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Abstract 

Murine cytomegalovirus (MCMV) can only be propagated effectively in mouse embryo fibroblast (MEF)  cells. We 
demonstrate that M C M V  replicates significantly better in M2-10B4 cells, a continuous line of  murine bone marrow 
stromal cells. M2-10B4 cells were also comparable to M E F  cells for detection of small amounts of  M C M V  
reactivating from latently infected spleen explants. M2-10B4 cells will be very useful for studies of  M C M V  
pathogenesis. © 1997 Elsevier Science B.V. 

Keywords: Murine cytomegalovirus; M2-10B4 cells; Propagat ion 

1. Introduction 

Murine cytomegalovirus (MCMV) is now well 
established as an important model for studies of 
the pathogenesis of human cytomegalovirus 
(HCMV) infection. Particularly noteworthy stud- 
ies with MCMV have been carried out in the 
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areas of viral dissemination (Hudson, 1979; Bale 
and O'Neil, 1989; Collins et al., 1994) immunol- 
ogy (Jonjic et al., 1989; Reddehase et al., 1994), 
and latency (Jordan et al., 1977; Muller and Hud- 
son, 1977; Hudson, 1979; Jordan and Mar, 1982; 
Jordan et al., 1982; Mercer et al., 1988; Pomeroy 
et al., 1991; Balthesen et al., 1993; Collins et al., 
1993; Reddehase et al., 1994; Yuhasz et al., 1994; 
Pollock and Virgin, 1995). MCMV can be titrated 
and propagated to a high titer in vitro only in 
mouse embryonic fibroblast (MEF) cells. Harvest- 
ing these cells is labor intensive, requiring the 
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trypsinization of embryos obtained from pregnant 
mice. The cells can only be utilized effectively in 
the first or second passage and gradually lose 
their sensitivity to the virus thereafter. Thus, fresh 
cells must be prepared from mouse embryos re- 
peatedly. A continuous cell line in which MCMV 
could be propagated to high titer and would allow 
sensitive detection of the virus would greatly facil- 
itate studies of viral pathogenesis. 

M2-10B4 bone marrow stromal cells have been 
used to support the proliferation of human and 
murine hematopoetic progenitor cells in vitro 
(Dexter et al., 1976; Lemoine et al., 1988; Suther- 
land et al., 1991: Burroughs et al., 1994). Despite 
their fibroblast-like morphology, the cells express 
laminin and collagen type IV, suggesting endothe- 
lial rather than fibroblastic differentiation 
(Lemoine et al., 1988). However, the cells do not 
express factor VIII-associated antigen, a common 
marker for mature endothelial cells (Sutherland et 
al., 1991). Since both fibroblastic and endothelial 
cell lines have been shown to propagate cy- 
tomegaloviruses (Waldman et al., 1991 ), M2-10B4 
cells were a suitable candidate for the high titer 
propagation of MCMV. We show that MCMV 
can be propagated to high titer in these cells and 
that they are also useful for detection of latent 
MCMV which has reactivated from spleen ex- 
plants established in vitro. 

The Smith strain of MCMV stock virus was 
prepared by intraperitoneal injection of Swiss 
Webster female mice with 1 x 105 PFU of MCMV 
per mouse (Jordan et al., 1977). At 21 days post- 
infection, the mice were killed by CO2 asphyxia- 
tion and their salivary glands were harvested. 
Then 10% salivary gland homogenates were pre- 
pared and stored at -70°C as described (Jordan 
et al., 1977, 1982; Jordan and Mar, 1982). The 
titer of MCMV stock was 2 x 107 PFU/ml by 
plaque assay in MEF cells. 

MEF monolayers were prepared from 16- to 
18-day-old BALB/c embryos which were washed, 
minced, and trypsinized (0.25% trypsin in phos- 
phate buffered saline at room temperature) (Jor- 
dan et al., 1977). After centrifugation, the cells 
were resuspended in minimal essential medium 
(MEM) containing 10% fetal bovine serum (FBS), 
streptomycin (100 pg/ml), penicillin (100 U/ml), 

and amphotericin B (1.25/lg/ml) and seeded into 
75 cm 2 flasks (CoStar, Cambridge, MA). After 
growing to confluence in approximately 5 days, 
the MEF cells were trypsinized, resuspended in 
MEM supplemented as above and seeded as sec- 
ondary monolayers on 6-well plates which were 
used in growth curve experiments. 

The murine cell line M2-10B4, was a generous 
gift from the laboratory of Dr Connie Eaves 
(Terry Fox Laboratory, Vancouver, Canada) 
(Lemoine et al., 1988). M2-10B4 cells are derived 
from primary cultures of adherent bone marrow 
cells obtained from (C57B1/6J x C3H/HeJ) FI 
hybrid mice. After two passages at one month 
intervals, clones of fibroblast-like cells were iso- 
lated from low-density cultures using cloning 
wells. Cells were grown to confluence, trypsinized, 
centrifuged, and frozen at - 70°C in the presence 
of 10% dimethyl sulfoxide (DMSO). When M2- 
10B4 cells were required for experiments, they 
were quickly thawed and resuspended in RPM1 
1640 (Life Technologies, Gaithersburg, MD) con- 
taining 10% FBS and antibiotics. After growing 
to confluence, the cells were trypsinized and 
seeded onto 6-well plates. All cell cultures were 
maintained in a humidified atmosphere containing 
5% CO2 at 37°C. 

Comparative one-step growth cycle experiments 
were carried out in MEF cells and M2-10B4 cells. 
Six-well culture plates (9.5 cruZ/well, CoStar, 
Cambridge, MA) of MEF and M2-10B4 cells 
were simultaneously inoculated with MCMV sali- 
vary gland stock virus at a multiplicity of infec- 
tion of 1.0 (Muller and Hudson, 1977). The virus 
was adsorbed for 1 h at 37°C for each cell type 
and the media was then removed and the cell 
monolayers were washed. The M2-10B4 and 
MEF cells were incubated in a humidified atmo- 
sphere containing 5% CO2 at 37°C. Supernatants 
for viral titration were sampled at regular time 
intervals and frozen at -70°C.  Later, the super- 
natant samples were thawed and absorbed for 1 h 
on MEF monolayers at 37°C for quantitative 
plaque assay. A viscous overlay containing a 1:1 
mixture of gum tragacanth solution (1.6% weight/ 
volume, Sigma, St. Louis, MO) and 2 x MEM 
with 10% FBS plus streptomycin (200 /~g/ml), 
penicillin (200 U/ml), and amphotericin B (2.5 
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/~g/ml) was applied, and the monolayers were 
incubated for 5 days (Jordan et al., 1977). The 
overlay was removed, the monolayers were fixed 
with EAF fixative (ethyl alcohol, acetic acid, and 
formaldehyde), washed and stained with crystal 
violet (l%/volume). Plaques were counted in trip- 
licate for each time point under a dissecting mi- 
croscope. 

Plaque assays of supernatant fluids from 
MCMV-infected MEF cells resulted in a one-step 
growth curve consistent with previously published 
reports (Kim and Carp, 1971; Sandford et al., 
1985) (Fig. 1). Plaque assays of supernatants from 
MCMV-infected M2-10B4 cells had similar yields 
of infectious virus as MEF cells 12-36 h post-ad- 
sorption. However, titers of infectious virus re- 
leased by M2-10B4 cells exceeded the titer in 
MEF cells by approximately 10-fold at 48 and 72 
after infection, a statistically significant difference 
(P < 0.05 by pair-wise comparison t-test at both 
time points). M2-10B4 grew similarly to MEF 
cells under the tragacanth overlay. Distinct 
plaques formed in infected M2-10B4 cells and 
were similar in size to plaques formed in MEF 
monolayers (_<0.5 mm in diameter at 5 days 
post-infection). Identical cytopathic effects includ- 
ing cell rounding, cell swelling and detachment 
seen in infected MEF cells were also seen in 
M2-10B4.. 

6 -  

5 -  

3 -  } 
5 > 2 -  / 

• ' ~  • M2-10B4 
• MEF 

I I I I I I # I 
8 16 24 32 40 48 72 

Hours after Inoculation of MCMV 

Fig. 1. Single step growth cycle of MCMV in MEF and 
M2-10B4 cells. 

Following the initial replicating infection, 
MCMV establishes a latent viral state in various 
tissues throughout the mouse (Collins et al., 1993; 
Reddehase et al., 1994). The latent virus can be 
reactivated in vivo by immunosuppression (Jor- 
dan et al., 1977; Jonjic et al., 1989) or in vitro by 
co-cultivation of cells or tissues with virus-suscep- 
tible indicator cells (Jordan and Mar, 1982; Jor- 
dan et al., 1982; Mercer et al., 1988; Balthesen et 
al., 1993). More recently, MCMV DNA has been 
detected using the polymerase chain reaction dur- 
ing latent infection of several murine organs 
(Balthesen et al., 1993; Collins et al., 1993; Redde- 
hase et al., 1994; Yuhasz et al., 1994). Viral 
reactivation from latency in vitro has been studied 
most extensively in the spleen. After establishment 
of spleen explant cultures with or without an 
indicator cell line, infectious MCMV appears in 
the supernatant fluids after 14 to 18 days with 
great regularity even though no infectious virus 
can be detected in unmanipulated spleen tissue 
homogenates (Jordan and Mar, 1982). To deter- 
mine whether M2-10B4 cells would be as useful as 
MEF cells for detection of reactivating latent 
MCMV, we performed several experiments. 
BALB/c female mice (4-week-old) were inoculated 
intraperitoneally with 5 x" 104 PFU of MCMV. At 
12 weeks after infection when no replicating virus 
can be detected, mice were sacrificed, and the 
spleens were surgically removed using sterile tech- 
nique. The splenic tissue was minced into 2 x 2 
mm pieces, and 4-6 pieces of tissue were placed 
per well in 6-well plates containing RPMI with 
15% FBS and antibiotics. To detect reactivating 
MCMV, 200/~1 samples of supernatant fluid from 
the spleen explant cultures were inoculated each 
day into 4 separate wells of confluent M2-10B4 
cells growing in 12-well plates. The M2-10B4 cells 
were fed every 3 days and maintained for 8 days 
after inoculation of spleen explant culture fluid. 
The cells were examined for MCMV cytapathic 
effects using a dissecting microscope every other 
day after inoculation. 

In four separate experiments, reactivated 
MCMV from supernatant fluids of spleen explant 
cultures produced typical viral cytopathic effects 
in the M2-10B4 cells in virtually every instance 
(Table 1). As shown previously in MEF cells 
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Table 1 
Detection of MCMV reactivating from explant cultures of latently infected mouse spleens using M2-10B4 cells 

Experiment no. Number of samples tested Day MCMV detected Number of samples positive/number tested 

1 4 16 4/4 
2 6 14 5/6 
3 8 14 8/8 
4 8 18 8/8 

Total 26 15.5 (mean) 25/26 (96.2%) 

(Jordan and Mar, 1982; Mercer et al., 1988; Pol- 
lock and Virgin, 1995), reactivated latent virus 
appeared in the M2-10B4 cell cultures after 14-18 
days of spleen explant culture. In comparative 
experiments, MEF and M2-10B4 cell monolayers 
were inoculated simultaneously with the same ex- 
plant culture supernatant fluids resulting in an 
identical number of MEF and M2-10B4 monolay- 
ers demonstrating reactivated virus (32/32 samples 
positive for each cell type). In this experiment, 
MEF cells showed CPE on average 1 day before 
M2-10B4 cells, which was not significant statisti- 
cally. 

Since MCMV was first isolated and propagated 
by Smith in 1954 (Smith, 1954), MEF cells have 
been the primary cell cultures used by investiga- 
tors in studies of the virus. The requirement for 
trypsinization of mouse embryos and the limited 
capacity of MEF cells to be passaged more than 
once in vitro have been significant impediments 
for research on MCMV. The need for a cell line 
that can be passaged repeatedly in vitro and used 
for detection, propagation, and titration of 
MCMV has been recognized for some time. Kim 
and Carp (Kim and Carp, 1971, 1972) examined 
the growth of MCMV in cells derived from hu- 
mans, monkeys, sheep, rabbits, hamsters, and 
mice. MCMV could be replicated in African green 
monkey kidney (BSC-1) cells, primary rabbit kid- 
ney cells, and baby hamster kidney (BHK-21) 
cells. However, none of these cell lines produced 
virus in titers approaching those in MEF cells. 
With subculturing and repeated trypsinization, fe- 
tal sheep brain cells did eventually produce viral 
titers nearly as high but these cells were exceed- 
ingly cumbersome to prepare. Plummer and 
Goodheart (Plummer and Goodheart, 1974) prop- 

agated MCMV in mouse kidney cells, rabbit 
fibroblasts, rabbit kidney cells, and MEF cells, 
MCMV replicated in both rabbit cell lines but to 
a markedly lower titer than in the murine cells. In 
addition, MEF cells supported viral replication 
significantly better than the murine kidney cells. 
Peak MCMV titers were considerably higher and 
achieved much more rapidly in MEF cells. Fi- 
nally, viral cytopathic effects were much more 
consistent and easier to visualize in MEF cells. 

More recently, Smee et al. (1989) evaluated 
several cell lines and found three (C1271, SC-1, 
and 3T3) that could replicate MCMV. In addi- 
tion, MCMV produced cytopathic effects and 
formed plaques under agarose overlay in these cell 
types. However, neither SC-1 nor 3T3 cells grew 
consistently under agarose overlays, and both 
formed MCMV plaques that were difficult to 
visualize. All three cell lines were 10-fold less 
sensitive than MEF cells in detection of MCMV 
from homogenates of infected murine tissues. 

M2-10B4 cells were derived from primary bone 
marrow cultures of F1 hybrid mice (Lemoine et 
al., 1988). They are adherent cells that can be 
passed indefinitely and frozen at -70°C for sub- 
sequent use at any time. To date, M2-10B4 cells, 
which are fibroblastic in appearance, have been 
used primarily to study the interactions between 
bone marrow stromal cells and hematopoietic 
stem cells in vitro (Lemoine et al., 1988; Bur- 
roughs et al., 1994). M2-10B4 cells are highly 
permissive for infection with MCMV in vitro. In 
fact, the peak titers of MCMV produced by M2- 
10B4 cells were significantly higher statistically 
than those obtained in MEF cells which, until 
now, have been considered the most permissive 
cells available for the virus. In addition, MCMV 
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p r o d u c e d  p laques  in M2-10B4 cells tha t  were 
essential ly ident ical  to those  in M E F  cells, and  the 
M2-10B4 thr ived  as well as M E F  cells under  the 
t r agacan th  over lay  used in the p laque  assays. 
F ina l ly ,  the two cell types were v i r tua l ly  ident ical  
in their  abi l i ty  to detect  very low levels o f  virus  
tha t  had  reac t iva ted  f rom spleen explants  f rom 
mice with la tent  M C M V  infection.  

There  is only one po ten t ia l  d i sadvan tage  o f  
M2-10B4 cells c o m p a r e d  to M E F  cells in re la t ion  
to M C M V  infection.  A n o t h e r  m e t h o d  o f  detec- 
t ion  of  la tent  M C M V  reac t iva t ing  f rom spleen 
tissue is to co-cul t ivate  ei ther  the cells or  ex- 
p l an t ed  t issue direct ly  on a m o n o l a y e r  o f  M E F  
cells which can survive up  to 30 days  in m e d i u m  
( Jo rdan  and  Mar ,  1982; Bal thesen et al., 1993; 
Yuhasz  et al., 1994; Pol lock  and  Virgin,  1995). 
M C M V  cy topa th ic  effects invar iab ly  develop  be- 
tween 14 and  18 days.  The  M2-10B4 cells g row 
more  rap id ly  in cul ture  than  M E F  cells, and  the 
mono laye r s  become ove rg rown  with  new genera-  
t ions o f  cells after 7 8 days.  To detect  react iva t -  
ing M C M V  f rom la tent ly  infected cells or  tissues 
in M2-10B4 cells, it would  thus be necessary to 
t ransfer  the cells or  tissues to fresh M2-10B4 
mono laye r s  every 7 - 8  days.  W e  have accom- 
pl ished this in our  l a b o r a t o r y  with no difficulty 
and  with de tec t ion  o f  react iva t ing  M C M V  at a 
f requency similar  to tha t  p resented  earl ier  in this 
r epor t  (da ta  not  shown).  In  conclus ion,  we believe 
tha t  use o f  M2-10B4 cells will great ly  faci l i tate  
subsequent  research involving detect ion,  p r o p a g a -  
t ion and  t i t ra t ion  o f  M C M V .  
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