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The placenta is the primary organ for immune regulation, nutrient delivery, gas exchange,
protection against environmental toxins, and physiologic perturbations during pregnancy. Placental
inflammation and vascular dysfunction during pregnancy are associated with a growing list of
prematurity-related complications. The goal of this study was to identify differences in gene
expression profiles in fetal monocytes — cells that persist and differentiate postnatally — according
to distinct placental histologic domains. Here, by using bulk RNA-Seq, we report that placental
lesions are associated with gene expression changes in fetal monocyte subsets. Specifically,

we found that fetal monocytes exposed to acute placental inflammation upregulate biological
processes related to monocyte activation, monocyte chemotaxis, and platelet function, while
monocytes exposed to maternal vascular malperfusion lesions downregulate these processes.
Additionally, we show that intermediate monocytes might be a source of mitogens, such as

HBEGF, NRG1, and VEGFA, implicated in different outcomes related to prematurity. This is the

first study to our knowledge to show that placental lesions are associated with unique changes in
fetal monocytes and monocyte subsets. As fetal monocytes persist and differentiate into various
phagocytic cells following birth, our study may provide insight into morbidity related to prematurity
and ultimately potential therapeutic targets.

Introduction

The placenta provides the primary means for immune regulation between the mother and fetus, and it pro-
vides nutrient delivery, gas exchange, and protection against environmental toxins and physiologic pertur-
bations during pregnancy. Underlying acute and chronic processes of placental dysfunction are important
causes of adverse pregnancy outcome, and distinct placental histologic findings at birth are indicators of
these pathologic processes. In full-term births, inflammatory lesions in the placenta often accompany clini-
cal manifestations of newborn sepsis/infection, while in preterm births with placental inflammation, acute
chorioamnionitis is often the cause of spontaneous preterm labor. Alternatively, maternal vascular malp-
erfusion (MVM) lesions that develop in earlier stages of pregnancy may be accompanied by fetal growth
restriction and vascular dysregulation in preterm infants. Both inflammatory and vascular dysfunctions of
the placenta may have a profound impact on offspring, especially among infants born preterm.

Distinct placental lesions that indicate immune and vascular dysfunction during pregnancy are asso-
ciated with a growing list of neonatal complications of prematurity (1-7). While many of these adverse
outcomes are highly complex, multifactorial in nature, and heterogeneous in their clinical course, there is
growing evidence that the placenta plays a pivotal role in programming the fetal immune system, which
may impact downstream postnatal environmental exposure and early life events (8). Central to the “fetal
origins hypothesis” is the potential for the placenta to modulate circulating immune progenitor cells during
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pregnancy and at the time of delivery. Fetal monocytes circulating between the placenta and the fetus
are potential mediators of disease, as well as important markers for enhancing our understanding of the
complex interplay between the placenta and preterm neonate (9—12). Monocytes, which have historically
been defined into subtypes based on CD14 and CD16 cell surface markers, can differentiate into different
tissue-resident macrophages based on previous exposure and, therefore, may play an essential role in pla-
cental-fetal crosstalk (13-16).

The main objective of this study was to identify differences in gene expression profiles in fetal monocytes
and their subsets, including by the distinct placental histologic domains that are associated with certain out-
comes of preterm birth. We first investigated how classical, intermediate, and nonclassical monocyte concen-
trations vary across the gestational age (GA) spectrum and relative to other immune cell types circulating at
birth. We applied RNA-Seq to investigate differences in gene expression across 4 major domains of placen-
tal histology: acute inflammation (AI), chronic inflammation (CI), MVM, and fetal vascular malperfusion
(FVM). Lastly, we sought to identify differentially expressed genes in the context of placental histology in order
to elucidate the role of fetal monocytes in adverse neonatal outcomes in the setting of placental dysfunction.

Results

The neonatal cohort covered a broad range of perinatal, placental, and postnatal findings. A total of 70 mother-infant
dyads were enrolled in our study and had cord blood available for cell counts, nucleic acid extraction, and
sequencing. Of these, 59 were preterm deliveries and 11 were term deliveries (Table 1, Table 2, Table 3, Table
4). There were statistically significant differences in the rate of postnatal steroid therapy, maternal group B
streptococcus (GBS) status, and cesarean delivery (P < 0.05) (Table 1). Those born preterm had higher rates
of premature rupture of membrane (PROM) (Table 2). As expected, when compared with term neonates,
preterm neonates were born at lower GA, had lower Apgar scores (a standardized tool to assess a newborn’s
condition immediately after birth) at 1 and 5 minutes, had lower birth weights (BWs) and had a higher rate
of neonatal intensive care unit admission (P < 0.001; Table 3). In total, 61 placentas were available for gross
and histopathology examination (Table 4). Placentas that were not available for analysis were from term or
late preterm infants. MVM was present in 83% of preterm births and 9% of term births (P < 0.001). The
second most common domain represented was Al, representing 32% of preterm and 18% of term births.

Placental histopathology does not correlate with composition of immune cells in cord blood. In order to charac-
terize the relationship between placental pathology and infant cord blood composition, we performed flow
cytometric profiling of cord blood collected immediately at birth (» = 34). Hierarchical clustering on flow
cytometry data revealed 2 major clusters: a cluster (Group A) characterized by increased abundance of T
cells and B cells and a cluster (Group B) characterized by prevalence of neutrophils (Figure 1). The clusters
did not correlate with GA, maternal steroid therapy, fetal growth restriction, or primary placental domain.
Furthermore, direct comparison of the cell type abundance between different domains of placental pathol-
ogy did not identify significant differences (Figure 2).

Placental histopathology is associated with changes in proportion of classical/intermediate and nonclassical mono-
cyte populations. Changes in differential abundance of monocyte subsets have been shown to be associated
with cardiovascular events and vascular dysfunction in adults (17, 18). We therefore performed analysis of
monocyte subsets (n = 70) between domains of placental pathology (none = 15 cases, AI = 13 cases, CI =
7 cases, MVM = 33 cases, FVM = 2 cases). The median (IQR) percentage of monocytes according to the
3 subpopulations were 94.6% (90.6%, 96.3%) for classical, 4.8% (3.6%, 7.5%) for intermediate, and 0.27%
(0.13%, 0.54%) for nonclassical. Relative abundance of classical and intermediate monocytes was not dif-
ferent between primary domains of placental pathology (Figure 3). In contrast, percentage of nonclassical
monocytes was significantly different according to placental domain (P < 0.05). The median percentage
of nonclassical MNCs was significantly higher in the MVM and FVM groups as compared with infants
with AT placentas (Figure 3). To investigate whether different placental domains manifested in differential
activation of monocytes, we applied a more sensitive technology — gene expression profiling (RNA-Seq).

Transcriptomic profiling of cord blood monocyte subsets identifies cell type—specific changes associated with different
domains of placental pathology. We then asked whether differential activation of monocyte subsets was associated
with different domains of placental pathology. We first isolated classical and intermediate monocyte subsets
via FACS and performed transcriptomic profiling of 140 samples (70 classical and 70 intermediate monocyte
samples) using bulk RNA-Seq. As expected, cell type (i.e., classical versus intermediate monocyte) and GA
explained most of the variability within the data set (Figure 4).
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Table 1. Patient cohort characteristics comparing maternal demographic data between mothers delivering at term compared with

preterm deliveries

Maternal age (years)
Mean (SD)
Race, n (%)
Black/African American
White
Other
Unknown or not reported
Rupture of membranes, n (%)
AROM
SROM
Delivery method, n (%)
Cesarean
Vaginal
Twin delivery? n (%)
Yes
No
GBS status, n (%)
Negative
Positive
Unknown
Steroids complete? n (%)
Yes
No

Preterm (n = 59) Term (n=11) P

31(6.1) 32(4.9) 0.79

9 (15.3%) 0 (0%) 0.34

31(52.5%) 5 (45.5%)

8 (13.6%) 2 (18.2%)

11(18.6%) 4 (36.4%)

33 (55.9%) 7 (63.6%) 0.75

26 (44.1%) 4 (36.4%)

31(52.5%) 1(9.1%) 0.01%

28 (47.5%) 10 (90.9%)
18 (30.5%) 1(9.1%) 0.27
41(69.5%) 10 (90.9%)

36 (61%) 10 (90.9%) 0.05
8 (13.6%) 1(91%)
15 (25.4%) 0 (0%)
43 (72.9%) 9 (81.8%) 0.001*
16 (271%) 2 (18.2%)

A y? test was used for categorical variables, Student’s t test for continuous variables, and Wilcoxon’s rank-sum test for comparing medians. P < 0.05 was
considered significant. “Other” includes: Asian, Hispanic, Pacific Islander.

Gene expression signature of gestational age in monocytes in the classical subset. We then performed analysis on
classical and intermediate monocyte subsets separately. Out of a total of 70 samples that were sequenced,
64 classical monocyte samples had sufficient quality for further analysis. Hierarchical clustering on subjects
and k-means clustering on differential expressed genes identified 3 major clinical subgroups defined by
differential gene expression across 3 clusters (Figure 5). We found that gestational age (GA), Al, and MVM
lesions were the main factors separating clinical groups. Group A (8 subjects, median GA of 27 weeks,
median BW of 1080 g) consisted primarily of samples collected from dyads with AI (75%) and chorioam-
nionitis (75%). Group B (52 subjects, median GA 33 weeks, median BW 1872.5 g) was characterized by
MVM (n = 31, 62%) and preeclampsia (n = 22, 42%). Group C (4 subjects, median GA 39.5 weeks, median
BW 2860 g) was characterized by term infants (100%).

Genes in Cluster 1 (200 genes) were upregulated in Group A, the group composed of samples with inflam-
matory exposure and included genes related to leukocyte activation based on Gene Ontology (GO) terms (CCL5,
ITGAM; GO:000227, GO:0002252). Cluster 2 (128 genes) included genes involved in biosynthetic processes
(GO:0006188). This cluster of genes was highly expressed in Group B but lower in Group A and C. Cluster 3
(170 genes) contained genes related to cell adhesion and locomotion (ADAMY, HIF1A, STAT3; GO:0033628,
G0:0040017) and these genes were upregulated in Group C, which contained samples from term infants.

There are differences in classical monocyte gene expression based on method and timing of delivery. The
immune system plays a critical role in the normal maintenance of pregnancy and in the onset of partu-
rition, while premature and abnormal parturition has been linked to immune cell dysfunction (19-23).
Therefore, we analyzed the above samples (7 = 64) based on timing (term versus preterm) and mode
of delivery (cesarean section versus vaginal delivery). The preterm vaginal group (27 subjects, median
GA 33, median BW 1990 g) had an older median GA and BW than the preterm cesarean group (30
subjects, median GA 31 weeks, median BW 1295 g). Both groups had subjects with preeclampsia (33%
in the preterm vaginal group and 43% in the preterm cesarean group). Both groups had subjects with
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Table 2. Patient cohort characteristics comparing in utero complications between term and preterm deliveries

Preterm (n = 59) Term (n=11) P
Preterm labor, n (%)
Yes 22 (37.3%) 2 (18.2%) 0.31
No 37 (62.7%) 9 (81.8%)
Preterm premature rupture of membranes, n (%)
Yes 27 (45.8%) 0 (0%) 0.014
No 32 (54.2%) 11 (100%)
Prolonged rupture of membranes, n (%)
Yes 16 (271%) 1(9.1%) 0.27
No 43 (72.9%) 10 (90.9%)
Preeclampsia/Eclampsia/HELLP, n (%)
Yes 24 (40.7%) 1(9.1%) 0.08
No 35(59.3%) 10 (90.9%)
Antenatal IUGR, n (%)
Yes 9 (15.3%) 1(9.1%) 1
No 50 (84.7%) 10 (90.9%)
Nonreassuring fetal heart tones, n (%)
Yes 12 (20.3%) 1(9.1%) 0.68
No 47 (79.7%) 10 (90.9%)
Chorioamnionitis, n (%)
Yes 7 (11.9%) 0 (0%) 0.59
No 52 (88.1%) 11 (100%)

A y* test was used for categorical variables, Student’s t test for continuous variables, and Wilcoxon’s rank-sum test for comparing medians. AP < 0.05 was
considered significant. “HELLP” is hemolysis, elevated liver enzyme, and low platelet count. “IUGR” is intrauterine growth restriction.

chorioamnionitis (56% in the preterm vaginal group and 10% in the preterm cesarean group). There
were 6 term vaginal deliveries (6 subjects, median GA 39.5 weeks, median BW 3320 g) and 1 sample in
the term cesarean section group (1 subject, 38 weeks, median BW 2090 g). The term cesarean section
sample was from a mother in labor and with preeclampsia who proceeded to cesarean section due to
fetal distress. While differential gene expression was unrevealing, we did find differences with weight-
ed gene coexpression network analysis (WGCNA; Figure 6). Since the WGCNA method first identifies
enriched modules and then assigns the module as being relatively increased or decreased within that
sample group compared with the other, we performed the analysis with and without the single cesare-
an delivery sample included.

Specifically, the genes in Module 1 (115 genes) had lower expression levels in the term group and
were linked to smooth muscle relaxation (PDGFA, PPBP, SELP; GO:0015671, GO:0045987). The genes
in Module 2 (185 genes) were highly expressed in the preterm vaginal delivery group and had lower
expression levels in the term vaginal delivery group. These genes were linked to interaction with T cells
and T cell differentiation (CD4, CXCR1, HP, GO:0045622, GO:0045591). Module 2 did not have signifi-
cantly different expression levels in the cesarean delivery group. Module 3 (23 genes) was upregulated in
the preterm vaginal delivery group compared with the preterm cesarean delivery group, and it included
genes involved in cellular response to type 1 IFN (GO:0071357, GO:0060337). Module 4 (24 genes) was
upregulated in the preterm cesarean group compared with the preterm vaginal delivery group but with-
out significant ontologies. Module 5 (35 genes) was the only module with higher levels of expression in
the preterm cesarean section group compared with the term cesarean section group. The genes in this
module included ALOX15B and LPL, but there were no enriched ontologies. Modules 6 (38 genes) and
7 (59 genes) had the lowest level of expression in the preterm cesarean group. The genes within this
module were related to interactions with dendritic cells (DCs) (CCL20, CCL3, CCL4; GO:0002604). We
found that Module 8 (60 genes) and Module 9 (687 genes) were highly expressed in the term group and
relatively lower in the preterm group. The genes in this module were linked to chemokine receptors,
platelet interactions, and DC activation (ADAMY, ADAM19, AREG, CXCR4, EGR1, NEB; GO:0060143,
GO0:2001198, GO:0016494, GO:0031092).
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Table 3. Patient cohort characteristics comparing infant characteristics between preterm and term deliveries

Gestational age
Mean (SD)
Apgar @ 1 minute

Median (min, max)

Apgar @ 5 minute

Median (min, max)

Sex, n (%)
Female
Male

Birth weight (g)
Mean (SD)

Birth weight percentile (%)

Mean (SD)

Small for gestational age, n (%)

Yes
No
NICU admit, n (%)
Yes
No

Preterm (n = 59) Term (n=11) P
31.7(2.9) 39.5(1.1) <0.001*
7.00 (1.00-9.00) 8.00 (7.00-9.00) <0.001*
8.00 (4.00-9.00) 9.00 (9.00-9.00) <0.001*
28 (47.5%) 5 (45.5%) 1
31(52.5%) 6 (54.5%)
1650 (583) 3270 (535) <0.001*
42.7 (28.5) 44.5 (28.8) 0.86
12 (20.3%) 3 (27.3%) 0.69
47 (79.7%) 8 (72.7%)
56 (94.9%) 0 (0%) <0.001*
3 (5.1%) 11 (100%)

A y* test was used for categorical variables, Student’s t test for continuous variables, and Wilcoxon’s rank-sum test for comparing medians. AP < 0.05 was

considered significant.

Classical monocytes from preterm births upregulate genes related to leukocyte activation while downregulating genes
related to protein translation. Since placental histopathology did separate our samples into different groups,
we further refined our data by analyzing samples with AI, CI, and MVM with their associated clinical
features (i.e., chorioamnionitis and preeclampsia) (24-27). We excluded preterm samples with FVM due
to low sample numbers and lack of clear clinical association with this placental pathology. Specifically,
we narrowed our analysis to samples with chorioamnionitis and Al on placental pathology, preterm labor
or preterm delivery with CI, preeclampsia with MVM lesions, preterm infants with healthy placenta, and
healthy term dyads. There were n = 34 samples that met these criteria. Hierarchical clustering on sub-
jects and k-means clustering on highly variable genes in classical monocytes identified 3 clinical subgroups
defined by differential gene expression across 5 clusters (Figure 7). Group A (6 subjects, median GA 39.5
weeks, median BW 3145 g) consisted of children born at term (100%). One subject in this group was born

Table 4. Patient cohort characteristics comparing placental characteristics between preterm and term deliveries

Preterm (n = 59) Term (n=11) P
Acute inflammation, n (%)
Yes 19 (32.2%) 2 (18.2%) 0.69
No 40 (67.8%) 9 (81.8%)
Chronic inflammation, n (%)
Yes 15 (25.4%) 3 (27.3%) 1
No 44 (74.6%) 8 (72.7%)
Fetal vascular malperfusion, n (%)
Yes 12 (20.3%) 3(27.3%) 0.69
No 47 (79.7%) 8 (72.7%)
Maternal vascular malperfusion, n (%)
Yes 49 (83.1%) 1(9.1%) <0.01”
No 10 (16.9%) 10 (90.9%)

AP < 0.05 was considered significant.
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Figure 1. Hierarchical clustering on flow cytometry data revealed 2 major clusters. Group A was characterized by prevalence T cells and B cells, and
Group B was characterized by increased abundance of neutrophils.

to a mother with preeclampsia, while others had no underlying prenatal conditions. Group B (6 subjects,
median GA 29.5 weeks, median BW 1390 g) was characterized by prematurity, Al (83%), and chorioam-
nionitis (100%). Group C (22 subjects, median GA 33 weeks, median BW 1765 g) was characterized by
prematurity, MVM lesions on placenta (86%), and preeclampsia (81%).

Genes in Cluster 1 (558 genes) were highly expressed in Group A but had lower expression in Group C
and were downregulated in Group B. Based on GO terms, these genes were related to mRNA biosynthesis
and metabolism (HBEGF, POLE3, POLRI1C; GO:0016070). Genes in Cluster 2 (376 genes) were specifi-
cally upregulated in Group B and included genes related to cell migration (SELL, ITGAM), inflammatory
response and response to infection (FCGRIA, FCGRIB, CAMP, S10049, S100412, S100P, MPO, TNFSF4,
PADI4, CHI3L1, MARCO; GO:0042742, GO:0045087), cell cycle, and negative regulation of myeloid cell
differentiation (MKI67, CDCI4B, HISTIH3D, HISTIH3J, LILRBI; GO:0007049; GO:0045638). Genes in
Cluster 3 (234 genes) were upregulated in both Group A and Group C and were related to antigen process-
ing and presentation (CD74, genes encoding MHCII molecules; GO:0002504). Genes in Cluster 4 (504
genes) were upregulated in both Groups B and C, the 2 groups composed primarily of samples obtained
from preterm deliveries. While there was no significant GO biological process associated with this cluster
of genes, it included several genes associated with monocyte activation and immune response (CDI163,
CD3004, and others). Genes in Cluster 5 (547 genes) were specifically expressed in Group A and included
genes related to immune response (IL1B, TNFAIP3, CTSL, TNFRSF21, EREG; GO:0050778), regulation
of angiogenesis (VEGFB, THBS1, SERPINEI, F3; GO:0045765), molecular chaperones and adaptation
to stress (DDIT3, HSP90BI, HSPA5, DNAJB6, DNAJC3; GO:0006950), and monocyte differentiation and
maturation (CEBPB, BHLHE40).

WGCNA shows enrichment of modules unique to term and preterm groups in classical monocytes. We then
used the same samples as above (#7 = 34) and performed a WGCNA to validate our hierarchical clus-
tering data and look for relevant genes that would be missed by other methods. WGCNA for classical
monocytes revealed 4 gene network modules (Figure 8). Module 1 (136 genes) contained genes highly
expressed in samples from term infants and preterm infants exposed to inflammation compared with
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Figure 2. Cell composition by placental pathology domains. (A-F) There were no significant differences in cell composition when comparing
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, CD34+, B cells, or T cells between different domains of placental pathology (none = 15 cases, Al = 13 cases, Cl =7
ases).

samples from preterm infants. These genes were closely associated with platelet degranulation and
platelet aggregation (PDGFA, PDGFB, PF4, PPBP, SELP; GO:0002576, GO:0070527). Module 2 (788
genes) was highly expressed in all preterm groups relative to term groups. The genes in the module
were associated with GO biological processes related to monocyte activation and migration (CX3CR1,
P2RY12, CSF1, CCL3; GO:190552). The genes in Module 3 (48 genes) were related to antigen process-
ing (GO:0019886) and were highly expressed in samples obtained from term infants compared with
preterm infants. Module 4 (87 genes) contained genes related to vascular smooth muscle development
(THBS1, VEGFA; GO:0097084) and were highly expressed in samples from term infants compared
with preterm infants with known placental pathology.

Two major gene expression clusters differentiate AI and MVM in classical monocytes. As placental pathologies
can coincide, we refined our dataset to include only subjects with placental pathologies and their associated
clinical phenotype (28). For this analysis, samples with unknown placental pathologies were excluded.
Additionally, we excluded term infants, as many lacked placental pathologies or had low degree of pla-
cental pathology without clinical correlation. We also excluded samples where MVM and Al were both
present. Analysis of these samples (# = 23) led to 2 major groups based on hierarchical clustering (Figure
9). Group A primarily had subjects with Al (n = 5, median GA 29 weeks, median BW 1310 g), and Group
B had infants with MVM (n = 18, median GA 33 weeks, median BW 1440 g).
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Figure 3. Monocyte subpopulations by placental pathology domains. (A-D) There were no significant differences in total population size when comparing
different placental domains (none = 15 cases, Al =13 cases, Cl = 7 cases, MVM = 33 cases, FVM = 2 cases). For a total of 70 samples, we analyzed monocyte
subtype composition and only found significant differences in the nonclassical subtype. These differences were between the Al to MVM (*P = 0.004), Al to
FVM (**P = 0.005), and None to FVM (**P = 0.03) based on Kruskall-Wallis rank sum test.

We found 2 major gene clusters based on k-means clustering of genes in the analysis. Cluster 1 (294
genes) was upregulated in Group A, while Cluster 2 (304 genes) was upregulated in Group B. Cluster 1 con-
tained genes related to leukocyte activation and degranulation (BPI, CAMP, HP, IL18R1, JAK3, LTF, MPO,
MMP9: GO:0043299, GO:0036230, GO:0050776). Cluster 2 contained genes related to positive regulation
of cell proliferation and response to hormone stimulus (EGR3, LPL, VEGFB; G0O:0009725, GO:0009719,
GO0:0007623). There were no significant differences in gene expression or WGCNA based on mode of
delivery in this sample set.

Clustering of intermediate monocyte gene expression data reveals unique k-means clusters based on placental domains
and clinical features. We then performed a similar unbiased hierarchical clustering analysis of all intermediate
monocyte gene expression data (z = 66) and k-means clustering of gene expression data (Figure 10). There
were additional samples in this group compared with the classical monocyte samples because of RNA-Seq
quality. We again found that GA, AI, and MVM were the main factors separating clinical groups. Group A
(8 subjects, median GA 27 weeks, median BW 1080 g) consisted primarily of samples collected from dyads
with Al (75%) and chorioamnionitis (87.5%). Group B (52 subjects, median GA 33 weeks, median BW
1872.5 g) was characterized by MVM (n = 31, 62%) and preeclampsia (n = 22, 42%). Group C (6 subjects,
median GA 39.5 weeks, median BW 2145 g) was characterized by term infants (100%).

Our analysis revealed 3 major clusters, which were then analyzed for significant GO terms. Cluster 1
(89 genes) contained genes related to cell differentiation (GO:0045597), cytokine production (GO:0001819),
and angiogenesis (GO:0001525) and were highly expressed in Group C, were less expressed in Group A,
and had low levels of expression in Group B. The genes in this cluster included HIF1A, PDFGA, VEGFA, and
NRGI. Cluster 2 (110 genes) did not contain statistically significant biological processes. This cluster had low
levels of expression in Group A compared with B and C. Cluster 3 contained genes related to leukocyte acti-
vation (BPI, ILISRAP, MMP9; GO:0002366), chemotaxis (S100412, CCR2, CXCR1, CXCR2; GO:0006935),
and defense response (BPI, HP, IL4R, LTF, MPO; GO:0098542). This cluster was highly expressed in Group
A, with lower levels of expression in Group B, and with the lowest levels of expression in Group C.
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Figure 4. Principal component analysis of intermediate and classical cord blood monocytes global gene expression.
A principal component analysis (PCA) of all samples (n = 130) illustrates GA (PC1, 15% variance) and cell type (PC2, 11%
variance) and explains major variability within the data set.

Gene expression modules within intermediate monocytes are influenced by mode and timing of delivery. Like the
classical monocyte subset, we analyzed the above intermediate monocyte samples (7 = 66) based on timing
(term versus preterm) and mode of delivery (cesarean section versus vaginal delivery). As with the classical
monocytes, the preterm vaginal group (27 subjects, median GA 33 weeks, median BW 1990 g) had an older
median GA and BW than the preterm cesarean group (30 subjects, median GA 31 weeks, median BW 1295
g). Both groups had subjects with preeclampsia and chorioamnionitis (33% and 56%, respectively, in the
preterm vaginal delivery group; 43% and 10%, respectively, in the preterm cesarean group). There were 8
term vaginal deliveries (8 subjects, median GA 39.5 weeks, median BW 3482.5 g) and 1 sample in the term
cesarean section group (1 subject, 38 weeks, median BW 2090g, growth-restricted with preeclampsia). This
sample was from a mother in labor who proceeded to cesarean section due to fetal distress. We again used
WGCNA to highlight gene expression patterns unique to each group (Figure 11).

Module 1 was upregulated in the term delivery group compared with the preterm delivery group. The
genes (65 genes) in this module were related to immune cell chemotaxis and chemokine-mediated signaling
(CCL3, CCL4, CXCL2, ILIB, and VEGFA; G0O:2000503, GO:0070098). Module 2 was downregulated in
the preterm cesarean delivery group compared with the other 2 groups and contained genes (290 genes)
related to cell migration based on ontologies (CXCR1, CXCLI, LTF; GO:0002283, GO:1903975). Modules
3 (130 genes) and 4 (194 genes) did not contain significant GO enrichment in these groups. Module 5 (588
genes) contained genes and ontologies related to complement function and interaction with cell junctions
(CIQC, CI10B; GO:0150146). This module had increased expression in the preterm cesarean delivery group
compared with the vaginal delivery groups.

Placental histology and clinical data reveal gene expression patterns unique to perinatal exposure prior to delivery.
‘We again refined our data set by taking comparing placental pathologies and their associated clinical fea-
tures. The same n = 34 samples as the classical monocytes met these criteria. Hierarchical clustering on
subjects and k-means clustering on differentially expressed genes identified 3 clinical subgroups defined by
differential gene expression across 5 k-means clusters (Figure 12). Group A (22 subjects, median GA 33
weeks, median BW 1765 g) was characterized by prematurity, MVM lesions on placenta (86%), and pre-
eclampsia (81%). Group B (6 subjects, median GA 39.5 weeks, median BW 3145 g) consisted of children
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Figure 5. Classical monocyte gene expression clusters by GA, clinical phenotypes, and placental domains. Classical monocyte (n = 64) hierarchical
clustering shows clustering primarily based on GA, placental inflammation, and placental vascular lesions. Cluster 1included genes related to leukocyte
activation, Cluster 2 contained genes involved in biosynthetic processes, and Cluster 3 contained genes related to cell adhesion and locomotion. There
were 498 differentially expressed genes based on DeSeq2 using FDR < 0.05 and 2-fold change.

born at term (100%). Only 1 subject in this group was born from a mother with preeclampsia, while others
had no major comorbidity. Group C (6 subjects, median GA 29.5 weeks, median BW 1390 g) was charac-
terized by prematurity, AI (83%), and chorioamnionitis (100%).

Cluster 1 (706 genes) was highly expressed in Group C, the inflammatory group, with lower levels of
expression in Group A, and with the lowest levels of expression in Group B. Based on GO terms, the genes
in this group were associated with biological processes involved in inflammatory response (PLACS, TLRI,
TLR5, TLRS, CCR2, CCR3; GO:0006952 and GO:0006954) and cell signaling (7TBXA2R, PF4; GO:0019933
and GO:0007189). Cluster 2 (722 genes) was highly expressed in Group B, the term group, with lower levels
of expression in both preterm groups. The genes in this cluster were associated with cell proliferation (EREG,
HBEGF, ILIB, TOBI, OSM;, GO:0042127) and cell adhesion (ICAM1, FGFRI; GO:0022407). Cluster 3 (644
genes) was highly expressed in Group C with lower levels of expression in Group A and B. The majority of the
genes in this cluster were involved in cytokine-mediated signaling (CEACAMI, IL4R, ILISRI, MMP9, TGFA4;
GO0:0019221), leukocyte degranulation (ALOX5, BPI, CAMP, HP, G0O:0043299), and cell signaling (NRGI,
TGFA; GO:0006935). Cluster 4 (668 genes) was highly expressed in the MVM group (Group A), with lower lev-
els of expression in the healthy term group (Group B), and with the lowest levels of expression in the AI (Group
Q). Based on GO biological processes, the genes in this cluster were primarily related to ribosomal biogenesis
and RNA processing (GO:0034660, GO:0016072). Cluster 5 (809 genes) was highly expressed in the preterm
group (Groups A and B) with lower levels of expression in the term group (Group C). The cluster contained
genes primarily involved in protein translation and trafficking (GO:0006413, GO:0006614, GO:0006613).

WGCNA reveals enrichment of modules unique to term and preterm groups in intermediate monocytes. We
then used the same samples (# = 34) to perform a WGCNA on the intermediate monocyte gene expres-
sion data, and our analysis revealed 5 gene expression modules (Figure 13). Module 1 (150 genes) and
2 (221 genes) were significantly increased in the inflammatory group and decreased in the term group.
Module 1 contained genes related to leukocyte degranulation, monocyte chemotaxis, cell adhesion, and
inflammatory response (CXCLI, CXCRI, CXCR2, LRGI, NRGI1, S10049; GO:0070486, GO:0060353,
G0:0090026). Module 2 did not contain significant ontology terms but included genes such as VEGFA and
TLRS. Module 3 (38 genes) was unique to intermediate monocytes exposed to inflammation when com-
pared with the other groups and contained GO terms related to platelet function, hemostasis, and wound
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Figure 6. WGCNA of classical monocytes reveals gene clusters based on GA and mode of delivery. WGCNA of n = 64 samples revealed ontologies
related to immune cell activation, migration, and chemokine response were unregulated in term vaginal deliveries (Module 9 [M3]). Genes related

to inflammation and inflammatory response were upregulated in term vaginal and preterm vaginal deliveries and were relatively downregulated in
preterm cesarean deliveries (M6 and M7). Genes related to neutrophil activity and granulocytes were upregulated in term preterm vaginal deliveries
and downregulated in term vaginal deliveries (M2). Classical monocytes from preterm vaginal deliveries upregulated genes associated with DC inter-

action compared with monocytes isolated from preterm caesarean deliveries (M3).

healing (CCL5, PPBP, SELP, SPARC; GO:0002576, GO:1900048, GO:0061041). Module 4 (642 genes)
was the only module significantly increased in the MVM group and relatively decreased in the inflamma-
tory, term, and preterm group. This module contained genes related to interferon signaling (IRF4, HLA,
OASI, OAS2, OAS3; GO:0060333). Module 5 (56 genes) contained genes significantly increased in the
term group but decreased in the 3 preterm groups. There were no significant biological processes associ-

ated with the genes in this module.

Two major gene expression clusters differentiate AI and MVM in intermediate monocytes. We performed a sim-

ilar analysis to the classical monocyte subset by excluding samples with unknown placental pathologies,
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Figure 7. Placental domains and their associated clinical phenotypes lead to clustering of classical monocyte gene expression. Classical monocytes samples
(n = 34) based on placental domain with the associated clinical phenotype, broken down into 3 hierarchical clusters. The groups comprised primarily of term
infants (Group A), preterm infants with acute chorioamnionitis and placental inflammation (Group B), and preterm infants with placental vascular lesions and
preeclampsia (Group C). There were 2219 differentially expressed genes based on an FDR < 0.05 and 2-fold change.

term infants, and cooccurring MVM and Al. Gene expression analysis of the samples (# = 23) that met the
above criteria led to 3 major groups based on hierarchical clustering (Figure 14). Group A had infants with
MVM and preeclampsia (n = 13, median GA 31 weeks, median BW 1200 g), while Group C had subjects
with Al and chorioamnionitis (# = 5, median GA 28 weeks, median BW 1310 g). Though our data initially
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Figure 8. WGCNA of placental domains and their associated clinical phenotypes reveal unique cluster of classical monocyte gene expression. WGCNA
of classical monocyte samples (n = 34) with available placental pathology and pregnancies complicated by clinical findings associated with that placental
pathology reveals modules that are unigue to each group. Genes related to platelet interactions were present in Module 1(M1) and highly expressed in the
inflammation and term groups. M2 contained genes related to inflammatory cytokines based on GO biological processes that were relatively upregulated
in the preterm group. Genes related to antigen presentation were found in M3 and were relatively upregulated in the term group. Genes related to process-
es like artery development, such as VEGFA, were expressed in term neonates but were lower in preterm neonates exposed to placental pathology.
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broke down into 2 hierarchical clusters, based on k-means clustering of genes, we found that the MVM
group broke down into 2 subgroups. Group B contained subjects with preeclampsia and placental patholo-
gy with MVM and high degree CI (n = 5, median GA 34 weeks, median BW 1500 g).

There were 2 major gene clusters based on k-means clustering. Cluster A was upregulated in Group
C and included genes (787 genes) related to leukocyte activity and activation (4DAMY, BPI, HP, IL4R,
LTF, MMP9, MPO, TLR4, TLR5; GO:0045321, G0O:0002366, GO:0036230). Cluster 2 was upregulated
in Group A and Group B. The cluster contained genes (1065 genes) related to noncoding RNA process-
ing, lipid metabolism, and organic cyclic compound processing (FXN, INSIGI, LPIN1, LPL; GO:1901360,
G0:0034470, GO:0090304, GO:0006638). As with the classical monocyte samples, we found no signifi-
cant differences in gene expression or WGCNA based on mode of delivery. There were no major clusters
differentiating Group A from Group B based on k-means clustering iterations.

Nonclassical monocytes potentially express genes related to leukocyte interaction with vascular endothelium. The
nonclassical monocyte population (n = 32) was difficult to sequence. However, we did obtain sufficient
sequence quantity and quality output from 8 samples. The successful samples had significantly more cells
(8 samples; mean 10,525 cells; SD 6668.4 cells), and this led to higher RNA yield (4749.4 picograms, SD
5168.5 picograms) compared with sample that failed (» = 24), which had fewer cells (2407.1 cells, SD
2626.8 cells) and lower RNA yield (1035.9 picograms, SD 1106.7 picograms).
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Figure 10. Intermediate monocyte gene expression clusters by GA, clinical phenotypes, and placental domains. Similar to classical monocytes, interme-
diate monocyte samples (n = 66) show hierarchical clustering based primarily based on GA. Cluster 1included genes related to angiogenesis and cytokine
production. Cluster 2 contained genes involved in biosynthetic processes, and Cluster 3 contained genes related to leukocyte activation, chemotaxis, and
defense response. Differentially expressed genes were assessed with DeSeq2 using FDR < 0.05 and 2-fold change.

Differential gene analysis led to 2 significant clusters based on GA (Figure 15). Group A contained
preterm infants with MVM lesions on placental pathology (5 subjects, median GA 32 weeks, median BW
1645g, 4 female infants, 4 vaginal deliveries, 3 mothers with preeclampsia), while Group B contained male
term infants without any placental lesions (3 subjects, median GA 39 weeks, median BW 3378g, 3 male
infants, 3 vaginal deliveries).

There were 2 major gene clusters. Cluster A (812 genes) was downregulated in Group A, and the
genes in this group included CXCL9, CXXC5, ICAM1, and TNFA. There were no significant ontologies
linked to the genes in this cluster. The genes in Cluster B (1126 genes) were upregulated in Group
A. The genes in this group included CX3CRI, CXCLI10, ILI7RA, SELL, SELPLG, and various TLRs.
These genes were related to leukocyte adhesion to vascular endothelial cells and leukocyte tethering
(G0O:0050901, GO:0061756).

Multiplex immunoassay of plasma analytes reveals that classical and intermediate monocytes may be a source
of plasma cytokines, chemokines, and growth factors. From the above monocyte subjects, # = 24 had archived
plasma for multiplex measurement of 30 analytes. There were 7 samples that correlated with inflammatory
lesions on placenta (median GA 32 weeks, median BW 2040 g). Of these 7 samples, 57% (n = 4) had clin-
ical chorioamnionitis, while 14% (» = 1) had preeclampsia. Four samples were from infants without any
placental lesions (median GA 39 weeks, median BW 3247 g). These infants had no clinical chorioamnioni-
tis or preeclampsia. The remaining samples (n = 13) correlated with placental MVM lesions. Of these, none
had clinical chorioamnionitis, while 85% (n = 11) had preeclampsia.

Four cytokines were found to be significantly different (P < 0.002 using Bonferroni’s correction for
multiple comparisons) between Group A and Group B: IL1B, MCP1, TGFA, and VEGFA (Supplemen-
tal Tables 3 and 4; supplemental material available online with this article; https://doi.org/10.1172/jci.
insight.155482DS1). From these 4 analytes, we then examined expression in our sample set for the cor-
relating gene. We found that only VEGFA was differentially expressed in classical and intermediate mono-
cytes (Figure 16). Term infants had significantly higher classical and intermediate monocyte VEGFA gene
expression and plasma VEGFA concentration compared with preterm infants. Preterm infants with clinical
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Figure 11. WGCNA of intermediate monocytes reveals gene clusters based on GA and mode of delivery. WGCNA analysis of intermediate monocyte
gene expression, like classical monocytes, showed that genes related to chemokine signaling were upregulated in term deliveries (M1). Genes related
to immune cell migration were highly expressed the vaginal delivery group (M2). The gene ontologies in this module were like those in classical
monocytes obtained from vaginal deliveries (Figure 6; M7) and were most highly expressed in the preterm vaginal delivery group.

chorioamnionitis and placental inflammation had higher classical and intermediate monocyte VEGFA gene
expression and plasma VEGFA concentration than preterm infants with preeclampsia and MVM.

Discussion

The predominant monocyte subsets present in our samples were classical (CD14*CD16°) monocytes, then
intermediate (CD14*CD16*)monocytes, and finally nonclassical (CD14 CD16") monocytes. Total mono-
cyte composition did not correlate with GA or placental pathology. In terms of the dominant monocyte
population isolated from blood, the compositions in our study populations differed from published litera-
ture, but variation between studies has been described in monocyte subpopulation composition in different
models (29-32). The variation might be because of differences in patient populations and techniques used
to quantify cord blood monocytes, which has often been highlighted as a limitation in comparing studies
(33). Our study used 2 different techniques, monocyte enrichment and flow cytometry, to isolate monocyte
populations with high congruency between both methods.

We found that variations in cord blood monocyte subpopulation composition correlate with placental
histopathology. Specifically, samples with MVM and FVM on placental pathology had the highest percent-
age of nonclassical monocytes and a lower combined population of classical/intermediate monocyte when
compared with monocytes exposed to inflammatory lesions or monocytes isolated from healthy pregnan-
cies with normal placentas. Our finding is similar to peripheral blood monocytes isolated from mothers
with preeclampsia, which is associated with MVM pathology. In the peripheral blood of preeclamptic
mothers, the nonclassical monocyte (CD16%) population is increased, and CD16™ is decreased (30, 31, 34).
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Figure 12. Placental domains and their associated clinical phenotypes lead to clustering of intermediate monocyte gene expression. There were 3 major
groups based on hierarchical clustering of intermediate monocyte gene expression (n = 66). The groups were composed primarily of term infants (Group
B), preterm infants with acute chorioamnionitis and placental inflammation (Group C), and preterm infants with MVM and preeclampsia (Group A). There
were 3549 differentially expressed genes based on DeSeq2, using FDR < 0.05 and 2-fold change. The genes in Cluster 1 were involved in inflammatory
biological processes and cell signaling. The genes in Cluster 2 were involved in cell proliferation and cell adhesion. Cluster 3 contained genes related to
cytokine signaling and leukocyte degranulation. Cluster 4 and Cluster 5 contained genes involved in transcription and translational processes.

However, the nonclassical monocyte population made up the smallest percentage of the total monocyte
population and proved to be difficult to sequence. While alterations in monocyte populations exist, the
functional differences between monocytes and the placental milieu’s influence on these differences are not
well described. As a result, we chose to pursue transcriptomic profiling of the classical and intermediate
monocyte populations.

Our data reveal that the primary contributors to global gene expression were GA and cell type. The biolog-
ical processes that differentiate term from preterm monocytes in both classical and intermediate populations
include genes involved in cell proliferation and cell adhesion. This included increased levels of heparin-binding
epidermal growth factor-like growth factor (HBEGF) in monocytes isolated from term, healthy deliveries. In
our data set, the most substantial decrease in gene expression of HBEGF occurred in monocytes isolated in the
setting of MVM compared with the healthy group. These findings are important because activated monocytes
secrete HBEGF, which functions in a paracrine manner to increase connective tissue differentiation, epitheli-
al cell proliferation, and vascular smooth muscle division (35, 36). Recent literature has connected decreased
HBEGF expression with histological chorioamnionitis, a hallmark of placental inflammation, while increased
levels of HBEGF have been proposed to protect the intestinal epithelium in models of necrotizing enterocolitis,
a disease attributed to prematurity (37—40). Our data suggest that global monocyte gene expression changes
with GA and placental pathology, which may ultimately play a role in producing important mitogenic factors,
suggesting that monocytes can be programmed before migrating to various tissues.

Overall, placental inflammation may induce chemotaxis, migration, and interaction with activated
platelets in both monocyte subsets based on our transcriptomic data. GO analysis suggests that processes
and functions related to leukocyte activation, monocyte maturation, and chemotaxis are activated in both
monocyte subsets. Additionally, genes such as CCR2, CXCRI, CXCR2, and CX3CRI are upregulated in
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Figure 13. WGCNA of placental domains and their associated clinical phenotypes reveal unique cluster of intermediate monocyte gene expression.
WGCNA of intermediate monocytes samples (n = 34) with available placental pathology and pregnancies complicated by clinical findings associated with that
placental pathology reveals 5 modules. The genes Module 1(M1), M2, and M3 were highly expressed in the inflammation group. The genes in this group were
associated with biological processes involved in monocyte chemotaxis, cell adhesion, and hemostasis. M4 had higher levels of expression in intermediate
monocytes from the preterm group with vascular lesions and healthy premature infants. These genes were related to IFN signaling and signal transduction.

both monocyte subsets in the setting of placental inflammation. In sheep model models of chorioamni-
onitis, there is an increased amount of these chemotactic factors in fetal lungs after exposure to in utero
LPS, while cord blood cytokine levels of the same molecules are increased with in utero inflammation
(41-43). These same genes have also been linked to monocyte survival, differentiation into macrophages,
and plaque accumulation in various inflammatory conditions such as atherosclerosis (44—46). Our data
suggest that cord blood monocytes, much like peripheral blood monocytes, are modified in diseased states
and are contributors to certain diseases.

Differential expression of endoglin-1 (ENGI) was unique to intermediate monocytes in our data set.
Term intermediate monocytes upregulate ENGI compared with all 3 preterm groups based on WGCNA.
ENGT] functions as a coreceptor for several ligands of the TGF-f family and is a recognized angiogenesis
marker (47). The soluble form of endoglin, an antiangiogenic factor secreted by the placenta that impairs
monocyte migration and differentiation into macrophages, increases in maternal plasma with preeclampsia
associated with maternal vascular lesions (48-51). The association of increased ENGI expression with
increasing GA is a potentially novel finding. Based on our results, intermediate monocytes are activated
differently based on both GA and their interaction with the in utero environment.

When exposed to acute inflammatory lesions, intermediate monocytes upregulate neuregulin-1 (NRGI)
compared with other groups in our data set, while classical monocytes downregulate NRGI when exposed to
Al NRGI1 plays an essential role in lung development, surfactant production initiation, and continued lung
inflammation (52, 53). Various studies have highlighted that in utero inflammation induces early lung matu-
rity, that the process might be mediated by the macrophage/monocyte system, and that resulting inflam-
mation may predispose neonates to bronchopulmonary dysplasia (BPD) (9-12, 54, 55). These data support
epidemiologic findings that increased exposure to intrauterine inflammation leads to a decreased incidence
of respiratory distress syndrome postnatally (7). Our study indicates potential sources for NRG1 production
that may play a role in the early lung maturation observed in the setting of maternofetal inflammation.

By refining our data set to compare subjects with singular, well-defined placental pathology and
the clinical feature associated with that placental pathology, we found further evidence to differenti-
ate classical monocytes from intermediate monocytes in the preterm population. While many genes
related to inflammation, including BPI, LTF, MMP9, and MPO, were upregulated in both subsets in the
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Figure 14. Chronic placental inflammation with preeclampsia leads to unique clustering of intermediate monocyte gene expression. Intermediate
monocytes (n = 23) with known placental pathology and associated clinical features also divided into 3 hierarchical clusters. Group A was composed of
preterm deliveries complicated by preeclampsia and placental vascular lesions. Group B was composed of preterm deliveries complicated by preeclampsia
and placental vascular lesions, and this group’s patients also had high degree chronic inflammatory lesions. Group C was composed of preterm deliveries
with chorioamnionitis and placental inflammation. Genes related to leukocyte activity, function, migration, and degranulation were upregulated in Group
C. Genes related to lipid metabolism and organic cyclic compound processing were upregulated in Groups A and B. There were 1852 differentially expressed
genes based on an FDR < 0.05 and 2-fold change using DeSeq2.

inflammation-exposed group, intermediate monocytes exposed to inflammation upregulated 7LR4 in
our data set. This pattern recognition receptor leads to increased cytokine production in response to
LPS (56). Increased TLR4 expression has been described in maternal CD14" monocytes and has been
implicated in preterm delivery in the presence of inflammation (57, 58). Furthermore, TLR4 has been
implicated in necrotizing enterocolitis and necrotizing enterocolitis—linked lung injury (59, 60). Here,
we show that the fetal intermediate monocyte subpopulation might produce TLR4 following exposure
to inflammation.

As research linking placental inflammation and monocyte function continues to emerge, data
regarding the interaction between placental MVM lesions and monocyte subsets remains sparse. To our
knowledge, our study is the first to describe the transcriptomic profile of fetal cord blood monocytes
in the setting of MVM lesions and the clinical finding of preeclampsia. In our data set, classical and
intermediate monocytes downregulate the expression of vascular endothelial growth factor A (VEGFA)
in the setting of MVM lesions while plasma levels of VEGFA are higher in the inflammation and term
groups. Our group has previously described how MVM lesions increase the likelihood of developing
BPD and BPD-associated pulmonary hypertension, while also showing that exposure to MVM lesions
decreases VEGFA (4, 61, 62). Our work reveals a potential source for VEGFA production, an important
mitogen that may also play a role in the postnatal development of prematurity-related diseases.
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cluster was composed primarily of samples obtained from preterm deliveries with MVM on placental pathology (Group A). The second cluster contained
samples from term deliveries with presumed normal placental pathology (Group B). Based on DeSeq2, 1938 genes were differentially expressed using
FDR < 0.05 and 2-fold change. There were 2 major gene clusters based on k-means clustering. The genes in Cluster B were upregulated in Group A, and
these genes were related to leukocyte adhesion to vascular endothelial cells and leukocyte tethering.

Our data also reveal that MVM lesions with clinical preeclampsia are associated with differences in
intermediate monocyte gene expression. In our data set, 642 genes were upregulated in this group, and GO
enrichment analysis revealed that these genes were involved in IFN-y signaling, MHCII receptor activity,
and cell differentiation. The genes include multiple Human Leukocyte Antigens (HLA) genes CD4, CCL3,
and CSFIR. This highlights a potential role for intermediate monocytes as antigen-presenting cells that

interact with the adaptive immune system. In addition to these genes, the gene coding for the MMP9 pro-

tein, a protein involved in extracellular matrix processing, was upregulated in this gene set. Interestingly, it
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has been shown that MMP9-KO mice have abnormal placenta and develop a preeclampsia phenotype (63).
This dichotomy highlights the overall immune dysregulation that occurs in the setting of preeclampsia,
with intermediate monocytes potentially playing a unique role in its pathophysiology.

While extremely limited by sample size, we gained insight into fetal nonclassical monocyte gene
expression through our analysis. The majority of samples in the preterm group were female subjects with
MVM on placental pathology and clinical preeclampsia. An expansion of the nonclassical monocyte sub-
set occurs in the peripheral blood of pregnant mothers and fetal monocytes obtained from cord blood of
growth-restricted infants with preeclamptic mothers (29, 30, 33, 64). An expansion of nonclassical mono-
cytes may have contributed to the recovery of sufficient cells for RNA-Seq.

Our sequencing data suggest that nonclassical monocytes might play a role in the vascular patholo-
gy seen in preeclampsia. GO terms related to leukocyte adhesion, migration, and interactions with the
vascular endothelium were enriched in the preterm group compared with the samples in the term group.
The fractalkine receptor CX3CRI, linked to increased angiogenesis in diabetic placentas and early-onset
severe preeclampsia, was upregulated in our samples exposed to placental MVM and preeclampsia (65,
66). In animal models, monocytes that upregulate CX3CRI preferentially differentiate into wound healing
macrophages (67). While nonclassical monocytes that express CX3CRI patrol the vascular endothelium to
remove debris and inflammatory damage (67-69). Our data provide insight into a specific source for frac-
talkine-mediated changes associated with preeclampsia and how they might affect the fetus. Although our
data are provisional, we hope this information provides a framework and guidance for future studies that
utilize more sensitive single-cell sequencing methods.

Our analysis also revealed that the method and timing of delivery impacted fetal monocyte gene
expression. While this was not the purpose of our study, we did investigate the difference in monocyte gene
expression based on vaginal delivery and cesarean delivery because epidemiologic data suggest that infants
born via cesarean section carry a higher lifetime risk of autoimmune disorders and asthma (70-72). In our
data set, we found classical and intermediate monocytes from term vaginal deliveries upregulated genes
related to chemokine signaling, leukocyte activation, and leukocyte migration. The genes contained within
these ontologies included IL1B, MMP9, and VEGFA. Our findings parallel those from other models that
show leukocytes are activated prior to parturition and that various chemokines potentially play a role in the
onset of parturition (22, 23, 73). While our data suggest a potential source for these chemokines, our data
are limited, as we could not compare healthy term cesarean deliveries to term vaginal deliveries.

Our data also reveal that classical monocytes isolated from preterm vaginal deliveries upregulated T
cell activation and type 1 IFN response genes. Our findings support recent literature suggesting preterm
labor and chorioamnionitis activate T cells and implicate monocytes as a potential source for T cell activa-
tion (74-76). While data describing maternal and placental immune cell gene expression prior to delivery
exists, our data suggest that specific fetal immune cell gene expression varies based on the timing of deliv-
ery and route of delivery. However, our sampling did not intend to compare monocyte gene expression
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based on the delivery method, and the distribution of pathology was not the same in the preterm vaginal
delivery compared with the preterm cesarean delivery group.

This study had several other limitations. For example, we did not include term births with chorioamni-
onitis or preeclampsia, as our patient population was selected primarily to study the role of placental lesions
and GA on monocyte subset biology. Furthermore, while preeclampsia occurs in pregnancies at preterm
and term, we specifically set out to study how different conditions that lead to prematurity affect monocyte
function as opposed to studying how preeclampsia affects monocyte function. Additionally, we focused
specifically on the transcriptomic profile of monocytes, and as is the case with any transcriptome-based
approach, the study provides broad information on what genes are expressed but not what genes are being
translated into proteins. Since we were sampling at the time of delivery, we only have information at one
time point. We attempted to overcome this limitation by sampling a sizeable GA range of infants, and we
showed that GA is an important contributor to gene expression. Lastly, preeclampsia is a highly complex
state that often reflects a chronic process, as the initial vascular dysregulation starts early in pregnancy.
Further evaluation is needed to understand these processes and the integral role of fetal monocyte gene
expression more comprehensively.

To our knowledge, this is the first study describing the transcriptomic profile of cord blood monocytes
and their subsets in the setting of prematurity and exposure to various placental pathologies. Our data high-
light the effect of GA and placental milieu on global monocyte gene expression. Our results highlight how
there may be differences in monocyte subsets based on exposure to placental inflammation and how this
potentially affects the 2 primary monocyte subtypes differently. This study’s findings may provide insight
into the differences in prematurity-related outcomes and potential avenues for therapeutics that target spe-
cific pathways.

Methods

Patient enrollment. Seventy mothers and their newborn infants were included in this study. Participants were
prospectively enrolled through an ongoing biorepository in which all women delivering a liveborn infant at
Prentice Women’s Hospital (Chicago, Illinois, USA) are eligible. Informed consent was obtained from all
participants prior to participation. The 70 births were selected based upon their clinical profiles to include
mothers with chorioamnionitis and/or preeclampsia, as well as a wide range of GAs. Infants with known
congenital anomalies, infections, and genetic syndromes were excluded.

Clinical data. GA at birth was recorded as completed weeks and further categorized according to CDC
classifications (77). Full-term was defined as > 37 completed weeks of gestation. Preeclampsia and other
hypertensive disorders of pregnancy were defined according to the American College of Obstetricians
and Gynecologists (ACOG) criteria (78). Chorioamnionitis was defined to occur when there was clinical
evidence with histologic determination by placental pathology exam (27, 79). Placental pathology was
obtained for all preterm deliveries when possible, and pathology reports were provided by the Depart-
ment of Pathology at Northwestern Medicine (Chicago, Illinois, USA). Our pathology lab documents
all pathologic placental features based on the Amsterdam Criteria, and all of the available features were
tabulated (Supplemental Table 1) (80).

Cord blood collection. Delivery staff collected umbilical venous cord blood at birth into a cord blood
bag or EDTA tube as previously described (62, 81). We exclusively collected umbilical venous blood for
this study to help standardize collection protocol for our delivery team, to reduce the introduction of
confounders or variations based on the source of collection (umbilical versus arterial), and to avoid inter-
ference with the collection of clinical samples. We stored cord blood specimens at 4°C and performed
monocyte isolation within 36 hours of delivery. Corresponding cord blood plasma from all patients was
aliquoted and stored at —80°C until assay.

Monocyte isolation and enrichment. Cord blood specimens were centrifuged at 240 g, 25°C for 10
minutes, and plasma and anticoagulant were removed. RBCs were lysed for 15 minutes at room tem-
perature in the dark, using BD Pharm Lyse (BD Biosciences) and 10 mL lysis buffer per 1 mL cord
blood. PBS was added to the tubes and centrifuged at 240 g, 25°C for 5 minutes. After removing the
lysis buffer solution, the cells were washed with 2% BSA in PBS to remove residual lysis buffer. The
cells were counted to obtain cell concentration and viability (Bio-Rad). A total of n = 36 samples were
enriched using a pan-monocyte enrichment kit according to manufacturer’s protocol (Miltenyi Bio-
tec). The enriched monocytes were then depleted of CD34" stem cells utilizing a CD34" isolation kit.

JCl Insight 2022;7(11):e155482 https://doi.org/10.1172/jci.insight.155482 21


https://doi.org/10.1172/jci.insight.155482
https://insight.jci.org/articles/view/155482#sd

. RESEARCH ARTICLE

The monocyte and CD34* fractions were frozen in CTS Synth-a-Freeze (Gibco, Thermo Fisher Scientif-
ic) to —80°C and stored until use. The remaining samples (# = 34) underwent FACS to quantify immune
cell composition. There were no differences in monocyte composition or monocyte subset composition
when comparing samples that underwent only FACS and those that underwent monocyte enrichment
and then FACS.

Flow cytometry and FACS. Flow cytometry and FACS were conducted at the Robert H. Lurie Compre-
hensive Cancer Center Flow Cytometry Core Facility at Northwestern University and were performed
on a BD FACSAria Special Order Research Product (SORP) system. Cord blood monocyte subsets were
identified based on expression of cell surface markers listed in Supplemental Table 2. Classical, intermedi-
ate, nonclassical, and CD34" cells were collected. Cells were immediately lysed in RLT Plus Lysis Buffer
following FACS and stored at —80°C until RNA isolation.

RNA extraction. Nucleic acid was extracted from thawed monocytes using the Qiagen AllPrep DNA/
RNA Kits (Qiagen). The manufacturer instructions were used to separate RNA from DNA. All 70 patients
had classical, intermediate, and nonclassical monocytes RNA extracted (n = 210).

RNA-Seq. The above RNA samples were processed through the RNA-Seq core in the Northwest-
ern Division of Pulmonary and Critical Care Medicine (Chicago, Illinois, USA). Purified RNA was
assessed for quality and quantity using the Agilent 4200 TapeStation with standard reagents (Agilent
Technologies). CDNA preparation and ribosomal RNA depletion were performed using the SMARTer
Stranded Total RNA-Seq Kit v2 - Pico Input Mammalian (Takara). Sequencing libraries were prepared
using this NextSeq 500/550 High Output v2 kit (Illumina). Libraries were sequenced on an Illumina
NextSeq 500 instrument with a target read depth of approximate 4 million to 8 million aligned reads
per sample. We attempted to extract and sequence RNA from all 3 monocyte subsets. However, the
nonclassical monocytes samples had poor sequence quality, and we found that an initial cell count of
2000 cells with extracted RNA quantity of at least 100 pg/uL was required for successful sequencing
output and alignment.

The data discussed in this publication have been deposited in NCBI’s Gene Expression Omnibus and
are accessible through GEO Series accession no. GSE195727 (https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?’acc= GSE195727).

Sequence alignment and downstream analysis. Sequencing output was processed using Ceto (82).
Sequences were aligned to hg38 using the STAR aligner. Aligned data were normalized and trans-
formed using EdgeR. The IDEP 0.93 code was used in R (version 4.03) to further processes data (83).
Differentially expressed genes were assessed with DeSeq2 using FDR cutoffs of 0.05 and 2-fold change
(log,FC = 1). Output files were further analyzed and visualized in the Morpheus browser (84). Hier-
archical clustering of samples and k-means clustering of genes using 1000 iterations was performed
within Morpheus. Additionally, WGCNA analysis was performed using the CEMiTool (85). Filtered
counts tables were normalized using variance stabilizing transformation, and FDR < 0.05 were again
considered significant. Gene list output from k-means clustering the WGCNA was then used as input
for GOrilla to search for significant GO terms for biological processes, function, and components (86,
87). FDR < 0.05 were considered significant.

Multiplex immunoassays. Simultaneous measurement of 30 analytes was performed by sandwich
immunoassays using Luminex xMAP platform in magnetic bead format. The multiplexed assay beads
were obtained from a commercially available kit, and the analytes are listed in Supplemental Table 3
(MilliporeSigma). Plasma samples were thawed on ice and prepared in 1:1 dilution and analyzed accord-
ing to manufacturer’s instructions. All samples were run in duplicate with standard curves for each mark-
er and controls on each plate.

Statistics. Patient demographics, clinical characteristics, biomarker levels, and placental data were com-
pared using 2-way ANOVA or Kruskal Wallis for continuous variables and y* or Fisher’s exact tests for
categorical data. P < 0.05 was considered significant for single comparison. Multiplex data were reported
as median and IQR and analyzed using a Wilcoxon’s rank-sum test, with Bonferroni’s adjustment for mul-
tiple comparisons. Data analysis was performed using STATA/IC version 13.0 (StataCorp). Graphs were
prepared using GraphPad Prism 8.0.

Study approval. The study was approved by the IRB of Northwestern University (IRB no. 00201858).
Seventy mothers and their newborn infants were included in this study, and informed consent was obtained.
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