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Previous work has shown how, in the case of
cytotoxic T-lymphocyte (CTL) responses to per-
sistent viral infections, pathology may arise as a
consequence of cell destruction directly by the
virus or indirectly due to the CTL response,
leading to maximum pathology at intermediate
efficacy of the immune response. We expand
these studies to consider pathology arising during
acute infections with intracellular pathogens
controlled by the CTL response. We show that, in
contrast to persistent infections, pathology
during acute infections is minimized with
increasing efficacy of the immune response. The
implications of these results for vaccination are
discussed.
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1. INTRODUCTION

There is a large and rapidly growing body of literature
on the bacterial and viral genes required for the
expression of virulence factors of pathogens (Finlay &
Falkow 1997). Advances in a number of areas,
including the sequencing of the genomes of pathogens
using molecular and cellular methods, have resulted
in remarkable progress in the identification and
characterization of such virulence genes. These
studies have shown how the vast array of virulence
factors can be broadly classified into categories which
include toxins, adhesins, invasins, molecules that
prevent intracellular bacteria being degraded, mol-
ecules for evasion of the immune response, molecules
for acquisition of host resources, molecules involved
in gene regulation (of other virulence determinants)
and molecules belonging to the machinery required
for the secretion of virulence factors. This largely
qualitative collection of taxonomic data is a prerequi-
site for understanding how pathogens harm their
hosts. The next step is the development of a quanti-
tative framework of the interaction between the
replicating pathogen and the host’s immune response.
The necessity for this step can be seen from the
observation that even when hosts die following
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infection, the total biomass of the pathogen within is
usually small—the causes of host’s death are likely to
be found in the interaction between the pathogen
population within the host and the host’s response
(Levin & Antia 2001).

Pathology may arise during an infection in a
variety of ways. In the case of infections with
intracellular pathogens (such as viruses and intra-
cellular bacteria), pathology may arise because of
the direct killing of infected cells by the pathogen
or the destruction of infected cells by the cytotoxic
T-Lymphocyte (CTL) response. Krakauer & Nowak
(1999) proposed that pathology during viral infec-
tions can be measured as the reduction in the total
number of uninfected and virus-infected cells as
compared with an uninfected host. In the case of
persistent infections, their studies suggested that
pathology arising following infections with weakly
cytolytic viruses should be maximal when the CTL
response has intermediate efficacy (Krakauer &
Nowak 1999; Wodarz & Krakauer 2000). In this
paper, we extend these studies and consider the
contribution of the CTL response to intracellular
pathogens in generating pathology during acute
infections.

2. RESULTS AND DISCUSSION

We focus our analysis on acute infections (defined as
infections of a short duration where the pathogen is
cleared before or shortly after the peak of the immune
response). To model the dynamic of intracellular
pathogens (such as intracellular bacteria and viruses)
and the CTL response, we track the populations of
the free pathogen, V, uninfected target, 7, and
pathogen-infected, I, cells, and the CTL response, Z:

dT
(uninfected cells)g =d(T,—T)—pTV, 2.1)
. dI
(infected cells)a =BTV —(d+a)l —hiZ, (2.2)
dv
(free pathogen)g =pl —cV, (2.3)
dz siZ

TL —_— = 2.4

(C response) ey & 2.9

where T, is the number of uninfected cells prior
to infection, d is the turnover rate of uninfected cells,
B is per capita infection rate of uninfected cells by the
free pathogen, d+a is the death rate of pathogen-
infected cells; % is the killing rate of pathogen-infected
cells by the CTL response, p is the production rate of
the free pathogen by infected cells, ¢ is the death rate
of the free pathogen; s is the maximum proliferation
rate of the immune cells and % is the pathogen-
infected cell density at which CTLs proliferate at
half-maximum rate.

Following Antia et al. (1994) and De Boer ez al.
(2001), we have employed a simple term for the
dynamics of the immune response expanding in
a pathogen-dependent fashion early during the
response and being independent of the pathogen at
later time points. Equation (2.4) describes the expan-
sion phase of the CTL response during acute infec-
tions; it generates robust dynamics for the expansion
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Figure 1. Dynamics of the pathogen and the CTL response (@) and pathology (b) during the course of acute infection.
Parameters: 7(0)=T,=10° I(0)=0, V(0)=10% Z(0)=Z,=1, d=0.5, =5X10"°%, a=0.1, p=10>, c=3, k=10, s=2.5,
h=10"">. We do not plot the dynamics of the free pathogen because of its high death rate V(2) = p/cI(f). Maximum pathology

during the infection is P*=0.96 (f=0) and P*=0.87 (f=1).

phase, and changing this term to encompass a
discrete proliferation phase (De Boer ez al. 2001), or
to a programmed proliferation model (Antia er al.
2003), does not generate qualitatively different
dynamics or alter the conclusions arising from the
analysis in this paper (see the Electronic Appendix).
Finally, as we consider acute infections which result
in the clearance of the pathogen prior to the peak of
the response, we ignore the subsequent contraction
and memory phases of the CTL response (Ahmed &
Gray 1996). Note that since our model is determinis-
tic, the pathogen never goes to extinction. We define
clearance of the pathogen when the pathogen density
falls below 1, and since the CTL response does not
contract, pathogen clearance is always assured.

Extending the study by Krakauer & Nowak
(1999), we define pathology P(z) at time ¢ in terms of
the reduction in the number of uninfected 7(z) and
infected I(z) host cells by the equation

T +£10)

Pi) =1 T,

(2.5)

where T, is the initial number of uninfected cells
prior to infection. Importantly, infection of host cells
even by non-cytolytic pathogens (with a«=0) may
nevertheless affect regular functions performed by
such cells (De La Torre & Oldstone 1992; Buchmeier
& Zajac 1998). The parameter f thus accounts for the
functionality of the pathogen-infected cells (f/=1 when
infected cells are fully functional as uninfected cells
and f=0 when they are non-functional). Note that in
previous studies of persistent infections, functionality
was fixed at one (Krakauer & Nowak 1999).
Pathology during acute infections could be defined
in a number of ways including: (i) the maximum
value that pathology reaches during the infection,
P* =max{P(t),0 <t < 4}, where 4 is the duration of
infection; and (ii) the average pathology over the
infection period, P* = A~} fOA P(r)d:. As we obtained
comparable results for both these measures of
pathology, we illustrate our results using the
maximum pathology reached during the infection.
Figure 1a illustrates the dynamics of the host target
and pathogen-infected cells and the CTL response.
The model captures the basic dynamics of the
pathogen as well as the expansion phase of the
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immune response. In figure 156 we plot the level of
pathology observed during the course of infection
calculated in accord with equation (2.5) for functional
(f=1) and non-functional (f=0) infected cells. Note
that, as may be expected, pathology is generally
higher when infected cells are non-functional. In the
Electronic Appendix we analyse how pathology
depends on pathogen and host factors. In particular,
we show that (i) pathology increases with the increas-
ing pathogen infectivity §; (ii) pathology decreases
with the increasing pathogen-induced death rate «;
and (iii) pathology decreases with the increasing rate
of target cell turnover d.

In figure 2 we plot how pathology depends on the
properties of the host’s immune response. These
include the killing efficacy, %, activation efficacy &'
and the initial CTL number Z,. As we show in
the Electronic Appendix, pathology depends on the
product kZ,; consequently, we discuss the effects of
changing hZ, and k£~ '. Increases in these two quan-
tities are associated with stronger immune responses.

Pathology generally decreases with the increasing
product 2Z, (figure 2a). This reduction in pathology is
most pronounced after hZ, exceeds a critical
threshold. This is because there is a time delay
between the start of the infection and the time when
the infection is controlled by the immune response. At
low hZ, this delay is long, and the pathogen and host
target cells reach steady-state levels before the immune
response is able to control the infection. When 42 is
larger, this delay is short, and the pathogen is
controlled and cleared before it reaches this steady
state. In this parameter regime faster clearance results
in lower pathology. Pathology generally decreases with
increasing activation efficacy 2~ ' (figure 2b), although
changes for some parameter values may be much
smaller than in the previous case. The reasons for the
decrease in pathology with higher activation efficacy
are similar to those given above.

The results for pathology during acute infections
differ from those of the earlier studies of persistent
infections when the efficacy of the immune response
is low: during persistent infections there is very little
pathology, whereas during acute infections there is
high pathology. During a persistent infection with
a weakly cytopathic/cytolytic pathogen, having a
weak CTL response results in a low level of killing
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Figure 2. Pathology during acute infections when the total killing efficacy %Z, (a) or activation efficacy 2! () of the CTL
response is changed. Pathology is shown for f=1 (filled triangle, infected cells are fully functional) and f=0 (filled square,
infected cells are non-functional). Other parameters are the same as in figure 1 except 6=1.2X10"3 in panel & (for §=5X
108 there is almost no change in pathology with the efficacy £~ '). Pathology level in the absence of the immune response
(i.e. at Zy=0) is shown for f=1 (filled star) and f=0 (filled diamond). The plots are qualitatively similar for non-cytolytic
pathogens (with «=0) except that there is not pathology in the absence of the immune response at f=1.

of infected cells (by CTLs or the pathogen) and
consequently, in low pathology. During an acute
infection, having a weak CTL response results in a
large time delay before the response increases to a
level sufficient to clear the pathogen. During this
time most host target cells become infected and are
subsequently killed by CTLs, resulting in high
transient pathology. In light of these differences, it is
interesting to note that if the CTL response could not
be generated during an acute infection,! pathology
would become much lower for non-cytopathic
pathogens (figure 2).

The predictions of models of acute and persistent
infections have important implications for vacci-
nation. Vaccination generally results in a large
increase in the number of pathogen-specific cells
(i.e. Zy), and a relatively modest change in the
characteristics of these cells (i.e. £ and /). Our model
suggests that such vaccination will result in a decrease
in pathology. By contrast, for persistent infections
described by the earlier models, the steady state
reached is independent of Z, and is only dependent
on the characteristics of pathogen-specific cells such
as k and 4. This suggests that the effect of vaccination
against persistent infections (if it does not result in
the clearance of such infections) will not be depen-
dent on the magnitude of the response generated by
vaccination, but on the changes in the efficacy of the
cells generated by vaccination in comparison with
those generated by natural infection.

We now bring the model into contact with exper-
imental observations. The model makes a simple,
robust prediction for the case of acute infections:
increasing the efficacy of immune responses will result
in decreasing pathology. This increase in efficacy could
be experimentally obtained by increasing the number
of pathogen-specific cells (either by immunization or
adoptive transfer of such cells from immunized or
transgenic hosts). Subsequent challenge of these
mice should result in decreased pathology in mice with
a higher number of pathogen-specific cells.

1This can be achieved by infecting, for example, severe combined
immunodeficient (SCID) mice lacking T and B lymphocytes.
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This prediction is consistent with the data in a study
by Ehl ez al. (1998) for LCMYV infections of mice. For
the case of acute infections, the paper showed a
decrease in the aspartate aminotransferase level (which
corresponds to pathology) with the increasing number
of adoptively transferred LCMV-specific CD8 T cells.
However, more such studies are needed to examine
the generality of this result for different initial doses as
well as for infections with other pathogens.

Our study also suggests that care should be taken in
interpreting whether the existing experiments on
immunopathology are consistent with the predictions
of models. In particular, care should be taken to
compare how pathology changes with the efficacy of
the immune response separately for acute and persist-
ent infections, as the predictions are different for these
two cases. We hope that this paper will stimulate the
continued interaction between theoretical and exper-
imental studies required for understanding
immunopathology.

R.A. acknowledges support from the NIH. We thank
Roland Regoes for helpful discussions.
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