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Abstract

Investigating the molecular, cellular, and tissue-level changes caused by disease, and the effects of pharmacological treatments across
these biological scales, necessitates the use of multiscale computational modeling in combination with experimentation. Many diseases
dynamically alter the tissue microenvironment in ways that trigger microvascular network remodeling, which leads to the expansion or
regression of microvessel networks. When microvessels undergo remodeling in idiopathic pulmonary fibrosis (IPF), functional gas
exchange is impaired and lung function declines. We integrated a multiscale computational model with independent experiments to
investigate how combinations of biomechanical and biochemical cues in IPF alter cell fate decisions leading to microvascular
remodeling. Our computational model predicted that extracellular matrix (ECM) stiffening reduced microvessel area, which was
accompanied by physical uncoupling of endothelial cell (EC) and pericytes, the cells that comprise microvessels. Nintedanib, an Food
and Drug Administration-approved drug for treating IPF, was predicted to further potentiate microvessel regression by decreasing the
percentage of quiescent pericytes while increasing the percentage of pericytes undergoing pericyte-myofibroblast transition in high
ECM stiffnesses. Importantly, the model suggested that YAP/TAZ inhibition may overcome the deleterious effects of nintedanib by
promoting EC-pericyte coupling and maintaining microvessel homeostasis. Overall, our combination of computational and
experimental modeling can predict and explain how cell decisions affect tissue changes during disease and in response to treatments.
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Significance Statement

The summation of cell fate decisions made by individual cells over time in response to combinations of intracellular, intercellular, and
environmental cues can result in emergent, surprising, and sometimes deleterious tissue remodeling responses. In fibrotic disease,
such as idiopathic pulmonary fibrosis (IPF), the molecular cues that drive cell fates can become disrupted. We paired a multiscale
computational model with independent experiments to investigate how combinations of biomechanical and biochemical cues in
IPF alter cell fate decisions leading to aberrant remodeling of the microcirculation. We found that increased environmental stiffness
disrupted signaling in vascular cells in a manner that caused microvessel regression, and treatment with an Food and Drug
Administration-approved drug for IPF surprisingly exacerbated this effect.

Introduction

Cell fate decisions are dictated by combinations of intracellular,
intercellular, and environmental cues. The summation of cell
fate decisions made by individual cells in a tissue results in an
emergent tissue response, such as an expanded, or regressed,
microvascular network. Multiscale computational models allow

us to investigate how intersecting intracellular and extracellular
cues combine to drive cell behaviors that ultimately generate
tissue-level outcomes (1). Our group previously developed a
multiscale computational model by combining agent-based mod-
eling (ABM) of multiple cells in a population with logic-based or-
dinary differential equations modeling of intracellular signaling
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networks within each simulated cell (2). We used the model to
predict how profibrotic growth factors and proinflammatory cyto-
kines in a highly simplified, generic extracellular environment af-
fect intracellular signaling within individual fibroblasts, causing
them to secrete collagen. Inspired by that proof-of-concept
work, we developed a new computational model and combined
it with in vitro and ex vivo wet-lab experiments to study how
intracellular signaling in heterogeneous, individual cells elicits
cell fate decisions that dynamically drive microvascular remodel-
ing in the context of fibrotic lung tissue.

Microvascular homeostasis and remodeling are mediated by
interactions between the two cells that compromise the microvas-
culature, endothelial cells (ECs), and pericytes, the cells that phys-
ically enwrap ECs. EC-pericyte coupling in all tissues maintains
microvascular homeostasis (3-7) and regulates immune cell traf-
ficking (8-14). In the lung, EC—pericyte coupling is crucial for en-
suring adequate blood perfusion (15-17) to enable the exchange
of carbon dioxide (CO,) and oxygen (O,) across the alveolar inter-
stitial space to support the lung’s primary function of gas ex-
change (18-20). However, when this microenvironment is
perturbed due to disease or the introduction of a drug, individual
cell fate decisions lead to cellular states that collectively give rise
to tissue-level microvascular phenotypes. For example, in re-
sponse to proangiogenic stimuli, ECs and pericytes temporarily
uncouple from one another to allow for capillary sprouting and
expansion of the microvascular network. ECs and pericytes subse-
quently recouple with one another to stabilize the newly formed
capillaries (7, 21). In contrast, when antiangiogenic cues domin-
ate, EC-pericyte uncoupling is typically followed by apoptosis of
one or both cell types, leading to capillary regression, or the prun-
ing of existing microvessels (7, 21).

Microvascular impairments in lung disease present clinically
as a decline in the diffusion capacity for carbon monoxide. This
occurs in idiopathic pulmonary fibrosis (IPF) (22), a progressive
and fatal fibrotic disease of the lung characterized by heterogen-
ous formation of fibrotic foci throughout the lung. In the United
States over 40,000 people are diagnosed with IPF annually with a
mean survival rate of 2 to 3 years after diagnosis. Disease progres-
sion can be highly variable across patients, with some rapidly de-
clining within a year of diagnosis while others decline slower
across 5 to 6 years post-diagnosis (23-27). Thickening and stiffen-
ing of the interstitial space and loss of alveolar structures are
thought to cause aberrant microvascular remodeling. However,
reports of excessive, leaky vasculature conflict with reports of vas-
cular regression (28-31), and the molecular drivers of EC and peri-
cyte fates leading to dynamic remodeling of the microcirculation
in this context are not well understood (32, 33).

Several growth factors that mediate EC-pericyte coupling are
dysregulated in IPF, including VEGF-A, PDGF-BB, and Ang 1 & 2
(31, 34-40). In patients with IPF and animal models of IPF, peri-
cytes decouple from ECs and express myofibroblast markers,
such as collagen and alpha smooth muscle actin (aSMA) (32, 33,
41). Importantly, the two Food and Drug Administration (FDA) ap-
proved drugs used to treat IPF, nintedanib, and pirfenidone, target
key signaling pathways in ECs and pericytes. Nintedanib is of par-
ticular interest in this context, as it inhibits both vascular endo-
thelial growth factor receptor (VEGFR), a key prosurvival and
proangiogenic cue, and platelet-derived growth factor receptor
(PDGFR), which is important for pericyte recruitment. Nintedanib
also inhibits fibroblast growth factor receptor (FGFR), which is
known to regulate angiogenesis and pericyte recruitment (42, 43).
Additionally, fibrotic lesions, or foci, in IPF undergo progressive
and spatially heterogeneous mechanical stiffening of the

extracellular matrix (ECM) (44), which can affect EC and pericyte
dynamics (33, 45). Understanding how dysregulated biochemical
and biomechanical signals impact EC-pericyte coupling in IPF ne-
cessitates the use of a computational model where the effects of
these signals can be explored, both inisolation and in combination.

Here, we present a new multiscale computational model that
combines ABM (2, 46-53) with logic-based ordinary differential
equations modeling (54-57) to explore how biochemical and bio-
mechanical signals integrate to affect EC and pericyte cell fate
changes that give rise to structural microvascular adaptions in
IPF (Fig. 1). Intracellular signaling in individual pericytes and ECs
is represented by logic-based network models implemented in
Netflux (54), while cell-cell communication, cell-environment
communication, and tissue-level remodeling are represented by
an ABM implemented in Netlogo (58). We used the model to pre-
dict microvascular remodeling in microenvironments with differ-
ent mechanical stiffnesses that are characteristic of fibrotic foci,
and experimentally validated these predictions with independent
experiments. We then conducted a comprehensive set of in silico
experiments by co-varying biomechanical and biochemical in-
puts, which yielded the novel prediction that nintedanib treat-
ment in the presence of increased stiffness impairs EC-pericyte
coupling by potentiating EC apoptosis and pericyte-to-myofibro-
blast transition (PMT). Finally, we use to the model to identify a
signaling pathway that could be therapeutically targeted to miti-
gate the potentially harmful effects of nintedanib on EC-pericyte
coupling. Our combination of multiscale computational modeling
with experiments provides new insights into how cellular pheno-
typic states driven by biomechanical and biochemical stimuli in-
tegrate to cause tissue-level changes in disease and in response
to drug treatments.

Results

EC and pericyte intracellular signaling models and
experimental validation

Two logic-based network models of the intracellular signaling
networks within ECs (Fig. 2A) and pericytes (Fig. 2B) that regulate
cell fate decisions, such as migration, apoptosis, and quiescence,
were developed in Netflux (54). First, signaling pathways that
were central to EC cell fate decision, such as VEGFR2, a major
regulator of EC quiescence and proliferation (74), or pericyte cell
fate decision, and PDGFRB, which is a regulator of pericyte quies-
cence and migration (21), were identified through literature cur-
ation and then combined with other cell type specific pathways
to construct a network diagram. Each protein, mRNA, or cell
fate decision was represented as a “node” in network diagram,
while the causal connections between the nodes (representing
downstream signals) were represented by “edges.” The network
model diagram was then converted to an ordinary differential
equation-based (ODE) model using Netflux (54). Briefly, ODE equa-
tions were solved using a normalized Hill ODE to represent the ac-
tivity of each node in the model with default parameters and logic
gating, thus allowing inputs to be scaled from 0 to 1. For ECs, net-
work outputs were simplified to represent three cell fate deci-
sions: angilogenic, apoptotic, and quiescent. These cell states
collectively contribute to microvessel network (tissue-level) out-
comes, including microvessel remodeling that leads to expansion
of the microvascular network, microvessel remodeling that leads
to reduction of the microvascular network, and homeostasis (the
absence of microvessel remodeling). In total, the EC model in-
cludes 32 species, 7 inputs, 32 reactions, and 3 cell fate outputs.
Network outputs for the pericyte model represents three cell
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Fig. 1. Graphical abstract of multiscale model workflow. The initial model layout is approximated from an immunofluorescent image and starting values
for environmental factors are set. Every timestep each agentin the model records its current microenvironment (growth factor levels, ECM stiffness, drug
presence) and sends that information to a logic-based network model of intracellular signaling. The network model is solved and returns a cell state

which the agent should adopt. This cycle repeats for 28 time steps (equivalent to 1 week of simulated time), and vessel remodeling outputs are recorded.

fate decisions: migratory, PMT, and quiescent. The pericyte model
includes 32 species, 5 inputs, 34 reactions, and 3 cell fate outputs.

To validate the EC and pericyte models of intracellular signal-
ing, predictions from both models (Fig. 2C and D) were compared
to published experiments independent from those used to de-
velop the models. A literature search was conducted to identify
publications describing an experiment with ECs, pericytes, or a
combination thereof, and a perturbation of interest, such as dos-
ing with transforming growth factor beta (TGFp). The analogous
simulation was then performed in Netflux by changing the input
weight, w, of an equation from its baseline value to a value that
represented the effect of the perturbation. For example, to valid-
ate the response to high levels of TGFB in both EC and pericyte
models, the input weight for TGFp, wrgrp, Was increased from
baseline (0.35) to 0.5 and changes in relative activation of the
output node were quantified and compared to the baseline rela-
tive activation. These qualitative changes in node activity were

then compared to their corresponding experimental findings.
Since high TGFp was predicted by the pericyte intracellular sig-
naling model to increase PMT, and the corresponding experi-
ment also demonstrated increased levels of PMT, as evidenced
by aSMA and Collagen 1 expression (45), we concluded that the
model prediction matched the experiment. We further validated
that under baseline conditions our models were not overly sen-
sitive to any one input, and we explored the effect of high ECM
stiffness on network sensitivity (Fig. S1).

Mechanistic sub-network analysis suggests
nintedanib regulates EC and pericyte phenotypes
through similar pathways

Nintedanib is a receptor tyrosine kinase inhibitor that prevents
phosphorylation of VEGFR, PDGFR, and FGEFR, all three of which
are expressed by ECs or pericytes and regulate microvascular
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Fig. 2. EC and pericyte intracellular network signaling model predictions compared to published literature. A) EC network model and B) pericyte network
model where each white box represents a specific signaling node (i.e. protein, transcription factor, or gene), and each yellow box represents a cell state
change. C) Predictions of the EC network model (“Model” column) of cell fates resulting from six cellular and environmental perturbations relevant to IPF,
including high (59) and low VEGF (60), contact with a neighboring pericyte (pericyte presence) (61, 62), high TGFp (63), contact with a neighboring tip EC
(presence of external DLL4) (64), and high FGF (43, 59) were compared to published experiments not used for model development (“Exp” column). 12 of 14
(85%) model predictions agreed with experimental outputs. D) Predictions of the pericyte network model (“Model” column) of cell fates resulting from
eight cellular and environmental perturbations relevant to IPF, including high concentrations of PDGF-BB (65, 66), pericyte contact with a neighboring EC
(67, 68), high ECM stiffness (45, 69), high FGF & contact with an EC (EC presence) (43, 59), high concentrations of TGFp (70, 71), TGFp inhibitor (45), a
combination TGFp inhibitor and high ECM stiffness (45), and a PDGF inhibitor (72, 73). Nine of 9 (100%) model predictions agreed with published
experiments (“Exp” column). E) Diagram depicting nintedanib targets, VEGFR, PDGFR, and FGFR. F) Overview of mechanistic sub-network analysis.

G) Sub-network analysis of nintedanib regulation of EC phenotype. H) Sub-network analysis of pericyte response to nintedanib. Sub-figure (E) was created
using Biorender.com.
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homeostasis (Fig. 2E). To explore the effects of nintedanib on
ECs and pericytes individually, we performed a mechanistic
sub-network analysis to identify which nodes in the model most
influenced nintedanib’s effects on cell fate. This analysis was per-
formed in two parts. First, treatment with nintedanib was simu-
lated by reducing the activation weights, w, of VEGFR, PDGFR,
and FGFR by 90% from 1 to 0.1 and quantifying the change in net-
work activity. Then, a sensitivity analysis was performed by se-
quentially reducing each node’s weighting to zero (Wnode=0).
The overlap of these two analyses were then determined, where
nodes that both respond to nintedanib and whose knockdown af-
fect the specified phenotype are determined to be in the “mechan-
istic sub-network” (Fig. 2F). These nodes are predominantly
responsible for determining how nintedanib affects ECs and peri-
cyte signaling and cell fate decisions in the model.

For both cell types, we focused our mechanistic sub-network
analysis on the cell fate decisions that are reversible, unlike apop-
tosis for ECs or PMT in pericytes, which are considered terminally
differentiated cell states in our model. Quiescence in both cell
types was regulated by a PI3K dependent pathway, although this
was activated by VEGFR in ECs and by a combination of FGFR
and PDGFR in pericytes (Fig. 2G and H). In ECs, VEGFR also regu-
lated nintedanib’s control over the angiogenic state in conjunc-
tion with FGFR signaling, although through different pathways.
FGFR regulated the angiogenic state primarily through the Ras/
Raf/MEK/ERK pathway, as previously observed in the literature
(75). VEGFR signaling, which is connected with several down-
stream pathways in our model leading to angiogenesis, had its
strongest effect via the FAK/Paxillin pathway. For pericytes,
FGFR was predicted to be the major regulator of pericyte migra-
tory response to nintedanib.

Validation of the multiscale model’s ability to predict
microvascular remodeling in response to altered levels of
mechanical stiffness in the microenvironment

A multiscale computational model of the lung microvasculature
was constructed by connecting both the EC and pericyte intracel-
lular signaling network models described above to a 2D ABM of a
lung microenvironment, where the locations of simulated ECs and
pericytes were approximated from an immunofluorescence (IF)
image of healthy lung microvasculature (Fig. 1). The ABM, repre-
senting 500 um x 500 um slice of lung tissue in a 41x41 square
grid of pixels (with each pixel representing 12 x 12 microns), was
built in NetLogo (58). The ABM contains information about the
extracellular cues, such as ECM stiffness and growth factor concen-
trations, at each pixel location in the 2D model. The Py extension in
NetLogo was used to connect the ABM model with the two Netflux
models thereby generating a multiscale model that integrates
intracellular cues and cell fate decisions. These intracellular cues
and cell fate decisions were computed by the Netflux models for
each simulated cell while tissue properties were computed by the
ABM to predict changes in microvascular network architectures
and population-level cell fate outcomes, such as number of apop-
totic ECs or percent of pericytes that have undergone PMT.

At each time step in the ABM representing 6 h, the cellular
agents sense and respond to their local extracellular cues, and sig-
nals from neighboring cells, and input them into the logic-based
network model. For each cell agent, the network model computes
the relative activation of the cell fate decision nodes, and the cell
fate decision that has the highest relative activation is enacted by
that cell in the ABM. Simulated ECs can be in an angiogenic, apop-
totic, or quiescent state, and pericytes can remain quiescent, mi-
grate, or undergo pericyte-to-myofibroblast transition. Over the

entire simulation time course (representing 7 days), microvessel
network (tissue-level) outcomes emerge as a summation of these
independent cell decisions. Fifteen experimental replicates were
performed for each computational study.

To validate the multiscale model’s ability to predict micro-
vessel network remodeling in response to microenvironmental
stiffnesses variations, we simulated the responses of ECs and peri-
cytes to stiffnesses ranging from 2 to 20 kPa recapitulating the
stiffness differentials in healthy vs. IPF lungs (44). The multiscale
model predicted that as ECM stiffness increases from healthy lung
(2 kPa), to immature fibrosis (10 kPa), and mature fibrosis (20 kPa),
the extent of the microvessel network, quantified by vessel area,
significantly decreases (Fig. 3A), and this was associated with sig-
nificant increases in EC apoptosis (Fig. 3B). The mean vessel area
at 2kPa, 47.6% + 1.4, was higher than the initial vessel area of
23.5%, and the mean number of ECs that underwent apoptosis
was 8.7 +4.0, indicating that some levels of homeostatic remodel-
ing occurred (Fig. 3C). At 10 kPa, mean vessel area was 44.2% + 2.0,
and mean number of apoptotic ECs increased to 145.9 + 14.1. This
indicates that some level of angiogenesis occurred to offset the
microvessel regression caused by EC apoptosis. Contrastingly, at
20 kPa (mature fibrosis), the mean vessel area dropped to 9.71%
+0.5, and the average number of apoptotic ECs increased to
229.5 + 8.8, resulting in almost complete regression of the vascu-
lar network (Fig. 3D).

To determine if these predictions were biologically accurate,
we utilized a murine lung explant angiogenesis assay that we
have previously developed (76). Lungs from mice expressing an
endogenous pericyte lineage-tracing fluorescent reporter (abbre-
viated, TdTomato Myh11-Cre mice, and described in the
Methods) were sliced into 1mmx1mmx1mm explants and
then individually plated onto 6 mm diameter poly(ethylene gly-
col) diacrylate (PEGDA) hydrogels containing a combination of
PDGF-BB and FGF-2 and with one of three stiffnesses matching
those simulated in the computational model: 2, 10, and 20 kPa
(Fig. 3E). After 7 days of culture, the explants were imaged and
scored based on the presence of organized microvessel sprouts
(Fig. 3F) or disorganized cell infiltration (Fig. 3G), as we have pub-
lished previously (76). As hydrogel stiffness increased, the percent
of images containing microvessel sprouts significantly decreased.
This result correlated with our multiscale computational model-
ing results indicating that increased ECM stiffness leads to a de-
crease in vascular structures (Fig. 3H).

Predicting changes in cell fate decisions over time
in response to ECM stiffness

One advantage of having a multiscale model is that we can ex-
plore how the underlying cell fate decisions that drive micro-
vascular remodeling in different environments change over
time. We quantified how many ECs and pericytes were predicted
in each cell fate category for each step of our model for 2, 10,
and 20 kPa. At 2 kPa, we observed an initial drop in the percentage
of quiescent ECs that was accompanied by a spike in the number
of angiogenic cells. However, the overall system returned to a
steady state of 95% quiescent cells at approximately day 3
(Fig. 4A). Over 95% of pericytes in these simulations maintained
a quiescent state with small spikes in the percent of migratory
pericytes in the earlier time points, aligning with the return of
higher levels of quiescence in ECs (Fig. 4B). In 10 kPa, we saw a
similar disruption in the quiescent EC population but in this scen-
ario, we observed both angiogenic ECs and apoptotic ECs, indicat-
ing variable responses to local environmental cues (Fig. 4C). The
return of 95% of the ECs to a quiescent cell state occurred on
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day 6. In the 10 kPa microenvironment, we observed higher levels
of migratory pericytes throughout the simulation, but over 95% of
all pericytes maintained a quiescent steady state (Fig. 4D). In the
20 kPa microenvironment, the reduction in the percentage of qui-
escent ECs was accompanied by a large spike in the percentage of
apoptotic ECs. However, the system quickly returned to a 95% qui-
escent cell steady state after 1 day, with occasional small spikes in
apoptotic EC over the time course (Fig. 4E). Conversely, by day 3
fewer than 95% of pericytes were in a quiescent state, and they
continued to decline over the simulation time course (Fig. 4F).
This decline was accompanied by an increase in the percentage
of migratory pericytes. Importantly, we also began to see low
but persistent percentages of pericytes undergoing PMT at day 4.5.

Predicting microvascular remodeling in variable
stiffness environments in response to nintedanib

We next used the multiscale model to evaluate how treatment
with nintedanib, one of two drugs FDA-approved for the treat-
ment of IPF, affected microvascular remodeling in microenviron-
ments with mechanical stiffnesses of 2, 10, and 20kPa.
Nintedanib inhibits VEGFR on ECs, PDGFR on pericytes, and
FGFR, which is expressed by both cell types. Treatment with nin-
tedanib was modeled by reducing the maximum activation weight
of each receptor to 0.1 in both the EC and pericyte models. Based

on prior literature (77), we hypothesized that nintedanib would
decrease vessel area in the computational model and microvessel
infiltration into the hydrogel of the experimental model.
Treatment with nintedanib resulted in significantly decreased
vessel area in two of the three treated groups when compared to
the untreated controls (Fig. S5A). At 2 kPa, significant decreases in
vessel area (47.6% = 1.4 vs. 44.0% + 1.9) were measured, although
this was not associated with an increase in the number of apoptot-
ic ECs (8.7 +4.0 vs. 7.5+3.5) (Fig. 5B). At 10 kPa, treatment with
nintedanib reduced mean vessel area to 41.9% + 2.7 compared to
the control (44.2% +2.0). Limited efficacy of nintedanib was ob-
served at 20 kPa, as both groups had vessel areas of about 10%
and no significant differences in number of apoptotic ECs.

Using the murine lung explant experimental model described
above, we performed new experiments to determine if these mod-
el predictions were biologically accurate. After allowing sprouts to
form for 7 days, lung explants were either treated with 50 nM nin-
tedanib in 0.05% dimethylsulfoxide (DMSO) or 0.05% DMSO con-
trol. Seven days later, explants were imaged again and the
amount of infiltration into the gel was quantified using an image
analysis pipeline in Python. In summary, the image was imported
and adaptive thresholding was used to create a mask that out-
lined the vascular infiltration in white and all other pixels were
made black (Fig. 5D). The percent of white pixels in each image
was calculated then averaged across each replicate for each
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experimental group. At 2kPa, the average percent infiltration
across all explants treated with nintedanib was 7.4+ 1.4 which
was lower than the DMSO-treated control group (10.7 +1.4)
(Fig. 5C). Similar results were observed at 10 and 20 kPa, with
the average infiltration category of the nintedanib-treated group
(8.7+1.0in 10 kPa and 7.6 + 0.7 in 20 kPa) being significantly lower
than the DMSO-treated control (11.8 + 1.5 in 10 kPa and 10.7 + 0.9
in 20 kPa).

Multiscale model predicts that nintedanib
disrupts EC-pericyte coupling

EC and pericyte fate decisions at every time step were recorded for
the simulations of nintedanib treatment in the microenviron-
ments with different stiffnesses. While EC cell fate dynamics

were similar to those in the drug-free simulations, pericyte cell
fate dynamics in the presence of nintedanib demonstrated a dis-
ruption in their coupling with ECs that was not predicted in the ab-
sence of drug.

In the 2 kPa microenvironment, the multiscale model predicted
the same initial, transient drop below 95% in the percentage of
quiescent ECs. The transient increase in angiogenesis that the
model predicted without drug, also dissipated by day 3 in the pres-
ence of nintedanib (Fig. 6A). The pericyte dynamics in 2 kPa with
nintedanib treatment were also similar to those in the absence
of drug, with 95% of pericytes remaining in a quiescent steady
state for the entire simulation duration (Fig. 6B). However, in mi-
croenvironmental stiffnesses of 10 kPa, we observed the first signs
of impaired EC-pericyte coupling. While 95% of nintedanib-
treated ECs returned to a quiescent state by day 5, slightly earlier



8 | PNAS Nexus, 2025, Vol. 4, No. 1
Nintendanib Treated
A Computational B Computational Cc Experimental
= L [— & 3004 NS kdkk DS ” 15+ x * "
) g - 8% —_—
£ 3 - @q E.T R
© 200 B -
o 4 . 52 -
- s 23 E
—_— 3
& 2 1004 22 s
n < 52
D >
0- 0 T-T
S > > O ¥ O » O
o&@b"é& o“\‘ob°‘$o o“\‘ob'b‘:\‘0 o(:,\"\&bé‘\o o&‘o\&&o o‘go\b”éo 0‘&5’0&& o‘zs,bb& 0@‘2 4
S \Q\e c_,\\e ¢f \6'0 S & O & & &
S S < S < & b < ¥
kPa: 2 10 20 kPa: 2 10 20 kPa: 2 10 20

Infiltration Mask

Fig. 5. Multiscale model predicts response to nintedanib. Predicted blood vessel area as a percentage of total tissue area (A) and number of apoptotic ECs
(B) in the presence or absence of nintedanib in 2, 10, and 20 kPa stiffness levels on day 7 (N =15 simulations per condition). C) Percent of lung explant
images on day 14 that contained vessels in the presence or absence of nintedanib in 2, 10, and 20 kPa stiffness levels (N =3 samples per group).

D) Representative image of vascular infiltrate on day 14 and the image analysis mask used for quantification. Two-tailed t test, *P <0.05, P <0.01,

P <0.0001, ns, not significant.

than the drug-free simulations, the percentage of quiescent peri-
cytes fell below 95% on day 4 and continued to decline over time
(Fig. 6Cand D). This loss of quiescence in pericytes was accompan-
ied by anincrease in PMT that was not seen in the absence of drug.
Finally, in the 20 kPa microenvironment, the EC dynamics were
predicted to be similar in both drug and drug-free simulations,
with a spike in apoptosis and rapid loss of EC quiescence that
were largely reversed by day 1 (Fig. 6E). Contrastingly, the model
predicted a decline in the percentage of quiescent pericytes,
which dropped below 95% as early as day 1 (compared to day 3
in the drug-free simulations) (Fig. 6F). This decline was concomi-
tant with an increase in the percentage of migratory pericytes
and earlier instances of pericytes adopting a PMT fate (at day 1
as opposed to day 4.5 in the drug-free simulation). On the individ-
ual cell level, nintedanib has a strong effect on both EC angiogen-
esis and quiescence in our sub-network model (Fig. 2G).
Our simulations reveal, however, that on the multicellular level
this impact is mitigated such that there are not drastic changes
in the dynamics of ECs at the population level. Importantly, the
sub-network analysis was also performed on a simulated EC with-
out a neighboring pericyte. Therefore, it is possible that the pres-
ence of pericytes in the multicellular model mitigates the effects
of nintedanib, as well. Because nintedanib targets three path-
ways, we wanted to dissect the role of the inhibition of each recep-
tor in nintedanib-mediated loss of EC-pericyte coupling and
vessel area (Fig. S2). In summary, treatment with a PDGFR inhibi-
tor alone may be an ideal therapeutic strategy as it preserves EC-
pericyte coupling at 10 kPa, delays the occurrence of PMT at
20 kPa, and prevents a stiffness-induced decrease in vessel area
at 10 kPa.

Multiscale model predicts a strategy to maintain
EC-pericyte coupling in the presence of
nintedanib

To identify a signaling pathway that could be targeted to mitigate
the loss of vessel area caused by a stiff ECM and the increased per-
centage of pericytes exhibiting migratory and PMT states invoked
by nintedanib treatment, we used the model to simulate inhibition
of YAP/TAZ in the presence of nintedanib. In our model, the YAP/
TAZ pathway is only present in pericytes and is upstream of both
the migration and PMT cell state nodes. The pericyte network model
was also found to be sensitive to YAP/TAZ knock out in the sensitiv-
ity analysis in Fig. S1. In the simulated 10 kPa microenvironment,
treatment with both nintedanib and a YAP/TAZ inhibitor had no ob-
vious effect on EC cell fate decisions (Fig. 7A); but the percentage of
quiescent pericytes remained above 95% for the full 7-day time
course (Fig. 7B). In contrast, in the pericyte response to nintedanib
alone (Fig. 6D), the percentage of quiescent pericytes gradually de-
creased, starting on day 1, and dropped below 95% on day 5. In the
simulated 20 kPa microenvironment, inhibition of YAP/TAZ de-
creased the height of the initial spike in the percentage of apoptotic
ECsatday 0.5 (Fig. 7C) by approximately 20% compared to treatment
with nintedanib alone (Fig. 6E). This was accompanied by a 1.5-day
delay in the transition of pericyte states from the quiescent state
to PMT and migratory states, which occurred at day 2.5 with the add-
ition of YAP/TAZ inhibition (Fig. 7D) compared to day 1 in the
nintedanib-alone simulation (Fig. 6F). Another difference caused
by inhibition of YAP/TAZ was that the reduction in the percentage
of pericytes in a quiescent state in the first half of the time course
was associated with an increase in pericytes undergoing PMT.
Contrastingly, this decrease in the nintedanib-alone simulation
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environments and when treated with nintedanib. N =15 simulations per environmental stiffness condition, shading represents 95% CI.

was more attributed to an increase in pericytes adopting a migratory
state. The multiscale model predicted beneficial effects of these cell
state changes on microvessel remodeling (Fig. 7E). By increasing the
percentage of pericytes in a quiescent state in the simulated 10 kPa
microenvironment, YAP/TAZ inhibition maintained microvessel
area at levels that were similar to those in the 2 kPa microenviron-
ment. However, this preservation of microvessel homeostasis with
YAP/TAZ inhibition was not observed in the 20 kPa microenviron-
ment. We also evaluated the effect of YAP/TAZ inhibition independ-
ent of nintedanib treatment and found it was able to maintain
pericyte quiescence levels above 95% at all three simulated stiff-
nesses (Fig. S3).

Discussion

Understanding mechanisms of disease and drugs across spatial
scales—from molecule to tissue—remains a major challenge in

biomedical research that multiscale mechanistic modeling can
help overcome. We demonstrate that a multiscale model can pre-
dict how the disease microenvironment and pharmaceuticals will
interact, resulting in cell fate changes that affect tissue-level re-
modeling. We focused our study IPF, where the impact of ECM
stiffness on EC-pericyte coupling and microvascular remodeling
are ambiguous, with conflicting reports of excess, leaky vascula-
ture and regions void of any vasculature (31, 78-80). Our multi-
scale model's predictions of microvascular remodeling in
response to altered mechanical stiffness alone, and in combin-
ation with nintedanib treatment, aligned with our experiments.
Simulations suggested a new effect of nintedanib, which prevents
EC-pericyte coupling in stiffer extracellular environments (10 and
20 kPa), thereby augmenting microvessel regression. These re-
sults are consistent with previous studies that observed decreased
vessel area after nintedanib treatment in the bleomycin mouse
model of IPF (81) and reduced association of ECs and mural cells


http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae551#supplementary-data

10 | PNAS Nexus, 2025, Vol. 4, No. 1

Nintedanib +YAP/TAZ Inhibitor Treated

ECs

Pericytes

A 10 kPa B 10 kPa
100 P 100 =
----------------------------------- OB s R e e S S R
- S
=2 Quiescent w 851 )
.;; — Angiogenic g 80+ Quiescent
Q _ ; o 751 — Migratory
-1 Apoptoti =
S0 poptotic = : P
= --- 95% >
s o 204 -+ 95%
- =
2 104
0 T T T T T T 1 I T T | B m—
1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Day Day
Cc 20 kPa D 20 kPa
100 100+
? o e
- é 90+
é Quiescent w 851
0 — Angiogenic g 80+ Quiescent
ﬁ 50 — Apoptotic & e — Migratory
ot e 0, Q —_—
= 95% o 204 PMT
o ] --- 95%
= =
2 104
0 T ) T L] L] 1 1
0 1 2 3 4 5 7
Day
60
E
o
o~
S
o 40-
: z
Tissue 2
3 20
Level ¢
>
0 I 1 I
2> o? T o 2 o
E & & &8
v 9 D0 ;I,Q ‘LQ
Nintedanib + + + + + +
YAP/TAZ Inhibitor - + -+ - +

Fig. 7. Predicted effects of combined treatment with nintedanib and YAP/TAZ inhibition. Percent of total ECs (A, C) predicted to be in a quiescent,

angiogenic, or apoptotic state and percent of total pericytes (B, D) predicted to be in a quiescent, migratory, or PMT state in 10 kPa (A, B) and 20 kPa (C, D)
environments and when treated with nintedanib and YAP/TAZ inhibition. N = 15 simulations per environmental stiffness condition, shading represents
95% CI. E) Predicted blood vessel area as a percentage of total area in the presence of nintedanib and with or without YAP/TAZ inhibition. Two-tailed t test,

*P<0.05.

in an co-culture model treated with nintedanib (77). Furthermore,
when we used the multiscale model to identify a signaling path-
way that can be targeted to preserve EC-pericyte coupling in
stiffer environments, it suggested that inhibition of YAP/TAZ sig-
naling can counteract the negative effects of nintedanib on
EC-pericyte coupling prior to mature scar formation.

We started with a focus on the disease environment by using
the multiscale model to investigate how the summation of indi-
vidual EC and pericyte fate decisions in different microenviron-
mental stiffnesses impacted microvessel remodeling. At the
cellular level, the model predicted how increasing ECM stiffness
from 2 to 20 kPa contributed to a breakdown in communication
between ECs and pericytes, as more ECs become apoptotic and

more pericytes exhibited a migratory cell state. This corresponded
with our explant experimental results wherein stiff PEGDA hydro-
gels were sufficient to disrupt vessel sprouts. While stiffness is
just one aspect of the dysregulated microenvironment in IPF, a
stiff ECM alone can cause vascular regression (45). For example,
a recent study co-cultured ECs and fibroblasts in a vessel-on-
a-chip model of microvasculature and showed that a stiffness of
20 kPa reduced vessel area and promoted PMT, as quantified by
the expression of collagen 1 and aSMA (45). Further, studies ana-
lyzing IPF samples report that mature scar is completely void of
microvessels (78-80), which is consistent with the extreme reduc-
tion in microvessel area in mature fibrosis (20 kPa) that was pre-
dicted by our model and validated by our experiments. Hence,
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our model predictions and experiments contribute to the pub-
lished literature by suggesting that ECM stiffness drives EC-peri-
cyte uncoupling, leading to EC apoptosis and pericyte PMT, and
causing microvascular regression.

Since nintedanibis a standard of care treatment for IPF (26), itis
important to understand how the cell state changes evoked by
this drug scale-up to impact microvessel remodeling. At the intra-
cellular level, our mechanistic sub-network analysis identified
several pathways that were pertinent to how nintedanib functions
inside ECs and pericytes. Of particular interest was the result that
the PI3 K pathway regulated quiescence in both ECs and pericytes,
as arecent study in the bleomycin mouse model found that ninte-
danib ameliorated inflammation and fibrosis specifically through
the PI3 K pathway (82). This supports the role of nintedanib in con-
trolling cell fate through the PI3 K pathway; however, our model
predicted that it negatively impacts EC-pericyte coupling.
Specifically, the multiscale model predicted that nintedanib dis-
rupts the ability for EC-pericyte recoupling after an initial de-
crease in the percent of quiescent pericytes, potentiating PMT in
environments with higher ECM stiffnesses. This prediction is im-
portant because decreases in the percentage of quiescent peri-
cytes, even when 95% of ECs (or more) are able to return to a
quiescent state, could cause excessive vascular leakage, an out-
come of defective microvessel remodeling that has been reported
in IPF patients (28, 29). Excessive vascular leakage, particularly
that which causes alveolar edema, can also be detrimental to
gas exchange and lead to poor outcomes (29, 83).

At the tissue level, nintedanib reduced vessel area in both the
soft (2 kPa) and immature fibrotic (10 kPa) environments of our ex-
perimental model, which was consistent with our multiscale
model’s predictions of vessel regression in response to nintedanib
in these environments. This adds to existing literature that has
demonstrated nintedanib’s antiproliferative effects in ECs and
pericytes (84, 85), as well as inhibition of EC-mural cell coupling
(77). Importantly, IPF is a progressive disease in which the lung be-
comes increasingly stiff over time, characterized by significant
spatial heterogeneity in fibrotic foci distribution and gene expres-
sion (86). This suggests that the effects of currently available anti-
fibrotic treatments vary, both temporally within an individual
over time and spatially across the lung.

Finally, we used our model to determine if targeting a specific
nodein the intracellular signaling network of pericytes would pre-
vent nintedanib-induced PMT, restore EC-pericyte coupling, and
increase microvessel homeostasis. YAP/TAZ-mediated signaling
was identified by our model sensitivity analysis as a key regulator
of pericyte migration and PMT and has previously been studied as
a target for preventing fibrosis (87, 88). Simulating dual treatment
with nintedanib and YAP/TAZ inhibition at 10 kPa improved both
cell- and tissue-level outcomes. However, the benefits of inhibit-
ing YAP/TAZ signaling were partially negated by an ECM stiffness
of 20 kPa. Interestingly, YAP/TAZ inhibitors have been suggested
to have potential benefits in IPF by mitigating fibroblast activation
(87, 88).

Multiscale computational modeling offers a unique framework
for integrating data sets across cell, tissue, and organ-level con-
texts. In the present study we combine logic-based network
modeling, which captures dynamically complex intracellular sig-
naling networks and pharmacological responses at the single-cell
level, with an ABM that provides a multicell, spatial, and stochas-
tic framework (89). This framework enables us to draw novel
conclusions about the consequences of individual cell behaviors
and phenotype changes on the dynamic, structural remodeling
of tissues. Others have previously used ABMs to explore the

mechanisms of disease progression in many conditions, including
lung infections (90-94), fibrosis (2, 50-53, 95), skeletal muscle re-
generation (47, 96-98), and cancer (99-102). Our group has previ-
ously used ABM to study mechanisms of angiogenesis and
vascular remodeling (46, 49, 103, 104). For example, Walpole
et al. developed an ABM of retinal angiogenesis in which ECs mi-
grate along a network of VEGF-secreting astrocytes to form new
sprouts in the presence or absence of pericytes. Incorporation of
pericytes in the model significantly improved the accuracy of
the model’s prediction of microvascular remodeling, when experi-
mentally validated against retinas from post-natal day 3 mice.
While that model did not explicitly simulate intracellular signal-
ing, it highlighted the importance of including both ECs and peri-
cytes in computational models of microvascular remodeling, as
their interactions are key regulators of this process. Our multi-
scale model, which incorporates intracellular signaling in both
cell types, extends the model by Walpole et al., by suggesting dif-
ferential phenotypic responses by simulated ECs and pericytes to
the same biomechanical and biochemical cues. This further
underscores the importance of including both pericytes and ECs
in models of microvascular remodeling and simulating not only
their interactions with one another, but also their unique re-
sponses to the microenvironment which are interpreted by intra-
cellular signaling networks that are unique to each cell type.
Given that logic-based ordinary differential equations modeling
has been used to represent many different cell types, including
ECs (55), smooth muscle cells (105), fibroblasts (56, 106-110), and
cardiomyocytes (57, 111-113), our multiscale computational mod-
el can be extended to study other cell or tissue phenotypes by in-
tegrating new and previously established intracellular signaling
models. Multiscale models overall have become more popular in
recent years for their advantages in integrating multiscale data
and producing novel understanding of disease progression at dif-
ferent biological scales, as has been reviewed in several recent pa-
pers (1, 114-118).

There are several limitations to our experimental studies and
to our multiscale computational model. Given that the presenta-
tion of IPF varies across patients and across different regions of
the lung of the same patient, the effects of nintedanib are also
likely to be variable. While our findings align with prior studies,
we simulated only a limited number of initial conditions and en-
vironmental stiffnesses, but our model could be refined through
additional data-driven parametrization to represent individual
patients or lung regions. A limitation of our experimental explant
model is the use of healthy mouse lung tissue, which may not ex-
hibit the same phenotypic responses as diseased human lung.
Despite this limitation, the experimental system provided a repro-
ducible way to determine how ECM stiffness affects microvessel
remodeling. The computational model only included ECs and
pericytes; however, there are many cells in this interstitial niche,
including epithelial cells, fibroblasts, and immune cells. Future
versions of this model can incorporate epithelial cells to better
capture the capillary-alveolar interface or fibroblasts, which con-
tribute to the progressive stiffening of the matrix in IPF (1, 119-
122). Additionally, the model simulated only a small portion of
lung (500 um x 500 pm) over a short time period of 1 week. The
simulation size was largely limited by the number of cells, as
more cells increased the overall time to compute. Additionally,
the signaling pathways included in the EC and pericyte network
models were limited to those that were deemed essential to re-
present EC-pericyte coupling and cell fate decisions. While it is
likely that other signaling pathways are also important, and the
current pathways in the models could be represented in more
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detail by including additional nodes, and these adaptions can be
included in future model iterations. One example is the addition
of more detailed pathways that respond to mechanical signaling,
such as TGFp activation by mechanical stiffness. The integration
of these models with artificial intelligence and machine learning
models can potentiate these advancements if provided with
enough mechanistic biological data to train the models (123).
Moreover, the independent validation we performed by compar-
ing predictions to published literature suggested that the path-
ways that were included in the current version of the models
were sufficient to invoke the major phenotypic states of ECs and
pericytes. That being said, our review of the literature also re-
vealed holes that can be filled by future studies, specifically in
the quantification of microvascular remodeling in IPF patients.
Lastly, while NetLogo provided advantages as an ABM software
one major limitation is the discrete square lattice on which the
model is built limiting spatial resolution.

Future studies should prioritize adapting the multiscale model
to patient-specific contexts. For example, here we begin with an IF
image of healthy lung vasculature to account for EC-pericyte ra-
tios and a general vascular network starting point; but this can
bereplaced with other images in which specific EC and pericyte lo-
cations can be identified. Additionally, growth factors are known
to be highly dysregulated in IPF, with evidence of extremely low
VEGF availability (40), increased abundance of PDGF (38), and a
decrease in Angl associated with an increase in its agonist ligand,
Ang? (36). Read outs of these protein levels as serum biomarkers
could allow for patient-specific modeling. Moreover, incorpor-
ation of the other FDA approved drug for IPF, pirfenidone, a small
molecule inhibitor of TGF, would also be of interest, as TGFp reg-
ulates both proangiogenic and proquiescent pathways in ECs and
proquiescent and profibrotic pathways in pericytes (124, 125).
Additionally, we assumed that tissue stiffness levels remained
constant, which resulted in a transient drop in EC quiescence as
cells adjusted to the changes in stiffness. However, future simula-
tions should represent the progressive stiffening that occurs in
IPF. ABMs have been used by others to study progressive stiffening
of the ECM in IPF by representing the ECM as a network of springs
that is remodeled overtime by fibroblasts (50, 51, 126). Lastly, oth-
er potential pathways for preserving EC-pericyte coupling can be
explored to identify novel therapies and combination therapies to
maintain microvessel homeostasis in IPF.

In conclusion, we have developed a multiscale modeling
framework that integrates dynamically complex intracellular
signaling networks in different cell types with cell-cell and
cell-environment communication to elucidate mechanisms
underpinning the loss of microvascular homeostasis in the con-
text of IPF. This work highlights the need for more research on
vascular remodeling in IPF and the benefits of combining com-
putational and experimental models to study interacting het-
erogeneous cell populations in spatially complex, remodeling
microenvironments.

Methods

Details of all methods are described in the Supplementary
material.
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