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Abstract

Current antiretroviral therapy (ART) regimens efficiently limit HIV replication, thereby improving
life expectancy of people living with HIV, but also cause metabolic side effects. The ongoing
obesity epidemic has resulted in more people with metabolic comorbidities at the time of HIV
infection, yet the impact of pre-existing metabolic dysregulation on infection sequelae and
response to ART is unclear. Here, to investigate the impact of preexisting obesity and insulin
resistance on acute infection and subsequent long-term ART, we infected a cohort of lean and
obese adult male macaques with SIV and administered ART. The responses of lean and obese
macaques to SIV and ART were similar with respect to plasma and cell-associated viral loads,
ART drug levels in plasma and tissues, SIV-specific immune responses, adipose tissue and islet
morphology, and colon inflammation, with baseline differences between lean and obese groups
largely maintained. Both groups exhibited a striking depletion of CD4+ T cells from adipose
tissue that did not recover with ART. However, differential responses to SIV and ART were
observed for body weight, omental adipocyte size, and the adiponectin/leptin ratio, a marker of
cardiometabolic risk. Thus, obesity and insulin resistance had limited effects on multiple
responses to acute S|V infection and ART, while several factors that underlie long-term
metabolic comorbidities were influenced by prior obesity and insulin resistance. These studies
provide the foundation for future investigations into the efficacy of adjunct therapies such as
metformin and glucagon-like peptide-1 receptor agonists in the prevention of metabolic

comorbidities in people living with HIV.



Introduction
Modern antiretroviral therapy (ART) has transformed HIV/AIDS from a usually fatal disease to a
manageable chronic condition. People initiating ART early after infection can achieve a near-
normal life expectancy, although still 5-10 years shorter than persons without HIV (1, 2). As a
consequence, however, age-associated chronic diseases such as obesity, diabetes, and
cardiovascular disease have increased in people living with HIV (PLWH). While early ART
regimens resulted in lipodystrophy-induced insulin resistance, modern ART regimens,
particularly those containing integrase strand transfer inhibitors, are reported to increase the risk
of overall adiposity and, in turn, insulin resistance, prediabetes, and frank type 2 diabetes (3-
15), thus adding to the age-related burden of these disorders. These metabolic comorbidities
and their associated costs have exhibited significant increases in recent years (16, 17), and
represent an ongoing public health issue (18). ART-associated metabolic dysfunction is thought
to reflect persistent HIV-induced chronic inflammation that is incompletely resolved by ART (19-
23), despite efficient reduction of viremia. The significance of ART-associated obesity and
metabolic dysfunction is heightened by the growing appreciation that white adipose tissue
(WAT) plays an important role in the metabolic comorbidities associated with ART by virtue of its
control of lipid metabolism as well as in systemic glucose homeostasis through the secretion of
important adipocytokines (24, 25). In addition, WAT has recently emerged as an important latent
viral reservoir (26-30) and a potential site of sequestration of lipophilic ART components (27).
These findings place WAT at a critical juncture of ART-associated metabolic comorbidities and
the ART-suppressed latent reservoir. WAT morphology, cellular (adipocyte and immune cell)
profiles, and function are specifically affected by HIV and ART (31-37).

Although significant attention has been focused on post-infection/ART-associated
comorbidities, there is a paucity of data on the contribution of preexisting conditions, in
particular obesity-related metabolic disease, on disease course, ART efficacy, and the

prevalence and severity of ART-associated comorbidities. This is an increasingly important issue



in light of the global obesity epidemic and worldwide increases in the rates of type-2 diabetes
and diabetic complications. Specifically, obesity and prediabetes (and associated insulin
resistance) continue to increase and are major contributors to overall morbidity and mortality
(38-42). This, in turn, is driving the continued increase in type-2 diabetes (43, 44). Thus, the
dramatic increase in obesity and metabolic disease in both the general and at-risk populations
in the US as well as worldwide has resulted in an increased number of individuals who are
obese at the time of infection. In fact, several studies have reported increased incidence of
obesity in both males and females, including adolescents, with newly diagnosed HIV (45-48). It
is reasonable to assume that these individuals were obese at the time of infection rather than
rapidly becoming obese prior to diagnosis.

Macaque species have long been primary preclinical models for HIV infection and
disease due to their susceptibility to the primate lentivirus SIV, with immunopathology and
disease sequelae that mirror HIV infection in humans (49-51). SIV models have been developed
primarily in the rhesus macaque using various natural SIV strains and unique recombinant
viruses, such as SHIV, for intervention studies. Macaques also exhibit many other aspects of
physiology that closely resemble human biology and that are particularly relevant to HIV
comorbidities. Specifically, macaques exhibit multiple anatomically distinct white and brown
adipose tissue depots (52, 53), primate-specific aspects of pancreatic islet structure and
function (54), and susceptibility to western-style diet-induced obesity, diabetes, and
cardiovascular disease (55-57). In this study, we exploited the rhesus macaque model of SIV
infection and ART to assess the effect of preexisting obesity/insulin resistance on viral dynamics
and efficacy of ART suppression as well as an array of immunological and metabolic
parameters. We were specifically interested in the effects of SIV infection and subsequent ART
on the appearance of new metabolic comorbidities in lean animals and the potential
exacerbation of existing metabolic dysfunction in obese animals. The overall rationale for this

experimental approach was that the identification of specific parameters affected by SIV and



ART and that are differentially affected in obese animals could reveal potential opportunities for
targeted preventative or therapeutic approaches to reduce the burden of metabolic

comorbidities in PLWH. Possible interventions could include agents such as metformin or GLP-1

receptor agonists.



Results
SIV infection and ART differentially affect BW but not viral dynamics in lean and obese subjects.
To explore the effects of obesity and insulin resistance on the response to SIV infection and
long-term ART, we infected 12 lean and 10 obese rhesus macaques with SIVmac239M, allowed
infection to proceed for five weeks, and then initiated daily ART for 74 weeks. Figure 1A depicts
the longitudinal experimental design and the schedule of sampling and assessments, while
Table 1 outlines the baseline characteristics of the lean and obese groups. The obese group
exhibited significantly greater BW, body fat, fasting insulin and C-peptide, Homeostasis Model
Assessment for Insulin Resistance (HOMA-IR), hemoglobin A1c (HbA1c), and iv glucose
tolerance test (ivGTT)-based measures of glucose homeostasis (glucose, insulin, C-peptide
AUC), thus establishing the distinct baseline metabolic status of the two experimental groups.
As shown in Figure 1B, BW changes in response to infection and ART differed between
the lean and obese groups, with lean animals maintaining their baseline weight until complete
suppression of plasma viral load at weeks 30-34 (Figure 1C), while the obese group lost weight
at the initiation of ART and did not rebound until 58 weeks post-infection. Specifically, the
average BW of animals in the lean group remained constant through week 30 and increased
thereafter, resulting in an overall ~10% weight gain after 16 months of ART. In contrast, animals
in the obese group exhibited a 5% decrease in BW over the first 15 weeks that was maintained
through week 54, at which time this group exhibited an increase to slightly above baseline levels
by 62 weeks. In spite of these differences, both groups exhibited similar rapid increases in
plasma viral load after infection, peaking at 2 weeks and declining thereafter. After ART initiation
at 5 weeks post-infection, plasma viral loads continued to decline until complete suppression
was achieved at ~30-34 weeks post-infection in both groups (Figure 1C). A more sensitive
plasma viral load assay was implemented after week 20 in the second cohort of animals, as

described in the Methods section, but did not affect these conclusions. Of note, there was a



trend towards a slower decay of plasma viremia in the obese group during weeks 6-24, but this
was not statistically significant.

Cell-associated SIV DNA levels as a measure of the SIV reservoir were also determined
in longitudinal biopsies of peripheral (inguinal or axillary) lymph node, colon, and omental (OM)
and subcutaneous (SC) WAT. As shown in Figure 1D, pre-ART tissue-associated SIV DNA
levels (week 4) were highest in lymph node and colon and exhibited significant declines
following ART initiation, but levels remained at detectable levels through week 78 after 16
months of ART (Figure S1). Initial SIV DNA levels in WAT depots were lower, and also exhibited
significant declines following ART. However, levels of cell-associated virus remained detectable
through the end of the study at 78 weeks post-infection, with levels above the limit of
quantification (LOQ) found almost exclusively in obese animals (Figure 1D and Supplemental
Figure 1). As with plasma viral loads, no differences in the viral reservoir were seen between the
lean and obese groups at any timepoint. Since cell-associated viral loads were assayed in the
WAT stromovascular fraction (SVF), it was not possible to determine the specific WAT SVF cell
type (i.e., immune cells vs endothelial cells vs preadipocytes) harboring persistent viral DNA or

the presence of viral DNA in mature adipocytes.

Tissue ART drug concentrations are similar in lean and obese animals. Because previous
reports suggested ART components might be sequestered in adipose tissue (71), we measured
the intracellular concentrations of individual ART components in PBMCs and cells isolated from
mesenteric and inguinal lymph nodes (LN), spleen, and the SVF of SC and OM WAT at
necropsy from 6 lean and 5 obese animals in the first cohort (one obese subject was lost due to
procedure-associated mortality). As shown in Figure 2A, levels of the integrase strand transfer
inhibitor dolutegravir (DTG) were higher in PBMCs than all other samples except SVF from SC
and OM WAT, in which levels were similar to PBMCs. Concentrations of the nucleoside reverse

transcriptase inhibitor tenofovir diphosphate (TFV-DP) were highest in PBMCs and mesenteric



lymph node, and concentrations of the nucleoside reverse transcriptase inhibitor emtricitabine
triphosphate (FTC-TP) were highest in PBMCs versus LN, spleen, and WAT. There were no
significant differences in ART drug concentrations in any tissue between the lean and obese
groups. Since different ART components differ in their lipophilicity, we also assessed ART drug
concentrations in PBMCs compared to the lipid fraction of SC and OM WAT adipocytes, both
expressed as fmol/ml of cell volume to allow a more direct comparison. Since the unilocular lipid
droplet represents >90% of the cell volume of a mature adipocyte, drug concentrations in the
lipid fraction represent a reasonable estimate of the concentrations in the adipocyte component
of WAT. As shown in Figure 2B, the concentrations of DTG and TFV-DP in PBMCs on this
volume basis were significantly greater than the concentrations in the WAT lipid fraction, while
FTC-TP concentrations were significant in PBMCs but undetectable in the WAT lipid fraction. As
we dosed all study animals based on BW, these data suggest that there is not significant
sequestration of ART components in adipocytes. There were also no differences in the plasma
concentrations of DTG, the TFV prodrug tenofovir disoproxil fumarate (TDF), and FTC in the

lean and obese groups (data not shown).

SIV and ART differentially affect T cell profiles in WAT vs whole blood and in different WAT
depots. Since WAT is increasingly recognized as an important latent viral reservoir by virtue of
the presence of resident immune cells such as macrophages and CD4+ T cells, we examined
WAT immune cell profiles by flow cytometry and compared them to parallel changes in
peripheral immune cells during SIV infection and subsequent ART.

Changes in T cell profiles in whole blood and OM and SC WAT over the course of SIV
infection and ART are shown in Figure 3. There were no significant changes in the frequencies
of CD4+ or CD8+ T cells in whole blood. In contrast, there was a significant decrease in the
frequencies of OM and SC WAT CD4+ cells following infection in both groups, with a recovery

after ART that did not reach pre-infection baseline levels. The frequencies of OM and SC WAT



CD8+ T cells were increased after infection in both groups, which was significant only in the
lean group. CD8+ T cell frequencies then decreased to baseline levels in both groups following
long-term ART.

We also assessed the longitudinal changes in the frequencies of the T cell
activation/proliferation markers CD69, CD38, and Ki67, as well as memory T cell subsets.
Supplemental Figure 2 shows the longitudinal changes in CD38, CD69, and Ki67 CD4+ and
CD8+ T cells. We evaluated CD69 expression as a tissue-resident T cell marker of early
activation (Supplemental Figure 2A). As expected, CD69 expression was minimal on T cells in
whole blood, whereas surface expression of CD69 on WAT CD4+ and CD8+ T cells was higher
compared to whole blood. In OM WAT, CD69 CD4+ T cell frequency decreased in acute
infection and rebounded to greater than baseline levels after ART. Expression of CD38, a
hallmark of immune activation in HIV and SIV infection, was increased in CD4+ T cells in OM
WAT and in CD8+ cells in SC WAT in both lean and obese groups after infection and returned to
baseline levels with prolonged ART (Supplemental Figure 2B). Lastly, we monitored Ki67
expression, a marker of proliferation and activation (Supplemental Figure 2C). Both lean and
obese groups exhibited significantly increased Ki67 expression at 4 weeks post-infection in both
CD4+ and CD8+ T cells in SC WAT, indicating increased activation during acute infection. In
contrast, in OM WAT, only CD8+ T cells exhibited increased Ki67 expression during acute
infection, and only in lean subjects.

The effects of SIV infection and ART on T cell memory subsets are shown in
Supplemental Figure 3. Naive CD4+ T cell frequencies were increased in both lean and obese
subjects after acute infection in whole blood, while the frequency of naive CD8+ T cells
decreased in both groups in SC WAT (Supplemental Figure 3A). The frequencies of CD4+
central memory (Tcm) T cells decreased in both groups after initial infection in whole blood and
OM WAT, but not in SC WAT, but CD8+ Tcm frequency increased only in OM WAT after initial

infection (Supplemental Figure 3B). Finally, effector memory (Tem) CD4+ T cell frequencies
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decreased in whole blood but decreased in OM WAT only in lean subjects (Supplemental Figure
3C). The frequency of CD8+ Tem cells also decreased in OM WAT, but only in lean subjects.
Thus, changes in memory subsets differed between whole blood and different WAT depots as
well as between the lean and obese groups.

Since WAT-resident macrophages and their activation/polarization state is thought to be
associated with WAT inflammation in obesity, we also examined macrophage activation status in
OM and SC WAT as shown in Supplemental Figure 4. iINOS-/CD163+ anti-inflammatory,
alternatively activated ‘M2” macrophages as a percent of CD45+ cells were predominant over
iINOS+/CD163- inflammatory, classically activated “M1” macrophages at baseline in both lean
and obese animals. The frequency of M1 macrophages decreased after long-term ART in SC
WAT, while the frequency of M2 macrophages decreased after long-term ART in OM WAT, but
these changes were only significant in the lean group.

SIV-specific T cell and humoral responses were assessed by ELISpot and Env-specific
binding antibody assays, respectively. As shown in Supplemental Figure 5A, there were no
significant differences in the magnitude or breadth of longitudinal SIV-specific T-cell responses
between lean and obese animals. As shown in Supplemental Figure 5B, levels of anti-
SIVmac239 gp140 antibodies increased rapidly following infection, peaking at 1 month of ART
(8 weeks post-infection), and remained elevated for the remainder of the study period. There

was no significant difference between the lean and obese groups.

Long-term ART alters adipocyte size and pericellular extracellular matrix (ECM) thickness in OM
but not SC WAT. We also evaluated the effect of SIV infection and subsequent ART on
adipocyte size and pericellular extracellular ECM thickness, which reflects collagen deposition
and potential fibrosis. Figure 4A shows representative images of OM and SC WAT from lean
and obese animals at baseline, illustrating the increased adipocyte size in obese OM WAT.

Figure 4B shows the quantitation of average and individual animal average adipocyte size in
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OM and SC WAT in lean and obese subjects at baseline and over the course of infection and
ART. In OM WAT, adipocytes in the obese group were significantly larger than in the lean group
at baseline and through infection and early ART, but this difference disappeared by week 78 due
to a significant increase in adipocyte size in the lean group. In contrast, there was no difference
in SC adipocyte size between the lean and obese groups, other than a transient increase in size
in the obese group at week 25. We also analyzed inter-adipocyte Picrosirius red staining of
ECM thickness as a potential marker of pericellular fibrosis, which has been proposed as a
more specific indicator of decreased adipocyte expandability and metabolic dysfunction (58-61).
As shown in Figure 4C, this parameter was similar in both lean and obese groups in both WAT

depots throughout the study, except for a decrease at week 78 in lean OM WAT.

Differences in body composition parameters between lean and obese animals were largely
unchanged by SIV and ART. DEXA scanning revealed that the greater initial percent body
weight loss shown in the obese group in Figure 1B was predominately due to a greater loss of
fat mass in this group (Supplemental Figure 6A-C). As shown in Supplemental Figure 6D-F, the
obese group had significantly higher levels of lean mass, bone mass, and BMD compared to the
lean group. However, these parameters did not change significantly over the time course in
either group. Thus, in each case, baseline differences between the lean and obese groups were

largely maintained.

Measures of glucose homeostasis improve in both lean and obese animals following long-term
ART. At baseline, the obese group exhibited relative hyperglycemia compared to the lean group
in spite of elevated insulin and C-peptide secretion assessed by ivGTTs (Table 1 values for
GAUC, IAUC, and CAUC and Supplemental Figure 7A-C; individual baseline values shown in
inserts), reflecting the prediabetic phenotype of the obese group. However, these parameters

responded identically over the time course of infection and ART suppression in both groups.
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Additionally, as shown in Supplemental Figure 7D, the obese group exhibited increased GAUC
in an iv insulin tolerance test (iviTT) at baseline (insert), indicating decreased insulin sensitivity
in the obese group. However, both groups exhibited improved insulin sensitivity following ART.
Supplemental Figure 7E shows that both groups also experienced a decrease in HbA1c during
the course of the study. Together, these data suggest that the initial weight stabilization in the
lean group and the weight loss in the obese group improved glucose homeostasis, an effect that

was maintained even after resumed weight gain.

SIV and long-term ART do not substantively affect baseline differences in islet function and
morphology between lean and obese animals. Glucose-stimulated insulin secretion (GSIS) was
assessed by perifusion of isolated islets obtained at necropsy at 78 weeks post-infection. As
shown in Supplemental Figure 8A-B, basal and total GSIS were greater in islets from obese
animals, although first-phase insulin secretion was decreased in islets from obese animals
(Supplemental Figure 8C). These findings are consistent with the increased IAUC and CAUC
observed in obese animals at baseline (Table 1 and Supplemental Figure 7B-C), suggesting that
the initial phenotypic differences in insulin secretion were maintained throughout the study time
course. B and a-cell proportions were assessed by insulin and glucagon immunohistochemistry.
Supplemental Figure 8D shows a representative section stained with insulin and glucagon
antibodies. As shown in Supplemental Figure 8D-F, the proportions of p and a cells and the B/a-
cell ratios were not different between the lean and obese groups or in comparison to uninfected

control samples.

Baseline metabolic status affects lipoprotein responses to SIV and ART. As shown in

Supplemental Figure 9A, total cholesterol levels were initially higher in obese animals but

dropped in both groups following ART initiation, with levels in the obese group rebounding
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modestly after prolonged ART. Triglyceride levels were similar in both groups at baseline and
modestly increased after prolonged ART. (Supplemental Figure 9B). HDL levels in particular
were higher at baseline in the obese group and decreased after ART initiation, while HDL levels
in the lean group were not affected by acute infection but also decreased after ART initiation
(Supplemental Figure 9C). In contrast, LDL levels were similar in the lean and obese groups at
baseline and were subsequently unchanged in the obese group but increased with acute

infection and decreased after ART initiation in the lean group (Supplemental Figure 9D).

Baseline metabolic status influences specific cytokine responses to SIV and ART. Supplemental
Figure 10A shows that the levels of C-reactive protein (CRP), soluble (s)CD14, and LPS binding
protein (LBP) increased in both groups following infection and remained elevated throughout the
study in both experimental groups. Seven additional factors identified in the Olink assay
(Supplemental Figure 10B) exhibited varying patterns of change through the time course of the
study, including CCL19, FGF-23, CXCL11, MMP-1, OPG, RANKL/TRANCE, and MCP-1. In
most cases, the pattern of change was similar in lean and obese animals, although in some
cases the absolute levels varied. Of these, the levels of MCP-1 in particular were also elevated
following infection and remained elevated after ART initiation. Thus, several factors were
increased in response to infection but were not reversed by ART, consistent with a persistent
inflammatory state that is not resolved by ART.

We also focused on the adipokines adiponectin and leptin that have previously been
shown to be affected by SIV and ART (7, 62-65). As shown in Figure 5A-B, adiponectin levels
trended down during SIV infection and ART in both groups, but were higher throughout in the
lean group, while the levels of leptin were more constant, although higher in the obese group.
As shown in Figure 5C, the adiponectin/leptin ratio (ALR), a marker of obesity, insulin
resistance, and WAT inflammation (66, 67), was significantly higher in the lean group at

baseline, but was not statistically significantly different from that of the obese group after
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extended ART. Specifically, the ALR in the lean group declined to <0.5 by week 61 (56 weeks of
ART), a level associated with increased cardiometabolic risk in human patients (67). These data
suggest that one effect of long-term ART in lean animals is to convert the ALR phenotype of
lean animals to one more characteristic of the obese group. However, we cannot exclude a
potential role for viral persistence in altered adipocyte expression of adiponectin in particular,

since we did not evaluate adipocyte viral DNA.

Gl inflammation is increased in both lean and obese animals with SIV and attenuated by ART.
Supplemental Figure 11A-C shows the extent of neutrophil infiltration based on
myeloperoxidase staining of the ascending colon following infection and subsequent ART. This
parameter is a surrogate marker and response to the breakdown of intestinal epithelial integrity
and microbial translocation and mucosal apoptosis, and was increased similarly in lean and

obese animals following infection but decreased after ART.
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Discussion

We undertook this study to determine, in a systematic and comprehensive fashion, the effects of
preexisting metabolic dysfunction, specifically obesity and insulin resistance, on the response to
SIV infection and long-term ART in a tractable nonhuman primate model. We sought to exploit
the unique advantages of this model, including the use of a clinically relevant ART regimen, a
well-defined baseline experimental phenotype of normal and abnormal metabolic status, and the
ability to perform an array of experimental assessments, including longitudinal samples of
multiple tissues, that are not feasible in clinical studies. To our knowledge, this is the first study
in a nonhuman primate model of SIV infection and long-term treatment with a modern ART
regimen that also evaluated the effect of infection and ART on multiple tissue responses,
including both major WAT depots, in lean and obese subjects. Some parameters that were
initially different, as expected, between the lean and obese groups at baseline were maintained,
while others changed during the course of the study in ways that altered the initial differences
between the phenotypes of the lean and obese groups. With respect to the response of the lean
and obese groups to infection and ART, many parameters did not differ between the groups,
while others were clearly divergent at different points in the course of infection and ART. Thus,
the present study generated two distinct datasets, one the response of multiple parameters to
SIV infection and long-term ART per se, and another the effects of preexisting obesity/insulin
resistance on these same responses.

While some studies have suggested that obesity influences the response to initial SIV
infection in the absence of ART (68, 69), we did not observe any significant differences between
the groups for peak viremia or the subsequent response to ART with respect to the rate of
suppression of plasma viral load. Nor were any differences noted in the suppression of tissue
reservoirs represented by decreases in cell-associated viral DNA. These findings are consistent
with our assessment of ART tissue concentrations, which did not find any significant differences

in the concentrations of ART components in the tissues examined between the groups. We also
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compared the concentrations of ART components in PBMCs and the adipocyte lipid fraction to
address potential accumulation of ART components such as TFV-DP by adipocytes as
previously reported (70). The concentrations of DTG and TVF-DP were orders of magnitude
lower in the adipocyte lipid fraction compared to the concentrations of DTG and TFV-DP in
PBMCs, and adipocyte lipid fraction concentrations of FTC-TP were undetectable. These data
suggest that, at least in this nonhuman primate model, that there is not significant differential
sequestration of ART components by adipocytes in lean or obese animals. These data are
consistent with the lack of appreciable differences in plasma viral RNA and cell-associated viral
DNA dynamics between the lean and obese groups and are also in line with a recent report of
equivalent ART efficacy in obese and non-obese people with HIV on regimens that included
DTG, TFV, and FTC (71). The reported accumulation of TFV-DP by adipocytes in a previous
report (70) may reflect the use of in vitro-differentiated adipocytes in the latter study. The
persistence of detectable SIV DNA in the SVF fraction in both WAT depots in some subjects at
necropsy is consistent with the role of WAT as a persistent viral reservoir; however, since we did
not measure replication-competent virus, our data do not conclusively show that the WAT SVF
fraction, specifically the immune cell component, functions as a long-term reservoir, at least
after long-term ART. However, we and others have shown that the majority of virus detected by
the cell-associated viral DNA assay we employed is comprised of replication-competent virus
(72-74). Although persistence of SIV would be most likely in WAT SVF immune cells, we cannot
rule out the potential presence of persistent virus in mature adipocytes, since they were not
assayed.

Although plasma viremia and tissue-associated viral DNA dynamics were similar
between the groups, reflecting equal efficacy of ART suppression, there was a significant
difference with respect to post-infection weight gain, with the lean group exhibiting a delay in
restoration of weight gain until viral control was established, while the obese group exhibited

weight loss due to decreased fat mass following infection that was maintained until a rebound
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after ~1 year of ART. This initial weight loss likely contributed to the improvement in the
metabolic profile of the obese group as discussed below.

With respect to the effects of SIV and ART suppression on whole blood and WAT
immune cell profiles, we observed that SIV infection greatly affected CD4+ and CD8+ T cell
frequencies particularly in WAT depots, which was more evident in lean animals. Specifically,
the frequency of circulating CD4+ T cells modestly decreased with SIV infection. However, in
both WAT depots, the frequency of CD4+ T cells was drastically reduced with acute SIV
infection. Although over a year of ART improved the repopulation of CD4+ T cells in WAT, the
frequencies failed to reach baseline levels, suggesting that SIV infection, even in the presence
of ART, has a long-term impact on WAT CD4+ T cells. CD8+ T cells, on the other hand,
accumulated in WAT after infection and in the presence of ART, concordant with increased
expression of the activation and tissue retention marker CDG69, likely attributed to WAT
inflammation induced by SIV infection. This effect was more significant in lean subjects.
Damouche et al. (28) previously reported, in cynomolgus macaques chronically (15 months)
infected with SIV in the absence of ART, modest (~50%) decreases in CD4+ T cell frequencies
in both WAT depots and increases in WAT CD8+ T cell frequencies but did not detect drastic
changes in the proliferative marker Ki67. In contrast, we observed a significant increase in Ki67
expression in CD4+ and CD8+ T cells in both OM and SC WAT with SIV infection. These
discrepancies are likely due to the timing of infection, where Damouche et al. analyzed WAT in
chronically infected animals, whereas we detected changes in proliferation in acute infection.
Although there was no impact of obesity on the humoral response, we did observe an
impairment, albeit not statistically significant, in early virus-specific T cell responses in obese
animals compared to lean animals. This diminished T cell response may be a result of chronic
infammation associated with obesity and warrants further exploration. We also observed that
the majority of WAT CD4+ and CD8+ T cells were central or effector memory cells throughout

the study time course, similar to what was reported by Coutrier et al. (26) and Damouche et al.
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(28) in chronic SIV infection. The differences we observed between WAT T cell subtypes in
whole blood and WAT presumably reflect the emerging picture of the distinct nature of WAT
immune cells (75).

We also characterized WAT macrophage profiles and found that anti-inflammatory M2
macrophages predominated over inflammatory M1 macrophages in both lean and obese groups
throughout the study time course, although the frequency of M2 macrophages decreased in OM
WAT and the frequency of M1 macrophages decreased in SC WAT after extended ART, but only
in lean animals. These results suggest that WAT-resident macrophage polarization is not
significantly affected by SIV and initial ART treatment. It is also important to note that these
relative frequencies were similar in lean and obese animals, which differs from the original
M1/M2 paradigm in rodent models of obesity, in which M1 macrophage frequency increases and
M2 macrophage frequency decreases during the development of obesity. We acknowledge that
the characterization of WAT macrophages as M1 or M2 is an oversimplification (76), but our
data do show that the preponderance of anti-inflammatory M2 macrophages is not affected by
baseline obesity and insulin resistance or by SIV infection and ART. Damouche et al. (28)
previously reported that WAT M2 macrophages were predominant in control macaques, but that
WAT M1 macrophage frequencies were increased and WAT M2 macrophage frequencies were
decreased in chronic SIV infection. In our studies, ART presumably prevented the changes in
WAT macrophage polarization described by Damouche et al.

In light of the role of WAT as an important SIV and HIV reservoir, we also assessed the
effect of SIV and ART on adipocyte morphology, specifically adipocyte cell size and the
thickness of the interadipocyte ECM as a surrogate marker for potential pericellular fibrosis.
Obese animals had larger adipocytes at baseline in OM but not SC WAT. After long-term ART,
the size of OM adipocytes in lean animals approached that of obese subjects. This differential
response may be associated with the decrease in plasma adiponectin specifically in lean

subjects discussed below. In contrast, Damouche et al. (28) reported an increase in adipocyte
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size (decreased density) in both WAT depots in SIV-infected macaques after 15 months of SIV
infection without ART, suggesting that ART does not prevent an increase in OM adipocyte size,
but may prevent an increase in SC adipocyte size.

We did not observe any effect of SIV or ART on WAT ECM thickness in lean or obese
subjects, other than a small decrease in OM WAT in lean subjects at week 78. In contrast,
Gorwood et al. (77) and Ayissi et al. (78) reported increased collagen staining in OM and SC
WAT from chronically SIV-infected or SIV-infected, ART-treated macaques, respectively. The
discrepancy between those results and ours may be due to chronic infection versus ART in the
first case and the assessment of total ECM staining in the second, whereas our analysis was
restricted to pericellular ECM thickness, which is more associated with adipocyte dysfunction
(58-61).

Given the importance of WAT as both a viral reservoir and a contributor to overall
metabolic status, we were particularly interested in the responses of the major adipokines
adiponectin and leptin to SIV and ART. The principal effect observed was a decrease in the
adiponectin/leptin ratio, a marker of cardiometabolic risk, in lean animals following initiation of
ART. This effect was mainly driven by a decrease in adiponectin in the lean group. Thus, ART
altered the relative expression of these factors in the lean group to a pattern characteristic of the
obese group. Couturier et al. (27) reported increased circulating leptin and unchanged
adiponectin in chronic SIV-infected macaques in the absence of ART, while Offor et al. (63),
Hulgan et al. (7), and Hikasa et al. (65) described ART-associated decreases in adiponectin
and/or ALR in persons with HIV, consistent with our results. GLP-1 receptor agonists such as
exendin-4, exenatide, liraglutide, and tirzepatide have been reported to increase adiponectin
levels (79-82), and semaglutide has been shown to reduce cardiometabolic risk (83). These
data, in conjunction with our finding that the ALR is decreased in lean SIV-infected, ART-treated
animals, suggest that GLP-1 receptor agonists may attenuate metabolic comorbidity in non-

obese as well as obese PLWH.
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Since the primary focus of our study was on the potential effects of ART on various
aspects of metabolic disease and the potential additional burden of preexisting obesity and
insulin resistance, we also monitored an array of additional metabolic parameters, including
body composition indices, systemic glucose metabolism, islet function and morphology, lipid
profiles, cytokine profiles, and colon inflammation. For the most part, the response of these
parameters to SIV infection and ART suppression did not appreciably differ between lean and
obese subjects, with baseline differences, where present, being largely maintained throughout
the study time course. Some parameters, such as insulin resistance, improved after ART, but
were evident in both lean and obese subjects due to weight stabilization in the former and
weight loss in the latter. Other parameters, such as CRP, sCD14, and LBP levels, increased with
infection and remained elevated after ART, representing persistent SIV-induced inflammation in
both groups, while colon neutrophil invasion increased with infection but resolved with ART,
again in both groups. Overall, the magnitude and extent of new or exacerbated metabolic
dysfunction was modest, with effects of SIV and ART and the additional effect of obesity
potentially obscured by preferential weight loss in the obese group and the duration of the study.
Since the lean group did not exhibit significant weight gain and the obese group did not exhibit
significant weight regain until relatively late in the study, adverse effects of ART-induced
metabolic function due to increased BW may require a longer study period. Another potential
factor was our use of TDF in the standard SIV ART regimen rather than tenofovir alafenamide,
since the latter is associated with greater weight gain and metabolic comorbidities than TDF
(84-87). A second aspect of the standard nonhuman primate ART regimen that may have
reduced the extent of metabolic comorbidities is the potential anti-inflammasome activity of
cytosine analog nucleoside reverse transcriptase inhibitors such as lamivudine and FTC (88,
89), particularly with respect to WAT function and overall metabolic status (90, 91).

The use of only male macaques is also a limitation of the study. Since women are still

underrepresented in clinical studies of HIV and ART (92), and there are differences in the
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spectrum and frequency of ART-associated comorbidities (93-95), similar studies in the
macaque model using females are warranted. A an additional limitation is the use of obese
animals whose weight gain was induced by consumption of an obesogenic Western-style diet
(WSD). We consider the differences that we observed between the lean and obese groups to be
primarily due to obesity and/or associated IR, but we cannot exclude the possibility that the
differences seen reflect, at least in part, an effect of the WSD independent of obesity per se. A
final limitation of this study is the initiation of ART at 5 weeks after infection, soon after peak
viremia. This may make our conclusions primarily translatable to acutely treated patients.

In spite of these limitations, the present study represents the first comprehensive
combined viral, immunological, and metabolic description of the nonhuman primate model of
SIV infection and a modern ART regimen, and provides a solid foundation for future use of this
model to investigate more nuanced effects of preexisting metabolic disease on metabolic
outcomes such as metabolomic and lipidomic profiles as well as investigation of adjunct
therapeutic approaches to complement ART per se to reduce metabolic comorbidities, including
established drugs such as metformin or newer candidates such as glucagon-like peptide

receptor-1 receptor agonists.
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Methods

Sex as a biological variable. This study utilized adult male rhesus macaques. Limited availability
of female macaques for research and budget constraints precluded the use of both sexes,
although examination of the effects of obesity and insulin resistance on the response to SIV and

ART in female animals would be an important future goal.

Animals. This study employed a total of 22 SIV-naive adult male rhesus macaques negative for
the protective alleles Mamu-B*17 and Mamu-B*08 that are associated with spontaneous elite
control of SIV (96). Study animals were grouped into two cohorts studied consecutively (Figure
1A). The first cohort consisted of 6 lean, metabolically healthy animals and 6 obese, insulin-
resistant animals; however, one animal in the obese group was excluded from the study due to
the development of diabetes early in the study. The second cohort consisted of 6 lean and 5
obese animals. Lean animals were fed a control diet with 15% calories derived from fat (Purina
5000/5052; LabDiet, Gray Summit, MO). Obese animals were selected from the ONPRC Obese
Nonhuman Primate Resource, which maintains a colony of animals fed a WSD containing 36%
calories from fat (Purina 5LOP, LabDiet). Obese animals chosen for this study had been on the
WSD for at least a year and exhibited a consistent obese/insulin-resistant phenotype. Animals
were typically pair-housed in the same treatment group and maintained on a 07:00-19:00 light
cycle with ad libitum access to water. Individual enrichment devices were provided on each
cage and animals were given weekly access to additional enrichment activities (radio, TV, etc.).
All sedations for procedures were induced with ketamine HCI (5-15 mg/kg) (Covetrus) or a
tiletamine HCI and zolazepam HCL mixture (3-5 mg/kg) (Telazol™; Zoetis Inc.) unless otherwise

noted.
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SIV infection. After completion of baseline assessments, all animals were infected iv with 10,000
IU of barcoded SIVmac239M (97, 98). Blood draws were taken weekly thereafter for monitoring

of plasma viral load.

ART regimen. At 5 weeks post-infection, an ART regimen consisting of DTG, TDF, and FTC, co-
formulated as a once-daily injection (99, 100), was initiated and continued for a subsequent 16

months.

Determination of plasma SIV RNA and cell-associated viral DNA. Plasma SIV RNA levels were
determined by quantitative RT-PCR as previously described (101). The LOQ for this assay is 15
copies of viral RNA per ml of plasma. Cell-associated SIV DNA levels from tissues were
determined as previously described (102, 103). The LOQ for this assay is 26 copies of viral DNA

per million cells.

Analysis of tissue ART drug concentrations. Intracellular levels of DTG, TFV-DP, and FTC-TP in
PBMCs, mesenteric lymph node, inguinal lymph node, spleen, OM and SC WAT SVF cells, and
the lipid fraction of the adipocyte component of OM and SC WAT were determined as previously
described (70). Preparation of the WAT adipocyte lipid fraction for determination of adipocyte
ART drug levels is described below. Calculation of the volume of PMBCs/ml used in the data
shown in Figure 3B was based on the average PBMC volume reported for persons with HIV

(104).

PBMC and SVF immune profiling by flow cytometry. Lymphocyte frequencies were monitored by
whole blood staining as previously described (74). Briefly, EDTA-treated whole blood (50-100 vl)
was washed twice with 1X PBS and then stained for surface markers and viability for 30

minutes at room temperature (RT). After staining, whole blood was resuspended in 1 ml 1x
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FACS Lysing Solution (Becton Dickinson) to lyse red blood cells and fix remaining cells,
incubated for 8 minutes, and washed three times with 1x PBS supplemented with 10% FCS
(FACS buffer). After the last wash, 500 ul FACS perm buffer (1x Becton Dickinson FACS Lysing
Solution + 0.05% Tween-20) was added and incubated for 10 minutes at RT. Cells were then
washed three times with FACS buffer. For Ki67 assessment, fixed and permeabilized cells were
stained for 45 min at RT. Following intracellular staining, samples were washed twice with FACS
buffer and data was acquired on an LSR |l flow analyzer (Becton Dickinson). Flow cytometric
data were analyzed using FlowdJo, version 10 (TreeStar, Ashland, OR). Antibodies used are
listed in Table S1 and gating strategies are demonstrated in Figure S11. Absolute lymphocyte
counts were calculated by multiplying whole blood staining frequencies within the live CD45+
gate by the white blood cell count, as determined by complete blood count performed on an

additional aliquot of EDTA-treated whole blood.

Isolation of WAT adipocyte lipid fraction and SVF. WAT biopsy or necropsy samples were
processed as previously described (105). In brief, one to five grams OM-WAT and SC-WAT
were collected and promptly transported to the laboratory in ice-cold FACS buffer (DPBS,
Thermo Fisher, supplemented with 0.5% BSA (Sigma-Aldrich) and 2 mM EDTA (Sigma-Aldrich).
Upon arrival at the laboratory, WAT was minced and subjected to a 30 to 40-minute digestion
with continuous mixing in a collagenase solution prepared by combining 120 mg of collagenase
type-ll (Gibco, cat#17101-015), 1.4 g of BSA (Sigma-Aldrich), DPBS (to 40 mL), and 80 pl of 1
M CaCl,. Following digestion, 40 ml of ice-cold FACS buffer was added and the resulting cell
suspension was filtered through a 100-um cell strainer. The cell suspension was then
centrifuged at 2000 rpm (400xg) for 10 minutes at 4°C, and the supernatant, along with the top
lipid fraction, was discarded in the case of biopsy samples. For necropsy samples, the top lipid
fraction was collected, and its volume was recorded. To the SVF pellet, 10 ml of red blood cell

lysis buffer was added, followed by an 8-minute incubation at room temperature. The SVF cell
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pellet was then washed twice with ice-cold FACS buffer through centrifugation at 2000 rpm for
10 minutes at 4°C. Finally, the pellet was resuspended in 1 ml of FACS buffer on ice for
subsequent cell counting and flow cytometry analysis. For determination of ART drug
concentrations in the adipocyte lipid fraction, the lipid fraction was diluted with two volumes of

methanol and kept at -20°C until analysis.

WAT histology and determination of adipocyte size and ECM thickness. WAT histology was
performed as described (105). Briefly, 200 to 500-mg fragments of SC-WAT and OM-WAT were
collected at necropsy and fixed in zinc formalin (Fisher Scientific) at 4°C for 48 hours. Samples
were transferred to 70% (v/v) ethanol for 5 days, embedded in Paraplast wax (Leica), and 5-uym
sections were prepared using a micron rotary microtome. Slides were stained with Picrosirius
red Stain Kit (Abcam) according to the manufacturer's instructions. Images representing tissue
segments of approximately 5 to 10 mm in size were acquired using an Aperio AT2 System slide
scanner (Leica Biosystems). Adipocyte size and pericellular ECM thickness were determined as

described (106).

Statistics. Statistical analyses were performed using GraphPad Prism (GraphPad Software).
Longitudinal data were assessed using either 2-way ANOVA with Sidak’s multiple comparisons
test or mixed-effect analysis with Sidak’s multiple comparisons test. Individual comparisons
between the lean and obese groups at baseline were assessed using unpaired t tests. AUC was

calculated starting at T=0. A p value <0.05 was considered significant.

Study approval. All studies were approved by the Oregon National Primate Research Center

IACUC and were conducted in accordance with the US Public Health Service’s Policy on

Humane Care and Use of Laboratory Animals.

26



Data availability. All raw data associated with data presented in the manuscript are included in

the Supporting Data Values file.

Author contributions

PK, JBS, and CTR designed the study. GMW, KAS, DK, MK, LB, SRL, HB, CZ, MS, CM, HH,
uv, CP, JH, AM, MH, JR, OV, LW, and CVF conducted experiments and acquired data. GWB,
KAS, PK, JBS, CTR, OV, LG, CVF, and TTB interpreted results. PK, JS, and CTR wrote the
manuscript and are co-senior authors. All authors reviewed and edited the manuscript. GMW
and KAS are co-first authors for this study. Both had significant roles in study management and
assistance with data organization, interpretation, and manuscript preparation, but the
contribution of GMW was more substantial with regards to duration of effort and scope of data

responsible for.

Acknowledgements

We acknowledge the assistance of the ONPRC flow cytometry, molecular virology, and
integrated pathology cores and the assistance of Nadia Golden at the Tulane National Primate
Research Center High Containment Research Performance Core for Olink cytokine profiling.
We also thank Tyler Dean for expert technical assistance. This study was supported by NIH
grants RO1 DK122843 to PK, JS, and CTR, R01 Al124965 to CVF, and P51 OD011092 for
operation of the ONPRC. The Aperio AT2 instrument employed for WAT analyses was

supported by NIH grant S10 OD25002.

27



References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Teeraananchai S, et al. Life expectancy of HIV-positive people after starting combination
antiretroviral therapy: a meta-analysis. HIV Medicine. 2017;18(4):256-66.

Trickey A, et al. Survival of HIV-positive patients starting antiretroviral therapy between
1996 and 2013: a collaborative analysis of cohort studies. The Lancet HIV.
2017;4(8):e349-e56.

Achhra AC, et al. Short-term weight gain after antiretroviral therapy initiation and
subsequent risk of cardiovascular disease and diabetes: the D:A:D study. HIV Med.
2016;17(4):255-68.

Duncan AD, et al. Type 2 diabetes prevalence and its risk factors in HIV: A cross-
sectional study. PLoS One. 2018;13(3):e0194199.

Eckard AR, and McComsey GA. Weight gain and integrase inhibitors. Current Opinion in
Infectious Diseases. 2020;33(1):10-9.

Grant PM, et al. Long-term body composition changes in antiretroviral-treated HIV-
infected individuals. AIDS. 2016;30(18):2805-13.

Hulgan T, et al. Relationships Between Adipose Mitochondrial Function, Serum
Adiponectin, and Insulin Resistance in Persons With HIV After 96 Weeks of Antiretroviral
Therapy. J Acquir Immune Defic Syndr. 2019;80(3):358-66.

Kumar S, and Samaras K. The Impact of Weight Gain During HIV Treatment on Risk of
Pre-diabetes, Diabetes Mellitus, Cardiovascular Disease, and Mortality. Front Endocrinol
(Lausanne). 2018;9:705.

McComsey GA, et al. Body Composition Changes After Initiation of Raltegravir or
Protease Inhibitors: ACTG A5260s. Clin Infect Dis. 2016;62(7):853-62.

Menard A, et al. Dolutegravir and weight gain: an unexpected bothering side effect?
AIDS. 2017;31(10):1499-500.

Nduka CU, et al. Body Fat Changes in People Living with HIV on Antiretroviral Therapy.
AIDS Rev. 2016;18(4):198-211.

Pedro MN, et al. Insulin Resistance in HIV-Patients: Causes and Consequences. Front
Endocrinol (Lausanne). 2018;9:514.

Tiraboschi J, et al. Changes in Body Fat Distribution in Antiretroviral-Naive HIV-Positive
Individuals Initiating Current ART Regimens. J Clin Endocrinol Metab. 2019;104(3):900-
5.

Venter WDF, et al. Dolutegravir plus Two Different Prodrugs of Tenofovir to Treat HIV.
New England Journal of Medicine. 2019;381(9):803-15.

Willig AL, and Overton ET. Metabolic Complications and Glucose Metabolism in HIV
Infection: A Review of the Evidence. Curr HIV/AIDS Rep. 2016;13(5):289-96.

Gallant J, et al. Healthcare utilization and direct costs of non-infectious comorbidities in
HIV-infected patients in the USA. Current Medical Research and Opinion.
2018;34(1):13-23.

Gallant J, et al. Comorbidities Among US Patients With Prevalent HIV Infection—A
Trend Analysis. The Journal of Infectious Diseases. 2017;216(12):1525-33.

Lerner AM, et al. Comorbidities in Persons With HIV: The Lingering Challenge. JAMA.
2020;323(1):19-20.

Brown TT, et al. Association between systemic inflammation and incident diabetes in
HIV-infected patients after initiation of antiretroviral therapy. Diabetes Care.
2010;33(10):2244-9.

Hsue PY, et al. Immunologic Basis of Cardiovascular Disease in HIV-Infected Adults.
The Journal of Infectious Diseases. 2012;205(suppl_3):S375-S82.

Sereti |, et al. Persistent, Albeit Reduced, Chronic Inflammation in Persons Starting
Antiretroviral Therapy in Acute HIV Infection. Clin Infect Dis. 2017;64(2):124-31.

28



22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Teigler JE, et al. Distinct biomarker signatures in HIV acute infection associate with viral
dynamics and reservoir size. JCI Insight. 2018;3(10).

Temu TM, et al. Antiretroviral therapy reduces but does not normalize immune and
vascular inflammatory markers in adults with chronic HIV infection in Kenya. AIDS.
2021;35(1):45-51.

Luo L, and Liu M. Adipose tissue in control of metabolism. J Endocrinol.
2016;231(3):R77-R99.

Scheja L, and Heeren J. The endocrine function of adipose tissues in health and
cardiometabolic disease. Nature Reviews Endocrinology. 2019;15(9):507-24.

Couturier J, et al. Infectious SIV resides in adipose tissue and induces metabolic defects
in chronically infected rhesus macaques. Retrovirology. 2016;13:30.

Couturier J, and Lewis DE. HIV Persistence in Adipose Tissue Reservoirs. Curr
HIV/AIDS Rep. 2018;15(1):60-71.

Damouche A, et al. Adipose Tissue Is a Neglected Viral Reservoir and an Inflammatory
Site during Chronic HIV and SIV Infection. PLoS Pathog. 2015;11(9):e1005153.
Koethe JR. Adipose Tissue in HIV Infection. Compr Physiol. 2017;7(4):1339-57.

Lake JE. The Fat of the Matter: Obesity and Visceral Adiposity in Treated HIV Infection.
Curr HIV/AIDS Rep. 2017;14(6):211-9.

Koethe JR, et al. HIV and antiretroviral therapy-related fat alterations. Nature Reviews
Disease Primers. 2020;6(1):48.

Koethe JR, et al. Adipose Tissue is Enriched for Activated and Late-Differentiated CD8+
T Cells and Shows Distinct CD8+ Receptor Usage, Compared With Blood in HIV-
Infected Persons. J Acquir Imnmune Defic Syndr. 2018;77(2):e14-e21.

Lagathu C, et al. Metabolic complications affecting adipose tissue, lipid and glucose
metabolism associated with HIV antiretroviral treatment. Expert Opin Drug Saf.
2019;18(9):829-40.

Langkilde A, et al. Histological and Molecular Adipose Tissue Changes Are Related to
Metabolic Syndrome Rather Than Lipodystrophy in Human Immunodeficiency Virus-
Infected Patients: A Cross-Sectional Study. J Infect Dis. 2018;218(7):1090-8.

Wang Q, and Wu H. T Cells in Adipose Tissue: Critical Players in Immunometabolism.
Front Immunol. 2018;9:2509.

Wanjalla CN, et al. Adipose Tissue in Persons With HIV Is Enriched for CD4+ T Effector
Memory and T Effector Memory RA+ Cells, Which Show Higher CD69 Expression and
CD57, CX3CR1, GPR56 Co-expression With Increasing Glucose Intolerance. Frontiers
in Immunology. 2019;10(408).

Wanjalla CN, et al. Adipose Tissue T Cells in HIV/SIV Infection. Front Immunol.
2018;9:2730.

Aune D, et al. BMI and all cause mortality: systematic review and non-linear dose-
response meta-analysis of 230 cohort studies with 3.74 million deaths among 30.3
million participants. BMJ. 2016;353:i2156.

Bhaskaran K, et al. Association of BMI with overall and cause-specific mortality: a
population-based cohort study of 3.6 million adults in the UK. Lancet Diabetes
Endocrinol. 2018;6(12):944-53.

Collaborators GBDO, et al. Health Effects of Overweight and Obesity in 195 Countries
over 25 Years. N Engl J Med. 2017;377(1):13-27.

Global BMIMC, et al. Body-mass index and all-cause mortality: individual-participant-
data meta-analysis of 239 prospective studies in four continents. Lancet.
2016;388(10046):776-86.

Yip WCY, et al. Prevalence of Pre-Diabetes across Ethnicities: A Review of Impaired
Fasting Glucose (IFG) and Impaired Glucose Tolerance (IGT) for Classification of
Dysglycaemia. Nutrients. 2017;9(11).

29



43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Collaborators GBDD. Global, regional, and national burden of diabetes from 1990 to
2021, with projections of prevalence to 2050: a systematic analysis for the Global
Burden of Disease Study 2021. Lancet. 2023;402(10397):203-34.

Shaw JE, et al. Global estimates of the prevalence of diabetes for 2010 and 2030.
Diabetes Res Clin Pract. 2010;87(1):4-14.

Bailin SS, et al. Obesity and Weight Gain in Persons with HIV. Current HIV/AIDS
Reports. 2020;17(2):138-50.

Crum-Cianflone N, et al. Increasing Rates of Obesity among HIV-Infected Persons
during the HIV Epidemic. PLOS ONE. 2010;5(4):e10106.

Mulligan K, et al. Obesity and dyslipidemia in behaviorally HIV-infected young women:
Adolescent Trials Network study 021. Clin Infect Dis. 2010;50(1):106-14.

Tate T, et al. HIV infection and obesity: where did all the wasting go? Antivir Ther.
2012;17(7):1281-9.

Deleage C, et al. Imaging lymphoid tissues in nonhuman primates to understand SIV
pathogenesis and persistence. Curr Opin Virol. 2016;19:77-84.

Estes JD, et al. Nonhuman primate models of human viral infections. Nat Rev Immunol.
2018;18(6):390-404.

Evans DT, and Silvestri G. Nonhuman primate models in AIDS research. Curr Opin HIV
AIDS. 2013;8(4):255-61.

Chandrasekera PC, and Pippin JJ. Of rodents and men: species-specific glucose
regulation and type 2 diabetes research. ALTEX. 2014;31(2):157-76.

Zwick RK, et al. Anatomical, Physiological, and Functional Diversity of Adipose Tissue.
Cell Metab. 2018;27(1):68-83.

Conrad E, et al. The MAFB transcription factor impacts islet alpha-cell function in
rodents and represents a unique signature of primate islet beta-cells. Am J Physiol
Endocrinol Metab. 2016;310(1):E91-E102.

Bauer SA, et al. Obesity in rhesus and cynomolgus macaques: a comparative review of
the condition and its implications for research. Comp Med. 2011;61(6):514-26.

Havel PJ, et al. Use and Importance of Nonhuman Primates in Metabolic Disease
Research: Current State of the Field. ILAR J. 2017;58(2):251-68.

Pound LD, et al. The nonhuman primate as a model for type 2 diabetes. Curr Opin
Endocrinol Diabetes Obes. 2014;21(2):89-94.

Bel Lassen P, et al. The FAT Score, a Fibrosis Score of Adipose Tissue: Predicting
Weight-Loss Outcome After Gastric Bypass. J Clin Endocrinol Metab. 2017;102(7):2443-
53.

Michaud A, et al. Relevance of omental pericellular adipose tissue collagen in the
pathophysiology of human abdominal obesity and related cardiometabolic risk. Int J
Obes (Lond). 2016;40(12):1823-31.

Sun K, et al. Fibrosis and adipose tissue dysfunction. Cell Metab. 2013;18(4):470-7.
Wernstedt Asterholm |, and Scherer PE. Fibrosis-streaks and splatters: Some things are
not always what they seem to be. Obesity (Silver Spring). 2016;24(3):552-3.

Morimoto HK, et al. Role of metabolic syndrome and antiretroviral therapy in adiponectin
levels and oxidative stress in HIV-1 infected patients. Nutrition. 2014;30(11):1324-30.
Offor O, et al. Adiponectin and the steatosis marker Chi3L1 decrease following switch to
raltegravir compared to continued PI/NNRTI-based antiretroviral therapy. PLOS ONE.
2018;13(5):e0196395.

Tiliscan C, et al. Association of adiponectin/leptin ratio with carbohydrate and lipid
metabolism parameters in HIV-infected patients during antiretroviral therapy. Endocrine
Research. 2018;43(3):149-54.

Hikasa S, et al. Changes in Leptin to Adiponectin Ratio After Antiretroviral Therapy: A
Pilot Observational Study. Curr HIV Res. 2023;21(3):185-91.

30



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Castela |, et al. Decreased adiponectin/leptin ratio relates to insulin resistance in adults
with obesity. Am J Physiol Endocrinol Metab. 2023;324(2):E115-E9.

Fruhbeck G, et al. Adiponectin-leptin Ratio is a Functional Biomarker of Adipose Tissue
Inflammation. Nutrients. 2019;11(2).

He T, et al. High-fat diet exacerbates SIV pathogenesis and accelerates disease
progression. The Journal of Clinical Investigation. 2019;129(12):5474-88.

Mansfield KG, et al. A Diet High in Saturated Fat and Cholesterol Accelerates Simian
Immunodeficiency Virus Disease Progression. The Journal of Infectious Diseases.
2007;196(8):1202-10.

Couturier J, et al. Adipocytes impair efficacy of antiretroviral therapy. Antiviral Res.
2018;154:140-8.

Berton M, et al. Antiretroviral Drug Exposure and Response in Obese and Morbidly
Obese People With Human Immunodeficiency Virus (HIV): A Study Combining
Modelling and Swiss HIV Cohort Data. Clin Infect Dis. 2024;78(1):98-110.

Bender AM, et al. The Landscape of Persistent Viral Genomes in ART-Treated SIV,
SHIV, and HIV-2 Infections. Cell Host Microbe. 2019;26(1):73-85 e4.

Keele BF, et al. Early antiretroviral therapy in SIV-infected rhesus macaques reveals a
multiphasic, saturable dynamic accumulation of the rebound competent viral reservoir.
PLoS Pathog. 2024;20(4):e1012135.

Wu HL, et al. Allogeneic immunity clears latent virus following allogeneic stem cell
transplantation in SIV-infected ART-suppressed macaques. Immunity. 2023;56(7):1649-
63 e5.

Jacks RD, and Lumeng CN. Macrophage and T cell networks in adipose tissue. Nat Rev
Endocrinol. 2024;20(1):50-61.

Caslin HL, et al. Adipose tissue macrophages: Unique polarization and bioenergetics in
obesity. Immunol Rev. 2020;295(1):101-13.

Gorwood J, et al. Impact of HIV/simian immunodeficiency virus infection and viral
proteins on adipose tissue fibrosis and adipogenesis. AIDS. 2019;33(6):953-64.

Ngono Ayissi K, et al. Inhibition of Adipose Tissue Beiging by HIV Integrase Inhibitors,
Dolutegravir and Bictegravir, Is Associated with Adipocyte Hypertrophy, Hypoxia,
Elevated Fibrosis, and Insulin Resistance in Simian Adipose Tissue and Human
Adipocytes. Cells. 2022;11(11):1841.

Bunck MC, et al. Exenatide affects circulating cardiovascular risk biomarkers
independently of changes in body composition. Diabetes Care. 2010;33(8):1734-7.

Kim Chung le T, et al. Exendin-4, a GLP-1 receptor agonist, directly induces adiponectin
expression through protein kinase A pathway and prevents inflammatory adipokine
expression. Biochem Biophys Res Commun. 2009;390(3):613-8.

Lee CJ, et al. Tirzepatide as Monotherapy Improved Markers of Beta-cell Function and
Insulin Sensitivity in Type 2 Diabetes (SURPASS-1). J Endocr Soc. 2023;7(5):bvad056.
Li D, et al. Liraglutide treatment causes upregulation of adiponectin and downregulation
of resistin in Chinese type 2 diabetes. Diabetes Res Clin Pract. 2015;110(2):224-8.
Lincoff AM, et al. Semaglutide and Cardiovascular Outcomes in Obesity without
Diabetes. N Engl J Med. 2023;389(24):2221-32.

Bosch B, et al. Weight and Metabolic Changes After Switching From Tenofovir
Alafenamide/Emtricitabine (FTC)+Dolutegravir (DTG), Tenofovir Disoproxil Fumarate
(TDF)/FTC + DTG, and TDF/FTC/Efavirenz to TDF/Lamivudine/DTG. Clin Infect Dis.
2023;76(8):1492-5.

Mallon PW, et al. Weight gain before and after switch from TDF to TAF in a U.S. cohort
study. J Int AIDS Soc. 2021;24(4):e25702.

Shah S, et al. Are New Antiretroviral Treatments Increasing the Risk of Weight Gain?
Drugs. 2021;81(3):299-315.

31



87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Surial B, et al. Weight and Metabolic Changes After Switching From Tenofovir Disoproxil
Fumarate to Tenofovir Alafenamide in People Living With HIV : A Cohort Study. Ann
Intern Med. 2021;174(6):758-67.

Ambati J, et al. Repurposing anti-inflammasome NRTIs for improving insulin sensitivity
and reducing type 2 diabetes development. Nat Commun. 2020;11(1):4737.

Fowler BJ, et al. Nucleoside reverse transcriptase inhibitors possess intrinsic anti-
inflammatory activity. Science. 2014;346(6212):1000-3.

Barra NG, et al. The NLRP3 inflammasome regulates adipose tissue metabolism.
Biochem J. 2020;477(6):1089-107.

Wu KK, et al. NLRP3 Inflammasome Activation in Adipose Tissues and Its Implications
on Metabolic Diseases. Int J Mol Sci. 2020;21(11).

Barr E, et al. Centring the health of women across the HIV research continuum. Lancet
HIV. 2024;11(3):e186-e94.

Collins LF, et al. Aging-Related Comorbidity Burden Among Women and Men With or At-
Risk for HIV in the US, 2008-2019. JAMA Netw Open. 2023;6(8):€2327584.

Pond RA, et al. Sex Differences in Non-AIDS Comorbidities Among People With Human
Immunodeficiency Virus. Open Forum Infect Dis. 2021;8(12):0fab558.

Raffe S, et al. Comorbidities in women living with HIV: A systematic review. HIV Med.
2022;23(4):331-61.

Loffredo JT, et al. Mamu-B*08-positive macaques control simian immunodeficiency virus
replication. J Virol. 2007;81(16):8827-32.

Fennessey CM, et al. Genetically-barcoded S|V facilitates enumeration of rebound
variants and estimation of reactivation rates in nonhuman primates following interruption
of suppressive antiretroviral therapy. PLoS Pathog. 2017;13(5):e1006359.

Immonen TT, et al. Genetically barcoded SIV reveals the emergence of escape
mutations in multiple viral lineages during immune escape. Proceedings of the National
Academy of Sciences. 2020;117(1):494-502.

Del Prete GQ, and Lifson JD. Nonhuman Primate Models for Studies of AIDS Virus
Persistence During Suppressive Combination Antiretroviral Therapy. Curr Top Microbiol
Immunol. 2018;417:69-109.

Whitney JB, et al. Rapid seeding of the viral reservoir prior to SIV viraemia in rhesus
monkeys. Nature. 2014;512(7512):74-7.

Li H, et al. Envelope residue 375 substitutions in simian-human immunodeficiency
viruses enhance CD4 binding and replication in rhesus macaques. Proc Natl Acad Sci U
S A. 2016;113(24):E3413-22.

Chang XL, et al. Antibody-based CCRS blockade protects Macaques from mucosal
SHIV transmission. Nat Commun. 2021;12(1):3343.

Venneti S, et al. Longitudinal in vivo positron emission tomography imaging of infected
and activated brain macrophages in a macaque model of human immunodeficiency virus
encephalitis correlates with central and peripheral markers of encephalitis and areas of
synaptic degeneration. Am J Pathol. 2008;172(6):1603-16.

Simiele M, et al. Evaluation of the mean corpuscular volume of peripheral blood
mononuclear cells of HIV patients by a coulter counter to determine intracellular drug
concentrations. Antimicrob Agents Chemother. 2011;55(6):2976-8.

Burwitz BJ, et al. Western-style diet in the presence of elevated circulating testosterone
induces adipocyte hypertrophy without proinflammatory responses in rhesus macaques.
Am J Reprod Immunol. 2023;90(4):e13773.

Robino JJ, et al. Adipose Tissue Analysis Toolkit (ATAT) for automated analysis of
adipocyte size and extracellular matrix in white adipose tissue. Obesity (Silver Spring).
2024;32(4):723-32.

32



33



Figures

12 Lean RM 1 blood draws

I Tissue Biopsies (Colon, spleen, lymph node, adipose tissue)

10 Obese RM l © Metabolic Phenotyping (DEXA, GTT, ITT, HbA1c, lipid profile)
‘SIVmac239M 1V infection I
+ Necropsy

A\ e T ] | |§\—o—Jrsmdyweek
5% 1 3 5 4 56 7 6 6 Mo 121314 15 1617 18 19 20 21 22 253 24 25 \ 40 41 4 43 \ 75 76 77 7879
[ I I O I 11 [ [ ) I [ (R [ B
1 1 | 1 1
© = once daily injectable ART o © o
16
154 T 7T
| LT 055 _ "' iLl —o —o oo
L LA spepaesaaaaseH ARk e aaeT SO 1 P 0 S N SN
e L s e L T T
13
)
<12+
r—
[=2]
g 11 PO I S S e e e
104 os ;;;I P S T ER TP 4'7..,5*;_‘_;#;_‘3“:51‘. R i 4;;1;3;“:;“" .. ...........................
9_
8 - Lean
- e Obese
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74
C Study Week
109
once daily cART regimen e Lean
* Obese
©
g
<
=
£
E
3
Q.
S
< ﬁ
=z I
o«
> JC £ § _ -
} \£§ 8. T_ T 3. -
Ii*‘ .... . Y ST INPTTIONITIIN S MY PEPTeT TP U o
100 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74
Study Week
D Lymph Node Colon OM WAT SC WAT
7 1T e Lean
. be:
:‘3 10% §§ *& Obese
<@ Y 28
2% 10 T¥ 3% . $i 2z
g% & i.:. H . . . o . 5 N
- S : £3 48 35| 9% ;. TR
7R] ... 8% ‘: R X .; $% éf s 3|0
§ 10" . . —% - * K
E L] . . .
=~ 100 T T T T T T T T T T oy T T T T
™ Nl G- ) ™ \o) G- Q> ™ Sl 2 Q \o} Vel Q
v LS N v v A v S @ Q; W A
«x@é‘ & & & q\Q"‘ & & & 4\06‘- & & & 4@* & & &
N A N « & A « N - & « N

34



Figure 1. Experimental timeline, BW changes, and plasma RNA and cell-associated viral
DNA dynamics during SIV infection and ART suppression. A. Schedule of experimental
procedures and assessments. B. BW in lean (n=12) and obese (n=10) groups over the study
time course. Horizontal dotted lines indicate average baseline BW. Insert shows difference in
baseline average BW. C. SIV plasma RNA copies per ml over the study time course. Limit of
quantification (LOQ) is denoted by the horizontal dotted line. D. Cell-associated SIV DNA in
peripheral lymph node, colon, and the SVF of OM and SC WAT over the study time course. In
all figures, datapoints for lean animals are in blue and those for obese animals are in red.
Significance was determined by ordinary one-way ANOVA with Tukey’s multiple comparison

test. ****, p<0.0001. All data are means + SEM.
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Figure 2. ART drug concentrations in tissues. A. Average levels of dolutegravir (DTG),
tenofovir diphosphate (TFV-DP), and emtricitabine triphosphate (FTC-TP) in peripheral blood
mononuclear cells (PBMCs), dissociated cells from mesenteric lymph node (MesLN), inguinal
lymph node (IngLN), spleen, and OM and SC WAT SVF cells (SC and OM SVF) at necropsy
(week 72) (cohort 1 only). B. DTG, TFV-DP, and FTC-TP levels in PBMCs and the lipid fraction
of OM and SC WAT. Conversion of the levels of DTG, TFV-DP, and FTC-TP in fmol/10° PBMCs
to fmol/ml in panel B employed the average PBMC volume described by Simiele et al. (104).
Significance was determined by mixed-effects analysis with Tukey’s multiple comparison test. *,

p<0.05; **, p<0.01. All data are means + SEM.
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Figure 3. Effect of SIV infection and ART suppression on CD4+ and CD8+ T-cell

frequencies in whole blood (A) and OM (B) and SC (C) WAT. Whole blood monocytes and

the stromovascular fraction of OM and SC WAT were analyzed by flow cytometry using the

gating strategy and antibodies described in supplemental figure 12 and supplemental table 1.

Significance was determined by mixed-effects analysis with Tukey’s multiple comparison test. *,

p<0.05; **, p<0.01; ***, p<0.001. All data are means + SEM.
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Figure 4. Effect of SIV infection and long-term ART on adipocyte size and pericellular
extracellular matrix thickness. A. Representative images of OM and SC WAT from lean and
obese animals stained with picosirius red; scale bar=100 microns. B. Average adipocyte size in
individual lean and obese animals over the study time course. C. Average
interadipocyte/pericellular extracellular matrix thickness in lean and obese animals over the
study time course. Significance was determined by mixed-effects analysis with Tukey’s multiple

comparison test. *, p<0.05; **, p<0.01; ****, p<0.0001. All data are means + SEM.
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Figure 5. Effect of SIV infection and ART on circulating adiponectin and leptin levels. Total
plasma adiponectin (A) levels were determined by ELISA and serum leptin (B) levels were
determined by RIA. P values for longitudinal within-group (Time), between-group (Group), and
time by group (Time*Group) interaction changes are indicated. C. Adiponectin/leptin ratio (ALR)
calculated from data of panels A and B. Significance determined by mixed-effects analysis with

Tukey’s multiple comparison test. ***, p<0.001; ****, p<0.0001. All data are means + SEM.
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Table 1. Baseline characteristics of lean and obese experimental groups.

FBG, Fasting Blood Glucose; FBI, Fasting Blood Insulin; FBC, Fasting Blood C-peptide; GAUC,

Glucose AUC; IAUC, Insulin AUC; CAUC, C-peptide AUC; HOMA-IR, Homeostasis Model

Assessment for Insulin Resistance (FBGxFBI)/22.5; HbA1C, hemoglobin A1C; CHOL,

cholesterol; TRIG, triglyceride. *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001.

Lean Obese p-value
N 12 10
Age (years) 11 £ 0.83 (8-15.5) 11.85+ 1.19 (8-16) NS
Weight (kg) 10.78 + 0.37 (8.75-12.55) 15.62 £ 0.50 (13.10-18.30) i
Body Fat (%) 16.05 + 2.15 (7.39-28.24) 29.2 +2.25 (19.02-43.32) o
FBG (mg/dL) 62.8 + 3.18 (38-84) 66.1 £ 2.08 (57-80) NS
FBI (uU/ml) 24.34 + 5.33 (4.2-59.0) 73.54 £ 21.41 (19.3-243.3) *
FBC (ng/mL) 1.69 £ 0.22 (0.36-2.88) 3.41 £ 0.55 (1.64-6.85) **
GAUC 9853 + 386.7 (7358-11591) | 12166 + 424.4 (10208-14493) o
IAUC 9839 + 1902 (3762-26996) | 22290 + 4285 (10332-52741) *
CAUC 289.8 +41.48 (51.4-482.5) 551.5 + 101.9 (208.4-1240) *
HOMA-IR 4.03 £ 0.95 (0.39-9.91) 12.02 £ 3.43 (2.86-39.05) *
HbA1C (%) 4.42 +0.06 (4.1-4.8) 4.63 + 0.06 (4.3-4.9) *
CHOL (mg/dL) 122.8 + 6.20 (88-151) 150.7 + 15.82 (101-240) NS; 0.06
TRIG (mg/dL) 44.83 + 8.21 (25-128) 47.9 £ 7.62 (20-95) NS
HDL (mg/dL) 62.83 + 2.58 (49-78) 84.30 £ 7.70 (51-127) *
LDL (mg/dL) 59.25 + 4.88 (34-89) 61.40 + 8.48 (30-108) NS
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