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It is well established that pregnancy induces deep changes in the immune system. This is
part of the physiological adaptation of the female organism to the pregnancy and the
immunological tolerance toward the fetus. Indeed, over the three trimesters,
the suppressive T regulatory lymphocytes are progressively more represented, while
the expression of co-stimulatory molecules decreases overtime. Such adaptations relate
to an increased risk of infections and progression to severe disease in pregnant women,
potentially resulting in an altered generation of long-lived specific immunological memory
of infection contracted during pregnancy. How potent is the immune response against
SARS-CoV-2 in infected pregnant women and how long the specific SARS-CoV-2
immunity might last need to be urgently addressed, especially considering the current
vaccinal campaign. To address these questions, we analyzed the long-term
immunological response upon SARS-CoV-2 infection in pregnant women from delivery
to a six-months follow-up. In particular, we investigated the specific antibody production,
T cell memory subsets, and inflammation profile. Results show that 80% developed an
anti-SARS-CoV-2-specific IgG response, comparable with the general population. While
IgG were present only in 50% of the asymptomatic subjects, the antibody production was
elicited by infection in all the mild-to-critical patients. The specific T-cell memory subsets
rebalanced over-time, and the pro-inflammatory profile triggered by specific SARS-CoV-2
stimulation faded away. These results shed light on SARS-CoV-2-specific immunity in
pregnant women; understanding the immunological dynamics of the immune system in
org February 2022 | Volume 13 | Article 8278891
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response to SARS-CoV-2 is essential for defining proper obstetric management of
pregnant women and fine tune gender-specific vaccinal plans.
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INTRODUCTION

It is widely recognized that pregnancy prompts deep changes in
the immune system (1). This is part of the physiological
adaptation of the female organism to the pregnancy and the
immunological tolerance toward the fetus (2). However, such
adaptation results in a possible increased risk of infections and
progression to severe disease in pregnant women (3–7). As
pregnancy progresses, hormones concentration varies
dramatically, and the immune response undergoes a number of
still only partially understood para-physiologic modifications (8–
10). Thus, pregnancy is associated with a Th1/Th2 shift (11–13),
but also in an altered generation of long-lived specific
immunological memory towards infective pathogens
contracted during pregnancy. In fact, pregnancy has short- and
long-term effects on central and effector memory T cells (14),
and alteration of the establishment of immunological memory
response can be detected for long after delivery (15). Indeed, it is
not granted that the exposures to an invading pathogen during
pregnancy will trigger a correct and long-lived immunological
memory and it has been shown that sub-optimal memory
responses are created toward pathogens that infect pregnant
woman (16). Suppressive regulatory T lymphocytes (Treg) induce
an immunologically tolerogenic environment to harbor the fetus
(17). Physiologically, Treg frequency increases over the course of
the trimesters (18), together with the decrease of co-stimulatory
molecules (i.e. B7 family) (19–21). In turn, T cells are less likely
to be triggered toward a proinflammatory immune response.
Thus, an unbalanced immune response, including the memory
compartment, was described to characterize influenza A virus
infection during pregnancy (22, 23). No results are nevertheless
available on the effects of pregnancy on the development of
SARS-COV-2-specific memory lymphocytes. How potent is the
immune response against SARS-CoV-2 in pregnant women and
how long the specific SARS-CoV-2 immunity might last need to
be urgently addressed (24). This is particularly compelling as
SARS-CoV-2 vaccinal campaigns are taking place. Surveillance
analyses had identified pregnant women as a particularly
vulnerable group who is more likely to be hospitalized and to
develop severe symptoms (25). Pregnant women were and are
nonetheless excluded from clinical trials of the current vaccinal
campaign and the vaccine efficacy in this cohort still needs to be
assessed (4, 7).

Here, we report the long-term immunological response upon
SARS-CoV-2 infection in a group of women who was followed
from the delivery to a six-months follow-up. In particular, we
investigated the immunological response in terms of
immunological memory, specific antibody production and T
cell memory subsets, and inflammatory profile. Understanding
the immunological dynamics of the immune system in response
org 2
to SARS-CoV-2 is essential for defining proper obstetric
management of pregnant women and setting appropriate
vaccinal plans that take care of gender-specific differences,
including SARS-CoV-2 convalescent subjects.
METHODS

Study Population
This is a prospective study that includes 47 pregnant women
with SARS-CoV-2-positive first diagnosis when admitted at
delivery at Unit of Obstetrics and Gynecology, “L. Sacco”
(ASST Fatebenefratelli-Sacco) COVID-19 hub hospital,
Northern Italy between March and May 2020.

All patients were admitted with a SARS-CoV-2 infection
diagnosis defined by a positive result nasopharyngeal swab.
The swab samples were processed by using real-time PCR
testing SARS-CoV-2 with the automated ELITe InGenius
system and the GeneFinderTM COVID-19 Plus RealAmp Kit
assay (ELITechGroup, France), according to manufacturer’s
instruction. This assay targets two viral genes: Nucleocapsid
protein (N) and Envelope membrane protein (E). The human
RNA-dependent RNA polymerase (RdRP) was employed as
positive control. All women underwent clinical evaluation of
vital signs and symptoms, laboratory analysis and radiological
chest assessment at admission was discretional. The therapeutic
management was consequently tailored according to the clinical
findings and guidelines demographic and anthropometric
characteristics, lifestyle habits, medical or obstetric
comorbidities. All data were recorded at enrollment through a
customized data collection form. All women underwent fetal
growth and well-being assessment and obstetric management, as
required by local standard protocols.

Monitoring of maternal venous blood sample analysis was
performed every 48 hours, including hemoglobin, white blood
cells count (WBC), hepatic and renal function tests (alanine
transaminase (ALT), aspartate transaminase (AST), creatinine)
and inflammation markers (C-reactive protein). Data on
COVID-19 treatments, clinical evolution during pregnancy,
need for oxygen support and ICU admission were collected.
Data on mode of delivery or pregnancy termination, neonatal
outcomes, and postpartum maternal clinical evolution were
subsequently recorded. A severe subgroup was defined based
on: 1) urgent delivery due to maternal respiratory function; 2)
ICU/sub-intensive care admission during pregnancy or the post-
partum period, or both #1 and #2. All collected data were
transferred to an electronic database and data accuracy was
independently verified by two study investigators (VMS and
FP). Any discrepancy or unclear information was verified with
the specific participating center.
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Specimen Collection
The protocol was approved by the local Medical Ethical and
Institutional Review Board (Milan, area 1, #154082020). We
obtained informed written consent from the mothers to perform
the procedure and analysis, in compliance with the Declaration
of Helsinki principles.

Blood samples were collected in EDTA at time of delivery
(T0), after two weeks (T2), four weeks (T4) and six months
(T24). Samples were immediately transferred to the laboratory of
Immunology, University of Milan, according to the kind of
specimen, to be readily processed. Plasma was separated by
centrifugation and conveniently stored for future analyses, as
well as peripheral blood mononuclear cells (PBMCs), as
previously described (26).

Antibody Detection
The presence of SARS-CoV-2-specific antibodies was investigated
using SARS-CoV-2 IgG and IgM chemiluminescence immunoassay
kits on fully automated iFlash1800 analyzer (Shenzen YHLO
Biotech Co., Ltd., Shenzen, China): the assay uses nucleocapsid
(N) and spike (S) viral proteins as magnetic bead-coating antigens.
The value of 10.0 AU/ml was used as the positivity cut-off for IgM,
while 7.1 was used for IgG. The limit of detection of this kit is not
declared, in agreement with the European Ligand Assay Society.
The intra-assay percentage of coefficient variation (%CV) spanned
from 2.7 to 5.0 for IgM and the inter-assay %CV spanned from 4.1
to 6.1, while the intra-assay %CV spanned from 2.9 to 4.9 and the
inter-assay %CV spanned from 4.0 to 4.9 for IgG.

Neutralization Assay
2×104 Vero-E6 cells (ATCC® CRL 1586™) were seeded in a 96-
well plate in DMEM medium (Euroclone, Milan, Italy)
supplemented with 2% FBS, 2.5 mM L-glutamine, 100 U/mL
penicillin and 100 mg/mL streptomycin. Plasma was previously
incubated at 56° for 30’ in order to heat-inactivate the
complement system. Plasma obtained at T24 was employed for
this assay. 2000 TCID50 of the B.1 (EU) SARS-CoV-2 were pre-
incubated at 37° for 30’ with serial dilution 1:2 of patient’s
plasma, spanning from 1:20 to 1:1280 in 2% FBS DMEM.
Upon incubation, the virus-plasma mix was transferred onto
the cells, incubated for 60’ at 37°. Cells were then washed, and the
media replenished with fresh 2% FBS DMEM. Optical
microscope observation (ZOE™ Fluorescent Cell Imager, Bio-
Rad, Hercules, CA, USA) was performed daily to investigate the
cytopathic effect. At 72 hours post infection, supernatant was
removed, cells fixed in 4% PFA for 10’ at room temperature and
then stained with crystal violet (Sigma Aldrich, St. Louis, MO,
USA). Each culture condition was run in duplicate, together with
an internal control of the virus efficiency of infection.

Cell Culture
PBMCs were resuspended at the concentration of 1×106 cells/mL
in 10% FBS RPMI 1640 medium (Euroclone, Milan, Italy) and
subsequently stimulated with 500 mg/mL of S (spike) and N
(nucleocapsid) recombinant peptides of SARS-CoV-2
(NovateinBio, Woburn, MA, USA). Unstimulated PBMCs were
Frontiers in Immunology | www.frontiersin.org 3
cultured as control as well. Cells were harvested 10- or 24-hours post-
infection (hpi) for RNA or flow cytometric analyses, respectively.

Flow Cytometry
A complete evaluation of immunological memory concerning
the different functional subtypes of SARS-CoV-2-specific
circulating T cells was performed at T0, T4, T6 and T24. The
immunophenotypic lymphocyte subpopulations were identified
by flow cytometry on PBMCs upon SARS-CoV-2 antigen
stimulation (n=15). The following CD4+ and CD8+ T cell
subsets were analyzed: naïve (CD4+ CCR7+ CD45RA+; CD8+
CCR7+ CD45RA+); central memory (CD4+ CCR7+ CD45RA-;
CD8+ CCR7+ CD45RA-); effector memory (CD4+ CCR7-
CD45RA-; CD8+ CCR7- CD45RA-); terminally differentiated
effector memory re-expressing CD45RA (CD4+ CCR7- CD45RA+;
CD8+ CCR7- CD45RA+). PBMCs were incubated for 30 minutes
at room temperature with the following monoclonal antibodies:
anti-human CD4-PeCy7 (eBioscience, San Diego, CA, USA), anti-
human CD8-PC5 (Beckman Coulter, California, USA), anti-human
CD45RA-FITC (Beckman Coulter, California, USA) and
antihuman CCR7-PE (R&D Systems, Minneapolis, USA). Then,
the cells were washed with PBS (Euroclone, Milan, Italy) and fixed
in 1% paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA). The
lymphocyte population was gated based on its forward and side
scatter properties, and further gated for CD4 or CD8 expression;
20,000 events were acquired within the CD4 or CD8 gate. Gallios
flow cytometer was employed for acquisition, Kaluza 2.0 software
for data analyses (Beckman Coulter, California, USA). Results are
expressed in terms of percentages of subpopulations relative to the
CD4+ or CD8+ population, respectively.

Expression Analyses of the Inflammatory
Response
Gene expression of 8×104 PBMCs was performed by QuantiGene
Plex assay (Thermo Scientific, Waltham, MA, USA), which
provides a fast and high-throughput solution for multiplexed
gene expression quantitation, allowing the simultaneous
measurement of 74 custom selected genes of interest in a
single well of a 96-well plate. The QuantiGene Plex assay is
hybridization-based and incorporates branched DNA (bDNA)
technology, which uses signal amplification for direct
measurement of RNA transcripts. The assay does not require
RNA purification, nor retro-transcription, with a minimal
sample handling. Some of the targets resulted below limit of
detection and the arbitrary value of 0 was assigned.

The concentration of 27 cytokines/chemokines was assessed
on the plasma specimens collected from all the enrolled subjects
at each time-point using magnetic bead-based immunoassays
(Bio-rad, CA, USA), according to the manufacturer’s protocol
via Bio-Plex 200 technology (Bio-rad, CA, USA). Some of the
targets resulted to be over-range and arbitrary value of 4000 pg/
ml was assigned, while 0 pg/ml was assigned to values below limit
of detection.

Statistics
For the study variables, medians and ranges were reported for
quantitative variables, and absolute and relative frequencies for
February 2022 | Volume 13 | Article 827889
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categorical variables. No imputation was made for missing data.
All ranges are indicated as minimum–maximum values. t-Test
and Mixed-effects model (REML) analysis was used with a p
value threshold of 0.05. The analyses were performed using
GraphPad Prism 8 or SPSS Statistics 26.0.

All the procedures were carried out in accordance with the
GLP guidelines adopted in our laboratories.
RESULTS

Population
Three patients were classified as severe cases (6%). A radiological
confirmation of interstitial pneumonia was obtained on
admission or antepartum for all the severe cases and overall in
20 women (43%). Pharmacological treatment during the
antepartum period of hospitalization is reported in Table 1.
Briefly, 30% of the enrolled subjects received Lopinavir/Ritonavir
and 23% hydroxycholoroquine. At the time, none of them
received Remdesivir, nor combination therapies. In the only
severe case of preterm labor, corticosteroids for respiratory
distress syndrome prophylaxis were administered.

Maternal and pregnancy outcomes in the study population are
reported inTable 2. Regarding themodeof delivery, 3 patients (6%)
underwent emergency delivery for maternal respiratory indication.
Among the severe cases, one needed postpartum admission to the
ICU and invasive ventilation for 11 days in total.

Specific Anti-SARS-CoV-2 Antibody and
Neutralization Titer
SARS-CoV-2-specific IgM and IgG were measured in plasma
collected throughout the different timepoints as follows: delivery,
2, 4 and 24 weeks post delivery (Figure 1).
Frontiers in Immunology | www.frontiersin.org 4
IgM were detected in 30% of the subject at T0, 14% at T2 and
10% at T24 (Figure 1A). IgM peaked sharply at week 2 (T2) with
an average value of 320.17 AU/ml (Figure 1B). Then, it
decreased overtime to 12.8 AU/ml at T24. The percentage of
subjects testing positive for IgG increased over-time, to then
stabilize at 80% approximately at the 4 and the 24 weeks post-
delivery time points (Figure 1A). Interestingly, approximately
100% of the mild-to-critical subjects developed IgG during the
considered span of time, while IgG became detectable at week 4
only in 50% of the asymptomatic women (Figure 1C). IgG
peaked at T4 with an average value of 92 AU/ml, and it
decreased to 36.48 AU/ml at T4. The titer of the IgG at week 4
showed no significant differences among the subjects stratified by
disease severity (Figure 1D).

Neutralization capability was titrated in plasma specimens
collected at T24 (Figure 1E). We chose to evaluate the nAb titer
at week 24, as it is more representative of the long-lived
immunological memory and it offers an insight on the long-
term protection. Results showed that the neutralization titer
directly correlated with the IgG titer (R2 = 0.79, p=0.0006).
Apparently, one subject only did not develop neutralization
capability despite the amount of IgG detected was 36.3 AU/ml.
By removing this subject (grey dot in Figure 1E), the R2 would be
0.93 and the statistical significance would drop to <0.0001.

SARS-CoV-2 Naïve and Memory T-Cell
Characterization
Naïve and memory T cell subsets were assessed by flow
cytometry upon SARS-CoV-2 specific in-vitro stimulation
(Figure 2). Throughout the timepoints, naïve cells were stable
around a percentage of approximately 40% of the CD4+ T cell
and 35% of the CD8+ T cell (Figures 2A, B, respectively). The
percentage of central memory (CM) T cell significantly decreased
over-time from 23% to 11% for CD4+ T cell, while it slightly
decreased from 8% at T0 to 6% at T2, and then stabilized over-
time for CD8+ T cell. Effector memory T cell (EM) increased
over-time in both CD4+ (from 21% at T0 to 56% at T24) and
CD8+ (from 26% at T0 to 34% at T24) subsets. Similarly, CD4+
effector memory re-expressing CD45RA (EMRA) T cell increased
from 4% (T0) to 13% (T24) for CD4+, whereas CD8+ EMRA

increased from 19% (T0) to 41% (T24). Mixed-effects model
(REML) analysis showed a statistical significance of p=0.006 for
the time effect on CD4+ cells, and p=0.058 for CD8+. Multiple
single t Test analyses are shown in Figure 2C.

Inflammatory Response
To determine whether SARS-CoV-2 infection results in a long-
term alteration of the immune response in women who became
infected during pregnancy, we analyzed the expression of 74
genes involved in the inflammatory response at T0, T4, T6 and
T24 upon SARS-CoV-2 specific in-vitro stimulation (Figure 3).
Results showed a generalized immune activation at T0, which
quickly decreases over-time (Figure 3A), suggesting that the
immune activation associated with SARS-CoV-2 infection does
not persist over-time. The upregulated genes are involved in
different aspects of the inflammatory response and include
cytokines and chemokines (CSF2, CSF3, IL1Rn, IL6, IL8,
TABLE 1 | Baseline characteristics of the study population on admission.

Total study population (n = 47)

Maternal baseline characteristics
Maternal age, years, median (range) 30 (20–42)
Pregnant women, n (%) 29 (62)
Gestational age at admission, median (range) 38 (6 – 41)
Puerperas*, n (%) 18 (38)
Nulliparous, n (%) 18 (40)
Multiparous, n (%) 29 (60)
Spontaneous conception, n (%) 47 (100%)
Pre-pregnancy BMI, kg/m2, median (range) 23 (17–37)
Known sick contact, n (%) 16 (34)
Smoking habit, n (%) 2 (4)
Ethnicity, Caucasian, n (%) 27 (57)
Chronic comorbidity, n (%) 9 (19)
Flu vaccination in pregnancy, n (%) 8 (17)
Ante-partum therapy
Antibiotic, n (%) 12 (26)
Lopinavir/Ritonavir, n (%) 14 (30)
Hydroxychloroquine, n (%) 11 (23)
Oxygen support without ICU admission, n (%) 4 (9)
Positive chest X-ray, n (%) 20 (43)
Severe case, n (%) 3 (6)
Admission to ICU, n (%) 1 (2)
*Early Post-Partum admission.
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IL17A, IL28), adhesion molecules (CD44, CD209), activation
markers (HAVCR2, AGTR1, AGTR2, PPARg), mediators of the
immune response (MPO, CRP and NOS2), downstream
signaling molecules of toll-like receptors (NOD1, NOD2), the
cholesterol metabolism (CH25H, ABCA1, HMGCS1, NR1H3,
PDCD1, PTGS2) and the antiviral interferon stimulated genes
(ISG - IFNA2, IFNB, IFI16, IFITM1, MX1). Statistical
significances are displayed in Figure 3B.

A detailed plasmatic cytokine/chemokine profile was
assessed. A 27-cytokine multiplex assay was performed on
plasma isolated from blood samples (Figure 4). Although
delivery may modulate the cytokine profile per se, overall, the
results obtained confirmed what observed at the mRNA
expression level. Briefly, proinflammatory antiviral cytokines
and chemokines were upregulated at T0 and early time-points,
while decreased over-time (Figure 4A). This increase was mostly
evident for the cytokines IL1b, IL1ra, IL5, IL6, IL7, IL10, IL13,
A B

C

E

D

FIGURE 1 | SARS-CoV-2-specific IgM and IgG measured in plasma collected at T0, T2, T4 and T24. The percentage of the positive subjects for IgM (grey) and IgG
(black) is depicted throughout the timepoints in (A). The antibody titer expressed in AU/ml for IgM (grey) and IgG (black) is depicted throughout the timepoints in (B).
The percentage of the positive subjects for IgG at T4 stratified by disease severity is depicted in (C). The antibody titer expressed in AU/ml for IgG at T4 stratified by
disease severity is depicted in (D). The neutralization titer related to the IgG titer expressed in AU/ml is expressed in (E).
TABLE 2 | Maternal and pregnancy outcomes in the study population.

Total study population
(n = 47)

Total of deliveries, n (%) 41 (87)
Delivery mode
Vaginal, n (%) 27 (55)
Caesarean section, n (%) 14 (30)
GA at delivery, weeks median (range) 39 (25 - 41)
Caesarean section for severe maternal illness related
to COVID-19, n (%)

3 (6)

Preterm delivery*, n (%) 2 (4)
Birth weight, g, median (range) 3100 (1800 – 4165)
Umbilical artery pH, median (range) 7.34 (7.14–7.43)
APGAR score 5’ <7, n (%) 2 (4)
Infected neonates, positive, n (%) 2 (4)
NICU admission, n (%) 1 (2)
Breastfeeding, n (%) 24 (51)
*One woman delivered at home a stillborn fetus at 25 weeks of gestation.
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IL15, IL17, Eotaxin, FGF, GM-CSF, IFNg, IP10, MCP-1, MIP1b,
RANTES and TNFa. Statistical significances are displayed
in Figure 4B.
DISCUSSION

Herein, we report results obtained by analyzing the potency and
the duration of SARS-CoV-2-specific immunological memory in
women who became infected during pregnancy; results of a
longitudinal assessment of the immunological activation and
cytokine profile performed over a 6-month span post-delivery in
the same women are presented as well. Our results show that
80% of the women who became infected during pregnancy
developed a specific antibody response, consistently with what
previously reported for the general population (27, 28). In the
analyzed cohort, the antibody titer peaked between week 2 and 4,
and it was maintained up to week 24, consistently with how
observed in the non-pregnant population (29, 30). Although the
lower number of collected samples due to some discontinuity
during the follow-up, the neutralization titer significantly
correlated with the IgG antibody titer, which is expected but
not granted (31). Additional results showed that, while SARS-
CoV-2-specifi IgG were present in 50% only of the asymptomatic
subjects, strong antibody response was elicited by infection in all
mild-to-critical patients. Notably, disease severity did not
correlate with the IgG titer and it had been observed in severe
COVID-19 patients that the excessive immune response might
Frontiers in Immunology | www.frontiersin.org 6
actually hamper a correct development of a B-cell based
memory (32).

Analyses focusing on the development of the anti-SARS-CoV-
2-specific immunological memory in this cohort showed that the
women enrolled in this study displayed a decreasing percentage of
TCM, accompanied by an increasing percentage of TEM and TEMRA

overtime. TCM cells were predominant in the CD4+ compartment,
while TEM in the CD8+ one. Consistent with the literature, this is a
sign of a functional and responsive adaptive immune response
against SARS-CoV-2 infection (33). As TCM cells express lymph
node homingmarkers, they progressively accumulate in secondary
lymphoid organs, where they reside, rather the in peripheral blood
(33–35). TCM differentiate into TEM, which typically reside in
peripheral tissues and patrol the bloodstream, where they display
pro-inflammatory effector functions. In this way, TEM cells ensure
a strong enhanced recall-response thanks to their increased
numbers, higher activation status, reduced stimulatory
requirements, more rapid induction of effector functions (35).
Further, TEMRA express senescence and exhaustion markers, and
display a decreased proliferative capacity, revealing their terminal
stage of differentiation from TEM (35–37). Indeed, an increased
level of exhaustion markers on T cells is a characteristic trait of
SARS-CoV-2 infected patients, even in those displaying mild
severity of disease (38–40).

Previously, we assessed the inflammatory response triggered
by SARS-CoV-2 infection in pregnant women both at the
systemic and placental level, and in their fetuses at the
systemic level (41). An intense pro-inflammatory status was
A B

C

FIGURE 2 | Flow cytometric analyses of memory subsets at T0, T2, T4 and T24 upon SARS-CoV-2 specific in-vitro stimulation of PBMCs. Percentages of naïve,
central memory (TCM), effector memory (TEM) and effector memory re-expressing CD45RA (TEMRA) T helper CD4+ and T cytotoxic CD8+ are depicted in (A, B),
respectively. Mixed-effects model (REML) analysis showed a statistical significance of p=0.006 for the time effect on CD4+ cells, and p=0.058 for CD8+. Statistical
significance obtained by multiple t Test analyses is reported in (C). p≤0.05 values are highlighted in bold.
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detected in maternal and umbilical cord blood in mothers and
fetuses. Such inflammatory status was clearly recognizable not
only in severe, but even more concerning, also in mild COVID-
19 case. A picture of an intense and exaggerated inflammation
has been described as being characteristic of severe COVID-19
infection (42) and is clearly detectable in pregnant women
during the peri-partum period and soon thereafter (41, 43),
fading away after partum and during convalescence. Our results
showing that inflammation is greatly diminished within two
weeks after delivery confirm previously published observations.
Data herein also extend such observations by showing that the
inflammatory condition triggered by SARS-CoV-2-specfic
stimulation is completely resolved by month six after delivery
(44). Although there is no observational study to assess the long-
term impact of SARS-CoV-2 infection and the related
inflammatory profile during pregnancy on the offspring, strong
evidences have been gathered on different viral infections and
inflammatory diseases (45–51). Both infections and
inflammation during pregnancy may result in direct injury to
neurons and neural progenitor cells or indirect injury through
Frontiers in Immunology | www.frontiersin.org 7
activation of microglia and astrocytes, which in turn can trigger
cytokine production and oxidative stress. Exposure to infectious
or inflammatory agents may perturb neurotransmitter signaling
in the developing brain. Detection of such subtle injuries to the
fetal brain is difficult, but an increasingly body of evidence links
infectious and/or inflammatory events during pregnancy to
neuropsychiatric consequences for the child later in life (45–
51). SARS-CoV-2-related long-term consequences will need to
be scrupulously assessed in the coming years.

Pregnancy represents a peculiar immunological scenario: the
mother’s immune system has to balance tolerance towards the
fetus with the maintenance of protective responses against
invading pathogens (3). The achievement of such balance results
in the induction of a ‘window of vulnerability’, that pathogens are
more likely to breach (52, 53). This newfound equilibrium has also
been shown to hamper the ability to establish an effective long-
lived immunological memory towards pathogens encountered in
pregnancy (14, 15, 53–57), thus exposing women to an increased
risk of reinfection. Such considerations may seriously question the
long-term efficacy of the vaccinal campaign for pathogens
A B

FIGURE 3 | mRNA expression of 74 genes involved in the inflammatory response at T0, T2, T4 and T24 upon SARS-CoV-2 specific in-vitro stimulation of PBMCs
(A). Gene expression (nfold) is shown as a Colour scale from light to dark blue. Only the most relevant targets are shown in the table. Statistical significance obtained
by multiple t Test analyses is reported in (B). p≤0.05 values are highlighted in bold.
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encountered during pregnancy. Data herein show that pregnancy
does not hamper the establishment of an articulate anti-SARS-
CoV-2 immunological memory and indicate that virus-specific
immune system alterations are quickly reversed upon
virus clearance.

Anti-SARS-CoV-2 vaccinal campaigns are being launched all
over the world with the shared aim for generating a protective
specific immunological memory (58). Although there is not a
clear consensus yet about the reciprocal contribution and relative
importance of neutralizing antibodies (nAb) versus T cell
memory, surely both are involved (59). The presence of nAb is
enough to completely abrogate viral infectivity per se (27).
Typically, moderate-to-severe patients develop a high titer of
specific antibodies, but it does not correlate with SARS-CoV-2
viral load nor it is predictive of the outcome of the disease (28,
30). Moreover, asymptomatic or pauci-symptomatic patients
might not develop specific antibodies not nAb at all, indicating
the importance of other mechanisms of immune control,
probably T cell-based (59, 60). On the other hand, moderate-
to-severe patients consistently develop a robust CD4+ T cell-
based response (38, 61). Although too early to assess, some
evidences suggest that T cell memory might endure longer than
antibody-based immune response in COVID-19 recovered
patients (62, 63). Together with the B lymphocytes adaptive
immune response (i.e. antibody), the T cell-mediated immunity
is proven to be fundamental for an effective resolution of SARS-
CoV-2 infection, as often observed in convalescent patients (38,
64–68). Moreover, the mechanisms driving the inauspicious
cytokine storm are not fully elucidated so far, especially in the
pregnant population. Such syndrome has been described in a
number of virus-related severe acute respiratory syndromes, such
Frontiers in Immunology | www.frontiersin.org 8
as MERS, SARS-CoV or seasonal influenza (H5N1 and H1N1)
(69). However, in pregnant patients, there are only few data
available, and it is absolutely necessary to shed light on a
broader picture.

Notably, neither SARS-CoV-2 negative pregnant women nor
SARS-CoV-2 positive non-pregnant women were considered
appropriate for comparison, and therefore not included in the
study design. Our speculations are based on the analyses
performed upon SARS-CoV-2 in vitro stimulation, and
therefore target the antigen-specific immunological response
only, and based on the comparison with the state-of-the-art
knowledge. These limitations notwithstanding, results herein
furnish a novel contribution to a better understanding of
SARS-COV-2-specific immunity in women in the particular
setting of pregnancy and help in the clarification of SARS-
CoV-2 gender issues.
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63. Odak I, Barros-Martins J, Bosňjak B, Stahl K, David S, Wiesner O, et al.
Reappearance of Effector T Cells Is Associated With Recovery From COVID-
19. EBioMedicine (2020) 57:102885. doi: 10.1016/j.ebiom.2020.102885

64. Zuo J, Dowell AC, Pearce H, Verma K, Long HM, Begum J, et al. Robust
SARS-CoV-2-Specific T Cell Immunity Is Maintained at 6 Months Following
Primary Infection. Nat Immunol (2021) 22:620–6. doi: 10.1038/s41590-021-
00902-8

65. Le Bert N, Tan AT, Kunasegaran K, Tham CYL, Hafezi M, Chia A, et al.
SARS-CoV-2-Specific T Cell Immunity in Cases of COVID-19 and SARS, and
Uninfected Controls. Nature (2020) 584:457–62. doi: 10.1038/s41586-020-
2550-z

66. de Candia P, Prattichizzo F, Garavelli S, Matarese G. T Cells: Warriors of
SARS-CoV-2 Infection. Trends Immunol (2021) 42:18–30. doi: 10.1016/
j.it.2020.11.002

67. Cimen Bozkus C. Long-Lasting SARS-CoV-2-Specific T Cell Memories. Nat
Rev Immunol (2020) 20:593–3. doi: 10.1038/s41577-020-00441-7

68. Schulien I, Kemming J, Oberhardt V, Wild K, Seidel LM, Killmer S, et al. Ex
Vivo Detection of SARS-CoV-2-Specific CD8+ T Cells: Rapid Induction,
Prolonged Contraction, and Formation of Functional Memory. bioRxiv
(2020) 27:78–85. doi: 10.1101/2020.08.13.249433

69. Ghi T, di Pasquo E, Mekinian A, Calza L, Frusca T. Sars-CoV-2 in Pregnancy:
Why Is It Better Than Expected? Eur J Obstet Gynecol Reprod Biol (2020)
252:476–8. doi: 10.1016/j.ejogrb.2020.07.025

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Fenizia, Cetin, Mileto, Vanetti, Saulle, Di Giminiani, Saresella,
Parisi, Trabattoni, Clerici, Biasin and Savasi. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original author(s)
and the copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
February 2022 | Volume 13 | Article 827889

https://doi.org/10.1182/blood-2002-11-3577
https://doi.org/10.1182/blood-2002-11-3577
https://doi.org/10.1038/s41467-017-01728-5
https://doi.org/10.1038/s41467-017-01728-5
https://doi.org/10.1038/s41467-020-17292-4
https://doi.org/10.1038/s41423-020-0402-2
https://doi.org/10.1038/s41423-020-0401-3
https://doi.org/10.1038/s41467-020-18933-4
https://doi.org/10.1038/s41577-020-0311-8
https://doi.org/10.1016/j.ajog.2021.03.028
https://doi.org/10.1038/nrneurol.2014.187
https://doi.org/10.1176/appi.ajp.2013.13070943
https://doi.org/10.1176/appi.ajp.2013.13070943
https://doi.org/10.1159/000477221
https://doi.org/10.1016/j.ajog.2019.06.013
https://doi.org/10.1038/s41390-019-0582-6
https://doi.org/10.1038/s41390-019-0582-6
https://doi.org/10.4049/jimmunol.1900888
https://doi.org/10.3389/fimmu.2020.531543
https://doi.org/10.1016/j.molmed.2018.06.008
https://doi.org/10.1038/nri3819
https://doi.org/10.1016/j.celrep.2020.107784
https://doi.org/10.1016/j.celrep.2020.107784
https://doi.org/10.1126/sciimmunol.aan2946
https://doi.org/10.1172/jci.insight.134838
https://doi.org/10.1172/jci.insight.134838
https://doi.org/10.1186/s12884-016-0927-7
https://doi.org/10.3389/fimmu.2017.01138
https://doi.org/10.1001/jama.2021.3199
https://doi.org/10.3389/fmed.2020.592629
https://doi.org/10.3389/fmed.2020.592629
https://doi.org/10.1038/s41591-020-0965-6
https://doi.org/10.1126/sciimmunol.abd2071
https://doi.org/10.1016/j.cell.2020.09.013
https://doi.org/10.1016/j.ebiom.2020.102885
https://doi.org/10.1038/s41590-021-00902-8
https://doi.org/10.1038/s41590-021-00902-8
https://doi.org/10.1038/s41586-020-2550-z
https://doi.org/10.1038/s41586-020-2550-z
https://doi.org/10.1016/j.it.2020.11.002
https://doi.org/10.1016/j.it.2020.11.002
https://doi.org/10.1038/s41577-020-00441-7
https://doi.org/10.1101/2020.08.13.249433
https://doi.org/10.1016/j.ejogrb.2020.07.025
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Pregnant Women Develop a Specific Immunological Long-Lived Memory Against SARS-COV-2
	Introduction
	Methods
	Study Population
	Specimen Collection
	Antibody Detection
	Neutralization Assay
	Cell Culture
	Flow Cytometry
	Expression Analyses of the Inflammatory Response
	Statistics

	Results
	Population
	Specific Anti-SARS-CoV-2 Antibody and Neutralization Titer
	SARS-CoV-2 Na&iuml;ve and Memory T-Cell Characterization
	Inflammatory Response

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


