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Abstract: Infection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) results in
varied clinical outcomes, with virus-induced chronic inflammation and tissue injury being associated
with enhanced disease pathogenesis. To determine the role of tissue damage on immune populations
recruitment and function, a mathematical model of innate immunity following SARS-CoV-2 infection
has been proposed. The model was fitted to published longitudinal immune marker data from
patients with mild and severe COVID-19 disease and key parameters were estimated for each clinical
outcome. Analytical, bifurcation, and numerical investigations were conducted to determine the
effect of parameters and initial conditions on long-term dynamics. The results were used to suggest
changes needed to achieve immune resolution.
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1. Introduction

Infection with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) results
in varied individual coronavirus disease 2019 (COVID-19) outcomes ranging from asymp-
tomatic to mild, severe, and fatal disease. The mechanisms responsible for the COVID-19
pathogenesis are not fully understood, but studies suggest that severe outcomes are driven
by virus-induced reconfiguration of the innate immune system, which results in inflam-
mation and tissue injury [1,2]. In severe and fatal SARS-CoV-2 infections, transcriptomic,
epigenomic, and proteomic analyses revealed widespread dysfunction of peripheral innate
immunity, aberrant interferon-related responses, recruitment of hyperactive macrophages
and of functionally altered neutrophils, and the suppression of adaptive immunity (such as
B-cells and T-cells function) [1,3,4]. Interferon-induced proinflammatory states stimulate un-
controlled complement activation and development of neutrophil extracellular traps (NETS),
both of which induce overproduction and uncontrolled release of proinflammatory markers
in a process known as cytokine storm [5,6], seen in other inflammatory diseases such as
endotoxemia [7] and acute respiratory distress syndrome (ARDS)-complicated sepsis [8].

In general, inflammation can be viewed as a robust physiological process in which
the body’s innate immune system provides protection from adverse environmental factors.
This process occurs while the immune system tries to resolve homeostatic perturbations
initiated within the body (in autoimmune disease) or through external stimuli (bacteria,
viral infections, injury, etc.) [9] with the goal of maintaining the structural integrity of
tissues and organs [10]. Successful innate immune response is initiated within minutes and
resolved within hours, with the affected tissues and immune populations returning to their
homeostatic state [9]. Conversely, chronic inflammation results in continual recruitment
to the tissue of neutrophils, macrophages, and inflammatory mediators whose activity
persists for weeks, months or even years [9,11,12]. The persistent proinflammatory state
induces further damage and recruitment of more inflammatory mediators. Several studies
examined the differences in proinflammatory cellular and cytokine populations in patients
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with mild and severe COVID-19 disease [13-16]. Data in [13] showed elevated levels of
proinflammatory (IL-6, IL-2, and IFN-v) and anti-inflammatory cytokines (IL-10), elevated
levels of neutrophils and reduced levels of CD8 T-cells in patients with severe compared
to those with mild COVID-19 disease. Similarly, [15] found elevated neutrophils levels,
elevated IL-6 levels, and reduced levels of CD8 T-cells and CD4 T-cells in patients with
severe or critical compared to those with moderate COVID-19. Elevated anti-inflammatory
cytokines levels (IL-10) in severe disease was reported in [16], as well. Last, the neutrophil-
to-CD8 T-cell ratio (N8R) has emerged as an early prognosis method for identifying severe
COVID-19 disease [13], with high N8R ratio being indicative of severe outcomes [15,17,18].

While data exists for the magnitude of immune cells and proinflammatory mediators
in different disease outcomes, little is known about the mechanistic interactions between
these populations, and about the role that feedback, interpopulations effects and regula-
tions play on overall disease outcomes. In this paper, we develop a mathematical model
of interactions between neutrophils, macrophages, pro- and anti-inflammatory markers
and CD8 T-cells and use it to tease out mechanisms responsible for COVID-19 pathogene-
sis. Previously, mathematical models have investigated human inflammation following
physical injury [19-21], cancer [22,23], lung infections [10], rheumatoid arthritis [24,25],
atherosclerosis [26], H. pylori [27], diabetes [28], and nonspecific pathogens [29-35]. Specif-
ically, mathematical modeling of viral infections with pathogens such as influenza [36-40],
hepatitis B [41-44], SARS-CoV [45,46], and SARS-CoV-2 [47-56] have investigated the
role of immune responses in disease resolution or inflammation. Some of these studies
highlighted the importance of cytokine production and neutrophil function in modulating
disease pathogenesis.

In our study, we do not explicitly model the dynamics of SARS-CoV-2 infection, and in-
stead only model the resulting inflammation. We consider interactions between neutrophils
(active and apoptotic), macrophages, proinflammatory mediators, anti-inflammatory medi-
ators and CD8 T-cells. We use the model to investigate the neutrophil responses to tissue
damage caused by SARS-CoV-2 infection and to determine the mechanisms leading to
resolution or inflammation. Moreover, we fit the model to longitudinal data from mild
and severe COVID-19 infections to identify resolution or inflammation-specific parameters,
such as the neutrophil-to-CD8 T-cell ratio. These results can inform interventions.

2. Materials and Methods
2.1. Mathematical Model

To determine the mechanistic interactions that lead to increased inflammation in severe
COVID-19 infections, we develop a mathematical model of immune responses which
extends on a previous model of nonspecific inflammation published in [30]. Briefly, we
model the interaction between active and apoptotic neutrophils n(t) and a(t), macrophages
m(t), proinflammatory mediators c(t), anti-inflammatory mediators g(t), and CD8 T-cells
e(t) over time ¢, as follows. We assume that, following SARS-CoV-2 infection, epithelial
tissue gets damaged according to function

f(t) = H(Ar — t) sin®(pt), )

where
1 ift<An/p

. @)
0 ift>An/p,

H(Am—t) = {
as in [30]. Function Equation (1) accounts for A repeated cycles of tissue damage occurring
every 271/ p days as a result of inflammatory processes triggered by SARS-CoV-2 infection
(see Figure 1A for a schematic of a single A = 1 tissue damage cycle and Figure 1B for a
schematic of four A = 4 tissue damage cycles for p = 1).
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Figure 1. Tissue damage. Theoretical model of tissue damage f(t) given by Equation (1) for (A) a
single cycle of damage A = 1 and (B) four cycles of damage A = 4.

The physical damage to tissue results in release of cytokines that further enhance
an inflammatory response. While there are a number of proinflammatory cytokines and
mediators produced in response to tissue damage or viral infection (IL-1, IL-6, IL-8, TNF-x,
among others [57]) we model them through a single proinflammatory population c(t),
which is produced at rate af(t) and decays at per capita rate .. This proinflammatory
population recruits neutrophils and macrophages at the site of the inflammation. As in [30],
we ignore neutrophil activation and differentiation and assume that activated neutrophils
n(t) are recruited at rate a. and macrophages are recruited at rate a,,, respectively. Active
neutrophils die and transform into apoptotic neutrophils a(t) at rate vg(t), proportional to
regulatory factors g(t) (in our model, the anti-inflammatory cytokine IL-10). Both active and
apoptotic neutrophils contribute to increased production of proinflammatory mediators.
Here, however, we only incorporate the contribution of apoptotic neutrophils, who undergo
necrosis at rate 7,, leading to damage of healthy tissue and hence further accumulation of
proinflammatory factors c(t) [11,58], as necrosis leads to release of toxic chemicals from
internal granules [11,58-60]. We model this by adding a Hill-type production term with a
Hill coefficient of two, k,y,a(t)?/(a(t)? + B2), into the proinflammatory population c(t),
which saturates at high a(t) levels. Here, B, is the concentration of neutrophils required
for half-maximal release of proinflammatory mediators and k, is the maximal level of
proinflammatory population recruited after tissue damage.

We assume that macrophages m(t) are recruited in response to proinflammatory
mediators c(t) at rate a,,, die at per capita rate 7,, and contribute to the removal of
apoptotic neutrophils through phagocytosis at rate ¢. Recognition of apoptotic neutrophils
by macrophages is thought to reprogram them to release anti-inflammatory signals, which
recruit anti-inflammatory populations g(t) at rate k;. We assume that the anti-inflammatory
population is present at low levels s; /¢ at the time of the infection, with s, being the
production rate and <y, the per capita decay rate.

Lastly, we consider that the CD8 T-cell population e(t) is present in the epithelium at
base level s./y., where s, is the production and ¢, is the per capita death rate. Following
viral infection, CD8 T-cells expand to become cytotoxic T-cells at rate «,, proportional to the
antigen-presenting cell concentration (in this case macrophages, m(t)). The expansion is
suppressed in the presence of regulatory factors g(t), in a density dependent manner with
1/ B. being the the concentration of regulatory factors where the effect is half-maximal.
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A diagram of our model is given in Figure 2 and the model equations are

dn

gp = dec—vgm,

da

T vgn — yaa — ¢ma,
dm
ar = &mC — YmM,

dc a? ®)
a af(t) +kava (W) — Yl

d

d—f = 8¢ + kopma — 74g,

@ =S¢+ e e

ait =T pg T

subject to initial conditions n(0) = ng, a(0) = ag, m(0) = mp, ¢(0) = co, g(0) = o,

and e(0) = ep.
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Figure 2. Network diagram for the mathematical model given in Equation (3).

2.2. Clinical Data

Longitudinal average and standard deviation values for total neutrophils, CD8 T-
cells, and IL-10 were collected from 27 patients with mild and 13 patients with severe
COVID-19 disease at days tj e T=1{25,811,14,17} post hospitalization and previously
published in [13]. Neutrophils and CD8 T-cells were measured in cells x10°/L and IL-10
was measured in pg/mL (see Figure 3, red points and red error bars).
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Figure 3. Data fitting results. Dynamics of variables defined by model Equation (3) over time for
parameters in Tables 1 and 2 versus immunological data (red circles) in (A) mild and (B) severe
COVID-19 infections. Time represents days post hospital admission. Error bars represent mean

+ standard deviation where total neutrophil and CD8 T-cell data are given in x10° /L and IL-10 data

CD8 T-cells

in pg/mL as in [61].
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2.3. Parameter Estimation

We use literature values for some of the parameters to reduce the model’s degrees of
freedom and allow for better estimation of the remaining parameters (see Table 1). The re-
ported half-life of neutrophils is ¢;,5, = 6-10 h [62]. We use a half-life of ten hours in
our model, which corresponds to a decay rate 7, = [1(2)/t(1/), = 1.66 per day. Simi-
larly, the reported half-life of alveolar macrophages is two weeks [63], corresponding to
decay rate v = In(2)/t( ) ,» = 0.05 per day. Nonactivated CD8 T-cell have a lifespan
of 34 days [64], however, in the presence of antigen they expand into cytotoxic T-cells,
who are short lived [65] with decay rate v, = 0.5 per day [44,66]. The IL-10 lifespan is
2.7-4.5h [67]. Here, we assume a lifespan of 3.8 h, corresponding to a decay rate v = 6.2
per day. Last, all proinflammatory mediators have a short half-life [68]. We use IL-6 in
our model, whose half-life of 15 h [69], to obtain a decay rate 7. = 1.1 per day. We as-
sume that the initial neutrophils, CD8 T-cells and IL-10 are given by the hospitalization
admission data, and we split the neutrophil data between active and apoptotic neutrophils
n(0) = a(0) = 0.5 x (1 + a) 441, in both mild and severe cases. The initial macrophage
number is m(0) = 0.3 x 10° per L, corresponding to monocyte data upon hospital ad-
mission in [13]. Last, cytokine initial condition is set arbitrarily to g = 1 x 10° per L.
We assume equilibrium conditions before hospitalization, hence the recruitment rates are
se = €(0)7e and s¢ = g(0)7,. The initial tissue damage is set at A = 1 for the mild cases
and A = 4 for the severe cases with p = 1 in both groups. All other parameters are chosen
arbitrarily to be B, = B, = 1 cells, &), = 0.7 macrophages/(proinflammatory cells xday),
kg = 15 anti-inflammatory cells/ (apoptotic neutrophils) and k, = 0.6 anti-inflammatory
markers/(apoptotic neutrophils). A summary of fixed parameters is given in Table 1.

Table 1. Fixed parameter values and initial conditions.

Parameter Description Mild Severe Reference
Ve Decay rate of CD8 T-cells 0.5/day 0.5/day [64]
Ye Decay rate of proinflammatory mediators 1.1/day 1.1/day [69]
g Decay rate of IL — 10 6.2/day 6.2/day [70]
Ym Decay rate of alveolar macrophages 0.05/day 0.05/day [63]
Ya Rate of necrosis of apoptotic neutrophils. 1.66/day 1.66/day [62]
A Cycles of tissue damage 1 4 —

« Tissue damage magnitude 1 1 —
A Macrophage recruitment rate 0.7 0.7 -
Ba Neutrophils where proinflam. release is half-max. 1 1 —
Be Reg. cells where CD8 T-cell response is half-max. 1 1 —
Sg T regulatory cells recruitment rate 8(0)vg 8(0)yq -
Se CD8 T-cells recruitment rate e(0)7. e(0)ve —
kg Anti-inflammatory production rate 15 15
no Initial concentration of active neutrophils 0.5 x data 0.5 x data [13]
ag Initial concentration of apoptotic neutrophils 0.5 x data 0.5 x data [13]
mo Initial concentration macrophages 0.3 x 10°/L 0.3 x 10°/L [13]
o Initial concentration proinflammatory mediators 10°/L 10°/L
g0 Initial concentration anti-inflammatory mediators data data [13]
e Initial concentration of CD8 T-cells data data [13]
kg Max. level of proinflam. pop. recruited after damage 0.6 0.6 —

We assume time ¢ = 0 in our model is the day of hospital admission and estimate the
remaining parameters 0; = {a., ¢, v, a.}, by fitting the solution of model Equation (3) to
IL-10, CD8 T-cells, and total neutrophil data given in [13] for mild and severe COVID-19
patients, where i € {mild, severe}. Using the fminsearch algorithm in Matlab, we minimize
the objective function
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where n(t;, 0;), a(t;, 0;), g(t;,0;), e(t;, ;) are the theoretical solutions of model Equation (3)
at times t; for parameters 0;; (1 + a)4ata(t), Sdata(t;) and egqr,(t;) are the neutrophil,
IL-10 and CD8 T-cell data at times ¢; as given in [13], and t; € T = {2,5,8,11,14,17}
days post hospitalization. The best parameters estimates are given in Table 2.

Table 2. Best parameter estimates from fitting model Equation (3) to data from mild and severe
COVID-19 cases.

Parameter Description Mild Severe
e CD8 T-cells expansion rate 1.2 x 1072 1.6 x 1078
¢ Rate at which macrophages engulf neutrophils 41x 1073 3.3x 1074
v Rate of neutrophil apoptosis 0.35 0.46
e Neutrophil recruitment rate 3.44 4.28
ssq Sum of squares 2.84 4.14

2.4. Semirelative Sensitivity Analysis
We conduct a formal semirelative sensitivity analysis of system Equation (3) with

0
respect to the fitted parameters. Briefly, we let Xy(t) = 0 (t) be the sensitivity curves of

X(t) = {n(t),a(t), m(t),c(t),g(t),e(t)} with respect to 0 € {ac, ¢,v,a.}. Then 6Xy(t) are
the semirelative sensitivity curves of X(t) with respect to 6, which measure the change
of X(t) when parameter 6 is doubled at time t. The corresponding sensitivity equations
with respect to parameters 6 are presented in Appendix A, Equations (A1)—-(A4), and the
corresponding semirelative curves are presented in Figures A3 and A4.

3. Results
Asymptotic Analysis Results

To determine the equilibrium solutions of model Equation (3), we assume that the
initial tissue damage stimulus has been eliminated, and hence set « = 0.

Proposition 1. Model Equation (3) has a single equilibrium Sy when

1 «
a, < 2;-3“%]7, /y—m;ika +1 (5)
a m C

and three equilibria S1, Sy, and S3 when

1 |«
Ko > Z'B'l%kiw / ’y—ml;iku +1. (6)
a m c

vector X in terms of a. This yields the following expressions
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Next, we solve for @ by substituting ¢ and 7 into

da
Fri acC — (Yad + ¢pma) = 0.

Simplifying yields
0=a 52(711'76')’111 + ka(P“m'Ya) - ﬁ(“cka')’u’)/m) + .Bi'Yu’Yc'Ym] , 8)

which has one solution
a =0, )

1 |«
l’(c < Zﬁg’)/cki ’Yim’;ikﬂ + ]-I
a m /c
a =0,

_ weYmka £/ Ym /02 mk2 — 4B2Y 2 — Ao By dka (10)
2(Yerm + ‘Xm‘f’ka) ’

1 |«
we > 2/5,1%]71 /,Y—’”;ﬂka +1. (11)
a m c

Since {ﬁ, m,c,§,e } are positive when 7 is positive, we obtain that a single equilibrium
solution called no-inflammation equilibrium exists when condition Equation (5) holds,

when

and three solutions

a3

when

S¢ S

S1=(0,0,0,0,-%,7%).

1=( e e )

Conversely, three equilibria solutions exist when condition Equation (6) holds. They are S;
(as before) and

So3 = (7,1M,8,¢,8,€)23
given by Equations (7) and (10) and called chronic inflammation equilibria. This concludes
our proof. [

Proposition 2. The no-inflammation equilibrium Sy exists and is locally asymptotically stable for
all parameters.
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Proof. The Jacobian associated with system Equation (3) at equilibrium point

[—vg 0 0 K¢ —vil 0
vg —Ya — ¢ —¢a 0 Vil 0
0 0 —Ym O 0 0
a
= 0 2vikfam——rs 0 - 0 0
J(S) YakaPi @+ B2 ] Te (12)
0 kopm kepa 0 _:[Ygg i 0
Ke Koo
0 0 ~ 0 —
L T4 Bed (1+ Be3)? ‘]
The corresponding characteristic equation at the no-inflammation equilibrium point
51 = (1711,{1_1, m11511g1/ e_l) = (Ololololsg/r)/glse/r)/e)
is
SqV
det(J(S1) = Alg) = (A +7e) (A +7g) (A + 1) (A + 1m) (A +7a) (A + %) =0,
4
with eigenvalues Ay = —7, < 0, A2 = =7 < 0, A3 = =7 < 0, Ay = —7¢ < 0,
As = —ym < 0,and Ay = _%Y < 0. Therefore, the no-inflammation equilibrium is always

8
locally asymptotically stable. [J

Proposition 3. One of the chronic inflamation equolibria is always unstable and the other is locally
asymptotocally stable when condition (6) holds.

Proof. The characteristic equation for the chronic-inflammation equilibria S;, i € {2,3} is
det(J(S;) — Als) = (A +7e) (A7 + A1A* 4 Ao\ + A3A% 4+ Agd + As) = 0,
where

Ay =giv+mig+va+ v+ vg+ Tms

Ag = mv (i — kgfii) + Zi(va + ve + v + vm)V + (i +7a) (ve + 75 + vm) + (g + 1m) + Ygvms

Az = miv(g; — kgﬁi) +&i(Ya + e + Yg + Y )V 4 1 (e + Vg + Ym) +Ya(ve + Yg + Ym)
+70(7g+7m) +YgYm,s

Ay = gimi(')’C'Yg + YeYm + 'Yg'ym)Vﬁb + mi'Yc'Ym('Ygﬁb - kgv¢ﬁi) + g_i('Ya’Yc (’Yg +vm) + ’Ym’Yg(’Ya + ’)/c)V(P
2

(@ +a‘32)2 (20mya(giv — keiiiv + 'Yg)‘/’ + iveygmive + Si(veym + 'Yg'Ym)V‘P
1 a
— YeYmkgMitv 4 §i(YaYeYg + YaYeYm + YaYgYm + YeYgYm)V + MY Y Ym®P + YaYcVgYm),
= 5.82
_ _ a;g; _
As = gi'Yc'Yg'YmV(mi(P + 'Yu) + Z(ﬁzlilég)z (ﬂilxm’Yg(P - ac)’)/aV-
a i

(13)
+ YaYcYgYm —

By Routh-Hurwitz conditions, we have eigenvalues with negative real parts (and hence
local asymptotoc stability for S, 3) if and only if the Hurwitz matrices H; fori = {1,...,5}
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Hy, = [A4],
[A) Az
A, As  As
Hy= |1 Ay A4l
0 A Aj
AL As As 0
o |1 A A0 (14)

[A; A; As 0 0
1 Ay Ay 0 0
Hs= 1|0 A1 A3 A5 01,
0 1 A Ay O
0 0 A A; As

have positive determinants. This simplifies to A; = det(H;) = A; > 0 which is always true,
Ay = det(Hz) = A1Ay) — A3 >0,A3 = det(Hg) = A3y — Al(A1A4 — A5) > 0,and Ay =
det(H4) = A4A; — A5(A1A% — A1Ay — ArAs + A5) > 0,and A5 = det(H5) = As5A4 >0
which happens for Ay > 0 and

(‘Bg + a?)2 YcYmV

22 (s + 1)B o (13)

Oe > AikmYgP +

Solving Equation (14) is cumbersome, so we will present numerical results for the stability
of the chronic-inflammation states S, and Sz from here on. [

4. Numerical Results
4.1. Parameter Variability Between Disease Outcomes

Using the data fitting approach described above, we obtained good fits of model
Equation (3) to data from patients with mild disease (Figure 3A) and severe disease (Figure 3B).
In Table 2, we present the parameter estimates corresponding to the best fits. The neutrophil
apoptosis rate v is higher in severe compared to mild cases, v = 0.46/(anti-inflam x day)
compared to v = 0.35/(anti-inflam x day), which implies that the change in neutrophil phe-
notype is disease status dependent. Similarly, neutrophil recruitment rate «. is larger in the
severe compared to the mild cases, a, = 4.28 neutrophils/(proinflamm X day) compared
to a. = 3.44 neutrophils/(pro-inflamm x day), respectively. By contrast, the rate at which
macrophages remove apoptotic neutrophils ¢ is lower in the severe compared to the mild
cases, ¢ = 3.3 x 10~# neutrophils/(macrophage x day) compared to ¢ = 4.1 x 10~3 neu-
trophils/(macrophage x day), respectively. The biggest difference between the two groups,
howevet, is in the recruitment of CD8 T-cells, with the severe patients’ recruitment rate being
six order of magnitude lower than the mild patients’ recruitment rate, #, = 1.6 x 1078 CD8
T-cells/ (macrophage x day) compared to &, = 1.2 x 10~2 CD8 T-cells/(macrophage x day),
respectively. We observe different long-term dynamics between mild and severe cases for total
neutrophils n(t) + a(t), proinflammatory mediator ¢(f) and macrophages m(t), with these
populations asymptotically reaching extinction (no-inflammation equilibrium state) in the
mild case and persisting at positive levels (chronic-equilibrium state) for severe case (see
Figure 4). By contrast, data fitting predicts that the equilibria values for CD8 T-cell and IL-10
populations settle close to the populations’ initial conditions (which correspond to the first
mild and severe CD8 T-cell and IL-10 clinical data points, respectively). Hence, as seen in the
data, the CD8 T-cell equilibrium value is 2.4-times higher in mild patients, &,, = 0.31 x 10°/L,
compared to severe patients, 2; = 0.13 x 10? /L. Conversely, as seen in the data, the IL-10
equilibrium value is 36% lower in mild patients g, = 3.9 pg/mL compared to the severe
patients, §; = 6.1 pg/mL (see Figure 4).
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Figure 4. Long-term dynamics. Dynamics of model Equation (3) over 100 days for parameters for
(A) mild and (B) severe COVID-19 infections.

4.2. Bifurcation Analysis

The stability analysis shows bistable behavior between the no-inflammation and
chronic-inflammation states when conditions Equations (11) and (14) hold. To determine
the parameter space where bistability exists and its relationship with the estimated mild
and severe parameters we constructed a. and ¢ bifurcation diagrams. In both diagrams,
we start with parameters and initial conditions estimated from severe cases and vary
«c and ¢, respectively. Figure 5 shows that, for low neutrophil recruitment rates a, < 3.67,
only the no-inflammation equilibrium exists and is stable. This range includes the mild
case a, = 3.44 value (see Figure 5, green line). For larger neutrophil recruitment rates
ac > 3.67, we obtain bistability of the no-inflammation and chronic-inflammation equilibria.
The range includes the severe case &, = 4.28 value (see Figure 5, red line). The dynamical
transition happens at the bifurcation point a¢"# = 3.67. These results suggest that when
starting with the severe outcome setup, we only need to lower neutrophil recruitment rates
to speedup the resolution of inflammation, independently of the other biological processes.
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o
a(
o

6.115
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6.11
< 4 30
+ 3l 1> 6.105
[i~d N

_____________ 6.095 ==

N8R
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Figure 5. The a. bifurcation diagram. Stable (solid black curves) and unstable (dashed black curves)
population equilibria for varied a, for (A) total neutrophils 7 + 4, (B) IL-10 g, and (C) N8R (71 + a)/é.
The green and red lines are the a, values from the mild and severe cases, a/* and a?.

Conversely, Figure 6 shows that, for low macrophage phagocytosis rates ¢ < 0.047, we
obtain bistability of the no-inflammation and chronic-inflammation equilibria. For higher
macrophage phagocytosis rates ¢ > 0.047 we obtain that only the no-inflammation equilib-
rium exists and is stable. The transition happens at the bifurcation point ¢ = 0.047.
Unlike the a. bifurcation diagram, however, we note that both the mild and severe ¢ values
are in the bistable region (see Figure 6, green and red lines) suggesting that the reso-
lution of inflammation seen in the mild case is dependent on other parameters and/or
initial conditions.
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Figure 6. The ¢ bifurcation diagram. Stable (solid black curves) and unstable (dashed black curves)
population equilibria for varied ¢ for (A) total neutrophils 7 + a, (B) IL-10 g, and (C) N8R (7i + 4) /e.
The green and red lines are the ¢ values from the mild and severe cases, ¢"* and ¢°.

4.3. Basin of Attraction

We next determine the basins of attraction for the no-inflammation and chronic-
inflammation equilibrium states. For simplicity, we assumed that all parameters and initial
conditions are given in Tables 1 and 2 (severe case), fixed a. = zxﬁriti“’l = 3.67 and var-
ied activated neutrophils and anti-inflammatory mediators initial conditions (go, 19) €
{0.1 < g0 < 1,0 < np < 20}. Under these assumptions, we find a large basin of at-
traction for the chronic-inflammation equilibrium state S3 = (713, a3, 113, €3, §3, €3) where
ny > 2 and go > 1.2 and a small basin of attraction for the no-inflammation equilibrium
state Sy = (fiy,a1,11,¢1,81,€1) = (0,0,0,0,8¢/¢,5./7e) for small gy and ng values (see
Figure 7A). This means that for low initial anti-inflammatory markers, the inflammation is
resolved when few active neutrophils are recruited and inflammation persists otherwise.
We further investigate how the basin of attraction for the no-inflammation equilibrium S,
changes when we fix g9 = 0.1 pg/mL and vary both the initial activated neutrophils num-
ber 0 < 1y < 20 and the macrophage phagocytosis rate 10> < ¢ < 0.1. We find that for
high macrophage phagocytosis rate ¢, the no-inflammation equilibrum state is an attracting
set for all 0 < ng < 20, while for low macrophage phagocytosis rate ¢ the no-inflammation
equilibrium state is an attracting set only when the initial activated neutrophil level is small
(see Figure 7B).

!
il
T

sttt
T
i

i

ng 108

Figure 7. Basin of attraction. Attracting asymptotic solutions 7 + a for (A) different initial condition
ny and go (B) go = 0.1, different initial condition 7y and changing parameter ¢. We fix o, = 3.67
neutrophils/(macrophage x day) and all other parameters are as in Tables 1 and 2 (severe case). Note
that gp and ¢ are plotted on log scale.
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4.4. The Role of Tissue Damage on Immune Resolution

All the stability results presented above assumed that the tissue damage function
can be ignored by setting a = 0. To determine how relaxing this condition affects dy-
namics we investigate the short- and long-term behavior of total neutrophils n(t) + a(t)
and proinflammatory cytokines c(t) when we vary (i) the frequency of oscillations p €
{1,10,0.1}, (ii) the number of tissue damage cycles A € {1,10,0.1}, and (iii) the mag-
nitude effect that tissue damage has on the proinflammatory cytokine recruitment rate
a € {1,10,0.1}. We start with parameters and initial conditions in Tables 1 and 2 (severe
case), and ¢ = 0.046 < 4)C’itic”l , which results in resolution of inflammation for the
baseline assumptions p = A = a = 1. We then increase or decrease one of the tissue
damage parameters {p, A, a} while leaving the other two unchanged. We find that the
frequency of oscillations p has no significant effect of the short- and long-term n(t) + a(t)
and c(t) dynamics (see Figure 8A). The number of tissue damage cycles A, however, has
a significant effect on the length of inflammation, with many rounds of tissue damage
resulting in prolonged inflammation which persists for longer than 100 days for A = 10
(see Figure 8B, red curves) and is resolved in 50 days for A = 1 (see Figure 8B, black curves).
The long-term dynamics, however, do not change with the no-inflammation equilibrium
state being reached regardless of A. Last, the magnitude of tissue damage, «, has a transient
effect of both n(t) 4 a(t) and c(t) dynamics. In particular, a large « = 10 leads to a large
transient increase in both total neutrophils and proinflammatory markers over the first
20 days (see Figure 8C, red curves), while a small & = 0.1 has a low overall effect (see
Figure 8C, blue curves). Interestingly, the transient effect is prolonged for low « and decays
faster for high a.
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Figure 8. Dynamics for different f(t) functions. Dynamics of model Equation (3) over 100 days for
(A) p = 0.1 (blue line), p = 1 (black line), p = 10 (red line); (B) A = 0.1 (blue line), A = 1 (black line),
A = 10 (red line); and (C) « = 0.1 (blue line), « = 1 (black line), & = 10 (red line). The other
parameters are given in Table 1 and Table 2 (severe case) and ¢ = 0.047.
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4.5. Neutrophils-to-CD8 T-Cell Ratio

One marker commonly used for deciding disease severity is the nuetrophils-to-CD8
T-cell ratio, N8R [13,15]. In the context of COVID-19 pathogenesis, the reported N8R
median for mild cases is 9.0 (ranges 5.9-14.0) in [15], while the reported N8R median for
severe cases is 15.7 (IQR: 9.7-24.6) in [15] and 44.1 (range 39.8-49.4) in [13]. In our model,
the N8R ratio at time ¢ is given by

_n(t) +a(t)
N8R = e(0) .

For mild cases, nuetrophils-to-CD8 T-cell ratio peaks 3.25 days after hospital admis-
sion to N8R = 13.1 and decays to zero in the long-run. By contrast, for severe cases,
the nuetrophils-to-CD8 T-cell ratio starts at N8R = 41 at the time of hospital admission and
settles at N8R = 38 in the long-run.

(16)

5. Discussion

In this paper, we developed a mathematical model of innate immunity following
SARS-CoV-2 infection that describes neutrophils recruitment into the lungs following
epithelial tissue damage and investigates their role in inducing disease resolution or in
enhancing disease pathogenesis. We studied the model analytically and numerically and
determined that it exhibits monostable and bistable kinetics, where the monstable state
corresponds to immune resolution and the bistable state corresponds to tradeoff between
immune resolution and chronic-inflammation. We fitted the model to immune marker data
from patients with mild and severe COVID-19 disease published in [61]. We estimated
several key parameters for each clinical outcome group and determined the immune-
specific differences between the groups. We examined the effect on the systems’ long-term
behavior of parameters and initial conditions and used the results to derive markers of
chronic-inflammation and immune resolution.

Diversity in clinical outcomes following SARS-CoV-2 infection is attributed to hetero-
geneity in immune responses who, in turn, are influenced by individuals” age, ethnicity, sex
and the presence of comorbidities [71]. Delayed and ineffective innate immunity leads to
increased neutrophil recruitment in the blood, neutrophil infiltration into the lungs, changes
in neutrophil phenotype, and/or formation of neutrophil extracellular traps [3,12,72-74], all
of which have been associated with poor disease outcomes. To address the role of neutrophils
of different phenotypes, we modeled two neutrophil subpopulations, activated 7 () and
apoptotic a(t). Using the model, we examined the differences in total neutrophil levels at
hospitalization 1 + a9, the estimated neutrophil activation rate «., and the estimated neu-
trophil apoptotosis rate v when the model is fitted to immune population data from mild and
severe clinical outcomes. We found higher values for all three markers with initial neutrophils
having the biggest increase (2.3-times higher), compared to neutrophil activation (1.5-times
higher), and phenotype change (1.3-times higher) in severe cases compared to mild cases.
Data fitting indicated that the parameter space corresponding to severe disease outcomes is
associated with the bistable kinetics of our model, while the parameter space corresponding to
mild clinical outcome is associated with the monostable kinetics of our model (Figure 4). One
dimensional bifurcation diagrams with respect to neutrophil recruitment rate «. (Figure 5)
and two-dimensional bifurcation diagrams with respect to &, and initial activated neutrophils
ng (Figure 7B) showed that lowering neutophil recruitment and/or the neutrophil activation
can lead to immune resolution. One way to accomplish that is by understanding how comor-
bidities or pre-existing conditions affect neutrophil functionality, recruitment, are inherent
dysregulation [75] as done in other diseases [12,76,77].

In our model, one way to control neutrophil activity is through recruitment of
macrophages m(t) which, in turn, enhance neutrophil apoptosis at rate ¢. Data fitting
showed decreased neutrophil apoptosis rates (12.4-times lower) in severe compared to
mild cases. One dimensional bifurcation diagrams with respect to ¢ showed that increasing
macrophage induced neutophil apoptosis can lead to immune resolution (Figure 6).
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A common feature for severe COVID-19 clinical outcomes is the production of high
levels of proinflammatory cytokines (such as IL-6), which in our model were generically
combined under the cytokine population c. Paradoxically, IL-10, which is classified as an
anti-inflammatory cytokine, is also elevated in severe cases [61]. To determine its role on
overall immune dynamics, we considered an anti-inflammatory population g(f) in our
model, modeled its effect on neutrophil phenotype change and on lowering the recruitment
of CD8 T-cells, and fitted it to IL-10 data. We found that the magnitude of anti-inflammatory
population at hospital admission gy is 1.5-times higher in severe compared to mild cases.
Using bifurcation analyses we investigated how changes in gy affect the results. We found
that lowering go allows for immune resolution for a larger 1y parameter space (Figure 7A).
This suggests that IL-10 fails to suppress the inflammation in COVID-19, a result seen in
other inflammatory diseases [78,79].

An inefficient or delayed innate immune response to SARS-CoV-2 affects adaptive
immune response priming, which can lead to long-term immune conditions and or fatali-
ties [71]. In our model, we only consider the CD8 T-cell population e(t), which is primed by
antigen presenting cells (macrophages m(t) in our case) and inhibited by anti-inflammatory
mediators (IL-10 g(¢) in our case). We fitted the model to CD8 T-cell data from mild and
severe cases, and found that the recruitment rate . is extremely low in the severe cases
(six order of magnitude lower than in the mild cases). Using these results we calculated
the neutrophil-to-CD8 T-cell ratio, which has been used in other studies as a severity
marker [80-82]. We found that in mild cases N8R peak to N8R = 13.1, 3.25 days after
hospital admission and decay to zero in the long-run. By contrast, in severe cases the N8R
start at N8R = 41 at the time of hospital admission and settle at N8R = 38 in the long-run
(Figure 4). Interestingly, we predict that these different results are heavily determined by
the low recruitment rate of CD8 T-cells in severe cases, rather that differences in neutrophil
levels between the two clinical outcomes.

Our study has several limitations. First, we do not explicitly model SARS-CoV-2
dynamics and instead model the inflammatory response following SARS-CoV-2-induced
epithelial tissue damage. We use a functional response with oscillatory dynamics and
fixed frequency, magnitude, and number of oscillations to model tissue damage (Figure 1).
We investigated the dependence of the results on the changes in magnitude, frequency,
and number of oscillations. We found that increased cycles of tissue damage result in
prolonged inflammation, and higher tissue damage induces larger neutrophil recruitment
in the short term, but neither of these factors affect long-term kinetics (Figure 8). More
information is needed to determine whether this functional form is indicative of viral-
induced tissue damage and early (before hospital admission) virus data would be necessary
for a better description of virus-immune system feedback. Second, during data fitting, we
made a number of adhoc assumptions that can affect our estimates. Moreover, the fits to
limited data may lead to uncertainties in our estimates. To address that, we conducted
semirelative sensitivity analyses (Appendix A), which showed that a. and v have strong
effect on neutrophil, macrophage and proinflammatory populations and weak effect on
the anti-inflammatory and CD8 T-cell populations (Figures A2 and A4) and ¢ and a, have
weak effect on all populations (Figures A1l and A3). Last, we considered a half-life of two
weeks for macrophages [63]. Several studies have suggested a much longer half-life of
3 weeks—4 months [83,84], which may affect transient (but not long-term) dynamics.

6. Conclusions

In conclusion, we developed a mathematical model of neutrophil dynamics follow-
ing infection and hospitalization with COVID-19. We fitted the model to the data and
determined conditions needed for immune resolution.
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Appendix A

We conduct a formal sensitivity analysis on the system of equations given in Equation (3).

We let {n¢, ag, M, Cp, Sps 64;} = {g:;, g:;, 3;:1, g(;, gi, aa;} be the sensitivity curves with

respect to ¢. The corresponding sensitivity equations with respect to parameter ¢ are

dng(t,¢)

g oy —v(gng +ngy),

W = v(gng +ngyp) — Yatp — ¢pmag — pamy — ma,

M(PT(:#)) = AmCp — YmiMgp,

M - Zaa(,,Lﬂﬁ% ey, (A1)
! (B7 +a2)?

% = kg (pmay + pamy + ma) — 758y,

@ - —ae(lﬁi";fg)z + e a _Tzeg) — Vel

Using the parameters in Tables 1 and 2 (severe case) we plotted the semirelative curves
given by (¢pny, pag, pmy, pcp, Py, Pp) which showed low effect of ¢ on all populations
(see Figure Al).
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Figure A1l. Semi-relative sensitivity curves with respect to ¢.
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Using the parameters in Tables 1 and 2 (severe case) we plotted the semirelative
curves given by (&g, dcn,, XMy, XcCay, KcQao, Xca,) Which showed large effect of a.
on the neutrophil, macrophage and proinflammatory populations and weak effect on
anti-inflammatory and CD8 T-cell populations (see Figure A2).
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Figure A2. Semirelative sensitivity curves with respect to «..
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dng, (t,«

W 00) — g vl + 130,

day, (t,«

% = v(gha, + N8u,) — Yala, — P(May, + amy,),

dmg, (t,ae)

T XmCap — YmMa,s

dea(tae) _ oo vakafs (A3)
dt (g2 g a2)2 T

d tu

% = kgqb(maae + amae) — Yg8aer

dew(tte) _ _\  Pemga . et tm
dt C(1+Beg)?  (1+pBeg) 7%

Using the parameters in Tables 1 and 2 (severe case), we plotted the semirelative
curves given by (xeng,, Xella,, KelMla,, XeCa,, XeQu,, ke, ) Which showed low effect of a, on all
populations (see Figure A3).
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Figure A3. Semi-relative sensitivity curves with respect to a,.
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with respect to v. The corresponding sensitivity equations with respect to the parameter v are
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Using the parameters in Tables 1 and 2 (severe case), we plotted the semirelative curves
given by (vny,vay, vmy,vey, vgy,vgy) which showed large effect of v on the neutrophil,
macrophage, and proinflammatory populations and weak effect on anti-inflammatory and
CD8 T-cell populations (see Figure A4).
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