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SUMMARY

Tissue repair is a protective response after injury, but repetitive or prolonged injury can lead to

fibrosis, a pathological state of excessive scarring. To pinpoint the dynamic mechanisms underlying

fibrosis, it is important to understand the principles of the cell circuits that carry out tissue repair.

In this study, we establish a cell-circuit framework for the myofibroblast-macrophage circuit in wound

healing, including the accumulation of scar-forming extracellular matrix. We find that fibrosis results

from multistability between three outcomes, which we term ‘‘hot fibrosis’’ characterized by many

macrophages, ‘‘cold fibrosis’’ lacking macrophages, and normal wound healing. This framework clar-

ifies several unexplained phenomena including the paradoxical effect of macrophage depletion, the

limited time-window in which removing inflammation leads to healing, and why scar maturation takes

months. We define key parameters that control the transition from healing to fibrosis, which may

serve as potential targets for therapeutic reduction of fibrosis.

INTRODUCTION

Tissue injury initiates a dynamic process that involves an immune response, local proliferation of cells, scar

deposition, and tissue regeneration. Following an injury, signals from the damaged cells recruit inflamma-

tory cells, such as monocytes and neutrophils, and stimulate differentiation of fibroblasts into myofibro-

blasts. Myofibroblasts produce extracellular matrix (ECM) proteins such as collagen and fibronectin that

form the scar. Recruited monocytes, together with tissue-resident macrophages, differentiate into inflam-

matory macrophages that break down and engulf the fibrin clot and cellular debris (Figure 1A).

Injuries are classified according to the ability of the tissue to regenerate and the severity of the wound (Rob-

bins, 1994). When the tissue has regenerative potential, such as many epithelial tissues, and the injury is

mild, the inflammation is resolved within days, myofibroblasts and inflammatory macrophages are

removed, and the scar gradually degrades over weeks. Injured epithelial cells are replaced through regen-

eration and normal tissue composition is restored (Diegelmann and Evans, 2004; Duffield et al., 2013; Gurt-

ner et al., 2008; Mann et al., 2011; Mutsaers et al., 1997).

When the injury is more severe or persistent, however, regeneration is not possible and the organism re-

sorts to repair with fibrosis. Scars mature over months into an aggregate of ECM, myofibroblasts, and mac-

rophages. Fibrosis resolves the acute injury, but fibrotic tissue is less functional than the original tissue.

Fibrotic diseases are a common cause of age-related decline in organ function and ultimately of organ fail-

ure. Fibrotic diseases appear in many tissues including the skin, the musculoskeletal system, lung, liver,

heart, and kidney (Wynn, 2008).

Fibrosis often accompanies repetitive injury or chronic wounds with insufficient vascular supply. Prolonged

injury can be due to persistent damaging agents, such as hepatitis C in the liver, or a failure to replace

damaged cells, which prolongs the inflammatory response (Cao et al., 2016; Degryse et al., 2010; Mouratis

and Aidinis, 2011). Such failure is especially common in tissues with poor regenerative capacity such as the

heart.

In tissues with regenerative capacity, injury can thus lead to either regeneration or fibrosis, depending on

the duration of the inflammatory signal. Studies show that there is a limited time-window of several days in

which stopping inflammation avoids fibrosis (Figure 1B). Beyond this time-window, fibrosis inevitably oc-

curs even if inflammation is stopped. For example, in viral infection, early removal of the inflammatory

trigger by antiviral drugs improves the patient state and reduces fibrosis (Ferguson and O’Kane, 2004;
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Figure 1. Overview of Cell-Cell Interactions Following Tissue Injury

(A) Schematic of wound healing and scar formation.

(B) If injury is transient, it leads to brief inflammation, and no fibrosis occurs. However, if injury is persistent and

inflammation exceeds a critical time window, fibrosis is usually inevitable.

(C) Circuit in which myofibroblasts (mF) and macrophages (M) secrete growth factors (GFs) for each other; mFs show an

autocrine loop and are limited by a carrying capacity. Both cell types remove the GFs by endocytosis (dashed arrows).

(D) ECM is produced by mF and degraded by proteases mainly secreted byM. Proteases are inhibited by factors secreted

by mF and M.
Wynn and Ramalingam, 2012). Similarly, early macrophage depletion substantially reduces the develop-

ment of liver fibrosis (Duffield et al., 2005; Ide et al., 2005; Pradere et al., 2013; Sunami et al., 2012). The

origin of this time-window is unclear. In addition, the long timescale of scar maturation, which can take

months, is surprising given this limited time-window, as well as the fact that cell turnover times are on

the order of days.

In order to understand how a single process can lead to two very different physiological outcomes, healing

and fibrosis, and to understand the timescales of fibrosis, it is important to define the circuit of cell-cell in-

teractions that generates scarring. This circuit involves damaged tissue cells, myofibroblasts, and macro-

phages (Lech and Anders, 2013; Pakshir and Hinz, 2018; Ramachandran et al., 2019; Wynn and Barron,

2010; Wynn and Vannella, 2016). The macrophages can transition between different states, including

pro-inflammatory M1 and anti-inflammatory M2 states (Braga et al., 2015; Sommerfeld et al., 2019).

In this circuit, macrophages and myofibroblasts reciprocally interact by growth factor exchange: myofibro-

blasts secrete colony-stimulating factor (CSF) for macrophages (CSF1, M-CSF) and macrophages secrete

platelet-derived growth factor (PDGF) for myofibroblasts (Davies et al., 2013; Joshi et al., 2020; Lodyga

et al., 2019; Wynn and Barron, 2010) (Figure 1A). In addition, myofibroblasts secrete PDGF in an autocrine

loop that allows them to survive and expand in the absence of other growth-factor sources (Bonner, 2004;

Trojanowska, 2008) (Figure 1C). This growth-factor communication is akin to the interaction between tissue-

resident macrophages and fibroblasts that provides proper cell composition in the tissue, a circuit whose

principles have been recently analyzed (Adler et al., 2018; Zhou et al., 2018).

Inflammatory macrophages also maintain the turnover of ECM by secreting factors that enhance or inhibit

ECMdegradation, namely matrix proteases (such as MMPs) and inhibitors of proteases (such as TIMPs). The
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latter are also secreted by myofibroblasts (Pellicoro et al., 2014) (Figure 1D). The secretion of antagonistic

factors (both proteases and their inhibitors) by macrophages may relate to the paradoxical effect of

removing macrophages on fibrosis: depletion of macrophages can either abrogate fibrosis or enhance it

depending on context (Duffield et al., 2005).

Here, we present a cell-circuit framework for tissue repair and fibrosis. This framework clarifies how the in-

teractions between the relevant cell types provide multistability: the dynamics can flow to the different

physiological states of fibrosis or healing, depending on the severity and duration of the immune response.

This approach builds on previous theoretical work regarding fibroblast activation (Hao et al., 2014) and

adds to it the crucial component of the fibroblast interaction with macrophages. The circuit predicts the

existence of three steady-states: a state of healing associated with modest ECM production and two

fibrosis states associated with high cellularity and excessive ECM production, consistent with histopatho-

logical observations. In one of the fibrotic states, which we term ‘‘hot fibrosis,’’ myofibroblasts and macro-

phages are present at high levels. In the other state, which we term ‘‘cold fibrosis,’’ only myofibroblasts are

present. The reciprocal macrophage-myofibroblast interaction is a key component in understanding ob-

servations such as the fibrotic time-window, the long timescale of scar maturation, and the paradoxical ef-

fect of macrophage depletion. Furthermore, the model suggests several targets for therapeutic reduction

of fibrosis, including the PDGF autocrine loop.
RESULTS

Macrophages and Myofibroblasts Interact to Form a Multi-Stable Circuit

We developed a circuit framework for the cell-cell interactions in wound healing (Figure 1A). Wound heal-

ing involves at least three cell types. The first cell type is the tissue parenchymal cells, such as epithelial

cells, that are damaged, and may eventually regenerate. These cells provide signals that recruit and acti-

vate the two other cell types: macrophages derived from circulatingmonocytes andmyofibroblasts derived

from fibroblasts.

The presence of three cell types requires a three-cell circuit. We find that a considerable simplification oc-

curs if we focus on only two of the cell types, macrophages and myofibroblasts, and consider the tissue

parenchymal cells as a source of inflammatory signal that lasts as long as damaged cells are present. We

thus consider the damage signal as an input that we can vary to explore transient versus prolonged injury.

The resulting two-cell circuit approach allows a clear understanding of the dynamics. In the Supplemental

Information we analyze the full three-cell circuit framework and find that it leads to the same essential con-

clusions (Figure S1).

The two cell types, myofibroblasts and activated wound macrophages, communicate by secreting and

sensing growth factors that are essential for their survival and promote proliferation. Myofibroblasts

secrete CSF for the macrophages. Macrophages secrete PDGF for the myofibroblasts, as do the myofibro-

blasts themselves in an autocrine loop (Bonner, 2004). These growth factors are primarily removed via

endocytosis by their target cells (Zhou et al., 2018). Here, we focus on monocyte-derived macrophages

and include their different states (such as M1 and M2 states) into a single variable.

We assume that myofibroblasts are close to their carrying capacity—the maximum population size that can

be supported in the tissue. In contrast, macrophages are far from their carrying capacity, as evidenced by

the sharp rise in immune cell numbers during inflammation (Figure 1C). A similar situation was found in a

study of tissue homeostasis, where fibroblast carrying capacity was measured in vitro (Zhou et al., 2018).

We use this circuit to mathematically model the dynamics at the site of an injury. The variables are the

numbers of myofibroblasts and macrophages at the injury site. The model takes into account secretion

and consumption of growth factors as well as proliferation and removal of cells (Transparent Methods

Equations 1–4). For simplicity, we use a single growth factor variable per cell type, which represents an

aggregate of multiple ligands that can bind a single receptor as in the case of IL-34 and CSF-1 for

CSF1R (Preisser et al., 2014).

We used biologically plausible rate constants for secretion, endocytosis, proliferation, and apoptosis

based on experimental measurements (Table 1). We consider these parameter values as a reference set

of parameters, and note that different tissues can show different parameter sets.
iScience 23, 100841, February 21, 2020 3



Parameter Biological Meaning Value Ref.

l1 Maximal proliferation rate ofmyofibroblasts 0.9 day�1 (Zhou et al., 2018)

l2 Maximal proliferation rate of macrophages 0.8 day�1 (Zhou et al., 2018)

m1, m2 Removal rate of the cells 0.3 day�1 (Zhou et al., 2018)

K Myofibroblast-carrying capacity 106cells perml

�
� 10�6 cell

mm3

�
(Zhou et al., 2018)

k1, k2 Binding affinity (Kd) of growth factor Cij 109molecules per ml (Hayashida et al., 1990;

Nakoinz et al., 1990)a

b1 Maximal secretion rate of CSF1 by

myofibroblasts

470
molecules

cell min
BNID 112718

b2 Maximal secretion rate of PDGF by

macrophages

70
molecules

cell min
BNID 112718

b3 Maximal secretion rate of PDGF by

myofibroblasts

240
molecules

cell min
BNID 112718

a1 Maximal endocytosis rate of CSF1 by

macrophages

940
molecules

cell min
BNID 112725

a2 Maximal endocytosis rate of PDGF by

myofibroblasts

510
molecules

cell min
BNID 112725

g Degradation rate of growth factors 2 day�1 (Zhou et al., 2018)

Table 1. Model Parameter Values

BNID, BioNumbers ID number.
aThese parameters were adjusted to consider spatial effects.
The resulting dynamics can be displayed in a phase portrait, in which the axes are the concentrations of the

two cell types (cells per ml of tissue volume). The arrows show the direction of change of the cell concen-

trations (Figure 2A).

The model shows three types of dynamic processes. At low initial cell (myofibroblast + macrophage) con-

centrations, the dynamics flows toward a stable state with zero cells (Figure 2A). This state can be consid-

ered as the healing state, because the scarring process is resolved when monocyte-derived macrophages

and myofibroblasts are removed from the tissue, allowing the tissue-resident cell types to proliferate and

restore tissue homeostasis.

However, if the initial cell numbers are high enough, above a threshold denoted by the separatrix line in

Figure 2A, the dynamics flows to a steady state with high levels of both cell types. This steady-state is

maintained with constant turnover of the cells. Myofibroblasts and macrophages keep each other at a

high concentration due to the mutual secretion of growth factors. We consider this stable state as a

‘‘hot fibrosis’’ state because both myofibroblasts and macrophages linger within the tissue and

there is constant production of ECM. The term ‘‘hot’’ indicates the high abundance of immune cells

(macrophages).

The model also has a third fixed point. In this fixed point, there are zero macrophages and a high level of

myofibroblasts. This state leads to ECM production because of the high level of myofibroblasts andmay be

considered as another state of fibrosis. We term this ‘‘cold fibrosis’’ due to the lack of macrophages

(Figure 2A).

The hot fibrosis and the healing fixed points are stable for a wide range of model parameters: the reference

parameter values can vary by 10- to 100-fold without affecting the stability of the healing and hot fibrosis

states (Figure S2). The cold fibrosis state is robustly stable to changes in myofibroblast numbers but unsta-

ble regarding changes in the abundance of macrophages. A small influx of macrophages causes propaga-

tion to the hot fibrosis state (Figure 2A).
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Figure 2. TheMyofibroblast-Macrophage Circuit ShowsMulti-stability between a Healing State and Two Fibrosis

States

(A) Phase portrait of the circuit with reference parameters, in which arrows show the flow rate of change of cell numbers.

Stable fixed points (black dots) and unstable fixed points (white dots) are shown (the semi-stable cold fibrosis state as split

black and white), as is the separatrix (black line) that marks the boundary between the basin of attraction of the healing

(gray region) and fibrosis states (the parameter values that are used are listed in Table 1).

(B) Temporal trajectories of cells and ECM starting from the initial points 1–3 (white squares in panel B).

(C) Phase portrait of a circuit with a 100-fold lower CSF secretion rate than in panel A stabilizes the cold-fibrosis state.

There is no hot fibrosis state.

(D) Myofibroblast-macrophage phase portrait in a circuit in which PDGF downregulates CSF expression in myofibroblast

shows all three stable states. Note there are two separatrix curves, dividing the phase portrait into three basins of

attraction. The middle basin (white region) flows to the cold-fibrosis state. Here we used the parameter values: a1 =

0:2
molecules

cell min
, a2 = 30

molecules

cell min
, b3 = 8

molecules

cell min
, b1 = 2

molecules

cell min
, l1 = l2 = 2

1

day
. We used the values listed in Table 1 for

the remaining model parameters.

See also Figure S2.
The cold fibrosis state can, however, be made fully stable by using different values for the model param-

eters. For example, a 100-fold lower CSF secretion rate causes the hot fibrosis state to lose its stability,

leaving only the healing and cold fibrosis states as stable solutions. In this case, perturbing cold fibrosis

by adding macrophages leads to a return to cold fibrosis and a removal of the macrophages (Figure 2C).

Another scenario that stabilizes the cold fibrosis state is considering a slightly modified model in which

CSF production in myofibroblasts is downregulated by PDGF (Transparent Methods Equation 5). In this

case, perturbing cold fibrosis by adding a small amount of macrophages leads to a return to cold fibrosis

and a loss of the macrophages; addition of a large amount of macrophages causes flow to the hot

fibrosis state (Figure 2D). The phase portrait shows three basins of attraction: to healing, cold, and

hot fibrosis.
iScience 23, 100841, February 21, 2020 5



Parameter Definition Value

a a
gk21

b21kEaA
1

b b
K

kEaA
1

c c
gk21

b21kEaP
1

P0
P0

kEaP
0.1

aE
aE

m1
1

Table 2. Dimensionless Parameter Values for ECM Dynamics
These scenarios with different choices of model parameters or additional interactions may exemplify the

circuit in different tissue contexts. Indeed, different organs can have different patterns of fibrosis. Carrying

capacity of either cell type may be different in different tissue types, limited by anatomy (space), physiology

(e.g. oxygen supply), or characteristics of the surrounding cell populations.

To chart the amount of ECM during these dynamics, we computed the accumulation of ECM produced by

myofibroblasts (Figure 1D). We considered ECM degradation by proteases including MMPs, and the inhi-

bition of proteases, by factors including TIMPs (see Transparent Methods Equations 6–12 and parameter

values in Table 2). The healing state has a small amount of ECM accumulation followed by degradation,

whereas the hot fibrosis and the cold fibrosis states have high persistent level of ECM (Figure 2B).

Although we model ECM concentration, the same variable may be interpreted to include also matrix qual-

ity such as stiffness (Klingberg et al., 2013). Often, excess matrix is stiffer, abnormal, and partially degraded.

Such stiffness may accelerate myofibroblast differentiation and accumulation, as well as enhance the tran-

sition to fibrosis (Avery et al., 2018).
Bistability of the Circuit Explains How Persistent Injury Triggers Fibrosis

To study the effect of the duration of injury on fibrosis, we considered the response of the circuit to several

scenarios: injury stimuli consisting of a single transient pulse, repetitive injury pulses, or a single prolonged

pulse (we use the reference parameter set; we examine the response of the circuits with a stable cold

fibrosis state in the Supplemental Information (Figure S3)). We modeled these injury stimuli by inflamma-

tory signals that recruit monocyte-derived macrophages and thus serve as a source term in the macro-

phage equation (Transparent Methods Equations 13 and 14).

We numerically solved the dynamical trajectory of the cells in response to these injuries starting from an

initial condition of a small number of macrophages and myofibroblasts (1 cell/mL). The results do not

depend sensitively on this initial condition. We find that the outcome of the cell-circuit response depends

on the severity, duration, and recurrence of the injury.

A transient injury stimulates a brief inflammatory pulse (Figure 3A) that recruits a strong, brief influx of mac-

rophages. Then, myofibroblast numbers rise. When the pulse ends, the macrophages die and no longer

support myofibroblast proliferation. Both cell types decline to zero and reach the healing stable state (Fig-

ure 3B). The overall accumulation of ECM is very small (Figure 3G).

In contrast, a repetitive (Figure 3C) or prolonged injury (Figure 3E) leads to a different result. The cells

divide and grow, mutually supporting each other via growth factors, until they cross the separatrix between

the healing and fibrosis states. The cells converge to the hot fibrosis state (Figures 3D and 3F). ECM accu-

mulation reaches a high steady-state, which represents scar formation in fibrosis (Figure 3G).

Brief repetitive injuries have some dynamical differences from a single prolonged injury. When the pro-

longed injury elicits a response that is close to the separatrix, the scar shows a slower accumulation than

repetitive injury (Figure 3G, green line compared to orange line) due to the temporary loss of macrophages

(Figure 3I). Very prolonged injury becomes more similar to repetitive injury (Figure S4).
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Figure 3. The mF-M Circuit Shows Healing Versus Fibrosis Depending on Duration and Recurrence of

Inflammation

(A–I) (A) For a brief pulse of inflammation (2 days), the rise of mF andM is transient, leading to a healing trajectory in phase

space that returns to the healing state (in light blue) (B). In contrast, two successive two-day long inflammatory pulses (C)

or a prolonged pulse (4 days) (E) lead to a trajectory to the hot fibrosis state with persistent mF and M populations (in

orange and green, respectively) (D and F). Note that the separatrix applies to the equations without the external

inflammation input, and so the separatrix can be crossed during the input pulse(s). The dynamics of ECM (G), mFs (H), and

Ms (I) are plotted in response to transient (light blue lines), repetitive (orange lines), and prolonged (green lines) injuries.

(J) Final ECM as a function of inflammation pulse duration shows a critical time-window of about three days to stop

inflammation.

See also Figures S1, S3, and S4.
To illustrate the existence of a critical time-window, we plot the final ECM level as a function of the duration

of a transient immune pulse (duration of inflammation). The final ECM level is very small up to a critical

inflammation duration of tc�3 days. For longer inflammation, ECM jumps to a high final level, representing

fibrosis (Figure 3J). The critical time-window is due to the crossing of the separatrix. Thus, the model pre-

dicts that inflammation must be stopped early in order to avoid fibrosis.
The Timescale of Months for Scar Maturation Is due to the Slow Crossing of a Dynamical

Barrier

We also analyzed the time to reach full ECM levels, which corresponds to the scar maturation time. We

define the maturation time (tm) as the time to reach half of the final ECM level (Figure 4A). The maturation

time is on the order of a month and reaches 80 days for immune pulses close to the critical pulse duration

(Figure 4B, see Transparent Methods). This month-timescale is surprising, because it is much longer than

the turnover time of the growth factors (hours) or the cells (days).

To understand the slow maturation time, we zoomed in on the dynamics for an immune pulse of four days

(Figure 4C). During the pulse, there is a sharp rise in macrophages due to influx from monocytes. Because

the pulse is brief, there are only a few myofibroblasts when the pulse ends, and they cannot strongly
iScience 23, 100841, February 21, 2020 7
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Figure 4. The mF-M Circuit Explains the Timescale of Months for Scar Maturation and the Paradoxical Effect of

Macrophage Depletion on Fibrosis

(A) ECM accumulation in response to a four-day immune pulse. Maturation time, tm, is defined as the time to reach half

maximal ECM accumulation.

(B–F) (B) ECMmaturation time is on the order of months for fibrosis and weeks for healing. The slow timescale of weeks to

months is due to a dynamical barrier due to an unstable fixed point (upper white circle) (C and D), akin to a ball slowing

down at the top of a hill (E and F). In (C and D) blue dots indicate trajectory values at intervals of one day, so that slow

dynamics correspond to dense blue dots.

(G) Depleting macrophages when myofibroblasts are below or above the unstable point (lower white circle, labeled mFu)

leads to healing or fibrosis, respectively.
support the macrophages by CSF secretion. Hence the macrophage population drops after the pulse is

over but does not vanish.

The dynamics are then close to an unstable fixed point (upper white circle in Figure 4C). Exactly at the fixed

point the rates of change are, by definition, zero. Therefore, close to the fixed point the rates of change are

small, and the system slowly moves away from the fixed point by means of cell growth. Intuitively, the tissue

crosses a dynamical threshold from the healing state to the hot fibrosis state, akin to a ball that slows down

when it reaches the peak of a hill (an unstable fixed point), from which it descends to a new fixed point (Fig-

ure 4E). Indeed, the dynamics creep up slowly toward the hot fibrosis state, but it takes about 20 days to

appreciably move toward this mature final state (Figure 4C).
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Interestingly, this slow timescale is also seen when healing occurs in themodel. For an immune pulse of two

days (Figure 4D), which is shorter than the critical window, the dynamics also come close to the unstable

fixed point, but in this case the trajectory drops back to the ‘‘healing’’ side of the hill (Figure 4F). Indeed,

experiments show that non-fibrotic resolution of transient injury can take weeks (Seifert et al., 2012).

Depletion of Macrophages at Different Myofibroblast Numbers Show Opposing Effects

We next analyze the effect of macrophage depletion, which has been reported to be either pro- or anti-

fibrotic in different experiments. Oncemacrophages are depleted, myofibroblast survival depends on their

autocrine loop. This autocrine loop provides bistability in which myofibroblasts either converge to the cold

fibrosis state and survive or die and cause the tissue to flow to the healing state. The threshold for myofi-

broblasts, above which they can sustain their proliferation without macrophages, is the unstable fixed point

mFu (lower white circle in Figure 4G).

This unstable fixed point can explain the paradoxical effects of removing macrophages on fibrosis. If mac-

rophages are removed early enough, before myofibroblasts cross mFu, the myofibroblasts cannot support

themselves, and the system flows to the healing state. In contrast, removing macrophages when myofibro-

blasts exceed mFu leads to a rapid flow to the cold fibrosis state characterized by high ECM (Figure 4G).

This bistability may explain why removal of macrophages enhanced healing in some studies, whereas in

other studies, removal led to accelerated fibrosis (Duffield et al., 2005), even though removal started at

similar levels of macrophages.

Weakening the PDGF Autocrine Loop or SlowingMyofibroblast Proliferation May Prevent or

Reverse Fibrotic Response

Finally, we asked what interventions might help to prevent fibrosis. Recent efforts to find anti-fibrotic drugs

focus on growth factor inhibitors (for example, CSF1- or CSF1R-targeted therapeutic antibodies) or kinase

inhibitors such as Nintedanib (Bellamri et al., 2019; Doloff et al., 2017; Hostettler et al., 2014; Meziani et al.,

2018). To find conditions in the cell-circuit framework that can reduce the chance of fibrosis, we varied each

of the model parameters around the reference parameter values and computed the duration of injury

signal that is the tipping point to fibrosis (the duration of the time-window). We find that changing four

of the parameters can lengthen the time-window and therefore make fibrosis more difficult to achieve.

These parameter changes are a decrease in PDGF autocrine secretion (b3), an increase in PDGF endocy-

tosis rate (a2), a decrease in myofibroblast proliferation rate (l1), or an increase in their removal rate (m1)

(Figure 5A, see Transparent Methods).

The effect of these changes is to enlarge the basin of attraction for the healing state. Such enlargement

means that more situations end up resolved without fibrosis. We find that a large increase in the basin

of attraction occurs in the model when the cold fibrosis fixed-point vanishes. The requirement for removal

of the fixed point, and hence a decrease in the likelihood of fibrosis, can be summarized as a single require-

ment on a dimensionless combination of the four parameters mentioned above: C = b3l1/a2m1needs to be

smaller than 1, as can be analytically shown (see Transparent Methods Equations 15–19). The cold fibrosis

state vanishes also for a larger PDGF degradation rate (g) or a larger binding affinity of PDGF to its cognate

receptor (k2) (Figure S2).

The dynamics when this condition is met (C = 0.9 and thus C< 1) are shown in Figure 5B. A relatively long

immune pulse of four days, which would lead to fibrosis with the reference parameter values, now flows to

the healing state with no fibrosis (Figure 5B). The hot fibrosis state can still be reached after a pulse of six

days.

The intervention to prevent fibrosis can be short term: once the reference separatrix is crossed and the ba-

sin for the healing state is entered, the circuit will flow to the healing state even if one stops the treatment

(Figures 5C and 5D). For example, treating an injury that elicits a four-day immune pulse by weakening the

PDGF autocrine loop for 14 days starting 20 days after the injury results in removal of the cells and resolu-

tion of fibrosis (Figure 5C). The larger the dose of the treatment (larger dose is modeled as a larger change

in the model parameter), the shorter the duration of the treatment needed to prevent fibrosis (Figure 5E).

We also asked whether fibrosis can be reversed, in the sense that a mature scar in the hot fibrosis state can

be made to flow to the healing state. This can be achieved in two ways. The first option is to use an
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Figure 5. Fibrosis Can Be Prevented or Reversed by Changing Several Circuit Parameters

(A) Critical time window for inflammation that results in healing as a function of fold-change in circuit parameters. The window can be lengthened by

decreasing autocrine secretion, increasing PDGF endocytosis, or decreasing the ratio of mF proliferation to removal.

(B) Increasing PDGF endocytosis rate by 150% eliminates the cold fibrosis state, enlarging the basin of attraction to the healing state (gray region) and

allowing a four-day immune pulse to resolve in healing.

(C) Dynamics of myofibroblasts (black) and macrophages (blue) following a four-day immune pulse that lead to fibrosis without treatment (dashed curves). A

14-day treatment in which the PDGF endocytosis rate is increased by 150% that is given 20 days after the injury leads to healing.

(D) The same 14-day treatment is shown in a phase portrait of the cells. The timing of the treatment is given when the cells are below the separatrix with the

altered parameters (in red), and the duration of the treatment lasts until the cells cross the original separatrix (in black).

(E) The effect of changing the PDGF endocytosis rate 20 days following a four-day immune pulse is shown for different values of duration and dose of the

treatment.

(F) Reversing a mature scar following a four-day immune pulse by increasing PDGF endocytosis rate by 300% for 40 days.

(G) Reversing the same mature scar by a 25-day treatment of 300% larger PDGF endocytosis rate following macrophage depletion.
intervention that achieves the criterion C < 1 on the model parameters such that the hot fibrosis state loses

its stability and the only stable state is the healing state (Figure 5F). The second approach is to combine the

first approach with macrophage depletion. In this second approach one may reverse a mature scar by first
10 iScience 23, 100841, February 21, 2020
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See also Figure S5.
depleting macrophages and then treating with an intervention that eliminates the cold fibrosis state (Fig-

ure 5G). In both of the approaches to reverse fibrosis the treatment can be short-term; using macrophage

depletion shortens the required treatment duration by almost two-fold. This predicted reversal of fibrosis

depends on the fact that fibrosis is a dynamic steady-state with cell turnover.

DISCUSSION

This study presented a circuit for wound healing and fibrosis based on the interactions between myofibro-

blasts and inflammatory macrophages. The circuit explains how two different outcomes result from the

same system: healing when injury is transient and fibrosis when the injury is prolonged or repetitive.

Each of these outcomes has its own basin of attraction in a bistable or multistable phase diagram (Fig-

ure 6A). We use the cell-circuit framework to explain several physiological and pathological phenomena

in tissue repair and fibrosis. First, we show that the cell-circuit response depends on the duration of the in-

flammatory signal, which explains the origin of a brief critical time-window in which removing inflammation

abrogates fibrosis. Second, we show that themonths-long timescale for scar maturation, which is surprising

given the much shorter timescales of cell signaling and proliferation (hours to days), originates from a slow-

down near an unstable fixed point. Thirdly, we explain the paradoxical effect of macrophage depletion:

healing or fibrosis occurs when myofibroblasts are below or above a critical threshold, respectively, where

they can support their own proliferation at the time of macrophage depletion. Finally, we suggest potential

targets for preventing and reversing fibrosis including the PDGF autocrine loop.

The present circuit framework indicates that constant cell turnover is needed to maintain fibrosis states. It

explains why several types of fibrosis are sometimes seen in different clinical settings (Soderblom et al.,

2013). The circuit shows two types of fibrosis, hot fibrosis with both macrophages and myofibroblasts

and cold fibrosis with only the latter (Figure 6A). The cold fibrosis fixed point explains why the depletion

of macrophages can sometimes result in accelerated fibrosis (Duffield et al., 2005).
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Parallels can be drawn to several pathologies. Hot and cold fibrosis may correspond to the tissue compo-

sition of pathological scars in dermatology. The two main types of pathological scars in the skin are hyper-

trophic scars and keloid (Abergel et al., 1985; Cohen et al., 1972; Craig et al., 1975;Ogawa, 2017; Trace et al.,

2016). Keloids are characterized by high densities of macrophages, as in hot fibrosis, and inflammation per-

sists over years (Santucci et al., 2001). In contrast, the transition from early to late hypertrophic scars is

accompanied by a progressive decrease of immune cell infiltrates, as in cold fibrosis (Santucci et al., 2001).

Keloids (hot fibrosis) can be treated by anti-proliferative therapies such as local injection of cortisol, cryo-

therapy, radiotherapy, or topical application of cytostatic drugs (Arno et al., 2014). An exclusive surgical

treatment of keloids results in regrowth (Love and Kundu, 2013), in contrast to hypertrophic scars. Based

on the model, moving from hot fibrosis to cold fibrosis by a cytostatic treatment that affects activated mac-

rophages brings the system to a state closer to the cold fibrosis of hypertrophic scars; this can be followed

by surgery. This conclusion is coherent with the observation that combining keloid surgery with anti-pro-

liferative treatment decreases recurrence (Arno et al., 2014).

Hot fibrosis may also characterize fibrotic diseases caused by persistent damaging agents, such as pneu-

moconiosis or liver fibrosis. These fibrotic lesions typically show infiltrates of myofibroblasts as well as mac-

rophages (Castranova and Vallyathan, 2000; Lech and Anders, 2013; Pellicoro et al., 2014; Tesch, 2010),

which resembles hot fibrosis. Analysis of the basins of attraction of a model with stable cold fibrosis sug-

gests that very prolonged injury, such as damage signals generated by damaging agents that cannot be

removed, leads to hot fibrosis (Figure S3B). Injury signals of intermediate duration would tend to lead to

cold fibrosis (Figure S3B).

The present minimal circuit approach suggests that bistability is a core mechanism of wound healing and

fibrosis. Minimal models allow us to reveal design principles that are at the core of biological phenomena

as was demonstrated in other biological contexts (Alon, 2019). The analysis and reference parameters are

based on in vitro experiments with mouse cells (Zhou et al., 2018). Thus, it is likely that there will be mis-

matches between themodel andmeasurements in human tissue contexts. An understanding ofmultiple tis-

sue processes in response to injury including spatial effects and chemokine gradients, surrounding cell pop-

ulations, additional parenchymal cell damage, and upstream signaling pathways that converge into fibrosis

such as TGF-b (Leask and Abraham, 2004; Lodyga et al., 2019) is required to scale this approach to the

complexity found in human disease. Each cell-type hasmultiple subtypes (such asM1 andM2macrophages)

and sometimes even a continuum of states (Adler et al., 2019; Korem et al., 2015). This diversity is being re-

vealed with single-cell analysis of fibrosis (Dobie and Henderson, 2019). Fibrosis itself can cause additional

parenchymal cell damage, for example by broadening the distance between blood vessels and paren-

chymal cells leading to hypoxic conditions, or by causing stiffness in organs that need flexible and motile

elements for normal function. Such processes will require extensions of the present model. They will impact

the circuit parameters such as carrying capacities, cell growth and removal rates, and growth-factor produc-

tion rates. Analyzing the circuit behaviorwith different parameters and additional interactionsmight expand

the applicability of the presentminimal circuitmodel.We hypothesize that inmany of these extensions, bist-

ability or multistability will remain at the heart of the transition between healing and fibrosis.

It would be interesting to explore how the myofibroblast-macrophage circuit might interface with cancer,

to model the fibrotic-like microenvironment that promotes cancer incidence and cancer growth (Dvorak,

1986; Kalluri, 2016; Marsh et al., 2013). The model can also be used to explore the role of senescent cells

in healing and fibrosis, where at young ages senescent cells enhance healing, whereas they seem to in-

crease the chances for fibrosis at old ages (Figure S5).

Thepresent circuit suggestspossible therapeutic targets for fibrosis, such asweakening thePDGFautocrine loop

formyofibroblasts. Conversely, enhancing PDGFautocrine secretion rate is predicted toworsen fibrosis. Indeed,

overexpressingPDGFa inmousemyofibroblasts increased theprobabilityoffibrosis (OlsonandSoriano, 2009). In

the present model, fibrosis can be prevented by any of the following or their combination: reduction of PDGF

autocrine secretion rate, reductionofmyofibroblast proliferation rate, increase in PDGFendocytosis or degrada-

tion rate, increase in PDGF binding affinity, or increase in myofibroblast removal rate. Fibrosis can also be

reversed according to the present picture. To reverse fibrosis requires altering any of the above parameters, in

order to abrogate the fibrosis fixed points, together with depletion of macrophages from the mature scar, to

cause the system to flow to the healing state (Figures 5F and 5G).
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Limitations of the Study

This study presents amodel of aminimal circuit for tissue repair and fibrosis basedongrowth-factor interactions.

Themodel excludes several tissue processes that may be important to consider in order to expand the scope of

the model’s agreement with the physiological behavior of fibrotic tissues. These processes include stochastic

effects, spatial effects and chemokine gradients, surrounding cell populations (e.g. tissue resident fibroblasts,

macrophages and parenchymal cells), and interactions between the ECM and the cells.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

DATA AND CODE AVAILABILITY

The code that generates all the figures in this study is available in GitHub, at https://github.com/

AlonLabWIS/fibrosis-cell-circuit.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2020.100841.
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(2011). Aberrant repair and fibrosis development
in skeletal muscle. Skelet. Muscle 1, 21.

Marsh, T., Pietras, K., and McAllister, S.S. (2013).
Fibroblasts as architects of cancer pathogenesis.
Biochim. Biophys. Acta 1832, 1070–1078.

Meziani, L., Mondini, M., Petit, B., Boissonnas, A.,
deMontpreville, V.T., Mercier, O., Vozenin, M.-C.,
and Deutsch, E. (2018). CSF1R inhibition prevents
radiation pulmonary fibrosis by depletion of
interstitial macrophages. Eur. Respir. J. 51,
1702120.

Mouratis, M.A., and Aidinis, V. (2011). Modeling
pulmonary fibrosis with bleomycin.
Curr.Opin.Pulm. Med. 17, 355–361.

Mutsaers, S.E., Bishop, J.E., McGrouther, G., and
Laurent, G.J. (1997). Mechanisms of tissue repair:
from wound healing to fibrosis. Int. J. Biochem.
Cell Biol. 29, 5–17.

Nakoinz, I., Lee, M.T., Weaver, J.F., and Ralph, P.
(1990). Differentiation of the IL-3-dependent
NFS-60 cell line and adaption to growth in
macrophage colony-stimulating factor.
J. Immunol. 145, 860–864.

Ogawa, R. (2017). Keloid and hypertrophic scars
are the result of chronic inflammation in the
reticular dermis. Int. J. Mol. Sci. 18, 606.

Olson, L.E., and Soriano, P. (2009). Increased
PDGFRa activation disrupts connective tissue
development and drives systemic fibrosis. Dev.
Cell 16, 303–313.

Pakshir, P., and Hinz, B. (2018). The big five in
fibrosis: macrophages, myofibroblasts, matrix,
mechanics, and miscommunication. Matrix Biol.
68-69, 81–93.

Pellicoro, A., Ramachandran, P., Iredale, J.P., and
Fallowfield, J.A. (2014). Liver fibrosis and
repair: immune regulation of wound healing
in a solid organ. Nat. Rev. Immunol. 14,
181–194.

Pradere, J.-P., Kluwe, J., Minicis, S., Jiao, J.-J.,
Gwak, G.-Y., Dapito, D.H., Jang, M.-K., Guenther,
N.D., Mederacke, I., and Friedman, R. (2013).
Hepatic macrophages but not dendritic cells
contribute to liver fibrosis by promoting the
survival of activated hepatic stellate cells in mice.
Hepatology 58, 1461–1473.

Preisser, L., Miot, C., Le Guillou-Guillemette, H.,
Beaumont, E., Foucher, E.D., Garo, E., Blanchard,
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Supplementary Information 

Myofibroblasts, damaged epithelial cells, and inflammatory macrophages interact to form a 
multi-stable circuit  

We model the interactions between damaged epithelial cells (𝐷), myofibroblasts (𝑚𝐹), and 
macrophages (𝑀) using the same equations for myofibroblasts and for the growth factors as in the 
Transparent Methods section (Eqs. 1, 3-4) and the following equations for macrophages and the 
damaged epithelial cells: 

(S1) �̇� = 𝐷 +𝑀(𝜆*
+,-

./0+,-
− 𝜇*3	 

(S2) �̇� = 𝑑(𝑡)(𝑁 − 𝐷) − 𝛼	𝐷 

where 𝑑(𝑡) = 𝑑;<𝜃(𝑡) − 𝜃(𝑡 − 𝜏)? is the damage stimulus, 𝑁 is the total concentration of epithelial 
cells in the tissue including normal and damaged cells, and 𝛼 is the removal rate of the damaged 
epithelial cells. In Eq. S1, the term D represents the factors secreted by the damaged cells that 
recruit monocytes/macrophages. 

  
Figure S1: A three-cell-type circuit of communicating myofibroblasts, damaged epithelial cells, and 
inflammatory macrophages shows healing versus fibrosis depending on duration and recurrence of 
injury, related to Figure 3. (A) A transient injury that causes damage to epithelial cells leads to 
accumulation of myofibroblasts and macrophages followed by their removal and removal of damaged 
epithelial cells (light blue trajectory). In contrast, prolonged injury (green trajectory, A) or repetitive injury 
(orange trajectory, B) causes the circuit dynamics to flow towards the hot fibrosis state with high levels 
of myofibroblasts and macrophages, producing large amounts of ECM. We used the parameter values: 
𝑁 = 10B	𝑐𝑒𝑙𝑙𝑠, 𝛼 = 1 G

HIJ
, 𝑑; = 100 KLMMN

HIJ
.  



 

 
 

  

Figure S2: The healing and hot-fibrosis states are stable for a wide range of model parameters, related 
to Figure 2. (A) Phase portrait with the reference parameter values from Table 1. Stable fixed points (black 
dots) and unstable fixed points (white dots) are shown (the semi-stable cold fibrosis state is split black 
and white), as is the separatrix (black line) that marks the boundary between the basin of attraction of 
the healing state (gray region) and hot-fibrosis state. (B-M) Phase portrait with one of the model 
parameters smaller (left panels) or larger (right panels) than the reference model parameter value in Table 
1. When parameters are shifted by values other than 0.1-fold or 10-fold, the shift indicates the boundary 
of the stable parameter range.  
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Figure S4: Repetitive injury results in a similar response as a very prolonged injury, related to Figure 3. 
(A) A 7-day inflammatory pulse and two successive 2-day pulses lead to a trajectory to the hot fibrosis 
state with persistent mF and M populations (in green and orange, respectively). The dynamics of ECM 
(B), myofibroblasts (C), and macrophages (D) following these injuries are similar especially at late times. 
Reference parameters are used. 

Figure S3: The circuits with a stable cold fibrosis state show healing versus fibrosis depending on duration 
and recurrence of inflammation, related to Figure 3. (A) Phase portrait of the mF-M circuit with a 100-fold 
lower CSF secretion rate than the reference parameter value, providing stable healing and cold-fibrosis 
states. A transient injury leads to the healing state (light blue line), a repetitive (orange line) or a prolonged 
injury (green line) leads to the cold fibrosis state. (B) Phase portrait of a mF-M circuit in which PDGF 
downregulates CSF expression in myofibroblast shows all three stable states. A transient injury leads to the 
healing state (light blue line), an injury with intermediate duration leads to the cold-fibrosis state (orange 
line), and a prolonged injury leads to the hot-fibrosis state (green line).  



 

 
 

The model suggests different roles for senescent cells in young and old organisms 

We can use the present approach to explore the impact of cellular senescence on tissue repair and 
fibrosis. Senescent cells (SnCs) are known to be pro-healing at young ages; for example, removing 
senescent cells impairs repair in the skin and liver (Jun and Lau, 2010; Krizhanovsky et al., 2008). 
On the other hand, senescent cells are pro-fibrosis at old ages and in age-related diseases. For 
example, removing whole-body SnCs helps reduce fibrosis in IPF models and in systemic sclerosis 
(Hecker et al., 2014; Muñoz-Espín and Serrano, 2014; Piera-Velazquez and Jimenez, 2015). The 
present model can offer a framework to understand this age-dependent role. 

SnCs are cells that stop dividing and secrete factors known as senescent-associated secretion 
profiles (SASP) that includes inflammatory signals, ECM degradation factors and factors that inhibit 
proliferation of nearby cells (Campisi, 2005; van Deursen, 2014; Rodier and Campisi, 2011). The 
number of SnCs increases dramatically at old age in many tissues. At all ages, senescent 
fibroblasts are generated at injury sites during the process of normal healing.  

One may propose the following picture: at young ages, systemic SnC levels are low. SnCs are 
generated locally after injury, including senescent myofibroblasts. They enhance healing because 
they i) slow down myofibroblast proliferation by a bystander effect through SASP, ii) increase 
myofibroblast loss due to myofibroblast senescence and iii) degrade ECM. All of these factors 
enlarge the basin of attraction of the healing state (Fig S5A). 

In contrast, at old ages, SnCs are abundant in many tissues even without injury (Campisi, 2005; 

Muñoz-Espín and Serrano, 2014), including senescent epithelial cells. These SnCs have systemic 
effect through circulating SASP. These systemic inflammatory signals, together with increased 
local senescence, can effectively prolong or enhance the immune signal that occurs upon injury, 
pushing it into the fibrotic basin of attraction (Fig S5B). The threshold for fibrosis may thus become 
lower with age.  

Figure S5: Paradoxical effect of senescent cells on fibrosis, related to Figure 6. (A) Role of SnCs is pro-
healing in young individuals in which SnCs are mainly locally generated myofibroblasts at the injury site 
that enlarge the basin of attraction to the healing state. (B) At old ages, systemic SnCs cause chronic 
inflammatory signals which can cause the tissue to cross the separatrix.  



 

 
 

In most people and most tissues this threshold is not normally crossed. In people with genetic and 
environmental conditions that cause increased damage to a given tissue, fibrosis can occur if the 
damage exceeds the age-related threshold. This can lead to organ-specific fibrotic diseases that 
are strongly age related, and occur only in a fraction of the population. 

Thus, the local, injury-related nature of senescence at young ages versus the systemic nature of 
SnCs at old ages might contribute to the opposing effects of SnCs on fibrosis. 

Transparent Methods  

Model for the myofibroblast-macrophage circuit 

We model the reciprocal interaction between monocyte-derived-macrophages, M, and the ECM-
producing myofibroblasts, mF. Macrophages secrete PDGF for myofibroblast survival and division, 
and myofibroblasts secrete CSF for macrophage survival and division (Fig 1C). We assume a 
mean-field approximation where all cells see the same concentrations of growth factors. The 
balance of cell proliferation and removal yields equations for the rate of change of cell numbers: 

(1) 𝑚�̇� = 𝑚𝐹 (𝜆G
OPQ-

.R0OPQ-
(1− S-

T
3 − 𝜇G3          

(2) �̇� = 𝑀(𝜆*
+,-

./0+,-
− 𝜇*3 

where 𝜆G, 𝜇G, 𝜆*, 𝜇* are the proliferation (at saturating growth factors) and removal rates of 
myofibroblasts and macrophages, respectively. The effect of each growth factor on its target cell 
occurs by binding of the growth factor to its cognate receptor on the target cells, as described by 
Michaelis–Menten functions with halfway effect at 𝑘G for PDGF receptor and 𝑘* for CSF receptor. 
Myofibroblasts have a carrying capacity, 𝐾, defined as the maximum cell population size that can 
be supported in the tissue, whereas macrophages are assumed to be far from their carrying 
capacity. Carrying capacity is modelled by a logistic term, as supported experimentally (Zhou et al., 
2018). 

The equations for the growth factors include production terms, removal by endocytosis and 
degradation terms, as well as autocrine production of PDGF by myofibroblasts: 

(3) 𝐶𝑆𝐹̇ = 𝛽G𝑚𝐹 − 𝛼G𝑀
+,-

./0+,-
− 𝛾𝐶𝑆𝐹 

(4) 𝑃𝐷𝐺𝐹̇ = 𝛽*𝑀 + 𝛽]	𝑚𝐹 − 𝛼*	𝑚𝐹
OPQ-

.R0OPQ-
− 𝛾𝑃𝐷𝐺𝐹	 

Here, CSF is produced by myofibroblasts at rate 𝛽G, and endocytosed by macrophages at maximal 
rate 𝛼G (Eq. 3). PDGF is produced by macrophages and myofibroblasts at rates 𝛽* and 𝛽] 
respectively, and endocytosed by myofibroblasts at maximal rate 𝛼* (Eq. 4). Both growth factors 
are degraded at rate 𝛾. We assume here that endocytosis works with Michaelis–Menten kinetics 
with the same halfway points, 𝑘^, as the effect of the growth factors on their target cells in Eqs. 1 
and 2, because both signaling and endocytosis depend on ligand binding to the cognate receptor. 
The reference parameter values are listed in Table 1. Note that Eqs. 3-4 for the growth factors have 
much faster timescales that Eqs. 1-2 for the cells. 

We used the NDSolveValue function in Mathematica 12.0 in order to numerically solve the model 
(Eqs. 1-4) and plot the phase portraits.  

Model for the myofibroblast-macrophage circuit with CSF downregulation by PDGF 

As an example of a circuit with two stable fibrosis states, hot and cold fibrosis, we add an interaction 
to the myofibroblast-macrophage circuit in which PDGF downregulates CSF expression in 
myofibroblasts. Therefore, the equation for CSF becomes:  



 

 
 

(5) 𝐶𝑆𝐹̇ = 𝛽G
.R

.R0OPQ-
𝑚𝐹 − 𝛼G𝑀

+,-
./0+,-

− 𝛾𝐶𝑆𝐹 

Model for ECM accumulation 

We modeled the accumulation of ECM (E) produced by myofibroblasts. ECM degradation is 
controlled by proteases, P, which are inhibited by anti-proteases A. P are secreted mainly by 
macrophages and A are secreted by both macrophages and myofibroblasts, resulting in:  

(6) �̇� = 𝑎	𝑀 + 𝑏	𝑚𝐹 − 𝛼b𝐴 
(7) �̇� = 𝑃; + 𝑐	𝑀 − 𝛼O𝑃 

Here, A are produced by macrophages and myofibroblasts at rates a and b, respectively, and 
degraded at rate 𝛼b (Eq. 6). We assume a basal protease secretion by other cell types, 𝑃;. P are 
produced at rate c and degraded at rate 𝛼O. Assuming that P and A reach their steady-states on a 
faster timescale than the cells and ECM, we calculate their steady-states by equating Eqs. 6-7 to 
zero: 

(8) 𝐴Nc =
I
de
	𝑀 + f

de
	𝑚𝐹 

(9) 𝑃Nc =
Og
dh
+ K

dh
	𝑀 

We next consider the equation for ECM, where P enhance ECM degradation and A inhibit it:  

(10) �̇� = 𝛽j	𝑚𝐹 − 𝛼j
Okl

bkl0.m
𝐸 

Here, 𝛽j is the production rate of ECM by myofibroblasts and 𝛼j is its removal rate by P. 𝑘j is the 
halfway point of inhibition of ECM degradation by A. Plugging in the P and A steady states (Eqs 8-
9) to Eq. 10 yields: 

(11)  �̇� = 𝛽j	𝑚𝐹 − 𝛼j
hg
nh
0 o
nh
	p

q
ne
	p0 r

ne
	S-0.m

𝐸 

We define dimensionless variables: 𝐸 sR
tmT

→ 𝐸, b
.m
→ 𝐴, O

.m
→ 𝑃 and dimensionless parameters: dm

sR
→

𝛼j, 𝑎 v./R
t/R.mde

→ 𝑎, 𝑏 T
.mde

→ 𝑏, 𝑐 v./R
t/R.mdh

→ 𝑐, Og
.mdh

→ 𝑃;. Eq. 11 now reads: 

(12)  �̇� = 𝑚𝐹 − 𝛼j
Og0K	p

I	p0f	S-0G
𝐸 

Thus, the steady state of ECM is: 𝐸Nc =
G
dm

S-
Og0K	p

(𝑎	𝑀 + 𝑏	𝑚𝐹 + 1). The reference parameter values 
that we used for the ECM dynamics are listed in Table 2. 

Simulating inflammatory signals 

We model injury scenarios by considering an inflammatory signal, 𝐼(𝑡), that represents the influx of 
monocytes/macrophages. The equation for macrophages thus reads: 

(13)  �̇� = 𝐼(𝑡) +𝑀 (𝜆*
+,-

./0+,-
− 𝜇*3 

The pulse-like inflammatory signal, of duration 𝜏, is given by: 

(14) 𝐼(𝑡) = 𝐴;<𝜃(𝑡) − 𝜃(𝑡 − 𝜏)?. 



 

 
 

where 𝜃(𝑡) is the Heaviside step function. We simulated three different signals. For a transient 
injury, we consider a single pulse with amplitude 𝐴; = 10B KLMMN

HIJ
	 and duration of	𝜏 = 2 days. For a 

repetitive injury, we consider two successive pulses of amplitude 𝐴; = 10B KLMMN
HIJ

 and duration of	𝜏 =

2 days. For a prolonged injury, we consider a pulse with 𝐴; = 10B KLMMN
HIJ

 and duration of	𝜏 = 4 days.  

Maturation time of ECM  

In order to compute the scar maturation time, we used the FindRoot function in Mathematica 12.0 
to numerically find the time when ECM reaches halfway to its final level for different immune 
pulse durations.   

Duration of critical time-window for inflammation 

We calculate numerically the duration of the critical time-window for inflammation that results in 
healing by considering the final level of ECM as function of inflammation pulse duration, 𝐸(𝜏). This 
function is similar to a step function moving from a low level to a high level at the time that defines 
the duration of the time window (Fig 3J). We therefore estimate the time-window duration by 
computing the derivative of 𝐸(𝜏), and finding the time in which the derivative is largest. We used 
the MaximalBy function in Mathematica 12.0 to find the inflammation pulse duration, 𝜏, that 
maximizes 𝑑𝐸/𝑑𝜏. 

Parameters for fibrosis prevention and reversal by eliminating the cold fibrosis fixed point 

To analyze the stability of the cold fibrosis fixed point, we consider a situation with zero 
macrophages. Therefore, the equations that describe myofibroblast dynamics include only 
myofibroblasts and their autocrine growth factor PDGF. Near the cold fibrosis fixed point, PDGF is 
mainly removed by endocytosis by myofibroblasts and we therefore assume that we can neglect 
its non-endocytotic degradation rate 𝛾: 

(15)  𝑚�̇� = 𝑚𝐹 (𝜆G
OPQ-

.R0OPQ-
(1 − S-

T
3 − 𝜇G3 

(16)  𝑃𝐷𝐺𝐹̇ = 𝛽]	𝑚𝐹 − 𝛼*	𝑚𝐹
OPQ-

.R0OPQ-
	 

Using a quasi-steady state approximation due to the faster timescale of growth factors compared 
to cells, we calculate the PDGF steady state: 

(17) 𝑃𝐷𝐺𝐹Nc =
t{

d/|t{
𝑘G 

Substituting this in the equation for myofibroblasts yields: 

(18)  𝑚�̇� = 𝑚𝐹 (𝜆G
t{
d/
(1− S-

T
3 − 𝜇G3 

Solving for the myofibroblast steady state by equating Eq. 18 to zero yields either the healing state 
(𝑚𝐹 = 0) or the approximate cold fibrosis fixed point: 

(19)  𝑚𝐹}~/}-- ≅ (1 − d/sR
t{�R

3𝐾.  

Eq. 19 provides a condition for the existence of the cold fibrosis fixed point. Since myofibroblast 
number cannot be negative, the ratio, 𝐶 ≡ t{�R

d/sR
 must be larger than 1 in order to have a non-zero 

solution. This means that when 𝐶 is small enough, the cold fibrosis state will not be a solution and 
dynamics flow to the healing fixed point.  
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