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Abstract

Foxp3-expressing regulatory T cells (Tregs) reside in tissues where they control inflammation and
mediate tissue-specific functions. The skin of mice and humans contain a large number of Tregs;
however, the mechanisms of how these cells function in skin remain largely unknown. Here, we
show that Tregs facilitate cutaneous wound healing. Highly activated Tregs accumulated in skin
early after wounding and specific ablation of these cells resulted in delayed wound re-
epithelialization and kinetics of wound closure. Tregs in wounded skin attenuated IFNvy production
and pro-inflammatory macrophage accumulation. Upon wounding, Tregs induce expression of the
epidermal growth factor receptor (EGFR). Lineage-specific deletion of EGFR in Tregs resulted in
reduced Treg accumulation and activation in wounded skin, delayed wound closure and increased
pro-inflammatory macrophage accumulation. Taken together, our results reveal a novel role for
Tregs in facilitating skin wound repair and suggest that Tregs utilize the EGFR pathway to
mediate these effects.

INTRODUCTION

Foxp3-expressing regulatory T (Tregs) cells play an indispensable role in establishing and
maintaining immune homeostasis. Although previously thought to be a relatively
homogenous population, it has become increasingly accepted that Tregs residing in
peripheral tissues possess tissue-specific functions. Both mouse and human skin contain a
large number of tissue-resident Tregs (1, 2). However, the molecular mechanisms utilized by
Tregs in skin are largely unknown. In addition, it is currently unknown if Tregs in skin play
important roles in tissue-specific functions.

The skin is highly susceptible to traumatic injury. As such, wound healing is an extremely
common and vital process coordinately mediated by multiple cell types and molecular
pathways. The epidermal growth factor receptor (EGFR) pathway plays a major role in skin
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wound healing through stimulating epidermal and dermal regeneration (3). Interestingly, this
pathway has also been shown to play a role in immune cell function. The EGFR ligand,
AREG, is expressed by Tregs, where it enhances muscle and lung tissue repair after injury
(4, 5). In addition, EGFR has been shown to be expressed on Tregs, where it plays a role in
augmenting their suppressive capacity in vitro (6).

Because Tregs play a major role in mediating skin immune homeostasis, we set out to
determine if these cells play a role in attenuating wound-associated inflammation. In
addition, we set out to determine whether Tregs in skin utilize the EGFR pathway to
facilitate wound repair. We show that upon full thickness wounding, highly activated Tregs
accumulate in skin and play a major role in limiting IFNy production and pro-inflammatory
macrophage accumulation. Specific ablation of Tregs early after wounding resulted in
delayed wound re-epithelialization and kinetics of wound closure. Tregs in skin induce
expression of EGFR early after wounding and utilized this pathway to attenuate wound-
associated inflammation and facilitate normal wound repair.

MATERIALS AND METHODS

Mice

All animal studies were performed in compliance with institutional guidelines in a specific
pathogen-free facility. C57BL/6 wild type mice were purchased from Simonsen
Laboratories (Gilroy, CA). Foxp3-DTR mice were purchased from The Jackson
Laboratories (Bar Harbor, Maine). Foxp3°® and EGFR/fl mice on C57BL/6 background
were kindly provided by Dr. Jeffrey Bluestone (University of California San Francisco) and
Dr. David Threadgill (University of North Carolina at Chapel Hill), respectively.

Skin wounding assays and analysis

Six full-thickness excisional wounds were generated with a 4-mm sterile punch (Stiefel
Laboratories, Research Triangle Park, NC) after depilation. Wounds were photographed and
wound area measured with image analysis software (ImageJ 1.47v). The surface area of
wound defects was expressed as a percentage of closure, relative to the initial surface of
each wound.

In vivo Treg ablation

Foxp3-DTR and control mice were injected i.p. with DT (Sigma), at 30 ng/g body weight
according to three regimens. For prolonged Treg depletion, mice were injected with DT on
day -2 and day -1 prior to wounding as well as every other day after wounding until day 11
post-wounding. For ‘early’ and ‘late” Treg depletion, mice received a total of 5 injections,
starting either two days before (day -2 to day 5) or 5 days after (day 5 to day 10) wounding.

RESULTS & DISCUSSION

Tregs facilitate normal skin repair

Restoration of barrier integrity following trauma is a critical and highly conserved function
of skin. Response to skin injury occurs in three overlapping stages: inflammatory, new tissue
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formation, and remodeling (7). The inflammatory phase occurs early after wounding and is
characterized by an abrupt activation of the innate and adaptive immune systems. Because
Tregs constitute a large percentage of lymphocytes that reside in skin (1, 2), and because
these cells play a major role in regulating tissue inflammation, we set out to determine if
Tregs play a role in cutaneous wound healing. Mice transgenic for the diphtheria toxin
receptor under the control of the Foxp3 promoter (Foxp3-DTR) allow for robust deletion of
Tregs following administration of Diphtheria toxin (DT) (8). In initial experiments, Foxp3-
DTR or wild-type (WT) mice were treated with DT for 2 days to deplete Tregs prior to full
thickness wounding on dorsal skin. After wounding, mice were continuously treated with
DT (every 2 days) to maintain Treg depletion, and the size of the skin defect was measured
clinically and histologically over time. Wounded mice depleted of Tregs had significantly
delayed kinetics of wound closure when compared to WT mice treated with DT (Fig. 1A
and B). Whereas all wounds in control animals were completely closed (100% closure)
between 9 and 11 days after wounding, only 75% closure was observed at this time in Treg-
depleted mice, with some wounds never completely closing during the study period (Fig.
1B).

To determine when Tregs are required to facilitate wound repair, we depleted these cells
‘early’ after wounding (during the inflammatory phase of the response) or ‘late’ after
wounding (after resolution of the inflammatory phase, when new tissue formation
predominates). Depletion of Tregs during the first 5 days after wounding resulted in a
significant attenuation of wound closure during the days that followed (days 5 -11) (Fig.
1C), with the most pronounced difference occurring 7 days after wounding (Fig. 1D). In
contrast, depleting Tregs after the inflammatory phase (i.e., from days 5 to 12) had no effect
on the kinetics of wound closure (Fig. 1E). The effects of early Treg depletion were most
pronounced upon histologic examination of wounded tissue. Whereas control mice showed
complete re-epithelialization of the skin defect by 7 days after wounding, mice depleted of
Tregs had markedly reduced kinetics of wound re-epithelialization, with small areas of
keratinocyte hyperplasia present only at the wound edges (Fig. 1F). Mice depleted of Tregs
also showed a trend towards increased granulation tissue and size of the overlying eschar
(Fig. 1F). These results demonstrate that Tregs play a role in facilitating skin wound healing.
In addition, they suggest that these cells act early after wounding, during the inflammatory
phase.

Activated Tregs accumulate in wounded skin

Given that Tregs facilitate skin wound repair and mediate their effects early after wounding,
we set out to functionally characterize these cells in skin of wounded mice. Consistent with
previous reports, we observed a marked accumulation of CD4+ T cells in wounded skin,
peaking around 7 days after wounding (data not shown) (9). Interestingly, the majority of
CDA4+ T cells that accumulate in wounded skin are highly activated Tregs (Fig. 2). Whereas
Foxp3-expressing Tregs comprise 30-50% of total CD4+ T cells in adult mouse skin in the
steady state, the percentage of these cells progressively increased with time after wounding,
peaking at 7 days, where they comprised approximately 70% of the total CD4+ population
(Fig. 2A). In addition, the density of Tregs increased approximately 20-fold in skin by 7
days after wounding (mean number of Tregs per cm? of skin at baseline vs. day 7 after
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wounding = 12 + 2 vs. 279 + 65, p=0.0003). Treg accumulation in wounded skin is
primarily a result of migration from secondary lymphoid organs, as treatment of wounded
mice with FTY720 (which blocks lymphocyte egress from lymphoid organs) resulted in a
significant reduction of these cells in skin at days 3 and 7 after wounding (Supplemental
Figure 1). Tregs accumulating in wounded skin had a highly activated phenotype, with
increased percentages of cells expressing high levels of CD25, CTLA-4 and ICOS with time
after wounding (Fig. 2B-D). Increased expression of CD25 preceded increases in CTLA-4
and ICOS expression, suggesting that IL-2 may play a role in Treg activation early after
injury. Taken together, these results demonstrate that Tregs are activated and preferentially
accumulate in skin during the inflammatory phase of wound healing, and that depleting
these cells during this phase attenuates normal wound closure.

Tregs suppress IFNy production and pro-inflammatory macrophage accumulation in
wounded skin

Quantitative and/or qualitative defects in macrophages significantly inhibit skin wound
healing. Macrophage depletion early after wounding results in impaired granulation tissue
formation and wound re-epithelialization (10). In addition, the retention and persistence of
pro-inflammatory macrophages in skin significantly attenuates wound closure in mouse
models and is a hallmark of non-healing skin ulcers in humans (11). Interestingly, Tregs
have been shown to influence macrophage function in muscle (6). Thus, we hypothesized
that a major role of Tregs in wounded skin is to regulate macrophage polarization during the
inflammatory phase of wound repair. To test this, we depleted Tregs early after wounding
and assessed macrophage polarization. Pro-inflammatory macrophages (as defined by
CD45*CD11bhighF4/80* Ly-6ChighLy-6G1OWCD206!°W) accumulated in skin early after
wounding, peaking at 24 hours and gradually declining to background levels by 14 days
(Fig. 3A). Depletion of Tregs augmented accumulation of pro-inflammatory macrophages in
wounded skin (Fig. 3B). There were significantly higher percentages (Fig 3B) and absolute
numbers (data not shown) of pro-inflammatory macrophages in the skin of Treg-depleted
mice early after wounding (day 3), which translated to increased persistence of these cells
during the entire course of wound closure.

Interferon gamma is a major driver of pro-inflammatory macrophage differentiation and
accumulation (13). In addition, Tregs suppress IFNy production from T cells in skin (14).
Thus, we speculated that increased pro-inflammatory macrophages observed in Treg-
depleted mice would correlate with high levels of IFNy-producing T cells infiltrating
wounded skin. To test this, we treated Foxp3-DTR or WT mice with DT and quantified skin
T cell subsets and relative cytokine production from these cells after wounding. Depletion of
Tregs resulted in a marked increase of both CD4+ and CD8+ T cells infiltrating wounded
skin, with little change in dermal ydTCR+ cells, a T cell population resident in normal
mouse skin (15) (data not shown). Low numbers of cytokine producing T cells were
observed in wounded skin of WT mice; however, there was a pronounced increase in
cytokine producing cells upon depletion of Tregs, with the overwhelming majority of these
cells producing IFNy, relative to IL-17A and IL-13 (Fig. 3C). Consistent with a role of IFNy
in driving pro-inflammatory macrophage accumulation, in vivo neutralization of IFNy
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resulted in a significant reduction in the accumulation of these cells in skin of Treg-depleted
mice after wounding (Supplemental Fig. 2)

These results suggest that a major function of Tregs in the context of skin injury is to limit
the accumulation of IFNy-producing T cells and pro-inflammatory macrophages in wounded
skin. This is consistent with studies showing accelerated wound healing in mice genetically
deficient in IFNy (16). We speculate that the persistence of pro-inflammatory macrophages
in Treg-depleted mice is a major contributor to the delay in wound healing observed in these
animals. Our findings add to a growing body of literature defining the role of Tregs in
regulating macrophage function in tissues.

The EGFR pathway is required for Treg function in wounded skin

Given that the EGFR pathway plays a role in both wound healing and T cell function (3-5),
we set out to determine whether this pathway participates in the ability of Tregs to attenuate
wound-associated inflammation and facilitate skin repair. To this end, we first characterized
EGFR expression on SDLN and skin Tregs purified from Foxp3-reporter (Foxp3-DTR)
mice. Because robust antibodies to murine EGFR are not available for flow cytometry, we
performed gRT-PCR for EGFR expression on cells isolated from SDLN and skin before and
after wounding. Expression of EGFR was not detected in Foxp3+ or Foxp3— CD4+ T cells
isolated from skin or SDLNSs prior to wounding (data not shown). However, a marked
induction of EGFR expression was detected in skin Tregs 3 days after wounding (Fig. 4A).
Interestingly, EGFR expression was not observed in SDLN Tregs at any time post-
wounding, suggesting that induction of EGFR occurs preferentially on Tregs in inflamed
skin in our model.

To determine if EGFR expression on Tregs plays a functional role in their ability to facilitate
wound repair, we bred Foxp3°® mice (17) with EGFR™fl mice (18) to generate animals with
a conditional deletion of EGFR only in Tregs (Foxp3¢EGFR/f). Consistent with the
absence EGFR expression on Tregs in the steady state, adult Foxp3°™®EGFR/fl mice had
similar percentages of Tregs in the skin and SDLNs when compared to age- and gender-
matched WT mice (data not shown). In addition, the basal activation of Tregs was similar
between Foxp3°eEGFR/f mice and WT mice in the steady-state, and Foxp3°eEGFRfI/fl
mice do not develop de novo skin inflammation (data not shown). Interestingly,
Foxp3eEGFRM mice had significantly delayed kinetics of wound closure when compared
to either Foxp3S™®EGFRWYWt or WT controls (Fig. 4B). The effects of the EGFR pathway in
Tregs was observed early after wounding, with attenuated wound closure seen only on days
3 and 5 post-wounding (Fig. 4B). Mechanistically, deletion of the EGFR pathway in Tregs
resulted in reduced percentages and absolute numbers of these cells in skin early after
wounding (Fig. 4C). In addition, Tregs in skin of wounded Foxp3ceEGFR/fl mice were less
activated, with reduced percentages of cells expressing high levels of CD25 and CTLA-4
(Fig. 4C). Consistent with a role for Tregs in attenuating inflammatory macrophages after
wounding, Foxp3¢®EGFR/fl mice had increased percentages of pro-inflammatory
macrophages early after wounding (Fig. 4E).

Taken together, our data support a role for Tregs in attenuating wound-associated
inflammation and facilitating skin wound healing. These cells primarily mediate their effects
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during the inflammatory phase of wounding and EGFR expression on Tregs plays a role, at
least in part, for their regulatory effects in this context. Preliminary data from our laboratory
suggests that EGFR expression on Tregs may act to enhance Treg survival during
inflammation (data not shown). Our results add to an emerging body of work showing that
the EGFR pathway is important for Treg function in tissues. The EGFR ligand, AREG, is
produced by Tregs that infiltrate injured muscle and lung, where it plays a role in enhancing
tissue repair (4, 5). In contrast, activated Tregs in mice and humans express EGFR, and
signaling through this receptor enhances their suppressive capacity in vitro (6). Our data is
consistent with the notion that Tregs increase EGFR expression in vivo upon induction of
tissue inflammation and that signaling through this receptor enhances their function.
However, the fact that EGFR deletion in Tregs has a lesser effect when compared to specific
ablation of the entire cell subset (i.e., Foxp3-DTR mice), suggests that Tregs utilize more
than just the EGFR pathway to mediate their functions in facilitating wound repair.

In skin wound healing, current dogma suggests that the EGFR pathway mediates it effects
on non-lymphoid parenchymal cells such as fibroblasts, keratinocytes and endothelial cells.
However, our data suggests that this pathway also augments Treg function. It is interesting
to speculate that the adaptive immune system has co-opted this highly conserved and vital
pathway in skin to regulate tissue inflammation, in an attempt to facilitate proper repair.
Therapeutic approaches to treat chronic skin ulcers have focused on augmentation of EGFR
signaling (3). Our data suggest that these strategies may work in part by augmenting
cutaneous Treg function. Conversely, ineffective Tregs may predispose to chronic non-
healing ulcers. Thus, local therapeutic manipulation of Tregs may be a novel strategy to treat
wound-associated inflammation with the potential to expedite healing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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mice treated with DT “early” after wounding. (D) Representative plot of mean percentage of
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Full thickness wounds were introduced to the dorsal skin of WT mice and skin-infiltrating
CDA4+ T cells were assayed at specific time points by flow cytometry. (A) Representative
flow cytometric plots and percentage of Tregs in skin with time after wounding. Pre-gated
on live CD45+CD3+CD4+ cells. (B, C, D) Percent of skin Tregs that express high levels of
CD25, CTLA-4, and ICOS with time after wounding. Pre-gated on live

CD45+CD3+CD4+Foxp3+ cells. Each symbol represents an individual mouse. Bars

represent means. Representative data is shown from = 3 replicate experiments with = 3 mice

per group. ns p>0.05, * p<0.05, ** p<0.01, *** p<0.001,

**x% n<0.0001.
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Figure 3. Tregslimit the accumulation of |FNy-producing T cellsand pro-inflammatory
macr ophages in wounded skin

(A) Full thickness wounds were introduced to the dorsal skin of WT mice and the
percentage of skin-infiltrating pro-inflammatory macrophages were assayed at specific time
points by flow cytometry. (B) Foxp3-DTR or WT mice were treated with DT ‘early’ after
wounding and percentage of skin-infiltrating pro-inflammatory macrophages were assayed
at specific time points by flow cytometry. (C) Absolute number of cytokine producing T cell
subsets in skin 7 days after wounding in DT-treated Foxp3-DTR or WT mice as measured
by intracellular cytokine staining using flow cytometry. Representative data is shown from >
3 replicate experiments with = 3 mice per group. Error bars in all panels represent the mean
+ SEM. ns p>0.05, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Figure4. The EGFR pathway isrequired for Treg function in wounded skin
(A) Foxp3-expressing and non-expressing CD4+ T cells were purified from skin and skin

draining lymph nodes (SDLN) of Foxp3 reporter (Foxp3-DTR) mice. qRT-PCR for EGFR
was performed on purified cells 3 days after full thickness wounding. Results are fold
change (FC) relative to f2microglobulin (B2M). (B) Mean percentage of wound closure and
a representative plot of percentage of wound closure for individual wounds 3 days after
injury between Foxp3¢®EGFR/fl and control (Ctl) mice. Control mice represent either WT
or Foxp3C" EGFRWYWt mice. (C) Percent and absolute number of Tregs in skin 3 days after
wounding. Pre-gated on live CD45+CD3+CD4+ cells. (D) Percent of Tregs that express
high levels of CD25 and total CTLA-4 3 days after wounding. (E) Percentage of skin-
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infiltrating pro-inflammatory macrophages 3 days after wounding as assayed by flow
cytometry. Pre-gated on CD45*CD11bM9"F4/80*Ly-6G!Wcells. Representative data is
shown from = 3 replicate experiments with = 4 mice per group. Error bars in all panels
represent the mean £ SEM. AU, arbitrary units. ns p>0.05, * p<0.05, ** p<0.01
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