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Recombinant vaccinia viruses (rVV) have been extensively used as vaccines, but there is little information
about the total magnitude of the VV-specific T-cell response and how this compares to the immune response
to the foreign gene(s) expressed by the rVV. To address this issue, we quantitated the T-cell responses to both
the viral vector and the insert following the infection of mice with VV expressing a cytotoxic T lymphocyte
(CTL) epitope (NP118–126) from lymphocytic choriomeningitis virus (LCMV). The LCMV epitope-specific
response was quantitated by intracellular cytokine staining after stimulation with the specific peptide. To
analyze the total VV-specific response, we developed a simple intracellular cytokine staining assay using
VV-infected major histocompatibility complex class I and II matched cells as stimulators. Using this approach,
we made the following determinations. (i) VV-NP118 induced potent and long-lasting CD8 and CD4 T-cell
responses to the vector; at the peak of the response (�1 week), there were �107 VV-specific CD8 T cells (25%
of the CD8 T cells) and �106 VV-specific CD4 T cells (�5% of the CD4 T cells) in the spleen. These numbers
decreased to �5 � 105 CD8 T cells (�5% frequency) and �105 CD4 T cells (�0.5% frequency), respectively,
by day 30 and were then stably maintained at these levels for >300 days. The size of this VV-specific T-cell
response was comparable to that of the T-cell response induced following an acute LCMV infection. (ii)
VV-specific CD8 and CD4 T cells were capable of producing gamma interferon (IFN-�), tumor necrosis factor
alpha (TNF-�), and interleukin-2; all cells were able to make IFN-�, a subset produced both IFN-� and TNF-�,
and another subset produced all three cytokines. (iii) The CD8 T-cell response to the foreign gene (LCMV
NP118–126 epitope) was coordinately regulated with the response to the vector during all three phases
(expansion, contraction, and memory) of the T-cell response. The total number of CD8 T cells responding to
NP118–126 were �20- to 30-fold lower than the number responding to the VV vector (�1% at the peak and
0.2% in memory). This study provides a better understanding of T-cell immunity induced by VV-based vaccines,
and in addition, the technique described in the study can be readily extended to other viral vectors to determine
the ratio of the T-cell response to the insert versus the vector. This information will be useful in optimizing
prime-boost regimens for vaccination.

Recombinant vaccinia viruses expressing foreign genes from
different pathogens have been extensively used in various ex-
perimental studies and also in clinical trials (2, 20). Despite the
widespread use of vaccinia virus (VV) as a viral vector, there is
little to no information available about the total size of the
VV-specific T-cell response. The major impediment to such
studies has been the absence of well-defined CD4 and CD8
T-cell epitopes of VV. This has prevented a detailed quanti-
tative analysis of T-cell immunity to VV. Although there is
information about the longevity of VV-specific immune re-
sponses (4, 11, 14), a kinetic analysis of VV-specific T-cell
immunity has not been done. In the case of rVV and other
poxvirus-based viral vectors, such as canarypox virus and mod-
ified vaccinia virus Ankara (1, 16, 20), it is not known whether
the response to the foreign epitope is coordinately regulated
with the response to the vector or if it follows a different
course.

In this study we have developed a simple intracellular cyto-

kine staining assay using VV-infected syngeneic cell lines ex-
pressing major histocompatibility complex (MHC) class I and
II proteins to quantitate VV-specific CD8 and CD4 T-cell
responses. Using this assay, we have monitored the magnitude
and duration of T-cell responses to the vector (i.e., VV) and
also to the foreign epitope following infection of mice with
recombinant vaccinia virus (rVV) expressing the NP118–126
cytotoxic T lymphocyte (CTL) epitope of lymphocytic chorio-
meningitis virus (LCMV).

MATERIALS AND METHODS

Mice and virus. BALB/cByJ (BALB/c) mice were purchased from The Jackson
Laboratory (Bar Harbor, Maine). BALB/c mice (4- to 6-week-old females) were
used in both the LCMV and VV studies. Virus stocks were prepared as described
previously (6, 18). For acute LCMV infection, mice were immunized intraperi-
toneally (i.p.) with 2 � 105 PFU of LCMV-Armstrong (7, 10). For VV experi-
ments, mice were injected with 2 � 106 PFU of recombinant VV-NP118 (NP118–
126 is encoded as a minigene [18]) or wild-type VV (VV-WT) i.p. Effector
responses were analyzed in the spleens of infected mice on day 8 postinfection
for LCMV and day 7 postinfection for VV, while memory responses were
analyzed �60 days after infection.

Cell lines and in vitro infections. Both BALB clone 7 (BALB Cl7) and A-20
cells were used in these experiments. BALB Cl7 cells, an H-2d MHC class
I-expressing fibroblast line, were maintained in Eagle’s minimal essential me-
dium supplemented with 10% fetal calf serum, 2 mM L-glutamine, and antibi-
otics. A-20 cells are B-cell lymphoma cells that express both major histocompat-
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ibility complex class I and II proteins of the H-2d haplotype. These cells were
maintained in RPMI 1640 medium supplemented with 10% fetal calf serum, 2
mM L-glutamine, and antibiotics (complete RPMI).

For LCMV infections, both BALB Cl7 and A-20 cells were infected at a
multiplicity of infection (MOI) of 0.5; BALB Cl7 cells were infected with LCMV
clone 13, and A-20 cells were infected with LCMV-t1b (6, 8, 9). At 24 h postin-

fection, the cells were harvested, resuspended in complete RPMI, and used to
stimulate mouse splenocytes.

For VV infection of BALB Cl7 and A-20 cells, both were infected with VV-WT
at an MOI of approximately 1. To stimulate for intracellular cytokine staining, cells
were harvested between 8 and 12 h after infection, resuspended in complete RPMI,
and used to stimulate mouse splenocytes. For enzyme-linked immunospot (ELIS-

FIG. 1. Activation and expansion of T cells following VV infection. (A) BALB/c mice were infected with VV and analyzed on the indicated
days after infection by staining splenocytes with CD8�, CD4, and CD11a MAbs. The percentages of the CD8 or CD4 T-cell populations that were
LFA-1hi are indicated in the upper right corners of the corresponding panels. (B) Total numbers of CD8 and CD4 T cells in the spleen that were
LFA-1hi (closed symbols) or LFA-1lo (open symbols) were determined. (C) Direct ex vivo CTL activity was measured on day 7 postinfection. Killing
was assayed on 51Cr-labeled uninfected (E) or VV-infected (�) target cells. Error bars indicate standard deviations.
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POT) analysis, A-20 cells were harvested 2 h postinfection and used for stimulations.
For the VV-specific 51Cr release assay, BALB Cl7 cells were infected 1 h prior to the
assay with VV-WT at an MOI of �10 (at the time of 51Cr labeling). These cells were
washed three times following the 1-h incubation and then used as target cells in a 5-h
51Cr release assay, as previously described (10).

Cell surface staining and flow cytometry. Cell surface staining was performed
as previously described (10, 19). Briefly, single-cell suspensions of splenocytes
from mice were stained in phosphate-buffered saline (PBS) containing 2% bo-
vine serum albumin and 0.2% sodium azide (FACS buffer) with antibodies
specific for CD8� (clone 53-6.7), CD4 (clone RM4-5), and lymphocyte function-
associated antigen 1 (LFA-1; CD11a). Cells were washed with FACS buffer and
fixed in PBS containing 2% paraformaldehyde (PFA). Samples were acquired on
a Becton Dickinson FACSCalibur flow cytometer (San Jose, Calif.), and analysis
was performed using CellQuest software (Becton Dickinson). All antibodies
were purchased from Pharmingen (San Diego, Calif.).

Intracellular cytokine stimulation and staining. Single-cell suspensions of
splenocytes were prepared from immunized mice and used as effector cells. In a
96-well flat-bottomed plate, either 106 splenocytes were incubated with medium
or the LCMV NP118–126 peptide (0.1 �g/ml final concentration) or 8 � 105

splenocytes were incubated with 3 � 105 to 4 � 105 cells from the uninfected or
virus-infected cell lines. All stimulations were performed for 5 h at 37°C, in the
presence of human interleukin-2 (IL-2; Pharmingen) and brefeldin A (Golgi
Plug; Pharmingen) at the previously published concentrations (10, 19).

After the 5-h incubation, intracellular cytokine staining was performed as
previously described (10, 19). First, the cell surface was stained with anti-CD8�
(clone 53-6.7) and anti-CD4 (clone RM4-5) monoclonal antibodies (MAbs). The
cells were then fixed and permeabilized (Cytofix/Cytoperm kit; Pharmingen) and
subsequently stained intracellularly with anti-gamma interferon (IFN-�), anti-
tumor necrosis factor alpha (TNF-�), or anti-IL-2 MAbs. Samples were fixed in
PBS containing 2% PFA and analyzed as described above. All antibodies were
purchased from Pharmingen.

IFN-� ELISPOT assay. IFN-� ELISPOT assays were performed as previously
described (10) with the following modifications. Splenocytes from VV-NP118-
infected mice were stimulated with either medium alone, LCMV NP118–126
peptide (0.1 �g/ml final concentration), 2.5 � 105 uninfected A-20 cells, or 2.5 �
105 VV-infected A-20 cells (infected 2 h earlier at an MOI of �1). Cultures were
incubated at 37°C for 36 h, after which time the assay was developed as previ-
ously described (10).

RESULTS

VV infection of mice induces activation and expansion of
CD8 and CD4 T cells. Following immunization of mice with
VV, there is a substantial increase in the number of cells in the

FIG. 2. Intracellular cytokine staining of LCMV- and VV-specific CD8 T cells using virus-infected cells as stimulators. BALB/c mice were
infected with either LCMV or VV-WT, and the CD8 T-cell response in the spleen was analyzed on day 8 or day 7 after infection, respectively.
Splenocytes from infected mice were stimulated in vitro for 5 h, and then intracellular IFN-� staining was performed. (A and B) Splenocytes from
day 8 LCMV-infected BALB/c mice either were not stimulated or were stimulated with the LCMV NP118–126 peptide (A) or uninfected,
LCMV-infected, or VV-WT-infected BALB Cl7 cells (B). (C) Splenocytes collected from BALB/c mice day 7 after VV infection were stimulated
with uninfected, LCMV-infected, or VV-WT-infected BALB Cl7 cells. The frequencies of the CD8 T cells that stained IFN-�� are indicated in
the upper right corners of the corresponding panels.
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spleen, suggesting activation and clonal expansion of T and B
cells. To assess the extent of T-cell activation, we stained T
cells for their expression of the activation marker LFA-1
(CD11a). Splenocytes from VV-infected BALB/c mice were
analyzed on days 7, 14, 30, and 60 after immunization, and the
frequencies of CD8 and CD4 T cells that upregulated LFA-1
were determined (Fig. 1A and B). At the peak of the T-cell
response (day 7 after infection), as many as 50% of the CD8 T
cells and 20% of the CD4 T cells were LFA-1hi. This represents
at least a 40-fold increase in the number of LFA-1hi CD8 T
cells by day 7 postinfection, resulting in approximately 2 � 107

LFA-1hi CD8 T cells. These CD8 T cells also displayed high
levels of direct ex vivo cytolytic activity (Fig. 1C). The number
of activated CD8 and CD4 T cells decreased over time and
returned to almost baseline levels by day 30. At this time, 14%
of the CD8 T cells and 13% of the CD4 T cells were LFA-1hi.

Detection of virus-specific CD8 T cells by using infected cell
lines. We knew that VV infection of mice induced strong
activation of CD8 T cells and that these CD8 T cells exhibited
high levels of direct ex vivo cytotoxicity; therefore, we wanted
to know the frequency of VV-specific CD8 T cells at this time.
Because of the lack of known MHC class I restricted VV
epitopes, we did not have a method for quantitating the spe-
cific VV CD8 T-cell responses. To overcome this, we set out to
design an assay to quantitate total virus-specific CD8 T-cell
responses by using virus-infected cell lines in combination with
intracellular cytokine staining. To establish this intracellular
cytokine staining assay using MHC class I-matched virus-in-
fected cells, we initially used the well-characterized system of
LCMV infection of mice. Infection of BALB/c mice with

LCMV induces a massive virus-specific CD8 T-cell response
that is focused at one immunodominant epitope, NP118–126.
At the peak of the CD8 T-cell response (day 8 after infection),
approximately 50% of the CD8 T cells are specific for this
epitope (Fig. 2A) (10). We tested the ability of LCMV-infected
BALB Cl7 cells to stimulate splenocytes from these same mice
to produce IFN-�. As shown in Fig. 2B, the LCMV-infected
fibroblast line worked as well as the NP118–126 peptide to
stimulate the LCMV-specific CD8 T cells to produce IFN-�,
and this could be readily detected by intracellular cytokine
staining.

Knowing that virus-infected BALB Cl7 cells worked well to
stimulate the LCMV-specific CD8 T cells, we used the same
approach to determine the VV-specific CD8 T-cell response.
BALB/c mice were immunized with VV, and at the peak of the
effector response, virus-specific CD8 T cells were analyzed in
the spleen. BALB Cl7 cells were infected in vitro with VV,
harvested 12 h later, and used to stimulate splenocytes from
VV-infected mice. As shown in Fig. 2C, we found that VV
infection of mice elicited a potent virus-specific CD8 T-cell
response. At day 7 postinfection, up to 30% of the CD8 T cells
from VV-infected mice produced IFN-� following stimulation
with VV-infected BALB Cl7 cells. The production of IFN-�
was specific for VV, because it was not seen after stimulation
with uninfected or LCMV-infected BALB Cl7 cells (Fig. 2C).
Therefore, VV infection of BALB/c mice generates a potent,
virus-specific CD8 T-cell response, and this response can be
readily detected using virus-infected syngeneic cell lines.

Analyzing virus-specific CD4 T-cell responses. We also
wanted to analyze virus-specific CD4 T-cell responses after

FIG. 3. LCMV- and VV-specific CD4 and CD8 T-cell responses. LCMV-specific T-cell responses were analyzed on day 8 after infection (A),
and VV-specific T-cell responses were analyzed on day 7 after infection (B). Splenocytes from infected mice were stimulated with uninfected A-20
cells (B-cell line expressing both MHC class I and II molecules), LCMV-infected A-20 cells, or VV-infected A-20 cells, and intracellular IFN-�
staining was performed to determine the frequencies of virus-specific CD8 and CD4 T cells. The percentages of the CD8 or CD4 T cells that were
IFN-�� are indicated in the upper right corners of the corresponding panels.
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infection, so we again used the technique described above,
except that we infected A-20 cells, a B-cell lymphoma line that
expresses both MHC class I and II molecules. As shown in Fig.
3, both LCMV-specific CD8 and CD4 T cells were detectable
following stimulation with LCMV-infected A-20 cells, indicat-
ing that this cell line could efficiently present viral epitopes to
both CD8 and CD4 T cells. We next determined VV-specific
CD8 and CD4 T-cell responses by using VV-infected A-20
cells. At the peak of the effector T-cell response, approximately
30% of the CD8 T cells were VV specific (Fig. 3B); these data
confirm results obtained after stimulation with VV-infected
BALB Cl7 cells (Fig. 2C). VV-specific effector CD4 T-cell
responses were also analyzed. On day 7 after VV infection,
�3% of the CD4 T cells were VV specific, as shown by intra-
cellular IFN-� staining (Fig. 3B). These data show that VV
infection of mice elicits both virus-specific CD8 and CD4 T-cell
responses.

Virus-specific T cells produce multiple cytokines in re-
sponse to antigen. The above experiments analyzed virus-spe-
cific T cells by the production of the antiviral cytokine IFN-�.
It is also important to know what other cytokines are produced
by virus-specific T cells. Therefore, we analyzed the ability of
virus-specific effector CD8 T cells to make the cytokines
TNF-� and IL-2, in addition to IFN-�. Figure 4 shows that
both the VV- and LCMV-specific effector CD8 T cells were

able to produce all three cytokines, although at differing fre-
quencies. Following stimulation with VV-infected A-20 cells,
28% of the CD8 T cells produced IFN-�, 17% made TNF-�,
and only 5.4% produced IL-2. A similar pattern of cytokine
production was seen for the LCMV-specific effector CD8 T
cells. Furthermore, we wanted to determine the cytokine pro-
files of the VV- and LCMV-specific effector CD4 T cells. After
both VV and LCMV infection of mice, the virus-specific ef-
fector CD4 T cells were capable of producing IFN-�, TNF-�,
and IL-2; the frequency of cells making each cytokine is shown
in Fig. 4. As seen with the virus-specific CD8 T cells, the
frequency of the CD4 T cells producing IFN-� was higher than
the frequency of those making TNF-� or IL-2, whereas the
differences in frequencies were not as dramatic as those for the
CD8 T cells.

Dual staining for intracellular cytokines was performed on
VV-specific effector CD8 and CD4 T cells to determine if there
were three entirely different populations of virus-specific T
cells or if there were subsets within the IFN-�-producing pop-
ulation. In general, the VV-specific CD8 and CD4 T cells all
produced IFN-� (Fig. 5). The virus-specific CD8 and CD4 T
cells can be divided into three separate subsets based on the
cytokine pattern: IFN-�� only (single producers), IFN-��

TNF-�� (double producers), and IFN-�� TNF-�� IL-2� (tri-
ple producers). Table 1 shows the percentages of the total

FIG. 4. IFN-�, TNF-�, and IL-2 production by virus-specific CD8 and CD4 T cells. Splenocytes collected from BALB/c mice on day 7 after VV
infection (A) or on day 8 after LCMV infection (B) were stimulated with the corresponding virus-infected A-20 cells for 5 h in vitro. Cell surfaces
were stained with anti-CD8� or anti-CD4, and then cells were intracellularly stained with anti-IFN-�, anti-TNF-�, or anti-IL-2. The percentages
of CD8 or CD4 T cells producing each cytokine are indicated in the upper right corners of the corresponding panels.
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VV-specific CD8 and CD4 T cells that could be divided into
each of these populations. Approximately 50% of the VV-
specific CD8 and CD4 T cells produced only IFN-�. Of the
remaining VV-specific CD8 T cells, about 25% were double
producers (IFN-�� TNF-��) and 16% were triple producers
(IFN-�� TNF-�� IL-2�). For the other VV-specific CD4 T
cells, only 8% were double producers while 41% were triple
producers. Together, these data show that virus-specific T cells
are capable of producing multiple cytokines, however, IFN-� is
the major cytokine made by both the VV-specific CD8 and
CD4 T cells.

In vivo dynamics of VV- and LCMV-specific CD8 and CD4
T-cell responses. We next analyzed the duration of VV-specific
CD4 and CD8 T-cell responses. VV-specific memory T-cell
responses were determined at late time points after infection
(after day 200). As shown in Fig. 6, VV-specific CD8 and CD4
T cells were maintained at increased frequencies in immune
mice. Between 6 and 12% of the CD8 T cells were specific for
VV, and this memory was maintained for all time points ana-

lyzed (up to 300 days postinfection). VV-specific CD4 memory
was also sustained at these late time points; between 0.3 and
0.5% of the CD4 T cells were specific for VV (Fig. 6B). To-
gether, these data show that VV infection of mice induces a
potent, virus-specific effector T-cell response that gives rise to
long-lived VV-specific CD8 and CD4 T-cell memory.

Taking all data together, we were able to enumerate the
VV-specific T cells, through all phases of the antiviral T-cell
response, and compare these responses to those elicited after
an acute LCMV infection. We assessed both VV- and LCMV-
specific T cells by using intracellular IFN-� staining because we
had previously determined that all of the virus-specific T cells
produced IFN-�. As shown in Fig. 7, the kinetics and magni-
tudes of the VV-specific CD8 and CD4 T-cell responses par-
alleled those of LCMV-specific CD8 and CD4 T cells. At the
peak of the effector T-cell response to VV (day 7), there were
�107 specific CD8 T cells and �106 specific CD4 T cells; this
is comparable to the size of the LCMV-specific T-cell response
at its peak. As with other acute infections, the VV-specific T
cells passed through a contraction phase, in which �90% of
the VV-specific T cells underwent cell death, resulting in a
stable pool of VV-specific memory T cells. In VV-immune
mice, there were approximately 6 � 105 to 7 � 105 VV-specific
CD8 T cells and 1.5 � 105 VV-specific CD4 T cells, and these
levels of memory persisted for �200 days (Fig. 7). These data
show that massive virus-specific T-cell responses are seen fol-
lowing VV infection of mice and that the magnitude of this
response is similar to that induced by LCMV infection. Also,
these data demonstrate that infection of mice with VV gener-
ates a stable pool of VV-specific memory CD8 and CD4 T
cells.

Comparison of specific T-cell responses induced against the
VV vector and an inserted epitope. Following immunization
with rVV, which expresses a foreign gene(s), antigen-specific
T-cell responses are induced to the inserted gene. What is not
known is the relationship between the specific T-cell response
elicited by the rVV backbone and that directed against the
gene of choice. We examined this by immunizing naive
BALB/c mice with an rVV expressing the dominant NP118–
126 epitope of LCMV (18) and measuring both the NP118-
and VV-specific CD8 T-cell responses (Fig. 8). As early as day
5 after infection, both NP118- and VV-specific CD8 T cells
could be detected, with a much higher frequency of VV-spe-
cific T cells (0.7% NP118 specific versus 12% VV specific). At
the peaks of both of these responses (day 7), the VV-specific
CD8 T-cell response was approximately 20-fold greater than
the NP118-specific response. These differences in responses
were maintained in the memory population; at day 200, there
were about 7 � 105 to 8 � 105 VV-specific CD8 T cells and
only 2 � 104 to 4 � 104 NP118-specific CD8 T cells (Fig. 8B
and C). These data bring to light the impressive magnitude of
the specific immune response elicited by the rVV backbone
compared to that directed against the inserted gene.

DISCUSSION

In this study, we showed that there is a massive virus-specific
T-cell response elicited following acute VV infection of
BALB/c mice. We analyzed the VV-specific T-cell responses at
different times after infection and found that they were com-

FIG. 5. Three populations of virus-specific effector T cells. Spleno-
cytes collected from BALB/c mice on day 7 after VV infection were
stimulated in vitro with VV-infected A-20 cells and costained intracel-
lularly for either IFN-� and TNF-� (top panels) or IFN-� and IL-2
(bottom panels). The data shown are gated on either CD8 or CD4 T
cells, and the numbers within the panels represent the frequencies of
the CD8 or CD4 T cells producing each cytokine.

TABLE 1. Cytokine-producing T-cell subset frequenciesa

Cytokine(s) produced % CD8 % CD4

IFN-� 59 51
IFN-�, TNF-� 25 8
IFN-�, TNF-�, IL-2 16 41

a The frequencies of VV-specific CD8 and CD4 T cells producing the indi-
cated cytokine profiles were determined at the peak of the T-cell response (day
7 postinfection) by intracellular cytokine staining.
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parable in magnitude to those induced by an acute LCMV
infection (10). To perform the analysis of VV-specific T cells,
we developed an assay that allowed for the quantitation of
virus-specific T-cell responses, because the CD8 and CD4 T-
cell epitopes are not known for VV. We found that by using
virus-infected cell lines expressing both MHC class I and II
molecules we could stimulate the specific T cells to produce
cytokines, which could be detected by intracellular cytokine
staining. Stimulation with uninfected or irrelevant-virus-in-
fected cells did not induce cytokine production; therefore, this
technique is specific. Using this simple method, we were able
to quantitate the CD8 and CD4 T-cell responses to both
LCMV and VV. In the future, an approach similar to this one

might aid in the analysis of other virus-specific T-cell re-
sponses, especially when the CD8 and CD4 epitopes are not
known (6a, 9a).

Following infection of BALB/c mice with VV, direct ex vivo
CTL activity could be detected, and there was a dramatic
increase in the proportion of the CD8 T cells that upregulated
the activation marker LFA-1. Using VV-infected cell lines, we
were able to detect VV-specific CD8 and CD4 T cells by
determining the production of IFN-�, and these IFN-�-pro-
ducing cells were in fact LFA-1hi (data not shown). We found
that at the peak of the T-cell response, as many as 30% of the
CD8 T cells (approximately 107 cells) were specific for VV
epitopes. There was also a significant VV-specific CD4 T-cell

FIG. 6. Virus-specific memory CD8 and CD4 T-cell responses. Memory CD8 and CD4 T-cell responses were determined more than 200 days
following LCMV (A) or VV (B) infection. Responses were analyzed by intracellular IFN-� staining after stimulation with virus-infected A-20 cells.
The percentages of CD8 and CD4 T cells producing IFN-� are indicated in the upper right corners of the corresponding panels.

FIG. 7. Kinetics of virus-specific CD4 and CD8 T-cell responses. The total numbers of VV (E)- and LCMV (�)-specific CD8 and CD4 T cells
were quantitated by intracellular IFN-� staining on the indicated days after infection. The error bars indicate standard deviations.
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response, consisting of �3% of the CD4 T cells in the spleen
(�106 specific CD4 T cells). Furthermore, we were able to
detect VV-specific memory CD8 and CD4 T cells that per-
sisted at elevated frequencies for more than 200 days postin-
fection. As many as 10% of the CD8 T cells and 0.4% of the
CD4 T cells were specific for VV at these late time points. In
all, these data show that acute infection of mice with VV
induces a potent antiviral effector T-cell response and VV-
specific T-cell memory.

In addition to quantitating the VV-specific T-cell responses,
the cytokine profiles of the VV-specific effector T cells were
determined. We showed that a subset population of VV-spe-
cific T cells could produce multiple cytokines. Recently pub-
lished reports have shown similar findings following LCMV
infection of mice (15, 17). Slifka and Whitton showed that a
proportion of the LCMV-specific effector CD8 T cells made
both IFN-� and TNF-� (15). Moreover, Varga and Welsh
showed that LCMV-specific CD4 T cells were capable of pro-
ducing IFN-�, TNF-�, and IL-2 (17). We have shown that
there are three different populations of VV-specific T cells on
day 7 after VV infection: the single producers (IFN-�� only),
the double producers (IFN-�� and TNF-��), and the triple
producers (IFN-��, TNF-��, and IL-2�). All three of these
groups of cells were capable of making IFN-�, while the pro-

duction of TNF-� and IL-2 differed. More than 50% of the
VV-specific CD8 T cells could make only IFN-�, but �20%
were able to produce all three cytokines. The VV-specific CD4
T cells displayed a slightly different pattern of cytokine pro-
duction. Again, close to 50% of the VV-specific CD4 T cells
were single producers, whereas �40% made IFN-�, TNF-�,
and IL-2. It is interesting that the proportion of the virus-
specific CD4 T cells that produced IL-2 was much greater than
the fraction of the virus-specific CD8 T cells that made IL-2.
This may be due to the differential roles that these cells play in
an antiviral immune response. For example, one of the major
functions of the virus-specific CD4 T cells may be to make
IL-2, whereas it may be more important for the virus-specific
CD8 T cells to produce IFN-� and TNF-� (i.e., effector mol-
ecules) rather than IL-2.

The implications of this study are important for the future
design of vaccines. In designing vaccines, not only will it be
important to know the magnitude of the immune response that
is elicited against the inserted gene of choice, but it will also be
important to know how strong a response is generated against
the viral vector (20). Using an rVV expressing an LCMV
epitope, we have shown that the CD8 T-cell response to the
foreign epitope is coordinately regulated with the response to
the VV vector but the response directed against VV is much

FIG. 8. Comparison of CD8 T-cell responses to the vector with those to the foreign epitope. BALB/c mice were immunized with VV-NP118,
and the frequencies (A) and numbers (B) of VV-specific and NP118-specific CD8 T cells were determined by intracellular IFN-� staining (A and
B) or by IFN-� ELISPOT analysis (C). In panel A, the results for one representative mouse are shown at each time point (n � 8 mice per time
point), and the percentages of CD8 T cells producing IFN-� are indicated in the upper left corners of the corresponding panels. (C) The VV- and
NP118-specific memory T-cell responses in mice infected with VV-NP118 �200 days earlier were quantitated by IFN-� ELISPOT analysis. The
error bars represent standard deviations.
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greater in magnitude than the response against the inserted
epitope. If the same vaccine were used to prime and subse-
quently boost specific immune responses, it is likely that there
would be an increase in the responses specific for both the
inserted gene and the virus backbone (13). It is also possible
that the antiviral response that is specific for the viral vector
could prevent the boosting of the response specific for the
inserted gene. Moreover, preexisting memory against the virus
backbone may inhibit its use as a viral vector for other vacci-
nation purposes. Therefore, using vaccine constructs that pos-
sess limited replication within the host, such as modified VV
Ankara, may be most efficient for vaccination purposes, be-
cause they are less apt to induce immunity against themselves
but can still prime protective immunity against the gene of
choice (5, 11, 12). Also, a recent report has described unex-
pected interactions between memory T cells specific for heter-
ologous viruses (3). In the future, it will be important to study
the immune response directed against the vector, along with
that specific for the gene of choice (13, 20). This information
will be crucial for designing efficient vaccination regimens,
such as different priming and boosting combinations.
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