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Abstract
The failure of CD8+ T cells to respond to chronic infection has been termed “exhaustion” and
describes the condition in which CD8+ T cells exhibit reduced differentiation, proliferation, and
effector function. CD8+ T cell exhaustion has been extensively studied in the murine model of
chronic infection, lymphocytic choriomeningitis virus (LCMV). Although LCMV-based studies
have yielded many interesting findings, they have not allowed for discrimination between the roles
of cytokine- and Ag-driven exhaustion. We have created a system of chronic Ag stimulation using
murine influenza A virus that leads to exhaustion and functional disability of virus-specific CD8+

T cells, in the absence of high viral titers, sustained proinflammatory cytokine production and
lymphocyte infection. Our findings show that Ag alone is sufficient to drive CD8+ T cell
impairment, that Ag-driven loss of virus-specific CD8+ T cells is TRAIL mediated, and that
removal of Ag reverses exhaustion. Although programmed death 1 was up-regulated on chronic
Ag-stimulated CD8+ T cells, it played no role in the exhaustion. These findings provide a novel
insight into the mechanisms that control functional exhaustion of CD8+ T cells in chronic
infection.

It is firmly established that during the course of many acute viral infections, the adaptive
immune response, in particular CD8+ T cells, is critical for effective viral clearance (1-3).
The failure of CD8+ T cells to fully function and eliminate virus may be responsible, in part,
for the establishment of chronic viral infection. Indeed, defective CD8+ T cell function has
been documented in HIV (4-7), hepatitis B (8,9) and hepatitis C (10,11) chronic viral
infections. Recognized T cell defects span a broad range of functions, from impaired
differentiation, proliferation, and effector function (5,12-14) to increased susceptibility to
apoptosis (15). Given the global significance of chronic viral infections, it is increasingly
important to understand the defects that exist in exhausted CD8+ T cells, as well as the
mechanisms that lead to this exhaustion.

There are several mouse models of chronic viral infection that lead to the development of
functionally inactive, exhausted effector and memory CD8+ T cells. CD8+ T cell exhaustion
has been documented following infection with lymphocytic choriomeningitis virus
(LCMV)3 (16-20), murine hepatitis (21) and polyomavirus (22). Among these, LCMV
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infection is one of the most prominently studied chronic infections. During LCMV infection,
chronic infection is achieved by infection of wild-type mice with high doses of rapidly
replicating virus (18-20), or by infection of immunosuppressed mice that lack functional
CD4+ T cells (16,23), or perforin (24). Under these conditions, there is a profound loss of
virus-specific CD8+ T cell expansion, and an accompanying loss of IL-2, IFN-γ, and TNF-α
cytokine production by CTLs that do survive (19,20). Exhaustion impacts multiple facets of
virus-specific CD8+ T cell function. Accordingly, exhausted CD8+ T cells also exhibit a loss
of cytotoxic function (19), and decreased mitogen induced proliferation (23).

Although many significant findings have been made using LCMV infection, previous
studies have been unable to examine the contribution of individual factors to CD8+ T cell
exhaustion. LCMV is characterized by the presence of sustained high viral loads,
proinflammatory cytokine burst, and lymphocytic viral tropism (25,26). Their combined
presence prevents the delineation of the relative contribution of individual factors to clonal
exhaustion, and therefore the capability of any of these individual events to drive exhaustion
remains unknown. To address this issue, we created a novel system of chronic Ag
stimulation, using the influenza A virus. In this model system, CD8+ T cells are repeatedly
stimulated, in vivo, with live influenza virus. Live influenza virus was used, rather than
inactivated or repeated peptide stimulation, to conserve all aspects of physiologically
relevant priming of CD8+ T cells. The continuous stimulation of CD8+ T cells, in the
absence of high viral load and cytokine burst, allowed direct examination of the contribution
of chronic Ag stimulation to the development of CD8+ T cell exhaustion. Our data indicate
that chronic Ag stimulation alone is sufficient to induce CD8+ T cell exhaustion, as shown
by the failure of virus-specific CD8+ T cells to re-expand or produce IFN-γ upon viral
rechallenge. Interestingly, the virus-specific CD8+ T cell response was restored either
through a period of Ag rest or through inhibition of the TRAIL apoptosis pathway. Taken
together, these data indicate that Ag alone is sufficient to drive CD8+ T cell exhaustion and
may suggest that during more complex chronic infection, Ag stimulation should be a
primary target for control.

Materials and Methods
Mice and reagents

Female, 8-wk-old, C57BL/6 mice were purchased from The Jackson Laboratory and used in
all Ag stimulation and intranasal (i.n.) infections described. Female 8-wk-old OT-I TCR
transgenic (Tg) mice, a gift from H. Shen (University of Pennsylvania, Philadelphia, PA),
were bred at Drexel University College of Medicine (Philadelphia, PA) and used as donors
for H1N1 WSN-OVA experiments. For TRAIL and MRL/lpr Fas-deficient studies, 8-wk-
old TRAIL knockout mice (Amgen), MRL/lpr (The Jackson Laboratory), or C57BL/6
control mice were Ag-stimulated and rechallenged as described below. All mice were
maintained in an American Association of Laboratory Animal Care-accredited facility and
acclimatized for 1 wk before use. All experiments were completed following Institutional
Animal Care and Use Committee approval. Chronic Ag stimulation and i.n. influenza
rechallenge were achieved using H1N1 A/Puerto Rico/ 8/34 (PR8) or H3N2 HKx31 (x31), a
gift from W. Gerhardt (University of Pennsylvania, Philadelphia, PA) or recombinant OVA-
expressing H1N1 A/WSN/33 (WSN-OVA), a gift from D. Topham (University of
Rochester, Rochester, NY).

3Abbreviations used in this paper: LCMV, lymphocytic choriomeningitis virus; DC, dendritic cell; i.n., intranasal; NP, nuclear
protein; MLN, mediastinal lymph node; MFI, mean fluorescence intensity; TCID50, 50% tissue culture infective dose; Tg, transgenic;
PD-1, programmed death 1; PD-L1, programmed death ligand 1.
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Chronic Ag stimulation and influenza infection
Female C57BL/6 mice were i.p. primed with 3 × 106 50% tissue culture infective dose
(TCID50) influenza A virus H1N1 strain PR8 or 1 × 106 TCID50 WSN-OVA. Control mice
received a single i.p. injection on day 0; chronic mice received two injections per week for a
minimum of 4 wk. For i.n. rechallenge, mice were anesthetized with Avertin (2,2,2
tribromoethanol) at 240 mg/kg (Acros Organics) and then i.n. infected with 0.2 TCID50 x31
or 40 TCID50 WSN-OVA. For chronic Ag rest studies, mice were chronically i.p. primed
with WSN-OVA for 30 days and then Ag rested for 45 days before influenza i.n.
rechallenge.

OT-I naive T cell and day 30 virus-specific cell adoptive transfer
A total of 1 × 105 OT-I OVA257–264 TCR Tg T cells were suspended in sterile injectable
saline, and i.v. transferred to naive C57BL/6 mice. Transferred mice were then either single
or chronic Ag-stimulated as previously described. For rechallenge, splenocytes were isolated
from the spleens of WSN-OVA single or chronic Ag-stimulated mice. Splenocytes were
surface stained to identify OVA TCR Tg Vα2 and Vβ5.1 double positive (eBioscience)
CD8+ T cells, as previously described (27). A total of 5 × 104 day-30 virus-specific CD8+ T
cells were then i.v. transferred, in 100 μl of sterile injectable saline solution, to naive
C57BL/6 mice. At 24 h after transfer, host mice were i.n. challenged with influenza virus as
described. For tracking studies, day-30 virus-specific CD8+ T cells (Thy1.2+) were CFSE-
labeled and transferred to naive Thy1.1+ mice. Recipients were i.n. challenged with virus on
day 1 after transfer, or remained uninfected.

Determination of influenza viral titers and tissue cytokines
Influenza viral titers and proinflammatory cytokine production were determined in the lung,
spleen, kidney, and liver by real-time PCR. Tissues were frozen at −80°C in 1 ml of TRIzol/
50 mg tissue (TRI-Reagent; Molecular Research Center). At time of RNA isolation, tissues
were thawed on ice and homogenized, and RNA was extracted according to Molecular
Research Center specifications. Fragmented RNA was removed using Qiagen RNeasy kit.
For viral titers, purified RNA was reverse transcribed to cDNA using random hexamers and
matrix protein-specific primer (5′-TCT AAC CGA GGT CGA AAC GTA-3′). The resulting
cDNA samples were used, in triplicate, for real-time PCR. For the reverse-transcribed assay,
matrix protein-specific primers and FAM probe were used in combination with 2X Taqman
Universal PCR mix (Applied Biosystems). Primers used were as follows: 900 nM influenza
matrix protein (sense) 5′-AAG ACC AAT CCT GTC ACC TCT GA-3′, (antisense) 5′-CAA
AGC GTC TAC GCT GCA GTC C-3′ and 200 nM influenza probe FAM-5′-TTT GTG TTC
ACG CTC ACC GT-3′-TAMRA. For cytokine measurements, cDNA was reverse
transcribed and assayed in triplicate by real-time PCR. For real-time assay, IL-1-, IL-6-,
IL-12-, and TNF-α-specific primers were used in combination with 2X SYBR Universal
PCR mix. Primers for cytokine were as follows: IL-1 (sense) 5′-CAA CCA ACA AG GAT
ATT CTC CAT G-3′ and (antisense) 5′-GAT CCA CAC TCT CCA GCT GCA-3′; TNF-α
(sense) 5′-CCA GAC TCT TCC CTG AGG TG-3′ and (antisense) 5′-CAA GGT AGA GAG
GCC AGG TG-3′. For IL-6 and IL-12, RT2 qPCR Primer assay was used (SABiosciences).
The specificity of all primer binding was confirmed by SYBR labeling and dissociation
analysis. ABI Prism 7900HT sequence detection system with SDS 2.2.1 software (Applied
Biosystems) was used for detection and analysis. Viral loads were calculated based on
influenza viral stock standard curve and are reported as TCID50 U/tissue. Cytokine
production was determined as fold change over healthy tissue using the equation (2CT)−1

influenza dosed/(2CT)−1 healthy control.

Bucks et al. Page 3

J Immunol. Author manuscript; available in PMC 2010 August 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Lymphocyte preparation
Lung, mediastinal lymph node (MLN), and spleen single cell suspensions were prepared as
previously described, by Halstead et al. (28). In brief, lung tissue was digested with 3 mg/ml
collagenase A and 150 μg/ml DNase I in RPMI 1640 containing 5% FBS, for2hat 37°C.
Digested tissue was filtered over a 40-μm nylon mesh, the mononuclear cell population was
purified over Lympholyte-M density gradient (CedarLane Laboratories). MLN were
disrupted by passing through a 40-μm nylon mesh and filtered over 20-μm nylon mesh. The
spleen was disrupted under 20-μm nylon mesh. Cells were washed one time in RPMI 1640
containing 5% FBS. RBC were lysed through addition of 900 μl of sterile dH2O to the
splenocyte pellet. Lysis was stopped with 100 μl of sterile 10X PBS and 9 ml of RPMI 1640
containing 5% FBS; cells were washed and filtered before counting. Femur bones were
harvested and flushed with RPMI 1640 containing 3% to remove lymphocytes. Cells were
washed, and RBC were lysed as described for spleen. One lobe of liver was harvested and
mechanically disrupted under mesh, then digested in 3 mg/ml collagenase I for 1 h at 37°C.
The cells were then purified by Percoll gradient. Live and dead counts of mononuclear cells
from all tissues was performed by acridine orange (3 μg/ml) ethidium bromide (5 μg/ml)
stain and UV light microscopy.

Flow cytometry
Virus-specific CD8+ T cells were identified by multicolor flow cytometry, by either MHC
class I H-2Db nuclear protein (NP)366–374 tetramer staining, provided by and produced with
the assistance of J. Altman (Emory University School of Medicine, Atlanta, GA) or TCR-
specific anti-Vαl2-FITC or anti-Vα2-allophycocyanin and anti-Vβ5.1-PE (eBioscience)
staining. Additional phenotyping was performed using the following surface and
intracellular Abs: anti-CD8-PerCP (BD Biosciences), anti-CD8-Alexa Fluor 405 (Caltag
Laboratories), anti-CD69-PE-Cy7 (BD Biosciences), anti-CD25-allophycocyanin
(eBioscience), anti-CD279-FITC (eBioscience), and anti IFN-γ-allophycocyanin
(eBioscience). Cells were stained as previously described (28) and fixed in 1%
paraformaldehyde. Stained cells were acquired using a FACSCalibur or FACSAria (BD
Biosciences) and analyzed using Flow Jo (Tree Star).

Peptide stimulation
A total of 1 × 106 lung mononuclear cells were cultured for 6 h at 37°C in the presence of 10
μg/ml brefeldin A and the presence or absence of 1 μg/ml OVA257–264 peptide (SIINFEKL)
or 1 μg/ml NP366–374 (ASNEN METM). For subdominant epitopes, cells were cultured with
M1128–135 (MGLIYNRM) or nonstructural protein NS2114–121 (RTFSFQLI). All peptides
were purchased from ANASPEC. Cells were intracellular stained for IFN-γ production and
analyzed as described in flow cytometry methods.

Programmed death (PD)-1 studies
Single or chronic stimulated C57BL/6 mice were treated with functional grade, anti-mouse
B7H-1, clone MIH5, or with control rat IgG2a isotype (eBioscience). Mice were treated
with 100 μg of anti-B7H-1 or isotype control every third day from days 0–30 of single or
chronic Ag stimulation. At the completion of Ag stimulation, the frequency and absolute
number of day-30 virus-specific memory cells was assessed by flow cytometry. Equal
numbers of day-30 virus-specific cells from isotype or anti-B7H-1-treated single or chronic
mice were transferred to naive mice. Recipient mice were rechallenged with influenza virus
as previously described and harvested at the peak of the secondary response on day 7.
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Statistical analysis
JMP statistical analysis program (SAS) was used to perform Student's t test, nonparametric
Wilcoxon signed-rank test for paired samples and Shapiro-Wilk W test for normality. A
value of p < 0.05 was considered significant.

Results
Chronic influenza A stimulation does not induce systemic infection or inflammation

To examine whether chronic Ag stimulation, in the absence of sustained inflammation,
induced physical deletion and/or exhaustion of virus-specific CD8+ T cells we developed a
system of chronic Ag stimulation that used murine adapted influenza virus. Control mice
received a single injection of influenza A virus, whereas chronic mice received two
injections per week for a minimum of four consecutive weeks. For both single and chronic
Ag stimulation, virus was delivered by i.p. injection of either 3 × 106 TCID50 murine
adapted influenza A strain H1N1 A/PR/8 (PR8) or 1 × 106 TCID50 genetically modified A/
WSN/33 expressing Kb-restricted OVA257–264 (WSN-OVA). The i.p. injection was chosen
as the route of delivery because it does not result in pulmonary infection and disease.

Because live infectious virus was used to achieve chronic Ag stimulation of CD8+ T cells,
we first sought to determine whether systemic infection was induced following repeated i.p.
delivery of influenza virus. To assess this, mice were either i.p. injected (i.p. primed) or i.n.
infected with PR8 virus (3 × 106 TCID50 and 3 TCID50, respectively) and harvested on days
1, 3, and 5 after virus delivery. Weight loss was used as an indicator of productive influenza
infection and was recorded daily for both i.n. and i.p. injected mice during the first 5 days
following Ag delivery. The i.p. primed mice maintained constant weight, whereas i.n.
infected mice rapidly lost up to 22% of their body weight over 5 days (Fig. 1A). The absence
of weight loss in i.p. primed mice, in comparison to i.n. infected mice, suggested that i.p.
priming did not induce productive infection or inflammation. To directly examine whether
or not productive infection was established in i.p. primed mice, the viral load was quantified
using real-time PCR. The mRNA was isolated from lungs, spleen, liver, intestine, and
kidney at days 1, 3, and 5 after PR8 delivery, and the conserved matrix 1 protein of
influenza virus was quantified by real-time PCR to determine the quantity of virus in each
tissue. Influenza virus primarily infects pulmonary epithelial cells and alveolar
macrophages; therefore as expected, the lungs of i.n. infected mice exhibited a 4 log increase
in virus over the 5-day time period, indicating that productive infection and virus replication
had occurred (Fig. 1B). In contrast, there was a limited quantity of viral RNA in the first 3
days in the lungs and spleen of mice that received influenza virus through i.p. injection. Due
to both the very high 3 × 106 TCID50 i.p. dose used, and the virus decay kinetics, the
presence of virus in the lungs on day 3 most likely reflects virus circulating in the lung
vasculature and not lung parenchyma infection. By day 5, virus was below 10 TCID50 in all
tissues examined, indicating that i.p. injection of influenza virus did not result in a
productive systemic infection (Fig. 1B).

Because proinflammatory cytokines may induce bystander T cell activation (29), increase
dendritic cell (DC) maturation (30), and increase rate of CD8+ T cell contraction (31), we
were interested in determining the cytokine profile after priming with PR8 virus.
Specifically, we determined transcriptional changes in several proinflammatory cytokines
produced during influenza infection, including IL-1, IL-6, IL-12, and TNF-α. The presence
of these cytokines was determined by real-time PCR in the spleen and lungs of uninfected
healthy control, i.p. primed, and i.n. infected mice. In the lungs of i.n. infected animals, both
IL-1 and TNF-α mRNA expression were substantially increased relative to expression in
healthy uninfected lungs (32.44 ± 0.34 fold and 19.06 ± 0.64 fold over healthy controls by
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day 3, for IL-1 and TNF-α, respectively) (Fig. 1C, top right). IFN-α also increased a
maximum of 2.74 ± 0.74 fold over uninfected healthy lungs by day 1 (data not shown). The
limited increase in IFN-α is not surprising given that influenza virus NS1 protein has been
shown to inhibit IFN-α production (32). In striking contrast, there was no significant
increase in cytokine production in the lungs of i.p. primed mice (Fig. 1C, top left). This
finding is particularly significant because virus was detected in the lungs of i.p. primed mice
at days 1 and 3 postinjection. The absence of inflammatory cytokines, despite the presence
of virus, most likely indicates an absence of infection in the lungs of i.p. primed mice.

Because virus was i.p. delivered for chronic Ag stimulation, the cytokine profile in
peripheral tissues was also determined. For most cytokines and tissues examined, the
greatest increase in cytokine mRNA was observed 1 day after virus delivery (Fig. 1C,
bottom). The kinetics of IL-6 and IL-12 expression in the spleen varied from other cytokines
examined, with IL-6 and IL-12 expression peaking at day 3 (1.31 ± 0.45 and 2.8 ± 0.36, fold
increase in IL-6 and IL-12, respectively). Importantly, these early, transient peaks of
inflammation were not sustained, and transcript was comparable to naive controls by day 5.

Although i.p. injections of virus induced only transient and small increases in
proinflammatory cytokines, it was important to exclude that repeated delivery of virus in
chronic stimulated mice did not result in differences in cytokine production. Therefore, we
determined the cytokine profile in the peripheral tissues of single and chronic Ag-stimulated
mice at day 30. The profile of IL-1, IL-6, IL-12, and TNF-α expression was comparable
between single and chronic Ag-stimulated mice, in all tissues examined (Fig. 1D),
suggesting that chronic stimulation did not result in a chronic inflammation. With the
exception of IL-6 in the lungs of single and chronic Ag-stimulated mice, all cytokine
amounts were less than 2-fold increased over uninfected healthy controls. Perhaps most
importantly, there was no statistically significant difference in mRNA transcripts between
single and chronic Ag-stimulated mice for any of the cytokines examined.

The repeated delivery of virus could impact the number or ability of DC and thus indirectly
affect the CD8+ T cell response. Therefore, we determined the frequency and phenotype of
DC in the spleens of single and chronic Ag-stimulated mice by flow cytometry. At day 30,
DC from both single and chronic Ag-stimulated mice were comparable in terms of
frequency and phenotype. The number of CD11c+CD11b+ and CD11c+CD11b− DC in the
spleens of chronic Ag-stimulated mice were not statistically different from single prime
controls (CD11c+CD11b+: 1.97 ± 0.33 × 105 vs 2.23 ± 0.4 × 105; CD11c+CD11b−: 6.63 ±
1.9 × 105 vs 5.67 ± 1.4 × 105 for chronic vs single, respectively, n = 3 mice/group). Mean
fluorescence intensity (MFI) of CD86 expression was also similar between these mice
(CD11c+CD11b+: 88.5 ± 12 vs 98.5 ± 17.3; CD11c+CD11b−: 96 ± 15 vs 123 ± 16; chronic
and single, respectively, in n = 3 mice/group). The MFI of MHC class II expression on these
DC was also comparable between single and chronic Ag-stimulated mice (CD11c+CD11b+:
1260 ± 22.4 vs 1221.3 ± 126.6; CD11c+CD11b−: 2204 ± 152 vs 2123 ± 174; chronic and
single, respectively, n = 3 mice/group). These data indicate that the chronic Ag stimulation
regiment did not negatively impact DC numbers or phenotype.

Taken together, these results indicate that repeated i.p. delivery of virus did not result in
sustained systemic infection or proinflammatory cytokine production and does not alter DC
numbers or phenotype. Therefore, this system allowed us to study the effects of chronic Ag
stimulation on virus-specific CD8+ T cell development and secondary expansion in the
absence of chronic inflammation.

Bucks et al. Page 6

J Immunol. Author manuscript; available in PMC 2010 August 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Reduced quantity of virus-specific CD8+ T cells after chronic Ag stimulation
Having demonstrated that i.p. injection of live influenza A virus did not lead to sustained
cytokine production or systemic infection, we sought to determine whether chronic Ag
stimulation alone could induce defects in the development of virus-specific CD8+ T cells.
To test this, 1 × 105 naive CD8+ T cells from TCR Tg OT-I mice were transferred i.v. to
naive C57BL/6 mice. Recipients then received either a single i.p. injection of WSN-OVA
virus (106 TCID50) or were chronic Ag-stimulated, by i.p. injection two times a week for
four consecutive weeks. After 30 days, virus-specific CD8+ T cells in the spleen were
examined by multicolor flow cytometry. Interestingly, chronic Ag-stimulated mice exhibited
a nearly 2-fold reduction in frequency and number of virus-specific CD8+ T cells, at day 30,
when compared with single prime control mice (frequency: 4.94 ± 0.46% and 2.61 ± 0.12%
in single and chronic Ag-stimulated, respectively; absolute number: 3.32 ± 0.32 × 105 and
1.54 ± 0.15 × 105 in single and chronic Ag-stimulated, respectively; n = 20 mice/group and
n = 23 mice/ group, p < 0.001) (Fig. 2, A and B). Kinetic analysis of virus-specific CD8+ T
cells in single and chronic Ag-stimulated mice indicated that significant differences in
frequency and absolute number occurred as early as 14 days after initial priming (Fig. 2C).
These kinetic data suggest that chronic Ag-stimulated cells may undergo an increased rate of
contraction relative to single prime controls. Closer examination of the day 30 virus-specific
chronic Ag-stimulated CD8+ T cells showed that they exhibited skewed memory
differentiation compared with single prime controls. Specifically, there was a significantly
greater frequency of memory, CD44+CD62L+ virus-specific CD8+ T cells in single prime
controls compared with chronic Ag-stimulated mice (55.4 ± 4.0% vs 32.9 ± 3.8% single and
chronic, respectively; p < 0.001, n = 9 mice/group) (data not shown). Interestingly, chronic
Ag-stimulated CD8+ T cells were evenly distributed between CD44+ and CD44− memory
cells (32.9 ± 3.8% and 36.1 ± 6.7% CD44− and CD44+ memory, respectively; n = 9 mice/
group) (data not shown).

Previous studies using LCMV, indicate that virus-specific CD8+ T cells in chronically infect
mice have altered migration in both lymphoid and nonlymphoid tissues, when compared
with acutely infected animals (20). Therefore, we examined the distribution of virus-specific
CD8+ T cells in the MLN, bone marrow, lung, and liver. In contrast to LCMV (20), the
decreased number of virus-specific cells in the spleen did not reflect impaired migration of
chronically stimulated cells, as similar decreases were observed in the MLN, bone marrow,
lung, and liver (Fig. 2D). Importantly, this loss of chronically stimulated cells was observed
in both frequency and absolute number when compared with single prime controls.

To determine whether the reduction in day-30 virus-specific CD8+ T cells was restricted to
the OVA TCR Tg system, endogenous CD8+ T cells underwent chronic Ag stimulation with
the influenza A virus strain PR8. After 30 days, the virus-specific population in the spleen
was identified by tetramer staining for influenza immunodominant epitope-specific NP366-
positive T cells. Interestingly, there was no significant decrease in the frequency (Fig. 3) or
absolute number (Fig. 3B) of NP366-positive CD8+ T cells (frequency: 2.08 ± 0.32% and
1.89 ± 0.3% single and chronic, respectively; absolute number: 2.49 ± 0.44 × 105 and 2.44 ±
0.51 × 105 single and chronic, respectively; n = 12 mice/ group). There are several possible
reasons for this disparity. Previous studies indicate that the initial precursor frequency may
dictate the rate of development and phenotype of memory CD8+ T cells (33). Therefore,
transfer of OT-I TCR Tg T cells at a higher precursor frequency, may have changed the rate
of expansion and contraction of the virus-specific CD8+ T cell population, compared with
priming of endogenous CD8+ T cells. A second possibility may be the inability of the host to
generate new OVAspecific CD8+ T cells during the chronic stimulation. During chronic Ag
stimulation with PR8 virus, new thymic CD8+ T cell emigrants can be generated, and
replenish dying chronic Ag-stimulated cells. In contrast, there is a finite population of
transferred OT-I TCR Tg cells that can be stimulated by WSN-OVA. If stimulation induces
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death, the population cannot be replenished by endogenous CD8+ T cells, and will be
reduced. Indeed, a recent report by Vezys et al. (34) elegantly showed that chronic infection
results in a heterogeneous population of virus-specific CD8+ T cells that is maintained by
the continuous release of naive cells from the thymus.

Deficient quality of virus-specific CD8+ T cells following chronic Ag stimulation
Having observed only limited changes to the quantity of day-30 virus-specific CD8+ T cells,
in both frequency and number, we were interested in determining the effect that chronic Ag
stimulation had on the quality of these cells. Specifically, we sought to determine whether
chronic Ag stimulation altered the ability of virus-specific CD8+ T cells to respond to
secondary viral challenge. Because the size of the memory population directly influences the
magnitude of the secondary response (35), and chronic Ag stimulation with WSN-OVA
resulted in a 2-fold reduction in the number of day 30 virus-specific CD8+ T cells, it was
necessary to correct for the difference in population size before influenza rechallenge.
Normalization was achieved by transferring an equal number (5 × 105) of day-30 chronic
Ag-stimulated or single prime virus-specific CD8+ T cells to naive C57BL/6 mice. Recipient
mice were then i.n. challenged with 40 TCID50 WSN-OVA. Mice were harvested at the
peak of the secondary response on day 7, and the virus-specific CD8+ T cells in the lung,
draining MLN, and spleen were examined by multicolor flow cytometry.

Despite transfer of an equal number of day-30 single or chronic Ag-stimulated virus-specific
CD8+ T cells, there was a significant reduction of virus-specific CD8+ T cells in the lungs of
chronic Ag-stimulated mice, at the peak of the secondary response. In single prime controls,
30.2 ± 2.89% of the CD8+ T cells in the lung were virus-specific, whereas chronic Ag-
stimulated mice had only 5.2 ± 1.3% virus-specific CD8+ T cells (n = 9 mice/group, p <
0.002) (Fig. 4, A and B). Correction for absolute numbers illustrated that the defect was not
only in frequency, but also in number, as the lungs of single prime control mice contained
5.35 ± 0.88 × 105 virus-specific CD8+ T cells, whereas the lungs of chronic mice had 10-
fold less, with only 0.5 ± 0.89 × 105 virus-specific CD8+ T cells (n = 9 mice/group, p <
0.001) (Fig. 4B). The population was similarly reduced in the draining MLN and the spleen
(data not shown). The reduction in the secondary lymphoid tissues and lung confirmed that
the loss of chronic Ag-stimulated CD8+ T cells, relative to single prime controls, was not
due to altered migration.

Importantly, the significant reduction in the frequency and absolute number of the day-7
effector population was observed whether WSN-OVA or PR8 was used for chronic Ag
stimulation. Therefore, this event was not TCR Tg-restricted. An equal number of PR8
single or chronic Ag-stimulated CD8+ T cells were transferred to naive C57BL/6 mice. As
before, mice were then i.n. rechallenged with influenza A virus and harvested at the peak of
the secondary response on day 7. In the lungs of single prime recipients, virus-specific CD8+

T cells represented 17.56 ± 2.2% of the total CD8+ T cells, whereas in chronic mice, only
7.45 ± 1.22% of the CD8+ T cells were virus-specific (n = 12 mice/ group, p < 0.0001) (Fig.
4, C and D). Additionally, the absolute number of chronic-stimulated virus-specific CD8+ T
cells was reduced greater than 3-fold when compared with single prime controls (6.77 ±
1.31 × 105 and 2.01 ± 0.43 × 105 single and chronic stimulated, respectively, n = 12 mice/
group, p < 0.001) (Fig. 4D). Given that an equal number of day-30 virus-specific CD8+ T
cells were transferred to naive mice, these data strongly indicated that chronic Ag-stimulated
virus-specific CD8+ T cells were defective in quality.

During influenza infection, CTLs exert several important functions including production of
IFN-γ. Following ex vivo OVA257-264 peptide stimulation, the frequency of IFN-γ-
producing day-7 pulmonary effectors from chronic Ag-stimulated mice was significantly
reduced compared with single prime controls (data not shown), confirming the tetramer- and
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TCR-specific surface staining results. More importantly, however, chronic Ag-stimulated
CD8+ T cells exhibited significantly decreased IFN-γ production on a per cell basis when
compared with single prime controls (MFI = 1447 single prime Ag-stimulated and MFI =
995 chronic Ag-stimulated CD8+ T cells, n = 6 mice/group, p < 0.001) (Fig. 5). This finding
indicated that qualitative defects exist beyond reduced expansion or survival because the
surviving virus-specific CD8+ T cells also exhibited a significant impairment in IFN-γ
cytokine production.

Beyond characterizing the response to the dominant epitope, we also determined the effect
of chronic Ag stimulation on subdominant epitopes. In some chronic infections, skewing of
dominance in CD8+ T cell responses has been observed, whereby immuno-dominant
responses are lost and subdominant responses become more prevalent (19,21,36). When
chronic Ag stimulation alone was used to induce exhaustion of CD8+ T cells, both immuno-
dominant and subdominant responses were suppressed, although the most profound effect
was observed in the immunodominant NP366–374 epitope. Indeed, ex vivo peptide
stimulation of day-7 pulmonary effectors with peptides for conserved M1128–135 and
nonstructural protein NS2114–121 resulted in robust IFN-γ production by single prime CD8+

T cells, whereas a markedly reduced response was observed in chronic Ag-stimulated CD8+

T cells (Fig. 6).

To confirm that chronic CD8+ T cells did not simply undergo apoptosis immediately after
transfer, day-30 CD8+ T cells from single and chronic Ag-stimulated mice were CFSE-
labeled and transferred to naive hosts. New recipients were i.n. rechallenged with influenza
virus or left uninfected. In the absence of viral infection, the frequency of CFSE-positive
OT-I+ T cells in the spleen of single and chronic recipient mice was comparable, up to 5
days after transfer (Fig. 7A). The low frequency of CFSE-positive cells, 4–6% of OT-I
population, found at day 5 is reasonable given that the endogenous frequency of Vα+Vβ+

cells of the naive host is ~1%. The identification of comparable CFSE-positive populations
between the two groups suggests that, at least early after transfer, the survival is similar.
After rechallenge, all donor OT-I+ cells found in the lungs of single prime mice were CFSE-
negative, indicating proliferation, whereas in the lungs of chronic mice donor OT-I+ cells,
although capable of surviving, fail to robustly expand in response to restimulation (Fig. 7B).

Recovery of function by Ag rest of chronic Ag-stimulated day-30 cells
If the loss of CD8+ T cell quantity and function is Ag-driven, we reasoned that removal of
Ag might reverse the virus-specific CD8+ T cell exhaustion. Previous studies in LCMV (37)
and HIV (38-40) show that in the absence of Ag, CD4+ and/or CD8+ T cell responses can be
partially restored, and suggest that the impairment may not be permanent. To address the
issue of reversibility in the chronic Ag influenza system, 1 × 105 OT-I Tg T cells were
transferred to naive C57BL/6 mice. Recipient mice were then either single or chronic Ag-
stimulated with WSN-OVA, as previously described. After 30 days of Ag stimulation, the
chronic delivery of virus was discontinued and mice were “Ag-rested” for 45 days. Mice
were harvested after 45 days of rest, and an equal number of virus-specific CD8+ T cells
were transferred to naive C57BL/6 mice. Recipient mice were rechallenged i.n. with 40
TCID50 WSN-OVA, and harvested at the peak of the secondary response on day 7.
Following Ag rest, virus-specific CD8+ T cells in the lungs of single prime and chronic Ag-
rested mice were comparable both in frequency (37.1 ± 2.39% and 38.1 ± 4.88%; n = 3
mice/group) (Fig. 8A) and number (1.35 ± 0.2 × 106 and 1.06 ± 0.2 × 106; n = 3 mice/group)
(Fig. 8B). Equivalent responses, in single and chronic Ag-rested CD8+ T cells, were also
observed in the draining MLN and spleen of infected mice (data not shown). Additionally,
the quality of the virus-specific CD8+ T cells was recovered in chronic rested mice. When
pulmonary lymphocytes were ex vivo stimulated with OVA257-264 peptide, and
intracellular stained for IFN-γ, there was no significant difference between single prime and
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chronic rested CD8+ T cells in the frequency or MFI of IFN-γ-producing cells (Fig. 8C).
These data suggested that the exhausted state of CD8+ T cells in this model is not
irreversibly programmed and can be recovered following Ag rest.

Inhibitory signaling through PD-1 does not mediate Ag-induced CD8+ T cell exhaustion
In response to activation, CD8+ T cells up-regulate inhibitory signaling molecules to block
continued activation and proliferation responses. Chronic infection can result in similar up-
regulation of inhibitory molecules, and prominent among them is PD-1. Recent evidence
suggests that enhanced PD-1 expression on virus-specific CD8+ T cells may be partially
responsible for the CD8+ T cell exhaustion observed in LCMV (41) and HIV (42-45)
infections. Therefore, we sought to determine whether under conditions of chronic Ag
stimulation alone, the impairment in virus-specific CD8+ T cell function and expansion was
due to enhanced expression of PD-1. Examination at day 30 showed that PD-1 expression
was significantly increased, in comparison to single prime controls, on both total and virus-
specific chronic Ag-stimulated CD8+ T cells (Fig. 9A). Because CD8+ T cells from chronic
Ag stimulation mice exhibited increased PD-1 expression, PD ligand-1 (PDL1) binding to
PD-1 was blocked by treating both single and chronic Ag-stimulated mice with anti-B7H-1
(anti-PD-L1) during the first 30 days of Ag stimulation. The efficiency of anti-PD-L1
treatment was confirmed by examining the bulk lymphocyte cell absolute number. After PD-
L1 blockade, lymphocytes in single and chronic Ag-stimulated recipients were significantly
increased compared with isotype-treated controls (data not shown). Despite blockade of
PD-1 signaling, there was no significant increase in the size of the virus-specific chronic Ag-
stimulated CD8+ T cell population at day 30 (Fig. 9B). Additionally, when rechallenged,
there was no recovery of expansion or function of the anti-B7H-1-treated chronic Ag-
stimulated virus-specific CD8+ T cells in comparison to anti-B7H-1 single primed CD8+ T
cells or isotype-treated chronic stimulated controls (n = 5 mice/group, p < 0.005) (Fig. 9C).
Although PD-1 expression increased following chronic Ag stimulation, PD-1 inhibitory
signaling did not appear to mediate the defects observed in secondary rechallenge. These
findings may indicate an important distinction between the role PD-1 plays when chronic
stimulation occurs under an inflamed vs a noninflamed state.

TRAIL signaling mediates deletion of virus-specific CD8+ T cells
Because the elevated expression of PD-1 had no functional role in the depression of chronic
Ag-stimulated CD8+ T cells, we wanted to determine whether these cells were more
susceptible to death than their single prime counterparts. Specifically, we examined the
death-inducing pathways, TRAIL and Fas. To address the role of these pathways in the
defects observed during rechallenge, C57BL/6, Fas-deficient MRL/lpr, or TRAIL knockout
mice were single or chronic Ag-stimulated with influenza virus strain PR8. After 30 days,
single or chronic stimulated virus-specific CD8+ T cells were transferred to naive C57BL/6
mice. Transferred mice were rechallenged i.n. with 0.2 TCID50 x31 influenza A virus and
harvested, on day 7 at the peak of the secondary response. As previously shown, in the lungs
of C57BL/6 mice, there was a greater than 2-fold change in frequency between single and
chronic stimulated virus-specific CD8+ T cells (Fig. 10A). A coordinate 3-fold change in the
absolute number was observed when single and chronic stimulated virus-specific
populations were compared (10.09 ± 1.36 × 105 and 3.24 ± 0.4 × 105 single and chronic,
respectively, n = 6 mice/group, p < 0.001) (Fig. 10, A and B). On day 7 of secondary
rechallenge, Fas signaling-deficient mice also exhibited a 2-fold change virus-specific CD8+

T cells frequency when single and chronic stimulated animals were compared (Fig. 10A).
Correction for absolute number showed that Fas-deficient chronic Ag-stimulated virus-
specific CD8+ T cells were still significantly reduced relative to Fas-deficient single prime
controls (7.24 ± 1.29 × 105 and 3.66 ± 0.75 × 105 single and chronic, respectively, n = 7
mice/group, p < 0.04) (Fig. 10, A and B). This reduction was confirmed by ex vivo
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stimulation with influenza-specific peptide NP366–374, which resulted in significantly less
IFN-γ production by the chronic Ag-stimulated CD8+ T cells from C57BL/6 or Fasdeficient
mice, compared with their single prime counterparts (data not shown). On the basis of our
data, it did not appear that Fas-mediated death had a substantial role in the loss of chronic-
stimulated CD8+ T cells.

Chronic Ag stimulation in TRAIL knockout mice yielded substantially different results.
Following transfer of day 30 virus-specific CD8+ T cells, and i.n. rechallenge, chronic Ag-
stimulated CD8+ T cells from C57BL/6 wild-type controls were significantly decreased in
frequency and absolute number compared with single prime controls. Comparison of the
frequency and absolute number of single prime and chronic Ag-stimulated virus-specific
CD8+ T cells show that single prime responses were 2.33 ± 0.35 and 4.82 ± 0.81 fold greater
than responses from chronic stimulated animals, respectively (Fig. 10C). Direct comparison
of the absolute number of T cells shows that chronic stimulated virus-specific CD8+ T cells
were significantly lower than single prime controls (n = 9 mice/group for chronic stimulated
and n = 6 mice/group for single CD8+ T cells, p < 0.03) (Fig. 10D). Interestingly, in the
absence of TRAIL, chronic stimulated CD8+ T cells were no longer significantly reduced in
frequency or number when compared with TRAIL-deficient single prime controls. Indeed,
the ratio of single prime to chronic stimulated virus-specific cells, in frequency and absolute
number, was near 1, indicating that the responses were comparable (0.98 ± 0.21 and 1.03 ±
0.28, frequency and absolute number, respectively) (Fig. 10C). Direct comparison of the
absolute number confirms this, as the virus-specific population from chronic stimulated
TRAIL knockout mice was 3.04 ± 1.06 × 105 and from single primed mice was 2.13 ± 0.62
× 105 (n = 6 mice/group) (Fig. 10D). TRAIL knockout chronic stimulated virus-specific
CD8+ T cells not only responded to rechallenge at levels comparable to single prime
controls, but was significantly greater than the chronic Ag-stimulated virus-specific CD8+ T
cell from C57BL/6 mice (Fig. 10D). Ex vivo stimulation of TRAIL knockout single prime
and chronic Ag-stimulated CD8+ T cells resulted in comparable IFN-γ production,
confirming the previously presented tetramer data (data not shown). The findings in
rechallenged TRAIL knockout and Fas signaling-deficient virus-specific CD8+ T cells
strongly indicate that the inability of chronically stimulated virus-specific CD8+ T cells to
respond to rechallenge is mediated by TRAIL-induced apoptosis.

Discussion
During the course of several different chronic infections, virus-specific CD8+ T cells
become functionally exhausted and incapable of clearing virus from the infected host
(4-11,13-15,46). Although much effort has been exerted in determining the phenotype and
functional deficits of exhausted CD8+ T cells, there is a paucity of studies examining the
individual factors that contribute to CD8+ T cell exhaustion. Indeed, several classic mouse
models of chronic infection used to characterize exhausted CD8+ T cells are marked by high
viral loads, sustained proinflammatory cytokine production, and/or lymphocyte infection
(16-22), all of which may contribute to exhaustion. Studies using these infections have led to
many important findings that define our understanding of exhausted CD8+ T cells (16-24).
However, these models are unable to provide information about the significance of Ag
stimulation alone in the development of exhausted CD8+ T cells. In this study, we used
murine-adapted influenza A virus to provide chronic Ag stimulation to CD8+ T cells, in the
absence of lymphocyte infection, sustained high viral loads, and overt inflammation.
Importantly, the chronic Ag stimulation we achieved is distinct from repeatedly stimulating
with inactivated virus or peptide alone. Although it has been shown, in vitro, that heat- or
UV-inactivated influenza virus can be used for CTL priming (47,48), the most efficient
mechanism of CTL priming is through the use of live virus (47,48). The use of repeated
peptide stimulations was avoided because it prohibits exploration of the CTL response to

Bucks et al. Page 11

J Immunol. Author manuscript; available in PMC 2010 August 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



subdominant epitopes. Additionally, with both inactivated and peptide induced stimulation,
cross-presentation appears to be a primary mechanism of priming (47,48). Through use of
live infectious virus, we could preserve classical Ag processing, costimulation events, and
examination of responses to multiple viral epitopes.

The repeat virus injections did not result in chronic inflammation, as determined by
proinflammatory cytokine production, and did not affect the phenotype and number of DC.
There was no difference in IL-1, IL-6, IL-12, and TNF-α expression in any of the tissues
examined after a single i.p. injection or after 30 days of repeated stimulation. Because DC
expression of CD86 and MHC class II did not differ in chronically stimulated animals, it is
likely that DC are not functionally impaired. Although our studies demonstrate that
transferred chronically stimulated Ag-specific CD8+ T cells in naive hosts exhibit expansion
defects, suggesting that these defects are intrinsic to the CD8+ T cells, we cannot exclude
that the some function of DC is affected in chronically stimulated animals and contributes to
the CD8+ T cell defect. Such a function of DC could be required to keep CD8+ T cells
“healthy,” but it does not appear to relate to maturation or CD86 expression of DC.

Using this chronic stimulation system, we determined that TCR stimulation by chronic Ag
alone was sufficient to induce exhaustion of CD8+ T cells, as exhibited by their inability to
respond to viral rechallenge. Chronic Ag-stimulated CD8+ T cells displayed defects in
expansion and cytokine production following in vivo rechallenge with influenza virus and
suggest a reduced quality of the virus-specific CD8+ T cells. When equal numbers of single
prime or chronic Ag-stimulated day-30 virus-specific CD8+ T cells were transferred into
naive mice and i.n. rechallenged, chronic virus-specific CD8+ T cells exhibited a profound
reduction in frequency and absolute number at the peak of the secondary response. The
impairment in virus-specific CD8+ T cell population extended beyond a decrease in number,
and also resulted in the functional loss of IFN-γ production. This loss was identified in CTLs
responding to both dominant and subdominant epitopes. It is important to note, that the loss
of subdominant epitope responses may actually be an underestimate. Because subdominant
responses were only identified by cytoplasmic staining for IFN-γ, a loss in MFI would
prevent their identification as subdominant responders. The defects observed after chronic
Ag stimulation alone are similar to those documented during other chronic infections
(16,17,19,20,23), and may indicate that much of what is driving the clonal exhaustion of
CD8+ T cells during chronic infection is Ag and continuous TCR stimulation. Our findings
in mice are supported by our studies in SIV-infected macaques, which suggest that Ag is
driving SIV-specific CD8+ T cell exhaustion (49).

Although many defects observed were consistent with previous observations
(16,17,19,20,23), we also observed unique properties of chronic stimulated CD8+ T cells
distinct from previously published reports. Chief among the distinctions was the ability of
impaired chronic stimulated CD8+ T cells to completely recover after Ag rest and respond to
rechallenge at levels comparable to single prime controls. This suggests that the capability to
generate fully functional memory CD8+ T cells is not irreversibly lost by the exhausted
CD8+ T cells, and that once TCR stimulation is removed, memory can be generated. Our
data suggest that during chronic Ag stimulation the effector phase is perpetuated. Although
long-term maintenance of these effectors most likely requires the presence of constant Ag
(50,51), we have shown that once Ag is removed, productive memory can be generated. In a
recent report, neither cytokine production nor inflammation was sufficient to sustain
homeostatic proliferation of chronic CD8+ T cells in the absence of Ag (50), and it was
concluded that in the absence of Ag, chronic CD8+ T cells cannot be maintained. However,
despite the absence of homeostatic proliferation of chronic CD8+ T cells, a small surviving
population of virus-specific CD8+ T cells remained (50). The capacity of these surviving
Ag-independent chronic memory CD8+ T cells to respond to viral rechallenge has never
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been examined (50,51). Our findings of functional recovery after Ag rest suggest that
despite a reduction in number, in the absence of Ag chronic memory, CD8+ T cells
developed during LCMV infection may still recover function. Thus the inability of chronic
CD8+ T cells to undergo homeostatic proliferation in the absence of Ag may not necessarily
correlate with an inability of surviving cells to adequately respond to viral rechallenge.

A second important distinction between the exhaustion observed in chronic Ag-stimulated
CD8+ T cells vs other models of chronic infection was the role of inhibitory molecule PD-1.
Recently, a number of reports have indicated that PD-1 expression is increased in
chronically stimulated CD8+ T cells and that signaling through PD-1:PD-L1 is responsible,
at least in part, for functional deficits of exhausted CD8+ T cells (41-45,52,53). Following
chronic Ag stimulation alone, we observed a significant increase in expression of PD-1 on
both total and virus-specific CD8+ T cells. The increased PD-1 expression on total CD8+ T
cells was particularly striking, and could suggest nonspecific activation of CD8+ T cells.
Alternatively, the increased expression on total CD8+ T cells may have been induced by
IFN-γ produced by Ag-specific effectors (54). Indeed, the link between IFN-γ and PD-1
expression has recently been established in patients with Mycobacterium tuberculosis (54).
Despite the increased PD-1 expression, blockade of signaling during the priming phase
yielded no significant effect on the ability of chronic stimulated CD8+ T cells to expand or
function in response to i.n. rechallenge. Although the frequency of day-30 PD-1-expressing
cells was increased in chronic stimulated CD8+ T cells compared with single prime controls,
the MFI of PD-1 between the two groups was not statistically different. Perhaps in this case,
it is not only the frequency of PD-1-expressing cells that is important, but also the intensity
of the receptor expression on those cells. The disparity in findings between our chronic Ag
stimulation system and other models of chronic infection may also point to important
differences in the development of exhausted CD8+ T cells in the presence or absence of
overt inflammation.

Finally, because inhibitory PD-1 expression did not seem to be regulating the loss of chronic
Ag-stimulated CD8+ T cell function, we examined the role of TRAIL and Fas death
pathways. Following transfer of Fas-deficient single or chronic stimulated CD8+ T cells to
naive mice, there was no significant change in the ability of chronic Ag-stimulated CD8+ T
cells to respond to viral rechallenge. However, when chronic Ag stimulation was initiated in
TRAIL knockout mice, both single and chronic stimulated virus-specific CD8+ T cell
responses were comparable. Perhaps even more importantly, TRAIL-deficient chronic CD8+

T cells were significantly greater in absolute number than their wild-type chronic CD8+ T
cell counterparts. A role for TRAIL-mediated apoptosis has been suggested in the
development of helpless CD8+ T cells (55) and in CD8+ T cell exhaustion (24). Helpless
CD8+ T cells, those CD8+ T cells primed in the absence of CD4+ T cells, are frequently
compared with exhausted CD8+ T cells as they share a variety of functional defects (56-60)
and may have similar mechanisms of exhaustion and deletion. Previous studies indicate that
increased susceptibility of helpless CD8+ T cells to apoptosis is TRAIL-mediated (55,61), at
least at early stages of CD8+ T cell memory, and can be overcome in the presence of TRAIL
decoy receptors (55). Our findings of increased susceptibility to TRAIL-mediated death
following chronic influenza A stimulation, in combination with previous findings, provoke
the question of whether chronic Ag stimulation results in a loss of CD4+ T cell help during
priming. Although this is one possibility, a recent study refutes the relationship between
TRAIL and the development of helpless CD8+ T cell memory (62). Listeria monocytogenes
infection of double-deficient (MHC class II−/− TRAIL−/−) mice showed that the absence of
TRAIL failed to recover the helpless CD8+ T cell memory response (62). Additionally,
because helpless CD8+ T cells exhibit a permanent defect, and chronic Ag-stimulated CD8+

T cells were restored after Ag rest, one could argue that the defect seen in this study is not
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due to helplessness. Further study will be necessary to determine whether the effects of
longer duration of chronic Ag stimulation can be overcome in the absence of TRAIL.

We have shown that chronic Ag stimulation alone is sufficient for the induction of CD8+ T
cell exhaustion and subsequent deletion of this population. Contrary to other models of
chronic infection in which deletion and exhaustion is induced in the context of inflammation
and lymphocyte infection, the exhaustion induced by chronic Ag stimulation alone was
reversible by Ag withdraw and not mediated by inhibitory PD-1 signaling. Rather, the loss
of virus-specific CD8+ T cells appears to be mediated by TRAIL apoptosis. These data point
to a critical importance of understanding the conditions under which exhausted CD8+ T cells
are derived. If inflammation and viral load are successfully controlled we may be able to
better use current therapies, or develop other therapies, which would allow for recovery of
exhausted CD8+ T cell function.
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FIGURE 1.
The i.p. priming with PR8 did not lead to morbidity, systemic infection, cytokine burst, or
chronic inflammation. C57BL/6 mice were i.n. infected or i.p. primed with 3 TCID50 or 3 ×
106 TCID50 influenza virus strain PR8. A, Weights of i.n. infected and i.p. primed mice were
recorded daily (n = 5 mice/group). B, Viral load was measured by real-time PCR in the lung,
spleen, kidney, and intestine on days 1, 3, and 5 after virus delivery (n = 3 mice/group for
each time point). C, The level of mRNA was quantified, by real-time PCR, for IL-1, IL-6,
IL-12, and TNF-α in the lung, spleen, intestine, and liver of i.p. primed or i.n. infected mice.
D, Cytokine production (mRNA) quantified at day 30 after single or chronic Ag stimulation.
Data are fold increase over healthy uninfected control lung mRNA (n = 3 mice/group per
time point).
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FIGURE 2.
Chronic Ag stimulation reduced the quantity of day-30 virus-specific CD8+ T cells. OT-I
transferred C57BL/6 mice were single or chronic stimulated with WSN-OVA. On day 30,
the frequency of virus-specific CD8+ T cells was determined by flow cytometry. A,
Representative flow cytometry virus-specific CD8+ T cells (gated on CD8+ T cells). B,
Reduction in virus-specific CD8+ T cells was observed in pooled frequency and absolute
number (n = 15 mice/group, p < 0.001). C, Kinetic analysis of virus-specific OT-I cells
during 30 days of priming (n = 3 mice/group). D, Reduction of chronic CD8+ T cells in
lymphoid and nonlymphoid tissues indicates migration is not impaired.
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FIGURE 3.
Chronic Ag stimulation of endogenous CD8+ T cells with PR8 did not significantly reduce
the day-30 population. C57BL/6 mice received either a single i.p. injection or chronic Ag
stimulation with influenza A virus strain PR8. After 30 days of stimulation, spleens were
harvested and the frequency and absolute number of NP366-positive CD8+ T cells was
assessed by multicolor flow cytometry. A, Representative FACS plots (left) show that there
was no significant reduction in the frequency of day-30 virus-specific CD8+ T cells in
chronic Ag-stimulated mice compared with single prime controls. Pooled frequency (right)
indicates a trend toward a decrease in chronic stimulated CD8+ T cells, though no
significance is reached. B, Pooled absolute numbers indicate that independent of chronic Ag
stimulation the number of day 30 virus-specific CD8+ T cells remains comparable.
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FIGURE 4.
Chronic Ag stimulation reduced the quality of virus-specific CD8+ T cells. An equal number
of single or chronic Ag-stimulated day-30 virus-specific CD8+ T cells were transferred to
naive C57BL/6 mice. Recipient mice were i.n. challenged with 40 TCID50 WSN-OVA and
harvested at the peak of the secondary response. Representative flow cytometry plots (A)
and pooled frequencies and absolute numbers (B), showing a significant decrease in virus-
specific CD8+ T cells in the lung of chronic mice compared with single prime mice. Each
symbol represents a single animal. Representative flow cytometry plots (C) and pooled
frequencies and absolute numbers (D) show that chronic Ag stimulation with PR8 also
results in a significant reduction in responding virus-specific CD8+ T cells relative to single
prime controls, following i.n. viral rechallenge.
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FIGURE 5.
Chronic Ag-stimulated day 7 secondary effector CD8+ T cells produced less IFN-γ. IFN-γ
production by chronic Ag-stimulated virus-specific CD8+ T cells was defective compared
with controls, after ex vivo stimulation with OVA257–264 peptide. A, Representative
histogram (gated on CD8+ T cells) shows the reduction in IFN-γ production by chronic Ag-
stimulated CD8+ T cells relative to single prime controls. B, Each symbol represents a single
animal, pooled MFI of IFN-γ-producing cells (gated on CD8+ T cells) indicates decreased
function of chronic Ag-stimulated CD8+ T cells compared with single prime controls (n = 6
mice, p < 0.001).
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FIGURE 6.
Chronic stimulation resulted in a loss of dominant and subdominant epitope responses.
C57BL/6 mice received either a single i.p. prime or chronic stimulation for 30 days with 3 ×
106 TCID50 PR8. An equal number of single or chronic stimulated virus-specific CD8+ T
cells were transferred to naive mice. Recipient mice were i.n. rechallenged with x31 and
harvested at the peak of the secondary response on day 7 (n = 3 mice/group). Pulmonary
lymphocytes were stimulated ex vivo with peptides to dominant (NP366–374) or subdominant
epitopes (M1128–135 or NS2114–121) for 6 h and intracellular stained for IFN-γ production.
Representative flow cytometry plots show that both dominant and subdominant epitope
specific responses were reduced in chronic mice (bottom) compared with single prime
controls (top).
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FIGURE 7.
Comparable survival of single and chronic stimulated CD8+ T cells after transfer to naive
recipients. Day 30 single or chronic Ag-stimulated CD8+ T cells were CFSE-labeled and
transferred to naive recipients. Recipients remained uninfected or were rechallenged i.n.
with WSN-OVA virus. Mice were harvested on days 5 (healthy controls) and day 7 (virus-
infected). A, Comparable frequency of CFSE-positive OT-I+ T cells were found in the
spleens of naive recipients receiving either single or chronic stimulated CD8+ T cells. B, In
the lungs of day 7 rechallenged mice, single prime CD8+ T cells exhibited robust expansion,
resulting in an absence of CFSE-positive cells. Chronic Ag-stimulated CD8+ T cells failed
to expand in number, and did not divide. Histograms depict CFSE stain on cells are gated on
donor OT-I+ T cells based on Thy1.2 and Vα/Vβ expression.
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FIGURE 8.
Chronic Ag-stimulated virus-specific CD8+ T cells recovered function after Ag rest. A total
of 1 × 105 OT-I TCR Tg T cells were transferred to naive C57BL/6 mice. Mice were single
or chronic stimulated with 1 × 106 TCID50 WSN-OVA, by i.p. injection, for 30 days. On
day 30, chronic animals were Ag rested for 45 days, and an equal number of single or
chronic Ag-rested virus-specific CD8+ T cells were transferred to naive C57BL/6 mice,
which were then i.n. challenged with WSN-OVA and harvested on day 7. A, Representative
flow cytometry (gated on CD8+ T cells) from lungs of single or chronic rested infected mice
is shown. As indicated by Vα2+Vβ5.1+ cells, chronic Ag-rested CD8+ T cells expanded
equivalently to single prime animals. B, Pooled absolute numbers indicate that Ag rest
recovers not only frequency, but also the number of chronic rested virus-specific CD8+ T
cells (n = 3 mice/group). C, Representative flow cytometry histogram (gated on CD8+ T
cells) shows equivalent MFI of IFN-γ production after ex vivo stimulation with
OVA254–267-specific peptide.
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FIGURE 9.
PD-1 did not mediate chronic Ag-induced CD8+ T cell exhaustion. To assess the functional
significance of enhanced PD-1 expression on chronically stimulated CD8+ T cells, 1 × 105

OT-I TCR Tg T cells were transferred to naive C57BL/6 mice. After transfer, mice received
either single or chronic Ag stimulation with WSN-OVA virus along with 100 μg of rat
IgG2a isotype or anti-B7H-1 Ab every third day during the 30-day stimulation period. A,
Representative flow cytometry plots show significantly increased PD-1 expression on both
total and virus-specific chronic Ag-stimulated CD8+ T cells. B, After 30 days, the absolute
number of virus-specific cells was determined by flow cytometry. There is no significant
recovery in the spleen number of anti-B7H-1-treated chronic Ag-stimulated CD8+ T cells in
comparison to single prime controls. C, Following transfer and i.n. rechallenge, we observed
no significant recovery of chronic Ag-stimulated CD8+ T cells that were treated with anti-
PD-L1. Lung numbers shown.

Bucks et al. Page 26

J Immunol. Author manuscript; available in PMC 2010 August 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 10.
TRAIL-induced apoptosis mediated the loss of chronic stimulated virus-specific CD8+ T
cells in rechallenge. C57BL/6, TRAIL knockout or MRL/lpr Fas-deficient mice were single
or chronic stimulated for 30 days with PR8. After 30 days, mice were harvested and an
equal number of NP366–374 tetramer-specific CD8+ T cells were transferred to naive C57BL/
6 mice, which were rechallenged and harvested on day 7. A, The NP366-positive CD8+ T cell
response in single primed C57BL/6 and MRL/lpr Fas-deficient mice was increased 2-fold
and greater than 3-fold in frequency and absolute number when compared with chronic Ag-
stimulated animals. Data are shown as the ratio of single prime stimulated to chronic Ag-
stimulated CD8+ T cells, where 1 is an equivalent response between single and chronic
stimulation. B, Pooled absolute numbers indicate that the absence of Fas does not restore
chronic CD8+ T cells (n = 7 mice/group, p < 0.04). C, Comparison of the ratio of single
prime to chronic stimulated frequency and absolute number of virus-specific CD8+ T cells
indicates that in the absence of TRAIL, chronic CD8+ T cells recover; 1 is an equivalent
response between single and chronic stimulation. D, Pooled absolute number indicates that
in the absence of TRAIL, chronic Ag-stimulated virus-specific CD8+ T cells are comparable
to single prime controls (n = 6 mice/group).
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