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Endothelial cell regulation of salivary gland epithelial patterning
Hae Ryong Kwon1,2,*, Deirdre A. Nelson1, Kara A. DeSantis1,2, Jennifer M. Morrissey1,‡ and Melinda Larsen1,§

ABSTRACT
Perfusion-independent regulation of epithelial pattern formation by
the vasculature during organ development and regeneration is of
considerable interest for application in restoring organ function.
During murine submandibular salivary gland development, the
vasculature co-develops with the epithelium during branching
morphogenesis; however, it is not known whether the vasculature
has instructive effects on the epithelium. Using pharmacological
inhibitors and siRNA knockdown in embryonic organ explants, we
determined that VEGFR2-dependent signaling is required for salivary
gland epithelial patterning. To test directly for a requirement for
endothelial cells in instructive epithelial patterning, we developed a
novel ex vivo cell fractionation/reconstitution assay. Immuno-
depletion of CD31+ endothelial cells in this assay confirmed a
requirement for endothelial cells in epithelial patterning of the gland.
Depletion of endothelial cells or inhibition of VEGFR2 signaling
in organ explants caused an aberrant increase in cells expressing the
ductal proteins K19 and K7, with a reduction in Kit+ progenitor cells
in the endbuds of reconstituted glands. Addition of exogenous
endothelial cells to reconstituted glands restored epithelial patterning,
as did supplementation with the endothelial cell-regulated
mesenchymal factors IGFBP2 and IGFBP3. Our results
demonstrate that endothelial cells promote expansion of Kit+

progenitor cells and suppress premature ductal differentiation in
early developing embryonic submandibular salivary gland buds.
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INTRODUCTION
Organogenesis requires the precise regulation of progenitor cell
populations, and how these processes are controlled is currently of
great interest. Heterotypic cell interactions are required for
organogenesis in many organs, including the salivary gland
(Kwon and Larsen, 2015; Nelson and Larsen, 2015). Classical
tissue recombination experiments between epithelium and
mesenchyme and other studies have demonstrated a requirement
for mesenchymal cells in epithelial pattern formation during
salivary gland branching morphogenesis. (Hoffman et al., 2002;
Tucker, 2007; Wei et al., 2007; Wells et al., 2013; Kera et al., 2014).

Additional studies have indicated that Kit+ (Lombaert et al., 2008,
2013; Patel et al., 2014) and cytokeratin 5 (K5; KRT5 – Mouse
Genome Informatics)+ (Knox et al., 2013, 2010) epithelial
progenitor cells are important for salivary gland development and
homeostasis. Kit-expressing progenitor cells were shown to be
regulated by fibroblast growth factor produced by the mesenchyme
and Kit ligand, which is produced by both the mesenchyme and the
epithelium (Lombaert et al., 2013). Developing innervation was
shown to regulate the K5+ epithelial progenitor cells (Knox et al.,
2010; Nedvetsky et al., 2014; Mattingly et al., 2015), which
reciprocally influenced development of the emerging innervation.
Involvement of the developing vasculature in salivary gland
epithelial development, however, has not been reported.

The circulatory system is connected to every organ and is required
for sustaining the viability and function of every adult organ. Studies in
several organs, including liver and pancreas, demonstrate a non-
nutritional requirement for endothelial cells within the vasculature in
early organ patterning prior to the establishment of a functional
vascular network (Matsumoto et al., 2001; Lammert et al., 2001;
Lazarus et al., 2011; Cleaver and Dor, 2012; Schlieve et al., 2016).
Endothelial precursor cells are now acknowledged to produce
angiocrine factors, which are paracrine- and juxtacrine-acting factors
that control early organ patterning. Multiple angiocrine factors are
produced by endothelial cells in every organ, and the profile of
angiocrine factors is known to be organ specific (Rafii et al., 2016;
Azizoglu andCleaver, 2016). Angiocrine factors are known to regulate
epithelial cell behaviors such as survival and proliferation, polarity, and
differentiation (Ingthorsson et al., 2010; Hagiwara et al., 2015;
Jaramillo et al., 2015; Kao et al., 2015). Recent evidence demonstrates
that vascular endothelial cell-mediated signaling regulates stem/
progenitor cell renewal and differentiation during organ
development, homeostasis and repair/regeneration (Rafii et al., 2016).

As little is known regarding the relationship between endothelial
and epithelial cells during salivary gland development, we
hypothesized that endothelial cells have a non-nutritional
function in early salivary gland epithelial patterning. To address
this hypothesis, we used mouse submandibular salivary gland
(SMG) organ explants, which recapitulate the morphogenesis and
differentiation of the developing salivary gland in vivo (Yamada
and Cukierman, 2007; Larsen et al., 2017). With explant culture, it
is possible to manipulate the vasculature, without the complications
of doing so in vivo, in a perfusion-independent manner. We
previously identified a number of genes that are expressed in
endothelial cells during early SMG branching morphogenesis
(Larsen et al., 2017), including vascular endothelial growth factor
receptor 2 (VEGFR2), which is also known as fetal liver kinase-1
(Flk-1), kinase insert domain receptor (KDR) and cluster of
differentiation 309 (CD309). VEGFR2 is a primary mediator of
vascular development and angiogenesis that regulates endothelial
cell survival, cell proliferation, and migration (Chavakis and
Dimmeler, 2002; Schmidt et al., 2007; Marcelo et al., 2013). We
found that pharmacological inhibition and siRNA-mediated
genetic manipulation of VEGFR2 signaling in SMG explantsReceived 20 July 2016; Accepted 10 November 2016
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altered epithelial patterning by reducing the number of immature
endbuds.
To test the requirement for endothelial cells specifically in

salivary epithelial patterning, we developed a novel SMG cell
fractionation/reconstitution assay. Using immuno-depletion of the
endothelial cells from the mesenchyme of reconstituted glands, we
confirmed a requirement for endothelial cells in epithelial
patterning. Interestingly, both assays showed a reduction in the
Kit progenitor cell population accompanied by increased K19 and
K7 in the endbuds with disruption of endothelial cell signaling, and
supplementation with exogenous endothelial cells reversed this
trend in the SMG cell fractionation/reconstitution assay. To identify
endothelial-produced factors that regulate epithelial progenitor
cells, we screened conditioned media produced by endothelial
cell-depleted and endothelial cell-supplemented mesenchyme.
Identified in the screen were secreted factors, including insulin-
like growth factor binding protein 2 and 3 (IGFBP2 and IGFBP3),
which contributed to the partial restoration of endothelial cell-
depleted and VEGFR2-inhibited epithelial organ patterning. We
here provide the first evidence of endothelial cell-mediated
regulation of epithelial patterning in the developing salivary gland.

RESULTS
Vascular network development is coordinated with
branching of the salivary gland epithelium
To determine how patterning of the vasculature relates to patterning
of the developing mouse submandibular salivary gland epithelium,
we examined the cluster of differentiation 31 (CD31; PECAM1 –
Mouse Genome Informatics)+ vasculature in embryonic day
(E) 11.5-E13.5 submandibular salivary glands (SMGs). SMGs
were removed from mouse embryos, fixed, and immediately
prepared for immunocytochemistry (ICC) (Fig. 1). Between
E11.5 and E12.5, a discontinuous vascular network was evident
that included CD31+ cell islands and discontinuous vessels within
the mesenchyme surrounding the primary epithelial bud (Fig. 1A,
B). By E13, fewer endothelial islands were evident with increased
CD31+ cells present in elongated vascular networks that were
distinct from Tubb3+ innervation. At E13-E13.5, clefts separate the
primary epithelial bud into three to five endbuds concomitant with
development of a continuous vessel network. CD31+ and VEGFR2+

vasculature was frequently detected inside clefts, which are
indentations in the basement membrane that subdivide the buds
and subsequently define the boundary between the terminal
proacinar structures and the emerging secondary ducts (Fig. 1B,
C). The schematic in Fig. 1D summarizes the co-development of the
vasculature with the epithelium in the early developing SMG.

VEGFR2 signaling and vasculature development promote
epithelial patterning in SMG organ explants to favor endbud
over duct formation
We previously identified endothelial genes enriched in the clefts of
developing salivary glands through data mining of a publicly
available salivary gland gene expression database (Larsen et al.,
2017). Because one of the cleft-enriched endothelial genes,
VEGFR2, is expressed in CD31+ endothelial cells (Fig. 1C), and
VEGFR2 influences epithelial development in other organs
(Matsumoto et al., 2001; Lammert et al., 2001; Lazarus et al.,
2011; Magenheim et al., 2011), we manipulated VEGFR2 in salivary
gland organ explant cultures. The use of organ explants is ideal for
examining the influence of endothelial cell signaling on epithelial
pattern formation in a perfusion-independent manner as the explants
lack perfusion but recapitulate organ morphogenesis and

Fig. 1. Co-development of epithelium and vasculature in early developing
submandibular gland. (A) Mouse embryonic salivary glands were excised and
subjected to ICC and confocal imaging to detect CD31+ (cyan) endothelial cells,
shown superimposed on a brightfield image. (B) Single confocal images of the
glands without brightfield are shown at higher magnification. ACD31+ semi-
discontinuous vasculature with some isolated endothelial islands (white arrow)
was observed inE11.5-E12.5mesenchyme (M) that was largely isolated from the
emerging epithelial bud (E). In E13-E13.5 glands, a largely continuous vessel
network (yellow arrow) was observed that progressively surrounds the epithelium
and is distinct from the developing nerves (Tubb3+, red). Note that the CD31+

vessels penetrate into the maturing epithelial clefts at E13 (white arrowhead).
(C) CD31+ vessels persist in E12.5 glands cultured ex vivo (shown here after 6 h
andafter 24 h). CD31+ endothelial cells also expressVEGFR2 (red) and collagen
IV (green). Because collagen IV is incorporated into the basement membrane of
both the endothelial cells and the epithelial cells, it defines the boundary between
theepitheliumandmesenchyme.CD31+/VEGFR2+/collagen IV+endothelial cells
are found adjacent to the initiating epithelial clefts at E12+6 h growth (arrowheads
in upper panels) and ingress intomaturing clefts after 24 h of culture (arrowheads
in lower panels). (D) Schematic summarizing co-development of the primary
epithelial budwith vasculature in the early submandibular gland. Endothelial cells
comprising discontinuous vasculature are found in mesenchyme at E12/E12.5.
Developing vessels subsequently undergo elongation and maturation
concomitant with branching of the primary epithelial bud.
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differentiation in vivo. Both pharmacological inhibition with ZM
323881, a selective inhibitor of VEGFR2 tyrosine kinase activity
(Whittles et al., 2002), and VEGFR2 siRNA knockdown reduced
vasculature development relative to negative controls (Fig. 2A). ICC
for cleaved caspase 3 (CC3), an executioner caspase that is activated
by cleavage by both extrinsic and intrinsic apoptosis pathways
(Salvesen and Dixit, 1997), demonstrated a correlation of CC3 with
CD31+ cells, consistent with a loss of endothelial cells due to
apoptosis with VEGFR2 inhibition (Fig. S1). Interestingly, VEGFR2
inhibition with ZM 323881 or with SU 5416, a chemically distinct
VEGFR2-specific pharmacological inhibitor (Fong et al., 1999), also
significantly reduced epithelial branching morphogenesis and altered
epithelial patterning in the explants relative to vehicle control
(Fig. 2A,B). Similar responses were obtained with VEGFR2
inhibition in cultures of SMGs from E12-E13.5 embryos (Fig. S1).
Quantitative evaluation of epithelial morphology in the explants
cultured for 48 h indicated that there was reduced branching
morphogenesis, as demonstrated by a reduction in total number of
endbuds (Fig. 2C), and an increase in the average endbud size
(Fig. 2E) with VEGFR2 inhibition. Interestingly, there was an
increase in the ratio of ductal area relative to bud area (Fig. 2D), and

the widths of the main and secondary ducts were increased upon
VEGFR2 inhibition (Fig. 2F,G). Together, these data indicate that
VEGFR2 signaling in developing vasculature influences epithelial
patterning by promoting branching morphogenesis to favor endbud
formation over duct formation.

CD31+ cell-dependent vasculature promotes epithelial
patterning by promoting branching morphogenesis in a SMG
cell fractionation/reconstitution assay
To investigate further whether CD31+ endothelial cells can
influence SMG epithelial patterning, we developed a novel
ex vivo SMG cell fractionation/reconstitution assay (Fig. 3A). We
first microdissected SMG epithelium and mesenchyme and
then enzymatically dissociated SMG mesenchyme cells. We
then used magnetic-activated cell sorting (MACS)-based
immunodepletion to remove CD31+ endothelial cells from the
mesenchyme. Unfractionated total mesenchyme cells, mesenchyme
immunodepleted of CD31+ endothelial cells, or mesenchyme
immunodepleted of CD31+ endothelial cells and supplemented
with exogenous CD31+ endothelial cells were then recombined with
intact SMG epithelial rudiments. The gland is reconstituted over

Fig. 2. VEGFR2 signaling and vasculature
development promote epithelial patterning in SMG
organ culture. (A) Both pharmacological VEGFR2
inhibition (ZM 323881, 20 μM) and VEGFR2 siRNA
(400 nM)-mediated knockdown inhibited vascular
formation in E12.5 SMG organ explants cultured for
48 h, with reduced CD31+ (cyan) vasculature relative to
negative controls, vehicle (DMSO) and non-targeting
(NT) siRNA treatment. ICC and confocal microscopy
were performed to outline the epithelial basement
membrane (Col IV, green), mesenchyme (PDGFRβ,
red) and vasculature (Col IV, green; CD31, cyan). Note
that the epithelium appears to be less branched upon
VEGFR2 inhibition or knockdown. E, epithelial bud; M,
mesenchyme. (B) E13 glands were cultured as organ
explants in the presence of two distinct VEGFR2
inhibitors (ZM 323881 and SU 5416) for 48 h at the
indicated doses, again demonstrating disrupted
epithelial organ patterning. (C-G) Brightfield images
from multiple glands (n indicated on bars) were used to
quantify epithelial structures. (C) Endbud numbers in
VEGFR2-inhibitor treated glands were significantly
reduced in ex vivo culture for 24 h and 48 h (n=total
number of glands from four experiments). (D) The bud/
duct ratio of treated glands, compared with vehicle
control. Buds were reduced but ducts were enlarged
(n=number of glands). In inhibitor-treated glands,
individual bud size (E) was enlarged (n=total number of
endbuds from five experiments) and the widths of
secondary duct and primary duct (F,G) were widened,
respectively (n=total number of ducts from five
experiments). Data are mean±s.e.m. Two-way ANOVA
(C) and Student’s t-test (one-tailed) (D-G) were
performed for statistical analysis (*P<0.05, **P<0.01,
***P<0.001).
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Fig. 3. CD31 cell-dependent vasculature development promotes epithelial patterning in an SMG cell fractionation/reconstitution assay. (A) SMG cell
fractionation/reconstitution assay schematic. Unfractionated SMG mesenchyme amenable to cell immunodepletion was generated by microdissection of the
mesenchyme from the epithelium followed by enzymatic dissociation of the mesenchyme to single cells and re-aggregation of the isolated mesenchymal cell
population. Re-aggregated mesenchyme was then reconstituted with an intact microdissected E13 epithelial rudiment. For endothelial cell depletion, CD31+

endothelial cells were immunodepleted from fully dissociated mesenchyme cells using MACS with CD31 microbeads prior to re-aggregation of the dissociated
mesenchyme and reconstitution with an intact epithelium. For endothelial cell supplementation, endothelial-depleted mesenchymal cells weremixed with MACS-
isolated endothelial cells prior to re-aggregation of themesenchyme and reconstitution with an intact epithelium. The reconstituted glands were cultured ex vivo for
48 h post-reconstitution. (B) Confocal images (maximum projection images) consistently showed a change in the epithelial patterning (no marker, black) with a
mesenchymal marker (PDGFRβ in red) defining the mesenchymal shape. CD31+ vasculature (cyan) was present in unfractionated, but not in endothelial-
depleted mesenchyme. E, endbud. (C,D) Epithelial area (C) (n=number of reconstituted glands) and endbud size (D) (n=number of endbuds from reconstituted
glands shown in C) were enlarged in the absence of CD31+ endothelial cells. Black and white bars indicate unfractionated and endothelial-depleted glands,
respectively. (E) Supplementation with E16 SMG-derived endothelial cells was performed with endothelial-depleted mesenchyme and epithelial recombination.
Reconstituted glands were cultured for 48 h. Boxed areas are enlarged below. (F-H) Endothelial supplementation promoted epithelial branching (F) (n=number of
reconstituted glands), smaller bud size (G) (n=number of endbuds in two reconstituted glands) and thinner ducts (H) (n=number of ducts in two reconstituted
glands). (I) Increased vessel area was confirmed by CD31 staining in ICCs (n=number of reconstituted glands). In F-I, white and gray bars indicate endothelial-
depleted (EC-depleted in E) and endothelial-supplemented (EC-supplemented in E), respectively. Data are mean±s.e.m. Student’s t- test (one-tailed) was
performed for statistical analysis (*P<0.05 ***P<0.001).
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48 h of culture, and the vasculature reassembles in conditions where
CD31+ endothelial cells are included.
To assess the role of endothelial cells in epithelial patterning in

the SMG cell fractionation/reconstitution assay, we compared the
ability of unfractionated mesenchyme with that of CD31+

endothelial cell-depleted gland mesenchyme to support epithelial
branching morphogenesis. ICC confirmed that CD31+ vasculature
was absent from CD31+ cell-depleted, reconstituted glands
(Fig. 3B). Depletion of endothelial cells and loss of vasculature
development lead to significant changes in epithelial morphology
48 h post-reconstitution, with larger endbuds and a considerable
increase in the separation of the endbuds relative to unfractionated
glands (Fig. 3B). The differences in epithelial morphology between
the two conditions were quantified. In endothelial cell-depleted
glands, epithelial area (Fig. 3C) and endbud size (Fig. 3D) were
increased. To determine whether addition of endothelial cells back
into the culture could rescue normal epithelial pattern formation in
CD31+ cell-depleted glands, endothelial cell supplementation was
performed. Indeed, epithelial branching was promoted by
endothelial supplementation (Fig. 3E). Quantitative analysis
showed that supplementation promoted more endbuds (Fig. 3F),
smaller endbuds (Fig. 3G) and thinner ducts (Fig. 3H). ICC to
detect CD31 confirmed partial re-vascularization in the
reconstituted glands (Fig. 3I). Together, these data indicate that
endothelial cells and vascular development promote branching
morphogenesis and normal epithelial patterning during early SMG
development and corroborate data obtained using VEGFR2
inhibition/knockdown.

VEGFRsignaling and vasculature of SMGs regulate epithelial
progenitor cell differentiation
Because depletion of CD31+ endothelial cells impacted the size of
developing ducts and the number of endbuds, we wondered
whether endothelial cells impact the differentiation of salivary
gland epithelial cells within the endbuds. We examined the
productal marker K19 together with Kit, a tyrosine kinase
expressed by proacinar cells in developing salivary glands
(Nelson et al., 2013; Lombaert et al., 2013; Matsumoto et al.,
2016). In whole organ explant cultures, VEGFR signaling and
vasculature development were manipulated using the
pharmacological VEGFR2 inhibitors ZM 323881 and SU 5416.
In vehicle-treated E12.5 explants, Kit+ cells and K19+ cells were
present in endbuds and ducts, respectively (Fig. 4A). In both ZM
323881- and SU 5416-treated glands, the epithelial pattern was
perturbed with apparent longer, wider K19+ developing ducts and
expansion of the K19+ productal cells farther from the main duct
into the developing buds than in vehicle control glands (Fig. 4A).
Quantitative analyses confirmed that gland area positive for Kit
decreased whereas the gland area positive for K19 increased in
treated glands relative to vehicle-treated controls (Fig. 4B).
Analysis of gland areas positive for Kit and K19 in the SMG cell
fractionation/reconstitution assay corroborated the inhibitor data in
whole gland explant cultures (Fig. 4C). Similarly, increased cells
expressing the ductal marker K7 were detected in endbuds both
after VEGFR2 inhibition in whole gland explant cultures and after
CD31+ endothelial depletion in the SMG cell fractionation/
reconstitution assay, which was rescued by CD31+ cell
supplementation in the latter assay (Fig. S2). Taken together,
these data indicate that VEGFR2-dependent/CD31+ vascular
endothelial cells promote the proacinar progenitor cell phenotype
in a coordinated manner with branching morphogenesis, and their
absence leads to aberrant ductalization of the endbuds.

CD31+ endothelial cells influence soluble factors that
regulate SMG epithelial patterning and differentiation
Angiocrine factors are juxtacrine- and paracrine-acting factors
produced by endothelial cells that influence parenchymal epithelial
cell differentiation, homeostasis and regeneration (Rafii et al.,
2016). To screen for endothelial cell-dependent soluble factors that
might influence the developing SMG epithelium, conditioned
media from cultured endothelial cell-depleted mesenchyme and

Fig. 4. VEGFR signaling and vasculature development regulate SMG
epithelial progenitor cell differentiation. (A) ICC and confocal microscopy
show that pharmacological inhibition of VEGFR2 with ZM 323881 (20 µM) or
SU 5416 (5 µM) expands the productal K19+ (red) cell population relative to the
Kit+ (green) cell population in E12.5 SMGs organ explants grown for 48 h
versus control glands. Nuclei were stained with DAPI (blue). (B) Maximum
projection intensity images of the glands shown in A were used to quantify
areas positive for Kit or K19 within the submandibular epithelium only. Oral
epithelium at the base of the main duct was avoided to measure K19
expression area. The Kit+/K19+ ratio was decreased with both inhibitors, and
Kit expression area was significantly decreased whereas K19 expression area
was significantly increased. (C) In the SMG cell fractionation/reconstitution
assay, similar CD31-dependent changes in SMG progenitor cells were also
observed, with a marked increase in the K19+ productal cell population.
Reconstituted glands were grown for 48 h. Total unfractionated dissociated
mesenchyme (Unfract), endothelial depleted (CD31 Dep), endothelial
supplementation after endothelial depletion (CD31 Suppl). ICC and confocal
microscopy (single section of the middle of endbud) was performed to quantify
Kit+ and K19+ expression areas (n=number of endbuds). Number of
experiments: 7 unfractionated, 4 CD31-depleted and 6 CD31-supplemented.
Endothelial cell immunodepletion significantly decreased the Kit+/K19+ ratio,
which was partially rescued with endothelial supplementation and re-
vascularization. Data are mean±s.e.m. Student’s t-test was performed for
statistical analysis (*P<0.05, **P<0.01, ***P<0.001).
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endothelial supplemented mesenchyme were applied to an
antibody-based proteome array containing 53 soluble factors.
Intact mesenchyme pieces were used as a positive control.
Multiple factors were more abundant in the conditioned media
collected from the CD31+ cell-supplemented mesenchyme cell
cultures relative to the CD31+ cell-depleted mesenchyme, including
IGFBP2, IGFBP3, PIGF-2 (PGF), MMP8, TSP-2 (THBS2 –Mouse
Genome Informatics) and TIMP1 (Fig. 5A).
As IGFBP2 and IGFBP3 gave robust signals on the proteome

array and have previously been identified as angiocrine factors
(Remédio et al., 2012; Minuzzo et al., 2015; Rafii et al., 2016), we
tested whether these factors can rescue epithelial patterning upon
vasculature disruption using recombinant IGFBP2 or IGFBP3
added to SMG culture assays. In the SMG cell fractionation/
reconstitution assay, addition of recombinant IGFBP2 or IGFBP3
promoted both epithelial patterning (Fig. 5B,C) and differentiation
(Fig. 5D) relative to CD31+ cell depleted samples. We also tested
the effects of recombinant IGFBP2 or IGFBP3 in intact gland
explant assays, in which IGFBP2, but not IGFBP3, showed a partial
rescue of disrupted epithelial branching in the SU 5416-inhibited

glands (Fig. 5E,F). Similar to the SMG cell fractionation/
reconstitution assay, ICC of Kit+ and K19+ cells in the endbuds of
SU 5416-treated glands revealed that the reduction of the Kit+/K19+

ratio with VEGFR2 inhibition was partially rescued by exogenous
IGFBP2 or IGFBP3 (Fig. 5G,H). We performed additional arrays to
interrogate the cell type that makes IGFBP2 and IGFBP3.We found
that IGFBP2 and IGFBP3 are made primarily by the mesenchyme
relative to the epithelium. Interestingly, we noted that both the
endothelial cells and the non-endothelial mesenchyme make these
proteins, with more robust production by the non-endothelial
mesenchyme (Fig. S3). Together, these data indicate that vascular
endothelial cells promote epithelial patterning and differentiation at
least in part through effects on soluble factors, such as IGFBPs.

DISCUSSION
Signaling from mesenchymal cell subpopulations is required for
elaboration of epithelial tissue structure during development. Using
an SMG cell fractionation/reconstitution assay that allowed us to
deplete CD31+ endothelial cells from the mesenchyme of
reconstituted embryonic submandibular salivary glands, we

Fig. 5. Vascular endothelial cells influence soluble factors that regulate SMG epithelial patterning and differentiation. (A) Conditioned media
collected from intact (black bar) or recombined mesenchyme, including endothelial depletion (white), E12.5 (orange) and E16 (red) CD31+ endothelial
supplementation was analyzed with an angiogenesis proteome array. Select soluble factors abundance of which in the conditioned medias changed in response
to CD31+ cell condition are shown, normalized to intact mesenchyme. Full normalized data for the array are available in Table S2. (B) Brightfield images of
SMG cell glands reconstituted after CD31+ endothelial cell depletion cultured for 48 h without or with addition of recombinant IGFBP2 or IGFBP3 (1 μg/ml).
(C,D) Quantitative analyses demonstrate that both IGFBP2 and IGFBP3 supplementation increased epithelial branching (C) (n=number of reconstituted glands)
and the Kit+/K19+ area ratio (D) (n=total number of endbuds from six reconstituted glands). (E) Brightfield images of E13 SMG explants cultured ex vivo for 48 h
in the absence or presence of 5 µM SU 5416 (SU), either with or without addition of recombinant IGFBP2 (BP2; 2 μg/ml) or IGFBP3 (BP3; 5 μg/ml).
(F) Quantitative analysis of VEGFR2-inhibited glands shows disrupted epithelial patterning expressed as endbud numbers (three experiments). (G) ICC and
confocal images representative of the partial rescue of Kit (green) relative to K19 (red) expression areas in the IGFBP2- and IGFBP3-supplemented, SU 5416-
treated glands. (H) The Kit+/K19+ ratio was partially rescued with exogenous IGFBPs (n=total number of endbuds from three experiments). Data are mean±s.e.m.
Student’s t-test was performed for statistical analysis (*P<0.05, **P<0.01, ***P<0.001).
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demonstrate for the first time that CD31+ endothelial cells influence
epithelial patterning during salivary gland development in a
perfusion-independent manner. The endothelial cells function
through VEGFR2-dependent signaling to moderate ductalization of
the buds and support the Kit+ bipotent progenitor cell population. We
observed that inhibition of this vasculature-dependent support of
progenitor cell expansion caused altered epithelial patterning through
reduction of the Kit+ cell population that was accompanied by
increased localization of K19+ and K7+ ductal cells in the endbuds of
the gland. This would be predicted to prevent normal elaboration of
the secretory compartment of the gland with accumulation of
elongated and dilated ducts. In fact, similar pathologies are associated
with diseases that result in xerostomia, such as Sjögren’s syndrome
and irradiation damage as a result of treatment of head and neck
cancers, suggesting that a continued interaction of the vasculature and
the epithelium may be a component of homeostasis or a response to
injury in adult glands. Consistent with our findings in development,
several studies have suggested that the vasculature is damaged in
salivary gland pathologies and that gland regeneration is enhanced by
restoration of the vasculature (Cotrim et al., 2007; Zhang et al., 2014;
An et al., 2015).
Endothelial cells instruct organ development in other organs,

such as liver (Matsumoto et al., 2001), pancreas (Lammert et al.,
2001; Cleaver and Dor, 2012) and lung (Lazarus et al., 2011),
through perfusion-independent mechanisms prior to the formation
of functional vasculature. In the liver, VEGFR2-dependent
signaling is required for early hepatocyte morphogenesis and
differentiation (Matsumoto et al., 2001) and cell fate specification of
the central zone of the liver (Rocha et al., 2015). Similarly, early
dorsal pancreas budding and insulin production by β cells requires
endothelial cell signaling (Lammert et al., 2001; Yoshitomi and
Zaret, 2004). However, endothelial cell signaling can also restrict
cell fate. VEGFR2-dependent endothelial cell signaling restricts
branching morphogenesis and restricts acinar differentiation later in
development of the pancreas (Magenheim et al., 2011) and
differentiation in liver (Ramasamy et al., 2015; Rocha et al.,
2015). Determining which cells are directly impacted by
endothelial-dependent signaling in developing salivary glands and
whether cell fate choices are directly regulated by VEGFR2
signaling will require investigation by cell lineage tracking.
Although specific angiocrine factors produced by endothelial

cells can regulate cell specification, such as R-spondin 3 in
specification in the liver (Rocha et al., 2015), endothelial cell
signaling can also activate signaling by other mesenchyme cells to
regulate progenitor cells indirectly in the epithelium. For example,
endothelial-produced factors are known to recruit and support
stromal pericytes, which are important for organogenesis.
Additionally, endothelial progenitor cell-produced platelet-derived
growth factor (PDGF)-BB was identified in recruitment and
sustaining the function of the PDGFRβ+ mesenchymal stem cells
(MSCs) after therapeutic engraftment during MSC cell therapy (Lin
et al., 2014). Although IGFBP2 is known to be one of many
angiocrine factors produced by endothelial cells in an organ-specific
manner (Mouhieddine et al., 1996; Besnard et al., 2001;
Bridgewater and Matsell, 2003; Huynh et al., 2011; Perri et al.,
2014), in the salivary gland, IGFBP2 and IGFBP 3 appear to be
produced primarily by CD31− mesenchyme cells.
Our data are consistent with a model in which endothelial cells

stimulate IGFBP2 and IGFBP3 production by neighboring
mesenchymal cells, and IGFBP2 and IGFBP3 produced by
mesenchymal cells modulate epithelial signaling in developing
salivary glands to favor Kit+ cells over K19+ cells in the developing

endbuds. IGFBP2 in circulation can stimulate or inhibit the growth-
promoting effects of the IGFs (Binkert et al., 1992; Bourner et al.,
1992). However, IGFBP2 has an RGD site that can activate integrin
signaling independently of IGF receptors (Feng et al., 2015), and
modulates the expansion and survival of hematopoietic stem cells
(Huynh et al., 2011). Whether IGFBP2 and IGFBP3 function in an
IGF-dependent or -independent manner in an in vivo context during
salivary gland development and how they regulate epithelial
progenitor cells remains to be elucidated. Although our data do
not delineate a specific mechanism for endothelial cell signaling in
controlling SMG cell fate, they are consistent with data from other
embryonic organs indicating that the developing vasculature
supports expansion of the primitive progenitor populations, which
in turn recruits developing vasculature to the emerging epithelium.

A similar premature ductal differentiation was recently reported
during early development of the salivary gland that is Wnt
dependent (Matsumoto et al., 2016). Similar to our data
demonstrating premature ductal formation and expansion of the
ductal area of the gland with compromised VEGFR2/CD31+

endothelial cell function, Matsumoto et al. observed that excessWnt
signaling can induce premature ductal formation and expansion of
the ductal compartment of the gland. In early SMG development,
mesenchymal Wnt signaling antagonized FGF-mediated proacinar
cell differentiation to expand the Kit+ distal progenitor cell
population. As mesenchymal Wnt signaling declines at E15
concomitant with the onset of cytodifferentiation, they show that
the expanded bipotent Kit+ progenitor population then creates the
secretory proacinar and emerging secondary duct structures required
for development of the mature branched organ. Wnt signaling can
also suppress Kit expression at the RNA level through Myb,
demonstrating that Wnt activity must be tightly balanced to allow
proper progenitor expansion followed by spatially restricted
differentiation.

In our studies, the VEGFR2/CD31+ endothelial cell population
might promote epithelial patterning and expansion of the Kit+

endbud epithelial progenitor cell population in part by modulating
Wnt signaling from the mesenchyme. Loss of VEGFR2/CD31+

endothelial cell function would then be expected to increase
canonical Wnt signaling to the epithelium, prevent proacinar
differentiation, downregulate Kit expression and accelerate ductal
formation. Wnt signaling is regulated by balancing activation of
Wnt receptors by ligands at many levels, and several reports indicate
that the Wnt family has complex roles in SMG development (Haara
et al., 2011;Musselmann et al., 2011; Patel et al., 2011; Knosp et al.,
2015; Maimets et al., 2016; Matsumoto et al., 2016). Thus,
VEGFR2/CD31+ endothelial cells could act in many ways to
modulate mesenchymal Wnt signaling to the epithelium, and might
confer this regulation in a spatially restricted manner during
branching morphogenesis. Thus, the mesenchyme, including the
PDGFRβ+ fibroblasts, vasculature and innervation (Knox et al.,
2010), develops in a coordinated manner with the epithelium, and
this co-patterning is likely to confer essential spatial restriction to
the reciprocal epithelial-mesenchymal signaling pathways that
control organ development.

Diverse, reciprocal signaling pathways between the epithelium
and mesenchyme are known to orchestrate SMG development, and
the mechanisms by which these signals interact and are decoded by
the progenitor cell populations to coordinate morphogenesis and
differentiation are of great interest. Reciprocal interactions between
the developing vasculature and epithelium are likely to be
multifactorial, similar to the contribution of innervation to gland
development (Knox et al., 2010; Nedvetsky et al., 2014; Knosp
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et al., 2015). The fact that our assays with IGFBP2 and IGFBP3
show modest effects on SMG morphogenesis and differentiation is
consistent with the concept that there are likely to be numerous
endothelial-produced factors that impact parenchymal
development. As addition of excess recombinant proteins cannot
recapitulate spatial restriction of signaling factors, additional studies
will be needed to confirm a role for these factors in SMG in vivo
development and elucidate the mechanism by which they control
epithelial patterning of differentiation.
Importantly, our SMG cell fractionation/gland reconstitution

assay provides a platform for more extensive screens for putative
angiocrine factors (soluble or cell-cell mediated) as well as for
mechanistic studies that cannot be performed with classical organ
recombination experiments using intact mesenchyme. Additionally,
the SMG cell fractionation/reconstitution assay enables screening
for synthetic or interacting pathways, for example with CD31+ cell
depletion/cell supplementation in the presence of inhibitors or
genetic knockdown of other pathways known to control gland
development. Recent work in lung branching morphogenesis and
differentiation revealed that mesenchymal glucocorticoid receptor
and STAT3 act in parallel pathways to specify lung alveolar
differentiation, such that neither is absolutely required but either
pathway can promote epithelial differentiation (Laresgoiti et al.,
2016). Our gland reconstitution assay will facilitate future
investigation of these types of parallel, or similarly synergistic,
activities in epithelial cell fate choices. The assay is also amenable
for testing the interaction between mesenchymal cell subsets, such
as vascular cells and nerves, which are known to have reciprocal
patterning effects in other systems.
Elucidation of the molecular mechanisms through which the

vasculature directly instructs epithelial patterning and
differentiation, as well pathways through which it affects other
mesenchymal cell types to indirectly affect the parenchymal
epithelium, will ultimately enable therapeutic manipulations.
Similarities and differences in the angiocrine control of organ
development and regeneration in diverse organs can be exploited to
enhance both general and organ-specific regenerative medicine
approaches. Importantly, the angiocrine mechanisms that control
organ homeostasis and response to injury are currently being
characterized and exploited for therapeutic interventions to improve
organ regeneration (Rafii et al., 2016). Ongoing characterization of
angiocrine control of salivary glands might similarly improve
therapeutic options for restoration of salivary gland function in
disease pathologies.

MATERIALS AND METHODS
Ex vivo SMG organ explant culture with pharmacological and
siRNA manipulation
Salivary gland dissection and ex vivo culture were performed according to
previously established methods (Daley et al., 2009) and protocols approved
by the University at Albany Institutional Animal Care and Use Committee.
Embryos were harvested from timed pregnant CD-1 female mice (Charles
River) at the embryonic stages indicated for each figure (with day of plug
discovery designated as E0). SMGs were removed from the embryos under a
dissecting microscope. The SMGs were placed on a polycarbonate filter
with 0.1 µm pores (Nuclepore, GE Healthcare Life Sciences) in a glass-
bottomed, single-microwell dish (MatTek) and cultured ex vivo in complete
DMEM/F12 medium [1:1 DMEM/Ham’s F12 lacking Phenol Red
(Invitrogen) supplemented with 50 μg/ml transferrin, 150 μg/ml L-
ascorbic acid, 100 U/ml penicillin and 100 μg/ml streptomycin].

Pharmacological and siRNA treatments were performed in whole
explants. For pharmacological VEGFR2 inhibition, ZM 323881 (10 μM
and 20 μM in DMSO; Tocris) (Whittles et al., 2002) and SU 5416 (5 μM in

DMSO; Tocris) (Fong et al., 1999) were supplemented during the explant
culture. Vehicle-treated controls contained the same volume of DMSO.
siRNA genetic manipulation was performed as previously described (Daley
et al., 2009). VEGFR2 siRNAs (Silencer Select s68715/s68716, Thermo
Fisher Scientific) and negative control non-targeting siRNA (Silencer Select
Negative Control #2 siRNA) were transfected using RNAiFECT (Qiagen),
both at a final concentration of 400 nM.

For mesenchyme-free, epithelial rudiment cultures, epithelial rudiments
were physically separated from mesenchyme following a dispase digestion,
as previously described (Sequeira et al., 2013), and were cultured ex vivo for
48 h in growth factor-reducedMatrigel (Corning, 356231). FGF7 (200 ng/ml;
Peprotech, 100-19) and epidermal growth factor (20 ng/ml; Peprotech,
AF-100-15) were additionally supplemented into the complete DMEM/F12
medium.

Primary mesenchyme cell preparation
To prepare unfractionated E12/E13 mesenchyme, dispase digestion of E12/
E13 whole SMGs was performed followed by manual separation of the
mesenchyme from the epithelium, as previously described (Sequeira et al.,
2013). To prepare E12/E13 primary mesenchyme cells, mesenchyme pieces
were placed into a MatTek dish, mixed with 200 μl 0.3× collagenase/
hyaluronidase (7912, STEMCELL Technologies, Vancouver, Canada), and
incubated for 5 min at 37°C. The digestedmesenchymewasmixed with 20 μl
fetal bovine serum (FBS; Life Technologies), placed in a microcentrifuge
tube, and homogenized by trituration 30-40 times to yield single cells.

To prepare primary E16 mesenchyme cells, whole excised E16 SMGs
were microdissected with forceps in a 35 mm dish and serially treated with
1× collagenase/hyaluronidase (STEMCELL Technologies) for 10 min and
0.8 U/ml dispase (Life Technologies) for 10-15 min, followed by incubation
for 15 min at 37°C. The cell preparation was mixed with 200 μl FBS, placed
into a 15 ml conical tube, and homogenized by trituration at least 40 times.
To enrich for mesenchymal cells, the epithelial fragments were separated by
gravity sedimentation for 5 min. The mesenchyme-enriched gravity
supernatant was filtered through a 70 μm pore size cell strainer (Falcon)
to enrich for single cells, and washed twice with PBS with 10% FBS/2 mM
ethylenediaminetetraacetic acid (EDTA; Sigma-Aldrich) buffer. The
enriched primary mesenchymal cells were centrifuged at 450 g for 5 min
and re-suspended in 1× PBS buffer with 10% FBS and 2 mM EDTA.

Depletion of CD31+ cells from mesenchyme and collection of
CD31+ cells by magnetic-activated cell sorting (MACS)
For CD31+ endothelial cell depletion from E12.5 primary mesenchyme,
MACS with mouse CD31 microbeads (130-097-418, Miltenyi Biotech,
Bergisch Gladbach, Germany) was performed according to the
manufacturer’s protocols. Briefly, enriched primary mesenchyme cells
were suspended in 99 μl 1× PBS buffer with 10% FBS and mixed with 1 μl
mouse CD31 microbeads, followed by incubation at 4°C for 15 min. After
washing with 500 μl PBS buffer with 10% FBS, the microbead-incubated
cells were centrifuged at 450 g for 5 min and resuspended with 200 μl PBS
with 10% FBS for immunomagnetic separation. To collect CD31−

mesenchyme, cells were applied to a magnetic column and the flow-
through was collected, followed by three washes with 1× PBS with 10%
FBS, which were included with the flow-through. The remaining CD31+

cells were collected by centrifugation at 450 g for 5 min and then
resuspended in DMEM:F12 medium.

For isolation of CD31+ endothelial cells from E16 SMG, primary E16
mesenchyme cells were prepared as described above, and negative selection
was performed to remove contaminating EpCAM+ epithelial cells. Primary
mesenchyme cells were resuspended in 90 μl PBS with 10% FBS/2 mM
EDTA buffer (wash buffer), mixed with 10 μl mouse EpCAM microbeads
(130-105-958, Miltenyi Biotech), followed by incubation at 4°C for 15 min.
After washing with 1 ml wash buffer, the microbead-incubated cells were
centrifuged at 450 g for 5 min and resuspended in 500 μl wash buffer for
magnetic removal of the EpCAM+ cells. The resulting mesenchymal cells
were collected and centrifuged at 450 g for 5 min, resuspended in 90 μl wash
buffer, mixed with 10 μl mouse CD31 microbeads, and incubated at 4°C for
15 min. Positive selection was performed to collect the CD31+ endothelial
cells.
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SMG cell fractionation/reconstitution assay
Dissociated whole unfractionated mesenchyme cells, CD31− mesenchyme
cells, or CD31− mesenchyme cells supplemented with purified CD31+

endothelial cells were cultured overnight. For overnight cultures, the
mesenchyme cell fractions were collected and centrifuged at 450 g for
5 min. Cells were then suspended in 50 μl fresh DMEM:F12 medium
containing only antibiotics (100 U/ml penicillin and 100 μg/ml
streptomycin) and placed into a V-bottom 96-well plate to encourage
mesenchymal tissue reaggregation overnight at 37°C. The contracted
mesenchymal tissue was placed on a Nuclepore filter in a MatTek dish with
a fresh intact E13 SMG epithelium placed on top of the aggregated
mesenchyme to reconstitute the gland. The reconstituted glands were grown
with complete DMEM/F12 organ explant medium for 48 h. Each
reconstituted gland was considered to be a single experiment.

Immunocytochemistry and confocal microscopy
Immunocytochemistry (ICC) was performed as previously described (Daley
et al., 2009; Peters et al., 2015). Briefly, SMG organ explants or SMG cell
fractionation/reconstitutions glands were fixed with 4% paraformaldehyde
(w/v) (Electron Microscopy Sciences) containing 5% sucrose (w/v) for
20 min at room temperature (RT) and permeablized with 0.1% Triton X-100
(Sigma-Aldrich) or fixed/permeablized in 100% cold MeOH at −20°C.
Blocking was performed with 20% donkey serum in 1× PBS with 0.5%
Tween-20 for 1 h at RT. Primary and secondary antibodies were diluted in
1× PBS with 0.5% Tween-20 and incubated overnight at 4°C or for 1.5 h at
room temperature, and then washed three times in PBS with 0.5% Tween-
20. Antibodies and the dilutions used in this study are shown in Table S1.
DAPI (Life Technologies) was used for nuclear staining. The tissues were
mounted with Fluoro-Gel (Electron Microscopy Sciences) and imaged with
a Zeiss 510 or 710 confocal microscope (Carl Zeiss).

Angiogenesis proteomic array
For analysis of soluble factors, microdissected mesenchyme pieces,
endothelial-depleted mesenchyme or endothelial-supplemented mesenchyme
were cultured for 48 h to collect conditioned media. Conditioned media was
applied to a mouse angiogenesis proteome array (Proteome Profiler Mouse
Angiogenesis Antibody Array, #ARY015, R&D systems) and samples were
processed according to the manufacturer’s protocol. For analysis of factor
production, cell lysates were prepared as previously described (Larsen et al.,
2003). Briefly, gland tissue or cells were collected in a microfuge tube and
solubilized with completed RIPA buffer (Thermo Fisher Scientific) containing
complete mini, EDTA-free protease inhibitor cocktail (Roche), followed by
sonication and centrifugation at 4°C to collect the soluble fraction. The
resulting cell lysates of fresh uncultured microdissected E12.5 epithelium,
mesenchyme, E12/E13 CD31− depleted mesenchyme, or immunopurified
CD31+ endothelial cells were applied to the angiogenesis proteome array.
Image processing to measure spot intensities from films was performed using
ImageJ software (National Institute of Health). Duplicate spots within each
membrane were used to calculate average intensities. The normalized spot
intensity was calculated as (individual spot intensity−negative spot intensity)/
positive spot intensity. Additional normalization procedures are explained in
each figure legend when relevant.

Image data analysis for epithelial patterning and differentiation
To evaluate epithelial structure, measurements of epithelium size, endbud/
duct area, endbud size, or duct width/length were collected from brightfield
images of SMG organ explants or SMG cell fractionation/reconstitution
glands. Area and size were measured as the pixel area value of manually
designated areas, and width and length were collected from pixel length
value using ImageJ. Percentages of Kit+ and K19+areas were measured from
ICC confocal images. First, total epithelium or individual endbuds were
manually designated using the polygon selection tool, as indicated in figure
legends. Individual Kit+ and K19+ areas were calculated and normalized to
total designated area; each marker-positive pixel area value (measured using
a threshold option) was divided by the total pixel area of the designated area.
To analyze apoptotic endothelial cells (double-positive CD31+ and cleaved

caspase 3+ cells), CD31+ areas were manually designated and the cleaved
caspase 3+ area was measured using a threshold tool. Vessel area (the area of
the segmented CD31+ vessel area/total area) wasmeasured using AngioTool
(Zudaire et al., 2011) (https://ccrod.cancer.gov/confluence/display/ROB2/
Home). Vessel intensity was evaluated by CD31 staining of confocal images
using ImageJ. Graphs were prepared using Prism 5 (GraphPad). Statistics
were calculated as described in each figure using Prism 5 and Microsoft
Excel.
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