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Role of TPBG (Trophoblast Glycoprotein) Antigen in Human
Pericyte Migratory and Angiogenic Activity

Helen L. Spencer,* Eva Jover,* William Cathery, Elisa Avolio, Iker Rodriguez-Arabaolaza,
Anita C. Thomas, Valeria V. Alvino, Graciela Sala-Newby, Zexu Dang, Marco Fagnano,
Carlotta Reni, Jonathan Rowlinson, Rosa Vono, Gaia Spinetti, Antonio P. Beltrami,
Cesare Gargioli, Andrea Caporali, Gianni Angelini, Paolo Madeddu

Objective—To determine the role of the oncofetal protein TPBG (trophoblast glycoprotein) in normal vascular function and
reparative vascularization.

Approach and Results—Immunohistochemistry of human veins was used to show TPBG expression in vascular smooth
muscle cells and adventitial pericyte-like cells (APCs). ELISA, Western blot, immunocytochemistry, and proximity
ligation assays evidenced a hypoxia-dependent upregulation of TPBG in APCs not found in vascular smooth muscle
cells or endothelial cells. This involves the transcriptional modulator CITED2 (Atypical chemokine receptor 3 CBP/
p300-interacting transactivator with glutamic acid (E)/aspartic acid (D)-rich tail) and downstream activation of CXCL12
(chemokine [C-X-C motif] ligand-12) signaling through the CXCR7 (C-X-C chemokine receptor type 7) receptor and
ERK1/2 (extracellular signal-regulated kinases 1/2). TPBG silencing by siRNA transfection downregulated CXCL12,
CXCR7, and pERK (phospho Thr202/Tyr204 ERK1/2) and reduced the APC migratory and proangiogenic capacities.
TPBG forced expression induced opposite effects, which were associated with the formation of CXCR7/CXCR4 (C-X-C
chemokine receptor type 4) heterodimers and could be contrasted by CXCL12 and CXCR7 neutralization. In vivo
Matrigel plug assays using APCs with or without TPBG silencing evidenced TPBG is essential for angiogenesis. Finally,
in immunosuppressed mice with limb ischemia, intramuscular injection of TPBG-overexpressing APCs surpassed naive
APCs in enhancing perfusion recovery and reducing the rate of toe necrosis.

Conclusions—TPBG orchestrates the migratory and angiogenic activities of pericytes through the activation of the CXCL12/
CXCR7/pERK axis. This novel mechanism could be a relevant target for therapeutic improvement of reparative angiogenesis.

Visual Overview—An online visual overview is available for this article. (Arterioscler Thromb Vasc Biol. 2019;39:1113-
1124. DOI: 10.1161/ATVBAHA.119.312665.)
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he TPBG (trophoblast glycoprotein, HGNC:12004) is a

heavily N-glycosylated transmembrane protein belong-
ing to the leucine-rich repeat family of proteins. It is typically
expressed during fetal development and cancer.'! In murine
embryonic stem cells and fibroblasts, and cancerous cells,
TPBG upregulation has been associated with the induction of
the CXCL12 (chemokine [C-X-C motif] ligand-12). In addi-
tion, TPBG prolongs CXCL12 bioavailability via the inhibi-
tion of DPP4 (dipeptidyl peptidase-4), a protease responsible
for CXCL12 cleavage.'* Mechanistically, the TPBG/CXCL12
duo exert a modulatory control of gene transcription, prolifera-
tion, and directional movement of cancerous cells.'+* CXCL12
triggers intracellular signaling by binding to CXCR4 (C-X-C
chemokine receptor-4) as well as to the noncanonical CXCR7

(C-X-C chemokine receptor-7) and CXCR4/CXCR?7 heterodi-
mers. The activated CXCR4 induces intracellular G-coupled
protein cell signaling and is degraded after CXCL12-elicited
internalization.® In contrast, CXCR7 becomes dominant after
TPBG downregulation, signals through G-coupled protein in-
dependent mechanisms, and functions, at least, in part, as a
chemokine decoy receptor for CXCL12.3™!" Interestingly,
both CXCR4 and CXCR7 can also form complexes with
[-arrestin-2, thereby promoting receptor internalization and
redirecting signaling to alternative G protein-independent
pathways. For instance, (3-arrestin-2 is reportedly involved in
CXCR4- and CXCR7-mediated chemotaxis, and this is medi-
ated by p38 MAPK/ERK (p38 mitogen-activated protein ki-
nase/extracellular signal-regulated kinases) activation.'>!3
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Nonstandard Abbreviations and Acronyms

APCs adventitial pericytes
CCM cell conditioned media
CITED2 Atypical chemokine receptor 3 CBP/p300-interacting transac-

tivator with glutamic acid (E)/aspartic acid (D)-rich tail
CXCL12 chemokine (C-X-C motif) ligand-12
CXCR4 C-X-C chemokine receptor type 4
CXCR7 C-X-C chemokine receptor type 7
DPP4 dipeptidyl-peptidase-4
EGM2 endothelial growth medium 2

EMT epithelial-to-mesenchymal transition

HIF hypoxia-inducible factor

HUVECs human umbilical cord endothelial cells
MMPs matrix metalloproteinases

PDGFR-B  platelet-derived growth factor receptor-3
PLA proximity ligation assay

siTPBG TPBG siRNAs

SNAI snail family transcriptional repressor

TPBG trophoblast glycoprotein

TWIST1 twist family BHLH transcription factor 1
VSMCs vascular smooth muscle cells

ZEB zinc finger E-box binding homeobox

TPBG is also considered an early marker of the epithe-
lial-to-mesenchymal transition (EMT) and the cognate endo-
thelial-to-mesenchymal process, along with MMPs (matrix
metalloproteinases), the E-cadherin repressors SNAI (Snail
Family Transcriptional Repressor) 1 and 2, and the transcrip-
tional factors ZEB (zinc finger E-box binding homeobox)
and TWIST (twist family BHLH transcription factor) 1.'"7
Cancerous cells undergoing EMT manifest multiple biochem-
ical changes that enable them to acquire enhanced migratory
capacity, invasiveness, and elevated resistance to apoptosis.'®
Furthermore, recent studies showed a similar transition confers
cancerous cells with the characteristics of pericytes, thereby
favoring vascular remodeling, sustained tumor growth, and
increased invasiveness.'>?* However, to the best of our know-
ledge, no data are currently available regarding a possible role
of TPBG in postnatal vascular repair.

The present study investigates the potential role of TPBG
in pericyte biology. In particular, we focus on a subset of peri-
cyte-like cells isolated from the adventitial vasa vasorum, oth-
erwise known as adventitial pericytes (APCs).?!2

Materials and Methods

All data and supporting materials have been provided with the pub-
lished article (The authors declare that all supporting data are avail-
able within the article [and its online supplementary files]). The
article adheres to the American Heart Association Journals Guidelines
Implementation of the Transparency and Openness Promotion. All
studies performed on human tissues and cells followed the ethical
guidelines of the Declaration of Helsinki. Animal experiments were
performed in accordance with the Animal (Scientific Procedures)
Act (United Kingdom) 1986 prepared by the Institute of Laboratory
Animal Resources and under the auspices of UK Home Office Project
and Personal License. Results are reported following the guidelines
contained in the Animal Research Report of In Vivo Experiments.

Commercial human umbilical cord endothelial cells (HUVECsS,
Lonza) or aortic vascular smooth muscle cells (VSMCs, PromoCell)
have been cultured according to provider’s instructions, while human
APCs and murine CD31 or CSPG4 were immunomagnetic isolated
from human veins or ischemic limbs, respectively, according to pre-
vious publications.??*

Forced TPBG overexpression experiments were performed using
adenoviral constructs. Adenoviral titration was calculated accord-
ing to previous publications.® PcDNA3-CITED2-hemagglutinin
was from Shoumo Bhattacharya® used to study effect of CITED2
(Atypical chemokine receptor 3 CBP/p300-interacting transactivator
with glutamic acid (E)/aspartic acid (D)-rich tail) overexpression on
TPBG. Additional ChIP assays performed as previously described”’
were used to evidence CITED2-TPBG binding.

Refer to Material in the online-only Data Supplement for further
information.

Results

Expression of TPBG in Human

Veins and Vascular Cells

To identify the localization of TPBG, we performed multi-
color immunohistochemistry staining of human veins. Results
indicate TPBG is expressed by VSMCs in the tunica media
and CD34/CSPG4 positive APCs in proximity of the adven-
titial vasa vasorum (Figure IA and IB in the online-only Data
Supplement). Flow cytometry of culture-expanded APCs con-
firmed TPBG was expressed by >95% of the cells, together
with pericyte and mesenchymal markers, such as CD105,
CD90, CD44, CSPG4, and PDGFR (platelet-derived growth
factor receptor)-B. As expected, APCs were negative for
CD31, CD146, and CD45 (Figure IC and ID in the online-only
Data Supplement). We next compared the TPBG transcript
levels in APCs, HUVECs, and proliferative or contractile
VSMCs (Figure IE in the online-only Data Supplement). In
sequence, proliferative VSMCs showed the highest number of
TPBG transcript copies (10 135+2066, P<0.01 versus APCs),
followed by contractile VSMC (7003+966, P=0.85 versus
APCs), APCs (6889+661, P<0.001 versus HUVECs), and
HUVECs (563+292). Positive and negative controls for the
antibody and fluorescent technique are shown in Figure IIA
and IIB in the online-only Data Supplement.

TPBG expression has been associated with migratory/
invasive profiles in cancer cells.'® Here, we show that TPBG
expression is influenced by changes in APC confluence, with
sparse cells showing higher TPBG levels than confluent cells
(Figure IIIA through IIIC in the online-only Data Supplement).
In addition, an in vitro scratch assay showed that physical dis-
continuation of APC monolayers increased the expression of
TPBG, with positive staining being evident in the filopodia
at the wound edges (Figure IIID and IIIE in the online-only
Data Supplement). To the best of our knowledge, this is the
first demonstration of TPBG being expressed by mural cells
in adult human blood vessels and associated with cell motility.

Hypoxia Induces TPBG Expression

in Human APCs

We next asked whether hypoxia may induce TPBG in APCs.
In line with this possibility, hypoxia increased TPBG tran-
script levels compared with normoxia (1.6-fold at 12 hours
and 2.0-fold at 24 hours, P<0.05 for both comparisons). TPBG
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Figure 1. Hypoxia induces TPBG expression in human adventitial pericytes (APCs). A, Hypoxic-dependent modulation of TPBG (trophoblast glycoprotein)

in 3 APC lines. Data are fold changes (mean+SEM) at the corresponding normoxia time points. Unpaired t tests were used to compare hypoxia vs normoxia;
*P<0.05. B, TPBG levels were assessed by ELISA in lysates and conditioned media (CCM) of the same APC lines. Data are fold changes (mean+SEM) vs cor-
responding normoxia time points. Not assessed (na). Unpaired t tests were used to compare hypoxia vs normoxia; *P<0.05 and **P<0.01. C, Representative
time course of TPBG protein expression (Western blot) in APC CCM to validate ELISA findings.

mRNA returned to baseline under prolonged hypoxia condi-
tioning (Figure 1A). In contrast, neither HUVECs nor VSMCs
(3 cell lines each) exhibited TPBG regulation after hypoxic
conditioning (data not shown). We verified that immunoreac-
tive TPBG protein is modulated by hypoxia in APC lysates
(P<0.01 versus normoxia) and cell conditioned media (CCM;
P<0.05 versus normoxia) using ELISA assays (Figure 1B).
The TPBG content in the secretome was further assessed by
Western blotting, using a different anti-TPBG antibody to
verify the ELISA results (Figure 1C). Proximity ligation assay
(PLA) was used for target validation and antibody specificity
(Figure IV in the online-only Data Supplement), also confirm-
ing the modulation of TPBG by hypoxia (Figure IVA and IVD
in the online-only Data Supplement).

As stated above, TPBG is considered an EMT marker.
Accordingly, the modulation of TPBG by hypoxia was as-
sociated with a concordant induction of the EMT transcrip-
tion factors TWIST, SNAII, SNAI2, and ZEB2 (P<0.05 versus
normoxia for all comparisons; Figure VA through VD in
the online-only Data Supplement). In contrast, the levels of
TIMPI and TIMP2 were temporarily decreased (P<0.05 and
P<0.01 after 24 hours of hypoxia; Figure VE and VF in the
online-only Data Supplement). MMPs followed discordant
patterns, with MMP2 transcripts and gelatinolytic activity
being increased (P<0.05 versus normoxia; Figure VG and VH
in the online-only Data Supplement), and MMP9 transcripts
remaining unchanged (data not shown). To verify the depend-
ency of the above EMT markers on TPBG, we measured their
expression following TPBG silencing by siRNA. Results in-
dicate SNAI2, TIMP1, and TIMP2 were all suppressed by the

TPBG inhibition in normoxic or hypoxic APCs (Figure VI and
VN in the online-only Data Supplement).

Hypoxia Induces the CXCL12/CXCR7 Axis in
Human APCs
Previous investigation has shown that TPBG is required for
CXCL12-mediated chemotaxis via ligand interaction with either
CXCR4 or CXCR?7 receptors in embryo fibroblasts and can-
cerous cells.'? Interestingly, we found that hypoxic-dependent
induction of TPBG was associated with an increased expression
and secretion of CXCL12 by human APCs (P<0.05 versus nor-
moxia; Figure 2A and 2B). No significant changes were found
about other cytokines implicated in chemotaxis (such as CCL2/
MCPI1, CXCL2/GRO 3 [C-X-C motif chemokine 2/growth-
regulated protein beta], and CXCL1/GRO-a. [C-X-C motif che-
mokine 1/growth-regulated alpha protein]; data not shown).?*
In addition, immunocytochemistry (ICC) and PLA tech-
niques showed a differential pattern of expression and sub-
cellular localization for CXCR4 and CXCR7 receptors
(Figure 2C and 2D). In normoxic APCs, CXCR4 prevailed
over CXCR7, whereas following hypoxia CXCR4 acquired
a prevalent nuclear localization and CXCR7 became upreg-
ulated. The latter result was confirmed by measurement of
CXCR7 mRNA levels, which showed a 4.2-fold increase
versus normoxia (P<0.01; data not shown). Similar changes
in the repertoire and subcellular localization of CXCL12
receptors has been associated with the migratory phenotype
of metastatic cells.'*® But never reported previously in vas-
cular pericytes. The PLA experiment illustrated in Figure 2D
shows additional features of molecular changes induced by
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Figure 2. Hypoxic-dependent regulation of the CXCL12 (chemokine
[C-X-C motif] ligand-12) signaling in human adventitial pericytes (APCs).
A-D, The modulation of the CXCL12/CXCR4 (C-X-C chemokine receptor
type 4)/CXCR7 (C-X-C chemokine receptor type 7) axis by hypoxia was
studied in 4 to 5 APC lines. Hypoxia increases the levels of CXCL12 at
mRNA (A) and immunoreactive protein level (B). Data are fold changes
(mean+SEM) vs corresponding normoxia time points. Unpaired t tests
were used to compare hypoxia vs normoxia in 5 APC lines, *P<0.05. Rep-
resentative images of immunohistochemistry (C) and proximity ligation
assay (PLA; D) from studies performed in 4 APC (Continued)

hypoxia: first, it confirmed at the molecular level that hypoxia
induced the candidate target TPBG (upper); second, it verified
the concomitant upregulation of CXCR7 (lower); and third,
using antibodies against CXCR4 and CXCR7, it demonstrated
that hypoxia caused the formation of receptor heterodimers
(middle). In contrast, no PLA signals were detected when only
one primary antibody was used or when both primary antibod-
ies were omitted (data not shown).

We also measured the expression of DPP4, one pivotal
CXCL12 degrading protease, and found it to be downregu-
lated at the transcript and protein level after 72 hours of hy-
poxia (0.68+0.11 DPP4 mRNA fold change versus normoxia,
P<0.05; 0.53+0.09 DPP4 secreted fold change, P<0.001
versus normoxia). Altogether, these data indicate hypoxia has
a profound impact on different components of the CXCL12
pathway, which would be expected to result in the activation
of downstream kinase signaling. In line with this, we found
that hypoxic conditioning of APCs induces the phosphoryla-
tion of ERK (Figure 2E and 2F), which is a typical target of
CXCL12 binding to CXCR7.°

Forced Modulation of TPBG Expression

Alters APC Functional Behavior Through the
CXCL12/CXCR7/pERK Signaling Pathway

The functional implications of the TPBG/CXCL12 partner-
ship were further investigated by silencing or overexpressing
TPBG in human APCs under normoxia or hypoxia.

In silencing experiments, normoxic or hypoxic APCs were
transfected with TPBG siRNAs (siTPBG) or scramble con-
trols (siCtrl). The latter did not alter the inductive effect of hy-
poxia on TPBG, CXCL12, and CXCR?7 expression (Figure 3A
through 3D). siTPBG efficiently reduced the transcript and
protein levels of TPBG in normoxic or hypoxic APCs, as dem-
onstrated by quantitative polymerase chain reaction (qQPCR),
Western blot, and PLA (Figure 3A and 2B, P<0.01 versus siC-
trl; Figure IVB and IVD in the online-only Data Supplement).

Next, we investigated whether TPBG silencing would
affect the APC behavior. Previous studies have attributed
TPBG with the properties of an early differentiation marker in
mouse embryonic stem cells, and its absence may be a useful
mean to assess pluripotency.' APCs coexpress typical peri-
cyte/stromal cell markers together with stemness antigens.”!
Therefore, we verified the effect of sSiTPBG on the APC an-
tigenic profile and found no change as compared with siCtrl-
treated APCs (data not shown). Similarly, siTPBG did not
cause any effect on proliferation or apoptosis (data not shown).
Looking at CXCL12 expression and CXCLI2-associated
functions, we found that, in normoxic APCs, siTPBG reduced
CXCL12 (Figure 3E and 3F), CXCR7 (Figure 3G and 3H),
and pERK (Thr202/Tyr204; Figure 31 and 3J), with these
effects being associated with diminished migratory activity in
a scratch assay (0.66+0.03 gap closure fold change, P<0.01
versus siCtrl) and impaired capacity to support endothelial

Figure 2 Continued. lines to verify the expression and subcellular locali-
zation of TPBG (trophoblast glycoprotein), CXCR4, and CXCR7. E and F,
Hypoxia induces the phosphorylation of ERK (Thr202/Tyr204; extracellular
signal-regulated kinases 1/2). Representative Western blot images (E) and
results of densitometry (F). Data are fold changes (mean+SEM) vs corre-
sponding normoxia time points in 4 APC lines. Unpaired t test, *P<0.05.
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Figure 3. TPBG silencing inhibits CXCL12 (chemokine [C-X-C moitif] ligand-12) signaling and impairs migration and network forming activity. A and B, The
effective silencing of TPBG by siRNA was demonstrated by quantitative polymerase chain reaction (QPCR; A) and Western blot (B) in 3 adventitial pericytes
(APC) lines under normoxic or hypoxic conditions. C and D, Bar graphs showing that hypoxia-induced upregulation of CXCL12 and CXCR7 (C-X-C chemo-
kine receptor type 7) was not altered in control APCs treated with siRNA control (siCtrl). E-J, TPBG silencing in normoxic APCs (4 cell lines) reduced the
levels of CXCL12 mRNA (E) and secreted CXCL12 protein (F) as well as CXCR7 mRNA (G), CXCR7 protein (H), and pERK (I and J). K and L, In a scratch
assay on 3 APC lines, TPBG (trophoblast glycoprotein) silencing impaired gap closure. M and N, In a Matrigel assay using 5 APC lines, siRNA TPBG (siTPBG)
reduced the cell’s ability to support an endothelial network. Scale bars, 500 um. O-V, TPBG silencing in hypoxic APCs (4 to 5 cell lines) produced similar
effects, reducing CXCL12 mRNA (O) and secreted CXCL12 protein (P), as well as CXCR7 mRNA (Q), CXCR?7 protein (R), and pERK (S and T). In addition,
siTPBG reduced gap closure (U and V) in 3 APC lines. Scale bars, 500 um. Data are the mean+SEM. ANOVA was used to compare multiple groups and un-
paired t tests to compare 2 groups, *P<0.05, **P<0.01, and ***P<0.001 vs siCtrl. White bars, siCtrl in normoxia (Nox) conditions; green bars, siTPBG in Nox
conditions; black bars, siCtrl in hypoxic (Hyp) conditions; red bars, siTPBG in Hyp conditions.

network formation on Matrigel (0.65+0.07 tube length fold
change, P<0.01 versus siCtrl; Figure 3K through 3N). In hy-
poxic APCs, siTPBG was once again associated with low-
ered levels of the CXCL12, CXCR7, and pERK (Figure 30
through 3T) and diminished migratory activity (Figure 3U
and 3V). No effect of silencing was observed on other che-
mokines, such as CCL2/MCP1, CXCL2/GRO, and CXCLI,
or DPP4 in normoxic or hypoxic conditions (data not shown).

We next assessed the impact of transfecting APCs with
Ad-TPBG; the empty backbone Ad-Null was used as a con-
trol (Figure 4). These experiments were performed under nor-
moxic conditions to verify if forced TPBG expression could
phenocopy the effects observed under hypoxia. Effective
transduction was evidenced by qPCR, Western blot, PLA,
and ICC (Figure 4A and 4B; Figures IVC and IVD and VI in
the online-only Data Supplement). In addition, we found that
TPBG-transduced APCs retained the capacity to upregulate
the endogenous protein following exposure to hypoxia (Figure
VID in the online-only Data Supplement).

Forced TPBG expression was associated with increased
CXCL12 secretion into the culture media (1.38+0.01-fold,
P<0.001 versus Ad-Null; Figure 4C). Looking at the CXCL12
receptors, we could not observe any effect of Ad-TPBG on
the expression levels and subcellular localization of CXCR4

and CXCR7, as assessed by ICC (Figure 4D, upper).
Therefore, the nuclear import of CXCR4 and upregulation
of CXCR7 seem to be a unique prerogative of APCs exposed
to hypoxia. On the contrary, PLA demonstrated that TPBG-
transduced APCs carry CXCR7/CXCR4 heterodimers as
also seen in hypoxic APCs (Figure 4D, lower). In the scratch
assay, TPBG-transduced APCs showed a 5.4-fold increase in
gap closure compared with Ad-Null treated APCs (P<0.01,
Figure 4E and 4F). Finally, we examined the effect of forced
TPBG expression on the APCs’ interaction with HUVECs in
a Matrigel assay. The CCM from TPBG-transduced APCs did
not promote any increase in network formation as compared
with the CCM from Null-transfected APCs (0.94+0.02-fold
change; data not shown). Likewise, TPBG-transduced APCs
in coculture with HUVECs caused a modest increase in
the length of the networks, which did not reach the statis-
tical significance (1.16+0.11-fold change versus Ad-Null,
P=0.28; data not shown). In contrast, TPBG-transduced
APCs could increase the HUVEC network formation when
the 48 hours CCM from the same TPBG-transduced APCs
was added to the coculture (1.34+0.07-fold change, P<0.01
versus Ad-Null; Figure 4G and 4H). This latter data suggest
cumulative effects of APCs and their CCM are responsible
for the increased in vitro angiogenic improvement.
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Figure 4. Forced TPBG expression activates the CXCL12 (chemokine [C-X-C motif] ligand-12) signaling and promotes migration and network forming ac-
tivity. Adventitial pericytes (APCs) were treated with either Null vector or a TPBG expression Ad vector under normoxic conditions. Effective transduction was
confirmed in 3 APC lines by quantitative polymerase chain reaction (QPCR; A, Western blotting in cell conditioned medium (CCM) and cell lysate (B) after 24
h from the transfection. Forced TPBG (trophoblast glycoprotein) expression was associated with increased secretion of CXCL12 (C) and complexing of the
CXCR4 (C-X-C chemokine receptor type 4) receptors as seen by proximity ligation assay (PLA; D). E and F, Forced expression of TPBG enhances the migra-
tion of APCs (4 cell lines) in a scratch assay. Representative microscopy images (E) and bar graphs showing fold changes vs Null (F). G and H, Matrigel assay
in APCs (5 cell lines) treated with either Null or TPBG Ad vector and cocultured with human umbilical cord endothelial cells (HUVECS) for assessment of net-
work formation in the presence of Null-CCM or TPBG-CCM. Representative microscopy images of the networks (G) and a bar graph showing the fold change
of branch length vs Ad-Null (H). Scale bars=0.5 mm. All values are mean+SEM. ICC indicates immunocytochemistry. Unpaired t tests, *P<0.05, **P<0.01, and

***P<0.001 vs Ad-Null.

Increased Migratory and Proangiogenic

Activities of TPBG-Transfected APCs Require
CXCL12 Signaling Through CXCR?7

We next asked whether CXCL12 is accountable for the func-
tional effects induced by forced TPBG expression in human
APCs. To this aim, TPBG-transduced APCs were cultured
in EGM2 (endothelial growth medium 2) for 48 hours and

then the CCM was collected, treated with CXCL12 inhibitor
or isotype control for 1 hour, and finally used to condition
APCs in scratch or Matrigel assays. CXCL12 neutralization
resulted in an impairment of the migratory (Figure SA and
5B) and network promotion capabilities of TPBG-transduced
APCs (Figure 5C and 5D). To further determine the impli-
cated receptor, TPBG-transduced APCs were exposed to a



0202 ‘0z Yore | uo Aq Bio'sfeuno feye/:dny wouy papeojumoq

Spencer et al TPBG on Pericyte Migration and Angiogenesis 1119
A 19G control Anti-CXCL12 E 19G control Anti-CXCR7
F

B ; i

. Oh 015

8's | ¢y
§ £10 ‘ E §,1 0 *%k
o2 e
Sg 2805
g— ﬁ 0.5 *%k 0] ; o0

S0 Sh €% g6 anti-CXCRT

= IgG  anti-CXCL12 TPBG-APCs

TPBG-APCs

1gG control

Q

1.

o

5
*

Anti-CXLC12

£
B
$
8
2
2
% © 0.5
5

o
-
k]
°
g
£
G
]
£

e
o

IgG anti-CXCL12
TPBG-APCs

G H
Anti-CXCR7 = *+ - - 2
AMD3100 - - - + £=16
55KDa — 2
IO R I— 7. 210
100KD2 = [ vl
>
S TTT] Lo B H
ETT R R— PERK £5
, s (Thr202Tyr204) %%
€77 CXCR7 CXCR4 TPBG pERK |
S5KDa == e e e e { f-tubulin .
:l TPBG-APC + anti-CXCR7

Figure 5. CXCL12 (chemokine [C-X-C moitif] ligand-12) and CXCR7 (C-X-C chemokine receptor type 7) neutralization inhibits the migratory and network sup-
porting activities of TPBG-transduced adventitial pericytes (APCs). A and B, Neutralization of CXCL12 reduces the migratory activity of TPBG-APCs. Rep-
resentative images (A) and bar graphs illustrating the fold change vs IgG (B). C and D, TPBG-APCs cocultured with human umbilical cord endothelial cells
(HUVECSs) were assayed in a Matrigel assay in the presence of TPBG-cell conditioned medium (CCM) containing the CXCL12 neutralizing antibody. Repre-
sentative images of the networks (C) and a bar graph illustrating the change in tube length (D). E-H, CXCR7 blockade impairs APC migration in association
with lower levels of TPBG (trophoblast glycoprotein) and pERK. Representative images of the scratch assay (E) and bar graphs illustrating the fold change
vs IgG (F). G, Representative Western blot images and (H) band densitometry data normalized by p-tubulin. Experiments were performed in quadruplicate or
quintuplicate and repeated with 3 APC lines. Scale bars =0.5 mm. All values are mean+SEM. ANOVA was used to compare multiple groups and unpaired t
tests to compare 2 groups, *P<0.05 and **P<0.01 vs IgG. 1, statistical trend as P<0.150 (P=0.064).

neutralizing anti-CXCR7 antibody or the CXCR4 antagonist
AMD?3100, followed by addition of their own 48 hours CCM.
Isotype IgG or solvent controls were respectively used as con-
trols. AMD3100 had no effect on migration (0.96+0.10-fold
change, P=NS versus control). In contrast, CXCR7 neutrali-
zation impaired migration (0.66+0.04, P<0.05 versus control;
Figure S5E and 5F). The 2 inhibitors did not alter the expres-
sion of CXCR4 and CXCR7 as assessed using Western blots
(Figure 5G and 5H). Interestingly, blockade of CXCR7 was
associated with lower levels of TPBG expression (0.74+0.05
TPBG/[-tubulin fold change, P<0.01versus Isotype IgG) and
pERK/ERK (0.76+0.11 pERK/ERK fold change, P=0.06
versus Isotype control; Figure 5G and 5H). The latter effect
is compatible with the inhibition of postreceptor signaling,
while the former one may suggest the existence of a reciprocal
cross-talk between TPBG and CXCR7.

Mechanisms Underpinning TPBG Transcription

A search of the literature on prospective transcriptional
regulators identified CITED2 as a potential candidate for
TPBG regulation. Transcript and protein levels of CITED2
were assessed at different time points following APC expo-
sure to normoxia or hypoxia. CITED2 mRNA levels showed
a reduction after 12 and 24 hours of hypoxia (Figure VIIA
in the online-only Data Supplement). In contrast, CITED2
protein levels were found significantly increased at 48 hours
(Figure 6A and 6B). We next determined 7PBG mRNA lev-
els in APCs transfected with full-length pcDNA3-CITED2 or

the empty-pcDNA3 vector as a control (Figure 6C). CITED?2
forced expression increases the levels of TPBG transcript by
1.6-fold (P<0.001 versus empty vector; Figure 6D). We next
performed ChIP assays to determine if CITED2 influences
TPBG directly. CITED2 has been demonstrated to bind DNA
via AP-2 (adaptor protein complex AP-2 subunit alpha-2).*!
Promoter prediction software indicated there were 5 poten-
tial AP-2 binding sites upstream of the 7PBG transcriptional
start site (<3000 kb) and one potential site within exon 2.
ChIP assays confirmed the occupation of CITED2 at locations
—1985/-1836 bp and +482/+555 bp as compared with IgG or
no antibody controls (P<0.05; Figure 6E). Quantitative ChIP
analysis showed a further enrichment of CITED2 at the above
locations in APCs exposed to hypoxia (P<0.05 versus IgG;
Figure 6F). Next, we investigated if CITED2 knocking down
blunts TPBG expression and functional effects in hypoxia. A
pool of 4 siRNA control (siCtrl) or siRNA CITED2 was trans-
fected at 70 nmol/L. Knocking down was confirmed at the
mRNA level by qPCR throughout the experimental follow-up
(P<0.001 versus siCtrl; Figure 6G). ICC was used to confirm
the location of CITED2 within the nucleus (Figure VIIB in the
online-only Data Supplement). A reduction of immunoposi-
tive CITED2 was evidenced. Moreover, TPBG was signifi-
cantly downregulated (as seen by Western blot; Figure 6H and
61). TPBG downregulation was reported after 48 to 72 hours
by an overall 0.78+0.10-fold change, P<0.05 compared with
the siCtrl. Scratch assays additionally showed that silencing of
CITED? was associated with a lower migration profile in the
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Figure 6. Transcriptional modulation of TPBG by CITED2 (Atypical chemokine receptor 3 CBP/p300-interacting transactivator with glutamic acid (E)/aspartic
acid (D)-rich tail) in human adventitial pericytes (APCs). A and B, Hypoxic-dependent expression of CITED2 in 4 APC lines. A, Representative time course of
CITED2 protein, with 3-tubulin used as loading control. (-)=no hypoxic conditioning; (+)=hypoxic conditioning. B, Results of densitometry analysis. C and D,
Forced CITED2 expression (C) is associated with TPBG upregulation (D). APCs were transfected with either pcDNA3-Empty or pcDNA3-CITED2 tagged with
human influenza hemagglutinin (HA) nonapeptide. UBC was used as a reference transcript (n=5 replicates). E, Quantitative ChIP-polymerase chain reaction
(PCR) analysis of occupancy by CITED2 at 5 potential binding sites around TPBG transcriptional start site (TSS) APCs under normoxic conditions (n=5 repli-
cates). F, Quantitative ChIP-PCR analyses of occupancy by CITED2 at —1985/-1836 bp and +482/+555 bp under hypoxic conditions, in the same cell lines.
G-K, Knockdown of CITED2 was performed to validate a regulatory effect on TPBG (trophoblast glycoprotein). Silencing was evidenced at the transcript level by
quantitative PCR (qPCR; G). Each time point was statistically studied independently by unpaired t test. Four biological replicates were studied in technical dupli-
cates or triplicates. All comparisons are done vs siRNA control (siCtrl). H and I, TPBG expression was diminished by siCITED2 as seen by Western blot. Repre-
sentative immunobilot is displayed (H) and bar graphs have been used to represent band densitometry data (I). J and K, CITED2 silencing significantly diminishes
APC migration after 48 h. Representative images are displayed in (J). Bar graph of gap closure with values calculated as fold change to overcome donor hetero-
geneity (K). SiCtrl conditions per each donor and time point were used as controls for each comparison. Dotted line represents the Gap closure fold change =1
of siCtrl. All values are mean+SEM. ANOVA was used to compare multiple groups and unpaired t tests to compare 2 groups, *P<0.05, **P<0.01, and **P<0.001.

APCs, reaching the statistical significance after 48/72 hours
(0.70+0.05, P<0.01; Figure 6J and 6K), a time that coincides
with TPBG downregulation.

In Vivo Matrigel Plug Angiogenesis

Assay With TPBG-Silenced APCs

Next, we performed gene silencing studies in mice, where the
end point was the ability of TPBG to influence angiogenesis
in vivo. In the first study, Matrigel plugs mixed with TPBG
siRNA or control oligonucleotides were implanted subcutane-
ously. After 21 days, explanted TPBG-silenced plugs showed
reduced microvascular networks compared with controls
(P<0.05; Figure 7A and 7B), thus suggesting TPBG is essen-
tial for proper vascular formation.

Upregulation of TPBG in Resident

Pericytes From Ischemic Muscles

To translate the data from in vitro hypoxia into a model of
ischemia, we determined the expression levels of TPBG in

vascular cells sorted from muscles of mice that underwent
unilateral femoral artery occlusion. As shown in Figure VIII
in the online-only Data Supplement, Tpbg mRNA levels were
increased in CSPG4-sorted pericytes from ischemic mus-
cles (p < 0.05 versus contralateral normoperfused muscles),
whereas the expression of 7Tpbg in CD31-sorted ECs was not
altered by ischemia. These data indicate that, as with in vitro
hypoxia, in vivo ischemia induces the expression of Tpbg in
murine pericytes.

Transplantation of TPBG-Transduced

APCs in Mice With Limb Ischemia

We next determined if the forced expression of TPBG
enhances the previously reported benefit of APC transplan-
tation.?!?*32 To this aim, we injected 100000 human APCs,
transduced with Ad-Null or Ad-TPBG, or vehicle intra-
muscularly in immunodeficient mice with limb ischemia
(Figure 8A). The study protocol was a randomized treat-
ment, with 2 independent operators assessing the outcomes
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Figure 7. In vivo plug assay. A, Representative images showing the
microvessels positive for CD31 (red) in the Matrigel plug. Five animals per
group were studied. Scale bars, 50 pm. B, Quantification of the area of
CD31 coverage in the Matrigel plugs mixed with TPBG siRNA (siTPBG)
or control oligonucleotides at 21 d after implantation. Individual values
and mean+SEM. Unpaired t test to compare 2 groups. DAPI indicates
4’,6-diamidino-2-phenylindole. *P<0.05 vs siRNA control (siCtrl).

blind to the randomization codes. TPBG expression in APCs
was verified before implantation by Western blotting of the
cMyc-tag and assessment of total TPBG protein (Figure 8B
and 8C).

More than 80% of the experimental subjects completed the
study: 7/10 in the vehicle group, 8/10 in Ad-Null APC injected
group, and 10/10 in the Ad-TPBG APC injected group. The
different outcome was because mice from the vehicle- or the
Ad-Null APC injected groups had to be humanely euthanized
following the occurrence of toe necrosis, while none mani-
fested these signs in the Ad-TPBG APC injected group. The
analysis denoted a difference in the above outcome between
Ad-TPBG and control groups (P<0.05). APC transplantation
accelerated blood flow recovery (P<0.05). The improvement
in reperfusion was enhanced by Ad-TPBG APCs (P<0.001;
Figure 8D and 8F). Ad-TPBG APCs induced an increase in
capillary density as compared with Ad-Null APCs (P<0.05;
Figure 8G and 8H). We could not evidence the presence of
APCs in the ischemic muscles at 21 days post-transplantation,
as assessed by targeting c-Myc (data not shown).

Discussion

Pericytes offer a tantalizing cell source for cardiovascular re-
generative therapy.?'~>3>% In this study, we provide the first
evidence that TPBG is expressed in pericytes in situ and after
in vitro expansion, is upregulated in response to hypoxia, and
is essential for migration and proangiogenic activities. We ad-
ditionally identified the first TPBG transcriptional regulator
to be described and demonstrated direct binding of CITED2
on the TPBG promoter region, which is further enhanced by
hypoxia and participates in the migratory activity of APCs
(Graphic Abstract).

In the placenta, TPBG is coexpressed with CITED2 by
trophoblast cells and plays key roles in cell adhesion, mi-
gration, and proper capillary patterning.*** Moreover, it has
been demonstrated that hypoxia induces CITED2 gene ex-
pression through HIF (hypoxia-inducible factor)l a-mediated
transcriptional induction, followed by rapid and transient

TPBG on Pericyte Migration and Angiogenesis 1121

upregulation of CITED2 protein.**>* In turn, CITED2 over-
expression induces elevated TPBG transcripts,*® and upregu-
lates various components of the EMT-associated program, of
which TPBG is an acknowledged member.**#! Haejin et al
have proposed that CITED2 might be a regulator of HIF1a.-
dependent gene expression under hypoxic conditions.*®
CITED? attenuates the activation of hypoxia-inducible genes
by HIF1la through interference with the recruitment and in-
teraction of HIFla with p300. In the present study, we re-
port that CITED2 associates with TPBG genomic regions at
2 AP-2 binding sites, consequently increasing TPBG tran-
scription, and that binding affinity is enhanced by hypoxia.
CITED? knocking down further supports those findings and
reveals the CITED2’s modulatory effect on APC migration,
as assessed using a scratch assay.

This investigation in adult human vascular cells expands
the information on CITED2 and TPBG available from de-
velopmental models. Cited2 knockout is lethal, leading to a
range of defects including malformed outflow tract, aortic-
arch malformation, and abnormal microvessel development,
which is thought to be a consequence of Cited2 regulation of
Vegfa.*>* Furthermore, Cited2 activity influences prolifera-
tion and patterning of placental capillaries, with Cited2 null
placentas displaying a disorganized pericyte arrangement
in the capillaries.* Within human cardiovascular pathology,
mutations of CITED2 and epigenetic modifications of its
promoter region have been linked with congenital heart di-
sease.**%+6 Tpbg knockout mice are viable, but adult animals
show structural disorganization within the brain and exhibit
a high frequency of hydrocephalus, requiring termination at
early stages of the life.! Interestingly, recent studies suggest
that the dysfunction of cellular constituents of the blood-
brain barrier, including pericytes, may contribute in hydro-
cephalus.*’” Our discovery of an association between CITED2
and TPBG in human pericytes calls for new investigation on
TPBG playing a pathogenic role in the above cardiovascular
and brain defects.

We found several EMT-associated proteins, including
TPBG, are induced in APCs under hypoxia (Figure 1; Figure
V in the online-only Data Supplement). According to the
emerging concept of EMT, stimulated epithelial cells may
undergo a transformative process resulting in the acquisition
of mesenchymal phenotypes endowed with migratory and
proangiogenic properties. Here, we propose that, in analogy
with EMT, hypoxia activates TPBG and associated partners
to transform quiescent pericytes into migratory and proan-
giogenic pericytes. Furthermore, we show that CXCL12 sig-
naling is key in this transformative phenomenon. Studies in
embryonic cells indicate the transient presentation of TPBG at
the plasma membrane during differentiation allows CXCL12
signal transduction through CXCR4.> Translating the above
scheme into our experimental setting, we found hypoxia-
induced TPBG expression was associated with a significant
increase in CXCL12 transcription and secretion and reduction
in DPP4 release. Hypoxia did not affect the expression of the
canonical CXCR4 receptor but changed its subcellular loca-
tion to the nucleus. This was associated with increased levels
of CXCR7, the formation of CXCR7/CXCR4 heterodimer
complexes and phosphorylation of ERK. These are typical
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Figure 8. TPBG-transduced adventitial pericytes (APCs) improve recovery from limb ischemia. A, Mice were randomized to 3 treatment groups (n=7-10
each). APCs were transduced with an adenoviral construct containing c-Myc-tagged TPBG (Ad-TPBG) or an Ad-Null (moi 12) and injected in the ischemic
adductor muscles after femoral artery ligation. A third group was injected with vehicle. Doppler imaging was performed at days 0, 7, 14, and 21. B and C,
The overexpression of TPBG (trophoblast glycoprotein) was demonstrated by targeting the tagged sequence c-Myc (B). Representative blot showing the
total amount of TPBG, including exogenous and endogenous (C). D-F, Representative images of laser Doppler blood flowmetry at baseline and during re-
covery (D). Graph showing the recovery pattern in the 3 study groups illustrated as nonlinear regression fits and mean+SEM for each time point (E). Bar graph
showing slope values of recovery regression lines (F; “P<0.05 and ***P<0.001 vs vehicle; missing not at random [not ignorable] data from animals prematurely
sacrificed because of the appearance of necrotic toes were imputed according to the worst scenario (the lowest value of the series). G and H, Immunohisto-
chemistry assessment of vascular density performed in abductor muscles harvested from the ischemic left limb. IB4 (isolectin B4; green) and a-SMA (alpha
smooth muscle actin; red) were immunostained to identify capillaries and arterioles. All samples were counterstained with 4’,6-diamidino-2-phenylindole
(DAPI; blue). Representative images (G) and box and whiskers graphs showing minimum and maximum values (H; #P<0.05 vs Ad-Null APCs). ANOVA was
used to compare multiple groups and unpaired t tests to compare 2 groups.

modifications seen during acquisition of a migratory pheno-
type in cancerous cells.!

To establish the cause-effect relationship between TPBG
and the CXCL12 migratory signaling, we performed gene ti-
tration studies using 7PBG siRNA and an overexpressing vec-
tor in functional assays (Figures 3 and 4). Results of silencing
confirm that TPBG is essential for the operativity of the
CXCL12 migratory and angiogenic program in human APCs.
As seen under hypoxia, forced TPBG expression induced a
promigratory phenotype, which was associated with the for-
mation of CXCR7/CXCR4 heterodimers and ERK phospho-
rylation. All these effects could be contrasted by CXCL12
neutralization or CXCR7 blockade. Altogether, these data
suggest that CXCR7, which has been previously considered

a decoy receptor, plays important functional roles in key ac-
tivities of pericytes. Moreover, the murine angiogenesis plug
assay model further validated the role of TPBG in postnatal
neovascularization.

Preconditioning and genetic modification of donor cells
have been considered as a potential strategy to increase re-
sistance to ischemic stress, ultimately boosting therapeutic
efficacy.**° Accordingly, our study shows that, although resi-
dent pericytes already provide an endogenous source of TPBG
under ischemia, transplantation of TPBG-overexpressing
APCs improved the hemodynamic recovery and reparative
capillarization compared with spontaneous responses observed
in control mice. A puzzling aspect of data in the Ad-Null APC
injected group is represented by the improvement in blood
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flow despite no change in vascular density. A possible expla-
nation is that cell therapy produced an increase in the size of
collaterals in proximity to the artery occlusion, which could
not be detected by the assessment of microvascular density
in muscles. Intriguingly, we observed TPBG-overexpressing
APCs induce a clinical improvement in toe necrosis as com-
pared with Ad-Null APCs or vehicle, which indicate a positive
effect on cicatrization and re-epithelialization. We speculate
that this benefit is the result of paracrine and autocrine effects
of upregulated CXCL12 signaling. In line with our findings, a
recent publication has demonstrated that in situ bioengineered
CXCLI12 delivery enhances wound healing in different path-
ological scenarios including murine models of peripheral is-
chemia and hyperglycemia and wound healing of human skin
models.>! The rationale of using a gain of function approach in
the in vivo studies was 2-fold. First, our research on APCs has
a translational goal with the ultimate intention to find solutions
for the treatment of ischemic disease. Second, although recog-
nizing the mechanistic value of silencing therapeutic genes to
obtain proof of concept, we were reluctant to use an approach
that might be harmful to the critical limb ischemia model for
reasons intrinsic to the guidelines of our ethical license.

In conclusion, the present study pinpoints TPBG as a novel
mechanistic modulator of pericyte functions instrumental to
vascular physiology and repair. Targeting TPBG may have,
therefore, a relevant impact on regenerative therapies.
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Highlights
e TPBG (trophoblast glycoprotein) is abundantly expressed in human pericytes following exposure to hypoxia or ischemia and this is associated
with upregulation and secretion of CXCL12 (chemokine [C-X-C motif] ligand-12)/CXCR7 (C-X-C chemokine receptor type 7) and pERK, resulting

in activation of migration and angiogenesis.

e CITED2 (Atypical chemokine receptor 3 CBP/p300-interacting transactivator with glutamic acid (E)/aspartic acid (D)-rich tail) acts as a tran-
scriptional regulator of TPBG, especially under hypoxic conditioning.
e The CITED2/TPBG/CXCL12 axis provides the platform for a transition of pericytes from a quiescent to an activated state instrumental to tissue repair.






