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Foci of cells infected with human cytomegalovirus were noted to stain more

intensely than uninfected cells with neutral red, and this provided the basis for
development of a plaque assay and plaque reduction neutralization test for
cytomegalovirus. Plaques demonstrable by neutral red staining could be
counted at 8 days after infection; thus, results could be obtained earlier than for
plaque assay systems based upon the viral cytopathic effect, and fewer manipu-
lations were required for staining cell monolayers to demonstrate plaques.
Certain variables affecting plaque size and numbers and antibody titers were
defined. Addition of fresh guinea pig complement to the reaction mixtures
markedly enhanced cytomegalovirus-neutralizing antibody titers of hyperim-
mune animal sera, but titers ofhuman sera were enhanced only two- or fourfold.

Several plaque assays for human cytomega-
lovirus (CMV), based either upon the viral cy-
topathic effect (1, 9, 12) or fluorescent antibody
staining of infected cells (11), have been de-
scribed in recent years, and these have been
successfully applied to the assay of CMV-neu-
tralizing antibody. Disadvantages of plaque as-
says based upon the cytopathic effect of CMV
are the requirement for an incubation period of
14 days or longer and the need to remove the
overlays before staining the cell monolayers.
Assays based upon fluorescent antibody stain-
ing of infected cells utilize only a 3-day incuba-
tion period (11), but they require special equip-
ment, time-consuming microscopic observa-
tion, and a reliable source of antisera that give
specific staining for CMV.

It was noted in this laboratory that, within a
few days after inoculation, foci of CMV-infected
cells stain more intensely with neutral red than
do surrounding uninfected cells in the mono-
layer, and this provided the basis for the devel-
opment of the plaque assay and plaque reduc-
tion neutralization test for CMV described in
this report.

MATERIALS AND METHODS
Cell cultures. Tests were conducted in lines of

human fetal diploid lung cells established by J. H.
Schieble of this laboratory. Virus for use in neutrali-
zation tests was propagated in these cell lines or in
WI-38 cells obtained from Flow Laboratories. Cells
were routinely propagated on fortified Eagle mini-
mal essential medium (MEM) (containing two times
the standard concentrations of vitamins and amino

acids) supplemented with 10% fetal bovine serum.
Virus strains. The AD-169 strain of human CMV

was used throughout these studies. High-titered vi-
rus was prepared in roller bottles by infecting the
cell cultures maintained on 90% fortified Eagle
MEM and 10% heated (56°C, 30 min) fetal bovine
serum at a multiplicity of 21 plaque-forming unit
(PFU)/cell. Infected cultures were incubated at 36°C
for 9 to 10 days. The cells were then dispersed into
the medium by shaking with glass beads, and the
material was frozen and thawed three times and
then clarified by centrifugation at 8,000 x g for 20
min. The clarified fluids were centrifuged at 47,000
x g for 60 min to sediment the virus, and the pellets
were resuspended in supernatant fluid to 1/20 of the
original culture volume. The virus preparations
were stored at -70°C. Infectivity titers were 2107
PFU/ml.

Plaque assays were also performed on low-pas-
sage-level CMV strains isolated in this laboratory
from clinical specimens.

Sera examined. Reference antisera to the AD-169
and C87 strains of human CMV produced in mon-
keys or goats were obtained from J. L. Melnick.
Antiserum to the AD-169 strain was prepared in
hamsters by B. Forghani of this laboratory
(Forghani, Schmidt, and Lennette, manuscript sub-
mitted for publication). Human sera assayed for
neutralizing antibody to CMV were from our diag-
nostic files; most of these were from patients who
had shown diagnostically significant increases in
titer to CMV complement-fixing (CF) antigen,
and some sera were selected on the basis of negative
CF reactivity to CMV.
CMV plaque assays and plaque reduction neu-

tralization tests. Plastic plates (wells, 16 mm in
diameter) from three different sources, i.e., no. 3008
Multiwell tissue culture plates (Falcon, Oxnard,
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Calif.), FB-16-24-TC Multidish Dispo-Trays (Linbro
Chemical Co., Van Nuys, Calif.), and no. 3524 Tis-
sue Culture Cluster24 (Costar, Cambridge, Mass.),
were used with satisfactory results. Trypsin-dis-
persed human fetal diploid lung cells were sus-
pended in growth medium to a concentration of
150,000 cells/ml. The growth medium consisted of
90% fortified Eagle MEM and 10% fetal bovine se-
rum; it was buffered by the addition of 1.5 ml of 8.8%
NaHCO3 per 100 ml of medium. A 1-ml amount of
the cell suspension was added to each well, and cell
monolayers were used after 24 h of incubation at
36°C in a CO2 incubator. Virus, sera, and guinea pig
complement were diluted in Hanks balanced salt
solution containing 5% inactivated (56°C, 30 min)
fetal bovine serum.

For plaque reduction neutralization tests, serial
twofold dilutions of sera (inactivated at 56°C for 30
min) were prepared in 0.2-ml volumes, to which was

added 0.1 ml of a 1:8 dilution of fresh guinea pig
serum (approximately 10 hemolytic units of comple-
ment). In some experiments described below, com-

parative tests were done using fresh, unheated
guinea pig serum and guinea pig serum heated at
56°C for 30 min. Virus diluted to contain approxi-
mately 4,000 PFU/ml was then added in a volume of
0.1 ml, and mixtures were incubated at 37°C for
varying lengths of time. Based upon experimental
results described below, an incubation period of 90
min was adopted for routine use. The serum-virus
mixtures were than inoculated onto monolayer cul-
tures in the wells in a volume of 0.1 ml, and the
cultures were incubated at 36°C in a CO2 incubator
for 50 to 60 min to permit adsorption of unneutral-
ized virus. The inocula were then removed, and the
cell sheets were washed once with 1 ml of diluent
and overlaid with 1 ml of serum-free nutrient over-

lay. This consisted of standard Eagle MEM (pre-
pared without phenol red) supplemented with 0.1%
bovine serum albumin, 0.1% yeastolate, and 0.5%
ionagar no. 2 (Colab Labs., Inc., Chicago Heights,
Ill.) or agarose (SeaKem, Marine Colloids, Inc.,
Rockland, Me.); it was buffered by the addition of 1.5
ml of 8.8% NaHCO3 per 100 ml of medium. After 7
days of incubation at 36°C in a CO2 incubator, 0.25
ml of the above medium containing 7% of a 1:1,000
stock solution of neutral red was added to each well,
and incubation was continued for an additional day.

Plaques were counted 24 h after the addition of
the second overlay with a Wild M5 stereomicroscope
(Wild Heerbrugg Ltd., Heerbrugg, Switzerland) at
x25 magnification, using transmitted light against
a white background (4). A cross-hatched reading
plate was used to aid in counting the plaques.

CMV-neutralizing antibody titers were expressed
as the highest dilution of serum producing a 50% or

greater reduction in plaque count, as compared with
the controls in which the test dose of virus was

plaqued in the presence of a 1:8 dilution of fresh or

heated guinea pig complement, and diluent in lieu
of test serum.

RESULTS
Effect of certain variables on CMV plaque

size and numbers. The development of foci of

CMV-infected cells showing enhanced uptake
of neutral red was found to be most pronounced
under a serum-free overlay and, therefore, the
plaquing medium described above was devel-
oped. Figure 1 shows a single focus of CMV-
infected cells stained at 7 days after infection
and photographed 24 h later. With increased
incubation, the dead cells in the center of the
CMV-infected foci failed to take the vital stain,
whereas the more recently infected cells at the
periphery of the foci showed intense staining
(see Fig. 2).
Comparative studies showed that the size

and number of plaques were comparable under
overlays containing either ionagar no. 2 (Colab,
Chicago Heights, Ill.) or agarose (SeaKem, Ma-
rine Colloids, Inc., Rockland, Me.); however,
those under ionagar 2S (marketed as a replace-
ment for ionagar no. 2) were small and difficult
to count.

Table 1 shows a comparison of the size and
numbers of plaques obtained when the second
overlay containing neutral red was added at
varying times after infection. In all experi-
ments the plaques were counted 24 h after the
addition of the second overlay. Plaques stained
at 6 days were smaller and somewhat fewer
than those stained at 7 days. Although plaques
stained at 11 or 12 days were considerably
larger than those stained at 7 days, there was
little or no increase in plaque numbers. In the
interest of obtaining results earlier, plaques
were overlaid routinely at 7 days.
Another variable found to affect plaque

counts was the number of human fetal diploid
lung cells in the monolayer inoculated with
virus. Monolayers produced at 24 h by plating
fewer than 150,000 cells/well gave lower plaque
counts. However, plaque counts were compara-
ble in monolayers initiated with 150,000 to
300,000 cells. Wentworth and French (12) noted
a similar effect of the number of cells plated on
plaque counts of CMV.
The plaquing ability of different strains of

human CMV was investigated by using five
field strains of virus isolated in this laboratory
from clinical specimens. The isolates were at
passage level 1 to 3, and all produced plaques
similar to those produced by the AD-169 strain
under identical conditions.

Relationship between plaque numbers and
virus concentration. Figure 3 shows the re-
sults of three different titrations of CMV stock
preparations. Each point on the graph repre-
sents the average plaque count on four wells.
The plaque counts are seen to vary directly
with the dilution of the virus preparations, in-
dicating that each plaque was produced by a
single infectious virus particle.
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FIG. 1. Focus of CMV-infected cells showing enhanced staining with neutral red. x105.

Effect of preliminary incubation at 37°C on
virus and antibody titers. Serum-virus mix-
tures and virus-diluent mixtures were incu-
bated for varying periods of time at 37°C prior
to inoculation onto cell monolayers to deter-
mine the optimal incubation period for demon-
stration of CMV-neutralizing antibody. Table 2
shows the results of a representative experi-
ment, and it is seen that virus titers were com-
parable after 30 and 90 min of incubation but
were decreased by incubation at 37°C for 180
min. Neutralizing antibody titers were in-
creased by longer incubation of the serum-virus
mixtures at 37°C but, because of the inactiva-
tion of virus that occurred with 180 min of
incubation, incubation for 90 min was adopted
for routine use.
Enhancement of CMV-neutralizing anti-

body titers by fresh guinea pig complement.
Comparative studies were performed to deter-
mine whether the enhancement of CMV-neu-
tralizing antibody activity by complement re-

ported for certain other plaque reduction neu-
tralization systems (2, 6, 8) would also occur in
the present system. Hyperimmune animal sera
and sera from human CMV infections (diag-
nosed on the basis of a significant increase in
CF antibody titer) were titrated in parallel in
the presence of fresh guinea pig serum and
heat-inactivated guinea pig serum. Table 3
shows that complement markedly enhanced
CMV neutralization by hyperimmune animal
sera, but a lesser degree of enhancement was
seen for convalescent-phase sera from human
CMV infections. The sensitivity of the CMV
plaque reduction neutralization test incorporat-
ing complement into the reaction mixtures is
further illustrated in Table 4, which shows
that in the presence of complement, the test
developed in this laboratory demonstrated
slightly higher titers for monkey and goat hy-
perimmune sera to CMV strains AD-169 and
C87 than were obtained by the Plummer and
Benyesh-Melnick method (9) in the presence of
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FIG. 2. Foci of CMV-infected cells stained with neutral red 12 days after infection. x5.

TABLE 1. Size and number ofCMV plaques stained
with neutral red at various times after infection

Time of ad-
Expt Solidifying dition of Plaque Virus titer
no. agent in neutral red size (mm) (PFU/ml)"overlay overlay

(day)

1 lonagar 6 0.2-0.3 6.0 x 166
no. 2 7 0.2-0.5 1.0 x 107

2 Ionagar 7 0.2-0.5 1.3 x 107
no. 2 11 0.8-1.5 1.0 X 107

3 Agarose 6 0.2-0.3 3.0 x 107
7 0.2-0.5 5.0 x 107

12 0.8-1.5 8.0 x 107
a Based on plaque counts in four or more wells.

complement. These sera were not available in
sufficient quantities to permit testing in our
system in the absence of complement.
As reported by others (2, 6), certain guinea

pig sera were found to have heat-labile inhibi-
tory activity for human CMV, and it was neces-
sary to screen sera from individual animals for
use in the plaque reduction neutralization test.

DISCUSSION

scribed herein possess advantages over certain
previously described assays (1, 9, 12) in that
results may be obtained earlier and fewer ma-
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FIG. 3. Relationship between CMV plaque countsThe modified plaque assay and plaque reduc- and virus concentration. Results of three different
tion neutralization test for human CMV de- titrations of CMV stock preparations.
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TABLE 2. Effect ofpreliminary incubation at 37°C on
virus and antibody titers

Time of Avg no. of CMV plaques at log,, dilu- CMV-neutralizing antibody titers of sera of patient:
incuba- tion:

tion of vi-
rus or se- K. Br. C. Jo. R. Li

rumivirus -4.0a -4.5 -5.0 -5.5 -6.0mixtures Ab C A C C
(min)

30 112 39 14 4 1 <8 32 <4 16 8
90 117 41 12 3.5 1.5 8 32 <4 64 16
180 76 15 8 2 0.5 32 64 8 256 64

a Test dose of virus used in neutralization test.
bA, Acute-phase serum; C, convalescent-phase serum.

TABLE 3. Effect ofcomplement on CMV-neutralizing
antibody titers of hyperimmune animal sera and
convalescent-phase sera from human infections

CMV-neutralizing an-

Serum tested tibody titer CF titer
-Ca +C

Immune ham-
ster

Pre-immuni- <8 <8 <8
zation

Early serab <16 64 ND"
Late sera 32 1,024 256

Human conva-
lescent

J. To. 64 512 128
B. Do. 1,024 2,048 1,024
R. Ro. 128 256 256
E. Se. 128 256 128
B. Mc. 128 512 256
0 -C, Heated guinea pig serum used in test; +C,

unheated guinea pig serum containing approxi-
mately 10 hemolytic units of complement used in
test.

b Early sera = pooled sera collected 2 to 5 weeks
after the beginning of immunization; late sera =

pooled sera collected 6 and 7 weeks after the begin-
ning of immunization.

r ND, Not done.

TABLE 4. Neutralizing antibody titers ofCMV
reference antisera as determined in two different

plaquing systems

Neutralizing antibody titer vs
AD-169

Antise- Plummer-Ben-rum Host yesh-Melnick sys-
rai

(strain) tem (9) red ssn-
ing sys-

_Ca +C tem (+C)

AD-169 Monkey <32 256 512
C87 Monkey <32 256 2,048
C87 Goat <32 2,048 8,192

a C, Complement absent; +C, complement pres-
ent.

nipulations of the infected cell cultures are re-
quired. If the time of staining is delayed until
12 days, results can be read macroscopically in
a time comparable to that required by other
procedures for reading with low-power magnifi-
cation.
The sensitive plaque reduction assay for

CMV-neutralizing antibodies is expected to
find use in antigenic analyses on human CMV
strains and for more definitive studies on the
sequential appearance of neutralizing and CF
antibodies in human CMV infections and on
the occurrence of CMV-neutralizing antibodies
in various classes of immunoglobulins in initial
and reactivated infections.
The production of high-titered, cell-free CMV

for use in these studies was based upon the
findings of other investigators that high yields
of extracellular virus could be obtained in roller
bottle cultures incubated for extended periods
after the initial appearance of viral cytopathic
effect (3, 5, 7) and that the late harvests of
human CMV were more temperature stable
than were early harvests (10). The ability to use
challenge virus at relatively high dilutions
should reduce the amount of noninfectious viral
particles capable of binding antibody and, thus,
should increase the sensitivity of CMV-neutral-
izing antibody assays.
Our results on enhancement of neutralizing

antibody to the AD-169 strain of human CMV
by fresh guinea pig serum, presumably due to
complement, were in general agreement with
those reported by others (2, 6, 8), namely, that
antibody present in hyperimmune animal sera
showed marked enhancement, whereas anti-
body in sera from human infections was en-
hanced to a lesser extent. However, the fact
that titers of human sera were invariably en-
hanced by two- or fourfold indicates the desira-
bility of routinely including complement in the
test system, particularly to detect low levels of
antibody. The importance of screening guinea
pig sera for viral inhibitory activity prior to
using them as a source of complement must be
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stressed. It remains to be determined whether
the heat-labile CMV inhibitory activity in the
sera of certain animals represents a single,
nonspecific substance or whether the activity is
due to low levels of viral antibody that is com-
plement dependent and becomes undetectable
when the serum is heat inactivated. The fact
that certain guinea pig sera which are inhibi-
tory for CMV have no such activity for vari-
cella-zoster virus suggests some level of speci-
ficity.
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