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Abstract

Despite differences in the clinical presentation of coronavirus disease-19 and pandemic

influenza in pregnancy, fundamental mechanistic insights are currently lacking because of

the difficulty in recruiting critically ill pregnant subjects for research studies. Therefore, to

better understand host-pathogen interaction during pregnancy, we performed a series of

foundational experiments in pregnant rats at term gestation to assess the expression of host

entry factors for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and influ-

enza A virus (IAV) and genes associated with innate immune response in the lower respira-

tory tract. We report that pregnancy is characterized by a decrease in host factors mediating

SARS-CoV-2 entry and an increase in host factors mediating IAV entry. Furthermore, using

flow cytometric assessment of immune cell populations and immune provocation studies,

we show an increased prevalence of plasmacytoid dendritic cells and a Type I interferon-

biased environment in the lower respiratory tract of pregnancy, contrary to the expected

immunological indolence. Our findings, therefore, suggest that the dissimilar clinical presen-

tation of COVID-19 and pandemic influenza A in pregnancy could partly be due to differ-

ences in the extent of innate immune activation from altered viral tropism and indicate the

need for comparative mechanistic investigations with live virus studies.

Introduction

The varied clinical presentation of respiratory pandemics in pregnancy is an unresolved puz-

zle. Compared to the higher mortality rates reported with pandemic influenza A in pregnancy

[1,2], the high rate of asymptomatic infection and the 0–1% mortality rate of the current coro-

navirus disease-19 (COVID-19) pandemic in pregnancy is striking [3–11]. Though pregnant

women with symptomatic COVID-19 have a higher rate of admission to the ICU, even in this

subset of critically ill women, the mortality rate was still approximately 1% [12]. Clinical stud-

ies in pregnant women focus on mortality, ICU morbidity, obstetric/neonatal outcomes, and

placental transfer of the virus, but are unable to shed light on the mechanisms that can lead to
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these disparate clinical outcomes. Animal studies, in contrast, provide extensive mechanistic

insights into the effects of respiratory viral infection on lung immunopathology and its resolu-

tion during pregnancy [13–16], but have not directly compared the outcomes of influenza A

with COVID-19 infection.

A fundamental question that remains unaddressed is whether the state of pregnancy alters

the expression of host cell entry factors for these causative viruses. This is an important ques-

tion because the sex hormones estradiol and progesterone are known to influence the expres-

sion of SARS-CoV-2 and influenza A entry factors [17–20]. Whether the sustained multi-fold

increase in estradiol and progesterone during pregnancy produces a similar change in the

expression of viral entry factors remains unstudied. Building upon our previous work using

the pregnant rat as a model organism [21,22], we evaluated the lung, the ultimate effector

organ for pathology and disease severity, for pregnancy-induced changes in the expression of

entry factors for the viruses of interest (influenza A virus [IAV] and severe acute respiratory

syndrome coronavirus 2 [SARS-CoV-2], respectively). We further assessed the expression of

genes associated with innate immune defense, relative frequencies of immune cells, and the

magnitude of type 1 interferon (IFN-1) response. Here, we provide novel evidence for the dif-

ferential expression of host cell entry factors for influenza A and SARS-CoV-2 during preg-

nancy, with upregulated innate immune defense in the lower respiratory tract. Our findings

raise the possibility of differential susceptibility to infection during pregnancy and provide the

scientific rationale for pursuing these studies in pregnant women.

Materials and methods

All experiments were conducted after appropriate institutional approval (protocol ID:19–

1071; Institutional Animal Care and Use Committee, Washington University School of Medi-

cine, St. Louis, MO) and were performed in full accordance with both institutional regulations

and the ARRIVE (Animals in Research: Reporting In Vivo Experiments) guidelines. Because

of the pregnancy-specific nature of the research question, only pregnant (gestational day

GD20) and non-pregnant adult female rats were used in the study (CD1 Sprague Dawley IGS

strain, Charles River Laboratories). Group sizes (n = 6–9) were determined based on the effect

sizes observed during our previous studies [21,22]. For molecular biology and pregnancy-

related tissue hormone assays, lungs were collected from GD20 pregnant and non-pregnant

female rats after bilateral thoracotomy under deep isoflurane anesthesia followed by perfusion

through the right ventricle with up to 30 mL of ice cold 1x PBS, and stored at -80˚C. To ensure

consistency, these experiments were performed with tissue from the lower lobe of the right

lung.

Comparative assessment of viral entry factors in pregnancy

Pregnancy is characterized by an 3–5 fold increase in plasma estradiol and progesterone [23],

both of which have considerable influence on the expression of viral entry receptors and asso-

ciated immune response [16,17,19,24–28]. Because the lung tissue concentration of these hor-

mones in pregnancy is unknown, we assayed for 17β-estradiol (LS-F55510, LifeSpan

BioSciences, Inc.) and progesterone (LS-F39173, LifeSpan BioSciences, Inc.) as described by us

previously [21]. Next, we performed TaqMan gene expression studies to assess the expression

of the canonical host cell entry receptors for SARS-CoV-2 (angiotensin converting enzyme-2

[ACE2] and transmembrane serine protease 2 [TMPRSS2]) and IAV (sialic acid [SA] α-2,3-

and α-2,6-linked glycans for avian and human influenza, respectively) as described previously

[21,22]. Simultaneously, we performed immunoblotting experiments for these receptors as

described previously [21,22]. Briefly, we determined the expression of ACE2 (LS-c763699,
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LifeSpan BioSciences, Inc.; 1:1000 dilution) and TMPRSS2 (sc-515727, Santa Cruz Biotechnol-

ogy, Inc.; 1:250 dilution) protein with immunoblots. Human ACE2 and TMPRSS2 expressed

in HEK293 cells served as positive controls and rat intestinal lysate was included as an addi-

tional control. Next, we assayed ACE2 enzyme activity with a fluorometric assay (K897-100,

Biovision Inc.) according to manufacturer’s instructions [22]. For IAV receptor expression, we

used the anti-ST3GAL4 antibody (#MBS9133580, MyBioSource Inc.; 1:250 dilution) and anti-

ST6GAL1 antibody (#MBS3216285, MyBioSource Inc.; 1:500 dilution) for α-2,3- and α-

2,6-linked glycans, respectively. We confirmed this with highly specific lectin-based flow

cytometry experiments to directly evaluate the presence of IAV receptors on EpCAM+ve epi-

thelial cells as described by us previously [21], using the following antibodies: FITC*SNA-I

(Sambucus nigra agglutinin-I; #F-6802-1, EY Laboratories Inc.), Biotin*MAA (Maackia amur-

ensis agglutinin; #BA-7801-2, EY Laboratories Inc.), Brilliant Violet 421*Streptavidin

(#405226, BioLegend, Inc.), mAb-EpCAM (GZ-1) (#ab187276, Abcam plc.), and APC Goat

anti-mouse IgG (#405308, BioLegend, Inc.).

Expression of innate antiviral defense genes in pregnancy

To obtain a nuanced perspective of pregnancy-induced changes in innate immune genes, we sam-

pled multiple unrelated and overlapping canonical immune pathways to encompass both virus-

specific and non-specific genes involved in antiviral defense. First, we assayed the expression levels

of genes related to the TLR (toll-like receptor)-7 (Tlr7, MyD88, Irf7) and TLR-3 pathways (Tlr3,

Traf3, Irf3) necessary for the immune response against SARS-CoV-2 and IAV, respectively [29].

Next, we assayed the expression of the most common innate immune genes that are co-expressed

in epithelial cells expressing the ACE2 receptor (Irak3, Ido1, Tnfsf10, Mx1, Nos2) [30]. Finally, we

assayed the cytosolic immune sensor Rig-1 and emblematic inflammation-associated genes

(Nfkb1, Nfkb2, and IL6). All Taqman assays were performed in duplicate along with two endoge-

nous housekeeping control genes (Eef2 and Actb) as described previously [21,22].

Flow cytometric identification of innate immune cell types

Single cell suspensions were prepared from isolated lungs and stained for flow cytometry as

described for nasal epithelial tissue [21]. Following fluorescent-labeled antibodies were used:

APC/cy7*anti-rat CD45 (#202216, BD Biosciences), Brilliant Violet 421*anti-rat CD3 clone

1F4 (RV0) (#563948, BD Biosciences), APC*anti-rat CD11b clone WTS (RV0) (#562102 BD

Biosciences), FITC* anti-rat RT1Dab (MHCII) (#205405, BioLegend, Inc.), PerCP/cy 5.5*
anti-rat CD4 (#201519, BioLegend, Inc.), and PE* anti-rat CD161 (#205604, BioLegend Inc.).

Live lymphocyte sized cells were stained with CD45 and CD3 to identify T cells. Further, the T

cells were classified into T helper and cytotoxic T cells based on CD4 and CD8 expression,

respectively. CD3-, CD11b-, CD4+ and MHCII+ cells were identified as plasmacytoid den-

dritic cells (pDCs). CD3- and CD161+ cells were identified as natural killer (NK) cells. Gating

strategies have been elaborated in detail in our previous publication [21].

Immune provocation studies with intranasal resiquimod

Based on our previous observations of enhanced Type 1 interferon (IFN-1) response in the

nasal epithelium after chemical provocation with intranasal resiquimod (R848) [21], a syn-

thetic TLR-7/8 agonist, we sought to examine whether this was true for the pregnant lung.

Mildly anesthetized (isoflurane 2% for 3–4 min) dams and non-pregnant rats were treated

with intranasal resiquimod as described by us previously [21]. The choice of 2-hour timepoint

was guided by previous work in mice and humans showing maximal Type I interferon

response at 2–3 hours after R-848 [31–33]. After 2 h, the animals were subjected to
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bronchoalveolar lavage (BAL) followed by lung collection under pentobarbital euthanasia (100

mg/kg i.p.) for interferon and cytokine assays. BAL was performed as described by Wang et al.

with modifications (using 2 mL of ice cold sterile PBS) [34]. We retrieved approximately 1.2

mL of BAL fluid on average for the cytokine assays. The concentrations of IFN-α and IFN-β in

lung homogenates were measured using the Rat Interferon Alpha ELISA kit (#MBS4500053,

MyBioSource Inc.) and Rat Interferon Beta ELISA kit (#MBS4500062, MyBioSource, Inc.),

respectively, as described by us previously [21]. Quantitative measurement of 10 cytokines

(IFN-γ, IL-1a, IL-1b, IL-2, IL-4, IL-6, IL-10, IL-13, MCP-1, and TNFα) was performed in BAL

fluid and lung homogenates using the Quantibody1 Rat Inflammation Array Q1 kit (# QAR--

INF-1, RayBiotech Life Inc.), according to manufacturers’ instructions [21]. Data extraction

(GAL file) was done using microarray analysis software (GenePix1 Pro Microarray Analysis

Software, Molecular Devices LLC).

Statistical analysis

Normally and non-normally distributed data (except array data) were analyzed with Welch’s t-

test and Mann-Whitney U test, respectively. Interferon release data were analyzed with 2-way

ANOVA. Data other than cytokine array data were analyzed with Prism 9 for macOS (version

9.1.2; GraphPad Software Inc.) and presented as mean ± SD; p� 0.05 was accorded statistical

significance. Analyses of the Quantibody cytokine array data were performed in the array-spe-

cific Q-Analyzer Tool (QAR-INF-1-SW, RayBiotech Life Inc.) as described by us recently [21],

and presented as mean ± SD or as median with minimum and maximum values.

Results

Differential expression of SARS-CoV-2 and IAV host entry factors in the

pregnant lung

Both estradiol and progesterone were significantly elevated in the lung of pregnant vs. non-preg-

nant rats (Fig 1A). When the expression of genes for SARS-CoV-2 entry factors was assayed, Ace2
was downregulated in pregnancy (Fig 1B) but not Tmprss2 (Fig 1C). Western blotting, however,

revealed a decrease in the expression of both ACE2 and TMPRSS2 protein in the lung of pregnant

rats (Fig 1D–1F). These observations were accompanied by a decrease in ACE2 enzyme activity

(Fig 1G). When IAV related entry factors were examined, we noted increased expression of the sia-

lyltransferase enzyme for the avian IAV receptor, St3gal4, with pregnancy (Fig 1H). However,

expression of the sialyltransferase enzyme for the human IAV receptor, St6gal1, was unchanged

(Fig 1I). Western blotting, however, revealed increased expression of both ST3GAL4 and

ST6GAL1 (Fig 1J–1L) which was confirmed with lectin-based flow cytometry showing a notable

increase in both α-2,3- (Fig 1M–1N) and α-2,6-linked glycans (Fig 1O–1P), respectively.

Uncropped western blots for the viral receptors of interest are provided in the S1–S4 Figs of S1 File.

Enhanced antiviral state and upregulated pathogen sensing in the pregnant

lung

Because the innate immune system is the first line of defense against invading respiratory patho-

gens, we assessed the baseline state of innate immune defense in pregnancy. Genes related to the

TLR-7 pathway (Tlr7, MyD88, Irf7) were upregulated (Fig 2A) but genes from the TLR-3 pathway

(Tlr3, Traf3, Irf3) was largely unchanged (Fig 2B). The expression of cytosolic immune sensor

Rig-1 was markedly enhanced in pregnancy (Fig 2C). Non-specific antiviral genes that are highly

co-expressed with SARS-CoV-2 entry factors (Irak3, Ido1, Tnfsf10, Mx1, Nos2) [30] were substan-

tially upregulated in the pregnant lung (Fig 2D). However, the expression of inflammation-
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Fig 1. Differential expression of SARS-CoV-2 and IAV host entry factors in the pregnant lung. Scatter plots showing increased

concentration of estradiol and progesterone (A) and enhanced Ace2 gene expression in the lungs of pregnant rats (B). Tmprss2 gene

expression was unchanged (C). Immunoblots (D) and accompanying densitometric quantitation showing reduced expression of ACE2 (E)

and TMPRSS2 (F) protein in the lungs of pregnant rats. Scatter plots showing reduced ACE2 activity in the lungs of pregnant rats (G). In

contrast, St3gal4 gene expression was enhanced (H), but not that of St6gal1 (I). Immunoblots (J) and accompanying densitometric

quantitation showing reduced expression of ST3GAL4 (K) and ST6GAL1 (L) protein in the lungs of pregnant rats. Representative flow

cytometry histograms depicting the increased expression of MAA (ST3GAL4) and SNA-I (ST6GAL1) on the surface of lung epithelial cells

of pregnant (shaded) vs. age matched non-pregnant rats (black-line), along with their respective frequency scatter plots (M-P). Blot images

are cropped and rearranged with white space (non-pregnant vs. pregnant samples) for clarity. Uncropped full-length blots are available in

the attached S2-S5 Figs of S1 File. Data were analyzed with Welch’s t-test and presented as mean ± SD (n = 6–9 per condition); *p� 0.05,

**p� 0.01, ***p� 0.001.

https://doi.org/10.1371/journal.pone.0281033.g001
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associated genes (Nfkb1, Nfkb2, and IL6) were comparable between pregnant vs. non-pregnant

lungs (Fig 2E). When stimulated with the TLR-7 agonist resiquimod, emblematic TLR-7 pathway

genes were markedly upregulated in pregnant vs. non-pregnant rats (Fig 2F).

Immune cell census and response to immune stimulation are altered in the

pregnant lung

Flow cytometric assessment of immune cell frequencies in single cell suspensions of the lung

revealed an increase in pDCs in the pregnant lung (Fig 3A); frequencies of CD4+, CD8+, and

Fig 2. Enhanced antiviral state and upregulated pathogen sensing in the pregnant lung. Scatter plots showing enhanced expression of genes representing

the TLR-7 (A) but not the TLR-3 pathway (B) in pregnancy. In addition, pregnancy was characterized by increased expression of the cytosolic immune sensor

Rig-1 (C) and common antiviral genes known to be co-expressed with SARS-CoV-2 entry factors (D), but not those associated with inflammation (E).

Resiquimod administration significantly increased the expression of TLR-7 pathway genes in pregnancy (F). Data were analyzed with Welch’s t-test and

presented as mean ± SD (n = 6–9 per condition); *p� 0.05, **p� 0.01, ***p� 0.001, ****p� 0.0001.

https://doi.org/10.1371/journal.pone.0281033.g002
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NK cells were unchanged (S5 Fig of S1 File). Immune stimulation with resiquimod was associ-

ated with enhanced release of IFN-α and IFN-β in the lungs of both pregnant and non-preg-

nant rats (Fig 3B). However, the magnitude of the increase in IFN-α was significantly higher

in pregnant rats, while the IFN-β response was similar in pregnant vs. non-pregnant rats. We

did not observe significant differences in the inflammatory cytokine response either in the

BAL fluid or lung homogenates of both groups (Fig 3C and Table 1).

Discussion

In this report, we present the earliest comparative evidence for pregnancy-induced differential

expression of viral entry factors for SARS-CoV-2 and IAV in the lower respiratory tract. Spe-

cifically, host factors mediating SARS-CoV-2 entry were downregulated while those for

human and avian IAV were upregulated, raising the possibility of differential tissue tropism

and potentially altered cellular viral load. Furthermore, we present evidence to confirm that

pregnancy is characterized by an increase in innate immune gene expression preferentially

involving the TLR-7 pathway and enhanced IFN-1 response in the lung. Because a preactivated

Fig 3. Immune cell census and response to immune stimulation are altered in the pregnant lung. Representative FACS two-parameter pseudocolor dot plot

and frequency scatter plot to the right (A) depicting increased presence of pDCs (area marked with square representing the percentages of pDCs) in pregnancy.

Gating for pDC was performed as outlined in our previous work [21]. Though resiquimod (R848) increased both IFN-α and IFN-β in both groups, the increase

in IFN-α was more marked in pregnant rats (B). For the cytokine experiments (C), the scaled and centered data were plotted as a heatmap in which the

different colors represent cytokine expression levels. There were no significant differences in cytokine expression levels between the two groups in both BAL

fluid and lung homogenates. Data were analyzed with either Welch’s t-test, 2-way ANOVA or Mann-Whitney U test and presented as mean ± SD (n = 6–9

each); *p� 0.05, **p� 0.01, ***p� 0.001.

https://doi.org/10.1371/journal.pone.0281033.g003
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innate immune state is protective against viral infections and an overactivated state leads to

immunopathology [29,35], differences in cellular viral load could be an important driver of the

observed variant mortality outcomes between COVID-19 and pandemic influenza A.

To our knowledge, our work is the first to show in vivo that pregnancy induces differential

expression of the cell entry factors for SARS-CoV-2 and IAV in the lower respiratory tract.

Foundational studies such as these are difficult in pregnant women because the lower respira-

tory tract is rarely accessible for research unless they are critically ill. Our observation of

reduced ACE2 and TMPRSS2 expression in the lower respiratory tract during pregnancy is

consistent with in vitro observations showing estradiol-mediated downregulation of these

receptors [17,24,28], and with our previous work with nasal epithelial tissue [22]. Though hor-

monal changes of pregnancy are known to increase systemic sialylation [18,36–38], our study

is the first to show upregulated sialic acid glycoproteins in the lower respiratory tract. These

include sialic acid [SA] α-2,3, and α-2,6-linked glycans which show highly specific binding

with either avian or human IAV [39–41], respectively. Contrasting this with decreased expres-

sion of SARS-CoV-2 entry factors, it is likely that viral attachment and cellular entry is poten-

tially higher for IAV compared to SARS-CoV-2, a prediction that is best independently

confirmed with in vivo live virus studies. The scientific rationale for pursuing these studies is

solid with recent studies highlighting the correlation between high viral load and clinical dis-

ease severity for both SARS-CoV-2 and influenza A infections [42–48].

Our gene expression data provide several novel insights into mechanisms of disease resis-

tance and pathogenesis in the pregnant lung. First, innate immune genes known to be co-

expressed with ACE2/TMPRSS2 (Ido1, Irak, Tnsfs1, NOS2, Mx1) [30] were substantively upre-

gulated, suggesting the possibility that pregnancy is characterized by an enhanced anti-SARS--

CoV-2 state at baseline. Second, from a viral pathogen recognition standpoint, we noted a

unique upregulation of genes selective to the TLR-7 (Tlr7, MyD88, Irf7), but not the TLR-3

pathway. Because of the critical importance of TLR-7 pathway in combating SARS-CoV-2

infection [49–51], we speculate that the enhanced immune sensing pathways confer a preacti-

vated innate immune state ready to encounter SARS-CoV-2, similar to data recently reported

in children [35]. Third, considering that the respiratory tract is vulnerable to exaggerated

immunopathology during pregnancy [14], we were particularly intrigued by the marked

Table 1. Cytokine response in the lower respiratory tract 2 h after intranasal resiquimod.

BAL p value Lung p value

Non-pregnant (pg/mL) Pregnant (pg/mL) Non-pregnant (pg/mL) Pregnant

(pg/ mL)

IL-6 45 ± 39 53 ± 32 0.93 59.8 ± 43.3 72.4 ± 78.3 1.0

IL-4 0.4 (0.4, 0.9) 0.5 (0.4, 1.6) 0.77 0.4 ± 0 0.4 ± 0 1.0

IL-10 55 (55, 166) 91 (55, 371) 0.40 55 ± 0 67 ± 20 1.0

MCP-1 1551 ± 1521 1657 ± 1209 0.99 3992 ± 1120 6480 ± 2434 0.57

IL-13 11 (5.6, 42) 14 (5.6, 53) 0.93 19 ± 8 18 ± 7 1.0

TNF-α 18299 ± 7427 31871 ± 12277 0.40 15514 ± 2748 15308 ± 6400 1.0

IL-2 243 ± 140 382 ± 222 0.75 20 (20, 1002) 20 (20, 296) 1.0

IFN-γ 5.3 (5.3, 7.8) 5.3 (5.3, 9.8) 0.77 5.3 ± 0 5.3 ± 0 1.0

IL-1α 503 ± 338 1077 ± 1550 0.77 1379 ± 864 1714 ± 700 1.0

IL-1β 180 ± 381 181 ± 81 0.99 20 ± 0 20 ± 1 1.0

Data expressed as either mean ± S.D or as median with minimum and maximum values.

BAL: Bronchoalveolar lavage.

P values are false discovery rate (FDR)-adjusted.

https://doi.org/10.1371/journal.pone.0281033.t001
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overexpression of cytokine-inducible nitric oxide synthase (NOS2), an antiviral gene which,

when profoundly activated, can cause severe oxidative lung injury. This is aptly illustrated in

NOS2-deficient mice, where infection with IAV was associated with reduced mortality, mor-

bidity, and decreased cytokine production in the lung [52,53]. Therefore, it is plausible that

enhanced IAV load from increased cellular entry overwhelms the antiviral defense and acti-

vates NOS2 to cause increased oxidative injury and severe lung immunopathology during IAV

infection in pregnancy. Collectively, our gene expression data suggest that the pregnant lung is

potentially endowed with the ability to resist SARS-CoV-2 but worsen IAV infection and pres-

ents a nuanced picture that contrasts with the conventional paradigm of generalized immune

suppression in pregnancy.

Qualitative assessment of innate immune cells confirmed an increase in pDCs in the lungs

of pregnant rats, similar to our previous observations in the nasal epithelium [21]. Taken

together with an enhanced IFN-1 response after immune stimulation with resiquimod, we

speculate that the lower respiratory tract in pregnancy is characterized by a preactivated innate

immune system that is primed to respond to invading pathogens. We envision a scenario

where this preactivated innate immune system is highly effective when the viral load is low, as

would occur from reduced cellular entry of SARS-CoV-2 but could lead to overactivation and

immunopathology when the viral load is high, for example, from increased cellular entry of

IAV. The absence of differences in inflammation-associated genes (Nfkb1, Nfkb2, IL-6) and

the cytokine response after resiquimod suggests that pregnancy is not a pro-inflammatory

state at baseline.

A major strength of our work is the simultaneous assessment of host factors in pregnancy

for the two most pertinent respiratory viruses, namely, SARS-CoV-2 and IAV. Enhanced path-

ogen sensing ability through TLR-7 and a potentially preactivated innate immune state are

novel discoveries that challenge the dogma of pregnancy-induced immunosuppression. Never-

theless, our study has a few important limitations. A major limitation is that we did not per-

form live virus studies because of the lack of a BSL-3 facility. Therefore, the possibility of

differences in cellular viral entry remains to be tested. However, we anticipate that our work

will inspire other investigators with access to these tools to perform comparative in vivo infec-

tion studies. Second, the convenient use of a pregnant rat model allows us to examine the

impact of pregnancy on viral entry factors, but we urge caution in extrapolating these results

to pathogenesis in human subjects. Illustrative of this is the questionable lack of susceptibility

of rats to SARS-CoV-2 infection. Furthermore, how infection alters the expression of these fac-

tors in pregnancy remains to be studied. Third, we assayed the lung only to ensure that tissue

estradiol and progesterone levels reflected the elevated systemic levels of these hormones we

had reported previously [21]. Therefore, to determine correlation of estradiol and progester-

one levels with viral receptor expression, dedicated studies with large sample sizes are required.

Fourth, though bulk gene expression studies showed downregulation of ACE2 and TMPRSS2,

it is unclear if these genes were co-localized. This could be addressed with single cell RNA

sequencing studies in the future. Fifth, despite upregulated innate immune surveillance, other

facets of infection, such as viral clearance and activation of adaptive immunity could be

adversely impacted with pregnancy as was recently shown in pregnant transgenic hACE2-chi-

mera female mice [54], or by sex hormones per se [55–57]. More importantly, we only capture

the baseline state of innate immune gene expression and, therefore, are unable to comment on

whether such enhanced expression results in increased ability to respond to viral challenge.

Furthermore, the observed changes in gene expression were smaller-in-magnitude, therefore,

their biological significance may be challenged. Sixth, we provoked only the TLR7 pathway

because of the selectively enhanced expression of genes in that pathway with pregnancy, and

the importance of TLR7 in combating single-stranded RNA viral infections such as
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SARS-CoV-2 and IAV [49–51,58–61]. Because the TLR3 pathway is more relevant for double-

stranded RNA viral infections and was relatively unchanged by pregnancy, we did not perform

stimulation studies with the TLR3 agonist poly I: C. Finally, we chose the third trimester

because of the known susceptibility to and severity of respiratory viral infections with

advanced gestation [2,62,63]. Therefore, further work is needed to determine the expression of

cell entry factors across the three trimesters of pregnancy and the postpartum period to better

understand the evolution of changes in viral entry mechanisms and their resolution after com-

pletion of pregnancy.

Collectively, our data points to the possibility of differences in viral entry as a potential factor

in the disparate clinical presentation of pandemic influenza A and COVID-19 in pregnancy.

Live virus studies in pregnant animal models along with high-resolution single cell studies of

the nasal transcriptome and proteome in pregnant women are urgently needed to advance the

science surrounding host-pathogen interaction in this poorly studied demographic subset.
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