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Murine Gammaherpesvirus 68 Infection of Gamma Interferon-Deficient
Mice on a BALB/c Background Results in Acute Lethal Pneumonia

That Is Dependent on Specific Viral Genes�
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Gamma interferon (IFN-�) is critical for the control of chronic infection with murine gammaherpesvirus 68
(�HV68). Current data indicate that IFN-� has a lesser role in the control of acute replication of �HV68. Here,
we show that IFN-�-deficient mice on the BALB/c genetic background poorly control acute viral replication and
succumb to early death by acute pneumonia. Notably, this acute, lethal pneumonia was dependent not only on
the viral dose, but also on specific viral genes including the viral cyclin gene, previously identified to be
important in promoting optimal chronic infection and reactivation from latency.

Murine gammaherpesvirus 68 (�HV68) is closely related to
the human gammaherpesviruses Epstein-Barr virus and Kapo-
si’s sarcoma-associated herpesvirus, making �HV68 infection
of mice a good animal model for gammaherpesvirus pathogen-
esis (22).

A number of studies have found gamma interferon (IFN-�)
to be crucial in controlling �HV68 reactivation from latency
and persistent infection (9, 14, 18, 24) but not in controlling
acute infection (10). Recently, we demonstrated that �HV68
infection of IFN-� receptor-deficient mice results in pulmo-
nary lymphoproliferation and B-cell lymphoma, similar to
those observed in a number of gammaherpesvirus-associated
human diseases (7). We found that this pathology was entirely
independent of the viral cyclin. We then tested whether IFN-�
deficiency on the tumor-prone BALB/c background would re-
sult in more rapid or higher incidence of lymphomagenesis.
Wild-type (WT) �HV68 clone WUMS and viral cyclin-defi-
cient (cyclin knockout [cycKO]), viral bcl-2-deficient (M11
KO), and M1-deficient (M1 KO) �HV68 mutants were pas-
saged and grown, and titers were determined as described
previously (23). IFN-��/� mice on a BALB/c background
[strain C.129S7(B6)-Ifngtm1Ts/J from Jackson Laboratory, Bar
Harbor, ME] were intranasally infected at �8 weeks of age
with 4 � 105 PFU of virus in 40 �l of Dulbecco’s modified
Eagle’s medium, unless otherwise noted (2). Unexpectedly, we
found that the majority of WT-infected mice died 9 to 14 days
postinfection. Therefore, we harvested the lungs from the mice
at the time of death and fixed the tissues, embedded them in
paraffin, sectioned the samples, and stained them with hema-
toxylin and eosin (H&E) for histological examination. It was

determined that the mice had succumbed to acute broncho-
pneumonia characterized by vascular congestion, interstitial
and airway edema, inflammatory cell infiltrates, and viral in-
clusions (Fig. 1A to C). Upon sacrifice at 15 days postinfection,
none of the cycKO virus-infected mice showed any signs of
pneumonia (Fig. 1D and E), similar to WT-infected mice that
had survived to day 15 (data not shown). We also compared
virus titers in the lungs of these mice by mechanically disrupt-
ing the lower left lung lobe from each animal and performing
plaque assays with the homogenates as described previously
(15, 20). In accordance with the survival data and histological
observations, we obtained detectable titers (mean � standard
error of the mean, 9.1 � 106 � 4.7 � 106 PFU/ml) from only
those WT-infected mice that had succumbed to infection (data
not shown). No virus was detectable in samples from WT- and
cycKO virus-infected mice that survived the length of the study
(data not shown). Figure 1F depicts the relative survival rates
of the mice from this study, which differed significantly (P�
0.0092 for WT- versus cycKO virus-infected mice). Finally, six
cycKO virus-infected mice were monitored over 90 days
postinfection, with no mortality (data not shown).

These observations prompted us to perform a thorough ki-
netic analysis of infection. We infected BALB/c IFN-��/� mice
with WT or cycKO virus, sacrificed them at various times
postinfection, and harvested lung tissues for histological exam-
ination by H&E staining and determination of viral titers by
plaque assay. On day 5, the lungs of both WT and cycKO
virus-infected mice showed signs of mild, acute pneumonia
(Fig. 2A and B). Lungs from mock-infected mice were com-
pletely normal (Fig. 2C). There appeared to be greater cellu-
larity and infiltration, as well as higher viral titers, in the lungs
of WT-infected mice than in those of cycKO virus-infected
mice (72-fold difference; P � 0.0013) (Fig. 3A). However, by
day 8, we already noted differences in the severity of disease
and the viral load between WT- and cycKO virus-infected
mice. WT-infected mice had progressed to more severe dis-
ease, with most of the lung affected, while cycKO virus-infected
lungs demonstrated no change from day 5 (Fig. 2A and B). The
viral titers in the lungs of WT-infected mice were also higher
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than those in the lungs of cycKO virus-infected mice on day 8
(1,535-fold difference; P � 0.0001) (Fig. 3A). By day 11, some
of the WT-infected mice had succumbed to disease. The lungs
of WT-infected mice 11 days postinfection, even those of mice
that had not succumbed to disease, looked as severe as they did
on day 8 (Fig. 2A and B). In comparison, cycKO virus-infected
mice had already cleared the pneumonia by day 11 and showed
only signs of mild perivascular inflammation (Fig. 2A and B).
The viral loads in WT-infected mice on day 11 were signifi-
cantly higher than those in cycKO virus-infected mice (23,823-
fold difference; P � 0.0001) (Fig. 3A), consistent with the
histological findings. We found that WT- and cycKO virus-
infected mice that survived to day 14 postinfection showed no
signs of pneumonia and only mild perivascular inflammation
(Fig. 2A and B). None of the cycKO virus-infected mice suc-
cumbed over the 15-day course of the study. By day 14 postin-
fection, both WT and cycKO virus-infected mice had no de-
tectable viral titers in the lungs (Fig. 3A). Viral titers in
BALB/c IFN-��/� mice that succumbed prior to sacrifice are
shown in Fig. 3B. To determine whether the observed replica-
tion defect in cycKO virus-infected BALB/c IFN-��/� mice
was due specifically to the lack of IFN-�, we also infected
normal BALB/c mice with WT or cycKO �HV68. In normal
BALB/c mice, cycKO virus replication was also decreased rel-
ative to WT virus replication, but to a lesser extent than that in
BALB/c IFN-��/� mice. In contrast to BALB/c IFN-��/�

mice, both WT- and cycKO virus-infected BALB/c mice effi-
ciently cleared virus infection and showed no mortality at up to
15 days postinfection (Fig. 3C), although they did demonstrate

signs of mild inflammation that resolved (data not shown). The
contribution of genetic background to pathogenesis and rep-
lication is unknown at this point; however, a previous report
also describes mortality associated with intranasal infection
of IFN-��/� mice on a C57BL/6 background (6).

Overall, we found that 16 of 26 WT-infected mice (61.5%)
died between 10 and 14 days postinfection (Fig. 1F and 4A and
B). Since not all of the WT-infected mice succumbed to infec-
tion, we tested whether there was dose dependence associated
with disease and mortality. In contrast to the results of initial
experiments, mice infected with 4 � 103 PFU of WT virus (a
dose 100-fold lower than that initially used) uniformly survived
for 21 days postinfection (Fig. 4A), consistent with data in
previous reports (10). H&E analysis of the lungs harvested at
21 days indicated no signs of pneumonia and only mild perivas-
cular inflammation (data not shown). Notably, mice infected
with 4 � 106 PFU of cycKO virus (a dose 10-fold higher than
that initially used) all survived infection (Fig. 4A).

The observation that none of the cycKO virus-infected mice
died was surprising, since the cycKO virus previously showed
no defect in acute replication or pathogenesis (4, 5, 21), with a
single exception for a low-dose inoculation following intranasal
infection (19). In contrast, the cycKO virus has profound de-
fects in reactivation from latency and decreased persistence (4,
5, 15, 20, 21). To investigate whether other mutant viruses with
alterations in reactivation from latency may also lead to altered
pathogenesis, we tested the abilities of two viral mutants to
induce lethal, acute pneumonia in BALB/c IFN-��/� mice: (i)
the M11 (viral bcl-2) KO virus, which exhibits reduced levels of

FIG. 1. Infection of IFN-��/� mice with �HV68 results in acute lethal pneumonia. (A to E) Histological analyses of lung tissues from BALB/c
IFN-��/� mice infected with WT (A to C) and cycKO (D and E) �HV68. Lungs were harvested at 10 days postinfection (for WT-infected mice)
and 15 days postinfection (for cycKO virus-infected mice) and stained with H&E. Neutrophils (circled in panel B) and viral inclusions (circled in
panel C) can be observed. Original magnifications, �10 (A and D) and �40 (B, C, and E). (F) Survival analysis of IFN-��/� mice infected with
the indicated viruses. The fractions of surviving mice at 15 days postinfection are shown in parentheses. Lines representing 100% survival are
separated for ease of visualization. Significance was determined using the Kaplan-Meier survival and log rank tests with GraphPad software. P �
0.0092 for results for WT versus cycKO infections.
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reactivation from latency (3, 4, 8) and has properties similar to
those of the cycKO virus, and (ii) the M1 KO virus, which has
increased levels of reactivation from latency (1, 11). As sus-
pected, mice infected with the M1 KO virus exhibited disease
kinetics and mortality similar to those of WT-infected mice,
whereas M11 KO virus-infected mice remained healthy and
viable (Fig. 4B). WT- and M1 KO virus-infected mice that
survived infection showed no signs of viral replication by or
before day 21 (data not shown). The M1 KO virus-infected
mice that succumbed to infection (4 of 5 [80%]; P � 0.002)
showed signs of severe pneumonia (Fig. 4C) and viral titers

similar to those in WT-infected mice (Fig. 4D). In contrast,
viral titers in M11 KO virus-infected mice were more similar to
those in cycKO virus-infected mice.

In sum, our data indicate that IFN-� plays a critical role in
controlling acute �HV68 replication and pathogenesis on the
BALB/c genetic background. This role may involve pulmonary
cytokine responses to �HV68, as described previously for
BALB/c and C57BL/6 mice (25). The observed early death was
dependent on the dose of virus and was critically dependent on
two viral genes, the viral cyclin and viral bcl-2 genes. These two
genes have previously been observed to play little role in acute

FIG. 2. Temporal analysis of �HV68-infected IFN-��/� mice reveals more prolonged and severe pneumonia in WT-infected mice than in
cycKO virus-infected mice. BALB/c IFN-��/� mice were infected with WT or cycKO �HV68 and sacrificed on day 5, 8, 11, or 14 postinfection.
Mock-infected mice were sacrificed on days 5 and 14. Lungs were harvested at the specified time points for histological analysis. (A and B) H&E
staining of lung tissues from WT- and cycKO virus-infected mice. Viral inclusions (circled) and neutrophils (indicated by arrows) can be observed.
Original magnifications, �10 (A) and �40 (B). (C) H&E staining of lung tissues from mock-infected BALB/c IFN-��/� mice. Original
magnification, �10.
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replication (10) but prominent roles in promoting reactivation
from latency and persistent replication in immunocompro-
mised mice (3–5, 8, 15, 20, 21; A. L. Suarez and L. F. van Dyk,
submitted for publication). Based on these observations, we

hypothesize two explanations for the viral cyclin- and viral
bcl-2-dependent lethality in BALB/c IFN-��/� mice. First,
these mice may succumb to acute pneumonia due to uncon-
trolled, early reactivation from latency, a process in which both

FIG. 3. WT-infected IFN-��/� mice fail to control acute infection. Plaque assays were performed with lung homogenates from BALB/c and
BALB/c IFN-��/� mice infected for temporal analysis (as described in the legend to Fig. 2). Viral titers in BALB/c IFN-��/� mice that were
sacrificed on day 5, 8, 11, or 14 postinfection (A) or succumbed to WT infection on the indicated days (B) and those in BALB/c mice sacrificed
on days 5, 8, and 15 postinfection (C) are shown. The limit of detection of the assay (50 PFU) is indicated. P values for statistically significant
differences between WT and cycKO virus infections, listed in panels A and C, were determined by an unpaired t test.

FIG. 4. The regulation of acute infection and pneumonia is dependent on virus dose and specific gene expression. (A and B) Survival analyses
of BALB/c IFN-��/� mice infected with different doses of WT or cycKO virus as indicated (A) and M1 or M11 KO virus at 4 � 105 PFU (B). The
fractions of surviving mice at 21 days postinfection are shown in parentheses. Survival results for mock, WT, and cycKO virus infections (reported
in Fig. 1F) are included in gray for reference. The significance of survival results was determined using the Kaplan-Meier survival curves and the
log rank test. Results for M1 KO virus versus mock infections, P � 0.002. (C) H&E staining of lung tissues from M1 KO virus-infected mice that
succumbed at day 10 postinfection. Examples of viral inclusions are circled. Original magnifications, �10 (left) and �40 (right). (D) Viral titers
in M1 KO or M11 KO virus-infected mice sacrificed at the indicated times postinfection. The limit of detection of the assay (50 PFU) is indicated.
P values for statistically significant differences between M1 KO and M11 KO virus infections were determined by an unpaired t test.
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the viral cyclin and viral bcl-2 are known to be important. One
caveat to this explanation, however, is that it is difficult to
assess reactivation from latency in the context of active viral
replication. A second, not mutually exclusive explanation is
that viruses in BALB/c IFN-��/� mice undergo replication in
additional cell types in which viral replication in healthy mice
is not typically observed and that the viral cyclin and viral bcl-2
are important within these cell types (e.g., in the case of viral
persistence in endothelial cells). We find the latter explanation
particularly intriguing given our recent data that �HV68 per-
sistence in endothelial cells is impaired in viruses lacking either
the viral cyclin or the viral bcl-2 (15; Suarez and van Dyk,
submitted). A cell type-specific effect of IFN-� on �HV68
reactivation has also been reported previously (13).

In conclusion, these findings provide strong support for the
role of an antiviral cytokine, IFN-�, in controlling early �HV68
replication and pathogenesis. Furthermore, they provide evi-
dence of expanded roles for the viral cyclin and viral bcl-2 in
acute mortality in immunocompromised mice. This is signifi-
cant since previous analyses of cycKO and M11 KO viruses
have shown that they do not generally have acute replication
defects and are equivalently capable of causing mortality in
mice lacking T and B cells (4, 12, 21) and in young mice after
intracranial inoculation (4). Based on these data, we hypothe-
size that the unanticipated role of the viral cyclin and bcl-2
genes in acute pathogenesis is uniquely revealed in IFN-��/�

hosts. We further hypothesize that altered cell tropism in
IFN-��/� mice may be central to the requirement for these
viral genes in acute pathogenesis.
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