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Abstract

Objective To comprehensively characterize monocyte and neutrophil responses to E. coli and its product [lipopolysaccharide
(LPS) or endotoxin] in vitro during pregnancy.

Material or subjects Peripheral blood was collected from pregnant women during the third trimester (n=20) and from non-
pregnant women (n=20).

Methods The number, phagocytic activity, and reactive oxygen species (ROS) production of peripheral monocytes and
neutrophils were investigated using flow cytometry. The phenotypes of peripheral monocytes and neutrophils after acute or
chronic LPS stimulation were also determined using flow cytometry. Cytokine profiles were quantified for LPS-stimulated
peripheral blood mononuclear cells (PBMCs) and a whole blood TruCulture® system using a multiplex immunoassay.
Results Increased number, phagocytic activity, and ROS production capacity of monocytes and neutrophils were found in
pregnant compared to non-pregnant women. Additionally, specific subsets of pro-inflammatory monocytes (IL-6*CD14*
or MIP-1a*CD14% cells) and neutrophils (IL-1p*CD15* or MIP-1B*CD15" cells) were increased in pregnant women in
response to acute LPS stimulation. Moreover, distinct subsets of intermediate-activated monocytes expressing CD142, IL-6,
and IL-1RA were increased in pregnant women upon chronic LPS stimulation. Last, pregnant women displayed a different
cytokine profile than non-pregnant women in LPS-stimulated PBMCs and in whole blood.

Conclusions Pregnancy tailors the immune responses of circulating monocytes and neutrophils to endotoxin, a Gram-negative
bacterial product.
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Introduction

Infection during pregnancy is one of the leading causes of
maternal mortality and morbidity, accounting for approxi-
mately 11-13% of all deaths [1]. The main sources of life-
threatening infections in pregnancy are the genital, urinary,
and respiratory tracts [2], with the Gram-negative bacterium
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Escherichia coli (E. coli) being the most commonly identi-
fied microorganism in severe obstetrical infections [2]. The
increased susceptibility to some bacterial infections and risk of
complications in pregnancy are attributed to maternal physio-
logical and immunological adaptations [3]. If such changes are
maladaptive in the third trimester [3], they can manifest as one
or more of the “great obstetrical syndromes” (i.e., preeclamp-
sia, fetal growth restriction, and preterm birth) [4-8]. Impor-
tantly, a potential consequence of maternal infection in late
gestation is spontaneous or indicated (i.e., iatrogenic) preterm
birth [9], the leading cause of perinatal morbidity and mortal-
ity worldwide [7, 8]. Thus, infections during pregnancy have
devastating effects for the mother and the fetus, highlight-
ing the need for a comprehensive understanding of the host
immune response during this vulnerable period.
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Pregnancy was traditionally classified as a state of immu-
nosuppression [10]. Yet, in recent decades, this concept
has been demonstrated to be erroneous [11, 12], given that
maternal immunological adaptations are tightly regulated to
allow a critical balance between tolerance of the fetal semi-
allograft and defense against infection [11, 13—18]. The former
is largely governed by specialized subsets of T cells [19-26]
and macrophages [27-30], whereas the latter is orchestrated
by the infantry of the immune system (e.g., neutrophils and
pro-inflammatory monocytes/macrophages) [29, 31-36]. Neu-
trophils possess an arsenal of weapons tailored for the killing
of invading pathogens, namely degranulation, phagocytosis,
reactive oxygen species (ROS) production, cytokine release,
and the formation of neutrophil extracellular traps (NETs)
[37]. On the other hand, monocytes serve as a major source of
pro-inflammatory cytokines and nitric oxide (NO), and repre-
sent the primary type of mononuclear phagocyte in the blood
[38]. During pregnancy, such innate immune cells increase in
number [11, 39] and display an activated phenotype [40—43].
Indeed, the enhanced functionality of neutrophils and mono-
cytes during pregnancy has been compared to that observed in
women with sepsis [11]. Recent omics studies have revealed
that neutrophil functionality is enhanced in pregnancy [44],
which contributes to the immune responsiveness observed
in preparation for the onset of labor [45]. However, a deep
characterization of the phenotypes and function of circulating
monocytes and neutrophils of women in late gestation, com-
pared to non-pregnant women, is still lacking.

In the current study, we performed a comprehensive ex vivo
characterization of monocyte and neutrophil responses to a
Gram-negative bacterium (E. coli) and its product (lipopoly-
saccharide, LPS) in pregnant and non-pregnant women. We
first investigated differences in the baseline phagocytic activity
and ROS production by monocytes and neutrophils. Subse-
quently, conventional monocyte subsets (classical, intermedi-
ate, non-classical, and CD141°CD16_) and neutrophils were
characterized using flow cytometry. Last, cytokine expression
profiles were generated for LPS-stimulated peripheral blood
mononuclear cells (PBMCs) and whole-blood samples from
pregnant and non-pregnant women. Collectively, this study
provides an extensive analysis of pregnancy-induced changes
in the response of monocytes and neutrophils to endotoxin, a
Gram-negative bacterial product.

Methods

Human subjects, clinical specimens, and definitions
Peripheral blood samples were obtained from eligible
healthy pregnant and non-pregnant women recruited by the

Perinatology Research Branch, an intramural program of the
Eunice Kennedy Shriver National Institute of Child Health
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and Human Development (NICHD), National Institutes
of Health (NIH), U.S. Department of Health and Human
Services, Wayne State University (Detroit, MI, USA), and
the Detroit Medical Center (Detroit, MI, USA). All women
provided written informed consent prior to blood collection.
The collection and use of biological specimens for research
purposes were approved by the Institutional Review Boards
of Wayne State University and the Detroit Medical Center.
Peripheral blood was collected from pregnant women
(n=20) during the third trimester, prior to the administration
of any medication. The non-pregnant control group (n =20)
was comprised of healthy women of reproductive age.

Phagocytic activity of monocytes and neutrophils

Peripheral blood was obtained by venipuncture, collected
into tubes containing heparin (BD, Franklin Lakes, NJ,
USA,; cat# 367878), and placed on ice for 10 min prior to
use. The pHrodo™ Green Escherichia coli (E. coli) BioPar-
ticles™ Phagocytosis Kit (Thermo Fisher Scientific, Life
Technologies Limited, Paisley, UK; cat# P35381) was used
to assay the phagocytic activity of monocytes and neutro-
phils. The pH-sensitive pHrodo™ Green E. coli BioParti-
cles™ Conjugate was prepared according to manufacturer
instructions. Two tubes containing 100 uL of whole blood
and 20 uL of pHrodo™ BioParticles™ conjugate were pre-
pared for each experimental sample. One tube was placed on
ice, while the other was incubated in a 37 °C water bath for
15 min. Following incubation, the heated tubes were imme-
diately placed on ice. Next, the samples were incubated with
Lysis Buffer A at room temperature (RT) for 5 min, then
this step was repeated using Lysis Buffer B, per manufac-
turer instructions. The samples were centrifuged at 350xg
for 5 min and the resulting cell pellets were washed twice
using wash buffer, after which the cells were resuspended
in 100 pL of FACS Stain Buffer (BD Biosciences, San
Jose, CA, USA; cat# 554656). Fluorochrome-conjugated
anti-human monoclonal antibodies CD14-BUV395 and
CD15-BV605 (BD Biosciences; Supplementary Table 1)
were added to the cells and incubated in the dark at 4 °C
for 30 min. Following incubation, the cells were washed in
FACS Stain Buffer, then centrifuged at 350xg for 5 min and
resuspended in 0.5 mL FACS Stain Buffer for analysis on
a BD LSRFortessa flow cytometer (BD Biosciences) using
FACSDiva software version 7.0 (BD Biosciences). FlowJo
software version 10 (FlowJo, Ashland, OR, USA) was used
to perform data analysis and to create figures. Phagocytic
activity was defined as the percentage of phagocytic cells at
37 °C minus the percentage of phagocytic cells at 4 °C. The
absolute number of neutrophils and monocytes were deter-
mined using CountBright absolute counting beads (Thermo
Fisher Scientific/Molecular Probes, Eugene, OR, USA; cat#
C36950).
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Production of reactive oxygen species by monocytes
and neutrophils

Peripheral blood samples were obtained by venipuncture
and collected into EDTA tubes (BD; cat# 366450). A 50 uL
aliquot of whole blood was stimulated with an equal vol-
ume of ROS Assay Mix containing a 1:250 dilution of ROS
Assay Stain into ROS Assay Buffer (Total ROS Assay Kit
520 nm; Invitrogen™, Thermo Fisher Scientific, Waltham,
MA, USA; cat# 88-5930-74). Incubation proceeded at 37 °C
with 5% CO, for 60 min before erythrocytes were lysed by
the addition of Ammonium—Chloride—Potassium (ACK)
lysing buffer (Fisher Scientific; cat# A1049201). Following
erythrocyte lysis, the remaining leukocytes were centrifuged
at 300xg for 5 min and resuspended in 0.5 mL of 1X PBS.
Finally, ROS production by monocytes and neutrophils was
detected using a BD LSRFortessa flow cytometer and FAC-
SDiva software version 7.0. FlowJo software version 10 was
used to perform data analysis and to create figures.

Stimulation of polymorphonuclear leukocytes
and peripheral blood mononuclear cells with LPS

Peripheral blood samples were obtained by venipuncture
and collected into EDTA tubes. Polymorphonuclear leu-
kocytes (PMNs) were isolated using the Polymorphprep
density gradient (Cosmo Bio USA, Inc., Carlsbad, CA,
USA; cat# AXS1114683), per the manufacturer’s instruc-
tions. The leukocytes isolated using this gradient, while
primarily PMNs, also included a portion of monocytes
(CD147 cells). PBMCs were isolated using the Lym-
phoprep density gradient (Stemcell Technologies Inc.,
Vancouver, Canada; cat# 07801), per manufacturer instruc-
tions. All isolated leukocytes (PMNs or PBMCs) were cul-
tivated in complete RPMI 1640 Medium (Thermo Fisher
Scientific; cat# 11-875-093) enriched with 5% human
serum (Sigma-Aldrich, St Louis, MO, USA; cat# H3667)
and 1% penicillin—streptomycin (Thermo Fisher Scientific;
cat# 15-140-122). The cells were plated into cell culture
plates at a density of 1x 10° cells/mL prior to treatment.
For acute LPS stimulation, PMNs were incubated at 37 °C
with 5% CO, for 4 h with ultrapure lipopolysaccharide
from E. coli K12 (LPS; 100 ng/mL; InvivoGen, San Diego,
CA, USA; cat# tlrl-peklps) or an equivalent volume of
1X PBS for stimulated and control samples, respectively,
in the presence of a protein transport inhibitor cocktail
(Thermo Fisher Scientific; cat# 00-4980-93). For chronic
LPS stimulation, PBMCs were incubated with 100 ng/mL
LPS at 37 °C with 5% CO, for 24 h with the addition of
the protein transport inhibitor cocktail for the last 4 h of
incubation. Following incubation, the isolated cells (PMNs
or PBMCs) were gently collected using a cell scraper and
centrifuged at 300xg and 4 °C for 5 min. The resulting

PMN pellets were immediately processed for immunophe-
notyping. Finally, for PBMCs, the resulting cell super-
natants were stored at —80 °C prior to cytokine profil-
ing, while the cell pellets were immediately processed for
immunophenotyping.

Immunophenotyping of polymorphonuclear
leukocytes and peripheral blood mononuclear cells

The collected PMN or PBMC pellets were washed and
resuspended in 1X PBS, then incubated with 1 pL/mL of
Fixable Viability Stain 510 (BD Biosciences; cat# 564406)
in the dark at RT for 15 min. Next, cells were washed and
resuspended in FACS Stain Buffer. Extracellular anti-human
monoclonal antibodies (Supplementary Table 1) were added
to the cell suspensions, which were incubated in the dark at
4 °C for 30 min. Cells were then fixed and permeabilized
using the BD Cytofix/Cytoperm Fixation/Permeabilization
Solution Kit (BD Biosciences; cat# 554714), according to
the manufacturer’s instructions. Following permeabiliza-
tion, intracellular anti-human monoclonal antibodies (Sup-
plementary Table 1) were added to cell suspensions, which
were incubated in the dark at 4 °C for 30 min. Finally, the
cells were washed and resuspended in 0.5 mL of FACS Stain
Buffer and acquired using the BD LSRFortessa flow cytom-
eter with FACSDiva 6.0 software. FlowJo software version
10 was used to perform data analysis and to create figures.
Monocytes and neutrophils were identified as CD14* and
CD157 cells, respectively. Monocyte subsets were classi-
fied as follows: classical monocytes (CD14"CD16™ cells),
intermediate monocytes (CD14MCD16™ cells), non-classical
monocytes (CD14°CD16% cells), and CD14°CD16~ mono-
cytes. Additional markers (Supplementary Table 1) were
used to further phenotype cells within the identified subsets.

Whole blood stimulation with LPS using
a TruCulture® system

Peripheral blood samples were obtained by venipuncture
and collected into tubes containing heparin. A 1.0 mL ali-
quot of whole blood was added directly to a TruCulture®
tube (Myriad RBM, Inc., Austin, TX, USA) containing LPS
(part# 782-001-087) or control (part# 782-001-086) [46].
The tubes were inverted several times for mixing and then
incubated in a heating block at 37 °C for 48 h. Following
incubation, cell supernatants were collected and stored at
—80 °C until cytokine profiling.

@ Springer



656 M. Farias-Jofre et al.

a b
Monocytes
Phagocytosis
Peripheral Assay =
= ] Blood @
g Flow 3
(o] Cytometry s
o > i =
C“.:- o
S o
L
H ¢ .
- Neutrophils
L]
- 2 1.5%104
f 2
= o)
S . .
oy % =
9] 8 5x103
o
0
ROS Assay A Non-Pregnant
A Pregnant
d e

Monocytes

Neutrophils

@ L

1
SSC-A — >

ey

T
@

CD15 ——»

T T T T
SK 10K 180K 200K 260K

FSC-A ———»

O

<¢4---——-——-=-=-=

Monocytes Neutrophils

R |

0] ]
| <+ | =] - N
i |
H \
| ) ) \ ]
|| Phagocytic Phagocytic \ ©
| Cells Cells [\
- .“_..—| a0~ - “w 0
®© [ © ®© | ©
T 24 O 2+ T =+ \ O -
(] o (e} / o
= oy = = =
0 wT T l\ o vy T T ° Laad T T ° T T T
[ 0* 10 0 10 10 0 0° ) 0* 0 10° 0*
Green —p Green —p ROS Production —» ROS Production —p
Fluorescence Fluorescence

"] Non-Pregnant [_] Pregnant
| E. coli4°C | E. coli 37°C g 9

%) * * kkk ﬂ

E:g 1007 & % %:@ 100 ﬁ“ <, 6x103 + £y 4x103

oo 801 7% % oS 80 ‘% 3 < A 8ZF  3x108

St Sb 60 38 F 4x10° uo 38%

[ o = o c A s W 3

85 85 25s & 8L 2x10

EQ g0 40 9= 2x10%) g 52

x £ £ 20 o& %?“A gz 1x10° %@

52 55 i =

- e 0 0

A Non-Pregnant A Pregnant A Non-Pregnant A Pregnant

Cytokine profiling of LPS-stimulated peripheral Separately, supernatants were obtained from LPS-stimu-
blood mononuclear cell and TruCulture® lated whole blood in TruCulture® tubes, as detailed above.
supernatants To determine the concentration of various cytokines and

chemokines, the V-PLEX Proinflammatory Panel 1 (human)
PBMCs were isolated and cultured, and the resulting was used (Meso Scale Discovery, Rockville, MD, USA;
cell supernatants were collected as previously described.  cat# K15049D-1), per the manufacturer’s instructions. The
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«Fig. 1 Phagocytic activity and ROS production of monocytes and
neutrophils. a Peripheral blood was obtained from pregnant (n=20)
and non-pregnant (n=20) women to determine the phagocytic
activity and ROS production of monocytes and neutrophils by flow
cytometry. b Number of monocytes (CD14% cells) per pL in the
peripheral blood of pregnant (red triangles) and non-pregnant (blue
triangles) women. ¢ Number of neutrophils (CD15% cells) per pL
in the peripheral blood of pregnant (red triangles) and non-preg-
nant (blue triangles) women. d (Top) Flow cytometry gating strat-
egy used to identify monocytes and neutrophils in peripheral blood
samples. (Middle) Representative histograms depicting the increase
in phagocytic monocytes and neutrophils (green histograms) upon
incubation with fluorescently labeled E. coli. (Bottom) The frequen-
cies of phagocytic monocytes and neutrophils in pregnant and non-
pregnant peripheral blood samples. e (Top) Flow cytometry gating
strategy used to identify monocytes and neutrophils in peripheral
blood samples. (Middle) Representative histograms depicting basal
ROS production by monocytes and neutrophils from pregnant (red
histograms) and non-pregnant (blue histograms) women. (Bottom)
Comparison of ROS production, represented as mean fluorescence
intensity (MFI), by monocytes and neutrophils between pregnant
and non-pregnant women. ROS: reactive oxygen species. *p <0.05;
*#p < 0.01; #*¥%p <0.001

following immune mediators were assayed: IFNy, IL-1p,
IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13, and TNF.
A MESO QuickPlex SQ 120 was used to read the plates,
and cytokine concentrations were calculated using Dis-
covery Workbench software version 4.0 (Meso Scale Dis-
covery). The range of the lower limit of detection for each
assay is as follows: 0.21-0.62 pg/mL (IFNy), 0.01-0.17 pg/
mL (IL-1p), 0.01-0.29 pg/mL (IL-2), 0.01-0.03 pg/mL
(IL-4), 0.05-0.09 pg/mL (IL-6), 0.03-0.14 pg/mL (IL-8),
0.02-0.08 pg/mL (IL-10), 0.02-0.89 pg/mL (IL-12p70),
0.03-0.73 pg/mL (IL-13), and 0.01-0.13 pg/mL (TNF).

Statistical analyses

The R statistical programming language was used to perform
all statistical analyses. Linear mixed effects models were
fit to compare flow cytometry data and cytokine concentra-
tions between groups to account for repeated measurements.
In addition, for comparison of cytokine mean fluorescence
intensities, an offset was added to ensure all values were
positive, and the data were log,-transformed to improve
normality. The data obtained by flow cytometry were mod-
eled as frequencies. A false discovery rate adjusted p value
(g value) <0.05 was considered statistically significant.
Selected significant comparisons are displayed as box plots;
the remaining immunophenotypic data were transformed
into Z scores and are represented as heatmaps. GraphPad
Prism version 9.0.0 for Windows (GraphPad Software, San
Diego, California, USA, www.graphpad.com) was used to
conduct statistical analysis for the absolute number of mono-
cytes and neutrophils, as well as to evaluate differences in
cytokine concentrations, using the Mann—Whitney U test
with a p value < 0.05 considered statistically significant. To

assess for significant correlations between cytokine levels in
PBMCs and whole blood from the same subject, Spearman's
correlation tests were performed. Correlations were gener-
ated for the paired data of each cytokine and significance
was determined based on a p value <0.05.

Results

The present study included peripheral blood samples col-
lected from a cohort comprised largely of African—Ameri-
can women in the third trimester, a population at high risk
for pregnancy complications [47], as well as from healthy
non-pregnant women of reproductive age. Peripheral whole
blood or PBMCs were exposed to E. coli or LPS to explore
the cellular immune responses triggered by Gram-negative
bacteria in pregnant and non-pregnant women. Immunophe-
notyping revealed that pregnant and non-pregnant women
strongly responded to such stimuli (Extended Dataset 1).
Yet, here we only report the differences in cellular pheno-
types between pregnant and non-pregnant women (shown
with black asterisks throughout the figures) to document
pregnancy-tailored immune responses.

Pregnancy increases the phagocytic activity
and ROS production of maternal monocytes
and neutrophils

The first line of defense against bacteria includes the active
participation of monocytes and neutrophils, which are able
to kill pathogens through different mechanisms, such as
phagocytosis, degranulation, and ROS production [37, 38].
Pregnancy has been associated with increased numbers and
activation of these innate immune cells [11, 40]. Therefore,
we quantified the numbers of monocytes and neutrophils as
well as their in vitro phagocytic activity and ROS production
in pregnant and non-pregnant women (Fig. 1a). As expected,
the numbers of monocytes and neutrophils were greater in
pregnant women compared to non-pregnant women (Fig. 1b,
c). Increased phagocytic activity was observed in mono-
cytes and neutrophils of pregnant women compared to non-
pregnant women (Fig. 1d). Moreover, ROS production by
monocytes and neutrophils isolated from pregnant women
was increased compared to that of cells isolated from non-
pregnant women (Fig. le). These data show that pregnancy
enhances the numbers and effector functions of monocytes
and neutrophils in the maternal circulation.

Pregnancy tailors cytokine responses by monocytes
and neutrophils

In addition to their primary role of phagocytosis, monocytes
and neutrophils undergo phenotypic changes to enhance the
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«Fig. 2 Response of monocytes and neutrophils to acute LPS stimu-
lation. a Peripheral blood samples were obtained from pregnant
(n=18) and non-pregnant (n=17) women to isolate leukocytes for
acute (4 h) in vitro stimulation with lipopolysaccharide (LPS). Fol-
lowing stimulation, surface marker and cytokine/chemokine expres-
sion by monocytes (CD14% cells) and neutrophils (CD15" cells) was
determined using flow cytometry. b Heatmap representation of the
relative expression of immune markers by monocytes from pregnant
and non-pregnant women following 4 h LPS stimulation. ¢ Heatmap
representation of the relative expression of immune markers by neu-
trophils from pregnant and non-pregnant women following 4 h LPS
stimulation. d Heatmap representation of the relative expression of
cytokines and chemokines by monocytes from pregnant and non-
pregnant women following 4 h LPS stimulation. e Heatmap repre-
sentation of the relative expression of cytokines and chemokines by
neutrophils from pregnant and non-pregnant women following 4 h
LPS stimulation. f Frequencies of CD14% cells expressing IL-6 in
pregnant (red symbols) and non-pregnant (blue symbols) women fol-
lowing 4 h LPS stimulation (circles) or control (triangles). g Frequen-
cies of CD14" cells expressing MIP-1a in pregnant and non-pregnant
women following 4 h LPS stimulation (circles) or control (triangles).
h Frequencies of CD15% cells expressing IL-1pB in pregnant and non-
pregnant women following 4 h LPS stimulation (circles) or control
(triangles). i Frequencies of CD15" cells expressing MIP-1p in preg-
nant and non-pregnant women following 4 h LPS stimulation (circles)
or control (triangles). *p <0.05; **p <0.01; ***p <0.001. (+) Stimu-
lated; (=) control

coordinated immune response to bacteria [37, 38]. The time-
line of such an inflammatory response is broadly divided into
acute and chronic stages: the former occurs within hours of
insult and involves both monocytes and neutrophils, whereas
the latter extends for days or even weeks and involves
only monocytes [48, 49]. Therefore, we first characterized
the influence of pregnancy on the phenotypes of monocytes
and neutrophils after 4 h stimulation with LPS (Fig. 2a).
Stimulation with LPS induced a significant increase in the
frequency of specific phenotypes of monocytes (Fig. 2b,
Supplementary Fig. 1 and Extended Dataset 1) and neutro-
phils (Fig. 2c, Supplementary Fig. 1 and Extended Dataset
1) in pregnant and non-pregnant women; yet, pregnancy
itself did not have any further effect. Thus, we evaluated the
frequency of monocytes and neutrophils expressing relevant
pro-inflammatory cytokines and chemokines in response to
LPS (Fig. 2d, e, Supplementary Fig. 2, and Extended Dataset
1). We observed a difference in the cytokine profiles dis-
played by monocytes and neutrophils in pregnant women.
Specifically, the frequencies of IL-6*CD14* (Fig. 2f) and
MIP-1a*CD147" (Fig. 2g) cells were greater in pregnant
compared to non-pregnant women in response to LPS. By
contrast, the frequencies of IL-18*CD15* (Fig. 2h) and
MIP-1B*CD15% (Fig. 2i) cells were increased in pregnant
compared to non-pregnant women in response to LPS stim-
ulation. These findings indicate that pregnancy tailors the
cytokine response by monocytes and neutrophils upon acute
exposure to a Gram-negative bacterial product.

Pregnancy drives specific chronic monocyte
responses

Monocytes, as mentioned above, are central players in
the chronic inflammatory response triggered by bacteria
[38, 48]. In this context, such immune cells are conven-
tionally divided into four subsets based on the expres-
sion of the surface markers CD14 and CD16: classical
(CD14MCD167), intermediate (CD14"CD16%), non-clas-
sical (CD14"°CD16%), and CD14°CD16~ monocytes [50].
Therefore, we evaluated the phenotypes of monocyte subsets
from pregnant and non-pregnant women after 24 h of LPS
exposure (Fig. 3a). Flow cytometry was utilized to determine
the frequency of each monocyte subset as well as the expres-
sion of specific surface markers, cytokines, and chemokines
within each subset in response to LPS (Fig. 3b—f, Supple-
mentary Fig. 3). As expected, stimulation with this bacterial
product increased the frequencies of monocytes expressing
surface markers of activation in pregnant and non-pregnant
women (Extended Dataset 1). However, pregnancy status
did not confer any additional effect among classical, non-
classical, and CD14'°CD16~ monocytes. By contrast, stimu-
lation with LPS was associated with a significant increase
in the frequencies of CD142™ (i.e., tissue factor) (Fig. 3g),
IL-6* (Fig. 3h), and IL-1RA™ (interleukin 1 receptor antago-
nist) (Fig. 3i) intermediate monocytes in pregnant compared
to non-pregnant women. Notably, the increased frequency of
IL-6TCD14" cells was consistently observed in response to
acute (Fig. 2f) and chronic LPS exposure (Fig. 3h), suggest-
ing that these monocytes could have an early and maintained
activation response to this bacterial product. Collectively,
these results show that pregnancy drives specific chronic
functions of monocytes in response to Gram-negative
bacteria.

Pregnancy confers a tailored cytokine
and chemokine response

Activated monocytes and neutrophils are characterized by
their release of cytokines and chemokines [37, 51]. There-
fore, we next investigated whether pregnancy impacts the
release of such immune mediators. We evaluated cytokine
and chemokine release by PBMCs from pregnant and non-
pregnant women in response to LPS stimulation (Fig. 4a).
Baseline cytokine production did not differ between preg-
nant and non-pregnant women (Fig. 4b—k). As expected,
stimulation with LPS increased the production of all evalu-
ated cytokines, including IL-1f, IL-2, IL-4, IL-6, IL-8,
IL-10, IL-12p70, IL-13, TNF, and IFNy by PBMCs from
pregnant and non-pregnant women (Fig. 4b—k). Interest-
ingly, PBMCs from pregnant women showed an enhanced
release of IL-2 (Fig. 4c) and IL-13 (Fig. 4i) compared to
non-pregnant women in response to LPS. Nevertheless, the

@ Springer



660 M. Farias-Jofre et al.
a b
ﬂ Non-Pregnant Pregnant
c ) | | [ | Classical Monocytes
() / -~ | | W Intermediate Monocytes
g-, % 0] | | [] | Non-Classical Monocytes
@ > & c CD14°CD16" Monocytes
a = [ ] cD142+
] o * | NN | cD147+
g o O W I CD162*
= < [ [ CX3CR1*
8 | | | | | | CXCL10*
= ] IL-1RA*
[9) | IL-6*
: : = [] [ | IL-8*
LPS Stimulation T | | [ TNF*
(24 hours) ° CCR5  CCR2*
= L] CCR5* CCR2-
| | | CCR5* CCR2*
. ‘ Monocyte | CCR5 CCR2
ﬂ Immunophenotypes | o | | CD182 CD181*
| | | CD182* CD181*
Flow > 1 | | CD182* CD181-
Cytometry | | CD182- CD181-
g Color Key
| . R ]
42024
c d
Non-Pregnant Pregnant Non-Pregnant Pregnant
CD142* CD142*
CD147* 2 | N CD147*
® , CD162* <, 1 CD162"
[} | | CX3CR1* o CX3CRH1
= | cxcL10* el | 0 CXCL10*
1) c "
o IL-1RA* § :IE-éBA
c IL-6* -
o | IL-8* = H IL-8*
= TNF* 3 TNF*
© CCR5 CCR2* B CCR5" CCR2*
= CCR5* CCR2- 1] il CCR5* CCR2-
2 CCR5* CCR2* o | CCR5* CCR2*
®© a I | CCR5 CCR2 Q \ CCR5 CCR2
5] O CD182- CD181* € | G CD182- CD181*
| cD182* CD181+ 2 [ CD182* CD181*
] CD182* CD181- CD182* CD181-
| | CD182- CD181- | CD182- CD181-
e f
Non-Pregnant Pregnant Non-Pregnant Pregnant
CcD142 B cD142+
(7 cD147* o | cD147*
0] ] cD162* o) cD162*
s CX3CR1* % CX3CR1*
S CXCL10* 3 || CXCL10*
c IL-1RA* c IL-1RA*
<} IL-6* 9 IL-6*
= i IL-8* = i I8+
i) TNF © TNF*
© 1 CCR5" CCR2* = CCR5 CCR2*
5 \ il CCR5* CCR2- a 0 CCR5* CCR2
) 1 CCRs*CCR2 9 | CCR5* CCR2*
£ | CCR5 CCR2- < CCR5" CCR2
o | | | | CD182-CD181*  — Il CD182-CD181*
E | RN CD182* CD181* 8 1 CD182* CD181*
CD182* CD181- CD182* CD181-
\ | | CD182 CD181- CD182- CD181-
g h i
—* —* —*
— *kk —
Q 8 100, == g 2
Z 3 N 0+ 20 A Non-Pregnant / Control
s .}1;" 8& 80 ) D i
5 o e on O = A Pregnant / Control
o Jo 60 ) %8
S c Y= Qg S O Non-Pregnant / LPS
0 oY 40 23 <%
= On 50 25 O Pregnant / LPS
= 50 20 °0 0
o £ S c Sz
*g O 5 RE
2 LPS - -++ 2 B

@ Springer




Pregnancy tailors endotoxin-induced monocyte and neutrophil responses in the maternal... 661

«Fig. 3 Response of total monocytes and monocyte subsets to chronic
LPS stimulation. a Peripheral blood mononuclear cells (PBMCs)
were isolated from the peripheral blood of pregnant (n=20) and
non-pregnant (n=20) women and stimulated with LPS for 24 h.
Flow cytometry was performed to evaluate the expression of surface
markers and cytokines/chemokines by total monocytes and mono-
cyte subsets. b Heatmap representation of the relative expression
of immune markers and cytokines/chemokines by total monocytes
from pregnant and non-pregnant following 24 h LPS stimulation. ¢
Heatmap representation of the relative expression of immune mark-
ers and cytokines/chemokines by classical monocytes (CD14MCD16~
cells) from pregnant and non-pregnant women following 24 h LPS
stimulation. d Heatmap representation of the relative expression of
immune markers and cytokines/chemokines by non-classical mono-
cytes (CD14°CD16" cells) from pregnant and non-pregnant women
following 24 h LPS stimulation. e Heatmap representation of the
relative expression of immune markers and cytokines/chemokines
by intermediate monocytes (CD14"CD16% cells) from pregnant and
non-pregnant women following 24 h LPS stimulation. f Heatmap
representation of the relative expression of immune markers and
cytokines/chemokines by CD14"°CD16~ monocytes from pregnant
and non-pregnant women following 24 h LPS stimulation. Frequen-
cies of intermediate monocytes expressing g CD142 (tissue factor), h
IL-6, and i IL-1RA in pregnant (red symbols) and non-pregnant (blue
symbols) women following 24 h LPS stimulation (circles) or control
(triangles). *p <0.05; ***p <0.001. (4) Stimulated; (—) control

LPS-dependent release of IL-8 was reduced in pregnant
women (Fig. 4f).

To assess the contribution of cells omitted in PBMCs,
such as neutrophils, which comprise the largest popula-
tion in peripheral blood [37], we evaluated the release of
immune mediators from whole blood using the LPS-con-
taining TruCulture® system [46] (Fig. 5a). Consistent with
the results in PBMCs, whole-blood samples from pregnant
and non-pregnant women displayed increased concentrations
of all evaluated immune mediators upon LPS stimulation
(Fig. 5b—k). Yet, analysis of whole blood samples from preg-
nant women revealed a greater number of differences in the
evaluated cytokines and chemokines compared to PBMCs.
Indeed, IL-6 (Fig. 5e), IL-8 (Fig. 5f), and IL-10 (Fig. 5g)
were increased in pregnancy-derived whole blood samples,
but not PBMCs. By contrast, both IL-1f (Fig. 5b) and IFNy
(Fig. 5k) were decreased in whole blood samples from preg-
nant women, yet this was not observed in PBMCs. The only
consistent change between both pregnancy-derived PBMCs
and whole blood samples was an increase in IL-2 release
(Fig. 4c and Fig. 5c¢).

Last, the Spearman’s correlations between cytokine pro-
files in PBMCs and whole blood TruCulture® supernatants
in response to LPS were determined. Distinct cytokine
correlations were observed in pregnant and non-pregnant
women. Positive correlations between PBMCs and whole
blood for IL-1p and IFNy concentrations, but a negative
correlation for IL-8, were observed in pregnant women
(Fig. 6a). By contrast, positive correlations between PBMCs

and whole blood for IL-4, IL-6, and IL-10 concentrations
were observed in non-pregnant women (Fig. 6b).

Taken together, these results indicate that pregnancy con-
fers a tailored cytokine and chemokine response to endo-
toxin, a Gram-negative bacterial product.

Discussion

In the current study, we observed an increase in monocyte
and neutrophil phagocytosis of live E. coli during pregnancy,
which is in line with a previous publication reporting an
increase in phagocytic activity specific to live microorgan-
isms over inert particles (latex beads) [52]. Furthermore, a
significantly higher number of phagocytosed microorgan-
isms per neutrophil was demonstrated in pregnant women,
a characteristic that abated following delivery [53]. By
contrast, another report found a decrease in the phagocytic
function of monocytes and neutrophils during gestation
[54]. This observed decrease in phagocytic function during
pregnancy may result from a decrease in circulating clas-
sical monocytes, which are the main subset of monocytes
associated with phagocytic functions [39]. Additionally,
we showed increased ROS production in monocytes and
neutrophils isolated from the peripheral blood of pregnant
women. These results are consistent with prior reports show-
ing elevated ROS production by monocytes and neutrophils
from pregnant women [40, 55], a characteristic that seems
to be further increased in the context of obstetrical diseases,
such as maternal infection or preeclampsia [11, 40]. Indeed,
basal and stimulated ROS production was higher in mono-
cytes and granulocytes (i.e., neutrophils) from pregnant
women with a positive blood bacterial culture, pyelone-
phritis, or preeclampsia compared to normal pregnant and
non-pregnant women [11, 40, 56]. However, a reduction in
superoxide production by granulocytes in healthy pregnant
women has also been reported [57], which could partially
explain such differences. Regardless, our findings support
an increase in the ROS production and phagocytic activ-
ity of monocytes and neutrophils during late pregnancy.
Monocytes and neutrophils sense bacterial products
through pattern recognition receptors (PRRs) such as Toll-
like receptor 4 (TLR4), which upon activation will initi-
ate a series of transduction signals leading to the release
of immune mediators such as cytokines [58]. Interestingly,
we found that the endotoxin-induced cytokine profiles of
monocytes were distinct from those of neutrophils in preg-
nant women, highlighting potential differences in the cel-
lular signaling pathways initiated by these immune cells in
response to microbes. Indeed, we observed an increase in
the frequency of IL-6* and MIP-1a™ monocytes, as opposed
to an increase in the frequency of IL-1p* and MIP-1B" neu-
trophils in response to endotoxin. Hence, while the specific
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Fig.4 Cytokine release by PBMCs in response to LPS. a Periph-
eral blood mononuclear cells (PBMCs) were isolated from pregnant
(n=20) and non-pregnant (n=20) women and stimulated with LPS
for 24 h. Cytokine concentrations were then determined in the cell
culture supernatants. Concentrations (pg/mL) of b IL-1f, ¢ IL-2, d

immune markers themselves differed, pregnancy was associ-
ated with increased pro-inflammatory subsets of both mono-
cytes and neutrophils, which supports the concept of an
enhanced inflammatory response to endotoxin during preg-
nancy shown in an animal model [59]. Future investigations
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may focus on elucidating the precise pathways implicated
in monocyte and neutrophil activation during late gestation.

Pregnancy has been associated with increased expression
of activation markers in peripheral innate immune cells [11,
40, 59, 60], which is postulated to result from gestational
factors such as the presence of placental microparticles and
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PBMC samples exposed to LPS. a Correlations of IL-1f, IL-8, and
IFNy concentrations between whole blood and PBMC samples of
pregnant women exposed to LPS. b Correlations of IL-4, IL-6, and

fetal cells in the maternal circulation [41, 61-63]. Accord-
ingly, a significant shift has been reported in the frequency
of monocyte subsets from classical to intermediate, the lat-
ter displaying the surface signals of activation and differ-
entiation in human pregnancy [64] and in an animal model
[65]. Notably, our results demonstrate an additional effect of
pregnancy in intermediate monocytes in response to chronic
endotoxin exposure, which showed enhanced frequencies
of cells expressing CD142 (i.e., tissue factor), IL-6, and IL-
1RA. Tissue factor is necessary for thrombin formation in
the coagulation cascade [66], and the increased frequency of
intermediate monocytes expressing tissue factor in the cur-
rent study is consistent with a previous report showing ele-
vated tissue factor activity in women with preterm labor and
intra-amniotic infection [67]. Similarly, increased expression
of multiple immune mediators, including IL-6 and IL-1RA,
has been found in response to experimental endotoxemia in
human volunteers [68]. In the context of pregnancy, amni-
otic fluid IL-6 is a clinically established biomarker of intra-
amniotic inflammation [69] and was predicted as one of the
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IL-10 concentrations between whole blood and PBMC samples
of non-pregnant women exposed to LPS. The Spearman’s corre-
lation coefficient (p) and p value are displayed for each graph. A p
value < 0.05 was considered significant

activated upstream regulators of cytokine signaling in mono-
cytes from the amniotic cavity of women with this condition
[36]. In the current study, we observed elevated frequencies
of IL-6" monocytes in response to both acute and chronic
endotoxin exposure, suggesting that this cytokine is a key
component of monocyte-mediated host defense mecha-
nisms during late pregnancy. Interestingly, we also observed
increased frequencies of monocytes expressing IL-1RA, a
soluble antagonist for the IL-1p receptor, in response to
chronic endotoxin exposure during gestation. This phenom-
enon may reflect the need to attenuate the cytokine storm
that could damage the mother and her fetus. Together, the
distinct monocyte phenotype characterized by the expression
of pro-inflammatory mediators and the natural antagonist
IL-1RA may indicate a tightly-regulated response to bacte-
rial products that is necessary for maternal host defense.
Herein, we reported that exposure to endotoxin increased
the concentrations of all evaluated cytokines and chemokines
in the PBMCs and whole blood from pregnant and non-
pregnant women, which is consistent with observations
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in pregnant women with infection [70, 71]. In line with
this concept, we found a positive correlation of IL-1f and
IFNy concentrations between the PBMCs and whole blood
of pregnant women. We recently performed an extensive
microarray analysis of pregnant and non-pregnant mice that
received systemic endotoxin, showing an organ-specific
response during pregnancy; however, the effect in peripheral
blood was not evaluated [72]. In this study, we showed an
increased release of immune mediators such as IL-6, IL-8,
and IL-10 by pregnant women in whole blood samples but
not PBMCs. Given that PBMCs primarily lack neutrophils,
it is plausible that the enhanced cytokine release observed
in whole blood samples is driven at least partially by the
absence of these cells [73].

Consistent with the above hypothesis, the concentra-
tions of IL-8 (i.e., CXCLS8), a chemokine that is implicated
in infection-associated obstetrical disease such as acute
histologic chorioamnionitis [74], were negatively corre-
lated between the PBMCs and whole blood of pregnant
women upon endotoxin stimulation. Given that IL-8 is a
pro-inflammatory chemokine associated with neutrophil
chemotaxis and activation [37, 75], the opposing results
from PBMCs and whole blood could also be explained
by the low frequency of neutrophils in PBMCs. We also
showed that IL-8 was decreased in PBMCs and increased
in whole blood derived from pregnant women compared
to non-pregnant women. Consistent with this observation,
we recently demonstrated the differential release of this
chemokine from peripheral leukocytes of pregnant women
in response to SARS-CoV-2 [76]. Based on the alterations in
IL-8 expression observed upon bacterial and viral challenges
in pregnancy, it is tempting to suggest a critical role for this
chemokine in maternal host defense mechanisms.

Interleukin-2 is the only cytokine that was increased
in PBMCs and whole blood from pregnant women. IL-2
is involved in local immune responses taking place in the
amniotic cavity of women with preterm labor [77]. Con-
versely, the systemic administration of IL-2 improved neo-
natal parameters in a pregnant ovine model of chorioam-
nionitis induced by intra-amniotic injection of endotoxin
[78], which highlights the pleiotropic role of this cytokine
in gestation. Here, we focused on the maternal monocyte
and neutrophil responses to endotoxin, given that these are
the primary cellular components of the peripheral blood.
Yet, given the proposed involvement of systemic adap-
tive cellular immunity throughout pregnancy [79-82],
future studies should evaluate how peripheral T-cell and
B-cell responses differ between pregnant and non-pregnant
women.

In summary, herein we have characterized the response
of monocytes and neutrophils in the maternal circulation
to endotoxin, a Gram-negative bacterial product. Overall,

our findings show greater phagocytic activity and ROS
production in the monocytes and neutrophils of pregnant
women, as well as an increased frequency of pro-inflam-
matory subsets of these innate immune cells and an altered
release of immune mediators in response to bacterial chal-
lenge. These results provide insight into the pregnancy-
tailored immune responses of circulating monocytes and
neutrophils to endotoxin, a Gram-negative bacterial prod-
uct, and shed light on the immune mechanisms that con-
tribute to host response during late gestation.
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