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VONKA, VLADIMIR (Baylor University College of Medicine, Houston, Tex.),
AND MATILDA BENYESH-MELNICK. Interactions of human cytomegalovirus with
human fibroblasts. J. Bacteriol. 91:213-220. 1966.-Virus attachment of human
cytomegalovirus to human embryo lung fibroblasts was found to be temperature-
independent, from 4 to 37 C. Prolonged incubation at 4 C, however, resulted in
inactivation of a high proportion of attached virus. Virus penetration seemed to
be temperature-dependent, occurring at 37 C but not at 4 C. Detailed studies of
the growth curve of the virus were made. Cell-associated virus preceded the ap-
pearance of virus in the fluid phase by 2 to 5 days. Complement-fixing antigen
could be detected, but only when the cytopathic effect was advanced, and it was
demonstrable only in the cell-associated fraction. Under methyl cellulose, de-
creasing the bicarbonate concentration in the overlay from 0.225 to 0.15% re-
sulted in marked increase in plating efficiency with all strains tested. However,
varying the concentration of bicarbonate from 0.3 to 0.15% in fluid medium did
not influence the growth of virus.

The significance of latent infections with cyto-
megaloviruses in man is not well understood.
Suggestions have been made of possible associa-
tion with mental retardation (17), and with con-
genital malformation (4). A better understanding
of virus-host relationships hinges on the develop-
ment of sensitive and quantitative techniques for
the in vitro study of virus-cell interactions.
A number of studies with human cytomegalo-

virus in tissue culture systems have been reported
recently (2, 5, 7, 8, 10, 12), but many aspects of
the virus-cell interactions still remain to be clari-
fied. With the plaque technique developed re-
cently in this laboratory (9), a more quantitative
approach to the problem became possible, and
recent results obtained with this assay system are
reported here.

MATERIALS AND METHODS

Cell cultures and media. Serially propagated human
embryonic lung (HEL) fibroblasts were utilized. Cells
were grown in Eagle's medium with 10% calf serum
and 0.075% NaHCO3 (for cells in stoppered vessels)
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or 0.225% NaHCO8 (for cells in petri dishes in a 5%
CO2 atmosphere). Cells in both stoppered vessels
and petri dishes were maintained in the same medium,
but with 5% calf serum and 0.225% NaHCO3.

Phosphate-buffered saline free from Ca and Mg
ions (pH 7.3) will be referred to as BPB. BPB con-
tained (grams per liter): NaCl, 8.0; KC1, 0.4;
Na2HPO4, 0.06; KH2PO4, 0.06; NaHCO8, 0.4; dex-
trose, 1. Tris(hydroxymethyl)aminomethane (Tris)
phosphate buffer (pH 7.4) was used, which contained
the following (grams per liter): Tris, 3; NaCl, 8.0;
KCI, 0.38; Na2HPO4, 0.1; MgCl2 .6H20, 0.1; CaC12,
0.1; dextrose, 1; and HCI to bring the pH to 7.4.

Cytomegalovirus. Five strains were employed in
the present study: AD-169 (11), Kerr and Davis (16),
and L-38E and C-87 (3, 4). Their passage levels dif-
fered; in most of the experiments, the 232nd passage
of AD-169, the 32nd passage of Kerr, the 72nd pas-
sage of Davis, the 19th passage of L-38E, and the
37th passage of C-87 were employed.

Preparation of virus stocks. Cytomegalovirus stocks
routinely used in the laboratory were obtained by
passage of intact virus-infected cells. Such stocks
consisted of intracellular virus and were prepared as
follows. Cells obtained by trypsinization of infected
HEL fibroblast cultures, exhibiting about 80% cyto-
pathic effect (CPE), were mixed with freshly tryp-
sinized noninfected cells, at the approximate ratio of
1:10, and were suspended in growth medium.
Amounts of 20 ml of the suspension, containing about
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5 X 106 cells, were seeded into 16-oz bottles. After
24 to 48 hr of incubation at 37 C, the culture fluid was
replaced with maintenance medium and the cultures
were further incubated at the same temperature.
When about 80% of the cell sheet exhibited CPE,
the cultures were washed with BPB and treated with
0.2% trypsin (in BPB). The cells were washed twice
with Tris, resuspended in Tris, and treated for 40 sec
in a Raytheon sonic oscillator. After clarification
by low-speed centrifugation (1,000 X g for 15 min),
the supematant fluid was diluted in Tris to obtain
I to 5 ml of virus supension per bottle of culture used.
Equal volumes of virus suspension and 70% sorbitol
(in water) were mixed, dispensed in screw-cap vials,
and kept at -90 C for a period of at least several
months without substantial loss in titer.

Infectivity assay. The plaque technique for cyto-
megalovirus described by Plummer and Benyesh-
Melnick (9), utilizing HEL fibroblasts and a methyl
cellulose overlay, was used with several modifications.
Instead of 10% calf serum the overlay contained 5%
calf serum. The first overlay contained 2% methyl
cellulose and the second one (added on day 7) con-
tained 1.4% methyl cellulose.

Growth-curve experiments. Groups of monolayer
cultures grown in 1- or 2-oz prescription bottles were
infected with cell-free virus stock at different multi-
plicities of infection (see Results). After 1 hr of incu-
bation at 37 C, maintenance medium was added and
the cultures were further incubated at 37 C. Replicate
cultures (two to four in different experiments) were
harvested daily or every other day and pooled for
infectivity assays and complement-fixation tests.
Extracellular virus was prepared by centrifugation
of the tissue culture fluids; intracellular (cell-asso-
ciated) virus, by sonic treatment and subsequent
centrifugation of the trypsinized cells resuspended in
Tris. For infectivity assays, the resulting supernatant
fluids were mixed with equal volumes of 70% sorbitol
(in water); for complement-fixation reaction, they
were stored without sorbitol. All preparations were
kept at -90 C until tested.

Complement-fixing (CF) test. A microtechnique in
plastic panels as developed by Kitahara and Melnick
(in preparation) was employed. The volume of each
reagent was 0.05 ml, delivered by a simple dropping
pipette. CF units were measured by titration against
a human serum (diluted 1:40), which contained cyto-
megalovirus antibodies, but which did not react with
antigen prepared from noninfected cultures. Two
units of complement and four units of hemolysin were
used in the test; the final concentration of sheep blood
cells was 0.08%. Complement was fixed overnight at
4 C, after which the sensitized red cells were added,
and incubation was continued for 1 hr at 37 C. In-
hibition of hemolysis of 75% or more cells (3 to 4
plus) was considered a positive reaction.
Immune sera. Immune sera were prepared in mon-

keys as described previously (9).

RESULTS
Conditions influencing the plating efficiency of

cytomegalovirus. Some of the factors known to

TABLE 1. Influence ofNaHCOs concentration in the
overlay on the plating efficiency ofstrain AD-169

Expt no.

1
2
3
4
5
6
7
8
9
10

PFU per culture* at
NaHCOs concn of

0.15%

477
328
312
658
450
223
108
200
559
231

0.225%

42
11

125
292
233
153
19

120
285
90

Ratio of
0.15-0.225

11
32
2.5
2.3
1.9
1.5
9.1
1.7
2.0
2.6

* Average of three cultures inoculated with 0.2
ml of a 10-2 dilution of virus kept in 35% sorbitol
at -90 C.
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FiG. 1. Influence of NaHCO3 concentration on
plaque counts of four strains of cytomegalovirus.
Plaque counts under overlay with 0.15% NaHCO8
considered as 100%.

influence plaque development by viruses were
studiedinan effort toincrease theplating efficiency
of cytomegalovirus and shorten the time required
for the test. It was found that the variation in the
bicarbonate concentration in the overlay had a
marked effect on plaque development. Table 1
shows results of repeat titrations of a frozen
stock of AD-169 virus carried in parallel under
the usual overlay containing 0.225% NaHCO3
and a more acid overlay containing 0.15%
NaHCO3. Under the more acid overlay the
plaque counts were consistently higher, usually
twice as high and sometimes even as much as 10
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FIG. 2. Increase of plaque count with time under
overlays with different concentrations of NaHCO,.
Plaque counts on day 14 under overlay with 0.15%
NaHCO3 considered as 100%.

TABLE 2. Influence ofage ofcultures on plaque titers

Expt Viu tan Ae of Titer of virus
no. Virus strain tures stock (login PFU Ratio*

days

1 Davis 2 1.5 X 106
7 5.0X 104 30

2 C-87 2 5.0 X 105
6 1.5 X 106 3

3 L-38E 3 3 X 104
5 8X 103 4
6 1.7 X 104 2
7 1.1 X 104 3
10 1.2 X 104 2.5

* Ratio between the titer of virus stocks in
"youngest" cultures and those incubated for a
longer time before inoculation.

to 30 times higher. Furthermore, the titers were
more reproducible under the acid than under the
alkaline overlay. Similar results were found with
the other strains tested. Results of one experi-
ment, in which four strains were tested simul-
taneously, are presented in Fig. 1. With all four
strains, the plaque counts at 0.15% NaHCO3 were
approximately double that at 0.225% NaHCO3.
Further increase in bicarbonate concentration
reduced the plaque count substantially. In several
experiments, concentrations of bicarbonate lower
than 0.15% were tested. The results were incon-
sistent. In some tests this resulted in further in-
crease in plaque counts; in others, however,
nonspecific degeneration of the cell sheet oc-
curred, and the plaque counts were reduced.

Plaques formed under the overlay containing
0.15% NaHCO3 were larger than those under
more alkaline media. This correlated well with
the earlier appearance of plaques under the more
acid overlay. The increase in plaque counts with
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180

FiG. 3. Attachment of AD-169 virus at 4, 22, and
37 C (in a C02 incubator). Plaque counts after 3 hr of
incubation at 37 C considered as 100%.

time is shown in Fig. 2, in which the results are
expressed as per cent of the plaque count ob-
tained under optimal conditions (the acid overlay
on day 14). About 50% of the plaques appeared
under the more acid overlay by the 8th day, and
in the subsequent 4 days their number doubled.
Under the alkaline overlay, only 10% of the final
plaque count was detected on day 8; by day 14,
the number of plaques increased fivefold, but
only approached about 50% of the count under
the more acid medium. After day 14, no signifi-
cant increase was observed under either overlay.
An increase of CO2 in the atmosphere of the

incubator had an effect similar to that elicited
by decreasing the bicarbonate concentration in
the overlay. For example, with an increase of
CO2 from 5% (the usual concentration used) to
10%, the plaque counts under an overlay of
0.225% NaHCO3 were increased about 10-fold.
The efficiency of plating was found to be influ-

enced also by the age of the cultures used. Simul-
taneous titrations were performed in several lots
of cultures differing in the length of time for
which they had been incubated before inocula-
tion. The cultures used had been seeded with the
same quantities of cells and were confluent when
infected. The results of three separate experiments
(Table 2) show that the titers in cultures infected
2 or 3 days after seeding were higher (2- to 30-
fold) than in those held for a longer period before
inoculation. The plaques in the "younger" cul-
tures were usually larger than those formed in
"older" cultures.
On the basis of these results, cultures in subse-

quent experiments were used as soon as possible
after the confluent cell sheet had formed, and an
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FIG. 4. Attachment and inactivation of AD-169
virus at 4 C. Replicate monolayer cultures were inocu-
lated at zero-time with about 500 PFU of virus (0.6
ml per plate). At times indicated, 0.3 ml ofsupernatant
fluid was removed from each plate and assayed. The
counts obtained with these samples were considered as
unattached virus; the counts in the original monolayers,
as attached virus. Virus inactivation was determined
from counts obtained with the same number of PFU
incubated for the same periods of time in the same me-

dium, but in the absence of cells. Counts obtained at
zero-time with the latter preparation were considered
as 100%.

overlay containing 0.15% NaHCO3 was em-
ployed.

Influence of temperature on virus attachment.
The rate of attachment of AD-169 virus (diluted
in Tris) at 37, 22, and 4 C was followed, and
results of one experiment are shown in Fig. 3.
Approximately 50% of the virus became attached
within the first 15 min at all three temperatures.
At 37 and 22 C, attachment proceeded further
with time; at 4 C, however, prolonged incubation
resulted in a gradual decrease in plaque counts.
To determine whether this was due to the elution
of the already attached virus, experiments were
run in which the virus attachment to cells, the
disappearance of virus from the supernatant
fluid phase, and spontaneous virus inactivation
in cell-free medium were followed simultaneously.
Results of one representative experiment are
shown in Fig. 4. It can be seen that the decrease
in plaque count proceeded approximately at the
same rate as the inactivation of the virus in the
absence of cells. However, the rate of virus disap-
pearance from the fluid phase of the cultures was
faster, owing to the simultaneous adsorption and
inactivation of the virus. No evidence of elution
of infectious virus from the cells was obtained.
Similar results were obtained with the Davis

strain, with the only difference being that the
slope of all curves was steeper owing to the more
rapid spontaneous inactivation of this virus (15).
Whether the decrease in plaque counts during

incubation at 4 C might be caused by cell damage
at this temperature was next investigated. Experi-
ments were carried out as follows. Plate cultures
were infected with 300 plaque-forming units
(PFU) of C-87 virus. After 15, 30, 60, and 120
min of incubation at 37 C, groups of cultures
were washed and incubated for 4 additional hr
at either 4 or 37 C, and then overlaid. Results
(Fig. 5) show that about 50% of the virus, which
was already attached after 15 min at 37 C, was
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FIG. 5. Influence of time of incubation ofC-87 virus
with cells at 37 C on its inactivation during the subse-
quent 4 hr at 4 C. Plaque counts in cultures incubated
with the virus for 2 hr at 37 C and then for an addi-
tional 4 hr at the same temperature were considered
as 100%.

TABLE 3. Influence ofNaHCO3 concentration in the
inoculum* and in the overlay on plaque counts

(strain AD-169)

PFU r culture t
at NaHCO3 concn

Medium for virus dilution in overlay of

0.15% 0.225%

Eagle's with 0.15% NaHCO3.. 473 269
Eagle's with 0.225% NaHCO3. 449 240
Tris .......................... 450 233

* Virus was adsorbed for 1 hr at 37 C (CO2 incu-
bator), and the unadsorbed virus was washed
away.

t Average of three cultures.
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FIG. 6. Influence of temperature on penetration of
Davis virus. Plaque counts in cultures incubated with
virus for 2 hr at 37 C and then treated with control
serum considered as 100%.

inactivated during the subsequent 4 hr of incuba-
tion at 4 C. On the other hand, virus incubated
with cells at 37 C for 1 and 2 hr escaped the
inactivation at 4 C. These results seem to rule
out the possibility that cell damage may be re-
sponsible for the reduction in plaque counts dur-
ing prolonged incubation at 4 C.

Influence of virus diluent on virus attachment.
The influence of bicarbonate concentration in
the medium used for virus dilution was examined.
The results of one test in this series are shown
in Table 3. In this experiment, virus diluted in
Eagle's medium with 0.15 and 0.225% NaHCO3
was inoculated in replicate washed and drained
cultures. After 1 hr of incubation at 37 C, half of
the cultures were overlaid with medium contain-
ing 0.15% NaHCO3, and the second half with
medium containing 0.225% NaHCO3. These
results revealed the decisive role of the overlay
composition; without any relationship to the virus
diluent, higher plaque counts were found under
the more acid overlay.

Virus penetration. Investigation of the dynam-
ics of this step in virus-cell interaction was diffi-
cult because of the lack of potent antiserum for
cytomegalovirus. Because of the peculiar sensi-
tivity of cytomegalovirus to temperature of 4 C
(15), the following studies were carried out at
the conventional 37 C and also at 4 C. Tissue
cultures were incubated with about 600 PFU of
Davis virus, which was either prewarmed at 37 C
or precooled at 4 C. After 10, 20, 30, and 60
min of incubation at either 37 C (plates infected
with prewarmed virus) or 4 C (plates infected
with precooled virus), the unadsorbed virus was

washed away (with prewarmed or precooled
Tris buffer, respectively), and 0.2 mlof homologous
monkey antiserum, diluted 1:2, was added to
each culture. Control plates were treated simul-
taneously with fetal calf serum diluted with an
equal volume of Tris buffer. All cultures were
incubated for 1 hr at 4 C and overlaid without
washing. The results (Fig. 6) indicated that the
loss of accessibility of attached virus to antibodies
was temperature-dependent. It developed rapidly:
after 10 min of incubation at 37 C, less than 20%
of the attached virus was neutralized, and
throughout the 1-hr incubation period this value
remained approximately the same. On the other
hand, about 80% of the virus attached to the
cells at 4 C remained accessible to neutralization
by specific antiserum, even after 1 hr of incuba-
tion at this temperature. The lower plaque counts
obtained throughout the experiment at 4 C were
due to the rapid inactivation of the Davis virus
at this temperature (15).

Growth cuirves of cytomegalovirus. Several ex-
periments were done in which the development
of infectious cell-associated and extracellular virus
and CF activity was followed. The results of an
experiment in which a parallel number of cul-
tures (in 2-oz prescription bottles) were infected
simultaneously at two different input multiplici-
ties of infection are listed in Fig. 7. It can be seen
that at the input multiplicity of 0.01 PFU per
cell, cell-associated virus was first found 6 days
after infection. Detectable levels of extracellular
virus were demonstrable in the 8-day samples,
and they remained lower throughout the observa-
tion period. The development of cytopathic
changes followed closely the appearance of infec-
tious virus. CF activity was found only in the
cell-associated virus samples; it was first detected
on the 10th day and reached a peak titer on the

MULTIPLICITY OF INFECTION 0.01 PFU/CELL MULTIPLICITY OF INFECTION 0.00001 PFU/CELL
CPE 22 3 3 4 4 CPE 2 2 3

------ -CELL ASSOC IAT ED V IRUS
7-* EXTRACELLULAR VIRUS

CFA (CELL ASSOCIATED)

AA

4 *4Z> 2

2L 4 6 8 10 12 14 128 20 128

FIG. 7. Influence of multiplicity of infection on the
growth of Davis virus. One unit of complement-fixing
antigen (CFA) is considered as the highest dilution
giving positive reaction with a 1:40 dilution ofpositive
human reference serum. Maintenance medium was
changed in all cultures on days 6 and 13.
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FIG. 8. Influence of NaHCO3 concentration on the
growth of Davis virus (cell-associated). Multiplicity of
infection was 0.1 PFU per cell. Maintenance medium
was changed every other day in all cultures.

16th day when the cultures exhibited advanced
CPE. When cultures were infected at a lower
multiplicity (0.00001 PFU per cell), marked dif-
ferences could be seen. Cell-associated virus was

detected later, and tests for the presence of virus
in the fluid phase were negative with all samples.
CF antigen was detected again only in the cell-
associated virus samples, but appeared later and
remained at lower levels than that obtained from
cultures infected at a higher multiplicity. There
was also a discrepancy between the development
of CPE and infectious virus, the appearance of
infectious virus preceding the CPE by 4 days.

Because of the marked influence of bicarbonate
concentration in the overlay on the plating effi-
ciency of human cytomegalovirus, it was of inter-
est to investigate the differences in the rate of
virus multiplication in cultures kept under fluid
media with varying concentrations of bicarbon-
ate. Cultures (grown in 1-oz prescription bottles)
were infected with Davis virus at a multiplicity
of infection of 0.1 PFU per cell, and the develop-
ment of cell-associated virus was followed. No
differences were found between the pattern of
virus growth in the presence of 0.15 and 0.225%
NaHCO3 (Fig. 8). Even a concentration of 0.3%,
shown to suppress effectively plaque develop-
ment, failed to influence the virus growth char-
acter in fluid medium.

DIscussIoN
When investigating the influence of bicarbo-

nate concentration on plaque development, it
was found that the reduction of bicarbonate con-
centration in the overlay from 0.225 to 0.15%
caused marked enhancement of plating efficiency,
and the plaques formed under the more acid
overlay were bigger and appeared earlier. Fur-
ther alkalization of the overlay resulted in more
pronounced suppression of plaque development.
An effect similar to that achieved by lowering the
bicarbonate concentration was observed when
the infected cultures were incubated in an atmos-
phere of 10% Co2. This strongly suggests that
the bicarbonate effect is due to lowering the pH
by alteration of C03-2/HCO3- balance and not
to the change in concentration of Na+ ions.

It was reported previously that the attachment
of cytomegalovirus to cells is temperature-de-
pendent (10). This was not confirmed in the pres-
ent series of experiments with other techniques.
Within the range tested, no marked differences
in virus attachment were observed. Prolonged
incubation at 4 C, however, progressively re-
duced the plaque counts. Additional evidence
(presented in Fig. 4 and 5) strongly suggested
that this was due to inactivation of attached virus
and not to elution of virus from the cells or to
cell damage at the low temperature. The results
given in Fig. 5 are noteworthy from another
point of view. Since it was established that pene-
tration of cytometagovirus is temperature-de-
pendent, occurring at 37 C but not at 4 C, it
may be assumed that the increased stability at
low temperature of virus that had been attached
and incubated at 37 C may reflect the penetra-
tion of the virus during the 37 C treatment. This
suggestion is supported by the finding that the
transition of the attached virus to the state of in-
accessibility to antibodies followed a similar
pattern; this transition was rapid at 37 C, but
failed to occur at 4 C.
The experiments with synchronized virus in-

fection, which were expected to permit a more
accurate evaluation, were unsuccessful because of
the lability of the virus at 4 C and the lack of
hyperimmune antisera of sufficiently high titer.
The growth-curve experiments confirmed other

reports indicating slow growth of human cyto-
megalovirus (8, 10). The time at which infectious
virus appeared depended upon the multiplicity of
infection. Cell-associated virus was detected 2 to 5
days earlier than the virus in the fluid phase. CF
antigen appeared when the CPE was advanced,
and it was demonstrable only in the cell-associated
virus samples. This may be associated with the
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lower concentration of virus material in the fluid
phase, but also with the instability at 37 C of CF
antigen derived from cell-associated virus sam-
ples (Benyesh-Melnick et al., 1965, J. Immunol.,
in press). At a lower multiplicity of infection, the
development of cytopathic changes was delayed;
both infectious virus and CF activity developed
more slowly, their peak levels were lower, and no
infectious virus was detected in the fluid phase of
the cultures. The reasons for these differences are
not fully understood. It was shown in this study
that the sensitivity of cells in tissue culture to in-
fection with cytomegalovirus declined when the
incubation of grown cultures before infection was
prolonged over certain limits. The time required
for the multicyclic growth of virus to infect most
or all of the cells in culture was dependent on the
multiplicity of infection; thus, it is reasonable to
presume that by the time all cells in the cultures
inoculated with the lower virus doses became in-
fected, they were older and consequently less re-
sponsive than those initially infected at higher
multiplicity. However, results of one of the ex-
periments reported here failed to demonstrate
that the decline of cell sensitivity to infection with
time was a continuous process. The virus titer was
higher in cultures 3 days old than in those inocu-
lated when 5 to 10 days old; however, 10-day-old
cultures were not less sensitive than cultures 5 or
7 days old.
An attempt was made to explain why the lower-

ing ofpH in the overlay medium enhanced plaque
development. The data obtained showed that this
was not due to more efficient virus attachment in
the presence of acid medium. Also, no differences
were found in the growth pattern of cytomegalo-
virus in cultures kept under fluid media with
varying concentrations of bicarbonate. This ob-
servation is similar to the lack of correlation be-
tween the low efficiency of plating under acid
overlay, and growth in acid fluid media of d mu-
tants of poliovirus (6, 14). One can assume, how-
ever, that mechanisms other than those operative
for polioviruses (1, 13) are responsible. The assay
system for the cytomegalovirus employs methyl
cellulose in the overlay instead of agar. Further-
more, ribonucleic acid-poliovirus replicates in the
cytoplasm, whereas deoxyribonucleic acid-cyto-
megalovirus multiplies in the nucleus, and seems
to spread in the culture by cell-to-cell contact.
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