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Abstract

The placenta utilizes many mechanisms to protect the haploidentical fetus from recognition by the maternal immune
system. However, in cases of villitis of unknown etiology (VUE), maternal lymphocytes gain access into the placenta,
causing significant health risks for the fetus. Evidence suggests that VUE is a rejection response between the mother and
the haploidentical fetus. Therefore, we profiled human leukocyte antigen (HLA), an important predictor of transplant
rejection, in VUE using placental tissue from ten patients with VUE and ten gestational age matched controls. Placentas
were stained using novel multiplexed immunofluorescence (MxIF) to investigate morphology and HLA classes I and II.
Gene expression was evaluated by microarray, and where available, tissue typing of mother/baby pairs was completed to
determine HLA type. MxIF demonstrated strong CD8+ T cell infiltration and HLA class I staining both the distal and
stem villi of VUE placentas. Compared to controls, VUE cases had significantly higher expression of HLA class Il
mRNA and pathway analysis demonstrated that 40% of the differentially expressed genes in VUE are related to tissue
rejection. The data suggest that VUE resembles a rejection response between the mother and the fetus. It remains
unknown what initiates immune recognition and why some mothers appear to be at higher risk for developing this
condition than others. Understanding this etiology will be critical for developing effective interventions or prevention
strategies during pregnancy.
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Introduction

The establishment of maternal immune tolerance to the fetus
is a key hallmark of reproduction that is mediated through the
trophoblastic cells of the placenta, which interact directly with
the maternal system during development; interestingly, many
of these mechanisms are mimicked by cancer cells [1, 2].
Trophoblast cells are of fetal origin and play important roles
in implantation, exchange of nutrients, gases and waste, as
well as vasculature remodeling to provide adequate blood
supply to the developing fetus. Additionally, trophoblasts
use many mechanisms to keep maternal immune cells from
recognizing the haploidentical fetus during pregnancy, includ-
ing downregulating surface expression of human leukocyte
antigen (HLA) [3]. HLA is expressed on all nucleated cells
and is utilized by the immune system to determine self from
nonself. As half of a fetus’ HLA type is paternally inherited,
strict regulation of maternal immune responses to the semi-
allogenic fetus is required for a successful pregnancy [4].

Although many mechanisms exist to protect the fetus from
maternal recognition, histologic evaluation demonstrates that
7%—33% of placentas will exhibit various degrees of maternal
lymphocyte infiltration and villous necrosis without infectious
cause [5, 6]. This placental pathology is known as villitis of
unknown etiology (VUE), and it can be associated with seri-
ous complications including intrauterine growth restriction [7,
8], preterm labor [9], and fetal demise [8, 10]. Additionally,
placental lesions are often observed in infants born at term
who are diagnosed with neurological impairment [11].
Although VUE is most commonly observed in late third tri-
mester placentas, at time at which maternal immune tolerance
is believed to be waning, the biology behind this condition
remains poorly understood. Currently, there are two main hy-
potheses regarding pathogenesis: (1) VUE is the result of an
undetected infection or (2) VUE represents a kind of allograft
rejection. Another consolidating possibility is that an unde-
tected infection triggers an allograft rejection-like response.
The first hypothesis is driven by the fact that some cases
originally diagnosed as VUE were later determined to be
due to missed infection [12]. However, other studies that tar-
get ribosomal 16S DNA have failed to identify any pathogenic
source in placentas with VUE [13]. The second hypothesis
was proposed in 1993 and suggests that VUE is an inflamma-
tory response that resembles transplant rejection [14]. This
immunological rejection theory has gained support based on
the fact that VUE is more prevalent in women with autoim-
mune disease [15, 16], in vitro fertilization pregnancies with
egg donation (completely allogeneic fetus) [17, 18], and VUE
tends to recur with subsequent pregnancies [10, 19].

The immune system appears to play a central role in pla-
cental VUE; therefore, our aim was to further define this bi-
ology in a cohort of patients diagnosed with VUE compared to
unaffected controls. As HLA is a main driver of rejection
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responses, our goal was to focus on the expression and com-
patibility of this antigen in the placenta, mother, and child.
Herein, we describe the histological, genetic, and tissue typing
results obtained from human placentas diagnosed with VUE.

Methods
Patient Selection

This study was approved by the institutional review board at
Mayo Clinic. The primary objective was to compare differences
in immune responses between placentas with villitis of unknown
etiology (VUE) and controls by imaging, gene expression, and
tissue typing. Ten subjects with a positive high-grade VUE diag-
nosis by Amsterdam guidelines [20] (and no morphologic, clin-
ical, or laboratory evidence of infection) were gestational age
matched with ten subjects without any placental pathology.
Specifically, any cases with plasma cell villitis, granulomas, or
acute villitis/intervillositis/chorioamnionitis were excluded. We
also excluded VUE cases that resulted in a demise to minimize
potential confounding variables related to this multifactorial out-
come. Residual formalin-fixed paraffin-embedded tissue was uti-
lized after routine histopathologic assessment by a pathologist.
Only samples that had been in blocks less than 1 year were
included to maximize tissue quality.

Immunofluorescence

Tissues were reviewed by a pathologist prior to inclusion for
analysis utilizing the multiplexed immunofluorescence
(MxIF) method as previously described [21]. Briefly, tissues
underwent antigen retrieval and were stained with DAPI so
that approximately 20 regions of interest could be selected
from each placenta. These representative regions included
chorionic fetal vessels, stem villi, distal villi, and maternal
decidua. In affected cases, areas of inflamed and non-
inflamed villi were selected separately for analysis. A normal
tonsil slide was also used as a positive control for each exper-
iment. Tissues then underwent five cycles of staining,
bleaching, and imaging on the IN Cell Analyzer 6500HS
(GE Healthcare, Marlborough, MA) using antibodies conju-
gated to either Cy3 or Cy5. The full list of antibodies can be
found in supplemental Table 1. Images were then overlaid
using Layers Software (GE Healthcare) at 20X magnification.

Microarray

After pathologist review to select areas of interest, ten slides
were cut at 10 um for each sample (n = 20), and areas of least
inflamed and most inflamed VUE regions were collected from
affected cases by macrodissection of marked areas on the
H&E template slide. Similar regions of normal villi were
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Table 1 Patient demographics

Control VUE p value
Maternal age (years, range) 31.3 (27-38) 30.5 (29-40) 0.68
Maternal BMI (kg/m?) 31(18.8-45.2) 28.8 (19.8-45.2) 0.19
Gestational age at birth (weeks, range) 374/7 381/7 0.27
(34 2/7-40 1/7) (34 3/7-39 5/7)
Gravida (range) 2 (1-4) 4 (2-6) 0.01
Apgar 1 min 7 8 0.45
Apgar 5 min 9 9 0.66
Fetal weight (kg) 3.29 3.06 043
Fetal sex 40 80 *
(% female)
Placental weight for GA (% range) 50-75 50-75 0.89

(10-25 to >97)

(10-25 to >97)

Data is presented as the median and range

Abbreviations: BMI, body mass index; GA, gestational age

macrodissected from control cases (n = 10). RNA was then
extracted from these sections using the RNeasy FFPE kit
(Qiagen, Valencia, CA) as per manufacturer’s instructions.
RNA concentration and purity was determined by the A260/
280 ratio using a NanoDrop 8000 (Thermo Fisher Scientific,
Waltham, MA). RNA Integrity was evaluated using an
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA). Samples with a RNA integrity number (RIN) >
8 were utilized for analysis. Microarray targets were prepared
using RNA transcript labeling reagent (Affymetrix, Santa
Clara, CA) and then hybridized to the Affymetrix GeneChip
U133 plus 2.0 Array (Affymetrix) according to manufac-
turers’ instructions. Arrays were washed and stained with
streptavidin phycoerythrin using the Affymetrix GeneChip
protocol and scanned using an Affymetrix GeneChip
Scanner 3000 (Affymetrix). Acquisition and initial quantifica-
tion of array images was conducted using AGCC software
(Affymetrix), and subsequent data analysis was performed
using Partek Genomics Suite Version 7.0 (Partek, St Louis,
MO). Gene IDs were utilized for gene pathway analysis by
Kyoto Encyclopedia of Genes and Genomes (KEGG; Kyoto
University).

HLA Typing

In order to acquire pure maternal and fetal tissue for tissue
typing, we searched for mothers from our original cohort
who also had a noncancerous specimen collected in the
pathology archive. In total, four women diagnosed with
VUE and four who had an unaffected placenta were found
to have tissue from a previous biopsy that could be used as
the maternal sample. The fetal samples were isolated from
the tissue of the umbilical cord. Again, ten slides were cut

at 10 um for each sample (n = 16), and DNA was isolated
using the QIAamp DNA FFPE Tissue Kit (Qiagen) per
manufacturer’s instruction. DNA concentration and purity
was determined by NanoDrop 8000. HLA typing was per-
formed using reverse sequence-specific probe (rSSOP)
method (LABType™, One Lambda, Inc. Canoga Park,
CA) as per manufacturer’s recommendation. First, target
DNA is PCR amplified using a group-specific primer.
The PCR product is biotinylated, which allows it to be
detected using R-Phycoerythrin conjugated streptavidin
(SAPE). The PCR product is denatured and allowed to
re-hybridize to complementary DNA probes conjugated
to fluorescently coded microspheres. A flow analyzer, the
LABScan 3D (Luminex) identifies the fluorescent intensity
of PE (phycoerythrin) on each microsphere. The assign-
ment of the HLA typing is based on the reaction pattern
compared to patterns associated with published HLA gene
sequences. Tissue types tested included class I, HLA-A,
HLA-B and HLA-C loci; and class II, HLA-DRB1 and
HLA-DQBI loci.

Data Analysis

For patient demographics, nonparametric categorical data
were analyzed with Fisher’s exact test, and nonparametric
continuous data were analyzed with Kruskal-Wallis test.
Differentially expressed genes in each group were identified
using ANOVA test. A gene was considered as differentially
expressed if two conditions were met: (1) expression fold
change between two groups was >2 and (2) uncorrected p
value was <0.05. All statistical analysis was performed with
GraphPad Prism software version 6.0 (GraphPad Software,
San Diego, CA).
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Results
Patient Characteristics

Twenty subjects were included in this study, ten of
whom had a high-grade VUE diagnosis in the placenta
and ten subjects who had a normal placental examina-
tion. Cases and controls were intentionally matched
pairwise to be within 1 week gestational age of each
other. No indication of infection was identified in the
VUE cases. Patient demographics are summarized in
Table 1. There were no differences in maternal age, body
mass index (BMI), gestational age at birth, placental
weight, or fetal health (Apgar and weight) between

Fig. 1 Characterizing VUE
morphology in different areas of
the placenta compared to
unaffected control.
Representative 20X image by
MXIF staining of the stem villi,
distal villi, chorionic plate and

demdl.lal plate in VUE versus Stem
gestational age matched control e
placentae. Blue-DAPI, green- villi
cytokeratin-7, red-CD31, yellow-
CD14 and pink-CD8
Distal
villi
Chorionic
plate
Basal
plate
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groups; however, the VUE group did have a higher num-
ber of prior pregnancies and included more pregnancies
with a female fetus.

VUE Demonstrates High Levels of CD8 Infiltration
by Multiplex IHC

All 20 placentas were stained and images were collected from 5
representative regions of the stem villi, distal villi, chorionic ves-
sels, and decidua basalis. Representative images from one control
and one VUE affected placenta can be seen in Fig. 1. There were
minimal CD4+ T helper cells (white) detected in any of the
interior regions of the placenta; however, strong staining of ma-
ternal CD8+ cytotoxic T cells (pink) was observed in VUE

VUE

Control
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Fig. 2 Gene expression changes
based on VUE severity. (A)
Representative H&E stain used
for micro dissection of intermedi-
ate vs. high VUE in the same tis-
sue sample. (B) Heat map dem-
onstrating up (red) and down
(blue) regulation of genes in VUE
lesions as a group average with
low and high infiltration com-
pared to control (fold change >2;
p value <0.05). (C) Proportional
Venn diagram demonstrating the
number of genes shared and dif-
ferent in control, low and high
VUE placentae

High vs. control
(2003 genes)

placentas. All placentas demonstrated strong CD14+ fetal mac-
rophage (yellow) presence in the villi (green), but these cells were
not always found in areas of high CD8 infiltration. CD31+ en-
dothelial cells (red), which line the fetal blood vessels, were
much less defined in areas of the placenta with VUE compared
to unaffected placenta, confirming the typical villous vascular
obliteration also appreciated by light microscopy with H&E
staining. No significant immune interactions were seen in the
decidua or chorionic vessels.

Gene Expression Is Similar in Low and High Areas
of Inflammation in VUE

Macrodissection was carried out on each of the VUE cases to
capture differences in gene expression between least and most

Highvs. low (18 genes)

Low vs. control
{1010 genes)

inflamed areas (Fig. 2A). As histologically these less inflamed
areas do not appear to be as immunologically active as areas of
high lymphocytic infiltration and villous necrosis, we wanted
to understand if there may be some indication of pathways still
upregulated in an attempt to protect the trophoblast cells from
the maternal infiltrating cells. Using microarrays, we mea-
sured changes in gene expression between more and less in-
flamed areas of VUE cases and paired unaffected controls.
The complete dataset is available for download from Gene
Expression Omnibus (GEO [GSE13085]). The data
demonstrated that there is significant downregulation of
genes in cases of VUE compared to controls (Fig. 2B). In
total, we found 3031 genes with a fold change greater than 2
and 1034 that were differentially expressed between cases of
high VUE compared to control placentas (Fig. 3C).
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Fig. 3 HLA genetic profile in a HLA-DQA1 b HLA-DQB1
VUE compared to unaffected 16- 16+
controls. Relative expression of p=0.0003 | p=0.007
(A) HLA-DQAI; (B) HLA- = — =y
DQBI; (C) HLA-DOA in control, g _3“ —L| Ly i . o I "
low and high VUE (n = 10/group, & T X Aara ST i
. . o 26 ks
p value determined by Wilcoxon .% 8- 2 0 L
rank test compared to control) % u : A é g 4 % b I i
o o
£ £ i E 2 = ,c,— (3 n
o 8
4 T T T 2 T T T
Control Low High Control Low High
c HLA-DOA
164
p<0.0001
2 'é“ =0.02 I
1 e R
2 o 8 o
i A
Z 0 : 1
X -
E% conin *3.0 *
4 Ll T T
Control Low High

Interestingly, there were very few gene expression differences
in areas of high inflammation versus low inflammation in
VUE. Table 2 indicates the top 15 over and under expressed
genes in cases of high VUE infiltration compared to control.
In genes involved in T cell trafficking, HLA and HLA
regulation were increased in VUE, whereas in genes
involved in responses related to stress, vascular function,
cell adhesion and transcription control were significantly
decreased.

Table2  Top 15 up- and downregulated genes in VUE

Upregulated Genes Fold change Downregulated Genes Fold change

CXCLI10 22.65 HIF3A —8.06
CXCL9 20.87 SOX7 —6.70
IGHG1/2 6.51 PPPI1CB —6.02
SERPINAI 4.48 TAC3 —5.42
CD74 434 APOLDI —5.31
CCL8 428 ID4 -5.16
HLA-DRA 4.14 DNAJB4 -5.10
HLA-DQBI1 4.09 NEXN —4.95
HLA-DOA 4.07 DKK1 -491
STAT1 3.97 ZNF512B —4.74
GALT 3.95 IFNGR1 —4.68
GBP5 3.93 KDMSD —4.50
MUC6 3.87 TLK1 —4.38
CIITA 3.61 PTX3 —4.25
KLRC1/2 3.56 EPPK1 —4.24

Abbreviations: VUE, villitis of unknown etiology

@ Springer

Using these upregulated genes in the high VUE com-
pared to unaffected controls, we utilized Kyoto
Encyclopedia of Genes and Genomes (KEGG; Kyoto
University) to identify pathways impacted most signifi-
cantly by VUE. This program searches presence of input-
ted genes in highly annotated pathways and determines the
most relevant pathways based on your input data. Ratio of
affected pathways is determined by the number of genes
significantly altered in samples divided by the total number
of genes known to be involved in the pathway. In VUE,
43% of genes mapped to perturbations in graft vs. host
disease and 38% of genes mapped to allograft rejection
(Table 3). Other significantly impacted pathways in VUE
have a strong immunological basis.

Table 3  Pathways altered in cases of VUE

Pathway Gene count Reference Ratio
Graft vs. host disease 13 30 0.43
Allo-rejection 11 29 0.38
Diabetes type 1 12 34 0.35
Asthma 8 25 0.32
Autoimmune thyroid disease 13 45 0.29
Antigen presentation 14 56 0.25
Rheumatoid arthritis 20 84 0.21
Adherens junction 17 71 0.24
TGF-f3 signaling 17 82 0.21

Abbreviations: TGF, transforming growth factor, VUE, villitis of un-
known etiology
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Table4 HLA DRBI and DQBI tissue typing in mother/baby pairs

DRBI Locus DQBI Locus

Fetus Mom Fetus Mom
Control DR7 DRI2 DQ2 DQ7
Control DR4 DR4 DR4 DR4 DQO8 DOS DQO8 DQOS
Control DRI17 DRI13 DRI17 DRI13 DQO2DQ6  DQ2 DO6
Control DRI3 DRI5 DR7 DRI15 DQ6 DO6  DQ2 DO6
VUE DR4 DRY DRY9 DRI13 DQ7 DQY DQ9 DQ6
VUE DR4 DRI14 DR4 DR4 DQ7 DOS DQO8 DQOS
VUE DRI3 DRI5  DRI3 DRI3 DQO6 DO6  DQ6 DO6
VUE DRI17 DRI11 DRIl DRI16 DQ2DQ7  DQ7 DQS5

*Bold denotes a mismatch between the mom and fetus

VUE Cases Suggest Increased HLA Expression
and Mismatch

Our next aim was to better understand the role of HLA in
VUE. Microarray data demonstrated that many HLA class II
molecules were increased in VUE cases relative to unaffected
control. HLA-DQA1 relative expression increased with sever-
ity of VUE (5.1 vs. 7.0 vs. 7.8; Fig. 3A), as did HLA-DQB1
(4.4 vs. 5.5 vs. 6.4; Fig. 3B) and HLA-DOA (5.5 vs. 6.4 vs.
7.1; Fig. 3C). Interestingly, gene expression of HLA class I
molecules were not significantly different; however, we ex-
pect this to be related to the sample and not the biology.

We then identified eight mothers from our cohort (four
controls and four VUE) who had other tissue specimens that
could be utilized for determining their HLA type. Class I and
IT HLA typing was compared for similarity between mother
and fetus. Of the five loci measured, only results for DRB1
and DQBI could be reliably measured in our sample. As dem-
onstrated in Table 4, we observed that 1/3 DRB1 and
DQBlloci were mismatched in the control cohort, while 4/4
DRBI and 3/4 DQBI loci were mismatched in the VUE

group.
Intense HLA Class | Staining in VUE

Lastly, we wanted to identify areas of HLA class I and II
staining in relation to maternal and fetal immune cells uti-
lizing MxIF. In VUE, areas with high infiltration of mater-
nal CD8+ cells corresponded with areas having strong
HLA class I staining (Fig. 4A). On the contrary, HLA class
II staining was sparse and did not necessarily align with
CD14+ fetal macrophages (Fig. 4B). This indicates that
another type of immune cell may be playing an important,
but undiscovered antigen presentation role in VUE pathol-
ogy. HLA class I and II staining was not detectable in both
the stem and distal villi of the control placentas (Fig. 4C).
Together, these images suggest that VUE is associated with

significant increases in HLA class I-positive cell infiltra-
tion to the placenta but a much lower level of HLA class II
trafficking.

Discussion

Classically, the hallmarks of VUE include the infiltration of
maternal CD8+ lymphocytes into the villi, activation of fetal
macrophages, and destruction of chorionic villi. Although the
etiology of this phenotype is weakly understood, the initiation
of chronic inflammatory lesions in the placenta is hypothe-
sized to be either through infection, immunologic rejection,
or the interplay of both phenomena. Data presented here sup-
port the growing body of evidence that VUE is an allograft
rejection between the mother and the fetus. Similar to others,
we showed an infiltration of CD8+ cells in the stem and distal
villi of placentas diagnosed with VUE that is not observed in
unaffected, gestational age matched controls. Interestingly, we
did not observe infiltration of CD4+ T helper cells into our
cohort of placentas. Other groups have observed CD4+ cells
in the lesions [22, 23]; however, the numbers of these reported
cells were much lower than CD8+ cells. CD4+ cells are the
main regulator of adaptive immunity following an interaction
with a pathogenic antigen. It is possible that due to the lack of
infectious stimuli, CD4 cells do not receive a signal to traffic
into the villi; however, their role in regulating responses sys-
temically may be more important than locally. Future studies
that also evaluate blood from mothers and neonates with VUE
are warranted. CD14+ Hofbauer cells are of fetal origin and
have important roles in placental development, including
vasculogenesis and angiogenesis [24]. Hofbauer cells have
been shown to express Ki67, a marker of activation and pro-
liferation, during VUE [23]. Hofbauer cells were prominent in
our cases, but were not consistently seen in areas of cytotoxic
T cell infiltration. We were limited in markers for this first
round of staining, but future studies should be expanded to
additional cell types and include activation and inflammatory
targets to better understand the status of these fetal immune
cells.

Expression analysis demonstrated that genes involved in
allograft and graft-versus-host disease pathways were signifi-
cantly altered in VUE compared to unaffected controls. As the
genes involved with these two pathways have a high level of
overlap, it remains unclear whether initiation of VUE origi-
nates from the mother or the fetus. One could hypothesize that
maternal CD8+ T cells could be presented with antigen from a
fetal cell or placental debris in circulation, initiating expansion
and chemokine trafficking. Conversely, due to the intricate
sharing of blood during human pregnancy, fetal macrophages
could become activated by circulating cytokines, causing
them to release oxygen radicals and indirectly recruit other
immune cells, including maternal immune cells, into the
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Fig. 4 HLA class I and II a

expression in VUE affected

placentae. Representative 20x

image by MxIF staining. (A) by

HLA class I and maternal CD8+ ,.::

T cell localization in the lesion. B

(B) HLA class Il and fetal CD14+ '

macrophages in VUE. (C) HLA &

class I and II staining in the stem o

and distal villi of a control

placenta
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placenta. Support for maternal origin comes from in situ hy-
bridization experiments demonstrating that the infiltrating
lymphocytes are of maternal origin using placentas from a
male fetus [14, 25, 26]. Studies in di-zygotic twins who are
exposed to the same maternal environment showed marked
infiltration of T cells into the placenta of the smaller fetus,
whereas the larger twin had no T cell infiltration [27]. This
suggests that the fetal cells of the placenta, and not the mother,
initiate this inflammatory phenotype.
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We found an increase in HLA class II gene expression
which led us to tissue typing of maternal versus fetal tissue.
Tissue typing measures cell surface expression of HLA which
is found on the surface of a majority of cells in the body. This
is crucial for determining a best match between a donor and
recipient during a transplant procedure. In pregnancy, half of
the fetus’ HLA type is paternally inherited; therefore, the
mother would have up to 50% mismatch with the fetus.
Antibodies against fetal HLA and maternal HLA have been
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detected in the sera of women and neonates with VUE [28].
C4d, a marker of antibody-mediated rejection in transplant
biopsies, was detected in the syncytiotrophoblast of a VUE
inflamed placenta [29], but C4d staining was not observed in
cases of infectious villitis [30]. Our results suggested a higher
percentage of HLA mismatch between mom and fetus in VUE
cases compared to controls; however, this observation was
made at low resolution using a small cohort of mom/baby
pairs. Additionally, our HLA typing was incomplete, particu-
larly for class I, due to poor DNA quality. Therefore, we aim
to follow up with larger studies using fresh/frozen tissue to
better understand HLA mismatch and tissue rejection in VUE.

Lesions seen in VUE pathology demonstrate differences in
HLA expression based on location and cell type. HLA class II
expression on Hofbauer cells increases with gestational age
[23], which may explain why VUE tends to occur later in
pregnancy. In VUE, HLA class II was observed on some of
the CD14+ Hofbauer cells but not all of them. As placental
macrophages and their functions are highly heterogeneous
[24], in depth phenotyping of these cells during VUE is war-
ranted. Nonclassical HLA class I molecules are found on the
extra-villous trophoblast, but not the villous trophoblast [3]. In
our study, many maternal CD8+ T cells co-expressed HLA
class I in placentas from VUE cases, which was not observed
in unaffected controls. There are a range of mechanisms by
which this VUE response could be mediated: (1) up-
regulation of class I and II expression, (2) increased presenta-
tion of antigen, (3) increased T cell priming, (4) amplified
proinflammatory cytokine milieu, and (5) altered T cell traf-
ficking. These mechanisms have been expertly reviewed else-
where [31].

The mechanism(s) that traffic lymphocytes into the placen-
ta are still being discovered. In a cohort of fetal demise cases,
researchers found chronic inflammatory lesions in over 55%
of the placentas and elevated CXCL10 concentrations in am-
niotic fluid [32]. However, it should be noted that this was a
small cohort (n = 40) and systematic studies of the association
between fetal demise and VUE are confounded by the classi-
fication system utilized, the small number of published stud-
ies, differences in study design and lack of in depth patholog-
ical review, making the true relationship challenging to define
[22,33, 34]. CXCL10 is secreted in response to proinflamma-
tory cytokines and is effective at attracting T cells to sites of
infection/inflammation [35]. Similar to our results, mRNA
and protein levels of chemokines, including CXCL10 and
CXCL9, were significantly higher in the placenta and the ma-
ternal and fetal plasma in VUE [26]. Interestingly, in cases of
chorioamnionitis, chemokines were not upregulated in mater-
nal plasma, demonstrating another unique difference between
these placental pathologies [26]. Co-culture systems are being
developed to address questions related to mechanism and
pathophysiology of VUE. In a model of infectious villitis,
lipopolysaccharide increased ICAM-1 expression on the

trophoblast which allowed peripheral monocyte binding to
the placenta [36]. Using tissue explants, Derricott et al. devel-
oped a co-culture with CD4 and CD8 T cells which more
closely mimics the inflammatory state of VUE [37, 38]. As
normal human placentation is significantly more invasive than
observed in other species [39], in vitro models are currently
our best option for understanding this inflammatory condition.

To conclude, the pathophysiology of VUE resembles an
immunologic rejection response with the cause and initiator
(fetal vs. maternal) currently unknown. VUE is a common
placental pathology diagnosed after birth and is known to be
associated with increased fetal morbidity and mortality.
Therefore, the development of methods to predict VUE risk
would be clinically beneficial. Additionally, use of models
that can be utilized to understand the mechanisms behind
these immunological lesions may lead to novel ways to diag-
nose and potentially prevent VUE and its associated comor-
bidities in the future.
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