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Implanted medical devices often trigger immunological and inflammatory reactions from surrounding tissues. The foreign body-
mediated tissue responses may result in varying degrees of fibrotic tissue formation. There is an intensive research interest in the
area of wound healing modeling, and quantitative methods are proposed to systematically study the behavior of this complex
system of multiple cells, proteins, and enzymes. This paper introduces a kinetics-based model for analyzing reactions of various
cells/proteins and biochemical processes as well as their transient behavior during the implant healing in 2-dimensional space. In
particular, we provide a detailed modeling study of different roles of macrophages (M®) and their effects on fibrotic reactions.
The main mathematical result indicates that the stability of the inflamed steady state depends primarily on the reaction dynamics
of the system. However, if the said equilibrium is unstable by its reaction-only system, the spatial diffusion and chemotactic effects
can help to stabilize when the model is dominated by classical and regulatory macrophages over the inflammatory macrophages.

The mathematical proof and counter examples are given for these conclusions.

1. Introduction

Recently, intensive research efforts have been focusing on
developing mechanistic computational models for wound
healing related processes. Wound healing is a very com-
plicated biochemical and biophysical phenomenon, with
many facets and subprocesses, including the inflammatory
response process, angiogenesis as well associated fibrotic
reactions. Many cells, enzyme, growth factors, and proteins
participate at different stages of the wound healing reactions,
and they form a network of signaling pathways that in turn
leads to inflammatory, angiogenesis, and fibrotic reactions.
We refer to the review by Diegelmann and Diegelmann and
Evans 2004 [1] for a brief review of the recent scientific work.

As a subarea of general wound healing research, healing
processes involved in medical implantations are of significant
application for modern medicine [2—4]. It is commonly
accepted that implants may cause foreign body reactions that
are initiated with implant-mediated fibrin clot formation,
followed by acute inflammatory responses [4, 5]. The
inflammatory chemokines released by adherent immune
cells serve as strong signals for triggering the migration of

macrophages and fibroblasts from the surrounding tissues
and circulation toward the implant surface [5]. The implant-
recruited fibroblasts consequently synthesize chains of amino
acids called procollagen, a process that is activated by
growth factors, including in particular type-f transforming
growth factor (TGF-f) [6, 7] to become collagen, the
dominant ingredient of the extracellular matrix (ECM) [8].
These processes may, however, differ slightly between dermal
wound healing and implantation when it comes to specific
activation and inhibition loops of reactions.

Among inflammatory cells, macrophages (M®) are
found to reside in the wound [9]. The roles of macrophages
are multiple and stand prominent in the activations and
inflammations during implantation. M® are known to
remove damaged tissue and foreign debris via phagocytosis.
In addition, M® often release a variety of chemokines to
recruit other cell types, such as fibroblasts, which participate
in the remodeling of ECM. The specific roles of M® vary
significantly at different stages of healing process. Work
by Mosser and Edwards 2008 [10] has shown there to be
at least 3 phenotypes of M®, each of which displays a
different functionality. Classically activated M® represent
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the effector M® that are produced during cell-mediated
immune responses. Two signals, interferon-y and tumor-
necrosis factor-a, give rise to these effector M® which
have enhanced microbicidal or tumoricidal capacity and
secrete high levels of proinflammatory cytokines and medi-
ators. Assisted in part by the production of transforming
growth factor type S (TGF-f3), the clearance of apoptotic
inflammatory, as well as noninflammatory cells by classical
MO, can lead to an inhibition of inflammation [11, 12].
Wound healing M® (or inflammatory M®) can develop in
response to innate or adaptive signals through interleukin-
4. In turn, interleukin-4 stimulates arginase activity in M,
allowing them to convert arginine to ornithine, a precursor
of polyamine and collagen, thereby contributing to the
production of extracellular matrix (ECM) [13]. Regulatory
MO can also arise during the later stages of adaptive immune
responses, the primary role of which dampen, the immune
response and limits inflammation through production of
interleukin-10 [14]. Although all three phenotypes were
observed experimentally within the dermal wound healing
context, the phagocyte biomaterial interactions are known to
be similar here for foreign body reactions.

While experiments are still the main stay in the studying
of wound healing related process, significant progress has
also been made in detail predictive modeling based on
biochemical and biophysics principles. For dermal wound
healing, basic reactions were first considered in studies by
Dale et al. 1996 [15], 1997 [16]; Dallon et al. 2001 [17] and
many others. Their models incorporated the key features
of kinetics which are essential to dermal wound healing.
Their results have successfully described the dynamics and
compare favorably with experiments, in terms of healed
ECM fiber ratio, spatial orientation, and other features.
Recently, the work of Schugart et al. 2008 [18] and Xue
et al. 2009 [19] further included angiogenesis equations to
the healing process and examined the positive effects of
increased oxygen level in accelerating the healing and closure
of open wound, suggesting new insights for the healing.
Furthermore, a wound healing model based more on cell
migration was considered in Arciero et al. 2011 [20].

Inflammatory reactions are important to wound healing
as they activate many key agents for the healing pro-
cess, however, prolonged inflammation may cause excessive
scars and chronic wounds. Through interactions between
immune mediators, phagocytes in the blood and tissue, the
acute inflammatory response was modeled and analyzed by
reduced compartmental models in Reynolds et al. 2006 [21]
and Day et al. 2006 [22]. Closely related to dermal wound
healing and implantation, atherogenesis in blood vessels was
modeled by continuum equations in Ibragimov et al. [23].
The concept of debris and phagocytosis in [21, 22, 24]
is analogous to our current model, which assumes that
the digestion of dead cells (or tissues) initiates the entire
healing process. Further, addition of stem cells can create a
new dimension to the healing and implantation process; we
mention Lemon et al. 2009 [24] for their new mathematical
tool in providing quantitative analysis for this growing field.

Our primary goal in this paper is to use computational
modeling to study the fibrotic reaction process following
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implantation with specific attention given to the effects
caused by varying the mix of different phenotypes of M®.
Our modeling results indicate trends for these variations,
serving as a plausible clue for developing new experiments.

The main mathematical contribution of this paper is as
follows. The nonzero equilibrium of our model represents
an inflamed state. If it is linearly stable in terms of the
corresponding ODE system (the reactions network of the
model), then it is also stable for the full system (which
includes spatial diffusion and chemotaxis). In other words,
spatial effects cannot destabilize the equilibrium if it is stable
in its pure reactions. However, even if the equilibrium is
unstable by its reaction system, the spatial diffusion and
chemotactic effects can help to stabilize the equilibrium
under several conditions. These conditions suggest the need
for the model to be dominated by classical and regulatory
macrophages over the inflammatory macrophages. The
mathematical proof and counter examples are given for these
results.

We organize the paper as follows. In Section 2, we
introduce the model and the modeling considerations. In
Section 3, we discuss the spatially uniform equilibria and
their stability in relation to the ODE system representing
the reaction system without spatial variations. In Section 4,
we prove that if the equilibrium is stable in ODE sense,
then it is stable for the full system with respect to any
small spatial perturbation measured in L?. In Section 5, we
provide a set of sufficient conditions for the equilibrium to
be stable for the full system, which allows us to explicitly give
a counter example where PDE solutions can be conditionally
stable without requiring stability in the ODE system. A brief
summary and discussion are presented in Section 6.

2. Modeling Based on Chemical
Kinetics Equations

Our foreign body reaction model is partially from the
mass-action kinetics framework developed by Schugart
et al. 2008 [18], which modeled wound healing under
oxygen pressure. In medical implantation processes, new
kinetics of M® reactions were added in the framework. The
main biological question that we hope to address is the
variance between tissue responses at different percentages
of classical, inflammatory, and regulatory M® cells during
foreign body fibrotic reaction processes. We model the
following:

oD

5, = DaV’D ~ il MD + fodsM, (1)
aC ,
=, = DeVIC+ fiD+ idsM = filoMC - £iC, (2)
oF )
5 = DV E =¥ - (FVC) + il M

a, —a F ®)
+aF (B - ) b, CFH(Fy - F),
a; Fy
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M _ DuV*M — 1V - (MH(My — M)VC)
ot (4)

—aoM + anCMH(MQ — M),

oE E
— =D,V’E-V-D+ F(l——),
o e aie E, (5)

where V2 = V - V, and the vector field

o= pypy %(EFH(FO — F)VO), (6)
Fo Fo

and all coefficients are positive. The form of the logistic

terms in (3) is for representing biological meanings of the

coefficients.

In the system (1)—(5), the debris cell population D rep-
resents dead tissue cells following implantation. Abnormal
white blood cells and molecules caused by the surgery are
also included in this debris term, which is assumed to be
the initiation point of reactions. We assume that they are
digested by M, -classical M® and that Ms-inflammatory M®
contribute to the accumulation of debris during the healing
process (as modeled in (1)).

The chemoattractant consists mainly of various forms of
growth factors including tissue growth factors type 8 (TGEf)
released during the tissue injury. The chemoattractant field C
is enhanced by the presence of debris and Mj3-inflammatory
MO cell, but is inhibited by M,-regulatory M® cells. In
(2), we assume that cell spatial migration occurs through
diffusion and chemotactic migration based on the gradient
field of C.

Fibroblast density F represents a main cell type in
secreting collagen (a major component of ECM). Fibroblast
proliferation and collagen synthesis are upregulated by the
chemoattractant gradient field C. Thus fibroblast population
F (shown in (3)) can be approximated by a chemically
enhanced logistic growth F(1 — (F/F;)) with a threshold
Fy, along with its diffusion in space modeled by DszF,
chemotactic migration by —yV - (FVC) and its natural
decay according to time as shown in (3). New experimental
data also shows autocrine upregulation of fibroblast by TGFS
without chemotaxis [25]; this effect is also included in the
modeling. The term asF is the decaying factor.

Macrophage density, M, is the summation of M -classical
MO, M,-regulatory M®, and Ms-inflammatory M®. We
assume that they each take on a proportion A, A3, and A3
of M®, respectively. Each phenotype Mj, j = 1,2,3, may
take a different share of M® at different stages of foreign
body fibrotic reactions. However, our model simplifies the
situation in that (a) the proportions A;, A,, and A3 for
different phenotypes of M® are fixed, and (b) the total
MO population is set to share one common biochemical
reaction equation (4), since its basic biochemical properties
are similar. The proliferation of M® at the field is through
diffusion and migration upregulated by the chemotactic
gradient field C, but the production does reach a limiting
value once the M® population reaches its saturation of M.
MO cell apoptosis and proliferation caused by the direct
interaction with chemoattractants are also assumed.

Finally in (5), fibroblasts secrete procollagen which is
then activated by the chemoattractant TGFfs into collagen
(or ECM) represented by the quantity E. We also incorporate
the effects of ECM diffusion, fibroblast movement, chemo-
tactic migration, and ECM saturation in mass-action law. In
all discussions, H is the Heaviside function, and M, is the
M® saturation level.

We assume in our implant model that the computational
domain is large enough and also the cell changes are slow
enough (measured in days) that there is no significant
boundary flux, allowing us to take homogeneous Neumann
boundary conditions as a reasonable approximation.

Definition 1. Let us define inflammatory equilibrium as a
strictly nonzero constant vector U, in 5-dimensional space
U, = (de, e fe, Me, €.) with de > 0,¢. > 0,F, = f. >0,M, =
me > 0,e, = Ey > 0, which solves system of the equations

(D)=(5).

Remark 2. In the case of a no-flux boundary condition, the
spatially uniform steady state is often used when modeling
inflammatory response in tissue (see e.g., [23, 26] and
reference therein). A physically realistic, nonnegative set of
equilibriums can easily be obtained by letting the RHS of the
original system (1)—(5) equal to zero. It is natural to define
the trivial (zero) equilibrium as ground or healthy state and
study its stability. Instability of the ground state is usually
interpreted as unfavorable development of the disease. In
this paper we take a different approach and are interested
in analyzing the stability of the abnormal/inflammatory
equilibrium which is nonzero for all five components of
the unknown. This equilibrium can be stable or unstable
depending on the parameters of the model. In this case,
instability of the equilibrium does not necessarily mean an
unhealthy response of the immune system. An instability of
a nonzero equilibrium can lead to a ground healthy state
(best case scenario), to another steady state (uncertain devel-
opments), or to infinity (acute development). If in contrary,
the perturbation of U, is linearly stable and vanishes at time
infinity, then U, can be interpreted as sustainable. All these
make linear stability analysis very appealing from both a
theoretical and applied point of view. It is worth mentioning
that from a biological point of view, a strictly positive steady
state U, can be transitioned from some other nonstrictly
positive state. We believe that this type of interpretation of
the inflammatory equilibrium stability conditions is logical
and presents an example of a sustainable wound which does
not heal over the course of a long time period (see [19-21]).
An indirect analogy of such an inflammatory (chronically)
stable equilibrium has been introduced and applied for
studying biological dynamic system in virology for some
years (see e.g., [27]). At this stage of the research, we are
studying stability of the strictly positive state U, mostly as
a model of inflammatory equilibrium, without analysis of
its genesis. As commonly occurs in biomedical research,
the mathematical model can often provide nonintuitive
insights into dynamics of inflammatory responses in the
wound healing processes and can suggest new avenues for
experimentation. In the forthcoming sections, sufficient



conditions on the parameters of the system of the equation
guarantee stability of nonzero equilibrium.

2.1. Linearized System. Let perturbation near this equilib-
rium be as following:

d=D-d,, c¢=C-c,

f=F-f

e=E —e,.

(7)

m=M — m,,

Denote vector field of the perturbation by ¥(x,t) =
(d,c, f,m,e). Then the linearized system for v(x, t) will take
the following form:

od
g = dezd — blld - b141’l’l
oc )
= = DCV Cc— bzld — bzzC - b24m,
ot
i _p V2f —xfV2c—bsc—bssf —bum,  (8)
or f Xf 32 33 3411,
om ) )
o Dy Vem — xm Ve — basc — byam,
% = D,V?e — Xelvzf —ngvzc — bss f — bsse.
Here,
BDye Byjeofe
Xf=foXor X = XiMer  Yei = F](: , X = ;70
bu = folime, b1 =0, bi3=0,
by = —(ﬁ))ta - fO/llde)) bis =0,
by =—fi, bn=filame+ fi,
by = —(fods — fidace),  baz = bys =0,
bs1 =0, bxn=—anf,
b33 = —|:a2 (1 — 2fe> +apce — a3],
Fy
by = —a1hy, b3 =0,
by =0, by =—-aum, by =0,
bis = ap — anme, by =0,

bs1 =0, bs; =0, bs3= —016(1 - ﬁ))
E,

— — ¢
bss =0, bss =aie o’
)
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3. Spatially Uniform Equilibrium States and
Linear Stability in ODE System

We now focus on equilibrium states that are uniform in
space for this Neumann problem. By removing the spatial
variations, (1)—(5) reduce to the following ODE system:

dD

e foluMD + fodsM,
dcC
E = le + fz/\j,M - f3A2MC - f4C>
d—F = aqMM+ a2F<1 - E) —a3F +a;,CFH(F, — F),
dt Fy
dM
= = —agM + a,,CMH(M, — M),

dE E
E = a16F<1 — Eo)
(10)

In looking for the equilibrium of the simplified system,
(10), we assume that our values are taken to be below
threshold and therefore we ignore the Heaviside functions.
There are several possible equilibrium states, but as it was
pointed out earlier, we focus on what one can call the interior
equilibrium, one in which none of the components of the
equilibrium are zero. We let the right-hand side of (10)
to be zero. After some algebraic work, one can obtain the
following explicit formula for a unique, nonzero solution
Ue = (de Ce» €05 ey fe):

fod
de = ﬁ) 3)
Johi
ap
Ce = —)
an
e, = Ey, (11)

o _ fifohao — anfifos
¢ fOAl(fz/\.%all - f3a0/12) ’

o[ 0]

Here, L; = \/(az —as+ alz(ao/an))z + 4(a2/F0)a1/\1me.

Remark 3. In order for the inflammatory equilibrium to
exist, it is necessary and sufficient that macrophage percent-
ages satisfy the following:

f4f()Ala0 - allflfo)B

12
(fhsan — frack) (12)

requiring either

fz/\aflll > ]%QOAL f4f0/\1flo > allflﬁ)A% (13)

or

fAzan < fzaoky,  fafoliao < auflj?o/\s- (14)
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FiGure 1: Illustration of the parameter range to ensure that m, > 0.

Condition on the parameters in (12) says that inflam-
matory macrophages dominate over either regulatory or
classical macrophages and are guaranteeing existence of the
inflamed steady state. This point will be expounded on
further in the analysis of the conditions for stability of the
nonzero equilibrium state. The illustration (Figure 1) pro-
vides a visualization of the necessary macrophage phenotype
parameter ranges. “Hereafter we assume that the parameters
of the original model satisfy condition (12).”

Turning now to satisfy the stability of the system at the
equilibrium, we find the linearized system to be as follows:

dd

T bid — bygm,
% = —byd — byyc — byym,
% = —bssc— by f — baum, (15)
6;—? = — byc — byym,
% = —bs3f — bsse,
where
bi = fohime, b = —(fods — fohide),
by =-f, by = fihom, + fy,

by = —(fz)ls - f3/1256)>

by = —ain fe, by = — [az (1 - 21{(8)) T ace - ‘ZS]’

by = —a1hy,

5
by = —anm, bas = ap — ayice,
e
bss = —016(1 - EZ>, bss = alé%-
(16)
Equations (32)—(39) in matrix form yields as follows:
dl’ d
c c
fl =-B|f|, (17)
m m
e e
where B is:
bll 0 0 b14 0
by by 0 by O
B=| 0 b3 bz by 0 (18)

0 b42 0 b44 0
0 0 bss 0 bss

For stability analysis, we look at the eigenvalues of matrix —B;
for convenience, we rearrange our equations in the following
form:

m] [=bu O —byp 0 0 |[m

d by —byp 0 0 0 d

Cc = —b24 —bzl —bzz 0 0 Cc|. (19)

f —bsyy 0 by —bsz O f

e 0 0 0 —bss —bss||e

We break —B into a 3-block and a 2-block as follows:
—by 0 —by
-B, = —biy —bn 0 s -B, = |::Z33 _2 :|
—by —by —by >3 55
(20)

Since det(—B — oI)= det(—B; — oI) det(—B, — o), we find
the eigenvalues by looking at the eigenvalues of the 3-block,
—B;, and the two block, —B;, separately. We also simplify by
noting that with the equilibrium values found above, by = 0
and b4 = 0 s.t.

—0 0 —b42
det[—Bl — O'I] = 0 _bll —0 0
—bas —by —byn—-o

—0(bi1 +0)(byy +0) + bra(baz(br1 +0))

—(bi1 +0) (0% + b2o — baby),

(21)
solving for the roots we get the following eigenvalues:
0] = —bu, (22)
—byy — /(b)) +4
oy = 22 (b)) + b42b24, (23)
2

—by +/(b2)” +4byb

P ( z;) 42924 (24)



The lower triangular —B; gives us our final two eigenval-
ues:

0y = —b33, (25)
05 = *b55. (26)
ODE stability requires real parts of the ai,...,05 to be

negative. In the next remark, stability criteria are formulated
in terms of the parameters of the model.

Remark 4. Under the model assumptions we have

—b“ <0 - bzz <0, b42 <0, —b55 < 0. (27)

Therefore, 07 < 0, 03 < 0, and 05 < 0. Next, if

by = ay (1 — 2;}) +apce —as >0, (28)
0

then g4 < 0. Finally, because ba, < 0, real part of g3 is negative
if and only if

by = —(fods — fidaee) > 0. (29)

Assumptions in (28) and (29) have clear biological interpre-
tation.

Condition b33 > 0 requires

|:az (1 - 2fe> + ajace < a3:|, (30)
Fy

suggesting the need for the logistic growth of fibroblasts
combined with the direct proliferation resulting from the
presence of chemoattractants to be overcome by the death
rate of fibroblasts.

Condition b,4 > 0 requires

frhace > fils, (31)

suggesting that stability is aided when the percentage
of regulatory macrophages out-weighs the percentage of
inflammatory macrophages.

Note that from a mathematical point of view, conditions
in the form of a strict inequalities imply a stronger property
of the solution, namely asymptotic stability of the equilib-
rium. Lyapunov stability follows from the less restrictive
condition with nonstrict inequalities.

4. ODE Linear Stability Implies PDE
Linear Stability

Since the interior equilibrium solution represents the inflam-
matory state, one of the more biologically relevant questions
is whether some modifications of conditions can cause
the reactions to be away from the ill state and return to
healthy state. Typically, the competition between diffusion
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and chemotaxis can aid the instability by creating spatial
disturbance. One of the surprising findings for this system,
however, is that if the equilibrium is stable by pure reactions,
then it is stable for the whole reaction-diffusion-chemotactic
system.

To start, we let

V(x,t) = ey, (x)(u1s...,us) (32)

to be a vector with unknown five components and function
¢, (x) to be the nth eigenfunction for Laplace equation with
respect to Neumann boundary conditions:

Ady(x) = —pnd,, inside domain, (33)

a(p[/‘n
on

= 0 on the boundary of the domain. (34)

Let us for simplicity assume that the domain is convex such
that p,, = 0 for any n € N is an eigenvalue for the eigenvalue
problem, and ¢, is its corresponding eigenfunction. We will
drop the subscripts n in the text below. Substituting the
function v(x, t) into equation one can get

ouy = — Dguuy — byjuy — biauy,

ouy = — Depitty — byyuy — bapuy — bosuy,

ous = — Dypus + yruus — byyuy — bszus — bsguy,  (35)
ouy = — Dyyptiy + Ymptts — baptiy — bagiiy,

ous = — Defitis + Ye1iU3 + Xea ity — bszuz — bssus,

or

(O'+Dd/l + bu)ul + b14u4 =0,

baruy + (0 + Dept + bag) up + baguy = 0,
(0+ny+b33)u3 - (Xf.”_ b32)u2+b34u4 =0, (36)
—()(my — b42)u2 + (0 + Dypt + bag)ug = 0,
—Xe2litiy — (Xel/l - b53)u3 + (0 + Depr + bss)us = 0.
Then in matrix form it takes a form
A(o)u =0, (37)

with matrix A defined as follows:
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(U+Ddy+b11) 0 0 b14 0
b21 (0' + Dc‘lzl + bzz) 0 b24 0
0 ~(vsu—bx) (0+Dsu+bs) bay 0 38)
0 — (me — b42) 0 (O' + Dm[/l + b44) 0
0 —Xe2lt - <)(e1,14 - 553) 0 (0 + Dept + bss)
Below, we will show that if the real part of all eigenvalues ~ The other two eigenvalues are
of matrix B is negative (corresponding ODE system is stable),
then nontrivial solutions of (37) with parameter ¢ having 04 = —bs3 —uDy,
negative real part exist. It is not difficult to see that the (45)

determinant of the matrix A has aform as follows:
P(0) = (0 +Dept+ bss) (0 +Dyp+bys) det(By).  (39)

Here, B; is a matrix associated to debris u;, chemotaxis
uy, and macrophages uy parameters only:

(0' + Dd‘u + b]]) 0 b14
1721 (O’ + DC‘u + bzz) 1724 .
0 - (Xm,u - b42) (0 + Dyt + bas)

(40)

Under the assumptions that the ODE part without
diffusion is asymptotically stable, coefficients bss and b33
should satisfy inequalities bys = by4 = 0, bss > 0 and b33 < 0.

We rearrange the matrix into a uy, u;, u, order so that it is
similar to the one addressed previously in the ODE stability
analysis. Now,

0+ Dyt 0 by — Xmy
det[B; +oI] = 0 biu+Dau+o 0
by by by + DC‘L{ +0

= (0 + Dypt) (b11 + Dap + 0) (boa + Depr + 0)
- 524(b42 - Xm.bl) (bi1 + Dap + 0)
= (bi1 + Dap+ 0) (0% + (bay + Dept + D) 0

+Dppi(boz + Dept) — bz4<b42 - Xm#))a
(41)

solving for the roots we get the following eigenvalues:

01 = —by1 — Day,

(b2 + Dep + D) — \/(bzz +Dep + D,,,y)2 + 4€
2

02 - >
(42)
2
- (bzz + Dey + Dmy) + \/(bzchy + Dypt)” +4€
03 = 5 >
(43)
here
€= <b42 - Xm,“) 24 — Dint(b2y + Dept). (44)

05 = —b55 — ﬂDe.

In the forthcoming remark, explicit representations for
all possible ¢’s are explored for direct comparison between
conditions of the stability of the linearized PDE (8) and ODE
(15) systems.

Remark 5. Similarly to criteria for ODE the stability for PDE,
requires that real parts of the all ¢’s to be negative. Under the
natural constraints on the parameters of our original model
b1, bss, by, and by, (see Remark 4) we already have 0, < 0,
g4 < 0 and 05 < 0. Therefore, our criteria for PDE stability
reduce to conditions as follows:

bzz + Dc‘bl + Dm‘Ll >0, €<0. (46)
It is obvious to see that if both inequalities hold, then
0, and 03 are negative. Since stability of the ODE system
forces bys > 0 and by, < 0, these two inequalities for PDE
stability hold for any y,, >0, D,, > 0,D; >0, u > 0.

From the above arguments it follows that if the ODE
system is stable, then V(x,t) are converging to zero as time
goes to infinity for any eigenfunction ¢,. Therefore, since
the ¢, (x) is complete in L, space, one can conclude that the
stability of the linearized PDE system (8) in L, space follows
from the stability of the ODE system (15).

As expected, the ODE stability and PDE stability are
different. Let D, = Dy, = 0, then the first 5 eigenvalues
of the PDE and ODE have the same sign. By definition of
our original model 0y, 02, and o5 are all negative. Assume
bss > 0 (in some sense reactive terms has stabilizing effect,
with respect to U,), then 04 < 0. However, now if one lets
foAs > fzdace, which means that inflammatory macrophages
dominate the regulatory macrophages, then b,4 < 0 causing
o3 > 0, and consequently the ODE system (15) is unstable.
For the same set of the coefficients b’s and given y > 0, it is
not difficult to find sufficient condition on D,,, D, and y,
such that o3 < 0, which guarantee stability of the equilibrium
state U,. For example, any set with the same coefficients b’s
with

DuDe > (baa =y ) bas/t (47)

will have a real part of the 03 < 0 and consequently the
solution of the corresponding IBVP with initial function



to be ¢, (x)(u1,...,us) will be vanishing at time infinity.
Condition (47) contains the following pattern in the biolog-
ical interpretation. Assume that inflammatory macrophages
dominate the regulatory macrophages and are characterized
by the coefficient b,y = —(f,A3 — fidsce) < 0. Then
for any given value b4 if mobility of the macrophages
and diffusion of the chemoattractant is high enough in
comparison to the coefficient by, then U, is stable for the
class of perturbation which corresponds to eigenfunction ¢,.
In less strict wording, the system can be cleaned from dead cells
by high “mobility/diffusivity” of the macrophages with respect
to chemoattractant. This indicates vital impact of the key
parameters D,,, D, and y,, on “inflammatory” behavior
both in space and in time of the system perturbed from
equilibrium.

Obtained conclusion depends on y and can be applied
only if initial data is proportional to ¢,. If in the Fourier
extension of the initial data all coefficients are nonzero, then
the sufficient condition for stability is the same as for ODE
system.

In the next section, we will analyze conditional stability
of the IBVP for (8) under assumption that v(x, ty) has zero
average:[ v(x, to)dx = 0. We will derive conditions on the
coefficient of the system (8) such that the L, norm of the
solution is bounded by the L, norm of the initial data,
or it converges to zero at time infinity depending on the
conditions on coefficients. Those conditions will depend
only on coefficients of the model and Poincare constant
(Cp), which in turn depends only on the geometry of the
domain. We will also show that there exists a specific initial
distribution such that the corresponding IBVP solution is
vanishing at time infinity while the corresponding solution
of the ODE is unbounded at time infinity.

5. Stability of Equilibrium in the Linearized
PDE System without ODE Stability

Let us rewrite the linearized system (8) as follows:

% = dezd — fodrmed — byym, (48)
% = MD:V2c = buhd = bypdic — bdim, (49)
Mof

— 2£ 2
ot = Df)tlv f Xf/hv C (50)

= bahic— 1733)hf — budim,

= Dyl Vim — yh Vic
ot (51)

— bphdic — byahym,

- = De/llvze _XelAl sz
ot (52)

— Xezllvzc — b53/\1f — b55)ne.
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Next multiplying equations (48) by d, (49) by ¢, (50) by
f, (51) by m, and (52) by e correspondingly and integrating
by parts, one can easily get

%% jdz . de(w)2 — folimed® — brymd, (53)
%% 62 = — JA]DC(VC)Z — bz]AldC — b22/11£2 — b24)L1n’lC,
(54)
A 0 J ) 2
2 == [ ot )
- 1732/\le - 173311][2 - 1734/\1mf>
Mo o ijAl(Vm)z (e, m)
2 ot (56)
— bypricm — b44)L1m2,
/\1 a 2 J 2
== |e*=—|[DAi(Ve) +D(f,e)
2 ot (57)
+ q)(C, e) - b53/11f€ - b55/11€2.
Here, ®(f,e) = xaMVfVe, @ f) = xhVcVf,

D(c,m) = YA VcVm, D(c,e) = xe2d1 VcVe.

Adding LHS and RHS of the equations above:
(53)+(54)+(55)+(56)+(57) and applying the Poincare
inequality to the terms [(Vu)’dx such that for
C, =Cp(Q2) >0,

C, L} wdx < L) (Vu)idx + (J’Q udx)z, (58)

one can easily get

@ en@ s reme|
< I[B(d, m) + B(c,d) + B(c,m)
+B(c, f) + B(f,m) + B(f,e)]
—J[B(Vc,Vm)+B(Vc,Vf)
+B(Ve, V) +B(Ve, V)]

() (U () (]

(59)
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where the bilinear forms are

B(d,m) =0, (60)

B(C,d) = /\1 [(éDcCp + bzz)Cz + byidc + (f() +Dde)d2],

(61)
B(C, m) = /\1 |: (éDCCP + b22>C2 + b2,4cm
. (62)
+<§DmCP + b44)m2]

B(f,m) = A, [(ipfcp " b33>f2 Fbaicf + %Dmemz],
(63)

B(c, f) = Ay [éDCCPCZ T bscf + %chpfz] (64)
B(f,e) =0, (65)

B(Ve,Vm) = A [éDC(VC)Z — XmVeVm+ %Dm(Vm)z],
(66)

B(Ve,Vf) =M [éDC(VC)Z — X VeV S+ in(Vf)z],
(67)

B(Vf,Ve) =\ EDJ:(V]’)Z — X2V [fVe+ %De(Ve)z],
(68)

B(V¢,Ve) = A, I:éDC(VC)z — YaVcVe + %De(wf].
(69)

Imposing assumptions that all bilinear forms above are
positively defined, one can then conclude that the system
is stable. Below, we formulate a sufficient condition for the
solution to be stable in L, space. The formulation of the
assumptions is presented in terms of the parameters of the
original system where biological meanings are more evident.

Condition 1. If

| (£Co + fihome+ 1) (£ +Ddcp)]l/2 = fi (70)
then B(c,d) > 0.

Condition 2. If

172
1 f 1
|:<4ch17 - |:az <1 — 2Ff)) +apce — a3:|> 3Dme]

1
> —aA,
21111

(71)
then B(f,m) = 0.
Taking into account actual values for equilibriums ¢, and

fe of the inflammatory equilibrium, one can reduce (71) to
an inequality, which is easy to interpret.

9
Namely, assume that
1 1/2 1
[ZDfDmCP + JKD,”] = Sk, (72)
then B(f,m) = 0. From the previously mentioned,
2
A= (ﬂz —as +(112<&))
an
(73)

a f4f0)‘1€l0 - allfl]’(VOA3
+ 4(—) A .
Fo 4 1f0/11(f2)t36111 — f3a0l2)

Due to the assumption (12), parameter A is well defined
for all values of the coefficients of the original model.
Biological meaning of constraint (12) was explained in
Remark 3, and it is necessary for the existence of the
inflammatory equilibrium. What we want to point out here
is that for any set of the parameters there exist large enough
diffusive constants D,, and Dy that inequality (72) holds, and
consequently bilinear form B( f, m) = 0.

Condition 3. If
1 1 2
[(gDCCp + (f3/\2me + f4)) (gDme + (aumg — ao))]

>

[ A5 = fidace],

N | —

(74)

then B(c, m) > 0. For well posedness of the RHS in inequality
(74), assume that

1
(gDme + (anime — ﬂo))

~ (75)
f4f0A1a0 - allflﬁ)ASv
fOAI(fZ)BaH - f3€lo/\2)

We rewrite the above inequality in terms of the parameters
of the original model to point out that for any given set
of the parameters, there exists big enough coefficient D,,,
characterizing macrophages mobility, such that inequality
(74) holds.

_1
3

DmCP+a11 —ag = 0.

Condition 4. If
1 1 vz
[gDccpszcp] = Ealzfe, (76)
then B(c, f) = 0.
Condition 5. If

1 1 1/2 1
| 2050m | = S (77)
then B(V¢, Vim) > 0.

Condition 6. If

1
— 78
SXP> (78)

v

1 1 1/2
—-D.—D
[6 ‘4 f]

then B(Ve, Vf) = 0.
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Condition 7. If

[ZDfEDe] = X2 (79)

then D(V f,Ve) = 0.

Condition 8. If
1 1 1/2 1
BN (80)

then D(Vc¢, Ve) = 0.

We now assume that [ for all five components
d(x,0),c(x,0), f(x,0), m(x,0), and f(x,0) is equal to 0 (ini-
tial data are orthogonal to 1. Then due to no-flux Neumann
condition on the boundary for all times,

[ R WS S Rt

Therefore, the above Conditions (1-8) guarantee Lyapunov
stability of the linearized system. If further for the same class
of initial data we in addition assume strict inequalities in
(70)—(76), then system will be asymptotically stable, and L,
norm of the solution will exponentially converge to zero as
time goes to infinity.

Here, we do not assume the ODE stability conditions of
the equilibrium in this section. It will be easy to construct
a specially inhomogeneous solution of the initial-boundary
value problem (IBVP) so that the solution of corresponding
ODE for V = [¥(x,t)dx is identically zero, where the
PDE solutions can be either stable or unstable by adjusting
certain parameters. Indeed, let the domain be a segment
[0,7] and as in (32), with ¢ = cosx. Then, in as Section 4,
in order for v(x,t) to be a solution of corresponding IBVP
it is necessary and sufficient that o to be a root of the
characteristic polynomial equation P(¢) = 0 in (39). To see
Conditions (1-8) are essential, we show an example of the
system with: (1) Conditions (1-8) are all met, and (2)P (o)
has a positive root in (39). For selected domain, assume
Poincare constant C, = 1. Assume that all coefficients are
such that inequalities in all constraints except inequities in
constraints Conditions 3 and 5 are satisfied. Let by, > 4/5D,,
anm, > ag, and 0 > by, > —(D.Dy/20)"2. Obviously
for these set of the parameter Condition 3 satisfies. Then if
vD¢D,,/60 = x,, then Condition 5 holds and consequently
v(x,t) — 0ast — oo. Furthermore, it is not difficult to see
that if by, = 4/5D,, and bys = —(D.D,,/20)"? then in (42) is
positive provided

172
(xm — b2) [szlg’“] - gDch >0, (82)

Inequality in (82) holds if

Xm >/102D.D,, (83)

Consequently, Condition (83) holds then [|v(x,t)[l;, — oo as
t — co. Comparing stability in (77) and instability in (83),
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the conditions are optimal unto discrepancy in coefficients.
In the next remark, we want to highlight the impact of
the diffusive parameter and chemotactic coefficients on the
stability of the inflammatory equilibrium U,.

Remark 6. In all above eight conditions inequalities hold
for big enough values of diffusive coefficients D’s. This
highlights the importance of the spatial distribution of the
perturbation for the equilibrium. The major meaning of
these condition is that for any set of the parameters if
diffusivity coefficients are big enough then U, is stable.
Another key parameter, which characterizes the behavior
of the spatial distribution of the system is the chemotactic
coefficient. From the example above, one can see that if
the chemotactic sensitivity coefficient y is relatively bigger
than the diffusivity characteristic of the process, then U, is
unstable. At the same time if it is relatively smaller, as in
inequalities (77)—(80), then the inflammatory equilibrium is
stable.

6. Conclusion and Discussion

To quantitatively study the processes governing inflamma-
tory and fibrotic reactions against foreign bodies, we have
built a mathematical model with the capability to predict
the trends of macrophage migration, ECM production,
and chemoattractant regulation by macrophages in these
fibrotic reactions. The initiations of reactions are digestions
of debris which are the natural responses of the immune
system to damaged cells and tissues due to the implantation
process. Our model is built based principally on biochemical
mechanisms, and it has served its purpose in providing
trends of reactions. The model is expressed by a system
of partial differential equations with no flux boundary
conditions.

We have considered an equilibrium state of the system
and its stability conditions. We have provided a mathe-
matical proof that when this equilibrium is stable in the
corresponding ODEs, then it is also stable for the full
system in L?(Q2). However, a system with a parameter set
can be conditionally stable in the PDE sense when its ODE
system is not necessarily stable. We provided some exclusive
conditions for this to happen. These conditions correspond
with feasible biological conditions, where the percentage of
regulatory macrophages dominates that of the inflammatory
macrophages.

We mention here that the system has infinitely many
equilibria, all except for one containing at least one free
parameter in it. The one under discussion here is called the
interior equilibrium as it has 5 nonzero components. This
particular equilibrium corresponds to an inflammatory state
of the healing process, whose instability is an indicator of
three possible dynamics: (1) best case scenario, returning
to the healthy state; (2) uncertain development, transition
to another “abnormal” equilibrium; (3) acute inflammatory
response (worst case scenario), perturbations tend to infinity.

Our main mathematical result indicates that the inflam-
matory state’s stability mainly depends on the reaction
dynamics and even that small spatial diffusion and big
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chemotaxis cannot destabilize the equilibrium which is stable
in the reaction-only system. However, if the equilibrium is
unstable by its reaction-only system, then spatial diffusion
over chemotactic effects can help to stabilize the equilibrium
if the initial perturbation is subjected to specific constraints.
We did not discuss other equilibrium states due to the length
of the paper, but there is no mathematical difficultly in
accomplishing these tasks.
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