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Introduction: Factors influencing vaccine immune priming in the first year of life
involve both innate and adaptive immunity but there are gaps in understanding
how these factors sustain vaccine antibody levels in healthy infants. The
hypothesis was that bioprofiles associated with B cell survival best predict
sustained vaccine 1gG levels at one year.

Methods: Longitudinal study of plasma bioprofiles in 82 term, healthy infants,
who received standard recommended immunizations in the United States, with
changes in 15 plasma biomarker concentrations and B cell subsets associated
with germinal center development monitored at birth, soon after completion of
the initial vaccine series at 6 months, and prior to the 12-month vaccinations.
Post vaccination antibody 1gG levels to Bordetella pertussis, tetanus toxoid, and
conjugated Haemophilus influenzae type B (HiB) were outcome measures.

Results: Using a least absolute shrinkage and selection operator (lasso)
regression model, cord blood (CB) plasma IL-2, IL-17A, IL-31, and soluble
CD14 (sCD14) were positively associated with pertussis 1gG levels at 12
months, while CB plasma concentrations of APRIL and IL-33 were negatively
associated. In contrast, CB concentrations of sCD14 and APRIL were positively
associated with sustained tetanus IgG levels. A separate cross-sectional analysis
of 18 mother/newborn pairs indicated that CB biomarkers were not due to
transplacental transfer, but rather due to immune activation at the fetal/maternal
interface. Elevated percentages of cord blood switched memory B cells were
positively associated with 12-month HiB IgG levels. BAFF concentrations at 6 and
12 months were positively associated with pertussis and HiB 1gG levels
respectively.
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Discussion: Sustained B cell immunity is highly influenced by early life immune
dynamics beginning prior to birth. The findings provide important insights into
how germinal center development shapes vaccine responses in healthy infants
and provide a foundation for studies of conditions that impair infant immune

development.
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Introduction

During the first 6 months of life, healthy newborns in the United
States receive 16 vaccinations that include challenge to over 20
different immunizing antigens (1). However, infancy is a time of
transient B-cell hypo-responsiveness, and establishing immunologic
memory requires multiple booster vaccines to maintain protection
during early life (2). Factors that influence the breadth and character
of infant immune priming include interactions between innate and
adaptive immunity within the lymphoid germinal centers, which
transition immune polarization away from fetal and maternal
tolerance toward the postnatal environment formed by pathogen
exposure and the microbiome (3). Humoral immunity in infants
consists predominantly of naive, IgM" B cells that have not
undergone class switch or affinity maturation (4). Germinal centers
are underdeveloped due to low levels of T follicular helper cells,
decreased expression of Thl cytokines, and functional immaturity of
follicular dendritic cells (5). Beyond germinal centers and T-cell and
B-cell development, early vaccine antibody responses are influenced
by passively acquired maternal IgG and breastfeeding, mode of
delivery, and antibiotic use (6-9).

Adding to this complexity, individual vaccine antigens and
vaccine adjuvant formulations vary in their immunogenicity; thus,
assessing vaccine responses in infants requires consideration of
multiple variables to determine the role that individual factors play
in maintaining antibody-mediated protection. Measurable
biomarkers of immune development include multiple cell types,
along with their associated cytokines and cellular receptors.
Germinal center development and B-cell class switch are
associated with IL-21, CD40/CD40 ligand, BAFF, and APRIL
(10). The role of macrophages can be assessed by measuring
soluble CD14 (sCD14), the end result of signaling through TLR4
known to provide additional boost for antibody production as
demonstrated by the use of TLR4 agonists as adjuvants to induce

Abbreviations: APRIL, A proliferation-inducing ligand; AAP, American
Academy of Pediatrics; BAFF, B-cell activating factor; C-section, caesarian
section; CD, cluster differentiation; CB, cord blood; ELISA, enzyme-linked
immunosorbent assay; HiB, Haemophilus influenzae type B; IL, interleukin;
IFN, interferon; LASSO, least absolute shrinkage and selection operator; LPS,
lipopolysaccharide; PBMCs, peripheral blood mononuclear cells.
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germinal center B-cell antibody production (11). Biomarkers of T-
cell differentiation include IL-2, IL-17, IL-22, and interferon y (IFN-
vY). Taken together, these biomarkers can be measured in plasma
and enable a means to establish bioprofiles of early
immune development.

Few studies have examined the multiple factors influencing
vaccine responses in healthy infants (2, 3). Consequently, normal
ranges for many immune cytokines have not been established in
healthy infants over the first year of life to enable comparisons to
infants with altered immunity. In our study, the complex network
cells and cytokines shaping vaccine responses over time were
examined in a cohort of healthy infants to define the relationships
between immune biomarkers and sustained vaccine responses at 1
year of age. Changes in plasma concentrations of biomarkers
associated with humoral immune development were examined
based on the hypothesis that factors associated with B-cell
survival and germinal center formation best predict sustained
vaccine antibody levels during the first year of life. Bioprofiles
were measured at birth; prior to vaccination; soon after the initial
vaccine battery at 2, 4, and 6 months; and then 6 months later to
determine their relationships to vaccine IgG levels. The study
population included a longitudinal assessment of infants who
were breast, formula, or mixed fed during the first year of life.
These infants were subsequently examined for antibody responses
to three T-cell-dependent standard vaccines [Bordetella pertussis,
tetanus toxoid, and conjugated Haemophilus influenzae type B
(HiB)] with the goal of identifying biomarkers that contribute to
sustained antibody levels in healthy infants (12, 13).

Methods
Study design

Pregnant or immediately post-partum women were recruited
through the obstetrics clinics and the labor and delivery clinics of the
University of South Florida, All Children’s Hospital, Tampa, FL;
University of North Carolina at Chapel Hill Hospitals, Chapel Hill,
NGC; and Duke University Medical Center and Health System,
Durham, NC. All mothers provided informed consent approved by
the Institutional Review Board at each location (ClinicalTrials.gov
Identifier NCT00683579). For this longitudinal study, 82 newborns
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were eligible for enrollment, and only infant samples were obtained.
Mothers could elect their preferred feeding methods. Maternal
immunization history was not available for all mothers. Exclusion
criteria included infants delivered by caesarian section (C-section) or
<37 weeks’ gestation; infants born with congenital conditions, such as
inborn errors of immunity or metabolic disorders; and infants with
chronic medical conditions, particularly those that could influence
infant immunity such as maternal HIV, immunodeficiency, use of
immunosuppressive medications, malignancy, or autoimmunity. For
the purpose of evaluating transplacental transfer of plasma factors, an
additional cross-sectional cohort of 18 de-identified, archived paired
mother/infant plasma samples were obtained from the Carolina Cord
Blood Bank. Maternal samples were collected within 2 days of
delivery, and corresponding infants’ cord blood (CB) plasma
samples were obtained at birth.

Longitudinally assessed infants received standard immunizations
on the schedule recommended by the American Academy of
Pediatrics (AAP) for all infants in the United States (1).
Immunizations included three doses of the pertussis, tetanus
diphtheria [Pediatrix (DTaP/HepB/IPV): 54.2%, Pentacel (DTaP/
IPV/HiB): 45.8%, or Daptacel (DTaP): 1.4%], and HiB [Pentacel
(DTaP/IPV/HiB): 45.8%; Pedax (HiB): 37.8%, or ActHib (HiB):
10.8%] at 2, 4, and 6 months of age. No further immunizations
were administered until 12 months of age. When possible, each
newborn had a CB sample (pre-immunization) collected. Additional
infant peripheral blood samples of 7 to a maximum of 20 ml of whole
blood were collected approximately 7-14 days after the 6-month
immunization as early vaccine response and within 2 weeks prior to
the 12-month vaccinations as the 6-month “memory” response
(Figure 1). From the whole blood, double-spun plasma aliquots
were collected and cryopreserved for batch measurements.
Peripheral blood mononuclear cells (PBMCs) were collected by
gradient centrifugation with LymphoprepTM (Stem Cell
Technologies, Cambridge, MA). Infants’ missing data from one of
the time points were still included in the analysis. Mothers recorded
their feeding methods, illnesses, medications, vaccinations, and dates
using a personal diary until their infants were 12 months of age. Study
data were collected and managed using Research Electronic Data
Capture (REDCap) secure electronic data capture tools hosted at
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Duke University (14, 15). Data recorded included infant sex, race,
ethnicity, and maternal Group B Streptococcus (GBS) screening
status. Feeding outcomes were classified into three groups:
exclusive breastfeeding for 6 months (breast fed), exclusive formula
feeding (formula fed), or mixed feeding (mixed fed).

ELISAs for vaccine responses

The IgG levels to Bordetella pertussis, tetanus toxoid, and
Haemophilus influenzae type B (HiB) were measured according to
the respective manufacturer’s instructions: Bordetella pertussis
(Abcam, Cambridge, MA) (16), tetanus (Binding Site, San Diego,
CA), and Haemophilus influenzae (Binding Site, San Diego, CA)
(13, 17). Bordetella pertussis ELISA used Bordetella pertussis toxin-
coated 96-well plates for detection of IgG (U/ml). Tetanus ELISA
used tetanus toxoid antigen-coated 96-well plates for detection of
IgG (IU/ml). Haemophilus influenzae ELISA used 96-well plates
coated with HiB capsular polysaccharide antigen conjugated to
human serum album for the detection of IgG (mg/ml). ELISA
results were analyzed using Tecan’s MagellanTM Software.

Enumeration of leukocyte populations
using multi-color flow cytometry

A complete blood count (CBC) with differential was performed
on collected whole blood samples (Beckman Coulter A° Tdiff2,
Beckman Coulter, Inc.). Percentages of T cells, B cells, and natural
killer cells were measured in 50 pl of whole blood by multi-color
flow cytometry using the six-color TBNK reagent (data not shown)
(BD, Franklin Lakes, NJ). B-cell subsets were measured in freshly
isolated PBMCs by multi-color flow cytometry using the FACS
Canto cytometer (BD, Franklin Lakes, NJ). Fluorochrome-
conjugated antibodies used for B-cell subset analysis by flow
cytometry included CD19-PerCP (clone HIB19), CD24-APC
(clone ML5), CD38-FITC (clone HIT2), CD27-PECy7 (clone M-
T271), IgG-PE-Cy7 (clone G18-145), IgD-BV421 (clone 1A6-2),
IgM-APC (clone MHM-88), and IgA-FITC (polyclonal, Southern
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Study design. Longitudinal blood samples, symbolized by blood tubes, were obtained from newborn cord blood, at 7 to 14 days after the 6-month
immunization series and at 12 months prior to the immunizations. Blue syringes symbolize the vaccines administered at 2, 4, 6, and 12 months
[Diphtheria, tetanus, acellular Pertussis, Haemophilus influenzae type b (HiB), Hepatitis B, Rotavirus, and pneumococcal conjugate], as recommended
by the United States AAP/ACIP guidelines. The 6-month blood sample represents the immediate post-vaccine immune response, and the 12-month
sample, drawn prior to the 12-month vaccinations, represents sustained “memory”, IgG antibody concentrations to Bordetella pertussis toxin, HiB,

and tetanus toxoid at 12 months
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Biotech). Zombie aqua (BioLegend, San Diego, CA) was used to
differentiate live/dead lymphocytes.

Flow cytometry results were analyzed using FlowJo, version 10.7
(BD, Franklin Lakes, NJ). As illustrated in Supplementary Figure 1,
switched (CD19°CD27'IgD") and non-switched memory B cells
(CD19°CD27'IgD") were gated on the CD19" subset and defined
by their CD27 and IgD expression. Naive B cells
(CD19"CD24"CD38), transitional B cells (CD19"CD24"CD38"™),
and plasmablasts (CD19"CD24 CD38™) were gated on the CD19"
subset and defined by their CD24 and CD38 expression. IgG-
producing B cells (CD19%1gG"), IgM-producing B cells
(CD19"1gM"), and IgA-producing B cells (CD19¥IgA™) were
gated on the CD19" subset and defined by their IgG, IgM, and
IgA expression (data not shown). All B-cell subsets are shown as
percent of total CD19" cells.

ELISA and multiplex assays for
plasma biomarkers

Biomarkers associated with inflammation, macrophage, and
lymphocyte activation were measured by magnetic bead-based
multiplex according to the manufacturer’s instructions, including
APRIL/TNFSF13, BAFF/TNFSF13B, sCD163, IL-2, IL-1f, IL-4, IL-
5, IL-6, IL-10, IL-17A, IL-17F, IL-21, IL-22, IL-23, IL-25, IL-31, IL-
33, IFN-y, sCD40L, and TNF-o. (Bio-Rad, Hercules, CA). Multiplex
results were analyzed with Bio-Plex Manager Software (Bio-Rad,
Hercules, CA). sCD14 was measured by ELISA according to the
manufacturer’s instructions (R&D Systems, Minneapolis, MN) (18)
and analyzed using Tecan’s MagellanTM Software (Tecan US,
Morrisvillle, NC).

Statistical analysis

The primary outcome of the study was tetanus, HiB, and
pertussis 1gG levels at 12 months of life. An unpaired non-
parametric one-way ANOVA (Kruskal-Wallis), with Dunn’s post
hoc test, was applied to detect changes in tetanus, HiB, and pertussis
IgG levels, B-cell subsets, and plasma biomarker concentrations
between time points. A Wilcoxon paired signed-rank test was used
to detect changes in biomarker concentrations between mothers
and infant CB samples. A Wilcoxon paired signed-rank test was
used to examine transplacental transfer of biomarkers in the cross-
sectional study involving mothers and their newborns. Spearman
correlations were applied to define associations between plasma
biomarkers. A Kruskal-Wallis analysis was performed to determine
if sex, race, geographic location, GBS status, or feeding method
affected vaccine IgG levels at 12 months. A linear mixed-effects
model and a least absolute shrinkage and selection operator
(LASSO) regression statistical model were applied to determine
any associations between B-cell subsets (switched memory B cells,
non-switched memory B cells, naive B cells, transitional B cells, and
plasmablasts), cytokine soluble factors (APRIL, BAFF, IL-2,
sCD40L, 1L-1B, IL-4, IL-17A, IL-21, IL-22, 1L-25, IL-31, IL-33,
IEN-y, sCD163, and sCD14), and 12-month tetanus, HiB, and

Frontiers in Immunology

10.3389/fimmu.2023.1152538

pertussis IgG levels. The LASSO regression model was fitted to
input variables from each time point separately to identify soluble
factors contributing to the vaccination outcome from samples
collected at different times. A Benjamini-Hochberg correction
with a false discovery rate (FDR) of 20% was used to correct for
multiple comparisons in the simple linear regression and mixed-
effects models. For biomarkers with values below the lower limit of
detection (LLOD), a value one digit below the LLOD was assigned.
Biomarkers were measured but not included in the analysis because
more than 40% of the results below the lower limit of detection
(LLOD) were IL-5, IL-6, IL-10, IL-23, and TNF-o. GraphPad Prism
software version 9.4.1 (San Diego, CA) and the R language and
environment for statistical computing was used for statistical
analysis. Linear mixed-effects regression was performed using the
ImerTest package, and LASSO regression was performed using the
glmnet package in R.

Results
Study population

The longitudinal study included 82 term vaginally delivered
healthy infants with a diverse racial background recruited from sites
in Florida and North Carolina. Demographics of the study cohort
are shown in Table 1. Infant sex was evenly distributed between
female (52%) and male (48%) infants. Median gestational age of the
cohort was 39 weeks (range 37-41 weeks). A third of the mothers
(33%) tested positive for Group B Strep (GBS) prior to delivery,
with all except one receiving antibiotics during delivery. Nearly half
(49%) of infants were exclusively breast fed for the first 6 months of
life, while 21% were exclusively formula fed, and 31% were fed a
mixed diet of formula and breast milk. The cross-sectional study of
18 healthy mother/infant pairs included 67% Caucasian, 17%
African American, and 39% Hispanic. The infants were 50% male
and 50% female.

Bordetella pertussis (pertussis),
Haemophilus influenzae B, and tetanus
toxoid (tetanus) IgG levels over the first
year of life

All infants received pertussis, HiB, and tetanus immunizations
at 2, 4, and 6 months of age. Antibody IgG levels were measured in
CB prior to any immunizations, 7 to 14 days after the 6-month
immunization, and just prior to the 12-month immunizations
(Figure 1). CB IgG levels were highly variable across the cohort,
reflecting the variable vaccination status of the mothers and
resulting in passively acquired maternal antibodies in the
newborns (Figures 2A-C) (19). Comparison of 6- and 12-month
infant IgG levels showed a decline between immediate post-
immunization IgG levels at 6 months and the IgG levels obtained
at 12 months, just prior to the booster vaccinations.

Demographic variables including feeding method, maternal
race, infant race, sex, and GBS status did not correlate with 6- or
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TABLE 1 Demographics of longitudinal healthy infant cohort.

Total N = 82 N (%)

Recruitment Location

North Carolina 71 (86.6)
Florida 11 (13.4)
Mother's Race and/or Ethnicity

Caucasian 43 (52.4)
African American 25 (30.5)
Asian 7 (8.5)
Hispanic, Latin, or Spanish 3(3.7)
Multiracial 2(24)
Not provided 2(2.4)
Infant Sex

Female 43 (52.4)
Male 39 (47.6)
Infant’s Race and/or Ethnicity

Caucasian 42 (51.2)
African American 25 (30.5)
Mixed race 8(9.8)
Asian 5(6.1)
Hispanic, Latin, or Spanish 2(2.4)
Group B Streptococcus Screening Status

Negative 54 (65.9)
Positive 27 (32.9)
Unknown 1(1.2)
Feeding Method

Breast fed 40 (48.8)
Mixed fed 25 (30.5)
Formula fed 17 (20.7)

All infants were born at term gestation (=38 weeks) via vaginal delivery.

12-month IgG levels of pertussis, HiB, or tetanus (data not shown).
Higher pertussis CB IgG levels were weakly negatively correlated
with pertussis IgG concentrations at 12 months (r = -0.5607, p =
0.002); in contrast, no significant correlations between CB and 12-
month IgG levels to HiB and tetanus were detected (Figures 2D-F).

Measurements of plasma biomarkers of
immune development and cellular
activation throughout the first year of life

Changes in plasma cytokines and soluble factors associated with
innate, T-cell, and B-cell immunity were measured at each time
point, while B-cell subsets were measured by flow cytometry.
Biomarkers derived from the activated CD4 T cell and T
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follicular cell involved in immunoglobulin (Ig) class switch (IL-
21, sCD40L) (10) and biomarkers involved in B-cell maturation and
survival (BAFF and APRIL) (20) are shown in Figures 3A-D. These
biomarker concentrations were highest in CB and declined during
the first year of life. However, the concentrations, particularly in CB,
were highly variable among infants. Biomarkers associated with
Thl T cells (IL-2 and IFN-y, Figures 3E, F), Th2 (IL-4 and IL-31,
Figures 3G, H), and Th17 T cells (IL-17A, IL-22, and IL-25,
Figures 3I-K) (21-23) are also shown in Figure 3. IL-2
concentrations soon after vaccination (6 months) were higher
than CB, while plasma IFN-y concentrations did not change
significantly before or after vaccination. IL-4 concentrations were
highest in CB, but there was no difference in IL-31 concentrations in
response to vaccination. IL-17A and IL-22 concentrations were
highest in CB, declining at 6 and 12 months, while IL-25
concentrations did not significantly change with immunizations.
Biomarkers associated with macrophage activation, including IL-
1B, sCD14, and sCD163, and germinal center endothelial cell-
derived IL-33 are shown in Figures 3L-O (24, 25). IL-1B, sCD14,
and sCD163 displayed varying patterns in response to vaccine
administration, whereas IL-33 displayed little change. A summary
of the normal ranges for healthy infants for all the biomarkers is
provided in Supplementary Table 1. CB contained lower
percentages of B cells expressing IgG or IgA with decreases in
naive B cells but no change in transitional B-cell percentage across
the first year of life (data not shown). The proportion of switched
memory B cells and plasmablasts increased significantly comparing
pre-vaccination CD19 B-cell percentages at birth (CB) to 7-14 days
post vaccination (6 months), and this level was sustained
throughout infancy (12 months) (Figures 3P, Q). Biomarker
variations were not based on recruitment location, feeding
method, race, sex, or GBS status (data not shown). CB contained
lower percentages of B cells expressing IgG or IgA with decreases in
naive B cells but no change in transitional B-cell percentage across
the first year of life (data not shown). In general, biomarker
variations were independent of recruitment location, feeding
method, race, sex, or GBS status (data not shown).

Associations between IgG and
plasma biomarkers levels at 6
months post vaccination

A linear mixed-effects model for the repeated measures revealed
significant correlations between APRIL and IFN-y with 12-month
tetanus IgG levels and APRIL, BAFF, IL-21, IL-17A, and sCD14
with 12-month pertussis 1gG levels (Table 2). A least absolute
shrinkage and selection operator (LASSO) regression model,
which uses L1 shrinkage to lessen the number of parameters in
the model, was then used to identify potential biomarkers associated
with outcomes at each sampling time point (Table 2) (26). LASSO
regression modeling revealed multiple biomarkers and B-cell
subsets that were associated with 12-month pertussis IgG levels.
In CB samples, plasma IL-2, IL-17A, IL-31, sCD14, and switched
memory B cells were positively associated, whereas APRIL, IL-33,
non-switched memory B cells, and plasmablasts were negatively
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FIGURE 2

Vaccine IgG levels during the first year of life and relationship to vaccine-specific antibody levels in infants at 12 months. Vaccine 1gG levels are
shown from cord blood (CB), 6-month, and 12-month samples from each infant for Bordetella pertussis toxin (A, U/ml), Haemophilus influenzae
type B (HiB) (B, mg/ml), and tetanus toxoid (C, IlU/ml). A one-way ANOVA (Kruskal—Wallis) with Dunn’s post hoc test determined significant
differences between CB, 6-month, and 12-month IgG levels. Significance is indicated by ***p < 0.001, and ****p < 0.0001. Gray dots represent CB
infant samples. Shape colors represent feeding method during the first 6 months of life. Dark blue triangles designate breast-fed infants, red circles
designate mixed-fed infants, and yellow diamonds designate formula-fed infants. Lines represent median values. Abbreviation CB is cord blood, m
designates 6- and 12-month blood draws. (D—F) show Spearman correlations between cord blood (reflecting maternal IgG levels) and infant plasma
IgG levels at 12 months for Bordetella pertussis toxin (D), HiB (E), and tetanus toxoid (F). Each panel shows the r and p-values from the Spearman
test. Solid line shows the best fit with dashed lines representing 95% confidence intervals.

associated with 12-month pertussis IgG levels (Table 2). Only BAFF
and IL-33 showed positive association at the early (6-month) post-
vaccine time point, while none of the biomarkers measured at 12
months were associated with sustained pertussis IgG levels. Using
the LASSO model, higher percentages of switched memory B cells
in CB were associated with HiB IgG levels at 12 months. There was
also a positive association with BAFF and a negative association
with sCD14 at 12 months with HiB IgG concentrations (Table 2).
Sustained tetanus IgG levels at 12 months were positively associated
with CB concentrations of APRIL and sCD14 and negatively
associated with IFN-y. At the early post-immunizations time
point, APRIL and IL-22 were positively associated with 12-month
tetanus 1gG levels, while plasmablasts were negatively associated.
No 12-month biomarkers were significantly associated with tetanus
IgG levels in the LASSO regression model.

Comparisons of plasma biomarkers in
mother/infant pairs

To determine if plasma CB biomarker concentrations
associated with vaccine responses at 12 months were the result of
transplacental transfer, plasma samples obtained less than 2 days
prior to delivery from 18 healthy mothers were compared to the CB
samples from their infants (Figure 4). The biomarkers shown in this
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figure included APRIL, IL-2,IL-31, IL-17A, sCD14, and IL-33. With
the exception of sCDI14 (Figure 4E), based on Spearman
correlations, there were no significant associations between
mother samples and CB samples. However, sCD14 demonstrated
a significant positive correlation with higher concentrations in
mothers reflected in their newborns, using a Wilcoxon paired
signed-rank test, and plasma APRIL and sCD14 concentrations
were higher in mothers than their infants; in contrast, IL-2, IFN-v,
IL-31, IL-17A, and IL-33 concentrations were higher in infants
compared to their mothers (data not shown).

Discussion

This study of healthy term infants fills an important gap in the
understanding of the germinal center immune networks that shape
vaccine response over the first year of life. Plasma bioprofiles
assessed at key time points revealed the critical role of innate
immunity biomarkers in sustained vaccine response at 12 months
of age. Post-vaccination IgG levels are influenced by timing relative
to immunizations and the nature of the vaccine antigens. The study
design assessed bioprofiles at birth, within 2 weeks of the 6-month
immunization battery, and 6 months later, prior to 12-month
immunizations. These time points represent pre-immunization,
early vaccine responses when germinal activity is greatest, and 6
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FIGURE 3

Changes in immune biomarkers and B-cell subsets across the first year of life. Plasma biomarker concentrations are shown in (A-0O) with all values
in pg/ml. Gray dots represent cord blood (CB) infant samples. Shape colors represent feeding method during the first 6 months of life. Dark blue
triangles designate breast-fed infants, red circles designate mixed-fed infants, and yellow diamonds designate formula-fed infants. Lines represent
median values. Abbreviation CB is cord blood, m designates 6- and 12-month blood draws. A one-way ANOVA (Kruskal—-Wallis) with Dunn’s post-
hoc test determined significant changes between CB, 6-month, and 12-month plasma soluble biomarkers or for B-cell subsets. (P, Q) show
percentages of total CD19* B cells for CD19*CD27*IgD" switched memory B cells (P) and CD19*CD24 CD38" plasmablasts (Q), in CB, 6-month,
and 12-month blood samples from each infant. Significance is indicated by *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Lines represent

median values.

months later as B-cell memory is established (27-29). While diverse
in sex, ethnicity, and feeding patterns, the study cohort consisted of
healthy term vaginally delivered newborns. The demographic
composition of the study cohort, feeding methods, or maternal
group B Strep status at birth did not appear to affect immunization
IgG levels, although the statistical power of this small study is
limited. There was a weak negative correlation between pertussis
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IgG levels in CB and pertussis IgG levels in the infants at 12 months,
reflecting previously reported interference by passively acquired
maternal IgG on vaccine response (30, 31). The effect of passively
acquired maternal IgG did not affect HiB or tetanus IgG levels (12,
30, 31). Furthermore, CB vaccine IgG levels were highly variable
across the cohort, perhaps reflecting differences in vaccine status in
the mothers. Switched memory B cells develop quickly over the first
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TABLE 2 Plasma cytokine, soluble factors, and cell subsets correlating with 12-month post-vaccination Pertussis, HiB, or Tetanus IgG levels.

Statistical test

Cytokines/cell subsets with a significant p-value

Pertussis HiB Tetanus
Mixed effects APRIL APRIL
(FDR 20%) BAFF IFN-y
IL-21
IL-17A
sCD14
LASSO (pre-vaccine/CB) IL-2P°° Switched memory BP®* sCD14P%°
IL-17AP°* APRILP®®
IL-31P% IFN-y"e¢
sCD14P%
Switched memory BP*
APRIL"8
IL-33"®
Non-switched memory B"®
Plasmablasts™®
LASSO 6m BAFFP®® APRILP®®
(7-14 days post-vaccine) IL-33P°° IL-22P°
Plasmablasts™®
LASSO 12m BAFEP®
(6 months post-vaccine) sCD14"8

FDR, false discovery rate; CB, cord blood; 6m, 6 months; 12m, 12 months.
LASSO statistical analysis: positive (pos) or negative (neg) correlations are shown.

6 months of life and are maintained, with plasmablasts at their peak
immediately after the battery of 6-month immunizations (29). The
results indicate that the study cohort displayed the expected post-
immunization patterns of B-cell development to allow for an
assessment of the relationship between immune biomarkers and
immunization responses in healthy infants (3, 4, 8, 32).

Multiple biomarkers (IL-21, sCD40L, BAFF, APRIL, IL-4, IL-
17A, 1L-22, IL-1B, and sCD163) were elevated at birth compared to
6 months of age. The factors included were typically associated with
Ig class switch and germinal center development, such as BAFF,
APRIL, IL-21, and sCD40L (33). Correlations of the concentration
of paired mother and infant samples at birth indicated that these
factors were unlikely simply the result of transplacental transfer but
rather reflect the maternal/fetal interface. Multiple studies of
maternal and CB cytokine levels show that perturbations in
plasma factors including BAFF, TNF-0, and sCD40L may play a
role in the pathogenesis of conditions such as pre-eclampsia (34—
37). Furthermore, elevated concentrations of BAFF in newborns
may be due to secretion by maternal-derived decidual stromal cells
stimulated by IFN-y and IFN-o. (38-40). While higher BAFF
concentrations at birth are negatively associated with the
development of allergic disease (41), the association of BAFF,
APRIL, and IL-21 concentrations with vaccine responses is a
novel finding from our study. In contrast to BAFF or APRIL,
elevated sCD14 in mothers was positively associated with elevated
sCD14 in their newborns. This result may indicate transplacental
transfer of sCDI14 or, alternatively, the effect of inflammatory
factors such as LPS from the mother activating TLR4 and release
of sCD14 in the newborn (19, 42). Taken together, these results
indicate a surprisingly high concentration of biomarkers associated
with germinal center and macrophage activity at the time of birth.
Increasing sCD14 concentrations from birth to 6 and 12 months
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may reflect microbial translocation following the establishment of
the microbiome (43, 44). Elevated CB IL-4 and IL-22 likely reflects
inherent bias towards intrauterine Th2 polarization and IL-22
production (22). The high concentrations of CB IL-17A supports
the early emergence of Th17 cell polarization during infancy (45-
47). Compared to CB, plasma IL-2 concentrations were elevated
after the 6-month immunizations, but other biomarkers known to
play key roles in immune development, such as in IFN-v, IL-31, IL-
25, and IL-33, displayed little variability across time points. While it
is difficult to conclude whether changes in plasma biomarkers from
birth to 6 months result from immunizations or natural immune
development, the dynamic changes in immune-based biomarkers in
early life have implications for sustaining post-vaccine antibody
responses later in infancy.

The three vaccines studied were T-cell dependent or conjugated
protein antigens with variable efficacy. After three administrations,
tetanus toxoid elicits nearly 100% protection, while conjugated HiB
vaccine is 94% effective; in contrast, pertussis is only 80%-90%
effective after five administrations (48, 49). Analyzed together, these
vaccines allow comparisons between immunogens and biomarkers
in sustaining specific vaccine antibody responses (8). LASSO was
used to identify sparse features associated with outcome IgG levels
for each sample time point. Using this model, CB APRIL and
sCD14 concentrations were associated with higher tetanus IgG
levels at 12 months. TLR4 adjuvants such as LT-K63r enhance B-
cell survival and may enhance long-lived humoral immunity to
vaccines like pertussis and tetanus (11, 50, 51). In contrast, IFN-y
had a negative association with tetanus IgG levels. LASSO modeling
also revealed positive association between pertussis IgG levels with
CB concentrations of T-cell-derived cytokines IL-2, IL-17A, and IL-
31, but in contrast to tetanus, APRIL was negatively associated with
pertussis, as was IL-33. In addition, LASSO modeling pointed to a
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FIGURE 4

Correlations between mother and infant biomarkers to assess transplacental transfer. (A—F) show selected correlations between cord blood
biomarker concentrations in the factors associated with vaccine IgG levels at 12 months (Table 2). Maternal plasma concentrations are on the y axis,
and infant CB concentrations are on the x axis for APRIL (A), IL-2 (B), IL-31 (C), IL-17A (D), sCD14 (E), and IL-33 (F). Spearman correlations with
respective r and p-values are shown in each panel. Solid lines show the best fit with dashed lines representing 95% confidence intervals. IFN-y results
are not shown since both mothers and infants had >40% of the results below the lower limit of detection (LLOD).

positive association between higher concentrations of switched
memory B cells at birth with pertussis and HiB IgG levels,
suggesting that enhanced early development of B-cell Ig class
switch may sustain vaccine responses at 12 months (52-57).
Taken together, biomarkers known to reflect early events in B-cell
development shape sustained IgG levels for at least 6 months
following immunization. The study was designed to measure
maximal B-cell activation by measuring cellular and plasma
biomarkers 7 to 14 days after the 6-month immunization battery.
At this time point, BAFF and IL-33 were associated with higher 12-
month pertussis IgG levels, and APRIL and IL-22 were associated
with tetanus. Paradoxically, plasmablast B cells, reflecting B-cell
activation, were negatively associated with pertussis vaccine
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response at birth and tetanus IgG levels at 6 months, indicating
that immune regulatory mechanisms activated during early life may
dampen sustained vaccine responses (58, 59). Even though
biomarker- and vaccine-specific responses showed extensive
variation, factors involved in germinal center development and Ig
class switch were most consistently associated with sustained
antibody responses 6 months after vaccination (12 months of
age) (20, 60, 61). A conceptual framework to summarize the
relationship between the steps involved in memory B-cell
development and sustained antibody production and the
contributions of the cellular and soluble factors within
the germinal centers is illustrated in Figure 5. Biomarker
concentrations early after multiple vaccine administrations (6
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Immune biomarkers associated with sustained post-immunization IgG antibody levels at 12 months in healthy infants. Top figure: The biomarkers
and cellular interactions between T follicular helper cells (Tfh), B cells, macrophages, dendritic cells, and endothelial cells within the lymphoid
germinal centers are shown to represent the cytokines and soluble factors that influence vaccine responses as measured by vaccine IgG levels.
Following vaccine antigen activation, B cells undergo class switch and clonal expansion and develop into post-germinal center plasmablasts and
switched and non-switched memory B cells. The lower table lists the soluble and cellular biomarkers associated with vaccine-specific 12 months
IgG levels with biomarkers at each blood sample time point associated with vaccine response (birth cord blood, 6 months post-vaccination, and 12
months pre-vaccination). Positive associations with vaccine IgG levels are highlighted in red, and negative associations are in blue. All correlations
are based on LASSO analysis results shown in Table 2. Upper diagram created with BioRender.com.

months) were not strong predictors of antibody concentrations 6
months later. However, CB biomarkers appear to have a more
dynamic association with sustained antibody concentrations for
pertussis and tetanus. Although the study has a small cohort and
focused primarily on plasma-based biomarkers, it is significant as it
is one of the few longitudinal studies that discussed the complex
relationship between biomarkers of human immune development
relative to post-vaccine antibody levels. Many of the biomarkers
that shape early immune responses are concentrated in lymphoid
tissues and are below the limit of detection for plasma-based assays.
Consequently, conclusions regarding the precise role of cytokines,
chemokines, and soluble factors can only be inferred. Furthermore,
variability in assays measuring antibody concentrations, blood B-
cell sub-populations, and plasma biomarkers require the
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application of multiple statistical methods to discover associations
within sustained vaccine antibody levels. The results reveal that
even with differences among specific immunogens, sustained B-cell
immunity is significantly influenced by early life immune dynamics
detectable at birth. Our study has broad applicability to many
maternal/fetal conditions and fills gaps in our understanding of
vaccine responses in early life (62, 63). Conditions impacting
neonatal immunity such as pre-eclampsia, chorioamnionitis, and
maternal HIV infection are likely to affect early immune responses
to vaccines (63, 64). Defining the immune bioprofile of healthy
infants with respect to immunization response provides the
foundation to examine the effects of maternal inflammatory
disorders on at-risk infants who might benefit from altered
vaccine strategies to optimize effectiveness.

10 frontiersin.org


https://www.BioRender.com
https://doi.org/10.3389/fimmu.2023.1152538
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Baloh et al.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving human participants were reviewed and
approved by Duke University Health Systems Institutional Review
Board. Written informed consent to participate in this study was
provided by the participants’ legal guardian/next of kin.

Author contributions

Study concept and design: GA, MG, JS. Data acquisition and
analysis: CB, GV, BF, JK-C, KD, LS. All authors contributed to the
article and approved the submitted version.

Funding

This work was supported by NIH (NIAID) ROl award number
AT1001471 (JS), NIH (NICHD) R21 award number HD102853 (JS),
NIH (NIAID) T32 training grant award number AI007062 (CB),
NIH (NHGRI) T32 training grant award number HG008955 (CB),
and the National Institutes of Health Office of AIDS Research and
National Institute of Allergy and Infectious Diseases Intramural
Research Program.

References

1. Committee On Infectious D and American Academy of P. Recommended
childhood and adolescent immunization schedule-united states, 2016. Pediatrics
(2016) 137(3):€20154531. doi: 10.1542/peds.2015-4531

2. Sanchez-Schmitz G, Levy O. Development of newborn and infant vaccines. Sci
Transl Med (2011) 3(90):90ps27. doi: 10.1126/scitranslmed.3001880

3. Basha S, Surendran N, Pichichero M. Immune responses in neonates. Expert Rev
Clin Immunol (2014) 10(9):1171-84. doi: 10.1586/1744666X.2014.942288

4, Martin VG, Wu YB, Townsend CL, Lu GH, O'Hare ]S, Mozeika A, et al.
Transitional b cells in early human b cell development - time to revisit the
paradigm? Front Immunol (2016) 7:546. doi: 10.3389/fimmu.2016.00546

5. Pihlgren M, Tougne C, Bozzotti P, Fulurija A, Duchosal MA, Lambert PH, et al.
Unresponsiveness to lymphoid-mediated signals at the neonatal follicular dendritic cell
precursor level contributes to delayed germinal center induction and limitations of
neonatal antibody responses to T-dependent antigens. J Immunol (2003) 170(6):2824-
32. doi: 10.4049/jimmunol.170.6.2824

6. Chapman TJ, Pham M, Bajorski P, Pichichero ME. Antibiotic use and vaccine
antibody levels. Pediatrics (2022) 149(5). doi: 10.1542/peds.2021-052061

7. Dorea JG. Breastfeeding is an essential complement to vaccination. Acta Paediatr
(2009) 98(8):1244-50. doi: 10.1111/j.1651-2227.2009.01345.x

8. Saso A, Kampmann B. Vaccine responses in newborns. Semin Immunopathol
(2017) 39(6):627-42. doi: 10.1007/s00281-017-0654-9

9. Vono M, Eberhardt CS, Auderset F, Mastelic-Gavillet B, Lemeille S, Christensen
D, et al. Maternal antibodies inhibit neonatal and infant responses to vaccination by
shaping the early-life b cell repertoire within germinal centers. Cell Rep (2019) 28
(7):1773-84 e5. doi: 10.1016/j.celrep.2019.07.047

Frontiers in Immunology

11

10.3389/fimmu.2023.1152538

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1152538/
full#supplementary-material

SUPPLEMENTARY FIGURE 1

Flow cytometry gating of B-cell subsets. (A) To measure the percentages of
the switched (CD19*CD27*IgD") and non-switched memory B cells
(CD19"CD27"IgD") subsets, lymphocytes, defined by their forward and side
scatter properties, were first gated on CD19" and then defined by CD27 and
IgD expression. To measure the percentages of naive B cells
(CD197CD247CD38"), transitional B cells (CD197CD24"CD38"), and
plasmablasts (CD19*CD24 CD38") subsets, lymphocytes were first gated
on the CD19" and then by CD24 and CD38 expression. (B) To measure the
percentages of lgG-expressing B cells (CD19*1gG*), IgM B cells (CD19*IgM™),
and IgA B cells (CD19"IgA*), lymphocytes were gated on CD19* subset and
defined by their IgG, IgM, and IgA expression. All of the B cell results are
shown as percent of total CD19™ cells.

10. Tangye SG, Ma CS. Regulation of the germinal center and humoral immunity by
interleukin-21. J Exp Med (2020) 217(1). doi: 10.1084/jem.20191638

11. Aradottir Pind AA, Molina Estupifan JL, Magnusdottir GJ, Del Giudice G,
Jonsdottir I, Bjarnarson SP. LT-K63 enhances b cell activation and survival factors in
neonatal mice that translates into long-lived humoral immunity. Front Immunol (2020)
11:527310. doi: 10.3389/fimmu.2020.527310

12. Barug D, Berbers GAM, van Houten MA, Kuijer M, Pronk I, Knol MJ, et al.
Infant antibody levels following 10-valent pneumococcal-protein d conjugate and
DTaP-hib vaccinations in the first year of life after maternal tdap vaccination: an open-
label, parallel, randomised controlled trial. Vaccine (2020) 38(29):4632-9. doi: 10.1016/
j.vaccine.2020.04.001

13. Schauer U, Stemberg F, Rieger CH, Buttner W, Borte M, Schubert S, et al. Levels
of antibodies specific to tetanus toxoid, haemophilus influenzae type b, and
pneumococcal capsular polysaccharide in healthy children and adults. Clin Diagn
Lab Immunol (2003) 10(2):202-7. doi: 10.1128/cdli.10.2.202-207.2003

14. Harris PA, Taylor R, Minor BL, Elliott V, Fernandez M, O'Neal L, et al. The
REDCap consortium: building an international community of software platform
partners. ] BioMed Inform (2019) 95:103208. doi: 10.1016/j.jbi.2019.103208

15. Harris PA, Taylor R, Thielke R, Payne ], Gonzalez N, Conde JG. Research
electronic data capture (REDCap)-a metadata-driven methodology and workflow
process for providing translational research informatics support. J BioMed Inform
(2009) 42(2):377-81. doi: 10.1016/j51.2008.08.010

16. Bosch JJ, Fernandez H, Polak FP, Musante G, Libster R, Rocca Rivarola M.
Seroprevalence of bordetella pertussis among vaccinated and unvaccinated pregnant
women and newborn infants in a university hospital of Buenos Aires. Arch Argent
Pediatr (2017) 115(4):311-5. doi: 10.5546/aap.2017.eng.311

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1152538/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1152538/full#supplementary-material
https://doi.org/10.1542/peds.2015-4531
https://doi.org/10.1126/scitranslmed.3001880
https://doi.org/10.1586/1744666X.2014.942288
https://doi.org/10.3389/fimmu.2016.00546
https://doi.org/10.4049/jimmunol.170.6.2824
https://doi.org/10.1542/peds.2021-052061
https://doi.org/10.1111/j.1651-2227.2009.01345.x
https://doi.org/10.1007/s00281-017-0654-9
https://doi.org/10.1016/j.celrep.2019.07.047
https://doi.org/10.1084/jem.20191638
https://doi.org/10.3389/fimmu.2020.527310
https://doi.org/10.1016/j.vaccine.2020.04.001
https://doi.org/10.1016/j.vaccine.2020.04.001
https://doi.org/10.1128/cdli.10.2.202-207.2003
https://doi.org/10.1016/j.jbi.2019.103208
https://doi.org/10.1016/j.jbi.2008.08.010
https://doi.org/10.5546/aap.2017.eng.311
https://doi.org/10.3389/fimmu.2023.1152538
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Baloh et al.

17. van Hoeven KH, Dale C, Foster P, Body B. Comparison of three enzyme-linked
immunosorbent assays for detection of immunoglobulin g antibodies to tetanus toxoid
with reference standards and the impact on clinical practice. Clin Vaccine Immunol
(2008) 15(12):1751-4. doi: 10.1128/CV1.00254-08

18. Sainz T, Diaz L, Rojo D, Clemente MI, Barbas C, Gosalbes MJ, et al. Targeting the
gut microbiota of vertically HIV-infected children to decrease inflammation and
immunoactivation: a pilot clinical trial. Nutrients (2022) 14(5). doi: 10.3390/nu14050992

19. Albrecht M, Arck PC. Vertically transferred immunity in neonates: mothers,
mechanisms and mediators. Front Immunol (2020) 11:555. doi: 10.3389/
fimmu.2020.00555

20. Cornelis R, Chang HD, Radbruch A. Keeping up with the stress of antibody
production: BAFF and APRIL maintain memory plasma cells. Curr Opin Immunol
(2021) 71:97-102. doi: 10.1016/.c0i.2021.06.012

21. Lindahl H, Olsson T. Interleukin-22 influences the Th1/Th17 axis. Front
Immunol (2021) 12:618110. doi: 10.3389/fimmu.2021.618110

22. Razzaghian HR, Sharafian Z, Sharma AA, Boyce GK, Lee K, Da Silva R, et al.
Neonatal T helper 17 responses are skewed towards an immunoregulatory interleukin-
22 phenotype. Front Immunol (2021) 12:655027. doi: 10.3389/fimmu.2021.655027

23. Ruterbusch M, Pruner KB, Shehata L, Pepper M. In vivo CD4(+) T cell
differentiation and function: revisiting the Th1/Th2 paradigm. Annu Rev Immunol
(2020) 38:705-25. doi: 10.1146/annurev-immunol-103019-085803

24. Stier MT, Mitra R, Nyhoff LE, Goleniewska K, Zhang J, Puccetti MV, et al. IL-33
is a cell-intrinsic regulator of fitness during early b cell development. J Immunol (2019)
203(6):1457-67. doi: 10.4049/jimmunol.1900408

25. Williams JC, Zhang X, Karki M, Chi YY, Wallet SM, Rudy BJ, et al. Soluble
CD14, CD163, and CD27 biomarkers distinguish ART-suppressed youth living with
HIV from healthy controls. J Leukoc Biol (2018) 103(4):671-80. doi: 10.1002/
JLB.3A0717-294RR

26. Tibshirani R. Regression shrinkage and selection via the lasso. J Roy Stat Soc B
Met (1996) 58(1):267-88. doi: 10.1111/§.2517-6161.1996.tb02080.x

27. Turner JS, O'Halloran JA, Kalaidina E, Kim W, Schmitz AJ, Zhou JQ, et al.
SARS-CoV-2 mRNA vaccines induce persistent human germinal centre responses.
Nature (2021) 596(7870):109-13. doi: 10.1038/s41586-021-03738-2

28. Turner JS, Zhou JQ, Han J, Schmitz AJ, Rizk AA, Alsoussi WB, et al. Human
germinal centres engage memory and naive b cells after influenza vaccination. Nature
(2020) 586(7827):127-32. doi: 10.1038/541586-020-2711-0

29. Wrammert J, Smith K, Miller J, Langley WA, Kokko K, Larsen C, et al. Rapid
cloning of high-affinity human monoclonal antibodies against influenza virus. Nature
(2008) 453(7195):667-71. doi: 10.1038/nature06890

30. Healy CM, Rench MA, Swaim LS, Timmins A, Vyas A, Sangi-Haghpeykar H,
et al. Kinetics of maternal pertussis-specific antibodies in infants of mothers vaccinated
with tetanus, diphtheria and acellular pertussis (Tdap) during pregnancy. Vaccine
(2020) 38(37):5955-61. doi: 10.1016/j.vaccine.2020.06.050

31. Perrett KP, Halperin SA, Nolan T, Carmona Martinez A, Martinon-Torres F,
Garcia-Sicilia J, et al. Impact of tetanus-diphtheria-acellular pertussis immunization
during pregnancy on subsequent infant immunization seroresponses: follow-up from a
large randomized placebo-controlled trial. Vaccine (2020) 38(8):2105-14. doi: 10.1016/
j.vaccine.2019.10.104

32. Clemens EA, Alexander-Miller MA. Understanding antibody responses in early
life: baby steps towards developing an effective influenza vaccine. Viruses (2021) 13(7).
doi: 10.3390/v13071392

33. Renner ED, Kritz CE, Orange JS, Hagl B, Rylaarsdam S, Notheis G, et al. Class
switch recombination defects: impact on b cell maturation and antibody responses. Clin
Immunol (Orlando Fla) (2021) 222:108638. doi: 10.1016/j.clim.2020.108638

34. Bienertova-Vasku J, Zlamal F, Tomandl J, Hodicka Z, Novak J, Splichal Z, et al.
The presence of b-cell activating factor (BAFF) in umbilical cord blood in both healthy
and pre-eclamptic pregnancies and in human breast milk. J Reprod Immunol (2015)
109:89-93. doi: 10.1016/j.jri.2014.12.003

35. Laskowska M, Laskowska K, Leszczynska-Gorzelak B, Oleszczuk J. sCD40
ligand determined in maternal and umbilical cord blood in pregnancies complicated
by pre-eclampsia with and without intrauterine growth retardation. Gynecologic
obstetric Invest (2007) 64(1):8-13. doi: 10.1159/000098316

36. Laskowska M, Laskowska K, Leszczynska-Gorzelak B, Oleszczuk J. Comparative
analysis of the maternal and umbilical interleukin-8 levels in normal pregnancies and in
pregnancies complicated by preeclampsia with intrauterine normal growth and
intrauterine growth retardation. ] maternal-fetal neonatal Med (2007) 20(7):527-32.
doi: 10.1080/14767050701412719

37. Laskowska M, Leszczynska-Gorzelak B, Laskowska K, Oleszczuk J. Evaluation of
maternal and umbilical serum TNFalpha levels in preeclamptic pregnancies in the
intrauterine normal and growth-restricted fetus. ] maternal-fetal neonatal Med (2006)
19(6):347-51. doi: 10.1080/14767050600637937

38. Jin R, Kaneko H, Suzuki H, Arai T, Teramoto T, Fukao T, et al. Age-related
changes in BAFF and APRIL profiles and upregulation of BAFF and APRIL expression
in patients with primary antibody deficiency. Int ] Mol Med (2008) 21(2):233-8. doi:
10.3892/ijmm.21.2.233

Frontiers in Immunology

10.3389/fimmu.2023.1152538

39. Kollmann TR, Kampmann B, Mazmanian SK, Marchant A, Levy O. Protecting
the newborn and young infant from infectious diseases: lessons from immune
ontogeny. Immunity (2017) 46(3):350-63. doi: 10.1016/j.immuni.2017.03.009

40. Lundell AC, Nordstrom I, Andersson K, Lundqvist C, Telemo E, Nava S, et al.
IFN type I and II induce BAFF secretion from human decidual stromal cells. Sci Rep
(2017) 7:39904. doi: 10.1038/srep39904

41. Lundell AC, Hesselmar B, Nordstrom I, Adlerberth I, Wold AE, Rudin A.
Higher b-cell activating factor levels at birth are positively associated with maternal
dairy farm exposure and negatively related to allergy development. J Allergy Clin
Immunol (2015) 136(4):1074-82 e3. doi: 10.1016/j.jaci.2015.03.022

42. Martinez-Lopez DG, Funderburg NT, Cerissi A, Rifaie R, Aviles-Medina L,
Llorens-Bonilla BJ, et al. Lipopolysaccharide and soluble CD14 in cord blood plasma
are associated with prematurity and chorioamnionitis. Pediatr Res (2014) 75(1-1):67-
74. doi: 10.1038/pr.2013.182

43. Nur Ergor S, Yalaz M, Altun Koroglu O, Sozmen E, Akisu M, Kultursay N.
Reference ranges of presepsin (soluble CD14 subtype) in term and preterm neonates
without infection, in relation to gestational and postnatal age, in the first 28 days of life.
Clin Biochem (2020) 77:7-13. doi: 10.1016/j.clinbiochem.2019.12.007

44. Pannaraj PS, Li F, Cerini C, Bender JM, Yang S, Rollie A, et al. Association
between breast milk bacterial communities and establishment and development of the
infant gut microbiome. JAMA Pediatr (2017) 171(7):647-54. doi: 10.1001/
jamapediatrics.2017.0378

45. Caron JE, La Pine TR, Augustine NH, Martins TB, Kumanovics A, Hill HR.
Severely depressed interleukin-17 production by human neonatal mononuclear cells.
Pediatr Res (2014) 76(6):522-7. doi: 10.1038/pr.2014.133

46. de Roock S, Stoppelenburg AJ, Scholman R, Hoeks S, Meerding J, Prakken BJ, et al.
Defective TH17 development in human neonatal T cells involves reduced RORC2 mRNA
content. J Allergy Clin Immunol (2013) 132(3):754-6.e3. doi: 10.1016/j.jaci.2013.04.014

47. Kan B, Michalski C, Fu H, Au HHT, Lee K, Marchant EA, et al. Cellular
metabolism constrains innate immune responses in early human ontogeny. Nat
Commun (2018) 9(1):4822. doi: 10.1038/s41467-018-07215-9

48. Jackson C, Mann A, Mangtani P, Fine P. Effectiveness of haemophilus influenzae
type b vaccines administered according to various schedules: systematic review and meta-
analysis of observational data. Pediatr Infect Dis J (2013) 32(11):1261-9. doi: 10.1097/
INF.0b013e3182al4e57

49. von Bulow GU, van Deursen JM, Bram R]. Regulation of the T-independent
humoral response by TACIL Immunity (2001) 14(5):573-82. doi: 10.1016/s1074-7613
(01)00130-3

50. Aradottir Pind AA, Dubik M, Thorsdottir S, Meinke A, Harandi AM, Holmgren
], et al. Adjuvants enhance the induction of germinal center and antibody secreting cells
in spleen and their persistence in bone marrow of neonatal mice. Front Immunol (2019)
10:2214. doi: 10.3389/fimmu.2019.02214

51. Bjarnarson SP, Adarna BC, Benonisson H, Del Giudice G, Jonsdottir I. The
adjuvant LT-K63 can restore delayed maturation of follicular dendritic cells and poor
persistence of both protein- and polysaccharide-specific antibody-secreting cells in
neonatal mice. J Immunol (2012) 189(3):1265-73. doi: 10.4049/jimmunol.1200761

52. Basso K, Klein U, Niu H, Stolovitzky GA, Tu Y, Califano A, et al. Tracking CD40
signaling during germinal center development. Blood (2004) 104(13):4088-96.
doi: 10.1182/blood-2003-12-4291

53. Chatzigeorgiou A, Lyberi M, Chatzilymperis G, Nezos A, Kamper E. CD40/
CDA40L signaling and its implication in health and disease. BioFactors (Oxford England)
(2009) 35(6):474-83. doi: 10.1002/biof.62

54. Cholette JM, Blumberg N, Phipps RP, McDermott MP, Gettings KF, Lerner NB.
Developmental changes in soluble CD40 ligand. ] Pediatr (2008) 152(1):50-4.
doi: 10.1016/j.jpeds.2007.06.036

55. Durandy A, De Saint Basile G, Lisowska-Grospierre B, Gauchat JF, Forveille M,
Kroczek RA, et al. Undetectable CD40 ligand expression on T cells and low b cell
responses to CD40 binding agonists in human newborns. J Immunol (1995) 154
(4):1560-8. doi: 10.4049/jimmunol.154.4.1560

56. Elliott SR, Roberton DM, Zola H, Macardle PJ. Expression of the costimulator
molecules, CD40 and CD154, on lymphocytes from neonates and young children. Hum
Immunol (2000) 61(4):378-88. doi: 10.1016/50198-8859(99)00189-5

57. Marasco E, Farroni C, Cascioli S, Marcellini V, Scarsella M, Giorda E, et al. B-cell
activation with CD40L or CpG measures the function of b-cell subsets and identifies
specific defects in immunodeficient patients. Eur ]| Immunol (2017) 47(1):131-43.
doi: 10.1002/eji.201646574

58. Iwata Y, Matsushita T, Horikawa M, Dilillo D], Yanaba K, Venturi GM, et al.
Characterization of a rare IL-10-competent b-cell subset in humans that parallels mouse
regulatory B10 cells. Blood (2011) 117(2):530-41. doi: 10.1182/blood-2010-07-294249

59. Kalampokis I, Venturi GM, Poe JC, Dvergsten JA, Sleasman JW, Tedder TF. The
regulatory b cell compartment expands transiently during childhood and is contracted
in children with autoimmunity. Arthritis Rheumatol (Hoboken NJ) (2017) 69(1):225-
38. doi: 10.1002/art.39820

60. Lau AWY, Turner VM, Bourne K, Hermes JR, Chan TD, Brink R. BAFFR
controls early memory B cell responses but is dispensable for germinal center function.
J Exp Med (2021) 218(2). doi: 10.1084/jem.20191167

frontiersin.org


https://doi.org/10.1128/CVI.00254-08
https://doi.org/10.3390/nu14050992
https://doi.org/10.3389/fimmu.2020.00555
https://doi.org/10.3389/fimmu.2020.00555
https://doi.org/10.1016/j.coi.2021.06.012
https://doi.org/10.3389/fimmu.2021.618110
https://doi.org/10.3389/fimmu.2021.655027
https://doi.org/10.1146/annurev-immunol-103019-085803
https://doi.org/10.4049/jimmunol.1900408
https://doi.org/10.1002/JLB.3A0717-294RR
https://doi.org/10.1002/JLB.3A0717-294RR
https://doi.org/10.1111/j.2517-6161.1996.tb02080.x
https://doi.org/10.1038/s41586-021-03738-2
https://doi.org/10.1038/s41586-020-2711-0
https://doi.org/10.1038/nature06890
https://doi.org/10.1016/j.vaccine.2020.06.050
https://doi.org/10.1016/j.vaccine.2019.10.104
https://doi.org/10.1016/j.vaccine.2019.10.104
https://doi.org/10.3390/v13071392
https://doi.org/10.1016/j.clim.2020.108638
https://doi.org/10.1016/j.jri.2014.12.003
https://doi.org/10.1159/000098316
https://doi.org/10.1080/14767050701412719
https://doi.org/10.1080/14767050600637937
https://doi.org/10.3892/ijmm.21.2.233
https://doi.org/10.1016/j.immuni.2017.03.009
https://doi.org/10.1038/srep39904
https://doi.org/10.1016/j.jaci.2015.03.022
https://doi.org/10.1038/pr.2013.182
https://doi.org/10.1016/j.clinbiochem.2019.12.007
https://doi.org/10.1001/jamapediatrics.2017.0378
https://doi.org/10.1001/jamapediatrics.2017.0378
https://doi.org/10.1038/pr.2014.133
https://doi.org/10.1016/j.jaci.2013.04.014
https://doi.org/10.1038/s41467-018-07215-9
https://doi.org/10.1097/INF.0b013e3182a14e57
https://doi.org/10.1097/INF.0b013e3182a14e57
https://doi.org/10.1016/s1074-7613(01)00130-3
https://doi.org/10.1016/s1074-7613(01)00130-3
https://doi.org/10.3389/fimmu.2019.02214
https://doi.org/10.4049/jimmunol.1200761
https://doi.org/10.1182/blood-2003-12-4291
https://doi.org/10.1002/biof.62
https://doi.org/10.1016/j.jpeds.2007.06.036
https://doi.org/10.4049/jimmunol.154.4.1560
https://doi.org/10.1016/s0198-8859(99)00189-5
https://doi.org/10.1002/eji.201646574
https://doi.org/10.1182/blood-2010-07-294249
https://doi.org/10.1002/art.39820
https://doi.org/10.1084/jem.20191167
https://doi.org/10.3389/fimmu.2023.1152538
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Baloh et al.

61. Muller-Winkler J, Mitter R, Rappe JCF, Vanes L, Schweighoffer E, Mohammadi
H, et al. Critical requirement for BCR, BAFF, and BAFFR in memory B cell survival. ]
Exp Med (2021) 218(2). doi: 10.1084/jem.20191393

62. Kollmann TR, Marchant A. Towards predicting protective vaccine responses
in the very young. Trends Immunol (2016) 37(8):523-34. doi: 10.1016/
j.it.2016.05.005

Frontiers in Immunology

13

10.3389/fimmu.2023.1152538

63. Marins LR, Anizelli LB, Romanowski MD, Sarquis AL. How does preeclampsia
affect neonates? highlights in the disease's immunity. ] maternal-fetal neonatal Med
(2019) 32(7):1205-12. doi: 10.1080/14767058.2017.1401996

64. Abu-Raya B, Kollmann TR, Marchant A, MacGillivray DM. The immune
system of HIV-exposed uninfected infants. Front Immunol (2016) 7:383.
doi: 10.3389/fimmu.2016.00383

frontiersin.org


https://doi.org/10.1084/jem.20191393
https://doi.org/10.1016/j.it.2016.05.005
https://doi.org/10.1016/j.it.2016.05.005
https://doi.org/10.1080/14767058.2017.1401996
https://doi.org/10.3389/fimmu.2016.00383
https://doi.org/10.3389/fimmu.2023.1152538
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Biomarkers detected in cord blood predict vaccine responses in young infants
	Introduction
	Methods
	Study design
	ELISAs for vaccine responses
	Enumeration of leukocyte populations using multi-color flow cytometry
	ELISA and multiplex assays for plasma biomarkers
	Statistical analysis

	Results
	Study population
	Bordetella pertussis (pertussis), Haemophilus influenzae B, and tetanus toxoid (tetanus) IgG levels over the first year of life
	Measurements of plasma biomarkers of immune development and cellular activation throughout the first year of life
	Associations between IgG and plasma biomarkers levels at 6 months post vaccination
	Comparisons of plasma biomarkers in mother/infant pairs

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References


