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Background: Pregnancy induces profound immunological adaptations
necessary to support fetal development while preserving maternal health.
However, the systemic dynamics of less-studied adaptive immune cell subsets
across gestation remain incompletely understood.

Objective: We have conducted a comprehensive longitudinal analysis of
peripheral B and T cell populations in healthy pregnant women in order to
identify trimester-specific immune changes and to establish reference intervals
for clinical and research use.

Methods: A total of 50 pregnant and 30 age-matched non-pregnant women
were recruited in a prospective cohort study. Peripheral blood was collected at
each trimester and analyzed by high-dimensional flow cytometry. We evaluated
74 lymphocyte subsets, including follicular and non-follicular CD4 and CD8 T
cells, and functional markers CD69 and PD-L1, under basal and
stimulated conditions.

Results: Pregnancy was associated with decreased total B cell counts,
particularly within transitional and anergic naive subsets, and increased
activated naive and memory B cells. T cell activation progressively increased in
CD4 and CD8 subsets, especially during late pregnancy. Notably, activated
circulating follicular helper T cells (cTfh) were consistently reduced throughout
gestation compared to controls, while CD69 and PD-L1 expressions on CD4 and
CD8 T cells increased in the third trimester. Maternal factors, including age,
parity, miscarriage history, and BMI, significantly influenced specific immune
profiles. Reference intervals were established for key subsets, and deviations in
women who experienced pregnancy complications suggest potential predictive
value for future risk assessment.
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Conclusions: Our findings provide novel insights into the systemic immune
adaptations that occur during pregnancy, particularly concerning follicular and
non-follicular lymphocyte subsets. The proposed reference ranges proposed
may serve as valuable tools for immunomonitoring and for identifying

pregnancies at risk.

pregnancy, maternal immunity, B cells, T cells, immune reference ranges,

flow cytometry

Introduction

Pregnancy represents a unique immunological landscape
characterized by complex and dynamic adaptations in the maternal
immune system, essential to sustain maternal health and support fetal
development. These adaptations involve intricate changes in both
innate and adaptive immune responses to achieve an optimal balance
between immune tolerance and defense mechanisms, including
alterations in cytokine production, immune cell trafficking, and
modulation of immune responses (1-3). The current paradigm
supports a pro-inflammatory environment during early and late
pregnancy, promoting blastocyst adhesion and tissue remodeling in
the uterine wall during implantation, and facilitating labor-associated
processes at term. In contrast, mid-pregnancy is regulated by anti-
inflammatory mechanisms that are critical for fetal growth and
development. Maintaining this delicate equilibrium is of paramount
importance, as disruptions in these adaptations are increasingly
associated with adverse pregnancy outcomes, including preterm
labor, preeclampsia, and intrauterine growth restriction (4, 5).
Furthermore, pregnant women may become more susceptible to
infection during the anti-inflammatory phase, with potentially
devastating consequences for both the mother and fetus (6, 7).
Conversely, the course of pre-existing maternal autoimmune or
allergic diseases may improve, worsen, or remain unchanged
depending on the specific condition, reflecting the complexity of
maternal immune adaptations (8, 9).

Abbreviations: PW, pregnant women; NPW, non-pregnant women; BMI, body
mass index; Hg, hemoglobin; Hct, hematocrit; MCV, mean corpuscular volume;
MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin
concentration; RDW, red cell distribution width; Hypo, hypochromic; EDTA,
ethylenediaminetetraacetic acid; IMDM, Iscove’s Modified Dulbecco’s Medium;
PMA, phorbol 12-myristate 13-acetate; LPS, lipopolysaccharide; ¢Tth, circulating
T follicular helper cells; cTfc, circulating T follicular cytotoxic cells; PD-1,
programmed cell death protein 1; PD-L1, programmed death-ligand 1; CD,
cluster of differentiation; Tregs, regulatory T cells; Bregs, regulatory B cells; G-
CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage
colony-stimulating factor; QQ plot, quantile-quantile plot; SD, standard
deviation; DP, dropout participants; opt-SNE, optimized t-distributed
stochastic neighbor embedding; np2, partial eta-squared.

Frontiers in Immunology

Studies investigating immune adaptations at the maternal-fetal
interface have been particularly valuable in enhancing our
understanding of the cellular mechanisms that control maternal
immune tolerance (10-13). However, due to ethical considerations
and strong evidence of both local and systemic effects of maternal-
fetal cross-talk, research has increasingly focused on the systemic
immune adaptations experienced by women during pregnancy (3,
14, 15). For instance, although the extent and dynamics of the Th1/
Th2 balance remain context-dependent and not reproducible across
studies (14), the shifts observed in these subsets are pivotal in
orchestrating gestational immune adaptations and are modulated
from early pregnancy onward (16). Similarly, the role of regulatory
T cells (Tregs) is well established, although variations in their levels
and functions remain an active area of research (17).

A reduction in circulating B cells and specific B-cell subsets
during pregnancy has also been reported in several studies (15, 18-
21), often accompanied by decreased responsiveness to mitogens
and infectious agents (22), although data from early pregnancy
remains limited. As for B cells with regulatory functions (Bregs),
studies have proposed a significant role of these cells in maintaining
fetal tolerance during the initial stages of pregnancy. Nevertheless,
the absence of specific Breg markers and the phenotypic
heterogeneity used to define these cells across studies hinder the
ability to draw definitive conclusions (23-25).

Coordinated interactions among diverse immune cell types are
essential for the development of protective immunity. Follicular
helper T cells (Tth) are cornerstone in this process as they deliver
cognate and soluble signals that drive B cell proliferation, survival,
affinity maturation, and differentiation into antibody-producing
cells and long-lived memory B cells (26). While Tfh cells are
classically found in secondary lymphoid organs, a smaller
population of phenotypically similar cells can also be found in the
periphery (circulating Tth, c¢Ttfh). These cells are thought to
represent a memory pool of Tth cells in humans, expressing
CXCR5 and sharing functional similarities to their lymphoid-
resident counterparts (27). Given their role in regulating B cell
responses, cTth cells have been widely studied in autoimmune
diseases (28). However, their role in pregnancy and the regulation
of B cell responses in this context remains poorly understood.
Further characterization of follicular CD4 and CDS8 T cell subsets,
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using additional activation and maturation markers, is necessary to
clarify the dynamics of follicular T cells during pregnancy.

Despite the growing body of data, much remains to be understood
regarding changes in adaptive immune responses occurring
throughout normal physiological pregnancy, particularly concerning
less-studied subsets. Establishing appropriate reference ranges for
these immunological fluctuations in pregnancy is crucial for
distinguishing physiological adaptations from pathological
deviations. A precise understanding of these changes is an essential
first step toward identifying immunological deviations associated with
pregnancy-related complications and enhancing maternal care and
monitoring strategies.

To facilitate the establishment of such benchmarks and enable the
early identification of immune-related pregnancy complications, in this
study, we utilized flow cytometry to provide a comprehensive
longitudinal analysis of less-studied immune cell subsets. Our focus
was on B cells and both follicular and non-follicular activated T cell
subsets across trimesters in healthy pregnant and non-pregnant women.

Materials and methods
Subjects and sample collection

In this prospective observational study, healthy 1% trimester
pregnant women (PW), aged 18 to 45 years, with naturally
conceived childbearing potential, were recruited at Hospital da Luz
Lisboa between June 2022 and July 2024 and followed until delivery.
Gestational age at inclusion was estimated by ultrasound or last
menstrual period. Only pregnant women with uncomplicated
singleton pregnancies, who underwent at least two evaluations
without any clinically related dropouts were included. Sequential age-
matched non-pregnant healthy women (NPW) attending routine
annual well-woman exams, were recruited as the comparator group.

Exclusion criteria for both groups included a history of diabetes,
hypertension, autoimmune or active infectious diseases (including
hepatitis, HIV, and CMYV infection), or any other medical condition
that could adversely affect the immune system or require
immunomodulatory therapy. Additional exclusion criteria
included a history of neoplasms and smoking within six months
prior to peripheral blood sample collection. The use of any prenatal
medication other than vitamins, folic acid, and iron supplements
also led to exclusion.

All recruited pregnant women were required to have no history
of relevant pregnancy-related complications (e.g., pre-term delivery,
intrauterine growth restriction, neonatal ventilation, preeclampsia,
recurrent pregnancy loss) and no ongoing pregnancy-related
complications at the time of inclusion.

All participants signed a written informed consent prior to their
inclusion in the study, which was approved by the Hospital da Luz
(CES/49/2021/ME) and NOVA Medical School (167/2021/
CEFCM) Ethics Committees and was conducted according to the
recently updated Declaration of Helsinki (29). All laboratory and
clinical data were anonymized before being analyzed.
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Study visits

Three visits were scheduled for the pregnant group,
corresponding to the routine clinical assessments conducted
during the 1%, 2™, and 3" trimesters of pregnancy. Non-
pregnant controls were sampled once, to provide baseline
reference values for comparison. Peripheral blood samples were
collected via venipuncture into EDTA-coated and heparinized tubes
at each planned visit. At each visit, serum samples were also
prepared, aliquoted, and stored at —80°C for potential future
analyses of soluble mediators.

Baseline data collected at enrolment for all participants included
demographics (age), anthropometrics (Body Mass Index, BMI),
obstetric history, and systolic and diastolic blood pressure.
Additional clinical parameters, including complete blood count,
were retrieved from the hospital medical records on each visit.

For pregnant participants, data collected on the day of delivery
included gestational age and mode of delivery. For newborns,
recorded data included gender, weight, and 1-min and 5-min
Apgar scores, a standardized assessment of neonatal status based
on appearance, pulse, grimace, activity, and respiration, each graded
0-2 with a total score ranging from 0 to 10. Scores of 7-10 indicate
normal neonatal adaptation.

Immunophenotyping and flow cytometry

Full blood counts were determined by the hospital’s Laboratory
Medicine Service using an automated hematology analyzer (XN-
IOTM, Sysmex).

To ensure proper standardization between samples and minimize
random processing mistakes, two pre-validated 8-color panels of
fluorochrome-conjugated monoclonal antibodies (14 unique
markers in total) were used for the identification and quantification
of T and B cell subsets. Both panels were supplied in the format of
lyophilized antibody mixtures in single tubes from ExBio (Praha,
Czech Republic) and processed according to the manufacturer’s
instructions. Briefly, 100 uL of EDTA-anticoagulated whole blood
cells, pre-washed with 2 mL BD FACS Flow (BD Biosciences), were
incubated with the monoclonal antibodies in the tubes for 20 min,
followed by treatment with EXCELLYSE Easy solution for 10 min.
Cells were then washed with 2 mL BD FACS Flow (BD Biosciences)
for 5 min at 300xg and acquired on the flow cytometer within 30 min
of protocol completion. All steps were performed at room
temperature. A total of 74 lymphocytic subsets were characterized,
represented as absolute counts or fractions of the respective parent
populations. This included the characterization of B cell subsets as
described by Sanz and collaborators (30).

Absolute T- and B-cell counts were calculated by multiplying
the relative frequencies obtained by flow cytometry, following the
gating strategy presented in Supplementary Figures 1-3), with the
absolute lymphocyte counts provided by the patient’s full blood
count results. All analyses were performed within 2 hours of blood
collection and the lymphocyte percentages obtained from flow
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cytometry were consistent with those reported in the full
blood count.

To evaluate stimulation-induced expression of CD69 and PD-
L1 in the surface of B and T cells, heparinized whole blood samples
were diluted 1:1 with Iscove’s Modified Dulbecco’s Medium
(IMDM, Corning®) and incubated for 5 h at 37°C in a 5% CO,
atmosphere without (unstimulated) and with (stimulated) a
combination of phorbol 12-myristate 13-acetate (PMA) (50 ng/
mL, Sigma Aldrich), calcium ionophore (1 ug/mL, Sigma Aldrich),
and lipopolysaccharide (LPS) (10 pg/mL, Sigma Aldrich) (31-33).
Following incubation, red blood cells were lysed with BD
PharmLyseTM Lysing Buffer (BD Biosciences), and samples were
stained for surface markers (i.e., anti-CD45, anti-CD3, anti-CDS,
anti-CD19, anti-CD69, and anti-PD-L1 antibodies), washed with 2
mL of BD FACS Flow (BD Biosciences) for 5 min at 300xg, and
acquired on the cytometer within 30 min.

All acquisitions were performed in an 8-color BD FACS Canto
II Flow Cytometer (BD Biosciences, San Jose, CA, USA) with BD
FACS Diva software version 8.0.2 (BD Biosciences). InﬁnicytTM 2.0
(Cytognos, SL. Salamanca, Spain) software was used for file quality
control and to isolate the lymphocyte population. FCS files were
then exported, and downstream analyses to determine
subpopulation frequencies were performed in FlowJo' ™' v10.6.2
(BD Biosciences) software. Single-color compensation controls
were generated using manufacturer-provided lyophilized cell-
based tubes corresponding to each antibody in the cocktail. These
were acquired once per lot, in accordance with the supplier’s
instructions, to establish the compensation matrix.

Detailed information on all antibody panels and subsets analysis
is presented in Supplementary Tables 1 and 2. Gating strategies are
shown for a representative sample in Supplementary Figures 1-4.

opt-SNE

Dimensionality reduction of multi-color flow cytometry data
was performed using OMIQ software from Dotmatics
(www.omiq.ai, www.dotmatics.com). FCS 3.0 files from all
participants were imported, and up to 5780 CD19" cells and 5000
CD3" T cells from each sample were subsampled and concatenated
for the analysis. The markers used for opt-SNE analysis (34) are
described in the figure legends. The following default parameters
were applied: Max Iterations = 1000, opt-SNE End = 5,000,
Perplexity = 30, Theta = 0.5, Components = 2, and Verbosity =
25. The random seed was not user-selected but automatically
generated by the software when the task was initiated (2136 for
the B cell tube; 3556 for the T cell tube).

Statistical analysis
Statistical analyses and visualizations were performed by using

GraphPad Prism v10.4.0 for Windows (GraphPad Software, Boston,
MA, USA, www.graphpad.com).
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Categorical variables were presented as absolute frequencies
and percentages, and associations between them were analyzed with
the Chi-square or Fisher’s exact test. The normality of the data was
assessed by visual inspection through QQ plots of the residuals and
by using the D’Agostino—Pearson normality test when necessary.

Longitudinal changes in cellular populations were evaluated by
mixed-effects model with Geisser-Greenhouse correction, followed
by p-value correction with Tukey’s multiple comparisons test. The
frequency and cellular concentration of each subset were modelled
with timepoint (trimesters) as a fixed effect and patient as a random
effect. Comparisons between the non-pregnant group and each time
point were performed with Brown-Forsythe and Welch ANOVA or
with Ordinary one-way ANOVA tests, as appropriate, followed by
Dunnett’s T3 multiple comparisons test; otherwise, the non-
parametric Kruskal-Walli’s test followed by Dunn’s multiple
comparisons tests were used.

Two-way ANOVA was conducted, through a mixed-effects
model, to evaluate the effects of trimester and clinical
characteristics dichotomized into two levels (BMI, age, parity, and
abortion history) on each dependent variable (each cellular subset).
The interaction between these factors was also assessed, and
multiple comparisons were performed with Tukey’s multiple
comparisons test. The number of biological replicates (n) in each
comparison can be found in the Supplementary Material associated
with each result.

All the analyses described above were performed after the
outlier exclusion of continuous variables using the ROUT
method, as recommended by GraphPad, using a Q value of 0.1%.
All tests were performed with and without outliers to verify their
effect on p-value, and most of the results pointed out in the same
direction (significant and non-significant values). We report here
the results that do not include the outliers. All statistical tests
performed were two-tailed.

Each test used is indicated in the respective figure and table
legends. For all analyses, a p-value of less than 0.05 was considered
significant: * p < 0.05, ** p < 0.01, *** p < 0.001, *** p < 0.0001.

As a measure of the magnitude of the difference, the effect size
was calculated as described (35):

-For mixed-effects ANOVA: partial eta-squared (1),,”) is small if
> 0.01 and < 0.06; medium if > 0.06 and < 0.14 or large if > 0.14;

-For Unpaired t test/Dunnett’s test: Cohen’s d (d) is small if
<0.3; medium if 20.3 and <0.8 or large if >0.8.

The effect size values are reported in figures and/or
Supplementary Material and are labelled as * for small, ** for
medium, and """ for large effect sizes according to these values.

For reference interval calculation, we followed the CLSI EP28-
A3C guidelines (36). Briefly, raw data in each subset were tested for
normality using histograms and the Shapiro-Wilk test. Possible
outliers were identified using the Dixon-Reed rule and removed
before further analysis. For skewed distributions, a log
transformation was tested to improve normality and assess
whether it enhanced reference interval estimation. Since the
sample size is < 120 participants, the robust method was used to
calculate lower and upper limits, with 90% confidence intervals
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estimated using the bootstrapping method with 10000 iterations
and a 978 random number seed. If the robust method produced
upper or lower limits that exceeded considerably the observed
minimum or maximum values, the reference range was adjusted
using non-parametric percentiles (2.5th and 97.5™, respectively), to
avoid creating a reference range that extends beyond real-world
data. All analyses were performed using MedCalc® Statistical
Software version 23.1.7 (MedCalc Software Ltd, Ostend, Belgium;
https://www.medcalc.org; 2025).

Results
Study population

A total of 60 pregnant and 30 non-pregnant women were
recruited for this study. In the pregnant group, 10 participants

were excluded, 4 due to pregnancy complications and 6 due to non-

TABLE 1 Demographic and clinical characteristics of included groups.

Characteristics

Age*, years 33.2 (4.0) 32.2 (5.5) 0.390°
<33 27 (54%) 21 (70%) 0.238°
>33 23 (46%) 9 (30%) ’
BMI*, kg/m2 24.8 (4.8) 23.4 (3.3)
>18.5 and <25 32 (64%) 21 (70%) 0.142%
>25 and <30 11 (22%) 7 (23%) 0.603"
>30 7 (14%) 2 (7%)
Systolic pressure*, mmHg 118.0 (11.0) 117.7 (10.3) 0.998"
Diastolic pressure*, mmHg 71.8 (7.1) 72.1 (8.6) 0.826"
Parity, range 0-3 0-4
Nulliparous 29 (58%) 11 (37%) 0117°
Primiparous 14 (28%) 10 (33%) :
Multiparous 7 (14%) 9 (30%)
Miscarriage history**, range 0-3 0-2
<1 31 (62%) 26 (87%) c
0.038
>1 and <2 17 (34%) 4 (13%)
>2 2 (4%) 0
Gestational age at delivery, 394 (L1) ) )
weeks
Type of delivery, n (%)
Vaginal 29 (60%)
Caesarean 19 (40%) - -
Elective 3 (16%)
Intrapartum 16 (84%)
Newborn’s birth weight,
3216 (375) - -
grams
Fetal sex, female, n (%) 21 (44%) - -
APGAR score, median
[range] 9.5 (6 - 10] - -
1-min
i 10 [9 - 10]
5-min

Data are listed as mean (standard deviation) or number n (%), otherwise indicated. *Data
collected at study inclusion. **Non-consecutive episodes. “Unpaired t-test, "Qui-square test,
“Fisher’s exact test. APGAR normal range: 7-10. PW, pregnant women; NPW, non-pregnant
women; BMI, body mass index.
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clinical loss to follow up, resulting in a final cohort of 50
participants. Baseline characteristics of both pregnant and non-
pregnant women are presented in Table 1, and the distribution of
sampling time points is summarized in Figure 1. Of the 150
expected samples from the pregnant group, 7 samples could not
be collected due to non-clinical reasons, such as missed scheduled
appointments without prior notice or transfer of care to
another hospital.

The mean age and BMI were similar between groups. In the
pregnant group, 46% of the women were older than 33 years,
whereas age distribution in the non-pregnant group was more
evenly balanced, with approximately one-third in each age range.
Regarding BMI, both groups primarily consisted of women with
normal weight (18.5 to 24.9 kg/m?). Most women in both groups
were nulliparous, however, the pregnant group had a higher
frequency of women with one or more non-consecutive
miscarriages. No additional significant differences were observed
between the groups regarding age, BMI, or parity distribution.

The mean gestational age was 10" weeks at the first visit (T1),
25%° weeks at the second visit (T2), and 34" weeks at the third visit
(T3). All women successfully delivered, with a mean gestational age
at delivery of 39" weeks. Regarding delivery timing, no cases of
preterm (<37 weeks) or post-term (=42 weeks) labor were recorded,
and 65% of deliveries occurred at full term (=39 and <41 weeks).
Vaginal delivery was the most common mode of parturition (60%).
The mean weight of the newborn was 3216 grams, and 44%
were female.

Leucocyte changes across trimesters

Changes in circulating immune cell composition during
pregnancy have been widely documented, revealing dynamic

Postterm

Preterm

Gestational week

18! Trimester

0 T T T T
T1 T2 T3 Labor

Study timepoint
FIGURE 1
Distribution of sampled time points in the study population. Sampled

time points are shown for the three visits during gestation (black
dots) and time of parturition (black x).
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shifts across different leukocyte subsets. In line with this, we
observed several notable trends among major leucocyte subsets,
particularly neutrophils and monocytes (Figure 2). Neutrophils and
monocyte count increased significantly from the first trimester of
pregnancy onwards, whereas lymphocyte levels remained stable and
consistently lower than those observed in the non-pregnant group.
Notably, significant differences between pregnant and non-
pregnant women were observed across several of the studied cell
populations. However, overall, all leukocyte subsets in pregnant
women remained within the reference ranges used for healthy adult
women. Detailed erythrogram and leucogram results are provided
in Supplementary Table 3 and Supplementary Figure 5.

T and B lymphocyte subsets across
trimesters

Major adaptations occur in the maternal immune system to
ensure the success of pregnancy, and dysregulation of these
mechanisms is increasingly implicated in the pathogenesis of
several pregnancy-related complications (4). However, a clear
understanding is still lacking regarding the mechanisms by which
these immunological changes, particularly those concerning B and
T cell subsets, occur and how they may influence the susceptibility
to infection and the progression of immune-mediated diseases
during pregnancy.

Among the 74 cellular subsets characterized, differences in the
frequency of B and T cell subsets were observed across all three
trimesters of pregnancy, and in comparison with the non-
pregnancy state. Figure 3 illustrates, in an unsupervised manner,
the overall distribution of B and T cell populations and the
expression of analyzed markers across groups using opt-tSNE.

15000

10000

Cells/uL.

10.3389/fimmu.2025.1634176

In detail, 24 subsets showed significant changes across pregnancy
timepoints (Figure 4A), and 23 differed significantly when compared to
the non-pregnant group (Figure 4B). Inclusion criteria were defined as
a mean fold change > 1.1 (10% increase from baseline) or < 0.9, and p <
0.05. Our findings highlight several pregnancy-specific immune
variations that were consistent across trimesters but also distinct
from the non-pregnant state (Figure 4). Specifically, total B cells,
transitional B cells, and anergic naive B cells demonstrated a
progressive decline throughout pregnancy, with the most significant
reductions occurring in late pregnancy. These decreases were evident in
both within-pregnancy pregnancy vs non-pregnant comparisons. In
contrast, activated naive and switched memory B cells increased from
early to late pregnancy, indicating a shift toward heightened B cell
activation. These activated subsets were also significantly elevated
compared to non-pregnant women.

PD-L1" B cells followed a non-linear trajectory, decreasing from
early to mid-pregnancy and then rising in late pregnancy. Notably,
levels were consistently higher in early and late pregnancy relative
to the non-pregnant group. Some changes, such as those observed
in plasmablasts, were only detected within-pregnancy comparisons
and not when compared to the non-pregnant women. Collectively,
these results underscore a finely regulated, pregnancy-specific
modulation of B-cell activity that balances immune tolerance and
adaptation to support fetal development.

Dynamic changes were also observed in T cell populations, with
significant increases in circulating non-follicular helper (non-cTth)
and cytotoxic (non-cTfc) activated subsets, particularly in late
pregnancy, suggesting robust pregnancy-induced activation. CD8
T cell activation was especially prominent in mid and late
pregnancy, both in within-pregnancy comparisons and relative to
non-pregnant women, underscoring their critical role in immune
adaptation during these stages.
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FIGURE 2

Longitudinal changes in peripheral blood cell populations during pregnancy. Percentages and/or absolute counts of main leucocyte immune
populations and platelets across pregnancy and in non-pregnant women are presented. Mean with standard deviation of the indicated population
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**k*p < 0.0001. Comparisons between pregnant and non-pregnant groups were performed with ordinary One-way ANOVA followed by Dunnett's
multiple comparison test, and are indicated as 'p < 0.05, ''p < 0.01, "p< 0.001, p < 0.0001.
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Notably, some changes were more apparent when comparing
pregnant to non-pregnant women. For instance, the activated PD-
1" CD38" HLA-DR" cTfh subset was significantly decreased in
pregnant women compared to non-pregnant controls but showed
no major variation across trimesters. This suggests that cTth
suppression reflects a baseline immunological shift associated
with pregnancy, rather than trimester-specific modulation.
Conversely, double-negative (DN) T cells, were consistently
reduced throughout pregnancy and in comparison to non-
pregnant women, despite the stable levels of total CD4 and CD8
T cells. These observations suggest tightly regulated immune
adaptations, particularly within the CD8 T cell compartment,
aimed at preserving the immune balance essential for both
maternal and fetal well-being during pregnancy. Detailed results
for all subsets are presented in Supplementary Table 3.

In addition to proportional changes observed in B and T cell
subsets, we observed a significant decrease in the absolute counts of
total B and T cells during pregnancy, accompanied by a general
reduction across their respective subsets (Supplementary Figure 6).
Despite this overall decline in lymphocyte counts, the levels of
distinct activated CD4 and CD8 T cell subsets were notably higher
in late pregnancy compared to non-pregnant women. This was
particularly evident in PD-1* CD38" HLA-DR" non-cTth cells, PD-
1" CD38" HLA-DR" non-Tfc cells, and PD-1- CD38" HLA-DR"
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non-Tfc cells. Furthermore, a consistent increase in the absolute
counts of activated subsets of CD4 and CD8 T cells was observed,
aligning with the trends seen in their respective frequencies within
the maternal immune compartment. Detailed results for these
findings are presented in Supplementary Table 4.

In line with the increased proportion of activated cells observed in
late pregnancy, we found significantly higher basal frequencies of
CD69-expressing CD8™ and CD8" T cells, particularly in the third
trimester (Figure 5), whereas B cells did not show significant
differences. Additionally, a higher proportion of CD8 and CD8" T
cells co-expressing CD69 and PD-L1 markers was observed in
pregnant women compared to non-pregnant women, with the most
pronounced differences in the third trimester. In contrast, cells
expressing PD-L1 alone were more frequent among CD8 and
CD8" T cells in early pregnancy but less prevalent in non-
pregnant women.

Following stimulation, pregnancy was not associated with
major changes in immune cell activation capacity based on the
markers analyzed. However, an increased proportion of CD69"PD-
L1 cells was observed in the third trimester after stimulation. These
findings suggest that pregnancy is associated with a modest increase
in the baseline activation of peripheral CD8 and CD8" T cells,
peaking in late pregnancy, without a substantial impact on their
capacity to respond to stimulation.
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Detailed results are provided in Supplementary Table 5.

Associations with clinical and demographic
characteristics

Recognizing that variability in clinical and demographic
characteristics could influence the immune profiles observed in
the pregnant group, we further stratified this cohort based on key
variables. Specifically, we examined parity (nulliparous vs.
multiparous), maternal age (<33 years vs. 233 years), history of
prior miscarriage (< 1 vs. > 1 miscarriage), and BMI (<25 vs. 225
kg/m?®). Significant findings are summarized in Figure 5, with
additional statistical details provided in Supplementary Table 6.
To ensure relevance and minimize confounding, we focused only on
immune subsets for which corresponding non-pregnant subgroups,
stratified by the same criteria, showed no significant differences.

Maternal age exhibited a small but significant effect on the levels
of transitional B cells and activated naive B cells, which were higher
in older individuals (Figure 6A). Additionally, negative correlations
between maternal age and T cell subsets were observed during mid-
pregnancy, particularly in HLA-DR" T cells, PD-1" CD38" HLA-
DR" activated cTth, and PD-1- CD38" HLA-DR" activated non-
cTfc cells. Maternal age was not associated with changes in the
absolute counts of the immune populations analyzed.

Among the pregnant participants, 19 women had a history of at
least one prior miscarriage. These women were, on average, 3.4
years older than those without such a history. When stratified by
miscarriage history, a significant difference in the percentage of
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cTth cells was observed, along with a significant interaction between
trimester and miscarriage history (Figure 6B). Prior miscarriage
history was also associated with increased levels of activated PD-1"
CD38" HLA-DR" cTth cells and activated PD-1" CD38” HLA-DR"
cTfc cells. No significant differences were found in B cell subsets or
absolute counts of the analyzed populations based on
miscarriage history.

In our cohort, 21 pregnant women were multiparous and were,
on average, 2.5 years older than nulliparous women. Multiparous
participants showed increased frequencies of activated PD-1"
CD38" HLA-DR" non-Tfc cells and higher counts of cTfc and
PD-1" cTfc cells during early and mid-pregnancy (Figure 6C).

When comparing low-normal weight (BMI < 25 kg/mz) to
overweight or obese (BMI > 25 kg/m’) pregnant women, several
significant effects were observed (Figure 6D). Overweight and obese
women exhibited higher levels of total B cells during the second
trimester, alongside decreased levels of DN2 B cells and activated
naive B cells during early to mid-pregnancy. Lower percentages of
CD8 T cells were consistently observed throughout pregnancy in
this group. No significant differences in absolute cell counts were
detected between the BMI groups.

Establishing reference values for cellular
subsets: calculation and clinical
significance

Given the observed changes in B and T cellular subsets across
trimesters and the differences compared to the non-pregnant group,
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we calculated reference intervals for these subsets in each trimester
of gestation, as presented in Supplementary Tables 7 and 8. To
explore their potential clinical significance, we compared the
reference values with data from four participants who
discontinued the study due to adverse outcomes (Figure 7). Three
participants were transferred to a tertiary center because of
pregnancy complications: oligohydramnios (DP1), premature
rupture of membranes (DP2), and vasa previa (DP3). One
participant had a missed miscarriage in the first trimester (DP4).
In all four cases, at least one cellular subset fell outside the
established reference range in the timepoint preceding the adverse
outcome. A total of seven subsets showed notable deviations,
primarily with values exceeding the upper reference limit. Among
these, the CD8 T cell subsets were the most frequently aftected,
specifically, activated HLA-DR" CD8 T cells, PD-1" non-cTfc cells,
and PD-1" CD38" HLA-DR" non-cTfc subsets, suggesting a
potential link between dysregulation in the populations and
negative clinical outcomes. Due to the reduced sample size, no

statistical analysis was possible.

Discussion

Advances in cytomics and single-cell transcriptomics have
significantly enhanced the ability to capture the complexities of
systemic immunological adaptations during pregnancy (15, 37, 38).
However, there remains a critical need to monitor immune dynamics
longitudinally within the same individual using accessible biological
compartments. Such approaches must yield rapid, interpretable, and

Frontiers in Immunology

clinically actionable insights, capabilities well supported by flow
cytometry-based routine immunophenotyping.

This study presents a high-dimensional analysis characterizing
the phenotypes and functions of peripheral immune T and B cell
populations in maternal peripheral blood samples assessed
longitudinally throughout normal pregnancy and compared to
non-pregnant women. We validate previously reported
immunological changes during pregnancy and provide novel
insights into alterations in maternal peripheral immunity.
Additionally, we propose preliminary reference intervals for key
immune cell subsets, offering a potential framework for monitoring
pregnancy progression and identifying early deviations that may
precede pregnancy complications.

Significant changes in leukocyte subpopulations were observed
throughout pregnancy, with a progressive increase in neutrophil and
monocyte concentrations beginning in the first trimester, while
lymphocyte levels remained stable and consistently lower than those
in non-pregnant women. These findings are consistent with the well-
established phenomenon of physiological leukocytosis during
pregnancy (14, 39). The early post-implantation of the first
trimester is characterized by sustained levels of inflammatory
cytokines and growth factors, such as Granulocyte and Granulocyte-
Macrophage Colony Stimulating Factors (G-CSF and GM-CSF,
respectively), which drive neutrophil and monocyte production in
the bone marrow (3, 40, 41). Additionally, pregnancy-associated
hormones such as estrogen and progesterone may also contribute to
these alterations by extending the neutrophil lifespan through
inhibition of apoptosis (42, 43). This innate-driven inflammation
plays a key role in supporting wound healing, post-implantation
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recovery, placentation, and uterine remodeling (44). Importantly,
although peripheral neutrophils and monocytes increase
dramatically in numbers, they are functionally reprogrammed to
promote immune tolerance (45, 46). Neutrophils, while more
abundant, show reduced pro-inflammatory activity, produce
immunoregulatory mediators that inhibit T cell responses, while
releasing pro-angiogenic factors at the decidua to support placental
development. Pregnancy hormones and placental factors further skew
neutrophils toward an anti-inflammatory state and enable crosstalk
with adaptive immunity, promoting the induction of Treg cells
secreting IL-10 and VEGF (47). Circulating monocytes are similarly
reprogrammed by placental signals (46). First-trimester placental
exosomes convert monocytes into an M2-like state with high PD-L1
expression, leading to suppressed CD4"/CD8" T-cell proliferation and
expanded Tregs (48). In parallel, trophoblast microparticles elicit
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moderate monocyte secretion of TNF-o, IL-6, and IL-8,
contributing to a controlled inflammatory milieu (46). Throughout
gestation, monocytes undergo epigenetic remodeling and subset shifts,
more significant in intermediate CD14"CD16" cells, that heighten
their activation potential by term (46). Together, these innate
adaptations help establish maternal-fetal tolerance, while their
dysregulation is linked to complications such as preeclampsia
and miscarriage.

Observed alterations in erythrogram components and the
progressive decline in platelet counts are well-documented
physiological adaptations in pregnancy, often attributed to
increased platelet turnover and hemodilution (49).

Of the 74 lymphocyte subsets analyzed in this study, 24 subsets
exhibited significant changes across pregnancy timepoints, while 23
subsets differed significantly when compared to the non-pregnant
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group. Peripheral blood B cell levels varied throughout normal
pregnancy and differed from those in non-pregnant women. A
notable decrease in total circulating B cells was particularly evident
during the third trimester, a finding that has been widely reported in
previous studies (19, 50, 51).

Previous studies have linked these changes in the B cell
compartment to endocrine factors such as human chorionic
gonadotropin (hCG), which modifies B cell differentiation and
function (52, 53). Muzzio et al. also demonstrated that B
lymphopoiesis in mice decreases in late pregnancy, coinciding
with elevated estradiol levels (54). Another likely mechanism
contributing to reduced peripheral B cell levels is their migration
and retention at the maternal-fetal interface, a hypothesis supported
by studies highlighting the critical role of B cells in this region (55).

Moreover, most B cell subsets exhibit decreased absolute counts
during pregnancy (14), with transitional B cells showing particularly
pronounced reductions in late pregnancy (21, 51, 56). However, no
significant differences were observed in the distribution of naive and
memory B cell subsets across study visits. Nonetheless, variations in
the proportions of major B cell subsets have been inconsistently
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reported in studies, likely due to distinct phenotypic and
methodological approaches.

Plasmablasts decreased from the first to the second trimester
but did not differ significantly from levels in non-pregnant women,
contrary to previous reports (15, 51). However, naive and memory
B cell populations showed distinct activation dynamics: anergic
naive B cell proportions showed a continuous decline throughout
pregnancy, while activated naive and switched memory B cells
progressively increased from early to late gestation. A study by
Demery-Poulos et al. found a greater proportion of B cells in
pregnant women displaying memory-like and activated
phenotypes (57) whereas Apps et al. reported opposite trends in
these subsets (21). Additionally, a recent study reported
downregulation of genes associated with signal transduction
pathways, B cell activation, and immune responses in B cells
(memory, naive, and plasmablasts) throughout gestation and in
comparison to the non-pregnant state (15). Similar findings were
observed in total splenic B cells from pregnant and non-pregnant
mice (58). Conversely, Demery-Poulos et al. found a significantly
greater fold change in B cell activation following anti-human IgM/
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IgG stimulation in cells isolated from pregnant compared to non-
pregnant women, suggesting pregnancy-enhanced circulating B cell
responsiveness (57). Supporting this idea, higher levels of serum B-
cell activating factor (BAFF) have been reported in pregnant women
compared to non-pregnant, suggesting that BAFF may prime B cells
and contribute to the pregnancy-specific increase in activation
observed in these cells (59). In contrast to these studies, we found
no significant changes in the B-cell activation status, as assessed by
CD69 expression, at any gestational age, either at baseline or after
stimulation. Still, our assessment only focused on the total B cell
compartment and did not discriminate between different subsets
within it.

PD-L1 expression on B cells defines a mechanism for potent
suppression of humoral immunity by attenuating T cell activation
and antibody production (60). In our study, PD-L1* B cell levels
decreased from early to mid-pregnancy and rose again in late
pregnancy, with levels remaining elevated during the early and
late stages compared to non-pregnant individuals. These dynamic
fluctuations are consistent with existing literature on immune
modulation during pregnancy and suggest a temporally regulated
role for PD-L1* B cells in maintaining immune balance across
gestation (61, 62). For instance, a study by Mach et al. investigated
soluble PD-L1 (sPD-L1) serum levels in uncomplicated pregnancies
and found a significant increase throughout gestation, with the
highest concentrations in the third trimester (63). Similar results
were reported by Hedman et al. (64) and Okuyama et al. (65). Since
PD-L1 is highly expressed by syncytiotrophoblast and its expression
increases with gestational age, the placenta may serve as an
important source of circulating PD-L1 (66). While these studies
primarily focused on sPD-L1, they support the concept of dynamic
PD-L1 expression during pregnancy, which may reflect changes in
basal PD-L1" B cell populations.

A recent study reported negative correlations between PD-L1*
B cells and various subsets of Tregs, i.e., subsets expressing markers
that influence immunosuppressive function in early pregnant
women (62). In fact, elevated PD-L1 expression in regulatory B
cells may suppress inflammation by interacting with PD-1
expressed on T cells and Treg cells, thus delivering inhibitory
signals that mediate immune suppression (67, 68). The increased
levels observed during early pregnancy may facilitate the expansion
of Tregs and a shift toward an immunotolerance state during mid-
pregnancy. In the third trimester, increased PD-L1 expression on B
cells can modulate immune responses, to ensure they do not
adversely affect the fetus while facilitating the onset of labor.
Interestingly, a study demonstrated that CpG-induced PD-L1
expression on human B cells can suppress Th2 cytokine
production by CD4 T cells stimulated with pollen antigens, while
increasing INF-y and IL-12 secretion (69). In our study, the lower
levels of PD-L17 B cells observed during the second trimester might
be related to the well-documented immune shift towards a Th2-
dominant state during mid-pregnancy (14). Conversely, the
increased levels of PD-L1+ B cells in late pregnancy may
afterwards facilitate Th1 cytokine responses in this later stage.

However, it is important to note that immune associations
observed in peripheral blood and circulating subsets may not
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directly reflect those in decidual tissues. Further research is, thus,
needed to better characterize the PD-L1 expression on B cells
throughout the full course of pregnancy, also locally, given the
importance of the PD-1/PD-L1 axis at the maternal-fetal
interface (61).

Previous evidence suggests that human circulating transitional
B cells are enriched in regulatory B cells (70), and somehow exhibit
regulatory properties (71). In our study, we observed a decline in
CD24hiCD38" T1/T2 transitional B cells beginning in the first
trimester, consistent with prior reports (21, 51, 56). This reduction
may be partly explained by maternal circulating hCG levels, which
have been implicated in regulating both the number and function of
Bregs (72). However, no definitive set of surface markers currently
exists to identify Bregs, and we align with recommendations
suggesting that accurate enumeration of Bregs should rely on
functional characterization, specifically, single-cell cytokine
production measurements, through intracellular staining for IL-10
and IL-35 (73, 74). This functional characterization is often
overlooked in many studies. We aim to complement and validate
the present findings through additional functional studies,
including the evaluation of cytokine secretion by both B and T cells.

T cell responses are generally believed to be suppressed during
pregnancy, although the exact mechanism remains unclear. We
observed several dynamic changes across various T cell subsets,
including Tth cells, which are known to mediate adaptive immune
responses in various human autoimmune diseases such as
rheumatoid arthritis, systemic lupus erythematosus, and multiple
sclerosis (28). In contrast, the role of Tth cells during pregnancy
remains poorly defined, with most existing studies being conducted
in mice. Limited research suggests that Tth cells may support
successful allogeneic pregnancy in mice (75), while in humans, a
study by Monteiro and collaborators reported that human
pregnancy favors Tth cell expansion, potentially driven by
elevated estrogen levels, which enhance Tth cell differentiation
and promote humoral immunity while balancing Th1/Th2
responses (76).

In our study, although no significant changes in cTth cell levels
were observed along pregnancy, the pregnant group consistently
showed lower cTth cell counts in all trimesters compared to non-
pregnant women. Additionally, a significant decrease in cTth cell
percentages was noted in the third trimester. We also provide
further insight into Tfh cell dynamics during pregnancy,
demonstrating that both the frequency and absolute counts of
activated cTth cells expressing PD-1, CD38, and HLA-DR were
reduced in pregnant women compared to non-pregnant controls.
Similar findings were observed by Frohlich et al., who characterized
circulating mice CXCR5"PD-1"ICOS"™ Tth cells and found a
decrease during the first trimester (77). They also reported lower
levels of CXCR5"Bcl-6" Tfh cells in normal pregnant mice
compared to both non-pregnant and mice with disturbed
pregnancies (77). Interestingly, a study by Zeng et al. using an
allogeneic pregnancy mouse model found that uterine and placental
CD4 T cells exhibited a Ttfh-like phenotype. Specifically,
CXCR5™PD-1™ and CXCR5hilCOS™ Tth cells with a memory/
activation phenotype peaked at mid-pregnancy and were
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abundantly located in the uterus, with a marked increase in the
placenta by late pregnancy (75). This tissue-specific redistribution
of Tth-like cells may help explain the lower circulating Tth cell
levels observed in our study. In addition, the hormonal effect in
these populations still needs more consistent functional approaches
to fully detail and ascertain the real impact and how the follicular
functions can be modulated. In future studies, we aim to evaluate
cytokine secretion by Tfh cells after stimulation to complete the
current analysis.

Follicular CD8 T cells (cTfc) are a more controversial subset,
poorly described, particularly in peripheric compartments, but they
might play a critical role in cytokine signaling and cell-cell
interactions, modulating both Tfh and B cells in humoral
responses (78). To the best of our knowledge, there are no reports
on this population during pregnancy. Thus, for the first time, we
report the progressive decline in cTfc levels in pregnancy, with
consistently lower levels across all trimesters compared to non-
pregnant women. These findings suggest that both Tfh and,
particularly, Tfc populations are dynamically altered during
pregnancy, providing new insights into immune adaptations
beyond the traditionally studied Th cell responses.

In contrast, we identified increasing proportions of non-
follicular CD4 and CD8 T cell subsets expressing both activation
and maturation markers throughout pregnancy, particularly PD-
1"CD38™HLA-DR" and PD-1-CD38"HLA-DR" non-Tfc subsets.
In accordance with these activated phenotypes, we observed a
pregnancy-specific increase in the basal proportion of CD69"PD-
L1™ and CD69"PD-L1 "activated peripheral CD4 and CD8 T cells. A
study in C57BL/6 mice reported elevated baseline levels of CD69*
CD4 T cells (but not CD8) in late pregnancy compared to non-
pregnant mice (79). Similarly, Demery-Poulos et al. observed
increased proportions of activated CD69" peripheral CD4 T cells
in third-trimester pregnant women (57). Given the presence of fetal
antigens in maternal circulation, it is plausible that the increased
activation of T cells in pregnancy results from repeated antigenic
exposure (80, 81). Moreover, cell-free fetal DNA levels in maternal
circulation rise in late pregnancy, coinciding with a pro-
inflammatory shift before labor (82). Phenotyping and omics
studies have provided further evidence of T cell activation during
labor (83, 84), with increased activation marker expression linked to
T cell responses in late pregnancy (85).

Taken together, these findings suggest that pregnancy is
characterized by a gradual increase in basal activation of
peripheral CD4" and CD8" T cells, which intensifies as labor
approaches. Although no studies have directly examined these
subsets in pregnancy-related pathologies, an increased CD69
expression on peripheral T cells has been reported in patients
with a history of recurrent spontaneous miscarriage (86, 87). Both
basal and stimulated CD69 expression were higher in women who
experienced miscarriage compared to those with normal
pregnancies (87). Additionally, in vivo activation of T cells with
an anti-CD3¢ antibody during mid-to-late pregnancy has been
shown to trigger systemic inflammation, preterm labor, and birth
(88), suggesting that excessive maternal T cell activation can be
detrimental to fetal health. The increased proportions of activated
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CD8 T cells observed in our clinical dropouts may reflect these
consequences. Therefore, this study establishes an important
reference for future research into immune patterns during healthy
pregnancy and underscores the need for further investigation in
pathological cohorts.

Indeed, regular assessment of hematological and immunological
profiles is a vital and standard medical practice for evaluating health
status. Normal reference intervals (RIs) for these parameters in healthy
populations serve as critical cutoff points for clinical decision-making.
Deviations from these reference ranges can indicate disease and are
essential for diagnosis and patient monitoring, particularly in the era
of evidence-based medicine. Establishing baseline immunological
reference ranges in healthy pregnant women is crucial for predicting
and improving pregnancy outcomes during antenatal care.

In this study, we present preliminary Rls for key lymphocyte
subsets, particularly those that exhibited significant changes
throughout gestation compared to the non-pregnant group. To
our knowledge, this is the first report to provide reference ranges for
these specific immune populations throughout the entire course of
pregnancy. While previous studies have established reference values
for major leukocyte populations, including lymphocytes and some
subsets (89, 90), more specific immune populations have remained
largely uncharacterized, leaving a critical gap in the field. Given the
growing body of evidence linking immune dysregulation during
pregnancy with adverse outcomes (91), monitoring immune subsets
whose deviations may signal impending complications is of clear
clinical relevance. Although this study was not initially designed to
assess the applicability of these RIs to pregnancy complications, we
did observe immune deviations in participants who discontinued
the study due to pregnancy-related complications. Notably, each of
these individuals exhibited at least one deviation from the
established RIs, suggesting a potential foundation for future
evaluation of these populations in the context of pregnancy
complications. Interestingly, deviations in the second-trimester
evaluations were characterized by elevated levels, whereas those in
the first-trimester evaluation showed reduced levels. While these
findings are noteworthy, they are not statistically significant and
should not be generalized to the broader population. Further
validation of these reference intervals in future larger cohort
studies is necessary to confirm their clinical relevance.

Additionally, we found evidence that certain immune populations
altered during gestation also varied significantly with maternal age,
parity, history of miscarriage, and BMI. In contrast, a previous study
with a smaller sample size found no association between maternal
characteristics and immune dynamics (21). Due to the limited number
of participants in our study, we are unable to establish robust reference
intervals stratified by demographic and clinical variables. Nonetheless,
our findings highlight the importance of larger cohort studies to refine
these reference intervals and to assess their clinical relevance in
pregnant populations.

We acknowledge some limitations in our study. First, while our
total sample size (n=50) is comparable to that of other studies in
literature, it limited our ability to conduct detailed subgroup
analyses, thereby reducing the statistical robustness of some
stratified comparisons. Additionally, incomplete data collection
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during the second and third trimesters may have impacted the
completeness of the longitudinal dataset. While our cohort included
only women who delivered at term, participants varied in
demographic and clinical characteristics, which may have
influenced immune characteristics and contributed to
interindividual variability. Nonetheless, we successfully captured
chronological immune adaptations throughout term pregnancies.
Another limitation is the recruitment of participants from a single
private healthcare center, which may restrict the generalizability of
our findings. Future research should investigate how ethnic, racial,
and socioeconomic factors influence immune adaptations during
pregnancy. Regarding the establishment of reference interval,
although we did not meet the recommended minimum sample
size (n=120), we employed the robust statistical method
recommended by the CLSI for smaller datasets. While validated,
this approach would benefit from replication in larger cohorts to
enhance the clinical utility of the proposed reference intervals.
Finally, future studies incorporating more representative cohorts
and postpartum follow-up will be essential to confirm the
reproducibility of our findings and to further elucidate immune
adaptations during and after pregnancy.

Despite these limitations, our study presents several strengths.
Unlike many similar studies, we conducted a longitudinal follow-up
of the same participants across defined gestational timepoints,
thereby reducing cohort heterogeneity and enhancing internal
validity. In addition to analyzing immune cell population
frequencies and absolute cell counts, we also assessed cellular
functional states and responsiveness, an aspect often overlooked
in comparable research. Furthermore, our study is among the few to
perform a longitudinal analysis of immune adaptations during
pregnancy using a well-defined and pre-established timeline and a
standardized, optimized methodology. Another key strength is our
inclusion of effect size calculation, which enhances both the
interpretability and reliability of our findings. Unlike p-values,
which only indicate statistical significance, effect sizes quantify the
magnitude of differences or associations, offering deeper insight into
their biological and clinical relevance (35, 92). This is particularly
important in studies with smaller sample sizes, where statistically
significant results may not always reflect meaningful effects.
Additionally, effect size calculations facilitate comparisons with
previous research, allowing for better contextualization within the
broader scientific literature. By incorporating these analyses, we
strengthen the interpretative value of our results and increase the
study’s potential impact in the field.

Conclusion

This study provides a detailed characterization of immune
changes throughout gestation, offering novel insights into the
immune subsets influenced by pregnancy and their functional
capacities. These findings contribute to a more comprehensive
understanding of systemic maternal immune adaptations during
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pregnancy. In addition, we present pregnancy-specific reference
intervals for key immune cell subsets, which may serve as a valuable
resource for both future research and potential clinical applications.
Notably, the immune deviations observed in participants who
experienced pregnancy complications underscore the importance
of establishing additional reference values and highlight the need
for validation in larger, independent cohorts.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving humans were approved by Ethics Health
Committee of Hospital da Luz Lisboa (CES/15/2022/ME) and the
Ethics Research Committee of NOVA Medical School (167/2021/
CEFCM). The studies were conducted in accordance with the local
legislation and institutional requirements. The participants
provided their written informed consent to participate in this study.

Author contributions

MD: Methodology, Formal analysis, Data curation,
Visualization, Conceptualization, Investigation, Writing — review
& editing, Writing - original draft. CM: Writing - review & editing,
Project administration, Methodology, Conceptualization,
Supervision, Validation. MM: Formal analysis, Writing — original
draft, Data curation, Investigation, Visualization. MB: Formal
analysis, Data curation, Investigation, Writing — original draft,
Visualization. AC: Writing - original draft, Resources. SS:
Writing — original draft, Resources. EF: Writing — original draft,
Resources. CA: Writing — original draft, Resources. JL: Supervision,
Methodology, Conceptualization, Project administration,
Resources, Writing - review & editing. LB: Supervision, Writing -
review & editing, Conceptualization, Project administration,
Funding acquisition.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This study was financed
by a Luz Saude Research Grant (LH.INV.F2019036) from Hospital
da Luz Learning Health. The funder did not have any role in the
study design, in the collection, analysis, and interpretation of data,
in the report’s writing, and in the decision to submit the article
for publication.

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1634176
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Angelo-Dias et al.

Acknowledgments

The authors would like to thank Tania Antunes and Professor

Paulo Paixao for their assistance with the patient data files.

Conflict of interest

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

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

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

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1634176/
full#supplementary-material

References

1. Mor G, Aldo P, Alvero AB. The unique immunological and microbial aspects of
pregnancy. Nat Rev Immunol. (2017) 17:469-82. doi: 10.1038/nri.2017.64

2. Peterson LS, Stelzer IA, Tsai AS, Ghaemi MS, Han X, Ando K, et al. Multiomic
immune clockworks of pregnancy. Semin Immunopathol. (2020) 42:397-412.
doi: 10.1007/s00281-019-00772-1

3. Aghaeepour N, Ganio EA, Mcllwain D, Tsai AS, Tingle M, Van Gassen S, et al. An
immune clock of human pregnancy. Sci Immunol. (2017) 2:eaan2946. doi: 10.1126/
sciimmunol.aan2946

4. Deshmukh H, Way SS. Immunological basis for recurrent fetal loss and pregnancy
complications. Annu Rev Pathol. (2019) 14:185-210. doi: 10.1146/annurev-
pathmechdis-012418-012743

Frontiers in Immunology

10.3389/fimmu.2025.1634176

SUPPLEMENTARY FIGURE 1

Representative gating for B cell populations identified by the B cell panel of
the flow cytometry analysis. Initial gating was performed with Infinicyt
software to isolate the lymphocyte population (CD45*SSC°"FSC'®%) and
exclusion of doublets and artifacts (Black box). Files were then exported,
and subsequent analysis was performed using FlowJo software (Red box)

SUPPLEMENTARY FIGURE 2

Representative gating for CD4 T cell populations identified by the T cell panel
of the flow cytometry analysis. Initial gating was performed with Infinicyt
software to isolate the lymphocyte population (CD45*SSC°"FSC'®%) and
exclusion of doublets and artifacts (Black box). Files were then exported,
and subsequent analysis was performed using FlowJo software (Red box).

SUPPLEMENTARY FIGURE 3

Representative gating for CD8 T cell populations identified by the T cell panel
of the flow cytometry analysis. Initial gating was performed with Infinicyt
software to isolate the lymphocyte population (CD45*SSC°"FSC'*%) and
exclusion of doublets and artifacts (black box). Files were then exported,
and subsequent analysis was performed using FlowJo software (red box).

SUPPLEMENTARY FIGURE 4
Representative gating for CD69- and PD-L1-expressing B, CD8 and CD8" T
cell populations. Analysis was performed using FlowJo software

SUPPLEMENTARY FIGURE 5
Longitudinal changes in erythrogram components during pregnancy. Values of
main erythrogram components across pregnancy and non-pregnant group. The
mean with standard deviation of the indicated parameter across groups is
indicated, and the normal range is represented with shaded areas. Statistical
significance between trimesters was determined with mixed-effects analysis
followed by Tukey's multiple comparisons test and are indicated as: *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001. Comparisons between pregnant and
non-pregnant groups were performed with ordinary One-\?/ay ANOV/T\Tfollowed
?HDunnett's r‘(Hl]ti]ple comparison test and are indicated as 'p < 0.05, " 'p < 0.01,
p< 0.001, p < 0.0001. RBC, Red blood cells; Hg, Hemoglobin; Hct,
Hematocrit; MCV, Mean Corpuscular Volume; MCH, Mean Corpuscular
Hemoglobin; MCHC, Mean Corpuscular Hemoglobin Concentration; RDW, Red
Cell Distribution Width; Hypo, Hypochromic.

SUPPLEMENTARY FIGURE 6

Changes in absolute counts of peripheral blood lymphocytic populations in
pregnant and non-pregnant groups. (A) Longitudinal comparisons between the
15 (T1), 2™ (T2), and 3™ (T3) trimester study visits. (B) Comparisons between non-
pregnant women (NPW) and each trimester of the pregnant group. Only subsets
of immune cell populations with a fold change greater than 1.1 or less than 0.9 and
significant differences for at least one comparison are represented. Only subsets
with more than 5 cells/ul in at least one group were considered for analysis.
Statistical significance was calculated using Tukey's (A) or Dunnett’s (B) multiple
comparisons test and are denoted as follows: *p < 0.05, **p < 0.01, ***p < 0.001,
and ****p < 0.0001. The colour gradient represents fold change on a Log scale of
each subset's absolute count (0 = no change). Detailed information is available in
Supplementary Table 4.

5. Broekhuizen M, Hitzerd E, van den Bosch TPP, Dumas J, Verdijk RM, van Rijn BB,
et al. The placental innate immune system is altered in early-onset preeclampsia, but not in
late-onset preeclampsia. Front Immunol. (2021) 12:780043. doi: 10.3389/fimmu.2021.780043

6. Kumar M, Saadaoui M, Al Khodor S. Infections and pregnancy: effects on
maternal and child health. Front Cell Infect Microbiol. (2022) 12:873253.
doi: 10.3389/fcimb.2022.873253

7. Megli CJ, Coyne CB. Infections at the maternal-fetal interface: an overview of
pathogenesis and defence. Nat Rev Microbiol. (2022) 20:67-82. doi: 10.1038/s41579-
021-00610-y

8. Mills BS, Bermas BL. Pregnancy and the autoimmune patient. Curr Allergy
Asthma Rep. (2024) 24:261-7. doi: 10.1007/s11882-024-01143-z

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1634176/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1634176/full#supplementary-material
https://doi.org/10.1038/nri.2017.64
https://doi.org/10.1007/s00281-019-00772-1
https://doi.org/10.1126/sciimmunol.aan2946
https://doi.org/10.1126/sciimmunol.aan2946
https://doi.org/10.1146/annurev-pathmechdis-012418-012743
https://doi.org/10.1146/annurev-pathmechdis-012418-012743
https://doi.org/10.3389/fimmu.2021.780043
https://doi.org/10.3389/fcimb.2022.873253
https://doi.org/10.1038/s41579-021-00610-y
https://doi.org/10.1038/s41579-021-00610-y
https://doi.org/10.1007/s11882-024-01143-z
https://doi.org/10.3389/fimmu.2025.1634176
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Angelo-Dias et al.

9. Gordon C. Pregnancy and autoimmune diseases. Best Pract Res Clin Rheumatol.
(2004) 18:359-79. doi: 10.1016/j.berh.2004.02.012

10. Patas K, Engler JB, Friese MA, Gold SM. Pregnancy and multiple sclerosis: feto-
maternal immune cross talk and its implications for disease activity. ] Reprod Immunol.
(2013) 97:140-6. doi: 10.1016/j.jri.2012.10.005

11. Vento-Tormo R, Efremova M, Botting RA, Turco MY, Vento-Tormo M, Meyer
KB, et al. Single-cell reconstruction of the early maternal-fetal interface in humans.
Nature. (2018) 563:347-53. doi: 10.1038/541586-018-0698-6

12. Ander SE, Diamond MS, Coyne CB. Immune responses at the maternal-fetal
interface. Sci Immunol. (2019) 4:eaat6114. doi: 10.1126/sciimmunol.aat6114

13. PrabhuDas M, Bonney E, Caron K, Dey S, Erlebacher A, Fazleabas A, et al.
Immune mechanisms at the maternal-fetal interface: perspectives and challenges. Nat
Immunol. (2015) 16:328-34. doi: 10.1038/ni.3131

14. Abu-Raya B, Michalski C, Sadarangani M, Lavoie PM. Maternal immunological
adaptation during normal pregnancy. Front Immunol. (2020) 11:575197. doi: 10.3389/
fimmu.2020.575197

15. Chen D, Wang W, Wu L, Liang L, Wang S, Cheng Y, et al. Single-cell atlas of
peripheral blood mononuclear cells from pregnant women. Clin Transl Med. (2022) 12:
e821. doi: 10.1002/ctm2.821

16. Wang W, Sung N, Gilman-Sachs A, Kwak-Kim J. T helper (Th) cell profiles in
pregnancy and recurrent pregnancy losses: th1/th2/th9/th17/th22/tth cells. Front
Immunol. (2020) 11:2025. doi: 10.3389/fimmu.2020.02025

17. Ghaebi M, Nouri M, Ghasemzadeh A, Farzadi L, Jadidi-Niaragh F, Ahmadi M,
et al. Immune regulatory network in successful pregnancy and reproductive failures.
BioMed Pharmacother. (2017) 88:61-73. doi: 10.1016/j.biopha.2017.01.016

18. Dutta S, Sengupta P, Haque N. Reproductive immunomodulatory functions of B cells
in pregnancy. Int Rev Immunol. (2020) 39:53-66. doi: 10.1080/08830185.2019.1674299

19. Kraus TA, Engel SM, Sperling RS, Kellerman L, Lo Y, Wallenstein S, et al.
Characterizing the pregnancy immune phenotype: results of the viral immunity and
pregnancy (VIP) study. J Clin Immunol. (2012) 32:300-11. doi: 10.1007/s10875-011-
9627-2

20. Lima J, Martins C, Nunes G, Sousa MJ, Branco JC, Borrego LM. Impact of labor
on peripheral blood maternal T-cell subsets and on regulatory T and B cells. Reprod Sci.
(2017) 24:276-84. doi: 10.1177/1933719116653680

21. Apps R, Kotliarov Y, Cheung F, Han KL, Chen J, Biancotto A, et al. Multimodal
immune phenotyping of maternal peripheral blood in normal human pregnancy. JCI
Insight. (2020) 5:¢134838. doi: 10.1172/jci.insight.134838

22. Birkeland SA, Kristoffersen K. Lymphocyte transformation with mitogens and
antigens during normal human pregnancy: a longitudinal study. Scand ] Immunol.
(1980) 11:321-5. doi: 10.1111/j.1365-3083.1980.tb00240.x

23. Busse M, Campe KJ, Redlich A, Oettel A, Hartig R, Costa SD, et al. Regulatory B
cells are decreased and impaired in their function in peripheral maternal blood in pre-
term birth. Front Immunol. (2020) 11:386. doi: 10.3389/fimmu.2020.00386

24. Guzman-Genuino RM, Diener KR. Regulatory B cells in pregnancy: lessons from
autoimmunity, graft tolerance, and cancer. Front Immunol. (2017) 8:172. doi: 10.3389/
fimmu.2017.00172

25. Esteve-Sole A, Luo Y, Vlagea A, Deya-Martinez A, Yague J, Plaza-Martin AM,
et al. B regulatory cells: players in pregnancy and early life. Int ] Mol Sci. (2018) 19:2099.
doi: 10.3390/ijms19072099

26. Crotty S. Follicular helper CD4 T cells (TFH). Annu Rev Immunol. (2011)
29:621-63. doi: 10.1146/annurev-immunol-031210-101400

27. Morita R, Schmitt N, Bentebibel SE, Ranganathan R, Bourdery L, Zurawski G,
et al. Human blood CXCR5(+)CD4(+) T cells are counterparts of T follicular cells and
contain specific subsets that differentially support antibody secretion. Immunity. (2011)
34:108-21. doi: 10.1016/j.immuni.2010.12.012

28. Walker LSK. The link between circulating follicular helper T cells and
autoimmunity. Nat Rev Immunol. (2022) 22:567-75. doi: 10.1038/s41577-022-00693-5

29. World Medical A. World medical association declaration of helsinki: ethical
principles for medical research involving human participants. JAMA. (2025) 333:71-4.
doi: 10.1001/jama.2024.21972

30. SanzI, Wei C, Jenks SA, Cashman KS, Tipton C, Woodruff MC, et al. Challenges
and opportunities for consistent classification of human B cell and plasma cell
populations. Front Immunol. (2019) 10:2458. doi: 10.3389/fimmu.2019.02458

31. Xu H, Liew LN, Kuo IC, Huang CH, Goh DL, Chua KY. The modulatory effects
of lipopolysaccharide-stimulated B cells on differential T-cell polarization.
Immunology. (2008) 125:218-28. doi: 10.1111/j.1365-2567.2008.02832.x

32. Mandala W, Harawa V, Munyenyembe A, Soko M, Longwe H. Optimization of
stimulation and staining conditions for intracellular cytokine staining (ICS) for
determination of cytokine-producing T cells and monocytes. Curr Res Immunol.
(2021) 2:184-93. doi: 10.1016/j.crimmu.2021.10.002

33. Ai W, Li H, Song N, Li L, Chen H. Optimal method to stimulate cytokine
production and its use in immunotoxicity assessment. Int ] Environ Res Public Health.
(2013) 10:3834-42. doi: 10.3390/ijerph10093834

34. Belkina AC, Ciccolella CO, Anno R, Halpert R, Spidlen ], Snyder-Cappione JE.
Automated optimized parameters for T-distributed stochastic neighbor embedding
improve visualization and analysis of large datasets. Nat Commun. (2019) 10:5415.
doi: 10.1038/5s41467-019-13055-y

Frontiers in Immunology

16

10.3389/fimmu.2025.1634176

35. Lakens D. Calculating and reporting effect sizes to facilitate cumulative science: a
practical primer for t-tests and ANOVAs. Front Psychol. (2013) 4:863. doi: 10.3389/
fpsyg.2013.00863

36. CLSI. Defining, Establishing, and Verifying Reference Intervals in the Clinical
Laboratory; Approved Guideline - Third EditionCLSI document EP28-A3c. Wayne, PA:
Clinical and Laboratory Standards Institute (2008).

37. Blazkova J, Gupta S, Liu Y, Gaudilliere B, Ganio EA, Bolen CR, et al. Multicenter
systems analysis of human blood reveals immature neutrophils in males and during
pregnancy. J Immunol. (2017) 198:2479-88. doi: 10.4049/jimmunol.1601855

38. Fragiadakis GK, Baca QJ, Gherardini PF, Ganio EA, Gaudilliere DK, Tingle M,
et al. Mapping the fetomaternal peripheral immune system at term pregnancy. J
Immunol. (2016) 197:4482-92. doi: 10.4049/jimmunol.1601195

39. Sharma S, Rodrigues PRS, Zaher S, Davies LC, Ghazal P. Immune-metabolic
adaptations in pregnancy: A potential stepping-stone to sepsis. EBioMedicine. (2022)
86:104337. doi: 10.1016/j.ebiom.2022.104337

40. Belo L, Santos-Silva A, Rocha S, Caslake M, Cooney J, Pereira-Leite L, et al.
Fluctuations in C-reactive protein concentration and neutrophil activation during
normal human pregnancy. Eur J Obstet Gynecol Reprod Biol. (2005) 123:46-51.
doi: 10.1016/j.ejogrb.2005.02.022

41. Makinoda S, Mikuni M, Furuta I, Okuyama K, Sagawa T, Fujimoto S. Serum
concentration of endogenous G-CSF in women during the menstrual cycle and
pregnancy. Eur J Clin Invest. (1995) 25:877-9. doi: 10.1111/j.1365-2362.1995.tb01699.x

42. Robertson SA, Mayrhofer G, Seamark RF. Ovarian steroid hormones regulate
granulocyte-macrophage colony-stimulating factor synthesis by uterine epithelial cells
in the mouse. Biol Reprod. (1996) 54:183-96. doi: 10.1095/biolreprod54.1.183

43. Molloy EJ, O’Neill AJ, Grantham JJ, Sheridan-Pereira M, Fitzpatrick JM, Webb
DW, et al. Sex-specific alterations in neutrophil apoptosis: the role of estradiol and
progesterone. Blood. (2003) 102:2653-9. doi: 10.1182/blood-2003-02-0649

44. Wang J. Neutrophils in tissue injury and repair. Cell Tissue Res. (2018) 371:531—
9. doi: 10.1007/s00441-017-2785-7

45. Bert S, Ward EJ, Nadkarni S. Neutrophils in pregnancy: New insights into innate and
adaptive immune regulation. Immunology. (2021) 164:665-76. doi: 10.1111/imm.13392

46. True H, Blanton M, Sureshchandra S, Messaoudi I. Monocytes and macrophages
in pregnancy: The good, the bad, and the ugly. Immunol Rev. (2022) 308:77-92.
doi: 10.1111/imr.13080

47. Nadkarni S, Smith J, Sferruzzi-Perri AN, Ledwozyw A, Kishore M, Haas R, et al.
Neutrophils induce proangiogenic T cells with a regulatory phenotype in pregnancy.
Proc Natl Acad Sci U S A. (2016) 113:E8415-E24. doi: 10.1073/pnas.1611944114

48. Bai K, Lee CL, Liu X, Li J, Cao D, Zhang L, et al. Human placental exosomes
induce maternal systemic immune tolerance by reprogramming circulating monocytes.
J Nanobiotechnology. (2022) 20:86. doi: 10.1186/s12951-022-01283-2

49. Soma-Pillay P, Nelson-Piercy C, Tolppanen H, Mebazaa A. Physiological
changes in pregnancy. Cardiovasc ] Afr. (2016) 27:89-94. doi: 10.5830/CVJA-2016-021

50. Pazos M, Sperling RS, Moran TM, Kraus TA. The influence of pregnancy on
systemic immunity. Immunol Res. (2012) 54:254-61. doi: 10.1007/s12026-012-8303-9

51. Lima J, Martins C, Leandro MJ, Nunes G, Sousa M]J, Branco JC, et al.
Characterization of B cells in healthy pregnant women from late pregnancy to post-
partum: a prospective observational study. BMC Pregnancy Childbirth. (2016) 16:139.
doi: 10.1186/s12884-016-0927-7

52. Fettke F, Schumacher A, Canellada A, Toledo N, Bekeredjian-Ding I, Bondt A,
et al. Maternal and Fetal Mechanisms of B Cell Regulation during Pregnancy: Human
Chorionic Gonadotropin Stimulates B Cells to Produce IL-10 While Alpha-Fetoprotein
Drives Them into Apoptosis. Front Immunol. (2016) 7:495. doi: 10.3389/
fimmu.2016.00495

53. Medina KL, Smithson G, Kincade PW. Suppression of B lymphopoiesis during
normal pregnancy. ] Exp Med. (1993) 178:1507-15. doi: 10.1084/jem.178.5.1507

54. Muzzio DO, Soldati R, Ehrhardt ], Utpatel K, Evert M, Zenclussen AC, et al. B
cell development undergoes profound modifications and adaptations during pregnancy
in mice. Biol Reprod. (2014) 91:115. doi: 10.1095/biolreprod.114.122366

55. Liu JC, Zeng Q, Duan YG, Yeung WSB, Li RHW, Ng EHY, et al. B cells: roles in
physiology and pathology of pregnancy. Front Immunol. (2024) 15:1456171.
doi: 10.3389/fimmu.2024.1456171

56. Kover A, Lampe R, Szabo K, Tarr T, Papp G. A comprehensive investigation into
the distribution of circulating B cell subsets in the third trimester of pregnancy. J Clin
Med. (2022) 11:3006. doi: 10.3390/jcm11113006

57. Demery-Poulos C, Romero R, Xu Y, Arenas-Hernandez M, Miller D, Tao L, et al.
Pregnancy imparts distinct systemic adaptive immune function. Am J Reprod Immunol.
(2022) 88:¢13606. doi: 10.1111/aji.13606

58. Valeff N, Muzzio DO, Matzner F, Dibo M, Golchert J, Homuth G, et al. B cells
acquire a unique and differential transcriptomic profile during pregnancy. Genomics.
(2021) 113:2614-22. doi: 10.1016/j.ygeno.2021.06.016

59. Lima J, Cambridge G, Vilas-Boas A, Martins C, Borrego LM, Leandro M. Serum
markers of B-cell activation in pregnancy during late gestation, delivery, and the
postpartum period. Am ] Reprod Immunol. (2019) 81:e13090. doi: 10.1111/aji.13090

60. Khan AR, Hams E, Floudas A, Sparwasser T, Weaver CT, Fallon PG. PD-L1hi B
cells are critical regulators of humoral immunity. Nat Commun. (2015) 6:5997.
doi: 10.1038/ncomms6997

frontiersin.org


https://doi.org/10.1016/j.berh.2004.02.012
https://doi.org/10.1016/j.jri.2012.10.005
https://doi.org/10.1038/s41586-018-0698-6
https://doi.org/10.1126/sciimmunol.aat6114
https://doi.org/10.1038/ni.3131
https://doi.org/10.3389/fimmu.2020.575197
https://doi.org/10.3389/fimmu.2020.575197
https://doi.org/10.1002/ctm2.821
https://doi.org/10.3389/fimmu.2020.02025
https://doi.org/10.1016/j.biopha.2017.01.016
https://doi.org/10.1080/08830185.2019.1674299
https://doi.org/10.1007/s10875-011-9627-2
https://doi.org/10.1007/s10875-011-9627-2
https://doi.org/10.1177/1933719116653680
https://doi.org/10.1172/jci.insight.134838
https://doi.org/10.1111/j.1365-3083.1980.tb00240.x
https://doi.org/10.3389/fimmu.2020.00386
https://doi.org/10.3389/fimmu.2017.00172
https://doi.org/10.3389/fimmu.2017.00172
https://doi.org/10.3390/ijms19072099
https://doi.org/10.1146/annurev-immunol-031210-101400
https://doi.org/10.1016/j.immuni.2010.12.012
https://doi.org/10.1038/s41577-022-00693-5
https://doi.org/10.1001/jama.2024.21972
https://doi.org/10.3389/fimmu.2019.02458
https://doi.org/10.1111/j.1365-2567.2008.02832.x
https://doi.org/10.1016/j.crimmu.2021.10.002
https://doi.org/10.3390/ijerph10093834
https://doi.org/10.1038/s41467-019-13055-y
https://doi.org/10.3389/fpsyg.2013.00863
https://doi.org/10.3389/fpsyg.2013.00863
https://doi.org/10.4049/jimmunol.1601855
https://doi.org/10.4049/jimmunol.1601195
https://doi.org/10.1016/j.ebiom.2022.104337
https://doi.org/10.1016/j.ejogrb.2005.02.022
https://doi.org/10.1111/j.1365-2362.1995.tb01699.x
https://doi.org/10.1095/biolreprod54.1.183
https://doi.org/10.1182/blood-2003-02-0649
https://doi.org/10.1007/s00441-017-2785-7
https://doi.org/10.1111/imm.13392
https://doi.org/10.1111/imr.13080
https://doi.org/10.1073/pnas.1611944114
https://doi.org/10.1186/s12951-022-01283-2
https://doi.org/10.5830/CVJA-2016-021
https://doi.org/10.1007/s12026-012-8303-9
https://doi.org/10.1186/s12884-016-0927-7
https://doi.org/10.3389/fimmu.2016.00495
https://doi.org/10.3389/fimmu.2016.00495
https://doi.org/10.1084/jem.178.5.1507
https://doi.org/10.1095/biolreprod.114.122366
https://doi.org/10.3389/fimmu.2024.1456171
https://doi.org/10.3390/jcm11113006
https://doi.org/10.1111/aji.13606
https://doi.org/10.1016/j.ygeno.2021.06.016
https://doi.org/10.1111/aji.13090
https://doi.org/10.1038/ncomms6997
https://doi.org/10.3389/fimmu.2025.1634176
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Angelo-Dias et al.

61. Meggyes M, Miko E, Szigeti B, Farkas N, Szereday L. The importance of the PD-
1/PD-L1 pathway at the maternal-fetal interface. BMC Pregnancy Childbirth. (2019)
19:74. doi: 10.1186/s12884-019-2218-6

62. Wiley KS, Martinez LE, Kwon D, Knorr DA, Epeldegui M, Fox MM. Regulatory
B-cells are associated negatively with regulatory T-cells and positively with cytokines in
peripheral blood of pregnant women. Am ] Reprod Immunol. (2025) 93:€70027.
doi: 10.1111/aji.70027

63. Mach P, Koninger A, Reisch B, Kimmig R, Gellhaus A. Soluble PD-L1 and B7-
H4 serum levels during the course of physiological pregnancy. Am J Reprod Immunol.
(2022) 87:¢13519. doi: 10.1111/aji.13519

64. Hedman AM, Lundholm C, Andolf E, Pershagen G, Fall T, Almgqvist C.
Longitudinal plasma inflammatory proteome profiling during pregnancy in the Born
into Life study. Sci Rep. (2020) 10:17819. doi: 10.1038/s41598-020-74722-5

65. Okuyama M, Mezawa H, Kawai T, Urashima M. Elevated soluble PD-L1 in
pregnant women’s serum suppresses the immune reaction. Front Immunol. (2019)
10:86. doi: 10.3389/fimmu.2019.00086

66. Zhang R, Jia L, Meng L, Peng H, Zhang D, He Q, et al. PD-L1 enhances
migration and invasion of trophoblasts by upregulating ARHGDIB via transcription
factor PU. 1. Cell Death Discov. (2022) 8:395. doi: 10.1038/s41420-022-01171-6

67. Catalan D, Mansilla MA, Ferrier A, Soto L, Oleinika K, Aguillon JC, et al.
Immunosuppressive mechanisms of regulatory B cells. Front Immunol. (2021)
12:611795. doi: 10.3389/fimmu.2021.611795

68. Bodhankar S, Galipeau D, Vandenbark AA, Oftner H. PD-1 Interaction with
PD-LI but not PD-L2 on B-cells Mediates Protective Effects of Estrogen against EAE. |
Clin Cell Immunol. (2013) 4:143. doi: 10.4172/2155-9899.1000143

69. Kubo S, Yamada T, Osawa Y, Ito Y, Narita N, Fujieda S. Cytosine-phosphate-
guanosine-DNA induces CD274 expression in human B cells and suppresses T helper
type 2 cytokine production in pollen antigen-stimulated CD4-positive cells. Clin Exp
Immunol. (2012) 169:1-9. doi: 10.1111/j.1365-2249.2012.04585.x

70. Blair PA, Norena LY, Flores-Borja F, Rawlings DJ, Isenberg DA, Ehrenstein MR,
et al. CD19(+)CD24(hi)CD38(hi) B cells exhibit regulatory capacity in healthy
individuals but are functionally impaired in systemic Lupus Erythematosus patients.
Immunity. (2010) 32:129-40. doi: 10.1016/j.immuni.2009.11.009

71. Simon Q, Pers JO, Cornec D, Le Pottier L, Mageed RA, Hillion S. In-depth
characterization of CD24(high)CD38(high) transitional human B cells reveals different
regulatory profiles. J Allergy Clin Immunol. (2016) 137:1577-84 €10. doi: 10.1016/
1jaci.2015.09.014

72. Rolle L, Memarzadeh Tehran M, Morell-Garcia A, Raeva Y, Schumacher A,
Hartig R, et al. Cutting edge: IL-10-producing regulatory B cells in early human
pregnancy. Am ] Reprod Immunol. (2013) 70:448-53. doi: 10.1111/aji.12157

73. Mauri C, Menon M. Human regulatory B cells in health and disease: therapeutic
potential. J Clin Invest. (2017) 127:772-9. doi: 10.1172/JCI85113

74. Tedder TF. B10 cells: a functionally defined regulatory B cell subset. J Immunol.
(2015) 194:1395-401. doi: 10.4049/jimmunol.1401329

75. Zeng W, Liu Z, Zhang S, Ren ], Ma X, Qin C, et al. Characterization of T
follicular helper cells in allogeneic normal pregnancy and PDL1 blockage-induced
abortion. Sci Rep. (2016) 6:36560. doi: 10.1038/srep36560

76. Monteiro C, Kasahara TM, Castro JR, Sacramento PM, Hygino J, Centuriao N,
et al. Pregnancy favors the expansion of circulating functional follicular helper T Cells. /
Reprod Immunol. (2017) 121:1-10. doi: 10.1016/j.jri.2017.04.007

77. Frohlich C, Ehrhardt J, Kruger D, Trojnarska D, Zygmunt M, Muzzio DO.

Pregnancy status alters IL-21-mediated effects on murine B lymphocytes. Reproduction.
(2020) 159:351-9. doi: 10.1530/REP-19-0407

Frontiers in Immunology

17

10.3389/fimmu.2025.1634176

78. Lv Y, Ricard L, Gaugler B, Huang H, Ye Y. Biology and clinical relevance of
follicular cytotoxic T cells. Front Immunol. (2022) 13:1036616. doi: 10.3389/
fimmu.2022.1036616

79. Elderman M, Hugenholtz F, Belzer C, Boekschoten M, de Haan B, de Vos P, et al.
Changes in intestinal gene expression and microbiota composition during late
pregnancy are mouse strain dependent. Sci Rep. (2018) 8:10001. doi: 10.1038/s41598-
018-28292-2

80. Arenas-Hernandez M, Romero R, Gershater M, Tao L, Xu Y, Garcia-Flores V,
et al. Specific innate immune cells uptake fetal antigen and display homeostatic
phenotypes in the maternal circulation. J Leukoc Biol. (2022) 111:519-38.
doi: 10.1002/JLB.5HI0321-179RR

81. Boly TJ, Bermick JR. Maternal-fetal tolerance: Not just a uterine affair. J Leukoc
Biol. (2022) 111:515-7. doi: 10.1002/JLB.5CE1021-560

82. Yeganeh Kazemi N, Fedyshyn B, Sutor S, Fedyshyn Y, Markovic S, Enninga
EAL. Maternal monocytes respond to cell-free fetal DNA and initiate key
processes of human parturition. J Immunol. (2021) 207:2433-44. doi: 10.4049/
jimmunol.2100649

83. Tarca AL, Romero R, Xu Z, Gomez-Lopez N, Erez O, Hsu CD, et al. Targeted
expression profiling by RNA-Seq improves detection of cellular dynamics during
pregnancy and identifies a role for T cells in term parturition. Sci Rep. (2019) 9:848.
doi: 10.1038/541598-018-36649-w

84. Gomez-Lopez N, Romero R, Galaz ], Bhatti G, Done B, Miller D, et al.
Transcriptome changes in maternal peripheral blood during term parturition mimic
perturbations preceding spontaneous preterm birthdagger. Biol Reprod. (2022)
106:185-99. doi: 10.1093/biolre/ioab197

85. Shah NM, Herasimtschuk AA, Boasso A, Benlahrech A, Fuchs D, Imami N, et al.
Changes in T cell and dendritic cell phenotype from mid to late pregnancy are
indicative of a shift from immune tolerance to immune activation. Front Immunol.
(2017) 8:1138. doi: 10.3389/fimmu.2017.01138

86. Prado-Drayer A, Teppa ], Sanchez P, Camejo MI. Immunophenotype of
peripheral T lymphocytes, NK cells and expression of CD69 activation marker in
patients with recurrent spontaneous abortions, during the mid-luteal phase. Am |
Reprod Immunol. (2008) 60:66-74. doi: 10.1111/j.1600-0897.2008.00591.x

87. Krechetova LV, Vtorushina VV, Nikolaeva MA, Golubeva EL, Van’ko LV,
Saribegova VA, et al. Expression of early activation marker CD69 on peripheral
blood lymphocytes from pregnant women after first trimester alloimmunization. Bull
Exp Biol Med. (2016) 161:529-32. doi: 10.1007/s10517-016-3453-8

88. Arenas-Hernandez M, Romero R, Xu Y, Panaitescu B, Garcia-Flores V, Miller D,
et al. Effector and activated T cells induce preterm labor and birth that is prevented by
treatment with progesterone. J Immunol. (2019) 202:2585-608. doi: 10.4049/
jimmunol.1801350

89. ZhuJ, Li Z, Deng Y, Lan L, Yang J. Comprehensive reference intervals for white
blood cell counts during pregnancy. BMC Pregnancy Childbirth. (2024) 24:35.
doi: 10.1186/512884-023-06227-8

90. Dockree S, Shine B, Pavord S, Impey L, Vatish M. White blood cells in

pregnancy: reference intervals for before and after delivery. EBioMedicine. (2021)
74:103715. doi: 10.1016/j.ebiom.2021.103715

91. Feyaerts D, Diop M, Galaz J, Einhaus JF, Arck PC, Diemert A, et al. The single-
cell immune profile throughout gestation and its potential value for identifying women
at risk for spontaneous preterm birth. Eur J Obstet Gynecol Reprod Biol X. (2025)
25:100371. doi: 10.1016/j.eurox.2025.100371

92. Sullivan GM, Feinn R. Using effect size-or why the P value is not enough. J Grad
Med Educ. (2012) 4:279-82. doi: 10.4300/JGME-D-12-00156.1

frontiersin.org


https://doi.org/10.1186/s12884-019-2218-6
https://doi.org/10.1111/aji.70027
https://doi.org/10.1111/aji.13519
https://doi.org/10.1038/s41598-020-74722-5
https://doi.org/10.3389/fimmu.2019.00086
https://doi.org/10.1038/s41420-022-01171-6
https://doi.org/10.3389/fimmu.2021.611795
https://doi.org/10.4172/2155-9899.1000143
https://doi.org/10.1111/j.1365-2249.2012.04585.x
https://doi.org/10.1016/j.immuni.2009.11.009
https://doi.org/10.1016/j.jaci.2015.09.014
https://doi.org/10.1016/j.jaci.2015.09.014
https://doi.org/10.1111/aji.12157
https://doi.org/10.1172/JCI85113
https://doi.org/10.4049/jimmunol.1401329
https://doi.org/10.1038/srep36560
https://doi.org/10.1016/j.jri.2017.04.007
https://doi.org/10.1530/REP-19-0407
https://doi.org/10.3389/fimmu.2022.1036616
https://doi.org/10.3389/fimmu.2022.1036616
https://doi.org/10.1038/s41598-018-28292-2
https://doi.org/10.1038/s41598-018-28292-2
https://doi.org/10.1002/JLB.5HI0321-179RR
https://doi.org/10.1002/JLB.5CE1021-560
https://doi.org/10.4049/jimmunol.2100649
https://doi.org/10.4049/jimmunol.2100649
https://doi.org/10.1038/s41598-018-36649-w
https://doi.org/10.1093/biolre/ioab197
https://doi.org/10.3389/fimmu.2017.01138
https://doi.org/10.1111/j.1600-0897.2008.00591.x
https://doi.org/10.1007/s10517-016-3453-8
https://doi.org/10.4049/jimmunol.1801350
https://doi.org/10.4049/jimmunol.1801350
https://doi.org/10.1186/s12884-023-06227-8
https://doi.org/10.1016/j.ebiom.2021.103715
https://doi.org/10.1016/j.eurox.2025.100371
https://doi.org/10.4300/JGME-D-12-00156.1
https://doi.org/10.3389/fimmu.2025.1634176
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Immunological reference intervals in pregnancy: longitudinal analysis of adaptive lymphocyte subsets
	Introduction
	Materials and methods
	Subjects and sample collection
	Study visits
	Immunophenotyping and flow cytometry
	opt-SNE
	Statistical analysis

	Results
	Study population
	Leucocyte changes across trimesters
	T and B lymphocyte subsets across trimesters
	Associations with clinical and demographic characteristics
	Establishing reference values for cellular subsets: calculation and clinical significance

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


