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Pregnancy Does Not Attenuate the Antibody or
Plasmablast Response to Inactivated Influenza
Vaccine
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Background. Inactivated influenza vaccine (IIV) is recommended during pregnancy to prevent influenza infec-
tion and its complications in pregnant women and their infants. However, the extent to which pregnancy modifies
the antibody response to vaccination remains unclear, and prior studies have focused primarily on hemagglutinin
inhibition (HI) titers. A more comprehensive understanding of how pregnancy modifies the humoral immune re-
sponse to influenza vaccination will aid in maximizing vaccine efficacy.

Methods. Healthy pregnant women and control women were studied prior to, 7 days after, and 28 days after
vaccination with IIV. HI titers, microneutralization (MN) titers, and the frequency of circulating plasmablasts
were evaluated in pregnant versus control women.

Results. Pregnant women and control women mount similarly robust serologic immune responses to IIV, with
no significant differences for any influenza strain in postvaccination geometric mean HI or MN titers. HI and MN
titers correlate, though MN titers demonstrate more robust changes pre- versus postvaccination. The induction of
circulating plasmablasts is increased in pregnant women versus controls (median fold-change 2.60 vs 1.49 [inter-

quartile range, 0.94-7.53 vs 0.63-2.67]; P=.03).
Conclusions.

Pregnant women do not have impaired humoral immune responses to IIV and may have increased

circulating plasmablast production compared to control women.
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Influenza infection presents serious risks to the health
of pregnant women who suffer disproportionately high
levels of morbidity and mortality when compared to
control women [1, 2]. This increased burden of disease
has been particularly prominent during pandemic years:
pregnant women infected with influenza experienced
mortality rates 27- to 45-fold higher than controls
in 1918 [3] and approximately 6-fold higher in 2009
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[4-6]. Seasonal influenza increases the risk of hospital-
ization approximately 3-fold over baseline during preg-
nancy [7, 8]. Inactivated influenza vaccine (IIV) has
demonstrated safety during pregnancy [9, 10], is cur-
rently recommended for all pregnant women [10], and
reduces influenza-like illness both in pregnant women
and their newborns [11-14]. However, there is somewhat
limited, and occasionally conflicting, data describing the
serologic response to influenza vaccination during preg-
nancy, which has important implications for efforts to
protect this vulnerable population.

Two studies performed in 1964 and 1979 demon-
strated comparable serologic responses to influenza vac-
cination in pregnant women compared to control
women [15, 16]. More recent analyses of a 2009 mono-
valent pandemic influenza A (pH1N1) vaccine and the
trivalent ITV in pregnant women revealed that serocon-
version rates were equivalent during pregnancy and the
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postpartum period, and that seroprotection was attained in
>90% of pregnant women [17, 18]. These data suggest that hu-
moral responses to influenza vaccination are maintained during
pregnancy. However, Schlaudecker et al [19] recently performed
a direct comparison of hemagglutination inhibition (HI) re-
sponses to seasonal IIV in pregnant and control women.
Though pregnant and control women achieved seroconversion
and seroprotection at comparable rates, consistent with earlier
studies, pregnant women had significantly decreased geometric
mean titers (GMTs) to the influenza A strains in the vaccine
(influenza A/California [HINI1] and influenza A/Perth
[H3N2]), but not to the influenza B/Brisbane virus [19]. This
raises the possibility that pregnant women may have attenuated
responses to influenza vaccination that could place them at risk.

One potential limitation of the existing studies of influenza
vaccine responses during pregnancy is that they largely relied
on HI titers as the sole measure of humoral immunity, though
additional measures of humoral immune function may provide
a more complete picture. While HI titers measure the ability
of serum/plasma to inhibit red blood cell agglutination by influ-
enza, influenza microneutralization (MN) assays directly assess
antibody function by determining the ability of serum/plasma
antibodies to prevent viral entry. Though MN titers generally
correlate with HI titers, the MN assay is more sensitive and
specific [20-22], and is accurate in evaluating individuals with
impaired HI responses to influenza vaccination, such as those
with HIV [23] and for strains such as avian influenza [24]. An-
other consideration is that serum volume expansion during
pregnancy may alter immunoglobulin levels, potentially affect-
ing the concentration of influenza-specific antibodies. One lon-
gitudinal study found that total serum immunoglobin G (IgG)
increased during the first trimester, but decreased throughout
the second and third trimesters [25]. A distinct measure of
humoral responses is the induction of plasmablasts, recently
activated B cells that peak in systemic circulation approximately
7 days following vaccination and secrete antibodies specific
to vaccine epitopes [26]. Elderly populations that have poor
HI responses to IIV also have diminished plasmablast produc-
tion [27].

This study was therefore designed to comprehensively explore
humoral immune responses to IIV during pregnancy. In addition
to HI responses, we compared total serum IgG levels, functional
neutralizing antibodies using MN titers, and the generation of
circulating plasmablasts following vaccination with ITV between
pregnant and control women.

METHODS

Participants and Study Design

We performed an observational study during the 2012-2013
influenza season, recruiting 25 healthy pregnant women aged
18-42 in their second and third trimesters of pregnancy who

were receiving influenza vaccine as part of their standard prenatal
care at the Obstetrics Clinic at Lucile Packard Children’s Hospital
at Stanford University [28]. Exclusion criteria included morbid
obesity ( prepregnancy BMI > 40), concomitant illnesses, immu-
nosuppressive medications, receipt of blood products within the
previous year, and known fetal abnormalities. Venous blood was
collected prior to vaccination, 7 days following vaccination, and
28 days following vaccination, and separated into serum/plasma
and peripheral blood mononuclear cell (PBMC) components.
Twenty-one pregnant women completed all time points. Serum
samples from control (nonpregnant) women aged 18-42 (n=19)
immunized during the 2012-2013 influenza season were ob-
tained from the annual National Institutes of Health—sponsored
studies of influenza vaccination, conducted at Stanford’s Clinical
and Translational Research Unit. All control women also had ve-
nous blood collections prior to vaccination, 7 days, and 28 days
following vaccination. Because only 11 of the control women im-
munized in 2012-2013 had PBMCs available, PBMCs from ad-
ditional control women were obtained from the 2010-2011
(n=11) and 2011-2012 (n=7) influenza seasons. All partici-
pants received the seasonal IIV vaccine recommended for the
given year and underwent venous blood draws at the same
time points. This study was performed in accordance with the
Declaration of Helsinki and approved by the Stanford University
Institutional Review Board; written informed consent was ob-
tained from all participants.

Serum and PBMC Isolation

PBMCs were isolated from whole blood by Ficoll-Paque (GE
Healthcare, Pittsburg, Pennsylvania) and cryopreserved in 90%
fetal bovine serum (Thermo Scientific, Waltham, Massachusetts)
+10% dimethyl sulfoxide (Sigma-Aldrich, St. Louis, Missouri).
Plasma was collected in pregnant women in heparinized tubes
and serum was collected in controls. HI and MN titers in labo-
ratory controls were comparable in serum and plasma, consistent
with published literature [29, 30].

Hemagglutinin Inhibition

HI assays were performed at the Stanford Human Immune
Monitoring Center using a standard technique [31]. The HI
titer was defined as the reciprocal of the dilution of the last con-
centration of serum inhibiting hemagglutination. Serum sam-
ples that tested negative at a dilution of 1:10 were assigned a
titer of 5. Samples were run in duplicate and results were aver-
aged if values differed by 1 dilution factor. If values differed by 2
or more dilutions, the sample was re-run.

Viral Microneutralization

Assays were performed using a standard technique [32]: briefly,
serial dilutions of heat-inactivated serum samples were mixed
with vaccine-matched influenza virus at 100x the tissue culture
infectious dose 50 (TCIDs,) and incubated for 1 hour at 37°C,
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Table 1. Characteristics of Pregnant and Non-pregnant (Control)
Women
Pregnant Control

Characteristic (n=20) (N=18) Statistic
Age Median, (Range) 31 (19-40) 26 (19-33) P=.004
Race/ethnicity P=.14

White 4 (19.0) 8 (44.4)

Asian 4 (19.0) 6 (33.3)

Hispanic 9 (42.8) 4 (22.2)

Other 3(19.0) 0(0)
11V in Prior Year 9 (42.9) 19 (100) P=.001

2nd Trimester 11 (55.0)

3rd Trimester 9 (45.0)

Data are number (%) of participants unless specified. Age: Mann-Whitney U
test. Race/prior IIV: Fisher's exact T test.

Abbreviation: 11V, inactivated influenza vaccination.

followed by addition of 1.5x 10* Madin-Darby canine
kidney epithelial cells (ATCC, Manassas, Virginia) and incuba-
tion for 18-20 hours. The monolayers were washed with
phosphate-buffered saline (PBS) (Thermo Scientific, Waltham,
Massachusetts) and fixed with 80% cold acetone for 10 minutes.
Influenza nucleoprotein (NP) was detected by enzyme-linked
immunosorbent assay (ELISA) using anti-influenza A or B NP
monoclonal antibody (Abcam, Cambridge, Massachusetts,

clones: C43 [influenza A], B017 [influenza B]), followed by
goat anti-mouse IgG-horseradish peroxidase, and development
with 1-Step Ultra TMB for 10 minutes, stopping with 1 M sul-
furic acid (Fisher). Absorbance was read at 450 nm. Wells were
normalized to internal positive and negative controls on each
plate, and analyzed by fitting a 4-parameter logistic curve and
determining the dilution at which 50% of virus was neutralized.
MN titers were reported as the reciprocal of this dilution.

Serum IgG Quantification

Total levels of circulating serum IgG were quantified by ELISA.
Serum samples were diluted 1:10 000 and assayed using an IgG
Human ELISA Kit (Abcam, Cambridge, Massachusetts). A
standard curve was used to fit a 4-parameter logistic regression
to determine concentrations, which were then adjusted for dilu-
tion and reported as mg/mL.

Plasmablast Quantification

Antibodies to the surface markers CD19, CD20, CD3, CD38,
CD27, CD14, CD7, and CD56 were obtained and conjugated
for mass cytometry as noted in Supplementary Table 1 using
MaxPar X8 labeling kits (DVS Sciences, Sunnyvale, California).
Detailed staining protocols for mass cytometry have been de-
scribed [33-35]. Briefly, cryopreserved PBMCs were thawed
and washed with Roswell Park Memorial Institute medium sup-
plemented with 10% fetal bovine serum (Thermo Scientific,

Table 2. Strain Specific Hl and MN Responses Pre- and Post-influenza Vaccination

HI MN
Influenza Subtype, Pregnant Women Nonpregnant WWomen Pregnant Women Nonpregnant WWomen
Analyte (n=20) (n=18) P Value (n=20) (n=18) P Value
A/California/7/2009
Prevaccine (GMT) 44.4 (31.2-63.2) 74.1 (44.3-123.8) .09 43.9 (20.0-96.4) 227.9 (87.1-596.6) .008
Postvaccine (GMT) 343.0 (209.6-561.3) 209.5 (136.5-321.6) A2 474.5 (223.3-1008.0) 411.5 (219.2-772.5) .76
Fold Increase (GMR) 7.7 (4.0-15.0) 2.8(1.8-4.5) .013 10.8 (3.1-38.0) 1.8 (0.5-6.9) .048
Seroconversion (%) 70.0 (45.7-88.1) 33.3 (13.3-59.0) .05 NA NA
Seroprotection (%) 100 (NA) 100 (NA) 1.00 NA NA
ANictoria/361/2011
Prevaccine (GMT) 113.1 (86.5-148.0) 99.2 (64.1-153.5) .70 54.9 (34.1-88.5) 131.4 (74.1-232.9) .019
Postvaccine (GMT) 234.3 (154.8-354.4) 230.9 (133.1-400.6) 94 266.8 (166.1-428.6) 535.4 (346.1-828.1) .03
Fold Increase (GMR) 2.1 (1.4-3.0) 2.3(1.4-3.8) .83 4.9(2.3-10.2) 4.1 (2.1-7.9) 71
Seroconversion (%) 30.0 (11.9-54.3) 27.8 (9.7-53.5) 1.00 NA NA
Seroprotection (%) 100 (83.2-100.0) 94.4 (72.7-99.9) 47 NA NA
B/Wisconsin/1/2010
Prevaccine (GMT) 14.6 (10.3-20.9) 29.4 (17.8-48.7) .02 18.8 (6.4-54.7) 70.1 (37.4-131.3) .04
Postvaccine (GMT) 74.6 (50.4-110.5) 52.4 (31.7-86.7) .25 165.8 (81.1-339.3) 176.5 (115.9-268.9) .87
Fold Increase (GMR) 5.1 (3.1-8.5) 1.8 (1.3-2.5) .001 8.8 (2.0-38.3) 2.5 (1.8-3.6) .097
Seroconversion (%) 60.0 (36.1-80.9) 22.2 (6.4-47.6) .03 NA NA
Seroprotection (%) 90.0 (68.3-98.8) 77.8 (62.4-93.6) .39 NA NA

Data are geometric means (95% confidence interval), unless defined otherwise.

Abbreviations: GMR, geometric mean ratio; GMT, geometric mean titer; HI, hemagglutination inhibition; MN, microneutralization; NA, not applicable.
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Figure 1.

L PregnantJ

HI titers to A/H1N1/California/2009 (pH1N1) (A4), A/H3N2/Victoria/2011 (B), and B/Wisconsin/2010 (C) before (Day 0) and after (Day 28) IV

administration in pregnant and control women. Titers are the reciprocal of the highest serum dilution capable of preventing hemagglutination of red blood
cells. Lines connect data points from individuals. Data points represent average of technical replicates. Abbreviations: HI, hemagglutination inhibition; 11V,

inactivated influenza vaccine.

Waltham, Massachusetts) and 50 U/mL benzonase (EMD
Millipore, Billerica, Massachusetts). Two million PBMCs were
transferred to 96-well deep well plates (Sigma) and resuspended
in 25 puM cisplatin for 1 minute as a live-dead stain [36] followed
by quenching with 100% serum. Cells were then surface stained
for 30 minutes on ice using the antibodies listed in Supplemen-
tary Table 1. Cells were suspended overnight with iridium inter-
chelator (DVS Sciences) and 2% paraformaldehyde in PBS, then
washed once in PBS and twice in water before acquisition on a

CyTOF mass cytometer instrument (DVS Sciences) as described
[35]. Four Element Calibration Beads (DVS Sciences) were used
to normalize across days [37]. Flow cytometry standard files were
analyzed with FlowJo software v9.7.5 (Tree Star, Ashland,
Oregon).

Statistical Analysis
Statistical analysis was performed using GraphPad Prism v 6.0d
(GraphPad Software, San Diego, California) and R [38]. Pregnant
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Figure 2.

L Pregnant__|

MN titers to A/H1N1/California/2009 (pH1N1) (4), A/H3N2/Victoria/2011 (B), and B/Wisconsin/2010 (C) before (Day 0) and after (Day 28) IIV

administration in pregnant and control women. Titers are the reciprocal of the highest serum dilution factor with less than 50% infection, normalized to
positive controls. Lines connect data points from individuals. Data points represent average of technical replicates. Abbreviations: |1V, inactivated influenza

vaccine; MN, microneutralization.

and control participant characteristics were compared using
Mann-Whitney U tests for continuous variables and Fisher exact
test for discrete variables. Wilcoxon signed-rank tests were used to
compare paired pre- and postvaccination values within groups.
Fisher exact test was used to compare percentages of women in
each group that met HI criteria for seroconversion (>4-fold in-
crease in titer) and seroprotection (postvaccination titer >40).
Modeling of the effect of pregnancy while controlling for baseline
HI titers was performed by analysis of covariance (ANCOVA) with
confidence intervals obtained using bootstrapping.

RESULTS

Cohort Demographics

HI and MN titers to the vaccine strains were compared between
21 pregnant and 19 control women, all vaccinated during the
2012-2013 influenza season. Demographics of the cohort are
summarized in Table 1. Pregnant women were older, less likely
to have been vaccinated in the prior year, and equally divided be-
tween the second and third trimester at the time of enrollment.
Because only 11 control women vaccinated in 2012-2013 had
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PBMC samples available to assess plasmablast frequencies, and
the induction of plasmablasts is not expected to be type-specific
for a particular vaccine strain, PBMCs from additional control
women, vaccinated during the 2010-2011 (n=11) and 2011-
2012 (n=7), were also evaluated for plasmablast induction to
compare pregnant (n = 21) with control (n =29) women.

HI Titers in Pregnant and Control Women

We compared pre- and postimmunization HI titers between
pregnant and control women (Table 2). Preimmunization,
pregnant women had a trend for lower baseline HI GMTs to
pHINI (P =.09), equivalent titers to H3N2/Victoria, but signif-
icantly lower HI titers (GMT) to the B/Wisconsin influenza
strain (P =.02), possibly reflecting the lower frequency of self-
reported vaccination in the pregnant group. Following vaccina-
tion, there were no significant differences in GMTs to any of the
influenza strains between pregnant and control women, and
rates of seroprotection (postimmunization GMT > 40) were
also equivalent (Table 2). The fold-increase in antibody produc-
tion following immunization, measured as the geometric mean
ratio (GMR) between post- and prevaccination titers revealed
greater induction of antibodies pHIN1 (P =.013) and B/Wiscon-
sin (P =.001), but not H3N2 (P = .83) in pregnant women. Preg-
nant women were also more likely to seroconvert to pHIN1
(P=.05) and B/Wisconsin (P =.03), but not H3N2/Victoria
(P=1.0). The increased GMR and seroconversion rates in preg-
nant women are likely related to the lower prevaccine titers, as
previously reported [18]. Postimmunization titers were signifi-
cantly higher than prevaccine titers for all 3 strains in both preg-
nant women and controls (Figure 1).

In light of the differences in vaccination history between
pregnant and control women (Table 1), we stratified prevac-
cine HI titers based on history of vaccination in the prior year
(Supplementary Figure 1). There was a significant elevation in
prevaccine titers for pHINI, but not for H3N2/Victoria or
B/Wisconsin. To account for baseline differences between
groups, we used ANCOVA to assess the effect of pregnancy
on GMR while controlling for prevaccine titers. For H3N2/
Victoria, pregnancy was not significantly associated with GMR
when controlling for baseline HI titer (P =.46, Supplementary
Figure 2); however, for pHIN1 and B/Wisconsin, the GMR
remained significantly greater in pregnant women after control-
ling for baseline HI titer (P =.016 and .014, respectively, Sup-
plementary Figure 2). These results suggest that pregnancy
status had a greater influence on the induction of antibodies
than did prior vaccination history for pH1N1 and B/Wisconsin,
but not for H3N2/Victoria.

Assessment of Pre- and Post-1IV MN Titers

To assess whether there were more subtle differences between
pregnant and control women in influenza-specific antibody in-
duction, we evaluated MN titers (Table 2 and Figure 2). Baseline
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Figure 3. Total serum IgG concentrations in pregnant and control
women, before and after IIV. Pre- and postvaccination levels were com-
pared using a Mann—-Whitney U test. Error bars represent geometric
mean with 95% confidence intervals. Abbreviations: IgG, immunoglobin
G; 11V, inactivated influenza vaccine.

MN titers to pHIN1 (P =.008), A/H3N2/Victoria (P =.019),
and B/Wisconsin (P = .033) were significantly lower in pregnant
women (Table 2). As reported previously for nonpregnant
women [23], HI and MN GMRs were significantly correlated
in both pregnant and control women (Supplementary Figure 3).
Postvaccination MN GMT's were not significantly different be-
tween pregnant women and controls for pHIN1 and B/Wiscon-
sin, but titers were significantly lower in pregnant women for
H3N2/Victoria (P =.029) (Table 2). Pregnant women had sig-
nificantly greater MN GMR to pHIN1 (P =.048) but not to
H3N2/Victoria (P =.71) or B/Wisconsin (P =.097). Both preg-
nant and control women displayed significantly increased MN
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Figure 4. B-cell frequencies as a percentage of live PBMCs in control

(circles) and pregnant (triangles) women prevaccination, 7 days postvacci-
nation, 28 days postvaccination, and 6 weeks postpartum in the pregnant
group. Abbreviations: PBMCs, peripheral blood mononuclear cells; PP,
postpartum.
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titers against all 3 strains following vaccination (Figure 2). After
controlling for baseline titer using an ANCOVA model, preg-
nancy was not associated with deficits in the induction of neu-
tralizing antibodies to any of the 3 influenza strains tested
(Supplementary Figure 2).

Levels of Total Serum Immunoglobulin in Pregnant and Control
Women

Given the increased blood volume during pregnancy, we quanti-
fied total serum IgG in pregnant and control women (Figure 3).
We found that pregnant women have significantly higher IgG
concentrations before immunization (P =.042), but that differ-
ence is not seen postvaccination (P =.788), suggesting that dif-
ferences in total IgG concentration did not account for the
observed differences in the HI or MN GMRs. Prior to immuni-
zation, pregnant women had more variability in IgG concentra-
tion with a trend for a lower prevaccination IgG concentration
as pregnancy progressed (Supplementary Figure 4). Normaliza-
tion of HI and MN to total IgG levels did not influence the ob-
served differences in titers based on pregnancy status (not
shown).

B-cell and Plasmablast Frequencies in Pregnant and Control
Women
To determine whether pregnancy or IIV was associated with
alterations in antibody-producing cells, we quantified B cells
and plasmablasts by mass cytometry (Supplementary Figure 5).
In pregnant but not control women, B-cell frequencies sig-
nificantly declined between the prevaccination and 28-day
postvaccination and postpartum time points (Figure 4). How-
ever, the frequency of B cells did not significantly differ between
pregnant and control women at any time point (Figure 4).
Both pregnant and control women had significantly increased
plasmablast frequencies 7 days postvaccination (median, 0.38
vs 1.32%, P=.003 for pregnant; median, 0.37 vs 0.46%, P =.03

for control) (Figure 5A). There was no difference in the baseline
plasmablast frequency in pregnant versus control women; how-
ever, pregnant women had a significantly higher frequency of
plasmablasts at day 7 (P =.03) and a larger fold-change in plas-
mablast frequency (mean, 2.60 vs 1.49 [interquartile range 0.95-
7.53 vs 0.63-2.67]; P = .03) (Figure 5B). There were no significant
differences between pregnant women and controls when the
analysis was limited to the small number of controls enrolled
in 2012, but this may reflect a lack of statistical power. Though
some, but not all, studies have found that plasmablast frequency
correlates with antibody production [26, 39], the plasmablast fre-
quency at day 7 was not correlated with HI or MN fold-change
(Supplementary Figure 6). In an ANCOVA model, pregnancy re-
mained predictive of increased plasmablast induction following
IIV while controlling for baseline HI averaged between all
3 strains (P =.012). Thus, pregnant women appeared to have
increased production of plasmablasts following IIV compared
to control women, further suggesting that the humoral immune
response to IIV is maintained during pregnancy.

DISCUSSION

Here we performed a comprehensive analysis of humoral
response to IIV, including HI and MN titers, serum IgG quan-
tification, and plasmablast induction in pregnant women com-
pared to control women. We found that pregnant women
mounted robust antibody responses to IIV, reaching equivalent
rates of seroprotection and postvaccine HI titers. Furthermore,
pregnant women mounted equivalent neutralizing antibody
titers to pHIN1 and to B/Wisconsin, though the titers pre-
and postvaccination were lower against H3/Victoria. In addi-
tion, pregnant women appeared to induce plasmablasts as, or
perhaps even more, robustly than did control women. Collec-
tively, these data suggest that pregnancy does not inhibit the an-
tibody responses to IIV, consistent with the clinical data that IIV
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is highly efficacious in pregnant women and reduces morbidity
for both pregnant women and their children [11-14].

The fact that pregnant women in our study had lower prevac-
cination antibody titers than control women is not surprising,
given that a smaller proportion of pregnant women reported
being vaccinated in the previous season. Vaccination in the
prior year has previously been linked to a reduced odds of sero-
conversion [18, 40], but not lower postvaccination GMTs, con-
sistent with our findings. We also observed no evidence of a
deficit in functional antibodies during pregnancy, as HI and
MN titers were significantly correlated. Our data agree with sev-
eral other studies that indicated that pregnant women mount
adequate immune responses to influenza vaccine [18, 41, 42].
However, the equivalent postvaccination HI titers differ from
the recently published data by Schlaudecker et al [19], who
demonstrated a 40%-50% decrease in the postvaccination
GMTs for pHINI and H3N2/Perth in pregnant women com-
pared to controls. The discrepancy could relate to several fac-
tors, including year-to-year differences in vaccine formulation
and study population. The fact that the HI titers observed in
the control women were very similar between the Schlaudecker
et al study in 2011-2012 and our study in 2012-2013 implies
that differences in the vaccine strain may not have been the pri-
mary factor. One significant difference between the studies is
that our cohort had lower rates of prior vaccination. In the
Schlaudecker et al study, >95% of both pregnant and control
women had been vaccinated in the prior season. Their result
could imply that pregnant women are less adept at mounting
a response to a secondary challenge, though this will require
further study. Notably, currently only 50% of pregnant women
receive IIV before or during pregnancy [43].

Given the differences in vaccination history between preg-
nant women and controls in our study, we sought to evaluate
the extent to which the baseline antibody titers influenced the
GMRs. A multivariate linear regression (ANCOVA) analysis
suggested that the significantly increased induction of neutral-
izing antibodies to pH1N1 was driven primarily by pregnancy
status, not by prevaccine titers. This implies that pregnant
women may have more robust responses, at least to some vac-
cine strains to which prior exposure was limited, though this re-
sult will require validation with larger cohorts of women of
known vaccination history.

In addition to serologic responses, we also sought to evaluate
B-cell and plasmablast frequencies in pregnant women compared
to control women. Longitudinal data in pregnant women suggest
that B-cell frequencies are significantly depressed during the
third trimester of pregnancy [42], consistent with our results.
However, several lines of evidence suggest that pregnant women
may produce more antibodies, potentially compensating for a de-
crease in frequency. First, estrogen, which peaks in the third tri-
mester of pregnancy, increases immunoglobulin production from
B cells in vitro [44]. Second, women generally respond more

robustly than men to IIV vaccine, suggesting that estrogen may
enhance antibody production in vivo [45]. Third, B-cell-mediat-
ed autoimmune diseases such as lupus are generally exacerbated
by pregnancy [46]. Plasmablasts, which are important mediators
of the humoral immune response [47, 48], were robustly induced
in pregnant women, suggesting that humoral immune responses
are maintained during pregnancy.

Limitations of this study include the relatively small sample
size and the significant differences in the vaccination history be-
tween pregnant women and controls. While we did our best to
account for these differences, further study with larger cohorts
will be necessary to determine whether there are consistent dif-
ferences in the ability of pregnant women to respond to influ-
enza vaccine across multiple years and vaccine strains. An
additional limitation is that we detected plasmablasts by mass
cytometry, a technology that does not allow the cells to be sort-
ed. As a result, we were unable to quantify with certainty the
percentage of influenza-specific plasmablasts, though prior
studies have indicated that plasmablast frequency is signifi-
cantly correlated with number of influenza-specific plasma-
blasts 7 days following vaccination (P =.02) [49].

Our findings have important implications in the context of
pregnancy because ITV prevents influenza in infants through pas-
sive transfer of antibodies via the placenta and breastfeeding
[19, 50]. Maternal vaccination significantly reduces the risk of
infant influenza-related hospitalization and intensive-care unit
admission during the first 6 months of life, a time when infants
benefit from passively transferred antibodies but are ineligible to
receive IIV [11-14]. If postvaccination GMT titers were signifi-
cantly reduced in pregnant women relative to controls, strategies
could be considered to further boost titers and the duration of
protection for infants. However, the HI and MN data from this
cohort of pregnant women suggest that such interventions may
not be necessary. Overall, our comprehensive evaluation of the
humoral immune response to IIV in pregnant women versus
control women revealed no consistent functional deficits in pro-
duction of antibodies to influenza. Further, plasmablast produc-
tion may be increased during pregnancy, providing further
evidence of a robust humoral immune response. While further
studies will need to evaluate whether pregnant women mount
less robust responses to secondary challenges, these findings pro-
vide an immunologic correlate for the clinical observations that
influenza vaccination is efficacious at preventing disease in preg-
nant women and their infants.
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