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Adverse effects of gestational
diabetes mellitus on fetal monocytes
revealed by single-cell RNA sequencing

Min Yin,'* Yan Zhang,'* Xinyu Li,"* Shanshan Liu," Juan Huang,'? Haibo Yu,'® and Xia Li'->*

SUMMARY

Gestational diabetes mellitus (GDM), the most prevalent metabolic disorder during pregnancy, has long-
term risks of metabolic diseases in offspring. However, the underlying mechanisms remain unclear. Here,
we analyzed single-cell transcriptional data of cord blood mononuclear cells (CBMCs) from fetuses of
healthy and GDM mothers, peripheral blood mononuclear cells from children and adolescents, and coro-
nary plaques myeloid cells from atherosclerosis. Our results demonstrated that monocytes in cord blood
were characterized with down-regulated proinflammatory-related pathways and up-regulated prolifera-
tion-related pathways. And monocytes in cord blood from GDM mothers were featured with expanded
CXCL8+IL1B+ subclusters, enhanced crosstalk with neutrophil granulocytes and augmented adhesive
and phagocytic abilities. Interestingly, CXCL8+IL1B+ monocytes influenced by GDM had transcriptome
similarity with those of coronary plaques myeloid cells from individuals with atherosclerotic cardiovascu-
lar disease. Collectively, our data reveal adverse impact of maternal GDM environment on fetal mono-
cytes and propose potential mechanisms between maternal GDM and offspring atherosclerosis.

INTRODUCTION

Diabetes and related metabolic disorders are becoming a global epidemic, with excessive energy intake and a lack of physical activity playing
significant roles.'® Besides the above mentioned factors, evidence suggests that metabolic diseases may begin in fetal life, a concept known
as the developmental origins of health and disease (DOHaD) theory.* In utero exposure to maternal factors, such as hyperglycemia, obesity,
and infection, can reprogram fetuses, leading to negative outcomes that often persist into adulthood, even across generations.”’ Therefore, a
deeper understanding of DOHaD could be extremely beneficial for the early detection, prevention, and development of new therapeutic
approaches for metabolic diseases.

Gestational diabetes mellitus (GDM) is the most prevalent metabolic disease during pregnancy, affecting up to one in every six pregnant
women globally.® Maternal GDM is closely linked to perinatal complications including preeclampsia, macrosomia, birth injury, neonatal hy-
poglycemia, and postpartum hemorrhage. More importantly, GDM increases the risk of long-term consequences in their offspring, including
diabetes, obesity, and cardiovascular diseases.” "> Possible mechanisms include epigenetic deoxyribonucleic acid (DNA) modifications
affecting offspring energy balance and metabolism in offspring due to abnormal maternal glucose levels, as suggested by DOHaD the-
ory."®" The emergence of the concept of immunometabolism has expanded our understanding, and mounting evidence indicates that im-
munity significantly impacts metabolic processes throughout the life cycle.'® Several studies have shown maternal hyperglycemia altered the
immune system in their offspring.’””° However, relevant studies are still scarce and the specific mechanisms are not clear. Further research is
required to confirm how fetal immune alterations are related to the long-term risk of metabolic diseases.

A few studies have reported that hyperglycemic could promote pro-inflammatory responses of monocytes and also induce trained immu-
nity which might exerting persistent pro-atherogenic effects.”'”” There are studies demonstrating that this crosstalk between hyperglycemia
and monocytes might contribute to obesity and cardiovascular diseases.'®? In this sense, maternal fetal-related immune-metabolic reprog-
ramming may play a pivotal role in the pathogenesis of metabolic diseases. However, the crosstalk between maternal metabolic changes and
the fetal immune system remains relatively unexplored. Therefore, this study aimed to identify the impacts of maternal GDM on CBMC with
transcriptomic analysis at the single-cell level. Our findings indicate that monocytes may play a crucial role in fetal immunity, marked by sub-
stantial changes in both proportion and transcription, distinct form the trends observed in childhood and adolescence. Additionally, maternal
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GDM leads to an abnormal inflammatory state in monocytes and neutrophils. Moreover, in vitro experiments have demonstrated that fetal
monocytes from CBMC born to mothers with GDM have enhanced phagocytic and adhesive functions. More importantly, a high degree of
concordance was found in gene expression when comparing CXCL8(IL-8) +IL1B(IL-1B) +FGCR3A-monocytes from CBMC of mothers with
GDM with monocytes from plaques of patients with the coronary syndrome (CXCL8+IL1B + FGCR3A-). Therefore, our single-cell sequencing
analysis, in vitro functional experiments, and external data validation to investigate how maternal GDM reprograms fetal innate immune cells,
providing a potential link between maternal GDM and the increased susceptibility to cardiovascular diseases in the affected offspring. This
research might offer some new evidence underlying the DOHaD theory.

RESULTS
Single-cell transcriptomic analysis reveals that fetal monocytes display distinct features

To determine transcriptomic characteristics of neonatal immune cells in single cell dimension, we collected mononuclear cells from umbilical
cord blood of three healthy mothers and peripheral blood of three children under the age of 10 for single-cell sequencing. The single-cell
transcriptomic data of peripheral blood mononuclear cell (PBMC) from six adolescents aged 10 to 18 was acquired from GEO datasets. Im-
mune cell types were discerned through the utilization of established cell markers (Figures 1A and 1B). Given the exclusive presence of gran-
ulocytes in the cord blood data (Figure S1), we excluded this cell type from the comparison to minimize its influence on the proportions of
other immune cell types in cord blood. The histograms displayed the differences in immune cell proportions across these three develop-
mental stages (Figure 1C). Results showed that CD8" cytotoxic T cells and NK cells were scarce in cord blood, but showed a gradual increase
with age from birth to adolescence (Figures 1D and 1E). Interestingly, the monocyte population displayed the opposite trend, as it manifested
anotable age-related decline (Figure 1F), and it held the second-highest proportion (27.9%) in umbilical cord blood (Figure 1C), underscoring
their potential significance in fetal immunity. Furthermore, the differential analysis of immune cells revealed that, in comparison to childhood
and adolescence, cord blood monocytes exhibited the highest number of differentially expressed genes (DEGs) (Figure 1G). PALMO analysis
revealed that the expression levels of pro-inflammatory factors, such as IL1B and CXCL8, were comparatively lower in umbilical cord blood
mononuclear cells (CBMCs), while the expressions of anti-inflammatory factors, such as TGFB1 and TGFA, were notably higher (Figure TH).
These findings suggest that monocytes may play a crucial role in fetal immunity, characterized by substantial changes in both proportion and
transcription, distinct from the patterns observed in childhood and adolescence.

Transcriptome analysis reveals functional characteristics of cord blood monocytes

To gain further insight into the subtype and functional characteristics of monocytes in cord blood, we conducted unsupervised clustering
analysis, which allowed us to categorize monocytes into eight subgroups (Figure 2A). Based on the expression levels of CD14 and
FCGR3A(CD16), clusters c1 to cb6 were classified as classical monocytes, whereas cluster c8 represented non-classical monocytes and c7 rep-
resented intermediate monocytes (Figure 2B). The proportion of c8 was the lowest in cord blood, and increased rapidly with age (Figure 2C).
For classical monocytes clusters, we examined their characteristics and age-dependent patterns (Figures 2D and 2E). Clusters c1(RBP7+), c3
(RACK1+) and c6 (ST00A9+) displayed a noticeable decrease with age, whereas cluster c4 (IL1B + CXCL8+) exhibited a rapid increase with age
(Figure 2D). Moreover, an additional AUCell analysis indicated that cluster c1 appeared to be relatively quiescent, c3 exhibited higher expres-
sion of proliferation-related pathways, c6 had a higher expression of several metabolic processes, while c4 showed enrichment in TNFA
signaling pathways (Figure 2F).

To explore the developmental stages of each cluster, we employed CytoTRACE for cell developmental trajectory analysis (Figure 2H). To
ensure a focused examination of the evolution process between subpopulations and to mitigate the influence of a wide age range, we initially
relied solely on cord blood data for prediction (Figures 2G-2l). Genes that most corelated with CytoTRACE were shown in Figure 2J. The
CytoTRACE analysis unveiled that cluster c3 primarily resided in the early stage of the pseudo-time axis (indicating a less differentiated state),
while nearly all cells in cluster ¢4 were positioned at the terminal end of the axis (indicating a more differentiated state) (Figures 2G-2l). These
results remained consistent when examined in children and adolescents (Figure S2A-S2F) and the trajectories were superimposed onto the
UMAP (Figure S2G). In summary, monocytes in cord blood exhibit a greater prevalence of naive and highly proliferative subsets, alongside a
reduced proportion of pro-inflammatory subsets expressing inflammatory factors.

Cord blood monocytes from GDM mothers are characterized by an elevation in subcluster marked by IL1B and CXCL8

GDM stands as a prevalent complication during the perinatal period, and our analysis hints at the pivotal role that monocytes might play in
fetal development. To delve deeper into the influence of maternal GDM on fetal monocytes, we conducted single-cell sequencing using
cord blood samples collected from four mothers with GDM and three healthy mothers (Figure S3). The clinical and laboratory data of these
7 individuals were summarized in Tables S1-S3. We found no significant difference in the proportion of immune cells between the two
groups (Figure S3). To differentiate monocyte clusters with higher resolution, we conducted an unsupervised clustering analysis, which
led to the subdivision of monocytes into five distinct subclusters (Mono c1 - ¢5). These subclusters were annotated based on specifically
expressed marker genes and cell surface protein expression levels (Figures 3A-3C). The FCGR3A-classical monocytes were further clas-
sified into resting monocytes (Mono c¢1-c2) and pro-inflammatory monocytes (Mono ¢3-c4) based on their expression levels of IL1B and
CXCL8, while cluster 5 (Mono ¢5) represented FCGR3A+ non-classical monocytes. Notably, Mono ¢4 exhibited high expression of IL1B
and CXCLS, suggesting it may have the most pro-inflammatory effect (Figure 3C). In the GDM group, the proportion of Mono c4 within
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Figure 1. Characteristics of immune cells in cord blood

(A) UMAP projection of mononuclear cells clustered by gene expression patterns.

(B) The marker genes used to identify each type of immune cell. The color depth represents the expression level, and the dot size represents the expression
proportion (unit: %).

(C) The proportion of peripheral immune cell subsets in cord blood (left), children (middle) and adolescents (right).

(D-F) The proportion of immune cells in different groups. (D) NK; (E) CD8+Cytotoxic T; (F) Monocyte.

(G) Histogram of the number of up-regulated and down-regulated differently expressed genes (DEGs) in major immune cells of umbilical blood, compared with
childhood and adolescence. DEGs were ranked by average log2 (fold change) after filtering with a minimum [log2(fold change) | of 0.585 and a maximum FDR (g-
value) of 0.05.

(H) PALMO was used to calculate the expression changes of representative pro-inflammatory genes (left) and anti-inflammatory genes (right) in monocytes with
age. The horizontal axis represents age (years), the vertical axis represents average expression levels (counts), and the dots represent the average expression
levels of this gene in the original Seurat subpopulation belonging to monocytes in each sample. Data were tested by independent sample t-test, and were
represented as mean + SEM.* means the p value of correlation analysis is <0.05. ** means the p value of correlation analysis is <0.01.
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Figure 2. Cell composition characteristics of monocytes in umbilical cord blood

(A) UMAP projection of monocyte cells clustered by gene expression patterns.

(B) The violin diagrams display the expression of CD14 and FCGR3A in subclusters of monocytes.

(C) The proportion of intermediate monocytes (c7) and non-classical monocytes (c8) changed with age. Points represent each sample. Quadratic regression was
used for fitting.

(D) The marker gene used to identify each cluster of monocytes. The color depth represents the expression level, and the dot size represents the expression
proportion (unit: %).

(E) The proportion of classical monocytes (c1-cé) changed with age. Points represent each sample. Quadratic regression was used for fitting.

(F) AUCell analysis results of monocyte subclusters. The color represents the AUCell score. When the score is higher, we predicted higher the pathway activation
in the cluster.

(G) Boxplot showed the predicted ordering by CytoTRACE. The vertical axis represented the ordering score, and the higher the score, the lower the
differentiation degree of the cell.

(H) TSNE plot displayed the predicted ordering of classical monocytes (c1-c6) by CytoTRACE. The color represented the ordering score.

(I) TSNE projection of classical monocytes (c1-cé) clusters. The colors represented different clusters.

(J) Top 20 genes that most affect the predicted ordering of CytoTRACE.

the total monocytes accounted for 27%, which marked a noteworthy increase in comparison to 19% in the healthy group (Figure 3D).
Considering that the immunophenotype and functional characteristics of c2 closely resembled a non-inflammatory or resting state, we
also calculated the ratio of the numbers of ¢4 and ¢2 clusters. We found the ratio of the numbers of ¢4 and c2 increased in GDM group
(Figure 3E), although statistical significance within the GDM group was not reached (p = 0.087). In addition, AUCell analysis further empha-
sized that Mono ¢4 in the GDM group was predominantly enriched in pro-inflammatory pathways, such as the inflammatory response, IFN-I
signaling, defense response, TNF-a, and NF-«kB signaling pathways. Furthermore, lipid and cell adhesion pathways exhibited upregulation
in Mono ¢4 from the GDM group (Figures 3F and 3G).

Despite Mono ¢3 and ¢5 also displaying immune and inflammatory activation, their proportions remained relatively consistent between
the two groups. Collectively, GDM affects umbilical cord blood monocytes, characterized by an increase in IL1B + CXCL8+ monocytes. These
findings suggested that the balance between inflammatory and resting clusters in GDM monocytes is disrupted.

To validate the aforementioned impact of GDM on monocyte phenotype and function, we collected umbilical cord blood samples from 12
mothers with GDM and 13 age-matched healthy mothers. The clinical and laboratory data for these 25 individuals were summarized in
Tables S4-S6. Flow cytometric analysis confirmed a significant increase in the proportion of IL-8+IL-1B+ cells in monocytes within the mono-
cytes of the GDM group, rising from 20% to nearly 40% (Figure 4A). Notably, the proportion of IL-8+IL-1B+ monocytes showed a positive
correlation with maternal peak blood glucose levels (oral glucose tolerance test at 60 min (OGTT-60 min)) and the incremental value of blood
glucose between OGTT-60 min and fasting blood glucose during pregnancy (Figure 4B). In vitro experiments further substantiated these find-
ings, as both the proportion of IL-8+IL-1B+ cells and the mean fluorescent intensity (MFI) of IL-8 and IL-1B in CBMC were significantly stim-
ulated by high glucose levels, in the presence or absence of lipopolysaccharides (LPS) (Figure 4C). This suggests that hyperglycemia may acti-
vate the expression of inflammatory cytokines in monocytes. Moreover, additional functional experimental results confirmed that monocytes
from the GDM group exhibited enhanced lipid phagocytosis (Figure 4D) and improved endothelial adhesion function (Figure 4E) compared
to the control group. In summary, these findings collectively indicate an increase in the proportion of IL1B + CXCL8+ monocytes in umbilical
cord blood of GDM offspring, alongside enhanced lipid phagocytosis and adhesion functions.

Cord blood granulocytes from GDM mothers exhibited an increase in CXCL8+FCGR3B + neutrophils

The findings presented above indicates that GDM induces a pro-inflammatory phenotype in monocytes of offspring. Consequently, we pro-
ceeded to analyze other cell types in cord blood and observed a similar impact of maternal GDM on neonatal neutrophils. Among fetal
CBMC, granulocytes were a prominent cell type, and we identified eight subclusters through unsupervised cluster analysis ((Figure 5A). In
line with the monocyte results, CXCL8+FCGR3B + neutrophils (c1) displayed a marked increase in the GDM group (Figures 5B and 5C), while
granulocyte subclusters with high ELANE and MPO expression (c3 and cé) exhibited a decreasing trend in the GDM group (Figures 5D and
5E). Notably, apart from the increased proportion, CXCL8+FCGR3B + neutrophils (c1) from the GDM group also exhibited higher levels of
CXCL8 expression compared to the healthy group (Figure 5F). Furthermore, these CXCL8+FCGR3B + neutrophils (c1) showed enrichment in
pro-inflammatory transcriptional signatures, including genes associated with TNF-a, NF-kB, and chemokine signaling pathways. In contrast,
pathways related to the defense response to bacteria and oxidative phosphorylation were suppressed in CXCL8+FCGR3B + cells in the GDM
group (Figures 5G-50). In summary, the granulocytes exhibited an expansion of CXCL8+FCGR3B + cluster in the GDM group, which had
inflammatory transcriptional signatures.

Monocytes and neutrophils from the maternal GDM group exhibited enhanced crosstalk in inflammatory signaling
pathways

Given the alterations observed in monocytes and neutrophils of GDM offspring, we examined the cell-cell interactions between these two cell
types. Cell-cell communication analysis revealed that CXCL8+FCGR3B + neutrophils exhibited the highest probability of engaging in inter-
cellular communication with monocytes. Furthermore, among these intercellular communication signals, Mono ¢3 and Mono c4 displayed the
highest probability of communicating with granulocytes (Figures 6A and 6B). More importantly, GDM-specific clusters highlighted the unique
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Figure 3. Identification of CBMC monocyte subclusters and their pro-inflammatory effects in the GDM group
A) UMAP plots of monocyte subclusters in HD (lower left), GDM (lower right) and merge of them (upper).

B) Pileup bar plot depicts the cell abundance of each monocyte subcluster.

Q)

D)
E) The comparison of the ratio of ¢4 and ¢2 subclusters between two groups in monocytes.

F) Heatmap represents the scaled mean AUC values of differential signaling pathways in each subcluster. The clustering algorithm was applied to the row and
column variables.

(G) Database and pathway names corresponding to each AUC number. All data were tested by independent sample t-test, and were represented as mean + SD.

Heatmap shows the scaled mean expression of differential genes in each subcluster. The clustering analysis was applied to the gene markers of the columns.
The comparison of c4 proportion between two groups in monocytes.

(
(
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(
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interactions. When CXCL8+FCGR3B + neutrophils acted as providers of ligands, they showed specific elevated levels of communication with
CXCL8+IL1B + monocytes through CCL3-5 signaling (Figure 6A). Conversely, when ligands were provided to CXCL8+IL1B + monocytes, the
communication levels of CCL3-5 and CXCL8 signals were specifically upregulated (Figure 6B).
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Figure 4. Validation of IL-8+IL-1B+ monocyte expansion and pro-inflammatory effects in vitro

(A) The proportion of IL-8+IL-1B+ cells in the CD14" monocytes from the GDM or HD group (GDM: HD = 11:13, 3 samples with low cell viability were removed).
(B) Correlation between the proportion of IL-8+IL-1B+ monocytes and blood glucose during OGTT (n = 15).

(C) The inflammatory phenotype proportion and cytokine MFI under different glucose concentrations (5.5 mM or 25 mM), LPS interventions, or both (n = 6).
(D) The proportion of monocytes participating in lipid phagocytosis (GDM: HD = 11:13, one sample with low cell viability was removed). Dil-oxLDL (red
fluorescence) was utilized to assess monocyte phagocytosis.

(E) The proportion of monocytes participating in endothelial adhesion was labeled with CFSE reagent (green fluorescence) (GDM: HD = 11:13). All data were
tested by independent sample t-test, and were represented as mean + SEM.* means the p value of correlation analysis is <0.05. ** means the p value of
correlation analysis is <0.01. *** means the p value of correlation analysis is <0.001.

Signaling networks of IL1, IL4, IL6, IL15, LTA, and CCL were enhanced in the GDM group when comparing the signaling weights between the
two groups (Figure 6C). Most of these upregulated pro-inflammatory communications involved CXCL8+FCGR3B + neutrophils, Mono c1, ¢3, and
CXCL8+IL1B + monocytes. While Mono ¢1 and ¢3 did not increase in GDM compared to the HD, their communication of pro-inflammatory sig-
nals with CXCL8+FCGR3B + neutrophils did. Conversely, a deficiency of anti-inflammatory TGF-B signaling was detected in the GDM group,
especially in CXCL8+FCGR3B + neutrophils (Figure 6C). These findings suggest that CXCL8+IL1B + monocytes and CXCL8+FCGR3B + neutro-
phils engage in a complex dialogue during the maternal-fetal reprogramming process influenced by maternal GDM.

Pro-inflammatory monocytes of cord blood share transcriptional characteristics similar to myeloid cells in coronary culprit
plaques

Considering the increased risk of arteriosclerosis in GDM offspring, coupled with the knowledge that pathogenic macrophages in arterial pla-
ques primarily originate from the bloodstream, we investigated an investigation to explore the association between the pro-inflammatory CBMC
cluster and pathogenic cell populations within atherosclerotic plaques. We first analyzed the IL1B and CXCL8 expression patterns of peripheral
blood monocytes at different stages of coronary artery disease (CAD) utilizing publicly available transcriptome sequencing dataset. An enrich-
ment of IL1B and CXCL8 expression in the acute myocardial infarction group when compared to the normal coronary angiography group was
present. Furthermore, transcriptional similarities between expanded monocytes in GDM offspring and myeloid cells present in coronary culprit
plaques (dataset from GEO: GSE184073) on the single-cell level were explored. By referring to marker genes provided by the original authors, we
annotated the types of myeloid cells within the plaques (Figure 7C). As demonstrated in Figure 7F, the proportion of monocyte clusters in vulner-
able plaques was significantly higher than that in stable plaques in patients with chronic coronary syndrome (CCS), indicating the potential roles
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Figure 5. Identification of CBMC granulocyte subclusters and their pro-inflammatory effects in the GDM group

(A) UMAP plots of granulocyte subclusters in HD (lower left), GDM (lower right), and the merge of them (upper).

(B) Pileup bar plot depicting the cell abundance of each granulocyte subcluster.

(C) The comparison of c1 proportion between two groups in granulocytes.

(D) The comparison of ¢3 proportion between two groups in granulocytes.

(E) The comparison of cé proportion between two groups in granulocytes.

(F) Dot plot exhibiting the CXCL8 expression level of each individual in Gran c1.

(G-M) UMAP plots show the scaled mean AUC values of each pathway in granulocytes.

(N) Heatmap represents the scaled mean AUC values of differential signaling pathways in each subcluster. The clustering algorithm was applied to the row and
column variables.

(O) Database and pathway names corresponding to each AUC number.

(P) Heatmap shows the scaled mean expression of differential genes in each subcluster. The clustering analysis was applied to the gene markers of the columns.
All data were tested by independent sample t-test, and were represented as mean + SEM.

of pro-inflammatory monocytes in plague instability. Further analysis showed that CXCL8+IL1B + monocytes from CBMC (Mono c4) had a high
degree of gene expression concordance with monocytes from plaques. Using the AUCell analysis, we quantified a specific gene set which
included a list of characteristic genes of CXCL8+ inflammatory monocytes in atherosclerotic plaques identified by difference analysis
(Table S9). The degree of enrichment of gene set across the designed groups (Figure 7G) and sub-clusters (Figure 7H) in CBMC monocytes
was displayed and results showed that the upregulated genes within the plaques were most enriched in the Mono c4 cluster. In summary,
CXCL8+IL1B+ monocytes in cord blood may be associated with pathogenic cell populations within atherosclerosis.

DISCUSSION

We present the first single-cell transcriptome atlas of CBMC derived from healthy or GDM affected mothers. Compared with children and
adolescents, the proportion and transcriptome of monocytes in umbilical cord blood exhibited the most noticeable changes, with the least
number of subsets with expression of proinflammatory-related pathways and highest number of cells with expression of proliferation-related
pathways. Maternal GDM may reprogram fetal innate immune cells to a pro-inflammatory state, characterized by increased frequency of
CXCL8+IL1B + monocytes and CXCL8+FCGR3B + neutrophils, along with enhanced cell-cell communications via the CXCL8-CXCR1/
CXCR2 signaling pathway. Functional experiments of cord blood monocytes demonstrated heightened adhesion and phagocytosis capabil-
ities in the GDM group. Notably, the transcriptional features of CXCL8+IL1B+ monocytes in cord blood were similar to those of coronary
plagues myeloid cells from individuals with atherosclerotic cardiovascular disease. This insight offers a novel perspective on the increased
long-term cardiovascular diseases risk associated with maternal GDM, illustrating the pro-inflammatory impact of the maternal GDM environ-
ment on fetal immune cells and providing new insights into potential mechanisms underlying enduring atherosclerosis risk from
maternal GDM.

In our study, notable differences in both proportion and transcriptome of monocytes from umbilical cord blood were observed notable
alterations when compared to those in peripheral blood from children and adolescents. This sheds light on developmental and functional
differences in the immune system between these age groups. Existing research suggests heightened activity of the innate immune response
during pregnancy, while the responses of adaptive immune cells are subdued.?” The innate immune system acts as the initial line of defense,
where monocytes, macrophages, and neutrophils play a crucial role in promptly recognizing and eliminating invading pathogens during fetal
development, serving as the first defense against infections.”” This nonspecific protection is especially vital during the fetal period when the
immune system is not yet fully developed. Our study also confirmed weak pro-inflammatory abilities of monocytes in cord blood, albeit with
increased differentiation and proliferation abilities. The weak pro-inflammatory abilities may indicate the adaptive process of the infant im-
mune system to new environments and pathogens, aiming to shield infants from excessive inflammation. In this sense, the critical role of
monocytes in fetal immunity should be addressed.

Despite the prevalent occurrence of GDM, research on its impact on neonatal immunity remains limited. Previous studies suggested that
GDM can change T cell phenotype and increase the Th1/Th2 cytokine ratio of cord blood.”*”” However, these studies primarily employed
flow cytometry with limited markers, which did not comprehensively delineate the overall impact of GDM on neonatal immunity. Employing
single-cell sequencing for the first time, we have shown that maternal GDM may activates the fetal innate immune response, characterized
with an augmented frequency of CXCL8+IL1B+ monocytes and CXCL8+FCGR3B+ neutrophils in CBMC of GDM offspring. This might indi-
cate a pro-inflammatory state in monocytes of GDM offspring, although the precise influence of these pro-inflammatory monocytes on the
offspring remains elusive.

IL-8 and IL-1B, crucial pro-inflammatory cytokines, primarily regulate leukocyte migration and chemotaxis during inflammation and im-
mune responses.”® Our intercellular communication results revealed that CXCL8+IL1B+ monocytes in GDM offspring enhance interactions
with neutrophils through the CXCL8-CXCR8 signaling pathway. Previous literature has indicated that CXCL8 contributes to inflammatory con-
ditions like atherosclerosis.””*° Cohort studies have further confirmed a significantly elevated risk of atherosclerosis in GDM offspring.*'*?
Therefore, there is the possibility that GDM may promote atherosclerosis development in offspring by augmenting the pro-inflammatory
state of monocytes in the cord blood. Interestingly, in vitro functional experiments demonstrated significantly enhanced phagocytic and ad-
hesive capabilities in umbilical monocytes from the GDM group, and these functional alterations in monocytes are closely tied to atheroscle-
rosis occurrence.” Importantly, the transcriptional features of CXCL8+IL1B+ monocytes in cord blood were similar to those of coronary
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(A) Dot plot represents the communications between granulocytes (ligand provider) and monocytes (receptor provider). The size of the dots indicates the p value,

and the color indicates the communication probability. Only signals with a mean communication probability of more than 1.00E-08 were displayed.
(B) Dot plot represents the communications between monocytes (ligand provider) and granulocytes (receptor provider). The dot size is inversely proportional to

the p value. The color indicates the scaled mean communication probability. Higher probability suggests that the communication signaling is more enriched in

the corresponding clusters.

(C) Circle plot shows the weight of statistically significant signaling interactions in GDM fetal CBMC compared to the control group.

plagues myeloid cells from individuals with atherosclerotic cardiovascular disease. This finding might establish a connection between GDM
and inflammatory cells in coronary artery plaques, implying a long-term impact of maternal GDM on offspring, leading to the development of

cardiovascular disease in adulthood. However, the specific mechanism remains unclear.

The intricate interplay of maternal GDM with fetal immunity necessitates a deeper understanding of their role in shaping long-term health
outcomes. Numerous publications have demonstrated that maternal infection may shape the fetal immune system, increasing the risk of
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Figure 7. Combined analysis of CBMC monocytes and coronary plaques myeloid cells

(A 'and B) IL1B and CXCL8 expression pattern of peripheral blood monocytes in different stages of coronary artery disease (CAD) from a publicly available dataset
by transcriptome sequencing.

(C) UMAP plots of myeloid cell subclusters in coronary culprit plaques.

(D) UMAP plots of monocyte subclusters in fetal CBMC.

(E) Heatmap shows the Pearson correlation coefficient in each subcluster. The correlation between monocyte subclusters in CBMC and monocytes in plaques was
marked at the lower right.

(F) Pileup bar plot depicting the cell abundance of each myeloid cell subcluster in different plagues.
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Figure 7. Continued

(G) In the data of acute atherosclerotic plaques, specifically highly expressed genes for CXCL8+ inflammatory monocytes were chosen as the gene set that
utilized to perform AUCell analysis for monocytes of cord blood. Violin plots highlight the AUC values in each designated group.

(H) Violin plots highlight the AUC values in each CBMC monocyte subcluster. Data were tested by independent sample t-test, and were represented as mean +
SEM. * means the p value of correlation analysis is <0.05. *** means the p value of correlation analysis is <0.001. **** means the p value of correlation analysis is
<0.0001.

infections and autoimmune diseases in their offspring.®* > Prior studies have also indicated that fetal exposure to a diabetic intrauterine envi-
ronment leads to the failure of cord blood endothelial progenitor cell adaptation.’®?” Recent evidence demonstrates that hyperglycemia
might induce trained immunity in macrophages and promote persistent pro-atherogenic characteristics.”'*** These studies suggest that
maternal GDM might induce immune training,”” promoting increased CXCL8 and IL1B expression in offspring monocytes, leading to the
occurrence of atherosclerosis in offspring in adulthood. This also suggests that CXCL8 and IL1B might serve as early intervention targets
for preventing atherosclerosis in GDM offspring.

Our study demonstrated that maternal GDM might activate innate immunity, resulting in a pro-inflammatory state. The underlying mech-
anisms remain unclear. A possible hypothesis could be linked to elevated mild glucose intolerance, insulin resistance, and low-grade inflam-
mation in GDM group.”' In our study, CXCL8+IL1B+ monocytes from CBMCs were stimulated by high glucose in vitro. The positive corre-
lation between the proportion of fetal CXCL8+IL1B+ monocytes and maternal glucose levels during pregnancy suggests that maternal
mild hyperglycemia may create an adverse intrauterine environment, resulting in the pro-inflammatory state of fetal immune cells. We
measured glucose and C-peptide levels in cord serum from mothers with GDM and matched healthy controls to explore potential factors.
Despite similar cord blood glucose levels, fetal sera from mothers with GDM exhibited higher C-peptide levels (286.96 + 132.42 vs.
178.39 + 60.12 pmol/L in healthy group, p = 0.045), indicating a potential role of hyperinsulinemia, in addition to hyperglycemia, in the
training process of fetal immunity.*” Furthermore, previous research has shown that GDM mothers have elevated levels of various inflamma-
tory factors such as IL-8, IL-1B, IL-6, and TLR2 in their plaa—}nta.“'44 Whether GDM promotes an inflammatory state in the fetal umbilical cord
blood through secondary inflammation resulting from maternal inflammation state needs further clarification. Previous studies have also indi-
cated that accelerated gestational weight gain can influence DNA methylation patterns and adiposity in cord blood.*>* Recent research sug-
gests that maternal obesity can weaken the antimicrobial response of fetal monocytes by affecting the chromatin accessibility of pro-inflam-
matory genes in umbilical cord monocytes, thereby increasing the risk of infections.”” Whether GDM affects immune cells of offspring through
epigenetic mechanisms such as DNA methylation and chromatin accessibility warrants further research.

In summary, our data provided the first single-cell transcriptomic atlas of CBMC, revealing that maternal GDM drives a pro-inflammatory
state in neonatal monocytes and neutrophils immune cells, and that CXCL8+IL1B + monocytes might be promising targets for early interven-
tion for atherosclerotic cardiovascular disease. These data may expand our understanding of maternal-fetal training immunity and atheroscle-
rosis in adulthood, further supporting the DOHaD hypothesis.

Limitations of the study

First, the sample size of participants was relatively small, necessitating broader investigations to validate our findings. Second, a longitudinal
approach involving serial sampling of the same patients over an extended period of time is recommended to elucidate the persistence of
maternal GDM-induced trained immunity in atherosclerosis. Lastly, adequate functional experimental validation is needed for the impact
of GDM on neonatal immunity and its implications for future atherosclerosis occurrence in the offspring. Ideally, in vivo and ex vivo experi-
ments using specific cells and animals would provide more solid evidence. Isolation of IL1B + IL8+ monocytes for further investigation and
in vivo transfusion are recommended for verifying the causal relationship.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PerCPCy5.5 anti-human CD14 antibody BioLegend Cat# 367110; RRID: AB_2566712
APC/Cyanine7 anti-human CD16 antibody BioLegend Cat# 302018; RRID: AB_314218
PE anti-human IL-8 antibody BiolLegend Cat# 511408; RRID: AB_893465
AF647 anti-human IL-1pB antibody BioLegend Cat# 508208; RRID: AB_604135
Chemicals, peptides, and recombinant proteins

Lipopolysaccharides (LPS) Solarbio Cat#L8880

Dil-oxLDL Yiyuan Biotechnologies Cat#YB-002

Histopaque-1077 Sigma-Aldrich Cat#10771-100ML
Brefeldin A Sigma-Aldrich Cat#B5936-200UL
Deposited data

Single cell RNA-sequencing raw data GEO GSE212309

for cord blood

Single cell RNA-sequencing raw data for child GEO GSE221297

A single cell approach to map cellular subsets GEO GSE135779

involved in Systemic Lupus Erythematosus (SLE)

heterogeneity

Gene expression analysis suggests immunological GEO GSE166780

changes of peripheral blood monocytes in the

progression of patients with coronary artery disease

Single Cell RNA Seq Reveals a Distinct Immune GEO GSE184073

Landscape in Vulnerable Coronary Plaques.

Experimental models: Cell lines

umbilical vein endothelial cells (HUV-EC-C, HUVEC) Pro cell Cat#CL-0122

Software and algorithms

R CRAN https://www.r-project.org
Cell Ranger 10x Genomics https://support.10xgenomics.com/
Seurat V3 Bioconductor https://bioconductor.org/
edgeR Bioconductor https://bioconductor.org/
AUCell Bioconductor https://bioconductor.org/
CytoTRACE Bioconductor https://bioconductor.org/
CellChat Bioconductor https://bioconductor.org/
edgeR Bioconductor https://bioconductor.org/
PALMO GitHub https://github.com/
Critical commercial assays

Zombie Aqua BioLegend Cat# 423101

CFSE reagent Thermo Fisher Cat#C34554

CD14 MicroBeads

Miltenyi

Cat#130-050-201

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Xia Li (lixia@csu.

edu.cn).
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Materials availability

This study did not generate new unique reagents.

Data and code availability
e Single-cell RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession numbers are
listed in the key resources table.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human subjects

This study was approved by the Research Ethics Committee of the Second Xiangya Hospital, Central South University (No.2016-021), and was
conducted according to the Declaration of Helsinki guidelines. Written informed consent was obtained from all individuals. The peripheral
blood was collected from three healthy children aged 1-10 years, between October 2020 and February 2021 for single-cell sequencing. Cord
blood was donated by two cohorts recruited at the Second Xiangya Hospital, Central South University, between October and December
2020. Cohort | consisted of four GDM mothers and three healthy mothers for single-cell sequencing. Cohort Il consisted of 12 GDM mothers
and 13 healthy mothers for the in vitro validation experiment. The healthy control group was matched for maternal age, fetal sex, and pre-
pregnancy BMI. All subjects were Han Chinese. GDM was diagnosed by an oral glucose tolerance test (OGTT, 75 g glucose) done at any time
during pregnancy meeting at least one of the following criteria®®: (1) 5.1 mmol/L < fasting plasma glucose <7.0 mmol/L; (2) 1h glucose con-
centration >10.0 mmol/L; (3) 8.5 mmol/L < OGTT 2h glucose <11.1 mmol/L. The inclusion criteria for the GDM group were as follows: (1)
diagnosis of GDM; (2) no need for hypoglycemic agents to achieve satisfactory glycemic control; (3) singleton and full-term fetuses without
malformation; (4) maternal pre-pregnancy BMI between 18.5 kg/m? and 27.9 kg/m?. Pregnant participants with severe heart, liver, and kidney
diseases, preeclampsia, pre-pregnancy diabetes, severe infection, drug use, smoking, or alcohol consumption were excluded.

METHOD DETAILS

External data

To discover the characteristics of immune cells in adolescent population, data on PBMC were downloaded from the GEQ: GSE135779* data-
set. To determine the gene expression characteristics of peripheral blood monocytes in different stages of patients with atherosclerosis, data
on normal coronary artery, intermediate coronary lesion, and acute myocardial infarction were downloaded from the GEO: GSE166780°° da-
taset. To determine the characteristics of monocytes in the plaques of patients with atherosclerosis, data on acute coronary syndrome (ACS)
and chronic coronary syndrome (CCS) were downloaded from the GEO: GSE184073.°" The above method was used to analyze the single-cell
RNA sequencing data.

Sample collection and processing

Peripheral blood was collected in the morning before meals. Cord blood samples were collected from participants immediately after cesar-
ean delivery to avoid the effects of stress on immune cells during vaginal birth. All samples were processed within 4 h of collection. Mono-
nuclear cells were separated from the samples by density gradient centrifugation (Histopaque-1077, Sigma-Aldrich, USA), according to the
manufacturer instructions. To be specific, whole blood was slowly spread on Histopaque-1077 with a density of 1.077 g/mL and centrifuged at
800g for 20 minutes. Both acceleration and deceleration were 0. The cell layer between Histopaque-1077 and plasma is absorbed as mono-
nuclear cells. Fresh PBMC and CBMC from cohort | were immediately used for single-cell sequencing and CBMC from cohort Il were frozen in
10% dimethyl sulfoxide/fetal bovine serum and deposited in liquid nitrogen after gradient freezing. The plasma from all cord blood samples
was obtained by standard density gradient centrifugation. The concentrations of glucose, C-peptide, and lipids in the plasma were measured.

Single-cell RNA sequencing experiment

Cell density and viability were checked for fresh PBMC and CBMC from cohort | using Count Star (Alit life science, China), with cell viability
>90% for each sample. Single-cell suspensions were transformed into barcoded single-cell RNA sequencing libraries using the Chromium
Single-cell chip kit V3 and Chromium Single-cell 3’ Library and Gel Bead Kit V3(10x Genomics, USA). Single-cell cDNA synthesis and ampli-
fication were performed in a C1000 Touch Thermal Cycler (Bio Rad, USA). Finally, single-cell cDNA was sequenced using lllumina
NovaSeq 6000.

Data processing and quality control for single-cell RNA sequencing

Raw FASTQ files were mapped to human reference GRCh38 using 10x Genomics Cell Ranger software suite (v.3.1.0).%? Fastqg sequence qual-
ity filtering and sequencing alignment were performed sequentially using the Cell Ranger pipeline. The gene barcode matrix from all samples
was combined using the R package Seurat V3. Table S7 lists sequencing information for each sample. For quality control, only cells with 200
4500 genes and less than 15% of the mitochondrial genes were retained for subsequent analysis.
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Dimension reduction and major cell type annotation
Highly variable genes were identified using the FindVariableFeatures function (default parameters). The RunPCA function in Seurat V3 was
used to perform principal component analysis (PCA) on the top 2000 variable genes. Batch effects were removed using the R package Har-
mony version 1.0 based on the top 50 PCA components identified. The first 50 principal components were then used for cell clustering and
Uniform Manifold Approximation and Projection (UMAP)*® dimensional reduction. Cluster marker genes were recognized using the
FindAllMarkers function, and clusters were manually annotated using known cell-type marker genes (Table S8).

Monocytes, granulocytes, T cells, B cells, and other immune cells were isolated from mononuclear cells for further sub-clustering.
Following isolation, PCA and clustering were performed in the manner described in the dimension reduction and major cell type annotation
section.

Detection of differentially expressed genes

Differential gene expression (DEG) testing was carried out in edgeR using EdgR-QLF.>* DEGs were ranked by average log2 (fold change) after
filtering with a minimum |log2(fold change) | of 0.585 and a maximum FDR (g-value) of 0.05.

PALMO

To discover how genes change with age, we performed PALMO (v0.1.2) analysis™ based on the expression data in immune cell clusters an-
notated as monocytes.

Functional enrichment analysis

Gene Set EnrichmentAnalysis (GSEA) was performed using the OmicStudio tools, which can be found at https://www.omicstudio.cn/tool.
Pearson correlation was utilized to assess the similarity of cell groups to identify similar functional subgroups.

AUCell analysis

To determine whether activation of certain pathways differs between cells, the AUCell R package® was utilized to calculate the degree of
pathway activation for each cell using gene set enrichment analysis. The area under the curve (AUC) of gene expression in the selected
pathway was calculated using a specific gene list downloaded from the GSEA database.”’ In the data of acute atherosclerotic plaques, spe-
cifically highly expressed genes were chosen as the distinct gene set for CXCL8+ inflammatory monocytes (Table S9). This gene set was uti-
lized to perform AUCell analysis for monocytes of cord blood. Cells that expressed more genes within the gene set had relatively high AUC
values. Therefore, gene expression rankings for each cell were generated based on AUC value. The “AUCell_exploreThresholds” function was
utilized to ascertain the threshold to recognize gene set active cells. To visualize the active clusters, the AUC score of each cell was mapped to
the UMAP embedding using the ggplot2 R package (Version 3.3.5).>°

Cytotrace

To predict the relative differentiation state of cells, we performed CytoTRACE (v0.1.0) analysis®” based on the expression data in monocyte
sub-clustering results.

CellChat analysis

CellChat®® was utilized to investigate and visualize signaling pathway networks between different immune cells. First, the Seurat objects
created using the preceding method were collated into CellChat objects using the “createCellChat” function. After annotating immune cells
with relevant labels, their potential ligand-receptor interactions were deduced based on the expression of a receptor by one cell subtype and
ligand expression by another. The “Cellchatdb. Human” database was used as a reference during this process. Finally, the figures were gener-
ated using the "netVisual_aggregate” function.

Isolation and stimulation of monocytes

Frozen CBMC were thawed, washed, and resuspended in complete culture medium (DMEM, 10% FBS, and 1% penicillin/streptomycin).
Monocytes were then enriched by magnetic cell sorting using CD14" magnetic beads (Miltenyi Biotec, Germany), according to the manufac-
turer instructions. Monocytes were cultured in DMEM containing normal (5.5 mmol/L) or high glucose (25.0 mmol/L) at a density of 10° cells
per well in 12-well plates. Brefeldin A (BFA, Sigma-Aldrich, USA) was added to the medium after incubation for 24 h. Monocytes were then
treated with or without 1 ng/mL LPS (Solarbio, China) for 5 h until analysis.

Flow cytometry

Monocytes were stained with fluorescently-labeled monoclonal antibodies (PerCPCy5.5 anti-human CD14 antibody (BioLegend Cat# 367110,
RRID: AB_2566712), APC/Cyanine7 anti-human CD16 antibody (BioLegend Cat# 302018, RRID:AB_314218), PE anti-human IL-8 antibody
(BioLegend Cat# 511408, RRID:AB_893465), AF647 anti-human IL-1B antibody (BioLegend Cat# 508208, RRID:AB_604135), and Zombie
Aqua (BioLegend Cat# 423101). Flow cytometry was performed using the standard surface and intracellular cytokine staining protocols.
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Stained monocytes were detected using a spectral flow cytometer (Cetek NL3000). Only live cells were used for the analysis based on the
Zombie Aqua staining. At least 100,000 cells in the monocytes gate were collected by flow cytometer and then analyzed with FlowJo version
10.0 software (Tree Star, Inc., Ashland, USA). The mean fluorescence intensity of IL-8 and IL-1B in the monocytes gate was calculated. The
experiment was repeated twice under the same conditions. Scatter diagrams were plotted by bioinformatics,®’ an online data analysis,
and visualization platform.

Phagocytosis and adhesion assay of monocytes
Monocytes from umbilical cord blood were enriched by magnetic cell sorting using CD14 MicroBeads (Miltenyi Biotec, Germany) and seeded
at 2x10° cells per milliliter in 48-well plates, with three replicates for each sample. For phagocytosis assay, monocytes were incubated with
40 png/mL red fluorescence-labeled Dil-oxLDL (Yiyuan Biotechnologies, China) at 37°C for 3 h. The samples were then examined under a fluo-
rescence microscope, with five images acquired per well. The percentage uptake was calculated as the number of red fluorescence-labeled
monocytes divided by the total number of monocytes.

For adhesion assay, monocytes were fluorescently labeled green using the CFSE reagent (Thermo Fisher Scientific, USA) at 5uM according
to the manufacturer instructions. The labeled monocytes were then added to a 48-well plate at a density of 5% 10* cells per milliliter for 5 h at
37°C. The 48-well plate was covered with umbilical vein endothelial cells (Pro cell, China) at the bottom of each well. The number of adhered
cells was recorded and averaged with five images per well acquired under a fluorescence microscope. The average number of fluorescently
labeled cells in each field of view reflected the adhesion capacity of mononuclear cells to umbilical vein endothelial cells. These experiments
were repeated twice under the same conditions. The ImageJ software was used to adjust the brightness of the displayed images equally.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses were performed using R Studio, GraphPad Prism 8, and IBM SPSS Statistics 22. Data were expressed as mean =+ standard
error (mean +SEM) unless otherwise stated. Measurement data with normal distribution were tested by independent sample t-test. Kruskal-

Wallis one-way ANOVA was used for non-normally distributed data. p-values less than 0.05 were considered statistically significant (*p < 0.05,
**p < 0.01, **p < 0.001, ****p < 0.0001).
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