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ABBREVIATIONS 39 

APC: Antigen-presenting cell 40 

GFP: green fluorescent protein 41 

HLA: human leukocyte antigen 42 

IL: interleukin 43 

IFNγ: interferon gamma 44 

MHC-II: major histocompatibility complex class II 45 

NET: neutrophil extracellular trap 46 

NK cell: natural killer cell 47 

OVA: ovalbumin 48 

PP: postpartum 49 

ROS: reactive oxygen species 50 

STBM: syncytiotrophoblast-derived microparticles 51 

TGFβ: transforming growth factor beta 52 

TNF: tumor necrosis factor  53 
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ABSTRACT 54 

Pregnancy represents a period when the mother undergoes significant 55 

immunological changes to promote tolerance of the fetal semi-allograft. Such 56 

tolerance results from the exposure of the maternal immune system to fetal antigens, 57 

a process that has been widely investigated at the maternal-fetal interface and the 58 

adjacent draining lymph nodes. However, the peripheral mechanisms of maternal-59 

fetal crosstalk are poorly understood. Herein, we hypothesized that specific innate 60 

immune cells interact with fetal antigens in the maternal circulation. To test this 61 

hypothesis, we utilized a mouse model of transgenic male mice that express the 62 

chicken ovalbumin (OVA) antigen under the beta-actin promoter, which were 63 

allogeneically mated with wild type females to allow for the tracking of the fetal 64 

antigen. Fetal antigen-carrying Ly6G+ and F4/80+ cells were identified in the 65 

maternal circulation, where they were more abundant in the second half of 66 

pregnancy. Such innate immune cells displayed unique phenotypes: while Ly6G+ 67 

cells expressed high levels of MHC-II and CD80 together with low levels of pro-68 

inflammatory cytokines, F4/80+ cells upregulated the expression of CD86 as well as 69 

the anti-inflammatory cytokines IL-10 and TGFβ. In vitro studies using allogeneic 70 

GFP+ placental particles revealed that maternal peripheral Ly6G+ and F4/80+ cells 71 

phagocytose fetal antigens in mid and late murine pregnancy. Importantly, 72 

cytotrophoblast-derived particles were also in vitro engulfed by CD15+ and CD14+ 73 

cells from pregnant women, providing translational evidence that this process also 74 

occurs in humans. Collectively, this study demonstrates novel interactions between 75 

specific maternal circulating innate immune cells and fetal antigens, thereby 76 

shedding light on the systemic mechanisms of maternal-fetal crosstalk.   77 
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INTRODUCTION 78 

Pregnancy represents a period of significant immunological changes in the 79 

mother that allow her to tolerate the fetal semi-allograft [1-5]. Among these 80 

adaptations, the best-characterized are those that occur at the site of contact 81 

between the maternal and fetal tissues, i.e. the maternal-fetal interface [6]. In this 82 

compartment and the adjoining tissues (e.g. the uterine-draining lymph nodes) [7-83 

14], exposure of the maternal immune system to fetus-derived antigens initiates the 84 

establishment of tolerance [15-17] by promoting the induction of regulatory T cells 85 

(Tregs) [8, 18-27]. Other mechanisms of maternal-fetal tolerance may include 86 

effector T-cell exhaustion [28, 29] and the enrichment of the homeostatic immune 87 

microenvironment by innate immunoregulatory cells [30-37]. The placenta also 88 

contributes to local tolerance by expressing immunomodulatory non-classical MHC 89 

molecules (e.g. HLA-G) that inhibit NK cell responses [38-40] as well as inhibitory 90 

checkpoint ligands such as PD-L1 [41, 42]. Together, these and other [4, 43] cellular 91 

processes mediate the local mechanisms of maternal-fetal tolerance.  92 

An established hallmark of pregnancy is the transfer of fetal cells into the 93 

maternal circulation [44-46] (and vice versa [47-50]), a phenomenon termed fetal or 94 

maternal microchimerism, respectively. Fetal microchimerism is detected as early as 95 

seven weeks of gestation [46], and the abundance of such cells (as well as their 96 

genetic material) steadily increase throughout pregnancy [46]. Such a process not 97 

only participates in the mechanisms of maternal-fetal tolerance [51, 52] but can also 98 

have long-lasting effects, given that fetal or maternal cells are observed in the 99 

circulation of the mother and offspring, respectively, for decades after delivery [45, 100 

47]. In addition to fetal cells, the placenta can also release microparticles and 101 

exosomes into the maternal circulation, either due to apoptotic turnover or by active 102 
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secretion [53-63]. Specifically, placenta-derived particles serve as modulators of 103 

maternal systemic immune responses [54-56, 59, 60, 64-67] and, similar to fetal 104 

cells, their concentrations increase as gestation progresses [53, 56, 68]. However, 105 

the interactions between placenta-derived microparticles and maternal circulating 106 

immune cells have not been well explored. 107 

Previous studies have established that the phenotypes and functions of 108 

neutrophils and monocytes in the maternal circulation are highly impacted 109 

throughout pregnancy [69-71]. Neutrophils from pregnant women exhibit an 110 

enhanced state of activation as evidenced by the increased expression of cell 111 

surface markers (e.g. CD14 and CD64) [69, 70], higher basal intracellular reactive 112 

oxygen species (iROS) levels [69, 70, 72] and reactive oxygen metabolite release 113 

[73], and altered phagocytic activity [74-76] compared to those from non-pregnant 114 

women. Similarly, monocytes from pregnant women display increased cell surface 115 

marker expression (e.g. CD11b, CD18 and CD64) [69, 70, 77, 78], greater basal 116 

iROS production [69, 70], enhanced cytokine responses [56, 79], and perturbed 117 

phagocytic activity [75, 80] compared to those from non-pregnant women. Yet, 118 

whether such innate immune cells interact with fetal-derived antigens in the maternal 119 

circulation is unknown. 120 

The aim of this study was to investigate whether maternal circulating Ly6G+ 121 

cells (i.e. neutrophils) and F4/80+ cells (i.e. monocytes/macrophages) capture fetal 122 

antigens throughout gestation. Specifically, we utilized transgenic male mice that 123 

express the chicken ovalbumin (OVA) antigen under the beta-actin promoter, which 124 

were allogeneically mated with wild type females to allow for the tracking of the fetal 125 

antigen [9, 81-83]. First, we explored the localization of the fetal antigen in Ly6G+ 126 

and F4/80+ cells in the myometrium and periphery as well as their kinetics 127 



 

7 

 

 
This article is protected by copyright. All rights reserved. 
 

throughout pregnancy. Second, using flow cytometry, we characterized the 128 

phenotypes and cytokine profiles of fetal antigen-carrying Ly6G+ and F4/80+ cells 129 

and confirmed their maternal origin. Third, functional in vitro studies were utilized to 130 

investigate whether the fetal antigen can be phagocytosed by maternal peripheral 131 

Ly6G+ and F4/80+ cells during mid and late murine gestation. Lastly, to demonstrate 132 

the translational value of our findings in mice, we performed in vitro studies using 133 

maternal peripheral CD15+ cells (i.e. neutrophils) and CD14+ cells (i.e. monocytes) 134 

from second and third trimester pregnancies to explore whether cytotrophoblast-135 

derived particles can also be engulfed by such innate immune cells.  136 

  137 
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MATERIALS AND METHODS 138 

Mice  139 

C57BL/6-Tg(CAG-OVAL)916Jen/J (Act-mOVA II) (hereafter referred to as B6 140 

CAG-OVA) male, BALB/cByJ (BALB/c) female and male, C57BL/6  female and 141 

C57BL/6 male (hereafter referred to as B6 non-CAG-OVA), C57BL/6 Actb-Egfp 142 

(GFP+) male, and DBA/2 female mice were purchased from The Jackson Laboratory 143 

(Bar Harbor, ME), bred in the animal care facility at the C.S. Mott Center for Human 144 

Growth and Development, Wayne State University, Detroit, MI, and housed under a 145 

circadian cycle (light:dark = 12:12 h). Eight- to twelve-week-old females were 146 

examined daily between 8:00 and 9:00 am for the presence of a vaginal plug, which 147 

indicated 0.5 days post coitum (dpc). Upon observation of vaginal plugs, female mice 148 

were removed from mating cages and housed separately. Pregnancy at 4.5 dpc was 149 

confirmed ex vivo by using trypan blue to stain the implantation sites, followed by 150 

washing with 1X phosphate-buffered saline (PBS; Fisher Scientific Chemicals, Fair 151 

Lawn, NJ). Pregnancy at 10.5 dpc was confirmed by a weight gain of ≥ 2 g. 152 

Postpartum BALB/c females (PP; 48 - 60 h after delivery) were also included in this 153 

study. All experiments were approved by the Institutional Animal Care and Use 154 

Committee at Wayne State University (Protocol No. A 09-08-12, A 07-03-15, 18-03-155 

0584, and 21-04-3506). 156 

 157 

Human subjects and clinical specimens 158 

Human maternal peripheral blood samples were obtained at the Perinatology 159 

Research Branch, an intramural program of the Eunice Kennedy Shriver National 160 

Institute of Child Health and Human Development, National Institutes of Health, U.S. 161 

Department of Health and Human Services, Wayne State University (Detroit, MI), 162 
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and the Detroit Medical Center (Detroit, MI). The collection and use of human 163 

materials for research purposes were approved by the Institutional Review Boards of 164 

Wayne State University and the National Institute of Child Health and Human 165 

Development. All participating women provided written informed consent prior to 166 

sample collection. Samples were obtained from healthy women with normal 167 

pregnancies in the second or third trimester. 168 

 169 

Hematoxylin & eosin staining of fetal and myometrial tissues 170 

Fetuses and the surrounding myometrial tissues were collected from dams at 171 

10.5 dpc, 16.5 dpc, and 18.5 dpc and placed into Tissue Tek OCT freezing medium 172 

(Sakura Finetek USA, Inc., Torrance, CA) (n = 3 - 10 each). Sagittal cuts of 16 µm 173 

thickness were taken from each fetus. Slices were mounted on slides and fixed with 174 

4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) for 30 minutes 175 

(min) at 4°C. Slides were stained with hematoxylin (Thermo Fisher Scientific, 176 

Waltham, MA) for 1 min and 10 seconds (s), and immersed in clarifier for 5 s and 177 

blueing agent for 20 s, rinsing the slides with distilled water after each step. The 178 

slides were then stained with eosin (Thermo Fisher Scientific) for 45 s and 179 

dehydrated in a series of alcohol baths and xylene prior to applying coverslip. All 180 

hematoxylin & eosin (H&E) images were taken using the Vectra Polaris Multispectral 181 

Imaging System (PerkinElmer, Waltham, MA, USA) at 4x magnification. 182 

 183 

Confocal microscopy of fetal and myometrial tissues 184 

Fetuses and the surrounding myometrial tissues were collected from dams at 185 

10.5 dpc, 16.5 dpc, and 18.5 dpc and placed into Tissue Tek OCT freezing medium 186 

(n = 3 - 10 each). Sagittal cuts of 16 µm thickness were taken from each fetus. Slices 187 
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were mounted on slides and fixed with 4% paraformaldehyde (Electron Microscopy 188 

Sciences) in 1X phosphate buffered saline (PBS; Life Technologies, Grand Island, 189 

NY) for 30 min at 4°C. Slides were then rinsed with 1X PBS (Life Technologies, 190 

Grand Island, NY), permeabilized with 0.25% Triton X-100 (Promega Corporation, 191 

Madison, WI) for 5 min at room temperature (RT), rinsed again with 1X PBS and 192 

blocked with 5% bovine serum albumin (BSA; Sigma-Aldrich, St Louis, MO) diluted 193 

in 1X PBS for 30 min at RT. The primary OVA-FITC (Cat #: 200-4233-0101, 194 

Rockland Immunochemicals, Inc. Gilbertsville, PA, USA) antibody or rabbit IgG 195 

isotype control was added and the slides were incubated for 1 h at RT. The slides 196 

were washed with 1X PBS, CD11b-Alexa Fluor 594 antibody (Cat #: 101254, 197 

BioLegend, San Diego, CA) was added, and the slides were incubated for 30 min at 198 

RT. After washing, slides were mounted with ProLong Gold Mounting medium with 199 

4′,6-diamidino-2-phenylindole (DAPI) (Life Technologies). Immunofluorescence was 200 

visualized using a Zeiss LSM 780 laser scanning confocal microscope (Carl Zeiss 201 

Microscopy, Jena, Germany) at the Microscopy, Imaging, and Cytometry Resources 202 

Core of Wayne State University School of Medicine (https://micr.med.wayne.edu/). 203 

The 561 nm line of an "in-tune" tunable white laser was used to excite Alexa Fluor 204 

594, the 488 nm line of the tunable white laser to excite FITC, and the 405 nm diode 205 

laser to excite DAPI. 206 

 207 

Cell sorting  208 

Dams at 10.5 dpc and 18.5 dpc were euthanized and peripheral blood was 209 

obtained by cardiac puncture (n = 10 each). Peripheral leukocytes were incubated 210 

with the CD16/CD32 monoclonal antibody (mAb) (FcγIII/II receptor; BD Biosciences, 211 

San Jose, CA) followed by staining using CD11b-PECF594, Ly6G-APC-Cy7 and 212 

https://micr.med.wayne.edu/
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F4/80-PE mAbs (BD Biosciences), after which the cell suspensions underwent 213 

intracellular staining with either OVA-FITC antibody or rabbit IgG-FITC isotype 214 

control. Cells were resuspended in 500 μL of FACS buffer and sorted using a BD 215 

FACSAria cell sorter (BD Biosciences) and BD FACSDiva Software Version 6.1.3. 216 

The sorted CD11b+Ly6G+OVA+ or CD11b+F4/80+OVA+ cells were then 217 

resuspended with 200 μL of FACS buffer. Cytospin slides of sorted cells were 218 

prepared using Fisherbrand Superfrost microscope slides (Thermo Fisher Scientific) 219 

and a Shandon Cytospin 3 cytocentrifuge (Thermo Fisher Scientific) at 800 rpm for 5 220 

min. After centrifugation, all slides were washed with 1X PBS and the cells were 221 

fixed with 4% paraformaldehyde for 20 min. After fixation, the slides were washed 222 

with 1X PBS, dried, and mounted using ProLong Diamond Antifade Mountant with 223 

DAPI. Images were obtained with an Olympus BX60 fluorescence microscope at 40x 224 

magnification with digital zoom. 225 

 226 

Leukocyte isolation from the maternal peripheral blood and myometrium 227 

Identification of fetal antigen-carrying immune cells throughout pregnancy and 228 

postpartum  229 

 Dams mated with B6 CAG-OVA or non-CAG-OVA males were euthanized at 230 

4.5 dpc, 10.5 dpc, 16.5 dpc, 18.5 dpc, and in the postpartum period and peripheral 231 

blood was obtained by cardiac puncture. Non-pregnant females were also included 232 

as controls. Myometrial tissues from the implantation sites were collected (n = 2 – 14 233 

each), and images of the uterine horns were taken. Isolation of leukocytes from 234 

myometrial tissues was performed as previously described [84]. Briefly, tissues were 235 

minced using fine scissors and enzymatically digested with StemPro Cell 236 

Dissociation Reagent (Life Techologies) for 35 min at 37°C. Leukocyte suspensions 237 
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were filtered using a 100-μm cell strainer (Fisherbrand; Fisher Scientific, Fair Lawn, 238 

NY) and washed with FACS buffer [0.1% BSA and 0.05% sodium azide (Fisher 239 

Scientific Chemicals) in 1X PBS] immediately prior to immunophenotyping. 240 

  241 

Immunophenotyping of fetal antigen-carrying immune cells in mid and late 242 

pregnancy 243 

 Dams at 10.5 dpc (mid pregnancy) and 16.5 dpc (late pregnancy) were 244 

euthanized and peripheral blood was obtained by cardiac puncture (n = 9 – 12 each). 245 

Myometrial tissues from the implantation sites were collected (n = 9 – 11 each). 246 

Isolation of leukocytes from myometrial tissues was performed, as previously 247 

described [84]. Isolated leukocytes were utilized for immunophenotyping. 248 

 249 

Immunophenotyping of leukocytes in the maternal peripheral blood and 250 

myometrium 251 

Identification of fetal antigen-carrying immune cells throughout pregnancy and 252 

postpartum 253 

 Maternal peripheral blood (150 μL) and leukocyte suspensions from the 254 

myometrium were centrifuged at 1250 x g for 10 min at 4°C, and cell pellets were 255 

incubated with the CD16/CD32 mAb (FcγIII/II receptor; BD Biosciences) for 10 min, 256 

and subsequently incubated with specific fluorochrome-conjugated anti-mouse mAbs 257 

(Table S1) for 30 min at 4°C in the dark. After washing, the cells were fixed and 258 

permeabilized with the BD Cytofix/Cytoperm kit (BD Biosciences) prior to staining 259 

with intracellular Abs. For intracellular staining, OVA-FITC antibody or its isotype 260 

control (Table S1) were then added to the cells, which were then incubated for 30 261 

min at 4°C in the dark. Following staining, cells were acquired using the BD 262 
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LSRFortessa flow cytometer (BD Biosciences) and FACSDiva 8.0 software (BD 263 

Biosciences). Immunophenotyping included the identification of CD45+Ly6G+OVA+ 264 

(or CD45+Ly6G+OVA-) cells and CD45+F4/80+OVA+ (or CD45+F4/80+OVA-) cells 265 

in the myometrium and peripheral blood. Data were analyzed using FlowJo software 266 

v10 (FlowJo, Ashland, OR). 267 

 268 

Immunophenotyping of fetal antigen-carrying immune cells in mid and late 269 

pregnancy  270 

 Maternal peripheral blood (150 μL) and leukocyte suspensions from the 271 

myometrium were stained using the LIVE/DEAD Fixable Blue Dead Cell Stain Kit 272 

(Life Technologies) or Fixable Viability Stain 510 (BD Biosciences) prior to incubation 273 

with extracellular and intracellular mAbs, as described above. Immunophenotyping 274 

included the identification of surface markers (MHC-II, CD80, CD86, CD206, and 275 

CD62L) and cytokines (IFNγ, TNFα, IL-10, and TGFβ) expressed by viable 276 

CD11b+Ly6G+OVA- or CD11b+Ly6G+OVA+ cells and CD11b+F4/80+OVA- or 277 

CD11b+F4/80+OVA+ cells in the maternal peripheral blood at mid (10.5 dpc) and 278 

late (16.5 dpc) pregnancy. The expression of the same cell surface markers and 279 

cytokines were evaluated on viable CD11b+Ly6G+OVA+ cells and 280 

CD11b+F4/80+OVA+ cells in the myometrial tissues at mid (10.5 dpc) and late (16.5 281 

dpc) pregnancy. The expression of the MHC class I molecules H2Kb and H2Kd was 282 

evaluated on viable CD11b+Ly6G+OVA+ and CD11b+F4/80+OVA+ cells from the 283 

maternal peripheral blood (50 μL) at mid-gestation (10.5 dpc). Data were analyzed 284 

using FlowJo software v10. 285 

 286 

Phagocytosis assays 287 
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Generation of GFP+ placental particles 288 

 To obtain GFP+ placental particles, DBA/2 female mice were mated with 289 

GFP+ males and the placentas were collected at 17.5 dpc. After collection, the 290 

placentas were placed in a Petri dish with PBS and the expression of GFP was 291 

determined by ex vivo imaging with the IVIS Spectrum in vivo imaging system 292 

(PerkinElmer) [85]. An excitation filter of 465 nm and an emission filter of 520 nm 293 

were used to determine GFP expression. GFP+ placenta-derived particles were 294 

prepared using a mechanical tissue homogenizer. Whole cells and large cell 295 

fragments were removed by centrifugation at 1,000 x g for 5 min. Tissue 296 

homogenates from one placenta were divided into four aliquots, and GFP+ placenta-297 

derived particles were collected by centrifugation at 16,000 x g for 5 min. One aliquot 298 

of placenta-derived particles was opsonized with 50 μL autologous plasma for 30 299 

min at 37⁰C and used for phagocytosis assays. 300 

 301 

Phagocytosis of placenta-derived particles or E. coli by murine maternal peripheral 302 

Ly6G+ and F4/80+ cells 303 

 Whole blood samples were collected from pregnant C57BL/6 dams (mated 304 

with BALB/c males) at 10.5 or 16.5 dpc (n = 6 each). Whole maternal blood (50 μL) 305 

was then incubated with 10 μL of GFP+ placenta-derived particles or 10 μL of 306 

pHrodo™ Green E. coli BioParticles (Life Technologies) for 15 min at 37°C or on ice. 307 

After incubation, the cells were washed with FACS stain buffer (BD Biosciences) and 308 

centrifuged at 400 x g for 5 min. The cells were then incubated with anti-mouse 309 

CD11b Alexa Fluor594, anti-mouse F4/80 APC, and anti-mouse Ly6G APC-Cy7 310 

antibodies (Table S1) in FACS staining buffer (BD Biosciences) for 30 minutes at 311 

4°C in the dark. After incubation, erythrocytes were lysed using Ammonium-Chloride-312 
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Potassium (ACK) lysing buffer (Lonza, Walkersville, MD), and the resulting 313 

leukocytes were collected after centrifugation at 400 x g for 5 min. Finally, the cells 314 

were washed and resuspended in 500 μL of FACS staining buffer and acquired 315 

using the BD LSRFortessa flow cytometer and FACSDiva 9 software. The analysis 316 

and figures were performed using FlowJo software version 10. The percentage of 317 

active phagocytic cells was calculated as the percentage of phagocytic cells at 37°C 318 

minus the percentage of phagocytic cells on ice. 319 

 320 

Phagocytosis of cytotrophoblast-derived particles or E. coli by human maternal 321 

peripheral CD15+ and CD14+ cells 322 

 Human peripheral blood samples were collected from healthy pregnant 323 

women in the second or third trimester by venipuncture into collection tubes 324 

containing EDTA (n = 4 – 6 each). Peripheral blood mononuclear cells (PBMCs) and 325 

polymorphonuclear neutrophils (PMNs) were isolated using Polymorphprep™ (Alere 326 

Technologies, Oslo, Norway), following the manufacturer’s instructions. After 327 

gradient separation, PBMCs and PMNs were washed with 1X PBS (Life 328 

Technologies). Cells were resuspended in RPMI 1640 medium (Life Technologies) 329 

supplemented with 5% human serum (Sigma Aldrich) and 1% penicillin/streptomycin 330 

antibiotics (Life Technologies) at a concentration of 5 x 106 cells/mL. Swan71 human 331 

first-trimester cytotrophoblast cells [86] were maintained in Dulbecco’s modified 332 

Eagle’s medium (Life Technologies) supplemented with 10% fetal bovine serum (Life 333 

Technologies) and 1% penicillin/streptomycin antibiotics. Swan71 cells were 334 

collected and labeled using Vybrant® DiO cell-labeling solution (Life Technologies), 335 

and then 1 X 107 DiO-labelled Swan71 cells were homogenized using a mechanical 336 

tissue homogenizer. Whole cells and cell nuclei were removed by centrifugation at 337 
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2000 x g for 5 min, after which the labelled Swan71-derived particles were collected 338 

by centrifugation at 16,000 x g for 5 min. The Swan71-derived particles were 339 

opsonized with 100 μL human sera for 30 min at 37°C. Then, 5 X 105/100μL of 340 

combined PBMCs and PMNs were incubated with 20 μL of Swan71-derived particles 341 

or 20 μL of pHrodo™ Green E. coli BioParticles for 15 min at either 37°C or on ice. 342 

After incubation, the PBMCs and PMNs were washed and centrifuged at 300 x g for 343 

5 min followed by incubation with mouse anti-human CD15 BV650 (BD Biosciences) 344 

and mouse anti-human CD14 BUV395 (BD Biosciences) antibodies in FACS staining 345 

buffer for 30 minutes at 4°C in the dark. Finally, the cells were washed and 346 

resuspended in 500 μL of FACS staining buffer and acquired using the BD 347 

LSRFortessa flow cytometer and FACSDiva 9 software. The analysis and figures 348 

were performed using FlowJo software version 10. The percentage of active 349 

phagocytic cells was calculated as the percentage of phagocytic cells at 37°C minus 350 

the percentage of phagocytic cells on ice. 351 

 352 

Immunofluorescence and confocal microscopy of in vitro phagocytosis 353 

Murine CD11b+ leukocytes were isolated from whole blood using CD11b 354 

MicroBeads (Miltenyi Biotec, San Diego, CA).  Briefly, 300 μL mouse whole blood 355 

was lysed with ACK lysing buffer for 5 min on ice to remove erythrocytes. 356 

Leukocytes were collected by centrifugation at 400 x g for 5 min. CD11b+ cells were 357 

selected by isolation using CD11b MicroBeads, following the manufacturer’s 358 

instructions. CD11b+ cells were placed into eight-well Lab-Tek chamber slides 359 

(Themo Fisher Scientific) with RPMI 1640 medium (Life Technologies). Chamber 360 

slides were incubated for 15 min at 37⁰C. After incubation, 10 μL of GFP+ placental 361 

fragments or 10 μL pHrodo™ Green E. coli BioParticles were added to RPMI 1640 362 
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medium for 30 min at 37°C. Cells were then fixed with 4% paraformaldehyde and 363 

immediately used for immunofluorescence staining. Next, slides were blocked using 364 

Antibody Diluent/Block (PerkinElmer, Boston, MA) for 30 min at RT. Slides were then 365 

incubated with rat anti-mouse CD11b Alexa Fluor 594 followed by incubation with 366 

goat anti-rat IgG Alexa Fluor 594 (Table S1). Immunofluorescence signal was 367 

visualized using a Zeiss LSM 780 laser scanning confocal microscope as described 368 

above. Immunofluorescence signals for Alexa Fluor 647, Alexa Fluor 594, and green 369 

fluorescence were excited with a 633 nm HeNe laser, a 550 nm HeNe laser, and a 370 

488 nm line of multiline argon laser, respectively. The DAPI signal was excited with a 371 

405 nm diode laser. 372 

Maternal PBMCs and PMNs were seeded into a four-well Lab-Tek chamber 373 

slide with RPMI 1640 medium supplemented with 5% human serum and 1% 374 

penicillin/streptomycin antibiotics at a concentration of 5 x 106 cells/mL. Cells were 375 

incubated for 1 h at 37°C to allow for attachment to the chamber slide. Unattached 376 

cells were then removed, and new medium was added. Next, 20 μL of Swan71 377 

fragments or 20 μL of pHrodo™ Green E. coli BioParticles were added to RPMI 1640 378 

medium for 2 h at 37°C. After incubation, cells were then fixed with 4% 379 

paraformaldehyde and washed with 1X PBS. Next, slides were blocked using 380 

Antibody Diluent/Block (PerkinElmer, Boston, MA) for 30 min at RT. Slides were then 381 

incubated with mouse anti-human CD14 (BD Biosciences) at RT for 1 h. Following 382 

incubation, slides were washed with PBST [1X PBS containing 0.1% Tween 20 383 

(Sigma-Aldrich)] and goat anti-mouse IgG Alexa Fluor 594 (BD Biosciences) was 384 

added and incubated for 30 min at RT. Next, slides were incubated with mouse anti-385 

human CD15 Alexa Fluor 647 (BD Biosciences) for another hour at RT. Finally, 386 

slides were washed and mounted with Prolong Gold Antifade Mountant with DAPI. 387 
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Immunofluorescence signals were visualized using a Zeiss LSM 780 laser scanning 388 

confocal microscope as described above. 389 

 390 

Statistics 391 

Statistical analyses were performed using SPSS v19.0 (IBM Corporation, 392 

Armonk, NY) or GraphPad Prism version 8.0.1 for Windows (GraphPad Software, 393 

San Diego, CA). The Shapiro-Wilk test was performed to determine the normality of 394 

the data. For the proportions of immune cells carrying the fetal antigen throughout 395 

pregnancy, the Shapiro-Wilk normality test was applied, after which the statistical 396 

significance between groups was determined using the Kruskal-Wallis test followed 397 

by Dunn’s post-hoc test. The statistical significance between groups for the 398 

immunophenotyping at 10.5 dpc and 16.5 dpc as well as the human and murine 399 

phagocytosis experiments was determined using Mann–Whitney U-tests. A p value ≤ 400 

0.05 was considered statistically significant. 401 

 402 

Online Supplemental Material 403 

Table S1. List of antibodies used for immunophenotyping and microscopy 404 

 405 

Fig. S1. Isotype staining control for the localization of Ly6G+ and F4/80+ cells 406 

in the myometrial tissues in the second half of pregnancy 407 

 408 

Fig. S2. Ly6G+ and F4/80+ cells in the myometrial tissues in the second half of 409 

pregnancy (OVA antibody staining control) 410 

 411 
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Fig. S3. Expression of OVA in maternal circulating T cells and proportions of 412 

Ly6G+ and F4/80+ cells in the myometrial tissues and maternal circulation 413 

from non-pregnant, pregnant, and post-partum dams 414 

 415 

Fig. S4. Immunophenotyping of fetal antigen-carrying Ly6G+ and F4/80+ cells 416 

in the myometrial tissues during mid and late gestation 417 

 418 

Fig. S5. Phagocytosis of Escherichia coli by murine maternal Ly6G+ or F4/80+ 419 

cells and human maternal CD15+ or CD14+ cells in the second and third 420 

trimester of pregnancy  421 
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RESULTS  422 

Localization of the fetal antigen to Ly6G+ and F4/80+ cells in the myometrium 423 

and maternal circulation throughout pregnancy 424 

 Fetal antigens are released into the maternal circulation [44-46], a fraction of 425 

which are localized in the reproductive tissues [87, 88]. However, whether such 426 

antigens are found in tissue-resident innate immune cells is unknown. Herein, we 427 

first investigated the presence of the fetal antigen in Ly6G+ and F4/80+ cells residing 428 

in the myometrium surrounding the embryo using a model of B6 CAG-OVA males 429 

mated with wild type BALB/c females (Fig. 1A). The myometrial tissues surrounding 430 

the fetus and placenta were collected at 10.5 days post coitum (dpc), 16.5 dpc, or 431 

18.5 dpc (Fig. 1A). H&E staining provided an anatomical overview to serve as a 432 

reference for subsequent immunofluorescence staining (Fig. 1A). Given that CD11b 433 

(a cell surface marker for cells of myeloid origin) is expressed by both monocytes 434 

and granulocytes [89-93], we evaluated the intracellular expression of the OVA 435 

protein inside CD11b+ cells in the myometrial tissues from 10.5 dpc, 16.5 dpc, and 436 

18.5 dpc. Confocal microscopy revealed localization of the OVA protein inside of 437 

myeloid cells in the myometrium, suggesting that local innate immune cells carry the 438 

fetal antigen (Fig. 1A). Isotype staining confirmed that the visualization of the OVA 439 

protein within such cells was not due to non-specific staining (Fig. S1). To further 440 

demonstrate the specificity of the observed OVA signal in myometrial CD11b+ cells, 441 

we similarly evaluated the intracellular expression of the OVA protein in dams mated 442 

with B6 non-CAG-OVA males (Fig. S2). A positive OVA signal was not observed in 443 

myometrial CD11b+ cells from dams mated with B6 non-CAG-OVA males when 444 

using the anti-OVA antibody (Fig. S1A ) or isotype control (Fig. S2B).  445 
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Next, we explored whether fetal antigen-carrying cells could be detected and 446 

visualized in the maternal circulation during mid-pregnancy (10.5 dpc). Ly6G+OVA+ 447 

and F4/80+OVA+ cells were detected in the maternal circulation. Intracellular 448 

immunofluorescence staining was utilized to confirm the expression of OVA in sorted 449 

innate immune cells (Fig. 1B). These findings show that innate immune cells carrying 450 

the fetal antigen are present in the myometrium and can be detected in the maternal 451 

circulation. 452 

 453 

The local and systemic proportions of fetal antigen-carrying Ly6G+ and F4/80+ 454 

cells change throughout pregnancy 455 

 Given that the fetal antigen (OVA) was detected in Ly6G+ and F4/80+ cells in 456 

the myometrium and maternal circulation, we next investigated whether the 457 

proportions of these OVA+ cells changed throughout pregnancy. B6 CAG-OVA 458 

males were mated with wild type BALB/c (non-CAG-OVA) females, and the 459 

myometrial tissues and maternal peripheral blood were collected at 4.5 dpc (early 460 

pregnancy; Trypan blue staining was utilized to detect implantation sites), 10.5 dpc 461 

(mid pregnancy), 16.5 dpc (late pregnancy), and 18.5 dpc (term pregnancy) as well 462 

as postpartum (PP) (Fig. 2A). The populations of Ly6G+OVA+ and F4/80+OVA+ 463 

cells were determined in the myometrium and maternal circulation at each time point. 464 

The intracellular presence of OVA by CD4+ and CD8+ T cells was also examined, 465 

but these cells did not carry the fetal antigen in the maternal circulation (Fig. S3A).  466 

 The proportion of myometrial Ly6G+OVA+ cells drastically increased from 4.5 467 

dpc to 10.5 dpc and was largely maintained until term (18.5 dpc), subsequently 468 

declining in the PP period (Fig. 2B). The proportion of myometrial F4/80+OVA+ cells 469 

peaked at 10.5 dpc and showed a slower decline from this point to PP (Fig. 2C). In 470 
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the maternal circulation, a large proportion of Ly6G+OVA+ cells was observed at 471 

each time point, including PP (Fig. 2D). The proportion of peripheral Ly6G+OVA+ 472 

cells followed a similar trajectory to that in the myometrial tissues but with less 473 

variation, gradually increasing from 4.5 dpc to 10.5 dpc and then modestly declining 474 

in the PP period (Fig. 2D). In contrast, the proportion of F4/80+OVA+ cells in the 475 

maternal circulation was lower than that of Ly6G+OVA+ cells at each time point, yet 476 

followed an overall similar trend (Fig. 2E). To confirm the presence of OVA+ cells in 477 

the myometrium and maternal circulation, we repeated the above experiment using 478 

tissues obtained from dams mated with B6 non-CAG-OVA males (Fig. S3B). A 479 

positive OVA signal was not detected in Ly6G+ or F4/80+ cells in the myometrial 480 

tissues (Fig. S3C & D) nor in the peripheral blood (Fig. S3E & F). 481 

 Fetal cells are found in the maternal circulation during pregnancy and persist 482 

through the post-partum period; yet, these are rare [44, 45, 47]. Therefore, we 483 

confirmed the maternal origin of phagocytes carrying the OVA antigen in the 484 

myometrium and peripheral blood (Fig. 3A & B). Ly6G+OVA+ and F4/80+OVA+ cells 485 

in both the myometrium (Fig. 3C) and periphery (Fig. 3D) expressed H2Kd (maternal 486 

MHC-I haplotype) and lacked H2Kb (paternal MHC-I haplotype), indicating their 487 

maternal origin. 488 

Together, these results indicate that the proportions of fetal antigen-carrying 489 

Ly6G+ cells (neutrophils) and F4/80+ cells (monocytes/macrophages) in the 490 

maternal circulation and myometrium are highest during the second half of 491 

pregnancy and decline after delivery. Hereafter, we primarily focused on 492 

investigating the phenotypic and functional properties of such innate immune cells in 493 

the maternal circulation to further explore systemic maternal-fetal crosstalk, a poorly 494 

understood phenomenon. 495 
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 496 

Fetal antigen-carrying Ly6G+ and F4/80+ cells in the maternal circulation 497 

display unique phenotypes 498 

 We next characterized the phenotypes of Ly6G+OVA+ and F4/80+OVA+ cells 499 

in the maternal circulation during mid and late pregnancy to determine whether these 500 

cells were distinct from their OVA- counterparts. Maternal peripheral blood was 501 

collected at 10.5 dpc and 16.5 dpc from wild type BALB/c females mated with B6 502 

CAG-OVA males, and immunophenotyping of Ly6G+OVA+ or Ly6G+OVA- cells and 503 

F4/80+OVA+ or F4/80+OVA- cells was performed (Fig. 4A). We first examined the 504 

expression of major histocompatibility complex class II (MHC-II), an essential 505 

molecule for antigen presentation by antigen-presenting cells (APCs) [94], and found 506 

that the expression of MHC-II was significantly higher on Ly6G+OVA+ cells 507 

compared to Ly6G+OVA- cells in the maternal circulation at 10.5 dpc and tended to 508 

increase at 16.5 dpc (Fig. 4B). A similar trend was observed for the expression of 509 

MHC-II by F4/80+OVA+ cells, although this did not reach significance (Fig. 4C). We 510 

also investigated the expression of the co-stimulatory molecules CD80 and CD86 511 

[95] by OVA+ and OVA- innate immune cells. The expression of CD80 by 512 

Ly6G+OVA+ cells was elevated in the maternal circulation (peripheral blood) 513 

compared to Ly6G+OVA- cells at both 10.5 dpc and 16.5 dpc (Fig. 4D). However, 514 

the expression of CD80 by F4/80+OVA+ cells was similar to that of F4/80+OVA- 515 

cells (Fig. 4E). Although the expression of CD86 by Ly6G+OVA+ cells did not differ 516 

from that of Ly6G+OVA- cells (Fig. 4F), the expression of this co-stimulatory 517 

molecule was increased by F4/80+OVA+ cells compared to F4/80+OVA- cells at 518 

10.5 dpc and 16.5 dpc (Fig. 4G). No significant differences were observed in the 519 
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expression of the activation markers CD206 [96-99] and CD62L [100-103] by OVA+ 520 

and OVA- innate immune cells (Fig. 4H-K).  521 

We also performed immunophenotyping of myometrial Ly6G+OVA+ and 522 

F4/80+OVA+ cells to measure expression of the molecules that were determined in 523 

OVA+ innate immune cells in the maternal circulation (Fig. S4A). Comparative 524 

analysis between OVA+ and OVA- immune cells in the myometrial tissues was not 525 

possible since very few OVA- leukocytes were found in these tissues. Therefore, we 526 

report differences between 10.5 dpc and 16.5 dpc. We found that the phenotypes of 527 

OVA+ myometrial innate immune cells differed between 10.5 dpc and 16.5 dpc (Fig. 528 

S4B-K). 529 

Together, these data show that fetal antigen-carrying Ly6G+ cells (i.e. 530 

neutrophils) and F4/80+ cells (i.e. monocytes) display unique phenotypes in the 531 

maternal circulation.  532 

 533 

Fetal antigen-carrying Ly6G+OVA+ and F4/80+OVA+ cells display a 534 

homeostatic cytokine profile in the maternal circulation  535 

 Next, we investigated the expression of pro-inflammatory (IFNγ and TNFα) 536 

and anti-inflammatory (IL-10 and TGFβ) cytokines by Ly6G+OVA+ or Ly6G+OVA- 537 

cells and F4/80+OVA+ or F4/80+OVA- cells. Maternal peripheral blood was collected 538 

at 10.5 dpc or 16.5 dpc from wild type BALB/c females mated with B6 CAG-OVA 539 

males, and immunophenotyping of OVA+ and OVA- neutrophils and monocytes was 540 

performed (Fig. 5A). The expression of IFNγ by Ly6G+OVA+ cells was significantly 541 

decreased compared to that of Ly6G+OVA- cells at 10.5 dpc and 16.5 dpc (Fig. 5B). 542 

Similarly, the expression of TNFα by Ly6G+OVA+ cells was reduced compared to 543 

that of Ly6G+OVA- cells at 10.5 dpc and 16.5 dpc; yet, significance was only 544 
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reached at 10.5 dpc (Fig. 5C). No significant differences in the expression of IL-10 545 

and TGFβ were observed between Ly6G+OVA+ and Ly6G+OVA- cells (Fig. 5D & 546 

E). Although the expression of IFNγ and TNFα was similar between F4/80+OVA+ 547 

and F4/80+OVA- cells (Fig. 5F & G), the expression of IL-10 by F4/80+OVA+ cells 548 

was greater than that of F4/80+OVA- cells at 10.5 dpc and 16.5 dpc; yet, significance 549 

was only reached at 16.5 dpc (Fig. 5H). Interestingly, the expression of TGFβ by 550 

F4/80+OVA+ cells was greater than that of F4/80+OVA- cells at both 10.5 dpc and 551 

16.5 dpc (Fig. 5I).  552 

We also performed immunophenotyping of myometrial Ly6G+OVA+ and 553 

F4/80+OVA+ cells to measure expression of cytokines that were determined in 554 

OVA+ immune cells in the maternal circulation (Fig. S4A). We report that cytokine 555 

expression by OVA+ myometrial innate immune cells partially differed between 10.5 556 

dpc and 16.5 dpc (Fig. S4L-S). 557 

Collectively, these results suggest that fetal antigen-carrying Ly6G+ cells (i.e. 558 

neutrophils) and F4/80+ cells (i.e. monocytes) exhibit homeostatic functions in the 559 

maternal circulation by expressing low levels of pro-inflammatory cytokines or 560 

increased levels of anti-inflammatory cytokines, respectively. 561 

 562 

Maternal circulating Ly6G+ and F4/80+ cells phagocytose placenta-derived 563 

particles in murine pregnancy 564 

 Up to this point, our results suggest that maternal innate immune cells capture 565 

the fetal antigen present in the maternal circulation. Therefore, we next investigated 566 

whether particles derived from GFP+ placentas of allogeneic pregnancies were 567 

phagocytosed by maternal peripheral Ly6G+ cells and F4/80+ cells from wild type 568 

BALB/c dams mated with B6 CAG-OVA males (Fig. 6A). Flow cytometry was utilized 569 
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to determine the phagocytosis of GFP+ placental particles (Fig. 6B). Both maternal 570 

Ly6G+ and F4/80+ cells were capable of phagocytosing placenta-derived particles at 571 

10.5 dpc and 16.5 dpc (Fig. 6C & D). Consistent with the similar proportions of 572 

Ly6G+OVA+ and F4/80+OVA+ cells observed between 10.5 dpc and 16.5 dpc, the 573 

proportion of phagocytosis did not differ between these gestational time points for 574 

either cell type (Fig. 6C & D). As expected, Ly6G+ and F4/80+ cells phagocytosed E. 575 

coli efficiently, which served as a positive control for phagocytosis, and again no 576 

differences were observed between 10.5 dpc and 16.5 dpc (Fig. S5A-D). 577 

Immunofluorescence illustrated the uptake of placenta-derived particles by maternal 578 

peripheral myeloid cells (CD11b+ cells) (Fig. 6E). These data offer functional 579 

evidence that maternal circulating Ly6G+ cells (i.e. neutrophils) and F4/80+ cells (i.e. 580 

monocytes) can phagocytose placenta-derived particles during mid and late murine 581 

gestation. 582 

 583 

Maternal circulating CD15+ cells and CD14+ cells phagocytose 584 

cytotrophoblast-derived particles in human pregnancy 585 

 Lastly, to demonstrate the translational value of our findings in mice, we 586 

performed in vitro studies using maternal peripheral CD15+ (i.e. neutrophils) and 587 

CD14+ (i.e. monocytes) cells from second and third trimester pregnancies to explore 588 

whether cytotrophoblast-derived particles can also be engulfed by such innate 589 

immune cells (Fig. 7A). Particles were derived from Swan71 cytotrophoblast cells, 590 

which have been conventionally utilized for the generation of exosomes for research 591 

into maternal-fetal crosstalk [61, 104, 105]. Flow cytometry was utilized to determine 592 

the phagocytosis of DiO-labelled cytotrophoblast-derived particles (Fig. 7B). 593 

Consistent with our findings in mice, maternal CD15+ and CD14+ cells 594 
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phagocytosed cytotrophoblast-derived particles during the second and third trimester 595 

(Fig. 7C & D). Such phagocytic activity appeared to be greater in the third trimester 596 

compared to the second, but this increase did not reach statistical significance (Fig. 597 

7C & D). Immunofluorescence imaging further demonstrated the uptake of 598 

cytotrophoblast-derived particles by maternal phagocytes (Fig. 7E & F). As expected, 599 

maternal CD15+ neutrophils and CD14+ monocytes also efficiently phagocytosed E. 600 

coli (Fig. S5E-I). These findings provide translational value to our observations in 601 

mice by demonstrating that maternal CD15+ cells (neutrophils) and CD14+ cells 602 

(monocytes) are capable of capturing fetus-derived antigens in the maternal 603 

circulation during the second and third trimester.  604 
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DISCUSSION 605 

The immune mechanisms implicated in maternal-fetal crosstalk have been 606 

extensively investigated in the uterine decidua, given that this is the primary site of 607 

interaction between the mother and the developing fetus [1-3, 5]. Another 608 

established site of maternal-fetal interaction is the intervillous space, which has 609 

primarily been studied in the context of in utero transmission of pathogens [106-110] 610 

and trans-placental transfer of antibodies [111-115]. Fetal antigens can also be 611 

found in the maternal circulation [17, 44, 45, 116-119], where their concentrations 612 

increase as gestation progresses [46, 85, 120-124]; however, their fate is largely 613 

unknown. Herein, we provide evidence that fetal antigens can be encountered by 614 

neutrophils and monocytes in the maternal circulation.  615 

Neutrophils are the dominant immune cell type in the circulation and therefore 616 

play a central role in host responses in both humans and mice. Pregnant women 617 

display greater numbers of neutrophils in the circulation compared to non-pregnant 618 

women [125-128], a phenomenon that is also observed in mice [129, 130]. Yet, 619 

neutrophil numbers also vary throughout gestation [125]. A recent high-dimensional 620 

study confirmed the cellular dynamics of circulating neutrophils during normal 621 

gestation, and provided evidence of the responsiveness of these innate immune 622 

cells to a variety of stimuli [131]. Indeed, neutrophils from pregnant women possess 623 

a distinct phenotype from that of non-pregnant women, which is characterized by the 624 

enhanced expression of activation markers such as CD14 and CD64 [69, 70]. 625 

Importantly, neutrophil responsiveness towards chemotactic agents (i.e. evidence of 626 

leukocyte activation), including those derived from reproductive tissues, is increased 627 

as gestation progresses and may serve as a biomarker for pregnancy complications 628 

[71, 132-135]. Consistently, neutrophil effector functions such as ROS production 629 
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[69, 70, 72] and neutrophil extracellular trap (NET) formation [136] are boosted in 630 

pregnancy compared to the non-pregnant state. Regarding phagocytosis, one of the 631 

main functions of neutrophils, conflicting reports have suggested that this capability 632 

may be diminished or improved in pregnancy [74-76]. In the current study, we 633 

discovered that maternal neutrophils can phagocytose fetal antigens derived from 634 

the placenta throughout gestation. To our knowledge, this is the first demonstration 635 

that such a process occurs in the maternal circulation, providing evidence that 636 

neutrophils participate in systemic maternal-fetal crosstalk. 637 

Fetal antigen-carrying neutrophils displayed a unique phenotype 638 

characterized by the upregulation of MHC-II and CD80, suggesting that these 639 

maternal innate immune cells exhibit APC-like functions. Previous reports have 640 

shown that non-pregnant adult neutrophils are capable of antigen presentation due 641 

to their ability to phagocytose antigens and express APC markers such as MHC-II, 642 

CD80, and CD86 [137-139]. However, dendritic cells and monocytes are superior to 643 

neutrophils in their capacity for antigen presentation [140]. Our study also 644 

demonstrated decreased expression of the pro-inflammatory cytokines IFNγ and 645 

TNFα by fetal antigen-carrying neutrophils in the maternal circulation. These data 646 

imply that, during pregnancy, circulating neutrophils exhibit anti-inflammatory 647 

functions, a phenotype that has been termed “N2” [141-143]. These results are in 648 

tandem with a previous report showing that neutrophils can exhibit homeostatic 649 

functions during mid pregnancy [144]. Yet, additional research is required to explore 650 

the contribution of neutrophils to fetal antigen presentation and tolerogenic 651 

processes in the maternal circulation. 652 

Monocytes represent the primary subset of circulating mononuclear cells and 653 

carry out two essential functions: i) to act as sentinels in the blood vessels, and ii) to 654 
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transmigrate across the vessel endothelium to respond to tissue-derived signals or 655 

threats [145]. Several reports have indicated that, similar to neutrophils, circulating 656 

monocyte numbers increase throughout pregnancy [78, 126, 127, 146], although this 657 

is not consistently observed [77]. Peripheral monocytes display a gradually 658 

enhanced state of activation as gestation progresses [77, 147], indicated by elevated 659 

cytokine responses [56, 79] and phosphorylation of key signaling molecules (e.g. 660 

NF-κB) [147]. Moreover, pregnancy-derived circulating monocytes display 661 

upregulated expression of multiple activation markers such as CD11b, CD14, and 662 

CD64 [69, 70, 77, 78]. Indeed, we have recently reported that single-cell RNA 663 

sequencing-derived signatures from monocytes and macrophages are modulated in 664 

the maternal circulation throughout gestation, and such signatures are increased in 665 

women who underwent preterm labor and birth, providing a potential non-invasive 666 

biomarker for the pathological process of labor [148]. Consistent with studies of 667 

peripheral neutrophils, pregnancy has been separately reported to be associated 668 

with decreased or enhanced phagocytic function by circulating monocytes [75, 80]. 669 

Herein, we observed that peripheral monocytes are capable of engulfing placenta-670 

derived antigens, establishing a potential mechanism whereby these innate immune 671 

cells can participate in systemic maternal-fetal interactions. 672 

 Fetal antigen-carrying monocytes exhibited a homeostatic phenotype 673 

characterized by the upregulation of CD86 together with an increased expression of 674 

TGFβ and IL-10. These findings are consistent with previous reports showing that 675 

monocytes/macrophages exhibit immunoregulatory functions during pregnancy [30, 676 

149, 150]. Specifically, uterine macrophage populations display an alternatively 677 

activated phenotype and are involved in embryo implantation and placental 678 

development as well as in host defense [33-35, 151-154]. Yet, monocytes in the 679 
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maternal circulation are less characterized, and we are currently engaged in the 680 

investigation of their role during the second half of pregnancy. The systemic 681 

depletion of monocytes/macrophages induces preterm labor and birth, highlighting 682 

the homeostatic functions of these cells during pregnancy [155]. Consistently, the 683 

adoptive transfer of M2-polarized (i.e. homeostatic) macrophages prevents preterm 684 

birth in animal models of intra-amniotic inflammation [155-157]. Collectively, these 685 

data suggest that maternal peripheral monocytes display homeostatic functions 686 

during pregnancy, which include the uptake of fetal antigens released by the 687 

placenta. 688 

It is worth mentioning that fetal antigen-carrying neutrophils and monocytes 689 

were also detected in the postpartum period (i.e. 48 - 60 hours after delivery), and 690 

such cells may continue to decline as time progresses. Yet, the presence of these 691 

cells may contribute to immunological memory [25, 26, 158-160]. 692 

 A central question derived from our study concerns the events initiated in 693 

maternal neutrophils and monocytes upon fetal antigen uptake. One possibility is 694 

that maternal circulating innate immune cells phagocytose the fetal antigen for 695 

containment to prevent aberrant antigen-specific T-cell responses that could 696 

jeopardize pregnancy homeostasis. Another possibility is that maternal neutrophils 697 

and monocytes internalize the fetal antigen for processing and transport to the 698 

uterine draining lymph nodes to be presented by professional APCs, as has been 699 

previously proposed [145, 161-163], where indirect antigen presentation occurs [81]. 700 

A third possibility is that the fetal antigen is processed and presented by maternal 701 

neutrophils and monocytes to either circulating T cells or those in the lymphatic or 702 

decidual tissues. However, each of the above hypotheses require mechanistic 703 
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investigation to ascertain the fate of the fetal antigen in the maternal circulation and 704 

how this process contributes to the mechanisms of maternal-fetal tolerance.  705 

 The current study has some limitations. The sole use of the F4/80 marker 706 

does not allow us to distinguish between monocytes and macrophages; yet, it can be 707 

reasonably presumed that the majority of circulating maternal OVA+ cells represent 708 

monocytes, whereas those in the myometrium are primarily tissue-resident 709 

macrophages. In addition, the characterization of the placenta-derived particles used 710 

in the current study, as well as the mechanisms whereby these particles are 711 

engulfed by maternal phagocytes, warrants further investigation in future studies. 712 

Lastly, functional characterization of those maternal innate immune cells that are 713 

capable of engulfing fetal antigens is required. 714 

In summary, herein we provide evidence that specific maternal innate immune 715 

cells are capable of fetal antigen uptake and that such cells are most prevalent in the 716 

second half of murine pregnancy. These innate immune cells displayed unique 717 

phenotypes: while neutrophils expressed high levels of MHC-II and CD80 together 718 

with low levels of pro-inflammatory cytokines, monocytes upregulated the expression 719 

of CD86 as well as the anti-inflammatory cytokines IL-10 and TGFβ. Importantly, 720 

fetal antigen uptake was also displayed by neutrophils and monocytes from pregnant 721 

women, providing translational evidence that this process also occurs in humans. 722 

Collectively, these findings demonstrate novel interactions between specific maternal 723 

circulating innate immune cells and fetal antigens, thereby shedding light on the 724 

systemic mechanisms of maternal-fetal crosstalk.    725 
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 1313 

 1314 

FIGURE LEGENDS  1315 

 1316 

FIG. 1. Localization of the fetal antigen-carrying Ly6G+ and F4/80+ cells in the 1317 

myometrial tissues and maternal circulation in the second half of pregnancy. 1318 

(A) BALB/c females were mated with B6 CAG-OVA males, and the fetuses with 1319 

surrounding myometrial tissues were collected at 10.5 days post coitum (dpc), 16.5 1320 

dpc, or 18.5 dpc. Representative images of the fetuses and surrounding myometrial 1321 

tissues from 10.5 dpc, 16.5 dpc, and 18.5 dpc stained with hematoxylin & eosin 1322 

(H&E) (4x magnification), and confocal microscopy imaging of DAPI+CD11b+OVA+ 1323 
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cells (indicated by white arrows) in the myometrial tissues (100x magnification with 1324 

digital zoom) (n = 10 each). (B) Fluorescence-activated cell sorting (FACS) of 1325 

maternal circulating CD11b+Ly6G+OVA+ and CD11b+F4/80+OVA+ cells. 1326 

Representative fluorescence microscopy images of sorted Ly6G+OVA+ and 1327 

F4/80+OVA+ cells. Blue = 4′,6-diamidino-2-phenylindole (DAPI), red = CD11b, green 1328 

= OVA (40x magnification with digital zoom) (n = 10). 1329 

 1330 

FIG. 2. Proportions of fetal antigen-carrying Ly6G+ and F4/80+ cells in the 1331 

myometrial tissues and the maternal circulation throughout pregnancy. (A) 1332 

Representative images of the uterine horns from BALB/c females mated with B6 1333 

CAG-OVA males at 4.5 days post coitum (dpc), 10.5 dpc, 16.5 dpc, or 18.5 dpc and 1334 

postpartum (PP). (B & C) Representative gating strategies and proportions of (B) 1335 

CD45+Ly6G+OVA+ cells and (C) CD45+F4/80+OVA+ cells in the myometrial tissues 1336 

at 4.5 dpc, 10.5 dpc, 16.5. dpc, 18.5 dpc, and PP (n = 8 – 14 each). (D & E) 1337 

Representative gating strategies and proportions of (D) CD45+Ly6G+OVA+ cells 1338 



 

61 

 

 
This article is protected by copyright. All rights reserved. 
 

and (E) CD45+F4/80+OVA+ cells in the maternal circulation at 4.5 dpc, 10.5 dpc, 1339 

16.5. dpc, 18.5 dpc and PP (n = 8 – 14 each). Data are shown as box-and-whisker 1340 

plots where midlines indicate medians, boxes indicate interquartile ranges, and 1341 

whiskers indicate minimum and maximum ranges. The p-values were determined 1342 

using Kruskal-Wallis tests followed by correction for multiple comparisons (p ≤ 0.05). 1343 

Blue lines indicate changes in the trends for the proportions of Ly6G+OVA+ and 1344 

F4/80+OVA+ cells throughout pregnancy. 1345 

 1346 

FIG. 3. Identification of MHC class I (H2Kb or H2Kd) to determine the maternal 1347 

or fetal origin of Ly6G+OVA+ or F4/80+OVA+ cells in the maternal circulation 1348 

and myometrium. (A) Representation of haplotypes: BALB/c females display an 1349 

H2Kd haplotype and B6 CAG-OVA males display an H2Kb haplotype. (B) Positive 1350 

BALB/c controls showing H2Kd expression and B6 controls showing H2Kb 1351 

expression in the peripheral leukocytes. (C & D) Flow cytometry gating strategies 1352 

and plots showing the expression of H2Kd haplotype, and the absence of H2Kb, 1353 

confirming the maternal origin of Ly6G+OVA+ and F4/80+OVA+ cells (green 1354 



 

62 

 

 
This article is protected by copyright. All rights reserved. 
 

histograms; isotype control = grey histograms) in the myometrium and in the 1355 

maternal circulation (n = 4). 1356 

 1357 

FIG. 4. Immunophenotyping of fetal antigen-carrying Ly6G+ and F4/80+ cells in 1358 

the maternal circulation during mid and late gestation. (A) Flow cytometry gating 1359 

strategy used to determine the Ly6G+OVA- and F4/80+OVA- cells or Ly6G+OVA+ 1360 

and F4/80+OVA+ cells (green histogram = OVA; grey histogram = isotype) in the 1361 

maternal circulation. Proportions of CD11b+Ly6G+OVA- (grey histograms/dots; 1362 
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negative OVA expression) or CD11b+Ly6G+OVA+ (red histograms/dots; positive 1363 

OVA expression) cells and proportions of CD11b+F4/80+OVA- (grey 1364 

histograms/dots) or CD11b+F4/80+OVA+ (red histograms/dots) cells expressing (B 1365 

& C) MHC-II, (D & E) CD80, (F & G) CD86, (H & I) CD206, or (J & K) CD62L in the 1366 

maternal circulation at 10.5 days post coitum (dpc) and 16.5 dpc (n = 9 – 12 each). 1367 

Data are shown as box-and-whisker plots where midlines indicate medians, boxes 1368 

indicate interquartile ranges, and whiskers indicate minimum and maximum ranges. 1369 

The p-values were determined using Mann-Whitney U-tests. 1370 

 1371 
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FIG. 5. Cytokine expression by fetal antigen-carrying Ly6G+ and F4/80+ cells in 1372 

the maternal circulation during mid and late pregnancy. (A) Flow cytometry 1373 

gating strategy used to determine the Ly6G+OVA- and F4/80+OVA- cells or 1374 

Ly6G+OVA+ and F4/80+OVA+ cells (green histogram = OVA; grey histogram = 1375 

isotype) in the maternal circulation. Proportions of CD11b+Ly6G+OVA- (grey 1376 

histograms/dots; negative OVA expression) or CD11b+Ly6G+OVA+ (red 1377 

histograms/dots; positive OVA expression) cells and proportions of 1378 

CD11b+F4/80+OVA- (grey histograms/dots) or CD11b+F4/80+OVA+ (red 1379 

histograms/dots) cells expressing (B & F) IFNγ, (C & G) TNFα, (D & H) IL-10, or (E 1380 

& I) TGFβ in the maternal circulation at 10.5 days post coitum (dpc) and 16.5 dpc (n 1381 

= 9 – 12 each). Data are shown as box-and-whisker plots where midlines indicate 1382 

medians, boxes indicate interquartile ranges, and whiskers indicate minimum and 1383 

maximum ranges. The p-values were determined using Mann-Whitney U-tests. 1384 

 1385 

FIG. 6. Phagocytosis of placenta-derived particles by maternal Ly6G+ and 1386 

F4/80+ cells in mid and late murine gestation. (A) Maternal peripheral Ly6G+ 1387 

cells and F4/80+ cells were collected from wild type C57BL/6 dams mated with 1388 
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BALB/c males at 10.5 days post coitum (dpc) or 16.5 dpc and cultured with placenta-1389 

derived particles from a GFP+ allogeneically-mated dam (n = 6 each). The uptake of 1390 

placenta-derived particles by Ly6G+ and F4/80+ cells was evaluated by flow 1391 

cytometry. (B) Representative gating strategy showing the uptake of GFP+ placenta-1392 

derived particles by maternal peripheral Ly6G+ and F4/80+ cells. (C & D) 1393 

Proportions of active (C) Ly6G+ cells and (D) F4/80+ cells that phagocytosed GFP+ 1394 

placenta-derived particles at 10.5 dpc or 16.5 dpc. Data are shown as scatter dot 1395 

plots where bars indicate the mean and whiskers indicate the standard error of the 1396 

mean. P-values were determined using Mann-Whitney U-tests. (E) Representative 1397 

confocal microscopy images showing maternal peripheral myeloid cells (CD11b+ 1398 

cells) alone (top image) or after phagocytosing GFP+ placenta-derived particles 1399 

(bottom image). Blue indicates DAPI (nuclei), red indicates CD11b, and green 1400 

indicates placenta-derived particles. Scale bars represent 10 μm. 1401 

 1402 

FIG. 7. Phagocytosis of cytotrophoblast-derived particles by maternal CD15+ 1403 

neutrophils and CD14+ monocytes in the second and third trimester of human 1404 

pregnancy. (A) Maternal peripheral CD15+ neutrophils and CD14+ monocytes were 1405 

collected from pregnant women in the second or third trimester and cultured with 1406 
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particles derived from DiO-labelled cytotrophoblast cells (n = 4 – 6 each). The uptake 1407 

of cytotrophoblast-derived particles by CD15+ neutrophils and CD14+ monocytes 1408 

was evaluated by flow cytometry. (B) Representative gating strategy showing the 1409 

uptake of cytotrophoblast-derived particles by maternal peripheral CD15+ neutrophils 1410 

and CD14+ monocytes. (C & D) Proportions of active (C) CD15+ neutrophils and (D) 1411 

CD14+ monocytes that phagocytosed cytotrophoblast-derived particles in the second 1412 

or third trimester. Data are shown as scatter dot plots where bars indicate the mean 1413 

and whiskers indicate the standard error of the mean. P-values were determined 1414 

using Mann-Whitney U-tests. (E) Representative confocal microscopy images 1415 

showing maternal peripheral CD15+ neutrophils alone (upper image) or after 1416 

phagocytosing particles derived from DiO-labelled cytotrophoblasts (bottom image). 1417 

(F) Representative confocal microscopy images showing maternal peripheral CD14+ 1418 

monocytes alone (upper image) or after phagocytosing particles derived from DiO-1419 

labelled cytotrophoblasts (bottom image). Blue immunofluorescence indicates DAPI 1420 

(nuclei), pink indicates CD15, red indicates CD14, and green indicates 1421 

cytotrophoblast-derived particles. Scale bars represent 10 μm. 1422 
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