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The COVID-19 pandemic has occurred due to infection caused by the SARS-

CoV-2 coronavirus, which impacts gestation and pregnancy. In SARS-CoV-2

infection, only very rare cases of vertical transmission have been reported,

suggesting that fetal immune imprinting due to a maternal infection is probably

a result of changes inmaternal immunity. Natural killer (NK) cells are the leading

maternal immune cells that act as a natural defense system to fight infections.

They also play a pivotal role in the establishment and maintenance of

pregnancy. While peripheral NK cells display specific features in patients

infected with SARS-CoV-2 in the general population, information remains

elusive in pregnant mothers and neonates. In the present study, we analyzed

the characteristics of NK cells isolated from both neonatal umbilical cord blood

and maternal peripheral blood close to the time of delivery. Phenotype and

functions were compared in 18 healthy pregnant women and 34 COVID-19

patients during pregnancy within an ongoing infection (PCR+; N = 15) or after

recovery (IgG+PCR−; N = 19). The frequency of NK cells from infected women

and their neonates was correlated with the production of inflammatory

cytokines in the serum. The expression of NKG2A and NKp30, as well as

degranulation of NK cells in pregnant women with ongoing infection, were

both negatively correlated to estradiol level. Furthermore, NK cells from the

neonates born to infected women were significantly decreased and also

correlated to estradiol level. This study highlights the relationship between

NK cells, inflammation, and estradiol in patients with ongoing infection,

providing new insights into the impact of maternal SARS-CoV-2 infection on

the neonate.
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Introduction

Coronavirus disease 2019 (COVID-19), caused by severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2), is a major

public health challenge that rapidly spread around the world.

Multi-system injuries and death observed in patients are thought

to be associated with immune dysfunction induced by the virus (1).

Pregnant women are generally more susceptible to viral infection,

and their respiratory capacity decreases as the pregnancy progresses

(2). Initial reports raised a concern of an excess risk of developing

severe COVID-19 for pregnant women infected with SARS-CoV-2,

particularly in the third trimester; however, more recent, larger

cohorts suggest that only a small fraction of them were severely

affected (3). However, COVID-19 induces more maternal and fetal

complications during pregnancy, including preeclampsia,

intrauterine growth retardation, and preterm birth (3, 4).

During pregnancy, major adaptations occur to protect the

mother and her future baby. There is some evidence to support

that the maternal immune system weakens during pregnancy, so

that it can tolerate the fetus, increasing the risks for certain infections

(2). The importance of natural killer (NK) cells in pregnancy is

paramount: decidual NK cells play an important role in placentation,

remodeling of the spinal arteries, and control of trophoblast invasion

(5); peripheral NK cells decrease in number and functionality during

pregnancy with a lower rate in the third trimester, which seems to be

a useful adaptation to help ensure fetal survival (6). In umbilical cord

blood, the number of NK cells is greater than in adults, and these

cells are phenotypically and functional immature (7). NK cells are

critical effectors of the innate immune response and represent the

first line of defense against invading viruses, highlighted by studies

on patients with NK cell deficiencies, a condition that leads to the

development of fulminant viral infections (8). NK cell activity is

shaped by a vast array of receptors, including not only inhibitory

receptors, like KIR-L and NKG2A, used to maintain a self-tolerance,

but also activating receptors, such as the natural cytotoxicity

receptors (NKp30, NKp46), NKG2D, and NKG2C. When these

latter signals are activated, NK cells produce an array of

proinflammatory cytokines, like IFN-g and TNF-a, in parallel

with the initiation of their cytotoxic functions to specifically

eliminate harmful infected host cells (9–11).

A previous clinical study reported that NK cells were

markedly decreased in patients with SARS-CoV-2 infection,

especially in individuals with severe disease, but restoration

was observed after recovery (12, 13). Specifically, NK cells

were activated in the peripheral blood of COVID-19 patients

and showed high expression of perforin and NKG2C (13). In

parallel, it was shown that NK cells were depleted and appeared

exhausted, expressing high levels of LAG3 (14). Mechanistically,

SARS-CoV-2 can induce NK cell exhaustion via Spike 1 protein

binding to the HLA-E of lung epithelial cells, thereby triggering

the HLA-E/NKG2A pathway (15), suggesting the important role

of NK cells in pathological COVID-19 processes. Nevertheless, a
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better understanding of the role of NK cells in pregnant women

infected with SARS-CoV-2 and the consequences on their

neonates is urgently needed. To date, it has been shown that

vertical transmission is low, i.e. around 5% (3), and preliminary

data reveal an increase in NK cells in neonates born after a recent

or ongoing COVID-19 infection during pregnancy (16).

The aim of this study was to extensively characterize the

phenotypic and functional features of NK cells isolated from

pregnant women in cases of ongoing SARS-CoV-2 infection or

after recovery, and their neonates, during a period close to the

time of delivery.
Materials and methods

Participants and data collection

We designed the prospective MaterCov cohort study including

pregnant women who were infected with COVID-19 and delivered

in the Obstetric Department of Foch Hospital (Suresnes, France)

(Table 1). Between January and July 2021, 37 pregnant women with

healthcare insurance infected by SARS-CoV-2 were enrolled in this

study (Figure 1A). Exclusion criteria were infection with human

immunodeficiency virus, toxoplasmosis, rubeola, cytomegalovirus,

or syphilis during pregnancy, infection with influenza virus within

10 days prior to delivery, patients under 18 years, and patients

under guardianship. The MaterCov study was conducted in

accordance with the principles of the Declaration of Helsinki, as

well as French statutory and regulatory law, received approval from

the Institutional Review Board of Ouest V Rennes in December

2020 (IRB number 2020-A03115-34), and was declared as a clinical

trial (No. NCT04726111). Patients received information about the

research to be performed on their biological samples and provided

written informed consent to participate. Partners also provided

consent for the cord blood assays.

Patients were categorized according to those with an ongoing

infection (N = 16; RT-PCR SARS-CoV-2 positive at delivery) and

those who had recovered (N = 21; RT-PCR SARS-CoV-2 negative

at delivery, and anti-SARS-CoV-2 IgG serology positive at delivery).

The control group was constituted retrospectively, based on the

clinical data of infected patients, from 18 non-infected pregnant

women without comorbidities such as diabetes, preeclampsia, and

high blood pressure (Table 1). Importantly, none of the individuals

tested (patients and healthy controls) had been vaccinated against

SARS-CoV-2. From all individuals, maternal blood and cord blood

samples were collected within the 24 h before delivery and at birth,

respectively. Hormonology and analysis of lymphocyte

subpopulations (CytoDiff™) were performed on all samples by

the biology department of Foch Hospital. Peripheral blood

mononuclear cells were isolated by standard density

centrifugation and then frozen at −150°C, and plasma at −80°C,

by the Foch Hospital biological repository resource center.
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Flow cytometry analysis

CD3−CD56+ NK cells were analyzed in women and neonates

for whom peripheral blood mononuclear cells had been frozen.

Cells were stained with an appropriate cocktail of monoclonal

antibodies (mAbs), described in Supplementary Table 1.

According to flow cytometry guidelines (17), live cells were

acquired (DXFlex, Beckman-Coulter; Brea, CA, USA) and then

analyzed with FlowJo software version 10 (TreeStar; Ashland,

OR, USA) (Supplementary Figure 1). A minimum of 100

CD3−CD56+ NK cells were acquired on a DXFlex flow

cytometer and then analyzed with FlowJo version 10.
NK cell degranulation assays and cellular
production of cytokines

Polyfunctional NK cells were studied with degranulation assays

and the cellular production of cytokines was assessed, as previously

described (18). NK cells were pretreated overnight in the presence

of interleukin (IL)-12 (10 ng/mL) and IL-18 (100 ng/mL) to
Frontiers in Immunology 03
measure the intracellular production of IFN-g and TNF-a by NK

cells or incubated with standard HLA class 1-negative K562 target

cells (ATCC CCL243) at an effector : target (E:T) cell ratio of 1 :1 to

measure degranulation in the presence of anti-CD107a mAb

(#H4A3; Becton Dickinson) (Supplementary Table 1). Cells were

incubated for 5 h in the presence of Golgi Stop and Golgi Plug

solutions (BD Biosciences; Franklin Lakes, NJ, USA) and then

stained with NK cell surface markers. NK cells were thereafter fixed,

permeabilized with a Cytofix/Cytoperm kit (Becton Dickinson;

Franklin Lakes, NJ, USA), and then intracellularly stained with

anti-IFN-g and anti-TNF-a mAbs (Supplementary Table 1), as

described previously (18). Only samples containing at least 100

CD3−CD56+ NK cells were acquired on a DXFlex flow cytometer

and then analyzed with FlowJo version 10; consequently, the

number of samples may vary depending on the experiments.
Cytokine profiling

ACorPlex Human Cytokine 10-Plex Panel 1 Array (116-7BF-1-

AB; Quanterix, USA) was used to simultaneously profile 10
TABLE 1 Maternal and neonatal clinical characteristics.

Ongoing Infection Recovered Control p value

Maternal characteristics (n) 16 21 18

Median age, years (min - max) 34.0 (21 - 40) 31.0 (24 - 43) 32.5 (26 - 44) 0.52

Median BMI (min - max) 28.4 (21 - 36) 25.5 (19 - 31) 27.0 (22 - 34) 0.09

Asthma, number (%) 0 2 (9.5%) 2 (11%) 0.54

Previous HBPa, number (%) 0 0 0 NA

Previous Diabetes, number (%) 0 0 0 NA

Gestation (weeks) median (min-max)b 38 (30 - 41) 27 (8 - 37) NA <0.001

Days between SARS-CoV-2+ status and birth, median (min - max)C 7 (0 - 56) 84 (21 - 225) NA <0.001

COVID-19 symptoms, number (%) 13 (81%) 18 (86%) NA 1

Hospitalisation, number (%) 3 (19%) 1(4.8%) 3 (17%) 0.59

Total number of complications (%) 6 (37%) 2 (9.5%) 1 (5.66%) 0.04

Stillbirth, number (%) 1 (6.2%) 0 0 0.29

Gestational Diabetes, number (%) 1 (6.2%) 0 0 0.29

HBP, number (%) 0 1 (4.8%) 0 1

Preeclampsia, number (%) 1 (6.2%) 0 0 0.29

Threat of premature delivery, number (%) 1 (6.2%) 0 1 (5.6%) 0.52

IUGR, number (%) 3 (19%) 1 (4.8%) 0 0.10

Term at birth median (min - max) 39 (29 - 41) 40 (37 - 41) 39.5 (37 - 41) 0.68

Pyrexia during labor, number (%) 1 (6.2%) 0 0 0.29

Cesarean section, number (%) 3 (19%) 4 (19%) 1 (5.6%) 0.45

Neonatal characteristics (n) 14 19 18

Female sex, number (%) 7 (50%) 9 (47%) 7 (39%) 0.95

Weight, median (min - max) 3100 (1484 - 4140) 3320 (2760 - 4270) 3515 (2660 - 4198) 0.13

pH, median (min - max) 7.25 (7.20 – 7.35) 7.24 (7.08 – 7.43) 7.23 (7.09 – 7.45) 0.26

Transfer in ICU, number (%) 2 (14.2%) 0 0 0.07

Respiratory distress, number (%) 1 (7.1%) 1 (5.3%) 0 0.75
fronti
aHight blood pressure; bGestation (weeks) at time of positive SARS-CoV-2+ status; cDays between SARS-CoV-2+ status (nasopharyngeal swab) and birth. Bold values, significant values.
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cytokines (IL-12p70, IL-1b, IL-4, IL-5, IFN-g, IL-6, IL-8, IL-22, TNF-
a, and IL-10) in maternal and neonatal plasma from individuals, as

described in Table 1. The assay was performed according to the

manufacturer’s instructions. The luminescence was read using an

SP-X Imaging System (Quanterix). Sensitivity and selectivity are

described on the manufacturer’s website (https://www.thermofisher.

com/document-connect/document-connect.html?url=https://assets.

thermofisher.com/TFS-Assets/LSG/manuals/MAN0017197_

HumanCytokineMagnetic10PlexPanel_TDS.pdf).
Statistical analysis

For clinical and biological data, Microsoft Excel software was

used for data recording and analyses were performed using SAS

v9.4. For experimental data, statistical analyses were performed

with Prism 8.0 software (GraphPad, CA, USA). The quantitative

data are described as median values and categorial variables as

percentages. The non-parametric Kruskal–Wallis test was used

for comparisons between groups. When statistical differences

were observed between patients with ongoing infection and

controls, a Mann–Whitney test was performed to compare

data of symptomatic and asymptomatic ongoing patients.

Correlations between variables were calculated using the non-
Frontiers in Immunology 04
parametric Spearman rank order test. P values > 0.05 were

considered insignificant.
Results

Demographic and clinical features of
COVID-19

The demographic and clinical features of COVID-19+

patients are summarized in Table 1. From a total of 37

pregnant women infected by the SARS-CoV-2, 16 tested

positive by real-time polymerase chain reaction (RT-PCR;

nasopharyngeal swab); ten were asymptomatic and six patients

were diagnosed as having mild or severe (requiring oxygen

supplementation) COVID-19. One of the women with severe

disease (p34 patient) was hospitalized at 29 weeks of gestation

(WG) for oxygen therapy; she had COVID-19 symptoms for 15

days and no associated comorbidities. Blood tests found an

increase in CRP (22 mg/L). On the second day of

hospitalization, a stillbirth was diagnosed. She delivered a

eutrophic fetus (1480 g) on the same day. Placental analysis

found placental abruption. The mother had a complete recovery

without sequelae of COVID-19.

Term at birth was similar in all groups, i.e. at 39 WG in

patients with ongoing infection, 40 WG in recovered patients,

and 39.5 WG in controls. No case of preterm delivery was

observed except for the stillbirth. Neonates were not RT-PCR

tested for SARS-CoV-2; thus, infection status throughout the

manuscript refers solely to the mother.

At 1 month after birth, 60% of mothers answered the phone

survey. No mothers had sequelae of COVID-19 infection or

other complications; two neonates were hospitalized for 3 to 8

days for pulmonary infection not related to COVID-19 (not

shown). No cases of infection or additional complications were

reported for the neonates.

Progesterone and estradiol were measured at birth in all

groups of mothers and were both significantly increased in

recovered patients, as compared to patients with ongoing

infection and healthy women (Figure 1B).
Phenotypic characteristics of peripheral
NK cells from pregnant women and their
neonates in COVID-19

The absolute values of neutrophils, CD14+ monocytes,

CD45+ lymphocytes, B lymphocytes, T lymphocytes, and NK

subsets were measured using CytoDiff in cord blood and blood

from pregnant women infected with SARS-CoV-2 and

compared to healthy controls. The absolute values of B and T

lymphocytes were similar in healthy and SARS-CoV-2-infected

maternal blood samples (Supplementary Figure 2). In contrast,
B

A

FIGURE 1

Study outline and hormone production. (A). Study outline of the
recruitment of neonates and mothers. (B) Production of
progesterone and estradiol in the sera of mothers. Data are
shown for healthy controls (N= 18; C: crosses), recovered
patients (N= 21; R: open squares), and patients with ongoing
infection (N=16; O: circles). Open circles represent the
asymptomatic patients and closed circles the symptomatic
patients. Black lines represent the median. *p < 0.05; **p <
0.001.
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the levels of neutrophils and monocytes were significantly

decreased in infected women with ongoing infection, as

compared to healthy controls (p = 0.0402), and this more

significantly in symptomatic patients (black circles) than

asymptomatic patients (p = 0.0176) (Supplementary

Figure 3A). Of note, in cord blood samples the level of the

different cell subsets was similar in infected and control samples,

as previously described (16, 19).

With regard to the NK cell compartment, although some

symptomatic patients with ongoing infection had elevated levels

of NK cells (closed circles), Figure 2A shows that the absolute

value of NK cells was similar in patients with ongoing infection,

as compared to recovered patients and healthy pregnant women.

In contrast, the number of NK cells was significantly decreased in

neonates from women with ongoing infection, as compared to

other neonates (p = 0.0042) (Figure 2A). Of note, a very

significant increase in NK cell numbers was observed between

healthy women and recovered patients and their neonates (p <

0.0001), but not in patients with ongoing infection (Figure 2B).

These data are in accordance with those concerning the

frequency of NK cells in pregnant women and their neonates

(Figure 2C), measured by a DXFlex flow cytometer. Importantly,

the frequency of NK cells from neonates of mothers with ongoing

infection was specifically correlated with the production of

estradiol (r = 0.5919; p = 0.0461) (Figure 2D), and more

specifically if only cord blood samples from symptomatic

mothers (closed circles) were tested (Supplementary Figure 3B).

Human NK cells can be divided into CD56bright and CD56dim

subpopulations, based on the cell surface density of CD56molecules;

these subgroups present distinct phenotypic and functional

capacities. Thus, the CD56dim NK cell subset is thought to mediate

higher cytotoxic responses, including antibody-dependent cellular

cytotoxicity, whereas the CD56bright subset is more involved in

immunomodulation, with a higher capacity to produce cytokines

like IFN-g and TNF-a (20). In this study, the frequency of CD56bright

and CD56dim cells was similar in the different groups of samples

(Figure 2E and Supplementary Figure 4). In addition, the rate of

activated NK cells expressing HLA-DR, reported as a sign of intense

chronic activation, was not significantly modulated by SARS-CoV-2

infection in pregnant women and their neonates at birth (Figure 2F),

contrary to what has been reported for infected patients in the

general population (13).

We next focused our study by analyzing the expression of a

large panel of activating and inhibitory receptors on peripheral

NK cells from the mothers and their neonates, and showed that

the frequency of most of the tested markers was similar in the

different groups of mothers and their neonates (Figure 3A and

Supplementary Figure 4). However, production of estradiol was

inversely correlated with NKG2A and NKp30, but directly

correlated with NKG2C (Figure 3B), a marker overexpressed

in several infections, including SARS-CoV-2 in patients with

severe forms (13). Of note, no other phenotypic NK cell markers

in mothers with ongoing infection and their neonates were
Frontiers in Immunology 05
correlated with estradiol production (Supplementary Figure 5).

Furthermore, a significant decrease of NKp46 was observed in

symptomatic patients (p = 0.0221), as compared to other

patients with ongoing infection (Supplementary Figure 3A).

Additionally, in neonates from mothers infected with SARS-

CoV-2, expression of DNAX accessory molecule 1 (DNAM-1)

was significantly increased, as compared to healthy pregnant

women (Figure 3C). DNAM-1 is an activating receptor. Its

ligands, belonging to the nectin family, are receptors for

several viruses that mediate both the viral particle attack and

entry, allowing the infection of cells of different origins (21).

Although the phenotypic profile of NK cells was only slightly

impacted in mothers with ongoing infection and their neonates,

these data reveal an important correlation between several key

NK cell markers and estradiol.
Impact of COVID-19 on the NK cell
response in pregnant women and their
neonates

We next assessed the overall functional ability of NK cells.

One of the main functions of these cells is their capacity to

degranulate, measured by the cell surface expression of CD107a.

Before stimulation, a low level of CD107a expression was

detected in NK cells from SARS-CoV-2-infected patients

(mothers and their neonates), similar to that observed in

samples from healthy individuals (Supplementary Figure 6). In

the presence of HLA class I-negative K562-sensitive target cells,

the level of degranulation increased similarly in mothers and

their neonates, unrelated to viral status (Figure 4A). However, in

women with ongoing infection, the level of CD107a expression

was very significantly correlated with estradiol (r = −0.8671; p =

0.0005) (Figure 4B).

We also investigated the ability of NK cells to synthesize and

release IFN-g and TNF-a. In the absence of stimulation,

production of both cytokines was close to baseline in NK cells of

all groups of mothers and their neonates (Supplementary

Figure 6). Following overnight stimulation with IL-12 plus IL-18,

IFN-g production by maternal NK cells was strongly increased in

healthy donors and recovered patients, but much less in mothers

with ongoing infection, and more especially in symptomatic

patients (Figure 4C and Supplementary Figure 3A). In contrast,

in neonates the production of IFN-g by NK cells was similar in all

groups (Figure 4C). Of note, a pattern similar to that of IFN-g was
observed for the production of TNF-a by NK cells of mothers and

their neonates (Figure 4C). Together, these data suggest a specific

impairment of cytokine production by NK cells in symptomatic

infected patients. However, none of these functional markers in

mothers with ongoing infection and their neonates were correlated

with estradiol production (Supplementary Figure 5).

Unexpectedly, in the maternal NK cells of the symptomatic

infected woman with fetal demise (p34 patient), we observed
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very high production of IFN-g (95.1% vs. 16.6 ± 6.5% in other

symptomatic patients) and TNF-a (83.9% vs. 0.6 ± 0.1% in other

symptomatic patients) by NK cells after stimulation with IL-12 +

IL-18 (Figure 4C and Supplementary Figure 1), whereas the

production of IFN-g and TNF-a in the plasma of this patient

was similar to that observed in other individuals (Supplementary

Figure 7), suggesting that overexpression of cytokines was specific
Frontiers in Immunology 06
to NK cells. However, in the absence of other similar cases, we were

unable to establish if this unique immune imprinting was related to

the fatal outcome observed in this patient.

Altogether, these data reveal that the functional capacities of

NK cells from mothers with ongoing infection and their

neonates were poorly increased after stimulation, except in the

patient with severe COVID-19 (p34 patient).
B

C D

E F

A

FIGURE 2

Characteristic of NK cells in mothers and their neonates. (A) Absolute values of CD3-CD56+ NK cells in mothers (maternal blood) and their
neonates (cord blood). Data are shown for healthy controls (N= 18; C: crosses), recovered patients (N= 19; R: open squares), and patients with
ongoing infection (N=15; O: circles). (B) Significant correlation of the absolute values of CD3-CD56+ NK between mothers (maternal blood) and
their neonates (cord blood). for the groups of recovered (R: open squares) and ongoing infection (O: circles). (C) Frequency of CD3-CD56+ NK
cells in mothers (maternal blood) and their neonates (cord blood). (D) Significant correlation between the frequency of CD3-CD56+ NK cells in
neonates (cord blood) born to mothers with ongoing (O: circles) infection and the production of estradiol in mothers. (E) Frequency of CD56bright

subpopulation of NK cells gated on CD3-CD56+ NK cells. (F) Frequency of HLA-DR+-activated NK cells gated on CD3-CD56+ NK cells in mothers
(maternal blood) and their neonates (cord blood). Frequency’ data are shown for healthy controls (N= 10; C: crosses), recovered patients (N= 10;
R: open squares), and patients with ongoing infection (N=13; O: circles). Open circles represent the asymptomatic patients and closed circles the
symptomatic patients. Black lines represent the median. *p < 0.05; **p < 0.001; ****p < 0.00001; NS, non significant.
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Characteristics of NK cells from pregnant
women and their neonates in COVID-19
are associated with production of
specific cytokines

In the general population, infection with SARS-CoV-2 is

generally associated with the elevation of proinflammatory
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cytokines (22). Hence, we next determined the cytokine response

in mothers and neonates by measuring the concentrations of

cytokines in maternal and cord blood plasma using a multiplex

assay. Plasma samples from non-infected and SARS-CoV-2-

infected women were indistinguishable according to the

production of IL-1b, IL-4, IL-5, and IL-6, and of IL-10, for which

very low levels were observed (Supplementary Figure 7). In contrast,
B

C

A

FIGURE 3

Pattern of receptor expression on CD3-CD56+ NK cells. (A) Frequency of NKG2A, NKG2C, and NKp30 on NK cells gated on CD3-CD56+ NK
cells from mother (maternal blood) and their neonates (cord blood). (B) Correlation between the frequency of NK cell receptors and the
production of estradiol in mothers (maternal blood) with ongoing infection (O: circles). (C) Frequency of NKp46 and DNAM-1 on NK cells gated
on CD3-CD56+ NK cells from mother (maternal blood) and their neonates (cord blood). Data are shown for healthy controls (N= 10; C: crosses),
recovered patients (N= 10; R: squares), and patients with ongoing infection (N=13; O: circles). Open circles represent the asymptomatic patients
and closed circles the symptomatic patients. Black lines represent the median. *p < 0.05; **p < 0.001.
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the production of IL-8 (p = 0.0277) and IL-10 (p = 0.0449) was

significantly increased in patients with ongoing infection, as

compared to recovered patients and healthy donors (Figure 5A

and Supplementary Figure 7), as reported previously (19).

Importantly, the production of IL-8 was also very significantly

correlated with the frequency of maternal NK cells in patients with

ongoing infection (r = 0.8741; p = 0.0004) (Figure 5B).
When assessing neonatal cytokine levels in cord blood, most

of the cytokines tested were mostly undetectable in samples from

non-infected and infected mothers (Supplementary Figure 7),

except for IL-22, the production of which was significantly

increased in neonates of patients with ongoing infection (p =
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0.0497) (Figure 5C). Although the level quantified remained low,

IL-22 production in cord blood samples from patients with

ongoing infection was significantly correlated with the frequency

of NK cells in neonates (r = −0.8047; p = 0.0043) (Figure 5D) and

the production of estradiol (r = −0.6713; p = 0.0143) (Figure 5E).
Discussion

The present study provides novel insights into the role of NK

cells in the pathophysiology of pregnant women infected by

SARS-CoV-2 and their neonates early after birth. As previously
B

C

A

FIGURE 4

Degranulation and production of cytokines by CD3-CD56+ NK cells. (A) Degranulation of NK cells from mothers (maternal blood) and their
neonates (cord blood), measured by cell surface expression of CD107a, in the presence of standard K562 target cells (ratio 1:1). (B) Correlation
between CD107a and the production of estradiol in mothers (maternal blood) with ongoing infection (O: circles). (C) Intracellular production of
IFN-g and TNF-a in untreated cells (UT), after IL-12+IL-18 overnight stimulation (+IL-12/IL-18) or in the presence of standard K562 target cells
(ratio 1:1). Data are shown NK cells of mothers (maternal blood) and their neonates (cord blood) from healthy controls (N= 10; C: crosses),
recovered patients (N= 10; R: squares), and patients with ongoing infection (N=13; O: circles). Open circles represent the asymptomatic patients
and closed circles the symptomatic patients. Black lines represent the median.
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observed, the absolute value of NK cells from pregnant women

was significantly decreased in COVID-19 (19), while the

frequency of activated HLA-DR+ NK cells in pregnant women

infected with SARS-CoV-2, and their neonates, was not

increased and remained similar to that observed in healthy

pregnant women controls. The absence of strong peripheral

NK cell activation, generally observed in the general population

infected with SARS-CoV-2, could be explained by assuming that

to tolerate the fetus, the maternal immune system is modified

during pregnancy (13, 23–25).
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According to the fine-tuned equilibrium between inhibitory

and activating NK cell receptors, early reports suggested that

inhibitory checkpoint receptors on NK cells might contribute to

the dysfunctional status of COVID-19-associated NK cells in the

general population, although conflicting data have been reported;

Demaria et al. (26) detected a higher level of NKG2A in COVID-

19-associated NK cells from the peripheral blood and

bronchoalveolar lavage fluid, whereas Maucourant et al. (13)

reported an increase in NKG2C+ adaptive NK cells in patients

with severe disease, as previously described in other acute
B

C D

E

A

FIGURE 5

Production of cytokines in the sera of mothers and their neonates. (A) Production of IL-8 in the sera of mothers (maternal blood) and their
neonates (cord blood). (B) Correlation between IL-8 production and the frequency of NK cells in mothers (maternal blood) with ongoing
infection (O: circles). (C) Production of IL-22 in the sera of mothers (maternal blood) and their neonates (cord blood). (D) Correlation between
IL-22 production and the frequency of NK cells in neonates born to mothers with ongoing infection (cord blood (O)). (E) Correlation between
production of IL-22 production in neonates (cord blood) born to mothers with ongoing infection (cord blood (O)) and the production of
estradiol in mothers with ongoing infection. Data are shown for healthy controls (N= 18; C: crosses), recovered patients (N= 19; R: squares), and
patients with ongoing infection (N=15; O: circles). Open circles represent the asymptomatic patients and closed circles the symptomatic
patients. Black lines represent the median.
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infections (27–29). In pregnant women close to delivery, the

phenotype of maternal NK cells was similar in infected patients

and healthy controls, suggesting limited NK cell derangement in

pregnant women infected by the SARS-CoV-2. Unexpectedly,

expression of NKp30 and NKG2A in NK cells from pregnant

women with ongoing infection was negatively correlated with

estradiol in the serum, whereas NKG2C expression was positively

correlated with estradiol, suggesting a role of estradiol in NK cell

activity. Several studies have shown that the immune response to

viruses can be modified by estradiol, as shown during SARS-CoV

and MERS (Middle East respiratory syndrome coronavirus)

epidemics. Furthermore, animal studies have shown that the

use of estradiol receptor antagonists favors SARS-CoV infection

(30). In COVID-19, estradiol could be linked to different

mechanisms of action such as the reduction of expression of

ACE-2 (angiotensin-converting enzyme 2), a SARS-CoV-2

receptor on target cells, and/or anti-inflammatory and

immunomodulation effects (31). Consistently, the frequency of

NK cells from pregnant women with ongoing infection able to

degranulate is strongly inversely correlated with estradiol in the

serum of normal pregnant women (32). Furthermore, a negative

correlation between NK cell cytotoxicity and increasing doses of

estradiol has been observed (32).

Altogether, these data suggest that high doses of estradiol could

contribute to pregnancy-associated NK cell suppression, and

indirectly to the control of SARS-CoV-2 infection, highlighting

the key role of estradiol in the phenotypic and functional control of

maternal NK cells during SARS-CoV-2 infection.

We also observed that the level of IFN-g and TNF-a in NK

cells was decreased, more especially in symptomatic patients

with ongoing infection, as previously observed in individuals

with severe disease. It has been suggested that the decrease of

cytokine production could be linked to the ability of COVID-19-

associated NK cells to reduce viral protein levels in SARS-CoV-

2-infected cells (33). This effect was not observed in the plasma

of pregnant patients infected by SARS-CoV-2, suggesting a

specific control of cytokine production by NK cells from

pregnant women. On the contrary, very high levels of IFN-g
and TNF-a were produced by NK cells from the symptomatic

p34 patient, suggesting a possible role in the fetal demise.

However, in the absence of other similar clinical cases we

cannot conclude their participation in the cytokine storm

observed in patients with severe disease (34, 35), which could

possibly mediate pregnancy complications and fetal

developmental pathology (36, 37). In accordance with Garcia-

Flores (19), we also observed that pregnant women mount a

specific inflammatory response to SARS-CoV-2, characterized

by significantly increased levels of IL-8 and IL-10, also described

in non-pregnant individuals with SARS-CoV-2 infection (38).

One explanation for the seemingly paradoxical observation of

concurrently elevated IL-10 and IL-8 levels is the ability of IL-10

to act as a proinflammatory and immune-stimulatory molecule

in certain contexts (39). Interestingly, we found that IL-8
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production was significantly correlated with frequency of NK

cells from patients with ongoing infection. IL-8 is a canonical

proinflammatory cytokine whose primary function is neutrophil

recruitment to sites of injury (40). Recent studies have proposed

that IL-8 can serve as a biomarker for the prediction of disease

severity of patients infected with SARS-CoV-2 (41).

Next, we determined the effect of maternal infection with

SARS-CoV-2 on NK cells in neonates; the hypothesis was that in

utero exposure to infection and/or maternal inflammation could

affect the NK cell system of the neonate and subsequently the

response to the infection and possibly the future development of

the baby. Consistently, we observed that both the absolute value

and frequency of NK cells of neonates born to women with

ongoing infection were significantly decreased. Despite the fact

that a decrease in peripheral NK cells was previously observed in

the general population, including in cases of severe COVID-19

(12, 14) but not in pregnant women, it is unclear whether this

decrease in the number of NK cells in newborn babies was due to

NK cell trafficking to infected tissues or cell death in the

periphery. More importantly, the frequency of cord blood NK

cells from mothers with ongoing infection was directly

correlated with estradiol, suggesting that estradiol could play a

key role in features of NK cells from women and their neonates.

Further studies to investigate the underlying mechanism of

estradiol in the maternal–fetal interaction NK cell responses

triggered by SARS-CoV-2 should be performed.

In addition, we observed that the functional capacities of NK

cells of neonates from COVID-19+ women were weak. This

could be related to the absence of direct infection by SARS-CoV-

2 at any point during gestation (42) or to their immaturity.

Consistently, NK cells from neonates displayed specific

phenotypic features associated with a less mature stage of

differentiation that differed from adult NK cells (7, 43, 44).

However, NK cells of neonates born to mothers infected with

SARS-CoV-2 were similar to those of healthy controls, except for

DNAM-1, an activating receptor significantly increased in

COVID-19 that promotes activation, proliferation, cytokine

production, and cytotoxic activity in NK cells (45, 46). The

role of DNAM-1 in the control of viral infections has been

underlined by the absence of control of lymphocytic

choriomeningitis virus infection in DNAM-1−/− mice (47), the

NK cell recognition of virus-infected cells during early infection

(48), and the capacity of DNAM-1+ NK cells to produce high

levels of inflammatory cytokines (49). Consistently, the

production of IL-22 was significantly increased in the serum of

neonates from women infected with SARS-CoV-2, inversely

correlated with both the frequency of NK cells in neonates and

the level of estradiol quantified in the serum of pregnant women.

IL-22 is a member of the IL-10 family of cytokines implicated in

antiviral immune responses, and more especially during

pulmonary infection; like IL-10, it has the double function of

suppressing or encouraging inflammation in various disease

models (50), but its role in COVID-19 remains elusive.
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Altogether, these data highlight that SARS-CoV-2 infection

induces phenotypic and functional modulations of peripheral

NK cells from mothers and their neonates in correlation with

inflammation markers, and estradiol.

There are several limitations to our study, in particular the

relatively small number of symptomatic infected individuals, and

more particularly patients with severe forms of COVID-19, with

regard to the unexpected data obtained with p34 patient in whom

infection caused fetal death, in accordance with recent data (51). In

order to have more homogeneous groups, the pregnant women

were included over a short period of time to limit the potential

problems associated with successive appearance of the different

variants and the bias posed by vaccination. It is understood,

however, that it would be interesting to be able to apprehend

them in subsequent studies. Furthermore, we only studied

peripheral blood and cord blood NK cells and were not able to

sample lung-resident NK cells or decidual NK cells. We also had

limited data reflecting the history of the pregnant and control

women; thus, we cannot exclude that some unmeasured factor

could have influenced the NK cell phenotype and the quality of the

NK cell responses to COVID-19. Finally, although new clinical data

were obtained 1month postpartum for themajority of mothers and

their neonates, long-term follow-up of the newborns in our study

would establish if maternal exposure to SARS-CoV-2 has some

long-lasting impact on NK cells in the child.

Although the mechanisms underpinning our observations

require further investigations, it seems clear that NK cells are

associated with important aspects of COVID-19 pathophysiology

in pregnant women and their neonates.
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