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Pregnancy-induced alterations in immunity may contribute to
the increased morbidity associated with influenza A virus infec-
tion during pregnancy. We characterized the immune response
of monocytes and plasmacytoid dendritic cells (pDCs) to influ-
enza A virus infection in 21 pregnant and 21 nonpregnant
women. In pregnant women, monocytes and pDCs exhibit an
exaggerated proinflammatory immune response to 2 strains of
influenza A virus, compared with nonpregnant women, charac-
terized by increased expression of major histocompatibility
complex class II (approximately 2.0-fold), CD69 (approximate-
ly 2.2-fold), interferon γ–induced protein 10 (approximately
2.0-fold), and macrophage inflammatory protein 1β (approxi-
mately 1.5-fold). This enhanced innate inflammatory response
during pregnancy could contribute to pulmonary inflammation
following influenza A virus infection.
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Pregnant women infected by influenza A virus experience signifi-
cantly higher morbidity and mortality than influenza A virus–
infected nonpregnant women [1]. The enhanced morbidity and
mortality are particularly prominent during pandemics, yet they
also occur with annual seasonal influenza [2]. The degree to
which alterations in the immune system during pregnancy con-
tribute to this increased morbidity and mortality remains unclear.

Some aspects of immunity are suppressed during pregnancy
to allow maternal tolerance of fetal antigens. For example,
natural killer (NK) and T cells from pregnant women were
deficient in interferon γ (IFN-γ) and macrophage inflammatory
protein 1β (MIP-1β) production following cytokine stimulation

[3]. However, NK and T cells from pregnant women displayed
enhanced IFN-γ and MIP-1β responses to influenza A virus,
compared with those from nonpregnant women [4]. These dis-
cordant results suggest that cellular immune responses are not
universally suppressed but instead depend on either the stimu-
lation condition (cytokine vs influenza Avirus) or the context of
the stimulation. For instance, in the first study NK and T cells
were isolated prior to stimulation, whereas in the latter, the NK
and T cells were stimulated in the context of a whole peripheral
blood mononuclear cell (PBMC) infection, allowing for cell-cell
communication.

Monocytes and plasmacytoid dendritic cells (pDCs) produce
cytokines and chemokines to activate and recruit NK and T cells
and are pivotal for the clearance of influenza A virus [5, 6].
Influenza virus infection increases monocyte and pDC expres-
sion of activation markers such as CD69 and the major histo-
compatibility complex class II molecule HLA-DR, promoting
CD4+ T-cell activation [7]. Monocytes and pDCs produce
proinflammatory cytokines, such as interferon α (IFN-α), and
chemokines, such as IFN-γ–inducible protein 10 (IP-10) and
MIP-1β. IP-10 and MIP-1β recruit and activate immune effec-
tor cells such as neutrophils, CD8+ T cells, and NK cells, pro-
moting influenza A virus clearance [8, 9]. In one study, PBMCs
from pregnant women produced less IFN-α and IFN-λ that did
PBMCs from nonpregnant women in response to influenza A
virus [10]. Thus, it is possible that differing responses by mono-
cytes and pDCs to influenza A virus infection could contribute
to differences in NK and T-cell function.

Here, in light of the potential cross-talk between PBMCs, we
evaluated whether pregnancy alters monocyte and pDC re-
sponses to A/California/7/2009 (pH1N1) and A/Victoria/361/
2011 (H3N2) influenza A virus in humans. Taking advantage
of the ability to profile multiple immune parameters in high di-
mension with mass cytometry, we evaluated the expression of
activation markers and production of cytokines and chemo-
kines by monocytes and pDCs in a cohort of 21 pregnant and
21 nonpregnant women.

METHODS

Participants and Study Design
Twenty-one healthy pregnant women were recruited between
October 2013 and March 2014 from the Obstetrics Clinic at
Lucile Packard Children’s Hospital. Twenty-one nonpregnant
women were recruited at Stanford’s Clinical and Translational
Research Unit. Venous blood was collected. Participant criteria
are listed in Figure 1A. This study was performed in accordance
with the Declaration of Helsinki and approved by the Stanford
University Institutional Review Board; written informed con-
sent was obtained from all participants.
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PBMC Isolation, Virus Preparation, and Infection
PBMCs were isolated from whole blood by Ficoll-Paque (GE
Healthcare) and cryopreserved in 90% fetal bovine serum
(Thermo Scientific)/10% dimethyl sulfoxide (Sigma-Aldrich).
pH1N1 and H3N2 wild-type influenza A viruses were propa-
gated in embryonated chicken eggs. Cryopreserved PBMCs
were thawed, washed, and resuspended in serum-free medium
before infection with pH1N1 or H3N2 at a multiplicity of
infection of 3 for 1 hour at 37°C, after which serum was
added to reach 10% fetal bovine serum. After 2 hours, the

cells were resuspended with 2 μMmonensin and 3 μg/mL bre-
feldin A for 4 hours, yielding a total stimulation duration of
7 hours [4].

Cell Staining and CyTOF Acquisition
Detailed staining protocols have been described elsewhere [11].
Staining panels are described in Supplementary Table 1. All an-
tibodies were conjugated using MaxPar X8 labeling kits (DVS
Sciences). Stained cells were analyzed on a CyTOF-1 (Fluidigm)
and analyzed using FloJo v10 (Treestar).

Figure 1. Monocyte and plasmacytoid dendritic cell ( pDC) frequency and rate of infection with A/California/7/2009 (pH1N1) and A/Victoria/361/2011 (H3N2) influenza A
virus in pregnant (P) and nonpregnant (NP) women. Peripheral blood mononuclear cells (PBMCs) from women in the NP (black dots) and P (gray dots) groups were infected with
pH1N1 or H3N2 influenza A virus at a multiplicity of infection of 3 for 7 hours or were mock infected (NS). A, Cohort demographic characteristics. B, Frequency of monocytes and
pDCs. C, Frequency of influenza virus nucleoprotein (NP)–positive monocytes and pDCs, respectively, as detected by intracellular staining. Each dot represents the cell frequency
from 1 patient. Bars represent the mean of each population. *P < .05, ***P < .001, and ****P < .0001 for differences between the P and NP groups.
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Statistical Analysis
Statistical analysis was performed using GraphPad Prism, ver-
sion 7.0a (GraphPad Software). Pregnant and control partici-
pant characteristics were compared using Mann–Whitney
tests. A P value of < .05 was considered statistically significant.

RESULTS

Frequency and Influenza A Virus Infection Levels in Monocytes and
pDCs
We quantified the frequencies of CD14+ monocytes and
CD4+CD123+ pDCs within thawed PBMCs obtained from
21 pregnant and 21 nonpregnant women (see Supplementary
Figure 1 for gating scheme). In mock-infected (unstimulated)
samples, pregnant women have a 1.4-fold higher frequency of
monocytes (P = .04) and a 1.7-fold higher frequency of pDCs
(P = .03), compared with controls (Figure 1B and Supplementary
Tables 2 and 3), in accordance with prior studies [12]. Following
infection with pH1N1 and H3N2 influenza A virus, there was no
significant difference in monocyte frequency. However, the fre-
quency of pDCs remained significantly higher in pregnant
women after pH1N1 (2.1-fold higher; P = .02) or H3N2 (1.4-
fold higher; P = .04) infection (Figure 1B and Supplementary
Tables 2 and 3). There were no significant differences in the
infection rate of monocytes or pDCs from pregnant and non-
pregnant women infected by pH1N1 or H3N2 influenza A
virus, based on staining for intracellular influenza A virus nucle-
oprotein (Figure 1C).

Effects of Influenza A Virus on Monocyte and pDC Activation During
Pregnancy
To evaluate whether the immune response of monocytes and
pDCs to influenza A virus is altered in pregnancy, we measured
the expression of the activation markers HLA-DR and CD69.
Infection with pH1N1 and H3N2 influenza A virus significantly
increased CD69 expression in monocytes and pDCs in both
pregnant and control women (Figure 2A, Supplementary Fig-
ure 4, and Supplementary Tables 3 and 4). However, monocyte
activation was significantly more dramatic in pregnancy. CD69
expression was 1.9-fold higher in H1N1-infected monocytes
(P = .05) and 2.4-fold higher in H3N2-infected monocytes
(P = .005) from pregnant women, compared with those from
controls (Figure 2A). Similarly, HLA-DR expression on infected
monocytes was 1.4-fold (for pH1N1; P = .01) and 1.8-fold (for
H3N2; P = .01) higher in pregnant women (Figure 2B and
Supplementary Figure 4B). In pDCs, there were no significant
differences in CD69 upregulation between pregnant and control
women (Figure 2A and Supplementary Figure 4A). However,
HLA-DR expression was 8.9-fold higher at baseline (P = .0001)
and 2.1-fold higher following H1N1 infection (P = .01) in preg-
nant women (Figure 2A and 2B and Supplementary Figure 4B).
There were no differences in the frequency of HLA-DR– and
CD69-expressing monocytes or pDCs in the second and third
trimesters of pregnancy (Supplementary Figure 3).

Effects of Influenza A Virus on Monocyte and pDC Function During
Pregnancy
To assess the functional responses of monocytes and pDCs to
influenza A virus in pregnant and nonpregnant women, we as-
sessed intracellular levels of the proinflammatory cytokine IFN-
α and the chemokines MIP-1β and IP-10. In both pregnant and
nonpregnant women, influenza A virus infection led to a signif-
icantly higher frequency of monocytes and pDCs producing
IFN-α, IP-10, and MIP-1β (Figure 2C and 2D, Supplementary
Figures 2 and 4, and Supplementary Tables 3 and 4). There were
no significant differences in the frequency of IFN-α–producing
monocytes and pDCs between pregnant and nonpregnant
women (Supplementary Figure 3), although there was a signifi-
cant increase in the IFN-α median signal intensity (MSI)
among pregnant women in response to influenza A virus (Sup-
plementary Figure 4). Following pH1N1 and H3N2 infection,
pregnant women had a significantly higher frequency of mono-
cytes and pDCs producing IP-10 than did nonpregnant women,
with a 2.0-fold increased frequency of IP-10–producing mono-
cytes and 1.6-fold increased frequency of IP-10–producing
pDCs (Figure 2C). In addition, pregnant women had a 1.5-
fold increase in the percentage of pDCs producing MIP-1β
after infection with both pH1N1 and H3N2 influenza A virus
(Figure 2D). Thus, the monocyte and pDC responses to
pH1N1 and H3N2 influenza A virus are enhanced during
pregnancy.

DISCUSSION

During pregnancy, the immune system is faced with the chal-
lenge of avoiding fetal rejection while protecting against
pathogens. This challenge may contribute to the unusual sus-
ceptibility of pregnant women to complications from influenza
A virus infection. Monocytes and pDCs are pivotal innate im-
mune cells in the defense against influenza A virus infection.
Here, we evaluated the immune phenotype and function of
monocytes and pDCs from pregnant women upon pH1N1
and H3N2 influenza virus infection of PBMCs. Monocytes
and pDCs cells exhibit enhanced expression of HLA-DR and
CD69 activation markers, exaggerated IP-10 production, and
increased MIP-1β production by pDCs in pregnant women.
These data support the idea that monocytes and pDCs exhibit
an enhanced activation and proinflammatory phenotype upon
influenza A virus infection during pregnancy. This excessive ac-
tivation could distort the immune response away from a healthy
response to a damaging if not fatal reaction.

These observations are in line with the critical role that the
activation status of monocytes and pDCs plays in the immune
response to influenza A virus [5, 6]. The increased frequency
and activation status of monocytes and pDCs in response to in-
fluenza Avirus infection may increase priming and activation of
other immune cells, particularly CD4+ T cells recognizing
HLA-DR. This could explain the enhanced CD4+ T-cell
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Figure 2. Monocyte and plasmacytoid dendritic cell ( pDC) immune responses to A/California/7/2009 (pH1N1) and A/Victoria/361/2011 (H3N2) influenza A virus infection in
pregnant (P) and nonpregnant (NP) women. Peripheral blood mononuclear cells (PBMCs) from women in the NP (black dots) and P (gray dots) groups were infected with pH1N1
or H3N2 influenza A virus at a multiplicity of infection of 3 for 7 hours or were mock infected (NS). A, Frequency of CD69-expressing monocytes (left) and pDCs (right). B,
Frequency of HLA-DR expression on monocytes and pDCs. C and D, Frequency of monocytes and pDCs producing interferon γ–induced protein 10 (IP-10) and macrophage
inflammatory protein 1β (MIP-1β), respectively. Each dots represents the cell frequency for 1 patient. *P < .05, **P < .01, ***P < .001, and ****P < .0001 for differences between
the P and NP groups.
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response of pregnant women to influenza virus infection of
mixed PBMC cultures that we reported previously [4].

Even more dramatic than the elevated activation status was
the elevation in IP-10 and MIP-1β production noted in mono-
cytes and pDCs from pregnant women in response to influenza
A virus infection. Chemokines such as IP-10 and MIP-1β play a
major role in the recruitment of effector cells such as neutro-
phils, NK cells, and T cells to promote the clearance of influenza
virus. However, several lines of evidence support the idea that
an increased abundance of chemokines during influenza virus
infection is linked to elevated levels of morbidity and mortality
[13]. For example, systemic IP-10 levels were significantly elevat-
ed in serum of patients with acute respiratory distress syndrome
(ARDS) induced by the seasonal 2009 influenza A(H1N1) virus,
compared with patients without complications [14]. Also, in a
murine model, the IP-10 and CXCR3 axis enhances the develop-
ment of ARDS via the recruitment of neutrophils after pH1N1
influenza virus infection [15]. Our results and these previous dis-
coveries suggest, that in pregnancy, influenza A virus infection
leads to acute and exaggerated production of IP-10 and MIP-
1β by monocytes and pDCs that could contribute to ARDS
and other respiratory complications, increasing the risk of influ-
enza-associated mortality among pregnant women.

Monocytes and pDCs are the most potent IFN-α producers
within human PBMCs. Forbes et al reported that IFN-α pro-
duction is impaired within PBMCs in pregnant women as com-
pared to controls upon influenza virus infection [10]. Here, we
did not find a difference in the frequency of IFN-α–producing
monocytes and pDCs between pregnant women and controls.
The reasons for this discrepancy are not clear, but it is impor-
tant to note that there are several differences in the study design
that could explain the results. First, after performing time
course analysis to identify the time of peak innate immune
cell activity, we used mass cytometry to assess the frequency
of cytokine-producing cells 7 hours after infection. The prior
studies examined cytokine concentration after 48 hours of cul-
ture, a time when we observed significant levels of cell death
within monocytes and pDCs in infected cultures. Thus, it is
possible that monocytes and pDCs in pregnant women produce
smaller cytokine levels per cell or that differences in the re-
sponse timing influenced results. Further investigations are
needed to elucidate specific cell type(s) and mechanisms defec-
tive in IFN-α production from total PBMCs during pregnancy
during influenza A virus infection. In addition, all of the studies
involved relatively small cohorts of subjects, with varying prior
immunization status and differences in race distribution, which
could further influence results.

An effective antiviral response is driven by the interaction be-
tween immune cells as a language to achieve an appropriate and
healthy immune response. Of note, several prior studies of in-
fluenza immunity during pregnancy, particularly those focused
on NK and T cells, studied these cells in isolation and found

their responses to be suppressed [3]. Such studies excluded
cross-talk with other immune cells. Our finding that monocytes
and pDCs have elevated chemokine responses to influenza A
virus during pregnancy may explain our prior finding, using
mixed infections, that NK-cell and T-cell responses were en-
hanced, as the lymphocytes could have been activated by the
monocytes and pDCs [4]. The extent to which innate and adap-
tive immune cells interact during influenza virus infection may
provide further insight into influenza pathogenesis.

In summary, we report here that monocytes and pDCs in
pregnancy display a pronounced proinflammatory phenotype
during influenza A virus infection in vitro. These data, together
with our previous work highlighting the enhanced T-cell and
NK-cell responsiveness to pH1N1 influenza A virus infection,
provide further evidence supporting an enhanced and dispro-
portionate inflammatory response to influenza A virus during
pregnancy. This enhanced response could contribute to elevat-
ed morbidity and mortality during pregnancy and could present
opportunities for therapeutic intervention.

Supplementary Data
Supplementary materials are available at http://jid.oxfordjournals.org.
Consisting of data provided by the author to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the author, so
questions or comments should be addressed to the author.
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