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Induction of an effective antibody response against human cytomegalovirus (HCMV) is an important defense
mechanism since it is potentially capable of neutralizing infectious viruses. We have analyzed the extent of
HCMV strain-specific neutralization capacity in human sera. Nine recent HCMV isolates and their corre-
sponding sera were investigated in cross-neutralization assays. We observed differences, independent of the
overall neutralization capacity, in the 50% neutralization titers of the sera against individual strains, differ-
ences that ranged from 8-fold to more than 60-fold. For one isolate, complete resistance to neutralization by
two human sera was observed. The neutralization capacity of human sera was not influenced by the presence
of various concentrations (up to 100-fold excess) of noninfectious envelope glycoproteins, an inherent contam-
ination of virus preparations from recent HCMV isolates. This indicated that the decisive parameter for
neutralization is the titer of the neutralizing antibodies and that neutralization is largely independent of the
concentration of virus. Analysis with transplant patients revealed that during primary infection strain-specific
and strain-common antibodies are produced asynchronously. Thus, our data demonstrate that the induction
of strain-specific neutralizing antibodies is a common event during infection with HCMV and that it might
have important implications for the course of the infection and the development of anti-HCMV vaccines.

Human cytomegalovirus (HCMV) remains a significant
pathogen in individuals with an immature or compromised
immune system. In contrast, infection of immunocompetent
persons has had limited consequences in the vast majority of
cases, indicating the importance of a functional immune re-
sponse in the control of HCMV infections (23). Although the
immunological effector functions which control HCMV are
incompletely understood, it must be assumed that the humoral
immune response represents an important defense mecha-
nism against HCMV. It is well established that seroimmu-
nity to HCMV prior to conception provides substantial pro-
tection against symptomatic infection of the newborn (19, 44).
In a recent vaccination study it was also demonstrated that
protection from reinfection is correlated with the titers of
neutralizing antibodies but not of T cells (2). In transplant
recipients the absence of viral DNA in the blood is associated
with high levels of neutralizing antibodies (39). Moreover, pas-
sive transfer of antibodies seems to have a beneficial effect on
the clinical outcome of infection (41, 49). In the murine cyto-
megalovirus model, protection from a lethal challenge can be
achieved by using monoclonal antibodies (MAbs) or immune
sera directed against glycoproteins B (gB) and H (gH), respec-
tively (18, 34). In addition, antibodies are the limiting factor for
the prevention of virus dissemination (25). Collectively, these
findings point to a major role of antibodies in limiting the
consequences of a HCMV infection.

Although no two HCMV isolates are identical with respect
to the restriction endonuclease patterns of the entire genomes,
strain variations have been considered to be of little conse-
quence for the host (12, 21). However, in recent years several
studies have suggested that strain differences might contribute
to the clinical course of the infection. For example, in kidney

transplant recipients reinfection with a genetically different
donor virus is associated with a higher risk of developing se-
vere HCMV disease than of reactivation of the endogenous
virus (22). Likewise, survival rates of bone marrow transplant
recipients with HCMV infection have been linked to specific
genotypes of the envelope gB (gpUL55) (20). In addition,
there is evidence that increased incidence of retinitis in pa-
tients with AIDS is associated with the gB genotype (40).

Although the underlying mechanisms for the different clin-
ical outcome of HCMV infections are unexplained, strain-
specific immune responses might play an important role in
clinical situations where reinfections occur and where the de
novo immune response against viral antigens is impaired as, for
example, in transplant patients or in individuals infected with
human immunodeficiency virus. In addition, strain-specific im-
mune responses might hamper the development of an effective
vaccine. Antibodies against envelope glycoproteins could be
particularly important since they have been shown to neutral-
ize virus. Thus far, gB and gH (gpU175) have been identified
as dominant targets for the humoral immune response, and
immunoglobulins reacting with these antigens have been char-
acterized in some detail (for a review, see reference 10). Ex-
tensive strain-specific virus neutralization has been observed in
the vast majority of studies that have employed against gB and
gH in the neutralization of different clinical HCMV isolates,
and some of the B-cell epitopes involved have been character-
ized (6, 32, 35, 45). For polyclonal sera, the situation is less well
investigated. When the sera from HCMV-immunized animals
were used, significant differences in neutralization capacity
against different HCMV strains were observed (47, 48). A
potential factor influencing the strain-specific neutralization of
a given serum is the amount of noninfectious enveloped par-
ticles present in the virus preparations. It is well known that
HCMV, depending on the stage of cell culture adaptation, can
produce various amounts of noninfectious particles which con-
tain the major envelope glycoproteins and therefore have the
capacity to bind neutralizing antibodies (24, 27). The impor-
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tance of noninfectious particles to the neutralization of infec-
tious virus by MAbs or polyclonal sera has not been investi-
gated.

In this study we have used sera from HCMV-infected per-
sons and analyzed their neutralization capacity against homol-
ogous and heterologous HCMV isolates. The impact of non-
infectious particles on the neutralization titer of human sera
was also investigated. Our data reveal extensive differences in
the capacity of human sera to neutralize heterologous HCMV
isolates.

MATERIALS AND METHODS

Cells and viruses. Human foreskin fibroblasts were grown in minimal essential
medium (Gibco BRL, Glasgow, Scotland) supplemented with 5% fetal calf
serum (FCS), glutamine (100 mg/liter), and gentamycin (350 mg/liter). Virions
and dense bodies from cell culture-adapted virus strains were isolated via glyc-
erol-tartrate gradient centrifugation as described previously (3). To obtain in-
fectious virus from highly cell-associated HCMV strains, infected cells were
trypsinized and resuspended in phosphate-buffered saline (PBS). After Dounce
homogenization, the suspension of the cellular debris was removed by low-speed
centrifugation (15 min at 8,000 rpm in a Sorvall centrifuge). Virus particles were
pelleted by high-speed centrifugation in a Beckman SW27 rotor (70 min at
23,000 rpm), suspended in PBS, and stored at 280°C. Clinical isolates were
obtained from patients after solid-organ (six HCMV-seropositive recipients re-
ceiving organs from seronegative donors) or bone marrow (three seronegative
recipients receiving marrow from seropositive donors) transplantation and were
used between passage 5 and passage 10.

MAbs. The MAbs that were used in this study have been described previously:
gB-specific MAbs included 89-104 (17) and C23 (31), the gH-specific MAb
AP86-SA4 (45), and the gp65-specific MAb 14-16A (9).

Neutralization analysis. Patient sera were obtained between days 100 and 150
after transplantation. The general outline of the neutralization assay was as
described earlier (4). Serial serum dilutions (in the range of 1:50 to 1:250,000)
were incubated with virus preparations for 4 h at 37°C. Viral titers were adjusted
to give 100 to 150 infected cells counted on a fluorescence microscope (Olympus/
IMT-2) with a 3200 magnification, which is equivalent to 2,000 infected cells/
15,000 total cells. 1.5 3 104 fibroblasts were added, and the mixture was plated
on microtiter plates. Infected cells were counted 16 h later by using indirect
immunofluorescence with a MAb directed against the immediate-early protein 1
of HCMV. The percent neutralization was calculated as the reciprocal of infec-
tivity, with a maximum infectivity being determined by incubation of the virus
without serum. The number of infected cells without the addition of serum also
served as a basis for the determination for infectious units (IU). When neutral-
ization assays were carried out in the presence of complement, 2% freshly
prepared HCMV-negative human sera were mixed with serial dilutions of inac-
tivated (30 min, 56°C) HCMV-positive sera and virus. The concentration of
complement was titrated for the ability to lyse (100% lysis) sensibilized sheep
erythrocytes (Boehringer Mannheim) without neutralizing virus. Approximately
2% were found to be sufficient as the complement source.

Enzyme-linked immunosorbent assay (ELISA) to determine relative ratios of
gB. Polystyrene 96-well microtiter plates were coated with 50-ml/well serial di-
lutions of HCMV infectious virus and noninfectious particles (5 mg to 40 ng) in
6 M Urea and incubated for 16 h at 4°C in a humid chamber. Reaction wells were
rinsed three times with washing buffer (PBS, 0.05% Tween 20). Blocking was
done for 2 h at 37°C with PBS containing 2% FCS. After incubation with the
gB-specific human MAb C23 for 2 h at 37°C and three additional washing steps,
the bound antibodies were detected with peroxidase-conjugated anti-human
immunoglobulin G (IgG) (Dako, Hamburg, Germany) (45 min, 37°C). After
three washing steps, 100 ml of substrate (o-phenylenediamine; 2 mg/ml) was
added for 20 min. The reaction was stopped by the addition of 100 ml of 2 N
H2SO4, and the optical density was determined at 492 nm.

Individual antigens and the assay procedure for determining antibody titers of
human sera with selected antigens of HCMV have been described previously
(39). Briefly, selected antigens were expressed either as glutathione S-transferase
(GST) fusion proteins (pp65, pp28, pp71, p52, and IE/1) or with b-galactosidase
(Sem2) as the fusion partner (pp150, gH/AD169, gH/Towne, gB/AD-1, gB/
AD169, and gB/Towne). The peptide gB/AD-2 was chemically synthesized (for
more detailed information, see reference 39). The ELISA procedure was per-
formed as described above. The reactivity index (RI) was calculated according to
the following formula: RI 5 (A490 2 antigen)/(A4902 fusion partner).

PCR amplification and restriction pattern analysis. Total chromosomal DNA
was prepared from 2 3 106 to 3 3 106 HCMV-infected cells as previously
described (28). Three regions of glycoproteins B and H were amplified by using
the PCR. (i) Primers gB 1319 and gB 1604 amplified a region of high peptide
variability of gB between nucleotides 1319 and 1604. Digestion with HinfI and
RsaI in two separate reactions was used to differentiate gB types 1 through 4 (16).
(ii) Primers 58-20 and 58-21 (28) amplified a fragment of the amino terminus of
gB (nucleotides 257 to 848 of the open reading frame), which contains variable
regions within the antigenic domain 2 (AD2). NciI, which only cuts the AD169-

like fragments, was used to discriminate between “AD169-like” and “Towne-
like” virus strains. (iii) Primers NEST 59 from nucleotides 263 to 243 of the
open reading frame of gH (59-TCTCGGGTGTAACGCCAACCA-39) and
NEST 39 from nucleotides 225 to 205 (59-GTTTTCCCTGACGACCGTGCT-39)
amplified the amino terminus of gH (nucleotides 263 to 225), which contains
strain-specific regions within the antigenic domain 86 (AD86) (45). AccI, which
only cuts the AD169-like fragments, was used to discriminate between the
AD169-like and Towne-like virus strains.

RESULTS
Reliability of the neutralization assay. In order to determine

reliability of the neutralization assay, several experiments were
carried out. In a first set of experiments the reproducibility was
determined. Testing a single serum on repeated occasions re-
sulted in identical titration curves (data not shown). Neutral-
ization assays were also performed by using serum samples
collected from one healthy donor over a period of several
years. The individual serum samples were tested in an ELISA
against 12 different previously characterized HCMV-derived
recombinant antigens (39). The sera were found to contain
constant levels of antibody against the individual antigens
(data not shown). When neutralization capacity was assayed,
superimposable titration curves were obtained (Fig. 1). These
data demonstrate that sera containing a given titer of HCMV-
specific antibodies show highly reproducible results in our as-
says.

Next, the influence of enveloped noninfectious viral particles
on the neutralization capacity of a given serum was analyzed.
Low-passage clinical isolates of HCMV are tightly cell associ-
ated, and in general it is impossible to purify sufficient amounts
of infectious virions by gradient centrifugation for repeated
neutralization tests with a number of different sera. It was
therefore decided to work with infectious particles obtained
from cell lysates after high-speed centrifugation. These prep-
arations, however, will consist of different ratios of infectious
to noninfectious HCMV particles. Noninfectious particles in-
clude dense bodies and noninfectious enveloped particles, as
well as noninfectious virions (24). All of these particles contain
an envelope capable of binding glycoprotein-specific antibod-
ies and could potentially influence the titer of neutralizing
antibodies in a given serum. We therefore determined the ratio
of IU to the amount of gB in our preparations. IU were
measured as the number of infected cells at 16 h after infection
as determined by indirect immunofluorescence with an anti-
body specific for the immediate-early protein 1 of HCMV (4).
The relative amount of gB was determined by ELISA with
MAb C23, which is specific for a conserved epitope in gB (32).
gB is the dominant antigen in the envelope of HCMV involved
in the induction of neutralizing antibodies (11, 29). The deter-
mination of gB can therefore serve as an indirect marker for
the amount of neutralization-relevant envelope proteins in the
preparation. Table 1 shows a comparison of 11 strains from a
single preparation. Relative to the IU, the amount of gB dif-
fered by a factor of 30 between strains, with strain Towne
having the highest gB/IU ratio and strain F3I having the lowest
gB/IU ratio. Similar overall differences were found in addi-
tional preparations. However, the gB/IU ratio was not constant
for individual strains, indicating that it is influenced by passage
in cell culture (data not shown). Whether these different ratios
of gB to IU could influence neutralization was subsequently
tested. Virions from strain AD169, as well as one low-passage
clinical isolate (F3I) from which enough material could be
obtained, were gradient purified. Increasing amounts of ho-
mologous noninfectious dense bodies were added to each
preparation, and neutralization assays were carried out with
human sera as well as MAbs specific for gB (89-104 and C23)
and gH (AP86-SA4). The results were identical for both strains,
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and the data obtained with strain AD169 are presented (Fig.
2). Increasing the amount of noninfectious particles up to a
100-fold excess of gB did not result in a difference in the
neutralization titer of either the MAbs or the human sera. This
effect was independent of the neutralization titer of the respec-
tive antibody or antiserum. We conclude from these results
that, within a broad range, the ratio of infectious to noninfec-
tious particles did not influence the neutralization titer of a
given serum or MAb.

Neutralization of clinical isolates by homologous and het-
erologous sera. A total of 11 virus strains, including the labo-
ratory-adapted isolates AD169 and Towne, as well as 9 fresh
clinical isolates, were tested with their corresponding sera in
cross-neutralization experiments. The minimal serum dilution
used in these experiments was 1:50. Lower dilutions of some
sera had toxic effects on the cell monolayer and, in addition,
some sera from HCMV-seronegative donors started to show
nonspecific reduction of input infectivity at lower dilutions (see
Fig. 3D for an example). Results of representative sera are
shown in Fig. 3, and the data are summarized in Table 2.

In most cases the homologous isolate was among the strains
that were most effectively neutralized (Table 2). We observed
differences, independent of the overall neutralizing capacity, in
the 50% neutralization titer of sera against strains that ranged
from 8-fold (serum F3I) to more than 60-fold (serum 252). In
fact, strain 244 was not neutralized by sera 252 and 209. The
isolate that was least effectively neutralized by all of the sera
was strain 244, and this was seen even with the homologous
serum. The resistance of strain 244 to neutralization by human
sera was probably due to a phenomenon other than strain spec-
ificity, and therefore 50% neutralization titers were also calcu-
lated without the inclusion of strain 244. Still, differences be-
tween 1.4-fold (serum 210) and .20-fold (serum 209) were
seen (Table 2).

The influence of complement on the neutralization capacity
was also tested. Four sera (P1AN, 210, 236, and 209) with
different neutralization titers, as well as differences in strain
specificity, were chosen (see Table 2). Neutralizing capacity
was tested on isolates AD169 and 244. Only marginal differ-
ences (up to 1.8-fold) in the 50% neutralization titer were seen
for both strains in the presence or absence of complement
(Table 2). The only exception was serum 209 which, in the

presence of complement, showed a fourfold greater neutral-
ization capacity against strain 244 than without added comple-
ment. However, the neutralization titer of the serum against
AD169 was not influenced by complement. As a control for the
activity of the exogenously added human complement, neutral-
ization tests were carried out with the MAb IgM 14-16A, which
is specific for HCMV gp65 and which requires complement for
effective neutralization (9). This antibody was completely de-
pendent on the addition of complement for virus neutraliza-
tion, thus demonstrating the presence of active complement in
our assays (data not shown). Collectively, these data suggest
that production of strain-specific neutralizing antibodies is
common following natural infection, since we have tested only
11 HCMV strains and found significant strain specificity of the
neutralizing response, as well as a strain which exhibited a
neutralization-resistant phenotype.

TABLE 1. Characterization of virus strains

Strain DNA,a

gB type
Epitopeb,
gB type

Epitope,c

gH type gBd IUe IU/gB
ratio

AD169 II AD169 AD169 1.0 1.0 1.00
Towne I Towne Towne 7.8 23.8 3.05
P1AN III AD169 AD169 1.4 0.5 0.36
236 IV AD169 AD169 1.4 0.2 0.14
210 I Towne Towne 1.4 0.8 0.57
P143 I Towne Towne 1.8 0.9 0.50
R2O I Towne Towne 1.8 4.1 2.28
244 I Towne AD169 2.8 1.3 0.46
F3I I Towne Towne 1.0 0.1 0.10
209 II AD169 Towne 3.5 2.0 0.57
252 III AD169 AD169 0.7 0.12 0.17

a gB genotypes (types I to IV) are as defined by Chou on basis of restriction
enzyme pattern of gB (16).

b Virus types (AD169-like or Towne-like) were defined on basis of the strain-
specific epitope present in the amino terminus of gB.

c Virus types (AD169-like or Towne-like) were defined on basis of the strain-
specific epitope present in the amino terminus of gH.

d The relative concentration of gB is shown. The concentration of AD169 was
arbitrarily set at 1.

e The IU values relative to strain AD169 are shown. The IU was measured as
described in Materials and Methods.

FIG. 1. Neutralizing activity of sequential sera from an HCMV-positive healthy person. Neutralization analysis with HCMV strain AD169 was performed as
described in Materials and Methods. The percentage of neutralization is plotted as a function of the serum dilution. Symbols represent sera collected at 0, 2, 4, 8, 11,
17, 22, 28, 30, and 55 months.
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Correlation between virus types and susceptibility to neu-
tralization. Although no two HCMV isolates are identical
when analyzed with restriction fragment length polymorphism,
only very crude tools are available for grouping virus strains.
Based on the DNA sequence heterogeneity of a small region of
the gB gene (nucleotides 1319 to 1604 of the open reading
frame), Chou has reported on the identification of four dis-
crete genotypes (gB1 to -4) (16). Alternatively, HCMV isolates
can be grouped according to the presence of the known strain-
specific neutralizing epitopes on gB and gH (32, 45). These
epitopes are located between amino acids (aa) 34 and 43 on gH
and aa 27 and 84 on gB and are represented by AD169 and
Towne as prototypes, respectively. It should be noted, how-
ever, that these characterized epitopes most likely represent
only a fraction of the total number of strain-specific epitopes

on the envelope of HCMV. According to these criteria our
strain collection, including strains AD169 and Towne, com-
prised six gB1, two gB3 and gB2, and one gB4 genotypes. With
respect to neutralizing epitopes, the strains could be classified
as four AD169-like isolates, five Towne-like isolates, as well as
two isolates showing a mixed phenotype (Table 1).

When the neutralization capacity was calculated in connec-
tion with the virus type, neither the gB genotype nor the pres-
ence of the known strain-specific epitopes on gB or gH were
found to be related to the differences in neutralization titer by
human sera (data not shown).

Synthesis of strain-specific antibodies during natural infec-
tion. Lastly, we were interested in the kinetics of the develop-
ment of strain-specific neutralizing antibodies in human sera.
To this end, antibodies directed against strain-common and

FIG. 2. Influence of noninfectious HCMV particles on neutralization capacity. Increasing amounts of noninfectious AD169 particles were added to infectious
AD169 virions, and the neutralization capacity of the MAbs and a human serum was determined. Panels: C23 and 89-104, gB-specific human MAbs; AP86-SA4,
gH-specific murine MAb; P1AN, human serum.
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strain-specific epitopes on the viral gB and gH were tested in
serum specimens from bone marrow transplant patients in an
ELISA with recombinant proteins (39). Strain-common anti-
gens included gB/AD-1 (aa 484 to 650) and gB/AD-2 (aa 67 to
84) of gB; strain-specific antigens included gB/AD169 (aa 28 to
67) or gB/Towne (aa 12 to 57) on gB, as well as gH/Towne (aa
14 to 43) or gH/AD169 (aa 15 to 142) of gH (39). A total of
more than 600 serum samples from 31 patients were analyzed
in this ELISA. In nine patients (29%), strain-specific antibod-
ies were detected in the absence of antibodies to cross-reactive
epitopes, and four of these patients (13%) also exhibited 50%
neutralization capacities which differed by a factor of more

than two between the two strains. An example is shown in Fig.
4. This patient tested positive for HCMV DNA in the periph-
eral blood between days 45 and 80 posttransplantation, indi-
cating an active viral infection. At around day 100 posttrans-
plantation, antibodies reacting with the neutralizing epitope on
gH strain Towne (antigen gH/Towne) but not AD169 (antigen
gH/AD169) were detectable. At the same time the 50% virus
neutralization titer against strain Towne began to rise, with
titers of more than 1:2,000 compared to 1:500 against strain
AD169. This strain specificity was detected until day 200, after
which time the appearance of cross-neutralizing anti-gB anti-
bodies (antigen gB/AD-1) abolished the difference. Similar

FIG. 3. Neutralization capacity of three HCMV-positive human sera (210, P1AN, and 252) and one HCMV-negative serum (neg.) against homologous and
heterologous virus strains. The percentage of neutralization is plotted as a function of the serum dilution.
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findings were observed when the remaining four patients were
tested for strain-specific neutralizing antibodies. In five pa-
tients the presence of antibodies to strain-specific epitopes was
not reflected by a difference in neutralization capacity towards
strain AD169 and Towne (data not shown). These data indi-
cate that in the posttransplant period the strain-specific neu-
tralizing antibody response can persist for extended periods of
time. Because the lack of ELISA-reactive strain-specific anti-
bodies does not necessarily reflect the lack of strain-specific
neutralization activity, the four patients which exhibited strain-
specific virus neutralizing antibodies most likely reflect a min-
imal estimate of the frequency of such response.

DISCUSSION

Studies which compared different clinical HCMV isolates
invariably came to the conclusion that differences exist be-
tween viral strains. At the level of the genome, no two clinical
isolates are identical when analyzed for restriction fragment
length polymorphism (12, 26). When specific regions of the
genome, such as the genes for glycoproteins, are compared
different strains can be distinguished (14, 16). The clinical
relevance of strain variations, as well as the impact on active
and passive immunoprophylaxis, is incompletely defined. A
few reports have linked HCMV genotypes to different clinical
courses of the infection (20, 40). We have investigated the
consequences of HCMV strain variation for the virus neutral-
izing antibody response. Our data clearly show that the neu-
tralizing capacity of human sera against heterologous HCMV
isolates can vary over a wide range, leading in some cases to an
inability to neutralize heterologous isolates.

Strain-specific neutralization by using different clinical iso-
lates has been investigated previously with animal sera or
MAbs. The vast majority of these studies have reported exten-
sive strain specificity (6, 30, 45, 47, 48). However, the immune
response that develops during a long-term persistent infection
is different from short-term immunization, and it cannot be
assumed that during natural HCMV infection a strain-specific
humoral immune response would persist. Therefore, we have
tested two cell culture-adapted strains, as well as nine low-
passage clinical isolates, with their corresponding sera in cross-
neutralization experiments. Besides sera which showed little
strain specificity (e.g., serum 210), we could identify sera
which, at the same dilution, neutralized some strains com-
pletely and yet failed to neutralize other strains at all (e.g.,

serum 252). This effect was independent of the presence of
complement in the assays, a finding which is in line with results
showing that HCMV has developed mechanisms to control the
activity of complement (42, 43). Thus, our data extend the
previous findings in that we have shown that also during nat-
ural infection neutralizing antibodies with a wide spectrum of
strain specificity are induced. The fact that the strains and sera
in our study were derived from immunosuppressed patients
does not influence this conclusion, since we have previously
shown that a suppressed immune system develops the same
antibody specificities as does a competent immune system (39).

Neutralization assays with low-passage HCMV isolates are
not a straightforward experimental problem. During the early
passages in cell culture the viruses are tightly cell associated,
preventing the preparation of sufficient quantities of infectious
virions via gradient purification. This limitation can be over-
come by repeated passages in cell culture, a process which
usually leads to the emergence of more-cytopathic virus vari-
ants which can be gradient purified from cell culture superna-
tant. Although the underlying mechanism for the cell culture
adaptation process is unknown, it might involve alterations in
the viral envelope that could affect neutralization by human
sera. We therefore decided to work with unpurified viral prep-
arations from HCMV strains which are still tightly cell associ-
ated and which contained noninfectious as well as infectious
particles. According to our results, these preparations differ in
the ratio of envelope glycoproteins to infectious units to a
considerable extent and consequently could mimic strain-spe-
cific differences in neutralization assays. To our knowledge,
different ratios of infectious to noninfectious particles have not
been considered in previous investigations, although even pu-
rified virion preparations of lytic strains of HCMV show a
considerable variability in the ratio of envelope glycoprotein to
infectious units (27a). However, as our data clearly show, this
ratio does not need to be considered for in vitro neutralization,
since even a 100-fold excess of noninfectious particles did not
result in a change in the neutralizing titer of a given serum or
MAb. This result was somewhat unexpected, but it is best
explained by the so-called “percentage law,” which was pro-
posed for bacteriophages and has been shown to extend to
nonenveloped animal viruses when tested with polyclonal and
MAbs (5, 8). The law states that, regardless of virus concen-
tration (up to 108 PFU/ml), a constant percentage will be
neutralized by a fixed amount of antibodies. At virus concen-
trations over 108 PFU/ml, the neutralization is proportional to

TABLE 2. 50% neutralization titers of sera against homologous and heterologous virus strains

Serum

Results, 50% neutralization capacitya

Homologous
strain Maximum Minimum Ratiob Minimumc

(2strain 244) Ratioc Ratio, (1/2C9)
AD169d

Ratio, (1/2C9)
244d

P1AN 1:40,000 1:40,000 (P1AN) 1:2,500 (244) 16 1:6,400 (210) 6.3 1.8 1.7
236 1:22,000 1:32,000 (236) 1:2,400 (244) 13.3 1:2,400 (210) 13.3 1.5 1.8
210 1:12,800 1:13,000 (Towne) 1:1,000 (244) 13 1:9,000 (P143) 1.4 1 1
P143 1:3,000 1:3,200 (Towne) 1:350 (244) 9.1 1:1,200 (AD169) 2.7 ND ND
R20 1:6,400 1:7,000 (236) 1:600 (244) 11.7 1:1,200 (AD169) 5.8 ND ND
244 1:300 1:3,500 (P143) 1:300 (244) 1.7 1:700 (AD169) 5 ND ND
F3I 1:1,300 1:1,300 (F3I) 1:160 (244) 8.1 1:350 (P1AN) 3.7 ND ND
209 1:380 1:1,000 (P143) ,1:50 (244/AD169) .20 ,1:50 (AD169) .20 1 4
252 1:2,500 1:3,000 (F3I) ,1:50 (244) .60 1:150 (210) 20 ND ND

a Neutralization was measured as described in Materials and Methods. The neutralization titer refers to the serum dilution, with the respective strain given in
parentheses. ND, not determined.

b Ratios were calculated according to the following formula: maximum neutralization capacity/minimum neutralization capacity.
c Ratios were calculated according to the following formula: maximum neutralization capacity/minimum neutralization capacity without strain 244.
d Neutralization assay was performed in the presence (1C9) or absence (2C9) of 2% human complement with strain AD169 or strain 244. The ratios were calculated

according to the following formula: neutralization with complement/neutralization without complement.
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the virus or antibody concentration. The law still defies expla-
nation. If applied to our situation (2 3 104 PFU/ml), the law
would predict that the total concentration of envelope protein,
be it on infectious virions or noninfectious particles, would be
irrelevant within a wide range. In our analysis neither the
addition of a 100-fold excess of noninfectious envelope protein
nor the increase of infectious virions (up to 106 PFU/ml [27a])
influenced the neutralization titer of human sera or MAbs. It
must therefore be concluded that the percentage law also ap-
plies to a complex enveloped virus such as HCMV. If neutral-
ization tests in vitro have any relevance for the in vivo situa-
tion, this could mean that a sufficiently high antibody titer is
the single most important parameter for virus neutralization.
Recent data from the Zinkernagel group have confirmed this
for the in vivo situation, since they reported that protection
against vesicular stomatitis virus infection in mice depended
simply on a minimum serum concentration (7). If the percent-
age law applies to the in vivo situation, it might also explain the
lack of protection from reinfection or HCMV disease in vac-
cinees immunized with the Towne virus (1, 33). In fact, results
from a recent vaccination trial by Adler et al. showed that
protection from reinfection in women is associated with high
levels of neutralizing antibodies. These levels were not pro-
vided by vaccination with the Towne strain but by natural
infection (2). The controversial results on the beneficial effects
of passively transferred immunoglobulin preparations to limit
the clinical consequences of HCMV replication in transplant
patients might also be explained by the same mechanism. It is
clear that these preparations greatly vary in the titer of HCMV

neutralizing antibodies and that the neutralization capacities in
patient sera after infusion remains low, thus explaining the lack
of efficacy of some of these preparations (13, 38).

Which molecules on the viral envelope could be involved in
the induction of strain-specific neutralizing antibodies? The
envelope of HCMV contains a minimum of three complexes of
glycoproteins with at least six individual members (10). So far,
gB and gH have been identified as major targets for the neu-
tralizing humoral immune response in human sera. When re-
combinant gB and gH were used, between 0 and 98% (gB) and
between 0 and 58% (gH) of the total neutralizing capacity
could be removed from human sera by preadsorption (11, 29,
46). This wide range could be explained in at least two ways. (i)
Some sera do not contain neutralizing antibodies directed
against gB or gH. This seems highly unlikely since 97 and 82%
of convalescent sera contain antibodies against gB and gH,
respectively (39). (ii) The preadsorption experiments were per-
formed using AD169-derived antigen as well as AD169 virus
for the subsequent neutralization tests. Consequently, non-
AD169 neutralizing antibodies could not be determined, re-
sulting in a low estimate of the gB- or gH-directed neutralizing
capacity in human sera. In our sample group, serum 209 would
most probably be unaffected by preadsorption with AD169-
derived antigens, since this serum did not neutralize AD169.
However, preadsorption with strain P143-derived antigens
would most probably have resulted in a considerable reduction
in the neutralization capacity of serum 209.

Theoretically, a strain-specific neutralizing antibody re-
sponse could be clinically relevant in situations where reinfec-

FIG. 4. HCMV-specific antibody response in a bone marrow transplant patient. Antibody titer measured against gB- and gH-specific antigens is shown at various
time points (days after transplantation). The solid lines represent antibody reactivity against strain-specific epitopes on gB or gH. The dashed lines show antibody
reactivity against strain-common epitopes. The arrows indicate time points at which the PCR was positive for HCMV. The 50% neutralization titer against strains
AD169 and Towne are shown at the analyzed time points. D1, donor, HCMV seropositive; R2, recipient, HCMV seronegative.
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tion occurs and the ability of the immune system to mount a de
novo response against the infecting strain is impaired. Such
situations could include transplantation of solid organs or bone
marrow from an HCMV-seropositive donor to a seropositive
recipient. Grundy et al. reported a correlation between proven
reinfection (six cases) in renal transplant patients and clinical
symptoms, whereas Chou in a study of heart and kidney recip-
ients involving 16 reinfections could not confirm this finding
(15, 22). Chou also determined the neutralizing antibody re-
sponse to the reinfecting strain and found that levels of neu-
tralizing antibodies varied up to fourfold. Both studies eval-
uated only a small number of patients. HCMV replication in
previously HCMV-seropositive kidney recipients results in
clinical symptoms in only 19 to 69% of patients (23). Thus,
in both studies insufficient numbers of patients were analyzed
to obtain statistically significant data. Larger studies need to
be carried out in order to investigate the potential correla-
tion between the neutralizing antibody response to reinfect-
ing HCMV strains and the clinical course of the infection. A
further aspect of a strain-specific neutralizing antibody re-
sponse that could be relevant to the clinical situation is the
importance of virus neutralizing antibodies in limiting virus
dissemination. Studies in the MCMV system have shown that
antibodies can limit dissemination and reduce viral titers in
organs (25). Viral load has been shown to be an important
parameter for reactivation and the risk of recurrent cytomeg-
alovirus disease (36). The lack of strain-specific neutralizing
antibody responses as seen in the bone marrow transplant
patients could increase the likelihood of dissemination and
increased viral load. Whether this chain of events is important
for the clinical situation will be difficult to prove and can only
be answered by larger clinical studies. Alternatively, the HCMV
system could be exploited to address this question.

The ability of a prior immune response to neutralize infect-
ing HCMV strains is an important question in vaccine devel-
opment efforts. Current efforts have focused on gB from strains
AD169 or Towne (37). It remains to be seen whether, in ac-
cordance with the percentage law, these vaccines will induce
sufficiently high titers of cross-neutralizing antibodies in order
to protect from infection with antigenically different HCMV
strains. Our analysis does not provide information that ad-
dresses this question since we were not able to correlate the
known gB types with neutralization capacity in human sera.
However, our results clearly indicate that antigens from some
strains (e.g., strain 210) are superior to others (e.g., strain 252)
for the induction of cross-neutralizing antibodies.

In conclusion, our data show that for the neutralization of
HCMV the most important parameter is the titer of the neu-
tralizing antibodies and that this neutralization is largely inde-
pendent of the concentration of virus. On the other hand, the
effective neutralization titer of a given serum against heterol-
ogous HCMV strains varies considerably. For the clinical sit-
uation this could result in insufficient protection from reinfec-
tion. With respect to vaccine development, our results indicate
that care should be taken to choose antigens for vaccination
which induce sufficiently high titers of cross-neutralizing anti-
bodies.
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