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Introduction
Embryo implantation is the process by which the blastocyst
and the mother establish a sustained fetal–maternal interface
for the maintenance of pregnancy. It begins with apposition
of the blastocyst to the receptive endometrial luminal epithelium, followed by attachment via molecular interactions
between the uterine epithelium and the trophoblast of the

embryo, and in many eutherian (also known as placental
mammals) species, embedding into the endometrium to establish a direct contact with the endometrial connective tissue and vasculature (Mossman 1937; Enders and Schlafke
1969; Schlafke and Enders 1975; Ashary et al. 2018).
Mammalian viviparity originated before the common ancestor of eutherian mammals and marsupials, that is, in the
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Mammalian pregnancy evolved in the therian stem lineage, that is, before the common ancestor of marsupials and
eutherian (placental) mammals. Ancestral therian pregnancy likely involved a brief phase of attachment between the
fetal and maternal tissues followed by parturition—similar to the situation in most marsupials including the opossum. In
all eutherians, however, embryo attachment is followed by implantation, allowing for a stable fetal–maternal interface
and an extended gestation. Embryo attachment induces an attachment reaction in the uterus that is homologous to an
inflammatory response. Here, we elucidate the evolutionary mechanism by which the ancestral inflammatory response
was transformed into embryo implantation in the eutherian lineage. We performed a comparative uterine transcriptomic
and immunohistochemical study of three eutherians, armadillo (Dasypus novemcinctus), hyrax (Procavia capensis), and
rabbit (Oryctolagus cuniculus); and one marsupial, opossum (Monodelphis domestica). Our results suggest that in the
eutherian lineage, the ancestral inflammatory response was domesticated by suppressing one of its modules detrimental
to pregnancy, namely, neutrophil recruitment by cytokine IL17A. Further, we propose that this suppression was mediated by decidual stromal cells, a novel cell type in eutherian mammals. We tested a prediction of this model in vitro and
showed that decidual stromal cells can suppress the production of IL17A from helper T cells. Together, these results
provide a mechanistic understanding of early stages in the evolution of eutherian pregnancy.
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Here, we elucidate the mechanism by which the ancestral
attachment-induced inflammatory response was transformed into the process of embryo implantation in the eutherian lineage. We show that the origin of decidual stromal
cells (DSCs)—a novel eutherian cell type—likely played a role
in this transformation. First, we provide evidence to further
support the homology between opossum attachment reaction and eutherian embryo implantation. Then, to explain the
differences in the outcomes, we compare gene expression in
the uterus of opossum during attachment to that in two
eutherians during implantation: armadillo and rabbit. The
key differences in gene expression suggest that embryo implantation evolved through suppression of a specific module
of the ancestral mucosal inflammatory reaction—neutrophil
recruitment mediated by the proinflammatory cytokine
IL17A. We hypothesized that the origin of DSC, which occurred coincidentally with embryo implantation in the stem
eutherian lineage, was responsible for the suppression of
IL17A in members of this clade. We experimentally tested a
prediction of this model using human cells, which showed
that secretions from DSC can indeed inhibit the production
of IL17A by TH17 cells (a subtype of helper T cells that is
roughly defined as CD4þ and IL17Aþ), one of the primary
producers of IL17A.

Results and Discussion
Inflammatory Implantation Is an Ancestral Eutherian
Trait
The inference of homology between the opossum attachment reaction and eutherian embryo implantation is based
on the comparison of opossum to species from
Boreoeutheria (Griffith et al. 2017). Boreoeutheria is one of
the three major clades that make up Eutheria and includes
primates, rodents, ungulates, carnivores, bats, and their kin.
However, Eutheria also contains two other major clades,
Xenarthra and Afrotheria (dos Reis et al. 2012; Tarver et al.
2016), for which data on inflammatory gene expression at
implantation were previously unavailable. Xenarthra includes
armadillo, sloth, anteater, and others; and Afrotheria includes
elephant, hyrax, tenrec, aardvark, dugong, and others. (See
fig. 1D for the phylogenetic relationship among eutherian
species.) To test the inference of homology, we investigated
the hypothesis that inflammatory implantation is a shared
eutherian character; that is, it is not limited to Boreoeutheria
but is also observed in Xenarthra and Afrotheria. We did this
by assessing the expression of marker genes of inflammation
during embryo implantation in the nine-banded armadillo
(Dasypus novemcinctus) and rock hyrax (Procavia capensis),
as representatives of Xenarthra and Afrotheria, respectively.
One of the earliest signals of inflammation, IL1B, is
expressed during implantation in the luminal epithelium of
the endometrium in armadillo and hyrax (fig. 1A). PTGS2 and
PTGES, enzymes involved in the synthesis of prostaglandin E2
(PGE2), are also expressed during implantation in both species, although the tissues in which these genes are expressed
differ between species. PTGS2 and PTGES are expressed on
the two sides of the fetal–maternal interface in armadillo—
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stem lineage of therian mammals. However, marsupial and
eutherian pregnancies are different in many fundamental
ways, including embryo implantation and the establishment
of the fetal–maternal interface.
Marsupial pregnancy is very short—in most cases shorter
than the luteal phase of the ovarian cycle (Renfree 1994;
McAllan 2011). For most of the duration of marsupial pregnancy, the embryo is present inside of an eggshell (Selwood
2000; Griffith et al. 2017) that precludes a direct physical
contact between the fetal and maternal tissues. Toward the
end of the pregnancy, the eggshell breaks down and the fetal
membranes attach to the uterine luminal epithelium. Despite
some invasion of the luminal epithelium by the trophoblast
(reviewed by Carter [2020]), the phase of attachment lasts a
small fraction of the length of gestation and is soon followed
by the birth of highly altricial neonates. For instance, pregnancy in the South American marsupial, the gray short-tailed
opossum (Monodelphis domestica), lasts 14.5 days. Embryo
attachment begins approximately on the 12th day postcopulation (dpc) and induces an inflammatory response in the
uterus (Griffith et al. 2017). This inflammation presumably
mediates parturition after embryo attachment (Chavan et al.
2017; Hansen et al. 2017; Stadtmauer and Wagner 2020).
Eutherian pregnancy is often much longer than the luteal
phase of the ovarian cycle (Chavan et al. 2016) as a result of
embryo attachment being followed by the establishment of a
stable fetal–maternal interface that can sustain prolonged
pregnancy. This is a key difference between marsupial and
eutherian embryo attachment, the latter of which we consistently refer to as eutherian implantation in this article.
Puzzlingly, in many eutherian mammals such as human,
mouse, pig, and sheep, embryo implantation also shows signs
of an inflammatory reaction in the uterus; some of these
inflammatory processes are in fact necessary and beneficial
for a successful implantation (Keys et al. 1986; Barash et al.
2003; Waclawik and Ziecik 2007; Plaks et al. 2008; Mor et al.
2011; Dekel et al. 2014; Robertson and Moldenhauer 2014;
Chavan et al. 2017; Whyte et al. 2018). Resemblance of the
physiological process of eutherian implantation to an inflammatory reaction appears paradoxical at first because inflammation in later stages of pregnancy leads to the termination
of pregnancy. However, analysis of the evolutionary history of
embryo implantation suggests that this resemblance is due to
the evolutionary roots of implantation in an inflammatory
response to embryo attachment (Finn 1986; Griffith et al.
2017). Griffith et al. (2017, 2018) argued, based on a comparison of embryo attachment in opossum to implantation in
eutherian mammals, that eutherian implantation and the
inflammatory marsupial attachment reaction are homologous processes. That is, these processes evolved from an inflammatory fetal–maternal attachment reaction that likely
existed in the therian stem lineage.
The important difference between the fetal–maternal attachment in marsupials and eutherian implantation is thus in
the outcome of the associated inflammatory process. In the
opossum, the brief inflammatory attachment results in parturition, whereas in eutherians it results in the establishment
of a sustained fetal–maternal interface.
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Phylogenetic distribution of inflammatory signals during implantation
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FIG. 1. Inflammatory implantation is an ancestral eutherian character. (A) Immunohistochemistry for inflammation marker genes IL1B, PTGS2,
and PTGES at the fetal–maternal interface in armadillo (peri-implantation stage) and hyrax (peri-implantation stage). Nuclei are blue due to
hematoxylin counterstaining and the immunostaining signal is brown due to 3,30 -diaminobenzidine (DAB). GE, glandular epithelium; LE, luminal
epithelium; St, stroma; Tr, trophoblast; BV, blood vessel; En, endothelium. (B) Abundance of mRNA transcripts (TPM ¼ Transcripts per Million) of
key inflammatory genes in armadillo uterus in nonpregnant and peri-implantation stage. Armadillo has two orthologs of IL6,
ENSDNOG00000017107 and ENSDNOG00000023693, of which the former is shown here; the latter is not expressed. (C) Enriched GO categories
among the genes that are upregulated at least 10-fold in armadillo uterus in transition from nonpregnant to peri-implantation stage. GO
categories are clustered by semantic similarity. GO categories closer to each other are semantically similar; those represented by red circles are
more significantly enriched than those in blue. (D) Comparison of expression of inflammatory genes during embryo attachment or implantation in
therian mammals. Data for human: cytokines (reviewed by Van Sinderen et al. [2013]), PTGS2 (Marions and Danielsson 1999), and PTGES (Milne
et al. 2001). Data for sheep, horse, pig, dog, and mouse (reviewed by Chavan et al. [2017]).
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rabbit are likely to be shared by eutherians in general given
that armadillo and rabbit are phylogenetically positioned so
that their common ancestor is the common ancestor of all
extant eutherian mammals.
In the uterine transcriptomes of opossum, armadillo, and
rabbit, we classified each gene as either expressed or not
expressed (see Materials and Methods). We then classified
these genes as “opossum-specific” if they are expressed in
opossum but not expressed in armadillo and rabbit, and
“Eutheria-specific” if they are not expressed in opossum but
are expressed in both armadillo and rabbit. There are 446 and
456 genes in these categories, respectively, among the total of
11,089 genes that have one-to-one orthologs in all three
species.
First, we identified enriched GO categories in the
opossum-specific and Eutheria-specific lists of genes (fig. 2).
To increase the specificity of GO enrichment analysis, we used
only the subset of the opossum-specific expressed genes that
have an at least 2-fold higher gene expression in the attachment phase compared with the nonpregnant stage (204
genes). Such refinement of the Eutheria-specific gene set
was not possible since we did not have a transcriptome of
nonpregnant rabbit uterus. The opossum-specific set is
enriched for genes related to lipid metabolism, especially mobilization of fatty acids from cell membrane, and lipid transport. This is consistent with genes overrepresented in the
opossum uterus during pregnancy compared with the equivalent time in the estrous cycle (Griffith et al. 2019). Lipid
metabolism genes are also upregulated in the pregnant uterus
of another marsupial, fat-tailed dunnart (Sminthopsis crassicaudata) (Whittington et al. 2018). These genes may have
functions related to nutrient transfer or steroid metabolism,
but lipid metabolism is also important in inflammation: for
example, the first step in the synthesis of prostaglandins is to
break down membrane triglycerides. The opossum-specific
set is also enriched for GO category “cellular response to
interleukin-1,” that is, genes downstream of IL1A and IL1B.
This suggests that although inflammatory signaling is initiated
by IL1A and/or IL1B upon embryo attachment in opossum as
well as in eutherians, their downstream targets are preferentially activated in the opossum. This observation recapitulates
at the molecular level a phenomenon at the organismal
level—inflammatory signaling is observed in both but has
different outcomes of parturition and implantation in opossum and eutherians, respectively.

Differences in Uterine Gene Expression between
Opossum and Eutherians

IL17A Expression Was Suppressed in Eutheria

To understand how eutherian implantation evolved from the
ancestral therian attachment-induced inflammation, we
compared gene expression in the uterus (and the attached
fetal membranes) during attachment-induced inflammation
in opossum (M. domestica) to that during implantation in
two eutherian mammals, armadillo (D. novemcinctus) and
rabbit (Oryctolagus cuniculus) (7.25 dpc, i.e., implantation
stage, rabbit uterine transcriptome data from Liu et al.
[2016]). Gene expression patterns shared by armadillo and

Differences in Cytokine Expression between Opossum and
Eutherians
IL1A and IL1B set off a cascade of inflammatory signaling
events mediated by cytokine molecules. Therefore, in order
to identify the specific differences between opossum and
eutherians in response to interleukin-1, we looked for differences in the expression pattern of cytokines (fig. 3A).
Cytokines were identified as genes assigned to GO category
“cytokine activity” (GO:0005125).

4
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PTGS2 in the trophoblast and PTGES in the endometrial luminal epithelium. In hyrax, they are both expressed on the
maternal side, with PTGS2 in the luminal epithelium and
PTGES in the endothelia within the endometrium. The expression of these two enzymes in different compartments of
the fetal–maternal interface is also found during attachment
in the opossum, where PTGS2 is expressed in the luminal
epithelium and PTGES in the trophoblast (Griffith et al. 2017).
Next, we used transcriptomic data to test whether there is
a broad signature of inflammation during implantation in
armadillo uterus. A variety of inflammatory genes are upregulated during armadillo implantation: cytokines such as
IL1A, IL1B, IL6, LIF, IL8 (CXCL8), and IL10; cytokine receptor
IL1R1; prostaglandin synthesis enzymes PTGS2 and PTGES;
and prostaglandin receptors PTGER2 and PTGER4 (fig. 1B).
None of the cytokines shown in figure 1B is expressed in
the nongravid uterus, that is, their mRNA abundance is below
the operational threshold of 3 Transcripts per Million (TPM;
Wagner et al. 2013), but most of them are expressed highly
during implantation. Genes upregulated more than 10-fold in
the transition from nonpregnant to implantation stage are
significantly enriched in gene ontology (GO) categories related to inflammation (fig. 1C), such as acute inflammatory
process, immune system process, leukocyte migration, regulation of cytokine production, and regulation of response to
stimulus.
We have summarized the above-noted expression pattern
of inflammation marker genes during implantation on a phylogeny of therian mammals, along with the expression patterns from other representative eutherian species, and from a
marsupial, opossum, at the time of attachment between fetal
and maternal tissues at 13.5 dpc (fig. 1D), but not during a
sterile estrus cycle of the opossum, supporting the inference
that the inflammatory reaction is induced by the embryo
(Griffith et al. 2019). In all major clades of Eutheria, the uterine
changes during embryo implantation closely resemble an
acute inflammatory reaction. Parsimoniously, this suggests
that embryo attachment-induced uterine inflammatory signaling is a plesiomorphic trait of eutherian mammals, that is,
a trait that was inherited from an ancestral lineage and shared
with the sister group, the marsupials, adding further support
to the argument that attachment-induced inflammation of
marsupials is homologous to eutherian embryo implantation
(Griffith et al. 2017, 2018; Liu 2018). In other words, eutherian
implantation likely evolved from, and through modification
of, ancestral attachment-induced mucosal inflammation.
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FIG. 2. Transcriptomic differences between marsupial and eutherian attachment reaction. GO categories enriched in each set are shown in the
figures, where semantically similar categories are clustered together in space. Genes were classified as (A) opossum-specific (B) eutherian-specific.

Cytokines expressed in Eutheria-specific manner are
CXCL10, CCL5, NDP, WNT7A, and LIF. The first two, CXCL10
and CCL5, attract leukocytes such as T cells, NK cells, and
dendritic cells to the sites of inflammation (Schall 1991;
Dufour et al. 2002). NDP and WNT7A are both members
of the Wnt signaling pathway, which is important for communication between implanting blastocyst and endometrium (Wang and Dey 2006; Chen et al. 2009; Sonderegger
et al. 2010); inhibition of this process prevents successful implantation in mouse (Mohamed et al. 2005). LIF is a critical
signaling molecule in eutherian mammals for the differentiation of DSCs from endometrial stromal fibroblasts (ESFs), and
its expression is, therefore, obligatory for successful implantation (Shuya et al. 2011; Filant and Spencer 2013; Kelleher et al.
2018). This set of genes represents cytokines and signaling
molecules that were likely recruited within the eutherian lineage to enable decidual cell differentiation, embryo–uterine
crosstalk, regulation of leukocyte traffic, and therefore
implantation.
The inverse set, opossum-specific cytokines, includes CSF3,
CCL20, TNF, and IL17A. TNF is a proinflammatory cytokine,
whose elevated levels in the first trimester of human pregnancy are associated with pregnancy loss (Kaislasuo et al.
2020). CSF3, also known as Granulocyte Colony Stimulating
Factor (G-CSF) attracts granulocytes (Lieschke et al. 1994;
Panopoulos and Watowich 2008), such as neutrophils, and
is positively regulated by IL17A (Ye et al. 2001; Onishi and
Gaffen 2010). CCL20 attracts lymphocytes as well as neutrophils and also is a downstream gene of IL17A (Onishi and
Gaffen 2010). This pattern is indicative of a mucosal inflammatory reaction, culminating in recruitment of effector cells
such as neutrophils.

IL17A Induction and Signaling Coincide with Attachment in
Opossum
Since, according to evidence in mouse and human, IL17A is
known to regulate multiple inflammatory genes (Onishi and

Gaffen 2010), found here to be specific to the opossum attachment, we then measured the expression of IL17A in opossum uterus and attached fetal membranes by quantitative
polymerase chain reaction (qPCR) to test whether it is induced in response to the attaching embryo or expressed
throughout pregnancy. Figure 3B shows that IL17A is not
expressed in nonpregnant and 8 dpc uteri and only begins
expression at 11.5 dpc, coincidental with the eggshell breakdown and beginning of fetal–maternal attachment. Its expression reaches a high level by 13.5 dpc; 79 TPM according
to the transcriptomic data. The time-course expression data
suggest that IL17A is induced specifically in response to embryo attachment in opossum, even though it is not detected
in armadillo and rabbit during implantation (0 TPM in both
species). Also, in human, IL17A expression is not seen at the
fetal–maternal interface during implantation, neither in decidua nor in the villi (see supplementary fig. 1, Supplementary
Material online, generated using single cell RNA-sequencing
data from Suryawanshi et al. [2018]). One of the hallmarks of
IL17A-mediated inflammation—through the action of cytokines like CXCL8, CSF3, and CCL20—is neutrophil infiltration
into the inflamed tissue (Medzhitov 2007; Onishi and Gaffen
2010; Griffin et al. 2012; Pappu et al. 2012; Flannigan et al.
2017). Therefore, we tested whether IL17A expression in
opossum is also accompanied by neutrophil infiltration.
Neutrophils are not seen in early stages of opossum pregnancy, but at 14 dpc, neutrophil infiltration is clearly seen
histologically (fig. 3C). Consistent with the pattern of IL17A
expression, neutrophils are absent from the fetal–maternal
interface at the time of implantation in eutherian mammals
(evidence reviewed by Chavan et al. [2017]).
The molecular steps that lead to IL17A expression following the loss of the eggshell are unclear. The inflammatory
cascade is likely initiated due to the tissue damage caused
by the proteases helping dissolve the eggshell (Griffith et al.
2017), leading first to the induction of cytokines such as IL6
and TGFB1, which together are known to be essential for
IL17A induction in mouse and human (Korn et al. 2009).
5
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FIG. 3. IL17A signaling is suppressed in eutherians. (A) Gene expression of cytokines in opossum (attachment stage, 13.5 dpc), armadillo (periimplantation stage), and rabbit (implantation stage, 7.25 dpc) uterus. Intensity of red is proportional to the abundance of mRNA. Genes expressed
below 3 TPM are considered unexpressed (Wagner et al. 2013). Rows are ordered by the gene expression patterns across species: expressed in all
species; expressed only in Eutheria; expressed in opossum and rabbit, rabbit-specific; and expressed in opossum and armadillo, armadillo-specific,
and opossum-specific. Cytokines not expressed in any of these species are not shown in the figure. (B) Expression of IL17A through the pregnancy
of opossum, measured relative to TBP, by qPCR. Embryo attachment begins around 11.5 dpc, and pregnancy ends at 14.5 dpc (number of biological
replicates: NP ¼ 3, 8 dpc ¼ 3, 11.5 dpc ¼ 2, 12.5 dpc ¼ 2, and 13.5 dpc ¼ 2). (C) Neutrophil infiltration in H&E stained opossum uterus at 14 dpc,
indicated by red arrows in the zoomed-in micrograph. (D) In situ hybridization for IL17A in opossum at 14 dpc. IL17A staining is detected in the
trophoblast cells. LE, luminal epithelium; GE, glandular epithelium; St, stroma; Tr, trophoblast; TPM, Transcripts per Million.

IL6 and TGFB1 are indeed upregulated at late-gestation in
opossum: IL6 expression increases from 0.46 TPM at 8 dpc
to 178 TPM at 13.5 dpc, and TGFB1 from 13.9 TPM to 40.9
TPM (these cytokines are not shown in fig. 3A because they
do not have 1:1 orthologs in rabbit and armadillo; see
Materials and Methods).
Contrary to the data presented above for armadillo, rabbit,
and healthy human pregnancy, some IL17A expression has
been reported at the fetal–maternal interface in mouse and
human, specifically in the cd T cells in the mouse (Pinget et al.
2016). However, functional evidence suggests that even in
6

mouse and human, an induction of IL17A expression at the
fetal–maternal interface is detrimental to pregnancy. The
strongest evidence perhaps comes from mouse, where injection of polyI:C to mimic viral infection during pregnancy
induces the expression of IL17A in the decidua. Maternal
IL17A, then, makes its way into the fetal circulation, interferes
with brain development of the embryos, and leads to behavioral abnormalities resembling autism spectrum disorder in
pups (Choi et al. 2016). Li et al. (2018) showed that in a mouse
model of spontaneous abortion, TH17 cell numbers are higher
in the decidua relative to normal pregnancy. In human, TH17
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Divergent Fates of IL17A Expression in Marsupial and
Eutherian Lineages
The absence of IL17A expression in eutherian mammals at
implantation is likely a result of its loss in the eutherian lineage rather than its recruitment in the marsupial lineage. The
discovery of IL17 homologs as the early-responding cytokines
in the sea urchin larva during gut infection (Buckley et al.
2017) suggests that it is an ancient mucosal inflammatory
cytokine at least as old as deuterostomes. Since the endometrium is a mucosal tissue, IL17A—a key mucosal inflammatory cytokine—is likely to have been expressed in the
ancestral therian endometrium during attachment-induced
inflammation. Its expression was likely lost later during evolution in the eutherian lineage, whereas it was retained in the
marsupial lineage.
In situ hybridization for IL17A mRNA on frozen sections of
the fetal–maternal interface at 14 dpc shows that the cell
type that produces IL17A in the opossum is the trophoblast
(fig. 3D). For a generic maternal mucosal inflammatory response, IL17A expression is expected to be in the maternal
tissue, as was likely the case in the therian ancestor. However,
a shift in the cellular source of IL17A from maternal tissue to
the fetal membranes during marsupial evolution is consistent
with the “cooperative inflammation model” of marsupial
pregnancy (Stadtmauer and Wagner 2020), which posits
that the processes similar to inflammation in the opossum
uterus likely benefit both the fetus and the mother. The exact
biological role of this process has not been determined.
Although the opossum retains some features of the ancestral therian pregnancy, it is important to note that it has
undergone 170 My of independent evolution during which
the ancestral inflammatory response has likely been modified,
just not in the same way as in the eutherian lineage. The
cooperative inflammation model is based, in part, on the
observation that during the brief attachment phase of the
marsupial pregnancy, the growth rate of the fetus is notably
accelerated (Rose 1989 and references therein), pointing to
the beneficial effects of inflammatory process (e.g., increased
blood flow and vascular permeability) on the efficiency of
nutrient transfer. This suggests that the inflammatory response in the eutherian lineage was dampened in early pregnancy to support extended gestation, whereas in the
marsupial lineage, the accidental benefits of the brief inflammatory period to fetal growth were integrated into the physiology of pregnancy. During the evolutionary transformation

of an induced reaction into a physiological process, akin to
genetic assimilation, the cell–cell network involved in the
response is expected to be rewired. For IL17A signaling, this
would imply the cellular source of IL17A switching from an
unknown maternal cell type (ancestral therian) to the trophoblast (opossum) such that the fetal tissue becomes an
active participant in the coordinated and cooperative physiological process. A similar rewiring is also observed in the case
of prostaglandin E2 synthesis enzymes (Griffith et al. 2017).
Such redistribution of cellular signals can occur by the process
of “developmental systems drift” (True and Haag 2001) and
may have contributed to the evolution of a physiological
means of endometrial recognition of pregnancy that the maternal organism can distinguish from generic inflammation
(Griffith et al. 2019).
The above-noted arguments support the model in which,
ancestrally, IL17A was maternally expressed. The alternative
model remains plausible, however, in which IL17A expression
was trophoblastic in the therian stem lineage and was lost in
the eutherian lineage from the trophoblast. A formal assessment of which of these models is more likely is difficult given
that monotremes are oviparous. A phylogenetic test that
does not rely on an outgroup can nevertheless be designed.
On the one hand, if the switch from a maternal source to
trophoblastic source indeed occurred by developmental systems drift in the marsupial lineage, we expect to see variation
in the source of IL17A among different species across the
marsupial clade. On the other hand, invariantly trophoblastic
IL17A in the marsupial clade would support the alternative
model. The lack of cell type-specific expression data in lategestation, broadly sampled from across the marsupial lineage,
however, leaves the ancestral therian cellular source of IL17A
unresolved at this point.
Because IL17A is 1) the most highly expressed gene among
opossum-specific cytokines; 2) an important regulator of mucosal inflammation; 3) known to regulate chemokines like
CSF3; and 4) not expressed in armadillo, rabbit, and human
at all, even in a leaky manner, we posited that the loss of IL17A
expression—and consequently the loss of neutrophil infiltration—after embryo attachment was a key innovation that
allowed the transformation of the ancestral inflammatory
attachment reaction into embryo implantation.

DSCs Suppressed IL17A Expression at Implantation in
Eutheria
DSCs are a novel cell type that originated in the stem lineage
of eutherian mammals (Mess and Carter 2006; Wagner et al.
2014; Erkenbrack et al. 2018). They differentiate from ESFs in
many eutherian mammals during pregnancy (Gellersen and
Brosens 2014) and also during the menstrual cycle in primates, some bats, the elephant shrew (Emera et al. 2012),
as well as—according to recent evidence—the spiny mouse
(Bellofiore et al. 2017) in a process called decidualization. The
evolution of DSC from ancestral therian ESF was associated
with modulation of expression of genes involved in the innate
immune response (Kin et al. 2016). DSCs perform many
functions critical to the maintenance of pregnancy in human
and mouse, for example, regulation of the traffic of leukocytes
7
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levels in peripheral blood are elevated in women with recurrent spontaneous abortions compared with women with
healthy pregnancy (Wang et al. 2010). Nakashima et al.
(2010) found that although IL17A-positive cells were only
occasionally present in the deciduae of normal pregnancies,
their numbers were significantly elevated in pregnancies with
first trimester spontaneous abortions. These studies clearly
indicate that IL17A signaling at the fetal–maternal interface
is not conducive to successful pregnancy, and the cases in
human and mouse where IL17A expression is observed, the
downstream signaling is likely inhibited in some way.
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the early proinflammatory phase of decidualization, at day 2,
DSC-conditioned medium is able to suppress IL17A production, thus modifying a detrimental aspect of inflammatory
reaction. This is consistent with the evolutionary history of
DSC, as ancestrally in the eutherian lineage DSCs likely only
existed around the time of implantation and were lost soon
thereafter. That is, ancestrally they persisted only during the
proinflammatory phase of pregnancy. If suppression of IL17A
was indeed one of their ancestral functions, it must have
evolved in the context of an otherwise proinflammatory milieu. Suppression of IL17A while simultaneously participating
in a proinflammatory environment is thus likely what characterizes the early phase of decidualization, both in phylogeny
and in ontogeny. The characteristic anti-inflammatory late
stage of DSC differentiation is, we think, phylogenetically
newer and perhaps limited to Euarchontoglires (Chavan
et al. 2016).
The suppressive effect of DSC likely operates at the level of
IL17A-producing cells, and not at the upstream level of macrophage activation. DSC-conditioned medium has no effect
on the activation of human macrophages (differentiated from
THP-1 monocytes in vitro), as measured by IL6 production,
upon stimulation with lipopolysaccharides (LPSs) (fig. 4C).
Comparison of the transcriptomes of differentiating T cells
in the presence or absence of DSC-conditioned medium
(third and fourth samples from fig. 4B) suggests that the
suppressive effect of DSC may be mediated by the activation
of a pathway related to type 1 interferon signaling in the
differentiating T cells, in turn leading to downregulation of
protein synthesis (supplementary Results and fig. 3,
Supplementary Material online). Further research into the
identification of the soluble molecule(s) from DSC that mediate this effect, their evolutionary origin, and the molecular
mechanisms by which they act will be important for better
understanding the role of decidualization in the evolution of
eutherian implantation as well as its homologous processes,
menstruation and parturition (Pavlicev and Norwitz 2018;
Critchley et al. 2020).
Wu et al. (2014) showed that CD45ROþ TH17 cells, that is,
memory TH17 cells, are present in the human endometrium
during the first trimester and that they are recruited there by
DSC, which appears to contradict our results as well as those
from aforementioned studies. Reconciling these observations
will require further investigation into the possibility that different subtypes of TH17 cells have opposing effects on the
maintenance of pregnancy.

A Model for the Evolution of Implantation
Placing the results from this study in the context of previous
studies, the following model for the evolution of embryo implantation emerges (fig. 5).
The ancestor of all mammals was an egg-laying amniote.
Mammalian viviparity originated in the stem lineage of therian mammals by early “hatching” of the embryo while it was
still within the uterus/shell gland, leading to a direct physical
contact between fetal membranes and the uterine endometrial lining. This novel tissue interaction, and potentially an
irritation of the endometrial lining from fetal proteases that
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into the endometrium during pregnancy (Nancy et al. 2012;
Erlebacher 2013), production of hormones like prolactin, regulation of invasiveness of the trophoblast (Gellersen and
Brosens 2014), and regulation of the communication between cell types at the fetal–maternal interface (Pavlicev
et al. 2017). Outside of euarchontoglirean mammals (primates, rodents, and their relatives), however, DSCs are not
maintained throughout the pregnancy. In bats
(Laurasiatheria), hyrax, tenrec (Afrotheria), and armadillo
(Xenarthra), DSCs differentiate around the time of implantation but are often lost soon after implantation. This suggests
that the ancestral function of DSCs when they originated was
likely to have been limited to the time of implantation
(Chavan et al. 2016).
Based on their inferred ancestral role at the time of implantation (Chavan et al. 2016), their ability to regulate the
immune response during pregnancy (Erlebacher 2013), and
their origin in the eutherian stem lineage (Mess and Carter
2006) coinciding with the evolution of suppression of IL17A
expression (this study), we hypothesized that DSC played a
role in the regulation of IL17A during implantation.
One prediction from the above-noted model is that DSC
in extant eutherians should be able to regulate the expression
of IL17A. We experimentally tested this using human cells
in vitro. IL17A is typically produced by lymphocytes, such as
TH17 cells, cd T cells, and Innate Lymphoid Cells 3 (ILC3), and
its expression in these lymphocyte types is driven by the
transcription factor RORct (Veldhoen 2017). We chose
TH17 cells, which differentiate from naı̈ve T cells upon exposure to IL6 and TGFB1 (Bettelli et al. 2006) (fig. 4A), as a model
cell type for the experimental test. The choice of TH17 cells
was pragmatic given that circulating levels of cd T cells and
ILC3 are much lower than naı̈ve T cells, making the latter
easier to isolate from blood samples and differentiate into
TH17 cells in vitro. We isolated naı̈ve T cells from human
blood, differentiated them into TH17, and tested whether
DSC can interfere with their expression of IL17A.
We differentiated primary human naı̈ve T cells into TH17
in the presence of DSC-conditioned or control medium and
measured IL17A secreted by T cells with enzyme-linked immunosorbent assay (ELISA). We collected DSC-conditioned
medium from two time-points during decidualization, 2 and
10 days. Treatment of differentiating T cells with DSCconditioned medium from both time-points decreased their
IL17A production significantly (2 days: 0.54-fold, Tukey HSD
test P ¼ 2.8  105; 10 days: 0.74-fold, Tukey HSD test
P ¼ 0.02), whereas treatment with unconditioned DSC medium had no effect (0.92-fold, Tukey HSD test P ¼ 0.80). The
decreased level of IL17A due to DSC-conditioned medium
from day 2 is not statistically distinguishable from that in
unstimulated naı̈ve T cells, suggesting that DSC-conditioned
medium completely suppresses upregulation of IL17A production during TH17 differentiation (fig. 4B). A growing body
of evidence suggests that decidualization is a biphasic process
(Salker et al. 2012; Rytkönen et al. 2019). The early phase is
proinflammatory, followed by a switch to the antiinflammatory late phase that occurs after about 3–4 days of
decidualization. The experiment, however, shows that even in
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FIG. 4. DSCs suppress IL17A production in TH17 cells. (A) Schematic showing how TH17 cells differentiate from naı̈ve T cells, and the hypothesis for
the role of DSC. (B) Test of the hypothesis using in vitro differentiation of human naı̈ve T cells into TH17 cells. IL17A secretion (pg/ml) by TH17 cells
is shown (mean and standard error of the mean). The first two samples are reference points, where TH17 cells were differentiated in their native
medium, and the last three samples were differentiated in DSC control or conditioned medium. (See supplementary figure 2, Supplementary
Material online, for mRNA levels of IL17A.) (C) DSC-conditioned medium has no effect on the activation of macrophages. IL6 secreted (pg/ml) by
LPS-stimulated macrophages in the presence of control or DSC-conditioned medium is shown (mean and standard error of the mean). Cond,
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FIG. 5. Model for the evolution of eutherian implantation from attachment-induced inflammation. Evolutionary events in the therian and
eutherian stem lineages are represented by numbers 1 and 2, respectively.

help dissolve the shell (Griffith et al. 2017), induced an acute
inflammatory response in the endometrium. An inflamed
uterus, unable to maintain and nourish a live embryo within
it, expelled the embryo, that is, parturition ensued as a consequence of attachment-induced inflammation.
Hence, we assume that the ancestral condition for therians
was a typical mucosal inflammation in response to embryo

attachment. However, in the stem lineage of eutherian mammals, this inflammatory response became evolutionarily modified such that the endometrium could allow embedding and
nourishing of the embryo, even though it initiated an
inflammation-like response. One of these modifications was
the suppression of IL17A signaling, which resulted in the prevention of recruitment of neutrophils to the endometrium
9
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Table 1. Antibodies Used in This Study.
Company

Antigen

sc32294
M3210
NB110-39058
sc2005
K4011

Santa Cruz
Spring
Novus
Santa Cruz
DAKO

IL1B
PTGS2
PTGES
Mouse-IgG
Rabbit-IgG

Antigen Species

Host Species

Label

Human
Human
Human
Mouse
Rabbit

Mouse
Rabbit
Rabbit
Goat
Goat

None
None
None
HRP
Polymer-HRP

during implantation. This may have been a crucial modification to the inflammatory response since neutrophils are
known to cause collateral tissue damage from the digestive
enzymes they secrete, and the attaching embryo also would
likely have not been spared. Turning off IL17A early in the
evolution of the eutherian lineage may have allowed the endometrium to maintain the embryo for a prolonged period.
In contrast, many other aspects of the ancestral inflammation
may have been beneficial to the maintenance and nourishment of the embryo, for example, increased vascular permeability and angiogenesis may have helped nutrient transfer,
therefore still maintained as a necessary part of implantation.
The ancestral attachment-induced inflammation induced a
stress reaction in the ESFs causing the death of most of these
cells. In the eutherian lineage, however, ESF evaded the stressinduced cell death (Kajihara et al. 2006; Leitao et al. 2010;
Muter and Brosens 2018) by evolving mechanisms to differentiate into a novel cell type, DSCs (Erkenbrack et al. 2018). It
is this novel cell type that likely brought about the suppression of IL17A by inhibiting the expression of IL17A at the
fetal–maternal interface, and thus enabled the evolution of
embryo implantation and a sustainable fetal–maternal
interface.

Materials and Methods
Animals and Tissue Samples
Nine-banded armadillos (D. novemcinctus) were collected in
Centerville, TX. Two females were used in this study—one
nonpregnant and one at the peri-implantation stage of pregnancy when the fetal membranes have begun invading the
endometrium but no placental villi are yet formed. Rock hyrax (P. capensis) samples were collected at Bar-Ilan University,
Israel. One of three females collected was in the implantation
phase of pregnancy as determined by histological examination. The blastocyst was attached to the uterine lumen but
had not started invading the endometrium. Opossum
(M. domestica) tissues were collected from the colony housed
at Yale University. Samples were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for histology and
immunohistochemistry and saved in RNAlater (Ambion)
for RNA extraction. For more information about armadillo
samples, see Chavan and Wagner (2016) and about opossum
samples, see Griffith et al. (2017). The list of animals used in
this study is given in the Supplementary Material online.

Immunohistochemistry
Formaldehyde-fixed tissues were dehydrated in ethanol,
cleared in toluene, and embedded in paraffin. Sections of 5mm thickness were made on a microtome and placed on
10

Dilution Used
1:100
1:1,000
1:100
1:200
Undiluted

poly-L-lysine-coated glass slides. Immunohistochemistry was
performed by following the protocol in Chavan and Wagner
(2016). Briefly, slides were incubated at 60  C for 30 min and
allowed to cool at room temperature for 5 min. Paraffin was
removed by dewaxing the slides in xylene. Slides were then
rehydrated by successive washes in 100% ethanol, followed by
running tap water. Sodium citrate buffer (pH 6.0) was used for
heat-mediated antigen retrieval. After washing the slides in
PBS, they were blocked in a 0.1% solution of bovine serum
albumin (BSA) in PBS. Endogenous peroxidases were suppressed with Peroxidase Block (DAKO). Optimized dilutions
of primary antibodies (see table 1) were added to the slides
and were incubated overnight at 4  C in a humidification
chamber. Secondary antibody was added after washing the
primary antibody off with PBS and 0.1% BSA–PBS, and incubated for 1 h at room temperature, and washed off with PBS
and 0.1% BSA–PBS. Horseradish peroxidase (HRP)-tagged secondary antibodies were detected by 3,30 -diaminobenzidine
and counterstained with hematoxylin.

RNA-Seq Data
Among the animal tissue collected for this study, armadillo
samples were used for RNA sequencing. RNA was extracted
from whole uteri and the fetal membranes attached to them.
Sequencing library for RNA from nonpregnant armadillo was
prepared and sequenced at the Yale Center for Genome
Analysis. Library preparation and sequencing of the RNA
from implantation stage armadillo was performed at
Cincinnati Children’s Hospital Medical Center. RNA from
CD4þ naı̈ve T cells differentiated into TH17 cells in the presence of DSC-conditioned medium was extracted using
Qiagen RNeasy Micro Kit (74004, Qiagen). Libraries were prepared and sequenced at the Yale Center for Genome Analysis.
Data for rabbit uterus (O. cuniculus) (Liu et al. 2016) and
gray short-tailed opossum (M. domestica) (Griffith et al. 2017)
and human endometrial stromal cells (Kin et al. 2015) were
downloaded from Gene Expression Omnibus (GEO) (Barrett
et al. 2013). Accession numbers for the downloaded data sets
as well as for those generated in this study are listed in Data
Availability.

RNA-Seq Analysis
RNA-seq data were aligned to the following Ensembl
genomes using TopHat2 (Kim et al. 2013): DasNov3 for armadillo, OryCun2 for rabbit, MonDom5 for opossum, and
GRCh37 for human. The number of reads mapping to genes
were counted with HTSeq (Anders et al. 2015). Read counts
were normalized to TPM (Wagner et al. 2012), and 3 TPM was
used as an operational threshold to call genes as expressed or
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Table 2. Primers Used for qPCR.
Primer (50 –30 )

Gene
IL17A (M. domestica)

TCTTCTCCAAGCAACTTGCCA
AGAGCGGTTCTTGTAATCGGG
CTCTTCCATTCACAGACTCTTACC
TCAAGTTTACAACCAAGATTCACG

unexpressed (Wagner et al. 2013). Median length of all transcripts of a gene was used as its “feature length” for TPM
normalization. Differential gene expression analysis for human T cell and endometrial stromal cell data was performed
on protein coding genes with the R package EdgeR (Robinson
et al. 2010). For these samples, read counts are normalized by
EdgeR to Counts per Million and are presented as such.
In analyses involving multiple species, only those genes
were included that have one-to-one orthology among the
species compared. Orthology data from Ensembl Compara
database (Herrero et al. 2016) were used. In these analyses,
read counts were renormalized to TPM using only the set of
orthologous genes in order to make TPM values comparable
between species (Musser and Wagner 2015).
Enriched GO categories in sets of genes were identified
with the online tool GOrilla (Eden et al. 2009). Lists of
enriched GO categories were visualized on REViGO (Supek
et al. 2011), which clusters semantically similar GO terms in
space, simplifying interpretation of long lists of redundant GO
categories.

by immersion in 2-methylbutane surrounded by dry ice.
Frozen sections from 6- to 20-lm thickness were cut on a
cryostat (Microm HM 500 OM) and stored at 80  C.
Riboprobes were synthesized from DNA amplified by polymerase chain reaction (PCR) from late-gestation whole
uterus cDNA of opossum. cDNA was prepared for this purpose by homogenization (TissueRuptor, Qiagen) of tissue
preserved in RNAlater solution (Invitrogen), followed by
RNA isolation (RNeasy Mini Kit, Qiagen) and reverse transcription (Applied Biosystems 4368814). A nested amplification approach was used whereby smaller probes were
generated by secondary PCR from an initial larger amplicon
from the target gene. Riboprobe synthesis was carried out by
in vitro transcription starting at T7 RNA polymerase sequences incorporated into the probes by conjugation of corresponding
T7
promoter
sequences
(50 0
TAATACGACTCACTATAGG-3 ) to either the reverse (antisense probe) or the forward (sense probe) PCR primer when
generating the DNA template. The reaction was carried out in
the presence of digoxigenin-UTP (Roche 11175025910) for
labeling. Primer sequences are listed in tables 3 and 4.
Thawed sections were incubated in 4% paraformaldehyde
in PBS, washed in 0.1% Tween 20 in PBS, treated with 1 lg/ml
proteinase K (Roche) for 10 min, washed again, and acetylated
in 0.25% acetic anhydride in 0.1 M triethanolamine. Sections
were then hybridized with riboprobes in hybridization solution at 37  C overnight, then washed, blocked in heatinactivated sheep serum (EMD Millipore S22-100mL) for
1 h, and incubated with anti-digoxigenin antibody Fab fragments (Roche 11093274910 lot 12486520). Immunoreactivity
was visualized by incubation of slides covered with nitroblue
tetrazolium and 5-bromo-4-chloro-3-indoyl phosphate alkaline phosphatase substrate (Sigma B1911) in humidification
chamber for varying lengths of time, up to 3 days. Slides were
then rinsed, coverslipped in a gelvatol (polyvinyl alcohol, glycerol) medium, and examined.

TBP (M. domestica)

qPCR
Expression of IL17A through opossum pregnancy was measured using qPCR at a finer time scale than the transcriptomic
data. RNA from nonpregnant, 8, 11.5, 12.5, and 13.5 dpc uteri
was extracted and reverse transcribed to cDNA using High
Capacity Reverse Transcriptase Kit (4368814, Thermo Fisher).
Abundance of IL17A mRNA was measured relative to TBP
(Tata Binding Protein) mRNA with a standard curve approach using Power SYBR Green PCR Master Mix (4367659,
Applied Biosystems) on StepOne Plus Real Time PCR System
(Applied Biosystems). Primer sequences are listed in table 2.

In Situ Hybridization
In situ hybridization on histological slides was performed using a protocol modified from (Abzhanov 2009). All aqueous
solutions were prepared with diethyl pyrocarbonate-treated
water when possible.
Uteri for in situ hybridization analysis were collected on
separate occasions from two pregnant M. domestica animals,
both at 14 dpc. Upon collection, the uteri were cut transversely and embryos were removed, although other fetal
membranes and components of the yolk sac placenta
remained attached to the uterine epithelium. Processed uteri
were fixed in 4% paraformaldehyde in PBS overnight at
20  C. The following day samples were transferred to 5%
sucrose solution for 1 h and then 30% sucrose solution for 1
day at 4  C on a rocking apparatus. The next day samples
were embedded in block molds containing OCT mounting
medium (TissueTek, Sakura Finetek, Japan) and frozen quickly

Cell Culture Experiments
DSC and DSC-Conditioned Medium
Immortalized human ESFs from ATCC (ATCC; cat. no. CRL4003) were cultured in growth medium with the following
contents per liter: 15.56 g Dulbecco’s Modified Eagle Medium
(DMEM) without phenol red (D2906, Sigma-Aldrich), 1.2 g
sodium bicarbonate, 10 ml sodium pyruvate (11360,
Thermo Fisher), 10 ml Antibiotic-Antimycotic (ABAM)
(15240062, Gibco), 1 ml Insulin-Transferrin-Selenium (ITS)
(354350, VWR), and 100 ml charcoal-stripped fetal bovine
serum (FBS). ESFs were differentiated into DSCs in differentiation medium with the following contents per liter: 15.56 g
11
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Table 3. Probes Used for IL17A In Situ Hybridization.
Sense/
Antisense

Forward
Primer

Reverse
Primer

Length

Full region
Upstream
Upstream

N/A
Antisense
Sense

ARC101
ARC101
ARC101L

ARC102
ARC105L
ARC105

875
404
404

Table 4. Primers Used for Probe Synthesis.
Primer Name
ARC101
ARC101L
ARC102
ARC105
ARC105L

Sequence (50 –30 )
TCGCCAGAAATGACAGGTAAG
TAATACGACTCACTATAGGTCGCCAGA
AATGACAGGTAAG
CCCCAAGAAAACAAATTTACCC
GCTGTCTGTTTTCGTCCACA
TAATACGACTCACTATAGGGCTGTCTGT
TTTCGTCCACA

DMEM (D8900, Sigma-Aldrich), 1.2 g sodium bicarbonate,
10 ml ABAM, 0.5 mM cyclic adenosine monophosphate
(cAMP) analog 8-bromoadenosine 30 ,50 -cyclic monophosphate sodium salt (B7880, Sigma-Aldrich), 1 mM progesterone
analog medroxyprogesterone 17-acetate (M1629, SigmaAldrich), and 20 ml FBS.
Cells were differentiated for 10 days at 37  C, conditioned
medium was collected on day 2 and day 10 from at least six
replicate flasks, filtered through sterile 0.45-lm filter to remove cell debris, aliquoted, and frozen at 80  C until used.
For control samples, decidualization medium was incubated
at 37  C without any cells in at least six replicate flasks, processed in the same way as conditioned medium, and frozen at
80  C.
T Cells
Human peripheral blood mononuclear cells were isolated
from whole blood (70501, StemCell Technologies) using
Lymphoprep (07851, StemCell Technologies) and 50 ml
SepMate tubes (85450, StemCell Technologies). These peripheral blood mononuclear cells were used to isolate CD4þ
CD45RO naı̈ve T cells with EasySep Human Naı̈ve CD4þ
T Cell Isolation Kit (19555, StemCell Technologies). Naı̈ve T
cells were resuspended at 106 cells/ml in ImmunoCult-XF T
Cell Expansion medium (10981, StemCell Technologies) in
the presence of ImmunoCult CD3/CD28/CD2 T Cell
Activator (10970, StemCell Technologies) for culture or
TH17 differentiation. For TH17 differentiation, the following
were added to the above cell suspension: 20 ng/ml IL6 (78050,
StemCell Technologies), 5 ng/ml TGFB1 (78067, StemCell
Technologies), and 50 ng/ml IL23 (14-8239-63, eBioScience).
If conditioned medium was used, the above suspension was
made in 1:1 solution of conditioned or control medium and
the T-cell expansion medium. Cell suspension was then transferred to 24-well plates, with 106 cells per well. Samples with
different treatments were placed in a Latin square design on
24-well plates to prevent systematic effects arising from the
positions of the samples in the plate. Cells were incubated at
37  C for 7 days for differentiation. Cells, which are in
12

Macrophages
THP-1 monocytes were purchased from ATCC (ATCC TIB202). They were grown in RPMI (90%; ATCC-30-2001), charcoal-stripped FBS (10%), and b-mercaptoethanol (0.05 mM).
Macrophage differentiation was carried out in 24-well plates
in growth medium supplemented with 100 nM phorbol 12myristate 13-acetate for 72 h at 37  C—during this time the
cells become adherent. Differentiated cells were incubated in
fresh growth medium for 12–24 h of “resting phase.” For induction of IL6 secretion, macrophages at the end of the resting phase were treated with 0.1 mg/ml LPS in growth medium.
When testing the effect of DSC-conditioned medium, LPS
treatment was carried out in a 1:1 mixture of macrophage
growth medium and DSC-conditioned or control medium.
Samples were arranged in a Latin square design to avoid positional effects. Cells were incubated for 8 h at 37  C, supernatant was collected, and IL6 was measured in pg/ml with
Quantikine ELISA kit for human IL6 (D6050, R&D Systems).

Animal Ethics Statement
Opossum (Monodelphis domestica) and armadillo (Dasypus
novemcinctus) were handled according to protocols 201511313 and 2014-10906, respectively, approved by Yale
University institutional animal care and use committee
(IACUC). The hyrax (Procavia capensis) carcasses for this
study were obtained as a secondary use of animals from governmental culling efforts, under permission from Israel Nature
and National Parks Protection Authority (Permit Number:
41543). We exploited ongoing culling efforts and did not initiate any culling for this study.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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suspension, were spun down to collect the supernatant
and cell-pellet. Secreted IL17A was measured in the supernatants with Quantikine ELISA kit for human IL17A (D1700,
R&D Systems).
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Data Availability
Code used in this study is available at https://github.com/
archavan/implantation-il17a. Previously published data were
downloaded from GEO (https://www.ncbi.nlm.nih.gov/geo)
or SRA (https://www.ncbi.nlm.nih.gov/sra). Data generated
in this study are available on GEO. Accession IDs for RNAseq data sets used in this study are listed below.
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