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Pregnancy has been associated with severe influenza, an asso-
ciation highlighted during the 2009 pandemic of influenza
A(HINI1) virus (A[HIN1]pdmo09) infection. To assess the
underlying mechanism, we infected pregnant and non-preg-
nant ferrets with A(HIN1) pdm09 virus. A(HIN1)pdm09-in-
fected pregnant ferrets also had higher levels of inflammatory
cytokines in their pulmonary tracts. Systemically, total CD8*
T cell counts and A(HIN1)pdm09-specific B-cell responses in
blood were significantly lower in pregnant ferrets. This model
predicts that the poorer outcome for pregnant women during
the A(HIN1)pdm09 pandemic was due to an elevated level of
viral replication and to a cytokine imbalance that led to a less
effective immune response.
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Pregnant women are at risk of increased mortality and mor-
bidity due to influenza virus infection [1]. During the 2009
pandemic of influenza A(HINI) virus (A[HIN1]pdm09)
infection, pregnancy was associated with an increased risk of
hospitalization [1], disease susceptibility [2], and influenza-re-
lated death in the United States. In particular, women in their
third trimester were especially vulnerable. Several studies have
shown that pregnant women also had increased mortality and
hospitalization rates during previous influenza pandemics: the
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1918 Spanish influenza (due to influenza A[HIN1] virus), 1957
Asian influenza (due to influenza A[H2N2] virus), and 1968
Hong Kong influenza (due to influenza A[H3N2] virus) [3]. In
these cases, higher risk was not restricted to infection during
the third trimester, and virus exposure during early gestation
was also associated with adverse outcome for the fetus [2, 4].
Pregnancy is considered to be a state of immune suppression,
with cytokine profiles biased toward a T-helper type 2 (Th2)-type
response [5]. Peripheral blood mononuclear cells (PBMCs) isolated
from pregnant women responded less robustly to innate immune
stimulation than did those isolated from nonpregnant women.
Although pregnant women are known to be a high-risk group
for influenza virus infections, little is known about the underly-
ing mechanisms. While some studies have assessed the impact
of pregnancy during influenza virus infection in mice, studies in
more-relevant animal models are warranted. We therefore devel-
oped a pregnant ferret model and analyzed the pathologic and
immunologic changes following infection with A(HIN1)pdmO09.

METHODS

Animal Experiments

All experiments were approved by the Shantou University
Medical College (reference number: SUMC2013-130) in com-
pliance with their policies for Animal Ethics and Welfare and
Use of Animals in Research, the guidelines of the World Health
Organization, and the International Council for Laboratory
Animal Science. Eighteen- to 20-month-old ferrets (Mustela
putorius furo) were obtained from Wuxi Sangosho Co. Ltd.
(Jiangsu province, China). In this study, we used 10 pregnant
ferrets (6 infected with A[HIN1]pdm09 and 4 uninfected) and
8 nonpregnant ferrets (4 infected with A[HIN1]pdm09 and 4
uninfected). All ferrets were serologically negative for A(HIN1)
pdmo09 and seasonal influenza A(H3N2) virus as determined by
hemagglutination inhibition assays. On day 14 after mating, fer-
rets were infected intranasally with 500 pL of 10° 50% tissue cul-
ture infective doses (TCID, )/mL of the A(HIN1)pdm09 virus
A/California/07/09 (CA07), each diluted in phosphate-buftered
saline (pH 7.4), or received 500 pL of phosphate-buffered saline
alone, after sedation with isoflurane. All inoculated animals
were monitored daily. For viral titration, nasal washes from
each ferret were collected on days 1, 3, 5, 7, 9, 11, and 13 after
inoculation, and organs were collected on 5 days after inocula-
tion (2 or 3 ferrets per group). All virus titers were expressed
as TCID, in Madin-Darby canine kidney cells. For histopatho-
logic analysis, tissue specimens were processed for hematoxylin
and eosin staining and stained with a mouse anti-nucleoprotein
(NP) monoclonal antibody
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Immunologic Analysis

For analysis of PBMC responses, cells were collected on 5 days
after inoculation and isolated by density centrifugation by
using Histopaque-1077 medium (Sigma, CA) according to the
manufacturer’s instructions. For quantification of peripheral
CD8* cells, PBMCs were stained with allophycocyanin-labeled
CDS8 antibody (eBioscience, CA) and data acquired on a BD
FACSAria IT (BD Biosciences, NJ). All samples were analyzed
by FlowJo software (Tree Star, OR). To measure the influenza
virus-specific B-cell response, 96-well Multiscreen HA plates
(Millipore, MA) were coated with 1 pg of recombinant hemag-
glutinin (HA) from A(HIN1)pdm09 (Sino Biological, China),
and cells were plated and incubated at 37°C for 5 hours. After
binding, cells were stained with alkaline phosphatase-conju-
gated goat anti-ferret immunoglobulin G antibody (Southern
Biotechnology, AL) and incubated overnight at 4°C. Spots
were visualized by colorimetric analysis, using the substrate
5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium
(BCIP/NBT, KPL, MD), and positive spots were counted by
using a KS enzyme-linked immunospot (ELISPOT) system
(Carl Zeiss). Cytokine and chemokine expression levels were
measured using quantitative real-time polymerase chain reac-
tion analysis (Roche, CA).

RESULTS

Pathologic Changes in CA07-Infected Pregnant Ferrets

To determine whether pregnancy in ferrets results in enhanced
influenza severity, as seen in humans, we examined the virologic
and pathologic changes following CA07 infection. Owing to the
significant weight gain in pregnant ferrets, weight loss, which is
typically used as a clinical marker of disease in ferrets, was not a
feasible measure for this study. Upon infection, we observed that
there were no significant differences in the temperature changes
between pregnant and nonpregnant groups (P = .302; data not
shown). Although our study was not designed to specifically
measure this outcome, we noticed differences in the number of
newborns between uninfected and infected pregnant ferrets by
the end of the gestational period. Two newborns were produced
by the noninfected pregnant ferrets, but none were produced by
the infected pregnant ferrets. To determine the pattern of virus
shedding in pregnant and nonpregnant animals, we collected
nasal wash samples every other day. Viruses were detected in
the nasal wash specimens from all inoculated ferrets, with sig-
nificantly higher titers in pregnant ferrets (P < .0001) that were
maintained for longer periods (Figure 1A). By day 9, all animals
fully recovered, and virus was cleared in all infected ferrets.

To evaluate the histopathologic changes upon CAO07 infec-
tion, tissue samples were collected 5 days after inoculation from
pregnant and nonpregnant ferrets. Viruses were detected in tur-
binate, tracheal, and lung tissues from all animals, with signifi-
cantly higher titers (P <.001) seen in the pregnant group (mean
titers ranged from 2.5 to 4.1 log, ) TCID, /mL; Figure 1B). Viral

NP staining confirmed virus replication in lungs (Figure 1Dc
and 1 Dd) and tracheas (Figure 1Dg and 1 Dh) of inoculated
ferrets. No evidence of viral infection was observed in nonpul-
monary tissues (Figure 1B), including the transplacental tissues,
suggesting a general lack of systemic spread of viruses in fer-
rets and no evidence of intrauterine infection. Pathologically,
a difference in lung damage was observed between pregnant
and nonpregnant groups. This was characterized by more-pro-
nounced alveolar damage, widespread edema in the lungs
(Figure 1Cc and 1 Cd), and severe degeneration of epithelial
cell walls in trachea (Figure 1Cg and 1 Ch) of the pregnant ani-
mals. The numbers of viral NP-positive cells were also higher
in pulmonary tissues of pregnant ferrets (Figure 1Dd and 1 Dh)
than in those of nonpregnant ferrets (Figure 1Dc and 1 Dg). No
evidence of NP positivity or tissue damage was observed in the
control mock-infected ferrets (Figure 1Ca, 1Cb, 1Ce, and 1Cf
and Figure 1Da, 1Db, 1De, and 1Df).

Overall, these results showed that during pregnancy, both
virus replication and subsequent tissue damage are elevated fol-
lowing influenza virus infection during pregnancy.

Immunologic Changes in CA07-Infected Pregnant Ferrets

Influenza virus infection in pregnant women is associated with
increased levels of respiratory tract inflammatory cytokines and
chemokines [5]. To determine whether a similar phenotype is
present in pregnant ferrets, we measured the expression lev-
els of inflammatory cytokines and chemokines by quantitative
real-time polymerase chain reaction in the trachea (representa-
tive of the upper respiratory tract), lungs (representative of the
lower respiratory tract), and bronchoalveolar lavage to evaluate
responses in resident or infiltrating immune cells lining the air-
ways [6] of pregnant and nonpregnant animals following infec-
tion. In general, although not exclusively, when differences in
the levels of cytokines and chemokines were noted, levels were
higher in pregnant animals, consistent with observations in
humans. In lung tissues, levels of interferon o (IFN-a) and inter-
leukin 4 (IL-4) were significantly higher in pregnant animals;
levels of interleukin 10 (IL-10) and interleukin 12p40 (IL-12p40)
were higher in nonpregnant animals. In tracheal tissues, messen-
ger RNA (mRNA) levels of tumor necrosis factor a, IFN-y, and
interleukin 6 (IL-6) were higher in pregnant animals. In bron-
choalveolar lavage, pregnant animals had higher mRNA levels
for IFN-a, IFN-y, IL-6, and IL-12p40. In PBMCs, nonpregnant
animals had higher levels of IL-4 and IL-12p40 (Figure 2A).

In pregnant mice, influenza virus infection has been
associated with alterations in the immune response [7, 8].
Correspondingly, we assessed the numbers of CD8* T lympho-
cytes and influenza virus-specific B cells in total PBMCs 5 days
after inoculation in our infected ferrets. In A(HIN1)pdm09-in-
fected pregnant ferrets, the percentage of CD8* T lymphocytes
among PBMCs was significantly lower than in nonpregnant fer-
rets (P <.001; Figure 2B). ELISPOT measurements of A(HIN1)
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Figure 1. Pathologic changes in pregnant ferrets infected with 2009 pandemic influenza A(H1N1) virus (A[H1N1]pdm09). A and B, Virus titers were measured in nasal wash
(A)and tissue (B) specimens collected from CAQ7-infected ferrets on the days shown after infection and were expressed as log,; 50% tissue culture infective doses (TCID, )/mL
(dotted line). Cand D, Immunopathologic changes were determined by hematoxylin and eosin staining (C) and anti—nucleoprotein (NP; D) staining. Representative images are
shown (a and e, nonpregnant; b and £, pregnant; ¢ and g; nonpregnant, infected with strain CAQ07; and d and h, pregnant, infected with strain CAQ7). Original magnification

x100.

pdm09-specific B cells also showed reduced numbers in the
pregnant ferrets (P < .05; Figure 2C). Together, these results
suggest that both innate and adaptive immune responses are
impaired in pregnant ferrets during influenza virus infection.

DISCUSSION

Although pregnancy is associated with increased susceptibil-
ity to pathogens owing to immunologic suppression, it is not
entirely clear how this manifests as increased severity after influ-
enza virus infection. While informative studies have been con-
ducted in mice, the nature of influenza virus-mediated disease
in this host is distinctly different than what is seen in humans; we
thus turned to the ferret model. The pregnant ferret model has

been used since the 1970s to study the teratogenic potential of
influenza viruses [9-11]. These studies showed that fetal infec-
tion and pathology were only possible through virus inoculation
directly into the amniotic space or maternal bloodstream, lead-
ing the authors to suggest that the teratogenic risk to the fetus
due to natural influenza virus infection was low. However, these
studies did not focus on the virologic or immunologic outcome
of infection in the pregnant ferret itself. Thus, our study aimed to
address this knowledge gap. In our study, we infected the ferrets
on day 14 after mating, which, in the ferret’s gestational cycle,
loosely corresponds to early stages of human pregnancy.

The cytokine profile in the infected ferrets was consistent with
that observed in infected humans, notably the elevation levels
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Figure 2. Immunologic changes in pregnant ferrets infected with 2009 pandemic influenza A(H1N1) virus (A[HTN1]pdm09). A, Production of inflammatory cytokines was
detected in the pulmonary tract, bronchoalveolar lavage, and peripheral blood mononuclear cells (PBMCs) from CAQ7-infected ferrets by using quantitative real-time poly-
merase chain reaction analysis. Data are normalized for GAPDH and are shown as the mean fold change from values in uninfected ferrets. Band C, Quantification of peripheral
lymphocytes in PBMCs from ferrets infected with CAQ7 viruses. The total number of peripheral CD8* T lymphocytes was enumerated in PBMCs by flow cytometry (B), and
the influenza virus—specific B-cell response was determined in PBMCs by enzyme-linked immunospot analysis (C). Representative data are shown, and the detailed protocols
are as described in Methods. Abbreviations: IFN, interferon; IgG, immunoglobulin G; IL-4, interleukin 4; IL-6, interleukin 6; IL-10, interleukin 10; IL-12p40, interleukin 12p40;

TNF-a, tumor necrosis factor a.

of IFN-q, IL-6, and IFN-y [12]. This suggests that the immune
response in infected ferrets to some extent mimics the response
in humans [13]. When we compared the cytokine mRNA levels
between pregnant and nonpregnant ferrets, however, there were
striking differences in responses of several key cytokines in
the trachea, lung, and bronchoalveolar lavage. Stronger proin-
flammatory responses were observed in the trachea (ie, upper
respiratory tract) of pregnant ferrets, which also had extended
and higher levels of virus shedding as compared to nonpregnant

ferrets. Interestingly, levels of IL-6 and TNF-a in the upper
respiratory tract of influenza virus-infected humans were
correlated with virus shedding [12]. In contrast, mRNA levels
of the antiinflammatory cytokine IL-10 were increased in the
lungs of nonpregnant ferrets. This suggests that nonpregnant
ferrets may have more capacity to regulate excessive inflamma-
tory responses and tissue repair in the lungs, compared with
pregnant ferrets, as was previously shown in the murine model
[8]. However, as was shown in same study, cytokine levels may
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change over time, and because of limitations of the ferret model,
our results may only represent a snapshot of these changes.

Severe cases of influenza in pregnant women were also asso-
ciated with decreased levels of immunoglobulin in sera [14] and
dysregulated T lymphocytes [15]. Consistent with these obser-
vations, we found that the numbers of A(HIN1)pdmO09-specific
B cells and CD8* T cells in peripheral blood in pregnant ferrets
were lower than those in nonpregnant ferrets. PBMCs from
pregnant ferrets produced less IL-4 and IL-12p40 than those
from nonpregnant ferrets after A(HIN1)pdmO09 infection,
which could account for the decreased number of influenza
virus-specific B cells and CD8* T cells.

Unlike the murine model, one major limitation of our fer-
ret model was the lack of reagents for detailed immunologic
analyses. For example, the cytokine responses could only be
profiled at the mRNA level and not at the protein level. At the
time of the experiments, no suitable assay for the assessment
of ferret-specific CD8* T-cell function and specificity was
available. For the same reason, we were also unable to assess
the cellular innate responses or the CD4* T-cell responses.
These are also critical immune regulators that can modulate
disease severity during influenza virus infection. Our findings
here will have to be interpreted with these caveats in mind.

In our combined virologic and immunologic analyses, we
showed that A(HIN1)pdmO09 infection during pregnancy
induces more-severe disease as a consequence of elevated viral
loads and innate responses, combined with a diminished adap-
tive response. These factors likely contributed to the increased
morbidity and mortality rates observed during the 2009 influ-
enza pandemic in pregnant women.
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