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For many respiratory pathogens, CD8� T cells have been shown to play a critical role in clearance. However,
there are still many unanswered questions with regard to the factors that promote the most efficacious immune
response and the potential for immunoregulation of effector cells at the local site of infection. We have used
infection of the respiratory tract with the model paramyxovirus simian virus 5 (SV5) to study CD8� T-cell
responses in the lung. For the present study, we report that over time a population of nonresponsive,
virus-specific CD8� T cells emerged in the lung, culminating in a lack of function in �85% of cells specific for
the immunodominant epitope from the viral matrix (M) protein by day 40 postinfection. Concurrent with the
induction of nonresponsiveness, virus-specific cells that retained function at later times postinfection exhibited
an increased requirement for CD8 engagement. This change was coupled with a nearly complete loss of
functional phosphoprotein-specific cells, a response previously shown to be almost exclusively CD8 indepen-
dent. These studies add to the growing evidence for immune dysregulation following viral infection of the
respiratory tract.

The respiratory tract is a major site for pathogen entry into
a host. For many respiratory pathogens, CD8� T cells have
been shown to play a critical role in clearance. Studies exam-
ining the antiviral responses to Sendai virus, gammaherpesvi-
rus, and influenza virus have demonstrated a large population
of highly activated virus-specific cytotoxic T lymphocytes
(CTL) in the lungs coincident with clearance of virus from the
pulmonary environment (4, 9, 20). However, there are still
many unanswered questions with regard to how an efficacious
immune response is promoted while at the same time sparing
the host from excessive damage to the respiratory tract.

Interestingly, antigen-specific CD8� T cells appear to persist
in the respiratory tract long after infectious virus has been
eliminated, suggesting a role for these cells in protective im-
munity in the lung (19, 21, 26, 27, 39). However, in some cases,
e.g., that of respiratory syncytial virus (RSV), the protective
capacity of these cells is short lived and quickly declines (22).
These data suggest that RSV could potentially mediate immu-
nosuppression of virus-specific T cells, a result which could
offer an explanation for the susceptibility to reinfection with
RSV observed in many individuals (8). In support of this, a
recent study resulted in a report of a loss of function in RSV-
specific CD8� effector T cells in the lung (12). Other examples
of loss of function in effector cells have been found in cases
where the viral load is very high or its presence is prolonged,

e.g., those of lymphocytic choriomeningitis virus or human
immunodeficiency virus (HIV) (24, 38, 42).

It has become increasingly clear that not all antigen-specific
CD8� T cells are equivalent in their ability to reduce viral load
or provide protection following challenge. For example, it is
now well established that the functional avidity of a CD8� T
cell can be an important determinant of in vivo efficacy (3, 16,
29), with high-avidity cells demonstrating an increased sensi-
tivity to low levels of peptide antigen and a decreased require-
ment for CD8 coreceptor binding (1, 5, 23, 30, 32, 37). In two
viral model systems that have been assessed, vaccinia virus
delivered intraperitoneally (3) and lymphocytic choriomenin-
gitis virus administered intracerebrally (29) or intravenously
(16), adoptive transfer of high-avidity cells resulted in a greater
reduction in viral burden than transfer of low-avidity cells.

Our laboratory is interested in elucidating the factors that
control the elicitation and maintenance of high- versus low-
avidity cells following infection of the respiratory tract. We
have used simian virus 5 (SV5) as a model system for studying
these immune responses (17, 18). SV5 has long been consid-
ered a prototypic member of the Paramyxoviridae family of
viruses, whose members include a number of relevant human
pathogens, including RSV, parainfluenza viruses, and mumps
virus (MuV). Previous studies have established the require-
ment for SV5-specific CD8� T cells for effective virus clear-
ance following intranasal (i.n.) infection (41). Our analysis of
the immune response elicited following infection of BALB/c
mice with SV5 identified four proteins (P, M, F, and HN) of
SV5 as the major target antigens for major histocompatibility
complex class I (MHC-I)-restricted activity (17, 18). In addi-
tion, we have recently identified the immunodominant epitope
of the M protein, a nonamer encompassing residues 285 to 293
(18).

The initial immune response to SV5 in BALB/c mice fol-
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lowing i.n. infection occurs in the mediastinal lymph node
(MLN), a major draining lymph node for the lung (18). The
avidity of the antiviral response present over time following
infection was assessed using two assays, CD8 dependence and
peptide requirement. In these studies we found that at day 3
(d3), SV5-specific cells are almost exclusively of high avidity, as
measured by their increased sensitivity to low peptide concen-
trations and the resistance to blocking by anti-CD8 antibody
(18). The initial high avidity response is followed by the emer-
gence of low-avidity cells by d5. At the peak of the response in
the MLN, at d7, �50% of the CD8� T cells are of high avidity
(18).

In addition to seeking to understand how the response to
SV5 was generated in the draining lymph node, we were also
interested in evaluating how effector cells were regulated in the
tissue, i.e., the lung. In our preliminary analyses, we had noted
a change in the requirement for CD8 in cells present in the
lung at late times in the primary response, suggesting an alter-
ation in the avidity of cells present over time (18). In the
present study we combined M285-293/Ld MHC-I tetramers and
intracellular cytokine staining (ICS) to assess in more detail
the regulation of SV5-specific cells in the lung over time. Here
we report that between days 7 and 12 following SV5 infection,
a population of nonresponsive CD8� T cells emerges in the
lung. Nonresponsive cells were not present in the MLN, sug-
gesting immunoregulation of effector cells at distal sites fol-
lowing their exit from the lymph node. Over time, the percent-
age of nonresponsive cells continued to increase, culminating
in a lack of function in �85% of the cells specific for the
immunodominant epitope from SV5 by d40 postinfection. This
was coupled with the functional loss of the subdominant P-
specific response. Additional analyses of the virus-specific cells
present in the lung revealed an increasing requirement over
time for the contribution of CD8 for cells to exert effector
function. These data demonstrate two immunomodulatory ef-
fects of respiratory tract infection with this model paramyxo-
virus, namely, loss of function and an altered requirement for
CD8. The implications for these findings are discussed below.

MATERIALS AND METHODS

Mice, cell lines, and recombinant viruses. Female BALB/c mice (6 to 8 weeks
of age) were purchased from the Frederick Cancer Research and Development
Center (Frederick, Md.). All research performed on mice in this study complied
with federal and institutional guidelines set forth by the Wake Forest University
Animal Care and Use Committee. Recombinant viruses were constructed as
previously described (17). P815 is a DBA/2-derived (H-2d) mastocytoma.

Immunizations. Mice were immunized as previously described (18). Briefly,
mice were anesthetized with Avertin (2,2,2-tribromoethanol) by intraperitoneal
injection. Anesthetized mice were then immunized i.n. with the indicated amount
of virus in 50 �l of phosphate-buffered saline (PBS).

Tissue sampling. Lymphocytes from the lung were isolated by digestion with
collagenase D (Sigma, St. Louis, Mo.) from infected mice as previously described
(18). MLN were isolated and pooled from two to four mice that had been
immunized as indicated, and single-cell suspensions were prepared.

IFN-� ELISPOT assay. enzyme-linked immunospot (ELISPOT) assays were
performed as previously described (17, 18). Briefly, responder cells isolated from
the MLN or lungs of mice infected with wild-type (WT) recombinant SVS (rSV5)
were cocultured with P815 stimulators that had been infected with the indicated
virus 18 to 24 h prior and then UV light inactivated. P815 cells express MHC-I
antigens and not MHC-II antigens, thus restricting IFN-� production to MHC-
I-restricted T cells. To enumerate the numbers of high- and low-avidity cells,
titrated numbers of responders were cultured in the presence or absence of
saturating concentrations (as determined by flow cytometric analyses) of anti-
CD8 antibody (clone 53-6.72) in the form of ascites. Following 36 to 48 h of

coculturing of responder and stimulator cells at 37°C, the plates were developed
as described previously (17). The number of spots was determined with the aid
of a stereoscope. The relative avidity of cells was determined by the differential
sensitivities of high- versus low-avidity CD8� T cells to blocking with anti-CD8
antibody. Higher-avidity T cells produce IFN-� in the presence of anti-CD8
blocking antibody following stimulation by antigen-presenting cells (APC) in-
fected with virus, and T cells of lower avidity are blocked by anti-CD8 antibody
(2, 17, 31). Nonspecific spot production was assessed by culturing the highest
input number of responder cells in the presence of stimulator cells that were
infected with viruses expressing irrelevant antigens (i.e., the HIV glycoprotein,
gp160). The number of spots in the absence of infection was negligible.

Staining and analysis of CD8� T cells. Cells were stained using anti-CD11a-
FITC (clone I21/7), anti-CD25-PE (clone PC61 5.3), or anti-CD69-FITC (clone
H1.2F3) (Caltag Laboratories, Burlingame, Calif.). Staining with the SV5-M285-

293/Ld tetramer and anti-CD8�-PE or -PerCP (clone 53-6.7) (BD Pharmingen,
San Diego, Calif.) was performed for 30 min on ice. MHC-I peptide tetramer was
obtained from the National Institutes of Health tetramer core facility at Emory
University. Stained samples were run on a FACSCalibur flow cytometer (BD
Biosciences), and data were analyzed using CellQuest software (BD Immuno-
cytometry Systems, San Jose, Calif.).

Intracellular IFN-� and CD107 staining. Lymphocytes isolated from the lung
were cultured for 5 h in 96-well flat-bottomed plates (Becton Dickinson Labware,
Franklin Lakes, N.J.) at a concentration of 106 cells/well in a volume of 200 �l of
complete medium (RPMI medium, 10% fetal calf serum, 50 �M 2-mercapto-
ethanol, 1% each HEPES, L-glutamine, penicillin, streptomycin, sodium pyru-
vate, and nonessential amino acids) containing 0.75 to 1 �l of monensin (Gol-
giStop; BD Pharmingen)/ml. Stimulation was carried out in the presence or
absence of 1 �M or otherwise indicated concentrations of M285-293 peptide. For
detection of lytic granule release, fluorescein isothiocyanate (FITC)-conjugated
CD107a- and CD107b-specific antibodies (BD Pharmingen) or an isotype-
matched control antibody were added together during the 5-h culture period.
Following culture, the cells were harvested and washed with PBS containing 2%
fetal calf serum (fluorescence-activated cell sorter [FACS] buffer) and surface
stained in FACS buffer with anti-CD8�-PE or -FITC antibody (clone 53-6.7)
(Pharmingen). In assays in which CD8-blocking antibody (clone 53-6.7) was
used, cells were stained with anti-CD8�-PE or -APC antibody (clone CT-CD8a)
(Caltag Laboratories). These two antibodies did not compete for binding, as
measured by flow cytometry. After washing, cells were stained for intracellular
cytokine by the use of a Cytofix/Cytoperm kit according to the instructions of the
manufacturer (BD Pharmingen). For intracellular IFN-� staining, we used a rat
anti-mouse IFN-�-FITC or -PE antibody (clone XMG 1.2) and an isotype con-
trol antibody (rat immunoglobulin G1) (BD Pharmingen). Stained samples were
run on a BD Biosciences FACSCalibur flow cytometer, and data were analyzed
using CellQuest software (BD Immunocytometry Systems).

Isolation of M285-293/Ld tetramer-specific CD8� cells and intracellular IFN-�
staining. Lymphocytes isolated from SV5-infected lung on d12 were stained with
SV5-M285-293/Ld tetramer (1:900) on ice for 30 min. After three washes with
FACS buffer, cells were stained with anti-APC microbeads (Miltenyi Biotec,
Auburn, Calif.) at 4°C for 30 min. Cells were washed three times with MACS
buffer (PBS [pH 7.2] containing 0.5% bovine serum albumin and 2 mM EDTA),
and M285-293/Ld tetramer-stained cells were separated on MS magnetic columns
according to the manufacturer’s recommendation. M285-293/Ld tetramer cells
were stimulated with or without M285-293 peptide or a combination of phorbol
myristate acetate (PMA) (50 ng/ml) and ionomycin (500 ng/ml) (Sigma) for 5 h.
Intracellular IFN-� staining was done as described above.

Statistical analysis. A t test was performed to determine P values for the
results shown in Table 1.

RESULTS

Over time, an increasing number of antigen-specific CD8�

T cells incapable of producing IFN-� are present in the lungs
of infected mice. CD8� T cells have been previously shown to
play a crucial role in the clearance of SV5 infection in BALB/c
mice (41). To examine the SV5-specific CD8� T-cell response
in the lung, BALB/c mice were infected intranasally with 106

PFU of SV5 and lymphocytes were isolated from the lungs of
infected mice at d7 or 12 postinfection. D7 was chosen, as it
was the earliest time at which a significant number of virus-
specific cells were detected in the lung (18), while d12 was the
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time at which the maximum number of virus-specific cells were
detected (18).

The immunodominant M285-293-specific, Ld-restricted re-
sponse accounts for approximately 50% of the total of re-

sponding cells (18). Thus, isolated lung cells were stained with
the SV5-M285-293/Ld MHC-I tetramer together with an anti-
body specific for CD8�, and the percentage of CD8� cells
capable of binding the tetramer was determined. In parallel,
lymphocytes isolated from the lungs of infected mice were
stimulated in vitro for 5 h in the presence or absence of
M285-293 peptide and IFN-� production was quantified. Anal-
ysis of tetramer staining and IFN-� production was carried out
in parallel samples, as peptide stimulation results in significant
internalization of the T-cell receptor (TCR), thereby prevent-
ing detection of a large percentage of the M285-293-specific cells
by tetramer (data not shown). At d7, 6.3% of the CD8� T cells
in the lung were specific for M285-293 by tetramer staining and
5.8% of the cells produced IFN-� in response to stimulation
with M285-293 peptide (Fig. 1). Thus, �90% of the Ld-M285-293

tetramer-positive cells were functional at d7. As expected, by
d12 there was a large increase in the M285-293-specific response,
with �42% of the CD8� population in the lung now Ld-
M285-293 tetramer positive (Fig. 1). However, only 19.2% of the
CD8� population produced IFN-� in response to peptide stim-
ulation. Therefore, in striking contrast to d7 results, only 46%
of the antigen-specific cells present at d12 were functional.
These data indicated that nearly all of the cells at the earliest
time at which SV5-specific cells were detected in the lung were
functional; however, by d12 more than 50% did not produce
IFN-� in response to peptide stimulation. The lack of function

FIG. 1. There is a significant increase in the percentage of nonfunctional cells in the lung over time following infection with SV5. BALB/c mice
were infected intranasally with 106 PFU of WT rSV5, and lymphocytes were isolated from the lungs of mice on d7, d12, or d40 postinfection.
Lymphocytes were stained with M285–293/Ld MHC-I tetramer or stimulated with 1 �M M285–293 peptide and stained for intracellular IFN-� (see
Materials and Methods). Lymphocytes were pooled from three to four mice before staining. As a negative control, cells were stimulated in the
absence of peptide. The numbers represent the percentages of CD8� T cells that are either tetramer positive or IFN-��. The data shown are
representative of at least four independent experiments.

TABLE 1. Function of lung lymphocytes from mice infected
with SV5a

Day n Expt

Lung lymphocyte result

% Tetramer
positive

% IFN-
��

%
Functional

d7b

1 6.7 6.9 �100
2 7.6 7.0 92
3 7.9 7.9 100

d12c

1 44.3 19.3 44
2 42.6 21.6 51
3 40.5 21.1 52

a Adult BALB/c mice were infected with SV5, and lung lymphocytes were
analyzed directly ex vivo at d7 and d12 postinfection. Antigen-specific T cells
were identified by the ability to bind Ld-M285–293 tetramer. In addition, cells were
stimulated in vitro for 5 h with M285–293 peptide and their ability to produce
IFN-� was assessed by ICS. Numbers represent the percentages of CD8� T cells
that were positive. The percent functional values were obtained by dividing the
values for IFN-� by tetramer values.

b Data are from four pooled mice per experiment.
c Data are from three pooled mice per experiment.
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in cells at d12 was not the result of limiting APC, as experi-
ments performed with the addition of 106 syngeneic spleno-
cytes did not result in an increase in the percentage of cells that
were functional (data not shown). Similar results were ob-
tained in more than 10 experiments; the results of three rep-
resentative experiments are shown in Table 1. In addition to
the decreased percentage of cells at d12 that produced IFN-�,
we noted that the average amount of IFN-� produced in re-
sponse to stimulation on a per cell basis was decreased com-
pared to d7 cell results (compare mean fluorescence intensity
[MFI] results of 333 � 24.0 and 549 � 49.0; P � 0.05).

It was possible that the lack of function observed at d12 was
a transient effect resulting from viral infection. To determine
whether the nonfunctional cell population could recover the
ability to produce IFN-�, lymphocytes were isolated from the
lungs of mice at d40 postinfection with SV5. As before, isolated
cells were either stained with M285-293/Ld tetramer or stimu-

lated for the analysis of IFN-� production. At d40, 7.6% of the
CD8� cells stained positively for tetramer (Fig. 1), consistent
with a decrease in the number of virus-specific cells following
clearance. Surprisingly, however, when IFN-� production was
assessed, instead of an increase compared to d12 results, there
was a decrease in the percentage of cells that was functional,
with only 1.2% of CD8� T cells capable of producing IFN-� in
response to stimulation with M285-293 peptide. These data in-
dicate that �85% of the M285-293-specific cells were nonfunc-
tional at d40, demonstrating that between d12 and d40 an
increasing percentage of the M285-294-specific cells present in
the lung were nonresponsive.

Several studies have shown that CD8� T cells cultured un-
der Th2 conditions display the ability to produce interleukin-4
(IL-4), termed Tc2 (10, 11). To rule out the possibility that the
M285-293-specific cells that did not produce IFN-� were Tc2
cells, lung cells were isolated at d7 or d12 postinfection and
stimulated with M285-293 peptide. No IL-4 was detected in
CD8� T cells following stimulation (data not shown). Thus, the
lack of IFN-� production in M285-293-specific cells was not the
result of a switch to a Tc2 phenotype.

We hypothesized that if the defect in nonresponsive cells
was due to a membrane proximal event in the TCR signaling
cascade, treatment of cells with PMA and ionomycin should
restore IFN-� production in these cells. To test this, M285-293-
specific cells were isolated by sorting APC-conjugated tetramer
bound cells by the use of anti-APC magnetic beads. Limiting
amounts of tetramer were used during the isolation to limit the
potential for TCR blockade. This approach resulted in a pop-
ulation of M285-293-specific cells with 90% purity (Fig. 2). Sim-
ilar to results obtained from unseparated lung lymphocytes,
54% of M285-293-specific cells isolated in this manner were
functional. Thus, this isolation procedure did not alter the
ability of responsive cells to produce IFN-� as a result of
peptide stimulation (Fig. 2). In these studies we found that
treatment with PMA and ionomycin did not significantly in-
crease the percentage of cells capable of producing IFN-�
(57%) compared to stimulation with peptide (Fig. 2). This
finding is consistent with the hypothesis that distal events in the
TCR signaling cascade are impaired in the nonfunctional cells.

We also determined the expression of the activation markers
CD11a, CD25, and CD69 on M285-293-specific CD8� T cells
present in the lung at various times postinfection (Table 2).
M285-293-specific cells were identified by staining with tetramer

FIG. 2. Mitogenic stimulation cannot overcome the impairment in
IFN-� production in nonresponsive M285–294-specific CD8� T cells.
BALB/c mice were infected intranasally with 106 PFU of WT rSV5; on
d12, lymphocytes from the lungs of four animals were pooled. Lym-
phocytes were stained with APC-conjugated M285–293/Ld tetramer and
isolated with anti-APC microbeads. A total of 90% of the resulting
population was M285–294 specific. The purified cells were stimulated
with M285–293 peptide or PMA-ionomycin followed by staining for
IFN-�. As a negative control, cells were cultured in the absence of
peptide. The numbers represent the percentages of CD8� T cells that
were either tetramer positive or IFN-��. The data shown are repre-
sentative of three independent experiments.

TABLE 2. Surface marker expression of CD8�-tetramer-positive T
cells in the lunga

Marker
Cell results (MFI)

Naive d7 d12 d40

CD11a (LFA-1) 113 � 1.0 511 � 8.0 399 � 39.5 395 � 4.2
CD69 6.2 � 0.2 90 � 6.5 71 � 4.0 NTb

CD25 8.1 � 1.0 179 � 0.5 36 � 9.0 NT

a Adult BALB/c mice were infected with SV5, and lung lymphocytes were
analyzed directly ex vivo at d7, d12, or d40 postinfection. Antigen-specific T cells
were identified by the ability to bind Ld-M285–293 tetramer. Cells were costained
for CD8 and the other indicated markers. The expression level of each marker is
shown as the average of the results of three separate experiments with standard
error.

b NT, not tested.
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together with CD8. CD11a was highly expressed on tetramer-
positive cells at d7 and d12, albeit the level was somewhat
higher at d7 that at d12. At d7, M285-293-specific cells also
expressed both CD69 and CD25 at high levels. In contrast,
while d12 cells expressed CD69, they expressed a very low level
of CD25. The loss of CD25 is consistent with the clearance of
virus at this time (our unpublished data). While the nature of
the mechanism responsible for the maintenance of CD69 ex-
pression in the absence of detectable virus is unclear, similar
findings have been reported for other systems (19, 42). These
analyses revealed that the populations were relatively homo-
geneous; i.e., there was no evidence of two distinct populations
that would correlate with responsive versus nonresponsive
cells. Thus, nonresponsive cells could not be differentiated
from responsive cells on the basis of the expression of these
activation markers.

CD8� T cells in the lung that were nonresponsive as deter-
mined by IFN-� production were also deficient for the release
of lytic granules. The CD107a and -b molecules are resident
within the membrane of cytotoxic T-cell lytic granules. Re-
cently it has been reported that the acquisition of CD107a and
-b on the cell surface is an effective measure of CD8� T-cell
degranulation (6, 36). To determine whether cells in the lung
that were incapable of producing IFN-� in response to peptide
antigen were also impaired in the release of lytic granules, lung
lymphocytes from d7 and d12 mice were assessed concurrently
for the cell surface expression of CD107 and the production of
IFN-� in response to stimulation with M285-293 peptide. Lym-
phocytes were harvested from the lungs at d7 or d12 following
intranasal infection with SV5. Comparison of the numbers of
tetramer-binding versus IFN-�-producing cells verified the
presence of nonresponsive cells. The data in Fig. 3 show the
production of IFN-� and expression of CD107a and -b at the

cell surface following stimulation with peptide in cells from
mice either 7 or 12 days postinfection. If a population of
M285-293-specific cells with the capacity to lyse cells (CD107�),
but not the capacity to produce IFN-�, were present, we would
expect to see an increase in the percentage of cells that were
CD107�/IFN-�	 as a result of peptide stimulation. At d7
nearly all of the IFN-�-producing cells stained positive for
CD107 at the cell surface, showing that d7 cells possess both
lytic and IFN-�-producing capabilities. Similarly at d12, all
cells capable of producing IFN-� were also positive for the
expression of CD107a and -b. However, no increase in the
percentage of cells that were CD107�/IFN-�	 as a result of
peptide stimulation was observed (Fig. 3). These data are con-
sistent with the concurrent loss of the ability to lyse and to
produce IFN-�.

Nonfunctional CD8� T cells are not present in the draining
lymph node. We next determined whether nonfunctional cells
were present selectively in the lung or were also found in the
MLN. For these studies, BALB/c mice were infected i.n. with
106 PFU of SV5 and lymphocytes were harvested at d7 or d12
from the MLN and stained with SV5-M285-293/Ld tetramer to
determine the percentage of antigen-specific cells. The func-
tional capacity of the cells was determined by ICS to detect
IFN-� production. We found that at d7, 0.9% of the CD8� T
cells in the MLN were specific for M285-293, as determined by
tetramer staining, and that 0.8% of the cells present in the
MLN produced IFN-� in response to stimulation with M285-293

(Fig. 4), demonstrating that approximately 88% of the cells
were functional. Similar results were obtained at d12, at which
time 92% of the M285-293-specific CD8� T cells in the MLN
produced IFN-� in response to peptide stimulation. The low
frequency of antigen-specific cells in the MLN at d40 pre-
vented enumeration using tetramer; thus, analysis of nonfunc-
tional cells could not be performed. Nonetheless, the data
from the d7 and d12 analyses show that in contrast to the lung

FIG. 3. Concurrent loss of lytic activity and IFN-� production in
cells present in the lung at d12. BALB/c mice were infected intrana-
sally with 106 PFU of WT rSV5, and lymphocytes were isolated from
the lungs mice at d7 or d12 p.i. Cells were pooled from two to four
mice per experiment. A portion of the cells was stained with SV5-
M285–293/Ld tetramer to determine the percentage of antigen-specific
cells present. Remaining cells were stimulated with 1 �M M285–293
peptide in the presence of FITC-labeled anti-CD107a and -b antibod-
ies for 5 h, followed by staining for intracellular IFN-� (see Materials
and Methods). These data are representative of four independent
experiments.

FIG. 4. Nonfunctional CD8� T cells are not present in the draining
lymph node. BALB/c mice were infected intranasally with 106 PFU of
WT rSV5, and lymphocytes were isolated from the MLN of d7 or d12
mice. Lymphocytes were stained with M285–293/Ld MHC-I tetramer or
stimulated with 1 �M M285–293 peptide and stained for IFN-� (see
Materials and Methods). The numbers represent the percentages of
CD8� T cells that were either tetramer positive or IFN-��. The data
shown are representative of the results obtained from four different
experiments each using MLN cells pooled from two to four mice.
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results, there was no functional defect in cells present in the
MLN.

Altered CD8 dependence in cells present in the lung at d12
versus d7. We next determined whether the induction of non-
responsiveness was related to the functional avidity of the
SV5-specific CTL. In our previous analysis of M285-293-specific
cells obtained from the MLN, we observed a consistent corre-
lation between CD8 dependency and the amount of peptide
required, with increased CD8 dependency correlating with a
requirement for increased amounts of peptide antigen (18).
Such a correlation between CD8 dependency and peptide dose
requirement has been reported by numerous groups (1, 23, 30,
32, 37). The CD8 dependence of lung-derived cells was as-
sessed in an ELISPOT assay following stimulation with P815
cells infected with recombinant vaccinia viruses that express
individual SV5 proteins. This assay is highly sensitive and al-
lows analysis of the subdominant responses, for which peptide
epitopes have not yet been identified. In agreement with our
previous analyses of the response in the MLN (17, 18), re-

sponses directed toward the M, F, or HN proteins contained a
mixture of CD8-dependent and -independent cells whereas the
P response was almost exclusively CD8 independent. CD8-
independent cells are those that continue to produce IFN-� in
the presence of anti-CD8 antibody, whereas CD8 dependent
cells are those that are blocked by the presence of the antibody
(total cells 	 CD8-independent cells).

Between d7 and d12, there was a continuous decrease in the
relative percentage of CD8-independent cells compared to
CD8-dependent cell results. This is especially evident in the
CD8-independent P-specific response, where the response was
nearly completely lost between d9 and d12 (Fig. 5A). Of note,
some alteration in CD8 dependence in SV5-specific cells was
already apparent in the lung at d7, as CD8-independent cells
comprised a smaller percentage of the response in the lung
(33.8 � 2.8%) versus the MLN (53.8 � 3.5%) (Fig. 5B). These
data demonstrate that along with the loss of responsiveness,
the CD8 dependence of the functional SV5-specific cells in the
lung was altered over time through the acute response com-

FIG. 5. CD8-independent cells are increasingly under-represented in the lung compared to the MLN following SV5 infection. BALB/c mice
were immunized i.n. with 106 PFU of WT rSV5, and lymphocytes from the lungs of infected mice were isolated and pooled from four mice for
each time point. (A) ELISPOT assays were performed in the absence (hatched bars) or presence (black bars) of anti-CD8 blocking antibody. P815
cells were infected with recombinant vaccinia viruses expressing the SV5 P, M, F, and HN proteins and were cocultured with lung lymphocyte
populations to stimulate production of IFN-�. As a negative control, the HIV glycoprotein, gp160, was used. Note the difference in scales.
(B) These data show the percentage of SV5-specific responding cells that were CD8 independent at each time point in the lung or at d7 in the
MLN. The total and CD8-independent, SV5-specific responses at each time point were calculated by summing the number of IFN-�-producing
cells detected for each SV5 protein-specific response in the absence and presence of anti-CD8 antibody, respectively. The percentage of
CD8-independent cells was determined by dividing the number of CD8-independent cells by the total number of cells. The data are averages
derived from three independent experiments using lymphocytes isolated from the lung or MLN of two of four infected mice.
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pared to the results seen with the response present in the MLN
(d7). Interestingly, analysis of the M-specific cells present in
the lung at d40 revealed a modest recovery of CD8-indepen-
dent cells in this population (Fig. 5B); however, at this time the
significance of this recovery is unclear.

To determine whether the increased CD8 dependence was
also apparent when M285-293 peptide-pulsed stimulators were
used, lung cells from d7 or d12 mice were stimulated in the
ELISPOT assay with peptide-pulsed stimulators in the pres-
ence or absence of anti-CD8 antibody. These analyses showed
that, as with virally infected stimulators, the requirement for
CD8 differed in the two populations, with d7 cells showing
evidence of increased sensitivity to blocking by anti-CD8 anti-
body (Fig. 6A).

We next tested whether the increased CD8 dependence cor-
related with an increased requirement for peptide antigen by
the d12 cells. Surprisingly, we found that the M285-293-specific
cells did not differ in the amounts of peptide required to
achieve half-maximal IFN-� production (Fig. 6B). One possi-
ble explanation for these findings was that d12 cells might have
expressed lower amounts of CD8 at the cell surface and thus
might have been more sensitive to the presence of the anti-
body. However, this was not the case, as d12 cells expressed

levels of CD8 similar to or slightly higher than those seen with
d7 cells.

In total, these results demonstrate that d12 cells are altered
in their responsiveness in two significant ways: (i) approxi-
mately 50% of the cells are nonresponsive to antigenic peptide,
and (ii) responsive cells exhibit a significantly increased sensi-
tivity to inhibition of peptide-stimulated IFN-� production by
the presence of anti-CD8 antibody (P 
 0.01).

Similar functional changes are present in secondary effector
cells in the lungs of SV5-infected mice. To determine whether
SV5-specific cells present following challenge with SV5 were
resistant to the functional changes observed during the primary
response, at �d40 postinfection mice were challenged with 107

PFU of WT rSV5. As in the analysis of the primary response,
cells were analyzed both for the capacity to respond to peptide
antigen and for their dependence on CD8.

Given the increased kinetics of the secondary response, lung
cells were isolated on d5 or d8 postchallenge to determine
whether nonresponsive cells were present in the secondary
effector population. Total M285-293-specific cells were identi-
fied by tetramer staining, and functional M285-293-specific cells
were identified by IFN-� production following peptide stimu-
lation. On d5 postchallenge, the vast majority (�88%) of
M285-293-specific cells were functional (Fig. 7). However, as was
seen in the primary response, the percentage of functional
cells, as determined by their ability to produce IFN-� following
peptide stimulation, was severely reduced over time (37% at
d8).

The CD8 dependence of virus-specific cells from the lungs of
challenged mice was also analyzed. ELISPOT analysis was
performed on d2, d4, or d7 postchallenge. By d4 there was a
significant increase in the size of the responding population
(Fig. 8A). Interestingly, the expansion of antigen-specific cells
at d4 was accompanied by a decrease in the percentage of
CD8-independent SV5-specific cells (22.8 � 0.9%) compared
to d2 results (32.3 � 6.5%), a time at which detectable expan-
sion had not yet occurred (Fig. 8B). This observation is more
pronounced by d7 after secondary infection, with only 17.5 �
1.3% being CD8 independent. Presumably most cells activated
and/or expanded following challenge were memory cells. This
conclusion is based on the significantly increased number and
kinetics of these cells appearing in the lung compared to pri-
mary-infection results. However, even if newly activated naı̈ve
cells comprised a significant portion of the response, an alter-
ation in function in effectors arising from memory cells would
likely be necessary to achieve the high levels of nonresponsive-
ness present in these cells at this time. Thus, these data support
the contention that secondary effectors are susceptible to the
immune modulation that occurs in the lung during infection
with SV5.

DISCUSSION

It is well known that CD8� effector populations are detected
in the lungs following i.n. infection with virus (4, 9, 12, 13, 20).
However, many questions remain regarding our understanding
of the factors that result in the elicitation and regulation of an
efficacious immune response, especially in the specialized mi-
croenvironment of the lung. We have used i.n. administration
of the paramyxovirus SV5 in BALB/c mice as a model system

FIG. 6. M285–293-specific cells differ in their CD8 dependence char-
acteristics while exhibiting similar requirements for peptide antigen.
(A) The CD8 dependence of M285–293-specific cells was determined by
ELISPOT analysis. On d7 or d12 postinfection with WT rSV5, isolated
lung cells were analyzed for IFN-� production by ELISPOT analysis.
Cells were stimulated with P815 cells pulsed with 1 �M peptide in the
presence (gray bars) or absence (black bars) of saturating anti-CD8
antibody. These data represent the averages of the results of three
experiments. (B) Lung cells were isolated from SV5-infected mice at
d7 or d12 postinfection and stimulated with titrated concentrations of
M285–293 peptide antigen. The production of IFN-� production was
assessed by ELISPOT analysis. These data represent the averages of
the results of three experiments.
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to study CD8� T-cell effector populations in the lung following
viral respiratory tract infection. Using MHC-I tetramer and
intracellular cytokine staining, we found that there was an
increase in the percentage of virus-specific cells in the lung that
were nonresponsive over the period of d7 to d40 postinfection
(Fig. 1). Of note, the increased nonresponsiveness between d7
and d12 occurred during the period of time in which the overall
number of virus-specific cells in the lung was dramatically
increasing. The induction of nonresponsiveness was also ob-
served in virus-specific secondary effector cells elicited follow-
ing challenge with SV5 (Fig. 7).

One possibility that could explain the loss of IFN-� produc-
tion in SV5-specific cells present in the lung was immune
deviation, i.e., a switch to the Tc2 phenotype. Several systems
have indicated the potential of CD8� T cells to produce the
pattern of cytokines normally associated with Th2 cells (i.e.,
IL-4) (10, 11, 40). This hypothesis was of particular interest
given a report suggesting that the lung may be biased towards
a Th2-type response (14). However, no CD8� T cells capable
of producing IL-4 in response to stimulation with M285-293

peptide were detected in our studies (data not shown), thereby
ruling out a shift toward the Tc2 phenotype as a mechanism
that could account for the lack of IFN-� production in virus-
specific cells.

In our analyses, no defects were found in SV5-specific cells
present in the MLN (Fig. 4). This finding is consistent with the
notion that the environment present in the lung differs from
that in the MLN and that this difference may contribute to the
loss of function in virus-specific effector cells. We hypothesize
that the induction of nonresponsiveness could result either
from a failure to induce an optimally supportive environment
or through the production of a factor that is suppressive fol-
lowing infection with SV5. The presence of cells in the lung
that are capable of mediating suppressive effects has been
reported; for example, several studies have indicated that al-
veolar macrophages can release soluble factors that have im-

munosuppressive capabilities (7, 25, 34, 35). With regard to the
possibility that infection may trigger the production of a factor
that negatively regulates effector cell function, it is intriguing
that another example of the loss of function comes from stud-
ies of respiratory tract infection with RSV (12), a closely re-
lated member of the Paramyxoviridae family. Similar to our
results, RSV-specific effector cells in the lung become increas-
ingly nonresponsive over time. Of note, in contrast to the
defects observed following infection with SV5 or RSV, respi-
ratory infection with influenza virus does not result in the
presence of cells with functional defects (12), demonstrating
that the loss of function in effector cells is not a general prop-
erty of viral infections in the lung.

In conjunction with the loss of responsiveness in virus-spe-
cific cells in the lung, we observed an alteration in the require-
ment for CD8 in IFN-�-producing cells as the response pro-
gressed (Fig. 5 and 6). Coupled with the increased dependence
on CD8 of M-, F-, and HN-specific cells was the consistent loss
of the functional P-specific population at d12, a response pre-
viously shown to be exclusively CD8 dependent (17). In some
infected animals we also observed the loss of the HN response
at late time points, although this was not generally the case.
Whether the failure to detect P- or HN-specific cells is the
result of nonresponsiveness or deletion is unclear at this time.

Many studies, including those with M285-293-specific cells
from the MLN (18) as well as studies of distinct peptide sys-
tems (1, 23, 30, 32, 37), have resulted in reports of a correlation
between CD8 dependence and the amount of peptide required
to elicit effector function. Thus, our observation that d12 cells
exhibited an increased CD8 dependence while maintaining a
peptide requirement similar to that of d7 cells was quite un-
expected (Fig. 6). To our knowledge, the only other study that
has resulted in a report of a divergence in CD8 dependence
and peptide sensitivity characteristics comes from Palermo et
al., who analyzed melanoma-reactive T cells isolated from pa-
tients with metastatic disease (28). Here, when two CD8�

FIG. 7. Secondary effector cells in the lung become increasingly nonfunctional over time following infection with SV5. BALB/c mice were
infected i.n. with 106 PFU of WT rSV5. After d40 postinfection, mice were challenged by i.n. administration of 107 PFU of WT rSV5. Lung cells
were either stained with M285–293/Ld tetramer or stimulated with 1 �M M285–293 peptide to assess IFN-� production as described for Fig. 1. As a
negative control, cells were stimulated in the absence of M285–293 peptide. The numbers represent the percentages of CD8� T cells that were either
tetramer positive or IFN-��.
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T-cell clones generated from different individuals were com-
pared, the low-avidity clone, as determined by peptide sensi-
tivity, was CD8 independent whereas the high avidity clone was
CD8 dependent. At this time, the mechanism responsible for
the divergence in these two readouts is unknown. One intrigu-
ing possibility is that the divergence occurs selectively under
circumstances in which there is dysregulation of the immune
response, as appears to be the case with the lung environment
following SV5 infection and as might also be the case with
cancer.

The anti-CD8 antibody used in our studies (53-6.7) has been
in use for many years to inhibit function in T cells; however, the
mechanism by which it does so is unclear. One model for the
action of this antibody is that it disrupts the interaction of CD8
with the TCR, thereby decreasing the ability of CD8 to pro-
mote signal transduction. On the basis of this model, one could
propose that the strength of the association of CD8 with the
TCR differs in these two populations, with d12 cells exhibiting
a weaker linkage that is more readily disrupted by anti-CD8
antibody. While evidence is strong for the association of these
two molecules (15), the signals which regulate their association
are unknown.

Another possible explanation is that the requirement for
CD8 in promoting TCR signal transduction differs in the func-
tional cells present at d7 versus d12, such that the absence of
CD8 is more debilitating in d12 cells. An example of how
coreceptors may alter signal transduction comes from a recent
study by Sugie et al. (33). In this study the authors showed that
activation via CD3 cross-linking resulted in severely dimin-
ished signaling in Fyn-deficient mice compared to the results
seen with WT mice, while no difference was observed when
peptide-MHC was used. However, coaggregation of CD4 and
TCR reconstituted efficient signaling. In our studies we found
that when CD8 could participate in signaling, there was no
difference in the amount of peptide required for effector func-
tion in d7 versus d12 cells. However, when the contribution of
CD8 was removed, d12 cells showed a decreased response to
peptide antigen (Fig. 6). Thus, one hypothesis that arises from
our work is that a molecule involved in signal transduction that
is associated with or regulated by CD8 is altered in these cells.

The in vivo consequence of the observed increase in CD8
dependence in SV5-specific cells is presently unclear. One pos-
sibility is that the altered CD8 dependence does not modulate
the ability of cells to clear virus but is instead related to the
induction of nonresponsiveness in these cells. For example,
changes in membrane organization, CD8-TCR association, or
CD8 signaling may be an early step in this process. Thus, it is
possible that the loss of function and the increased CD8 de-
pendence observed in virus-specific effector cells in the lung
following infection with SV5 are mechanistically linked.
Clearly, additional studies are necessary to address these is-
sues.

In summary, the studies reported here show that over time
following i.n. infection with the paramyxovirus SV5 an increas-
ing percentage of the M285-293-specific T cells present in the
lung was nonresponsive. Significantly, the induction of nonre-
sponsiveness was also observed in secondary effector cells
present at this site. In addition, our data revealed an unex-
pected discordance in the CD8 dependence and peptide re-
quirement for the population of cells in the lung that retained
function, with cells exhibiting increased inhibition in the pres-
ence of anti-CD8 antibody while maintaining a similar require-
ment for peptide antigen. This change in the requirement for
CD8 was observed in both primary and secondary effector
populations. Given the large amount of data showing concur-
rence in these two readouts, it is tempting to speculate that
their divergence might occur under situations of immune dys-
regulation. Understanding the mechanism responsible for the
altered CD8 dependence may provide novel insights into the
role of CD8 in vivo and the mechanism by which nonrespon-

FIG. 8. Secondary effector cells in the lung exhibit increased CD8
dependence over time following infection with SV5. (A) Mice were
initially infected i.n. with 106 PFU of WT rSV5. After d40 postinfec-
tion, mice received 107 PFU of either SV5 or PBS. At d2, d4, and d7
postchallenge, cells were isolated from the lungs. The cells from three
mice were pooled. ELISPOT assays were performed in the absence
(hatched bars) or presence (black bars) of anti-CD8 blocking antibody
as described for Fig. 5A. The animals receiving PBS were used as a
baseline control to assess specific expansion as a result of secondary
exposure. Note the difference in scales. (B) These data represent the
percentage of SV5-specific cells in the lung at each time point or in the
MLN at d7 postchallenge that are CD8 independent. Mice challenged
with PBS are denoted with an asterisk (“Secondary d2*”). The per-
centage of CD8-independent cells at each time point was calculated as
described for Fig. 5. The data are the averages derived from three
independent experiments using lymphocytes isolated and pooled from
the lungs or MLN of two to three infected mice.
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siveness is induced in these cells. Further, determining the
factors that promote the loss of function in the virus-specific
cells may have implications for the design of therapeutics that
could promote increased responsiveness of effector cells in the
lung following infection.
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