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Pregnant women are particularly susceptible to complications of influenza A virus
infection, which may result from pregnancy-induced changes in the function of immune
cells, including natural killer (NK) cells. To better understand NK cell function during
pregnancy, we assessed the ability of the two main subsets of NK cells, CD569™,
and CD56°M9"t NK cells, to respond to influenza-virus infected cells and tumor cells.
During pregnancy, CD569™M and CD56°19"t NK cells displayed enhanced functional
responses to both infected and tumor cells, with increased expression of degranulation
markers and elevated frequency of NK cells producing IFN-y. To better understand the
mechanisms driving this enhanced function, we profiled CD569™ and CD56°9" NK cells
from pregnant and non-pregnant women using mass cytometry. NK cells from pregnant
women displayed significantly increased expression of several functional and activation
markers such as CD38 on both subsets and NKp46 on CD569M NK cells. NK cells also
displayed diminished expression of the chemokine receptor CXCR3 during pregnancy.
Overall, these data demonstrate that functional and phenotypic shifts occur in NK cells
during pregnancy that can influence the magnitude of the immune response to both
infections and tumors.

Keywords: NK cells, pregnancy, influenza virus, cancer cells, NK repertoire

INTRODUCTION

During pregnancy, the immune system has to finely balance its activity in order to tolerate the semi-
allogeneic fetus, while maintaining the ability to fight microbial challenges (1-4). These immune
alterations may be at least partially responsible for the increased susceptibility of pregnant women
to complications from influenza virus infection (5-9). Recent studies have demonstrated enhanced
responses to influenza virus by several innate immune cell subsets during pregnancy, including
monocytes, plasmacytoid dendritic cells and natural killer (NK) cells (2, 10-14). It remains unclear
whether such changes could contribute to the enhanced pathogenesis of influenza virus during
pregnancy because the role of NK cells in the pathogenesis of influenza virus remains controversial.
Several mouse studies have shown that NK cell depletion or the use of mice deficient in NK cells
improved the outcome of influenza infection (15, 16), suggesting that NK cell activity may be
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pathogenic in the setting of influenza infection. On the contrary,
NK cells reduced influenza virus burden and promoted clearance
of the virus in mice deficient in NKp46, a major NK cell receptor
thought to play a role in influenza recognition (17), suggesting
that NK cells may contribute to protection from influenza.
Controversy remains as another mouse strain deficient in NKp46
expression is resistant to viral infection (18). In humans, NK
cells were found in abundance in the lungs of fatally infected
patients with the 2009 HIN1 pandemic strain of influenza virus
(19). This NK cell recruitment correlated with severity of lung
inflammation and poor patient outcome, but the causality in the
relation between infiltration of NK cells and viral clearance and
pathogenesis is unproven.

NK cells mediate their response to influenza and other
pathogens using an array of germline receptors. Inhibitory
receptors serve to protect healthy cells from NK cells and include
the killer-cell immunoglobulin-like receptors (KIRs) and the
heterodimer NKG2A-CD94. NK cell activating receptors signal
‘altered self’ and include NKp46, NKp30, NKp44, NKG2C,
and NKG2D, among others. Together, the activating and
inhibitory receptors define the degree of NK cell maturation
and responsiveness to stimuli (20, 21). In response to virus-
infected or cancerous cells, NK cells can kill cells via release of
cytolytic molecules or through engagement of death receptors.
They can also produce cytokines, such as IFN-y, which limit
viral replication and tumor proliferation (21). CD56%™ and
CD5618ht NK cells are two major NK cell subsets identified in
the peripheral blood that tend to differ in their responsiveness.
CD56%™ NK cells are more cytotoxic and CD56°78h are
better at secreting cytokines (22, 23). Due to their robust
cytotoxic capabilities and immune regulatory potential, NK cell
activation is tightly regulated to limit tissue damage at the site
of infection. Here, we sought to better understand how NK cell
activity is regulated during pregnancy and gain insight into the
unusual susceptibility of pregnant women to complications from
influenza virus and other infections. We used mass cytometry
and ex vivo influenza infection to profile the expression of NK
cell activating and inhibitory receptors during this critical period
of development.

MATERIALS AND METHODS
Study Design

Pregnant women in their second and third trimester and
control non-pregnant women were enrolled in two cohorts
in separate years. In the discovery cohort, twenty-one healthy
pregnant women were recruited between October 2013 and
March 2014 from the Obstetrics Clinic at Lucile Packard
Children’s Hospital at Stanford University. Twenty-one non-
pregnant (control) women were recruited for Stanford influenza
vaccine studies (NCT numbers: NCT03020537, NCT03022422,
and NCT02141581). In the validation cohort, 32 non-pregnant
(control) women were recruited for Stanford vaccine studies
(NCT numbers: NCT01827462 and NCT03022422) and 21
healthy pregnant women were recruited between October
2012 and March 2013 from the Obstetrics Clinic at Lucile
Packard Children’s Hospital at Stanford. Venous blood was

collected from all participants at baseline; pregnant women
also provided a sample at 6 weeks post-partum. Exclusion
criteria included concomitant illnesses, immunosuppressive
medications, or receipt of blood products within the previous
year. Pregnant women were also excluded for known fetal
abnormalities and morbid obesity (pre-pregnancy body mass
index >40). This study was performed in accordance with
the Declaration of Helsinki and approved by the Stanford
University Institutional Review Board (IRB-25182); written
informed consent was obtained from all participants. Blood from
anonymous healthy donors at the Stanford blood bank center was
obtained for confirmatory functional assays.

PBMC Isolation, Cryopreservation, and

Cell Purification for Functional Assays
PBMCs from healthy donors were isolated from whole blood
by Ficoll-Paque (GE Healthcare) and cryopreserved in 90%
fetal bovine serum (Thermo Scientific)/10% dimethyl sulfoxide
(Sigma-Aldrich). Cryopreserved PBMCs were thawed and
washed with complete RP10 media [RPMI 1640 (Invitrogen)
supplemented with 10% fetal bovine serum (FBS), 2mM L-
glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin (Life
Technologies)] and 50 U/mL benzonase (EMD Millipore). NK
cells and/or monocytes were sorted using Sony sorter SH800
(Sony) with the following antibodies: CD3-Allophycocyanine
(clone OKT3; BioLegend), CD14-Brilliant Violet 421 (clone
HCD14; BioLegend), CD19-Alexa Fluor 488 (clone HIB19;
Biolegend), and CD56-Phycoerythrin Cyanine 7 (clone
NCAM; BioLegend).

NK Cell: Infected Monocyte Co-culture
A/California/7/2009 influenza (pHIN1) wild-type influenza A
virus obtained from Kanta Subbarao at the National Institutes of
Health was propagated in embryonated chicken eggs. Monocytes
were washed and re-suspended in serum-free RPMI media at
1 x 10° per 100 pL and infected at a multiplicity of infection
(MOI) of 3 for 1h at 37°C with 5% carbon dioxide. One-
hour post-infection, viral inoculum was removed and cells were
resuspended in 100 pL of complete RP10. Autologous NK
cells were then exposed to pHINI-infected monocytes at a
effector:target (E:T) ratio 1:1. After a further 2-h incubation,
2 uM monensin, 3 pg/mL brefeldin A (eBiosciences), and anti-
CD107a-allophycocyanin-H7 (BD Pharmingen) were added to
the co-culture for 4h, followed by cell staining for flow
cytometry analysis.

K562 Cell Assay

Following purification, NK cells were exposed to K562
tumor cells (ATCC) at an effector:target (E:T) ratio of 1:1.
Immediately following co-incubation, 2 WM monensin, 3 pg/mL
brefeldin A, and anti-CD107a-allophycocyanin-H7 were added
to the co-culture for 4h, followed by cell staining for flow
cytometry analysis.

Cell Staining and Flow-Cytometry Analysis
Cells were stained with LIVE/DEAD fixable Aqua Stain (Life
Technologies), followed by surface staining and then fixed
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and permeabilized with FACS Lyse and FACS Perm II (BD
Pharmingen) according to the manufacturer’s instructions. Cells
were stained with anti-CD3-PE or -APC, anti-CD16-PerCPCy5.5
(clone 3G8; BioLegend), anti-IFNy-FITC or V450 (clone B27; BD
Biosciences), anti-CD56-PEcy7, or anti-CD14-APC or -APC-H7
and fixed using 1% paraformaldehyde. Uncompensated data were
collected using a three-laser MACSQuant® Analyser (Miltenyi).
Analysis and compensation were performed using FlowJo flow-
cytometric analysis software, version 9.9.4 (Tree Star).

Antibody Labeling for CyTOF

Purified antibodies (lacking carrier proteins) were labeled
100 pg at a time according to instructions provided by
DVS Sciences with heavy metal-preloaded maleimide-coupled
MAXPAR chelating polymers and as previously described (24,
25). Qdot antibodies purchased from Invitrogen were used for
Cd112 and were not conjugated. In115, Gd155, and Gd157 were
ordered from Trace Sciences and conjugated with exactly as
with metals purchased from DVS Sciences. Following labeling,
antibodies were diluted in PBS to a concentration between 0.1
and 0.3 mg/mL. Each antibody clone and lot was titrated to
optimal staining concentrations using cell lines and primary
human samples. The gating shown in Figures S2, $4, S6, S8
displays one individual as an example. Gates were set based on
both positive and negative controls known to express markers,
and all stains were validated by comparison to conventional
flow cytometry, as described in our prior studies (20, 26). Cell
subsets known to not express markers were used as negative
controls in many cases (for instance, B cells do not express
many NK cell markers). For some stains such as NKG2C, as
new antibody conjugations and panels were used for the second
cohort, the gating strategy modified if better ability to distinguish
populations was possible. Gating was not used as part of the
GLM analysis.

PBMC Staining for CyTOF Acquisition
Cryopreserved PBMCs from non-pregnant and pregnant women
in discovery and validation cohort were thawed and cells were
transferred to 96-well deep-well-plates, resuspended in 25uM
cisplatin (Enzo Life Sciences) for 1 min and quenched with 100%
serum. Cells were stained for 30 min, fixed (BD FACS Lyse),
permeabilized (BD FACS Perm II), and stained with intracellular
antibodies for 45 min on ice. Staining panels are described in
Tables S3, S4. All antibodies were conjugated using MaxPar X8
labeling kits (DVS Sciences). Cells were suspended overnight in
iridium intercalator (DVS Sciences) in 2% paraformaldehyde
in phosphate-buffered saline (PBS) and washed 1x in
PBS and 2x in H,O immediately before acquisition on a
CyTOE-1 (Fluidigm).

Modeling of Predictors of Pregnancy in
Mass Cytometry Data

To identify markers that were consistently changed during
pregnancy, we used a generalized linear model (GLM) with
bootstrap resampling to account for the donor-specific
heterogeneity. We implemented the GLM approach and other

regression models in an open source R package CytoGLMM (27)
available here: https://christofseiler.github.io/CytoGLMM/.

Statistical Analysis

Linear discriminant analyses were implemented in R using
the package MASS (28, 29). Statistical analyses for functional
experiments were performed using GraphPad Prism, version
6.0d (GraphPad Software). A Mann-Whitney U-test was used to
compare control to pregnant women and a Wilcoxon signed-
rank was used to compare the paired data in women between
pregnancy and the post-partum period.

Data Availability

Mass cytometry data supporting this publication is available

at  ImmPort (https://www.immport.org) under  study
accession SDY1537.
RESULTS

NK Cell Immune Response to Influenza

Virus During Pregnancy

To investigate how pregnancy alters NK cell phenotype and
function, we recruited two cohorts of pregnant and non-
pregnant (control) women in subsequent years (Tables S1, S2).
We assessed NK cell antiviral function during pregnancy by
flow cytometry after exposing sorted NK cells to autologous
infected monocytes [Figure 1A; (12, 30)]. We observed that the
frequency of CD564™ NK cells expressing CD107a, a marker
of cytolytic activity, and IFN-y was significantly greater in
pregnant women than in controls or in post-partum women
(Figures 1B,C and Figure S1A). Similarly, the frequency of
CD5618ht NK cells expressing CD107a and IFN-y was also
significantly greater during pregnancy than in controls and
post-partum (Figures 1D,E and Figure S1A). Bulk NK cells
from pregnant women displayed enhanced killing of influenza-
infected monocytes (Figure 1F and Figure S1B). These data
demonstrate that the two major NK cell subsets have enhanced
responses to influenza-virus infected cells during pregnancy.

NK Cell Immune Response to Cancer Cells

During Pregnancy

During pregnancy, monocytes respond more robustly to
influenza virus (11) which could activate NK cells through
inflammatory cytokine production, potentially explaining
enhanced NK cell responses. We hypothesized that if NK cell
function was intrinsically elevated during pregnancy, we should
observe enhanced anti-tumor responses as well. We therefore
exposed sorted total NK cells from controls and pregnant women
to the K562 tumor cell line (Figure 1A), which represents a
homogenous, identical target for NK cells from controls and
pregnant women. CD56%™ NK cells from pregnant women
had 1.6-fold greater expression of CD107a than CD56%™ NK
cells from non-pregnant women in response to K562 cells
(Figure 1G and Figure S1C), though IFN-y responses were not
significantly different (Figure 1H and Figure S1C). CD56""ight
NK cells also displayed enhanced degranulation (Figure 1I and
Figure S1C) but no difference in IFN-y production (Figure 1J
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FIGURE 1 | CD56°™ and CD56°9" NK cell immune response to influenza infected and tumor cells during pregnancy. (A) PBMCs from controls (N = 10), pregnant
women (N = 10), and post-partum women (N = 10) in discovery cohort were isolated from blood samples. Monocytes and total NK cells were sorted and monocytes
(Continued)
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FIGURE 1 | were infected with the H1N1 influenza virus strain. NK cells were either exposed to H1N1-infected monocytes or to K562 tumor cells for 7 or 4 h,
respectively. (B-1) CD569™ and CD56"9" NK cell immune response was then determined by flow cytometry. The frequency of (B) CD107a- and (C) IFN-y-expressing
CD569M NK cells in response to influenza-infected monocytes is represented. The frequency of (D) CD107a- and (E) IFN-y-expressing CD56P9 NK cells in response
to influenza-infected monocytes is represented. (F) The frequency of dead or dying monocytes based on staining with viability dye in NK cell co-culture. The frequency
of CD107a (G) and IFN-y-production (H) by CD569™ NK cells in response to K562 cells is represented. The frequency of CD107a (I) and IFN-y-production (J) by
CD56°9" NK cells in response to K562 cells. (K) The frequency of dead or dying K562 tumor cells based on staining with viability dye in NK cell co-culture. *P <
0.05, **P < 0.01, and **P < 0.001 (Mann-Whitney U-Tests to compare controls vs. pregnant; Wilcoxon matched-paired test to compare pregnant vs. post-partum).

and Figure S1C). This increased degranulation by both NK cell
subsets from pregnant women resulted in enhanced killing of
K562 cells by bulk NK cells (Figure 1K and Figure S1D). These
data indicate that NK cells have an intrinsically enhanced ability
to kill both infected and tumor targets during pregnancy.

Deep Profiling of CD569™ and CD56Pright
NK Cells During Pregnancy in the
Discovery Cohort

To understand potential drivers of this enhanced NK cell
function during pregnancy, we profiled the expression
patterns of inhibitory and activating surface receptors
on NK cells in control non-pregnant women, pregnant
women, and post-partum women (including the 10
individuals per group tested in Figure1). PBMCs in both
cohorts were evaluated by mass cytometry as outlined in
Figure 2A and Tables S3,S84. NK cells were identified as
CD3~CD19~CD20~ CD14~ CD56%m/brightCp16+/= cells
(Figure S2A). The frequency of NK cells did not significantly
differ between pregnant and control women, nor in pregnant
vs. post-partum women in either cohort (Figures S2B,C). To
identify NK cell markers predictive of pregnancy, we used a
Generalized Linear Model (GLM) with bootstrap resampling
to account for correlations between cells and inter-individual
variability [Figure 2A; (27)].

Expression of several markers such as CD38, NKp46, PD-1,
and CD27 were predictive of pregnancy on CD56%™ NK cells,
while NKp30 was more likely to predict control (Figure 2B).
When comparing the same women during pregnancy and post-
partum, CD38, NKp46, NKG2C, NKG2D, and NKp44 were
predictive of pregnancy on CD56%™ NK cells (Figure 2C).
Manual gating confirmed elevated expression of CD38 and
NKp46 on CD56%™ NK cells during pregnancy (Figures 3, $4).
To further define the markers that distinguish pregnancy, a
linear discriminant analysis (LDA) was performed, revealing that
CD38 and NKp46 best separate the CD564™ NK cell population
of pregnant women from that of control and post-partum
women (Figure 2D). Together, our data indicate that there are
differences in NK receptor expression patterns during pregnancy,
and that CD38 and NKp46 expression are major drivers of these
pregnancy-related changes.

As CD56"i82 NK cells differ from CD564™ NK cells in their
maturation and receptor expression patterns, we analyzed them
separately. CD38 and NKp46 expression levels are also predictive
of pregnancy on CD56™8M NK cells, as is the inhibitory
receptor NKG2A, which is highly expressed on CD56°8ht
NK cells (Figure 2E and Figures S5, S6). Expression of the
chemokine receptor, CXCR3, and activating receptor, NKp44,

were associated with non-pregnant state. Similar differences
were seen when comparing pregnant and post-partum samples
(Figure 2F and Figures S5, $6). LDA reveals that CD38, NKp46,
NKG2A, and NKG2D best separate CD56°8" NK cells of
pregnant women from that of control and post-partum women
(Figure 2G). Together, these data suggest that during pregnancy,
both CD564™ and CD56"8" NK cell subsets have the potential
for greater activation through an increased expression of CD38
and NKp46.

Deep Profiling of CD56%™ and CD56P"9ht

NK Cells in the Validation Cohort

We performed a deeper profiling of NK cells in the validation
cohort, using an antibody panel including an increased number
of specific NK cell receptors such as KIRs (Figure2A and
Table S4). Similar to the discovery cohort, CD38 and NKp46
are predictive of pregnancy on CD564™ NK cells compared to
controls (Figure 3A). CD56%™ NK cells from pregnant women
also display an increased expression of NKG2C, LILRBI, and
KIR2DL3 compared to control, while NKG2D and CDI11b
expression predicted control. CD38, NKG2A, and CD244
expression are also predictive of pregnancy when compared with
post-partum conditions, while several markers including KIRs
predicted the post-partum state (Figure 3B). NKp46 predicted
the post-partum state among CD564™ NK cells in the validation
cohort (Figure 3B). Manual gating confirmed the results of
the GLM for this cohort (Figures S7, $8). LDA performed on
these data showed that CD38 and NKG2A best explained
the separation between CD569™ NK cells from pregnant
women with controls and post-partum in the validation cohort
(Figure 3C).

For CD56"8h NK cell, CD1lb, CD38, LILRBI,
CD25, KIR2DL3, NKG2A, and NKG2C are predictive of
pregnancy, while several markers predict the post-partum
state (Figures 3D,E). These data were confirmed by manual
gating (Figures §9, §10). LDA separation showed that CD38,
NKp30, CD94, and CD244 most contribute to the separation of
CD56"18M NK cells from pregnant women compared to controls
and post-partum (Figure 3F). Several markers differed in their
predictions between the discovery and validation cohorts. For
instance, NKG2C was predictive of pregnancy in comparison
to control among both CD56%™ and CD56"8" NK cells in the
validation cohort, but not in the discovery cohort. This raises
the possibility that there are differences in CMV status between
cohorts driving the effect. Unfortunately, CMV serologies were
not available; however, there were no significant differences in
the frequency of “adaptive” NKG2CTCD57% NK cells between
the control, pregnant, or post-partum women in either cohort,
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FIGURE 2 | cytometry. Data obtained were analyzed using a linear regression model, GLM. (B,C) Markers predictive of CD56%™ NK cells in control vs. pregnant
women in discovery cohort were assessed by GLM with bootstrap resampling. The markers are listed on the y-axis and the x-axis represents the log-odds that the
marker expression levels predict the outcome (control on the left vs. pregnancy on the right). Summary data are depicted, showing the 95% confidence interval.
Markers in which the bar does not cross zero are significantly predictive of one state vs. the other. (D) Represents the linear discriminant analysis (LDA) for CD564™
NK cells between non-pregnant, pregnant, and post-partum samples from discovery cohort. (E,F) Markers predictive of CD56""9"t NK cells in control vs. pregnant
women in discovery cohort were assessed by GLM with bootstrap resampling. The markers are listed on the y-axis and the x-axis represents the log-odds that the
marker expression levels predict the outcome (control on the left vs. pregnancy on the right). Summary data are depicted, showing the 95% confidence interval.
Markers in which the bar does not cross zero are significantly predictive of one state vs. the other. (G) Represents the linear discriminant analysis (LDA) for CD56aht
NK cells between non-pregnant, pregnant, and post-partum samples from discovery cohort.

making it less likely that differences in CMV status were driving
the differences in NK cell phenotype (Figure S11). Overall, the
most consistent finding in pregnancy is the increased expression
of CD38 on both CD56%™ and CD56"8" NK cells. There is
significant variation in the expression patterns of activating and
inhibitory NK cell receptors during pregnancy, but pregnancy
is associated with a higher activation status and enhanced
CD38 expression.

Co-expression of CD38 and NKp46

As the most consistently observed difference was enhanced
expression of CD38 and NKp46 on CD564™ NK cells
during pregnancy, we examined the frequency of CD564™
NK cells co-expressing these markers (Figure4). CD38 and
NKp46 were co-expressed on a greater frequency of NK
cells both the discovery (Figures 4A,B) and validation cohorts
during pregnancy (Figures 4C,D). In the discovery cohort, the
frequency of CD38M8"NKp46™ NK cells returned to levels found
in controls during the post-partum period, but in the validation
cohort, the frequency of CD38M8"NKp46™ NK cells remained
high in the post-partum period. There was no significant
association between the frequency of CD38M8"NKp46+ NK cells
and “adaptive” NKG2CTCD57" NK cells (Figure S11).

DISCUSSION

During pregnancy, the maternal immune system is engaged
in a fine balance: tolerance is required to preserve the fetus
while defenses must be maintained to protect mother and baby
from microbial challenges. NK cells play a critical role in this
balance as their job is to patrol the body for “altered self”
(31). NK cell activity had been thought to be suppressed during
pregnancy to protect the fetus, but recent studies have suggested
a more nuanced view (2). NK cells from pregnant women
display diminished responses to stimulation with cytokines
and phorbol-myristate acetate and ionomycin, yet NK cell
responses to influenza-infected cells are enhanced (12-14, 32).
Here we show that both CD56%™ and CD56"8" NK cell
subsets have enhanced responses to both the influenza virus
and to cancer cells, indicating a cell-intrinsic enhancement in
their response to threats. Profiling CD564™ and CD56""8ht
NK cells from pregnant and non-pregnant women showed that
during pregnancy, both subsets are characterized by increased
expression of the activation marker, CD38. CD38 is expressed
on a large proportion of NK cells even in non-pregnant
individuals and is significantly increased in cell surface density

during pregnancy. CD56%™ NK cells also demonstrate increased
expression of the activating receptor NKp46 during pregnancy
(though it is even higher in the post-partum period in one study);
this receptor may play a role in recognition of influenza-infected
cells (33, 34). These observations indicate that NK cells have an
enhanced expression of receptors that mark NK cell activation
and contribute to the response to influenza virus and cancer cells.

Pregnant women are significantly more likely to suffer adverse
consequences from influenza infection than are the general
population. During the 1918 influenza pandemic, the case fatality
rate for influenza infection was estimated to be 27-75% among
pregnant women but only 2-3% among the general population
(35). Even with improved supportive care, the case-fatality rate
among pregnant women was twice that of the general population
during the 2009 pandemic (36). Thus, an understanding of the
mechanisms driving this enhanced susceptibility to influenza
infection during pregnancy represents an important challenge
for the scientific community. During influenza virus infection,
the recruitment of peripheral NK cells into the lungs represents
one of the first lines of defense following influenza infection
(37). Though isolated NK cells stimulated with cytokines or
chemicals have suppressed responses during pregnancy, our data
here confirm earlier findings that NK cell responses to autologous
influenza-infected cells are enhanced during pregnancy (12).
This enhanced responsiveness could be deleterious to lung
integrity and drive pathogenesis. Consistent with this idea, Kim
et al. demonstrated that pregnant mice infected by influenza
virus have increased lung inflammation and damage compared
to non-pregnant mice (38). Further, Littauer et al. suggested
that innate immune responses play a role in the initiation of
pregnancy complications such as preterm birth and stillbirth
following influenza virus infection (5). Finally, the idea that
enhanced NK cell responses could be detrimental in pregnant
women is consistent with observations that hyperinflammatory
responses are a driving force behind severe influenza disease in
humans (39-41).

To deepen our understanding of the effect of pregnancy on
NK cell responses, we turned to mass cytometry to profile the
expression of NK cell surface receptors. We were surprised to
discover that both CD564™ and CD56"8"* NK cell subsets had
a consistent and significant increase in CD38 expression during
pregnancy compared to non-pregnant and post-partum samples.
While CD38 is commonly viewed as an activation marker on T
cells, it is more highly expressed on NK cells and has several
important functions. First, CD38 confers lymphocytes with the
ability to adhere to endothelial cells through its binding to
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FIGURE 3 | Deep profiling of CD569™ and CD56°'9" NK cells in non-pregnant and pregnant women from validation cohort. (A,B) Markers predictive of CD569™ NK
cells in control vs. pregnant women in validation cohort were assessed by GLM with bootstrap resampling. The markers are listed on the y-axis and the x-axis
represents the log-odds that the marker expression levels predict the outcome (control on the left vs. pregnancy on the right). Summary data are depicted, showing
the 95% confidence interval. Markers in which the bar does not cross zero are significantly predictive of one state vs. the other. (C) Represents the linear discriminant
analysis (LDA) for CD56%M NK cells between non-pregnant, pregnant and post-partum samples from validation cohort. (D,E) Markers predictive of CD56°"9" NK cells
in control vs. pregnant women in validation cohort were assessed by GLM with bootstrap resampling. The markers are listed on the y-axis and the x-axis represents
the log-odds that the marker expression levels predict the outcome (control on the left vs. pregnancy on the right). Summary data are depicted, showing the 95%
confidence interval. Markers in which the bar does not cross zero are significantly predictive of one state vs. the other. (F) Represents the linear discriminant analysis
(LDA) for CD56P19" NK cells between non-pregnant, pregnant and post-partum samples from validation cohort.

CD31, a necessary step in extravasation. CD38 also functions  ribose through its hydrolase activity (42). These molecules
as an ectoenzyme, converting extracellular NADT to cADPR  in turn can diffuse into the cell and promote its activation
through its cyclase activity or CADPR to Adenosyl-di-phosphate by driving intracellular calcium increase, phosphorylation of
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FIGURE 4 | NKp46 and CD38 co-expression in NK cells from controls, pregnant and post-partum women in the discovery and validation cohort. (A) Representative
mass cytometry plots showing the co-expression of NKp46 and CD38 in peripheral NK cells from a control, pregnant or post-partum women in the discovery cohort.
(B) Frequency of CD38+NKp46* NK cells from controls, pregnant and post-partum individuals in the discovery cohort. ***P < 0.001 (Mann-Whitney U-Tests to
compare controls vs. pregnant; Wilcoxon matched-paired test to compare pregnant vs. post-partum). (C) Representative mass cytometry plots showing the
co-expression of NKp46 and CD38 in peripheral NK cells from a control, pregnant, or post-partum women in the validation cohort. (D) Frequency of CD38"NKp46*
NK cells from controls, pregnant and post-partum individuals in the validation cohort. *P < 0.05 (Mann-Whitney U-Tests to compare controls vs. pregnant; Wilcoxon
matched-paired test to compare pregnant vs. post-partum).

signaling molecules, production of cytokines, and vesicular
transport (43). CD38 crosslinking can enhance the cytotoxic
activity of cytokine-activated NK cells (44-46) and plays a role in
immune synapse formation in T cells (47) and NK cells (Le Gars
et al., unpublished data). Thus, this increased CD38 expression
during pregnancy might explain the enhanced responses of NK
cells to influenza and tumor cells. Interestingly, decidual NK
cells express high levels of CD38 compared to peripheral NK
cells, yet their origin is still unclear (48). It has been proposed
that subsets of NK cells can migrate from the maternal blood
to the decidua and acquire the unique features of decidual
NK cells upon exposure to decidual environment (49, 50). Our
data suggest that the overall environment during pregnancy

could enhance CD38 expression. Several studies suggest that
KIR2DL4 could play a significant role in regulating IFN-y
production by decidual NK cells (51-53). Further, an NK cell
population found in repeated pregnancies, which has a unique
transcriptome and epigenetic signature, is characterized by high
expression of the receptors NKG2C and LILRB1 (54). This NK
cell population has open chromatin around the enhancers of
IFNG and VEGF genes, which leads to an increased production
of IFN-y and VEGF upon activation. This is consistent with our
finding that NKG2C and LILRB1 expression is increased in our
validation cohort, and could explain the increased activation of
peripheral NK cells upon encounter with infected or tumor cells
during pregnancy.
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Another interesting finding is the consistent increased
expression of NKp46 on CD56%™ NK cells during pregnancy.
Intriguingly, in the validation cohort, NKp46 levels were even
higher on CD564™ NK cells during the post-partum period.
NKp46 has been shown to contribute to NK cell influenza
virus responses through binding of influenza hemagglutinin (34).
Signaling mediated by NKp46 following influenza sensing leads
to the production of IFN-y (33, 55). Therefore, an increased
expression of NKp46 during pregnancy could make NK cells
more responsive to influenza virus. Further, more elevated
expression of NKp46 facilitates the control of lung cancer in mice
(56) and NKp46 alteration is associated with tumor progression
in human gastric cancer (57). Thus, the increased expression
of NKp46 on CD56%™ NK cells, together with CD38, could
explain the enhanced response to cancer cells during pregnancy.
Two factors limited our ability to directly attribute the enhanced
expression of CD38 and NKp46 to NK cell hyperresponsiveness
during pregnancy. First, we did not have sufficient PBMC
samples from pregnant women to perform blocking experiments.
Second, even with enough material, CD38 and NKp46 are
expressed on NK cells from non-pregnant women as well, albeit
at lower levels, thus blocking would be expected to diminish
responses in both pregnant and non-pregnant women.

Several markers differed in their expression pattern during
pregnancy in only one cohort, and there was significant variation
in the expression patterns of some markers between cohorts.
For instance, NKG2D cells was predictive of pregnancy in the
discovery cohort and predictive of post-partum/control in the
validation cohort. This may reflect the substantial differences
in NK cell phenotype between individuals. In earlier work we
noted that NK cell receptor expression profiles, particularly those
of activating receptors, differed dramatically between identical
twins and based on maturation status, suggesting that these
expression patterns are influenced by the environment (20,
26). This high variation between individuals may also explain
our failure to observe consistent pregnancy-related changes in
NKp30 or NKp44 expression. Other changes associated with
pregnancy, including expression patterns of LILRB1, KIR3DL2,
and KIR2DL5 were only evaluated in the validation cohort
and warrant follow-up in future studies. Changes in NKG2C
expression observed on CD56%™ NK cells between the pregnant
and control subjects could reflect differences in the CMV
status between the cohorts in the cross-sectional analyses;
unfortunately, CMV status is not known for the cohorts. An
additional feature that was observed in the discovery cohort,
but unfortunately not evaluated in the validation cohort, was
decreased expression of CXCR3 on CD56"8" NK cells during
pregnancy. CXCR3, through the binding to its ligand IP-10, is
an important receptor responsible for the recruitment of NK
cells to the site of infection or inflammation. The CXCR3/IP-
10 axis has been shown to enhance acute respiratory distress
syndrome (ARDS) by the increased systemic presence of IP-10
(58). Thus, decreased level of CXCR3 on NK cells fails to explain
their enhanced responses during pregnancy but could represent
a mechanism of protection to avoid an excessive recruitment of
CD5618ht NK cells to the lung of influenza-infected pregnant
women and to restrain lung damage.

Why does NK cell phenotype undergo such changes during
pregnancy? The answer remains unclear. The presence of fetal
antigens in maternal blood could explain the increased activation
state of NK cells. Monocytes and dendritic cells exert a pro-
inflammatory phenotype during pregnancy (2, 11, 14) and this
could be in part due to parental antigens present in the fetus.
In turn, monocytes and pDCs could produce several cytokines
such as IL-15,—18, or IFN-type I to promote increased NK
cell receptor expression and activate NK cells (59). Another
possibility to explain the observed phenotypic changes of NK
cells during pregnancy is hormonal variation. These fluctuations
could promote transcriptomic and epigenetic modifications
driving alteration of NK cell phenotype and response to influenza
virus and tumor cells. However, several studies suggest that
progesterone and estrogen dampen NK cell cytotoxic activities
(60, 61). A deep analysis of the transcriptomic and epigenetic
landscape of NK cells during pregnancy could lead to a better
understanding of these NK cell changes.

There are several limitations of our study, including the fact
that our mass cytometry panels differed between the two cohorts
and remain limited to ~40 markers. Thus, we may have excluded
other molecules involved in NK cell immune responses during
pregnancy, including critical NK cell surface molecules such as
DNAM-1, TIGIT, and Siglec-7. We also did not follow-up on
other differences that were seen in only one cohort. Further, here
we studied peripheral blood NK cells and were not able to sample
lung resident NK cells or uterine NK cells. Finally, we had limited
data reflecting the history of the pregnant and control women in
terms of their prior vaccination status, prior influenza infection
status, cigarette and drug use, and others. We cannot exclude that
unmeasured factors could influence the NK cell phenotype and
the quality of the NK cell responses to influenza and cancer cells.

Here, our goal was to refine current understanding of NK
cell biology and activity in the context of pregnancy and
influenza virus infection. Our work reveals enhanced activity
of both CD56%™ and CD56"8% NK cell subsets to influenza-
infected cells and tumor cells during pregnancy. These enhanced
responses are associated with a more robust expression of CD38,
a receptor that plays a role in activation and cytotoxicity, and
NKp46, a receptor associated with a better response to influenza
virus and certain cancers. Together, our data provide a more
complete view of the immune changes mediated by pregnancy
and enhances our understanding of the susceptibility of pregnant
women to influenza virus.
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