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Abstract

In this study, we tested the hypothesis that constitutive endothelial cell-specific activation of TGF-
B signaling induces tissue fibrosis and vasculopathy resembling the characteristic fibrotic and
vascular alterations of systemic sclerosis. Transgenic mice with inducible expression of a
constitutively active TGF-g receptor | specifically in endothelial cells were generated by
intercrossing mice harboring a constitutively active TGF-g receptor | with a mouse strain
containing the endothelial cell-specific Cdh5 gene promoter directing the tamoxifen-inducible
expression of the Cre-ERT? cassette. Administration of tamoxifen to these mice would result in
constitutive TGF-g activation and signaling confined to endothelial lineage cells. The effects of
constitutive TGF-g endothelial cell activation were assessed by histopathological examination of
skin and various internal organs, tissue hydroxyproline analysis, and assessment of expression of
myofibroblast differentiation and TGF-g signaling genes employing real-time PCR and
immunohistochemical staining of lung vessels for endothelial- and myofibroblast-specific
proteins. Constitutive TGFS-1 signaling in endothelial cells resulted in cutaneous and visceral
fibrosis with prominent fibrotic involvement of the lungs and severe perivascular and
subendothelial fibrosis of small arterioles. A marked increase in the expression of fibrosis-
associated genes and of genes indicative of myofibroblast activation was also found. Confocal
microscopy of lung vessels showed evidence consistent with the induction of endothelial-to-
mesenchymal transition (EndoMT). Taken together, our data indicate that transgenic mice with
constitutive endothelial cell-specific activation of TGF-g signaling display severe cutaneous,
pulmonary, and microvascular fibrosis resembling the fibrotic and microvascular alterations
characteristic of systemic sclerosis.

Correspondence: Dr S Jimenez, MD, Jefferson Institute of Molecular Medicine, Thomas Jefferson University, 233 South 10th Street,
Suite 509 BLSB, Philadelphia, PA 19107, USA. sergio.jimenez@jefferson.edu.

AUTHOR CONTRIBUTIONS

Design of the study and manuscript preparation by PJW and SAJ. Data acquisition by PJW, KRC, FAM, and SP-V. Analysis of data by
PJW and SAJ. Final manuscript prepared, revised, and approved by PJW and SAJ.

DISCLOSURE/CONFLICT OF INTEREST
The authors declare no conflict of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wermuth et al.

Page 2

Systemic sclerosis (SSc) is a systemic autoimmune disorder characterized by progressive
fibrosis of the skin and multiple internal organs accompanied by severe alterations in the
microvasculature and cellular and humoral immunity dysfunction.1=3 The etiology of SSc is
currently unknown and its pathogenesis is quite complex and has not been fully elucidated.
4~ However, recent experimental evidence indicates that microvascular damage may
represent the initiating stimulus for the subsequent establishment and progression of the
fibrotic process.8-14 Indeed, it has been suggested that SSc is a vascular disease.13 It has
been further suggested that the early microvascular-associated damage triggers the
perivascular and parenchymal infiltration of the affected tissues with mononuclear immune
cells.13-15 The infiltrating inflammatory cells release cytokines, growth factors, and other
products that subsequently result in the transdifferentiation and activation of various cell
types, including quiescent fibro-blasts, adipocytes, and endothelial cells, into activated
myofibroblasts.16-18 Activated myofibroblasts are the cells ultimately responsible for the
dysregulated synthesis and exaggerated accumulation of collagen and other fibrotic tissue
macromolecules in the skin and the affected visceral organs.1®-22 Extensive experimental
evidence indicates that transforming growth factor-g (TGF-p) is a central signaling pathway
mediating these events in SSc pathogenesis.23-27 Indeed, increased production of TGF-8
and increased expression of TGF-S-regulated genes, including the TGF-greceptor 1 (TBRI),
have been demonstrated in affected tissues from SSc patients.28:2° Owing to the strong
interest in the role of microvascular endothelial cells in SSc pathogenesis and the
suggestions that SSc is a disease mediated by dysfunction of these cells,10-15 we recently
examined the mechanisms involved in the profibrotic effects of TGF-gand endothelin-1 in
lung microvascular endothelial cells.3? The assessment of gene expression levels of TGF-3
isoforms and of their corresponding receptors in these studies suggested the establishment of
a profibrotic autocrine pathway mediated by stimulation of the expression of TGF-£1
receptors creating a potent self-stimulating mechanism of activation of TGF-g-induced
EndoMT resulting in strong profibrotic effects. These data allowed to propose a novel
mechanism for the development of tissue fibrotic reactions involving the autocrine
stimulation of TGF-g receptors during TGF-B-mediated EndoMT.30 Thus the major
objective of the studies described here was to examine experimentally whether the increased
expression of TGF-g receptors specifically in cells of the endothelial lineage would result in
microvascular and systemic fibrosis resembling the cardinal pathological alterations
characteristic of SSc. To test this hypothesis experimentally, we describe here the
development of a novel transgenic murine model of tissue fibrosis triggered by the
constitutive activation of TGF-gsignaling specifically in endothelial cells. This animal
model would be expected to more closely reproduce the early events of SSc microvascular
injury that are postulated to have a crucial role in the development of SSc cutaneous and
visceral fibrosis. The novel transgenic mice, designated TBRI®@-Cdh5-Cre, were obtained by
intercrossing the TBRICA transgenic mouse strain developed by Sonnylal er aP! with a
second transgenic strain in which the endothelial lineage-specific Cdh5 gene promoter
directs the expression of a Cre-ERT2 expression cassette specifically in endothelial lineage
cells.32:33 The Cre-ER T2 cassette is activated by the administration of 4-OH-tamoxifen
resulting in constitutive activation of TGF-g signaling confined specifically to cells of
endothelial lineage. To confirm that injection of the animals with tamoxifen resulted in the
expected expression of the TBRICA transgene in endothelial cells and to verify that no
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expression occurred in the absence of Cre recombination, we employed
immunohistochemistry on skin and lung sections from mock and tamoxifen-injected
animals.

The effects of the endothelial cell-specific constitutive activation of TGF-gL1 signaling were
examined by extensive histopathological analysis of the skin and of various internal organs,
including the lungs, heart, kidneys, and liver. The extent of collagen accumulation in various
tissues was quantitatively assessed employing chemical assays for hydroxyproline and
changes in the expression of genes encoding extracellular matrix macromolecules, relevant
downstream TGF-g transcription factors, and proteins reflecting myofibroblast
differentiation and activation were evaluated. Immunofluorescence microscopy was
performed to examine whether there was any evidence indicative of EndoMT. We observed
that the TBRI®-Cdh5-Cre mice we generated displayed extensive fibrosis in the skin and in
visceral organs most prominently of the lungs. We further observed that these mice
displayed severe alterations in the microvasculature resembling the vascular alterations
characteristic of human SSc and that these alterations were accompanied by morphological
and molecular changes indicative of EndoMT.

MATERIALS AND METHODS

Generation of Transgenic Mice with Constitutive Activation of TGF-g Signaling Under
Control of the Endothelial Cell-Specific Cadherin 5 (Cdh5) Gene Promoter

All animal studies were reviewed and approved by the Institutional Animal Care and Use
Committee at Thomas Jefferson University. The novel TBRI®-Cdh5-Cre mouse strain was
generated by intercrossing B6Gt(ROSA)26Sortm1 (Tgfori*)Crm mice (a generous gift of Dr
Benoit deCrombrugghe) containing a floxed neo-STOP cassette followed by a constitutively
active TBRI sequence in the ubiquitously expressed ROSA26 locus®! with the B6 Tg(Cdh5-
cre) CIVE23Mlia strain (a generous gift of Dr Luisa Iruela-Arispe) that express the
tamoxifen-inducible Cre-ERT2 expression cassette under the control of the endothelial
lineage-specific Cdh5 gene promoter.32:33 The resulting TBRI®-Cdh5-Cre mice were fertile,
appeared healthy, and did not show any obvious malformations. To induce the constitutive
activation of TBRI signaling in endothelial cells, 8-week-old TBRI®®Cdh5-Cre mice were
injected intraperitoneally (IP) daily with 1 mg 4-OH-tamoxifen for 5 days. Tamoxifen
administration was expected to induce the deletion of the floxed neo-STOP cassette and
trigger the endothelial lineage cell-specific expression of the constitutively active TBRI
allele. A control group comprised four female and six male mice that were mock-injected
with corn oil (TBRI®-Cdh5-Cre control). The experimental group comprised seven female
and six male mice that were injected IP with tamoxifen (TBRI®-Cdh5-Cre+ tamoxifen).

Histopathological Tissue Analysis

Animals were killed at 8 weeks after the final tamoxifen or corn oil injections followed by
excision of full-thickness skin samples from the dorsum of each mouse and isolation of both
lungs, both kidneys, and the heart, and liver. A portion of the tissue samples was fixed in
10% buffered formalin overnight and then stored in 70% ethanol. Subsequently, the fixed
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tissues were embedded in paraffin, sectioned (5 gm thickness) and stained with hematoxylin
and eosin or with Masson’s trichrome.

Immunohistochemical Analysis of Skin and Lung Tissues

Paraffin-embedded sections of the skin and lung from control and tamoxifen-treated animals
were deparaffinized and dehydrated following antigen retrieval with a citric acid buffer, as
described previously.3# Slides were first incubated with blocking IgG solution for 1 h and
then overnight with mouse anti-a-smooth muscle actin (a -SMA) antibodies (Abcam; 1:100
dilution) and rabbit anti-von Willebrand (anti-vWF) antibodies (Dako; 1:50 dilution) or with
rabbit anti-hemagglutinin (anti-HA) antibodies (Rockland; 1:100 dilution) and mouse anti-
CD31 (Dako; 1:50 dilution) antibodies. 1gG binding was revealed following incubation with
an F(ab”) sheep anti-rabbit Cy3 antibody and an F(ab”) sheep anti-mouse fluorescein
isothiocyanate—conjugated antibody (Sigma) for 1 h. Nuclei were counterstained with DAPI
(Jackson ImmunoResearch). Samples were examined with a Zeiss 51 confocal laser
microscope to evaluate the colocalization of immunoreactivity.

Determination of Tissue Hydroxyproline Content

A portion of the skin, lung, kidney, heart, and liver samples isolated from each animal was
weighed and acid-hydrolyzed overnight in 6 N HCI at 107 °C and assayed for their total
hydroxyproline content as described.3%:3¢ The total content of hydroxyproline in the
hydrolyzed samples was determined from a standard curve prepared by dissolving
hydroxyproline in distilled H,O and was expressed as (g hydroxyproline per mg of wet
tissue weight.

RNA Isolation and Real-Time PCR

Total RNA was extracted from a portion of skin and lung samples using Trizol and was
reverse transcribed using SuperScript I Reverse Transcriptase (Invitrogen) to generate first-
strand cDNA. Transcript levels of genes associated with fibrosis, with myofibroblast
differentiation and activation, and of genes encoding downstream TGF-g transcription
factors were determined using SYBR Green real-time PCR as previously described.37:38
Primers were designed using Primer Quest (Integrated DNA Technologies) and were
validated for specificity. The sequence of the primers employed is shown in Table 1. The
differences in the number of MRNA copies in each PCR were corrected for 185 RNA
endogenous control transcript levels; expression levels in female control mice were set at
100% and all other values were expressed as normalized multiples of the female control
values.

Statistical Analysis

Values reflect the mean + s.d. from the skin or lung isolated from four female and three male
corn oil-injected controls and seven female and six male tamoxifen-injected animals
performed in triplicate. The statistical significance of all the data was assessed by a two-
tailed Student’s 7-test. A £<0.05 was considered statistically significant.

Lab Invest. Author manuscript; available in PMC 2019 May 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wermuth et al. Page 5

RESULTS

Generation of TBRI®@-Cdh5-Cre Mice with Tamoxifen-Inducible Constitutive TGF-8
Signaling in Endothelial Cells

To determine the effect of constitutive TGF-gsignaling in cells of the endothelial lineage,
we generated a novel transgenic line, denoted TBRI@-Cdh5-Cre, by intercrossing transgenic
mice with constitutive TGF-gsignaling in fibroblastic cells (TBRI mice) described by
Sonnylal er aP! with the B6 Tg(Cdh5-cre)CIVE23Mlia strain.32:33 Tamoxifen treatment of
TBRI®-Cdh5-Cre progeny generated from this intercross activated the constitutive signaling
of TGF-gin endothelial cells and allowed to examine the histopathological, biochemical,
and molecular effects of endothelial lineage-specific TGF-g constitutive signaling activation.

TBRI®@ Expression in Tamoxifen-Injected TBRI®@-Cdh5-Cre Mice

To assess whether injection of the animals with tamoxifen induced the expression of the
constitutively active TBRI gene and to verify that no expression occurred in the absence of
Cre recombination, we examined skin and lung sections from mock and tamoxifen-injected
animals employing confocal microscopy. Endothelial cells were identified utilizing anti-
CD31 antibody (Figure 1a) and the expression of the TBRI@ allele was detected using an
antibody directed against the hemagglutinin tag sequence (anti-HA) encoded in the
transgene (Figure 1b). We observed intense staining of blood vessels with the anti-HA
antibody in the tamoxifen-treated animals (red staining, Figure 1b), whereas only faint
background staining was observed in mock-injected animals (not shown). Merging the
signals confirmed the coexpression of CD31 and TBRI® in the vessels of the dermis in
tamixofen-injected animals (yellow, Figure 1¢) in contrast to the lack of colocalized staining
in the mock-injected vessels (not shown). Although we did not perform a quantitative
assessment of the recombination efficiency of the TBRI transgene, it is apparent from a
comparison of Figure 1a with Figure 1b that endothelial cells in essentially all vessels
present in the tissue (identified with green fluorescence) contained the transgene as all were
also stained with the antibody to the tagged HA (identified with red fluorescence).

Dermal Fibrosis Induced by Endothelial-Specific Constitutive TGF-g8 Signaling in
Tamoxifen-Injected TBRI®@-Cdh5-Cre Mice

Histopathological analysis of hematoxylin/eosin-stained full-thickness skin sections from
TBRI®-Cdh5-Cre tamoxifen-injected mice demonstrated a marked increase in dermal
thickness, with striking accumulation of densely packed and irregularly arranged collagen
bundles throughout the upper and lower dermis and replacement of subcutaneous adipose
tissue by compact connective tissue (not shown). Sections stained with trichrome confirmed
the increased dermal and subdermal thickening and displayed a marked accumulation of
blue staining extracellular matrix collagen in the dermal and subdermal layer of the skin in
the tamoxifen-injected animals compared with the control mice (Figure 2a). The hypodermis
also showed marked collagen infiltration as well as a decrease in the overall thickness of the
adipose layer. Collagen infiltration was also detected in between individual muscle fibers of
the panniculus carnosus. Both male and female tamoxifen-injected animals displayed
striking and extensive fibrosis, although male mice displayed greater fibrotic alterations
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compared with females (Figure 2a). The epidermis did not display evident differences
between the control and tamoxifen-activated groups.

Pulmonary Fibrosis in Tamoxifen-Injected TBRI®@-Cdh5-Cre Mice

Hematoxylin/eosin staining of the lungs from tamoxifen-injected animals displayed severe
alterations of the normal alveolar architecture with extensive areas of fibrosis causing
thickening of the alveolar septae and parenchymal consolidation, compared with the lungs
isolated from corn oil-injected control mice (Figure 2b). In trichrome-stained sections,
marked accumulation of collagen was present in the interstitium and most vessels and
peribronchiolar regions displayed increased collagen deposition (Figure 2b). Whereas
increased collagen deposition was present in the lungs of tamoxifen-injected animals from
both sexes, the lungs of male tamoxifen-injected mice displayed a greater increase in
interstitial collagen accumulation compared with tamixofen-injected female animals (Figure
2b).

Tamoxifen-Injected TBRI®@-Cdh5-Cre Mice Display Marked Visceral Fibrosis

In addition to the fibrosis observed in the skin and lungs of tamoxifen-injected animals,
increased collagen deposition and fibrosis predominantly with perivascular localization were
observed in the kidneys, heart, and liver (Figure 3). Besides the vascular and perivascular
fibrosis observed in all these tissues in tamoxifen-injected animals, collagen infiltration in
the pericardium was a notable manifestation of fibrosis. Also, some areas of interstitial
peritubular fibrosis were noted in the kidneys and severe periportal fibrosis was observed in
the liver (Figure 3).

Microvascular Fibrosis in the Skin and Lungs of Tamoxifen-Injected TBRI®3-Cdh5-Cre Mice

A striking accumulation of collagen was observed surrounding most blood vessels in the
deeper layers of the skin and in the microvasculature of the lungs of tamoxifen-treated
animals (Figure 4). Numerous small vessels in the skin and lungs of tamoxifen-injected mice
also displayed subendothelial accumulation of fibrotic tissue resulting in narrowing of the
vessel lumen (Figure 4). Although these changes were more pronounced in male animals,
the tissues of female tamoxifen-injected mice also revealed similar vascular alterations (not
shown). In the kidneys, abnormal collagen deposition occurred surrounding blood vessels
and arterioles, and extensive collagen deposition was also noted surrounding the vessels in
the liver of tamoxifen-injected animals compared with the control animals (Figure 3).

Hydroxyproline Content of Tissues of Tamoxifen-Injected TBRI®@-Cdh5-Cre Mice

Samples of the skin, lungs, kidneys, heart, and liver obtained from control and tamoxifen-
injected TBRI-Cdh5-Cre mice were assayed for hydroxyproline content to assess
quantitatively the extent of collagen deposition in these tissues. The results are shown in
Figure 5. Skin samples from tamoxifen-injected mice contained approximately greater than
twofold more hydroxyproline than control animals and the lungs from tamoxifen-injected
mice had nearly threefold more hydroxyproline than control mice. The hydroxyproline
content of the hearts and livers from tamoxifen-injected animals was approximately twofold
higher than those of control mice. A slight increase in hydroxyproline content was measured
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in the kidneys following tamoxifen activation of TGF-g signaling but this did not achieve
statistical significance.

Increased Expression of Extracellular Matrix Genes Associated with Fibrosis in the
Tamoxifen-Injected TBRI®@-Cdh5-Cre Skin and Lungs

Changes in the expression levels of relevant extracellular matrix genes in the skin and lungs
of animals with constitutive endothelial cell TGF-g signaling following tamoxifen injection
compared with control mice were measured by quantitative RT-PCR of reverse-transcribed
total RNA and are shown in Figure 6. Expression levels of the genes for fibrillar collagens
Collaland Col3al were upregulated by an average of 8.5- and 16.1 fold, respectively, in the
skin of female mice and 8.8- and 21.7-fold, respectively, in the skin from male mice. The
Collaland Col3al genes expression levels were, respectively, 8.4- and 8.0-fold greater in
the lungs of female mice and 10.1- and 8.7-fold in the lungs of male mice. Co/4al gene
expression was increased by 5.3-fold in the skin and 4.3-fold in the lungs of female mice and
6.0-fold in the skin and 5.1-fold in the lungs of male mice. Total Fn7Z gene expression was
increased 4.0-fold in skin and 9.6-fold in the lungs in female tamoxifen-injected animals and
was 5.2-fold greater in the skin and 11.0-fold greater in the lungs of male tamoxifen-injected
animals.

Increased Expression of TGF-gTarget Transcription Factors in the Tamoxifen-Injected
TBRI3-Cdh5-Cre Skin and Lungs

The expression levels of genes encoding various transcription factors considered to be TGF-
Btargets and to have crucial roles in the EndoMT process were consistently and strongly
upregulated in the skin and lungs of animals with constitutive endothelial cell TGF-8
signaling (Figure 7). The transcription factor Snail was expressed an average of 5.1-fold
higher in females and 6.9-fold higher in males in the skin and 3.7-fold higher in females and
4.6-fold higher in males in the lungs of tamoxifen-injected mice, whereas Snai2 expression
was upregulated an average of 3.8-fold in females and 4.6-fold in males in the skin and 4.6-
fold in females and 6.1-fold in males in the lungs. 7wistexpression was upregulated 2.8-fold
in the skin of females and 3.1-fold in the skin of males and was 2.8-fold higher in females
and 5.4-fold higher in males in the lungs. Mrifa expression was increased 5.3-fold in females
and 6.1-fold in males in the skin and 5.9-fold in females and 6.4-fold in males in the lungs of
tamoxifen-injected animals.

Increased Expression of Genes Associated with Myofibroblast Differentiation in the Skin
and Lungs of Tamoxifen-Injected TGF-8-Cdh5-Cre Mice

The expression of genes associated with the transdifferentiation of fibroblasts to activated
myofibroblasts was also markedly increased in the skin and the lungs (Figure 8) of mice
with tamoxifen-induced constitutive TGF-g signaling. The expression levels of ActaZ, the
gene encoding a-SMA, were increased an average of 12.7-fold in females and 18.9-fold in
males in the skin and 8.7-fold in females and 10.4-fold in males in the lungs of animals with
constitutive TGF-g signaling. Comp expression was increased an average of 3.9-fold in
females and 7.2-fold in males in the skin and 3.7-fold in females and 6.1-fold in males in the
lungs of tamoxifen-injected mice and the Fn-Eda splice variant was expressed 10.1-fold
higher in females and 19.7-fold higher in males in the skin and 4.7-fold higher in females
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and 5.1-fold higher in males in the lungs of tamoxifen-injected mice compared with control
mice.

Increased a-SMA-Positive Myofibroblasts in the Lungs of TBRI®@-Cdh5-Cre Mice with
Tamoxifen-Induced Constitutive TGF-8 Expression

Immunofluorescence staining of paraffin-embedded sections of lung of control mice for a-
SMA and VWF showed a clear separation in the expression of each of these proteins in the
tissue with VWF staining confined to the vascular endothelial cell layer and the a-SMA
staining confined to subendothelial/medial smooth muscle cells, with no detectable overlap
of expression (Figures 9a and c). In contrast, in tamoxifen-injected mice, there was an
increase in the number of a-SMA-positive cells, particularly in the subendothelial region
and surrounding the vasculature of the small vessels, and numerous VWF-positive cells
simultaneously displayed the expression of a-SMA (Figures 9b and d).

DISCUSSION

We report here studies demonstrating that tamoxifen-induced endothelial-specific
constitutive TGF-gsignaling in the TBRI®@-Cdh5-Cre mouse strain we generated induces
tissue fibrosis in the skin, lungs myocardium, pericardium, liver and kidneys accompanied
by severe fibroproliferative vasculopathy most prominent in the microvasculature.
Histopathological analysis of the skin demonstrated marked thickening of the dermis with
increased deposition of thickened and disorganized collagen fibers in the upper and lower
dermis and replacement of the hypodermal fat layer and the underlying muscle tissue with
collagen (Figure 2a) in tamoxifen-treated animals compared with control mice. Similarly,
there was a marked increase in collagen deposition in the visceral organs examined. Most
striking was the marked fibrotic changes in the lung interstitium with profound alterations in
the normal tissue architecture (Figure 2b). Increased collagen deposition was also noted in
the heart, liver, and kidneys (Figure 3). A remarkable observation was the marked
subendothelial and perivascular accumulation of abundant fibrotic tissue in the vessels of the
skin and the lungs of tamoxifen-treated mice causing narrowing of vessel lumen (Figure 4).

Consistent with the histopathological analysis, increased levels of collagen deposition were
confirmed by assessment of hydroxyproline content in these tissues from tamoxifen-treated
mice compared with the control mice (Figure 5). Gene expression studies of the skin and
lung demonstrated marked upregulation of genes encoding several extracellular matrix
components, including Collal, Col3al, Col4al, and Fn1, compared with control animals
(Figure 6). Similarly, the expression of genes associated with myofibroblast
transdifferentiation and activation displayed marked upregulation of ActaZ, Fn-Eda, and
Comp in the skin and lungs of tamoxifen-treated animals (Figure 7). Upregulation of the
TGF-B-regulated mesenchymal cell-specific transcription factors Snail, Snai2, Twist, and
Mirtfawas also found in TBRI®@Cdh5-Cre mice (Figure 8). Immunohistochemical staining
of the lungs of tamoxifen-injected mice for a-SMA and the endothelial cell-specific VWF
revealed numerous a-SMA-positive myofibroblasts both surrounding the blood vessels as
well as distributed throughout the parenchyma compared with control mice (not shown).
Strikingly, numerous cells displaying colocalized expression of mesenchymal and
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endothelial cell-specific markers were present in small vessels of tamoxifen-injected animals
that were not observed in the lungs from control animals (Figure 9). These observations
indicate that one source of the activated myofibroblasts may be the triggering of EndoMT in
endothelial cells by the constitutive TGF-g signaling as depicted in Figure 10. EndoMT, a
complex biological process in which endothelial cells progressively lose expression of
endothelial cell-specific phenotype while simultaneously acquiring the expression of
mesenchymal-specific phenotype has been proposed as a potential source of activated
myofibroblasts during the fibroproliferative process.3%40 Signaling through the TGF-8
receptor mediated by Smad?2/3 translocation to the nucleus results in the upregulation of
genes involved in synthesis of matrix components, genes involved in myofibroblast
differentiation, and other TGF-B-regulated transcription factors. Of remarkable importance
are the observations that activation of this pathway also results in the increased expression of
genes encoding the two TGF-g receptors and, therefore, would induce the establishment of a
highly efficient autocrine loop leading to a progressive and uncontrolled fibrotic process
(Figure 10). This autocrine loop would be expected to result in the persistent stimulation of
EndoMT and in the transdifferentiation of endothelial cells into activated myofibroblasts that
can then engage in the progressive exaggerated production of matrix components that leads
to tissue fibrosis as described previously.39:40

In conclusion, we report here the development of a novel transgenic mouse strain
characterized by the constitutive activation of TGF-g signaling in cells of endothelial origin
that can be induced postnatally upon injection of 4-OH-tamoxifen. Upon activation of the
transgene, these mice develop profound fibrosis not only in multiple tissues, particularly the
skin and lung, but also in the liver, heart and kidney, and remarkably, they also display
prominent fibrotic changes in the small- and medium-sized vessels of these organs. These
histopathological alterations display remarkable similarities to the fibrotic lesions and the
fibroproliferative vasculopathy that are characteristic of SSc. As such, the transgenic mouse
strain generated here will provide a valuable resource for investigating the role of endothelial
cell activation and the effect of constitutive endothelial cell-specific TGF-gsignaling in the
pathogenesis of SSc-associated tissue fibrotic and vascular alterations. These mice will be a
valuable model to study experimentally the contribution of the unique and cell-specific
functions of endothelial cells toward the complex fibroproliferative process involved in SSc
pathogenesis and to evaluate the efficacy of therapeutic agents designed to halt or ameliorate
the fibrotic process in SSc and in other human systemic and organ-specific fibrotic diseases.
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Figure 1.
Immunohistology of TBRI transgene expression in the skin isolated from tamoxifen-

injected TBRI@-Cdh5-Cre transgenic mice. Confocal microscopic staining for CD31 (green)
and HA (red) in the skin from control transgenic male mice or TGF-g*8Cdh5-Cre tamoxifen-
injected mice TGF-£2Cdh5-Cre (a—c). DAPI was used for counterstaining of nuclei.
Magnification: x 40. Endothelial cells expressing CD31 (green) are seen lining the large and
small vessels of the dermis of both control and tamoxifen-injected animals (a). Cells
expressing TBRI@ (red) are seen only in the vessels of tamoxifen-injected animals (b) but
not in vessels in the skin of control mice (not shown). Cells co-staining for CD31 and HA
(yellow) are present in the endothelial layer of vessels of the tamoxifen-treated animals (c).
No cells co-staining for CD31 and HA were found in the skin from control mice (not
shown).
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Figure 2.
Histopathology of skin and lung from control and tamoxifen-injected TBRI®@-Cdh5-Cre

transgenic mice. (a) Skin. Skin sections from corn oil-injected control mice. Note normal
dermal thickness and normal subdermal adipose tissue layer, panniculum carnosus, and
subdermal fascia. There is no accumulation of perivascular fibrous tissue in the deep
subdermal region (magnification x 10, left panel). Skin sections from tamoxifen-injected
TBRI®-Cdh5-Cre mice demonstrate increased dermal thickness and perivascular collagen
accumulation (magnification x 10, center left panel and magnification x 20, two right
panels). The solid box in the center left panel indicates the region of magnification for the
center right panel and the dashed box indicates the region of magnification for the far right
panel. (b) Lung. Sections from the lung from control mice (left panel magnification x 10,
trichrome stain). Sections from TBRI®-Cdh5-Cre tamoxifen-injected mice (magnification x
10, hematoxylin—eosin stain, center left panel and trichrome strain, center right panel and
magnification x 20, trichrome stain, right panel). Note marked loss of alveolar morphology
with tissue consolidation and thickening of alveolar septae in hematoxylin—eosin-stained
sections (center left panel) and perivascular and interstitial collagen accumulation in
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trichrome-stained sections (center and right panels). The solid box in the center left panel
indicates the region of magnification for the center right panel.

Lab Invest. Author manuscript; available in PMC 2019 May 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wermuth et al. Page 15
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Figure 3.
Histopathology of the kidney, heart, and liver from control and tamoxifen-injected TBRI2-

Cdh5-Cre transgenic mice stained with Masson’s trichrome. Sections from the heart (a),
liver (b), and kidney (c) from control mice (magnification x 10, left panel). Sections from
TBRI®-Cdh5-Cre-tamoxifen-injected mice (magnification x 10, center panel and
magnification x 20, right panel). The solid box in the center panel indicates the region of
magnification for the right panel.
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Figure 4.
Histopathology of the skin and lung microvasculature in TBRI®-Cdh5-Cre transgenic mice.

Skin sections (a) and lung sections (b) from control mice (left panel) and from TBRI®-
Cdh5-Cre-tamoxifen-injected mice (two right panels). Note extensive collagen accumulation
in the subendothelial space and surrounding vessels as well as marked narrowing with
almost complete obliteration of vascular lumen by intensely staining collagen fibrotic tissue
(magnification x 20).
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Female Male

Figure 5.

Female

Male

Female Male

TBRI-Cdh5-Cre
Control

TBRI®®-Cdh5-Cre
+ Tamoxifen

Hydroxyproline content of tissues from control and tamoxifen-injected TBRI@-Cdh5-Cre
mice. A portion of skin (a), lung (b), kidney (c), heart (d), or liver (e) sections isolated from
each treatment group of control females (V= 4), tamoxifen-injected females (V= 7), control
males (N = 3), or tamoxifen-injected males (N = 6) were hydrolyzed and analyzed for
hydroxyproline content (xg9/mg of tissue wet weight). The bars show the mean + s.d. of each
treatment group performed in triplicate. Significance determined by Student’s two-tailed T-

test. */<0.05, **/<0.01, ***A<0.001.
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Expression of genes encoding extracellular matrix components in the skin and lungs of
control and tamoxifen-injected TBRI®-Cdh5-Cre transgenic mice. Expression of Co/lal,
Col3al, Col4al, and Fnfrom the skin (a) and lung (b). The values shown are the mean (+
s.d.) fold change levels of gene expression from each treatment group of control females (N
= 4), tamoxifen-injected females (V= 7), control males (V= 3), or tamoxifen-injected males
(V= 6) performed in triplicate for each tissue. Expression levels were normalized to 18S
levels and the expression levels in corn oil-injected control female animals were arbitrarily
set at the 100% expression level. Values for other samples are expressed relative to this
control. Significance was determined by Student’s 7-test. Statistical significance: *£<0.05,

**£<0.01, ***P<0.001.
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Figure 7.

Expression of genes associated with myofibroblast differentiation in the skin and lungs of
control and tamoxifen-injected TBRI®-Cdh5-Cre transgenic mice. Expression of Acta2, Fn-
Eda, and Comp from the skin (a) and lung (b). The values shown are the mean (+ s.d.) fold
change levels of gene expression from each treatment group of control females (V= 4),
tamoxifen-injected females (V= 7), control males (V= 3), or tamoxifen-injected males (V=
6) performed in triplicate for each tissue. Expression levels were normalized to 18S levels
and the expression levels in control female animals were arbitrarily set at the 100%
expression level. Values for other samples are expressed relative to this control. Significance
was determined by Student’s 7-test. Statistical significance: */<0.05, **/<0.01,
**%P<0.001.
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Figure 8.

Expression of genes encoding profibrotic TGF-£-regulated transcription factors in the skin
and lungs of control and tamoxifen-injected TBRI®@Cdh5-Cre transgenic mice. Expression
of Snail, Snai2, Twist, and Mrtfafrom the skin (a) and lung (b). The values shown are the
mean (z s.d.) fold change levels of gene expression from each treatment group of control
females (V= 4), tamoxifen-injected females (V= 7), control males (V= 3), or tamoxifen-
injected males (V= 6) performed in triplicate for each tissue. Expression levels were
normalized to 18S levels and the expression levels in control female animals were arbitrarily
set at the 100% expression level. Values for other samples are expressed relative to this
control. Significance was determined by Student’s 7-test. Statistical significance: */<0.05,
**P<0.01, ***P<0.001.
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Figure 9.
Immunohistology of endothelial cells in the lungs isolated from tamoxifen-injected TBRI®3-

Cdh5-Cre transgenic mice. Confocal microscopic staining for vWF (red) and a-SMA
(green) in the lungs from TGF-g°@Cdh5-Cre control transgenic male mice (a and c) or
tamoxifen-injected mice (b and d). DAPI was used for counterstaining of nuclei.
Magnification: x40 in panels (a and b); x 60 in panels (c and d). Endothelial cells
expressing VWF (red) are seen lining the large and small vessels of the lung. Smooth muscle
cells expressing a-SMA (green) are seen only in the vessel medial layer in the control
samples (a and c¢) but a-SMA expressing myofibroblasts are present in the endothelial layer
of the tamoxifen-injected mice (b and d). Cells co-staining for VWF and a-SMA (yellow;
white arrows) are present in the endothelial layer of small vessels of the tamoxifen-treated
animals (b and d). No cells co-staining for VWF and a-SMA were found in the lungs from
control mice (a and c).
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Figure 10.
Diagrammatic representation of constitutively activated TGF-g-signaling-mediated tissue

fibrosis. Schematic diagram representing signaling pathway initiated by constitutive
activation of signaling through the TBRI. The constitutively active TBRI mediates the
phosphorylation of Smad2/3 that along with Smad4 then translocates to the nucleus where it
binds to gene promoters and mediates the increased expression of TGF-g-regulated
transcription factors such as Snail, Snai2 and Twist as well as the TGF-g receptors | and II.
This induces an autocrine loop resulting in increased TGF-g expression and signaling. One
consequence of this is the induction of endothelial-to-mesenchymal transition (EndoMT),
resulting in increased numbers of activated myofibroblasts. Activated myofibroblasts are
responsible for increased expression and production of the fibrillar type I and Il collagens
and other extracellular matrix components such as Fn-1 and Fn-Eda that contribute to
progressive tissue fibrosis.
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