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Reprogramming of antiviral T cells prevents
Inactivation and restores T cell activity
during persistent viral infection

David G. Brooks, Dorian B. McGavern, and Michael B.A. Oldstone

Viral Immunobiology Laboratory, Molecular and Integrative Neuroscience Department, and Department of Infectology,
The Scripps Research Institute, La Jolla, California, USA.

Failure to clear persistent viral infections results from the early loss of T cell activity. A pertinent question is
whether the immune response is programmed to fail or if nonresponsive T cells can specifically be fixed to elimi-
nate infection. Although evidence indicates that T cell expansion is permanently programmed during the initial
priming events, the mechanisms that determine the acquisition of T cell function are less clear. Herein we show
that in contrast to expansion, the functional programming of T cell effector and memory responses in vivo in
mice is not hardwired during priming but is alterable and responsive to continuous instruction from the antigen-
ic environment. As a direct consequence, dysfunctional T cells can be functionally reactivated during persistent
infection even after an initial program of inactivation has been instituted. We also show that early therapeutic
reductions in viral replication facilitate the preservation of antiviral CD4" T cell activity, enabling the long-term
control of viral replication. Thus, dysfunctional antiviral T cells can regain activity, providing a basis for future

therapeutic strategies to treat persistent viral infections.

Introduction

It is crucial for the eradication of established persistent viral
infections that the host’s antiviral immune response be func-
tionally restored. Concomitant with the establishment of viral
persistence, antiviral CD4* and CD8* T cells become nonrespon-
sive toward viral antigens and are either physically deleted or per-
sist in an inactivated state (1-4). T cell inactivation is observed
during a variety of different persistent viral infections, including
HIV, HBV, and HCV in humans and lymphocytic choriomen-
ingitis virus (LCMV) in rodents (1, 2, 5-11), suggesting a com-
mon mechanism influencing T cell responses. The failure to
sustain T cell activity is directly associated with the inability to
clear the infection, as evidenced by the fact that adoptive trans-
fer of responsive virus-specific T cells can completely eliminate
an established persistent infection (12). A relationship between
T cell functionality and viral clearance is further supported by
the correlation between the strength of the T cell responses and
the clearance of HCV infection (7, 13) and the fact that control
of HIV infection is associated with increased T cell responsive-
ness (14). Thus, it is important to develop strategies to boost the
host’s endogenous T cell responses to control infection.

T cell inactivation has been recognized during persistent viral
infection; however, whether it is programmed during the initial
priming events and thus a predestined, irreversible outcome of
infection or if instead the nonresponsive T cells can be repro-
grammed and fixed to respond after priming is unknown. In
response to an acute antigenic challenge, the initial priming events
alone instruct a specific program of expansion, acquisition of
effector functions, and memory T cell development (15-21). How-
ever, these studies focus on a single antigenic encounter (priming
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followed by removal from the antigenic environment) and do not
separate these initial events from the later (post-priming) require-
ment for/effects of continuous instruction that may be important
for T cell development and function. Moreover, the impact that
repetitive antigenic stimulation (as encountered during chronic
infections) has on the developmental program initiated during
priming is not clear. Importantly, if T cell function, and specifical-
ly inactivation, is programmed during priming, then it is unlikely
that therapeutic intervention employed past the priming phase of
a persistent infection will rescue cell function. However, if virus-
specific T cells remain functionally malleable throughout the
course of a persistent infection, then they could serve as targets
for therapeutic manipulation.

Studies in humans illustrate that therapeutically suppressing
viral replication during chronic infection causes a correspond-
ing increase in T cell activity, particularly when therapy is initi-
ated during the acute phase of infection (6, 10, 22-28). The ability
to revive T cell responses during persistent viral infections have
most thoroughly been analyzed following treatment interruption
in HIV-infected patients (29-31), although similar results were
observed during treatment of other persistent viral infections.
Administration of antiviral therapies during acute HIV infection
is associated with increased virus-specific CD8" T cell responses
(in both number and breadth) and a corresponding decrease in
viremia (23, 26). However, when treatment was interrupted during
the chronic phase of infection, virus was no longer well controlled.
Moreover, isolation of CD8* T cells from HIV-infected patients
followed by in vitro culture in the presence of IL-2 renewed their
proliferative capacity (5) and ability to produce IFN-y (32). Thus,
these studies suggested that T cell activity could be resurrected if
viral replication were subdued. However, such studies, performed
in human and nonhuman primates, were unable to determinate
whether the resurgent T cell activity observed following therapy
actually resulted from (a) the reactivation of antigen-experienced,
nonresponsive T cells, (b) de novo activation of naive T cells that
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had not previously encountered antigen, or (c) the outgrowth and
redistribution of a few functionally competent cells that thrive in
situations of decreased viral replication.

In this study we distinguish between these possibilities and
specifically analyze whether the initial priming events specifi-
cally direct T cell nonresponsiveness and whether nonresponsive
CD4* and CD8" T cell function can be restored during persistent
infection. To address this issue, we employed LCMV infection in
its natural rodent host. Here we demonstrate that T cell function
is not programmed during priming but rather is an ongoing and,
importantly, alterable process. The priming events during the
establishment of a persistent infection are inherently productive
and provide the initial instruction for the development of T cell
effector and memory responses. As a result, despite prolonged
periods of inactivation, CD4* and CD8" T cells retain the ability
to recover their activity during persistent infection. Significantly,
therapeutic reduction of viral loads early during persistent infec-
tion preserves CD4" T cell function in vivo and, as a consequence,
has a long-term effect on the control of viral replication.

Results

CD4* and CD8* T cells mount robust responses early during persistent
viral infection. We initially analyzed CD4* and CD8" T cell respons-
es in an acute, self-limited LCMYV infection compared with those
in a persistent infection. Before initiating infection, Thy1.1* TCR
transgenic CD4* T cells (SMARTA cells; specific to the LCMV
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glycoproteing;_go [LCMV-GPg;_g0] peptide presented in the con-
text of I-AP) and Thy1.1* TCR transgenic CD8* T cells (P14 cells;
specific to LCMV-GP33.4; peptide presented in the context of
H-2DP) were cotransferred into Thy1.2* C57BL/6 mice. These
cotransfers enabled simultaneous visualization of LCMV-specific
CD4* and CD8* T cell populations and responses separately from
endogenous responses and allowed the monitoring of a single
population of cells throughout the entire course of infection
without contamination from new thymic emigrants. We avoided
the problems associated with using large, nonphysiologic num-
bers of transferred transgenic T cells (33) by cotransferring 1,000
CD4" and CD8" T cells. Importantly, each of these transgenic
T cell populations behaved similarly to their endogenous (i.e.,
host-derived) CD8" and CD4* T cell counterparts, based on MHC
class I and class II tetramer analysis and intracellular cytokine
staining (refs. 1 and 2 and data not shown). Two days after cell
transfer, mice were infected with LCMV Armstrong (LCMV Arm)
or LCMV clone (LCMV Cl) 13.

The LCMV variant Cl 13 evolved during a natural infection with
Arm (34) and induces immunosuppression due to a single amino
acid change in its glycoprotein that enables high-affinity binding
to DCs that express a-dystroglycan (35-37). LCMV CI 13 retains
CD4" and CD8" T cell epitopes identical to those of LCMV Arm
(38) but alters the ability of DCs to activate T cells. As a result, CI
13 caused a persistent infection lasting approximately 60-80 days
(Figure 1A). In contrast, LCMV Arm-infected minimal numbers
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Figure 2

T cell function is not programmed during priming but is an ongoing process. (A) SMARTA and P14 cells were cotransferred into mice, fol-
lowed 2 days later by infection with LCMV Arm or ClI 13. Five days after infection, following T cell priming, splenocytes from LCMV Arm-or
Cl 13—-infected mice were isolated and pooled separately. B cells were depleted by positive selection, and the remaining “untouched”
splenocytes were transferred into recipient mice infected in parallel with LCMV Arm or Cl 13 five days earlier but not given SMARTA and
P14 cells. T cells from the recipient mice were analyzed at 9 and 40 days after infection. (B and C) Cotransferred SMARTA and P14 cells
were primed in LCMV Arm- or Cl 13-infected animals for 5 days and then transferred into mice infected in parallel with either LCMV Arm
or Cl 13 four (top panels) and 35 (bottom panels) days following transfer of the primed cells (days 9 and 40 after infection, respectively).
Splenocytes from each mouse were isolated, and the ability of the cotransferred SMARTA (B) and P14 cells (C) to produce IFN-y, TNF-q,
and IL-2 was analyzed by intracellular flow cytometry. The type of infection in which the cells were primed is indicated underneath each
graph. Gray and black bars represent transfer into LCMV Arm— and CI 13—infected recipients, respectively. The bars represent the aver-
age + SD of 4 mice in each group and are representative of 2—4 experiments. Note that the scales on the y axis differ for the cytokines
analyzed. *Statistically significant difference (P < 0.05) between cells primed in the same environment and then transferred into LCMV
Arm-— or Cl 13—infected animals; **P < 0.01.
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Figure 3

Reversal of T cell inactivation during persistent viral infection. (A) SMARTA cells from LCMV Arm— (top panels) or Cl 13—infected (bottom panels)
mice were isolated 10 days after infection and pooled separately. The numbers in each flow plot indicate the frequency of SMARTA cells on day
10 after LCMV Arm or Cl 13 infection that produced IFN-y, TNF-a, and IL-2 prior to culture. SMARTA cells isolated on day 10 or 30 after Arm
or Cl 13 virus infection were analyzed directly ex vivo or were sorted and cultured for 4 days. The bars in each graph indicate the percentage
of IFN-y—, TNF-a—, and IL-2—producing SMARTA cells prior to the ex vivo culture and following the 4-day culture. The individual bars indicate
the frequency of SMARTA cells during LCMV CI 13 infection that produce each cytokine represented as a percentage of SMARTA cells that
produced the same cytokine during LCMV Arm infection. Each group contained cells pooled (prior to sorting) from 2—3 spleens, and the data
are representative of at least 2 repeat experiments. (B) The ability of P14 cells (isolated from the same animals as represented in A) to produce
IFN-y, TNF-a, and IL-2 on day 10 after LCMV Arm or Cl 13 infection is shown in the dot plots, and the graphs illustrate the pre- (gray bars) and
post-culture (black bars) levels of cytokine-producing P14 cells from LCMV CI 13—infected animals represented as a percentage of the P14

response observed during LCMV Arm infection.

of DCs and stimulated the generation of a vigorous anti-LCMV
T cell response that efficiently eliminated viral infection within
7-12 days (Figure 1A). Cotransfer of the SMARTA and P14 cells
did not alter the kinetics of viral infection (data not shown). Five
days after Arm or CI 13 exposure, LCMV-specific CD4* and CD8*
T cells produced similar cytokine responses (Figure 1, B and C). By
day 9, LCMV Arm infection was cleared, and virus-specific CD4*
and CD8" T cells continued to display effector functions (Figure 1,
B and C). In contrast, at 9 days after Cl 13 infection, virus-specific
CD4" T cells made less IFN-y and negligible amounts of IL-2 or
TNF-o (Figure 1B). At the same time, virus-specific CD8* T cells
also lost the ability to produce TNF-a and IL-2 (Figure 1C). Thus,
in spite of initially strong responses, T cells rapidly lost function
during persistent infection.

Functional T cell programmingis altered by persistent viral infection. The
progressive loss of T cell activity during persistent infection suggest-
ed that functional antiviral responses are not preset. To determine
how T cells assumed function during an antiviral immune response,
we transferred SMARTA and P14 cells into recipient mice that

1678 The Journal of Clinical Investigation
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were subsequently infected with LCMV Arm or Cl 13 (Figure 2A).
Five days after infection, following priming and the initial expan-
sion (ref. 2 and data not shown), splenocytes were isolated from
Arm- or Cl 13-infected animals. To avoid inclusion of antivi-
ral antibodies, which might influence viral replication kinetics,
splenocytes were depleted of B cells before transfer into infected
recipients. Cell transfer from Arm- or Cl 13-infected animals did
not alter the viral titers or clearance kinetics in the recipient mice
(data not shown). Splenocytes from these recipients were then iso-
lated on day 9 and day 40 after infection. SMARTA and P14 cells
primed during Arm infection and subsequently transferred into
Arm-infected animals efficiently produced IFN-y, TNF-a, and IL-2
at 9 days after infection, whereas cells primed in a CI 13-infect-
ed environment and then transferred into Cl 13-infected mice
had a significantly decreased ability to produce these cytokines
(Figure 2, B and C). These data illustrate that transfer itself did not
alter CD4* or CD8" T cell function. However, when SMARTA cells
were primed in Arm-infected animals and transferred into Cl 13-
infected recipients, a 4-fold decrease in the frequency of IL-2-
Volume 116
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Decreased infection of DCs and long-term control of viral replication following early antiviral therapy. (A) Serum viral titers were determined on
the indicated days from LCMV Arm- or Cl 13-infected mice that were either left untreated or treated on days 1-8 with ribavirin (Rb). Data are
expressed as plaque-forming units per milliliter of serum. The dashed line indicates the lower limit of detection (250 PFU/mI serum). Each circle
represents a single animal. *Statistically significant difference of P < 0.03. (B) Splenic DCs, B cells, and macrophages were sorted on day 9 from
LCMV CI 13-infected animals that were either left untreated (gray bars) or treated with ribavirin (black bars). The frequency of cells producing
infectious virus in each sorted population was determined by an infectious center assay. Data represent 2 experiments containing pools from 4

mice per group. Tx, treatment.

and TNF-o-producing cells was observed (Figure 2B), equivalent
to the reduced levels observed during CI 13 infection (Figure 1B).
Virus-specific CD8" T cells primed in Arm-infected animals simi-
larly displayed a 3- and 30-fold decrease, respectively, in IL-2 and
TNF-a production following transfer into Cl 13-infected animals
(Figure 2C). Of particular interest, SMARTA and P14 cells primed
in Cl 13-infected animals resisted inactivation and remained
functional upon transfer into Arm-infected recipients (Figure 2,
B and C). Similar numbers of SMARTA and P14 cells were observed
following transfer into Arm- or Cl 13-infected animals (data not
shown), indicating that the functional rescue was not due to selec-
tion of a small number of cells that resisted inactivation. Thus,
the functional capacity of T cells was determined by the environ-
ment into which the cells were placed, rather than where they were
primed. These results indicate that priming events during the
acute phase of persistent infection were intact and that functional
inactivation was not predestined.

We next determined when the instructive signals that potenti-
ated T cell memory originated and how long-term generation of
that memory was affected by the priming events during persistent
infection. Earlier we reported the gradual selection of virus-spe-
cific CD4* T cells that resist initial inactivation during persistent
infection (2). In fact, during the chronic phase of Cl 13 infection,
virus-specific CD4" T cell responses are approximately 50-80%
of those observed during Arm infection, with a more sustained
decrease in TNF-a-producing versus IL-2-producing cells. This
is in direct opposition to CD8" T cell responses that remain sup-
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pressed throughout infection (1). Accordingly, elevated frequen-
cies of cytokine-producing SMARTA cells were present during the
chronic phase of Cl 13 infection, and the frequency of cytokine-
producing cells was not dictated by the priming environment
(Figure 2B). Moreover, regardless of whether SMARTA cells were
primed in an Arm- or Cl 13-infected environment, cells transferred
into Arm-infected animals had increased levels of IL-7 receptor
and Bcl-2 expression compared with cells transferred into Cl 13-
infected animals (Supplemental Figure 1; supplemental material
available online with this article; doi:10.1172/JCI26856DS1), con-
sistent with the development of a memory T cell phenotype (39,
40). In contrast to virus-specific CD4" T cells, cytokine-producing
CD8" T cells were not selected over time in Cl 13-infected mice
(Figure 2C), and despite the initial priming environment, transfer
into Cl 13-infected mice resulted in long-term depression of CD8*
T cell responses (Figure 2C). Most importantly, the prolonged
functional impairment of virus-specific CD8* T cells was pre-
vented by early transfer out of the Cl 13 environment (Figure 2C).
These data indicate T cell memory development need not be
instructed during priming.

Restoration of T cell function during persistent infection. The transfer
studies indicated that the loss of T cell function was not a prepro-
grammed event but instead was due to the effects of increased/
prolonged viral replication. To determine whether functionality
could be restored to inactivated T cells, populations of purified
CD4" or CD8" T cells were sorted after Arm or Cl 13 infection and
cultured ex vivo. Approximately 2-4% of CD8* and CD4" T cells
Number 6 1679
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Therapeutically decreasing viral loads prevents CD4+ T cell inactivation but only minimally preserves CD8* T cell function. (A and B) The ability
of SMARTA (A) and P14 (B) cells from untreated (gray bars) or ribavirin-treated (black bars) animals to produce IFN-y, TNF-a, and IL-2 was
determined on day 9 after infection with either LCMV Arm (left 2 bars in each graph) or Cl 13 (right 2 bars in each graph). The top graphs of each
figure represent the frequency of cytokine-producing SMARTA (A) or P14 (B) cells. The bottom graphs of each figure represent the absolute
number of SMARTA (A) or P14 (B) cells and the total number of cytokine-producing SMARTA or P14 cells. The bars represent the average + SD
of 4 mice in each group in 3 independent experiments. Note that the scales on the y axis differ for the cytokines analyzed. *Statistically significant
increase (P < 0.05) between the untreated and ribavirin-treated animals; **P < 0.01.

are infected initially during CI 13 infection (41), with a small frac-
tion of CD4" T cells (up to 4%) becoming persistently infected (42,
43). Furthermore, CD4" T cells do not express MHC class II mol-
ecules (data not shown), thereby excluding the potential for LCMV
antigen presentation to the virus-specific cells during the culture
period. Ten days after Arm infection, a high frequency of virus-spe-
cific CD4" and CD8" T cells produced effector molecules, whereas
the responsiveness of these cells was severely compromised during
Cl 13 infection (Figure 3, A and B). After culture, the percentage
of TNF-a- and IL-2-producing SMARTA cells increased 6-fold,
constituting nearly 80% of the optimal response observed during
Arm infection (Figure 3A). Similarly, virus-specific CD8* T cell
responses from Cl 13-infected animals recovered completely, i.e.,
the frequency of IFN-y-, TNF-a-, and IL-2-producing cells equaled
the levels observed during Arm infection (Figure 3B). Reversal was
not caused by proliferation of a small number of TNF-a- or IL-2-
1680
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producing cells, since proliferation did not occur during culture
(based on CFSE dilution; data not shown). Moreover, the ratio of
SMARTA and P14 cells to endogenous CD4 and CD8 populations,
respectively, did not change during the culture period (data not
shown), as would be expected if functional virus-specific T cells
had grown selectively.

To determine whether T cell responsiveness could be restored
following extended periods of viral replication, CD4* and CD8*
T cells were sorted 30 days after Cl 13 or Arm infection. Virus-
specific CD4" T cell responses during the chronic phase of Cl 13
infection are approximately 50-80% of those observed during Arm
infection due to a survival advantage of the few cells that initially
resist inactivation (2). Consequently, on day 30 after Arm and Cl
13 infection, SMARTA cell responses were only slightly decreased
(Figure 3A), and the 4-day culture period only minimally increased
the frequency of cells able to produce TNF-a and did not restore
Number 6
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Decreasing viral replication increases CD4+ T cell stimulation and costimulatory molecule expression by APCs. (A—C) On day 9 after infection,
splenocytes were isolated from mice infected with LCMV CI 13 and either left untreated (Cl 13) or treated with ribavirin (Cl 13 + Rb). DCs (A), B
cells (B), or macrophages (C) were then sorted and cultured separately with CFSE-labeled naive SMARTA, or P14 cells. No exogenous peptide
was added to the cultures. Histograms show gating on SMARTA (left histograms) and P14 (right histograms) cells and illustrate CFSE dilution 3
days after culture. The number in each histogram represents the percentage of cells in each culture that divided. The MFI of the indicated costim-
ulatory molecules on DCs (A), B cells (B), and macrophages (C) from untreated (gray bars) and ribavirin-treated (black bars) Cl 13—-infected
animals was determined on day 9 after infection. These data represent 2 experiments containing 4 mice per group. PD-L1, programmed death
ligand; OX40L, OX40 ligand (CD134); 4-1BBL, 41BB ligand (CD137L); ICOSL, inducible costimulatory molecule ligand. *P < 0.05; **P < 0.01.
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frequency of IL-2-producing cells was observed (Figure 3B). Again,
no proliferation of virus-specific cells was observed in the culture.
Thus, we conclude that CD4* and CD8" T cells have the potential
to regain responsiveness following inactivation; however, func-
tional recovery wanes over extended periods of viral exposure.

Prevention of T cell inactivation in vivo. Since T cell activity could be
resurrected by removal from the persistently infected environment,
we determined whether inactivation could be prevented in vivo by
therapeutically decreasing viral titers. To address this issue, Arm-
or Cl 13-infected mice were treated with the antiviral drug riba-
virin beginning 1 day after infection. Compared to the viral loads
during untreated Cl 13 infection, ribavirin treatment decreased
viral titers by 1 log through the priming phase of Cl 13 infection
(day 5 after infection) and by 1.5 logs when the infection transi-
tioned into a persistent phase (day 9 after infection; Figure 4A).
Accompanying these lower viral titers in Cl 13-infected animals
treated with ribavirin was a 50-80% reduction in the percentage of
infected DCs (Figure 4B), indicating that the treatment decreased
the frequency of infected cells. Other APC populations (B cells
and macrophages) showed only a minimal reduction in infection,
although less than 0.5% of these cells were productively infected by
Cl 13 (Figure 4B). Because early treatment with ribavirin had such
a substantial impact on LCMV-specific T cell responses after Cl 13
infection, we next evaluated whether the immunological benefit
was retained into the chronic phase of infection. Early treatment
with ribavirin (on days 1-8) during Cl 13 infection had sustained
antiviral effects, i.e., a 1 log decrease in serum viral titers was
observed in ribavirin-treated versus untreated animals through
day 28 after infection despite the discontinuation of treatment,
and by day 42 infectious virus was undetectable in the treated ani-
mals (Figure 4A), indicating that early alterations in viral replica-
tion have a long-term impact on viral control.

Withoutribavirin treatment the frequency and number of TNF-oi-
and IL-2-producing SMARTA and P14 cells decreased signifi-
cantly during Cl 13 infection (Figure 5, A and B). In comparison,
treatment of Cl 13-infected animals with ribavirin stimulated a
3-fold increase in TNF-0- and 5-fold increase in IL-2-producing
SMARTA cells (Figure 5A). Following ribavirin administration to
Cl 13-infected animals, the frequencies of TNF-o.- and IL-2-pro-
ducing SMARTA cells were similar to those observed during Arm
infection (not significant, P > 0.1; Figure SA), indicating that
early reductions in viral infection prevented CD4* T cell inactiva-
tion. Similar data were obtained with the endogenous (i.e., host-
derived) LCMV-GPg;-g0 CD4" T cell responses (data not shown).
Although ribavirin treatment did not significantly increase the
absolute number of SMARTA cells during Arm or Cl 13 infection,
it did induce a significant 4-fold and 10-fold increase, respectively,
in the absolute number of TNF-a- and IL-2-producing SMARTA
cells (Figure 5A), indicating that the functional recovery following
ribavirin treatment is not limited to the maintenance of a small
number of cells, but rather a circumvention of the normal process
of CD4* T cell inactivation.

In contrast to the preserved CD4" T cell response, decreasing
viral titers during Cl 13 infection only partially prevented CD8* T
cell inactivation. Ribavirin treatment of Cl 13-infected animals did
not increase the frequency of TNF-o-producing P14 cells, which
remained similar to that in untreated Cl 13-infected animals (Fig-
ure 5B). However, the frequency of IL-2-producing P14 cells rose a
significant 2.5-fold following treatment of Cl 13-infected animals,
equal to the levels observed during Arm infection (Figure SB).
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Ribavirin treatment of Arm-infected animals had no impact on
IEN-y or IL-2 production by P14 cells, although it did decrease
their TNF-o production (Figure 5B), suggesting that decreasing
viral titers early during Arm infection may alter the functionality
of CD8" T cell responses. Ribavirin treatment did not significantly
impact the absolute number of P14 cells (Figure 5B) or the abso-
lute number of TNF-o-producing P14 cells. However, there was a
1.8-fold increase in the absolute number of IL-2-producing P14
cells (P = 0.06; Figure 5B).

Administration of ribavirin during the chronic phase of infection
(treatment on days 20-27) had no impact on established antiviral
CD4" or CD8" T cell responses (data not shown), in spite of sig-
nificantly decreasing viral replication 6-fold (6.1 x 10%+ 1.9 x 103
PFU/ml serum in untreated mice versus 1 x 10+ 1.9 x 103 PFU/ml
serum in ribavirin-treated mice; P < 0.001). Moreover, there was
no apparent change in the level of endogenous T cell responses at
this time, suggesting that the induction of naive T cell responses
during periods in which virus levels are therapeutically suppressed
does not substantially impact the antiviral T cell pool. Overall
these data indicate that it may be easier to prevent T cell inactiva-
tion during the acute phase of a persistent infection than to restore
T cell functions during the chronic phase.

Because high levels of antigen presentation are associated with
the loss of T cell function (15, 44), we next determined whether the
reduction in virus infection following ribavirin treatment decreases
T cell stimulation. Three populations of APCs (DCs, B cells, and mac-
rophages) from treated and untreated Cl 13-infected animals were
isolated at day 9 after infection and incubated with naive SMARTA
or P14 cells. DCs obtained from untreated CI 13-infected animals
induced nearly all the naive P14 cells to proliferate (Figure 6A).
Consistent with the decreased levels of DC infection (Figure 4B),
DCs from Cl 13-infected animals treated with ribavirin stimu-
lated substantially less CD8" T cell proliferation (Figure 6A). A
decrease in the ability of B cells and macrophages to stimulate
CD8" T cells was also observed in Cl 13-infected animals treated
with ribavirin, although these cells were dramatically less effi-
cient than DCs at stimulating CD8" T cell proliferation (Figure 6,
B and C). Interestingly, despite the lower levels of DC infection
(Figure 4B), DCs from Cl 13-infected, ribavirin-treated animals
induced levels of CD4* T cell proliferation similar to those induced
by DCs from untreated animals (Figure 6A). Although neither B
cells nor macrophages served as efficient stimulators of CD4" T
cells during C1 13 infection (Figure 6, B and C), B cells from Cl 13-
infected animals treated with ribavirin acquired the capacity to
efficiently stimulate CD4" T cell responses (Figure 6B). To demon-
strate that the observed differences in T cell proliferation resulted
from alterations in endogenous presentation/stimulatory capac-
ity by the sorted APCs, not an inherent inability to stimulate T
cells, we labeled the APCs with GPg;_g0 (SMARTA) or GP33 41 (P14)
peptide. By this means the proliferation of approximately 90% of
the SMARTA and P14 cells was induced (data not shown).

Along with the reduced viral replication after ribavirin treat-
ment, there was a significant increase in the expression of mul-
tiple costimulatory molecules on DCs, B cells, and macrophages
(Figure 6, A-C). Consistent with the newly acquired ability to
stimulate T cells following ribavirin treatment, the increased
costimulatory molecule expression was most notable on B cells,
in which there was an approximately 2-fold increase in the expres-
sion of B7-1, B7-2, and CDA40 (Figure 6B). Costimulatory molecule
expression also increased on macrophages in ribavirin-treated ani-
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mals, although these cells did not efficiently stimulate naive CD4*
T cell responses (Figure 6C). This increase was not a direct result
of the ribavirin per se, since identical treatment of Arm-infected
animals did not enhance costimulatory molecule expression (data
not shown). Moreover, not all of the costimulatory molecules
analyzed were enhanced following ribavirin administration, illus-
trating the differential regulation/dysregulation of APCs during
persistent infection.

Discussion

Our studies document the highly adaptable nature of T cell func-
tions and show that CD4* and CD8* T cell effector and mem-
ory development are not hardwired processes but, instead, are
continually modulated by signals from the environment. The
discovery that T cell responses are alterable led to 4 findings.
First, T cell function that is lost during persistent infection can
be restored or preserved by either removing the T cells from the
antigenic environment or administering antiviral therapy in vivo.
Second, functional recovery is more difficult to achieve the lon-
ger CD4" and CD8" T cells remain in the presence of persistent
viral replication. Third, the mechanisms that potentiate CD4*
T cell inactivation apparently differ from those that modulate
CD8" T cell function. That is, by decreasing viral titers in vivo,
CD4* T cell inactivation can be prevented, whereas CD8" T cells
still become largely nonresponsive. Fourth, CD4" T cell recov-
ery following early antiviral therapy correlates with an increased
ability of APCs to costimulate T cells. Importantly, these collec-
tive findings provide what we believe to be the first insight into
the mechanisms that induce T cell inactivation during persistent
viral infection versus those that may maintain it (45).

Virus-specific CD4* and CD8* T cell responses are initially robust
during persistent infection; however, T cells rapidly become non-
responsive in temporal association with the viral transition into
persistence. Previous studies have shown that following in vitro
priming, functional effector and memory T cell development is
observed (15-21). However, these studies focused on the outcome
of a single antigenic encounter and did not address the role of
extrinsic factors in T cell development or how the developmen-
tal program is modulated by repetitive stimulation. We show that
unlike expansion and contraction, which are programmed dur-
ing the initial priming interaction (15-19), CD4* and CD8* T cell
function is not hardwired but instead can be altered after priming.
Functional alterations occur rapidly in response to persisting viral
antigens, as virus-specific T cells primed during an acute infection
(in a manner that would otherwise yield a functional response)
become inactivated 4 days following transfer into an environment
with persistent antigen and fail to develop into memory T cells. In
contrast, CD4*and CD8" T cells primed in an environment with a
heavy antigenic burden can recover from the seemingly inevitable
inactivation and ultimately develop into memory T cells by trans-
fer into an environment in which the virus is cleared acutely. The
ability to rapidly adjust to the antigenic environment (although
apparently detrimental in the case of persistent viral infections)
explains how different T cell functions can be elicited depending
on the type and duration of viral infection.

A fundamental problem preventing the eradication of persistent
viral infections is the early loss and continued lack of effective T
cell responses. During persistent viral infections of humans such
as HIV, HCV, and HBV, the administration of antiviral therapy
can decrease viral replication and correspondingly enhance T cell
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responses (6, 10, 22-28). However, it is unclear from these studies
whether the increased T cell activity was due to the functional
restoration of nonresponsive T cells or to the generation of new
effector T cells. To specifically distinguish between these 2 pos-
sibilities, we used traceable populations of virus-specific T cells
that were present and primed at the time of infection and could
be distinguished from new thymic emigrants. Our studies clearly
indicate that virus-specific T cells still retain potential functional
capacity despite periods of inactivation and, importantly, T cell
activity can be fixed in antigen-experienced, nonresponsive T cells
during a persistent viral infection. Although the ability to rescue
T cell responses wanes over extended periods of inactivation,
indicating a progressive imprinting on these cells, components of
CD4* and CD8" T cell function remain intact and can be restored
throughout persistent infection.

Our studies suggest that the early administration of therapies
that decrease viral titers by as little as 1 log can have a substan-
tial impact on the quality of the ensuing T cell responses, par-
ticularly CD4* T cell activity, even in the face of ongoing levels
of viral replication. Importantly, the early decrease in viral infec-
tion and enhanced T cell activity facilitated long-term control of
viral replication well after the therapies were removed. Thus, we
demonstrate that there is an optimal time for therapy during per-
sistent viral infection. Administration of therapy late during the
chronic stage of infection may not restore function to inactivated
T cells, whereas, in contrast, it had a dramatic effect on sustaining
function during the acute phase of infection. This finding is con-
sistent with what is observed during HIV infection, where T cell
responses are more readily restorable during the acute rather than
the chronic phase of infection (23, 26, 29, 30), and suggests that
an intrinsic functional defect likely accumulates in nonrespon-
sive T cells with extended periods of inactivation. It is important
to note that although therapy did not restore function during
the chronic phase of infection, treatment at this time may still be
beneficial when given in conjunction with agents that stimulate
naive T cell activation, thereby facilitating productive stimulation
of these cells. However, therapies to resurrect T cell activity appear
to be most effective when administered early after the establish-
ment of a persistent viral infection.

Excessive antigen stimulation has previously been reported
to induce T cell nonresponsiveness (15, 44). However, hyper-
stimulation appears not to play a major role in our studies, since
DCs from ribavirin-treated mice retained an ability to stimulate
SMARTA cells similar to that of cells from untreated mice, and
B cells actually became competent stimulators of naive CD4* T
cells following ribavirin treatment. A contributing cause of CD4*
T cell inactivation may be “incorrect” or insufficient stimulation
by APCs during the effector phase of a Cl 13 virus infection. This
is supported by our data showing that ribavirin-treated mice had
elevated levels of costimulatory molecules on MHC class II-bear-
ing cells. Since the signs of CD4* T cell inactivation are not overtly
manifest at day S after Cl 13 infection, our data further suggest
that CD4" T cells may still require costimulation during the effec-
tor phase to sustain their function. This is consistent with previ-
ous findings showing that prevention of costimulation during
the chronic phase of Cl 13 infection diminishes antiviral CD8" T
cell responses and prevents control of viral replication (46). Thus,
costimulation by APCs may be required at all phases of infection
to sustain productive CD4" T cell responses and prevent inactiva-
tion. However, CD8"* T cell function is not fully restored by an
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early decrease in viral titers, indicating that different/additional
signals, distinct from those of CD4" T cells, likely modulate CD8*
T cell inactivation. We are currently determining the precise mol-
ecules that sustain T cell responses and the cell population(s) that
display them in order to facilitate the development of therapeu-
tics to prevent inactivation and restore antiviral responses to over-
come persistent viral infections.

Methods
Mice. C57BL/6 (H-2b, Thy1.2*) mice were from the Rodent Breeding
Colony at The Scripps Research Institute. CD47/- mice were bred from
homozygous breeding pairs obtained from Jackson Laboratory. The
LCMV-GPg;_go-specific CD4* TCR transgenic (SMARTA) mice and LCMV-
GP33.41-specific CD8* TCR transgenic (P14) mice have been described
previously (47) and were gifts from Hans Hengartner and Rolf Zinker-
nagel (University Hospital of Zurich, Zurich, Switzerland). All mice were
housed under specific pathogen-free conditions. Mouse experiments con-
formed to the requirements of the NIH and were approved by The Scripps
Research Institute Animal Research Committee.

Virus. In all experiments, 6- to 8-week-old C57BL/6 mice were infected
i.v. with 2 x 106 PFU of LCMV Arm Cl 53 b or LCMV Cl 13 to generate
acute or persistent infection, respectively. Stocks were prepared by a sin-
gle passage on BHK-21 cells. Viral titers were determined by plaque for-
mation on Vero cells. The frequency of productively infected splenic DCs
(CD45*, CD3-, NK1.1, CD11c"), B cells (CD45%, CD3-, NK1.1-, CD11c",
CD19%), and macrophages (CD45*, CD3-,NK1.1-, CD11c, CD11b*) was
determined by sorting the individual population and performing limit-
ing dilution plaque assays (infectious center assays) on Vero cells (48).
The cells were sorted using the FACSVantage (BD). Post-sort purities for
each population were at least 99%.

T cell isolation and adoptive transfers. CD4* and CD8" T cells were purified
from the spleens of naive SMARTA and P14 mice, respectively, by negative
selection (StemCell Technologies), and 103 purified cells from each popu-
lation were cotransferred into C57BL/6 mice i.v. The mice were infected
2 days later with 2 x 106 PFU LCMV, i.v. For the transfer experiments to
determine the plasticity of functional programming, spleens from Arm- or
Cl 13-infected mice that had received SMARTA and P14 cells were har-
vested. Next, B cells were depleted (>99% removed; data not shown) from
the splenocytes by positive selection with CD19 MACS beads (Miltenyi
Biotec), and the remaining B cell-depleted, untouched (non-antibody-
bound) splenocytes were transferred into mice that had been infected in
parallel 5 days earlier with Arm or Cl 13 but that had not initially received
SMARTA or P14 cells. The absolute number of SMARTA and P14 cells in
the spleen was determined by multiplying the frequency of Thy1.1* cells
(determined flow cytometrically) by the total number of splenocytes.

Intracellular cytokine analysis. Total splenocytes were stimulated for 5 hours
with 5 ug/ml of the MHC class II-restricted LCMV-GPg;_go peptide or 2 ug/ml
of the MHC class I-restricted LCMV-GP;33_4; peptide (both >99% pure; Syn-
pep Corp.) in the presence of 50 U/ml recombinant murine IL-2 (R&D
Systems) and 1 mg/ml brefeldin A (Sigma-Aldrich). The addition of IL-2 to
the ex vivo stimulation did not alter cytokine production (data not shown).
Flow cytometric analysis was performed using the Digital LSRII (BD). For-
ward- versus side-scatter profiles were used to define the live population,
and gates were set based on antibody isotype controls and cells that stained
negative for the protein of interest.

T cell culture assays. To determine the restorability of T cell function, total
CD4* or CD8" T cells were sorted flow cytometrically (>99% purity) from
pooled splenocytes of 2-3 animals that had received SMARTA and P14
cells and been infected 10, 30, or 50 days earlier with either LCMV Arm or
Cl 13. The sorted T cell populations were individually cultured for 4 days
1684
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with 200 U/ml recombinant murine IL-2 (R&D Systems). The cells were
cultured in complete medium (RPMI 1640 supplemented with 10% fetal
bovine serum, 1% Na pyruvate, 10 mM HEPES, 1% nonessential amino
acids, and 500 U/ml penicillin and streptomycin). To obtain APCs for the
post-culture peptide stimulations, splenocytes from an Arm-infected ani-
mal (3 days after infection) were depleted of T cells using Thy1.2 MACS
beads (Miltenyi Biotec). APCs were isolated 3 days after infection to allow
proper maturation in an inflammatory environment. After the 4-day
culture period, the T cells were incubated with the T cell-depleted APCs
and GPg1-g9 or GP33.41 peptide (for the CD4* or CD8* T cell stimulations,
respectively) for 5 hours, followed by intracellular cytokine analysis.

To evaluate the stimulatory capacity of different splenic APC popula-
tions, splenic DCs (CD45*, CD3-, NK1.1-, CD11c*), B cells (CD45*, CD3",
NK1.1-,CD11c, CD19%), and macrophages (CD45*, CD3-,NK1.1-,CD11c,
CD11b*) were sorted using the FACSVantage (BD). Post-sort purities for
each population were at least 99%. The sorted APC populations were then
individually mixed with CFSE-labeled naive SMARTA or P14 cells ata 2:1
ratio. The cells were cultured in complete medium supplemented with 50 uM
B-mercaptoethanol for 3 days. Where indicated, the GPs;-s0 or GP33.41
peptide was added to the cultures.

Ribavirin treatment. 103 each of SMARTA and P14 cells were cotrans-
ferred into CS7BL/6 mice that were infected 2 days later with LCMV.
Mice were treated with 100 mg/kg ribavirin (1-B-p-ribofuranosyl-1,2,4-
triazole-3-carboxamide; Virazole, ICN Pharmaceuticals Inc.) in PBS. This
dose of ribavirin maximizes the efficacy of the drug against LCMV rep-
lication, while avoiding toxicity to the host (49). In agreement with our
current studies, mice treated with this dose of ribavirin failed to show
toxicity. The treatment was administered once daily intraperitoneally
on days 1-8 or 20-27 after LCMV infection. Control mice were injected
in parallel with PBS. Ribavirin has previously been shown to lower viral
titers in animals persistently infected with LCMV (50) by specifically
interfering with viral replication (51).

In vivo cytotoxicity assays. Splenocytes from naive syngeneic mice were either
left unlabeled or were labeled with 5 ug/ml of the MHC class I-restricted pep-
tides GP33.41 or NP3og_404. These target cell populations were then differen-
tially labeled with CFSE (2.5 ug/ml, 1 ug/ml, or 0.2 ug/ml) and transferred i.v.
(5 x 106 cells of each population) into mice previously infected with LCMV.
Fifteen hours after transfer, splenocytes were isolated from the recipient mice
and analyzed for CFSE expression by flow cytometry. Percent lysis was cal-
culated as [1-(r naive/r sample) x 100], in which r represents the ratio of the
peptide-unlabeled peak versus the peptide-labeled peak for each sample.

Statistics. One-tailed Student’s ¢ tests were performed using SigmaStat 2.0
software (Systat Software Inc.) to determine statistical significance (P < 0.05).
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