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DISCOVERY EXPRESS

T Lymphocytes Attenuate Dermal Scarring
by Regulating Inflammation, Neovascularization,
and Extracellular Matrix Remodeling

Xinyi Wang,1 Swathi Balaji,1 Emily H. Steen,1 Hui Li,1 Meredith M. Rae,1

Alexander J. Blum,1 Qi Miao,1 Manish J. Butte,2,3

Paul L. Bollyky,4 and Sundeep G. Keswani1,*
1Laboratory for Regenerative Tissue Repair, Division of Pediatric Surgery, Department of Surgery, Texas Children’s Hospital

and Baylor College of Medicine, Houston, Texas.
2Division of Immunology, Allergy, and Rheumatology, Department of Pediatrics, University of California, Los Angeles,

Los Angeles, California.
3Department of Microbiology, Immunology, and Molecular Genetics, University of California, Los Angeles, Los Angeles,

California.
4Division of Infectious Diseases, Department of Medicine, Stanford University School of Medicine, Stanford, California.

Objective: While tissue injury and repair are known to involve adaptive im-
munity, the profile of lymphocytes involved and their contribution to dermal
scarring remain unclear. We hypothesized that restoration of T cell deficiency
attenuates dermal scarring.
Approach: We assessed the temporal–spatial distribution of T lymphocytes and
their subtypes during the physiological dermal wound repair process in mice. Also,
we compared the scarring outcomes between wild-type (WT) and severe combined
immunodeficient (SCID) mice, which are lymphocyte deficient. Complementary
gain-of-function experiments were performed by adoptively transferring lympho-
cyte subsets to validate their contribution to tissue repair in wounded SCID mice.
Results: CD4+ T lymphocytes were present within dermal wounds of WT mice
beginning on day 1 and remained through day 30. Wounds of SCID mice exhibited
accelerated closure, increased inflammation, limited neovascularization, and ex-
acerbated scarring compared with WT mice. Conversely, transfer of either mixed B
and T lymphocytes or CD4+ lymphocytes alone into SCID mice resulted in mod-
erated healing with less inflammation, collagen deposition, and scarring than
control SCID wounds. In contrast, transfer of other lymphocyte subsets, including
helper T lymphocytes (CD3+CD4+CD25-), CD8+ T cells and B cells, or regulatory T
lymphocytes (CD4+CD25+CD127low), did not reduce scar.
Innovation: The finding that lymphocytes delay wound healing but reduce scar is
novel and provides new insights into how dermal scarring is regulated.
Conclusion: Our data support a suppressive role for CD4+ T cells against inflam-
mation and collagen deposition, with protective effects in early-stage dermal
wound healing. These data implicate adaptive immunity in the regulation of
scarring phenotypes.
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INTRODUCTION
Similar to most organs, repair of dermal tissues

involves inflammatory reactions and recruitment
of cell mediators of diverse lineage origins, including
immune cells.1,2 When skin is injured, it undergoes a
complex sequence of repair events, which include
platelet-mediated hemostasis, local lymphocyte acti-
vation with myeloid cell infiltration, skin cell prolif-
eration, and extracellular matrix (ECM) remodeling,
often resulting in scar formation.3,4 Notably, in-
flammation is an essential phase of wound repair,
and either insufficient or exacerbated inflammatory
responses can lead to excessive scar formation and
reduced tissue integrity. However, the impact of
specific lymphocyte subsets and the degree of their
regulatory contribution to scarring in the skin and
other tissues are not completely understood.

Lymphocytes comprise a multifaceted cell lineage
of hematopoietic origin, which are known to carry out
prominent immune functions. Lymphoid progenitor
cells are differentiated into B and T lymphocytes that
respectively account for humoral and cell-mediated
adaptive immunity. Within the T lymphocyte
lineage, CD4+ T cells induce other immune cells to
release T cell cytokines and modulate immune re-
sponses, whereas CD8+ T cells are recognized by
their cell-mediated toxicity. Among the helper T cell
subsets, a distinct subgroup expressing the Forkhead
Box P3 (FoxP3) gene are known as regulatory T cells
(Treg cells). Treg cells suppress overactive immunity,
enable tissue tolerance, and restore homeostasis.5,6

Several studies have examined the impact of
lymphocyte subsets on wounds. For instance,
transfer of mature B cells, but not T cells, acceler-
ated diabetic wound healing and reduced scar for-
mation.7 In contrast, the absence of CD8+ T cells in
athymic nude mice correlated with reduced scar
formation,8,9 whereas Wong et al. demonstrated
that athymic nude mice lacking mature T cells had
hypertrophic scarring.10,11 Together, these studies
suggest that B and T cells may impact scarring
phenotypes,12,13 but the contribution of specific
lymphocyte subsets remain largely unclear.

To better define the functional contribution of T
cells to dermal wounds, we examined the spatial
distribution of T lymphocyte populations during
dermal tissue repair in wild-type (WT) mice and
performed loss- and gain-of-function experiments
in severe combined immunodeficient (SCID) mice
with wound healing assessments.

CLINICAL PROBLEM ADDRESSED

Dermal scarring poses a significant health and
economic burden that goes beyond cosmetic impact,
often resulting in significant physical and psycho-

social morbidity. Despite extensive studies, the
factors that govern dermal scar formation are not
completely understood, and few options for clini-
cally effective treatments exist. Thus, uncovering
the mechanisms that determine the transition from
inflammation to scarring could provide key clues for
scar-reducing therapies. Notably, our data support
the notion that lymphocytes play a significant role
in the physiological scarring process and that CD4+

T lymphocyte subsets may hold immunotherapy
leverage for anti-scarring medicine.

MATERIALS AND METHODS
Animal care

C57BL/6J (WT) and B6.CB17-Prkdcscid/SzJ (SCID)
mice were purchased from Jackson Laboratory (Bar
Harbor, ME), bred, and maintained under pathogen-
free conditions with access to food and water ad
libitum in the Texas Children’s Hospital Feigin
Center animal facility. Protocols for animal use were
approved by the Institutional Animal Care and Use
Committee at Baylor College of Medicine.

Lymphocytes isolation and flow cytometry
Female C57BL/6J mice served as donors. Total

lymphocytes were isolated from mouse spleens
using established protocols.14 In brief, splenocytes
were pooled from multiple donor mice and ex-
tracted by tissue friction, resuspended with 5 mL of
RPMI (Corning, New York, NY), and filtered with a
70-lm cell strainer (Falcon; Corning) to form a
single-cell suspension. Cells were spun down, and
after supernatant removal, they were resuspended
in 1 mL of ACK lysis buffer (Gibco, New York, NY)
for 5 min at room temperature to lyse the red blood
cells. T lymphocyte subsets were sorted from the
mouse splenocyte suspension using a CD4+CD25+

Regulatory T Cell Isolation Kit (Cat. No. 130-091-
041; Miltenyi Biotec, San Diego, CA) following the
manufacturer’s protocol. All purified lymphocyte
populations were used for adoptive transfer ex-
periments within 6 h of wounding and isolation.

We examined the engraftment 7 days after
adoptive transfer. Cells were isolated from indi-
vidually treated mouse spleens and stained with
fluorescently labeled antibodies, specifically, anti-
mouse CD3 (100324; Biolegend), anti-mouse CD4
(11-0041-82; Biolegend), anti-mouse CD8a (45-
0081-80; eBioscience), anti-mouse CD25 (12-0251-
82; eBioscience), anti-mouse CD127 (566300;
BD Biosciences, San Jose, CA), and anti-mouse
CD45R/B220 (552772; BD Biosciences).15 The fol-
lowing cell subsets were analyzed by a BD LSRII
flow cytometer (BD Biosciences): CD3+ T and B220+

B lymphocytes, CD4- T cells (CD3+CD8a+ or
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CD220+, after CD4+ T cell depletion), CD4+CD25- T
cells (CD3+CD4+CD25-, from CD4+CD25+ negative
selection), and CD4+CD25+ (CD3+CD4+CD25+

CD127low, from Treg-positive selection).

In vivo surgery and adoptive transfer
A series of in vivo experiments were performed by

using an excisional cutaneous wound mouse model
controlled for contracture, which more closely re-
sembles wound repair by secondary intention.
Briefly, mice were anesthetized with 2–3% isoflurane
via inhalation, followed by shaving of dorsal skin and
preparation by scrubbing alternately with isopropyl
alcohol and betadine. Two full-thickness excisional
wounds were created on the dorsum of 8- to 10-
week-old C57BL/6J or SCID female mice by using
a 6-mm punch biopsy (Miltex, Plainsboro, NJ),
stented, covered with a sterile adhesive dressing
(Tegaderm; 3M, St. Paul, MN), and allowed to heal.
Wounds were harvested at day 1, 3, 7, 14, and 30 for
analysis.16 n ‡ 3 per time point per condition.

Each mouse in the adoptive transfer experi-
mental groups received 1 · 106 cells of total lym-
phocytes, CD42, CD4+CD252, or CD4+CD25+ T
cells isolated from pooled WT mice splenocytes by
retro-orbital injection within 6 h after wounding.
Cells were diluted in 100 lL of sterile phosphate-
buffered saline (PBS) buffer.

Histology and immunohistochemistry
Tissues were dehydrated, paraffin-embedded,

and cut into 5-lM thick sections. Trichrome stain-
ing (38016SS2; Leica Biosystems, Buffalo Grove,
IL) and Herovici staining (American MasterTech
Scientific Laboratory Supplies KTHERPT, Lodi,
CA) were performed with a Leica ST5020 Auto-
stainer (Richmond, IL). A standard immuno-
histochemistry (IHC) protocol was followed for all
stains, which were performed on a Dako Auto-
stainer Link 48 and its accompanying software
(DakoLink version 4.1, edition 3.1.0.987; Agilent,
Santa Clara, CA). Primary antibodies—a-smooth
muscle actin (a-SMA) for myofibroblasts (ab5694;
Abcam, Cambridge, MA), CD45 for pan-leukocytes
(ab10558), CD31 for microvasculature (ab28364),
and F4/80 for pan-macrophages (ab111101) were
detected by EnVision+System-HRP (DAB) kits
(Dako North America, Carpinteria, CA).

Immunofluorescence staining
We adapted the immunofluorescence (IF) staining

protocol in this study from Cheng et al.17 Briefly, tis-
sues were dehydrated, paraffin-embedded, and cut
into 5-lM thick sections that were mounted onto
slides. Sections were deparaffinized and blocked with
5% goat serum in PBS for 1h at room temperature.
Antibodies were diluted in PBS with 1% bovine

serum albumin. Anti-CD3+ (Abcam ab16669),
anti-CD4+(Thermo Fisher MA1-146, Carlsbad,
CA),anti-CD8a+(eBioscience45-0081-80),anti-CD25+

(Thermo Fisher MA512680) and anti-FoxP3+

(Thermo Fisher 14-5773-82), anti-rabbit Texas Red
(Thermo Fisher T2767), anti-rat Texas Red (Thermo
Fisher T-6392), and anti-mouse Alexa Flour 594
(Thermo Fisher A-11032) were used for IF staining.

Wound analysis
Using hematoxylin and eosin (H&E)-stained

slides, we assessed the neo-epidermis length and
granulation tissue area. Neo-epidermis length was
measured as the newly generated epidermis from the
day 0 epidermis to day 7 neo-epidermis margins on
both ends of the healing wounds. Granulation tissue
areas were measured by starting from one end of
epithelial margin, down to the panniculus carnosus
on the same side, then across the wound cleft to the
opposite original wound margin, and finally back to
the other epithelial margin. Besides the analysis
above, a-SMA, anti-CD31, anti-CD45, and anti-CD4/
80 staining were also analyzed with Leica application
Suite X version 3.0.4.16319. Image-J 1.50i was used
to analyze trichrome and Herovici staining.

Microscopy
Histology slides were imaged on a Leica DM2000

with Leica application Suite X version 3.0.4.16529.
IF slides were imaged using a Leica DMi8 and
Leica application Suite X version 3.0.4.16319.

Statistical analysis
Statistical analysis was performed in Prism

software using one-way analysis of variance, fol-
lowed by Student’s t-test when appropriate. All
quantitative data are expressed as mean – stan-
dard deviation. p < 0.05 was considered statistically
significant. N ‡ 3 animals were used in each con-
dition of all our experiments.

RESULTS
CD4+ T lymphocytes are present throughout
the wound repair process

To define the temporal and spatial distribution of T
cells in normal dermal wound healing, we performed
IF staining on C57BL/6J WT mouse skin with anti-
CD3+, anti-CD4+, anti-CD8+, anti-CD25+, and anti-
FoxP3+ antibodies. Figure 1A shows representative
images of normal mouse skin at day 0 (unwounded
skin) and day 1, 3, 7, 14, and 30 post-wounding, which
reveals the presence of CD3+ T cell infiltration at all
time points. These results are quantified in Fig. 1B.
We found that in unwounded skin, T cells were pre-
dominately localized in the epidermis (Fig. 1B, green
line). In contrast, T cells could be observed in the
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reticular dermis of wound edges at day 1 and 3 post-
injury. T lymphocyte abundance peaked on day 14
post-wounding in the infiltrating wound margins. At
day 30 post-wounding, T cells were significantly re-
duced and mostly found in the papillary dermis, close
to the hair follicle bulges. We then further identified
specific T cell subsets present in the wound environ-
ment, as shown in Fig. 1C. We observed CD4+ and
FoxP3+, but not CD8+ or CD25+, cells in the wound
area at different time points. These data suggest that
CD4+ cells are the predominant T cell lineage in
healing wounds.

Lymphocyte deficiency leads to accelerated
epithelization but excessive scarring

To investigate the pathophysiological relevance of
T cells in the injured dermis, we compared day 7
wounds in SCID and WT mice. SCID wounds ex-
hibited quantitatively larger neo-epidermis length
(SCID vs. WT: 3.03 – 0.41 mm vs. 1.88 – 0.63 mm;
p < 0.05) (Fig. 2A, B). Additionally, in comparison to

WT control wounds, SCID mice exhibited signifi-
cantly larger granulation tissue area, as measured by
computer-assisted morphological analysis (SCID vs.
WT: 0.63 – 0.21 mm2 vs. 0.48 – 0.11 mm2; p < 0.05)
(Fig. 2A, B).

To further assess the impact of an immunocom-
promised microenvironment on skin wound heal-
ing, we compared scar formation between WT and
SCID wounds at 7 and 30 days post-wounding
via trichrome, Herovici, and IHC analyses. SCID
wounds exhibited higher collagen deposition by
trichrome staining, more immature collagen (shown
in blue) by Herovici staining, and significantly more
a-SMA-positive myofibroblasts at the wound edges
than WT controls (Fig. 2C). These findings were
statistically corroborated by computer-assisted mor-
phological analysis (Fig. 2D), suggesting that wound
repair undergoes accelerated closure and increased
fibrotic scarring in the absence of T and B cells.
Together, these data indicate a significant impact
of lymphocytes on dermal wound healing.

Figure 1. CD3+ and CD4+ T lymphocytes are present throughout wound repair process up to day 30 post-wounding. (A) Representative images of IF staining of CD3+

cells in unwounded skin (day 0) and in the wounded area at day 1, 3, 7, 14, and 30 post-wounding. Epidermis (E) and dermis (D) are shown for the day 0 image, and dermis
only are shown in the remaining time points. White arrows indicate positively stained cells, and white dotted lines indicate the basement membrane zone. Scale bars:
50 lm. (B) Quantification of CD3+ cells per high-power field from images in (A) Green dots/line indicate the average CD3+ T lymphocytes count in the epidermis per high-
power field at the specified time points. Columns indicate the average CD3+ T lymphocytes count in dermis of the wound area at specified time points. (C) Representative
images of IF staining of CD4+, CD8+, CD25+, and Foxp3+ cells in unwounded skin (day 0) and in the wounded area at day 1, 3, 7, 14, and 30 post-wounding. Epidermis (E) and
dermis (D) are shown for the days 0 and 30 images, and dermis only is shown in the remaining time points. Scale bars: 50 lm. IF, immunofluorescence.
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Figure 2. A deficiency of lymphocytes in vivo is associated with accelerated epithelization and fibrosis. (A) Representative images of H&E staining at day 7
post-wounding in WT and SCID tissue sections. Yellow arrows indicate the original wound edges, and the indigo arrows indicate the neo-epidermis ends
(current closed wound edges). The neo-epidermis length is sum of left and right sides epithelial edges. Scale bar: 500 lm. (B) H&E image quantification of (A)

demonstrating differences in neo-epidermis length and granulation tissue area (for thickness of the wounds). *p < 0.05. (C) White arrows indicate positively
stained cells, and white dotted lines indicate the basement membrane zone. Scale bars: 75 lm. (D) Quantification of fibrosis burden of images in (C) via
collagen content (trichrome), collagen bundle maturation (Herovici), and a-SMA as a percentage of total wound area. *p < 0.05. a-SMA, a-smooth muscle actin;
H&E, hematoxylin and eosin; IHC, immunohistochemistry; SCID, severe combined immunodeficient; WT, wild type.
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Excessive inflammation and decreased vessel
formation alter scid wound healing process

Next, to investigate potential mechanisms
leading to increased dermal scarring, we assessed
specific parameters of inflammatory responses in
SCID wounds 7 days after wounding. We stained
WT and SCID dermal tissue with anti-CD45 and
anti-F4/80 antibodies and found that both leukocytes
(SCID vs. WT: 34.53% – 16.57% vs. 21.27% – 17.98%;
p < 0.05) and macrophages (SCID vs. WT: 8.47% –
2.96% vs. 5.51% – 2.15%; p < 0.05) were signifi-
cantly increased in SCID skin wounds compared
with WT controls (Fig. 3A, B). These results sug-
gest that, in the absence of B and T cells, the ability
to modulate the magnitude of inflammatory re-
sponses is lost.

We next investigated whether defective control of
inflammatory reactions originating from lymphocyte
deficiency impinges upon angiogenesis at day 30
post-wounding. In contrast to WT dermal wounds,
SCID sections revealed a marked decrease of CD31+

microvasculature (SCID vs. WT: 4.58 – 1.73 vs.
8.54 – 3.21 counts/high power field; p < 0.05). These
data suggest that in the absence of lymphocytes,
activation and mobilization of other leukocyte lin-
eages lead to proinflammatory reactions and al-
tered neovascularization (Fig. 3C).

CD4+ T cells regulate inflammation
and reduce matrix accumulation
in SCID dermal wound healing

To determine whether T cells contribute to der-
mal wound healing, we adoptively transferred syn-
geneic T cell subpopulations to SCID mice within
6 h after wounding. Briefly, four lymphocyte subset
groups—total (T and B lymphocytes), CD42 (CD8+

T and B cells), CD4+ (CD3+CD4+CD252), or Treg

(CD3+CD4+CD25+CD127low) lymphocytes—from
strain-, gender-, and age-matched WT mice were
transplanted into SCID mice through retro-orbital
injection. Successful lymphocyte transfer was as-
sessed by flow cytometry for CD3, B220, CD4,
CD8a, CD25, and CD127 expression on adoptively
transferred SCID mice at day 7 and compared with
control WT and SCID mice.

As anticipated, the flow cytometry data con-
firmed that all subpopulations were quantitatively
present at day 7, with biologically equivalent ratios
(Fig. 4A). To test the physiological effect of adop-
tively transferred cells on inflammatory reactions
at day 7, we performed IHC to assess the presence
or absence CD45+ leukocytes and F4/80+ macro-
phages in the wound microenvironment (Fig. 4B).
We observed that in comparison to wounds of un-
treated SCID mice, the transplant of total lympho-
cytes, CD42 lymphocytes, or CD4+ T lymphocytes,
but not Treg lymphocytes, led to a reduction of leu-
kocyte infiltration. Similarly, macrophage influx was
significantly reduced in wounds of SCID mice trea-
ted with total lymphocytes and CD4+ T lymphocytes.
CD42 and Treg subpopulations also reduced macro-
phage infiltration, but to a lesser degree.

We next investigated the effects of adoptively
transferred T cell subpopulations on wound heal-
ing outcomes. Transfer of total lymphocytes sig-
nificantly improved the outcome of wounding in
SCID mice with respect to collagen bundle orga-
nization and a-SMA expression. Similarly, trans-
plant of Treg subsets to wounded SCID mice
resulted in significant reduction of a-SMA-positive
myofibroblasts, but not the collagen content. Fi-
nally, transplanting CD42 or CD4+ lymphocytes to
SCID mice decreased both myofibroblasts and colla-
gen deposition; however, the level of reduction was

Figure 3. Excessive inflammation and decreased vessel formation prohibit normal wound healing in SCID mice. (A) Representative images of IHC-labeled
CD45+ and F4/80+ cells on day 7 post-wounding in WT and SCID mouse tissue sections. Scale bar: 75 lm. (B) Quantification of CD45+ and F4/80+ cells in WT and
SCID mouse wounds. *p < 0.05. (C) Representative images of IHC-labeled CD31+ cells at day 30 post-wounding in WT and SCID mouse tissue sections. Scale
bar: 100 lm. (D) Quantification of CD31+ cells in WT and SCID mouse wounds reported as microvascular density per high-power field. *p < 0.05.
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not as prominent as with transfer of total lympho-
cytes (Fig. 4D, with quantification in Fig. 4E). To
further assess the effect of adoptively transferred T
lymphocytes on neovascularization, we examined
microvascular formation at day 30 post-lymphocyte
transplant in SCID mice by measuring the expres-

sion of CD31+ cells in wounded skin tissue using
IHC. We noted that among all the transplanted
subsets, CD4+CD252 subsets promoted the highest
level of microvascular formation, although total
lymphocytes and CD42 subsets were also able to
promote significant neovascularization (Fig. 4F, G).

Figure 4. CD4+ T lymphocytes are associated with improved dermal wound healing in SCID mice. (A) Expansion level of CD3+ lymphocytes after 7 days post-
adoptive transfer in each indicated condition through flow cytometry, using WT total lymphocytes as a positive control and untreated SCID lymphocytes as a
negative control; n ‡ 3 per condition. (B) Representative images of IHC-labeled CD45+ and F4/80+ cells at 7 days post-wounding in untreated SCID mice and
SCID mice with adoptive transfer of one of the following subsets: total lymphocytes, CD42 lymphocytes, CD4+CD252 lymphocytes, or CD4+CD25+ lymphocytes.
Scale bars: 75 lm. (C) Quantification of CD45+ and F4/80+ cells in each condition from (B). *p < 0.05 compared with SCID control. (D) Representative images of
immunohistochemistry (IHC)-labelled tissue sections of trichrome and Herovici at day 30 post-wounding and alpha-smooth muscle actin (a-SMA) at day 7 post-
wounding from WT and SCID tissue. Scale bars: 200 lm. (E) Quantification of collagen content (trichrome) and a-SMA levels from D. *p < 0.05 compared with
SCID control. (F) Representative IHC images of CD31 at 30 days post-wounding in control SCID and adoptively transferred SCID with total, CD42, CD4+CD252,
or CD4+CD25+ lymphocytes. Scale bars: 200 lm. (G) Quantification of microvascular density from (F). *p < 0.05 compared with SCID control.
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Collectively, our data suggest that SCID mice re-
ceiving a transfer of total lymphocytes have signifi-
cantly improved wound healing outcomes. This
occurs in conjunction with reduced inflammation,
improved angiogenesis, and attenuated scarring. Of
all subsets studied, CD4+ lymphocytes stand out as
particularly effective in reducing inflammation and
collagen deposition while promoting neovascular-
ization. In contrast, CD42 cells and Treg did not have
these effects.

DISCUSSION

We report that T cells contribute to reduced
scar formation. This work was performed in SCID
mice that lack both B and T cells and thus pro-
vides a direct means to interrogate the impact of
lymphocytes on dermal healing. Wounding in
SCID mice was associated with faster healing but
increased scarring, and transfer of T cells into
SCID mice resulted in reduced scarring. Collec-
tively, our data underscore a restorative role for
T cells in wound healing, including potential
underappreciated contributions to ECM re-
modeling and scar formation.

Notably, T cells are present in the wound bed at
both short- and long-term time points after wounding,
as summarized in Fig. 5. We observed T cells in the
wounds as early as day 1, consistent with the finding
that T cells potentially modulate inflammation, pro-
mote angiogenesis, and define scarring outcomes.11,12

Our data indicate that without functional T and B
lymphocytes, skin wound closure is accelerated, in-

flammation is increased, scar formation is exacer-
bated, and angiogenesis is decreased. During wound
healing, both innate and adaptive immune systems
are required for an effective repair process. Since
SCID mice lack B and T cells, the increased macro-
phage infiltration in skin wounds suggests that
macrophages may compensate for the altered in-
flammatory response. Consistent with our observa-
tion of increased granulation tissue in SCID wounds,
a recent study by Sinha et al. showed direct myeloid-
to-fibroblast-like cell conversion within the granula-
tion tissue of injury sites in mice.18

As we examined the impact of various lympho-
cyte subsets on our wound healing model using
gain-of-function transfer experiments, we con-
cluded that CD42 cells (B cells+CD8+ T cells) have
the least effect in reducing scarring outcomes in
comparison to total lymphocyte-transplanted
SCID mice, although it is able to improve angio-
genesis outcomes. To the best of our knowledge,
these collective data provide the first evidence that
CD4+ T lymphocytes, but not Tregs, play a previ-
ously underappreciated regulatory role to reduce
scar formation and increase angiogenesis during
dermal wound healing.

We chose the C57BL/6J genetic background
based on our extensive experience with the model
and its utility in concert with the extensively
studied T, B, and NK cell-deficient B6.CB17-
Prkdcscid/SzJ strain.19–25 Additionally, the SCID
model is amenable to xenografts,26,27 allowing
us to perform multiple variations of the adoptive

Figure 5. Schematic illustration of the timeline of T cells involved in wound healing. This schematic illustration reflects what we observed in C57BL/6J WT
mouse wound healing at different time points. At all stages of wound healing, we observed T cells in various parts of the skin or wounds, indicating their
important role in wound healing. Initially, we observed T cells in only the epidermis of the normal skin. After wounding, a small population of T cells was
observed in the deep dermis of the wound edge during the inflammation phase, while macrophages were observed in the upper dermis. More T cells were
observed during the proliferation phase, and they were located at the edge and center of the wound dermis. Although we did not observe any T cells in the
newly formed epidermis at day 30 post-wounding, they can be seen in the upper dermis or close to the newly formed epidermis.
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transfer to comprehensively investigate how dis-
tinct T lymphocyte subsets contribute to dermal
wound healing. An alternative T lymphocyte-
deficient mouse model, the NU/J mouse, has been
studied in wound healing; however, it has a dif-
ferent wound healing phenotype and skin physi-
ology from the background C57BL/6J mouse; thus,
the conclusions from that study are impossible to
deconvolve from the strain choice.10

Intriguingly, Chen et al. performed comparative
studies between WT and immunocompromised
mice and reported that CD4+ or CD8+ T cell-
deficient mice showed no significant differences in
the wound healing process.28 However, their data
also indicated that CD4+ or CD8+ T cell deficiency
was compensated for by upregulation of other im-
mune cells.28 Our results show that although adop-
tive transfer cannot completely restore normal
phenotype, transfer of total lymphocytes to SCID
mice achieves the best wound healing outcomes in
terms of inflammatory profiles and scarring pheno-
types. In terms of specific T lymphocyte transplant
results, CD4+ reconstituted mice showed the least
scarring, followed by Treg, whereas CD42 (CD8+ T
cells and B cells) cells had no impact on scarring in
transplanted SCID mice when compared with non-
transplanted SCID mice. In support of our findings,
previous studies have shown that CD4+ T cells con-
tribute to the repair of injured organs, including the
heart,29 kidney,30 and lung,31 by either secreting or
inducing other effector cells to produce cytokines,
chemokines, and growth factors to regulate tissue
repair and scarring.32

We reported that Tregs help maintain immu-
nologic tolerance in healing tissues5 and respond
to ECM microenvironment signaling, which could
promote the expansion of Tregs from precursors
to modulate inflammatory reactions.33 Among all
T lymphocyte subpopulations, the Treg subset is
known for its ability to dampen overaggressive
responses and is necessary for tissue neovascu-
larization,34–36 although its role in dermal wound
healing could vary depending on the host. For
example, Tregs have been shown to facilitate
wound repair in a FoxP3+ Treg conditional-
knockout mouse model, but detrimental to skin
wound healing in a diabetic mouse model with a
genetically engineered CCR4 deficiency.37 In our
adoptive transfer experiments, we demonstrated
that SCID mice receiving Treg cells had reduced
scarring compared with other T cell subsets, with
the exception of the CD4+ subset. Although
adoptive transfer of Tregs did increase angio-
genesis, the improvement was lowest among all
treatment groups. We would posit that limited

systemic IL-2 levels resulting from limited mi-
crobial stimulation may have failed to fully acti-
vate FoxP3+ Treg.38 In the future, we could
address this question by providing low-dose IL-2
to enhance Treg activity or suppress T and B cells
sensitivity to IL-2 by rapamycin or metformin.

In sum, to fully understand the spatial and
temporal contribution of T cells to physiological
dermal wound healing, it will be necessary to elu-
cidate how concerted cellular interactions between
resident and recruited subsets are governed and
how they respond to dermal injury cues to modu-
late wound healing. We are also aware that most
immunodeficient mouse models cannot completely
recapitulate human immune responses. Further-
more, the distinct differences in living environ-
ment between experimental rodents and humans
are a significant factor in wound healing outcomes,
especially considering the limited versus continu-
ous exogenous immune challenges faced by rodent
models versus humans, respectively.39 Future work
will be needed to investigate the origin, identity,
and function of the specific T lymphocyte mediators
we observed in the wound bed at various time
points, especially at the early stages of wound re-
pair. To conclude, our understanding of how T
lymphocytes and respective subsets coordinate the
responses to dermal injury to provide a given tissue
repair outcome could shed light on how to mitigate
scar formation in dermal wounds.

INNOVATION

Although significant progress has been achieved
in understanding the transition from inflammation
to scarring in dermal wound healing, a significant
gap in knowledge remains regarding the role of
lymphocytes in regulating the direction of wound
repair—with or without scaring. Our data unveil
an underappreciated function of T lymphocyte
subsets to attenuate the degree of inflammation
and promote relevant neovascularization, thereby
reducing the risk of dermal scarring. The time
course of T lymphocyte infiltration into the wound
is a new finding, and the differential T lymphocyte
transplant approach to specifically query subset-
specific contribution(s) to the pathogenesis of
scarring in SCID mice is intuitive. These studies
are geared to yield new clues to design personalized
precision immunotherapies.
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ABBREVIATIONS
AND ACRONYMS

a-SMA ¼ a-smooth muscle actin
ECM ¼ extracellular matrix

IF ¼ immunofluorescence
IHC ¼ immunohistochemistry

LRTR ¼ Laboratory of Regenerative Tissue
Repair

PBS ¼ phosphate-buffered saline
PI ¼ principal investigator

SCID ¼ severe combined immunodeficient
TCH ¼ Texas Children’s Hospital

Treg cell ¼ regulatory T cell
WT ¼ wild type
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