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Vermillion MS, Nelson A, vom Steeg L, Loube J, Mitzner W,
Klein SL. Pregnancy preserves pulmonary function following influ-
enza virus infection in C57BL/6 mice. Am J Physiol Lung Cell Mol
Physiol 315: L517-L525, 2018. First published May 31, 2018; doi:
10.1152/ajplung.00066.2018.—Pregnancy is associated with signifi-
cant anatomic and functional changes to the cardiopulmonary system.
Using pregnant C57BL/6 mice, we characterized changes in pulmo-
nary structure and function during pregnancy in healthy animals and
following infection with influenza A virus (IAV). We hypothesized
that pregnancy-associated alterations in pulmonary physiology would
contribute to the more severe outcome of IAV infection. Nonpregnant
and pregnant females (at embryonic day 10.5) were either mock-
infected or infected with 2009 HIN1 IAV for assessment of pulmo-
nary function, structure, and inflammation at 8 days postinoculation.
There were baseline differences in pulmonary function, with pregnant
females having greater lung compliance, total lung capacity, and fixed
lung volume than nonpregnant females. Following IAV infection,
both pregnant and nonpregnant females exhibited reduced circulating
progesterone, which in nonpregnant females was associated with
increased pulmonary resistance and decreased lung compliance, min-
ute ventilation, and oxygen diffusing capacity compared with unin-
fected nonpregnant females. In pregnant females, reduced concentra-
tions of progesterone were associated with adverse pregnancy out-
comes, but measures of pulmonary function were preserved following
IAV infection and were not significantly different from uninfected
pregnant mice. Following IAV infection, infectious virus titers and
total numbers of pulmonary leukocytes were similar between pregnant
and nonpregnant females, but the histological density of pulmonary
inflammation was reduced in pregnant animals. These data suggest
that pregnancy in mice is associated with significant alterations in
pulmonary physiology but that these changes served to preserve lung
function during IAV infection. Pregnancy-associated alterations in
pulmonary physiology may serve to protect females during severe
influenza.
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INTRODUCTION

Pregnancy in humans is associated with numerous altera-
tions in normal physiology, including anatomic and functional
changes of the cardiopulmonary system that are essential for
meeting the metabolic demands of the mother and fetus. In
women, expansion of the uterus with a growing fetus causes
anterior displacement of the diaphragm (24), but a compensa-
tory increase in the chest diameter leaves the inspiratory and
vital capacities largely unchanged (3). Elevated levels of es-
trogens during pregnancy induce hyperemia and hypersecre-
tion of respiratory epithelial cells, which can lead to edema and
obstruction of the upper airways (12), and rising progesterone
levels increase respiratory drive and the partial pressure of
oxygen (30), which accommodates the 20% increase in mater-
nal oxygen consumption at term pregnancy (9). Furthermore,
plasma volume and cardiac output increase, and systemic
vascular resistance decreases to maintain perfusion of the fetus
(12). Knowledge of these physiological adaptations is essential
for distinguishing normal clinical dyspnea during pregnancy
from pathological respiratory conditions.

Pregnant women demonstrate differential susceptibility to
infectious and noninfectious respiratory disease. For example,
infection with either seasonal or pandemic strains of influenza
A viruses (IAVs) during pregnancy is associated with in-
creased disease severity compared with the general population.
It is estimated that pregnant women, especially those in their
third trimester, are three to seven times more likely to be
hospitalized and up to twice as likely to die from IAV-
associated disease (18, 35, 39, 47). Pregnant women are also
more susceptible to infection with varicella zoster virus, and
before the licensing of a vaccine, it was estimated that more
than one in four adult cases of varicella pneumonia were in
pregnant women (6). In contrast, the severity of asthma during
pregnancy is dichotomous, with two-thirds of women demon-
strating unchanged or slightly increased disease severity during
pregnancy and the other one-third of women experiencing
significant clinical improvement (44). Cigarette smoking dur-
ing pregnancy exacerbates alterations of maternal airway func-
tion (4), but the implications of this on secondary infection
remain unknown.

Mice are among the most common experimental models of
both infectious and noninfectious respiratory disease pathogen-
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esis, including studies in pregnancy (2, 5, 22, 23, 28, 31, 37);
little is known, however, about pulmonary functional changes
during pregnancy, or how pregnancy-associated pulmonary
alterations might influence the pathogenesis of respiratory
diseases in mice. Furthermore, the correspondence between
pulmonary functional changes in pregnant mice and women
has not been discussed. We sought to characterize the pulmo-
nary physiology of pregnant and nonpregnant C57BL/6 mice at
baseline and following infection with IAV to determine how
pregnancy might affect the functional response of the lungs to
an infectious respiratory insult.

MATERIALS AND METHODS

Animals. Adult (7-9 wk old) male (for breeding only) and female
C57BL/6 mice were purchased from Charles River Laboratories
(Frederick, MD). Mice were mated in trios (2 females per male) for 24
h. Pregnancy was confirmed by weight gain (>8 g) measured 9 days
following mating, as previously described (13). At the time of infec-
tion, all females were between 8 and 14 wk of age. Following
infection, nonpregnant female mice were housed five animals per
cage, and pregnant mice were housed one animal per cage. All mice
were housed under standard BSL-2 housing conditions with food and
water ad libitum. Euthanasia was performed by anesthetic (ketamine-
xylazine) overdose followed by exsanguination by cardiac puncture
using a 25-gauge needle and 1-ml syringe. All animal procedures were
approved by The Johns Hopkins University Animal Care and Use
Committee under animal protocol MO15H236.

Virus infection. Pregnant [embryonic day (E)10] and nonpregnant
female mice were infected with mouse-adapted IAVs A/California/
04/09 (ma2009; HIN1) generated by Dr. Andrew Pekosz from a
published sequence (10). For the infections, mice were anesthetized
with a ketamine (100 mg/kg) and xylazine (10 mg/kg) cocktail and
inoculated intranasally with 10" TCIDso units of ma2009 virus sus-
pended in 30 wl of DMEM or mock-infected with DMEM alone. Mice
were monitored daily for changes in body mass. Pregnancies were
determined to be aborted when the percentage of maternal body
weight gain was less than 50% of the corresponding mock-infected
pregnant controls, and aborted pregnancies were confirmed by lapa-
rotomy following euthanasia.

Quantification of tissue viral burden. Lungs were homogenized in
500 pl of sterile PBS, and infectious viral burden was measured from
supernatants by a TCIDs, assay, as previously described (49). Briefly,
tenfold dilutions of lung homogenate supernatants were plated onto a
monolayer of Madin-Darby canine kidney (MDCK) cells in replicates
of six for 6 days at 32°C. Cells were stained with naphthol blue black
(Sigma Aldrich) and scored for cytopathic effects. The TCIDs, titer
was calculated according to the Reed-Muench method.

Progesterone measurements. Steroid hormones were extracted
from 250 to 500 pl of serum using a liquid-liquid extraction method.
Briefly, serum samples were mixed with methyl-ferz-butyl ether at a
5:1 solvent-to-sample ratio. The solvent layer was allowed to separate
for 5 min and then transferred into a clean tube and evaporated to
dryness in a fume hood overnight. The extracted hormone was
resuspended in at least 500 wl of assay buffer and vortexed. The
concentration of progesterone was quantified by competitive immu-
noassay (Enzo Life Sciences), according to the manufacturer’s in-
structions.

Flow cytometry. Lungs were excised and single-cell suspensions
generated following red blood cell lysis. The total numbers of viable
cells were determined using a hemocytometer and trypan blue (Invit-
rogen) exclusion, and the cells were resuspended at 1 X 10° cells/ml
in RPMI 1640 (Cellgro) supplemented with 10% fetal bovine serum
(Fisher Scientific) and 1% penicillin-streptomycin. The viability of
cells was determined by use of a fixable Live/Dead aqua viability dye
(Invitrogen), and Fc receptors were blocked using anti-CD16/32 (BD
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Biosciences). Leukocyte populations were stained with the following
antibodies (eBiosciences): CD45-PE-Cy7 (Clone 30-F11), CD3-APC
(Clone 17A2), CD4-PerCP-Cy5.5 (Clone RM4.5), CD8-AF700 (Clone
53-6.7), CD11b-PerCP-Cy5.5 (Clone M1/70), CD11c-APC (Clone
(N418), and Ly6G-FITC (Clone Gr-1). Data were acquired using a
Fortessa fluorescence-activated cell sorter (with FACSDiva software)
and analyzed using FlowJo (v. 10) software (Tree Star). Total cell
counts were determined based on the percentages of live cells in the
live cell gate multiplied by the total live cell counts acquired before
staining by the trypan blue exclusion counts obtained on a hemocy-
tometer.

Histopathology. Following euthanasia, the left bronchus was li-
gated, and the left lung lobe was removed. The right lung lobes were
then inflated with zinc-buffered formalin (Z-fix, Anatech) delivered
for 2 min at a fixed pressure (25 cmH»0O). The trachea was tied under
pressure, and the lungs were dissected free and placed in fixative for
48 h. Fixed lung volumes were then measured by water displacement,
as previously described (27), and tissues were subsequently embedded
in paraffin, cut into 5-pm sections, and mounted on glass slides. Slides
were stained with hematoxylin and eosin (H&E) and used to evaluate
lung inflammation. Histopathological scoring was performed by a
single blinded observer using a 03 scale (0, no inflammation; 1, mild
inflammation; 2, moderate inflammation; 3, severe inflammation) for
bronchiolitis, perivasculitis, alveolitis, and edema, as previously de-
scribed (11). The sum of these parameters represents the cumulative
inflammation score. Images were taken using a Nikon Eclipse ES800
camera.

Pulmonary function phenotyping. Pulmonary function analyses
were performed in nonpregnant and pregnant mice 8 days postinoc-
ulation (dpi). Respiratory rate, tidal volume, and minute ventilation
were determined by barometric whole body plethysmography per-
formed on unanesthetized mice, as previously described (32). Briefly,
mice were placed in a closed chamber with 100% humidity that was
connected to a pressure transducer. Pressure fluctuations that occurred
during the breathing cycle were recorded over time along with the
temperature inside the chamber. Measurements of respiratory rate,
tidal volume, and minute ventilation were calculated from the result-
ing tracings based on 100% humidity in the chamber and the temper-
ature difference between that within the chamber and the mouse. Mice
were then anesthetized with a ketamine-xylazine cocktail (100 and 10
mg/kg, respectively), and a tracheostomy was performed for cannu-
lation with an 18-gauge stub needle. Following tracheotomy, 0.8 ml of
a gas mixture containing 0.3% neon, 0.3% CO in room air was quickly
injected through the cannula into the lungs, held for 9 s, and then
quickly withdrawn for measurement of lung diffusing capacity
(DFco) by gas chromatography (Inficon, Micro GC model 3000A), as
previously described (26). The DF¢o for each mouse was calculated
as 1 — (CO9/COc)/(Neo/Ne.) (c = calibration gas, 9 = gas from the
9-s exhaled sample). Following measurement of DFco, mice were
mechanically ventilated with oxygen using a Flexivent system (Sci-
req) at a rate of 150 breaths/minute and a tidal volume of 0.25 ml with
a PEEP of 3 cmH-O. Total respiratory resistance and compliance were
measured 1 min following a deep inspiration to 30 cmH»O. The lungs
were then degassed with oxygen absorption, and quasi-static pressure-
volume measurements were immediately taken in situ using a system
detailed in previous studies (25). The total lung capacity and residual
volume were calculated from the resulting pressure-volume curves.

Statistical analyses. Longitudinal morbidity and abortion data were
analyzed with repeated-measures ANOVA and x>-tests, respectively.
Litter size, virus titers, flow cytometry, histopathology, and fixed lung
volume data were analyzed using Student’s 7-test. Pulmonary function
data were analyzed using either a 7-test or two-way ANOVA with
Bonferroni post hoc correction. Mean differences were considered
statistically significant if P < 0.05. All statistical analyses were
performed using GraphPad Prism 7 software.
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RESULTS

Baseline pulmonary physiology is altered during pregnancy
in C57BL/6 mice. Baseline differences in pulmonary physiol-
ogy and function exist between pregnant and nonpregnant
women and are hypothesized to contribute to altered respira-
tory disease pathogenesis during pregnancy (3, 9, 12, 24, 30).
Owing to the increased oxygen demands of the growing fetus,
pregnancy is associated with ‘physiological hyperventilation’
and respiratory alkalosis that occur consequent to an increase
in tidal volume and minute ventilation (12). To determine
whether similar baseline differences in pulmonary physiology
exist between nonpregnant and pregnant mice, we performed
in vivo pulmonary function testing (PFT) on nonpregnant and
pregnant C57BL/6 mice. PFT of pregnant mice was performed
at both embryonic day (E)10.5 and E18.5, which correspond to
midgestation and term pregnancy, respectively, in C57BL/6
mice (34). Whole body plethysmography was used to measure
quiet tidal breathing in unanesthetized animals. In contrast to
observations in humans, there were no differences in tidal
volume, respiratory rate, or minute ventilation between non-
pregnant and pregnant mice (Fig. 1, A—C). There was a small,
but significant, reduction in pulmonary diffusing capacity in
pregnant females at E10.5 compared with either nonpregnant
females or pregnant females at E18.5 (Fig. 1D). During normal
pregnancy in women, hormone-mediated relaxation of tracheo-
bronchial smooth muscles causes a decrease in pulmonary
resistance at term, but there are no reported changes in either
static or dynamic lung compliance (29). In mice, there were no
differences in pulmonary resistance (Fig. 1FE), but pregnant
females at E18.5 demonstrated significantly greater dynamic
lung compliance compared with nonpregnant females and
pregnant females at E10.5 (Fig. 1F). Due to the anterior
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displacement of the diaphragm during late pregnancy, lung
volumes undergo major changes. Specifically, in women, the
expiratory reserve volume and residual volume (RV) decrease
progressively, but relaxation of the chest wall and compensa-
tory lateral expansion preserves total lung capacity (TLC) (29).
Although the RV was not significantly different between non-
pregnant and pregnant mice (Fig. 1G), the TLC was signifi-
cantly greater in pregnant animals at E18.5 compared with
either those at E10.5 or nonpregnant females (Fig. 1H). More-
over, the heightened lung compliance in pregnant mice at
E18.5 was positively correlated with a greater TLC (Pearson
correlation, R? = 0.8536, P < 0.05), despite measurements of
normal tidal breathing remaining unchanged.

Sublethal IAV infection of pregnant mice results in severe
maternal disease and adverse pregnancy outcomes. 1AV in-
fection during pregnancy is associated with heightened disease
severity in women (18, 35, 39, 47), and severe disease can lead
to obstetric complications, including spontaneous abortion,
preterm delivery, and neonatal death (45). To evaluate whet-
her pregnant mice mimic similar disease outcomes, pregnant
(E10.5) and nonpregnant female mice were infected with a
sublethal dose of mouse-adapted 2009 (ma2009) HINI1 TAV.
Over the course of IAV infection, the average body mass of
both nonpregnant and pregnant females was significantly re-
duced compared with their respective mock-infected controls
(Fig. 2A). Eight days postinoculation (dpi), corresponding to
E18.5 in pregnant females and with peak clinical disease in
both pregnant and nonpregnant females (Fig. 2A), serum pro-
gesterone concentrations were significantly reduced in both
nonpregnant and pregnant IAV-infected females compared
with their respective mock-infected controls (Fig. 2B). A sig-
nificant number of pregnant mice (7/28, 25%) aborted their
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Fig. 1. Baseline pulmonary function is altered during pregnancy in C57BL/6 mice. Pulmonary function testing was performed on nonpregnant (n = 7—15) and
pregnant mice at embryonic day (E)10.5 (n = 7-9) or E18.5 (n = 5-7). Whole body plethysmography was used to measure tidal volume (A), respiratory rate
(B), and minute ventilation (C) from unanesthetized animals. Following anesthesia and tracheal cannulation, pulmonary diffusing capacity (D) was measured by
gas chromatography, and dynamic resistance (E) and compliance (F) were measured using a Flexivent system with forced oscillation technique. Following
euthanasia, the residual volume (G) and total lung capacity (H) were calculated from pressure volume curves. Bars represent means = SE. All data sets were
analyzed using one-way ANOVAs with Bonferroni post hoc correction, where *P < 0.05.
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Fig. 2. Influenza A virus (IAV) infection of pregnant mice results in severe maternal disease and adverse pregnancy outcomes. A: nonpregnant (n = 10) and
pregnant [embryonic day (E)10.5; n = 10-15] mice were infected with a sublethal dose of IAV or vehicle (mock) (n = 6—8/treatment) and monitored daily for
changes in body mass. B: serum progesterone was quantified at 8 days postinoculation (dpi), corresponding to E18.5 in pregnant females. In the pregnant dams,
spontaneous abortion was monitored over the course of infection (C), and litter size was quantified for each dam that carried her pregnancy to term (D). Bars
represent means = SE. Data were analyzed using repeated-measures ANOVA (A), two-way ANOVA (B), x*-test (C), and Student’s t-test (D), where *P < 0.05.

pregnancies within 7 days of IAV infection, whereas there
were no spontaneous abortions in the mock-infected pregnant
mice (Fig. 2C). Of the dams that carried their pregnancies to
term, the size of litters born from IAV-infected dams was
significantly reduced compared with those born from unin-
fected dams (Fig. 2D). There was, however, no significant
correlation between serum progesterone levels and litter size
(Spearman correlation, r = 0.3925, P = 0.1482), and there was
no difference in the average neonatal body mass at postnatal
day (PND)O (mock-infected = 1.48 = 0.07; IAV-infected =
1.31 £ 0.13).

Pulmonary inflammatory responses to IAV infection are
similar between pregnant and nonpregnant mice. To determine
whether pregnancy altered virus replication or pulmonary in-
flammation during IAV infection, total pulmonary leukocytes
and tissue viral burden were quantified by flow cytometry and
TCIDs( assay, respectively. Eight days postinfection, there
were no differences in infectious virus titers between pregnant
and nonpregnant females (Fig. 34), and by 14 dpi, infectious
virus was cleared from the lungs in all females (data not
shown). Moreover, at 8 dpi, there were no differences in the
total number of CD45 ™" leukocytes in the lungs of pregnant and
nonpregnant mice (Fig. 3B). Further stratification of leukocyte
populations revealed no differences in either total numbers or
relative proportions (i.e., percentage of CD45™ cells) of spe-
cific immune cell subsets, including CD11c* dendritic cells
and interstitial macrophages, Ly6G™ neutrophils, SiglecF"
alveolar macrophages and eosinophils as well as CD4" and
CD8" T cells (Table 1). To determine the character and
distribution of lung pathology in pregnant and nonpregnant
mice during IAV infection, we performed histopathological
scoring of H&E-stained lung sections for markers of pulmo-
nary inflammation. Eight days postinfection, histological evi-
dence of pulmonary inflammation and edema was reduced in
pregnant compared with nonpregnant females (Fig. 3, C and
D), but the fixed lung volumes were increased in pregnant
compared with nonpregnant mice (Fig. 3E). These data suggest
that sublethal IAV infection of pregnant mice mimics aspects
of the human disease phenotype, including maternal morbidity
and adverse pregnancy outcomes. Moreover, despite similar
numbers of total CD45" immune cells in the lungs of non-
pregnant and pregnant mice, the visual density of pulmonary
inflammation was reduced in pregnant mice, likely due to

increased lung compliance and greater expansion of airspaces
during fixation.

Following IAV infection, pulmonary function is preserved in
pregnant compared with nonpregnant mice. Inflammation-
mediated pulmonary tissue damage following IAV infection
was observed in nonpregnant, and to a lesser extent in preg-
nant, female mice (Fig. 3C), which could lead to pulmonary
edema, obstruction of air spaces, turbulent airflow, and in-
creased pulmonary resistance (21). To determine the functional
effects of IAV infection on pulmonary physiology in pregnant
compared with nonpregnant mice, PFT was performed 8 dpi,
corresponding to peak clinical disease (Fig. 2A). Consistent
with previous reports in nonpregnant mice (43), IAV infec-
tion of nonpregnant females resulted in reduced tidal vol-
umes, stable respiratory rates, and corresponding reductions
in minute ventilation (Fig. 4, A-C). Also similar to previous
studies (51), IAV infection of nonpregnant females resulted
in increased pulmonary resistance (Fig. 4D). In nonpregnant
mice, the pulmonary inflammation following IAV infection
(Fig. 3D) corresponded to a decrease in lung compliance and
diffusing capacity (Fig. 4, E and F). The RV and TLC in
IAV-infected nonpregnant mice, however, remained un-
changed compared with uninfected nonpregnant females
(Fig. 4, G and H).

To test the hypothesis that TAV infection differentially
impacts pulmonary function in pregnant vs. nonpregnant mice,
PFT measures obtained 8 dpi (i.e., corresponding to E18.5 in
pregnant mice) were compared. Similarly to nonpregnant fe-
males, IAV infection of pregnant mice caused a decrease in
tidal volume, but there was no effect of infection on either
respiratory rate or minute ventilation, and all tidal breathing
measurements were significantly greater in pregnant compared
with nonpregnant females (Fig. 4, A-C). In contrast to non-
pregnant females, pregnant mice did not experience a signifi-
cant change in pulmonary resistance, compliance, or diffusing
capacity following IAV infection (Fig. 4, D-F). The RV and
TLC of pregnant mice 8 dpi also remained unchanged from
baseline and were significantly greater than infected, nonpreg-
nant females (Fig. 4, G and H). Together, these data suggest
that sublethal IAV infection results in more significant impair-
ment to pulmonary function in nonpreganant, compared with
pregnant, C57BL/6 mice.

AJP-Lung Cell Mol Physiol « doi:10.1152/ajplung.00066.2018 « www.ajplung.org
Downloaded from journals.physiology.org/journal/gjplung (065.021.193.086) on March 5 2022.



PREGNANCY AND INFLUENZA ALTER PULMONARY FUNCTION

>
w

Virus Titers Total Leukocytes

89 —

- =)
=

E 6- X 304
G+ Tt Howd g2 o
N + =g
g, 2 LOD 5} 10- -
| 8 [a] om

=]

T T T
Pregnant Nonpregnant Pregnant

T
Nonpregnant

O
m

o
10 1.2 *
ey - N s
(]
9 1.0
[ £ 5]
=% s %ﬂ | 5 %_
= =
TS 7 o © 081 OO
R = > | = e®
E g a 2oe{ 0O
= £ s
Og a
= 5 - 05
[= (]
T o : : X 0.0 T T
Nonpregnant Pregnant w Nonpregnant Pregnant

Fig. 3. Pulmonary inflammatory responses to influenza A virus (IAV) infection
are similar between pregnant and nonpregnant female mice. Nonpregnant (n =
5-15) and pregnant [embryonic day (E)10.5; n = 5-10] mice were inoculated
with a sublethal dose of IAV or vehicle (mock). Females were euthanized 8
days postinoculation (dpi), corresponding to E18.5 in pregnant dams. Infec-
tious virus (A), determined by 50% tissue culture infectious dose (TCIDso), and
total numbers of CD45* inflammatory cells (B), determined by flow cytom-
etry, were quantified from the lungs. Histopathology was performed on fixed
lung tissue, and representative images from H&E-stained sections were taken
at X20 magnification (C). D: cumulative pulmonary inflammation was quan-
tified based on a 0-3 scale for bronchiolitis, perivasculitis, alveolitis, and
edema, and the sums of each score are presented. E: fixed lung volume was
determined from inflated lungs by water displacement. Bars represent means =+
SE. The stippled line in A represents the limit of detection (LOD). All data sets
were analyzed using Student’s #-test, where *P < 0.05.

DISCUSSION

Pregnancy in women is associated with significant changes
to pulmonary physiology that may impact the pathogenesis of
respiratory disease. Because mechanistic studies cannot ethi-
cally be performed in pregnant women, mice are a common
animal model of respiratory disease and acute lung injury
caused by both infectious and noninfectious insults. Despite
numerous studies of respiratory disease pathogenesis in preg-
nant mouse models (2, 5, 22, 23, 31, 37), pulmonary functional
changes during pregnancy have not been described. This study
provides a comprehensive characterization of pulmonary func-
tional changes during pregnancy in C57BL/6 mice and de-
scribes the functional responses to an acute respiratory patho-
gen. Our data reveal unique pregnancy-associated changes in
mice to pulmonary function that may influence the pathogen-
esis of respiratory disease. Furthermore, following a sublethal
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IAV infection, our data provide evidence that pregnancy in
mice protects against respiratory impairment associated with
IAV-induced lung injury. On tne basis of these observations,
we conclude that pregnancy-associated pulmonary functional
changes in mice do not contribute to heightened maternal
disease or adverse pregnancy outcomes during AV infection.
This study improves our understanding of respiratory physiol-
ogy in mouse models, which has broad relevance to transla-
tional pulmonary research.

A significant conclusion from this study is that pregnancy in
mice is associated with unique changes in pulmonary physiol-
ogy that have not been previously reported in pregnant women.
While some of these differences may reflect the limitations of
available techniques for measuring pulmonary function in
humans, others may expose important species-specific physi-
ological differences. In both women (15) and mice (16),
pregnancy is associated with significant expansion of both
circulating blood volume and red blood cell mass to accom-
modate fetal oxygen demands. Whereas pregnant women com-
pensate for this by increasing minute ventilation and oxygen
consumption (20), we observed no comparable increase in tidal
volume, respiratory rate, or minute ventilation in pregnant
compared with nonpregnant mice. Additionally, there was no
difference in pulmonary diffusing capacity between pregnant
and nonpregnant females, suggesting that increased ventilation
may not be required to meet fetal oxygen demands in mice.
There was a transient decrease in pulmonary diffusing capacity
at midgestation (i.e., E10.5) in mice that was not evident at
term (i.e., E18.5). The decrease in diffusing capacity at E10.5
was mild and unlikely to have clinical significance, as IAV
infection of pregnant females at E10.5 resulted in no change to
diffusing capacity, as measured at peak disease (i.e., 8 dpi,
E18.9).

Additionally, in pregnant women, the developing fetus dis-
places the diaphragm, thereby altering the chest cavity and
lung shape. Third-trimester pregnancy is associated with a
decrease in forced vital capacity and expiratory volume but
unchanged dynamic respiratory compliance and TLC due to
lateral expansion of the thorax (36) (29). In contrast, term (i.e.,
E18.5) pregnancy in mice was associated with a significant
increase in lung compliance and TLC, regardless of IAV
infection status. Moreover, these physiological changes were
unique to late pregnancy, as they were not observed in preg-
nant animals at E10.5. Although a change in TLC during
pregnancy has not been reported in humans, it may reflect
differences in measurement techniques used to obtain corre-
sponding values. More specifically, human TLC is typically
calculated based on gas dilution or plethysmography (7), both
of which require voluntary muscular effort, which may be
decreased during pregnancy; in contrast, TLC in mice is the
lung volume measured from anesthetized animals at fixed high
pressure. The reasons why lung compliance and TLC increase
during pregnancy in mice are unclear, but these observations
might reflect some intrinsic temporal change in lung structure
that permits greater expansive capacity. Lung compliance in
vivo is influenced by the quantity and composition of pulmo-
nary surfactant, which functions to reduce alveolar surface
tension (17); therefore, it is possible that late pregnancy is
associated with either increased production or altered compo-
sition of surfactant. Lung compliance in vivo may also be
influenced indirectly by chest wall compliance. The heightened
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Table 1. Total numbers and proportions of CD45" cells in lungs of nonpregnant and pregnant female mice 8 days after

infection with IAV

Total Cells (X10°) = SE

%CD45* Cells £ SE

Cell Population(s) Surface Marker(s) Nonpregnant Pregnant P Value Nonpregnant Pregnant P Value
Myeloid cells CDl11b* 6520 = 11.16  80.52 = 15.34 0.528 62.74 = 1.12  62.20 = 1.90 0.855
Dendritic cells and interstitial macrophages ~ CD11b"CDl1l1c* 27.44 = 4.98 3332 =641 0.571 2632+ 1.63 2612 234 0.956
Neutrophils CD11b*Ly6G™ 4.35 = 0.77 535*1.02 0.543 4.17 = 0.18 4.15*+0.25 0.963
Alveolar macrophages and eosinophils CDI11b*SiglecF* 0.27 = 0.04 0.34 = 0.06 0.468 0.27 = 0.02 0.26 = 0.01 0.919
T cells CD3* 31.48 = 4.34 43.68 = 8.95 0.346 31.90 =427 3342 *3.16 0.821
CD4* T cells CD3"CD4* 10.58 = 1.77 15.05 = 3.70 0.400 10.19 = 0.56 11.23 = 1.10 0.511
CD8" T cells CD3*CD8* 16.99 = 2.63 24.08 = 5.36 0.360 17.83 = 3.41 18.65 = 2.68 0.881

Values are means * SE. TAV, influenza A virus.

lung compliance in late-pregnant mice, however, was con-
firmed by the increase in fixed lung volume that was measured
ex vivo, when the chest wall was not present. While additional
studies are needed to determine the mechanism and functional
significance of increased lung compliance in late-pregnant
mice, these observations reveal a unique physiological variable
that may differentially influence respiratory function in preg-
nant mice compared with pregnant women.

Studies aimed at understanding the physiological determi-
nants of heightened IAV-associated disease during pregnancy
have focused primarily on the immunological responses to IAV
infection, with many studies documenting that pregnancy alters
local and systemic immune responses to IAV infection in both
humans (8, 38, 46) and mice (2, 5, 22, 23, 28, 31, 37).
Pregnancy in women is associated with alterations in immune
responses that promote fetal tolerance, and disruption of preg-
nancy-associated immune modulation can lead to pregnancy
complications (33). The impact of these immunological shifts

on inflammatory responses occurring outside the reproductive
tract, however, remains ill defined. In the context of IAV
infection of the respiratory tract, it has been hypothesized that
heightened helper T cell (Th) type 2 (Th2) and regulatory T
cell responses combined with reduced Thl and Thl17 cell
responses during pregnancy may contribute to increased dis-
ease susceptibility, but there is a paucity of data to support this
mechanistic link (19, 39).

Data from [AV infection studies in pregnant mice have been
conflicting and inconclusive, and a causal relationship between
immunological skewing and heightened IAV-associated dis-
ease has not been established. Furthermore, the differences in
mouse strain, [AV strain and dose, and the day of infection
during pregnancy make it difficult to compare the results across
different studies. For example, whereas studies of high-dose
pandemic (A/Cal/04/2009) HIN1 IAV infection in BALB/c
mice have shown that pregnancy increases total numbers of
pulmonary immune cells (31), other studies that used lower-
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Fig. 4. Following influenza A virus (IAV) infection, pulmonary function is preserved in pregnant vs. nonpregnant mice. Nonpregnant (n = 5-11) and pregnant
[embryonic day (E)10.5] (n = 5-9) mice were infected with a sublethal dose of IAV or vehicle (mock). Eight days postinoculation (dpi), corresponding to E18.5
in pregnant dams, pulmonary function testing was performed. Whole body plethysmography was used to measure tidal volume (A), respiratory rate (B), and
minute ventilation (C) from unanesthetized animals. Following anesthesia and tracheal cannulation, pulmonary diffusing capacity (D) was measured by gas
chromatography, and dynamic resistance (E) and compliance (F) were measured using a Flexivent system with forced oscillation technique. Following
euthanasia, the residual volume (G) and total lung capacity (H) were calculated from pressure volume curves. Bars represent the means = SE. All data sets were
analyzed using a two-way ANOVA with Bonferroni post hoc correction, where *P < 0.05.
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dose (A/PR/8/1935 or A/Cal/04/2009) HINI1 IAV inocula in
C57BL/6 mice report either no change (37) or reduced pulmo-
nary inflammation in pregnant compared with nonpregnant,
animals (5). Also incongruent across studies are the patterns of
proinflammatory cytokines and chemokines, including IL-6,
TNFa, and CCL2, that are induced as part of the classic
‘cytokine storm’ following IAV infection; whereas some stud-
ies (2, 31) demonstrate heightened cytokine induction in preg-
nant animals, others (5, 37) report the opposite phenotype.
Similarly, while some studies have reported that pregnant mice
(both BALB/c and C57BL/6 strains) support greater IAV
replication than nonpregnant mice (2, 5, 22, 23, 28, 37), others
have reported similar viral replication kinetics (31). In our
study, infection of pregnant C57BL/6 mice with a sublethal
dose of pandemic (A/Cal/04/2009) HIN1 IAV resulted in no
difference in virus replication or clearance compared with
nonpregnant females. We also found no difference in either the
total number of pulmonary leukocytes or in any of the innate
and adaptive immune cell subsets in pregnant compared with
nonpregnant mice. Because analyses in this study are limited to
a single timepoint (i.e., 8 dpi), we cannot rule out the possi-
bility that differences in the kinetics of virus replication,
inflammatory cell recruitment, or pulmonary repair may exist
between pregnant and nonpregnant mice.

More recent studies of both seasonal and pandemic IAV
infection of both nonpregnant (11) and pregnant mice (5, 28)
have revealed a link between circulating progesterone concen-
trations and pulmonary disease. In nonpregnant mice, physio-
logical concentrations of progesterone protect female mice
during TAV infection by enhancing pulmonary epithelial repair
and function (11). During pregnancy in both women and mice,
progesterone levels increase dramatically, and high circulating
progesterone is essential for pregnancy maintenance. Reduced
circulating progesterone in pregnant women has been associ-
ated with obstetric complications, including preeclampsia in
women (50), and reduced serum and placental progesterone
following IAV infection of pregnant mice has been hypothe-
sized to contribute to adverse pregnancy outcomes, including
spontaneous abortion, preterm birth, reduced litter size, and
fetuses that are small for their gestational age (22, 23, 28).
Consistent with these reports, we observed a reduction in
serum progesterone following IAV infection of both nonpreg-
nant and pregnant females, which corresponded to spontaneous
abortion and reduced litter size in pregnant mice. In nonpreg-
nant females, reduced progesterone may be associated with
disruption of the estrous cycle and prolongation of diestrus, as
has been previously reported following IAV infection of intact
female mice (40). Also, consistent with previous studies in
nonpregnant female mice (11), reduced serum progesterone at
8 dpi was associated with a decrease in pulmonary function. In
pregnant females, however, although progesterone levels were
significantly reduced from baseline, they were still maintained
at or above physiological levels, and thus pulmonary function
was preserved. It is unclear whether reduced progesterone is a
cause of spontaneous abortion and fetal loss, as there was not
a significant correlation between serum progesterone and litter
size. Future studies are warranted to determine the mechanisms
of pregnancy disruption during IAV infection as well as the
utility of exogenous progesterone treatment to improve preg-
nancy outcomes.

1523

In humans, acute, uncomplicated IAV infection has been
reported to cause restrictive ventilatory defects and associated
alterations in tidal breathing patterns (21). More severe infec-
tions resulting in viral pneumonia can additionally cause a
decrease in pulmonary diffusing capacity, which is correlated
with feelings of ‘well-being,” and can be used to monitor
long-term recovery (14). Pneumonia is a significant cause of
maternal and fetal morbidity and mortality following IAV
infection during pregnancy, and compared with the general
population, pregnant women experience more severe compli-
cations, including respiratory failure (1, 41). As in other
high-risk groups, the development of pneumonia and acute
respiratory distress syndrome (ARDS) are the among the most
common complications of IAV infection in pregnant women
(48). Further, among pregnant women with ARDS, underlying
TAV infection is a significant risk factor for mortality (42), but
the mechanisms underlying the predisposition during preg-
nancy remain unknown.

Similar to nonpregnant humans, IAV infection of nonpreg-
nant female mice resulted in a significant reduction in tidal
volume and minute ventilation, and a significant increase in
pulmonary resistance during peak disease (i.e., 8 dpi). Non-
pregnant female mice also experienced a significant decrease
in pulmonary diffusing capacity, which averaged 17% during
peak disease. In contrast, IAV infection of pregnant mice
resulted in no change to either minute ventilation or pulmonary
resistance, and pulmonary diffusing capacity in pregnant mice
was relatively preserved, with an average 9% reduction at peak
disease. Together, these data suggest that pregnant mice main-
tain pulmonary function, including efficient oxygen exchange,
better than nonpregnant mice following IAV infection. Many
factors can impede oxygen exchange in the lungs, including
pulmonary inflammation and edema, which effectively reduces
the functional surface area of the alveolar epithelium. In our
study, histological evaluation of the lungs following IAV
infection showed reduced evidence of pulmonary inflammation
and edema in pregnant compared with nonpregnant females.
Quantification of total pulmonary leukocytes, however, re-
vealed similar frequencies of total CD45" cells in both preg-
nant and nonpregnant females, suggesting that the total number
of immune cells in the lungs is the same. The discrepancy
between the histopathological inflammatory changes and quan-
tification of total cell numbers may be explained by the
differences in lung compliance, total lung capacity, and fixed
lung volume. Because of the greater lung compliance in preg-
nant mice, the lungs are able to expand to greater volumes
when infused to the same pressure. The result of this is greater
total lung capacity and fixed lung volume in pregnant com-
pared with nonpregnant females, owing to greater expansion of
the airspaces rather than a greater volume of lung tissue.
Consequently, the cellular density on fixed tissue sections may
appear reduced, despite similar total CD45" cell numbers.
Although it is unclear whether cellular density or total CD45™"
cell numbers in the lungs are more important for predicting
influenza severity, we speculate that the greater expansive
capacity of the lungs in pregnant females may serve to increase
the available surface area for oxygen exchange to improve
pulmonary function.

IAV infection of pregnant women is associated with height-
ened morbidity and mortality compared with the general pop-
ulation, and hospitalization rates and deaths from IAV infec-
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tion in pregnant women are greatest during the third trimester
(18, 35, 39, 47), but the mechanisms that mediate this increased
disease severity remain elusive. In the present study, we have
shown that pregnant mice also experience significant morbidity
and body weight loss during IAV infection despite relatively
preserved pulmonary function. Moreover, our data show no
evidence of altered pulmonary immune responses during preg-
nancy, and pregnant mice retained sufficient antiviral re-
sponses to recognize and clear a sublethal IAV infection,
suggesting that the lung-specific physiological and immuno-
logical responses to IAV infection do not underlie the height-
ened disease severity that occurs during pregnancy. Instead,
these and others’ (28) data suggest that the physiological
responses to IAV infection during pregnancy may be compart-
mentalized, and adverse maternal and fetal outcomes may be
mediated by systemic and tissue-specific responses, which
occur independent of the immunologic and functional re-
sponses in the lungs. Although our data suggest that pregnancy
preserves pulmonary function in the context of IAV infection,
additional studies are warranted to determine whether preg-
nancy is similarly protective in the context of other infectious
or noninfectious respiratory insults. Moreover, longitudinal
analysis of pulmonary function over the course of gestation and
postpartum period, as well as consideration of other variables,
including age, parity, and IAV exposure history, may enhance
translation of these data to pregnant women.
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