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Angiogenesis frequently occurs in the context of acute or persis-
tent inflammation. The complex interplay of proinflammatory and
proangiogenic cues is only partially understood. Using an experi-
mental model, permitting exposure of developing blood vessel
sprouts to multiple combinations of diverse biochemical stimuli
and juxtacrine cell interactions, we present evidence that a proin-
flammatory cytokine, tumor necrosis factor (TNF), can have both
proangiogenic and antiangiogenic effects, depending on the dose
and the presence of pericytes. In particular, we find that pericytes
can rescue and enhance angiogenesis in the presence of otherwise-
inhibitory high TNF doses. This sharp switch from proangiogenic to
antiangiogenic effect of TNF observed with an escalating dose of
this cytokine, as well as the effect of pericytes, are explained by a
mathematical model trained on the biochemical data. Furthermore,
this model was predictive of the effects of diverse combinations of
proinflammatory and antiinflammatory cues, and variable pericyte
coverage. The mechanism supports the effect of TNF and pericytes
as modulating signaling networks impinging on Notch signaling and
specification of the Tip and Stalk phenotypes. This integrative anal-
ysis elucidates the plasticity of the angiogenic morphogenesis in the
presence of diverse and potentially conflicting cues, with immediate
implications for many physiological and pathological settings.
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Developmental and physiological processes are frequently
guided by diverse, sometimes conflicting cues. For instance,
angiogenesis—the growth and morphogenesis of new vascular
networks from existing ones—is triggered by the disruption of the
local oxygen supply, encoded at the signaling level by a host of
secreted factors (1, 2). Angiogenesis also frequently occurs in the
presence of proinflammatory stimuli, both acute, as in physiolog-
ical wound healing, and persistent, as in tumor growth and during
various pathologies, including asthma and chronic wounds (3, 4).
The proinflammatory signals can have a direct effect on vascular
stability, and the initiation and progression of angiogenesis (5-7).
The signaling cues in the local microenvironment can also change
in time as the oxygen supply is gradually restored and as other
concomitant processes, such as resolution of inflammatory re-
sponse, unfold. Therefore, a proper control of vascular mor-
phogenesis must involve a tight coordination of responses to
both proangiogenic and proinflammatory cues. However, despite
decades-long research, it is not clear how this coordination is
achieved and how it may be misregulated in various pathological
settings, including cancerogenesis, leading to the emergence of
abnormal structure and function of the vascular beds. In particular,
previously reported findings provide conflicting evidence as to
whether the local inflammatory response may be proangiogenic or
antiangiogenic (5, 7-9). The complexity of the problem is further
exacerbated by the intricate organization of vascular and im-
mune systems, involving interaction between multiple cells types
within highly organized cellular networks. Thus, new tools and
approaches may be needed to address the interplay of distinct
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environmental and cell-generated cues in regulating angiogenesis
or other complex morphogenetic processes.

Angiogenesis has been studied on diverse scales, from mo-
lecular networks to tissues, using a very diverse set of techniques.
In particular, mimicking angiogenesis in various bioengineered
devices by multiple groups has allowed a careful untangling of the
basic regulatory mechanisms governing this process (10-12). Many
of the inferred mechanisms have been confirmed in vivo, justify-
ing the methodology, and leading to its use in tissue engineering
efforts and medical interventions. However, a degree of simplifi-
cation inherent in many of these methods frequently leaves im-
portant questions open. Therefore, a continued enhancement of
the tissue-modeling technologies is still needed to gain a better
understanding of the complex underlying biology. Arguably, these
developments can also benefit from computation modeling and
theoretical analysis to account for salient features of complex in-
tracellular and intercellular molecular interactions.

A key process underlying angiogenesis is differentiation of
endothelial cells (ECs) into diverse phenotypic states, including
the so-called Tip and Stalk cells (8, 9, 13, 14). The Tip cells engage
in locomotion within a hypoxic tissue leading the growing sprout,
while Stalk cells undergo proliferation in coordination with the Tip
cell locomotion to ensure the continuity of the growing sprout.
These cells can undergo dynamic phenotypic switching, with some
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Stalk cells occasionally replacing the existing Tip cell or forming
additional Tip cells and spearheading new branches. These phe-
notypic states can be induced by proangiogenic factors (15) with
the differentiation into distinct states further enhanced in neigh-
boring cells by juxtacrine activation of the Notch signaling pathway
(14). As the emerging vessel matures, a lumen forms through a
partially understood set of mechanisms, involving cell remodeling
and reorganization (1, 16-18). These processes underlying angio-
genic morphogenesis can be controlled by both proangiogenic
growth factors, such as vascular endothelial growth factor (VEGF),
and cytokines associated with inflammation, such as tumor necrosis
factor (TNF) (8, 9). Whereas the effects of VEGF are thoroughly
explored and well understood, the interplay between VEGF and
TNF signaling and the resulting effects of these potentially con-
flicting cues remain a matter of debate, with little information
available about the cross talk of the pathways these ligands can
trigger on the molecular level. Furthermore, although supportive
mural cells, such as pericytes (PCs) and smooth muscle cells, have
been implicated in angiogenesis and maintenance of blood vessels
(19, 20), it is not clear how they might modulate the effects of
VEGEF and TNF, and other relevant cues on ECs.

To address the need for a better, more quantitative understand-
ing of the cross talk between proangiogenic and proinflammatory
stimuli, here we report on development of a mesoscale fabrication
technique allowing modeling and monitoring of angiogenesis on
the single-cell level. This method allows analysis of angiogenesis in
the presence of highly controlled prepatterning of ECs and PCs
within a collagen matrix, in the presence of diverse combinations
of proangiogenic and proinflammatory cues. To account for the
experimental findings and to unravel the mechanisms controlling
cell differentiation in response to diverse, potentially conflicting
cues, we modified and extended a previously developed mathe-
matical model of angiogenesis to account for the effects of TNF
and PCs (8). We experimentally validated the model assumptions
and predictions, and showed that it can account for various un-
expected effects of the complex extracellular milieu. In particular,
we demonstrate that the effect of TNF can sharply switch from
proangiogenic to antiangiogenic, depending on its concentration
and the other environmental inputs. We also show that PCs can
modulate the signaling processes activated by proangiogenic and
proinflammatory cues, strongly modulating the phenotypic selec-
tion at the onset of angiogenesis and rescuing antiangiogenic ef-
fects of TNF. These findings can assist in quantitative analysis and
control of angiogenesis, particularly in the presence of the in-
flammatory response, in normal and pathological conditions.

Results

To analyze the effects of different combinations of molecular
proangiogenic and proinflammatory cues and of mural cells on
angiogenesis, we engineered a biomimetic system allowing pre-
cise structuring of an artificial blood vessel, with controlled
juxtaposition of layers of ECs and PCs within a collagen gel (see
Fig. 1 A-C and SI Appendix, Fig. S1 and Materials and Methods for
details). The diameter of the resulting semicylindrical parental
vessel was 200 pm, similar to previously published microfabricated
3D angiogenesis models (11, 21). ECs formed a complete mono-
layer within the engineered parental vessel and produced base-
ment membrane on the abluminal side consistent with correct
apicobasal polarity (S Appendix, Fig. S2), forming multiple new
lumenized sprouts under proangiogenic conditions described be-
low, as assayed by distribution of dextran-loaded medium from the
parental vessel into the growing sprouts (SI Appendix, Fig. S3). The
unique half-cylinder configuration of this model allowed the po-
sitioning of ECs and PCs in the fabrication steps as described in S/
Appendix, Fig. S1. We next demonstrated the unique feature of
this model allowing for precise prepatterning of PCs (or other
mural cells) on the abluminal vessel side, during the parental vessel
fabrication (SI Appendix, Fig. S1). We found that PC assumed
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elongated morphology with processes, characteristic of their
in vivo endothelial coverage (Fig. 1D). We note that, unlike other
previously described engineered blood vessel models with mural
cells (22-25), the major advantage of this newly developed ex-
perimental system is a highly controlled juxtaposition between ECs
and PCs from the outset of the experiment, without any additional
treatment used to recruit PCs onto endothelium from the sur-
rounding gel. The cells were accessible to high-resolution imaging
modalities, including confocal microscopy, which was used
throughout the experimental analysis presented here. Functionally,
one of the effects of PCs is to increase the microvessel stability,
which is reflected in lower leakage and permeability to luminal
substances. Indeed, we found that the vascular permeability of lu-
minal FITC-dextran was decreased by 40% in the presence of PCs
vs. the PC-free version of the system (SI Appendix, Fig. S4 A-D).
To further investigate the utility of this experimental system for
the analysis of angiogenesis, we supplied exogenous proangiogenic
and proinflammatory cues (Fig. 1C). In particular, we delivered a
previously reported (11) proangiogenic mixture by allowing it to
diffuse through the collagen gel surrounding the engineered vessel.
This mixture contained VEGF supplemented with 40 ng/mL basic
fibroblast growth factor (bFGF), 500 nM sphingosine-1-phosphate
(S1P), and 75 ng/mL phorbol 12-myristate 13-acetate (PMA). We
found that, with or without PCs, within 3 d, this mixture indeed
triggered extensive angiogenesis resulting in multiple lumenized
sprouts, extending many cell diameters from the parental vessel,
frequently with multiple branches (Fig. 1 E-J). Notably, if 100 ng/mL
TNF was locally supplied in addition to the proangiogenic
mixture, in the absence of PCs, the formation of long, lumenized
sprouts was completely abolished (Fig. 1 E and H). Instead, we
observed the formation of protrusions primarily consisting of sin-
gle cells (“minisprouts”), also forming on the abluminal side of the
parental vessel wall (Fig. 1F). This response suggested that 100 ng/mL
TNF had an essentially antiangiogenic effect, perturbing a key
aspect of successful luminal sprout formation. Strikingly, this
antiangiogenic effect of TNF was completely rescued if the ex-
periment was repeated in the presence of PCs covering the
abluminal side of the engineered vessel (Fig. 1 E and J). Surprisingly,
we also found that many of the sprouts forming under these con-
ditions were longer vs. those observed in the absence of TNF,
suggesting an additional proangiogenic effect of the TNF-PC
combination. On the other hand, the effect of PCs on VEGF-
mediated angiogenesis in the absence of TNF was relatively mi-
nor, with slight decrease of the number but not the length of the
sprouts (Fig. 1 E and I). Overall, these results supported the ex-
perimental assay as a controllable model of angiogenesis. More
importantly, our findings revealed a complex control of angio-
genesis by multiple cues presented in different combinations, with
the effect of TNF strongly modulated by the presence of PCs.
Due to the complex nature of the proangiogenic mixture, we
explored whether VEGF signaling alone might interact with the
cues provided by TNF and PCs in a fashion similar to that of the
whole mixture (Fig. 2 A-F). We found that, in the absence of
PCs, 100 ng/mL. VEGF alone induced a very limited but mea-
surable effect, promoting the formation of single-cell minisprouts
(Fig. 24), but not the lumenized longer sprouts enabled by the full
mixture. Interestingly, however, we observed that even this limited
effect of VEGF was completely abrogated if 100 ng/mL TNF was
also supplied to the cell environment (Fig. 2C). This result was
again suggestive of antiangiogenic effect of TNF, even in the
context of a limited proangiogenic phenotype promoted by VEGF.
We found that the effect of TNF was again partially reversed in the
presence of PCs, leading to a more limited formation of minisprouts
(Fig. 2D) vs. the effect of VEGF in the absence of PCs and TNF
(approximately 2-fold lower minisprout formation) (Fig. 2B).
The experiments also suggested that PCs without TNF had a
more pronounced inhibitory effect on VEGF-induced minisprout
formation (number of minisprouts) vs. either sprout or minisprout
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Fig. 1. Three-dimensional angiogenesis model effectuating the interaction between endothelium and PCs. (A) Layered structure of a capillary vessel: en-
dothelium, basement membrane, and PCs. (B) Schematic description of angiogenesis costimulated by cues from inflammation and ischemic tissue. This study
focuses on how those possibly conflicting cues control angiogenesis in multicellular vessel structure. (C) Schematic diagram of 3D angiogenesis model
mimicking the organization of capillary vessel embedded in collagen type I. (D) Confocal images of ECs (red) and PCs (green): (i and ii) ECs formed a
monolayer on the channel, and PCs were covering the endothelium in close proximity. (Scale bar, 100 pm.) (iii-v) Basal sides of ECs and PCs were facing each
other. (Scale bar, 20 um.) Quantified lumenized sprouts (£) and single-cell-sized minisprouts (F) from angiogenesis assay on the 3D angiogenesis model. Data
were acquired from 4 positions with 2 independent experiments for each condition. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Confocal images
of lumenized sprouts formation in response to gradient of VEGF (G), single-cell-sized minisprouts formation in response to gradient of VEGF and local TNF
(H), shorter sprouts in response to gradient of VEGF in the presence of PC (/), the rescued sprout formation in response to gradient of VEGF and local TNF in
the presence of PCs (J). Actin filaments of ECs and PCs were stained with phalloidin (red), and PCs were prelabeled with DiD (white). Nucleic acid was stained
with DAPI (blue). The white arrows in G (ii and iii), I (ii and iii), and J (ii and jii) indicate sprouts with hollow lumens. (Scale bar: 50 pm in i, 25 pm in i and iii,
100 pm in iv and v of G-J.) Mixture medium was used as a basal medium for all samples. Samples were treated with VEGF and TNF for 3 d.
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Fig. 2. Interplay of TNFa and VEGF on initiation of angiogenesis and its alteration by PCs. Representative images of minisprouts formation and cell migration
induced by VEGF without (A) and with (B) PCs. Inhibited minisprouts formation by TNF without PCs (C) and rescued minisprouts formation by PCs (D). GFP-
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response in normal growth medium without any supplement. Quantification of minisprouts formation without (£) and with (F) PCs. Data were acquired from
4 positions with 2 independent experiments for each condition. Samples were treated with VEGF and TNF for 3 d. (G) Experimental setup for vasculogenesis
assay. Endothelial monolayer was cultured between 2 collagen layers, and TNF and VEGF were added with normal culture medium. Total length of tube-like
structure (H) and mesh area (/) were quantified from S/ Appendix, Fig. S5. Error bars, SD + mean of experiment values obtained in triplicate. *P < 0.05, **P < 0.01,
***%P < 0.001, and ****P < 0.0001.
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formation induced by the full mixture (Fig. 2 E and F). Overall,
these results supported the rescue effect that PCs can have on
the antiangiogenic TNF signaling, even in the presence of a weak
proangiogenic signal leading to incomplete sprout formation.

We also performed a more traditional vasculogenesis-mimicking
assay relying on culturing cells being “sandwiched” between 2 slabs
of collagen gel (Fig. 2G). As expected, this cell culture method
resulted in the characteristic mesh networks indicative of EC self-
organization, thought to be reflective of conditions also leading to
the vascular bed formation in vivo (Fig. 2G and SI Appendix, Fig.
S3 A-H). We again found that the formation of these networks
was significantly perturbed by TNF and that this inhibitory effect
was rescued by the presence of PCs (Fig. 2 H and I).

Given the observed effects of TNF and PCs, we next investi-
gated the molecular mechanisms of cross talk between proangio-
genic and antiangiogenic cues and their modulation by PCs.
Successful angiogenesis relies on a coordinated differentiation of
ECs in the parental vessel into the Tip and Stalk phenotypic states.
This process is regulated by activation of the Notch-mediated
signaling, serving, as in many other differentiation contexts, to
stabilize distinct cell fates in adjacent cells. Two Notch-ligands
have been strongly implicated in regulation of Notch activity
during angiogenesis: Delta-4 (DI14) and Jagged-1 (Jagl) (8, 9, 14).
Furthermore, VEGF and TNF can induce the expression of DIl4
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and Jagl, respectively (9, 26). We therefore investigated how the
signaling networks specific to VEGF and TNF might interact with
each other in the presence or absence of PCs. To enable this
analysis, we simplified the experimental system by culturing ECs as
a monolayer, both in isolation and in coculture with PCs (Fig. 34).
Two types of coculture were used. In the first, the PCs were cul-
tured on a porous membrane within an insert that was within the
same culture medium as the ECs, enabling spatial separation of
the heterotypic cells, but also a possibility of paracrine interactions
between them (EC/PC coculture). In the second, the ECs and PCs
were cocultured on 2 sides of the same porous membrane, which
enabled both contact-mediated and paracrine interactions (EC-
PC coculture). Indeed, we observed ECs and PCs making con-
tact through the 0.4-um pores and forming N-cadherin-rich junc-
tions in EC-PC coculture (Fig. 3B). The results in the above
coculture experiments were contrasted with those from an endo-
thelial monolayer monoculture experiments (EC culture), used as
a control condition.

We then evaluated the signaling responses to TNF or VEGF
alone, or the mixture of these signals. In particular, we analyzed
the phosphorylation of NF-xB and Erk at 10 min following the
stimulation (the time at which these pathways display a high
acute activation), as these pathways are both implicated in spe-
cific responses to these ligands, and as mediating Jagl and DIl4,
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Inhibition of TNFa- and VEGF-mediated signaling pathways on endothelium in a PC contact-dependent fashion. (A) Experimental setup for monoculture

(EQ), no contact coculture (EC/PC), and direct contact coculture (EC-PC) of ECs and PCs using Transwell inserts. (B) ECs (green) and PCs (white) sitting across a
permeable membrane. ECs and PCs are making N-cadherin (red) adhesion through pores of the Transwell membrane. (C) Phosphorylation levels of TNF and VEGF
downstream targets analyzed by Western blots. The bar graphs of pNFkB/NFkB (D) and pErk/Erk (E) were quantified from blot images (n = 3). (F) Notch ligand Jag1
and DII4 expression analyzed by Western blots. The bar graphs of Jag1/GAPDH (G) and DII4/GAPDH (H) were quantified from the blot images (n = 3). PCs down-
regulated the downstream of VEGF and TNF in ECs, in a cell contact-dependent fashion. Error bars, SD + mean of experiment values obtained in triplicate.

*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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respectively. We found that NF-kB was indeed potently activated
by TNF, whereas VEGF primarily activated Erk, under all con-
ditions (Fig. 3 C-E and SI Appendix, Fig. S6 A and B). Fur-
thermore, the effect of the combination of VEGF and TNF was
additive, suggesting a limited cross talk between the signaling
pathways downstream of the receptors. We then investigated the
effect of PCs on the signaling outcomes. In the EC/PC coculture,
we found that PCs had no significant effect on the phosphory-
lation of the signaling molecules (Fig. 3 C-E), with a possible
exception of JNK (S Appendix, Fig. S6 A and B). On the other
hand, in the EC-PC coculture, there was a strong and highly
significant inhibitory effect on all signaling molecules (Fig. 3 C-E).
These results suggested that PCs inhibit signaling by both VEGF
and TNF in a contact-dependent fashion.

We then explored if these short-term signaling effects could be
reflected in the longer term changes in the expression levels of
Jagl and DIl4. We found, as expected, that, at 16 h following
exposure to signaling inputs, VEGF specifically induced an in-
creased expression of DIl4, whereas TNF enhanced the expression
level of Jagl (Fig. 3 F—H). We further observed that a combination
of these ligands induced the expression of DIl4 and Jagl to levels
induced by each of the corresponding signaling inputs alone, again
suggesting a very limited cross talk between the signaling pathways.
We also again did not observe a significant effect of PCs on ex-
pression of these 2 molecules in the EC/PC coculture (Fig. 3 F-H).
However, in the EC-PC coculture case, we found a significant
down-regulation of Jagl and DIl4 in response to TNF and VEGF
inputs, respectively (Fig. 3 F-H). Interestingly, despite the additive
signaling effect of the 2 ligands, the influence of PCs on the
combined action of TNF and VEGF in the EC-PC coculture was
much more muted but has nevertheless resulted in a significant
reduction of Jagl levels vs. the control case (Fig. 3 F-H). Overall,
these results suggested that PCs may down-regulate the VEGF-
and TNF-induced expression of DIl4 and Jagl in ECs, in a cell
contact-dependent fashion, in a manner consistent with the effects
of PCs on the signaling pathways triggered by these proangiogenic
and antiangiogenic factors. However, these results also raised
the question of why the effect of PCs in the EC-PC coculture
on expression of DII4 was not significant. More generally, it was
not clear how these molecular interactions might quantitatively
translate into angiogenic outcomes. We thus next explored these
questions and the angiogenic response more generally through a
combination of mathematical modeling and experimental analysis
in the 3D angiogenesis model.

To further investigate the possible interplay between TNF and
VEGTF signaling in the presence of PCs and its effect on the
expression of Jagl and DII4, and, ultimately, angiogenesis, we
developed a mathematical model, partially based on a previous
study (8). We note that this model, as any other model, was a
simplification of a much more complex process. In particular,
the focus on the model was not on the consistently present
components of the cell microenvironment, e.g., various com-
ponents of the proangiogenic mixture or the chemical and
mechanical cues emerging from the extracellular matrix of lu-
minal medium. Rather, the model was focused on the variable
environmental components, including VEGF and TNF. Fig. 44
shows the schematic diagram describing the interactions be-
tween Notch, VEGF, and TNF signaling. VEGF and TNF are
treated as extracellular input signals, whereas the intracellular
signaling networks consist of 3 interconnected modules: the
Notch module, the VEGF response module, and the TNF re-
sponse module. The Notch module models signaling due to the
engagement of the Notch receptor by the DIl4 and Jagl ligands,
transduced by the cleaved Notch Intracellular Domain (NICD).
The VEGF and TNF modules describe lumped signaling pathway
activations in response to each of these ligands. These modules
interact with the Notch module through a cross-talk mechanism
as described below (26). First, TNF induces the expression of
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Jagl by activating NF-xB. Moreover, NCID can transcriptionally
inhibit the expression of the VEGF receptor (VEGFR2) (27,
28), whereas activated VEGF module (AVEGF) induces the
expression of DIl4. Finally, according to the published studies
(28), and as captured by the previous model (8), activated Notch
module can suppress DIl4 transcription and induce Jagl tran-
scription in the same cell. These interactions have been modeled
as a series of ordinary differential equations, as described more
in detail in ST Appendix, Mathematical Modeling. Finally, we also
introduced the effect of PCs into the model by specifying the
degree to which these cells can suppress the activation of DIl4
and Jagl (Fig. 4B), based on the experimental data above (Fig.
3). Since the key phenotypic outcome regulated by these sig-
naling pathways and controlling the initiation and progression of
angiogenesis is the specification of the Tip and Stalk cells in
adjacent cells, we further implemented the model on the scale of
2 adjacent cells, focusing, in particular, on whether the signaling
interactions would result in differentiation of these model cells
into the divergent phenotypic states.

Analysis of the model revealed that cell exposure to combi-
nations of VEGF and TNF concentrations resulted in diverse
phenotypic responses, including the Tip phenotype (classified
according to high levels of VEGFR and DIl4), the Stalk phe-
notype (low VEGFR, DIl4), as well as a less frequently discussed
hybrid Tip/Stalk phenotype (8) with intermediate levels of
VEGFR, DIl4 (SI Appendix, Figs. S7-S9). These results were
summarized as a “phenotypic phase diagram” (Fig. 4C). This
diagram revealed that the degree of cellular differentiation
expressed as the ratio of VEGFR activation levels in 2 adjacent
cells increased gradually with the increasing VEGF input. This
outcome was mediated by a gradual change in VEGFR activity
in each of the cells (Fig. 4D). Interestingly, the model also pre-
dicted a putatively proangiogenic role of TNF, through promoting
the Tip fate outcome, up to the threshold level (Fig. 4F), consis-
tent with the observations above (Fig. 5B). When the TNF dose
exceeded this threshold level, there was a very abrupt abrogation
of the cell differentiation, leading to an undifferentiated (or “hy-
brid Tip/Stalk”) state corresponding to similar levels of VEGFR
activation in both of the modeled cells. This undifferentiated state
of 2 neighboring cells was expected to disrupt effective angiogen-
esis, although individual cells might still adopt phenotypes pro-
moting migration or proliferation, as described more in detail
below. Overall, the model predicted that TNF-induced Notch—
Jagl signaling initially stabilizes the Tip phenotype, putatively
leading to proangiogenic responses at low doses, but prevents
Notch-Dll4-driven Tip-Stalk differentiation, and thus is anti-
angiogenic at higher doses, after exceeding a sharply defined
threshold. These findings were consistent with the experimentally
observed antiangiogenic effect of TNF at high doses (Figs. 1 E=J
and 2 A-F) but left open the question of whether lower doses
of TNF, below the predicted threshold, would indeed be proan-
giogenic, as predicted by the model.

Finally, we investigated the effect of PCs on the modeling
outcomes. In the case of dense coverage, allowing both model
cells to receive the PC input (2 bound cells in Fig. 4G), we found
that, for experimentally defined parameters, PCs could completely
rescue the antiangiogenic effect of high TNF doses (Fig. 4 C and
F). Since PCs make structurally complex contacts with ECs, even
the complete coverage might result in differential degree of PC
input. We thus explored the effect of a graded PC coverage,
finding that it resulted in a progressive shift of the threshold
boundary formed by the critical TNF inputs for different VEGF
levels, the coverage increased (Fig. 4 G and H). Strikingly, if the
coverage was incomplete, so that only 1 cell in the cell pair was in
contact with the PC (1 bound cell in Fig. 4G), the effect of graded
PC input was much more pronounced, with only a moderate
change of this input leading to a strong shift of the TNF threshold
and thus more pronounced PC-mediated rescue effect (Fig. 4I).
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percentage of DIl4 and Jag1 expression reduced by PCs.

Indeed, Notch-driven cell differentiation emerges from dynamical
competition among neighbors, and partial PC coverage could
potentially provide an additional bias to cell fate decision (29). We
then sought to validate these predictions in the experimental set-
ting modeling angiogenesis in various defined combination of
VEGF and TNF ligands described in Fig. 1.

One of the model predictions is that TNF, by inducing Jagl,
indirectly suppresses DIl4 expression, consistent with prior liter-
ature reports (9), which may also account for its negative effect
on Tip vs. Stalk differentiation beyond a threshold level. This
prediction also suggests that a combination of VEGF and TNF
would exert positive and negative effects on DIl4 expression, re-
spectively. Therefore, although both VEGF and TNF signaling
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may be attenuated by PCs, when these molecular factors are
present simultaneously, their attenuations can essentially cancel
each other and thus PC input might not strongly affect DIl4 ex-
pression, as indeed observed experimentally above (Fig. 4 C-E
and ST Appendix, Fig. S8 A-C). On the other hand, the negative
PC effect on the expression of Jagl would be specific to attenu-
ation of TNF signaling only and thus would still be predicted to
also occur under the costimulation conditions, again in agreement
with the experimental data (Figs. 1 E-J and 2 A-F).

A more stringent test of the model can be provided by experi-
mental exploration of the model space represented in the “phase
diagram” shown in Fig. 4C. To accomplish this, we exposed the cells
in the 3D angiogenesis assay described in Fig. 1 to 6 combinations
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of different concentrations of VEGF (in the presence of the the Tip and Stalk fates (see Materials and Methods for details of
proangiogenic mixture components, assumed to be constant in  this analysis). Using these metrics, we found the following.

the model and kept constant in experiment) and TNF, in the Without TNF and in the absence of PCs, in agreement with
presence or absence of PCs (Table 1). To provide a quantitative  the mathematical model, the angiogenic response increased with
assessment of the angiogenic response (S Appendix, Fig. S11), we  the increasing VEGF dose, yielding a greater number of lume-
evaluated several parameters of the emerging sprouts. They in-  nized sprouts, which were longer and more branched (points 1 vs.
cluded the number of branches, the sprout length (in the case of 4 in Fig. 5 4 and B). Also, in agreement with the mathematical
several branches, we recorded the longest distance from a branch  model predictions, at each VEGF dose, escalating TNF levels
tip of the sprout to the root of the sprout connecting it to the  were initially proangiogenic, increasing the number and branching
parental vessel), the lumenized and multicellular nature of the of sprouts, as well the Tip cell formation (cf. points 1, 2, 3, and 4, 5,
sprouts, as well as the number of cells which have been assigned  and Fig. SE). However, also agreeing with the model prediction,
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Table 1. TNF and VEGF concentration used in 3D
angiogenesis model

Cont 1 2 3 4 5 6

100 10 10 10
100 0 10 100

VEGF, ng/mL 0 100 100
TNF, ng/mL 0 0 10

there was a complete abrogation of the formation of lumenized
sprouts beyond a critical TNF level. The strikingly abrupt nature of
this threshold phenomenon was underscored when cells were ex-
posed to the combination of 100 ng/mL TNF and 100 ng/mL
VEGF (the maximal amounts for both ligands used here). This
was the only combination of inputs that provided 2 types of out-
comes, varying from experiment to experiment. In 2 of 6 inde-
pendent experiments (Fig. 5C and SI Appendix, Fig. S124), there
was an extensive formation of highly branched sprouts (point 3 in
Fig. 54), whereas in 4 out of 6 independent experiments (Fig. 5C
and SI Appendix, Fig. S124), the lumenized sprout formation was
completely shut down (denoted as point 3’ in Fig. 54). This result
indicated that this combination of TNF and VEGF inputs led to
a divergent outcome due to being very close to the very sharp
threshold separating the proangiogenic and antiangiogenic effects
of TNF, with the outcome defined by a slight variation of experi-
mental conditions. This allowed us to connect this experimental
point with the phenotypic phase diagrams shown in Fig. 4 C and D,
indicating the position of the threshold levels. The model also
predicted that the threshold TNF levels would shift slightly to the
lower concentration values for lower VEGF inputs (Fig. 4 C and D).
In agreement with this prediction, when the VEGF concen-
tration was lowered to 10 ng/mL, while keeping TNF levels at
100 ng/mL (point 6 in Fig. 54), we observed an unambiguous and
complete inhibition of lumenized sprouting in all experimental
repeats (Fig. 5B). We noted that, at the TNF levels exceeding the
threshold, there was still formation of single-cell minisprouts (Fig.
5D) and Tip cells (Fig. 5E), which, however, were not supported by
sprout growth through cell division and thus formation of Stalk
cells (Fig. SE), thus not resulting in functional angiogenesis. Finally,
we found that, phenotypically, the application of VEGF alone,
without other components of the proangiogenic mixture with or
without TNF (as initially analyzed in Fig. 2), was equivalent to the
responses to the full proangiogenic mixtures with 10-fold lower
VEGF concentrations (gray dots in Fig. 5D, and open symbols
adjacent to points 4 and 6 in the diagram in Fig. 54), suggesting
that the components of the mixture act through the same molecular
mechanisms in inducing angiogenic responses as those classically
attributed to VEGF inputs, enhancing the VEGF signaling beyond
what may be saturating levels. In the mathematical model, this case
would correspond to a lower effective VEGF input.

We then experimentally examined the quantitative character-
istics of the rescue effect of PCs on angiogenesis, at TNF levels
above the threshold values and different VEGF concentrations
(+PCin Fig. 5 B, D, and E). For both VEGF concentrations, at
100 ng/mL TNF (points 3’ and 6 in Fig. 54), we observed a
complete rescue of the angiogenesis, in a VEGF-dependent
fashion, which was consistent with the model predictions. Strik-
ingly, at the higher VEGF input (points 1 and 3’ in Fig. 54), the
effect of PCs was not only to rescue but to enhance the angio-
genesis, leading to sprouts that were much longer (data indicated
as +PC:1 and +PC:3 in Fig. 5 B, D, and E) than those observed for
any of the VEGF/TNF combinations, in the absence of PCs. This
effect was consistent with an increased formation of Stalk cells
when PCs were present along with application of the highest levels
of TNF and VEGF (Fig. 5E). A closer inspection of these sprouts
revealed a high degree of variability in length and in the cell
density (which was also associated with the sprout thickness) (Fig.
5F). We therefore explored whether this effect might be related to
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a variable PC coverage at the Tip/Stalk cell area during the sprout
extension. We found that, for the condition shown as point 3 in Fig.
5A, a fraction of the sprouts was associated with a single PC cell at
the sprout tip area. These sprouts were on average significantly
longer and less dense (thinner) than the sprouts forming without a
PC cell at the tip (Fig. 5SH). However, PCs at the sprout tip area
were only very rarely observed in the absence of TNF (Fig. 5G),
resulting in a more variable sprout length and cell density distri-
butions. These data suggested that the presence of a partial PC
coverage at the threshold combination of VEGF and TNF (points
3, 3’ of Fig. 54) can substantially improve the stability of the dif-
ferentiation process, leading to more persistent migration and di-
vision phenotypes and thus longer sprouts. These data were again
consistent with the mathematical model predictions, supporting the
mechanism proposed here to explain the angiogenesis outcome at
diverse combinations of TNF and VEGF inputs. Overall, our re-
sults suggested that a combination of diverse inputs of proangio-
genic and antiangiogenic stimuli and PC coverage can strongly
modulate the outcome of angiogenesis, resulting in wide range of
shapes of incipient sprouts.

Discussion

The effect of the local inflammation and the associated cytokines
on the onset and progression of angiogenesis is still a matter of
debate (5, 7-9). In particular, it has been shown that, while TNF
can show strong antiangiogenic effects (5, 7), it can also induce
the Tip cell fate through up-regulation of a Notch ligand Jag-1,
which might result in a proangiogenic function (8, 9, 26, 30).
Here, through a combination of controlled experimentation with
inducible angiogenesis in an engineered system and a computa-
tional model trained on the experimental data, we demonstrate
that these apparently contradictory findings can be reconciled
within a single framework. Furthermore, this framework accounts
for diverse combinatorial effects of proangiogenic factors, such as
VEGF, and proinflammatory cytokines, such as TNF, modulated
by unanticipated juxtacrine influence of PCs. The mathematical
model capturing the details of the signaling networks involved in
specification of the Tip and Stalk cells predicted the existence of
the critical TNF concentrations, above which the interactions be-
tween DIl4, Jagl, and Notch can no longer induce differentiation
between neighboring ECs into distinct fates, yielding instead an
intermediate or hybrid state. We also note that TNF, at high levels,
may have an indirect effect on Notch signaling, by loosening cell
junctions (31-34) and thus diminishing juxtacrine Notch receptor
engagement. The lack of cell differentiation above a critical TNF
level, in turn, abrogates successful sprout induction, since if a
presumptive Tip cell is not supported by neighboring proliferative
Stalk cells, it cannot successfully migrate into the surrounding
matrix without severing its contacts with the other cells. This ob-
servation is consistent with our findings of stunted single-cell-sized
minisprouts protruding from the parental vessel at TNF levels
above the critical concentration. Likewise, if a Stalk fate induction
is not supported by a neighboring Tip cell specification, the pro-
liferative capacity inherent in the Stalk cell phenotype will be
suppressed by the contact inhibition from neighboring cells within
the endothelium due to the lack of Stalk cell separation from the
rest of the monolayer. This is consistent with the apparent absence
of Stalk cells at TNF concentrations above critical levels.

We found that PC coverage can rescue the inhibitory effect of
TNF on angiogenesis, due to suppression of TNF signaling in ECs.
Although the VEGF signaling in these cells is also inhibited by the
juxtacrine effects of PCs, the influence of PCs on TNF signaling is
more consequential, due to the properties of the thresholds, sep-
arating the proangiogenic and antiangiogenic effects of TNF. At
almost all VEGF levels, the values of these thresholds are pre-
dicted to be effectively independent of the VEGF concentration.
Therefore, suppressing VEGF signaling will have little effect on
the critical TNF concentrations, although VEGF can modulate the
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probability of induction of Tip and Stalk cells in a dose-dependent
fashion, if angiogenesis proceeds (15).

The effects of PCs on angiogenesis are predicted to strongly
depend on the PC coverage of ECs. This finding is important since
PC coverage can vary across tissues, and between normal and
cancerous vasculature, as well as be dynamic due to transient PC
dissociation at the outset of angiogenesis (20, 35, 36). For a very
low PC coverage, the effect of TNF is revealed to be fully inhib-
itory, if this cytokine exceeded the critical level. On the other hand,
a high, uniform PCs coverage, affecting all ECs, can rescue the
TNF-mediated suppression of angiogenesis, consistent with our
experimental findings. The mathematical analysis suggests that, for
an intermediate PC coverage levels, such that for many neigh-
boring ECs only 1 cell in 2 would be in contact with a PC, the PC-
mediated rescue of the inhibitory TNF effect can dramatically
increase, essentially rendering TNF strongly proangiogenic. This
effect, as predicted by the model, would occur due to an enhanced
differentiation of neighboring ECs, guided by a higher TNF sig-
naling in a cell that is not in contact with a PC and a lower sig-
naling in a neighboring cell in contact with a PC. This asymmetry
in signaling, coupled with the additional differentiation mediated
by Notch signaling, can enhance the Tip/Stalk fate specification
and promote the emergence and maturation of the nascent sprouts.
This was consistent with the particularly pronounced growth and
branching of the sprouts under conditions (high TNF levels) oth-
erwise inhibitory to angiogenesis in the presence of PCs. Experi-
mentally, in our assay, the PC distribution displayed local variations,
and the predicted effect of partial PC coverage was supported by
observation of specific sprouts, in addition to examining the average
PC rescue effects. In particular, frequent observation of a PC at
the tip areas of the particularly long sprouts, suggested that the
Tip/Stalk fate selection may be stabilized by a combination of a
partial PC coverage and TNF, not only during the onset of sprout
extension but also during the sprout growth. Overall, our inte-
grative analysis suggests an unexpected conclusion that angiogen-
esis can be particularly enhanced, leading to longer and more
branched blood vessels, at relatively high ambient TNF levels in
the presence of complete and partial coverage by PCs.

These findings are interesting to put into the context of the
other commonly accepted views on the functions of PCs within
the exiting vascular beds. Low and intermediate PC coverage has
been suggested to result in lower stability and higher leakage of
blood vessels, which might be an indication of either pathologic
conditions (e.g., in the context of growing tumors) or dynamically
reorganizing vasculature. This view is consistent with our obser-
vations, suggesting that high PC coverage can down-modulate the
effects of TNF and possibly other relevant signaling inputs, thus
protecting the cells from the environmental stimuli, which may
otherwise decrease the stability of the vessel. The destabilizing
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effect of low PC coverage, on the other hand, can in part reflect a
more variable effective sensitivity of ECs to various extracellular
stimuli, leading to in appropriately extensive angiogenesis, which
may result in suboptimal or altered functionality, unless PC cov-
erage can be recovered through recruitment or differentiation of
precursor cells.

In vivo, the local microenvironment can be highly dynamic. In
particular, successful angiogenesis might lead to a gradual resto-
ration of appropriate oxygen tension and also be accompanied by a
progressive inflammation resolution. As these conditions evolve,
the biochemical milieu may change along with dynamic alterations
of inputs from mural cells, such as PCs, raising the question of how
the resulting morphogenesis of vascular beds might be affected.
Our analysis provides a useful framework that can help start an-
alyzing the complex multifactorial control of this morphogenetic
process critical in a variety of developmental and physiological
settings. More generally, it can also provide an insight into how
heterotypic cell interactions can also modulate Notch signaling in
other contexts, regulating cellular differentiation outcomes.

Materials and Methods

The biomimetic 3D angiogenesis model consists of a polydimethylsiloxane
chamber, an engineered blood vessel (diameter, 200 to 250 pm; length,
10 mm) embedded in collagen gel and a coverslip, and they were assembled
without external jigs. By the serial steps of PC seeding, collagen gelation,
and EC seeding as depicted in S/ Appendix, Fig. S1, this method allows more
controlled EC-PC layering. VEGF is applied on the hole to induce a gradient
from the top to the endothelium channel, and TNF is directly injected
through the endothelium channel as described in Fig. 1C. Newly formed
sprouts were imaged with Leica scanning disk confocal microscope, and
IMARIS (Bitplane) was used for quantifying the number and the length of
sprouts. To unravel the interplay between Notch, VEGF, and TNF signaling
pathways, we extended the mathematical model describing the interaction
of Notch and VEGF developed by Boareto et al. (8) to account for the Notch-
VEGF-TNF signaling network. The computational analysis was performed
using the Python numerical library PyDSTool (37). The details of materials
and methods can be found in S/ Appendix, Materials and Methods. In ad-
dition, the model construction and parameters used for the model are dis-
cussed in S/ Appendix, Mathematical Modeling.
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