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Abstract Hematopoietic stem cell transplantation
(HSCT) is a promising therapeutic option against hemato-
poietic malignancies. Infection with cytomegalovirus
(CMV) and tumor relapse are complications that limit the
success of HSCT. In theory, CMV infection can facilitate
tumor relapse and growth by inhibiting “graft take” and
reconstitution of the immune system or by inducing the
secretion of tumor cell growth-promoting cytokines. Con-
versely, one can also envisage an anti-tumoral eVect of
CMV by cytopathic/oncolytic infection of tumor cells, by
inducing the secretion of death ligands for tumor cell apop-
tosis, and by the activation of systemic innate and adaptive
immunity. Here we will brieXy review the current knowl-
edge about tumor control in a murine model of CMV infec-
tion and liver-adapted B cell lymphoma, with a focus on a
putative implication of CD49+NKG2D+ hepatic natural
killer cells.
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Introduction and clinical background

Allogeneic hematopoietic stem cell transplantation (allo-
HSCT) combined with donor lymphocyte infusion (DLI) is
a promising therapeutic option against hematologic malig-
nancies and is currently the only curative option against
forms of leukemias that are not eradicated by conventional
antitumoral therapies but result in minimal residual disease/
leukemia (MRD/L) with a high risk of tumor relapse [1, 2].
Control of chronic myeloid/myelogenous leukemia (CML)
by allo-HSCT/DLI is impressive while more aggressive
acute leukemias still pose a problem [3]. The therapeutic
principle of allo-HSCT/DLI is tumor remission by an
immunological graft versus leukemia (GvL) eVect medi-
ated by donor lymphocytes. While T cells speciWc for poly-
morphic or heterosomal minor histocompatibility antigens
and for non-polymorphic leukemia antigens are the princi-
pal cellular mediators of the GvL eVect in HLA-matched
HSCT/DLI, natural killer cells are critically involved in
HLA-incompatible/haploidentical T cell-depleted HSCT
[4, 5]. However, the success of HLA-matched allo-HSCT/
DLI is limited by graft versus host disease (GvHD) medi-
ated by the alloreactive donor T cells attacking host tissues.
Although T-cell depletion would be a most eVective mea-
sure for preventing GvHD, this would abolish the desired
GvL eVect and delay the immunological reconstitution,
thereby exposing the immunocompromised patient to the
risks of tumor relapse and infections, in particular of reacti-
vated cytomegalovirus (CMV) infection resulting in CMV
disease with interstitial pneumonia representing a frequent
and severe manifestation [6, 7].

Remarkably little is known about a possible interference
between CMV infection and tumor relapse. CMV could
possibly promote tumor relapse and growth by inhibiting
hematopoietic reconstitution and thus also the GvL eVect
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or, alternatively, could by itself exert an infection versus
leukemia eVect, either directly by cytopathic infection of
malignant cells of hematopoietic lineages or indirectly by
induction of innate and adaptive immunity targeting the
tumor cells in a bystander mode. SpeciWcally, cell-bound or
secreted death ligands could mediate apoptosis of tumor
cells expressing death receptors.

For human CMV (hCMV), a myelosuppressive eVect
inhibiting hematopoiesis is long known [8], and as shown
by the group of Beverly Torok-Storb in vitro in long-term
bone marrow cell cultures, hCMV may cause a graft failure
by diVerent mechanisms [9]. While 8 out of 20 recent clini-
cal isolates analyzed by this group were found to be myelo-
tropic and to directly inhibit the growth of myeloid,
erythroid, and multipotent hematopoietic lineage progenitor
cells, laboratory strain Ad169 as well as the majority of
recent clinical isolates inhibited in vitro hematopoiesis indi-
rectly by infection of the stromal compartment that is
essential for hematopoiesis by forming a network providing
niches for stem cell and progenitor cell engraftment and
that delivers cytokines, so-called hemopoietins, supporting
proliferation and diVerentiation of hematopoietic cells.
Clearly, if these mechanisms apply also to the in vivo situa-
tion, CMV infection might be expected to promote tumor
relapse after HSCT due to an impaired hematopoietic
reconstitution associated with an insuYcient GvL eVect.
However, one can predict a diVerence between clinical iso-
lates depending upon their cell tropism. Whereas myelo-
tropic isolates may also inhibit malignant hematopoietic
lineage cells by cell infection, tumor cells that no longer
depend on stromal contact and on hemopoietins are
unlikely to be targeted by the majority of the clinical iso-
lates and are rather promoted in their growth by the inhibi-
tion of the normal, stroma- and hemopoietin-dependent
hematopoiesis and immunological reconstitution after
HSCT. Nonetheless, a beneWcial role for hCMV infection
has been reported for patients with adult T-cell leukemia/
lymphoma [10, 11], which might reXect a bystander control
of tumor growth by death ligands and other mechanisms of
innate and adaptive immunity triggered by the infection.

Murine model of CMV-associated hematopoietic 
deWciency

Since CMVs are highly species-speciWc, hCMV cannot be
studied in animal models (see the contribution by Powers
et al. in this issue of MMI). The infection of mice with
murine CMV (mCMV) is a particularly versatile model as
it allows in vivo studies with genetically engineered hosts
as well as viruses for elucidating mechanisms and for pro-
viding “proof of concept” (for reviews, see [12, 13]). How-
ever, one must keep in mind that mCMV and hCMV diVer

genetically as a result of perfect adaptation to their respec-
tive host. Nevertheless, as discussed in greater detail
recently [13], the lack of an animal model for hCMV is not
really a disadvantage, because any heterologous model
would not reXect host–virus adaptation by co-evolution.
Thus, principles analyzed in mice infected with mCMV
may be closer to the principles operative in humans
infected with hCMV than the genetic diVerence between
the viruses might suggest, simply because the hosts diVer as
well. Furthermore, as discussed above for the mechanism
of myelosuppression by hCMV, diVerent clinical isolates of
hCMV can also diVer signiWcantly, genetically as well as in
their cell type tropism and other pathogenetic properties
[9], (for reviews, see [14, 15]).

For evaluating the suitability of the mCMV model in
studying CMV-mediated inhibition of hematopoiesis and
reconstitution after HSCT, the eVect of mCMV strain Smith
(mCMV-Smith) on the in vitro hematopoiesis was studied
in long-term bone marrow cell cultures. Notably, mCMV-
Smith resembled hCMV Ad169 and the majority of recent
clinical isolates of hCMV in that inhibition of hematopoie-
sis was caused by the infection of the supporting stroma,
whereas the myeloid lineage-committed granulocyte–mac-
rophage progenitor cells were not directly targeted and
could be rescued from infected cultures by transfer to unin-
fected stromal cell layers [16, 17]. Thus, in this particular
respect, mCMV-Smith is a model for most but not all iso-
lates of hCMV.

An in vivo model of sublethal hematoablative treatment
of BALB/c mice by 5–6 Gy total body �-irradiation showed
that mCMV infection prevents the autoreconstitution of
bone marrow with consequent bone marrow aplasia, pancy-
topenia, disseminated infection, and lethal multiple-organ
CMV disease [18, 19]. Likewise, mCMV infection also led
to bone marrow aplasia, also referred to as aplastic anemia
(CMV-AA), in the model of heterosomal minor histocom-
patibility antigen-mismatched HSCT using male (XY)
BALB/c mice as donors and female (XX) BALB/c mice as
recipients, thus creating XY–XX chimeras with male hema-
topoietic cells colonizing female bone marrow stroma [20,
21]. PCR speciWc for the testes-determining gene tdy located
on the Y-chromosome thus allowed to distinguish between
cells of the hematopoietic and the stromal compartment. In
essence, these studies revealed that mCMV infection leads
to a “graft failure” by inhibiting the engraftment of trans-
planted bone marrow stem and progenitor cells in the
infected bone marrow stroma of the experimental HSCT
recipients [20–22]. Notably, infection of the stroma was
barely productive with a high ratio of IE1-positive stromal
cells not proceeding to signiWcant viral DNA replication
[20]. Accordingly, the architecture of the stroma was not
obviously disrupted. The graft failure was rather explained
by a functional deWciency of the stroma in the production of
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essential hemopoietins, including stem cell factor (SCF) and
granulocyte colony stimulating factor (G-CSF) [20]. It is
important to note, however, that an engraftment suYcient
for the reconstitution of protective, antiviral CD8 T cells,
and thus for survival, was enforced by high numbers of
transplanted bone marrow cells, namely >106 cells [21].

One possibility to be discussed is a protective eVect of
bone marrow cells against CMV-mediated stromal deW-
ciency. Alternatively, high cell numbers could increase the
probability that still intact “niches” supporting hematopoie-
sis get occupied. Evidence for the latter explanation was
provided by serial HSCT using infected XY–XX chimeras
as HSCT donors. Even after clearance of the infection of
the stroma, the repopulation potential of bone marrow cells
derived from these donors was found to be impaired, sug-
gesting a reduced number of pluripotent hematopoietic
stem cells as a result of the past infection [22]. Altogether,
these models suggested that mCMV might promote tumor
relapse after HSCT by inhibiting the reconstitution of anti-
tumoral immunity.

A further mechanism discussed in the literature to explain
CMV-mediated myelosuppression and pertinent to a possible
tumor-suppressive eVect is the upregulation of Fas on hema-
topoietic progenitor cells by mCMV, which makes them sus-
ceptible to Fas-mediated apoptosis [23]. If this applies also to
malignant cells of hematopoietic origin, CMV infection
might rather support leukemia/lymphoma remission.

Murine model of lymphoma growth in the presence of 
CMV: model design

The data discussed above have provided reasonable argu-
ments in both directions: predicting tumor relapse or tumor
remission by CMV. We therefore extended the established
BALB/c model of mCMV infection in the setting of synge-
neic experimental HSCT by intravenous transfer of the
liver-adapted clonal variant E12E of the BALB/c-derived B
cell lymphoma A20 (Fig. 1) [24, 25]. Unlike the parental
A20 cells, which are highly immunogenic in immunocom-
petent BALB/c mice but cause a highly aggressive,
disseminated and neuroinvasive lymphoma in immuno-
compromised BALB/c mice, clone E12E is less immuno-
genic but highly tumorigenic in the liver. While A20
displays a diploid karyotype with a modal number of 40
chromosomes (range 36–41), clone E12E displays a tetra-
ploid karyotype with a broad range in chromosome num-
bers, from 73 to 90 (Fig. 2a). E12E cells express MHC
class I molecules, the death receptor Fas (CD95) and the B
cell marker CD45R/B220 (Fig. 2b), but are negative for a
panel of other markers tested, including CD markers 5, 11b,
25, 27, 44, 62L, 69, 80, and 117. Although E12E expresses
Fas, agonistic anti-Fas antibody did not signiWcantly trigger

apoptosis of E12E cells in cell culture (K.C.E., unpublished
data). As shown previously [24], E12E is resistant to tumor
necrosis factor TNF-� both in cell culture as well as in vivo.

It is essential to note that E12E is not permissive for
mCMV infection and does not even express the immediate-
early protein IE1, as evidenced by the absence of intranu-
clear IE1 protein and resistance to lysis by an IE1-speciWc
cytolytic CD8 T cell line [25], so that the trivial antitumoral
mechanism of cytopathic infection of the tumor cells was
excluded by virtue of experimental model design. In addi-
tion, pre-incubation of E12E with either infectious or UV-
inactivated mCMV did neither interfere with tumor cell
growth in cell culture nor with in vivo tumorigenicity in the
target-organ liver, which proved that signaling to tumor
cells or occupation of tumor cell surface receptors by the

Fig. 1 Experimental tumor model and survival beneWt from mCMV
infection. (Top) Schema of the experimental setting. Total body �-irra-
diation of BALB/c recipients with a single dose of 7 Gy was performed
on day ¡1. A20 lymphoma cells, liver-adapted clonal variant E12E,
were administered intravenously (i.v.) at a dose of 105 cells in a mix-
ture with 107 BALB/c-derived femoral and tibial bone marrow cells on
day 0. HSCT hematopoietic stem cell transplantation. Subcutaneous
(s.c. intraplantar) infection in the left hind footpad was performed »1–
2 h later with 105 plaque forming units of wild-type mCMV, mCMV-
WT strain Smith. (Bottom) Survival was monitored over a period of
12 months for 25 recipients per group. Shown are Kaplan–Meier plots
with black and grey lines representing infected (mCMV) and unin-
fected (Ø) groups, respectively. Dotted lines mark the median survival
times. Reproduced from [25] with modiWcations
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binding of virion envelope proteins played no role in this
model. In the basic protocol, hematoablative treatment of
HSCT recipients by total-body 7 Gy �-irradiation was per-
formed on day ¡1, hematopoietic cells and E12E lym-
phoma cells were administered on day 0 in a mixture, and
subcutaneous, intraplantar infection with 105 PFU of
mCMV was performed shortly thereafter.

A very basic question that we addressed Wrst was if
E12E cells really transmigrate through the discontinuous
sinusoidal endothelium to establish lymphoma colonies
within liver parenchyma or, alternatively, grow within the
sinusoidal space. Silver staining of liver tissue clearly dem-
onstrates an extra-vascular growth of the lymphoma
(Fig. 3), which implies that transmigration from the sinu-
soidal compartment into the liver parenchyma is a critical
step in the establishment of E12E lymphoma colonies, a
step that might be targeted by CMV infection.

Lymphoma control and survival beneWt in the murine 
model of CMV infection after HSCT

The dose of bone marrow cells, namely 107 cells, was
deliberately chosen to allow successful bone marrow recon-

stitution preventing any lethality from mCMV infection
itself. In the absence of infection, 105 lymphoma cells led
to death of 50% of the recipients within »2 months, and
less than 10% of the recipients survived long term, which
indicated that immunological reconstitution by HSCT,
although being eYcient in controlling the virus, was

Fig. 2 Characterization of the 
liver-adapted clonal variant 
E12E of B-cell lymphoma A20. 
a Comparative karyotype analy-
sis of the BALB/c-derived dip-
loid parental B-cell lymphoma 
line A20 and its tetraploid clonal 
variant E12E. Bar markers rep-
resent 10 �m b CytoXuorometric 
cell surface phenotyping of 
clone E12E. Expression of major 
histocompatibility complex 
(MHC) class I molecules is rep-
resentatively shown for mole-
cule Kd, with expression also 
found for Dd and Ld. Dotted lines 
mark the Xuorescences 
measured with the respective 
FITC-labeled isotype control 
antibodies
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Fig. 3 Extravascular growth of the E12E lymphoma. Liver tissue sec-
tion taken on day 28 after HSCT and i.v. administration of 106 E12E
cells stained by Gomori’s silver impregnation method for visualizing
the vascular reticulum of blood vessels and sinusoidal endothelium.
The bar marker represents 50 �m 
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insuYcient in controlling the lymphoma. It must be consid-
ered, however, that in this model a GvL eVect is based
entirely on non-polymorphic leukemia antigens expressed
by E12E. It was all the more surprising then to Wnd a sur-
vival beneWt of »6 months by a simultaneous intraplantar
infection with a moderate dose of 105 PFU of mCMV
(Fig. 1) [25], which is a very signiWcant period in the life
span of mice. Needless to emphasize that the dose of tumor
cells has an impact on both the lethality of the tumor and
the survival beneWt conferred by the infection. At the low
dose of 104 E12E cells, which is a closer correlate to the
clinical situation of MRD/L (see Introduction), »50% of
the recipients survived long term, and the 50% survival
beneWt was >8 months [25].

Besides the survival beneWt, the tumor-repressive eVect
of mCMV infection is also impressively documented by
liver macroscopy and by quantitative tumor-speciWc
CD45R immunohistology showing massive tumor manifes-
tation in the absence of infection and only few and small
tumor noduli in the presence of infection (Fig. 4). Impor-
tantly, the tumor-repressive eVect of mCMV infection
turned out to be completely independent of HSCT in that it
operated also after hematoablative high-dose �-irradiation,
suggesting that innate or adaptive immune responses medi-
ated either directly by transplanted bone marrow cells or
later by their diVerentiated, mature progeny are not criti-
cally involved in the mechanism of E12E lymphoma con-
trol.

Similarly important is the Wnding that E12E lymphoma
control is not mediated nonspeciWcally by any virus-
induced inXammatory process or any “viral disease syn-
drome”, for instance, by hyperthermia, hypoxemia, with-
drawal of nutrients and/or growth-promoting cytokines,
systemic burst of death ligands, or by endothelial injury
interfering with tumor cell extravasation/metastasis. This
was concluded from the Wnding that a panel of �-herpesvi-
ruses HSV-1 and HSV-2, representing strains of broadly
diVerent pathogenicity, did not control the E12E lymphoma
under otherwise identical experimental conditions. Nota-
bly, this included HSV-1 strains JES and KOS as well as
HSV-2 strain ER¡, which disseminate to and productively
infect the liver, the target organ of E12E ([25], J.P., unpub-
lished data). This indicated that destruction of the stromal
bed for tumor cell homing by cytopathic infection of the
liver cells is unlikely to be the mechanism of tumor control
in this organ.

It was certainly a critical question if this tumor-repres-
sive eVect of mCMV infection is restricted to B cell lym-
phomas, or possibly even to the particular, liver-adapted
clonal variant E12E of the A20 lymphoma. In the light of
the reports on a tumor-repressive eVect of hCMV on adult
T-cell leukemia/lymphoma in humans, it was an important
Wnding that mCMV infection also controls the murine T

cell lymphoma Esb-MP and its highly aggressive variant
Esb-L-CI [25].

Control of the E12E lymphoma operates from a 
distance

Since bone marrow cells and their progeny are apparently
not involved in the tumor-repressive mechanism, the model
was modiWed by omitting the HSCT, thereby focusing on
early events. The lymphoma-repressive eVect was found to
require viral replication at the local, plantar site of infec-
tion, since UV-inactivated mCMV-Smith and the in vivo
highly attenuated enhancerless mutant mCMV-�MIEenh
[26] were not eVective. Similarly, hCMV strain Towne also
did not replicate due to the species-speciWcity of CMVs
[25].

Particularly informative were the Wndings obtained with
mCMV-�M36, a virus lacking the anti-apoptotic viral pro-
tein M36 [27, 28]. Probably due to the apoptosis described
for infected macrophages [27], this virus is deWcient in dis-
seminating from a local site of virus replication to distant
target organs, thus failing to infect the liver [25, 29]. None-
theless, this mutant was still able to repress E12E growth in
the liver [25].

This gives us two messages: Wrst, infection of the liver
and thus a putative destruction of the stromal bed of the
tumor is not the mechanism of tumor control and, second,
mCMV operates from a distance, suggesting an involve-
ment of systemic mediators either targeting the tumor cells
directly or activating cellular eVector cells operating at the
site to where the tumor localizes.

Lymphoma control by a transient phase of tumor cell 
apoptosis in the liver

A central question was if the unknown, mCMV-induced
mediator(s) already prevented the extravasation of the lym-
phoma cells from the circulation into the target organ, the
early homing in the target tissue, or, later on, the growth
rate of the tumor cells within the target organ.

These questions were addressed by immunohistological
quantiWcation of liver-resident E12E cells in the time
course (Fig. 5a) [25]. The Wrst two possible modes of action
were clearly excluded by the lymphoma growth curves. In
both the infected and the uninfected group E12E cells
entered the liver parenchyma from the blood stream
through the liver endothelium with the same transmigration
rate, though only one out of 40 lymphoma cells was suc-
cessful in that respect [25], and proliferated in the liver
parenchyma until day 2 with the same doubling time of
»26 h, which implies that colonies can reach the 4-cell
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stage. We refer to this as phase I (Figs. 5a, 6). However,
between days 2 and 5, referred to as phase II, the number of
lymphoma cells declined in a log-linear fashion speciWcally
in the infected group, whereas exponential growth contin-
ued in the uninfected group, which results in the dramatic
absolute diVerence in tumor burden documented above
(Fig. 4). Surprisingly, however, this “crisis” was overcome
beyond day 5, and in phase III the lymphoma cells restarted
to grow exponentially with an unaltered doubling time.

Thus, infection does not inXuence the doubling time of the
tumor cells but instead interrupts tumor growth transiently.

Interestingly, the phase II crisis clearly precedes mCMV
infection of the liver, which becomes apparent only from
day 6 onward during phase III (Fig. 5a) [25]. Thus virus
replication at the target site of the tumor does not explain
the transient lymphoma remission, which is compatible
with the fact that E12E cells are not permissive for mCMV
infection. Moreover, in phase III, tumor relapse occurred in

Fig. 4 Lymphoma imaging and 
computer-assisted quantitation. 
a1, b1 Lymphoma-repressive 
eVect of mCMV infection in the 
HSCT setting, demonstrated by 
liver macroscopy on day 28. Tu-
mor nodules become prominent 
by their hyaloid appearance. Bar 
markers represent 5 mm. Repro-
duced from [24]. a2, b2 Immu-
nohistological visualization of 
tumor colonies in liver tissue 
sections stained for expression 
of the E12E cell surface marker 
CD45R (see Fig. 2b). The analy-
sis was performed on day 12 
according to the experimental 
protocol shown in Fig. 1, except 
that no HSCT was performed 
and that the initial tumor cell 
dose was raised to 106 E12E 
cells. Bar markers represent 
500 �m. Reproduced from [25]. 
a3, b3 Computer-assisted, color-
coded deWnition of tumor col-
ony-size classes for the quantita-
tion of tumor burden by size-
frequency diagrams applied to 
the CD45R-stained liver tissue 
sections shown in panels a2 and 
b2. Percentages in the diagrams 
indicate the tumor burden in % 
of liver tissue section area. See 
[25] for more detailed informa-
tion
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the face of cytopathic liver infection and despite progres-
sive liver tissue destruction [25], which implies that the
intrahepatic environment is not inXuenced in a way that
would no longer support lymphoma growth.

The mechanism of the transient remission was eluci-
dated by two-color immunohistology identifying apoptotic
E12E lymphoma cells in liver tissue by simultaneous stain-
ing for cell surface CD45R and active caspase 3. Quantita-
tion of the apoptotic tumor cells revealed a peak of
apoptotic activity precisely coinciding with tumor remis-
sion in phase II (Fig. 5b) [25]. It is important to note that
the apoptosis was tumor-selective in that only lymphoma
cells and not hepatocytes became apoptotic (Fig. 5c).

The timing of infection turned out to be decisive.
Beyond day 3 after transfer of the tumor cells, tumor colo-
nies are no longer susceptible to the mCMV-triggered
apoptosis-inducing signal. As two further days are required
for generating this signal after distant intraplantar infection,
that is to enter phase II, this resistance refers to a 64-cell
stage of established tumor noduli [25]. Resistance against
the tumor-repressive eVect of mCMV was not caused by
selection of apoptosis-resistant clonal variants of E12E,
since lymphoma cells recovered in phase III turned out to
be susceptible after serial transfer into secondary recipients
[25].

We also considered the possibility that tumor relapse in
phase III and non-responsiveness of tumor cells beyond day
6 might not reXect resistance of the tumor colonies but
rather indicate only transient presence of the pro-apoptotic
signal. However, this explanation was refuted by the Wnd-
ing that infection performed 6 days prior to administration

of the lymphoma cells still showed the tumor-repressive
function [25].

Interestingly, a quantitative analysis of the number of
E12E cells constituting the colonies beyond day 2 revealed
the existence of individual colonies with >4 cells during
phase II [25]. This implies that lymphoma cells still divide
during the remission phase; thus, apparently, cell numbers
decline because the rate of apoptosis exceeds the growth
rate.

Fig. 5 Time course of E12E growth and apoptotic crisis of the lym-
phoma after infection. a Lymphoma growth curves (106 E12E cells
with no HSCT) in presence (red) or absence (black) of infection, dis-
played as log-linear regression lines with four individual recipients
analyzed per time point. The left-hand ordinate scale represents num-
bers of tumor cells detected in representative liver tissue section areas
of 50 mm2. Right-hand ordinate scale and red-rimmed bars represent
the numbers of infected hepatocytes present in the corresponding tissue
section areas of the four individual recipients analyzed per time point
in the infected group. The triphasic E12E growth in the infected group
is pointed out by deWning phase I (initial growth), phase II (remission),
and phase III (relapse). b Corresponding kinetics of lymphoma cell
apoptosis in presence (red) or absence (black) of infection. Bars repre-
sent the median value numbers of apoptotic cells present in 50-mm2 ar-
eas of liver tissue sections. Error bars indicate the range observed for
the same four individual mice tested per group and time point already
for the data shown above (panel a). c Demonstration of selective apop-
tosis of E12E lymphoma cells present in liver tissue during tumor
remission in phase II. Apoptotic tumor cells are identiWed by two-color
immunohistological staining of the lymphoma cell surface marker
CD45R (black) and the intracellular apoptosis marker active caspase 3
(red). Note the absence of apoptotic liver cells in the surrounding tis-
sue. IHC immunohistochemistry. The bar marker represents 50 �m.
Reproduced from [25] with rearrangement and modiWcations
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It should be emphasized that phase III relapse does not
inevitably occur but depends on the initial lymphoma cell
load. At a low load, phase II apoptosis can lead to tumor
clearance. Our current view explaining the triphasic growth
of the lymphoma after infection is sketched in Fig. 6.

Activation of hepatic natural killer cells by distant 
mCMV infection

Although, as shown above, mCMV infection operates from
a distance, the apoptosis-inducing signal is not necessarily
a soluble death ligand encoded by mCMV or induced in the
infected cells. Double-chamber cell culture experiments
have so far not revealed a soluble factor secreted from
infected cells in the lower chamber and causing apoptosis
of E12E cells in the upper chamber (K.C.E., unpublished
data). Since so far only murine embryonic Wbroblasts were
tested as infected cells, clearly, these experiments need to
be extended to other cell types before a more deWnite con-
clusion can be drawn. Alternatively, cytokines known to be
induced by a local mCMV infection might induce natural
killer (NK) cells located at a distant site. This should not be
mixed up with the local NK evasion of infected cells by
downregulation of ligands of activating NK cell receptors
(reviewed by Lenac et al. in this issue of MMI). SpeciW-
cally, IFN-�/� and interleukin-12 systemically activate NK
cells for cytolytic activity and IFN-� secretion, respectively
[30]. Since NK cells are relatively resistant to �-irradiation,
residual NK cells activated by CMV-induced cytokines
might be cellular mediators of the tumor-repressive eVect.
Though in the Wrst approach NK cells derived from drain-
ing lymph nodes of infected, immunocompetent BALB/c
mice did not exert a tumor-repressive eVect upon adoptive
transfer [25], a role for intrahepatic NK cells, the so-called
pit cells, was not formally excluded in the lymphoma
model in immunocompromised mice.

Here we have revisited this issue by studying the activa-
tion of hepatic CD49b+NKG2D+TCR � chain-negative NK
cells in the time course after mCMV infection and adminis-
tration of the E12E lymphoma (Fig. 7). Whereas hepatic
NK cells were not induced by the lymphoma alone, mCMV
infection led to a signiWcant proportion of NK cells on day
6 in the isolated non-parenchymal fraction of the liver cells
(Figs. 7a, 8). Notably, mCMV alone was suYcient for this
activation, as there existed no signiWcant diVerence
(P = 0.13, two-tailed) in hepatic NK cell induction between
infected mice carrying or not carrying the lymphoma. Like-
wise, there was also no signiWcant diVerence in splenic NK

Fig. 6 Concluding model of the triphasic lymphoma growth in the
presence of infection. Liver sinusoidal endothelial cells separate the
vascular compartment (rose) from the intrahepatic compartment (yel-
low). Lymphoma cells are pictured in stages of endothelium transmi-

gration (1), interphase (2), mitosis (3), small colonies (4), and
apoptosis (5) or disintegrated into apoptotic bodies/vesicles (6).The
red virus symbols indicate productive infection of liver parenchyma.
Reproduced from [25] 

Fig. 7 Recruitment of hepatic natural killer cells by mCMV infection.
a Experimental protocol for the cytoXuorometric quantitation of natu-
ral killer (NK) cells in liver tissue. Recipient mice were treated as
shown in Fig. 1, except that no HSCT was performed and that 106

E12E cells were administered. After liver perfusion to remove intra-
vascular cells followed by dissociation of liver tissue, non-parenchy-
mal liver cells were isolated by continuous OptiPrep™ density gradient
centrifugation removing the hepatocytes. Three-color cytoXuoromet-
ric/FACS analysis was performed by staining for TCR �-chain,
CD49b, and NKG2D with an electronic gate set on TCR �-chain+ cells
to exclude T cells from the analysis. Two-parameter dot plots show the
expression of CD49b and NKG2D by the TCR �-chain-negative non-
parenchymal liver cells. Percentages of CD49b+NKG2D+ NK cells are
indicated in the upper right quadrants. The analysis of three individual
mice of the infected (red) and uninfected (black) group is shown for
day 6. b Time course of NK cell activation/recruitment in % of TCR �-
chain-negative non-parenchymal liver cells for the infected (red dots)
and the uninfected (black dots) group. Dots represent three individual
mice tested per group and time point. Day 6 data refer to the analysis
detailed above (panel a). c The same data as in panel b, but expressed
in absolute cell numbers per liver. d Cytolytic activity of non-paren-
chymal liver cells derived from the infected (red dots) and the unin-
fected (black dots) groups measured on day 3 by using E12E
lymphoma cells as target cells in a 16-h chromium-release assay at the
eVector-to-target (E/T) cell ratios indicated. Dots represent replicate
assay microcultures. Anti-tumoral cytolytic activity in the infected
group was attributed to the liver NK cells by loss of activity after
immunomagnetic depletion of CD49b+ cells (open red circles). Note
that T cells present in the non-parenchymal liver cell fraction do not
express CD49b

�
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cell induction (P = 0.06, two-tailed), although there was a
tendency to a somewhat higher activation in the presence of
the lymphoma in both liver and spleen (Fig. 8).

As revealed by the kinetics, the proportion of NK cells
did not peak during the tumor remission phase II at day 3
(Fig. 5), but instead increased steadily over the observation
time (Fig. 7b). Thus, if we assume that the NK cells are the
anti-tumoral eVector cells, this would suggest resistance of
the tumor colonies in the relapse phase II, as discussed in
greater detail above. A diVerent explanation, however, is
suggested by the absolute numbers of NK cells, which are
inXuenced by the pancytopenia caused by the hematoabla-
tive treatment. The absolute number indeed reached its
peak on day 3 during the lymphoma remission and abruptly
declined thereafter (Fig. 7c). Moreover, non-parenchymal
liver cells isolated on day 3 showed cytolytic activity
against E12E cells, an activity that was abrogated by immu-
nomagnetic depletion of CD49b+ cells (Fig. 7d).
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To be precise, the increase in the proportion of NK cells
in the liver observed after mCMV infection does not neces-
sarily indicate an activation of liver-resident NK/pit cells.
Alternatively, this might also be explained by a recruitment
of peripheral NK cells to the liver.

Hepatic NK cells are not critically involved in mCMV-
triggered lymphoma control

Altogether, these Wndings reasonably argued for hepatic
NK cells being the eVector cells of the tumor-repressive
eVect. This hypothesis was directly addressed by in vivo
depletion of NK cells using antibodies directed against the
ganglioside asialo GM1 (�-ASGM1). This treatment
proved to be highly eVective in preventing the accumula-
tion of CD49b+NKG2D+TCR � chain-negative NK cells in
the non-parenchymal liver cell fraction of infected BALB/c
mice (Fig. 9a).

In the uninfected group, depletion of NK cells with �-
ASGM1 was found to have only a minor impact on the
growth of E12E in the liver. This control experiment made
sure that �-ASGM1 treatment did not by itself control the

lymphoma under the experimental conditions used (Fig. 9b,
Wrst two columns). While mCMV infection alone was suY-
cient to control the lymphoma almost completely, as was
expected from all the preceding data, this tumor-repressive
eVect was not abolished by NK cell depletion with �-
ASGM1 (Fig. 9b, last two columns). In accordance with the
NK-cell depletion data, liver-derived NK cells isolated
from infected donor mice failed to control the E12E lym-
phoma upon adoptive cell transfer into uninfected indicator
recipients (K.C.E., data not shown). In conclusion, NK
cells are apparently not required for the mCMV-mediated
lymphoma control.

Concluding remarks

The model of coincident infection and intravenous adminis-
tration of B- or T-cell lymphomas has revealed a novel and
unpredicted, lymphoma-repressive function of mCMV. The
data have shown that mCMV infection operates from a dis-
tance and becomes eVective in the target organ of the lym-
phomas, the liver in the reported cases, before the liver
becomes infected and even after peripheral infection with a

Fig. 9 NK cells are not required for the tumor-repressive eVect of
mCMV infection. a CytoXuorometric veriWcation of NK cell depletion
in the liver. Top Experimental protocol. See also Fig. 7a. For NK cell
depletion, antibody directed against asialo GM1 (�-ASGM1 25 �l i.v.,
WAKO Chemicals) was administered on days ¡2 and +2. Bottom
Two-parameter dot plots show the expression of CD49b and NKG2D
by the TCR �-chain-negative non-parenchymal liver cells isolated on
day 6 from two individual mice per group. Percentages of

CD49b+NKG2D+ NK cells present in the marked gates are indicated in
the upper right quadrants. b Impact of NK cell depletion on E12E lym-
phoma growth. Top Experimental protocol. IHC Immunohistochemi-
cal detection of CD45R+ lymphoma cells in liver tissue sections on day
8. Bottom Lymphoma size-frequency diagrams (for deWnition, see
Fig. 4) for Wve individual mice per group. Group parameters are indi-
cated
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virus mutant genetically deWcient in dissemination and thus
never infecting the liver. The mechanism of the tumor-
repressive function was identiWed as an induction of lym-
phoma cell apoptosis, although the death ligand–death
receptor pair is still unknown (for more detailed discussion,
see [25]). Importantly, as shown here, hepatic NK cells are
not required as cellular mediators of the tumor-repressive
eVect. This was somewhat surprising and, admittedly, also
somewhat disappointing, since peripheral mCMV infection
induces a relative and absolute enrichment of
CD49b+NKG2D+TCR � chain-negative NK cells in the
liver and since the B-cell lymphoma E12E is indeed sus-
ceptible to lysis by these NK cells. It thus appears now that
lymphoma cell apoptosis and induction or liver recruitment
of NK cells are coinciding events triggered by mCMV but
are not causally linked. One might speculate if possibly the
same virally triggered factors are responsible for this coin-
cidence.

It is of importance that the tumor-repressive signals can
target the tumor cells after their settlement in the liver,
when they are young colonies. However, it is similarly
important that advanced colonies, namely colonies of the
32–64 cell stage, lose susceptibility. As a consequence, in
MRD/L, mCMV may be able to interrupt tumor relapse at
an early stage and it may also interfere with tumor metasta-
sis, but it cannot cause remission of an established tumor.

Are these Wndings of any importance, besides basic sci-
ence interest? It is clearly a central question whether or not
hCMV has the same lymphoma-repressive property in
HSCT patients, but there is no feasible way to Wnd out
experimentally. A hint for a beneWcial role of hCMV infec-
tion has been reported for patients with adult T-cell leuke-
mia/lymphoma (see Introduction), but clinical studies have
so far not speciWcally addressed this question in multi-cen-
ter trials.

A diYculty in obtaining direct clinical evidence lies in
the fact that active virus replication is required at the time
when tumor relapse from MRD/L is at an early stage, a
condition of coincidence seldom met in the clinical situa-
tion of HSCT. Needless to emphasize that hCMV infection
is not a therapeutic option. However, the molecular identiW-
cation of the virally-induced and tumor-selective pro-
apoptotic signal, might open a new possibility to cope with
early stages of lymphoma relapse and periods of tumor
metastasis.
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