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Introduction

Scleroderma is a group of skin-fibrosing diseases that includes sys-
temic sclerosis, which is characterized by skin and internal organ
fibrosis, and localized scleroderma, which affects mainly the skin
(1, 2). Scleroderma skin fibrosis is associated with high morbidity.
It can be painful, lead to severe joint contractures and loss of hand
function, and, in children, cause asymmetric limb or facial growth
(1, 2). Wound healing is also compromised (1). There are no effec-
tive treatments for skin fibrosis, underscoring the need to better
understand the biologic processes involved.

One of the features of scleroderma skin fibrosis is the loss of
hypodermal adipose tissue, more recently termed “dermal white
adipose tissue” (DWAT) (3), which we will use herein. Fleischmajer
and colleagues performed excisional biopsies down to the muscle
layer and documented DWAT loss and replacement with fibrotic
tissue in scleroderma patients (4). DWAT loss is also observed in
murine scleroderma models (5-10), which more readily allow eval-
uation of all skin layers upon sacrifice. DWAT loss involves loss of
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Scleroderma is a group of skin-fibrosing diseases for which there are no effective treatments. A feature of the skin fibrosis
typical of scleroderma is atrophy of the dermal white adipose tissue (DWAT). Adipose tissue contains adipose-derived
mesenchymal stromal cells (ADSCs) that have regenerative and reparative functions; however, whether DWAT atrophy

in fibrosis is accompanied by ADSC loss is poorly understood, as are the mechanisms that might maintain ADSC survival
in fibrotic skin. Here, we have shown that DWAT ADSC numbers were reduced, likely because of cell death, in 2 murine
models of scleroderma skin fibrosis. The remaining ADSCs showed a partial dependence on dendritic cells (DCs) for survival.
Lymphotoxin p (LTB) expression in DCs maintained ADSC survival in fibrotic skin by activating an LT receptor/p, integrin
(LTBR/P, integrin) pathway on ADSCs. Stimulation of LTBR augmented the engraftment of therapeutically injected ADSCs,
which was associated with reductions in skin fibrosis and improved skin function. These findings provide insight into the
effects of skin fibrosis on DWAT ADSCs, identify a DC-ADSC survival axis in fibrotic skin, and suggest an approach for
improving mesenchymal stromal cell therapy in scleroderma and other diseases.

adipocytes, and this at least in part reflects a direct contribution of
adipocytes to fibrosis, as recent studies have shown that adipocytes
can transdifferentiate into myofibroblasts in vitro and in vivo in
skin fibrosis (6, 11). In addition to adipocytes, adipose tissue is also
composed of a stromal-vascular fraction, and whether elements of
this fraction are also lost with DWAT atrophy is not known.

Adipose-derived mesenchymal stromal cells (ADSCs) are one
element of the stromal-vascular fraction. ADSCs have regenera-
tive potential, likely giving rise to committed precursors that renew
and expand adipose tissue, and are also capable of differentiating
into other mesenchymal lineages (12-14). They are also reparative
and exhibit antiinflammatory and angiogenic properties (15), and
in skin, they may contribute to initial stages of wound healing (16).
Whether ADSC numbers are reduced with DWAT atrophy in skin
fibrosis is not understood, but loss of these regenerative and repar-
ative cells would point to ADSC replenishment as a potential ther-
apeutic goal. At the same time, there is a need to understand the
mechanisms that maintain endogenous ADSC survival in fibrotic
skin, as this could help in developing ADSC treatment strategies.

In this study, we show that ADSC numbers are reduced in skin
fibrosis, likely due to cell death, and delineate a mechanism that reg-
ulates the survival of the remaining ADSCs in fibrotic skin. Dendritic
cells (DCs) are potent antigen-presenting cells that are best known
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Figure 1. Characterization of DWAT ADSCs. (A) Representative H&E stain of normal skin. Dashed line indicates the division between the epidermal/
dermal and DWAT fractions. n = at least 3 mice. (B and C) Skin was left unfractionated or separated into epidermal/dermal and DWAT fractions and pre-
pared for flow cytometric analysis. n = 5-7 mice per condition over 3 to 4 experiments. (B) Gating of epidermal and mesenchymal cell populations. (C) Cell
numbers of each population in indicated fraction. Numbers are reported per 8-mm punch. (D) Adipocyte differentiation of isolated EpCAM-PDPN- cells,
inguinal fat pad ADSCs, or isolated DWAT ADSCs. Left: Representative Oil Red O-stained (ORO-stained) culture. Arrowheads point to undifferentiated
cells. Right: Adipogenic efficiency. (E) Osteogenic differentiation of inguinal fat pad ADSCs or isolated DWAT ADSCs. Left: Representative Alizarin Red-
stained culture. Right: Osteogenic efficiency. (F) Chondrogenic differentiation of inguinal fat pad ADSCs or isolated DWAT ADSCs. Left: Representative
chondro-nodule in Alcian blue-stained culture. Right: Chondrogenic efficiency. (D-F) Symbols represent independent experiments. n = 3-5. Scale bars: 50
pum. *P < 0.05, **P < 0.01, ***P < 0.001 using 2-tailed unpaired Student’s t test. Error bars depict the SEM.

for their role in adaptive immunity (17), but we have recently shown  row-derived mesenchymal stromal cells (18, 20, 21), and to Thyl,
that DCs also maintain survival of lymph node fibroblastic reticular ~ which is expressed by ADSCs and mesenchymal stromal cells (15).
cellsin inflamed lymph nodes (18). We show here that many skin DCs ~ We identified 3 major populations in unfractionated skin: EpCAM?*
localize to the DWAT, where they maintain ADSC survival in fibrotic ~ cells, EpCAM PDPN- cells, and EpCAM PDPN*Thy1" cells (popu-
skin via lymphotoxin  (LTpB) and stimulation of an LTp receptor/p,  lations 1, 2, and 3, respectively, in Figure 1B). Upon separation of
integrin (LTBR/p, integrin) pathway in ADSCs. We further show that  skin layers into epidermal/dermal and DWAT fractions, EpCAM*
stimulation of LTBR improves engraftment of injected ADSCs, which  cells, as expected, were exclusively in the epidermal/dermal frac-
is associated with DWAT reconstitution and reduction in dermal  tion; EpCAM PDPN" cells were enriched in the epidermal/dermal
fibrosis. These data provide insight into the effects of skin fibrosison  fraction, and EpCAM PDPN*Thy1"* cells were found mainly in the
DWAT ADSCs, identify a new DC-ADSC axis that maintains ADSC ~ DWAT (Figure 1, B and C). CD34, Scal, and p, integrin (also called
survival in fibrotic skin, and suggest a strategy to improve existing =~ CD29) are expressed by fat pad and skin cells that can become

ADSC and other mesenchymal stromal cell therapies. adipocytes (22), and DWAT EpCAM PDPN*Thy1" cells expressed
these markers at levels similar to those of fat pad EpCAM PD-
Results PN*Thyl* cells (Supplemental Figure 1A; supplemental materi-

DWAT ADSC numbers are reduced upon fibrosis induction. We used ~ al available online with this article; doi:10.1172/JCI85740DS1).
flow cytometry combined with manual separation of the epider-  Functionally, DWAT EpCAM PDPN*Thyl* cells differentiated into
mal and dermal layers from the DWAT of the back skin (Figure 1A) ~ adipocytes, osteoblasts, and chondrocytes with an efficiency sim-
to identify and characterize ADSCs. In unfractionated skin, we ilar to that of well-studied inguinal fat pad ADSCs (Figure 1, D-F,
examined CD31°CD45™ nonendothelial, nonhematopoietic cells  and Supplemental Figure 1B) (13, 14). In contrast, EpCAM PDPN-
using antibodies to EpCAM to identify presumed epidermal cells  cells were largely CD34Scal™ (Supplemental Figure 1A) and did
(19), to podoplanin (PDPN), which is expressed by DC-regulated ~ not show adipocyte differentiation potential (Figure 1D). Togeth-
lymph node reticular cells, adipocyte progenitors, and bone mar-  er, our results indicated that DWAT EpCAM PDPN*Thyl* cells
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Figure 2. DWAT ADSC numbers are reduced upon fibrosis induction. Mice were injected with PBS or BLM s.c. in back skin over 20 to 28 days unless other-
wise indicated. n = 4-8 mice over 2 to 4 experiments. (A) Representative H&E stain. (B) Dermal and DWAT thicknesses. (C) Collagen content expressed as
micrograms collagen per millimeter of tissue section length. (D) Relative Tgfb7 mRNA. (E-H) ADSCs were assessed by flow cytometry. (E) ADSC numbers
per 8-mm punch. (F) Percentage of ADSCs that are TUNEL*. (G) Percentage of ADSCs that are Ki67*. (H) PDPN geometric mean fluorescence intensity (MFI)
on ADSCs normalized to PBS group. Scale bars: 100 um. *P < 0.05, **P < 0.01, ***P < 0.001 using 2-tailed unpaired Student’s t test. Error bars depict the

SD in E-G and the SEM in the other graphs.

represented ADSCs while EpCAM PDPN" cells were composed of
non-ADSC mesenchymal cells such as fibroblasts.

We examined ADSC numbers over time in the widely used
bleomycin-induced (BLM-induced) skin fibrosis model. This
model is thought to be driven by BLM-induced oxidative stress
(23), and has a gene expression profile that is consistent with 1
of the 3 major gene expression profiles of systemic and localized
scleroderma patients as described by Whitfield and colleagues
(24). Histologically, the skin is characterized by increased dermal
thickness and DWAT atrophy at BLM injection sites in back skin
after 3 weeks (Figure 2, A and B) (5, 23). There is also increased
collagen deposition and Tgfbl mRNA (Figure 2, C and D) (5, 23).
We found that ADSC numbers declined gradually starting at day 7
(Figure 2E), correlating with the start of DWAT loss (Supplemen-
tal Figure 1C). As adipocytes differentiate into myofibroblasts
during fibrosis (6, 11), we asked whether ADSC loss might reflect
differentiation into myofibroblasts and assessed myofibroblast
numbers. Myofibroblasts are identified by their expression of
a-smooth muscle actin (SMA) and express Scal at intermediate
levels in BLM-induced lung fibrosis (25). SMA* cells in homeo-
static skin include arteriolar smooth muscle cells and those of
the arrector pili muscles, and SMA* cells in control skin were
Scal (Supplemental Figure 1D). Upon BLM treatment, SMA*™
Scal™d presumed myofibroblasts were detected as early as day 3,
and the majority of these cells were PDPN- (Supplemental Figure
1, D and E). However, the increase in presumed myofibroblast
numbers was about 30-fold less than the loss of ADSCs (compare
Supplemental Figure 1E with Figure 2E), suggesting that while
ADSCs could have contributed to myofibroblast accumulation,
the majority of ADSC loss was not accounted for by this process.
EpCAM* and EpCAM PDPN- numbers were unchanged at 21
days (Supplemental Figure 1F), further suggesting that ADSCs
did not differentiate in great numbers into additional popula-

tions. Instead, the reduction in ADSC numbers correlated with
their increased TUNEL staining starting at day 7 and maintained
through day 28, suggesting decreased survival (Figure 2, E and
F). Together, these data showed that there was a large reduction
in ADSC numbers with fibrosis induction and suggested that this
was primarily due to disrupted survival.

Fibrosis induction was also associated with a change in the
state of ADSCs. ADSC proliferation assessed by Ki67 was tran-
siently increased at days 7 and 14 (Figure 2G), potentially reflect-
ing an injury response and an attempt to compensate for ADSC
loss. Additionally, PDPN levels on the remaining ADSCs were
increased upon BLM treatment (Figure 2H). PDPN upregulation
is found at sites of inflammation associated with fibrosis (26), and
in lymph nodes, PDPN upregulation on reticular cells is associat-
ed with DC dependence for survival (18). Taken together, these
results show that ADSCs were fewer in fibrotic skin, likely because
of disrupted survival, and those remaining were in a different,
potentially DC-dependent, state.

DCs are localized to the DWAT in homeostatic and fibrotic skin.
Murine dermal DCs have been identified and characterized main-
ly in ear skin, which has no DWAT (17, 27), so we asked whether
DCs could also be identified in the DWAT. We used the gating
strategy of Tamoutounour and colleagues (27), which identifies
CD11b" and CD11b* DC populations as well as monocytes (P1), 2
populations of monocyte-derived DCs (P2 and P3), and MHCII"
and MHCII* macrophages (P4 and P5, respectively). For clar-
ity, we refer to the gated CD11b and CD11b* DC populations as
“DCs,” regardless of origin, and the P2 and P3 populations as “P2
monocyte-derived DCs” and “P3 monocyte-derived DCs.” We
identified each of these populations in back skin (Supplemen-
tal Figure 2A), and sought to confirm our DC gating. ZBTB46 is
a transcription factor that, among mature hematopoietic cells, is
specific for nonplasmacytoid DCs (28, 29) that, at homeostasis,
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develop from common DC progenitors in an FLT3 ligand-depen-
dent manner and, during inflammation, may also develop from
monocytes (28, 29). We confirmed the identity of the CD11b- and
CD11b* DCs by their GFP expression in Zbtb46°/°I* reporter mice
(hereafter referred to as zDCC™/CF* mice) (28), noting that other
populations delineated by Tamoutounour and colleagues, includ-
ing the P2 monocyte-derived DCs and P3 monocyte-derived DCs,
did not express ZBTB46 (Supplemental Figure 2, A and B). The
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identities of CD11b- and CD11b* DCs were further confirmed by
their dependence on FLT3 ligand (17) (Supplemental Figure 2C).
We fractionated the skin, finding that this procedure resulted in
some DC loss, as the DC numbers from epidermal/dermal and
DWAT fractions combined were less than the total in unfraction-
ated skin (Figure 3A). Although this loss made it difficult to eval-
uate absolute numbers, we could observe that CD11b- DCs were
found equally in both the epidermal/dermal and DWAT fractions,
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Figure 4. DCs maintain ADSC survival and skin function in BLM-induced fibrosis. (A-D) WT—WT chimeras (WT) or zDC®™*—WT chimeras (zDC°™/*)
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chimera treated with PBS s.c. for 35 days. Scale bars: 100 um. (D) Dermal and DWAT thicknesses. (E-G) zDC°™/* chimeras were treated with BLM over 22
days, with PBS or DT for the final 2 days before analysis. (E) DC numbers per punch. (F) ADSC numbers. Left: absolute numbers per punch; right: normal-
ized. (G) TUNEL* ADSCs. Left: percentage of ADSCs that are TUNEL; right: normalized. (A-G) n = 6-8 chimeras per condition over 3-6 experiments. (H)
zDC"™™/* chimeras were treated as in A-D. Relative mRNA expression of indicated genes using NanoString or, for Adipog, quantitative PCR for first 2 BLM
samples. Each column represents 1 mouse; n = 4-5 per condition over 3 experiments. Statistical significance of differences between the PBS s.c. and the
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tative wounds. Scale bars: 1 mm. (J) Percentage open at day 14 relative to wound size at day 0. *P < 0.05, **P < 0.01, ***P < 0.001 using 2-tailed unpaired
Student’s t test. Error bars depict the SEM.

while CD11b* DCs were primarily in the DWAT, where they were
enriched relative to the CD11b™ DC population (Figure 3A).

We confirmed our flow cytometric findings on tissue sections
using zDCCFY/CF? reporter mice. Because ZBTB46 is also expressed by
endothelial cells, we reconstituted lethally irradiated WT hosts with
bone marrow from zDCCF/S** mice to generate zDCC™/S**-WT chi-
meras with GFP* DCs and WT endothelial cells (28). DCs in tissue
sections of the zDC®™/C"*WT chimeras were more numerous and

at higher density in the DWAT than dermis (Figure 3, B and C). Our
results together showed that, at homeostasis in back skin, DCs were
located in both the dermis and DWAT and the majority of DWAT
DCs were CD11b".

We next characterized DCs during fibrosis induction. Upon
BLM treatment, cells gated as CD11b- and CD11b* DCs expressed
GFP in zDCC/S? mice and remained the only populations to do so
(Supplemental Figure 3A), consistent with our findings in homeo-
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static skin. CD11b™ DC numbers were reduced by 49% from day
7 after BLM initiation onward, while CD11b* DC numbers were
affected more dramatically and immediately, with a 69% reduction
by day 1 (Figure 3D). DC numbers were not increased in draining
lymph nodes (Supplemental Figure 3B), and the remaining CD11b*
DCs had increased TUNEL (Supplemental Figure 3C), indicating
that DC loss was due to cell death rather than to migration from the
skin to draining lymph nodes. We further observed a reduction in
FIt3 ligand mRNA and protein in fibrotic skin (Supplemental Fig-
ure 3, D and E), suggesting the possibility that loss or dysfunction
of FLT3 ligand-expressing cells may have contributed to sustained
DCloss. Together, our results suggest that many of the DCs die by 1
day of BLM treatment, likely reflecting direct effects of BLM.

We also enumerated the other mononuclear phagocyte pop-
ulations upon BLM treatment. Monocytes and P2 monocyte-
derived DCs showed an early and transient increase that is consis-
tent with the findings of others in the BLM model (5, 30), while the
combined populations of P3 monocyte-derived DCs and MHCII"
and MHCII* macrophages (P3-5) were not increased (Supple-
mental Figure 3F). Our results together show that DCs are rapidly
reduced in the skin upon BLM administration, but that this does
not represent a generalized loss of hematopoietic cells, as other
mononuclear phagocytes are transiently increased or unchanged.

We asked whether DCs in fibrotic skin remained in the atro-
phied DWAT. DC loss was greater in the DWAT than in the dermis
in BLM-treated zDCC*/¢** >WT chimeras (compare Figure 3, C
and F), but DCs were still present in the DWAT (Figure 3, E and F).
We also examined human scleroderma skin, initially staining for
CD11c" cells. However, CD11c levels are 10 times lower on murine
DWAT DCs than on epidermal/dermal DCs (data not shown),
and we had difficulty detecting CD11c in human DWAT (data not
shown). We thus stained for CD1c, a marker of human CD11b* DCs
(17,31), and assessed DC density. Note that absolute numbers were
not assessed because the incomplete DWAT obtained with stan-
dard full-thickness punch biopsies precluded this analysis. CD1c*
cells were at higher density in the DWAT than in the dermis (Fig-
ure 3, G and H). Localization of DCs in the DWAT of murine and
human fibrotic skin supported the idea that DCs could potentially
regulate ADSCs in fibrosis.

DCs maintain ADSC survival in BLM-induced fibrosis. We asked
whether DCs could regulate the survival of the ADSCs that remained
in fibrotic skin. We reconstituted lethally irradiated WT hosts with
bone marrow from mice transgenic for Zbtb46-driven diphtheria
toxin receptor (zDCP™*) (29). The resulting zDCP™*—WT chi-
meras allowed for radiosensitive ZBTB46" cell depletion upon
diphtheria toxin (DT) injection. As ZBTB46 was specifically
expressed by DCs and not by other mononuclear phagocyte pop-
ulations in skin (Supplemental Figure 2B and Supplemental Figure
3A), DT injection would specifically deplete DCs in these chime-
ras. WT—WT chimeras served as controls. The chimeras received
BLM for 35 days, with PBS or DT in the final 14 days (Supplemental
Figure 4A). DC depletion led to a 36% decrease in ADSC numbers
(Figure 4, A and B) and a further loss of remaining DWAT (Figure 4,
C and D). ADSC loss was specific; EpCAM* or EpCAM PDPN- cell
numbers remained unchanged (Supplemental Figure 4, B and C).
DC depletion for 2 days also reduced ADSC numbers (Figure 4, E
and F), with remaining ADSCs having increased TUNEL (Figure
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4G). ADSC proliferation, adipocyte numbers, and SMA*Scal* myo-
fibroblast numbers were unchanged (Supplemental Figure 4, D-F).
These results suggested that DCs contributed to the maintenance of
ADSC survival in fibrotic skin.

DC depletion had no impact on circulating monocytes, skin
plasmacytoid DCs, or skin monocytes (Supplemental Figure 4,
G-I). However, P2 monocyte-derived DCs and the composite P3-5
population were reduced by about 50% (Supplemental Figure 4, ]
and K), raising the possibility that DCs maintain ADSCs indirectly
by maintaining these other mononuclear phagocyte populations.

Subcutaneous injection of BLM can have systemic effects (23),
and DC depletion also led to a trend toward decreasing ADSC
numbers and subcutaneous inguinal fat pad mass (Supplemental
Figure 4, L and M). DC-depleted chimeras also had lower body
weight (Supplemental Figure 4N), potentially reflecting systemic
loss of fat mass. Thus, DCs may also maintain ADSCs in subcuta-
neous depots in BLM-treated mice.

We assessed whether DC depletion in fibrotic skin over 14
days altered additional facets of skin fibrosis. BLM-induced fibro-
sis was associated with altered expression of select fibrosis- and
adipose-associated transcripts (5, 24, 32-41) (Figure 4H), and DC
depletion exacerbated some changes while reversing others and
also inducing new changes (Figure 4H). Notably, DC depletion
worsened some profibrotic gene changes, such as the upregula-
tion of the TGF-B-regulated profibrotic cytokine connective tissue
growth factor (Ctgf) (24, 33) and the downregulation of Sfip2, an
inhibitor of profibrotic Wnt signaling (8, 40) (Figure 4H). However,
DC depletion also reversed the upregulation of WispI, a profibrotic
Whnt target gene (42), and upregulated Mmpl3, whichisincreased in
pathologic fibrosis but plays a protective role (43) (Figure 4H). Con-
sistent with the further loss of DWAT, DC depletion downregulated
the adipocyte lipid droplet-associated protein perilipin (44) (Figure
4H). Thus, DC depletion did not uniformly worsen gene expression
associated with BLM-induced fibrosis, but the changes suggested
an altered skin state, perhaps reflecting further overall skin injury.
Consistent with this idea, skin collagen content was unchanged
upon DC depletion (Supplemental Figure 40), but wound closure,
anindicator of skin state and function that is reduced by BLM treat-
ment (Supplemental Figure 4, P and Q), was further reduced by DC
depletion (Supplemental Figure 4R and Figure 4, I and J). Together,
these results suggested that DCs were important for maintaining
ADSC survival and skin function in fibrosis.

DC-derived LTS maintains ADSC survival in BLM-induced
fibrosis. We next asked how DCs maintained ADSC survival in
fibrosis. We recently demonstrated that lymph node reticular cell
survival in inflamed lymph nodes is mediated by lymphotoxin
receptor (LTBR), a member of the TNF receptor superfamily (18).
LTPR ligands are membrane-bound LTa,p, and LIGHT (45), and
DC-derived LTa,f, has a dominant effect on reticular cell surviv-
al (18). Surface LTa,p, is sensitive to collagenase digestion (data
not shown), so we stained for intracellular LTB and detected it in
CD11b* DCs but not in CD11b- DCs from BLM-treated skin (Figure
5A). Greater expression of LT by skin CD11b* DCs than by CD11b"
DCs was consistent with mRNA expression patterns reported for
lymphoid tissue DCs (Immunological Genome Project, www.
immgen.org) (46). These results raised the possibility that DCs,
most likely CD11b* DCs, could mediate ADSC survival via LTp.
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(WT) or zDC®™/*/Ltb-—WT mixed chimeras (Ltb™/~) were injected with BLM over 21 to 22 days, with PBS or DT for the final 1-2 days before skin analysis.
(B) DC numbers enumerated by bone marrow donor genotype. Numbers are reported per 8-mm punch. n = 7 chimeras over 5 experiments. (€) ADSC num-

bers. Left: absolute numbers per punch; right: normalized to PBS groups. n = 8-9 chimeras per condition over 7 experiments. (D) Percentage of ADSCs that
are TUNEL"*. n = 5 chimeras per condition over 5 experiments. (E and F) zDC®™/* chimeras were treated with BLM over 22 days, with PBS or DT for the final
2 days, and with 20 pg anti-LTBR or isotype control 6 hours before the first dose of PBS or DT. n = 4 chimeras per condition over 4 experiments. PBS and DT
experiments were performed separately using different batches of chimeras. (E) ADSC numbers. Left: absolute numbers per punch; right: normalized. (F)
Percentage of ADSCs that are TUNEL". (G and H) CD31-CD45-PDPN*DAPI- cell counts from murine ADSC cultures that were serum-starved and treated with

the indicated cells and reagents. (G) Effect on ADSC survival of DCs without or with LTBR-Ig for 48 hours. (H) Effect on ADSC survival of isotype control

or agonist anti-LTPR for 48 hours. (I) CD31-CD45-PDPN*DAPI- cell counts from human primary ADSC cultures that were serum-starved and treated with
isotype control or agonist anti-LTBR for 48 hours. (G-1) Each symbol represents 1 of 3 to 5 experiments with 1to 3 replicate wells per experiment. *P < 0.05,
**P < 0.01, ***P < 0.001 using 2-tailed unpaired Student’s t test. Error bars depict the SEM.

We investigated the importance of DC-derived LTa,p, by gen-
erating mixed chimeras in which lethally irradiated WT recipients
received 50% zDCP™* and 50% Ltb”- Ragl”~ bone marrow (“Ltb7
mixed chimeras”) or, for controls, 50% zDCP™/* and 50% WT (i.e.,
LTB-sufficient) bone marrow (“WT mixed chimeras”). These chi-
meras were treated with BLM, and then with control PBS or with
DT. Depletion of the DTR* DCs left DCs that were LTf-deficient in
the Ltb”~ mixed chimeras and DCs that were LTB-sufficient in the
WT mixed chimeras (Supplemental Figure 5A and Figure 5B). This
induced DC-specific LTB deficiency resulted in a 41% decrease

in ADSCs (Figure 5C), while remaining ADSCs had increased
TUNEL (Figure 5D). These results suggested that DCs maintained
ADSC survival in fibrotic skin via LTa,3,.

Unlike in the 100% zDCP™/* chimeras (Supplemental Figure
4, ] and K), DC depletion in the mixed chimeras did not lead to
a secondary loss of P2 or P3-5 populations (Supplemental Figure
5B). This suggested that DC maintenance of ADSC survival was
not mediated via P2 or P3-5 mononuclear phagocytes.

We asked whether LTBR stimulation was sufficient to prevent
DC depletion-induced ADSC loss. We repeated our DC depletion
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Figure 6. LTBR signaling maintains ADSCs in the systemic sclerosis-GVHD model of skin fibrosis. Congenic (control) or B10.D2 (GVHD) splenocytes were
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studies in BLM-treated 100% zDCP™* chimeras as in Figure 4,
E-G, this time administering isotype control or agonist anti-LTR
antibody (47) before the first PBS or DT injection. The anti-LTBR
was sufficient to upregulate ICAM-1 (Supplemental Figure 5C),
known to be downstream of LTfR signaling (45). Anti-LTfR treat-
ment prevented DC depletion-induced ADSC loss and TUNEL
increase (Figure 5, E and F) without affecting ADSC proliferation
(Supplemental Figure 5D), suggesting that LTBR agonism was suf-
ficient to maintain ADSC survival in the setting of DC depletion.

LTPR agonism did not rescue P2 or P3-5 cell numbers (Supple-
mental Figure 5E), further supporting the idea that these popula-
tions were not necessary for DC-mediated maintenance of ADSC
survival in fibrotic skin. LTPR agonism also did not affect ADSC
numbers when DCs were not depleted (Figure 5E). These results
further supported the idea that DC-derived LTBR signals main-
tained ADSC survival in fibrotic skin and that this DC-mediated
survival mechanism was not mediated by other mononuclear
phagocyte populations.

To determine whether DCs or their signals maintained ADSC
survival directly, we performed coculture experiments with pri-
mary ADSCs and DCs. We used ADSCs from inguinal fat pad as
they were numerous, resembled DWAT ADSCs phenotypically
and functionally (Figure 1, D-F, and Supplemental Figure 1, A and
B), and had also shown dependence on DCs (Supplemental Figure
4L). We sorted CD11b* DCs, which expressed LT (Figure 5A),
frominguinal fat pad and DWAT together as tissue sources to maxi-
mize our yield. Addition of DCs to serum-starved ADSCs increased
ADSC survival, and this was inhibited with LTBR-Ig, which seques-
ters LTPR ligands (48) (Figure 5G). Furthermore, mimicking the
provision of DC-derived LTa,B, with agonist anti-LTPR at a dose
that upregulated ICAM-1 (Supplemental Figure 5F) was sufficient
to increase survival of ADSCs in starvation medium (Figure 5H).
Similarly, agonist anti-human LTfR (49) increased the survival of
serum-starved human ADSCs (Figure 5I). Together these results
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suggested that DCs directly maintained ADSC survival via stimu-
lation of LTBR on ADSCs.

DCs are not necessary for ADSC maintenance in homeostatic
skin, and DC loss does not contribute to ADSC loss during fibrosis
induction. Our results showing that DCs maintain ADSC survival
in fibrotic skin led us to examine whether DCs or LTPBR signaling
regulated ADSC survival at homeostasis, and whether the BLM-
induced loss of 69% of CD11b* DCs by day 1 contributed to the
subsequent reduction in ADSC numbers during fibrosis induction.
At homeostasis, ADSC numbers were unchanged by DC depletion
(Supplemental Figure 6, A and B), FLT3 ligand deficiency, or LT
deficiency (Supplemental Figure 6C), indicating that DCs do not
regulate ADSC survival in the steady state. With fibrosis induc-
tion, anti-LTPR treatment starting from the initiation of BLM was
sufficient to upregulate ICAM-1 but could not prevent ADSC loss
at day 7 (Supplemental Figure 6, D-F). These data suggested that
ADSC survival at homeostasis was dependent on factors other
than DCs and their LTBR signals, and that ADSC loss upon fibro-
sis induction was not attributable to the preceding loss of DCs.
Instead, the correlation between ADSC loss and DWAT atrophy
suggested that ADSC death was more likely due to loss of critical
homeostatic survival factors in the DWAT niche.

LTAR signals maintain ADSC numbers in the GHVD model
of scleroderma. To test the generality of our findings in the BLM
model, we examined the graft-versus-host disease (GVHD) mod-
el of systemic sclerosis, a commonly used model that involves the
transfer of allogenic T cells into BALB/c Rag2”" recipients, lead-
ing to diffuse fibrosis by 3 weeks (7, 50). This model is considered
to be more reflective of an adaptive immune process, with T cell
activation and development of scleroderma-associated autoanti-
bodies, and also shares gene expression patterns with scleroder-
ma patients (7, 23, 24, 50). Like BLM-treated mice, GVHD mice
had dermal thickening, reduced DWAT and ADSC numbers,
and elevated ADSC PDPN levels (Figure 6, A-D). We observed
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an accumulation of monocyte-derived cells (Supplemental Fig-
ure 7A) consistent with previous reports (7, 50). In contrast to the
BLM model, however, DC numbers were unchanged in GVHD
mice (Figure 6E), further supporting the idea that decreased
DC numbers in the BLM model did not contribute to ADSC loss
during fibrosis induction. The requirement for BALB/c and B10.
D2 genetic strains in the GVHD model precluded generation of
Ltb”7- mixed chimeras, so we injected LTBR-Ig (48). LTBR-Ig treat-
ment resulted in a 50% loss of ADSCs (Figure 6F) without affect-
ing EpCAM* or EpCAM PDPN- populations (Supplemental Figure
7B). These findings were consistent with the idea of a DC-ADSC
axis in multiple models of scleroderma skin fibrosis.

LT/R signaling maintains ADSC survival via , integrin activation.
We next asked how LTPR signaling mediated ADSC survival. B,
Integrin signaling through phosphorylation of focal adhesion kinase
(FAK) can promote cell survival (51), and DCs maintain phosphor-
ylated FAK (pFAK) in lymph node reticular cells (18). ADSCs in
BLM-treated skin were pFAK* (Figure 7A), and treatment with
neutralizing anti-B, integrin at a dose that mobilized neutrophils
from bone marrow (52) (Supplemental Figure 8, A and B) reduced
pFAK! ADSCs by 6 hours (Figure 7A). By 24 hours, there was a
35% decrease in ADSC numbers (Figure 7B), similar to the effect
of DC depletion or induced DC-specific LT deficiency (Figure 4F
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ADSC and Figure 5C). During serum starvation in vitro,
o . anti-B, integrin reduced the LTBR-driven survival
° of murine and human ADSCs (Figure 7, C and D),
and LTBR stimulation increased pFAK (Figure 7E).
These data suggested that LTBR stimulation main-

— tained ADSC survival via B, integrin activation.

LTPR stimulation increases engraftment and
therapeutic effect of injected ADSCs. Local injection
of ADSCs or bulk adipose stromal-vascular cells
that contain ADSCs has shown promising effects
in scleroderma anecdotally and in uncontrolled
clinical trials (53-55). Limited ADSC survival is
felt to be an obstacle to optimal mesenchymal
stromal cell therapies (15), and we found that the
procedure itself of ADSC isolation caused about
30% of ADSCs to die (data not shown). Thus
we asked whether engraftment and therapeutic
efficacy of injected ADSCs could be augment-
ed by addition of LTBR stimulation to improve
their survival. Control unfractionated skin cells
or purified DWAT ADSCs from mCherry report-
er mice were injected into fibrotic lesions of
BLM-treated mice that were then treated without
or with systemic agonist anti-LTPR in a regimen
that increased ADSC ICAM-1 (Figure 8A and
Supplemental Figure 9A). ADSC plus anti-LTBR
treatment increased engraftment of mCherry*
ADSCs at 2 weeks after cell injection (Figure 8B).
Host ADSCs showed a small increase in num-
bers and proliferation rate (Figure 8, C and D),
suggesting progression toward a healthier state.
DWAT thickness was doubled (Figure 8, E and
F), reaching about half of the thickness found in
homeostatic skin (compare Figure 8F with Figure
2B). More impressively, dermal thickness and collagen content
were reduced by an amount approaching the magnitude by which
they were increased with BLM treatment (compare Figure 8, F and
G, with Figure 2, B and C). Notably, whole skin plus anti-LTBR and
ADSC plus isotype conditions did not affect ADSCs, DWAT, or
dermal fibrosis (Figure 8, C-G), suggesting that LTPR stimulation
or ADSCs alone were not sufficient to induce skin improvement.
Remarkably, 4 of the 12 BLM-induced gene expression changes
were reversed with combined ADSC plus anti-LTfR treatment,
and Wnt-related genes also trended toward reversal (Figure 8H,
underlined genes, and Supplemental Table 1). Notably, genes
that were not affected by BLM treatment were also not altered by
combined ADSC plus anti-LTBR treatment (Figure 8H), suggest-
ing that ADSC plus anti-LTBR treatment had beneficial effects
by reversing aspects of the BLM-induced changes rather than by
superimposing additional changes. Despite partial DWAT recov-
ery, perilipin, which correlated well with DWAT loss with BLM and
then further with DC depletion (Figure 4, C and H), was not con-
sistently upregulated (Figure 8H), potentially reflecting the small
magnitude of DWAT change and the variability among the small
number of individual animals (Figure 8F). Although some mCher-
ry* cells could be identified that expressed leptin (Supplemen-
tal Figure 9B), suggesting differentiation into adipocytes, gene
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expression results suggested that combined ADSC plus anti-LTBR ~ ADSC plus anti-LTBR treatment (Supplemental Figure 9C and
treatment may have had beneficial effects at leastin partindepen-  Figure 8I). Together these results suggested that providing LTBR
dent of DWAT recovery. Consistent with the histologic and gene  stimulation to improve survival of injected ADSCs led to reduced
expression data, wound healing was improved with combined  dermal fibrosis and improved skin state and function.
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Discussion

Our results suggest a scenario whereby ADSC survival is differen-
tially regulated in fibrosis, and a DC-ADSC axis emerges in fibrot-
ic skin: At homeostasis, ADSCs depend on factors other than DCs.
During fibrosis induction, many ADSCs die, potentially because of
loss of homeostatic survival factors as their DWAT niche atrophies.
In established fibrosis, the remaining ADSCs have a partial depen-
dence on DCs for their survival. This scenario points to DC-mediated
ADSC survival as a stress survival mechanism. Consistent with the
idea that ADSCs are under stress in fibrosis, ADSCs showed chang-
es in state over the course of fibrosis development, with transient
upregulation of proliferation and upregulation of PDPN. This par-
allels findings in lymph node reticular cells, which rely on a DC-
LTPR-P, integrin axis for survival in inflamed but not homeostatic
nodes (18). Furthermore, dependence on B, integrins, which are
used by tumor cells for chemoresistance (50), further suggests that
ADSCs are in a stressed state in fibrotic skin. That LTBR stimula-
tion was not sufficient to prevent early ADSC death during fibrosis
induction suggests that this DC-dependent phenotype arises late in
fibrosis development. Additional attributes of this state, the exact
timing of the emergence of DC dependence, and the extrinsic mod-
ulators involved, whether lack of homeostatic survival factors, the
stiffening of the matrix, or others, will require further exploration.

We showed that DCs maintained ADSC survival via LT and
LTPR-mediated B, integrin activation in ADSCs, suggesting that in
fibrotic skin, LTPR on ADSCs maintains B, integrin activation and
consequent cell-matrix adhesion at levels needed for cell surviv-
al. The use of this pathway by both lymph node reticular cells and
ADSCs may in part reflect a shared lineage, as adipocyte progeni-
tors or adipose PDGFRpB* mesenchymal cells can differentiate into
lymph node reticular cells (20, 56). However, a dependence on
integrins when stressed by cytokines or chemotherapy occurs in
multiple cell types (51, 57), and many mesenchymal and epithelial
cells express LTBR (47), suggesting the possibility of more wide-
spread employment of the LTPR/p, integrin pathway, whether or
not DCs are the source of LTBR ligands.

In addition toloss of ADSCs, DC depletion over 14 days in fibrot-
ic skin led to further DWAT loss along with gene expression and
wound healing changes indicative of further skin injury. The loss
of ADSCs likely contributed to the further reduction in DWAT and
perilipin gene expression by eliminating adipocyte-forming cells.
Whether ADSC loss also contributed to changes in gene expression
and impaired wound healing is less clear. DC depletion-induced
ADSC loss preceded gene expression changes, as these changes
were not evident after 2 days of DC depletion and associated ADSC
loss (Chia and Lu, unpublished observations). Direct targeting of
ADSCs in the future will be needed to better understand the distinct
consequences of DC versus ADSC loss to the skin. Interestingly,
FLT3 ligand-dependent DCs have been implicated in resolution
of fibrosis in the reversible carbon tetrachloride-induced hepatic
fibrosis model (58), suggesting the possibility that DCs could play a
similar role in maintaining regenerative cells in other organs. Addi-
tionally, IRF4-dependent DCs were recently shown to maintain
normal permeability of collecting lymphatics in subcutaneous adi-
pose tissue (59). Collectively along with our studies of DCs in lymph
node reticular cell survival during ongoing immune responses (18),
these findings suggest that DCs are guardians of tissue function.
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Although the LT staining in DCs was modest, the mixed chi-
mera experiments established that LTB mediated the DC effect
on ADSC survival, as only ZBTB46* DCs and not other cell types
become LTB-deficient upon DT injection. DCs maintained the
survival of about 35%-40% of ADSCs in fibrotic skin, leaving
room for additional mechanisms of regulation. Although our
results indicated that other mononuclear phagocyte populations
did not mediate the DC effects on ADSC survival, they do not pre-
clude a role for these other populations in contributing to ADSC
survival independent of DCs.

Remarkably, although BLM-induced skin fibrosis is consid-
ered irreversible (23), fibrosis and other aspects of BLM-induced
injury were partially reversed by simply administering exogenous
ADSCs with a survival signal. Our results suggest that the loss of
DWAT ADSCs in fibrotic skin may contribute to the development
or maintenance of fibrosis, and that ADSC therapy may serve at
least in part to replenish the deficiency of reparative ADSCs in
fibrotic skin. It will be important to further understand the role of
ADSCs in fibrosis protection and examine whether ADSC replen-
ishment should be considered a distinct therapeutic goal, perhaps
in concert with other therapeutic approaches such as targeting of
profibrotic pathways (60, 61).

Our results suggest provision of LTBR stimulation as a strategy
to improve mesenchymal stromal cell therapy. This strategy in our
experiments had partial effects, and further investigations are need-
ed to understand the extent to which this strategy can be further
optimized. Clinically, a partial effect with one strategy may be suffi-
cient when combined with other therapeutic strategies. In addition
to treating skin fibrosis, LTBR stimulation could potentially be used
for other aspects of scleroderma. ADSCs and bone marrow mesen-
chymal stromal cells are being investigated for idiopathic pulmo-
nary fibrosis (ClinicalTrials.gov, NCT02135380, NCT01919827),
and have been proposed for scleroderma pulmonary fibrosis, a sig-
nificant cause of mortality in systemic sclerosis (62, 63). Additional-
ly, mesenchymal stromal cell therapy is being investigated for other
systemic diseases such as GVHD, rheumatoid arthritis, and lupus,
as well as conditions requiring local bone and muscle repair (15,
64). Thus, provision of LTBR stimulation could potentially be used
to improve therapeutic effectiveness of mesenchymal stromal cells
generally and in a wide range of diseases.

Methods

Supplemental Methods are available online with this article;
doi:10.1172/JC185740DS1.

Mice

Female mice 6-14 weeks old were used unless otherwise indicat-
ed. C57BL/6 mice were from The Jackson Laboratory (JAX), Taconic
Farms, the National Cancer Institute (NCI), or our own breeding colo-
ny. Congenic CD45.1* mice were from NCI or our own breeding colony.
zDCC™/SFP mice (28) were on a 1298 background, and 129S recipients
for zDCC™/CS*WT chimeras were all from JAX. zDCP™/*, zDCP™/*
CD45.1- CD45.2*, Ltb”~, and Ltb”~ Ragl”~ mice have been previous-
ly described (18, 29, 65). BALB/c and BALB/c Rag2”- mice were from
Taconic Farms. B10.D2-Hc!H2H2-T18°/nSn] (B10.D2) were from JAX,
and B6(Cg)-Tyr? Tg(UBC-mCherry)1Phbs/] (mCherry) mice were
from JAX and bred at our facility.
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Mouse treatments

BLM model. The lower backs of mice not in anagen were shaved, and
100 pl of BLM (0.2 mg/ml in PBS; Enzo Life Sciences) was injected s.c.
into each of 3 adjacent sites 5 d/wk over the duration indicated. PBS
was administered as a control.

Rat anti-LTBR agonist antibody (clone eBio3C8, Affymetrix/eBio-
science) (47) or rat IgG1 isotype control (Affymetrix/eBioscience) was
given by retro-orbital injection at indicated doses and timing.

Anti-B, integrin antibody (18) (anti-CD29, clone HMp1-1, BioLeg-
end) or Armenian hamster isotype control (BioLegend) was given by
tail vein injection.

Systemic sclerosis~-GVHD model. Twenty million splenocytes from
BALB/c (congenic) or B10.D2 mice were injected retro-orbitally into
BALB/c Rag2”" recipients, and mice were sacrificed after 22-23 days.
Indicated mice received i.p. injections of LTPR-Ig or control mouse
IgG1 clone MOPC21 (Biogen).

Bone marrow chimeras and DT administration

Bone marrow chimeras were generated as previously described (18).
For DC depletion, the first DT dose was 250-300 ng via i.p. injection,
and subsequent doses were 125-150 ng.

Flow cytometric staining and sorting
To generate single-cell suspensions of skin for flow cytometry, we add-
ed dispase to our lymph node digestion protocol (18). Back skin was
removed, and 8-mm biopsy punches were obtained from the BLM-
affected region. Skin was finely minced before digestion in type II
collagenase (616 U/ml; Worthington Biochemical Corp.) and dispase
(2.42 U/ml; Life Technologies), and then processed as described (18).
Cells were counted using a Z1 Coulter Counter (Beckman Coulter).
For skin fractionation experiments, we used angled forceps to sepa-
rate the DWAT from the epidermis/dermis of 8-mm punches. For inguinal
fat pads, we discarded the inguinal lymph node and proceeded as for skin.
Antibodies and staining reagents included CCR2-APC (Allophyco-
cyanin) (R&D Systems), mCherry-Alexa 488 (Life Technologies), and
SMA-FITC (Sigma-Aldrich). From BD Biosciences were B220-biotin,
CD45-FITC, and Ki67-Alexa 647. From Affymetrix/eBioscience were
pan-NK-bio (also called CD49b), CD31-FITC, and CD34-biotin. From
BioLegend were CD3-biotin, Ly6G-biotin, Ly6G-Alexa 700, CD45-
Alexa 700, CD45-PCPCy5.5, CD45.1-Alexa 700, CD45.2-APC-Cy?7,
CD11c-APC-Cy7, CD24-PCPCy5.5, CD11b-BV570, IAb-PE (Phyco-
erythrin), IAb-FITC, Ly6C-PECy7, Ly6C-FITC, CD64-APC, CD64-PE,
CD31-PECy7, EpCAM-PECy7, EpCAM-APC, EpCAM-biotin, PDPN-
PE, PDPN-APC, Thyl.2-APC, Thyl.2-Alexa 700, Scal-APCCy7,
ICAM-FITC, and CD29. Unconjugated CD29 was detected with
anti-Armenian hamster-biotin (Jackson ImmunoResearch). Bioti-
nylated antibodies were detected with streptavidin conjugated to
Pacific Blue or APC, and dead cells were identified with DAPI (all
from Life Technologies).
TUNEL staining (Roche) was performed as previously described (18).
For pFAK (18), cells were processed and stained in the presence
of 2 mM sodium orthovanadate (Sigma-Aldrich) from the final 15
minutes of enzymatic digestion onward. After digestion, cells were
immediately fixed in 1% paraformaldehyde for 20 minutes on ice
followed by extracellular staining with eBioscience fixation/per-
meabilization reagent for 30 minutes at room temperature. The
cells were incubated with Fc block for 10 minutes and then with
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antibody against pFAK at Y397 (ABT135, Millipore) or rabbit iso-
type control (BD Biosciences) for 40 minutes at room temperature.
Primary antibodies were detected with anti-rabbit Alexa Fluor 647
(Jackson ImmunoResearch).

Intracellular LTP staining by flow cytometry was performed with
rabbit anti-LTp antibody (Santa Cruz Biotechnology) for 40 minutes at
room temperature after BD Biosciences fixation/permeabilization for 30
minutes at room temperature, and detected with anti-rabbit Alexa 647.

Cells were analyzed using FACSCanto or FACSCalibur (both BD
Biosciences) and FlowJo software (Tree Star).

For flow cytometric sorting of CD11b* DCs, DWAT from the trunk
and inguinal fat pads (inguinal lymph node discarded) of 2 mice per
experiment was digested as above, except for increased type II colla-
genase (924 U/ml), dispase (3.63 U/ml), and DNasel (0.24 mg/ml) to
accommodate the tissue volume, and stained. Cells were sorted using
a BD FACSVantage. Purity of sorted DCs was at least 95%.

Cell calculations from flow cytometry

To calculate cell number, the percentage of the total gated population
was multiplied by the total cell count from the Coulter Counter. For
normalized values, the control sample was set to 1, and the value from
the experimental sample was normalized. For experiments with more
than 1 control sample, the control values were averaged, and the indi-
vidual control and experimental samples were calculated relative to
this average value.

Histology, immunofluorescence staining and analyses

For murine histology, skin was fixed in Z-Fix (Anatech), then dehydrat-
ed and embedded in paraffin. Seven-micrometer sections were cut,
rehydrated, and stained with H&E (Electron Microscopy Sciences).
DWAT and dermal thicknesses were measured by a blinded observer
using Image]J software (NIH). Adipocytes were enumerated based on
their morphology on H&E-stained sections.

For visualization of GFP* cells in zDCC'/S*F chimera skin, paraf-
fin-embedded 7-um sections were rehydrated before antigen retriev-
al at 60°C in 10 mM citrate buffer, pH 6.0, for 20 hours and then
stained as indicated. GFP was detected with rabbit anti-GFP (Abcam)
and anti-rabbit rhodamine (Jackson ImmunoResearch). For mCher-
ry* cell localization, skin was fixed in 4% paraformaldehyde on ice
for 60 minutes, sucrose-impregnated overnight, and frozen in OCT
compound. Ten-micrometer sections were fixed in cold acetone for
10 minutes, and stained as indicated. Additional antibodies used for
murine immunofluorescence staining were anti-mCherry-Alexa 594
(Life Technologies) and anti-leptin (R&D Systems) detected with anti-
goat-Alexa 647 (Jackson ImmunoResearch). Nuclei were visualized
with DAPI (Life Technologies). GFP* cells were counted using Image]
software and normalized to the DWAT or dermal area.

Human formalin-fixed paraffin-embedded sections from lesional
forearm skin of 3 patients with early diffuse systemic sclerosis were
rehydrated before antigen retrieval at 60°C in 10 mM citrate buffer,
pH 6.0, for 4 hours and stained with mouse anti-human CD1c (clone
2F4, Abcam) or mouse IgG1 isotype control (R&D Systems), followed
by anti-mouse IgG1-biotin (Jackson ImmunoResearch), and detected
with streptavidin-rhodamine (Jackson ImmunoResearch). Anti-perili-
pin (Abcam) was detected with anti-rabbit-Alexa 647 (Jackson Immu-
noResearch). CDI1c* cells were counted using Image] software and
normalized to the DWAT (perilipin-containing) or dermal area.
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Immunofluorescence images were captured using a Nikon Eclipse
NI-E Fluorescence Upright microscope coupled to a Zyla sCMOS cam-
era (Andor Technology) and analyzed using NIS Elements software
(Nikon) and Image] (NIH).

Collagen quantification

Skin collagen content was quantified using QuickZyme Biosciences
Total Collagen Kit (the Netherlands) according to the manufacturer’s
protocol. Five 7-um sections from paraffin-embedded samples were
used for collagen extraction, and the next serial section was placed
on a slide and H&E-stained. Collagen was normalized to the length of
this H& E-stained serial section. Section lengths were measured by a
blinded observer using Image] software.

mRNA quantification
Skin was stored in RNAlater (Qiagen Sciences) at -80°C from time
of harvest until RNA extraction, which was performed using Qiagen
RNeasy Mini Kit. NanoString was performed according to the manu-
facturer’s protocol using 75 pg total RNA (NanoString Technologies).
NanoString gene expression was normalized to Actb, Api5, Eeflal,
Rpl36al,and Sf3b2. Tgfbl, Sox9, and Adipog mRNA was measured using
quantitative real-time PCR. iScript cDNA synthesis kit (Bio-Rad) was
used to generate cDNA. iQ SYBR Green Supermix kit (Bio-Rad) was
used for real-time PCR on a BioRad MyiQ thermal cycler. Quantitative
PCR (qPCR) gene expression was quantified relative to Gapdh.
Primer sequences. Primer sequences were as follows: Adipog:
forward, AAGAAGGACAAGGCCGTTCTCTT;reverse, GCTATGG-
GTAGTTGCAGTCAGTT; Gapdh: forward, ATGTGTCCGTCGT-
GGATCTGA; reverse, TTGAAGTCGCAGGAGACAACCT; Tgfbl:
forward, GCAACAATTCCTGGCGTTACC; reverse, CCCTGTAT-
TCCGTCTCCTTGGT; Sox9: forward, AAGCTCTGGAGGCTGCT-
GAACGAG; reverse, CGGCCTCCGCTTGTCCGTTCT.

Wound healing

Full-thickness wounds were created by gathering of lesional fibrotic
skin and excision of a 4-mm punch on either side of midline. Area was
measured by tracing onto a glass slide at the time of wounding, and
again after sacrifice, but before dissection. Slides were scanned and
area calculated with Image].

Primary murine cell culture

For ADSC cultures, inguinal fat pads were digested as for flow cyto-
metric analysis, resuspended in DMEM/F-12 50/50 (Thomas Scien-
tific) containing 2 mM L-glutamine, 50 IU/ml penicillin/streptomycin,
15mM HEPES, and 15% FCS, and plated at 1.5 million to 2 million cells
per well in 24-well tissue culture plates. After 24 hours, cultures were
washed of nonadherent cells, and medium changed every 2 days until
confluence at about day 6. Cultures were at least 97% CD31°CD45"
and about 94% PDPN*Scal*. For assays, cells were plated at 15,000
cells per well in 96-well tissue culture plates. After 24 hours, cells were
washed twice and changed to medium without FCS, with 1 pg/ml goat
anti-LTBR (18) or goat IgG (R&D Systems), with or without 1 pug/ml
anti-p, integrin antibody (18) or hamster IgG as indicated.

For cocultures with sorted CD11b* DCs, inguinal fat pad ADSC cul-
tures were plated at 15,000 cells per well. After 4-6 hours, 10,000-15,000
CD11b* DCs were added. After 24 hours, medium was changed to serum-
free medium without or with 10 pg/ml LTBR-Ig (18, 48) as indicated.
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For adipocyte differentiation, DWAT was digested as for flow cyto-
metric analysis or in 200 pg Liberase TL (Roche) and DNasel (0.24 mg/
ml), and resuspended in DMEM containing 0.5% BSA and 2 mM EDTA.
ADSCswereisolated by CD31, CD45, and EpCAM depletion, followed by
Scal* selection by magnetic selection (Miltenyi Biotec) to about 94% puri-
ty. In some experiments, DWAT ADSCs were isolated from whole skin in
parallel with Ep)CAM PDPN- cells via FACS sorting, both to about 96%
purity. Cells were plated at 80,000-100,000 cells per well in 96-well tis-
sue culture plates, and DMEM/F-12 with 10% FCS was changed daily for
3 days before addition of 3-isobutyl-1-methylxanthine (IBMX, 100 pg/ml;
Sigma-Aldrich), dexamethasone (0.25 pM; Sigma-Aldrich), insulin (1 pg/
ml; Sigma-Aldrich), and rosiglitazone (1 uM) (66). After 3 days, medium
was changed to include only insulin and refreshed every other day for 6
days before Oil Red O staining (Sigma-Aldrich). Oil Red O-stained cul-
tures were counterstained with hematoxylin, and the number of Oil Red
O cells was divided by the total number of hematoxylin-positive nuclei.

ADSCs were differentiated into osteoblasts using the StemPro
Osteogenesis Differentiation Kit (Thermo Fisher Scientific) for 21 days
before fixation and staining with Alizarin Red, pH 4.2 (Sigma-Aldrich).
The stained cells were photographed. The alizarin was then solubilized
in 10% acetic acid for 30 minutes followed by neutralization with 10%
ammonium hydroxide, and colorimetric readings were taken at 450 nm.

ADSCs were differentiated into chondrocytes using StemPro
Chondrogenesis Differentiation Kit (Thermo Fisher Scientific) for 22
days. RNA was extracted using an RNeasy Micro Kit (Qiagen), and
Sry-related high-mobility-group box transcription factor 9 (Sox9) and
aggrecan (Acan) (67) were measured by quantitative real-time PCR.
Parallel wells were fixed and stained with Alcian blue, pH 2.5 (Milli-
pore), before being photographed.

Primary human cell culture

Human primary ADSCs were purchased from Lonza. Cells were
expanded according to the manufacturer’s specifications and used
between passages 1 and 2. Cells were plated at 10,000 cells per well in
96-well plates in ADSC Basal medium with growth supplement (Lonza).
After 24 hours, cells were washed twice with MEM-a (Life Technolo-
gies) containing 2 mM L-glutamine, 50 IU/ml penicillin/streptomycin,
and 10 mM HEPES without FCS, then treated with 9 pg/ml mouse anti-
human LTBR (clone 31G4D8, BioLegend) (49) or mouse IgG2b isotype
control (BioLegend), with or without 1 ug/ml mouse anti-human p, inte-
grin antibody (clone P5D2, BioLegend) or mouse IgGl isotype (BioLeg-
end) as indicated for 48 hours. Cells were then trypsinized and stained
for FACS using antibodies for anti-human CD31-PECy7, CD45-FITC,
Thyl-PCPCy5.5, and PDPN-PE (all BioLegend).

ADSC isolation and injection

Female or male mCherry donors were used as cell donors for injection.
Whole skin cells were digested as for cell sorting, and DWAT ADSCs
were isolated as for in vitro differentiation to about 94% purity and
3.9- to 5.4-fold enrichment of purified ADSCs over whole skin, where
ADSCs typically constitute 17% of cells from whole skin (+4%, n=9).
Cells were counted with trypan blue on a hemacytometer, and 25,000
cells were injected intradermally per BLM injection site.

Statistics
Statistical significance was determined using 2-tailed unpaired Stu-
dent’s t test. A Pvalue less than 0.05 was considered significant.
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Study approval

All animal procedures were performed in accordance with the regula-
tions of the Institutional Animal Care and Use Committee at the Hos-
pital for Special Surgery.

Punch biopsies from scleroderma patients were taken in accor-
dance with a protocol approved by the Institutional Review Board at
the Hospital for Special Surgery. All subjects gave written informed
consent prior to inclusion.
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