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Using Comparative Transcriptomics and 
Histology to Identify Significant Differentially 

Expressed Genes Associated with Retained 
Placenta in Humans and Rhesus Macaques 

(Macaca mulatta)

Sona Jasani, MD, FACOG,1,* Athmika Vaseeharan, BA,2 Anamika Singh, MD,3 Erik Washburn, MD, FCAP,3  
Melissa Stovall, DVM, MS,4 Hannah Atkins, DVM, PhD, DACVP,5 and Danielle Covington, DVM, DACLAM6

Retained placenta is an important reproductive complication that affects humans and nonhuman primates (NHPs).  
Accurate prediction of retained placenta in both species is a current challenge because the etiology is unknown, biomarkers 
are inadequate, and data are heterogeneous. Through a comparative approach, this study identifies 34 significantly differen-
tially expressed genes associated with retained placenta shared between humans and NHPs. Pathway enrichment revealed 
upregulation in innate and adaptive immunity in addition to pathways related to hemostasis. Retained placentas in NHPs 
had higher histologic evidence of inflammation as compared with human samples. These cross-species transcriptional results 
can serve as an initial step to guide NHP refinement as a model system and inform retained placenta biomarker discovery 
in both humans and NHPs.

Abbreviations and Acronyms: BCR, B cell receptor; DEG, differentially expressed gene; FFPE, formalin-fixed, paraffin-embedded; 
H&E, hematoxylin and eosin; NHP, nonhuman primate; PLAUR, urokinase-type plasminogen activator receptor; PPH,  
postpartum hemorrhage; RNAseq, RNA sequencing.
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Introduction
Retained placenta significantly affects humans and NHPs. In 

humans, it is the second leading cause of postpartum hemor-
rhage (PPH) with up to 10% case mortality rates in resource-poor 
areas.1,2 In certain NHP breeding colonies (baboons, cynomolgus 
macaques, and rhesus macaques), it is the most common repro-
ductive complication requiring clinical admission.3 Accurately 
predicting those at risk of retained placenta is a current chal-
lenge in human and veterinary medicine. Retained placenta 
is a retrospective diagnosis made only after delivery of the 
neonate. In humans, failure of the placenta to deliver within 
30 to 60 min of neonatal delivery defines retained placenta.4–8 
In NHPs, placentas are typically delivered within 15 min 
after the neonate. However, night deliveries, heterogeneous 
clinical presentations, and placentophagy can complicate timely  
diagnosis.3,9,10 Accurate prediction of retained placenta is cur-
rently needed to improve NHP reproductive management.11  

It may also help reduce morbidity and mortality associated with 
retained placenta in both humans and NHPs.3,10–12

Predicting retained placenta in humans and NHPs is chal-
lenging for 3 main reasons: data heterogeneity, inadequate 
biomarkers, and unknown etiology. Risk factor data vary widely 
because of study design methodology and quality, which limits 
identifying disease-specific factors via meta-analysis.1,13 Thus, 
risk-scoring mechanisms have poor predictive capabilities 
and are not generalizable.14,15 Inadequate biomarkers negate 
the ability to identify at-risk individuals before delivery.4,16–20 
Finally, poor pathophysiologic understanding affects the types 
of data collected and may omit mechanisms that are unknown a 
priori.1,3,13,21–23 The proposed mechanisms, including poor con-
tractility, placental hypoperfusion, and abnormal implantation, 
are currently broad and lack specificity.1,2,13,22,24–28 Elucidating 
the etiology of retained placenta is crucial, as it can guide both 
biomarker discovery and reduce data heterogeneity.

High-throughput techniques such as RNA sequencing 
(RNAseq) efficiently provide mechanistic knowledge to identify 
biologic pathways and molecular mechanisms.29–35 In dairy cattle 
with a retained placenta, RNAseq shows upregulation in immune 
modulation pathways (for example, mature B cell differentiation 
and positive lymphocyte migration) and downregulation in 
lipid metabolic pathways.36 Proteins that function in local cell 
adhesion, cytoskeletal organization, and oxidative stress have 
also been identified in bovine-retained placentas with predic-
tive markers linked to immunosuppression and inflammatory 
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signals.37,38 Ruminant placentation is different from humans, and 
thus translatability to human pathophysiology remains unclear. 
RNAseq of human cesarean hysterectomy samples has added to 
pathophysiologic understanding of placenta accreta spectrum 
(a retained placenta subtype) from an ‘invasive trophoblast’ to a 
decidual ‘loss of boundary limits.’39 To our knowledge, RNAseq 
has not been conducted in NHP retained placentas or in human 
non-accreta retained placentas. Comparative analysis of placental 
marker genes in humans and rhesus macaques (Macaca mulatta) 
using RNAseq shows similar expression patterns in most of 
these genes, although species-specific differences exist for certain 
obstetric conditions.40

Comparatively analyzing human and NHP retained placen-
tas can efficiently advance pathophysiologic understanding 
of retained placenta. Aside from consistencies in placentation, 
NHPs and humans have many similarities in retained placenta 
pathogenesis, including incidence (0.5% to 4.8% in humans, 1% 
to 3.3% in NHPs), risk factors (stillbirth, cesarean, and premature 
deliveries), recurrence rates (13% to 25% in humans, 10% to 22% 
in NHPs), and spontaneously occurring disease.1,3,10,11,13,41–44 
We hypothesized that conducting a cross-species transcriptomic 
analysis in disease and control placentas will reveal mutually 
helpful mechanistic insights for human and veterinary medicine. 
In this study, we used bulk RNAseq to identify shared significant 
differentially expressed genes (DEGs) associated with retained 
placenta in humans and rhesus macaques (Macaca mulatta). We 
performed a comparative histologic analysis of all samples us-
ing hematoxylin and eosin (H&E) staining to identify disease 
or species-specific patterns. Our primary goal was to identify 
disease-specific transcriptional differences associated with a 
retained placenta shared between human and NHP placentas.

Materials and Methods
Sample collection and clinical features.  Human samples.   

De-identified formalin-fixed, paraffin-embedded (FFPE) human 
placental samples were selected from the Penn State Health 
Hershey Medical Center Pathology Department archives for 
analysis. All samples were obtained from singleton, live-birth 
vaginal deliveries submitted to pathology as part of routine 
obstetric care. All samples were taken from the same pathologic 
block in the central region of the placenta. Retained placenta 
samples were defined as placentas that had not separated by 30 
min or more after neonatal delivery, underwent manual removal 
with or without additional curettage, and without histologic 
evidence of accreta from routine clinical pathologic assessment 
as confirmed by the pathology report. Limited clinical informa-
tion, including additional obstetric diagnoses, the presence or 
absence of placental infection (for example, chorioamnionitis 
or endometritis), immediate PPH, placental delivery type, and 
gestational age, was also obtained from archived data. Eleven 
cases met retained placenta criteria and were included. Con-
trol cases were defined as placentas that had separated and 
delivered spontaneously without intervention within 30 min 
of neonatal delivery. An attempt was made to exclude samples 
with a pregnancy complication (for example, preeclampsia, fetal 
growth restriction, preterm birth, gestational diabetes) to control 
for comorbidities. Only one sample met the control criteria, as 
routine submission of normal placentas to pathology was not 
a standard clinical practice at the study institution.

NHP samples. FFPE rhesus macaque placental samples were 
provided by the Emory National Primate Research Center via 
their diagnostic necropsy archives. Due to the limited clinical 
information accompanying the archived samples, some data 
were missing. However, the available clinical information from 

the archives included a brief synopsis of the institutional pa-
thology report for each sample. This report detailed the age of 
the dam at the time of necropsy, placental infection, PPH, and 
histologic findings. The diagnosis of retained placenta was made 
clinically (visual evidence of undelivered placenta, physical or 
ultrasound findings demonstrating retained placenta or placen-
tal tissue) and was confirmed based on pathologic evidence with 
some cases having associated sections of uterus if collected at 
necropsy. Control samples were also histologically evaluated. 
Three cases met the criteria for retained placenta, while 2 met 
the control criteria.

This study met the criteria for exempt research by the study 
institution’s Institutional Review Board (study no. 00018948). 
Collection and provision of tissues through the Emory National 
Primate Research Centers Biospecimen Distribution Program 
were approved by the Emory University IACUC in accordance 
with the Animal Welfare Act and the U.S. Department of Health 
and Human Services Guide for Care and Use of Laboratory Animals.

RNA extraction, library generation, sequencing, and statistical 
analysis. RNA from FFPE tissue (5 to 10 µm) was isolated by using 
Quick-RNA FFPE kit from Zymo Research (Irvine, CA), follow-
ing the manufacturer’s instructions. The tissue samples were 
deparaffinized, digested by proteinase K, and de-crosslinked 
before the RNA purification using the membrane spin columns 
and ethanol, respectively. The RNA quality and concentration 
were determined using an Agilent Bioanalyzer 2100 instrument 
and RNA 6000 Pico kit (Agilent Technologies, Santa Clara, CA). 
This isolated RNA was stored at −80 °C until further use.

RNAseq libraries were generated using KAPA RNA Hyper-
Prep kits with RiboErase (HMR) (Roche Sequencing Solutions, 
Inc., Pleasanton, CA), which targets and depletes rRNA us-
ing DNA probes, followed by treatment with RNase H and 
DNase to remove rRNA duplexed to DNA and original DNA 
probes, respectively. The unique index sequences (NEXTflex 
unique dual index barcodes; Bioo Scientific, Austin, TX) were 
incorporated in the adaptors for multiplexed high-throughput 
sequencing. The final product was assessed for size distribution 
and concentration using a Bioanalyzer high sensitivity DNA 
kit (Agilent Technologies, Santa Clara, CA). The libraries were 
pooled and diluted to 3 nM using 10 mM Tris-HCl (pH 8.5) and 
then denatured using the Illumina protocol. The denatured 
libraries were loaded onto an S1 flow cell on an Illumina No-
vaSeq 6000 (Illumina, San Diego, CA) and run for 2 × 50 cycles 
according to the manufacturer’s instructions. De-multiplexed 
and adapter-trimmed sequencing reads were generated using 
Illumina bcl2fastq (released version 2.20.0.422), allowing no 
mismatches in the index read. BBDuk was used to trim/filter 
low-quality sequences using “qtrim=lr trimq=10 maq=10” 
option. Next, alignment of the filtered reads to the human 
(GRCh38) or rhesus macaque (Mmul_10) reference genome 
was done using HISAT2 (version 2.1.0) applying –no-mixed 
and –no-discordant options.45 Read counts were calculated us-
ing high-throughput sequencing by supplementing Ensembl 
gene annotation (GRCh38.78 for human and Mmul_10.108 for 
rhesus macaque).46 The BiomaRt R package was used to match 
orthologous genes between humans and rhesus macaques, and 
both datasets were consolidated by extracting only common 
genes between humans and rhesus macaques.47

The DESeq2 R package was used to identify DEGs between 
disease and control tissues, focusing on the common genes 
shared between humans and rhesus macaques while accounting 
for batch effect. Genes were considered significant if they had 
an adjusted P value <0.1, calculated by the Benjamini–Hochberg 
method to control the false discovery rate.48
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Pathway enrichment analysis. Enrichment analysis was con-
ducted to identify pathways enriched in the entire retained 
placenta-associated gene set, all significant DEGs, signifi-
cant DEGs separated by expression pattern (upregulated or 
downregulated), and in the raw RNAseq data. The Enrichr 
platform was used to perform first-pass pathway inquiry for 
the complete (119 genes) and DEG set (34 genes) analyses.49–51 
The Enrichr platform contains access to multiple databases (for 
example, Gene Ontology, ChEA, KEGG, OMIM), allowing for 
both breadth and depth during the initial exploratory phase 
of pathway analysis. As a second-pass pathway analysis, the 
Reactome Knowledgebase (https://reactome.org), was used to 
analyze our raw RNAseq dataset.52,53 The Reactome Knowledge-
base was also used to separately analyze significant DEGs (34 
genes) by expression pattern (upregulated or downregulated).

Histopathological evaluation. All FFPE samples (human and 
NHP) were prepared for histologic evaluation. A 5-μm section 
was taken from each paraffin block and stained using routine 
H&E stain before being coverslipped and scanned at 20× bright-
field using an Aperio AT2 slide scanner (Leica Biosystems, Deer 
Park, IL). Tissues present on the slide (for example, placenta, 
uterus), placental layers (for example, decidua, trophoblastic 

shell, syncytial villi, chorionic membrane), microscopic diagnoses, 
and a semiquantitative inflammation score (0 to 3) were recorded 
for all samples by a board-certified veterinary pathologist (HA) 
who was not affiliated with the primary location from which the 
NHP samples came. The histologic analysis conducted for this 
study was independently performed by HA but not fully blinded, 
as HA had access to NHP necropsy and pathology records if 
needed. For NHP cases that had multiple samples correspond-
ing to the same case, each sample was assessed for tissue types 
present and given a total score. The highest inflammation score 
was assigned to each case and used to calculate species averages. 
An inflammatory score of 0 indicated that the tissue was within 
normal limits, while a score of 1 correlated to mild inflammation, 
2 to moderate inflammation, and 3 to severe inflammation.

Results
Sample characteristics.  Of all the control samples (n = 3), 

human and NHP, none had PPH or infection. The average 
gestational age for all human samples was 36.5 wk (range 31 
to 39 wk), and all NHP samples except one were from full-term 
deliveries. Available case demographic data are reported in  
Table 1. In aggregate, all placental layers were present in human 

Table 1.  Case demographics and clinical archived information

No. Group Species Age
Gestational  

age
Tissue 

collection time Euthanasia/cause of death Case pathologic finding
1 C R 4 y 10 mo Early third 

trimester
4 h 

postmortem
Euthanized due to emaciation, 
chronic diarrhea, weight loss, 
hindlimb atrophy

Pathology: normal gravid uterus

2 C R 14 y Full term Unknown Not applicable Pathology: normal placenta
3 C H 32 y 39 wk 2 d At delivery Not applicable Spontaneous labor

Pathology: normal placenta
4 RP R 11 y Full term 32 h 

postmortem
Euthanized secondary to 
concern for poor prognosis 
after retained placenta 
management
Clinical examination: 
lethargic animal concerning 
for hypovolemic shock and 
septicemia

Umbilical cord protruding from  
vulva and attached to infant
Ultrasound: complete retained placenta
D&C attempted but complicated by  
full uterine prolapse
Bacteriology: Acinetobacter lwoffii,  
normal uterine microflora
Pathology: moderate multifocal erosive 
suppurative endometritis, normal placenta

5 RP R 19 y 2 mo Full term 4 h 
postmortem

Euthanized due to  
neurologic deficits
Clinical examination: 
lethargy and dehydration 
secondary to endometritis

Uterus enlarged and firm
Ultrasound: mixed echogenic mass 
within uterus suggestive of retained 
placental fragments
D&C performed with retrieval of 
placental tissue
Bacteriology: Staphylococcus aureus 
isolated from heart, blood, and 
uterine swab
Pathology: moderate multifocal  
suppurative endometritis

6 RP R 4 y 11 mo Full term 8 h 
postmortem

Clinical examination: animal 
found deceased postdelivery 
secondary to hemorrhage

On necropsy partial retained placenta 
attached at fundus
Bacteriology: uterine swab with 
Staphylococcus warneri and Aerococcus 
viridans, but tissue section without 
infectious process
Pathology: marked hemorrhage  
dissecting into myometrium

7 RP H 35 y 37 wk 2 d At delivery Not applicable Pathology: umbilical venous  
congestion, increased perivillous  
fibrin, focal intraplacental hematoma

8 RP H 39 y 39 wk 2 d At delivery Not applicable Pathology: mild distal villous hypoplasia
9 RP H 32 y 35 wk 0 d At delivery Not applicable Pathology: increased perivillous fibrin

(continued)
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and NHP samples but all layers were not present in each indi-
vidual case. Uterine tissue was present in NHP samples only 
(Table 2). Of all the retained placenta cases (n = 14), 50% had 
PPH (n = 7) and 21.4% had infection (n = 3). Species differences 
in these clinical characteristics were noted: a larger proportion 
of PPH cases were human (85.7%, n = 6), and a larger portion 
of infection cases were NHP (66.67%, n = 2). Human retained 
placenta samples had microscopic findings often associated 
with retained placentas, including villous hypoplasia and in-
creased syncytial knots.54 None of these features was observed 
in the controls. Representative images of the H&E histology are 
shown in Figure 1.

Comparative histology reveals higher average inflammation 
scores in NHP samples without significant vasculopathy in either 
human or NHP samples. H&E staining of all samples (human and 
NHP) showed species-specific differences in inflammation scores 
in the retained placentas. All NHP retained placenta cases (n = 3) 
had neutrophilic inflammation with an average inflammation score 
of 2. No human retained placenta cases (n = 11) had inflammation. 
No control samples (human or NHP) had inflammation. No sig-
nificant vasculopathy was seen in human or NHP slides (Figure 1).

Cross-species transcriptomic analysis identified retained 
placenta-associated genes shared between human and NHP 
placentas. Bulk RNAseq identified a total of 119 shared genes 

Table 2.  Independent comparative histologic evaluation of all cases

No. Group Species PPH Infection Tissue type

Tissue Layers Present Inflammation 
score (0–3) Inflammation typeM D TS SV CM

1 C R No No U + P X X X X X 0 n/a
2 C R No No P X X X X 0 n/a
3 C H No No P X X X X 0 n/a
4 RP R No Yes U + P X X X X X 2a Neutrophilic
5 RP R No Yes U + P X X X Necrosis 3a Neutrophilic
6 RP R Yes Nob U + P X X X X X 1a Neutrophilic
7 RP H Yes No P X X X X 0 n/a
8 RP H Yes No P X X X X 0 n/a
9 RP H No No P X X 0 n/a
10 RP H No No P X X X X 0 n/a
11 RP H Yes No P X X X X 0 n/a
12 RP H No No P X X X 0 n/a
13 RP H Yes No P X X X 0 n/a
14 RP H No No P X X X 0 n/a
15 RP H No No P X X X 0 n/a
16 RP H Yes No P X X X X 0 n/a
17 RP H Yes Yes P X X X X 0 n/a

C, control; CM, chorionic membrane; D, decidua; H, human; M, myometrium P, placenta; R, rhesus; RP, retained placenta; SV, syn-
cytial villi; TS, trophoblastic shell; U, uterus. Infection information was provided from clinical documentation either from a routine 
pathology report for human cases or a necropsy report for NHPs.
aCases with 2 samples each, highest inflammation score reported in above table: case 4 details (score of 2 for sample with M + D; 
score of 0 for sample with D+TS+SV+CM), case 5 details: (score of 3 for sample with M + D; score of 2 for sample with D+TS), case 
6 details: (score of 0 and 1 for first and second samples, both samples with all layers present).
bCase without clinical documentation of infection but inflammation seen on H&E.

10 RP H 30 y 39 wk 1 d At delivery Not applicable Pathology: increased syncytial  
knots, mild distal villous hypoplasia, 
amnion hyperplasia

11 RP H 35 y 37 wk 3 d At delivery Not applicable Pathology: disrupted maternal surface 
30%, accessory lobe

12 RP H 37 y 39 wk 5 d At delivery Not applicable Pathology: normal placenta
13 RP H 20 y 39 wk 3 d At delivery Not applicable Pathology: increased perivillous  

fibrin and calcifications
14 RP H 32 y 33 wk 4 d At delivery Not applicable Pathology: disrupted maternal surface
15 RP H 32 y 31 wk 5 d At delivery Not applicable Pathology: funisitis, amnion hyperplasia
16 RP H 26 y 32 wk 3 d At delivery Not applicable Pathology: focal maternal fibrinoid  

decidual vasculopathy with  
atherosclerosis and watershed  
infarction, peripheral increased  
syncytial knots, hemorrhage

17 RP H 31 y 38 wk 2 d At delivery Not applicable Pathology: normal placenta

C, control; D&C, dilation and curettage; H, human; R, rhesus; RP, retained placenta.

Table 1.  (Continued)

No. Group Species Age
Gestational  

age
Tissue 

collection time Euthanasia/cause of death Case pathologic finding
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between humans and NHPs that were associated with retained 
placenta. Due to the small sample size, RNAseq could not be 
clustered by clinical characteristics (infection or PPH). Of these 
119 shared genes, 34 were significant DEGs in the disease state 
compared with the control. Of the 34 significant DEGs, 17 were 
upregulated and 17 were downregulated in disease compared 
with the control (Table 3).

Shared retained placenta-associated genes demonstrated  
biologically plausible pathway associations, especially in immune  
modulation.  First-pass functional enrichment analysis using 
Enrichr of all 119 conserved retained placenta-associated genes 
demonstrated statistically significant pathways (adjusted  
P value <0.05) involved in immune modulation (for example, Fc 
receptor–mediated stimulatory signaling, positive regulation of 
leukocyte degranulation, cellular response to IL6, IL3-mediated 
signaling, inflammatory response), cell adhesion/extracellular 
matrix (regulation of cell adhesion, negative regulation of ex-
tracellular matrix organization, integrin-mediated signaling, 
regulation of homotypic cell–cell adhesion), positive regulation 
of cell differentiation, positive regulation of superoxide anion 
generation, extrinsic apoptotic signaling pathway, phago-
cytosis, and positive regulation of Notch signaling, when 
searching via the Gene Ontology biologic processes database 
within Enrichr.

Second-pass analysis using the Reactome Knowledgebase 
of the raw RNAseq dataset showed pathways significantly 
(P ≤ 0.05) upregulated in the immune system (innate immune 
system, IL10/IL4/IL13 signaling, inflammasome), hemostasis, 
energy metabolism, and surfactant metabolism. Pathways 
that were significantly (P ≤ 0.05) downregulated included ge-
neric transcription pathways (RNA polymerase II transcription, 
transcriptional regulation by E2F6, VENTX, and TP53), signal 
transduction (Notch and Rho GTPases), defective pyroptosis, 
cell cycle (that is, mitosis, cell cycle checkpoints), and cellular 

stress response (that is, senescence-associated secretory phe-
notype, regulation of HSF1-mediated heat shock response, 
response of EIF2AK4 to amino acid deficiency) (Figure 2).

Upregulated and downregulated significant DEGs showed 
unique pathway associations but demonstrated pathway overlap  
in the hemostasis category.  First-pass Enrichr analysis of 
the 34 significant DEGs revealed associations with immune 
modulation (that is, immune response, B cell differentiation, 
complement signaling), spindle checkpoint regulation, positive 
regulation of vasculogenesis, fibroblast apoptosis, and endothe-
lial cell differentiation; however, these did not demonstrate 
statistical significance via the Gene Ontology biologic process 
database (P < 0.05 [unadjusted P value]). Subsequent searches 
using additional available databases through Enricher, however, 
did demonstrate statistically significant pathway associations 
(adjusted P value <0.05). Cell types associated with enriched 
expression included placental myeloid and placental vascular 
endothelial cells (adjusted P value <0.05).

Second-pass pathway analysis using Reactome Knowledge-
base of the 34 significant DEGs separated by expression pattern 
showed unique pathway associations but did overlap in the 
hemostasis pathway category. Pathways significantly (P ≤ 0.05) 
associated with upregulated genes included adaptive immune 
signaling (B cell receptor [BCR] signaling, immunoregulatory 
interactions between a lymphoid and nonlymphoid cell), in-
nate immune signaling (neutrophil degranulation, activation 
of C3 and C5), glutathione synthesis and recycling, diseases of 
metabolism, hemostasis (dissolution of fibrin clot), posttransla-
tional protein modifications (O-linked glycosylation, attachment 
of glycosylphosphatidylinositol  anchor to a urokinase-type 
plasminogen activator), signal regulatory protein family interac-
tions, and integrin cell surface interactions (Figure 3). Pathways 
significantly (P ≤ 0.05) associated with downregulated genes 
included hemostasis (Tie2), pyroptosis, apoptosis, bicarbonate 

Figure 1.  Representative H&E slides of controls and cases. (A) Third-trimester placenta from a 32-y-old woman. Placental layers include  
decidua, trophoblastic shell, villi, and chorionic membrane. No myometrium is present on the slide since it was an uncomplicated birth.  
5× original magnification. (B) Retained placenta from a woman. 5× original magnification. Inset shows syncytial knots and villus hypo-
plasia, often observed in retained placentas. 200× original magnification. (C) Third-trimester control NHP placenta from a 4-y-old rhesus  
macaque, showing multiple intact layers, including the myometrium, decidua, trophoblastic shell, villi, and chorionic membrane. 6× original 
magnification. (D) Retained placenta from a NHP with areas of inflammation. 4× original magnification. Inset shows an area of suppurative 
inflammation with colonies of bacterial rods within the placental membranes. 200× original magnification. All images are of routine H&E stains.
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Table 3.  Significant DEGs in retained compared with control placentas

Gene Location Type Expression Protein name Molecular functions
ARHGEF26 3q25.2 Protein Decreased Rho guanine nucleotide 

exchange factor 26
Activates RhoG and plays a role in  
promoting micropinocytosis

CCDC68 18q21.2 Protein Decreased Coiled-coil domain containing 
protein 68

Involved in microtubule anchoring at 
centrosome and protein localization

CD22 19q13.12 Protein Increased B cell receptor CD22 Involved in B cell activation, negative 
regulation of B cell receptor signaling. and 
regulation of endocytosis

CFP Xp11.23 Protein Increased Properdin Positively regulates the alternative  
complement pathway, stabilizes C3- and 
C5-convertase enzyme, leading to membrane 
attack complex formation and cell lysis

DOK6 18q22.2 Protein Decreased Docking protein 6 Member of DOK family of intracellular 
adaptors that play a role in the RET 
signaling cascade

FPR3 19q13.41 Protein Increased N-formyl peptide receptor 3 Predicted to enable N-formyl peptide 
receptor activity, complement receptor 
activity, and positive regulation of cytosolic 
calcium concentration

GGT5 22q11.23 Protein Increased Glutathione hydrolase 5 
proenzyme

Encoded enzyme converts leukotriene C4 to 
leukotriene D4

GRAMD1C 3q13.31 Protein Decreased Protein Aster-C Predicted to enable cholesterol binding and 
transfer activity as well as cellular response 
to cholesterol

GRB14 2q24.3 Protein Decreased Growth factor receptor–bound 
protein 14

Encoded protein is a growth factor 
receptor–binding protein that interacts with 
insulin and insulin-like growth factor 
receptors likely with an inhibitory effect

HK3 5q35.2 Protein Increased Hexokinase-3 Hexokinases phosphorylate glucose to 
produce glucose-6-phosphate; hexokinase-3 
may enhance myeloid cell survival by 
nonglycolytic functions

IER5L 9q34.11 Protein Increased Immediate early response  
gene 5–like protein

May modulate cell proliferation

ITGAD 16p11.2 Protein Increased Integrin α-D Belongs to the β2 integrin family of  
membrane glycoproteins encoding the α 
subunit of the cell surface heterodimer 
involved in activation and adhesion 
functions of leukocytes

LDB2 4p15.32 Protein Decreased LIM domain–binding protein 2 Functions as adapter molecules to allow 
assembly of transcriptional regulatory 
complexes

LFNG 7p22.3 Protein Increased β1,3-N-
acetylglucosaminyltransferase 
lunatic fringe

Leads to elongation of O-linked fucose 
residues on Notch, altering Notch signaling

LRCH2 Xq23 Protein Decreased Leucine-rich repeat and  
calponin homology domain 
containing protein 2

Functions as a cytoskeletal scaffolding 
protein and has a domain that mediates 
interactions with actin filaments

LRRC36 16q22.1 Protein Decreased Leucine rich repeat–containing 
protein 36

Unknown

MUC5B 11p15.5 Protein Increased Mucin-5B Encodes a member of the mucin family and 
is the major gel-forming mucin in mucus

MXRA5 Xp22.33 Protein Decreased Matrix-remodeling-associated 
protein 5

Encodes one of the matrix-remodeling- 
associated proteins and contains 
immunoglobulin-like C2-type domains 
related to perlecan

MYBPC1 12q23.2 Protein Increased Myosin-binding protein C, 
slow type

Plays an important role in muscle  
contraction by recruiting muscle-type 
creatine kinase to myosin filaments

NDC80 18p11.32 Protein Decreased Kinetochore protein 
NDC80 homolog

Encodes a component of the kinetochore 
complex and functions to organize and 
stabilize microtubule–kinetochore interactions

PALMD 1p21.2 Protein Decreased Palmdelphin Predicted to be involved in regulation of 
cell shape and active in cytoplasm

PKDCC 2p21 Protein Increased Extracellular tyrosine  
protein kinase

Enables nonmembrane spanning protein 
tyrosine kinase activity and is located in the 
extracellular region

(continued)
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transporters, O2 and CO2 exchange in erythrocytes, activation 
of BH3-only proteins, transcriptional regulation by TP53, and 
RET signaling (Figure 4).

Discussion
Our comparative approach identified disease-specific tran-

scriptional differences associated with retained placenta shared 
in humans and NHPs. Of these, 34 were significant DEGs. 
Consistent with the literature, we found pathways involved in 
immune modulation, oxidative stress, cell surface interactions, 
and metabolic dysfunction to name a few.36–38 Our results pro-
vide an initial starting point for advanced mechanistic inquiry, 
further development of the NHP as a model system, and possi-
bly for improved clinical management. Advancing translational 
research on placental retention is an important priority, but limi-
tations in research models impede progress.55–57 In vitro models 
have greatly advanced mechanistic knowledge, especially 
in implantation and early placentation.40,58–66 These models, 
however, cannot simultaneously recapitulate the coordinated 
series of events and signals that occur between the retroplacental 

myometrium, trophoblast, decidua, and immune cells, at the 
maternal/fetal interface during placental separation.58,59,62,66 
Normal separation requires synchronization between retro-
placental myometrial contractions and cessation of blood flow 
between the placenta and uterine wall.2,26–28 At this time, in vivo 
systems are still necessary to analyze this interplay and identify 
clinically relevant insights. Retained placenta management is 
complex, including the need to balance pathophysiology risks 
(for example, PPH, infection) with management risks (timing 
and types of intervention).1–8,12,24,67–75 NHPs are valuable animal 
models with financial and ethical considerations, but refining 
their use in retained placenta research efficiently addresses ex-
isting gaps in human and veterinary medicine.76,77 One future 
direction for refinement would be to use gene editing techniques 
to systematically evaluate the function of the 34 DEGs and 
downstream effects. Such inquiries are not possible in human 
subjects. CRISPR/Cas9 technology has been used to model hu-
man disease phenotypes and trial pharmacologics in NHPs.78,79 
This technique has even demonstrated preclinical safety in 
editing proviral DNA in SIV-infected rhesus macaques.80  

PLAUR 19q13.31 Protein Increased Urokinase plasminogen  
activator surface receptor

Encodes the receptor for urokinase  
plasminogen activator and likely influences 
processes related to cell surface plasminogen 
activation and localized degradation of the 
extracellular matrix

RELT 11q13.4 Protein Increased Receptor expressed in  
lymphoid tissue/TNF receptor 
superfamily member 19L

Encodes a member of the TNF receptor 
superfamily and may play a role in 
regulating immune response by stimulating 
T cell proliferation in the presence of CD3 
signaling

SIGLEC5 19q13.41 Protein Increased Sialic acid binding 
immunoglobulin-like lectin 5

Encoded protein inhibits the activation of 
several immune cell types, and binding of 
GBS to this protein plays a role in GBS 
immune evasion

SIRPB1 20p13 Protein Increased Signal-regulatory protein β-1 Receptor-type transmembrane glycoproteins 
involved in the negative regulation of 
receptor tyrosine kinase–coupled signaling

SLC4A1 17q21.31 Protein Decreased Band 3 anion transport protein Functions as a chloride/bicarbonate  
exchanger involved in carbon dioxide 
transport

SNORD114-7 14q32.31 snoRNA Decreased n/a Unknown
TMEM100 17q22 Protein Decreased Transmembrane protein 100 Involved in BMP signaling pathway and 

may play a role in the development of 
inflammation

TMEM178A 2p22.1 Protein Decreased Transmembrane protein 178A Predicted to be involved in regulation of 
cytosolic calcium ion concentration

TP63 3q28 Protein Decreased Tumor protein 63 Encodes a member of the p53 family of 
transcription factors

VAV1 19p13.3 Protein Increased Proto-oncogene VAV Guanine nucleotide exchange factors for Rho 
family GTPases that activate pathways 
leading to actin cytoskeletal rearrangements 
and plays a role in T cell and B cell 
development and activation

VIPR2 7p36.3 Protein Increased Vasoactive intestinal polypeptide 
receptor 2

Encodes a receptor for vasoactive intestinal 
peptide, which is involved in smooth 
muscle relaxation, exocrine and endocrine 
secretion, and water and ion flux

ZGRF1 4q25 Protein Decreased Protein ZGRF1 May function in DNA binding through the 
GRF zinc finger domain

An alphabetical list of 34 significant DEGs shared between human and NHP samples is shown. Gene and protein information were 
obtained manually from the National Center for Biotechnology Information gene database and UniProt Knowledgebase database, 
respectively.

Table 3.  (Continued)

Gene Location Type Expression Protein name Molecular functions
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Although there is still much more research to be done to un-
derstand the genes and molecular mechanisms that result in 
retained placenta, the future possibility of using CRISPR tech-
nology in an NHP model for biomarker discovery or disease 
prevention that benefits both humans and NHPs is a priority 
to pursue.

Independent histologic review in our study showed a higher 
average inflammation score in NHP (2) compared with human 
(0) samples (Table 2). Our human results are consistent with 
existing data showing no statistically significant differences in 
inflammation between cases and controls.25 Our NHP results are 
more difficult to interpret given the limited literature on histologic 
analysis of retained placentas in NHPs. In one retrospective study 
of breeding colonies, 7 baboons had positive bacterial cultures, 
but no rhesus or cynomolgus macaques did. However, histologic 
evidence of inflammation was not reported.3 Archived data on 
NHP fetal outcome indicated that cases 2, 4, 5, and 6 had live 
births. Case 1 was euthanized while pregnant due to worsening 
clinical status of the dam. All human cases had live births. Thus, 
it is unlikely that the differences in inflammation seen in our re-
sults were associated with stillbirth. Additional retained placenta 
risk factors such as uterine scarring/previous cesarean history 
were not possible to account for due to limitations in available 
NHP archived data. No human cases had a documented history 
of previous cesarean section. Data regarding preterm delivery 
were available for both NHP and human cases; however, preterm 
delivery did not seem to account for inflammation differences 
either. Only one NHP case was preterm (case 1 euthanized con-
trol); however, the inflammation score for this case was 0. Of the 
4 human cases with preterm deliveries (3 spontaneous preterm 
labor, 1 with pre-labor rupture of membranes), all had inflamma-
tion scores of 0. Of the 2 other available clinical features that could 
be compared in NHPs and humans (infection and hemorrhage), 
it seems that PPH did not account for inflammation differences 
either since most PPH cases were in humans. The extent to which 
infection played a role to account for inflammation differences in 
our study is unclear. Of the NHP retained placenta cases, 66.67% 
(n = 2/3) were considered to have infection compared with 9.09% 
of the human retained placenta cases (n = 1/11). Infection in 
NHP samples could be ascertained from bacterial cultures, tis-
sue sections, or both (Table 1). In contrast, bacterial cultures are 
not routinely obtained when infection is suspected or diagnosed 
in humans, and thus available information is limited to clinical 
documentation and/or placental pathology report. Of our 2 NHP 
retained placenta cases, both had documentation of suppurative 
endometritis on necropsy reports and culture information (case 
4 with Acinetobacter lwoffii and case 5 with Staphylococcus aureus). 
Case 4, however, had archive data documenting a histologically 
normal placenta; no such documentation was available for case 
5. NHP case 6 had documentation of a positive uterine swab with 
Staphylococcus warneri and Aerococcus viridans (Table 1), but cause 
of death in case 6 was suspected to result from hemorrhage and, 
thus, for the purposes of our study, we considered case 6 as ‘no’ 
for infection (Table 2). In the one human case considered as ‘yes’ 
for infection in our study (Table 2, case 17), diagnostic criteria 
for infection were met according to available case information. 
Interestingly, this case of infection was an endometritis after de-
livery of the placenta and not an infection during delivery (that 
is chorioamnionitis). As uterine tissue is not usually obtained 
in human deliveries (normal or retained), determining whether 
uterine infection was present or whether inflammation scores 
differed in myometrium compared with other tissue layers in 
the human cases was not possible. To evaluate for the tissue 
types that may have accounted for the increased inflammation 

seen in NHPs, inflammation scores for all NHP samples were 
analyzed. Of the 2 NHP controls, only 1 case had the presence of 
all tissue layers in the sample provided (case 1 euthanized while 
pregnant), and the other control had only placental tissue (case 
2). All retained placenta NHP cases provided had 2 samples for 
each case (cases 4 to 6). In case 4, the inflammation score was 2 
with the sample that had myometrium but 0 for the sample that 
did not have myometrium. In case 5, the inflammation score was 
3 for the sample that had myometrium and 2 for the sample that 
did not have myometrium (necrosis of syncytial villi was seen). In 
case 6, both samples had all tissue layers present with scores of 0 
and 1. Thus, whether infection accounted for the species-specific 
inflammation differences seen in our results is unclear because 
human samples did not have myometrial tissue or culture infor-
mation. The higher inflammation in scores in NHPs may be due 
to the presence of uterine tissue in NHP samples. Future studies 
designed to histologically assess for inflammation differences in 
identified archived human samples that may contain myometrial 
tissue/fibers can help to determine whether location-specific 
differences in inflammation may also occur in humans, as they 
appear to be in our NHP samples. Furthering these analyses 
by using additional RNAseq techniques (for example, single 
cell, spatial) can help to identify cell-specific or location-specific 
transcriptional differences associated with retained placenta 
pathophysiology in humans and NHPs. Subsequent comparative 
approaches should consider obtaining uterine bacterial cultures 
routinely in retained placenta research protocols for both humans 
and NHPs so that consistency exists in available data between 
species. Additional studies with increased numbers of controls 
and retained placenta cases are needed for both humans and 
NHPs to determine the extent to which infection, inflammation, 
and associated clinical risk factors/features play a role in retained 
placenta pathogenesis.

Although we cannot determine the exact extent to which 
infection contributed to the upregulation of innate and adap-
tive immunity pathways seen in our analysis, infection should 
not be the only mechanism to consider. Innate and adaptive 
immunity upregulation could also suggest a possible role for 
immune modulation in placental separation. Immune cells are a 
key component of the pregnant uterus, and each cell type’s func-
tions during pregnancy have been an area of active research.81 
Innate immune cells function in host defense but also modulate 
adaptive immunity in maternal tolerance.82 Innate pathways 
overexpressed in our data include neutrophil degranulation 
and activation of C3 and C5. Impaired neutrophil function is 
associated with retained placenta in dairy cattle,83 and in hu-
mans, neutrophils can produce both pro- and anti-inflammatory 
cytokines.84 Neutrophils that migrate to the myometrium 
produce proinflammatory signals that contribute to normal 
labor, but leukocyte degranulation in fetal membranes may 
lead to preterm labor or chorioamnionitis.85–88 Trophoblasts can 
modulate innate immunity by regulating neutrophil function 
through the immunosuppressive and anti-inflammatory effects 
of vasoactive intestinal peptide (VIP).88 Notably, the vasoac-
tive intestinal peptide receptor 2 (VIPR2, DEG in this study) 
was found to be upregulated. Innate immune cells seem to 
mediate the labor process through proinflammatory signaling, 
although their exact function in placental separation is unclear.89 
Despite seeing greater histologic inflammation in our NHP 
samples compared with those from humans, the upregulation 
of neutrophil degranulation pathways was shared between the 
2 species in our analysis. From our data, it is unclear what fac-
tors are associated with neutrophil degranulation upregulation 
or whether species-specific differences may exist. Additional 
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studies comparing the cytokine profile between retained and 
control placentas in humans and NHPs may provide additional 
insights.

Interestingly, upregulation of adaptive immunity seen in our 
data showed associations with anti-inflammatory signaling 
(BCR and IL10 signaling). Adaptive immunity is needed for 
maternal tolerance and is not significantly changed in normal 
labor but may lead to abnormal labor if dysregulated.86,89 Adap-
tive immune pathways overexpressed in our results included 
BCR and IL10 signaling favoring an anti-inflammatory milieu 
(119-gene dataset). Our results showed upregulation of the gene 
CD22 (DEG in this study), which is a negative regulator of BCR 
signaling. In addition, CD22 may function to inhibit Toll-like 
receptor B cell activation to self-antigens.90 If adaptive immu-
nity does not significantly change during normal labor,86 our 
data may suggest that upregulation in the adaptive pathways 
identified may be a mechanism that contributes to retained 
placenta pathogenesis. Consistent with our findings, earlier 
knowledge-driven biomarker molecular studies of placental 
separation revealed upregulation of an immune evasion protein, 
RCAS1/EBAG9 (receptor-binding cancer antigen expressed 
on SiSo cells), in retained placenta. RCAS1, expressed by ex-
travillous cytotrophoblasts and uterine endometrial cells,91,92 
is a ligand for a receptor on peripheral lymphocytes inhibiting 
their growth and playing a role in maternal tolerance.92,93 Our 
results did not specifically identify changes in RCAS1, but the 
alterations in adaptive immunity seen in our transcriptional 
data are consistent with those of earlier studies. We found strong 
associations in BCR signaling (OR86.0), β2 integrin (DEG in this 
study) cell surface interactions (OR92.38), and TCR signaling 
(OR21.71). β2 integrins and BCR signaling via CD22 function in 
IL10-mediated immune suppression,90,94 and in vitro studies 
have demonstrated B cell upregulation of IL10 by trophoblasts.95 
These anti-inflammatory associations may play a larger role in 
human retained placenta pathogenesis given that all human 
samples had an inflammation score of 0. Areas of future explo-
ration include immunohistochemical evaluation of our DEGs 
to further elucidate the interplay between innate and adaptive 
immune functions that contribute to retained placenta. Although 
more research is needed, our findings are consistent with and 
add to the limited knowledge that currently exists in this space.

Our transcriptional data also demonstrate the importance 
of hemostasis-related pathways with both upregulated and 
downregulated DEGs. Upregulation was enriched in co-
agulation (urokinase-type plasminogen activator–mediated 
signaling), and downregulation was enriched in angiogenesis 
(Tie2-mediated signaling). Pathways enriched in extracellular 
matrix disruption, coagulation cascade, and inflammation may 
relate to certain cohorts of patients who experience retained 
placenta.96 Although we noted species-specific differences in 
the prevalence of PPH between humans and NHPs (85.7% com-
pared with 14.3%, respectively), the upregulation in hemostasis 
pathways may be due to the variety of biologic functions in 
which they engage. The urokinase-type plasminogen activator 
receptor (PLAUR, a DEG in this study) is traditionally known to 
activate urokinase, but it also has nonproteolytic processes such 
as inflammation, tissue remodeling, and angiogenesis.97 This 
system promotes trophoblast invasion, is modulated by natural 
killer cells,98,99 and, in NHPs, also mediates trophoblast inva-
sion and functions in angiogenesis.100 In the placenta, urokinase 
plasminogen activator expression is seen in endothelial cells and 
macrophages with a role in perivillous fibrinoid deposit clear-
ance.101 Overexpression of PLAUR in cancer cells is associated 
with cell surface proteolysis and the ability to overcome basal 

membrane or extracellular matrix barriers.102 Interestingly, it has 
been suggested that reduced urokinase receptor expression by 
villous trophoblasts at term may be a physiologic adaptation to 
reduce PPH risk.103 The upregulation of PLAUR in our study 
may be due to the large presence of PPH in the retained placenta 
group (mostly in human samples). Due to small sample size, we 
were unable to cluster our transcriptional findings by PPH pres-
ence and cannot definitely state if PLAUR is associated with PPH 
in retained placenta pathogenesis. Downregulated genes asso-
ciated with retained placenta were enriched in Tie2-mediated 
signaling. Tie2 pathways can function in trophoblast invasion, 
vascular development/stabilization/remodeling, and tropho-
blast differentiation in humans and NHPs.104–106 In humans, 
Tie2/angiopoietin 1 and 2 are expressed in extravillous tropho-
blast and maternal vascular smooth muscle and endothelial 
cells.107 Decreased Tie2 expression has been noted in placenta 
accreta specimens, and our data show that Tie2 may also be 
associated with the non-accreta retained placenta subtype.105

A strength of our study was that all placental samples were 
adequate for histologic evaluation and confirmed to be accreta 
absent, allowing for focus on the nonpathologically adherent re-
tained placenta subtype. Another strength was the cross-species 
design of our study. Retained placenta naturally occurs in NHP 
breeding colonies, mimicking human disease incidence. Thus, 
we focused on identifying shared significant DEGs to use our 
results for future efforts to develop an animal model. Limitations 
of our work include a lack of generalizability to all retained pla-
centa subtypes and an inadequate number of samples to identify 
species-specific or clinical characteristic pathway differences. Al-
though we were able to achieve a minimum number of biologic 
replicates for controls (n = 3), the limited number of controls in 
our study may have missed additional shared DEGs associated 
with retained placenta in humans and NHPs. In addition, bulk 
RNAseq provides an average of transcriptional information and 
may not identify a tissue or cell-specific pathway contributing to 
disease. We were able to confirm that in aggregate, all placental 
layers were present despite individual cases missing some lay-
ers. In contrast, myometrial tissue was only present in NHPs, 
as samples were obtained from necropsy. Myometrium is not 
routinely obtained in human non-accreta cases during manual 
removal, and thus the lack of myometrium in our project was 
expected. We plan to address these limitations in future projects.

Conclusion
Retained placenta is a significant reproductive challenge in 

both humans and NHPs. Advancing pathophysiologic under-
standing of this condition is key to improving management in 
human and veterinary medicine. This study identified 34 sig-
nificant DEGs associated with retained placenta shared between 
humans and NHPs. Functional enrichment emphasized the im-
portance of innate and adaptive immunity, Tie2, and urokinase 
signaling pathways in the pathophysiology of retained placentas 
in humans and NHPs. Our data add valuable knowledge in 
refining NHPs for use as an animal model for retained placenta 
research in addition to highlighting the potential mechanisms 
that contribute to retained placenta pathogenesis.
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