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Abstract: Background and Objectives: Ankylosing spondylitis (AS) is a chronic inflammatory disease
and is highly linked with the expression of the human leukocytic antigen-B*27 (HLA-B*27) geno-
type. HLA-B*27 heavy chain (B*27-HC) has an innate characteristic to slowly fold, resulting in the
accumulation of the misfolded B*27-HC and the formation of homo-oligomeric B*27-HC molecules.
The homo-oligomeric B*27-HC can act as a ligand of KIR3DL2. Interaction of the homo-oligomeric
B*27-HC molecules with KIR3DL2 will trigger the survival and activation of KIR3DL2-positive NK
cells. However, the effects of homo-oligomeric B*27-HC molecules associated with KIR3DL2 on the
cytotoxic activity of NK cells and their cytokine expressions remain unknown. Materials and Methods:
HLA-B*-2704-HC was overexpressed in the HMy2.CIR (C1R) cell line. Western blotting and quan-
titative RT-PCR were used to analyze the protein expression and cytokine expression, respectively,
when C1R-B*-2704 cells that overexpress B*2704-HC were co-cultured with NK-92MI cells. Flow
cytometry was used to analyze the cytotoxicity mediated by NK-92MI cells. Results: Our results
revealed that NK-92MI cells up-regulated the expression of perforin and enhanced the cytotoxic activ-
ity via augmentation of PI3K/AKT signaling after co-culturing with C1R-B*2704 cells. Suppression
of the dimerized B*27-HC formation or treatment with an inhibitor of PI3K, LY294002, or with an
anti-B*27-HC monoclonal antibody can reduce the perforin expression of NK-92MI after co-culturing
with C1R-B*-2704. Co-culturing with C1R-B*-2704 cells suppressed the TNF-« and IL6 expressions
of NK-92MI cells. Conclusion: Stimulation of NK cell-mediated cytotoxicity by homo-oligomeric
B*27-HC molecules may contribute to the pathogenesis of AS.

Keywords: ankylosing spondylitis; human leukocytic antigen-B*27; NK cells; KIR3DL2; PI3K/AKT
signaling

1. Introduction

Ankylosing spondylitis (AS) is an autoimmune disease. The characteristics of AS are
inflammatory back pain and asymmetric peripheral oligoarthritis [1-4]. The development
of AS is highly associated with the expression of human leukocytic antigen-B*27 (HLA-
B*27) [5,6]. More than 90% of AS patients express HLA-B*27. HLA-B*27 is a member
of the major histocompatibility complex (MHC) class I molecules that consist of a heavy
chain (x chain) and p;-microglobulin (f,m). HLA-B*27 is assembled with an antigenic
peptide in the endoplasmic reticulum (ER). This heterotrimeric complex (HLA-B*27 heavy
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chain/3,m/peptide) can leave the ER and be translocated to the cell membrane for antigen
presentation to CD8" T cells [7].

The HLA-B*27 heavy chain (B*27-HC) has a propensity to fold slowly in the ER
before it is assembled with f,m and an antigenic peptide, leading to a build-up of the
misfolded B*27-HC and forming the disulfide-linked heavy chain homo-oligomeric B*27-
HC molecules, which can be displayed on the cell surface [8—-14]. It has been known that
the homo-oligomeric B*27-HC molecules can act as one of the killer cell Ig-like receptor
(KIR3DL2) ligands [15-18]. In addition, KIR3DL2 is present on the membranes of natural
killer (NK) cells and T helper 17 cells (Th17). Recent studies have demonstrated that
homo-oligomeric B*27-HC molecules displayed on the membrane of antigen-presenting
cells can promote the survival, growth, and IL-17 expression of KIR3DL2-positive CD4
T cells. Although KIR3DL2-positive cells consist of 15% of CD4 T cells in PBMCs, this
subgroup accounts for the major numbers of Th17 in AS patients [17,18]. Therefore, the
homo-oligomeric B*27-HC molecules are capable of stimulating IL-17 production by Th17
cells and promoting a pro-inflammatory reaction. A monoclonal antibody, HD6, specifically
recognizes the B27*-HC homodimer, (B*27-HC), but it fails to have affinities with the
classic HLA-B*27 heterotrimer (B*27-HC/ 3,m/peptide) [19]. HD6 can disrupt the binding
of (B*27-HC); to KIR3DL2 and inhibit the survival and growth of KIR3DL2-positive NK
cells [19]. HD6 suppresses the IL-17 production of PBMCs isolated from AS patients. Taken
together, these events possibly provide a strong linkage between the presence of B*27-HC
homo-oligomers and the pathogenesis of AS [19].

KIR3DL2 is a homodimeric membrane protein. Each monomer contains three extra-
cellular immunoglobulin-like domains and the long length of the cytoplasmic domain (L
representing the long tail). The cytoplasmic domain of each KIR3DL2 monomer contains
two immunoreceptor tyrosine-based inhibitory motifs (ITIM) [20]. It has been suggested
that the ligand binding to the extracellular domain of KIR3DL2 induces phosphorylation on
the tyrosine residues in the ITIM of the cytoplasmic domain, in turn resulting in recruitment
and activation of SH2 domain-containing protein tyrosine phosphatase 1 (SHP1) to catalyze
the dephosphorylation of phospho-tyrosine and block the signaling induced by protein
tyrosine kinase, inhibiting the NK cell-mediated target cell lysis [20]. In addition, it has
been reported that phosphorylation of ITIM can also recruit and activate the PI3K/AKT
pathway to counter apoptosis, contributing to the signals for NK and T cell growth and
survival [21].

KIR3DL2 belongs to a member of the MHC class I-specific inhibitory receptors on
NK cells. The major function of KIR3DL2 is to recognize its ligands, the MHC class I
molecules, on target cells and block NK cell-mediated target cytolysis [21,22]. However, the
effect of homo-oligomeric B*27-HC molecules interacting with KIR3DL2 on the cytotoxic
activity of NK cells needs to be characterized. HMy2.C1R (C1R) cells belong to the B-
lymphoblast cells that deficiently express the HLA-A* and -B* genes and are sensitive to
NK-mediated cell lysis [23]. Transfection of HLA-A*3, -B*7, or -B*58 into C1R can reduce
the cytotoxicity mediated by NK cells [23]. In this study, we examined the effect of C1R
cells transfected with B*2704-HC or B*27-HC C67S on the NK-mediated cytotoxicity and
cytokine expressions of NK cells.

2. Materials and Methods
2.1. Stable Over-Expression of HLA-B*2704 C675 in HMy2.C1R Cells

Site-directed mutagenesis used to replace Cys-67 of HLA-B*2704 by Ser was carried
out by using the QuikChange Site-directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA)
with the primer (5-CGG GAG ACA CAG ATC TCA AAG GCC AAG GCA CGA-3') and
with the template, the pTRE2hyg-HLA-B*2704 vector [24], following the methods described
by the manufacturer. The resulting vector was linearized by digest with BamHI and trans-
fected into HMy2.C1R cells via electroporation (Gene Pulser Xcell, BioRad Laboratories,
Richmond, CA, USA). Transfected cells were cultured in IMDM with 5% CO,, 10% FBS,
and hygromycin B (200 ug/mL) (Invitrogen) at 37 °C. After drug selection, the surviving
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cells expressing HLA-B*2704 C67S were isolated and analyzed through flow cytometry,
following the methods as described [24,25].

2.2. Biotinylation of Cell Surface Proteins and Pulldown by Avidin Beads

Proteins on the cell surface were biotinylated, following the method as described [26].
Briefly, C1R-B*2704 or C1R-B*2704 C67S cells (3 x 10° cells) resuspended in PBS (1 ml)
were reacted with Sulfo-NHS-Biotin (110 mg) (Thermo Fisher Scientific, Waltham, MA,
USA) for 30 min with a gentle rotation at 4 °C. The reaction was quenched through the
addition of 1 ml of 1 M Tris-HCl buffer, pH 7.4. After reacting for 30 min, the modified
cells were isolated through centrifugation (1200 rpm) for 3 min. The pelleted cells were
ruptured by the cold RIPA buffer (1 ml). The extracted lysate was incubated with the
avidin—agarose beads (60 pl) that were pre-washed with cold PBS. All components were
incubated for 2 h with a gentle rotation at 4 °C. After centrifugation at 3000 g for 3 min
at 4 °C, the precipitated proteins were separated via SDS-PAGE (12.5% acrylamide) and
electro-transferred to the PVDF membrane. The bound proteins on the PVDF membrane
were detected via the anti-HLA-B*27 heavy chain monoclonal antibody, BH2 [24,25].

2.3. Analysis of the Perforin Production of NK-92MI Co-Cultured with HMy2.CI1R or
CI1R-B*2704 or C1R-B*2704 C67S Cells

NK-92MI cells (1 x 10° cells) were co-cultured with C1R-B*2704 cells (5 x 10° cells),
CIR-B*2704 C67S (5 x 10° cells), or C1R cells (5 x 10° cells) in MEM-« medium sup-
plemented with sodium bicarbonate (1.5 g/L), 0.2 mM inositol, 0.02 mM folic acid, 0.01
mM 2-mercaptoethanol, 12.5% FBS, 12.5% horse serum, and 5% CO; for one day at 37 °C.
To examine the effect of BH2—a monoclonal antibody that recognizes the x;-domain of
B*27-HC and homo-oligomeric B*27-HC molecules [27]—on the perforin production of
NK-92MI cells co-cultured with C1R-B*2704 cells, 20 ng of BH2 or mouse IgG were added
to the medium during incubation. Cells were isolated via centrifugation (1200 rpm) for
3 min. The proteins in the pelleted cells were re-suspended with 1% SDS and ruptured via
ultrasonication. An aliquot of the protein extract was analyzed through Western blotting
and probed with anti-actin and anti-perforin antibodies.

2.4. Analysis of NK Cell-Mediated Cytotoxicity

NK-92MI cells (1 x 10° cells) were co-cultured with C1R-B*2704 cells (5 x 10° cells),
C1R cells (5 x 10° cells), or C1R-B*2704 C67S cells (5 x 10° cells) in MEM-« medium
supplemented with sodium bicarbonate (1.5 g/L), 0.2 mM inositol, 0.02 mM folic acid,
0.01 mM 2-mercaptoethanol, 12.5% FBS, 12.5% horse serum, and 5% CO, for 4 h. Apoptotic
cells of C1R-B*2704, C1R, or C1R-B*2704 C67S were analyzed through flow cytometry
using double staining. Anti-CD19 antibodies conjugated with FITC and propidium iodide
were used to stain B-lymphoblast cells (C1R-B*2704, C1R-B*2704 C67S, or C1R cells) and
apoptotic cells, respectively (CD19 and propidium iodide kit, BD Biosciences).

2.5. Analysis of the Signaling Pathway of NK Cells Induced by Co-Culturing with CIR,
CI1R-B*2704, or C1R-B*2704 C67S Cells

NK-92MI cells were maintained in MEM-a medium supplemented with sodium
bicarbonate (1.5 g/L), 0.2 mM inositol, 0.02 mM folic acid, 0.01 mM 2-mercaptoethanol,
12.5% FBS, 12.5% horse serum, and 5% CO,. NK-92MI cells (1 x 10° cells) were co-
cultured with C1R-B*2704 cells (5 x 10° cells), C1R-B*2704 C67S (5 x 10° cells), or CIR cells
(5 x 10° cells) in MEM-« medium at 37 °C for 10 min, in the absence or presence of the
PI3K inhibitor (LY294002). Cells were withdrawn at the indicated time. NK-92MI cells were
isolated by using the EasySep™ Human NK Cell Isolation Kit (STEMCELL), following the
procedure recommended by the manufacturer, and then ruptured with 1% SDS. An aliquot
of extracted proteins was separated via SDS-PAGE, analyzed through Western blotting,
and probed by anti-phospho-AKT, anti-AKT, anti-perforin, and anti-actin.
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2.6. Targeted Delivery of HLA-B27-Binding Peptide by THU Vehicle into the ER of C1R-B*2704
Cells and Analysis of the Perforin Production of NK-92MI Cells Co-Cultured with Peptide-Targeted
CI1R-B*2704 Cells

The sequence of the tat-derived peptide is GRKKRRQRRR. The tat-derived peptide
can translocate the protein cargo across the cell membrane. KRGILTLKY and SRYWAIRTR
derived from human actin and nucleoproteins of the influenza virus, respectively, are
HLA-B*27-binding peptides [24,25]. THU is a fusion protein that contains one tat-derived
peptide, histidine tag (His)s, and ubiquitin from N- to C-terminus. THU can be fused
with KRGILTLKY and SRYWAIRTR to generate the fusion proteins THUNP and THUA,
respectively. THU can deliver the HLA-B*27-binding peptides from the extracellular space
into the cytoplasm of cells, where the antigenic peptides KRGILTLKY and SRYWAIRTR
are cleaved from THUNP and THUA, respectively, by the cytosolic ubiquitin C-terminal
hydrolases. The released antigenic peptides can be transported into the ER by the ER
membrane proteins, the transporter associated with the antigen processing protein complex.
The antigenic peptides in the ER can promote the folding of B*27-HC and suppress the
production of B*27-HC oligomers [24,25]. THU, HUNP, HUA, THUA, and THUNP were
prepared as described [24,25]. CIR-B*2704 cells (2 x 10° cells) cultured in IMDM with 5%
COg, 10% FBS, and hygromycin B (200 pg/ml) (Invitrogen) were pre-treated with 20 ug
of THU, HUNP, HUA, THUA, or THUNP for 24 h [24,25]. The cells were harvested via
centrifugation. NK-92MI cells (1 x 10° cells) were co-cultured with the pre-treated C1R-
B*2704 cells (5 x 10° cells) in a MEM-a medium supplemented with sodium bicarbonate
(1.5g/L), 0.2 mM inositol, 0.02 mM folic acid, 0.01 mM 2-mercaptoethanol, 12.5% FBS, 12.5%
horse serum, and 5% CO; for one day. Cells were harvested via centrifugation, resuspended
in 1% SDS, and ruptured through ultrasonication. An aliquot of the protein extract was
analyzed through Western blotting and probed with anti-actin and anti-perforin antibodies.

2.7. Quantitative Real-Time PCR

NK-92MI cells co-cultured with C1R-B*2704, C1R-B*2704 C67S, or C1R cells followed
the methods as mentioned above. NK cells were isolated using the EasySep™ Human NK
Cell Isolation Kit after co-culturing. The total RNAs of NK-92MI cells were isolated by using
the QIAamp RNA Blood Mini kit (QIAGEN, GmbH, Hilden, Germany). IFN-y, TNF-«,
or IL-6 mRNA amplified with real-time PCR using a One Step SYBR Ex Taq qRT-PCR kit
(TaKaRa, Shiga, Japan) followed the methods [28]. Relative expression levels of mRNA
were calculated with the following equation: (40—threshold cycle [Ct], adjusted by the
expression of 185 rRNA).

2.8. Statistical Analysis

Data are presented as means £ SD. Statistical significance between groups was as-
sessed using the Mann-Whitney U test and p-values less than 0.05 were considered statisti-
cally significant.

3. Results
3.1. Replacement of Cys-67 with Ser Avoids the Oligomeric Formation of HLA-B*2704

B*2704-HC has the tendency to fold slowly in the ER. It can form homo-oligomers
linked by a disulfide bond at Cys-67 during folding. We examined whether the replacement
of Cys-67 with Ser can avoid the homo-oligomeric formation of B*2704-HC. C1R-B*2704
and C1R-B*2704 C67S stably overexpressed B*2704-HC and B*2704-HC C67S heavy chain,
respectively. The proteins on the cell surface were labeled with biotin and then extracted
in the presence of iodoacetamide to block the thiol group of cysteine. The biotinylated
proteins were precipitated by avidin—agarose beads and analyzed with non-reducing SDS-
PAGE. Figure 1A shows that B*2704-HC can form B27-HC oligomers. Based on the mobility
of SDS-PAGE, B*27-HC oligomers contain dimer and tetramer (Figure 1A). Site-directed
mutagenesis of Cys-67 by Ser blocks the oligomeric formation of B*27-HC. No B*27-HC
C67S oligomers are formed, as evidenced through SDS-PAGE (Figure 1A). In addition,
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the level of the B27-HC monomeric form on the cell surface is similar to that of B*27-HC
C67S (Figure 1A,B). The level of monomeric B*27-HC on SDS-PAGE is predominantly
derived from the native form of HLA-B*2704/3,m/peptide that can be recognized by
W6/32, indicating that the levels of assembled HLA-B*2704/3,m/peptide and HLA-B*2704
C675/32m/peptide displayed on the cell surface of C1R-B*2704 and C1R-B*2704 C675
cells, respectively, are similar. BH2 is a monoclonal antibody that can recognize the native
heavy chain of HLA-B*2704/3,m/peptide and homo-oligomeric B*27-HC molecules [27].
The HLA-B*2704 on the cell surface was stained with BH2. Figure 1C,D show that the
levels of B*2704-HC on the cell surface membrane are higher than those of B*2704-HC
C67S, suggesting that the increased molecules are derived from the homo-oligomers of
B*27-HC species.
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Figure 1. Analyses of membrane-bound B*27-HC species of C1R-B*2704 or C1R-B*2704 C67S cells
through Western blotting and flow cytometry. The membrane-bound proteins of C1R-B*2704 or
C1R-B2704 C67S cells were labeled with biotin and isolated by pull-down using avidin beads.
(A) Analysis of membrane-bound B*27-HC species via Western blotting. An aliquot (50 ug) of each
protein extract was separated using non-reducing SDS-PAGE, followed by Western blotting using the
BH2 monoclonal antibody. (B) The ratio of monomeric B*27-HC/transferrin receptor obtained from
Figure 1A is plotted. Values (mean =+ SD, n = 4) are averaged from four independent experiments.
(C) The membrane-bound HLA-B*2704 C67S or HLA-B*2704 was pre-associated with BH2, stained
with FITC-conjugated secondary antibody, and analyzed via flow cytometry. (D) The results obtained
in Figure 1C are plotted. Values (mean & SD, n = 4) are averaged from four independent experiments.
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3.2. The Perforin Production and Cytotoxicity of NK-92MI Cells were Promoted by Co-Culturing
with C1R-B*2704 Cells

The previous study has indicated that the homo-oligomeric B*27-HC molecules are the
ligand of KIR3DL2 displayed on the cell surface of NK cells [13,29]. Thus, we wanted to ask
whether the homo-oligomeric B*27-HC molecules can affect the cytotoxicity of NK-92MI
cells. The production of perforin will increase when the cytotoxicity of NK-92MI cells has
been activated. Compared with co-culturing with C1R-B*2704 C67S cells, whether the
perforin production of NK-92MI cells can be stimulated after co-culturing with C1R-B*2704
cells was examined. The perforin production was significantly increased when NK-92MI
cells were co-cultured with C1R-B*2704 cells (Figure 2A,B), suggesting that the homo-
oligomeric B*27-HC molecules can promote the perforin production of NK-92MI cells. In
addition, the cytotoxicity of NK-92MI cells was also examined via flow cytometry. C1R
cells, belonging to the B-lymphoblasts, and apoptotic cells can be stained with anti-CD19
and propidium iodide, respectively. Figure 2C,D indicate that the levels of apoptotic C1R-
B*2704 cells are higher than those of C1R-B*2704 C67S when co-cultured with NK-92MI
cells. The effect of different effector-to-target ratios on perforin expression and cytotoxicity
of NK-92MI cells was examined. The results shown in Supplementary Figure S1 indicate
that the different effector-to-target ratios do not alter the NK-mediated cytotoxicity.
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Figure 2. The effect of co-culturing with C1R, C1R-B*2704 C67S, or C1R-B*2704 cells on the NK cell-
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mediated cytotoxicity. (A) Western blotting analysis of the perforin expression in NK-92MI cells
co-cultured with CIR, C1R-B*2704 C67S, or C1R-B*2704. An aliquot (50 ug) of extracted proteins
was separated with SDS-PAGE and analyzed via Western blotting, probed for actin and perforin.
(B) The ratio of perforin/actin averaged from four independent experiments in Figure 2A is plotted.
(C) Analysis of NK-92MI-mediated cytotoxicity via flow cytometry. The apoptotic cells and CIR cells
were stained with propidium iodide and anti-CD19 antibodies, respectively. (D) The percentages
of apoptotic cells induced by NK-92MI-mediated cytotoxicity averaged from four independent
experiments in Figure 2C are plotted. (E) The effect of co-culturing with C1R-B*2704 cells that have
been pre-treated with THU, HUA, HUNP, THUA, or THUNP on the perforin expression of NK-92MI.
(F) The ratio of perforin/actin averaged from four independent experiments in Figure 2E is plotted.
The ratio of perforin/actin obtained from the control was set to one. (G). The effect of co-culturing
with C1R-B*2704 in the presence of BH2 or mouse IgG on the perforin expression of NK-92MI. (H) The
ratio of perforin/actin averaged from four independent experiments in Figure 2G is plotted. The
ratio of perforin/actin obtained from the control was set to 100%.

Targeted delivery of the HLA-B*27-binding peptide into the ER can promote the
folding of HLA-B*27 and suppress the formation of (B*27-HC),: the major form of homo-
oligomeric B*27-HC molecules [24,25]. Thus, we delivered the HLA-B*27-binding peptides
KRGILTLKY and SRYWAIRTR into the ER of C1R-B*2704 to suppress the production of
(B27-HC),. The perforin production was reduced when NK-92MI cells were co-cultured
with C1R-B*2704 cells that have been pre-treated with THUA or THUNP (Figure 2EF).
THU lacks the fused HLA-B*27-binding peptide at its C-terminus. Although THU can be
translocated into the C1R-B*2704 cells by tat-derived peptides, it fails to promote HLA-
B*2704 folding and suppress the (B*27-HC), formation. Apparently, THU cannot suppress
the NK-mediated cytotoxicity toward C1R-B*2704 cells (Figure 2E,F). Both HUA and
HUNP lack the tat-derived peptide sequence and fail to be translocated into the C1R-
B*2704 cells. Treatment with HUA and TUNP is incapable of blocking NK-mediated target
cell lysis (Figure 2E,F).

BH2 preferably binds to HLA-B* and HLA-C* rather than HLA-A*. The binding site
is located within the «2 domain of native HLA-B27 HC and homo-oligomeric B*27-HC
molecules [27]. Thus, we examined whether the perforin expression of NK cells was
affected during the co-culturing of NK-92MI cells with CIR-B*2704 cells in the presence of
BH2. Figure 2G,H indicate that BH2 can suppress the perforin expression of NK-92MI cells
induced by co-culturing with CIR-B*2704 cells.

3.3. The PI3K/AKT Signaling of NK-92MI Cells were Activated by Co-Culturing with
CI1R-B*2704 Cells

Recruitment of PI3K to phospho-Tyr of ITIM in the cytoplasmic tail of KIR3DL2 has
been reported, in turn activating the PI3K/AKT signaling of NK cells [21]. Thus, we
analyzed whether the co-culture of NK-92MI cells with C1R-B*2704 or C1R-B*2704 C67S
cells can activate the PI3K/AKT pathway. Figure 3A,B show that the PI3K/AKT signaling
of NK-92MI cells can be activated by co-culturing with C1R-B*2704 or with C1R-B*2704
C67S cells. However, the level of the PI3K/AKT pathway activated by C1R-B*2704 cells is
higher than that of C1R-B*2704 C67S cells. In the presence of the PI3K inhibitor (LY294002),
activation of PI3K/AKT signaling by co-culturing with C1R-B*2704 cells in NK-92MI
cells was significantly suppressed (Figure 3C,D) and the perforin expression was also
down-regulated (Figure 3E,F).
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Figure 3. The effect of co-culturing with CIR, C1R-B*2704 C67S, or C1R-B*2704 cells on the PI3K/AKT
signaling of NK-92MI cells. (A) Analysis of the PI3K/AKT signaling in NK-92MI cells induced by
co-culturing with C1R, C1R-B*2704 C67S, or C1R-B*2704 cells by using Western blotting. An aliquot
(50 pg) of crude proteins extracted from NK-92MI cells after co-culturing with C1R, C1R-B*2704 C67S,
or C1R-B*2704 cells was separated with SDS-PAGE, analyzed via Western blotting, and probed for
phospho-AKT, AKT, and actin. (B) The ratio of phospho-AKT/actin averaged from four independent
experiments in Figure 3A is plotted. The ratio of phospho-AKT/actin obtained from NK-92MI cells
co-cultured with C1R cells was set to one. (C) The induced PI3K/AKT pathway of NK-92MI cells
co-cultured with C1R-B*2704 cells was blocked by the PI3K inhibitor. (D) The ratio of phospho-
AKT/actin averaged from four independent experiments in Figure 3C is plotted. (E) The perforin
expression of NK-92MI cells co-cultured with C1R-B*2704 was suppressed by treatment with the PI3K
inhibitor. (F) The ratio of perforin/actin averaged from four independent experiments in Figure 3E
is plotted.

3.4. The IL6 and TNF-a Expressions of NK-92MI Cells were Suppressed by Co-Culturing with
CI1R-B*2704 Cells

After activation, NK cells can enhance the secretion of several cytokines, such as IFN-y
and TNF-o [30]. We examined whether co-culturing with C1R-B*2704 or with C1R-B*2704
C676S cells can affect the expression of TNF-«, IL6, or IFN-y of NK cells. NK-92MI cells were
isolated after co-culturing with C1R, C1R-B*2704 C67S, or C1R-B*2704 cells. Compared with
C1R and C1R-B*2704 C67S cells, co-culture with C1R-B*2704 cells can down-regulate the
IL6 and TNF-o expressions of NK cells (Figure 4A—C), but it does not affect the expression
of IFN-y.
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Figure 4. The effect of co-culturing with C1R, C1R-B*2704 C67S, or C1R-B*2704 cells on the cytokine
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expression of NK-92MI cells. After co-culturing with CI1R, C1R-B*2704, or C1R-B*2704 C67S, NK-92MI
cells were isolated by using the EasySep™ Human NK Cell Isolation Kit. The total RNAs of treated
NK-92MI cells were isolated by using the QIAamp RNA Blood Mini kit (QIAGEN, GmbH, Germany).
The results were averaged from four independent experiments. The levels of IFN-y (A), TNF-« (B),
or IL-6 (C) mRNA of NK cells were analyzed through quantitative RT-PCR. Real-time RT-PCR values
for each cytokine were normalized to those of 185 rRNA. Relative expression levels of mRNA were
calculated by the following equation: (40—threshold cycle [Ct], adjusted by the expression of 185
rRNA).

KIR3DL2 contains two ITIM motifs, membrane-proximal and membrane-distal ITIMs,
in its cytoplasmic tail. Site-directed mutagenesis and yeast two-hybrid assay indicated that
PI3K binds to the membrane-proximal ITIM motif [21]. The current data suggest that the
homo-oligomeric B*27-HC molecules displayed by C1R-B*2704 cells bind to the KIR3DL2
receptor of NK-92MI cells, inducing PI3K to bind to the membrane-proximal phospho-ITIM
motif of the receptor and activate the PI3K/AKT signaling to up-regulate the expression of
perforin and promote NK-mediate cytotoxicity (Figure 5).

C1R-B*2704 cell

J LB27 dimer

KIR3DL2

NK-92MI cell

— Perforin expression I

Cytotoxicity I

Figure 5. Schematic diagram illustrates the mechanism of the homo-oligomeric B*27-HC molecule to
up-regulate the NK-92MI-mediated cytotoxicity.

4. Discussion

NK cells play a critical role in the host defenses in the innate immune system. They
kill the virus-infected cells or tumor cells but avoid destroying the normal self-cells [30-33].
This killing discrimination arises from NK cells that express the specified receptors dis-
played on their cell surface, recognizing MHC class I molecules expressed on the normal
cells. MHC class I molecules bind to the specialized receptors of NK cells and inhibit
NK-mediated target cell lysis. Target cells defectively expressing one or more MHC class
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I alleles are susceptible to NK-mediated cytotoxicity. The virus-infected cells alter the
peptide pattern displayed by MHC class I alleles and tumor cells suppress the expressions
of MHC class I molecules, accounting for both of which are sensitive to NK-mediated cell ly-
sis [32,33]. Indeed, CIR cells that do not express HLA-A* and HLA-B* alleles are susceptible
to cytotoxicity mediated by NK cells. Transfection with HLA-A*3, HLA-B*7, or HLA-B*58
molecules in C1R cells reverses the susceptibility of cell lysis mediated by NK cells [23]. In
this study, C1R cells were transfected with HLA-B*2704 or HLA-B*2704 C67S alleles. Trans-
fection of HLA-B*2704 into C1R cells resulted in the homo-oligomeric B*2704-HC molecules
displayed on the cell surface (Figure 1A). The homo-oligomeric B*2704 C67S molecules were
not found on the cell surface of C1R-B*2704 C67S cells (Figure 1A). Transfection of HLA-
B*2704 or HLA-B*2704 C67S alleles into C1R did not inhibit cell lysis mediated by NK cells,
but it promoted NK cell cytotoxicity (Figure 2C,D). This consequence is also reflected in
the induced expression of perforin in NK cells co-cultured with C1R-B*2704 or C1R-B*2704
C67S cells (Figure 2A,B). The promotion of perforin expression in NK-92MI is dependent
on the classical HLA-B*2704/ 3,m/peptide heterotrimer and the homo-oligomeric B*27-HC
molecules. Suppression of the (B*27-HC), formation by targeting the HLA-B*27-binding
peptide in the ER of C1R-B*2704 cells arises from the promotion of HLA-B*27 folding,
resulting in reducing the perforin expression of NK-92MI cells (Figure 2E,F). All evidence
revealed that the classical HLA-B27 complex or the homo-oligomeric B*27-HC molecules
on C1R cells up-regulated the NK cell-mediated cytotoxicity.

MHC class I molecules on the target cells bind to the killer cell inhibitory receptors
(KIR) of NK cells and in turn induce tyrosine phosphorylation to the ITIM domain in
their cytoplasmic tails. The phospho-Tyr residue recruits different SH2 domain-containing
proteins, in turn inducing the negative or positive signals for NK cells [21]. In the negative
signal, the phospho-Tyr recruits SHP-1 or SHP-2 to catalyze the dephosphorylation reaction
and block the NK cell-mediated cytotoxicity. The phospho-Tyr can also recruit PI3K to
carry out the positive signal for the growth and survival of NK cells [21]. Recent studies
have revealed that (B*27-HC); binds to KIR3DL2 of NK or CD4" T cells, triggering the
positive signal and promoting cell growth and survival [16-18]. This suggests that the
phospho-Tyr of ITIM recruited the PI3K and activated the PI3K/AKT pathway for cell
proliferation and activation of NK-mediated cytotoxicity upon the homo-oligomeric B*27-
HC molecules binding to KIR3DL2 of NK cells. The PI3K/AKT signaling of NK-92MI cells
was activated during co-culturing with C1R-B*2704 or C1R-B*2704 C67S cells (Figure 3A,B).
The perforin expression was up-regulated by the PI3K/AKT signaling in NK-92MI cells, as
evidenced by treatment with LY294002, a specific PI3K inhibitor, suppressing the perforin
production (Figure 3C,D).

Compared with C1R cells, co-culture with C1R-B*2704 C67S or C1R-B*2704 cells did
not affect the expression of IFN-y of NK-92MI cells (Figure 4A). It is possible that the
signaling for up-regulation of IFN-y expression is not activated by the homo-oligomeric
B*27-HC molecules binding to their receptors of NK cells. We also found that co-culture
with C1R-B*2704 cells can suppress the IL6 and TNF-« expressions of NK cells (Figure 4B,C).
Recent reports have indicated that NK-mediated cytotoxicity can be suppressed by IL-
6 [34]. A decrease in IL-6 expression in turn promotes NK-mediated cytotoxicity. This
consequence was also supported by the result that the perforin expression by NK cells
was stimulated by co-culturing with C1R-B*2704 cells (Figure 2A). The enhanced NK cell-
mediated cytotoxicity induced by the homo-oligomeric B*27-HC molecules displayed on
the cell surface may contribute to the pathogenesis of AS.

5. Conclusions

HLA-B*2704 HC has the tendency to fold slowly and form the homo-oligomeric
B*27-HC molecules that can be translocated onto the cell membrane, as evidenced by the
homo-oligomeric misfolded B*27-HC displayed on the cell surface. The formation of B*27-
HC oligomers was dependent on the linkage of the disulfide bond at Cys-67. The mutation
of Cys-67 by Ser disrupted the formation of B*27-HC oligomers on the cell membrane. The
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co-culturing of C1R-B*2704 cells up-regulates NK cells to increase the perforin expression
and augment their cytotoxic activities toward C1R-B*2704 target cells via activation of the
PIBK/AKT signaling. Although the homo-oligomeric B*27-HC molecules bind to their
receptors of NK cells and promote NK-mediated target cell lysis, these interactions cannot
activate NK cells to up-regulate the expression of IFN-y.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /medicina58101411/s1, Figure S1: The effect of co-culture with
CIR, C1R-B*2704 C67S or C1R-B*2704 cells on the NK cell-mediated cytotoxicity.

Author Contributions: H.-C.Y., K.-Y.H. and H.-Y.H.T. contributed to experiments and data analysis.
M.-C.L. and S.-Q.L. contributed to data analysis. N.-S.L., H.-C.Y., and H.-B.H. contributed to data
analysis, method design, and manuscript writing. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by grants from the Ministry of Science and Technology, Tai-
wan, ROC (MOST-107-2314-B-303-017), from the Buddhist DaLin Tzu-Chi Hospital, Taiwan, ROC
(DTCRD107(2)-E-01-02), and from the Buddhist Tzu Chi Medical Foundation (TCMF-SP108-02(108)).

Institutional Review Board Statement: The protocols for isolation of human PBMC and NK cells
have been approved by IRBEC. Approval code is B10702012. Approval date is 16 July 2018.

Conflicts of Interest: The authors have declared no conflict of interest.

References

1.  Colbert, R.A.; DeLay, L.; Klenk, E.I.; Layh-Schmitt, G. From HLA-B27 to spondyloarthritis: A journey through the ER. Immunol.
Rev. 2010, 233, 181-202. [CrossRef]

2. Melis, L.; Elewaut, D. Inmunopathogenesis of spondykoarthritis: Which cells drive disease? Arthritis Res. Ther. 2009, 11, 233.
[CrossRef] [PubMed]

3. Smith, J.A.; Marker-Hermann, E.; Colbert, R.A. Pathogenesis of ankylosing spondylitis: Current concepts. Best Pract. Res. Clin.
Rheumatol. 2006, 20, 571-591. [CrossRef] [PubMed]

4. Reveille, ].D.; Arnett, F.C. Spondyloarthitis: Update on pathogenesis and management. Am. J. Med. 2005, 118, 592-603. [CrossRef]
[PubMed]

5. Caffrey, M.E; James, D.C. Human lymphocyte antigen association in ankylosing spondylitis. Nature 1973, 5393, 121. [CrossRef]
[PubMed]

6. Brewerton, D.A,; Hart, ED.; Nicholls, A.; Caffrey, M.; James, D.C.; Sturrock, R.D. Ankylosing spondylitis and HL-A 27. Lancet
1973, 1, 904-907. [CrossRef]

7. Madden, D.R. The three-dimensional structure of peptide-MHC complexes. Ann. Rev. Immunol. 1995, 13, 587—-622. [CrossRef]
[PubMed]

8.  Lopez-Larrea, C.; Gonzélez, S.; Borra, ].M. The role of HLA-B27 polymorphism and molecular mimicry in spondyloarthropathy.
Mol. Med. Today 1998, 4, 540-549. [CrossRef]

9. Taurog, ].D.; Maika, S.D.; Satumtira, N.; Dorris, M.L.; McLean, L.L.; Yanagisawa, H.; Sayad, A.; Stagg, A.].; Fox, G.M.; Le O’Brein,
A.; et al. Inflammatory disease in HLA-B27 transgenic rats. Immunol Rev. 1999, 169, 209-223.

10. May, E.; Dorris, M.L.; Satumtira, N.; Igbal, I.; Rehman, M.L; Lightfoot, E.; Taurog, J.D. CD8af3 T cells are not essential to the
pathogenesis of arthritis or colitis in HLA-B27 transgenic rats. J. Immunol. 2003, 170, 1099-1105. [CrossRef]

11. Taurog, J.D.; Dorris, M.L.; Satumtira, N.; Tran, T.M.; Sharma, R.; Dressel, R.; van den Brandyt, J.; Reichardt, H.M. Spondylarthritis
in HLA-B27 /human beta2-microglobulin-transgenic rats is not prevented by lack of CD8. Arthritis Rheum. 2009, 60, 1977-1984.
[CrossRef] [PubMed]

12.  Allen, R.L.; O’Callaghan, C.A.; McMichael, A.].; Bowness, P. HLA-B27 can form a novel 32-microglobulin-free heavy chain
homodimer structure. | Immunol. 1999, 162, 5045-5048. [PubMed]

13. Kollnberger, S.; Bird, L.; Sun, M.Y.; Retiere, C.; Braud, V.M.; McMichael, A.; Bowness, P. Cell-surface expression and immune
receptor recognition of HLA-B27 homodimers. Arthritis Rheum. 2002, 46, 2972-2982. [CrossRef] [PubMed]

14. Dangoria, N.; DeLay, M.L.; Kingsbury, D.].; Mear, ].P.; Uchanska-Ziegler, B.; Ziegler, A.; Colbert, R.A. HLA-B27 misfolding is
associated with aberrant intermolecular disulfide bond formation (dimerization) in the endoplasmic reticulum. J. Biol. Chem.
2002, 277, 23459-23468. [CrossRef] [PubMed]

15. Kollnberger, S.; Bird, L.A.; Roddis, M.; Hacquard-Bouder, C.; Kubagawa, H.; Bodmer, H.C.; Breban, M.; McMichael, A.J.; Bowness,
P. HLA-B27 heavy chain homodimers are expressed in HLA-B27 transgenic rodent models of spondyloarthritis and are ligands
for paired Ig-like receptors. J. Immunol. 2004, 173, 1699-1710. [CrossRef] [PubMed]

16. Chan, A.T; Kollnberger, S.D.; Wedderburn, L.R.; Bowness, P. Expansion and enchanced survival of natural killer cells expressing

the killer immunoglobulin-like receptor KIR3DL2 inspondylarthritis. Arthritis Rheum. 2005, 52, 3586-3596. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/medicina58101411/s1
https://www.mdpi.com/article/10.3390/medicina58101411/s1
http://doi.org/10.1111/j.0105-2896.2009.00865.x
http://doi.org/10.1186/ar2722
http://www.ncbi.nlm.nih.gov/pubmed/19591637
http://doi.org/10.1016/j.berh.2006.03.001
http://www.ncbi.nlm.nih.gov/pubmed/16777583
http://doi.org/10.1016/j.amjmed.2005.01.001
http://www.ncbi.nlm.nih.gov/pubmed/15922688
http://doi.org/10.1038/242121a0
http://www.ncbi.nlm.nih.gov/pubmed/4694299
http://doi.org/10.1016/S0140-6736(73)91360-3
http://doi.org/10.1146/annurev.iy.13.040195.003103
http://www.ncbi.nlm.nih.gov/pubmed/7612235
http://doi.org/10.1016/S1357-4310(98)01375-6
http://doi.org/10.4049/jimmunol.170.2.1099
http://doi.org/10.1002/art.24599
http://www.ncbi.nlm.nih.gov/pubmed/19565478
http://www.ncbi.nlm.nih.gov/pubmed/10227970
http://doi.org/10.1002/art.10605
http://www.ncbi.nlm.nih.gov/pubmed/12428240
http://doi.org/10.1074/jbc.M110336200
http://www.ncbi.nlm.nih.gov/pubmed/11978783
http://doi.org/10.4049/jimmunol.173.3.1699
http://www.ncbi.nlm.nih.gov/pubmed/15265899
http://doi.org/10.1002/art.21395
http://www.ncbi.nlm.nih.gov/pubmed/16255049

Medicina 2022, 58, 1411 12 0of 12

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Bowness, P;; Ridley, A.; Shaw, J.; Chan, A.T.; Wong-Baeza, I.; Fleming, M.; Cummings, F.; McMichael, A.; Kollnberger, S. Th17
cells expressing KIR3DL2+ and responsive to HLA-B27 homodimers are increased in ankylosing spondylitis. J. Immunol. 2011,
186, 2672-2680. [CrossRef]

Wong-Baeza, I; Ridley, A.; Shaw, ].; Hatano, H.; Rysnik, O.; McHugh, K; Piper, C.; Brackenbridge, S.; Fernandes, R.; Chan, A;
et al. KIR3DL2 binds to HLA-B27 dimers and free H chains more strongly than other HLA Class I and promotes the expansion of
T Cells in ankylosing spondylitis. J. Immunol. 2013, 190, 3216-3224. [CrossRef]

Payeli, S.K.; Kollnberger, S.; Belaunzaran, O.M.; Thiel, M.; McHugh, K.; Giles, J.; Shaw, J.; Kleber, S.; Ridley, A.; Wong-Baeza, L;
et al. Inhibiting HLA-B27 homodimer—driven immune cell inflammation in spondylarthritis. Arthritis Rheum. 2012, 64, 3139-3149.
[CrossRef]

Vivier, E.; Anfossi, N. Inhibitory NK-cell receptors on T cells: Witness of the past, actors of the future. Nat. Rev. Immunol. 2004, 4,
191-198. [CrossRef]

Marti, F.; Xu, W,; Selvakumar, A.; Brent, R.; DuPont, B.; King, P.D. LCK-phosphorylated human killer cell inhibitory receptors
recruit and activate phosphatidylinositol 3-kinase. Proc. Nat. Acad. Sci. USA 1998, 95, 11810-11815. [CrossRef] [PubMed]

Long, E.O. Regulation of immune responses through inhibitory receptors. Ann. Rev. Immunol. 1999, 17, 875-904. [CrossRef]
[PubMed]

Storkus, W.]J.; Alexander, J.; Payne, J.A.; Dawson, J.R.; Cresswell, P. Reversal of natural killing susceptibility in target cells
expressing transfected class I HLA genes. Proc. Nat. Acad. Sci. USA 1989, 86, 2361-2364. [CrossRef] [PubMed]

Yu, H.C,; Li, M.C,; Huang, H.L.; Huang, K.Y,; Liu, 5.Q.; Lai, N.S.; Huang, H.B. Targeted delivery of an antigenic peptide to the
endoplasmic reticulum: Application for development of a peptide therapy for ankylosing spondylitis. PLoS ONE 2013, 8, e77451.
[CrossRef]

Yu, H.C,; Huang, K.Y.; Lu, M.C,; Huang, H.L.; Liu, S.Q.; Lai, N.S.; Huang, H.B. Targeted delivery of the HLA-B*27-binding
peptide into the endoplasmic reticulum suppresses the IL-23/IL-17 axis of immune cells in spondylarthritis. Mediat. Inflamm.
2017, 2017, 4016802. [CrossRef]

Zielinska, H.A.; Daly, C.S.; Alghamdi, A.; Alghamdi, A.; Babl, A.; Sohail, M.; White, P; Dean, S.R.; Holly, ].M.P.; Perks, C.M.
Interaction between GRP78 and IGFBP-3 affects 2 tumorigenesis and prognosis in breast cancer patients. Cancers 2020, 12, 3821.
[CrossRef]

Yu, H.C,; Huang, K.Y,; Lu, M.C,; Huang, H.L.; Liu, W.T,; Lee, W.C.; Liu, S.Q.; Huang, H.B.; Lai, N.S. Characterization of the
recognition specificity of BH2, a monoclonal antibody Prepared against the HLA-B27 Heavy Chain. Int. J. Mol. Sci. 2015, 16,
8142-8150. [CrossRef]

Yu, H.C; Huang, K.Y,; Lu, M.C.; Huang Tseng, H.Y.; Liu, S.Q.; Lai, N.S.; Huang, H.B. Down-regulation of LOC645166 in T cells
of ankylosing spondylitis patients promotes the NF-kB signaling via decreasingly blocking recruitment of the IKK complex to
K63-linked polyubiquitin chains. Front. Immunol. 2021, 12, 5917056. [CrossRef]

Shaw, J.; Kollnberger, S. New perspectives on the ligands and function of the killer cell immunoglobulin-like receptor KIR3DL2 in
health and disease. Front. Immunol. 2012, 3, 339. [CrossRef]

Paul, S.; Lal, G. The molecular mechanism of natural killer cells function and its importance in cancer immunotherapy. Front.
Immunol. 2017, 12, 1124. [CrossRef]

Moretta, A.; Bottino, C.; Vitale, M.; Pende, D.; Biassoni, R.; Mingari, M.C.; Moretta, L. Receptors for HLA class-I molecules in
human natural killer cells. Ann. Rev. Immunol. 1996, 14, 619-648. [CrossRef] [PubMed]

Storkus, W.J.; Salter, R.D.; Cresswell, P.; Dawson, J.R. Peptide-induced modulation of target cell sensitivity to natural killing. J.
Immunol. 1992, 149, 1185-1190. [PubMed]

Moretta, L.; Ciccone, E.; Mingari, M.C.; Biassoni, R.; Moretta, A. Human NK cells: Origin, clonality, specificity and receptors. Adv.
Immunol. 1994, 55, 341-380. [PubMed]

Cifaldi, L.; Prencipe, G.; Caiello, I.; Bracaglia, C.; Locatelli, F.; de Benedetti, E.; Strippoli, R. Inhibition of natural killer cell
cytotoxicity by interleukin-6 implications for the pathogenesis of macrophage activation syndrome. Arthritis Rheum. 2015, 67,
3037-3046. [CrossRef]


http://doi.org/10.4049/jimmunol.1002653
http://doi.org/10.4049/jimmunol.1202926
http://doi.org/10.1002/art.34538
http://doi.org/10.1038/nri1306
http://doi.org/10.1073/pnas.95.20.11810
http://www.ncbi.nlm.nih.gov/pubmed/9751747
http://doi.org/10.1146/annurev.immunol.17.1.875
http://www.ncbi.nlm.nih.gov/pubmed/10358776
http://doi.org/10.1073/pnas.86.7.2361
http://www.ncbi.nlm.nih.gov/pubmed/2784569
http://doi.org/10.1371/journal.pone.0077451
http://doi.org/10.1155/2017/4016802
http://doi.org/10.3390/cancers12123821
http://doi.org/10.3390/ijms16048142
http://doi.org/10.3389/fimmu.2021.591706
http://doi.org/10.3389/fimmu.2012.00339
http://doi.org/10.3389/fimmu.2017.01124
http://doi.org/10.1146/annurev.immunol.14.1.619
http://www.ncbi.nlm.nih.gov/pubmed/8717527
http://www.ncbi.nlm.nih.gov/pubmed/1500711
http://www.ncbi.nlm.nih.gov/pubmed/7508176
http://doi.org/10.1002/art.39295

	Introduction 
	Materials and Methods 
	Stable Over-Expression of HLA-B*2704 C67S in HMy2.C1R Cells 
	Biotinylation of Cell Surface Proteins and Pulldown by Avidin Beads 
	Analysis of the Perforin Production of NK-92MI Co-Cultured with HMy2.C1R or C1R-B*2704 or C1R-B*2704 C67S Cells 
	Analysis of NK Cell-Mediated Cytotoxicity 
	Analysis of the Signaling Pathway of NK Cells Induced by Co-Culturing with C1R, C1R-B*2704, or C1R-B*2704 C67S Cells 
	Targeted Delivery of HLA-B27-Binding Peptide by THU Vehicle into the ER of C1R-B*2704 Cells and Analysis of the Perforin Production of NK-92MI Cells Co-Cultured with Peptide-Targeted C1R-B*2704 Cells 
	Quantitative Real-Time PCR 
	Statistical Analysis 

	Results 
	Replacement of Cys-67 with Ser Avoids the Oligomeric Formation of HLA-B*2704 
	The Perforin Production and Cytotoxicity of NK-92MI Cells were Promoted by Co-Culturing with C1R-B*2704 Cells 
	The PI3K/AKT Signaling of NK-92MI Cells were Activated by Co-Culturing with C1R-B*2704 Cells 
	The IL6 and TNF- Expressions of NK-92MI Cells were Suppressed by Co-Culturing with C1R-B*2704 Cells 

	Discussion 
	Conclusions 
	References

