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Abstract Murine cytomegalovirus (MCMV) is a well-
studied model of natural �-herpesvirus infection. However,
many questions remain regarding its control by and evasion
of the immune response it generates. CD8 and CD4 T cells
have both unique and redundant roles in control of the virus
that diVer based on the immunocompetence of the infected
mice. MCMV encodes major histocompatibility complex
(MHC) class I immune evasion genes that can have an
impact in vitro, but their role in infection of immunocom-
petent mice has been diYcult to identify. This review
addresses the evidence for their in vivo function and
suggests why they may be evolutionarily conserved.
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Introduction

Genes that target the MHC class I pathway of antigen pre-
sentation are a common feature of herpesviruses. The real
evolutionary role of these genes, however, is not as clear as
was originally supposed. In this article we will review the
data concerning the function of these genes in vivo, in the
murine CMV model, which is where they have been most
studied. To put this in context, we will Wrst summarize the
natural history of MCMV infection and its immune control

and then proceed to a review of the role in which MHC
class I immune evasion plays.

MCMV infection and the resulting immune response

Murine cytomegalovirus (MCMV), a �-herpesvirus, has
been used to model CMV infection and immunobiology for
over 40 years. Particular strengths of this model include its
status as a natural pathogen of mice, as well as the relative
ease of manipulating mice and the power of mutant mouse
strains.

MCMV was Wrst recovered and propagated in vitro in
1954 [1]. Between 60 and 90% of mice are infected in the
wild—similar to the prevalence of HCMV in humans—and
»34% of mice are infected with multiple isolates [2–5].
Human CMV is commonly transmitted via infectious secre-
tions (including saliva, urine, and breastmilk), across the
placenta, or by solid organ transplant. The natural routes of
infection of mice have not been deWnitively established.
Mice do not transmit MCMV across the placenta, but hori-
zontal and vertical transmission is common, likely via
saliva and/or breastmilk [2, 4, 6, 7]. Thus, it has been spec-
ulated that the oral (p.o.), intranasal (i.n.), and subcutane-
ous (s.c.) routes (due to biting behavior) are the most likely
natural routes.

The immune response to MCMV has been well studied
over the past four decades, although the complexity and
redundancy of this response have certainly raised many
new questions. In a laboratory setting, MCMV and the
resulting immune response have historically been studied in
BALB/c mice using high dose infection (¸105 plaque
forming units (pfu)) of tissue culture (TC)-passaged virus
(Smith strain) by either an intraperitoneal (i.p.) or s.c. foot-
pad inoculation. Our and other laboratories have more
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recently advanced the C57BL/6 (B6) mouse model, in large
part because of the wealth of tools available for this strain
(transgenic and knockout animals, epitope characterization,
etc.).

Pathogenesis

MCMV infection is characterized by three stages: (a) acute
infection, whereby visceral organ virus titres peak at day
three to Wve post-infection (p.i.) and the CD8 T cell
response peaks at day seven p.i. (b) persistent infection,
whereby virus is generally controlled in the visceral organs,
but titres peak in the salivary glands (c) and latent infection,
whereby limited viral gene expression can be detected by
RT-PCR, but infectious virus is only sporadically produced
and detectable by plaque assay or in vitro reactivation
assays [8–10].

Upon i.p. infection of BALB/c or B6 mice, the virus
acutely replicates in multiple sites, including the spleen,
liver, adrenal glands, lung, and salivary glands. Initial stud-
ies on the pathogenesis of infection of immunocompetent,
adult BALB/c mice reported the kinetics and magnitude of
viral titres in the spleen, liver, and salivary glands after i.p.
infection with high dose, salivary gland-derived (SG-
derived), Smith strain MCMV. Virus peaks in the spleen
and liver around day four p.i., drops to the limit of detection
by day nine, and then recurs at a lower titre a few weeks
later [11]. The virus infects many cell types, but epithelial
cells, endothelial cells, and macrophages are especially
important sites of virus production.

Virus in the salivary glands develops with slower kinet-
ics, peaking at day nine p.i, and then gradually declining
until it is no longer detectable at day 32 p.i. The titres here
reach a two to three log higher peak than in the spleen or
liver. Importantly, the salivary glands are the central organ
for replication and transmission. MCMV speciWcally
infects the acinar glandular epithelial cells of this organ
[12].

The pathogenesis is somewhat diVerent with TC-pas-
saged virus infection of adult BALB/c mice. The titres in
the salivary glands and lungs are the highest in acute infec-
tion [13]. By 2 weeks p.i., there is no detectable virus by
plaque assay in the lung, liver, or spleen; the only site in
which virus is found is the salivary glands, where it peaks
around 3 weeks p.i. and becomes undetectable by 2 months
[13, 14]. Control of acute infection and persistence in the
salivary glands is diVerent in mice infected as neonates,
which is discussed in more detail below. Overall, the
diVerences seen between SG- and TC-derived viruses are
attributed to diVerences in purity, virulence, and the inXam-
matory response induced by SG-derived viruses.

Latent MCMV DNA is found in many organs, including
the salivary glands, adrenal glands, spleen, heart, kidney,

and lungs. The lungs have been reported to be a particularly
important latent virus reservoir; lung viral titres are high in
acute infection and reactivating viral loads are higher here
than other organs, correlating reactivation with the acute
viral load [13]. The speciWc cell types involved in latency
had been theorized for some time; it was assumed that the
cells important in HCMV latency would also be important
for MCMV. This has held true, in general, as bone marrow
(BM) and alveolar cells of the monocyte lineage and endo-
thelial cells are reported sites of MCMV latency [10, 15,
16].

Our laboratory has focused on the B6 model of MCMV
infection, using high dose, i.p. infection with TC-derived
Smith strain. Virus can be detected by plaque assay in the
spleen, lung, liver, kidney, and heart at 4 days p.i., although
not consistently in all mice (unpublished data). Virus in the
salivary glands is found by plaque assay consistently up to
2 weeks p.i. [17]. By quantitative PCR analysis, virus peaks
in the lung, kidney, and liver around day four, and is detect-
able through day 15 p.i. [18]. During chronic infection of
B6 mice, virus cannot usually be detected by plaque assay
in any organ.

Natural killer cells

Natural killer (NK) cells are important in the Wrst 4–
5 days p.i., at which point the adaptive immune response
begins to contribute. The NK cell response accounts for a
distinct diVerence between the immune response of B6
and BALB/c mice. BALB/c mice are considered to be
MCMV “susceptible,” while B6 mice are “resistant,” due
to a diVerence in their Ly49H status. B6 mice express
Ly49H, an activating NK cell receptor that recognizes the
m157 gene product of MCMV [19, 20]. Expression of this
viral protein activates Ly49H on NK cells, leading to the
lysis of infected cells and, thus, more robust NK cell con-
trol in B6 mice [21, 22]. Ly49H¡ strains (129/J, BALB/c,
etc.) are much more susceptible to MCMV infection
because they lack this activation. One of the biggest
diVerences in viral titres between resistant and susceptible
mice is found in the spleen; titres are at least three logs
higher in BALB/c and congenic BALB.B mice than B6
mice for the Wrst 6 days p.i [23, 24] (see also the contribu-
tion by Lenac et al. in this issue of MMI). In fact, remov-
ing the spleens of BALB/c mice confers resistance,
signifying the importance of virus replication in this
organ [25]. BALB/c and 129/J mice can succumb to high
dose, i.p. infection, while B6 mice infected i.p. with up to
5 £ 106 pfu show no signs of morbidity. Furthermore,
restoring NK cell function to BALB/c mice makes them
more “resistant” [26–29], while blocking or inhibiting NK
cell function in B6 mice makes them more “susceptible”
[24, 30–32].
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Antibody

Control of acute, primary MCMV infection is independent
of an anti-MCMV antibody response [17, 33]. Control of
the latent virus pool is also independent of antibody, and
antibody does not provide protection from superinfection
with diVerent strains of MCMV [5, 7]. However, prophy-
lactic antibody treatment via transfer of serum or induced
by vaccination with inactivated virus or recombinant glyco-
proteins oVers protection [34–38].

Antibody is thought to play a role either in limiting viral
reactivation or limiting replication after reactivation,
however [13]. This was determined, in part, by studying
chronically infected B cell-deWcient (�MT/�MT) mice,
immunosuppressed by irradiation and depletion of T and
NK cells. Virus starts to reappear in the salivary glands
3 days after immunosuppression [39]. Two weeks after
immunosuppression, B cell-deWcient mice have spleen,
lung, and salivary glands viral titres that are two to three
logs higher than B6 controls [17, 39]. This is reversed by
treating the mice with anti-MCMV sera.

T cell control of MCMV in immunocompetent, adult mice

BALB/c

While there are signiWcant diVerences in the innate immune
response to MCMV in B6 and BALB/c mice (i.e. NK cell
control), the adaptive immune response is very similar. The
role of T cells in MCMV infection of immunocompetent
mice has been studied by depleting lymphocyte subsets,
either alone or in combination. Particularly interesting Wnd-
ings to come out of these experiments are that: when mice
are CD4 T cell depleted before infection and CD8 T cells
are then depleted after long-term infection has been estab-
lished, 100% of mice have virus in both their lungs and sal-
ivary glands at 10 weeks p.i., implying a role for CD8 T
cells in the absence of the CD4 subset [40]. Depletion of
CD4 T cells alone results in uncontrolled virus in the sali-
vary glands in acute infection [40]. The requirement for
CD8 T cells is less dramatic; antibody depletion of CD8 T
cells results in only a modest impact on the acute control of
virus in the lung [41]. This suggests that CD4 T cells edu-
cated in the absence of CD8 T cells acquire new and com-
pensatory functions. This data leads to several conclusions:
Wrst, although CD8 T cells are not absolutely required to
control infection, they play an important role in normal
mice. Second, CD8 T cells educated in the absence of CD4
T cells cannot control virus in the salivary glands, while
CD4 T cells primed in an environment lacking CD8 T can
[40–42]. Finally, CD4 T cell help is not required for prim-
ing a CD8 T cell response or for immediate maintenance of
CD8 T cell memory, although it is required for the develop-

ment of antibody [41]. CD4 T cells may also be needed for
long-term maintenance of the CD8 T cell response in
MCMV infection, but their exact role in this is not yet clear.

C57BL/6

There is relatively less literature on T cell subset control in
B6 mice, in large part due to their robust NK cell response.
We now know, however, that the overall picture in B6 mice
is the same as in BALB/c mice: CD8 T cells are rather dis-
pensable for control of MCMV in immunocompetent mice.
When the C57BL substrain, C57BL/10 mice, are depleted
of T cell subsets, either alone or in combination, then
infected i.p. with high dose, SG-derived MCMV (K181
strain), there is no eVect on the virus titres in the spleen or
liver [29]. When C57BL/6 mice are depleted of these sub-
sets and infected with high dose, s.c., TC-derived Smith
MCMV, CD4 depletion results in impaired control of virus
in the salivary glands at 3 weeks p.i., while CD8 depletion
has no eVect [17]. A landmark study of cell subset deple-
tion in chronically infected, antibody-deWcient mice indi-
cated that CD4 and CD8 T cells, as well as NK cells, all
contribute to control of latent virus in a redundant fashion.
Depletion of any two of these cell types leads to detectable
virus reactivation within days, whereas depletion of any
single subset does not [39].

T cell control of MCMV in immunosuppressed, adult mice

The accumulated data thus indicate that there is a high
degree of redundancy in immune control mechanisms of
MCMV, no doubt a result of 70 million years of co-evolu-
tion to achieve a highly buVered equilibrium between the
virus and its host. The fact that no single arm of the
immune system is uniquely required for virus control does
not mean that each of these arms is ineVectual, merely that
if it is absent, it can be compensated for by another arm. To
understand the capability of each immune component
against MCMV, it has been necessary to study severely
immunocompromised hosts and to selectively add back
each component. This has been done by developing a bone
marrow transplant model of MCMV infection, which also
serves to model clinical CMV disease in transplant and
immunosuppressed patients.

BALB/c

The most commonly used model, developed by the Red-
dehase group, involves irradiated BALB/c “indicator” mice
and the transfer of diVerent subsets of primed lymphocytes,
either at the time of or 6 days after infection with high dose,
s.c., TC-derived Smith MCMV [14]. Irradiated, BALB/c mice
that are infected with MCMV without any hematopoietic cell
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transfer unfailingly succumb to lethal CMV disease. There
is infection of the liver, lung, spleen, kidney, adrenal
glands, gastrointestinal tract, and salivary glands, both
evidenced by virus found in these organs and histopathol-
ogy seen by immunohistochemistry (IHC) and by in situ
hybridization (ISH) [14, 40, 43, 44].

Irradiated mice can be rescued from lethal disease, how-
ever, by the transfer of lymphocytes, speciWcally CD8 T
cells, from acutely or chronically infected mice [14, 40,
45]. This rescue is dependent on the number and type of
cells transferred and results in decreased organ virus titres.
By two weeks after lymphocyte transfer, titres in the
spleen, liver, and lung are below detection and titres in the
salivary glands decrease by greater than two logs [14, 40].
Depleting CD4 T cells from the transferred cells has little
eVect on control of infection and none on the prevention of
lethal disease [14, 45]. Transferring CD8 T cells alone is as
eVective in reducing lung, adrenal gland, and spleen titres
as transferring both subsets [40, 41, 43, 45, 46]. Depleting
CD8 T cells, however, or CD4 and CD8 T cells, results in
organ immunopathology, virus replication in all organs
tested, and 100% lethality [40, 45]. Thus, in contrast to the
unique role for CD4 T cells seen in immunocompetent
mice, when mice are severely immunocompromised, CD8
T cells are both necessary and suYcient to control MCMV
infection and to decrease histopathology.

C57BL/6

Fewer studies have been reported regarding the immune
response to MCMV in immunosuppressed B6 mice; this
strain is not routinely used by the Reddehase group. Hol-
tappels et al. [47] reported, however, that adoptive transfer
of CD8 T cells speciWc for the Db-restricted M45 MCMV
epitope, HGIRNASFI, does not impact the virus titres in
the spleen or lung, nor does it impact the number of
infected liver cells at 12 days p.i.

Virus control in neonates

Human intrauterine infection is a major cause of HCMV
morbidity. As mentioned above, MCMV does not cross the
placenta, but vertical transmission occurs, which is pro-
posed to be via the breastmilk. For this reason, MCMV
infection of neonates is an important area of study for those
interested in natural, biologically relevant infection. There
is still much to be learned, however, about the route of
spread to pups and about the immune response in young
mice. Much of the original work looking at MCMV infec-
tion of young mice addressed survival rates and susceptibil-
ity compared to adults. Neonatal mice of a variety of strains
have a much lower lethal dose50 (LD50) than weanling or

adult mice. For example, the LD50 in newborn BALB/c
mice infected i.p. with the K181 strain is only two pfu,
while it is 5 £ 104 in adult BALB/c mice [48, 49]. Further-
more, neonatal BALB/c mice have decreased survival,
higher viral titres in the spleen, salivary glands, and lung,
and delayed clearance when compared to adults [13]. These
Wndings are the most pronounced in the salivary glands. It
has been suggested that newborn mice of all strains can be
considered MCMV susceptible; resistance to infection
develops in the Wrst few weeks of life [50]. In comparing
strains of mice, Shellam et al. [21, 51] have reported that
one-day-old BALB/c pups have higher virus titres in the
spleen and liver than the more resistant CBA strain.

Some groups became interested in what cell types were
involved in the neonatal immune response. Adoptive trans-
fer of adult splenocytes one day after i.p. infection of B6
neonates with high dose, SG-derived Smith MCMV leads
to decreased viral titres in the spleen and a beneWt in sur-
vival [52]. There is little beneWt from splenocytes trans-
ferred from 17-day-old mice, but intermediate beneWt from
splenocytes transferred from Wve week-old-mice. When T
cells are depleted from the transferred splenocytes, there is
still a survival advantage, but when NK cells are depleted,
there is no protection and increased viral titres in the
spleen. The importance of NK cells in oVering protection to
neonates was veriWed by observing the protective eVect
upon transfer of cloned NK cells.

In another study using 12-hour-old BALB/c pups, mice
were infected i.p. with low dose (100 pfu) TC-derived
Smith MCMV [53]. There is high titre virus in the spleen
and lung eight days p.i., which correlates with the time at
which they begin to succumb to the virus. When CD4 and
CD8 T cells are depleted from four-day-old pups, the titres
in the lung increase by about one log. The results are nearly
identical in B6 pups of the same age. When the speciWc role
of CD8 T cells was evaluated in CD8¡/¡ neonates, titres in
the lung are again about one log higher than in WT B6 mice
[53].

Introduction to MHC I immune evasion in MCMV

The evolution of the CMVs has resulted in exquisite host
adaptation and the development of sophisticated immune
evasion mechanisms. Our lab is interested in MCMV-medi-
ated major histocompatibility complex (MHC) class I
immune evasion. MCMV encodes three known genes that
interfere with antigen presentation through the MHC class I
pathway: m4, m6, and m152. The proteins either prevent
the peptide-MHC class I complex from reaching the cell
surface or associate with the complex at the surface of
infected cells. m6 redirects MHC class I molecules to the
lysosome [54], while m152 retains MHC class I molecules
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in the ER-Golgi intermediate compartment (ERGIC) [55].
Expression of either one, or both, of these proteins results
in downregulation of cell-surface MHC class I molecules
[56–58]. The mechanism by which m4 acts is not known,
however, m4 forms complexes with MHC class I mole-
cules, which are exported and stay stably associated for
many hours on the cell surface. Unlike m6 and m152,
expression of m4 does not lead to decreased cell surface
expression of MHC class I; rather, it may even lead to
increased levels [56].

Because of the evolutionary conservation of the MHC
class I immune evasion genes and because CD8 T cell con-
trol has been shown to be important in the bone marrow
transplant model, it became a pressing question to deter-
mine the impact of these genes on CD8 T cell function.
These experiments were made possible by using knockout
viruses that lacked one or more of the MHC class I immune
evasion genes [53, 56].

In vitro data comparing WT-MCMV and MHC class I 
immune evasion mutants

As MCMV MHC class I-restricted antigens were individu-
ally identiWed, it became rather straightforward to study the
eVector function of MCMV-speciWc CD8 T cells in vitro
[59–63]. A number of studies have shown that MCMV-spe-
ciWc CD8 T cells can kill cells infected with a mutant virus
lacking one or more of the MHC class I immune evasion
genes, but not cells infected with WT-MCMV [18, 53, 55,
57, 59, 64, 65]. It should be noted that most comparisons
between mutant and WT-MCMV infection utilize a WT-
BAC MCMV, which was generated using the Smith strain
and bacterial artiWcial chromosome (BAC) technology [56].
The phenotype is not subtle; using infected IC-21 targets (a
macrophage-like transformed cell line), Pinto et al. [58]
demonstrated that 16 diVerent MCMV peptide-driven CD8
T cell lines can kill cells infected with a virus lacking all
three MHC class I immune evasion genes (�m4 + m6 +
m152-MCMV) but cannot kill WT-MCMV infected cells.
This Wnding has also been repeated using primary macro-
phages infected with �m4 + m6 + m152¡ or WT-MCMV
[58]. Similar Wndings have also been reported using infec-
tion with diVerent MHC class I immune evasion gene
mutant viruses [47, 53, 65–67].

It should be noted, however, that this phenotype is not
absolute. Koszinowski’s group has reported that IE1-spe-
ciWc CD8 T cells from BALB/c mice can kill WT-MCMV
infected mouse embryonic Wbroblasts, primary macro-
phages, and transformed macrophages [66, 68]. Our labora-
tory also has evidence that CD8 T cells of some
speciWcities can kill primary dendritic cells or macrophages
infected with WT-MCMV (data not shown) [63]. The full

implications of these results remain to be explored. How-
ever, when WT-MCMV and immune evasion mutants have
been compared side by side, killing of mutant virus-
infected cells is invariably more eYcient.

In vivo data comparing WT-MCMV and MHC class I 
immune evasion mutants

While in vitro experiments are important in delineating the
functions of individual genes, the ultimate test is what hap-
pens in vivo. Before discussing CD8 T cell control, how-
ever, a second biological function for m152 must be
mentioned. In addition to its MHC class I immune evasion
function, m152 also impacts NK cell control in BALB/c
mice by downregulating expression of RAE-1 ligands for
the activatory receptor, NKG2D [26]. Therefore, when
BALB/c mice are infected with m152-expressing WT-
MCMV, they lack NK cell activation both by the Ly49H
and NKG2D receptors. m152 does not impact NKG2D
receptor-mediated activation in B6 mice [26], thus in WT-
MCMV infection of these mice, activation via Ly49H and
NKG2D is intact. NK cell function can be somewhat
restored by infecting BALB/c mice with �m152-MCMV
(i.e. the activatory receptor ligand is no longer downregu-
lated). Under these conditions, the virus is better controlled
by NK cells, as evidenced by lower titres in the lungs in the
Wrst few days of infection [26]. Because NK cell control of
mutant virus could contribute to any diVerences seen
between WT-MCMV and mutant virus infection, the cell
type(s) responsible have needed to be identiWed by speciWc
antibody deletions.

Immunocompromised BALB/c mice

As described above, because of the redundancy in immune
control of MCMV, the antiviral potential of T cells has
been best demonstrated in immunocompromised mice.
Accordingly, the impact of the MHC I immune evasion
genes on T cell control of virus is also most clearly seen in
immunocompromised animals, which have been manipu-
lated so that the burden of control falls most heavily on
CD8 T cells.

When irradiated mice infected with either �m152-
MCMV or a revertant (WT phenotype) virus receive trans-
ferred lymphocytes isolated from the spleens of latently
infected mice, �m152-MCMV is always better controlled
in the lungs at two weeks p.i. [53]. In the liver, transfer of
non-primed lymphocytes completely controls �m152-
MCMV, but not WT virus; when primed cells are trans-
ferred, both viruses are completely controlled. This was the
Wrst in vivo evidence that the immune evasion gene, m152,
has an impact on CD8 T cell control.
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Immunocompromised C57BL/6 mice

B6 mice have also been used in the model of hematoabla-
tion by �-irradiation. The role of m152 was tested by com-
paring organ virus titres between WT- and �m152-MCMV
infection after transfer of Db-restricted M45-speciWc CD8 T
cells—both peptide-driven lines or memory cells taken
directly ex vivo [47]. In the spleen, transfer of low numbers
of M45 (Db)-speciWc CD8 T cells completely controls
�m152- but not WT-MCMV at 12 days p.i. In the lung,
there is over a two log decrease in �m152 virus titres,
dependent on the number of transferred cells. In the liver,
instead of looking at organ titres, a very elegant two-color
ISH technique was used after co-infection of B6 mice with
mutant and revertant virus. Liver sections are stained for
virus and the readout for �m152-MCMV infection is red
and for WT-MCMV, black. Thus, infected cells can be
individually visualized and the infecting virus identiWed.
M45 (Db)-speciWc cells can again kill cells infected with
�m152-MCMV, but have no impact on the cells infected
with WT virus. At the highest number of cells transferred,
the number of �m152-MCMV infected cells in the liver is
at the limit of detection. In another set of experiments by
Holtappels et al. [57] using the same model, a �m4 + m6-
MCMV mutant could not be controlled in the lung or the
liver by M45 (Db)-speciWc CD8 T cells, but a �m6 mutant
could with graded numbers of transferred cells. These stud-
ies suggest that m152 is the principal negative regulator of
antigen presentation, that m4 is a positive regulator—
restoring presentation in the face of m152 expression—but
that m6 (which is present in all wild isolates) [69] can over-
rule the positive eVect of m4.

Immunocompetent C57BL/6 and BALB/c mice

CD8 T cell response

The MHC class I immune evasion genes allow virus to
escape otherwise stringent CD8 T cell control in severely
immunocompromised mice when adoptively transferred
CD8 T cells are, in eVect, the only functioning arm of the
immune system. There has been rather little evidence, how-
ever, for a phenotype of these genes in WT-MCMV infec-
tion of immunocompetent mice.

The Wrst surprising Wnding was that BALB/c and B6
mice mount strong and virtually identical acute CD8 T cell
responses to WT and �m4 + m6 + m152-MCMV [47, 59,
70]. This was particularly surprising given the molecularly
robust MHC class I downregulation in WT-BAC infected
cells and the impact on cytotoxicity in vitro and in vivo.
These results have led to a presumption that the CD8 T cell
response to MCMV must be primed in vivo by cross-pre-
sented antigen, although this remains to be veriWed.

However, the real question of interest in evolutionary
terms is how the immune evasion genes impact viral
Wtness. Two types of readout have been used to identify a
potential role of the MHC class I immune evasion genes—
one involves using the CD8 T cell response as a proxy for
virus activity and the second involves measuring virus
activity itself by plaque assay or IHC/ISH. The CD8 T cell
response to some MCMV epitopes increases over time and
the cells acquire an eVector memory T cell phenotype [71],
a phenomenon later dubbed “memory inXation” [72, 73].
The size and phenotype of the CD8 T cell response in
chronic infection may be the best indicator of virus activity.
However, there is a nearly identical CD8 T cell phenotype
and response between chronic infection of B6 mice with
WT-BAC MCMV, �m152-MCMV and �m4 + m6 +
m152-MCMV [18, 59, 74]. The CD8 T cell response to
both WT- and �m4 + m6 + m152-MCMV in acute and
chronic infection is also the same in BALB/c mice [75]
(data not shown). Thus, the ongoing immune response
gives no sign that there is any diVerence in the activity of
WT–or mutant MCMV during latent infection.

Might the MHC class I immune evasion genes not aVect
the global CD8 T cell response, but still impact viral con-
trol? Finally, the answer, in some circumstances is, “Yes.”

Viral control

Immunocompetent BALB/c mice infected i.p. with high
dose TC- or SG-derived �m4 + m6 + m152-MCMV con-
trol the virus in the salivary glands more eVectively than
WT-MCMV between two and four weeks p.i. [76]. Impor-
tantly, the diVerence in virus control is CD8 T cell-depen-
dent, as anti-CD8 antibody depletion equalizes the titres.
This is key in vivo evidence that the MHC class I immune
evasion genes do beneWt the virus in the face of a fully
intact, functional immune system—at least in the salivary
glands, the site of viral dissemination.

In immunocompetent B6 mice, no diVerences have been
detected in the virus genome copy number between infec-
tion with WT-MCMV and �m4 + m6 + m152-MCMV.
This was determined in the lung, liver, and kidney between
days zero and 14 p.i.; the viruses show the same kinetics in
these organs and all peak around three to Wve days p.i. [18].
In our hands, we rarely Wnd any virus in the salivary glands
of B6 mice by plaque assay.

Neonates: BALB/c and C57BL/6

Interestingly, the Wrst report of the function of the MHC
class I immune evasion genes described infection in neo-
nates, in both BALB/c and B6 pups. BALB/c pups were
infected i.p. with low dose virus at 12 hours of age [53].
Their survival and organ viral titres were measured, and at
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day eight p.i., �m152-MCMV is better controlled in the
lungs and spleen than revertant, WT-MCMV. This trans-
lates into a survival diVerence: mice infected with WT-
MCMV have much lower survival rates through day 30 p.i.
In slightly older, four-day-old BALB/c pups, �m152-
MCMV is again better controlled than WT-MCMV in the
lungs at day 10 p.i. When CD4 and CD8 T cells are
depleted, the titres increase and equalize, implicating a role
for T cell control. In four-day-old B6 pups infected under
the same conditions, lung titres at day 10 p.i. are also lower
in �m152-MCMV infection, and this diVerence is abrogated
with CD4 and CD8 T cell depletion [53]. Since infection of
neonates is likely an important means of virus transmission
in the wild, the ability of immune evasion to impact infec-
tion in this setting probably has real biological signiWcance.

Natural infection model

We thus know two settings in which MHC class I evasion
genes have a phenotype in vivo in immunocompetent mice:
in neonates and in the salivary glands. Both of these could
oVer clear selective advantage to the virus. However, the
phenotype is rather mild, and does not necessarily justify
the striking evolutionary conservation of these genes. This
consideration caused us (and others) to ask: are there other
biologically relevant conditions under which the MHC
class I immune evasion genes have a phenotype in vivo? In
order to dissect mechanisms of immune control and evasion
in vivo, it has been important to use high dose and systemic
infection for establishing a reproducible model. These con-
ditions do not model natural infection, however, which is
likely not such a high inoculating dose and is certainly not
delivered by an i.p. route.

We and others have therefore hypothesized that a global
role for the MHC class I immune evasion genes may be
unmasked in lower dose infection by more natural routes.
High dose infection may simply overwhelm the system,
providing enough antigen for CD8 T cells to become acti-
vated even in the face of MHC class I immune evasion. At
low infecting doses, WT-MCMV may be better able to
establish infection due to its immune evasion abilities,
which would be clear if more mice became infected with
WT- than �m4 + m6 + m152-MCMV at limiting doses.
Another possibility is that, given the likely lower latent
virus burden, WT-MCMV may be more successful at reac-
tivating from latency under these conditions; this would be
evidenced by a higher CD8 T cell response and/or higher
titres of virus in the salivary glands at chronic time points.

We set out to explore this idea in two diVerent ways. The
Wrst was to infect adult BALB/c and B6 mice with low
doses of WT- or �m4 + m6 + m152-MCMV by potentially
natural routes (i.n., s.c.) or i.p. We used the i.p. route as a

positive control, as we know we can establish infection at
low doses. The second approach was to orally infect
BALB/c neonates with WT- or �m4 + m6 + m152-
MCMV. Only the oral route was used here assuming verti-
cal transmission is via the breastmilk and/or saliva. The
same virus preparations of TC-derived, WT- or
�m4 + m6 + m152-MCMV were used for all of the follow-
ing experiments. Quantitative PCR veriWed that the parti-
cle-to-pfu ratio was similar for both viruses (data not
shown). While it can be argued that SG-derived virus may
be more virulent and thus, natural, we also reasoned that
mice are not infected in the wild with a salivary glands
homogenate. Infecting with a wild MCMV isolate or a
more virulent lab strain would have been preferred for
modeling natural infection, but that comparison is not yet
possible, as no MHC class I immune evasion mutant of a
wild isolate has been made. With that limitation, a Wrst set
of dose-titration experiments were performed to determine
the lowest dose via each route at which infection could be
detected in some, but not all, of the mice.

We approached the question using multiple measure-
ments of infection: (a) viral titres in the salivary glands
to most directly measure viral control of WT- and
�m4 + m6 + m152-MCMV (b) the CD8 T cell response to
establish that infection occurred and to use as a proxy mea-
surement of viral activity (c) an antibody response, also for
evidence of established infection. Based on one or more of
these parameters, the threshold of infection by the i.p., s.c.,
and i.n. routes was between 100 and 1,000 pfu (data not
shown). The following experiments were designed to detect
diVerences in the immune response expecting fairly low
variance within the groups and, importantly, between
repeat experiments.

WT- and �m4 + m6 + m152-MCMV

The purpose of these experiments was to ask: when we are
at the threshold of virus infectivity (i.e. when not all mice
are infected) and when virus is delivered by a natural route
of infection, do the MHC class I immune evasion genes
impact the ability of the virus to establish infection? A sec-
ondary question was: do these genes impact virus titres or
the size of the immune response in acute or chronic infec-
tion?

Individual cohorts of mice were infected and analyzed at
diVerent times p.i.: seven days (peak CD8 T cell response),
21 days (peak titres in the salivary gland), and 13 weeks
(for the chronic CD8 T cell response). The results for infec-
tion of adult BALB/c mice with 1,000 pfu of WT- or
�m4 + m6 + m152-MCMV by diVerent routes of immuni-
zation are summarized in Table 1, and the results for B6
mice are shown in Table 2. Only the data for infection with
1,000 pfu is shown because this dose gave a higher rate of
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infection across all routes, and, interestingly, there was no
consistent dose titration eVect. Infection with 100 pfu did
not change the overall conclusions, and that data is incorpo-
rated into the accumulated results to be discussed later.

Table 3 summarizes a separate set of experiments in which
neonatal mice were infected orally.

The overall impression from these experiments was that
the immune evasion genes did not impact the ability to

Table 1 Comparison of 1,000 pfu WT- and �m4 + m6 + m152-MCMV infection of BALB/c mice by various routes based on the CD8 T cell and
antibody response and salivary gland titres

a Mice were infected i.p., s.c. (at the nape of the neck), or i.n. Virus was diluted to 1,000 pfu in a total volume of 200 �L for i.p. and s.c. infection;
for i.n. administration, 10 �L were instilled in each nare
b On the indicated day p.i., mice were sacriWced, salivary glands harvested and 500 �L of blood taken for sera and peripheral blood mononuclear
cells (PBMC)
c TKO = the “triple knockout virus” �m4 + m6 + m152-MCMV
d 10% salivary gland (SG) homogenates were prepared in DMEM (10% FCS, supplemented with penicillin and streptomycin) and assayed for
virus by a standard plaque assay on BALB 3T3 Wbroblasts. The number of mice with salivary gland virus over the total number of mice per group
is listed. The limit of detection is 100 pfu
e The average only includes mice that had salivary gland present § standard deviation
f Experiments under the exact same conditions performed on diVerent days are shown individually to demonstrate experiment-to-experiment var-
iation
g The cytotoxic T cell (CTL) response to the IEI/pp89 antigen was measured from PBMC after red blood cell (RBC) lysis by intracellular cytokine
staining for IFN-� and analyzed on an LSR II Xow cytometer, as described [58]. The ratio of mice with a positive CTL response to the total number
of mice per group is listed. The average % of IFN�+ CD8+ T cells is also listed, taken from the mice with positive responses only. CD8 T cell
responses were only considered positive if background was ·0.2% and the IE1/pp89 response was ¸2X background
h Antibody to MCMV was assayed by ELISA using MCMV- or mock-infected cell lysate as a plate antigen. Serostatus was determined from a
1:100 dilution of straight sera and was considered positive if it was ¸1.5X background. The ratio of mice with positive sera to the total number of
mice per group is listed
i N.D. not done

Intraperitoneala 7 daysb 21 days 13 weeks

WT TKOc WT TKO WT TKO

Number of mice with SG virusd 1/2 0/5 1) 1/6f 1) 6/6 3/5 5/6

2) 6/6 2) 6/6

Average titre in SGe 100 § 0 0 1) 300 § 0 1) 1,000 § 880 400 § 265 420 § 377

2) 1,430 § 763 2) 1,150 § 644

CTL responseg 6/6 1/1 6/6 6/6 6/6 5/6

% IFN�+ CD8+ T cells 0.54 § 0.3 0.22 § 0 2.51 § 0.47 1.45 § 0.42 3.37 § 0.97 1.11 § 0.59

Seropositivityh 0/6 0/6 1) 0/6 1) 0/6 6/6 3/5

2) 6/6 2) 4/6

Subcutaneous

Number of mice with SG virus 0/6 0/6 1) 2/6 1) 0/5 0/4 1/6

2) 2/6 2) 0/6

Average titre in SG 0 0 1) 350 § 70.7 1) 0 0 20 § 0

2) 700 § 0 2) 0

CTL response 0/6 0/6 1) 6/6 1) 5/5 4/4 6/6

2) 6/6 2) 6/6

% IFN�+ CD8+ T cells 0.1 § 0.09 0.07 § 0.04 1) 3.5 § 1.14 1) 1.28 § 0.59 1.49 § 0.51 0.88 § 0.61

2) 6.12 § 1.68 2) 3.49 § 4.22

Seropositivity 0/6 0/6 N.D.i N.D. 3/5 2/6

Intranasal

Number of mice with SG virus N.D. N.D. 0/6 0/6 3/6 2/6

Average titre in SG N.D. N.D. 0 0 4,470 § 1,360 1,050 § 495

CTL response N.D. N.D. 2/6 2/6 5/6 3/5

% IFN�+ CD8+ T cells N.D. N.D. 0.87 § 0.88 0.68 § 0.62 1.15 § 0.77 0.28 § 0.31

Seropositivity N.D. N.D. 0/6 0/6 4/6 0/6
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establish infection. Unfortunately, these experiments were
plagued by an unexpected degree of variation between
cages and between experiments. As an example, there were
two experiments in which BALB/c mice were infected i.p.
with 1,000 pfu of MCMV and analyzed at 21 days p.i. (see
Table 1, route: i.p., time: 21 days). In the Wrst experiment,
one of six mice infected with WT-MCMV mounted a CD8
T cell response, whereas all six of six mice infected with
�m4 + m6 + m152-MCMV did. In a repeat of that experi-
ment, done a few months later, six of six mice infected with
either virus mounted a CD8 T cell response. Similarly, the
ability to infect neonates with either virus was highly vari-
able. This degree of variability suggested that there was a
factor in these experiments, probably in our mouse colony,
that could impact infection and which we could not control.
At present we are investigating whether the recently dis-
covered mouse pathogen murine norovirus (MNV), which
is present in our mouse colony, could be contributing to this
variability. It is possible to achieve statistically meaningful
comparisons in such circumstances—either to reveal small
diVerences or to state that the infections are actually statisti-
cally similar—but the number of experiments and mice
required is prohibitively large.

One way in which we can approach this data is to look at
these infections as we would look at human data, where we
know that there are many confounding variables, and where
we do not know the route, dose, or day of infection. With

this in mind, data from these experiments have been ana-
lyzed in just this fashion, i.e. pooling the results of the
diVerent infectious routes and doses (see Tables 4 and 5).
The pooled data is from infected adults only; the neonatal
mice were not included. Altogether, we can draw some ten-
tative conclusions:

1. The percentage of mice making a CD8 T cell response
or that were seropositive, was very similar for the two
virus infections in both BALB/c and B6 mice. We con-
clude that there is no evidence to suggest that
�m4 + m6 + m152-MCMV is impaired in its ability to
establish an infection.

2. WT-MCMV appears to be more poorly controlled in the
salivary glands in BALB/c mice: virus was detectable in
a higher percentage of mice, and the titres of those that
were infected were higher in most individual experi-
ments (see Table 1), although the latter trend was not
statistically signiWcant. This is consistent with our previ-
ous results using high dose i.p. infection. It is interesting
that although the percentage of mice that made CD8 T
cell responses did not diVer between WT- and
�m4 + m6 + m152-MCMV, the overall size of the
response tended to be higher in WT-MCMV infection in
BALB/c mice (Table 1). This might be due to a higher
degree of viral activity in BALB/c mice, but a larger
sample size is needed to draw any Wrm conclusions.

Table 2 Comparison of 1,000 pfu WT- and �m4+m6+m152-MCMV infection of C57BL/6 mice by various routes based on the CD8 T cell and
antibody response and salivary gland titres

a Methods are the same as Table 1, except that the CD8 T cell response to the M38 antigen was measured from PBMC

Intraperitoneala 7 days 21 days 13 weeks

WT TKO WT TKO WT TKO

Number of mice with SG virus 0/4 0/5 0/4 0/1 0/3 2/5

Average titre in SG 0 0 0 0 0 200 § 0

CTL response 5/6 6/6 5/6 1/6 4/5 5/6

% IFN�+ CD8+ T cells 0.54 § 0.29 1.03 § 0.80 2.68 § 1.57 1.02 § 0 2.43 § 0.12 4.02 § 1.88

Seropositivity N.D. N.D. 2/5 0/6 4/5 4/6

Subcutaneous

Number of mice with SG virus 0/6 0/6 0/6 0/6 N.D. N.D.

Average titre in SG 0 0 0 0 N.D. N.D.

CTL response 5/5 4/5 4/6 4/6 N.D. N.D.

% IFN�+ CD8+ T cells 0.69 § 0.38 0.75 § 0.47 1.35 § 0.69 1.05 § 0.34 N.D. N.D.

Seropositivity 0/5 0/5 3/6 0/6 N.D. N.D.

Intranasal

Number of mice with SG virus 0/6 0/6 N.D. N.D. 0/5 0/6

Average titre in SG 0 0 N.D. N.D. 0 0

CTL response 0/6 0/6 N.D. N.D. 2/6 0/6

% IFN�+ CD8+ T cells 0 0 N.D. N.D. 2.32 § 0.76 0

Seropositivity 0/6 0/6 N.D. N.D. 0/5 0/6
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These analyses do suggest that the published data con-
cluding that the MHC class I immune evasion genes do
not signiWcantly impact the CD8 T cell response or virus
titres in central organs are not artifacts due to the experi-
mental conditions, such as high dose, i.p. infection. We
also note that Verena Böhm from the Reddehase group
has analyzed the impact of MHC class I immune evasion
in very low dose infection given by the intraplantar
route. Those experiments are still ongoing, and may
reveal an advantage for WT-MCMV in intranodal gene
expression, but with no signiWcant diVerences in CD8 T
cell priming (Matthias J. Reddehase, personal communi-
cation). The data presented here also support the notion
that, as least in BALB/c mice, the impact of the MHC
class I immune evasion genes is on viral control at the
site of dissemination.

Discussion

MCMV-speciWc CD8 T cells are better able to control
MCMV infection in vitro and in vivo if at least one of the
MHC class I immune evasion genes is missing. However,
in a fully immunocompetent animal, infection with high
dose MCMV or a mutant lacking the three MHC class I
immune evasion genes results in the same global CD8 T
cell response to the virus. The CD8 T cell response magni-
tude and speciWcity and the amount of virus in diVerent
organs is exactly the same in B6 mice. In BALB/c mice, the
response is the same except for the titres in the salivary
glands, whereby �m4 + m6 + m152-MCMV is somewhat
better controlled. Under natural infection conditions, the
suggestion remains that the MHC class I immune evasion
genes provide a survival advantage to the virus in the sali-
vary glands.

We originally considered three main possibilities for the
role of the MHC class I immune evasion genes in vivo (see
Fig. 1): 

1. to allow for better establishment of initial infection
2. to allow the virus to survive in the host after the adap-

tive immune response has developed
3. to allow for more eYcient transmission.

The evidence summarized above does not strongly sup-
port the Wrst or second possibility. We know infection is
established and that the acute immune response is virtually
identical in WT- and �m4 + m6 + m152-MCMV infection,
over the entire lifetime of an animal. It is not surprising that
evasion of the adaptive immune system would have little
impact on the initial days of infection, and the redundancy
of immune control mechanisms likely ensures that infection
will be controlled by at least one arm of the immune
response. If both viruses establish latency during the Wrst
days of infection, it may be impossible for the immune sys-
tem to eradicate them [13]. This is particularly so if the
viral genome can be maintained and even replicated in host
cells without expression of viral proteins, invisible to the
immune system until it reactivates. There is evidence, how-
ever, that viral proteins are visible to the immune system
before full viral reactivation. IE1 epitope-speciWc CD8 T
cells maintain replicative latency by decreasing the preva-
lence of IE1 transcripts in latently infected lungs [77].

Hence, a more likely scenario is that the MHC class I
immune evasion genes may allow reactivating virus to
escape immune control and form active foci of reactivation.
The sites of and cell types of reactivation (e.g. lung mono-
cytes or endothelial cells) may be unique from the sites of
acute infection, and expression or function of the MHC
class I immune evasion genes is somewhat cell-type-spe-
ciWc [65, 66]. Thus, the MHC class I immune evasion genes
may not function as eVectively at the sites of acute infection

Table 3 Comparison of salivary gland titres in WT- and
�m4 + m6 + m152-MCMV oral infection of BALB/c pups mice
across doses and age at infection

a Pups were infected p.o. between postnatal day one and Wve with ei-
ther 100 of 1,000 pfu of WT- or �m4 + m6 + m152-MCMV in 5 �L
b Experiments in which pups were infected with 100 pfu MCMV; in
all other experiments pups were infected with 1,000 pfu MCMV
c TKO = the “triple knockout virus” �m4 + m6 + m152-MCMV
d 21 days p.i., the salivary glands were harvested and 10% homoge-
nates were prepared in DMEM (10% FCS, supplemented with penicil-
lin and streptomycin) and assayed for virus by a standard plaque assay
on BALB 3T3 Wbroblasts. The ratio of mice with salivary gland virus
to the total number of mice per group is listed. The limit of detection is
100 pfu
e Experiments under the exact same conditions performed on diVerent
days are shown individually to demonstrate experiment-to-experiment
variation
f The ratio indicates the total number of mice with salivary gland virus
to the total number of mice infected with that virus, combining doses
and age at infection

Number of mice with SG virusa WT TKOc

21 days (postnatal)d 1) 1/4e 1) 2/5

2) 0/4 2) 0/4

3) 0/2

22 days 1) 0/4 1) 0/3

2) 0/8b

23 days 1) 1/4 1) 1/4

2) 5/5 2) 3/5

3) 0/5b 3) 0/5b

4) 1/9 4) 0/10

24 days 1) 0/3b 1) 0/2b

2) 2/4 2) 0/2

26 days 1) 0/5b 1) 0/6b

Total number of mice with SG virusf 10/55 6/48

Average titre 11,950 § 778 767 § 495
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and may only be able to exert their power in reactivating
cells and tissues. In the wild, virus reactivation from time to
time leads to replication in the salivary glands.

Finally, the role of the MHC class I immune evasion
genes may be to allow for more eYcient transmission. The
salivary glands are important in MCMV replication and
transmission. CD8 T cells and the MHC class I immune
evasion genes have an impact on the titres in the salivary
glands in immunocompetent animals [76]. Perhaps the
genes function here to prevent eVective CD8 T cell control.

Infected acinar cells may be particularly sensitive to the
MHC class I immune evasion genes, thereby robustly
inhibiting CD8 T cell control. In addition, CD8 T cells may
be less eVective at killing WT-MCMV-infected acinar cells
due to resistance to apoptosis or other unknown mecha-
nisms. Although the mechanism is not known, it does seem
that acinar cells are peculiarly resistant to CD8 T cell con-
trol—in contrast to the lungs and liver, CD8 T cells have
little impact on WT-MCMV virus replication in these cells.
In this scenario, the MHC class I immune evasion genes

Table 4 Comparison of WT- and �m4 + m6 + m152-MCMV infection of BALB/c mice across all routes and doses based on the CD8 T cell
response and salivary gland titres

Combined routes, doses 7 days 21 days 13 weeks

WT TKO WT TKO WT TKO

Number of mice with a CTL response 13/23 9/19 44/54 39/53 28/34 29/34

Number of mice with SG virus 4/19 0/23 29/54 19/53 20/34 9/36

Average SG titre 100 0 668 § 739 1,014 § 732 1,418 § 2057 511 § 451

Table 5 Comparison of WT- 
and �m4 + m6 + m152-MCMV 
infection of C57BL/6 mice 
across all routes and doses based 
on the CD8 T cell response and 
salivary gland titres

Combined routes, doses 7 days 21 days 13 weeks

WT TKO WT TKO WT TKO

Number of mice with a CTL response 11/17 10/17 9/12 5/12 6/11 5/12

Number of mice with SG virus 0/20 0/23 0/24 0/22 0/18 2/23

Average SG titre 0 0 0 0 0 200 § 0

Fig. 1 Model for the role of MHC class I immune evasion genes in
MCMV infection in vivo. The three stages of viral infection are shown.
Although most organs are infected, acute infection is represented here
by the spleen, where NK cells (red) play an important role in control-
ling the virus. CD8 T cells (green) and CD4 T cells (yellow) also
impact viral titres in the spleen; however, virus still establishes infec-
tion in the face of these diVerent forms of cellular control. The acute
viral pool is the same in WT-MCMV (brown) and �m4 + m6 + m152-
MCMV (blue) infection, as evidenced by the magnitude of the CD8
T cell response and viral titres. The viral load in acute infection
determines the latent pool of virus, shown in the lung as a representa-

tive organ. In the lung, CD8 T cells are particularly important in con-
trolling virus titres in the bone marrow transplant model. WT- and
�m4 + m6 + m152-MCMV levels are also the same based on the mag-
nitude of the CD8 T cell response and viral titres. Finally, in the third
stage of infection, virus traYcs to the salivary glands, replicates, and
transmits to a new host. In the salivary glands, both CD8 and CD4 T
cells are important for virus control. In immunocompetent BALB/c
mice, CD8 T cells diVerentially control �m4 + m6 + m152-MCMV,
suggesting a role for the MHC class I immune evasion genes in facili-
tating viral spread

Fig. 1 Model for the role of MHC class I immune evasion genes in
MCMV infection in vivo. The three stages of viral infection are shown.
Although most organs are infected, acute infection is represented here
by the spleen, where NK cells (red) play an important role in control-
ling the virus. CD8 T cells (green) and CD4 T cells (yellow) also
impact viral titres in the spleen; however, virus still establishes infec-
tion in the face of these diVerent forms of cellular control. The acute
viral pool is the same in WT-MCMV (brown) and �m4 + m6 + m152-
MCMV (blue) infection, as evidenced by the magnitude of the CD8
T cell response and viral titres. The viral load in acute infection
determines the latent pool of virus, shown in the lung as a representa-

tive organ. In the lung, CD8 T cells are particularly important in con-
trolling virus titres in the bone marrow transplant model. WT- and
�m4 + m6 + m152-MCMV levels are also the same based on the mag-
nitude of the CD8 T cell response and viral titres. Finally, in the third
stage of infection, virus traYcs to the salivary glands, replicates, and
transmits to a new host. In the salivary glands, both CD8 and CD4 T
cells are important for virus control. In immunocompetent BALB/c
mice, CD8 T cells diVerentially control �m4 + m6 + m152-MCMV,
suggesting a role for the MHC class I immune evasion genes in facili-
tating viral spread
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would simply allow for eVective dissemination, and there-
fore increased viral Wtness, by impairing the cytotoxic func-
tion of CD8 T cells enough to impact control of virus in this
organ, but not enough to disrupt its global equilibrium in
the host (see also the contribution by Campbell et al. in this
issue of MMI).

The evolution of pathogens is often thought of in terms
of a competition between the virus and the host immune
system. It would be prudent to also consider competitive
evolution between viruses—perhaps the MHC class I
immune evasion genes have been conserved simply
because MCMV is constantly competing with itself. It is
clear that many individuals are infected with multiple CMV
strains, and it has been suggested that the immune evasion
genes’ main role may be to allow for superinfection [18,
78] (Klaus Fruh and Colin Powers, personal communica-
tion). The many identiWed strains of MCMV and the inci-
dence of natural superinfection points to a constant pressure
for one strain to outcompete another. As nicely put in a
commentary by Stephen Hedrick, “A zebra does not have
to outrun the lion, just the slowest member of the herd”
[79]. And in such an environment, the most evasive virus
would win.
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