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A STATS5-Smad3 dyad regulates adipogenic plasticity of
visceral adipose mesenchymal stromal cells during chronic

inflammation
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Adipogenic differentiation of visceral adipose tissue-resident multipotent mesenchymal stromal cells (VA-MSC) into adipocytes is
metabolically protective. Under chronic inflammatory stress, this neoadipogenesis process is suppressed by various pro-inflammatory
cytokines and growth factors. However, the underlying mechanism(s) regulating VA-MSC plasticity remains largely unexplored. Using an
adipogenic differentiation screen, we identified IFNy and TGFf3 as key inhibitors of primary human VA-MSC differentiation. Further studies
using human and mouse VA-MSCs and a chronic high-fat diet-fed murine model revealed that IFNy/JAK2-activated STAT5 transcription
factor is a central regulator of VA-MSC differentiation under chronic inflhlmmatory conditions. Furthermore, our results indicate that under
such conditions, IFNy-activated STAT5 and TGFf-activated Smad3 physically interact via Smad4. This STAT5-Smad4-Smad3 complex
plays a crucial role in preventing the early adipogenic commitment of VA-MSCs by suppressing key pro-adipogenic transcription factors,
including CEBPS, CEBPa, and PPARy. Genetic or pharmacological disruption of IFNy-TGFB synergy by inhibiting either STAT5 or Smad3
rescued adipogenesis under chronic inflammatory stress. Overall, our study delineates a central mechanism of MSC plasticity regulation

by the convergence of multiple inflammatory signaling pathways.
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INTRODUCTION

White adipose tissue (WAT) is central to maintaining systemic
energy homeostasis'. During periods of caloric excess, WAT
absorbs and stores excess circulatory nutrients as triglycerides
and mobilize them during caloric demand. In addition, adipocytes
secrete various hormones and cytokines, collectively known as
“adipokines” that co-ordinate metabolism in different tissues?.
Adipocyte dysfunction, particularly related to visceral fat depots, is
linked to metabolic disorders including insulin resistance, meta-
bolic syndrome, and type 2 diabetes™.

Short-term excess caloric consumption causes expansion of
visceral and intra-abdominal WAT through increases in adipocyte
size (hypertrophy) and humber (hyperplasia)®’. Hyperplasia occurs
through neoadipogenesis in a two-step differentiation process®’;
(@) commitment, where adipose tissue-resident multipotent
mesenchymal stromal cells (MSCs) convert into preadipocytes by
expressing early adipogenic transcription factors, and (b) terminal
differentiation, where preadipocytes convert into mature adipo-
cytes by accumulating lipid compounds, mostly triglycerides.
However, under chronic inflammatory conditions such as pro-
longed high-caloric diet consumption, adipose tissue is infiltrated
by pro-inflammatory immunocytes, including macrophages,
T cells, etc. These immunocytes secrete potent cytokines,
interleukins and chemokines that impair normal adipose tissue
function and prevent WAT hyperplasia. As a result, adipocytes
grow mostly by hypertrophy, leading to adipocyte dysfunction,
further immune-infiltration, and inflammatory response that cause
adipocyte death. At the same time, lack of hyperplasia prevents
functional adipose regeneration, which contributes to various
metabolic disorders>'®'". Similarly, loss of functional adipose

tissue and proper adipocyte function (such as adipokine secretion)
is intimately linked with “wasting syndromes” that accompany
chronic diseases, including cancer cachexia, chronic kidney
disease, thyroid disease, and chronic liver failure'?~'%, Wasting
syndromes causes systemic depletion of muscle and adipose
tissue mass, diminished metabolic and physiological activities, and
are linked with reduced quality of life and increased mortality.
Adipogenic regeneration by therapeutic means may provide
beneficial outcome in such cases.

Molecular regulation of terminal adipogenic differentiation has
been widely studied using mouse embryonic fibroblasts, com-
mitted primary human/ mouse preadipocytes, and mouse
preadipocyte cell line 3T3-L1'>'6, Although fundamental insights
were gained from such studies, these cell types phenotypically vary
wildly'’, and do not represent the multipotent nature of primary
adipose MSCs'®. How physiologically relevant chronic inflamma-
tory conditions regulate the adipogenic plasticity of visceral MSCs
remain largely unexplored. Therefore, we sought to identify and
characterize evolutionarily conserved molecular pathway(s) that
control the differential potential of adipogenic MSCs.

Using an in vitro differentiation screen with pro-inflammatory
cytokines and growth factors, we identified IFNy and TGFf as
strong inhibitors of primary human visceral adipose MSC (VA-MSC)
early adipogenic commitment. A long-term high-fat diet-fed
mouse model revealed that IFNy is essential for regulating visceral
adipogenesis under meta-inflammatory conditions. IFNy activated
several STAT transcription factors in VA-MSCs, among which
STAT5 was found to be essential for inhibiting adipogenesis.
Further molecular characterization revealed that IFNy-activated
STAT5 and TGF-activated Smad3 physically interact via Smad4.
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This interaction is essential for preventing adipogenic differentia-
tion. Pharmacological disruption of the STAT5-Smad3 dyad
salvaged adipogenesis by allowing expression of key pro-
adipogenic transcription factors, including C/EBPS and PPARy. As
an aggregate, these data show that a chronic inflammation-driven
pathologic positive feedback loop, composed of reciprocal
activation of STAT5 and Smad3 proteins, is the central molecular
mechanism that prevents adipose hyperplasia in a physiologically
relevant setting. Our findings, therefore, provide a druggable
approach by inducing adipogenesis via targeting IFNy and TGF(3
pathways in the context of metabolic dysfunction and wasting
syndrome with underlying chronic inflammation.

RESULTS

IFNy and TGF@ are major inhibitors of VA-MSC differentiation
under chronic inflammatory conditions

Under chronic inflammatory stress, visceral WAT infiltrating
macrophages, T cells, as well as stressed adipocytes themselves
secrete various pro-inflammatory factors that inhibit adipogenesis.
Modulatory effects of many pro-inflammatory cytokines on
terminal adipogenic differentiation has been studied using various
committed preadipocytes, such as 3T3-L1'. However, how these
factors affect adipogenic potential of VA-MSCs remain largely
unknown. To study VA-MSC plasticity under chronic inflammatory
conditions, we first collected intra-abdominal visceral fat samples
from healthy human donors undergoing elective abdominal
surgery. Stromal vascular fractions were isolated from these tissue
samples and then cultured ex vivo in the presence of human
platelet lysate. Next, we determined whether these cells express
classical MSC-specific surface proteins'®-22. Using flow cytometry,
we show that the cell-surface marker phenotype of these cells are
consistent with the bona fide MSCs, i.e., CD105tCD73*CD90"
CD45-CD34 CD11b"HLADR™ (Fig. 1a). Next, adipogenesis was
induced in hVA-MSCs by incubating cells in an adipogenic cocktail
for 14 days with media change at regular intervals. Cells were
concomitantly treated with a dose range of individual cytokines or
growth factors (total 14 cytokines) over this period. Then the
degree of adipogenesis was assessed by Oil Red staining
(Supplementary Fig. 1). Many of the cytokines previously shown
to inhibit adipogenesis in various preadipocyte cells, such as
TNFo?3, IL-18%*, IL6%°, and IL15%° were unable to inhibit
adipogenesis in hVA-MSC. Among all the factors tested, only IFNy
(a type Il interferon) and TGFf (a multifunctional cytokine/growth
factor) exhibited suppression of adipogenesis in a dose-
dependent manner (Fig. Tb and Supplementary Fig. 1). As shown
in Fig. 1c schematic, these two cytokines work through completely
different molecular mechanisms; IFNy through JAK-STAT signaling
and TGFp through Smad2/3 signaling. Therefore, we aimed to test
the individual and combinatorial contribution of these pathaways
on hVA-MSCs differentiation.

IFNy prevents VA-MSC adipogenic commitment by
suppressing C/EBPS and PPARy
We first studied the role of IFNy in VA-MSC differentiation. IFNy
signaling occurs through JAK-STAT, a highly conserved signaling
pathway?’. IFNy is a central mediator of immunity?®, however, its
effects on VA-MSC differentiation have not been investigated. As
10 ng/ml IFNy was sufficient to completely prevent lipid droplet
accumulation in adipogenic screen, we used this concentration
hereafter. Triglyceride assays using multiple (N = 4) donor-derived
hVA-MSCs treated with adipogenic cocktail for 14 days with/out
exogenous IFNy showed that IFNy treatment potently prevents
adipogenesis (Fig. 1d).

To determine the specific mechanism of adipogenic inhibition
by IFNy (i.e., commitment or terminal differentiation), we treated
VA-MSC with adipogenic cocktail as before. After 10 days of
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treatment, western blots were performed using antibodies against
two transcription factors essential for adipogenesis, namely PPARy
(the central regulator of adipogenesis) and C/EBPa (Fig. 1c
schematic and Fig. 1e). IFNy treatment diminished protein levels
of both PPARy and C/EBPa in VA-MSCs. Further quantification of
these proteins from three distinct MSC donors confirmed the
inhibitory role of IFNy (Fig. 1f). These data show that IFNy
predominantly impacts VA-MSC adipogenic commitment by
preventing the buildup of PPARY.

We next investigated the effects of IFNy on key pre- PPARy
adipogenic transcription factors, such as C/EBPS, PPARa and C/
EBPB (Fig. 1c schematic), that are required for the initial
upregulation of PPARy and C/EBPa expression?®=1, after which
PPARy and C/EBPa bolster each other. VA-MSCs were treated for
5 days or 10 days with adipogenic media and IFNy. Next, western
blot analyses of cell lysates were performed using the antibodies
against the transcription factors mentioned. C/EBPS protein was
detectable in hVA-MSC at day 5 of adipogenic stimulation and its
levels increased by day 10 (Fig. 1g). IFNy inhibited this C/EBP&
expression at both early and late stages of differentiation. The
major function of C/EBPS is to promote initial PPARy gene
expression, which explains observed reduction PPARy protein
expression in IFNy-treated Va-MSCs at both early and late stages
(Fig. 1g). However, IFNy did not affect expression of other early
transcription factors. Further protein-level quantification of C/EBPS
from three distinct MSC donors confirmed this inhibitory role of
IFNy on VA-MSC adipogenic commitment through C/EBPS (Fig. Th).

IFNy-activated STAT transcription factors may mediate tran-
scriptional suppression of C/EBPS, PPARy, and C/EBPa genes,
resulting in observed reduction in protein levels. To test this, we
induced adipogenesis as before in hVA-MSC and collected mRNA
after 3 or 10 days, i.e., pre and post-commitment, from these cells.
Then we measured transcript levels of C/EBPS, PPARy and C/EBPa
(Fig. 1i). Initial C/EBPS upregulation at day 3 was fully suppressed
by IFNy treatment. By day 10, the expression of C/EBPS was
reduced compared to day 3, and was partially (but significantly)
suppressed by IFNy. For PPARy and C/EBPa genes, the degree of
transcriptional upregulation increased at day 10 compared to day
3 during normal adipogenic stimulation. IFNy completely inhibited
both PPARy and C/EBPa mRNA expression at both time points.

Collectively, these data show that pro-inflammatory cytokine
IFNy is a potent inhibitor of hVA-MSC differentiation, and IFNy
inhibits adipogenic commitment by suppressing gene and
protein-level expression of C/EBPS and PPARy.

Chronic IFNy exposure activates a subset of JAK/STAT proteins
in VA-MSCs

There exist six STAT transcription factors? that display a wide
range of expression pattern and activity depending on the tissue
type, developmental stage, and immunological status. How
chronic IFNy exposure affects these STAT proteins (except for
STAT1) has not been interrogated. To determine the effects of
long-term IFNy exposure on JAK-STAT pathway activation, we
treated hVA-MSCs with IFNy for 10 days with or without
adipogenic stimulation. Significantly increased levels of activated
(i.e., tyrosine-phosphorylated) JAK2, STAT1, STAT3, and STAT5
proteins, irrespective of adipogenic induction, could be observed
under such conditions (Fig. 2a). Interestingly, not only phospho-
proteins but also total protein levels of JAK2, STAT1, STAT3, and
STAT5 were significantly increased upon chronic IFNy treatment
(Fig. 2a), as confirmed by band quantification from multiple
donors (N =3, Fig. 2b). gRT-PCR analyses of mRNA isolated from
hVA-MSCs treated with IFNy for 10 days indicates that chronic IFNy
exposure indeed causes transcriptional upregulation of JAK2,
STATT1, STAT3, and STAT5 genes in hVA-MSCs (Fig. 2¢), which results
in increased protein accumulation seen in Fig. 2b. This is distinct
from the reported canonical IFNy signaling described so far where
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Fig. 1 IFNy is a potent inhibitor of adipogenesis from human visceral adipose-derived MSCs. a Phenotypic characterization of human VA-
MSC by flow cytometry. Representative figure (N=3) showing MSC-specific marker expression (CD1057CD737CD90"CD45 CD34"~
CD11b~HLADR™) in one hVA-MSC. b Representative (N = 3) phase-contrast microscopy image of Oil Red-stained hVA-MSC after 14 days of
adipogenic differentiation with/out human IFNy and TGFp. Media, along with IFNy or TGFf was changed every 48 h. ¢ Schematic diagram
depicting canonical IFNy and TGFf signaling pathways and adipogenesis cascade. d Colorimetric triglyceride assay of hVA-MSC extract after
14 days of adipogenic induction with/out human IFNy (10 ng/ml). Triglyceride levels were normalized to that of total protein (N=4).
e, f Representative western blot analysis (e) and blot quantification (f, N = 3) of hVA-MSC after 14 days of adipogenic stimulation with/out IFNy
(10 ng/ml). g Representative western blot analysis of hVA-MSC after 5 or 10 days of adipogenic differentiation with/out IFNy (10 ng/ml).
h Quantification of C/EBP3 band (N = 3) after 5 days of adipogenic induction. i qRT-PCR quantification of cDNA prepared from hVA-MSCs after
3 or 10 days of adipogenic induction with/out IFNy (10 ng/ml). Transcript levels were normalized to that of GAPDH (N = 3/4). Ind-adipogenic
induction. Normal cell culture media (Ind"IFN™) treated cells were used as the basal condition. Error bars represent mean + SEM. * indicates
statistical significance (*P < 0.05; **P < 0.005, ***P < 0.0005, ****P < 0.00005) of Tukey’s multiple comparisons test post one-way ANOVA analysis.
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chronic IFNy-induced activation of selective JAK/STAT proteins.

a, b Representative western blot (a) and blot quantification (b, N = 3) of hVA-MSCs after 10 days of adipogenic stimulation with or without
IFNy (10 ng/ml). ¢ gRT-PCR of cDNA prepared from hVA-MSCs cells after 10 days of treatment with/out IFNy (10 ng/ml). Transcript levels were
normalized to that of GAPDH (N = 3). d Representative hVA-MSC western blot (N = 2) after 12 h incubation with/out IFNy (10 ng/ml) and/or JAK
inhibitor Ruxolitinib (Ruxo) at 5uM. e Schematic diagram representing the effects of IFNy-activated JAK-STAT pathway on adipogenic

commitment. Ind-adipogenic induction. Normal cell culture media

(Ind~IFN™) treated cells were used as the basal condition. Error bars

represent mean = SEM. * indicates statistical significance (*P < 0.05; **P < 0.005, ****P < 0.00005) of Tukey’s test post one-way ANOVA.

IFNy treatment only increased phospho-STAT proteins (mostly
pSTAT1) without altering total STAT protein or transcript
levels*334, We confirmed that short-term IFNy treatment does
not stimulate total STAT protein upregulation by treating hVA-
MSCs with IFNy for a relatively short period of time (12 h). (Fig. 2d).
Under such conditions, although upregulation of pSTAT1/3/5
proteins did occur in a JAK2-dependent manner (as it could be

npj Regenerative Medicine (2022) 41

inhibited by application of pan JAK inhibitor Ruxolitinib*®), change
in total STAT protein levels did not occur.

These results show that chronic IFNy treatment causes
transcriptional upregulation and activation of a selective subset
of STAT proteins in VA-MSCs (as represented in Fig. 2e schematic),
and these activated STAT proteins may play critical role in VA-MSC
adipogenic differentiation.
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STATS5 is the major mediator of IFNy’s anti-adipogenic effects

Our results so far indicated that STAT5, STAT3, and STAT1
transcription factors comprise strong candidates for regulating
MSC adipogenic plasticity under chronic inflammatory stress. So,
we next aimed at teasing out the function of these proteins in
adipogenic inhibition.

STAT5 protein exist as two isoforms, namely STAT5A and
STAT5B, and are activated by many cytokines, interleukins, and
growth factors; however, regulation of STAT5 activity by IFNy has
not been investigated yet. Tyrosine-phosphorylated, active STAT5
could not be detected by immunofluorescence imaging in hVA-
MSC under basal or adipogenic stimulation conditions. However,
10 days of continuous IFNy treatment caused prominent nuclear
localization of pSTATS5, indicating that IFNy-JAK2-activated STAT5
translocate to the nucleus to regulate target gene transcription in
hVA-MSCs (Fig. 3a). To interrogate the specific roles of STAT5 in
adipogenic inhibition, we employed a small-molecule STAT5
inhibitor, namely STAT5i6, VA-MSCs were treated with adipogenic
cocktail with or without IFNy for 10 days. STAT5i was added at
various doses (ranging from 50 to 200 uM) in a subset of cells. As a
positive control, pan JAK2/1 inhibitor Ruxolitinib was used. Media,
along with IFNy and inhibitors was changed every 48 h. After
10 days of such treatment, western blots were performed using
antibodies against JAK-STAT pathway members. As shown in
Fig. 3b, STAT5i, in a dose-dependent manner, inhibited chronic
IFNy induced increases in pSTAT5 as well as total STAT5 protein
levels without affecting other STAT proteins. In contrast,
Ruxolitinib inhibited all STAT proteins. Quantification of pSTAT5
and total STAT5 proteins from multiple donor VA-MSCs (N = 3)
showed that STAT5i mediated inhibition of IFNy stimulated STAT5
is statistically significant (Fig. 3c). At a molecular level, STAT5i
treatment (similar to Ruxolitinib) caused de-suppression of key
adipogenic transcription factors, including PPARy, C/EBPq, and
downstream Perilipin protein expression (Fig. 3d). Phenotypically,
STAT5i treatment resulted in the restoration of adipogenesis in
hVA-MSCs, despite continuous presence of IFNy, as revealed by Oil
Red staining after 14 days of treatment (Fig. 3e). These effects of
STATS5i is similar to that of Ruxolitinib treatment, indicating that
STATS is the major effector of IFNy action in VA-MSC. Triglyceride
assays using multiple donor-derived hVA-MSCs validated the
adipogenic restoration ability of STAT5i (as well as Ruxolitinib)
under chronic IFNy treatment conditions (Fig. 3f).

JAK-activated STAT transcription factors are known to hetero-
dimerize with other STAT proteins depending on the nature of the
relevant signaling pathway(s), the relative abundance of specific
STAT proteins, and their activation status®’. It is possible that
STAT1/STAT3 form heterodimer with STAT5 in VA-MSCs upon
chronic IFNy exposure, which may influence adipogenic differ-
entiation. Therefore, we examined whether STAT1 or STAT3
participate in adipogenesis modulation in hVA-MSC. pSTAT1 could
only be detected under adipogenic stimulation with chronic IFNy
treatment, where it showed prominent, mostly nuclear localization
(Supplementary Fig. 2a). In contrast, pSTAT3 showed nucleo-
cytoplasmic localization under all conditions (Supplementary Fig.
2b). Next, we employed small-molecule inhibitors of STAT1
(Fludarabine)®® and STAT3 (Stattic)*° to determine whether IFNy
stimulated STAT1 or STAT3 inhibits VA-MSC adipogenic differ-
entiation. Fludarabine and stattic inhibited STAT1 or STAT3
activation, respectively, in a dose-dependent manner (Supple-
mentary Fig. 2¢, d); however, these inhibitors failed to rescue IFNy
imposed differentiation inhibition (Supplementary Fig. 2e, f).
Mechanistically, inhibition of STAT1 or STAT3 did not de-repress
IFNy-inhibited PPARy and CEBPa protein expression (Fig. 3e). We
further confirmed these phenotypes by measuring triglyceride
levels in multiple donor-derived hVA-MSCs (Fig. 3f). Of note,
fludarabine is known to exert non STAT1 specific effects. There-
fore, we validated the specific inhibition of STAT1 activity by

Published in partnership with the Australian Regenerative Medicine Institute

R. Das et al.

npj
5
knocking down STATT in hVA-MSC using DSiRNA (Supplementary
Fig. 2g, h). STATT knockdown caused downregulation of STAT1
protein levels (Supplementary Fig. 2g) but was unable to reverse
IFNy-induced inhibition of adipogenesis (Supplementary Fig. 2h).
Collectively, these data show that although chronic IFNy
exposure activates multiple STAT transcription factors, STAT5 but
not STAT1 or STAT3 is the major modulator of IFNy induced

inhibition of VA-MSC differentiation. This centrality of STAT5 in
IFNy-inhibited adipogenesis is shown in Fig. 3g schematic.

TGFB/Smad3 signaling is required for the IFNy-mediated
suppression of adipogenesis

In addition to IFNy, the adipogenesis screen identified TGFf as
another negative regulator of VA-MSC differentiation (Fig. 1a and
Supplementary Fig. 1). Hypertrophic adipocytes and immune-
infiltrating cells are known to secrete TGFf that further contributes
to metabolic dysfunction*®*'. TGFB signaling involves serine/
threonine phosphorylation-activation of Smad3 and Smad2
transcription factors by cell-surface TGFB-R1 (TGBR1) receptor®?.
Active Smad2/3 binds to co-Smad protein Smad4. Then the
Smad2/3- Smad4 complex translocate to the nucleus in order to
regulate target gene expression. TGFP signaling, particularly
Smad3, was shown to inhibit adipogenesis in mouse*>. However,
the regulation and natural function of this pathway during VA-
MSC differentiation remain unexplored.

We induced adipogenesis in hVA-MSC as before in the presence
of TGFB (1-10 ng/ml) and performed western blot analysis on cell
lysates after 10 days of adipogenic stimulation (Fig. 4a). Chronic
TGFf treatment inhibited hVA-MSC adipogenic differentiation by
suppressing C/EBPS, and consequently PPARy, in a dose-dependent
manner (Fig. 4a). These effects are similar in nature to that of IFNy in
hVA-MSCs. Therefore, we sought to determine the involvement of
TGFp pathway in hVA-MSCs and cross-regulation (if any) of IFNy and
TGFB pathways during adipogenic inhibition under chronic
inflammatory conditions. For this, hVA-MSCs were adipogenically
induced as before in the presence of IFNy (10 ng/ml) and performed
western blot analysis on cell lysates after 10 days of adipogenic
stimulation using antibodies against phospho and total Smad
proteins (Fig. 4b; quantification of bands from three different donors
is shown in Fig. 4c). Adipogenic stimulation caused a general
downregulation of all Smad proteins. Chronic IFNy exposure during
adipogenic stimulation specifically de-repressed phosphorylated,
active pSmad3 as well as total Smad3 protein levels (Fig. 4b, c). In
stark contrast to pSmad3, pSmad2 levels were significantly down-
regulated by IFNy, indicating that Smad3 (but not Smad2) is a
mechanistic component of chronic IFNy signaling in hVA-MSCs.
These results also indicate that pSmad3 downregulation is
associated with the natural progression of adipogenic cascade,
and Smad3 constitutes a crucial node in chronic inflammatory
signaling pathways that inhibits adipogenic differentiation.

To determine the subcellular localization (as asurrogate for
transcriptional function) of pSmad3/Smad4 proteins under various
adipogenic conditions, we induced differentiation in hVA-MSC
with or without IFNy for 10 days and performed Immunofluores-
cence imaging on these cells. The results showed that adipogenic
stimulation caused downregulation of nuclear-localized pSmad3,
whereas concomitant chronic IFNy exposure resulted in promi-
nent nuclear localization of both pSmad3 and Smad4 (Fig. 4d).
These data indicate that IFNy driven inflammatory microenviron-
ment activates psmad3-Smad4 complex, which may, in turn,
inhibit VA-MSC differentiation. In agreement, a small-molecule
inhibitor of TGFBRI kinase activity, namely Galunisertib* pre-
vented IFNy mediated pSmad3 upregulation under adipogenic
stimulatory conditions, as revealed by western blot (Fig. 4e).
Consequently, Galunisertib treatment was able to rescue the
protein-level expressions of key adipogenic transcription factors in
chronic IFNy exposed hVA-MSC (Fig. 3f). Quantification of the
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Fig.3 STATS5 is the major mediator of IFNy's anti-adipogenic action. a Confocal Z projection of hVA-MSC stained with pSTAT5 antibody after
10 days of adipogenic stimulation with/out IFNy (10 ng/ml). FITC-Phalloidin (green) and DAPI (blue) were used for marking the cytoskeleton
and nucleus, respectively. An image from one representative donor (N = 3) is shown. b Western blot analysis of hVA-MSCs after 10 days of
adipogenic induction with/out human IFNy (10 ng/ml) along with the inhibitors mentioned. Ruxo-Ruxolitinib. ¢ Quantification of pSTAT5 and
tSTAT5 bands from western blot analysis of hVA-MSCs after 10 days of adipogenic induction with IFNy (10 ng/ml), STAT5i or Ruxolitinib at the
concentrations mentioned; N = 3. d Representative phase-contrast microscopy image of Oil Red-stained hVA-MSCs (N = 3) after 14 days of
adipogenic induction with/out IFNy (10 ng/ml) with inhibitors mentioned (STAT5i—200 puM, Ruxolitinib—5 uM). e Representative western blot
analysis (N =3) of hVA-MSCs after 10 days of adipogenic induction with/out human IFNy (10 ng/ml) along with the inhibitors mentioned
(STAT5i—200 pM, Ruxolitinib—5 puM, Flu—fludarabine; 20 uM, Sta-stattic; 5 uM). f Colorimetric triglyceride assay of hVA-MSC extract after
14 days of adipogenic induction with/out human IFNy (10 ng/ml) and inhibitor concentrations as above. Triglyceride levels were normalized to
total cellular protein concentration; N=4. g Schematic diagram representing the effects of IFNy-activated STAT5 mediated inhibition of
adipogenesis. Ind-adipogenic induction. Normal cell culture media- (Ind~IFN™) treated cells were used as the basal condition. For western
blots, GAPDH was used as a loading control. Scale bar: 100 um. Error bars represent mean + SEM. * indicates statistical significance (*P < 0.05;
**P < 0.005; ***P < 0.0005; ****P < 0.00005) of Dunnet’s test (c) or Tukey'’s test (f) post one-way ANOVA.
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central adipogenic regulator PPARy levels from multiple donors
(N=3) confirmed that Galunisertib can indeed de-repress IFNy
inhibited PPARy expression (Fig. 4g), further showing the inter-
twined nature of the IFNy-TGFp signalings in VA-MSCs. Phenoty-
pically, Galunisertib treatment allowed normal adipogenic differ-
entiation of hVA-MSC (as revealed by Oil Red imaging) despite the
continuous presence of IFNy (Fig. 4h). Triglyceride quantification
of multiple donor-derived hVA-MSCs (N=3), treated with
adipogenic cocktail for 14 days with or without IFNy and

Published in partnership with the Australian Regenerative Medicine Institute

Galunisertib, showed that suppression of IFNy induced Smad3
activation leads to adipocyte regeneration (Fig. 4i). To further
validate the central role of Smad3 in this process, we knocked
down Smad3 in hVA-MSCs using DSiRNA. These cells were then
treated with adipogenic cocktail with IFNy. After 7 days, lysates
were collected and accessed for PPARy protein expression by
western blot. DSIRNA knockdown specifically reduced Smad3
protein levels without affecting Smad2 and caused de-repression
of IFNy inhibited PPARy protein expression (Fig. 4j).
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Fig. 4 IFNy prevents adipogenic downregulation of Smad3 to suppress VA-MSC differentiation. a Representative western blot analysis
(N =2) of hVA-MSC after 7 days of adipogenic stimulation with or without TGFp (1 or 10 ng/ml). b, ¢ representative western blot (b) and blot
quantification of TGFp pathway mediators (¢, N = 3) of hVA-MSC after 10 days of adipogenic induction with/out IFNy (10 ng/ml). d Confocal Z
projection of hVA-MSC stained with pSmad3 and Smad4 antibodies after 10 days of adipogenic stimulation with/out IFNy (10 ng/ml). Far red-
Phalloidin (cyan) and DAPI (blue) was used for marking the cytoskeleton and nucleus, respectively. An image from one representative donor
(N = 3) is shown. e Representative western blot analysis of hVA-MSC (N = 2) after 10 days of adipogenic induction with/out IFNy (10 ng/ml).
Galu- galunisertib, used at 20 uM. f, g Representative western blot analysis (f) and PPARy band quantification (N = 3) of hVA-MSC (g) after
10 days of adipogenic induction with/out IFNy (10 ng/ml). Galunisertib was used at 20 uM. h Representative phase-contrast microscopy (N = 3)
of Oil Red-stained hVA-MSC after 14 days of adipogenic induction with/out IFNy (10 ng/ml). Galunisertib was used at 20 yM. i Colorimetric
triglyceride assay of hVA-MSC (N = 3) extracts after 14 days of adipogenic induction with/out human IFNy (10 ng/ml) and/or Galunisertib
(20 pM). Triglyceride levels were normalized to total cellular protein concentration. j Representative (N = 2) western blot analysis of DSiRNA
mediated Smad3 knocked down hVA-MSCs after 7 days of adipogenic stimulation with IFNy (10 ng/ml). k Schematic diagram representing
TGFB- Smad3 and IFNy signaling cooperativity in preventing adipogenic differentiation under chronic inflammatory conditions. Ind-
adipogenic induction. Normal cell culture media (Ind~IFN™) treated cells were used as the basal condition. For western blots, GAPDH was used
as loading control. Scale bar: 100 um. Error bars represent mean + SEM. * indicates statistical significance (*P < 0.05; **P < 0.005; ***P < 0.0005;

**¥%p < 0.00005) of Dunnet’s test (c) or Tukey’s test (g, i) post one-way ANOVA.

Taken together, these data show that TGFP activated Smad3
play a central role in IFNy's inhibitory effect on VA-MSC
differentiation, and IFNy & TGFp signaling pathways co-ordinate
under chronic inflammatory conditions to restrict VA-MSC
plasticity (as shown in Fig. 4k diagram).

STAT5-Smad3 cooperativity through Smad4 constitutes the
functional node of the chronic IFNy-TGFf signaling crosstalk

Next, we sought to uncover the underlying molecular mechanism
of IFNy and TGFB/Smad3 cooperativity. First, we tested if hVA-
MSCs, like many other cells, themselves secrete TGFf and whether
this secretion is influenced by chronic IFNy exposure. ELISA
analysis of hVA-MSC cell culture media treated under various
conditions show that hVA-MSCs indeed secrete TGF(, but its
concentration did not change by the presence of adipogenic
cocktail, IFNy, or small-molecule inhibitors (Supplementary Fig.
3a). Next, we tested whether IFNy treatment alters cell-surface
level expression of TGFBR1. Flow cytometry analysis of hVA-MSCs
treated with adipogenic media for 10 days revealed that
adipogenic stimulation decreased cell-surface level expression of
TGFBR1 (Fig. 5a). IFNy did not affect this TGFBR1 downregulation
further, indicating that intracellular mechanism(s), rather than
enhanced phosphorylation, is responsible for observed IFNy
prompted Smad3 activation.

As both STAT5 and Smad3 were found to be critical for VA-MSC
differentiation inhibition, we next tested if STAT5 is responsible for
the IFNy-induced upregulation of pSmad3. Indeed, specific STAT5
inhibition by STAT5i decreased pSmad3 in a dose-dependent
manner despite continuous presence of IFNy (Fig. 5b). Like
pharmacological inhibition, specific genetic knockdown of STAT5B
caused downregulation of pSmad3 in IFNy treated hVA-MSCs,
further supporting the role of STAT5 in chronically augmenting
pSmad3 (Supplementary Fig. 3b). Based on these data, we
predicted that active STATS5 is necessary for pSmad3 signaling,
and STATS5 inhibition would diminish the transcriptional regulatory
activity, as represented by the nuclear localization of phosphory-
lated pSmad3. Indeed, DSiRNA-mediated STAT5B knockdown
resulted in reduced nuclear localization of pSmad3 in hVA-MSCs
adipogenically stimulated in the presence of IFNy or TGFf3 (Fig. 5¢).

We next tested whether TGFf/Smad3 reciprocally modulates
chronic STAT5 activation. For this, adipogenesis was induced in
hVA-MSCs in the presence of IFNy and/or TGFBR1 inhibitor
Galunisertib for 10 days. Then, the cell lysates were subjected to
western blot analysis using antibodies against active and total
STAT proteins. Under these conditions, Galunisertib treatment
only reduced pSTAT5 protein levels without affecting other STAT
proteins, showing that TGFf signaling is indeed required for
chronic STAT5 activation (Fig. 5d).

Having identified crucial roles of STAT5-Smad3 synergy in
maintaining high levels of these activated proteins, we next
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investigated the underlying molecular mechanism. Post
phosphorylation-activation by cell-surface receptors, effector
proteins undergo proteasomal degradation to naturally limit
signal duration and strength. Conversely, inhibition of proteaso-
mal degradation may allow sustained activation of signaling
pathway(s) under chronic inflammatory stress. As STAT5 and
Smads3 inhibition under chronic IFN or TGF treatment conditions
caused reciprocal downregulation, we hypothesized that once
concomitantly activated, these proteins protect each other from
proteasomal degradation. To test this, hVA-MSCs were treated
along with adipogenic cocktail for 10 days with/out IFNy, and
small-molecule proteasomal inhibitor MG132* was applied for
the last 12 h. Then we performed western blot with antibodies
against TGFB and IFNy signaling pathway members (Fig. 5e). First,
we observed that MG132 reversed adipogenic induction mediated
pSmad3 downregulation and caused further accumulation of
pSmad3 in IFNy-treated cells. Second, MG132 caused increased
accumulation of all phospho-STAT proteins under IFNy treatment
condition. However, unlike pSTAT1 or pSTAT3, pSTAT5 levels
increased vastly.

Next, we confirmed these observations in 3-4 distinct donor-
derived MSCs. For this, MSCs were treated with adipogenic
stimulation conditions as above in the presence of IFNy and/ or
selective Smad3 inhibitor SIS3#6, STAT5i, Galunisertib or MG132.
As shown in Fig. 5f, pan TGF{ signaling inhibitor Galunisertib or
Smad3 specific inhibitor SIS3 significantly downregulates IFNy
stimulated pSTAT5 levels, whereas proteasomal inhibitor
MG132 significantly further upregulates IFNy stimulated
pSTAT5. On the other hand, MG132 application under adipo-
genic conditions significantly increased pSmad3, mimicking the
action of IFNy (Fig. 5g); this increase in IFNy stimulated pSmad3
levels could be reversed significantly by inhibiting STAT5 via
STAT5i. Taken together, these results indicate that IFNy-
activated pSTATS5 is degraded via proteasome and sustained
STATS5 activation requires continuous IFNy exposure, akin to a
chronic inflammatory microenvironment. Chronically active
STAT5, in turn, prevents pSmad3 proteasomal degradation
required for adipogenic differentiation cascade to proceed.

Next, we investigated whether STAT5 physically interact with
Smad3 or Smad4 to prevent pSmad3 degradation. For this, a
series of co- immunoprecipitation assays were performed on
hVA-MSCs chronically treated with IFNy under adipogenic
stimulation. After 10 days of treatment, cell lysates were
collected under non-denaturing condition and co-IPs were
performed using monoclonal antibodies against STAT5, Smad3,
and Smad4 (Fig. 5h—j). We observed that Smad3 physically
interacted with Smad4 but did not directly bind to STAT5
(Fig. 5h). On the other hand, STAT5 was found to physically
interact with Smad4 but not directly with Smad3 (Fig. 5i). This
STAT5-Smad4 interaction depended on Smad3-activation

Published in partnership with the Australian Regenerative Medicine Institute
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status as Galunisertib treatment diminished this interaction
(Fig. 5i). No other STAT protein was found to interact with either
STAT5 or Smad3. The observed Smad4-STAT5 and
Smad4-Smad3 interaction was validated by a reciprocal co-IP
against Smad4 (Fig. 5j).

Collectively, these results indicate that IFNy activated pSTAT5
physically interacts with TGF(3 activated pSmad3-Smad4 complex
through Smad4; this interaction protects the complex from
proteasomal degradation and allows to suppress adipogenic
regeneration under chronic inflammatory conditions (Fig. 5k
schematic).

Published in partnership with the Australian Regenerative Medicine Institute

Human VA-MSC adipogenic inhibition by IFNy and TGFp is
conserved in murine in vivo and in vitro models of chronic
metabolic inflammation

Having determined the molecular mechanism of hVA-MSC
adipogenic regulation under inflammatory conditions, we next
studied the evolutionarily conserved nature of our findings in a
murine model system. For this, we used an IFNy receptor 1
(IFNGR1) knockout mouse model (yR1%C)*’ that lack the cytoplas-
mic domain of IFNGR1 and unable to transduce intracellular signal.
Adipose tissue samples were collected from adult (~25-week-old
male) “wild type” control (B6; WT) and YR1KO animal’s epididymal
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Fig. 5 Reciprocal Smad3 and STAT5 activation constitute a central node of chronic IFNy-TGF signaling synergy. a Representative flow
cytometry analysis (N =3) of hVA-MSC after 10 days of adipogenic induction with/out IFNy (10 ng/ml). 230,000 live cells were used per
condition. b Western blot analyses of hVA-MSC after 10 days of adipogenic induction with/out IFNy (10 ng/ml) and/or STAT5i with the
concentrations mentioned. ¢ Confocal Z projection of STAT5B knocked down hVA-MSCs after 7 days of adipogenic stimulation with/out IFNy
(10 ng/ml) or TGF (10 ng/ml) with pSmad3 antibody. Far Red- Phalloidin (cyan) and DAPI (blue) were used for marking the cytoskeleton and
nucleus, respectively. An image from one representative donor (N = 3) is shown. d Representative western blot analysis (N = 2) of hVA-MSC
after 10 days of adipogenic induction with/out IFNy (10 ng/ml) and/or Galunisertib (20 pM). e Representative western blot analysis of hVA-MSC
cell lysates after 10 days of adipogenic induction with/out IFNy (10 ng/ml). Proteasomal inhibitor MG132 was applied at 2 uM for the final 12 h.
f, g Western blot quantification (N = 3) of hVA-MSCs after 10 days of adipogenic induction with/out IFNy (10 ng/ml) and specific inhibitors as
mentioned. h-j Co-immunoprecipitation analysis of hVA-MSC after 10 days of adipogenic induction with/out IFNy (10 ng/ml) and/or
Galunisertib (20 uM). Specific antibodies used for Co-IP are mentioned. k Schematic diagram representing STAT5- Smad3 interaction via
Smad4 in VA-MSC under chronic inflammatory conditions. Ind-adipogenic induction. Normal cell culture media (Ind~IFN™) treated cells were
used as the basal condition. For western blots, GAPDH was used as loading control. Scale- 100 pm. Error bars represent mean + SEM.
* indicates statistical significance (**P < 0.005; ***P < 0.0005; ****P < 0.00005) of Tukey's test post one-way ANOVA.

fat pads. Epididymal fat pads functionally resemble human visceral
fat depots, therefore constitute a suitable murine model system to
study adipogenesis. As before, the MSCs were isolated from
stromal vascular fraction of epididymal fat pads, and specific
identity of these cells were determined by flow cytometry (Fig. 63,
b). The cell-surface marker expression pattern, ie,
CD105%7CD447CD29"Scal"CD73 - CD45 CD11b~MHCII~, confirms
the mouse MSC identity of these cells'®-%2,

Next, adipogenic differentiation in WT and yR1%® mVA-MSCs
were induced by incubating cells with an adipogenic cocktail and
regular media change every 48 h. (Fig. 6¢). Unlike human VA-MSCs,
both types of mVA-MSCs showed prominent lipid droplet
deposition only after 7 days of differentiation. As expected,
concomitant IFNy exposure (at 10 ng/ml) completely inhibited the
formation of lipid droplets in WT MSC but not in yR1%© MSCs. Next,
we studied the molecular mechanism of adipogenic regulation in
mVA-MSC. Western blot analysis revealed that chronic IFNy
exposure prevented PPARy protein expression in WT mVA-MSCs
(Fig. 6d). In contrast, yR1*C MSCs were resistant to IFNy and
expressed PPARy normally. However, we did not see any CEBPa
upregulation in yR1¥® MSCs upon adipogenic stimulation but
adipogenesis progressed normally, as evidenced by lipid droplet
accumulation (Fig. 6c) and perilipin (a lipid-binding protein
expressed in mature adipocytes) expression (Fig. 6d), suggesting
that C/EBPa may not be necessary for adipogenesis, at least in
mVA-MSCs. These data indicate that molecular mechanism of IFNy
mediated inhibition of adipogenic differentiation is evolutionarily
conserved in mouse MSCs.

In order to determine whether, like hVA-MSC, STAT5 and Smad3
play integral role in preventing adipogenic differentiation in mVA-
MSC under chronic inflammatory conditions, we induced differ-
entiation in WT mVA-MSC with murine IFNy and specific inhibitors
(Fig. 6e). JAK2 inhibitor Ruxolitinib or STAT5 inhibitor STAT5i were
able to restore adipogenesis, indicating that JAK2-STATS5 axis plays
central role in IFNy mediated differentiation inhibition. Similarly,
IFNy induced adipogenic inhibition could be reversed by
concomitant Galunisertib treatment, showing that Smad3 com-
prise another evolutionarily conserved central node in mVA-MSC
plasticity control under chronic inflammation.

To study the physiological relevance of our findings regarding
chronic inflammatory conditions, we resorted to using a “western
style” high-fat high-caloric (45 kcal% fat; referred as HFD). Freshly
weaned yR1¥° and age-matched WT controls were maintained on
ad libitum HFD diet for ~25 weeks. Next, we studied the degree of
neoadipogenesis in various fat pads of HFD-fed animals and their
age-matched, normal chow diet (ND) fed, counterparts. The
predominant visceral WAT in rodents is epididymal fat*®, Short-
term metabolic stimulation leads to neoadipogenesis/hyperplasia
in epididymal fat but chronic over-nutritional challenge prevents
this process*®. Histochemistry analysis of these fat pads revealed
no appreciable differences between ND-fed WT and yR1¥° (Fig. 6f,
epididymal-ND). However, upon long-term HFD feeding, WT
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epididymal fat pads showed only hypertrophic growth. In stark
contrast, numerous smaller cells, representing newly differentiated
adipocytes, could be observed alongside hypertrophic cells in
YR1¥C fat pads (Fig. 6f, epididymal-HFD). Adipocyte size distribu-
tion analysis further confirmed this observation, where we
observed significantly increased number of new adipocytes and
significantly decreased the number of old adipocytes in yR1K° fat
pads (Fig. 6g). On the other hand, yR1¥° animals did not show
enhanced adipogenesis or significant difference in adipocyte size
profile compared to controls in the subcutaneous fat pads, which
are known to be characteristically different than visceral fat depots
(Fig. 6f, subcutaneous-HFD and g).

In order to determine whether IFNy impeded neoadipogenesis
affects systemic metabolism, we performed oral glucose-tolerance
tests (0GTT) and measured insulin (the major circulating glucose
regulating hormone released by islet beta cells in response to
nutrient consumption) secretion during oGTT. For this, HFD-fed
YR1K° and WT mice were fasted for 6 h to achieve a baseline
fasting glucose level. Then, they were given a body weight
normalized oral bolus of glucose solution and blood samples were
collected at regular intervals to measure circulating glucose and
insulin concentrations. yR1%® mice display improved glycemic
control, as revealed by significantly reduced circulating glucose
levels during oGTT, and significantly smaller “area under curve”
compared to control (Fig. 6h). This comparatively lower circulating
glucose levels during oGTT indicates efficient glucose adsorption
by glucose-responsive tissues including adipose and muscle. Of
note, although yR1X° animals displayed somewhat increased
secreted insulin levels during oGTT, differences were statistically
insignificant for most of the time points tested (Fig. 6i). Flow
cytometry analysis of stromal vascular fraction cells from the
epididymal fat pads of HFD-fed mice showed that yR1%° animals
harbor significantly more MSC cells, as characterized by the MSC
surface marker expression (Supplementary Fig. 4a, b), indicating
that chronic inflammatory conditions may prevent VA-MSC self-
renewal or induce apoptosis in an IFNy dependent manner.

Collectively, these results show that the lack of functional IFNy
signaling confers protection from chronic HFD-induced metabolic
dysfunction in yR1%C animals, and sustained adipose regeneration
may play a significant role in such protection.

Based on these results, we propose a model of how chronic
flammation affects VA-MSC adipogenic plasticity (Fig. 7). Under
chronic inflammatory stress, IFNy (secreted from infiltrating
immunocytes) and TGFB (secreted from adipocytes or MSCs
themselves) synergistically act on VA-MSCs to supress adipo-
genic differentiation. Mechanistically, IFNy activated STAT5 and
TGF{ activated Smad3 transcription factors physically interact
through Smad4. Consequently, this STAT5-Smad3 dyad pre-
vents natural downregulation of Smad3 required for adipogenic
cascade progression.
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DISCUSSION

How chronic inflammatory microenvironment affects the neoadipo-
genic potential of VA-MSCs remain largely unexplored. We identified
and characterized two key pro-inflammatory factors, namely IFNy
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and TGF, that act in a coordinated manner to prevent human and

mouse VA-MSC differentiation under such condi

tions.

IFNy is a key mediator of inflammation in mouse and human
adipose tissue®~>3, However, the molecular mechanism of IFNy's

inhibitory action

in VA-MSC differentiation

remains largely
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Fig.6 Murine model of VA-MSC adipogenic suppression under chronic inflammation supports the central role of STAT5-Smad3 synergy.
a, b Representative (N = 3) flow cytometry Analysis of MSC-specific marker expression in WT mVA-MSC (a) and YR1KO-mVA-MSC (b). Unshaded
peaks represent isotype control, shaded peaks represent cells stained with the antibodies mentioned. These cells show a marker phenotype of
CD1057CD44"CD29%Sca1*tCD73~CD45 CD11b~MHCII~. ~60,000-80,000 cells were used/sample. ¢ Representative (N=3) phase-contrast
microscopy of mVA- MSCs after 7 days of adipogenic induction with/out murine IFNy (10 ng/ml). Bright globules are lipid droplets.
d Representative western blot analysis (N = 2) of mVA-MSC lysate after 7 days of adipogenic induction. Murine IFNy was used at 10 ng/ml.
e Representative (N = 3) phase-contrast microscopy of WT mVA-MSC after 7 days of adipogenic stimulation with/out murine IFNy (10 ng/ml)
with inhibitors (Ruxolitinibo—5 uM; STAT5i—200 pM, Galunisertib—20 uM). f, g Representative H&E stained images (f) and quantification of
adipocyte size (g, N = 3/group) from fat pads of age-matched (~25 weeks old), ND, and HFD-fed male animals. (Inset; yR1° HFD- higher
magnification (x40) image of the hyperplasic region). h Oral glucose-tolerance test (0GTT) of ~25 weeks HFD-fed WT and yR1X° animals. Area
under curve (AUC) analysis of the curves are shown. N=5 animals/group (i) plasma insulin measurement during oGTT of (h). Error bars
represent mean + SEM. * indicates statistical significance (*P < 0.05, **P < 0.005; ***P < 0.0005; ****P < 0.00005) of multiple unpaired t tests for
(g); for (h—i), (*P < 0.05; **P < 0.005) of Sidak’s multiple comparison test followed by two-way ANOVA.
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Fig. 7 A model of chronic inflammation-induced inhibition of neoadipogenesis. Under normal adipogenic stimulatory conditions,
phosphorylated, active Smad3 transcription factor is rapidly degraded via the proteasomal mechanism to allow the expression of key
adipogenic § transcription factors, including C/EBP-8 and PPAR-y. In contrast, under chronic inflammatory conditions, IFNy-activated STAT5
and TGFp-activated Smad3 physically interact through Smad4. This complex is protected from proteasomal degradation and prevent
adipogenic transcriptional cascade progression in VA-MSCs.

unknown. Here, we show that IFNy inhibits early adipogenic activation and nuclear localization of STAT5, STAT3 and STAT1

commitment by selectively suppressing the expression of C/EBP-6
transcription factor which promotes the initial expression of
PPARy, the adipogenesis master regulator?® (Figs. 1 and 6).

So far, STAT1 transcription factor has been considered as the
canonical IFNy signal mediator in adipose tissue®*°. However, we
show that long-term IFNy exposure (5-14 days) resulted in the
JAK2 mediated transcriptional upregulation as well as sustained
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proteins in VA-MSCs (Figs. 2, 3, and Supplementary Fig. 2). This
upregulation of total STAT mRNA and protein levels are
completely different than canonical IFNy signaling, which causes
rapid phosphorylation/activation followed by downregulation of
active STATs without transcriptional upregulation. These observa-
tions underscore the fundamental differences between acute and
chronic inflammatory functions of the IFNy pathway, with the
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latter being more relevant in chronic inflammatory conditions. It is
important to note that commonly used IFNy concentrations for
in vitro studies (in ng/ml range; for example, ref. >°) exceed that of
in vivo acute or chronic inflammatory conditions (usually range in
pg/ml). High-fat diet rodent model studies here provided
validation of hVA-MSC results and assisted in understanding
physiological roles of IFNy signaling during adipogenesis.

Molecular characterization of IFNy's action identified STAT5, but
not STAT1 or STAT3, as a critical regulator of adipogenic
differentiation in both mVA and hVA-MSCs (Fig. 3 and Supple-
mentary Fig. 2e, f). STAT5 is known to be activated by many
cytokines, growth factors and interleukins®®. However, to our
knowledge, STAT5 has not been described as an effector of IFNy
so far. Several cytokines, shown to stimulate STAT5 in various
immune cells, are also known to play inflammatory roles in
adipose tissue, including TNFa, IL6, IL-1B, and IL2°77%*, However,
none of these factors were able to prevent hVA-MSC adipogenic
differentiation (Supplementary Fig. 1), indicating that IFNy
specifically acts as a sensor of inflammatory conditions in VA-
MSCs to regulate adipogenic plasticity through STAT5.

Our STAT5-related observations do not directly match with
some previous reports®>®® where STAT5 positively regulated
adipogenesis. There could be several reasons for this discrepancy.
First, adult human and mouse multipotent visceral MSCs used in
our work constitute vastly different model systems than NIH3T3
and 3T3-L1 cell lines which were originated from mouse
embryonic fibroblasts. Second, we mainly focused on the natural
augmentation of STAT5 by IFNy and did not employ STAT5
overexpression. It is indeed possible that overexpression-mediated
upregulation of unphosphorylated STAT5 is beneficial for adipo-
genesis. Further studies will be needed to answer these questions.

In addition to IFNy, our screen identified TGFP as an inhibitor of
adipogenesis (Fig. 4a and Supplementary Fig 1). Several previous
reports identified TGFB as an inhibitor of adipogenesis in
preadipocytes and in vivo*>%7%8, However, the natural regulation
of this pathway during adipogenesis, and its chronic effects on VA-
MSc have not been investigated. We show that TGFP signaling is
active in resting VA-MSCs. Adipogenic stimulation reduces cell-
surface expression of TGFBR1, resulting in a downregulation of
Smad3 branch of this pathway (Fig. 4). Furthermore, we found that
IFNy acts through STAT5 to prevent this Smad3 downregulation
upon chronic inflammation (Fig. 5), where active STA5 and Smad3
physically interact via Smad4 to protect the complex from
proteasomal degradation. Although some direct interaction
between STAT and Smad proteins, such as STAT3 and Smad],
has been reported before®®, to our knowledge STAT5-Smad4-
Smad3 interaction was unknown. These results collectively indicate
that STAT5-Smad3 dyad comprises a highly specific node of
chronic inflammation in VA-MSCs where multiple signaling path-
ways act in concert to exert sustained anti- adipogenic functions.
Pharmacological inhibition of Smad3 or STAT5 under such chronic
inflammatory conditions allowed normal adipose regeneration in
both mVA and hVA-MSCs. This may provide a potential therapeutic
strategy for restoring neoadipogenesis in patients with insulin
resistance or metabolic syndrome.

Loss of adipose tissue functionality is linked with various “wasting
syndromes”'21470 These syndromes, such as cachexia and
sarcopenia, manifest upon long-term systemic inflammatory
responses that accompany chronic diseases, including cancer,
chronic kidney disease, thyroid disease, chronic liver failure, etc. In
addition to maintaining energy homeostasis, healthy adipocytes
secrete adipokines, such as leptin, that co-ordinate metabolism,
muscle growth, and myocardial health’®”", Our results indicate that
pharmacological restoration of adipogenesis is possible under
chronic inflammatory conditions by either inhibiting pan JAK-STAT
and TGF pathways or specifically impairing STAT5-Smad3 synergy.
These observations may provide therapeutic guidance to improve
systemic metabolism in patients with wasting syndromes.
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Finally, STAT5-Smad3 synergy may have implications beyond
adipogenesis and metabolic dysfunction. For example, aberrant
activation (but not mutation) of STAT5 has been linked with cell
survival, tumorigenesis, and malignancy in a number of primary
human tumors®. Similarly, specific upregulation of Smad3 has
been linked with aggressive triple-negative breast cancer’. It is
possible that STAT5-Smad3 dyad play critical role(s) in these cells
by allowing prolonged, enhanced activity of these transcription
factors that leads to tumorigenesis and malignancy. Further
studies will be needed to shed light on these aspects of IFNy-
TGFB signaling co-operativity.

METHODS
Study approval

All animal experiments were approved by the University of Wisconsin-
Madison Institutional Animal Care and Use Committee and performed in
accordance with the Animal Care and Use Policies of the University of
Wisconsin-Madison (IACUC ID - M006496).

All human tissue collections were done from deidentified, consenting
individuals upon University of Wisconsin-Madison Institutional Review
Board approval (IRB ID- 2016-1545).

Mouse husbandry
C57BL/6J (B6, stock no.000664) and B6.12957-Ifngritm1Agt/J (YR1KO, stock
no. 003288) were obtained from the Jackson Laboratory (Bar Harbor, ME).
Animals were bred and maintained in a level 2 specific pathogen-free
facility with 12 h light/dark cycle and ad libitum access to standard mouse
chow diet and water.

HFD feeding and in vivo experiments

After weaning, 4-weeks-old male animals were placed on “western style”
high-fat, high-carbohydrate Envigo Teklad diet (catalog no. TD.06415).
Mice were fed this diet for ~25 weeks ad libitum. Random, non-fasting
body weight and blood glucose were measured at a regular, weekly
interval.

Oral glucose-tolerance test (0GTT)—animals were fasted for 6 h with free
access to water. Then blood glucose concentration was measured and
animals were given 2 gm glucose/kg body weight by oral gavage using
freshly prepared 20% glucose solution in saline. Circulating glucose
concentrations were measured at regular intervals. Throughout the
experiment, animals had free access to water.

Plasma insulin concertation measurement during oGTT—~50 pl blood
was collected at regular intervals during oGTT using heparinized capillary
tube. Plasma was isolated, and insulin concentration was determined using
Crystal Chem Ultra-Sensitive Mouse Insulin ELISA Kit according to the
manufacturer’s instructions.

Plasma IFNy measurement—~100 pl tail vein blood was collected from
HFD-fed animals using a heparinized capillary tube. Plasma was isolated,
and IF-y concentration was determined using Thermo-Fischer IFNy
sandwich ELISA kit according to the manufacturer’s instructions.

Adipocyte size measurement

H&E stained WT, and YR1KC fat pad sections (epididymal and subcuta-
neous, taken under identical magnification) were used for adipocyte size
measurement using Adiposoft plugin’® of ImageJ software.

Mouse epididymal adipose MSC isolation

MSC were isolated from stromal vascular fraction as described in re
with modifications. In short, epididymal fat pads from ~20-weeks-old
animals (3-4 animals/group) were collected under sterile condition and cut
into small pieces (~1 mm?) in HBSS. Tissues were further digested using
2mg/ml collagenase type IV for 30min in 37°C water bath with
intermittent shaking until the solution appears homogeneous by visual
inspection. Cells were washed twice in HBSS and filtered through a 100-um
mesh filter. This stromal vascular fraction was plated on 150-cm? plate in a-
MEM medium supplemented with 20% FBS + 12.5 mM L-glutamine+ 1%
penicillin-streptomycin. Media was changed with fresh media after 48 h to
remove all non-adherent cells. Cells were passaged in 1:3 ratio after
reaching ~90% confluency. MSC identity of these cells was measured
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during passage 2 by flow cytometry. For experimental purposes, only
passage 2-6 cells were used.

Human intra-abdominal adipose MSC isolation

Intra-abdominal adipose tissue sections (~3x3x2cm) were collected
from deidentified healthy consenting donors. MSCs were isolated as
described in ref. 7. Media was changed with fresh media after 48 h to
remove all non-adherent cells. Upon reaching 70% confluence, cells were
split in 1:5 ratio and cultured in DMEM + 10% human platelet lysate
(HPL) + L-glutamine+ penicillin-streptomycin. After two passages, MSC
identity of these cells was measured by flow cytometry. For experimental
purposes, only passage 2-6 cells were used for all assays.

Adipogenic induction of mouse visceral adipose MSC

Cells were seeded at 5000/cm? density and allowed to become ~70%
confluent in a-MEM-20%FBS media. Media was then changed to
adipogenic basal media (a-MEM/10% FBS/L-glutamine/pen-strep). Then,
the media was changed with adipogenic induction cocktail (day O0)
prepared in basal media according to Supplementary Table 1. These
concentrations were determined based on’® and preliminary experiments
performed to determine the most robust adipogenesis-producing condi-
tion. Media was changed every 48 h until day 7. DMSO was used as vehicle
control for the basal condition.

Adipogenic induction of human visceral adipose MSC

Cells were seeded at 5000/cm? density and allowed to become ~70%
confluent in DMEM-10%HPL/L-glutamine/pen-strep media and then
changed to adipogenic basal media (DMEM/10% FBS/L-glutamine/pen-
strep). After 24 h, media was changed with adipogenic induction cocktail
(day 0) prepared according to supplementary Table 2. These concentra-
tions were determined based on ref. 7° and preliminary experiments
performed to determine the most robust adipogenesis-producing condi-
tion. Media was changed every 48/72 h until day 14.

hVA-MSC adipogenesis screen

hVA-MSCs were seeded at 5000/cm? density in 12-well plates. Adipogen-
esis was induced as above. The cells were concomitantly treated with
individual cytokine/chemokine/growth factors as shown in Supplementary
Fig 1. The range of concentrations of these factors, i.e., 1 ng/ml-30 ng/m|,
was chosen based on literature study to encompass a range of commonly
used concentrations of specific factors in immunocytes or preadipocyte
cell lines (for example, please see references mentioned in ref. ). For each
factor, stock solutions were prepared according to the manufacturer
recommendation, and aliquots were stored at —80 °C. Each aliquot was
used only once. For dilution of all factors, culture medium was used. Media,
along with specific factors, were replenished every 48 h. After 14 days of
incubation, Oil Red staining was performed to determine adipogenesis,
and micrographs were taken at the center of each well.

Cytokine/interleukin treatment

Species compatibility was strictly maintained throughout all assays.
Recombinant human or mouse cytokines/growth factors/interleukins were
used for hVA or mVA-MSC experiments, respectively. Unless otherwise
specified, IFNy was used at 10 ng/ml (~0.5 nM) concentration throughout.
All factors, along with basal or adipogenic induction medium were
changed every 48 h.

Small-molecule inhibitor/reagent treatment

All inhibitors were prepared according to the manufacturer's recommen-
dations. Specific inhibitors were freshly included in basal media or
adipogenic induction cocktail every 48 h as applicable.

Western blot

Cells were washed once with ice-cold PBS and lysed on plate on ice using
Cell Signaling technology lysis buffer supplemented with 1 mM PMSF right
before use. Lysates were sonicated on ice, centrifuged at 12,000xg for
15min at 4°C, and the supernatants were collected. Pierce™ 660 nm
Protein Assay Reagent was used to determine protein concertation.
Western blots were performed according to standard protocol. Primary
antibodies were prepared in TBST 4 5% BSA or 5%blotto according to the
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manufacturer’'s recommendation. Images were taken using Amersham
ImageQuant 800 imgaing system. Supplementary Table 4 lists all
antibodies used for western blotting. All blots in a given image is derived
from the same experiment, and they were processed in parallel. We have
included original western blot chemiluminescent images with correspond-
ing light micrographs showing molecular weight markers for all western
blots in the supplementary document.

DSIiRNA knockdown

Duplex oligonucleotides targeting human STAT5B, STAT1, and SMAD3 were
obtained from Integrated DNA Technologies. DsiRNA universal negative
control or DSi targets were transfected in VA-MSCs using lipofecta-
mine3000 (Invitrogen) per manufacturer recommendation. Specific treat-
ments were performed 24 h post-transfection with fresh media change.
Supplementary Table 6 lists all DSiRNAs used in this study.

qRT-PCR

The total RNA was isolated from MSCs using Qiagen RNeasy Mini Kit
according to manufacturer protocol. cDNA was prepared from 1pug total
mRNA using Qiagen QuantiTect Reverse Transcription Kit according to the
manufacturer’s protocol. cDNA samples were used for Real-time PCR using
Qiagen QuantiTect SYBR® Green PCR Kit according to manufacturer protocol.
Primer sets were designed using IDT Primer Quest program. Delta delta Ct
method was used for data presentation. GAPDH was used as housekeeping
gene. Bio-Rad CFX Connect Real-Time PCR Detection System was used for
gRT-PCR. supplementary Table 3 shows the primer sequences used.

Flow cytometry

Cells were detached using accutase treatment and washed once with PBS.
Cells were then washed twice in FACS buffer (PBS + 5%FBS + 0.09%
sodium azide) and incubated with primary antibodies for 30 min at 4 °C.
Cells were then washed twice again in FACS buffer and analyzed using
Attune Nxt flow cytometer. Cell viability staining was done with DAPI or
GhostRed780 dye according to standard method. Supplementary Table 4
lists all antibodies used for flow cytometry.

Immunofluorescence/confocal imaging

MSCs were plated at 2000/cm? density on sterile, non-TC coated, 1.5H
precision coverslips and treated according to specific experimental
requirements. Cells were fixed with 4% formaldehyde for 10 min at RT,
Immunostaining was done according to the antibody manufacturer’s
protocol. DNA was counterstained with DAPI. Coverslips were mounted
using ProLong Diamond antifade mountant. Confocal images were taken
using a Nikon A1rs HD Confocal Microscope at x20 magnification. Identical
instruments and acquisition settings were used for each set of
experiments. Images were processed using Nikon Elements software.
Supplementary Table 4 lists all antibodies used for immunofluorescence.

Oil red staining

Cells were plated at 5000/cm? density on a six-well plate, and adipogenesis
was induced as described. Then cells were fixed for overnight at 4 °C in
PBS + 4% formaldehyde. This overnight fixing prevents dispersal of lipid
droplets during subsequent wash steps. Wells were then washed slowly
but thoroughly in distilled water, incubated with 60% isopropanol (in
water) for 2 min and then incubated with freshly prepared and filtered 60%
Oil Red solution (isopropanol stock solution diluted in water) for 15 min at
room temperature with slow rocking. Then wells were washed thoroughly
in distilled water to remove excess Oil Red. Finally, cells were treated with
hematoxylin solution to stain nuclei (as applicable). Microscopy images
were taken under a phase-contrast setting at X10-20 magpnification using
Zeiss Vert1A microscope equipped with Axiocam 305 color camera.
Zen3.1 software was used for image processing.

Triglyceride assay

Cells were plated at 5000/cm? density, and adipogenesis was induced as
described. Then cells were lysed using PBS + 1% triton X100. Triglyceride
concentration was determined using Thermo Scientific™ Triglycerides
Reagent according to the manufacturer’s protocol. A C2-C10 triglyceride
mix was used to generate the standard curve. Total protein concentration
was measured using Pierce 660 nm protein assay.
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ELISA

All ELISA were done according to the manufacturer’s protocol. Supple-
mentary Table 5 list all ELISA kits used in this study.

Cco-Ip

Cells were detached using accutase treatment and lysed using CST 1X
lysis buffer on ice. Samples were sonicated briefly on ice and
centrifuged at 12,000xg for 15 min at 4 °C, and the supernatants were
collected. Protein concentration was measured using Pierce 660 nm
protein assay. ~300 pg protein was used per IP experiment. Lysates
were pre-cleared at 4°C for 1h. with Pierce™ Protein A/G Magnetic
Beads and then incubated with primary antibodies according to the
manufacturer’s guideline at 4°C overnight with end-to-end rotation.
Pierce™ Protein A/G Magnetic Beads were applied at 30 pl/IP tube and
further incubated for 3h at 4°C. Beads were washed three times in
TBST + 0.1% TritonX100 supplemented with protease and phosphatase
inhibitors. Finally, proteins were eluated by adding 50 ul 1x Lameli
buffer and incubating beads at 95 °C for 10 min with intermittent mild
agitation. Elutions were run on 10% gel, and western blot was done as
described before. Supplementary Table 4 lists all antibodies used for
CO-IP.

Reporting summary

Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

DATA AVAILABILITY

Data files are available from the corresponding author on reasonable request.
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