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The influenza A virus (IAV) 2009 H1N1 pandemic was associated with an

increased risk of maternal mortality, preterm birth, and stillbirth. The

underlying mechanism for severe maternal lung disease and stillbirth is

incompletely understood, but IAV infection is known to activate innate

immunity triggering the release of cytokines. Elucidating the impact of

progesterone (P4), a key hormone elevated in pregnancy, on the innate

immune and inflammatory response to IAV infection is a critical step in

understanding the pathogenesis of adverse maternal-fetal outcomes. IAV

H1N1 pdm/09 was used to infect cell lines Calu-3 (lung adenoma) and ACH-

3P (extravillous trophoblast) with or without P4 (100 nM) at multiplicity of

infections (MOI) 0, 0.5, and 3. Cells were harvested at 24 and 48 hours post

infection (hpi) and analyzed for cytopathic effects (CPE), replicating virus

(TCID50), cytotoxicity (Lactate Dehydrogenase (LDH) assay), and NLRP3

inflammasome activation (caspase-1 activity, fluorometric assay). Activation

of antiviral innate immunity was quantified (RT-qPCR, Luminex) by measuring

biomarker gene and protein expression of innate immune activation (IFIT1,

IFNB), inflammation (IL6), interferon signaling (MXA), chemokines (IL-8, IL-10).

Both Calu-3 and ACH-3P were highly permissible to IAV infection at each

timepoint as demonstrated by CPE and recovery of replicating virus. In Calu-3,

progesterone treatment was associated with a significant increase in

cytotoxicity, increased gene expression of IL6, and increased protein

expression of IFN-b, IL-6, and IL-18. Conversely, in ACH-3P, progesterone

treatment was associated with significantly suppressed cytotoxicity, decreased

gene expression of IFNB, IL6 and IL1B, and increased protein expression of IFN-

b and IL-6. In both cell lines, caspase-1 activity was significantly decreased after

progesterone treatment, indicating NLRP3 inflammasome activation was not

underlying the higher cell death in Calu-3. In summary, these data provide
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evidence that progesterone plays a dual role by ameliorating viral infection in

the placenta but exacerbating influenza A virus-associated injury in the lung

through nongenomic modulation of the innate immune response.
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Introduction

Influenza A virus infection in pregnancy is associated with

exacerbated maternal lung disease and a spectrum of adverse fetal

outcomes (1). An increased risk for maternal death,

hospitalization, preterm birth, perinatal mortality, and stillbirth
02
following an IAV infection in pregnancy has been documented in

many studies from both high- and middle-income countries (2–

6). Maternal mortality from IAV can be significant and was

estimated at 27% in the 1918 IAV pandemic (3). Approximately

half of the fatal cases in reproductive-aged women during the

1957 IAVH2N2 pandemic were among pregnant individuals (7).

More recently, in a case series from the 2009 H1N1 pandemic,

22% of hospitalized pregnant womenwith IAV infection required

intensive care and 8% died (8). Stillbirth and perinatal mortality

are also increased after IAV infection, as demonstrated in a

United Kingdom national cohort of hospitalized pregnant

women during the 2009 H1N1 pandemic (2). Mechanistically,

the pathogenesis of exacerbated maternal lung disease and

stillbirth are poorly understood, in part due to the complex

physiologic changes in pregnancy that alter immunobiology.

The lung is the major target organ of IAV. Human lung

adenocarcinoma cell line Calu-3 has been used as a well-

characterized model of proximal airway epithelium to assess the

innate immune response in the lung to respiratory viruses (9, 10). In

IAV-infected primary lung epithelial cells, the type I IFNs activated

the NRLP3 inflammasome (11). In several studies, pregnant mice

were shown to have higher levels of inflammatory cytokines in the

lung, more severe disease, greater mortality and lung pathology

than non-pregnant mice (12–14). In considering pathogenesis of

viral infections in pregnancy, it is also critical to study the placenta.

The placenta is a complex and immune-rich organ that represents

the gateway between the fetus and themother. Several placental cell

lines have demonstrated susceptibility and permissively to IAV

infection in vitro. In the first trimester human trophoblast cell lines

HTR-8/SVneo and Swan71 infected with H1N1/09, minimal viral

releasewas noted, but IAVviral proteins andRNAwere detected by

immunofluorescence assay and PCR (15). H3N2 infection of the

same cell lines induced rapid apoptosis and viral replication,

indicating a virus-specific difference in placental cell line

susceptibility to IAV-induced CPE (16). This evidence suggests

that the placenta may play a critical, previously overlooked role in

maternal influenza infection.

Hormones are thought to play a key role in impairing maternal

adaptive and innate immunity, which helps to protect the fetus

from rejection (17). Whether hormonal changes in pregnancy may

impair antiviral innate immune responses to IAV in the lung and
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placenta are unknown. Progesterone is a key immunomodulating

hormone in pregnancy and reaches levels 10-30-fold higher in the

third trimester than in non-pregnant adults. Although

progesterone is known to downregulate innate and adaptive

immunity, the extent to which it modulates immunity after IAV

infection in the maternal lung or placenta is poorly understood (17,

18). The impact of progesterone modulation on the NLRP3

inflammasome activation is an essential component of the IAV

innate immune response and processes pro-caspase 1, pro-IL-1b,
and pro-IL-18 into their active forms and has been implicated in

IAV infection-mediated stillbirth and fetal injury (19–21). The

impact of progesterone modulation on the NLRP3 inflammasome

has not been studied in IAV but was observed to reduce the

expression of inflammasome components in a transient focal rat

model of ischemia in neurons (22). A blunted innate immune

response to IAV in pregnancy could lead to delayed induction of

adaptive immunity and may increase susceptibility to severe lung

disease following IAV infection.

The study objective was to determine the impact of

progesterone on IAV targets in pregnancy, namely the lung and

placenta, which were modeled by cell lines (Calu-3, ACH-3P).

Investigating the role that progesterone plays in the innate

immune response to IAV infection during pregnancy is key to

more completely understanding why pregnant women are more

prone to developing severe lung disease and dying at higher rates

than non-pregnant women from influenza infections (3, 6, 7).

This study provides insight into the role of these responses in the

pathogenesis of maternal disease and adverse perinatal outcomes.
Methods

Cell culture

Madin-Darby canine kidney (MDCK) cells (ATCC), Calu-3

cells (ATCC), and ACH-3P cells were cultured in Dulbecco’s

modified Eagle’s medium (DMEM) supplemented with 10% fetal

bovine serum (FBS), 25 mM HEPES, 100 U/mL penicillin, and

100mg/mL streptomycin. All cell lines were incubated at 37°C and

5% CO2 and confirmed to be free of mycoplasma with the

MycoAlert™ mycoplasma detection kit (Lonza, LT07-318).
Virus amplification

Influenza A H1N1 virus (CA/09) was obtained from the

Fuller Lab (23). Sub-confluent monolayers of MDCK cells in

T150 flasks were washed with PBS and infected at MOI 0.5 (5

mL serum-free MEM) at 37°C and 5% CO2. After 1 hour, the

media was removed, cells were washed with 1X PBS and media

replaced. The media was harvested at 36 hours and centrifuged

at room temperature to clear cell debris (1800 rpm for 5 minutes

and then at 3000 rpm for 10 minutes). Virus stock was frozen
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at -80°C in 1 mL aliquots. Viral titer of each stock was quantified

by a TCID50 assay with hemagglutination readout (described

below) and converted to plaque forming units/mL. To transform

TCID50/ml into PFU/ml, we multiplied TCID50/ml by 0.7. All

cell culture and virus amplification procedures were performed

according to Biosafety Level 2 protocols.
H1N1 infection of target cell lines

Calu-3 and ACH-3P cells (1 x 106 cells/well in 6-well plates)

were seeded in growth culture medium and incubated overnight

at 37°C and 5% CO2. The cells were washed with 1XPBS and

then infected with H1N1 at MOI = 0, 0.5, or 3 for 1 hour. The

virus inoculum consisted of Opti-MEM with TPCK-treated

trypsin (0.5 mg/mL, Sigma). A titration curve was performed

to determine the optimal TPCK-trypsin concentration for

maximum virus permissibility and minimum cell monolayer

lift. After inoculation, the cells washed with 1XPBS, and then

replenished with serum-free medium (Opti-MEM)

supplemented with TPCK-treated trypsin (0.5 mg/mL, Sigma).

Samples were allowed to incubate for 0-, 24-, and 48-hours post-

infection. For the progesterone treatment group, cells were

treated with 100 nM P4 (24) for 24 hours pre-infection and 0-,

24-, and 48-hours post-infection. Supernatant samples were

centrifuged, aliquoted, and stored at either -80°C and 4°C for

future analyses. Cell pellets were suspended in either 500 mL
QIAzol Lysis Reagent (cat # 79306, Qiagen, Hilden, Germany) or

500 mL 0.1% Triton-X 100 (cat # AC215682500, Fisher Scientific,

Waltham, MA) and stored at -80°C.
Hemagglutination assay

The viral load of each supernatant sample was quantified by

log10 TCID50 with hemagglutination assay read out. In brief, 75 ml
of 0.33% turkey red blood cells (cat # TBA030, Hemostat, Dixon,

CA), was incubated with 25 ml of sample at various dilutions for 1

hour at 4°C. A positive read out was defined by a diffuse suspension

of red blood cells. TCID50 read out was calculated according to the

Munch method (25). Log10 TCID50 values were then converted to

PFU/ml for infection by multiplying by 0.7 (26).
LDH assay

Cell death by viral infection was assessed with the lactate

dehydrogenase (LDH) assay (cat # MK401, Takara Bio USA, San

Jose, CA) according to manufacturer protocols. Supernatant

samples were stored at 4°C for no more than 24 hours after

collection prior to analysis. The samples were diluted (30:70) with

Opti-MEMand analyzedwith a plate reader (absorbances at 492nm

and 560nm). The absorbance values of the sample were normalized
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https://doi.org/10.3389/fviro.2022.953208
https://www.frontiersin.org/journals/virology
https://www.frontiersin.org


Li et al. 10.3389/fviro.2022.953208
to absorbance values of a standard of complete cell death, yielding

values that represent cell death percentage in each well.

The LDH assay used in this study quantified cell death by

comparing total LDH released from dead cells due to infection

(MOIs 0.5 and 3) compared to total LDH released spontaneously

from uninfected, normal cells (MOI 0) in the culture of serum-

free conditions. The formula used to calculate cytotoxicity was as

follows: cytotoxicity (%) = (experimental value - low control)/

(high control - low control) * 100. A low control was defined as

cells with MOI 0, high control was defined as maximum LDH

release from the cells (a well of cells was treated with 2% Triton-

X in cell media to lyse all the cells). The experimental value was

the LDH released by infected cells (MOIs 0.5 and 3).

The above formula was used to calculate cytotoxicity in

treated (progesterone) and uncreated (control) experiments.

These numbers were analyzed in comparison to each other

with the above formula, and reported in the figures. By the

nature of the calculation, LDH release of untreated, uninfected

cells was used to calculate the cytotoxicity of H1N1 infection in

untreated (control) conditions as the “low control” variable.

Similarly, LDH release of treated (progesterone), uninfected cells

were used to calculate the cytotoxicity of H1N1 infection in

treated conditions as the “low control” variable.
Gene expression by quantitative real-time
PCR (RT-qPCR)

Cell pellets were lysed with Qiazol and stored at -80°C prior

to extraction. Total mRNA was extracted from each sample with

the Qiagen miRNeasy Micro Kit (cat # 217084, Fisher Scientific,

Waltham, MA) according to the manufacturer’s total RNA

isolation protocol. cDNA was synthesized with random

primers using the iScript™ Select cDNA Synthesis Kit (cat #

1708897BUN, Bio-Rad, Hercules, CA) according to the

manufacturer’s protocol. Gene expression of IFIT1, MXA, and

IFNB was measured with SYBR Green chemistry (for primer

sequences, Table 1). Gene expression of IL6 (cat#:

Hs00174131_m1, Thermo Fisher Scientific, Waltham, MA),

IL1B (cat#: Hs01555410_m1, Thermo Fisher Scientific), and

NLRP3 (cat#: Hs00918082_m1, Thermo Fisher Scientific) was

measured with TaqMan® chemistry (Thermo Fisher Scientific).

qPCR was run on a QuantStudio3 (Life Technologies) according

to the manufacturer’s instructions. Fold-change was measured in

reference to untreated samples and normalized to the Ct (cycle
Frontiers in Virology 04
threshold) values for either RPL13A (Integrated DNA

Technologies Assay ID: Hs.PT.58.47294843, SYBR Green,

Redwood City, CA) or GAPDH (TaqMan® Gene Expression

Assay Hs02758991_g1, Thermo Fisher Scientific).
Caspase-1 assay

Cell lysates were suspended 500 mL 0.1% Triton-X 100 and

stored at -80°C. The activity of Caspase-1 in each sample was

measured with the Caspase-1/ICE Fluorometric Assay Kit (cat #

K110-25, BioVision, Milpitas, CA) according to the

manufacturer’s instructions.
Luminex assay

Supernatant samples were collected as described above and

assessed with a customized Human ProcartaPlex Mix&Match 6-

plex kit (cat # PPX-06-MX2W9XZ, Thermo Fisher Scientific)

measure levels of 6 cytokines (IFN-b, IL-6, IL-8, IL-10, IL-1b, IL-
18). The samples were analyzed according to the manufacturer’s

protocols, using a MAGPIX. Total protein content in each

sample was determined with the Pierce® BCA Protein Assay

Kit (cat # 23250, Thermo Scientific) and colorimetric detection

(absorbance wavelength at 562nm) with a plate reader.
Statistical analysis

The Kruskal-Wallis test was used to compare influenza-

infected progesterone treated and untreated groups. A

p value <0.05 was considered to be statistically significant.
Results

Progesterone exacerbates the
cytotoxicity of IAV H1N1 pdm/09
infection in Calu-3, a lung cell line

To confirm whether Calu-3 was permissive to viral replication,

the viral load of supernatant samples collected at 24- and 48-hours

post infection was titered using the TCID50 assay with

hemagglutination (HA) readout, and values were converted to
TABLE 1 SYBR green primer sequences.

Gene F sequence 5’-3’ R sequence 5’-3’ Chemistry

MXA TTC AGC ACC TGA TGG CCT ATC TCA AAG GGA TGT GGC TGG A SYBR

IFNB AGT GTC AGA AGC TCC TGT GGC TGA GGC AGT ATT CAA GCC TCC SYBR

IFIT1 AGA AGC AGG CAA TCA CAG AAA A CTG AAA CCG ACC ATA GTG GAA AT SYBR
fr
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PFU/ml. Live virus was recovered from the supernatant of each

infected sample of Calu-3, confirming the permissibility and

infectability of the lung cell lines to H1N1 pdm/09 (Figure 1A).

Pre-treatment with progesterone did not impact viral load at any

timepoint or with any MOI measured. However, a significant

increase in LDH release (measure of cytotoxicity) was observed in

Calu-3 treated with progesterone by 24 hours at MOIs of 0.5 and 3

compared to uninfected cells at the same timepoints (p<0.05, all).
Frontiers in Virology 05
Progesterone exposure was associated with a significant increase in

LDH release at 24 hours after H1N1 infection compared to

untreated infected cells (Figure 1B, MOIs 0.5 and 3, p<0.05). By

light microscopy, cytopathic effect (CPE) was observed in the

infected cells including cell rounding, lifting and gaps in the

monolayer and was subjectively more severe in these phenotypes

with progesterone treatment compared to uninfected cells

(Figures 1C–J).
A B

D E F

G H I J

C

FIGURE 1

Cell death and cytopathic effect in Calu-3, a lung cell line. IAV viral load is shown in Calu-3 (A). The bar plot depicts the Log10(PFU/ml) value
grouped by MOI and time point. Cell death was quantified by LDH release in a subset of the experiments shown in panel A (B). Microscope
images (40X objective lens) captured representative cellular pathology in control (C–F) and progesterone-treated Calu-3 cells (G–J) at 24 hours
post-infection, the timepoint at which there was a significant increase in cell death due to progesterone treatment. The cells at 0 hours post-
infection were infected with MOI 0 (C, G). At 24 hours post-infection, cells are shown infected with MOI 0 (D, H), MOI 0.5 (E, I), and MOI 3 (F, J).
Blue indicates control cell lines and red indicates progesterone-treated cell lines. *p-value was less than 0.05, as determined by the statistical
analysis detailed in the Methods section.
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Divergent gene and protein expression in
the antiviral innate immune response
due to progesterone treatment in Calu-3
cells after IAV H1N1 pdm/09 infection

The gene and protein expression of a panel of biomarkers of

interferon (IFN; e.g., interferon-beta, IFN-b), IFN-stimulated

genes (ISGs; e.g., IFIT1, MxA) and cytokines (e.g., IL-6) were

evaluated by RT-qPCR (cell pellets) and Luminex cytokine assays

(supernatant) to determine the impact of progesterone on the

antiviral innate immune response. Progesterone treatment of

Calu-3 cells infected with H1N1 pdm/09 was associated with a

significant upregulation of IL6, but not IFNB, IFIT1 or MXA

(Figures 2A–D, MOIs 0.5 and 3, p<0.05). In contrast to the gene

expression results, progesterone treatment was associated with a

significant increase in protein expression of IFN-b (Figure 2E;

MOIs 0.5 and 3, p<0.05). Increased IL-6 protein expression

(Figure 2G, MOI 3, p<0.05) is consistent with increased cell

death (Figure 1B) at 48 hours post-infection. Interestingly, the

protein expression of IL-8 was significantly decreased after

progesterone treatment at 48 hours post-infection (Figure 2F,

MOI 3, p<0.05). In summary, progesterone treatment of lung cells
Frontiers in Virology 06
was associated with an increase in IFN-b and IL-6 protein

expression after H1N1 pdm/09 infection, which was not

reflected by changes in gene expression specifically for IFNB.
Temporal changes in caspase-1 activity,
a marker of NLRP3 inflammasome
activation, associated with progesterone
treatment were not completely reflected
in active IL-1 b and IL-18 in Calu-3 cells

Gene expression, protein expression, and enzymatic activity of

a panel of biomarkers for the NLRP3 inflammasome activation

pathwayweremeasured by RT-qPCR, Luminex cytokine assay, and

caspase-1 activity assay in the Calu-3 cell lines (Figure 3). Gene

expression of NLRP3 and IL1B were not significantly altered by

progesterone treatment of Calu-3 cells infected with H1N1

(Figures 3A, B, p<0.05, all). Although progesterone treatment did

not alter gene expression ofNLRP3, there was a temporal change in

caspase-1 activity, the product of NLRP3 inflammasome activation,

associated with progesterone treatment. Progesterone treatment

was associated with a significant decrease in caspase-1 activity at 24
A B D

E F G

C

FIGURE 2

Innate immune response in Calu-3, a lung cell line. Innate immune gene expression was measured by RT-qPCR. The gene expression log2 fold
change is reported for IFNB (A), IFIT1 (B), MXA (C), and IL6 (D). The protein concentration of cytokines in the supernatant were measured with
Luminex and are reported for IFN-b (E), IL-8 (F), IL-6 (G). *p-value was less than 0.05, as determined by the statistical analysis detailed in the
Methods section.
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hours post-infection (MOI 0.5), and a significant increase in

caspase-1 activity at 48h p.i. (MOIs 0.5 and 3) (Figure 3C,

p<0.05, all). Caspase-1 cleaves pro-IL-1b and pro-IL-18 to their

active forms. However, at 48 h.p.i. the change in caspase-1 activity

was not completely reflected in the protein levels of IL-1b and IL-

18. IL-1b levels were not significantly impacted by progesterone

treatment at either timepoint, but IL-18 was significantly increased

after progesterone treatment at both timepoints and MOIs

measured (Figures 3D, E, p<0.05 all). Overall, progesterone

treatment was associated with a time-dependent difference in

caspase-1 activity in Calu-3 cells that was reflected in an increase

in IL-18, but not IL-1b, protein expression at 48 h.p.i.
Progesterone attenuates the cytotoxicity
of IAV H1N1 pdm/09 infection in ACH-3P,
a placental cell line

To determine whether the placental trophoblast cell line, ACH-

3P, was permissive to viral replication, the viral load of supernatant

samples collected at 24 and 48 h.p.i. was measured by the TCID50

assay with HA readout and converted to PFU/ml. Infectious virus

was recovered from the supernatant of each infected sample,
Frontiers in Virology 07
confirming the permissibility and infectivity of the placental cell

line to H1N1 pdm/09 (Figure 4A). As observed in Calu-3,

progesterone treatment was not associated with a significant

difference in viral load at any timepoint or MOI measured.

However, infectious viral load in ACH-3P was significantly lower

than that of Calu-3 at multiple timepoints and MOIs in both

progesterone and controls (MOI 0.5 at 24 h.p.i. and MOI 3 at 24

h.p.i., p<0.05). Progesterone treatment of the H1N1 pdm/09

infected ACH-3P cells at both MOIs 0.5 and 3 was associated

with a significantly decreased LDH release at 48 h.p.i. (Figure 4B,

p<0.05, all). Like Calu-3, the CPE in ACH-3P was observed by light

microscopy as early as 24 h.p.i. at both MOIs. In contrast to

observations in Calu-3, progesterone treatment was associated

with a less severe IAV-associated cell injury profile compared to

untreated infected cells (Figures 4C–J).
Effect of progesterone treatment on the
innate immune response in ACH-3P
infected with IAV H1N1 pdm/09

To determine the impact of progesterone on the antiviral

innate immune responses in ACH-3P, we measured the gene
A B

D E

C

FIGURE 3

NLRP3 inflammasome activation in Calu-3, a lung cell line. Various markers of the NLRP3 inflammasome pathway were measured in Calu-3.
Gene expression of IL1B (A) and NLRP3 (B) were measured by RT-qPCR. As a marker for NLRP3 inflammasome activation, caspase-1 activity was
measured (C). Luminex multiplex assays were used to measure the change in concentration of IL-1b (D) and IL-18 (E) over time. *p-value was
less than 0.05, as determined by the statistical analysis detailed in the Methods section.
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and protein expression of a panel of innate immune

biomarkers. Progesterone treatment was associated with a

significant decrease in gene expression of IFNB at 48 h.p.i.

(Figure 5A, p<0.05, all) and a significant increase in protein

expression of IFN-b at both 24 and 48 h.p.i. (Figure 5E,

p<0.05, all). Progesterone treatment was also associated with

a significant decrease in gene expression of IL6 at 48 h.p.i.

(Figure 5D, p<0.05, all) and a significant increase in protein
Frontiers in Virology 08
expression of IL-6 at both 24h and 48 h.p.i. (Figure 5G,

p<0.05, all). Gene expression of ISGs, IFIT1 and MXA were

not significantly impacted by progesterone treatment

(Figures 5B, C). Additionally, protein expression of IL-8 at

both 24 and 48 h.p.i. was significantly decreased after

progesterone treatment (Figure 5F, p<0.05, all) . In

summary, progesterone treatment in ACH-3P cells infected

with H1N1 was associated with a significant increase in
A B

D E F

G H I J

C

FIGURE 4

Cell death and cytopathic effect in ACH-3P, a placental cell line. IAV viral load in ACH-3P (A). The bar plot depicts the Log10(PFU/ml) value
grouped by MOI and time point. Cell death was quantified by LDH release in a subset of the experiments shown in panel A (B). Microscope
images (40X objective lens) capture representative cellular pathology in the control cells (C–F) versus the progesterone-treated cells (G–J) at
24 hours post-infection, the timepoint at which there was a significant increase in cell death due to progesterone treatment. The ACH-3P cells
at 0 hours post-infection were infected with MOI 0 (C, G). At 24 hours post-infection, cells are shown infected with MOI 0 (D, H), MOI 0.5 (E, I),
and MOI 3 (F, J). Blue indicates control-treated cell lines and red indicates progesterone-treated cell lines. *p-value was less than 0.05, as
determined by the statistical analysis detailed in the Methods section.
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protein expression of IFN-b and IL-6 that was not reflected by

changes in gene expression of IFNB and IL6.
Effect of progesterone treatment on
activation of the NLRP3 inflammasome in
ACH-3P infected with IAV H1N1 pdm/09

Gene expression, protein expression, and protein activity were

measured for a panel of biomarkers of NLRP3 inflammasome

activity as described above. Progesterone treatment was not

associated with a significant change in gene expression of NLRP3

(Figure 6B).However, progesterone treatmentwas associatedwith a

significant decrease in gene expression of IL1B (Figure 6A, p<0.05),

but a significant increase in protein expression of IL-1b at 48 h.p.i.

(Figure 6D, p<0.05). Progesterone treatment was also associated

with a significant increase in protein expression of IL-18 (Figure 6E,

p<0.05). Furthermore, progesterone treatment was associated with

a significant decrease in caspase-1 activity 24 h.p.i., but a significant

increase in caspase-1 activity by 48 h.p.i. (Figure 6C, p<0.05; MOI

0.5). In summary, progesterone treatment was associated with a
Frontiers in Virology 09
significant upregulation of IL-1b and IL-18 protein expression that

was not reflected by IL1B gene expression. Progesterone also had a

time-dependent impact on caspase-1 activity in ACH-3P that

mirrored observations in Calu-3, but only at a lower MOI.
Discussion

Progesterone is a master regulator of reproductive biology and

has a critical role in the maintenance of human pregnancy (17, 24,

27). The impact of progesterone on innate immunity and cellular

injury in the lung and placenta during an IAV infection is of

particular interest given the enhanced lung disease and higher risk

for stillbirth observed in infected pregnantwomen.Whether higher

levels of progesterone may impair or enhance antiviral innate

immune responses to IAV in the pregnant lung or placenta are

unknown. This study investigated the impact of progesterone on

cell death, innate immunity and NLRP3 inflammasome activity in

Calu-3, a lung cell line, and ACH-3P, a placental cell line. Although

both cell lines were permissible to IAV H1N1 pdm/2009,

progesterone exposure had a differential impact on cell death in
A B D

E F G

C

FIGURE 5

Innate immune response in ACH-3P, a placental cell line. Innate immune gene expression was measured by RT-qPCR. Log2 fold change values
are reported for IFNB (A), IFIT1 (B), MXA (C), and IL6 (D). The cytokine levels in the supernatant of ACH-3P cells were measured with Luminex.
Concentrations are reported for IFN-b (E), IL-8 (F), IL-6 (G). *p-value was less than 0.05, as determined by the statistical analysis detailed in the
Methods section.
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the lung and placental cell lines. Progesterone exposure was

associated with significantly increased cell death in Calu-3 but

had the opposite effect of reducing cell death in ACH-3P. Analysis

of the antiviral innate immune response in both cell lines often

revealed divergent expression of genes and their proteins indicating

that progesterone signaling induced non-genomic and cell-specific

responses. For example, progesterone treatment was associated

with a decrease in IL6 gene expression but an increase in IL-6

protein concentrations in ACH-3P. This observation could be due

to progesterone acting post-translationally on cytokines like IL-6,

possibly to increase cytokine expression perdurance. Overall,

progesterone modulated the effects of an IAV H1N1 pdm/2009

infection differently in lung and placental cell lines to impart

genomic, non-genomic and cell-specific effects on gene expression.

Sex steroids can exert effects on non-reproductive tissues by

binding to sex hormone binding globulins (SHBG) (28).

Progesterone levels are high in the luteal phase of the menstrual

cycle, which in several studies has been linked to the worsening of

lung function in the latter half of the menstrual cycle. For

example, progesterone treatment was associated with an

exacerbation of lung injury in a murine model of systemic

sclerosis induced by bleomycin (29). Additionally, in a cohort

that spanned 22 U.S. states and two Canadian provinces,
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emergency room visits for acute asthma peaked during the

luteal phase of the menstrual cycle (30). Further, several studies

thatmeasured the impact of sex hormones on exhaled nitric oxide

concentration in pregnant women suggest that progesterone may

amplify airway inflammation (31). Taken together, there is

evidence to suggest that sex steroids like progesterone may

exacerbate lung injury through proinflammatory effects.

Differences in progesterone concentrations among pregnant

individuals and across the influenza infection time course may

impact how well the lung and placenta can mitigate viral injury.

The impact of progesterone on IAV H1N1 pdm/2009 viral load

and innate immunity has been previously evaluated in several

pregnant murine models (18, 32–34). Two murine models have

indicated an inverse correlation between serum progesterone

levels and lung viral load, indicating that higher systemic

progesterone was associated with better viral control in the

lung. Although we only tested a single progesterone dose, the

higher cell death observed in progesterone-treated lung cells

could act to eliminate infected cells and restrict viral replication.

This would likely increase inflammation as well. Natural

concentrations of progesterone have been observed to increase

4-fold from the first to the third trimester (35). Even among

pregnant individuals at the same time point in pregnancy,
A B

D E

C

FIGURE 6

NLRP3 inflammasome in ACH-3P, a placental cell line. Various markers of the NLRP3 inflammasome pathway were measured in ACH-3P. Gene
expression of IL1B (A) and NLRP3 (B) were measured by RT-qPCR. As a marker for NLRP3 inflammasome activation, caspase-1 activity was
measured (C). The change in concentration of IL-1b (D) and IL-18 (E) over time was measured by Luminex. *p-value was less than 0.05, as
determined by the statistical analysis detailed in the Methods section.
frontiersin.org

https://doi.org/10.3389/fviro.2022.953208
https://www.frontiersin.org/journals/virology
https://www.frontiersin.org


Li et al. 10.3389/fviro.2022.953208
progesterone concentrations can vary widely. In women

pregnant for the first time, progesterone levels were 30-100%

higher than pregnant women with a prior history of pregnancies

(35). Further, the IAV infection itself can alter progesterone

levels with a 5-fold reduction of serum progesterone in pregnant

mice by 4 d.p.i (33). Lower levels of progesterone may be

detrimental for the pregnant host. An IAV-induced reduction

in systemic progesterone would be anticipated to have a pro-

abortive effect on murine pregnancy as progesterone supports

pregnancy maintenance and uterine quiescence. Although

progesterone may acutely protect placental cells from IAV-

associated injury, as shown by our findings, trophoblast cells

may become more vulnerable to IAV over time, if local

progesterone concentrations decrease. Varying concentrations

of progesterone across pregnancy, individual pregnancies and an

infection time course may impact the influenza disease course.

Progesterone is a key immunomodulating hormone during

pregnancy and is likely to have nongenomic effects on signaling

pathways important for innate immune defense against

pathogens like IAV. In the reproductive tract, progesterone

triggers posttranslational modifications of cellular receptors,

transcription factors, and cofactors that results in long lasting,

downstream consequences that are specific to cell types. Our

findings of discordant gene and protein expression for IFN-b in

both Calu-3 and ACH-3P and IL-6 in ACH-3P with

progesterone treatment are consistent with nongenomic effects

typical of sex steroids. The impact of these nongenomic effects

has been understudied in the context of viral infections and

innate immunity. In our study, progesterone treatment of both

lung and trophoblast cell lines was associated with a significant

increase in protein expression of IFN-b and IL-6 at 24 and 48

h.p.i. of IAV H1N1 pdm/2009. This was unexpected as

progesterone typically inhibits innate immune responses and

can suppress activation of macrophages and dendritic cells (36–

40). Although both IFN-b and IL-6 can trigger apoptosis cellular

programs, increased cell death was only observed in the lung cell

line (41, 42). The impact of progesterone on innate immunity,

cell death and IAV infection in Calu-3 and ACH-3P is cell-

specific and contrary to expectations from other model systems.

The strength of this study is that it is the first direct

assessment of the impact of progesterone on the susceptibility

of human lung and trophoblast cell lines to IAV-induced innate

immune activation and cell death. ACH-3P is an especially

applicable cell line, because it expresses trophoblast markers

and a transcriptome that closely resembles primary trophoblast

(43). Nevertheless, it is important to note that cell lines are not

exact models of organs and may have different expression levels

of virus entry receptors or other cellular receptors that are

important in innate immune activation. There are also

important methodological pitfalls when studying rapid

biological events that reflect genomic and non-genomic effects

induced by sex steroids. Notably, our experiments were

performed without fetal bovine serum, which can inhibit
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influenza virus replication (44) and vary in concentration of

various growth hormones, introducing variability in the cell

culture experimental environment (45).

The outcome of IAV infection is complex and affected by a

person’s age, sex, pregnancy status and other co-morbid illnesses

that create a complex signaling milieu that can be altered by sex

steroids, like progesterone (17, 46–48). Our data indicate that

progesterone imparts complex genomic and non-genomic effects

on innate immunity in a lung and trophoblast cell line. Overall,

results in these two cell lines were similar, but with a striking

difference in the impact of progesterone treatment on cell death.

In Calu-3, cell death was exacerbated by progesterone treatment,

compared to an attenuated effect by progesterone treatment in

ACH-3P. Future studies are needed to investigate cellular

signaling downstream of progesterone to better elucidate

pathways critical to the innate immune response to IAV and

other viral infections during pregnancy.
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