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During some persistent viral infections, virus-specific T-cell responses wane due to the antigen-specific
deletion or functional inactivation (i.e., exhaustion) of responding CD8 T cells. T-cell exhaustion often
correlates with high viral load and is associated with the expression of the inhibitory receptor PD-1. In other
infections, functional T cells are observed despite high levels of pathogen persistence. The reasons for these
different T-cell fates during chronic viral infections are not clear. Here, we tracked the fate of virus-specific
CD8 T cells in lymphocytic choriomeningitis virus (LCMV)-infected mice during viral clearance, the persis-
tence of wild-type virus, or the selection and persistence of a viral variant that abrogates the presentation of
a single epitope. Viral clearance results in PD-1lo functional virus-specific CD8 T cells, while the persistence
of wild-type LCMV results in high PD-1 levels and T-cell exhaustion. However, following the emergence of a
GP35V3A variant virus that abrogates the presentation of the GP33 epitope, GP33-specific CD8 T cells
remained functional, continued to show low levels of PD-1, and reexpressed CD127, a marker of memory T-cell
differentiation. In the same animals and under identical environmental conditions, CD8 T cells recognizing
nonmutated viral epitopes became physically deleted or were PD-1hi and nonfunctional. Thus, the upregulation
of PD-1 and the functional inactivation of virus-specific T cells during chronic viral infection is dependent upon
continued epitope recognition. These data suggest that optimal strategies for vaccination should induce
high-magnitude broadly specific T-cell responses that prevent cytotoxic T-lymphocyte escape and highlight the
need to evaluate the function of vaccine-induced T cells in the context of antigens presented during virus
persistence.

Mounting evidence suggests that CD8 T cells are crucial for
the control or elimination of a wide variety of human viral
infections and malignancies (1). However, many viruses are
able to establish a chronic infection, and this persistence has
been associated with a loss of CD8 T-cell responses due to
either the physical elimination (deletion) (26) or functional
inactivation (exhaustion) of distinct epitope-specific CD8 T-
cell populations (44). Antigen-specific CD8 T-cell unrespon-
siveness was first defined during chronic lymphocytic chorio-
meningitis virus (LCMV) infection (49). T-cell deletion and
exhaustion subsequently have been observed for many chronic
viral infections, including during the infection of mice with
mouse hepatitis virus or gammaherpesvirus (6, 24), during
simian immunodeficiency virus (SIV) and hepatitis C virus
(HCV) infection of monkeys (12, 43, 47), and also during HCV
and human immunodeficiency virus (HIV) infection of humans
(18, 22, 38). CD8 T-cell unresponsiveness also has been re-
ported for tumor-specific CD8 T cells responding to melanoma

antigens or to Epstein-Barr virus in non-Hodgkin’s lym-
phoma patients (23, 42).

The fact that CD8 T-cell dysregulation has been observed in
mice, nonhuman primates, and humans, as well as the number
of different infections and antigens at which these responses
are directed, makes it likely that the functional inactivation of
antigen-specific CD8 T cells is a conserved mechanism for
silencing prolonged T-cell responses and limiting cytotoxic T-
lymphocyte (CTL)-mediated pathology. In seeming direct con-
trast to these observations, functional virus-specific T cells also
have been detected in some patients and certain animal models
despite high levels of viral replication (17, 27). The reasons
why functional T-cell responses persist in some settings of
chronic viral infections but not others remain poorly under-
stood. The functional exhaustion of CD8 T cells has been
shown to correlate with PD-1 expression, and the blockade of
PD-1 can reverse exhaustion, but the factors that govern PD-1
expression and T-cell exhaustion in such settings are also not
well defined (4, 33). While some evidence supports the idea
that T-cell exhaustion during chronic viral infections is a pro-
gressive process (40, 46), PD-1 expression also could result
from aberrant signals received early during T-cell priming.
During persisting infections, ongoing antigen stimulation can
be abrogated by the clearance/control of infection (either im-
munological or pharmacological) or by the mutation of rele-
vant T-cell epitopes, and this has been suggested to result in
the maintenance of T-cell function during chronic infection
(40). However, it is clear that viruses as well as tumors use the
epitope escape strategy to facilitate persistence (15, 30), and it
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is not entirely clear how such escape impacts T-cell exhaustion
and memory T-cell differentiation.

We have studied the role of epitope escape on PD-1 expres-
sion, CD8 T-cell exhaustion, and memory T-cell differentiation
during persistent LCMV infection by examining CD8 T-cell
responses following epitope mutation and responses when
epitopes are preserved. We show here that the continued ex-
pression of PD-1 and the loss of function by LCMV DbGP33-
specific CD8 T cells are dependent on continued epitope pre-
sentation during chronic LCMV infection. Virus clearance
results in the development of PD-1lo CD127hi functional mem-
ory T cells, while the persistence of wild-type LCMV results in
the formation of PD-1hi CD127lo exhausted T cells. When the
presentation of the GP33 epitope is abrogated by mutation
early during chronic viral infection, DbGP33-specific CD8 T
cells in viremic mice become PD-1lo and maintain the ability to
respond functionally and upregulate CD127, a marker associ-
ated with memory T-cell development, similarly to mice that
have cleared acute LCMV infection. In these same mice, how-
ever, under identical cytokine conditions and a lack of CD4
T-cell help, CD8 T cells recognizing other nonmutated viral
epitopes become either functionally unresponsive (DbGP276,
KbNP205) and are PD-1hi CD127lo or are clonally deleted
(DbNP396) irrespective of the fate of DbGP33-specific cells.
Thus, these studies demonstrate the importance of persisting
antigenic stimulation in driving T-cell exhaustion. These re-
sults also suggest that early epitope mutation during chronic
infection allows the development of functional T-cell re-
sponses, suggesting that early priming differences between
acute and chronic infection are not solely responsible for the
development of functional memory T cells and exhausted CD8
T cells, respectively.

MATERIALS AND METHODS

Animals and virus. Six- to 8-week-old female C57Bl/6J (B6) or P14 B6.D2-
TgN (T-cell receptor transgenic [TCR-Tg]) mice were obtained from The Jack-
son Laboratory (Bar Harbor, ME). TCR-Tg mice were backcrossed to the B6
background (�10 generations) at the Emory University animal facility prior to
use. All experiments were conducted under Emory University IACUC approval
and followed all relevant federal guidelines and institutional policies. The clone
13 strain of LCMV was grown as previously described (25). For adoptive T-cell
transfers, single-cell suspensions of splenocytes from naïve P14 TCR-Tg mice
were delivered intravenously (i.v.) to naïve CD4-depleted B6 mice as previously
described (49). Recipients were infected with 2 � 106 PFU of LCMV (clone 13)
i.v. 2 days posttransfer. Virus titers were determined by plaque assay on Vero cell
monolayers as previously described (49).

Antibodies and MHC tetramers. All antibodies were purchased from BD
Biosciences (San Diego, CA). Major histocompatibility complex class I (MHC-I)
tetramers were refolded with synthetic peptides and prepared as previously
described (3).

Cells and flow cytometry. For fluorescence-activated cell sorter analysis, cells
were resuspended in phosphate-buffered saline (2% bovine serum albumin, 0.2%
sodium azide) and stained with the indicated reagents at a final concentration of
1 mg/ml for 30 min at 4°C. Cells then were washed twice, fixed in 2% parafor-
maldehyde solution, and immediately acquired on a FACSCalibur flow cytom-
eter (BD Biosciences). Intracellular staining for gamma interferon (IFN-�) and
tumor necrosis factor (TNF) was done as previously described (28).

Viral sequencing. Viral isolates were plaque purified on Vero cell monolayers
and propagated to high titers in BHK cells. RNA from viral supernatants was
extracted by guanidine isothiocyanate-phenol disruption, and cDNA synthesis
was performed (using 5�-GCTCGAAACTATACTCATGA-3�). Viral templates
were amplified by PCR (40 cycles, 55°C annealing temperature) using primers
5�-TTCCTCTAGATCAACTGGGTGTCA-3� and 5�-GCAGAGGTCAGATTG
CAAAAGTTG-3�. Sequences were obtained using an internal primer (5�-AAT

GTTTGAGGCTCTGCCTC-3�) on an ABI-377 (Applied Biosystems, Foster
City, CA) automated sequencer.

RESULTS

Titration of donor TCR-Tg cells and patterns of viral infec-
tion. To begin to investigate how the precursor frequency of
virus-specific naïve CD8 T cells influenced the outcome
of chronic viral infection, we utilized the adoptive transfer of
small numbers of LCMV-specific TCR-Tg CD8 T cells from
the P14 mouse bearing a TCR specific for the DbGP33-41
epitope of LCMV. We generated TCR-Tg chimeric mice by
the adoptive transfer of graded numbers of CD8 T cells from
P14 TCR-Tg mice into intact, nonirradiated, syngeneic B6
recipients. Since many chronic viral infections, including
LCMV, are more severe in the absence of efficient CD4 T-cell
help, recipient mice were depleted of CD4 T cells using the
GK1.5 antibody and then infected with the virulent clone 13
strain of LCMV. The transfer of up to 2 � 104 donor CD8 T
cells, followed by LCMV infection, did not alter the initial virus
titer 8 days postinfection (p.i.) from that seen during the in-
fection of B6 mice (Fig. 1A). Mice given this dose of cells were
unable to control LCMV infection and thereafter maintained
high levels of viremia (Fig. 1B). Thus, mice given �2 � 104

TCR-Tg cells had viral kinetics indistinguishable from those of
LCMV clone 13-infected B6 mice that did not receive TCR-Tg
cells. However, when �105 donor P14 TCR-Tg cells were
transferred, initial viremia (8 days p.i.) was dramatically lower
(Fig. 1A). Approximately 50% of mice in this group efficiently
controlled the LCMV infection, and we were unable to detect
virus in sera or tissues from these mice �15 days p.i. (Fig. 1B).
Surprisingly, the remainder of mice receiving �105 donor
TCR-Tg cells did not control the LCMV infection but became
persistently infected (Fig. 1B). Thus, mice given higher doses
of TCR-Tg cells either cleared the infection or, after early
initial transient control, became persistently infected with virus
at levels reaching those of mice receiving fewer cells. Interest-
ingly, the transfer of an intermediate dose of TCR-Tg donor
cells (2 � 104) followed by LCMV infection was lethal at 9 to
10 days p.i. (Fig. 1A). Thus, we observed three distinct pheno-
types of viremia during the infection of TCR-Tg chimeric mice
with LCMV clone 13: (i) high initial viremia followed by per-
sistence and high viral load, (ii) initial virus control and clear-
ance, and (iii) initial partial control of the infection but the
establishment of a persistent infection and high viral load.

Fate of virus-specific CD8 T cells. To understand the rea-
sons for the different patterns of viral infection established in
these different groups of mice, we first examined the fate of
donor DbGP33-specific CD8 T cells in recipient mice. Mice
that controlled the viral infection had similar numbers of do-
nor DbGP33-specific CD8 T cells as measured by MHC-I tet-
ramers or in functional assays measuring the intracellular pro-
duction of IFN-� (Fig. 2A, group II). Thus, similarly to
endogenous polyclonal CD8 T-cell responses in acutely in-
fected mice, the efficient control of LCMV infection results in
a functionally competent TCR-Tg memory virus-specific CD8
T-cell population.

We also were able to detect DbGP33-specific CD8 T cells by
MHC-I tetramers in mice that had high initial levels of viremia
and subsequently were unable to control the infection (Fig. 2A,
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group I). However, very few DbGP33-specific CD8 T cells in
these mice were capable of producing either IFN-� or TNF-�
in response to peptide stimulation in vitro, and these cells were
only weakly cytolytic (Fig. 2A and data not shown). Thus,
donor DbGP33-specific CD8 T cells in mice persistently in-
fected with LCMV that had high initial viremia become func-
tionally unresponsive, which is similar to the fate of polyclonal
DbGP33-specific CD8 T cells in chronically infected B6 mice.

Mice that initially had low levels of viremia but whose virus
levels eventually reached �104 to 105 PFU/ml also had num-
bers of DbGP33-specific CD8 T cells that were detectable by
MHC-I tetramer staining (Fig. 2A, group III). Surprisingly, the
vast majority of DbGP33-specific CD8 T cells in these mice
also could be accounted for in functional assays, such as intra-
cellular staining for IFN-�, and were capable of cytolysis de-
spite the high levels of viremia (Fig. 2A, group III, and data not
shown). Approximately half of these cells also were able to
produce TNF-� following peptide restimulation ex vivo (data
not shown). Thus, we have generated mice that are persistently

infected with LCMV and in which donor DbGP33-specific CD8
T cells either maintain function (group III) or become func-
tionally unresponsive (group I).

In mice that controlled the LCMV infection, endogenous
DbNP396-, DbGP276-, and KbNP205-specific CD8 T cells were
detectable both by MHC-I tetramers and cytokine production
following peptide restimulation ex vivo; i.e., all epitope-specific
responses were functional (Fig. 2B, group II). However, in
both group I and group III of mice persistently infected with
LCMV, regardless of the functionality of the DbGP33-specific
CD8 T cells, DbNP396-specific CD8 T cells became clonally
deleted, as we were not able to detect these cells by MHC
tetramer staining, while DbGP276- and KbNP205-specific CD8
T cells were detectable by MHC-I tetramer but failed to elicit
effector functions upon antigen restimulation (Fig. 2B, groups
I and III). Thus, the deletion or functional exhaustion of endog-
enous CD8 T cells specific for other viral epitopes remained
unchanged in mice persistently infected with LCMV indepen-
dently of the functional status of DbGP33-specific CD8 T cells.

We next examined whether virus-specific CD8 T cells with
different functional qualities in groups I, II, and III differed in
the expression of molecules associated with T-cell exhaustion
(PD-1) and functional memory T-cell development (CD127).
In mice that controlled the infection, both donor DbGP33-
specific as well as endogenous DbGP276-specific CD8 T cells
from either the spleen or bone marrow expressed low levels of
PD-1, and a majority of these cells also expressed CD127 (Fig.
3, group II). CD127 is the alpha chain of the interleukin-7
receptor, is necessary for memory T-cell homeostatic prolifer-
ation, and is a surrogate marker of memory T-cell development
(20). Conversely, in mice that had high initial viremia and
became persistently infected with LCMV, both DbGP33-spe-
cific and DbGP276-specific CD8 T cells in either the spleen or
bone marrow expressed high levels of PD-1, while most of
these cells were CD127 negative, which is consistent with func-
tional exhaustion (Fig. 3, group I). In contrast, in mice that had
low initial viremia but which became persistently infected with
LCMV, DbGP33-specific CD8 T cells present �30 days p.i.
expressed low levels of PD-1, and many of these cells had
upregulated CD127 (Fig. 3, group III). The percentage and
mean fluorescence intensity (MFI) of CD127 expression on
these DbGP33-specific CD8 T cells in group III were substan-
tially higher than that found in the viremic mice from group I,
but they never reached the levels observed in the mice that
rapidly cleared the infection in group II. In addition, the MFI
of IFN-� produced by splenic or bone marrow DbGP33-spe-
cific CD8 T cells from group III also was intermediate between
those from viremic mice in group I (i.e., no IFN-�) and those
in group II, suggesting that while the DbGP33-specific CD8 T
cells in these mice persistently infected with LCMV were not
exhausted and expressed markers of memory CD8 T-cell dif-
ferentiation, these cells were not as optimal as DbGP33-spe-
cific CD8 T cells generated in mice following acute infection
(Fig. 4). In these same mice from group III, however,
DbGP276-specific T cells from both the spleen and bone mar-
row were PD-1hi and CD127lo, which is consistent with a func-
tionally exhausted phenotype despite the fact that DbGP33-
specific CD8 T cells in these mice were PD-1lo and CD127hi.
Thus, low initial viremia but eventual viral persistence not only
favored the persistence of functional DbGP33-specific CD8 T

FIG. 1. Transfer of different numbers of virus-specific TCR-Tg
cells, followed by LCMV infection, results in different patterns of viral
infection. (A) Mice received the indicated number of CD8 TCR-Tg
cells and were depleted of CD4 T cells 2 days prior to infection with
LCMV clone 13. Serum virus titers were determined 8 days p.i. by
plaque assay. A dagger indicates that all of the mice receiving this dose
of cells died at 9 to 10 days p.i. in five separate experiments. (B) LCMV
kinetics in individual mice that received �20,000 donor cells and had
high initial viremia followed by persistence (group I), mice that re-
ceived �20,000 donor cells and had low initial viremia and control
(group II), or mice that had low initial viremia but the establishment of
a persistent infection with high virus levels (group III). Virus levels in
serum were determined by plaque assay at the indicated times p.i. Five
representative mice from each group are shown.
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cells, but these cells also showed evidence of differentiation
toward a memory T-cell fate, including the downregulation of
PD-1 and the upregulation of CD127, while CD8 T cells re-
sponding to other epitopes in the same animals remained ex-
hausted (PD-1hi CD127lo).

Viral isolation and sequencing. Given that we have in-
creased the precursor frequency for only the GP33 epitope and
the function of GP33-specific T cells is different between mice
in group I and group III, we reasoned that the differences in
donor CD8 T-cell function in TCR-Tg chimeric mice could be
due to the selection of a GP33-mutated LCMV variant virus.
Therefore, we sequenced virus isolates from chronically in-
fected TCR-Tg chimeric mice in which donor DbGP33-specific
CD8 T-cell function was either maintained (group III) or lost
(group I). We found only the original GP33-41 viral sequence
in persistently infected mice (n 	 6/6) with nonfunctional
DbGP33-specific CD8 T cells (Fig. 5A). However, viral se-
quences from mice in which DbGP33-specific T cells main-
tained functional responsiveness, despite high viral burden,
contained a point mutation in the GP33-41 epitope that re-
sulted in a V3A mutation at position 35 (n 	 6/6). This
mutation results in a �500-fold decrease in the binding affinity
of this peptide to H-2Db (36). Thus, the persistence of the
wild-type sequence of virus correlated with functional unre-
sponsiveness by GP33-specific CD8 T cells, while the selection
of the GP35V3A variant virus correlated with the mainte-
nance of function by GP33-specific CD8 T cells.

To test whether the GP35V3A mutation abrogates
GP33-41 presentation by H-2Db, and also to examine whether
other epitopes remained nonmutated and unaffected, we in-
fected nontransgenic B6 mice with a wild-type LCMV se-
quence derived from mice with nonfunctional DbGP33-specific
CD8 T cells or with the variant GP35V3A LCMV derived
from mice with functional DbGP33-specific CD8 T cells and

examined the resulting LCMV-specific CD8 T-cell re-
sponses. In mice that received the wild-type sequence virus,
all immunodominant responses, including those specific for the
DbGP33 epitope, were detectable at 8 days p.i. (Fig. 5B).
However, in mice that received the GP35V3A variant virus,
no DbGP33-specific CD8 T cells were detected despite the fact
that all other epitope-specific responses were normal; i.e.,
there were no mutations in other epitopes that resulted in their
inability to stimulate CD8 T cells. This strongly suggests that
the GP35V3A mutation results in the loss of the presentation
of GP33-41 by H-2Db and also that other epitopes continue to
be presented in mice that select for the GP35V3A variant of
LCMV.

Taken together, these observations suggest that epitope es-
cape during chronic viral infection can result in the persistence
of functional, nonexhausted CD8 T cells specific for the orig-
inal epitope sequence. It is interesting that the escape in this
LCMV TCR-Tg system likely occurs quite early, as the viral
load is similar between groups I and III by �3 to 4 weeks post
infection. It is likely that this early escape is part of the reason
for the persistence of functional T cells. The development of
escape mutations at later times during chronic viral infections
after T cells have been chronically stimulated for prolonged
periods may result in different outcomes in terms of T-cell
function and differentiation. Another point worth considering
is what factors facilitate epitope escape. In the TCR-Tg adop-
tive transfer experiments presented here, an increase in T-cell
precursor frequency likely means stronger selective pressure
on the GP33 epitope to escape. However, the transfer of
TCR-Tg T cells could suppress endogenous T-cell responses,
and indeed the numbers of NP396- and GP276-specific CD8 T
cells are reduced at early time points when P14 cells are trans-
ferred (data not shown). Thus, one factor that may favor
epitope escape is a highly focused CD8 T-cell response where

FIG. 2. Fate and function of virus-specific CD8 T cells in LCMV-infected mice. Groups are the same as those described in the legend to Fig.
1B. Splenocytes from LCMV-infected mice were isolated at �30 days p.i. and analyzed by flow cytometry following staining with the indicated
tetramers ex vivo or after 5 h of restimulation in vitro with the indicated peptide, followed by intracellular staining for IFN-�. The physical presence
(tetramer) and function (IFN-�) of donor TCR-Tg CD8 T cells (A) and endogenous polyclonal virus-specific CD8 T cells (B) are shown.
Percentages indicate the fraction of CD8 T cells. Data are representative of five separate experiments (group I, n 	 48; group II, n 	 11; group
III, n 	 37).
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the mutation of a single determinant provides a replication
advantage to the pathogen.

DISCUSSION

We have shown that, during chronic LCMV infection, con-
tinued epitope recognition is a major factor in determining the
functional status of CD8 T cells. Viral clearance results in

competent memory CD8 cells that are positive for effector
functions, while viral persistence correlates with the deletion or
loss of function in virus-specific CD8 T cells. However, if an
individual viral epitope is no longer presented efficiently in the
present study due to the selection of the GP35V3A variant
virus early during chronic infection, only CD8 T cells specific
for that epitope maintain or regain function. CD8 T cells
specific for other viral epitopes that continue to be presented
are deleted or rendered nonfunctional (Table 1). These results
suggest that the continued recognition of antigen is a major
determinant of T-cell function and differentiation during
chronic viral infection. Moreover, increased PD-1 levels and a
lack of CD127 expression in virus-specific T cells correlated
with antigen recognition but not overall viral load. These
results show that at least three distinct mechanisms may oper-
ate simultaneously to attenuate the antiviral T-cell response
during chronic viral infection in vivo: clonal deletion (death)
(DbNP396), functional unresponsiveness (exhaustion) (DbGP276
and DbGP33), or viral persistence due to the selection of
a variant virus that evades CTL recognition (ignorance)
(DbGP33). These observations may be useful for understand-
ing chronic viral infections in humans, such as those by HIV
and HCV. For example, some studies have shown that CD8 T
cells specific for these pathogens have reduced cytolytic activity
and perforin and/or cytokine expression, while others have
reported that functional exhaustion during these infections
may not play a major role (16, 17, 18, 21, 22). This discrepancy

FIG. 3. PD-1 and CD127 expression on virus-specific CD8 T cells is dependent on antigen persistence. Groups are the same as those described
in the legend to Fig. 1B. Lymphocytes of spleen and bone marrow were isolated from mice at day 55 p.i. and stained with the indicated reagents.
PD-1 (A) and CD127 (B) expression on the indicated tetramer (DbGP33 or DbGP276) were shown by representative plots gated on CD8 T cells
and by percent expression (average 
 standard deviation). Data are representative of mice from each group (n 	 5).

FIG. 4. Altered function of CD8 T cells during different patterns of
viral infection. Lymphocytes isolated from spleen and bone marrow
(BM) of mice generated as described in the legend to Fig. 3 were
stimulated with GP33 or GP276 peptide for 5 h in vitro, followed by
intracellular staining for IFN-�. The MFI of IFN-� expression in cells
capable of making IFN-� responsive to corresponding peptide was
shown as the average 
 standard deviation (n 	 5).
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may be due to differences in the selection of CTL escape
variant viruses; if the selection of a CTL escape variant has
occurred, virus-specific CD8 T cells may appear functional
during in vitro assays. In contrast, if the original-sequence virus
persists, CD8 T cells will be functionally impaired and display
poor functional responses to antigen following restimulation in
ex vivo assays. Indeed, during SIV infection, PD-1 expression is
reduced on CD8 T-cell populations responding to an epitope
that mutates early during infection (32). In this study, the
authors examined an epitope highly prone to mutate in chron-
ically infected primates. However, the impact of epitope mu-
tation on T-cell functionality, avoiding T-cell exhaustion, and
memory CD8 T-cell differentiation was not examined.

It has been shown in some experimental and clinical viral

infections that T-cell responses are lost following the selection
of a CTL escape virus (11). This has been proposed to be due
to the lack of TCR stimulation required to maintain effector
CTL populations. Here, we show that the selection of an
LCMV escape virus results in CD8 T cells that retain effector
function despite high levels of viremia, and that these CD8 T
cells persist and begin to acquire markers of memory CD8
T-cell differentiation. A major difference between our current
observations and those in other systems is that in the current
study, escape occurs very early during infection (during the
first 1 to 2 weeks of infection) when CD8 T cells are still
functional, while in other infections virus escape often occurs
after several months or years. Prolonged exposure to chronic
infection and antigen stimulation can lead to virus-specific
CD8 T cells that fail to develop normal memory T-cell prop-
erties and become dependent on antigen for their long-term
maintenance (29, 45). Thus, epitope mutation after prolonged
infection may leave T cells committed to an antigen-dependent
and functionally suboptimal differentiation state, while early
epitope escape, when the T-cell response still is malleable, may
favor the development of a more functional population of
virus-specific CD8 T cells. This model suggests that there is a
finite window early during infection in which PD-1 downregu-
lation, as a result of viral clearance due to immunological
responses or pharmacological intervention or the selection of
an epitope escape virus, results in functional memory T cells.
Other cell signals delivered during prolonged stimulation prior
to virus escape also may play a role in modulating the ability of
T cells to survive and maintain function. Thus, the level, du-
ration, and timing of antigen stimulation may be critical pa-

FIG. 5. Selection of GP35V3A CTL escape variant virus explains differences in GP33-specific CD8 T cells in persistently infected mice. Groups are the
same as those described in the legend to Fig. 1B. (A) Serum was obtained from six mice each from group I and group III, and virus levels were determined by
plaque assay. Six plaques were selected and grown to high titer in BHK cells and then were subjected to isolation and sequencing. Shown are the nucleotide
sequences obtained as well as the resulting changes in amino acid coding sequences. Fifty percent inhibitory concentrations are derived from Puglielli et al. (36).
(B) GP35V3A variant LCMV does not elicit a DbGP33 CD8 T-cell response. Mice were infected 8 days prior with the wild-type sequence clone 13 or the
GP35V3A variant LCMV. Virus-specific CD8 T cells were quantitated by staining splenocytes with MHC-I tetramers as indicated. Percentages indicate the
fraction of CD8 T cells. Data are from representative mice (n 	 6 for each group).

TABLE 1. Summary of T-cell functional status during virus
clearance, the persistence of the wild-type sequence virus,

and the persistence of the GP35V3A variant virusa

Result of
infection DbGP33-41 DbNP396-404 DbGP276-285 KbNP205-215

Clearance Functional Functional Functional Functional

Persistence
Wild-type

GP33-41
Exhausted Deleted Exhausted Exhausted

GP35V3A Functional Deleted Exhausted Exhausted

a Functional indicates the positive detection of epitope-specific CD8 T cells by
MHC tetramer and by IFN-� production following peptide stimulation ex vivo.
Exhausted indicates detection by tetramer only, and deleted indicates detection
by neither tetramer nor IFN-� production.
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rameters in determining the survival and functional status of
virus-specific CD8 T cells during chronic infections.

In the experiments outlined above, we have increased the
selective pressure for the GP35V3A variant virus by increas-
ing the number of DbGP33-specific precursors. While LCMV
CTL escape variant viruses can arise during the infection of
wild-type mice, these rare events are prevented from becoming
the dominant virus population by cells responding to other
LCMV epitopes (34). In contrast, LCMV CTL escape nor-
mally occurs and becomes the dominant virus sequence during
the direct infection of TCR-Tg mice in which virtually all of the
CD8 T cells are specific for the GP33 epitope (36). Here, we
show the novel finding that selective pressure is capable of
being titrated. Increasing the precursor frequency of naïve
virus-specific CD8 T cells clearly can impact the strength of the
early epitope-specific CD8 T-cell response, and the resulting
increase in T-cell competition can limit endogenous responses
of the same specificity (7, 10, 35). It is somewhat less clear how
increasing the vigor of CD8 T-cell responses to one determi-
nant will impact the early CD8 T-cell response to other viral
determinants, though immunodomination or the suppression
of weaker T-cell responses by more vigorous antiviral popula-
tions can occur (48). One possibility is that a more narrowly
focused CTL response against a virus early during infection
provides sufficient selective advantage for the virus to mutate
the major target of the T-cell response, while a more broadly
focused early response may decrease the favorability of mutat-
ing any single epitope. CTL escape has been documented in
HIV- and HCV-infected individuals with polyclonal CD8 T-
cell responses, and recent studies of SHIV-immunized and
HCV-immunized primates have shown that vaccine failure cor-
relates with the selection of CTL escape variant viruses as well
as T-cell dysfunction (5, 37, 40). These results have implica-
tions for vaccine development and suggest that multivalent
vaccines that induce a broad antiviral T-cell response are pref-
erable to narrowly focused vaccines that would favor the se-
lection of variant viruses.

At the interface of the persistence of wild-type LCMV and
the selection of the CTL escape virus, we observed a very
narrow range of donor TCR-Tg cells that (following LCMV
infection) was lethal to the host (Fig. 1A). The initial CD8
T-cell response at this dose is extremely large (�107 DbGP33-
specific CD8 T cells/spleen) but sufficiently diverse so that CD8
T cells specific for other viral epitopes prevent the outgrowth
of the CTL escape virus. Since LCMV is noncytopathic, death
observed at this dose of cells is due to an extremely large
immune response meeting an immovable viral infection, re-
sulting in gross immunopathology, organ failure, and death. As
either of these forces becomes dominant, the other is com-
pelled to adapt; if the initial viremia is high, virus-specific CD8
T cells are forced to become unresponsive, while if the initial
T-cell response is highly focused on a single epitope, the se-
lection of the CTL escape variant virus occurs. In either case,
host pathology is curtailed.

In addition to persisting antigen, other aspects of chronic
viral infection could modulate the responsiveness and/or dif-
ferentiation of virus-specific CD8 T cells. While DbGP33-spe-
cific CD8 T cells in mice that select the GP35V3A mutant
virus are functional and PD-1lo, these cells produce lower
levels of IFN-� after restimulation than true memory DbGP33-

specific CD8 T cells from mice that control the infection (Fig.
4). This altered functional profile could be due to differences in
the initial strength or duration of the TCR activation signals
delivered to these cells, environmental factors present such as
damage to the lymphoid compartment or immune accessory
cells, or the cytokine milieu present in chronically infected
mice (8). Indeed, recent findings indicate that interleukin-10
produced early during chronic viral infection can influence
some functions of CD8 T cells and the outcome of chronic
LCMV infection (9, 14). Alternatively, although the GP35V3A
mutation results in a dramatic reduction in the ability of the
peptide to bind to MHC, some residual persistence of the
wild-type virus, periodic reversion to wild-type sequence, or
low-level presentation of the GP35V3A peptide in vivo may
occur. However, we have previously shown that the transfer of
T cells from LCMV immune mice into mice infected with the
GP35V3A variant virus results in the proliferation of
DbGP276-specific, but not DbGP33-specific, CD8 T cells (39).
Although these results do not necessarily rule out the residual
persistence of the wild-type LCMV or the presentation of low
levels of the GP35V3A variant epitope in these mice, they do
indicate that there is not sufficient CD8 T-cell recognition of
this epitope in mice infected with the GP35V3A variant virus
to stimulate these T cells.

We have shown that the continued presentation of viral
antigen is a major determining factor in the functional status of
virus-specific CD8 T cells. The reversal of this functional im-
pairment in virus-specific T cells remains an ideal strategy for
therapeutic intervention in many chronic infections and tu-
mors. We already have shown that the blockade of PD-1 later
during infection can significantly improve the functional capac-
ity of virus-specific T cells in mice chronically infected with
LCMV (4, 13, 19), while others have shown similar findings
during HIV infection of humans (2, 33, 41). Given our results,
one likely strategy for maintaining or restoring function in
virus-specific CD8 T cells would be the suppression of viral
antigen early during infection. It has been previously reported
that highly active antiretroviral therapy early during HIV in-
fection is correlated with the improved maintenance of CD8
T-cell responses (31, 33). Indeed, recent evidence has shown
that T-cell exhaustion was reduced upon the removal of anti-
gen during persistent HIV infection, either by antiviral therapy
or during CTL escape, and suggests that vaccination strategies
inducing broad CD8 T-cell responses combined with antiviral
therapy provide a novel approach to preventing disease pro-
gression (40).
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