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Abstract Pregnant women are at the highest risk to develop
severe and even fatal influenza. The high vulnerability of
women against influenza A virus infections during pregnancy
was repeatedly highlighted during influenza pandemics in-
cluding the pandemic of this century. In 2009, mortality rates
were particularly high among otherwise healthy pregnant
women. However, our current understanding of the molecular
mechanisms involved in severe disease development during
pregnancy is still very limited. In this review, we summarize
the knowledge on the clinical observations in influenza A
virus-infected pregnant women. In addition, knowledge ob-
tained from few existing experimental infections in pregnant
animal models is discussed. Since clinical data do not provide
in-depth information on the pathogenesis of severe influenza
during pregnancy, adequate animal models are urgently

required that mimic clinical findings. Studies in pregnant an-
imal models will allow the dissection of involved molecular
disease pathways that are key to improve patient management
and care.
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Introduction

Influenza Aviruses (IAV) belong to the major causative agents
of respiratory infections posing a considerable burden for hu-
man health. The clinical course of IAV infections in healthy
individuals may vary frommild self-limiting disease to severe
disease, which requires hospitalization with occasional lethal
outcome. The annual influenza epidemic which peaks during
winter in temperate climates is estimated to cause >600 mil-
lion cases globally, with 3 to 5 million cases of severe illness
and up to 500,000 deaths per year worldwide (www.who.int).
Since IAV have a zoonotic origin with an unlimited reservoir
in aquatic birds, they may cross species barriers and transmit
to humans leading to novel virus variants with an
unpredictable outcome. Recently emerged avian IAV
belonging to the H5N1 and H7N9 subtypes are responsible
for high case fatality rates in humans and pose a future
pandemic threat (www.who.int). The influenza pandemic of
this century was caused by an H1N1 IAV in 2009—A(H1N1
)pdm09—possessing genomes of avian, swine, and human
origin [1]. It is estimated that it has caused ~200,000
respiratory and an additional ~80,000 cardiovascular deaths
predominantly in people younger than 65 years of age [2].

Mortality rates upon IAV infections are highest among pa-
tients with underlying medical conditions, such as those with
chronic pulmonary, cardiovascular, renal, hepatic,
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neuromuscular, hematologic, and metabolic disorders or in
patients being obese, pregnant, or having immunodeficiencies
[3–7]. Data from previous pandemics such as the 1918 H1N1
and the 1957 H2N2 pandemic as well as from seasonal influ-
enza epidemics revealed that pregnant women have an in-
creased risk in developing complications upon IAV infection
[8–13]. The pandemic caused by A(H1N1)pdm09 highlighted
again that especially pregnant women are at the highest risk to
develop severe or even fatal influenza. Data from the USA
show that 5 % of the A(H1N1)pdm09-related deaths were
among pregnant women, although they make up only 1 %
of the total population [9]. This unprecedented very severe
disease outcome during pregnancy led to the revision of vac-
cination recommendations by the World Health Organization
(WHO), setting pregnant women now as the highest priority to
be vaccinated again influenza regardless of gestational age.

During pregnancy, women undergo various physiological
changes which might contribute to disease severity upon IAV
infection. These physiological changes include many meta-
bolic, hemodynamic, and immunologic changes to allow
growth and development of the fetus. Metabolic changes oc-
cur, e.g., in the glucose and lipid metabolism, and hemody-
namic changes include an increase of plasma volume by
1000–1600 ml and alterations in the systemic coagulation
system [14]. During pregnancy, there are also specific changes
in both the upper and lower respiratory tract. In the upper
respiratory tract, the mucosa of the nasopharynx and orophar-
ynx changes, including hyperemia, edema, leakage of plasma
into the stroma, glandular hypersecretion, and increased mu-
copolysaccharide content. All these physiological changes can
result in nasal congestion [15]. The lower respiratory tract is
altered due to the elevation of the diaphragm by up to 4 cm
and a decrease in functional residual capacity. Functionally,
there are changes in lung function, ventilation, and gas ex-
change, which lead to an increase in oxygen tension required
for trans-placental oxygen transfer. Furthermore, changes in
the cardiovascular system result in a decrease of pulmonary
vascular resistance [15, 16]. All these physiological alterations
might be further challenged by respiratory viral infections,
such as IAV and, thus, contribute to disease severity during
pregnancy.

Immunological changes comprise the altered differentia-
tion status of immune cells in the uterus and the formation
of a tolerogenic environment at the maternal/fetal interface
that prevent rejection of the semi-allogeneic fetal tissues and
thereby permit pregnancy. There are also systemic changes of
the immune system, mainly caused by pregnancy hormones.
These changes are reflected in increased maternal disease out-
come not only upon IAV infections but also in patients with
HIV, malaria, and toxoplasmosis [5–7, 17].

Understanding the molecular basis that mediates increased
mortality upon IAV infection during pregnancy is key to im-
prove patient management and care. Therefore, adequate

animal models are required that reflect clinical findings and
allow the identification of causative disease pathways. This
knowledge will allow early diagnosis and the implementation
of rapid intervention strategies to improve disease outcome
during pregnancy. It is estimated that vaccination compliance
among pregnant women is still below the WHO recommen-
dations although it has been shown that vaccination during
pregnancy protects mother and child [18, 19]. However, a
thorough worldwide documentation of vaccination rates is
still missing [20]. Thus, there is an urgent need to increase
disease awareness among this most vulnerable group to im-
prove patient management by early diagnosis as well as by
increasing the currently poor vaccination compliance among
pregnant women.

Here, we review current knowledge on the pathogenesis of
IAV-associated complications during pregnancy in humans
and in established animal models as a basis for mechanistic
studies.

Influenza A virus pathogenesis in pregnant women

Pathology in IAV-infected pregnant women

Pregnant women have an increased risk of developing IAV-
associated complications due to infection with seasonal, pan-
demic, or zoonotic influenza viruses. Several studies have
shown that co-morbidities were present in ~30 % of the cases,
of which a history of asthma was seen most frequently. Other
co-morbidities included diabetes, cardiac diseases, hemato-
logical disorders, and low weight. Since two thirds of the
complications in pregnant women could not be explained by
other underlying medical conditions, pregnancy itself in-
creased the risk of developing IAV-associated complications
[21, 22]. Interestingly, the majority of pregnant women that
develop severe influenza virus-associated disease were in their
second or third trimester [21, 22].

Frequent symptoms in hospitalized pregnant women in-
clude fever, cough, respiratory distress, malaise, joint pain,
headache, rhinorrhea, gastrointestinal symptoms, and the de-
velopment of pneumonia. The latter can lead to the develop-
ment of acute respiratory distress syndrome (ARDS) [12, 21,
23–26]. ARDS is a rapid onset of hypoxemic respiratory fail-
ure associated with bilateral radiographic opacities without
congestive heart failure. There are many causes for the devel-
opment of ARDS during pregnancy. Besides the IAV-
mediated pneumonia, other causes include amniotic fluid em-
bolism, pre-eclampsia, sepsis, and aspiration pneumonia [27].
Treatment of A(H1N1)pdm2009-associated ARDS included
extracorporeal life support, also known as extracorporeal
membrane oxygenation (ECMO), which resulted in a survival
rate of ~70 % [27].
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Extra-respiratory tract complications are occasionally de-
scribed in pregnant women. These include the development of
myocarditis after infection with A(H1N1)pdm09 [28, 29], and
the development of an encephalopathy associated with a sea-
sonal H3N2 IAVinfection fromwhich viral RNAwas detected
in cerebrospinal fluids [30].

Histopathology

As in other risk groups, the most common complication of
IAV in pregnant women is the development of pneumonia
and ARDS. Several studies describe the histopathology in
pregnant and non-pregnant fatal cases during the
A(H1N1)pdm09 pandemic. These studies did not reveal dif-
ferences between the two groups, although this has not been
extensively studied. In pregnant women, histopathological le-
sions were predominantly found in the respiratory tract, char-
acterized by multifocal desquamation of the epithelial lining
of the trachea and bronchus and inflammation of the submu-
cosal glands. Within the lungs, there was evidence of diffuse
alveolar damage, characterized by extensive fibrosis, hyaline
membrane formation, thickening of the alveolar septa, type II
pneumocyte hyperplasia, interstitial and alveolar edema, and
an influx of many inflammatory cells [31–34]. Virus antigen
was detected in ciliated epithelial cells as well as the submu-
cosal glands of the bronchi and bronchioles. In the alveoli,
virus antigen could be detected within the alveolar epithelial
cells and alveolar macrophages [31, 32, 34]. In none of these
cases, there was evidence of extra-respiratory tract replication.

Post-mortem histopathological examination of a 24-year-
old otherwise healthy pregnant women who succumbed to
A(H1N1)pdm2009 after developing ARDS [26] revealed se-
vere lung damage with desquamated alveolar epithelial cells,
destruction of the alveolar septae and interstitial inflammatory
cells as described in other cases. Additional immunohisto-
chemical staining identified inflammatory cells which mainly
consisted of CD68+ macrophages and CD3+ T lymphocytes.
Since the patient died 28 days after hospitalization and had
received antiviral therapy, viral RNA could not be detected by
in situ hybridization (Fig. 1).

Post-mortem analysis of an H5N1 highly pathogenic avian
virus (HPAIV) infected 4-month pregnant women showed
similar diffuse alveolar damage characterized by focal desqua-
mation of epithelial cells in the alveoli without any evidence
of type II pneumocyte hyperplasia, influx of macrophages,
neutrophils, and few lymphocytes. No lesions were described
in any other parts of the respiratory tract. Virus antigen was
detected in tracheal epithelial cells and alveolar epithelial
cells. In contrast to reports on A(H1N1)pdm2009-infected
pregnant women, upon H5N1 HPAIV infection, extra-
respiratory virus spread to the placenta could be detected with
virus-positive cytotrophoblastic and Hofbauer cells. There,
lesions included scattered foci of syncytiotrophoblast

necrosis, occasionally associated with dystrophic calcifica-
tion. Moreover, virus was detected in the fetus with virus
antigen-positive Kupffer cells of the liver and pneumocytes
in the lungs. Virus in the fetal liver was not associated with
histological lesions, but the fetal lung showed edema and a
few scattered interstitial neutrophils [36].

However, the pathogenesis of IAV-associated complica-
tions in pregnant women is studied to a very limited extent.

A

B

C

Fig. 1 Post-mortem histopathological analysis of lung biopsy material
obtained from a fatal pregnant case. Lung biopsy material was obtained
from a 24-year-old pregnant woman without any known underlying dis-
eases who succumbed to the 2009 H1N1 influenza virus infection after
spontaneous expulsion of the fetus [26]. A severe alveolitis with numer-
ous immunohistochemically (red) stained CD68+ macrophages (a) and
CD3+ T lymphocytes (b) is observed. At this late stage of infection,
influenza virus RNA was not detectable anymore by radioactive in situ
hybridization (HE staining) (c). The histochemical stainings were per-
formed according to protocols described before [35]
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Important host factors for the pathogenesis of influenza in
mammals including humans are the distribution of specific
influenza virus receptors and nuclear transport proteins, the
importin-α isoforms [37, 38] which largely determine the cell
tropism of influenza viruses within the respiratory tract.
Unfortunately, the impact of these cellular factors has not been
studied during pregnancy yet. It is therefore currently un-
known whether potential alterations in the distribution of re-
ceptors or importin-α isoforms might contribute to the in-
creased risk of developing complications during pregnancy.

Immunopathology

Pregnancy causes the formation of an immune-tolerant envi-
ronment in the uterus that prevents rejection of fetal tissue.
Moreover, pregnancy has also profound effects on the periph-
eral immune system outside of the uterus that might interfere
with the response against IAV infections [5, 6]. Endocrine
adaptation to pregnancy, in particular the elevated levels of
estradiol and progesterone, affect cytokine levels as well as
their composition and function of peripheral leukocyte popu-
lations (reviewed in [6]). Numbers of peripheral neutrophils,
monocytes, as well as myeloid and plasmacytoid dendritic
cells (DC) are reduced [39]. Upon in vitro stimulation, both
NK cells and CD4 Tcells produce reduced amounts of inflam-
matory cytokines and chemokines. Interestingly, reduced cy-
tokine production by CD4 T cells includes both TH1 (IFN-γ,
TNF-α) and TH2 cytokines (IL-6, IL-13) [39] arguing against
a shift in the TH1-TH2 balance during pregnancy as has been
postulated frommouse studies [40]. DCs from pregnant wom-
en also display higher expression of costimulatory surface
molecules, such as CD40, CD80, and CD86, than those of
non-pregnant women suggesting a more mature status of
DCs [41–43]. It should be mentioned that results on the phe-
notype and function of immune cells during pregnancy differ
considerably between individual studies. Our understanding
of immunity during pregnancy would clearly benefit from
more systematic and comprehensive approaches using ad-
vancedmethodology to better define and characterize immune
cell subsets.

Despite these changes in the peripheral immune system,
vaccination studies indicate that there is no general deficit in
the adaptive immune response of pregnant women to influen-
za virus. Pregnant women still generate protective antibodies
against IAV, which are further transferred to the fetus [44–47].
Moreover, pregnant women show diminished polyclonal T
cell responses but enhanced virus-specific T cell responses
following influenza vaccination [48]. Thus, despite significant
changes in their peripheral immune system, pregnant women
are still able to effectively mount an adaptive immune re-
sponse against IAV.

Currently, there is only very limited information on the
immune response against IAV in pregnant woman with severe

IAV-associated complications. As stated before, complica-
tions in pregnant women are similar to those observed in other
risk groups, arguing for potentially common mechanisms that
mediate disease severity. There is evidence that immunopa-
thology strongly contributes to severe courses of IAV infec-
tions [49]. High virus titers in the lung, which might represent
a consequence of reduced production of type I and type III
interferons in pregnant women [50], could cause excessive
production of inflammatory cytokines and chemokines and
massive infiltration of granulocytes and macrophages which
subsequently cause severe tissue damage. Altered production
of inflammatory cytokines as well as differences in the com-
position and response of peripheral immune cells in pregnant
women could contribute to such an exacerbated response
against IAV [6]. However, so far, there is no direct evidence
supporting such a scenario. Patients with severe IAV infec-
tions show lower serum levels of IgG2. Healthy pregnant
women also have low levels of serum IgG2, and levels are
further reduced in pregnant womenwith severe IAV infections
[51–53]. Yet again, the contribution of low serum IgG2 levels
to severe courses of infection in pregnant women is not clear.
Overall, it is currently not known why pregnant woman are
more prone to develop severe courses of disease upon IAV
infections.

Impact of maternal IAV infection on fetal development

IAV infections can also have an effect on the pregnancy out-
come or the development of the fetus. IAV infections have
been associated with an increase in perinatal mortality, pre-
term birth, cesarean section, and a low Apgar score 5 min after
birth [9, 54–56]. In addition, infection with IAV within the
first trimester of the pregnancy increases the risk by twofold
on non-chromosomal congenital anomalies, such as neural
tube defects, hydrocephaly, congenital heart defects, cleft lip,
digestive system defects, and limb reduction defects [57].
Viral antigen has been detected in the amniotic fluid (H3N2
virus; [58]) and in fetal tissue (H5N1 virus; [36]). However, in
the majority of cases, IAV could not be isolated from the
placenta or fetus [31, 59, 60]. This suggests that the effect
on pregnancy outcome and fetus might represent an indirect
result of IAV infection of the mother, such as fever and cyto-
kine and immune response [61]. Overall, there is still a lack of
detailed knowledge regarding the impact of maternal IAV in-
fection on pre- or even postnatal development in the offspring.

Animal models of influenza A virus pathogenicity
during pregnancy

To gain more insight into the pathogenesis of IAV-associated
complications during pregnancy, studies have been performed
in small animal models, using mice, ferrets, and pigs. These
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experimental settings provide insights into events early after
infection and mechanisms of diseases, which are difficult to
study with materials from infected patients.

Mice

Experimental infections in pregnant BALB/c mice at a gesta-
tional age of 12–14 days have been performed with seasonal
H1N1 and A(H1N1)pdm09 IAV as well as with H5N1
HPAIV. Intranasal infection with 104 or 105 egg infectious
dose or intraperitoneal infection with 2 × 106 plaque forming
units of pregnant mice with A(H1N1)pdm09 IAV resulted in a
higher mortality compared to non-pregnant mice [62–64].
Virus titers in the lungs were higher and histological lesions
were more severe in pregnant mice compared to non-pregnant
mice at 5 days p.i. [63]. However, in another study, virus titers
in bronchoalveolar lavage (BAL) fluids were comparable be-
tween pregnant and non-pregnant mice at 3 days p.i. [64].
Intranasal infection of pregnant mice with a seasonal H1N1
IAV did not result in increased mortality, although virus titers
in the lung were higher and histological lesions were more
severe compared to non-pregnant mice [63]. Virus transmis-
sion to extra-respiratory tract tissues, including the placenta
and fetus, was not observed in any of these studies [62–64].

The importance of viral factors in the pathogenicity of IAV-
associated disease during pregnancy was shown in a study
which compared a wild type A(H1N1)pdm09 IAV to a
mouse-adapted A(H1N1)pdm09 IAV that contained the
D222G mutation in the hemagglutinin. Infection with the
mouse-adapted virus resulted in increased mortality, higher
virus titers in the lung, more influenza virus-infected cells in
the bronchioles and alveoli when compared to pregnant mice
infected with the wild type virus [62]. A study with H5N1
HPAIV showed that in pregnant mice, virus titers in the lungs
were lower compared to virus titers in non-pregnant mice at
5 days p.i. However, in pregnant mice, H5N1 HPAIV spread
to extra-respiratory organs and the virus could be detected in
the placenta and fetus of intranasally infected mice [65].

Histological lesions in the respiratory tract of
A(H1N1)pdm09-inoculated pregnant mice were observed in
the bronchioles and alveoli. The bronchiolar epithelium
showed accumulation of mucous and detached cilia. In the
alveoli, lesions were compatible with interstitial pneumonia
associated with infiltration of lymphocytes and neutrophils
[63]. Although histological lesions were not described in de-
tail, the location of the lesions is consistent with those ob-
served in humans. Taken together, although the number of
studies is very limited, they show that virus replication, histo-
logical lesions, and mortality are increased in pregnant mice
compared to non-pregnant mice. Future studies should reveal
more insight into virus replication and associated lesions at
different time points after infection to understand the

dynamics within the mammalian host in time and the duration
of infection and virus shedding.

Infection of mice has also been used to determine the con-
sequences of pregnancy for the immune response against in-
fection with pandemic A(H1N1)pdm09 [62–64]. Compared
to infection ofmice with seasonal H1N1 strains, infection with
A(H1N1)pdm09 resulted in more severe interstitial pneumo-
nia with massive cellular infiltrations, and lung pathology was
further aggravated when pregnant mice were infected [63].
Compared to non-pregnant mice, pregnant mice infected with
A(H1N1)pdm09 IAV demonstrated enhanced accumulation
of neutrophils and macrophages in lung tissue and BAL fluid,
and increased local NO production [64]. As expected, infec-
tion with A(H1N1)pdm09 was associated with increased
levels of inflammatory cytokines in the lung when compared
to infection with seasonal H1N1 IAV [63]. In comparison to
non-pregnant mice, pregnant animals had enhanced levels of
inflammatory cytokines (IL-1β, IL-6, TNF-α) as well as
neutrophil- and monocyte-recruiting chemokines in BAL flu-
id and lung tissue, which was consistent with the fulminant
accumulation of these cells in the lung [62, 64]. In contrast to
the profound changes in the innate response to IAV infections,
the adaptive response appeared to be less affected by pregnan-
cy. Pregnant and non-pregnant mice generated similar fre-
quencies of influenza virus-specific CD8+ T cells and these
cells showed comparable activation, as indicated by CD69
expression, and accumulation in the infected lung [64].
Pregnant mice also mounted strong antibody responses
against A(H1N1)pdm09, although in one study, titers of anti-
bodies were reduced compared to non-pregnant mice [62, 64].
Overall, these studies indicate that disease severity in pregnant
syngenically mated mice upon A(H1N1)pdm09 IAV infection
is mainly due to enhanced cytokine production in the lung and
massive recruitment of innate immune cells which results in
severe tissue damage.

Ferrets

Intranasal inoculation of a seasonal H3N2 IAV in ferrets at
early, mid, and late gestation resulted in virus replication with-
in the respiratory tract comparable to that described before for
non-pregnant ferrets. Virus was not transmitted to the placen-
ta, umbilical cord, amnion, and chorion of the fetus [66, 67].
Of note, intracardial inoculation of H3N2 virus did result in
virus transmission to the placenta and fetus, indicating that a
high virus load viremia might be crucial for virus transmission
to the fetus. Of note, in general, seasonal influenza viruses do
not cause viremia in non-pregnant women [68].

To our knowledge, there are no studies performed in preg-
nant ferrets with recent seasonal IAV, pandemic
A(H1N1)pdm09 IAV, or H5N1 HPAIV. Since the pathogene-
sis of IAV is extensively studied in this mammalian species,
such studies would provide useful information on the
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pathogenesis of IAV infections during pregnancy. In addition,
the pregnant ferret model could be used to study the efficacy
of vaccines and antiviral therapies.

Pigs

Intranasal or intratracheal inoculation of young pregnant gilts,
85–90 days post insemination, with swine H1N2, swine
H3N2, or A(H1N1)pdm09 IAV did not result in any clinical
signs or gross pathological lesions 7 days post infection. In
none of the inoculated animals (n = 5 per group), there was
evidence for viremia or trans-placental virus transmission [69,
70]. However, another study did reveal trans-placental trans-
mission of a swine H1N1 virus in one out of ten pigs [71].

Infection with swine H1N2, swine H3N2, and
A(H1N1)pdm09 induced similar titers of influenza-specific
antibodies and similar proliferative response of peripheral
blood cells to stimulation with influenza virus. However, se-
rum levels of IL-6, IL-10, and TNF-α were enhanced and
sustained for several days in pregnant pigs infected with pan-
demic H1N1 suggesting that infection with this virus caused a
stronger innate immune response [69, 70].

Conclusion

There is strong evidence that immune adaptation during preg-
nancy contributes to influenza disease severity. It was hypoth-
esized that there is a contradictory demand for the maternal
immune system to adapt to pregnancy in order to maintain the
allogenic fetus and to simultaneously mount an immune re-
sponse to clear viral infection [6]. However, available animal
models reveal that the severity of the infection during preg-
nancy also depends on viral factors since viral pathogenicity is
enhanced upon pandemic rather than seasonal IAV infection.

The severe and even fatal disease outcome observed in
pregnant women is mostly studied and reflected in mouse
models so far, although these studies are restricted to one
mouse strain and infection at a gestational age of 12–14 days.
The pregnant ferret and pig models may also provide comple-
mentary information on viral pathogenicity observed in
humans although these models have only been used in single
studies so far. In general, ferrets and to a lesser extent pigs,
mimic IAV-mediated respiratory pathogenesis similar to that
seen in humans. Therefore, pathogenesis studies in pregnant
pigs and ferrets—which are both outbread—should be includ-
ed in future studies.

In summary, future efforts in developing animal models
that compare the pathogenesis of different IAV strains and
associated pathogenesis, including virus replication, histolog-
ical lesions, and immune responses in infected dams and their
impact on the offspring are urgently required. These studies
should reveal IAV replication dynamics and associated

immune responses. In addition, these models could be used
to study the pathogenesis during pregnancy of other emerging
influenza viruses and evaluate vaccine or antiviral efficacy
during pregnancy. Thus, these studies will allow an
evidence-based risk assessment to increase disease awareness
and to improve patient management and care.
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