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Background. Influenza immunization during pregnancy provides protection to the mother and the infant. Studies in adults and 
children with inactivated influenza vaccine have identified changes in immune gene expression that were correlated with antibody 
responses. The current study was performed to define baseline blood transcriptional profiles and changes induced by inactivated 
influenza vaccine in pregnant women and to identify correlates with antibody responses.

Methods. Pregnant women were immunized with inactivated influenza vaccine during the 2013–2014 and 2014–2015 seasons. 
Blood samples were collected on day 0 (before vaccination) and on days 1 and 7 after vaccination for transcriptional profile analyses, 
and on days 0 and 30, along with delivery and cord blood samples, to measure antibody titers.

Results. Transcriptional analysis demonstrated overexpression of interferon-stimulated genes (ISGs) on day 1 and of plasma cell 
genes on day 7. Prevaccination ISG expression and ISGs overexpressed on day 1 were significantly correlated with increased H3N2, 
B Yamagata, and B Victoria antibody titers. Plasma cell gene expression on day 7 was correlated with increased B Yamagata and B 
Victoria antibody titers. Compared with women who were vaccinated during the previous influenza season, those who were not 
showed more frequent significant correlations between ISGs and antibody titers.

Conclusions. Influenza vaccination in pregnant women resulted in enhanced expression of ISGs and plasma cell genes correl-
ated with antibody responses.
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Pregnant women are at increased risk for influenza-associated 
illness and death, as well as for serious fetal complications, 
such as preterm birth, fetal growth restriction, and fetal demise 
[1, 2]. The Advisory Committee on Immunization Practices 
and the American College of Obstetricians and Gynecologists 
recommend seasonal influenza vaccination to all pregnant 
women, or women who will become pregnant during influ-
enza season [3, 4]. Because no influenza vaccine is licensed for 
infants <6  months of age, this population relies on maternal 
antibodies for protection, hence the importance of vaccination 
during pregnancy.

Inactivated influenza vaccination has been proved safe for 
both the pregnant women and their fetuses [5, 6], and it pro-
vides effective transfer of protective antibodies to newborns [7–
9]. It has also been shown that these antibodies are capable of 
protecting newborns and infants in the first months after birth 
against severe influenza infection and consequences including 
pneumonia, hospitalization, and death [10–14]. Studies, how-
ever, have shown that influenza vaccination in the previous 
season affects antibody responses to subsequent vaccination, 
and there are concerns that this may compromise neonatal 
protection. A recent study showed that despite lower antibody 
titers after influenza vaccination in women who had been vac-
cinated the previous year, the antibody titers measured in cord 
blood were protective [15].

Studies have applied transcriptome analyses to study the role 
of innate and adaptive immune genes in response to influenza 
vaccination in different age groups and patient populations to 
identify the potential mechanisms and specific immune cells 
associated with protective immune responses. In the elderly, 
adults, and children influenza vaccine has been found to be as-
sociated with activation of interferon-stimulated genes (ISGs) 
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early after vaccination (1–7  days), which are correlated with 
antibody responses [16–22]. Because pregnancy significantly 
modulates immune responses [23–25] and has been associ-
ated with reduced ability to effectively respond to certain viral 
pathogens causing respiratory infections [26], we investigated 
whether influenza immunization in pregnant women would in-
duce effective activation of innate immune responses, specifi-
cally interferon signaling, as observed in other populations. In 
addition, we assessed whether those changes were correlated 
with antibody responses, and whether receipt of seasonal in-
fluenza vaccine the preceding year affected the transcriptional 
immune profiles measured before and after administration of 
the current year’s vaccine.

METHODS

Study Design and Participants

This was a prospective cohort of previously healthy pregnant 
women 18–42 years of age, <29 weeks pregnant, with plans to 
deliver at the Ohio State University Wexner Medical Center 
(OSUWMC). They were enrolled from October 2013 to April 
2015 and immunized with quadrivalent inactivated influ-
enza vaccine. Peripheral blood samples were collected on day 
0 (before vaccination) and days 1 and 7 (after vaccination) 
for transcriptional profile analysis, and on day 0, day 30, and 
at delivery to measure maternal antibody titers. Cord blood 
samples were also collected to measure the antibody transfer 
to the neonates. One hundred four women were enrolled in 
the parent study; 5 withdrew before completion. Forty-five 
women had samples available for all the time points evalu-
ated; as such, they were selected as a convenient sample for 
the present study. Exclusion criteria included current or past 
major immunological disorder conditions, such as human 
immunodeficiency virus, systemic lupus erythematosus, and 
cancer. One woman was excluded from the analysis owing to 
the high ISG expression at baseline (Supplementary Figure 1), 
and 2 others did not have cord blood samples obtained; ac-
cordingly, 44 women were included in the entire analysis and 
42 for cord blood titers analysis.

This study used the vaccine formulation from the 2013–
2014 and 2014–2015 seasons containing A/California/7/2009 
(H1N1)pdm09-like virus, A/Texas/50/2012 (H3N2)-like virus, 
B/Massachusetts/2/2012-like virus (Yamagata lineage), and B/
Brisbane/60/2008-like virus (Victoria lineage). For women vac-
cinated in 2014–2015, those vaccinated the previous year re-
ceived the same vaccine. For women vaccinated in 2013–2014, 
those vaccinated the previous year received Trivalent inactivated 
influenza vaccine, which included the same H1N1 and H3N2 
strains and a different B strain, B/Wisconsin/1/2010-like virus 
[15]. The study was approved by the OSUWMC Biomedical 
Institutional Review Board (no. IRB2008H0260) and was classi-
fied as a level 1 risk clinical study (no greater than minimal risk; 

pursuant under 45 CFR 46.404; and 21 CFR 50.51). Written in-
formed consent was obtained from all participants before en-
rollment, in accordance with OSUWMC guidelines. Complete 
data on antibody responses among women in the parent study 
cohort were reported elsewhere [15]. 

Serology

Serum samples were collected at 3 time points from pregnant 
women (on days 0 and 30 and at delivery) and from cord blood. 
The hemagglutination inhibition (HI) assay was performed as 
described elsewhere [27]. The HI titer was defined as the re-
ciprocal of the highest dilution of serum that inhibits red blood 
cell hemagglutination. Seroconversion was based on the fol-
lowing criteria: a 4-fold increase in antibody titers between the 
prevaccination and the convalescent-phase serum samples or an 
increase in antibody titers from <10 to ≥40 for the prevaccination 
and convalescent-phase serum samples. Seroprotection was de-
fined as an HI titer ≥40 after vaccination [28].

Transcriptional Profiles and Statistical Analysis

Whole-blood samples (1  mL) were collected in Tempus tubes 
(Applied Biosystems) and stored at −20°C. After RNA was pro-
cessed [29, 30] and hybridized into Illumina Human HT-12 
v4 BeadChips (47 323 probes), it was scanned on the Illumina 
Beadstation 500. Illumina GenomeStudio software (version 2) 
was used for data preprocessing (background subtraction and 
normalizations). The limma package in R software (Version 3.48) 
was used for downstream analyses [31, 32]. Transcripts were first 
selected if they were present in ≥10% of all samples. Next, raw 
expression values <10 were set to 10, and the data were log2 trans-
formed. Differentially expressed genes between the groups were 
identified using the limma package in R with moderated t tests 
and Benjamini-Hochberg correction for multiple comparisons, 
followed by 1.25-fold change in gene expression. The false dis-
covery rate was set at <0.01. To assess the function of the dif-
ferentially expressed genes we used a modular transcriptional 
repertoire framework as described elsewhere [33, 34]. Data are 
deposited in the National Center for Biotechnology Information 
Gene Expression Omnibus (accession no. GSE166545).

Demographic data were statistically analyzed using Graph 
Pad Prism software (version 8.20). Quantitative data were de-
scribed as medians with interquartile ranges, and qualitative data 
as percentages. Correlations with antibody titers were performed 
using the Spearman correlation coefficient in SigmaPlot software. 
Figures for correlation analysis were performed using R software 
(version 14) (R Foundation for Statistical Computing).

RESULTS

Antibody Responses to Influenza Vaccine

HI antibody titers for each of the 4 influenza strains contained 
in the vaccine were measured in serum samples from 44 women 
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(demographic data summarized in Table 1) at days 0 and 30, at 
delivery, and in cord blood. We were not able to obtain cord 
blood samples in 2 women, so we included 42 women in the 
analysis. We observed significantly higher antibody titers at day 
30 than at day 0 and at delivery for the 4 strains of the vaccine, 
H1N1, H3N2, B Yamagata, and B Victoria. Baseline titers are 
summarized in Supplementary Table 1. Cord blood antibody 
titers were also significantly higher compared with maternal 
titers at delivery (P < .001; Friedman and Dunn multiple com-
parisons tests) (Supplementary Table 2).

Seropositive rates at day 30 were 83%, 88%, 76%, and 64% for 
H1N1, H3N2, B Yamagata, and B Victoria, respectively. Cord 
blood seropositive rates were 100% for H1N1, H3N2, and B 
Yamagata, and 97% for B Victoria. Seroconversion rates were 
31%, 45%, 33%, and 47% for H1N1, H3N2, B Yamagata, and B 
Victoria, respectively (Supplementary Table 2).

Antibody Responses Based on Previous Season Vaccination

We compared the antibody responses in pregnant women who 
received influenza vaccine the previous season (n = 29 [65.9%]) 
with those in women who did not (n  =  15 [34.1%]). Women 
vaccinated the previous year had seroprotection rates at day 
30 of 77% for H1N1 and H3N2, 70% for B Yamagata, and 63% 
for B Victoria. Those not vaccinated the previous year had 
seroprotection rates at day 30 of 80% for H1N1, 93% for H3N2, 
73% for B Yamagata, and 60% for B Victoria.

Women who were not vaccinated the previous season had 
significantly higher fold change of HI titers for H1N1, H3N2, 
and B Yamagata strains on day 30 after vaccination com-
pared with day 0 (P <  .01; Kruskal-Wallis and Dunn multiple 

comparisons tests) (Figure 1A). They also had significantly 
higher fold changes of HI titers for H1N1 and B Yamagata when 
we compared delivery with day 0 (P < .01; Kruskal-Wallis and 
Dunn multiple comparisons tests) (Figure 1B). We did not ob-
serve any significant differences in cord blood titers according 
to vaccination in the previous season (Figure 1C).

Significant Early Changes in Transcriptional Profiles After Vaccination

We analyzed whole-blood gene expression profiles in 44 preg-
nant women on day 0 (before vaccination) and on days 1 and 
7.  Samples obtained on day 0 were used as the reference for 
comparisons.

Statistical group comparisons yielded 1217 differentially ex-
pressed transcripts among the 3 time points evaluated (P < .01; 
moderated paired t test and Benjamini-Hochberg multiple 
test correction; fold change  >1.25), with marked changes ob-
served on day 1 (Figure 2A). Of those, 51.3% of genes were 
underexpressed, and 48.7% overexpressed. To characterize the 
immune function of the differentially expressed genes, we ap-
plied the modular expression analysis tool [34]. Gene expression 
levels were compared on a module-by-module basis between 
samples obtained on days 1 and 7 in relation to day 0 samples 
that served as the reference. For each module, the percentage of 
genes significantly expressed (P < .05; moderated paired t test) 
are shown in the modular map. On day 1, we observed marked 
overexpression of the 3 ISG-related modules (M1.2, M3.4, 
and M5.12) and also increased expression of the monocyte 
(M4.14), inflammation (4.6), and antiviral response (M8.59) 
modules. On the other hand, there was underexpression of the 
T-cell (M4.1 and M4.15), cytotoxic/natural killer cell (M3.6) 

Table 1. Demographic Characteristics of the 44 Women Included in the Analysis

Characteristic

Women, No. (%)a

Total (n = 44) PV (n = 29) NPV (n = 15)

Age, median (IQR), y 30.02 (26.74–32.9) 30.87 (28.38–33.17) 28.25 (22.61–30.44)

Race    

 White 31 (70.5) 25 (86.2) 6 (40)

 Black 10 (22.7) 3 (10.3) 7 (46.7)

 Other 3 (6.8) 1 (3.5) 2 (13.3)

Non-Hispanic ethnicity 44 (100) 29 (100) 15 (100)

Comorbid conditionsb 27 (61) 19 (65%) 8 (53)

GA, median (IQR), wk    

 At enrollment 22.86 (16.93–26.07) 21.71 (17.0–26.29) 24.71 (14.86–26.14)

 At delivery 39.14 (38.04–41.43) 39.14 (38.07–40.29) 39.14 (38.0–39.86)

Delivery route and timing    

 SVD 32 (72.7) 22 (75.8) 10 (66.7)

 Cesarean 12 (27.3) 7 (27.2) 5 (33.3)

 Term 40 (90.9) 26 (89.7) 14 (93.3)

 Preterm 4 (9.1) 3 (33.3) 1 (6.7)

Abbreviations: GA, gestational age; IQR, interquartile range; NPV, no prior vaccine (no receipt of influenza vaccine in the previous season); PV, prior vaccine (receipt of influenza vaccine in 
the previous season); SVD, spontaneous vaginal delivery.
aData represent no. (%) of women unless otherwise specified.
bComorbid conditions included obesity, preeclampsia, hypertension, diabetes, depression, thyroid disorder, hepatitis C infection, and active herpes simplex virus infection.
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and B-cell (M4.10) modules. On day 7, the plasma cell module 
(M4.11) was markedly overexpressed, and the B-cell module 
(M4.10) that was underexpressed on day 1 was moderately ex-
pressed (Figure 2B).

Effects of Prior Influenza Vaccination on Transcriptional Profiles

Because women not vaccinated the previous season had sig-
nificantly higher increases in antibody titers, we performed a 
comparative transcriptional analysis based on previous season 
vaccination history. For this purpose and to have a balanced 

number of women in both groups, we included all 15 women 
who were not vaccinated the previous season and 14 randomly 
selected women who were vaccinated the previous season. We 
compared the gene expression changes observed on day 1 in 
these groups of women, since this was the time point when the 
most significant changes were observed in the analysis of the 
complete study cohort. Statistical group comparisons yielded 
501 differentially expressed transcripts between the 2 time 
points (day 1 vs day 0) for both groups, and 119 of these tran-
scripts were shared by them (P <  .01; moderated paired t test 
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Figure 2. Transcriptional profile and modular expression analysis before and after influenza vaccination. A, Transcriptional profiles representing expression patterns before 
(day 0) and after (days 1 and 7) vaccination. Statistical comparison (P < .01; moderated paired t test and Benjamini-Hochberg multiple test correction; fold change [FC] >1.25) 
between the time points yielded 1217 differentially expressed genes. Transcripts were organized by hierarchical clustering, where each row represents a single transcript 
and each column an individual woman. Normalized expression levels are indicated by red (overexpression) or blue (underexpression), compared with the median expression 
at baseline or day 0 (yellow). B, Modular expression analysis at day 1 after vaccination showed significant overexpression of interferon-stimulated gene (M1.2, M3.4, and 
M5.12) and monocyte (M4.14) modules and significant underexpression of T-cell–related modules (M4.1 and M4.15). At day 7 after vaccination, B cell (M4.10) and plasma 
cell (M4.11) modules were overexpressed as well. Each time point is compared with day 0. The color intensity of the spots (and the numbers displayed within the spots) rep-
resent the percentage of significantly overexpressed genes (red), underexpressed genes (blue), or no differences (white) compared with baseline (day 0) (P < .05; moderated 
paired t test). Abbreviation: NK, natural killer.
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Figure 1. Antibody responses based on previous season influenza vaccination, comparing women who had received an influenza vaccine in the previous season (PV) and 
those who had not (NPV). A, Fold change in hemagglutination inhibition (HI) titers at day 30 (compared with day 0 [before vaccination]) for each strain of the vaccine. B, Fold 
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and Benjamini-Hochberg multiple test correction) (Figure 
3A and 3B). Modular analysis showed that the 3 ISG mod-
ules (M1.2, M3.4, and M5.12) were markedly overexpressed 
and both T-cell modules (M4.1 and M 4.15) were markedly 
underexpressed in in the 2 groups of women. Other modules, 
such as the monocyte (M4.14) and antiviral response (M8.59) 
modules (overexpressed) and the B cell (M4.10) and cytotoxic/
natural killer cell (M3.6) modules (underexpressed) showed 
similar patterns of expression in both groups. However, the 
plasma cell module (M4.11) showed moderate overexpression 
only in the group of women who were vaccinated the previous 
season. (Figure 3C).

Correlations Between Gene Expression and Antibody Production

On the basis of previous observations in other vaccinated popu-
lations [16, 18], we examined the correlations between ISGs 
and plasma cell gene expression and antibody production. For 
these analyses, we correlated the fold increase in HI titers at day 
30 from all the women included in the study with the top 20 
overexpressed ISGs on day 1, and with the top overexpressed 
plasma cell genes on day 7. These 2 different time points (days 
1 and 7)  were selected based on the initial findings on gene 
expression changes shown in Figure 2. There were moderate 
but significant correlations between several ISGs, including 

IFIT3, IFI44L, OAS3, and CXCL10, at day 1 and fold change in 
H3N2, B Yamagata, and B Victoria titers (r = 0.3–0.5; P < .05) 
(Figure 4A). There were also significant correlations between 
the plasma cell gene CD38 at day 7 and fold change of H1N1, 
H3N2, B Yamagata, and B Victoria titers, as well as between 
several other plasma cell genes and increased antibody titers 
against both B strains (r = 0.3–0.5; P < .05) (Figure 4B). Among 
these genes, several were related to immunoglobulin function, 
such as IGJ, IGKV5, IGHG2, and IGKV1.

We also examined correlations between ISG expression meas-
ured in maternal samples on day 1 (total number of interferon-
related genes [ n = 161] included in the 3 modules [M1.2, M3.4, 
and M5.12] and the top 10 overexpressed ISGs) with cord blood 
HI titers and did not find statistical significance. On the other 
hand, when we assessed the associations between plasma cell 
gene expression and cord blood HI titers in maternal samples 
at day 7, we identified a significant correlation between H1N1 
titers and the gene IGVK2-30 (r = 0.37; P < .01).

Finally, we investigated whether the decline in antibody titers 
in maternal serum between day 30 and delivery were correl-
ated with gene expression patterns. We identified significant 
correlations between 8 of the 10 top overexpressed ISGs on day 
1 and fold decline in B Victoria titers (r = 0.31–0.45; P <  .05) 
(Supplementary Table 3), and significant correlation between 
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Figure 3. Transcriptional profiles and modular expression analysis on day 1 after influenza vaccination, based on previous year vaccination. A, Transcriptional profiles 
representing expression at day 1 after vaccination versus day 0 in study participants who received an influenza vaccine in the previous season (PV) and those who did not 
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the plasma cell gene CAMK1G, which was overexpressed on 
day 7, and fold decline in B Victoria titers (r = 0.38; P < .05).

Prevaccination ISG Expression and Antibody Responses

We also sought to identify baseline prevaccination markers as-
sociated with protection, by correlating gene expression on day 
0 with fold change in HI titers. We observed significant correl-
ations between expression of ISGs, such as IFIT3, RSAD2, and 
OAS3, on day 0 and fold changes in antibody titers for H3N2, 
B Yamagata, and B Victoria (r = 0.3–0.5; P < .05) (Figure 4C).

Next, we assessed whether day 0 gene expression was correl-
ated with seroconversion (defined by a 4-fold increase in an-
tibody titers from day 0 to day 30). We observed significantly 
higher median expression of the 161 ISGs at day 0 in women 
who seroconverted for the B Victoria strain compared with 
women who did not (P < .05; Mann-Whitney test) (Figure 5A). 
Likewise, women who seroconverted to the B Victoria strain 
had significantly higher median expression of the 3 ISG mod-
ules at day 0 (M1.2, M3.4, and M5.12; P < .05; Mann-Whitney 
test) (Figure 5B), as well as the top 10 differentially expressed 
ISGs included in these modules (SERPING1, BATF2, IFIT3, 
IFIT44L, RSAD2, GBP6, GBP5, GBP1, IFIT3, and OAS3), com-
pared with baseline ISG expression in women who did not 

seroconvert (P <  .05; Mann-Whitney test) (Figure 5C). When 
analyzing the other vaccine strains, at day 0, women who sero-
converted to the B Yamagata had significantly higher median 
expression of 2 of the top 10 differentially expressed ISGs, IFIT3 
and OAS3, compared with baseline ISG expression of women 
who did not seroconvert (P < .05; Mann-Whitney test) (Figure 
5C). There were no significant differences in baseline ISG ex-
pression and seroconversion with H1N1 and H3N2 strains.

Effects of Previous Season Vaccination on Correlation Between Gene 

Expression and Antibody Titers

We then investigated whether vaccination in the previous 
season affected correlations between ISGs and plasma cell 
genes and fold increase in antibody titers. First, we exam-
ined day 0 ISG expression in women who received the in-
fluenza vaccine in the previous season. We found significant 
correlations between 5 (SERPING1, IFIT3, GBP6, GBP1, 
and OAS3) of the top 10 overexpressed genes previously 
mentioned and fold increases in B Victoria antibody titers 
(r = 0.4–0.48; P < .05) (Figure 6A). Among women not vac-
cinated in the prior year, we observed significant correlations 
between the gene GBP6 and H1N1 fold increase in antibody 
(r = 0.6; P <  .05) and between the genes BATF2, IFIT3, and 
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GBP6 and H3N2 fold increase in antibody titers (r  =  0.53–
0.55; P < .05) (Figure 6D). When considering day 1 ISG ex-
pression in women who received the influenza vaccine in the 

previous season, we did not observe any significant correl-
ations (Figure 6B); while among those not previously vac-
cinated, the expression of OAS3 was significantly correlated 
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with fold changes in H1N1 and H3N2 titers (r = 0.58–0.61; 
P < .05) (Figure 6E).

We performed similar analysis with plasma cell gene expres-
sion on day 7. Women who received influenza vaccine in the 
previous season showed significant correlations between 6 of 
the 20 genes included in the plasma cell module and fold in-
creases in H3N2 titers (r = 0.39–0.78; P < .01), and between 10 
of the 20 genes and fold increases in B Yamagata and B Victoria 
titers (r = 0.53–0.83; P < .01) (Figure 6C). On the other hand, 
women who did not receive the vaccine the previous season 
showed significant correlations between the genes CAMK1G 
and IGKV6-21 and fold increases in B Yamagata titers (r = 0.55–
0.59; P  <  .05), and between the gene CAMK1G and fold in-
creases in B Victoria titers (r = 0.56; P < .05) (Figure 6F).

DISCUSSION

The current study demonstrates that influenza vaccination 
elicits significant changes in expression of ISGs and plasma 
cell genes at 1 and 7 days after vaccination, respectively. These 
changes were correlated with antibody responses. In addition, 
baseline expression of ISGs was significantly correlated with an-
tibody responses against influenza B strains.

Systems biology approaches have been used to define the 
molecular mechanisms of influenza vaccine immunity in dif-
ferent populations [16, 18, 19]. Transcriptome analysis to as-
sess immune responses to influenza vaccine in pregnant women 
demonstrated early activation of ISGs and plasma cell–related 
transcripts after vaccination, suggesting that both innate and 
adaptive immune responses are readily stimulated by the vac-
cine to mount the immune response required for antibody pro-
duction. These transcriptional immune responses are similar to 
those described in other populations [16–22].

These analyses demonstrate significant correlations between 
expression of specific immune genes and antibody responses. 
As in studies in other populations, we identified significant 
correlations between early postvaccination changes in ISG ex-
pression on day 1 and plasma cell genes on day 7 and antibody 
responses. In addition, we also observed significant correlations 
between baseline ISG expression, before vaccination, and anti-
body responses.

These significant correlations of ISG expression on days 0 
and 1 with increased antibody titers confirms the role of this 
important component of the immune system in orchestrating 
influenza-vaccine induced protection, with activation of genes 
such as IFIT1, IFIT3, IFI44L, RSAD2, GBP1, and OAS3, which 
are interferon-induced antiviral proteins and act as inhibitors 
of cell migration, proliferation and signaling, as well as of viral 
replication.

When analyzing the correlations between gene expression 
and antibody responses overall, there were more frequent sig-
nificant correlations with antibody responses to the B than to 
the A influenza strains. At this point, it is unclear whether these 

results reflect true differences in the immune pathways induced 
by the different vaccine strains. On other hand, this observa-
tion could be related to the lower baseline antibody titers for the 
B strains and subsequent greater vaccine antibody responses, 
which permitted an easier demonstration of those correlations. 
Likewise, we observed more significant correlations in women 
not vaccinated in the previous year, who also had greater fold 
changes in antibody responses that facilitated the recognition 
of the correlations.

A previously reported finding, which is not yet understood, 
is the underexpression of T-cell–related genes on day 1. Similar 
observations were reported on earlier studies of influenza vac-
cine in children and adults [18, 19]. Looking closely at the spe-
cific genes, we observed underexpression of the genes TCF7, 
CD40LG, CD3E, and CD27, all associated with T-cell differ-
entiation and proliferation. The gene CD40LG is also involved 
in mediating B-cell proliferation and in immunoglobulin class 
switching. This observation will require future studies analyzing 
sorted cells and/or incorporating higher-resolution assays, such 
as single-cell sequencing, to elucidate its significance, especially 
considering the key role that helper CD4 T cells play in the 
adaptive immune response to influenza vaccine, stimulating B 
cells to produce antibodies [35].

Besides the currently available vaccines licensed for use in 
pregnant women, new maternal vaccines are being designed to 
prevent other severe infectious diseases in neonates and infants. 
Respiratory syncytial virus is the leading cause of viral lower 
respiratory tract infections in infants [36–39] and vaccines 
targeting infants and pregnant women are currently in clinical 
trials [40, 41]. Group B Streptococcus maternal immunization is 
also being targeted, because this bacterium is a common cause 
of neonatal sepsis [42]. Another candidate is a cytomegalovirus 
vaccine, owing to a higher risk of congenital infection when pri-
mary infection occurs during pregnancy [43]. More recently, in 
the context of the coronavirus disease 2019 pandemic, initial 
data suggest that vaccination of pregnant women is safe and can 
provide antibodies to protect newborns [44].

The current study has several limitations. First, vaccination 
history was based on self-report rather than medical record. We 
were able to confirm history of vaccination only in the previous 
year, and we compared baseline antibody titers between women 
who were vaccinated the previous year and those who were not. 
In addition, although we showed effective transfer of antibodies 
against influenza to the neonate through measurement in the 
cord blood, rates of clinically confirmed influenza infection and 
maternal antibody persistence in the infants were not examined 
and deserve further longitudinal studies.

In summary, we identified gene expression profiles at base-
line (before vaccination) and early after vaccination that cor-
related with antibody responses in pregnant women vaccinated 
for influenza. Because the application of systems biology is be-
coming a cornerstone to study vaccine functionality, we believe 
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this study provides additional insights into the mechanisms by 
which influenza vaccine provides immune protection in this 
population. Furthermore, it highlights the value of applying 
these analytical tools in this understudied population, sug-
gesting that these approaches may be useful to help design and 
selecting improved and more effective maternal vaccines and 
should be incorporated more frequently into clinical studies.
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Notes

Acknowledgments. We appreciate the contributions of our 
clinical research assistants and students to data collection. We 
would like to thank our study participants and the staff at the 
Ohio State University Clinical Research Center and Wexner 
Medical Center Prenatal Clinic. We especially thank the women 
participating in the study.

Disclaimer. The content is solely the responsibility of the au-
thors and does not necessarily represent the official views of the 
National Institutes of Health.

Financial support. This work was supported by the National 
Institute of Nursing Research (grant R01NR013661 to L. C.), the 
National Center for Research Resources (award UL1R001070), 
Nationwide Children’s Hospital (intramural funds), and the 
National Institute of Allergy and Infectious Diseases (contracts 
HHSN272201400006C and 75N93019C00052 to S. S. C.). 

Potential conflicts of interest. A. M. has received fees from 
Janssen, Roche, and Merck for participation in advisory boards, 
unrelated to the research described herein. A. M. and O. R. have 
received research grants from Janssen. O.  R.  received fees for 
participation in advisory boards from Sanofi/MedImmune, 
Lilly, Merck, and Pfizer and fees for lectures from Pfizer. All 
other authors report no potential conflicts. All authors have 
submitted the ICMJE Form for Disclosure of Potential Conflicts 
of Interest. Conflicts that the editors consider relevant to the 
content of the manuscript have been disclosed.

References

1. Beigi RH. Prevention and management of influenza in preg-
nancy. Obstet Gynecol Clin North Am 2014; 41:535–46.

2. Mertz D, Geraci J, Winkup J, Gessner BD, Ortiz JR, Loeb M. 
Pregnancy as a risk factor for severe outcomes from influ-
enza virus infection: A systematic review and meta-analysis 
of observational studies. Vaccine 2017; 35:521–8.

3. American College of Obstetricians and Gynecologists. 
Committee opinion number 741: maternal immunization. 
Obstet Gynecol 2018; 131:214–7.

4. Grohskopf  LA, Sokolow  LZ, Broder  KR, et  al. Prevention 
and control of seasonal Influenza with vaccines: recom-
mendations of the Advisory Committee on immuniza-
tion Practices (ACIP)—United States, 2017–18 influenza 
season. MMWR Recomm Rep 2017; 66:1–20.

5. Munoz  FM, Greisinger  AJ, Wehmanen  OA, et  al. Safety 
of influenza vaccination during pregnancy. Am J Obstet 
Gynecol 2005; 192:1098–106.

6. Marshall  V, Gruber  M. Influenza immunization during 
pregnancy: US regulatory perspective. Am J Obstet Gynecol 
2012; 207:S57–62.

7. Zaman K, Roy E, Arifeen SE, et al. Effectiveness of maternal 
influenza immunization in mothers and infants. N Engl J 
Med 2008; 359:1555–64.

8. Zuccotti G, Pogliani L, Pariani E, Amendola A, Zanetti A. 
Transplacental antibody transfer following maternal immu-
nization with a pandemic 2009 influenza A(H1N1) MF59-
adjuvanted vaccine. JAMA 2010; 304:2360–1.

9. Steinhoff  MC, Omer  SB, Roy  E, et  al. Influenza immuni-
zation in pregnancy—antibody responses in mothers and 
infants. N Engl J Med 2010; 362:1644–6.

10. Omer SB, Clark DR, Aqil AR, et al; for BMGF Supported 
Maternal Influenza Immunization Trials Investigators 
Group. Maternal influenza immunization and prevention 
of severe clinical pneumonia in young Infants: analysis of 
randomized controlled trials conducted in Nepal, Mali and 
South Africa. Pediatr Infect Dis J 2018; 37:436–40.

11. Poehling  KA, Szilagyi  PG, Staat  MA, et  al; New Vaccine 
Surveillance Network. Impact of maternal immuniza-
tion on influenza hospitalizations in infants. Am J Obstet 
Gynecol 2011; 204:S141–8.

12. Benowitz  I, Esposito  DB, Gracey  KD, Shapiro  ED, 
Vázquez M. Influenza vaccine given to pregnant women re-
duces hospitalization due to influenza in their infants. Clin 
Infect Dis 2010; 51:1355–61.

13. Tapia MD, Sow SO, Tamboura B, et al. Maternal immun-
isation with trivalent inactivated influenza vaccine for 
prevention of influenza in infants in Mali: a prospective, 
active-controlled, observer-blind, randomised phase 4 trial. 
Lancet Infect Dis 2016; 16:1026–35.

14. Steinhoff MC, Katz J, Englund JA, et al. Year-round influ-
enza immunisation during pregnancy in Nepal: a phase 
4, randomised, placebo-controlled trial. Lancet Infect Dis 
2017; 17:981–9.

15. Christian  LM, Beverly  C, Mitchell  AM, et  al. Effects of 
prior influenza virus vaccination on maternal antibody re-
sponses: implications for achieving protection in the new-
borns. Vaccine 2017; 35:5283–90.

16. Bucasas KL, Franco LM, Shaw CA, et al. Early patterns of 
gene expression correlate with the humoral immune re-
sponse to influenza vaccination in humans. J Infect Dis 
2011; 203:921–9.

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/article/225/2/341/6312681 by Serials D

ivision user on 21 January 2022



Flu Vaccine Response in Pregnant Women • jid 2022:225 (15 january) • 351

17. Cao  RG, Suarez  NM, Obermoser  G, et  al. Differences in 
antibody responses between trivalent inactivated influ-
enza vaccine and live attenuated influenza vaccine correlate 
with the kinetics and magnitude of interferon signaling in 
children. J Infect Dis 2014; 210:224–33.

18. Nakaya HI, Wrammert J, Lee EK, et al. Systems biology of 
vaccination for seasonal influenza in humans. Nat Immunol 
2011; 12:786–95.

19. Obermoser  G, Presnell  S, Domico  K, et  al. Systems scale 
interactive exploration reveals quantitative and qualitative 
differences in response to influenza and pneumococcal vac-
cines. Immunity 2013; 38:831–44.

20. Tsang JS, Schwartzberg PL, Kotliarov Y, et al; Baylor HIPC 
Center; CHI Consortium. Global analyses of human im-
mune variation reveal baseline predictors of postvaccination 
responses. Cell 2014; 157:499–513.

21. Zhu  W, Higgs  BW, Morehouse  C, et  al. A whole genome 
transcriptional analysis of the early immune response in-
duced by live attenuated and inactivated influenza vaccines 
in young children. Vaccine 2010; 28:2865–76.

22. HIPC-CHI Signatures Project Team; HIPC-I Consortium. 
Multicohort analysis reveals baseline transcriptional pre-
dictors of influenza vaccination responses. Sci Immunol 
2017; 2:eaal4656.

23. Aluvihare VR, Kallikourdis M, Betz AG. Regulatory T cells 
mediate maternal tolerance to the fetus. Nat Immunol 2004; 
5:266–71.

24. Mor  G, Straszewski-Chavez  SL, Abrahams  VM. 
Macrophage-trophoblast interactions. Methods Mol Med 
2006; 122:149–63.

25. Mor  G, Cardenas  I. The immune system in pregnancy: 
a unique complexity. Am J Reprod Immunol 2010; 
63:425–33.

26. Mathad  JS, Gupta  A. Pulmonary infections in pregnancy. 
Semin Respir Crit Care Med 2017; 38:174–84.

27. Wang S, Taaffe J, Parker C, et al. Hemagglutinin (HA) pro-
teins from H1 and H3 serotypes of influenza A  viruses 
require different antigen designs for the induction of op-
timal protective antibody responses as studied by codon-
optimized HA DNA vaccines. J Virol 2006; 80:11628–37.

28. Brady RC, Treanor JJ, Atmar RL, et al. Safety and immuno-
genicity of a subvirion inactivated influenza A/H5N1 vac-
cine with or without aluminum hydroxide among healthy 
elderly adults. Vaccine 2009; 27:5091–5.

29. Heinonen S, et al. Immune profiles provide insights into res-
piratory syncytial virus disease severity in young children. 
Sci Transl Med 2020; 12.

30. Mejias A, Dimo B, Suarez NM, et al. Whole blood gene ex-
pression profiles to assess pathogenesis and disease severity 
in infants with respiratory syncytial virus infection. PLoS 
Med 2013; 10:e1001549.

31. Phipson B, Lee S, Majewski IJ, Alexander WS, Smyth GK. 
Robust hyperparameter estimation protects against 
hypervariable genes and improves power to detect differen-
tial expression. Ann Appl Stat 2016; 10:946–63.

32. Ritchie ME, Phipson B, Wu D, et al. limma powers differ-
ential expression analyses for RNA-sequencing and micro-
array studies. Nucleic Acids Res 2015; 43:e47.

33. Chaussabel D, Baldwin N. Democratizing systems immu-
nology with modular transcriptional repertoire analyses. 
Nat Rev Immunol 2014; 14:271–80.

34. Chaussabel D, Quinn C, Shen J, et al. A modular analysis 
framework for blood genomics studies: application to sys-
temic lupus erythematosus. Immunity 2008; 29:150–64.

35. Bentebibel SE, Lopez S, Obermoser G, et  al. Induction of 
ICOS+CXCR3+CXCR5+ TH cells correlates with antibody 
responses to influenza vaccination. Sci Transl Med 2013; 
5:176ra32.

36. Berkley  JA, Munywoki  P, Ngama  M, et  al. Viral etiology 
of severe pneumonia among Kenyan infants and children. 
JAMA 2010; 303:2051–7.

37. Nasreen S, Luby SP, Brooks WA, et al. Population-based in-
cidence of severe acute respiratory virus infections among 
children aged <5 years in rural Bangladesh, June-October 
2010. PLoS One 2014; 9:e89978.

38. Shay  DK, Holman  RC, Roosevelt  GE, Clarke  MJ, 
Anderson  LJ. Bronchiolitis-associated mortality and esti-
mates of respiratory syncytial virus-associated deaths among 
US children, 1979-1997. J Infect Dis 2001; 183:16–22.

39. Shi  T, McAllister  DA, O’Brien  KL, et  al; RSV Global 
Epidemiology Network. Global, regional, and national dis-
ease burden estimates of acute lower respiratory infections 
due to respiratory syncytial virus in young children in 2015: 
a systematic review and modelling study. Lancet 2017; 
390:946–58.

40. Anderson LJ, Dormitzer PR, Nokes DJ, Rappuoli R, Roca A, 
Graham  BS. Strategic priorities for respiratory syncytial 
virus (RSV) vaccine development. Vaccine 2013; 31(suppl 
2):B209–15.

41. Blanco JCG, Boukhvalova MS, Morrison TG, Vogel SN. A 
multifaceted approach to RSV vaccination. Hum Vaccin 
Immunother 2018; 14: 1734–45.

42. Kobayashi M, Vekemans J, Baker CJ, Ratner AJ, Le Doare K, 
Schrag  SJ. Group B Streptococcus vaccine development: 
present status and future considerations, with emphasis 
on perspectives for low and middle income countries. 
F1000Res 2016; 5:2355.

43. Schleiss MR. Cytomegalovirus vaccines under clinical de-
velopment. J Virus Erad 2016; 2:198–207.

44. Collier  AY, McMahan  K, Yu  J, et  al. Immunogenicity of 
COVID-19 mRNA vaccines in pregnant and lactating 
women. JAMA 2021; 325:2370–80.

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/article/225/2/341/6312681 by Serials D

ivision user on 21 January 2022


