








Figure 2.20. Distribution of innate immune cells in adipose tissue of uninfected rhesus
macaques.

AT-SVF were isolated from adipose tissue of uninfected RM’s and flow cytometry stained for
NK, NKT, and macrophage markers. (A and B) Gating scheme for examination of AT-SVF
NKT (CD16, CD56, GrzA, and GrzB gated on CD45+CD3+ cells) and NK (CD16, CD56, GrzA,
and GrzB gated on CD45+CD3- cells) cells. (C and D) Meanzsem expression of CD16/CD56
and GrzA/GrzB (gated on CD16/CD56 cells) by AT-SVF NKT and NK cells. (E and F)
Examination of AT-SVF CD14/CD16 macrophages (gated on CD45+ cells) and HLA.DR
expression.
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To examine AT-SVF cells for the presence of SHIV DNA, DNA was extracted and
nested PCR performed in similar fashion to human AT-SVF cells. SIVmac239 Gag and human
Env genes were targeted for PCR amplification (Fig. 2.21A). DNA was also extracted from
PBMC, mesenteric lymph nodes, and intestinal tissues and examined for comparison.
Replicates for 6-9 were tested for SHIV detection in subcutaneous and visceral AT-SVF, and
replicates of 3 were tested for detection in PBMC, MLN, and intestinal tissues. SHIV Gag and
Env DNA were detected in virtually all tissues of all 8 infected monkeys (Fig. 2.21B). The
detection frequency in visceral AT-SVF was also higher than subcutaneous AT-SVF, likely due
to the higher AT-SVF vascularization and yield. In corroboration of the plasma viral load of RM
H375 indicating a failed infection (Fig. 2.18), SHIV DNA was also not detected in any tissues.
PCR bands were then sequenced and compared by multiple sequence alignment to assess
evolution and diversity. However, Env and Gag sequences were nearly identical amongst all
monkeys (Fig. 2.22 shows Env nucleotide sequence alignments), consistent with other reports
of high sequence homology and minimal viral evolution during this early infection period of
rhesus macaques [205-208]. These data collectively show that activated memory CD4 T cells
and virus become compartmentalized within adipose tissue of rhesus macaques during acute

infection.
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presence of HIV-infected CD4 T cells or macrophages has been reported in virtually every
tissue and organ of an infected person, the present findings are the first report of adipose
tissue, and suggest that viral distribution is substantially more widespread than currently
believed.

Although in vitro models do not recapitulate the complexities of in vivo biology, the
coculture experiments conducted between primary adipose cells and HIV-infected memory
CDA4 T cells yielded important new information that point to additional mechanisms of HIV
induction specific for the adipose tissue milieu. Although adipocytes alone were incapable of
stimulating T cells, the inclusion of either IL2, IL7, or IL15 (cytokines that are ubiquitous in vivo)
in the milieu allowed adipocytes to increase the level of T cell activation and HIV replication by
approximately 2-fold compared to these cytokines alone with adipocytes. Additionally, these
cytokines can be expressed not only by adipose-resident immune cells or other accessory cells
such as MSC'’s, but also by adipocytes [133-141]. These in vitro data imply that adipose
depots may be important, self-sufficient reservoirs wherein adipocytes, SVF cells, specific
common gamma-chain cytokines and proinflammatory cytokines cooperate to promote CD4 T
cell activation and HIV replication, while the activated T cells conversely exert inimical effects
on adipocyte turnover that contribute to adipose dysfunction and metabolic defects.
Furthermore, less appreciated is the fact that adipocytes and these stimulatory cytokines are
present in lymphoid tissues where latently infected CD4 T cells persist such as lymph nodes
and bone marrow, suggesting that adipocytes at these sites could exert supporting effects for

HIV reactivation or viral rebound.

3.2. Role of adipose IL6 and soluble extracellular matrix proteins for CD4 T cell
stimulation and HIV replication

A clear role for adipose IL6 in enhancing T cell activation and HIV replication was observed,
which is not be surprising for several reasons. IL6 is multifunctional cytokine and adipocytes

are major sources of systemic IL6 [195-196]. Expression of adipose IL6 significantly increases
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during HIV infection, and in the present study, IL6 was upregulated in preadipocytes by HIV-
infected memory CD4 T cells (Fig. 2.3) [126-131]. This increase in adipose IL6 was further
associated with upregulation of T cell activation and HIV production in concert with IL2 as
shown in Fig. 2.4, consistent with a previously reported synergy amongst IL2 and
proinflammatory cytokines such as IL6 and TNFa that induce HIV replication [38-39].
Additionally, the IL6 receptor (CD126) was highly expressed (>90%) by both uninfected and
infected memory CD4 T cells during coculture with preadipocytes (Fig. 2.5), highlighting the
importance of IL6 signaling for activation of T cell functions. Lastly, macrophages or microbial
products, which are also increased in adipose tissue of infected persons, could further
contribute to IL6-mediated effects on HIV replication as suggested by the upregulation of
adipocyte IL6 during culture with macrophages and LPS (Fig. 2.9) [173]. Thus, if HIV
replication does occur in adipose-resident CD4 T cells in vivo, IL6 is likely to be a key mediator.
A more unexpected result was the role of integrin signaling for adipose enhancement of
T cell activation and HIV replication. Integrins are ubiquitous cellular transmembrane receptors
composed of a heterodimeric alpha chain (1-11 or D, E, L, M, V, X, 2B) and beta chain (1-8)
that can activate T cell motility and other functions. The extracellular ligands that bind integrin
receptors are also diverse and include mainly ECM proteins such as collagens, fibronectin, and
laminins. In conjunction with blocking IL6, blockade specifically of memory CD4 T cell integrin
a1 and B1 chains (VLA-1) completely mitigated the adipose enhancement of HIV replication
(Fig. 2.4). Similar to the proinflammatory cytokines IL6 and TNFa, collagens and fibronectin
also enhance T cell activation or HIV replication in concert with polyclonal stimulants [47-48].
Additionally, VLA-1 is a unigue marker for a subset of activated memory CD4 T cells in
inflamed tissues that regulates their activation, proliferation, and phenotype. In the present
study, memory CD4 T cells expressed moderate levels of integrin a1 (~30%) and 1 (~70%)
during coculture with preadipocytes (Fig. 2.5) [198-200]. The breakdown and reorganization of

adipose tissue is a frequent event in obese and HIV-infected persons that can lead to fibrosis
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and increased deposition of collagens and fibronectin [142-143]. These results emphasize the
diversity of agents in adipose tissue that increase HIV replication from CD4 T cells.

In keeping with the stimulatory potential of adipose tissue for HIV induction, IL7 or IL15
could also substitute for IL2, which are gamma-chain cytokines that may be more abundantly
produced than IL2 in adipose tissue. All the common gamma-chain cytokines (IL2, IL4, IL7,
IL9, IL15, and IL21) are expressed by mammalian adipocytes or preadipocytes, as well as by
adipose SVF cells such as T cells, mononcytes/macrophages, dendritic cells, and
mesenchymal stem cells [133-141]. However, IL7 and IL15 are well known for positive effects
on T cell activation and HIV replication, with impact on adipose tissue homeostasis and
metabolic pathways. For example, IL7 expression by adipocytes is upregulated in obese
humans, and IL7 or IL15 regulate fat loss, insulin sensitivity, and lipolysis in mice and humans
[209-213]. In the present study, adipose cells expressed IL7 and IL15/IL15Ra mRNA more
than IL2, and IL15/IL15Ra was further upregulated during coculture with infected CD4 T cells
(Fig. 2.6A), suggesting that IL15 expression may be an indicator of adipose inflammation. IL15
is a unique cytokine which is primarily not secreted but “trans-presented” bound to IL15Ra by
IL15-presenting cells such as monocytes/macrophages, dendritic cells, and epithelial cells
[201-204]. Trans-presentation of IL15 occurs via direct cell-to-cell contact to IL15-recipient
(IL15RByC-expressing) CD4 and CD8 T cells and NK cells, and promotes their maturation,
proliferation and survival. Additionally, IL15-expressing adipocytes promote maturation of NK
cells in adipose tissue in a mouse model [140]. At the protein level, preadipocytes expressed
IL15 and little to no IL15Ra intracellularly (Fig. 2.6B and C), whereas mature adipocytes
expressed both surface and intracellular IL15 and IL15Ra (in the absence of soluble IL15
secretion), suggesting that IL15 trans-presentation may be a function of mature adipocytes.
Further direct contact experiments between IL15/IL15Ra-expressing adipocytes and CD4 T
cells are required to better understand this interaction. However, expression of IL15 and
IL15Ra is upregulated during infections and inflammation, and trans-presentation activates

signaling pathways such as MAPK’s, PI3K, and STAT’s in IL15-recipient T cells that could
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induce HIV transcription. These results suggest that IL7 or IL15 may be more abundant, and

more potent, mediators of T cell activation in adipose tissue than IL2.

3.3. Adiposetissue as compartments of high immune cell activity during viral infections
As summarized in Table 1, bacteria, viruses, and parasites can localize within adipose tissue
during infection, and based on Figures 2.16 and 2.21 of the present study, this microbial
repertoire of adipose tissue includes HIV and SIV as well. HIV DNA was detected in the
stromal-vascular-fraction of adipose tissue, implicating infected CD4 T cells or macrophages as
the likely source of virus, but this requires confirmation. Other studies of adipose microbes
have focused on their compartmentalization within the mature adipocyte fraction and in lipid
droplets. For example, human studies and mouse models of M. tuberculosis infection
demonstrate that adipocytes express scavenger receptors for Mtb. binding, and that bacteria
accumulate within lipid droplets and persists in a dormant state [180-181]. Bacterial uptake by
adipocytes has also been shown for T. cruzi in mice and humans, and E. faecalis in human
patients with ulcerative colitis or Crohn’s disease [179,185-186]. The mode of adipose
localization for HIV in the present study appears to be via infected CD4 T cells or
macrophages, but whether virus persists mostly in a dormant latent state, or if some level of
active replication occurs, is still to be determined. Also to be investigated is the impact of
infected immune cells on adipocyte metabolism and homeostasis, and how their infiltration into
adipose tissues is associated with adipose dysfunction during HIV infection and lipodystrophies
in the absence of cART therapy.

The T cells in adipose tissue of humans and rhesus macaques were primarily memory
T cells that expressed high levels of CD69 (Fig. 2.13 and 2.19), similar to T cell phenotypes in
other tissues where HIV replication occurs such as lymph nodes and GALT. Additionally, the
memory T cells in human adipose tissue demonstrated Th1 functionality as demonstrated by
inducible expression of IL2 and IFNy (Fig 2.14), but other subsets such as Tregs and Th17 may

also be present. Intriguingly, CD69 expression levels by human AT-SVF memory CD4 T cells
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in vivo (Fig. 2.13) were comparable to those of peripheral blood memory CD4 T cells during in
vitro coculture with adipocytes and IL2 (Fig. 2.2). In vivo, CD4 T cells in adipose tissue can be
activated by macrophages, dendritic cells, mesenchymal stem cells, or cytokines such as IL2,
IL7, IL15, IL6, or TNFa [111-116]. A decline of memory CD4 and increase of CD8 T cell
proportions in adipose tissue of HIV patients also occurred (Fig. 2.13), consistent with inversion
of the peripheral blood CD4/CDS8 ratio observed in HIV patients. Although CD4 T cells were
decreased in adipose tissues of HIV patients, sustained viability in the adipose milieu may
occur as indicated in Fig. 2.8, a process that could be mediated by adipose factors such as IL7,
leptin, or free fatty acids. Additionally, during acute infection, SIV-infected rhesus macaques
also experience substantial depletion of CD4 T cells in tissues such as GALT and lymph nodes
that correlates to viral peak replication. But in the present study, the proportion of CD8 T cells
compared to CD4 T cells in adipose tissue of rhesus macaques remained similar between
uninfected and infected monkeys, suggesting that infected CD4 T cells may survive longer
within adipose tissues compared to other reservoirs such as intestine, bone marrow, or lymph

nodes.

3.4. Significance of finding HIV-1 and SHIV in adipose tissue of every human or monkey
examined

HIV and SHIV were detected in AT-SVF cells of all 5 infected humans and all 8 infected rhesus
macaques examined, and in both subcutaneous and visceral depots, suggesting widespread
distribution of infected CD4 T cells or macrophages in adipose tissue. The finding of SHIV in
adipose tissue of rhesus macaques strongly complements the human results as the monkeys
and humans that were studied differed in some important aspects of infection. By contrast to
the infected humans who were chronically infected and ART-treated, the monkeys were studied
during acute infection in the absence of antiretroviral treatment, representing a more natural
scenario of viral reservoir establishment in adipose tissue. From a quantitative perspective, the

size of the latent reservoir in memory CD4 T cells is potentially underestimated by ~60-fold if
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“non-inducible proviruses” (integrated proviruses that mostly remain quiescent during
conventional stimuli, but still possess the potential for reactivation under optimal conditions in
vivo) are considered [61]. But due to the prevalence of adipose tissue, as well as the
abundance of adipose-resident CD4 T cells and macrophages, the viral reservoir anatomically
is likely to be substantially underestimated further. HIV DNA was detected in different fat
depots (subcutaneous, visceral, and neck regions) of all 5 patients studied, and each nested
PCR replicate contained ~1x10° AT-SVF cell equivalents of DNA, of which ~1-10% were
memory CD4 T cells based on flow cytometry analyses. Assuming the presence of at least one
HIV copy per positive PCR product (and that AT-SVF viral DNA is harbored mostly in CD4 T
cells), the frequency of infected CD4 T cells in adipose tissue could be one per 1x10* CD4 T
cells, which is comparable to infected CD4 T cell frequencies in other reservoirs such as lymph
nodes and GALT [194]. Additionally, lean to overweight adult humans possess ~30-50kg of fat
tissue, and if each gram of fat in an HIV-infected person contains ~2-5x10° T cells (of which ~1-
2% of the T cells are infected), it is possible that up to 10® copies of HIV could be harbored
within adipose tissue, with significantly more in obese patients. Furthermore, much of this virus
in adipose tissue could be sequestered away from ART drugs if some compounds such as
tenofovir are less effective in adipose tissue as suggested in Fig. 2.10.

Lastly, sequencing and phylogenetic analyses of HIV Gag and Env PCR products from
human AT-SVF cells demonstrated unique inter-patient differences as expected, but intra-
patient differences and whether viral evolution occurs in adipose tissue that manifests viral
species distinct from virus in other tissues requires further samples. However, most of the
patients were on ART treatment, which may render these genomic analyses more difficult since
replication and diversity have been suppressed. HIV evolution is driven by the high mutation
rate of reverse transcriptase enzyme and genetic recombination, antiretroviral compounds, and
immune selection pressures such as CD8 T cell responses. Intra-patient differences of HIV
sequences such as Gag, Nef, or Env have been described amongst tissues such as peripheral

blood, brain, intestine, and kidney [214-216]. Patients 3 and 4 in Fig. 2.17 indicated some
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modest differences of Env DNA sequences between adipose tissue and other tissues, but
patient 5 indicated little to no differences (although patients 3 and 4 were live donors treated
with cART that provided neck subcutaneous fat, whereas patient 5 was a cadaver without ART
the last 6 months of life and provided visceral fat, factors that influence viral diversity). The
phylogeny of patient 5 Env sequences indicates that the virus is monoclonal, or may be the
survivor HIV species in the donor. The near-identity of adipose tissue SHIV Env and Gag
sequences amongst the rhesus macaques (Fig. 2.22) is likely due to the short time period of
infection, consistent with other reports demonstrating lack of SIV evolution during acute
infection [205-208]. It is also possible that viral evolution in adipose tissue may be limited due
to lack of replication (ie. virus may remain mostly quiescent and latent), or due to antiviral
control by adipose CD8 T cells, but more patients and tissue-derived sequences are required to

better assess viral evolution in adipose tissue.

3.5. Resemblance of adipose tissue T cells to tissue-resident memory T cells (Trw)
Although the functions of adipose tissue CD8 and CD4 T cell subsets, such as Treg, Thl,
Th17, and NKT cells, have been extensively characterized, the existence of a distinct adipose-
resident memory T cell subset has not been investigated. Memory T cells are generally
categorized as either central or effector memory T cells based on expression of CCR7 and
CD62L, which direct their migratory and homing patterns to lymphoid (CCR7+CD62L+ central
memory) or non-lymphoid (CCR7-CD62L- effector memory) tissues. More recently, additional
subsets of memory T cells, such as memory stem T cells (Tscw) and tissue-resident memory T
cells (Trm) have been described, and some adipose T cells may fall under Try classification
[217]. Adipose tissue T cells are predominantly memory CD69+ T cells which produce IL-2,
IFNy, and granzyme B, which resemble Tgry phenotypes in skin and intestinal tissue. Tgrw cells
are non-circulating memory CD8 and CD4 T cells that primarily reside in non-lymphoid tissues,
such as skin, intestine, brain, and lung, and are believed to be derived from effector memory T

cells of previous immune responses for the purpose of mediating more immediate immune
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reaction upon rechallenge. The epidermal layer of skin, for example, harbors CD8 and CD4
Trwm cells that upon antigenic exposure, are rapidly activated and secrete mediators such as
IFNy, IL-2, TNFa, and granzyme B, activities that precede the recruitment of additional memory
T cells from the circulation [218]. Tgrwm cells lack expression of CCR7 and CD62L, and instead
express high levels of CD69 and CD103 (integrin alphaE) in conjunction with low levels of the
transcription factor KLF2, markers which may be important for the retention of Tgy cells within
non-lymphoid tissues [219]. Additionally, the proliferation and homeostatic maintenance of Tgm
cells relies in part on IL-7 and IL-15 in non-lymphoid tissues, cytokines produced by adipocytes
as well. Based on the intimate anatomical proximity between the dermis and subcutaneous fat,
and also between the intestinal mucosa and visceral fat, it is possible that migratory
surveillance of skin and intestinal Try cells include the adipose depots associated with skin and
intestinal tissue. However, more extensive phenotyping of adipose-resident T cells (including
surface markers, cytokine production, and transcription factors) is required to better profile

these T cells within the Try category.

3.6. Associations of adiposity or obesity with virological parameters in HIV patients
The impact of HIV infection and antiretroviral treatments for adipose tissue homeostasis and
metabolism is well-studied, but the converse aspects, such as the influence of obesity levels or
BMI for HIV replication and pathogenesis have been less studied. As the present dissertation
suggests that adipose tissue may promote HIV infection and replication, the implications of
these findings may be extended to additionally propose that obese HIV-infected persons, who
experience more inflammation and chronic immune activation compared to infected lean
persons, may have higher viral loads and worse metabolic pathologies as well. Interestingly,
several studies correlating obesity and BMI with viral loads and immunological status of HIV
patients appear to suggest the contrary, reporting that higher BMI levels are associated with
lower viral loads and improvement of CD4 T cell counts and suggesting that obesity or weight

gain may instead be protective against HIV disease progression. For example, a study of 875
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infected women (HIV Epidemiology Research study - HER cohort) showed that women with
higher BMI's also had increased CD4 T cell counts and slower progression of AIDS-related
disease and death compared to normal weight or underweight women [220]. Additionally, in a
study of 125 infected male and female drug users (Miami HIV-1-infected drug abusers - MIDAS
cohort), higher BMI and obesity were associated with higher CD4 T cell counts and lower
mortality [221]. Another study of 711 infected males and females in the US (HIV Outpatient
Study - HOPS study) also observed that obese patients had lower baseline viral loads
compared to normal weight patients [222]. These findings also appear to be consistent with a
study of 83 HIV-infected South African women demonstrating an inverse correlation between
serum leptin (a principal adipokine directly related to BMI) and plasma RNA viral load [223].
However, another study of 158 infected men and women on virally-suppressive ART treatment
showed no difference of viral load and CD4 T cell counts between lean and obese patients
[224]. These studies suggest that increased adiposity may moderate HIV pathogenesis, but
the influences amongst adiposity, metabolism, and HIV pathogenesis is a complex relationship
that is likely influenced by many factors such as demographics, antiretroviral treatments, and

immunological and disease status.

3.7. Adipose tissue effects on antiretroviral function

Despite extensive research associating HAART with lipodystrophy and dysfunctional adipose
physiology and metabolism in vivo and in vitro, the actual distribution and concentrations of
ART drugs have not been studied in adipose tissue of infected persons. The circulation and
pharmacodyanmics of ART drugs are highly complex and influenced by factors such as drug
half-life, binding of systemic proteins such as albumin, tissue distribution, and drug-drug
interactions and synergies [225-227]. Whereas antiviral drug efficacy is studied mainly by
direct treatment of infected cells, the influence of cells and tissues proximal to infected CD4 T
cells and macrophages are less understood. The partial neutralization of Tenofovir by

adipocytes during coculture with infected CD4 T cells shown in Fig. 2.10 is intriguing as it
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suggests that mechanisms of antiretroviral compounds may differ in adipose tissue. Several
reasons may underlie the reduction of Tenofovir efficacy in an adipose tissue milieu. Tenofovir
and Emtricitabine are both NRTI class antiviral compounds which inhibit the viral reverse
transcriptase enzyme, but differ with respect to chemical and metabolic properties. Both
compounds have short half-lives (~10-17hrs) and bind plasma and serum proteins at low levels
(~4-7%) [228]. By contrast to Emtricitabine, which has rapid absorption rates and bioavailability
(>75%) unaffected by food, the bioavailability of Tenofovir is much lower (~25%) and increased
by food, particularly by high-fat diets. Efavirenz is an NNRTI class drug that is metabolized by
the cytochrome p450 system, whereas Emtricitabine and Tenofovir are unaffected by these
enzymes [228]. Additionally, Efavirenz is highly bound by plasma and serum proteins (nearly
100%), and has a substantially longer half-life of at least 40hrs [228]. Adipocytes also express
drug transporters such as ABC transporters that could influence ART efficacy, and the rapid
uptake of some protease inhibitors by adipocytes has been demonstrated using fluorescently-
labeled compounds such as lopinavir and ritonavir [158]. Furthermore, drugs such as
Efavirenz and Abacavir are relatively more lipophilic and may be readily sequestered by
adipocyte lipid droplets [229]. The blood-brain barrier is a well-known impediment for
antiretroviral drug penetration into the CNS. Another recent study describes an association of
viral replication in lymph nodes with lower drug concentrations (Efavirenz, Emtricitabine, and
Tenofovir) in lymph node cells (compared to circulating leukocytes), suggesting that insufficient
distribution of ART drugs within tissues can further contribute to viral persistence in tissues
[82]. Thus, different tissues possess unigue obstacles for antiviral drug distribution and

function, and it will be important to determine if adipose tissue present additional novel barriers.

3.8. Sizing up the adipose tissue HIV reservoir in comparison to other reservoirs
During primary infection with HIV, cellular and anatomic reservoirs of virus are established
which become resistant to eradication by immune responses and antiretroviral drugs. Although

ART drugs suppress viral replication to force the virus into dormancy, viral replication resumes
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soon after treatment interruption. The induction and reactivation of latently infected CD4 T cells
in lymphoid tissues such as lymph nodes and GALT are believed to mostly account for this viral
rebound, whereas other non-lymphoid tissues harboring infected immune cells, such as skin,
lungs, or brain, may contribute to the systemic viral load at lesser extents. The findings of the
present dissertation demonstrate adipose tissue to be a non-lymphoid reservoir in humans and
monkeys, as well as the potential for adipocytes to upregulate HIV replication, but are too
preliminary to define the general contribution of adipose tissue HIV for systemic persistence,
viral rebound, and AIDS disease progression. Key studies that can help to assess the broader
impact of adipose HIV for viral pathogenesis are described in the following “future studies”
section. For example, detection of high viral RNA loads, and the demonstration of replication-
competence of adipose HIV via Q-VOA assays, would provide strong evidence that adipose
HIV could be highly impactful for viral loads and disease progression, especially considering
the anatomic prevalence of adipocytes. However, if viral RNA were to be undetectable in
adipose tissue, or if adipose HIV is mainly non-infectious, this may suggest that adipose tissues
are simply regions of viral compartmentalization with little impact for HIV pathogenesis. The
present dissertation also proposes that a latently infected memory CD4 T cell may experience
viral induction upon migration into adipose tissue via mechanisms that also reactivate latent
HIV in lymphoid tissues, such as by APC-mediated CD3/TCR activation or by cytokines.
However, the converse scenario may be just as possible, in which the enforcement of latency
by anti-inflammatory cytokines or adipokines, or by mechanisms that counteract immune
activation and prevent viral replication, predominates in adipose tissue. Furthermore, the
penetration and efficacy of ART drugs in adipose tissue may adequately prevent viral
replication, or antiviral immunity mediated by adipose-resident CD8 CTL’s or CD4 Tregs may
mostly eliminate infected CD4 T cells or macrophages. Like any other tissue or organ, the
homeostasis of adipose tissue is complex and highly regulated by multiple mechanisms and
signals, and it will be important to determine how these regulatory pathways influence HIV

infection and pathogenesis in adipose depots.
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3.9. Future studies

The present study suggests that adipose tissue may promote HIV infection and persistence,
but a number of additional in vitro and in vivo studies could better clarify the broader influence
of adipose tissue.

With respect to the in vitro coculture results in Fig. 2.2 showing that adipose cells
enhance T cell activation and HIV replication in the presence of IL2, IL7, or IL15, additional
experiments would better characterize these interactions. Based on their previously described
effects of enhancing T cell activation or HIV replication in other scenarios, as well as being
abundantly expressed in adipose tissue, the focus on adipose-derived IL6 and integrin ligands
and the use of neutralizing abs in coculture experiments in Fig. 2.4 confirmed their involvement
as enhancers of HIV replication. However, more robust methods for exploration of candidate
factors, such as genomic and protein arrays of the adipose and immune cells, could reveal
additional mediators of crosstalk during cocultures. The coculture experiments may also be
biased by the exogenous addition of factors such as IL2, IL7, and IL15, while inadequately
examining other mechanisms that suppress T cell activation and HIV replication. For example,
the adipose milieu in vivo could also include IL4, IL10, or adiponectin that may predominate
over stimulatory agents and limit T cell activation and HIV replication. The inclusion of antiviral
CDS8 T cells in cocultures would also be relevant as adipose infiltration by CD8 T cells
increases during obesity and inflammation, as well as during HIV infection as shown in the
present study (Fig. 2.13). Additionally, pan-memory CD4+CD45R0O+ T cells were infected and
used in coculture experiments, but more specific subsets such as Th1l/Th2 or Th17/Tregs may
differ as productive hosts for HIV, and likely interact differently with adipose cells. The specific
signals that attract T cells into adipose tissue are still mostly unclear, but in vitro chemotaxis
assays could be utilized to determine if adipocytes affect migration of HIV-infected CD4 T cells
differently than uninfected T cells.

Fig. 2.11 indicates that both uninfected and HIV-infected CD4 T cells suppress

adipocyte differentiation similarly, but specific viral proteins such as Vpr, Nef, and Tat have
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unique, and mostly detrimental, effects on adipose functions such as adipogenesis. Thus, more
refined experimental conditions may better reveal differences between uninfected and infected
CDA4 T cells upon adipose physiology. Although macrophages are considered a much smaller
cellular reservoir for HIV compared to CD4 T cells, macrophage infiltration and regulation in
adipose tissue can be substantial during obesity and HIV infection, and it would be important to
study by coculture experiments whether adipocytes affect HIV replication in monocytes and
macrophages as well. Lastly, the coculture experiments in Fig. 2.10 suggest that adipocytes
impair the antiretroviral efficacy of Tenofovir. This could be due to adipocyte sequestration of
ART compounds or to drug degradation. Future studies should include measurement of
intracellular adipocyte concentrations of ART drugs during coculture and correlation with
antiviral efficacy.

Studies of tissues from infected humans and rhesus macaques clearly show that
adipose tissue is a reservoir for memory CD4 T cells and viral DNA, but this adipose-localized
virus requires much more characterization to better understand the broader impact for HIV
pathogenesis and persistence. Mainly due to technical and sample limitations, the majority of
adipose tissue samples were prioritized to first confirm the presence of memory CD4 T cells
and provirus. For a few infected humans and monkeys that provided more tissues,
conventional PBMC coculture viral outgrowth assays were used to examine inducibility and
infectiousness of AT-SVF virus, but this assay yielded inconsistent and unclear results, and
future attempts are needed that will utilize more recently developed and improved methods of
guantitative viral outgrowth assays (Q-VOA). Additionally, measurement of viral RNA by real-
time PCR or in situ hybridization would better indicate the replication status of adipose virus.
PCR assays such as the Alu-LTR real-time PCR method could also better define the nature of
AT-SVF virus by determining if virus is present as stably integrated forms in the genomes of
adipose immune cells (and thus more likely to be inducible and a source of rebound viremia),
as opposed to being mostly unintegrated and more labile. Sorting of AT-SVF cells to determine

if CD4 T cells or macrophages represent the main host for adipose virus is another important
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guestion to be addressed, as well as determining if virions or viral proteins can further be
sequestered by mature adipocytes. Lastly, SIV-infected rhesus macaques are the best animal
model of HIV infection, but it would be important to determine if adipose tissue of infected
humanized mice can be viral reservoirs as well. Although a limitation of humanized mouse
models may be restricted immune cell migration within adipose tissue due to the lack of
chemokine receptors, humanized mouse models are constantly being improved (for example, a
transgenic mouse model expressing human CCR5 and Cyclin T1, two host factors essential for
HIV replication, is recently reported) [230]. The labeling of infected CD4 T cells and in vivo
tracking in rhesus macaqgues to examine their migration into adipose tissue is also a possibility.
In summary, the findings of the present study may be just “the tip of the iceberg” of a potentially
larger issue regarding HIV hideouts and sanctuaries, presenting yet more complications for HIV

cure research.
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Chapter 4

Materials and Methods

Cells and culture

The majority of in vitro experiments utilized human memory CD4 T cells and primary adipose
cells (preadipocytes and mature adipocytes). PBMC were first isolated from peripheral blood of
healthy donors (Gulf Coast Regional Blood Center, Houston, TX) with Ficoll-Paque (GE
Healthcare). Memory CD4+CD45RO+CD45RA- T cells were then purified from PBMC using
EasySep magnetic bead negative selection kits (STEMCELL Technologies), and purities were
90-95%. Cells were maintained in complete RPMI-1640 medium (Gibco) containing 10% heat-
inactivated FBS, 2mM L-glutamine, 0.1mM MEM non-essential amino acids, 2mM sodium
pyruvate, 25mM HEPES, and 1X antibiotic/antimycotic at 37°C+5% CO,, until used for
experiments.

Primary subcutaneous preadipocytes and adipocytes were commercially acquired from
Zen-Bio (Research Triangle Park, NC). Each vial of cryopreserved preadipocytes consisted of
2x10° preadipocytes pooled from 5-7 healthy female, non-obese donors (BMI ranges of ~25-
30), and were tested free of HIV-1, HIV-2, HTLV-1, HTLV-2, HBV, HCV, and endothelial cells.
Preadipocytes were cultured in DMEM Preadipocyte Maintenance Medium (Zen-Bio) before
experimentation. To obtain mature adipocytes, preadipocytes were differentiated to adipocytes
in 6-well plates in accordance with manufacturer’s instructions. Terminal differentiation was
induced by culturing preadipocytes for 7-10 days in DMEM Adipocyte Differentiation Medium
(Zen-Bio) containing insulin, dexamethasone, isobutylmethylxanthine and PPARYy agonist.
Medium was then changed to DMEM Adipocyte Maintenance Medium (Zen-Bio) containing
insulin and dexamethasone (Zen-Bio), and cultured an additional 7-10 days, during which each
plate well became ~50% confluent with lipid droplets. Mature adipocytes were then maintained

in adipocyte maintenance medium until used for experiments.
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Viruses and infections

HIV-1 stocks were generated by the Baylor College of Medicine-University of Texas Health
Science Center at Houston Center for AIDS Research (CFAR) Virology Core. HIV-1 strains
utilized include R5-tropic SF162 and NSN-SX, X4-tropic 93BR019 and NL4.3, and R5X4-dual
tropic 89.6. For infections, purified memory CD4 T cells were either first pre-activated by
CD3/CD28 costimulation or directly infected as resting cells. For infection of pre-activated
memory CD4 T cells, cells were costimulated with 1ug/ml coated CD3 (clone UCHT-1) +
1ug/ml soluble CD28 (clone CD28.2) mabs (BD Biosciences) for 2 days in RPMI medium.
Cells were then washed and cultured with viral stocks at 0.01-0.1 MOI for 24-48 hrs in medium
containing 20ng/ml recombinant IL2 (Biolegend). Cells were then washed 2x and used in
experiments. For infection of resting memory CD4 T cells, cells were cultured with viral stocks
at 0.01-0.1 MOI for 24-48 hrs in IL2 medium, washed 2x, then used for experiments.

Uninfected cells were cultured in medium alone in parallel to infected cells.

Coculture experiments between human memory CD4 T cells and adipose cells

Most coculture experiments utilized transwells in which memory CD4 T cells were cultured in
transwells (0.4um pore size, Costar), and preadipocytes or mature adipocytes were cultured in
lower wells of 6-well plates (Costar), and the addition of appropriate reagents (cytokines or
antibodies). For coculture of memory CD4 T cells with preadipocytes, 1-2x10° uninfected or
HIV-infected memory CD4 T cells were seeded into transwells in 2ml Preadipocyte
Maintenance Medium and placed in 6-well plates with 1-2x10° preadipocytes (seeded 1-2 days
earlier in the lower wells) in 3ml medium. Cells were then cocultured for indicated time periods
(usually 3-6 days) and appropriate T cell or adipose measurements conducted as described
below. For coculture of memory CD4 T cells with mature adipocytes, 1-2x10° preadipocytes
were first differentiated for 14 days in 6-well plates as described above. 2x10° uninfected or
HIV-infected memory CD4+ T cells were seeded into transwells in 2ml Adipocyte Maintenance

Medium, then placed in wells with adipocytes in 3ml medium.
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For coculture experiments that involved addition of recombinant cytokines (IL2, IL7,
IL15, IL4, IL6, IL8 and TNFa), 10-20ng/ml cytokine (Biolegend and R&D Systems) was added
to coculture medium at the start of the coculture experiment. For coculture experiments
utilizing neutralizing antibodies, memory CD4 T cells or preadipocytes and adipocytes were
separately pre-incubated in medium with 2-10ug/ml blocking abs for 1hr prior to the start of
coculture. Blocking antibodies tested include goat polyclonal antibodies against IL2, IL6, IL8,
IL10, IL15, GP130, TNFa, TNF, collagens | and IV, fibronectin, RANTES, CCR5, CXCR4,
SDF1a, MIP1/2/3, MCP1/3, BAFF/BAFF receptor, TRAIL, and TWEAK, and monoclonal
antibodies against CD126 (IL6 receptor), CD49a (integrin a1), and CD29 (integrin B1) (R&D
Systems and Biolegend). For experiments involving direct treatment of memory CD4 T cells
alone with recombinant cytokines, 1-2x10° uninfected or HIV-infected memory CD4 T cells
were cultured in 48-well plates in 1ml complete RPMI medium with 10-20ng/ml cytokines IL2,

IL7, IL15, IL6, IL8, TNFa, Leptin (Santa Cruz Biotechnology), or Adiponectin (BioVision).

Measurement of T cell activation and HIV replication
Activation of memory CD4 T cells (mostly CD69 and CD25) was measured by flow cytometry.
At appropriate time points, memory CD4 T cells were harvested, washed with 2%FBS/PBS,
then incubated with 1ug/ml directly conjugated mabs against CD69 (APC, PE, PerCPCy5.5, or
APCCy7), CD25 (PE or PECy7), or isotype controls (Biolegend and BD Biosciences) for
30mins at 4°C. Cells were then washed and analyzed with a Gallios Flow Cytometer and
Kaluzal.2 software (Beckman-Coulter). For experiments examining surface expression of IL6
receptor (CD126), and integrins a1 (CD49a) and 31 (CD29) by memory CD4 T cells, cells were
stained with CD126-APC, CD49a-FITC, and CD29-FITC mabs (Biolegend).

For measurement of HIV replication in memory CD4 T cells, intracellular and
extracellular p24 was measured. For intracellular p24 measurement, memory CD4 T cells
were washed with 2%FBS/PBS, then fixed and permeabilized with Cytofix/Cytoperm solution

(BD Biosciences) for 30mins at 4°C. Cells were then washed with Perm/Wash buffer, and
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incubated with 1pg/ml p24-PE mabs (clone KC57, Beckman-Coulter) for 30mins at 4°C. Cells
were then washed and analyzed with flow cytometer. Extracellular p24 was measured in cell-
free culture supernatants by ELISA with a detection limit of 10pg/ml (Advanced BioScience
Laboratories).

For measurement of memory CD4 T cell proliferation, uninfected or HIV-infected cells
were first pre-labeled with CellTrace CFSE Cell Proliferation Kit (Life Technologies), then
cocultured with preadipocytes in IL2 medium for 7 days. Memory CD4 T cells were then
washed, and CFSE dilution and proliferation analyzed with flow cytometer. For measurement
of memory CD4 T cell viability, cells were washed, then stained with LIVE/DEAD Cell Viability

Kit (Life Technologies) and analyzed with flow cytometer.

Real-time PCR and flow cytometry of adipose cells

MRNA levels of IL6, IL2, IL7, IL15, and IL15Ra in preadipocytes or adipocytes were measured
by real-time PCR (primers were acquired from Sigma Genosys and are listed in Table 2). At
appropriate coculture time points, adipose cells were lysed, and mRNA purified with RNeasy kit
(Qiagen). mRNA was then reverse-transcribed to cDNA using High Capacity RNA-to-cDNA Kit
(ABI). SYBR green real-time PCR reactions were conducted with ABI Prism 7000 using
reaction conditions of 1 cycle at 95°C for 10mins (polymerase activation), then 40 cycles at
95°C for 15secs (denaturation) and 60°C for 60secs (annealing/extension). TBP housekeeping
gene was used as internal control, and fold change comparisons were calculated by 24T,
Extracellular IL6 was measured by ELISA (eBioscience).

Surface and intracellular expression of IL15/IL15Ra by preadipocytes or adipocytes
were measured by flow cytometry after 5 days coculture. For measurement of surface
IL15/IL15Ra, transwells were removed, and adipose cells rinsed with PBS. Cells were then
detached with TrypLE cell dissociation solution (Life Technologies), washed, and incubated
with 1pg/ml IL15-APC and IL15Ra-PE mabs (R&D Systems and Biolegend) for 30mins at 4°C.

Cells were then washed and analyzed with flow cytometer. For measurement of intracellular
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IL15/IL15Ra, cells were detached, washed, and fixed/permeabilized with Cytofix/Cytoperm

solutions. Cells were incubated with IL15-APC and IL15Ra-PE mabs for 30mins at 4°C,

washed, then analyzed with flow cytometer. Extracellular IL15 was measured by ELISA

(eBioscience).

Table 2. Primers used for real-time PCR of adipose cells.

Gene Forward Reverse

TBP 5-CCACTCACAGACTCTCACAAC-3 5'-CTGCGGTACAATCCCAGAACT-3'
PGK1 5-TGGACGTTAAAGGGAAGCGG-3' 5-GCTCATAAGGACTACCGACTTGG-3'
GAPDH 5-GGAGCGAGATCCCTCCAAAAT-3 5-GGCTGTTGTCATACTTCTCATGG-3
IL6 5-ACTCACCTCTTCAGAACGAATTG-3’ 5-CCATCTTTGGAAGGTTCAGGTTG-3'
IL2 5-TACAAGAACCCGAAACTGACTCG-3 5-ACATGAAGGTAGTCTCACTGCC-3
IL7 5-TTCCTCCCCTGATCCTTGTTC-3 5-CTTGCGAGCAGCACGGAATA-3’
IL15 5-TTTCAGTGCAGGGCTTCCTAA-3’ 5-GGGTGAACATCACTTTCCGTAT-3
IL15Ra 5-ACAACAGCAGCTATTGTCCCG-3’ 5-GTGGCCCTGTGGATACACAC-3’
Adiponectin 5-TGCTGGGAGCTGTTCTACTG-3’ 5-TACTCCGGTTTCACCGATGTC-3'
Leptin 5-TGCCTTCCAGAAACGTGATCC-3' 5-CTCTGTGGAGTAGCCTGAAGC-3

Assessment of adipogenesis during coculture with memory CD4 T cells

Adipogenic capacity of adipose cells was examined during coculture of differentiating

preadipocytes with uninfected or HIV-infected memory CD4 T cells. For measurement of

preadipocyte cell cycle and proliferation prior to induction of terminal differentiation,

preadipocytes were cocultured with memory CD4 T cells (in transwells) for 3-6 days in

Preadipocyte Maintenance Medium (Zen-Bio) and IL2. Preadipocytes were then trypsinized,
washed with 2%FBS/PBS, and fixed and permeabilized with 70% ethanol for 1hr at -20°C.
Cells were then washed and incubated for 1hr at 4°C with 50ug/ml DNA dye propidium iodide
and RNase (Sigma). Cells were then analyzed with flow cytometer.

For examination of preadipocyte differentiation and lipid accumulation during coculture
with memory CD4 T cells, cells were cocultured in Adipocyte Differentiation Medium (Zen-Bio)
to induce terminal differentiation. After 7 days differentiation, mMRNA expression of C/EBPa and

PPARYy was measured by Tagman real-time PCR. Adipocyte mRNA was harvested with
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RNeasy kit, reverse-transcribed to cDNA, and real-time PCR performed using ABI TagMan
Gene Expression Assays for C/EBPa and PPARy2. GAPDH was used as internal control and
relative fold change comparisons were calculated by 2*2°T. After 14 days differentiation,
triglyceride accumulation was measured by staining lipid droplets with Oil Red O dye (Sigma).
Differentiated adipocytes were gently rinsed with PBS, then fixed with 10% formalin for 10mins
at room temp. Wells were rinsed with 60% isopropanol, then incubated with Oil Red O for
15mins. Wells were rinsed with water, then multiple representative brightfield images (40X) of

each well recorded.

Treatment of HIV-infected memory CD4 T cells with conditioned media of macrophage
and adipocyte cocultures

Conditioned media (CM) of activated adipocytes was prepared by culturing mature adipocytes
with LPS or human mononcyte-derived macrophages (MDM). For treatment with LPS,
differentiated adipocytes were cultured with 500ng/ml LPS (Sigma) for 5 days in 5ml media.
LPS in media alone was also cultured. For culture with MDM, MDM were prepared by purifying
human monocytes from healthy buffy coat donors with monocyte negative selection EasySep
kits (Stemcell Technologies). Monocytes were then differentiated into macrophages by
culturing in 6-well plates with 200ng/ml recombinant M-CSF (R&D Systems) in complete RPMI
medium for 7 days. 2x10°> MDM were then placed in transwells (0.4pm pore size) with
adipocytes in lower wells of 6-well plates and cultured for 5 days in Adipocyte Maintenance
Medium (Zen-Bio). MDM were also cultured with medium alone or with 500ng/ml LPS in
parallel with Adipocyte+MDM and Adipocyte+MDM+LPS cultures. After 5 days of culture,
extracellular IL6 in conditioned media was measured by ELISA. Conditioned media was
harvested, spun to pellet MDM or adipocytes, and 4ml cell-free conditioned media transferred
directly to 2x10° uninfected or HIV-infected (strain NSN-SX) memory CD4 T cells and cultured
for 5 days with 20ng/ml IL2. T cell activation (CD69) and HIV production (intracellular and

extracellular p24) were measured by flow cytometry and ELISA.
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Assessment of antiretroviral drug efficacy during cocultures between HIV-infected
memory CD4 T cells and adipocytes

Memory CD4 T cells were purified from peripheral blood and infected with R5-tropic HIV
(SF162 at 0.1 MOI) for 24-48 hrs in IL2 medium. Cells were washed, then added (1x10°)
directly to mature adipocytes (5x10%) in 2ml Adipocyte Maintenance Medium (Zen-Bio) with
20ng/ml IL2 in 24-well plates. Immediately after cell additions, ART drugs - Emtricitabine-FTC,
Efavirenz, or Tenofovir (NIH AIDS Reagent Program) were added at indicated concentrations,
and cells cultured for 3 days. After 3 days culture, cell-free supernatants were harvested and

extracellular p24 measured by ELISA.

Isolation of adipose tissue stromal-vascular-fraction (AT-SVF) cells

Solid adipose tissue samples from subcutaneous and visceral depots were obtained from
humans and rhesus macaques. For human samples, protocols were approved by Institutional
Review Boards of Baylor College of Medicine and University of Texas Health Science Center at
Houston. Adipose tissue samples (5-509) of uninfected and HIV-infected persons were
procured either from recently deceased cadavers (National Disease Research Interchange
(NDRI, Philadelphia, PA), or from live donors undergoing elective surgical procedures. Other
tissues (blood, lymph nodes, or thymus) were also obtained depending on donor availability.
For rhesus macaques samples, adipose tissue (10-20g) were harvested immediately after
necropsy and transported for AT-SVF processing.

For isolation of AT-SVF cells from humans and monkeys, 2-4g of whole adipose tissue
was minced with scissors and digested with 100ug/ml collagenase (Sigma) for 30-60mins at
37°C with rotation. Cells were then filtered through mesh (100uM), and spun at 1,500rpm for
5mins to pellet the SVF cells. Adipocyte floaters were collected and stored at -80°C. AT-SVF
cells were washed, then RBC’s lysed with lysis buffer. Cells were washed, filtered (40uM),

then centrifuged by density-gradient sedimentation with Ficoll-Pague to improve the leukocyte
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yield. Cells were then cultured in complete RPMI medium until used for experimentation

(mainly flow cytometry or PCR measurements).

Flow cytometry of AT-SVF cells

Flow cytometry analyses of human AT-SVF cells and peripheral blood leukocytes mainly
examined activated memory T cells. AT-SVF cells were stained with CD3-Pacific blue, CD4-
PerCPCy5.5, CD45RO-FITC, CD25 (PECy7), and CD69 (APC or PECy7) mabs, and isotype
controls (Biolegend and BD Biosciences). Cytokine functionality of AT-SVF memory T cells
from some uninfected donors was also examined by Intracellular Cytokine Assay (ICS). AT-
SVF cells were stimulated with PMA/IO+GolgiPlug (BD Biosciences) for 5hrs, then stained for
CD3, CD4, CD45R0, and either IL2-PE or IFNy-PE using Cytofix/Cytoperm solutions.

For direct infection of AT-SVF cells isolated from adipose tissues of uninfected human
donors, cells were infected with HIV (R5-tropic at 0.1 MOI) for 24hrs, washed, then cultured
with IL2 or IL7 for up to 8 days. AT-SVF memory CD4 T cells were stained by flow cytometry
(CD3, CD4, CD45R0, and CD69), and HIV production measured by p24 ELISA. For coculture
of lymph node cells and perinodal AT-SVF cells, uninfected donor lymph nodes were isolated
by collagenase digestion, then infected with HIV for 24hrs. Periondal AT-SVF cells from the
same donor were isolated and cultured in the lower wells (2x10°) of 24-well plates. Infected
lymph node cells were washed, then placed in transwells (5x10°) and cocultured with perinodal
AT-SVF cells and IL2 for 8 days.

AT-SVF and peripheral blood of rhesus macaques was examined by flow cytometry for
T cells, macrophages, NK and NKT cells. T cells were stained with CD3-Pacific blue, CD4-
PerCPCy5.5, CD8-FITC, CD95-PE, CD25-PECy7, and CD69-APC mabs (Biolegend or BD
Biosciences). NK and NKT cells were stained with CD45-FITC, CD3-Pacific blue, CD16-PE,
CD56-AF700, and Granzyme A-PerCPCy5.5 and Granzyme B-APC mabs. Macrophages were

stained with CD45-FITC, CD14-PE, CD16-Pacific blue, and HLA.DR-APCCy7 mabs.
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Nested PCR and DNA sequence analyses

Proviral DNA in AT-SVF and other tissues (PBMC, lymph nodes, or thymus) of HIV-infected

humans and SHIV-infected (strain SF162p3) rhesus macaques was examined by nested PCR.

DNA was extracted from tissues with QlAamp Microkit (Qiagen) and stored at -80°C. Gag and

Env genes of HIV for humans and SHIV for rhesus macaques were targeted for amplification
(primers used are listed in Table 3). First round reactions included 40ul PCR SuperMix (Life

Technologies), 200-300nM primers, 0.1ug DNA, and 10ul water, and PCR conditions were 1

cycle at 94°C (2mins), then 35-40 cycles at 94°C (30secs), 55°C (30secs), and 72°C (55secs),

then final extension at 72°C (10mins). Second round reactions included 40pl PCR SuperMix,

200-300nM primers, 2-5u1 of the first round product, and 10ul water, and PCR conditions were

1 cycle at 94°C (2mins), then 35-40 cycles at 94°C (30secs), 55°C (30secs), and 72°C

(30secs), then final extension at 72°C (10mins). PCR products were gel-purified with QlAquick

kits (Qiagen), and sequenced by the Baylor College of Medicine DNA Sequencing Core using

ABI 3130XL Genetic Analyzer and BigDye Terminator methods. Multiple sequence alignments

were conducted with Clustal Omega, MAFFT, or PhyML-3.0 software, and phylogenetic

analyses performed with MrBayes-3.2.2 and Garli-2.0.

Table 3. Nested PCR primers used for detection of HIV-1 in humans or SHIV in rhesus

macaques.
Gene (Primer ID) Forward sequence (Primer ID) Reverse sequence Reference
HIV-1 LTR-Gag (Outer) (RU5) 5-GGTCTCTCTGGTTAGACCAGAT-3' (SK39) 5'-TTTGGTCCTTGTCTTATGTCCAGAAT-3' [231]
HIV-1 LTR-Gag (Inner) (US5) 5-TCTCTAGCAGTGGCGCCCGAACA-3' (US3) 5-TCTCCTTCTAGCCTCCGCTAGTC-3'
HIV-1 Env (Outer) (PCR5) 5'-TAACCCCACTCTGTGTTA-3 (R344) 5-CAGTAGAAAAATTCCCCTC-3' [232]
HIV-1 Env (Inner) (EN1) §-ACAGTACAATGTACACATGG-3' (EN4B) 5-AATTTCTGGGTCCCCTCCTG-3'
SHIV-SF162p3 Gag (Outer) (GO1) 5-AGAAAGTGAAACACACTGAGGAAGC-3' (GO2) 5-TCATCCAATTCTTTACTGCTGCAT-3' [233]
SHIV-SF162p3 Gag (Inner) (GO3) 5-ACAGATAGTGCAGAGACACCTAGTGG-3' (GO4) 5-CTGTCTACATAGCTCTGAAATGGCTC-3'

(HIV-1 Env primers also used for SHIV Env detection)
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Statistics
Analyses were performed using MS Excel or GraphPad. Comparisons between groups or

conditions utilized unpaired or paired t-tests, or Wilcoxon signed-rank tests as appropriate.

P<0.05 was considered significant.
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