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The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic

imposed a risk of infection and disease in pregnant women and neonates.

Successful pregnancy requires a fine-tuned regulation of the maternal immune

system to accommodate the growing fetus and to protect the mother from

infection. Galectins, a family of b-galactoside–binding proteins, modulate

immune and inflammatory processes and have been recognized as critical

factors in reproductive orchestration, including maternal immune adaptation in

pregnancy. Pregnancy-specific glycoprotein 1 (PSG1) is a recently identified gal-1

ligand at thematernal–fetal interface, which may facilitate a successful pregnancy.

Several studies suggest that galectins are involved in the immune response in

SARS-CoV-2–infected patients. However, the galectins and PSG1 signature upon

SARS-CoV-2 infection and vaccination during pregnancy remain unclear. In the

present study, we examined the maternal circulating levels of galectins (gal-1, gal-

3, gal-7, and gal-9) and PSG1 in pregnant women infected with SARS-CoV-2

before vaccination or uninfected women who were vaccinated against SARS-

CoV-2 and correlated their expression with different pregnancy parameters. SARS-

CoV-2 infection or vaccination during pregnancy provoked an increase in

maternal gal-1 circulating levels. On the other hand, levels of PSG1 were only

augmented upon SARS-CoV-2 infection. A healthy pregnancy is associated with a

positive correlation between gal-1 concentrations and gal-3 or gal-9; however, no

correlation was observed between these lectins during SARS-CoV-2 infection.

Transcriptome analysis of the placenta showed that gal-1, gal-3, and several PSG

and glycoenzymes responsible for the synthesis of gal-1-binding glycotopes (such

as linkage-specific N-acetyl-glucosaminyltransferases (MGATs)) are upregulated in

pregnant women infected with SARS-CoV-2. Collectively, our findings identify a
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dynamically regulated “galectin-specific signature” that accompanies the SARS-

CoV-2 infection and vaccination in pregnancy, and they highlight a potentially

significant role for gal-1 as a key pregnancy protective alarmin during

virus infection.

KEYWORDS

galectin-1, galectin-3, galectin-9, galectin-7, PSG1, SARS-CoV-2, COVID-19

1 Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-

2) infection poses a particular risk to pregnant women and their

neonates, in which pregnant women have higher rates of severe

coronavirus disease 2019 (COVID-19) disease than non-pregnant

adults (1). Pregnant women experience immunologic and

physiologic changes, such as swelling of the respiratory tract and

restricted lung expansion, that make them less tolerant to viral

respiratory infections, especially in the last trimester (2, 3).

Maternal SARS-CoV-2 infection affects pregnancy outcomes, with

increased incidence rates of intensive care admission, invasive

ventilation, maternal death, iatrogenic preterm birth, and

stillbirth (4–12). Furthermore, comorbidities such as obesity,

diabetes, heart disease, advanced maternal age, or a lack of

vaccination increase the risk of severe COVID-19 symptoms (3,

11). A recent study revealed no association between the gestational

age at infection and COVID-19 morbidity and mortality, suggesting

that a previously reported increase in morbidity and mortality in the

third trimester may be attributable to other gestational age–affected

variables for which adjustment was made in this study (4, 13).

Therefore, there is a continuing challenge for clinicians to manage

the SARS-CoV-2 infection during pregnancy (1, 9). In this regard,

SARS-CoV-2 vaccines have shown efficacy in preventing

symptomatic maternal illness and are considered safe for both the

mother and infant (8, 9, 14–16). SARS-CoV-2 antibodies have been

documented in umbilical cord blood and breast milk after maternal

vaccination, suggesting protection for the fetus (9, 14, 17–23). On

the basis of the growing evidence that supports the safety and

efficacy of COVID-19 vaccination in pregnancy (8, 9, 15–25), most

countries recommend full COVID-19 vaccination, regardless of

pregnancy trimester.

Galectins are a family of endogenous carbohydrate-binding

proteins characterized by a unique sequence motif in their

carbohydrate recognition domain (CRD), with the ability to bind

b-galactosidase residues (6, 26–28). Galectins are classified into

three major types: prototype, which contain one CRD and form

homodimers (e.g., gal-1 and gal-7); chimera containing a C-

terminal CRD and a proline- and glycine-rich N terminal tail that

mediate their oligomerization (gal-3); and tandem repeats that have

two different CRDs in tandem connected by a linker of up to 70

amino acids (e.g., gal-9). Galectins contribute to healthy gestation

by modulating multiple immune and inflammatory processes (6).

In normal pregnancy, circulating maternal gal-1 levels increase

from the first trimester, peaking during the second trimester, and

remain similar until term (28). Being less abundant, upregulation of

gal-3, gal-7, and gal-9 levels in maternal circulation occurs mainly

in the second trimester (26, 27). In the extracellular compartment,

galectins bind to the glycans decorating glycoproteins. One

identified gal-1 ligand at the maternal–fetal interface is

pregnancy-specific glycoprotein 1 (PSG1); glycans in the N- and

A2 domains of PSG1 mediate the interaction between these two

molecules (29). PSGs belong to the carcinoembryonic antigen

family within the immunoglobulin (Ig) superfamily and are

secreted to the maternal circulation by trophoblast cells (30, 31).

PSG1 is one of 10 PSGs and is considered one of the most abundant

trophoblastic proteins in maternal circulation during the third

trimester of pregnancy (31). PSG1 interacts with soluble and

membrane-bound ligands and participates in processes required

for successful pregnancy (29). Functional studies with recombinant

PSG1 showed that this protein has pro-angiogenic activity; inhibits

the interaction of fibrinogen with platelets; and regulates

extravillous trophoblast adhesion, migration, and invasion (32–

34). In addition, PSG1 activates the latent form of the anti-

inflammatory cytokines Transforming growth factor b (TGF-b1)
and (TGF-b2) by binding to the respective latent associated

peptides contributing to the establishment of maternal immune

tolerance (30, 35, 36). Dynamic changes in PSG1 maternal

circulation levels during virus infection remain unexplored.

A growing body of clinical data suggests that the cytokine

release syndrome is one of the main reasons for the high

mortality observed in COVID-19 patients (37). Changes in the

cytokine profile of pregnant women correlate with the clinical

severity of patients with COVID-19 (10, 38). Recent studies

revealed that circulating gal-1, gal-3, and gal-9 levels are increased

in non-pregnant patients with COVID-19 (39–43). Levels of gal-3

and gal-9 were reported to be upregulated only in patients with

severe disease (40, 41), raising the possibility that circulating gal-3

or gal-9 can be valuable biomarkers for severe pneumonia in

patients with COVID-19 (44, 45). Interestingly, exogenous gal-9

administration during acute SARS-CoV-2 infection has been

reported to increase the survival rate inducing a robust innate

and adaptive immune response in mice (46). More recently, an

inhaled gal-3 inhibitor has been tested as a potential therapy for

COVID-19 pneumonitis (47). However, despite considerable

progress in dissecting the functions of individual members of the
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galectin family, there is no comprehensive study of the galectin

signature in the maternal circulation and placenta following SARS-

CoV-2 infection and vaccination during pregnancy.

Therefore, we aimed to determine the galectin fingerprint in the

maternal and placental compartment during COVID-19 disease

and SARS-CoV-2 vaccination in pregnancy. Our findings indicate

that gal-1 is uniquely upregulated at the maternal circulation during

SARS-CoV-2 infection and following vaccination. These results

underscore the importance of gal-1 as a key pregnancy protective

alarmin during SARS-CoV-2 infection. In addition, we observed

that the concentration of PSG1, a gal-1 ligand, was increased

following infection, providing the first indication of potential

regulation of this trophoblast-derived protein in response to

insults to maternal health.

2 Material and methods

2.1 Participants and data collection: human
subjects for the study of SARS-CoV-2
infection and vaccination during pregnancy

For the current study, we used two pregnancy cohorts

as follows.

2.1.1 PRINCE cohort
The PRINCE study is a longitudinal prospective cohort of

pregnant women and their children located at the University

Medical Center Hamburg-Eppendorf. This cohort aims to identify

prenatal factors influencing maternal and children’s future immune

development and health. Women were included if they were at least

18 years old, were not expecting twins, and were between 12th and

14th ± 6 weeks of pregnancy with regular checking up by a

specialized obstetrician. They were excluded if the pregnancy was

conceived medically assisted, an autoimmune disorder was

diagnosed, or fetal pathologies were observed. The PRINCE

COVID cohort was established in March 2020 and recruited

pregnant women infected with SARS-CoV-2 at any point during

pregnancy. The third cohort, PRINCE VACCINE, included SARS-

CoV-2–negative women vaccinated twice within an interval of 6

weeks with 30 mg of BNT162b2 messenger RNA COVID-19 vaccine

during pregnancy. All study subjects signed informed consent

forms, and the ethics committee of the Hamburg Chamber of

Physicians (Ärztekammer Hamburg) approved the study protocol

under the registration numbers PV3694 (PRINCE), PV 7312-4710

(PRINCE COVID), and 2021-10647-BO-ff (PRINCE VACCINE).

2.1.2 Yale IMPACT cohort
In the Yale study, women who were in labor at Yale New Haven

Hospital from 27 March 2020 to 1 June 2020 and tested positive for

SARS-CoV-2 by nasopharyngeal (NP) swab Quantitative reverse

transcription polymerase chain reaction (RT-qPCR) were recruited

to the Yale IMPACT study. These participants provided informed

consent for research studies of donated placental tissue and blood. The

placenta and blood of the control group were selected from SARS-

CoV-2–uninfected women (as determined by negative RT-qPCR

testing of NP swab) at Yale New Haven Hospital with matching

maternal age, gestational age, and maternal comorbidities to the

COVID-19 placental cases, recruited during the same months as the

SARS-CoV-2–infected participants. They also provided informed

consent to serve as uninfected controls for transcriptomic studies.

The study was approved by the Yale Institutional Review Board

(protocol #2000027690).

2.2 Determination of circulating galectins
and PSG1 levels

For both PRINCE and Yale IMPACT studies, blood was

collected in serum separator tubes, and serum was aliquoted and

stored immediately at −80°C for further analysis. Human galectins

and PSG1 levels were measured in the serum by enzyme-linked

immunosorbent assay (ELISA) as previously described (26, 28).

Briefly, Corning® 96-Well High-Binding (Fisher Scientific) was

coated overnight with either polyclonal anti-human gal-1, gal-3,

gal-7, gal-9, or anti-PSG1 antibodies (500-P210; PeproTech, AF

1154, 842118, AF 2045, and DY6799-05; R&D Systems, USA,

respectively) and washed with washing buffer. Plates were blocked

with 1%–2% Bovine serum albumin (BSA) in Phosphate-buffered

saline (PBS). Individual wells were incubated with serial dilutions of

galectins or PSG1 standards or serum samples for 1–2 h at room

temperature (RT). Wells were washed and incubated with

biotinylated polyclonal anti-human galectins or PSG1 antibodies

(500-P210; PeproTech, AF 1154, 842118, AF 2045, and DY6799-05;

R&D Systems, USA, respectively). Plates were washed three to six

times and incubated with horseradish peroxidase–conjugated

streptavidin (189733; Calbiochem, USA). After three to eight

additional washes, a colorimetric reaction was developed with the

3,3,5,5′-tetramethyl benzidine. The reaction was stopped by adding

one volume of 4 N H2SO4, and absorbance at 450 nm was recorded.

2.3 RNA sequencing data analysis

Bulk RNA sequencing analysis was performed on placental

RNA sequencing data previously described (48). For the present

study, FASTQ files were normalized with Kallisto v0.46.188 using

the “-b 100 and -t 20” options to obtain transcript abundances in

transcript per million (TPM). Expression data for our selected genes

were downloaded, and differential expression analysis was

performed using the Welch’s t-test. Genes were considered

differentially expressed if P-value < 0.05 (Supplementary Table 1).

The fold change in gene expression was represented with Z-score

after being calculated from TPM values and visualized as a heatmap.

2.4 Statistical analyses

GraphPad PRISM version 9 and R Statistical Software were

utilized for statistical analysis. Correlations between the serum

galectin levels and the clinical parameters were conducted using
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Spearman’s correlation analysis. Statistical parameters, including

sample sizes and dispersion, are reported in the figures and their

legends. Statistical difference between two groups was determined

by an unpaired, two tailed t-test. One-way analysis of variance with

Bonferroni or Dunn’s multiple comparisons was used to compare

different groups. If data did not meet test prerequisites, equivalent

non-parametric tests were utilized. Data were considered to be

statistically significant if P ≤ 0.05.

3 Results

3.1 Clinical characteristics of patients in the
PRINCE COVID cohort

To explore the impact of SARS-CoV-2 infection or vaccination

in the maternal galectin profile, women from the PRINCE COVID

cohort were grouped as follows: pregnant women who were tested

positive for SARS-CoV-2 by NP swab qRT-PCR any time during

pregnancy, matched control pregnant women tested negative for

SARS-CoV-2 during the whole gestation, pregnant women who

received two doses of vaccination, and matched control vaccinated

non-pregnant women. Most of SARS-CoV-2 infections (75%, 15 of

20) were diagnosed during the second trimester of pregnancy, and

all these patients had a negative viral test (NP swab qRT-PCR) at the

time of delivery. Of the 30 patients, 24 (80%) received their first

vaccination dose in the second trimester. Maternal and neonatal

characteristics are summarized in Table 1. No severe COVID-19

disease (intensive care unit stay or administration of supplemental

oxygen required) was observed in the PRINCE COVID cohort. All

pregnancies included in the cohort resulted in live births, with no

complications related to SARS-CoV-2 infection or vaccination.

There were no significant differences among healthy pregnant

women, pregnant women with COVID-19, and pregnant women

who were vaccinated in terms of maternal age, body mass index

(BMI), gestational age, mode of delivery, neonatal outcomes,

or comorbidities.

3.2 Maternal circulating gal-1 levels
increase with SARS-CoV-2 infection or
vaccination in pregnant women

We first measured the circulating gal-1, gal-3, gal-7, and gal-9

levels of SARS-CoV-2–infected pregnant women, uninfected and

unvaccinated healthy pregnant women, pregnant women who were

vaccinated against SARS-CoV-2, and healthy vaccinated women

who were not pregnant in the PRINCE cohort. Our results showed

that circulating gal-1 levels were increased in pregnant women with

antecedent SARS-CoV-2 infection (P-value = 0.0185) and those

who were vaccinated against SARS-CoV-2 (P-value = 0.0054)

compared with control healthy unvaccinated pregnant patients

TABLE 1 Clinical characteristics of the PRINCE cohorts.

Pregnant healthy
controls
(n=20)

Pregnant COVID- 19
patients
(n=20)

Pregnant
vaccinated

women (n=30)

Non-pregnant
vaccinated

controls (n=30)

Age: mean (range) 33.6 (27-42) 31.6 (22-40) 34.0 (26-39) 32.3 (22-42)

BMI: mean (SD) 22.1 (1.81) 22.0 (2.36) 26.6 (4.75) 24.1 (4.93)

Gestational week:
median (range)

39 + 0
(37-41)

40 + 5
(38-41)

39 + 5
(38-42)

Mode of delivery (% CS) 10.0% 20.0% 22%

Sex of infant (% male) 60% 45.5% 50%

Gravidity: median (range) 1 (1-2) 2 (1-6) 1 (1-3)

Parity: median (range) 1 (0-2) 1 (0-4) 1 (0-3)

Neonatal Apgar, 5 min: 10 (7-10) 10 (9-10) 10 (9-10)

Infant body weight (g):
mean (SD)

3513.5 (427.9) 3525.2 (478.2) 3396.5 (287.2)

Comorbidities

Hypertension 0 0 0 3.4%

Preeclampsia 0 5% 0 0

Diabetes 0 0 0 0

COVID-19 features

COVID-19 symptoms at time of delivery (%) 75%

severe COVID-19 0

BMI, body mass index previously pregnancy in pregnant healthy controls and pregnant COVID-19 patients and at the time of the sample collection in pregnant vaccinated patients; CS, cesarean section.
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(Figure 1A). We further observed that vaccinated women displayed

higher levels of circulating gal-1 (P-value = 0.0313) if they were

pregnant (Figure 1A), whereas they had similar levels of gal-3 in all

the compared groups (Figure 1B). In addition, no differences were

observed in the circulating levels of gal-7 and gal-9 between healthy

pregnant women and the SARS-CoV-2 previously infected

pregnant women (Figures 1C, D). Increased gal-9 levels in

circulation were noticed in vaccinated pregnant women compared

with the ones who were not vaccinated (P-value = 0.0243,

Figure 1D). Furthermore, pregnant vaccinated women presented

higher serum levels of gal-7 (P-value < 0.0001) and lower

concentrations of gal-9 (P-value = 0.0015) compared with non-

pregnant vaccinated group (Figures 1C, D).

3.3 Yale IMPACT cohort studies

We next sought to assess the galectins/PSG1 signature in acute

SARS-CoV-2 infection during pregnancy. Table 2 describes the

clinical features of the Yale IMPACT cohort, which were previously

described (48). In addition, SARS-CoV-2–uninfected women (as

determined by negative RT-qPCR testing of NP swab) were

recruited as control. Among SARS-CoV-2–infected women,

45.5% (5 of 11) had symptomatic COVID-19, and two cases of

severe COVID-19 disease required supplemental oxygen

administration. All pregnancies resulted in live births, with a

median Apgar score of 9 (range, 4–9). No significant differences

existed between cases and matched controls for maternal age,

gestational age, demographics, and neonatal outcomes. However,

the groups differed in rates of gestational hypertension (45.5% in

infected versus 0% in uninfected), preeclampsia (36.4% versus 0%),

and diabetes (18.2% versus 0%).

In the Yale IMPACT cohort, we analyzed the circulating levels

of gal-1, gal-3, and gal-9 in SARS-CoV-2–infected pregnant women

and healthy pregnant controls. We found significantly higher levels

of gal-1 in the serum of patients with COVID-19 compared with

healthy pregnant controls (P-value = 0.0156, Figure 1E). However,

no significant differences were observed in the circulating levels of

gal-3 and gal-9 among both groups (Figures 1F, G).

3.4 Correlation of maternal gal-1, gal-3,
and gal-9 levels is altered following
SARS-CoV-2 infection

We performed correlation analysis to explore the dynamics of

galectin levels at the maternal circulation. During a healthy

pregnancy, we found a significant positive correlation between

gal-1 and gal-3 [P-value = 0.0331, Spearman correlation

coefficient (r) = 0.478; Figure 2A] and between gal-1 and gal-9

(P-value = 0.0083, r = 0.571; Figure 2B). SARS-CoV-2 infection

resulted in the loss of the observed correlation of gal-1 with both

gal-3 and gal-9 (Figures 2A, B). On the other hand, vaccination only

compromised the correlation between gal-1 and gal-9 (Figure 2B),

whereas the correlation between gal-1 and gal-3 was maintained (P-

value = 0.0433, r = 0.468; Figure 2A). No significant correlation was

found between gal-1 and gal-7 in any of the analyzed groups

(Figure 2C). Our results also demonstrated that gal-3 was

positively associated with the levels of gal-9 in healthy pregnant

women (P-value = 0.0103, r = 0.562; Figure 2D) and that this

correlation was still present in the SARS-CoV-2–infected (P-value =

0.0010, r = 0.666; Figure 2D) and the SARS-CoV-2 vaccinated

individuals (P-value = 0.0013, r = 0.704; Figure 2D).

Further correlation studies between galectins and clinical

features in the PRINCE cohort were performed by analyzing

general clinical parameters, including BMI, age, parity, gestational

week of delivery, and the birth weight and height of the neonate. In

addition, for each experimental group, we considered the time of

infection (gestational week and trimester) and the gestational week

in which women received the first and second doses of vaccination.

Our results showed that the BMI of the patients was positively

associated with gal-1 levels in maternal circulation (P < 0.0001, r =

0.439; Table 3) and gal-3 levels (P = 0.0241, r = 0.240; Table 3), and

the age of the patients inversely correlated with gal-9 levels (P =

0.0141, r = −0.267; Table 3). In addition, when we analyzed the

correlation between galectins and clinical parameters in the Yale

A B

D

E F G

C

FIGURE 1

Galectins dynamics upon SARS-Cov-2 infection or vaccination
during pregnancy. Maternal circulating levels of gal-1 (A), gal-3 (B),
gal-7 (C), and gal-9 (D) in the PRINCE cohort analyzed by ELISA in
healthy pregnant women (pregnantcontrol, n = 20), pregnant women
infected by SARS-CoV-2 (pregnantSARS-CoV-2, n = 20), pregnant
women vaccinated against SARS-CoV-2 (pregnantBNT162b2, n = 30),
and non-pregnant vaccinated women (non-pregnantBNT162b2,
n = 30). Circulating levels of gal-1 (E), gal-3 (F), and gal-9 (G) in the
Yale IMPACT cohort analyzed by ELISA in healthy pregnant women
(pregnantcontrol, n = 5) or pregnant women infected by SARS-CoV-2
(pregnantSARS-CoV-2, n = 11). *P < 0.05, **P < 0.01, and ****P <
0.0001 as analyzed by Kruskal–Wallis test or Welch’s t-test. In all
figures, circulating levels of galectins and PSG1 were determined in
triplicate for each serum sample.
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IMPACT cohort, our results showed that gal-1 was negatively

associated with the parity of the pregnant women (P = 0.0029, r
= −0.844; Table 4).

3.5 COVID-19 infection during
pregnancy influences the PSG1 levels
in maternal circulation

Because PSG1 is one of the most abundant trophoblastic

proteins in maternal serum in the third trimester and binds gal-1

(29), we further examined the PSG1 levels in maternal circulation.

Our results in the PRINCE cohort showed that pregnant women

infected with SARS-CoV-2 displayed increased levels of PSG1

compared with non-infected pregnant women. A non-significant

increase was observed in the vaccinated pregnant women

(Figure 3A). However, we did not find any correlation between

PSG1 and gal-1 (Figures 3C–E). The measurement of PSG1 levels in

the Yale IMPACT cohort demonstrated similar circulating levels of

PSG1 between control pregnant women and pregnant women with

SARS-CoV-2 infection (Figure 3B).

3.6 Transcriptional placental changes
of galectins, PSGs, and glycosylation
pathways during maternal
SARS-CoV-2 infection

To further explore the impact of SARS-CoV-2 infection on the

placenta compartment, we analyzed RNA sequencing data

(GSE171995) of placental villi from the Yale IMPACT cohort. The

transcriptomic placental analysis of galectins and PSGs in pregnant

women with SARS-CoV-2 infection and matched healthy controls

indicated that, consistent with the serum protein measurements, the

expression of gal-1 (LGALS1, P = 0.0077) and gal-3 genes (LGALS3, P

= 0.0152) were increased in the placentas of pregnant women with

SARS-CoV-2 infection compared with controls (Figure 4A). Moreover,

several PSG genes were differentially expressed in the placentas:

increased expression of PSG1 (P = 0.0410), PSG3 (P = 0.0456), PSG5

(P = 0.0259), PSG6 (P = 0.0482), PSG8 (P = 0.0355), PSG9 (P = 0.0209),

and PSG11 (P = 0.0462) were found in the SARS-CoV-2–infected

individuals compared with controls (Figure 4A).

Extracellular biological functions of galectins rely on their capacity

to bind specific glycans present in proteins on the cell membrane and

in the extracellular matrix. Indeed, gal-1 can recognize N- or O-linked

glycans containing multiple LacNAc units, which are generated by the

enzymes N-acetylglucosaminyltransferases (MGAT genes) or b1,6-N-
acetylglucosaminyltransferases (GCNT genes), respectively

(Figures 4B–D) (6, 49, 50). Poly-LacNAc is also reported as a

preferred ligand for gal-3 (51); meanwhile, gal-9 is considered to

preferentially bind to internal LacNAc residues of a poly-LacNAc

chain (52). We performed differential gene expression analysis to

compare the transcriptomic profile of 84 glycoenzymes and

generated a hierarchical clustering scheme. A total of 18

glycoenzymes were differentially expressed. Among them, eight are

involved in the synthesis and modification of N-linked glycans

(Figure 4C), five in the synthesis and processing of O-linked glycans

(Figures 4D–E), and five in terminal extensions of sialylation and its

degradation (Figures 4F, G). Overall our results showed upregulated

expression of glycoenzymes in the placentas of SARS-CoV-2–infected

TABLE 2 Clinical characteristics of the Yale IMPACT cohort.

Pregnant healthy controls (n=5) Pregnant COVID-19 patients (n=11)

Age: mean (range) 34.4 (30-42) 30.1 (20-40)

Gestational week: median (range) 39 + 2 (39-40) 39 + 5 (37-41)

Mode of delivery (% CS) 100% 45.5%

Sex of infant (% male) 60% 64%

Gravidity: median (range) 3 (1-4) 2 (1-4)

Parity: median (range) 1 (0-3) 1 (0-2)

Neonatal Apgar, 1 min: median (range) 9 (4-9) 9 (7-9)

Comorbidities

Hypertension 0 45.5%

Preeclampsia 0 36.4%

Diabetes 0 18.2%

COVID-19 features

COVID-19 symptoms at time of
delivery (%)

45.5%

severe COVID-19 18.2%

SARS-CoV-2 PCR testing of NP swab CT value: median (range) 32.3 (17.1-32.5)

CS, cesarean section; CT, cycle threshold.
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individuals compared with healthy controls, which included the

enzymes that take part in the initiation (MAN1A2, P = 0.0011),

branched complex (MGAT1, P = 0.0131; MGAT2, P = 0.0142;

MGAT4B, P = 0.0260; MGAT5, P = 0.0143; MAN2B1, P = 0.0226),

and elongation (B4GALT1, P = 0.0013; B4GALT3, P = 0.0004) of N-

linked glycans (Figure 4C). We also observed an upregulation of the

expression of glycoenzymes that take part in the initiation (GALNT1, P

= 0.0015; GALNT2, P = 0.0172; GALNT7, P = 0.0023) and core

modification (B4GALT5, P = 0.0302; C1GALTC1, P = 0.0171) of O-

linked glycans (Figure 4E) and enzymes linked to terminal extensions

of sialylation and degradation including ST3GAL1 (P = 0.0034),

MAN2B1 (P = 0.0226), EDEM1 (P = 0.0062), EDEM2 (P = 0.0331),

and HEXA (P = 0.0349) (Figures 4F, G). These results suggest an

enrichment of N-glycan– and O-glycan–associated enzymes

compatible with the gal-1 binding in SARS-CoV-2–infected placentas.

4 Discussion

SARS-CoV-2 infection leads to a higher risk of severe disease in

pregnant than in non-pregnant women. Considering that women of

reproductive age make up more than 20% of the global population,

studying the effects of SARS-CoV-2 infection and vaccination in this

population is of great importance. We measured the concentration of

A

B

D

C

FIGURE 2

SARS-CoV-2 infection or vaccination altered the maternal circulating levels. Correlations in PRINCE cohort between serum values of gal-1 and gal-3
(A), gal-1 and gal-9 (B), gal-1 and gal-7 (C), or gal-3 and gal-9 (D). Pregnantcontrol, healthy pregnant women (n = 20); pregnantSARS-CoV-2, pregnant
women infected by SARS-CoV-2 (n = 20); pregnantBNT162b2, pregnant women vaccinated against SARS-CoV-2 (n = 30); non-pregnantBNT162b2, non-
pregnant vaccinated women (n = 30). The Spearman correlation coefficient (r) is shown. P < 0.05 was considered statistically significant (green) and
P > 0.05 not significant (gray) as analyzed with the Spearman statistical test.
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several galectins and PSG1 in the circulation of pregnant women

infected with SARS-CoV-2 or vaccinated against SARS-CoV-2 and also

explored their placental expression (Figure 5). Our results

demonstrated a dominant role of gal-1 within the galectin signature

in pregnant women upon SARS-CoV-2 infection in both the PRINCE

and Yale IMPACT cohorts. Our findings align with previous reports in

non-pregnant individuals, indicating that SARS-CoV-2 infection

increased gal-1 levels (41, 42). Moreover, one study showed a

positive correlation between gal-1; levels of pro-inflammatory

cytokines such as Interleukin-1 beta (IL-1b), IL-6, and IL-23; and

COVID-19 severity, suggesting that gal-1 acts as an alarmin (42). In

non-pregnant patients, gal-3 and gal-9 were found to be increased and

correlated with COVID-19 severity (45, 53). However, we did not find

increased levels of gal-3 or gal-9 in pregnant women with SARS-CoV-2

infection. This difference in results may be explained, at least, in part, by

the fact that most of our cohort patients had mild or non-symptomatic

COVID-19 disease. Furthermore, our results showed positive

correlations between gal-1 and gal-3 or gal-9 levels only in healthy

pregnancies. This positive correlation was expected because successful

pregnancy is associated with a rise in maternal circulating levels of

these three galectins from the first to the third trimester (28, 54, 55).

The observation that only gal-1 was increased as a result of SARS-CoV-

2 infection is likely responsible for the observed loss of correlation with

the other two galectins in this group of patients.

The immune system plays a key role in mediating a successful

pregnancy because a fine balance is necessary to promote maternal

tolerance to the allogeneic fetus while protecting both the mother

and the fetus from pathogens (56, 57). Several studies demonstrated

that the maternal immune response tend to restrain inflammation

through regulatory and anti-inflammatory mediators (58, 59), and

galectins, especially gal-1, are involved in this process (6).

Moreover, gal-1 has been described not only as a damage-

associated molecular pattern molecule, amplifying the immune

response, but also as a member of a diverse group of mediators

collectively referred to as resolution-associated molecular pattern

molecules with the capacity to resolve an acute inflammation

process by counteracting the synthesis of pro-inflammatory

cytokines (60, 61). The cytokine storm in the systemic circulation

is responsible for the pathophysiology of SARS-CoV-2 infection

and can lead to multi-organ damage (7, 62). Both systemic and

inflammatory changes at the maternal–fetal interface were

previously described during SARS-CoV-2 infection in pregnancy

(48, 63). The analysis of bulk RNA sequencing of placental villi from

the Yale IMPACT cohort demonstrated that COVID-19 cases

presented increased expression of genes associated with an

immune response, indicating a robust response at the maternal–

fetal interface upon SARS-CoV-2 infection, even in the absence of

localized placental infection (48). Another study evaluated the

maternal systemic immune response, finding increased IL-8, IL-

10, and IL-15 levels as well as a reduction in T-cell subsets,

particularly of T helper cell 1 (Th1) and a subset of CD8+ cells

characterized by the production of IL-17 (Tc17)-like cells in

pregnant women infected with SARS-CoV-2 (63). Gal-1 controls

the fate of Th-1 and Th-17 cells through the glycan repertoire

expressed by these cells that allow gal-1 binding (64). Therefore, the

increase of gal-1 in maternal circulation during COVID-19 could be

associated with the observed systemic decrease in Th-1 and Tc17-

like cells. Gal-1 also induces apoptosis of activated CD8+ T cells

(65), which could explain the upregulation of gal-1 in SARS-CoV-2

infection. Thus, the increase of gal-1 observed in pregnant patients

with COVID-19 could be related to its anti-inflammatory activity

and its potential participation in the control of inflammation and

tissue damage resulting from SARS-CoV-2 infection.

In our study, healthy pregnant women exposed to SARS-CoV-2

infection often exhibit simultaneously increased serum

concentrations of gal-1 and PSG1. We have previously

demonstrated that PSG1 binds to gal-1 and postulated that PSG1

protects gal-1 from inactivation by oxidation in the extracellular

TABLE 4 Yale cohort correlations between galectins and clinical parameters.

gal-1 (ng/ml) gal-3 (ng/ml) gal-9 (ng/ml)

P r P r P r

Age 0.136 -0.389 0.633 -0.129 0.279 -0.287

Gestational week 0.550 0.161 0.958 -0.015 0.715 -0.099

Parity 0.003 -0.844 0.749 -0.111 0.867 0.060

TABLE 3 PRINCE cohort correlations between galectins and clinical parameters.

gal-1 (ng/ml) gal-3 (ng/ml) gal-7 (ng/ml) gal-9 (ng/ml)

P r P r P r P r

BMI <0.001 0.439 0.024 0.240 0.599 0.068 0.600 -0.056

Age 0.203 -0.104 0.844 0.022 0.589 0.071 0.014 -0.267

Gestational week 0.753 -0.046 0.627 -0.072 0.058 -0.038 0.167 -0.200

Parity 0.123 -0.201 0.258 -0.150 0.356 0.154 0.817 0.030

BMI, body mass index.
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environment. Therefore, an increase in both PSG1 and gal-1 may

extend the gal-1 activity once it is released from cells into the

circulation (29). However, the correlation between these two

proteins disappeared in infected pregnant women, likely due to

the modest increase of PSG1 relative to gal-1. Unfortunately, we

were unable to determine whether the concentration of other PSG

family members, which can also interact with gal-1, is also increased

in the circulation of SARS-CoV-2–infected pregnant women as

suggested by the RNA sequencing data because specific validated

ELISAs are only available to measure the concentration of PSG1.

Future studies should be performed to determine the mechanism by

which syncytiotrophoblast cells, the major cell type that secretes

PSG1 into the maternal circulation, regulate PSG1 secretion

following maternal SARS-CoV-2 infection. In contrast, PSG1

post-vaccination levels remain unchanged, suggesting that

modulation of PSG1 secretion by the syncytiotrophoblast cells

requires maternal SARS-CoV-2 infection. In the future, it would

be interesting to determine whether an increase in PSG1

concentration is also observed following infection with other

viruses that do not infect the PSG1-producing cells and whether

this increase in PSG levels may contribute to the establishment of an

anti-inflammatory environment.

The extracellular activity of gal-1 relies on its capacity to bind

specific glycans. To further investigate the possible role of the gal-1

upregulation during the course of COVID-19, the expression of

enzymes involved in relevant N- and O-glycosylation was analyzed

in bulk placentas by RNA sequencing. Our results showed that

genes involved in the initiation, hybrid complex formation, and

elongation of N-glycans and in initiation and core modification of

O-glycans were upregulated in patients with COVID-19. Gal-1 and

gal-3 can bind b-1,6-GlcNAc–branched N-linked glycans on the

cell surface or in secreted glycoproteins, and several enzymes are

required for the biosynthesis of these glycotopes (51). Similar results

were found for the enzymes involved in O-glycans synthesis, as

initiation (GALNT1, GALNT2, and GALNT7) and core

modification (C1GALT1C1 and B4GALT5) enzymes were also

upregulated during SARS-CoV-2 infection. The addition of a2,6-
linked sialic acids to the termini of glycans by ST6GAL1 inhibits the

binding of gal-1 (6). However, our results demonstrated similar

expression of ST6GAL1 in SARS-CoV-2–infected and control

groups. More importantly, we observed an increase of ST3GAL1

expression signatures (responsible for the addition of a2,3-linked
sialic acid, which is compatible which gal-1 high-affinity binding)

within the placental compartment. These results suggest that both

the expression of gal-1 and of the enzymes in the placenta involved

in the N- and O-glycan modifications required for gal-1 to exert its

function are increased following SARS-CoV-2 infection.

We also explored the galectin fingerprint of healthy pregnant

women that were fully vaccinated. Several reports indicated that

COVID-19 vaccines are safe for pregnant women and can effectively

A B

D EC

FIGURE 3

Maternal circulation of PSG1 is only upregulated upon SARS-CoV-2 infection during pregnancy. PSG1. (A, B) Maternal circulating levels of PSG1 in
the PRINCE cohort (A) or the Yale IMPACT cohort (B). (C–E) Correlations between serum values of gal-1 and PSG1 in the PRINCE cohort.
Pregnantcontrol, healthy pregnant women; pregnantSARS-CoV-2, pregnant women infected by SARS-CoV-2; pregnantBNT162b2, pregnant women
vaccinated against SARS-CoV-2. *P < 0.05 as analyzed by Kruskal–Wallis test or the Welch’s t-test.
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FIGURE 5

Schematic diagram highlighting galectin and PSGs fingerprints in pregnancy upon SARS-CoV-2 infection and in women subjected to vaccination. In
maternal circulation, levels of gal-1 and PSG1 increased during COVID-19 disease in pregnancy. Vaccination with BNT162b2 caused an upregulation
of gal-1 circulating levels mimicking the viral infection. During SARS-CoV-2 infection, placental transcription regulation of gal-1 and gal-3 dominates
the galectin signature creating a protective microenvironment. In addition, upregulation of PSGs by the trophoblast cells contributes to immune
modulation during COVID-19 disease.
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FIGURE 4

Transcriptome analysis of placenta during acute SARS-CoV-2 infection. (A) Heatmap showing the scaled expression of galectins and PSG genes from
RNA sequencing data in the placenta of the Yale IMPACT cohort. Enzymes involved in the synthesis of N-glycans (B) and O-glycans (D), showing the
preferred ligand for gal-1. Heatmaps for the expression of the enzymes involved in the synthesis of N-glycans (C) and O-glycans (E), involved in
terminal extension (F) or glycan degradation (G). Control, healthy pregnant women; SARS-CoV-2, pregnant women infected by SARS-CoV-2. *P <
0.05, **P < 0.01, and ***P < 0.001 as analyzed with the Welch’s t-test.
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protect them from getting severe COVID-19 and prevent maternal and

fetal mortality (8, 66). Our results provide evidence that the status of

the maternal immune system during vaccination modulates the

galectin signature and could play a role for protection against

COVID-19 disease. For instance, a simultaneous increase of gal-1

and gal-7 accompanied by a decrease of gal-9 in post- vaccination sera

derived from pregnant individuals suggests a role of these lectins in the

establishment of a protective response against the SARS-CoV-2 virus.

Gal-1 is secreted by activated B cells, T cells, and macrophages, and

activated lymphocytes secrete gal-7 (67, 68). We hypothesize that the

increase of these two galectins in pregnant vaccinated patients could

play a role in the effective immune system activation by the COVID-19

vaccine that results in the generation of neutralizing antibodies and

virus-specific T-cell responses (69). Elevation of circulating levels of

gal-9 in chronic and acute SARS-CoV-2 infection has been reported in

non-pregnant individuals, and it was correlated with a severe disease

outcome (43). On the basis of our findings, we hypothesized that a lack

of increase in gal-9 levels during vaccination likely avoids a pro-

inflammatory response during pregnancy vaccination that could

result in detrimental effects at the maternal–fetal interface.

In conclusion, our study revealed a clear dominance of

gal-1 within the maternal galectin fingerprint during SARS-

CoV-2 infection and vaccination in pregnancy. One of the

pregnancy-specific gal-1 ligands, PSG1, was also upregulated

during the COVID-19 disease, suggesting a potential synergistic

immunomodulatory role of these proteins at the maternal–fetal

interface. Further work is needed to determine the functional

relevance of the galectin signature in maternal circulation during

the SARS-CoV-2 infection and vaccination in pregnancy.

Specifically, it would be important to understand the molecular

mechanism by which gal-1 may control the immune response to a

virus during pregnancy.
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26. Freitag N, Tirado-González I, Barrientos G, Cohen M, Daher S, Goldman-Wohl
D, et al. The chimera-type galectin-3 is a positive modulator of trophoblast functions
with dysregulated expression in gestational diabetes mellitus. Am J Reprod Immunol
(2020) 84(6):e13311. doi: 10.1111/aji.13311

27. Li YH, Zhou WH, Tao Y, Wang SC, Jiang YL, Zhang D, et al. The galectin-9/Tim-3
pathway is involved in the regulation of NK cell function at the maternal-fetal interface in
early pregnancy. Cell Mol Immunol (2016) 13(1):73–81. doi: 10.1038/cmi.2014.126

28. Tirado-Gonzalez I, Freitag N, Barrientos G, Shaikly V, Nagaeva O, Strand M,
et al. Galectin-1 influences trophoblast immune evasion and emerges as a predictive
factor for the outcome of pregnancy. Mol Hum Reprod (2013) 19(1):43–53. doi:
10.1093/molehr/gas043

29. Mendoza M, Lu D, Ballesteros A, Blois SM, Abernathy K, Feng C, et al. Glycan
characterization of pregnancy-specific glycoprotein 1 and its identification as a novel
galectin-1 ligand. Glycobiology (2020) 30(11):895–909. doi: 10.1093/glycob/cwaa034
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2 Summary    

 

2.1  Introduction 

 

2.1.1 Galectins 

Galectins (gal) are endogenous carbohydrate-binding proteins characterized by a unique 

sequence motif in their carbohydrate recognition domain (CRD), with the ability to bind soluble 

β-galactoside sugars. As of now, more than 13 family members have been identified in humans, 

displaying different intra- and extracellular localizations and biological functions [1-3]. 

 

2.1.1.1 Structures and functions of galectins 

Galectins are classified based on their molecular structure as prototype, chimera or tandem-

repeat type. The prototype contains one CRD per subunit and are biologically active as 

monomer [1, 4]. It comprises gal-1, gal-2, gal-5, gal-7, gal-10, gal-11, gal-13, gal-14 and gal-

15 [5]. The chimera type, represented by gal-3, consists of a C-terminal CRD connected to a N-

terminal and aggregates through its non-lectin domain as oligomer [1]. Finally, the tandem-

repeat type contains two distinct CRDs connected by a short linker peptide in a single 

polypeptide. The gal-4, gal−6, gal−8, gal−9, and gal−12 are members in the tandem-repeat 

group [4, 6] (Figure 1).  

Due to the absence of a classical secretory sequence, galectins are secreted and exported from 

cells by a non-classical secretion to the extracellular space where they bind to carbohydrate 

ligands on the cell surface or in the extracellular matrix [7, 8]. Following the synthesis in the 

cytoplasm, galectins can be translocated to the nucleus and participate in transcriptional 

regulation [1]. Galectins are presented in both intracellular and extracellular environments and 

exhibit a distinct combination of biological functions, including modulating cell growth, 

differentiation, and migration, as well as regulating cell adhesion, apoptosis, and immune 

responses [1-4, 6]. These functions either are regulated by the ability to engage in protein–

protein interactions or depend on the interaction of their CRDs with N-acetyllactosamine 

(LacNAc) residues common in many cell-surface and extracellular matrix glycoproteins. 

Reduced levels and impaired functions of galectins are frequently associated with various 

pathologies [1, 4].  
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Figure 1: Galectins classification and their functions during pregnancy adaptation. 

 

2.1.1.2 Galectins in pregnancy associated processes 

Over the past decades, galectins have been recognized as contributing factors in the reproductive 

orchestration, which includes embryonic implantation, placental development, as well as 

maternal immune and vascular adaptation [1-3, 6, 9-12] (Figure 1). A brief description of the 

most abundant galectins at the maternal-fetal interface are summarized below:  

 

Galectin-1 

The expression of gal-1 in the endometrium undergoes changes during both the menstrual cycle 

and pregnancy. These changes are regulated by ovarian steroids, including estrogens and 

progesterone. Specifically, endometrial gal-1 rapidly increases during the late secretory phase 

endometrium and reaches even higher levels in the decidua as gestation progresses [5, 13]. 

Galectin-1 has been detected in human embryos as early as day 5 of development and may start 
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to influence the trophoblast differentiation prior to implantation [3]. During the window of 

embryo implantation, gal-1 influences uterine epithelial preparation for receptivity, as well as 

blastocyst activation. This is achieved through its binding to mucin-1 via the Thomsen-

Friedenreich epitope, which is involved in the embryo-derived signals [14]. The maternal 

immune adaptation to pregnancy is a highly regulated process involving several galectins [1, 9, 

12]. As an anti-inflammatory factor, gal-1 mediates immune cell activation and inflammation at 

the feto-maternal interface in order to sustain a local inflammatory balance that favors 

pregnancy maintenance [15, 16]. This delicate balance is crucial in safeguarding the developing 

fetus from harm while still allowing the mother to be protected against infections [17]. In 

particular, gal-1 induces the expression of tolerogenic dendritic cells and CD4+ CD25+ IL-10+ 

regulatory T cells (Treg) in the decidua, shifting the T cell helper (Th)1/Th17 and Th2 balance 

into a Th2-dominant cytokine profile to sustain a successful pregnancy  [11, 15, 16]. This was 

initially observed in a stress-challenged mouse model, which was accompanied by a significant 

reduction in the expression of gal-1 in the decidual tissue. Moreover, supplementing with 

recombinant gal-1 during early pregnancy prevents the rejection of the fetus by restoring the 

balance of Th1/Th2 cytokines in decidual mononuclear cells [15]. Furthermore, gal-1 blocks 

the stimulation of LPS on IL-6 production in human decidua cells in vitro and consequently 

regulates decidual immune cell populations to support a local anti-inflammatory 

microenvironment during pregnancy [18]. On the placenta niche, gal-1 modulates human 

leukocyte antigen G (HLA-G) expression on extravillous trophoblast cells, promoting 

maternal–fetal immune tolerance [3]. Moreover, cytotrophoblasts in human placenta also 

express gal-1, which has been suggested modulating maternal immune responses [5, 19]. 

Regarding maternal vascular adaptation, different steps of the angiogenic cascades and 

endothelial cell biology are influenced by gal-1 [15, 20-22]. For instance, gal-1 is involved in 

spiral arterial remodeling process by promoting endothelial cell activation, facilitating the 

transformation of spiral arteries into low-resistance vessels that can supply the growing placenta 

[21, 22]. This lectin (gal-1) also has proangiogenic functions, including the modulation of 

endothelial cell adhesion, migration, and proliferation when interacting with the neuropilin 

(NRP)-1/ vascular endothelial growth factor receptor (VEGFR)-2 signaling pathway. Such 

interaction is important in promoting angiogenesis during implantation, and placentation [15, 

21, 23]. Our previous study shows that interfering with VEGFR2 signaling abrogates the 

protective effect of gal-1 in a model of reduced vascular expansion [21]. Thus, gal-1 plays a 

critical role during the angiogenesis processes in pregnancy and lack of gal-1 leads to 

complications with impaired angiogenesis such as preeclampsia (PE).  

 

Galectin-3 

During the peri-implantation period, the expression of gal-3 is increased, specifically in the 

endometrium. It can be detected in maternal decidual cells and all trophoblast lineages of the 
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placenta as the pregnancy progresses, indicating its significant role in the processes of 

implantation [24, 25]. Moreover, gal-3 is part of the trophoblast invasion machinery as well as 

a positive modulator of trophoblast cell functions involved in healthy placental development 

[25, 26]. The chimera type is considered as a pivotal modulator for innate and adaptive immune 

responses. It is involved in the activation and differentiation of diverse immune cells, including 

the induction of T cell apoptosis in the extracellular environment and inhibition of apoptosis 

when functioning intracellularly. Additionally, gal-3 modulates the activation and cytotoxicity 

of natural killer (NK) cells [27-30]. Moreover, gal-3 regulates inflammatory responses by 

influencing the production of pro-inflammatory cytokines, acting as a mediator in acute and 

chronic inflammatory processes [28]. Despite the function of gal-3 in the context of immune 

adaption during pregnancy is just emerging, gal-3 is proposed to be involved in inflammatory 

responses in infectious diseases during pregnancy [31]. For instance, increased gal-3 expression 

is reported in the amniotic epithelium in chorioamnionitis infection and in the preterm premature 

rupture of the membranes, indicating that gal-3 mediates the chorioamniotic inflammation [32, 

33]. In addition, gal-3 can bind to VEGFR2 and enhance its phosphorylation, leading to the 

activation of downstream signaling cascades involved in angiogenesis [23, 34-37]. This 

interaction affects endothelial cell migration and capillary tube formation, which are important 

processes for placental development. The combined effect of exogenous gal-1 and gal-3 on 

angiogenesis-related events mediate VEGF activation by increasing the density of VEGFR1 and 

VEGFR2 on the cell surface, making them accessible to low levels of endogenous VEGF [38].  

In mice, maternal gal-3 deficiency is associated with defective vascularization and impaired 

differentiation of trophoblast layers, resulting in placental insufficiency [39]. Pregnant women 

who experienced fetal growth restriction, a condition associated with placental insufficiency, 

exhibited lower circulating levels of gal-3. This decrease in gal-3 levels was observed starting 

from the first trimester and persisted throughout pregnancy, indicating the crucial involvement 

of gal-3 in placental development [39]. 

 

Galectin-7 

During early pregnancy, gal-7 regulates the adhesion of the embryo to the endometrium [40], 

but is unlikely to be the key factor of blastocyst adhesion since it remains unchanged during the 

receptive phase of the menstrual cycle [41]. However, compared to normal healthy pregnancies, 

gal-7 is significantly higher at first trimester of gestation in women who miscarried. This 

abnormal increase in gal-7 alters endometrial function and allows embryos with lower quality 

to implant, and consequently leads to inappropriate blastocyst implantation and miscarriage [41]. 

Moreover, a recent study suggests that there is an increase in gal-7 expression in the endometrial 

epithelial cells of women who have a history of recurrent early pregnancy loss; the authors 

proposed that this is probably because gal-7 induces T cells towards a Th1 phenotype and alters 

the inflammatory environment in the endometrium [41, 42]. In addition, increased gal-7 is found 
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in chorionic villous samples and maternal serum during early stage of pregnancy from women 

who subsequently develop PE [35, 36]. Exogenous gal-7 alters renin-angiotensin-system (RAS), 

as well as triggers pro-inflammatory responses with elevated interleukin (IL)-1β and IL-6 in 

placenta biopsies of pregnant mice, which compromised the placental function and caused PE-

like features [43]. Taken together, these studies suggest that the abnormal upregulation of gal-7 

induces a pro-inflammatory state during early pregnancy. This consequently contributes to 

various complications related to impaired immune tolerance, including recurrent early 

pregnancy loss and PE.  

 

Galectin-9 

Endometrial gal-9 expression is detected mainly on epithelial cells and notably up-regulated in 

endometrium during the late-secretory phases and implantation, as well as in the decidua during 

early pregnancy, pointing out its potential role in embryo implantation [44]. Gal-9 is considered 

an immunomodulatory galectin [44-46]. The immune regulatory effects of gal-9 primarily rely 

on its interaction with the cell-surface receptor T-cell immunoglobulin and mucin domain 3 

(Tim-3). Gal-9 acts as a negative regulator, restricting Th1 and Th17 immune responses and 

influencing the balance between Th1 and Th2 immune responses [46-49]. Moreover, Tim-3+  

uterine NK (uNK) cells and the expression of gal-9 in placenta are reduced from mouse 

abortion-prone models [2]. Hence, the gal-9/Tim-3 pathway could have important roles in 

maternal immune adaptation. The dysregulation of gal-9 may be associated with an altered 

Th1/Th2 balance at the maternal-fetal interface and resulting in pathologic pregnancies such as 

spontaneous miscarriage or PE. Additionally, different gal-9 isoforms show inhibitory effects in 

angiogenesis in vivo, and the dominant isoform in endothelial cells gal-9 M exhibits a diphasic 

effect indicating its complex regulatory role in angiogenesis [50]. Moreover, the expression of 

six gal-9 splice variants have been reported in human decidua, among them, gal-9 D5 variant is 

considered to selectively suppresses interferon (IFN)-γ production by uNK cells, which could 

consequently influence the decidual arterial remodeling process [45]. 

 

2.1.1.3 Fluctuation of maternal circulating galectins during pregnancy  

In normal pregnancy, serum gal-1 levels increase considerably during the first trimester, peaking 

in the second trimester and remain similar levels until the end of the third trimester [3]. This 

increase in peripheral gal-1 level is consistent with the period of placenta development during 

the first trimester, suggesting that trophoblast cells could be one of the sources of the circulating 

gal-1 [3, 15]. The increase of circulating level of gal-3 begins in the second trimester and 

continues in the third trimester [6, 31]. Serum gal-7 and gal-9 levels of pregnant women increase 

mildly compare to non-pregnant (Non-P) women in the second trimester [41, 51-53] (Figure 2). 
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Figure 2: Fluctuation of maternal circulating gal-1, gal-3, gal-7, and gal-9 before and during the first, second and 

third trimester of healthy pregnancy. Non-P, Non-pregnant women.  

 

2.1.1.4 Pregnancy specific glycoprotein 1  

Native pregnancy-specific glycoprotein (PSG)-1 derived from healthy pregnant women has 

been recently identified as a novel gal-1 ligand, and the N and A2 domains of PSG1 are 

confirmed to interact with gal-1 [54] (Figure 3). PSGs belong to the carcinoembryonic antigen 

family within the immunoglobulin (Ig) superfamily [55]. They are generated by placental 

trophoblasts, mainly the syncytiotrophoblasts, and subsequently released into the maternal 

circulation. Notably, PSGs are the most abundant trophoblastic proteins in human maternal 

blood during pregnancy [54, 55].  

PSG1 acts as a biological activator of transforming growth factor beta (TGF-β)2 through its 

interaction with latency-associated peptide, thereby promoting the generation of active TGF-β 

and facilitating its role in establishing maternal immune tolerance [56-58]. Additionally, PSG1 

stimulates the secretion of VEGF-A, enhancing the endothelial tube formation and consequently 

participates in the regulation of maternal angiogenic adaption [59, 60]. Moreover, PSG1 inhibits 

the interaction between platelet and fibrinogen by binding to integrin αIIbβ3, which in turn 

antagonizes platelet formation and prevents thrombosis in the placenta [61]. 

Maternal serum concentration of PSG1 rapidly increases as pregnancy progresses, reaching the 

highest level at the end of the third trimester [54, 62, 63] (Figure 3). Low level of circulating 

PSGs concentrations in early pregnancy is related with pregnancy complications such as small-

for-gestational-age fetuses, and spontaneous preterm delivery [64]. This suggests the high 
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steady state of PSG1 in maternal circulation could benefit both mother and fetus and ensure a 

successful pregnancy.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: PSG1 structure and its fluctuation in maternal blood circulation during pregnancy. The domain 

organization of the human PSG1 contains one Ig variable-like domain (N-domain), three Ig constant-like domains 

(A1, A2 and B2) and a relatively hydrophilic tail. Several possible N-glycosylation sites are present in the PSG1 

sequence, which are in the N- (Asn61, 104 and 111), A1- (Asn199) and A2- (Asn259, 268 and 303) domains [56, 

62, 65]. 

 

2.1.2 Maternal adaptation to pregnancy 

Maternal systems progressively adapt during pregnancy to accommodate the increasing 

demands of fetal growth and development [1, 4, 12]. It involves physiological and psychological 

changes, including the coordination of a series of simultaneous events occurring in the immune 

and cardiovascular system, as well as the awareness of the motherhood role in the patient’s mind 

(Figure 4).  These intricate elements collectively contribute to the overall success of the 

pregnancy. 
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Figure 4: Maternal adaption during pregnancy and associated complications. 

 

2.1.2.1 Immune system adaptation 

During pregnancy, the maternal immune system undergoes complex adaptations to ensure the 

tolerance towards the semi-allogeneic fetus while still being able to effectively respond to 

foreign infectious agents and harmful substances. These adaptations aim to strike a balance 

between protecting the developing fetus and maintaining the ability to combat potential threats 

from the external environment such as infections [12]. Multiple factors are involved in the 

immunoregulatory processes at the feto-maternal interface to prevent the rejection of the 

allogeneic fetus and contribute to a successful pregnancy [1, 4]. Pregnancy-related changes in 

hormones, for example progesterone and estrogen, influence changes in immune cell function 

and cytokine production. For instance, both progesterone and estrogen promote the production 

of Th2 cytokine IL-6 and inhibit the production of the Th1 cytokine IL-2, shifting the Th1/Th2 

balance towards an anti-inflammatory profile which is conducive for pregnancy [66]. 

The limited Th1 immune response facilitates trophoblasts invasion and promotes tissue 

remodeling and angiogenesis during the implantation period. Th1 secretes several cytokines 

including IL-2, which take part in the immune surveillance and hamper excessive trophoblast 

invasion [67, 68]. After the peri-implantation period, Th2 cells are activated at the maternal-

fetal interface and infiltrate into the decidua basalis, promoting maternal-fetal tolerance by 

releasing Th2 cytokines such as IL-4 and IL-13 [69, 70]. In addition, uncontrolled Th1 immunity 

has been related to pregnancy losses and implantation failures [71], therefore the balance and 

mutual restrain of the T helpers are essential to a successful pregnancy.  
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As mentioned previously, galectins play a pivotal role in pregnancy establishment and 

maintenance due to their immunological effects and compromised galectins expressions are 

frequently observed in various pathologies associated with impaired immune responses [1, 4, 

12, 72]. Gal-1 expression both in maternal circulation and at the feto-maternal interface is 

downregulated during pregnancy loss and is associated with compromised immune tolerance 

[15, 73]. Exogenous administration of gal-1 reduces fetal resorption rate in several mouse 

models of immunological abortions, probably by inducing tolerogenic dendritic cells and CD4+ 

CD25+ IL-10+ Treg, or by restoring progesterone and progesterone-induced blocking factor 

serum levels [74, 75]. Regarding gal-3, patients with spontaneous abortion have decreased gal-

3 expression in chorionic villi [31]. In gal-3 deficiency mice, increased inflammatory cytokine 

gene expression and aberrant NK cell infiltration are observed during pregnancy, resulting in 

fetal growth restriction [6]. In addition, elevated gal-7 levels are found at first trimester of 

gestation in women who subsequently experience early pregnancy loss [41]. In human patients, 

spontaneous abortion is associated with down-regulation of LGALS9 D5/10 splice variant [45]. 

Additionally, gal-1, gal-3, gal-7 and gal-9 are associated with the inadequate maternal immune 

adaptation in preeclampsia that will be discussed into details in the following section. 

 

2.1.2.2 Cardiovascular system adaptation 

Early in pregnancy, adaptions of the cardiovascular system are needed due to the increased 

metabolic demands of the mother and fetus. The cardiac output progressively increases from 6 

weeks’ gestation and reaches its peak values at 32 weeks and maintains until 37 weeks. The 

blood is redistributed to the uterus and placenta, kidneys, breasts, and skin, and 20% to 25% of 

the maternal cardiac output is distributed to the uteroplacental unit. The atrial and ventricular 

cardiac chambers enlarge with an enlarge over 30% of the atrial diameters while ventricular 

function is preserved. Maternal cardiac dysfunction is related to impaired uteroplacental flow 

and suboptimal fetal outcome [76]. 

Mean arterial blood pressure is directly proportional to cardiac output and systemic vascular 

resistance. The underlying mechanism of this decrease in systemic vascular resistance is likely 

multifactorial. Progesterone and nitric oxide likely exert some effects on relaxing vascular 

smooth muscle and contributing to changes in vascular resistance [76]. The blood pressure 

during pregnancy tends to be lower than nonpregnant value. Systemic and pulmonary vascular 

resistances decline and reach a lowest point at around 20 weeks’ gestation followed by a gradual 

increase until term [76, 77].  

Further adaptions in the maternal cardiovascular system may be observed in pregnancies with 

complications such as intrauterine growth restriction and preeclampsia due to the declined 

cardiac output and heart rate but increased vascular resistance of the mother [76-80]. 

 

2.1.2.3 Preeclampsia and pregnancy 
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The International Society for Studies in Gestational Hypertension define PE with systolic blood 

pressure 140 mmHg and/or diastolic blood pressure 90 mmHg, which should be measured at 

two separate occasions at least 4 to 6 hours apart. In addition, one of the conditions below must 

coexist: 1) Proteinuria (>300 mg/24h, or the ratio of proteinuria/creatininuria > 0.3 mg/mg, or 

the urine dipstick test 1+); 2) Insults of maternal organs (dysfunctions of kidney or liver, or 

neurological complications, or pain in the right hypochondrium, or hematological conditions); 

3) Impairment of placenta and/or uterus [71]. PE imposes an increased -risk of cardiovascular 

and metabolic complications in mothers and children worldwide [81-83]. PE is usually 

classified depending on the gestational age as early-onset PE (<34weeks) and late-onset disease 

(>34weeks). Studies suggest that the late-onset PE is considered to occur as the consequence of 

impaired maternal vascular and immune adaptation to pregnancy, while the early-onset disease 

is mainly believed to associate with inadequate placentation [84-87]. However, this 

classification based solely on gestational age can hardly capture the full spectrum of 

preeclampsia subtypes and may overlook important differences in pathophysiology and 

maternal-fetal risks. A more recent classification based upon the placental transcriptomics 

identified PE into three types: canonical, maternal, and immunological. The canonical/placental 

type is characterized by impaired placental vascular function, including increased sFlt-1 

expression and abnormal Doppler velocimetry, resulting in preterm birth and lower body weight 

of the neonate. Another type, maternal PE, is normally caused by chronic conditions of the 

mother with hardly any lesions in the maternal vasculature and mild influence on the fetus. 

Finally, the immunological type is associated with increased immune response and 

compromised maternal-fetal tolerance [88]. 

With regard to galectins in PE, serum gal-1 levels are reduced during early pregnancy in women 

who subsequently develop PE compared with women with an uneventful pregnancy [21, 73]. 

This is in line with our previous finding that gal-1 deficiency mice show compromised 

placentation, and consequently exhibits preeclampsia-like-features [21]. After diagnosis of late-

onset PE, pregnant women show elevated gal-1 levels in maternal blood compare with healthy 

pregnant women [21, 73]. In contrast, gal-3 deficiency is associated only with impaired 

differentiation of trophoblast layers and placental insufficiency in mice [89]. Pregnant women 

with preeclampsia have higher gal-3 expression in placental tissues than the healthy ones, 

whereas whether altered maternal serum gal-3 levels in preeclampsia patients are controversial. 

In the study performed by Pankiewicz et al., they exhibited higher gal-3 levels in patients with 

preeclampsia compared with healthy women. However, according to another research 

conducted in Bulgaria, there are not any noteworthy differences in gal-3 between the individuals 

with early-onset PE and those who had a normal pregnancy [89-91]. Women who have 

abnormally elevated gal-7 in serum or increased expression in chorionic villous samples during 

early pregnancy are more likely to subsequently develop early onset preeclampsia as the 

pregnancy progresses [43, 51]. Similarly, in vivo administration of exogenous gal-7 to pregnant 
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mice induces a pro-inflammatory state in the placenta and compromises the RAS homeostasis 

in maternal circulation, resulting in typical PE symptoms [43]. In addition, the expression and 

function of Tim-3/gal-9 was upregulated in decidual tissue in patients with preeclampsia [92]. 

 

2.1.2.4 Psychological adaptation 

There is a rising attention for emotional adaptation during pregnancy and much of the existing 

literature focuses on risk factors for maternal mental health problems and stress during 

pregnancy [93, 94]. Even in a planned pregnancy, a woman may struggle to identify with the 

motherhood role or adapt to the physiological and psychological transformation [95]. Every 

woman undergoes and adapts to the pregnancy process uniquely. Pregnant women with previous 

mental health problems and social adversity are more likely to experience risks in their mental 

health and prenatal stress than women with positive psychological status during pregnancy [96]. 

Therefore, a healthy mental adaptation is a source of strength and resilience and provide 

promotive and protective benefits for maternal and infant outcomes. As a result, pregnancy is a 

sensitive period when a woman is vulnerable to the effects of adversity and sometimes correlates 

with increased vulnerability for the onset or relapse of a mental illness [93, 94, 97]. In pregnancy, 

maternal stress (i.e., perceived stress, depressive symptoms, racial discrimination, stressful life 

events, and pregnancy-specific anxiety) has been associated with preterm birth, low birth weight, 

risk of gestational hypertension, and adverse health and behavioral outcomes in offspring. Rise 

of physiological stress during pregnancy have been shown to increase the risk of maternal 

hypertension and diabetes, the susceptibility to infectious illnesses, as well as the emergence of 

depression and anxiety disorders [98-100]. Depression and anxiety are the most common 

psychiatric disorders during pregnancy [93, 101].  

Several risk factors could influence the psychological adaptation to pregnancy and the 

motherhood role in pregnant women, including maternal characteristics like physical states and 

age, educational level, planned pregnancy, economic status and support from family, spouse, or 

government. 

 

2.1.2.5 Antenatal anxiety and pregnancy 

The exposure to maternal distresses, such as stress and anxiety during pregnancy has been 

associated with disturbing fetal glucocorticoid environment, altered physiological and 

neurocognitive development, and increased socio-emotional behavior problems in children [93, 

94]. The links between maternal prenatal distress and child outcomes are part of the 

phenomenon known as fetal or prenatal programming because effects are often profound and 

long-lasting [101]. Moreover, there is a tendency to focus on physical health rather than mental 

health during pregnancy,  and to misattribute emotional complaints to the physical and hormonal 

changes that occur during pregnancy [102]. Indeed, these women often present atypical 

symptoms of depression and unspecified somatic complaints such as fatigue, loss of energy, loss 
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of appetite, and sleep changes, rather than depressed mood. Therefore, it can be difficult to 

distinguish between physical pregnancy symptoms, which are common during pregnancy, and 

atypical somatic complaints, which may be related to depression or anxiety. 

When the mother is exposed to stress, the hypothalamic–pituitary–adrenal (HPA) axis is 

activated, resulting in the release of multiple hormones, including cortisol. Cortisol is the end 

metabolite of the HPA axis and is essential in normal brain development [100].  

Maternal cortisol levels increase during pregnancy and can be directly transported across the 

placenta to enter fetal circulation, accounting for approximately 40% of the variance in fetal 

cortisol concentrations [98]. However, due to pregnancy-related changes in the HPA axis, 

together with elevated cortisol level is associated with other factors, such as age, medical 

conditions, and different living habits, the association between stress and cortisol levels are not 

clear among pregnant women [93-95, 97, 101]. 

So far, there are lack of studies regarding the expression of galectins levels in maternal blood in 

human or mouse models related to anxiety [95]. Clearly, further studies are required to describe 

the expression of galectins in fetal-maternal interface and the potential role of galectins in 

maternal serum as a biomarker for pregnancy pathologies. 

 

2.1.3 SARS-CoV-2 and pregnancy 

In December 2019, a novel coronavirus severe acute respiratory syndrome coronavirus 2 

(SARS-CoV-2), causing the Coronavirus disease 2019 (COVID-19) pandemic, has an 

unprecedented effect on global health and affected the lives of millions of people around the 

world since its first identification in Wuhan, China [103, 104]. As of July 2023, a total of about 

768 million cases along with 6.9 million deaths related to COVID-19 have been confirmed 

worldwide, which highlights the severity of SARS-CoV-2 infection [103-105]. The possible 

transmission route of this novel coronavirus is by contacting nasal and oral secretions of an 

infected individual, or by exposure to cough, sneeze, respiratory droplets of the infected patients 

[104-106]. The typical symptoms of a patient who has been infected with SARS-CoV-2 are 

fever, cough, myalgia, fatigue, normal or decreased leukocyte counts, and radiographic evidence 

of pneumonia. Up until now, despite the World Health Organization's predictions of an imminent 

end to the pandemic, COVID-19 continues to result in a significant number of intensive care 

unit cases and high mortality rates [103-108]. 

As with all viruses, mutations can occur leading to the emergence of new strains. To date, five 

of the new strains of the SARS-CoV-2 virus are of concern and have been termed as the Alpha, 

Beta, Gamma, Delta and Omicron variants. These variants have specific traits which may 

include increased transmissibility or more severe disease. The Delta variant seems to be 

associated with more severe disease [109, 110]. The Omicron variant, which was first reported 

in Botswana in November 2021, has been considered more infectious than the previous variant, 

with the ability to infect previously SARS-CoV-2-positive people. In Europe, even Omicron 
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variant causes milder symptoms than other previous variants, there are still considerable 

numbers of hospitalizations and mortality, especially in elderly people, pregnant women, and 

people with other comorbidities such as hypertension and obesity [111-113]. Owing to 

numerous mutations involving the spike protein, this variant has developed increased 

transmissibility compared with the Delta variant, rapidly becoming the predominant variant in 

many other countries. 

 

2.1.3.1 COVID-19 infection and galectins 

Recent studies revealed that circulating gal-1, gal-3 and gal-9 levels were increased in non-

pregnant COVID-19 patients [114-118]. The increase of gal-1 may be because it has an anti-

inflammatory activity to prevent and control the progression of inflammation and tissue 

destruction during SARS-CoV-2 infection, probably by preventing leukocyte invasion and 

migration [116, 117].  Moreover, gal-1 is considered as a disease prognostic marker for COVID-

19  due to its positive correlation with clinical parameters of SARS-CoV-2 infection such as dry 

cough and chest radiographic findings [116, 117]. Levels of gal-3 and gal-9 were reported to be 

more pronouncedly increased in patients with severe disease compared to those ones with milder 

syndrome [115, 116], raising the possibility that circulating gal-3 or gal-9 can be valuable 

biomarkers for severe pneumonia in COVID-19 patients [119, 120]. Interestingly, exogenous 

gal-9 administration during acute SARS-CoV-2 infection has been shown to increase survival 

rate and induce a robust innate and adaptative immune response in mice [121]. More recently, 

an inhaled gal-3 inhibitor has been tested as a potential therapy for COVID-19 pneumonitis 

[122]. However, the galectin signature in SARS-CoV-2 infection and vaccination during 

pregnancy remain to be determined. 

 

2.1.3.2 COVID-19 disease and pregnancy 

Even though measuring the precise number of cases of SARS-CoV-2 infection in pregnant 

patients is difficult, approximately 20% of women are in the reproductive age and are pregnant 

at any given time. Consequently, we can deduce several millions of pregnant women were 

infected with SARS-CoV-2 during the past three years [123]. 

During pregnancy, especially in the last trimester, the upper respiratory tract of pregnant women 

is swollen, and their lung expansion are restricted [124]. In general, pregnant women experience 

immunologic and physiologic changes that make them less tolerant to viral respiratory infection, 

therefore pregnant women and their neonates are considered a higher risk group during and after 

pregnancy [125, 126].  

The most common symptoms of COVID-19 disease in pregnant women are cough, fever, sore 

throat, dyspnea, myalgia, and loss of sense of taste. Studies showed that pregnant women have 

similar infection rate compared with the general population, and more than two-thirds of 

identified pregnant women have no symptoms [127]. After being infected, pregnant women are 
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more likely to develop cytokine storms in the pro-inflammatory stages, especially when they 

are infected during first trimester, which affected with respiratory changes may make them more 

susceptible to the effects of hypoxia [127]. There is growing evidence that pregnant women may 

be at increased risks of severe illnesses such as severe pneumonia, hospitalizations, admission 

to intensive care unit, invasive mechanical ventilation and mortality from SARS-CoV-2 

infection compared with non-pregnant women, particularly in the second half of pregnancy 

[128]. In September 2020, a second wave of the pandemic appears to have more impact on 

pregnant women, including adverse maternal and neonatal outcomes, especially in unvaccinated 

pregnant women. The main reason could be that the variants in the second wave are considered 

more deadly than the ones from first wave (the Delta variant is associated with more severe 

diseases, and the Omicron variant is more contagious) [124]. 

Maternal SARS-CoV-2 infection affects pregnancy outcomes, with increased incidences of 

intensive care admission and invasive ventilation, iatrogenic preterm birth, stillbirth, severe 

disease, and maternal mortality [126, 129-134]. Pregnant infected women are potentially more 

vulnerable to cardiac complications such as arrhythmias, myocardial injury, thromboembolic 

complications, and development of preeclampsia . Women with comorbidities such as obesity, 

diabetes, heart disease, advanced maternal age, or those who are not vaccinated are considered 

at higher risk of severe COVID-19 [133, 135]. Even though the admission rate into hospitals is 

higher in the third trimester [136], a recent study pointed out that there is no association between 

the gestational age at infection and COVID-19 mortality and morbidity, suggesting that other 

gestational-age-related factors could be involved [129].  

 

2.1.3.3 Pregnant women with vaccination against SARS-CoV-2 

To date, the Pfizer-BioNTech and Moderna mRNA vaccines have the most published data of 

their use in pregnant women [123, 137]. The mRNA vaccines release mRNA which after being 

internalized by the cell, produces the SARS-CoV-2 spike protein and induces a response that 

provide immunity against the virus [137]. By contrast, in the DNA vaccines (i.e.: Oxford-

AstraZeneca, and Johnson & Johnson-Janssen), a first copy of DNA into mRNA must be done 

into the cell. To date, both mRNA and DNA vaccines have been shown over 75% efficacy for 

preventing symptomatic illness in the non-pregnant people [123, 137].  

SARS-CoV-2 antibodies have been documented in umbilical cord blood and breast milk after 

maternal full vaccination, suggesting protection to the fetus [126, 138-145]. Based on the 

growing evidence that supports the safety and efficacy of SARS-CoV-2 vaccination in 

pregnancy, most countries recommend full SARS-CoV-2 vaccination, including the boost dose 

for all pregnant populations regardless of pregnancy trimester [126, 131, 138, 140-149]. This is 

because the utmost goal of vaccination is to confer both the pregnant women and neonatal 

benefits by preventing adverse pregnancy outcomes related to severe maternal COVID-19 

illness. In general, there are no known risks from receiving inactivated or recombinant vaccines 
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in pregnancy, or while breastfeeding. Therefore, there is no reason to suppose that the adverse 

effects from these SARS-CoV-2 vaccines should differ for pregnant women compared to non-

pregnant women. Moreover, 98% of women admitted to hospitals and getting severe infection 

were unvaccinated [123]. 

Pregnant women are more likely to become seriously unwell when compared to non-pregnant 

women, and have a higher risk of their baby being born prematurely if they develop COVID-19 

disease in their third trimester. Women should be offered both doses and a booster before giving 

birth if time allows, or before entering the third trimester, bearing in mind that it takes time for 

immunity to develop, and protection is higher after the second dose and a booster of the vaccine. 

A most recent study discovered a boosting effect of a third vaccine dose during pregnancy in 

women who were vaccinated in the first trimester [137]. Up until now, according to the US 

Vaccine Safety Datalink, up to 70% of adult pregnant women aged under 50 years old had been 

fully vaccinated with SARS-CoV-2 vaccines before or during pregnancy  [123, 125, 137]. 

 

2.2 Material and methods  

 

2.1 Materials  

 

Table 1. Material 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Elisa Kits 

Gal-1 Human ELISA kit PeproTech Cat. # 500-P210 

Gal-3 Human ELISA kit R&D systems Cat. # AF1154 

Gal-7 Human ELISA kit R&D systems Cat. # 842118 

Gal-9 Human ELISA kit R&D systems Cat. # AF2045 

PSG-1 Human ELISA kit R&D systems Cat. # DY6799-05 

Streptavidin-POD Calbiochem Cat. #189733 

 

Software and Algorithms 

Prism Version 9.1.2 GraphPad 

Software,Inc. 

https://www.graphpad.com/ 

Adobe Illustrator Adobe https://adobe.com/ 

R Statistical Software Rstudio https://www.r-project.org 

BioRender BioRender https://app.biorender.com/ 

SkanIt RE 7.0 Thermofisher https://www.thermofisher.com/d

e/de/home.html 

Chemicals 

PBS Buffer Thermofisher Cat. # 10010031 

Half area 96 microtiter plates Corning REF3690 

Sodium chloride Sigma-Aldrich Cat. # S3014 

Potassium Chloride Sigma-Aldrich Cat. # 60142 

Disodium phosphate Sigma-Aldrich Cat. # S7907 

Potassium dihydrogen phosphate Sigma-Aldrich Cat. # 529568 
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monobasic 

Tween 20 Sigma-Aldrich Cat. # P7949 

Bovine serum albumin Sigma Cat. # A2153-50G 

3,3′,5,5′-Tetramethylbenzidin Fluka Cat. # 87748 

Citric Acid PanReac AppliChem Cat. # 141018.1211 

Ethanol Roth Cat. # 9056.3 

Dimethyl sulfoxide Sigma Aldrich Cat. # D2650 

Sulfuric acid Thermofisher Cat. # 10558620 

Potassium hydroxide Sigma Aldrich Cat. # 221473 

 

 

2.2 Methods 

As described above in the publication (doi: 10.3389/fimmu.2023.1196395). 

 

2.3 Results 

 

2.3.1 Clinical characteristics of patients from the PRINCE cohorts 

We first analyzed the pregnant women from different PRINCE cohorts in order to address our 

aim of determining the galectins signature in healthy and compromised pregnancies. We 

classified our patients into six groups as follows: patients with preeclampsia (PE, n=20), patients 

with higher blood cortisol (High cortisol, n=20), pregnant women who tested positive for 

SARS-CoV-2 by nasopharyngeal swab qRT-PCR during pregnancy (COVID, n=20), pregnant 

women who received two doses of vaccination (Vaccine, n=30), matching pregnant women with 

negative SARS-CoV-2 serology during the whole gestation, lower blood cortisol levels,  and 

without preeclampsia (Pregnant control, n=20), and matching women who were not pregnant 

and received SARS-CoV-2 vaccinations (Non-pregnant vaccine control, n=30). 

 

2.3.1.1 Clinical characteristics of patients in the PRINCE Cardio and High Cortisol 

cohorts 

Fifteen (75%) of the patients in the PE group developed obstetric complications, 14 (70%) of 

them were hypertensive and three (15%) had vaginal bleeding during pregnancy. The pregnant 

women from the High cortisol group had a mean (± SD) circulating cortisol level of 19.17 ± 

22.7pg/ml, which differed from healthy pregnant women, 1.96 ± 0.68pg/ml, (P value < 0.0001). 

There were no significant differences between PE group, High cortisol group, and Pregnant 

control group in terms of maternal age, gestational age, and neonatal outcomes. Table 2 

described clinical maternal and neonatal characteristics of the patients from the PE and High 

cortisol groups. 

 

Table 2. Clinical characteristics of women in the PE group and High cortisol group 
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Pregnant PE patients 

(n=20) 

Pregnant women with 

high blood cortisol (n=20) 

Age: mean (range) 34.8 (25-46) 33.8 (26-39) 

BMI: mean (SD) 26.5 (3.9) 23.2 (2.03) 

Gestational week: median (range) 39 + 4 (37-41) 39 + 6 (38-42)                     

Infant body weight(g): mean (SD) 3439.1 (399.9) 3381.5 (379.1) 

Sex of infant (% male) 60% 50% 

* The BMI were before pregnancy in women with high blood cortisol, and at the time of the sample collection in 

PE patients. 

 

2.3.1.2 Clinical features of patients in the PRINCE COVID and VACCINE cohort 

As described above in the publication (doi: 10.3389/fimmu.2023.1196395). 

 

2.3.2 Circulating gal-1 levels increasein pregnant women with PE 

We initially measured the circulating gal-1, gal-3, gal-7, gal-9, and PSG1 levels of 20 pregnant 

women with PE, and compared them with matching healthy pregnant women. We found 

significantly higher levels of gal-1 in the serum of preeclampsia patients compared to healthy 

pregnant controls (Figure 5A, P value = 0.0216). However, minor differences were observed in 

the circulating levels of gal-3, gal-7, and gal-9 between analyzed groups (Figure 5B-D). To 

explore deeply about the dynamics of galectins, we then analyzed the correlation between 

endogenous lectins and clinical parameters. Concerning gal-1, we found it positively correlated 

gal-3 (Figure 5E, P value = 0.0331, Spearman correlation coefficient (ρ) = 0.478), and gal-9 

(Figure 5G, P value = 0.0083, ρ = 0.571) in healthy pregnant women. However, only the 

correlation between gal-1 and gal-9 (Figure 5K, P value =0.0361, ρ = 0.472) remained in the 

preeclampsia patients. Moreover, we noticed that gal-3 strongly correlated with gal-9 in healthy 

pregnant women (Figure 5H, P value = 0.0103, ρ = 0.562), and the correlation persisted among 

patients with PE (Figure 5L, P value = 0.0010, ρ = 0.702). In addition, similar PSG1 levels 

were found in the maternal circulation in the PE patients and healthy pregnant women (Figure 

5M), and there was no significant correlation between gal-1 and PSG1 in PE patients (Figure 

5N). Furthermore, when we analyzed the correlation between galectins, PSG1, and general 

clinical parameters for all the women (the BMI, age, and delivery gestational week of the 

patients), no significant association were found as described in Table 3.   
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Figure 5. Serum values of gal-1 (A), gal-3 (B), gal-7 (C), gal-9 (D), and PSG1 (M) in PRINCE Cardio cohort were 

analyzed by ELISA in healthy pregnant women (pregnant control, n=20) or pregnant women with PE (pregnant 

preeclampsia, n=20). The statistical significance indicated by *P <0.05 as analyzed by adjusted t test. The correlations 

were examined between gal-1 and gal-3 (E), gal-1 and gal-7 (F), gal-1 and gal-9 (G), and gal-3 and gal-9 (H) in 

the maternal circulation of healthy pregnant women. The correlations between serum levels of gal-1 and gal-3 (I), 

gal-1 and gal-7 (J), gal-1 and gal-9 (K) or gal-3 and gal-9 (L), and gal-1 and PSG1 (N) were analyzed in pregnant 

women with PE. The Spearman correlation coefficient (ρ) was used, and statistical significance was denoted by P 

< 0.05 and P < 0.01 (green), while non-significant results (P > 0.05) were shown in grey as analyzed with the 

Spearman statistical test.  

 

Table 3. Correlations between galectins and clinical characteristics of PRINCE Cardio 

cohort 
 

gal-1 (ng/ml) gal-3 (ng/ml) gal-7 (ng/ml) gal-9 (ng/ml) PSG1 (μg/ml) 

  P ρ P ρ P ρ P ρ P ρ 

BMI 0.72 -0.08 0.40 -0.19 0.22 -0.28 0.77 0.07 0.76 0.07 

Age 0.50 0.16 0.64 0.11 0.52 0.15 0.28 0.28 0.10 0.39 

GW 0.86 0.05 0.38 -0.21 0.48 -0.27 0.95 -0.01 0.74 0.01 
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*GW, Gestational week 

 

2.3.3 Serum levels of galectins and PSG-1 remain unchanged in high cortisol patients  

Subsequently, we investigated the levels of circulating galectins and PSG-1 in pregnant women 

exhibiting elevated cortisol levels. Our findings revealed similar levels of gal-1, gal-3, gal-7, 

gal-9, and PSG-1 in the maternal circulation of individuals with higher serum cortisol when 

compared to healthy pregnant controls (Figure 6A-D, I). Furthermore, pregnant women with 

higher cortisol levels showed no correlations between gal-1 and gal-3, as well as gal-1 and gal-

9. Interestingly, gal-3 maintained a positive correlation with gal-9 (Figure 6H, P value = 0.0210, 

ρ = 0.51) in pregnant women with higher cortisol levels as the healthy control (Figure 5H). 

Additionally, serum cortisol levels exhibited a positive correlation with patients' BMI (Figure 

6K, P value = 0.0287, ρ = 0.35). However, no further significant associations were observed in 

regards patients’ serum cortisol levels, galectins, PSG-1 levels, and other clinical parameters as 

described in Table 4.  

 

Table 4. Correlations between galectins and clinical features of PRINCE High Cortisol 

Cohorts 

 
 

gal-1 (ng/ml) gal-3 (ng/ml) gal-7 (ng/ml) gal-9 (ng/ml) PSG1 (μg/ml) 

  P ρ P ρ P ρ P ρ P ρ 

BMI 0.49 0.16 0.91 -0.03 0.70 0.09 0.11 0.37 0.93 0.02 

Age 0.52 -0.15 0.10 0.11 0.62 0.15 0.29 0.48 0.65 0.11 

Cortisol 

levels 

0.94 0.02 0.53 -0.15 0.86 -0.04 0.46 -0.18 0.88 -0.04 
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Figure 6. Circulating levels of gal-1 (A), gal-3 (B), gal-7 (C), gal-9 (D) and PSG1 (I) in PRINCE High Cortisol 

cohort analyzed by ELISA in healthy pregnant women (pregnant control, n=20), pregnant women with higher serum 

cortisol levels (pregnant High cortisol, n=20). Correlations between serum levels of gal-1 and gal-3 (E), gal-1 and gal-

7 (F), gal-1 and gal-9 (G), gal-3 and gal-9 (H), and gal-1 and PSG1 (J) were analyzed in pregnant women with 

higher serum cortisol levels. (K) Change in serum cortisol levels in relation to patients BMI in both groups. The 

Spearman correlation coefficient (ρ) is shown by P < 0.05 (green) and P > 0.05 (grey) as analyzed with the 

Spearman statistical test. 

 

2.3.4 Circulating levels of galectins and PSG1 in patients with SARS-CoV-2 infection or 

vaccination 

 

2.3.4.1 Higher gal-1 levels were found in patients with SARS-CoV-2 infection and 

vaccinated pregnant women  

As described above in the publication (doi: 10.3389/fimmu.2023.1196395). 

 

2.3.4.2 Positive correlations between gal-1/gal-3, and gal-1/gal-9 were compromised upon 

SARS-CoV-2 infection or vaccination 

As described above in the publication (doi: 10.3389/fimmu.2023.1196395). 

 

2.3.5 Galectins and PSG1 signature in the Yale IMPACT cohort 
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2.3.5.1 Clinical characteristics of patients in the Yale IMPACT cohort 

As described above in the publication (doi: 10.3389/fimmu.2023.1196395). 

 

2.3.5.2 Gal-1 increased in patients with SARS-CoV-2 infection in the Yale IMPACT cohort 

As described above in the publication (doi: 10.3389/fimmu.2023.1196395). 

 

2.3.6 Transcriptional changes of galectins, PSGs, and glycoenzymes during maternal acute 

SARS-CoV-2 infection 

To further investigate the potential contribution of gal-1 for placental pathology during maternal 

SARS-CoV-2 infection, we next evaluated the transcriptional changes of galectins, PSGs, and 

glycoenzymes in placenta. 

Women who tested positive for SARS-CoV-2 infection by qRT-PCR of a nasopharyngeal swab 

or saliva at the time of delivery or in the 1 month prior to delivery were prospectively enrolled 

and consented to donation of biospecimens in the Yale IMPACT cohort. Of the 11 total pregnant 

women with COVID-19 who delivered during the study period and we tested serum galectins 

and PSG-1 levels, 5 had placenta available for transcriptional profiling. We performed the 

analysis in gene expression level from acquired data of bulk RNA sequencing of placental villi 

to analyze the differences in placental gene expression between pregnant women with SARS-

CoV-2 infection (n = 5) and uninfected pregnant women with matching maternal age, gestational 

age, maternal comorbidities, and mode of delivery (n = 3). 

Subsequently, we used an unsupervised principal components analysis on our normalized 

database. This analysis involved plotting the samples on a two-dimensional scatterplot to 

generate a dissimilarity matrix using gene expression data from each group. The purpose was 

to assess the similarity between pairs of samples, with the distances on the plot reflecting the 

expression differences between the samples. As a result, we identified COVID2 sample as an 

outlier in multidimensional scaling (MDS) plot (Figure 7).  
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Figure 7. MDS plot showed the dissimilarity matrix of each group in the Yale IMPACT cohort. 

 

2.3.6.1 Upregulation of Gal-1 and PSGs observed in the placenta during maternal SARS-

CoV-2 infection. 

As described above in the publication (doi: 10.3389/fimmu.2023.1196395). 

 

2.3.6.2 Maternal acute SARS-CoV-2 infection in the placenta leads to transcriptional 

changes in glycoenzymes. 

As described above in the publication (doi: 10.3389/fimmu.2023.1196395). 

 

3.6.2.3 Cytokine profiles in the placenta showed differences during maternal SARS-CoV-

2 infection. 

We finally performed the transcriptomic profile for inflammatory cytokines in the placenta. 

While there were no significant altercations observed in the genes associated with Th1, Th2, 

and Th17 factors, which are known to be involved in immune response-related pathways, we 

observed a down-regulated tendency in these genes in COVID19 patients (Figure 8A-C). 

Moreover, the expression of genes related to inflammasome like NFKB1 (P value = 0.0349) and 

CASP3 (P value = 0.0006) were increased in patients with SARS-CoV-2 infection (Figure 8D).  
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Figure 8. Heatmaps showing the genes involved in immune and inflammatory responses for Th1 (A), Th2 (B), 

Th17 (C), and inflammasome from RNA-seq data in the placenta of Yale IMPACT cohort. Control, healthy 

pregnant women, n=3; SARS-CoV-2, pregnant women infected by SARS-CoV-2, n=4. *P <0.05, and ***P <0.001 

as analyzed by adjusted t test. 

 

3.6.4 Correlations between galectins, PSGs, glycoenzymes, and cytokines during maternal 

COVID-19 infection 

In addition, since the extracellular activity of galectins largely depend on their ability to bind 

specific glycans on cell surface proteins, we demonstrated the significant association between 

galectins, PSGs, glycoenzymes, and cytokines when considering them together in the COVID-

19 patients. Specifically, our results suggested that LGALS1 positively correlated with LGALS3 

(Figure 9A). Interestingly, LGALS1 and LGALS3 exhibited similar relation patterns. They both 

positively associated with LGALS8, various members in the PSG family (PSG2, PSG3, PSG4, 

PSG5, PSG6, PSG8, PSG9, and PSG11), and negatively correlated with LGALS7 (Figure 9A-

C). In addition, LGALS1 and LGALS3 were in positive relation to the genes that encode N-

acetylglucosaminyl transferases (MGAT1, MGAT2, MGAT4), as well as some other enzymes 

that associated with N-linked glycans initiation (MAN1A2, GANAB) and elongation (B4GALT3, 

B4GALT2, B4GALT1). Similarly, LGALS1 and LGALS3 positively correlated with O-linked 

glycans associated enzymes, especially with the ones that modulate the initiation of O-linked 
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glycans (GALNT1, GALNT2) (Figure 9A). Interestingly, when we focus on the cytokines, we 

found that they negatively associated with LGALS1 and LGALS3, while positively correlated 

with LGALS7 (Figure 9C). 

Shifting our attention to PSG1, we observed that in addition to its correlation with the PSG 

family, PSG1 also displayed a positive correlation with genes encoding both N-linked and O-

linked glycans. This includes MGAT5, which encodes an enzyme involved in generating beta1, 

6GlcNAc-branched complex-type N-glycans and is known to bound to gal-1 and gal-3.     

 

 

Figure 9. Chord diagrams were constructed to visually represent the associations between galectins, PSG1, 

cytokines, glycoenzymes, and PSGs based on the bulk RNA-seq data from the Yale IMPACT cohort. Plots (A) and 

(B) depicted the positive correlations among galectins, PSG1, cytokines, and glycoenzymes. Plot (C) illustrated 

the negative associations of galectins in relation to cytokines, and glycoenzymes. The width of the links 

representing the strength of the correlation coefficient (ρ). Only correlations with a significance level of P < 0.05 

and ρ > 0.5, as determined by the Spearman statistical test, were included in the diagrams. 
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2.4 Discussion 

Galectins modulate multiple biological processes and have been recognized as contributing 

factors in reproductive orchestration, including embryo implantation, immune tolerance, 

placental development, and maternal vascular adaptation. Pregnant women are at a higher risk 

of severe disease from SARS-CoV-2 infection compared to non-pregnant women. 

Understanding how SARS-CoV-2 infection and vaccination impact on pregnant women is of 

great importance. It allows healthcare professionals to manage their care effectively, develop 

appropriate preventive measures, and provide guidance on vaccination strategies. Preeclampsia 

is a significant cause of perinatal morbidity and mortality worldwide and is a leading factor in 

maternal deaths. Hence, it is important to identify biomarkers after the diagnosis of 

preeclampsia to identify women at higher risk and provide them a closer monitoring. 

Additionally, maternal distress during pregnancy has been largely linked to negative effects on 

fetal physiological and neurocognitive development, and increased maternal health issues, and 

there is a lack of studies investigating the levels of galectins in maternal blood in human or 

mouse models specifically related to maternal stress. To our best knowledge our study was the 

first one to decipher the galectin signature (gal-1, gal-3 gal-7, and gal-9) and PSG-1 in maternal 

circulation of pregnant women with complications during pregnancy (COVID-19 disease, stress, 

preeclampsia) and to further elucidate their impact on the disease, especially regarding on the 

maternal immune adaptation to pregnancy and the fetal-maternal interface. 

 

2.4.1 Galectins and PSG-1 in patients with preeclampsia 

The pathogenesis of late-onset type is considered to occur as consequence of incomplete spiral 

artery remodeling in the uterus, contributing to placental ischemia during placentation, and the 

release of antiangiogenic factors and inflammatory cytokines from the ischemic placenta into 

the maternal circulation, causing endothelial damages [150-152]. In the current study, our 

preeclampsia patients were all late-onset preeclampsia and the blood were collected after the 

disease onset. Our finding is consistent with our previous studies which showed circulating gal-

1 levels were elevated in pregnant women that were diagnosed with late-onset preeclampsia 

compare to the healthy pregnant women [21, 73]. The overexpression of gal-1 after diagnosis 

in maternal circulation may serve as a compensatory mechanism aimed at mitigating the 

excessive systemic inflammatory response in affected patients. Interestingly, recent studies 

suggest that in early second trimester, low levels of gal-1 were detected in the patients who later 

develop PE [73]. The soluble fms-like tyrosine kinase (sFlt)-1 overexpression is considered a 

crucial cause of PE symptoms [153]. As a result, when sFlt-1 levels are elevated, the 

bioavailability of VEGF is down-regulated, leading to a decrease in VEGFR2 [154]. This 

disruption in the interaction could contribute to the pathogenesis of preeclampsia by interfering 

with the normal regulatory function of gal-1 in relation to the NRP-1/VEGFR2 pathway. 
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Another possibility is that the down-regulation of the anti-inflammatory mediator gal-1 may 

lead to an excessive maternal systemic inflammatory response and PE development [16]. 

Regarding gal-3, our result suggested similar levels between healthy women and PE patients. 

One of the reasons to explain the difference from the previous study is that in this study both 

early-onset and late-onset PE patients with an average delivery week of 35 weeks were recruited, 

while in our all late-onset PE patients with relatively more mild conditions and delivered after 

37 weeks were included. Our finding that gal-3 and the immunomodulatory galectin gal-9 

remained unchanged in late-onset PE patients. This suggests that gal-3 and gal-9 may not play 

a central role in modulating the excessive immune activation observed in late-onset PE patients. 

In a recent study, the serum level of gal-7 was found elevated during early pregnancy in patients 

who later develop PE [51], suggesting its predictive role for the onset of PE. This does not 

contradict our result showing similar levels of gal-7 after diagnosis of late-onset PE. However, 

it should be noted that a broader range of samples would be required in future studies. Collecting 

blood samples from patients at various time points throughout pregnancy would allow for a 

more comprehensive exploration of the dynamics of galectins and PSG1 in preeclampsia at 

different stages of gestation. The loss of correlation between gal-1 and gal-3 is likely because 

of the increase only observed in circulating gal-1 in the PE patients. An intriguing observation 

is the consistent strong correlation between the circulating levels of gal-3 and gal-9, both in 

patients with preeclampsia and in healthy pregnant women. This suggests that the functions of 

gal-3 and gal-9 in regulating maternal immune adaptations are closely interconnected, even after 

the occurrence of preeclampsia. Unchanged PSG-1 serum levels and the lack of correlation with 

gal-1 in the PE patients suggests a less sensitive PSG-1/gal-1 axis upon disease onset. 

 

2.4.2 Galectins and PSG-1 in patients with high stress 

Cortisol, known as the stress hormone, plays a crucial role in mediating psychological stress. 

Maternal stress during pregnancy has been suggested as a possible factor associated with various 

important outcomes related to pregnancy [155, 156]. Gal-1 and gal-3 involve in the pathology 

of neurobiology of depression and obsessive-compulsive-like disorder in mice model [151]. 

Based on our findings, there were no significant differences in circulating galectin levels and 

PSG-1 serum levels between women with higher cortisol levels and healthy pregnant women. 

It is important to note that cortisol levels can be influenced by various factors other than 

psychological stress, including age, nutrition, exercise, and medical conditions. As a result, it is 

reasonable that a direct link between galectins and cortisol levels was not observed in our study. 

Additional research should focus on elucidating the galectins dynamics in the stressed patients. 

This usually entails conducting psychological assessments on stressed individuals in accordance 

with the Diagnostic and Statistical Manual of Mental Disorders (DSM-5) guidelines. 

Interestingly, our study pointed out cortisol levels of pregnant women are positively associated 

with BMI, which is in line with a recent study [152], suggesting that women with higher BMI 
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might experience higher perceived stress, and higher risk of obesity could lead to the increased 

risk of adverse pregnancy outcomes. 

 

2.4.3 Galectins and PSG-1 in patients with COVID-19 infection or vaccination  

As described above in the publication (doi: 10.3389/fimmu.2023.1196395). 

 

2.4.4 Scientific significance and outlook 

This MD Thesis presents the initial evidence demonstrating the functional role of galectins and 

PSG-1 in both maternal circulation and placental expression during pregnancy in individuals 

infected with SARS-CoV-2 and women who have been vaccinated against SARS-CoV-2. In our 

study, we present compelling evidence of significantly elevated levels of gal-1 and PSG-1 in 

pregnant women who have been exposed to SARS-CoV-2 infection within the PRINCE cohort. 

Furthermore, we observed a disruption in the positive correlations between gal-1 and gal-3, as 

well as gal-1 and gal-9, among individuals with SARS-CoV-2 infection, contributing to the 

overall increase in gal-1 levels. Remarkably, our findings demonstrate that fully vaccinated 

pregnant women exhibit even higher levels of gal-1 compared to both non-vaccinated pregnant 

women and non-pregnant vaccinated individuals, emphasizing the unique impact of vaccination 

on gal-1 levels. Additionally, vaccinated pregnant women also displayed elevated levels of gal-

7 compared to vaccinated non-pregnant individuals. Notably, gal-9 levels increased in pregnant 

women after vaccination, while the highest levels were observed in non-pregnant vaccinated 

individuals. These elevated levels of galectins in vaccinated patients highlight their distinct 

functions in activating the immune system in response to the SARS-CoV-2 vaccine. 

Furthermore, we confirmed our findings in the validating Yale IMPACT cohort that gal-1 levels 

were increased in the pregnant women with SARS-CoV-2 infection. Next, our study pointed 

that gal-1, its ligand PSG-1, as well as several glycans which help gal-1 with its extracellular 

activity, took part in the placental immune responses of the patients with SARS-CoV-2 infection. 

In the context of changes at the maternal-fetal interface during SARS-CoV-2 infection, the 

immune responses are considered to protect the placenta and fetus from infection, preventing 

potential pathological changes with adverse consequences for developing fetuses [119, 152]. 

These observations enhance our knowledge of mediators between maternal immune response 

towards SARS-CoV-2 infection and uneventful pregnancy as well as the successful delivery. 

The provided data only covers pregnant women with mild COVID-19 disease, knowing that the 

gal-3 and gal-9 levels drastically amplified in non-pregnant patients with severe COVID-19 

disease, and they both positively correlates with C-Reactive Protein (CRP), which is one of the 

markers for COVID-19 severity, it is important to explore the roles of galectins in the pregnant 

women with severe syndromes of SARS-CoV-2 infection. Additionally, we confirmed that gal-

1 levels increase in maternal circulation after diagnosis with late-onset PE, while the expression 

of gal-3 remains similar, which are consistent with previous studies. 
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Future studies are needed to unravel the role of galectins and PSGs in viral pathogenesis, 

particularly in blocking viral replication and detrimental immune signaling pathways associated 

with SARS-CoV-2 and other similar viral infections. Further research efforts should also focus 

on determining the functional significance of these findings and investigating whether galectins 

play a role in mediating SARS-CoV-2 infection in pregnant women. Such studies will help in 

evaluating the potential use of galectins as targets for clinical trials and their application in 

developing effective interventions for pregnant women affected by SARS-CoV-2. 
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3 Zusammenfassung  

Galektine modulieren zahlreiche biologische Prozesse und gelten als wichtige Faktoren bei der 

Regulierung der Reproduktion, einschließlich der Implantation des Embryos, der 

Immuntoleranz, der Plazentaentwicklung und der Angiogenese. Es wird angenommen, dass 

PSG-1, welches ein Ligand von gal-1 ist, an gal-1 bindet, um eine erfolgreiche Schwangerschaft 

zu ermöglichen. Ziel dieser Doktorarbeit war es daher, die Galektin-Signatur (gal-1, gal-3, gal-

7 und gal-9) sowie PSG-1 im maternalen Blutkreislauf von Schwangeren mit Komplikationen 

während der Schwangerschaft (COVID-19-Krankheit, Stress, Präeklampsie) zu untersuchen 

und ihre Auswirkungen auf die Krankheit weiter zu ergründen. Hierbei sollten insbesondere die 

Anpassung des maternalen Immunsystems an die Schwangerschaft und die fötal-maternale 

Grenzfläche betrachtet werden. Unsere Studie zeigte erhöhte gal-1-Werte bei schwangeren 

Frauen, die mit dem SARS-CoV-2-Virus infiziert waren oder dagegen geimpft wurden. Die 

PSG-1-Werte waren nur bei schwangeren Frauen mit einer SARS-CoV-2-Infektion erhöht. 

Diese Daten stützen die Hypothese, dass gal-1 und PSG-1 im maternalen Blutkreislauf in Folge 

einer durch die SARS-CoV-2-Infektion ausgelösten Zytokinreaktion oder einer Immunreaktion 

auf die Impfung erhöht sind. Dies erfolgt vermutlich zur Modulation der Entzündungsreaktion 

gegen das Virus und zum Schutz der Schwangerschaft. Darüber hinaus ergab unsere Studie, 

dass die Korrelationen zwischen gal-1 und gal-3 sowie gal-1 und gal-9 bei Personen mit einer 

SARS-CoV-2-Infektion gestört waren, was zu einem Anstieg der gal-1-Spiegel geführt hat. Des 

Weiteren zeigten unsere Ergebnisse, dass vollständig geimpfte Frauen im Vergleich zu nicht 

geimpften Schwangeren und nicht schwangeren Geimpften höhere gal-1-Werte aufwiesen. 

Ebenso wiesen geimpfte Schwangere im Vergleich zu nicht geimpften Schwangeren höhere gal-

7-Werte auf. Schwangere Frauen zeigten nach der Impfung zudem erhöhte Gal-9-Werte, wobei 

nicht schwangere geimpfte Patientinnen die höchsten Gal-9-Werte aufwiesen. Diese erhöhten 

Konzentrationen von Galektinen unterstreichen die unterschiedlichen Rollen, die diese bei der 

Aktivierung des Immunsystems infolge der Impfung gegen SARS-CoV-2 einnehmen. In unserer 

Studie wurde auch die Beteiligung von gal-1, seines Liganden PSG-1 und von mehreren 

Glykanen, die gal-1 bei seiner extrazellulären Aktivität unterstützen, an den plazentaren 

Immunreaktionen von Patienten mit einer SARS-CoV-2-Infektion identifiziert. Diese 

Erkenntnisse erweitern unser Wissen über die Mechanismen, die zwischen der maternalen 

Immunantwort auf eine SARS-CoV-2-Infektion und einer komplikationslosen Schwangerschaft 

stehen. Darüber hinaus konnte bestätigt werden, dass die Konzentration von gal-1 im 

maternalen Blutkreislauf nach der Diagnose einer spät auftretenden Präeklampsie ansteigt, 

wohingegen die Expression von gal-3 ähnlich bleibt, was mit den Erkenntnissen früherer 

Studien übereinstimmt. 
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Galectins modulate multiple biological processes and have been recognized as contributing 

factors in reproductive orchestration, including Embryo implantation, immune tolerance, 

placental development, and angiogenesis. PSG-1 which is a gal-1 ligand proteins is considered 

bind to gal-1 in order to facilitate a successful pregnancy. Thus, the aim of the MD thesis was 

to investigate the galectin signature (gal-1, gal-3 gal-7, and gal-9) and PSG-1 in maternal 

circulation of pregnant women with complications during pregnancy (COVID-19 disease, 

Stress, Preeclampsia) and to further elucidate their impact on the disease, especially regarding 

on the maternal immune adaptation to pregnancy and the fetal-maternal interface. Our study 

presented evidence of elevated gal-1 in pregnant women exposed to SARS-CoV-2 infection or 

those who were vaccinated against SARS-CoV-2. PSG-1 levels were increased only in pregnant 

women with SARS-CoV-2 infection. These data support the hypothesis that gal-1 and PSG-1 

are increased in maternal circulation after the cytokine response caused by SARS-CoV-2 

infection or after immune reaction of vaccination, probably to modulate the inflammatory 

response against this virus and to protect pregnancy. Moreover, our study revealed that the 

associations between gal-1 and gal-3, as well as gal-1 and gal-9, were disrupted in individuals 

with SARS-CoV-2 infection, contributing to the increase in gal-1 levels. Additionally, our 

findings showed that fully vaccinated women had higher gal-1 levels compared to both non-

vaccinated pregnant women and non-pregnant vaccinated individuals. Similarly, vaccinated 

pregnant women exhibited higher gal-7 levels compared to vaccinated non-pregnant individuals. 

Furthermore, pregnant women displayed increased gal-9 levels after vaccination, whereas non-

pregnant vaccinated patients had the highest gal-9 levels. These elevated levels of galectins 

highlight their distinct roles in activating the immune system in response to the SARS-CoV-2 

vaccine. Our study also identified the involvement of gal-1, its ligand PSG-1, and several 

glycans that assist gal-1 in its extracellular activity in the placental immune responses of patients 

with SARS-CoV-2 infection. These observations enhance our knowledge of mediators between 

maternal immune response towards SARS-CoV-2 infection and uneventful pregnancy. 

Additionally, we confirmed that gal-1 levels increase in maternal circulation after diagnosis with 

late-onset PE, while the expression of gal-3 remains similar, which are consistent with previous 

studies. 
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4 List of abbreviations  

B4GALT1 Beta-1,4-galactosyltransferase 1 

B4GALT3 Beta-1,4-galactosyltransferase 3 

BMI  Body mass index 

C1GALTC1 Core 1 β1,3-galactosyltransferase specific chaperone 1 

CRD  Carbohydrate recognition domain 

COVID-19 Coronavirus disease 2019 

EDEM1 ER degradation-enhancing alpha-mannosidase-like 1 

ELISA  Enzymelinked-immunosorbent assay 

Gal  Galectin  

GALNT1 Polypeptide N-Acetylgalactosaminyltransferase 1 

GALNT2 Polypeptide N-Acetylgalactosaminyltransferase 2 

GALNT7 Polypeptide N-Acetylgalactosaminyltransferase 7 

GANAB Neutral alpha-glucosidase AB 

GW  Gestational week 

HEXA  Hexosaminidase A 

HLA-G Human leukocyte antigen G 

HPA  Hypothalamic–Pituitary– Adrenal 

HRP  Horseradish peroxidase 

IFN  Interferon 

Ig  Immunoglobulin 

IL  Interleukin 

LacNAc N-acetyllactosamine 

MAN1A2 Mannosidase Alpha Class 1A Member 2 

MAN2B1 Mannosidase Alpha Class 2B Member 1 

MGAT1           Alpha-1,3-mannosyl-glycoprotein 2-beta-N-acetylglucosaminyltransferase 

MGAT2           Alpha-1,6-mannosyl-glycoprotein 2-beta-N-acetylglucosaminyltransferase 

MGAT4B Alpha-1,3-Mannosyl-Glycoprotein 4-Beta-N-Acetylglucosaminyltransferase B 

MGAT5   Alpha-1,6-Mannosylglycoprotein 6-Beta-N-Acetylglucosaminyltransferase 

MOGS  Mannosyl-oligosaccharide glucosidase 

MDS  Multidimensional scaling plots 

NK  Natural killer 

Non-P  Non-pregnant 

NRP  Neuropilin 

PE  Preeclampsia 

PSG  Pregnancy specific glycoprotein  

qRT-PCR Real-time quantitative reverse transcription PCR 

Treg  Regulatory T cells  
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RAS  Renin-angiotensin-system 

RNA-seq RNA sequencing 

SARS-CoV-2 Severe acute respiratory syndrome coronavirus type 2 

ST3GAL1 ST3 beta-galactoside alpha-2,3-sialyltransferase 1 

ST8SIA Alpha-N-acetylneuraminide alpha-2,8-sialyltransferase 

Th  T cell helper 

TIM-3  T cell immunoglobulin and mucin-domain containing-3 

TMB  3,3,5,5′-tetramethyl benzidine 

TGF-β  Transforming growth factor beta  

uNK  Uterine natural killer cells 

VEGF  Vascular endothelial growth factor 
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