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Maternal Monocytes Respond to Cell-Free Fetal DNA
and Initiate Key Processes of Human Parturition

Nazanin Yeganeh Kazemi,* Bohdana Fedyshyn,” Shari Sutor,” Yaroslav Fedyshyn,®
Svetomir Markovic,”¥ and Elizabeth Ann L. Enninga’*

Throughout gestation, the maternal immune system is tightly modulated to allow growth of a semiallogeneic fetus. During the
third trimester, the maternal immune system shifts to a proinflammatory phenotype in preparation for labor. What induces this
shift remains unclear. Cell-free fetal DNA (cffDNA) is shed by the placenta and enters maternal circulation throughout
pregnancy. Levels of cffDNA are increased as gestation progresses and peak before labor, coinciding with a shift to
proinflammatory maternal immunity. Furthermore, cffDNA is abnormally elevated in plasma from women with complications of
pregnancy, including preterm labor. Given the changes in maternal immunity at the end of pregnancy and the role of sterile
inflammation in the pathophysiology of spontaneous preterm birth, we hypothesized that cffDNA can act as a damage-associated
molecular pattern inducing an inflammatory cytokine response that promotes hallmarks of parturition. To test this hypothesis, we
stimulated human maternal leukocytes with cffDNA from primary term cytotrophoblasts or maternal plasma and observed
significant IL-13 and CXCL10 secretion, which coincides with phosphorylation of IFN regulatory factor 3 and caspase-1 cleavage.
We then show that human maternal monocytes are crucial for the immune response to cffDNA and can activate bystander T cells
to secrete proinflammatory IFN-y and granzyme B. Lastly, we find that the monocyte response to cffDNA leads to vascular
endothelium activation, induction of myometrial contractility, and PGE, release in vitro. Our results suggest that the immune
response to cffDNA can promote key features of the parturition cascade, which has physiologic consequences relevant to the

timing of labor.

(cffDNA) into maternal circulation as early as 5 wk after

conception. The concentration of fetal-specific DNA in
maternal circulation increases with gestational age, reaching a peak
at the onset of labor and dropping to undetectable levels hours after
delivery (1). From the placenta, cffDNA enters maternal circulation,
where it can be isolated and used clinically for noninvasive prenatal
screening (2, 3). This has revolutionized the diagnosis of inherited
diseases by eliminating the need for invasive procedures to obtain
fetal or placental tissue for genetic analysis. Although the use of
cffDNA as a diagnostic tool has been widely accepted, the biologic
role of cffDNA in the physiology of pregnancy and labor remains
unclear (4, 5).

Parturition is characterized by proinflammatory cytokine release,
cervical ripening, and myometrial contractions; however, in humans,
the inducer of these reactions remains a mystery. Current hypotheses
concerning the role of cffDNA in parturition propose that cffDNA
detection by the innate immune system could lead to inflammatory
cytokine release, which stimulates endothelial activation and the
recruitment of additional leukocytes (6). The influx and activation of
immune cells into uterine tissue could then promote myometrial
contractions leading to labor. This suggests that cffDNA can induce
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sterile inflammation, which is characterized by an inflammatory
response in the absence of infection. Specifically, cffDNA may act
as a damage-associated molecular pattern that activates pattern rec-
ognition receptors (PRRs) leading to cytokine secretion (7).

This hypothesis is further supported by the fact that increased lev-
els of cffDNA in sera of women with preterm labor have been
observed (8). Interestingly, immune activation plays a large role in
the pathophysiology of spontaneous preterm birth, which accounts
for a majority of the fetal mortality and morbidity seen in industrial-
ized countries (9). In the United States, 1 in 10 babies is born before
37 wk, and there are very few effective tools to predict or prevent it
(10).

Pregnancy requires significant changes in maternal physiology
and immunology to support the establishment of a placenta and
maintenance of a haploidentical fetus. Healthy pregnancy induces an
overall immunotolerant state. Significant inflammation is required,
however, for implantation of the embryo, placentation, and finally,
labor. At the end of pregnancy, the maternal immune system shifts
from an immunotolerant state to a more activated, proinflammatory
environment (11). What induces this shift in the maternal immune
profile remains unknown. Because cffDNA is shed from the pla-
centa, it may act as a damage-associated molecular pattern and initiate
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inflammatory responses through innate PRRs. Many physiologic events
at term suggest that cffDNA may promote sterile inflammation. For
example, placental senescence results in apoptosis, which increases lev-
els of cffDNA just before labor (12). The increase in cffDNA concen-
tration coincides with the shift in maternal immunity away from
tolerance and the immune infiltration of uterine tissues observed with
labor (13). Considering the wide expression of cytoplasmic and endo-
somal DNA-detecting PRRs in immune and epithelial cells, cfilDNA
that enters maternal circulation may be able to activate intracellular
DNA signaling cascades leading to the production of inflammatory
cytokines and even a shift in the maternal immune profile.

DNA-detection pathways, such as cyclic GMP—AMP synthase/
stimulator of IFN genes (cGAS/STING), absent in melanoma 2
(AIM2), and TLR9 have proved critical in innate responses to DNA
viruses and even immunotherapy and radiation for cancer treatment
(14). Activation of any of these pathways results in a proinflamma-
tory cytokine response leading to acute inflammation and immune
infiltration. In human tissues, AIM2 and cGAS/STING are widely
expressed in monocytes and macrophages, where they detect
dsDNA in the cytoplasm (15, 16). This leads to activation of the
AIM2 or NLRP3 inflammasome and release of IL-18 and IL-18. In
addition, the cGAS/STING pathway induces a type I IFN response
through phosphorylation and dimerization of IFN regulatory factor 3
(IRF3). Endosomal TLR9 is present in human dendritic cells, B
cells, and mucosal epithelium, where it detects unmethylated CpG-
rich sequences predominant in bacterial and viral genomes (17),
leading to a type I IFN response. Analysis of cffDNA demonstrates
that it is hypomethylated and is typically much shorter in length
than other circulating DNA fragments (18). These differences may
result in maternal immune recognition through intracellular DNA
signaling pathways. The recent identification of cffDNA as a con-
stituent of microparticles shed by the placenta provides a packaging
medium by which cffDNA could leave fetal tissue and enter mater-
nal circulation protected from circulating DNases (18—21). These
microparticles could then fuse with or be endocytosed by the cell
membrane of an immune or epithelial cell introducing their cffDNA
cargo to be detected by PRRs in the cytoplasm.

Although cffDNA increases in concentration as gestation pro-
gresses, the potential inflammatory consequences of cffDNA detec-
tion, and whether it has a role in the shift in maternal immunity to a
proinflammatory state and the initiation of parturition, remain to be
determined. Here, we use primary maternal immune cells to deter-
mine whether cffDNA from term cytotrophoblasts (CTBs) activates
a proinflammatory cytokine response. We then describe the mecha-
nism of cffDNA detection and address the effect of inflammation on
bystander immune cell activation, vascular endothelial activation,
and myometrial contractility.

Materials and Methods

Patient selection

Patients were recruited and consented for collection of term placenta and
peripheral blood samples after approval from the Mayo Clinic Institutional
Review Board (18-003184). Inclusion criteria for placenta and blood collec-
tion included age (=18 and =35 y) at study entry, ability to provide written
informed consent, and weight >110 pounds (50 kg). Exclusion criteria
included known immunodeficiency, chronic viral infections (i.e., HIV,
human T cell leukemia virus, hepatitis B virus, hepatitis C virus), known
autoimmune disease, transplant recipient, current smoker (last use within
30 d of registration), multiple current gestations, gestational diabetes not con-
trolled by diet, and conception from assisted reproductive technology (prior
clomiphene use was allowed).

Primary CTB isolation and cffDNA purification

All placental tissues were collected within 4 h of an uncomplicated, term
delivery. The basal and chorionic plates were carefully removed, and the
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remaining villous tissue was washed thoroughly in PBS to remove blood.
Tissue was minced well and washed three times with PBS before undergoing
30-min HBSS digestions at 37°C in a water bath. The digestion solution con-
sists of 0.4 mg/ml DNase I (Alfa Aesar, Haverhill, MA), 2.5% trypsin
(Thermo Fisher, Waltham, MA), 1 mM CaCl, (MilliporeSigma, Burlington,
MA), 1 mM MgSO4 (Millipore Sigma), and 25 mM HEPES (Thermo-
Fisher). Cell suspensions from the digested tissue were layered over FBS,
pelleted, and strained through a 70-um filter before being layered on top of a
50/45/35/30% Percoll gradient (MilliporeSigma). After a 20-min centrifuga-
tion step (1200 x g without the brake), cells in the 35-45% fraction were
removed and washed in HBSS with 25 mM HEPES. Cells were counted
using a hemocytometer, and purity was tested by flow cytometry using an
anti—cytokeratin-7 Ab (clone CAMS.2; D Pharmingen, Franklin Lakes, NJ).
CTBs with a purity >95% were then cultured at 15-18 x 10° cells in a T75
flask in IMDM (Thermo Fisher) with 10% FBS and 1x penicillin/streptomy-
cin/amphotericin B (Thermo Fisher) at 37°C and 5% CO,. Conditioned
media (CM) from CTBs were harvested every 3 d for isolation of cffDNA
using Qiagen QIAamp MinElute ccfDNA MinElute kit (Qiagen, German-
town, MD) following the manufacturer’s instructions. Concentrations were
measured using Qubit high-sensitivity dsDNA kit (Thermo Fisher).

Primary CTB staining

After supernatants were used for three rounds of cffDNA isolation, CTBs
were harvested and stained for viability (Invitrogen LIVE/DEAD Fixable
Yellow Dead Cell Stain Kit, for 405 nm excitation) and cytokeratin-7
expression (clone EPR1619Y; Abcam, Cambridge, UK). After staining, cells
were washed and resuspended in 50 wl of PBS and imaged using the Image-
Stream X MKII (Luminex, Austin, TX), which provides confocal images
and flow cytometry analysis. Events were gated on live, single cells as deter-
mined by size and appearance. A total of 10,000 single cells were collected
from each sample per experiment for analysis using ImageStream IDEAS
software (Luminex).

Cell-free DNA isolation from maternal plasma

A total of 30 ml of maternal blood was collected at 36—-38 wk gestation and
6 wk postpartum in EDTA tubes to obtain plasma. A total of 30 ml of
maternal blood yielded ~10 ml of maternal plasma from the third trimester
(36-38 wk gestation, “3rd trimester”’) and 6 wk postpartum (“Postpartum”).
Plasma samples were used to isolate cell-frre DNA using the Qiagen
QIAamp MinElute ccfDNA MinElute kit (Qiagen, Germantown, MD) fol-
lowing the manufacturer’s instructions. Concentrations were measured using
Qubit high-sensitivity dsDNA kit (Thermo Fisher).

Oligonucleotide stimulation

PBMCs from one female donor of reproductive age were plated at 7 x 10°
cells/well and stimulated with different concentrations of a synthetic, double-
stranded, 200-bp oligonucleotide (Integrated DNA Technologies, Coralville,
IA) using the Effectene (Qiagen) per the manufacturer’s instructions. After
18-h incubation, ELISA was used to measure IL-13 in PBMC supernatants.

DNA stimulation protocol

A total of 60 ml of maternal blood was collected between 36 and 38 wk gesta-
tion in citrate tubes. Blood samples were processed to isolate PBMCs using
Ficoll gradient, and PBMCs were stored in FBS+10% DMSO in liquid nitro-
gen until use. Monocytes were negatively isolated from maternal PBMCs using
Miltenyi Human Classic Monocyte Isolation Kit (Cat. No. 130-117-337; Milte-
nyi, Auburn, CA) per the manufacturer’s instructions. Monocyte-depleted
PBMCs were negatively isolated from whole PBMCs using Miltenyi CD14
MicroBeads (Cat. No. 130-050-201) per the manufacturer’s instructions. After
negative isolation, cells were plated in a 24-well plate at 7 x 10° cells/well.
cffDNA stimulation complexes were produced using the Qiagen Effectene kit
(Qiagen) and 375 ng of cffDNA following the manufacturer’s instructions for a
final concentration of 750 ng/ml cffDNA. Effectene mixture without cffDNA
was used as negative control (labeled “Media” in the figures). Maternal
PBMCs, monocytes, or monocyte-depleted PBMCs were incubated in a 24-
well plate at 7 x 10° cells/well with the cffDNA—-Effectene reaction and com-
plete media for 18 h.

Protein quantification

All ELISA reagents were purchased from R&D Systems (Minneapolis, MN)
and were resuspended and stored using the manufacturer’s instructions. ELI-
SAs of cell supernatants were performed according to the manufacturer’s
instructions. The following proteins were quantified by ELISA: IL-1B3 (Cat.
No. DY201), CXCL10 (Cat. No. DY2660), granzyme B (GzmB, Cat. No.
DY2906), IFN-y (Cat. No. DY285B), and TNF-a (Cat. No. DY210). Absor-
bance at 450 nm was measured using an 800 TS plate reader (BioTek
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Instruments, Winooski, VT). A seven-point standard curve was constructed
and used to calculate protein concentrations in each sample. In addition, multi-
plex analysis was performed using the MILLIPLEX MAP Human Cytokine/
Chemokine Magnetic Bead Panel Assay (MilliporeSigma) according to the
manufacturer’s instructions. For both assays, all samples were run in duplicate
and averaged to get the final concentration. Samples with a variation between
replicates >20% were repeated.

Caspase-1 activity

Maternal monocytes were stimulated with Effectene alone (“Media”) or
Effectene with cffDNA (“cffDNA”) as described earlier for 4 h. Cells and
supernatants were then harvested for measurement of caspase-1 activity
using Caspase-Glo 1 Inflammasome Assay (Promega, Madison, WI) accord-
ing to the manufacturer’s instructions. Caspase-1 activity was determined by
detection of luminescence using a Varioskan LUX Multimode Microplate
Reader (ThermoFisher). Blank samples were used as a negative control and
contained Effectene reagent without monocytes.

Cell sorting

PBMCs from one female donor of reproductive age were used to sort cells
into different populations based on surface expression of CD3 (T cells, clone
UCHTI1; BD Pharmingen, Franklin Lakes, NJ), CD14 (monocytes, clone
MSE2; BD Pharmingen), CD20 (B cells, clone 2H7; BD Pharmingen), and
CD56 (NK cells, clone B159; BD Pharmingen). Cells were then stimulated
for 18 h using Effectene and cffDNA as described earlier.

Bystander activation assays

Maternal monocytes were stimulated with cffDNA isolated from CTBs for
18 h using Effectene reagent. After stimulation, monocyte supernatants were
harvested and centrifuged at 1800 rpm for 5 min to pellet cells and debris.
Supernatants (CM) were used as culture media for same-donor PBMCs
plated in a 24-well plate at 7 x 10° cells/well. Supernatant from one mono-
cyte well was used for each PBMC well (1:1 ratio). Maternal PBMCs were
incubated in same-donor Effectene (“CM”) or Effectene+cffDNA-stimulated
monocyte CM (“cffDNA CM”) for 18 h. After incubation, ELISAs were
used to determine the concentration of cytokines in the PBMC supernatants.

As described earlier, maternal monocytes were stimulated with Effectene
reagent alone or Effectene+cffDNA from CTBs for 18 h before monocyte
supernatants (CM) were harvested. CM were used to culture same-donor T
cells negatively isolated from maternal PBMCs using Miltenyi Pan T cell
isolation kit (Cat. No. 130-096-535). After isolation, T cells were plated in a
24-well plate at 7 x 10° cells/well and incubated in matched-donor Effectene
(CM) or Effectene+cffDNA-stimulated monocyte supernatants (“cffDNA
CM”) for 18 h. Superatant from one monocyte well was used for each
PBMC well (1:1 ratio). After overnight incubation, ELISAs were used to
determine the concentration of cytokines in the T cell supernatants. Neutral-
izing Abs targeting IL-18 (clone: 2805R, 5 pg/ml; R&D Systems) or
CXCL10 (clone: 33036, 10 pg/ml; R&D Systems) were added along with
the monocyte CM in the overnight incubation to block the effects of these
cytokines on PBMCs or T cells.

Western blotting

Cells were lysed on ice in radioimmunoprecipitation assay buffer (Thermo-
Fisher) with protease inhibitors, and protein concertation was determined by
BCA assay (ThermoFisher). A total of 30 pg of total protein was mixed
with 4x sample buffer containing 10% 2-ME and incubated at 65°C for 15
min. Samples were loaded onto a 4—-15% TGX gel (Bio-Rad, Hercules, CA)
and then transferred to a polyvinylidene difluoride membrane. Blocking was
carried out in TBST with 1% fish gelatin and 1.5% polyvinylpyrrolidone.
Primary Abs used included IRF3 (clone: D83B9, 1:100 dilution; Cell Signal-
ing), p-IRF3 (clone: 4D4G, 1:1000 dilution; Cell Signaling), and GAPDH
(1:6000 dilution; Novus Biologicals). Primary Abs were incubated with the
membrane overnight at 4°C with rocking. Membranes were then incubated
for 1 h in secondary Abs at room temperature before exposure to Clarity
Western ECL substrate (Bio-Rad) and imaging on the Azure Imaging Sys-
tem (Azure Biosystems, Dublin, CA). Membranes are then stripped and
reprobed with anti-GAPDH. Signal intensity was quantified by densitometry
using AzureSpot Analysis Software (Azure Biosystems), with ratios of the
band of interest/housekeeping gene used to normalize variability in protein
loading.

HUVEC stimulation and imaging

HUVECs (CRL-1730) were purchased directly from ATCC, seeded at 4 x
10° cells/well, and cultured for 18 h to adhere in 24-well plates. After adher-
ence, HUVEC media were removed and replaced with CM from Effectene
(CM) or Effectene+cffDNA-stimulated monocytes or PBMCs (“cffDNA
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CM”). For each well of HUVECs, CM from two wells of stimulated mono-
cytes or PBMCs was used (2:1 ratio). For select HUVEC wells, neutralizing
Abs for IL-1B (clone: 2805R, 5 pg/ml; R&D Systems) or TNF-a (clone:
28401, 10 pg/ml; R&D Systems) were added to monocyte or PBMC CM,
respectively. HUVECs were incubated for 18 h in monocyte or PBMC CM.

After incubation with monocyte or PBMC CM, HUVECs were harvested
for staining with fluorescent Abs for E-selectin (clone: HCD62E; BioLegend,
San Diego, CA) and ICAM-1 (clone: HAS8; BioLegend). Cells were stained
in 100 !l of FACS buffer using 2 pl of each Ab per reaction for 30 min at
4°C. After staining, cells were washed and resuspended in 50 wl of PBS and
imaged using the ImageStream X MKII (Luminex), which provides confocal
images and flow cytometry analysis. Events were gated on single cells as
determined by size and appearance. A total of 10,000 single cells were col-
lected from each sample per experiment for analysis using ImageStream
IDEAS software (Luminex).

PHM-41 in vitro contraction

PHM1-41 cells (ATCC: CRL-3046) were cultured in a 24-well plate at 1 x
10* cells per well using CytoSelect 24-well Cell Contraction Assay Kit (Cell
BioLabs, San Diego, CA) per the manufacturer’s instructions. Cells were
embedded in the collagen matrix, which was solidified at 37°C for 1 h. After
an hour, CM from PBMCs or monocytes stimulated with Effectene alone
(“CM”) or Effectene with cffDNA (“cffDNA CM”) were added to the solid-
ified matrix and incubated for 18 h. For each well of PHM1-41 cells embed-
ded in a collagen matrix, CM from monocyte or PBMC well were used (1:1
ratio). For selected contraction wells, neutralizing Abs for IL-13 (clone:
2805R, 5 pg/ml; R&D Systems) or TNF-a (clone: 28401, 10 pg/ml; R&D
Systems) were added to the cffDNA-stimulated monocyte or PBMC CM,
respectively. After an 18-h incubation, measurements were made using a
metric ruler in millimeters to determine the distance between the wall of the
well and the contracted matrix edge. Images were obtained using a dissecting
microscope (Zeiss, White Plains, NY) at 8x magnification.

PHM1-41 PGE; secretion

PHMI1-41 cells were adhered in a 24-well plate overnight at 2 x 10° cells/ml.
After overnight adherence, media were removed, and PHM1-41 cells were
incubated with CM collected from maternal PBMCs or monocytes treated with
either Effectene alone (“CM”) or Effectene and cfflDNA (“cffDNA CM”).
Neutralizing Abs targeting TNF-a (clone: 28401, 5 pg/ml; R&D Systems) or
IL-1PB (clone: 2805R, 5 png/ml; R&D Systems) were added to wells treated with
PBMC or monocyte cffDNA CM, respectively. PHM1-41 cells were incubated
overnight, and levels of PGE, were measured using PGE, Parameter Assay Kit
(R&D Systems) according to the manufacturer’s instructions.

Statistical analysis

All statistical analyses were performed using GraphPad Prism 8.3. Data are pre-
sented as medians with interquartile ranges (IQRs). All figures are representa-
tive of at least three independent experiments with duplicates, using unique
patient samples from 20 donors. For determination of significant comparisons
between two groups, Mann—Whitney U tests were used. Significance was
defined as p = 0.05. For comparisons between three or more groups, Krus-
kal-Wallis tests were performed for unpaired data and Friedman test for paired
data. For both, multiple comparisons were made by comparing the mean rank
of each treatment group with the mean rank of every other group and control-
ling the false discovery rate by the two-stage linear step-up procedure of Benja-
mini, Krieger, and Yekutieli. Significance was defined as p = 0.05.

Results
Maternal mononuclear cells respond to cffDNA by secreting IL-1[3
and CXCL10

To determine the potential inflammatory nature of cffDNA, we
stimulated maternal PBMCs with cell-free DNA isolated from
maternal plasma samples collected at 36-38 wk gestation and 6 wk
postpartum. Plasma at 36-38 wk gestation is a mixture of both
maternal- and fetal-derived cell-free DNA fragments, while the post-
partum sample contains only maternal cell-free DNA. Because
PRRs in innate immune cells respond to cytoplasmic DNA detection
with activation of the inflammasome (14, 15), we measured levels
of IL-1pB. Testing various concentrations of cffDNA, we determined
that 750 ng/ml DNA is necessary to induce cytokine secretion by
PBMCs (Supplemental Fig. 1A) and only when the DNA is pack-
aged in a lipid-based transfection reagent versus as naked DNA
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(Supplemental Fig. 1B). Our data demonstrate that cell-free DNA
from blood collected at 36—38 wk gestation can induce IL-1@ secre-
tion by maternal PBMCs, while cell-free DNA from blood collected
postpartum fails to do the same (430.3 + 1173 versus 18.74 + 14.67
pg/ml IL-1B; p < 0.0001) (Fig. 1A).

We next wanted to determine whether cffDNA shed from CTBs,
the primary source of cffDNA in vivo, had the same effect as cell-
free DNA from maternal plasma collected during the third trimester.
Term placenta from uncomplicated pregnancies was collected within
4 h of delivery. Samples were then digested and processed for the
isolation of primary CTBs. Purity of the isolated CTBs was deter-
mined by cytokeratin-7 staining, and results demonstrated 95% posi-
tivity for this CTB marker. CTBs were then cultured and
supernatants harvested for the isolation of cffDNA (Supplemental
Fig. 2). Stimulation of maternal PBMCs with cffDNA isolated from
primary term CTBs resulted in increased IL-1$3 secretion, and the
levels were comparable with the concentration of IL-1B released by
maternal PBMCs in response to cell-free DNA from plasma samples
collected at 36-38 wk gestation (430.3 + 1173 versus 598.7 + 262.7
pg/ml IL-1B; p = 0.5023; Fig. 1A). Furthermore, cffDNA from
term CTBs induced significantly more IL-18 secretion than cell-free
DNA from postpartum plasma (598.7 + 262.7 versus 18.74 + 14.67
pg/ml IL-1B; p < 0.0001; Fig. 1A). This suggests that cffDNA shed
from the placenta, and isolated from either maternal plasma or pri-
mary CTBs, is detected by maternal PBMCs, which respond by
secreting proinflammatory IL-1(3. Because the composition and
quantity of cffDNA in maternal circulation is highly heterogenous,
we used cffDNA isolated from term CTB cultures for the remaining
experiments.

In addition to IL-1 family cytokines, CXCL10 and IL-18 are also
involved in the inflammatory response of parturition (22, 23) and
are secreted after detection of cytoplasmic DNA by PRRs and acti-
vation of the inflammasome (15). To determine whether maternal
PBMCs can respond to cffDNA by secreting both IL-13 and
CXCL10, we stimulated cells overnight and measured cytokine lev-
els in the supernatants. Our results demonstrate that maternal
PBMCs respond to cffDNA by secreting IL-18, CXCL10 (39.60 +
66.10 versus 395.8 + 1344 pg/ml CXCL10; p = 0.0001), and IL-18
(8.891 £ 7.944 versus 145.2 + 153.4 pg/ml IL-18; p = 0.0002), sug-
gesting that cffDNA induces the secretion of proinflammatory cyto-
kines and chemokines from maternal PBMCs (Fig. 1B). Lastly,
because TNF-a secretion is also involved in hallmarks of labor,
including myometrial contraction (24, 25), and is secreted in
response to a variety of stimuli, we measured TNF-a secretion in
response to cffDNA. Our results demonstrate that maternal PBMCs
release TNF-a after stimulation with cffDNA (9.136 £+ 19.79 versus
381.0 + 253.1 pg/ml TNF-a; p < 0.0001). Thus, peripheral maternal
immune cells respond to cffDNA shed from the placenta by secret-
ing a robust proinflammatory cytokine milieu that includes IL-1(3,
CXCL10, IL-18, and TNF-a.

Maternal monocytes are necessary and sufficient for the IL-1[/
CXCLI10 response to cffDNA through cGAS/STING and caspase-1

To determine which cells in the PBMC population are responsible for
the release of inflammatory cytokines in response to cffDNA, we first
cell-sorted PBMCs from an adult female donor at reproductive age
into separate populations of CD20" B cells, CD3™ T cells, CD56™"
NK cells, and CD14™" monocytes, each of which were stimulated with
cffDNA for 18 h. Using a nonpregnant donor allowed us to obtain suf-
ficient PBMCs for cell sorting into multiple populations. After over-
night incubation, we measured levels of cytokines in the culture
supernatants through multiplex bead analysis. The results demonstrate
that mainly monocytes secrete proinflammatory cytokines, including
CXCL10, MIP-1a, and MIP-1P3, in response to stimulation with
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cffDNA (Fig. 1C). We then compared the secretion of IL-13 and
CXCL10 between maternal monocytes and monocyte-depleted
PBMCs exposed to cffDNA to validate our multiplex findings. Our
results demonstrate that monocytes, but not monocyte-depleted
PBMC:s, respond to cffDNA stimulation by secreting IL-13 (508.3 +
351.8 versus 2.674 £ 3.222 pg/ml; p = 0.0022) and CXCL10 (2534 +
2587 versus 27.14 £46.98 pg/ml; p < 0.0001) (Fig. 1D). This suggests
that within the maternal PBMC pool, monocytes are responsible for
the secretion of IL-13 and CXCL10 induced by cffDNA.

In human innate immune cells, two PRRs induce inflammasome
activation downstream of cytoplasmic DNA detection resulting in
IL-1B and CXCL10 secretion: AIM2 and cGAS/STING (15). Previ-
ous studies have determined that cGAS/STING, not AIM2, is the
default pathway of DNA detection and inflammasome activation in
human monocytes (15). Robust secretion of IL-13 and CXCL10
from monocytes in response to cffDNA suggests activation of the
c¢GAS/STING. Detection of DNA in the cytoplasm induces activa-
tion of cGAS, which binds to and activates STING in the endoplas-
mic reticulum membrane. Activation of STING has two
consequences: (1) phosphorylation of the transcription factor IRF3,
which induces CXCL10 secretion; and (2) activation of the NLRP3
inflammasome, which activates caspase-1 leading to cleavage and
secretion of IL-13 and IL-18. To determine whether the cGAS/
STING pathway is responsible for cffDNA detection, we stimulated
monocytes from healthy women of reproductive age or pregnant
donors with cffDNA and analyzed levels of p-IRF3. Our results
demonstrate that only monocytes treated with cffDNA have robust
levels of p-IRF3 that can enter the nucleus and promote transcription
of IFN response genes, including CXCL10 (Fig. 1E, 1F). To deter-
mine whether inflammasome activation is responsible for the levels
of IL-1B and IL-18 secretion we observed in response to cffDNA,
we used a bioluminescence assay to measure levels of activated cas-
pase-1. Our results demonstrate high levels of active caspase-1 in
both monocytes (30,530 + 49,040 versus 82,790 + 56,330 relative
luminescence units; p = 0.0034) and monocyte supernatants (1413 +
1803 versus 14,150 + 9167 relative luminescence units; p < 0.0001)
after cffDNA activation compared with untreated controls (Fig. 1G).
Taken together, our results suggest that maternal monocytes respond to
cffDNA through the cGAS/STING pathway, which leads to activation
of the inflammasome downstream of caspase-1 and activation of tran-
scription downstream of p-IRF3, resulting in the secretion of IL-1{3 and
CXCL10, respectively.

The monocyte response to cffDNA can activate bystander T cells to
secrete IFN-y and GzmB

Given that the fetal fraction composes only an average of 13% of
the total cell-free DNA pool in maternal circulation during preg-
nancy (26, 27), we hypothesized that the monocyte response to
cffDNA could activate bystander cells, which themselves have not
detected cffDNA, resulting in the amplification of proinflammatory
responses. To test this hypothesis broadly, we stimulated maternal
monocytes from one donor with cffDNA overnight and harvested
CM for coculture with same-donor (autologous) PBMCs. We then
analyzed cytokine concentrations in PBMC supernatants by multi-
plex. Our results demonstrated that the monocyte response to
cffDNA induces further inflammatory cytokine secretion from
PBMCs (Fig. 2A). Because the majority of these cytokines were
characteristic of a Thl, proinflammatory response (TNF-o,, MIP, IL-
1, IL-6), we repeated these experiments focusing on IFN-y and
GzmB, which are classically secreted during a Thl-predominant,
cytotoxic response. Interestingly, we observed that PBMCs treated
with cffDNA CM secrete significant I[FN-y (447.1 + 926.3 versus
10.58 £ 18.09 pg/ml; p = 0.0002) and GzmB (461.4 + 1345 versus
50.17 £ 121.7 pg/ml; p < 0.0001) compared with CM from
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collected at 36—-38 wk gestation were incubated with 750 ng/ml cffDNA isolated from maternal plasma samples collected at 36—38 wk gestation (“3rd trimes-
ter”), 6 wk postpartum (“Postpartum”), or from term CTB supernatants (“CTB”). After overnight incubation, IL-13 was measured in PBMC supernatants by
ELISA (n = 5-7 PBMC donors). Data are displayed as medians with IQRs. The p values were compared by Kruskal-Wallis test, with correction using false
discovery rate for multiple comparison testing and two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli. Significant comparisons (p =
0.05) are indicated by third trimester versus postpartum (#) and postpartum versus CTB (A). (B) Maternal PBMCs were stimulated overnight with 750 ng/ml
cffDNA isolated from term CTBs. After overnight incubation with Effectene alone (“Media”) or Effectene with cffDNA (“cffDNA”), IL-13, CXCL10, IL-
18, and TNF-« levels were measured in PBMC supernatants (n = 4—5 PBMC donors). Data were presented as medians and IQRs, and p values were calcu-
lated using Mann—Whitney U test with ***p < 0.0005 and ****p < 0.0001. (C) PBMCs from a healthy female donor were sorted into populations of B cells
(CD20™), NK cells (CD56™), monocytes (CD14™), and T cells (CD3"). Each cell type was stimulated with cffDNA overnight, and cytokine levels were
quantified in duplicate using multiplex analysis. (D) Maternal PBMCs isolated from blood collected at 36—38 wk gestation were used to isolate monocytes
(Mono) or monocyte-depleted PBMCs (PBMCs—Mono), then stimulated with cffDNA overnight. ELISA was used to measure IL-1 and CXCL10 concen-
trations in supernatants (n = 3-5 donors). Data are presented as medians and IQRs, and p values were calculated using Mann—Whitney tests: **p < 0.005,
##kkp < 0.0001. (E) Monocytes from three healthy female donors and one pregnant donor were incubated for 4 h with media (NT), Effectene reagent (E), or
Effectene reagent with cffDNA DNA (E+cffDNA). After incubation, cells were harvested and lysed for Western blot analysis of (Figure legend continues)
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trimester maternal monocytes were stimulated with cffDNA. After overnight stimulations, CM and cffDNA CM were harvested and added to maternal
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or Effectene and cffDNA (cffDNA CM). Levels of IFN-y and GzmB were measured in duplicate T cell supernatants after overnight incubation (n = 5
donors). Data are presented as median and IQR, with p values calculated by Mann—Whitney U test: ****p < 0.0001.

untreated monocytes (Fig. 2B). To further demonstrate that the Because T cells are a classic source of both IFN-y and GzmB secre-
PBMC response is specifically induced by the cytokines released tion, we repeated the monocyte CM experiments with T cells. Maternal
from cffDNA-activated monocytes, we used neutralizing Abs for monocytes were stimulated with cffDNA ovemight, and superatants
IL-1B and/or CXCL10 in the coculture experiments to block these were harvested for CM culture with same-donor CD3* T cells (both
cytokines in monocyte cffDNA CM. Blocking IL-B significantly CD4" and CD8™). We observed that T cells secrete significant amounts
reduced the secretion of IFN-y (819.5 + 393.3 versus 26.95 + of IFN=y (1195 + 1349 versus 4446 + 4.554 pg/ml; p < 0.0001) and
103.0 pg/ml; p < 0.0001) and GzmB (944.5 + 147.6 versus 53.83  GzmB (431.9 + 308.0 versus 9.061 + 3.786 pg/ml; p < 0.0001) after
+ 32.71 pg/ml; p < 0.0001) from PBMCs (Fig. 2C). Likewise, coculture with CM from monocytes stimulated with cfi[DNA (cfilDNA
treatment with the CXCL10 blocking Ab also decreased IFN-y CM), but they do not respond to CM from untreated monocytes (Fig.
(819.5 + 393.3 versus 336.9 + 388.9 pg/ml; p = 0.0615) and GzmB 2D). This suggests that the maternal monocyte response to cflDNA
(944.5 + 147.6 versus 82.76 + 58.13 pg/ml; p = 0.0039) secretion leads to proinflammatory cytokine release, which can further induce

from PBMCs, although this effect was not statistically significant for release of IFN-y and GzmB from matemal T cells, which have not
IFN-y. Lastly, treatment with both IL-13 and CXCL10 neutralizing interacted with cflDNA directly.

Abs together inhibited secretion of IFN-y (819.5 + 393.3 versus 38.90

+59.81 pg/ml; p < 0.0001) and GzmB (944.5 % 147.6 versus 88.31 + The cytokine response to cffDNA activates vascular endothelium
209.6 pg/ml; p = 0.0039) compared with no treatment with neutraliz- For cffDNA to induce infiltration of leukocytes into the uterus,
ing Abs (Fig. 2C). which would aid in cervical ripening at term, we hypothesized that

IRF3, p-IRF3, and GAPDH expression (n = 4 donors). (F) Densitometry analysis was performed using Azure software and normalized to GAPDH expression.
(G) Maternal monocytes were stimulated with either Effectene reagent alone or Effectene with cffDNA for 4 h. After incubation, cells (n = 3 donors, 4 replicates
each) and supernatants (» = same 3 donors, 8 replicates each) were harvested to measure levels of active caspase-1. Media alone containing no cells was used as
a blank. Data are represented as medians and IQRs, with p values calculated using Kruskal-Wallis tests. Significant comparisons (p = 0.05) are indicated by
Effectene (Media Blank) versus Monocytes+ Effectene+cffDNA () and Monocytes+ Effectene versus Monocytes+ Effectene +cffDNA (A).
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the cytokine response to cffDNA must activate the vascular endo-
thelium because this is the first step in the infiltration of any tissue
by immune cells. To test this hypothesis, we stimulated maternal
PBMCs with cffDNA overnight and harvested the supernatants
(CM) for coculture with HUVECs. After coculture with PBMC
CM, HUVECs were harvested and stained for expression of E-selec-
tin and ICAM-1. In response to supernatants from PBMCs stimu-
lated with cffDNA (cffDNA CM), HUVEC expression of ICAM-1
(195,183 + 221,232 versus 4096 + 8872 median fluorescence inten-
sity [MFI]; p < 0.0001) and E-selectin (2245 + 4700 versus 1622 +
1525 MFL; p = 0.0046) were significantly increased when com-
pared with HUVECs treated with CM from untreated PBMCs (Fig.
3A—-C). To determine whether activation of the endothelium by CM
from cffDNA-treated PBMCs is cytokine dependent, we repeated
these experiments with a neutralizing Ab to block TNF-a, a well-
known activator of vascular endothelium (28), which is increased
with cffDNA stimulation. Our results demonstrate that both E-selec-
tin (1916 + 2768 MFL, p 0.0593) and ICAM-1 (66,474 +
130,869 MFL; p = 0.0339) expression decreased after neutralizing
TNF-a in the PBMC supernatant, although the effect on E-selectin
was not statistically significant. This suggests that endothelial activa-
tion in response to cffDNA may be cytokine dependent.
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Because monocytes are necessary and sufficient for the secretion
of IL-1B and CXCL10, we next determined whether the monocyte
response alone could activate the endothelium. cffDNA may
play an important role in the clinically observed infiltration of
the maternal—fetal interface at term and during labor (29-33).
Therefore, we cultured HUVECs in CM from monocytes treated
with cffDNA and observed an increase in ICAM-1 expression
compared with HUVECs treated with CM from untreated mono-
cytes (67,079 £ 100,860 versus 5929 + 6344 MFI; p = 0.0005)
(Fig. 3D-F). E-selectin expression, however, did not change in
response to monocyte cffDNA CM (2005 + 401.4 versus 2028 +
1073 MFL; p = 0.7728). In addition to TNF-a, IL-1 family cyto-
kines are also known inducers of endothelial activation (28).
Therefore, to determine whether the increased ICAM-1 expression
observed in response to cffDNA CM is dependent on IL-13, we
used an IL-1B neutralizing Ab to block this effect in monocyte
CM. Although we observed a decrease in ICAM-1 expression in
HUVECs cocultured with monocyte cffDNA CM and IL-1B
blocking Ab, the decrease was not significant (31,717 + 67,832
MFL; p 0.0833). Our results demonstrate that the cytokine
response to cffDNA can induce endothelial activation through
upregulation of ICAM-1, which, along with secretion of the
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FIGURE 3. The cytokine response to cffDNA can induce endothelial activation. (A) Third trimester maternal PBMCs were stimulated overnight with
Effectene alone or Effectene with cffDNA. CM from stimulated PBMCs (either CM or cffDNA CM) were harvested for overnight incubation with HUVECs.
For designated wells, neutralizing Ab blocking TNF-a was added to supernatants from PBMCs treated with cffDNA CM. (B) Histograms from ICAM-1 and
E-selectin staining of HUVECs from one representative experiment in which 10,000 single cells were collected for analysis. (C) Representative images of
stained HUVECs with each treatment using ImageStream. (D) Third trimester maternal monocytes stimulated overnight with Effectene alone or Effectene
with cffDNA. Supernatants from stimulated monocytes (either CM or cffDNA CM) were harvested for overnight incubation with HUVECs. For designated
wells, neutralizing Ab blocking IL-1 was added to supernatants from monocytes treated with cffDNA CM. (E) Histograms from ICAM-1 and E-selectin
staining of HUVECs from one representative experiment in which 10,000 single cells were collected for analysis. (F) Representative cell images of stained
HUVECsS using ImageStream. For all experiments, 10,000 single cells were collected and analyzed per replicate from each experiment (n = 2—3 donors). (A)
and (D) represent median and IQR of the data. The p values were compared by Friedman test, with correction using false discovery rate for multiple compari-
son testing and two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli. Significant comparisons (p = 0.05) are indicated by CM versus
cffDNA CM (#), cffDNA CM versus TNF-a or IL-18 block (A), and CM versus TNF-a or IL-1B block (&b).
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FIGURE 4. The inflammatory response to cffDNA induces myometrial contraction in vitro. (A) Maternal PBMCs from 36 to 38 wk gestation were stimu-
lated overnight with Effectene reagent alone or Effectene reagent with cffDNA (n = 6). Supernatants (CM or cffDNA CM) were then added to PHM1-41
cells embedded in a collagen matrix, and contraction was measured after overnight incubation as the distance between the edge of the well and the colla-
gen—cell matrix. Representative wells are shown. (B) Third trimester maternal PBMCs were stimulated overnight with Effectene reagent alone or Effectene
reagent with cffDNA (n = 4 donors) as in (A). Resulting supernatants (CM or cffDNA CM) were then added to PHM1-41 cells embedded in a collagen
matrix with or without TNF-a neutralizing Abs for 18 h, and contraction was measured as the distance between the edge of the well and the collagen—cell
matrix. Representative wells are shown. (C) Maternal PBMCs (n = 3 donors) were stimulated with Effectene or Effectene+cffDNA overnight. PBMC super-
natants (CM and cffDNA CM) were harvested for coculture with PHM1-41 cells in a 24-well plate. Levels of PGE, were measured in PHM1-41 supernatants
after overnight incubation with cffDNA CM supernatants with or without TNF-a blocking Ab. The p values were calculated using Kruskal-Wallis test. Sig-
nificant comparisons (p = 0.05) are indicated by CM versus cffDNA CM (#) and cffDNA CM versus TNF-a block (A). (D) Maternal monocytes from blood
collected at 36-38 wk gestation were stimulated overnight with Effectene reagent alone or Effectene reagent with cffDNA (n = 6 donors). Resulting mono-
cyte supernatants (CM or cffDNA CM) were added to PHM1-41 cells embedded in a collagen matrix. Contraction was measured after overnight coculture of
CM with the PHM1-41 collagen matrix. (E) Maternal monocytes from 36-38 wk gestation were stimulated overnight with Effectene reagent alone or Effec-
tene reagent with cffDNA (n = 4 donors). CM or cffDNA CM were then added to PHM1-41 cells embedded in a collagen matrix with or without neutraliz-
ing Abs for IL-1B. For all data in this figure, the matrices were imaged and contraction was measured after overnight (18 h) incubation as the distance
between the edge of the well and the collagen—cell matrix. The p values were calculated using Mann—Whitney tests, ***p < 0.005, ****p < 0.0001; graphs
display median and IQR. (F) Maternal monocytes (n = 3 donors) were stimulated with Effectene or Effectene and cffDNA overnight. Monocyte supernatants
(CM or cffDNA CM) were harvested for overnight coculture with PHM1-41 cells with or without IL-1p blocking Abs in a 24-well plate. Levels of PGE,
were measured by ELISA. The p values were calculated using Kruskal-Wallis test. Significant comparisons (p = 0.05) are indicated by CM versus cffDNA
CM (#) and cffDNA CM versus IL-1B block (A).

chemokine CXCL10, could be hypothesized to promote infiltration
of leukocytes into the uterine compartment.

coculture) as a surrogate for contraction. Our results demonstrate that
cffDNA CM from PBMCs treated with Effectene + cffDNA, but not
PBMC:s treated with Effectene alone (CM), can induce contraction of

The cytokine response to cffDNA induces myometrial contraction PHMI41 cells (7.0 = 4.0 versus 1.0 + 1.0 mm; p < 0.0001) (Fig. 4A)

Previous studies have demonstrated how proinflammatory cytokines
can induce myometrial contractility (25, 34); thus, we hypothesized
that the PBMC and monocyte responses to cffDNA could induce
myometrial contraction in vitro. To test this hypothesis, we embedded
PHM1-41 myometrial cells in a collagen matrix that would allow us
to observe contraction as a size change in the collagen—cell matrix.
We then added CM from cffDNA-stimulated PBMCs or monocytes
(cffDNA CM) to the matrices and measured the distance between the
edge of the well and the collagen matrix (0 mm at the start of the

Likewise, superatants from monocytes treated with Effectene reagent
and cfiDNA (cfflDNA CM), but not Effectene reagent alone (CM), can
stimulate PHM1-41 contraction (6.5 + 4.0 versus 2.0 + 1.000 mm; p <
0.0001) (Fig. 4D).

To determine whether the increased contractility in response to
CM from cffDNA-stimulated PBMCs and monocytes is cytokine
dependent, we used neutralizing Abs to block TNF-a in PBMC
cffDNA CM and IL-13 in monocyte cffDNA CM. We observed a
significant decrease in myometrial contractility in response to
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PBMC (6.000 + 3.000 versus 2.000 + 2.000 mm; p = 0.0002) and
monocyte (6.000 £ 3.000 versus 3.000 = 2.000 mm; p = 0.0002)
cffDNA CM when TNF-a or IL-1B blocking Abs were added,
respectively (Fig. 4B, 4E). Together, our results demonstrate that
blocking these cytokines decreases myometrial contractility, suggest-
ing that cffDNA can induce cytokine-dependent contractions, which
is a key hallmark of parturition.

Lastly, to determine a possible mechanism by which supernatants
from PBMCs and monocytes stimulated with cffDNA could induce
myometrial contraction, we measured levels of PGE, in the supernatants
of PHM1-41 myometrial cells, because PGE, is a known uterotonic and
calcium ionophore (24). Our results demonstrate that PHM1-41 cells
treated with cffDNA-stimulated PBMCs (cffDNA CM) secrete PGE,
in a TNF-a—dependent manner (Fig. 4C) (709.5 + 1175 versus 1.867 +
1.724 pg/ml PGE,; p = 0.0058). In addition, PHM1-41 cells treated
with cffDNA-stimulated monocyte supernatants (cffDNA CM) secrete
PGE; in an IL-13—dependent manner (Fig. 4F) (490.9 + 468.1 versus
0.02879 + 0.02952 pg/ml PGE,; p = 0.0007). This suggests that the
inflammatory cytokine response to cffDNA may lead to myometrial
contraction through PGE,.

Discussion

Initiation of labor requires a physiologic response that results in cer-
vical ripening, membrane rupture, and phasic uterine contractions
(6). Although hormonal changes can prepare the myometrium and
cervix for labor, data suggest that inflammation plays a major role
in this process (9, 33, 35-38). In fact, labor is characterized by an
inflammatory infiltrate into the cervix, myometrium, and choriodeci-
dua (23, 29, 33, 39, 40). TNF-a, CXLC10, and IL-1f recruit leuko-
cytes to the maternal-fetal interface (23), and higher levels of
CXCL10 in the membrane rupture zone are associated with prema-
ture rupture of membranes (22). IL-13, IL-6, and IL-8 increase PG
and matrix metalloprotease expression, resulting in the weakening
of fetal membranes and ripening of the cervix (33, 41-46). Chorio-
decidual leukocytes at term also express significantly higher levels
of proinflammatory TNF-a and IL-1B (47). Although higher levels
of IL-1, IL-6, and TNF-a are observed in plasma samples from
laboring women and an inflammatory infiltrate in the uterine com-
partment can be observed in labor (33), the origin of this sterile
inflammation in normal pregnancy remains unclear. Several previ-
ous studies suggest that cffDNA may have a role in establishing
sterile inflammation that helps to activate the labor process. First,
the concentration of cffDNA is known to increase in maternal blood
as gestation progresses, peaking just before labor (1). In addition,
cffDNA levels have been found to be abnormally high in plasma
samples from women with pregnancy complications, including pre-
term labor (8, 48, 49). Furthermore, murine studies demonstrate sig-
nificant IL-6 secretion and fetal resorption in response to human
cffDNA injection in the uterine compartment (50). Yet, there is lim-
ited evidence on the inflammatory potential of cffDNA in humans
(5). We hypothesized that cffDNA could induce proinflammatory
cytokine secretion from maternal immune cells, which promotes
systemic maternal immune activation and physiologic changes asso-
ciated with labor onset.

We tested this hypothesis by using both cell-free DNA from third
trimester maternal plasma samples and cffDNA isolated from pri-
mary term CTBs to stimulate late third trimester maternal PBMCs
and monocytes. Our data demonstrate that maternal monocytes are
necessary and sufficient for the secretion of significant levels of IL-
1B and CXCL10 in response to cffDNA. These results conflict with
previous studies that suggest that cffDNA does not induce the secre-
tion of cytokines, including TNF-a and CXCL10 from maternal
PBMCs (51). This may be because of differences in the amount of
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cffDNA used and the method of PBMC stimulation. We hypothe-
size that there may be a critical threshold of cffDNA concentration
that must be reached before an appreciable inflammatory response is
induced. This threshold may be reached at term when placental
senescence results in trophoblast apoptosis and increased release of
cffDNA (4, 12, 52).

By measuring levels of p-IRF3 and activated caspase-1 in
cffDNA-stimulated monocytes, we observed that the cGAS/STING
pathway of dsDNA detection is most likely responsible for the IL-
1B and CXCL10 response to cffDNA. Our results agree with previ-
ous findings that demonstrate that the cGAS/STING pathway, not
AIM2, is responsible for activation of the NLRP3 inflammasome
and IL-1p3 secretion downstream of DNA detection in human mono-
cytes (15). Activation of STING by the second messenger cyclic
GMP-AMP results in both phosphorylation of IRF3 and lysosomal
disruption. Although p-IRF3 induces a type I IFN response leading
to CXCL10 secretion, lysosomal disruption induces potassium
efflux, which activates the NLRP3 inflammasome resulting in IL-13
secretion downstream of activated caspase-1. Thus, the cGAS/
STING pathway of NLRP3 activation has been proved to be respon-
sible for inflammasome activity and IL-1{ secretion in human mye-
loid cells, including monocytes (15). Although current hypotheses
suggest that TLR9 and STING may be involved in an inflammatory
response to cffDNA (5, 50), our results contrast with previous stud-
ies in mice that have demonstrated IL-6 secretion in response to
human cffDNA downstream of TLR9 signaling and NF-kB activa-
tion. This can best be explained by differences in PRR expression
between human and murine tissues. Specifically, murine monocytes
express high levels of TLR9, while expression of this PRR is
restricted to B cells, dendritic cells, and epithelial cells in humans
(53). Studies in humans demonstrate increased AIM2 expression in
women with preeclampsia compared with women with healthy preg-
nancies (54). Stimulation of HTR/SVneo cells and placenta villous
explants with poly(dA:dT) or DNA from necrotic JEG3 cells
increases proinflammatory release of soluble endoglin, sFlt-1,
CXCL10, IL-6, IL-8, and MCP-1, which can be partially attenuated
by knocking down AIM2 (54). Furthermore, Li et al. (54) demon-
strated a decrease in soluble endoglin, sFlt-1, and CXCL10 produc-
tion in IF116 knockdown HTR/SVneo trophoblast cells. IFI16 binds
cytoplasmic and nucleic viral dsDNA and interacts with STING to
induce a type I IFN response. In addition, IFI16 inhibits AIM2 and
independently activates the caspase-1 inflammasome to induce IL-
1B secretion (55). Thus, although our results demonstrate activation
of maternal innate immunity through the cGAS/STING pathway,
we cannot dismiss the possibility that trophoblasts may respond to
cffDNA through both AIM2 and STING, resulting in inflammation.

Although levels of cffDNA increase as gestation progresses, the
fetal fraction accounts for only up to 30% of total cell-free DNA in
maternal circulation by the third trimester (26, 27). Therefore, amplifi-
cation of the inflammatory response to cffDNA through activation of
bystander cells may be an important and necessary mechanism in gen-
erating robust inflammation and promoting changes in maternal
immunity observed at parturition (11). Thus, we aimed to determine
whether the monocyte cytokine response can activate bystander cells
that have not been exposed to cffDNA. Our data demonstrate that, in
response to the inflammatory cytokines produced by monocytes after
cffDNA detection, PBMCs secrete proinflammatory cytokines that are
characteristic of a Th1 cytotoxic phenotype (IFN-y and GmzB). Previ-
ous studies have demonstrated that CXCL10 recruits T cells to fetal
membranes during labor (22, 47, 56). Furthermore, increased concen-
trations of CTLs, which express perforin and GzmB, are found at the
maternal—fetal interface at term (57-59). Our data suggest that the
observed inflammatory response to cffDNA may recruit T cells to the
maternal—fetal interface through endothelial activation and CXCL10-
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driven chemotaxis, while inducing T cells to secrete [IFN-y and GzmB
once they enter the tissue. [FN-y from uterine NK cells is necessary
during implantation for spiral artery formation; however, increased
levels of IFN-y later in pregnancy can induce MHC class II expres-
sion, CTB death, and pregnancy loss in mouse and rabbit models (60,
61). Although we did not appreciate a cytokine response to cffDNA
by peripheral NK cells, we did observe a T cell response to superna-
tants from cffDNA-stimulated monocytes. Our results demonstrate
increased IFN-y and GzmB secretion from bystander T cells in
response to IL-1p3 and CXCL10 secreted by cffDNA-activated mono-
cytes. Although these cytokines are characteristic of a Thl response
and may contribute to the observed shift in maternal immunity toward
an inflammatory phenotype at the end of pregnancy, they may have
aberrant effects in conditions in which cffDNA is abnormally elevated.
Lastly, this observed bystander effect suggests that although cffDNA
may comprise only a fraction of the total cell-free DNA in maternal
circulation, the monocyte response to cffDNA detection can induce
cytokine secretion by other maternal leukocytes, thus perpetuating
inflammation.

Current studies demonstrate maternal immune cell infiltration,
specifically with macrophages, neutrophils, and T cells, into the
uterine compartment in laboring women (33). However, the
inflammatory source(s) that activates the endothelium and
recruits’ leukocytes to the tissue has not been identified. We
hypothesized that the cytokine response to cffDNA could induce
expression of endothelial markers necessary for leukocyte
recruitment. This hypothesis was supported by our finding that
detection of cffDNA by maternal PBMCs and monocytes results
in the secretion of TNF-a and IL-1pB, respectively. These cyto-
kines are well-characterized activators of vascular endothelium.
In response to TNF-a and IL-1 family cytokines, vascular endo-
thelial cells increase expression of E-selectin and ICAM-I,
which are necessary for leukocyte rolling and firm adhesion
along the endothelium (28). Because endothelial activation is a
necessary first step for the infiltration of any tissue with leuko-
cytes, we analyzed E-selectin and ICAM-1 expression on
HUVECs in response to cffDNA stimulation of maternal
PBMCs and monocytes to determine whether cffDNA may be
involved in promoting inflammation, which would recruit circu-
lating leukocytes to the uterus. We observed increased expres-
sion of ICAM-1 induced by the cytokine response to cffDNA
from both maternal PBMCs and monocytes. Previous studies
have demonstrated increased ICAM-1 expression in fetal mem-
branes after labor, which was induced by leukocytes (32) and in
the cervix and myometrium (62). Our data suggest that cffDNA
detected by leukocytes at the fetal-maternal interface may pro-
mote infiltration of uterine tissue by maternal immune cells, as
observed in these previous studies.

Given the established role of IL-13 and TNF-a in myometrial
contraction, we hypothesized that cffDNA may be further involved
in labor by promoting an inflammatory response that can induce
phasic uterine contractions. Previous studies have demonstrated the
effect of inflammation on myometrial contractility (25, 63). Specifi-
cally, IL-13 has been shown to promote contraction by increasing
calcium entry into smooth muscle and helping to generate a robust
contractile force (34). In addition, both TNF-a and IL-1p induce
synthesis and release of PGE, from the myometrium (42, 64, 65).
PGE, is a strong activator of contraction and is given clinically as
misoprostol to induce labor. Although a mechanistic role has been
established for myometrial contractility in response to TNF-a and
IL-1B (24, 34, 42, 63), a source of sterile inflammation that could
induce cytokine secretion in labor has not been identified. Our
data demonstrate that cffDNA induces an inflammatory response
characterized by IL-18 and TNF-a secretion, which can
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promote myometrial contraction in vitro. Furthermore, IL-1§3
and TNF-a secreted by cffDNA-stimulated monocytes or
PBMCs, respectively, can induce PGE, secretion from PHM1-
41 myometrial cells. The inflammation and increased contractil-
ity we observe in response to cffDNA may explain the role of
inflammatory cytokines in mediating preterm labor (63).

Our data are strengthened by the fact that we used primary human
blood and placental tissues from pregnant mothers to complete these
studies. In addition, we used autologous stimulations to measure
bystander effects to minimize allogenicity-mediated inflammation.
These studies warrant further investigation into the epigenetic modifi-
cations and structural differences unique to cffDNA to determine
why the fetal fraction is uniquely inflammatory. Previous studies
have demonstrated that fetal DNA is hypomethylated in comparison
with adult DNA, which would make it a suitable ligand for TLR9
(66). Because our data do not implicate TLRY in the response to
cffDNA, studies will be necessary to determine characteristics of
cffDNA that make it a possible stimulatory ligand of cGAS or AIM2
pathways. Factors such as the mitochondrial fraction of cffDNA and
whether cffDNA is enriched for telomeric or centromeric regions
may be relevant. Considering the increase in maternal serum levels
of DNases during pregnancy (67), a packaging medium such as
extracellular vesicles or syncytial knots, which could envelop and
protect cffDNA while mediating its entry into monocytes, must also
be characterized. Indeed, our experiments required packaging of
cftDNA using Effectene transfection reagent because the use of
cffDNA alone had no impact in cytokine release, suggesting vesicles
likely have an important role in cellular uptake and signaling. The
effect of cffDNA detection on the differentiation of monocytes into
macrophage subsets and the role of monocyte activation in the modu-
lation of T cell activity toward a Thl phenotype should also be fur-
ther characterized. Specifically, the secretion of IFN-y and GzmB
must be investigated to determine whether this is an Ag-independent
response mediated by monocyte-derived IL-1B and CXCL10 and
which T cell subset(s) is responsible. Given our observation that neu-
tralizing Abs targeting IL-3 and CXCL10 can diminish IFN-y and
GzmB secretion, yd T cells mediating an Ag-independent response
may well be implicated and are the focus of our ongoing work. We
were limited by access to primary uterine tissues and the decidual
immune compartment for our work; however, future studies could
use immune cells from uterine samples to model the nature of inflam-
mation at the maternal—fetal interface more relevantly than cell lines.
Specifically, uterine NK cells should be studied to determine whether
their proximity to the source of cffDNA and ability to secrete IFN-y
can contribute to a localized inflammatory response.

In conclusion, we observed that cffDNA induces a significant
proinflammatory response mediated by monocytes through the
c¢GAS/STING pathway, which can perpetuate inflammation by
inducing IFN-y and GzmB secretion from bystander T cells.
cffDNA may also have a role in labor by activating the endothe-
lium to promote cell trafficking to the uterine compartment and
by inducing myometrial contractility through PGE,. Further elu-
cidation into the role of cffDNA in parturition may lead to the
development of novel strategies to control the timing of labor
and delivery more effectively.
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