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Neonatal passive immunity, derived from transplacental transfer of IgG antibodies from mother to fetus
during pregnancy, can mitigate the risk for severe infections in the early postnatal period. Understanding
the placenta as the gateway organ in this process, we aimed to evaluate the influence of specific factors
modulating the transplacental IgG transfer rate (TPTR) in 141 mother/neonate pairs. We further evalu-
ated the potential health advantage elicited by maternal IgG with regard to respiratory tract infections
during infancy and early childhood. Data and biological samples collected within the prospective longi-
tudinal pregnancy cohort study PRINCE (Prenatal Identification of Children’s Health) were used for these
analyses. We tested IgG antibody levels against seven pathogens (measles, mumps, rubella, tetanus, diph-
theria, pertussis and influenza A) by ELISA and detected seropositivity in 72.6–100% of pregnant women
and in 76.3–100% of their neonates, respectively. Cord blood IgG levels reached 137–160% of levels
detected in maternal blood. Strikingly, assessment of TPTR for all seven antigens highlighted that TPTR
strongly depends on individual placental function. Subsequent in-depth analysis of anti-influenza A
IgG revealed a link between cord blood levels and uterine perfusion, measured by uterine artery pulsatil-
ity index. Moreover, higher cord blood anti-influenza A IgG levels were associated with a significantly
reduced risk for respiratory tract infections during the first six months of life, indicating a high degree
of cross-reactivity and possible pathogen-agnostic effects of anti-influenza A antibodies. Taken together,
our data suggest that early life immunity is modulated by maternal IgG levels and individual placental
features such as perfusion. Vaccination of pregnant women, i.e. against influenza, can increase neonatal
antibody levels and hereby protect against early life respiratory infections. Consequently, specific guide-
lines should evolve in order to safeguard neonates born from pregnancies with poorer placental capacity
for vertical transfer of protective antibodies.
� 2020 The Authors. Published by Elsevier Ltd. This is an open access articleunder the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Infectious diseases pose a life-threatening risk for neonates and
young infants. This agonizing circumstance has long been attribu-
ted to an immature immune system in neonates and infants. Cur-
rent literature now pinpoints that the severe course of infectious
disease early in life may in fact be the consequence of a dysregu-
lated, overshooting immune response [1]. Since infections are a
pivotal global health burden, it is of paramount importance to
understand and optimize immunity towards pathogens. In the
light of recent and past worldwide pandemics as well as current

http://crossmark.crossref.org/dialog/?doi=10.1016/j.vaccine.2020.12.049&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.vaccine.2020.12.049
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:p.arck@uke.de
https://doi.org/10.1016/j.vaccine.2020.12.049
http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine


M. Albrecht, M. Pagenkemper, C. Wiessner et al. Vaccine 40 (2022) 1563–1571
regional outbreaks of vaccine-preventable diseases, it is striking
that vaccine hesitancy is still widely observed [2].

The placenta is regarded as the gateway organ in human preg-
nancy, as it connects mother and fetus through thin cell layers. This
materno-fetal interface allows for transportation of a wealth of fac-
tors from mother to fetus. Besides nutrients, oxygen and hor-
mones, also maternal immune mediators such as cells, cytokines
and antibodies are vertically transferred to the fetus [3]. Here,
the transfer of maternal antibodies can crucially affect neonatal
and infant immunity, as maternal antibodies include pathogen
specific antibodies which provide passive protection from patho-
gens throughout the first months of life [4,5]. The mechanism
underlying the transfer of maternal antibodies involves binding
of maternal type G immunoglobulins (IgG) to neonatal fragment
crystallizable (Fc)-receptors (FcRn) in endosomes of placental syn-
cytiotrophoblasts. Following the pH gradient between acidic endo-
some and fetal blood, maternal IgG are then shuttled into the fetal
circulation [6]. Noteworthy, the transfer of antibodies frommother
to offspring can continue postnatally, as maternal IgA antibodies
are present in breast milk and serve as a protective component
against mucosa-associated diseases [7].

As a consequence of the availability of pathogen-specific anti-
bodies, early life infections can be passively averted until the off-
spring is capable of acquiring active immunity. This protection
has been confirmed for diseases like pertussis, influenza A and
others until the age of about 6 months. Also, a severe course of
infectious disease, mirrored by hospitalization, is less likely if
maternal antibodies are available [8,9]. Moreover, an intriguing
line of research now suggests that the response to live vaccines
such as measles [10] or BCG (Bacillus Calmette-Guérin) [11] is
associated with non-pathogen specific training of immunity. These
immunoprotective effects are amplified if the infants are vacci-
nated in the presence of maternal antibodies against the same live
vaccines [12]. These findings suggest a pivotal role of maternally-
derived passive immunity for the onset of acquired immunity in
infancy and early childhood.

Clearly, a protection from early life infections is critically
dependent on the presence of pathogen-specific antibodies in the
mother. These can result from previous naturally occurring infec-
tions of the mother or from vaccination. Published evidence is
available to support that immunization of pregnant women
induces a boost in maternal antibody concentrations to specific
pathogens, such as influenza A and pertussis [8,13]. In turn, higher
cord blood antibody concentrations have been associated with a
reduced risk of severe early life infections. However, additional
studies are needed to comprehend markers and mediators that
specifically modulate the efficiency of passive immunity. Tailoring
vaccination regimes for women during reproductive years and
pregnancy is a contemporary, vividly discussed issue, with new
recommendations emerging from current research. Such
approaches could lead to individualized prevention strategies in
vulnerable infants. Current considerations include maternal vacci-
nation against tetanus, diphtheria, pertussis (Tdap) and influenza
A. The overall requirements for the applied vaccines are high:
The vaccine should target pathogens which are particularly dan-
gerous for neonates and infants, preferably also induce non-
specific beneficial effects for early life immunity, be safe for mother
and unborn whilst available at low cost to ensure vaccination also
in societies in transition to wealth.

Given that the placenta is the primary connection between
mother and fetus, it is highly surprising that no insights are yet
available on the impact of placental function, e.g. in vivo uterine
perfusion, on the IgG transfer from mother to fetus. To address
these gaps in knowledge, we here performed an in-depth charac-
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terization of the transplacental transport of IgG antibodies, focus-
ing on an array of antibodies against pathogens that induce
vaccine-preventable diseases. We further assessed the efficiency
and potential cross-reactivity of pathogen-specific maternal IgG
to protect from early life respiratory tract infections.
2. Materials and methods

2.1. Study design

Mother/child pairs participating in the PRINCE study (Prenatal
Identification of Children’s Health) have been used for the present
analyses. The PRINCE study is an ongoing prospective longitudinal
pregnancy cohort study which commenced in 2011. Inclusion cri-
teria for women were age �18 years and a viable pregnancy of
12–14 weeks of gestation; exclusion criteria were chronic infec-
tions (HIV, hepatitis B/C), known drug or alcohol abuse, multiple
pregnancies or pregnancies induced by assisted reproductive tech-
nology. At 12–14, 24–26 and 34–36 weeks of gestation, materno-
fetal ultrasound was performed, a maternal venous blood sample
was taken and pregnancy progression, health status and anthropo-
metric data of the mother were documented. At birth, anthropo-
metric indices of the newborn were obtained, and cord blood
was collected. At the age of 6, 12 (infancy) and 24 months (early
childhood), information on the child’s environment, health status
and other parameters were obtained from self-reported question-
naires, including the occurrence of respiratory tract infections
(influenza-like illness, pneumonia, bronchitis, angina and croup),
number of siblings, day care attendance and duration of breast-
feeding. The timeframes covered by each questionnaire were 0–
6 months, 0–12 months and 12–24 months of life; at the age of
6 months, influenza-like illness was the only respiratory tract
infection queried. From the entire PRINCE study cohort (n = 664),
141 mother/neonate pairs were randomly selected for antibody
measurements. A second subgroup (n = 117) was drawn from the
PRINCE cohort to additionally test for anti-influenza IgG levels only
in order to increase power for planned assessments on uterine per-
fusion and early life immunity. Pregnancy complications were self-
reported at the time of delivery; n = 11 women suffered from ges-
tational diabetes, n = 17 women acquired an infection during preg-
nancy and in 13 cases, hypertension, edema, preeclampsia,
intrauterine growth restriction (IUGR) or small-for-gestational
age (SGA) occurred. Mother/neonate pairs included in either anal-
ysis are referred to as study subjects throughout the manuscript.
Demographics as well as specific information about the study sub-
jects are provided in Table 1.

2.2. Studies in humans

All study subjects signed informed consent forms and the study
protocol was approved by the ethics committee of the Hamburg
Chamber of Physicians under the license number PV 3694 and
was conducted according to the Declaration of Helsinki for Medical
Research involving Human Subjects.

2.3. Blood samples

At each visit during pregnancy, a venous blood sample was
obtained from the mother by peripheral venipuncture and cord
blood was taken from the umbilical cord at birth after cord clamp-
ing. Serum samples were stored at �80 �C until use and were kept
at 4 �C after thawing. We here exclusively used maternal samples
taken between gestational week 24 and 26.



Table 1
Overview of the PRINCE cohort demographics and characteristics, including the subgroups used for present analyses.

PRINCE subgroup tested for 7 AB* PRINCE subgroup only tested for anti-influenza§ Entire PRINCE cohorty

Maternal parameters
Age at birth (years, mean ± SD) 31.8 ± 4.0 33.0 ± 3.7 31.9 ± 3.7
Parity (mean ± SD) 1.7 ± 1.0 2.1 ± 1.0 1.7 ± 1.0
Body Mass Index (kg/m2; mean ± SD) 24.1 ± 3.8 23.4 ± 3.2 24.2 ± 4.0
Underweight (<18.5 kg/m2; %) 2.9 0 1.6
Normal weight (18.5–24.9 kg/m2; %) 65.0 74.1 66.5
Overweight (�25 kg/m2; %) 32.1 25.9 31.9

Educational level (%)
School attendance � 10 years 20.1 19.0 22.2
School attendance 10–13 years 33.8 25.9 27.9
University degree 46.0 55.2 47.1

Newborns’ parameters
Gestational weeks at birth (mean ± SD) 39.6 ± 1.3 39.2 ± 1.2 39.0 ± 1.6
Term (�37; %) 97.9 99.1 94.5
Preterm (<37; %) 2.1 0.9 5.5

Sex
Male (%) 48.9 50.4 51.4
Female (%) 51.1 49.6 48.6

Birth weight (g; mean ± SD) 3509.8 ± 468.3 3529.0 ± 409.6 3472.2 ± 480.7
Height at birth (cm; mean ± SD) 52.0 ± 2.3 52.1 ± 2.3 51.9 ± 2.4

* Available data ranging from n = 137–141.
§ Available data ranging from n = 111–117.
y Available data ranging from n = 640–664. AB = antibodies.
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2.4. Ultrasound measurements

All ultrasound measurements were performed using a Voluson
E8 (General Electric; GE), equipped with a transabdominal 3–
5 MHz transducer (RAB 6D, GE). Measurements were carried out
by two fully trained fetal medicine specialists with certified
advanced ultrasound expertise and in accordance with the guideli-
nes of the International Society of Ultrasound in Obstetrics and
Prenatal Medicine (ISUOG). Placental thickness was measured at
12–14, 24–26 and 34–36 weeks of gestation in the central and
thickest part of the placenta perpendicular to its surface. This area
frequently gives rise to the umbilical cord and can often be suc-
cessfully visualized up to the third trimester. Placental volume
was assessed by transabdominal ultrasound only at gestational
age 12–14 weeks, since an unobstructed view of the placenta is
generally not given later during gestation. Representative ultra-
sound scans are displayed in Supplementary Figure 1. The scanning
plane was chosen at the place where the largest placental surface
area was visualized. The 3D volume was acquired and stored. Sub-
sequently, the following measurements were performed off-line:
1) Virtual Organ Computer-aided Analysis (VOCAL) technique to
obtain a sequence of 12 sections of the placenta, each after a 15�
rotation from the previous one. In each of the 12 planes, the con-
tour of the placenta was drawn manually upon exclusion of the
uterine wall, followed by volume calculation as cm3 from the high-
lighted areas. 2) Uterine artery pulsatility index was measured in a
sagittal plane of the uterus with an ultrasound transducer placed in
either left or right iliac fossae of the abdomen, directed towards the
lateral uterine walls and downwards into the pelvis. Color flowwas
used to visualize the uterine artery as it crosses the external iliac
artery. Pulsed Doppler was used to obtain at least three consecu-
tive consistent flow waveforms. The Pulsatility Index (PI) was cal-
culated on these traced waves automatically by the ultrasound
machine at 12–14, 24–26 and 34–36 weeks of gestation.
2.5. Enzyme-linked immunosorbent assay (ELISA)

Commercially available ELISA kits (EUROIMMUN�, Germany)
were used to determine IgG antibody concentrations to measles-,
mumps-, rubella- and influenza A-virus, Clostridium tetani toxoid
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(TT), Corynebacterium diphtheriae toxoid (DT) and Bordetella pertus-
sis toxin (PT) in maternal serum harvested between gestational
week 24 and 26, and in cord blood serum. Specific IgG are referred
to as anti-measles, anti-mumps, anti-rubella, anti-influenza, anti-
TT, anti-DT, anti-PT in manuscript and Tables. Assays were per-
formed according to the manufacturer’s protocol, with minor
amendments. IgG concentrations were measured in international
units per liter (IU/l) for anti-measles, international units per milli-
liter (IU/ml) for anti-rubella, anti-TT, anti-DT and anti-PT and rela-
tive units per milliliter (RU/ml) for anti-mumps and anti-influenza.
Lower limits of detection were 8 IU/l, 0.3 IU/ml, 0.001 IU/ml,
0.001 IU/ml, 0.2 IU/ml, 0.3 RU/ml and 1 RU/ml, respectively. Sam-
ples with antibody concentrations above the lower limit of detec-
tion were considered seropositive. In total, 141 mother/neonate
pairs were used to test for specific IgG to the above mentioned
seven pathogens; due to the limited volume of serum and sample
handling procedures, not all seven IgG could be assessed in all sam-
ples, specific numbers are provided in the respective description of
the results. Additional 117 sample pairs were tested only for anti-
influenza A IgG. All samples were run in duplicates and maternal
and cord blood on the same microtiter plate to exclude possible
inter-assay variation when comparing maternal and cord blood
IgG concentrations. Transplacental IgG transfer rate (TPTR) was
calculated as: cord blood IgG concentration / maternal IgG concen-
tration * 100.
2.6. Microneutralization assay (MNA)

A subset of 109 mother/neonate pairs that had also been tested
for anti-influenza IgG was used for microneutralization assays
(MNA) to determine the capacity of respective sera to neutralize
live influenza A virus in vitro. To perform the assay, RDE (receptor
destroying enzyme)-treated serum samples were 2-fold serially
diluted in a 96-well microtiter plate and incubated with live influ-
enza A virus (200 PFU/50 ml of influenza A/Hamburg/NY1580/09
(pH1N1)) for 1 h at room temperature to allow antibody binding.
The serum-virus-solution was then added to MDCK (Madin Darby
Canine Kidney)-cells in a 96-well microtiter plate and incubated at
37 �C, 5% CO2 and 95% relative air humidity for 1 h to allow infec-
tion. Subsequently, the antibody-virus-solution was removed, and
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cells were washed with PBS. Fresh medium containing TPCK Tryp-
sin was added, and plates were incubated at mentioned conditions
for 72 h. For MNA readout, a hemagglutination assay was per-
formed using 0.5% chicken red blood cells. The MNA titer was
defined as the inverse proportion of the highest serum dilution at
which viral replication was still being inhibited. Maternal and cord
blood samples were tested on the same microtiter plate and each
tested as duplicates in independent assays. MNA titers for each
sample were expressed as the mean of duplicates. MNA
titers �1:80 were considered to be protective, as it has been stated
to equal the protective titer measured by hemagglutination inhibi-
tion assay (HAI), �1:40 [14].

2.7. Statistical analysis

Geometric Mean Concentrations (GMC) were calculated for
each antibody including 95% confidence intervals (CI). For anti-
measles concentrations and MNA titers, logarithmic transforma-
tion (log10) was used in all calculations. Pearson correlation anal-
yses and linear regression models were used to determine
correlations between antibody concentrations and their influenc-
ing parameters. Furthermore, multivariate regression models were
used to adjust for confounding factors on the number of respira-
tory tract infections at different ages. Regression coefficient B
was used to estimate the impact of variables on respiratory tract
infections and 95% CI were determined. P-values below 0.05 were
considered to be statistically significant. Statistical analyses were
performed with SPSS (version 25) and R (version 3.6.2, DescTools
package). Heat maps were created with pheatmap (v1.0.12) from
CRAN within the R environment (v3.6.2).

3. Results

3.1. High seroprevalence of antibodies against pathogens causing
vaccine-preventable diseases in maternal and cord blood sera

The seropositivity for all tested IgG antibodies (anti-measles, -
mumps, -rubella, -TT, -DT, -PT and -influenza) in both maternal
serum taken between gestational week 24 and 26 and cord blood
obtained at birth ranged between 72.6% and 100% (Table 2). For
all IgG tested, mean antibody levels in cord blood exceeded mean
maternal serum levels of IgG (Table 2) and correlated positively
with maternal antibody concentrations (Fig. 1). Multivariate
regression analysis revealed that higher gestational age at birth
Table 2
Seropositivity rate, mean antibody concentrations and geometric mean concentrations (GM
tested IgG antibodies.

Maternal serum

Seropositivity*
(percentage)

AB concentration
(mean ± SD)

GMC

anti-measles [IU/l] 135/136 (99.3%) 930.1 ± 1304.3 480.5
579.4

anti-mumps [RE/ml] 130/137 (94.9%) 42.8 ± 42.7 27.0
32.1)

anti-rubella [IU/ml] 138/140 (98.6%) 74.2 ± 78.4 47.3
55.8)

anti-TT [IU/ml] 125/125 (100%) 1.3 ± 0.9 1.0 (0
anti-DT [IU/ml] 134/136 (98.5%) 0.4 ± 0.5 0.2 (0
anti-PT [IU/ml] 98/135 (72.6%) 16.5 ± 18.5 11.4

anti-influenza [RU/ml]
PRINCE subgroup tested

for 7 AB
138/138 (100%) 88.4 ± 45.2 73.2

82.3)
All study subjects 255/255 (100%) 87.5 ± 47.0 72.7

79.0)

* Seropositive sample pairs of all tested sample pairs; AB = antibody.
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yielded to significantly higher cord blood concentrations of anti-
measles, anti-rubella and anti-influenza; this association could
not be shown for the other antigens tested. Birth weight had no
impact on cord blood IgG concentrations. No sex-specific differ-
ences could be identified except that male sex was associated with
higher anti-rubella IgG cord blood concentrations (Supplementary
Table 1).

We next investigated if serum IgG levels are associated with the
ability of pathogen neutralization, focusing on influenza A virus.
Here, in vitro MNA confirmed positive correlations between cord
blood and maternal serum MNA titers, between cord blood levels
of anti-influenza IgG and cord blood MNA titer (Supplementary
Figure 2) as well as between maternal serum IgG and maternal
MNA titer (data not shown). The mean MNA titers were 1:570
(SD = 1021.3) and 1:850 (SD = 1506.5) for mothers and neonates,
respectively. Out of 109 tested mother/neonate pairs, 85 maternal
and 82 cord blood samples reached protective MNA titers �1:80.

3.2. Transplacental transport of maternal IgG is dependent on
individual placental function

We next assessed the transplacental IgG transfer rate (TPTR) for
all seven antibodies, which ranged from a lowest degree of 137%
for anti-DT to a highest degree of 160% for anti-measles (Fig. 2).
In order to determine if a pattern reflecting an individual placental
capacity to transport IgG can be identified, we plotted the Z scores
of the TPTR in a heat map for each mother/neonate pair (Fig. 3).
Strikingly, this approach clearly unearthed the existence of placen-
tas with an overall high or low capacity for IgG transfer, irrespec-
tive of the pathogen specificity. Among our study cohort, approx.
25% of study subjects showed continuously high TPTR. A similar
percentage of study subjects showed a continuously low TPTR
and the remaining �50% did not reveal a recognizable trend of
the TPTR range. We could exclude that storage duration of our
samples confounded the TPTR (data not shown). Further, the mean
TPTR of individuals experiencing pregnancy complications did not
significantly differ from the mean TPTR of study subjects with
healthy progressing pregnancies (data not shown).

Based on these novel insights, we next evaluated if placental
ultrasound features allow to identify placentas with a high or
low capacity for IgG transfer. As potential modulators for IgG trans-
fer, we assessed placental volume, placental thickness, pulsatility
index (PI) and notching of uterine arteries. Noteworthy, the placen-
tal volume was only measured at gestational week 12–14, since the
C) in maternal sera at gestational week 24–26 and corresponding cord sera for seven

Cord blood serum

(95% CI) Seropositivity*
(percentage)

AB concentration
(mean ± SD)

GMC (95% CI)

(398.4–
)

135/136 (99.3%) 1680.6 ± 2897.7 734.2 (595.5–
905.2)

(22.7– 132/137 (96.4%) 61.6 ± 61.8 39.2 (32.8–
46.8)

(40.1– 138/140 (98.6%) 111.1 ± 124.9 67.1 (56.3–
80.0)

.9–1.2) 125/125 (100%) 1.9 ± 1.4 1.4 (1.2–1.6)

.1–0.2) 134/136 (98.5%) 0.4 ± 0.5 0.2 (0.2–0.2)
(9.7–13.5) 103/135 (76.3%) 22.5 ± 26.1 15.5 (13.1–

18.2)

(65.1– 138/138 (100%) 117.6 ± 54.8 104.5 (95.5–
114.4)

(66.9– 255/255 (100%) 115.0 ± 59.1 100.6 (94.0–
107.8)



Fig. 1. Correlation between maternal and cord blood serum IgG levels. Fig. 1 a-g show the concentrations of specific IgG to antigens of measles-, mumps-, rubella- and
influenza A-virus, as well as TT, DT and PT in maternal serum (gestational week 24–26) and concentrations of IgG to the same pathogens in cord blood taken at birth. Each dot
represents a mother/neonate pair. All correlations are significant to p < 0.001. AB = antibody.

Fig. 2. Percent TPTR for respective pathogen-specific IgG. TPTR was calculated as:
cord blood IgG concentration / maternal IgG concentration * 100. Data are shown as
mean ± 1 SD. Number of mother/neonate pairs are provided in Table 2.
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larger placental size later in gestation impedes ultrasound-based
placental volumetry. Placental thickness, PI and notching of uterine
arteries were assessed at three timepoints during gestation, at
weeks 12–14, 24–26 and 34–36 (Table 3). Given that the highest
number of IgG assessments were available for anti-influenza, we
solely analyzed the impact of the placental features on cord blood
anti-influenza concentrations. Regression models revealed no cor-
relation between cord blood anti-influenza and placental thickness
or placental volume (data not shown). With regard to uterine per-
fusion, our data suggest potential negative correlations between PI
and cord blood anti-influenza IgG levels at all gestational time-
points. Although levels of significance were not reached, the stron-
gest trend was noted at 34–36 weeks of gestation (p = 0.06, Fig. 4).
3.3. Higher cord blood anti-influenza antibody levels protect from
influenza-like illness during early life

In order to assess if higher cord blood IgG levels can indeed be
linked to health advantages of the offspring, we documented the
occurrence of a number of different respiratory tract infections in
children during their first 24 months of life (Table 4). Of all respi-
ratory tract infections, influenza-like illness was the most fre-
quently reported disease. Multivariate linear regression models,
with number of infections as dependent variable, included cord
blood anti-influenza concentrations and other potential con-
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founders such as gestational age, birth weight, presence of older
siblings, day care attendance, breast feeding and maternal BMI.
Strikingly, the magnitude of cord blood anti-influenza concentra-
tions was inversely correlated with the occurrence of respiratory
tract infections during the first six month of life (Table 5). This
finding implies that maternal anti-influenza antibodies may have
pathogen-agnostic effects on microorganisms causing contagious
respiratory diseases, communicating protection not only against
influenza viruses but also towards other respiratory viruses and
bacteria. Between birth and 12 months of age, a higher number
of older siblings and the attendance of day care were associated
with more respiratory tract infections; between 12 and 24 months,
male sex and the attendance of day care determined the risk for
respiratory tract infection, while cord blood anti-influenza levels
had no significant influence.
4. Discussion

In a unique cohort of mother/child pairs we here assessed the
role of transplacental antibody transfer on the incidence of respira-
tory illness during infancy and early childhood. We identified that
vaccine-specific antibody concentrations in cord blood exceed
maternal serum levels and protect from respiratory illness during
the first six months of life. Within the limits of our cohort size,
our data suggest a potential link between placental function and
the extent of transplacental maternal IgG transfer.

The neonatal Fc-receptor (FcRn), which is expressed in placental
syncytiotrophoblasts, plays a key role in the transplacental transfer
of IgG. The amount of antibody that can be transferred to the fetus
is limited by the amount of FcRn expressed by syncytiotro-
phoblasts [15]. Thus, we initially assumed that a high or low pla-
cental IgG transfer rate may directly result from placental
volume parameters, as a greater placental cell mass may lead to
a superior transplacental transport by the mere fact of higher abso-
lute FcRn expression. However, the regression models we applied
did not support such link, as no significant correlation could be
identified between the placental volume parameters and the
amount of antibody detected in cord blood. Analysis of placental
FcRn expression could provide additional insights on the interac-
tion between placental tissue parameters and prenatal antibody
transfer. When focusing on uterine perfusion, mirrored by the PI,
our data suggest that less antibodies are transferred when PI is
high. A high PI is associated with higher resistance in the uterine
arteries, allowing for less effective placental blood flow [16,17].
Although levels of significance were not quite reached, our obser-



Fig. 3. Z-scores of TPTR of individual mother/neonate pairs. Each horizontal bar
represents the TPTR measured for one mother/neonate pair, expressed as deviation
from the mean (denoted in the color code). Each vertical bar represents a specific
antibody.

Table 3
Ultrasound parameters of study population.

Parameter (n) Mean ± SD (reference range)

Placental thickness (mm)
at gestational week 12–14 (226) 18.7 ± 4.4
at gestational week 24–26 (201) 24.8 ± 6.3
at gestational week 34–36 (141) 34.7 ± 9.1

Placental volume (cm3)
at gestational week 12–14 (143) 87.7 ± 27.7
at gestational week 24–26 (n.a.) n.a.
at gestational week 34–36 (n.a.) n.a.

Mean Pulsatility Index
at gestational week 12–14 (181) 1.4 ± 0.5 (0.99–2.24)*
at gestational week 24–26 (241) 0.8 ± 0.2 (0.64–1.35)*
at gestational week 34–36 (241) 0.7 ± 0.2 (0.48–0.95)*

Notching (n) %
at gestational week 12–14 (176)
none (112) 63.3
unilateral (33) 18.8
bilateral (31) 17.6

at gestational week 24–26 (241)
none (226) 93.8
unilateral (11) 4.6
bilateral (4) 1.7

at gestational week 34–36 (239)
none (228) 95.4
unilateral (10) 4.2
bilateral (1) 0.4

n.a. = data not available.
* Reference ranges according to [14].
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vations support that a less effective uterine perfusion leads to a
diminished transplacental antibody transfer. This was especially
evident in the third trimester of pregnancy, when IgG transfer
should occur at highest rate. Future studies need to confirm the
hypothesis that the PI may indicate the degree of passive immunity
in the offspring, possibly irrespective of the magnitude of maternal
IgG levels.

It should be emphasized that we performed our analyses exclu-
sively in maternal samples that were taken between gestational
week 24 and 26, which is a relatively early gestational timepoint
compared to other seroprevalence studies [18,19]. Here, we
observed that the maternal antibody concentration is the main
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determinant for cord blood antibody levels and hence, early life
immunity. Furthermore, for all IgG tested, concentrations in cord
blood exceeded maternal serum levels, a finding that underpins
the active nature of transplacental IgG transport. Our results are
in line with published evidence on transplacental antibody transfer
assessments where maternal samples had been taken later in ges-
tation compared to our study [20,21]. Clearly, dependent on the
timepoint of blood sampling during pregnancy, correlation coeffi-
cients between maternal and cord blood levels may differ, since
the maximum efficiency of IgG transfer occurs during the third tri-
mester [22].

We here deliberately chose to analyze maternal IgG concentra-
tions at gestational week 24–26, as this would allow for maternal
vaccination to be administered earlier during gestation, e.g. when
antibody levels against distinct pathogens were found to be low.
Upon maternal vaccination initiated around gestational week 24–
26, protective IgG levels may still be mounted by the mother
before birth at term, along with the respective transplacental IgG
transfer to the fetus. As shown in a number of vaccine trials, immu-
nization of pregnant women can indeed result in higher antibody
concentrations in the mother and neonate, which reduces the risk
for vaccine-preventable diseases, e.g. pertussis, early in life
[8,9,13,23]. In support of these results, we have also shown that
transplacental transfer does not interfere with IgG performance,
as neonatal anti-influenza antibodies are functional in their ability
to neutralize live influenza A virus.

Taken together, current research highlights the importance of a
well-maintained vaccination status of pregnant women and
women during their reproductive years. Maternal immunization
is a potent measure to prevent infectious diseases in both pregnant
women and their offspring. It has been recommended to immunize
pregnant women against tetanus, diphtheria and pertussis with
the Tdap vaccine between 28 and 32 weeks of gestation as well
as against influenza A at any stage of pregnancy [24–27]. Other live
vaccines like the measles-mumps and rubella vaccine (MMR) are
contraindicated during pregnancy due to a theoretical risk of
transplacental transmission of live virus and should therefore be
administered before the onset of a pregnancy [28]. To ensure the



Fig. 4. Correlation between pulsatility index (PI) and anti-influenza A IgG levels in cord blood serum. (a) Correlation using PI measured at gestational week 12–14 (p = 0.3), (b)
at gestational week 24–26 (p = 0.3) and (c) at gestational week 34–36 (p = 0.06), respectively. Each dot represents a mother/neonate pair. Exemplary ultrasound image of a
low (d) and high (e) PI taken at gestational week 34–36.

Table 4
Respiratory tract infections by age group in study population.

Respiratory Tract Infection by
Age Group (n)

Overall
incidence

Number of infections
(mean ± SD)

At age of 0–6 months (216)
Influenza-like illness 79.6% 1.7 ± 1.6

At age of 0–12 months (185)
Influenza-like illness 95.1% 3.1 ± 2.2
Pneumonia 3.2% 0.0 ± 0.2
Angina 2.6% 0.1 ± 0.8
Bronchitis 23.8% 0.4 ± 0.8
Croup 4.9% 0.1 ± 0.4

At age of 12–24 months (162)
Influenza-like illness 95.1% 4.3 ± 3.4
Pneumonia 5.6% 0.1 ± 0.3
Angina 7.4% 0.1 ± 0.6
Bronchitis 34.6% 0.7 ± 1.5
Croup 15.4% 0.2 ± 0.6

Table 5
Regression model for respiratory tract infections in study population.

Variable B 95% CI (B) p

At the age of 0–6 months (n = 212)
Cord blood anti-influenza [RU/ml] �0.002 �0.004–0.000 0.019
Gestational age at birth (weeks) �0.036 �0.128–0.055 0.437
Male sex 0.129 �0.079–0.338 0.223
Birth weight (g) 0.000 0.000–0.000 0.462
Maternal BMI (1st trimester; kg/m2) 0.018 �0.009–0.046 0.194

At the age of 0–12 months (n = 178)
Cord blood anti-influenza [RU/ml] 0.000 �0.001–0.002 0.562
Gestational age at birth (weeks) �0.017 �0.089–0.055 0.642
Male sex 0.154 �0.003–0.311 0.055
Birth weight (g) 0.000 0.000–0.000 0.885
Maternal BMI (1st trimester; kg/m2) �0.018 �0.041–0.006 0.144
Breastfeeding (yes) �0.021 �0.185–0.144 0.805
Older siblings (yes) 0.329 0.168–0.491 0.000
Day care (yes) 0.179 0.007–0.351 0.041

At the age of 12–24 months (n = 155)
Cord blood anti-influenza [RU/ml] 0.000 �0.001–0.001 0.960
Gestational age at birth (weeks) �0.049 �0.117–0.020 0.162
Male sex 0.166 0.028–0.303 0.018
Birth weight (g) 0.000 0.000–0.000 0.371
Maternal BMI (1st trimester; kg/m2) 0.000 �0.020–0.020 0.989
Breastfeeding (months) 0.005 �0.001–0.012 0.092
Older siblings (yes) �0.068 �0.218–0.082 0.376
Day care (yes) 0.424 0.159–0.689 0.002
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maximum health benefits for mothers and their offspring, these
vaccination recommendations ought to be closely followed by
expectant mothers and thoroughly monitored by obstetricians.
Special attention should here be paid to women experiencing preg-
nancy complications or suffering from systemic diseases, as those
ailments can be accompanied by an impaired placental function,
along with a reduction of maternal antibody transfer [29–31].

Our study has limitations. First, the design was not suitable to
evaluate the influences of pregnancy complications on the TPTR,
as number of self-reported complications was generally low. Sec-
ond, information about the infection prevalence during infancy
and early childhood was derived from parent-reported question-
naires and not based on doctors’ notes or laboratory confirmation.
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The inverse association between cord blood anti-influenza levels
and reduced risk for early life respiratory infections is in line with
previous studies [23,32]. Strikingly, maternal influenza A vaccina-
tion seems to be protective not only in a pathogen-specific but also
in a non-specific fashion. This is impressive considering the fact
that hemagglutinin (HA) and neuraminidase (NA), the main anti-
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genic surface proteins of influenza A targeted by neutralizing anti-
bodies, are not found on common respiratory viruses like adeno-,
rhino- or respiratory syncytium viruses. A reduction of acute respi-
ratory illness was also found in neonates and infants <2 months of
age when their mothers had been vaccinated with Tdap during
pregnancy [33]. Thus, it may be interesting to investigate the
repertoire of non-neutralizing antibodies to influenza A and other
respiratory pathogens frequently found in infants with respiratory
tract infections. The detection of antigenic similarities may be used
to identify novel vaccine components or optimize adjuvants. Fur-
thermore, larger studies targeting the impact of maternal vaccina-
tion and maternal antibody repertoire on the non-specific
reduction in respiratory tract infections in infants are urgently
needed to emphasize the effectiveness of maternal vaccination
strategies.

5. Conclusion

The magnitude of maternal antibodies is a critical protective
factor against severe infectious diseases during the first months
of life. Vaccination recommendations should thus be followed clo-
sely for pregnant women and those wishing to become pregnant in
order to ensure transplacental antibody transfer at its highest effi-
cacy. Ultrasonic monitoring of uterine artery PI along with surveil-
lance of maternal immunity status needs to be confirmed as a
predictive marker. Here, joined efforts should be made by prenatal
screening specialists, obstetricians and pediatricians to provide
specific recommendations prenatally to identify and protect neo-
nates at risk for poor immunity early in life.
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