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Abstract

Post-myocardial infarction (MI), cardiac cells work together to regulate wound healing of the 

infarct. The pathological response to MI yields cardiac remodeling comprised of inflammatory 

and fibrosis phases, and the interplay in cellular dynamics that underlie these phases have 

not been elucidated. This study developed a computational model to identify cytokine and 

cellular dynamics post-MI to predict mechanisms driving post-MI inflammation, resolution of 

inflammation, and scar formation. Additionally, this study evaluated the interdependence between 

inflammation and fibrosis. Our model bypassed limitations of in vivo approaches in achieving 

cellular specificity and performing specific perturbations such as global knockouts of chemical 

factors. The model predicted that inflammation is a graded response to initial infarct size 

that is amplified by a positive feedback loop between neutrophils and IL-1β. Resolution of 

inflammation was driven by degradation of IL-1β, MMP-9, and TGFβ, as well as apoptosis of 

neutrophils. Inflammation regulated TGFβ secretion directly through immune cell recruitment 

and indirectly through upregulation of macrophage phagocytosis. Lastly, we found that mature 

collagen deposition was an ultrasensitive switch in response to inflammation, which was amplified 

primarily by cardiac fibroblast proliferation. These findings describe the relationship between 

inflammation and fibrosis and highlight how the two responses work together post-MI. This model 

revealed that post-MI inflammation and fibrosis are dynamically coupled, which provides rationale 

for designing novel anti-inflammatory, pro-resolving, or anti-fibrotic therapies that may improve 

the response to MI.
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Cardiac cell communication drives wound healing post myocardial infarction. This study 

developed a computational model of intercellular communication in the heart and applied it to 

predict mechanisms of inflammation, resolution of inflammation, and fibrosis post-MI. This paper 

identifies crosstalk between IL-1β and TGFβ as the mechanism that drives inflammation-fibrosis 

coupling post-MI.
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Introduction

In response to myocardial infarction (MI), the cardiac wound healing process is generally 

divided into three overlapping phases (Forte et al., 2018). The first phase is initiated 

when dying cardiomyocytes secrete signaling factors that recruit immune cells to the 

infarct. These infiltrating cells communicate with resident cells through paracrine signaling, 

working together to remove debris from the infarct. As the inflammatory response resolves, 

immune cells are removed from the healing infarct and the second phase of wound healing 

begins. Fibroblast proliferation and activation to myofibroblasts occurs, and extracellular 

matrix is secreted to form an infarct scar. The first pass scar evolves into a mature scar 

during the third phase, and myofibroblasts return to a homeostatic state. Understanding how 

intercellular crosstalk dynamically evolves to lead to a predictable wound healing response 

may help us to design more effective therapies (Ferrari & Vagnozzi, 2021; Psarras et al., 

2019).

Inflammation and fibrosis act sequentially to facilitate healing after injury, and they can be 

considered two separate phases of infarct healing (Smolgovsky et al., 2021; Suthahar et al., 

2017). Past studies have largely focused on inflammation and fibrosis individually as distinct 
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processes, with lesser attention to their interdependence (Schroer et al., 2019; Thackeray et 

al., 2018). But the presence of abnormally robust inflammation early on enhances fibrosis 

(Bejerano et al., 2018; Dobaczewski et al., 2010; Salybekov et al., 2018; Yang et al., 2019); 

and likewise, impaired immune cell behavior yields poor scar formation (Hofmann et al., 

2012; Wan et al., 2013). Transforming growth factor β (TGFβ) has varying effects on 

inflammation; its effect on immune cell infiltration post-MI is cell-specific (Feinberg et al., 

2004; Ikeuchi et al., 2004; Rainer et al., 2014; Tan et al., 2010). The effects of TGFβ on 

inflammation resolution have not been characterized. Overall, experimental studies focused 

on specific aspects of inflammation or fibrosis and have not provided a whole-system 

perspective of interdependence. These limitations arise from lack of high cellular specificity 

in animal models (Dobaczewski et al., 2010), embryonic or early lethality in animal models 

with genetic deletion of critical factors, inability of animal models to delineate pleiotropic 

effects with important spatial and temporal dynamics, and the inability of in vitro models 

to represent complex in vivo environments (Frangogiannis, 2012). While computational 

systems biology approaches can be used to address these limitations, few in silico studies 

have modeled immune cell-fibroblast interactions in varying signaling and tissue contexts 

(Adler et al., 2020; Jin et al., 2011; Y. Wang et al., 2012; Zhou et al., 2018). Further, these 

studies were either not cardiac or incorporated only a few cell types and cytokines.

Given these challenges, there were three main objectives of this study. First was to 

elucidate the interplay of cytokines and cell types post-MI. Second was to predict the 

dynamic mechanisms driving post-MI inflammation, resolution of inflammation, and 

fibrosis, and third was to evaluate interdependence. To achieve these objectives, we 

developed a computational model of the cellular crosstalk informed by literature and 

optimized with ten post-MI datasets from mice. The model was validated using nine 

additional independent datasets from normal and stressed conditions. We perturbed the 

model to predict mechanisms that drive inflammation, coordinate inflammation resolution, 

and stimulate scar formation through an inflammation-fibrosis perspective. The model 

categorized inflammation as a graded response to initial infarct size and found that 

inflammation was amplified by a positive feedback loop between neutrophils and IL-1β. 

Additionally, resolution of inflammation was driven by inherent degradation of IL-1β 
and neutrophils, MMP-9, and negative feedback from TGFβ. The model predicted that 

inflammatory cytokines had a significant effect on TGFβ secretion. Lastly, collagen 

deposition was found to be an ultrasensitive switch in response to initial infarct size, which 

is amplified primarily by fibroblast proliferation.

Methods

1. Model development

An ordinary differential equation (ODE) model of the healing infarct was constructed 

using cells, chemical factors, and cell behavior catalogued for mouse models of MI. A 

literature review of mouse studies and MI was conducted to identify the main components 

(Anzai et al., 2017; Bujak & Frangogiannis, 2007; DeLeon-Pennell et al., 2017; Forte et 

al., 2020; Fu et al., 2018; Heidt et al., 2014; Leuschner et al., 2012; Ma et al., 2018; 

Martin & Blaxall, 2012; Prabhu & Frangogiannis, 2016; Sager et al., 2015; Tian et al., 
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2015). The components and datasets were chosen by searching the PubMed database for 

model outputs and the phrase “mice post myocardial infarction”. The cell types in the 

model included cardiomyocytes, neutrophils, monocytes, macrophages, and fibroblasts. The 

modeled chemical factors were granulocyte macrophage-colony stimulating factor (GM-

CSF), interleukin-1β (IL-1β), matrix metalloproteinase-9 (MMP-9), transforming growth 

factor-β (TGFβ), tumor necrosis factor-α (TNFα), and collagen. The literature-informed 

regulation of cell behavior and cell-specific secretion of chemical factors are summarized in 

Tables 1 and 2.

For each cell type, the model equation consisted of a source term – representing 

differentiation to the modeled cell type or proliferation, and a removal term – representing 

apoptosis or emigration (Eq. 1).

dCell
dt =  ∑

i

n ci

ci + Kc, i
  .   1 −  kcrowd t   .  λC  .  Cell −  αC  .  Cell (1)

Where ci is chemical factor that induces cell proliferation, Kc is the saturation constant for 

the chemical factor, n is the number of chemical factors regulating proliferation, kcrowd is 

the crowding effect, λC is the proliferation rate, and αC is the removal rate. The sources 

for neutrophils and monocytes were considered to be blood neutrophils and monocytes 

respectively, simulated by a high initial concentration of cells in the blood. A Hill function-

like term was used for each cell behavior to model regulation by a chemical factor. The 

overall cell population in the modeled infarct was controlled by a crowding effect (Eq. 2), as 

modeled by Jin et al (Jin et al., 2011).

kcrowd =  CM + CMdebris

CMmax
+  N + Ndebris

Nmax
+   Mo

Momax
+   Mφ

Mφmax
+   coll

collmax
+   F

Fmax
+  0.17

(2)

The crowding effect accounts for living (CM) and necrotic cardiomyocytes (CMdebris), 
recruited (N) and apoptotic neutrophils (Ndebris), monocytes (Mo), macrophages (Mϕ), 
fibroblasts (F), mature collagen (coll), and a constant term for other cells in the infarct 

that were not modeled. For each chemical factor, the model equation consisted of source 

terms that represented secretion by different cell types and a degradation term to account for 

natural degradation of the chemical factor (Eq. 3).

dC
dt =  ∑

j

m
∑

i

n ci

ci + Kc, i
  .  kj, C  .  cellsj −  kdeg, C . C (3)

Where C is the secreted chemical factor, kj,C is the secretion rate of C by cell type j, and 

kdeg,C is the degradation rate of chemical factor C. For active TGFβ, the model equation 

consisted of a term for activation from latent TGFβ and degradation of TGFβ (Eq. 4).
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dTGFβ
dt =  kTGFβ, act  .   MMP9

MMP9 + KMMP9
+ 0.05   .  latentTGFβ −  kTGFβ, deg . TGFβ (4)

Where kTGFβ,act is the activation rate of latent TGFβ to TGFβ and kTGFβ,deg is the 

degradation rate of active TGFβ. Lastly, collagen dynamics were modeled by two equations 

– one for pro-collagen (ProColl) secretion (Eq. 5) and the other for collagen maturation 

(MatColl) and degradation by MMP-9 (Eq. 6).

dProColl
dt =  kproColl, F  .   TGFβ

TGFβ + KTGFβ
  .  F   .   1

MatColl + 1 −  kcollMat 

.   MMP9
MMP9 + KMMP9

  .  ProColl
(5)

dMatColl
dt =  kcollMat  .   MMP9

MMP9 + KMMP9
  .  ProColl  −   kdeg, Coll . MMP9 

.  MatColl
(6)

Where kproColl,F is the secretion rate of pro-collagen by fibroblasts, kcollMat is the maturation 

rate of pro-collagen to mature collagen, and kdeg,Coll is the degradation rate of mature 

collagen by MMP-9. In Eq. 5, the terms TGFβ
TGFβ + KTGFβ

 and MMP9
MMP9 + KMMP9

  show activation 

of ProColl by TGFβ and MMP-9, while the term 1
MatColl + 1  models inhibition by mature 

collagen.

A total of 62 parameters were defined for this set of 43 equations. The parameter values 

were derived from literature and fit to experimental data (see Tables 3 and 4). The rigor and 

reproducibility quality of the methods for each individual article reviewed were considered 

while deriving the raw parameter values from literature. The articles selected for inclusion 

were also selected based on whether absolute value outputs of the assays (e.g. protein 

concentrations in ELISAs) were available. For instances when absolute values were not 

available, assays that provided relative values (e.g. relative expression in Western blots) were 

selected to guide parameter estimation. The variations in methods across the articles selected 

did not impact the model dynamics as the literature-derived parameters were optimized to 

fit experimental output time courses. Datasets with four or more timepoints were selected 

for calibration and digitized using webplotdigitizer (Rohatgi, 2021). The digitized data were 

either relative to sham or in absolute values, and were normalized using the maximum value 

of each dataset. Parameters were optimized using least squares minimization (lsqnonlin 

with the trust region reflective algorithm) and weighted with standard deviations of the 

respective calibration datasets. Absolute numbers and concentrations for model outputs 

were obtained from studies and parameters were manually scaled to ensure that the 

simulated and experimental outputs were on the same order. The model was implemented 

in MATLAB R2019b and code is made freely available at https://github.com/saucermanlab/

Chowkwale_et_al_IntercellularModel.
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2. Model validation

Validation datasets were chosen from separate studies than the calibration datasets but 

in the same manner (see Model Development). Literature for the perturbation-validation 

relationships were identified by searching the PubMed database for each modeled cell or 

chemical factor, output, and the phrase “mice post myocardial infarction” in the PubMed 

database. Literature with baseline post-MI and perturbation outcomes were selected. For 

quality and reproducibility, only studies with mouse models of MI and those that were 

independent from studies used in model development were considered. Validation was 

performed by running a baseline simulation and a perturbed simulation to the respective 

timepoints, and comparing the measured output qualitatively between the two simulations. 

The qualitative, simulated difference – either increase, decrease, or no change from 

baseline - was then compared to the experimental results. Changes below a threshold were 

categorized as no change (Zeigler et al., 2016). To determine the validation threshold 

value, the validation code was run across different thresholds ranging from 0 to 1. Model 

predictions were robust for thresholds up to 0.05 (Figure 3E), which was then chosen for 

the validation study. A total of 86 perturbations were selected from 23 published studies for 

validation (validation table provided in the GitHub repository).

3. Simulating perturbations

For perturbations involving chemical factor inhibition or removal of cells, the degradation 

rates or removal rates were set to 50 and 10 times their original parameter values, 

respectively. For simulating a decrease in chemical factor concentration or cell counts, the 

degradation rates or removal rates were set to 25 or 5 times their original parameter values, 

respectively. A sensitivity analysis was performed by perturbing each main component 

and analyzing how it affected the system. The perturbed components were neutrophils, 

monocytes, macrophages, fibroblasts, TNFα, IL-1β, GM-CSF, TGFβ, and MMP-9. The 

peak values of measured outputs in perturbations were normalized by peak values from 

the baseline simulation. The perturbed input conditions and measured outputs were then 

clustered using their average correlation. A simulated infarct size of 1.0 approximated a 

30% in vivo infarct size by TTC staining (Takagawa et al., 2007), while reducing it to 0.5 

approximated just above 10%. For perturbing various initiating infarct size, the initial and 

maximum values of fibroblasts, cardiomyocytes, latent TGFβ, collagen, blood neutrophils, 

and blood monocytes were scaled according to the initial new infarct size.

4. Reduced fibroblast model

Tor elucidate fibroblast proliferation dynamics, a reduced, ordinary differential equation 

model was created with only fibroblasts (see Equation 7). In this model, fibroblast 

proliferation is driven by a constant TGFβ concentration, proliferation rate, and crowding 

effect dependent solely on fibroblast density. The maximum fibroblast density was 

dependent on initial infarct size. Fibroblast removal was driven by a removal rate parameter. 

Parameter values were the same as the original model.

Chowkwale et al. Page 6

J Physiol. Author manuscript; available in PMC 2024 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



dF
dt =  λ  .     TGFβ

TGFβ + KTGFβ
  .  F   .   1 −   F

IS .  Fmax
− d . F, (7)

Where F represents fibroblasts, λ is fibroblast proliferation rate, d is fibroblast removal rate, 

IS is infarct size, KTGFβ is the saturation constant, and Fmax is the maximum fibroblast 

density. The parameters were optimized such that the fibroblast dynamics matched that of 

the original model at an infarct size of 1. The resulting parameters are shown in Table 5.

5. Analyses of reduced fibroblast model

To analyze the stability of the reduced fibroblast model, steady state analysis was performed 

on Equation 7. The equilibrium without any input to the system is at F = 0 cells. With 

a constant input of TGFβ = 10 pg/ml, we obtained a steady state of F = 6787 cells. It is 

important to note that the steady state value depended on the value of TGFβ, as shown in 

Table 6 below.

Bifurcation analyses were performed on this reduced system to assess the location and 

stability of its fixed points with respect to TGFβ concentration. TGFβ was varied from 

0 to 20 pg/ml, which is the maximum concentration in model output. Fixed points were 

calculated by finding the roots of the equation, and the stability of each point was measured 

by calculating the value of the derivative at that point. Fixed points of the reduced 

model were solved analytically as F1
* = 0  and F2

* =   Fmax . IS
λ . TGFβ λ . TGFβ − d . KTGFβ + TGFβ . 

Evaluating the derivative of Eq. 7 at F2 gives us the following term

d  −     λ . TGFβ
KTGFβ + TGFβ (8)

Based on the intersection of these fixed points, a transcritical bifurcation will occur at

TGFβ =  KTGFβ . d
λ − d , (9)

Applying the parameters in Table 5 to Equation 9, we identified a transcritical bifurcation at 

TGFβ = 0.0717 pg/ml in the reduced fibroblast model.

Results

1. A model of cardiac intercellular dynamics post-myocardial infarction

An ordinary differential equation (ODE) model of the intercellular dynamics in the healing 

infarct was constructed (Figure 1). The model represents a section of the infarct with 

uniform distribution of cells and chemical factors. The model integrates the main cell types 

from a healing infarct (Forte et al., 2020) and the secreted factors that are known to regulate 

healing dynamics. In a literature-informed manner, these cells and their corresponding cell 

behavior were modeled (Figure 1A). This included recruitment to the infarct, differentiation 

from precursor cell types, proliferation, removal from the infarct, and chemical secretion. 
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The cell-specific secretion of chemical factors (Figure 1B) and regulation of cell behavior 

(Figure 1C) was simulated based on behavior in mouse models of MI. The detailed 

procedure for model construction is provided in the Methods section.

2. Intercellular model predicts dynamics seen in mice post myocardial infarction

The intercellular model predicted the dynamic response to myocardial infarction (Figure 2). 

The predicted dynamics showed how the cell populations changed over time in response 

to the changing signaling contexts. The model parameters were first calibrated against 

population dynamics from post-MI studies in mice and then validated against separate 

independent studies. The normalized predictions and calibration and validation datasets 

are shown in Figure 2A. For example, in response to an MI, the macrophage population 

increases rapidly and peaks around day 3 post-MI but is completely eliminated by day 

21 post-MI. The normalized dynamics of all model outputs post-MI are shown in Figure 

2B. The cells and cell behavior section shows how neutrophils peak early, followed 

by monocytes and macrophages, and the gradual increase in fibroblasts. The dynamics 

of secreted factors illustrate how the inflammatory factors IL-1β, TNFα, and GM-CSF, 

peak early in the time course, while TGFβ peaks during the inflammation resolution and 

fibroblast proliferation phases. Collagen secretion is transient while its maturation follows 

fibroblast population trends and gradually increases.

Furthermore, the model was validated against perturbations in mouse models of myocardial 

infarction. The complete annotation of the validation relationships is in the Github 

repository. Of 84 relationships from 23 unique journal articles, the model accurately 

predicted qualitative changes in 61 (72.6%) of the new articles. Figure 3 shows 

model validation for four types of relationships – input-output, knockout, inhibition, 

and overexpression. The input-output relationships show the effects of a change in 

cell populations; abnormal neutrophil or macrophage counts led to abnormal collagen 

deposition. The model predicts these collagen changes accurately. Most chemical factor 

knockouts lead to a decrease in experimental outputs. This illustrates how critical these 

factors are in the healing infarct. The model predicts these outcomes accurately, confirming 

that the critical nature of these factors has been incorporated in the model.

While predictions agreed with experimental outputs for 72.6% of the evaluations, there 

were some notable exceptions. In particular, some cell population perturbations or TGFβ 
inhibition did not match, which indicates complexity in the response to MI that will guide 

further study. For example, experimentally, neutrophil deletion or overabundance has similar 

results, indicating a biphasic relationship rather than monotonic response curves.

3. Post-MI inflammation reflected a graded response to the initial infarct size

With the number of positive feedback motifs in this system, we asked whether inflammation 

exhibits all-or-none behavior (like turning an electric toggle switch that is on or off) or 

graded behavior (like a continuous dimmer switch). All-or-none behavior has been shown 

in a number of biological systems, including action potentials (Hodgkin & Huxley, 1952) 

and inflammatory cytokines in the NF-κB pathway (Yde et al., 2011). Many other systems 

exhibit graded behavior, such as the change in postsynaptic membrane potential in response 
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to neurotransmitter concentrations (Rien et al., 2011). To test whether post-MI inflammation 

is all-or-none, we perturbed the initial infarct size. With increasing initial infarct size, 

we observed a roughly linear change in IL-1β peak values, indicating a graded response 

(Figures 4A and 4B). As neutrophils were the major source of IL-1β during the early 

timepoints post-MI (Figure 4C), we examined whether neutrophils also exhibited a graded 

response to infarction. Similar to IL-1β, infiltrating neutrophils are a graded response to MI 

(Figures 4D and 4E). To assess the functional role of the positive feedback loop between 

neutrophils and IL-1β, we individually perturbed the removal rates of neutrophils and IL-1β 
(Figure 4F). The positive feedback increased neutrophil counts as well as IL-1β peak value, 

thus amplifying inflammation.

4. Inflammation resolution was regulated by both inflammatory and fibrotic model 
components

While the previous section identified drivers of inflammation, we next examined the 

regulators of inflammation resolution. We perturbed parameters that directly or indirectly 

played a role in IL-1β degradation or neutrophil removal. These perturbations were chosen 

because TGFβ inhibits neutrophil infiltration (Ikeuchi et al., 2004; Rainer et al., 2014) and 

MMP-9 inhibits neutrophil removal (Iyer et al., 2016). We varied the IL-1β degradation rate 

and observed a decrease in peak values of the respective IL-1β time courses (Figure 5A, 

left). For each perturbation, the decrease in resolution time was quantified using the T50 of 

IL-1β (Figure 5A, right). Varying neutrophil removal rates decreased IL-1β duration but did 

not have a drastic effect on the peak of IL-1β (Figure 5B). Perturbing MMP-9 degradation 

rates increased the T90 (Figure 5C) due to excess IL-1β secreted at late timepoints. 

Inhibiting TGFβ caused a similar increase in IL-1β secreted at late timepoints and increase 

in T90 (Figure 5D). This TGFβ negative feedback was due to delayed monocyte and 

macrophage removal from the system (right panel in Figure 5D compared with Figure 

4C). This shows that inflammation resolution was driven by the removal of inflammatory 

components as well as fibrotic components that actively resolved inflammation.

5. Multiple inflammatory mechanisms drive inflammation-fibrosis coupling post-MI

While studies have demonstrated that inflammation precedes fibrosis, the extent to which 

they are causally linked has not been clear. To test whether inflammation and fibrosis 

are directly coupled, we first looked at the predicted post-MI cell contributions of TGFβ 
(Figure 6A). Macrophages were a major source of TGFβ, followed by fibroblasts and then 

cardiomyocytes. When we individually inhibited the inflammatory cytokines, we found that 

IL-1β and GM-CSF had notable effects on TGFβ and its cell sources (Figure 6B). Moreover, 

the effects of these cytokines on cell-specific TGFβ were quantified, which showed similar 

regulation of TGFβ secreted by fibroblasts and macrophages. Inflammatory cytokines can 

directly exert their effects on TGFβ secretion through two different mechanisms – affecting 

cell populations or through phagocytosis regulation. Our simulation revealed that IL-1β 
inhibition and GM-CSF inhibition decreased macrophage and fibroblast counts, as well as 

ingested cell debris (Figure 6C). The decrease in macrophage counts and ingested debris 

caused a decrease in TGFβ. TNFα did not change macrophage numbers as drastically, and 

also increased ingested debris. This opposing effect led to an insignificant change in secreted 

TGFβ. Lastly, we perturbed phagocytosis mechanisms to see the effects on TGFβ secretion 
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(Figure 6D). Together, these simulations identified IL-1β and macrophage phagocytosis of 

cardiomyocytes as drivers of TGFβ secretion by macrophages.

6. Collagen is an ultrasensitive switch in response to initial infarct size

In the previous sections, we found that inflammation showed a graded response to initial 

infarct size, and a coupled relationship between inflammation and fibrosis was established. 

Following this, we wanted to characterize the dynamics of collagen deposition. Firstly, we 

perturbed initial infarct size and observed that collagen deposition was an ultrasensitive 

switch, with a Hill coefficient of 9.56 (Figure 7A). Individually inhibiting inflammatory 

cytokines IL-1β and GM-CSF prevented excess collagen deposition (Figure 7B). Moreover, 

collagen deposition was desensitized to changes in initial infarct size in the absence of 

inflammatory cytokines (Figure 7B).

To look at what drives the ultrasensitivity of collagen, we plotted model components 

upstream of collagen deposition – collagen secretion, the number of fibroblasts, and 

TGFβ. We found that TGFβ, fibroblasts, and collagen secretion were all ultrasensitive 

to initial infarct size, with the number of fibroblasts being most sensitive (Figure 7C). 

To identify the dynamics that underlie the ultrasensitivity in a controlled setting, we 

created a reduced one-variable ordinary differential equation model of fibroblast numbers 

(see Methods). The reduced model had one differential equation for fibroblasts and was 

dependent on constant values for proliferation and removal rates, initial infarct size, and 

TGFβ. Performing a bifurcation analysis using TGFβ concentration as the varied parameter 

revealed a transcritical bifurcation (Figure 7D). We solved the transcritical bifurcation 

analytically (refer to Methods section) and found that it occurs at a TGFβ concentration 

of 0.0717 pg/ml (shown in inset).

To identify which aspects of the model contribute to this bifurcation, we separately removed 

fibroblasts and the crowding term from the source term of the equation (Figures 7E and 7F). 

In case of removing the fibroblast variable, the system had one stable fixed point whose 

value increased non-linearly to very low fibroblast numbers. On removing the crowding 

effect, the fibroblasts proliferated uncontrollably as it only had one unstable fixed point at 

zero fibroblasts. This prediction was consistent with previous experiments that deleted the 

Hippo pathway in mice, which resulted in similar spontaneous fibroblast proliferation and 

excessive MI fibrosis (Xiao et al., 2019). Thus, the reduced model identified the inherent 

nature of proliferation as the cause of ultrasensitivity in the collagen deposition.

Discussion

Wound healing post-MI is a complex process involving a tightly controlled inflammatory 

response, activation of fibroblasts, and crosstalk between resident and recruited cells. 

Excessive wound healing can lead to future infarctions, arrhythmias, and eventually heart 

failure (Talman & Ruskoaho, 2016). Optimal therapeutic wound healing will be driven by 

a more complete understanding of how cells interact with each other to govern cardiac 

function in health and dysfunction in disease (Ferrari & Vagnozzi, 2021). Towards this goal, 

we developed a computational model of intercellular dynamics, which was validated using 

time course and perturbation data from post-MI mouse studies. The model predicted that 
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inflammation is a graded response to initial infarct size, while fibrosis is an ultrasensitive 

switch in response to initial infarct size. The model predicts that inflammation is amplified 

by neutrophil-IL-1β positive feedback, and resolution is driven by IL-1β degradation, 

neutrophil apoptosis, MMP-9, and TGFβ negative feedback. TGFβ secretion and mature 

collagen deposition are dependent on inflammatory cytokines and macrophage phagocytosis. 

This confirms an interdependence between inflammation and fibrosis post-MI, leading to 

the concept of inflammation-fibrosis coupling. Additionally, mature collagen deposition was 

amplified by fibroblast proliferation and limited by cell crowding.

Inflammation and fibrosis are considered important pathophysiological phases of post-MI 

wound healing. However, the interplay of their nonlinear dynamics has not been analyzed. 

In abstract tissue, models predicted that inflammatory signaling may be excitable, with 

all-or-none responses beyond a threshold (Yde et al., 2011). In contrast, our model analyses 

predict that post-MI inflammation is a graded response to initial infarct size. Moreover, the 

inflammatory response was proportional to the initial infarct size, which avoids overresponse 

in the system. Identifying the cell circuits that regulate post-MI inflammation provides 

therapeutic targets that overcome the general challenges in anti-inflammatory therapies 

(Huang & Frangogiannis, 2018). In addition to immune cells, fibroblasts have also been 

shown to exhibit nonlinear dynamics such as bistability (Yeo et al., 2018). This led to an 

interest in systems properties of fibroblast behavior post myocardial infarction in the current 

study. Fibrosis, represented by collagen secretion, was found to be ultrasensitive to initial 

infarct size. Fibroblast proliferation increased overall collagen deposition in the infarct, and 

was found to be ultrasensitive to smaller TGFβ concentrations. Components amplifying 

collagen sensitivity - fibroblast proliferation, TGFβ, and initial infarct size – can provide 

targets for anti-fibrotic therapies post MI while ensuring that there is sufficient wound 

healing, eventually preventing rupture.

The intense inflammatory response post-MI, including the roles of immune cells and 

cytokines, has been characterized and extensively reviewed (Ong et al., 2018; Smolgovsky 

et al., 2021). However, the interplay of cytokines and immune cells has not been elucidated 

in a systemic manner. Moreover, the model predictions may have a number of implications 

regarding therapeutics that target inflammation or fibrosis post-MI. The model predicted that 

the positive feedback loop between neutrophils and IL-1β amplifies inflammation; this can 

be a target of anti-inflammatory therapies (Huang & Frangogiannis, 2018). Anakinra, an 

IL-1β receptor antagonist, has been used clinically as treatment post myocardial infarction 

(Abbate et al., 2008), as well as other pathologies such as autoinflammatory diseases, heart 

disease, diabetes (Cavalli & Dinarello, 2018). Similar to the model prediction, the use 

of anakinra to block IL-1β has shown reduction in neutrophils and white blood cells in 

patients (Del Buono et al., 2022). Inflammation resolution is characterized by apoptosis 

of neutrophils and their subsequent clearance from the infarct. This indicates a role for 

pro-resolving macrophages (Ong et al., 2018). There have been several studies looking 

at pro-resolving therapies (Al-Darraji et al., 2018; Bejerano et al., 2018; Cheng et al., 

2020; Salybekov et al., 2018), however these prematurely initiate the proliferative phase of 

wound healing instead of directly targeting inflammation resolution (Leoni & Soehnlein, 

2018). These indirect targets have effects outside of the infarct that can be harmful to 

patients with higher cardiovascular risk (Kain et al., 2014). Hence, direct mechanisms that 
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drive inflammation resolution identified by the model, such as IL-1β, MMP-9, and TGFβ 
degradation and neutrophil apoptosis, provide novel targets for pro-resolving therapies. 

While the effect of inflammation on fibrosis has been described (Bejerano et al., 2018; 

Dobaczewski et al., 2010; Hofmann et al., 2012; Salybekov et al., 2018; Wan et al., 2013; 

Yang et al., 2019), the mechanisms through which inflammation regulates fibrotic model 

components had not been characterized. Our model shows that inflammatory cytokines 

mediate TGFβ secretion through a direct effect on macrophage cell counts, and indirectly 

by regulating phagocytosis. Additionally, mature collagen deposition was found to be 

ultrasensitive to TGFβ, and desensitized to initial infarct size in the absence of inflammatory 

cytokines. To the best of our knowledge, a coupling relationship between inflammation and 

fibrosis had not been established prior to this study.

Our model predicts dynamics for acute, transient inflammation post myocardial infarction. 

In the presence of chronic inflammation due to conditions such as cardiometabolic defects, 

aging, or co-medications, there is a dysregulation of inflammation resolution (Halade & Lee, 

2022; Kolpakov et al., 2020). This model could be further extended to predict intercellular 

dynamics in the presence of chronic post-MI inflammation. Moreover, the model does not 

include tissue-resident macrophages (Dick et al., 2019; Jia et al., 2022; Nahrendorf et al., 

2007). Tissue-resident macrophages are lost post-MI, but they recover to pre-infarct levels 

by around 4 weeks after infarction (Dick et al., 2019). Sufficient data was not available 

to model the dynamics of tissue-resident macrophages. However, the model accurately 

simulates the behavior of monocyte-derived macrophages post myocardial infarction.

Our use of the term inflammation-fibrosis coupling is inspired by cardiac excitation-

contraction coupling (Bers, 2002), while acknowledging that this phenomenon is on a 

different spatiotemporal scale. The transient dynamics of inflammation are reminiscent of 

an action potential. But in contrast to all-or-none action potentials, post-MI inflammation 

appears graded. Analogous to how the action potential is driven by positive feedback 

between Na+ current and voltage, here we find that post-MI inflammation is amplified 

by a neutrophil-IL-1β positive feedback loop. Action potential repolarization (driven by 

K+ currents) is dynamically similar to inflammation resolution (by IL-1β degradation and 

neutrophil apoptosis). Membrane depolarization triggers release of Ca2+, which activates 

the myofilaments that cause contraction. Similarly, TGFβ is essential for fibrotic activity 

and plays a direct role in fibroblast proliferation, which then leads to collagen deposition. 

Intriguingly, we predicted that collagen is ultrasensitive to TGFβ, much the way force 

production is ultrasensitive to Ca2+. The intensity of the coupling effect can be modulated 

by altering amplitude of inflammation or altering sensitivity of fibroblasts to TGFβ. 

In conclusion, we discerned a set of mechanisms driving inflammation, fibrosis, and 

inflammation-fibrosis by building and applying a comprehensive model of intercellular 

dynamics post myocardial infarction.
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Key points

• Inflammation and matrix remodeling are two processes involved in wound 

healing after a heart attack.

• Cardiac cells work together to facilitate these processes; this is done by 

secreting cytokines that then regulate the cells themselves or other cells 

surrounding them.

• This study developed a computational model of the dynamics of cardiac cells 

and cytokines to predict mechanisms through which inflammation and matrix 

remodeling is regulated.

• We show the roles of various cytokines and signaling motifs in driving 

inflammation, resolution of inflammation, and fibrosis.

• The novel concept of inflammation-fibrosis coupling, based on the model 

prediction that inflammation and fibrosis are dynamically coupled, provides 

rationale for future studies and designing therapeutics to improve the response 

after a heart attack.
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Figure 1: 
A model of cardiac intercellular dynamics post myocardial infarction. (A) Cellular 

components of the intercellular model. (B) Network representation of chemical factors 

secreted by cells, and how the secretion is regulated. (C) Network representation of cell 

populations regulated by chemical factors, cellular sources, and other model components.
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Figure 2: 
Intercellular model predicted dynamics measured in mice post myocardial infarction (MI). 

(A) Predicted dynamics of selected outputs were extended for 30 days after MI. The 

independent datasets used to calibrate (red cross, x) and validate (black circle, o) the 

simulated trends are shown for comparison. (B) The predicted dynamics of all the model 

outputs for 30 days post-MI are shown. All data are normalized to their respective maximum 

values.
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Figure 3: 
Intercellular model predicted qualitative outcomes of perturbations post myocardial 

infarction. (A-D) Predicted qualitative response of outputs is shown in the left columns 

in response to their respective perturbations. Qualitative experimental outcomes are in the 

right columns. Red indicates an increase from baseline output, blue indicates a decrease, and 

white indicates no change from baseline. Overall, the model validates 61 of 84 comparisons 

(72.6%). (E) Robustness of experimental validation comparing model predictions with 

experimental literature to varying validation thresholds.
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Figure 4: 
Inflammation was a graded response to infarction. (A) Predicted IL-1β time courses for 

select initial infarct sizes. (B) Peak values plotted against initial infarct size indicate a graded 

increase in the inflammatory response. (C) Cell sources for overall IL-1β in the given time 

periods post-MI. (D) Neutrophil time courses for select initial infarct sizes. (E) Neutrophil 

peak values plotted against initial infarct size. (F) Perturbations of neutrophil removal rate or 

IL-1β degradation rate and their effects on the neutrophil-IL-1β positive feedback loop.
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Figure 5: 
Inflammation resolution was regulated by removal of inflammatory and enhancement of 

fibrotic processes. (A) IL-1β time courses for varied IL-1β degradation rates (left) show 

the changes in peak values. The T50s (right) for the perturbations quantify change in 

inflammation resolution. (B) IL-1β curves for different neutrophil removal rates show the 

change in peak values and T50s show changes in inflammation resolution. (C) IL-1β time 

courses for varied MMP-9 degradation rates (left) and inflammation resolution quantified 

as T90s (right) (D) Effect of TGFβ inhibition on IL-1β duration (left), quantified by the 

difference in T90 (middle). Cell sources for overall IL-1β after TGFβ inhibition in the given 

time periods post-MI are shown on the right.
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Figure 6: 
Multiple inflammatory mechanisms drive inflammation-fibrosis coupling post-myocardial 

infarction. (A) Cell sources of TGFβ post MI, followed by fibroblasts. (B) Roles of 

inflammatory cytokines IL-1β, GM-CSF, and TNFa in TGFβ secretion post MI. (C) Effect 

of inflammatory cytokines on cell counts, debris, and phagocytosis. (D) Effects of various 

phagocytosis mechanisms on overall and macrophage TGFβ secretion. The relative area 

under the curve represents a cumulative sum of the secreted factors in simulated time course.
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Figure 7: 
Mature collagen deposition was an ultrasensitive switch in response to initial infarct size. 

(A) Peak values of collagen deposition plotted against infarct size indicated an ultrasensitive 

switch, with a Hill coefficient of 9.56. (B) Roles of inflammatory cytokines IL-1β, GM-CSF, 

and TNFa in collagen deposition post MI for different initial infarct sizes. (C) Peak values of 

model components upstream of collagen indicated ultrasensitivity, amplified by fibroblasts. 

(D) Bifurcation analysis of a reduced model with TGFβ concentration, as the bifurcation 

parameter revealed a transcritical bifurcation. Filled circles: stable fixed points; open circles: 

unstable fixed points. Inset: bifurcation analysis with low concentrations of TGFβ. (E and F) 

Bifurcation analysis of the reduced model with either (E) fibroblasts or (F) crowding term 

removed from the proliferation term.
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Table 1:

Cell behavior regulated by secreted factors in the model. The up arrow indicates activation and the down arrow 

represents inhibition by these regulated factors.

Regulating Factors

Cell Behavior IL-1β TNFα GM-CSF MMP-9 TGFβ

Cardiomyocyte cell death ↑ ↑ ↓

Neutrophil infiltration ↑ ↑ ↓

Neutrophil removal ↓ ↓

Monocyte infiltration ↑ ↑

Monocyte removal ↓ ↓

Macrophage differentiation ↑ ↑

Macrophage proliferation ↑ ↑ ↑

Macrophage removal ↓ ↓

Macrophage phagocytosis ↓ ↑ ↑

IL-1β secretion by macrophages ↓

TNFα secretion by macrophages ↓

TGFβ secretion by macrophages ↑

Fibroblast proliferation ↑

TNFα secretion by fibroblasts ↓

MMP-9 secretion by fibroblasts ↑

TGFβ secretion by fibroblasts ↑

Pro-collagen secretion by fibroblasts ↑

Collagen maturation ↓
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Table 2:

Cell sources of secreted factors in the model.

Cell Types

Secreted Factors Cardiomyocytes Neutrophils Monocytes Macrophages Fibroblasts

IL-1β ✓ ✓ ✓ ✓ ✓

TNFα ✓ ✓ ✓ ✓ ✓

GM-CSF ✓ ✓ ✓

MMP-9 ✓ ✓ ✓ ✓ ✓

TGFβ ✓ ✓ ✓

Collagen ✓
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Table 3:

Parameter values for cell behavior derived from literature and optimized using parameter estimation.

Parameter Description Value Unit Measurement techniques Citation

Cardiomyocyte parameters

αCM Apoptosis rate 0.025 1/hour -- Estimated value

Neutrophil parameters

IN Infiltration rate 0.095 1/hour -- Estimated value

αN Removal rate 0.525 1/hour -- Estimated value

ϕN Phagocytosis rate 2.2e-3 1/hour -- Estimated value

Monocyte parameters

IMo Infiltration rate 0.095 1/hour -- Estimated value

αMo Removal rate 0.525 1/hour -- Estimated value

λMo,blood Proliferation rate in blood 1e-5 1/hour -- Estimated value

Macrophage parameters

dM
Differentiation rate from 
monocytes 0.0592 dimensionless Flow cytometry (Nahrendorf et al., 2007)

λM Proliferation rate 2.3e-4 1/hour Bromodeoxyuridine (BrdU) 
incorporation assay (Heidt et al., 2014)

αM Removal rate 0.0175 1/hour -- Estimated value

ϕM Phagocytosis rate 0.015 1/hour -- Estimated value

Fibroblast parameters

λF Proliferation rate 0.065 1/hour Bromodeoxyuridine (BrdU) 
incorporation assay (Virag & Murry, 2003)

αF Removal rate 1.5e-3 1/hour -- Estimated value
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Table 4:

Parameter values for secreted factors derived from literature and optimized using parameter estimation.

Parameter Description Value Unit Measurement techniques Citation

IL-1β parameters

kIL-1β,CM
Secretion rate by 
cardiomyocytes 7.55e-5 pg/ml/cell/hour ELISA (Horton et al., 2006)

kIL-1β,N Secretion rate by neutrophils 0.06 pg/ml/cell/hour MILLIPLEX MAP mouse 
cytokine/chemokine panel (McLoed et al., 2016)

kIL-1β,Mo Secretion rate by monocytes 9.58e-3 pg/ml/cell/hour Immunoblotting (Gaidt et al., 2016)

kIL-1β,Mϕ Secretion rate by macrophages 0.015 pg/ml/cell/hour ELISA (Meng & Lowell, 1997)

kIL-1β,F Secretion rate by fibroblasts 2.25e-3 pg/ml/cell/hour -- Estimated value

kIL-1β,deg Degradation rate 0.4086 1/hour Ribonuclease protection assay 
and curve fitting (Dewald et al., 2004)

TNFα parameters

kTNFα,CM
Secretion rate by 
cardiomyocytes 5e-7 pg/ml/cell/hour ELISA (Horton et al., 2006)

kTNFα,N Secretion rate by neutrophils 1.2e-3 pg/ml/cell/hour Immunofluorescence (Finsterbusch et al., 2014)

kTNFα,Mo Secretion rate by monocytes 1.58e-4 pg/ml/cell/hour ELISA (Matic & Simon, 1991)

kTNFα,Mϕ Secretion rate by macrophages 3.15e-4 pg/ml/cell/hour ELISA (Minshawi et al., 2019)

kTNFα,F Secretion rate by fibroblasts 9.5e-5 pg/ml/cell/hour ELISA (Del Re et al., 2010)

kTNFα,deg Degradation rate 0.4786 1/hour Ribonuclease protection assay 
and curve fitting (Deten & Zimmer, 2002)

GM-CSF parameters

kGMCSF,N Secretion rate by neutrophils 9.6e-3 pg/ml/cell/hour Luminex assay (Satoh et al., 2006)

kGMCSF,Mo Secretion rate by monocytes 1.95e-3 pg/ml/cell/hour Luminex assay (Satoh et al., 2006)

kGMCSF,F Secretion rate by fibroblasts 5.24e-4 pg/ml/cell/hour Bio-plex assay (Rossini et al., 2008)

kGMCSF,deg Degradation rate 3.15 1/hour qRT-PCR and curve fitting (Vandervelde et al., 2007)

MMP-9 parameters

kMMP9,N Secretion rate by neutrophils 7.35e-4 pg/ml/cell/hour Gelatin zymography (Chakrabarti et al., 2006)

kMMP9,Mo Secretion rate by monocytes 6.5e-5 pg/ml/cell/hour ELISA (Nold et al., 2003)

kMMP9,Mϕ Secretion rate by macrophages 3e-5 pg/ml/cell/hour ELISA (Bellosta et al., 2001)

kMMP9,F Secretion rate by fibroblasts 6.5e-5 pg/ml/cell/hour Immunoblotting (Somanna et al., 2016)

kMMP9,deg Degradation rate 0.292 1/hour Gelatin zymography (F. Wang et al., 2007)

Latent TGFβ parameters

klTGFB,CM
Secretion rate by 
cardiomyocytes 5e-7 pg/ml/cell/hour ELISA (Schindler et al., 1998)

klTGFB,Mϕ Secretion rate by macrophages 3.15e-4 pg/ml/cell/hour ELISA (Schindler et al., 1998)

klTGFB,F Secretion rate by fibroblasts 9.5e-5 pg/ml/cell/hour Mink lung epithelial cell-
bioassay (Fisher & Absher, 1995)

klTGFB,deg Degradation rate 0.4786 1/hour Ribonuclease protection assay 
and curve fitting (Ikeuchi et al., 2004)

TGFβ parameters
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Parameter Description Value Unit Measurement techniques Citation

kTGFβ,act Activation rate 5e-7 1/hour Estimated value from TGFβ 
activation function (Jin et al., 2011)

kTGFβ,deg Degradation rate 0.4786 1/hour Ribonuclease protection assay 
and curve fitting (Ikeuchi et al., 2004)

Collagen and debris parameters

kdebris Debris conversion rate 1 1/hour -- Estimated value

kproColl,F
Procollagen secretion rate by 
fibroblasts 3.15e-4 pg/ml/cell/hour Hydroxyproline assay (Mummidi et al., 2016)

kcollMat Collagen maturation rate 9.5e-5 1/hour Immunoblotting (Del Re et al., 2010)

kdeg,Coll
Degradation rate of collagen by 
MMP-9 0.4786 1/hour -- (Rikard et al., 2019)
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Table 5:

Parameter values for the reduced fibroblast model.

Parameter Description Value Units

λ Fibroblast proliferation rate 0.15 1/hour

d Fibroblast removal rate 0.0035 1/hour

KTGFβ TGFβ saturation constant 3 dimensionless

IS Infarct size 1 dimensionless

Fmax Maximum fibroblast density 7000 cells
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Table 6:

Steady state values for the reduced fibroblast model with various TGFβ inputs.

Input TGFβ value Steady state, E = x1
*

0 0

0.1 1936

1 6346

10 6787

J Physiol. Author manuscript; available in PMC 2024 July 01.


	Abstract
	Abstract Figure Legend:
	Introduction
	Methods
	Model development
	Model validation
	Simulating perturbations
	Reduced fibroblast model
	Analyses of reduced fibroblast model

	Results
	A model of cardiac intercellular dynamics post-myocardial infarction
	Intercellular model predicts dynamics seen in mice post myocardial infarction
	Post-MI inflammation reflected a graded response to the initial infarct size
	Inflammation resolution was regulated by both inflammatory and fibrotic model components
	Multiple inflammatory mechanisms drive inflammation-fibrosis coupling post-MI
	Collagen is an ultrasensitive switch in response to initial infarct size

	Discussion
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:
	Figure 7:
	Table 1:
	Table 2:
	Table 3:
	Table 4:
	Table 5:
	Table 6:

