
M A J O R  A R T I C L E

772  •  jid  2019:220  (1 September)  •  Saccoccio et al

The Journal of Infectious Diseases

 

Received 21 November 2018; editorial decision 10 April 2019; accepted 2 May 2019; published 
online May 20, 2019.

Presented in part: St Jude PIDS Pediatric Infectious Diseases Research Conference, 
Memphis, Tennessee, 9–10 March 2018 [abstract  19155]; Pediatric Academic Societies 
Meeting, Toronto, Canada, 5–8 May 2018 [abstract  4455]; National Institute of Allergy and 
Infectious Diseases/Infectious Diseases Society of America Infectious Diseases Research 
Careers Meeting, Bethesda, Maryland, 7–9 June 2018; CMV Public Health and Policy 
Conference, Burlington, Vermont, 23–25 September 2018; IDWeek, San Francisco, California, 
3–7 October 2018 [abstract 116].

aCurrent affiliation: Molecular and Cellular Biology Graduate Program, University of 
Washington–Seattle.

bS. G. and S. R. P. contributed equally to this work.
Correspondence: S. R. Permar, MD, PhD, 2 Genome Ct, MRSBII 3072A, Durham, NC 27710 

(sallie.permar@duke.edu).

The Journal of Infectious Diseases®    2019;220:772–80
© The Author(s) 2019. Published by Oxford University Press for the Infectious Diseases Society 
of America. All rights reserved. For permissions, e-mail: journals.permissions@oup.com.
DOI: 10.1093/infdis/jiz192

Humoral Immune Correlates for Prevention of Postnatal 
Cytomegalovirus Acquisition
Frances M. Saccoccio,1 Jennifer A. Jenks,3 Hannah L. Itell,3,a Shuk Hang Li,3 Madison Berry,3 Justin Pollara,2 Corey Casper,4 Soren Gantt,5,b and  
Sallie R. Permar1,3,b

1Division of Pediatric Infectious Diseases and 2Department of Surgery, Duke University Medical Center, and 3Duke Human Vaccine Institute, Duke University, Durham, North Carolina; 4Infectious 
Disease Research Institute, Seattle, Washington; and 5BC Children’s Hospital Research Institute, University of British Columbia, Vancouver, Canada 

Background.  Development of a cytomegalovirus (CMV) vaccine is a high priority. However, the ability of antibodies to protect 
against CMV infection is not well characterized. Studies of maternal antibodies in infants offer the potential to identify humoral 
correlates of protection against postnatal acquisition.

Methods.  This hypothesis-generating study analyzed 29 Ugandan mother-infant pairs that were followed weekly for CMV ac-
quisition. Seventeen mothers and no infants were infected with human immunodeficiency virus (HIV). We evaluated the associa-
tion between CMV-specific immunoglobulin G (IgG) responses in mothers at the time of delivery and their infants’ CMV status at 
6 months of age. We also assessed levels of CMV-specific IgG in infants at 6 weeks of age. CMV-specific IgG responses in the mother-
infant pairs were then analyzed on the basis of perinatal HIV exposure.

Results.  We found similar levels of multiple CMV glycoprotein–specific IgG binding specificities and functions in mothers and 
infants, irrespective of perinatal HIV exposure or infant CMV status at 6 months of age. However, the glycoprotein B–specific IgG 
titer, measured by 2 distinct assays, was higher in infants without CMV infection and was moderately associated with delayed CMV 
acquisition.

Conclusions.  These data suggest that high levels of glycoprotein B–specific IgG may contribute to the partial protection against 
postnatal CMV infection afforded by maternal antibodies, and they support the continued inclusion of glycoprotein B antigens in 
CMV vaccine candidates.
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Congenital cytomegalovirus (CMV) infection occurs in 1 in 
150 live births, and approximately 15% of infected infants de-
velop permanent neurologic sequelae [1, 2]. Owing to the 
high disease burden of congenital CMV, in 2000 the National 
Academy of Medicine declared development of a CMV vaccine 
a tier 1 priority [3]. However, a poor understanding of immune 
correlates that protect against CMV transmission has hindered 
vaccine development. Because young children shed high levels 

of virus in saliva and urine following postnatal infection, they 
are major sources of transmission to pregnant women [4, 5].

Antibody may be capable of protecting against CMV infec-
tion, based on findings of early phase clinical trials of CMV 
vaccines, including those based on the viral glycoprotein B (gB) 
[6]. Additionally, high avidity and functional CMV-specific 
immunoglobulin G (IgG) is transferred to the fetus, achieving 
levels higher than those in maternal plasma at delivery [7]. This 
passive immunity may explain why only 40% of breastfeeding 
infants born to CMV-seropositive mothers are infected postna-
tally despite near uniform exposure to CMV in breast milk [8]. 
Thus, investigations of the protective role of passively acquired 
maternal IgG in infants may elucidate targets to interrupt CMV 
transmission between mothers and infants.

In this hypothesis-generating study, we used a unique birth 
cohort of Ugandan infants and their CMV-seropositive mothers 
[9] to conduct a comprehensive analysis of the relationship be-
tween maternal CMV glycoprotein–specific IgG specificities 
and functions and the risk of postnatal infection. Since T cells 
are not transferred from the mother to fetus in significant num-
bers, this approach investigates the role of IgG in postnatal 
transmission risk independent of T-cell immunity. While our 
data did not demonstrate major differences in CMV-specific 
IgG binding or function between mother-infant pairs with or 
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without postnatal acquisition at 6 months of age, we identified 
a potential association with CMV gB–specific IgG and delayed 
infant postnatal CMV acquisition. The data presented in this 
study support continued development of a vaccine that uses gB 
as an immunogen in a future, likely multitarget CMV vaccine.

MATERIALS AND METHODS

Study Population

Plasma samples were collected as part of a previously described 
cohort of 32 mother-infant pairs [9]; maternal plasma was 
obtained at delivery, and infant plasma specimens were 
obtained at approximately 6 weeks of age. All subjects provided 
informed consent as approved by the human subject’s protec-
tion committees in Kampala, Uganda; Seattle, Washington; 
and Vancouver, Canada. Weekly oral swab specimens were col-
lected for viral quantitative polymerase chain reaction (qPCR) 
testing, and the timing of postnatal CMV infection in infants 
was defined by the onset of persistent viral shedding in saliva 
and/or detection of viremia [9]. Three mother-infant pairs were 
excluded, with 2 excluded because congenital CMV was con-
firmed by saliva qPCR in the first week of life and 1 excluded 
because they were followed up for <6 months.

Cell Culture

Human retinal pigment epithelial cells (ARPE-19, ATCC CRL-
2302) were grown in Dulbecco’s modified Eagle’s medium 
with high glucose (Gibco 1195065), supplemented with 10% 
fetal calf serum (FCS), 2mM L-glutamine, 50 U/mL penicillin, 
and 50  μg/mL streptomycin. Human lung fibroblasts (MRC-
5, ATCC CCL-171) were grown in minimal essential medium 
(Gibco 11095080), supplemented with 10% FCS, 50 U/mL pen-
icillin, and 50  μg/mL streptomycin. Human monocyte cells 
(THP-1, ATCC TIB-202) were grown in Roswell Park Memorial 
Institute 1640 medium (Gibco 11875119), supplemented with 
10% FCS.

Virus Production

BadrUL131-Y4 is a green fluorescent protein–tagged, UL131-
repaired strain of AD169 (a kind gift from Tom Shenk [10]). 
ARPE-19 cells were infected with BadrUL131-Y4 at a multi-
plicity of infection of 0.01. Virus was harvested when >95% of 
cells had cytopathic effect, on approximately day 21 of infec-
tion. Cells were harvested and sonicated for 5 seconds 3 times 
and then added to the supernatant from the culture flasks. 
The virus stock was concentrated on a 20% sucrose cushion 
at 50 000 ×g (20 000 rpm) in a Beckman SW28 rotor for 1.5 
hours. The virus pellet was resuspended in 10 mL of ARPE-
19 growth medium adjusted to 0.2 M sucrose. Concentrated 
BadrUL131-Y4 stock was titered on ARPE-19 cells by the 
limiting-dilution technique in 96-well plates as described pre-
viously [11]. AD169r (with UL131 repaired) stock was a kind 
gift from Merck [12].

IgG Binding and Avidity Enzyme-Linked Immunosorbent Assays (ELISAs)

ELISAs were performed as previously described [13]. Briefly, 
384-well ELISA plates (Corning 3700)  were coated over-
night at 4oC with 20 ng of gB or 1250 plaque-forming units of 
AD169r. The 50% effective dilution (ED50) and area under the 
curve (AUC) were determined using nonlinear regression in 
GraphPad Prism. The avidity index was determined as previ-
ously described [13], using a plasma dilution of 1:2000 for gB 
antigen and 1:90 of AD169r antigen.

Binding-Antibody Multiplex Assay (BAMA)

IgG binding to CMV antigens involved in cell entry (gB, gH/
gL, and gH/gL/UL128/UL130/UL131 [also known as the pen-
tameric complex {PC}]) was measured using BAMA as previ-
ously described [13, 14]. gB antigen was a kind gift from Sanofi, 
and gH/gL and PC antigens were kind gifts from Andrea Carfi 
(Novartis). Plasma were diluted 1:500 before mixing with con-
jugated beads. Total IgG was measured using phycoerythrin 
(PE)–conjugated anti-IgG, and IgG3 was measured with biotin-
conjugated anti-IgG3 followed by PE-conjugated streptavidin. 
Data were acquired on a Bio-Plex 200 system (Bio-Rad) to de-
termine the median fluorescence intensity (MFI).

Neutralization Assays

Plasma were serially diluted 3-fold in cell growth medium then 
mixed with 20 000 plaque-forming units of virus per well for 
1 hour at 37oC with 5% CO2. A  total of 50 μL of the plasma/
virus mix per well was added in duplicate to black-walled, 
clear-bottomed, 384-well plates (Corning 3764)  seeded with 
either ARPE-19 or MRC5 cells in a volume of 40  μL. Plates 
were incubated for 48 hours at 37oC with 5% CO2, fixed 
with 3.7% formaldehyde, subjected to nuclear staining with 
DRAQ5 (ThermoFischer Scientific 62251), and imaged using 
a Cellomics fluorescent reader to determine the percentage of 
infected cells per well. The 50% infectious dilution (ID50) was 
determined using nonlinear regression in GraphPad Prism.

Antibody-Dependent Cellular Phagocytosis (ADCP)

Whole-virion phagocytosis of BadrUL131-Y4 was performed 
as previously described [14]. Briefly, virus was concentrated, 
conjugated to AF647 NHS ester (Invitrogen), and quenched 
with 1 M Tris-HCL (pH 8.0). Conjugated virus was mixed 1:1 
with plasma diluted 1:10 in duplicate for 2 hours at 37oC with 
5% CO2. Then, 25  000 THP-1 cells were added to each well, 
spinoculated for 1 hour at 1200 ×g at 4oC, and incubated for 
1 hour at 37oC with 5% CO2. Cells were then fixed with DPBS 
plus 1% formalin. AF647-positive cells were quantified using 
an LSR Fortessa (BD Biosciences). Data analysis was performed 
with FlowJo software.

Natural Killer (NK) Cell Degranulation Assay

NK cell degranulation was performed as previously described 
[14]. Briefly, ARPE cells were infected with BadrUL131-Y4 
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at a multiplicity of infection of 1 for 48 hours as target cells. 
Primary human NK cells were isolated from peripheral blood 
mononuclear cells by depletion of magnetically labeled cells, 
using the Human NK Cell Isolation Kit (Miltenyi Biotech). 
Plasma samples were diluted 1:25; added to cells in the presence 
of brefeldin A, monensin, and CD107a-FITC (BD Biosciences, 
clone H4A3); and incubated for 6 hours in 37oC with 5% 
CO2. Cells were stained with Live/Dead Aqua Dead Cell Stain 
followed by CD56-PE/Cy7 (BD Biosciences, clone NCAM16.2), 
CD16-PacBlue (BD 271 Biosciences, clone 3G8), and 
CD69-BV785 (BioLegend, clone FN50). Cells were fixed and 
permeabilized, followed by intracellular staining for interferon 
γ (IFN-γ)–BV711 (BioLegend, clone 4S.B3) and tumor necrosis 
factor α (TNF-α)–BV650 (BD Biosciences, clone Mab11). Flow 
cytometry was performed using the LSR Fortessa platform (BD 
biosciences), and data were analyzed with FlowJo software.

Statistical Analysis

GraphPad Prism was used to calculate the AUC, ED50, and ID50 
via nonlinear regression for ELISAs and neutralization assays. 
The following assay data underwent log10 transformation before 
analysis: gB ELISA ED50, AD169r ELISA AUC, and neutraliza-
tion ID50. P values determined with Wilcoxon rank sum tests 
were used to compare CMV-specific IgG levels between mothers 
of CMV-infected or uninfected infants, infants with or without 
CMV infection by 6  months of age, mothers with or without 
HIV infection, and infants with or without HIV exposure. P 
values were then adjusted using the Benjamini-Hochberg pro-
cedure to control for the false-discovery rate (FDR). Data were 
grouped by infant CMV infection status at 6 months of age and 
maternal HIV infection status, with each outcome undergoing 
its own correction. Cox-hazard regression modeling was used 
to determine whether CMV-specific IgG is associated with 
a later time to postnatal CMV acquisition, followed again by 
FDR correction. Correlations in CMV-specific IgG levels be-
tween mother-infant pairs were calculated using nonparametric 
Spearman rank correlation, followed by FDR correction.

RESULTS

CMV-Specific IgG Responses in Plasma of Mothers Are Not Associated 

With Postnatal CMV Infection in Their Infants by 6 Months of Age

CMV-specific IgG binding and function were assessed in 
plasma specimens collected at delivery from mothers of 
Ugandan infants who were followed weekly for postnatal CMV 
acquisition (Supplementary Table 1). Similar CMV-specific 
IgG binding and avidity to whole AD169r virions (Figures 1A 
and 1C) and soluble gB (Figures 1B and 1C) were found in 
mothers whose infants who did and those who did not acquire 
CMV by 6 months of age. We further assessed IgG binding to 
glycoproteins required for epithelial and fibroblast cell entry, 
using BAMA. The magnitude of the binding of total IgG to gB, 
gH/gL, and the PC was similar between mothers of infants who 

did and those who did not acquire CMV by 6 months of age 
(Figure 1D). Additionally, plasma CMV neutralizing activity 
was similar in both epithelial cells (Figure 2A) and fibroblast 
cells (Figure 2B). Nonneutralizing functional CMV-specific IgG 
responses, including ADCP (Figure 2C) and NK cell degranula-
tion (Figure 2D), were also similar between mothers of infants 
who did and those who did not acquire CMV by 6 months of 
age. Nonneutralizing functional IgG responses are effectively 
mediated by IgG3 via interaction with FcδRIII expressed on ef-
fector cells [15]. Therefore, we assessed levels of IgG3 binding 
to gB, gH/gL, and the PC (Figure 1D), which were also similar 
between groups. Since half of the mothers in each group were 
HIV infected, we reanalyzed the CMV-specific IgG binding 
and functional assay data after stratification by maternal HIV 
infection status (Supplementary Table 3). However, plasma 
IgG binding (Supplementary Figure 2) and functional IgG 
responses (Supplementary Figure 3) were also similar between 
HIV-infected and uninfected mothers.

CMV-Specific Plasma IgG Levels Are Strongly Correlated Within Mother-

Infant Pairs, Irrespective of Infant CMV or Maternal HIV Infection Status

High-potency, neutralizing, CMV-specific IgG is transferred 
via the placenta to the fetus [7, 16]. Furthermore, gB-specific 
IgG mediates up to half of the CMV-neutralizing response [17]. 
Therefore, we calculated the placental transfer efficiency of 
gB-specific IgG, using the IgG concentration in maternal and 
infant plasma specimens, determined by ELISA. The transfer 
efficiency of gB-specific IgG was similar between mother-infant 
pairs irrespective of infant CMV status (Figure 3A). However, 
correlations of binding and functional CMV-specific IgG 
responses between mother-infant pairs were stronger when the 
infant was uninfected with CMV at 6  months of age (Figure 
3B–D, Supplementary Figure 1, and Supplementary Table 2).

HIV-exposed, uninfected infants typically have lower levels 
of placentally transferred IgG as compared to their unex-
posed counterparts [18], and these infants also have higher re-
ported rates of congenital CMV infection [19, 20]. Although 
levels of several CMV-specific IgG specificities generally had 
stronger correlations within HIV-infected/exposed mother-
infant pairs as compared to HIV-uninfected/unexposed pairs 
(Supplementary Figures 4B–D and 5 and Supplementary Table 
4), the gB-specific IgG transfer efficiency was similar irrespec-
tive of maternal HIV status (Supplementary Figure 4A).

Infant CMV-Specific IgG Responses at 6 Weeks of Age Trended Higher in 

Infants Who Remained Uninfected at 6 Months of Age

Infant CMV-specific IgG levels were determined in plasma 
specimens collected at approximately 6 weeks of age 
(Supplementary Table 1). The gB-specific IgG binding ED50 
trended higher in infants who were uninfected at 6 months of 
age (P = .05; Figure 4A) but was not statistically significant after 
correction for multiple comparisons (adjusted P  =  .62). The 
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avidity of gB-specific IgG was similar between infants with and 
those without CMV infection at 6 months of age (Figure 4B). 
Total IgG binding to gB and gH/gL, as well as IgG3 binding to 
gB and PC, also showed a trend toward higher levels in infants 
uninfected by 6 months of age (Figure 4C). Yet epithelial cell 
neutralization (Figure 5A) and ADCP (Figure 5B) levels were 
similar between infants with and those without infection at 
6 months of age. Both CMV-specific binding (Supplementary 
Figure 6) and functional (Supplementary Figure 7) IgG levels 
were similar between HIV-exposed and unexposed infants 
(Supplementary Table 3).

gB-Specific IgG Response in Infants Is Moderately Associated With 

Delayed Postnatal CMV Acquisition

Finally, Cox regression modeling was used to determine whether 
CMV-specific IgG levels in the mother or infant were associ-
ated with delayed postnatal CMV acquisition. Interestingly, 
the magnitude of the gB-specific IgG log ED50 in infants had a 
moderate association with delayed postnatal CMV acquisition, 

with a significant hazard ratio of 0.09, indicating that a 0.1 log 
increase in the CMV-specific IgG log ID50 is associated with 
a 21% decreased risk of CMV acquisition (P  =  .01; Figure 6 
and Supplementary Table 5). However, this observation did 
not reach statistical significance after correction for multiple 
comparisons (adjusted P = .35).

DISCUSSION

It is predicted that CMV-specific antibodies offer partial pro-
tection against virus acquisition [21], yet the specificity and 
function of potentially protective antibodies against CMV is not 
defined. Vaccine development has primarily focused on gB be-
cause this protein is the main viral fusion protein, the dominant 
target of the IgG response, and the target of up to half of the 
fibroblast-neutralizing response [17]. In fact, a phase 2 trial of 
a gB-subunit vaccine demonstrated 50% protection in women 
of childbearing age [22]. However, the gB-subunit vaccine–
elicited IgG-mediated neutralization activity in epithelial cells 
was 15-fold lower than that in CMV-seropositive subjects [11, 
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14]. Furthermore, gB-subunit vaccine–elicited IgG responses 
only weakly neutralized the autologous vaccine virus strain 
and not heterologous CMV strains. These vaccine-elicited IgG 
responses also demonstrated poor NK cell degranulation but 
mediated ADCP similar to that in seropositive controls [14]. 
One strategy for improving the low-level functional antiviral re-
sponse elicited by vaccination is to add the PC to CMV vaccine 
immunogens, as this complex is required for entry into epithelial 
but not fibroblast cells [23]. Indeed, isolated human monoclonal 
antibodies against the PC mediate high-potency neutralization 
in epithelial cells [24]. The data in this study support continued 
development of a multicomponent CMV vaccine, including 
gB, likely in combination with other glycoproteins, such as PC 
and gH/gL, since uninfected infants trended to have higher IgG 
binding to these antigens.

This hypothesis-generating immune correlate study did not 
find strong differences in levels of binding and functional CMV-
specific IgG in mother-infant pairs irrespective of infant CMV 
infection status by 6  months of age (Supplementary Table 1). 
However, infants who remained uninfected by 6 months of age 
showed a trend toward higher gB-specific IgG binding in 2 dis-
tinct assays: ELISA (Figure 4A) and BAMA (Figure 4C). Both 
of these assays measure antigen-specific antibody binding, but 
because of differences in antigen presentation (antigen coated 

on plate vs antigen conjugated to bead), binding results in these 
assays were described as being both concordant and discordant 
in previous studies with various HIV vaccine antigens [25–27]. 
Additionally, the gB-specific IgG ELISA is quantitative, with a 
12-point dilution curve used to determine the log ED50, whereas 
BAMA is a semiquantitative single dilution of both total IgG and 
IgG3 gB binding. gB-specific IgG binding by ELISA (measured 
as the log ED50) was significantly higher in uninfected infants 
before correction for multiple comparisons (P =  .05; adjusted 
P = .62; Figure 4A). Additionally, uninfected infants had a trend 
toward higher gB-specific total IgG and IgG3 binding, as meas-
ured by BAMA (total IgG, P = .09 and adjusted P = .62; IgG3, 
P = .08 and adjusted 0.62; Figure 4C). Moreover, delayed post-
natal CMV acquisition was moderately associated with a higher 
gB-specific IgG log ED50 in infant plasma (hazard ratio, 0.09; 
P = .01; adjusted P = .36; Figure 6 and Supplementary Table 5). 
Not surprisingly, given the small sample size and large number 
of tests performed, this association did not remain statistically 
significant after correction for multiple comparisons. However, 
the consistent trends between assays, given the small sample 
size of 7 infected and 12 uninfected infants, strengthen the va-
lidity of the results.

The potential for an antibody response to be associated with 
a delay in postnatal acquisition is clinically relevant because 
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exposure to high-level CMV shedding in saliva and urine by 
infants and toddlers is a major reservoir of maternal infection. 
Moreover, a temporary decrease in susceptibility to CMV ac-
quisition during pregnancy through enhancement of maternal 
CMV-specific antibody responses would be relevant for re-
ducing the rate of congenital CMV infection. Therefore, a ma-
ternal vaccine that could either delay maternal virus acquisition 
until after pregnancy and/or delay infant postnatal acquisition 
would be predicted to reduce congenital CMV transmission. 
Furthermore, these data are consistent with the partial protec-
tion observed in the gB-subunit vaccine trials [22] and support 
a role for gB-specific IgG in preventing CMV acquisition. We 
also found a trend toward higher levels of total IgG against gH/
gL and IgG3 against PC in infants who remained uninfected, 
suggesting that these antibodies may also contribute to delayed 
CMV acquisition.

However, these data also suggest that plasma CMV-specific 
IgG alone will not provide adequate protection from mucosal 

virus acquisition. Importantly, mucosal immunity, specifically 
breast milk IgG and IgA, may play a vital role in preventing 
of infant infection [28]. The role of neutralizing versus 
nonneutralizing antibodies in breast milk and saliva is unclear. 
Unfortunately, this cohort did not have breast milk or saliva 
samples available for IgG and IgA assessment. Interestingly, 
both mother and infant total IgG PC-specific IgG binding and 
epithelial cell neutralizing activity in plasma were similar be-
tween groups, although these responses were previously asso-
ciated with a decreased risk of congenital CMV infection [29]. 
Yet this lack of difference in PC-specific IgG binding in plasma 
between infected and uninfected infants highlights the impor-
tance of future studies of mucosal antibody responses, which 
are relevant to the route of CMV acquisition. Additionally, this 
study did not address the role of NK cell responses or CMV-
specific T-cell responses in transmission, which have both been 
shown to play a major role in CMV control [30].

We also investigated the impact of perinatal HIV exposure 
on postnatal CMV acquisition. Similar CMV-specific IgG levels 
in mothers and infants were measured irrespective of maternal 
HIV status. However, correlations of maternal-infant IgG levels 
were stronger in pairs with HIV-unexposed infants. These data 
suggest that HIV-unexposed infants received more-consistent 
levels of CMV-specific IgG during pregnancy. This potential 
lack of consistent CMV-specific IgG placental transfer may 
play a role in higher rates of congenital CMV in HIV-exposed 
infants [19, 20].

As mentioned above, this study was limited by the small 
number of mother-infant pairs, which affected our power 
to detect significant differences in IgG binding and function. 
Given the large number of assays completed owing to the com-
prehensive nature of this study, we cannot predict whether a 
larger sample size would yield similar results. Nevertheless, we 
identified a trend toward higher gB-specific IgG binding in 2 
distinct assays (ELISA and BAMA) and a moderate association 
of delayed CMV acquisition in infants with high-magnitude 
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gB-specific IgG log ED50 (hazard ratio, 0.09; P =  .01; adjusted 
P = .35).

Our study was also limited by sample collection constraints. 
Specifically, the earliest available infant plasma samples were 
collected at 6 weeks of age, when some waning of maternal 
IgG has already occurred. Without samples collected from 
infants at the time of delivery, our analysis likely substantially 
underestimates the efficiency of placental IgG transfer, as we 
would expect CMV-specific IgG levels in cord blood or infant 
plasma at birth to be equal to or higher than levels in maternal 
plasma at delivery [7, 16]. Thus, measurement of infant CMV-
specific IgG levels at 6 weeks of age may have limited the accu-
racy of our analysis of the efficiency of placental IgG transfer. 
The lack of cord or birth plasma sampling may also have reduced 
our ability to detect differences in protective IgG levels, if CMV 
qPCR overestimated the week of infection and some infants 
with early infection developed active CMV-specific responses 
before 6 weeks of age. Finally, our study was limited by the lack 
of breast milk or infant saliva, in which the role of mucosal IgG 
and IgA could have been assessed. Nevertheless, our findings 
are valuable because we were able to evaluate the role of mul-
tiple CMV-specific IgG specificities and functions in protection 
against CMV acquisition, independent of other adaptive CMV-
specific immune responses.

Since infants shedding CMV are a major source of transmis-
sion to pregnant women, a better understanding of humoral 
immune protection against virus acquisition in infants will 
aid CMV vaccine design. Our findings indicate that that pas-
sively transferred gB-specific maternal IgG may contribute to 
delayed postnatal infection. These data support the continued 
inclusion of the gB antigen in a multitarget CMV vaccine candi-
date. Importantly, humoral immunity from natural CMV infec-
tion is incomplete; infants are infected from breast milk in the 
first months of life despite maternal antibody, and reinfection 
among seropositive individuals is common. Therefore, a highly 
effective CMV vaccine should aim to induce protection that 
exceeds that of natural immunity.
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