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The two major antiviral effector mechanisms of CD8� T cells are thought to be perforin (Prf)-mediated cell
lysis and gamma interferon (IFN-�)-mediated induction of an antiviral state. By affecting the expression of
proteins involved in antigen presentation, IFN-� is also thought to shape the magnitude and specificity of the
CD8� T cell response. Here we studied the roles of Prf and IFN-� in shaping the effector and memory CD8�

T cell responses to vaccinia virus (VACV). IFN-� deficiency resulted in increased numbers of anti-VACV
effector and memory CD8� T cells, which were partly dependent on increased virus loads. On the other hand,
Prf-deficient mice showed an increase in the number of VACV-specific CD8� T cells only in the memory phase.
Treatment of the mice with the antiviral drug cidofovir reduced the numbers of effector and memory cells closer
to wild-type levels in IFN-�-deficient mice and reduced the numbers of memory CD8� T cells to wild-type levels
in Prf-deficient mice. These data suggest that virus loads are the main reason for the increased strength of the
CD8 response in IFN-�- and Prf-deficient mice. Neither Prf deficiency nor IFN-� deficiency had an effect on
the immunodominance hierarchy of five Kb-restricted CD8� T cell determinants either during acute infection
or after recovery. Thus, our work shows that CD8� T cell immunodominance during VACV infection is not
affected by the effects of IFN-� on the antigen presentation machinery.

Upon antigen recognition, antiviral CD8� T cells expand
and kill infected cells mostly by the exocytosis of granules
containing perforin (Prf) and granzyme B (GzB). In addition,
effector CD8� T cells produce the antiviral cytokine gamma
interferon (IFN-�). Even though CD8� T cells also produce
other proinflammatory and cytolytic cytokines, such as tumor
necrosis factor (TNF), Prf/GzB-mediated killing and IFN-�
production are thought to be the major effector mechanisms
whereby CD8� T cells clear viral infections (15). Once the
antigen is cleared, many of the virus-specific CD8� T cells die
of apoptosis but leave behind a pool of resting memory CD8�

T cells with the capacity to respond rapidly to a secondary viral
challenge (15, 27).

Vaccinia virus (VACV) is an orthopoxvirus (OPV) that
served as the vaccine that eradicated smallpox, an often fatal
human disease produced by the OPV variola virus (13). In
addition, VACV is being developed as a vector for vaccines
against various infectious agents and tumors (4, 12, 17, 24, 37).
Because it is the only vaccine that has eradicated a disease,
VACV serves as a unique model that can advance our under-
standing of the induction of protective immune responses.
Thus, it is of interest to fully dissect the immune mechanisms
that control VACV and shape the anti-VACV immune re-
sponse.

To exert their effector functions, CD8� T cells must recog-
nize viral antigens as small peptides bound to major histocom-
patibility complex class I (MHC I) molecules. The vast major-
ity of these peptides derive from the cytosolic degradation of
viral proteins by the proteasome (34, 35). Despite the large
number of potentially immunogenic peptides, virus-specific
CD8� T cell responses are often focused on a limited number
of dominant and subdominant peptides (22, 32, 33). Previously,
Tscharke et al. used a VACV genomic library to screen for
VACV CD8� T cell determinants in H-2b C57BL/6 (B6) mice
(25). This resulted in the identification of the Kb-restricted
immunodominant determinant TSYKFESV from the B8R
protein (referred to below as B8R) and four additional sub-
dominant determinants restricted to Kb or Db. B8R-specific
CD8� T cells accounted for 25%, and the five peptides to-
gether for 40%, of the total anti-VACV CD8� T cell response
(25). Later work using a VACV synthetic peptide library con-
firmed these determinants and identified 44 additional sub-
dominant determinants covering 95% of the anti-VACV re-
sponse in B6 mice. All these peptides displayed strong affinity
for the restricting MHC I molecules (20).

The molecular and cellular bases that determine the hierar-
chy of immunodominance for peptides with strong affinity for
MHC I remain a mystery (22, 32, 33). A possible contributing
factor is that immunodominant peptides may be produced
more efficiently by the antigen presentation machinery (18, 26,
32). In addition to its direct antiviral effects, IFN-� affects the
subunit composition and proteolytic specificity of the protea-
some and induces the expression of other proteins involved in
antigen processing and presentation (16, 35). Thus, it has been
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proposed that IFN-� may affect peptide abundance, thereby
playing a major role in shaping the hierarchy of immunodomi-
nance (14, 32). Indeed, IFN-� has been shown to affect immu-
nodominance during infection with an attenuated strain of
Listeria monocytogenes (2) and after DNA immunization (21).
In contrast, a deficiency in Prf, which does not modulate an-
tigen presentation, resulted in overall increased CD8� T cell
responses to L. monocytogenes during the acute phase of the
infection but did not affect immunodominance (2). The en-
hanced CD8� T cell response to L. monocytogenes in the ab-
sence of Prf appeared to be independent of the ability of Prf to
reduce bacterial loads, because Prf�/� mice also mounted en-
hanced responses to peptide-pulsed dendritic cells. Similarly,
the absence of Prf resulted in increased magnitude of the
response but did not affect immunodominance during influ-
enza infection (5). Whether IFN-� affected the magnitude or
immunodominance of the influenza response was not ad-
dressed in that study. The roles of IFN-� and Prf in the ex-
pansion and contraction of CD8� T cells appear to differ for
different infections. Studies by Andrews et al. with mouse cyto-
megalovirus showed that the absence of Prf and IFN-� resulted in
increased strength of the response but did alter the kinetics of
expansion of CD8� T cells (1). Conversely, Whitmire et al.
showed that during lymphocytic choriomeningitis virus infection,
IFN-� enhanced T cell responses (28–30), while Christensen et al.
demonstrated that the responses to vesicular stomatitis virus were
not affected by either molecule (6). None of these studies ad-
dressed the role of IFN-� or Prf in immunodominance.

Here we examined the roles of IFN-� and Prf in shaping the
anti-VACV CD8� T cell response. We found that IFN-� de-
ficiency resulted in an increased number of anti-VACV effec-
tor and memory CD8� T cells, which was partly dependent on
increased virus loads during the acute phase of the infection.
On the other hand, Prf deficiency resulted in an increased
number of VACV-specific memory CD8� T cells only during
the memory phase. Remarkably, neither Prf deficiency nor
IFN-� deficiency had any effect on the immunodominance
hierarchy of B8R and four of the most prominent Kb-restricted
subdominant CD8� T cell determinants either during acute
infection or after recovery.

MATERIALS AND METHODS

Viruses. Initial stocks of VACV Western Reserve were obtained from Bernard
Moss (National Institute of Allergy and Infectious Diseases, Bethesda, MD) and
were amplified in HeLa S3 cells as described previously (8). Briefly, HeLa S3
cells in T150 flasks were infected with 0.1 PFU/cell VACV. After 3 or 4 days,
cells were collected, resuspended in phosphate-buffered saline (PBS), frozen and
thawed three times, and stored in aliquots at �80°C as virus stocks. Virus titers in
VACV stocks were determined by plaque assays on confluent BSC-1 cells using
10-fold serial dilutions of the stocks in 0.5 ml RPMI 2.5 medium in six-well plates (2
wells/dilution) for 1 h. A 2-ml volume of fresh RPMI 2.5 medium was added, and the
cells were incubated at 37°C for 3 days (VACV). Next, the medium was aspirated,
and the cells were fixed and stained for 10 min with 0.1% crystal violet in 20%
ethanol. The fix/stain solution was subsequently aspirated, the cells air dried, the
plaques counted, and the PFU/ml in stocks calculated accordingly.

For the determination of the virus titers in ovaries, both ovaries were homog-
enized in a medium using a TissueLyser (Qiagen). The virus titers were calcu-
lated as PFU/ovaries. To determine virus titers in spleens, the spleens were made
into a single-cell suspension between two frosted slides and were resuspended in
10 ml complete RPMI medium. A 1-ml volume of the cell suspension was frozen
and thawed three times, and titers were determined in 10-fold serial dilutions of
the cell lysates as described above. Virus titers were calculated as PFU/spleen. To
determine the virus titers in the liver, a portion of the liver was weighed and

homogenized in the medium using a TissueLyser. The virus titers were calculated as
PFU/g.

Mice and infections. The Fox Chase Cancer Center Institutional Animal Care
and Use Committee approved the experimental protocols involving animals.
C57BL/6J and C57BL/6NTac (B6) mice were purchased from Taconic or the Jack-
son Laboratory, respectively, when they were 8 to 10 weeks of age. The mice were
allowed to rest for at least 1 week before use in experiments. Experiments (not
shown) demonstrated that the VACV-specific CD8� T cell responses in B6 mice
from Taconic and the Jackson Laboratory were not significantly different. All the
figures in this report show the results of experiments carried out with Taconic B6
mice. B6.129S7-Ifngtm1Ts/J (IFN-��/�) and C57BL/6-Prf1tm1Sdz/J (Prf�/�) mice
were initially purchased from the Jackson Laboratory and were bred in the Fox
Chase Cancer Center Laboratory Animal Facility. IFN-��/� and Prf�/� mice were
genotyped using the standard PCR protocols described by the Jackson Laboratory.

Unless otherwise indicated, VACV was inoculated via the intraperitoneal (i.p.)
route with 500 �l PBS containing 106 PFU. Following infections, mice were observed
daily for signs of disease (lethargy, ruffled hair, weight loss, skin rash, eye secretions)
and imminent death (unresponsiveness to touch, lack of voluntary movements).

Antiviral treatment was administered systemically via the i.p. route with 500 �l
PBS containing 400 �g of cidofovir (Vistide; Gilead Sciences).

Flow cytometry. T cell responses were detected as described previously (9–11,
31). Briefly, for T cell responses, lymphocytes were obtained from mice and were
made into single-cell suspensions. Following osmotic lysis of red blood cells with
0.84% NH4-Cl, cells were washed; 2 � 106 cells were added to the wells of
96-well plates; and supernatants of hybridoma 2.4G2 (anti-Fc� II/III receptor

FIG. 1. IFN-��/� and Prf�/� mice mount adaptive immune re-
sponses with increased frequencies of anti-VACV memory CD8� T
cells. B6, IFN-��/�, and Prf�/� mice were infected with 106 PFU
VACV i.p.; �30 dpi, sera and spleens were collected, processed, and
analyzed. (Top) Representative flow cytometry plots show the percent-
ages of DimerX staining. U, uninfected. (Bottom) Bar graphs show
summary data for the percentages of DimerX staining. Data are results
of four independent experiments (except for Prf�/� mice, with two
independent experiments) with pooled spleens from five mice.
Means � SEM are shown. Asterisks for infected B6 mice represent P
values for comparisons to uninfected B6 mice. Asterisks for IFN-��/�

and Prf�/� mice represent P values for comparisons to infected B6
mice. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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[ATCC]) were added to block nonspecific binding of the labeled antibody (Ab)
to Fc receptors. The cells were stained for cell surface molecules and were then
fixed with 0.5% paraformaldehyde in PBS. The following Abs and staining
reagents were used: anti-CD4 (clone GK1.5), anti-CD14 (clone Sa14-2), anti-
CD16 (clone 93), and anti-CD19 (clone 6D5) conjugated with fluorescein iso-
thiocyanate (FITC) for a dump gate, phycoerythrin (PE)-conjugated anti-CD8
(clone 2.43) (all from BioLegend), and an H-2Kb–Ig recombinant fusion protein
(DimerX; BD), which had been incubated with the synthetic peptide TSYK-
FESV (B8R), ITYRFYLI (A8R), STLNFNNL (A3L), KSYNYMLL (J3R), or
SIFRFLNI (E7R) (GenScript) and used as recommended by the manufacturer.
At least 100,000 cells were analyzed by flow cytometry using an LSR II system
(BD Biosciences).

Data analysis and statistics. Unless otherwise indicated, all data presented
correspond to one experiment representative of at least two similar experiments
with groups of four to five mice. Spleens were analyzed individually except for the
experiment for which results are shown in Fig. 1, where data correspond to
pooled spleens and four independent experiments. Statistical analysis was per-
formed using GraphPad Prism software. All statistical analyses were performed
using an unpaired two-tailed t test. When applicable, data are displayed as
means � standard errors of the means (SEM) with P values (represented by
asterisks as explained in the figure legends).

RESULTS

IFN-��/� and Prf�/� mice mount adaptive immune re-
sponses with increased frequencies of anti-VACV memory
CD8� T cells. To examine the roles of IFN-� and Prf in
anti-VACV CD8� T cell responses, we infected B6, IFN-��/�,

and Prf�/� mice with 106 PFU VACV. All the B6 and Prf�/�

mice and most IFN-��/� mice survived the infection without
overt symptoms of disease. In four experiments where we in-
fected a total of 40 IFN-��/� mice (10 in each experiment), 6
animals became very sick 7 to 10 days postinfection and had to
be euthanized. None of the other 34 animals showed signs of
disease. This is consistent with a previous report showing that
IFN-��/� mice control VACV following infection by tail scar-
ification (19). Sixty days postinfection (dpi), the anti-VACV
CD8� T cell responses were analyzed. Compared with those in
B6 mice, both Prf�/� and IFN-��/� mice had significantly
higher frequencies of Kb-restricted memory CD8� T cells spe-
cific for the dominant Kb-restricted B8R peptide and four
other subdominant Kb-restricted peptides (20). However, the
hierarchy of immunodominance for the five determinants
(B8R, A8R, A3L, J3R, and E7R, listed in decreasing order of
immunodominance) remained unchanged (Fig. 1). The in-
creased frequencies of memory CD8� T cells in IFN-��/� and
Prf�/� mice were not due to virus persistence, because (i) no
virus was detectable in the spleen, liver, and ovaries 30 dpi; (ii)
the memory cells were GzB negative, indicating that they were
resting (11, 36); and (iii) anti-VACV memory CD8� T cells
from VACV-immune B6 mice did not expand when trans-
ferred to VACV-immune IFN-��/� or Prf�/� mice (not

FIG. 2. Increased number of anti-VACV CD8� T cell responses to acute VACV in IFN-��/� but not in Prf�/� mice. B6, IFN-��/�, and Prf�/�

mice were infected with 106 PFU VACV i.p., and at 7 dpi, individual spleens were collected and processed, and total lymphocytes were counted
and analyzed. (A) (Left) Representative flow cytometry plots show the percentages of DimerX staining. U, uninfected. (Right) Bar graphs show
summary data for the percentages of DimerX staining for five individual mice. (B) Total lymphocyte numbers. (C) The number of total CD8� cells
increases in infected mice. Data are means for five mice per group � SEM (four IFN-��/� mice, because one died 7 dpi) and are representative
of three independent experiments. Asterisks for infected B6 mice represent P values for comparisons to uninfected B6 mice. Asterisks for IFN-��/�

and Prf�/� mice represent P values for comparisons to infected B6 mice. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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shown). Thus, IFN-�- and Prf-deficient mice cleared VACV by
the i.p. route of infection, and compared to that in wild-type
(WT) mice, mice deficient in IFN-� or Prf displayed increased
frequencies of memory CD8� T cells with an unchanged im-
munodominance hierarchy.

Increased number of anti-VACV CD8� T cell responses to
acute VACV in IFN-��/� but not Prf�/� mice. It has been
reported that mice deficient in IFN-� had normal frequencies
but altered immunodominance of L. monocytogenes-specific
CD8� T cells during the acute phase of L. monocytogenes
infection and increased frequencies of memory CD8� T cells
after recovery. This indicated that during L. monocytogenes
infection, the increased frequency of memory CD8� T cells
was due to decreased contraction and not to increased expan-
sion of responding CD8� T cells. On the other hand, Prf�/�

mice showed increased expansion of specific CD8� T cells in
the acute phase of L. monocytogenes infection, which was in-

dependent of the effector function of Prf (2). In contrast, we
found that during the acute phase of VACV infection (7 dpi),
the frequencies of CD8� T cells specific for B8R and most
subdominant determinants were significantly increased in IFN-
��/� mice, but only the frequency of CD8� T cells specific for
the subdominant determinant A8R was increased in Prf�/�

mice. The hierarchy of immunodominance was unaltered in
both IFN-��/� and Prf�/� mice (in descending order, B8R,
A8R, A3L, J3R, and E7R) (Fig. 2A). The differences in fre-
quencies resulted in differences in absolute numbers, because
B6, IFN-��/�, and Prf�/� mice had similar increases in the
cellularity of their spleens (Fig. 2B) and similar calculated
absolute numbers of CD8� cells (Fig. 2C). At 7 dpi, IFN-��/�

mice had significantly higher virus titers in the ovaries, spleen,
and liver than B6 mice (Fig. 3), suggesting that the increased
number of virus-specific effector CD8� T cells in IFN-��/�

mice could have been driven by the increase in the virus load.

FIG. 3. VACV-infected IFN-��/� mice have higher virus titers in the spleen and liver than WT mice. B6, IFN-��/�, and Prf�/� mice were infected
with 106 PFU VACV i.p., and virus titers in their ovaries, spleens, and livers were determined 7 dpi. Data correspond to individual mice. Horizontal lines
and error bars indicate the mean � SEM for each group and are representative of three independent experiments. *, P � 0.05; **, P � 0.01.

FIG. 4. Cidofovir treatment equalizes virus titers. B6, IFN-��/�, and Prf�/� mice were infected with 106 PFU VACV i.p. and were either left
untreated (A) or treated 2 dpi with 400 �g of cidofovir i.p. (B). At 7 dpi, virus titers in the ovaries, spleen, and liver were determined. The
quantitation of virus titers in the treated and untreated groups are from a different experiment than that for which data are shown in Fig. 3. Data
are results for individual mice. Horizontal lines and error bars indicate the mean � SEM for each group and are representative of two independent
experiments. *, P � 0.05.
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Virus was barely detectable in the livers and spleens of some
Prf�/� mice, but the difference from levels in B6 mice was not
significant, possibly because the titers were close to the limit of
detection of the plaque assay.

Antiviral treatment partially reduces the increased frequency
of anti-VACV effector and memory CD8� T cells. Cidofovir
[(S)-1-(3-hydroxy-2-phosphonylmethoxypropyl)cytosine] (Vis-
tide; Gilead Sciences), inhibits the VACV polymerase and dra-
matically decreases VACV replication in vitro and in vivo (7,
23). Cidofovir is highly effective at protecting mice from a
lethal respiratory infection with either VACV or cowpox virus
after a single systemic (i.p.) or aerosolized (intranasal) dose
(3). Additionally, cidofovir is highly effective for treating
VACV-infected severe combined immune-deficient (SCID)
mice (7). To test whether the increased expansion of effector
cells in IFN-��/� mice was due to an increased antigenic load,
mice infected with VACV i.p. were treated 2 dpi (to permit
some viral replication and CD8� T cell priming) with a single
dose of 400 �g of cidofovir given i.p. At 7 dpi, VACV was
undetectable in the spleens and livers of B6, IFN-��/�, and
Prf�/� mice. Cidofovir moderately reduced virus titers in the
ovaries to similar loads in all mice (Fig. 4). Interestingly, treat-
ment with cidofovir did not affect the frequency of the anti-
VACV CD8� T cell response in B6 and Prf�/� mice but
reduced the frequency of anti-B8R cells �3-fold in IFN-��/�

mice (Fig. 5A; compare with Fig. 2A). Still, the frequencies of

anti-B8R, anti-A8R, and anti-A3L CD8� T cells were signifi-
cantly higher in cidofovir-treated IFN-��/� mice than in cido-
fovir-treated B6 mice. The numbers of total lymphocytes and
CD8� T cells in the spleen were similar in all infected mice and
were significantly higher than those in uninfected mice (Fig. 5B
and C), indicating that the differences in frequencies reflected
differences in absolute numbers. Therefore, the increased ex-
pansion of virus-specific CD8� T cells in IFN-��/� mice was
attributable mostly to the viral load, though other factors could
also be involved. Importantly, the immunodominance hierar-
chy was maintained in cidofovir-treated mice (Fig. 5A) (in
descending order, B8R, A8R, A3L, J3R, and E7R).

We next determined the long-term effects of treating the
mice with cidofovir at 2 dpi. All B6, IFN-��/�, and Prf�/� mice
(5/group) survived the infection without noticeable symptoms
of disease (not shown). At 30 dpi, the spleens were harvested
and stained with pooled Kb-B8R, -A8R, -A3L, -J3R, and -E7R
dimers. As in the acute phase of the infection, IFN-��/� mice
showed significant increases in the overall frequencies of
VACV-specific CD8� T cells specific for the five determinants
combined (�1.3-fold higher [Fig. 6]), but these were much
lower than the increases we had observed in untreated mice.
The frequencies of VACV-specific memory CD8� T cells in
cidofovir-treated B6 and Prf�/� mice were similar. Thus, virus
loads were responsible for the increase in memory CD8� T

FIG. 5. Antiviral treatment partially reduces the increased frequency of anti-VACV effector CD8� T cells. B6, IFN-��/�, and Prf�/� mice were
infected with 106 PFU VACV i.p. and treated with 400 �g cidofovir i.p. 2 dpi. At 7 dpi, individual spleens were collected, processed, and analyzed.
(A) (Left) Representative flow cytometry plots show the percentages of DimerX staining. (Right) Bar graphs show cumulative data for the
percentages of DimerX staining. (B) Total lymphocyte numbers. (C) The number of total CD8� cells increases in infected mice. Data correspond
to the same mice as those for which results are shown in Fig. 4 and are representative of two independent experiments. **, P � 0.01; ***, P �
0.001.
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cells in untreated Prf�/� mice and for most, if not all, of the
increase in untreated IFN-��/� mice.

DISCUSSION

Here we infected IFN-��/� and Prf�/� mice with VACV i.p.
and analyzed their CD8� T cell responses to the dominant
determinant B8R and the subdominant determinants A8R,
A3L, J3R, and E7R.

In results reminiscent of previous work with L. monocyto-
genes (2), Prf�/� mice and, more notably, IFN-��/� mice
showed higher frequencies of VACV-specific memory CD8� T
cells than B6 mice, despite virus clearance. However, the
hierarchy of dominance for B8R and the four subdominant
determinants was not affected in either deficient strain. More-
over, analysis of the CD8� T cell response at the acute phase
of the infection showed normal CD8� T cell responses in
Prf�/� mice but increased responses in IFN-��/� mice, which
also had increased virus titers in the ovaries, spleen, and liver.
As in the memory phase, the hierarchy of immunodominance
was unaffected. This was surprising, because IFN-� was hy-
pothesized to be important in shaping CD8� T cell immu-
nodominance (32, 33), and a role for IFN-� in immunodomi-
nance was later found in mice infected with attenuated L.
monocytogenes or immunized with DNA (2, 21). VACV is a
large virus with more than 200 proteins and a large number of
MHC class I determinants (20); therefore, it would be ex-
pected that changes associated with IFN-� signaling would be
important in shaping the hierarchy of dominance in the anti
VACV response. However, this did not occur.

Treatment of mice with the antiviral drug cidofovir at 2 dpi
reduced virus loads in Prf�/� and IFN-��/� mice to undetect-

able levels in the liver and spleen and to levels similar to those
for B6 mice in the ovaries. Cidofovir treatment partially de-
creased the difference in the number of antiviral CD8� T cells
between IFN-��/� and B6 mice during acute infection and
after recovery. This demonstrates that virus loads, and not
immunomodulation, play the most important role in regulating
the strength of the CD8� T cell response to VACV in the
absence of IFN-�. Our experiments could not distinguish
whether the remaining difference was due to disparities in virus
loads between B6 and IFN-��/� mice during the first 2 dpi or
to other reasons. Cidofovir treatment reduced the memory
CD8� T cells in Prf�/� mice to numbers similar to those in B6
mice, suggesting that differences in virus loads (though not
significant by the plaque assay at 7 dpi) may also affect the
formation of memory CD8� T cells in the absence of Prf.
Interestingly, cidofovir treatment did not have a detectable
effect on the strength of the CD8� T cell response in B6 mice.
This suggests that cidofovir treatment could be used to reduce
the complications of VACV vaccination, in particular in im-
munocompromised individuals, without affecting the effective-
ness of the vaccine at inducing CD8� T cell responses.

In summary, we show that following VACV i.p. infection,
IFN-� deficiency results in slightly increased virus titers that
are at least partly responsible for increased frequencies of
VACV-specific effector and memory CD8� T cells in acutely
infected and recovered mice, respectively. A deficit in Prf re-
sults only in an enhanced frequency of VACV-specific memory
CD8� T cells. The hierarchy of immunodominance, however,
was not affected by either Prf deficiency or (unexpectedly)
IFN-� deficiency. Together, our results contribute to an un-
derstanding of the mechanisms that control the strength and
shape of the CD8� T cell response. Of particular importance,
our results show that IFN-� does not play a major role in
regulating the hierarchy of dominance during a viral infection.
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