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Introduction
Fibrosis is a pathological condition defined as the excessive 
deposition of extracellular matrix (ECM) components by activat-
ed fibroblasts (1). This activation is manifested in various forms 
including heightened fibroblast proliferation, collagen produc-
tion, increased migration, and α–smooth muscle actin (α-SMA) 
expression. Consequently, fibrosis is often associated with cancer 
(2), scleroderma (3), and numerous other connective tissue disor-
ders (4, 5). The prevalence of this pathology in numerous diseases 
and its association with a high mortality rate makes it imperative 
to understand the causal mechanisms of fibroblast activation in 
order to develop therapeutics to combat this state.

An important player in fibroblast activation is the innate 
immune system. Various cells including neutrophils (6), macro-
phages (7), and mast cells (8, 9) have been shown to be sources 
of a number of fibroblast-activating cytokines and/or chemo-
kines. Though high numbers of mast cells have been consistently 
associated with an increasing severity of the fibrotic phenotype 
in numerous disorders (9–11), relatively little is known about the 
regulation of these cells in fibrosis. In recent years, it has also 

been observed that, apart from the mast cell secretome, which 
consists of fibroblast-activating substances (12, 13), a direct adhe-
sion between these 2 cell types has also been found to be a pre-
requisite for fibroblast activation (14–16). However, the trigger for 
the increase in mast cell numbers in fibrotic tissue, as well as the 
mechanism(s) by which they adhere to fibroblasts and contribute 
to fibrogenesis, are questions that remain ill defined.

In order to answer this question, we have used a mouse model 
in which ectopic expression of Snail in the basal keratinocyte layer 
of the skin leads to the recapitulation of various aspects of fibro-
sis development seen in the fibrotic disorder scleroderma (17, 18). 
This is consistent with multiple reports of Snail upregulation in a 
variety of fibrotic tissues (4, 19–21). One of the factors secreted by 
these Tg cells is a serpin family protein, the plasminogen activa-
tor inhibitor type 1 (PAI1), often reported to be highly expressed 
in various fibrotic tissues (22, 23). The role of PAI1 in these cases 
has been credited to its antifibrinolytic function, in which the loss 
of plasmin and MMP activity leads to the accumulation of fibrin 
and other ECM components (22, 24, 25). Consistent with these 
observations, the removal of Pai1 has also been shown to rescue 
the disease phenotype (22, 26, 27). However, genetic ablation of 
fibrinogen or inhibition of PAI1 binding to the plasminogen acti-
vators did not rescue the fibrotic phenotype to the same extent as 
the deletion of Pai1 did (28, 29). Hence, the inability to recapit-
ulate the effects of Pai1 deletion by inhibition of its downstream 
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PAI1 secretion did not persist in adult Snail-Tg mice (Supplemen-
tal Figure 1D), suggesting that PAI1 functions at the early stages 
of fibrogenesis. Since PAI1 belongs to the plasminogen activator 
inhibitor family along with PAI2 and PAI3 (22, 36), we examined 
whether SNAIL had an impact on their expression in epidermal 
keratinocytes. However, we found that the transcript levels of Pai2 
and Pai3 did not change between the WT and Snail-Tg keratino-
cytes (Supplemental Figure 1C). Deletion of the Pai1 gene in the 
Snail-Tg mouse (Snail-Tg/Pai1-KO) was also not accompanied by 
a significant increase in PAI2 or PAI3 levels in either neonatal or 
adult tissues (Supplemental Figure 1E). Thus, our data suggest that 
SNAIL expression is sufficient to specifically induce PAI1 overex-
pression in epidermal keratinocytes in a cell-autonomous fashion.

Though PAI1 expression was elevated in neonatal Snail-Tg 
skin, we hypothesized that the role of PAI1 in early fibrogenesis 
would be reflected in the final manifestation of the pathology. To 
analyze the functional outcome of the increased expression of 
PAI1 in Snail-Tg skin, we analyzed Snail-Tg/Pai1-KO mice. In brief, 
Snail-Tg/Pai1-KO mice were generated by mating Snail-Tg mice 
(35) with Pai1-KO mice (obtained from The Jackson Laboratory). 
A hallmark of fibrosis is the excessive deposition of ECM compo-
nents (1), resulting in an increase in dermal thickness, which can 
be used as a proxy for measuring fibrotic progression. As we pre-
viously reported, the dermal thickness in Snail-Tg skin is signifi-
cantly increased relative to its WT counterpart (17). The deletion 
of Pai1 in the Snail-Tg mouse was sufficient to cause a significant 
reduction in dermal thickness (Figure 1E and Supplemental Figure 
1F). To probe the molecular basis of this PAI1-dependent increase 
in dermal thickness, we measured the levels of collagen, which is 
the major ECM protein in the skin. PAI1 is known to contribute 
to the accumulation of collagen in keloid fibroblasts and other 
fibrotic conditions (22, 24, 27), and likewise the transcript levels 
of collagens 1, 3, and 4 (Col1, -3, and -4), the major collagens in the 
dermis, increased in the Snail-Tg mouse but returned to WT levels 
when the Pai1 gene was removed (Figure 1F). However, this effect 
was not universal, as Col7 levels did not change in the Snail-Tg 
mouse. The transcriptional upregulation of collagen was reflected 
at the protein level, as evidenced by a hydroxyproline assay that 
showed an increase in total collagen content in Snail-Tg skin (Fig-
ure 1G). Again, this increase in total collagen protein levels was 
dependent on PAI1 expression. The PAI1-dependent change in 
collagen levels led us to explore the mechanisms of regulation of 
collagen. It has been reported that the microRNA miR29a regu-
lates Col expression in fibrotic conditions such as systemic sclero-
sis (37). Consistent with this observation, miR29a expression was 
suppressed in Snail-Tg skin and was rescued in Snail-Tg/Pai1-KO 
tissue (Figure 1H). Though necessary for the upregulation of Col 
expression in Snail-Tg skin, we found that treatment of primary 
dermal fibroblasts with recombinant PAI1 was not sufficient to 
induce an increase in Col expression (Supplemental Figure 1G). 
Consistent with this, recombinant PAI1 did not directly regulate 
the expression of miR29a expression in fibroblasts (Supplemental 
Figure 1H). Altogether, these observations suggest an indirect role 
of PAI1 in fibroblast activation at an early stage in fibrogenesis.

PAI1 induces the development of a proinflammatory environment 
in the skin. Interestingly, our analysis of phenotypic development 
revealed that PAI1 did not affect Col levels in neonatal skin or in 

activity suggests that PAI1 has plasmin-independent functions in 
fibrogenesis. Although the antifibrinolytic functions of PAI1 have 
received most of the attention, more recent data demonstrate a 
correlation between heightened PAI1 expression and inflamma-
tion in numerous fibrotic conditions (22, 29, 30). Also important 
in fibrosis is the ability of PAI1 to regulate intracellular signaling in 
fibroblasts and other cell types through the urokinase/tissue plas-
minogen activator receptors and integrins on the cell surface (22, 
31, 32). A recent study has shown that the upregulation of PAI1 in 
the epidermis in graft-versus-host disease and bleomycin-induced 
skin fibrosis is responsible for the disease pathology (29). Alto-
gether, the literature points to novel roles of PAI1 in fibrosis that 
are yet to be discovered.

We have previously shown that other factors secreted from 
the Snail-Tg keratinocytes, such as fibulin 5 (17) contribute in 
different ways to the development of skin fibrosis. The existence 
of these simultaneously operating mechanisms makes it evident 
why inhibitors of IL-4 or TGF-β alone are yielding disappointing 
results as antifibrotic targets in clinical trials (33, 34). Thus, there is 
an imperative need to examine this disease condition as a complex 
of various interacting cell types and parallel signaling pathways. 
Among these, we identify PAI1 as another key player in fibrogene-
sis that might serve as a possible therapeutic target.

Results
PAI1 contributes to fibrogenesis in Snail-Tg skin. Consistent with the 
notion that SNAIL is a causal factor in cutaneous fibrosis, we pre-
viously reported (35) that the transcription factor Snail targeted 
to the basal layer of the epidermis via the keratin-14 promoter is 
sufficient to induce phenotypes that are hallmarks of fibrosis. The 
fibrosis-inducing activity of Snail was supported by the observa-
tion that the expression of this transcription factor was also sig-
nificantly upregulated in skin samples from human scleroderma 
patients (Figure 1A). Interestingly, we observed that mRNA expres-
sion of PAI1 was also elevated in human scleroderma skin samples 
(Figure 1A). Furthermore, this correlation between Snail and Pai1 
upregulation was extended to the Tsk2/+ mouse, an established 
skin fibrosis model (Supplemental Figure 1, A and B; supplemental 
material available online with this article; https://doi.org/10.1172/
JCI99088DS1). Likewise, human samples of fibrotic lung, liver, 
and kidney also revealed a possible association between SNAIL 
upregulation and elevated PAI1 levels (Supplemental Figure 1, A 
and B). Although PAI1 has been implicated in a profibrotic role 
in all of these tissues, its function in skin pathology remains elu-
sive (22, 23). In order to explore whether there is a link between 
PAI1 expression and SNAIL in epidermal keratinocytes, we first 
examined PAI1 expression in Snail-Tg skin. We observed that PAI1 
protein levels increased in the Snail epidermis (Figure 1B). Consis-
tent with our results, transcript levels of Pai1 also increased in the 
Snail-Tg keratinocytes (Figure 1C and Supplemental Figure 1C). 
Analysis of the Pai1 gene promoter revealed a canonical E box–
binding site for the Snail1 transcription factor (data not shown), 
suggesting that SNAIL can directly regulate Pai1 expression in epi-
dermal keratinocytes. The increase in total protein production in 
the epidermis was reflected in the amount of secreted PAI1, which 
was significantly higher in the neonatal Snail-Tg skin when com-
pared with WT tissue (Figure 1D). Interestingly, the increase in 

https://www.jci.org
https://www.jci.org
https://www.jci.org/128/5
https://www.jci.org/articles/view/99088#sd
https://www.jci.org/articles/view/99088#sd
https://www.jci.org/articles/view/99088#sd
https://www.jci.org/articles/view/99088#sd
https://www.jci.org/articles/view/99088#sd
https://www.jci.org/articles/view/99088#sd
https://www.jci.org/articles/view/99088#sd
https://www.jci.org/articles/view/99088#sd
https://www.jci.org/articles/view/99088#sd
https://www.jci.org/articles/view/99088#sd
https://doi.org/10.1172/JCI99088DS1
https://doi.org/10.1172/JCI99088DS1
https://www.jci.org/articles/view/99088#sd
https://www.jci.org/articles/view/99088#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

1 8 0 9jci.org   Volume 128   Number 5   May 2018

was sufficient to induce Il4 and Tnfa expression in primary dermal 
fibroblasts (Figure 2D). However, the levels of Ifng expressed in the 
fibroblasts was below detectable limits. We also found that the che-
motactic cytokines Cxcl5 and Cxcl11 were increased in Snail-Tg skin 
and dependent on PAI1 (Figure 2E). However, though other chemo-
kines such as Cxcl1 and Cxcl9 were increased in Snail-Tg skin, their 
expression did not appear to be dependent on PAI1. Our observa-
tions are consistent with reports that correlate elevated PAI1 levels 
with tissue inflammation in various fibrotic scenarios (22, 27, 41). 
We demonstrate that PAI1 is an important mediator of inflamma-
tory cytokine production in dermal fibroblasts in neonatal Snail-Tg 
skin and that this mediation may be at least partly accomplished 
through the regulation of TENC expression.

Given the upregulation of inflammatory cytokines, we pro-
filed the status of innate immune cells in Snail-Tg skin and their 
dependence on PAI1. As we have previously reported (17, 18), the 
numbers of macrophages and mast cells are significantly higher 
in neonatal Snail-Tg skin. Interestingly, we found that the number 

recombinant PAI1–treated newborn fibroblasts (Supplemental Fig-
ure 2A). However, another ECM protein, tenascin C (TENC), was 
found to be upregulated in neonatal Snail-Tg skin near the epider-
mal-dermal junction and was substantially diminished when the 
Pai1 gene was deleted (Figure 2A and Supplemental Figure 2B). 
This effect was recapitulated in vitro, wherein treatment of new-
born dermal fibroblasts with recombinant PAI1 resulted in a signif-
icant upregulation of TENC secretion (Figure 2B and Supplemen-
tal Figure 2C). Thus, our results suggest that PAI1 regulates TENC 
expression during the early stages of fibrogenesis in Snail-Tg skin.

TENC plays a role in the development of the innate immune 
response in fibrotic conditions. It has been reported that TENC is 
upregulated in regions of immune cell infiltration and is associated 
with an upregulation of the cytokines IL-4, TNF-α, and IFN-γ (38–
40). We observed that the levels of all 3 cytokines increased in neo-
natal Snail-Tg skin and that their expression was dependent on PAI1, 
as the expression levels decreased significantly when the Pai1 gene 
was deleted (Figure 2C). Furthermore, recombinant PAI1 treatment 

Figure 1. PAI1 contributes to fibrosis in Snail-Tg skin. (A) qPCR for SNAIL and PAI1 in skin samples from healthy individuals (Non-SSc) and scleroderma 
patients (SSc) (n = 4). (B) Western blot for PAI1 in WT and Snail-Tg epidermis and quantification. β-Actin was used as a loading control (n = 3). (C) Reverse 
transcriptase PCR of Pai1 in WT and Snail-Tg keratinocytes (n = 3). (D) WT, Snail-Tg (Sn tg), and Snail-Tg/Pai1-KO (Sn tg/PAI1 KO) neonatal skin analyzed 
for PAI1 secretion by immunostaining (n = 3). Scale bar: 50 μm. (E–H) WT, Snail-Tg, and Snail-Tg/Pai1-KO adult skin sections were analyzed for (E) dermal 
thickness by quantitation of H&E-stained sections (n = 4); (F) Col1, -3, -4, and -7 by qPCR (n = 3); (G) collagen protein levels by hydroxyproline assay (n = 5); 
and (H) miR29a 3p levels by qPCR (n = 3). Data represent the mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, by Student’s t test (A and B) and 1-way 
ANOVA followed by Tukey’s post hoc analysis (E–H).
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ed with fibroblast activation by the release of fibroblast-activating 
substances as well as cell-cell adhesion (12, 43). An upregulation 
of mast cell numbers has been observed in numerous fibrotic dis-
orders (8, 9, 11), but the mechanism by which their numbers are 
regulated within tissues remains elusive. We postulate that PAI1 
can influence mast cell numbers in the skin, possibly via modula-
tion of the immune environment.

Recruitment of mast cells in fibrosis and wound healing. Although 
the upregulation of mast cell numbers has been reported in the skin 

of mast cells was comparable to WT numbers in Snail-Tg/Pai1-
KO skin, while the number of macrophages remained elevated 
(Figure 2, F and G). The increase in innate immune cell numbers 
correlates with the upregulation of the various cytokines in Snail-
Tg skin, however, our data reveal that PAI1 expression primarily 
affected mast cell numbers in prefibrotic tissue. The failure of 
therapeutic modalities aimed at macrophages and neutrophils has 
led to an increasing interest in the role of mast cells in fibrosis (9, 
42). This arises from the fact that mast cells have been associat-

Figure 2. PAI1 affects fibrogenesis during the inflammation phase in Snail-Tg skin. (A) WT, Snail-Tg, and Snail-Tg/Pai1-KO pup skin sections were ana-
lyzed for TENC localization by immunostaining (n = 3; scale bar and original magnification: 50 μm) and total TENC protein levels by Western blotting (n = 
3). (B) Quantification of secreted TENC in recombinant PAI1-treated fibroblast conditioned media (n = 3). qPCR for proinflammatory cytokines Tnfa, Il4, 
and Ifng in (C) neonatal WT, Snail-Tg, and Snail-Tg/Pai1-KO skin sections (n = 3) and (D) recombinant PAI1–treated fibroblasts (n = 3). (E and F) Neonatal 
WT, Snail-Tg, and Snail-Tg/Pai1-KO pup skin sections were analyzed for (E) the cytokines Cxcl1, Cxcl5, Cxcl9, Cxcl10, and Cxcl11 by qPCR (n = 3) and (F) 
macrophages by immunostaining (left; scale bar: 50 μm; n = 3) and mast cells by toluidine blue staining (right; scale bar: 10 μm; n = 4). (G) Quantification 
of cell numbers in F. Data represent the mean ± SEM. *P < 0.05 and **P < 0.01, by Student’s t test (B and D) and 1-way ANOVA followed by Tukey’s post 
hoc analysis (A, C, E, and G).
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cells in the presence of recombinant PAI1 in a classical Transwell 
migration assay (Figure 4A). Increased mast cell numbers have 
been implicated in fibroblast activation via heterotypic cell-cell 
adhesion in many fibrotic tissues (16, 43). However, the identity 
of the regulatory agent that induces this adhesion is still unknown. 
We examined whether the effect of PAI1 extends beyond inducing 
chemotaxis of mast cells in fibrosis. Cocultures of mast cells and 
fibroblasts in the presence of recombinant PAI1 led to an increase 
in mast cell adhesions per fibroblast (Figure 4B and Supplemen-
tal Figure 3A), indicating that PAI1 is sufficient to stimulate fibro-
blast–mast cell attachment.

Given that PAI1 can orchestrate an increase in mast cell adhe-
sion, we proceeded to investigate its mechanism of action. PAI1 
is known to mediate intracellular signaling via the regulation of 
cell-surface integrins by unmasking the available RGD motif–
binding site (47, 48). We hypothesized that this pathway should be 
activated merely by external addition of the RGD peptide (49, 50), 
which is the integrin-binding motif found on ECM proteins such as 
fibronectin. We found that a pulse of recombinant PAI1 treatment 
led to an increase in mast cell adhesion to fibroblasts (Figure 4C 
and Supplemental Figure 3B). Likewise, pretreatment of fibroblasts 
with the RGD peptide for a limited period of time was sufficient 
to replicate this effect of PAI1 (Figure 4C and Supplemental Fig-
ure 3B). It has previously been reported that PAI1 releases αV inte-
grin from the soluble glycoprotein vitronectin (31, 51). In corrob-
oration with these observations, a transient treatment of dermal 
fibroblasts with recombinant PAI1 caused a loss of surface-bound 
vitronectin on the cells (Figure 4D). Moreover, recombinant PAI1 
treatment of fibroblasts also caused an upregulation of phosphor-
ylated FAK (p-FAK) expression in these cells (Supplemental Figure 
3C). This observation implies that the mast cell–fibroblast interac-
tion is mediated through αVβ3 integrin and the downstream focal 
adhesion kinase (FAK) signaling pathway, which the RGD peptide 
can also activate. Consistent with the activation of FAK, treatment 

of scleroderma patients (11, 44), the contribution of these cells to 
the fibrotic phenotype in human skin remains undetermined. As 
previously reported (42), we observed a direct mast cell–fibroblast 
interaction in human scleroderma patients, and this phenomenon 
was recapitulated in neonatal Snail-Tg skin (Figure 3A). In contrast 
to WT mouse skin, in which the few mast cells that are present are 
not in close apposition to other cells of the dermis, Snail-Tg skin 
had a majority of the increased number of mast cells adjacent to 
one or more fibroblasts. Further examination revealed that the 
mast cells in the Snail-Tg tissue shared multiple points of direct 
physical contact of its plasma membrane with the surface of the 
dermal fibroblasts (Figure 3A). Since tissue fibrosis is a patholog-
ical outcome of a normal wound-healing response, we hypothe-
sized that PAI1 may play a similar role in mast cell infiltration into 
sites of tissue injury. Though mast cells are known to be involved 
in multiple phases of the wound-healing program and promote 
the inflammatory response, reepithelialization, angiogenesis, 
and scar formation, the mechanisms by which these activities are 
accomplished is unknown (45). Consistent with this hypothesis, it 
has been previously observed that PAI1 expression increases upon 
wounding as early as 1 day after injury (46). Intriguingly, we found 
that mast cell infiltration into the wound bed was dependent on 
the presence of PAI1 one day following cutaneous injury (Figure 
3B), supporting the view that PAI1 may function in a role as a che-
moattractant for mast cells.

PAI1 acts as a chemoattractant for mast cells and mediates mast 
cell–fibroblast adhesion. Mast cell homing into the prefibrotic tis-
sue is a common feature of fibrosis, but the underlying mechanism 
remains unclear. The dependence of mast cells on PAI1 for infiltra-
tion into the injured site following wounding as well as in the pre-
fibrotic skin of the Snail-Tg mouse led us to explore the possibility 
that PAI1 can directly serve as a chemotactic factor to induce an 
increase in mast cell numbers in the skin. Consistent with this pre-
diction, we observed increased chemotaxis of murine MCP5 mast 

Figure 3. Recruitment of mast cells and direct bind-
ing to fibroblasts. (A) Scanning electron micrographs 
of mast cells (M) and fibroblasts (F) in skin samples 
from a human scleroderma patient (scale bar: 500 
nm; black arrow indicates an area of direct mast 
cell–fibroblast interaction), and WT and Snail-Tg 
mice (scale bars: 1 μm). The magnified view of the 
boxed area shows direct fibroblast–mast cell inter-
action in Snail-Tg skin (scale bar: 1 μm; n = 2; white 
arrow denotes an area of direct fibroblast–mast cell 
interaction). (B) Toluidine blue staining for mast cells 
(arrowheads) in proximal wound region (marked by an 
arrow; scale bar: 100 μm) 1 day after injury in WT and 
Pai1-KO skin. Graph shows the quantification of mast 
cells in WT and Snail-Tg skin (n = 3). Data represent 
the mean ± SEM. *P < 0.05, by Student’s t test.
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with the FAK inhibitor SC203950 resulted in the loss of mast cell–
fibroblast adhesion induced by either recombinant PAI1 (Figure 4E 
and Supplemental Figure 3D) or the RGD peptide (Supplemental 
Figure 3E). Altogether, these data demonstrate that PAI1-mediat-
ed activation of FAK signaling on fibroblasts is responsible for the 
increase in mast cell adhesion to fibroblasts.

Next, we sought to determine the mechanism by which FAK 
signaling in dermal fibroblasts promotes their adhesion to mast 
cells. A number of cell-surface proteins on fibroblasts have been 
reported to mediate fibroblast mast cell interaction. Among these 
are membrane-bound stem cell factor (SCF) (15), hyaluronic acid 
receptors (52), fibrinogen (53), and gap junctions (54). However, 
pharmacological inhibition of these cell-surface proteins did not 
significantly alter the ability of recombinant PAI1 to induce fibro-
blast–mast cell attachment (Supplemental Figure 3F). Our results 
are further corroborated by earlier reports showing that neutral-
ization of the β1 integrin chain on mast cells, which is known to 

mediate fibrinogen binding, and also of the c-Kit ligand on mast 
cells, which mediates binding to SCF (55), does not inhibit fibro-
blast mast cell adhesion. Thus, we studied the ability of other 
surface adhesion molecules regulated by integrin/FAK signaling 
that may render fibroblasts capable of adhering to mast cells in a 
PAI1-dependent manner. One of these is the intercellular adhe-
sion molecule (ICAM) family, and in particular ICAM1, which has 
been reported to be upregulated through FAK activation (56). We 
observed that treatment with recombinant PAI1 was sufficient to 
cause an increase in the expression of the ICAM1 receptor on the 
surface of dermal fibroblasts (Figure 4F). Furthermore, this upreg-
ulation depended on FAK activation, indicating that PAI1 regulates 
ICAM1 expression on the surface of fibroblasts via the FAK path-
way. Moreover, blocking the ICAM1 receptor with the neutraliz-
ing antibody YN1/1.7.4 abrogated the recombinant PAI1–induced 
adhesion of mast cells to fibroblasts (Figure 4G and Supplemental 
Figure 3G). Thus, we conclude that PAI1 mediates increased mast 

Figure 4. PAI1 mediates mast cell infiltration and increased fibroblast mast cell adhesion. (A) Quantification of migrating mast cells into buffer or 
recombinant PAI1–containing media in a Transwell assay (n = 5). Quantification adherent mast cells on newborn dermal fibroblasts after (B) recombinant 
PAI1 treatment of fibroblast–mast cell cocultures (n = 4) and (C) pretreatment of fibroblasts with buffer, recombinant PAI1, and RGD peptide (n = 3). (D) 
Immunostaining for surface-bound vitronectin after treatment of fibroblasts with buffer or recombinant PAI1 (n = 3). Scale bar: 50 μm. (E) Quantification 
of adherent mast cells after pretreatment of fibroblasts with buffer or recombinant PAI1 in the absence or presence of FAK inhibitor (FAK inh) (n = 3). (F) 
Immunostaining of ICAM1 expression after recombinant PAI1 treatment of fibroblasts in the absence or presence of FAK inhibitor (n = 3). Scale bar: 50 μm. 
(G) Quantification of adherent mast cells after pretreatment of fibroblasts with buffer or recombinant PAI1 followed by incubation with ICAM1 inhibitor 
(ICAM1 inh) or LDV peptide, or with mast cells (MCs) preincubated with LDV peptide (n = 3). Data represent the mean ± SEM. *P < 0.05, **P < 0.01, and 
***P < 0.001, by Student’s t test (A and B) and 1-way ANOVA followed by Tukey’s post hoc analysis (C, E, and G).
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cell adhesion to fibroblasts through upregulation of the ICAM1 
receptor on the cell surface of fibroblasts. Interestingly, the poten-
tial role of the ICAM1 receptor in mediating fibrogenesis is sup-
ported by data on fibrotic samples from human patients as well as 
from a mouse model of fibrosis (Tsk2/+), which revealed an upreg-
ulation of Icam1 mRNA in all of these conditions (Supplemental 
Figure 3H). Thus, we propose that the PAI1/FAK/ICAM1 receptor 
signaling pathway is conserved in a variety of fibrotic conditions.

To functionally test the role of ICAM1 receptors on fibroblasts 
in mediating the ability of fibroblasts to adhere to mast cells, we 
used an LDV peptide as a competitive inhibitor. ICAM receptors 
possess an LDV motif that mediates the binding to their ligand 
(57, 58). We hypothesized that this LDV motif is the main domain 
responsible for allowing fibroblasts to adhere to mast cells. In 
accordance with our hypothesis, competition of the LDV motif 
on the ICAM1 receptor with a soluble LDV peptide inhibited the 
ability of fibroblasts to adhere to mast cells (Figure 4G and Sup-
plemental Figure 3I). Moreover, the loss of adhesion could not 
be recapitulated with the RGD peptide (Supplemental Figure 3J), 
suggesting that this ICAM1-mediated binding occurs specifically 
via its LDV motif.

We then investigated the cognate ligand on the mast cell that 
binds to the LDV domain of ICAM1 on dermal fibroblasts. Inter-
estingly, the LDV peptides can be recognized by integrins (59). 
We therefore postulated that an integrin on the mast cell mediates 
its interaction with the LDV-containing ICAM1 receptor on fibro-
blasts. This would lead to a measurable activation of the FAK path-
way in the adherent mast cells. Consistent with our prediction, 
we saw an upregulation of p-FAK expression in the adherent mast 
cells in the presence of recombinant PAI1 (Supplemental Figure 
3K). This result suggests that PAI1-induced upregulation of the 
ICAM1 receptor on fibroblasts allows binding of the receptor to 
a resident integrin on the mast cell, leading to the cells’ adhesion 
and subsequent activation.

PAI1-mediated heterotypic adhesion leads to activation of both 
fibroblasts and mast cells. The role of PAI1 as an inducer of mast 
cell adhesion to fibroblasts led us to probe the effect of this het-
erotypic interaction on both cells. We first tested which charac-
teristics of activated fibroblasts are impacted by PAI1 in vivo. 
We observed that the number of α-SMA–expressing dermal cells 
(Figure 5A) and proliferating fibroblasts marked by Ki67 and 
vimentin (Figure 5B and Supplemental Figure 4A) increased 
markedly in neonatal Snail-Tg skin. These phenotypes were 
absent upon deletion of Pai1 from the Snail-Tg background, indi-
cating that PAI1 regulates fibroblast activation. However, recom-
binant PAI1 alone was insufficient to trigger α-SMA expression in 
fibroblasts (Supplemental Figure 4B) or increase fibroblast pro-
liferation (Supplemental Figure 4, C and D) in vitro. However, 
when mast cells were cocultured with fibroblasts, the addition of 
recombinant PAI1 resulted in an increase in α-SMA expression 
after 24 hours (Figure 5C) and proliferation of fibroblasts after 36 
hours (Figure 5D and Supplemental Figure 4, C and D). Activated 
fibroblasts have also been associated with an elevated contrac-
tile property. We found that collagen gel contraction was stimu-
lated in fibroblast–mast cell cocultures treated with recombinant 
PAI1 (Figure 5E), to the same extent as that caused by treatment 
of fibroblasts with TGF-β, the common method used to activate 

fibroblasts (Supplemental Figure 4E). Although the phenome-
non of mast cell–mediated fibroblast activation has previously 
been reported (15, 16, 43), the mechanism regulating this phe-
nomenon is still unknown. These results demonstrate that the 
PAI1-dependent adhesion of fibroblasts to mast cells is sufficient 
to activate the fibroblasts.

We next examined the status of the mast cells in fibrotic Snail-
Tg skin. We observed that the mast cells in the Snail-Tg mouse 
showed an activated, degranulated phenotype when compared 
with WT mast cells (Figure 5F and Supplemental Figure 4F). PAI1 
played a major role in this mast cell activation, as this phenotype 
was markedly lost in the Snail-Tg/Pai1-KO skin. Various cyto-
kines including IL-4 and IL-13 are canonical markers for mast 
cell activation (60–62). Our analysis revealed that the transcript 
levels of Il4 and Il13 were significantly increased in the fibroblast- 
adherent mast cells following treatment with recombinant PAI1 
for 24 hours (Figure 5G). Interestingly, treatment of nonadherent 
mast cells with recombinant PAI1 did not lead to their activation 
(Supplemental Figure 4G). Therefore, we conclude that adhesion 
of mast cells to fibroblasts in the presence of PAI1 enables activa-
tion of the mast cells, as evidenced by the upregulation of Il4 and 
Il13 in these cells

Our data indicate that PAI1 mediates the reciprocal activa-
tion of both mast cells and fibroblasts. However, the lag time 
in the upregulation of fibroblast proliferation led us to investi-
gate whether the different types of fibroblast activation resulted 
directly from mast cell adhesion or from the release of soluble 
factors. We hypothesized that the conditioned media from the 
recombinant PAI1–treated cocultures would contain the factors 
released from activated mast cells and, therefore, that treat-
ment of fibroblasts with the conditioned media would mimic the 
addition of the activating factors. We found that the treatment 
of fibroblasts with conditioned media from fibroblast–mast cell 
cocultures pretreated with PAI1 for 24 hours failed to cause upreg-
ulation of α-SMA levels (Figure 5H and Supplemental Figure 4H) 
or affect fibroblast proliferation (Figure 5I and Supplemental 
Figure 4I). This suggests that α-SMA expression is dependent on 
PAI1-mediated fibroblast–mast cell attachment. In contrast, the 
treatment of fibroblasts with conditioned media from fibroblast–
mast cell cocultures treated with PAI1 for 36 hours was sufficient 
to activate fibroblast proliferation (Figure 5I and Supplemental 
Figure 4I). This suggests that the factors released after 24 hours of 
PAI1-treated fibroblast–mast cell coculture are particularly neces-
sary for the activation of fibroblast proliferation.

In conclusion, we show that the PAI1-mediated heterotypic 
adhesion of fibroblasts to mast cells is sufficient for the activation 
of mast cells as well as the upregulation of α-SMA in fibroblasts. 
On the other hand, secreted factors released from the adhesion of 
fibroblasts and mast cells are capable of stimulating fibroblast pro-
liferation. Thus, we have delineated the multiple avenues by which 
mast cells can activate fibroblasts in a PAI1-dependent manner.

Discussion
Altogether, our data reveal mechanistic roles for PAI1 in fibrogene-
sis that are independent of its canonical role in plasmin-dependent 
processes (Figure 6). We found that PAI1, secreted from Snail-Tg 
keratinocytes, was instrumental in the development of an inflam-
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increased adhesion to mast cells. This heterotypic cell-cell interac-
tion led to the activation of both mast cells and fibroblasts. Thus 
PAI1 plays multiple critical roles as a mediator of infiltration, adhe-
sion, and activation of mast cells and fibroblasts in fibrogenesis.

matory response via TENC upregulation. Additionally, it could 
function as a chemokine for mast cell migration into the prefibrot-
ic tissue. Apart from its role in inflammation, PAI1 mediated the 
upregulation of the ICAM1 receptor on fibroblasts that drove their 

Figure 5. PAI1-mediated fibroblast–mast cell adhesion leads to activation of both cell types. Skin sections from neonatal WT, Snail-Tg, and Snail-Tg/
Pai1-KO animals were analyzed for (A) IHC of α-SMA expression (scale bar: 50 μm; n = 3) and (B) quantitation of Ki67 expression in vimentin+ fibroblasts 
(DF) (n = 3). (C and D) Buffer- or recombinant PAI1–treated fibroblast mast cell (MC) cocultures were analyzed for (C) α-SMA expression after 24 hours of 
treatment (scale bar: 50 μm; n = 3) and (D) Ki67 expression after 24 and 36 hours of treatment (n = 3). (E) Quantification of collagen contraction after 24 
hours by fibroblasts, fibroblast–mast cell cocultures, and recombinant PAI1–treated fibroblast–mast cell cocultures (n = 4). (F) Giemsa staining of mast 
cells in neonatal WT, Snail-Tg, and Snail-Tg/Pai1-KO pup skin sections (scale bar: 10 μm; n = 4). (G) qPCR for Il4 and Il13 expression in fibroblast-adherent 
mast cells after 24 hours of treatment with recombinant PAI1 (n = 3). (H and I) Fibroblasts treated for 24 or 36 hours with conditioned media (CM) from 
fibroblast–mast cell cocultures in the presence or absence of recombinant PAI1 were analyzed for (H) α-SMA expression, with a 24-hour coculture as a 
positive control (scale bar: 50 μm; n = 3). (I) Quantitation of Ki67 expression (n = 3). Data represent the mean ± SEM. P values were calculated by Student’s 
t test (G) and 1-way ANOVA followed by Tukey’s post hoc analysis (B, D, E, and I) (*P < 0.05, **P < 0.01, and ***P < 0.001).
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dermal fibroblasts plays a key 
role in mast cell adhesion sug-
gest that the integrins α4β1 or 
αIIββ3 may function as ligands 
on the mast cells (53, 58, 71).

The heterotypic cell-cell 
attachment between mast cells 
and fibroblasts culminates in 
the activation of both cell types 
in a temporal sequence. An 
acute response to this interac-
tion is the increase in α-SMA 
expression in dermal fibroblast 
and a degranulated phenotype 
in mast cells. This is an import-
ant finding, as the trigger for 
mast cell degranulation in 
fibrotic tissues was not known 
(42). Degranulated mast cells 
are known reservoirs of vari-
ous fibroblast activators such 
as histamine, tryptase, chy-
mase, interleukins, and TGF-β 
(9, 72). A subsequent outcome 
of this heterotypic interaction 
is the production in activated 
mast cells of the profibrotic 
interleukins IL-4 and IL-13, 

which are likely candidates for the induction of fibroblast pro-
liferation (73, 74). This is supported by the findings that target-
ing IL-4 receptor– and IL-13 receptor–expressing cells, including 
fibroblasts, can cause attenuation of lung fibrosis (75). The tem-
poral delay in the induction of fibroblast proliferation may be the 
result of the requirement for the accumulation of IL-4 and IL-13 
to achieve biologically active concentrations in the culture media. 
The different responses (α-SMA expression versus proliferation) of 
the fibroblasts hint at the possible heterogeneity in the fibroblast 
population. This is further reflected in the observation that prima-
ry dermal fibroblast cultures are not uniformly bound to surface 
vitronectin, nor do they express ICAM1 or bind to mast cells. This 
suggests the possibility that only certain subsets of fibroblasts are 
capable of being stimulated in a PAI1-dependent manner.

Although there are numerous reports documenting an 
increase in mast cell numbers in various fibrotic scenarios (8, 11, 
76, 77) including the skin fibrotic condition of scleroderma (11, 44, 
78), there are nevertheless suggestions that these cells are not lim-
iting factors in fibrosis development (79–81). These studies show 
that the reduction of mast cell numbers does not affect the dermal 
thickness or collagen bundling in bleomycin-induced skin fibro-
sis. A possible interpretation of these results is that the depletion 
of mast cells in these systems is not complete. Furthermore, the 
reduction of mast cells in these animals may have induced pos-
sible compensatory pathways that highlight the complexity and 
redundant nature of this disease. Our observations that Snail and 
Pai1 (Supplemental Figure 1) and Icam1 (Supplemental Figure 3) 
were upregulated not only in the skin but in other fibrotic con-
ditions, along with independent observations of high mast cell 

The elucidation of a chemotactic role for PAI1 may also be rel-
evant in the context of numerous other scenarios. Interestingly, 
the secretome from Snail-expressing pancreatic ductal adenocar-
cinoma tumors has been implicated in the induction of mast cell 
infiltration (63). Although this secretome contains SCF, a well-
known mast cell chemokine, the existence of other factors has not 
been explored. The loss of PAI1 expression has also been correlat-
ed with decreasing neutrophil and macrophage numbers in renal 
fibrosis (27, 64), indicating that its function as a chemokine might 
be extended to other immune cells. Apart from its direct role, 
PAI1 also mediates the upregulation of various cytokine signaling 
pathways in the skin. This includes the receptors for CXCL5 and 
CXCL11, which are expressed by human mast cells (65). These 
cytokines have also been implicated in neutrophil, NK cell, and T 
cell migration and activation (66). Interestingly PAI1 affects the 
T cell repertoire in Snail-Tg skin (data not shown), but the mech-
anism by which this is accomplished and its downstream effects 
remain to be explored.

The presence of mast cell–adherent fibroblasts in the skin of 
patients with scleroderma highlights the potential importance of 
this phenomenon in therapeutic development (42, 67, 68). We have 
discovered that PAI1 is capable of inducing the upregulation of 
ICAM1 on dermal fibroblasts that facilitates their adhesion to mast 
cells. Our findings are in line with earlier reports suggesting that 
during kidney injury, ablation of PAI1 expression or inhibition of its 
interaction with vitronectin reduces LPS-dependent ICAM1 expres-
sion (69). Moreover, targeting αV integrin, the mediator of PAI1- 
dependent adhesion, can abrogate fibrosis in several organs (70). 
Our results showing that the LDV motif of the ICAM1 receptor on 

Figure 6. Model of the multiple roles of PAI1 in cutaneous fibrosis. PAI1 secreted from the Snail-Tg keratinocytes 
functions in 3 potentially novel roles during fibrogenesis. 1: PAI1 acts as a chemoattractant for the infiltration of mast 
cells into the skin. 2: PAI1 stimulates integrin signaling in dermal fibroblasts that leads to the upregulation of tenacin 
C and the establishment of an inflammatory microenvironment, which is a key driver of fibrogenesis.  In addition, 
this signaling pathway also leads to the upregulation of ICAM1 expression, which renders the fibroblast competent to 
adhere to the mast cell. 3: This adhesion culminates in the cellular activation phase of fibrosis development. In addi-
tion to the direct activation of a subset of fibroblasts (marked by α-SMA expression and increased contractile behav-
ior), this physical interaction results in the activation of the adherent mast cells. The activated mast cells (mast cell*) 
then secrete cytokines such as IL-4 and IL-13 capable of promoting the proliferation of another subset of fibroblasts.
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81); α-SMA (MilliporeSigma; A2547 and Abcam; ab5694); vimentin 
(Abcam; AB92547); Ki67 (Abcam; ab16667); p-FAK (Thermo Fisher 
Scientific; 44624G); and FAK (Cell Signaling Technology; 3285S). 
Alexa Fluor 488– or Alexa Fluor 568–labeled secondary antibodies 
(Jackson ImmunoResearch) were used at a dilution of 1:300. Hoescht 
stain was used to mark nuclei. For secreted protein staining, the use 
of detergent was completely avoided, and K5 staining was used as an 
internal control. A 3% H2O2 incubation after primary antibodies and 
HRP-labeled secondary antibodies (Jackson ImmunoResearch) was 
used for IHC. Development was done using DAB substrate (Vector 
Laboratories; SK4105). Dermal thickness was quantified from the 
average of multiple measurements made along the length of the H&E-
stained sections. Toluidene blue staining was performed with 1% tolu-
idine blue solution in 70% ethanol diluted at 1:10 in a 1% sodium chlo-
ride solution, pH 2, for 5 to 30 minutes, followed by extensive washing 
with water. Giemsa (MilliporeSigma) staining was done with solution 
diluted 1:50 in deionized water for 20 minutes, followed by extensive 
washing. Mast cell/macrophage quantification was done by count-
ing the total number of cells as a ratio of the length of the section in 
pixels for multiple sections. Activated mast cells and Ki67+vimentin+ 
cells were counted as the total number over multiple sections. Ki67+ 
fibroblasts in culture were counted from multiple fields and represent-
ed as a ratio to the total number of fibroblasts in that field. Imaging 
was done on an Olympus IX73 microscope or FV1000 confocal micro-
scope and analyzed on the Fiji software.

Hydroxyproline assay. A hydroxyproline assay was performed 
as described earlier (17). In brief, skin biopsies were digested over-
night in 6N HCl at 100°C. Supernatant was dried, dissolved in water, 
and incubated with chloramine T. Samples were developed with  
7, 12-dimethylbenzanthracene (DMBA) (MilliporeSigma), and color 
was measured at 562 nm.

Hydrogel preparation. Gel preparation and cell seeding were done 
as previously described (17).

Cell culture. Primary fibroblast isolation was performed as 
described earlier (17). Fibroblasts were cultured in DMEM high glu-
cose media with 10% FBS. The MCP5 mouse mast cell line was a gift 
of T. Kawakami (La Jolla Institute, San Diego, California, USA), and 
the cells were cultured in RPMI medium supplemented with 10% FBS 
and 1–5 ng recombinant IL-3 (Thermo Fisher Scientific). Fibroblasts 
were plated on 5-kPa polyacrylamide gels and treated 24 to 36 hours 
after plating for the required durations with 2-(N-morpholino) ethane-
sulfonic acid (MES) buffer or 60 ng recombinant human PAI1 (gift of 
Peter Andreasen, Aarhus University) in 10% FBS-containing media. 
For cocultures, MCP5 cells were added at a 3:1 ratio to fibroblasts. 
Treatment of conditioned media was done for 24 hours. Nonadherent 
MCP5 cells were collected by pelleting the culture medium, and PBS 
was sprayed to detach the adherent MCP5 cells, which were then col-
lected by pelleting. Fibroblasts remained attached to the gels. All cells 
were processed as required for RNA and protein extraction or staining.

Adhesion assay. Fibroblasts were plated on 5-kPa gels as stated 
above. Treatments with PAI1, RGD peptide, or buffer were done for 24 
hours and then washed away, followed by incubation with the follow-
ing inhibitors: RGD peptide (Santa Cruz Biotechnology; SC201176; 30 
min) and FAK inhibitor (Santa Cruz Biotechnology; sc203950; 24 h), 
along with PAI1, buffer, and RGD and LDV peptides (Bi Biotech India; 
5477/1; 30 min); fibrinogen (Thermo Fisher Scientific; F35200; 1 h); 
hyaluronidase (MilliporeSigma; H3506; 90 min); SCF-neutralizing 

numbers in the same cases, indicate that not only is this mecha-
nism important, but it is also conserved in other tissues. Our work 
with the Snail-Tg mouse reinforces the opinion that fibrosis is a 
complex disorder with multiple parallel processes and provides a 
potential explanation for the lack of success of anti–TGF-β therapy 
so far (33, 82). Thus, we identify PAI1 as an important mediator 
of fibrosis development in the foundational stages of the disease.

Methods
Animal studies. C57Bl6 (WT) and B6.129S2-Serpine1tm1/Mlg /J (Pai1-
KO) mice were obtained from The Jackson Laboratory. The K14-Snail-
Tg mouse was developed as described earlier (35). The K14-Snail tg /
Pai1-KO mouse was developed after breeding the Pai1-KO and K14-
Snail mice. All mice were maintained and bred at the animal facility 
at the NCBS under specific pathogen–free conditions. CD1 mice were 
mated with these mice and inbred for 8 to 10 generations to develop 
the above-mentioned strains, and mice of both backgrounds and sexes 
were used for all the experiments. Mice were sacrificed between P7 
and P9 (neonatal) or at 8 weeks of age (adult), and skin samples were 
collected for DNA, RNA, and protein and for embedment in OCT or 
paraffin as required.

Gene expression. Total RNA was extracted from skin biopsies or 
cell lysates using TRIzol Reagent (TaKaRa, Thermo Fisher Scientific). 
cDNA synthesis was done using Superscript III (Thermo Fisher Scien-
tific), followed by quantitative PCR (qPCR) using Power SYBR Mix (Life 
Technologies, Thermo Fisher Scientific) in a Bio-Rad CFX384 machine. 
Actin, Tbp, or 18S expression was used as a reference for normalization. 
The primer sequences used are listed in Supplemental Table 1.

Sequencing data analysis was performed using data sets available 
from the NCBI’s Gene Expression Omnibus (GEO) database: bleo-
mycin-induced lung fibrosis (GEO GSE25640); bile duct ligation–
induced (chronic injury–induced) liver fibrosis (GEO GSE40041); 
Tsk2/+ mouse model of scleroderma (GEO GSE61728); and kidney 
fibrosis following unilateral ureteral obstruction (GEO GSE87212).

Human systemic scleroderma skin. Skin-punch biopsies were taken 
from the arms of patients diagnosed with diffuse systemic sclerosis or 
nonsystemic sclerosis. RNA was isolated from skin samples and sub-
jected to SNAIL and PAI1 gene expression qPCR analysis. The charac-
teristics of the patients’ samples are provided in Supplemental Table 2.

Western blot analysis. Protein lysates were made in Laemmli buffer 
from cells, frozen and pulverized skin biopsies, and conditioned media. 
The following primary antibodies were used at a dilution of 1:1,000: Pai1 
(Abcam; ab66705); TENC (Abcam; ab108930); α-SMA (MilliporeSig-
ma; A2547); vimentin (Abcam; ab92547); β-actin (Cell Signaling Tech-
nology; 4970S); β-tubulin (Cell Signaling Technology; 2146S); p-FAK 
(Cell Signaling Technology; 3283S); and FAK (CST 3285S). The HRP- 
labeled secondary antibodies (Jackson ImmunoResearch) were used at 
1:3,000 dilution. Blots were developed on an ImageQuant LAS4000, 
and bands were quantified using Fiji software (ImageJ, NIH).

Immunostaining and histology. Skin tissue pieces were fixed in 
Bouin’s solution, dehydrated, and embedded in paraffin or immedi-
ately embedded in OCT (Leica). For staining, 10-μm-thick sections 
or cells on coverslips were fixed in 4% paraformaldehyde (PFA). The 
primary following antibodies were used at a dilution of 1:200: K5 
(generated in-house); Pai1 (Abcam; ab66705); TENC (MilliporeSig-
ma; ab19013); F4/80 (eBioscience; 14-4801-81); vitronectin (R&D 
Systems; MAB38751); ICAM1 (Thermo Fisher Scientific; 14-0541-
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on Animals (Government of India). Acquisition and processing of the 
human tissue were conducted according to the protocol approved by 
the IRB of the CMC. Informed consent was obtained from all patients 
for skin sample collection and experimentation. All experimental work 
was approved by the Institutional Biosafety Committee of inStem.
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antibody (R&D Systems; AB-455-NA; 90 min); and ICAM1-neutraliz-
ing antibody (Thermo Fisher Scientific; 14-0541-81; 90 min). MCP5 
cells were added for 1 to 3 hours in the presence of inhibitors (except 
for preincubation with LDV), followed by fixation with 4% PFA. After 
washing, the gels were imaged on an Olympus CKX41 microscope. 
Counting of adherent mast cells was done with Fiji software. A GAP 
junction assay was performed by loading the mast cells with 10 μg/
ml calcein AM (Thermo Fisher Scientific; C1430) for 30 minutes, fol-
lowed by incubation with fibroblasts for 2 to 4 hours and confirmation 
of dye transfer by imaging.

Transwell migration. MCP5 cells (1 × 105) were added to the upper 
chambers of 0.8-μm Transwell chambers in 3% FBS-containing media 
with the same media-containing buffer or 30 ng PAI1 in the lower 
chamber. Cells in the lower chamber were counted after 24 hours 
using a hemocytometer.

Collagen contraction. Rat tail collagen plugs (MilliporeSigma; 
08-115; 1 mg/ml) were made in 5% FBS-containing media with 
100,000 fibroblasts ± 300,000 MCP5 cells. Each plug was kept in 
500 μl media with buffer or 60 ng PAI1. TGF-β1 (R&D Systems; 240-
B-002; 20 ng/ml) was used. Contraction was measured from the gel 
images after 24 hours.

Electron microscopy. Skin samples from P7 WT and Snail-Tg pups 
were fixed in 2% glutaraldehyde, 4% formaldehyde in 0.05 M sodium 
cacodylate, and 2 mM calcium chloride and then embedded in EPON 
resin and processed. Slices were imaged using the MERLIN Compact 
VP Scanning Electron Microscope. Images of skin from patients with 
scleroderma were obtained from Rekha Samuel (CMC, Vellore, India).

Wounding studies. Twelve-week-old WT and Pai1-KO mice were 
wounded with 5-mm punch biopsies, and wounded skin samples were 
embedded in OCT cryopreservation medium. Sections were stained 
with toluidine blue and imaged as mentioned above, and total mast 
cell numbers were quantified.

Statistics. Comparisons of 2 groups were done using a 1-tailed, 
paired Student’s t test or a 1-tailed Mann-Whitney U test. One-way 
ANOVA followed by Tukey’s post hoc analysis was used for multiple 
group comparisons. GraphPad Prism 5.02 (GraphPad Software) was 
used for all statistical analyses. Data represent the mean ± SEM. P val-
ues of less than 0.05 were considered significant.

Study approval. Animal work conducted at the NCBS/inStem Ani-
mal Care and Resource Centre was approved by the inStem Institu-
tional Animal Ethics Committee following the norms specified by the 
Committee for the Purpose of Control and Supervision of Experiments 
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