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Abstract

The B7 family ligand HERV-H LTR-associating protein 2 (HHLAZ) is an attractive target for
cancer immunotherapy due to its co-inhibitory function, over-expression in human cancers,
and association with poor prognoses. However, the knowledge of the HHLA2 pathway is
incomplete. HHLAZ2 has an established positive receptor transmembrane and immunoglobulin
domain containing 2 (TMIGD?2) but a poorly characterized negative receptor human killer cell
immunoglobulin-like receptor, three Ig domains and long cytoplasmic tail (KIR3DL3). Here,
KIR3DL3 and TMIGD2 simultaneously bound to different sites of HHLA2. KIR3DL3 was
mainly expressed on CD5649™ NK and terminally differentiated effector memory CD8+ T (CD8+
Temra) cells. KIR3DL3* CD8+ Temra acquired an NK-like phenotype and function. HHLA2
engagement recruited KIR3DL3 to the immunological synapse and co-inhibited CD8+ T and
NK cell function and killing, inducing immune evasive HHLA2* tumors. KIR3DL3 recruited
SHP-1 and SHP-2 to attenuate Vavl, ERK1/2, AKT and NF-xB signaling. HHLA2* tumors

"Corresponding author. xingxing.zang@einsteinmed.org.

These authors contributed equally to this work
Author contributions:
Y.W.,, X.R., S.M. and X.Z. conceived the studies and designed the experiments. Y.W., X.R. and S.M. performed experiments with
support from B.E.G. and J.M.C. P.M.G. and D.Z. performed the bioinformatic and statistical analysis. S.M., HW.,, R.AS,, L.S., L.Z,,
X.T., Q.L., M.P. and F.G. provided necessary resources. Y.W. and X.R. wrote the manuscript. All authors reviewed the manuscript.

Competing interests:

Yao Wei, Xiaoxin Ren, Scott Moerdler and Xingxing Zang are inventors on a pending patent (KIR3DL3 is an inhibitory receptor
of the immune system and uses thereof); Bijan Etemad-Gilbertson is an employee and Xingxing Zang is a co-founder of NextPoint
Therapeutics, Inc.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wei et al. Page 2

from human kidney, lung, gallbladder and stomach were infiltrated by KIR3DL3* immune cells.
KIR3DL3 blockade inhibited tumor growth in multiple humanized mouse models. Thus, our
findings elucidated the molecular and cellular basis for the inhibitory function of KIR3DL3,
demonstrating that the KIR3DL3-HHLAZ2 pathway is a potential immunotherapeutic target for
cancer.

One Sentence Summary:

Blockade of KIR3DL3 as an immunotherapy for human cancers.

INTRODUCTION

Cancer immunotherapy has fundamentally shifted the paradigm for cancer treatment from
targeting the tumor itself to harnessing the host’s immune system (1). Immune checkpoint
blockades (ICB) have achieved durable responses in patients with advanced-stage tumors
that would have otherwise been fatal (2). Several checkpoint inhibitors targeting the
cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) or programmed cell death receptor
1 (PD-1)/programmed cell death ligand 1 (PD-L1) axis have been approved for a broad
spectrum of cancers (3). Although the percentage of responders to these drugs has steadily
increased, the majority of cancer patients still do not benefit (3). Therefore, it is critical to
characterize additional immune checkpoints and develop new therapeutic strategies.

We previously identified HHLAZ (also called B7TH7/B7-H5/B7y) as a functional B7 family
member that phylogenetically forms a subfamily with B7x and B7-H3 in the B7 family

(4, 5). HHLAZ protein is expressed on antigen-presenting cells (APCs) (4, 6) and has a
limited expression in normal human organs, whereas it is highly expressed in many human
cancers (7-10). In several tumor types, HHLAZ2 expression is more frequent than PD-L1
and co-expression of PD-L1 and HHLAZ is rare; PD-L1 negative tumors tend to express
HHLAZ (9, 11, 12). In general, elevated HHLAZ is associated with more severe pathology
and worse prognosis in cancer patients (9, 13-18). However, a few studies also show that
higher HHLAZ2 expression is associated with better survival (19-21).

This paradox could be partly explained by the dual role of HHLAZ2 in immune responses.
HHLAZ2 can inhibit (4, 22) or enhance (6) immune cell function. TMIGD?2 (also called
IGPR-1/CD28H) is the first characterized receptor for HHLAZ2 (6, 7) and is primarily
expressed on naive T and NK cells, rapidly decreasing after activation (6, 23). TMIGD2
co-stimulates both T and NK cell activities (6, 23), which does not explain the inhibitory
effect of HHLAZ2. Thus, we reasoned that there was an unidentified inhibitory receptor of
HHLAZ (5, 7, 24). In 2017, we identified KIR3DL3, an orphan molecule in the killer-cell
immunoglobulin-like receptor (KIR) family (25, 26), is another receptor for HHLA2 (27).
Very recently, two groups perform high throughput interactome screen of immunoglobulin
superfamily (IgSF) and indicate KIR3DL3 as a binding partner of HHLA2 (28, 29).

During the revision of this paper, another group also independently report KIR3DL3 as

the second receptor for HHLAZ2 and demonstrate engagement of KIR3DL3 with HHLA2
inhibits the activation of a T-cell line and the cytotoxicity of an NK-cell line (12). However,
numerous key characteristics of the KIR3DL3-HHLA2 pathway remain unknown including
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the full expression pattern of KIR3DL3, how HHLAZ2 regulates immune responses through
KIR3DL3, the downstream signaling pathway of KIR3DL3, the co-expression of HHLA2
and KIR3DL3 in the tumor microenvironment, and the therapeutic efficacy of KIR3DL3
blockade in human cancers.

Here, we demonstrated that KIR3DL3 was mainly expressed on terminally differentiated
effector memory CD8+ T cells and CD569™ CD16* NK cells. KIR3DL3 mediated co-
inhibition of primary CD8+ T and NK cells and induced resistance of HHLA2* tumors

to killing. KIR3DL3 showed immunosuppressive activities by recruiting SHP-1 and SHP-2
to attenuate downstream Vavl, ERK1/2, AKT and NF-xB signaling in NK cells. Human
HHLA2* tumors were infiltrated by KIR3DL3* immune cells and KIR3DL3 blockade
promoted anti-tumor immunity in multiple humanized mouse models. Altogether, our study
provided a detailed functional and mechanistic view of the KIR3DL3-HHLA2 pathway-
mediated immunosuppression, supporting this pathway’s therapeutic application for cancer
immunotherapy.

KIR3DL3 and TMIGD2 simultaneously bound to non-identical sites on HHLA2

In addition to the expression of HHLA2 on APCs and tumors (4, 6, 7, 9, 10), we found

its expression could also be induced on activated T and NK cells (fig. SIA). As HHLA2

is a member of IgSF and has orthologs in humans and monkeys but not in mice or rats,

we screened the receptors for HHLAZ2 through a list of genes belonging to IgSF, exclusive
to primates, and with a predicted transmembrane domain (fig. S1B). We observed that
HHLA2-Ig strongly bound to cells expressing KIR3DL3, but not its closest homologs
KIR3DL1 or KIR3DL2 (Fig. 1A and fig. S1C). Inversely, KIR3DL3-1lg bound to an
HHLA2* human lung cancer cell HCC827, but not an HHLA2™ cell A427 (Fig. 1B).

The binding of KIR3DL3-1g to HHLA2 expressing cells was completely blocked by anti-
HHLA2 monoclonal antibody (mAb) clone B5B5 (Fig. 1C). To further explore if KIR3DL3
has other binding partners, we utilized a high-throughput screening with cell microarray
individually expressing 5484 full-length human membrane proteins or cell surface-tethered
human secreted proteins and found that HHLAZ2 was the only specific binding partner for
KIR3DL3 (fig. S1D-E).

HHLAZ2 extracellular region is composed of tandem 1gV1-1gC-1gV2 domains (4). Loss of
the 1gC-1gV2 domains of HHLAZ2 largely abrogated its binding to KIR3DL3 but did not
interfere with its binding to TMIGD2 (Fig. 1D). The extracellular part of KIR3DL3 is
composed of tandem D0-D1-D2 domains (fig. S1F). The removal of D1-D2 domains from
KIR3DL3 did not affect its binding to HHLAZ2 (Fig. 1E). Preincubating HHLA2/3T3 cells
with KIR3DL3 did not block TMIGD?2 binding, and vice versa (Fig. 1F). Taken together, our
results demonstrated that KIR3DL3 and TMIGD2 bound to non-identical sites on HHLAZ2,
with both KIR3DL3 and TMIGD2 simultaneously binding to HHLAZ2.
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Generation and characterization of KIR3DL3 DO domain-specific mAbs

To investigate the expression of KIR3DL3, we first generated a panel of anti-KIR3DL3
mADbs (fig. S2A). Our lead clone 26E10 bound to the KIR3DL3 D0 domain with a high
affinity (K4q=0.17 nM) (fig. S2B—C) and did not cross-react with other KIRs (fig. S2A).
The specificity of 26E10 was further verified by lack of reactivity with the cell microarray
expressing 5484 human proteins (fig. S1D).

KIR3DL3 is a highly polymorphic gene encoding more than 100 alleles (30). The DO
domain, which our lead clone 26E10 binds to, is relatively conserved and contains about
16 amino acid variants (30). We mutated DO domain of KIR3DL3*004 and transduced
3T3 to express the wild type and the mutant KIR3DL3*004. We then tested the binding of
26E10 with 11 KIR3DL3 DO variants and found 9 of them, including KIR3DL3*001 and
KIR3DL3*010, which are the most predominant DO sequence in Europeans and Chinese
Han respectively (30), could be detected by 26E10 (fig. S3).

KIR3DL3 protein was expressed on human innate and adaptive immune cells

The mRNA of KIR3DL3 was undetectable in most normal human tissues but high in the
blood and spleen (fig. S4A). Thus, we used 26E10 to examine KIR3DL3 protein expression
on different immune cells from peripheral blood and found that NK cells, some y6 T, CD8+
and CD4+ T cells expressed KIR3DL3 (fig. S4B and Fig. 2A).

The expression of TMIGD2 and KIR3DL3 was mutually exclusive of CD8+ and CD4+ T
cells (Fig. 2B). The major KIR3DL3 expressing CD8+ T cells were terminally differentiated
(TEmra), followed by effector memory CD8+ T cells (Tgpy) subset, while naive (Ty) and
central memory (Tcpn) CD8+ T cells barely expressed KIR3DL3 (Fig. 2B and fig. S4C). NK
cells were the main immune cells expressing KIR3DL3 (Fig. 2A). KIR3DL3 and TMIGD?2
could be co-expressed or singly expressed on an NK cell (Fig. 2C). KIR3DL3 was mainly
expressed on CD569MCD16* NK subset, which is more differentiated and predominant

in peripheral blood (31), compared to CD56P9M CD16~ NK subset which had higher
TMIGD2 expression (Fig. 2C and fig. S4D). KIR3DL3* NK cells expressed activating
receptors, including CD16, NKG2D, NKp30, NKp46, and 2B4 (Fig. 2D). The majority of
NK cells expressed at least one KIR protein and KIR3DL3 could be co-expressed with all
the other KIRs (Fig. 2D).

KIR3DL3 hampered both TCR dependent and independent function of human CD8+ T cells

We then asked whether HHLAZ2 and KIR3DL3 could be recruited to T cell immunological
synapses. After coculturing Jurkat cells expressing KIR3DL3 and Raji cells expressing the
HHLA2-YFP (or control-YFP) fusion protein in the presence of superantigen staphylococcal
enterotoxin E (SEE) (32), KIR3DL3 and HHLA2 co-localized in about 70% of the cell
conjugates, whereas very little KIR3DL3 clusters were formed in the absence of HHLA?2
(Fig. 3A and fig. S5A-C). We next sought to investigate the function of KIR3DL3 on

T cells. FACS-purified KIR3DL3" CD8+ T cells were expanded and the expression of
KIR3DL3 was stable during the /n vitro culture (fig. S5D). As the specific antigens of these
CD8+ T cells are unknown, we performed a redirected cytotoxicity assay (33) (fig. S5E).
After CD3 engagement, the KIR3DL3* CD8+ T cells displayed cytolytic activity against
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FcR* target cell P815, K562 and Raji (Fig 3B and fig. S5F-J). In comparison with CD3
alone, co-engagement of CD28 and CD3 did not have an additional effect (Fig. 3B-C), but
co-engagement of KIR3DL3 and CD3 significantly suppressed the cytolytic function, the
degranulation, cytokines (IFN-y, TNF-a, IL-13, GM-CSF, IL-5) and chemokine (CCL1)
secretion of CD8+ T cells (Fig. 3C-D and fig. S5F-I). These results suggested that
KIR3DL3 hampered the TCR-dependent function of CD8+ T cells.

The majority (60-97%) of KIR3DL3* CD8+ T cells were Tgpmra (Fig. 2B). We performed
RNA sequencing (RNA-seq) of sorted KIR3DL3* and KIR3DL3™ CD8+ Tgppra cells (Fig.
3E-F and fig. S6A-B). Gene set enrichment analysis (GESA) identified “Natural killer
cell-mediated cytotoxicity” as the most significant pathway in the KIR3DL3* subset and
“T cell receptor signal pathways” as the most significant pathway in KIR3DL3™ subset
(Fig. 3F, Table S1-2). To verify the above results at the protein level, we performed a
high-dimensional flow cytometry analysis and observed a trend of gradual acquisition of NK
cell receptors and loss of T cell co-receptors from Ty, Tem, Tems 10 Temra (Fig. 3G-H).
Consistent with our RNA-seq finding, KIR3DL3* CD8+ Tgpra Upregulated NK activating
(NKG2C, NKp30, NKp46 and CD16) and inhibitory (KIR3DL1, KIR2DL2/3, NKG2A,
KLRG1) receptors, but downregulated T cell costimulatory (CD28, ICOS) and coinhibitory
(PD-1) receptors in comparison to their KIR3DL3™ counterparts (Fig. 3G-H). To exclude
the potential contamination of NK cells in these CD8+ T cells, we performed a redirected
cytotoxicity assay by using anti-CD16 mAb. While anti-CD3 steadily activated these CD8+
T cells, we did not observe any activation induced by anti-CD16 (fig. S5J). Therefore, our
results indicated that KIR3DL3* CD8+ Tgppra cells acquired NK-like phenotypes.

KIR3DL3* CD8+ T cells were able to lyse K562 cells without TCR engagement in an

E:T ratio-dependent manner (Fig. 31). HHLAZ2 expressing K562 cells were more resistant
to KIR3DL3* CD8+ T cell killing as compared to control K562 cells (Fig. 31 and fig.

S6C). Gene deletion of HHLAZ sensitized HCC827 to KIR3DL3" CD8+ T cell lysis (Fig.
3J and fig. S6D). Anti-KIR3DL3 mAb clone 26E10 was capable of completely blocking
the binding of KIR3DL3 to HHLAZ2 (fig. S6E). As expected, 26E10 enhanced the lysis of
HCC827 by KIR3DL3" CD8+ T cells, as well as the degranulation and cytokine (TNF-a
and IFN-vy) production of these T cells (Fig. 3K). Together these results indicated that
KIR3DL3* CD8+ Tgmra cells could be activated by both TCR dependent and independent
signaling with KIR3DL3 inhibiting T cell function.

KIR3DL3 inhibited NK cell function and mediated HHLA2* tumor resistance against NK

cells

We next sought to determine the effect of KIR3DL3 on human NK cell function. We

sorted out primary KIR3DL3* NK cells and performed an NK cell-based redirected
cytotoxicity assay (fig. S7A). CD16-induced lysis of P815 by primary KIR3DL3* NK

cells was significantly inhibited by the co-engagement of KIR3DL3, but was not affected
by co-engagement of CD56 (Fig. 4A). Consistently, KIR3DL3 markedly decreased the
degranulation, and cytokine and chemokine production of NK cells (Fig. 4B-C). Next, we
explored the effect of the KIR3DL3-HHLA2 engagement on NK-mediated tumor cell lysis.
The human NK cell line NK92, which were TMIGD2™, was sorted into KIR3DL3* and
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KIR3DL3™ populations and used as effector cells (fig. S7B). We observed that HHLA2
expressing tumor cells were more resistant to KIR3DL3* NK92 cell-mediated killing
compared to control tumor cells, but this effect was lost when KIR3DL3 was absent (fig.
S7C-E).

Similar to T cell immunological synapses, both KIR3DL3 and HHLAZ clustered at the
interfaces between the KIR3DL3* NK92 cell and HHLA2 expressing tumor cells (fig. S7F).
The NK immunological synapses can be lytic or inhibitory (34, 35), thus we asked if the
KIR3DL3-HHLA? interaction could mediate inhibitory synapse formation. In the absence
of HHLAZ2, we observed F-actin, but not KIR3DL3, polarization at the interfaces (Fig.

4D), indicating lytic synapses were formed to facilitate the tumor-killing. By contrast,

in the presence of both HHLA2 and KIR3DL3, we observed HHLA2 and KIR3DL3
colocalization, but no F-actin accumulation, at the interfaces (Fig. 4D), indicating the
inhibitory synapses were formed to prevent cytoskeletal reorganization.

Primary NK cells co-expressed KIR3DL3 and TMIGD?2 (Fig. 2C). KIR3DL3* TMIGD2*
NK cells were sorted and expanded (Fig. 4E). The expression of KIR3DL3 was stable,
whereas the expression of TMIGD2 decreased after primary NK cell activation (Fig. 4E).
HCC827 tumor cells expressed multiple activating ligands and were susceptible to primary
NK killing (fig. S7G). Loss of HHLAZ sensitized HCC827 to primary NK cell Killing

(Fig. 4F), indicating the inhibitory KIR3DL3-HHLAZ2 pathway was predominant even in
the presence of the activating receptor TMIGD?2. Together, these results demonstrated that
KIR3DL3 exerted an inhibitory effect on NK cells and mediated HHLA2* tumor resistance
to NK cell killing.

KIR3DL3-induced inhibitory signaling in NK cells

The intracellular tail of KIR3DL3 contained one immunoreceptor tyrosine-based inhibition
motif (ITIM). We mutated the tyrosine381 in this ITIM to phenylalanine (Y381F) and
introduced wild type (WT) KIR3DL3 or a Y381F mutant into the KIR3DL3™ NK92 cell
line (Fig. 5A). After treatment with the tyrosine phosphatase inhibitor pervanadate (36),
WT KIR3DL3, but not Y381F mutant, displayed tyrosine phosphorylation (Fig. 5B and
fig. SBA). Y381F mutation did not affect the recruitment of KIR3DL3 by HHLAZ2 to
immunologic synapses (Fig. 5C) but abolished its inhibitory effect on the NK92 cell line
(Fig. 5D).

ITIMs recruit the SH2 domain-containing tyrosine phosphatase, such as SHP-1 or SHP-2,
inhibiting signaling induced by activating receptors (37, 38). Co-immunoprecipitation
showed that KIR3DL3 recruited both SHP-1 and SHP-2 in primary NK cells (Fig. 5E

and fig. S8B). We thus investigated KIR3DL3/SHP-1/2-induced downstream pathways. WT
KIR3DL3 or Y381F mutant transduced NK92 cells were cocultured with HHLA2* Raji
cells, to initiate signaling, and then subjected to analysis with human phospho-kinase arrays.
Compared with WT KIR3DL3, the Y381F mutant displayed a higher phosphorylation level
of multiple kinases, including ERK1/2 and AKT (fig. S8C-D). Further immunoblot analysis
showed enhanced activation of Vavl, ERK1/2, AKT and the downstream transcription factor
NF-xB upon Y381F mutation (Fig. 5F-G and fig. S8E). Consistently, upon KIR3DL3
signaling initiation, a significantly reduced activation of Vavl, ERK1/2, AKT and NF-xB
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was observed in CD16-stimulated KIR3DL3* primary NK cells (Fig. 5H-I and fig. S8F).
These results suggested that the ITIM in KIR3DL3 was essential for KIR3DL3-mediated
NK cell suppression by recruiting SHP-1/2, which inhibited Vavl, ERK1/2 and AKT
activation and downstream NF-xB signaling.

KIR3DL3* immune cells infiltrated human HHLA2+ tumors

To further explore the KIR3DL3-HHLA2 pathway in human cancers, we analyzed multiple
databases through the Gene Expression Omnibus. KIR3DL3 mRNA was upregulated

in several human solid and hematopoietic malignancies as compared to the normal

tissues (fig. S9A). HHLA2 mRNA was also significantly upregulated in renal cell
carcinoma, whereas TMIGD2 mRNA was downregulated in the tumor (fig. S9A), revealing
potential immunosuppressive roles of the KIR3DL3-HHLAZ2 pathway in the tumor
microenvironment. Consistent with the above mRNA data, we observed higher KIR3DL3
and lower TMIGD?2 expression on both CD4+ and CD8+ T cells of adult T cell leukemia/
lymphoma patients compared to healthy donors (fig. S9B-E).

We then used quantitative multiplex immunofluorescence to determine KIR3DL3 and
CD45 expression in four tumor microarray (TMA) cohorts, including renal cell

carcinoma, lung cancer, gastric cancer, and gallbladder cancer. We observed KIR3DL3*
CD45* cells infiltrated in all four tumors types (Fig. 6A-B, fig. S9F and table S3).
Immunohistochemistry (IHC) staining showed HHLAZ2 was strongly and widely expressed
in these cancers (Fig. 6A-B). By contrast, high PD-L1 expression was limited to a small
portion of the lung, gastric, and gallbladder cancer, while it was barely expressed in renal
cell carcinoma (Fig. 6A-B). These results suggested that HHLA2* tumors were infiltrated
by KIR3DL3* immune cells and the KIR3DL3-HHLAZ2 interaction may represent an
immune checkpoint pathway in these cancer patients.

KIR3DL3 blockade promoted NK cell-based anti-tumor immunity in vitro and in vivo

We next explored if the KIR3DL3-HHLA2 blockade could enhance NK-mediated lysis of
tumors. Treatment with either anti-KIR3DL3 (clone 26E10 or 34B10) or anti-HHLAZ2 (clone
B5B5) blocking mAbs restored the cytotoxicity of the KIR3DL3* NK92 cell line against
HHLA2* K562 cells (Fig. 7A). To test this concept in vivo, we subcutaneously engrafted
NOD.Cg-Prkdcscid|12rgimIWil/Sz) (NSG) mice with HHLA2* Raji or control HHLA2™ Raji
cells and then treated them with KIR3DL3* NK92 cell line, together with 26E10 or migG1
(Fig. 7B). With the treatment of the KIR3DL3* NK92 cell line alone, the HHLA2* tumors
grew more aggressively than the control tumors (Fig. 7C). Compared to mlgG1, 26E10
significantly suppressed tumor growth in HHLA2* tumor-bearing mice (Fig. 7C).

We next tested the effect of KIR3DL3 blockade on primary NK cells. 26E10 mAb
significantly enhanced the lysis of HCC827 by primary KIR3DL3* NK cells regardless

of the presence of TMIGD?2 or not, but it showed no effect on primary KIR3DL3~

NK cells (Fig. 7D-E). Also, 26E10 significantly improved primary KIR3DL3* NK cells’
degranulation as well as IFN-y and TNF-a production (Fig. 7F). We then tested the
therapeutic efficacy of KIR3DL3 blockade with primary NK cells in vivo. NSG mice were
subcutaneously engrafted with HCC827 and then treated with expanded primary KIR3DL3*
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NK cells intratumorally, as well as 26E10 or mlgG1 (Fig. 7G). 26E10 significantly reduced
tumor growth when compared with mlgG1 (Fig. 7H). We next intraperitoneally engrafted
the luciferase-transduced HCC827 (HCC827-luc?2) into NSG mice. The mice were then
treated with primary KIR3DL3* NK cells and 26E10 or mIgG1 intraperitoneally (Fig. 71).
Recombinant human IL-2 (rhlL-2) and rh1L-15 were injected to support primary NK cell
survival /in vivo. Tumor growth was significantly suppressed in 26E10 treatment group
compared with control group (Fig. 7J-K). Using a more physiologically relevant human
lung cancer model, mice were inoculated with HCC827-luc2 cells intravenously and then
were reconstituted with primary KIR3DL3* NK cells and treated with 26E10 or mlgG1,
rhiL-2, and rhiL-15 (Fig. 7L). Tumor growth was significantly inhibited in the mice treated
with 26E10 compared with mlgG1 (Fig. 7M-N). As a control, the therapeutic efficacy

of 26E10 was lost when the mice were transferred with primary KIR3DL3™ NK cells

(fig. SI0A-C). Altogether, our results demonstrated that the KIR3DL3-HHLAZ2 blockade
restored the effector function of the NK cells and promoted anti-tumor immunity.

DISCUSSION

HHLAZ2 plays dual roles in immune response (4, 6, 22, 23), making the HHLAZ2 blockade
approach for cancer immunotherapy a challenge. In this study, we reported that KIR3DL3
mediated HHLAZ2 co-inhibition on primary CD8+ T and NK cells, which provided a cellular
and molecular mechanistic basis for the inhibitory function of HHLA2. We further showed
that the KIR3DL3 blockade, which reinvigorated immune responses and enhanced anti-
tumor immunity without interrupting the costimulatory function of HHLAZ, is a potential
therapeutic strategy for cancers.

We demonstrated that our anti-KIR3DL3 clone 26E10 could recognize the majority of
KIR3DL3 allelic variants. Although KIR3DL3 is a highly polymorphic gene, KIR3DL3 DO
domain is relatively conserved and bound to HHLAZ2, indicating that targeting KIR3DL3 DO
domain is a rational strategy for KIR3DL3-HHLAZ2 blockade. Different KIR3DL1 alleles
display different surface expression levels, binding affinity with HLA-Bw4 ligands, and
inhibition on NK cells (39-41). Further studies will be needed to determine if KIR3DL3
polymorphisms affect its cell surface expression, its binding to HHLAZ, its inhibitory
signaling capacities and its association to cancer risk.

The expression of TMIGD2 and KIR3DL3 on T cells was mutually exclusive, suggesting
that they function independently in the different stages of T cell differentiation. Naive CD8+
T cells constitutively express TMIGD2, which transmits a costimulatory signal to T cells
(6). Repetitive stimulation downregulates TMIGD2 expression, thus the majority of CD8+
Temra lose their TMIGD2 expression. By contrast, KIR3DL3 was mainly expressed on
CD8+ TemRra, but not naive CD8+ T cells, suggesting the acquisition of KIR3DL3 may
require long-term differentiation of some antigen-experienced T cells. CD8+ Tgpmra cells,
which accumulate during aging, downregulate TCR signaling molecules and costimulatory
molecules but upregulate NK receptors (42). This switch enables them to broaden their
capacity for immune surveillance by different recognition systems. We showed that the
KIR3DL3* CD8+ Tgmra cells expressed NK receptors and acquired NK-like function.
These KIR3DL3* CD8+ T cells were capable of immediately lysing NK-sensitive K562
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targets and less sensitive solid tumor cells, indicating they may exhibit important immune
surveillance function by sensing ligands on stressed and transformed cells.

The non-competitive binding of KIR3DL3 and TMIGD2 to HHLAZ2 and the co-expression
pattern of both receptors on NK cells suggested that both receptors can function
simultaneously. NK cells are regulated by the balance of signaling from numerous
activating and inhibitory receptors (43). These receptors with opposing effects can share the
same ligand, such as PVR: DNAML/TIGIT; HLA-E: NKG2C/NKG2A (43). The immune
response is fine-tuned by these paired receptors. Among them, the inhibitory receptors
usually dominantly bind to the ligand by a greater affinity to compete with the activating
receptor (43). However, KIR3DL3 and TMIGD?2 did not compete for the binding to
HHLAZ2. Instead, during NK cell activation, TMIGD2 expression is downregulated (23),
while KIR3DL3 expression was stable and thus became predominant. Through this spatial
and temporal divergent expression, the NK immune response maintains homeostasis.

Although the biological function of these negative regulators is to limit immune responses,
they can be hijacked by tumor cells to evade immunologic destruction. Ectopic expression of
HHLAZ2 on tumor cells was sufficient to make them resistant to human NK and CD8+ T cell
killing. Meanwhile, gene deletion of HHLAZ from endogenous HHLA2* tumors sensitized
them to the killing of primary NK and CD8+ T cells. Tumor cells expressing HLA-C

could evade KIR2DL1/2/3*-induced NK killing (44). HLA-E also contributes to protecting
tumor cells from killing by NKG2A* NK cells (45, 46). However, downregulation or even
complete loss of HLA | molecules occurs in human tumors (47). Tumor cells with impaired
expression of HLA | become resistant to CD8+ T cell killing (48), whereas these tumors are
highly sensitive to NK cell killing because of “missing-self recognition” (49). Therefore, the
selective pressure may drive tumors to exploit the KIR3DL3-HHLA2 pathway to evade NK
cell surveillance.

The presence of KIR3DL3* immune cells in HHLA2* human tumors and the enhanced
anti-tumor immunity by KIR3DL3 blockade were other key findings of our study. We
showed that KIR3DL3* immune cells infiltrated the tumor beds of kidney, lung, gastric,
and gallbladder cancers. Its ligand HHLA2 was also widely and highly expressed on these
tumors. HHLAZ2 on cancer could suppress the function of KIR3DL3" immune cells in the
tumor microenvironment leading to immune evasion and poor clinical outcomes in these
patients. Indeed, multiple independent studies demonstrate that elevated HHLAZ in cancers
is significantly associated with poor prognosis in various cancer patients (9, 10, 13-18).
Finally, we showed that KIR3DL3 blockade effectively suppressed tumor growth in multiple
humanized mouse models. Subsequent humanization of these anti-KIR3DL3 mAbs and
testing in clinical settings will provide further evidence for this new therapeutic application
in cancer patients.

MATERIALS AND METHODS

More details on these methods and the cell lines used can be found in the supplementary
material.
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Study design

This study was designed to elucidate the HHLA2-KIR3DL3 pathway and the therapeutic
potential. We utilized multiple approaches to demonstrate KIR3DL3 as a receptor for
HHLAZ2, and used human PBMCs to study the expression pattern, the function and the
downstream signaling of KIR3DL3. We then used imaging methods to inspect HHLA?2 and
KIR3DL3 in the immunological synapse and in the tumor microenvironments. We further
utilized humanized NSG mice to test the therapeutic efficacy of KIR3DL3 blockade. Group
sizes were typically n =4 or 5 or as indicated in the figure legends, and experiments

were repeated at least twice. Investigators were not blinded to group identity during
experimentation.

Mice
BALB/c and NSG (NOD.Cg-Prkdcs¢id|12rgtmIWil/SzJ) mice at 6-8 weeks old were
purchased from Charles River Laboratory and Jackson Laboratory, respectively. All mice
were kept in the specific pathogen-free animal facility. All mouse protocols followed NIH
guidelines and were approved by the Animal Care and Use Committee (IACUC) of Albert
Einstein College of Medicine.

Human primary cells

Human peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats

of healthy donors purchased from New York Blood Center, using Ficoll-Hypaque (GE
Healthcare) density gradient separation. Human peripheral blood samples of Adult T-Cell
Leukemia/Lymphoma patients were obtained at the time of hospitalization or clinic visit in
Montefiore Medical Center under IRB approved protocol and with written informed consent
from each patient. PBMCs were separated via Ficoll-Hypaque Plus (GE Healthcare).

Human tumor tissues

Formalin-fixed paraffin-embedded (FFPE) commercial human cancer tissue micro-arrays
(TMAs) were purchased from USBiomax. There were four different cohorts, including
kidney, lung, gastric, and gallbladder cancer, used in this study.

The human protein cell microarray system

The cell microarray technology platform (Retrogenix, https://www.retrogenix.com/the-
technology/) was used to identify new binding partners for KIR3DL3 and to examine the
specificity of mAb 26E10.

Human phospho-kinase arrays

The phosphorylation profiles of kinases downstream of KIR3DL3-HHLAZ2 pathway were
determined by using a human phospho-kinase array (R&D, Cat# ARY003B) following the
manufacturing instructions.
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Production and purification of fusion proteins

KIR3DL3-lg, KIR3DL3-DO0-lg, HHLA2-1gV1-1g, and TMIGD2-mlgG proteins were
generated in an inducible secreted serum-free Drosophila expression system as described
previously (4).

Cell binding and blocking assays

In the fusion protein-cell binding assay, 5-20 ug/ml (or indicated concentration) HHLA2-
1gG (R&D system), HHLA2-1gV1-1g, KIR3DL3-lg, KIR3DL3-DO0-Ig or hlgG (R&D
system) were incubated with corresponding NIH 3T3 cells on ice for 45 min, followed

by incubation with APC or PE conjugated anti-human IgG Fc antibody (1:100, Biolegend,
clone HP6017) on ice for 30 min. Then the cells were acquired on an LSR 1l flow cytometer
(BD Biosciences).

Generation of monoclonal antibodies against KIR3DL3 and HHLA2

Mouse anti-KIR3DL3 monoclonal antibodies were generated by standard hybridoma
techniques (4).

Biolayer interferometry (BLI)

The affinities of anti-KIR3DL3 mAbs were assayed by biolayer interferometry, using an
Octet Red96 system (ForteBio, Pall LLC).

Flow cytometry

Human PBMCs were pre-incubated with FcR blocking reagents (Miltenyi Biotec) before
staining. For surface marker staining, cells were incubated with specific antibodies for
30-45 min at 4°C. For intracellular cytokine and CD107a staining, cells were cultured
with Protein Transport Inhibitor Cocktail (eBioscience) and anti-CD107a (clone H4A3)
for 5 hr, followed by staining with Live/Dead Ghost Dye UV 450 (Tonbo biosciences).
Cells were then fixed and permeabilized using Fixation/Permeabilization Solution Kit
(BD Biosciences) according to the manufacturer’s guidelines, followed by staining with
intracellular antibodies for 30—-45 min at 4°C.

For the spectral flow cytometry, PBMCs were stained with a fixable blue dead cell stain

kit (Invitrogen) and then incubated with FcR blocking reagents (Miltenyi Biotec). The cells
were then stained by anti-KIR3DL3 clone 26E10 on ice for 30 min, followed by goat anti-
mouse IgG PE (Biolegend). After blocking with normal mouse serum, the cells were then
stained by a mixture of surface markers diluted in Brilliant stain buffer (BD Biosciences) on
ice for 30 min. The cells were then acquired on Aurora (Cytek).

Jurkat-Raji and NK92-tumor conjugation assay

For the Jurkat-Raji conjugation assay, Raji cells were pre-pulsed with 100 ng/ml SEE (Toxin
Technology) in RPMI medium for 30 min at 37°C. The cells were then washed twice

and resuspended in RPMI medium. 4x10° SEE-loaded Raji and 4x10° Jurkat cells were
pre-cooled on ice and then mixed in a 96-well round-bottom plate. The plate was centrifuged
at 290xg for 1 minute at 4°C and then incubated for 10 min at 37°C. The mixture of cells
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was resuspended and loaded onto Poly-I-lysine pre-coated slides at RT for 40 min. The
cells were fixed with 4% formaldehyde at RT for 15 min and then blocked by 5% normal
goat serum at RT for 1 hr, followed by staining with 20 pg/ml anti-KIR3DL3 antibodies (a
mixture of clone 3B7, 8G7, 14F8, 15D2, 26E10, 29H7, 34B10 and 51C3) at 4°C overnight
and then with goat anti-mlgG (H+L) Alexa Flour 647 (Invitrogen) at RT for 2 hr. The slides
were then mounted by Gold Antifade Mountant with DAPI (Life technologies).

For NK92-tumor Conjugation Assay, 5x10° NK92 and 5x10° A427 (or Raji) cells were
mixed in a 50 ml Falcon tube centrifuged at 1500 rpm for 2 min at RT. The tube was then
incubated at 37°C for 40 min. The cells were then loaded onto Poly-I-lysine pre-coated
slides and then stained as described above.

For F actin staining, after staining with primary and secondary antibodies as described
above, the cells were permeabilized by 0.1% Triton X-100 at RT for 15 min after staining
with primary and secondary antibodies, as described above. The permeabilized cells were
then stained with Alexa Flour Plus 405 Phalloidin (Life technologies) for 1 hr at RT. The
slides were then mounted by Gold Antifade Mountant without DAPI (Life technologies).
Images were acquired by Leica SP8 confocal microscope and processed by ImageJ.

Isolation and culture of human NK and CD8+ T cells

KIR3DL3* CD8+ T cells were purified by FACS and then cultured with allogeneic PBMCs
as feeder cells (irradiated at 3000 rads, feeder cells: T cells=10:1) in OpTimizer (Invitrogen)
supplemented with 5% human AB serum (Sigma-Aldrich), 1% L-glutamine, 100 U/mL
penicillin, 100 pg/mL streptomycin and anti-CD3/CD28 Dynabeads (Gibco), recombinant
human IL-2 (100 ng/mL, Biolegend).

Human primary NK cell subpopulations or NK92 cell subpopulations (KIR3DL3* or
KIR3DL3™ NK92 cells) were sorted by FACS based on KIR3LD3 and/or TMIGD2
expression. Primary NK cell subpopulations were then expanded by culturing with
autologous PBMC:s as feeder cells (irradiated at 3000 rads, feeder cells: NK cells=20:1)

in OpTimizer (Invitrogen) supplemented with 5% human AB serum (Sigma-Aldrich),

1% L-glutamine, 100 U/mL penicillin, 100 pg/mL streptomycin and anti-CD3 OKT3 (10
ng/mL, Biolegend), recombinant human IL-2 (40 ng/mL, Biolegend) and IL-15 (10 ng/mL,
Biolegend). Five days later, NK cells were further expanded in the same medium without
anti-CD3 and feeder cells.

Cytotoxicity assay

Cytotoxicity assays were performed through a flow-based assay. Briefly, target cells were
labeled with PKH26 (Sigma-Aldrich) for 2 min at 37°C. Prelabelled target cells were
co-incubated with effector cells (NK92, primary NK or CD8+ T cells) in a 96-well round-
bottom plate at indicated effector to target (E:T) ratios for 4-6 hr at 37°C. 7-AAD was used
to differentiate dead cells from live cells. Supernatants were collected after 24 hr co-culture
for Human cytokine 65-Plex Assay (Eve Technologies). The standard formula of 100 x
PKH26*7-AAD™ cells/ PKH26" cells % was used to calculate specific lysis percentages. For
KIR3DL3 or HHLAZ2 blocking, NK cells or target cells were pre-incubated with 20 pug/ml
anti-KIR3DL3 or anti-HHLA2 mAbs for 30 min, respectively, before mixing.
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CRISPR/Cas9-mediated knockout of HHLA2

The scramble control sgRNA and HHLAZ targeting sgRNA, generated by GPP

sgRNA Designer (https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design),
was cloned into lentiCRISPR v2 (Addgene 52961). All these constructs are not predicted

to target any known sequences in the human genome. The lentiviruses were produced as
described above. HCC827 were transduced with viral supernatant and then selected by
puromycin (2 ug/ml) for three days. Stable knockout of HHLA2 (HHLA2XO) was confirmed
by flow cytometry analysis.

RNA-seq data analysis

RNA-seq reads were aligned to the human genome (hg38) using STAR (version 2.6.1b)
(52). The number of RNA-seq fragments mapped to each gene in the reference gene
annotation (downloaded from the UCSC genome browser in 11/2019) was then counted
using HTseq (version 0.6.1) (53). Genes were considered expressed if their average
expression counts were greater than or equal to 1 in either of the two sample groups,

and selected for differential expression analysis and principal component analysis (PCA)

by DESeq?2 (version 3.11) (54). To perform gene set enrichment analysis (GSEA), we used
KEGG database and ranked all genes by -log10(p-value) and multiplied by the sign of the
log2(fold change) (55). The ranks were then used for GSEA to determine gene sets that were
enriched among the genes expressed greater in either KIR3DL3* or KIR3DL3~ samples (55,
56).

Co-immunoprecipitation and immunoblotting

NK92 cells or primary NK cells pretreated with 1 mM pervanadate (NEB) for 2 min at
37°C or not treated were lysed in Pierce IP Lysis Buffer supplemented with protease and
phosphatase inhibitor cocktail (Thermo Fisher). Proteins from whole cell lysis were further
incubated with anti-KIR3DL3 antibodies and Dynabeads protein G (Thermo Fisher) for
further immunoprecipitation. To analyze phosphorylation status, after mixing and receptor
crosslinking, cells were lysed in RIPA lysis buffer (50 mM Tris-HCI pH 7.5, 0.15 M

NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) supplemented with protease and
phosphatase inhibitor cocktail. Samples were separated on SDS-PAGE gels (Genscript) and
transferred onto nitrocellulose membranes (Bio-Rad) for protein detection.

KIR3DL3 crosslinking and cell mixing experiments

For mAb-mediated crosslinking of KIR3DL3, KIR3DL3* NK cells were preincubated with
10 ug/ml isotype control or anti-KIR3DL3 mAbs (clone 26E10) in the presence of anti-
CD16 (5 pg/ml) for 30 min on ice. After washing with medium, NK cells were crosslinked
with 25 pg/ml goat anti-mouse IgG (minimal x-reactivity) (Biolegend) at 37°C water bath
for the indicated times. For cell mixing, pre-chilled NK92 cells and target cells were mixed
at a ratio of 2:1 on ice and then transferred to a 37°C water bath for the indicated time. Cells
were moved to ice and then lysed for further immunoblotting analysis.

Immunohistochemistry staining

Immunohistochemistry staining were performed as described before (7).
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Immunofluorescence staining

FFPE human cancer TMAs (USBiomax) were deparaffinized, followed by antigen retrieval
with EDTA unmasking buffer (CST) in a steamer for 20 min at a sub-boiling temperature
(95-98°C). Slides were then blocked by 3% hydrogen peroxidase solution at RT for 10 min
and subsequently by 5% normal goat serum at RT for 1 hr. A rabbit anti-KIR3DL3 (clone
1136B, R&D) mAb was used at a dilution of 1:3500; a mouse anti-CD45 mAb (clone: 2B11
+ PD7/26, Novus Biologicals) was used at a dilution of 1:75 for overnight incubation. Then
a goat anti-mlgG (H+L) Alexa Fluor 647 (Invitrogen) and a goat anti-Rabbit 1gG (H+L)
Alexa Fluor 488 (Invitrogen) were used both at 1:2000 dilution in RT for 1 hr. The slides
were then mounted by Gold Antifade Mountant with DAPI (Life technologies). Positive and
negative controls (FFPE cell blocks) were included in each staining.

In vivo mouse models of human cancers and NK cells

Six to eight weeks old NSG mice were used in all tumor models. For the subcutaneous

Raji tumor model, HHLAZ2/Raji cells or control Raji cells (1x108) were implanted into NSG
mice subcutaneously (s.c.). Once the tumor size reached around 150 mm3, control tumor or
HHLA2* tumor-bearing mice were allocated to two groups (n= 4). Mice were then treated
with KIR3DL3* NK92 cells (2x10%) intratumorally (i.t.) and 200 g anti-KIR3DL3 mAb
(clone 26E10) or isotype control (mlgG1) intraperitoneally (i.p.) every two days for four
total treatments. For the subcutaneous HCC827 tumor model, 3x106 HCC827 were s.c.
injected. After two weeks, the mice were divided into two groups (n=4 for each group) and
received KIR3DL3* NK cell (i.t., 1x107) and mAb (i.p., 200 ug) treatment every two days
for four times. The tumor volume was calculated as (width?xlength)/2.

For the intraperitoneal tumor mouse model, 4x108 HCC827-Luc2 cells were i.p. injected
into NSG mice. KIR3DL3*NK cells were expanded as described before. Four days later,
the mice were imaged and then allocated to 26E10 or mlgG1 group based on baseline
bioluminescence to ensure sure each group had an equivalent tumor burden (n=6 for each
group). Each mouse then received 1x107 KIR3DL3* NK cells together with 1 pg rhiL-2, 1
ug rhlL-15, and 200 pg 26E10 (or mIigG1l) i.p. every other day (5 times in total).

For the intravenous tumor mouse model, 5x10° HCC827-Luc2 cells were intravenously (i.v.)
injected into NSG mice. Four or five days later, the mice were allocated to 26E10 or migG1
group based on baseline bioluminescence to ensure each group had an equivalent tumor
burden (n=4-5 for each group). Each mouse then received 7x10° expanded KIR3DL3" NK
or 4x106 expanded KIR3DL3~ NK cells together with 1 pg rhiL-2, 1 ug rhiL-15, and 200

ug 26E10 (or mlgGl) i.v. every other day (3 times in total). Bioluminescence images were
acquired by dorsal and/or ventral imaging of each mouse by the caliper life science IVIS
spectrum in vivo imaging system beginning 10-18 min after i.p. injection of D-Luciferin
(150 pg/g body weight, Gold Biotechnology). The data were analyzed with Living Image 3.0
software.

Quantification and statistical analysis

Statistical analysis was performed with Prism GraphPad software v8.0.2. The error bars in
the figures represent the standard deviation (SD). Statistical significance was determined
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with the paired or unpaired Student’s #test (two-tailed), one-way or two-way ANOVA, or
Fisher’s exact test. The statistical test used, the sample size n, and the P values are stated

in the corresponding figure legend. N in the figure represents the biological replicate unless
indicated. All /n vitro experiments with cell lines were done with at least two replicates per
condition and repeated at least twice. /n7 vitro experiments with primary human cells were
performed with at least 4 independent donors. All /n vivo experiments were performed with
at least 4 mice per group and repeated at least twice.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Characterization of KIR3DL 3 as a receptor for HHLA2.
(A) Histograms showing the binding of HHLAZ2-1g (open) or higG (shaded) to the indicated

cell lines.

(B) Top: Histograms showing the HHLAZ2 expression on the human lung cancer cell line
A427 and HCC827 examined by anti-HHLA2 mAb clone B5B5 (open) or migG1 (shaded).
Bottom: Histograms showing the binding of KIR3DL3-1g (open) or hlgG (shaded) to A427
and HCC827.
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(C) Histograms showing the binding of KIR3DL3-1g (open) or higG (shaded) to
HHLAZ2/3T3 in the presence of anti-HHLA2 mAbs (clone B5B5 or 566.1) or migGL1.

(D) Left: Cartoons showing the structures of HHLAZ2-1g (top) and HHLA2-IgV1-1g
(bottom). Right: Histograms showing the binding of HHLAZ2-1g (open, top) and HHLA2-
IgV1-Ig (open, bottom) or hlgG (shaded) to KIR3DL3/3T3 and TMIGD2/3T3 cells.

(E) Left: Cartoons showing the structures of KIR3DL3-Ig (top) and KIR3DL3-DO0-1g
(bottom). Right: Histograms showing the binding of KIR3DL3-Ig (open, top) and
KIR3DL3-DO0-1g (open, bottom) or hlgG (shaded) to HHLA2/3T3 cells.

(F) Left: The MFI of TMIGD2-mlIgG binding to HHLA2/3T3 cells. HHLA2/3T3 cells were
preincubated with KIR3DL3-Ig or hlgG at the indicated concentrations and then stained by
TMIGD2-mlg. Right: The MFI of KIR3DL3-1g binding to HHLA2/3T3 cells. HHLA2/3T3
cells were preincubated with TMIGD2-mIgG or mlgG at the indicated concentrations and
then stained by KIR3DL3-Ig.

In A-F, data are representative of two-three independent experiments.
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KIR3DL3

UMAP 1

Fig. 2. KIR3DL 3 was expressed on innate and adaptive immune cdlls.
(A) Flow cytometric analysis of KIR3DL3 expression on PBMCs. Left: KIR3DL3

expression on indicated subsets from one donor. Right: The frequencies of KIR3DL3" cells

in the indicated subsets (n=27 for NK, CD4 T, and CD8+ T; n=7 for -y6 T). Data are
represented as mean + SD.
(B) Left: The expression pattern of KIR3DL3 and TMIGD2 on CD4 and CD8+ T cells.

Middle: The distribution of KIR3DL3" CD8+ T cells based on the coordinate expression of
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CD45RA and CCR7. Right: The summary of the distribution of KIR3DL3* CD8+ T cells
(n=16). Data are represented as mean + SD.

(C) Left: The co-expression pattern of KIR3DL3 and TMIGD2 on NK cells. Right: The
frequencies of KIR3DL3* and TMIGD2" cells in the indicated NK subsets (KIR3DL3: n=8§;
TMIGD2: n=6). P values by a two-tailed paired ~test.

(D) Human PBMCs were analyzed by spectral flow cytometry. The UMAP was generated
based on flow cytometric data gated on NK cells (n=3).

In B (left) and C (left), data are representative of three independent experiments with
different donors.
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Fig. 3. KIR3DL 3 hampered both TCR dependent and independent function of CD8+ T cells.
(A) KIR3DL3 and HHLA2 colocalized on T cell immune synapses. Left: Representative

confocal images of cell conjugates acquired after Jurkat-Raji contact. Scale bars, 10 um.
Right: The bar graph show the frequencies of KIR3DL3 clusters and HHLA2-YFP or
control-YFP clusters in all cell conjugates (HHLA2-YFP* Raji, n=76; Control-YFP* Raji,
n=43). Mouse Tim-3-YFP/Raji was used as the control.
(B-D) KIR3DL3* CD8+ T redirected cytotoxicity assay against P815. (B) The lysis of P815
cells (n=5). (C) The degranulation (CD107a) and cytokine production (IFN-y and TNF-a.)
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of KIR3DL3* CD8+ T cells (n=5). CD28 and KIR3DL1 served as a negative and positive
control, respectively. (D) Cytokine production in the co-culture supernatant of KIR3DL3*
CD8+ T cells with indicated antibody-coated P815. The differentially secreted cytokines are
shown in the heatmap (n=5). Data are represented as mean + SD.

(E-F) RNA sequencing of KIR3DL3* and KIR3DL3™ CD8+ Tgpmpra (n=3). (E) The
volcano plot of RNA-seq showing downregulated (blue) and upregulated (red) differentially
expressed genes (DEGs). (F) Gene set enrichment analysis (GESA) in KIR3DL3* and
KIR3DL3™ subset. Data shown are GESA plots and the heatmaps for the leading-edge
genes.

(G-H) The T (G) and NK (H) cell surface receptor expression on CD8+ T, Tcm: TEM
KIR3DL3™ and KIR3DL3" Tgmra subsets as accessed by spectral flow cytometry (n=12).
Data are represented as mean = SD.

(1) Lysis of HHLA2/K562 or control K562 by KIR3DL3* CD8+ T cells at indicated

E:T ratios. Data are mean for duplicate measurements. Results are representative of three
independent experiments.

(J) Lysis of scrambled control or HHLA2XO HCC827 by KIR3DL3* CD8+ T cells at E:T
=10:1 (n=4).

(K) The cytotoxicity, degranulation (CD107a) and cytokine production (IFN-y and TNF-a)
of KIR3DL3* CD8+ T cell against HCC827 in the presence of anti-KIR3DL3 (26E10) or
mlgG1l at E: T=10:1 (lysis) or 2:1 (CD107a, IFN-y, and TNF-a) (n=4).

P values by a one-way ANOVA (B, C, G, H), and a two-tailed paired #test (D, J, K). *P <
0.05, **P < 0.01, *** P < 0.001, **** P < 0.0001.
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Fig. 4. KIR3DL 3 inhibited primary NK function and mediates HHL A2* tumor immune
resistance.

(A-C) Primary KIR3DL3" NK cells redirected cytotoxicity assay against P815. (A) The
lysis of P815 cells (n=4). (B) The degranulation (CD107a) and cytokine production (IFN-
v and TNF-a) of primary KIR3DL3* NK cells (n=4). CD56 and KIR3DL1 served as

a negative and positive control, respectively. (C) Cytokine production in the co-culture
supernatant of primary KIR3DL3* NK cells with indicated antibody-coated P815 (n=4-6).
Data are represented as mean * SD.
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(D) HHLA2-KIR3DL3 mediated inhibitory synapses formation. Left: The cartoons
depicting lytic and inhibitory synapses. Middle: Representative confocal images of cell
conjugates acquired after KIR3DL3* NK92 cell-A427 contact followed by staining with
anti-KIR3DL3 and Phalloidin. Scale bars, 10 um. Right: The intensity quantification of
F-actin, YFP, and KIR3DL3 at the immunological synapses (I1S) and the cell surface away
from synapses (Non-1S) from NK92 cell-Control/A427 (n=20) and NK92-HHLA2/A427
(n=21) conjugates. Mouse Tim-3-YFP/A427 was used as the control.

(E) Primary KIR3DL3* TMIGD2* NK cells were sorted and cultured /n vitro. Ten days
later, KIR3DL3 and TMIGD2 expression was examined by flow cytometry.

(F) Lysis of scrambled control or HHLA2XO HCC827 by primary KIR3DL3* TMIGD2*
NK cells in (E) at indicated E:T ratios. Data are mean for duplicate measurements. Data are
representative of three independent experiments with three different donors.

P values by a one-way ANOVA (A-B) or two-tailed paired (C-D). ****P < 0.0001; NS, not
significant.
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Fig. 5. KIR3DL3ITIM mediated NK-cell suppression through recruiting SHP-1 and SHP-2 to
attenuate downstream signaling.

(A) Tyrosine (Y) in ITIM of KIR3DL3 was mutated to phenylalanine (F). The KIR3DL3~
NK92 cell line was then transduced to express a similar level of WT KIR3DL3 or Y381F
mutant.
(B) Tyrosine phosphorylation in WT or Y381F KIR3DL3/NK92 cells cultured in the

presence or absence of pervanadate (VOy). IP, immunoprecipitation; WCL, whole-cell
lysates.
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(C) Images of cell conjugates acquired after indicated NK92 cell line and HHLA2/Raji
contact followed by staining with anti-KIR3DL3 and DAPI. Scale bars, 10 um.

(D) Lysis of Raji (top) or K562 (bottom) by WT or Y381F KIR3DL3/NK92 cell line at the
indicated E:T ratios. Data are mean for duplicate measurements.

(E) SHP-1 and SHP-2 were co-immunoprecipitated with KIR3DL3 in primary KIR3DL3*
NK cells.

(F-G) Expression and phosphorylation of Vavl, ERK1/2, AKT, and NF-xB in WT or Y381F
KIR3DL3/NK92 cells stimulated by HHLA2/Raji for the indicated time (F). Quantification
of immunoblotting (G). Data are mean + SD from two independent experiments.

(H-I1) Expression and phosphorylation of Vavl, ERK1/2, AKT, and NF-xB in primary
KIR3DL3* NK cells after crosslinking with indicated mAbs at the indicated time (H).
Quantification of immunoblotting (1). Data are mean = SD from two independent
experiments.

In A-F and H, data are representative of two or three independent experiments. P values by
an unpaired Student’s #test (G, 1). *P < 0.05, **P < 0.01, ***P < 0.001; NS, not significant.
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Fig. 6. Human HHLA2" tumorswereinfiltrated by KIR3DL3* immune cells.
(A) Representative images from the indicated cancer type (taken from the patients in

B) showed co-expression of KIR3DL3 and CD45 detected by immunofluorescence (left),
expression of HHLAZ2 and PD-L1 detected by immunohistochemistry (right). Scale bars, 50

um.

(B) Quantitative analysis of KIR3DL3 (QIF score, red, right Y-axis), HHLA2 (H score, blue,
left Y-axis) and PD-L1 (H score, green, left Y-axis) expression on kidney (n=78), gallbladder
(n=72), lung (n=54), and gastric (n=42) tumors from cancer patients.
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Fig. 7. KIR3DL 3 blockade promoted NK cell anti-tumor immunity in vitro and in vivo.
(A) The lysis of HHLA2/K562 by KIR3DL3" NK92 cells in the presence of anti-KIR3DL3

mAbs (clone 26E10 and 34B10) or anti-HHLA2 mAbs (clone B5B5 and 566.1) at an E:
T=5:1. Data are mean for duplicate measurements.

(B-C) Subcutaneous Raji mouse model treated with NK92 cells. (B) Outline of the
experiment procedure. (C) The tumor growth in the treatment of 26E10 or mIigG1 (n=4).
Each arrow indicates treatment with NK92 cells and the antibody. Mean tumor volumes +
SD are shown.
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(D) The indicated primary NK cells cytotoxicity against HCC827 at indicated E:T ratios in
the presence of 26E10 or mlgG1. Data are mean for duplicate measurements.

(E-F) The cytotoxicity (E) (n=15), degranulation (CD107a) and cytokine production (IFN-y
and TNF-a) (F) (n=4) of primary KIR3DL3* NK cells against HCC827 in the presence of
anti-KIR3DL3 (26E10) or mlgG1 at an E: T=10:1.

(G-H) Subcutaneous HCC827 mouse model treated with primary KIR3DL3" NK cells. (G)
Outline of the procedure. (H) The tumor growth in treatment of the 26E10 or migG1 (n=4).
Each arrow indicates treatment with primary KIR3DL3* NK cells and the antibody. Mean
tumor volumes + SD are shown.

(1-K) Intraperitoneal HCC827 tumor model treated with primary KIR3DL3" NK cells. (1)
Outline of the procedure. (J) Bioluminescence images by ventral imaging of each mouse

at indicated days. (K) Tumor growth in the 26E10 or mlgG1 treatment group (n=6). Each
arrow indicates treatment with primary KIR3DL3* NK cells and the antibody. Data are
mean + SD of the total flux from ventral imaging for each mouse.

(L-N) HCCB827 lung metastasis mouse model treated with primary KIR3DL3" NK cells. (L)
Outline of the experiment procedure. (M) Bioluminescence images by dorsal and ventral
imaging of each mouse at indicated days. (N) Tumor growth in the treatment of 26E10 or
mlgG1 group (n=4). Each arrow indicates a treatment with primary KIR3DL3" NK cells
and the antibody. Data are mean + SD of the average of total flux from dorsal and ventral
imaging for each mouse.

Data are representative of three (A, D) or two (C, H, K, N) independent experiments. P
values by a two-way ANOVA (C, H, K, N), a two-tailed paired #test (E) and a one-way
ANOVA (F).
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