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Significance: Cutaneous scarring affects millions of patients worldwide and
results in significant financial and psychosocial burdens. Given the immune
system’s intricate involvement in the initiation and progression of wound
healing, it is no surprise that the scarring outcome can be affected by the
actions of various immune cells and the cytokines and growth factors they
produce. Understanding the role of T cells in regulating immune responses
and directing the action of wound mesenchymal cells is essential to developing
antifibrotic therapies to reduce the burden of scarring.
Recent Advances: As the immune system is intimately involved in wound
healing, much work has examined the impact of T cells and their cytokines on
the final wound outcome. New innovative tools for studying T cells have re-
sulted in more sophisticated immunophenotyping capabilities and the ability
to examine effects of individual cytokines in the wound environment.
Critical Issues: Despite continued advances in the study of specific immune
cells and their effects on dermal fibrosis, minimal progress has been made to
modulate immune responses to result in improved wound cosmesis.
Future Directions: The actions of T cells represent potential pharmacologic
targets that could lead to novel bioengineered or immunoengineered therapies
to improve the lives of people with cutaneous scarring.
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SCOPE AND SIGNIFICANCE

Normal mammalian cutaneous

wound healing inevitably results in
some degree of dermal scarring. While
this aesthetically displeasing pheno-
type is likely the result of evolutionary
pressure for rapid healing of contami-
nated wounds, it results in a healed
area that will never completely recover
the tensile strength of unwounded
skin.1 Wound healing involves a dy-
namic interplay between skin-resident
cells and infiltrating cells of both the

innate and adaptive immune systems.
These immune cells not only perform
an essential antimicrobial function but
also govern the transition from an
acute inflammatory phase to the re-
parative phases of healing, guided in
part by T cells. Understanding the role
of T cells in cutaneous fibrosis is es-
sential to develop therapeutics that
may prevent or even reverse scarring,
thus combating the problematic psy-
chosocial and economic burden that
scarring has on modern society.2
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TRANSLATIONAL RELEVANCE

Despite numerous studies of lymphocyte impact
on fibrogenesis in various organ systems, little
primary research has focused on their role in cu-
taneous scarring, particularly the contribution of
various T cell subsets to this process. As the im-
mune system’s involvement in wound healing has
come to the forefront of basic wound healing re-
search, this review serves to summarize recent
seminal discoveries of the involvement of T cells
in cutaneous scarring and stimulate further re-
search into this incredibly complex and important
subject matter.

CLINICAL RELEVANCE

Millions of patients suffer from surgical scarring
and burn contracture.1 Despite decades of re-
search, the magic bullet of regenerative healing
has remained elusive. The immune system is dee-
ply intertwined in the wound healing response and
thus represents a potential target for therapeutics.
Immunomodulation and cell-based therapies are
currently being developed to ameliorate autoim-
mune conditions and graft-versus-host disease,
and better understanding of how the immune sys-
tem contributes to scarring can aid in applying
these types of therapies to improve the lives of
patients affected by scarring.

THE INTRICATE INFLAMMATORY
RESPONSE IN WOUND HEALING

The process of cutaneous wound healing is tra-
ditionally divided into four mutually inclusive
stages: hemostasis, inflammation, proliferation,
and remodeling. While scar formation occurs pri-
marily in the remodeling phase, the preceding
healing steps, particularly inflammation, signifi-
cantly impact the final wound healing outcome.

Lasting around 6 days, the inflammatory response
originates with tissue injury and involves influx and
activation of various waves of immune cells (Fig. 1). It
is initiated by molecular signals from injured kerati-
nocytes and fibroblasts in the form of DNA, RNA, uric
acid, and extracellular matrix (ECM) components,
together classified as damage-associated molecular
patterns (DAMPs).3 Further inflammatory cell re-
cruitment to a wound can be driven by bacterial
pathogens present in the wound, or pathogen-
associated molecular patterns (PAMPs), which along
with DAMPs are recognized by skin-resident immune
cells such as dendritic cells, innate lymphoid cells,
and macrophages, leading to cytokine and chemokine
production.4 PAMPs and local tissue injury signals
also activate resident mast cells to degranulate, re-

leasing cytokines and chemokines that serve to at-
tract circulating immune responders.5 Neutrophils
are the first innate immune cells to be attracted by
these chemokines, specifically by interleukin-8 (IL-8)
produced by skin-resident cells. Skin-resident mac-
rophages, activated by DAMPs, initially contribute to
the acute inflammatory response and participate in
phagocytosis of foreign material and cellular debris.
Circulating monocytes—macrophage precursors—
are rapidly drawn to the wound by IL-6 and monocyte
chemoattractant protein-1 (MCP-1).6 As the inflam-
matory response proceeds, ingestion of apoptotic
neutrophils triggers macrophages to signal an end to
this response by secreting transforming growth
factor-beta (TGF-b) and prostaglandins.7 Dysregu-
lated macrophage responses can cause prolongation
of the inflammatory phase, resulting in chronic non-
healing wounds.8

Figure 1. Initiating the inflammatory response. (1) Tissue injury and cell death
release DAMPs that stimulate macrophages (2) to release proinflammatory
cytokines. Simultaneously, bacterial contamination signals both macrophages
and mast cells through PAMPs, leading to further chemokine release and mast
cell degranulation. Mast cells release histamine that facilitates immune cell
migration into tissues by increasing blood vessel permeability. (3) The end result
is increased immune cell infiltration into the wound to participate in phagocytosis
of pathogens and necrotic debris. Cells are not drawn to scale. Image created
using BioRender.com. DAMP, damage-associated molecular pattern; PAMP,
pathogen-associated molecular pattern. Color images are available online.
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Lymphocytes, drawn by chemokines produced in
the wound, such as CCL3, CCL4, and CCL5, are the
final immune cells to infiltrate into the wound.6,9

While historically T cells were seen as arriving late in
the inflammatory process, Wang et al. recently
demonstrated that T cells are present in murine
wounds within 24 h of wounding and remain present
for at least 30 days, with CD4+ T cells representing
the most abundant T cell subset present in the wound
healing process.10 Findings such as this indicate that
T cells likely not only play an important role in reg-
ulating the inflammatory response but may also
continue to modulate cells in the wound during the
proliferative and remodeling phases, although con-
firmatory functional studies were not conducted in
that work. The time course of immune cell activity in
wound healing is demonstrated in Fig. 2.

While T cells have been an area of focus in many
categories of diseases, our understanding of lym-
phocyte function in wound healing is limited. In
this study, we illustrate the roles of T cells in
wound healing by summarizing current literature
with an emphasis on the common outcome of
wound healing—fibrosis.

LYMPHOCYTE ROLES IN WOUND HEALING

Lymphocytes arise from lymphoid progenitor
cells and comprise the adaptive immune system,
meaning they react to specific foreign antigens,

unlike the innate immune system. In the broadest
sense, lymphocytes can be divided into two major
classes: T, or thymic-derived, and B, or bone
marrow-derived, lymphocytes. Activated B cells
mature into plasma cells that produce antibodies,
while activated T cells differentiate into unique
phenotypic subtypes that are distinguished by
surface markers, transcription factors, and cyto-
kine production. This review will not delve into
the complexities of comprehensive T cell im-
munophenotyping, but instead will focus on the
pertinent classes that are most established in the
wound healing literature. T cells are of particular
interest because they serve as assistants and reg-
ulators of immune response. CD3+ T cells can be
subdivided into CD4+ cells, which recognize anti-
gen presentation by major histocompatibility
complex (MHC) class II, and CD8+, which rely on
MHC class I signaling. While CD8+ T cells do pro-
duce some inflammatory cytokines, their primary
active function is cytotoxicity, which distinguishes
them from CD4+ T cells whose principal effector
role is production of cytokines that modulate both
innate and adaptive immune responses. Therefore,
T cells are significant in wound healing research as
they have the potential to act as conductors of the
symphony of the cellular response to injury and can
nudge the overall balance of inflammatory and fi-
brotic factors in a wound toward either a more re-
generative or fibrotic outcome.

Figure 2. Timing of immune cell activity following injury. Tissue injury rapidly results in hemostasis, which is followed shortly by mast cell degranulation and
recruitment of neutrophils and macrophages to the wound to perform antimicrobial functions. As the inflammatory phase winds down, macrophages shift their
phenotype to the more reparative M2s. Lymphocytes are recruited to the wound early in inflammation and persist in the wound at low levels for weeks
following injury. Image created using BioRender.com. M2s, alternatively activated macrophages. Color images are available online.
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Exactly how lymphocytes tip the scales with re-
gard to scarless versus profibrotic wound healing is
rather opaque. An early study demonstrated that
wounds in athymic nude mice, which lack typical T
cell maturation, healed with greater tensile
strength likely due to greater collagen content.11

They also revealed that transfer of T cells into these
mice decreased collagen in the wounds. By contrast,
another study in athymic mice, which focused on
regenerative wound healing, demonstrated that
these mice healed in a way that resembles scarless
fetal wound healing, including regrowth of muscu-
lature.12 The authors further demonstrated that in
this particular athymic strain, Athymic Nude-nu
(B6.Cg-Foxn1nu), healing occurs with elevated
hyaluronan (HA), low collagen content, and de-
creased arbiters of fibrosis, TGF-b1 and PDGF- B.13

From these results, one could draw the conclusion
that T cells have a negative impact on cutaneous
scarring. Contrary to that conclusion, our group has
demonstrated that SCID mice (B6.CB17-Prkdcscid/
SzJ), lacking functional T and B cells, have exag-
gerated scarring compared with wild-type (WT)
controls, with reconstitution of total lymphocytes or
CD4+ T cells alone leading to a reduction in fibrosis
and inflammation.10 While the purpose of the utili-
zation of SCID and athymic animals is to provide a
model deficient in lymphocytes, there are other al-
terations to the immune environment and re-
sponses in immunodeficient models that may alter
the wound healing phenotype such as upregulated
macrophages, neutrophils, and complement activa-
tion.14–17 Although these conflicting findings may be
due to genetic variation in the models, they do
highlight that T cells play a greater role in the
wound outcome than previously recognized, and
investigations into specific lymphocyte phenotypic
subsets are warranted.

Involvement of T cells in wound healing
and scarring

As mentioned previously, T cells differ from B
cells, in that they develop in the thymus, as op-
posed to the bone marrow, and constitutively ex-
press the surface molecule, CD3. CD3 acts as a
coreceptor for the T cell receptor alpha–beta

chains, allowing specific antigen binding impera-
tive for T cell activation. T cell activation, in the
context of the cytokine milieu such as interleukins,
triggers transcription factors that press naı̈ve T
cells to differentiate into one of several effector or
memory cells. A summary of the most well-
established T cells and their respective surface
markers, transcription factors, and cytokine pro-
files is listed in Table 1.

Immunologists have generated a classification
system that divides immune responses into three
types (Fig. 3), all of which play a role in physiologic
wound healing. The initial cytokine milieu is de-
termined, in part, by responses of innate lymphoid
cells, of which there are three types that corre-
spond to their associated immune response. Bac-
terial contamination principally stimulates type 1
and type 3 innate lymphoid cells to produce cyto-
kine profiles that activate macrophages and pref-
erentially polarize helper T cells toward type 1
helper T cells (Th1s) and type 17 helper T cells
(Th17s).4 Type 1 immune responses are driven by
Th1s and strongly depend on the proinflammatory
cytokine they produce, interferon gamma (IFN-c).
Type 2 immune responses rely on IL-4 and IL-13
production from type 2 helper T cells (Th2s), and
type 3 responses are associated with IL-17 and IL-22
from Th17s.18 Immune responses are dynamic and
fluid in wound healing, beginning with a type 1
response in the acute inflammatory phase, which
transitions to a type 2 reparative response through
macrophage signaling.18 The type 3 immune re-
sponse overlaps with the first two types during
wound healing, where it stimulates inflammation
through neutrophil recruitment and promotes re-
epithelialization.18 The following subsections will
briefly discuss the fibrogenic role of CD8+ cells,
followed by the roles of Th1, Th2, Th17, Foxp3+

regulatory T cells (Treg), and type 1 regulatory T
cell (Tr1) subsets and their respective effector cy-
tokines in cutaneous scarring.

CD8+ T cells. Cytotoxic or CD8+ T cells are
essential for destruction of virally infected cells.
CD8+ T cells produce IL-13, a profibrotic cytokine,
and migrate to the skin in patients with systemic

Table 1. CD4+ Subsets and Their Defining Characteristics

CD4+ Subset Polarization Signal Primary Transcription Factor Surface Marker Cytokine Profile References

Th1 IL-12 T-bet Nonspecific IFN-c 78–80

Th2 IL-4 GATA-3 Nonspecific IL-4, IL-5, IL-10, and IL-13 79,80

Th17 TGF-b and IL-6 RORct Nonspecific IL-17 and IL-22 81,82

Treg TGF-b Foxp3 CD25 (Mouse) IL-10 and TGF-b 83,84

Tr1 IL-10 and IL-27 IRF4, c-Maf, and AhR CD49b, LAG-3, CD226, CCR5, and PD-1 IL-10 and TGF-b 45,85
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sclerosis and have been shown in vitro to increase
Col1 production by dermal fibroblasts.19,20 Beyond
systemic sclerosis, CD8+ T cells play a profibrotic
role in thyroid, lung, and renal fibrosis.21 In CD8+-
deficient mice, wounds displayed decreased infil-
tration of inflammatory cells such as CD4+ cells,
macrophages, and neutrophils. This culminated in
no difference in the wound closure rate and colla-
gen content in wounds between WT and CD8+-
deficient mice, and scarring was not specifically
evaluated.22 Unfortunately, CD8+ involvement in
cutaneous scarring is underexplored, thus we will
focus on the impact of CD4+ T cells.

Type 1 helper T cells. Th1s are major players
in the propagation of cell-mediated inflammation;
however, they have not been extensively studied in
cutaneous fibrosis. They characteristically produce
IL-2 and IFN-c.23 While IL-2 serves to activate and
act as a survival signal for Tregs, helper T cells, and
cytotoxic T cells, IFN-c is widely accepted to be a
proinflammatory cytokine, although with potential
antifibrotic effects.24 In one study, IFN-c knockout

mice healed with reduced inflammation, but
greater fibrosis, highlighting the concept that in-
flammation and fibrogenesis do not necessarily go
hand in hand.25 When recombinant IFN-c was in-
jected into palatal wounds in rats, the wounds
healed with fewer myofibroblasts, resulting in de-
creased collagen deposition.26 While in vitro stud-
ies have demonstrated that IFN-c reduces alpha
smooth muscle actin (aSMA) and ECM production
in normal human skin fibroblasts, these effects are
not seen in keloid-derived fibroblasts in patients.27

These results indicate intrinsic differences in nor-
mal and keloid fibroblasts, highlighting limitations
in the antiscarring therapeutic utility of IFN-c.
Nevertheless, the evidence for antifibrotic effects of
IFN-c must be viewed in the context of the Th1
response.

One major way that Th1s can influence the
healing process is by influencing macrophage
polarization to the M1 phenotype. Known as clas-
sically activated macrophages, M1s are distin-
guished from alternatively activated macrophages
(M2s) by low IL-10 secretion coupled with elevated

Figure 3. The types of immune responses and their involvement in wound healing. The type 1 immune response is primarily driven by interferon-gamma,
which is released by Th1s. IFN-c is proinflammatory and aids in polarizing macrophages to the M1 phenotype. As the inflammatory phase progresses, it is
shifted into a type 2 response as T cells are polarized toward Th2s. Th2s produce cytokines IL-4 and IL-13, which, although anti-inflammatory, also have
significant profibrotic effects. Overlapping with the type 1 and 2 immune responses, the type 3 responses driven by Th17s and cd T cells result in
reepithelialization of the wound as well as hair follicle neogenesis. Cells are not drawn to scale. Image created using BioRender.com. Th1s, type 1 helper T
cells; Th17s, type 17 helper T cells; Th2s, type 2 helper T cells; M1, classically activated macrophage. Color images are available online.
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proinflammatory cytokine production and greater
phagocytotic propensity. This destruction often
lacks specificity, however, leading to inadvertent
damage of healthy or host tissues during the acute
inflammatory phase of wound healing.28 M1s stim-
ulate Th1 aggregation to injury sites, generating a
feed-forward loop in which Th1s continue to drive
M1 polarization through IFN-c secretion, and vice
versa, which when prolonged leads to more scar-
ring.28–30 In conclusion, while IFN-c may have po-
tential to be an antifibrotic effector, the association of
a Th1-mediated response and the resultant inflam-
matory tissue damage prevents IFN-c from being a
mediator of reduced scarring in physiologic healing.

Type 2 helper T cells. Th2 polarization from
naı̈ve T cells is driven by the transcription factor,
GATA3, resulting in cells that produce a charac-
teristic cytokine milieu consisting of IL-4, IL-5, IL-
13, and the known anti-inflammatory mediator, IL-
10. IL-10, in particular, not only has immune
dampening effects but has also been repeatedly
demonstrated to be antifibrotic and promote re-
generative healing in multiple organ systems, in-
cluding the skin.31 Despite production of IL-10,
Th2 responses are associated with tissue fibrosis,
with the balance of fibrotic outcome shifted in favor
of ECM deposition by the strong profibrotic effects
of IL-13 and, to a lesser extent, IL-4.

IL-13 and IL-4 are major stimulators of collagen
synthesis and the TGF-b1 fibrotic pathway and lead
to proliferation of fibroblasts and ECM deposi-
tion.32,33 IL-4 and IL-13 binding results in activation
of the JAK intracellular pathway, leading to phos-
phorylation of STAT6.32,34 STAT6 then activates
genes promoting collagen synthesis and TGF-b1 ex-
pression.34 An exaggerated Th2 response is respon-
sible for fibrosis in hepatic and schistosomal
infection models, primarily due to overproduction of
IL-13.35,36 IL-33, a cytokine released by dying fibro-
blasts, epithelial cells, and endothelial cells, stimu-
lates an increase in the Th2 cytokines, IL-4, IL-5,
and IL-13, when injected intradermally in mice,
culminating in dermal fibrosis.37 Interestingly, this
fibrotic response was dependent on functional eo-
sinophils that are known to attract Th2s as well as
stimulate Th2 differentiation from naı̈ve T cells.38

Although IL-4 and IL-13 are produced in great
quantities by Th2s, they are also produced by other
innate immune cells that are all drawn to wounds in
large numbers by IL-33 and other alarmins.18 While
the involvement of type 2 cytokines is strongly im-
plicated in scarring following injury, the specific role
of Th2s has not been adequately demonstrated in
skin fibrosis, and further study is warranted.

Further complicating things, the Th2 cytokines,
IL-4 and IL-13, also serve to instigate polarization
of macrophages to the reparative M2 phenotype.
Deletion of the IL-4Ra receptor in M2s results in
delayed wound closure and anomalous collagen fibril
assembly, signifying the importance of Th2 cyto-
kines in the M2-mediated wound healing process.39

Together, the studies on Th1s and Th2s dem-
onstrate that the shift from the inflammatory type
1 response to the reparative type 2 process is crit-
ical for healing of wounds as some fibrosis is in-
trinsically necessary for the successful resolution
of physiological wound healing. It is possible that
regenerative wound healing does not require ab-
solute containment of Th1 or Th2 responses, but
instead needs a mediator that can delicately shift
the balance from fibrosis to regeneration.

Foxp3+ regulatory T cells. Tregs, defined by
expression of the lineage-determining transcrip-
tion factor, Foxp3, make up *20% of CD4+ cells
residing in adult human skin and play a crucial
role in attenuating inflammation during normal
wound healing. In human skin, Tregs tend to dis-
play a memory phenotype and are localized in ar-
eas of the epidermis and dermis that surround hair
follicles.40 While Tregs do secrete the regulatory
and antifibrotic cytokine, IL-10, they also secrete
TGF-b1, which dually acts as an anti-inflammatory
factor and an intensely profibrotic growth factor.

Treg levels, similar to overall lymphocytes, peak
around day 7 of wounding, although it is unknown
if this activated population arises from skin-
resident or circulating Tregs.41 Ablation of Tregs in
mouse excisional wound models leads to increased
IFN-c levels and proinflammatory macrophages,
resulting in a prolonged type 1 inflammatory re-
sponse and delaying wound closure.41,42 In a mouse
model of bleomycin-induced dermal fibrosis,
knockdown of Tregs resulted in increased myofi-
broblast activation with subsequent skin fibrosis.43

Tregs are also implicated in the pathologic fibrosis
of keloids, as they have been shown in vitro to in-
crease collagen expression by fibrocytes, profibrotic
cells of myeloid origin.44 This increase in collagen
expression was demonstrated to be mediated
by Treg production of TGF-b. Our own work with
Tregs demonstrated that adoptively transferring
Tregs into SCID mice results in decreased aSMA,
but was not sufficient to reduce collagen content in
our model, indicating that Tregs may require ef-
fector T cells that SCID mice lack to have anti-
fibrotic effects.10 Interestingly, a large proportion
of Tregs residing in skin express GATA3, the pri-
mary transcription factor that determines Th2
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polarization. In fact, simply depleting Tregs in
unwounded skin results in significant increases in
Th2 cytokine content, leading to pathologic dermal
fibrosis.42,43 In murine wounding experiments,
depletion of Tregs similarly results in an enriched
proportion of T-bet and GATA3 expression in T
cells in the wound.42 This finding indicates that
skin Tregs moderate a Th1/Th2 response that is
key in preventing dermal fibroblast activation and
fibrosis. Results from these experiments not only
underscore the importance of Tregs in preventing
excessive fibrosis but also indicate that the actions
of Tregs alone are not enough to promote regener-
ative healing.

Type 1 regulatory T cells. Tr1s differ from
Tregs, in that they are peripherally induced and
exert their immunosuppressive effects through IL-
10 and TGF-b signaling independent of Foxp3.45

Identification of Tr1s can be somewhat challeng-
ing; however, consensus in the literature suggests
that Tr1s in humans and mice specifically coex-
press CD49b and LAG-3, along with nonspecific
markers such as ICOS, CCR5, PD-1, CTLA-4, TIM-
3, TIGIT, and CD226.45,46 The cytokine profile of
Tr1s can vary based upon the local cytokine milieu,
but all methods of stimulation result in an abun-
dance of IL-10 production and relatively low IL-4
production, which distinguish Tr1s from Th2s.
Tr1s, in fact, act to inhibit the Th2 response in al-
lergen models of type 2 immune responses in
mice.47 Most research on the role of Tr1s has fo-
cused on their mediation of allergic responses and
autoimmune disorders, rather than their role in
wound healing. Their ability to produce IL-10 in
great quantities, while producing less profibrotic
TGF-b than Foxp3+ Tregs, may make them ideal
targets for reduction of scarring.48

Lymphocytes and interleukins of the type 3 im-
mune response. The type 3 immune response is
driven by IL-17 and IL-22 production from Th17s,
IL-17+ CD8 T cells, and cd T cells, the latter of
which have gamma and delta subunits of the T cell
receptor rather than alpha and beta subunits such
as Th1s, Th2s, and Tregs.18

Th17s are defined by their production of IL-17,
which contributes to skin and lung fibrosis in
bleomycin mouse models.49,50 In humans, IL-17
enhances fibroblast proliferation and their secre-
tion of inflammatory cytokines, MCP-1, IL-6, and
IL-8, while also increasing levels of matrix
metalloproteinase-1 and -3.50–52 Conversely, IL-17
has been shown to downregulate connective tissue
growth factor in human fibroblasts, a promoter of

fibrosis upstream of TGF-b1, suggesting a possible
role in scar reduction.53 Th17s have been shown to
inhibit collagen production by human fibroblasts
and were inversely correlated with the level of
skin fibrosis in patients with systemic sclero-
sis.54,55 However, these results were disputed by
another study that demonstrated that IFN-
c-expressing Th17s increased expression of aSMA
and COL1A1, the effects of which were reversed
when IL-21, another cytokine produced by Th17s,
was neutralized.56

Th17s are also known to yield IL-22, a cytokine
similarly produced by cd T cells, which is struc-
turally similar to IL-10, although it acts through
different mechanisms.57 IL-22 is known to increase
keratinocyte proliferation and migration, stimu-
late production of collagen by dermal fibroblasts,
and promote myofibroblast differentiation follow-
ing wounding.57,58 cd T cells in mice reside in the
epidermal and dermal layers of the skin and func-
tion in wound healing to support reepithelializa-
tion through production of keratinocyte growth
factors.59 Notably, loss of cd T cell function results
in prolonged wound healing, particularly in dia-
betic mice.59,60 These cells also appear to be medi-
ators of fibrosis given their involvement in the
pathogenesis of systemic sclerosis. When dermal
fibroblasts are cultured in cd T cell-conditioned
medium, they increase synthesis of collagen in a
TGF-b–dependent manner.61 Despite this profi-
brotic activity of cd T cells, they demonstrate a
beneficial role in wound-induced hair follicle neo-
genesis, increasing proliferation of hair follicle
stem cells through production of fibroblast growth
factor 9 (FGF9).62,63

While the production of type 3 immune cyto-
kines, IL-17 and IL-22, has been studied in wound
healing, actions of Th17s and cd T cells themselves
still require further study to determine their effects
on fibrosis in the context of wound healing and if
their role in promulgating fibrosis is offset by aid-
ing regeneration of hair follicles.

THE FETAL CUTANEOUS IMMUNE SYSTEM:
CLUES TO REGENERATIVE HEALING

The mid-gestation fetus has the ability to heal
incisions and small wounds regeneratively, with
no scars and restoration of dermal architecture,
musculature, and hair follicles.64–66 IL-10 is
present in greater quantities in fetal skin com-
pared with adult skin, and the fetal regenerative
phenotype is dependent on IL-10 signaling.67,68 As
immune cells are the greatest sources of IL-10
production, the fetal cutaneous immune response
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to injury is of particular interest to those
seeking to recapitulate that healing
phenotype. ab-T cells begin to migrate to
and reside in human fetal skin by the
second trimester and, as such, there are
fewer CD3+ T cells in fetal skin at this
time point relative to adult skin.69,70

Overall, fetal wounds exhibit less in-
flammatory cell infiltration than post-
gestational wounds.71 Upon stimulation,
fetal T cells have recently been shown to
have greater capacity for IFN-c produc-
tion relative to IL-13, and while the ef-
fects of this have not been investigated in
terms of dermal wound healing, babies
with high levels of IFN-c in cord blood
are less likely to develop atopic derma-
titis, a condition that involves inflam-
mation of the skin.69,72 Tregs make up
about 10–20% of T cells in human fetal skin, a
similar percentage is seen in adults; however, it is
unknown if fetal cutaneous Tregs have a greater
regulatory effect when compared with adult
Tregs.40,73 While fetal Tregs have been shown to
have greater expression of Foxp3 and PD-1, a
marker of Treg suppressive ability, the functional
effects of these genes in fetal wound healing have
not been elucidated.69 With recent advances in
immune cell phenotyping and imaging, one should
expect more clues to the function of fetal T cells in
the coming years.

POTENTIAL IMMUNOMODULATORY
THERAPEUTICS

Despite billions of dollars spent annually in the
United States on wound care, an effective thera-
peutic that reliably prevents or reverses scarring
does not exist.74 Given the integral involvement of
lymphocyte cytokines in the pathogenesis of fibro-
sis, immunomodulatory medications may be the
future of scar-modulating treatment. For example,
it would be logical to target the Th2 cytokines, IL-4
and IL-13, as they have been shown to contribute
significantly to scarring.

In 2017, a phase 2b trial (NCT02345070) was
completed, which investigated the efficacy of
SAR15697 (an antibody that binds and neutralizes
both IL-4 and IL-13) in the treatment of idiopathic
pulmonary fibrosis, although it did not show a
significant difference in the primary end point
compared with placebo.75 Another clinical trial in-
volving SAR15697 is currently in phase 2 to in-
vestigate the antibody’s utility in the treatment of
diffuse systemic sclerosis (NCT02921971).

A possible therapeutic strategy also involves
using enriched populations of lymphocytes them-
selves to treat wounds. A preclinical study treated
wounds of diabetic mice topically with B cells, re-
sulting in more rapid wound closure.76 Similarly,
topically applying mixed-cell sheets containing
fibroblasts and peripheral blood mononuclear cells,
*65% of which are lymphocytes, resulted in in-
creased angiogenesis and more expedited wound
healing.77

While none of these studies have explicitly fo-
cused on scarring in cutaneous wounds, the dem-
onstrated safety in human trials and validated
biological effects of topical immune cells in animal
models are encouraging results that may bring
immunomodulatory therapies to the forefront in
wound healing research.

SUMMARY

In summary, the actions of a variety of T cells are
an integral part of wound healing, but the full an-
tifibrotic potential of these cells has yet to be un-
locked. Successful wound healing requires a
complex interplay of immune cells, fibroblasts, ep-
ithelial cells, and endothelial cells. When one type
of immune response is dysregulated, maladaptive
effects tend to occur, such as delayed wound closure
or excessive fibrosis. Tregs appear to have a role in
maintaining the balance of these immune re-
sponses to prevent excessive fibrosis, but are not
enough on their own to reverse scarring. Further
understanding of the complexities of T cells in
wound healing may allow for development of
therapeutics that find an optimal balance between
the inflammatory response and tissue repair to
bring about antiscarring effects.

TAKE-HOME MESSAGES

� Scarring is a global economic and psychosocial burden for patients.

� T cells influence the wound healing phases through secretion of cyto-
kines.

� Three types of immune responses play different roles in wound healing:
type 1 leads to inflammation and destruction of microbes, type 2 tran-
sitions the wound to the proliferative stage of healing, and type 3 is
involved in reepithelialization and hair follicle neogenesis.

� Macrophage polarization mirrors the phase of wound healing, with po-
larization toward M2s aiding the resolution of the inflammatory phase.

� Tregs and Tr1s secrete the anti-inflammatory cytokine, IL-10, which is
known to have pleiotropic antifibrotic properties across several organ
systems, including skin.

� Further research on the role of T cells in fibrotic and fetal regenerative
wound healing could lead to novel antiscarring therapeutics.
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Abbreviations and Acronyms

aSMA ¼ alpha smooth muscle actin
CCL ¼ chemokine ligand

DAMPs ¼ damage-associated molecular
patterns

ECM ¼ extracellular matrix
FGF9 ¼ fibroblast growth factor 9

Foxp3 ¼ forkhead box protein P3
HA ¼ hyaluronan

IFN-c ¼ interferon gamma
IL ¼ interleukin

M1s ¼ classically activated macrophages
M2s ¼ alternatively activated macrophages

MCP-1 ¼ monocyte chemoattractant protein-1
MHC ¼ major histocompatibility complex

PAMPs ¼ pathogen-associated molecular
patterns

PDGF-B ¼ platelet-derived growth factor-B
SCID ¼ severe combined immunodeficiency
TCR ¼ T cell receptor

TGF-b ¼ transforming growth factor-beta
Th1s ¼ type 1 helper T cells

Th17s ¼ type 17 helper T cells
Th2s ¼ type 2 helper T cells
Tr1s ¼ type 1 regulatory T cells

Tregs ¼ Foxp3+ regulatory T cells
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