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Abstract

Alterations in extracellular matrix (ECM) components that modulate inflammatory cell behavior have been
shown to serve as early starters for multifactorial diseases such as fibrosis and cancer. Here, we demon-
strated that loss of the ECM glycoprotein EMILIN-1 alters the inflammatory context in skin during IMQ-induced
psoriasis, a disease characterized by a prominent inflammatory infiltrate and alteration of vessels that appear
dilated and tortuous. Abrogation of EMILIN-1 expression or expression of the EMILIN-1 mutant E933A
impairs macrophage polarization and leads to imbalanced tissue homeostasis. We found that EMILIN-1 defi-
ciency is associated with dilated lymphatic vessels, increased macrophage recruitment and psoriasis sever-
ity. Importantly, the null or mutant EMILIN-1 background was characterized by the induction of a
myofibroblast phenotype, which in turn drove macrophages towards the M1 phenotype. By using the trans-
genic mouse model carrying the E933A mutation in the gC1q domain of EMILIN-1, which abolishes the inter-
action with «4- and «9-integrins, we demonstrated that the observed changes in TGFf signaling were due to
both the EMI and gC1q domains of EMILIN-1. gC1g may exert multiple functions in psoriasis, in the context
of a final, more consistent inflammatory condition by controlling skin homeostasis via interaction with both ker-
atinocytes and fibroblasts, influencing non-canonical TGFB signaling, and likely acting on lymphatic vessel
structure and function. The analyses of human psoriatic lesions, in which lower levels of EMILIN-1 were pres-
ent with a very rare association with lymphatic vessels, support the multifaceted role of this ECM component
in the skin inflammatory scenario.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)

differentiation. Due to active communication with cells
through the binding to cell surface receptors, the

Introduction

The extracellular matrix (ECM) is a highly special-
ized network that provides both mechanical and
molecular signals to the cells, functioning as a scaf-
fold for physical structure to the tissues as well as
regulating cell proliferation, survival, migration, and
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ECM alterations occurring during remodeling in nor-
mal tissue repair, as well as in the progression of vari-
ous diseases, can promote pathological cell behavior
[1,2]. Several studies suggest that dysregulated pro-
duction of ECM modulators plays a key role in
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inflammation, supporting the hypothesis that aberrant
ECM deposition may condition multifactorial inflam-
matory diseases including fibrosis and cancer [3,4].
There are examples in which the disruption of the
ECM structure and function leads to alterations in
cell-matrix interactions that contribute to hyperprolifer-
ation of keratinocytes and enhancement of immu-
noinflammatory responses, ultimately leading to
alteration of epidermal homeostasis [5]. In turn, the
accumulation of inflammatory cytokines and the
release of proteases can alter ECM proteins [6].

Psoriasis is a chronic inflammatory skin disease
characterized by the formation of scaly erythematos-
quamous plaques, epidermal thickening of the via-
ble layers and parakeratotic hyperkeratosis due to
dysregulation of keratinocyte proliferation and differ-
entiation [7,8]. Several studies documented that the
clinical abnormalities are preceded in the dermis by
blood vessel changes with conspicuous dilated
hyperpermeable and twisted vessels [9]. In contrast,
less is known about the involvement of lymphatic
vessels (LVs) in the development of this disease,
with lymphangiogenesis apparently following altered
angiogenesis [10]. Moreover, inflammation is
accompanied by striking changes in the lymphatic
vasculature [11], although the molecular mecha-
nisms involved in the regulation of this process are
not fully understood. It is known that proinflamma-
tory cytokines, e.g. IL-1 and TNFa induce the
expression of the lymphatic growth factors VEGFC
and VEGFD in infiltrating cells, thereby supporting
inflammatory lymphangiogenesis [11]. The new
abnormal LVs exhibit increased leakage and
reduced functionality, and most likely promote the
persistence of inflammatory cells in the tissue
[12,13]. The fact that activation of lymphatic vascula-
ture and the consequent improvement in their clear-
ance function have been associated with a
reduction in disease severity points to a crucial role
of lymphatic functionality in the resolution of psoria-
sis [12,14,15].

The elastin microfibrillar interface protein (EMILIN-
1), a member of the EMILIN/Multimerin family, is
highly expressed in tissues where resilience and
elastic recoil are prominent, including the cardiovas-
cular system, lung, kidney, and cornea [16—19]. We
have previously shown that dermal fibroblasts
express high levels of EMILIN-1 which is then orga-
nized in a network, with a characteristic basket-
shaped structure around the hair bulb [20]. EMILIN-
1 is characterized by the presence of a region
homologous to the globular homotrimeric C-terminal
domain C1g (gC1q domain) [16,17] which is
involved in EMILIN-1 oligomerization [21], and in cell
adhesion and migration via interaction with the 41
[22] and the closely related «9B1 integrin [20,23]. In
addition, the hallmark of the EMILIN family is the
presence of the EMI domain at the N terminus [24],
which interacts with pro-TGFB regulating the

maturation in its active form [18]. Through integrin
interaction, EMILIN-1 provides an ECM cue for
proper homeostatic proliferation, particularly in the
skin [20]. Accordingly, targeted inactivation of the
EmilinT gene induces dermal and epidermal hyper-
proliferation [20], accelerates tumor development
and increases the number and size of skin tumors
[25], demonstrating the oncosuppressive activity of
EMILIN-1 in the preclinically context of skin cancer.
Another important direct role is played by EMILIN-1
in the growth and maintenance of LVs [23,26,27]. By
exploiting a transgenic mouse model carrying the
E933A mutation in the gC1q domain of EMILIN-1,
which abolishes the interaction with a4/a9 integrins,
we provided evidence for a novel “regulatory struc-
tural” role of EMILIN-1 in lymphangiogenesis
[28,29]. The integrity of EMILIN-1 was shown to be
important also in this context: using an animal model
of post-surgical tail lymphedema we demonstrated
that the acute phase of acquired lymphedema was
correlated to EMILIN-1 degradation due to elastase
released by infiltrating neutrophils [27].

In the present study, we took advantage of the
mouse model of psoriasis characterized by a con-
spicuous inflammatory infiltrate [7,8] to investigate
the extent to which loss of EMILIN-1 may be a deter-
mining factor in the maintenance or exacerbation of
an inflammatory process. We demonstrated that the
absence of EMILIN-1 leads to a fibrotic state with an
increase of the macrophage population, a switch
toward a pro-inflammatory M1 phenotype, thus giv-
ing rise to a microenvironment consistent with dis-
ease development.

Results

EMILIN-1 is impaired in human psoriatic lesions

Excessive proliferation of keratinocytes and infil-
tration of inflammatory cells, well known and estab-
lished histopathologic markers of psoriasis, were
noted in all human psoriatic lesions analyzed in this
study (Fig. 1a, b). Assignment of an arbitrary inflam-
matory score confirmed that a large amount of neu-
trophils, lymphocytes and monocytes/macrophages
was always present in all patients examined
(Fig. 1b). We next assessed the expression of EMI-
LIN-1 in this context. In healthy human skin, the EMI-
LIN-1 fibrils extended from the dermis toward the
keratinocytes of the basal layer (Fig. 1¢, white arrow-
heads) and were organized as a network throughout
the tissue. In contrast, in the psoriatic dermis the
EMILIN-1 fibrils were less prominent or completely
absent, and the projections toward the basal kerati-
nocytes completely missing (Fig. 1c¢). In addition, in
healthy human skin EMILIN-1 was closely associ-
ated with podoplanin-positive LVs (Fig. 1d). In
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Fig. 1. EMILIN-1 is dysregulated and not associated to LVs in human psoriatic skin. (a) Representative H&E images of
FFPE sections of healthy skin (left) and cutaneous psoriatic lesions (middle and right). Arrows indicate the presence of
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contrast, a significant reduced amount of EMILIN-1
in proximity of LVs was detected in psoriatic skin
(Fig. 1d). Importantly, the association of EMILIN-1
with podoplanin-positive LVs inversely correlated
with the extent of inflammatory infiltrate (Fig. 1e).
Analyses of microarray dataset deposited by the
Collaborative Association Study of Psoriasis
(CSAP) [30] indicated that the expression of the
EMILIN-1 mRNA was unchanged in normal versus
non-lesional and lesional psoriatic skin (Fig. 1f), sug-
gesting that the decreased expression of the protein
(Fig. 1c) was due to protein degradation rather than
impaired synthesis. Inflammatory cells can secrete
proteases capable of degrading ECM components
including EMILIN-1 [27,31]. This was in line with the
finding that the expression of MMP9, MMP14 and
MMP3, known to degrade EMILIN-1 [32], was signifi-
cantly higher in psoriatic lesion compared to
matched non-lesional skin (Fig. 1g). In contrast, the
expression of MMP2 and MMP8, which are not
involved in EMILIN-1 degradation [32], was
unchanged (Fig. 1g).

EMILIN-1 deficiency associates with increased
disease severity in an IMQ-induced psoriasis
mouse model

To further explore if EMILIN-1 could play a signifi-
cant role in inflamed skin, wild type (E7*'") and
Emilin1~"~ (E17'") C57BL/6 mice were shaved and
treated with daily applications of imiquimod (IMQ) for
four consecutive days to induce psoriasis (Fig. 2a).
On day 5, mice were sacrificed and skin tissue was
harvested. All treated animals showed the classic
signs of psoriasis such as erythema, scaling and
thickening (Fig. 2b). Our previous analyses per-
formed on the CD1 strain indicated that the

untreated epidermis is per se significantly thicker in
E1~/~ mice compared to that of E7*/* animals, since
EMILIN-1 deficiency causes a hyperproliferative
phenotype of keratinocytes [20]. Here, the histologi-
cal analyses showed increased epidermal thickness
in IMQ-treated animals compared to control animals
for both genotypes (Fig. 2c, d). Moreover, in
untreated E7~/~ mice, we occasionally detected
moderate focal epidermal hyperplasia characterized
by acanthosis and hypergranulosis, resulting in the
disappearance of the basement membrane
(Fig. 2e). In addition, the absence of EMILIN-1 also
associated with a moderate focal hyperproliferation
of fibroblasts, which was also present in the upper
dermis (Fig. 2e and Supplemental Fig. 1). In analogy
with CD1 mice [20], the untreated dermis of all ani-
mals was significantly thicker in E7~/~ compared to
E1*"* mice (Fig. 2c, d).

The histological score evaluating psoriasis-like
dermatitis in mice showed that IMQ treatment eli-
cited a stronger effect in E7~/~ than in E7*"* mice,
especially regarding the presence of pustules or
Munro’s microabscesses and the parakeratosis of
the stratum corneum (Fig. 2e). Of note, parakerato-
sis, that is a hallmark of human psoriasis, was more
and particularly evident in E7~/~ mice.

To investigate the possibility that the ECM compo-
nents were differently altered in the two genotypes
because of the induction of psoriasis, we stained the
untreated and IMQ-treated skins for two ECM mole-
cules mainly located in the basement membrane
(collagen IV and laminin 5) and for the EDA isoform
of fibronectin, which is upregulated in the dermis
during inflammation. As shown in Supplemental Fig.
2, IMQ treatment did not induce any measurable
changes in deposition and pattern of laminin 5 and
collagen IV. Expression of EDA was increased after

inflammatory infiltrates in psoriatic skin. (b) Typical appearance of inflammatory infiltrate in a psoriatic lesion. Magnified
images of the boxed areas are reported on the right as examples for the peculiar presence of neutrophils, monocytes, lym-
phocytes, and plasma cells (black arrows). Inflammatory score reported in the graph is calculated as follows: 0=no infil-
trate, 1=rare immune cells; 2=poor infiltrate; 3=modest infilirate; 4=abundant infiltrate. For each sample at least three
fields were analyzed and the final score average was reported in the graph. (c) Representative images of EMILIN-1 stain-
ing (green) at the interface between dermis and epidermis (nuclei pseudocolored in blue). In healthy skin (left) evident
EMILIN-1 fibrils project towards basal layer of keratinocytes (white arrowhead). In cutaneous psoriatic lesions (right) these
projections are mostly lacking and the EMILIN-1 staining is reduced. The associated graph represents the quantification
of EMILIN-1 positive volume in the whole section field examined (x20). At least four fields per sample were analyzed and
the mean value was reported. (d) Immunofluorescence staining for EMILIN-1 (green) and podoplanin (red) in healthy and
psoriatic skin (nuclei pseudocolored in blue). A magnification of the boxed areas is shown in the lower panel. A graphical
quantification of podoplanin intensity and of EMILIN-1 association with LVs is provided on the right. This association was
calculated as the ratio between double positive vessels for EMILIN-1 and podoplanin out of total podoplanin positive ves-
sels. The results reported in the graphs (b, ¢ and d) represent the mean + SD of 4 healthy subjects and 13 patients
affected by psoriasis. Scale bars: 20 pum (c), 50 um (b and d), 200 um (a). (e) The graph represents the inverse correlation
between patient inflammatory score and EMILIN-1 association with LVs. (f) EMILINT gene expression analyses using the
Gene Expression Omnibus (GEO) dataset GSE11903, GSE14905, GSE30999, and GSE13355 in tissues from psoriatic
patients with (PP) and without (NP) lesions (n = 58). The analysis of skin in healthy subjects (NN, n = 64) available for
GSE13355 was also reported. (g) Gene expression data in the GEO dataset GSE13355 were analyzed for the expression
of MMP9, MMP14, MMP3, MMP2 and MMP8. P values were calculated using two-tailed Student’s t-test. *P < 0.05,
**P < 0.01, **P < 0.001, ****P < 0.0001. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 2. E1~'~ mice exhibit alterations in skin homeostasis and develop a more severe histologic score after IMQ treat-
ment. (a) Schematic representation of the protocol applied in the IMQ-induced psoriasis mouse model. (b) Macroscopic
view of mouse skin at the end of IMQ treatment. Representative images are shown. (c) H&E staining of cryostat sections
of untreated (CNT) and IMQ-treated (IMQ) mouse skin. (d) Analysis of epidermal and dermal thickness in untreated and
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treatment but without any obvious difference
between the two genotypes.

Given the role of EMILIN-1 in lymphangiogenesis
[28,26,29] and its reduction in psoriasis (Fig. 1), we
next examined the lymphatic microvasculature. The
number of Lyvel positive vessels was higher in
IMQ-treated animals compared to control animals in
both genotypes (Fig. 3). Nevertheless, we observed
a slightly increased density and statistically higher
volume of Lyve1 positive vessels in untreated £7~/~
mice, indicating the presence of already enlarged
LVs even in the absence of a psoriasis stimulus
(Fig. 3). These changes were also evident in both
treated and untreated 7/~ mice when VEGFR3
was used as an additional marker of LVs (Supple-
mental Fig. 3). In general, no differences in blood
vessel density were detected in untreated and IMQ-
treated animals of either genotypes, although a sig-
nificant increase in blood vessel volume in IMQ-
treated E7*/* animals was measured (Fig. 3).

EMILIN-1 deficiency favors the recruitment of
macrophages in skin

IMQ-treated E7~/~ mice showed a more pro-
nounced inflammatory infiltrate compared to E77/"
mice (Fig. 4a). Immunostaining for CD45, Gr-1, and
F4/80 was also informative: in fact, when we com-
pared untreated and IMQ-treated E7"'" mice a sig-
nificant increase in Gr-1 positive and to a lesser
extent of F4/80 positive cells was detected (Fig. 4b
and Supplemental Fig. 4a). This increase was not
so evident for F4/80 positive cells in treated versus
untreated E7~'~ mice since there were significantly
more F4/80 positive cells in E17/~ than in E7H"
mice both before and after IMQ treatment (Fig. 4b,
¢). This finding most likely indicates that the absence
of EMILIN-1 induces an inflammatory state which
promotes chronicity and exacerbation of the dis-
eased tissue. The higher expression of Iba1, a mac-
rophage marker, in skin tissue confirmed the
association between EMILIN-1 deficiency and the
higher numbers of macrophages already in the
absence of any previous inflammatory stimulus
(Fig. 4d). To strengthen the above finding and in
order to simulate more closely a chronic inflamma-
tory state as in human psoriasis, mice of the two
genotypes were subjected to a “chronic” IMQ treat-
ment and the skin was examined for Ibal expres-
sion. Also under this treatment E7'~ mice
demonstrated that the area positive for lIbal was

twice larger than in E7* mice (Supplemental Fig.
4b). In general, the promotion of an immune infiltrate
was likely not due to a differential increase in cell
death, as indicated by the statistically not significant
differences in the number of apoptotic cells in the
skin of untreated and IMQ-treated E7"'* and E1~/~
mice, as assessed by TUNEL assays (Supplemental
Fig. 4c, d).

To test whether not only the absence of EMILIN-1
but also its alterations were sufficient to induce a
more severe inflammatory state, IMQ treatment was
also applied to E1-E933A transgenic (E933A TG)
mice, which express an EMILIN-1 protein carrying a
mutation in the gC1q residues involved in the inter-
action with the a4/a9 integrins [13,29]. Macroscop-
ically, the E933A TG mice showed less severe skin
inflammation than E7~'~ mice in terms of classic
signs of psoriasis such as erythema and scaling
(Supplemental Fig. 5a). Compared with WT mice,
E933A TG mice exhibited a more pronounced
inflammation after IMQ treatment, with numbers of
CD45- and Gr-1-positive cells very similar to those
of E1~~ mice (Sup/plemental Fig. 5b). If compared
with E7*"* and E71~'~ mice, after IMQ treatment the
differences in the inflammatory cell infiltrate were not
statistically significant. The basal number of CD45-,
Gr-1-, and F4/80-positive cells in E933A TG mice
was very close to that of E7"/" mice (Supplemental
Fig. 5b), suggesting that the changes in the gC1q
domain are not sufficient to promote an inflammatory
environment in the absence of specific stimuli, as
occurs in the absence of the whole EMILIN-1 mole-
cule. Of note, the thickness of the epidermis of
untreated E933A TG mice was comparable to that
of E1~"~ mice and significantly higher than that of
E1*"* mice (Supplemental Fig. 5b).

Emilin1~'~ dermal fibroblasts show a
myofibroblastic phenotype

It is known that differentiation of fibroblasts into
myofibroblasts, usually occurring in diseased tis-
sues, can promote chronic and fibrotic alteration of
the skin homeostasis [33]. To test whether the
absence of EMILIN-1 could affect the dermal fibro-
blast phenotype, we first determined the presence of
a-SMA-positive cells, i.e. myofibroblasts, in
untreated and IMQ-treated mouse skins. The num-
ber of a-SMA-positive cells was significantly higher
in E7~'~ mice and the IMQ treatment did not induce
any significant change (Fig. 5). Accordingly,

IMQ-treated animals. Three calculations for each field (x10 magnification) (at least 3 field for each mouse) were made to
obtain the mean value. The results reported in the column graphs represent the mean £+ SD of n = 5—8 mice. (e) H&E
staining of FFPE sections of untreated and IMQ-treated mouse skin. Arrowheads indicate regions of fibroblast prolifera-
tion associated with focal epidermal hyperplasia. Arrows point the presence of Munro’s abscesses in IMQ-treated E7~/~

mice. The quantification of Munro’s abscesses in E7*and E1

Scale bars, 100 pm (c), 50 um (e). *P < 0.05; **P < 0.01.

~/~ mice following IMQ treatment is reported in the graph.
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Fig. 3. Dermal LVs in E7~/~ mice displayed morphological alterations also in the absence of a psoriatic stimulus. (a)
Immunostaining of Lyve1 (green) and CD31 (red) positive vessels in untreated and IMQ-treated E1** and E1~/~ mice.
Cell nuclei are pseudocolored blue. Newly formed lymphatic vessels (IMQ-treated mice) display a high intense Lyve1
staining. White arrows indicate vessels with high Lyve1 and low CD31 positivity. (b) Quantification of positive vessels is
shown as both number and volume of Lyve1- and CD31-positive vessels. At least four fields (x20 magnification) were
analyzed to obtain a mean value for each mouse, and each point represents a single mouse. The results reported in the
column graph represent the mean + SD of n = 4—6 mice. Scale bar, 50 pm. *P < 0.05; **P < 0.01. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

fibroblasts isolated from E7~/~ newborn mice
expressed higher levels of a-SMA than E7*'* fibro-
blasts, suggesting a suppressive role exerted by
EMILIN-1 in myofibroblast differentiation (Fig. 6a).
Consequently, Emilin1 silencing induced a myofibro-
blastic phenotype (Fig. 6b). Fibroblasts isolated from
E933A TG newborn mice showed a slight but not
significant increase in the levels of a-SMA (Fig. 6a).
Since EMILIN-1 affects TGFB maturation and, as a

consequence, higher expression of the active form
can be detected in E71~/~ mice [13,18], we hypothe-
sized that increased levels of the profibrotic cytokine
[34] could be responsible for triggering myofibroblast
differentiation. The treatment of fibroblasts with the
TGFB Rl inhibitor LY364947 fully rescued the basal
a-SMA staining in E77" fibroblasts even in the pres-
ence of recombinant TGFB (Fig. 6¢). In contrast, in
E1~" fibroblasts either in the absence or in the
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Fig. 4. EMILIN-1 deficiency favors the recruitment of macrophages in skin. (a) H&E staining of FFPE skin sections from
IMQ-treated mice. Representative images of 3 mice for each genotype are shown. A more abundant and evident infiltrate
(see magnification of the boxed region in the lower panel) characterizes £7~" treated skin. (b) Quantification and charac-
terization of the inflammatory infiltrate in cryostat skin sections immunostained for CD45, Gr-1 and F4/80 markers. At least
five fields (x20 magnification) were analyzed to obtain a mean value for each mouse. The results reported in the column
graphs represent the mean + SD of n = 6—10 mice. (c) Representative immunofluorescence images for the detection of
F4/80 positive cells in cryostat sections of untreated and IMQ-treated skin. (d) Immunoblot of the Iba1 protein level in
untreated and IMQ-treated skin from E7*"+ and E7~/~ mice. Two samples for each genotype and treatment are shown.
Quantitative measurements of Iba1 protein levels, normalized using GAPDH as loading control, are reported for each
sample. Scale bar, 50 pm. *P < 0.05; **P < 0.01.

presence of exogenous TGFB, the inhibitor only par-  signaling pathway. Consequently, E7~'~ fibroblasts

tially reduced «-SMA expression (Fig. 6¢). These  displayed augmented levels of pSmad and pErk
results were consistent with alterations of the TGFR  (Fig. 6d). In addition, we also found increased
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Fig. 5. E1~/~ dermal fibroblasts show an activated phenotype. (a) CD31 (green)/a-SMA (red) Sleft) and vimentin
(green)/a-SMA (red) (right) staining of cryostat sections of untreated and IMQ-treated skins from E7*"+ and E1~/~ mice.
Nuclei are pseudocolored in blue. A magnification of each representative image is reported in the boxed area. (b) Quantifi-
cation of a-SMA-positive/CD31-negative areas are reported in the graph. Mean values were obtained through the analy-
sis of at least four fields (x20 magnification) for each mouse; points represent the values of a single mouse. The results
reported in the column graph represent the mean + SD of n = 3—4 mice. Scale bar, 50 um. *P < 0.05; **P < 0.01. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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phosphorylation of JNK and JUN in E7~/~ fibro-
blasts, consistent with a pronounced non-canonical
activation of TGFp (Fig. 6d) [35]. To test whether the
activated phenotype was solely due to dysregulation
of TGFB or whether the loss of integrin engagement
by EMILIN-1 could also play a role, we used fibro-
blasts isolated from E933A TG mice. This mutant is
still capable to bind pro-TGFB through the EMI
domain. The levels of «-SMA and pSTAT3 as well
as the levels of pErk, pJNK, and pJUN in E933A TG
fibroblasts were slightly higher than in E7%/* fibro-
blasts, suggesting that signaling regulated by the
interaction between gC1qg and integrin may also
affect TGFB pathway in these cells (Fig. 6a, d). We
then incubated murine fibroblasts of the three geno-
types (E71'*, E1~" E933A TG) with soluble gC1q
and examined the changes in «-SMA staining.
Although not statistically significant, the addition of
gC1q reduced the intensity of «-SMA staining and
partially rescued the effect caused by TGFB signal-
ing alterations in E7~/~ and NIH-3T3 silenced fibro-
blasts (Fig. 7a). Nonetheless, the treatment with
recombinant gC1q induced a significant decrease of
«-SMA staining in E933A TG fibroblasts (Fig. 7a).
On the contrary, E1"'* fibroblasts were insensitive
to the addition of exogenous gC1q most likely since
endogenously secreted EMILIN-1 can already
engage the integrin receptors. Importantly, the use
of the function-blocking anti-gC1q antibody (1H2)
was able to reduce the effect in E71~/~ fibroblasts,
suggesting that the activity of gC1q on «-SMA was
specific (Fig. 7b). The role played by the EMILIN-1/
integrin interaction in this context was further dem-
onstrated by the use of a function-blocking antibody
against the a4 integrin subunit which abrogated the
action of added gC1q both in E7~/~ and E933A TG
fibroblasts (Supplemental Fig. 6a). Moreover, the
small increase in the number of myofibroblasts in
E933A TG mice (Supplemental Fig. 6b) suggest that
the interaction between gC1q and integrin may also
exert an opposing, albeit weak, effect on myofibro-
blastic differentiation. The effect of the absence of
EMILIN-1 and the consequent TGFB dysregulation
[18] were evident in E7~'~ skin tissue characterized
by a prominent collagen deposition (Supplemental
Fig. 7a). In contrast, no evident fibrosis was
observed in the skin of E77* mice; E933A TG mice
displayed intermediate levels of collagen deposition
(Supplemental Fig. 7a), consistent with the normal

TGFRB levels detected in this mutant [29). In agree-
ment with these findings, the skin of E7~'~ mice and
to a lesser extent E933A TG mice displayed higher
levels of Axl, a receptor tyrosine kinase implicated in
fibrogenic signaling pathways involving myofibro-
blast activation [36,37] (Supplemental Fig. 7b). Anal-
ysis of skin tissues with a mouse cytokine array
showed that protein levels of some markers of fibro-
sis were higher in E7~/~ mice (Supplemental Fig.
7c).
Emilin1~'~ dermal fibroblasts promote the
recruitment of macrophages and their
polarization toward a pro-inflammatory
phenotype

Fibroblasts may exhibit either pro- or anti-inflam-
matory properties and influence leukocyte recruit-
ment [38—40]. In particular, dermal fibroblasts play
an important role in the inflammatory response in
psoriasis by promoting the polarization of monocytic
cells toward a pro-inflammatory condition [41]. First,
to test whether EMILIN-1 deficiency in fibroblasts
could affect macrophage chemotactic migration,
RAW 264.7 monocytic cells were used in a Trans-
well-based motility assay in which conditioned
media (CM) from resting or IL-1a-stimulated E1*,
E1~'~ and E933A TG fibroblasts were added as che-
moattractants. The CM from E7~/~ fibroblasts
induced a slightly higher monocyte motility com-
pared with that from E7+*fibroblasts (Fig. 8a). This
effect was even more pronounced when fibroblasts
were pre-stimulated with IL-1a (Fig. 8a). Analysis of
skin tissues with a mouse cytokine array also
showed that protein levels of factors able to recruit
monocytic cells were higher in E7~/~ mice (Fig. 8b).
Then, to verify if the loss of EMILIN-1 in fibroblasts
could in turn affect macrophage polarization, RAW
264.7 cells were challenged with the CM, and the
expression of the M1 marker TNFa and M2 marker
IL-10 assessed. Macrophages treated with CM from
E1~'~ fibroblasts expressed more TNFa than those
incubated with E7*"* fibroblasts CM; on the other
hand, a much higher expression of IL-10 was
detected when using CM from E7+* fibroblasts
(Fig. 8c). The CM from E933A TG fibroblasts
induced the same effects, albeit less pronounced,
on macrophages as the CM from E7~" fibroblasts
(Fig. 8c). RAW 264.7 cells treated with CM from

and a-SMA (red). (c) E7"* and E1~/~ fibroblasts were treated for 24 h with TGFB with or without the TGFB Rl inhibitor
(LY364947) and then stained for a-SMA (red). The corresponding quantification of «-SMA intensity per cell is shown in
the graphs (a—c). Nuclei are pseudocolored in blue (a-c). At least five fields (x20 magnification) were analyzed to obtain
the mean value for each experiment. The results reported in the column graphs (b, ¢ and d) represent the mean + SD of
n =5 experiments. Scale bar, 50 pm. **P < 0.01, ***P < 0.001. (d) Western blotting analyses for pJNK, pSMAD, pERK,
pSTAT3 and pJUN and «-SMA in cellular lysates obtained from E71%"*, E1~/~ and E933A TG newborn fibroblasts. The sig-
nal of phosphorylated proteins was normalized to the respective total protein or to housekeeping proteins (GAPDH, tubu-
lin). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)
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this article.)
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E1-" or E933A TG fibroblasts exhibited activation of
p65, p38, and STAT1, known to be involved in the
transcription of M1 genes [42]. Accordingly, lower
levels of pSTATS, which induces the transcription of
M2 genes [42] were detected (Fig. 8d). RAW 264.7
cells were also incubated with CM from fibroblasts
stimulated with IL-1« or IL-17A, two known media-
tors of psoriasis. Also in this case, the levels of the
M2 marker Arg1 were increased after treatment with
CM from resting or IL-1a/IL-17A-stimulated E7+*
fibroblasts (Fig. 8e). Similarly, the levels of Argi
were higher in E7"*untreated skin compared to
those determined in E7~/~ and E933A TG animals
(Fig. 8f). The levels of M1 and M2 markers analyzed
in the skin tissues were, respectively, higher and
lower in £1~/~ mice compared to £77/* mice, sup-
porting the finding that the pro-inflammatory pheno-
type was already pronounced in the absence of
EMILIN-1 before treatment in the resting state
(Fig. 8g). Taken together these results indicate that
the lack and/or the reduction of EMILIN-1 did not
only promote LV proliferation but also led to a persis-
tent pro-inflammatory state.

Discussion

In this study, we demonstrated that changes in
EMILIN-1 state may alter the inflammatory context
in skin, and ultimately drive macrophage polariza-
tion, leading to an imbalance in tissue homeostasis,
thus generating a favorable environment for further
disease development. The increased disease sever-
ity in IMQ-treated E7~/~ mice was primarily due to a
microenvironment more prone to the effects of acute
inflammatory stimuli and subjected to the induction
of chronic inflammation. The analyses performed on
the E933A TG mouse model gave us the opportunity
to dissect the role of the EMI and gC1q domains of
EMILIN-1 in the regulation of TGFB and a4/a9 integ-
rins and their contribution to inflammatory condition
of psoriatic skin. We have previously demonstrated
that EMILIN-1 fragmentation leads to a condition
similar to that of £7~" mice in which the glycoprotein

is fully ablated, resulting in uncontrolled cell prolifer-
ation and abnormal lymphatic phenotype [27,31,32].
Therefore, we hypothesized that the digestion of
EMILIN-1 by proteolytic enzymes released by
inflammatory cells may represent a pathogenic
mechanism leading to the decrease or loss of func-
tions associated with the gC1q and/or EMI functional
domains. Compared to healthy subjects, the expres-
sion of EMILIN-1 was significantly reduced in all
psoriatic patients enrolled in this study. The finding
that patients affected by psoriasis display normal
EMILIN-1 mRNA levels and elevated expression of
MMPs mRNA suggests that the glycoprotein could
be extensively processed during the establishment
of this disease. The presence of dilated podoplanin-
positive vessels in psoriasis patients with a very low
association to EMILIN-1, which has been shown to
be a structural and functional regulator of LVs
[23,29], indicates that the chronic inflammation char-
acterizing this skin disease may be due to a very
complex cellular and extracellular mechanistic net-
work. This finding suggests that inflammatory envi-
ronment may depend on increased TGF signaling
resulting from the loss of the buffering EMILIN-1
activity. It is conceivable that during chronic skin dis-
ease molecular mechanisms are engaged to attenu-
ate the ECM buffering function on TGFB signaling,
such as through the dismantlement of proteins like
EMILIN-1.

In our animal models we were able to reproduce
most of the typical aspects of psoriasis, and showed
that E1~/~ mice, and, to a lower macroscopic evi-
dence, E933A TG mice developed more severe dis-
ease after IMQ treatment compared to E77/* mice.
E1~~ mice displayed a higher number of F4/80 posi-
tive cells already without treatment, suggesting that
alterations of this ECM molecule may induce
changes in the microenvironment associated with a
pro-inflammatory disease development.

The higher presence of skin fibroblasts in E7
mice, which are responsible for a more severe
fibrotic milieu as indicated by the marked collagen
deposition and the increased levels of the markers
of fibrosis, was mainly due to increased TGFj

.

stimulated (right) E7+*, E1~/~, and E933A TG fibroblasts. (b) Protein level of factors involved in the recruitment of mono-
cytes/macrophages in E77"and E7~/~ untreated mice, as detected by the Mouse Cytokine Array C kit. Quantified tissue
skin lysates from 3 animals were pooled and equal amounts of total protein were loaded onto the array membranes. The
acquired images of the resulting dot blots were analyzed using ImageLab software. (c) RAW 264.7 cells were incubated
for 48 h with CM obtained from E7*/*, E1~/~, and E933A TG fibroblasts. TNFa and IL-10 were analyzed as macrophage
polarization markers by qPCR. (d) Representative immunoblot image of phosphorylated p65, p38, STAT1 and STAT3 lev-
els in RAW 264.7 cells, incubated for 48 h with CM from resting E7*/*, E1~/~, and E933A TG fibroblasts. Quantitative
measurements of protein levels, normalized using the total protein or GAPDH as loading control, are reported for each
sample. (e) Representative immunoblot image of the Arg1 levels in RAW 264.7 cells, incubated for 48 h with CM from
resting or IL-1a (1 ng/ml)/IL-17A (5 ng/ml) stimulated E7**, E1~/~, and E933A TG fibroblasts. Quantitative measure-
ments of Ar/g1 protein levels, normalized using GAPDH as loading control, are reported for each sample. (f) Arg1 levels in
E17*, E17/~, E933A TG skin tissues from different animals. Quantification was reported in the graph as mean + SD
(n = 3). (g) Fold change of the levels of M1 and M2 polarization markers detected in untreated E7**and E7~/~ mice using
the Mouse Cytokine Array C kit as reported in (b).
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Fig. 9. Proposed model for the role of EMILIN-1 in chronic disease. The illustration summarizes the proposed molecu-
lar mechanisms by which EMILIN-1 loss might alter the inflammatory context in the skin. The induction of a myofibroblas-
tic phenotype, which recruits monocytes, drives macrophage polarization toward M1-type cells, and promotes fibrosis, is
due on one side to the increased levels of mature TGFp in the absence of the EMI domain that prevents its maturation in
the extracellular space, as is the case of the E7~/~ mouse model. On the other side, the lack of integrin-specific binding

by the gC1g domain mutated in the E933A TG mouse model or completely absent in E7

~/~ mice also drives alterations in

the non-canonical signaling pathway of TGF, and favors the switch to a myofibroblast phenotype. Furthermore, by acting
on lymphatic vessel structure and function, gC1q may alter the clearance of inflammatory infiltrates, supporting a final
imbalance in skin homeostasis and creating a favorable environment for disease development.

signaling upon EMILIN-1 loss, as previously shown
by others [43—47]. More importantly, one of the
most relevant changes observed in the null or
mutated EMILIN-1 background was the induction of
a myofibroblast phenotype capable to drive macro-
phage towards the M1 phenotype which in turn
expresses also higher levels of VEGFC. These
results are in line with emerging evidence supporting
the recruitment and activation of macrophages in M1
subtype as determinant factors in human psoriasis

[48,49]. A growing amount of evidences indicate
that, depending on their location and soluble factors
available, fibroblasts may exhibit either pro- or anti-
inflammatory properties and influence leukocyte
recruitment [38—40]. The results reported in this
study reinforce the concept that fibroblasts/myofibro-
blasts are key cellular players in the context of skin
disease; not only are they responsible for the syn-
thesis and likely the remodeling of EMILIN-1, a cru-
cial regulator of skin homeostasis [20], but can also
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affect macrophage polarization thus profoundly
altering the microenvironment.

Our results indicate that EMILIN-1 can affect the
inflammatory response through different mecha-
nisms hinging on both the EMI and gC1q domains.
A model summarizing how EMILIN-1 may alter the
inflammatory environment of skin is shown in Fig. 9.
Notably, we suggest that the dismantlement of the
EMI domain of EMILIN-1 by proteolysis may lead to
the up-regulation of TGFB which promoted the differ-
entiation of fibroblasts into myofibroblasts. As a con-
sequence the release of soluble factors by these
cells polarized macrophages toward the M1 pheno-
type thus leading to the establishment of a chronic
inflammatory milieu. The abnormal and complex
dysregulation of TGFB caused by EMILIN-1 defi-
ciency with the activation of both canonical and non-
canonical pathway was already described in a
model of aortic valve disease [45]. In the present
study we provide evidence that also the gCiq
domain can affect TGFB signaling; thus, the gC1q
domain displays a dual function in the context of
psoriasis, through the interaction with keratinocytes
and fibroblasts it controls skin homeostasis [20,25],
whereas through the stimulation of non-canonical
TGFp signaling it alters the microenvironment and
impinges on inflammation, as demonstrated by the
E933A TG mouse model. Furthermore, our results
suggest that the more consistent inflammatory
response upon IMQ treatment of E71~/~ and E933A
TG mice could also be due to structural as well as
functional lymphatic dysregulation. The analyses of
psoriasis patients, in which lower levels of EMILIN-1
were present with a very rare association with LVs,
highlight the multifaceted role of this ECM compo-
nent in the skin inflammatory scenario.

In conclusion, this study supports the evidence
that the ECM not only exerts purely mechanical
properties, including stability and guidance for cell
movement, or serves as a reservoir for growth fac-
tors, but also modulates cell functions. Uncovering
the role of the ECM in influencing the inflammatory
response is a promising area of research. Our
results highlight for the first time the important role of
EMILIN-1 in regulating macrophage recruitment and
polarization and provide a new perspective for delin-
eating the complex network in inflammatory dis-
eases.

Materials and methods

Patients

Skin biopsies were obtained from psoriatic lesions
of 13 patients at Santo Andrea Hospital (Rome,
Italy), where written informed consent was obtained.
Experienced dermatologists and pathologists

classified the lesions as psoriasis according to histo-
pathological diagnostic criteria. Patients were of
both sexes (7 males and 6 females) and similar age
(54418 and 5449 years old, respectively). The con-
trol samples of healthy skin were age-matched.

Chemicals and reagents

Recombinant TGFB protein was purchased from
Peprotech (London, UK). The TGFBRI inhibitor
LY364947 was purchased from Calbiochem (Merk,
Germany). Recombinant gC1gq molecule was pre-
pared and purified as previously described [22].
Commercial primary antibodies used for Western
blot and immunofluorescence are listed in Table S1.
Mouse anti gC1q (clone 1H2) and rabbit anti EMI-
LIN1 (As556) antibodies were produced in our labo-
ratory as previously described [22].

Primary cells and cell lines

Murine dermal fibroblasts were isolated as previ-
ously described [50]. Briefly, sterile newborn skin
was incubated overnight at 4 °C in 0.25% trypsin
solution without EDTA (Lonza). Dermis was
digested with collagenase-dispase solution (Roche)
for 30 min at 37 °C followed by DNAse (Roche) for
10 min. Dermal samples were diluted with medium,
passed through cell strainers to remove undigested
skin fragments and centrifuged at 150 g for 5 min.
Pellets and supernatants were resuspended and
centrifuged according to the original protocol. Estab-
lished fibroblast cultures were maintained in Dul-
becco Modified Eagle Medium (DMEM, GIBCO)
supplemented with L-Glutamine (GIBCO), 10% fetal
bovine serum (FCS, GIBCO) and antibiotics
(10,000 U/ml penicillin and 10 mg/ml streptomycin).
NIH 3T3 and RAW 264.7 cells were obtained from
ATCC and were cultured, respectively in low glu-
cose DMEM and high glucose DMEM both supple-
mented with 10% FCS and antibiotics. NIH 3T3 cells
silenced for Emilin1 were established as previously
described [20], and maintained in DMEM supple-
mented with 10% FCS, antibiotics and 1 p.g/ml puro-
mycin (Sigma).

Chemotaxis assay

Migration was performed on Transwell-like inserts
with fluorescence-shielding porous PET membranes
(polycarbonate-like material with 8 wm pores) HTS
FluoroBlok™ inserts (Becton-Dickinson, Falcon), as
previously described [51]. Conditioned media
derived from primary fibroblasts isolated from E7/*,
E1~~ and E933A TG mice and cultured for 24 h in
the presence of DMEM containing 2% FCS or after
24 h of stimulation with IL-1« (1 ng/ml) were used as
chemoattractants. Supernatants were then centri-
fuged and stored at —80 °C until use. RAW 264.7
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cells were fluorescently tagged with the lipophilic
dye FastDil (Molecular Probes) at the final concen-
tration of 5 wg/ml for 10—15 min at 37 °C. Cells were
added to the top of the inserts (1.5 x 10° cells/
insert). Control medium (DMEM supplemented with
2% FCS) or conditioned medium derived from
2 x 10° fibroblasts was added to the lower chamber.
Cell migration was monitored at different time inter-
vals by independent fluorescence detection from the
top (corresponding to non-migrated cells) and the
bottom (corresponding to migrated cells) side of the
membrane using the computerized Infinite M1000
microplate reader (TECAN).

RT-PCR analysis

Total RNA was extracted using NucleoSpin RNA
Il (Macherey-Nagel, Germany) according to the
manufacturer’s instructions and the concentration
was determined using a spectrophotometer (Nano-
Drop ND-1000, Thermofisher). Reverse transcription
was performed using 1 ng of total RNA. The cDNA
products were amplified using iQ SYBR Green
Supermix (Bio-Rad Laboratories, ltaly) with the fol-
lowing primers: Tnf-alpha F GTA GCC CAC GTC
GTA GCA AA R ACA AGG TAC AAC CCA TCG
GC; M0 F CTG AAG ACC CTC AGG ATGCG R
ACA CCT TGG TCT TGG AGC TTA T; Gapdh F
AGG TCG GTG TGA ACG GAT TTG R TGT AGA
CCA TGT AGT TGA GGT CA. gRT-PCR were per-
formed using CFX96 gPCR (Bio-Rad) and data
were analyzed with dedicated software CFX Mae-
stro (Bio-Rad).

IMQ-induced mouse model of psoriasis

C57BI/6 mice were purchased from Charles River
Laboratories. Emilin1~'~ (E1~/7) and E933A TG
mice (C57BI/6 background) were generated as pre-
viously described [28]. All animal procedures and
their care were performed according to the Institu-
tional guidelines, in compliance with national laws
and authorization by the ltalian Ministry of Health to
Dr. Spessotto (no. 632/2020). 8 week-old male E7*/,
E1~/~ and E933A TG mice received a daily topical
dose of 62.5 mg of the IMQ cream (5%) (Imunocare;
DFA Cooper SpA) on the shaved backs as shown in
Fig. 2a. The control E1**, E1~/~ and E933A TG
group was treated with a control vehicle (vaseline)
cream. Mice were sacrificed by CO,, and skin sam-
ples were collected.

Histology of mouse tissues

Skin specimens from the back were embedded in
OCT and snap frozen or fixed overnight in formalin
and then embedded in paraffin (FFPE). For histolog-
ical examination, 5 wm thick sections were stained
with hematoxylin and eosin (H&E), and three to four

images were taken for each sample using a light
microscope (Leica DM750) equipped with a CCD
camera and dedicated software (Las EZ Leica).
Imaged software (http://rsb.info.nih.gov) was used
for measurements.

Immunofluorescence

To perform immunofluorescence, samples were
pretreated as follows: cells were cultured on glass
coverslips, fixed with 4% paraformaldehyde (PFA)
for 10 min, permeabilized in 0.1% Triton X-100
(Sigma) for 5 min, and blocked with 2% FCS and 1%
BSA (Sigma) for 1 h at room temperature (RT);
mouse dorsal tissues were embedded in OCT, snap
frozen, and cryostat sections were fixed with 4%
PFA or ice-cold acetone and blocked with 5% nor-
mal serum in 1% BSA/PBS solution; human sam-
ples were fixed in formalin and embedded in paraffin
(FFPE), deparaffinized three times for 10 min with
xylene (Merck), rehydrated in graded ethanol solu-
tion (100% for 5 min, 95% for 5 min, 70% for 2 min),
then subjected to heat-mediated antigen retrieval
with citrate buffer pH 6.0 and blocked with 5% nor-
mal serum in 1% BSA/PBS solution. Samples were
then incubated overnight at 4 °C in a humidified
chamber with specific primary antibodies (see Table
S1), followed by appropriate secondary antibodies
for 1 h at RT. All solutions and washes were per-
formed in PBS. Samples were counterstained with
TO-PRO-3 (Invitrogen, Thermo Fisher Scientific)
and mounted with glycerol-based antifade agent.
Sections incubated with an antibody of the same iso-
type but with irrelevant specificity served as controls.

To quantitatively evaluate the infiltrate of inflam-
matory cells, series of images were acquired at
40 x magnification using a true confocal scanning
system (TCS SP8 FSU AOBS, Leica Microsystems)
equipped with a Leica DMi8 inverted microscope
(Leica Microsystems). The maximum projections
obtained were then processed using LAS software
(Leica Microsystems) and the Volocity 3D image
analysis software (PerkinElmer), and the CD45, F4/
80, and Gr1 positive cells were counted in four to
five fields by two independent researchers. To quan-
titatively assess EMILIN-1 status and skin vessel
density, three to five series of images were acquired
at 20 x magnification using a TCS SP8 FSU AOBS
confocal scanner system (Leica Microsystems). The
intensity of positive fluorescence from EMILIN-1,
Lyve1, CD31 and «-SMA was quantified using the
Volocity software (PerkinElmer).

Western blot analysis

Skin samples were snap frozen and stored at
—80 °C until use. Skin samples were homogenized
in lysis buffer using gentleMACS Dissociator (Milte-
nyi Biotech, Germany). Cells were lysed in RIPA
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buffer. Cell debris were removed from the homoge-
nates by centrifugation at 10,000 g for 20 min. Tis-
sue and cell lysates were quantified using the
Bradford assay (Bio-Rad). 40—80 mg of total lysates
were loaded onto 4—20% SDS polyacrilamide gels
(Criterion Precast Gel, BioRad) and transferred onto
nitrocellulose membranes (Amersham Hybond-
ECL, Amersham Pharmacia Biotech, UK). Mem-
branes were blocked with the everyBlot Blocking
Buffer (BioRad) 1:1 with TBS for 1 h and incubated
overnight at 4 °C with primary antibodies. After
washing, membranes were incubated with the
appropriate secondary antibodies. Chemilumines-
cent signals were visualized using Chemidoc Touch
Imaging System (BioRad), fluorescent signals were
detected using Odyssey CLx Near-Infrared Fluores-
cence Imaging System (LI-COR, Germany).

Cytokine profile array

Mouse skin samples were stored at —80 °C until
use and homogenized in lysis buffer purchased from
RayBiotech (Norcross, GA, USA), using Stainless
Steel Beads and the TissueLyser System (Qiagen).
Removal of cell debris from the homogenates was
obtained by centrifugation at 10,000 g for 20 min.

Tissue skin lysates were quantified by Bradford
assay (Bio-Rad Laboratories, Milan, Italy). The cyto-
kine profile was determined using the Mouse Cyto-
kine Array C kit (RayBiotech), which allows to
quantify a panel of the most common cytokines
secreted during the inflammatory processes. The
assay was performed according to the manufac-
turer's instructions. Briefly, quantified tissue skin
lysates from 3 animals were pooled and equal
amounts of total protein (600 mg) were loaded onto
the array membranes. Dot blots were visualized
using Chemidoc Touch Imaging System (Bio-Rad)
and acquired images were analyzed using the
ImageLab software (Bio-Rad).

Analysis of publicy available datasets of gene
expression in psoriatic patients

Gene Expression Omnibus (GEO) dataset com-
prising 58 patients (GSE13355) was downloaded
and analyzed via GEO2R (https://www.ncbi.nlm.nih.
gov/geo/geo2r). Expression profiles of Emilin1 and
MMPs in healthy subjects (n = 64) and in normal
adjacent and psoriatic tissues from patients (n = 58)
were further analyzed and plotted using GraphPad
Prism v8 (GraphPad Software, san Diego,CA,
USA). GSE11903, GSE14905, and GSE30999 were
also downloaded and analyzed for Emilin1 expres-
sion.
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