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While T cell-based vaccines have the potential to provide protection against chronic virus infections, they
also have the potential to generate immunopathology following subsequent virus infection. We develop a
mathematical model to investigate the conditions under which T cells lead to protection versus adverse
pathology. The model illustrates how the balance between virus clearance and immune exhaustion may be
disrupted when vaccination generates intermediate numbers of specific CD8 T cells. Surprisingly, our model
suggests that this adverse effect of vaccination is largely unaffected by the generation of mutant viruses that
evade T cell recognition and cannot be avoided by simply increasing the quality (affinity) or diversity of the T
cell response. These findings should be taken into account when developing vaccines against persistent

infections.

Vaccination expands the numbers of lymphocytes specific
for a given pathogen. However, in some circumstances, in-
creasing the number of antigen-specific lymphocytes may fail
to provide protection and instead lead to an adverse outcome
following exposure to the pathogen. Vaccine-induced pathol-
ogy can occur for many reasons. For instance, the recent ade-
novirus 5-based vaccination against human immunodeficiency
virus (HIV) led to an increased probability of infection follow-
ing exposure (18). Alternatively, the severity of infection might
increase, as seen with respiratory syncytial virus (RSV) follow-
ing early attempts at immunization (10, 13, 14) and as poten-
tially occurs with dengue virus, with which previous infection
with one serotype may result in more severe pathology follow-
ing challenge with heterologous serotypes (11, 19). The prob-
lem of adverse effects is of current relevance in the context of
the development of vaccines against persistent infections. Con-
ventional techniques have not yielded effective vaccines, but a
promising approach involves the generation of vaccines that
induce T cell responses against such infections. In this paper,
we use mathematical models to explore pathology following T
cell-based immunization against persistent infections.

Laboratory experiments with mice have demonstrated that
increasing the number of specific lymphocytes can lead to
increased pathology in chronic diseases, such as those caused
by lymphocytic choriomeningitis virus (LCMV) and hepatitis B
virus (HBV). HBV-transgenic mice, which are used as a model
for chronic human HBV infection, develop acute liver failure
due to loss of liver cells after adoptive transfer of HBV-specific
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CDS8 T cells (8). In mice infected with chronic LCMV, the
extent of immunopathology depends on the initial dose of virus
and initial numbers of naive-phenotype-specific CD8 T cells (6,
9, 22). Since these experiments tested only narrow immune
responses, a natural hypothesis was that the increased pathol-
ogy might be avoided by broadening the immune response
(22). However, predicting pathology requires understanding
the complex interplay between virus replication, immune ex-
haustion, and immune escape.

In this paper, we develop a general mathematical model to
capture these dynamics and link T cell immunization against
persistent viruses to pathology developed after infection. Our
model explicitly predicts that increased pathology cannot be
avoided simply by broad immunization that induces an im-
mune response against multiple viral epitopes, in contrast to
the implication of earlier experiments.

METHODS

We meld a simple model of virus-host interaction together
with a framework for quantifying pathology. The model cap-
tures the interplay between uninfected target cells (U), virus-
infected target cells (V), and the magnitude of the immune
response (X). Since the decay of free virus is fast relative to the
change in the number of infected cells, the amount of virus is
proportional to the number of infected cells (23). Given this
simplification, we define

dUu
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where a is the rate of production of host cells, b is their death
rate, B is the rate of infection, « is the rate at which virus-
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FIG. 1. Dynamics of host cells and virus during the course of acute and chronic infections. (A) A high exhaustion threshold (g. = 10) leads to
acute infection with clearance of the virus and long-term immunity. (B) A low exhaustion threshold (g. = 5) leads to persistent infection with loss
of immune cells. Pathology measured by the maximal loss of host target cells (black line) is an order of magnitude lower in chronic (B) than in
acute (A) infections. Other parameters: a = 10* target cells/day, b = 0.01/(target cells - day), « = 0/(target cells - day), B = 8 X 10~ °/[(target

cells)? - day], k = 1.0 X 10™>/(target cells - T cells - day), s = 1.3/(T cells - day), & = 10> target cells, 8 = 3/(T cells - day), d, = 0.1, n =
y g y y g Y), Gq

3,f=

1. Initial values were as follows: the number of uninfected cells at steady-state (U) was equal to a/b, the number of infected cells (V) was 1, and
the number of naive CD8 T cells (X) that were fully functional (Q = 0) was 100.

infected cells die due to infection, k is the rate of clearance of
infected cells by the antigen-specific CD8 T cell response X,
and ¢ is time. The rate of change of the functional immune
response, X, is described by

dx 1% 0"

T S T T )

Proliferation (the first term) occurs at a rate dependent on the
density of antigen (2), where s is the maximum growth rate and
¢ is the density of antigen (infected cells) at which growth is
half-maximal. The loss of functional cells occurs by exhaustion
(the second term). While the mechanistic details of exhaustion
are unclear, experimental studies (21, 26, 28) show that ex-
haustion arises when immune cells receive persistent stimula-
tion and results in a waning of the immune response, either
through clonal deletion of antigen-specific cells or by their
being rendered nonfunctional. The variable Q tracks the level
of exhaustion by integrating over the antigenic stimulus and
decaying exponentially, as determined by the formula

Q v
@ e rv o W (4)

where d,, is the rate at which the immune response recovers
from exhaustion. Functional immune cells, X in equation 3, are
lost at maximal rate 8 in a manner dependent on the level of
exhaustion, Q, which is implemented as a Hill function, with
half-maximal constant ¢, and coefficient n.

We keep the model as simple as possible because, in the
absence of detailed information on the terms and parameters,
simpler models frequently generate more robust qualitative
results than complex models (12, 17). Our model captures the
dynamics of the virus and immune system using 4 variables and
11 parameters, which contrasts with previous more complex
models incorporating immune exhaustion (7, 25) (10 variables
and 13 parameters or 4 variables and 18 parameters) that
sought to address questions different from those considered in
this paper.

We take two approaches to quantifying pathology: first, we
determine the loss of host target cells, and second, we measure

the secretion of cytokines by activated immune cells. The loss
of target cells is typically determined by the decrease in total
target cell numbers (U + V) from homeostatic equilibrium in
the absence of infection (U = a/b) (15). If infected cells are
only partly functional, then the effective number of target cells
would be (U + fV), where fis the functionality of infected cells
on a scale from 0 to 1. The secretion of cytokines by activated
immune cells can be modeled by including a variable for the
concentration of cytokines. As the qualitative results for cyto-
kine-induced pathology are similar to those for the decrease in
total target cell numbers, we focus on target cell loss in this
paper and present the results for cytokine-induced pathology
in the supplemental material. Pathology changes over time,
and we focus on the maximum pathology that occurs over the
course of the infection.

RESULTS

The model captures the basic features of acute and chronic
infections with noncytopathic viruses such as LCMV (Fig. 1). If
the threshold for exhaustion is high (e.g., g. = 10), then the
immune response controls the virus prior to exhaustion to yield
an acute infection with a functional response (Fig. 1A). If the
threshold is low (e.g., g. = 5), then exhaustion occurs to yield
a chronic infection (Fig. 1B). If we compare the losses of host
cells (the minimum of the black line in Fig. 1A versus B), we
find an order of magnitude less pathology in the chronic in-
fection. Thus, while exhaustion prevents clearance of the virus,
it reduces immunopathology, suggesting that exhaustion may
be an adaptive feature of the CD8 T cell response.

From here onward, we focus on viruses that normally give
rise to a persistent infection (e.g., Fig. 1B). We examine how
increasing the number of virus-specific CD8 T cells by vacci-
nation affects pathology during a subsequent infection. As seen
in Fig. 2A, a vaccinated individual with intermediate numbers
of CD8 cells could experience more pathology than an unvac-
cinated individual when pathology is defined by loss of target
cells. Intuitively, when we start with a few specific CD8 T cells,
they eventually become exhausted, and during the period prior
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FIG. 2. Pathology is maximum for intermediate initial numbers of
virus-specific CD8 T cells. The lower the minimum number of func-
tional host target cells (U + f1) was at any point during infection, the
greater the pathology. The number of host target cells in the absence
of infection is shown by the horizontal dotted line. (A) An intermedi-
ate response to vaccination can induce pathology beyond that experi-
enced by an unvaccinated individual. (B) Noncytopathic viruses (a =
0, solid line) in particular show greatly increased pathology. As we
increase the cytopathicity of the virus (), the pathology at low num-
bers of CDS8 cells becomes more similar to the pathology at interme-
diate numbers of CD8 T cells. (C) This effect holds as long as infected
cells retain some degree of functionality, f (f > 0). For all panels, other
parameters are the same as described for Fig. 1B.
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to exhaustion, their numbers are insufficient to kill many virus-
infected cells. At the other extreme, when we start with many
specific CD8 T cells, they quickly control the infection prior to
the virus infecting many cells, and once again relatively few
cells are killed. However, when we start with intermediate
numbers of specific CD8 T cells, we have both large numbers
of infected cells and a large functional immune response, lead-
ing to greater pathology.

Virus cytopathicity and the functionality of infected cells.
Viruses vary greatly in cytopathicity: some budding viruses,
such as LCMV, cause minimal damage to the cell; lytic
viruses, such as herpesviruses, kill cells in which they pro-
liferate. Cytopathic viruses cause more pathology in unim-
munized individuals with few CD8 T cells than noncyto-
pathic viruses, but this pathology increases only slightly in
vaccinated individuals with intermediate numbers of CD8 T
cells (Fig. 2B). Vaccinated individuals with high numbers of
CDS8 T cells have low pathology with both cytopathic and
noncytopathic viruses. These results are consistent with
those of earlier studies (15, 22).

If infected cells have only limited functionality, then the
extent of increased pathology for intermediate initial numbers
of CD8 cells becomes more limited (Fig. 2C). However, pro-
vided infected cells retain any functionality, maximum pathol-
ogy will occur at intermediate initial numbers of CD8 cells.

Sensitivity of the immune response. We next investigated
whether the sensitivity of the vaccine-induced T cell response
affected pathology during subsequent infection. We expect the
sensitivity, ¢, to be inversely proportional to the affinity of T
cells for antigen. Our results suggest that pathology will be
largely unaffected by affinity (Fig. 3A), although increasing
affinity (a lower ¢) results in maximum pathology occurring at
a slightly lower initial number of CD8 T cells.

Breadth of immunity and virus escape. Previous experimen-
tal studies (6, 22) have implied that increasing the breadth of
the immune response might prevent immunopathology. We
test this hypothesis by examining how pathology changes if we
divide the total response into multiple responses to multiple
epitopes. For simplicity of presentation, consider the situation
in which the virus does not change (there is no antigenic
escape) and the parameters for all responses are identical.
More rigorously, in the case of m responses to m epitopes,
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FIG. 3. Pathology results are robust to parameter changes. (A) Pathology is largely independent of altering T cell affinity/sensitivity by
manipulating ¢, where a lower ¢ corresponds to increased sensitivity and a higher ¢ corresponds to decreased sensitivity. (B) Pathology is also
minimally affected by immune escape in which a mutant virus that does not display the primary epitope but can still be targeted by a secondary
immune response (details for this modified model are in the supplemental material). The dotted horizontal line indicates the number of target cells
in the absence of infection. Other parameters are the same as described for Fig. 1B.
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FIG. 4. Pathology and dynamics of clone 13 LCMYV infections. Experimental results of Blattman et al. (6) (A, B) can be qualitatively
reproduced by our model (C, D). Mice were given adoptive transfers of different numbers of P14 cells (specific for the GP33 epitope) and
subsequently infected with the clone 13 strain of LCMV, which typically gives rise to a persistent infection. Low initial numbers of P14 cells lead
to chronic infection (outcome I). Intermediate initial numbers of P14 cells lead to the death of the mice around day 10 (outcome II). High numbers
of transferred P14 cells lead to two possible outcomes: either the generation of an escape variant which forms a persistent infection (outcome III)
or clearance of the virus (outcome IV). (D) In model time series, filled circles illustrate the relative amounts of wild-type to mutant virus, where
green indicates that 100% of the cells were infected with the wild type and orange indicates that 100% were infected with the escape mutant.
“Mutation” from a wild-type to an escape virus arises deterministically by starting at a low initial value (10~ *) for a simulation using 10* transferred
cells. We assume a 10% take of the transferred cells (5) in order to compare simulations to the experiment. Other parameters are the same as
described for Fig. 1B except that a = 0.05/(target cells - day), B = 5 X 10~ %/[(target cells)? - day], k = 3.5 X 1077 - day/(target cells - T cells - day),
and s = 1.2/(T cells - day). Initial values were as follows: U = a/b, V; = 1, V, = 107 for simulation with 10* transferred cells (V, = 0 otherwise),

X, = 10 X specified number of transferred cells, X, = 10% and Q, =

equation 3 would be split into m different equations for X, ...,
X,,, in which each X, proliferates, kills, and dies at the same rate

n

as every other X, If X = >"Xi, the dynamics will be exactly

the same as the narrow (single) response model and pathology
will not change. A more complicated model of multiple re-
sponses in which each has different parameters does not lend
itself to such straightforward analytic analysis. Fundamentally,
however, given a virus that normally causes immune exhaus-
tion, increasing the initial numbers of any lineage of virus-
specific CDS8 cells has the potential to lead to increased pa-
thology.

Many viruses that establish chronic infections do so by mu-
tation of epitopes and evasion of T cell responses. We incor-
porate virus evolution by introducing escape variants which are
not recognized by the response to the dominant epitope
boosted by the vaccination (see the supplemental material for
details). We find that the generation of escape variants has a
minimal effect on pathology (Fig. 3B). However, the genera-
tion of escape can change the dynamics of infection. In partic-
ular, when the initial numbers of specific T cells are high, the
generation of escape viruses changes the long-term outcome
from virus clearance to a persistent infection, although the
maximal loss of target cells is largely unchanged.

Experimental data versus model data. Experimental studies
using persistent LCMYV infections (6, 9, 20, 22) have shown
that vaccination could lead to adverse effects upon subsequent
exposure to virus. Blattman et al. (6) systematically varied the
numbers of transgenic P14 CD8 T cells specific for the
GP33-41 epitope of LCMV in CD4-depleted C57BL/6 mice, a
step that mimics different levels of a narrow vaccination that
focuses on a single virus epitope. Then they challenged these

0, =0.

mice with the clone 13 strain of LCMV, which usually gives rise
to exhaustion and chronic infection, and monitored how the
vaccination altered the dynamics of virus and pathology (Fig. 4,
left panels). We now describe how our model explains the
results of Blattman et al. (6).

Blattman et al. (6) observed four outcomes. Transfer of
relatively few P14 cells resulted in a typical chronic infection
with exhaustion of both P14 and endogenous T cells and no
host mortality (outcome I in Fig. 4). Transfer of an interme-
diate number of P14 cells resulted in the rapid death of all
animals 9 to 10 days after infection (outcome II). Transfer of
very large numbers of P14 cells resulted in either chronic
infection (outcome III) or clearance (outcome IV), each of
which occurred approximately half the time. The equal likeli-
hoods of either outcome suggest that the initial inoculum ef-
fectively contains an escape mutant half of the time. Outcome
IIT corresponds to the generation of an escape variant of the
virus having a GP35 V—A mutation that prevents binding to
P14 CD8 T cells. In this case, functional P14 responses were
generated, but responses to other epitopes were exhausted.
Outcome IV corresponds to clearance of the infection and the
generation of functional immune responses to all virus
epitopes. Only outcome IV corresponds to effective vaccina-
tion.

The model can qualitatively reproduce the four outcomes
seen in the experimental results (Fig. 4, right panels). In par-
ticular, the model generates increased pathology when one
starts with an intermediate number of specific CD8 T cells
(outcome II). This outcome holds when pathology is quantified
both by loss of target cells and by number of cytokines (Fig. 2
and see Fig. S2 in the supplemental material).
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Note that we do not formally fit model parameters to the
data, nor do we attach specific meaning to the parameters used
to generate the model results presented in Fig. 4. With such
simple data, many model parameters would be difficult to iden-
tify; thus, we focus on qualitative results over quantitative
results (17).

DISCUSSION

Our model shows that immunization against persistent viral
infections can, under some circumstances, lead to an increase
in pathology following infection. This increased pathology is
greatest for noncytopathic viruses and occurs at intermediate
levels of T cell memory. This pathology is only minimally
affected by T cell affinity, the breadth of the T cell response, or
virus mutations leading to T cell escape.

We build on a quantitative framework for pathology (15)
with the addition of immune exhaustion, measuring transient
rather than steady-state pathology and considering cytokine-
induced pathology (in addition to the loss of target cells).
While we get the same basic results when pathology is due to
target cell loss and cytokines, their relative contributions de-
pend on the system being studied: cytokines have been shown
to play a role in LCMV-induced pathology (3, 4, 16), and target
cell loss has been shown to contribute to HBV-induced pathol-
ogy (1, 8).

The model is consistent with experimental studies using per-
sistent LCMYV infections (6, 9, 20, 22) that have shown that
vaccination can lead to adverse effects upon subsequent expo-
sure to a virus. We might expect that these adverse effects of T
cell vaccination arise from virus escape following narrow vac-
cination (as Oehen et al. [22] point out, this result “happens
usually not with whole virus vaccines . .. but may be induced
when only one or few of the virus epitopes are used for vacci-
nation.”). Our model suggests that this is not the case; we
predict that these adverse effects could occur even with a
broad, vaccine-induced response.

Our model makes testable predictions and suggests key ex-
periments. First, our expectation for the robustness of the
intermediate pathology result in the face of viral escape mu-
tations can be tested by adding small numbers of escape vari-
ants to the virus inoculum to simulate the occurrence of a
mutation that modifies an epitope. Second, we predict that this
observation holds regardless of the breadth of the immune
response. This prediction could be tested by transferring mul-
tiple types of CDS cells specific to a variety of epitopes rather
than monoclonal GP33-specific cells. Finally, we note that it
may be worth considering how the outcome depends on CD8
T cells of different phenotypes and proliferative abilities. This
would be best done by repeating the experiments of Blattman
et al. (6) using cells with naive, effector memory, and central
memory phenotypes.

Models can play an important role in exploring adverse
outcomes resulting from vaccination against chronic infections.
The first step, which we take in this paper, is to investigate
pathology in a simple model system: chronic LCMYV infections.
The next step is to extend these models to consider the dy-
namics of other, more complex persistent infections. In the
case of persistent mycobacterium tuberculosis infections, we
would need to meld a model of granuloma formation (27) and
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a model of exhaustion of CD4 cell responses. In this case, it will
be interesting to understand the dynamics of the proliferation,
differentiation, and function of PD-1-expressing CD4 cells in
spite of continual antigenic stimulation (24). In the cases of
pathogens that use antigenic variation to persist (HIV, malaria
agent, hepatitis C virus), we would need to model pathogen
variation and the generation of responses to the different vari-
ants. For the cases of simian immunodeficiency virus and HIV,
we would also have to account for the virus infecting CD4 cells
and thus interfering with the immune response. In the cases of
specific infections, we would also need to incorporate the in-
teraction of CD8 T cells with other components of the specific
response, including CD4 T cell and antibody responses as well
as the interaction between specific and innate responses.

Our current study suggests that vaccines that tip the balance
away from immune exhaustion and toward viral clearance may
inadvertently increase transient immunopathology, even when
there is virus escape. This immunopathology is greatest for
intermediate initial numbers of CDS8 cells, which may arise
immediately after vaccination or following the gradual decay of
immunological memory to the virus over time. Research into
the design and testing of vaccines against chronic infections
should be aware of the possibility of the generation of vaccine-
induced pathology.
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