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Introduction

Summary

Cytomegalovirus (CMV) is the most common cause of congenital infection
worldwide and occurs as a result of transplacental transmission of the virus.
The human neonate is highly susceptible to infection due to a combination of
immaturity of the immune system and antigenic inexperience. This study uses
the in vivo model of congenital CMV to examine both the humoral and
cell-mediated immune responses in vertically infected neonates and their
mothers. Ten pairs of matched neonates and their mothers were evaluated for
specific IgM responses to three immunodominant CMV antigens: pp38
(pUL80a), pp52 (pUL44) and pp150 (pUL32). In contrast to conventional
enzyme immunoassay (EIA) testing for CMV-specific IgM, which found five
of the mothers and four of the neonates to be positive, Western immunoblot-
ting showed all 10 adults and nine newborns to be positive. Eight mothers and
nine newborns had serological evidence of primary infection. All neonates
showed a response to pp38, an assembly protein, nine responded to the
pp52 immediate early antigen but only four had reactivity to the ppl50
tegument associated protein. Of the mothers, eight had pp38 reactivity,
10 showed a response to the pp52 antigen and seven to the pp150 antigen.
T cell-mediated immunity was assessed by measuring cytokines using a multi-
plex microarray assay. Levels of interferon (IFN)-y were high in both groups
[mean * standard error of the mean (s.e.m.): neonates = 657 % 238 pg/ml,
mothers = 1072 * 677 pg/ml, pNS]; however, neonates had significantly
higher levels of interleukin (IL)-8 (316 * 136 pg/ml versus 48 * 28 pg/ml,
P < 0-005). Similar levels of IL-2, IL-7, IL-10 and IL-12 were measured in both
groups, but levels of IL-1q, IL-1B, IL-4, IL-6 and tumour necrosis factor
(TNF)-a. were either absent or low. In response to CMV, neonates and adults
mount a predominant T helper 1 (Th1) response, as evidenced by the presence
of IL-2, IL-8, IL-12 and IFN-y with concomitant lack of IL-4. These findings
suggest that the neonate, when presented with infection in utero, is capable of
mounting an individual response; however, the lower IFN-y and higher IL-8
levels suggest reduced immune responsiveness when compared to their adult
counterparts.
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in immunosuppressed individuals such as in transplant
recipients, patients with AIDS and following in utero

Cytomegalovirus (CMV) is a double-stranded DNA virus
and is one of the most ubiquitous human pathogens being
transmitted vertically and horizontally. Primary CMV infec-
tion is always followed by an acute, often asymptomatic
infection followed by lifelong latency without clinical illness.
Severe symptomatic CMV infection has been shown to occur
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infection. CMV is the most commonly acquired congenital
viral infection occurring in about 0-2% to 3% of all live
births [1]. It is an infectious cause of prenatal neurological
damage, which is particularly severe when primary maternal
infection occurs during the first 16 weeks of gestation, at the
time of organ development and neuronal migration [2].
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Currently, more than four CMV vaccines are in clinical trials
[3]. A better understanding of the immune response in early
life, factors which might predict clinical sequelae and the
impact of reactivation would help in the design of suitable
vaccines.

IgM antibodies generally do not cross the placenta during
normal pregnancy presumably because of their large pen-
tameric structure and the lack of a specific transporter
mechanism, as for IgG [4]. Therefore, in a normal non-
infected neonate, IgM, if present, is predominantly naturally
occurring and not as a response to stimulation by foreign
antigen. Several strong lines of evidence have supported the
possibility that the naturally occurring antibody repertoire
in human neonates contains certain stereotyped specificities
[5,6]. The presence of IgM in the neonatal circulation at
birth is indicative of intrauterine infection. This IgM is
thought to be derived locally, although the potential for the
presence of maternal IgM in the neonatal circulation in such
cases of infection cannot be eliminated totally. Studies of
neonatal T cells in vitro have revealed reduced capacity to
respond to primary antigen, stimulatory monoclonal anti-
bodies and toxic shock toxin resulting in deficient interleu-
kin (IL)-2 production [7-9]. In contrast to functional studies
showing reduced cytolytic activity [10], a recent study has
shown mature CD8" T cell responses to CMV in congenitally
infected newborns and in a fetus of 28 weeks’ gestation [11].

Using congenital CMV as an in vivo model of viral infec-
tion to analyse the primary repertoire accurately, this study
shows that neonates are capable of mounting an indepen-
dent primary humoral response with a preferential specific-
ity to the pp38 CMV assembly protein antigen. Although T
helper 1 (Th1) responses predominated in response to viral
infection, the lower levels of interferon (IFN)-y and higher
IL-8 levels observed in newborns suggests reduced immune
responsiveness when compared to adults. Our data reveal the
development of specific humoral and cellular immune
responses from a naive state in humans, and insight into this
process is essential in understanding immunity and develop-
ment of effective vaccination strategies.

Materials and methods

Patients’ sera

Sera were obtained retrospectively from the National Virus
Reference Laboratory archive sera bank. A cohort of 10 new-
borns and their mothers’ sera were included in the study and
were compiled at random from laboratory records. Direct
early antigen fluorescent foci (DEAFF) tests were positive in
all newborns for urine collected within 4 days of birth [12].
This test is used routinely to allow rapid detection of CMV in
urine specimens. The corresponding mothers’ archived
booking bloods were retrieved. Ethical approval for the study
was obtained from the Human Research Ethics Committee,
University College Dublin.
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CMV IgM enzyme immunoassay (EIA)

CMV IgM detection was performed according to the manu-
facturer’s instructions (Trinity Biotech, Wicklow, Ireland).
Briefly, 100 pl of sera were added to the wells at a dilution of
1/100 and incubated for 60 min at 37°C. After washing,
100 pl of conjugate (1/100) was added to all wells and plates
were incubated for a further 60 min at 37°C. After a final
wash, 100 pl of substrate was added for 30 min at room
temperature; 100 pl of 2 N sulphuric acid was added to stop
the reaction. Optical density was measured using an enzyme-
linked immunosorbent assay (ELISA) reader (Biotek Instru-
ment, ELX 808, Launch Diagnostics, Dublin, Ireland). Index
values of < 0-9 were considered negative, 0-9—1-1 were con-
sidered equivocal and > 1-1 were considered positive.

CMV IgG avidity assay

Avidity assays were performed according to the manufactur-
er’s recommendations (BioMerieux, Basingstoke, UK).
Briefly, 100 ul of sera were added to two strips coated with
CMV antigens. To the second strip, a dissociating buffer
containing 6 M urea was added. Strips were then slotted into
the Vidas instrument (Vitek Systems, Basingstoke, UK) for
the assay to proceed. Appropriate positive control and
control with urea buffer were included to standardize the
assay. For a given serum sample, the avidity index (AI) was
calculated using the following formula (OD for the well
washed with dissociating urea buffer/OD for the well washed
with control buffer). An AI of < 0-3 indicates primary infec-
tion, 0-3-0-8 cannot distinguish between recent or former
infection and = 0-8 is a strong indication of primary infec-
tion = 3 months previously.

Immunoblotting for the detection of IgM to specific
CMYV antigens

CMV IgM Western blot kits supplied by Genelabs Diagnostics
(Geneva, Switzerland) were used. Nitrocellulose strips incor-
porated with three CMV recombinant antigenic proteins
(pp38, pp52 and pp150) and an anti-human IgM control was
blocked with blotting buffer and then incubated with patient
sera (1/100 dilution) at room temperature on a rocking plat-
form. After 60 min, strips were washed three times and then
incubated with 2 ml of alkaline phosphatase goat anti-human
IgM conjugate (1/1000) for a further 60 min. After washing,
substrate (5-bromo-4-chloro-3 indolyl-phosphate and
nitroblue tetrazolium) was added for 15 min. Strips were
rinsed thoroughly with distilled water to stop the reaction.
Images were captured on an UVP Biolmaging System (Cam-
bridge, UK) using Labworks software and an Autochemi
camera system. For CMV IgM positivity, reactivity to the
pp52 and one other antigen was required. Band intensity of
pp52 > pp150 was indicative of primary infection. Reactivity
to p38 only indicates negativity for CMV IgM. Intensity of
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Table 1. Clinical characteristics of neonates in the study cohort.

CMV infection in neonates

Neonate Gestation age* Birth weight** Clinical symptoms

N1 36+5 4-20 Hepatosplenamegaly

N2 35 1-44 Pre-mature baby, TORCH screen***

N3 39+3 3-40 Asymptomatic, mother had CMV infection during pregnancy
N4 33+2 1-15 Pre-mature weight/hepatosplenamegaly

N5 37+5 335 Asymptomatic, mother had CMV infection during pregnancy
N6 39+2 315 Asymptomatic, mother had CMV infection during pregnancy
N7 40+1 321 Hepatosplenamegaly

N8 41 324 Asymptomatic, mother had CMV infection during pregnancy
N9 38+5 3-70 Asymptomatic, mother had CMV infection during pregnancy
N10 38+4 310 Asymptomatic, mother had CMV infection during pregnancy

CMV: cytomegalovirus. *Weeks and days; **kilograms; ***toxoplasma, rubella, CMV and herpes screen.

bands were graded from 0 to 4, where 0 indicated absence of
staining and 4 indicated intense staining.

Polymerase chain reaction (PCR) for CMV

DNA extraction was carried out using the QIAmp DNA mini
kit (Roche Diagnostics Systems Inc., NJ, USA). Briefly, 20 ul
of Qiagen protease and 200 pl of lysis buffer were added to
200 pl of patient’s plasma. After pulse vortexing the sample
was incubated at 56°C for 10 min; 200 pl of 96-100%
ethanol was added to the sample, which was further vortexed
for 15s. The lysed solution was placed in a QIAmp spin
column and centrifuged at 6000 g for 1 min. The filtrate was
discarded and the spin column washed twice with 500 ul of
wash buffer 1 and then once with wash buffer 2. The sample
was eluted from the column matrix with 200 p of buffer and
then subjected to PCR using the following conditions: 3 min
at 50°C, 10 min at 95°C and 38 cycles of 15 s at 95°C and
1 min at 60°C. The primers used were: forward primer
5’-GCG TGC TTT TTA GCC TCT GCA-3"; reverse primer
5’-AAA AGT TTG TGC CCC AAC GGT A-3'. This assay is a
qualitative method and results are interpreted as being posi-
tive or negative depending on the result of the positive and
negative controls used.

Multiplex T cell cytokine microarray

Using the proteoplex microarray assay supplied by Novagen
(MP Biomedicals, Geneva, Switzerland), 12 cytokines [IL-10.,
IL-1B, IL-2, IL-4, IL-6, IL-7, IL-8, IL-10, IL-12, granulocyte—
macrophage colony-stimulating factor (GM-CSF), IFN-y
and tumour necrosis factor (TNF)-o] were measured simul-
taneously. Patients’ sera and control sera were diluted accord-
ing to the manufacturer’s protocol and then incubated for
60 min on an orbital shaker at room temperature. After
washing, incubation with human detection antibody cocktail
was performed for a further 60 min. After rinsing, the detec-
tion system (sensilight PBLX fluorophore) was added for
90 min at room temperature in the dark. Slides were rinsed,
dried and disassembled and returned to the manufacturer for
scanning (633 nm Ex, 660 nm Em at 10 pm resolution) and
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analysis. Standard curves for all 12 cytokines analysed had R?
values of between 0-94 and 1-00.

Statistical analysis

The Mann—Whitney U-test was used to compare maternal
and neonatal cytokine levels.

Results

Demographic, clinical and diagnostic evaluation of the
study cohort

Ten pairs of matched newborns (1-4 days old) and mothers
(age range 1634 years) were included in the study. Labora-
tory diagnosis of congenital CMV is established by isolation
of the virus and detection using the urine DEAFF test. All
neonates, of whom five were female, were DEAFF-test
positive. Table 1 outlines several clinical characteristics of all
the neonates at birth. Six of the 10 neonates were asymptom-
atic but were exposed when their mothers had CMV infec-
tion during pregnancy. Two newborns were premature and
had low birth weight. Table 2 shows the profile for neonatal
CMV IgM serology and PCR to detect CMV DNA. Using
EIA, only four neonates were positive for primary infection;
however, Western blotting showed nine positive with one
neonate (N7) interpreted as negative, as only reactivity to the
p38 band was observed. PCR for CMV showed detectable
virus levels in two of the five newborns studied. PCR was not
as informative in this study, as appropriate blood samples
were not received. Table 3 shows the laboratory details of the
matched maternal group in the study. At the time of sam-
pling, five mothers were reported with primary infection
using conventional EIA assays. In contrast, Western blotting
to detect CMV-specific IgM to three immunodominant
CMV antigens revealed that eight mothers had primary
infection and two showed reactivation (M2 and M9). Unlike
M2, who had an AI of 0-895, M9 had a low Al of 0-220 and
positive serology suggesting possible primary infection.
Avidity index studies showed that six samples had values
< 0-3 indicative of recent infection.
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Table 2. Serological cytomegalovirus (CMV)-specific IgM analysis in neonatal sera.

Western blotting CMV-IgM

Neonate EIA CMV-IgM p38 p52 p150 PCR

N1 0-407 3* 2 2 Negative
N2 1-376 1 4 0 Positive
N3 0-634 1 2 2 NT**
N4 2-398 2 1 0 Negative
N5 4-186 4 4 4 NT

N6 0-542 1 3 0 NT

N7 0-235 1 0 0 Positive
N8 1-229 2 1 0 Negative
N9 0-584 3 2 2 NT

N10 0-357 2 1 0 NT

*Scoring for intensity, see Materials and methods; **not tested. EIA: enzyme immunoassay; PCR: polymerase chain reaction.

Detection of IgM specific for three CMV antigens by
Western blotting

A higher rate of CMV infection was detected in both groups
using the immunoblot assay compared to EIA testing.
Figure 1a shows the sensitivity of the blotting assay used and
its correlation with laboratory serology results. Lanes 1 and 2
represent positive and negative controls, respectively.
Samples from a neonate (N2) received at 1 day of birth (lane
3) and at 22 days (lane 4) showed appearance of the pp38
antigen and dominant pp52 early antigen, indicating
primary infection. The matched mother’s serum (M2, lane
5) had IgM reactivity to the pp52 and pp150 antigens only.
Figure 1b shows IgM responses in three matched pairs of
neonates and mothers. Lanes 3 and 4 shows a paired sample
of newborn (N5) and mother (M5) who were both EIA IgM
positive. The newborn shows responses to all three antigens,
whereas the maternal response is restricted to the pp52 and
pp150 antigens only. Interestingly, this maternal serum (M5)
had an avidity index of 0-129 indicating primary infection.
Lanes 5 and 6 show another pair where the newborn (N3)
was EIA IgM negative (lane 5) and the mother (M3) positive
and with an AI of 0-17. Both had reactivity to all three
antigens. Lanes 7 and 8 show the same newborn (N6)
studied 10 days apart. Response to the pp38 antigen has

increased over this time period and no pp150 reactivity was
observed. Lane 9 shows the matched maternal response (M6)
to all three antigens. These findings show that the newborn is
capable of mounting an individual and detectable immune
response to CMV infection in utero.

Serum cytokine levels in response to CMV

Due to limited sample volume and the retrospective nature
of the study, T cell-mediated immunity was assessed by mea-
suring serum cytokine levels using a multiplex microarray
assay. Table 4 tabulates the cytokine levels in the neonatal
and maternal groups as well as showing the reference ranges
for these cytokines published previously in healthy neonates
and adults[13-25]. Although maternal sera had higher levels
of IFN-y than paired neonatal sera, statistical significance
was not reached. In contrast, neonatal sera contained signifi-
cantly higher levels of IL-8 (P < 0-005) when compared to
their mothers. IL-10, IL-1 and GM-CSF were barely detect-
able, while IL-4, IL-6 and TNF-a. levels were low in both
groups, ranging from 0 to 20 pg/ml. Although not statisti-
cally significant, neonatal levels of IL-2 and IL-12 were
slightly higher than their mothers (IL-2: 59-5 * 14-1 pg/ml
versus 43-7 = 85 pg/ml, 1L-12: 106-8 * 45-9 pg/ml versus
83-6 = 44-9 pg/ml), whereas levels of IL-7 was similar in

Table 3. Serological evaluation for cytomeagalovirus (CMV)-specific IgM and IgG avidity index (AI) in maternal sera.

Western blotting CMV IgM

Mother EIA CMV-IgM p38 p52 p150 Al

M1 2:243 1 3 2 0-252
M2 0-234 0 1 3 0-895
M3 3975 2 4 4 0-170
M4 0-509 2 3 2 0-285
M5 1-196 0 2 1 0-129
Mo 1-609 4 4 4 0-260
M7 0-466 1 2 2 0-540
M8 0-197 1 1 0 0-844
M9 4240 2 1 2 0-220
M10 0-736 1 2 0 0-856
468 © 2007 The Author(s)
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(a)

Fig. 1. (a) Western blot analysis of IgM to three
cytomegalovirus (CMV) recombinant proteins,
p38, p52 and p150. Lanes 1 and 2 show positive
and negative controls. Lanes 3 and 4 show the
same newborn (N2) studied at 1 day old and
22 days old. Lane 5 shows the matched
maternal IgM response (M2). (b) Analysis of
three matched pairs of neonates and their
mothers with regard to CMV-specific IgM
responses assessed by Western blotting. Positive
and negative controls are shown in lanes 1 and
2, respectively. Two newborn and mother pairs
are represented in lanes 3 and 4 (N5, M5) and 5
and 6 (N3, M3). Lanes 7 and 8 are the same
newborn (N6) studied 10 days apart while lane
9 is the matched maternal serum response
(M6).

both study groups (45-8 = 9-4 pg/ml versus 44-1 * 12-3 pg/
ml). Compared to the previously published values of cytok-
ines in healthy neonates and adults, IL-2, IL-7, IL-8, IL-12
and IFN-y were raised in both our study groups indicating a
predominant Thl response to viral infection.

Discussion

In this study, we show that human neonates when exposed to
CMYV infection in utero are capable of mounting a significant
local immune response. Both humoral and cell-mediated
immunity as measured by the presence of specific [gM and T
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cell cytokines indicate that the neonate’s immune system is
functional at birth but may not achieve a response as effec-
tive as adults when presented with viral infection in utero.
In the immunocompetent host, the virus remains effi-
ciently controlled and several components of the immune
system are known to play a role. It is known that virus-
specific CD4 and CD8 T cell responses are critical compo-
nents of the immune response in the control of viral
replication. The loss of immune control of CMV that is
evidenced by the detection of antigenaemia is associated
closely with impaired function of CMV-specific CD8 T cells.
Furthermore, in CMV-infected cells, the expression of the

Table 4. Serum levels of cytokines in congenitally infected newborns and their mothers.

Cytokine Newborn Mothers Normal range* References

IL-1o 0-3 + 0-2%* 09 + 0-6 Undetectable Ziegler et al. [13]

IL-1B 0-5 *+ 0-2 03 =02 <0-52 Ziegler et al. [13]
Median 27-9 Atici et al. [14]

IL-2 59-5 = 14-1 43.7 = 85 303 =24 Bagci Ceyhan et al. [15]

1L-4 3-1 =06 81 =25 19-9-27-7 Pagani et al. [16]
0-18-0-25 Kanakoudi-Tsakalidon et al. [17]

IL-6 84+ 16 44 + 09 0-2-60-1 Pagani et al. [16]
3.12-8:6 Santana et al. 18]

1L-7 45-8 = 94 44-1 £ 123 9-59 * 5-:94 Wasilewska et al. [19]

IL-8 316-1 = 1369 48-5 + 286 8-6-33-9 Santana ef al. [18]
0-4-38-0 Nupponen et al. [20]

IL-10 10-2 + 3-1 14-9 + 41 2:3+25 Bagci Ceyhan et al. [15]
19-50 Romagnoli et al. [21]

IL-12 106-8 £ 459 83-6 = 449 3-31-2 Pagani et al. [16]

GM-CSF 2:9 =09 0-2 £0-1 0-0-6-5 Rizk et al. [22]

IFN-y 6574 * 2381 1072-2 = 6772 12-76 Skogstrand et al. [23]
Not detected Dumler et al. [24]

TNF-o 11-5 *+ 43 13-1 £ 25 2-8-1063-7 Pagani et al. [16]

< 15, not detected Sweed et al. [25], Dumler et al. [24]

IL: interleukin; IFN: interferon; GM-CSF: granulocyte—macrophage colony-stimulating factor; TNF: tumour necrosis factor. *The normal range of
cytokine levels quoted in the literature for healthy neonates and adults are shown with the corresponding references; **cytokine levels are shown as mean

pg/ml * s.e.m.
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viral phosphoprotein pp65 inhibits generation of CMV-
specific T cell epitopes by preventing antigen processing by
the proteosome [26]. It is reduced cytokine production
rather than a lower frequency or absolute number of CMV-
specific CD4 or CD8 T cells that is thought to be responsible
for the loss of immune control [27]. Reduced numbers of
cytokines producing CMV-specific CD8 T cells were found
in individuals at a higher risk of CMV reactivation [27]. As
expected, in response to viral infection, the immunodomi-
nant cytokine phenotype observed in this study was Thl. As
reported previously, successful pregnancy is associated with
a Th2 cytokine phenotype expression at the feto—maternal
interface and skewing the immune response to Th1, as in the
case of viral infection, can result in deleterious consequences
for the fetus [28]. At birth, the neonatal immune system is
biased towards a Th2 response generally which is not suited
to fighting intracellular pathogens [29]. Cell-mediated
immunity is known to be deficient in the human neonate
when compared to the same infection in adults [7]. In agree-
ment with previous studies, neonates in our study secreted
reduced levels of IFN-y compared to adults, implying a
decreased capacity to contain viral infection [30]. This is
supported further by our finding of higher IL-8 levels in
neonates. It is known that CMV induces IL-8 production,
which in turn can augment CMV replication directly [31].
Previous studies investigating epigenetic regulation have
shown that methylation of the IFN-y promoter at CpG sites
is an important mechanism which explains the low IFN-y
production by neonatal T cells [32,33]. In contradiction to
the common epigenetic paradigm, in which methylation of
the promoter CpG sites silences gene expression, methyla-
tion of the IL-8 gene has been shown to enhance IL-8 pro-
duction in a breast carcinoma cell line [34]. Taken together,
the reduced IFN-y and higher IL-8 in neonates in the present
study may be due to common epigenetic modifications and
are currently under investigation.

Studies of CMV proteins have suggested that both
humoral and cellular immunity are important in preventing
disease. Proteins which elicit a long-lasting response such as
ppUL32 (pp150), the basic phosphoprotein of the viral tegu-
ment, induces a strong immune serological response that can
be detected several years after the end of the active viral
replication [35]. ppUL44 (pp52), the DNA polymerase
accessory protein, induces a strong and broad early response
in the majority of individuals following infection, and
ppUL80a (pp38), the assembly protein which preferentially
induces an IgM response, were examined in this study [35].
Our findings support these observations, as all neonates
indicative of primary infection showed a response to pp38
whereas more mothers showed a response to pp150. It would
be of interest to follow our neonatal group to determine
when the response to pp150 emerges and whether it is sus-
tained with time. Of interest, after a 10-day interval, a
neonate (N6) showed a greater intensity of response to pp38
but no reactivity to ppl50 had emerged. Although our
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sample group was small (n = 20), in agreement with previ-
ous studies [36] detection of serum IgM to CMV by Western
blotting correlated better with virological data than detec-
tion by conventional EIA. Comparative analysis showed that
Western blotting was more sensitive than EIA in both study
groups. Therefore, although throughput is greater with the
EIA assay, in some groups of CMV-infected patients it may
be more appropriate to use Western blotting analysis. Taken
together, our data imply that human neonates are capable of
mounting a local and individual primary immune response
to CMV infection in utero. These findings may help in elu-
cidating the appropriate design of vaccines suitable for use in
early life.
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