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The NKG2D Ligand ULBP2 Is Specifically Regulated through
an Invariant Chain—-Dependent Endosomal Pathway

Franziska Uhlenbrock,*"' Michael Hagemann-Jensen,*'' Stephanie Kehlet,*
Lars Andresen,* Silvia Pastorekova,T and Sgren Skov*

Soluble ULBP2 is a marker for poor prognosis in several types of cancer. In this study we demonstrate that both soluble and cell
surface-bound ULBP2 is transported via a so far unrecognized endosomal pathway. ULBP2 surface expression, but not MICA/B,
could specifically be targeted and retained by affecting endosomal/lysosomal integrity and protein kinase C activity. The
invariant chain was further essential for endosomal transport of ULBP2. This novel pathway was identified through screening
experiments by which methylselenic acid was found to possess notable NKG2D ligand regulatory properties. The protein kinase
C inhibitor methylselenic acid induced MICA/B surface expression but dominantly blocked ULBP2 surface transport. Re-
markably, by targeting this novel pathway we could specifically block the production of soluble ULBP2 from different, primary
melanomas. Our findings strongly suggest that the endosomal transport pathway constitutes a novel therapeutic target for
ULBP2-producing tumors. The Journal of Immunology, 2014, 193: 1654-1665.

mune system through the surface expression of NKG2D

ligands. The malfunctioning cells are then recognized and
targeted by NKG2D-expressing immune effector cells. The number
of different escape mechanisms used by viruses and neotransformed
cells to avoid this form of immune recognition highlights the im-
portance of the NKG2D system. The activating NKG2D receptor is
expressed on NK cells, NKT cells, CD8" T cells, y& T cells, and
some activated CD4" T cells (1-4). The NKG2D ligands are non-
classical MHC class I-like molecules (1) and are not significantly
expressed on healthy human cells. Several NKG2D ligands exist that
primarily belong to the polymorphic MIC (MICA and MICB) or
RAETI (ULBP1-6) gene families (5).

Defects in the regulation of NKG2D ligand surface expression are
associated with diseases ranging from autoimmunity to cancer.
Excessive expression of NKG2D ligands is characteristic of various
autoimmune diseases (2), whereas reduced ligand expression due
to intracellular retention or cell surface cleavage can be observed
in cancers and virus-infected cells (6-9). The importance of
NKG2D ligands has resulted in an emerging interest in their reg-
ulation (10-13), with a recent focus on posttranslational regulation
of NKG2D ligands (14-18). Many tumors evade immunity by

r I N\ ransformed, infected, or stressed cells can alert the im-
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shedding or exosomal release of NKG2D ligands (19-21). The
reduced NKG2D ligand surface expression renders the tumor cells
undetectable by the NKG2D immune effector cells. Soluble
NKG2D ligands also interact and subsequently downregulate the
expression of NKG2D on NK and CD8 T cells (7). The production
of soluble NKG2D ligands has been described in melanoma,
prostate and ovarian cancers, as well as B cell chronic lymphocytic
leukemia (B-CLL) (19, 22-24). Soluble ULBP2 is in particular
associated with a poor prognosis and was identified as an inde-
pendent predictive factor for poor treatment-free survival (19).

MHC class II molecules are transported from the endoplasmic
reticulum (ER) to the cell surface through the endosomal/lysosomal
compartment (25). Protein kinase C (PKC) activity is important for
endosomal transport, particularly endosomal/lysosomal transport and
exocytosis (26, 27) and trafficking to the MHC class II compart-
ments, and Ag presentation is critically dependent on PKC activity
(28-30). MHC class II transport from the ER to endosomes is fa-
cilitated by the invariant chain, which possesses an endosomal tar-
geting motif (31). MHC class 1 molecules normally present
intracellular proteasome-digested peptides through a conventional
ER/Golgi cell surface pathway (25). Certain MHC class I homolo-
gous molecules such as CD1a and MR1 are, however, transported to
the cell surface through a mechanism similar to MHC class 11
molecules (32, 33). Notably, CD1d and MRI associate with Ii to
ensure endosomal trafficking and surface transport (32, 34). PKC
activity is further important for CD1d surface expression and Ag
presentation (35).

In this study, we found that ULBP?2 is transported to the cell
surface via an endosomal pathway. The alternative transport
pathway emphasizes the diverse regulation of NKG2D ligands
that limits the ability of pathogens to broadly obstruct the dif-
ferent NKG2D ligands. Certain tumors, such as melanomas,
however, exploit this novel pathway to secrete large amounts of
soluble ULBP2 to escape immune recognition.

Materials and Methods
Cell lines

Two Jurkat T cell lines were used in this study: Jurkat E6-1 was purchased
from the American Type Culture Collection, and Jurkat Tag-9 was provided
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by Dr. Carsten Geisler (Department of International Health, Immunology
and Microbiology, University of Copenhagen, Copenhagen, Denmark).
Jurkat Tag-9 cells are stably transfected with the large T Ag from SV40, and
they were primarily used for transient transfection studies. The PC3 cell line
was also purchased from the American Type Culture Collection. The
HEK293T cell line was provided by Novo Nordisk (Malov, Denmark). The
melanoma cell lines FM-78, FM-86, and SK-Mel28 were provided by
Dr. Per thor Straten (Center for Cancer Inmune Therapy, Herlev University
Hospital, Herlev, Denmark). The cell line U373 was provided by Dr. Amy
Hudson (Medical College of Wisconsin, Milwaukee, WI). With the ex-
ception of HEK293T and U373 cells, all cell lines were grown in 10% FBS/
RPMI 1640 (Sigma-Aldrich) supplemented with 2 mM glutamine and 2 mM
penicillin and streptomycin. HEK293T and U373 cells were grown in 10%
DMEM plus GlutaMAX with 2 mM penicillin and streptomycin.

Reagents

FR901228 was provided by the National Cancer Institute (Bethesda, MD).
Trichostatin A and suberoylanilide hydroxamic acid (SAHA) were from
Alexis Biochemicals. Methylselenic acid (MSA), TCA, sodium butyrate,
PMA, ammonium chloride, and chloroquine diphosphate salt were from
Sigma-Aldrich. G6 6983 and G6 6976 were from Tocris Bioscience.
TRIzol reagent was from Invitrogen. Bafilomycin A1, ingenol, and ingenol-3-
angelate were from LC Laboratories.

Isolation and activation of human blood cells

PBMC:s were isolated by Ficoll separation from buffy coats obtained from
healthy blood donors (Blood Bank, Copenhagen University Hospital,
Copenhagen, Denmark) and cultured in RPMI 1640 supplemented with
10% human serum (Lonza), 2 mM glutamine, and 2 mM penicillin and
streptomycin. For generation of long-term—stimulated plus restimulated
T cells, PBLs were activated using CD3/CD28 beads according to the
manufacturer’s instructions. After 3 d, cells were supplied with extra
RPMI 1640 containing 30 U/ml IL-2 (PeproTech). After 10-12 d of in-
cubation, cells were restimulated using CD3/CD28 beads for 3 d. The
beads were then removed and the cells were treated with FR901228 and
MSA and analyzed by flow cytometry. For monocyte isolation by plastic
adherence, 10 X 10° PBMCs per well were distributed into six-well plates
and allowed to adhere at 37°C for 1 h in 2 ml 10% human serum (Lonza)/
RPMI 1640 with 2 mM glutamine, penicillin, and streptomycin. Non-
adherent cells were removed and the adherent cells were cultured in 2 ml
RPMI 1640 containing either 0.5 or 5 ng/ml IFN-y (R&D Systems).
Monocytes were treated with 10 uM MSA and analyzed by flow cytometry.

NKG2D downmodulation assay

From purified PBLs, CD4 T cells were removed using a Dynal CD4*
isolation kit. CD4-depleted PBLs were stimulated with IL-15 (PeproTech)
for 3 d. Afterward, PBLs were cocultured with pretreated Jurkat E6-1 cells
(with or without FR901228 or MSA) for 1-2 h at different E:T ratios. The
blocking of NKG2D ligands was achieved by preincubating the Jurkat
E6-1 effector cells (with or without MSA) for 30 min at 4°C with hNKG2D-
Fc (R&D Systems, 1299-NK) at a final concentration of 2 pg/ml.

Plasmids and promoter constructs

The MICA promoter plasmid p3.2k-WT-GFP and the +2 control plasmid were
previously described (27). Promoter activity was calculated by multiplying
the percentage of GFP-expressing cells with the mean fluorescence intensity
of these cells. The invariant chain construct (1i31/33) was provided by Dr.
Norbert Koch (University of Bonn, Bonn, Germany) (36). The GFP-ULBP2
plasmid was generated using phosphorothioate-based, ligase-independent
gene cloning (37). We produced two PCR products using PfuUltra II Fu-
sion HS DNA polymerase (Stratagene): a 681-bp ULBP2 PCR product using
the ULBP2-FLAG plasmid as template, and a 6332-bp GFP-Myc PCR
product using the GFP-MICA*018 plasmid as template. PCR products were
treated with iodine to create an overhang. Finally, cleaved ULBP2 and GFP-
Myc PCR products were hybridized. The following phosphorothioate pri-
mers (Eurofins MWG Operon) were used (lowercase characters indicate
phosphoro-tailed bases): PTO-ULBP2, forward, 5'-agctggtecaGGCTGGTCC-
CGGGCTGGGCGAGCCGA-3', reverse, 5'-gecctctagaTCAGATGCCAGGG-
AGGATGAAGCAGGGGAGGAT-3; PTO-GFP-Myc, forward, 5'-tctagagggc-
CCTATTCTATAGTGTCACCTAAATGCTAG-3', reverse, 5'-tgcaccagct-
CCCTCGAGGTCCTCTTCAGAG-3'. The construct was sequenced (Euro-
fins MWG Operon) to verify the correct orientation and sequence of the
insert.

Transient transfections

Transient transfections of Jurkat Tag-9 and FM-86 cell lines were performed
using the Amaxa Nucleofector device (Lonza) according to the manu-
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facturer’s protocol. In short, for the Jurkat Tag-9 cell line 1.5-3 X 10° cells
were resuspended in 100 wl Ingenio electroporation solution (Mirus Bio),
mixed with 1 ug plasmid/1 X 10° cells, and pulsed using the Nucleofector
program G-010. For silencing experiments, 1 X 10° cells were transfected
with different small interfering RNAs (siRNAs) targeting the Ii. The fol-
lowing siRNAs were used: endoribonuclease-prepared siRNA (human)
CD74/1i (Sigma-Aldrich, EHU157961) and CD74/li (human) siRNA
(Santa Cruz Biotechnology, sc-35023). For the FM-86 cell line, 2.5 X 10°
cells were resuspended in 100 wl Nucleofector solution T (Lonza), mixed
with 1 g plasmid/1 X 10° cells, and pulsed using the Nucleofector pro-
gram U-020. The expression of the plasmids was measured after 1848 h.

Quantitative real-time PCR

RNA was isolated from 1 X 10° Jurkat E6-1 cells using TRIzol reagent and
reverse-transcribed using SuperScript III reverse transcriptase enzyme
according to the manufacturer’s protocol. PCR was performed using
standard conditions. MICA primer sequences were: MICA_523, forward,
5'-GCCATGAACGTCAGGAATTT-3"; MICA_760, reverse, 5'-GACGC-
CAGCTCAGTGTGATA-3'. ULBP2 primer sequences were: ULBP2_378,
forward, 5'-CAGAGCAACTGCGTGACATT-3'; ULBP2_610, reverse, 5'-
GGCCACAACCTTGTCATTCT-3'. The housekeeping gene ribosomal
protein, large, PO (RPLPO) was used as a normalization control. RPLPO
primer sequences were: RPLPO, forward 5'-GCTTCCTGGAGGGTGTCC-
3’, reverse, 5'-GGACTCGTTTGTACCCGTTG-3'. All primers were pur-
chased from Eurofins MWG Operon. Quantitative real-time PCR was
performed using the Brilliant II SYBR Green qPCR Master Mix kit with
low ROX (Stratagene). The real-time PCR reactions were performed on
a Stratagene Mx3005P quantitative PCR system thermocycler.

Western blotting and TCA precipitation

Western blotting (38) and TCA precipitation (14) were done as previ-
ously described. The Abs used for Western blotting were biotinylated
anti-human ULBP2 (R&D Systems, BAF1298), anti-ERK1 (Santa Cruz
Biotechnology, sc-93), anti-CD74/Ii (Novus Biologicals, NBP1-33109),
anti-GAPDH (Fitzgerald, 10R-G109a), streptavidin-peroxidase polymer
(ultrasensitive) (Sigma-Aldrich, 2438), peroxidase-conjugated rabbit
anti-mouse Igs (Dako, P0260), and peroxidase-conjugated swine anti-
rabbit Igs (Dako, P0399). TCA-precipitated samples were diluted in
NuPAGE LDS sample buffer and Western blotting was performed against
ULBP2. Serum proteins from culture supernatants were stained with amido
black (Sigma-Aldrich, A8181) according to the manufacturer’s protocol.

Flow cytometry

Ab cell surface staining (39) and annexin V staining (38) were done as
previously described. The following Abs were used: PE-conjugated mouse
anti-human (h) MICA/B (BD Biosciences, 558352), PE-conjugated mouse
anti-hICAM-1 (Leinco Technologies, C170), PE-conjugated mouse anti-
hULBP2/5/6 (R&D Systems, FAB1298P), PE-conjugated mouse anti-
hHLADQI1 (BioLegend, 318105), allophycocyanin-conjugated goat
anti-mouse 1gG (BioLegend, 405308), allophycocyanin-conjugated
mouse anti-hULBP2/5/6 (R&D Systems, FAB1298A), allophycocyanin-
conjugated anti-hNKG2D (R&D Systems, FAB139A), allophycocyanin-
conjugated anti-hCD4, clone OKT4 (BioLegend, 317416), and anti-myc
tag, clone 4A6 (Millipore, 05-724). The binding of recombinant hNKG2D-
Fc (R&D Systems, 1299-NK) was detected by using a secondary, FITC-
conjugated rabbit anti-hIgG (Dako, FO185). Appropriate IgG isotype
controls were purchased from BD Biosciences. The flow cytometry data
acquisition was performed with an Accuri C6 flow cytometer and CFlow
software, and the analyses of the collected data were carried out in FCS
Express 3.0. All samples were analyzed by gating on viable cells followed
by exclusion of duplets. All results show forward scatter on a linear scale
and fluorescence on a log;o scale.

Confocal microscopy

Localization of the ULBP2 construct was investigated by transiently
transfecting 1 X 10° Jurkat Tag-9 cells with 3 wg ULBP2-GFP as de-
scribed above. Two hours after transfection, cells were either treated with 5
M MSA or kept untreated and incubated for 18 h. For labeling and
tracking of acetic organelles, 1 ml transfected Jurkat Tag-9 cells were
stained with 1 pl LysoTracker Red DND-99 for 20 min. Images were
recorded using a Zeiss CellObserver equipped with a Yokogawa CSU-X1
spinning disk acquiring full Z-stacks of the cells in two channels (EGFP
and LysoTracker Red DND-99) using an alpha Plan-Apochromat oil X100/
1.46 numerical aperture objective (Carl Zeiss, Jena, Germany) with an
exposure time of 100 ms for each channel. Cells were analyzed at 37°C in
culture medium. Single images from the stacks were selected for figures and
these were postprocessed using a median filter to minimize noise.
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FIGURE 1. MSA induces functional MICA/B expression. (A) Jurkat E6-1 cells were left untreated or treated with 20 ng/ml FR901228 or various
concentrations of MSA (1, 5, 10, 20, 50 uM). After 18 h, cells were analyzed for MICA/B and ULBP2 cell surface expression by flow cytometry.
FR901228 was used as a positive control for MICA/B and ULBP2 induction. (B) Jurkat E6-1 cells were treated for the indicated time points with 20 ng/ml
FR901228 or 5 M MSA. At the indicated time points cells were analyzed for MICA/B and ULBP2 cell surface expression by flow cytometry. (C) Jurkat
Tag-9 cells were transfected with either the 3.2-kb wild-type MICA promoter construct or the +2 control construct. After 24 h cells were treated with 20
ng/ml FR901228 or 5 uM MSA for 18 h. Cells were analyzed for GFP fluorescence by flow cytometry. (D) Jurkat E6-1 cells were treated with 20 ng/ml
FR901228 or 5 uM MSA. After 18 h cells were analyzed for NKG2D-Fc surface expression by flow cytometry. (E) Jurkat E6-1 cells were treated with 20
ng/ml FR901228 or 5 uM MSA. After 12 h cells were cocultured with 3-d-old and IL-15-activated CD8 T cells. After 1 h CD8 T cells were analyzed for
NKG2D surface expression by flow cytometry. (F) Jurkat E6-1 cells were treated with 5 wM MSA. Twelve hours later interaction of NKG2D ligands and
NKG2D receptor was blocked by preincubating the cells for 30 min at 4°C with hNKG2D-Fc or a vehicle control. Cells were (Figure legend continues)

2202 'S UoRe|Al uo 159nB Ag /610" jounuuu 1 :mmm/:dny Wouy papeo Jumod


http://www.jimmunol.org/

The Journal of Immunology

Statistical analysis

Data in Figs. 3A and 6B were analyzed by one-way ANOVAs with a Tukey
multiple comparisons test to determine significant differences among
groups. Data in Figs. 1F, 4B, 6D, 7A, and 7C were investigated by regular
two-way ANOVAs with a Tukey post hoc test for multiple comparisons.
Unpaired, two-sided 7 tests were applied to investigate the silencing effect
of CD74 siRNAs compared with controls (Fig. 7D). Data are presented as
means = SD and the level of statistical significance was set at p < 0.05 for
all experiments. The statistical analysis and graph preparation was per-
formed using the software package Prism version 6 (GraphPad Software,
La Jolla, CA).

Results
MSA induces functional MICA/B expression

Through database and literature searches as well as compound
screenings performed in our laboratory, we uncovered similarities
in the gene-activation profiles after MSA and HDAC inhibitor
treatment. Therefore, we examined whether MSA, similar to
HDAC inhibitors, could induce NKG2D ligands (39). MSA is
a stable, synthetic selenium compound, which is known to ex-
hibit anticancer and chemopreventive properties, including the
inhibition of tumor growth (40), modification of metastasis (41),
and the induction of apoptosis (42). Jurkat T cells have a low
MICA/B expression and an intermediate basal level of ULBP2.
Treatment of Jurkat E6-1 cells for 18 h with different concen-
trations of MSA or the HDAC inhibitor FR901228 showed that
both treatments caused MICA/B induction, whereas only
FR901228 increased ULBP2 surface expression (Fig. 1A). MSA
induced MICA/B with a similar expression kinetic as FR901228;
surface expression was detected after 4 h and climbed to a
maximum at ~12-18 h (Fig. 1B). MSA was not associated with
any surface expression of ULBP2 from 0 to 24 h, demonstrating
that the lack of ULBP2 expression is not due to an altered kinetic
expression profile. These data indicate that expression of MICA/
B and ULBP2 are regulated by different mechanisms. MSA
further directly stimulated a transiently transfected MICA pro-
moter construct; no promoter activity was observed when using
a promoterless variant (+2) (Fig. 1C). It was important to ex-
clude the possibility that MSA-mediated MICA/B expression
was caused by stress of dying cells. We therefore stained apo-
ptotic cells with annexin V in combination with Abs against
MICA/B, ULBP2, or an isotype control. Only annexin V cells
upregulated NKG2D ligands after MSA or FR9011228 treat-
ment, suggesting that NKG2D ligand expression is confined to
the nonapoptotic cell fraction (data not shown). To examine the
integrity of MSA-induced MICA/B proteins, we tested their
ability to interact with the native NKG2D receptor. Jurkat E6-1
cells were treated with either MSA or FR901228 and labeled
with recombinant hNKG2D-Fc. MSA induced functional
NKG2D ligand surface expression that could be detected with
recombinant NKG2D-Fc (Fig. 1D). NKG2D also binds to
ULBP1-6, which may explain the differences in NKG2D-Fc
binding because MSA, in contrast to FR901228, does not induce
ULBP2. The NKG2D receptor on CD8 T cells is internalized after
interaction with NKG2D ligands (20). To further assess the
functional ability of MSA-induced NKG2D ligands, we examined
NKG2D downregulation on IL-15-activated CD8 T cells isolated
from peripheral blood. An increasing ratio of both FR901228- and
MSA-treated Jurkat E6-1 cells triggered a marked reduction in
NKG2D surface expression compared with vehicle-treated control
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cells (Fig. 1E). To verify that downregulation of NKG2D is spe-
cifically caused by MSA-induced NKG2D ligands, we preincubated
MSA-treated effector Jurkat E6-1 cells with hNKG2D-Fc to block
interaction of NKG2D ligands and NKG2D receptor during co-
culture. As expected, hNKG2D-Fc-treated effector cells caused no
downregulation of NKG2D on CDS8 T cells compared with vehicle-
treated control cells (Fig. 1F). In a similar experiment, Abs against
ULBP2 and MICA/B also blocked NKG2D downregulation (data
not shown).

This suggests that MSA-mediated MICA/B surface expression is
functional and able to specifically downmodulate NKG2D on
peripheral blood CD8 T cells.

MSA induces ULBP2 mRNA transcription but abrogates
ULBP?2 protein expression

Combined treatment with MSA and FR901228 resulted in en-
hanced surface expression of MICA/B. Surprisingly, FR901228-
mediated ULBP2 expression was effectively blocked by MSA
cotreatment (Fig. 2A). MSA treatment also inhibited ULBP2
surface expression induced by the HDAC inhibitors SAHA, TSA,
and butyrate (Fig. 2B). To clarify how MSA regulates NKG2D
ligands, real-time PCR analyses of MICA and ULBP2 mRNA
were performed after treatment with MSA, FR901228, or the
combination. As expected, the treatment with MSA and FR901228
increased MICA mRNA. Interestingly, MSA treatment caused an
accumulation of ULBP2 mRNA similar to FR901228 treatment, and
the combination of the two compounds showed no sign of inhibition
at the mRNA level (Fig. 2C). Western blotting of whole-cell lysates
showed that ULBP2 protein expression was inhibited after treatment
with MSA alone or in combination with FR901228 (Fig. 2D). Similar
results were observed by intracellular staining for ULBP2 by flow
cytometry (data not shown).

These data suggest that MSA and FR901228 induce similar
MICA/B and ULBP2 gene regulation. The MSA-mediated ULBP2
mRNA does not result in ULBP2 protein or surface expression and
further dominantly suppresses HDAC inhibitor—induced ULBP2.

MSA inhibits ULBP2 protein surface transport

To examine whether MSA inhibits ULBP2 at the posttranslational
level, we transiently overexpressed a ULBP2-GFP-myc construct
in Jurkat Tag-9 cells. Cells were treated with either FR901228,
MSA, or in combination and surface expression of the ULBP2-
GFP-myc construct was analyzed by flow cytometry and stain-
ing against the myc-tag. Surface expression of the ULBP2 construct
was decreased after MSA treatment (Fig. 3A). The ULBP2-GFP
level was similar after all treatments (data not shown), suggesting
that ULBP2 is retained intracellularly but not degraded during the
timeframe of the assay. This was confirmed by an anti-GFP
Western blot of the transfected cells where no GFP degradation
was observed (Fig. 3B). To further examine the intracellular re-
tention of ULBP2, we used live cell confocal microscopy. This
experiment revealed that transfected ULBP2 accumulated around
the nucleus of Jurkat Tag-9 cells and was not expressed on the cell
surface (Fig. 3C, right) compared with untreated cells (Fig. 3C,
left).We also investigated the effect of FR901228 and MSA on
Jurkat Tag-9 cells transiently transfected with a GFP-MICA*018
plasmid by flow cytometry and confocal microscopy. FR901228
and MSA both induced surface expression of GFP-MICA*018
compared with untreated cells (data not shown). These data

then cocultured with 3-d-old and IL-15-activated CD8 T cells. After 2 h CDS8 T cells were analyzed for NKG2D surface expression by flow cytometry. Data
are representative of at least three separate experiments [(A)—(D); (E) and (F) from three donors, means = SD]. *p < 0.05.
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FIGURE 2. MSA induces ULBP2 mRNA transcription but abrogates
ULBP2 protein expression. (A) Jurkat E6-1 cells were left untreated or
treated with either 20 ng/ml FR901228 or 5 uM MSA alone or in com-
bination with 20 ng/ml FR901228. After 18 h cells were analyzed for
MICA/B and ULBP2 surface expression by flow cytometry. Cells were
gated according to untreated cells. (B) Jurkat E6-1 cells were treated with
various concentrations of three different HDAC inhibitors (TSA, SAHA,
and sodium butyrate [NaB]) alone or in combination with 5 uM MSA.
Treatment with FR901228 was used as a positive control for MICA/B and
ULBP2 induction. After 18 h cells were analyzed for MICA/B (top) and
ULBP2 (bottom) surface expression by flow cytometry. (C) Jurkat E6-1
cells were left untreated or treated with 20 ng/ml FR901228, 5 uM MSA,
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strongly suggest that MSA inhibits ULBP2 surface expression
through a posttranslational mechanism.

MSA regulates NKG2D ligand expression in different cancers
and activated CD4 T cells

Different cell lines were examined for their response to MSA. As
expected (39), HDAC inhibitor treatment increased the surface
expression of MICA/B and ULBP2 in HEK293T, PC3 prostate
cancer, and U373 glioma cells (Fig. 4A), although U373 cells had
low induction of MICA/B surface expression. MSA treatment
alone or in combination with FR901228 gave the same phenotype
as described above for Jurkat E6-1 cells, that is, an increase in
MICA/B but dominant inhibition of ULBP2 surface expression
(Fig. 4A). We have previously shown that healthy activated CD4
T cells obtained from peripheral blood cells express MICA/B after
HDAC inhibitor treatment (39). In the present study, we further
show that ULBP2 is also induced on CD4 T cells after FR901228
treatment. MSA strongly induced MICA/B surface expression;
however, it caused only a low induction of ULBP2 surface ex-
pression (Fig. 4B).

MSA is able to inhibit the production of soluble ULBP2 from
primary melanoma cells

Prostate cancer, B-CLL leukemia, and melanomas evade immune
recognition by releasing soluble ULBP2 into the extracellular
environment, rendering the tumor cells undetectable by NKG2D-
expressing immune effector cells (19, 22, 23). Therefore it was of
interest, also for a future therapeutic potential, to examine whether
MSA hinders the production of soluble ULBP2 and thereby
overcomes a well-known tumor escape mechanism. Three differ-
ent primary melanoma cell lines were examined. MSA inhibited
ULBP2 surface expression as expected (Fig. 5SA). To test the effect
of MSA on soluble ULBP2, we precipitated proteins from mela-
noma cell culture supernatants using TCA after an 18-h treatment
with/or without FR901228, MSA, or the combination. All primary
melanomas constitutively produced soluble ULBP2, and the level
of soluble ULBP2 was further enhanced by FR901228 treatment.
Interestingly, MSA treatment inhibited both the constitutive and
induced soluble ULBP2 expression below the detection limit of
Western blot analysis. In contrast to our previous findings, MSA
alone or in combination with FR901228 also inhibited the surface
expression of MICA/B in melanomas. This interesting finding is
further studied in the following sections.

ULBP?2 induction is dependent on PKC activation

Previous studies have shown that MSA specifically inactivates
PKC isoenzymes (43). To determine whether ULBP2 expression
involves PKC activation, we treated Jurkat E6-1 cells with the two
PKC activators PMA and ingenol. Interestingly, both PMA and
ingenol treatment for 18 h caused a robust ULBP2 surface ex-
pression without affecting MICA/B surface expression (Fig. 6A).
We also exposed Jurkat E6-1 cells to the ingenol derivative
ingenol-3-angelate, a more potent PKC activator than ingenol but

or a combination of both. After 4 h total RNA was extracted and used for
quantitative real-time PCR analysis. MICA and ULBP2 mRNA expression
was normalized to the housekeeping gene (RPLPO) and displayed as the
fold change relative to the control. (D) Jurkat E6-1 cells were left untreated
or treated with 20 ng/ml FR901228, 5 uM MSA, or a combination. After
18 h cells were lysed and used for Western blotting against ULBP2 (top;
molecular mass of 35 kDa) and ERK1 (bottom; molecular mass of 44
kDa). Data are representative of four separate experiments [(A)—(C), means
+ SD] or three experiments (D).
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FIGURE 3. MSA inhibits ULBP2 protein surface transport. (A) Jurkat Tag-
9 cells were transiently transfected with the ULBP2-myc-GFP construct. Two
hours posttransfection cells were left untreated or treated with either 20 ng/ml
FR901228, 5 uM MSA, or a combination of both. After 18 h cells were
analyzed for myc-tag cell surface expression by flow cytometry. Cells were
gated according to nontransfected cells. (B) Jurkat Tag-9 cells were transiently
transfected with the ULBP2-myc-GFP construct. Two hours posttransfection
cells were left untreated or treated with various concentrations of MSA (5 or
10 wM). After 18 h cells were lysed and used for Western blotting against GFP
(top, molecular mass of ~64 kDa) and ERK1 (bottom, molecular mass of 44
kDa). (C) Jurkat Tag-9 cells were transiently transfected with the ULBP2-myc-
GFP construct. Two hours posttransfection cells were left untreated or treated
with 5 uM MSA. After 18 h, cell images were recorded using a Zeiss Cel-
10bserver equipped with a Yokogawa CSU-X1 spinning disk acquiring full Z-
stacks of the cells in the EGFP channel using an alpha Plan-Apochromat oil
X100/1.46 numerical aperture objective. Z-stacks at position 36 were chosen
to compare construct location in untreated cells (left top) and MSA-treated
cells (right top). Full Z-stacks were used to create three-dimensional images of
the construct location in untreated cells (left bottom) and MSA-treated cells

(right bottom). Scale bar, 2 wm. Data are representative of four separate
experiments [(A), means = SD] or two experiments (B and C). **p < 0.01.

ULBP2-GFP-myc

with a shorter half-life (44). A single exposure of ingenol-3-
angelate for 18 h did not induce ULBP2 surface expression. In
contrast, two or four sequential additions upregulated ULBP2
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surface expression, although not as potently as the more sustained
PKC activators PMA and ingenol (Fig. 6B). Kinetic studies
showed that ULBP2 surface expression was highest after 18 h of
treatment with PMA (Fig. 6C), which is consistent with our pre-
vious findings with FR901228 (39). Again, MICA/B surface ex-
pression was not affected throughout the PMA stimulation
(Fig. 6C). To verify the involvement of PKC activity, we examined
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FIGURE 4. MSA regulates NKG2D ligand expression in different
cancers and activated CD4 T cells. (A) HEK293T, PC3, and U373 cells
were left untreated or either treated with 20 ng/ml FR901228 or with 25,
10, and 5 pM MSA, respectively, alone or in combination. After 18 h cells
were analyzed for MICA/B and ULBP2 surface expression by flow
cytometry. (B) Restimulated CD4™ T cells as described in Materials and
Methods were left untreated or either treated with 20 ng/ml FR901228 or
with 10 (white) and 5 (gray) M MSA. After 18 h cells were analyzed for
MICA/B and ULBP2 surface expression by flow cytometry. Data are
representative of at least three separate experiments [(A), means * SD)] or
three experiments (three donors) [(B), means = SD]. **p < 0.01.
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FIGURE 5. MSA is able to inhibit the production of soluble ULBP2 in
primary melanoma cells. (A) FM-78, FM-86, and SK-MEL28 were left
untreated or either treated with 20 ng/ml FR901228 or 10 uM MSA alone
or in combination. After 18 h cells were analyzed for MICA/B and ULBP2
surface expression by flow cytometry. (B) FM-78 (top), FM-86 (middle),
and SK-MEL28 (bottom) cells were left untreated or treated with either 20
ng/ml FR901228 or 10 uM MSA alone or in combination for 18 h using
culture medium containing 0.5% FBS. The proteins in the media fraction
were precipitated by TCA as described in Materials and Methods. Western
blotting of precipitates was performed using an Ab against ULBP2 (rop;
molecular mass of 35 kDa). Serum proteins (SP) (bottom; molecular mass
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whether inhibitors of PKC affected ULBP2 surface expression.
We used the potent PKC inhibitor G6 6976 (Fig. 6D, right) and the
broad-spectrum PKC inhibitor G6 6983 (Fig. 6D, left). Because
both PKC inhibitors are short-lived they were added initially to-
gether with FR901228 or PMA and then again 4-6 h later. Both
inhibitors efficiently blocked ULBP2 surface expression after
PMA treatment (Fig. 6D). The PKC inhibitors also inhibited
FR901228 surface-induced ULBP2, but not as efficiently as after
PMA exposure. The PKC inhibitors had no effect on FR901228-
induced MICA/B expression (data not shown). These data suggest
that PKC activity is indeed involved in ULBP2 expression; how-
ever, the data also indicate that HDAC inhibitors and PKC acti-
vators may not regulate ULBP2 surface expression through
identical PKC isoforms. As expected, MSA potently blocked
PMA-induced ULBP2 surface expression (Fig. 6E), confirming
the PKC inhibitory potential of MSA.

The lysosomal/endosomal transport pathway is important for
ULBP?2 cell surface expression

PKC activity is known to be crucial for lysosomal/endosomal
intracellular transport (45, 46), prompting us to investigate the
involvement of this pathway in ULBP2 regulation. It was therefore
interesting to examine whether ULBP2 surface transport could be
selectively dependent on this pathway. FR901228-induced ULBP2
surface expression, but not MICA/B, was efficiently blocked by
three different inhibitors of lysosomal acidification (Fig. 7A).
PMA-induced ULBP2 was also blocked by inhibition of lysosomal
acidification (data not shown). Using live cell confocal microscopy,
we examined whether ULBP2 was retained in lysosomal/endosomal
compartments after chloroquine treatment (Fig. 7B). Jurkat Tag-9
cells were transiently transfected with constructs encoding GFP-
myc—tagged ULBP2 or MICA*018, and LysoTracker Red was
used to stain for lysosomal/endosomal compartments. Indeed, the
transiently expressed ULBP2 was completely retained in the
lysosomes (Fig. 7B, top), whereas MICA*018 was localized on
the cell surface (Fig. 7B, bottom). A significant part of the
MICA*018 protein also colocalized with the LysoTracker;
whether this is due to lysosomal MICA*018 degradation or low
resolution between the ER/Golgi and lysosomal compartments is
not clear from our results.

MSA also inhibited MICA/B surface expression in primary
melanoma cells, suggesting that MICA/B in this circumstance may
use the same pathway as ULBP2 for surface expression. Indeed,
bafilomycin A inhibited both ULBP2 and MICA/B surface ex-
pression in the primary FM-86 melanoma cells (Fig. 7C). Similar
results were obtained with chloroquine and ammonium chloride
(data not shown). These results emphasize that MICA/B, under
special circumstances, may use the lysosomal/endosomal pathway
for surface transport. This might be the case when the conven-
tional transport pathway is blocked, as has been demonstrated for
some melanomas (15).

The invariant chain facilitates endosomal transport and
surface expression of ULBP2

Ii can transport certain MHC class I homologous molecules to the
cell surface through an endosomal pathway, with MR1 and CD1d
being prominent examples (32, 34). Because NKG2D ligands are
MHC class I homologs, we tested the influence of Ii for ULBP2

of 170 kDa) from culture supernatants were stained with amido black and
used as loading controls. Data are representative of three separate
experiments (A and B).
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FIGURE 6. ULBP2 induction is dependent on PKC activation. (A)
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angelate during a time period of 16 h. After incubation cells were ana-
lyzed for ULBP2 surface expression by flow cytometry. (C) Jurkat E6-1
cells were treated for the indicated time points with 20 ng/ml FR901228
or 3 pM PMA. At the indicated time points cells were analyzed for
MICA/B and ULBP2 cell surface expression by flow cytometry. (D)
Jurkat E6-1 cells were left untreated or treated with 3 puM PMA or 20 ng/
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5 or 10 pM MSA. After 18 h, cells were analyzed for MICA/B and
ULBP2 surface expression by flow cytometry. Data are representative of
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and MICA/B surface expression. Ii expression in Jurkat Tag-9
cells was knocked down using two different siRNAs targeting
all isoforms of Ii. In both cases, Ii knockdown significantly
inhibited the surface transport of ULBP2 (Fig. 7D, left, top and
bottom). Interestingly, MICA/B surface expression was also re-
duced after Ii silencing, although not to the level observed for
ULBP2 (Fig. 7D, middle, top and bottom). Expression of ICAM-1
was not affected and served as a control (Fig. 7D, right, top and
bottom). The level of MICA and ULBP2 mRNA was not affected
by Ii knockdown (data not shown). Protein knockdown of Ii in
Jurkat Tag-9 cells was confirmed by Western blotting (Fig. 7D).
To further substantiate the involvement of Ii, we overexpressed
an Ii construct in Jurkat Tag-9 cells as well as FM-86 melanoma
cells. After transfection, the cells were either treated with
FR901228 or kept untreated and the expression of NKG2D
ligands was analyzed by flow cytometry (Fig. 7E). In Jurkat Tag-
9 cells, the level of both endogenous and FR901228-induced
cell-surface ULBP2 was increased by overexpression of Ii
(Fig. TE, left, bottom). As expected, the surface expression of
MICA/B was unaffected (Fig. 7E, left, top). Strikingly, over-
expression of Ii in FM-86 melanoma cells induced both ULBP2
and MICA/B surface expression, with and without FR901228
treatment (Fig. 7E, right, top and bottom). These results thus
corroborate that MICA/B expression in melanoma cells can be
regulated by Ii. The overexpression of the Ii construct was ver-
ified by Western blotting (data not shown). Cotransfection of
constructs encoding ULBP2 and Ii enhanced construct-encoded
ULBP?2 surface expression in both Jurkat Tag-9 and FM-86 cells
(data not shown).

It is well established that MHC class II molecules use Ii for cell-
surface transport. Thus, we considered whether MSA could be
an inhibitor of MHC class II surface expression. To test this, we
induced MHC class II surface expression on freshly isolated
monocytes with IFN-y. Endogenous and IFN-y-induced MHC
class II surface expression was potently inhibited by MSA
(Fig. 7F), showing that MSA has a potent and unrecognized in-
hibitory effect on MHC class II surface expression and endosomal
transport.

In summary, our data suggest that soluble and surface-expressed
ULBP2 is dependent on the endosomal transport pathway. In con-
trast, MICA/B is trafficked to the cell surface via the conventional
ER/Golgi pathway. Interesting exceptions are the investigated
melanomas, where MICA/B surface transport is also dependent on
the endosomal pathway. This implies that Ii could associate early in
the ER with both ULBP2 and MICA/B in a chaperone-like fashion
and facilitate surface transport depending on the integrity of the
ER/Golgi system.

Discussion

In this study, we show that the NKG2D ligand ULBP2 is trans-
ported to the cell surface through an endosomal pathway dependent
on PKC and lysosomal integrity. We further reveal that ULBP2
surface transport is dependent on the invariant chain and thus shares
the surface transport pathway with MHC class II proteins and
several other MHC class I homologous proteins (32, 34).

The endosomal transport pathway of ULBP2 was uncovered by
studying the selenium-containing compound MSA. Initially, we
noticed a significant overlap in gene expression profiles of cells
treated with either HDAC inhibitors or MSA. Hence we examined

at least three separate experiments [(A) and (C)—(E), means * SD] or two
separate experiments [(B), means = SD]. *p < 0.05, **p < 0.01, ***p <
0.001, #*#=xp < 0.0001.
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whether MSA, similar to HDAC inhibitors, caused gene activation
and surface expression of NKG2D ligands (39). Our results show
a remarkable action of MSA, including 1) gene activation and
upregulation of MICA/B surface expression and 2) ULBP2 gene
activation, however, combined with a dominant suppression of
ULBP?2 protein secretion and surface expression. Our mechanistic
studies further suggest that MSA inhibits endosomal ULBP2
transport through sustained inhibition of PKC activity.

MSA induction of ULBP2 mRNA strongly suggested that in-
hibition of ULBP2 expression occurs posttranscriptionally. This
was confirmed by transient overexpression of ULBP2, where MSA
inhibited surface expression of ULBP2. Our studies revealed that
PKC activity was essential for ULBP2 surface expression, as
different PKC activators and inhibitors regulated ULBP2 surface
expression. It is noticeable that prolonged PKC activity was im-
portant for induction of ULBP2 surface expression because the
PKC activator ingenol-3-angelate and the PKC inhibitors G6 6976
and GO 6983, which all have relatively short half-lifes, needed
sequential addition during the assay period to function (47, 48).
This was not the case for the PKC activators PMA and ingenol,
which are known for their prolonged stability (49). Therefore, it
seems likely that the pronounced ULBP2 inhibitory effect of MSA
is due to sustained inhibition of PKC. We propose that the pro-
longed PKC activation needed for ULBP2 induction ensures that
short-term PKC activation, which is involved in many intracellular
signals, will not cause aberrant ULBP2 expression. There are at
least 10 different isoforms of PKC and the different PKC isoforms
often work redundantly (50). Therefore, it is not straightforward to
elucidate their precise involvement. We have recently shown that
ULBP2 surface expression is particularly dependent on intracel-
lular calcium (38). This implies that calcium-dependent PKC
isoforms could be involved in the regulation of ULBP2 surface
expression, although this requires further experimental verifica-
tion. Intracellular lysosomal/endosomal transport is dependent on
PKC activity (26, 30, 46). Moreover, it has been shown that PKC
activity positively regulates the generation of stable MHC class 11
complexes (46). Our present studies revealed that PKC activation
likely governed a lysosomal/endosomal transport of ULBP2.
Different inhibitors of lysosomal acidification potently inhibited
ULBP2 surface expression without affecting MICA/B surface
expression. ULBP2, therefore, shares surface transport with other
MHC class I homologous proteins such as MR1 and CD1 mole-
cules, which also use a lysosomal/endosomal surface transport
pathway. MHC class I homologs that use this MHC class II-like
pathway often associate and depend on Ii for endosomal locali-
zation and transport (32, 34). This was also the case for ULBP2, as
siRNA-mediated knockdown of Ii almost completely abrogated
ULBP2 surface expression. Strikingly, knockdown of Ii also
inhibited ~50% of MICA/B surface expression. This was ob-
served repeatedly by using different siRNAs, and expression of
several control proteins was not affected. Furthermore, the over-
expression of an Ii construct resulted in a further induction of
ULBP2. Therefore, it seems possible that Ii interacts with both
MICA/B and ULBP2 early in the ER compartment. Ii facilitates
the endosomal export of ULBP2 while possibly acquiring a more
chaperone-like function for MICA/B. Further investigations are
needed to understand how ULBP2 interacts with Ii. This is par-
ticularly interesting because ULBP2, in contrast to MHC class 11
molecules, will likely not interact with the CLIP portion of Ii. The
association between Ii and NKG2D ligands may be further rel-
evant because overexpression of Ii is linked to inflammatory
diseases and several forms of cancer. Especially high levels of Ii
p35 (one of four isoforms in humans) were found in hairy cell
leukemia and some B-CLL patients (51), suggesting that Ii may
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be an interesting target in cancer immune therapy. Hence, de-
tailed studies about which Ii isoforms regulate NKG2D ligands
might be clinically relevant.

It is noteworthy that MSA inhibited both ULBP2 and MICA/B
surface expression in the different melanoma cell lines. MSA
blocking of MICA/B surface expression was not observed in
the other cancer and primary cells examined. This implies that the
normal MICA/B transport pathway could be hampered in the
investigated melanomas. In agreement with this, melanoma cells
have been shown to restrict MICA surface expression despite
possessing significant intracellular levels (15). Consequently,
MICA/B could associate with Ii and be transported to the surface
via the endosomal pathway. This hypothesis is supported by our
findings that MICA/B surface expression in the melanomas was
blocked by inhibition of lysosomal acidification, a phenotype
that was not observed in other cell types investigated. Addi-
tionally, overexpression of an Ii construct induced cell surface
expression of MICA/B in FM-86 melanoma cells but not in
Jurkat Tag-9 cells. Our studies further revealed that MSA
inhibited the production of soluble ULBP2 from different pri-
mary melanoma cells. Production of soluble NKG2D ligands is
used by several cancers to avoid immune recognition (6, 19, 24).
The presence of soluble ULBP2 in patient serum samples is
a marker for poor prognosis in various types of cancers (19, 22,
23). Our current results show that soluble ULBP2 from mela-
nomas can be inhibited by MSA. Thus, MSA or other com-
pounds that target the endosomal pathway could be used to
increase immune recognition of soluble ULBP2-producing can-
cers. Alternatively, MSA also inhibits MHC class II surface
expression and possibly NK/CD8 T cell degranulation. Thus,
in vivo administration of MSA requires a potential therapeutic
window where MSA effectively blocks ULBP2 secretion without
severely compromising immune function. In this regard, it is
interesting that previous studies have found in vivo tolerated
levels of MSA at 10 pg/kg body weight (52). It is known that
functional ULBP2 can also be expressed without GPI anchor
on the cell surface (53). In this study ULBP2, however, is GPI-
linked because no surface expression was detectable after phos-
phatidylinositol phospholipase C treatment (data not shown).

The endosomal/lysosomal transport pathway is normally used
to transport significant amounts of proteins for exocytosis,
degranulation, and secretion. It is also used for PKC-dependent
virus budding/virion secretion (54). It is therefore important to
consider that the special ULBP2 transport pathway may also be
beneficial, for example, to highlight virus budding, which
might be particularly advantageous for the immune system
when viruses shut down other cellular transport pathways. The
down side is that some tumor cells exploit this transport
pathway to secrete an extensive amount of immunosuppressive
ULBP2.
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