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Introduction. Transmission of cytomegalovirus (CMV) via breast milk can lead to severe acute illness in very
low-birth-weight (VLBW) preterm infants. Although the majority of CMV-seropositive women shed CMV in milk,
symptomatic postnatal infection of VLBW infants occurs infrequently, suggesting that virologic or immunologic
factors in milk may be associated with the risk and severity of postnatal CMV infection.

Methods. We investigated the magnitude of CMV-specific cellular and humoral immune responses in milk
of 30 seropositive mothers of VLWB preterm infants and assessed their relationship to milk CMV load and
symptomatic CMV transmission.

Results.  Milk immunoglobulin G (IgG) avidity was inversely correlated to milk CMV load (r = —0.47; P = .009).
However, milk CMV load and CMV-specific cellular and humoral immune responses were similar in mothers of
VLBW infants with and those without symptomatic postnatal CMV infection.

Conclusions. Similar immunologic parameters in milk of CMV-seropositive mothers of VLBW infants with and
without symptomatic postnatal CMV infection indicate that screening milk by these parameters may not predict
disease risk. However, the inverse correlation between milk CMV IgG avidity and CMV load may suggest that
enhancement of maternal CMV-specific IgG responses could aid in reduction of CMV shedding into breast milk.

Cytomegalovirus (CMV) is a common congenital in-
fection that can result in sensorineural hearing loss and
other neurologic sequelae [1-4]. Postnatal transmission
of CMV is mainly asymptomatic in full-term infants [5].
However, in preterm very low-birth-weight (VLBW)
infants, postnatal infection can result in a sepsis-like
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illness characterized by thrombocytopenia, hepatitis,
and pneumonitis [5-10]. The specific impact of post-
natal CMV infection on the neurodevelopmental out-
come of preterm infants has not been established in
large-scale studies [7, 11, 12]. However, the detrimental
effects of both culture-proven bacterial sepsis and
“culture-negative” clinical sepsis on the growth and
neurodevelopment of extremely low-birth-weight in-
fants [13] suggests that symptomatic postnatal CMV
infection would also negatively impact long-term out-
comes in these most vulnerable infants. With the use
of CMV-seronegative blood products in preterm in-
fants, breast milk is the primary source of postnatal
CMV transmission [14]. Although the majority of
CMV-seropositive lactating women have polymerase
chain reaction (PCR)-detectable viral shedding in
milk [6-8, 15], the rate of postnatal CMV transmission
ranges from 4% to 69%, with variation in reported
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incidence rates attributable to study design [5-9, 16, 17].
However, the incidence of symptomatic postnatal CMV in-
fection is low and restricted to the most premature infants
[17, 18]. Identified risk factors for postnatal CMV transmission
include the magnitude of the milk CMV load, early shedding
of CMV in milk, duration of breast-feeding, and lower infant
gestational age and birth weight [5-8, 17]. Although virus-
specific cellular immune responses are required for control of
systemic CMV replication [19-21] and CMV-specific humoral
responses play a role in protection against congenital CMV
transmission [22, 23], the role of maternal CMV-specific immune
responses in postnatal CMV transmission is unclear.

Premature infants receive significant nutritional and immu-
nologic benefits from breast milk, because breast milk feeding
is associated with lower incidence of necrotizing enterocolitis
and late-onset sepsis [24—28]. Although freezing milk can reduce
CMV load [18, 29], it does not eliminate transmission [30, 31],
and this treatment likely decreases its positive effects [27, 32].
Therefore, it is important to evaluate the relative benefits of
breast milk for preterm infants of CMV-seropositive mothers
and determine whether milk can be screened to assess the risk
of CMV transmission. Identification of maternal virologic or
immunologic correlates of protection against symptomatic
postnatal CMV infection could guide immunologic or antiviral
prophylaxis strategies.

In this study, we characterized CMV-specific cellular and
humoral immune responses in milk of seropositive mothers
of preterm infants. In addition, we compared CMV-specific
immune responses in blood and milk of CMV-seropositive
mothers whose VLBW infants either did or did not develop
symptomatic postnatal CMV.

MATERIALS AND METHODS

Subjects

Mothers of full-term infants (n = 53) and VLBW (<1500 g) or
<32-week gestational age preterm infants (n = 85) were re-
cruited over a 2-year period from neonatal intensive care units
(NICUs) at 3 tertiary hospitals in Boston, Massachusetts. All
mothers provided written consent. Approximately 1 ounce of
fresh milk and 10 mL of blood was collected at >2 weeks post
partum. CMV serostatus was determined by CMV immuno-
globulin (Ig) G (Trinity Biotech) and IgM enzyme-linked im-
munosorbent assay (ELISA) (Diamedix). Thirty of 85 mothers
of preterm infants were CMV IgG seropositive and were assessed
for CMV-specific immune responses. Twelve of 53 mothers of
full-term infants were CMV IgG seropositive and were used for
comparison. None of the mothers of preterm infants were CMV
IgM seropositive; only 1 mother of a full-term infant was CMV
IgM seropositive. Clinical data were collected by maternal
questionnaire and chart review at infant discharge. Because no
universal CMV testing is performed in the NICUs in this study,

CMV testing of infants (urine or saliva CMV shell vial culture)
was ordered at the provider’s discretion. Mothers of infants with
suspected symptomatic postnatal CMV infection (acute sepsis-
like symptoms and positive CMV shell vial culture performed at
>2 weeks of age) were specifically recruited into the study and
comprise the “symptomatic” group in this study; thus, the in-
cidence of postnatal CMV infection in this cohort does not
reflect that of the entire NICU population. The study was ap-
proved by each of the participating hospitals by ceded review to
the Committee on Clinical Investigation at Children’s Hospital
Boston.

Plasma and Milk CMV Load

DNA was extracted from plasma and milk supernatant (QIAgen)
and concentrated to a volume of 70 pL in ultracentrifugation
columns (Millipore) to decrease the limit of detection in the
assay, as determined in preliminary experiments. Quantitative
polymerase chain reaction (PCR) was performed using con-
ditions, primers, and probes described elsewhere [33], using
the 7300 Real Time PCR System (Applied Biosystems). Serial
dilutions of quantitated CMV AD169 stock (Advanced Bio-
technologies, Inc) were used as a standard. The limit of
quantification was 175 copies/mL. If virus amplification was
detected but was below the level of the minimum virus stan-
dard, a value of half the lowest virus standard was assigned.
If no virus was amplified, it was considered nondetectable.

CMV-Specific Interferon y Enzyme-Linked Immunospot Assay
Peripheral blood mononuclear cells (PBMCs) and milk cells
were isolated as described elsewhere [34], and mononuclear cells
were quantitated by manual hemocytometer assessment. Cells
were incubated with a pool of 15-mer peptides overlapping
by 11 amino acids spanning the product of the CMV AD169
pp65 gene (2 pg/mL) in a multiscreen 96-well plate coated
with anti—interferon (IFN) v antibody. Cells were also incubated
with Staphylococcus aureus enterotoxin B and media only. In
total, 2.5 X 10° PBMCs and 1.5 X 10* to 2 X 10° milk cells were
incubated with each condition in duplicate or triplicate, as cell
number allowed. Results from milk samples with insufficient
cell number (<1.5 X 10* cells per well in duplicate for each
condition, determined as the limit of detection) were not in-
cluded. Spots were counted by automated enzyme-linked im-
munospot assay reader (Hitech Instruments). CMV-specific
cellular responses were calculated by subtracting the average
spot number in the media-only wells from that of the experi-
mental wells and reported as spot-forming units (SFUs) per 10°
cells. A response was considered detectable if the average spot
number in the experimental wells was at least twice that of
media-only wells.

CMV-Binding Antibody Responses
CMV-specific IgG and IgA binding was measured by CMV
AD169 (American Type Culture Collection [ATCC]) whole-lysate
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ELISA. Plates were incubated overnight with lysate from CMV-
infected human foreskin fibroblasts (ATCC), washed, and then
blocked with phosphate-buffered saline (PBS) with 5% nonfat
dried milk, 5% fetal bovine serum, and 0.05% Tween 20 for
2 hours. Serially diluted plasma and milk supernatant samples
were incubated in the wells for 2 hours. Plates were then washed
6 times and incubated for 1 hour with 1 or 2 pg/mL of goat
anti-human horseradish peroxidase—conjugated IgG (Millipore)
or IgA (Pierce), respectively. Finally, plates were developed with
tetramethylbenzidine substrate (KPL) and read at 450 nm.
Titer was defined as the inverse of the lowest sample dilution
that resulted in an optical density at least twice that of the
background.

Total IgG and IgA was quantitated by commercial ELISA per
protocol (Immunology Consultants Laboratory). The normal-
ized CMV-specific IgG or IgA titer was calculated by dividing
the CMV-binding antibody titer by the total IgG or IgA content
(in milligrams per milliliter) in each sample.

CMV-specific IgG and IgA avidity was measured by a modifi-
cation to the CMV-binding ELISAs described above [35]. After
the incubation of diluted plasma (1:10) or milk (1:3) with the
CMYV lysate, duplicate wells were incubated for 10 minutes with
either 9 mol/L urea or PBS. After washing, CMV binding was
detected as above. The avidity index was calculated by dividing the
mean absorbance of urea-treated wells by that of untreated wells.

CMV-Neutralizing Antibody Responses

CMV plaque neutralization assay was performed by plating
3.2 X 10° human foreskin fibroblasts in each well of 16-well
Lab-Tek Chamber Slides (Thermo). The next day, duplicate
serial dilutions of milk supernatant (1:3-1:3000) and plasma
(1:3-1:30 000) were incubated with 2 X 10° plaque-forming
units/mL of CMV AD169 for 1 hour; 50 pL of the serum/virus
dilutions was added to each well and incubated at 37°C over-
night. On the third day, cells were fixed with 100% ethanol for
5 minutes and rehydrated with PBS. Slides were then blocked
with PBS containing 7.5% normal goat serum and 7.5% Casein
blocker and stained with 100 pL of 20 pug/mL of Alexa Fluor
488—conjugated anti-CMV immediate early antigen monoclonal
antibody clone 8B1.2 (Millipore). After a 2-hour incubation,
wells were washed and counterstained with DAPI nuclear stain
(Invitrogen). The number of infected cells was manually counted
using a fluorescent microscope (Olympus BX40). The 50% in-
hibitory dose was calculated as the sample dilution that caused
a 50% reduction in the number of infected cells compared with
virus-only control wells.

Assessment of Mastitis

Sodium and potassium concentration of milk supernatant was
measured using the Gen2 Ion Selective Electrode on the Roche
Cobias c501 platform (Roche Diagnostics). A sodium-potassium
ratio >1 indicates mastitis [36-38].

Statistical Analysis

All comparisons of continuous values were performed using the
Mann-Whitney U test, and categorical values were compared
using the Fisher exact test. When comparing parameters in
paired blood and milk samples, the Wilcoxon signed-rank test
was employed. Correlations were determined with the Spearman
rank coefficient. Prism 5 software was used for all analyses.
Significance was defined as P < .05, and trends toward signifi-
cance were defined as P = .05-0.1.

RESULTS

Clinical Characteristics of Study Population

Mean maternal age, weeks post partum to enrollment, milk
CMYV load, and infant gestational age and birth weight were
similar between the groups of infants who did or did not de-
velop symptomatic CMV infections (Table 1). There were
also no significant differences in maternal history of sexually
transmitted infections, previous maternal live births [39, 40],
and delivery by cesarean section between these 2 groups. How-
ever, infants of nonwhite mothers were more likely to develop
symptomatic CMV infections (P = .05; Table 1).

Low-Magnitude Milk CMV-Specific Inmune Responses
Compared With Those in Blood

We first compared CMV-specific immune responses in milk and
blood of CMV-seropositive mothers of VLBW preterm infants.
The magnitude of the CMV-specific cellular responses was sig-
nificantly higher in blood than milk (Figure 1A). Similarly,
CMV-binding IgG and IgA responses were of significantly
higher magnitude in plasma than milk (Figure 1B). However,
when CMV-binding IgG responses were normalized by total
IgG content, milk responses were of significantly higher magni-
tude than those in plasma. Similarly, normalized CMV-binding
IgA responses trended toward being more robust in milk than
plasma (Figure 1C).

Despite higher normalized CMV-binding antibody responses
in milk than plasma, CMV-binding IgG avidity was significantly
higher in plasma than milk. CMV-binding IgA avidity also
trended toward being greater in plasma than milk (Figure 1D).
Similarly, the magnitude of plasma-neutralizing antibody re-
sponses was approximately 1 log higher than that in milk
(Figure 1E). However, when the neutralizing responses were
normalized by total immunoglobulin content, the responses
were comparable (Figure 1F).

To investigate whether milk CMV responses are compart-
mentalized from those in blood, we examined whether the mag-
nitude of the blood and milk CMV-specific immune responses
were correlated. The magnitude of the CMV-specific cellular re-
sponses in milk did not correlate with that in blood (Figure 2A).
However, the magnitudes of both the neutralization (Figure 2B)
and normalized CMV-binding IgG (Figure 2C) responses were
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Table 1.
Seropositive, Lactating Mothers®

Demographics of the Study Cohort of Very Low-Birth-Weight (VLBW) Preterm Infants and Their Cytomegalovirus (CMV)-

Entire cohort

Symptomatic postnatal
CMV infection

Symptomatic postnatal
CMV infection

Demographic (30 mothers, 35 infants) (5 mothers, 6 infants) (25 mothers, 29 infants) P
Maternal age, years 30.5 (18-41) 26.5 (22-41) 31 (18-38) 13
Weeks postpartum at enrollment 6 (3-11) 5 (5-14) 4(2-11) 1.0
Milk CMV load, copies/mL 215 (ND to 53731) 87.5 (87.525 182) 222 (ND to 53731) 74
Infant gestational age, weeks 27 (24-32) 26 (24-28) 27 (24-32) .33
Infant birth weight, g 900 (400-2100) 900 (400-1070) 830 (590-2100) 12
Maternal characteristic, No. of mothers®
History of sexually transmitted infections 9/29 3/5 6/24 .29
Nonwhite race 17/30 5/5 12/25 .05
Previous live births 9/30 2/5 7/25 .62
Delivery via cesarean section 19/30 5/5 14/25 13

@ Except for maternal history characteristics given as proportions, values represent means (ranges). ND, not detectable.

® Numbers are given as proportions of total group.

strongly correlated in milk and plasma, suggesting a lack of
compartmentalization in these responses. In contrast, the
magnitude of the normalized CMV-binding IgA responses in milk
and plasma did not correlate (Figure 2D). We also observed
correlations between nonnormalized CMV-binding milk and
plasma IgG (r = 0.65; P < .0001) and IgA responses
(r = 0.47; P = .0008; data not shown). Milk and plasma CMV-
specific IgG and IgA avidity (Figure 2E and 2F) were also
strongly correlated.

Similar CMV-Specific Inmune Responses in Milk of CMV-
Seropositive Mothers of Preterm and Full-term Infants

We investigated whether suboptimal milk immune responses
could contribute to the pathogenicity of the virus in preterm
infants by comparing the magnitude of the milk total and CMV-
specific immune responses in mothers of preterm and full-
term infants. Mononuclear cell content was very similar in
milk of CMV-seropositive mothers of preterm infants (median,
7000 cells/mL; range, 615-126 000 cells/mL) and full-term
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Figure 1. Low-magnitude cytomegalovirus (CMV)—specific cellular and humoral immune responses in milk compared with that in blood of CMV-
seropositive mothers of very low-birth-weight (VLBW) infants including CMV-specific cellular responses (A), CMV-binding immunoglobulin (Ig) G and IgA
titers (B), normalized CMV-binding IgG and IgA titers (C), CMV IgG and IgA avidity (D), CMV-neutralizing titers (£), and normalized CMV-neutralizing
titers (F) in milk (open symbols) and blood (filled symbols) of CMV-seropositive mathers of VLBW preterm infants. Lines indicate median value; *P <.05.
Abbreviation: ND, not detectable.
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Figure 2. Direct correlation of cytomegalovirus (CMV}-neutralizing and CMV-binding immunoglobulin (Ig) G responses in milk and plasma of CMV-
seropositive mothers of very low—birth-weight (VLBW) infants, including CMV-specific cellular responses (A), neutralizing antibody responses (B),
normalized CMV-binding IgG (C) and IgA (D) titers, and CMV-hinding IgG (£) and IgA (F) avidity. Antibody titers were normalized by total IgG or IgA

content in milk or plasma. *P <<.05. Abbreviation: ND, not detectable.

infants (median, 8733 cells/mL; range, 1067-33 333 cells/mL;
P = .71; data not shown). Interestingly, the global T-lymphocyte
responses in milk as measured by IFN-y response to a super-
antigen, were of higher magnitude in mothers of preterm infants
than in mothers of full-term infants (Figure 3A). However,
CMV-specific cellular responses in milk were similar for mothers
of preterm and mothers of full-term infants (Figure 3B).

Total 1gG and IgA content in milk was comparable for
mothers of preterm and full-term infants (Figure 3C and 3D).
Moreover, the milk CMV-binding IgG and IgA responses
were also similar in mothers of preterm and full-term infants,
whether assessed without (Figure 3E and 3F) or with (Figure 3G
and 3H) normalization for total IgG or IgA content.

Inverse Correlation of Milk CMV Load and Milk CMV-Binding
IgG Avidity

We next examined the relationship between the CMV-specific
immune responses and the magnitude of milk CMV shedding in

mothers of preterm infants. Milk CMV load did not correlate
with milk or blood CMV-specific cellular responses, normalized
milk CMV-binding IgG titer, normalized milk and plasma CMV-
binding IgA titers, milk and plasma neutralizing antibody titers,
plasma CMV-binding IgG avidity, or milk and plasma CMV-
binding IgA avidity. There was a trend toward a correlation of
the magnitude of the milk CMV load and normalized plasma
CMV-binding IgG titers. Importantly, there was an inverse cor-
relation between milk CMV-binding IgG avidity and milk CMV
load (r = 0.47; P = .009, Table 2), which approached significance
even after the Bonferroni correction was applied (P = .004).

In assessing the effect of breast inflammation on milk CMV
shedding, we observed an inverse correlation between elevated
milk sodium-potassium ratio, a marker of mastitis [36-38], and
milk CMV load. Finally, we investigated the relationship be-
tween the postpartum interval and milk CMV load and found
no association between the weeks postpartum and milk viral
load in our cohort (Table 2).
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Figure 3. Cytomegalovirus (CMV)—specific cellular and humoral immune responses are similar in milk of seropositive mothers of preterm and full-term
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CMV-Specific Inmune Responses Are Similar in Mothers of
Symptomatic and Asymptomatic VLBW Infants

In our cohort of 30 CMV-seropositive mothers of 35 VLBW
infants, symptomatic postnatal CMV infection was diagnosed in
6 infants of 5 mothers . This diagnosis was defined as clinical
symptoms and/or laboratory findings consistent with postnatal
CMV infection [5-10] (Table 3) and a concurrent positive shell
vial CMV culture occurring at >21 days of life. Importantly, all

infants with this diagnosis were delivered via cesarean section
(Table 1), and 3 of the 6 had a previous negative CMV urine
culture before isolation of CMV from the infant’s urine (Table 3).
All case infants received both fresh and frozen milk during
hospitalization, whereas 10 control infants received only fresh
milk. Case infants began receiving mother’s milk at a similar
day of life to the control infants (Table 1) and continued to
receive milk throughout hospitalization.
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Table 2. Correlation of Breast Milk Cytomegalovirus (CMV) Load
and CMV-Specific Inmune Responses in Milk and Blood of CMV-
Seropositive Mothers of Very Low-Birth-Weight Preterm Infants

CMV-specific response r P
Milk CMV-specific IFN-y response (SFUs) —0.06 .76
Blood CMV-specific IFN-y response (SFUs) 0.12 .54
Normalized milk CMV-binding IgG titer 0.19 .31
Normalized plasma CMV-binding IgG titer 0.36 .05
Normalized milk CMV-binding IgA titer 0.19 .32
Normalized plasma CMV-binding IgA titer -0.07 73
Milk neutralizing antibody titer —0.05 .80
Plasma neutralizing antibody titer -0.04 .83
Milk CMV-binding IgG avidity -0.47 .009
Plasma CMV-binding IgG avidity -0.12 .53
Milk CMV-binding IgA avidity 0.12 .54
Plasma CMV-binding IgA avidity 0.26 17
Milk sodium-potassium ratio -0.18 .35
Weeks postpartum —0.06 77

Abbreviations: IFN interferon; lg, immunoglobulin; SFUs, spot-forming units.

We defined the “symptomatic” group as seropositive mothers
of VLBW infants with symptomatic postnatal CMV infection
and the control or ‘“asymptomatic” group as seropositive
mothers of VLBW infants with no diagnosis of symptomatic
postnatal CMV during hospitalization, despite milk exposure.
Milk CMV load was comparable in the mothers of symptomatic
and asymptomatic infants (Table 1). Notably, mothers of symp-
tomatic infants had a median CMV-specific cellular response
that was a log higher in magnitude than mothers of asymp-
tomatic infants; however, this difference did not reach statis-
tical significance (P = .13) (Figure 4A). Cellular responses in
blood were similar in both groups (Figure 4A). Both normal-
ized and nonnormalized milk and plasma CMV-binding IgG
and IgA responses were comparable in mothers of symptomatic
and asymptomatic infants (Figure 4B—E). CMV IgG and IgA

avidity and neutralization, both before and after normali-
zation for antibody content, were also similar in milk and
plasma of each group (Figure 4F-I). Finally, we assessed CMV-
specific immune responses in milk and blood at 3 consecutive
weekly time points in a subset of CMV-seropositive mothers
(3 mothers of symptomatic and 12 mothers of asymptomatic
infants) but detected no distinct pattern of the kinetics of the
viral load or CMV-specific immune responses in the mothers
of symptomatic infants (data not shown).

DISCUSSION

The global benefits of breast milk for preterm infants are well
established, yet postnatal acquisition of CMV remains a risk
to VLBW infants of CMV-seropositive lactating mothers. We
sought to identify possible maternal immunologic correlates
of protection against symptomatic postnatal CMV infection that
could guide approaches to reduce the risk of this infection in
preterm infants. Because the virus is shed into and transmitted
via breast milk, characterization of the milk immune responses
is critical to assessing these immune correlates.

Our investigations found little correlation between the mag-
nitude of CMV-specific immune responses and milk CMV load.
We did, however, identify an inverse correlation between milk
CMV-specific IgG avidity and CMV load in mothers of preterm
VLBW infants. Because high milk CMV load and the ability
to culture virus from milk has been tied to increased risk of
transmission [6, 7, 41, 42], interventions aimed at reducing milk
CMV load may contribute to the protection of breast milk—fed
preterm infants. This association of poor quality antibody re-
sponse with the magnitude of milk CMV shedding is consistent
with the observation that poor CMV avidity is associated with
congenital CMV transmission following primary maternal CMV
infection [23, 43]. Although low-avidity milk antibodies may
simply indicate the mother was recently exposed to CMYV, this

Table 3. Presenting Clinical Signs and Symptoms of Cytomegalovirus (CMV)-Infected Infants

Day of life at positive urine
CMV shell vial culture

Subject no. (previous negative culture) Clinical symptoms® Laboratory findings®

023 64 (yes) Abdominal distention, dilated loops of bowel Thrombocytopenia, transaminitis

027 92 (yes) Abdominal distention, dilated loops of bowel, Thrombocytopenia, transaminitis, neutropenia
increased respiratory support requirement

041 62 (yes) Vomiting, dilated bowel loops, increased respiratory Thrombocytopenia, transaminitis, neutropenia
support requirement, low blood pressure
requiring dopamine

032° 50 (no) Increased respiratory support requirement Thrombocytopenia, transaminitis

086.1°¢ 56 (no) Abdominal distention, increased respiratory support Thrombocytopenia, transaminitis
reguirement

086.2° 56 (no) Bloody stools None

@ Clinical findings within 14 days before or after positive CMV shell vial culture.
® Infant 032 had a twin, who remained uninfected.
¢ Infants 086.1 and 086.2 were twins.
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Figure 4. Milk cytomegalovirus (CMV) load and CMV-specific cellular and humoral immune responses are similar in seropositive mothers of very low-
birth-weight (VLBW) infants diagnosed with symptomatic postnatal CMV and mothers of control VLBW infants. CMV-specific cellular responses
(A), CMV-binding immunoglobulin (Ig) G titers (B), CMV-binding IgA titers (C), normalized CMV-binding IgG titers (D), normalized CMV-binding IgA titers
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neutralizing antibody IDsg titers (/) in milk and plasma are shown for mothers of CMV-symptomatic (¢riangles) and asymptomatic (circles ) VLBW infants.
Lines indicate median values. Abbreviation: ND, not detectable.
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association could suggest that the quality of the CMV-specific
humoral immune response is important to the containment of
local CMV shedding. It is also possible that the antigens to which
CMV IgG responses are directed affects the ability of these re-
sponses to attenuate virus shedding. The ability of local antibody
responses to control mucosal CMV replication requires further
investigation.

CMV-specific cellular responses were lower in milk than in
blood despite milk CMV shedding in the majority of subjects.
A large proportion of the T lymphocytes in milk are memory
phenotype [44]; therefore, the low magnitude CMV-specific
cellular immune response is surprising. Although milk CMV-
specific humoral immune responses were also low magnitude
compared with that in plasma, the milk responses were equal
or greater in magnitude after normalization for total antibody
content. Milk IgG primarily traffics from the plasma via tran-
sudation, whereas milk IgA is mainly produced by local plasma
cells [45]. The correlation of milk and blood CMV-specific
IgG responses is consistent with this biology. The robust milk
CMYV IgA response is in contrast to IgA responses against hu-
man immunodeficiency virus (HIV), another virus shed into
and transmitted via breast-feeding. HIV-specific IgA responses
remain low in milk even after normalization for milk IgA con-
tent [34, 46, 47].

Importantly, we did not detect differences in systemic or milk
CMV-specific cellular or humoral immune responses between
mothers of VLBW infants with or without diagnoses of symp-
tomatic postnatal CMV infection. We hypothesized that poor
local CMV-specific cellular immune responses may predict
high milk CMV load and transmission; however, this response
did not correlate with either milk CMV load or symptomatic
disease in the infant. Although the breadth of the CMV-specific
cellular responses may be important for containing viral
shedding, the low milk cell number limited our assessment of
cellular responses to those directed against a single virus anti-
gen. It is possible that the apparent lack of protection by
maternal antibody responses reflects poor placental transfer of
maternally derived antibody to VLBW infants due premature
birth. Determining whether our findings reflect the inability of
maternal-derived immune responses to prevent symptomatic
CMYV transmission, or simply reflect the absence of protective
antibody in these infants, is critical to the development of
interventions, such as maternal vaccination or infant prophylaxis
with monoclonal CMV-specific antibodies.

Our investigations of the role of CMV-specific immune re-
sponses in symptomatic postnatal CMV infection were limited
by a small number of symptomatically infected infants. We re-
lied on the diagnosis of symptomatic postnatal CMV infection
by providers and did not prospectively screen for infection.
However, because a practical goal for reduction in postnatal
CMV transmission is to protect against symptomatic disease,
we thought it was appropriate to limit the case definition to

symptomatically infected infants for the search for protective
immune correlates. Moreover, owing to a lack of universal CMV
screening in the NICUs included in this study, congenital or
perinatal CMV acquisition was not completely excluded in 3 of
the 6 CMV-infected infants. However, acute symptoms consis-
tent with postnatal CMV infection and lack of exposure to the
vaginal canal (cesarean section delivery) in all case infants make
it likely that the CMV infections in this cohort occurred post-
natally.

It is clear that complex issues must be considered in designing
vaccine- or antibody-based strategies to prevent neonatal CMV
infection, because the mechanisms protecting the majority
of VLBW preterm infants from symptomatic CMV infection
despite repeated exposure remain elusive. Additional study is
needed to define the maternal and infant factors important
to postnatal CMV pathogenesis in this most vulnerable infant
population. Importantly, our finding of an inverse correlation
of milk IgG avidity and CMV load suggests that augmentation
of mucosal CMV-specific humoral immune responses may
reduce milk virus shedding, thereby decreasing risk of CMV
transmission. Because current maternal vaccine prototypes for
the prevention of congenital CMV infection are designed to
elicit CMV-specific humoral immune responses [43, 48], these
antibody-based maternal vaccines might prove useful in pro-
tection against symptomatic postnatal CMV.
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