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Abstract

The co-presence of histoincompatible fetal and maternal cells is a characteristic of human placental
inflammation. Villitis of unknown etiology (VUE), a destructive inflammatory lesion of villous
placenta, is characterized by participation of Hofbauer cells (placental macrophages) and maternal
T cells. In contrast to acute chorioamnionitis of infection-related origin, the fundamental
immunopathology of VUE is unknown. This study was performed to investigate the placental
transcriptome of VUE and to determine whether VUE is associated with systemic maternal and/or
fetal inflammatory response(s). Comparison of the transcriptome between term placentas without
and with VUE revealed differential expression of 206 genes associated with pathways related to
immune response. The mMRNA expression of a subset of chemokines and their receptors (CXCL9,
CXCL10, CXCL11, CXCL13, CCL4, CCL5, CXCR3, CCR5) was higher in VUE placentas than in
normal placentas (p < 0.05). Analysis of blood cell MRNA showed a higher expression of CXCL9
and CXCL13 in the mother, and CXCL11 and CXCL13 in the fetus of VUE cases (p < 0.05). The
median concentrations of CXCL9, CXCL10, and CXCL11 in maternal and fetal plasma were higher
in VUE (p < 0.05). Comparison of preterm cases without and with acute chorioamnionitis revealed
elevated CXCL9, CXCL10, CXCL11, and CXCL13 concentrations in fetal plasma (p < 0.05), but
not in maternal plasma with chorioamnionitis. We report for the first time the placental transcriptome
of VUE. A systemic derangement of CXC chemokines in maternal and fetal circulation distinguishes
VUE from acute chorioamnionitis. We propose that VUE be a unique state combining maternal
allograft rejection and maternal antifetal graft-vs-host disease mechanisms.
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Introduction

The human placenta represents the anatomical and functional feto-maternal interface. When a
robust inflammatory reaction during pregnancy is mounted (i.e., microbial-induced acute
chorioamnionitis), both maternal and fetal inflammatory responses can be observed. One of
the histologic manifestations of such an inflammatory response is infiltration of both maternal
and fetal neutrophils in the placenta (1). However, this localized inflammatory lesion (acute
chorioamnionitis) is associated with systemic elevation of pro-inflammatory cytokines in both
maternal and fetal circulation. A clinical complex akin to sepsis characterized by an elevated
fetal plasma IL-6 concentration has been used to define the fetal inflammatory response
syndrome (2-4).

Villitis of unknown etiology (VU E)4 is another major placental inflammatory lesion, which is
quite distinct from acute chorioamnionitis. VUE, an enigmatic and destructive inflammatory
lesion, involves the villous placenta and is characterized by infiltration of predominantly
CD8* maternal T cells into the chorionic villi (5,6). VUE is a relatively common lesion found
in 5-15% of term placentas, and it is associated with intrauterine fetal growth restriction, fetal
death, and a wide range of perinatal morbidity (7-9). While the immunologic mechanisms
implicated in VUE appear to be analogous to graft rejection by the mother (10,11), its
fundamental pathology remains to be determined. Recent studies have shown that in addition
to the maternal T cells, resident placental macrophages (Hofbauer cells) of fetal origin are key
participants in this inflammatory process (6,12).

A unique feature of VUE is the interaction of leukocytes from two distinct hosts (mother and
fetus), suggesting that both hosts are engaged in either the local or the systemic inflammatory
response. While the nature of the local and systemic inflammatory responses of acute
chorioamnionitis are relatively well-documented (2—-4), those of VUE have not been fully
addressed. Genome-wide expression analysis is a powerful tool, which often provides
comprehensive information about the transcriptome of a particular pathologic process (13).
The present study was designed to investigate the changes in the transcriptome of placentas
affected by VUE and thereby to determine key immunopathological alterations associated with
this lesion.

Materials and Methods

Sample Collection

Placental tissues, maternal blood, and cord blood samples were retrieved from the Bank of
Biological Materials of the Perinatology Research Branch of the Eunice Kennedy Shriver
National Institute of Child Health and Human Development, National Institutes of Health.
Patients included women who delivered after spontaneous labor at term without (TIL; n=22)
and with VUE (n=22). VUE included in this study was defined as multifocal lymphohistiocytic
infiltration in more than five villi on multiple slides, encompassing multifocal low-grade villitis
and patchy or diffuse high-grade villitis based on histologic criteria previously defined (1) (Fig.

4Abbreviations used in this paper: VVUE, villitis of unknown etiology; GVHD, graft-vs-host disease; FDR, false discovery rate; ISI,
inflammation severity index; KEGG, Kyoto Encyclopedia of Genes and Genomes; PTL, preterm labor and delivery without acute
chorioamnionitis; PTLI, preterm labor and delivery with acute chorioamnionitis; gRT-PCR, quantitative RT-PCR; SPIA, signaling
pathway impact analysis; TIL, term in labor.
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1). From each group, 16 pairs of placental tissues in RNAlater tissue collection (Applied
Biosystems), 17 pairs of maternal blood in PAXgene blood RNA system (PreAnalytiX/BD
Biosciences), 17 pairs of fetal blood from the umbilical vein in PAXgene blood RNA system,
19 pairs of maternal plasma, and 19 pairs of fetal plasma were available for analysis. For
purposes of comparison, both maternal and fetal blood samples from women with preterm
labor and delivery without (PTL; n=20) and with acute chorioamnionitis (PTLI; n=20) were
also used. All patients provided written informed consent, and the collection and use of the
samples were approved by the Institutional Review Boards of the participating institutions.

Microarray analysis

For microarray analysis, 10 total RNA samples from each group (TIL vs VUE) were used.
Isolation of total RNA from placental villous tissues in RNAlater tissue collection was
performed using TRIzol (Invitrogen) followed by purification of RNA using an RNeasy Mini
kit (Qiagen). Synthesis of cDNA was performed using the Affymetrix GeneChip expression
3" amplification one-cycle cDNA synthesis kit using 1 pg of total RNA. After purification of
double-stranded cDNA using the Affymetrix GeneChip sample clean-up module, the cDNA
product was used for the synthesis of biotin-labeled cRNA using the GeneChip IVT labeling
kit (Affymetrix). Labeled cDNAs were hybridized to an Affymetrix GeneChip human genome
U133 Plus 2.0 array platform with 47,650 annotated probe sets targeting 19,886 unique genes.
Arrays were scanned with the GeneChip scanner 3000 (Affymetrix).

The gene expression data were preprocessed using the RMA (robust multiarray average)
algorithm (14) to obtain a background corrected and normalized intensity level for each probe
set of each gene represented on the array. Data was further log, transformed and analyzed using
a linear model strategy in which the gene expression levels were fitted as a function of the
inflammation severity index (ISI). The 1SI was defined according to the histologic grade of
VUE; ISl 1, 2, and 3 were multifocal low-grade villitis, patchy high-grade villitis, and diffuse
high-grade villitis, respectively. ISI 0 was defined as no evidence of villitis (TIL group). This
modeling strategy was chosen over a classical ANOVA approach because we were interested
in identifying genes with a rather monotonic behavior (i.e., their expression levels are
significantly correlated with the 1SI). A p value was obtained for each probe set, measuring
the significance of the coefficient for the ISI variable in the linear model. The limma package
(15) of Bioconductor [www.bioconductor.org] was used for model fitting and p value
calculations for each probe set. The p values for all probe sets of the same gene were combined
using a Fisher approach, in which a global p value for each gene is obtained, giving the
probability of observing a set of p values as low as or lower than those obtained for all different
probe sets of a given gene. The resulting p values were corrected across the genes to account
for multiple testing using the false discovery rate (FDR) algorithm (16). A gene was labeled
as significant if the FDR p values for the gene were < 0.05 and the ISI coefficient was more
extreme than 0.25, which corresponds to a 2-fold change in expression (increase or decrease)
between the group with severe inflammation and the control group. Differentially expressed
genes were further analyzed to identify enriched Gene Ontology terms, such as molecular
functions and biological processes using the GOstats package in R.2.7.0 (17). Moreover,
pathway analysis was performed using an over-representation approach on the Kyoto
Encyclopedia of Genes and Genomes (KEGG) human signaling and metabolic pathways
database (www.genome.jp/kegg/). For the signaling pathways available in KEGG, the
signaling pathway impact analysis (SPI1A) algorithm (18,19) was conducted, which makes full
use of the pathways topology and the directed gene-gene interactions in assessing pathway
significance.
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Real-time quantitative RT-PCR (QRT-PCR)

ELISA

Isolation of total RNA from placental villous tissue in RNAlater tissue collection was
performed using TRIzol. RNA was isolated from maternal and fetal blood in PAXgene blood
RNA system using the PAXgene blood RNA kit (Qiagen). DNase-treated total RNA was
reverse transcribed using SuperScript 111 reverse transcriptase (Invitrogen) and oligo(dT)
primers. qRT-PCR analyses were performed with TagMan gene expression assays (CXCL9,
Hs00171065_m1; CXCL10, Hs00171042_m1; CXCL11, Hs00171138 m1; CXCL13,
Hs00757930_m1; CCL4, Hs99999148 m1; CCL5, Hs00174575_m1; CXCRS3,
Hs00171041_m1; CXCRS5, Hs00173527_m1; CCR5, Hs00152917_m1; Applied Biosystems)
using an ABI 7500 Fast real-time PCR system. The human ribosomal protein, large, PO
(RPLPO; Applied Biosystems) was used for normalization.

Plasma was collected by centrifugation of blood obtained in EDTA tubes (BD Vacutainer; BD
Diagnostics) and stored at —80°C until use. The plasma concentrations of CXCL9, CXCL10,
CXCL11, and CXCL13 chemokines were measured by specific ELISA (R&D Systems)
according to the manufacturer’s instructions.

Immunofluorescent staining

Immunofluorescent staining was performed using Abs to CXCL9 (R&D Systems), CXCL10
(R&D Systems), CXCL11 (R&D Systems), CXCL13 (Proteintech Group), CCL4 (R&D
Systems), CCL5 (R&D Systems), CXCR3 (R&D Systems), CXCR5 (Novus Biologicals),
CCR5 (BD Pharmingen), CD14 (Abcam), and CD8 (monoclonal, Dako; polyclonal, Abcam).
Five-micrometer-thick frozen tissue sections were fixed with 4% (w/v) paraformaldehyde for
30 min at 4°C and permeabilized with 0.25% Triton X-100 or with an equal volume of acetone
and methanol for 5 min at 4°C. To quench nonspecific binding, sections were incubated with
5% (w/v) BSA in PBS for 30 min at room temperature. Sections were incubated with a primary
Abin 1% (w/v) BSA in PBS for 1 h, followed by incubation with Alexa 568 donkey anti-goat
1gG or Alexa 594 donkey anti-rabbit 1gG (Invitrogen) in 1% (w/v) BSA for 30 min. For double
staining, sections were subsequently incubated with a second primary Ab in 1% (w/v) BSA
for 1 h, before incubation with Alexa 488 goat anti-mouse IgG (Invitrogen) in 1% (w/v) BSA
in PBS for 30 min. The slides were mounted in ProLong Gold antifade reagent with 4',6-
diamidino-2-phenylindole (Invitrogen). The stained sections were examined using a Leica TCS
SP5 spectral confocal system (Leica Microsystems).

Statistical analysis

Results

The median mRNA expression and the median concentration for each chemokine were
compared between two groups using Mann-Whitney U tests. SPSS version 12.0 was employed
for statistical analysis. A p value of <0.05 was considered statistically significant. The methods
employed for microarray analysis have been described above in the appropriate section.

Placental transcriptome of VUE: enrichment of immune response among differentially
expressed genes

For the comparison of placental transcriptome, linear modeling was used to correlate gene
expression levels with the severity of inflammation in 10 TIL (control) and 10 VUE placentas.
The complete data set is available in a MIAME (Minimal Information About a Microarray
Experiment)-compliant format in ArrayExpress (www.ebi.ac.uk/microarray-as/ae/) database
(entry ID: E-TABM-577). The results of gene expression profiling are shown in Fig. 2. The
“volcano plot” (Fig. 2A) shows the gene significance (—logg of p value) as a function of the
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magnitude of expression changes with the ISI. Differential regulation was found in 206 genes
out of 19,886 annotated genes on the array (FDR < 0.05, fold change of > 2), and most of them
(93%) were increased in expression as a function of the severity of the inflammatory process
(Table I and Fig. 2, B and C). In particular, several chemokines, MHC class | molecules (HLA-
B, -C, -G), and MHC class Il molecules (HLA-DM, -DO, -DP, -DQ, -DR) were up-regulated
in the placentas with VUE compared with those of TIL cases.

Gene Ontology analysis of the significantly differentially regulated genes revealed enrichment
of 78 biological processes, most of which were related to immune responses (Table I1). Pathway
analysis identified 10 pathways significantly associated with VUE. They included cell adhesion
molecules, Ag processing and presentation, cytokine-cytokine receptor interaction, and TCR
signaling pathways (Table I11). The impact evidence captured by SPIA from signaling
perturbations suggested that the Ag processing and presentation (KEGG ID: 4612) and the
cytokine-cytokine receptor interaction (KEGG ID: 4060) were the most relevant in this study
(Fig. 2D).

Differential expression of chemokines and chemokine receptors in the placentas with VUE

For validation of the microarray results, mMRNA expression of selected chemokines (CXCLDJ9,
CXCL10, CXCL11, CXCL13, CCL4, CCL5) was further analyzed by gRT-PCR. Expression
of these chemokines was significantly higher in placentas with VUE than in those without it

(all p<0.05), and mRNA expression of the corresponding receptors of the chemokines CXCR3
and CCR5 was also found to be highly expressed in VUE (p < 0.001; Fig. 3), except for CXCR5
MRNA, which was not detected in any case.

Immunofluorescent staining revealed CXCL9, CXCL10, CXCL11, and CXCL13
immunoreactivity in Hofbauer cells (placental macrophages), stromal cells, and endothelial
cells toavariable extent in VUE placentas. The intensity of the staining was higher in placentas
with VUE than in controls. An increase of CCL4 and CCL5 immunoreactivity was detected
in Hofbauer cells and stromal cells. CD8" T cells and CD14* Hofbauer cells in VUE foci were
positive for CXCR3 and CCR5. In control placentas, Hofbauer cells were positive for CCR5
but negative for CXCR3. CXCRS5 was not detected in either VUE placentas or control placentas

(Fig. 4).

Changes in chemokine mRNAs and proteins in maternal and fetal circulation

Based on the data from the analysis of the placentas, mMRNA expression of chemokines
(CXCL9, CXCL10,CXCL11, CXCL13, CCL4, CCL5) and their receptors (CXCR3, CXCRS5,
CCR5) were further analyzed by gRT-PCR using blood total RNA samples to determine
whether VUE is associated with a systemic immune response. The analysis revealed a
significantly higher expression of CXCL9 and CXCL13 mRNA in maternal blood of VUE
cases (p < 0.05), whereas CXCL11 and CXCL13 mRNA expression was higher in fetal blood
in VUE than in controls (p < 0.05; Fig. 5). Differences in mRNA expression of CXCR3,
CXCR5, and CCR5 were not observed in either maternal or fetal blood between VUE and
controls.

Maternal and fetal plasma concentrations of selected chemokines (CXCL9, CXCL10,
CXCL11, CXCL13) were also measured by specific immunoassays. The median
concentrations of CXCL9 (maternal, median (range), 24.4 (1.5-168.9) pg/ml in control vs 90.7
(16.0-574.9) pg/ml in VUE cases, p < 0.001; fetal, median (range), 31.0 (15.4-75.2) pg/ml in
control vs 45.5 (29.7-145.6) pg/ml in VUE cases, p < 0.001), CXCL10 (maternal, median
(range), 108.5 (45.7-868.2) pg/ml in control vs 198.3 (45.0-1928.0) pg/ml in VUE cases, p <
0.05; fetal, median (range), 27.8 (15.1-123.7) pg/ml in control vs 105.9 (35.6-304.9) pg/ml in
VUE cases, p < 0.001), and CXCL11 (maternal, median (range), 140.9 (25.4-403.4) pg/ml in
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control vs 230.9 (79.0-933.5) pg/ml in VUE cases, p < 0.05; fetal, median (range), 0 (0-62.9)
pg/ml in control vs 26.5 (0-266.7) pg/ml in VUE cases, p < 0.01) were higher in VUE cases
than in control, respectively. On the other hand, the median concentration of CXCL13 was not
different (maternal, median (range), 307.6 (112.1-870.5) pg/ml in control vs 265.4 (86.9-687)
pg/ml in VUE cases, p > 0.05; fetal, median (range), 44.7 (26.9-99.1) pg/ml in control vs 48.7
(30.3-121.1) pg/ml in VUE cases, p > 0.05; Fig. 6A).

Since acute chorioamnionitis associated with microbial invasion of the amniotic cavity
represents another common type of placental inflammatory lesions with both maternal and fetal
responses (1-4), we measured maternal and fetal plasma concentrations of the same
chemokines in cases with preterm labor and delivery without (PTL) and with acute
chorioamnionitis (PTLI). These experiments were undertaken to determine whether changes
in fetal and maternal plasma CXC chemokine concentrations are distinct in VUE and acute
chorioamnionitis. The median fetal plasma concentrations of CXCL9 (median (range), 10.9
(0-81.2) pg/ml in PTL cases vs 44.6 (0-254.6) pg/ml in PTLI cases; p < 0.01), CXCL10
(median (range), 21.9 (12.0-56.3) pg/ml in PTL cases vs 49.1 (19.9-663.4) pg/ml in PTLI
cases; p < 0.001), CXCL11 (median (range), 0 (0-97.9) pg/ml in PTL cases vs 63.5 (0-397.9)
pg/mlin PTLI cases; p < 0.05), and CXCL13 (median (range), 38.4 (17.9-205.3) pg/ml in PTL
cases vs 108.4 (21.2-552.1) pg/ml in PTLI cases; p < 0.001) were higher in PTLI cases than
in PTL cases. Interestingly, however, no differences were found in the maternal plasma
concentrations of these chemokines between PTL and PTLI cases. Furthermore, CXCL13
concentration was lower in PTLI than in PTL cases (median (range), 316 (71.4-724.9) pg/ml
vs 195.5 (52.7-485.3) pg/ml, respectively, p < 0.05; Fig. 6B). Additional comparisons showed
a higher CXCL9 median concentration in maternal plasma of PTL cases than in TIL cases (p
<0.01), while CXCL11 concentration was lower in PTL than in TIL cases (p <0.001). CXCL9
median concentration in fetal plasma of PTL cases was lower than that of TIL cases (p < 0.05;
Fig. 6C).

Discussion

We report, for the first time, the changes in global placental gene expression patterns in VUE.
This study also uncovers another novel immunopathologic feature of VUE: the presence of a
systemic CXC chemokine response both in the mother and fetus. VUE has been regarded as a
placental lesion analogous to allograft rejection by the mother (host) against fetal Ags (graft)
(10,11). However, the evidence supporting a fetal systemic inflammatory response strongly
suggests that VUE has a component similar to graft-vs-host disease (GVHD) by maternal
lymphocytes (graft) to fetal placental tissue (host) (6).

The transcriptome profiles of the placentas with VUE essentially reflect the presence of an
inflammatory response involving T lymphocytes and APCs in the chorionic villi. The gene
expression profile in this lesion is quite similar to that reported in other organs in the setting
of either transplantation rejection or GVHD (20-25). Gene Ontology analysis indicates that
VUE, allograft rejection, and GVHD share enrichment of genes involved in Ag presentation,
leukocyte migration, T cell activation, and induction by IFN-y. Up-regulation of the expression
of MHC class Il molecules in the placentas with VUE is consistent with previous observations
in which increased expression of MHC class Il Ags in villous trophoblasts and macrophages
in and around areas of VUE was demonstrated (26,27). In a murine model of hepatic GVHD,
mRNA for MHC class Il molecules and for genes related to peptide processing for MHC
molecules were up-regulated in the liver 1 wk after experimental allogeneic bone marrow
transplantation (24). Inacute GVHD, HLA-DR protein was expressed by human keratinocytes.
This is interesting because HLA-DR is not found in normal skin or after regression of GVHD
(28). A mouse renal allograft rejection model also demonstrated increased mMRNA expression
of MHC class 1l molecules in the kidney as a major feature of INF-y-dependent, rejection-
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induced transcripts (29). Indeed, the expression levels of MHC class Il molecules in human
organ allograft show a gradient in the order of rejection, nonrejection, and normal organ before
transplantation, showing the critical nature of MHC class Il molecules for successful
transplantation (22,30). Interestingly, HLA-DR expression in Hofbauer cells increases as a
function of gestational age (31,32). Enhanced potential for Ag presentation by Hofbauer cells
with increased MHC class 11 expression at term may be an explanation of why VUE occurs
mostly at term (1).

The ligands for CXCR3 (CXCL9, CXCL10, CXCL11) and for CCR5 (CCL4, CCLD5) are
among the most common chemokines expressed during the course of transplantation rejection
(33-35) and GVHD (25,36,37). Increased expression of these chemokines and their receptors
in the placentas with VUE strongly suggests the presence of the signals required for leukocyte
migration akin to those observed in transplantation rejection and GVHD. Hofbauer cells and
endothelial cells in the villi of cases with VUE showed increased expression of selective
chemokines, suggesting an interaction with CXCR3* and CCR5* T cells, which infiltrate
chorionic villi. Transplant rejection and GVHD also show increased expression of chemokines
in the parenchymal tissue, including renal tubules and epidermis, in addition to leukocyte
infiltration (33,38). A homeostatic chemokine, CXCL13, which is not commonly found in
either transplantation rejection or GVHD, except for a few examples of allograft rejection
associated with B cell infiltration (39,40), was overexpressed in VUE, although B cells were
minimally present in VUE (26,41). Similarly, we could not detect the expression of CXCR5,
the primary CXCL13 receptor, in placentas with VUE. However, CXCL13 in VUE may be
involved in the chemotaxis of activated T cells, since CXCL13 is also a potential ligand for
CXCR3 in addition to IFN-y-induced CXC chemokines without the ELR motif (42). CXC
chemokines are known to regulate angiogenesis by acting on their receptors on endothelial
cells. Chemokine ligands for CXCR2 and CXCR4 (CXCL1, CXCL6, CXCLS8) drive
proangiogenic signals, while CXCL9, CXCL10, CXCL11, and CXCL13 are antiangiogenic
(43-46). This is interesting because VUE is commonly associated with obliterative changes of
villous vessels (obliterative fetal vasculopathy) (47). We propose that such a finding is
associated with an increase in antiangiogenic chemokine expression in the placenta.

The most meaningful and novel observation in the present study is the demonstration of a
systemic derangement in chemokine concentrations in both maternal and fetal circulation
associated with VUE. The expression pattern of each chemokine mRNA indicates that
circulating chemokines could be produced by the placenta or peripheral leukocytes. Chemokine
up-regulation in systemic circulation could also be a result rather than a cause of VUE. A few
studies have described changes in systemic chemokine concentrations either in allograft
rejection or in GVHD. Circulating CXCL11 was elevated in patients with coronary artery
disease, which developed in a transplanted heart (48). The serum concentrations of CXCL10
and CCL5 have been reported to be increased in patients with cutaneous GVHD (38).
Interestingly, VUE-associated changes in the mother are distinct from those observed in acute
chorioamnionitis in which systemic CXC chemokine concentrations were not changed
(CXCL9, CXCL10, CXCL11) or even decreased (CXCL13), while those in the fetus were
similar to those of acute chorioamnionitis. This stark difference in maternal plasma chemokine
concentrations and the similarity in fetal plasma concentrations between VUE and acute
chorioamnionitis strongly suggest that the immune responses mounted by the mother are more
finely tuned and specific depending on the etiology of the inflammatory process. Another
incidental but intriguing finding was the differences in maternal plasma concentrations of
CXCL9 and CXCL11 between PTL and TIL patients. Whether those differences are related to
gestational age or to the pathologic vs physiologic nature of labor needs further study.
Nevertheless, this is the first evidence showing that the maternal systemic chemokine profile
varies between preterm labor and spontaneous labor at term.
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Pregnancy has been likened to a semiallograft. However, the fetus is not a simple allograft
because it may also be a host, as demonstrated by the development of microchimerism
(maternal cells in fetal circulation) (49). VUE is a unique fetal response associated with
maternal T cell infiltration in the placenta. The overall findings reported herein indicate that
VUE is akin to placental GVHD in the fetal compartment and that increased circulating
antiangiogenic chemokines, in addition to inflammatory destruction of the placenta, may have
acausal link in the development of fetal growth restriction or fetal death. Systemic involvement
of the skin or the gastrointestinal tract is a typical clinical presentation of GVHD (50). From
this perspective, VUE could be an atypical form of GVHD with its full-blown histologic lesion
confined to the placenta. Tissue damage due to underlying diseases or previous treatment is a
prerequisite for the development of GVHD (51,52). This prerequisite is met during pregnancy
because there is ongoing damage to the villous tree as the pregnancy progresses (53). Restricted
tissue damage in the placental villous tissue, exposure of villous tissue to maternal circulation
isolated from fetal circulation, and the absence of lymphatics in the placenta may be plausible
explanations for the confinement of VUE to the placenta. Secondary lymphoid organs are
important for T cell activation, but they are not an absolute requirement for allorecognition
(54). Fetal placental macrophages (Hofbauer cells) seem to play a key role in establishing
chemokine-chemokine receptor interaction.

In conclusion, we propose that VUE is a disorder characterized by distinct up-regulation of
local and systemic CXC chemokines both in the mother and the fetus. Such a distinct pattern
of chemokine up-regulation clearly differs from that observed in acute chorioamnionitis due
to microbial invasion of the amniotic cavity. Therefore, we propose that placental VUE be
considered a unique and genuine pathologic link between maternal allograft transplantation
rejection and fetal GVHD. VUE is the only example in human biology where two hosts in
intimate contact deploy a bidirectional inflammatory response resulting in a unique form of
tissue destruction.
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Figure 1.

Microscopic findings of VUE. A, VUE is characterized by patchy lymphocytic infiltrates in
the affected chorionic villi. B, Hofbauer cells (placental tissue macrophages) in the chorionic
villi of a term control placenta (TIL) are immunopositive for CD14. Chorionic villi in the
placenta with VUE show infiltration of CD8" T cells in addition to CD14* Hofbauer cells.
(CD14, red; CD8, green).
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Figure 2.
Transcriptome analysis of VUE placentas using microarray. A, A volcano plot showing the

relationship between the FDR-corrected p values of the genes and their fold changes (logs of).
Blue dots outside the two red lines and above the gray line have fold changes > 2 and FDR-
corrected p values < 0.05. Positive values on the x-axis indicate genes whose expression
increased with inflammation severity, while negative values indicate genes down-regulated
with inflammation severity. A gene located at 0.25 on the x-axis increases in average 4 x 0.25
=1 U of log, fold change (2-fold) from the group without disease (ISI = 0) to the most severe
inflammation group (ISI = 3). B and C, The expression levels of the Affymetrix probe sets for
the CCL5 (B) and HLA-DRA (C) genes were plotted according to inflammation severity. Gene
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expression increased along with inflammation severity. D, The list of significant genes and

their log-fold changes were analyzed using the SPI1A algorithm to identify signaling pathways
for which there is high enrichment evidence (high x-axis) and high perturbation evidence (high
y-axis). Each KEGG signaling pathway analyzed is shown as a bullet point. Pathways above
the oblique red line are significant at 5% after Bonferroni correction based on the combined

evidence, while those above the oblique blue line are significant at 5% after FDR correction.
The vertical and horizontal thresholds represent the same corrections for each type of evidence.
Ag processing and presentation (KEGG ID: 4612) and cytokine-cytokine receptor interaction
(KEGG ID: 4060) are the most relevant according to the signaling perturbation-based evidence

(y-axis).
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Figure 3.

Changes in mRNA expression of a subset of chemokines and receptors in VUE placentas.
MRNA expressions of CXCL9, CXCL10, CXCL11, CXCL13, CCL4, and CCL5 are higher in
VUE placentas compared with those in term control placentas. mMRNA of CXCR3 and CCR5
is also expressed at higher levels in VUE placentas than in term control placentas.
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Figure 4.

Immunofluorescent staining for selected chemokines and their receptors in VUE placentas.
Immunofluorescent signals for corresponding chemokines, receptors, and CD Ags are
indicated in green (Alexa 488) and red (Alexa 568 or Alexa 594). A-D, Increased
immunoreactivity of CXCR9, CXCR10, CXCR13, and CCL5 in VUE placentas. CXCR3" and
CCR5* leukocytes infiltrate the chorionic villi, expressing their chemokine ligands in VUE
placentas. CXCRS5 (C) is not found in either VUE placentas or normal term (TIL) placentas.
Immunoreactivity of CXCL9 (A), CXCL10 (B), and CXCL13 (C) is localized in CD14*
Hofbauer cells (arrows) and endothelial cells of VUE placentas. CCL5 (D) is positive in some
CD14" Hofbauer cells (not shown) and CD8* T cells (arrows). Some infiltrating leukocytes
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were doubly positive for both a chemokine and its receptor (arrowheads). E and F, CD14*
Hofbauer cells in TIL placentas are negative for CXCR3 (E) while being immunoreactive for
CCRS5 (F). Infiltrating CD8* T cells and CD14* Hofbauer cells in VUE foci are positive for
CXCR3 and CCR5. The endothelial cells of villous capillaries are also positive for CXCR3.
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Figure 5.
Differential mMRNA expression of chemokines and receptors in maternal and fetal blood.

Maternal blood shows higher mRNA expression of CXCL9 and CXCL13 in VUE cases than
in control cases (TIL). CXCL11 and CXCL13 mRNA expression is higher in fetal blood of
VUE cases than in control cases.
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Figure 6.

Chemokine concentrations in maternal and fetal plasma of VUE and acute chorioamnionitis.
A, The median concentrations of chemokines CXCL9, CXCL10, and CXCL11 in both maternal
and fetal plasma are higher in VUE cases than in term control cases (TIL), respectively. On
the other hand, the median concentration of CXCL13 is not different between VUE and control.
B, The median fetal plasma concentrations of CXCL9, CXCL10, CXCL11, and CXCL13 are
also higher in PTLI cases than in PTL cases. In contrast, maternal plasma concentrations of
CXCL9, CXCL10, and CXCL11 are not different between PTL and PTLI cases. CXCL13
concentration is lower in PTLI cases than in PTL cases. C, Comparison between PTL and TIL
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cases showed that maternal plasma CXCL9 concentration is higher in PTL cases than in TIL
cases, whereas CXCL11 concentration is lower in PTL than in TIL cases.
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Gene False Discovery Rate Fold Change
STAT1 1.02E-15 224
HLA-C 6.14E-14 2.44
LST1 2.18E-12 1.95
FAM26F 4.01E-12 3.33
SOD2 2.93E-09 2.75
HLA-DQB1 3.54E-07 2.58
SLAMF7 3.54E-07 321
LCP2 7.55E-07 1.70
PTPRC 7.76E-07 2.12
CCL5 1.41E-06 3.36
CLEC7A 2.05E-06 1.81
IL23A 4.57E-06 1.83
HLA-DRA 6.90E-06 5.54
IL21R 8.03E-06 2.44
LILRB1 8.03E-06 177
ANKRD22 9.64E-06 6.65
HLA-DPB1 1.85E-05 3.12
HLA-DPA1 1.91E-05 4.36
GBP5 1.98E-05 6.67
GBP1 2.55E-05 2.47
CD86 3.86E-05 2.06
RAC2 3.86E-05 2.37
CD74 4.22E-05 2.18
LCK 4.71E-05 2.24
RTN1 6.11E-05 2.64
FCGR3B 6.44E-05 3.25
ARHGAP9 9.22E-05 177
PLAUR 9.22E-05 1.76
TNFAIP6 0.00011 2.46
TFEC 0.00011 1.87
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Biologic Process pFDR No. Enriched Genes
/No. Total Genes
Immune response 8.10E-51 61/369
Ag processing and presentation of peptide or 1.43E-13 10/15
polysaccharide antigen via MHC class 11
Inflammatory response 3.01E-11 25/290
Chemotaxis 7.18E-11 18/139
Locomotory behavior 2.76E-09 18/174
Cellular defense response 1.77E-08 12/71
Lymphocyte-mediated immunity 1.79E-08 12/72
Response to virus 3.68E-08 12/78
Regulation of immune response 6.87E-08 12/83
Adaptive immune response based on somatic 6.87E-08 10/51
recombination of immune receptors built from lg
superfamily domains
Leukocyte activation 7.51E-08 15/150
Regulation of cell activation 1.01E-07 12/87
Positive regulation of response to stimulus 7.45E-07 12/104
Immune effector process 7.58E-07 10/67
Activation of immune response 6.55E-06 9/63
Positive regulation of leukocyte activation 2.92E-05 8/56
Innate immune response 6.68E-05 10/107
Ag processing and presentation 7.43E-05 6/31
Positive regulation of immune system process 0.00028 7/58
Death 0.00029 271796
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Table 11l
List of pathways enriched in VUE
Pathway KEGG pFDR No. Enriched Genes
1D /No. Total Genes
Type | diabetes mellitus 4940 1.95E-18 18/41
Cell adhesion molecules 4514 4.66E-12 21/129
Ag processing and presentation 4612 2.15E-11 17/84
NK cell-mediated cytotoxicity 4650 1.64E-07 16/129
Hematopoietic cell lineage 4640 3.32E-06 12/87
Cytokine-cytokine receptor 4060 4.07E-06 20/257
interaction
TLR signaling pathway 4620 1.38E-05 12/102
T cell receptor signaling pathway 4660 0.00021 10/93
Alzheimer's disease 5010 0.01984 4/28
Complement and coagulation 4610 0.02248 6/69

cascades
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