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Chronic viral infections often result in ineffective CD8 T-cell responses due to functional exhaustion or
physical deletion of virus-specific T cells. However, how persisting virus impacts various CD8 T-cell effector
functions and influences other aspects of CD8 T-cell dynamics, such as immunodominance and tissue distri-
bution, remains largely unknown. Using different strains of lymphocytic choriomeningitis virus (LCMYV), we
compared responses to the same CD8 T-cell epitopes during acute or chronic infection. Persistent infection led
to a disruption of the normal immunodominance hierarchy of CD8 T-cell responses seen following acute in-
fection and dramatically altered the tissue distribution of LCMV-specific CD8 T cells in lymphoid and non-
lymphoid tissues. Most importantly, CD8 T-cell functional impairment occurred in a hierarchical fashion in
chronically infected mice. Production of interleukin 2 and the ability to lyse target cells in vitro were the first
functions compromised, followed by the ability to make tumor necrosis factor alpha, while gamma interferon
production was most resistant to functional exhaustion. Antigen appeared to be the driving force for this loss
of function, since a strong correlation existed between the viral load and the level of exhaustion. Further, epi-
topes presented at higher levels in vivo resulted in physical deletion, while those presented at lower levels in-
duced functional exhaustion. A model is proposed in which antigen levels drive the hierarchical loss of different
CDS8 T-cell effector functions during chronic infection, leading to distinct stages of functional impairment and
eventually to physical deletion of virus-specific T cells. These results have implications for the study of human

chronic infections, where similar T-cell deletion and functional dysregulation has been observed.

Considerable evidence suggests that an effective CDS8 T-cell
response can control or eradicate viral infections. CD8 T cells
appear to be particularly important in the immune response to
chronic infections and in the long-term control of latent and
reactivating viruses (2, 26). Indeed, potent human immunode-
ficiency virus (HIV)-specific CD8 T-cell responses correlate
with acute viral control and long-term nonprogression (16, 42,
55, 56, 61, 66). Further, rhesus macaques infected with simian
immunodeficiency virus (SIV) show significantly higher viral
loads if CD8 T cells are eliminated by antibody-mediated de-
pletion (38). Evidence also suggests that CD8 T cells are im-
portant for the acute phase as well as long-term control of
other persistent viruses, such as Epstein-Barr virus (EBV),
cytomegalovirus, hepatitis B virus (HBV), and hepatitis C virus
(HCV) (18, 24, 63, 83). However, in many patients CD8 T cells
fail to contain viral replication, particularly during HIV, HBV,
and HCV infections. Recent studies suggest that functional
impairment (exhaustion) and/or physical deletion of CD8 T
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cells can accompany ineffective viral control (44, 85). However,
the impact of chronic viral infection on the induction and
maintenance of epitope-specific CD8 T-cell responses and the
impact of persisting antigen on distinct T-cell effector functions
are not well understood.

Infection of mice with lymphocytic choriomeningitis virus
(LCMV)* offers an excellent model with which to investigate
the effect of chronic infection on CD8 T-cell function. CD8 T
cells are critical for the control of LCMV infection, and the
adoptive transfer of memory CDS8 T cells into persistently
infected mice can lead to viral elimination (37). In addition,
different LCMV strains result in either an acute or a chronic
infection, allowing detailed comparison between effective re-
sponses when virus is eliminated and ineffective responses
when virus persists (4). The Armstrong strain of LCMV is
cleared by 8 days postinfection (p.i.), while LCMV CI-13 in-
fection results in viremia that can last up to 3 months, with
virus persisting in some tissues indefinitely. Importantly,
LCMV Armstrong and LCMV Cl-13 differ by only two amino
acids, preserving all known T-cell epitopes, allowing a direct
comparison between T-cell responses to dominant and sub-
dominant epitopes (49, 50).

It has long been known that the CD8 T-cell response, as
assessed by in vitro *'Cr release assays, is suppressed during
persistent LCMV infections (3, 4, 15, 40, 50). It has recently
been demonstrated that CD8 T cells specific for the NP396
epitope, which is dominant following acute LCMV infection,
are physically eliminated during chronic infection (58, 89, 90).
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In contrast, CD8 T cells specific for the GP33 epitope, another
dominant epitope, remain detectable by major histocompati-
bility complex (MHC) tetramer staining throughout chronic
infection, but these cells lose the ability to make gamma inter-
feron (IFN-y) and have been termed functionally exhausted
(89). However, the reason one response is physically elimi-
nated while another is present but nonfunctional and whether
these phenotypes are common features of chronic infections
remain unknown. Further, the extent to which other effector
functions are impaired and their relative sensitivity to inacti-
vation remain to be determined.

In the present study we have examined the impact of chronic
infection on CDS8 T-cell responses by comparing responses to
the same epitopes following acute infection or during chronic
infection. Our results revealed several important aspects of
CD8 T-cell responses during chronic infection. First, a dramat-
ically altered immunodominance hierarchy, including the de-
letion of several dominant specificities and a heightened fre-
quency of some subdominant populations, occurred during
chronic LCMYV infection. Second, chronic infection resulted in
substantial redistribution of virus-specific CD8 T cells to the
bone marrow and nonlymphoid tissues, such as the liver.
Nearly 30% of the CDS8 T cells isolated from the liver (or ~4 X
10° cells) were specific for one LCMV epitope, compared to
~3.5% (or ~2 X 10° cells) from the spleen. Third, LCMV-
specific CD8 T-cell effector functions were impaired during
chronic infection in a hierarchical manner. An evaluation of
multiple functional properties demonstrated a clear hierarchy
in this loss of function, since in vitro lytic capacity and inter-
leukin 2 (IL-2) production were lost early during infection,
tumor necrosis factor alpha (TNF-a) synthesis was lost soon
thereafter, and IFN-y production was most resistant to exhaus-
tion. Last, antigen load was a critical factor in both the loss of
effector function and epitope-specific deletion. In fact, a high
level of persisting epitope drove deletion while lower levels led
to functional exhaustion. The hierarchical loss of function sug-
gests a model of progressive loss of different effector functions
with increasing viral load and/or time of infection.

MATERIALS AND METHODS

Mice and virus. Four- to six-week-old female C57Bl/6 mice were purchased
from Jackson Laboratory (Bar Harbor, Maine). Mice received 2 X 10° PFU of
Armstrong intraperitoneally to initiate acute infection or 2 X 10° PFU of CI-13
intravenously to initiate chronic infection (89). It should be noted that there is no
evidence for either the Armstrong or Cl-13 strains of LCMV infecting CD8 T
cells directly (1, 40). Titers of virus were determined by plaque assay on Vero
cells as previously described (4).

Flow cytometry and tetramer staining. MHC class I tetramers of H-2D® or
H-2K" complexed with LCMV NP6 404, GP33.41, GP3440, 0F GP,og 056 Were
produced as previously described (53). Biotinylated complexes were tetramer-
ized using allophycocyanin-conjugated streptavidin (Molecular Probes, Eugene,
Ore.). All antibodies were purchased from BD/Pharmingen (San Diego, Calif.).
Splenocytes from LCMV-infected mice were stained as previously described (53)
and acquired using a FACSCalibur flow cytometer (Becton Dickinson). Data
were analyzed using CELLQuest software (Becton Dickinson).

Intracellular cytokine staining. For intracellular cytokine analysis, 10° spleno-
cytes were cultured in the absence or presence of the indicated peptide (0.2 ng/
ml) and brefeldin A for 5 to 6 h at 37°C. Following staining for surface antigens
as described above, cells were stained for intracellular cytokines using the Cyto-
fix/Cytoperm kit (BD/Pharmingen) according to the manufacturer’s instructions.
Antibodies used for intracellular cytokine detection were anti-IFN-y (clone
XMG1.2), anti-IL-2 (clone JES6-5H4), and anti-TNF-a (clone MP6-XT22) and
an isotype control (clone A95-1) and were purchased from Pharmingen.
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Isolation of lymphocytes from nonlymphoid tissues. To isolate intrahepatic
lymphocytes, livers were first perfused by cutting the hepatic vein and injecting
5 ml of ice-cold phosphate-buffered saline injected directly into the hepatic
artery. The gall bladder was removed, and the entire liver was excised and
homogenized. Following incubation in 0.25 mg of collagenase B (Boehringer
Mannheim)/ml and 1 U of DNase (Sigma, St. Louis, Mo.)/ml at 37°C for 45 min,
the digested liver was centrifuged and the pellet was resuspended in 5 to 10 ml
of 44% Percoll (Sigma). This suspension was underlaid with 56% Percoll and
spun at 850 X g for 20 min at 20°C, the intrahepatic lymphocyte population was
harvested from the interface, and red blood cells were lysed using 0.83% am-
monium chloride. Lymphocytes were isolated from the lungs similarly. This
procedure was found to have little impact on the expression of most cell surface
molecules (data not shown). In addition, splenocytes isolated in the same manner
as liver lymphocytes showed functional properties similar to those of splenocytes
isolated by normal procedures (data not shown). Lymphocytes were isolated
from the brain essentially as described previously (13). Briefly, brains were
removed, rinsed once in ice-cold RPMI, and dissociated using an ice-cold Ten-
broeck homogenizer. Homogenate was adjusted to 30% Percoll and underlaid
with 1 to 2 ml 70% Percoll. The Percoll gradient was centrifuged at 800 X g for
20 min at 20°C. Mononuclear cells were recovered from the interface and washed
once in RPMI, red blood cells were lysed using 0.83% ammonium chloride, and
the cells were washed and counted. The number of total bone marrow cells was
determined as previously described by multiplying the number of cells recovered
from two femurs by 7.9 (70).

S1Chromium release assay. > Chromium release assays were performed using
LCMV-infected or peptide-pulsed MC57 fibroblasts as targets as previously
described (53) with the following modifications. Peptide-pulsed targets were
labeled with 0.2 wg of the indicated peptide/ml for 60 to 75 min during >'Cr
labeling. Effector populations were stained with MHC tetramer to determine the
frequency of epitope-specific CD8 T cells. Based on this frequency, the starting
effector-to-target cell ratio was adjusted to obtain identical ratios of tetramer-
positive CD8 T cells to target cells for all effector populations. In addition, the
total number of cells/well was kept constant by the addition of naive C57Bl/6
splenocytes.

Analysis of T-cell proliferation by CFSE. Splenocyte populations from LCMV
Cl-13-infected mice to be used as antigen-presenting cells (APC) were depleted
of CD8 T cells using magnetic-activated cell sorter (MACS) beads and magnetic
column purification (Miltenyi Biotech, Gladbach, Germany). Responder CD8
T-cell populations from LCMV Armstrong-immune mice (>30 days p.i.) were
purified using MACS columns and labeled with carboxyl fluorescein succinimidyl
ester (CFSE) (Molecular Probes) as described previously (54). APC and re-
sponders were mixed at a 1:1 ratio and incubated for 60 h, and cultures were
stained using MHC class I tetramers and anti-CD8 as described above. Prolif-
eration was determined by dilution of the CFSE dye.

RESULTS

Dynamics of viral control during acute or chronic LCMV
infection. LCMV causes either an acute infection or a chronic
infection depending on the strain of virus; LCMV Armstrong
is cleared rapidly, while its variant Cl-13 causes a chronic
infection (4). Figure 1 summarizes the major differences in
viral load following infection with LCMV Armstrong or CI-13.
Initial viral loads in the spleens of Armstrong-infected mice
and Cl-13-infected mice were similar during the first 3 to 4 days
(Fig. 1B). However, while Armstrong was rapidly cleared from
all tissues by day 8 p.i., Cl-13 persisted (Fig. 1B to E). Follow-
ing CI-13 infection, virus was observed in the spleen and liver
for more than 1 month (Fig. 1B and D), viremia persisted for
somewhat longer as serum virus was detectable for 75 to 90
days (Fig. 1A), and high levels of virus remained in the brain
and kidneys for more than 3 months (Fig. 1C and E). Since
Armstrong and CI-13 share all known T-cell epitopes (49, 50),
these two strains of LCMV were used to investigate the impact
of chronic infection on the dynamics and function of virus-
specific CD8 T cells.

Chronic infection skews immunodominance. An advantage
of studying T-cell responses to LCMV is that multiple domi-



VoL. 77, 2003 IMPAIRED CD8 T-CELL FUNCTION DURING CHRONIC INFECTION 4913
A. 6 Serum B. Spleen
= 8
E 7
£ 6
& 5
3 4
S
s 3
® 2,
= - . : : ,
0 20 40 60 80
Days Post Infection Days Post Infection
C. 7, Brain D. ¢ Liver
= 8
g 7
£ 5 6
£ 44 5
¥ 4
= 34
E 3
g N = =0 i - Sameo]
) 40 60 80 0 20 40 60 80
Days Post Infection Days Post Infection
E. 8 Kidney
= 74
£
-G
; 5 O Acute LCMV Armstrong
® 4, @ Chronic LCMV CI-13
B 34
>
g 2]
= - =0
20 40 60 80

Days Post Infection

FIG. 1. Viral kinetics during acute and chronic LCMYV infection. Panels A to E show the titer of infectious virus in the indicated tissues at
various times p.i. with either LCMV Armstrong (open symbols) or LCMV CI-13 (filled symbols). (A) Titers in serum, expressed in PFU per
milliliter. (B and C) Titers in the spleen, brain, liver, and kidney, respectively, expressed as PFU per gram of tissue. Data are the average for two

to eight mice/time point.

nant and subdominant CD8 T-cell responses have been iden-
tified following LCMYV infection (53, 79, 80). Specifically, the
H-2D"-restricted NP396-404 (Db/NP396), H-2DP-restricted
GP33-41 (Db/GP33), and H-2K"-restricted GP34-43 (Kb/
GP34) epitopes are dominant, while the response to H-2D"-
restricted GP276-286 (Db/GP276) is subdominant (53, 79, 80).
We used MHC-peptide tetramers to track CD8 T-cell re-
sponses to these four epitopes over time following acute
LCMYV infection or during chronic LCMYV infection. Infection
with either strain of LCMV results in the generation of potent
responses to all four epitopes (Fig. 2A). Following resolution
of acute infection, the hierarchy of the epitope-specific mem-
ory CD8 T-cell populations is maintained in the following
order (from most to least dominant): Db/NP396, Db/GP33,
Kb/GP34, and Db/GP276 (Fig. 2B). This immunodominance
hierarchy is a reproducible characteristic of LCMV Arm-
strong-immune mice (53, 79, 80). In contrast to the stable
hierarchy maintained following acute infection, chronic LCMV
infection resulted in an altered immunodominance profile. Al-
though responses to all epitopes were initially detected, the
normally dominant Db/NP396 and Kb/GP34 responses were
somewhat diminished as early as day 8 p.i. and became essen-
tially undetectable above background levels by day 25 (Fig. 2A

and B). This deletion constituted an ~80 to 90% reduction in
cell numbers from those for LCMV Armstrong-immune mice.
In contrast, the Db/GP33 and Db/GP276 responses remained
detectable, and in fact the normally subdominant Db/GP276
response became the dominant population in chronically in-
fected mice (Fig. 2B). Thus, chronic infection can severely
perturb the immunodominance pattern of virus-specific CD8
T-cell responses. Responses to some epitopes, Db/GP276,
were dramatically increased, while responses to others, Db/
NP396 and Kb/GP34, were deleted.

Localization of LCMV-specific T cells in lymphoid and non-
lymphoid tissues during chronic infection. Several recent re-
ports have demonstrated the presence of antigen-specific
memory T cells in nonlymphoid tissues (46, 47, 62). To deter-
mine whether chronic LCMV infection influenced the local-
ization of virus-specific CD8 T cells, lymphocytes were isolated
from four lymphoid compartments and three nonlymphoid
locations 25 days after infection with LCMV CI-13 and ana-
lyzed by MHC tetramer staining (Fig. 3A). Consistent with
what was observed in spleen tissue, Db/NP396- and Kb/GP34-
specific CD8 T cells were not detected in other sites (data not
shown). The frequencies of Db/GP33-specific CD8 T cells in
the spleen, peripheral blood mononuclear cells (PBMC), and
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FIG. 2. Chronic LCMYV infection alters CD8 T-cell immunodominance. (A) Responses to four LCMV T-cell epitopes were determined using

MHC tetramer staining. The number of CD8 T cells/spleen specific for

the Db/NP396, Db/GP33, Kb/GP34, or Db/GP276 epitope is plotted over

time following infection with LCMV Armstrong (open symbols) or LCMV CI-13 (closed symbols). Data are the average for two to eight mice/time
point. The dotted line indicates the level of detection based on tetramer staining of splenocytes from naive mice. (B) The percent of CD8 T cells
staining positive for each of the four MHC class I tetramers is shown for a representative LCMV Armstrong-immune (around day 400 p.i.) mouse
(top) and a representative LCMV Cl-13-infected (day 60 p.i.) mouse (bottom). Fluorescence-activated cell sorter plots are gated on CD8" T cells,
and the number indicates the percent of CD8 T cells staining with the indicated tetramer. It should be noted that the Db/GP33 and Kb/GP34
tetramers stain distinct nonoverlapping CD8 T-cell populations (data not shown).

lymph nodes (LN) of LCMV CI-13-infected mice were similar
to those observed with Armstrong-immune mice, while the
frequency of Db/GP276-specific cells was slightly increased in
these locations (Fig. 3A), consistent with the immunodomi-
nance data presented in Fig. 2. Interestingly, the frequency of
both Db/GP33- and Db/GP276-specific CD8 T cells was dra-
matically elevated in the bone marrow as well as nonlymphoid
sites including the liver, lungs, and brain during CI-13 infection
(Fig. 3A). Up to 30% of the CD8 T cells in the bone marrow
or liver of a chronically infected animal were specific for
Db/GP276, compared to ~1 to 4% in these locations for
LCMV Armstrong-immune mice. To determine whether this
increased frequency also corresponded to a larger absolute
number of cells at nonlymphoid sites, the liver was chosen for
more detailed longitudinal examination. Following acute infec-
tion with LCMV, the number of Db/GP33- or Db/GP276-
specific cells in the liver stabilized at ~1 X 10* to 3 X 10*
cells/liver, approximately 1/10 the number found in the spleen

by day 30 p.i. (Fig. 3B; compare to Fig. 2A). In striking con-
trast, during chronic infection the number of Db/GP33- or
Db/GP276-specific CD8 T cells in the liver reached 1 X 10° to
4.5 X 10° cells/organ, approximately 10 to 20 times the number
found in immune mice at similar time points (Fig. 3B). Larger
numbers of Db/GP33- or Db/GP276-specific CD8 T cells were
often found in the liver than in the spleens of chronically
infected mice, particularly at ~1 month p.i. (~2 X 10° versus
1 X 10° for Db/GP33 and ~4.5 X 10° versus 2 X 10° for
Db/GP276 for liver versus spleen, respectively) (Fig. 3B and
2A). To determine whether LCMV-specific CD8 T-cell num-
bers were also increased in the bone marrow, another site of
unexpectedly high tetramer frequencies, absolute numbers of
Db/GP33- and Db/GP276-specific CD8 T cells were deter-
mined at 2 months p.i. with LCMV Armstrong or CI-13. Fol-
lowing Armstrong infection, the number of Db/GP33- or Db/
GP276-specific CD8 T cells in the bone marrow stabilized at
~1.2 X 10° to 1.6 X 10° cells (Fig. 3C). During CI-13 infection,
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as described in Materials and Methods. A similar trend was observed at day 30 p.i. (D) CD44 expression on Db/GP33 (left panel) or Db/GP276
(right panel) tetramer-positive cells from LCMV Armstrong-immune (around day 400 p.i.) mice (gray histogram) or LCMV Cl-13-infected (day
25 p.i.) mice (open histogram). Histograms are gated on CD8™/tetramer-positive cells from the spleen. Similar results were observed for all tissues
examined (data not shown and see panel A).
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produce IFN-y (top row) was determined for the NP396-, GP33-, and GP276-specific populations at the indicated times p.i. with LCMV Cl-13
(Chronic) or Armstrong (Acute). The percentage of the tetramer-positive population able to produce TNF-a (middle row) or IL-2 (bottom row)
was determined using three-color intracellular cytokine staining. Asterisks indicate too few cells available for analysis as a result of deletion. Open
bars indicate LCMV Armstrong infection, while the black bars indicate LCMV Cl-13 infection. The data represent the average and standard
deviation for three to six mice/time point. (B) An example of fully functional GP33-specific memory CD8 T cells from an LCMV Armstrong-
immune mouse (top row) and three examples of different states of functional exhaustion of GP33-specific T cells during LCMV CI-13 infection
are shown. The percentage in the left column indicates the percentage of CD8 T cells that is Db/GP33 tetramer-positive. The percentage in the
second, third, or fourth column indicates the percentage of tetramer-positive cells that is IFN-y*, TNF-a™, or IL-2*, respectively. Plots for
tetramer and IFN-vy staining are gated on all lymphocytes. Plots for TNF-a and IL-2 are gated on CDS8 T cells. Similar results were observed for
the GP276 response (data not shown). (C) Lymphocytes from the PBMC (upper panels) or intrahepatic lymphocytes (lower panels) of LCMV
Cl-13-infected mice (chronic; day 35 p.i. for PBMC, day 60 p.i. for liver) were examined for functional exhaustion. The left columns show the
percent Db/GP33 tetramer-positive cells (numbers indicate percentages of CD8 T cells). Production of IFN-y (gated on all lymphocytes) and
TNF-a (gated on CD8 T cells) is shown in the middle and right columns, respectively. Numbers indicate the percentage of tetramer-positive cells
making cytokine. No IL-2-producing cells were detected from CD8 T cells from chronically infected mice (data not shown). Similar results were
observed at other time points and for GP276-specific responses (data not shown). Note that the GP33 peptide used for intracellular cytokine
staining stimulates both the Db/GP33 and Kb/GP34 response. Therefore, the percent functional of tetramer-positive cells shown in panels A, B,
and C was determined using both DbGP33 and KbGP34 tetramers. As shown in Fig. 2, the Kb/GP34 becomes negligible by 2 to 3 weeks p.i.
Therefore, only the Db/GP33 tetramer stain is shown. No specific staining was observed when using isotype control antibodies.

roughly 4.7 X 10° Db/GP33-specific and 1.3 X 10° Db/GP276- but the frequencies and numbers of Db/GP33- and Db/GP276-

specific CD8 T cells were isolated from the bone marrow, an specific cells in these locations were dramatically different.
increase of ~3-fold and nearly 10-fold, respectively, compared Interestingly, LCMV-specific CD8 T cells found in all loca-
to results with the LCMV Armstrong-immune mice (Fig. 3C). tions during chronic infection displayed markedly lower levels

Thus, during chronic LCMV infection the tissue distribution of of CD44 expression (Fig. 3D). This is illustrated for the spleen
virus-specific CD8 T cells became significantly altered from in Fig. 3D, but similar two- to threefold decreases in CD44
that observed for a normal memory T-cell population. Two mean fluorescence intensity were observed in all tissues (Fig.
points should be noted. First, the frequency of antigen-specific 3A and data not shown).

cells in the blood did not reflect the dramatic skewing of A spectrum of T-cell functional impairment during chronic
specific CD8 T cells to locations such as the bone marrow, infection. In addition to producing IFN-y upon encountering
liver, lungs, and brain. Second, while it is likely that antigen an antigen, virus-specific CD8 T cells can also produce TNF-a
plays a role in this redistribution of LCMV-specific CD8 T and IL-2. Following acute infection, all CD8 T cells specific for
cells, other factors may also be involved, since the kinetics of NP396, GP33, or GP276 were capable of producing IFN-vy at
viral control for the spleen and that for the liver were similar, days 8, 15 and 30 p.i. (Fig. 4A). At day 8, 30 to 70% of these
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epitope-specific populations produced TNF-o and ~5% of the
effectors made IL-2 (Fig. 4A). Once the infection had been
resolved and these populations had differentiated into memory
cells, between 75 and 95% of the tetramer-positive populations
synthesized TNF-a and 10 to 25% made IL-2, consistent with
previous results showing greater TNF-a production by memory
T cells (72). We wanted to evaluate how chronic infection
impacted the ability of virus-specific CD8 T cells to produce
these three cytokines. Initially, at day 8 p.i., most tetramer-
positive CD8 T cells from chronically infected mice made
IFN-y upon peptide stimulation (Fig. 4A). However, this ca-
pacity was progressively lost, and by day 15 for NP396 and day
30 for GP33 and GP276, ~50% of the tetramer-positive cells
were unable to produce IFN-y upon stimulation. In contrast to
this delayed loss of IFN-y production, the ability to produce
TNF-a was ablated early, observed only for a minority of the
GP33 and GP276 cells at day 8, and nearly undetectable by day
15. Similarly, the ability to make IL-2 was strikingly sup-
pressed, essentially absent even at early time points. This pro-
gressive loss of different effector functions falls into three pat-
terns of functional exhaustion, illustrated in Fig. 4B. An
example of functional cytokine responses by memory CD8 T
cells is shown in the top row for comparison. For this Arm-
strong-immune mouse, 2.3% of the CD8 T cells were specific
for Db/GP33 by tetramer staining. One hundred percent of
these produced IFN-y upon peptide stimulation. Ninety-four
percent of the tetramer-positive cells also made TNF-a, while
~1/4 produced IL-2. The first stage of exhaustion during
chronic infection, “partial exhaustion L, is characterized by
tetramer-positive cells that were capable of producing IFN-y
upon peptide stimulation (Fig. 4B, row 2). However, the level
of production of this cytokine appeared to be diminished, since
the mean fluorescence intensity of IFN-vy staining was substan-
tially reduced (551, top row, versus 95, second row). Also, less
than 10% of this population produced TNF-«, and virtually
none could make IL-2. This can occur as early as day 8 during
LCMYV CI-13 infection. The second state of dysfunction, “par-
tial exhaustion II,” is characterized by IFN-y production by
only a subset of tetramer-positive CD8 T cells (Fig. 4B, row 3).
Only 45% of the Db/GP33 tetramer-positive cells were IFN-y ™"
following stimulation, and essentially none could make TNF-a
or IL-2. Last, in some cases a complete loss of all cytokine
production or “full exhaustion” was observed (Fig. 4B, bottom
row). In this example, only 6% of the tetramer-positive popu-
lation could make IFN-vy, and both TNF-a- and IL-2-positive
cells were undetectable. This complete loss of function is most
often observed in the absence of CD4 T-cell help (89) but also
can arise during Cl-13 infection of normal mice when viral load
is high (see data below). Together, these results are consistent
with a hierarchical loss of the ability to produce different cy-
tokines during chronic infections. Production of TNF-a and
IL-2 appeared to be silenced early during infection even when
IFN-y production was relatively intact. Eventually, however,
the ability to synthesize IFN-y was also compromised.

The above functional analysis was performed using cells
from the spleen. It was possible that LCMV-specific T cells
found in distinct anatomical locations, such as those thought to
contain effector memory T cells, differ functionally during
chronic infection. We analyzed the functionality of virus-spe-
cific CD8 T cells from a nonlymphoid site by intracellular
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cytokine staining using cells isolated from the liver as well as
the PBMC ~40 days after infection with CI-13 (Fig. 4C). Sim-
ilar to what was observed for the spleen, the majority of cells
that stained with Db/GP33 tetramers were unable to produce
IFN-y or TNF-a (or IL-2; data not shown) following peptide
stimulation (Fig. 4C). Similar results were observed for GP276
(data not shown). Epitope-specific populations isolated from
PBMC and liver of LCMV Armstrong-immune mice were
fully capable of IFN-y production, and ~70% and ~80% made
TNF-a, respectively (data not shown). Thus, even antigen-
specific CD8 T cells present in an effector-like environment,
such as the liver, are functionally impaired during chronic
infection with LCMV, suggesting that T cells in nonlymphoid
tissues experience functional exhaustion in a manner similar to
that for those found in the spleen.

In addition to cytokine production, CD8 T cells are able to
control viral infections through cell-mediated cytotoxicity. Pre-
vious studies have demonstrated that ex vivo cytotoxic T lym-
phocyte (CTL) activity was comparable for LCMV Armstrong
and CI-13 infections at day 5 (15), but this in vitro target cell
lysis becomes substantially reduced by day 8 of CI-13, but not
Armstrong, infection (3, 4, 40, 50). In earlier work, however, it
was unclear whether this loss of in vitro lytic activity was a
result of decreased numbers of LCMV-specific CD8 T cells or
qualitative differences in the cytotoxic potential of epitope-
specific T-cell populations. To examine the impact of chronic
infection on the cytotoxic activity of individual epitope-specific
populations, ex vivo >*Cr release assays were performed using
spleen populations from LCMV Armstrong-infected or LCMV
Cl-13-infected mice that had been normalized to contain the
same number of tetramer-positive cells. In this approach the
lytic activities of individual NP396-, GP33-, and GP276-specific
CDS8 T-cell populations from LCMV CI-13-infected mice were
compared on a per-cell basis to those for the same tetramer-
positive populations from LCMV Armstrong-infected mice.
Eight days after either acute or chronic LCMV infection,
splenocytes were isolated and tested for the ability to lyse
either peptide-pulsed or virally infected targets. Effector CD8
T cells isolated 8 days after acute infection displayed strong in
vitro cytolytic activity, detected using both sets of targets (Fig.
5). In contrast, little or no epitope- or virus-specific cytotoxicity
was observed in vitro from splenocytes isolated 8 days after
LCMYV CI-13 infection. In vitro cytotoxicity was undetectable
from chronically infected mice at time points after day 8 (data
not shown)(89). These results suggested that the normal anti-
gen-specific cytotoxic activity of LCM V-specific CD8 T cells, at
least as assessed by >'Cr release assays, was impaired as early
as 8 days p.i., suggesting that cytotoxic function is highly sen-
sitive to exhaustion.

The influence of viral load on functional impairment. We
next investigated the influence of antigen load on loss of CDS§
T-cell effector function during chronic infection. As shown in
Fig. 6A, there was a strong correlation between viral load and
effector function. In the case of IFN-v, loss of function became
apparent when titers of virus in serum were above 10° PFU/ml.
The loss of TNF-a and IL-2 also correlated strongly with viral
load. Substantial functional impairment for these two cyto-
kines was observed at lower viral loads (<10°> PFU/ml) than for
IFN-y (Fig. 6A; note the difference in scale for cytokine-pos-
itive cells). As suggested by the progressive loss of different
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FIG. 5. In vitro cytotoxicity is impaired during chronic infection. Splenocytes isolated from LCMV Armstrong- or LCMV Cl-13-infected mice
at day 8 p.i. were tested for cytotoxicity in a 5-h >'Cr release assay ex vivo. To accurately compare cytotoxicity from LCMV Armstrong- and LCMV
Cl-13-infected mice, the effector/target cell (E:T) ratios were adjusted for the individual Db/NP396, Db/GP33 plus Kb/GP34, and Db/GP276
tetramer-positive populations in the first, second, and third rows, respectively. Since the GP33 peptide stimulates both the Db/GP33 and Kb/GP34
populations, the numbers of Db/GP33 and Kb/GP34 tetramer-positive cells were combined to obtain an accurate E:T ratio for GP33-pulsed targets.
Targets were peptide-pulsed (top three rows) or LCMV-infected (bottom row) MC57 fibroblasts. E:T ratios for LCMV-infected targets indicate
total splenocytes to targets (bottom row). Filled symbols represent peptide-coated or LCM V-infected targets, while open symbols are unpulsed,

uninfected targets.

functions, the correlation between viral load and loss of TNF-a
and IL-2 is readily apparent at day 15, but the correlation for
loss of IFN-y only becomes significant at later time points
(results for days 30 to 60 are shown in Fig. 6A, top row). Since
titers in serum generally reflect viral load in many tissues (48)
(Fig. 1), these data imply that virus-specific T cells that con-
tinuously encounter antigen for weeks to months in vivo are
those that are likely to become the most functionally impaired.
Together with the data in Fig. 4 and 5 on the timing of loss of
effector function, these data suggest that persistent T-cell stim-
ulation by antigen was a driving force in the hierarchical loss of
distinct CD8 T-cell functional properties.

Analysis of in vivo epitope presentation. An important un-
resolved question is why some epitope-specific populations,
such as the Db/NP396- and Kb/GP34-specific populations, un-
dergo physical deletion while others become functionally ex-
hausted during chronic infection. Since the overall viral load
strongly influenced functional exhaustion, we hypothesized
that antigen load at the level of specific epitopes may also
influence the differential fate of distinct CD8 T-cell popula-
tions during chronic infection. Therefore, we developed an
assay to examine the presentation of individual peptides during
chronic LCMV infection. Splenocytes from LCMV Cl-13-in-
fected mice (~30 days p.i.) were used as APC. CFSE-labeled
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FIG. 6. Correlation of antigen load to functional impairment of virus-specific CD8 T cells. (A) Virus in serum was quantitated by plaque assay,
and the level of virus was plotted against cytokine responses. Top row, the percentage of tetramer-positive (tetramer+) cells producing IFN-vy in
chronically infected mice (1 to 2 months p.i.) is plotted against viral load. Middle and bottom rows, the percentage of tetramer-positive cells that
can synthesize TNF-a or IL-2 at day 15 after CI-13 infection is plotted against the viral load. Lines indicate the linear regression best fit. (B)
Splenocytes from uninfected mice (Naive Sp; left column), LCMV Cl-13-infected mice (day 30 p.i.; D30 CI-13 Sp, middle column), or LCMV
carrier mice (Carrier Sp, right column) were depleted of CD8 T cells and used as APC to stimulate CFSE-labeled, purified memory CDS8 T cells
from LCMV Armstrong-immune mice (>30 days p.i.). Proliferation was assessed after 60 h of coincubation by determining loss of CFSE
fluorescence in the four tetramer-positive populations indicated on the left. Similar results were observed when APC were not depleted of CD8

T cells (data not shown).

memory CD8 T cells from LCMV Armstrong-immune mice
were used as a readout to probe for the presentation of dif-
ferent epitopes by the splenocytes from chronically infected
mice by coculturing the CFSE-labeled T cells and APC. After
60 h of stimulation, cell division was assessed by staining cul-
tures with MHC-peptide tetramers of Db/NP396, Kb/GP34,
Db/GP33, or Db/GP276 and determining the dilution of CFSE
fluorescence. Importantly, substantial division of Db/NP396™
and some division of Kb/GP34" CDS8 T cells was observed,
while the division of the Db/GP33" and Db/GP276" CD8 T
cells was minimal (Fig. 6B), indicating that the Db/NP396 and

Kb/GP34 epitopes continue to be presented at higher levels in
vivo than Db/GP33 and Db/GP276. Stimulation of responder
CD8 T cells with splenocytes from uninfected mice resulted in
no proliferation of any tetramer-positive population. In con-
trast, the addition of peptide caused substantial proliferation
of the appropriate specificity, and peptide-induced prolifera-
tion was similar for all four epitope-specific populations (data
not shown). As an additional control, splenocytes from LCMV
carrier mice were used as APC. Infection of mice neonatally or
in utero results in a carrier state in which mice are rendered
tolerant to LCMV and high levels of systemic virus (>10*
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PFU/ml in serum) persist for life. Substantial, but similar,
proliferation was observed for all four epitope-specific popu-
lations using LCMV carrier splenocytes as APC. This result
demonstrates two points. First, all four CD8 T-cell populations
are capable of undergoing similar levels of proliferation to
peptide even when present in the same culture. Second, all
four epitopes can be efficiently presented by splenocytes in
vivo. This indicated that the substantially greater proliferation
of Db/NP396- and Kb/GP34-specific CD8 T cells than that
of Db/GP33- and Db/GP276-specific populations induced by
Cl-13 spleen-derived APC was not a result of a general inabil-
ity of splenocytes to present the Db/GP33 and Db/GP276 epi-
topes in vivo. These results indicate that during chronic LCMV
Cl-13 infection, the level of stimulation available for Db/
NP396- and Kb/GP34-specific populations was significantly
greater than that for Db/GP33 and Db/GP276 populations.
Careful examination reveals that proliferation of Db/GP33-
and Db/GP276-specific cells using CI-13 day 30 splenocytes as

APC was detectable above background levels (naive APC).
These results indicate that the level of individual peptides
presented in vivo was an important determinant of both func-
tional exhaustion and physical deletion and suggested that a
high level of persistent epitope presentation may lead to dele-
tion while lower-level stimulation may result in functional im-
pairment.

DISCUSSION

To examine how chronic viral infection impacts CD8 T-cell
responses, we have studied the dynamics of epitope-specific
CDS8 T-cell responses following acute LCMYV infection or dur-
ing chronic LCMV infection. This study demonstrated that
several aspects of the normal CD8 T-cell response following
acute infection become altered during chronic infection: (i)
immunodominance was dramatically modified, (ii) tissue dis-
tribution was skewed, since substantially more LCMV-specific
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FIG. 7. Model for hierarchical loss of T-cell function during chronic viral infection. Memory T cells that persist in the absence of antigen
following an acute infection are fully functional and capable of immediate synthesis of IFN-y, TNF-a, and IL-2 upon antigen reencounter (top).
Persisting virus results in CD8 T cells with various levels of function (bottom). Functional T cells can coexist with virus if antigen encounters are
infrequent. Partial Exhaustion I represents the stage in which IL-2 and TNF-a are impaired even while CD8 T cells maintain the ability to produce
IFN-v. Partial Exhaustion II represents a stage where IFN-y production also becomes impaired. At this point some functional cells can be detected
by IFN-y production, but many cells are exhausted. Full Exhaustion is the complete loss of all effector functions including IL-2, TNF-«, and IFN-y
production. Finally, deletion of epitope-specific CD8 T cells can result if epitope presentation to T cells is high and/or sustained. This hierarchical
loss of function is dramatically influenced by antigen such that in the presence of low levels of virus, T cells maintain greater functional capacity,
but as viral load increases, effector functions are progressively lost. Ultimately, a high antigen load leads to the physical deletion of specific T cells.

CDS8 T cells were found in the bone marrow and nonlymphoid
organs, such as the liver, (iii) functional responses were im-
paired in a hierarchical fashion, and (iv) antigen load was the
driving force behind functional exhaustion and physical dele-
tion, since higher viral loads correlated with increased exhaus-
tion and high in vivo epitope presentation was associated with
physical deletion.

Functional exhaustion during chronic infections has been
reported for antigen-specific CD8 T cells during human infec-
tions with HIV (31, 36, 41, 44, 69), HBV (65), HCV (34), and
human T-cell lymphotrophic virus (33), during malignant mel-
anoma (43), in primate models of SIV infection (82, 86), and in
other models of murine chronic infections (21, 30, 45) or per-
sisting antigen (74). However, precisely what functions are
impaired and the degree of impairment differ considerably in
these reports. In addition, while highly valuable, the data from
many human or monkey studies are often limited by the avail-
ability of PBMC for analysis and the inability to compare
directly epitope-specific CD8 T-cell responses from a chronic
infection to effective responses to the same epitopes generated
following an acute infection.

Our results suggest that CD8 T-cell functional exhaustion
follows a pattern of progressive loss of function during chronic
infection. Figure 7 depicts a model illustrating how multiple

stages of CD8 T-cell exhaustion may arise during chronic in-
fections. Virus-specific memory cells that persist in the absence
of antigen following resolution of an acute infection (Fig. 7,
top) are maintained as fully functional populations capable of
immediate synthesis of IFN-y, TNF-«, and IL-2 upon reen-
countering an antigen. As effectors during acute infection,
these CD8 T cells are highly cytolytic. As memory T cells they
can secrete cytokines, begin to proliferate, and become cyto-
lytic effectors more rapidly than naive cells upon reexposure to
antigen (9). In contrast, when virus persists, CD8 T cells with
various levels of function may arise (Fig. 7, bottom). First,
functional T-cell populations can coexist with persisting virus if
the level of viral antigen expression is low or antigen encounter
by T cells is infrequent, as may be the case during some latent
infections or when antigen is anatomically separated from the
immune system. Partial exhaustion I represents the stage in
which a subset of effector functions is lost. The results pre-
sented here indicate that IL-2 and to a slightly lesser extent
TNF-a were highly sensitive to negative regulation during
chronic infection. These two cytokines failed to be produced
even when IFN-y production was only mildly affected. Cell-
mediated cytotoxicity also appeared to be impaired at this
stage, since day 8 effectors from LCMV Cl-13-infected mice
were weakly cytolytic in in vitro >'Cr release assays compared
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to their counterparts during acute LCMV infection. Partial
exhaustion II exists when functions more resistant to loss, such
as IFN-y production, begin to be blunted. At this point, some
IFN-vy-producing T cells were detected but many cells were
functionally inert, unable to synthesize IL-2, TNF-a, or IFN-y.
Next, full exhaustion is the complete loss of all effector func-
tions. These cells were incapable of in vitro cytotoxicity or IL-2
and TNF-a production and have now also completely lost the
ability to synthesize IFN-y in response to peptide stimulation.
In the LCMYV system, exhaustion of essentially all effector
functions is magnified if CD4 T-cell help is unavailable (89).
Cells in this state of exhaustion are likely to encounter antigen
nearly continuously in vivo, since they express early activation
markers suggesting recent T-cell-receptor stimulation (43, 89).
Finally, if the antigen load in the form of peptide-MHC com-
plexes presented in vivo is high, epitope-specific CD8 T cells
can be physically deleted. During chronic LCMYV infection, this
was the case for the Db/NP396- and Kb/GP34-specific popu-
lation, since these cells were essentially undetectable by tet-
ramer staining ~3 weeks postinfection. Careful examination of
the Db/NP396-specific cells at early time points p.i. revealed
that functional exhaustion precedes deletion (data not shown)
(89). We propose that antigen-specific CD8 T cells responding
to a chronic infection may be fully functional, partially ex-
hausted, fully exhausted, or physically deleted depending on
the viral, or more precisely epitope, load and duration of in-
fection. It should be noted that a given T-cell population may
represent a mixture of these phenotypes. This may be espe-
cially true for PBMC where some cells may have recently
encountered antigen (e.g., in the liver during HBV or HCV)
whereas others may have transited from a relatively antigen-
free environment. Two reports should be mentioned in the
context of this model of hierarchical loss of effector functions.
First, during SIV infection, the loss of the ability of virus-
specific CD8 T cells to produce TNF-a and IL-2 correlated
better with the severity of disease than did the loss of IFN-y
(51). A second study examining the function of HIV-specific
CDS8 T cells demonstrated that perforin expression, cytotoxic-
ity, and TNF-a production were all impaired in cells that main-
tained the ability to produce IFN-y (7). Both of these reports
are consistent with the model of hierarchical loss of function
proposed above, since in vitro cytotoxicity, IL-2, and TNF-«
production were impaired while IFN-y synthesis, the function
most resistant to inactivation, remained detectable. In addi-
tion, it has recently been demonstrated that molecules involved
in target cell lysis, such as granzyme B and perforin, are dif-
ferentially expressed by human virus-specific CD8 T cells dur-
ing distinct persisting infections (6), suggesting that cytotoxic
activity may vary depending on the infection or antigen load. It
will be interesting in the future to determine how the expres-
sion of these cytolytic molecules corresponds with the different
states of functional exhaustion during chronic LCMV infection
and to examine lytic activity in vivo.

One of the most important factors regulating T-cell function
is antigen. However, the impact of persisting antigen on T-cell
function during chronic human infections remains controver-
sial. While some studies examining the function of HIV- or
SIV-specific CD8 T cells suggest that high viral loads can
negatively impact cytokine production and/or cytotoxicity (27,
60), other reports have found no apparent correlation between
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plasma HIV viral load and T-cell function (32, 52). Using the
LCMYV model, our studies show a strong correlation between
virus levels and loss of CD8 T-cell function during chronic
infection. Further, this functional impairment is progressive;
loss of the ability to produce IFN-y was more severe at day 30
of LCMV CI-13 infection than at day 15 even though vire-
mia had changed only modestly. Importantly, persisting virus
did not impact all T-cell populations equally during chronic
LCMV infection. Epitopes that are displayed or persist at
higher levels during Cl-13 infection, such as NP396 and GP34,
appeared to drive clonal deletion, while those with lesser stim-
ulatory capacity, including GP33 and GP276, resulted in func-
tional exhaustion. How can this data be reconciled with the
diverse reports from the human and primate systems? Several
points are worth highlighting in this regard. The first is whether
antigen persistence during a chronic infection is determined
virologically or immunologically. This concept is illustrated by
the disparity between persisting viremia and substantially dif-
ferent epitope-specific stimulation of CD8 T-cell populations
during Cl-13 infection. Thus, while the level of viral persistence
can be an indicator of antigen levels, the level of viral peptide
perceived by an individual T-cell population is likely the most
relevant parameter in causing immune dysfunction. Some epi-
tope-specific populations may be rapidly driven to exhaustion
and deletion, while others show little functional impairment in
the presence of similar levels of virus. The second point is the
location of viral replication in vivo. One reason LCMV is an
excellent model for these studies is that it replicates efficiently
in numerous organs throughout the mouse (3, 4, 49). Titers of
virus in serum in this model are a reflection of viral infection in
many tissues where viral peptides are available for T-cell stim-
ulation. During other infections, the proportional relationship
between serum virus levels and the number of epitope-bearing
APC in vivo may differ dramatically. This may be influenced
not only by the tropism of the virus (e.g., CD4 T cells, macro-
phages, or hepatocytes) and the anatomical location of viral
replication but also by the amount of progeny virus produced/
infected cell. Virus may coexist with functional CD8 T cells if
the two are effectively ignorant of each other (e.g., viral epi-
topes are not available to CD8 T cells at high levels). This has
been suggested as a potential mechanism for persistent HIV
replication in LN in patients with HIV-specific CD8 T cells in
the PBMC that lack LN homing molecules (22, 59). A third
and important consideration, particularly with respect to infec-
tion with error-prone RNA viruses, is epitope mutation. Nu-
merous reports have demonstrated that HIV, SIV, and HCV
can escape immune control by mutating individual or multiple
CTL epitopes (28, 84, 87). However, even a mixed quasispecies
containing both wild-type and mutated epitopes could reduce
T-cell stimulation, leading perhaps to a less severe loss of
function. A last consideration is the diverse replication pat-
terns of persisting viruses. This ranges from latent infections
that undergo periodic reactivation (e.g., herpes simplex virus,
varicella-zoster virus, and EBV) to “smoldering” chronic in-
fections, such as cytomegalovirus, and finally to chronic infec-
tions with high viremia (e.g., HCV, HBV, HIV/AIDS, etc.).
The first situation is likely to be essentially ignored by the
immune system due to a lack of antigen synthesis and/or inef-
ficient antigen presentation during latency. At the opposite
end of the spectrum, continuous persistence of very high viral
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loads is likely to result in immune dysfunction. However, some
latent viruses will provide effective T-cell boosts during peri-
ods of reactivation and maintain a large population of func-
tional virus-specific T cells, as seen for EBV (18). This situa-
tion might also arise during highly active antiretroviral therapy
or structured treatment interruptions of highly active antiret-
roviral therapy for HIV patients, since occasional viremic epi-
sodes can be associated with increased HIV-specific CD8 T-
cell frequencies (57). The benefit of low-level viral persistence
or periodic viral reactivation for maintaining elevated T-cell
numbers, however, is likely to be determined by the level of
epitope presentation in vivo and/or the frequency of T-cell
encounter with antigen. Higher-level or more frequent T-cell
stimulation can lead to exhaustion or deletion, while lower
levels may result in occasional, useful boosts of virus-specific
T-cell responses. However, even when the level of persistent
viral replication is low, epitope escape mutants can arise and
result in a loss of immune control (11).

CD4 help has been implicated as being critical for the main-
tenance of CD8 T-cell functions during chronic infections. In
fact, during chronic LCMV infection, functional exhaustion is
more extreme in the absence of CD4 T cells (48, 89). Loss of
CD4 T cells often precedes or is associated with CD8 T-cell
dysfunction and AIDS progression during HIV infection (5,
27), correlates with CD8 T-cell exhaustion during EBV-related
non-Hodgkin’s lymphoma (77), and leads to impaired long-
term control of murine gamma herpesvirus infection (21). We
would speculate that CD4 T-cell help may increase the thresh-
old antigen level at which CD8 T-cell function is lost. This may
occur via the release of cytokines, such as IL-2 (73), and/or the
conditioning of APC (12, 64, 67). Conversely, virus-specific
CD4 T cells could have antiviral effects, either directly or via
help for antibody production, and in their absence, viral load
may increase, leading to impaired CDS8 T-cell responses.

One interesting observation during these studies was the
striking change in immunodominance during chronic infection.
Similar alterations have been reported during persistent infec-
tion of the central nervous system with mouse hepatitis virus
(13) and in macaques infected with SIV (27). Chronic LCMV
infection of BALB/c mice resulted in a relative increase in
subdominant responses and a decrease in the dominant CTL
population (81), but the reason for this change in hierarchy was
not clear. Our results suggest that one contributing factor to
this altered immunodominance is the deletion of some speci-
ficities experiencing the strongest stimulus. The known LCMV
CD8 T-cell epitopes in B6 mice can be divided into those
derived from nucleoprotein (NP) (NP396, NP205) and those
derived from glycoprotein (GP) (GP33, GP34, GP276, GP118)
(79). The epitopes derived from NP (NP396 [this study] and
NP205 [data not shown]) decrease or are deleted during
chronic infection, while three of the four GP-specific responses
remain stable or are substantially increased (GP33 and GP276
[this study] and GP118 [data not shown]). Interestingly, NP is
present at higher levels in infected cells than is GP (19). Also,
recent studies have demonstrated that the generation of an
LCMYV NP-derived H-2L%restricted CD8 T-cell epitope is de-
pendent on neosynthesis of protein (39), suggesting that de-
fective ribosomal products (88) are the major source of this
epitope. A high level of NP translation compared to that of GP
is one parameter that could lead to the more frequent deletion
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of NP-specific responses. The binding capacities of NP396 and
GP34 for MHC class I are high, with 50% inhibitory concen-
trations (ICs,s) of 4.4 and 22 nM, respectively (61a, 79). The
higher ICsys (less binding) for GP33 (775 nM), GP276 (52
nM), and GP118 (371 nM) (79) suggest that binding affinity for
MHC class I might also be a critical factor that influences
functional exhaustion versus deletion. However, the 1Cs, for
NP205 is 170 nM, indicating that the correlation between
MHC class I binding affinity and functional exhaustion and
deletion is also not absolute. Since neither the protein source
nor the MHC class I binding capacity correlates perfectly with
deletion versus functional exhaustion, it is likely that changes
in immunodominance during chronic infection are multifacto-
rial, similar to what has been reported following acute influ-
enza infection (23). The binding affinity of peptides for MHC
class I molecules, as well as their dissociation rate, could con-
tribute significantly to the overall level of T-cell stimulation
and immunodominance (78). Perhaps differential antigen pro-
cessing or APC usage could also alter the dominance of dif-
ferent epitopes, since both of these factors, particularly the
presence of professional APC (15), may change during a
chronic infection. Interestingly, both partial proteasome inhi-
bition and APC type have been shown to differentially impact
GP276 presentation in vitro (20, 68). Future experiments will
be necessary to dissect these issues and elucidate the mecha-
nisms that lead to altered immunodominance during chronic
viral infections.

Several recent studies have demonstrated that memory T
cells can be found in peripheral tissues (46, 47, 62). It was
therefore not surprising to find LCMV-specific memory CD8 T
cells in several tissues examined following acute infection. Dur-
ing chronic LCMV infection, however, virus-specific CD8 T
cells massively accumulated in nonlymphoid organs as well as
the bone marrow. In fact, LCMV-specific CD8 T-cell numbers
in the livers of chronically infected mice often exceeded the
numbers detected in the spleens. Importantly, the functional
impairment of LCMV-specific CD8 T cells isolated from dif-
ferent locations was similar to that observed for the spleens of
the same mice. This skewed localization of LCMV-specific
CDS8 T cells is consistent with the results of He et al., who
reported that HCV-specific CD8 T cells could be isolated from
liver biopsies of chronic HCV patients at ~20-fold higher
frequencies than from the PBMC of the same individuals (35).
Antigen is likely to play a role in this altered localization, but
because the kinetics of LCMV clearance was similar for the
spleen and liver during Cl-13 infection, other signals may also
contribute to nonlymphoid localization. Analysis of LCMV-
specific CD8 T cells from multiple tissues suggests that sam-
pling of one compartment during chronic infections may not
predict the number of antigen-specific T cells present in other
locations.

LCMV-specific CD8 T cells isolated from all locations dur-
ing chronic infection exhibited a significantly lower level of
CD44 expression than cells from LCMV Armstrong-immune
mice. A similar decrease in CD44 expression on antigen-spe-
cific CD8 T cells was also recently reported following postex-
posure vaccination during murine gamma herpesvirus infec-
tion (45). Expression of CD44 is upregulated upon antigen
encounter and remains high on memory T cells. CD44 inter-
acts with extracellular matrix components including hyaluro-
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nate and may play a role in lymphocyte migration (14). Fur-
ther, CD44 can bind soluble factors, such as osteopontin (8,
14), and since its intracellular domains can associate with
signaling molecules, it may transduce signals about the extra-
cellular environment or act as a costimulatory molecule (14).
It will be interesting to determine whether the lower level of
CD44 expression on CD8 T cells from chronically infected
mice has functional consequences.

Why do functional responses disappear during chronic viral
infections? LCMYV is a noncytolytic virus, and tissue damage is
a result of immunopathology (17, 19). Therefore, functional
inactivation in the presence of a high antigen load may repre-
sent a mechanism of peripheral tolerance. The hierarchical
pattern of exhaustion during LCMYV infection suggests that the
functions silenced first, including cytolysis and TNF-a produc-
tion, are most dangerous to the host. Unregulated cell-medi-
ated cytotoxicity in the presence of excess antigen might
quickly lead to severe tissue damage. TNF-a overproduction
can also have drastic consequences if not controlled. TNF-a
contributes to septic shock, fever, and cachexia, can induce
apoptosis, and can influence vasoregulation and vascular in-
tegrity (25, 29). In contrast, the immunopathological conse-
quences of prolonged or overproduction of IFN-y may be less
severe. Interestingly, it has recently been shown that while
IFN-y production continued for up to 24 h during continuous
contact with antigen, TNF-a synthesis was shut off after only
4 h (10, 71), consistent with the dangers of overproduction of
this cytokine. The high sensitivity of CD8 T-cell-produced IL-2
to exhaustion is intriguing. IL-2 may play a role in driving the
expansion of antigen-specific CD8 T-cell responses (75), and
its silencing may prevent an overexpansion of virus-specific
CDS8 T cells. Alternatively, IL-2 has been shown to sustain CD8
IFN-y production (73). Interestingly, culture of CD8 T cells
from SIV-infected macaques in IL-2 alone restored IFN-y
functional responsiveness (86). Thus, the autonomous produc-
tion of IL-2 by virus-specific CD8 T cells may facilitate the
prolonged ability to perform effector functions. However, the
presence of IL-2 during peptide stimulation or pretreating cells
with IL-2 for 24 h did not alter the IFN-y or TNF-a production
by LCMV-specific CD8 T cells (data not shown). Overall, the
differential loss of effector functions may reflect a balance
between minimizing immunopathology and maintaining some
level of antiviral capability. If taken to the extreme, as with
CD4-deficient, chronically LCMV-infected mice where vire-
mia is persistently high, a state of permanent tolerance may
result. From a mechanistic point of view, disruption of signal
transduction pathways and/or transcriptional-translational reg-
ulation may play a role in preventing CD8 T-cell function in
the presence of viral antigens. Evidence suggests that proximal
signaling events may be impaired in nonfunctional HIV-spe-
cific CD8 T cells, since CD3{ is downregulated (76). Events
further downstream may also be compromised or silenced in
exhausted T cells, since phorbol myristate acetate-ionomycin
stimulation of functionally impaired LCMV-specific (89) or
melanoma-specific (43) CD8 T cells does not fully restore cy-
tokine production.

T-cell exhaustion is likely to be a common feature of the
immune response during chronic infections. The molecular
basis of functional inactivation remains unknown but is likely
to provide important insights into both the normal regulation

IMPAIRED CDS8 T-CELL FUNCTION DURING CHRONIC INFECTION 4925

of T-cell function and potential targets for immunotherapy. A
key question in this regard is whether T cells that are present
in an inactivated state can recover functional properties. If so,
functionally exhausted T cells may provide useful targets for
specific intervention to augment antiviral responses. Future
studies are under way to examine the molecular nature of
T-cell exhaustion and the ability to reverse this phenotype.
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