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Abstract—Phagocyte transmigration is the initiation of a of a second set of shear resistant adhesion bonds, enabling
series of phagocyte responses that are believed important in the phagocyte cells to become arrested prior to migration into
formation of fibrotic capsules surrounding implanted medical the extravascular space.

devices. Understanding the molecular mechanisms governing . .

phagocyte transmigration is highly desired in order to improve Over years, mechanical and thermodynamlc mod.els have
the stability and functionality of the implanted devices. A been developed to study how physical parameters influence
hybrid computational model that combines control theory and  the behavior of phagocyte or leukocyte rolling and adhesion.

kinetics Monte Carlo (KMC) algorithm is proposed to simulate  One well-known model used to describe the kinetics of single

and predict phagocytes responses at molecular level. In order bio-molecular bond failure was established 20 years ago[6].

to mimic various biological knockout experiments, a general At th fi bi dical . h d | d and
external control scenario is designed. The stochastic nature € same ume, blomedical engineers have developed an

inherent to phagocyte transmigration is captured by KMC. applied a variety of optical and electronic technologies (i.e.,
A new formula is derived to calculate the transition rates as intravital and conventional light microscopy, flowcytome-
inputs to KMC. This formulation might quantify biological  try, rotational and translational viscometry, and molecular
mfterr]actlor(;;_ln ? ghene_rallmann_er "i‘i.h'Ch. is beyond the scope fqrce and optical spectroscopy) so that real-time imaging
of the traditional chemical reaction kinetics. of phagocyte rolling and arrest can be obtained, and an
I. INTRODUCTION inner view of the intercell_ular adhesive contact regipn can
. o been achieved. Along with the progress of experimental
_ In the practice of medicine, the use of a number Ofethods that enable quantification of the relevant kinetic
implanted medical devices, such as breast implants, €&y mechanical parameters, studies[7], [8], [9], [10], [11]
implants, drug delivery systems and biosensors, is beCOfave been done in adhesive dynamics simulations. These
ing increasingly important. However, these devices Oftefodels focus on studying the dynamical characteristics of
induce a wide variety of unwanted responses, includingsceptor-ligand bonds under various physical parameters,
inflammation, thrombosis, infection, and fibrosis. As a resully,cpy as rolling velocity and shear rate. It is difficult for
fibrotic capsules may form and surround the implantethese models to answer the questions like what is the
medical devices. It has a direct impact on the stability anghsponse of phagocytes transmigration if the concentrations
compatibility of the implanted medical devices, and it mayy selectins decrease. Therefore, models that can explain a
leads to implant failure[1], [2], [3]. In many cases, the fibrotiq ariety of interactions at the level of individual molecular
tissue formation is associated with the rapid accumulation ‘Efairs are highly demanded. More importantly, the multi-
large numbers of phagocytic cells[4], [5]. It begins with thestey process of phagocytes transmigration should be taken
recruitment of phagocytes from capillary to implants sité§nto account as a whole. But aforementioned models fail
which is referred as phagocyte transmigration. Having af qo it. The multi-step process of phagocytes transmigra-
insight into the molecular mechanisms governing phagocyifyn can be viewed as a biological system that comprises
transmigration is the jumping-off point in the studymg ofa number of elements to form a complex network. How
how phagocyte responses may alter the extent of fibroticach individual bio-molecular behaves over time? What is
tissue formation so that we can learn from it to improveystem traffic pattern? How can we control this traffic? These
the stability and functionality of the implanted devices. questions are most wanted to be known by us. To gain a
Itis well accepted that phagocyte transmigration is @ multisystem-level understanding of a biological process, system
step cascade process, involving initial margination in thgnqg control theory has been re-adopted in system biology.
vessels, rolling and firm adhesion of phagocytes to the vessghe first application of system theory and control theory
wall, and extravasation. Phagocyte rolling on the vessgh study cellular responses to implanted devices[12] was
wall is mediated by members of the selectin family vigyyplished in 1979. Besides this model, a variety of related
continuous formation and rupturing of receptor-ligand bondgodeling works have been done in the areas of inflammatory
between phagocytes and endothelial cells (ECs). Rollingactions[13], [14], thrombosis[15], coagulation[16], and fi-
rapidly leads to trans-membrane signaling and the formatiqfgpast proliferation[17]. Despite these interesting models,
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highly fluctuating rolling velocity[18]. The randomness ap-are involved in phagocytes transmigration, except phagocyte
pears because of the small number of receptor-ligand bondells. The second sub-system includes phagocyte cells and all
Even small change in the number of bonds, it might altethe molecular species that directly effect phagocytes rolling,
rolling behavior dramatically. Besides the small-scale rollingadhesion and migration. A control theory based deterministic
the lack of quantitative information on heterogeneous cethodel is applied to the first sub-system. On the other hand, a
properties, such as receptor number and class, contributdente Carlo based stochastic model is utilized to the second
to the randomness appeared in phagocytes transmigratisab-system. The output of the first model will serve as the
This randomness is not due to measurement error butirgut of the second model.
manifestation of the stochastic nature inherent to the physics
and chemistry of receptor-ligand binding. This situation calls
for a probabilistic model other than a deterministic model in
the study of phagocytes transmigration. In control theory, a dynamic system is described by a
In system biology, a basic probabilistic description offinite number of variablesy, ..., z,,, called the “state”. The
dynamic system is master equation. A master equation iscanonical mathematical form for a nonlinear time varying
probabilistic differential equation that describes a system deystem with control is given by a differential equation system
fined by discrete configurations. Master equations are usefod the type:
in describing systems at small length scales when continuum

II. MODEL-1: CONTROL THEORY BASED
DETERMINISTIC MODEL

assumptions break down, particularly when fluctuations are x = f(t,x,u), 1)
important. For example, a chemical system of N reacting
species can be described by a master equation that is a y = h(t, x,u), )

differential-difference equation in N dimensions governing wheret is the independent variable “time is the state
the dynamics of the probability distribution for the SysteMyacior of dimensions, u is the control vector (or called

One common drawback OI master gquat|qns IS Ehat th‘?ﬁput) of dimensionm, y is the output vector of dimension
suffer from the well-known “curse of dimensionality”. Each ) "+ aq, are the functions of the state and control variables.
species adds one dimension to the problem leading in Makyis is an 7, input andp output system. A fundamental
cases to a prohibitive computational complexity. Insteadsq,mpytion in using this model is that the initial condition,

of numerically integrating the master equation, stochagyy pe sufficient, together with the differential equation, to
tic realizations are usually obtained through Monte Car'%etermine the future evolution of the system uniquely.

simt;lla(tjion. Thg most referfrgd rrr:ethod is GiIIIespie’s SﬁA In this part, four computational issues are addressed. (1)
method[19] and variations of it. The Monte Carlo approac & or the molecular species that stimulate other molecular

have been shown to be mathematically equivalent to t ecies to be activated, their concentrations over time are
master equations[20]. Almost all of these methods descriigyejed by a damped harmonic oscillator. (2) The differen-
biological interactions using chemical reaction kinetics. Th'ﬁal equation system that describes the biological system is

might narrow the scope of the interactions appeared in @, jated based on mass action kinetics and singularly per-

biological system. oo : turbed versions of mass action (Michaelis-Menten kinetics).
Rule based methods are also popular in simulating stochatg) A general external control scenario is provided.
tic dynamic systems. Recent work of[21] applied a multi-

level, agent based, in silico model to represent the dynamigs The releasing of bio-molecules can be modeled by a
of rolling, activation, and adhesion of individual leukocytesdamped harmonic oscillator as follows.

in vitro. It provides the links between sub-cellular molecular

level events and the variety of systemic phenotypic attributes. 4 - 2 _

However, agent based methods (ABMs) looks at a system CH) +aCH) + " (HCE) =0, ®)

not at the aggregate level but at the level of its constituent whereC stands for released bio-molecule(t) indicates
units. The interpretation of interactions between each of the oscillator frequency; is the damped parameter. A rea-
components in the system might not be explicit. And th@onable hypothesis about releasing of bio-molecules is that
high computational requirements of ABMs remain a problenthey are released periodically with a decreasing amount. This
when it comes to modeling large systems. In this paper, wis because periodical oscillation phenomenon is common
set up the following objectives. (1) Understand links fromin biological system and this periodical pattern is indeed
molecular level events to system phenotype. (2) Provide abserved from experimental data.

general external control scenario to mimic various biological ] o ]
knockout experiments, and even to provide possible sugges- 1he Phagocytes transmigration is modeled by a differen-
tions in future experimental design. (3) Capture the stochat@l eguation system.

tic nature appeared in the system. (4) Quantify biological The differential equation system that describes the bio-
interactions in a general manner which might be beyond tHegical system is formulated based on mass action kinetics
scope of chemical reaction kinetics. To achieve these goalmd singularly perturbed versions of mass action (Michaelis-
we divide the whole biological system into two sub-systemdvienten kinetics). Specific format of differential equations
The first sub-system comprises all the molecular species thdgpend on the biological problems to be studied. For the case



study of this paper, the bio-molecules of histamine, H1/H®&aditional computation in physics. (2) Determining param-
receptor, and P/E selectins can be modeled as: eters by Maximum likelihood estimation. (3) Outline the
procedure of KMC algorithm.

C.(L’I'YL t = k m CL77L7' t - k 1m CL’"L' 4 . .y .
o () et O () = b2 G @ A. Derive the new formula of transition rates that are inputs
: kn1tCham (t .
C (1) = % kG (8) + kunrun (¢), (5) 1 the KMC algorithm.

n1b + Chm(t) Consider a system includesstatesr, ..., z,, and a set of
. knatChm (1) transitionsW; (z, — x3) from a stater,, into other possible
Cha(t) = kinay + Chm (£) — kn2Cra(t) + kunzuna(t), (6) stateszy,, ¢ = 1,...,m. For eachW; there is a transition

probability per unit time, i. e. transition ratg. The transition
Cp(t) = _kptChm(t) kpClo(t) + kupup(t),  (7) probability r; is determined by a set of variabl¢s;}, j =

kpb + Chn (1) 1,...,q(i). q(i) is a nature number that is associated with
ket Chm(t is to say that each transition might be influenced by different
() = —L ke Co(t) + kueue(t).  (8)  groups of factors. Our goal is to formulate the transition

kev + Chm(t) probability r; as a function ofz;s.
whereC),,,(T') is released histamine that can be modeled In a general case, the function gfs can be a polynomial
by a damped harmonic oscillator, equation (8]t)'s are of degree at mos(i):
control variables that can be modeled according to the

following control scenario.
fi(z) = Bo+ Brz1 + ... + Byi)Zq() + -

C. A general external control scenario. i i
g +ﬁ1q(i)zil( ) +.t ﬁq(i)(J(i)Zggi;' 11)

The control variable in equations (1) and (2) are designed
to model block/unblock actions in biological knockout ex-

periments. The form of the control variables is given by: ~ The value off;(z) belongs to(—oc, o0). But the range
of the transition probability; is [0, 1]. Therefore,f;(z) and

u(t) = —H.(t — T)C(t), (9) i can not be set equal at this point. To build a equation in
terms of f;(z) andr;, two transformations are made in the
or it takes the form as: follows:
At first, we notice that the probability that tli& transition
u(t) =—(1—H(t—T1))C(t), (10) does not occurs i$ — ;. Then the odds of thé” transition

: T
where H, is a regularized Heaviside function to regulateoccurr!ng vs not oceurnng 15— The range of the odds
alue is (0, o). Take logarithm transform on the odds, we

the control variable so that it is continuous for secon%avem( r._) whose range i§—oc, 5c) that is same range
derivative with respect to time. The variableT in (9) 1=r; 9 ’ 9

and (10) represents the time when control begins to bcgg\i(z)' he followi ion hold
taken. The representation of (9) and (10) stands for the ssume the following equation hold.
block/unblock action in knockout experiments. Specifically, In( T ) = fi(z2). (12)
the control variable in (9) represents the situation that block L=

action is taken at the beginning and unblock is conducteThen the transition probability; can be calculated by:
after certain timél” . On the other hand, the control variable

in (10) describes an opposite case that unblock is taken at o efi(®)
the beginning and block is applied after certain tiffie ol efi®)

IIl. M ODEL-2: KINETICS MONTE CARLO ALGORITHM '€ parameters of’s in f;(z) are determined by maximum
BASED STOCHASTIC MODEL likelihood estimation.

Other than using chemical reaction kinetics that is the basisz Maximum likelihood estimation

for most of existing stochastic models in system biology, | gt Y1, ...y, be variables that indicate whether thi&

a physical barrier-jumps kinetics model that is known agansition occurring. It is assumed thgt = 1 indicates
the Bortz-Kalos-Liebowitz (BKL) algorithm or the kinetic e ;7 transition occurring. On the other hand, 4f =
Monte Carlo (KMC) algorithm is adopted by us. The firsty it stands for thei*” transition not occurring. Then the
publication which described the basic features of the KMGyelihood function can be written as:

method was by Young and Elcock in 1966 [22]. The

13)

KMC method is intended to simulate the time evolution of m
some processes occurring in nature. It is commonly used L= HPT(Z/Z‘)~ (14)
in physics, such as modeling surface diffusion and surface =1
growth. Based on the definition of;, we have:Pr(y; = 1) = r;, and

In this section, three computational issues are discussel(y; = 0) = 1 — r;. Therefore,Pr(y;) = r¥ (1 — r;)*~¥:.
(1) Derive a new formula of transition rates to replace th&he likelihood function becomes:



Phagocytes are captured. (2) Detachment of phagocytes. (3)
m mo Phagocytes migrate into the extravascular space. A subset
L= Hrﬁ”(l —r) Y = H(liz)yi(l —r;).  (15) of bio-molecules involved in phagocytes transmigration, i.e.
i=1 =1 T histamine, P selectin, E selectin, H1 receptor and H2 receptor
Consider the Log likelihood function: are considered.

InL = Z yiln(
i=1

T
1—7‘7;

)+ In(l—r).  (16)

Capturing

i= i=1
Plug equation (13) into (16), we obtain: / !

Rolling Adhesion Migration

InL = Em:yzfz(z) - il”(l +efi?)). (17)
i=1 i=1

We want to maximize the Log likelihood function, equa-
tion (11), according to the parameters k.

olnL
0B3;
In general case, the solving of (18) is not straightforward. Fig. 1.

Newton-Raphson method, an iterative method, is conducted
here.

A number of biological systems comprise a series of The phagocytes transmigration process is divided into two
molecular level events. Therefore, in practice, the “Stat%"ub_systems' (1) The first sub_system includes Components
mentioned in above context actually is “event”. Variousf histamine, P selectin, E selectin, H1 receptor and H2
factors represented by variabless effect the probability receptor. The basic interactions among these components
of event occurring and the extent of event. The specifigre that histamine up-regulates P and E selectins and his-
format of fi(z) in many cases can be obtained throughamine enhances H1 and H2 receptors. (2) The second sub-
a priori biological knowledge. If this kind of information system comprises aforementioned three biological events and
is not available, then the optimal format ¢f(z) can be pig-molecules of phagocytes (polymorphonuclear leukocyte
derived through the above procedure where parameters gf8vN)), P selectin, E selectin, H1 receptor and H2 receptor.
determined for equation (11). P and E selectins mediate the events of phagocytes capturing
and detachment. H1 and H2 receptors facilitate the event
of phagocytes migration into the extravascular space. The
effects of bio-molecules on biological events are verified
through a variety of biological knockout (KO) experiments
conducted in implanted mice.

In this section, we utilize hybrid model to simulate and
predict a reduced biological process of phagocytes transmi-
gration. Computational model-1 mentioned in section 2 is
applied to simulate dynamic of the first sub-system. On the
other hand, computational model-2 discussed in section 2 is
utilized to the second sub-system. The outputs of model-1
are served as inputs of model-2.

0, for all possible j's. (18)

Multi-step process of phagocyte transmigration.

C. Outline the procedure of KMC algorithm.

(a) Set the time = 0.

(b) Calculater; for all . 4

(c) Calculate the cumulative functiaR; = Z;:l r; for i =
1,...,m wherem is the total number of transitions. Denote
R=R,.

(d) Get a uniform random number < [0, 1].

(e) Find the event that carry out transitiérby find 7 for
which R;_1 < uR < R;.

(f) Carry out the found event.

(9) Get a uniform random number < [0, 1].

1 1 — — u
Eg)go‘id;;iktrgg gtrgg \(/;|)t|10r_stt$.At, whereAt = —ing. Computational simulation by the hybrid model is pre-
The explanation and proof of the KMC algorithm proce_sented |n_the following. Simulation shows ggreement with
dure can be found at[22]. the experimental results. Furthermore, predictions for some
un-explored knockout experiments are carried out.

IV. CASE STUDY OF PHAGOCYTE TRANSMIGRATION BY

USING HYBRID MODEL . . .
] . . A. Histamine modeling
As we known, phagocytes transmigration is a multi-step

process, including initial margination in the vessels, rolling The histamine residual measurement experiment up to
and firm adhesion of phagocytes to the vessel wall, antb hours was carried out. Computational simulation is
extravasation. During the time of rolling and firm adhesionconducted by a damped harmonic oscillator described as
phagocytes are captured from blood stream. This multi-stegguation (3) in section 2. Certain periodic pattern can be
process is illustrated in Figure 1. In the reduced biologicadbserved in experimental data (Figure 2(a)). The simulation
process, it is assumed that three biological events occur: (@sult exhibits the same pattern (Figure 2(b)).



B. Modeling stochastic events of phagocytes capturing and
migration. 4

The time courses of biological events, such as capturing
of phagocytes, detachment of phagocytes and phagocytes
migration into the extravascular space, are predicted by
KMC simulation in the case of polymorphonuclear leukocyte
(PMN) transmigration (Figure 3(a)). The corresponding time
points when biological events occur are plotted (Figure
3(b)). The importance of P and E selectins in mediating the 51
capturing of PMN is supported by P/E selectins knockout o
experiments. KMC simulation results of such P/E selectins
knockout experiments indicate that the captured PMN are @)
significantly reduced. As a result, the number of PMN
migration into the extravascular space is much reduced. This
can be seen by comparing Figure 4(a) to Figure 3(a). On
the other hand, the KMC simulation of H1/H2 receptors
knockout experiments shows that the captured PMN remains
the same level as usual, but the PMN migration into the
extravascular space is dramatically reduced (Figure 4(b)).
These two different simulation results reveal the fact that P/E
selectins and H1/H2 receptors effect the phagocytes trans- z
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C. Prediction of un-explored knockout experiments. Fig. 2. (a) Experimental data of histamine residual measurement. (b)

Certain un-explored knockout experiments can be pré:omputational simulation of histamine residual measurement.
dicted by the mathematical model. For example, a knockout
experiment can be designed as that no any knockout at
beginning and H1/H2 are blocked after the 6th hour. Then
the time course of recruited PMN might looks like Figure
5(a). Another knockout experiment can be the case that P and o 07 ]
E selectins are blocked at beginning, but they are recovered
after the 9th hour. Figure 5(b) presents this situation.
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1580 | Captured PRAN

V. CONCLUSION

A hybrid computational model that combines control theory
and kinetics Monte Carlo (KMC) algorithm is built to study
in silico the molecular mechanisms governing phagocyte
transmigration. The simulation reveals the facts of histamine, s 2 4 o6 & o
H1/H2 receptors, and P/E selectins play important roles (@)
in phagocyte transmigration process. These computational
results agree with the experimental reports. The stochastic
nature inherent to phagocyte transmigration is captured by
KMC algorithm. Various biological knockout experiments I i points when FLAN transmigeation oceues

are mimicked, and un-explored knockout experiments are I .o T oo o
predicted. The ability to predict un- explored knockout
experiments may facilitate experiment design itself. For ex-
ample, different combinations of interested components can
be chosen to be blocked/unblocked; various block/unblock
time can be tested; the temporal order of block/unblock can
be specified. o = a E SIT.mQ(Ew) 2 74 15 18 =0
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