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Diet-induced obesity promotes infection by impairment 
of the innate antimicrobial defense function of dermal 
adipocyte progenitors
Ling-juan Zhang1,2*, Christian F. Guerrero-Juarez3,4,5,6,7, Stella X. Chen2, Xiaowei Zhang1, 
Meimei Yin1, Fengwu Li2, Shuai Wu1, Joyce Chen2, Min Li8, Yingzi Liu6,7, Shang I. B. Jiang2, 
Tissa Hata2, Maksim V. Plikus3,4,5,7, Richard L. Gallo2*

Infections are a major complication of obesity, but the mechanisms responsible for impaired defense against microbes 
are not well understood. Here, we found that adipocyte progenitors were lost from the dermis during diet-induced 
obesity (DIO) in humans and mice. The loss of adipogenic fibroblasts from mice resulted in less antimicrobial peptide 
production and greatly increased susceptibility to Staphylococcus aureus infection. The decrease in adipocyte pro-
genitors in DIO mice was explained by expression of transforming growth factor– (TGF) by mature adipocytes that 
then inhibited adipocyte progenitors and the production of cathelicidin in vitro. Administration of a TGF receptor 
inhibitor or a peroxisome proliferator–activated receptor– agonist reversed this inhibition in both cultured adi-
pocyte progenitors and in mice and subsequently restored the capacity of obese mice to defend against S. aureus skin 
infection. Together, these results explain how obesity promotes dysfunction of the antimicrobial function of reactive 
dermal adipogenesis and identifies potential therapeutic targets to manage skin infection associated with obesity.

INTRODUCTION
The excessive expansion of white adipose tissue (WAT) that is asso-
ciated with obesity affects more than 20% of the global population 
(1–3) and promotes several human diseases (1, 4). It has been sug-
gested that obesity can promote cardiovascular disease, cancer, and 
delayed wound healing by driving systemic inflammation (1, 4–7). 
However, although these observations provide a rational explanation 
for disorders related to increased inflammation and obesity, it remains 
unclear why the incidence of infection, an adverse event typically 
associated with immunosuppression, is increased in the obese pop-
ulation. The increasing prevalence of systemic medical complications 
associated with obesity requires better understanding of the mech-
anisms by which the expansion of adipose tissue promotes disease.

A key mechanism to combat infection is by the production of anti-
microbial peptides and proteins (AMPs) (8, 9). These gene-encoded 
antibiotics are expressed by many organs and cell types in humans 
and in other animal models (8). AMPs are found in high concentrations 
within classical innate immune cells such as neutrophils and mast 
cells, as well as in epithelial cells such as keratinocytes and colonic 
epithelia (9, 10). Recently, the activation of dermal fibroblasts (dFBs) 
to differentiate into adipocytes was observed to be an important source 
of AMPs (11 12). Skin infection induces a subset of dFBs to differ-
entiate into adipocytes, thus expanding the local dermal WAT (dWAT). 

This event of reactive adipogenesis results in the transient produc-
tion of large amounts of AMPs and was found to be essential for 
optimal defense against deep skin infection by Staphylococcus aureus 
(11–13). Given its location as the deepest layer of skin, dWAT is the 
final defensive barrier to systemic spread of virulent pathogens.

In addition to defense against infection, dWAT also has several other 
important nonmetabolic functions (14–16). Changes in the dermal adi-
pocyte and adipocyte progenitor (AP) populations have been described 
during hair cycling (17, 18), wound repair (15, 19–21), skin fibrosis 
(22), and thermogenesis (23). A better understanding of how obesity 
alters dermal fat function could provide insight into the increased 
incidence of infection in the obese population and other obesity-related 
skin complications such as defective wound healing and hair loss.

The reported increase in dermal adipocytes associated with obesity 
appears to be counterproductive to the beneficial activity of dWAT 
in fighting infections. To address this apparent inconsistency, we 
sought to determine whether obesity has a negative effect on AMP 
production during the differentiation of fibroblast precursors into 
adipocytes, and whether this may explain decreased innate immune 
defense against infection that is seen in diet-induced obesity (DIO). 
Using several independent methods, including single-cell RNA se-
quencing (RNA-seq) (scRNA-seq) analyses and dual-color adipocyte 
lineage tracing, we sought to obtain in-depth knowledge of how DIO 
affects dermal adipogenesis. Furthermore, as DIO promotes expansion 
of mature adipocytes, a coculture system that combined mature 
adipocytes and APs was established to determine the underlying 
mechanisms by which DIO may inhibit the antimicrobial function 
of the dermal progenitors.

RESULTS
DIO increases susceptibility of the skin to S. aureus 
and inhibits reactive adipogenesis
To determine how DIO influences the capacity of dermal adipocytes 
to defend the skin against infection, we fed mice with high-fat diet 
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(HFD) or standard diet (SD) for 6 months and then challenged them 
with S. aureus by intradermal injection. After intradermal challenge 
with S. aureus, mice on HFD had significantly (P < 0.01) increased 
lesion size (Fig. 1, A and B) and significantly increased bacterial 
colony-forming units (CFUs) recovered from the site of infection 
(Fig. 1C and fig. S1A). A similar phenotype was observed in a separate 
study in which mice on HFD were paired with mice on a nutrient- and 
calorie-matched low-fat diet (LFD) as control (fig. S1, B and C). Flow 
cytometry analyses of cells isolated from the skin at the site of infec-
tion revealed that recruitment of CD11B+Ly6G+ neutrophils upon 
infection was not notably altered in HFD versus SD (Fig. 1D). How-
ever, analysis of platelet-derived growth factor receptor A–positive 
(PDGFRA+) dFBs after infection revealed that the activation of 
adipogenic dFBs identified as THY1+SCa1+ cells was prominently 
impaired in obese mice compared to lean controls (Fig. 1, E and F). 

In addition, other features of early adipogenesis including prolifera-
tion of preadipocytes (pADs) as shown by costaining for preadipocyte 
factor 1 (PREF1) and the proliferation marker 5-bromo-20-deoxyuridine 
(BrdU; fig. S1D), markers of early adipocyte differentiation phospho-
CCAAT enhancer binding protein beta (pC/EBP) and collagen 
type IV (COLIV) (Fig. 1G), expression of AMP cathelicidin (Camp) 
and expression of pAD marker genes (Pdgfra and Sca1) (Fig. 1, H and I, 
and fig. S1, E and F) were lower in the dWAT layer of obese mice. Skin 
from mice on HFD also showed increased expression of the profibrotic 
marker Spp1 after infection (Fig. 1I). Together, these results show that 
obesity in mice results in loss of the dermal pool of pADs and inhibited 
capacity to initiate reactive adipogenesis and express cathelicidin AMP.

scRNA-seq reveals defective activation of dFBs in obese mice
To further define how obesity alters the dermal immune response, 

we performed 3′-end scRNA-seq on cells 
isolated from whole dorsal skin of SD 
and HFD mice challenged with S. aureus 
skin infection (Fig. 2A) (24). In line with 
our fluorescence-activated cell sorting 
(FACS) results, scRNA-seq analyses 
(Fig. 2B and fig. S2A) demonstrated 
that the recruitment of Ptprc/Cd45+ 
Cd11b+S100a8+neutrophils after S. aureus 
infection was not impaired in HFD skin, 
whereas Pdgfra+ dFB clusters were greatly 
depleted in HFD mouse skin compared 
to SD mouse skin after infection (Fig. 2B).

We next identified 10 subclusters 
within the Pdgfra+;Dcn+ dFB population 
based on marker gene expression (Fig. 2, 
C and D). The top eight major subclusters 
constituted 97% of all dFB cells and 
were defined as reticular/pAD (RET/pAD) 
dFBs (C1, ~38%, Col1a1+;Cd36+;Icam1+; 
Cebpb+;Pparg+), RET interstitial (RI) 
adipogenesis-regulatory (AREG) cells–I 
(C2, ~16%, F3+;GPX3+) (25), dermal 
sheath (C3, ~12%, Tagln+;Mest+), dermal 
papillae (C4, ~10%, Corin+;Prdm1+;Bmp4+; 
Lef1+), RI-AREG-II (C5, ~9%, F3+; 
Clec11a+;Gpx3+) (25), RI progenitors 
(C6, ~5%, Wnt2+;Anxa3+;Dpp4+) (26), 
and papillary (PAP) dFB (C7 and C8, 
~4%). In samples from SD mice, three 
RI clusters (C2, C5, and C6) became de-
pleted after infection, whereas the RET/
pAD C1 cluster was slightly enriched 
compared to mock control (Fig. 2, E and F). 
In contrast, almost all dFB clusters (fig. 
S2B), including the RET/pAD cluster 
(Fig. 2F), were depleted in HFD skin after 
S. aureus infection.

S. aureus infection induced the ex-
pression of a panel of proadipogenic 
genes, including AMP Camp, pAD mark-
ers Pdgfra and Thy1, adipocyte markers 
Mest and Plin2, and innate immune 
receptor Il1r1 in the C1 RET/pAD dFB 

Fig. 1. Dermal reactive adipogenesis upon S. aureus infection is lost in DIO mice. (A and B) SD or HFD mice were 
infected intradermally for 3 days with S. aureus (SA), and infected skin was collected for lesion size measurement 
(n = 10 per group). (C) Measurement of bacterial CFU from the infected edge area of the skin from SD or HFD mice 
(n = 10 per group). (D) FACS plots for neutrophils (gated as viable Ly6GhiCD11Bhi cells) in the skin of uninfected or 
S. aureus–infected mice fed with SD or HFD (representative of n = 3 per group). (E) FACS plots for Thy1 and Sca1 ex-
pression on CD31−CD45−PDGFRA+ dFBs (representative of n = 3 per group). (F) Quantification of the percentage of 
THY1hiSca1hi cells in PDGFRA+ dFBs (n = 3 per group). (G and H) Skin sections of S. aureus–infected SD or HFD skin 
were stained with pC/EBP (red) and COLIV (green) to measure adipocyte differentiation (G), or CAMP [red in (H)] as 
indicated. Nuclei were stained by 4′,6-diamidino-2-phenylindole (DAPI; blue). Scale bars, 100 m. (I) qRT-PCR analysis 
of Camp and Spp1 mRNA expression in control (Ctrl) or S. aureus–infected SD or HFD skin (ratio to Tbp) (n = 3 to 5 per 
group). Scale bars, 100 m (G and H). All error bars indicate mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and 
****P < 0.0001 (one-way ANOVA).
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Fig. 2. scRNA-seq analysis reveals defective activation of dFB in S. aureus–infected skin in DIO mice. (A) Schematic of scRNA-seq experiment. Single cells were isolated from 
dorsal skin of SD or HFD mice challenged with or without S. aureus (SA) skin infection. Isolation, processing, and capture of single cells by droplet-based device, 3′-end scRNA-seq, 
and downstream cc. QC, quality control. (B) Assembly of multiple distinct datasets (SD, S. aureus–infected; HFD, mock-infected; HFD, S. aureus–infected) into a reference 
dataset (SD, mock-infected) visualized with uniform manifold approximation and projection (UMAP) showing changes in fibroblast/fibroblast-like and immune cell composition in 
DIO mice challenged with S. aureus infection. Putative cell community identity is defined on the bottom. Neutrophil cluster is shown in yellow and highlighted by a red circle; 
dFB clusters are shown in blue and highlighted in blue circle. (C) Subclustering of Pdgfra+/Dcn+ dFBs and fibroblast-like cells. Ten putative cell clusters were identified, and each 
cluster is coded with a distinct color. Putative cell cluster identity was defined by bona fide biomarker expression. Agglomerative clustering demonstrates hierarchical relationships 
between Pdgfra+/Dcn+ fibroblast and fibroblast-like cells. (D) Heatmap showing enriched genes for each subcluster of Pdgfra+/Dcn+ fibroblasts and fibroblast-like cells. (E) An-
chored Pdgfra+/Dcn+ fibroblasts and fibroblast-like cells split by condition and visualized in UMAP space. SD, mock-infected (n = ~890 viable cells); SD, S. aureus–infected 
(n = ~741 viable cells); HFD, mock-infected (n = ~448 viable cells); and HFD, S. aureus–infected (n = ~119 viable cells) cell clusters are color coded. Broken circles demarcate changes 
in Pdgfra+/Dcn+ cells across conditions. (F) Proportion of C1 RET/pAD, normalized to library size after quality control, across conditions. (G) Heatmap showing expression of 
selected markers in C1 RET/pAD fibroblasts per condition. (H) Subclustering of RET/pAD fibroblasts. Six putative cell clusters were identified and color coded. Putative cell 
cluster identity was defined. Agglomerative clustering demonstrates hierarchical relationships between RET/pAD fibroblast subtypes. (I) Heatmap showing expression of 
enriched gene markers in sC1~sC6 FIB subtypes from the RET/pAD fibroblasts under SD-SA condition. SD, standard diet; HFD, high-fat diet; M, mock; FIB, fibroblasts; RET, 
reticular; pAD, preadipocyte; RI, reticular interstitial; AREG, adipogenesis-regulatory cells; DS, dermal sheath; DP, dermal papillae; RI-P, RI progenitor; PAP, papillary.
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subcluster in SD mice but not in HFD mice (Fig. 2G). Instead, HFD 
RET/pAD dFBs gained higher expression of profibrotic genes includ-
ing Tgfb1, Mmp3, Mmp13, and Spp1 (Fig. 2G) after infection. To 
further characterize Camp-producing RET/pAD cells, the C1 RET/
pAD subcluster was reclustered into six additional subclusters (sC1 
to sC6) (Fig. 2H). Camp expression was detected only in subcluster 
sC4 (Fig. 2I), which was characterized by an adipogenic gene signature 
(fig. S2, C to E) and was enriched with other genes associated with 
reactive adipogenesis and innate immune function such as Pdgfra, 
Thy1, Cd24a, Cebpa, Il1r1, Mest, Plin2, Dgat1/2, Il1r1, Cxcl1, and 
Cxcl2 (Fig. 2I). These results support the conclusion that HFD results 
in a loss of the subpopulation of dFB that have the capacity to be-
come mature adipocytes and express AMP upon S. aureus challenge.

Lineage tracing of dermal adipocytes during HFD feeding
We next sought to characterize how HFD alters the adipogenic 
function of dFBs. Histologic assessment of the back skin of mice fed 
with HFD for 6 months showed thinning of the dermis, expansion 
of dermal adipocytes, and loss of dermal cells compared to back 
skin of SD control mice (Fig. 3, A and B, and fig. S3, A and B), suggest-
ing that HFD promotes hyperplastic growth of adipocytes from dFBs 
followed by hypertrophic expansion of these adipocytes. To charac-
terize this further, we crossed adipocyte-specific, tamoxifen (TAM)–
inducible Adiponectin-Cre estrogen receptor driver (Adipoq-CreER) 
mice with a dual-fluorescent reporter mouse (mTmG). Upon TAM 
induction, existing adipocytes become labeled with green fluorescence 
(membrane-targeted green fluorescent protein, mG), whereas new 
adipocytes formed after TAM withdrawal become red fluorescent 
[membrane-targeted Tomato (mT)] (Fig. 3C). This permitted us to 
distinguish between adipocyte hyperplasia and hypertrophy. When 
existing adipocytes were pulse labeled with TAM during the first week 
of HFD, >95% of adipocytes at 6 months of HFD were new (red; 
Fig. 3D). In contrast, only a small portion (<20%) of dWAT adipo-
cytes were new at 6 months of HFD when TAM was given at 2 months 
of HFD, and almost all adipocytes were green when TAM was given 
after 4 months of HFD. These results indicate that HFD triggers an 
initial hyperplastic growth of adipocytes from their dermal progen-
itors, which may lead to depletion of dermal AD progenitor pool. 
However, after 2 to 4 months of HFD, adipocyte hypertrophy accounts 
for the majority of the expansion seen in dWAT, leading to domi-
nation of mature adipocytes in the dermis.

Mature adipocytes lose their antimicrobial potential
We next evaluated how adipocytes change their capacity to express 
AMPs during their maturation in vitro. Primary mouse AP cells 
(purified on the basis of Sca1+ from neonatal mouse dFBs) were 
cultured from subconfluent (s.c.; day −3) to postconfluent (p.c.; day 0) 
conditions and then differentiated into early (days 2 to 5) and fully 
mature adipocytes (days 6 to 12) as seen by the appearance of large 
intracellular lipid droplets (Fig. 3E). The s.c. cells exhibited a spin-
dle cell morphology and expressed high amounts of Acta2, Ctgf, 
and Inhba (Fig. 3, E and F). The expression of these profibrotic genes 
was down-regulated when cells became p.c. (designated as day 0). 
p.c. cells exhibited some typical pAD characteristics, including the 
presence of small lipid droplets, rounded cell morphology, and 
elevated expression of Dcn, Cebpb, Mest, Tlr2, and Col4a1 compared 
to s.c. cells (Fig. 3, E and F). Upon initiation of adipocyte differenti-
ation by the addition of dexamethasone, 3-isobutyl-1-methylxanthine 
(IBMX), indomethacin, and insulin, the expression of Col1a1 and 

Dcn decreased and the expression of Sca1, Tlr2, Il1r1, and Cd24a 
transiently increased during the first-day postdifferentiation. This 
was then followed by induction of early adipocyte genes including 
Camp and Mest until day 3 (Fig. 3F). The expression of antimicrobial 
gene Camp decreased with the later increase in mature adipocyte 
markers, including Adipoq, Fabp4, and Leptin (Fig. 3F). In line with 
this transcriptional response, cathelicidin protein (CAMP) was 
secreted in the early phase of differentiation, whereas later, more 
mature adipocytes lost cathelicidin expression and secreted more 
fatty acid binding protein 4 (FABP4), an adipokine produced by ma-
ture adipocytes (Fig. 3G). Antimicrobial function correlated with 
cathelicidin expression as culture supernatant from early adipocytes 
inhibited the growth of S. aureus, whereas supernatant from mature 
adipocytes did not (Fig. 3, H and I). These data demonstrate that 
innate antimicrobial defense is optimal in early adipocytes but as 
adipocytes further mature, they then undergo a loss of this host de-
fense function. These in vitro observations were consistent with the 
loss of antimicrobial defense function observed in obese mice whose 
dermis is dominated by mature adipocytes at the expense of pADs.

Mature adipocytes inhibit the adipogenic  
potential of dFBs
To determine whether the accumulation of mature adipocytes 
might also feedback to inhibit the capacity of the pAD pool of dFBs 
to acquire antimicrobial function, we tested the effect of mature 
adipocytes on the function of the immature dFB/AP cells (Fig. 4A). 
Three days of coculture of dFB/AP cells with mature adipocytes led 
dFB/AP cells to develop a notable spindle cell morphology charac-
terized by cell stratification (Fig. 4B, left panel). Furthermore, dFB/
AP cells exposed to mature adipocytes lost their adipogenic poten-
tial (Fig. 4B, right two panels), production of cathelicidin (Fig. 4C), 
and capacity to inhibit the growth of S. aureus (Fig. 4D and fig. S4A). 
These observations suggest that signaling from mature adipocytes 
to dFBs inhibits the capacity of adipocyte precursors to produce 
antimicrobial activity.

To understand the mechanism of this inhibition, we performed 
reactome pathway analysis of the transcriptomes of dFB/AP cocul-
tured with mature adipocytes, which revealed several pathways that 
were influenced by exposure to the soluble products of mature adi-
pocytes (Fig. 4, E and F). Four of the top five up-regulated pathways 
were related to transforming growth factor– (TGF): smooth 
muscle contraction, signaling by TGF, extracellular matrix organi-
zation, and elastic fiber formation. In contrast, the top pathways 
down-regulated in dFB/AP by mature adipocytes were those associ-
ated with early adipocyte development such as lipid biosynthesis 
[sterol regulatory element binding protein (SREBP) and cholesterol 
pathways] and innate immune responses (interferon and cytokine 
signaling). Because these features were similar to the response of 
dFB/AP when treated with TGF2 (fig. S4B) (11) or the s.c. day-3 
fibrotic dFB (as shown in Fig. 3, E and F), we next compared the 
transcriptomes of these dFB/AP cells cultured under the three condi-
tions. Venn diagram analyses revealed similarities between the re-
sponses of dFBs to mature adipocytes and TGF2 (Fig. 4, G and H). 
Specific transcripts induced such as Acta2, Ctgf, and Itga5 were down-
stream of TGF/profibrotic pathways, whereas down-regulated tran-
scripts were associated with adipogenesis and innate immunity, for 
example, Sca1, Dcn, Camp, and Tlr2 (Fig. 4, I and J, and fig. S4C). 
Together, these results suggested that TGF could drive the loss of 
adipogenic and antimicrobial activity associated with obesity.
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Mature adipocytes inhibit innate immune function of dFBs 
through the TGF-TGFBR-SMAD2/3 pathway
To further investigate the role of TGF in the inhibition of the innate 
immune defense function of adipogenesis, we measured the produc-
tion of TGF1 and TGF2 during adipocyte maturation. Mature 
adipocytes secreted significantly (P < 0.01) more of these cytokines 
than immature pAD (Fig. 5A). We also observed that when dFBs 
were exposed to the products of mature adipocytes, there was rapid 

nuclear translocation of SMAD2/3 and accumulation of phospho-
SMAD2/3 (pSMAD2/3) in the nucleus of the immature dFBs (Fig. 5B). 
These findings were consistent with activation of the TGF receptor 
(TGFBR). To confirm whether TGF released from mature adipo-
cytes was indeed responsible for this effect, dFB was pretreated with 
a TGFBR inhibitor (SB431542) before coculture with mature adipo-
cytes. Inhibition of TGFBR effectively blocked the capacity of mature 
adipocytes to promote a fibrotic morphology in dFBs and partially 
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Fig. 3. Hypertrophic expansion 
of adipocytes promotes loss of 
their antimicrobial potential. 
(A and B) Representative images 
for hematoxylin and eosin (A) or 
perilipin staining [green; (B)] of 
skin sections from mice at SD or 
HFD (n = 3 to 6 per group). Blue 
bracket indicates the dermis, and 
red bracket indicates the dermal 
fat layer. Scale bars, 100 m. (C) Ex-
perimental scheme for analysis 
of adipocyte hyperplasia or hy-
pertrophy during HFD feeding 
using the Adipoq-CreER;mTmG 
dual-fluorescence mouse model. 
(D) Representative images (n = 3 
per group) of skin sections from 
Adipoq-CreER;mTmG mice at 6 months 
after HFD feeding after adipocytes 
were pulse labeled by TAM for 
1 week at indicated time during 
HFD feeding. Scale bars, 100 m. 
(E) Magnetic cell sorter–purified 
Sca1+ primary neonatal dermal 
FB culture subjected to adipocyte 
differentiation. Phase contrast 
images showing cell morphology 
changes and lipid droplet forma-
tion through the differentiation 
time course. s.c., subconfluent; 
p.c., postconfluent. (F) qRT-PCR 
analyses showing the mRNA ex-
pression kinetics of listed fibrosis 
markers (Acta2, Ctgf, and Inhba), 
extracellular matrix (Col1a1 and 
Dcn), innate immune receptors 
(Tlr2 and IL1r1), pAD (Sca1 and 
CD24a), and AD (Cebpb, Pparg1, 
Pparg2, Camp, Mest, Col4a1, Adipoq, 
Fabp4, and Leptin) as indicated. 
n = 3 per group. (G to I) Conditioned 
medium collected from undiffer-
entiated pAD or differentiating 
adipocytes at indicated days (d) 
were subjected to Western blotting 
for CAMP and FABP4 antibodies 
(G), and an in vitro antimicrobial 
assay against S. aureus (H). (I) Quan-
tification of bacterial CFU shown in 
(H) (n = 3 per group). All error bars 
indicate mean ± SEM. ****P < 0.0001 
(one-way ANOVA).
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restored the adipogenic potential of these cells when exposed to dif-
ferentiation conditions in the presence of mature adipocytes (Fig. 5C). 
Inhibition of TGFBR also restored expression of genes associated 
with reactive adipogenesis (Sca1 and Camp) and blocked induction 
of profibrotic genes (Ctgf and Acta2) (Fig. 5D). The TGFBR inhibitor 

also blocked the elevated protein expres-
sion of the profibrotic marker smooth 
muscle actin (SMA) on PDGFRA+ dFBs 
that was promoted by mature adipocytes 
as shown by FACS analysis of SMA 
expression on gated PDGFRA+ dFBs 
(Fig. 5, E and F, and fig. S5A).

In vivo, serum concentrations of 
TGF2, but not TGF1, were signifi-
cantly (P < 0.01) elevated in obese mice 
compared to lean mice (Fig. 5G and fig. 
S5B). TGF2 protein was also detectable 
in perilipin+ dermal mature adipocytes 
in dWAT of obese mice (Fig. 5H) and 
Tgfb2 mRNA expression was significantly 
(P < 0.01) elevated in the skin or epi
dydimal WAT (EWAT) from obese HFD 
mice compared to lean SD controls (fig. 
S5C). Cultured primary fibroblasts iso-
lated from the skin dermis or EWAT 
tissue of mice fed SD and HFD were 
gated by PDGFRA+ and showed differ-
ential expression of SMA and Sca1. HFD 
promoted an increase in SMAhiSca1lo 
cells and a decrease in the proadipogenic 
SMAloSca1hi cells both in the dermis and 
EWAT (Fig. 5, I and J). These SMAhiSca1lo 
cells were profibrotic and had higher 
Acta2 expression but low Pref1 expres-
sion (fig. S5D), low adipogenic potential 
(fig. S5E), and expressed low amounts 
of Camp and Adipoq during differentia-
tion (Fig. 5K). These findings of a pro
adipogenic to profibrotic shift in the 
dFB populations after HFD were con-
sistent with the shift promoted by TGF 
during skin aging (11).

Rosiglitazone or inhibition of TGF 
signaling increases resistance 
of mice to S. aureus infection
Our observations suggested that mature 
adipocytes inhibit the antimicrobial func-
tion of dermal adipogenesis by produc-
ing TGF. To test this hypothesis, we 
used two independent methods to inter-
fere or override TGF signaling in obese 
mice. The peroxisome proliferator–
activated receptor– (PPAR) agonist 
rosiglitazone was of interest as TGF 
suppresses the expression of PPAR, a 
key transcription factor driving adipo-
genesis, and TGF-mediated suppres-
sion of PPAR in fibroblasts has been 

linked with skin and lung fibrosis (27, 28). In addition, the PPAR 
agonist has been shown to attenuate TGF-mediated fibrogenesis in 
lung fibroblasts (28). Here, we found that rosiglitazone pretreatment 
protected dFBs from TGF2-mediated suppression of adipogenic 
function in vitro (Fig. 6A and fig. S6A). Rosiglitazone also restored 
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the adipogenic potential of cells exposed to TGF2 as seen by in-
creased capacity to secrete FABP4 (fig. S6B) and express Pparg2, 
Adipoq, Camp, and Fabp4 (Fig. 6B and fig. S6C). Furthermore, com-
bined rosiglitazone and TGFBR inhibitor SB431542 restored the 
adipogenic function of aged dFB (Fig. 6C), inhibited the expression 
of profibrotic genes (Fig. 6D), and induced proadipogenic genes 
(Fig. 6E). The combination of rosiglitazone and SB431542 worked 
the best to reverse the negative effects of coculture with mature 
adipocytes by decreasing expression of genes associated with fibrosis 
(Acta2 and Col1a1) while increasing genes associated with adipo-
genesis (Pparg2, Adipoq, and Camp) (Fig. 6, F and G, and fig. S6D). 
In vivo, administration of rosiglitazone and the TGFBR inhibitor 
also improved resistance to S. aureus infection in HFD obese mice, 
and the effect of both treatments combined was comparable to the 
improvement seen after treatment with either alone (Fig. 6H). 
Infected HFD mice treated with rosiglitazone and TGFBR inhibitor 
also had improved dermal reactive adipogenesis, including activa-

tion of C/EBP and increased cathelicidin AMP production in the 
dermal fat layer (Fig. 6, I and J).

To further test whether TGF drives the loss of host dermal 
defense against infection in obesity, we deleted expression of the 
TGFBR in dFBs. To achieve targeted deletion of Tgfbr2 specifically 
in Pdgfra+ dFBs, Tgfbr2flox/flox mice were bred with Pdgfra-Cre mice 
(Fig. 6K). As we have described in a previous study (11), no homo-
zygous Tgfbr2flox/flox;Pdgfra-Cre offspring were generated despite 
extensive breeding, and thus, experiments were conducted only with 
heterozygous Tgfbr2 deletion mice (Tgfbr2flox/+;Pdgfra-Cre, Tgfbr2Pd−/+) 
offspring and wild-type (WT) littermates (Tgfbr2flox/flox). Tgfbr2Pd−/+ 
and WT littermates were fed with HFD for 6 months and then sub-
jected to S. aureus intradermal infection. Heterozygous deletion of 
Tgfbr2 in dFBs significantly (P < 0.05) increased the resistance of 
HFD mice compared to WT controls (Fig. 6L). The increased resistance 
to S. aureus in Tgfbr2Pd−/+ mice was not caused by an increased ability 
of blood neutrophils to kill S. aureus (Fig. 6M). These observations 
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confirm the likely critical role of TGF signaling in suppressing innate 
antimicrobial defense against S. aureus infection seen in obese mice.

Human skin from obese subjects also shows a loss 
of antimicrobial pADs
To determine whether observations in mice are also relevant to humans, 
we evaluated changes in adiposity and fibrotic features in the dermis 
of human skin samples collected from lean and obese Caucasian donors. 
Lipid (Bodipy) staining showed that whereas Bodipy+ adipocytes were 
only detected in the lower dermis from lean subjects, Bodipy+ cells were 
abundant through the upper dermis of the obese skin (Fig. 7A). Similar 
observations were also found in skin dermis collected from obese Asian 
skin donors (fig. S7A). Perilipin confirmed that adipocytes were present 

in the dermis of obese subjects (fig. S7B). Quantitative reverse transcrip-
tion polymerase chain reaction (qRT-PCR) analyses found that expres-
sion of CAMP and pAD marker PREF1 was significantly (P < 0.01) 
down-regulated in obese skin dermis compared to lean controls, whereas 
expression of TGFB2 as well as profibrotic genes including SPP1, FN1, 
COL3A1, COL1A1, and TIMP1 was elevated in obese dermis compared 
to lean controls (Fig. 7, B to E, and fig. S7, C to F). Together, these 
results in humans compare closely to our observations in obese mice.

DISCUSSION
The recent observation that dermal adipogenesis is an important 
source of antimicrobial defense against infection (11, 12) appeared 
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Fig. 6. Rosiglitazone protects dFBs from TGF 
and increases resistance of mice to SA infection. 
(A and B) Primary neonatal dFBs were pretreated 
with or without rosiglitazone (ROSI; 20 M), 
followed by treatment with or without TGF2 
(0.1 ng/ml) and then subjected to adipocyte 
differentiation. (A) Representative phase-contrast 
images showing adipocyte formation (n = 3 per 
group). (B) qRT-PCR analyses of Pparg2, Camp, 
Adipoq, and Fabp4 as indicated (n = 3 per group). 
(C and D) Primary neonatal dFBs were treated 
with ROSI with or without SB431542 (SB; TGFBR 
inhibitor) and then subjected to adipocyte differ-
entiation conditions. (C) Representative phase 
contrast images showing adipocyte formation 
(n = 3 per group). (D and E) Heatmap showing 
relative mRNA expression (quantified by qRT-PCR) 
of selected fibrotic genes in undifferentiated cells 
and selected adipocyte genes in day 1 differenti-
ated cells. (F and G) Neonatal dFB cocultured 
with AD with or without SB or ROSI as indicated. 
(F) Representative phase images showing adipo-
cyte formation (n = 3 per group). (G) qRT-PCR 
analyses of selected fibrotic genes or adipocyte 
genes (n = 3 per group). (H to J) SD or HFD mice 
were treated with SB or ROSI then infected intra-
dermally with S. aureus. (H) Measurement of 
bacterial CFU from the infection edge area of the 
skin (n = 5 to 6 per group). (I and J) Skin sections 
were stained with pC/EBP (red) and COLIV 
(green) as shown in (I) or CAMP (red) and COLIV 
(green) as shown in (J). Nuclei were stained by 
DAPI (blue). Scale bars (A, C, F, I, and J), 100 m. 
(K) Conditional heterozygous Tgfbr2 deletion in 
Pdgfra+ fibroblasts, Tgfbr2flox/+;Pdgfra-cre = Tgfbr2Pd−/+, 
was achieved through the breeding of Tgfbr2flox/flox 
mice with Pdgfra-cre mice. (L to M) WT (Tgfbr2flox/flox) 
or Tgfbr2Pd−/+ mice were infected intradermally 
with S. aureus. (L) Effect of heterozygous deletion 
of Tgfbr2 in Pdgfra+ dFBs on resistance of obese 
HFD mice to S. aureus intradermal infection as 
shown by measurement of bacterial CFU count 
in infected skin sites (n = 5 to 8 per group). (M) 
S. aureus killing activity of whole mouse blood 
(n = 5 per group). All error bars indicate mean ± SEM. 
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 
(one-way ANOVA).
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in conflict with many observations that obese individuals have an 
increased risk for bacterial skin infections (29–32). Here, we found 
that obesity impaired dWAT innate immune functions by at least 
three mechanisms. First, HFD feeding triggered hyperplastic growth 
of adipocytes from dermal progenitors, leading to depletion of dermal 
APs and accumulation of mature adipocytes. Second, mature adipo-
cytes lost the capacity to produce AMP. Third, mature adipocytes 
also indirectly suppressed the adipogenic and antimicrobial potential 
of their progenitors by secreting TGF. Therefore, we have uncovered 
a pathological feature of obesity. This observation may also provide 
a critical link to explain associations between obesity and other systemic 
immune dysfunctions associated with AMP dysregulation (33–37).

Adipose tissue expansion results from an increase in adipocyte 
size (hypertrophy) or through differentiation of APs into mature, 
lipid-laden adipocytes, a process known as adipogenesis (hyperplasia) 

(1, 2). We have shown that dermal fat expansion triggered by S. aureus 
infection involves both hyperplastic and hypertrophic modes (12) 
and termed this S. aureus–triggered adipocyte expansion as dermal 
reactive adipogenesis (13). During this event in immune defense, 
PDGFRA+THY1+ APs proliferate locally and differentiate into new 
lipid-laden adipocytes that produce the AMP cathelicidin, confer-
ring innate antimicrobial protection against bacteria (11, 12). It was 
not previously clear why excessive gain of fat during obesity would 
enable increased infection.

Adipose tissue expands by hypertrophy with or without hyper-
plasia in a depot-specific manner during HFD feeding of mice. It 
has been shown that DIO promotes the expansion of subcutaneous 
WAT primarily via hypertrophic growth of adipocytes, whereas it 
induces a transient proliferation of adipocyte precursors followed 
by adipocyte hypertrophy in perigonadal visceral WAT (2, 3). How-
ever, how dermal fat expands during DIO has not been elucidated. 
Here, using Adipoq-CreER lineage-tracing mice, we show that dermal 
fat expansion in response to HFD resulted from hyperplasia of adipo-
cytes from dermal adipogenic fibroblasts. This was then followed by 
hypertrophic growth of mature adipocytes during the chronic phase 
of DIO. The adipogenic potential of dermal fat relies on the existence of 
a large pool of adipogenic progenitors residing in the RET layer of 
the dermis (38). These fibroblasts normally respond to S. aureus 
infection by locally differentiating into adipocytes and produc-
ing AMPs (11, 12). Our data now show that the dermal AP pool 
is depleted by DIO, leading to loss of defense protection from 
these APs.

To study the influence of adipocyte hypertrophy on antimicrobial 
function, we established an in vitro primary culture system in which 
Sca1+ dermal APs were sequentially differentiated into pADs, early 
adipocytes, and then mature adipocytes. We found that upon com-
mitment of APs to pADs and during early stages of adipocyte differ-
entiation, pADs down-regulated the expression of genes associated 
with fibrosis but transiently up-regulated innate immune receptors 
including Tlr2 and Il1r as well as the AMP Camp. These differentiating 
early adipocytes are an effective mechanism for immune defense 
as the conditioned medium from these early adipocytes potently 
inhibited the growth of S. aureus. However, fully mature adipocytes 
lost this ability to limit bacterial growth. Therefore, pADs or early 
adipocytes are active in innate immune defense, but DIO leads to 
accumulation of mature adipocytes that do not fight against bac-
terial infection.

Activation of the TGF signaling pathway results in the loss of 
adipogenic precursors. TGF plays an important role in regulating 
many aspects of cellular processes such as proliferation, extracellular 
matrix production, and differentiation in adipose tissue (11, 26, 39, 40). 
Here, using a coculture model, we found that mature adipocytes not 
only lost the ability to suppress bacterial growth but also acted in a 
feedback loop to suppress the adipogenic and antimicrobial potential 
of their progenitors. The factors responsible for this negative feed-
back were TGF1 and TGF2. In vivo, obese mice showed increased 
serum concentrations of TGF2, but not TGF1. This observation 
suggests that adipocytes may be the major cellular source of TGF2, 
whereas TGF1 is also produced by immune cells such as regulatory 
T cells (41) and macrophages (42). A recent study has identified 
TGF2 as an exercise-induced adipokine that regulates metabolism 
and attenuates adipose tissue inflammation in HFD-fed mice (39). 
In the current study, we found that TGF2 treatment or adipocyte 
coculture not only suppressed the adipogenic potential of dFBs but 
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also led to innate immune suppression characterized by decreased 
expression of Tlr2, Il1r1, and inflammatory cytokines/chemokines. 
TGF2-mediated immunosuppression may help to attenuate obesity-
associated adipose tissue inflammation but is detrimental to the 
production of AMPs during reactive adipogenesis, which is neces-
sary for optimal resistance to bacterial infection.

We showed the ability of rosiglitazone and a TGFBR inhibitor to 
restore normal antimicrobial functions in obese mice. However, 
multiple cell types participate in antimicrobial defense, and innate 
AMPs are secreted by other cells in the skin, such as keratinocytes, 
neutrophils, and mast cells (8, 9). Furthermore, other host defense 
processes including the action of reactive oxygen species, complement 
binding, and phagocytosis are essential for antimicrobial function. 
A limitation of our study is that only a mouse DIO model was 
used, and further studies are required to determine whether a simi-
lar defective reactive adipogenesis is present in humans and ge-
netic models of obesity such as the db/db and ob/ob mice. Another 
limitation of this study is that observations of improved antimicro-
bial function in obese mice may also be due to influence on other 
cells, either directly by rosiglitazone or the TGFBR inhibitor or 
indirectly by effects on adipogenesis that enhance cell-mediated 
immune defense. The expression of cathelicidin has potent in-
direct activity on cell recruitment, cytokine release, and angiogenesis 
(33, 43, 44). Thus, although reactive adipogenesis and the production 
of AMPs by the differentiating pADs are important elements in host 
defense against S. aureus, it is likely that the direct antimicrobial 
function observed in vitro is not the only mechanism that explains 
the in vivo response.

Adipose tissue fibrosis is considered as a hallmark of adipose 
malfunction that is linked to insulin resistance (1, 45–47). Adipose 
fibrosis occurs when PDGFRA+ APs become activated and shift from 
adipogenesis to extracellular matrix–synthesizing profibrotic cells. 
However, how adipocyte hypertrophy triggers a shift in progenitor 
cell plasticity remains unclear. Here, we have shown that mature 
adipocytes secreted TGF ligands that promote a shift of dFBs 
from proadipogenic to profibrogenic. In DIO mice, dFBs failed 
to initiate a reactive adipogenesis program but, in turn, exhibited 
a profibrotic expression profile upon S. aureus skin infection. 
Whereas DIO promoted a notable profibrotic phenotype in mouse 
dermal fat upon infection, obesity-triggered dermal fibrosis was ap-
parent in human skin even in the absence of infection. In human skin, 
increased dermal adiposity was associated with an increase in TGF2 
expression and a shift from adipogenesis to fibrosis characterized 
by a decrease in AMP gene expression and a gain of dermal fibrosis 
shown by thickened skin dermis and increased profibrotic gene 
expression.

Collectively, our data reveal how DIO impairs innate immune 
antimicrobial function and highlights a central role of TGF as an 
immunosuppressive adipokine. Our observations that infection by 
S. aureus in mice can be treated by inhibiting TGF or activating 
PPAR may suggest a therapeutic approach to assist in resisting 
infections in the obese population.

MATERIALS AND METHODS
Study design
The main objective of this study is to determine whether DIO im-
pairs the beneficial antimicrobial defense function of dermal fat 
against S. aureus and to determine the underlying mechanisms. A 

DIO mouse model (60% HFD) was used to induce obesity in mice, 
and mice fed with standard or LFD were used as control. Intradermal 
infection with S. aureus was used as infection model as described 
previously (11, 12). In vivo phenotypes were characterized by ana-
lyzing neutrophil recruitment and dermal reactive adipogenesis on 
skin from HFD or SD mice infected with S. aureus. scRNA-seq was 
used to determine how HFD influences the skin immune response 
against S. aureus at a single-cell level. To determine how DIO affects 
dermal adipogenesis, a dual-color adipocyte-specific lineage-tracing 
mouse (AdipoqERT2Cre;mTmG) was used to characterize hyper-
plastic and hypertrophic growth of dermal adipocytes during HFD 
feeding. In vitro adipocyte differentiation from primary dermal pADs 
was established to determine how adipocytes change their anti-
microbial function during maturation. In vitro coculture between 
mature adipocytes and undifferentiated pADs was used to determine 
whether the accumulation of mature adipocytes feedback to inhibit 
the adipogenic potential of pADs, and RNA-seq was performed to 
identify key upstream pathways driving the phenotype. TGF was 
identified as a key factor secreting by mature adipocytes to inhibit 
reactive adipogenesis. TGF is known to inhibit PPAR, a key tran-
scription factor for adipogenesis. Therefore, we used pharmacolog-
ical inhibitor of TGFBR inhibitor and PPAR agonist to determine 
whether the combination of these two treatments could restore re-
active adipogenesis in the in vitro coculture model or in the obese 
mice in the in vivo infection model. Last, human skin samples were 
collected from lean and obese subjects to validate our key observa-
tions from mice in human clinical samples. All mice were randomly 
assigned to treatment groups, and all experiments were conducted 
with at least three technical replicates per group.

Animals and animal care
All animal experiments were approved by the University of California, 
San Diego (UCSD) and the University of California, Irvine (UCI), 
Institutional Animal Care and Use Committee. C57BL/6 WT mice 
(Jackson Laboratory/JAX) were originally purchased from the Jackson 
laboratory and then bred and maintained in the animal facility at 
UCSD. C57BL/6 male mice were fed with 60% HFD (Research Diets 
Inc.) from 8 weeks of age for 6 months. In some studies, an LFD 
(LFD = 10% calories from fat; Research Diets Inc.) was used as 
nutrient- and calorie-matched control diet. Adipoq-CreER (JAX, 
025124) and mTmG (JAX, 007576) mice were originally purchased 
from the Jackson laboratory and then bred, maintained, and fed with 
60% HFD in the animal facility at the UCI. For all animal studies, 
animals were randomly selected without formal prerandomization, 
and quantitative measurements were done without the opportunity 
for introduction of bias.

Mouse model of S. aureus skin infection
Skin infection experiments were done as described (11, 12). S. aureus 
strain USA300/methicillin-resistant S. aureus was used for in vivo 
infection. In brief, the backs of sex- and age-matched adult WT 
were shaved, and hair was removed by chemical depilation (Nair). 
Mice were then injected intradermally with 100 l of a midlogarithmic 
growth phase of S. aureus (1 × 107 CFU of bacteria) in phosphate-
buffered saline (PBS). Mice were sacrificed after day 3, and skin 
biopsies covering the infection edge or center area were harvested 
as described previously (11). Skin biopsies were homogenized in 1 ml 
of TRIzol (for RNA) or PBS (for CFU counting) with 2-mm zirconia 
beads in a Mini-Beadbeater 16 (Biospect). To count CFUs, homogenized 
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skin samples were serially diluted, plated onto Tryptic Soy Agar, and 
enumerated after overnight culture to quantify the CFU per site of 
infection. For some experiments, the PPAR agonist rosiglitazone 
(10 mg/kg in PBS) or vehicle control was administered by daily 
intraperitoneal injection from 1 day before infection to day 2 of infec-
tion, and administration of TGFBR inhibitor SB431542 (0.125 mg 
in 100 l of 2% dimethyl sulfoxide + 30% polyethylene glycol 
300 + PBS) or vehicle control was performed through intradermal 
injection within the infection site at 24 and 48 hours after infection. 
Skin biopsies were collected at day 3 after infection for RNA extraction 
or CFU counting as described above. For BrdU experiments, mice 
were injected intraperitoneally with BrdU (50 mg/g) 4 hours before 
being sacrificed for skin section collection.

Human skin sample collection
Fresh adult human (Caucasian) full-thickness skin biopsies, from 
the back of lean [body mass index (BMI) <23] and obese (BMI >29) 
male donors between 50 and 65 years of age, were collected by the 
UCSD dermatology clinics. Fresh adult human (Chinese) full-thickness 
skin biopsies were collected by the Hospital for Skin Disease, Institute 
of Dermatology, Chinese Academy of Medical Science and Peking 
Union Medical College. All sample acquisitions were approved and 
regulated by the UCSD Institutional Review Board (reference number 
140144) or by the Institute of Dermatology, Chinese Academy of 
Medical Science Medical Ethics Committee (reference number 
2012003). Informed consent was obtained from all subjects before 
skin biopsies. All human biopsies were taken from the back skin, 
where it is relatively protected from sun exposure compared to other 
regions such as face and neck of the body. Upon collection, these 
samples were directly fixed with paraformaldehyde and then either 
paraffin embedded or optimum cutting temperature embedded for 
histological or immunofluorescent analyses.

Statistical analysis
Experiments were repeated at least three times with similar results 
and were statistically analyzed by GraphPad Prism 8 software. For 
experiments with two groups, statistical significance was determined 
using Student’s unpaired two-tailed t test. Normality was tested us-
ing the Shapiro-Wilk test, and for datasets that were not normally 
distributed, nonparametric tests were used to determine statistical 
significance. For experiments with more than two groups, one-way 
analysis of variance (ANOVA) multiple comparison test was per-
formed as indicated in the legend. A P value of <0.05 was consid-
ered statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001, 
and ****P < 0.0001).

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/13/577/eabb5280/DC1
Fig. S1. Dermal reactive adipogenesis response upon S. aureus infection is lost in DIO.
Fig. S2. Identification of cell communities and cell cycle metrics on skin cells.
Fig. S3. DIO promotes expansion of dermal fat, thinning of skin dermis, and depletion of 
dermal cells.
Fig. S4. Adipocytes inhibit the adipogenic function of dFBs.
Fig. S5. Adipocytes inhibit the adipogenic function of dFBs through the TGF-TGFBR-SMAD2/3 
pathway.
Fig. S6. Rosiglitazone protects dFBs from TGF in vitro.
Fig. S7. Obesity promotes dermal adiposity.
Table S1. Primers used for RT-qPCR of mouse genes.
Table S2. Primers used for RT-qPCR of human genes.
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