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Gammaherpesviruses such as Epstein-Barr virus and Kaposi’s sarcoma-associated herpesvirus are impor-
tant human pathogens that establish long-term latent infections. Understanding of the initiation and main-
tenance of latent infections has important implications for the prevention and treatment of gammaherpesvirus-
related diseases. Although much is known about gammaherpesvirus pathogenesis, it is unclear how the
infectious dose of a virus influences its ability to establish latent infection. To examine the relationship between
the infectious dose and gammaherpesvirus latency, we inoculated wild-type mice with 0.01 to 106 PFU of murine
gammaherpesvirus 68 (�HV68) and quantitatively measured latency and acute-phase replication. Surprisingly,
during latency, the frequencies of ex vivo reactivation were similar over a 107-fold range of doses for i.p.
infection and over a 104-fold range of doses for intranasal infection. Further, the frequencies of cells harboring
viral genome during latency did not differ substantially over similar dose ranges. Although the kinetics of
acute-phase replication were delayed at small doses of virus, the peak titer did not differ significantly between
mice infected with a large dose of virus and those infected with a small dose of virus. The results presented here
indicate that any initiation of infection leads to substantial acute-phase replication and subsequent establish-
ment of a maximal level of latency. Thus, infections with doses as small as 0.1 PFU of �HV68 result in stable
levels of acute-phase replication and latent infection. These results demonstrate that the equilibrium level of
establishment of gammaherpesvirus latency is independent of the infectious dose and route of infection.

Gammaherpesviruses such as Epstein-Barr virus (EBV) are
ubiquitous and efficiently establish long-term latent infections.
Although the frequency of cells positive for EBV genome
during latency differs significantly among individuals (11), it is
stable over time. It is unknown whether this reflects differences
in infecting doses, variations between viruses, or variations
between hosts regardless of the dose. In addition, it is unclear
how acute-phase replication of gammaherpesviruses relates to
the level of latency. For example, data demonstrating that
vaccinations reduce acute-phase replication but do not alter
long-term latency (13, 19) suggest that efficient acute infection
is not a mandatory step for establishment of latency by a
gammaherpesvirus. For alphaherpesviruses such as herpes
simplex virus type 1 (HSV-1), establishment of latency corre-
lates with the ability to initiate acute-phase replication (9). A
detailed analysis demonstrated that the virus efficiently estab-
lishes a stable level of latency once acute-phase replication
occurs above a threshold level (9, 17, 18). In contrast, for the
betaherpesvirus cytomegalovirus (CMV), the extent of acute-
phase replication determines the load of latent viral genome
(14, 15). To determine how the infectious dose of a gamma-

herpesvirus relates to the efficiency of establishment of latency,
we quantitatively examined both latency and acute-phase rep-
lication following infection of mice with murine gammaherpes-
virus 68 (�HV68).

Latent infection. According to previous reports, acute
�HV68 infection in wild-type mice is cleared within 9 to 15
days (4, 22, 28). Thus, early latency is typically monitored after
15 days of infection while late latency is measured after 42
days. To assess both the establishment and the maintenance of
latent infection, we assayed latency at 16 and 42 days postin-
fection. As standard measures of latency, we determined (i)
the frequency of cells that reactivate virus from latency ex vivo
(frequency of reactivation) and (ii) the frequency of cells con-
taining viral genome. Latency was assessed in peritoneal cells
and splenocytes, two important reservoirs of �HV68 latency
(23, 29, 30).

The frequency of cells reactivating virus from latency ex vivo
was quantified by limiting-dilution reactivation analysis as pre-
viously described (6, 25, 27). Following intraperitoneal (i.p.)
infection with 106 PFU of �HV68, the frequencies of reacti-
vation were 1 in 1,000 for peritoneal cells and 1 in 9,700 for
splenocytes at 16 days postinfection (Fig. 1A). Notably, these
frequencies did not differ more than fourfold over infecting
doses ranging from 0.1 to 106 PFU and were similar to data
previously published for 106 PFU (25). That infection was
detectable with doses as small as 0.1 PFU (as determined by
plaque assay on 3T12 cells) likely reflects the fact that mice are
a more sensitive indicator of infection with �HV68 than are
cultured 3T12 fibroblasts. This is also seen when viral stocks
are serially diluted on mouse embryonic fibroblasts, an assay
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that detects 0.2 PFU of �HV68 (28, 29). In contrast to the
0.1-to-106-PFU doses, little or no reactivation could be de-
tected after infection with 0.01 PFU. Thus, establishment of
latency was similar over a 107-fold range of infectious doses.

To determine whether preformed infectious virus was
present in peritoneal cells or splenocytes at small or large
doses of �HV68, we mechanically disrupted duplicate cell sam-
ples from the 106- and 1-PFU groups and analyzed them in
parallel. Preformed virus was not detectable in peritoneal cells
or splenocytes from mice infected with 106 PFU of �HV68, as
we have previously reported (25). No preformed virus was
detectable in peritoneal cells from mice infected with 1 PFU of
�HV68. However, splenocytes contained small amounts of pre-
formed virus (corresponding to �1 in 99,500 cells productively
infected; Fig. 1B, legend). This was not at a high enough level
to constitute a significant contribution to the frequency of
reactivation (1 in 2,300). Although it is unknown why pre-
formed virus is detectable in mice inoculated with 1 PFU of
�HV68 but not in mice inoculated with 106 PFU of �HV68, it
is conceivable that the immune system is not as rapidly induced
in the context of a small dose of virus and, consequently, that
acute infection is not as rapidly cleared (see below).

At a later stage of latency (42 days postinfection), results
from ex vivo reactivation assays were similar to the day 16 data,
with doses over the 0.1-to-106-PFU range resulting in similar
levels of latency (Fig. 2A). The frequency of reactivation for
peritoneal cells was 1 in 11,900 following infection with 106

PFU, and this did not differ more than threefold over doses
ranging from 0.1 to 106 PFU. Results were similar for spleno-
cytes, although the frequencies of reactivation could not be
calculated because the curves fell below the 63.2% Poisson
distribution line (the point at which one reactivation event is
likely to occur per well). We have not detected preformed virus
in wild-type mice at any dose 42 days postinfection (data not
shown). On the basis of measurement of ex vivo reactivation,
the establishment (16 days) and maintenance (42 days) of
�HV68 latency did not differ over a 107-fold range of doses.

To further examine maintenance of latent infection, we an-
alyzed cell samples from the 1,000-, 1-, and 0.01-PFU groups
for the presence of �HV68 genome (Fig. 2B). The frequency of
cells bearing viral genome was determined as previously de-
scribed (6, 25, 27, 29), by using a limiting-dilution nested PCR
assay specific for �HV68 gene 72. The frequencies were similar
in the 1,000- and 1-PFU samples for both peritoneal cells (1 in
490 at 1,000 PFU, 1 in 660 at 1 PFU) and splenocytes (1 in 930
at 1,000 PFU, 1 in 1,200 at 1 PFU), similar to results previously
published for 106 PFU (25, 29). In contrast, the 0.01-PFU
samples contained significantly less viral genome. Data ob-
tained at this dose were inconsistent, with detectable genome
in one sample set (0.01-PFU sample set 2) but not in another
(0.01-PFU sample set 1), suggesting that 0.01 PFU does not

FIG. 1. Establishment of latency (16 days) following i.p. infection is
independent of the infectious dose. B6 mice were infected i.p. with the
indicated doses of �HV68, and 16 days later, peritoneal cells and
splenocytes were evaluated. Cells from five mice were pooled and
analyzed for each experiment (n � 2). (A) Ex vivo reactivation from
latency. A limiting-dilution ex vivo reactivation assay was used to
determine the frequencies of peritoneal cells and splenocytes reacti-
vating from latency. Data points indicate the percentage of wells at a
given cell dilution that scored positive for a cytopathic effect (CPE) on
a mouse embryo fibroblast monolayer (24 wells per dilution). The
horizontal line indicates the 63.2% Poisson distribution line at which
the frequency of reactivation was calculated (the point at which one
reactivation event is likely to occur per well). (B) Preformed infectious
virus. Samples parallel to those in the reactivation assay were mechan-
ically disrupted to test for the presence of preformed virus. Disruption
destroys cells but does not appreciably alter the viral titer (26). Dis-
rupted samples were plated in a limiting dilution of fibroblast mono-
layers and scored for cytopathic effect. On the basis of the ability of the
assay to detect 0.2 PFU of �HV68 (26) and a very conservative esti-
mate of 1 PFU per productively infected cell, the presence of pre-
formed virus in splenocytes from the 1-PFU sample group corre-
sponded to productive infection of, at most, 1 in 99,500 cells (0.2 PFU
at 19,900 cells � 1 PFU in 99,500 cells).

FIG. 2. Maintenance of latency (42 days) following i.p. infection is
independent of the infectious dose. B6 mice were infected i.p. for 42
days and harvested as described in the legend to Fig. 1. (A) Ex vivo
reactivation from latency. A limiting-dilution ex vivo reactivation assay
was used to determine the frequencies of peritoneal cells and spleno-
cytes reactivating from latency, as described in the legend to Fig. 1A.
(B) Presence of viral genome in latently infected cells. A limiting-
dilution nested PCR assay specific for �HV68 gene 72 was used to
determine the frequencies of peritoneal cells and splenocytes contain-
ing viral genome. Data points indicate the percentage of reaction
mixtures at a given cell dilution that scored positive for the presence of
viral genome (12 wells per dilution). The horizontal line indicates the
63.2% Poisson distribution line at which the frequency of cells bearing
viral genome was calculated. CPE, cytopathic effect.
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infect 100% of the mice. The low level of detectable viral
genome in sample set 2 may reflect infection of some, but not
all, of the mice in that group or perhaps a lower level of latency
established in all of the mice. Regardless, the presence of
latent genome and the ability to reactivate from latency were
comparable over a wide range of doses greater than 0.01 PFU,
demonstrating that latency is independent of the infectious
dose when virus is administered systemically.

Latency following i.n. inoculation. Since viral genes such as
M2 play a role specifically after intranasal (i.n.) inoculation
(10), we considered it possible that the relationship between
the challenge dose and latency may vary depending on the
route of infection. It has also been suggested that latency
established after a small-dose i.n. challenge may be more rep-
resentative of normal gammaherpesvirus physiology than la-
tency established after a large-dose systemic challenge. As it is
unclear what the natural route of infection is for �HV68, and
because there is some controversy in the field over the choice
of the route of infection, we also studied latency in mice after
i.n. inoculation. We examined splenic latency after i.n. inocu-
lation of B6 mice with doses of �HV68 ranging from 0.4 PFU
to 4 � 105 PFU in 40 �l of Dulbecco modified Eagle medium.
We selected 4 � 105 PFU as the largest dose because this is a
standard protocol in the field (21, 22).

We first examined ex vivo reactivation from latency at 16
days postinfection (Fig. 3A). At 4 � 105 PFU, the frequency of
cells reactivating virus from latency was 1 in 9,800, a value
nearly identical to the frequency of reactivation displayed by
splenocytes from mice infected i.p. (1 in 9,700). All of the i.n.
doses tested over a 104-fold range (4 � 105 to 40 PFU) yielded
comparable results, with frequencies differing, at most, by
threefold. In contrast, mice infected with 0.4 PFU displayed
significantly lower levels of reactivation. As with the 0.01-PFU
i.p. infection, this could reflect infection of less than 100% of
the mice or establishment of a lower level of latency in all of
the mice. Similar to the results obtained by i.p. infection, low
levels of preformed infectious virus (corresponding to �1 in

500,000 cells productively infected; Fig. 3B, legend) could be
detected in splenocytes at the 40-PFU dose (Fig. 3B), but this
was not substantial enough to make a significant contribution
to the detection of reactivation from latency (1 in 5,000). Thus,
maximal levels of latency were achieved over a 104-fold range
of doses starting at 40 PFU.

At 42 days postinoculation, ex vivo reactivation from latency
decreased to a level below the 63.2% Poisson distribution line
(Fig. 4A) and therefore could not be calculated. The frequency
of cells positive for viral genome was 1 in 7,600 in mice infected
with 4 � 105 PFU (Fig. 4B). It is unclear why the frequency of
cells harboring viral genome was slightly increased in mice
infected with 40 PFU, but this represented a less-than-fourfold
difference compared to the other samples. The detection of
high levels of viral genome in the 0.4-PFU sample (1 in 9,800)
is interesting considering that ex vivo reactivation was low at 16
days postinfection in the same sample. Although this repre-
sents the only case, for either route of infection, in which the
presence of viral genome could be uncoupled from ex vivo
reactivation from latency, this finding suggests that the pro-
cesses of harboring viral genome and reactivation from latency
are independently regulated. This is consistent with previous
data demonstrating immune control of one process but not the
other (25). Alternatively, it is formally possible that these re-
sults represent a delay in the establishment of latency at 0.4
PFU. Thus, on the basis of ex vivo reactivation and viral ge-
nome assays, at doses equal to and greater than 40 PFU, the
level of latency following i.n. infection was not dependent on
the infectious dose.

Acute infection following i.p. or i.n. inoculation. It was sur-
prising that small doses of �HV68, whether administered sys-
temically or mucosally, revealed low levels of preformed infec-
tious virus as late as 16 days postinfection. This led us to
speculate that at smaller doses of virus, the peak level or
kinetics of acute infection may be altered. To determine the
relationship of the infectious dose to acute-phase replication,
we infected mice i.p. or i.n. with �HV68 and monitored acute-
phase replication in the lungs and spleen. Acute-phase titers
were determined with a standard plaque assay as previously

FIG. 3. Establishment of latency (16 days) following i.n. infection is
independent of the infectious dose. B6 mice were infected i.n. with the
indicated doses of �HV68, and 16 days later, splenocytes were evalu-
ated. Cells from five mice were pooled and analyzed for each experi-
ment (n � 2). (A) Ex vivo reactivation from latency. A limiting-dilution
ex vivo reactivation assay was used to determine the frequency of
peritoneal cells and splenocytes reactivating from latency, as described
in the legend to Fig. 1A. (B) Preformed infectious virus. Duplicate
samples from the reactivation assay were mechanically disrupted to
test for the presence of preformed virus, as described in the legend to
Fig. 1B. The presence of preformed virus in splenocytes from the
40-PFU sample group corresponded to the productive infection of, at
most, 1 in 500,000 cells (0.2 PFU at 100,000 cells � 1 PFU in 500,000
cells). CPE, cytopathic effect.

FIG. 4. Maintenance of latency (42 days) following i.n. infection is
independent of the infectious dose. B6 mice were infected for 42 days
and harvested as described in the legend to Fig. 3. (A) Ex vivo reac-
tivation from latency. A limiting-dilution ex vivo reactivation assay was
used to determine the frequency of peritoneal cells and splenocytes
reactivating from latency as described in the legend to Fig. 1A.
(B) Presence of viral genome in latently infected cells. A limiting-
dilution nested PCR assay specific for �HV68 gene 72 was used to
determine the frequencies of peritoneal cells and splenocytes contain-
ing viral genome as described in the legend to Fig. 2B. CPE, cytopathic
effect.
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described (6, 27). For the experiments, we selected the largest
dose (1 � 106 PFU for i.p. inoculation, 4 � 105 PFU for i.n.
inoculation) and one of the smallest doses that resulted in a
maximal level of latency (1 PFU for i.p. inoculation, 40 PFU
for i.n. inoculation). Although most previous studies have fo-
cused on acute-phase replication at 4 to 9 days, we chose to
monitor acute-phase titers over the first 22 days of infection to
provide a more complete view of acute-phase replication in the
context of vastly different challenge doses. �HV68 replication
in the lungs following i.p. infection was undetectable in most of
the mice (Fig. 5). In contrast, replication in the spleen was
readily detectable, but the day of peak replication differed
significantly depending on the infectious dose used. Following
i.p. infection with 1 � 106 PFU of �HV68, the peak of acute-
phase replication (1.5 � 103 PFU/ml) occurred at 7 days
postinfection. This is similar to other published work demon-
strating peak splenic replication at 7 to 10 days postinfection
(6, 22, 28). In contrast, peak replication following infection
with 1 PFU occurred at day 16 (4.9 � 102 PFU/ml; threefold
lower than the peak value for 1 � 106 PFU), which is consistent
with data indicating the presence of low levels of preformed
infectious virus in the 1-PFU sample at 16 days post i.p. infec-
tion (Fig. 1B).

A similar difference in acute-phase replication kinetics was
seen following i.n. infection (Fig. 6). The titer in the lungs
following infection with 4 � 105 PFU was highest 7 days postin-
fection, achieving a level of 1.0 � 105 PFU/ml. Although the
peak of replication following infection with 40 PFU occurred 3
days later (10 days postinfection), the peak titer was nearly as
high (7.1 � 104 PFU/ml; 1.4-fold lower than the peak value for
4 � 105 PFU). Similarly, peak replication in the spleen oc-
curred at day 13 following infection with 4 � 105 PFU (7.0 �
102 PFU/ml) but at day 16 after infection with 40 PFU (6.5 �
102 PFU/ml). Thus, the peak day, but not the peak titer, of

acute-phase replication differed depending on the infectious
dose.

Discussion. In this report, we have demonstrated that the
level of latent infection with a gammaherpesvirus is indepen-
dent of the infectious dose over at least a 104-fold range,
regardless of whether inoculation occurs via a systemic or a
mucosal route. Accordingly, the frequency of ex vivo reactiva-
tion from latency did not differ over a wide range of doses (Fig.
7A and B) and, notably, was nearly identical for i.p. and i.n.
inoculations (Fig. 7B). Thus, the level of �HV68 latency is not
dependent on the infectious dose or the route of infection. The
experiments described here were performed only with B6
mice; thus, it remains possible that the results of similar ex-
periments with other strains will differ. However, because
�HV68 is a natural pathogen of mice (2, 3) and because our
observations were consistent between mucosal and systemic
routes of infection, we speculate that the conclusions drawn
here will extend both to other strains of mice and to other
gammaherpesviruses in their natural hosts.

The conclusions drawn here for a gammaherpesvirus differ
from those for betaherpesviruses. In a study of murine CMV
infection with neonatal versus adult mice, the authors con-
cluded that the extent of virus replication and dissemination
determines the overall burden of latent CMV DNA in organs
and, consequently, the risk for recurrence of viral disease (15).
That is, a higher level of acute-phase replication in multiple
organs resulted in a higher level of latency. Data consistent
with this have also been obtained with a vaccination system
(14). On the other hand, the authors of a detailed study of
alphaherpesvirus (HSV-1) replication and latency in an ocular-
disease model determined that an infectious dose that gener-
ated acute-phase replication above a threshold level was suf-
ficient to result in maximal levels of latency (9). At greater than
2,000 PFU, acute-phase replication in the eyes and latency in
the trigeminal ganglia were similar over a range of doses. At

FIG. 5. The kinetics of acute-phase replication following i.p. infec-
tion are dependent on the dose. B6 mice were infected with 106 or 1
PFU of �HV68. At 7 to 22 days postinfection, lungs and spleens were
harvested and the viral titer was determined by plaque assay. Columns
represent the mean log titer determined for seven or eight individual
mice � the standard error of the mean. The solid line indicates the
detection level of the plaque assay (50 PFU). (A) �HV68 titer follow-
ing i.p. infection with 106 PFU of �HV68. (B) �HV68 titer following
i.p. infection with 1 PFU of �HV68.

FIG. 6. The kinetics of acute-phase replication following i.n. infec-
tion are dependent on the dose. B6 mice were infected with 4 � 105 or
40 PFU of �HV68. At 7 to 22 days postinfection, lungs and spleens
were harvested and the viral titer was determined by plaque assay.
Columns represent the mean log titer determined for seven or eight
individual mice � the standard error of the mean. The solid line
indicates the detection level of the plaque assay (50 PFU). (A) �HV68
titer following i.n. infection with 4 � 105 PFU of �HV68. (B) �HV68
titer following i.n. infection with 40 PFU of �HV68.
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200 or 20 PFU, replication and latency were undetectable in 9
out of 10 mice. Interestingly, the single mouse that did become
infected replicated virus and established latency at normal
levels, suggesting that any HSV-1 infectious event is sufficient
to result in maximal latency. On the basis of our results with
�HV68, this may also be the case for gammaherpesviruses,
although we cannot conclude this with certainty since our
�HV68 latency assays used pools of cells from five mice per
group. However, the facts that (i) doses as small as 0.1 PFU i.p.
and 40 PFU i.n. induced maximal levels of both acute-phase
replication and latency and (ii) doses over a 107-fold range for
i.p. inoculation and over a 104-fold range for i.n. inoculation
yielded similar levels of latency strongly suggest that establish-
ment of gammaherpesvirus latency is independent of the in-
fectious dose above a level that infects 100% of the mice.

It is notable that although the peak level of acute-phase
replication did not differ significantly with the infectious dose,
the peak day of acute-phase replication was substantially de-
layed following small-dose inoculation. This is an important
consideration for the interpretation of gammaherpesvirus im-
munity and pathogenesis experiments that use small doses of
virus or for evaluation of the efficacy of strategies to reduce
acute-phase replication and latency. For example, vaccination
protocols that purport to reduce acute-phase gammaherpesvi-
rus replication may only delay the expansion of the virus for a
few days. In fact, the ability of gammaherpesviruses to repli-
cate and expand at extremely low particle numbers may be the
key reason why vaccination protocols that reduce acute infec-
tion at early times have failed to alter long-term latency (13,
19).

The acute-phase titer data generated here indicate that,
regardless of the dose or route of infection, initiation of
�HV68 infection leads to viral replication and expansion at a
similar level. That the delayed acute-phase replication peak
following administration of small doses of �HV68 does not
impact the establishment of latency suggests that either (i)
acute-phase replication is not required for establishment of
latency or (ii) any infectious event will lead to acute-phase
replication and viral expansion and consequent establishment
of a latent infection. The former hypothesis can be tested by
using �HV68 mutants that are defective in the ability to rep-

licate, as has been described for HSV mutants (reviewed in
reference 16). The latter supposition would be consistent with
findings for alphaherpesviruses (see above). For �HV68, this
would require that latency be established at the same time as
or prior to peak acute-phase replication since, at small doses,
peak replication in the spleen does not occur until 16 days
postinfection.

It is unclear what determines the latency set point for each
cell population, but this likely involves both viral and host
factors. One hypothesis is that for the virus to have a symbiotic
relationship with the host but maintain itself at a high level, it
must maintain an overall latency state that is periodically in-
terrupted by episodes of reactivation and reseeding of the
susceptible cell population. When balanced against the finite
lives of host cells, this would allow the virus to sustain a rela-
tively constant level, a latency “set point.” It follows, then, that
the virus would encode proteins that act to maintain an opti-
mum level of in vivo reactivation. Consistent with this hypoth-
esis, �HV68 carries both genes that restrict reactivation from
latency, such as M1 (6), and genes that enhance reactivation
from latency, such as M11 and gene 72 (8).

Host factors that may contribute to determination of the
latency set point include activation of the immune system and
availability of infectible cells. For example, the frequency of
cells latently infected with EBV is significantly increased in
immunosuppressed patients (1). Similarly, with the �HV68
system, multiple components of the immune system have been
implicated in alteration of latency, including CD8 T cells (20,
25, 28), CD4 T cells (5, 20, 26), gamma interferon (25), per-
forin (25), B cells, and antibody (7, 12, 29). For example, we
have previously demonstrated that CD8 T cells can alter both
the number of latently infected cells and the ability of those
cells to reactivate from latency (25). Furthermore, the levels of
reactivation from latency and viral genome-positive cells are
significantly altered in mice deficient in B cells, and this relates
to both the loss of a major reservoir for latency and an immu-
noregulatory role for B cells (29). Moreover, immune recog-
nition of infected cells can alter long-term infection, as we have
recently demonstrated in studies of vaccination against �HV68
with a live attenuated virus (24). Alternatively, it is possible
that the latency set point is determined simply by the availabil-

FIG. 7. The frequency of ex vivo reactivation from latency is independent of the infectious dose. Summary of frequencies of reactivation derived
from Poisson distribution of data from Fig. 1A, 2A, 3A, and 4A. Frequencies of reactivation from splenocytes at 42 days postinfection (Fig. 2A
and 4A) could not be calculated because the curves fell below the 63.2% Poisson distribution line.
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ity of latency-permissive cells, such that any degree of infection
will result in maximal acute-phase replication and consequent
latent infection of all permissive cells. In the future, it will be
important to determine which viral and host factors contribute
to the stabilization of a latency set point and whether the
presence of these factors can be directly exploited to alter or
eliminate chronic gammaherpesvirus infection.
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