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something otherwise worthy of publication? (We do publish the Final Report on our website, so this does
need to be complete and polished.)

e Does this Final Report provide the level of detail, etc. that you would expect, if you were the reviewer?

Title of Project*
Perivascular stem cell- loaded photopolymerized methacrylate bone ECM hydrogel in bone regeneration
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Orthodontic Faculty Development Fellowship Award (OFDFA)
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Laura Iwasaki, Luiz Bertassoni
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Abstract

(add specific directions for each type here)

As an Orthodontist-scientist, my career goals are to establish myself as an independent investigator in the
field of craniofacial bone biology to make significant contributions to advance the field of Orthodontics.
Currently, I am an Assistant Professor in the Department of Orthodontics at Oregon Health & Science
University (OHSU). In this American Association of Orthodontists Foundation (AAOF), Orthodontics Faculty
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Development Fellowship Award (OFDFA) application, I have included detailed Educational, Research,
Teaching and Clinical Skills Plans with the primary emphasis on the Research Plan. These four developmental
plans are essential for my career development as an orthodontist, researcher, and educator.

Of my 5-day per week full-time faculty appointment, I have 75% protected research time, per my
employment contract and as dictated by my K08 Clinical Investigator Award from the National Institutes of
Health (NIH). This research time will be devoted to the Research Plan described herein, plus efforts to utilize
this project’s outcomes as a basis for writing manuscripts and grant applications. The rest of my work week
will be dedicated as follows: 10% to the Teaching Plan, 10% to the Clinical Skills Plan, and 5% to the
Educational Plan.

My interests in craniofacial development and regeneration led to the proposed research project:
“Perivascular stem cell-loaded photopolymerized methacrylate bone ECM hydrogel in bone regeneration”
Craniofacial skeletal non-healing bone defects such as cleft palate or extensive critical size wound defects
remain a significant problem in orthopedic treatment, accompanied individual hardships and societal
burdena. Besides the defect size, poor local stem cell numbers, functions or patients’ healing abilities are also
potential challenges during healing processes. This project will test the working hypotheses that (1)
optimized Perivascular stem cells (PSCs)distribution and graft stiffness will significantly improve osteogenic
differentiation and vascularization in mouse calvarial defect healing and (2) result in a superior bone-forming
efficacy with improved safety profile compared to current standards for care. Specifically, the two aims of this
project are:

Aim 1: Optimize optimized light-emitting diode (LED) photopolymerized methacrylate bone extracellular
matrix hydrogel (BoneMA) (LP-BoneMA) and cell homogeneity for osteogenic PSCs to formulate Bone-Gel.
Aim 2: Apply Bone-Gel to Critical-size Mouse Calvarial Defect Model.

[ anticipate presenting the results from the proposed project at the 2023 American Association of Dental
Research (AADR) Annual Session and generating at least one publication as corresponding author in a peer-
reviewed journal with a high impact factor (>5), such as Biomaterials or Stem Cell Translational Research.
This research will generate preliminary data for future RO1 or R21 grant applications to the NIH, focused on
mineralization tissue regeneration. Ultimately, [ will combine my experience and knowledge with
translational research skills and bring the bench work to the chairside.

My advisors Drs. Iwasaki and Bertassoni each have strong records of mentoring clinician-scientists. [ will
continue to work closely with them. In particular, during the award period we will meet monthly to review
the progress and outcomes of my career development plans.

Respond to the following questions:

Detailed results and inferences:*

If the work has been published, please attach a pdf of manuscript below by clicking "Upload a file".

OR

Use the text box below to describe in detail the results of your study. The intent is to share the knowledge you
have generated with the AAOF and orthodontic community specifically and other who may benefit from your
study. Table, Figures, Statistical Analysis, and interpretation of results should also be attached by clicking "Upload a
file".
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Were the original, specific aims of the proposal realized?*
Yes, we completed all the aims and further validated the markers in depth.

Were the results published?*
Yes

Have the results of this proposal been presented?*
Yes

To what extent have you used, or how do you intend to use, AAOF funding to

further your career?*

AAOF OFDFA is a critical funding source for projects that are relevant to our specialty. My OFDFA from AAOF
is allowing me not only attending meetings and courses to horning my educational, clinical and research skills
but also to generate preliminary data and publications to prepare NIH grant application.

Accounting: Were there any leftover funds?
$0.00

Published

Citations*
You indicated results have been published. Please list the cited reference/s for publication/s including titles, dates,
author or co-authors, journal, issue and page numbers

1.Thottappillil N, Gomez-Salazar M, Xu M, Qin Q, Xing X, Xu ], Broderick K, Yea ], Archer M, Hsu GC, Péault B,
James AW. ZIC1 dictates osteogenesis versus adipogenesis in human mesenchymal progenitor cells via a
Hedgehog dependent mechanism. Stem Cells. Forthcoming.

2.Lu AZ, Chandra D, Chandra SR, James AW, Hsu GC. Differential pericyte marker expression in craniofacial
benign and malignant vascular tumors. Journal of Oral Pathology and Medicine. Forthcoming.

3. Hsu GC, Wang Y, Lu AZ, Gomez-Salazar MA, Xu ], Li D, Meyers C, Negri S, Wangsiricharoen S, Broderick KP,
Peault B, Morris CD, James AW. TIAM1 acts as an actin organization regulator to control adipose-derived
pericyte cell fate. JCI Insight. 2023 May 23;. doi: 10.1172/jci.insight.159141. [Epub ahead of print] PubMed
PMID: 37219951.

4. Hsu GC. Challenges and Perspectives on the Use of Pericytes in Tissue Engineering. Current Tissue
Microenvironment Reports. 2022 May. doi: https://doi.org/10.1007/s43152-022-00039-2.
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ZIC1 dictates osteogenesis versus adipogenesis in human progenitor cells via a Hedgehog dependent
mechanism. Neelima Thottappillil, Ph.D., Mario Gomez-Salazar, Ph.D., Mingxin Xu M.D., Ph.D., Mary Archer,
B.S, Kristen Broderick, M.D., Bruno Péault, Ph.D., Ginny Ching-Yun Hsu B.D.S., M.S., Aaron W. James, M.D., Ph.D.
2022 ASBMR. Austin, Texas, USA.

Differential pericyte marker expression in craniofacial benign and malignant vascular tumorsAmy Z. Lu, B.S.
Dave Chandra D.D.S., Ph.D,, Srinivasa R. Chandra, M.D., B.D.S., FDS, FIBCSOMS., Aaron W. James M.D., Ph.D,,
Ginny Ching-Yun Hsu B.D.S., M.S. 2022 OHSU SOD Research Day, Portland, Oregon
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Abstract

Pericytes are multipotent mesenchymal precursor cells that demonstrate tissue-specific
properties. In this study, by comparing human adipose and periosteal-derived pericyte
microarrays, we identified TIAM1 as a key regulator of cell morphology and differentiation
decisions. TIAM1 represents a tissue-specific determinant between predispositions for
adipocytic versus osteoblastic differentiation in human adipose-derived pericytes. TIAM1
overexpression promotes an adipogenic phenotype, whereas its downregulation
amplifies osteogenic differentiation. These results were replicated in vivo xenograft
animal model, in which TIAM1 misexpression altered bone or adipose tissue generation
in an intramuscular xenograft animal model. Changes in pericyte differentiation potential
induced by TIAM1 misexpression correlated with actin organization and altered
cytoskeletal morphology. Small molecule inhibitors of either Racl or RhoA/ROCK
signaling reversed TIAM1-induced morphology and differentiation in pericytes. In
summary, our results demonstrate that TIAM1 regulates the cellular morphology and
differentiation potential of human pericytes, representing a molecular switch between

osteogenic and adipogenic cell fates.
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Introduction

Pericytes have mesenchymal stem cell (MSC)-like properties, including multipotentiality,
immunoregulatory functions, and diverse roles in tissue repair (1-3). A general hypothesis
holds that pericytes function as tissue-specific progenitor cells during tissue regeneration
(4). For example, skeletal pericytes can differentiate into osteoblasts, while smooth
muscle-derived pericytes do not (5). Likewise, cord blood mesenchymal progenitors are
more multipotent than postnatal bone marrow MSCs to undergo osteogenic
differentiation, chondrogenesis and adipogenesis (6). Pericytes derived from tissue
around the joint demonstrate heightened chondrogenic potential (7). Important examples
of heterologous differentiation of pericytes are also reported, and our group has focused
on ‘adipose-to-bone’ transdifferentiation of human pericytes (reviewed in (8)). Further
exploration of human pericytes as tissue-specific progenitors and the cell- and context-
specific permissive situations for heterologous differentiation have important implications

for cell biology and the use of pericytes in cell therapy.

In previous work, we examined the tissue-specific properties of human pericytes by
directly comparing pericytes from skeletal (periosteal) and adipose tissue sources (4).
Results showed that CD146*Lin" skeletal pericytes preferentially mineralized and ossified,
whereas CD146*Lin" adipose tissue pericytes preferentially formed adipocytes (4). Using
transcriptomic analysis, we investigated osteogenesis-related signaling pathways and
differentially expressed genes (DEGS) in pericytes from each tissue depot. Among other

findings, we identified a subset of CXCR4-expressing pericytes in adipose tissue that
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displayed osteoprogenitor cell attributes (4). Due to these results, it has been suggested

that specific genes and pathways maintain tissue-specific potential.

In the present study, we addressed the question of whether endogenous factors or
signaling pathways within human adipose tissue pericytes restrain their ability to ossify.
We reasoned that basal signaling pathways that actively inhibit osteogenic pathways may
be present among adipose tissue pericytes in vivo. To this end, transcriptomic data of
skeletal versus soft tissue CD146* human pericytes were reanalyzed to identify
differences among many pathways related to cytoskeletal organization and Rho GTPase
signaling. From these differentially expressed genes, TIAM1 (T-cell lymphoma invasion
and metastasis 1) was chosen as a novel candidate. TIAM1 is a guanine nucleotide
exchange factor (GEF) and can specifically regulate the Rho family of small GTPases
(Rac, Rho and Cdc42), including Racl (9). TIAM1 has been studied in contexts related
to cell migration, adhesion, and proliferation by controlling actin remodeling (10, 11),

which in turn is known to influence mesenchymal progenitor cell differentiation (12, 13).

Here, we employed a detailed examination of TIAM1 expression within human pericytes.
Briefly, we observed that TIAM1 misexpression alters pericyte cellular morphology
leading to skewed osteo/adipogenic differentiation via changes in the reciprocal
relationship of Racl and RhoA/ROCK signaling. This data was recapitulated after
xenotransplantation in mice. By using Racl or RhoA/ROCK signaling small molecular
inhibitors NSC23766 or Y27632, the reverse changes in pericyte morphology and

differentiation were observed. This data demonstrates that TIAM1 directs cell
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differentiation, an important feature in human pericytes that may explain tissue-intrinsic

differences in this progenitor cell type.

Results
TIAML1 is enriched within adipose tissue-derived pericytes

To investigate tissue-specific gene expression of pericytes, human adipose and
periosteal pericyte were FACS sorted to obtain CD146*CD31°CD45" cell preparations
(Supplemental Fig. S1)(4). A clear separation between gene expression profiles was
observed when comparing periosteal and adipose pericytes, as revealed by principal
component analysis (Fig. 1A). Gene Ontology (GO) re-analysis revealed changes in
terms related to cell size, shape, and spreading between adipose and periosteal
pericytes. For example, enrichment in genes associated with “Cell Polarization” were
identified among periosteal pericytes (Fig. 1B, Supplemental Table S4). On the other
hand, GO terms such as “Cell Spreading” were enriched in adipose tissue-derived
pericytes (Fig. 1C, Supplemental Table S5). Ingenuity Pathway Analysis (IPA) showed
a series of Rho GTPase-related cytoskeletal pathways that were differentially activated
within adipose versus periosteal CD146* pericytes, such as the RhGDI pathway, RhoA
and Rac signaling pathways, as well as terms such as Actin cytoskeletal signaling
(Fig. 1D, red boxes). Among single genes involved in Rho GTPase-related signaling, the
Rho regulator TIAM1 showed enriched in expression across adipose tissue-derived, but

not skeletal-derived pericytes (Fig. 1E).
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TIAM1 (T-lymphoma invasion and metastasis) is a main regulator of the Rho proteins
connecting extracellular signals to cytoskeletal modifications (14-18). For instance,
TIAM1 regulates integrin-mediated cell-matrix adhesion, E-cadherin cell adhesion, and
cell polarity (11, 19). Differential gene expression of TIAM1 in separately derived human
pericyte samples was confirmed by gRT-PCR (Fig.1F). Results from
immunohistochemical staining of TIAM1, pericyte markers CD146 and a-SMA, and
endothelial marker CD31 showed that TIAM1 was enriched in adipose tissue pericytes,
which was confirmed by a high degree of overlap between TIAM1 and known pericyte
markers (CD146 and a-SMA) (Fig. 1G, H). Results showed that TIAM1 was enriched in
adipose tissue pericytes, which was confirmed by a high degree of overlap between
TIAM1 and known pericyte markers (CD146 and a-SMA) (Fig. 1G). In contrast,
immunohistochemical staining of blood vessels in human periosteal tissues revealed a

relatively limited TIAM1 immunoreactivity among bone-associated pericytes (Fig. 1H).

TIAML1 regulates adipogenic versus osteogenic cell fates among human pericytes

Data demonstrated that TIAM1 expression decreased across timepoints in osteogenic
medium (Fig. 2A, blue bars). In contrast, no significant difference in TIAM1 expression
was observed until late adipogenesis, at which time TIAM1 expression levels were
reduced in comparison to undifferentiated cells (Fig. 2A, red bars). Next, the effects of
TIAM1 knockdown (KD) on pericyte differentiation were assessed. Validation of siRNA-
mediated KD was first performed by gRT-PCR (Fig. 2B) and immunocytochemistry and
semi-quantitative analysis (Fig. 2C). Under osteogenic differentiation conditions, TIAM1

KD led to an increase in osteogenic gene expression at both 3 and 7 d of differentiation,
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including Alkaline Phosphatase (ALPL), Osteocalcin (BGLAP), and Osterix (SP7) (Fig.
2D). Consistent with gene expression studies, staining of ALP enzymatic activity was
significantly increased with TIAM1 knockdown at 10 d of differentiation (Fig. 2E).
Moreover, bone nodule deposition assessed by Alizarin Red (AR) staining and
photometric quantification showed a robust increase in the mineralization of cells
with TIAM1 KD (Fig. 2F). In contrast, TIAM1 KD demonstrated opposing effects on
adipogenic differentiation of human pericytes (Fig. 2G, H). This included significantly
decreased expression of adipogenic differentiation markers by gRT-PCR, including
peroxisome proliferator-activated receptor gamma (PPARG) at 3 d, as well as CCAAT
Enhancer Binding Protein Alpha (CEBPA) and fatty acid-binding protein 4 (FABP4) at 7
d of adipogenic differentiation (Fig. 2G). Likewise, TIAM1 KD led to reduced intracellular
lipid droplets as visualized by Oil red O staining (Fig. 2H). Changes in differentiation
potential with TIAM1 KD were not accompanied by changes in proliferation, as observed

by MTS assays (Supplemental Fig. 2A).

Transfection of a CMV plasmid used to promote TIAM1 overexpression led to a 250-fold
upregulation of TIAM1 expression by gRT-PCR (Fig. 3A), which was confirmed by
immunocytochemical staining and quantification (Fig. 3B). TIAM1 overexpression in
pericytes under osteogenic differentiation conditions led to a decrease in the expression
of osteogenic gene markers in comparison to the control plasmid (Fig. 3C). Inhibition of
osteogenic differentiation with TIAM1 overexpression was confirmed using ALP and
Alizarin red staining (Fig. 3D, E). TIAM1 overexpression led to a significant increase in

the expression of adipogenic gene markers including CEBPA, FABP4, and PPARG
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(Fig. 3F). With TIAM1 overexpression, Oil Red O staining likewise showed a significant
increase in the intracellular accumulation of lipids after 10 d of differentiation (Fig. 3G).
Changes in differentiation potential with TIAM1 overexpression were not accompanied by
changes in proliferation (Supplemental Fig. 2B). In summary, our studies thus far
suggest that TIAM1 exerts prominent pro-adipogenic / anti-osteogenic effects in human

pericytes without affecting cell proliferation.

TIAM1 misexpression alters human pericyte morphology

Silencing of TIAM1 gene expression led to an elongated and spindled cell morphology in
comparison to an siRNA control, visualized using F-actin staining (Fig. 4A). When
guantified, TIAM1 knockdown pericytes showed increased length and decreased width
(Fig. 4B). Target genes for the Racl and RhoA/ROCK signaling were next assessed,
including ARPC2 (Actin Related Protein 2/3 Complex Subunit 2) and SRF (serum
response factor), respectively (Fig. 4C). As expected from its known function in other cell
types (20), TIAM1 silencing led to a significant increase in RhoA/ROCK and reduction in
Racl gene targets (Fig. 4C). Converse experiments were performed in the context of
TIAM1 overexpression (Fig. 4D-F). TIAM1 overexpression led to a wider cell shape in
human pericytes (Fig. 4D), which when quantified by cell, showed an overall reduced cell
length and increased cell width, (Fig. 4E). In parallel, TIAM1 overexpression led to an
increase in the Racl gene marker ARPC2 and a significant decrease in SRF expression
(Fig. 4F). Thus, TIAM1 gene misexpression alters actin organization and cellular shape

in human pericytes, associated with changes in Racl / RhoA/ROCK signaling activity.
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TIAML1 regulates pericyte cytoskeletal remodeling and cellular differentiation via

Rac1 and RhoA/ROCK signaling

Next, the Racl inhibitor NSC23766 or RhoA/ROCK inhibitor Y27632 were used as
treatment to observe pericyte morphology and differentiation potential in the context of
TIAM1 gene misexpression (Fig. 5). Cell morphology was first observed in growth
medium (Fig. 5A,B). Under siRNA control conditions, pericytes treated with NSC23766
demonstrated a spindle cell shape, while pericytes treated with Y27632 demonstrated a
round cell shape (Fig. 5A). Under TIAM1 knockdown conditions, cell spindling was
amplified under NSC23766-treated conditions, while Y27632 treatment reversed the
spindled appearance induced by TIAM1 silencing (Fig. 5B). Recapitulating our prior
findings, knockdown of TIAM1 significantly increased the expression of osteogenic gene
markers in human pericytes (Fig. 5C). The Racl inhibitor NSC23766 further amplified
the osteogenic effect of TIAM1 knockdown, while the RhoA/ROCK inhibitor Y27632
partially or completely reversed this induction of osteogenic gene expression.
Mineralization detection by AR staining and photometric quantification further confirmed

these significant changes in osteogenic differentiation (Fig. 5D, E).

Converse experiments were next performed in the context of TIAM1 overexpression and
adipogenic differentiation with and without small molecule inhibitors (Fig. 5F-J).
Significant changes in cell shape were observed with the addition of small molecule
inhibitors Racl or RhoA/ROCK (Fig. 5F, G). By specific adipogenic gene expression
(Fig. 5H) and Oil red O staining and quantification (Fig. 51, J), the Racl inhibitor

NSC23766 partially or completed reversed an increase in adipogenesis under TIAM1
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overexpression conditions. Conversely, the RhoA/ROCK inhibitor increased
adipogenesis under control conditions, and additively increased adipogenic differentiation
among TIAM1 overexpressing pericytes. Thus, co-application of small molecules in the
context of TIAM1 misexpression indicate Racl and RhoA/ROCK signaling in TIAM1

directed differentiation of human pericytes.

TIAM1 misexpression in human pericytes alters tissue generation in vivo

Pericyte implantation studies were next performed in athymic mice over an 8 week period
in the context of TIAM1 misexpression. A significant increase in bone formation was
observed among TIAM1 knockdown implantation sites, as observed by uCT cross-
sectional imaging and reconstructions (Fig 6A, B). Quantitative yCT analysis confirmed
a significant increase in bone volume (BV) (Fig. 6C) and fractional bone volume (BV/TV)
(Fig. 6D). Histology by H&E staining showed an increase in osteoblast activity within
TIAM1 knockdown implants (Fig. 6E). Likewise, immunohistochemistry for the terminally
differentiated osteoblast marker Osteocalcin (OCN) demonstrated increased antigen
detection among TIAM1 knockdown implant sites (Fig. 6F, G). In these tissue sections,
significant co-expression with the Human Nuclear antigen was observed, confirming
tissue generation by human cells (Fig. 6F,H). Immunohistochemistry for the adipocyte
marker Perilipin 1 (Plin1) demonstrated rare staining across tissue sections, which was

primarily in control but not TIAM1 knockdown implantation sites (Fig. 6H, I).
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Next, the converse effects of TIAM1 overexpression in human pericytes on ectopic tissue
generation was assessed in the same model (Fig. 6J-R). uCT imaging and analysis
demonstrated a reduction in bone formation among pCMV-TIAM1 pericyte implant sites,
including in cross-sectional imaging (Fig. 6J), 3D uCT reconstructions (Fig. 6K), and
guantitative analysis (Fig. 6L,M). H&E staining confirmed the impression that new bone
formation was reduced among TIAM1 overexpression implant sites (Fig. 6N). Foci of
OCN immunofluorescent staining were present among control implantation sites and
greatly reduced among TIAM1 overexpression conditions (Fig. 60, P). In contrast, the
adipocyte marker Plinl was significantly increased with adipocytes within pCMV-TIAM1-
treated implant sites (Fig. 6Q, R), and showed notable overlap with Human Nuclear
antigen expression. In summary, changes in TIAM1 expression direct ectopic tissue
generation between bone and fat tissue among human pericytes upon transplantation in

a mouse model.

Discussion

Mesenchymal progenitor cells are widely used for regenerative medicine for different
pathologies, including bone conditions. Easily accessible tissues, such as adipose tissue,
are one of the main sources of these cells. The inherent differentiation potential of
progenitor cells is linked to their tissue of origin (4, 5). For instance, adipose tissue
mesenchymal cells, such as pericytes, are prone to become adipocytes, whereas
skeletal-derived cells become bone (4). In the present study, the negative osteogenesis
(pro-adipogenesis) regulator TIAM1 is identified and its function is suggested to occur

through regulating cytoskeletal morphology. Understanding tissue-specific regulators
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such as TIAM1 will help elucidate the mechanisms of progenitor cells in vivo and improve
the use of these cells for therapeutic purposes. Through a series of transcriptomic, in
vitro, and in vivo analyses, we identified TIAM1 expression in pericytes as a morphologic

regulator that maintains tissue specificity within the adipose niche.

Pericytes located in the basement membrane are in contact with the endothelium of
capillaries, and as such, are strongly influenced by a variety of physical stimuli such as
fluid stress compression and microenvironmental tension (21). Studies have shown that
changes in the differentiation potential of mesenchymal progenitor cells are dependent
on tissue stiffness in vitro (22, 23). For example, progenitor cells cultured on gels
demonstrate heightened chondrogenic and adipogenic differentiation potential compared
to those cultured on stiff surfaces (22), and the use of supramolecular hydrogels at
different stiffnesses determine neuronal, osteogenic, and chondrogenic differentiation
(24). TIAM1 is a Raclspecific guanine nucleotide exchange factor and negatively
regulates RhoA/ROCK pathways. Racl and RhoA/ROCK are two reciprocal signaling
pathways regulate cell migration and proliferation through actin organization (25). Racl
activation has been shown to induce membrane ruffles and lamellipodia in fibroblasts. In
contrast, RhoA/ROCK has been suggested to increase differentiation in myogenesis and
decrease adipogenesis via modulation of cytoskeletal tension and organization in
pluripotent stem cells and fibroblasts (26). These results in cytoskeletal arrangements
that ultimately affect migration, proliferation, and adhesion (27-29). In the context of
differentiation, prior reports have shown that high RhoA/ROCK activity is associated with

osteogenic differentiation (26, 30), while a loss of RhoA and activation of Racl leads to
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an adipogenic phenotype (26, 31, 32). In this study, we confirmed these observations and
further expanded the role that TIAM1 plays in modulating these signaling pathways to
regulate cell morphology and ultimately, cellular differentiation in pericytes. Cytoskeleton-
dependent signaling pathways in pericytes regulate physical and chemical
interconnections in the actin network, as well in the extracellular matrix (33). Actin
assembly modifications play crucial roles in pericyte shape and contractility (33, 34). In
the context of tissue specificity, the interplay of microenvironmental clues such, as
extracellular matrix stiffness, may help determine cell phenotype and influence
differentiation potential (35, 36). TIAM1 regulates the RhoA/ROCK family through the
RhoA/ROCK inhibitor, Racl and serve as a novel regulator of tissue specificity pericytes
between adipose tissue and bone. These reciprocal pathways may aid in changing MSC
shape which in turn can regulate the degree of osteogenic or adipogenic differentiation.
The extent to which TIAM1 directly regulates adipogenesis, and/or indirectly regulates
adipogenesis through Racl or in combination with other Rac associated pathways

remains in question.

Important limitations exist in the study. Although TIAM1 is enriched in undifferentiated
adipose-derived pericytes, as shown in our transcriptomic analyses, it is a curious finding
that while TIAM1 remains unchanged during in vitro adipogenesis, its misexpression
resulted in significant changes in the degree of adipogenic differentiation. Future studies
could pursue in depth how TIAM1 directly or indirectly regulates adipogenesis. As a
second limitation, the present study is only shown in adipose-derived CD146+ pericytes

and has not been tested in other mesenchymal stem cell types. In future studies, global
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or tissue-specific TIAM1 knockout mice may be better to elucidate the role of TIAM1 in

pericyte differentiation decisions.

In conclusion, TIAM1 is a key regulator of cytoskeletal dynamics, affecting adipose-
derived pericyte morphology and differentiation potential toward adipocytic versus
osteoblastic fates. Studies on TIAM1 misexpression suggest a role for TIAM1 in tissue-
specific pericyte differentiation decisions by regulating cytoskeletal morphology through
Racl and RhoA/ROCK signaling pathways. This was confirmed in xenograft animal
models. Further study of TIAM1-Racl and RhoA/ROCK regulation of other tissue specific
mesenchymal precursor cell fates, and by extension development of new strategies for

tissue engineering, will be worth future investigation.

Materials and Methods
Isolation and culture of periosteal or adipose CD146* pericytes

CD146" pericytes were isolated from human adipose tissue and periosteum via
fluorescence-activated cell sorting (FACS) (4, 37, 38). Total of N=3 adipose and N=3
periosteum samples were obtained from adult patient donors. Pericytes from 6 individual

patients were collected for microarray, and in vitro, in vivo assays.

N=3 adipose samples from three different patient sources were analyzed and collected
by flow cytometry by the method described in a previous study (39, 40) (summary of
antibodies presented in Supplementary Table S1). Briefly, passage 3 expanded

CD146+ pericytes were analyzed by FlowJo software. In this manner, the FACS-purified
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CD146" pericytes were snap frozen for RNA isolation, culture expanded to passage 3-8
for in vitro studies, or applied in a mouse intramuscular implantation model. For in vitro
expansion, all cells were cultured in non-clonal monolayer at 37°C in a humidified
atmosphere containing 95% air and 5% CO2. FACS-purified CD146* pericytes were
cultured in DMEM medium with 10% fetal bovine serum (FBS) (Gibco, Grand island, NY,
USA) and 1% penicillin/streptomycin (Life technologies corporation, Gaithersburg, MD,
USA). The medium was changed every 3 days, unless otherwise noted. Pericytes at
passages 3 to 8 were used for in vitro and in vivo assays. Rac activity was inhibited using
NSC23766 (Selleckchem, Houston, TX, USA), reconstituted in sterile water, and used at
a final concentration of 5 yM. ROCK signaling was inhibited using Y-27632 (Selleckchem,
Houston, TX, USA), reconstituted in dimethyl sulfoxide (DMSO), and used at a final
concentration of 10 yuM. NSC23766 or Y27632 were added at the time of cell seeding.

For inhibitor studies, a DMSO vehicle control was present in all treatment groups.

Microarray analysis

The transcriptomes of N=6 CD146" periosteal and adipose pericytes from total of six
different patients were examined by microarray (N=3 periosteal and N=3 adipose
sources). Briefly, total RNA was extracted from passage 3 CD146" pericytes by Trizol
(Life technologies corporation). After purification, the RNA samples were sent to the JHMI
Transcriptomics and Deep Sequencing Core (JHU, Baltimore, MD, USA) for analysis
using an Affymetrix Clariom D microarray (Affymetrix, Santa Clara, CA, USA). Microarray
data was obtained from the Gene Expression Omnibus (GEO) repository (accession

number GSE125545). Data analyses were performed using software packages including
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Partek Genomics Suite, Spotfire DecisionSite with Functional Genomics, and QIAGEN

Ingenuity® Pathway Analysis.

Immunohistochemistry and microscopy

For histology, three healthy human subcutaneous fat tissue samples were identified in
our surgical pathology archives (Johns Hopkins University). Samples were obtained
under IRB approval with a waiver of informed consent. Human fat tissues were embedded
in optimal cutting temperature compound (OCT) (Sakura, Torrance, CA) and
cryosectioned at 20 pum thicknesses for immunofluorescent staining by methods
described in the previous paper (Antibodies used are listed in Supplemental Table S1)
(4, 41). A Zeiss 800 confocal microscope (Zeiss, Thornwood, NY) was used for imaging
immunofluorescent staining or a Leica DM6 B microscope (Leica Microsystems Inc,

Wetzlar, Germany) was used for imaging immunohistochemical staining.

Small interfering RNA (siRNA) and transfection

Knockdown of TIAM1 in CD146* adipose pericytes were performed using Silencer Select
chemically synthesized siRNA (Thermo Fisher Scientific, Cat# 439824; S14138).
Pericytes at passage 3-8 were seeded in 12-well plates at a density of 5 x 10# cells per
well. At 50% confluence, basal medium was replaced with antibiotic-free basal medium.
Transfection was performed using X-tremeGENE siRNA Transfection Reagent (Sigma-
Aldrich) and 150 pM TIAM1-1 siRNA or scramble siRNA diluted in minimal essential

medium (Opti-MEM) (42). To confirm siRNA efficiency, at 2 h post-transfection, the
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medium was replaced with basal medium, and the efficiency of the knockdown was

validated using qRT-PCR and immunocytochemistry (ICC).

Plasmid transfected overexpression

TIAM1 overexpression was assayed using a human TIAM1 open reading frame (ORF)
mammalian expression plasmid (RG220233, Origene, Rockville, MD). 24 h prior to
transfection, CD146* adipose pericytes at passage 3-8 were seeded in 12-well plates at
a density of 5 x 10 cells per well. For transfection were performed at 60% confluence,
1 ug of TIAM1 plasmid or control plasmid was mixed with 3 ul of Roche Xtreme gene HP
transfection reagent in 100 yL of Opti-MEM and incubated at RT for 30 min. The
DNA/Transfection reagent mixture was then added in drops to wells (42). qRT-PCR and
ICC were used to measure TIAM1 gene expression and to confirm the efficacy of the

plasmid.

Osteogenic differentiation assays

CD146" adipose pericytes from 3 to 8 passages were seeded in 12-well plates at a
density of 5x 10° cells per well. Osteogenic differentiation medium (ODM) consisted of
DMEM, 10% FBS, 1% penicillin/streptomycin with 10 mmol-L™ B-glycerophosphate,
50 umol-L™ ascorbic acid, and 1 mmol-L™! dexamethasone. 24 h after cell seeding, basal

medium was replaced with ODM and replenished every 3 days.

For ALP and Alizarin Red (AR) staining, cells were washed with PBS and fixed with 4%
formaldehyde from 7 to 10 days of differentiation. Next, cells were stained with diazonium

salt with 4% napthol AS-MX phosphate alkaline solution in RT for 15 min for alkaline
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phosphatase detection and with 2% AR solution at RT for 10 min for bone nodule
deposition (4, 40, 42-44). Pictures were taken using an Olympus Epson scanner (Los
Angeles, CA, USA). For quantification, bone nodules were dissolved in 0.1 N sodium
hydroxide and quantified using an Epoch microspectrophotometer (BioTek, Winooski, VT,
USA) by an absorbance at 548 nm. All experiments were performed with n=3 human

samples per anatomic depot and in triplicate wells (biologic and technical triplicate).

Adipogenic differentiation assays

CD146* adipose pericytes from 3 to 8 passages were seeded in 12-well plates at a
density of 2 x 10° cells per well and allowed to adhere overnight. 24 h after seeding, the
basal medium was replaced with adipogenic differentiation medium and replenished
every 3 days (Mesencult Adipogenic Differentiation medium, StemCell technologies Inc.,
Vancouver, BC). Oil red O staining was performed after 10 d of differentiation (4, 40, 42).
Cells were washed with PBS and fixed with 4% PFA for 15 min. After fixation, cells were
washed with water and 500 uL of Oil red O staining solution. Oil red O stock solution was
prepared by dissolving 0.5 g of Oil red O in 100 mL isopropanol. Qil red O staining solution
was prepared by dilution of a stock solution with distilled water in a 3:2 ratio, followed by
filtration. Oil red O staining was performed for 30 min at 37°C. Following incubation, cells
were washed with tap water, followed by microscopy. After imaging, Oil Red O stain was
extracted with 100% isopropanol for 5 min followed by an absorbance at 548 nm for
guantification. All experiments were performed with n=3 human samples per anatomic

depot and in triplicate wells (biologic and technical triplicate).
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Proliferation assays

Proliferation assays were performed in 96-well plates (2 x 103 cells/well) and measured
for up to 72 h using the CellTiter96 AQueous One Solution Cell Proliferation Assay kit
(MTS, G358A; Promega, Madison, WI) (44). Briefly, 20 yL of MTS solution was added to
each well and incubated for 1 h at 37°C. The absorbance was assayed at 490 nm using

an Epoch microspectrophotometer (Bio-Tek, Winooski, VT).

Quantitative (q)RT-PCR

Specific gene expression among CD146" adipose pericytes were assayed by gRT-PCR
at 0, 3, and 7 d of osteogenic/adipogenic differentiation, adapted from prior methods (38,
42, 44). The frequency of CD146+CD31-CD45- pericytes by anatomic depot of origin and
percentage of CD146+CD31-CD45- of total FACS events was reported in the previous
study (4). Total RNA was extracted using TRIzol Reagent (Life technologies corporation).
In total, 1 ug of total RNA from each sample was subjected to first-strand complementary
deoxyribonucleic acid (cDNA) synthesis using the iScript™ cDNA Synthesis Kit (Bio-Rad)
to a final volume of 20 uL. The reverse transcription reaction was performed at 25°C for
5 min, followed by 46°C for 20 min and 95°C for 1 min. For gRT-PCR, the reaction was
performed using 2x SYBR green RT-PCR master mix and a QuantStudio 5 Real-Time
PCR system instrument (Thermo Scientific, Waltham, MA). gRT-PCR was performed
using 384-well optical plates at 95°C for 10 min, followed by 40 cycles at 95°C for 15s
and at 60°C for 60 s. The relative quantification of gene expression was performed using
a threshold cycle (CT) method according to the manufacturer's protocol and was

normalized to the expression levels of the housekeeping gene glyceraldehyde 3-
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phosphate dehydrogenase (GAPDH) in each sample. Primer sequences are shown in

Supplementary Table S3.

Cell morphology

Pericytes were seeded in 1 x 10° per mL to visualize single cell populations. After culturing
cells for 48 h, cells were fixed with 4% PFA and incubated with a TIAM1 primary antibody
overnight. This was followed by staining with the secondary antibody and Oregon green
488 phalloidin (Thermo Fisher, Waltham, MA, USA) for 30 mins at RT. Afterwards,
mounting medium with DAPI was applied before covering the chamber slide with glass
coverslips. Images of the stained pericytes were captured and analyzed using a Zeiss
LSM 800 Confocal Microscope. The intensity of TIAM1 immunostaining was evaluated as
mean fluorescence intensity across five different random microscopic areas at 63X
magnification. Cellular morphology, including width and length of individual cells from five
different random microscopic areas at 63X magnification, was calculated using ImageJ

software (ImageJ 1.47v, NIH, Thornwood, Bethesda, MD, USA).

Intramuscular implantation

Animals were housed and experiments were performed in accordance with institutional
guidelines at the Johns Hopkins University. All animal experiments were performed
according to Johns Hopkins University Animal Care and Use Committee (ACUC)
approved protocols (MO19M266). A demineralized bone matrix (DBM) Putty (DBX,
courtesy of Musculoskeletal Transplant Foundation, Edison, NJ) was used for the ectopic

bone formation assay in mice. Briefly, human CD146" adipose pericytes were pre-treated
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with siRNA for knockdown or plasmid for overexpression 48 h before implantation. The
scramble siRNA and control plasmid were served as control compared to the TIAM1
siRNA knockdown and TIAM1 plasmid overexpression. Cells were resuspended at a
density of 7.5 x107 cells per mL in PBS. For each implantation sample, 40 uL of cell
suspension was mixed mechanically with 50 mg of DBX allograft putty (3 million total cells
in 40 yL PBS) and implanted intramuscularly into the thigh muscle pouch of 10-week-old
male athymic mice weight 28~33g (The Jackson Laboratory, Bar Harbor, Maine, USA). A
single implant was placed per mouse. N=4 mice per treatment group, for a total of 16
mice were used in the experiment. Briefly, animals were anesthetized by isoflurane
inhalation and premedicated with buprenorphine. Incisions in the bilateral hindlimbs were
made, and pockets were cut in the biceps femoris muscles parallel to the muscle fiber
long axis by blunt dissection (45). Dissection methods and the surgical manipulation of
tissues were kept as constant as possible across animals. After implantation of the
cell + scaffold composite, the fascia overlying the muscle was sutured with a simple
continuous pattern, and the skin was closed in a separate layer using 5-0 Vicryl (Ethicon,

San Angelo, TX).

MicroCT imaging and analysis

Tissues were harvested 8 weeks after implantation and fixed in 4% PFA for 24 h,
transferred to PBS, and scanned using high-resolution microcomputed tomography
(microCT) (SkyScan 1275; Bruker MicroCT N.V) at an image resolution of 15 ym with the
following settings: aluminum filter of 1 mm, X-ray voltage of 65 kVP, anode current of

153 pA, exposure time of 160-218 ms, frame average of 6, and rotation step of 0.3
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degrees (4). Three-dimensional images were then reconstructed from the 2D X-ray
projections by implementing the Feldkamp algorithm using a commercial NRecon
software package (2.0.4.0 SkyScan). For the 3D morphometric analyses of images,
CTVox and CTAnN softwares (1.13 SkyScan) were used. Volumes of interest were shaped
by polygons to cover the new bone around the femur with a threshold of 65. The amount

of bone formation was analyzed and quantified.

Statistical analysis

Statistical analyses were performed in GraphPad Software 6.0. Quantitative data is
expressed as mean = 1 SD. All data were normally distributed. A Student’s t test was
used for two-group comparisons, and one-way ANOVA test was used for comparisons of

three or more groups, followed by Tukey’s post hoc test.

Study Approval

All animal procedures were approved by IACUC of the Johns Hopkins University (JHU).
Human samples were obtained under approval from the JHU, IRB with a waiver of

informed consent.
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Figure 1. TIAM1 is highly expressed in human pericytes within adipose tissue but
not skeletal tissue. (A-E) Transcriptome of skeletal (periosteal) and adipose
CD146" pericytes, by Clariom D microarray among undifferentiated, culture-expanded
cells of equal passage. (A) Principal component analysis among periosteal and adipose
CD146" pericytes. Each dot represents pericytes from different patients. (B,C) Volcano
plots involving genes associated with cell polarization (B) and cell spreading (C) among
adipose and periosteal pericytes. Red dots indicate transcripts enriched in adipose
pericytes, whereas blue dots indicate transcripts enriched in periosteal pericytes. (D)
Ingenuity Pathway Analysis (IPA) demonstrating differentially activated pathways among
adipose versus periosteal CD146" pericytes. Red boxes indicate pathways of interest in
cytoskeletal organization. (E) Heatmap of genes associated with Rho GTPases, including
TIAM1. (F) Validation of differential TIAM1 expression among CD146" pericytes from
adipose and periosteal sources, by quantitative RT-PCR. (G) Immunofluorescent staining
of TIAM1 in microvessels of subcutaneous human adipose tissue. Co-immunostaining for
pericyte markers (CD146 and a-SMA) and CD31 performed. (H) Immunofluorescent
staining of TIAM1 in microvessels of human periosteum. Co-immunostaining for pericyte
markers (CD146 and a-SMA) and CD31 performed. Yellow arrow indicates co-localization

of CD146 or a-SMA (Red) and TIAM1 (Green) immunoreactivity. Endothelium (CD31)

appear white. Nuclear counterstain appears blue. Scale bars: 10 ym. *P<0.05.

Statistical analysis was performed using a two-sample Student's t-test.
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Figure 2. TIAM1 knockdown favors osteogenic over adipogenic differentiation of
human adipose tissue-derived CD146" pericytes. Human pericytes from dissociated
subcutaneous white adipose tissue were FACS isolated as a CD146*CD34 CD45CD31-
cell population and cultured under osteogenic or adipogenic differentiation conditions. (A)
TIAM1 expression during osteogenic and adipogenic differentiation of human pericytes,
as assessed by gRT-PCR. Dashed lines indicate expression among undifferentiated
cells. (B) Knockdown (KD) efficiency by qRT-PCR 48 hrs after treatment with TIAM1
SIRNA or scramble siRNA. (C) Knockdown efficiency by fluorescent
immunocytochemistry for TIAM1 and semi-quantitative analysis 48 hrs after KD. TIAM1
immunostaining appears red, while F-actin staining appears green. Random images
(N=5) of fluorescent staining were obtained for semiquantitation of TIAM1 (Red) or F-
actin (Green) area (mean Red or Green fluorescent area per field view). (D) Osteogenic
gene markers at d 3 and 7 of osteogenic differentiation among TIAM1 KD pericytes,
assessed by gRT-PCR. Dashed lines indicate expression among scramble siRNA at the
same timepoint. ALPL: Alkaline Phosphatase; BGLAP: Osteocalcin; SP7: Osterix. (E)
Alkaline phosphatase (ALP) staining shown by whole well and representative 10x
microscopical images, d 7 of differentiation. (F) Alizarin Red staining with quantification
on d 10 of osteogenic differentiation, shown by whole well images. Immunohistochemistry
showed the TIAM1 and F-actin expression during osteogenesis (G) Adipogenic gene
marker expression at d 3 and 7 of adipogenic differentiation among TIAM1 KD pericytes,
assessed by gRT-PCR. Dashed lines indicate expression among scramble siRNA at the
same timepoint. CEBPA: CCAAT Enhancer Binding Protein Alpha; FABP4: fatty acid-

binding protein 4; PPARG: peroxisome proliferator-activated receptor. (H) Oil red O
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staining and quantification, d 10 of adipogenic differentiation (representative 10x
magnification images shown). Immunohistochemistry showed the TIAM1 and F-actin
expression during adipgenesis. *P<0.05; *P<0.01 in comparison to scramble siRNA at
the corresponding timepoint. Experiments performed in at least triplicate experimental
replicates. Statistical analysis was performed using a two-sample Student’s t-test or One-
way ANOVA test was used for comparisons of three or more groups, followed by Tukey’s

post hoc test. White scale bars: 20 ym.
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Figure 3. TIAM1 overexpression favors adipogenic over osteogenic differentiation
of human adipose tissue-derived CD146* pericytes. (A) Validation of TIAM1
overexpression (OE) by qRT-PCR, performed 48 hrs after treatment with TIAM1 ORF
plasmid (pCMV-TIAM1) or vector control (pCMV). (B) Validation of TIAM1 overexpression
by fluorescent immunocytochemistry for TIAM1 and semi-quantitative analysis, after 48
hrs. TIAM1 immunostaining appears red, while F-actin staining appears green. Random
images (N=5) of fluorescent staining were obtained for semiquantitation of TIAM1 (Red)
or F-actin (Green) area (mean Red or Green fluorescent area per field view). (C)
Osteogenic gene markers at d 3 and 7 of osteogenic differentiation among TIAM1 OE
pericytes, assessed by qRT-PCR. Dashed lines indicate expression among pCMV vector
control at the same timepoint. ALPL: Alkaline Phosphatase; BGLAP: Osteocalcin; SP7:
Osterix. (D) Alkaline phosphatase (ALP) staining shown by whole well and representative
10x microscopical images on d 7 of differentiation. (E) Alizarin Red staining with
guantification on d 10 of osteogenic differentiation, shown by whole well images. (F)
Adipogenic gene marker expression at d 3 and 7 of adipogenic differentiation among
TIAM1 OE pericytes, assessed by gRT-PCR. Dashed lines indicate expression among
vector control at the same timepoint. CEBPA: CCAAT Enhancer Binding Protein Alpha;
FABPA4: fatty acid-binding protein 4; PPARG: peroxisome proliferator-activated receptor.
(G) Oil red O staining and quantification on d 10 of adipogenic differentiation
(representative 10x magnification images shown). *P<0.05; **P<0.01 in comparison to
pCMV vector control at the corresponding timepoint. Experiments performed in at least
triplicate experimental replicates. Statistical analysis was performed using a two-samples

Student's t-test. White scale bars: 20 pm.
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Figure 4: TIAM1 misexpression alters pericyte cellular morphology and gene
targets of Racl and RhoA/ROCK signaling. (A) Cellular morphology of human
pericytes 48 hrs after treatment with TIAM1 siRNA or Scramble siRNA. F-actin staining
appears green, while TIAM1 immunostaining appears red. (B) Quantification of F-actin
cell length and cell width among TIAM1 siRNA or Scramble siRNA treated human
pericytes. Each dot represents an individual cell, with images obtained from three random
high magnification fields from each group. (C) Specific target gene expression for Racl
(ARPC2) and RhoA/ROCK (SRF) signaling pathways among TIAM1 siRNA or Scramble
SIRNA treated human pericytes, 24 hrs after treatment by gRT-PCR. ARPC2: Actin
Related Protein 2/3 Complex Subunit 2; SRF: Serum response factor. (D) Cellular
morphology of human pericytes 48hrs after incubation with TIAM1 or control plasmids. F-
actin staining appears green, while TIAM1 immunostaining appears red. (E)
Quantification of F-actin angulation, cell length, and cell width among TIAM1 or control
plasmid treated human pericytes. Each dot represents an individual cell, with images
obtained from three random high magnification fields from each group. (F) Specific target
gene expression for Racl (ARPC2) and RhoA/ROCK (SRF) pathways, by qRT-PCR,
48hrs after treatment. *P<0.05; *P<0.01. Statistical analysis was performed using a two-

way Student's t-test. White scale bars: 20 ym.
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Figure 5. Racl and ROCK inhibitors alter pericyte morphology and
osteo/adipogenic differentiation potential with TIAM1 misexpression. (A,B)
Pericyte morphology after 48 hrs treatment with NSC23766 (Racl inhibitor, 5 yM) or
Y27632 (ROCK inhibitor, 10 uM). F-actin appears green and DAPI staining appears blue.
Images shown of human pericytes with TIAM1 KD or scramble siRNA. (C) Osteogenic
gene markers at d 7 of osteogenic differentiation among TIAM1 KD or siRNA control
treated pericytes with NSC23766 or Y27632, as assessed by gRT-PCR. ALPL: Alkaline
Phosphatase; BGLAP: Osteocalcin; SP7: Osterix. (D,E) Alizarin Red staining and
guantification on d 10 of osteogenic differentiation. (F,G) Pericyte morphology with
treatment of NSC23766 (5 pM) or Y27632 (10 uyM). F-actin appears green and DAPI
staining appears blue. Images shown of human pericytes with TIAM1 OE or vector
control. (H) Adipogenic gene marker expression at d 7 of adipogenic differentiation among
TIAM1 OE or vector control treated pericytes with NSC23766 or Y27632, as assessed by
gRT-PCR. CEBPA: CCAAT Enhancer Binding Protein Alpha; FABP4: fatty acid-binding
protein 4; PPARG: peroxisome proliferator-activated receptor. (1,J) Oil red O staining and
guantification on d 10. Representative images shown at 10x magnification. *, ** P<0.05;
P<0.01 between the groups. # P <0.05 in comparison to the corresponding treatment
group with siCramble/pCMV control. Each dot in the scatterplots represents an individual
well. Statistical analysis was performed using a two-way ANOVA followed by Tukey’s post

hoc test. White scale bars: 20 uym.
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Figure 6. TIAM1 misexpression alters bone and adipose tissue generation after
human pericyte xenotransplantation. TIAM1 KD or OE pericytes or indicated control
were implanted subcutaneously in the dorsum of adult athymic nude male mice (Charles
River Laboratories (Strain Code:490) using a demineralized bone matrix carrier (3 million
cells / 50 mg DBX). Assessments were performed after 8 wks. (A-K) TIAM1 KD pericyte
implants in relation to scramble siRNA pericytes. (A) Representative two-dimensional
MCT images, (B) three-dimensional yCT reconstructions, and quantification of (C) bone
volume (BV) and (D) fractional bone volume (BV/TV). Histology by (E) H&E staining. (F)
Osteocalcin (OCN) immunohistochemistry in red and Human Nuclei (HuNu) in green, with
(G) OCN quantification. (H) Perilipin 1 (Plinl1) immunohistochemistry in red and Human
Nuclei in green (Yellow arrow point out cell co-express of both OCN and HuNu) and (1)
Plinl quantification. (J-R) TIAM1 OE pericyte implants in relation to pCMV vector control
pericytes. (J) Representative two-dimensional uCT images, (K) three-dimensional uCT
reconstructions, and quantification of (L) BV and (M) BV/TV. Histology by (N) H&E
staining. (O) OCN immunohistochemistry in red and HuNu in green, with (P) OCN
guantification. (Q) Plin1 immunohistochemistry in red and Human Nuclei in green, and
(R) Plin1 quantification. Dotted white lines demarcate edges of the DBX area =”"D”. Scale
bar: 20um. All quantitative data normalized to acellular control (DBX control). Each dot
in the scatterplots represents an individual implantation site. N=4 implants per group.
*P <0.05; **P <0.01. Statistical analysis was performed using two-sample Student's t-

test.
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Purpose of Review: The field of tissue engineering is driven by the need to
provide functional equivalents of native tissues that can be used for
implantation. Pericytes have great potential to be used in this regard because of
their plasticity, as well as their role in angiogenesis, growth factor secretion,
immunomodulation, and tissue repair. However, several questions about
translational strategies using pericyte-supported vasculature or harnessing
pericytes’ plasticity to accelerate in vivo integration of engineered tissues

remain.

Recent Findings: We first offer an overview of recent findings on pericytes’
involvement in the formation, remodeling, and function of blood vessels, along
with an analysis of the most common pericyte markers used in tissue
engineering. Next, we discuss two distinct tissue engineering approaches
related to the use of pericytes in which (i) pericytes’ plasticity can be used as a
source of mesenchymal cells or (ii) stem cells can be differentiated in contact
with endothelial cells (ECs) to engineer pericyte-supported vasculature.
Finally, we provide a perspective on current challenges and future directions
for the use of pericytes in tissue fabrication.

Summary: We anticipate that combining a thorough, mechanistic
understanding of the natural formation of pericyte-supported vasculature in the
body with an overview of existing methods and challenges related to the
fabrication of engineered blood vessels may provide the fundamental
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Abstract

Purpose of Review The field of tissue engineering is driven by the need to provide functional equivalents of native tissues that can
be used for implantation. Pericytes have great potential to be used in this regard because of their plasticity, as well as their role in
angiogenesis, growth factor secretion, immunomodulation, and tissue repair. However, several questions about translational
strategies using pericyte-supported vasculature or harnessing pericytes’ plasticity to accelerate in vivo integration of engineered
tissues remain.

Recent Findings We first offer an overview of recent findings on pericytes’ involvement in the formation, remodeling, and
function of blood vessels, along with an analysis of the most common pericyte markers used in tissue engineering. Next, we
discuss two distinct tissue engineering approaches related to the use of pericytes in which (i) pericytes’ plasticity can be used as a
source of mesenchymal cells or (ii) stem cells can be differentiated in contact with endothelial cells (ECs) to engineer pericyte-
supported vasculature. Finally, we provide a perspective on current challenges and future directions for the use of pericytes in
tissue fabrication.

Summary We anticipate that combining a thorough, mechanistic understanding of the natural formation of pericyte-supported
vasculature in the body with an overview of existing methods and challenges related to the fabrication of engineered blood
vessels may provide the fundamental knowledge necessary to develop better approaches to engineering functional, long-lasting
vasculature and tissues.

Keywords Stem cells - Differentiation - Pericyte - Tissue engineering - Vascular biology

Introduction vessels, such as the aorta, carotid artery, and saphenous vein,

while pericytes surround the microvasculature, such as capil-

The term “perivascular cell” mainly encompasses two cell
types with somewhat overlapping characteristics: vascular
smooth muscle cells and pericytes. Vascular smooth muscle
cells surround and circumferentially wrap around large
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laries, post-capillary venules, and terminal arterioles [1¢, 2, 3].

Pericytes are cells present in nearly all vertebrate tissues in
the abluminal side of microvascular endothelial cells (ECs),
such as pre-capillary arterioles, capillaries, and postcapillary
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venules [4]. In certain tissues, pericytes acquire specialized
functions and names, i.e., mesangial cells in kidney glomeruli
and Ito cells in the liver. In general, pericytes are located
around EC junctions embedded within the microvascular
basement membrane, forming “umbrella-like” structures that
cover the gaps between ECs [5]. Though pericyte morphology
can differ greatly by location, these cells typically present an
elongated, stellate-shaped cytoplasm, major processes orient-
ed parallel to the long, vascular axis, and smaller protrusions
that are circumferential and partially encircle the vessel wall
[6]. A single pericyte can establish contact with several ECs
and may extend its processes to more than one capillary, inte-
grating signals as well as establishing a structural mechanism
for contractile force transmission along the length of one or
multiple vessels [7].

Pericytes have several functions in maintaining tissue ho-
meostasis such as (a) vessel stabilization [3, 8]; (b) regulation
of vascular tone, contractile capacity, transport, and perme-
ability [9, 10]; (c) control of mechanisms that drive vessel
quiescence, proliferation, sprouting, and regression [2,
11-13]; (d) synthesis of extracellular matrix proteins [14];
(e) immunologic functions [15]; (f) coagulation [16]; and (g)
plastic potential to differentiate into some mesenchymal cell
lineages [17, 18]. For detailed reviews, see [1°, 6].

In this review, we first offer an overview of pericytes’
involvement in the formation, remodeling, and function of
blood vessels along with an analysis of the most common
pericyte markers used for tissue engineering purposes. Next,
we discuss two distinct tissue engineering approaches related
to the use of pericytes in which (i) their plastic potential can be
used as a source of other cells for tissue regeneration or (ii)
mesenchymal stem cells (MSCs) can be differentiated in con-
tact with ECs to engineer pericyte-supported vasculature.
Finally, we provide a perspective on current challenges and
future directions for pericyte use to fabricate tissues. We an-
ticipate that a thorough understanding of the mechanisms of
the natural formation of pericyte-supported vasculature in the
body, combined with an overview of existing methods and
challenges related to the fabrication of engineered blood ves-
sels, may provide the fundamental knowledge necessary to
develop better approaches to engineering functional long-
lasting vasculature.

Pericytes and Vasculature Formation

The process of creating vascular networks involves basically
two sequential steps: vasculogenesis, the de novo formation of
blood vessels from progenitor cells, and angiogenesis, which
is the migration, branching, and pruning of an existing blood
vessel to form additional vascular networks and capillary beds
[19, 20]. During embryogenesis, the primitive ECs, derived
from the mesodermal layer, migrate to form cell aggregates
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known as blood islands. Blood islands are capable of differ-
entiating toward either hematopoietic or angioblastic lineages.
As these cells begin to differentiate, they align with
angioblasts on the outsides of blood islands and hematopoietic
cells in the central core [20]. Angioblasts in the outer lining
flatten and form intercellular connections to create a circum-
ferential layer of primitive ECs, corresponding to the first
stage of vessel formation. As the blood vessel matures, the
endothelial layer forms a confluent, monocellular layer in con-
tact with blood, and pericytes are recruited to coat the vessel.
This promotes an anti-angiogenic effect, which stabilizes the
vessel and limits further proliferation or migration of ECs [7].
This EC-pericyte signaling is mediated by direct cell-cell con-
tact, the release of growth factors, and the modulation of the
extracellular matrix [21]. Furthermore, the physical contact
between ECs and pericytes is thought to induce a quiescent,
non-sprouting phenotype [19, 20].

For pre-exiting vessels, angiogenesis occurs via sprouting
or intussusception to generate new microvessels. Angiogenic
sprouting is controlled by the balance between pro-angiogenic
and quiescence signals, such as vascular endothelial growth
factor (VEGF) and tight pericyte contact, respectively [21]. In
conditions that favor angiogenesis, some ECs within the cap-
illary vessel wall are selected for sprouting. These ECs,
known as the tip cells, flip their apical-basal polarity, acquir-
ing a motile and invasive activity which leads the growing
sprout. Tip cells release platelet-derived growth factor B
(PDGFB) to recruit pericytes to the new sprouts, since EC-
EC junctions need to be maintained after lumen formation to
prevent excessive leakage [22]. Activated pericytes in the par-
ent vessel increase their volumes while shortening their pro-
cesses, proliferate, detach from the vessel wall, and invade the
newly vascularized tissue toward the growing front of the
endothelial sprouts. In addition, pericytes can also be recruited
by the differentiation of surrounding mesenchymal precursors
or by their migration from the mural wall of the adjacent
vessel. Subsequently, the migrating ECs reassemble to pro-
duce lumen and eventually mature in a stepwise transition
from an actively growing vascular bed to a quiescent, fully
formed, and functional network. A prominent and widely rec-
ognized feature of this maturation program is the recruitment
of mural cells, either pericytes or vascular smooth muscle
cells, to stabilize the vessels and prevent regression of the
newly-formed vasculature [7, 19].

Pericyte Markers Often Used in Tissue
Engineering

Pericytes are commonly identified based on their morphol-
ogies and locations through light and electron microscopy
[Le]. Currently, there is no single gene or protein known to
unequivocally identify these cells because the expression of
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each marker may change according to the species, vessel type,
segment of the microvasculature, tissue, and stage of the ves-
sel (quiescent or angiogenic) [6]. Pericytes share some surface
markers with MSCs and possess plasticity to differentiate into
further mesenchymal cell types [23, 24ee, 25, 26]. The most
commonly used markers to identify pericytes are contractile
proteins such as CD146, alpha smooth muscle actin (xSMA),
nestin and desmin, or cell surface proteins such as neuron-glial
2 (NG2), platelet-derived growth factor receptor beta
(PDGFR) [27], CD146 [28], aminopeptidase N (CD13)
[29], or even some MSC markers, such as CD44, CD90, and
CD105 [30]. However, these proteins can also be detected in
additional cell types depending on their developmental stage
[31], so pericytes are usually defined by using a combination
of well-preserved tissue morphology, counter-labeled ECs,
and one or two gene or protein markers (Fig. 1) [1°].

For pericytes derived from adipose tissue in particular, such
heterogeneity in cell markers suggests a continuum of

Fig. 1 Schematic highlighting
some of pericytes’ biological h
functions and surface markers. L.
Pericytes are present in nearly all /
tissues being located on the in the
abluminal side of microvascular
endothelial cells. Pericytes
express different cell markers and
possess several biological
functions such as vessel
stabilization, control of vessel
permeability, and sprouting.
Furthermore, pericytes present a
plastic potential which plays an
important role in tissue repair and
development (original image)

PDGFR[

phenotypes (as subsets of cells at various stages of differenti-
ation), due to their fate dynamics [31]. Single-cell analysis has
been used to identify and reveal the specific markers or sig-
naling pathways that might contribute to diverse, multiple
functions among adipose-derived pericytes. Recently, a study
investigated the occurrence of related groups of genes, or
“metagenes,” in pericytes and adventitial perivascular cells
to determine their transcriptional identities. Such an approach
was used as a complement to the common practice of seeking
gene “markers” to establish a cell’s identity and its changes
during differentiation, which may or may not be inscribed in
individually transcribed genes. To that end, human adventitial
perivascular cells and pericyte were used for single-cell anal-
ysis and demonstrated that the expression of 7 genes for
pericytes (ACTA2, FABP4, ITGAI, MCAM, RGSS5, SORTI,
and TPM1I) and 15 genes for adventitial perivascular cells
(CD34, CDHI11, CHLI, CXCL12, EGFR, FGF7, FGFI0,
IGFBP3, GHR, MME, MMP2, NOX4, PDGFD, PDGFRA,
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and SFRP2) were distinct between the two cell types. Overall,
these genes can be classified in hierarchies tightly related to
five categories with broadly distributed functions, (a) mainte-
nance of, or release from stemness; (b) transcriptional control;
(c) plasma membrane and glycocalyx properties; (d) cytoskel-
etal reorganization; and (e) extracellular matrix degradation.
These results indicate that adventitial perivascular cells and
pericytes can be separated on the basis of surface marker ex-
pression and single-cell transcriptional profiling. Moreover,
the complex compartmentalization of their gene expressions
suggests that both cells are primitive, presenting plastic poten-
tial, having their subpopulations show diverse contributions to
tissue renewal and repair [31].

CD146, also known as cell surface glycoprotein MUC18 or
MCAM (melanoma cell adhesion molecule), is a transmem-
brane glycoprotein and a member of the immunoglobulin su-
perfamily [32]. CD146 regulates the activation of PDGFRf3
and is associated with endothelial integrity, particularly due to
its role in pericyte recruitment during angiogenesis [33, 34].
CD146+CD34—CD31—CD45— pericytes are characterized as
osteogenic progenitor cells and are the most commonly puri-
fied pericytes used for orthopedic research [24ee, 26, 35-38].
For instance, adipose-derived CD146+CD34—CD31-CD45—
pericytes have shown stronger osteogenic properties com-
pared to their CD146—CD34—CD31-CD45— counterparts
in vivo [24+¢]. The bone healing and ectopic bone formation
capabilities of CD146+ pericytes have also been validated in
murine calvarial defect [36, 39] and intramuscular implanta-
tion models [40].

PDGFR§ is a co-receptor for CD146 and is predominately
expressed on microvasculature, functioning in vessel stabili-
zation and pericyte recruitment. Mice deficient in PDGFf3 or
its ligand PDGF-B have markedly reduced pericyte numbers,
and subsequent aneurisms, edema, and embryonic death [34].
Our group used PDGF i+ and PDGF 3+ pericytes in a murine
model of osteoarthritis with destabilization of the medial me-
niscus (DMM) to investigate the differential effects of these
two cell populations in the alleviation of osteoarthritis [41].
Cells were isolated from transgenic PDGFo+ and PDGF 3+
CreER" reporter animals and delivered as single, intra-
articular doses to mice after the meniscus injury. PDGFR3+
CD146+ pericytes were able to deposit and differentiate into
diverse tissues within the knee, preventing subchondral scle-
rosis, while PDGFo+ had no effect on the meniscal lesion
[41] (Fig. 2).

PDGFR«, or CD140, is a cell surface tyrosine kinase re-
ceptor that is expressed by perivascular cells in the bone mar-
row, heart, skeletal muscle, adipose tissue, and brain [42—44].
Similar to PDGFR3, PDGFR« plays an important role in cell
differentiation and tissue repair. Pericytes that expressed
PDGFRa demonstrated more plasticity than those that did
not express the receptor [44]. Upon implantation with bone
graft material, PDGFRa™ cells presented more
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osteoblastogenic properties than PDGFRo perivascular cells
[45]. However, the plastic properties of PDGFR" cells have
only been validated in adipose- and bone-derived perivascular
cells [41].

NG2, a proteoglycan first described in the neural system, is
a marker of mature pericytes. NG2 has been shown to have an
important role in angiogenesis, where it promotes EC migra-
tion and proliferation [15, 46]. NG2 is expressed on newly
formed vessels in normal conditions and also during tissue
repair and tumor angiogenesis [47, 48]. Indeed, NG2 expres-
sion distinguishes three subsets of human pericytes: those as-
sociated with capillaries (NG2+ cxSMA-), venules (NG2—
o«SMA+), and arterioles (NG2+ aSMA+) [18, 49]. NG2 is
one of the most commonly used markers for pericytes in stud-
ies that engineer pericyte-supported vasculature [50-52].

Alpha smooth muscle actin (x<SMA) is a marker for active
pericytes, smooth muscle cells, and myofibroblasts, and its
presence is correlated with blood vessel contractility, blood
pressure control, and tissue repair or inflammation [1e, 53].
Quiescent pericytes from the central nervous system usually
do not express aSMA [1¢], although «SMA can be present in
tissue repair after brain ischemic strokes [53]. Along with
NG2, «SMA is another frequently used marker for pericyte-
supported engineered vessels [54-59].

There is a subpopulation of perivascular cells present from
microvascular capillaries to large vessels in several organs that
expresses Glil, a transcriptional factor for hedgehog signal-
ing. Despite not being a typical marker for pericytes, Glil*
cells present typical MSC markers and possess trilineage dif-
ferentiation capabilities toward chondrogenic, adipogenic,
and osteogenic lineages [60]. Interestingly, all Glil* cells ex-
press PDGFR 3+, but they represent only a small fraction of
the total PDGFR 3+ perivascular population [60]. Recently,
these Glil™ cells have gained attention because in vivo fate
tracing experiments in the heart, lung, kidney, and liver re-
vealed that after organ injury, Glil* proliferated in the
perivascular space and differentiated into «SMA+
myofibroblasts. Conversely, these cells do not express NG2
in homeostasis of fibrosis, but acquire NG2 expression during
angiogenesis. Moreover, removing the first intron of Glil in
human embryonic stem cells (hESCs) reduces their osteogenic
property and hematopoietic potential [61]. Evidence also
shows that Glil™ cells play an important role in vessel calcifi-
cation [62], organ fibrosis [60], and other tissue repair in-
volved in pathological conditions [63]. Glil™ cells are essen-
tial for tissue development and homeostasis, and Glil is a
promising marker to isolate very specific pericytes for tissue
engineering. However, only a few studies have used these
cells for in vitro bone engineering [64].

Such variability in marker expression and cell morphology
has led to the evidence that pericytes represent a heterogeneous
cell population [14, 65-67]. Birbrair et al. identified two pericyte
subtypes based on the expression of Nestin and NG2 [14]. Those
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Fig. 2 Cell engrafiment of GFP-PDGFR«" and PDGFRB" pericytes in
destabilization of the medial meniscus (DMM) surgical mice showed
differential tissue deposition in the intra-articular space after 8 weeks.
Immunofluorescent staining of A aggrecan (ACAN) in the meniscus, B

subtypes, named types 1 and 2, are present surrounding blood
vessels in the lungs, kidneys, heart, spinal cord, and brain and
respond differently to tissue injury. For instance, type-1 pericytes
accumulate after tissue injury and produce collagen, being con-
sidered a potential target for anti-fibrotic therapies, while type 2
pericytes participate in muscle regeneration [14, 68, 69].
Conversely, other authors refer to subpopulations of pericytes
from the central nervous system as type A and B, in which type
A expresses PDGFRf3 and CD13, while type B can be distin-
guished by the expression of desmin and/or xSMA [67]. Type A
pericytes have a role in generating fibrotic scars in lesions of the
central nervous system and also contribute to brain tumor stroma
[65]. Further studies revealed that subpopulations of CD146+
pericytes can promote neurogenic differentiation, and NG2+
pericytes participate in angiogenesis [70]. Still, there is much to
understand regarding the heterogeneity of pericytes and how
such heterogeneity could be honed to improve the outcomes in
tissue engineering therapeutics. Collectively, a major concern
that arises from those studies is that a subset of pericytes would
be prone to induce fibrosis, and if this is not a desired outcome in
tissue engineering strategies, this potential setback would have to
be considered.

Use of Pericytes and Perivascular Cells
in Tissue Engineering

Pericytes’ Plasticity and Pericytes as Sources of
Mesenchymal Cells

Pericytes possess plastic potential and are considered to be a
source of other cells in multiple organs in response to injury or

Pdgfra* cells

Pdgfrp* cells

scleraxis (SCX) in the medial cruciate ligament (MCL), C CD31 in the
infrapatellar fat pad (IFP), D joint capsule, and E articular cartilage:
meniscus (M), subchondral bone (SB), and superficial articular cartilage
(AC). Reproduced with permission from Hsu et al. [41]

during homeostasis, as demonstrated by lineage tracing
in vivo studies [71]. Although pericytes have been shown to
be quiescent, slow-cycling cells in some tissues [72¢], while in
the angiogenic state, they become highly proliferative with the
ability to self-renew and originate daughter cells with consid-
erable mesenchymal potential in vitro and in vivo [6]. In the
presence of inflammation, repair, or another event that dis-
rupts vascular stability, pericytes can dissociate from ECs
and migrate toward the interstitial tissue as cells resembling
MSCs in morphology, growth, surface markers, and clonal
multilineage differentiation [24ee, 26, 40, 73]. Descendant
cells of the dissociated and migrating pericytes are highly
proliferative, with transit-amplifying phenotypes and demon-
strated abilities to differentiate into cells with adipogenic [74],
osteogenic [75, 76], chondrogenic [77], and myogenic pheno-
types [18]. Moreover, pericytes display additional indirect
properties, such as paracrine secretion of growth factors, im-
munomodulation, regulation of postinjury tissue remodeling,
and activation of endogenous repair/regeneration mechanisms
that play an important role for pericyte-based cell therapy with
great potential for regenerative medicine [25, 40, 78, 79].
Pericytes were first used in tissue engineering efforts in the
1970s [1+]. Since then, despite different studies suggesting the
multipotency of pericytes, they have been predominately used
in vessel regeneration and orthopedic tissue engineering [35].
The osteogenic potential of pericytes was discovered due to
growing evidence of their role in vessel constriction and cal-
cification [80]. Since then, these cells have been used in or-
thopedic tissue engineering, especially in the context of bone
repair. James et al. purified pericytes from human lipoaspirate,
seeded them into scaffolds of either collagen or demineralized
bone matrix, and implanted the purified cells in athymic mice.
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They found that human pericytes undergo significantly robust
bone formation in comparison to unsorted populations of stro-
mal cells from the same patient [24¢¢]. Chung et al. demon-
strated that implanted human adipose tissue (AT)-derived
pericytes could positively regulate native bone formation by
increasing angiogenesis [79]. Likewise, pericyte implantation
has also been shown to prevent atrophic nonunion in non-
union tibial rat models [81]. Critical-size calvaria defect
models in nonobese diabetic/severe combined immunodefi-
ciency (NOD/SCID) mice demonstrated a synergetic effect
of CD146+ pericytes and CD34+ adventitial cells in bone
formation and angiogenesis [36]. Ectopic bone formation
mouse models have shown the osteogenic differentiation ca-
pabilities of human adipose tissue-derived CD146+ pericytes
in vivo [35]. Moreover, the utility of pericytes for engineering
other mesenchymal tissues, such as skeletal and cardiac mus-
cle, has been well-documented in vitro and in preclinical an-
imal models [25, 28, 40, 82].

However, the cell fate plasticity of endogenous pericytes
has been challenged by a work by Guimaraes-Camboa et al.,
which investigated the expression of the transcriptional factor
Thx18 in different organs in homeostasis and disease [72¢].
Tbx18 is a gene selectively expressed in the pericytes and
vascular smooth muscle cells of specific organs in adult mice,
including the retina, brain, heart, skeletal muscle, and white
and brown fat depots. Therefore, the authors generated a
Tbx18-CreETR2 murine line that allowed for the genetic la-
beling of pericytes and vascular smooth cells in intact tissues.
Pericytes were tracked in the animals for 2 years during aging,
obesity, cardiac fibrosis, and in the skeletal muscle. Two main
findings stood out. First, the progeny of 7hx-/8-CreETR2-
derived pericytes maintained their mural identity in the heart,
skeletal muscle, brain, and fat. Second, cells from Thx-18-
derived pericytes might contribute to fibrosis by adopting an
activated state in response to injury, without significantly con-
tributing as progenitors of other cell lineages [72°].
Collectively, the evidence in this study strongly suggests that,
in vivo, pericytes do not behave as stem cells [23]. Yet, this
study did not test if 7bx-18-CreETR2-derived pericytes could
give rise to other cell lineages such as osteoblasts, chondro-
cytes, or odontoblasts.

Several questions related to pericyte plasticity in vivo still
remain, since it has been suggested by other studies that
pericytes from different organs or with different molecular
signatures present different plastic potential [23]. Dellavalle
et al. used Alkaline Phosphatase-CreERT2 transgenic mice to
demonstrate that pericytes residing in postnatal skeletal mus-
cle differentiate into skeletal muscle fibers and generate satel-
lite cells, the skeletal muscle-specific progenitors [83].
Sacchetti et al. demonstrated that muscle pericytes are not
spontaneously osteochondrogenic, but rather, present markers
and behaviors coincident with an ectopic perivascular subset
of committed myogenic cells similar to satellite cells [84]. In
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conclusion, the plastic potential of pericytes is far from being
completely understood, and future studies using new pericyte
lineage tracing strategies may disclose a more predictable role
for pericytes as progenitors of other cell lines in homeostasis
and disease [23].

Pericytes to Engineer Vascularized Tissues

The field of tissue engineering is driven by the need to provide
functional equivalents of native tissues that can be used for
implantation. Arguably, successful strategies to fabricate
vascularized tissues need to guarantee that engineered vessels
are functional, stable, long-lasting, and able to promptly anas-
tomose to the host vasculature to avoid the graft undergoing
core necrosis [85, 86]. The survival and integration of tissue-
engineered constructs depends on the rapid and efficient for-
mation of an organized and perfusable microvascular network
evenly distributed inside the scaffold [86]. However,
engineered vessels from EC monocultures tend to be imma-
ture, leaky, unstable, and prone to regression in a few days
[85]. To engineer vascular networks with extended lifespans
and improved functions, a number of strategies have been
studied, such as genetic manipulation [87], creating scaffolds
with different compositions [88], and using various combina-
tions of growth factors [89-91]. In 2004, a seminal work by
Koike et al. [85] used a co-culture of human umbilical vein
ECs (HUVECs) and mesenchymal precursor cells in a three-
dimensional fibronectin/type I collagen gel to create long-
lasting vasculature in vivo. After the implantation of the con-
structs in mice, the temporal changes of engineered and host
vessels were investigated using intravital, multiphoton laser-
scanning microscopy. This showed that engineered mesen-
chymal cells differentiated into mural cells through heterotyp-
ic interactions with ECs, creating chimeric vessels that lasted
for 1 year [85]. This work paved the way for following inves-
tigations on the use of perivascular cells to promote the for-
mation of microvascular networks within tissue engineering
constructs. Since then, pericytes [92], fibroblasts [93, 94], and
MSCs [95] have been cultured to accelerate self-assembly and
stabilization of the engineered vasculature with promising re-
sults (Fig. 3).

The anastomosis of engineered HUVEC microvessels with
the host cells happens via a process termed “wrapping-and-
tapping,” where implanted HUVEC:s first wrap around the pre-
existing host vessels and replace segments of them to redirect
blood flow into the implanted vasculature [S1]. In this study,
Cheng et al. identified the cellular interactions that result in
anastomosis of implanted vascular networks with the host vas-
culature. The authors found that vessels formed by the
transplanted ECs replaced segments of host vessels near the
gel-tissue interface. Moreover, host vessels that had not been
wrapped by transplanted HUVECs remained surrounded by a
regularly distributed layer of NG2* pericytes. Conversely, host
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Fig. 3 Characterization of vascular morphological properties and
comparison of EC monocultures and EC-pericyte co-cultures. A The
3D confocal image sectioned along the lines that divide the width of the
ROI into three equal parts. Cross-sectional view of each portion clearly
shows lumen formation of the blood vessel network (white arrows). B
Vessel widths were measured along the sectioned lines. When two cells
were cultured together, vessel width decreased significantly. The width of
the pericyte-covered vessel increased again at the point region. C, D The

vessels that anastomosed with engrafted vessels exhibited a
highly disorganized pattern of NG2" pericytes in the wrapping
segment, with a significant correlation between a disruption of
pericyte morphology and the presence of wrapping HUVECs.
At each step of the anastomosis, ECs integrated signals from
the environment, such as microanatomic information and solu-
ble agents, to determine behavior. Once perfused, transplanted
vessels matured, becoming increasingly covered by normal
NG2* pericytes. Collectively, these results indicate that a better
understanding of such microenvironmental cues and how they
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Position from the left

numbers of junctions and branches increased significantly under co-
culture conditions. The protective effect of pericytes from vessel
dilation was significant when compared with the EC-only vessel at day
7 (E) and the pericyte-covered vessel at day 11 (F). CD31 (red) shows
staining of ECs and «-SMA (green) shows staining of pericytes. Scale
bar, 200 um (A, B) or 100 um (E, F) (rn = 28 for EC monocultures, n =26
for EC-pericyte co-cultures. *** p < 0.001). Reproduced with permission
from Kim et al. [59]

are integrated by ECs and pericytes is fundamental for devel-
oping more effective and precise strategies for modulating vas-
culogenesis and angiogenesis [51].

Mechanical properties of the tissue are long-known to drive
stem cell fate [96]. A challenge for engineering microvascular
networks is that scaffolds with stiffness values above 3 kPa,
especially those composed of methacrylated gelatin
hydrogels, can be inhibitory for the self-assembly of vascula-
ture (Fig. 4A-D) or lead to the formation of leaky vessels (Fig.
4A-D) independent of pericyte presence [97].
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3D pericyte-supported microvascular network

’ yHUY B

Fig.4 Effect of stiffness on engineered pericyte-supported vasculature. A
Softer hydrogels promote the assembly of microvascular networks within
3 days (5% GelMA, 0.05% lithium acylphosphinate—LAP, co-culture of
stem cells from apical papilla—SCAPs and HUVECs, 1:4 ratio, 5 x 10°
cells/mL), while B vasculature formation was not observed for stiffer
hydrogels (5% GelMA, 0.1% LAP, similar cell conditions). Likewise,
more pericyte differentiation was detected in the softer hydrogels (C)
when compared to stiffer hydrogels (D). Reproduced with permission
from Monteiro et al. [97]. Matching results are observed when pericyte-

In addition, the presence of CaP decreases the expression
of genes related to pericyte differentiation [98], and mineral-
ization decreases the differentiation of MSCs into a pericyte-
like phenotype (xSMA+ cells), therefore reducing the forma-
tion of vascular capillaries in mineralized collagen scaffolds
in vitro [54]. To address this issue, our group developed a cell-
laden collagen hydrogel with osteoprogenitor cells, MSCs,
ECs, and neural cells. Subsequently, such constructs were
mineralized to mimic the intra- and extrafibrillar nanoscale
mineralization profile of native bone [56¢¢]. Differentiation
of human MSCs (hMSCs) into aSMA-expressing cells in
the mineralized constructs appeared to be restricted to cells
in immediate contact with endothelial capillaries. On the other
hand, hMSCs that appeared to be away from the forming
vessels maintained their capacity to differentiate into osteo-
blasts, as indicated by the expression of RUXN?2 in the cells
(Fig. 5). This work demonstrated that an engineered 3D mi-
croenvironment that shares the hallmarks of native bone is
sufficient to stimulate the osteogenic differentiation of
hMSCs, while also enabling the formation of hMSC-
supported vascular capillaries both in vitro and in vivo [56°¢].

Another important factor to consider for engineering
pericyte-supported vasculature is the variable potential demon-
strated by different cell sources or populations of MSCs differ-
entiating into pericyte-like cells in engineered constructs [50,
99]. Tissue-resident MSCs isolated from the bone marrow, ad-
ipose tissue, skeletal muscle, and myocardium are known to be
capable of modulating the formation of vasculature [100—103].
Fibroblasts and pericytes seem to present different functional
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3D pericyte-supported single vessel

supported single vessels are fabricated in collagen gels with different
fibrillogenic temperatures, which lead to variable stiffnesses. E Single
vessels can be fabricated in softer (2.5 mg/mL collagen type I
assembled at 37 °C, co-culture of hMSCs and HUVECS, 1:4 ratio, 5 x
10° cells/mL), oystiffer collagen (2.5 mg/mL collagen type I assembled at
4 °C, similar cell conditions); however, the barrier function is observed
mostly in the softer collagen (G) while stiffer conditions lead to leaky
vessels (H) (original image)

roles in the formation of tissue-engineered microvascular net-
works. While fibroblasts tend to support vessel formation mostly
via paracrine signaling, pericytes also contribute with direct cell-
cell interactions, favoring vessel contractility [94] (Fig. 6).
Conversely, for craniofacial regeneration, our group demonstrat-
ed that bone marrow MSCs are more effective in differentiating
into pericyte-like cells (SMA+/NG2+) in a co-culture with
HUVEC:s than dental pulp stem cells (hDPSCs) or stem cells
from apical papilla (SCAPs) [50].

In native tissues, the EC-pericyte ratio varies across tissues.
The density depends on the organ’s specific functions and
need for a stricter control of the endothelial barrier function.
For instance, vessels in the lower torso and legs tend to have
more pericytes, since they need to pump blood flow back to
the heart [80]. The retina and brain have the highest density of
pericytes in the human body (1:1) to provide non-leaky ves-
sels in the eye and develop the blood-brain barrier (BBB)
complex. In the lung, where vessels need to provide some
permeability for gaseous exchanges, the endothelial
cell/pericyte ratio is 10:1 [3, 6], and in the skeletal muscle,
the ratio is 100:1. To engineer pericyte-supported vasculature,
the EC/pericyte ratio can vary from 1:1 to 10:1 [50, 52, 55, 59,
100, 104, 105]. Lower ratios result in leaky vessels without
barrier function.

In the literature, there are different approaches to using
growth factors to promote the maturation of the vasculature.
One approach is based only on the co-culture of HUVECs and
MSCs to promote the differentiation of pericyte or pericyte-
like cells to form mature capillaries after a few days [50, 56¢e,
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E Single vessels can be fabricated in softer (2.5 mg/mL collagen type I assembled at 37 oC, co-culture of hMSCs and HUVECs, 1:4 ratio, 5 x 106 cells/mL) or (F) stiffer collagen (2.5 mg/mL collagen type I assembled at 4 oC, similar cell conditions);
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Non-mineralized

Mineralized

m

Non-mineralized

Mineralized

Fig. 5 Vascularization of mineralized cell-laden collagen. A HUVECs
formed endothelial networks that were supported by xSMA-expressing
hMSCs (scale bar: 50 um) and were also positive for CD31 (scale bar:
400 pm). The remainder of hMSCs expressed RUNX2 as a marker for
osteogenic differentiation (scale bar: 50 um). B After 7 days of in vitro
culture and 7 days of implantation, H&E images depicted the collagenous
matrix populated with cells. Anti-human CD31 antibody staining
(middle) suggests the formation of endothelial networks by the
transplanted HUVECs as opposed to murine vasculature infiltration.

97]. On the other hand, Jeon et al. observed a significant
increase in the amount of xSMA+ cells in microvascular net-
works with added VEGF and transforming growth factor 31
(TGF (31) or VEGF and angiopoietin 1 (Ang-1) compared to
networks with added VEGF alone. While the addition of
TGF-f1 generated a non-interconnected microvasculature,
Ang-1 promoted functional networks [106]. Later, this com-
bination of endothelial-mesenchymal stem cell co-culture and
the external addition of stabilizing molecules, such as an as-
sociation of Ang-1 and VEGF, was used to promote the gen-
eration of functional microvascular networks, which represent
a suitable model to study cancer cell extravasation [107].
Angiopoietin-1 (Ang-1) represents a key molecule in vessel
stabilization and could play a role in the recruitment of mes-
enchymal cells in engineered vessels.
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Vessels in non-mineralized sections had constricted lumens (arrows), as
opposed to wider HUVEC-lined vessel structures in the mineralized
construct (arrows). Anti-aSMA staining (right) shows fewer aSMA+
cells in the non-mineralized sections than in the mineralized constructs,
which appear to be wrapped by pericyte-like cells. Quantification of
vessel numbers indicate robust vascularization and cell survival in
mineralized groups, compared with their non-mineralized controls.
Reproduced with permission from Thrivikraman et al. [56™]

Perspectives

For a long time, pericytes were thought to only function in the
trophic support of endothelial cells and in the maintenance of
vasculature stabilization [13]. Occupying a strategic position
between the blood stream and the interstitial space, pericytes
are able to sense environmental cues from both sides in an
organ-specific manner [108]. As we summarize in this review,
this perspective of a so-called supportive role of pericytes has
evolved to an acknowledged multipotent ability to orchestrate
a great part of tissue homeostasis.

The lack of specific markers for pericytes has long been a
challenge to studying these cells. CRISPR technologies associ-
ated with lineage tracing have become crucial in disclosing the
continuum of changes that pericytes and their progeny go
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Fig. 6 Comparison of fibroblasts and pericytes in microvasculature
formation using a microfluidic device. Microfluidic devices cultured for
7 days with EC-fibroblast (A, D) or EC-pericytes. B, C Pericytes are

through during homeostasis, disease, and integration of
engineered constructs with the host [61]. Such cell tracking
strategies, allied with intravital microscopy [72¢, 85, 109], pro-
vide the investigative platforms necessary to address questions
that were intangible thus far. For example, cellular neighbor-
hoods are defined as repeatable units of different cell types
found in tissues, in which some structures and cells are tissue-
specific and others are conserved across different tissues [110].
Considering the tissue specificity of pericytes, in vivo cell track-
ing tools could help determine the biomechanical properties of
scaffolds to precisely control pericytes’ plasticity while provid-
ing vessel stabilization as needed for each organ in a more
tailored approach, instead of using pericytes as a “one-size-
fits-all” type of cell. On the other hand, because pericytes are
closely related to fibrosis [14, 73, 111], the use of gene editing
and cell line tracking in preclinical models could provide crucial
information about parameters in the scaffold design necessary
to prevent engineered pericytes from contributing to tissue fi-
brosis instead of regeneration. Moreover, it has been shown that
different stromal cell types provide different functions in
microvessel assembly by endothelial cells [94]. Cell tracking
strategies could help us understand if constructs intended for
tissue regeneration would present a faster and more effective
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closely associated with endothelial cells (C, E) and reduced the lumen
diameter (B) and number of anastomosis of microvessels (F).
Reproduced with permission from Kosyakova et al. [94]

integration if the engineered pericytes matched the same
embryologic origin as the host.

In the literature, there is an apparent dichotomic approach
to the use of pericytes in tissue engineering; the cells can be
used either as vessel stabilizers [8, 100, 112] or as sources of
other cell types [24ee, 25, 35, 40]. Our group [54, 55, 56°e,
113] and others [51, 85, 93] have shown that pericytes are
multifunctional cells that, under precisely tailored and favor-
able conditions, can promote long-lasting vessels capable of
anastomosing with the host, while a fraction of those cells can
migrate away from vessels and differentiate into fibroblasts or
into a mineralizing phenotype to help regenerate the tissue.

Another major problem to be addressed is how to scale up
engineering strategies using pericyte-supported vasculature
and how to control spatially organized vascular networks in
thick cell-laden constructs [86]. A rational design of biomate-
rials to combine different modalities for niche manipulation
could be a powerful strategy to hone pericytes’ capabilities to
proliferate and differentiate while supporting vasculature,
minimizing the need for an unfeasible number of transplanted
cells into the construct [13].

Recently, some of the immunologic functions of pericytes
in guiding the innate immune cells into and outside the
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intravascular space have gained more attention [114], but the
understanding of how this immunologic function can be used
in tissue engineering to favor an accelerated integration of an
engineered construct with the host has still to be addressed.
Moreover, the role of pericytes in mechanisms of immune
tolerance and evasion associated with biomaterials is yet to
be defined [108].

As the world population ages, more and more patients in
need for engineered soft tissues and bone tissue will be
experiencing senescence, which is fundamentally linked to
decreased tissue repair, decreased tissue regeneration, and in-
creased fibrosis [115, 116]. There is a large body of evidence
that pericytes are involved in tissue fibrosis, along with fibro-
blasts and macrophages [14, 73, 111]. Some open questions
related to the use of pericytes in tissue engineering are asso-
ciated with the effect of an aging host on the fate of engineered
pericyte-laden constructs. For example, if a pericyte-laden
construct is implanted in a patient, would the senescent signals
from the host impair pericyte function and shift the differen-
tiation of the cells in the construct toward a more fibrotic,
undesirable outcome? Could pericytes be potential targets
for senolytic agents capable of delaying vessel regression
and fibrosis in aging individuals to improve integration?

Therefore, we need to approach the use of pericytes in
tissue engineering with a more comprehensive perspective to
develop rationally designed biomaterials and to push the field
forward.

Conclusions

In conclusion, pericytes may support the regeneration of
vascularized tissues, fostering the neovascularization of the
affected area by activating processes of cell proliferation, dif-
ferentiation, and integration into the host tissue along with
paracrine mechanisms via the secretion of growth factors
and signaling molecules. Despite the large body of work on
the subject, further investigation is essential to detailing the
specific role of pericytes in the anastomosis of engineered host
vessels and to offering potential biomolecular strategies for
accelerating in vivo integration.
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E Single vessels can be fabricated in softer (2.5 mg/mL collagen type | assembled at 37 oC, co-
culture of hAMSCs and HUVECSs, 1:4 ratio, 5 x 106 cells/mL) or (F) stiffer collagen (2.5 mg/mL
collagen type | assembled at 4 oC, similar cell conditions)
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