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Abstract

Establishment of immune cell populations and adaptations in immune cells are critical aspects 

during pregnancy that lead to protection of the semi-allogenic fetus. Appropriate immune cell 

activation and trophoblast migration are regulated in part by chemokines, the availability of which 

can be fine-tuned by decoy receptors. Atypical chemokine receptor 3 (ACKR3), previously named 

C-X-C chemokine receptor 7 (CXCR7), is a chemokine decoy receptor expressed in placenta, but 

little is known about how this receptor affects placental development. In this study, we investigated 

the phenotypic characteristics of placentas from Ackr3−/− embryos to determine how Ackr3 
contributes to early placentation. In placentas from Ackr3−/− embryos, we observed an increase in 

decidual compaction and in the size of the uterine natural killer cell population. Ackr3 knockdown 

in trophoblast cells led to a decrease in trophoblast migration. These findings suggest that this 

decoy receptor may therefore be an important factor in normal placentation.
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Introduction

The placenta is a complex yet temporary organ derived from fetal cells that serves as a life-

giving and -sustaining force for the developing fetus during pregnancy. The placenta 

functions as a site of gas and nutrient exchange and is home to specialized immune cell 

populations that facilitate appropriate placental development and therefore fetal growth. A 

finite balance of immune cells is critical for the health of a pregnancy, as placental and 

immune dysfunction is implicated in pregnancy complications such as fetal inflammatory 

response, preeclampsia, and preterm birth [1]. Uterine natural killer (uNK) cells are the 

predominant immune cell population found in the placenta during the first trimester of 

pregnancy, comprising about 70–90% of the total population [2]. uNK cells maintain 

angiogenic balance through cytokine, chemokine, and angiogenic factor secretion and 

interact with trophoblast cells to promote trophoblast differentiation and invasion into the 

spiral arteries [3, 4]. Although still poorly understood, there is a fine-tuned switch of 

immune cell activation during pregnancy, and overly active uNK and dendritic cells leads to 

poor placentation and pregnancy complications [5]. Chemokines can help orchestrate the 

innate immune response during homeostasis and in response to infection, inflammation, and 

disease [6, 7].

Chemokines bind to canonical signaling receptors as well as to atypical chemokine receptors 

(ACKRs), which are seven transmembrane G-protein-coupled receptors considered to be 

“decoy” receptors that favor fine-tuning of chemokine availability through beta-arrestin 

recruitment rather than typical G-protein-mediated signal transduction. Family members 

include ACKR1 (formerly DARC), ACKR2 (formerly D6), ACKR3 (formerly CXCR7), and 

ACKR4 (formerly CCX-CKR or CCRL1). A handful of studies over the past two decades 

have implicated these receptors in placental development and function [8], not only in 

humans but also in pigs and sheep [9, 10]. ACKR2 is the decoy receptor best characterized 

in the placenta to date. ACKR2 is expressed by human trophoblast cells [11], and in cultured 

primary human trophoblasts, is expressed at a level even higher than classic chemokine 

receptors [12]. Constitutional deletion of Ackr2 in mouse dames causes structural defects in 

the placenta and a higher rate of fetal loss [12].

Less is known about ACKR3 in reproduction. ACKR3 binds the chemokine ligands C-X-C 

motif chemokine ligand 11 (CXCL11) and 12 (CXCL12), which bind to canonical signaling 

receptors CXCR3 and CXCR4, respectively. Prior studies have focused on ACKR3 serving 

as a decoy receptor in the contexts of cardiac and lymphatic development for the endocrine 

peptide adrenomedullin [13], which also has functional roles in implantation and 

placentation [14–19].

In the present study, we undertake a comprehensive phenotypic analysis of placentas from 

Ackr3−/− mouse embryos, finding decidual compaction and effects on the population size 

and spatiotemporal localization of uNK and dendritic cells. We also show that Ackr3 
knockdown in a cultured trophoblast cell line impairs trophoblast migration. These findings 

implicate Ackr3 as a mediator of the immune cell environment at the maternal-fetal interface 

with consequences for trophoblast function and placental vascular development.
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Materials and Methods

Mice

3–5 month old heterozygous C57BL/6-Ackr3tm1Litt/J-GFP knock-in mice purchased from 

The Jackson Laboratory (stock #008591). Global constitutive Ackr3 deletion is embryonic 

lethal with exception of a small percentage of long-term survivors, therefore, in this study, 

timed matings were Ackr3+/− x Ackr3+/− to generate Ackr3−/− and Ackr3+/+ embryos [20]. 

Females were monitored for vaginal plugs, and the day on which a plug was detected was 

denoted as embryonic day (e) 0.5. Following euthanasia, placentas were collected at 

embryonic day (e)12.5-e14.5 of gestation and dissected for further analysis.

Flow Cytometry

Ackr3+/+ and Ackr3−/− placentas (n=4/per run) from pregnant mice at e12.5 were genotyped 

by determining GFP signal in each embryo and then minced and enzymatically digested 

(StemPro Accutase, A1110501) on ice. Each genotype was later validated via PCR. 

Following tissue dissociation, the samples were incubated at 37°C for 30 min and then 

passed through a sterile cell strainer to obtain a single-cell suspension. Leukocytes and 

stromal cells were obtained by density gradient centrifugation (1250 × g, 10 min at 4°C). 

The cell pellet was then re-suspended with 1 ml RPMI culture medium (Gibco ™, 

21875034), and then 500 μl of neat FBS was slowly overlaid above the cell suspension. To 

pellet viable cells, the suspension was centrifuged for 10 min at 1100 × g at room 

temperature. The cell pellet was incubated for 30 min. at 4°C with a viability dye (Live/

Dead fixable yellow, L34967). The cells were then blocked for non-antigen-specific binding 

of immunoglobins (CD16/CD32, BD Pharmingen™, 553141) for 10 min., and then 

antibodies were added (suppl. table 1). Following a 30 min. incubation of antibodies, cells 

were fixed and then acquired immediately using a Becton Dickinson LSR II and FACSDiva 

8.0.1 acquisition software. Results were analyzed using FCS Express 6 (BD Biosciences).

Histology and Immunofluorescence

Placentas were fixed in 4% paraformaldehyde in phosphate buffered saline overnight and 

then processed into paraffin blocks. Midline cross-sections were cut 5 μm thick. To 

determine phenotypical differences of the placentas, H and E staining was performed by the 

UNC Animal Histopathology and Lab Medicine Core and then imaged using a Zeiss Axio 

Image.A2. For immunofluorescence identification of uterine natural killer (uNK) cells, 

dendritic (CD11c) cells, and smooth muscle actin (αSMA), placentas were de-paraffinized 

using a clearing reagent and then rehydrated using a series of ethanol washes. Following 

antigen retrieval, sections were then blocked with 5% normal donkey serum and incubated 

overnight at 4°C with the primary antibody CD11c (Proteintech, 17342-1-AP;1:50) or anti-

α-Smooth Muscle Actin (Sigma-Aldrich, clone 1A4, A2547; 1:100) and incubated the next 

day with secondary antibodies including Cy™5 AffiniPure donkey anti-rabbit IgG (Jackson 

ImmunoResearch; 711-175-152; 1:200), Cy™2 AffiniPure donkey anti-rabbit IgG (Jackson 

ImmunoResearch; 711-225-152; 1:200), FITC-conjugated DBA lectin (Sigma-Aldrich; 

L9142; 1:200), and Hoechst (Sigma-Aldrich; B1155; 1:500). Images were acquired using an 

IX83 Olympus microscope with a Hamamatsu digital camera with cellSens dimension 

software (Olympus).
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Quantitative real time polymerase chain reaction (qPCR)

Placental tissue was snap-frozen in liquid nitrogen and then stored at −80°C until RNA 

isolation. RNA was extracted using TRIzol Reagent (Invitrogen, Thermo Fisher Scientific) 

and a Percellys bead homogenizer according to standard procedures and then subsequently 

treated with DNase1 (RQ1; Promega) and reverse transcribed with M-MLV (Invitrogen, 

Thermo Fisher Scientific) or iScript (Bio-Rad Laboratories). Quantitative gene expression 

was assayed with TaqMan® gene expression master mix (Applied Biosystems) and run on a 

StepOne Plus Real-Time PCR System (Applied Biosystems). Primers and probes for real-

time PCR (qPCR) are listed in supplemental table 2. Relative expression levels were 

determined by the ΔΔCt method and normalized to reference gene expression of Actb or 

Gapdh.

Cell culture and RNAi

HTR-8/SVneo (ATCC®CRL-3271) placental trophoblast cells were cultured in RPMI-1640 

medium with 5% fetal bovine serum and 1x penicillin/streptomycin and incubated at 37°C 

containing 5% CO2. Production of lentiviral particles and infection was performed according 

to standard protocols by co-transfecting Ackr3 shRNA pLKO1 vectors (UNC Viral Core) 

into HEK293T (ATCC®CRL-3216) with lentiviral packaging vectors psPAX2 and MD2.G 

(Addgene) using Lipofectamine 2000 (ThermoFisher Scientific;11668019) overnight. The 

following day, collection of viral supernatants via filtration were performed with the addition 

of 6 ug/ml of polybrene, and HTR-8/SVneo cells were infected for a total of 48 hours before 

additional assays were performed. Confirmed knockdown was performed via qPCR using 

Ackr3 (Applied Biosystems; Hs00664172) and Actb (Applied Biosystems; Hs99999903) as 

housekeeping gene.

Transwell Migration Assay

HTR-8/SVneo cells (6 ×104 cells/well) with Ackr3 knockdown and empty vector controls 

were incubated with CellTracker™green CMFDA dye following standardized protocol. 

Cells were then plated in transwell inserts (Corning; 354578) and incubated overnight. The 

transwell inserts were then fixed in 4% paraformaldehyde in phosphate buffered saline for 

20 min. and then each filter was removed and mounted onto glass slides for fluorescent 

imaging. The percentage area coverage was analyzed using Fiji [21].

Statistical Analysis

Data presented was analyzed as mean + SEM unless otherwise noted. All statistics were 

performed in GraphPad Prism 5 (version 5.01). For flow cytometry, immune cell analysis 

was calculated as a percentage of gated cells and analyzed using an unpaired t-test with 

Welch’s correction. The space/area left in each transwell was calculated to assess overall 

migration and cell coverage using Fiji [21]. Overall trophoblast migration was determined 

using an unpaired two-tailed t-test with Welch’s correction. Fetal sinus area was measured 

using the trace tool in Fiji and the total area measurement was calculated using an unpaired 

t-test with Welch’s correction.
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Results

Embryonic Deletion or Knockdown of Ackr3 augments trophoblast migration and fetal 
sinuses

With previous research reporting ACKR3 expression in trophoblast and endothelial cells of 

the placenta, we aimed to investigate further the significance of ACKR3 during placentation 

[22, 23]. First, we completed a comprehensive morphometric analysis of e14.5 placentas 

from Ackr3+/+ and Ackr3−/− embryos. The gross pathology of placentas of Ackr3+/+ and 

Ackr3−/− embryos at e14.5 was similar without changes in labyrinth height or length (Figure 

1a). Upon further histological evaluation of the labyrinth, we observed an increase in 

spacing in between the fetal and maternal sinuses in placentas of Ackr3−/− embryos, leading 

to an increase in fetal sinus area (Figure 1b). Additionally, clusters of syncytial trophoblast 

cells in the labyrinth appeared to be reduced in placentas of Ackr3−/− embryos (Figure 1b). 

Due to the reduction in trophoblast outgrowth to the labyrinth in placentas of Ackr3−/− 

embryos, we next wanted to determine if in vitro loss of Ackr3 could affect trophoblast cell 

migration. Using an in vitro transwell assay, we demonstrated that knockdown of Ackr3 in 

HTR8/Svneos caused a decrease in trophoblast migration compared to negative controls 

(Figure 1c).

Embryonic deletion of Ackr3 increases immune cell populations in the decidua

Because immune and trophoblast cells can cooperatively regulate placental development, we 

next wanted to determine if deletion of Ackr3 could affect placental development at an 

earlier time point. In the mouse placenta, heavy immune cell recruitment and trophoblast 

migration occurs between e11.5–12.5, enabling growth and formation of the placenta and 

increasing blood flow at the fetal-maternal interface. We first analyzed placental morphology 

at e12.5 in Ackr3−/− embryos compared to Ackr3+/+ counterparts. At initial glance, 

placentas from Ackr3−/− embryos appeared to be no different from Ackr3+/+ placentas 

(Figure 2a). However, further evaluation demonstrated that embryonic deletion of Ackr3 at 

e12.5 caused a slightly more dense and compacted decidua compared to Ackr3+/+ littermates 

(Figure 2b). Because this compaction could be due to changes in immune cells and cytokine 

secretion in the decidua, we next measured cytokine and chemokine expression in e11.5 

placentas. C-X-C motif chemokine ligand 10 (Cxcl10) gene expression decreased in 

placentas from Ackr3−/− embryos, but there was no other difference in cytokine or 

chemokine expression between placentas of Ackr3+/+ and Ackr3−/−embryos (Figure 2c). It is 

important to note that mice on the B6 background lack a functional Cxcl11 gene; therefore, 

we did not evaluate Cxcl11 expression in this study [24].

We next utilized flow cytometry to broadly quantify common immune cell populations in the 

placenta at e12.5. Uterine natural killer (uNK) and dendritic (DC) cells increased 

significantly in Ackr3−/− placentas, whereas macrophages had a tendency to increase (Figure 

3a). To confirm the increase in uNK and dendritic cells in Ackr3−/− placentas, we next 

stained for uNKs and DCs via immunofluorescence. Consistent with flow cytometry data, 

we again observed an increase in uNKs and DC cells in Ackr3−/− placentas compared to 

wildtype counterparts (Figure 3b). Interestingly, in Ackr3−/− placentas, we observed less 
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frequent co-localization of uNK cell and DC populations, which could alter normal uNK and 

DC crosstalk needed during pregnancy [25, 26].

Embryonic Ackr3 is not required for spiral artery remodeling

To determine whether our observed increase in uNK cell and DC populations in placentas of 

Ackr3−/− embryos could affect placental development, we next wanted to evaluate if there 

was a change in spiral artery remodeling. During early pregnancy, spiral arteries transition 

from thick to thin-walled arteries, characterized by a loss in smooth muscle coverage and an 

increase in luminal area, to allow optimal flow of oxygenated blood to the growing embryo. 

Immune cells, specifically uNK cells, have been shown to play a role in the spiral artery 

remodeling process [27]. The quantitative measurement of spiral arteries in placentas of 

Ackr3+/+ and Ackr3−/− embryos revealed similar luminal and relative wall areas (Figure 4a). 

We also did not observe a difference in smooth muscle actin, which is expressed by vascular 

smooth muscle cells, and used as an indicator for spiral artery remodeling (Figure 4b).

Discussion

Changes in the proportions of immune cell population subsets, including increases in innate 

immune cell populations are parts of normal pregnancy physiology [28]. Increases in 

immune cells such as macrophages and uNK cells facilitate proper trophoblast migration 

and spiral artery remodeling in the placenta in support of fetal growth and development [29, 

30]. Several pregnancy complications, such as, preeclampsia, fetal growth restriction, and 

preterm birth, among others, have been associated with alterations in immune cell 

populations in the placental bed. Therefore, further understanding of immune cell population 

dynamics is critically important for characterizing placental development, understanding the 

pathophysiology of these pregnancy complications, and developing potential prophylactic 

and therapeutic interventions [4, 28].

Due to its non-canonical signaling attributes, few studies have investigated the role of 

ACKR3 during pregnancy and specifically how it regulates placentation [31, 32]. Here, we 

have phenotypically characterized placentas from Ackr3−/− mouse embryos during the 

timeframe of immune cell recruitment, trophoblast invasion, and spiral artery remodeling. 

Tightly controlled chemokine and cytokine activity is important for eliciting proper immune 

responses [33, 34]. The increase in uNK and dendritic cells of placentas from Ackr3−/− 

embryos may be due to the absence of ACKR3 scavenger activity, therefore changing the 

cytokine and chemokine dynamic in immune response.

In association with an increase in uNK and dendritic cells, we also observed a decrease in 

trophoblast migration and an increase in fetal sinus area in placentas of Ackr3−/− embryos. 

As mentioned, uNK cells can regulate the invasion of trophoblast cells in the placenta 

through production of growth factors and cytokines such as VEGF and tumor necrosis factor 

(TNF). However, over production of uNK cells could cause an abnormal cytotoxic response 

leading to trophoblast apoptosis or inhibiting efficient trophoblast invasion [35]. Notably, in 

this study, the observed changes in trophoblast invasion and poor fetal sinus development 

leads us to believe that ACKR3 primarily attributes to proper trophoblast invasion in the 

placenta either through regulating immune cell populations or ligand concentrations at the 
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fetal-maternal interface. Indeed, others have also identified that ACKR3 protein expression 

was lower in trophoblast cells from pregnancies complicated by preeclampsia [36].

We surprisingly observed a decrease in Cxcl10 in placentas of Ackr3−/− embryos. Because 

uNK cells express CXCR3, the receptor for CXCL10, an increase in uNK cells in Ackr3−/− 

embryos could possibly cause an overexpression of CXCR3 on the surface of uNK cells, and 

lead to receptor desensitization.

From this study, we can conclude that ACKR3 contributes to immune cell population 

dynamics in the placenta. Because ACKR3 signals primarily through β-arrestin-mediated 

signaling, future studies will identify downstream mechanisms of ACKR3 in response to the 

ligands, CXCL11, CXCL12, and adrenomedullin [37, 38]. Nevertheless, ACKR3 roles in 

immune cell recruitment identified in this study will provide future research into precursors 

or targets for immune cell-mediated pregnancy disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Glossary

Ackr3 Atypical chemokine receptor 3

AM adrenomedullin

uNK uterine natural killer cells

DC dendritic cells
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Figure 1. 
(A) The placental morphology, labyrinth height, and labyrinth length in placentas of 

Ackr3−/− embryos is similar to Ackr3+/+ at e14.5 (per genotype, n = 6–7 total placentas, 

unpaired t-test with Welch’s correction). (B) A decrease in clusters of trophoblast cells 

(arrows) and an increase in fetal sinus area are observed in labyrinth of Ackr3−/− embryos 

compared to Ackr3+/+ at e14.5 (per genotype, n = 6–7 total placentas, unpaired t-test with 

Welch’s correction). (C) Reduction of Ackr3 in extravillous trophoblast cells (HTR8/

svNeos) in vitro causes a decrease in trophoblast migration. Scale bars: 50 μm. The space/

area left in each transwell was calculated to assess overall migration and cell coverage using 

Fiji. Overall trophoblast migration was determined using an unpaired two-tailed t-test with 

Welch’s correction. *P < 0.05.
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Figure 2. 
(A) The placental morphology, labyrinth height and labyrinth length in placentas of 

Ackr3−/− embryos is similar to Ackr3+/+ at e12.5 (per genotype, n = 5–6 total placentas, 

unpaired t-test with Welch’s correction). (B) Embryonic deletion of Ackr3 at e12.5 causes 

an increase in cellular density in the decidua (DEC) compared to wildtype controls. Scale 

bar, 40 μm. (C) Cxcl10 gene expression decreases in e12.5 placentas of Ackr3−/− embryos 

compared to Ackr3+/+ embryos. Gene expression of additional cytokines is similar in e12.5 

placentas of Ackr3+/+ and Ackr3−/− embryos. Data graphed as 2−ΔΔCT with mean ± SEM. 

*P < 0.05.
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Figure 3. 
(A) Flow cytometry of e12.5 placentas in Ackr3+/+ and Ackr3−/− embryos. Placentas from 

Ackr3−/− embryos have an increase in uterine natural killer (uNK), and dendritic cells, and a 

trending increase of macrophages. Immune cell analysis was calculated as a percentage of 

gated cells and analyzed using an unpaired t-test with Welch’s correction. *P<0.05, 

**P<0.01. (B) Uterine natural killer (uNK) cells (denoted in green) increase in e12.5 

placentas of Ackr3−/− embryos compared to wildtype counterparts (left panel). Co-

localization of dendritic cells (CD11c, denoted in magenta) and uNK cells decrease in 

embryos null of Ackr3 (right panel). Scale bars: 50 μm. Decidua, DEC, junctional zone, JZ.
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Figure 4. 
(A) H&E staining of spiral arteries in Ackr3+/+ and Ackr3−/− embryos at e12.5 (per 

genotype, n = 5–6 total placentas, unpaired t-test with Welch’s correction). (B) 
Quantification of the luminal area and wall thickness (ratio of vessel wall to lumen area) of 

spiral arteries in Ackr3+/+ and Ackr3−/− embryos at e12.5. (C) At e12.5 smooth muscle 

coverage (αSMA, green) is similar between Ackr3+/+ and Ackr3−/− embryos (per genotype, 

n = 5–6 total placentas).
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