIV cure strategies.
In the present study, we also provide the first reported phenotypic and functional
characterization of human γδ T cells in a huMouse and evaluated how they are impacted by HIV
infection in vivo, and we assess their therapeutic potential following adoptive cell transfer. We
demonstrate that the huMouse model recapitulates the clinical changes in Vδ1 and Vδ2 T cell
frequencies in the peripheral blood reported during natural HIV infection, providing for the first
time an in vivo model relevant for studying human γδ T cell biology. When tested therapeutic
impact on HIV infection, the adoptive transfer of cultured allogenic Vδ2 T cells into huMouse
implanted with CD4+ T cells from HIV-infected individuals on ART surprisingly resulted in
enhancement rather than control of HIV replication. This escalation in viral production was
accompanied with a marked increase in detection of HIV p24 positive Vδ2 T cells isolated from
the huMice following adoptive transfer, suggesting that the Vδ2 T cells served as targets for HIV
infection. These findings raise more questions about the role of γδ T cells in the initial sequelae of
HIV infection and their potential contribution to the HIV cellular reservoir as has been previously
reported [342]. This small animal model provides a platform for future mechanistic studies to
explore interactions between HIV and T cell subsets and, more broadly, for in vivo evaluation of
γδ T cells and γδ T cell-based therapies in the setting of various human diseases.

89

Bibliography

1.

Deeks, S.G., et al., HIV infection. Nat Rev Dis Primers, 2015. 1: p. 15035.

2.

Alsahafi, N., et al., Nef Proteins from HIV-1 Elite Controllers Are Inefficient at Preventing
Antibody-Dependent Cellular Cytotoxicity. J Virol, 2015. 90(6): p. 2993-3002.

3.

Mwimanzi, P., et al., Attenuation of multiple Nef functions in HIV-1 elite controllers.
Retrovirology, 2013. 10: p. 1.

4.

Poccia, F., et al., Peripheral V gamma 9/V delta 2 T cell deletion and anergy to nonpeptidic
mycobacterial antigens in asymptomatic HIV-1-infected persons. J Immunol, 1996. 157(1):
p. 449-61.

5.

Okoye, A.A. and L.J. Picker, CD4(+) T-cell depletion in HIV infection: mechanisms of
immunological failure. Immunol Rev, 2013. 254(1): p. 54-64.

6.

Riedel, D.J., et al., Natural viral suppressors of HIV-1 have a unique capacity to maintain
gammadelta T cells. Aids, 2009. 23(15): p. 1955-64.

7.

Zheng, N., et al., Strong ability of Nef-specific CD4+ cytotoxic T cells to suppress human
immunodeficiency virus type 1 (HIV-1) replication in HIV-1-infected CD4+ T cells and
macrophages. J Virol, 2009. 83(15): p. 7668-77.

8.

Gebara, N.Y., V. El Kamari, and N. Rizk, HIV-1 elite controllers: an immunovirological
review and clinical perspectives. J Virus Erad, 2019. 5(3): p. 163-166.

9.

Garrido, C., et al., γδ T cells: an immunotherapeutic approach for HIV cure strategies. JCI
Insight, 2018. 3(12).

10.

Deacon, N.J., et al., Genomic structure of an attenuated quasi species of HIV-1 from a
blood transfusion donor and recipients. Science, 1995. 270(5238): p. 988-91.

11.

Alexander, L., et al., Unusual polymorphisms in human immunodeficiency virus type 1
associated with nonprogressive infection. J Virol, 2000. 74(9): p. 4361-76.

12.

Poe, J.A. and T.E. Smithgall, HIV-1 Nef dimerization is required for Nef-mediated receptor
downregulation and viral replication. J Mol Biol, 2009. 394(2): p. 329-42.

13.

Ye, H., et al., Oligomerization is required for HIV-1 Nef-induced activation of the Src
family protein-tyrosine kinase, Hck. Biochemistry, 2004. 43(50): p. 15775-84.

14.

Lundquist, C.A., et al., Nef-mediated downregulation of CD4 enhances human
immunodeficiency virus type 1 replication in primary T lymphocytes. J Virol, 2002. 76(9):
p. 4625-33.
90

15.

Ariën, K.K. and B. Verhasselt, HIV Nef: role in pathogenesis and viral fitness. Curr HIV
Res, 2008. 6(3): p. 200-8.

16.

Barré-Sinoussi, F., et al., Isolation of a T-lymphotropic retrovirus from a patient at risk for
acquired immune deficiency syndrome (AIDS). Science, 1983. 220(4599): p. 868-71.

17.

Gallo, R., et al., HIV/HTLV gene nomenclature. Nature, 1988. 333(6173): p. 504.

18.

Patel, P., et al., Estimating per-act HIV transmission risk: a systematic review. Aids, 2014.
28(10): p. 1509-19.

19.

Koup, R.A., et al., Temporal association of cellular immune responses with the initial
control of viremia in primary human immunodeficiency virus type 1 syndrome. J Virol,
1994. 68(7): p. 4650-5.

20.

Macatonia, S.E., et al., Antigen-presentation by macrophages but not by dendritic cells in
human immunodeficiency virus (HIV) infection. Immunology, 1992. 75(4): p. 576-81.

21.

Verani, A., G. Gras, and G. Pancino, Macrophages and HIV-1: dangerous liaisons. Mol
Immunol, 2005. 42(2): p. 195-212.

22.

Duesberg, P.H., Human immunodeficiency virus and acquired immunodeficiency
syndrome: correlation but not causation. Proc Natl Acad Sci U S A, 1989. 86(3): p. 75564.

23.

Tsao, L.C., et al., CCR5 interaction with HIV-1 Env contributes to Env-induced depletion
of CD4 T cells in vitro and in vivo. Retrovirology, 2016. 13: p. 22.

24.

Organization.,
W.H.
HIV/AIDS
Fact
Sheet
2017;
https://www.who.int/news-room/fact-sheets/detail/hiv-aids.

25.

Peeters, M., M. Jung, and A. Ayouba, The origin and molecular epidemiology of HIV.
Expert Rev Anti Infect Ther, 2013. 11(9): p. 885-96.

26.

Maartens, G., C. Celum, and S.R. Lewin, HIV infection: epidemiology, pathogenesis,
treatment, and prevention. Lancet, 2014. 384(9939): p. 258-71.

27.

Hemelaar, J., The origin and diversity of the HIV-1 pandemic. Trends Mol Med, 2012.
18(3): p. 182-92.

28.

Gilbert, P.B., et al., Comparison of HIV-1 and HIV-2 infectivity from a prospective cohort
study in Senegal. Stat Med, 2003. 22(4): p. 573-93.

29.

Kanki, P.J., et al., Slower heterosexual spread of HIV-2 than HIV-1. Lancet, 1994.
343(8903): p. 943-6.

30.

Frankel, A.D. and J.A. Young, HIV-1: fifteen proteins and an RNA. Annu Rev Biochem,
1998. 67: p. 1-25.
91

Available

from:

31.

Craigie, R. and F.D. Bushman, HIV DNA integration. Cold Spring Harb Perspect Med,
2012. 2(7): p. a006890.

32.

Mattei, S., et al., High-resolution structures of HIV-1 Gag cleavage mutants determine
structural switch for virus maturation. Proc Natl Acad Sci U S A, 2018. 115(40): p. E9401e9410.

33.

Hu, W.S. and S.H. Hughes, HIV-1 reverse transcription. Cold Spring Harb Perspect Med,
2012. 2(10).

34.

Craigie, R., The molecular biology of HIV integrase. Future Virol, 2012. 7(7): p. 679-686.

35.

Lv, Z., Y. Chu, and Y. Wang, HIV protease inhibitors: a review of molecular selectivity
and toxicity. HIV AIDS (Auckl), 2015. 7: p. 95-104.

36.

Wilen, C.B., J.C. Tilton, and R.W. Doms, HIV: cell binding and entry. Cold Spring Harb
Perspect Med, 2012. 2(8).

37.

Rice, A.P., The HIV-1 Tat Protein: Mechanism of Action and Target for HIV-1 Cure
Strategies. Curr Pharm Des, 2017. 23(28): p. 4098-4102.

38.

Williamson, J.R., Really exasperating viral protein from HIV. Elife, 2015. 4.

39.

Malim, M.H. and M. Emerman, HIV-1 accessory proteins--ensuring viral survival in a
hostile environment. Cell Host Microbe, 2008. 3(6): p. 388-98.

40.

Rhodes, D.I., et al., Characterization of three nef-defective human immunodeficiency virus
type 1 strains associated with long-term nonprogression. Australian Long-Term
Nonprogressor Study Group. J Virol, 2000. 74(22): p. 10581-8.

41.

Kirchhoff, F., et al., Brief report: absence of intact nef sequences in a long-term survivor
with nonprogressive HIV-1 infection. N Engl J Med, 1995. 332(4): p. 228-32.

42.

Kestler, H.W., 3rd, et al., Importance of the nef gene for maintenance of high virus loads
and for development of AIDS. Cell, 1991. 65(4): p. 651-62.

43.

Hanna, Z., et al., Transgenic mice expressing human immunodeficiency virus type 1 in
immune cells develop a severe AIDS-like disease. J Virol, 1998. 72(1): p. 121-32.

44.

Chowers, M.Y., et al., Optimal infectivity in vitro of human immunodeficiency virus type 1
requires an intact nef gene. J Virol, 1994. 68(5): p. 2906-14.

45.

Basmaciogullari, S. and M. Pizzato, The activity of Nef on HIV-1 infectivity. Front
Microbiol, 2014. 5: p. 232.

46.

Münch, J., et al., Nef-mediated enhancement of virion infectivity and stimulation of viral
replication are fundamental properties of primate lentiviruses. J Virol, 2007. 81(24): p.
13852-64.
92

47.

Rosa, A., et al., HIV-1 Nef promotes infection by excluding SERINC5 from virion
incorporation. Nature, 2015. 526(7572): p. 212-7.

48.

Usami, Y., Y. Wu, and H.G. Göttlinger, SERINC3 and SERINC5 restrict HIV-1 infectivity
and are counteracted by Nef. Nature, 2015. 526(7572): p. 218-23.

49.

Sood, C., et al., SERINC5 protein inhibits HIV-1 fusion pore formation by promoting
functional inactivation of envelope glycoproteins. J Biol Chem, 2017. 292(14): p. 60146026.

50.

Dikeakos, J.D., et al., Small molecule inhibition of HIV-1-induced MHC-I down-regulation
identifies a temporally regulated switch in Nef action. Mol Biol Cell, 2010. 21(19): p.
3279-92.

51.

Hung, C.H., et al., HIV-1 Nef assembles a Src family kinase-ZAP-70/Syk-PI3K cascade to
downregulate cell-surface MHC-I. Cell Host Microbe, 2007. 1(2): p. 121-33.

52.

Arthur, L.O., et al., Cellular proteins bound to immunodeficiency viruses: implications for
pathogenesis and vaccines. Science, 1992. 258(5090): p. 1935-8.

53.

Sierra, S., B. Kupfer, and R. Kaiser, Basics of the virology of HIV-1 and its replication. J
Clin Virol, 2005. 34(4): p. 233-44.

54.

Lama, J., The physiological relevance of CD4 receptor down-modulation during HIV
infection. Curr HIV Res, 2003. 1(2): p. 167-84.

55.

Chaudhuri, R., et al., Downregulation of CD4 by human immunodeficiency virus type 1 Nef
is dependent on clathrin and involves direct interaction of Nef with the AP2 clathrin
adaptor. J Virol, 2007. 81(8): p. 3877-90.

56.

Garcia, J.V. and A.D. Miller, Serine phosphorylation-independent downregulation of cellsurface CD4 by nef. Nature, 1991. 350(6318): p. 508-11.

57.

Binette, J., et al., Requirements for the selective degradation of CD4 receptor molecules
by the human immunodeficiency virus type 1 Vpu protein in the endoplasmic reticulum.
Retrovirology, 2007. 4: p. 75.

58.

Saksela, K., G. Cheng, and D. Baltimore, Proline-rich (PxxP) motifs in HIV-1 Nef bind to
SH3 domains of a subset of Src kinases and are required for the enhanced growth of Nef+
viruses but not for down-regulation of CD4. Embo j, 1995. 14(3): p. 484-91.

59.

Lee, C.H., et al., A single amino acid in the SH3 domain of Hck determines its high affinity
and specificity in binding to HIV-1 Nef protein. Embo j, 1995. 14(20): p. 5006-15.

60.

Moarefi, I., et al., Activation of the Src-family tyrosine kinase Hck by SH3 domain
displacement. Nature, 1997. 385(6617): p. 650-3.

93

61.

Lerner, E.C. and T.E. Smithgall, SH3-dependent stimulation of Src-family kinase
autophosphorylation without tail release from the SH2 domain in vivo. Nat Struct Biol,
2002. 9(5): p. 365-9.

62.

Biggs, T.E., et al., Induction of activator protein 1 (AP-1) in macrophages by human
immunodeficiency virus type-1 NEF is a cell-type-specific response that requires both hck
and MAPK signaling events. J Mol Biol, 1999. 290(1): p. 21-35.

63.

Komuro, I., et al., CSF-induced and HIV-1-mediated distinct regulation of Hck and
C/EBPbeta represent a heterogeneous susceptibility of monocyte-derived macrophages to
M-tropic HIV-1 infection. J Exp Med, 2003. 198(3): p. 443-53.

64.

Collette, Y., et al., Physical and functional interaction of Nef with Lck. HIV-1 Nef-induced
T-cell signaling defects. J Biol Chem, 1996. 271(11): p. 6333-41.

65.

Klatzmann, D., et al., T-lymphocyte T4 molecule behaves as the receptor for human
retrovirus LAV. Nature, 1984. 312(5996): p. 767-8.

66.

Chauveau, L., et al., HIV Fusion in Dendritic Cells Occurs Mainly at the Surface and Is
Limited by Low CD4 Levels. J Virol, 2017. 91(21).

67.

Feng, Y., et al., Pillars article: HIV-1 entry cofactor: functional cDNA cloning of a seventransmembrane, G protein-coupled receptor. Science. 1996. 272: 872-877. J Immunol,
2011. 186(11): p. 6076-81.

68.

Shaik, M.M., et al., Structural basis of coreceptor recognition by HIV-1 envelope spike.
Nature, 2019. 565(7739): p. 318-323.

69.

Weissenhorn, W., et al., Atomic structure of the ectodomain from HIV-1 gp41. Nature,
1997. 387(6631): p. 426-30.

70.

Forshey, B.M., et al., Formation of a human immunodeficiency virus type 1 core of optimal
stability is crucial for viral replication. J Virol, 2002. 76(11): p. 5667-77.

71.

Van Rompay, K.K., The use of nonhuman primate models of HIV infection for the
evaluation of antiviral strategies. AIDS Res Hum Retroviruses, 2012. 28(1): p. 16-35.

72.

Baltimore, D., RNA-dependent DNA polymerase in virions of RNA tumour viruses. Nature,
1970. 226(5252): p. 1209-11.

73.

Mizutani, S., D. Boettiger, and H.M. Temin, A DNA-depenent DNA polymerase and a DNA
endonuclease in virions of Rous sarcoma virus. Nature, 1970. 228(5270): p. 424-7.

74.

Mohammadi, P., et al., 24 hours in the life of HIV-1 in a T cell line. PLoS Pathog, 2013.
9(1): p. e1003161.

94

75.

Bukrinsky, M.I., et al., Association of integrase, matrix, and reverse transcriptase antigens
of human immunodeficiency virus type 1 with viral nucleic acids following acute infection.
Proc Natl Acad Sci U S A, 1993. 90(13): p. 6125-9.

76.

Miller, M.D., C.M. Farnet, and F.D. Bushman, Human immunodeficiency virus type 1
preintegration complexes: studies of organization and composition. J Virol, 1997. 71(7):
p. 5382-90.

77.

Fujiwara, T. and K. Mizuuchi, Retroviral DNA integration: structure of an integration
intermediate. Cell, 1988. 54(4): p. 497-504.

78.

Daniel, R., et al., Evidence that stable retroviral transduction and cell survival following
DNA integration depend on components of the nonhomologous end joining repair pathway.
J Virol, 2004. 78(16): p. 8573-81.

79.

Lu, Y.C., et al., The NF kappa B independent cis-acting sequences in HIV-1 LTR
responsive to T-cell activation. J Acquir Immune Defic Syndr (1988), 1991. 4(2): p. 1737.

80.

Dingwall, C., et al., Human immunodeficiency virus 1 tat protein binds trans-activationresponsive region (TAR) RNA in vitro. Proc Natl Acad Sci U S A, 1989. 86(18): p. 69259.

81.

Emerman, M., R. Vazeux, and K. Peden, The rev gene product of the human
immunodeficiency virus affects envelope-specific RNA localization. Cell, 1989. 57(7): p.
1155-65.

82.

Fischer, U., et al., The HIV-1 Rev activation domain is a nuclear export signal that accesses
an export pathway used by specific cellular RNAs. Cell, 1995. 82(3): p. 475-83.

83.

Aloia, R.C., H. Tian, and F.C. Jensen, Lipid composition and fluidity of the human
immunodeficiency virus envelope and host cell plasma membranes. Proc Natl Acad Sci U
S A, 1993. 90(11): p. 5181-5.

84.

Halwani, R., et al., Rapid localization of Gag/GagPol complexes to detergent-resistant
membrane during the assembly of human immunodeficiency virus type 1. J Virol, 2003.
77(7): p. 3973-84.

85.

Cosson, P., Direct interaction between the envelope and matrix proteins of HIV-1. Embo
j, 1996. 15(21): p. 5783-8.

86.

Gringhuis, S.I., et al., HIV-1 exploits innate signaling by TLR8 and DC-SIGN for
productive infection of dendritic cells. Nat Immunol, 2010. 11(5): p. 419-26.

87.

Ho, D.D., T.R. Rota, and M.S. Hirsch, Infection of monocyte/macrophages by human T
lymphotropic virus type III. J Clin Invest, 1986. 77(5): p. 1712-5.

95

88.

Lee, B., et al., Quantification of CD4, CCR5, and CXCR4 levels on lymphocyte subsets,
dendritic cells, and differentially conditioned monocyte-derived macrophages. Proc Natl
Acad Sci U S A, 1999. 96(9): p. 5215-20.

89.

Hladik, F. and M.J. McElrath, Setting the stage: host invasion by HIV. Nat Rev Immunol,
2008. 8(6): p. 447-57.

90.

Little, S.J., et al., Viral dynamics of acute HIV-1 infection. J Exp Med, 1999. 190(6): p.
841-50.

91.

Zagury, D., et al., Long-term cultures of HTLV-III--infected T cells: a model of
cytopathology of T-cell depletion in AIDS. Science, 1986. 231(4740): p. 850-3.

92.

Walker, C.M., et al., CD8+ lymphocytes can control HIV infection in vitro by suppressing
virus replication. Science, 1986. 234(4783): p. 1563-6.

93.

Finkel, T.H., et al., Apoptosis occurs predominantly in bystander cells and not in
productively infected cells of HIV- and SIV-infected lymph nodes. Nat Med, 1995. 1(2): p.
129-34.

94.

Brenchley, J.M., et al., Microbial translocation is a cause of systemic immune activation
in chronic HIV infection. Nat Med, 2006. 12(12): p. 1365-71.

95.

Perkins, M.R., et al., The Interplay Between Host Genetic Variation, Viral Replication, and
Microbial Translocation in Untreated HIV-Infected Individuals. J Infect Dis, 2015. 212(4):
p. 578-84.

96.

Wiley, C.A., et al., Cellular localization of human immunodeficiency virus infection within
the brains of acquired immune deficiency syndrome patients. Proc Natl Acad Sci U S A,
1986. 83(18): p. 7089-93.

97.

Navia, B.A., et al., The AIDS dementia complex: II. Neuropathology. Ann Neurol, 1986.
19(6): p. 525-35.

98.

Lyles, R.H., et al., Natural history of human immunodeficiency virus type 1 viremia after
seroconversion and proximal to AIDS in a large cohort of homosexual men. Multicenter
AIDS Cohort Study. J Infect Dis, 2000. 181(3): p. 872-80.

99.

Zeller, J.M., N.L. McCain, and B. Swanson, Immunological and virological markers of
HIV-disease progression. J Assoc Nurses AIDS Care, 1996. 7(1): p. 15-27.

100.

Kumar, P., Long term non-progressor (LTNP) HIV infection. Indian J Med Res, 2013.
138(3): p. 291-3.

101.

Juno, J.A. and E.M. Eriksson, γδ T-cell responses during HIV infection and antiretroviral
therapy. Clin Transl Immunology, 2019. 8(7): p. e01069.

96

102.

Février, M., K. Dorgham, and A. Rebollo, CD4+ T cell depletion in human
immunodeficiency virus (HIV) infection: role of apoptosis. Viruses, 2011. 3(5): p. 586-612.

103.

Kapić, E., F. Becić, and S. Zvizdić, [Enfuvirtide, mechanism of action and
pharmacological properties]. Med Arh, 2005. 59(5): p. 313-6.

104.

Kliger, Y. and Y. Shai, Inhibition of HIV-1 entry before gp41 folds into its fusion-active
conformation. J Mol Biol, 2000. 295(2): p. 163-8.

105.

Furman, P.A., et al., Phosphorylation of 3'-azido-3'-deoxythymidine and selective
interaction of the 5'-triphosphate with human immunodeficiency virus reverse
transcriptase. Proc Natl Acad Sci U S A, 1986. 83(21): p. 8333-7.

106.

Esnouf, R., et al., Mechanism of inhibition of HIV-1 reverse transcriptase by nonnucleoside inhibitors. Nat Struct Biol, 1995. 2(4): p. 303-8.

107.

Rodgers, D.W., et al., The structure of unliganded reverse transcriptase from the human
immunodeficiency virus type 1. Proc Natl Acad Sci U S A, 1995. 92(4): p. 1222-6.

108.

Espeseth, A.S., et al., HIV-1 integrase inhibitors that compete with the target DNA
substrate define a unique strand transfer conformation for integrase. Proc Natl Acad Sci
U S A, 2000. 97(21): p. 11244-9.

109.

Kohl, N.E., et al., Active human immunodeficiency virus protease is required for viral
infectivity. Proc Natl Acad Sci U S A, 1988. 85(13): p. 4686-90.

110.

Cohen, M.S., et al., Prevention of HIV-1 infection with early antiretroviral therapy. N Engl
J Med, 2011. 365(6): p. 493-505.

111.

Severe, P., et al., Early versus standard antiretroviral therapy for HIV-infected adults in
Haiti. N Engl J Med, 2010. 363(3): p. 257-65.

112.

Caccamo, N., et al., Sex-specific phenotypical and functional differences in peripheral
human Vgamma9/Vdelta2 T cells. J Leukoc Biol, 2006. 79(4): p. 663-6.

113.

Gu, S., W. Nawrocka, and E.J. Adams, Sensing of Pyrophosphate Metabolites by
Vgamma9Vdelta2 T Cells. Front Immunol, 2014. 5: p. 688.

114.

Petrie, H.T., R. Scollay, and K. Shortman, Commitment to the T cell receptor-alpha beta
or -gamma delta lineages can occur just prior to the onset of CD4 and CD8 expression
among immature thymocytes. Eur J Immunol, 1992. 22(8): p. 2185-8.

115.

Godfrey, D.I., et al., A developmental pathway involving four phenotypically and
functionally distinct subsets of CD3-CD4-CD8- triple-negative adult mouse thymocytes
defined by CD44 and CD25 expression. J Immunol, 1993. 150(10): p. 4244-52.

116.

Capone, M., R.D. Hockett, Jr., and A. Zlotnik, Kinetics of T cell receptor beta, gamma,
and delta rearrangements during adult thymic development: T cell receptor
97

rearrangements are present in CD44(+)CD25(+) Pro-T thymocytes. Proc Natl Acad Sci
U S A, 1998. 95(21): p. 12522-7.
117.

Shortman, K., et al., The beginning and the end of the development of TCR gamma delta
cells in the thymus. Curr Top Microbiol Immunol, 1991. 173: p. 71-80.

118.

Satyanarayana, K., et al., Genomic organization of the human T-cell antigen-receptor
alpha/delta locus. Proc Natl Acad Sci U S A, 1988. 85(21): p. 8166-70.

119.

Coffey, F., et al., The TCR ligand-inducible expression of CD73 marks gammadelta lineage
commitment and a metastable intermediate in effector specification. J Exp Med, 2014.
211(2): p. 329-43.

120.

Hayes, S.M., L. Li, and P.E. Love, TCR signal strength influences alphabeta/gammadelta
lineage fate. Immunity, 2005. 22(5): p. 583-93.

121.

McVay, L.D. and S.R. Carding, Extrathymic origin of human gamma delta T cells during
fetal development. J Immunol, 1996. 157(7): p. 2873-82.

122.

McVay, L.D., et al., The generation of human gammadelta T cell repertoires during fetal
development. J Immunol, 1998. 160(12): p. 5851-60.

123.

Porcelli, S., M.B. Brenner, and H. Band, Biology of the human gamma delta T-cell
receptor. Immunol Rev, 1991. 120: p. 137-83.

124.

Morita, C.T., et al., TCR usage and functional capabilities of human gamma delta T cells
at birth. J Immunol, 1994. 153(9): p. 3979-88.

125.

Dimova, T., et al., Effector Vgamma9Vdelta2 T cells dominate the human fetal gammadelta
T-cell repertoire. Proc Natl Acad Sci U S A, 2015. 112(6): p. E556-65.

126.

Davey, M.S., et al., Vdelta2(+) T Cells-Two Subsets for the Price of One. Front Immunol,
2018. 9: p. 2106.

127.

Davey, M.S., et al., The human Vdelta2(+) T-cell compartment comprises distinct innatelike Vgamma9(+) and adaptive Vgamma9(-) subsets. Nat Commun, 2018. 9(1): p. 1760.

128.

Wang, H., Z. Fang, and C.T. Morita, Vgamma2Vdelta2 T Cell Receptor recognition of
prenyl pyrophosphates is dependent on all CDRs. J Immunol, 2010. 184(11): p. 6209-22.

129.

Ravens, S., et al., Human gammadelta T cells are quickly reconstituted after stem-cell
transplantation and show adaptive clonal expansion in response to viral infection. Nat
Immunol, 2017. 18(4): p. 393-401.

130.

Bonneville, M., R.L. O'Brien, and W.K. Born, Gammadelta T cell effector functions: a
blend of innate programming and acquired plasticity. Nat Rev Immunol, 2010. 10(7): p.
467-78.

98

131.

Siegers, G.M. and L.S. Lamb, Jr., Cytotoxic and regulatory properties of circulating
Vdelta1+ gammadelta T cells: a new player on the cell therapy field? Mol Ther, 2014.
22(8): p. 1416-1422.

132.

Kenna, T., et al., Distinct subpopulations of gamma delta T cells are present in normal and
tumor-bearing human liver. Clin Immunol, 2004. 113(1): p. 56-63.

133.

Dunne, M.R., et al., Persistent changes in circulating and intestinal gammadelta T cell
subsets, invariant natural killer T cells and mucosal-associated invariant T cells in
children and adults with coeliac disease. PLoS One, 2013. 8(10): p. e76008.

134.

Allison, T.J., et al., Structure of a human gammadelta T-cell antigen receptor. Nature,
2001. 411(6839): p. 820-4.

135.

Dechanet, J., et al., Implication of gammadelta T cells in the human immune response to
cytomegalovirus. J Clin Invest, 1999. 103(10): p. 1437-49.

136.

Bartkowiak, J., et al., Molecular diversity of gammadelta T cells in peripheral blood from
patients with B-cell chronic lymphocytic leukaemia. Neoplasma, 2002. 49(2): p. 86-90.

137.

Petrasca, A., et al., Human Vdelta3(+) gammadelta T cells induce maturation and IgM
secretion by B cells. Immunol Lett, 2018. 196: p. 126-134.

138.

Mangan, B.A., et al., Cutting edge: CD1d restriction and Th1/Th2/Th17 cytokine secretion
by human Vdelta3 T cells. J Immunol, 2013. 191(1): p. 30-4.

139.

Wang, L., et al., The feature of distribution and clonality of TCR gamma/delta subfamilies
T cells in patients with B-cell non-Hodgkin lymphoma. J Immunol Res, 2014. 2014: p.
241246.

140.

Wesch, D., A. Glatzel, and D. Kabelitz, Differentiation of resting human peripheral blood
gamma delta T cells toward Th1- or Th2-phenotype. Cell Immunol, 2001. 212(2): p. 1107.

141.

Wu, Y.L., et al., gammadelta T cells and their potential for immunotherapy. Int J Biol Sci,
2014. 10(2): p. 119-35.

142.

Lehner, T., et al., The role of gammadelta T cells in generating antiviral factors and betachemokines in protection against mucosal simian immunodeficiency virus infection. Eur J
Immunol, 2000. 30(8): p. 2245-56.

143.

Bukowski, J.F., et al., V gamma 2V delta 2 TCR-dependent recognition of non-peptide
antigens and Daudi cells analyzed by TCR gene transfer. J Immunol, 1995. 154(3): p. 9981006.

144.

Gober, H.J., et al., Human T cell receptor gammadelta cells recognize endogenous
mevalonate metabolites in tumor cells. J Exp Med, 2003. 197(2): p. 163-8.

99

145.

Rigau, M., et al., Butyrophilin 2A1 is essential for phosphoantigen reactivity by
gammadelta T cells. Science, 2020. 367(6478).

146.

Rhodes, D.A., W. Reith, and J. Trowsdale, Regulation of Immunity by Butyrophilins. Annu
Rev Immunol, 2016. 34: p. 151-72.

147.

Agea, E., et al., Human CD1-restricted T cell recognition of lipids from pollens. J Exp
Med, 2005. 202(2): p. 295-308.

148.

Born, W.K., M. Kemal Aydintug, and R.L. O'Brien, Diversity of gammadelta T-cell
antigens. Cell Mol Immunol, 2013. 10(1): p. 13-20.

149.

Scotet, E., et al., Tumor recognition following Vgamma9Vdelta2 T cell receptor
interactions with a surface F1-ATPase-related structure and apolipoprotein A-I.
Immunity, 2005. 22(1): p. 71-80.

150.

Rust, C.J., et al., Specific recognition of staphylococcal enterotoxin A by human T cells
bearing receptors with the V gamma 9 region. Nature, 1990. 346(6284): p. 572-4.

151.

Guo, Y., et al., Human T-cell recognition of Listeria monocytogenes: recognition of
listeriolysin O by TcR alpha beta + and TcR gamma delta + T cells. Infect Immun, 1995.
63(6): p. 2288-94.

152.

Kozbor, D., et al., Human TCR-gamma+/delta+, CD8+ T lymphocytes recognize tetanus
toxoid in an MHC-restricted fashion. J Exp Med, 1989. 169(5): p. 1847-51.

153.

Happ, M.P., et al., Limited receptor repertoire in a mycobacteria-reactive subset of gamma
delta T lymphocytes. Nature, 1989. 342(6250): p. 696-8.

154.

Gonzalez-Amaro, R., et al., Co-stimulatory signals increase the reactivity of gammadelta
T cells towards mycobacterial antigens. Clin Exp Immunol, 2000. 120(3): p. 468-75.

155.

Witherden, D.A., M.D. Johnson, and W.L. Havran, Coreceptors and Their Ligands in
Epithelial gammadelta T Cell Biology. Front Immunol, 2018. 9: p. 731.

156.

Tokuyama, H., et al., V gamma 9 V delta 2 T cell cytotoxicity against tumor cells is
enhanced by monoclonal antibody drugs--rituximab and trastuzumab. Int J Cancer, 2008.
122(11): p. 2526-34.

157.

Seidel, U.J., et al., gammadelta T Cell-Mediated Antibody-Dependent Cellular Cytotoxicity
with CD19 Antibodies Assessed by an Impedance-Based Label-Free Real-Time
Cytotoxicity Assay. Front Immunol, 2014. 5: p. 618.

158.

Ansel, K.M., et al., A chemokine-driven positive feedback loop organizes lymphoid
follicles. Nature, 2000. 406(6793): p. 309-14.

100

159.

Wen, L., et al., Germinal center formation, immunoglobulin class switching, and
autoantibody production driven by "non alpha/beta" T cells. J Exp Med, 1996. 183(5): p.
2271-82.

160.

Gascan, H., et al., Membranes of activated CD4+ T cells expressing T cell receptor (TcR)
alpha beta or TcR gamma delta induce IgE synthesis by human B cells in the presence of
interleukin-4. Eur J Immunol, 1992. 22(5): p. 1133-41.

161.

Petrasca, A. and D.G. Doherty, Human Vdelta2(+) gammadelta T Cells Differentially
Induce Maturation, Cytokine Production, and Alloreactive T Cell Stimulation by Dendritic
Cells and B Cells. Front Immunol, 2014. 5: p. 650.

162.

Vermijlen, D., et al., Distinct cytokine-driven responses of activated blood gammadelta T
cells: insights into unconventional T cell pleiotropy. J Immunol, 2007. 178(7): p. 4304-14.

163.

Ismaili, J., et al., Human gamma delta T cells induce dendritic cell maturation. Clin
Immunol, 2002. 103(3 Pt 1): p. 296-302.

164.

Rescigno, M., et al., Dendritic cell survival and maturation are regulated by different
signaling pathways. J Exp Med, 1998. 188(11): p. 2175-80.

165.

Leslie, D.S., et al., CD1-mediated gamma/delta T cell maturation of dendritic cells. J Exp
Med, 2002. 196(12): p. 1575-84.

166.

Ladel, C.H., et al., Protective role of gamma/delta T cells and alpha/beta T cells in
tuberculosis. Eur J Immunol, 1995. 25(10): p. 2877-81.

167.

Eberl, M., et al., A rapid crosstalk of human gammadelta T cells and monocytes drives the
acute inflammation in bacterial infections. PLoS Pathog, 2009. 5(2): p. e1000308.

168.

Miyagawa, F., et al., Essential requirement of antigen presentation by monocyte lineage
cells for the activation of primary human gamma delta T cells by aminobisphosphonate
antigen. J Immunol, 2001. 166(9): p. 5508-14.

169.

Ferrero, E., et al., Macrophages exposed to Mycobacterium tuberculosis release
chemokines able to recruit selected leucocyte subpopulations: focus on gammadelta cells.
Immunology, 2003. 108(3): p. 365-74.

170.

Qin, G., et al., Phosphoantigen-expanded human gammadelta T cells display potent
cytotoxicity against monocyte-derived macrophages infected with human and avian
influenza viruses. J Infect Dis, 2009. 200(6): p. 858-65.

171.

Mamedov, M.R., et al., A Macrophage Colony-Stimulating-Factor-Producing γδ T Cell
Subset Prevents Malarial Parasitemic Recurrence. Immunity, 2018. 48(2): p. 350-363.e7.

172.

Kalinski, P., et al., Natural killer-dendritic cell cross-talk in cancer immunotherapy. Expert
Opin Biol Ther, 2005. 5(10): p. 1303-15.

101

173.

Kalinski, P., et al., Helper role of NK cells during the induction of anticancer responses by
dendritic cells. Mol Immunol, 2005. 42(4): p. 535-9.

174.

Mailliard, R.B., et al., Dendritic cells mediate NK cell help for Th1 and CTL responses:
two-signal requirement for the induction of NK cell helper function. J Immunol, 2003.
171(5): p. 2366-73.

175.

Maniar, A., et al., Human gammadelta T lymphocytes induce robust NK cell-mediated
antitumor cytotoxicity through CD137 engagement. Blood, 2010. 116(10): p. 1726-33.

176.

Ladel, C.H., C. Blum, and S.H. Kaufmann, Control of natural killer cell-mediated innate
resistance against the intracellular pathogen Listeria monocytogenes by gamma/delta T
lymphocytes. Infect Immun, 1996. 64(5): p. 1744-9.

177.

He, Y., et al., gammadelta T cell and other immune cells crosstalk in cellular immunity. J
Immunol Res, 2014. 2014: p. 960252.

178.

Brandes, M., K. Willimann, and B. Moser, Professional antigen-presentation function by
human gammadelta T Cells. Science, 2005. 309(5732): p. 264-8.

179.

Himoudi, N., et al., Human gammadelta T lymphocytes are licensed for professional
antigen presentation by interaction with opsonized target cells. J Immunol, 2012. 188(4):
p. 1708-16.

180.

Brandes, M., et al., Cross-presenting human gammadelta T cells induce robust CD8+
alphabeta T cell responses. Proc Natl Acad Sci U S A, 2009. 106(7): p. 2307-12.

181.

Muto, M., et al., Myeloid molecular characteristics of human γδ T cells support their
acquisition of tumor antigen-presenting capacity. Cancer Immunol Immunother, 2015.
64(8): p. 941-9.

182.

Poles, M.A., et al., Human immunodeficiency virus type 1 induces persistent changes in
mucosal and blood gammadelta T cells despite suppressive therapy. J Virol, 2003. 77(19):
p. 10456-67.

183.

Li, H., et al., Association between Vgamma2Vdelta2 T cells and disease progression after
infection with closely related strains of HIV in China. Clin Infect Dis, 2008. 46(9): p. 146672.

184.

Chaudhry, S., et al., The gammadelta T-cell receptor repertoire is reconstituted in HIV
patients after prolonged antiretroviral therapy. Aids, 2013. 27(10): p. 1557-62.

185.

Li, H. and C.D. Pauza, HIV envelope-mediated, CCR5/alpha4beta7-dependent killing of
CD4-negative gammadelta T cells which are lost during progression to AIDS. Blood, 2011.
118(22): p. 5824-31.

186.

Brenchley, J.M., et al., Differential Th17 CD4 T-cell depletion in pathogenic and
nonpathogenic lentiviral infections. Blood, 2008. 112(7): p. 2826-35.
102

187.

Li, Z., et al., gammadelta T cells are involved in acute HIV infection and associated with
AIDS progression. PLoS One, 2014. 9(9): p. e106064.

188.

Wallace, M., et al., Functional gamma delta T-lymphocyte defect associated with human
immunodeficiency virus infections. Mol Med, 1997. 3(1): p. 60-71.

189.

Sacchi, A., et al., HIV infection of monocytes-derived dendritic cells inhibits
Vgamma9Vdelta2 T cells functions. PLoS One, 2014. 9(10): p. e111095.

190.

Poccia, F., et al., Phosphoantigen-reactive Vgamma9Vdelta2 T lymphocytes suppress in
vitro human immunodeficiency virus type 1 replication by cell-released antiviral factors
including CC chemokines. J Infect Dis, 1999. 180(3): p. 858-61.

191.

Brandes, M., et al., Flexible migration program regulates gamma delta T-cell involvement
in humoral immunity. Blood, 2003. 102(10): p. 3693-701.

192.

Bansal, R.R., et al., IL-21 enhances the potential of human gammadelta T cells to provide
B-cell help. Eur J Immunol, 2012. 42(1): p. 110-9.

193.

Caccamo, N., et al., CXCR5 identifies a subset of Vgamma9Vdelta2 T cells which secrete
IL-4 and IL-10 and help B cells for antibody production. J Immunol, 2006. 177(8): p. 52905.

194.

Fausther-Bovendo, H., et al., NKG2C is a major triggering receptor involved in the
V[delta]1 T cell-mediated cytotoxicity against HIV-infected CD4 T cells. Aids, 2008.
22(2): p. 217-26.

195.

Mingari, M.C., et al., Clonal analysis of CD4-CD8- human thymocytes expressing a T cell
receptor gamma/delta chain. Direct evidence for the de novo expression of CD8 surface
antigen and of cytolytic activity against tumor targets. Eur J Immunol, 1988. 18(11): p.
1831-4.

196.

Belkina, A.C., et al., Multivariate Computational Analysis of Gamma Delta T Cell
Inhibitory Receptor Signatures Reveals the Divergence of Healthy and ART-Suppressed
HIV+ Aging. Front Immunol, 2018. 9: p. 2783.

197.

Mwale, A., et al., B cell, CD8 (+) T cell and gamma delta T cell infiltration alters alveolar
immune cell homeostasis in HIV-infected Malawian adults. Wellcome Open Res, 2017. 2:
p. 105.

198.

Negash, M., et al., Phenotypic and functional heterogeneity of peripheral gammadelta T
cells in pulmonary TB and HIV patients in Addis Ababa, Ethiopia. BMC Infect Dis, 2018.
18(1): p. 464.

199.

Cummings, J.S., et al., Impacts of HIV infection on Vgamma2Vdelta2 T cell phenotype and
function: a mechanism for reduced tumor immunity in AIDS. J Leukoc Biol, 2008. 84(2):
p. 371-9.

103

200.

Olson, G.S., et al., Increased frequency of systemic pro-inflammatory Vdelta1(+)
gammadelta T cells in HIV elite controllers correlates with gut viral load. Sci Rep, 2018.
8(1): p. 16471.

201.

Poonia, B., Adoptive transfer of aminobisphonate-expanded Vgamma9Vdelta2+ T cells
does not control HIV replication in a huMouse model. Immunotherapy, 2016. 8(5): p. 5216.

202.

Ali, Z., et al., Gammadelta T cell immune manipulation during chronic phase of simianhuman immunodeficiency virus infection [corrected] confers immunological benefits. J
Immunol, 2009. 183(8): p. 5407-17.

203.

Garrido, C., et al., gammadelta T cells: an immunotherapeutic approach for HIV cure
strategies. JCI Insight, 2018. 3(12).

204.

He, X., et al., The potential role of CD16+ Vgamma2Vdelta2 T cell-mediated antibodydependent cell-mediated cytotoxicity in control of HIV type 1 disease. AIDS Res Hum
Retroviruses, 2013. 29(12): p. 1562-70.

205.

Murday, A.S., S. Chaudhry, and C.D. Pauza, Interleukin-18 activates Vgamma9Vdelta2(+)
T cells from HIV-positive individuals: recovering the response to phosphoantigen.
Immunology, 2017. 151(4): p. 385-394.

206.

Chevalier, M.F., et al., gammadelta T-cell subsets in HIV controllers: potential role of
Tgammadelta17 cells in the regulation of chronic immune activation. Aids, 2019. 33(8): p.
1283-1292.

207.

Stevenson, M., et al., HIV-1 replication is controlled at the level of T cell activation and
proviral integration. Embo j, 1990. 9(5): p. 1551-60.

208.

Siliciano, J.D., et al., Long-term follow-up studies confirm the stability of the latent
reservoir for HIV-1 in resting CD4+ T cells. Nat Med, 2003. 9(6): p. 727-8.

209.

Imlach, S., et al., Phenotypic analysis of peripheral blood gammadelta T lymphocytes and
their targeting by human immunodeficiency virus type 1 in vivo. Virology, 2003. 305(2):
p. 415-27.

210.

Soriano-Sarabia, N., et al., Peripheral Vgamma9Vdelta2 T Cells Are a Novel Reservoir of
Latent HIV Infection. PLoS Pathog, 2015. 11(10): p. e1005201.

211.

Bronnimann, M.P., P.J. Skinner, and E. Connick, The B-Cell Follicle in HIV Infection:
Barrier to a Cure. Front Immunol, 2018. 9: p. 20.

212.

Zalar, A., et al., Macrophage HIV-1 infection in duodenal tissue of patients on long term
HAART. Antiviral Res, 2010. 87(2): p. 269-71.

213.

Ganor, Y., et al., HIV-1 reservoirs in urethral macrophages of patients under suppressive
antiretroviral therapy. Nat Microbiol, 2019. 4(4): p. 633-644.
104

214.

Lamers, S.L., et al., Human immunodeficiency virus-1 evolutionary patterns associated
with pathogenic processes in the brain. J Neurovirol, 2010. 16(3): p. 230-41.

215.

Ko, A., et al., Macrophages but not Astrocytes Harbor HIV DNA in the Brains of HIV-1Infected Aviremic Individuals on Suppressive Antiretroviral Therapy. J Neuroimmune
Pharmacol, 2019. 14(1): p. 110-119.

216.

Roelofs, A.J., et al., Peripheral blood monocytes are responsible for gammadelta T cell
activation induced by zoledronic acid through accumulation of IPP/DMAPP. Br J
Haematol, 2009. 144(2): p. 245-50.

217.

Almeida, A.R., et al., Delta One T Cells for Immunotherapy of Chronic Lymphocytic
Leukemia: Clinical-Grade Expansion/Differentiation and Preclinical Proof of Concept.
Clin Cancer Res, 2016. 22(23): p. 5795-5804.

218.

Siegers, G.M., et al., Human Vδ1 γδ T cells expanded from peripheral blood exhibit specific
cytotoxicity against B-cell chronic lymphocytic leukemia-derived cells. Cytotherapy, 2011.
13(6): p. 753-64.

219.

Gu, S., et al., Butyrophilin3A proteins and Vγ9Vδ2 T cell activation. Semin Cell Dev Biol,
2018. 84: p. 65-74.

220.

Poccia, F., et al., Zoledronic acid and interleukin-2 treatment improves
immunocompetence in HIV-infected persons by activating Vgamma9Vdelta2 T cells. Aids,
2009. 23(5): p. 555-65.

221.

Kawanishi, Y., et al., Effect of T cell subset dose on outcome of T cell-depleted bone
marrow transplantation. Bone Marrow Transplant, 1997. 19(11): p. 1069-77.

222.

Wijting, I.E.A., et al., Immune reconstitution inflammatory syndrome in HIV infected late
presenters starting integrase inhibitor containing antiretroviral therapy.
EClinicalMedicine, 2019. 17: p. 100210.

223.

Dieli, F., et al., Targeting human {gamma}delta} T cells with zoledronate and interleukin2 for immunotherapy of hormone-refractory prostate cancer. Cancer Res, 2007. 67(15): p.
7450-7.

224.

Li, H. and C.D. Pauza, Rapamycin increases the yield and effector function of human
gammadelta T cells stimulated in vitro. Cancer Immunol Immunother, 2011. 60(3): p. 36170.

225.

Gao, F., et al., Origin of HIV-1 in the chimpanzee Pan troglodytes troglodytes. Nature,
1999. 397(6718): p. 436-41.

226.

Plantier, J.C., et al., A new human immunodeficiency virus derived from gorillas. Nat Med,
2009. 15(8): p. 871-2.

105

227.

Keele, B.F., et al., Chimpanzee reservoirs of pandemic and nonpandemic HIV-1. Science,
2006. 313(5786): p. 523-6.

228.

Worobey, M., et al., Direct evidence of extensive diversity of HIV-1 in Kinshasa by 1960.
Nature, 2008. 455(7213): p. 661-4.

229.

Hrecka, K., et al., Vpx relieves inhibition of HIV-1 infection of macrophages mediated by
the SAMHD1 protein. Nature, 2011. 474(7353): p. 658-61.

230.

Jia, B., et al., Species-specific activity of SIV Nef and HIV-1 Vpu in overcoming restriction
by tetherin/BST2. PLoS Pathog, 2009. 5(5): p. e1000429.

231.

Laguette, N., et al., SAMHD1 is the dendritic- and myeloid-cell-specific HIV-1 restriction
factor counteracted by Vpx. Nature, 2011. 474(7353): p. 654-7.

232.

Mariani, R., et al., Species-specific exclusion of APOBEC3G from HIV-1 virions by Vif.
Cell, 2003. 114(1): p. 21-31.

233.

Stremlau, M., et al., The cytoplasmic body component TRIM5alpha restricts HIV-1
infection in Old World monkeys. Nature, 2004. 427(6977): p. 848-53.

234.

Pandrea, I., et al., Into the wild: simian immunodeficiency virus (SIV) infection in natural
hosts. Trends Immunol, 2008. 29(9): p. 419-28.

235.

Chahroudi, A., et al., Natural SIV hosts: showing AIDS the door. Science, 2012. 335(6073):
p. 1188-93.

236.

Gan, Y.H., C.D. Pauza, and M. Malkovsky, Gamma delta T cells in rhesus monkeys and
their response to simian immunodeficiency virus (SIV) infection. Clin Exp Immunol, 1995.
102(2): p. 251-5.

237.

Tuero, I., D. Venzon, and M. Robert-Guroff, Mucosal and Systemic γδ+ T Cells Associated
with Control of Simian Immunodeficiency Virus Infection. J Immunol, 2016. 197(12): p.
4686-4695.

238.

Shultz, L.D., F. Ishikawa, and D.L. Greiner, HuMice in translational biomedical research.
Nat Rev Immunol, 2007. 7(2): p. 118-30.

239.

Torbett, B.E., G. Picchio, and D.E. Mosier, hu-PBL-SCID mice: a model for human
immune function, AIDS, and lymphomagenesis. Immunol Rev, 1991. 124: p. 139-64.

240.

Kim, K.C., et al., A Simple Mouse Model for the Study of Human Immunodeficiency Virus.
AIDS Res Hum Retroviruses, 2016. 32(2): p. 194-202.

241.

Perdomo-Celis, F., et al., Chronic, Acute, and Reactivated HIV Infection in Humanized
Immunodeficient Mouse Models. J Vis Exp, 2019(154).

106

242.

Safrit, J.T., et al., Hu-Pbl-Scid Mice Can Be Protected from Hiv-1 Infection by Passive
Transfer of Monoclonal-Antibody to the Principal Neutralizing Determinant of Envelope
Gp120. Aids, 1993. 7(1): p. 15-21.

243.

Metcalf Pate, K.A. and J.N. Blankson, The mouse viral outgrowth assay: avatars for the
detection of HIV-1 reservoirs. Retrovirology, 2017. 14(1): p. 52.

244.

Perdomo-Celis, F., et al., High activation and skewed T cell differentiation are associated
with low IL-17A levels in a hu-PBL-NSG-SGM3 mouse model of HIV infection. Clin Exp
Immunol, 2020.

245.

Ali, N., et al., Xenogeneic graft-versus-host-disease in NOD-scid IL-2Rgammanull mice
display a T-effector memory phenotype. PLoS One, 2012. 7(8): p. e44219.

246.

Brehm, M.A., et al., Parameters for establishing huMouse models to study human
immunity: analysis of human hematopoietic stem cell engraftment in three immunodeficient
strains of mice bearing the IL2rgamma(null) mutation. Clin Immunol, 2010. 135(1): p. 8498.

247.

Cheng, L., et al., HuMice Engrafted With Human HSC Only or HSC and Thymus Support
Comparable HIV-1 Replication, Immunopathology, and Responses to ART and Immune
Therapy. Front Immunol, 2018. 9: p. 817.

248.

Allen, T.M., et al., Humanized immune system mouse models: progress, challenges and
opportunities. Nat Immunol, 2019. 20(7): p. 770-774.

249.

Lepus, C.M., et al., Comparison of human fetal liver, umbilical cord blood, and adult blood
hematopoietic stem cell engraftment in NOD-scid/gammac-/-, Balb/c-Rag1-/-gammac-/-,
and C.B-17-scid/bg immunodeficient mice. Hum Immunol, 2009. 70(10): p. 790-802.

250.

Hasgur, S., et al., Generation of Immunodeficient Mice Bearing Human Immune Systems
by the Engraftment of Hematopoietic Stem Cells. Methods Mol Biol, 2016. 1438: p. 67-78.

251.

Shultz, L.D., et al., HuMice for immune system investigation: progress, promise and
challenges. Nat Rev Immunol, 2012. 12(11): p. 786-98.

252.

Pham, T.N.Q., et al., Flt3L-Mediated Expansion of Plasmacytoid Dendritic Cells
Suppresses HIV Infection in HuMice. Cell Rep, 2019. 29(9): p. 2770-2782 e5.

253.

Hofer, U., et al., RAG2(-/-)gamma(-/-)(c) Mice Transplanted with CD34(+) Cells from
Human Cord Blood Show Low Levels of Intestinal Engraftment and Are Resistant to Rectal
Transmission of Human Immunodeficiency Virus. Journal of Virology, 2008. 82(24): p.
12145-12153.

254.

Berges, B.K., et al., Mucosal transmission of R5 and X4 tropic HIV-1 via vaginal and rectal
routes in humanized Rag2-/- gammac -/- (RAG-hu) mice. Virology, 2008. 373(2): p. 34251.

107

255.

Watanabe, Y., et al., The analysis of the functions of human B and T cells in humanized
NOD/shi-scid/gammac(null) (NOG) mice (hu-HSC NOG mice). Int Immunol, 2009. 21(7):
p. 843-58.

256.

Shultz, L.D., et al., Generation of functional human T-cell subsets with HLA-restricted
immune responses in HLA class I expressing NOD/SCID/IL2r gamma(null) huMice. Proc
Natl Acad Sci U S A, 2010. 107(29): p. 13022-7.

257.

Li, Y., et al., A human immune system mouse model with robust lymph node development.
Nat Methods, 2018. 15(8): p. 623-630.

258.

Yu, H., et al., A novel huMouse model with significant improvement of class-switched,
antigen-specific antibody production. Blood, 2017. 129(8): p. 959-969.

259.

Rongvaux, A., et al., Development and function of human innate immune cells in a
huMouse model. Nat Biotechnol, 2014. 32(4): p. 364-72.

260.

Billerbeck, E., et al., Development of human CD4+FoxP3+ regulatory T cells in human
stem cell factor-, granulocyte-macrophage colony-stimulating factor-, and interleukin-3expressing NOD-SCID IL2Rgamma(null) huMice. Blood, 2011. 117(11): p. 3076-86.

261.

Lan, P., et al., Reconstitution of a functional human immune system in immunodeficient
mice through combined human fetal thymus/liver and CD34(+) cell transplantation.
Blood, 2006. 108(2): p. 487-492.

262.

Denton, P.W., et al., Antiretroviral pre-exposure prophylaxis prevents vaginal
transmission of HIV-1 in humanized BLT mice. Plos Medicine, 2008. 5(1): p. 79-89.

263.

Lan, P., et al., Reconstitution of a functional human immune system in immunodeficient
mice through combined human fetal thymus/liver and CD34+ cell transplantation. Blood,
2006. 108(2): p. 487-92.

264.

Melkus, M.W., et al., HuMice mount specific adaptive and innate immune responses to
EBV and TSST-1. Nat Med, 2006. 12(11): p. 1316-22.

265.

Aryee, K.E., L.D. Shultz, and M.A. Brehm, Immunodeficient mouse model for human
hematopoietic stem cell engraftment and immune system development. Methods Mol Biol,
2014. 1185: p. 267-78.

266.

Lavender, K.J., et al., BLT-humanized C57BL/6 Rag2-/-gammac-/-CD47-/- mice are
resistant to GVHD and develop B- and T-cell immunity to HIV infection. Blood, 2013.
122(25): p. 4013-20.

267.

Denton, P.W., et al., Antiretroviral pre-exposure prophylaxis prevents vaginal
transmission of HIV-1 in humanized BLT mice. PLoS Med, 2008. 5(1): p. e16.

268.

Olesen, R., et al., ART influences HIV persistence in the female reproductive tract and
cervicovaginal secretions. J Clin Invest, 2016. 126(3): p. 892-904.
108

269.

Hatziioannou, T. and D.T. Evans, Animal models for HIV/AIDS research. Nat Rev
Microbiol, 2012. 10(12): p. 852-67.

270.

Melody, K., et al., Long-acting rilpivirine (RPV LA) pre-exposure prophylaxis does not
inhibit vaginal transmission of RPV-resistant HIV-1 nor select for high frequency drug
resistance in huMice. J Virol, 2020.

271.

Olesen, R., et al., Immune reconstitution of the female reproductive tract of humanized BLT
mice and their susceptibility to human immunodeficiency virus infection. J Reprod
Immunol, 2011. 88(2): p. 195-203.

272.

Stoddart, C.A., et al., Superior human leukocyte reconstitution and susceptibility to vaginal
HIV transmission in humanized NOD-scid IL-2Rgamma(-/-) (NSG) BLT mice. Virology,
2011. 417(1): p. 154-60.

273.

Sun, Z., et al., Intrarectal transmission, systemic infection, and CD4+ T cell depletion in
huMice infected with HIV-1. J Exp Med, 2007. 204(4): p. 705-14.

274.

Wahl, A., et al., Human breast milk and antiretrovirals dramatically reduce oral HIV-1
transmission in BLT huMice. PLoS Pathog, 2012. 8(6): p. e1002732.

275.

Asahchop, E.L., et al., Reduced antiretroviral drug efficacy and concentration in HIVinfected microglia contributes to viral persistence in brain. Retrovirology, 2017. 14(1): p.
47.

276.

Honeycutt, J.B., et al., T cells establish and maintain CNS viral infection in HIV-infected
huMice. J Clin Invest, 2018. 128(7): p. 2862-2876.

277.

Brainard, D.M., et al., Induction of robust cellular and humoral virus-specific adaptive
immune responses in human immunodeficiency virus-infected humanized BLT mice. J
Virol, 2009. 83(14): p. 7305-21.

278.

Long, B.R. and C.A. Stoddart, Alpha Interferon and HIV Infection Cause Activation of
Human T Cells in NSG-BLT Mice. 2012. 86(6): p. 3327-3336.

279.

Biswas, S., et al., Humoral immune responses in humanized BLT mice immunized with
West Nile virus and HIV-1 envelope proteins are largely mediated via human CD5+ B
cells. Immunology, 2011. 134(4): p. 419-33.

280.

Dudek, T.E., et al., Rapid Evolution of HIV-1 to Functional CD8+ T Cell Responses in
Humanized BLT Mice. 2012. 4(143): p. 143ra98-143ra98.

281.

Denton, P.W., et al., Generation of HIV latency in humanized BLT mice. J Virol, 2012.
86(1): p. 630-4.

282.

Marsden, M.D., et al., HIV latency in the humanized BLT mouse. J Virol, 2012. 86(1): p.
339-47.

109

283.

Lavender, K.J., et al., An advanced BLT-huMouse model for extended HIV-1 cure studies.
AIDS, 2018. 32(1): p. 1-10.

284.

Brown, M.E., et al., A HuMouse Model Generated Using Surplus Neonatal Tissue. Stem
Cell Reports, 2018. 10(4): p. 1175-1183.

285.

Greenblatt, M.B., et al., Graft versus host disease in the bone marrow, liver and thymus
huMouse model. PLoS One, 2012. 7(9): p. e44664.

286.

Covassin, L., et al., Human immune system development and survival of non-obese diabetic
(NOD)-scid IL2rgamma(null) (NSG) mice engrafted with human thymus and autologous
haematopoietic stem cells. Clin Exp Immunol, 2013. 174(3): p. 372-88.

287.

Nochi, T., et al., Cryptopatches are essential for the development of human GALT. Cell
Rep, 2013. 3(6): p. 1874-84.

288.

Brehm, M.A., et al., Generation of improved huMouse models for human infectious
diseases. J Immunol Methods, 2014. 410: p. 3-17.

289.

Vuyyuru, R., J. Patton, and T. Manser, Human immune system mice: current potential and
limitations for translational research on human antibody responses. 2011. 51(2-3): p. 257266.

290.

Cao, X., et al., Defective lymphoid development in mice lacking expression of the common
cytokine receptor γ chain. 1995. 2(3): p. 223-238.

291.

Rajesh, D., et al., Th1 and Th17 immunocompetence in humanized NOD/SCID/IL2rγnull
mice. 2010. 71(6): p. 551-559.

292.

Watanabe, Y., et al., The analysis of the functions of human B and T cells in humanized
NOD/shi-scid/ cnull (NOG) mice (hu-HSC NOG mice). 2009. 21(7): p. 843-858.

293.

Martinez-Torres, F., et al., Hypogammaglobulinemia in BLT HuMice – An Animal Model
of Primary Antibody Deficiency. 2014. 9(10): p. e108663.

294.

Jangalwe, S., et al., Improved B cell development in humanized NOD-scid
IL2Rgamma(null) mice transgenically expressing human stem cell factor, granulocytemacrophage colony-stimulating factor and interleukin-3. Immun Inflamm Dis, 2016. 4(4):
p. 427-440.

295.

Takahashi, T., et al., Enhanced Antibody Responses in a Novel NOG Transgenic Mouse
with Restored Lymph Node Organogenesis. Frontiers in Immunology, 2018. 8.

296.

Yu, H., et al., A novel huMouse model with significant improvement of class- switched,
antigen-specific antibody production. 2017: p. blood-2016-04-70.

297.

Samal, J., et al., Human immunodeficiency virus infection induces lymphoid fibrosis in the
BM-liver-thymus-spleen huMouse model. JCI Insight, 2018. 3(18).
110

298.

Wong, M.E., A. Jaworowski, and A.C. Hearps, The HIV Reservoir in Monocytes and
Macrophages. Front Immunol, 2019. 10: p. 1435.

299.

Honeycutt, J.B., et al., Macrophages sustain HIV replication in vivo independently of T
cells. J Clin Invest, 2016. 126(4): p. 1353-66.

300.

Kityo, C., et al., Lymphoid tissue fibrosis is associated with impaired vaccine responses.
Journal of Clinical Investigation, 2018. 128(7): p. 2763-2773.

301.

Marsden, M.D. and J.A. Zack, HuMouse Models for Human Immunodeficiency Virus
Infection. Annu Rev Virol, 2017. 4(1): p. 393-412.

302.

Pearson, T., D.L. Greiner, and L.D. Shultz, Creation of "humanized" mice to study human
immunity. Curr Protoc Immunol, 2008. Chapter 15: p. Unit 15 21.

303.

Dyer, W.B., et al., Strong human immunodeficiency virus (HIV)-specific cytotoxic Tlymphocyte activity in Sydney Blood Bank Cohort patients infected with nef-defective HIV
type 1. J Virol, 1999. 73(1): p. 436-43.

304.

Learmont, J.C., et al., Immunologic and virologic status after 14 to 18 years of infection
with an attenuated strain of HIV-1. A report from the Sydney Blood Bank Cohort. N Engl
J Med, 1999. 340(22): p. 1715-22.

305.

Poonia, B. and C.D. Pauza, Gamma delta T cells from HIV+ donors can be expanded in
vitro by zoledronate/interleukin-2 to become cytotoxic effectors for antibody-dependent
cellular cytotoxicity. Cytotherapy, 2012. 14(2): p. 173-81.

306.

Wallace, M., et al., Gamma delta T lymphocyte responses to HIV. Clin Exp Immunol, 1996.
103(2): p. 177-84.

307.

Lemmer, E.R., et al., Isolation from human fetal liver of cells co-expressing CD34
haematopoietic stem cell and CAM 5.2 pancytokeratin markers. J Hepatol, 1998. 29(3): p.
450-4.

308.

Li, W.F., et al., HIV-1 Nef dimers short-circuit immune receptor signaling by activating
Tec-family kinases at the host cell membrane. J Biol Chem, 2020. 295(15): p. 5163-5174.

309.

Nada, M.H., et al., Enhancing adoptive cancer immunotherapy with Vγ2Vδ2 T cells
through pulse zoledronate stimulation. J Immunother Cancer, 2017. 5: p. 9.

310.

Mariani, R., et al., Mouse-human heterokaryons support efficient human immunodeficiency
virus type 1 assembly. J Virol, 2001. 75(7): p. 3141-51.

311.

Cecilia, D., et al., Neutralization profiles of primary human immunodeficiency virus type 1
isolates in the context of coreceptor usage. J Virol, 1998. 72(9): p. 6988-96.

312.

Biswas, N., et al., ADAR1 is a novel multi targeted anti-HIV-1 cellular protein. Virology,
2012. 422(2): p. 265-77.
111

313.

Watkins, R.L., et al., In vivo analysis of highly conserved Nef activities in HIV-1 replication
and pathogenesis. Retrovirology, 2013. 10: p. 125.

314.

Crotti, A., et al., Nef alleles from human immunodeficiency virus type 1-infected long-termnonprogressor hemophiliacs with or without late disease progression are defective in
enhancing virus replication and CD4 down-regulation. J Virol, 2006. 80(21): p. 10663-74.

315.

Yang, O.O., et al., Nef-mediated resistance of human immunodeficiency virus type 1 to
antiviral cytotoxic T lymphocytes. J Virol, 2002. 76(4): p. 1626-31.

316.

Spina, C.A., et al., The importance of nef in the induction of human immunodeficiency virus
type 1 replication from primary quiescent CD4 lymphocytes. J Exp Med, 1994. 179(1): p.
115-23.

317.

Agarwal, Y., et al., Moving beyond the mousetrap: current and emerging huMouse and rat
models for investigating prevention and cure strategies against HIV infection and
associated pathologies. Retrovirology, 2020. 17(1): p. 8.

318.

Denton, P.W. and J.V. Garcia, HuMouse models of HIV infection. AIDS Rev, 2011. 13(3):
p. 135-48.

319.

Gulizia, R.J., et al., Deletion of nef slows but does not prevent CD4-positive T-cell
depletion in human immunodeficiency virus type 1-infected human-PBL-SCID mice. J
Virol, 1997. 71(5): p. 4161-4.

320.

McMichael, A.J., et al., The immune response during acute HIV-1 infection: clues for
vaccine development. Nat Rev Immunol, 2010. 10(1): p. 11-23.

321.

Stacey, A.R., 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, 2009. 83(8): p. 371933.

322.

Khaitan, A. and D. Unutmaz, Revisiting immune exhaustion during HIV infection. Curr
HIV/AIDS Rep, 2011. 8(1): p. 4-11.

323.

Kahan, S.M., E.J. Wherry, and A.J. Zajac, T cell exhaustion during persistent viral
infections. Virology, 2015. 479-480: p. 180-93.

324.

Chirmule, N., et al., Nef protein of HIV-1 has B-cell stimulatory activity. AIDS, 1994. 8(6):
p. 733-4.

325.

Boasso, A., G.M. Shearer, and C. Chougnet, Immune dysregulation in human
immunodeficiency virus infection: know it, fix it, prevent it? J Intern Med, 2009. 265(1): p.
78-96.

326.

Staudt, R.P., et al., Structure, function, and inhibitor targeting of HIV-1 Nef-effector kinase
complexes. J Biol Chem, 2020. 295(44): p. 15158-15171.
112

327.

Poe, J.A., et al., Development and validation of a high-content bimolecular fluorescence
complementation assay for small-molecule inhibitors of HIV-1 Nef dimerization. J Biomol
Screen, 2014. 19(4): p. 556-65.

328.

Ryan P. Staudt, T.E.S., Nef Dimerization is Required for Antagonism of the Host Cell
Restriction Factor, SERINC5. Federation of American Societies for Experimental Biology
(FASEB) Journal, 2020. Volume34,( IssueS1).

329.

Pawlak, E.N. and J.D. Dikeakos, HIV-1 Nef: a master manipulator of the membrane
trafficking machinery mediating immune evasion. Biochim Biophys Acta, 2015. 1850(4):
p. 733-41.

330.

Mujib, S., et al., Pharmacologic HIV-1 Nef blockade promotes CD8 T cell-mediated
elimination of latently HIV-1-infected cells in vitro. JCI Insight, 2017. 2(17).

331.

Dekaban, G.A. and J.D. Dikeakos, HIV-I Nef inhibitors: a novel class of HIV-specific
immune adjuvants in support of a cure. AIDS Res Ther, 2017. 14(1): p. 53.

332.

Mehraj, V., et al., CXCL13 as a Biomarker of Immune Activation During Early and
Chronic HIV Infection. Front Immunol, 2019. 10: p. 289.

333.

Kaw, S., et al., Expression of HIV-1 pathogenesis factor NEF in CD4 T cells impairs
antigen-specific B-cell function. EMBO J, 2020: p. e105594.

334.

Struyf, S., et al., Citrullination of CXCL12 differentially reduces CXCR4 and CXCR7
binding with loss of inflammatory and anti-HIV-1 activity via CXCR4. J Immunol, 2009.
182(1): p. 666-74.

335.

Lori, F., Treating HIV/AIDS by reducing immune system activation: the paradox of immune
deficiency and immune hyperactivation. Curr Opin HIV AIDS, 2008. 3(2): p. 99-103.

336.

McCarthy, S.D.S., et al., Targeting ABL1 or ARG Tyrosine Kinases to Restrict HIV-1
Infection in Primary CD4+ T-Cells or in Humanized NSG Mice. J Acquir Immune Defic
Syndr, 2019. 82(4): p. 407-415.

337.

Bhatnagar, N., et al., Potential Role of Vδ2(+) γδ T Cells in Regulation of Immune
Activation in Primary HIV Infection. Front Immunol, 2017. 8: p. 1189.

338.

Li, H., et al., Depletion and dysfunction of Vγ2Vδ2 T cells in HIV disease: mechanisms,
impacts and therapeutic implications. Cell Mol Immunol, 2013. 10(1): p. 42-9.

339.

Nolan, D.J., et al., The Spleen Is an HIV-1 Sanctuary During Combined Antiretroviral
Therapy. AIDS Res Hum Retroviruses, 2018. 34(1): p. 123-125.

340.

Wilhelm, M., et al., Successful adoptive transfer and in vivo expansion of haploidentical
γδ T cells. J Transl Med, 2014. 12: p. 45.

113

341.

Rådestad, E., et al., Alpha/beta T-cell depleted grafts as an immunological booster to treat
graft failure after hematopoietic stem cell transplantation with HLA-matched related and
unrelated donors. J Immunol Res, 2014. 2014: p. 578741.

342.

Soriano-Sarabia, N., et al., Peripheral Vγ9Vδ2 T Cells Are a Novel Reservoir of Latent HIV
Infection. PLoS Pathog, 2015. 11(10): p. e1005201.

343.

He, X., et al., The potential role of CD16+ Vγ2Vδ2 T cell-mediated antibody-dependent
cell-mediated cytotoxicity in control of HIV type 1 disease. AIDS Res Hum Retroviruses,
2013. 29(12): p. 1562-70.

344.

Trible, R.P., L. Emert-Sedlak, and T.E. Smithgall, HIV-1 Nef selectively activates Src
family kinases Hck, Lyn, and c-Src through direct SH3 domain interaction. Journal of
Biological Chemistry, 2006. 281(37): p. 27029-27038.

345.

Gorry, P.R., et al., Pathogenicity and immunogenicity of attenuated, nef-deleted HIV-1
strains in vivo. Retrovirology, 2007. 4: p. 66.

346.

Foster, J.L. and J.V. Garcia, HIV-1 Nef: at the crossroads. Retrovirology, 2008. 5.

347.

Daniel, M.D., et al., Protective effects of a live attenuated SIV vaccine with a deletion in
the nef gene. Science, 1992. 258(5090): p. 1938-41.

348.

Zou, W., et al., Nef functions in BLT mice to enhance HIV-1 replication and deplete
CD4+CD8+ thymocytes. Retrovirology, 2012. 9: p. 44.

349.

Kondo, K., I. Ohigashi, and Y. Takahama, Thymus machinery for T-cell selection. Int
Immunol, 2019. 31(3): p. 119-125.

350.

Lewis, S.M., A. Williams, and S.C. Eisenbarth, Structure and function of the immune
system in the spleen. Sci Immunol, 2019. 4(33).

351.

Wang, T., et al., Intracellular Nef detected in peripheral blood mononuclear cells from
HIV patients. AIDS Res Hum Retroviruses, 2015. 31(2): p. 217-20.

352.

Shan, L., et al., Stimulation of HIV-1-specific cytolytic T lymphocytes facilitates
elimination of latent viral reservoir after virus reactivation. Immunity, 2012. 36(3): p. 491501.

353.

Deng, K., et al., Broad CTL response is required to clear latent HIV-1 due to dominance
of escape mutations. Nature, 2015. 517(7534): p. 381-5.

354.

Lo Presti, E., et al., Current Advances in γδ T Cell-Based Tumor Immunotherapy. Front
Immunol, 2017. 8: p. 1401.

355.

Qaqish, A., et al., Adoptive Transfer of Phosphoantigen-Specific γδ T Cell Subset
Attenuates Mycobacterium tuberculosis Infection in Nonhuman Primates. J Immunol,
2017. 198(12): p. 4753-4763.
114

356.

International, A.S.S.W.G.o.H.I.V.C., et al., Towards an HIV cure: a global scientific
strategy. Nat Rev Immunol, 2012. 12(8): p. 607-14.

357.

Deeks, S.G. and F. Barre-Sinoussi, Public health: Towards a cure for HIV. Nature, 2012.
487(7407): p. 293-4.

358.

Lisziewicz, J. and E.R. Toke, Nanomedicine applications towards the cure of HIV.
Nanomedicine, 2013. 9(1): p. 28-38.

359.

Ferdin, J., et al., Viral protein Nef is detected in plasma of half of HIV-infected adults with
undetectable plasma HIV RNA. PLoS One, 2018. 13(1): p. e0191613.

115

