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The role of CD28-dependent costimulatory interactions in the development and maintenance of antiviral
immune responses was investigated in a mouse model of gammaherpesvirus infection. CD28�/� mice could
clear a productive infection with murine gammaherpesvirus 68 (MHV-68), although early lung viral titers were
significantly increased. Both CD28�/� and CD28�/� mice maintained effective long-term control of MHV-68.
Gamma interferon responses appeared to develop more slowly in CD28�/� mice, while cytotoxic T-cell activity
was similar to that in wild-type mice. Splenomegaly developed normally in CD28�/� mice, whereas virus-
specific antibody responses were significantly reduced and aberrant class switching was observed. This work
demonstrates that costimulatory interactions involving CD28 are not an absolute requirement for the control
of infection with MHV-68.

Murine gammaherpesvirus 68 (MHV-68) is a naturally oc-
curring rodent pathogen (5) which is closely related to Epstein-
Barr virus, the Kaposi’s sarcoma-associated human herpesvirus
8, and herpesvirus saimiri (11, 35). Intranasal administration of
MHV-68 results in acute, productive infection of lung alveolar
epithelial cells and a latent infection in several cell types, in-
cluding B lymphocytes, dendritic cells, macrophages, and epi-
thelia (12, 13, 33, 36). Infectious virus is cleared from the lungs
10 to 13 days after infection by a T-cell-mediated process (7,
12). The antibody response develops several weeks after infec-
tion (32). Control of latent virus, once established, can be
maintained by either T- or B-cell-mediated pathways ( 31, 33).
Mechanisms which control latent virus do not develop effi-
ciently in the absence of CD4 T cells, leading to viral reacti-
vation in the lungs (7, 26). CD4 T cells can provide help for
CD8 T cells or B cells and can also function independently in
the long-term control of MHV-68 (7, 33). It seems likely that
cytokines or costimulatory molecules expressed by CD4 T cells
are necessary for the generation and/or maintenance of CD8
T-cell- and B-cell-mediated control of latent MHV-68. This
contention is supported by the fact that CD40L�/� (6) also
showed reactivation of MHV-68 in the lungs. Furthermore,
agonistic antibodies to CD40 could replace CD4 T-cell func-
tion in preventing viral reactivation (27). CD40L is present on
the surface of activated CD4 T cells and interacts with CD40,
which is expressed by several cell types, including B cells,
dendritic cells, and macrophages (4, 15, 20, 22). CD40 ligation
on an antigen-presenting cell upregulates surface expression of
B7.1 and B7.2, which interact with CD28 on T cells (2, 8). The
interaction of CD28 with B7.1 or B7.2 leads to upregulation of
additional molecules and thus initiates “cross talk” between
CD8 T cells and antigen-presenting cells, resulting in further
activation of both cell types. In view of the important role of

CD40 in B-cell and memory T-cell responses to MHV-68 (6,
27), it was of great interest to determine whether CD28 also
played a critical role in either acute or long-term control of the
virus. Therefore, in this study, viral clearance and cellular and
humoral immune responses were compared in CD28�/� and
CD28�/� mice.

CD28�/� (28) or wild-type CD28�/� C57BL/6 mice were
obtained from the Jackson Laboratory (Bar Harbor, Maine)
and were housed under specific-pathogen-free conditions in
the La Jolla Institute for Allergy and Immunology (LIAI)
animal resource center, which is an Association for Assessment
and Accreditation of Laboratory Animal Care-accredited fa-
cility. All experiments were performed in accordance with a
protocol approved by the Animal Care and Use Committee of
LIAI, in compliance with the National Institutes of Health
U.S. Public Health Service guidelines for the care and use of
animals. The genotypes of CD28�/� or CD28�/� mice were
verified on sacrifice of the animals by flow cytometry analysis of
splenocytes dually stained with antibodies to CD28 and CD4 or
CD8. Age-matched female 6- to 20-week-old CD28�/� and
CD28�/� mice were used in all experiments.

CD28�/� mice were able to clear infectious MHV-68 with
normal kinetics (Fig. 1). Both CD28�/� and CD28�/� mice
had cleared infectious virus from their lungs by day 12 after an
intranasal challenge with 2 � 105 PFU of MHV-68. However,
at days 5 and 7 after infection, the lung virus titers of the
CD28�/� mice were significantly higher than those of wild-type
mice (P � 0.01, day 5; P � 0.02, day 7 [Mann-Whitney rank
sum test]), suggesting a defect in the early immune response to
the virus. The lungs of both CD28�/� and CD28�/� mice
remained clear of replicating virus when tested on days 45 and
50 after infection (Fig. 1). These data suggest that CD28-B7
interactions are not required for clearance of a primary chal-
lenge with MHV-68 or for long-term control of the virus.
However, early immune responses appear to be more effective
in CD28�/� mice.

In contrast to CD28�/� mice, CD40�/� mice were unable to
maintain effective long-term control of MHV-68, in agreement
with a previous study using CD40L�/� mice (6). Six- to 8-week-
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old female CD40�/� C57BL/6 mice were kindly provided by S.
Schoenberger and were infected intranasally with 2 � 105 PFU
of MHV-68. CD40�/� mice showed significant lung viral titers
at day 50 after infection (n � 3 mice; lung viral titers of 64, 856,
and 120 PFU/0.1 g of lung tissue), and there were some deaths
in this group between days 70 and 90 after infection (two of
four mice died; lung viral titers in the surviving mice at day 90
were 184 and 88 PFU/0.1 g of lung tissue). No deaths or viral
reactivation occurred on either day 45 or 90 postinfection in
groups of wild-type C57BL/6 mice infected with MHV-68 at
the same time as the CD40�/� mice (n � 3 mice at each time
point).

Latent virus was assessed in CD28�/� and CD28�/� mice by
an infectious center assay as described previously (7) at day 15
after infection, which is when the peak number of latently
infected cells is observed in this viral model. The frequency of
infectious centers in splenocytes from CD28�/� mice (123 �
54/107 splenocytes, mean � standard error, n � 6) was not
significantly different from that in CD28�/� mice (215 � 77/
107 splenocytes, mean � standard error, n � 6). Means of
duplicate determinations in two independent experiments with
three animals per group in each experiment were compared
(total of six mice in each group from two combined experi-
ments). No replicating virus was detected in the spleens of
either CD28�/� or CD28�/� mice (the limit of detection was 8
PFU/107 splenocytes).

The numbers and types of cells infiltrating the lungs were
assessed at various intervals after infection. Although there
appeared to be fewer cells in the bronchoalveolar lavage
(BAL) of CD28�/� than in CD28�/� mice, at early times after
infection, the difference was not statistically significant (Fig.
2A). Maximal cell numbers were recovered from the lungs of
both groups of mice at day 12 after infection. Very few cells
were recovered from the lungs of uninfected mice. The pro-
portion of various lymphocyte subsets in the BAL was deter-
mined by flow cytometry analysis. The percentages of �� T-cell
receptor� cells, NK cells, B cells, and CD4 and CD8 T cells
were similar in CD28�/� and CD28�/� mice (Fig. 2B).

MHV-68 infection of wild-type mice is characterized by
splenomegaly, which is dependent on both T and B cells and
requires CD40-CD40L interactions (6). However, splenomeg-
aly developed normally in CD28�/� mice, indicating that co-
stimulatory interactions involving CD28 were not essential for
this response. Thus, the number of cells in the spleens of both
wild-type and CD28�/� mice had increased considerably by
day 15 after infection (Fig. 2B) and was similar in both groups
of mice at all time points examined. There was no significant
difference in the percentages of splenic CD4 or CD8 T cells, B
cells, or NK cells in the two groups of mice at any of the time
points examined (Fig 2B).

Cytotoxic T-lymphocyte (CTL) activity was assayed in the
lungs or spleens of MHV-68-infected CD28�/� and wild-type
mice. Previous studies have shown that the majority of the CTL
activity is mediated by CD8 T cells in this model (7). The CTL
activity of BAL cells was similar in CD28�/� and wild-type
mice on days 7 and 15 after infection (Fig. 3A). Similar-
ly, splenic CTL activity was comparable in CD28�/� and
CD28�/� mice at day 15 after infection, while no significant
activity was detected in either group at day 7 postinfection. In
contrast, production of gamma interferon (IFN-	) by spleno-
cytes from virus-infected mice following restimulation with vi-
rus-infected splenic antigen-presenting cells in vitro was signif-
icantly attenuated in CD28�/� mice (P � 0.01, Mann-Whitney
rank sum test) at day 7 after infection (Fig. 3B). However, by
day 12 after infection, splenic recall IFN-	 production in
CD28�/� had reached a level comparable to that in wild-type
mice. A similar result was obtained at day 15 after infection
(Fig. 3B).

In addition to defects in cell-mediated immunity, substantial
changes in humoral immune responses were noted in CD28�/�

mice. Virus-specific serum antibody titers were determined by
enzyme-linked immunosorbent assay (ELISA) 45 to 50 days
after infection with MHV-68. There was a significant reduction
in the total level of immunoglobulin in CD28�/� mice com-
pared to that in wild-type mice (P � 0.005 [Fig. 3C]). However,
there was a more dramatic reduction for some of the immu-
noglobulin G (IgG) subclasses than for others. For example,
levels of IgG1 and IgG2a were reduced to levels close to or
below the limit of detection in this assay (P � 0.005 for either
subclass). The same applied to IgG3 (P � 0.05), which was
undetectable in CD28�/� mice. IgG2b levels were also signif-
icantly reduced in CD28�/� mice (P � 0.05) but not to the
same extent as the other subclasses (Fig. 3C). IgA was unde-
tectable (data not shown) in both CD28�/� and CD28�/�

mice. In addition to virus-neutralizing activity, which could be
mediated by any of the immunoglobulin subclasses, antibodies
specific for viral proteins expressed on the surface of infected
cells might contribute to the control of viral replication by
facilitating the destruction of virus-infected cells by comple-
ment fixation, antibody-dependent cellular cytotoxicity, or
phagocytosis. With the exception of IgG1, all IgG subclasses fix
complement efficiently. IgG2a and -2b show the strongest bind-
ing to Fc receptors, which is required for antibody-dependent
cellular cytotoxicity or phagocytosis. Thus, the IgG2b response
to MHV-68 in CD28�/� mice could play a role in the long-
term control of MHV-68 replication. These data show that
CD28�/� mice can mount significant humoral responses to
MHV-68 and that class switching still occurs, although the

FIG. 1. Lung virus titers in CD28�/� and CD28�/� mice. CD28�/�

or CD28�/� mice were infected intranasally with 2 � 105 PFU of
MHV-68 (clone G2.4). At various times after infection, lungs were
harvested and virus titers were determined in lung homogenates by
plaque assay as described previously (27). Data are expressed as log10
PFU/0.1 g of lung tissue for individual mice. The detection limit of this
assay is 10 PFU/0.1 g of lung tissue.
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response is significantly attenuated compared to that in wild-
type mice.

Although CD28�/� mice showed defects in both cell-medi-
ated and humoral immunity, they were still able to clear infec-
tious MHV-68 from their lungs and maintained effective long-
term control of the virus. Thus, the residual immune responses
were sufficient to control the virus. In contrast, studies with
CD40�/� (see above) or CD40L�/� (6) mice revealed an es-
sential role for CD40-CD40L interactions in the long-term
control of MHV-68. Thus, although CD40 ligation is known to
upregulate B7 molecules, which activate T cells via interactions
with CD28 (2, 8), it appears that CD40 can function via a
CD28-independent pathway in the long-term control of MHV-
68.

Previous studies on the role of costimulatory molecules in
the immune response to viral infection have shown that the
requirements for CD28 costimulation differ in different viral

infection models. Shahinian et al. (28) showed that CD28�/�

mice made normal CD8 CTL and delayed hypersensitivity re-
sponses to lymphocytic choriomeningitis virus (LCMV). Stud-
ies with CD28�/� mice, B7�/� mice, and CTLA4-Ig transgenic
mice have shown that B7 costimulation plays a critical role in
antibody class switching and CTL generation to vesicular sto-
matitis virus (VSV) (21, 28, 29, 37). Similarly, CTL responses
to influenza were shown to be dependent on B7-CD28 inter-
actions (10, 18, 19). In the present study, we saw no significant
defect in CTL responses to MHV-68 in CD28�/� mice. This
contrasts with the influenza and VSV models but is consistent
with the findings in the LCMV model. However, our observa-
tion of reduced antibody production and class switching in
CD28�/� mice is in agreement with findings in both LCMV
and VSV models.

It is unclear why immune responses to different viruses ap-
pear to be differentially dependent on costimulatory interac-

FIG. 2. Cell numbers and lymphocyte subsets in the BAL or spleen of CD28�/� and CD28�/� mice. (A) Cell numbers in the BAL or spleen
were determined at intervals after intranasal infection of CD28�/� and CD28�/� mice with MHV-68. Single-cell suspensions were prepared from
the spleens of individual mice, as described previously (1), and viable cell counts were determined by trypan blue exclusion. Data are means �
standard deviations of cell counts for three to eight mice at each time point. (B) BAL or spleen cells were stained with phycoerythrin- or fluorescein
isothiocyanate-conjugated monoclonal antibodies, as previously described (25). The resulting populations were analyzed by flow cytometry. The
detection limit was less than 1% based on staining with isotype-matched control antibodies. The means � standard deviations of data from two
separate experiments at each time point are shown, with the exception of day 0, which was a single experiment. Groups of three to five mice were
used at each time point. TCR, T-cell receptor.
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tions. It has been postulated that the ability of some viruses to
infect and activate antigen-presenting cells can bypass the re-
quirements for CD4 T-cell help (3, 24). Other studies have
shown that the binding affinity of a peptide epitope for major
histocompatibility complex class I is a key factor in determining
the helper requirement for CTL priming (14). Thus, the type of
costimulation required would depend on the nature of the viral
epitopes recognized. However, the CD28-independent CTL
response induced by LCMV (which is also CD4 independent)
does not correlate with any particular viral epitope (17). Kun-
dig et al. (17) suggested that prolonged viral replication in
lymphoid tissue correlated with the CD28 independence of the
CTL response. MHV-68 does not show extensive viral replica-
tion in the lymphoid tissue of intranasally infected mice. How-
ever, viral latency is established in various lymphoid tissue cell
types, which could potentially induce cellular events resulting
in the development of CD28-independent responses.

Alternatively, costimulatory molecules other than CD28 may
be upregulated either on T cells or antigen-presenting cells

during infection with MHV-68, leading to CD28-independent
immune responses. For example, 41BB-41BBL interactions
can deliver a costimulatory signal to a T cell in the absence of
CD28 (9, 10, 23, 34). Furthermore, other CD28 family mem-
bers, such as inducible costimulatory molecule (ICOS), which
share some of the functions of CD28, have been characterized
recently (16). However, these CD28-independent pathways of
T-cell activation cannot fully replace CD28 function. Thus,
MHV-68-specific antibody responses and class switching and
early IFN-	 responses were significantly impaired in CD28�/�

mice. The increase in early lung virus was also consistent with
slower development of the immune response. However, this is
unlikely to be dependent on early IFN-	 production by CD4 T
cells, as early lung viral titers are not increased in either CD4
T-cell- or IFN-	-deficient mice, although viral clearance is
slightly delayed in both models (7, 12, 26). There was also a
trend toward there being lower numbers of T cells in the lungs
of CD28�/� mice at days 5 and 7 after infection, which might
also indicate slower development of the immune response.

FIG. 3. Cell-mediated and humoral immune responses to MHV-68 in CD28�/� and CD28�/� mice. (A) Cytotoxic T-cell responses. Single-cell
suspensions were prepared from BAL or spleens of individual mice at days 7 and 15 after intranasal infection with MHV-68 CTL activity was
determined in a 6-h 51Cr release assay using MHV-68-infected MEF-1 cells as targets, as described previously (30). Mean percent specific lysis is
shown for three separate experiments at day 7 and two at day 15. Groups of two or three mice were used in each experiment. No CTL activity was
detected in the spleens of either CD28�/� or CD28�/� mice at day 7 after infection. (B) Splenic recall IFN-	 responses. Spleens were harvested
15 or 30 days after infection with MHV-68. Splenocytes were restimulated with MHV-68-infected antigen-presenting cells, and supernatants were
collected 24 to 96 h later for analysis of IFN-	 levels by sandwich ELISA, as previously described (25). Peak values (which usually occurred after
72 h in culture) are reported. Data are expressed as mean IFN-	 concentrations (nanograms/milliliter) � standard deviations for two separate
experiments at day 7 and one each at days 12 and 15. Splenocyte cultures from three individual CD28�/� or CD28�/� mice were tested in each
experiment. (C) MHV-68-specific antibody responses. Serum was collected from CD28�/� and CD28�/� mice 45 to 50 days after infection with
MHV-68. Virus-specific antibody responses were determined by ELISA, as described previously (27). The titer of a serum sample was taken as
the log10 of the highest dilution that gave an absorbance reading of �0.1. Data are expressed as mean serum antibody titers � standard deviations
for two separate experiments. Sera from three individual mice were tested in each experiment. Asterisks denote that there was a statistically
significant difference in antibody titers in CD28�/� and CD28�/� mice. �, P � 0.05; ��, P � 0.01 (Mann-Whitney rank sum test). E/T,
effector-to-target.
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In summary, our data show that costimulation via CD28
plays an important role in the development of optimal immune
responses to MHV-68 but is not an absolute requirement for
either long- or short-term control of the virus.

This work was supported in part by grant AI-44247-01A1 to S.R.S
from the National Institutes of Health.
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