World Scientific

Journal of Biological Systems, Vol. 17, No. 4 (2009) 713-737 \\p
www.worldscientific.com

(© World Scientific Publishing Company

IMMUNE LEVEL APPROACH FOR MULTIPLE
STRAIN PATHOGENS

M. NUNO

Department of Neurosurgery, Cedars-Sinai Medical Center
Los Angeles, CA 90048, USA
Miriam. Nuno@cshs.org

M. MARTCHEVA

Department of Mathematics, University of Florida
Gainesville, FL 82611-8105, USA

C. CASTILLO-CHAVEZ

Department of Mathematics and Statistics, Arizona State University
Tempe, AZ 85287-1804, USA

Received 18 July 2008
Accepted 18 August 2009

We introduce a general framework to study the dynamics of multiple strain pathogens
that can impart cross—immunity through a variety of structures. We propose two types
of immunity and apply them to assess the dynamics of two competing strains. We illus-
trate this framework using two “visions”: the next—to—kin protection (NTKP) approach
which assumes that strains confer cross-immunity to next in order (neighboring) strains,
while providing no protection against all other strains; and the differential protection
(DP) approach assumes that individuals randomly gain partial (may be reinfected) and
full cross-immunity following an infection with respective probabilities. We show that
the risk of infection with a particular strain is significantly higher in the DP model that
the NKTP. Moreover, we demonstrate that weaker cross-immunity structures in these
models are more likely to lead to instability (sustained oscillations) in the strain coexis-
tence mode. That is, periodic oscillations are sustained in the two-strain DP model for
intermediate to weak levels of cross-immunity, while the NTKP model requires at least
three strains to support these unstable dynamics.

Keywords: Multiple Strains; Cross—Immunity; Reinfection; Coexistence; Sustained
Oscillations; Oscillatory Coexistence; Next—to—Kin Protection; Differential Protection.

1. Introduction

Studying the dynamics of infectious diseases often involves the interaction of mul-
tiple strain pathogens. Some commonly studied pathogens include dengue and
influenza (flu) viruses. These viruses differ significantly in their cross-reactive
immunological response induced by between-strain competition. The cross-reactive
antibody response for influenza follows the more common immunological response
in which a previous virus exposure yields partial protection against prospective
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strains, as long as virus strains are antigenically similar. Unlike flu viruses, cross-
reactive antibodies following a dengue infection act to enhance (rather than to
restrict) the severity of subsequent infections by other dengue strains.! In view of
the complexities that arise when multiple pathogens interact and affect a host’s
susceptibility to infection or transmissibility of future infections, many studies have
been proposed to study the dynamics of co-circulating pathogens and the immuno-
logical structures by which they interact/compete.

In particular, flu viruses have been studied extensively, yet their ability (vir-
ulence) to continuously evade a host’s immune system through genetic mutations
allows them to persist, primarily during winter in temperate zones. The coupled
interaction of a host’s immunity and a pathogen’s ability to invade a host are at
the forefront of mechanisms that seem to promote the emergence and re-emergence
of flu outbreaks. The virus gradual evolutionary changes that occur through minor
mutations (antigenic drift) are responsible for annual epidemics that affect 20 to
50% of the US population each winter season. Other more dramatic and less com-
mon mutations (antigenic shift) involve abrupt major changes in the virus surface
proteins (Hemagglutinin, Neuraminidase), resulting in a new virus subtype. While
cross-immunity is conferred among antigenically similar strains (antigenic drift),
this is not the case between strains that belong to distinct subtypes (e.g. HIN1 and
H3N2).

Mathematical models have been used to assess the impact of age—structure,
quarantine, and isolation (among a few) in supporting the seasonality of flu, but
clearly, evolution plays the critical role. Studies that assess the impact of cross—
immunity on influenza dynamics within a population that incorporates multiple
strains with diverse forms of immune responses typically involve complex and fre-
quently untractable frameworks, but an effort must be made to carry out such
analysis.

In fact, recent modeling efforts include high dimensional strain interactions and
“detailed” immunological structures that capture virus—host interactions effectively.
The work of Andreasen, Lin and Levin? noted as the “ALL” scheme in Gomes and
Medley,® used a “History Based Approach” (HBA) to classify a population’s sus-
ceptibility according to prior infections. This history of previous infections was
used to determine future susceptibility through a cross—immunity structure that
reduced the probability of transmission or susceptibility among antigenically simi-
lar strains.* ® The HBA approach assumed that individuals with a similar history
of infections were equally susceptible to new infections. Ferguson and Andreasen'®
evaluated two “expressions” of cross—immunity: reduction in susceptibility or in
infectiousness. They showed that the choice of immunity—based interactions made
little difference in the dynamics of these models. More recently, Gog’s et al.
“Status Based Approach” (SBA)!112 assessed the impact of cross-immunity from
a “pathogen’s perspective”. Their approach was used to capture the dynamics of a
host’s ability to escape infection from circulating strains. These researchers studied
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the case where partial induced cross-immunity via heterogeneous immunological
host response (“polar immunity”) followed recovery.!3 15 Alternative methods that
incorporate multiple strain interaction have been proposed, however, they are not
discussed herein.!6719

The choice of cross-immunity structure, not surprisingly, naturally plays a
critical role in determining the dynamics of co-circulating pathogens. At some
level we observe dual outcomes. Some models are capable of supporting periodic
2:3,10.20 while others lead to slowly dampening oscillations.!!'!? This study
presents a modeling framework that incorporates the effects of interference com-
petition when multiple strains try to invade the same population. The impact of
alternative cross—immunity structures is explored with detail in two specific sce-
narios. The paper is organized as follows: Sec. 2 introduces the modeling frame-
work; Sec. 3 computes the epidemic threshold and identifies stability conditions
for the general model in the absence of the pathogen; Sec. 4 identifies strain inva-
sion conditions; Sec. 5 investigates the usefulness of this framework by exploring
the dynamics of two cross—immunity structures: the next—to—kin and differential
protection; Sec. 6 assesses model outcomes numerically; and, Sec. 7 collects results
and conclusions.

solutions

2. The Model

Our model assumes a Susceptible-Infected—Recovered (SIR) framework for a pop-
ulation facing multiple strains (antigenic variants) of a single virus subtype. The
population is further divided into sub—classes based on the current immunological
status of the host, a function of the circulating strains. S; denotes the susceptible
individuals with immunity index set denoted by J € P. Similarly, I3, designates
strain 7 infected individuals with immunity index set M € P. The population of
Recovered individuals are implicitly absorbed in S;. Immunity index sets J and M
give a multi-level description of a host’s current immunity (and susceptibility) with
respect to all strains in circulation. Past infections are assumed to confer partial
protection against future infections with antigenically similar strains, therefore, we
assume that immunity is enhanced with previous infections; these are m levels of
increasing protection with respect to each strain, £1 < -+ < Lx < -+ < L. Con-
sequently, the immunity index J is an ordered n—tuple (n strains) whose entries
take values from L£; to L. We let P denote the set of all immunity indices,
that is, of all n—tuples with entries in the set Lq,...,Lx,...Lm. In particular,
the index of individuals who are in immune level 1 (£4) with respect to all n
strains would be denoted by a n—tuple (L1,...,£L1,...,£1). In order to simplify
the notation, we dropped the £’s and denote them by an n—tuple of 1’s, namely,
J=1=(1,...,1).

Since natural protection against future infections is acquired primarily through
previous exposures, we assume that hosts are born fully susceptible to all strains,
that is, they are born into the epidemiological class S¢y ... 1y at the per—capita rate p.
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We neglect disease related mortality, however, we assume a natural mortality rate
of p. The birth rate into S is thereby denoted by g 071, where

1, ifJ=(1,...,1)
0j1 = .
0, otherwise, J € P.

The set of all possible state indexes P has m" elements, however, not all index
n—tuples J € P yield viable ordered infections sets. The routes of infection (infec-
tious classes) that are not feasible under some cross-immunity schemes are called
unattainable states. Accessible (e.g. attainable) states are denoted by A and A C P.
J=(1,...,1) represents a naturally attainable state (e.g. (1,...,1) € A). The sub-
set of attainable states through infection with strain 4 is denoted by A;, and hence,

AicAand
A=A a0,

Consider a hypothetical population facing three strains (n = 3) and capable
of generating three immunity response levels (L1, L2, £3). Sf1,2,31 describes the
susceptible population with immune response level £ against strain 1, immune
response Lo against strain 2 and immune response L3 against strain 3. Similarly,
131’3}3} denotes the strain—2 infected individuals with immune response level 1
against strain 1, and immune response level 3 to strains 2 and 3. Infectious class
1?173,3} may be attained from susceptible class Sy; 5 3 following an infection with
strain 2. Strain—2 infected individuals in class I?173,3} that go on to recover are
implicitly accounted for in Sy 53y (e.g. we do not explicitly include a recovered
class). A change in a host’s immune status occurs upon infection, that is, suscep-
tibles S¢q,2,3) get infected by strain 2 and move to If1}373} (J=41,2,3} = M =
{1,3,3}). We evaluate the userfulness of the next—to—kin (NTK P) and differential
protection (DP) models. We illustrate these two models by assuming a population
with two co—circulating strains and three levels of cross—immunity.

2.1. Next—to—kin model

This cross—immunity structure assumes that each strain provides full immunity to
those infected who recover, partial immunity to the “next—to—kin” strain, and no
immunity to the remaining strains. This approach differs from! in that we do not
allow for infection of opposite strains. Strains are numbered so that infection with
strain 1 confers partial protection to strain 2, strain—2 infection protects partially
against strain 3, and strain—3 infection protects partially against strain 1. All states
(with the exception of {1, 1, 1}) for which there is no immune level three in one entry
are unattainable (e.g. {1,1,2} and {2,2,2}). States with complete immunity (Ls3)
to one strain but naive to the other two are also unattainable (e.g. {3,1,1}). The
set of all attainable states is therefore given by

A={{1,1,1},{3,2,1},{1,3,2},{2,1,3},{3,2,3},{3,3,2},{2,3,3},{3,3,3} },
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while
A =1{{3,2,1},1{3,2,3},{3,3,2},{3,3,3}}

describes the set of attainable states via infection with strain 1 (all states with
immunity level 3 in the first position).

2.2. Differential protection model

This model assumes that each strain provides partial protection against itself with
probability p and complete protection with probability ¢ (hence p + ¢ = 1), while
providing no protection against the remaining strains. This framework allows for
reinfection with the same strain. In this three strain example, the set of attainable
states coincides with the set of all possible states, that is, P = A (27 possible
states). In general,

A={(i,j,k) : where ¢, 7,k € {1,2,3}}.

For instance, the set of attainable states via infection with strain 1 is given by the
states without immunity level 1 in the first position:

A ={{2,2,1},{2,3,1},{2,2,2},{2,3,2},{2,2,3},{2,3,3},{3,2, 1},
{3,3,1},{3,2,2},{3,2,3},{3,3,3}}.

Individuals in S; can be infected by any strain as long as J # 3 = {3, 3,3}, and by
strain 7 as long as the ith component of J is not m (J; # m). More generally, S
may be infected by all strain i—infected hosts who are in any infectious class within
the attainable states associated with strain i (the set A;).

The force of infection for strain i takes the form

ANi=B Y Tk,

KeA;

where [3; denotes the transmissibility of strain ¢. This model assumes that all i—
strain infected individuals have the same probability of transmitting the disease
and contact rate. It can be noted that while the force of infection for strain 1 under
the DP model involves 18 attainable states, the NT'K P model yields only four
attainable states. Hence, it is evident that the risk of new infections (per unit time)
is more likely under the DP modeling framework. A significant parameter in our
model denoted by p(J, M, i) keeps track of changes and updates of the population’s
immune status. It captures the immunological changes of S; (with immune status
J) to I}, (with immune status M) following an infection with strain i. The rate at
which individuals in S; move into I}, (J C M) after an infection with strain ¢ is
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reduced by p(J, M, ). Therefore, we have that
> p(J, M) <1 (1)

MeA,;

and

> op(,Mi)=1 Vi (2)

MeA;

2.3. Model equations

Susceptible individuals S; become infected with strain 7 at rate ;, recover from
strain ¢ with rate v; or succumb to natural mortality at a rate . Recovered indi-
viduals are absorbed in S;. Based on these assumptions, we model susceptibles by

S8r= Y i - Y AUMOS S, TEL @)
it JCA; i:J; #m,
M:JCM, MEA.
The inflow rate of S is given by the sum of recoveries from infections with different
strains ¢ for which J belongs to (A;). The loss terms are due to deaths uS; and
infections of susceptibles not completely immune (J; # m). The inflow to the I,
class comes from all those immune states from which one moves to immune state M
after infection with strain 4. Individuals in I, can have immune status in the set of
states attainable through infection with strain ¢, that is, if M is the immune state
of an infectious individual, we necessarily have that M € A;. The incidence terms
in all inflow terms include the force of infection A;. The outflow of (4) includes
recovery and deaths of strain—i infected individuals. Thus, the dynamics of i, are
modeled by
Thii= 3 Apl MA)Ss — (a0 Ty (@

J:JCM
For a description of the completely susceptible class Sy, we consider that no pre-
vious infections have occurred and therefore no recoveries are accounted for in the
equation for susceptibles. Since » ;. , p(J, M,i) =1 for every i and 6,1 = 1, we
obtain

d n
%51 = U — ZAlSl — ,uSl. (5)

i=1
We assume that as soon as hosts become infected with strain 4, they acquire imme-
diate immunity, therefore no strain—i infectives with immune status level £ with
index position ¢ are included. The population is structured into non—intersecting
sub—classes and the total population (V) is given by the sum of all classes
N=>"S;+Y I,
J i, M

which has been normalized so that N =1 (2 = 0).
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3. Stability and Threshold Conditions

We simplify and reduce the number of parameters in the original model (3)-(4) by
1

re-scaling time to x4~ units
d i .
ESJZ&]J—SJ—F Z (e; — 1)1 — Z Nip(J, M,i)S
it JCA; i:Ji #Fm
M:JCM, MCA (6)
d ' i
Tl =D Nip(J M, 0)S; —eilly,
J:JCM
where
Y et
e = .
I

Re—scaling f3; replaces it by o however, we will continue to denote this re-scaled
force of infection term by A;. The equation for S; is given by

—51_1—ZA81—81 (7)

We study the equilibria of the original linearized system. The existence of non—
trivial equilibria and their stability is derived from the reproduction number of
strain ¢ given by

Ri— . (8)

Vi + @

The basic reproduction number of strain i (R;) describes the average number of
secondary infections generated by a strain—: infected individual in a fully suscep-
tible population. It can be noted that R; does not depend on the cross—immunity
function p(J, M, i). However, the explicit formulation of the reproduction numbers
is described by

X 1 x Z

% + H MEcEA;

where the last sum is equal to one (see Eq. (2)). Using Eq. (7), we calculate
S1—equilibrium

1
S1(A) = —
1) T+3 A
where A denotes the force of infection at equilibrium, A = (Ay, ..., A;). The rest of

the S;—equilibria terms are obtained by solving (6) inductively and using ordering
of the index set J. First, we solve for immunity state levels M which can be obtained
directly from the completely immunity-naive level 1 through infection with one of
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the strains. We obtain I}, and the corresponding S;. We continue with the next
levels of immunity levels by applying

Digea,lei = DI
S(A) = - J#1 9
/(&) Yo iidi#m Nip(J, M, i) + 1 7 (9)
M:JCM MecA;

and

(10)

I]l\/[(A) _ Z Aip(J, M,'I:)SJ.

€;
J:JCM

It can be shown that if all coordinates of A; are non—negative, then all values of S;
and I%, are non—negative and sum to 1. These values correspond to an attainable
equilibrium provided that A satisfies

MeA,; MeA; J:JCM

The ith force coordinate of infection A; at a given equilibrium (A) can be determined
provided that it satisfies A; = 0, or

1=R; Z Z (J,M,i)Ss(A), for those i for which A; # 0.
MEA; J:JCM

The disease—free equilibrium & is calculated by setting A; = 0 for all 7. In the &
state, the entire population is completely susceptible (51 = 1) and all other classes
equate to zero
S;=0 VJ#1
o (1)
Iy =0 i=1,....,n, MeA.

Note that the disease—free equilibrium always exists. Besides &, there are n
simple boundary equilibria where only strain ¢ strain is established. We denote such
equilibria by &;, i € {1,...,n}.

Proposition 3.1. If R; > 1 then there exists the ith edge (simple boundary)
equilibrium &;.

Proof. To see this let A; = 0 for j # i. Let
=Ri Y > p(J,M,i)S;(Ay).
MeA; J:JCM
First we notice F;(0) = R;. Hence F;(0) > 1 for R; > 1. Next we notice that F;(A;)

satisfies

A;— o0

To see this we notice that from (9) we have
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Thus, S1(A;) is decreasing and going to zero as A; — co. We continue following the
order provided by the set M. For all index sets M which can be obtained from 1
by infection with the strain ¢ we have that terms like p(1, M, )57 are going to zero
as A; — oo. Thus, % are going to zero (see Eq. (10)). For S; with J like M and
J; #m, we have
_ (e; — I} - (e, — 1)}

A; ZZW:JC]W,JVIE.Ai p(J, M, i) +1 ~ A EM:JCM,MGAi p(J, M, i)

and consequently, it is going to zero as A; goes to infinity. We notice that I%, for
M € A; depends on S; for J C M and hence J does not have its ith component
equal to m. Hence,

Sr(A;)

lim S](Al) =0

and the same is true for F(A;). Consequently, there exists A} > 0 such that
fl(A:) =1. O

In order to determine the stability of the general system, we approximate the solu-
tion near a steady state (S%, I;,) by its linearization as follows:

, —1- > Aip(J, M, i), if J=M,
8& — i:J; #m (12)
aSM_ M:JCM, MeA;
0, if J # M.
(61‘ - 1)7
ifJ=MMeA and J, =m,
(67; - 1)Riei Z p(J7 Mvi)SLh
98, M:JCM,MEA,;
T J=MMeA, and J;#m, (13)
ol
_Riei Z p(']v Mvi)SJ7
M:JCM,MeA;
ifM#AIMeA,Ji #M
0, else.
dSym |0, else.
Rie; > p(J,M,i)S;—e;, ifi=j M=MMEeA
ajjiw J:JCM
TR > p(J. M,i)S,, ifi=j, MM, MeA; (15

J:JCM
0, else.
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We use the linearization above to establish the local stability of the disease—free
equilibrium.

Proposition 3.2. If R; <1 for alli then the disease—free equilibrium &y is locally
stable. If R; > 1 for some i, the disease—free equilibrium &y is unstable.

Proof. The partial derivatives in the expressions above simplify significantly when
computed at the disease—free equilibrium. We have that

0$, ~1, ifJ=M,
0, ifJ#M.

0Sm

The derivatives of the right hand sides of Sy with respect with I/ivt are complicated
but are not relevant for &. The derivatives of Ii, with respect to Sx equate to
7ero

off, _

0Sm 0

for all M, M and 1.
Rieip(l,M,i)—ei, if 1 = j, M=MMEeA
= Rieip(l,M,i), if 1 = j, M#M,ME.Al

0, else.

ol
oI,

Thus, the Jacobian J consists of —1’s along the diagonal and block matrices B;
and additional simplifying structure discussed below.

—1 * - * *
o -1 - * *
0 0o - *
0o 0o - 0 - %
o 0 - 0 - B,
Thus, the eigenvalues of the Jacobian at the disease—free equilibrium consist of —1
while the eigenvalues of the matrices B; (for i = 1,...,n) are described further.
The 7th block has the form B; = ¢;8; where
Rip(x) =1 Rip(e) -+ Rip(o)
g | Rk Riple) =1 - Rip()
Rip(*) Rip(e) -+ Rip(e) —1

and M are indices in A;, p(1,Mq,i) = p(*), p(1, Ms,i) = p(¢) and p(1, Mo, 1) =
p(o). We find the eigenvalues by computing the determinant

|B; — M.
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The determinant is calculated by multiplying the first row by —1 and adding it to
the remaining rows. The resulting determinant will have 1 + X in the first column
except the first entry, —1 — X in the diagonal entry for rows 2,...,k and zeroes
elsewhere. The first row is as before. We proceed to add each column from the
second to the last, and to the first column. The first entry becomes

Ri Y p(L,Mi)—=1-A=R;—1-\
MeA,;

The remaining entries along the diagonal are given by —1 — A\ and those entries
below—the-diagonal equal to zero. Thus, the eigenvalues of B; are —1 and R; — 1.
Consequently, if all R; < 1 then all eigenvalues of the Jacobian are negative and the
disease—free equilibrium is locally stable. However, if there is a single R; > 1 then
the B;jth block has a positive eigenvalue and the disease—free equilibrium becomes
unstable. This completes the proof. O

Notice that the eigenvalues of B; are e; times the eigenvalues of B;, hence, the
eigenvalues of B; and B; have the same sign. Next, we show that the disease—free
equilibrium is not only locally stable but globally stable whenever all the reproduc-
tion numbers are less than unity. Thus, keeping all reproduction numbers below
one prevents an outbreak from becoming established.

Proposition 3.3. IfR; <1 for alli, then the disease—free equilibrium &y is globally
stable.

Proof. We consider the original equations rather than the non-dimensional equa-
tions. Let

Ti= > T
MeA;

where
Bili = Ai.
Adding the equations in (4) for all M € A; while assuming a fixed ¢ gives

= S S BT M) — (i + T

dt
MeA; J:JCM

The value of the sum increases if we include all J rather than only those which are
subsets of M. Hence, we can exchange the two sums. Hence, using Eq. (1) gives

d
2T < BT E ~ A~ N
dtIz > ﬁzIz - SJ ('7@ + N)Iz
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Integrating these equations yields

t
Zi(t) = e~ L (0) + 53 / et (7) Y " Sy (7) dr. (16)
0

J
Notice that
ZSJ <1 and limsupZSJ <1.
7 ¢ J

Hence, taking the limsup as ¢ — oo in inequality (16) we obtain,

limsupZ; < R;limsupZ;.
t t

Since R; < 1, this inequality can only be true if

limsupZ; = 0.
t

The same argument applies for every i. Hence, the number of individuals in all
infectious classes goes to zero. From Eq. (3), for J # 1, we have that

limsup Sy =0,
t

and we know that,
hin Sl =1.

This completes the proof. O

4. Strain Invasion

A pathogen’s ability to invade a population seems to depend on a combined set of
factors that include the host’s immune system and the population’s susceptibility.
At the host level, a pathogen is most likely to generate an infection (invade) if a
host has little-to-none acquired cross—immunity, that is, prior exposure to a similar
(antigenically) strain. At the population level, a pathogen (strain) may be capable
of becoming established if sufficient levels of susceptibility are present.

We study the scenario for which a single strain may invade a population at
equilibrium, that is, a population supporting co—circulating strains. The conditions
that support the successful invasion of strain ¢ are computed by evaluating the
Jacobian at the equilibrium €. That is, we start with a system at equilibrium (S%,
I};), where it is assumed that strain ¢ (and possibly other strains) are absent. The
invasion reproduction number of strain ¢ is given by

Ri=Ri Yy, > p(J,Mi)S5. (17)

MeA; J:JCM

Strain i becomes established if R; > 1 (unstable equilibrium (8%, I7,)) while R; < 1
implies that strain ¢ is unable to invade, rendering a possibly stable equilibrium
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(S%, Iy;)- In general, if R; < 1 we do not know whether the equilibrium is stable
or not, we do not expect strain i to persist.

Proposition 4.1. Let & = (S%,1;,) be an equilibrium in which strain i is not
present, that is Iy, = 0 for all M € A;. If R; > 1 then the equilibrium & is
unstable, that is, strain i can invade.

Proof. The partial derivatives of the right-hand sides of the system (6) are com-
puted in the expressions (12)—(15). The variables are arranged so that leading
entries are all the susceptible classes followed by all I}, classes, then all I3, classes
and so on until we include all I}, classes. With this arrangement we let & be the
matrix § = ( 8353/{4 ), where the different entries are obtained by varying J and M.
The diagonal entries of this matrix are nonzero and the rest are zero. We denote by

AX; the matrix X; = ( gSM ) where the different entries are obtained by varying M
and M. The matrix X; is identically zero if and only if the strain j is not present

in the equilibrium £. In particular A; = 0. Furthermore, we denote by B; = (ng )
M
where
Riei > p(J,M,i)S;—e;, ifi=j M=MMEeA
ofi J:JCM
= Riei S p(JM.i)S), if i =4, M#MMe A
oIy,
J:JCM
0, else.

With this notation the Jacobian at the equilibrium & consists of the matrix S, the
matrices X; and block matrices B; which are full without zero entries:

S * B * e *
X, B - 0 0 0
I=10 o B; 0
X, 0 0 B,

Thus, the eigenvalues of the Jacobian at the equilibrium £ includes the eigenvalues
of the matrix B; which has the form B; = e;53; where

Ri Z )S;—1 Ry Z p(©)S;y - Ry Z p(0)Sy

JC M, JC Mo JC Mjy,
X Ri Y p(¥)Ss  Ri Y p)Sy—1 - Ry > p(o)S,
B; = JCM JC M, JC My,

Ri Y p(*)Ss Ri Y p)S; -+ Ri > plo)S;—1

JC M, JCM> JC M3
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Sy is the corresponding value in the equilibrium &, M; are indices in A;,
p(J, M, i) = p(x), p(J, Ma,i) = p(o) and p(J, Ma,i) = p(c). To find the eigen-
values of B; we compute the determinant

|B; — M.

We multiply the first row by —1 and add it to the remaining rows. We obtain a
determinant which has 1 + A in the first column, except the first entry —1 — A in
the diagonal entry for rows 2, ..., k and zeroes elsewhere. The first row is as before.
Then we add each column from the second, to the last, to the first column. The

first entry becomes
Ri Y > p(J,M,i)S;—1—=\
MeA; J:JCM

The remaining entries along the diagonal are —1 — A and the entries below the
diagonal are zero. Thus, the eigenvalues of B; are —1 and R; — 1. Consequently,
if R; > 1 then the Jacobian J has a positive eigenvalue and the corresponding
equilibrium £ is unstable. This completes the proof. O

5. Two—Strain Models

We apply the next—to—kin protection and differential protection models to study
the dynamics of a population supporting two co—circulating strains under specific
assumptions on p(J, M,i). We simulate the dynamics supported by these models
and provide details on the equations and assumptions on p(J, M, ) in the Appendix.

5.1. Next—to—kin protection model

We assume a population of two antigenically similar (i.e. strains of a common flu
subtype) strains that interact via the next—to—kin protection (see Fig. 1). Proba-
bilities p; and p2 denote reduced susceptibility of fully naive individuals (Sq,1y)
to infection with strains 1 and 2, respectively. Following a prior infection, ps
and p4 denote the acquired protection against future infections for the suscepti-
ble classes S(32) and Sy 3y (respectively). For simplicity, we assume that fully
naive individuals become infected with strain 1, and strain 2 with probabilities

A p, 1 7'1 Aups 5 7,
Ty 2% Sy |2 15, .

S{Ll}

T2 e | S | A Ty b

e Les]y [Pe

Fig. 1. Schematic diagram of a two—strain model assuming the next—to—kin protection framework.
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equal to one, respectively (e.g. p1 = 1, po = 1). Secondary infections occur
with probability p (e.g. ps = ps = p). For a two—strain model, flu may prevail
in three possible states. That is, either strain 1 or 2 persist independently, or
they coexist. We study the stability of strain 1 (&) and strain 2 (£5) by letting
W = (5{1}1}, 5{2}3}, 5{3}2}, 5{3}3}, 133’2}, 1{13}3}, I§2}3}7 133’3}) denote the state vari-
ables in system (A1) described in the Appendix. Assessment of the equilibrium of
a single strain yields Syo 31 = Sy3,3) = 1%3}3} = 132’3} = 133’3} =0 in (Al) and the
boundary equilibria for strains 1 and 2 are given by

& = (971.11,0, 573, 0, I {3 51, 0,0,0)
5; = (Sfl}l}v ij2,3}7 07 07 07 07 1?573}7 0)7

respectively, where S}, 1y, S73 010 S7as I%§}2} and If;}g} are described in the
Appendix.

We evaluate the ability of a particular strain to invade in terms of the invasion
reproduction numbers denoted by Ry and Ry. We let Ry (also denoted by R2)
describes the number of secondary infections generated by a “typical” strain—1
infected individual in a population where strain 2 is endemic (£5). We show that
R? < 1 and RY > 1 support the stability of £, while R} < 1 and R? > 1
guarantee the stability of £. Stable coexistence is possible when R > 1 or R? > 1,
however, neither strain becomes established when Ri < 1 and R? < 1. The invasion
reproduction number in Eq. (17) takes the form:

Ry "Re (p+12)
Similarly, the invasion reproduction number of strain 2 given that strain 1 is at
equilibrium (&) may be obtained by replacing indices 1’s by 2’s and vice—versa in
Eq. (18).

(18)

5.2. Differential protection model

We apply the differential protection approach to evaluate a two—strain scenario
among strains in which cross-immunity may or may not conferred (see Fig. 2).
This scenario corresponds to a situation in which the strains confer partial or full
protection to an antigenically similar strain (of similar subtype). However, this
cross-immunity structure may also apply in a situation in which the strains inter-
acting provide some protection against each other and no protection against other
strains as it is observed among strains belonging to distinct influenza subtypes
(HIN1 and H3N2). In the case when strains are antigenically similar, we assume
that immunity is enhanced uniformly with increasing viral exposures (captured by
p). However, if strains belong to different subtypes, no cross—immunity is assumed.
For instance, assuming an initial probability of 0.6, implies a reduction probability
of 0.36 (p?) against a secondary infection, a reduction of 0.22 against a third infec-
tion (p3), and so on. We make specific assumptions on the probabilities of infection
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Fig. 2.
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¥ : ¥ v ¥ ¥ 3 3

Schematic diagram of a two—strain model assuming the differential protection framework.
Susceptible individuals S¢2 2y (bottom-left box) may get reinfected with strain 1 and progress to

infectious class I%S 2y OF progress to infectious class 1{22 3} following reinfection with strain 2.

as shown below in order to simplify our simulations and compare the dynamics of
the two—strain models supported by the NTKP and DP. However, the generality
of this framework allows for the simulation of these models without the specific
assumptions on p as shown below.

pr=p and ¢ =(1-p)

z1=p* and 2z =p(l—p)
vy =p* and vy =p(l—p)
1 =p° and =z =p(l—p)

w=p and r=0p.

p2 =

u1=p2
ky =p?
81:232

and
and
and

and

The boundary equilibria for this model are given by:

& =
& =

where

and

g2 =(1-p)

uz = p(1 —p)

ko =p(1—p)
=p(1-p)

(S{1.1y> Staays Sfs.13-0,0,0,0,0,0, 115 4y, 115 11,0,0,0,0,0,0,0,0,0,0)

(S71.130.0, 571 91, 571.31,0,0,0,0,0,0, 1% 5, I 51,0,0,0,0,0,0,0,0),

Sie2) = (231 = S32y = (a3 = O

Loy =150y = 15y = Ifa gy = Isoy = Ifs0y = 135 = I{5.3) = 0,
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The steady states St 1y, 5751y S{5.1y> Str,2 STusy L0y 150y 112y 1 gy are
provided in the Appendix. We derive the invasion reproduction number of strain 1
while assuming that strain 2 is established as follows:

. R
Ri=R3 = e :L”u + p&E[pp(p +v2) + (1 = p)(Aap + 1) (1 + 72) + p*72A2], (19)
where
€= RiAavy2
P (4 72)2(p + A2) (e + pAs)

The force of infection for strain 2 is given by the unique positive solution of the
quadratic in A, namely

A3A+ AyB+C =0, (20)
where

A =p(p+72),
B = p(p+72) + plp* (1 — Ra) + prya(l — Ra(1+p))],
C = (1 + 1)1 = Ra).

The invasion reproductive number in (19) is evaluated through incorporating
‘feasible’ solutions in (20). A similar calculation yields Ry (replacing indices 1’s
by 2’s and vice—versa in (19) and finding the corresponding feasible solutions with
respect to Aq).

6. Numerical Simulations

We simulate the next-to-kin and differential protection models for a range of
parameter values that describe a disease with mild basic reproduction numbers
and ranging cross-immunity levels (see Table 1). Figure 3 illustrates the results for
two strain models assuming p values between 0.3 and 0.8. Assuming the NTK P

Table 1. Parameter values and initial conditions assumed for simulations. Assumed values
represent a hypothetical disease (strains) with a rate of spread as denoted by R;.

Next—to—-kin P ﬁj Rj ’Yj (days™')  p (days™!) S} 11i\/1§
Model
Fig. 3(a) (0.3-0.8)  0.25; 0.28 1.2; 1.4 0.2 4x10~% 100 1
Fig. 4 (0.3-0.8) 0.25; 0.28 1.2;1.4;1.6 0.2 4%x10~4 100 1
Differential
Protection
Model
Fig. 3(b) (0.3-0.8)  0.25; 0.28 12,14 0.2 4x10~% 100 1

Note: 1i = 1,2 for strains 1 and 2; ¥.J = {1, 1} is the immunity index set of the fully susceptible
population; M is the immunity index set describing the infectious classes.
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Fig. 3. Numerical integration of the next-to—kin protection model. (a) illustrates 1%3 2} and
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Fig. 4. Numerical integration of the next—to—kin protection model for three strains. Top panel

illustrates the dynamics of 1?3’373} and 1%373’3} and bottom panel of 13372’3} and describes the
1

dynamics of 1{372’1}.

approach, we show that regardless of the levels of cross—immunity, oscillations
dampen over time as previously noted.'®!* However, under the DP model, two
strains are sufficient to drive sustained oscillations. To further explore the possi-
bility of oscillatory dynamics in the NT K P approach, we extended the model to
include three strains. Our simulations illustrate that three strains are sufficient to
support sustained oscillations for a wide range of cross-immunity levels (Fig. 4).

7. Discussion

Multiple strain models have been applied to study the dynamics of co-circulating
pathogens and suggest that competition mediated by cross—immunity plays a criti-
cal role in determining not only the fate but also the specific qualitative dynamics of
disease spread in a population. The early work of Castillo-Chavez et al.,'1* estab-
lished that age-dependent survival and cross—immunity among two competing flu
strains were significant in supporting sustainable periodic solutions. Nowak and
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May?! show that assuming a framework that allows super—infection in a two-strain
model supports high levels of disease virulence which lead to coexistence.

We propose a general framework that can be used to explore specific cross—
immunity structures for multiple strain pathogens. We explore the NT K P approach
for two and three strain while assuming that strains are arbitrarily close in terms
of the host immune response (point mutations). Furthermore, we explore the DP
framework among two strains in which cross—immunity is conferred strictly against
the currently infecting strain and not the remaining strain.

We provide conditions that guarantee the local and global stability of the equi-
librium in the absence of disease (€y). The global stability (£y) results suggest that
sub—threshold coexistence as discussed in earlier work when applied to influenza??
cannot occur within this framework. That is, this demonstrates that an invading
strain may only become established in a population if its basic reproduction num-
ber (R;) exceeds 1. Assuming that strains invade endemic (coexistence) states, we
determine conditions for the invasion of a “new” incoming strain in a population
that may be partially protected. In order to illustrate the flexibility of this frame-
work, we evaluate the role of two types of cross-immunity structures. We show that
the next—to—kin protection (NTKP) model seems unable to support the persistence
of periodic solutions, while the differential protection model, whose immunity struc-
ture is weaker than the NT K P model, is capable of generating sustained oscillations
for intermediate to weak the cross—-immunity parameters.

The generality of this framework makes it useful for the assessment of the
dynamics of various diseases (strains) and their interactions. Here, we illustrate
the proposed cross-immunity structures via a limited set of examples, however, the
general framework may be applied to include more strains and possibly other cross—
immunity structures not discussed herein. As shown in previous studies, our model
confirms with two particular examples (NT K P and DP) that cross-immunity plays
a significant role in determining the dynamics in a model of competing pathogens.
Not surprisingly, we show that reinfection supports the persistence of sustained
oscillations and that reducing the pool of susceptible hosts in a population is criti-
cal in curtailing disease burden. Under the two-strain NT K P model, the depletion
of susceptibles leads to the eventual extinction of both strains. However, including
a third strain supports a more dynamic rising and replacement of strains, yielding
a new susceptible population that continuously supports the persistence of these
strains.

This study differs from other approaches in that we do not assume simultaneous
infections; we considered cross—immunity structures not previously explored and
applicable to a range of pathogens. However, one of the strengths on this study
is that it provides a flexible framework that may be used to explore the role of
various cross—immunity structures among multiple strains without restricting the
interactions among the competing strains. Although the aim of this study was
not to compare the dynamics supported by each of the models discussed, further
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assessment of these models are required in order to compare these findings with
other multiple strain studies.?

Acknowledgments

M. Nuno was partially funded by the Yerby Postdoctoral Fellowship and National
Institutes of Health grants T32AI107358 and RO1EB006195 during her affiliation
with Harvard School of Public Health; most recently, UCLA has supported M. Nutio
under National Institutes of Health grant A128697. M. Martcheva was supported by
the NSF grants “DMS-0137687”, “DMS-0406119”. This research was also partially
supported through the visit of M. Nunio and C. Castillo-Chavez to the Statistical
and Applied Mathematical Sciences Institute (SAMSI), Research Triangle Park,
NC, which is funded by NSF under the grant DMS-0112069. C. Castillo-Chavez is
also supported through NSF Grant (DMS-0441114), NSA Grant H98230-05-1-0097
and The Alfred P. Sloan Foundation Grant (016935-001).

References

1. Ferguson N, Anderson R, Gupta S, The effect of antibody-dependent enhancement
on the transmission dynamics and persistence of multiple-strain pathogens, Proc Natl
Acad Sci USA 96:790-794, 1999.

2. Andreasen V, Lin J, Levin SA, The dynamics of co—circulating influenza strains con-
ferring partial cross—immunity, J Math Biol 35(7):825-842, 1997.

3. Gomes MGM, Medley GF, Dynamics of multiple strains of infectious agents coupled
by cross-immunity: a comparison of models, in Mathematical Approaches for Emerg-
ing and Re-emerging Infections, IMA Volumes in Mathematics and Its Applications,
Springer-Verlag, New York, 1999.

4. Couch RB, Kasel JA, Immunity to influenza in man, Annu Rev Microbiol 37:529-549,
1983.

5. Fox JP, Cooney MK, Hall CE, Foy HM, Influenza virus infections in Seattle families,
1975-1979. II. Pattern of infection in invaded households and relation of age and
prior antibody to occurrence of infection and related illness, Am J Epidemiol 116(2):
228-242, 1982.

6. Glezen WP, Couch RB, Interpandemic influenza in the Houston area, 1974-76, N
Engl J Med 298(11):587-592, 1978.

7. Sigel MM, Kitts AW, Light AB, Henle W, The recurrence of influenza A-prime in a
boarding school after two years, J Immunol 64(33):33-38, 1950.

8. Taber LH, Paredes A, Glezen WP, Couch RB, Infection with influenza A /Victoria
virus in Houston families, 1976, J Hyg (Lond) 86:303-313, 1981.

9. Thacker SB, The persistence of influenza in human populations, Epidemial Rev
8(1):129-142, 1986.

10. Ferguson N, Andreasen V, The influence of different forms of cross-protective immu-
nity of the population dynamics of antigenically diverse pathogens, in Blower S,
Castillo-Chavez C, Cooke KL, Kirschner D, can der Driessche P (eds.), Mathemati-
cal Approaches for Emerging and Re-emerging Infectious Diseases, IMA Volumes in
Mathematics and its Applications, Springer-Verlag, New York, 1999.

11. Gog JR, Swinton J, A status—based approach to multiple strain dynamics, J Math
Biol 44:169-184, 2002.



734

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Nurio, Martcheva € Castillo-Chavez

Gog JR, Grenfell BT, Dynamics and selection of many—strain pathogens, Proc Natl
Acad Sci USA 99(26):17209-17214, 2002.

Castillo-Chavez C, Hethcote HW, Andreasen V, Levin SA, Liu WM, Cross-immunity
in the dynamics of homogeneous and heterogeneous populations, in Hallam TH, Gross
LJ, Leun SA (eds.), Math Ecology Trieste, World Scientifc Publishing, NJ, pp. 303—
316, 1988.

Castillo-Chavez C, Hethcote HW, Andreasen V, Levin SA, Liu WM, Epidemiological
models with age structure, proportionate mixing, and cross-immunity, J Math Biol
27(3):233-258, 1989.

Dietz K, Epidemiological interference of virus populations, J Math Biol 8:291-300,
1979.

Gupta S, Anderson R, Population structure of pathogens: the role of immune selection,
Parasitol Today 15(12):497-501, 1999.

Gupta S, Ferguson NM, Anderson R, Chaos, persistence, and evolution of strain main-
tenance of strain structure in populations of infectious agents, Science 280(5365):
912-915, 1998.

Gupta S, Galvany A, The effect of host heterogeneity on pathogen population struc-
ture, Philos Trans R Soc Lond B 354(1384):711-719, 1999.

Pugliese A, On the evolutionary coexistence of parasites, Math Biosci 177(178):
355-375, 2002.

Dawes JHP, Gog JR, The onset of oscillatory dynamics in models of multiple disease
strains, J Math Biol 45:471-510, 2002.

Nowak MA, May RM, Superinfection and the evolution of parasites, Biol Sci
255(1342):81-89, 1994.

Nunio M, Feng Z, Martcheva M, Castillo-Chavez C, Dynamics of two-strain influenza
with isolation and partial cross-immunity, STAM J Appl Math 65(3):964-982, 2005.

Appendix

Next—to—kin model

The next—of-kin protection model assumes that infection with strain 1 confers par-
tial protection ps against a future infection while infection with strain 2 protects
against strain 1 with probability ps. Fully susceptible individuals S¢; 1y become
infected with strains 1 and 2 with probabilities p; and po, respectively. Infected
individuals with strain ¢ recovered at a rate ;. Based on the flow diagram illus-

trated in Fig. 1, we derive the following system of equations.

ds

% =b— (Aip1 + Aap2)Spi 1y — 1Sq 1y,
ds

% = Y2l75 3y — MipaSpa sy — 1S(2,3),

R 71133,2} — A2p3Sqz 2y — uSys,2),
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dSi3 3
;{itl L= 71[%373} + 72]%3,3} — wuSy3,3},

dl*%?),?} 1
T - Alpls{l,l} - (‘U + 71)1{372}7
diI}

i;t’g} = MNipaSpazy — (1 + 71)1%373}’

dI?2,3}

7 AopaSpiay — (1 + 72)1.%2,3}7

d]23 3
% = AopsSisay — (4 72) {53 (A1)

Probabilities of disease reduction can be explicitly given by:

pP1 = p({17 1}7 {372}7 1) b2 = p({17 1}7 {273}72)
p3s = p({372}7 {373}72) pa = p({273}7 {373}7 1).

In order to compare the dynamics of the NTKP and DP models, we assume that
p1 = p2 = 1 and p3 = py = p. Letting p; and py equal to 1 means that naive
individuals are fully susceptible (noted by Sy;,1}). Similarly, replacing p3 and p4
with p implies that individuals previously infected with either strain 1 or 2 con-
ferred partial protection. Here, we assume that this partial protection is the same
regardless of whether the former infection was with strain 1 or 2. The steady state
of the various epidemiological sub—classes for the NTKP model are given by:

b

St =

8 Aypr + Agpo + 1
g _ 71 Aipy b

{3,2} (Aaps + ) (0 +71) Ap1r + Aaps +
o _ Y2 Aapo b

{2,3} (A1p4—|—,u) (,U"'VQ) Aipy + Aopa + 1
T Aipy b

B2 (1) Aipr + Aopa +
2 Aopo b

{23} = (p+v2) Apr + Aopa + 1

Differential protection model

This model assumes that each strain provides partial protection against itself with
probability p and full protection with 1 — p (post infection), thereby, providing a
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“uniform” enhancement of cross-immunity with increasing infections. We derive
the system of equations for the DP according to Fig. 2. Note that for simplicity
and to facilitate the comparison of simulations for the NTKP and DP model, we
assumed specific choices of protective cross-immunity.

S

fit b A1(p1+q1)Sq1y — Aa(p2 +q2)Sq1,1y — w5711y,
di}

{2,1}

7 Aip1Siiay — (+ ’)’1)[{12,1}7
Al 1y 1

dt, = Mg Sy +MirSpeny — (k+ )0,
dS21
% =10y — MrSp1y = AasSpaay — pS2y,
ds

C{;’l} = 711{13,1} — AovS(31y — WSy,
d]21 5
% = Nop2 Sy — (1 + 72)1?1,2}7
dIf, 5 2
5 = A2g2S(1,1y + AowSp1 2y — (B +72)1{7 53
ds
% = ’}/21?1,2} - Al’u,S{LQ} - AQ'LUS{LQ} - MS{1,2}7
dSq13
% =721, 3y — MkSp1 sy — 1S(1.3y
d]12 5
% = Mu1Sp 2y — (p+ 71)132,2}:
dllz 3

iit} b= AikiSprsy — (1 + 7)o
dlfy ) 1

dt, = AlugS{Lg} + A1215{2,2} —(p+ 71)1{3,2}»
dr?

{d2t,3} = Ag9saSpa1y + NazaSpa0y — (1 +72) [T 5y
d]22 5
% = Aos1Spa1y — (1 +72) fa 0y
dI?B,Q}

TR Aov1Siz 1y — (1 + 72)1?3,2}7

Al 5

TR A1koSp 3y + A1 S 3) — (1 + 71)1'%373}7
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% = AyuoS _ 2
g = N2veSgay + A28y — (1 72) 5 5,
dSC{Z% = Y110y +V2lfs0y — M121S(2,2) — A222S(2.0) — Sp2,2},
dsjl%g} =z + 72055 — Mz1S( sy — 1S(2s),
dsc{i%ﬂ = 71[%3}2} + 721‘?3’2} — Aoxa S50y — 11S3,2}
dsil%g} = Ml{s + 721 {5.0) — 138, (A2)

We compare this model with the NTKP by assuming the following properties,
however, these assumptions may be relaxed as needed:

ptaqa=1 p2tg=1

21+ 22 =2 uy +uz =u

v vy =v ki1 +ke =k

T1+T2=2 $1+82=s5

We assessed the stability of this model at the following steady states:

AL
{11y = (Al + Ay + M)
* _ Y1 Alpl b
Sfaay =
J (Ar 4+ Aas+p) (w+7) (A + As + 1)
gr o _m { Mg Ar Aipy 7 } b
B Avtp (7)) (+m) (n+91) A+ Aos +p) | (A + Ag + 1)
* Y2 A2p2 b
Sli2y =
' (Au~+ Aow + ) (+72) (A1 + Ax + p)
g [ Aago n Aow  Agpo Y2 ] b
3 Mk p (72 (n+72) (0 +72) (Aru+ Agw + ) | (A1 + Ag + 1)
J e Mg b L Aqgr 71 Aipy b
B (it y) A+ As+p) gty (Arr + Aos+p) (p+71) (A1 + Ao+ p)
Il* _ Alp]. b
U (it y1) (AL + As + p)
Aapo b

12* _
W27 (4 42) (A1 + Ay + )

g2 Nea b 4 Aaw 72 Asps b
37 (ut ) A+ A2 +p) gty (Aru+ Asw+p) (+72) (A + Az + p)
(A3)






