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Abstract

Angiogenesis is known to be associated with increased vessel sprouting and permeability.
Important mediators of these angiogenic responses include local biomolecular environment of
signaling molecules and supporting extracellular matrix (ECM). However, dissecting the interplay
of these instructive signals /n vivo with multiple cells and extracellular molecules remains a
central challenge. Here, we integrated microfluidic biomimicry to reconstitute vessel-like
analogues /n vitrowith 3-D ECM hydrogels that were well-characterized for molecular-binding
and mechanical properties. Our study focused on three distinct isoforms of the pro-metastatic
chemokine CXCL12. In collagen-only hydrogel, CXCL12-a was the most potent isoform in
promoting sprouting and permeability, followed by CXCL12-p and CXCL12-y. Strikingly,
addition of hyaluronan (HA), a large and negatively-charged glycosaminoglycan, with collagen
matrices selectively increased the vessel sprouting and permeability conferred by CXCL12-y. This
outcome was supported by the measured binding affinities to collagen/HA ECM, suggesting that
negatively-charged HA increased the binding of CXCL12-y to augment its angiogenic potency.
Moreover, we show that addition of HA to collagen matrices on its own decreased vessel sprouting
and permeability, and these responses were nullified by blocking the HA receptor CD44.
Collectively, our results demonstrate that differences in binding to HA help underlie CXCL12
isoform-specific responses towards directing angiogenesis.
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Introduction

Expansion of the pre-existing blood vasculature is known as angiogenesis!!], and is often
affected by or engaged in pathologies such as cancer, atherosclerosis, and chronic
inflammationl2]. Pathological angiogenesis results in excessive formation of new, unstable,
permeable, and poorly functioning blood vessels that further promotes disease
progression[3]. Chronic vessel permeability can also lead to elevated interstitial fluid
pressure (or hydrostatic edema), which has deleterious effects on tissue function by
impeding both mass (e.g. oxygen and nutrients) and drug transport(4l. In addition, a leaky
vasculature may facilitate leukocyte infiltration that can exacerbate edemal®], or escape of
tumor cells leading to distant metastases [6]. Therefore, there is great interest in health and
disease in understanding the important aspects of vascular biology that regulate angiogenesis
and vessel permeability.

Central to angiogenesis and vessel permeability is the coordinated morphological responses
by vascular endothelial cells to a myriad of instructive signals or cuesl’]. Examples of these
cues include physical interactions with the extracellular matrix (ECM) and biochemical
signaling through both soluble (i.e. freely diffusing) and insoluble (i.e. matrix-bound)
ligands such as growth factors, chemokines, and inflammatory cytokines(®l. Under normal
physiological conditions, the pro- and anti-angiogenic signals are appropriately balanced
such that the vasculature is stable and the vessel barrier function is well controlled. However,
this important balance is lost during pathological progression[®]. In the context of tumors,
dysregulated ECM composition and architecture is a hallmark of cancer[19]. For instance, the
elevated ratio of fibrillar collagen (e.g. type | and type I11) and certain non-fibrillar
components such as hyaluronan (HA), a non-sulfated and negatively charged
glycosaminoglycan (GAG) moleculel!1], is characteristic of aggressive or desmoplastic
tumorst22l. This characteristic of the tumor ECM also leads to stiffer tissue and a subsequent
self-sustaining and persistent feed-forward loop for tumor cell growth, survival, migration,
epithelial-to-mesenchymal transition (EMT)[13], and a tumor vessel phenotypel4l. However,
changes in ECM content in tumors also augment the capacity to sequester growth factors
and signaling molecules in a way that increases local concentrations and subsequently the
tumor-promoting potency of ligand molecules. Therefore, understanding how physical
alterations to the tumor ECM interplays with the local biochemical environment, is
necessary to improve cancer detection, prevention, and treatment.

A key example of this physicochemical regulation in tumor ECM involves the chemokine C-
X-C motif chemokine ligand 12 (CXC12, also known as stromal cell-derived factor -1 or
SDF-1). CXCL12 is secreted by cancer associated fibroblasts (CAFs) at the primary tumor
site to stimulate tumor growth[!®], angiogenesis[16], and tumor cell intrasvasation[*"]. Like
many other important cytokines in cancer (e.g. VEGF and TGF), there are multiple isoforms
of CXCL12 formed by alternative splicing. Humans have three major CXCL12 isoforms (a,
B, y) with distinct structural and biochemical functionality[18]. However, studies of CXCL12
typically focus on CXCL12-a., which has the strongest binding affinity for the CXCL12
cognate receptor CXCR4, followed by the B and then v isoform[19]. Compared to CXCL12-
a, CXCL12-B and CXCL12-y add three and 18 additional positively-charged amino acids to
the C-terminus(!®] respectively, which confers increased binding to negatively charged GAG
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molecules such as heparan sulfate (HS) and HA, with the -y isoform exhibiting one of
highest known binding affinities for HS (1.5 nM)[29]. In addition, it was confirmed recently
using genetically engineered mice the necessity of CXCL12/HS binding for angiogenesis
during skeletal muscle regeneration[20].

In a recent study by Connell et al., it was reported that when CXCL12-y was presented with
HS to CXCR4-expressing cells /n vitro, the signaling and chemotactic responses were
similar to that elicited by CXCL12-a alone. The results from this study suggested that
negatively charged GAG molecules such as HS help control CXCL12 activity in an isoform-
specific manner. In another study by Ray et al., it was shown using /7 vivo mouse models
that the -y isoform of CXCL12 most potently drives breast cancer metastasis at the primary
site?1]. One possible explanation for CXCL12-y promoting metastasis /7 vivo despite its
relative low binding affinities for CXCR4 may be attributed to its C-terminal being enriched
with positively charged basic residues that enhance electrostatic binding and immobilization
to negatively charged matrix proteins to generate migration-inducing gradients from the
ECM, even at low total abundancel?2]. However, to our knowledge, it has not been
confirmed experimentally if the composition of the ECM helps determine the angiogenesis
responses conferred by different CXCL12 isoforms.

The present study seeks to elucidate how altering the ECM influence angiogenesis and
vascular permeability responses by three different CXCL12 isoforms (a, B, y) (Figure 1A).
Using a biomimetic microfluidic microvessel analogue to systematically measure sprouting
angiogenesis and vascular permeability, we observed that CXCL12-a most potently
promotes both sprouting and vessel permeability in the presence of ECM comprised of Type
I collagen-only. However, the addition of HA to collagen matrices specifically enhances the
sprouting and vascular permeability responses of CXCL12-y only. Moreover, we verified
with surface plasmon resonance (SPR) that CXCL12-y exhibited significantly increased
binding to collagen/HA surfaces compared to the a and p isoforms. In contrast, there were
no CXCL12 isoform specific differences in binding to collagen-only surfaces. Furthermore,
our finding also shows that addition of HA to collagen matrices on its own decreased vessel
sprouting and permeability. These results suggest that differences in HA binding by
CXCL12 isoforms helps underlie their angiogenic potency. Collectively, our study
demonstrates that the composition of the ECM mediates specific matrix-ligand binding
interactions that control angiogenesis and vascular permeability phenotypes.

2. Experimental Results

2.1 Microfluidic device and ECM characterization.

A biomimetic microfluidic microvessel analogue system was fabricated using
poly(dimethylsiloxane) (PDMS) soft lithography to study the effect of CXCL12 isoforms on
angiogenesis, and the modulation by specific ECM components. The microfluidic device
contained three parallel channels (Figure 1B). The two outer channels were lined with
human umbilical vein endothelial cells (HUVECS) to form microvessel analogues(Z3]
(Figure 1C). The central channel in between and laterally adjacent to the microvessel
analogues formed a 3-D ECM compartment that was comprised either of Type | collagen gel
alone (henceforth referred to as “collagen-only™) or a mixture of Type I collagen gel and
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high molecular weight HA (Sigma)[24] (henceforth referred to “collagen/HA™). For Type |
collagen gel constituent, either 3 or 6 mg/mL concentrations were employed to conduct the
sprouting angiogenesis assay and vessel permeability measurement respectively. These
concentrations for the collagen gel constituent were used for both the collagen-only and the
collagen/HA conditions. For collagen/HA conditions, HA at a concentration of 1 mg/mL
was mixed with collagen gel prior to polymerization. Previous reports on the ratio of
collagen to HA in breast tumors Jn vivorange from 2.4:1 — 7.7:1[2%]. Therefore, the collagen
to HA ratios used for this study (3:1 for the 3 mg/mL collagen condition and 6:1 for the 6
mg/mL collagen condition) are in line with these previously reported results.

The importance of mechanical properties of the ECM in tumor progression is now well
accepted(?6]. Thus, we characterized the mechanical stiffness of different ECM compositions
that were reconstituted /77 vitro using a high precision mechanical indentation testing system
for hydrogels (TA Instruments, Electroforce 5500). The measured stiffness for 3 mg/mL
collagen-only gels was 2.65 kPa (Figure 1D). Addition of HA at a concentration of 1 mg/mL
to 3 mg/mL collagen gels significantly increased the ECM stiffness to 4.51 kPa. At 6
mg/mL, the stiffness of the collagen-only gels were measured to be 8.75 kPa. Addition of
HA at a concentration of 1 mg/mL to 6 mg/mL collagen gels significantly increased ECM
stiffness to 17.81 kPa. For physiological context, the stiffness profile for normal breast tissue
is ~3 kPal27] while the previously reported range of stiffness measurements for breast cancer
tissue is 10.0-42.0 kPal270], Collectively, these results confirm that at a fixed collagen
concentration, the addition of HA enhances the mechanical stiffness of the ECM, as
measured by indentation testing[28.

In addition to characterizing the stiffness profiles of the ECM mixtures, we measured the
binding affinity of the CXCL12 isoforms (a., B, y) onto ECM surfaces using a surface
plasmon resonance (SPR) based assay[29]. For this assay, we measured the equilibrium
absorption of each CXCL12 isoforms onto the collagen-only (6 mg/mL) or collagen/HA (6
mg/mL collagen and 1 mg/mL HA) ECM surfaces that were cast on proprietary SPR chips
(Nicoya technology) and polymerized overnight. Each CXCL12 isoform (100 ng/mL) was
incubated onto ECM-treated surfaces for 1 day and measured with a Nicoya LSPR
instrument[30]. The peak intensity of each sample’s absorbance spectrum was considered the
equilibrium absorption. For each experimental measurement, we measured the absorbance
intensity of an untreated surface to serve as an internal normalizing factor. Our results
demonstrated no significant difference among the CXCL12 isoforms in binding to the
collagen-only surface (Figure 2A). This outcome suggests that CXCL12 isoforms bind
indiscriminately to collagen-only ECM. In contrast, for collagen/HA surfaces, CXCL12-y
exhibited significant increased binding by 7% to compared to the a and p isoforms (Figure
2B). These results demonstrate that altering the ECM content through the addition of
negatively-charged HA to the collagen ECM mixture preferentially enhances the binding of
the more positively-charged y isoform versus the a and  isoforms.
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2.2 Sprouting angiogenesis mediated by CXCL12 isoforms is contingent on ECM
composition.

We first assessed the angiogenesis promoting properties of specific CXCL12 isoforms using
our HUVEC-lined microvessel analogue system containing either collagen-only (3 mg/mL)
or collagen/HA (3 mg/mL collagen, 1 mg/mL HA) 3-D ECM gels. The microvessels were
treated with individual CXCL12 isoforms and compared to untreated controls by measuring
the normalized sprouting percentage (see Materials and Methods) for the experimental
conditions. In the collagen-only ECM, the untreated controls demonstrated minimal
sprouting (0.15% on day 1 and 0.78% at day 3), as expected (Figure 3A). In contrast,
CXCL12-a treatment elicited the greatest normalized sprouting percentage response in the
collagen-only ECM, increasing from 1.72% at day 1 to 4.29% at day 3. For comparison, the
normalized sprouting percentage showed no significant difference for CXCL12-f and
CXCL12-7y in collagen-only ECM at day 3, which was 1.65% and 1.02% respectively.
Therefore, in the collagen-only ECM, the rank order for the angiogenesis potency by the
CXCL12 isoforms was a > > -y. In addition, the sprout morphologies in response to
different CXCL12 isoforms are also shown in Figure 3A.

The normalized sprouting percentage for CXCL12 isoform-treated microvessels into a
collagen/HA ECM are shown in Figure 3B. Similar to the collagen-only ECM, untreated
microvessels demonstrated low levels of sprouting in the collagen/HA ECM (0.22%
sprouting ratio at day 3). Interestingly, of the three isoforms tested, CXCL12-y elicited the
most potent sprouting response in the collagen/HA ECM, increasing from 0.69 % at day 1 to
1.69 % at day 3. For comparison, there was no significant difference in normalized sprouting
percentage for CXCL12-B (1.04%) and CXCL12-a (0.74%) in collagen/HA ECM at day 3.
These vessel sprouting results were supported by the demonstrated CXCL12-isoform
specific responses of the SPR binding assay where the addition of negatively charged HA to
collagen ECM specifically enhanced the electrostatic interactions and immobilization of
CXCL12-y (Figure 2). Therefore, the collagen/HA mixture provides a binding surface that
augments the signaling response of CXCL12-y to the microvessel analogues. Consequently,
the rank order for the angiogenesis potency of the CXCL12 isoforms was inverted to y > 8 >
a for the collagen/HA ECM compared to the collagen-only ECM.

In addition, we observed distinct vessel morphologies in response to treatment by individual
CXCL12 isoforms in the collagen-only and collagen/HA devices. For the collagen-only
ECM, treatment with each of the CXCL12 isoforms resulted in multicellular extensions or
sprouts from the endothelial layer at the vessel/ECM interface (Figure 3A). In contrast, for
the collagen/HA ECM, treatment with the individual CXCL12 isoforms promoted sheet-like
migration of the endothelial cells that was reminiscent of local vessel dilation31] (Figure
3B). We further characterized this vessel dilation response by analyzing the total area
displacement of the HUVEC monolayer into the collagen/HA ECM during the course of the
experiments (Figure S1). We observed that the CXCL12-y treated microvessels showed
significantly more vessel dilation (3740 um?), as measured by the total displacement area of
HUVECs, compared to both CXCL12-B (1622 pm?) and CXCL12-a (1317 um?) treated
microvessels (Figure S1). It is well-established that tumor blood vessels are more dilated and
leaky compared to normal vessels[32]. Therefore, the observed outcomes suggest that
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collagen/HA matrices combined with CXCL12 treatment can promote a tumor angiogenesis
phenotype.

2.3 HA stabilizes vessel barrier function yet specifically enhances permeability by

CXCL12-y.

Typically, elevated vessel permeability is a consequence or either an acute or chronic
pathophysiological insult (e.g. inflammation or cancer) and is also coincident with increased
angiogenesis[ll. Therefore, we evaluated whether altering the ECM content can impact the
potency of different CXCL12 isoforms on vessel permeability when applied individually.

We measured the apparent vascular permeability by tracking the transvascular transport of a
fluorescent tracer dye conjugated to a macromolecule of known molecular weight dissolved
in culture medium (see Materials and Methods). We note that for the vessel permeability
assay, we increased our collagen working concentration from 3 mg/mL used for our
sprouting assay to 6 mg/mL because this elevated collagen concentration eliminated
significant sprouting that would disrupt our permeability measurements. In the collagen-only
ECM, the average vessel permeability for the untreated control was 4.52 x 1076 cm/s (Figure
4). Treatment with CXCL12-a in the collagen-only ECM more than doubled the vessel
permeability to 1.29 x 1075 cm/s. In contrast, treatment of the microvessels with CXCL12-p
or CXCL12-y had no significant effect and slightly decreased vessel permeability (3.10 x
1076 cm/s and 2.86 x 1078 cm/s respectively). These results demonstrate clearly that for
collagen-only ECM, the a. isoform was the most potent in increasing vessel permeability.

Next, we measured vessel permeability for collagen/HA ECM. For CXCL12-a treated
microvessels, the vessel permeability decreased significantly for the collagen/HA ECM
(6.43 x1076 cm/s) versus the collagen-only ECM (1.29 x 107> cm/s) (Figure 4). For
CXCL12-p treated microvessels, there was no difference vessel permeability in the
collagen/HA (3.37 x1076 cm/s) versus collagen-only (3.10 x 1078 cm/s) matrices. Finally,
for CXCL12-y treated microvessels, the vessel permeability was significantly greater by
2.2-fold for the collagen/HA ECM (6.37 x 1076 cm/s) versus the collagen-only ECM (2.86 x
1076 cm/s). Therefore, addition of HA to the collagen ECM selectively increased the vessel
permeability conferred by -y isoform compared to the collagen-only ECM, while having no
effect for the p isoform, and decreasing permeability for the a isoform. Similar to the
sprouting responses in the collagen/HA ECM, the vessel permeability results are supported
by the demonstrated CXCL12-isoform specific responses of the SPR binding assay. These
results suggest that altering the ECM composition can augment the capacity of the ECM to
sequester growth factors which ultimately alter their signaling potency. An important
regulator of endothelial barrier function is the adherens junction protein VE-cadherin[33]. We
assessed interendothelial expression of VE-cadherin at the HUVEC/ECM interface. By
visual inspection, there was no difference in cell coverage, cell morphology and expression
of VE-cadherin between for the HUVECSs grown on collagen-only versus collagen/HA ECM
(Figure 4B and 4C).

2.4 \Vessel sprouting and permeability mediated by the HA receptor CD44.

When comparing the untreated conditions, we observed that both vessel sprouting and
permeability decreased significantly by 72% and 46% respectively for the collagen/HA
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ECM versus the collagen-only ECM. Moreover, for the CXCL12- a conditions, there was
also a similar suppression of vessel sprouting and permeability in the collagen/HA versus
the collagen-only matrices, which decreased by 79% and 50% respectively. These results
prompted us to investigate whether the differences in vessel sprouting and permeability were
mediated by the HA receptor CD44[34] which has previously been shown to help regulate
vascular barrier function[3%], To study this effect, we applied a blocking antibody for CD44
(Invitrogen, MA5-13890) and measured the vessel sprouting and permeability responses in
the absence of CXCL12 treatment.

For the collagen-only ECM, anti-CD44 had no effect on the normalized sprouting
percentage (0.74 % at day 3) compared to untreated microvessels (0.78%) (Figure 5A). As
expected, these results support that the HA receptor CD44 is not involved with sprouting
responses in collagen-only ECM. However, application of the CD44 blocking antibody
significantly increased the sprouting percentage in the collagen/HA ECM (from 0.22% to
0.82 %). Therefore, in the collagen/HA ECM, blocking CD44 on HUVECS restores vessel
sprouting to the levels observed for the collagen-only ECM (0.82 % versus 0.74 %). With
regards to vessel permeability, for the collagen-only ECM, the anti-CD44 antibody had no
significant effect, as expected (Figure 5B). In contrast, for the collagen/HA ECM,
application of anti-CD44 increased the vessel permeability by ~35% from 2.43 x 1076 cm/s
to 3.35 x 1078 cm/s. However, this increase was not statistically significant. Moreover, the
vessel permeability for anti-CD44 treated microvessels was lower for the collagen/HA ECM
(3.35 x 1078 cm/s) versus collagen-only ECM (3.9 x 1076 cm/s). Therefore, in the
collagen/HA ECM, blocking CD44 on HUVECs only partially rescues the vessel
permeability values to the levels observed for the collagen-only ECM.

3. Discussion

The pivotal role of CXCL12 in promoting tumor growth and metastasis from the primary
site are well-established[15-17. 21, 361 et studies on CXCL12 typically focus on the a
isoform or do not specify an isoform. Defining functions of specific isoforms of CXCL12,
rather than considering this chemokine as a single entity, will advance understanding of
CXCL12 in cancer and other diseases. Furthermore, the recent findings from /n vivo settings
that distinguish CXCL12 isoforms by their tumor promoting properties also demonstrate the
heightened importance of assessing the cellular responses of CXCL12 isoforms in
physiological-like settings that include 3-D ECM, which can preferentially augment the
potency of the y and B isoforms over the more well-characterized a. isoform[22b]. However,
the instability and heterogeneity of /n vivo cancer can make it very difficult to
experimentally manipulate and derive information on the CXCL12-mediated regulatory
circuits on distinct compartments of tumors, such as the vasculature.

Here we integrated microfabrication to reconstitute vessel-like analogues /n vitro with ECM
hydrogels that were well-characterized by their mechanical and CXCL12-binding properties.
This approach enabled us to precisely distinguish specific isoforms of CXCL12 on their
angiogenesis and vascular permeability properties that were also mediated by changes to the
ECM composition. In the collagen-only ECM, the rank order of the CXCL12 isoforms in
promoting sprouting and permeability was a > B > -y. This order for angiogenic potency in
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the collagen-only ECM mirrors the known binding affinities of these isoforms to the CXCR4
receptor[29]. 1t was previously reported that collagen binds weakly and indifferently to
individual CXCL12 isoforms[22b] which was supported by our SPR results. Together, these
previous reports with our findings demonstrate that when presented in its soluble form to
endothelial cells, CXCL12-a is the most pro-angiogenic CXCL12 isoform.

A major finding of this study is the addition of HA to the collagen-based matrices
specifically augments the angiogenic potency of CXCL12-y. Angiogenesis can promote
metastasis from the primary tumor site by providing a route for vascular intravasation[16l. A
recent /n vivo study defined stromal-originating CXCL12 in promoting vascular
permeability that led to increased metastasis to distant sites7], While this study elegantly
elucidated the cross-talk between the mammary stromal and endothelial compartments using
a conditional knockout mouse, this model does not discern for individual CXCL12 isoforms.
In another leading study that identified CXCL12-y in primary tumors in driving breast
cancer metastasis, the /7 vivo model used was an orthotropic xenograft where CXCR4-
expressing cancer cells were co-implanted with fibroblasts that secreted individual isoforms
of CXCL12 (a, B, or y)[?L. An intriguing finding from this study was that while all
CXCL12 isoforms produced comparable growth of mammary tumors, CXCL12-y
significantly increased metastasis to distant sites compared to the other isoforms. Our study
isolated the effects of CXCL12 isoforms on the vasculature, and our findings suggest that
CXCL12-y promotes metastasis through the expansion of a leaky and dilated tumor
vasculature in ECM containing both collagen and HA.

The physiological relevance of our findings is readily apparent because breast tumors are
known to be especially rich in collagen and HAB71. With regard to HA, it is believed to have
both tumor-promoting and -suppressing properties[38]. Our results provide insights into the
dual nature of HA. In contrast to our findings due to the combined effects of CXCL12-y and
HA, the addition of HA alone to collagen-based matrices suppresses angiogenesis and vessel
permeability. However, the accumulation of HA specifically in the peritumoral stroma has
been directly implicated in the distant metastasis of breast cancer[39. In our study, CXCL12
was applied inside the microchannels lined with HUVECS (i.e. intravascularly) whereas in
the tumor microenvironment /in vivo, CXCL12 is most prominently secreted by stromal
fibroblasts located outside of blood vessels (i.e. extravascularly). Thus, a possible
interpretation of our findings is secreted CXCL12-y from inside tumors that enters the
tumor microcirculation is transported to the HA-rich peritumor stroma to help activate
angiogenesis, vessel permeability, and distant metastasis at this location. Moreover, targeting
CXCL12 by competitive inhibitors and the tumor ECM by enzymatic degradation have
emerged as two essential therapeutic strategies of widespread interest and investigation[40].
Therefore, the findings from our study can be informative of how to optimize these strategies
for inhibiting metastasis that is contingent for expression levels of CXCL12 isoforms and
tumor ECM composition.

In addition to investigating the angiogenic effects of soluble and insoluble/matrix-bound
CXCL12 isoforms, our study measured vascular outcomes due to ECM-specified HA and
cell receptor CD44 interactions. The addition of HA to our collagen-based matrices
suppressed both vessel sprouting and permeability in the absence of CXCL12 treatment.
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Neutralizing HA-CD44 interactions with a blocking antibody for CD44 completely restored
sprouting and partially rescued permeability levels compared to the collagen-only
counterparts. These results support that CD44 is key for controlling HA-mediated
angiogenic responses. Another manner by which HA alters the ECM is by increasing
stiffness, which we measured for our ECM hydrogel mixtures using indentation testing. We
confirmed that the stiffness profiles of the ECM hydrogel mixtures used for this study were
in line with normal mammary and breast tumor tissues[27]. A recent study using matrix
cross-linking showed that tissue stiffness promotes vessel outgrowth and decreased vessel
barrier functionl24l. However, our study, as was conducted, is not conducive for identifying
stiffness-mediated angiogenesis because the HA-mediated increases in stiffness were also
associated with increases in total ECM concentration. Therefore, our study does not
decouple the effects of stiffness and ECM ligand functionality. Nonetheless, our findings
demonstrate the multifaceted influence that ECM-specified HA can exert on vessel sprouting
and permeability, whether acting directly through CD44 signaling or indirectly by
sequestering and augmenting the potency of certain chemokines (e.g. CXCL12- ).

4. Conclusion

Using 3-D microfluidic biomimicry, we investigated how the ECM-binding capabilities of
specific CXCL12 isoforms (a, B and y) influence vessel sprouting and permeability. As
expected, CXCL12-a demonstrated to be the most potent of the isoforms tested in
promoting sprouting angiogenesis and vessel permeability in collagen-only hydrogels.
However, our findings demonstrate that the addition of HA to collagen-based hydrogels
preferentially augments sprouting and permeability responses conferred by the y isoform.
Moreover, the increased potency of the y isoform on angiogenic responses in collagen/HA
may be attributed to matrix-ligand binding interactions that are not prominent in collagen-
only ECM. This notion is supported by the measured binding affinities of the CXCL12
isoforms onto ECM surfaces, where we verified that CXCL12-y exhibited significantly
increased binding to the collagen/HA surface compared to the a and p isoforms. We also
observed that HA on its own decreased vessel sprouting and permeability, and these
responses were nullified by functional blocking the HA receptor CD44. Collectively, our
results demonstrate that differences in binding to the ECM help underlie CXCL12 isoform
specific-differences in angiogenesis. Furthermore, these findings were enabled by our
deconstructed /n vitro approach that integrated microfabrication with detailed ECM
materials characterizations to advance our understanding of the CXCL12-ECM regulatory
circuit that orchestrates angiogenesis.

5. Materials and Methods

5.1 Fabrication of microfluidic device

The biomimetic microfluidic microvessel analogue was fabricated using PDMS lithography.
Briefly, the basic and curing agent of PDMS was mixed at 10:1 ratio and poured onto
patterned mold wafer. Then, the patterned PDMS layer was irreversibly bonded onto a glass
slide by plasma treatment. The assembled microfluidic device was placed in the 65°C
overnight to promote the bonding between PDMS and glass slide. Type | collagen gel
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(Corning Inc.) isolated from rat tail was introduced into the central compartment as the ECM
component and polymerized at 37°C in a humidified incubator overnight prior to cell
seeding. High molecular weight HA was mixed with collagen gel at a concentration of 1
mg/mL HA to prepare collagen/HA matrices. The collagen-only or the collagen/HA pre-
polymer mixture was pipetted into the central channel and polymerized overnight in an
incubator before further usage.

5.2 Mechanical characterization of extracellular cellular matrices

Both 3 and 6 mg/mL concentration of collagen-only and collagen/HA were casted on 6 mm
diameter custom made PDMS wells of 1 mm thickness. Samples were kept immersed in
phosphate-buffered saline (PBS) during mechanical testing to maintain the collagen-based
gels in a hydrated environment. Stiffness measurement was conducted by the high precision
indentation system which was programmed to indent the gel to up to 40% strain at 10 %
increasing intervals lasting 300 seconds eacht#!]. The peak loads responses were
automatically recorded and used to calculate stress using the displacement at each interval
and known indenter geometry (diameter of 4.8 mm). Stress responses were automatically
recorded corresponding to each strain. The indentation modulus is defined as the ratio of
stress over strain.

5.3 Preparation of HUVECs

Human umbilical vein endothelial cells (HUVECs) were purchased from Lonza and cultured
in endothelial growth medium 2 (EGM-2) medium (Lonza). HUVECSs were cultured in T-75
flasks in a humidified cell culture incubator at 37°C and 5 % CO, with the medium being
changed every two days. Cell passage numbers of 5 — 12 were used in this study. To improve
the biocompatibility of the microfluidic device, the lateral channels were coated with
fibronectin solution at a concentration of 100 pg/mL at least 25 minutes prior to cell seeding.
HUVECs were harvested from flasks using 0.05 % EDTA-Trypsin (Invitrogen) for 4
minutes, and the cell suspension was centrifuged at 950 RPM for 4 minutes. To acquire a
monolayer of HUVECS lining the lateral channels, the cell suspension was adjusted to ~ 7 x
108 cells/mL and introduced to both channels by pipetting. Medium was changed every day
in the device to ensure better cell attachment and healthy cell growth. For all experiments,
treated conditions were introduced after cells had been cultured in the microfluidic device
for 1 day to ensure treatment had no effect on initial cell attachment. To compare the effects
of CXCL12’s a, B, and y isoforms on vessel behavior/morphology, each were introduced
individually into vessel channels at a concentration of 100 ng/mL (Peprotech Inc.). For
CD44 blocking experiments, trypsinized HUVECs were treated with medium containing
CDA44 antibody (2 pg/mL, Invitrogen) for 30 minutes at room temperature prior to seeding.

5.4 Quantification of ECM-bound CXCL12

6 mg/mL concentration of collagen-only ECM and collagen/HA were cast on the SPR chip
(Nicoya technology) and polymerized overnight. CXCL12-a, B, and y isoforms were added
at a concentration of 100 ng/mL then incubated for 1 day. SPR measurements were
conducted using the Nicoya LSPR instrument.
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5.5 Sprouting angiogenesis assay

HUVECs were cultured in microfluidic devices for three days using culture medium
supplemented with CXCL12 isoforms. Phase-contrast images of sprouts from ECM/vessel
interfaces were taken every 24 hours and NIH ImageJ software was used to evaluate the
specific sprouting area of each device. The Normalized Sprouting Percentage was defined in
Equation 1, which is a percentage of sprouting area increase divided by a reference area
Arer- A(0) takes into account the area of any sprouts present before treatment while A(N)

represents total sprouting area N days after treatment begins. To analyze cases involving
non-sprouting phenotypes, such as endothelium expansion into collagen/HA matrices, the
total area of endothelium expanded into the ECM compartment but behind the monolayer
was tracked over time and defined as vessel dilation (See supporting information Figure S2
and S3).

_ A(N) - A(0)
A

Normalized Sprouting percentage (%) = or x 100% Equation 1

5.6 Apparent vessel permeability measurement

6 mg/mL collagen was used for permeability experiments to minimize spontaneous
sprouting. HUVECs were cultured in the microfluidic devices for 2 days with individual
CXCL12 isoform-supplemented medium prior to the permeability measurement. To measure
the apparent permeability, 2 uL of 70 kDa Texas Red-conjugated Dextran fluorescent dye at
a concentration of 0.05 mM was passively loaded into one of the HUVEC-lined channels.
Time-lapse images of dye diffusion from the vessel channel into the ECM channel were
taken with an epifluorescent microscope for at least 5 mins. NIH ImageJ software was used
to analyze the intensity change over time in the adjacent ECM region as dye diffused across
the endothelial monolayer. The apparent permeability P4, of each microvessel was

calculated using Equation 2. A/is the constant source intensity in the vessel channel
immediately outside of each aperture, % is the intensity change in the adjacent ECM region

. vy . . .
over time, and S—” is a volume to surface area ratio of the dye-loading channel.
12

Representative analytical images of an apparent permeability

1 dl Vo .
Pypp= (ﬂ) X (E) X (S_u) . Equation 2

measurement are provided in supporting information Figure S4.

5.7 Immunofluorescence staining

HUVECs that were cultured for 3 days in microvessel analogue system were fixed by 4 %
paraformaldehyde (Sigma-Aldrich) for 15 minutes at room temperature. Then, the
microvessels were permeablized by incubating with 0.1 % Triton X-100 (Sigma-Aldrich) for
20 minutes. Subsequently, the microvessels were incubated with 0.1% BSA overnight at 4
°C to avoid non-specific binding. VE-cadherin was stainned by incubationg with Alexa 647
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conjugated anti-human VE-Cadherin primary antibody (Life Technologies) overnight. Cell
nuclei of HUVECs were stainned by DAPI at 1:1000 dilution for 5 minutes. Confocal
microscopy was performed on the stained microvessel using a laser scanning confocal
microscope (Nikon A1R) with a 40X oil immersion objective. Confocal stacks of
approximately 150 um in height with a z-step of 0.5 um were acquired for image analysis
(~300 total images per stack). Reconstruction of the image stacks were done with Imaris
software for the top and planar views.

5.8 Statistical analysis

Numerical data reported in this manuscript were expressed as mean + the standard error
(S.E.M). Each experimental condition was performed at least in three replicates to conduct
statistical analysis. Variations of all data were statistically analyzed by performing one-way
ANOVA followed by post-hoc unpaired, two-tailed Student t test, executed by origin lab
software. To compare the statistical difference of each experimental condition, the asterisk
mark (%) was applied as * for p-value <0.05, ** for p-value <0.01, and *** for p-value
<0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

3-D biomimetic model for studying vessel sprouting and permeability. (A) Schematic of
CXCL12-induced tumor angiogenesis; (B) Schematic of developed microfluidic microvessel
analogue for studying sprouting and permeability; (C) Phase-contrast images of human
umbilical vein endothelial cells (HUVECS) cultured in microfluidic microvessel analogue.
Scale bar = 100 pm; (D) Indentation modulus (stiffness) of collagen-only and collagen/HA
matrices. The data were expressed as mean = standard error (n=>5 for collagen-only gel; n=7
for collagen/HA matrices). Unpaired two-samples t-test were performed to evaluate the
statistical significance. * indicates p-value < 0.05.
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Figure 2.
CXCL12 isoform absorption on collagen-only and collagen/HA ECM measured by Surface

Plasmon Resonance (SPR). (A) In the collagen-only ECM, CXCL12-a, B, and -y isoforms
did not show preferentially absorption. (B) CXCL12-y significantly increased 7 %
compared to CXCL12-a and CXCL12- isoforms on collagen/HA ECM. The data were
expressed as mean =+ standard error (n= 3). One-way ANOVA followed by post-hoc
unpaired, two-tailed Student t test assays was performed to evaluate the statistical
significance.
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Figure 3.
Sprouting angiogenesis mediated by CXCL12 isoforms in collagen-only and collagen/HA

matrices. (A) Sprouting ratio and sprouting morphology in collagen-only ECM; (B)
Sprouting ratio and sprouting morphology in collagen/HA ECM. The data were expressed as
mean + standard error (n=4 for collagen-only gel; n=3 for collagen/HA matrices). Dashed
lines indicate PDMS apertures. One-way ANOVA followed by post-hoc unpaired, two-tailed
Student t test assays was performed to evaluate the statistical significance. * and ** indicate
p-value < 0.05 and < 0.01, respectively. Scale bars = 100 pum.
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(A) Apparent permeability of CXCL12 isoform treated microvessels in collagen-only and
collagen/HA matrices; VE-cadherin junction protein (red) and DAPI (blue) staining of (B)
untreated collagen-only and (C) untreated collagen/HA microvessel at the HUVEC/ECM

interface. Dashed lines indicate PDMS apertures. Scale bars = 20 um. The data were

expressed as mean + standard error (n=4 for collagen-only ECM test condition; n = 3 for
collagen/HA matrices condition). One-way ANOVA followed by post-hoc unpaired, two-
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tailed Student t test assays was performed to evaluate the statistical significance. * and **
indicate p-value < 0.05 and < 0.01, respectively.

Aadv Healthc Mater. Author manuscript; available in PMC 2021 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chang et al.

(A)

14 ¢

o NS M Untreated

g12 B Anti-CD44

810 } 2ty

o

E’ 08

30.6 -

& 04 }

3

NO02 }

©

E 00

z Collagen-only  Collagen/HA
(B)

06 M Untreated

0 I NS :

€ 05 — B Anti-CD44

© ' NS

© 04

) I

> 0.3 _

2 02

Q L

€ 0.1

)

o

0

Figureb.

Collagen-only Collagen/HA

Page 20

HA-CD44 mediated sprouting and permeability. A blocking antibody (anti-CD44) was

applied to neutralize ECM-located HA with CD44 receptors on HUVECs. (A) Vessel

sprouting in collagen-only and collagen/HA matrices. For the collagen/HA ECM, anti-CD44
blocking significantly increased sprouting by 73% compared to the untreated control (n = 3

control unblocked experiments; n =5 for CD44 functional blocking experiments). (B) Vessel
permeability measurements in collagen-only and collagen/HA matrices. For the

collagen/HA ECM, anti-CD44 increased permeability by 35% compared to untreated,
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although this response was not statistically significant (n = 3 control unblocked experiments;
n = 7 for CD44 functional blocking experiments). The data were expressed as mean +
standard error. Unpaired two-samples t test was performed to evaluate the statistical
significance. NS indicates no significant difference.
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