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Abstract
In situ production and metabolism of all-trans retinoic acid (RA) in decidual tissue are critically important
for endometrial stromal differentiation, embryo implantation, and healthy placentation. However, the
cellular source(s) of RA in this tissue has yet to be determined. To identify the primary RA-producing cells
in human term decidua, we isolated cells from decidua basalis of delivered placenta and quanti�ed
cellular retinal dehydrogenase (RALDH) activity, a major biosynthetic enzyme whose activity determines
the synthesis of RA from retinol, using an Alde�uor assay and �ow cytometry. RA production in decidual
tissue and sorted cell subpopulations was evaluated by liquid chromatography-tandem mass
spectrometry. CD14+ cells (macrophages/monocytes) showed >4-fold higher RALDH activity than stromal
cells (CD10+), T-cells (CD3+), or non-T lymphocytes (CD3-negative). CD11c+ cells that did not co-express
CD14 showed about one-third the RALDH activity of their CD14 co-expressing counterparts. The highest
RALDH activity was found in “alternatively activated” M2 macrophages delineated by the simultaneous
expression of CD14 and CD163. The greater RA synthesizing capacity of M2 versus CD14+CD163-ve (M1)
cells was con�rmed by direct quantitation of RA biosynthesis from retinol. RA levels in whole decidua
correlated with M2 cell density but not with stromal cell (CD10+) number, the major cell type comprising
the decidua. These results identi�ed M2 monocyte/macrophages as the primary source of RA in human
term decidua. This �nding may have implications for certain pregnancy complications that are known to
be associated with reduced numbers of decidual M2 cells. 

Author note: This manuscript has been accepted for publication in the journal Reproductive Sciences

Introduction
Vitamin A, through its active metabolite all-trans retinoic acid (RA), is essential to the homeostasis of
mucosal tissue and regulation of innate adaptive immunity 1–4. In this regard, the most extensively
studied compartment is the gastro-intestinal tract (GIT) where tolerance to a plethora of foreign antigens
(e.g. commensal microorganisms) is mediated by regulatory T cells (Tregs) that are in part regulated by
RA produced and secreted by specialized dendritic cells 5,6. In several in�ammatory bowel diseases (e.g.
Crohn’s disease, ulcerative colitis), both intestinal Treg density and RA production are suppressed
compared to controls 7,8.

Like the GIT, hemochorial placentation in the uterus requires immune tolerance to the semi-allogeneic
antigens of the fetus during pregnancy; this topic has been a subject of intense interest 9. Over the years,
studies aimed at understanding this phenomenon have focused on leukocyte subpopulations in the
maternal decidua that may account for suppressing anti-allogeneic rejection 9–11. In analogy to GIT
tolerance, enrichment of decidual Tregs has been implicated as playing an indispensable role in
sustaining maternal tolerance to the fetus 12. Interestingly, the density of this RA-regulated cell population
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is reduced in various pregnancy-related syndromes associated with a proin�ammatory phenotype,
including fetal growth restriction, pre-term labor, and preeclampsia 12–14.

In addition to its immune regulatory function, recent reports have shown that in situ RA production plays
an important role in optimal endometrial stromal cell decidualization via regulation of gap junctions to
form competent decidua for trophoblast attachment and implantation, and placental vascularization 15–

17. Numerous studies have demonstrated that the expression of RA nuclear receptors, cellular RA-binding
proteins, and RA-catabolizing enzymes are tightly regulated in the differentiating endometrium during the
ovarian cycle and during the phase of blastocyst nidation 18–20. Despite its overall importance, the main
source(s) of RA production in the decidua has not been identi�ed. In this study, we have determined that
the main cellular source of RA synthesis in term decidua are alternatively activated (M2) macrophages
21–23. This �nding may have implications with respect to reproductive disorders associated with
pregnancy-related proin�ammatory conditions.

Materials And Methods
Source of tissue. Decidua basalis tissue was collected from 20 delivered placentas according to a
protocol approved by the Emory Institutional Review Board (IRB00078902) as part of another study 24. Of
these, 8 placentas were from spontaneous vaginal deliveries (S/D) while 12 were from planned cesarean
section deliveries (C/S). Signed informed consent was obtained from all subjects. We included non-
smoking, English-speaking women above 18 years old and excluded women with a preexisting chronic
condition that could complicate pregnancy (diabetes, pregestational or chronic hypertension, congenital
heart disease, autoimmune disorder).

Decidual cell isolation and �ow cytometry. The decidual tissue adherent to the maternal surface of the
placenta was dissected and processed for cell isolation within 30 minutes of delivery. Per published
protocols, tissue was �nely minced and enzymatically digested using 0.1% collagenase and �ltered
through 100 micron sieves 25. The collected cells were resuspended and layered on Ficoll-Paque (GE
Healthcare, Uppsala Sweden). Following centrifugation (2500 RPM/20 minutes), the buffy coat was
collected to obtain mononuclear cells for this study. Flow cytometry of the mononuclear cell populations
was performed on a FACScalibur (BD Biosciences) using speci�c �uorochrome-conjugated antibodies
(BD Biosciences) directed against CD45 (leukocyte common antigen), CD14 (monocytes, macrophages),
CD11c (dendritic cells, some monocytes), CD3 (T-lymphocytes), and CD10 (decidual stromal cells) 26,27.
Isotype control antibodies were used at the same dilution as their counterparts. For each experiment,
100,000 events were collected and analyzed using the Flowjo 10 program. The data were expressed as
mean percent positive cells of the appropriately gated population.

RALDH levels and retinoid quantitation. RALDH activity was determined using the Alde�uor® assay
(StemCell technology, Vancouver, Canada), as described 28. Brie�y, cell suspensions (1x106 cells/ml) were
incubated for 45 minutes at 37°C in Alde�uor assay buffer containing activated Alde�uor substrate in the
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presence or absence of the RALDH inhibitor diethylaminobenzaldehyde (DEAB). The cells were
subsequently stained with speci�c antibodies, washed, resuspended in Alde�uor assay buffer and
analyzed by �ow cytometry in a FACScalibur (BD Biosciences). RA concentrations were assessed using
liquid chromatography-tandem mass spectrometry (LC-MS/MS) as described previously 29–31. Brie�y,
cells or tissue samples were homogenized in ground glass homogenizers in 1.0 mL saline (0.9% NaCl).
Extraction of retinoids was performed under yellow lights using a two-step liquid-liquid extraction that
has been described in detail previously using 4,4-dimethyl-RA as an internal standard 29,30. Levels of RA
were determined by liquid chromatography-multistage tandem mass spectrometry (LC-MRM3) which is
an LC-MS/MS method utilizing two distinct fragmentation events for enhanced selectivity 30. RA was
measured using a Shimadzu Prominence UFLC XR liquid chromatography system (Shimadzu, Columbia,
MD) coupled to an AB Sciex 5500 QTRAP hybrid triple quadrupole mass spectrometer (AB Sciex,
Framingham, MA) using atmospheric pressure chemical ionization (APCI) operated in positive ion mode
as previously described 30. RA in tissue and cells are expressed as mol/g protein and pmol/106 cells,
respectively.

For determining RA biosynthesis from selected cell populations, the puri�ed populations were obtained by
�uorescence activated cytometry (FACSAria II), washed with PBS, and then cultured in serum-free
medium in the presence of 2 µM retinol (ROL, Sigma Chemical Co.) or solvent control (dimethyl sulfoxide)
for 6 h. The �nal concentration of dimethyl sulfoxide as solvent was always less than 0.1%. RA
synthesized from ROL by the cells was quanti�ed as above and cellular RA was expressed as pmol/106

cells.

Statistical Analysis. Statistical analysis was performed using GraphPad Software (San Diego, CA). Data
are presented in scatter dot plots as median and interquartile range. Differences between groups were
analyzed by Kruskal-Wallis test where p< 0.05 was considered statistically signi�cant.

Results
Decidual cells from term placenta. Flow analysis of mononuclear (buffy coat) cells obtained from
harvested decidua determined that (mean ± s.d.) 33 ± 9% were leukocytes (n = 10) and 44 ± 7% were
stromal cells (n = 10) by positive expression of CD45 or CD10, respectively. By staining with mAb to CD14
(monocytes, macrophages), CD11c (dendritic cells, some monocytes) and CD3 (T-lymphocytes), we
determined that the majority of CD14+ and CD11c+ cells fall into the “large cell” scatter gate (R2), while
the lymphocytes fall into the “small cell” scatter gate (R1, Fig. 1). These scatter characteristics are
consistent with corresponding cell populations found in peripheral blood 32 and were used to calibrate
analysis of the CD14, CD11c, and CD3+ subpopulations of dispersed decidual cells. Fig. 1 also shows the
scatter characteristics of the CD10+ stromal cell population. By subsequent gating on CD45 expression,
we found that CD14 and CD11c were detected on 75 ± 13% (n = 10) and 39 ± 19% (n = 9) of the CD45+

leukocyte population in R2, respectively, while CD3 was detected on 40 ± 7% of the CD45+ cells in R1 (n =
4). The subpopulations of CD14+ and CD11c+ cells were not distinct as 64 ± 12% of CD11c+ cells co-
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expressed CD14 (n = 8). Thus, cells expressing either CD14 or CD11c (or both) comprise ~90% of the
CD45+ population in the large cell R2 scatter gate. The polarization state of CD14+ cells was evaluated as
to whether they were either classically (M1) or alternatively (M2) activated based upon expression of
CD163 22,33,34. To this end, CD14+CD163+ M2 cells were found to be the dominant polarization state of
CD14+ monocytes (75 ± 12%; n = 19). The mode of birth (N/P or C/S) did not signi�cantly affect the
distribution or phenotype characteristics of the decidual cells in our analyses. Overall, these percentages
of leukocyte and stromal cell subpopulations from human decidual tissue are consistent with published
reports 10,35,36.

Cellular RALDH activity. RA concentrations are regulated in vivo through the activity of the retinal
dehydrogenase (RALDH) enzymes, which catalyze the oxidation of retinal to RA 1,4,37. RALDH expression
is limited to select cell types and, in some cases, inducible by various stimuli including RA itself 1,3,37. To
determine the major cellular sources of RA in term decidua, we utilized the Alde�uor® assay as previously
reported to identify cells expressing high levels of RALDH 38. As seen in Fig. 2, the cell populations
showing the highest RALDH activity were CD14+ and CD11c+ cells. The similar concentration of RALDH
activity in these two cell populations was not surprising since the majority of CD11c+ cells co-express
CD14. In contrast, levels of RALDH activity in stromal cells (CD10+) or T lymphocytes (CD3+), as well as
CD3-negative non-T lymphocytes (CD3-ve), were <25% of that seen in CD14+ and CD11c+ cells. When
CD11c+ cells were analyzed according to their co-expression of CD14, we found that the subpopulation
showing the highest RALDH activity segregated with positive co-expression of CD14 (Fig. 3). CD14+ cells
were then delineated by the simultaneous expression of CD14 and CD163. Results indicated that the M2
(CD163+) subpopulation showed the highest level of RALDH activity, greater than 3-fold that of M1
(CD163-ve) macrophages (Fig. 4). The ability of the cell populations to synthesize RA was assessed by
LC-MS/MS analysis following addition of 2 µM retinol for 6 hr under serum-free conditions 29,39,40.
Results validated the correlation between RALDH activity and the retinoid synthesizing capacity of the
cell populations and con�rmed the greater production of RA by M2 versus M1 cells. (Fig. 4 upper panel).
To assess whether M2 cells, as major RA producers, are the primary source of RA production in decidual
tissue, we compared the concentration of endogenous RA in whole decidual tissue with the percentage of
M2 cells (M2/total cells x 100) obtained from the corresponding tissue. Fig. 5 shows a statistically
signi�cant correlation between these variables (r = 0.89, P = 0.02) supporting the contention that M2 cells
are the primary RA source in the decidua. In contrast, there was no correlation between CD10+ stromal cell
number, the major cell type comprising the decidua, and RA levels (r = –0.17).

Discussion
In this work, we have identi�ed “alternatively activated” M2 macrophages, delineated by the simultaneous
expression of CD14 and CD163, as the major RA producers in term decidua (Figs. 2 and 4). RA plays a
critical role in immune homeostasis through regulation of proin�ammatory/suppressor T-cell balance
(Th17, Treg lymphocytes), certain innate lymphoid cells, and maturation/differentiation of myeloid
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lineage cells 4,9,41–43. A primary source of RA production in the GIT are CD103+ dendritic cells (DC) that
reside within Peyer’s patches, small intestine lamina propria, and mesenteric lymph nodes 1,3,44. RA
produced from these gut-associated DC has been shown to imprint gut tropism, differentiation of IgA
antibody secreting cells, and T-cell lineage determination whereby RA potentiates Treg induction and
inhibits proin�ammatory Th17 differentiation 3,4,42–44. We did not observe CD103+ dendritic cells among
the decidual cells isolated in our study (not shown).

Our analysis showed a close approximation to a linear regression model of decidual tissue RA
concentration to the corresponding M2 cell density (Fig. 5), supporting the contention that these cells are
the predominant decidual source of RA biosynthesis. Although we determined that decidual CD10+

stromal cells are a lesser source of RA production on a per cell basis, we considered the possibility that,
since these cells are numerically abundant, they may contribute to overall RA levels in bulk decidua
tissue. This does not appear to be the case as there was no correlation between decidual RA levels and
percentage of CD10+ cells among the decidual cell population (Fig. 5). Our analysis indicated that the
decidual lymphocyte population (both CD3+ and CD3-ve cells) also showed comparatively low RALDH
activity, which is consistent with that reported in peripheral blood lymphocytes 45. Finally, we have
demonstrated that only a small percentage of leukocytes in the non-lymphocyte population (<10% of the
CD45+ cells in the R2 gate) have phenotypes that do not express either CD14 and/or CD11c, making it
unlikely that we have missed the detection of another high RA-producing cell population that signi�cantly
contribute to decidual RA levels. Together, our �ndings indicate that M2 macrophages are the major
source of RA production in decidual tissue. However, we do not rule out the possibility of differences in
RA biosynthesis by subpopulations of M2 cells that have previously been delineated among the broader
population of M2 cells (e.g. those with distinct expression of CD209, CD11b, or HLA-DR) 22,36,46.

These results may provide additional insight into our understanding of maternal immune tolerance to the
semi-allogeneic fetus during pregnancy and the cause of certain pregnancy complications that have been
attributed to the breakdown of immune homeostasis. To this end, the increased gradient of Tregs and
predominance of M2 cells in decidua compared to their counterparts in blood 23 are thought to play major
roles for sustaining maternal tolerance 47,48. Interestingly, reduction of both decidual Tregs and M2 cells
has been shown to be associated with certain pregnancy-related proin�ammatory conditions including,
pre-term labor, recurrent spontaneous abortions, and preeclampsia 13,14,22,49–51. Whether there is a link
between the paucity of decidual M2 cells and reduced RA production in these syndromes and a loss of
maternal immune tolerance will be the subject of future studies.
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Figure 1

Identi�cation and scatter characteristics of decidual cell populations obtained by collagenase digestion
and stained with speci�c �uorescence-conjugated antibodies. Representative scatter plots of decidual
cells stained with antibodies speci�c for the indicated CD subpopulations are shown in the lower panel.
Subsequently, CD3+ lymphocytes and CD14+/CD11c+ cells were analyzed in the “R1” and “R2” gates,
respectively, as drawn on the scatter plot in the upper panel.



Page 13/16

Figure 2

RALDH activity (Alde�uor �uorescence) in subpopulations of decidual cells. RALDH activity of dispersed
mononuclear cells isolated from term placenta decidua was determined using the Alde�uor assay
combined with �ow cytometry for evaluating CD marker expression. DEAB-treated cells were used to
evaluate background �uorescence in order to set negative control levels as demonstrated in the
representative experiment showing alde�uor �orescence of CD3, CD10, and CD14 subpopulations (upper
panel). The scatter plot in the lower panel shows the median and interquartile range of percent positive
�uorescent cells expressed by the indicated CD lineage. The number of data sets (placentas) utilized for
analysis of the subpopulations (n value) is indicated. ***P< 0.001
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Figure 3

CD11c+ cells that co-express CD14 show higher levels of RALDH activity than those that are CD14-ve.
Dispersed decidual cells were gated according to their co-expression of CD11c and CD14 by multicolor
�ow cytometry and analyzed for RALDH activity by the Alde�uor assay. The scatter plot shows the
median and interquartile range of percent positive �uorescent cells (n = 7 patient samples). **P< 0.005
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Figure 4

The RA synthesizing capacity of CD14+ cells is dependent on their polarization state. Classically
activated M1 (CD14+CD163-ve) and alternatively activated M2 (CD14+CD163+) cells were analyzed for
RALDH activity by the Alde�uor assay of dispersed decidual cells gated according to their co-expression
of CD14 and CD163. In some experiments, cells were puri�ed into M1 and M2 subpopulations by
�uorescent cell sorting. The ability of the sorted cell populations to synthesize RA was assessed by LC-
MS/MS analysis following addition of 2 µM retinol for 6 hr under serum-free conditions. The upper panel
shows a representative experiment (of n = 3 patient samples) which validated the relationship between
RALDH activity and the RA synthesizing capacity of the M2 versus M1 populations. The scatter plot in the
lower panel shows the median and interquartile range of percent positive �uorescent cells (n = 7 patient
samples) and indicates that RALDH activity in M2 cells is greater than that in M1. *P < 0.01.
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Figure 5

Comparison of RA levels in decidual tissues with percentage of M2 (CD163+) or stromal (CD10+) cells.
Endogenous RA concentration (pmol/g protein) in whole decidua tissue was assessed by LC-MS/MS.
Percentage of cell populations in each sample with respect to total cell number was determined by
multicolor �ow cytometry. RA concentrations in the decidua samples are highly correlated with the
percentage of M2 cells (r = 0.89) but not with CD10+ stromal cells (r = -0.17) in the specimens (Pearson’s
correlation analysis). Solid line equals regression line.
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