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Abstract

Gestational choriocarcinomas are derived from placental trophoblast cells, with HLA-C being the
only class | polymorphic molecule expressed. However, choriocarcinomas have not been profiled
for endoplasmic reticulum aminopeptidase 2 (ERAP2) expression. ERAP2 trims peptides presented
by human leukocyte antigens (HLA) that have shown to modulate immune response. Over 50% of
choriocarcinomas we screened lack ERAP2 expression, which suggests that the absence of ERAP2
expression allows immune evasion of choriocarcinoma cells. We demonstrate that the ability of
choriocarcinoma cells to activate lymphocytes was lowest with cells lacking ERAP2 (JEG-3) or
HLA-C (JAr). This observation suggests that activation is dependent on expression of both ERAP2
and HLA-C molecules. In addition, an ERAP2 variant in which lysine is changed to asparagine
(K392N) results in increased trimming activity (165-fold) for hydrophobic peptides and biologically
never been detected. We hypothesize that homozygosity for the N392 ERAP2 variant is prohibited
because it modulates the immune recognition of placental trophoblasts. We demonstrate that
NK-cell activation and killing were significantly dependent on forced expression of the N392 ERAP2
isoform in JEG-3 cells. Cytotoxicity was confirmed by 7AAD killing assays showing that N392
ERAP2-isoform expressing JEG-3 cells had the highest percentage of apoptotic cells independent
of the expression level of CD11a on lymphocytes. This is the first report showing that N392 ERAP2
promotes an immune clearance pathway for choriocarcinoma cells, and provides an explanation
for why embryonic homozygosity for the N392 ERAP2 variant is not detected in any population.

Summary Sentence

The N392 ERAP2 isoform expression promotes immune cell activation and apoptotic immune
clearance of choriocarcinoma cells.
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Introduction

Gestational choriocarcinomas arise from trophoblast cells in hyda-
tidiform moles (50%), normal pregnancies (25%), and ectopic preg-
nancies or spontaneous abortions (25%). Although more common
in Asia, Africa, and Central America, it is a rare disease (prevalence
of 1in 40,000 pregnancies and 1 in 40 hydatidiform cases) in West-
ern countries. Individuals with hydatidiform moles have a relative
risk of 2000-4000 for choriocarcinoma, making it one of the largest
single risk factors for any known disease [1-3].

Another unique feature of choriocarcinoma is how it is recog-
nized by the immune system. Human trophoblast cells express an
unusual repertoire of human leukocyte antigen (HLA) molecules
including the invariant HLA-G and HLA-E molecules and the poly-
morphic HLA-C molecule. They do not express the highly polymor-
phic HLA-A or HLA-B molecules [4]. The trophoblast cell lines in
this study (BeWo, JAr, JEG-3, and T3M-3) are derived from chori-
ocarcinomas with a mixture of villous and extravillous trophoblast,
and they have a unique HLA phenotype of HLA-C, -G, and -E.

In the normal pregnancy, trophoblast cells may, depending
upon genotype, express endoplasmic reticulum aminopeptidase 2
(ERAP2), which could play a role in immune tolerance. This enzyme
trims antigenic peptide precursors in the endoplasmic reticulum (ER)
to generate mature peptides that are bound and presented by HLA
class I molecules. It is thus involved in determining the peptide reper-
toire presented for T-cell recognition [5-9]. ERAP2 has two haplo-
types (haplotypes A and B). Andre et al. reported that ERAP2 tran-
scripts associated with haplotype B undergo differential splicing to
encode a truncated protein, which results in nonsense-mediated de-
cay of the mRNA [10]. This study also demonstrated that haplotype
B homozygotes had lower HLA class I expression on the cell sur-
face, suggesting that naturally occurring ERAP2 deficiency affects
HLA presentation and the immune response. Among the ERAP2
variants, a single nucleotide polymorphism (SNP) rs2549782 re-
sults in an amino acid substitution of lysine (K392) to asparagine
(N392) near the catalytic center of the enzyme. This single amino acid
change increases ERAP2-mediated peptide trimming of hydropho-
bic molecules by up to 165-fold, altering which peptides are avail-
able for binding to HLA molecules [11]. Thus, the N392 ERAP2
isoform could make cells more susceptible to immune surveillance,
and increase immune-based destruction. Our hypothesis is that per-
turbation of immune surveillance by introduction of N392 ERAP2
prevents tumor and fetal growth by promoting apoptosis triggered
by immune cells. However, there is no direct evidence linking evolu-
tionary selection against N392 ERAP2 to tumor and fetal immunity.

ERAP2’s functional role in determining the peptide repertoire
suggests that T cells would be responsible for the immune response.
However, NK cells cannot be ignored because of their dominant
presence in the uterus (70%), and their immediate response to any
HLA changes. Thus, investigating if different ERAP2 variants affect
the activation of NK and T cells could reveal whether one or both of
the cell types promote an unfavorable tumor and fetal environment.

In contrast, ERAP2 deficiency contributes to immune evasion
by tumor cells in vivo [10, 12]. Loss of the ERAP2 protein has been
observed in renal carcinoma, colon adenocarcinoma, melanoma, and
ovarian cancers, suggesting that the lack of ERAP2 benefits cancer
growth and/or maintenance [12]. To promote cancer cell clearance
by immune surveillance, affected cells must properly process the
tumor-associated peptides by transporting, trimming, and presenting

the peptide on the surface of the cells. Cancer cells evade the immune
response by skipping one or more of these steps, as shown in previous
studies. The role that ERAP2 plays in trimming of tumor-associated
peptides provides potential therapeutic opportunities. However, this
process is poorly understood in cancer.

ERAP1 and ERAP2 are zinc metallopeptidases of the oxytocinase
M1 subfamily, which share consensus zinc-binding motifs essential
for their enzymatic activity. ERAP enzymes trim amino acid residues
from NH2 terminus of polypeptides [13]. The human ERAP1 and
ERAP2 genes are located on chromosome 5q135 in the opposite orien-
tation. Human ERAP2 has no orthologs in rodents, and evolutionary
studies suggest that ERAP2 originates from a relatively recent du-
plication of ERAP1 [10]. Protein expression is seen in many tissues,
and is strongly induced by type I and type II interferon (IFNs) [8]
and tumor necrosis factor-alpha [14].

The concerted action of ERAP1 and ERAP2 determines the ef-
ficiency of peptide editing. However, as noted above studies with
rodent models are limited because an ERAP2 orthologous gene is
not present [15]. In our JEG-3 choriocarcinoma cell model, ERAP1
expression is constant, and ERAP2 variant expression is altered. This
allows us to assess immune modulation determined by the combined
actions of ERAP1 and ERAP2 variants.

The ERAP2 association in cancer supports the need to clarify
the biological role of ERAP2 in modulating NK and T-cell-mediated
immune responses in a choriocarcinoma model. The aim of this study
was to elucidate the mechanism by which ERAP2 determines the fate
of choriocarcinoma cells, NK cells, and T cells. We describe a novel
in vitro model system that directly affects the immune response to
HLA-C in the presence or absence of ERAP2 variants. Moreover,
we demonstrate that introduction of the N392 ERAP2 variant into
choriocarcinoma cells significantly increases their recognition and
killing by NK cells.

Materials and methods

Human subjects

The studies were approved by the Virginia Commonwealth Univer-
sity IRB (HM20001364).

Trophoblast cell lines

The BeWo (ATCC CCL-98), JAr (ATCC HTB-144), and JEG-3
(ATCC HTB-36) choriocarcinoma cell lines were obtained from the
ATCC. T3M-3 (RCB1018) is a gestational choriocarcinoma cell line
of placental origin, obtained from Riken BioResource Center, Japan.

Cell culture and treatments

Cell lines were cultured in F-12K, RPMI-1640, MEM, or Ham’s F-
10 media supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin. The cells were incubated at 37°C with 5%
CO;. Cells were treated with IFN-y (20 ng/ml) for 48 h at 37°C with
5% CO,,

DNA and RNA extraction

DNA was extracted from trophoblast cell lines BeWo, JAr, JEG-3,
and T3M-3 using the Autopure system according to the manufac-
turer’s instructions (Autogen). RNA was extracted from cell lines by
using the Trizol method. Homogenized samples were removed from
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the flasks, centrifuged, mixed with chloroform, and then centrifuged.
The aqueous layer was removed to an RNase-free tube where iso-
propyl alcohol was added. After centrifugation, the supernatant was
removed from the tube containing the RNA gel-like pellet. The pellet
was then washed with ethyl alcohol and allowed to dry before being
resuspended in DEPC-treated water.

Genotyping
Single nucleotide polymorphism analysis for ERAP2 was performed
using VIC- and FAM-labeled TagMan Genotyping assays for SNP
rs2248374 and SNP rs2549782 according to the manufacturer’s
protocol (Applied Biosystems). Real-time PCR was performed on
extracted DNA samples by employing an ABI 7500 Fast Real-Time
PCR Machine (Applied Biosystems) under the following conditions:
50°C for 2 min, 95°C for 10 min, and 40 cycles of amplification
(92°C for 15 s and 60°C for 1 min).

HLA-C genotyping was performed at the VCU HLA core us-
ing PROTRANS AmpliPUR-Fast kit (Heidelberg, Germany) with
genomic DNA from all four cell lines and blood donors.

RT-PCR

Complementary DNA for each cell line was prepared from 1
ng extracted RNA using Promega M-MLV Reverse Transcriptase
(#M1701) with 1 ul of 10 U/ul Placental RNase Inhibitor, 2 ul
Promega M-MLV 10x buffer, 2 ul oligo primer, 4 pul Invitrogen
dNTP mix, and sufficient water added to bring the total reaction
volume to 20 ul. An Eppendorf Mastercycler thermocycler was used
with the following settings: 44°C for 1 h, 92°C for 10 min, and 4°C
until ready. PCR reactions containing 1 ul cDNA template, 0.1 ul
Invitrogen Platinum Taq DNA polymerase 2.5 pul 10x buffer, 0.75
1l 50 mM MgCl,, and between 7 and 10 ul 10 uM of the following
primers with water up to 25 ul per reaction:

ERAP2 £2549782: 5'- GGGGCCTCATTACATATAGGG -3’
ERAP2 1r2549782: §'- TTCCGCTGGTTTGGAGATAG -3’
HLA-C forward: - GCCGCGAGTCCRAGAGG -3’
HLA-C reverse P3: 5'- GTTGTAGTAGCCGCGCAGG -3’

An Eppendorf Mastercycler thermocycler was used with the fol-
lowing settings for each reaction:

ERAP2: 94°C for 5 min, 35 cycles of amplification (94°C for
30s, 60°C for 30 s, 72° for 90 s), 72°C for 7min, and 4°C until
ready.

HLA-C: 96°C for 1 min, 4 cycles of (96°C for 25 s, 70°C for 45
s, 72°C for 30 s), 26 cycles of (96°C for 25 s, 65°C for 45 s, 72°C for
30 s), 5 cycles of (96°C for 25 s, 58°C for 1 min, 72°C for 2 min),
72°C for 10 min, and 4°C until ready.

Western blotting

For protein extraction, cultured cells were pelleted and incubated
in RIPA lysis buffer for 30 min at 4°C. Protein concentrations
were determined by Lowry assay (BioRad). Total cellular protein
(50 pg) was resolved on a 7.5% SDS-PAGE gel and transferred to
PVDF membrane using the semidry transfer method. Membranes
were blocked with 5% milk for 1 h at room temperature, and they
were then incubated with primary antibody ERAP2 (R&D systems;
#AF3830, dilution 0.1-0.2 pug/ml), HLA-C (AbCam; #ab126722, di-
lution 1:1000), and B-actin (Cell Signaling; #4967L, dilution 1:4000)
overnight at 4°C. Blots were probed with HRP-conjugated secondary
antibodies and visualized using Super Signal West PICO or Femto

Luminal/Enhancer solution and West PICO or Femto stable peroxide
solution (Thermo Scientific).

Immunofluorescence

Trophoblast cells were washed with phosphate-buffered saline (PBS)
and then permeabilized with methanol (7 min, —-80°C). The cells were
then incubated overnight with ERAP2 (R&D Systems; #AF3830)
antibody or anti-HLA-C (AbCam; #ab126722) and anti-E-Cadherin
(Life Technologies; #131700) for detection. Cells were washed and
incubated with Alexa Fluor 594 (Jackson ImmunoResearch; #715-
585-150) and Alexa Fluor 488 (Jackson ImmunoResearch; #705—
545-147) conjugated secondary antibodies. Nuclear stain DAPI was
used as counterstain. The PFC region of sections was imaged using
a Zeiss LSM 700 confocal laser-scanning microscope with the Ziess
Axioimager. M2 microscope stand and a 20x/0.8 Plan-ApoChromat
objective. Images were recorded using ZEN 2 (black edition) Carl
Zeiss Microscopy GmbH, 2011 64-bit software.

Immunohistochemistry

Paraffin embedded tissue sections (4—7 um) were heat fixed on to
positively charged slides. Paraffin was removed from the slides us-
ing a Histo-Clear nontoxic histological clearing reagent (National
Diagnostics; #HS-200) and hydrated by a series of alcohol to water
washes. Sections were washed in 1x PBS for 10 min before being
quenched for 30 min in a methanol/3% hydrogen peroxide solution.
Sections being stained with ERAP2 antibody underwent antigen re-
trieval in a 10 mM citrate buffer for 5 min in a low-pressure cooker.
The slides were then allowed to cool before resuming processing
with a wash in 1 x PBS and blocking in 5% BSA for 20 min at room
temperature. Sections stained with HLA-C antibody did not undergo
antigen retrieval, but a blocking step was performed with Vectastain
Goat Serum in 1x PBS.

Goat anti-human aminopeptidase LRAP/ERAP2 antibody (R&D
Systems; #AF3830; diluted 1:20) was used for 1 h at room
temperature or rabbit anti-HLA-C antibody [EPR6749] (Abcam;
#ab126722; diluted 1:2000) was used overnight at 4°C. The slides
were developed using the VECTASTAIN Elite ABC HRP Kit
(Vector Laboratories; #PK-6100) and ImmPACT DAB Peroxidase
(HRP) Substrate (Vector Laboratories; #SK-4105). Sections were
counterstained using Vector Hematoxylin QS (Vector Laboratories;
#H-3404) and destained with 0.05% acetic acid in acetone. Sections
were finally rehydrated and mounted using VectaMount permanent
mounting medium (Vector Laboratories; #H-5000).

Slides were examined using an Olympus BH-2 microscope. Pic-
tures and scoring were taken with Olympus Q color5 camera and
CellSens Dimension 1.15 ink software.

Image] ROI (region of interest) was used to perform quantitative
analysis of histological staining as previously described [16].

Immune activation and cytotoxicity assays

JEG-3 and T3M-3 cells were cultured at 3.0 x 10* cells per well
on 96-well plates with MEM+ media and Ham’s F-10 media sup-
plemented with penicillin/streptomycin and FBS. Transfection of the
pTracer-CMV2-RFP plasmid expressing ERAP2N or ERAP2K was
performed using FuGENE Transfection Reagent (Promega; #£2311).
The expression plasmid was constructed such that ERAP2 protein
carried a red florescent protein (RFP) tag for the immune activa-
tion assay or green florescent protein (GFP) tag for the cytotoxicity
assay. Controls were treated with FuGENE Reagent alone. After
48 h, the transfection reagent was removed and fresh RPMI media
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supplemented with 10% FBS (heat inactivated) was added. Image
acquisition was accomplished using a Zeiss Axiovert 40 CFL mi-
croscope with a 10x/0.25 Ph1 A-Plan objective and 20x/0.30 Ph
1 LD A-Plan objective. The images were taken using an Olym-
pus Magnafire SP camera and MagnaFire SP 2.1B 1998-2001 soft-
ware. After efficiency was established, peripheral blood mononuclear
cells (PBMCs) were isolated from peripheral blood of healthy preg-
nant and nonpregnant women using Histopaque (Sigma; #11191,
#10771). Histopaque 1119 was added, and then Histopaque 1077
was layered on top. The preparation was centrifuged at 700 x g at
room temperature for 30 min. Cells in the visible opaque layer on
top of the Histopaque 1077 were harvested, washed twice with PBS,
and then the cells were counted and 1.3 x 10° cells were added to
each well. Plated cells were incubated overnight at 37°C for immune
activation and 6 h for cytotoxicity. At the appropriate time points,
lymphocytes were removed from wells and labeled with appropriate
antibody listed below for flow cytometry analysis for immune acti-
vation. For the cytotoxicity assay, total PBMC and trophoblast cells
were removed and stained with APC/Fire 750 mouse anti-human
CD3 (BioLegend; #344840), PE anti-human CD56 (BioLegend; #
318306), and Brilliant Violet 421 anti-human CD154 (BioLegend;
# 310824). They were then stained with 10 uM 7AAD (Cayman
Chemical Company; #600120) for 20 min before the cells were pho-
tographed and analyzed with an Amnis ImageStreamX MarklII based
on previously described protocols [17-20].

Caspase 3/7 cytotoxic assay

Immune activation assays as described above were assembled and
incubated at 37°C for 4-5 h. After the lymphocytes were removed,
the protocol for the Caspase-Glo 3/7 Assay (Promega; G8090) was
followed according to the manufacturer’s specifications. Chemilu-
minescence was detected using a POLARstar OPTIMA luminometer
(BMG LabTECH).

Flow cytometry

FITC mouse anti-human CD3 (BioLegend; #300306), PerCP anti-
human CD8 (BioLegend; #344708), PE anti-human CD56 (BioLe-
gend; #318306), APC anti-human CD69 (BioLegend; #310910),
PE/Cy7 anti-human CD11a (BioLegend; #301220), and correspond-
ing IgG isotype controls were used for staining the lymphocytes. The
lymphocytes were twice washed with FACS Buffer (1x PBS, 2% heat
inactivated FBS) and centrifuged at 1600 RPM for 10 min at room
temperature. The washed lymphocytes were blocked for 10 min in
FACS Buffer and Human Trustain FcX Fc receptor blocking solution
(Biolegend; #422302) at room temperature. The primary antibodies
were used as per the manufacturer’s instructions and incubated with
the cells for 1 h at room temperature. The cells were then washed
three times with FACS buffer, and they were then analyzed by flow
cytometry at the VCU Flow Cytometry Core.

Statistical analysis

Lymphocyte activation and cytotoxic experiments were carried
out in triplicate. Experiments were repeated three to six times.
Two-tailed #-tests were performed with excel software or one-way
ANOVA was performed with PRIZM software. A P value of less
than 0.05 was considered to be a statistically significant difference
versus control. The ERAP2 genotype and protein expression associ-
ation was calculated using the Fisher exact test for count data.

Figure 1. ERAP2 expression in choriocarcinoma. Tumor tissue sections ob-
tained from Korean women were evaluated by immunohistochemistry which
demonstrated absence or presence of ERAP2 expression. Outlined areas and
arrows indicate areas of tumor tissue. Two representative samples are shown:
H&E stains (A, C) of both samples show characteristic cells of choriocarcinoma
tissue. ERAP2~ (B), and ERAP2* (D).

Results

Most choriocarcinoma tumors lack ERAP2 expression
We evaluated 10 different choriocarcinoma specimens collected from
women of South Korean origin and 4 choriocarcinoma cell lines
(BeWo, JAr, JEG-3, and T3M-3) for the expression of ERAP2 and
HLA-C to determine the association of these molecules with chori-
ocarcinoma (Supplemental Table I). The expression level of ERAP2
was distinctive in each choriocarcinoma tissues analyzed. More than
half of the tumors lacked ERAP2 as demonstrated by immunohisto-
chemistry (Figure 1 and Supplemental Figure S1A). The ERAP2 ex-
pression level was significantly greater in positive tissues compared
to negative tissues (Supplemental Figure S1B). However, HLA-C
expression level or detection using immunohistochemistry analysis
of choriocarcinoma tumor samples was not conclusive (data not
shown).

The cell lines were able to show distinctively that JAr and
T3M-3 showed ERAP2 mRNA expression (Figure 2A), but surpris-
ingly the immunofluorescence analysis and western blotting did not
detect any ERAP2 protein expression in all the cell lines (Figure 2B
and C). On the other hand, HLA-C mRNA and protein expression
pattern nicely correlated that BeWo, JEG-3, and T3M-3 show de-
tection in both molecules.

Both mRNA and protein expression analysis revealed that only
JAr cells did not express HLA-C. HLA-C mRNA was observed to
be more than 80-fold high in BeWo and JEG-3, in comparison to
JAr and T3M-3 cells (Figure 2A and Supplemental Figure S2A). In-
terestingly, even though T3M-3 had relatively low HLA-C mRNA,
the protein detection was the strongest in immunofluorescence anal-
ysis (Figure 2B). Regardless, all three (BeWo, JEG-3, and T3M-3)
cell lines expressed HLA-C protein detected by both immunofluo-
rescence and western blotting analyses (Figure 2B and C).

An ERAPZ2 genetic variant affects protein expression in
trophoblast cell lines

To determine why some of the choriocarcinoma cell lines screened
lacked expression of ERAP2 protein, we genotyped the ERAP2 SNPs
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Figure 2. ERAP2 and HLA-C profiles in choriocarcinoma cell lines. (A) Reverse transcriptase analysis of choriocarcinoma cell lines. RNA was extracted from
BeWo, JAr, JEG-3, and T3M-3 cells and converted to cDNA. ERAP2 mRNA was detected in JAr and T3M-3 cells only, whereas HLA-C mRNA expression was
detected in all cell lines tested, except JAr. (B) Protein localization analysis by immunofluorescence using primary antibodies against E-cadherin (red), ERAP2,
and HLA-C (green). ERAP2 expression was undetectable in all cell lines. HLA-C expression detected in BeWo, JEG-3, and T3M-3. HLA-C was not detected in JAr
cells. (C) Western blot analysis of cells stimulated by IFNy. Protein was extracted from cell lines with or without IFNy treatment. Western blot analysis showed
that T3M-3 is the only one undetectable level of ERAP1. Noticeably, the unstimulated cells lacked ERAP2 detection and only the JAr and T3M-3 cells produce
the detectable level of ERAP2 protein when stimulated with IFNy. A representation of g-Actin loading control is shown. (D) Densitometry analysis of the ERAP2
expression level. Only JAr and T3M-3 showed a significant increase of ERAP2 expression level with IFNy treatment (xP = 0.0253, xP = 0.0127). (E) Densitometry
analysis of the HLA-C expression level. BeWo and JEG-3 showed a significant increase of HLA-C expression level with IFNy treatment (P = 0.0031, *xP = 0.0077)
but T3M-3 did not show a significant increase of HLA-C expression level with IFNy treatment (ns P = 0.0619). Each experiment was repeated three times with
three replicates in each experiment.
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Table 1. ERAP2 genotype and protein expression in cell lines.

Table 2. HLA-C genotype and protein expression in cell lines.

Cell SNP rs2248374  SNP rs2549782  ERAP2 without Cell HLA-C HLA-C protein expression without
line (A/G) (G/T) IFNy/with y line genotype IFNy /with IFNy

BeWo GG TT ND/ND BeWo Cw04/Cw07 +/++*P =0.0031

JAr AG GT ND/++ (*P = 0.0233) JAr Cw06/Cw015 ND/ND

JEG-3 GG TT ND/ND JEG-3 Cw04/Cw7 +/+++ *P = 0.0077

T3M-3 AG GT ND/+ (*P = 0.0127) T3M-3 CwO01 +/++ P =0.0619

ND = not detected.

ERAP2 protein is not detected until cells are stimulated with IFNy. Cell
lines that are heterozygous for SNP rs2248374 produce detectable levels of
ERAP2 protein.

that affect mRNA stability and the amino acid at position 392. The
G allele of rs2248374 is a “loss-of-function” variant leading to RNA
instability and loss of ERAP2 protein expression [10]. The T allele of
rs2549782 is a “change-in-function” variant that translates into as-
paragine (N392), leading to substrate-specific changes in enzymatic
activity [11]. This information allowed us to identify the optimal
cell line to use to determine the function of ERAP2 variants and the
consequent immune responses.

DNA genotyping revealed that T3M-3 and JAr cells are heterozy-
gous for both rs2248374 (A/G) and rs2549782 (G/T), while BeWo
and JEG-3 cells are homozygous rs2248374 (G) and rs2549782 (T)
for both (Table 1). T3M-3 and Jar cells are heterozygous for the two
SNPs, and because of the strict linkage disequilibrium (LD) between
the two they are predicted to express K392 ERAP2, but not N392
due to RNA instability of the encoding transcript [10]. On the other
hand, lack of protein expression in BeWo and JEG-3 in the face
of some detectable message can be explained by nonsense-mediated
RNA decay that leaves modest ERAP2 available for PCR amplifi-
cation (Figure 2A) [10, 21]. There is a perfect correlation between
G/G rs2248374 and T/T rs2549782 genotypes and the absence of
ERAP?2 protein expression in BeWo and JEG-3 cells (Figure 2B and
C). The odds ratio is infinite due to a zero denominator. All expected
cell count frequencies are <5. Fisher exact test yields a significant
association (P = 0.000333).

Differential expression of ERAP1, ERAP2, and HLA-C in
BeWo, JAr, JEG-3, and T3M-3 cells with IFNy
stimulation

According to our genotype data, JAr and T3M-3 cells should express
the ERAP2 protein, and BeWo and JEG-3 cells should not due to
nonsense-mediated mRNA decay. In contrast to the mRNA expres-
sion patterns noted above, none of these cell lines expressed ERAP2
protein without IFNy stimulation demonstrated by immunofluores-
cence analysis and western blotting (Figure 2B and C). The ERAP2
immunofluorescence labeled column only shows blue DAPI staining
of the nucleus and red E-cadherin labeling outlines of the trophoblast
cells. The discordance between the mRNA and protein expression
levels of ERAP2 was also reported in melanoma cell lines suggesting
that protein expression is controlled not only by transcription but
also translational or post-translational mechanisms [5].

To determine if ERAP2 and HLA-C expression patterns change
during immune activation when exposed to cytokines, we treated the
choriocarcinoma cells with IFNy, known to upregulate ERAP2 and
HLA-C expression [22, 23]. We observed that 48 h of IFNy treat-
ment elevated protein expression of ERAP2 only in JAr and T3M-
3 cells. However, IFNy treatment could not stimulate BeWo and
JEG-3 cells to express ERAP2 (Figure 2C), correlating the ERAP2
rs2248374 (“loss-of-function”) genotype analysis (Table 1). The ab-

ND = not detected.

The JAr cell line does not produce a detectable level of HLA-C protein even
when stimulated with IFNy. All other cell lines express HLA-C in varying
isoforms.

sence of ERAP2 protein expression in BeWo and JEG-3 cell lines
despite low levels of RNA can be explained by nonsense-mediated
decay of the mRNA [24]. T3M-3, BeWo, and JEG-3 cells with
endogenous HLA-C protein showed a distinct augmented protein
expression post-IFNy treatment, while JAr cells did not, suggest-
ing that HLA-C protein expression in JAr cells is not inducible
(Figure 2C, Table 2). The densitometry analysis of ERAP2 and HLA-
C western blots revealed that IFNy stimulation of JAr and T3M-3
cell lines significantly increased ERAP2 protein expression and HLA-
C expression in BeWo and JEG-3 cells (Figure 2D and E).

A previous study demonstrated that both ERAP1 and ERAP2
are required for proper trimming of the peptides [7]. Therefore, we
screened for ERAP1 protein expression in these cell lines to assess
how it might cooperatively play a role in immune modulation. West-
ern blot analysis revealed that only T3M-3 did not express ERAP1,
even after [IFNy stimulation. BeWo cells expressed a modest amount
of ERAP1 in the presence of IFNy. JAr and JEG-3 cells showed
the highest level of ERAP1 expression (Figure 2C). We analyzed
ERAP1 SNPs that are reported to be associated with functional dif-
ferences. Supplemental Table II presents data on the three ERAP1
SNPs screened in these cell lines (rs27895, rs30187, and rs27044).
JEG-3 cells are heterozygous (A/G) for rs30187, which is associated
with less efficient trimming [25].

To determine if IFNy had any effect on other HLA molecules
that could affect immune modulation, HLA-E or -G molecules were
detected by western blotting. We observed that HLA-E expression
levels increased with IFNy as expected in all cell lines. BeWo and
JAr cells did not express HLA-G (Supplemental Figure S2).

In summary, when cell lines were analyzed post-IFNy treatment,
every cell line lacked either ERAP1, ERAP2, or HLA-C. The BeWo
and JEG-3 cell lines lacked ERAP2 expression, the JAr cell line lacked
HLA-C expression, and the T3M-3 cell line lacked ERAP1 expres-
sion. The presence of only HLA-C class I cell surface markers on
JEG-3 and absence of endogenous ERAP2 protein make it an ideal in
vitro model for elucidating the interplay between exogenous ERAP2,
HLA-C-mediated antigen presentation and the subsequent immuno-
logical response.

HLA-C genotype of the cell lines and the immune cell
donors

We genotyped HLA-C alleles of the cell lines (Table 2) and the donors
(Table 3) to distinguish immune response due to HLA mismatch or
due to the effect of ERAP2 variant expression. JAr and T3M-3 are
heterozygous for Cw04/Cw07. BeWo is hemizygous for Cw01, and
JEG-3 is heterozygous for Cw06/Cw135.

We had three different sources of blood donors for the lympho-
cyte activation assays: cord blood, peripheral blood from nonpreg-
nant donors, and peripheral blood from pregnant donors. Table 3
lists the HLA-C genotypes of the donors. Most of the lymphocyte
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Table 3. Donor lymphocyte HLA-C genotype.

Donor HLA-C Source

H1 Cw04/Cw16 Cord blood
H2 Cw16/Cw17 Cord blood
HS8 Cw03/Cw07 NP peripheral
H9 Cw03/Cw06 NP peripheral
H10 Cw06/Cw07 Peripheral
H14 Cw06/Cw06 Peripheral

NP = nonpregnant donor.
A sample of lymphocyte donor sources and the very different HLA-C geno-
type of each used in lymphocyte activation assays and cytotoxicity assays.

activation assays were performed with HLA-C mismatches. How-
ever, the lymphocyte activation level due to mismatch was consis-
tently low, and independent of different HLA-C allele combinations.

Differential NK and T-cell activation in trophoblast cell
lines dependent on ERAP2 and HLA-C expression

A lymphocyte activation assay was performed using the chorio-
carcinoma cell lines as stimulators to detect lymphocyte activation
level. Peripheral blood mononuclear cells were incubated with naive
JAr (ERAP2*, HLA-C), JEG-3 (ERAP2-, HLA-C*), and T3M-3
(ERAP2", HLA-C™") cells and then stained with fluorescently labeled
antibodies specific for all T cells (CD3), cytotoxic T cells (CD8), NK
cells (CD56), and an early activation (CD69) cell surface marker. The
lymphocyte population exposed to T3M-3 cells positive for both
ERAP2 and HLA-C molecules showed highest percentage of total
number of activated T cells (CD8TCD697) and NK cells (CD56™
CD697") in comparison to those exposed to JEG-3 (ERAP2 negative)
or JAr (HLA-C negative) cells (Figure 3A). When the subpopulation
of lymphocytes was analyzed, small but not significant differences
were observed in T cells (CD87), with significantly higher numbers
of NK cells (CD56") (Figure 3B, P < 0.05). The presence of both
ERAP2 and HLA-C protein in T3M-3 cells appears to trigger an
exaggerated immune response toward choriocarcinoma cells by NK
cells.

N392 ERAP2 isoform expressing JEG-3 cells manifest a
differential immune response

The JEG-3 cell line appears to be an ideal cellular model to demon-
strate immune modulation by the ERAP2 variants with four dis-
tinct characteristics: (1) it only lacks ERAP2 (other antigen process
molecules such as the proteasome LMP7, peptide transporter TAP-
1/TAP-2,and ERAP1 are present) [26]; (2) ERAP2 expression cannot
be induced with IFNy; (3) HLA-C is expressed in addition to HLA-
G and HLA-E; and (4) it provokes the lowest immune response in
the absence of ERAP2 protein expression. The lymphocyte activa-
tion assays were performed using JEG-3 cells devoid of endogenous
ERAP2, cells transfected with empty vector, and with JEG-3 cells
transfected with either K392 ERAP2 or N392 ERAP2 expressing
pTracer-RFP plasmids to demonstrate the immune effects of these
two ERAP2 variants. The transfection was successful for both JEG-
3(K) and JEG-3(N) cells (Figure 4A). ERAP2 and HLA-C protein
expression was detected by western blot analysis (Figure 4B). The
relative protein expression levels according to densitometry analy-
sis showed that the HLA-C expression level was constant among
treatment groups (Figure 4C, P > 0.05). However, both ERAP2
variant transfected JEG-3 cells showed significantly higher expres-

sion of ERAP2 compared to untransfected JEG-3 cells (Figure 4C,
P < 0.05). N392 ERAP2 protein expression levels in transfected cells
were not significantly different compared to the K392 ERAP2 pro-
tein levels, but immune-induced apoptosis was consistently higher
with N392-expressing cells compared to K392-expressing cells.

A shift in lymphocyte activation was observed with stimulator
JEG-3 cells expressing N392 ERAP2 protein compared to K392
ERAP2 or empty vector (Figure SA). Specifically, only the activation
of CD56™" NK cell was increased when stimulated by N392 ERAP2-
expressing JEG-3 cells. However, there was not a significant percent
activation of CD69" cells either by NK or T cells compared to the
empty vector (Figure 5B). This observation suggests that the empty
vector induces some response. Therefore, it is critical to determine
if activation specific to ERAP2 causes immune-induced apoptosis.
First, we determined if the activated lymphocytes have upregulated
CD11a, which indicates the ability to engage and kill the target
cells. We detected relatively similar CD11a levels on NK and T cells
(Figure SA and B), indicating all experimental JEG-3 cell groups
stimulated lymphocytes.

NK cells preferentially target and kill N392
ERAP2-expressing JEG-3 cells

We investigated the ability of NK and T cells to kill target cells using
a 7AAD-apoptosis detection system to determine the specific pop-
ulation responsible for the killing of the ERAP2 variant expressing
JEG-3 cells compared to JEG-3 cells transfected with an empty vector
[11]. Even though NK cells proliferated more than T cells, they both
expressed CD11a at similar levels, suggesting that both NK and T
cells were able to attach and kill the N392 ERAP2 protein expressing
JEG-3 target cells as demonstrated in Figure 6A and Supplemental
Figure S3A [27, 28]. However, corresponding with the higher pro-
liferation rate of NK cells, NK-cell-bound 7-ADD apoptotic N392
ERAP2 positive JEG-3 cells were almost 10 times (n = 3, 23.9% vs.
2.71%) more prevalent compared to T-cell-bound 7-AAD apoptotic
JEG-3 cells (Figure 6D, P = 0.0000213).

The higher cell death observed in N392 ERAP2 JEG-3 group was
supported by the aspect ratio dot plot which demonstrated a lower
amount of healthy cells in N392 ERAP2 protein expressing JEG-
3 cells compared to JEG-3 cells transfected with empty vector and
K392 ERAP2 (Figure 6B). More debris and irregular shaped cells
resulting from cell death were observed with N392 ERAP2 trans-
fected JEG-3 cells exposed to lymphocytes compared to untrans-
fected JEG-3 cells or JEG-3 cells transfected with an empty vector.
7-AAD-positive dying cells were measured, and a significant level
was observed only with N392 ERAP2 protein expressing JEG-3 cells
compared to JEG-3 cells transfected with empty vector (Figure 6C:
*P =0.0013).

To confirm the increased apoptotic death of N392 ERAP2-
expressing JEG-3 cells, we repeated the lymphocyte activation and
killing experiment and measured the caspase3/7 levels as a marker of
apoptosis. We used the total PBMC which included all mononuclear
cells. The caspase 3/7 detection level was significantly higher lumi-
nescence in experimental groups expressing N392 ERAP2 compared
to empty vector (Supplemental Figure S3B: *P = 0.0013).

Discussion

Cancer cells can avoid inducing an immune response by a variety
of mechanisms including the following: (1) inhibiting tumor antigen
transport to the ER, (2) improper trimming of peptides in the ER,
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depicts the calculated percentage of subpopulations of T-cell activation (CD8*, CD69") and NK-cell activation (CD56*, CD69") in response to incubation with
each cell preparation. Each experiment was repeated three times with three replicates in each experiment. There was significant activation of NK cells exposed
to T3M-3 cells (one way ANOVA statistical analysis: x = P < 0.05), while T-cell activation was not significant compared to T cells exposed to other cell lines.
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and (3) inadequate peptide presentation on HLA class I molecules.
Currently, there is evidence that disruptions in antigen transport and
antigen presentation are used in immune evasion [29, 30]. However,
the role of the antigen-trimming step by ER-resident amino pepti-
dases, specifically ERAP2, in the immune escape mechanism has yet
to be fully elucidated. The data presented here demonstrate that 8
out of 14 choriocarcinoma samples do not express ERAP2, suggest-
ing that a lack of the antigen-processing enzyme could allow the
cancer cell to escape immune surveillance. The genetic analysis of
JEG-3 and BeWo choriocarcinoma cell lines indicated that the lack
of expression is due to homozygosity for a genetic variation result-
ing in a transcript that undergoes nonsense-mediated mRNA decay
[10]. This mode of immune escape may also be ideal for promot-
ing pregnancy tolerance since it is documented that normal patients
have lower ERAP2 transcripts compared to patients suffering from
preeclampsia (PE). The placenta of PE patients had higher mRNA
expression of ERAP2 and associated with clinical severity [31]. Un-
fortunately, the absence of ERAP2 expression in trophoblast cells,
which could be beneficial to a successful pregnancy, may increase
the chance of developing choriocarcinoma.

The potential mechanisms that determine the fate of chorio-
carcinoma cells related to ERAP2 activity are presented in Fig-
ure 7. In this study, we addressed one hypothesis that the fate is
changed by forced expression of N392 ERAP2 variant by altering
immune activation and killing ability. When the ERAP2 peptide-
trimming activity increased in these cells by N392 isoform, the T and
NK-cell activation and killing ability of these lymphocytes increased
as well. Interestingly, the activation of immune cells was only ap-
parent when endogenous HLA-C and ERAP2 both were present as
seen in T3M-3 cells. ERAP2 expression in the absence of HLA-C
in JAr cells results in only minimal lymphocyte activation simply
due to an HLA-mismatch response. This observation suggests that
both molecules are required for immune recognition in trophoblast
cells. Further investigation is needed to determine the ratio of acti-

vating and inhibiting HLA-C molecules on these cell lines to confirm
observation on HLA-C-associated differences in immune response.

Based on our findings, the absence of ERAP2-mediated changes
in antigen presentation via HLA-C may contribute to the complex
molecular mechanisms that result in tolerance of choriocarcinoma
cells and promoting a safe environment for pregnancy.

Our JEG-3 cell model also suggests that the susceptibility of
cancer cells to cell-mediated immunity is influenced by the pep-
tide trimming effects of different ERAP1/2 dimers that may have al-
tered this repertoire. In JEG-3 cells, ERAP1 expression was constant,
and we varied only the expression of the K392 ERAP2 and N392
ERAP2 proteins. Our immune activation assay clearly demonstrated
a functional difference between ERAP1/K392 and ERAP1/N392.
Even though the ERAP1 genotype data (Supplemental Table II) in-
dicated that JEG-3 cells have ERAP1 protein with less trimming
efficiency, the ERAP1/N392 combination strikingly demonstrated
increased apoptosis of targeted cells by NK and T cells. This ob-
servation suggests that the peptide repertoire and presentation was
dependent on ERAP2 isoform expression to determine the level of
different immune responses. Similarly, with our low immune re-
sponse with ERAP1/K392 combination, Bouvier et al. have shown
that the ERAP1/2 (inactive/active) combination results in poor trim-
ming activity of ERAP2 to both free and bound precursors [32].
Both of these observations imply that not only do ERAP2 variants
determine its ability to trim peptides, but that peptide trimming
also depends on ERAP1 isoforms forming either heterodimers or
homodimers. Because we were able to keep ERAP1 expression con-
stant in JEG-3 cells, we were able to clearly demonstrate that N392
ERAP2 played a major role in modulating immune response possi-
bly by more efficient peptide trimming. These results warrant further
investigation to define how different ERAP1/2 variant combinations
influence the peptide repertoire and subsequent immune response.

The T-cell modulation by N392 ERAP2 was minimal compared
to NK-cell activation level; however, the CD11a killing marker was
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Figure 5. N392 ERAP2 causes differential lymphocyte activation. (A) Representative dot plot of the flow cytometry analysis performed with PBMCs with HLA-C
haplotype Cw03 and CwO06. The average percentage of T cells (CD3*, CD8*), NK cells (CD3~, CD56"), and both for CD69" activation marker from the total
number of lymphocytes is demonstrated. CD11a™ T and NK cells surface marker indicative of attachment and killing was also observed. There was no significant
difference in CD11a expression level between the lymphocytes exposed to cells expressing ERAP2 isoforms and those that were not transfected. (B) The bar
graphs show the percent activation of T and NK-cell populations exposed to transfected and nontransfected JEG-3 cells. There were no statistically significant
differences across experimental groups (P > 0.05, n = 3). (C) Overlay histogram of PBMCs exposed to transfected and nontransfected JEG-3 cells shows that
activated T cells are relatively the same between treatments. However, NK cells exposed to N392 ERAP2-expressing JEG-3 cells show a shift in intensity of the
CD69* activation maker. All experiments repeated at least three times with three replicates in each experimental group.

expressed in equal amount on the surface of both lymphocytes
(Figure SA and B). This may explain why we observed significant
apoptotic cell death of JEG-3 cells expressing N392 ERAP2 by both
NK and T-cell killing (P < 0.05). Most of the cells visualized us-
ing ImageStream had NK and T cells attached, suggesting that both
NK and T cells were inducing apoptosis. However, when the direct
comparison of NK or T cell bound N392 JEG-3 + 7AAD was made
independently, it was evident that more NK cells were bound and,
therefore, responsible for inducing apoptosis.

The most striking observation was that apoptosis was signifi-
cantly higher with JEG-3 cells expressing N392 ERAP2, even though
CD11a was equally expressed on lymphocytes stimulated by JEG-3
cells transfected with an empty vector. This suggests that CD11a is
not the only marker indicative of NK and T-cell ability to kill, and
that additional molecules must be involved that distinctively target
JEG-3 cells expressing N392 ERAP2 isoform.

It would not be surprising that limited T-cell killing may have
been due to alteration of the peptide repertoire by “hyper” trimming
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of N392 ERAP2. It is likely that a shift in tumor epitope generation
presented by HLA-C is responsible for an elevated immune response.
Further investigation with peptide stripping is necessary to determine
if a difference in the level of tumor-specific peptide presentation is
responsible for the slight elevation of T-cell activation observed in
this study. Equally interesting is the significant increase in NK-cell
activation that could be explained by the alternative hypothesis that
hyper trimming destroys the self-epitope lowering the HLA-C surface
expression, marking the cell as “nonself” as illustrated in Figure 7.
Both hypotheses warrant further investigation.

The apoptotic cell death in N392 ERAP2-expressing cells sug-
gests a significant role in the immunological response during early
pregnancy by potentially altering allogeneic antigen presentation by
HLA-C. This is the first evidence to explain why evolutionary se-
lection against N392 ERAP2 is observed in the Chilean population
we have previously studied [21]. We never detected the homozygous
TT genotype of rs2549782 in Chilean neonates or mothers with the
homozygous AA genotype for rs2248374 that could result in a N392

ERAP2 homodimer. In addition, in all previous studied populations,
the five SNP haplotype structures of ERAP2 pair with G allele of
rs2248374 (loss of function) with the major T allele of rs2549782
(change in function), such that N392 ERAP2 isoform will never
be expressed [10]. This strong LD preventing ERAP2 expression or
elimination of N392ERAP-expressing embryos by immune surveil-
lance may drive evolution. Our studies support this notion and for
the first time demonstrate the N392 ERAP2’s ability to turn on the
killing mode of T and NK cells providing an immunological expla-
nation for why we never detect homozygosity for the N392 ERAP2
isoform in populations studied.

Our discovery of an immunological response leading to in-
creased apoptotic death of choriocarcinoma cells expressing the
N392 ERAP2 variant provides a possible explanation for why ho-
mozygosity for the N392 ERAP2 variant has not been detected in
humans. The ability of N392 ERAP2 to elicit a strong NK-cell im-
mune response could be employed as a novel therapy to clear chori-
ocarcinoma cells and other difficult to treat cancers.
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Supplementary data

Supplementary data are available at BIOLRE online.

Supplemental Table I. ERAP2 and HLA-C expression in choriocar-
cinoma samples and cell lines. Out of 10 tumor tissue samples and
four cell line samples, only T3M-3 cell line expressed both ERAP2
680 or HLA-C proteins.

Supplemental Table II. Cell line ERAP1 SNP genotype. Three differ-
ent SNPs of ERAP1 were genotyped to determine the cell lines with
different trimming ability of ERAP1.

Supplemental Table IIL. List of all antibodies utilized in this study.
Online supplemental material. Figures S1-S3 include ERAP2 ex-
pression patterns and quantitative analysis of all Korean choriocar-
cinoma samples, quantitative PCR of ERAP2 and HLA-C transcripts
of the choriocarcinoma cell lines, and HLA-E/-G expression level in
choriocarcinoma cell lines. Lastly, additional apoptotic images of
N392 ERAP2-expressing JEG-3 cell compared to healthy JEG-3 cell
with a vector without N392 ERAP2 and validation of apoptosis
detection by caspase 3/7 activation.
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