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Exosomal delivery of NF-B inhibitor delays  
LPS-induced preterm birth and modulates fetal  
immune cell profile in mouse models
Samantha Sheller-Miller1, Enkhtuya Radnaa1, Jae-Kwang Yoo2, Kyungsun Choi3, Youngeun Kim2, 
Yu Na Kim2, Eunsoo Kim2, Lauren Richardson1, Chulhee Choi2,3,4, Ramkumar Menon1*

Accumulation of immune cells and activation of the pro-inflammatory transcription factor NF-B in feto-maternal 
uterine tissues is a key feature of preterm birth (PTB) pathophysiology. Reduction of the fetal inflammatory 
response and NF-B activation are key strategies to minimize infection-associated PTB. Therefore, we engineered 
extracellular vesicles (exosomes) to contain an NF-B inhibitor, termed super-repressor (SR) IB. Treatment with 
SR exosomes (1 × 1010 per intraperitoneal injection) after lipopolysaccharide (LPS) challenge on gestation day 15 
(E15) prolonged gestation by over 24 hours (PTB ≤ E18.5) and reduced maternal inflammation (n ≥ 4). Furthermore, 
using a transgenic model in which fetal tissues express the red fluorescent protein tdTomato while maternal tissues 
do not, we report that LPS-induced PTB in mice is associated with influx of fetal innate immune cells, not maternal, 
into feto-maternal uterine tissues. SR packaged in exosomes provides a stable and specific intervention for reducing 
the inflammatory response associated with PTB.

INTRODUCTION
Pregnancy is delicately balanced by various endocrine, paracrine, and 
immune systems (1, 2). Disruption of balanced activities in various 
fetal and maternal intrauterine tissues primes them for parturition- 
associated changes (3, 4). Intrauterine inflammation resulting from 
interrupted uterine homeostasis is one of the biologic effectors 
of parturition.

Parturition is associated with inflammation characterized by in-
filtration and activation of immune cells in both fetal and maternal 
uterine tissues [uterus (5), cervix (5), decidua (6), and fetal mem-
branes (7)], along with an increase in pro-inflammatory cytokines 
and chemokines mediated by the pro-inflammatory transcription 
factor NF-B (nuclear factor B) and a decrease in anti-inflammatory 
cytokines and chemokines. Inflammation that mechanistically con-
tributes to parturition is expedited by both endocrine and paracrine 
mediators when fetal growth and maturation is complete (8, 9). Pre-
mature disruption of immune homeostasis and overwhelming in-
flammation, due to either infection or other noninfectious risk factors 
before 37 weeks, often results in spontaneous preterm birth (PTB) 
(10). PTB and preterm prelabor rupture of the fetal membranes 
(pPROMs) account for a large subset of all PTBs (11). The majority of 
spontaneous PTBs and pPROMs are associated with intra-amniotic 
infection that can override immune tolerance, causing a host inflam-
matory response (12).

Although leukocytes in fetal and maternal tissues have been 
studied for decades, their origin (fetal versus maternal) is still un-
clear (5, 13–15). Recent reports have introduced the fetal origin of 
immune cells based on their presence in the amniotic fluid in PTB 
with intra-amniotic infection (16, 17). The gaps in knowledge are 
primarily due to a lack of specific protein markers to consistently 

differentiate between fetal and maternal cells in vivo. A better under-
standing of the mechanistic contributions of fetal immune cells to 
parturition pathways in fetal and maternal tissues will help to develop 
rational therapy to minimize inflammation and reduce the incidence 
of PTB.

The fetal inflammatory response due to infection and histologic 
chorioamnionitis (HCA) (infiltration of polymorphonuclear leuko-
cytes to the fetal membranes) is a major determinant of neonatal 
mortality and morbidity, often associated with PTB. Multiple studies 
are now testing therapeutics that block inflammation by inhibiting the 
inflammatory transcription factor NF-B using cytokine-suppressive 
anti-inflammatory drugs (18, 19), cell-penetrating peptides and small 
molecule inhibitors (20, 21), nonspecific inhibitors of the canonical 
NF-B pathway (22, 23), and flavonoids (24). Very few of these studies 
have progressed to clinical trials, and none are clinically in use, 
partly due to key pharmacological issues, including their half-life, 
mode of delivery, placental permeability, effectiveness in reducing 
the fetal inflammatory response, and their teratogenicity.

This study was conducted to address the limitations of drug 
delivery and the effectiveness in delaying PTB, as well as to reduce 
fetal-specific inflammation. Recent developments in drug delivery 
approaches have introduced extracellular vesicles, specifically exo-
somes that are 50 to 200 nm in size, as potential carriers of specific 
cargo (drugs). We have recently reported that extracellular vesicles 
(referred in this article as exosomes of 50 to 150 nm) are capable of 
trafficking between fetal and maternal units and they are capable of 
causing functional changes using a transgenic mouse model in which 
all fetal cells and tissues (and exosomes) express membrane-targeted 
red fluorescent protein (RFP) tdTomato (mT), while maternal tissues 
do not (25).

Using an innovative approach called exosomes for protein load-
ing via optically reversible protein-protein interaction (EXPLOR), 
we have engineered exosomes that contain an inhibitor of NF-B, 
called super-repressor (SR) IB (26, 27). SR is a mutant form of IB 
that cannot be tagged for degradation by phosphorylation. Therefore, 
nuclear translocation of NF-B is inhibited, even in the presence of 

1Division of Maternal-Fetal Medicine and Perinatal Research, Department of Obstetrics 
and Gynecology, The University of Texas Medical Branch, Galveston, TX, USA. 2ILIAS 
Biologics, Incorporated, Daejeon 34014, Republic of Korea, South Korea. 3ILIAS 
Therapeutics, Inc., New York, NY, USA. 4Department of Bio and Brain Engineering, 
KAIST, Daejeon, Republic of Korea.
*Corresponding author. Email: ra2menon@utmb.edu

Copyright © 2021 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution 
NonCommercial 
License 4.0 (CC BY-NC).

 on M
arch 2, 2021

http://advances.sciencem
ag.org/

D
ow

nloaded from
 

http://advances.sciencemag.org/


Sheller-Miller et al., Sci. Adv. 2021; 7 : eabd3865     22 January 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 12

a pro-inflammatory stimulus, thus blocking the expression of specific 
NF-B–mediated genes (28). Using SR exosomes and the model 
developed to determine fetal-specific exosome trafficking, we tested 
the following objectives in this study: (i) to determine the efficacy of 
SR-loaded exosomes to delay infection-induced PTB in mouse 
models and (ii) to determine the effectiveness of SR in reducing the 
fetal and maternal inflammatory response (innate immune cell traf-
ficking and inflammatory cytokine production) (29). We report that 
exosomal delivery of SR delayed lipopolysaccharide (LPS)–induced 
PTB, and this was associated with a reduction in fetal innate cell 
migration and the inflammatory response in various fetal and 
maternal tissues.

RESULTS
Using EXPLOR technology, we bioengineered exosomes to carry the 
NF-B inhibitor SR IB and then tested their efficacy in a well- 
established model of LPS-induced PTB. After showing that SR can 
delay LPS-induced PTB, we determined fetal immune cell traffick-
ing in response to SR treatment in a transgenic mouse model. In the 
following results, we show that LPS increases the presence of fetal 
immune cells, while SR reduces fetal immune cells in specific fetal 
and maternal tissues.

SR is encoded in exosomes from HEK293T cells
Exosomes were engineered to contain the NF-B inhibitor SR using 
a technology called EXPLOR (26). Here, we introduce SR, a mutant 
form of IB that cannot be phosphorylated by IB kinases and 
suppresses the translocation of the NF-B complex to the nucleus, 
even in the presence of pro-inflammatory stimulation.

Exosomes carrying SR, as well as naïve exosomes [isolated from 
nontransfected human embryonic kidney (HEK) 293T cells], were 
characterized using transmission electron microscopy (TEM; Fig. 1A), 
where a characteristic cup-shaped morphology was found. In addition, 
exosome sizes and concentrations were determined using nano-
particle tracking analysis (NTA; Fig. 1B). SR and naïve exosomes were 

between 30 and 150 nm in size, supporting the TEM data. Western 
blots were performed to confirm packaging of SR in the exosomes 
(Fig. 1C), which was absent in naïve exosomes, as expected. Addi-
tional Western blots were performed to show the presence of exo-
some markers TSG101 and CD63, as well as the absence of the Golgi 
marker GM130 (Fig. 1C).

SR exosomes delay LPS-induced PTB
After establishing that exosomes carry SR, we tested the hypothesis 
that SR can delay LPS-induced preterm labor in mouse models. We 
tested this in a well-established CD-1 mouse model that consistently 
induces preterm labor within 12 to 14 hours (30). To test the effect 
of SR on delaying PTB, we injected either phosphate-buffered saline 
(PBS) or 100 g of LPS intraperitoneally into pregnant mice on E15. 
At specific time points (every 2 hours), mice were intraperitoneally 
injected with either PBS (LPS), naïve exosomes (LPS + naïve), or SR 
(LPS + SR, 1 × 1010 exosomes per injection) and monitored for 
preterm labor (Fig. 2A). The dose of exosomes was chosen based on 
studies using SR exosomes in sepsis models (27). Mice injected with 
PBS delivered at term (n = 4, 112.5 hours after LPS; Fig. 2B and table S1), 
as expected, whereas all LPS mice delivered preterm (n = 7, 11.5 ± 
0.929 hours after LPS injection, P < 0.0001 versus PBS). Naïve exo-
somes were used as controls for these experiments. Like LPS, all 
mice injected with LPS + naïve exosomes delivered preterm (n = 11, 
12.9 ± 1.06 hours after LPS injection, P < 0.0001 versus PBS, 
P = 0.066 versus LPS + SR). Injection of SR exosomes after LPS 
delayed preterm labor (n = 16, 36 ± 10.2 hours after LPS injection, 
P = 0.0005 versus PBS, P = 0.072 versus LPS) and led to term deliv-
eries in ~20% of LPS + SR–injected mice.

Once efficacy of SR was established, we performed mechanistic 
studies to determine fetal immune cell trafficking using a model in 
which C57BL/6J females were mated with mT homozygous males 
because this model carries the gene construct to examine fetal-specific 
cell trafficking (25). With this model, pregnant mice were injected 
with either PBS or 2.5 g of LPS intraperitoneally into pregnant mice 
on E15. At specific time points, mice were injected with either PBS 

Fig. 1. Characterization of engineered exosomes to contain the NF-B inhibitor SR using EXPLOR technology. (A) Morphological characterization of naïve and SR 
exosomes using TEM shows exosomes with classic cup-shaped morphology. (B) Representative graph of NTA demonstrating similar size distributions in diluted samples of 
naïve and SR exosomes to determine size and concentration of exosome preparations. (C) HEK293T cells stably express the SR IB, while naïve cells do not. Exosomes 
isolated from SR-producing cells express SR, mCherry, green fluorescence protein (GFP), as well as exosome markers TSG101 and CD63. Exosomes were negative for GM130.
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or SR (1 × 1010 exosomes per injection). As naïve exosomes did not 
show any efficacy, we did not include this group in these studies. 
Twenty-four hours after LPS injection, mice were euthanized, and 
tissues were collected. LPS reduced maternal weight (−2.9 ± 0.619 g; 
Fig. 2C) compared to PBS (0.12 ± 0.469 g, P = 0.0009). LPS + SR 
treatment (−1.25 ± 0.098 g) substantially increased the maternal 
weight compared to LPS alone (P = 0.078). While not significant, 
the average pup weight and viability (based on fetal morphology 
and weight) were also improved with SR injection compared to 
LPS-injected mice (Fig. 2, C and D).

SR exosome treatment reduces neutrophil infiltration 
and HCA
HCA is defined by the presence of polymorphonuclear leukocyte 
infiltration of the fetal membranes (31), and these cells are thought 
to be primarily of maternal origin (32). HCA is an indicator of 
inflammation, and it can determine pregnancy outcomes as well as 
indicate neonatal morbidities (33). Using fluorescence microscopy, 
we stained the mT-expressing fetal membranes from PBS (Fig. 2E), 
LPS (Fig. 2F), and LPS + SR (Fig. 2G) for neutrophils by the expres-
sion of mouse lymphocyte antigen 6 complex locus G6D (Ly6G). 

Fig. 2. SR exosomes delay LPS-induced preterm labor. (A) Experimental model for infection-induced preterm labor in CD-1 and C57BL/6J mouse models. (B) Survival 
curve comparing PBS (blue), LPS (red), LPS + naïve (gray), and LPS + SR (green) treatment groups. LPS and LPS + naïve injections caused PTB within 24 hours, while 
LPS + SR delayed PTB by an average of 24 hours, compared to controls. For all groups, n ≥ 4. (C) Maternal weight (left) and average pup weight (right) after LPS treatment 
were improved with SR treatment. For all groups, n ≥ 7. Data were analyzed using a one-way analysis of variance (ANOVA) with a Tukey’s post hoc test. (D) Images of pups 
from PBS, LPS, and LPS + SR at the time of collection on E16. (E to G) Fluorescence microscopy was used to colocalize mT− expressing cells with the neutrophil marker Ly6G 
(green membrane fluorescence) in the fetal membranes of (E) PBS-injected, (F) LPS-injected, and (G) LPS + SR–injected mice. Scale bars, 10 m. (H) Quantitation of colocalization 
for Ly6G+ neutrophils in the fetal membranes show significant increase of neutrophils in LPS-injected mice compared to PBS. Neutrophil infiltration was significantly re-
duced when treated with SR exosomes. For all groups, n ≥ 5. Data were analyzed using a one-way ANOVA with a Tukey’s post hoc test. Photo credit: Samantha Sheller-Miller,  
Talar Kechichian, and Phyllis Gamble, University of Texas Medical Branch at Galveston. 
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LPS-injected animals (0.282 ± 0.043) had increased ratios of Ly6G+ 
cells to total cells in the fetal membranes (Fig. 2H), compared 
to either PBS (0.119 ± 0.045, P = 0.008) or LPS + SR (0.100 ± 
0.032, P = 0.001).

Fetal macrophages are localized in maternal tissues
Although HCA was reduced by treatment with SR, the above exper-
iment did not indicate whether neutrophils that infiltrated to the 
fetal membranes were primarily of fetal or maternal origin. To test 
our hypothesis that fetal innate immune cells, along with maternal 
immune cells, can traffic to both fetal and maternal tissues, we used 
our established transgenic mouse model that differentiates between 
fetal and maternal cells (25). In this model, all fetal tissues and cells 
express the RFP called tdTomato (mT) (fig. S1A) (34). First, we con-
firmed the mating efficiency, and when homozygous males with mT 
expressing (mT+) genes were mated with wild-type (WT) females, 
all fetal tissues expressed mT (fig. S1, B and C) (25). To determine 
fetal innate immune cell trafficking to the maternal compartment, 
we collected uterus, cervix, and decidua (basalis) on E16 and colo-
calized mT+ expressing cells with F4/80, a murine macrophage marker. 
As shown in Fig. 3, using confocal microscopy, mT+ (red fluores-
cence) and F4/80+ (green fluorescence) macrophages were colocal-
ized in all maternal uterine tissues tested (Fig. 3, A to C).

Fetal cell trafficking is unaffected by LPS and  
SR treatment
Previous studies have shown that fetal cells can infiltrate maternal 
tissues during pregnancy (35). After establishing the model and de-
termining fetal immune cell trafficking to maternal tissues, we then 
determined the differential immune response by fetal and maternal 
innate immune cells in LPS-induced preterm labor. To identify dif-
ferences in fetal cell populations in maternal tissues (uterus, cervix, 
and decidua) and fetal tissues (placenta and fetal membranes), we 
digested samples to create a leukocyte-enriched single-cell suspen-

sion. Using flow cytometry, we first gated on viable cells and then 
identified mT+ and mT− expressing fetal and maternal cells, respec-
tively (fig. S2A). No difference in total fetal (mT+) cell infiltration 
(irrespective of type) was seen in any tissue (fig. S2, B to F) except 
the cervix, regardless of treatment. In the cervix, significant de-
crease in maternal cells was seen in LPS-injected mice (73.0 ± 4.97) 
compared to LPS + SR (88.5 ± 1.36, P = 0.048). In addition, 
total fetal cells were significantly decreased in LPS + SR–injected 
mice (11.50 ± 1.36, P = 0.049) compared to LPS-injected mice 
(27.0 ± 4.92).

Increase in fetal neutrophil infiltration in fetal tissues after 
LPS challenge is reduced with SR
To identify whether immune cells were fetal or maternal, after gat-
ing on viable cells, mT+ fetal cells were identified by red fluorescence, 
whereas maternal cells were negative (Fig. 4A). After identifying 
fetal and maternal cells, neutrophils (Ly6G+ cells) were identified 
and counted. In the placenta, compared to PBS, mice injected with 
LPS had significantly increased total (mT− and mT+, P = 0.03) and 
mT+ Ly6G+ cells (LPS, P = 0.006) (Fig. 4B). Similarly, compared to 
PBS, LPS + SR had significantly increased total (P = 0.050) and mT+ 
Ly6G+ cells (P = 0.018). In the fetal membranes, LPS-injected 
mice had significantly higher total (P = 0.0005) and mT+ Ly6G+ 
(P < 0.0001) cells than PBS. Compared to LPS, LPS + SR had signifi-
cantly lower total and mT+ Ly6G+ cells (all P < 0.0001), indicating 
that treatment with SR may reduce HCA (Fig. 4C). This supports 
the data shown in Fig. 2 (E to G). Maternal neutrophils remained 
unchanged, regardless of treatment, indicating that the neutrophil 
response to LPS challenge in the placenta and fetal membranes 
is predominantly a fetal, not maternal, response. Other than total 
neutrophils in the decidua increasing in LPS (P = 0.04) and LPS + SR 
(P = 0.04) compared to PBS, neutrophil numbers remained un-
changed in the uterus, decidua, and cervix, regardless of treatment 
(fig. S3, A to C).

Fig. 3. Fetal macrophages are localized in maternal tissues. (A to C) Mɸ marker F4/80 (green) was colocalized with mT (red), indicating fetal Mɸ in the maternal cervix 
(A), uterus (B), and decidua (C). Arrows in three-dimensional (3D) model of colocalization indicate fetal macrophages (mT+ F4/80+).
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The cytotoxic NK cell response to LPS challenge in fetal 
and maternal tissues is primarily fetal in origin and is 
reduced with SR treatment
Previous reports have shown that natural killer (NK) cells play a role 
in inflammation-induced preterm labor in mice through infiltration 
and activation at the feto-maternal interface (36). To test whether 
these infiltrated NK cells are fetal or maternal in origin, we deter-
mined fetal NK cells as mT+/NK1.1+ (also known as CD161b/CD161 
in mouse) cells. Furthermore, we determined maturity of NK cells 
by the presence of DX5, also known as CD49b or 2 integrin, very 
late antigen-2, which denotes the transition of NK cells to a mature 
phenotype and has been associated with an increased cytotoxicity 
(37). In the uterus and decidua, no changes were seen in the percent-
ages of NK1.1+ cell and NK1.1+/DX5+ NK cells (fig. S3, A and B), 
regardless of treatment or origin. However, in the cervix, compared to 
PBS, LPS significantly increased the percentage of total (P = 0.003), 
mT+/NK1.1+ (P = 0.011), and mT+/NK1.1+/DX5+ cells (P = 0.014; 

Fig. 4D). With SR treatment, compared to LPS, total NK1.1+ (P = 0.003), 
mT+/NK1.1+ (P = 0.032), total NK1.1+/DX5+ (P = 0.001), and mT+/
NK1.1+/DX5+ (P = 0.045) cells were significantly decreased (Fig. 4D). 
In the placenta, there was a significant increase in total NK1.1+ cells 
in PBS mice compared to LPS-injected mice (P = 0.002) and a near 
significant reduction in total NK1.1+ cells after SR treatment (P = 0.065; 
Fig. 4E). Total NK1.1+/DX5+ cells and mT+/NK1.1+/DX5+ cells in 
the placenta of LPS-injected mice were increased compared to PBS 
(all P < 0.0001). Treatment with SR reduced total NK1.1+/DX5+ 
(P = 0.009) and mT+/NK1.1+/DX5+ cells (P = 0.008; Fig. 4E); how-
ever, no changes were seen in maternal NK1.1+/DX5+ cells. In the 
fetal membranes, total NK1.1+ (P = 0.0003) and mT+/NK1.1+ (P = 0.008) 
cells, as well as total NK1.1+/DX5+ (P = 0.016) and mT+/NK1.1+/
DX5+ (P = 0.017) cells, were increased after LPS injection compared 
to PBS. Compared to LPS, total NK1.1+ (P < 0.0001) and mT+/NK1.1+ 
cells (P = 0.0004), as well as total NK1.1+/DX5+ (P = 0.008) and 
mT+/NK1.1+/DX5+ (P = 0.018) cells, were significantly reduced after 

Fig. 4. Flow cytometry analysis of fetal and maternal neutrophils and NK cells in fetal and maternal tissues. (A) Gating strategy used to identify maternal (mT−) and 
fetal (mT+) neutrophils using Ly6G, NK cells using NK1.1, and DX5+ NK cells using NK1.1 and DX5. (B) Neutrophils in the placenta. mT−/Ly6G+ cells in the placenta did not 
change, regardless of treatment. Total Ly6G+ and mT+/Ly6G+ specific neutrophils in the placenta were significantly increased in LPS-injected mice compared to PBS- and 
LPS + SR–injected mice. (C) Neutrophils in the fetal membranes. Total and mT+/Ly6G+ cells were significantly increased in LPS-injected mice compared to PBS- and 
LPS + SR–injected mice. mT−/Ly6G+ cells did not change, regardless of treatment. (D) NK1.1+ and NK1.1+/DX5+ cells in the cervix. Total NK1.1+, mT+/NK1.1+, and total 
NK1.1+/DX5 cells increased in LPS compared to PBS- and LPS + SR–injected mice. mT+/NK1.1+/DX5+ cells decreased in LPS + SR– compared to LPS-injected mice. No 
changes were seen in mT− cells, regardless of treatment. (E) NK1.1+ and NK1.1+/DX5+ cells in the placenta. Total NK1.1+, mT+/NK1.1+, total NK1.1+/DX5, and mT+/NK1.1+/
DX5+ cells increased in LPS compared to PBS- and LPS + SR–injected mice. No changes were seen in mT− cells, regardless of treatment. (F) NK1.1+ and NK1.1+/DX5+ cells 
in the fetal membranes. Total NK1.1+, mT+/NK1.1+, total NK1.1+/DX5, and mT+/NK1.1+/DX5+ cells increased in LPS compared to PBS- and LPS + SR–injected mice. No 
changes were seen in mT− cells, regardless of treatment. Blue, PBS; red, LPS; green, LPS + SR. For all groups, n ≥ 4. Data are shown as means ± SEM. P values were calculated 
using a two-way ANOVA with a Tukey correction for multiple analyses. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
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treatment with SR (Fig. 4F). These results indicate that the predomi-
nant NK cell response to LPS challenge is of fetal, not maternal, origin 
and this was reduced with SR in both fetal and maternal tissues.

Inflammatory macrophage (Mɸ) infiltration is reduced 
in the uterus with SR treatment
The role of macrophages in term and preterm labor has been widely 
investigated (5, 38); however, the phenotype and origin of the in-
vading Mɸ to the maternal-fetal interface before and during labor 
have not been determined (6, 38, 39). To better understand Mɸ or-
igin and phenotype, we defined our cell populations as mT−/F4/80+ 
and mT+/F4/80+ as maternal and fetal, respectively (fig. S4A). The 
phenotype was determined by the production of cytokines. M1 Mɸ, 
or classically activated Mɸ, was identified by the production of pro- 
inflammatory cytokines tumor necrosis factor– (TNF-) and 
interleukin-1 (IL-1), while M2 Mɸ, or alternatively activated Mɸ, 
was identified by the production of anti-inflammatory cytokines IL-4 
and IL-10 (fig. S4A). No changes in fetal or maternal macrophage 
number or phenotype were seen in the cervix (fig. S4C), placenta 
(fig. S4E), or fetal membranes (fig. S4F), regardless of treatment. 
However, in the uterus, total and mT−/F4/80+/IL-1+/TNF-+ (M1) 
Mɸ increased after LPS injection compared to PBS, which was re-
duced with SR injection (fig. S4B). This was also seen with total and 
mT−/F4/80+/IL-10+/IL-4+ (M2) Mɸ. No differences were seen in mT+ 
M1 and M2 Mɸ. In addition, a decrease in total F4/80+/IL-1+/
TNF-+ (M1) Mɸ was seen in the decidua of LPS- and LPS + SR–
injected mice compared to PBS-injected mice, and a decrease in mT−/
F4/80+/IL-1+/TNF-+ in LPS + SR–injected mice compared to 
PBS-injected mice was seen (fig. S4D). These results correlate with 
previous reports, where Mɸ numbers were also reported to decrease 
before the initiation of labor in mice (40–42). Total F4/80+/IL-10+/
IL-4+ Mɸ also decreased in LPS- and LPS + SR–injected mice com-
pared to PBS-injected mice, and mT−/F4/80+/IL-10+/IL-4+ Mɸ de-
creased in LPS-injected mice compared to PBS-injected mice (fig. S4D). 

No changes in mT+ M1 or M2 Mɸ numbers were seen, regardless of 
treatment or tissue, indicating that maternal macrophages, and not 
fetal macrophages, respond to LPS challenge in maternal tissues.

SR has little effect on fetal and maternal immune cells 
in nonuterine tissues
Previous studies have shown that fetal cells can migrate to maternal 
tissues outside the uterine compartment (35). Using our transgenic 
mouse model, we were also able to determine fetal cell trafficking to 
the liver, lung, and spleen of pregnant mice after LPS and LPS + SR 
treatment (fig. S5, A to C). While significant changes in fetal immune 
cell trafficking after LPS challenge were reduced with SR in maternal 
uterine tissues, the innate immune response in nonuterine tissues was 
predominantly of maternal origin and was unaffected by SR treat-
ment in the maternal liver, lung, and spleen. This was likely due to 
the low number of total fetal cell counts in these tissues, specifically 
the spleen, which had nearly undetectable levels of fetal cells.

LPS-induced systemic inflammation mediated via master tran-
scription activator NF-B has been reported to be an effector mech-
anism of PTB in mice (21, 43). Our results indicate that the innate 
immune response is primarily mediated by fetal-derived cells at the 
feto-maternal interface.

SR plasma concentration increases anti-inflammatory 
cytokines and decreases pro-inflammatory cytokines
Anti-inflammatory effects during pregnancy and parturition are often 
mediated by elevated IL-10 (44–47). Therefore, the concentration 
of the anti-inflammatory cytokine IL-10 was measured in maternal 
plasma samples on E15 at the time of LPS-induced preterm labor 
(Fig. 5A). Mice injected with PBS had nearly undetectable plasma 
levels of IL-10 (7.13 ± 1.24 pg/ml). Mice injected with LPS had in-
creased IL-10 compared to PBS-injected mice (380.81 ± 77.30 pg/ml; 
P = 0.022), which was also seen with naïve exosome-injected mice 
(316.44 ± 106.41 pg/ml; P = 0.0007). SR-injected mice had significantly 

Fig. 5. SR reduces inflammation in maternal plasma. (A) Plasma IL-10 concentrations were significantly increased in all treatments compared to PBS mice. SR injection 
significantly increased plasma IL-10 concentrations compared to LPS alone. (B) Plasma IL-6 concentration was significantly decreased in PBS- and LPS + SR–injected compared 
to LPS-injected mice. (C) The plasma IL-8 concentration was significantly decreased in PBS compared to LPS-injected mice. (D and E) Plasma TNF- and IL-1 concentrations, 
while not significant, were reduced in all treatments compared to LPS. Blue, PBS; red, LPS; gray, LPS + naïve; green, LPS + SR. For all groups, n ≥ 4. Data are shown as 
means ± SEM. P values were calculated using one-way ANOVA with a Tukey’s post hoc test. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
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higher plasma IL-10 levels (627.43 ± 43.17 pg/ml) compared to 
LPS-injected (P < 0.0001) and PBS-injected (P = 0.026) mice. Pro- 
inflammatory effects during parturition have been associated with 
increased IL-6, IL-8, TNF-, and IL-1 (10). While no changes were 
seen in TNF- and IL-1, regardless of treatment (Fig. 5, D and E), 
mice injected with LPS had significantly increased levels of IL-6 
(19,116.50 ± 11,436.5 pg/ml; P = 0.045; Fig. 5B) and nearly signifi-
cantly increased levels of IL-8 (>279,250 pg/ml; P = 0.052; Fig. 5C) 
compared to PBS-injected mice (18.64 ± 2.44 pg/ml and 148.79 ± 
52.88 pg/ml, respectively). LPS + SR had nearly significantly de-
creased IL-6 (712.68 ± 507.40 pg/ml) compared to LPS-injected mice 
(P = 0.053; Fig. 5B), indicating that SR may function to increase the 
anti-inflammatory response in maternal plasma.

DISCUSSION
We report the following: (i) PTB in CD-1 mice models can be de-
layed using NF-B inhibitory drugs packaged into exosomes. This 
delay is associated with a reduction in fetal immune cell trafficking 
in placenta, fetal membranes, and cervix (Fig. 6, A and B). (ii) Sus-
tained effects require repeated dosing of SR (every 2 hours); however, 
with our approach, we were able to delay PTB by an average of 
24 hours. (iii) Prolongation of gestation by SR was associated with 
improved pup viability and reduction in inflammation (decreased 
IL-6 and increased IL-10 in maternal plasma). (iv) Fetal innate im-
mune cell trafficking to maternal uterine tissues and LPS-induced 
PTB was dominated by fetal, not maternal, innate immune cells in 
fetal and maternal tissues. (v) The capacity of the fetal immune cells 

to respond and migrate to various fetal and maternal tissues indicates 
a functionally active fetal immune system in utero. (vi) Tropism of 
fetal innate immune cells to specific maternal uterine tissues after LPS 
challenge was tissue dependent.

PTB is a complex syndrome with multiple etiologies, wherein in-
fection and the host’s inflammatory response to infections are effectors 
of a major subset of PTBs (48). Although immune cell activation and 
migration are reported in fetal and maternal uterine tissues, specific 
contributions of the fetal innate immune cells in determining preg-
nancy outcomes remain elusive (49). PTB rates have not improved 
in the past few decades and suggest a gap in our understanding of 
the pathways, specifically fetal immune signaling associated with PTB, 
which is, in part, due to the inability to distinguish between fetal and 
maternal immune cells.

A delay in PTB with use of SR suggests that inhibition of the fetal 
innate immune response may affect the delivery of viable pups. We 
conclude that the fetal inflammatory response primes maternal uterine 
tissues to transition them to a parturition phenotype. This inflam-
matory response could be in response to a risk factor in PTB (e.g., 
infection), fetal tissue senescence, or signals of organ maturation ca-
pable of creating NF-B activation in the fetal membranes and placenta. 
While blocking the inflammation associated with such risk factors 
may delay PTB, not treating the underlying cause may also harm the 
fetus. Therefore, once efficacy of SR has been fully validated, future 
studies will include the use of antibiotics to address the underlying 
infection as well as reduce the inflammation in response to infection.

Defined as the persistence of fetal cells in maternal organs and 
circulation without any graft-versus-host reaction or rejection, fetal 

Fig. 6. LPS-induced immune cell infiltration seen in PTB in a mouse model is predominantly a fetal response and is reduced at the feto-maternal interface with 
SR exosome treatment. LPS: Comparison between LPS and PBS. Cervix: LPS-injected mice had increased total NK1.1+ and DX5+ NK cells and increased fetal NK1.1+ cells. 
Uterus: LPS-injected mice had increased total and maternal M1 and M2 Mɸ. Decidua: LPS-injected mice had increased total neutrophils and decreased total M1 and M2 
Mɸ, as well as decreased maternal M2 Mɸ. Placenta: LPS-injected mice had increased total neutrophils, NK cells, and DX5+ NK cells. In addition, fetal neutrophils, NK cells, 
and DX5+ NK cells were also increased in LPS-injected mice. Fetal membranes (FM): LPS-injected mice had increased total and fetal neutrophils, increased total and fetal 
NK cells, and increased total and fetal DX5+ NK cells. Arrows indicate increase or decrease in number of cells. *P = 0.07. Comparison between LPS and LPS + SR: Cervix: 
LPS + SR had decreased total and fetal NK cells and DX5+ NK cells. Uterus: LPS + SR had decreased total M1 and M2 Mɸ and decreased maternal M2 Mɸ. Decidua: No 
changes were seen in the decidua with SR treatment. Placenta: LPS + SR had decreased total DX5+ NK cells, as well as decreased fetal NK cells and DX5+ NK cells. Fetal 
membranes: LPS + SR–injected mice had decreased total and fetal neutrophils, decreased total and fetal NK cells, and decreased total and fetal DX5+ NK cells. Arrows 
indicate increase or decrease in number of cells. **P = 0.06.
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microchimerism and characteristics of fetal immune cells in the 
maternal compartment have been studied extensively in normal and 
preterm pregnancies (50). However, their functional role is still un-
known. The immune status is often determined after the incident 
(term or PTB in humans) and/or following animal sacrifice subsequent 
to specific experimental exposures. As real-time measurements of 
cell trafficking at the tissue level are not practical, the critical window 
during the change in immune status is often missed, especially in 
response to an infection. This is likely due to a lack of markers that 
are indicative of the fetal-specific immune response and the imprac-
ticality of longitudinal sampling of fetal biological samples during 
pregnancy. Thus, the fetal immune system has been an unrecognized 
critical aspect of maternal-fetal tolerance and the onset of uterine 
contractions.

Very few studies have attempted to evaluate the fetal versus 
maternal immune response under adverse pregnancy conditions. 
Studies by Gomez-Lopez et al. (17) used DNA fingerprinting and the 
Y-chromosome fluorescence in situ hybridization (FISH) to show 
that neutrophils in the amniotic fluid are from both the fetus and 
the mother and they can contribute to the inflammatory response 
associated with intra-amniotic infection. Gomez-Lopez et al. (17) 
highlighted the cause versus effect issue as fetal tissue samples were 
obtained after term or PTB, and as such, a critical window of immune 
status change is difficult to determine with post-delivery samples 
that may have been confounded with a multitude of labor-related 
factors, especially in response to an intra-amniotic infection. These 
findings support the HCA data presented in our article, indicating 
that fetal neutrophils are primarily responsible for the immune cell 
infiltration of the fetal membranes. Although we did not see a major 
shift in macrophage populations in our mouse models of PTB, 
Gomez-Lopez et al. (16) recently reported the predominance of fetal 
macrophages compared to maternal macrophages in the amniotic 
fluid of women with documented intra-amniotic infection and 
inflammation. A study by Filipovich et al. (51) used a genetic 
knockout of MyD88, one of the key components needed for NF-B 
activation, in an intrauterine-injected Escherichia coli–induced preterm 
labor mouse model. E. coli–induced PTB in the mouse was dependent 
on maternal and not fetal MyD88 expression, suggesting maternal, 
and not fetal, inflammatory contributions to PTB. Our study suggests 
that the fetus can signal readiness for delivery by an influx of immune 
cells to the maternal uterine compartments; however, maternal uterine 
tissues must generate an inflammatory response to transition a qui-
escent myometrium and cervix to a laboring phenotype in response to 
these fetal immune signals. It is likely that maternal MyD88 knock-
out blocked PTB in the Filipovich model due to the lack of localized 
maternal uterine inflammation by NF-B responder genes, such as 
inflammatory cytokines, cyclooxygenase-2 (COX-2), and matrix 
metalloproteinase 9 (MMP9). These gene activations are essential 
for myometrial contractility and cervical remodeling. A report by 
Kwon et al. (52) showed that placental inflammation is likely mediated 
through a Toll-like receptor (TLR)–MyD88–independent mechanism 
in response to LPS, which may negate the effect of a MyD88 knockout 
fetus. These data, therefore, create ambiguity with respect to MyD88- 
mediated fetal versus maternal effects. These differences can be 
attributed to multiple factors, including mouse strain, stimulant used, 
and timing. Other studies, such as those from M. Johnson’s group, 
showed that inflammation on the maternal side is not a requirement 
for labor but a consequence of labor, and J. Norman’s group showed 
that decidual neutrophil infiltration is not required for PTB (53). 

These reports further support our conclusion that the fetal inflam-
matory response primes a maternal quiescent system to transition 
to an active state, and maternal-specific immune activation is not 
necessary in these animal models (53).

Differences in animal models, the type of stimulant, and the defi-
nition of preterm and term birth should also be considered when 
interpreting these data. Regardless, the pattern emerging from all these 
reports suggests a significance of the fetal inflammatory response.

The currently used animal models cannot represent human term 
or preterm parturition. Injection of LPS or live bacteria, irrespective 
of route of administration, does not mimic infection/inflammation- 
associated PTB in humans. However, mouse models and other animal 
models have provided valuable information to help understand the 
mechanisms often seen in humans (specifically paracrine and immune 
functions) (25, 54). Although NF-B is widely studied as a mediator 
of pro-inflammatory responses, it is a ubiquitous molecule involved 
in multiple alternative pathways, including apoptosis and cell pro-
liferation (55). The mechanisms that lead to SR-mediated fetal in-
nate immune cell trafficking are currently unclear. This study was 
restricted to innate immune cells. The adaptive immune response, 
either independently or induced in response to innate cell infiltration 
or activation, is still a mechanism associated with labor at term and 
preterm. The model we developed can be used to test the effect of SR 
on adaptive immune cells in future experiments. Use of SR, its mechanistic 
role, its efficacy, and its role in minimizing the fetal inflammatory 
response will lead to future studies in nonhuman primate models and 
human trials to reduce inflammation-associated preterm labor.

In summary, we report that the host inflammatory response in 
response to an infectious stimulus is driven by fetal innate immune 
cells. We tested a drug that decreases NF-B activation and reduces 
the fetal inflammatory response by decreasing innate immune cell 
infiltration. Maternal administration of engineered exosomes con-
taining anti-inflammatory NF-B molecules reduced fetal inflamma-
tory response, fetal innate immune cell migration, HCA, and delayed 
preterm delivery in a mouse model of infection.

METHODS
EXPLOR technology to engineer exosomes to contain  
NF-B inhibitor SR
To produce exosomes carrying SR, HEK293T cells (American Type 
Culture Collection, Manassas, VA, USA, CRL-3216) were stably trans-
fected with constructs containing SR (Fig. 7). For this, HEK293T 
cells stably expressing CIBN-EGFP-CD9 and srIB-mcherry-CRY2 
were established as described previously (25–27). For a detailed 
explanation of this method, please see the work of Choi et al. (27). 
Briefly, under blue light illumination, exosomes containing SR were 
produced and then isolated using tangential flow filtration and size 
exclusion chromatography (SEC). HEK293T cells were maintained 
in Dulbecco’s modified Eagle’s medium (DMEM) (Welgene, Seoul, 
Korea) containing 10% fetal bovine serum (FBS) (Gibco, Gaithersburg, 
MD, USA) and 1% penicillin-streptomycin (Gibco). HEK293T cells 
were transfected with pCMV-CIBN-EGFP and pCMV-srIB- 
mCherry-CRY2 with the lipofectamine transfection reagent (Qiagen, 
Valencia, CA, USA), according to the manufacturer’s protocol. The 
cell population with high fluorescence intensity [green fluorescence 
protein (GFP) and mCherry] was measured, and then single-cell 
seeding on a 96-well plate was performed with a cell sorter (SH800 
Cell Sorter, Sony, Minato, Tokyo, Japan). The best clone was chosen 
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depending on the expression level of srIB-mcherry-CRY2. The cell 
culture supernatant from SR-producing cells, as well as cells grown 
under standard conditions (naïve), was harvested and centrifuged 
at 1000g for 15 min to remove cells and cell debris, and then passed 
through a 0.22-m polyethersulfone (PES) filter to remove any 
larger particles. The exosomes were isolated using molecular weight 
cutoff–based membrane filtration, and they were then purified by 
SEC chromatography.

Characterization of exosomes containing SR
TEM of exosomes to determine size and morphology
Exosomes from stable cell lines were imaged using TEM to deter-
mine the morphology, according to previous work, but with some 
modifications (27). Briefly, 5 l of exosomes suspended in PBS was 
loaded onto glow-discharged carbon-coated copper grids (Electron 
Microscopy Sciences, Hatfield, USA). The grid was blotted with filter 
paper and then stained with 2% uranyl acetate. Samples were dried 
for 20 s and then viewed with Tecnai G2 Retrofit (FEI, Hillsboro, OR).
NTA to determine exosome size and concentration
NTA was performed using ZetaView PMX 110 (Particle Metrix, 
Meerbusch, Germany) and its corresponding software (ZetaView 
8.02.28). Frozen exosomes in 1× PBS were thawed on ice. All samples 
were diluted between 1:100 and 1:10,000 in 0.2-m filtered PBS be-
tween 1:100 and 1:10,000. For each measurement, two cycles were 
performed by scanning 11 cell positions with the following settings: 
focus: autofocus; camera sensitivity for all samples: 78.0; shutter: 70; 
cell temperature: 25°C. The instrument was cleaned between sam-
ples using filtered water. The results of the ZetaView were used to 
calculate the number of exosomes used for in vivo studies.
Western blot for the analysis of SR in the exosomes
To analyze the expression of exosome proteins, equal concentrations 
of the exosomes were mixed with sample buffer and boiled for 5 min. 
Antibodies targeting the following proteins were used: mCherry 
(Abcam, Cambridge, UK, ab125096), GFP (Cell Signaling Technology, 
Danvers, MA, CST2555), TSG101 (Abcam, ab228013), CD63 (Santa 
Cruz Biotechnology, sc-15363), glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) (Santa Cruz Biotechnology, sc-47724), and GM130 
(Abcam, ab52649). Rabbit polyclonal anti-SRIB antibody was gen-
erated using recombinant SRIB peptide DRHDAGLDAMKDE 
and affinity chromatography (AbClon, Seoul, South Korea).

Animal care
All animal procedures were approved by the Institutional Animal 
Care and Use Committee (IACUC) at the University of Texas Medical 
Branch, Galveston. Mice were housed in a temperature- and humidity- 

controlled facility with 12:12-hour light and dark cycles. Regular chow 
and drinking solution were provided ad libitum. For preterm labor 
studies, we used timed pregnant CD-1 mice (stock 022, Charles River, 
Houston, TX). For immune cell trafficking studies, we used a trans-
genic C57BL/6J mouse with a plasma membrane–targeted, two-color, 
fluorescent Cre-reporter allele, where tandem dimer Tomato (mT) 
fluorescence is expressed in the cell membrane of all cells and tis-
sues (stock 007676, The Jackson Laboratory, Bar Harbor, ME). The 
RFP, mT, which is expressed in all cells and tissues, has increased 
brightness and photostability compared to other RFPs (34). Breed-
ing was performed in our facility, in which WT C57BL/6J females 
(stock 000664, The Jackson Laboratory), 8 to 12 weeks old, were 
mated with males that were homozygous for mT (25). Female mice 
were checked daily between 8:00 a.m. and 9:00 a.m. for the presence 
of a vaginal plug, indicating gestation day 0.5 (E0.5). Females posi-
tive for a plug were housed separately from the males. Their weight 
was monitored, and a gain of at least 1.75 g by E10.5 confirmed 
pregnancy (56). Before tissue collection, animals were sacrificed by 
CO2 inhalation according to the IACUC and the American Veterinary 
Medical Association guidelines.

LPS-induced preterm labor and SR exosome injections
On E15, equivalent to ~75% completed gestation in mice or ~28 weeks 
in humans, pregnant dams were intraperitoneally injected with one 
of the following: PBS or LPS {serotype 055:B5, Sigma-Aldrich, St. Louis, 
MO [100 g for CD-1 (57) mice and 2.5 g for WT mice (58)]}. Thirty 
minutes after injection, animals were intraperitoneally injected with 
either PBS, naïve exosomes, or SR exosomes (naïve and SR at 1 × 1010 
exosomes in 100 l). PBS/naïve/SR exosome injections were repeated 
every 2 hours for a total of five injections [Fig. 2A (CD-1) and 
Fig. 2B (WT)]. Animals were monitored for preterm delivery, which 
was defined as delivery of at least one pup on or before E18.5, using 
Wansview wireless cameras (Shenzhen, China). A subset of CD-1 
mice was euthanized at the time of LPS-induced preterm labor 
(12 hours after injection), and plasma was collected for cytokine 
analysis. A subset of WT mice was euthanized 24 hours after LPS 
injection (E16, ~80% completed gestation in mice or ~30 weeks 
in humans) to determine fetal and maternal immune cell profile 
changes in fetal and maternal tissues.

Luminex assay to determine cytokine concentration 
in maternal plasma
Plasma collected from mice on E15 (at time of LPS delivery) was 
assayed for IL-10, IL-6, IL-8, TNF-, and IL-1 (n = 3 per group) 
using MILLIPLEX Mouse Cytokine Panel 1 (Millipore), following 

Fig. 7. EXPLOR technology. (Top) Schematic of DNA constructs used to produce the SR IB–loaded exosome. (Bottom) Schematic showing fusion proteins and their 
proposed activities of light-dependent protein-protein interactions to create SR-containing exosomes.
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the manufacturer’s protocol. Standard curves were developed using 
duplicate samples of known-quantity recombinant proteins that were 
provided by the manufacturer. Sample concentrations were deter-
mined by relating the absorbance of the samples to the standard 
curve using linear regression analysis.

Immunofluorescent staining and colocalization of  
mT with macrophages and neutrophils in maternal and  
fetal tissues
For macrophage and neutrophil colocalization with mT, fresh tissue 
samples were washed in cold PBS and embedded in optimal cutting 
temperature (OCT) compound and stored at −80°C until use. OCT- 
embedded tissues were cut into 10-m sections and incubated at 55°C 
for 15 min before fixing with 4% paraformaldehyde for 15 min at 
room temperature. Slides were washed twice in 1× tris-buffered saline 
with 0.1% Tween 20 (TBST), and sections were incubated with block-
ing buffer (3% bovine serum albumin in TBST) for 1 hour at room 
temperature in a humidity chamber. The blocking buffer was removed 
and macrophages were labeled with Alexa Fluor 488–conjugated 
anti-F4/80 (Thermo Fisher Scientific, Hampton, NH, 50-167-58), 
while neutrophils were labeled with fluorescein isothiocyanate–
conjugated anti-Ly6G (BD Biosciences, La Jolla, CA, 551460) and 
fetal cells were labeled with anti-RFP conjugated to biotin (Abcam, 
ab34771) (all diluted 1:100 in the blocking buffer). After 1 hour of 
incubation at room temperature in a humidity chamber, sections 
were washed three times in TBST and incubated with phycoerythrin- 
conjugated streptavidin (BD Biosciences, 554061) for 1 hour at 
room temperature. After washing, sections were incubated with 
4′,6-diamidino-2-phenylindole (DAPI) for nuclear staining for 2 min 
at room temperature and washed twice in TBST and once in water. 
Slides were air-dried at room temperature for 10 min and mounted 
using Mowiol 4-88 mounting medium. Images were captured using 
a Keyence BZ-X800 microscope (Keyence, Osaka, Osaka Prefecture, 
Japan). To create three-dimensional reconstructions, images were 
captured using a confocal microscope (Zeiss LSM 880) with Airyscan 
(Oberkochen, Germany). Brightness, contrast, and smoothing were 
applied to the entire image using Fiji (open source). To determine 
the ratio of neutrophils to total cells, a total of five images per treat-
ment (PBS, LPS, and LPS + SR) and five regions of interest per im-
age were used. The number of neutrophils divided by the total cell 
number was used to determine the neutrophil to total cell ratio.

Immune cell isolation from murine fetal and  
maternal tissues
WT females were euthanized 24 hours after injection (E16), and 
maternal [liver, lung, spleen, uterus (myometrium), cervix, and 
decidua (basalis)] and fetal (placenta and fetal membranes) tissues 
were collected, cleaned to remove excess fat, and washed in cold 1× 
PBS. Isolation of immune cells from tissues was performed as previ-
ously described (59), but with modifications. Tissues were cut into 
small pieces using fine scissors, and they were enzymatically digested 
with Accutase (Corning, Corning, NY) for 35 min at 37°C with gentle 
rocking. After incubation, the tubes were immediately placed on ice 
and strained through a 70-m cell strainer. Tissues were washed 
twice with 10.0 ml of 1× PBS and centrifuged at 1250g for 10 min at 
4°C. Cell pellets were resuspended in 2.0 ml of red blood cell lysis 
buffer, incubated for 10 min at room temperature, and centrifuged 
at 1250g for 10 min at room temperature. Cell pellets were resus-
pended in 1.0 ml of serum-free DMEM/Nutrient Mixture F-12 

medium (DMEM/F12; Mediatech Inc.) and mixed gently. Cell sus-
pensions were gently overlaid on 500 l of neat FBS (Sigma-Aldrich) 
in polystyrene plastic tubes and centrifuged for 10 min at 1100g with-
out the brake at room temperature. The supernatant was carefully 
aspirated, and the pellet was resuspended in 1.0 ml of DMEM/F12 
supplemented with 10% FBS.

Immunophenotyping of fetal and maternal immune cells
Neutrophil and NK cells
To determine neutrophil and NK cell trafficking to fetal and maternal 
tissues, cells in DMEM/F12 with 10% FBS were centrifuged at 1250g 
for 10 min at 4°C. Cell pellets were incubated with the CD16/CD32 
antibody (BioLegend, San Diego, CA, 101302) for 10 min and incu-
bated with zombie viability dye (BioLegend, San Diego, CA) and 
specific fluorophore-conjugated anti-mouse antibodies (table S2) 
for 30 min at 4°C in the dark. Cells were centrifuged at 600g for 
10 min and run immediately on a CytoFLEX flow cytometer 
(Beckman Coulter, Brea, CA).
M1 and M2 macrophages
To determine the macrophage phenotype and the trafficking to fetal 
and maternal tissues, cells were stimulated with phorbol 12-myristate 
13-acetate (50 ng/ml) and ionomycin (750 ng/ml) in the presence of 
GolgiStop (BD Bioscience) in DMEM/F12 with 10% FBS and incu-
bated at 37°C in 5% CO2 for 3 hours (60, 61). After incubation, cells 
were collected and centrifuged at 2000g for 10 min and incubated 
with anti-CD16/CD32 and anti-F4/80, as described above. After 
centrifugation, cells were fixed and permeabilized, and then stained 
with intracellular antibodies (table S2) for 45 min at room tempera-
ture. Cells were centrifuged and run immediately on a CytoFLEX 
flow cytometer (Beckman Coulter).
Gating strategy for immunophenotyping of cells
Total leukocytes were identified using the forward scatter (cell size) 
and side scatter (cell granularity) parameters. After gating on viable 
cells, we identified fetal cells by mT expression and maternal cells 
that were mT null. We then identified neutrophils by expression of 
Ly6G and NK cells by NK1.1 expression. Mature NK cells were fur-
ther identified by expression of DX5, which has been shown to in-
dicate that cells have increased cytotoxicity (37). Macrophages were 
identified using macrophage marker F4/80 and further characterized 
as pro-inflammatory, or M1 macrophages, with IL-1+ and TNF-+ 
expression and anti-inflammatory, or M2 macrophages, with IL-10 
and IL-4 expression.

Statistical analysis
Statistical analyses were performed using Prism 7 (GraphPad, San 
Diego, CA). All data are shown for n ≥ 3 and displayed as means ± 
SEM. Survival curves were generated using Prism 7. For multiplex 
data and preterm labor studies, the statistical significance between 
groups was determined using a one-way analysis of variance (ANOVA) 
with a Tukey’s post hoc test. For immunophenotyping of flow 
cytometry data, the statistical significance was determined using a 
two-way ANOVA with a Tukey correction for multiple analysis. A 
P value of ≤0.05 was considered significant.

A post hoc power analysis was performed using G*Power (62) 
based on group means, SD, and effect size (f = 0.974 for Luminex 
analyses, 0.681 for maternal and fetal weight changes, 1.02 for PTB 
data, and 1.56 for flow cytometry data). This analysis revealed that 
the study had ≥80% power for the ANOVA to detect differences 
between groups at a 0.05 significance level.
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SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/4/eabd3865/DC1

View/request a protocol for this paper from Bio-protocol.
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