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Objective: HIV-infected patients receiving antiretroviral treatment (ART) often present
adipose tissue accumulation and/or redistribution. adipose tissue has been shown to be an
HIV/SIV reservoir and viral proteins as Tat or Nef canbe released by infected immune cells
and exert a bystander effect on adipocytes or precursors. Our aim was to demonstrate that
SIV/HIV infection per se could alter adipose tissue structure and/or function.

Design: Morphological and functional alterations of subcutaneous (SCAT) and visceral
adipose tissue (VAT) were studied in SIV-infected macaques and HIV-infected ART-con-
trolled patients. To analyze the effect of Tat or Nef, we used human adipose stem cells (ASCs)
issued from healthy donors, and analyzed adipogenesis and extracellular matrix component
production using two dimensional (2D) and three-dimensional (3D) culture models.

Methods: Adipocyte size and index of fibrosis were determined on Sirius red-stained
adipose tissue samples. Proliferating and adipocyte 2D-differentiating or 3D-differenti-
ating ASCs were treated chronically with Tat or Nef. mRNA, protein expression and
secretion were examined by RT-PCR, western-blot and ELISA.

Results: SCAT and VAT from SIV-infected macaques displayed small adipocytes,
decreased adipogenesis and severe fibrosis with collagen deposition. SCAT and VAT
from HIV-infected ART-controlled patients presented similar alterations. In vitro, Tat
and/or Nef induced a profibrotic phenotype in undifferentiated ASCs and altered
adipogenesis and collagen production in adipocyte-differentiating ASCs.

Conclusion: We demonstrate here a specific role for HIV/SIV infection per se on adipose
tissue fibrosis and adipogenesis, probably through the release of viral proteins, which could
be involved in adipose tissue dysfunction contributing to cardiometabolic alterations of
HIV-infected individuals. Copyright � 2019 Wolters Kluwer Health, Inc. All rights reserved.
AIDS 2019, 33:953–964
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Introduction
HIV-infected patients receiving current antiretroviral
treatment (ART) are generally well controlled for
HIV replication. However, some of them present fat
accumulation and/or redistribution associated with
altered adipose tissue homeostasis, differentiation, and
function, which could lead to metabolic and cardiovas-
cular comorbidities [1–5].

The pathophysiological mechanisms involved in adipose
tissue dysfunction, in the context of HIV infection, are
still poorly understood and probably multifactorial.
Many studies have involved some ART molecules
in these abnormalities [2,6–8]. However, adverse
effects of ART cannot explain all aspects of the
phenotype. Importantly, adipose tissue has been shown
to be a HIV/simian immunodeficiency virus (SIV)
reservoir [9–11], and some recent studies suggested that
HIV infection per se could play an important role in
the pathophysiology of adipose tissue alterations and
associated metabolic defects. Accordingly, ART-naive
HIV-infected patients can present decreased body
fat [12], with sometimes fat redistribution [13],
affecting both subcutaneous adipose tissue (SCAT) and
visceral adipose tissue (VAT) [14]. VAT accumulation is
often associated with metabolic defects, such as liver
steatosis, dyslipidemia, insulin resistance and hypergly-
cemia [14,15]. Within adipose tissue of ART-naive
patients, abnormal adipogenic gene expression and
mitochondrial damage have been reported [16–19].
However, the in-vivo mechanisms whereby the virus
could induce adipocyte defects in humans are still poorly
understood.

Recent evidence indicates that adipose tissue inflamma-
tion and fibrosis are hallmarks of metabolically challenged
adipocytes in adipose tissue disorders, contributing to the
development of comorbidities [20]. In obesity, fibrotic
and dysfunctional adipose tissue displays excess collagen
deposition, mainly collagen 6, in humans and in rodents
[21–24]. Adipocytes and adipose precursors are the main
cells producing extracellular matrix (ECM) proteins [25]
and, by the acquisition of a profibrotic phenotype [26,27],
adipocyte precursors are key actors in the onset of fibrosis
[20]. Thus, adipose tissue-resident mesenchymal stem
cells (ASCs) can turn into myofibroblast-like cells
expressing a-smooth muscle actin (aSMA) and trans-
forming growth factor (TGF)-b [28–31], as a result of an
unresolved chronic inflammation. Of note, in LMNA-
linked lipodystrophy, interscapular fat pads display fibrotic
changes but no evidence of ongoing inflammatory
processes, suggesting that fibrosis and inflammation are
not always associated [32,33]. Fibrotic lesions in adipose
tissue have been observed in response to ART in people
living with HIV [32,34,35], but the impact of HIV
infection itself on adipose tissue fibrosis has never been
studied.
 Copyright © 2019 Wolters Kluwer H
As adipose tissue is an HIV reservoir [9–11], we
hypothesized that HIV-infected immune cells within
adipose tissue could release viral proteins, even in the
presence of ART, which could exert a direct effect on
bystander cells, such as adipocytes or their precursors. In
fact, HIV-viral proteins like Vpr, Tat or Nef have been
detected in the plasma of HIV-infected individuals
receiving ART [36–38]. The pathogenic role of Vpr,
which can corepress peroxisome proliferator-activated
receptor g (PPARg), includes decreased adipose tissue
depots mass and increased macrophage infiltration in a
mouse transgenic model [38]. In vitro, several HIV
proteins, including Tat or Nef, can induce inflammation
and senescence that could alter adipogenesis and affect
mature adipocyte function [36–42]. In addition, Tat and
Nef alter osteogenesis in bone-marrow mesenchymal
stem cells [40]. In this context, our aim was to
characterize the impact of HIV/SIV on adipose tissue
morphology and function in vivo together with the ability
of Tat and Nef to alter ECM production by ASCs
and adipocytes.
Methods

Animals, infection and adipose tissue samples
Seven cynomolgus macaques (Macaca fascicularis) were
infected via the intravenous route with SIVmac251 as
previously described [9]. They were not used for any
other protocol before euthanasia. Seven non-SIV-
infected animals were used as controls. Adult macaques
were imported from Mauritius and housed in the animal
facilities at the ‘Commissariat à l’Energie Atomique et
aux Energies Alternatives’ (CEA, Fontenay-aux- Roses,
France), under the accreditation number D92-032-02.
The CEA facilities comply with the Standards for Human
Care and Use of Laboratory of the Office for Laboratory
Animal Welfare (OLAW, USA) under OLAW assurance
number #A5826-01 and with the European Directive
(2010/63, recommendation N89). The study was
approved by the ‘Ministère de l’Education Nationale,
de l’Enseignement Sup�erieur et de la Recherche’
(France) and the ethics committee ‘Comit�e d’�ethique
en exp�erimentation animale n844’ under reference
2015102713323361.02 (APAFIS#2453). Ketamine
chlorhydrate-sedated animals were euthanized by intra-
venous injection of sodium pentobarbital (Vetoquinol,
Paris, France). SCAT and VAT samples were collected at
necropsy, at the same location in each animal. Special care
was taken to remove any nonadipose-associated tissues
from the depot including lymph nodes. Control animals
had a mean age of 7.2� 1.1 years and weighed
9.3� 5.5 kg. SIV-infected macaques had a mean age of
4.4� 0.3 years and weighed 5.5� 0.6 kg. The mean
duration of SIV infection was of 342� 31 days, with a
mean viral load of 6.8� 104� 2.9� 104 RNA copies/ml
and a mean CD4þ cell count of 421� 174/ml.
ealth, Inc. All rights reserved.
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Adipose tissue samples from human HIV-infected
patients and healthy donors
Human SCAT and VAT samples were obtained from
HIV-infected and HIV-negative women undergoing
bariatric surgery (n¼ 4 per group). Mean age was
37� 6.2 years, and 38.5� 4 years for HIV-infected and
control patients, respectively. BMI was 47.7� 2.6 and
45.8� 2.4 kg/m2 in HIV-infected and control patients,
respectively. HIV infection duration was of 11.8� 5.3
years and the mean CD4þ cell count was 480� 88/ml.
None of them had diabetes at the time of the surgery.

Otherwise, human SCAT samples used for adipose-
derived mesenchymal stem cell (ASC) isolation were
obtained from 14 healthy women undergoing plastic
surgery (BMI< 25 kg/m2) with a mean age of 47.8� 3.9
years. All research patients provided informed written
consent before their surgery allowing the use of their
tissue specimens for research purposes. The protocols
followed the Declaration of Helsinki guidelines and were
approved by the local ethics committee.

Adipose stem cell isolation, culture, treatment
and differentiation
ASCs were isolated using a collagenase digestion as
previously described [43], seeded in aMEM (Minimum
Eagle’s Medium) with 10% fetal bovine serum (FBS),
2 mmol/l glutamine, penicillin/streptomycin (all from
Gibco, Invitrogen Corporation, San Diego, California,
USA), and 2.5 ng/ml basic fibroblast growth factor
(PeproTech, Rocky Hill, New Jersey, USA). Upon
confluence, adherent cells were trypsinized and seeded at
103 cells/cm2. During expansion, cells were exposed or
not to 40 ng/ml of the recombinant HIV-proteins Tat or
Nef (Jena Bioscience, Jena, Germany) for 15 days.
Differentiation of ASCs was induced by addition of
proadipogenic medium (DMEM, Dulbecco Modified
Eagle’s Medium) with 10% FBS, 1 mmol/l dexametha-
sone, 500 mmol/l IBMX, 1 mmol/l rosiglitazone,
1 mmol/l insulin) for 6 days, and then maintained in
DMEM (1 mmol/l insulin) for 8 days. Tat or Nef were
added throughout the whole differentiation process. Cells
were stained for Oil-red-O (Sigma-Aldrich, Saint-Louis,
Missouri, USA) as described previously [8]. For the
three-dimensional (3D) culture, Puramatrix hydrogel
(Corning, Fischer Scientific, Waltham, Massachusetts,
USA) was sonicated for 30 min and diluted with 20%
sucrose. ASCs were embedded and differentiated in the
hydrogel as previously described into round bottom wells
of a 96-well plate [25].

Protein extraction and western blotting
Frozen adipose tissues biopsies were lysed with Laemmli
Buffer and ground using a Precellys tissue homogenizer
with CKmix ceramic beads (Ozyme, Montigny-le-
Bretonneux, France). Proteins were extracted from cell
monolayers as previously described [6]. Samples were
subjected to SDS-PAGE and blotted onto nitrocellulose
 Copyright © 2019 Wolters Kluwe
membranes. Specific proteins were detected using
antibodies directed against PPARg, collagen1-a2, colla-
gen6-a1 (Santa Cruz Biotechnology, Dallas, Texas, USA)
and tubulin (Sigma-Aldrich). Immunoreactive complexes
were detected by horseradish-peroxidase-conjugated
secondary antibodies (Cell Signaling Technology, Dan-
vers, Massachusetts, USA) and by enhanced chemilumi-
nescence (Amersham Biosciences GE Healthcare Europe,
Velizy-Villacoublay, France).

RNA isolation and quantitative reverse
transcriptase-PCR
Total RNA from human and macaque adipose tissue
samples were isolated by Qiazol extraction and purifica-
tion using Qiagen RNeasy mini-columns according to
the manufacturer’s instructions (Qiagen, Courtaboeuf,
France). Total RNA was isolated from cultured cells using
RNeasy mini-columns. mRNA expression was analyzed
by RT-PCR as described previously [32,44]. The
sequence of primers is available upon request.

Adipose tissue histology
Light microscopy and immunohistochemical studies were
performed as previously described [32]. Briefly, human
and macaque adipose tissue samples were collected and
fixed in 4% buffered paraformaldehyde (Sigma Aldrich)
for 48 h, embedded in paraffin, and sectioned at 5 mm.
Adipose tissue sections were deparaffinized and stained
with Sirius red for 1 h to detect collagen fibrils. The
adipocyte mean areas and index of fibrosis were
determined using a semiautomatic image analysis system
as previously described [32] in three randomly chosen
regions. Parallel sections were immunostained and
quantified for collagen6-a1 expression as previously
described [32,44]. The ratio of fibrosis to total adipose
tissue surfaces defined the index of fibrosis. Adipocyte
size distribution was determined as previously described
[32,45].

TGF-b and fibronectin secretion
TGF-b and fibronectin concentrations in cell culture
media from ASCs were determined after 15 days of
incubation with Tat or Nef, by using Quantikine human
ELISA kits for fibronectin or multianalyte cartridge
ELLA immunoassay for TGF-b according to the
manufacturer’s instructions (Bio-Techne, San Jose,
California, USA).

All experiments were performed at least three times
(n¼ 3–8) on triplicate samples. Data are expressed as
means� SEM. Statistical significance between SIV-
infected and noninfected macaques, or between HIV-
infected and noninfected patients, was determined with
nonparametric Mann–Whitney U-test. Relationships
between index of fibrosis and adipocyte size information
in VAT and SCAT were visualized by scatter plots
and assessed by Pearson correlation analysis. Statistical
significance between HIV-protein-treated vs. control
r Health, Inc. All rights reserved.
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cells was determined with parametric (t test) or
nonparametric tests, as appropriate.
Results

Simian immunodeficiency virus infection alters
adipocyte size and induces fibrosis in macaque
adipose tissue
SIV infection in macaques, which closely recapitulates the
major features of HIV infection [46], allows to assess the
impact of the virus on abdominal SCAT and VAT, two
depots that accumulate during HIV-linked fat redistribu-
tion [2]. We first determined the impact of SIV infection
on adipose tissue architecture. The repartition of
adipocytes was overall homogeneous in both SCAT
and VATof control macaques with adipocytes of different
sizes. In contrast, adipose tissue from SIV-infected
macaques had a heterogeneous repartition with clusters
of small and of medium-sized adipocytes together with
fibrotic bundles (Fig. 1 a). In addition, the percentage of
large adipocytes was higher in the control than in the SIV-
infected group (Fig. 1b). Accordingly, the mean size of
adipocytes measured in adipose tissue of control macaques
was higher than that of SIV-infected animals (in SCAT,
3811� 1230 vs. 1866� 142 mm2 for control and SIV-
infected groups, respectively; in VAT, 3505� 1036 vs.
1955� 156 mm2 for control and SIV-infected groups,
respectively). We evaluated the level of expression of the
main adipogenic transcription factor, PPARg. We found
that its expression was decreased, at the mRNA and
protein level, in SIV-infected macaques as compared
with controls (Fig. 1c and d). Finally, regarding ECM
remodeling, marked collagen deposition was present in
both depots of SIV-infected macaques with presence of
fibrotic bundles and/or fibrotic thickening of fat lobules
as shown by Sirius red staining and a higher index of
fibrosis (3.3 and 9.9% area of fibrosis in SCAT for control
and SIV-infected group, respectively; 3.2 and 8.8% area of
fibrosis in VAT, for control and SIV-infected animals,
respectively; Fig. 1a and e). Accordingly, an increased
mRNA expression of type 1-a2 and 6-a1 collagens was
observed in SCAT and to a lesser extent in VAT from
infected-macaques, in association with an increased
expression of fibronectin and TGF-b (Fig. 1f). We
searched for relationships between adipocyte mean size
and the fibrosis index in SIV-infected and control
macaques. We observed a negative correlation in
SCAT (P¼ 0.03, R¼�0.72) but not VAT (P¼ 0.11,
R¼�0.57).

HIV infection alters adipocyte size and induces
fibrosis in human adipose tissue
We also examined samples from HIV-infected patients. In
agreement with the observations made in SIV-infected
macaques, we observed a marked fibrosis in both SCAT
and VAT of obese HIV-infected patients compared to
 Copyright © 2019 Wolters Kluwer H
sex-paired, age-paired and BMI-paired noninfected
obese individuals (Fig. 2 a). First, fat architecture of
HIV-infected human samples was altered, with a higher
number of smaller adipocytes (Fig. 2b) and increased
fibrosis characterized by compact and thick fibrils of
collagen invading the intercellular area. By contrast, in
noninfected patients, collagen staining was thinner and
mainly located around adipocytes (Fig. 2a and c; i.e. 2.4-
fold increased fibrosis in SCAT and 2.0-fold increase in
VAT of HIV-infected vs. control patients, respectively).
Second, we also observed a 6.4-fold induction in collagen
6-a1 expression in SCAT but not VAT of HIV-infected
patients compared with control samples, as assessed using
immunostaining (Fig. 2d and e). Considered together,
these data suggest that HIV/SIV infection results in a
marked fibrosis in adipose tissue in both depots.
HIV-proteins Tat and Nef alter extracellular
matrix component production in proliferating
adipose stem cells in vitro
To investigate the mechanisms whereby SIV/HIV
infection induced fibrosis in adipose tissue and to identify
the cellular and viral actors responsible for ECM
remodeling, we studied the impact of two HIV proteins,
either on proliferating adipocyte precursors or when these
cells were differentiated into adipocytes, by using human
ASCs from lean healthy donors. Proliferating ASCs,
chronically treated for 15 days with recombinant HIV
proteins Tat or Nef, displayed a marked increase in the
mRNA and protein levels of collagen 1-a2 (Fig. 3a) and
collagen 6-a1 (Fig. 3b). Both HIV-proteins induced a
profibrotic phenotype in proliferating ASCs, as shown by
the increased secretion of fibronectin and TGF-b1
(Fig. 3c and d) and expression of the myofibroblast
marker, aSMA (ACTA2) (Fig. 3e). These results strongly
suggest that HIV/SIV could induce fibrosis in adipose
tissue through the release of Tat and Nef and interaction
with ASCs.
Nef alters adipogenesis and induces extracellular
matrix component production in differentiating
adipocytes
We differentiated ASCs into adipocytes for 15 days in 2D
culture conditions, in order to search whether HIV
proteins could also impact ECM component production
during the course of adipogenesis. First, Nef, but not Tat,
decreased cellular lipid accumulation (Oil-red-O stain-
ing; Fig. 4a and b) and the protein and/or mRNA
expression of the adipogenic markers PPARG and FABP4
(Fig. 4c and d). These results were in accordance with our
in-vivo data, showing a decreased adipocyte size and
PPARg expression in SIV-infected macaques. However,
in the 2D-model, Nef or Tat had no significant effect on
collagen production (Fig. 4e). In order to unmask
an effect of HIV-proteins on ECM composition, we
used a 3D system, where ASCs were embedded and
differentiated into a peptide hydrogel (Puramatrix). The
ealth, Inc. All rights reserved.
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Fig. 1. Subcutaneous and visceral adipose tissue from simian immunodeficiency virus-infected cynomolgus macaques shows
reduced adipocyte size and increased fibrosis. (a) Light microscopy analysis of adipose tissue depots, stained with Sirius red to
detect collagen fibers. Representative photographs are shown (magnification X40) (scale bar, 50 mm). (b) Frequency distribution of
adipocyte size in SCAT and VAT depots in control and SIV-infected macaques. (c) PPARG mRNA levels were measured using real-
time PCR. The relative mRNA expression levels were normalized to HPRT mRNA. (d) PPARg and tubulin (loading control) protein
levels were measured. Whole-adipose tissue lysates were extracted from fat depots and analyzed by immunoblotting. Represen-
tative immunoblots are shown. (e) Index of fibrosis in VAT and SCAT measured as described in ‘Material and methods’ section.
(f) COL1A2, COL6A1, FN and TGFB mRNA levels were measured using real-time PCR. The relative mRNA expression levels were
normalized to HPRT mRNA. All results were obtained from triplicate measurements and are expressed as mean� SEM for control
and SIV-infected group (n¼ 4–7 animals per group). �P<0.05, ��P<0.01, ���P< 0.001 vs. control animals. SIV, simian
immunodeficiency virus.
effect of HIV proteins on adipogenesis was similar to that
observed in the 2D culture system, as shown by Oil-red-
O staining and PPARg protein expression (Fig. 5a and b).
Moreover, Nef induced collagen 1-a2 expression and
both HIV-proteins induced collagen 6-a1 expression
(Fig. 5c).

Altogether, these data demonstrate that HIV proteins can
have a direct impact on adipogenesis and ECM
component production, in particular when differentiat-
ing adipocytes are cultured into a 3D more physiological
system, thus recapitulating the observations made in
SCAT from SIV-infected macaques and HIV-infected
individuals. They also demonstrate that both precursor
cells and adipocytes can participate to the onset of fibrosis
within adipose tissue.
 Copyright © 2019 Wolters Kluwe
Discussion

We show here that the morphological and functional
analysis of SCAT and VAT from SIV-infected macaques
and HIV-infected individuals revealed fibrosis, with
increased deposition of collagens, together with a
decreased adipocyte size. To go further, we addressed
the specific relationship between ASCs, adipocytes and
HIV/SIV infection. We show here, for the first time, that
HIV proteins, Tat and Nef, promoted the acquisition of a
profibrotic phenotype of human ASCs and to a lesser
extent of adipocytes.

HIV-infected patients receiving current ART, and
well controlled for HIV replication, often present
trunk fat accumulation associated with metabolic and
r Health, Inc. All rights reserved.
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Fig. 2. Subcutaneous and visceral adipose tissue from HIV-infected obese patients shows reduced adipocyte size and increased
fibrosis. (a) Light microscopy analysis of adipose tissue depots, stained with Sirius red to detect collagen fibers. Representative
photographs are shown (magnification �10) (scale bar, 100 mm). (b) Frequency distribution of adipocyte size in SCAT and VAT
depots in control and HIV-infected treated patients. (c) Index of fibrosis measured in VAT and SCAT as described in the ‘Material
and methods’ section. (d) Quantification and (e) representative photographs of collagen 6a1 immunostaining (magnification�40;
scale bar, 25 mm). Arrows indicate Collagen 6a1 positive cells. All results were obtained from triplicate measurements and are
expressed as mean� SEM for control and HIV-infected group (n¼4 individuals per group). �P<0.05, ��P<0.01 vs. non-HIV-
infected obese individuals. NS, nonsignificant; SCAT, subcutaneous adipose tissue; VAT, visceral adipose tissue.
cardiovascular comorbidities [1]. Nonetheless, adverse
effects of ART cannot explain all these metabolic
alterations, and growing evidence suggest that HIV-
infection per se could play a role. Importantly, adipose
tissue has been shown to be an HIV/SIV reservoir,
the virus being located in immune cells [9,10], suggesting
that within adipose tissue, infected cells could release
viral proteins, such as Tat and Nef [37,47], which in
turn could represent key effectors of adipose tissue
remodeling.

We observed that fibrosis was up to three-fold higher in
SCAT and VAT from SIV-infected animals when
compared with uninfected macaques [22]. Indeed, SIV
infection was associated with fibrotic bundles and
increased collagen 1 expression in both depots. These
results were also confirmed in adipose tissue from obese
 Copyright © 2019 Wolters Kluwer H
HIV-infected patients treated with ART. In SIV-infected
macaques, we observed an increased expression of
collagen 6, fibronectin and of the profibrotic factor
TGF-b in SCAT and to a lesser extent in VAT. These
results were also confirmed in adipose tissues from obese
HIV-infected patients treated with ART. An increased
level of collagen 6 is often associated with pericellular
fibrosis, whereas collagen 1 and collagen 3 are usually
found in bundles of fibrosis [48]. Our results, regarding
increased collagen 6 mainly in SCAT, may highlight
different types of fibrosis in VATor SCAT in both humans
and macaques. The differences regarding collagen 6 in
VAT between macaques and patients could result from
species or sex differences and/or from the metabolic state
and could also be related partly to ART in HIV-infected
patients. Nonetheless, both our in-vitro results and
the presence of an adipose tissue fibrosis in untreated
ealth, Inc. All rights reserved.
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SIV-infected macaques indicate a key role for SIV/HIV
infection in collagen deposition and fibrosis.

Adipose precursors and other stroma–vascular cells of
adipose tissue have been implicated in the onset of fibrosis
[23–24]. Here, we showed that, in proliferating ASC, Tat
and Nef altered ECM component production as shown
by increased pro-fibrotic markers (TGF-b, fibronectin,
and a-SMA). These results are in accordance with a
myofibroblast-like phenotype of ASCs [27,29,30]. Simi-
lar patterns were observed in mesenchymal precursors in
the case of muscle fibrosis [49]. This phenotype could
result from interactions between ASCs and macrophages,
the latter being a major regulator of fibrosis [20,27,31,50].
Furthermore, the impact of Tat and Nef in 3D-
differentiated ASC are modest and suggest that mainly
adipose precursor, and to a lesser extent adipocyte,
 Copyright © 2019 Wolters Kluwe
participate to the onset of HIV-induced fibrosis. Of note,
it would be interesting to study the impact on ECM in
adipose tissue of other secreted HIV proteins as Vpr. It
should be noted that ASCs were isolated from SCAT in
accordance with HIV/SIV-induced collagen 6 produc-
tion in SCAT rather than VAT.

In obese individuals, fibrosis negatively correlates with
adipocyte size and has been suggested to limit adipocyte
plasticity, therefore, contributing to the onset of
metabolic alterations [20]. Accordingly, in our study,
HIV/SIV infection was associated with smaller adipocytes
in both SCAT and VAT and adipocyte mean size was
negatively related to the size of fibrosis in SCAT of SIV-
infected and control macaques. As previously described
by the group of Villarroya [51], we observed a dramatic
decrease in the adipogenic effector PPARg suggesting
r Health, Inc. All rights reserved.
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that HIV infection itself could contribute to adipose tissue
failure to expand, leading to fat redistribution. In line
with this observation, we found that Nef can alter
adipogenesis of ASCs as shown by reduced lipid
accumulation and expression of adipogenic markers in
both 2D and 3D models of differentiation. Nef has been
shown to interact with PPARg in hematopoietic
progenitors, suggesting a possible mechanism whereby
Nef alters adipogenesis [52]. Moreover, fibrosis could also
have a negative effect on adipogenesis, through the action
of the profibrotic factor TGF-b [53]. Hypoxia can also
participate to the onset of fibrosis and altered adipocyte
differentiation and represents a possible pathway, which
remains to be investigated [54]. Finally, adipose tissue
inflammation can lead to excessive synthesis of ECM
proteins. HIV infection is associated with low-grade
inflammation in adipose tissue [19], characterized by
immune cells recruitment [55,56], which can directly
participate to the onset of fibrosis in SCAT and VAT
[27,50]. However, several studies on chronically SIV-
infected macaques showed no increased inflammatory
cytokine expression in adipose tissue [9,11] supporting
the idea that HIV infection can be directly responsible for
fibrosis in adipose tissue.

We acknowledge that our study has some limitations.
First, our in-vivo data provide association and not
causality. We have evaluated Tat and Nef but not the other
HIV proteins that could also induce fibrosis. Several
reasons could potentially explain the differences between
human and macaques regarding collagen 6, including
differences in species, sex (female patients vs. male
macaques), metabolic state (obese vs. lean) and/or ART.
Otherwise, results obtained in human adipose tissue
samples were limited to women presenting morbid
obesity and undergoing bariatric surgery and can neither
be directly extrapolated to all people living with HIV, nor
to men. The number of patients was low, nonetheless,
obese HIV-infected patients were paired for sex, age and
BMI to noninfected obese individuals, and all samples
were withdrawn by surgical biopsies at similar locations.
As well, a similar necropsy procedure was performed for
adipose tissue samples from macaques.

Altogether, these results allow a better understanding of
adipose tissue alteration in SIV-infected macaques and
HIV-infected patients. We show here for the first time
that HIV/SIV infection per se is associated with adipose
tissue fibrosis and dysfunction that could, in turn,
participate to the onset of cardiovascular and metabolic
disorders commonly observed in ART-controlled HIV-
infected patients.
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