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e IGSF8 is highly expressed on malignant cells with antigen
presentation defects

e IGSF8 interacts with NK receptors to suppress NK cell
cytotoxicity

e Anti-IGSF8 antibody increases NK cell killing of malignant
cells in vitro

e Anti-IGSF8 alone or in combination with anti-PD1 inhibits
tumor growth in vivo
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In brief

IGSF8, aberrantly expressed on
malignant cells, functions as an innate
immune checkpoint that inhibits
cytotoxicity of natural Killer cells. A
monoclonal antibody targeting IGSF8
alone, or in combination with immune
checkpoint blockade, shows therapeutic
potential in preclinical models.
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SUMMARY

Antigen presentation defects in tumors are prevalent mechanisms of adaptive immune evasion and resis-
tance to cancer immunotherapy, whereas how tumors evade innate immunity is less clear. Using CRISPR
screens, we discovered that IGSF8 expressed on tumors suppresses NK cell function by interacting with hu-
man KIR3DL2 and mouse Kira9 receptors on NK cells. IGSF8 is normally expressed in neuronal tissues and is
not required for cell survival in vitro or in vivo. It is overexpressed and associated with low antigen presenta-
tion, low immune infiltration, and worse clinical outcomes in many tumors. An antibody that blocks IGSF8-NK
receptor interaction enhances NK cell killing of malignant cells in vitro and upregulates antigen presentation,
NK cell-mediated cytotoxicity, and T cell signaling in vivo. In syngeneic tumor models, anti-IGSF8 alone, or in
combination with anti-PD1, inhibits tumor growth. Our results indicate that IGSF8 is an innate immune check-
point that could be exploited as a therapeutic target.

INTRODUCTION

Immune checkpoint blockade (ICB) is a revolutionary approach
to cancer treatment with exciting clinical efficacy. However, cur-
rent ICB treatments benefit only a minority of cancer patients.’
Two major mechanisms underlying this resistance to immuno-
therapy and immune evasion are T cell dysfunction and T cell
exclusion.”® Normally, CD8* T cells recognize neoantigens pre-
sented on malignant cells by major histocompatibility complex
class | (MHC-I). T cells can kill malignant cells upon neoantigen
recognition, but inhibitory molecules expressed on malignant
cells often interact with T cells to induce T cell dysfunction. Cur-
rent ICB antibodies can block this interaction and rejuvenate
T cells that are at an early stage of dysfunction.” Besides
T cell dysfunction, MHC-I loss has been reported in over 65%
of all tumors and is a common mechanism of both primary and
acquired resistance to ICB treatment.®” MHC-I loss can occur
through DNA mutations,® RNA down-regulation,® epigenetic
silencing,'® or protein degradation from autophagy.'' These
antigen-presentation-deficient tumors cannot be detected or
destroyed by T cells and therefore often have low T cell infiltra-
tion (T cell exclusion) and are considered “immune cold” tumors.
MHC-I normally acts as a marker of “self,” and cells that lack
MHC-I, for example due to viral infection,'? are recognized and
killed by Natural Killer (NK) cells. Considering the prevalence of

tumors with MHC-I loss, we set out to solve a major puzzle in
cancer immunology: why aren’t tumors with MHC-I defects killed
by NK cells?

RESULTS

A co-culture CRISPR screen identifies IGSF8 as an NK-
cell checkpoint

We hypothesized that malignant cells with MHC-I defects ex-
press proteins to suppress NK cell function, thereby escaping
NK cell activation and killing. To identify proteins with NK-cell
checkpoint function, we conducted NK cell co-culture CRISPR
screens in an MHC-| proficient COLO205 human colon cancer
cell line and another MHC-I deficient'® AGS human gastric can-
cer cell line. We infected the cells with lentiviral CRISPR
knockout libraries (genome-wide library for COLO205 and cell
surface gene library for AGS) and grew the infected cells for
seven days in vitro (STAR Methods). The edited cells were then
cultured alone or treated with expanded primary human NK cells
(STAR Methods) overnight to identify genes whose knockout in-
fluences NK cell-mediated cancer cell killing (Figure 1A). CRISPR
guide abundances from edited COLO205 or AGS cells with or
without NK cell treatment were measured by high throughput
sequencing, and differentially selected genes between the two
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Figure 1. Identification of IGSF8 as a suppressor of NK cell killing

(A) Outline of the CRISPR screens in AGS or COLO205 and NK cell co-culture system.

(B and C) Negatively (B) or positively (C) selected genes in the AGS or COLO205 and NK cell co-culture screen. The top known genes under negative or positive
selection were highlighted.

(D) Cell surface protein expression of IGSF8 on COLO205 (left) or AGS (right) control cells (human gAAVS1) and IGSF8-null cells (human gIGSF8-1/2) as measured
by flow cytometry.

(E) Human NK cell-mediated cytotoxicity against COLO205 (left) or AGS (right) control and IGSF8-null cells by flow cytometric staining of COLO205 or AGS cells
with viability dye (n = 3).

(F) Cell surface protein expression of Igsf8 on B16-F10 control cells (mouse gRosa26) and Igsf8-null cells (mouse glgsf8-1/2) as measured by flow cytometry.
(G) Mouse NK cell-mediated cytotoxicity against B16-F10 control and Igsf8-null cells by flow cytometric staining of B16-F10 cells with viability dye (n = 3).

(H) Tumor growth of B16-F10 syngeneic model. Half a million of B16-F10 cells harboring either mouse gRosa26 (ctrl) or mouse glgsf8 were inoculated sub-
cutaneously into wild-type (WT) C57BL/6 mice (n = 8). Tumor volumes were measured at day 7, 10, 13, and 16.

(I) The infiltration of immune cells in both B16-F10 control and Igsf8-null tumors was analyzed using flow cytometry. The percentage (+SD) of each immune cell
type among the total live cells in the tumors was plotted on the y axis (STAR Methods, n = 4, two-tailed Student’s t test). MAC indicates CD11b* F4/80*
macrophage.

(J) The most highly enriched Gene Set Enrichment Analysis (GSEA) pathways among upregulated genes in the B16-F10 Igsf8-null tumors compared to the control
tumors. Data are represented as mean + SD unless otherwise noted. Statistics: a two-way ANOVA test with Greenhouse-Geisser correction was used to calculate
significance (E, G, and H). **p < 0.01, **p < 0.001, ***p < 0.0001. See also Figure S1.

treatment conditions were identified by the MAGeCK known to inhibit NK cell killing. For example, MHC-I members,
algorithm.™ including HLA-C that binds to KIR2D family receptors,’® and

We were interested in negatively selected genes whose HLA-E that binds to NKG2A'® were the strongest hits in
knockout renders the malignant cells more sensitive to NK cell COLO205 (Figure 1B; Table S1) but were much weaker in the
killing (negatively selected) and indeed found many genes well MHC-I defective AGS cells (Figure 1B; Table S2). Other
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negatively selected genes common between the two cell lines,
such as EPCAM,'” CD38,'® and PVR,'%%° were previously re-
ported NK-cell suppressors. The top positively selected genes,
although slightly different in the two cell lines, were also well-
known activating ligands for NK cells, such as NCR3LG1?" in
COL0205; ICAM1;?*> MICA/B;?® and CD58%* in AGS (Figure 1C).
Strong negative and positive selection of genes expected to be
involved in NK cell killing based on known mechanisms support
the methodology used and the validity of the NK cell co-culture
CRISPR screens results.

In addition to the expected targets, IGSF8 consistently ap-
peared as a strong negatively selected gene in both screens (Fig-
ure 1B). It also showed moderate negative selection in previously
published CRISPR screens in the K562 leukemia cell line co-
cultured with NK cells®® (Figure S1A). IGSF8 (also known as
EWI-2, CD316, LIR-D1) is a member of the EWI subfamily of
the immunoglobulin superfamily and has been reported to asso-
ciate with the tetraspanins CD81 and CD9 on the same cells,*®
potentially regulating cell migration®” and viral infection.?®*°
IGSF8 was also reported to have tumor suppressor-like proper-
ties in glioma and glioblastoma,*® although few published
studies directly interrogated IGSF8 function. CRISPR screens
on hundreds of cancer cell lines grown under baseline conditions
(in the absence of immune cells) from the DepMap project®’ sug-
gest that IGSF8 has no major effects on cancer cell survival
(Figures S1B and S1C).

To test the hypothesis that loss of IGSF8 in malignant cells en-
hances NK-cell killing, we used two different CRISPR gRNAs to
knockout IGSF8 in COLO205 and AGS cancer cell lines and
observed significantly increased kiling by primary NK cells
(Figures 1D and 1E). In H520 non-small cell lung cancer and
K562 leukemia cell lines, loss of IGSF8 also promoted NK cell
killing (Figures S1D and S1E), suggesting a general inhibitory func-
tion of IGSF8 in different cancer types. We examined whether
IGSF8 might suppress NK cell function through regulating MHC-I
levels in malignant cells. However, IGSF8 knockout resulted in little
change in human leukocyte antigen (HLA) or MHC-I member B2M
expression at either the RNA (Figure S1F) or protein (Figure S1G)
level in COLO205 and AGS cells. Conversely, B2M knockout did
not alter either the IGSF8 mRNA (Figure S1H) or protein expression
(Figure S1l). Inaddition, IGSF8 was not a hit in previously published
CRISPR screens®” aiming to identify regulators of cell-surface
MHC-I expression, indicating that IGSF8 suppression of NK cyto-
toxicity could be mediated by an MHC-I-independent mechanism.
We next hypothesized that IGSF8 might suppress NK cytotoxicity
by reducing NK cell degranulation. Indeed, IGSF8 overexpression
in K562 cells significantly inhibited the expression of degranulation
marker CD107a>® on NK cells derived or expanded from human
peripheral blood mononuclear cells (PBMC) during co-culture,
an effect comparable to HLA-C overexpression (Figure S1J).
Moreover, overexpression of IGSF8 suppressed NK-cell killing of
K562 cells (Figure S1K). These observations indicate that IGSF8 in-
hibits NK cell-mediated cytotoxicity by suppressing degranulation.

IGSF8 is an evolutionarily conserved gene, having 90%
sequence identity between human and mouse. The mouse
Igsf8 gene also showed negative selection in two published NK
cell-co-culture CRISPR screens, one using the mouse MC38
colorectal cancer cell line,®* and the other using the mouse

¢ CellP’ress

MHC-I defective® B16-F10 melanoma cell line®® (Figures S1L
and S1M). To validate this phenotype, we used two different
CRISPR gRNAs to knock out /gsf8 in B16-F10 and observed
significantly increased NK cell killing (Figures 1F and 1G), sug-
gesting that IGSF8 suppression of NK cells is conserved be-
tween human and mouse. In addition, while /gsf8 knockout has
little effect on B16-F10 cell growth in vitro (Figure S1N), it dramat-
ically reduced tumor growth in the C57BL/6 syngeneic mice
in vivo (Figure 1H). Flow cytometry of the tumor-infiltrating
CD45" cells revealed that /gsf8 knockout in B16-F10 resulted
in significantly increased NK and CD8 T cells and little effect
on macrophages (Figure 1l). Comparing RNA-seq profiles of
B16-F10 tumors with or without /gsf8 knockout collected
17 days after implantation revealed that /gsf8 knockout in tumors
resulted in remarkable up-regulation of NK cell-mediated cyto-
toxicity, increases in antigen processing and presentation, and
T cell signaling (Figures 1J and S10; Table S3). Together, our re-
sults suggest that IGSF8 is an NK-cell checkpoint and novel
immunotherapy target.

IGSF8 interacts with specific NK receptors to suppress
NK cell function

IGSF8 protein normally has a weak interaction with resting NK
cells in PBMC, but this interaction was markedly enhanced in
the expanded NK cells that were used in our CRISPR screens
(Figures 2A and 2B; STAR Methods). To identify the IGSF8 bind-
ing partner on human NK cells, we took two different ap-
proaches. First, we sorted expanded NK cells below the 10"
and above the 90" percentile of binding to IGSF8 protein to
find genes that might be responsible for the differential binding
(Figure S2A). Comparing the RNA-seq profiles between the
two cell populations, we found KIR3DL2 to be the top cell sur-
face receptor with differential expression (Figure 2C; Table S4).
Second, we conducted CRISPR screens by transfecting primary
expanded NK cells with a lentiviral gRNA pool targeting all cell
surface proteins and introducing the Cas9 protein by electropo-
ration (Figure S2B; STAR Methods). We cultured the NK cells for
seven days in vitro to complete gene knockout, then sorted the
NK cells below the 10" and above the 90" percentile of binding
to IGSF8 protein. By comparing CRISPR gDNA abundance be-
tween the two cell populations, we again identified KIR3DL2 as
a gene whose loss in NK cells decreases IGSF8 binding to NK
cells (Figure S2C; Table S5).

KIR3DL2 is a member of the killer cell immunoglobulin-like re-
ceptors (KIRs), a family of proteins known to interact with MHC-I
to inhibit NK cell function.®” 3D structural modeling revealed that
IGSF8 exhibits high structural similarity (TM-score > 0.5) with the
alpha3 domain of human and mouse MHC-I and B2M proteins
(Table 1), supporting IGSF8 binding to KIR3DL2 in place of
MHC-I/B2M. We validated the specific interaction between
KIR3DL2 and IGSF8 with several approaches. First, using surface
plasmon resonance, we measured the affinity of KIR3DL2-IGSF8
interaction to be 0.654 uM (Figure S2D). Second, we expressed
the Fc-fusion protein of six different KIR family members and
found that only KIR3DL2 can bind to mouse CT26 cells overex-
pressing IGSF8 (Figure 2D). We also overexpressed different
KIR family genes on CT26 cells and found only CT26-KIR3DL2
cells to bind to IGSF8 protein (Figure S2E). The interaction
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Figure 2. Identification of KIR3DL2 and Klra9 as the binding partner of IGSF8 on NK cells

(A and B) Representative figures (A) and summary (B). The data display the percentage of CD56* NK cells expressing the putative IGSF8 binding partner in
peripheral blood samples collected from nine healthy donors. The samples were collected both before (blue, left) and after (red, right) ex vivo expansion of human
NK cells. Expression of the putative IGSF8-binding partner was detected by biotinylated human IGSF8-his recombinant protein (n = 9).

(C) Rank plot of MRNA expression based on the log 2-fold difference in mMRNA expression, comparing the top 10% and bottom 10% of expanded NK cells based
on their binding to the IGSF8 protein. The top hit, KIR3DL2, and other genes in the KIR family are highlighted.

(D) Flow cytometry staining of CT26 cells transduced with either human IGSF8 cDNA or with an HA tag (control). KIR extracellular domains were produced with a
human Fc tag in CHO cells and biotinylated. Overlay histograms show the binding of the KIR proteins to CT26 cells overexpressing IGSF8 or to control cells.
(E) Flow cytometry on CD56" NK cells using an anti-KIR3DL2 monoclonal antibody. Each dot shows the percentage of NK cells that express KIR3DL2 on the cell
surface collected from a healthy donor before (blue) and after (red) ex vivo expansion (n = 9).

(F) Simple linear regression between the percentage of expanded NK cells expressing KIR3DL2 (y axis) and the percentage of NK cells that bound biotinylated
IGSF8-his protein (x axis).

(G) NK cell-mediated cytotoxicity. NK cells were co-cultured with K562 overexpressing IGSF8 or HLA-C or HA-tag control for 4 h. Boxplots show mean + SD
(n=5).

(H) Arank plot of mMRNA expression based on the log 2-fold/IfcSE difference in mRNA expression, comparing the top 10% and bottom 10% of NK-cell binding to
mouse Igsf8 protein (n = 3). KIra9, and other Ly49 family genes are highlighted.

(I) Flow cytometry staining of CT26 cells transduced with either mouse Igsf8 cDNA or HA tag (control). The extracellular domains of Kirat, 2, 3, 5, 6, and 9 were
produced with a human Fc tag in CHO cells and biotinylated. Overlay histograms show the binding of Klra proteins to CT26 cells overexpressing Igsf8 or to control
cells. Statistics: two-tailed Student’s t test (B, E, and G). ****p < 0.0001. See also Figure S2.

between IGSF8 protein and CT26-KIR3DL2 cells could be fully neered NK92 cells expressing KIR3DL2, but not to wild-type
blocked by a commercially available KIR3DL2-specific antibody  NK92 cells that do not express KIR3DL2 (Figures S2G and
(MAB2878) (Figure S2F). Third, IGSF8 protein binds to engi- S2H). Fourth, KIR3DL2 expression was significantly increased
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Table 1. Comparative analysis of the protein tertiary structures between IGSF8 and human or mouse MHC class I-B2M complexes

IGSF8_ECD IGSF8_D1 IGSF8_D2 IGSF8_D3 IGSF8_D4
H-2Kb_alphat 0.4031 0.4031 0.4174 0.3904 0.3721
H-2Kb_alpha2 0.372 0.3974 0.4057 0.3887 0.3427
H-2Kb_alpha3 0.5528 0.5528 0.5527 0.579 0.5867
mouse_B2M 0.6214 0.5417 0.5963 0.6049 0.6351
HLA-B*5701_alpha1 0.4206 0.3951 0.4267 0.4146 0.3499
HLA-B*5701_alpha2 0.3827 0.3966 0.4018 0.3637 0.3527
HLA-B*5701_alpha3 0.5614 0.5614 0.5375 0.5833 0.5882
human_B2M 0.6222 0.5397 0.5303 0.6056 0.6293

Note: TM-scores are normalized by the length of MHC-I/p2M domains.

on expanded NK cells (Figure 2E), consistent with the increased
IGSF8 protein binding to these cells (Figure 2B). When testing
expanded NK cells from nine different donors, we observed a sig-
nificant positive correlation between KIR3DL2 expression on the
expanded NK cells and IGSF8 binding to these cells (Figure 2F).
Additionally, we observed comparable binding of IGSF8 protein
or anti-KIR3DL2 antibody (MAB3878) to PBMC-derived NK cells
that were co-cultured with K562 cells (Figure S2I). Furthermore,
the binding of IGSF8 to expanded NK cells could be completely
blocked by MAB2878 (Figure S2J). Finally, a recent high-
throughput interaction screening study®® of human immune cell
surface receptors also identified IGSF8 and KIR3DL2 as each
other’s mutual top interaction partners (Figure S2K). Together,
these results demonstrate a specific interaction between IGSF8
and the KIR3DL2 receptor on human NK cells.

We next sought to evaluate the effect of IGSF8-KIR3DL2 inter-
action on NK cell-mediated cytotoxicity with two experiments.
First, we performed a co-culture experiment by incubating
expanded primary NK cells with K562 cells overexpressing
IGSF8, HLA-C, or HA-tag control, followed by flow cytometry
analysis of the NK cells using antibodies against the degranula-
tion marker CD107a or KIR3DL2. While K562-HLA-C inhibited
degranulation in NK cells regardless of KIR3DL2 levels, K562-
IGSF8 inhibited degranulation specifically in the KIR3DL2+ NK
cells (Figure 2G). Second, we evaluated the cytotoxicity of
NK92 and NK92-KIR3DL2 cells against K562 cells overexpress-
ing IGSF8, HLA-C, or HA-tag control. Whereas NK92 cells, which
express LILRB1 (Figure S2L), exhibited reduced killing of K562-
HLA-C cells regardless of KIR3DL2 expression, NK92-KIR3DL2
cells showed reduced killing specifically against K562-IGSF8
cells (Figure S2M). These findings provide evidence that IGSF8
inhibits NK cell-mediated cytotoxicity through its specific inter-
action with KIR3DL2.

A challenge in identifying the IGSF8 binding partner in mice is
that the expression of KIR3DL2 or other KIR family proteins is ab-
sent in mouse NK cells. Instead, the mouse genome possesses a
counterpart receptor gene family Ly49 that closely resembles
the human KIR family in both functional and genetic characteris-
tics but is not expressed in humans.®® To identify the Igsf8
mouse binding partner, we first collected mouse splenocytes
and observed that NK cells exhibit stronger binding to mouse
Igsf8 protein compared to T cells (Figure S2N). Comparing
mRNA of pre-activated NK cells below the 10" and above the

90" percentile of binding to the mouse Igsf8 protein (Figure S20),
we found that the mRNA of Klra9 in the Ly49 family was signifi-
cantly more abundant in NK cells that bind to the mouse Igsf8
protein (Figure 2H; Table S6). We then expressed different mem-
bers of the Ly49 receptor family as human Fc (hFc) recombinant
proteins and found that only Klira9 protein binds specifically to
CT26-1gsf8 cells (Figure 21). In humans, KIRSDL2 is a framework
gene in the KIR family, meaning that with few exceptions it is pre-
sent in every individual, and is a known MHC-I receptor in hu-
mans.*° Similarly, in mice, Klra9 is a framework gene in the
Ly49 family that interacts with MHC-I to inhibit NK cell function.*’
The mirrored functional and genetic characteristics of KIR3DL2
and Klra9 suggest that their interaction with IGSF8 plays a
conserved function in regulating NK cells.

IGSF8 is highly expressed and associated with poor
clinical outcomes in many cancers, and IGSF8
interaction with KIR3DL2 is independent of KIR3DL2
and HLA alleles

Normally, IGSF8 is most highly expressed in the brain and com-
ponents of the central nervous system (CNS), while KIR3DL2 is
expressed in spleen and whole blood, especially in NK cells
(Figures S3A-S3C). Because neurons express little to no
MHC-1,%>"** the role of IGSF8 may contribute to the immune priv-
ilege of the CNS through NK cell suppression. In The Cancer
Genome Atlas (TCGA) tumor profiles, IGSF8 mRNA is most
abundant in melanoma and is significantly overexpressed in
many solid tumor types (Figure 3A). IGSF8 also shows frequent
copy number amplifications (Figure S3D), which is positively
correlated with IGSF8 mRNA expression (Figure S3E), suggest-
ing that it is expressed in malignant cells. Indeed, analysis of tu-
mor single-cell RNA-seq data across 96 studies*® confirmed that
IGSF8 is most highly expressed in malignant cells (Figure 3B;
STAR Methods). In contrast, KIRBDL2 has low overall expression
and sparse copy number aberrations in TCGA cancer samples
(Figures S3F and S3G) but is expressed uniquely in NK cells
and T cells (Figure 3B).

In tumors profiled in the TCGA database, IGSF8 mRNA
expression is negatively associated with CD8, granzyme, per-
forin, CD274 (PDL1), and MHC-I member B2M (Figure 3C). In
addition, IGSF8 mRNA expression is significantly correlated
with autophagy regulators that degrade MHC-1.""**~*" Further-
more, we observed frequent down-regulation of B2M and
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up-regulation of IGSF8 mRNA expression in many cancer types
in the TCGA database, especially non-small cell lung cancers
and colorectal cancers (Figures S3H and S3l). These findings
align with the scRNA-seq data obtained from colorectal tumors
and adjacent normal tissues of 28 mismatch repair-proficient
(MMRp) and 34 mismatch repair-deficient (MMRd) patients.*”
Within the authors’ carefully curated cell annotations on this da-
taset, malignant cells exhibit a significant decrease in B2M
expression and an increase in IGSF8 expression compared to
adjacent normal epithelial cells, particularly in MMRp tumors
(Figures 3D and S3J). Interestingly, KIR3DL2 is expressed on
NK cells, but even higher in the non-MHC-I restricted v3
T cells, especially in the tumor tissues (Figure 3D). This observa-
tion, together with another study®® showing that 90% of tumor-
infiltrating PD1+ v3 T cells in MHC-I defective colorectal tumors
have cell surface KIR3DL2 expression, suggests the potential
involvement of KIR3DL2 and 3 T cells in antigen presentation-
defective tumors. Together, our investigation in public data indi-
cates IGSF8 is higher in tumors with poor immune infiltration, low
susceptibility to cytotoxicity, antigen presentation defects, and
resistance to anti-PD1 treatment. Interestingly, kidney cancers
have distinct tumor immune microenvironment and ICB
response profiles than other solid tumors,*® and IGSF8 also be-
haves differently in kidney cancers than in other solid tumors,
supporting its potential role as an immune checkpoint.

To evaluate whether IGSF8 and MHC-I are inversely ex-
pressed at the protein level, we first examined available prote-
omics data from Cancer Cell Line Encyclopedia (CCLE)*" and
Clinical Proteomic Tumor Analysis Consortium (CPTAC).>**°
In general, IGSF8 mMRNA and protein levels are significantly
correlated in CCLE cell lines (Figure S3K) and tumors in the
CPTAC database (Figure S3L). However, B2M and IGSF8 pro-
teins have no correlation in CCLE cell lines (Figure S3M),
consistent with our earlier observations that B2M and IGSF8
do not directly regulate each other in vitro (Figures S1G and
S1l). B2M and IGSF8 also show no correlation in tumors in
the CPTAC database (Figure S3N), potentially due to confound-
ing MHC-I protein expression on stromal and immune cells in
the tumors. Therefore, we conducted immunohistochemistry

¢ CellP’ress

staining of lung cancer, colorectal cancer, breast cancer, and
melanoma tumor slides (Figure S4A). Indeed, MHC-I was pri-
marily located in stromal cells and often much lower or absent
in malignant cells. In contrast, IGSF8 protein expression was
primarily located in malignant cells, as evidenced by its co-
localization with cytokeratin and confirmed by Hematoxylin
and Eosin (H&E) staining (Figure S4A). Moreover, we observed
a heterogeneous and inverse expression of MHC-I and IGSF8
proteins among different malignant cells within the same tumor
samples (Figure 3E). This result suggests a potential role for
IGSF8 in evading NK cell attack in tumors with MHC-I
deficiency.

We further evaluated the relationship between IGSF8 mRNA
expression and clinical outcomes. In cervical, endometrial, co-
lon, non-small cell lung cancers, and melanoma in the TCGA
database, among tumors with lower MHC-I expression, high
IGSF8 expression is significantly associated with worse survival
(Figures 3F and S4B). In one melanoma study with tumor profiles
done before Pembrolizumab treatment,”® whereas neither PD1
nor PDL1 expression distinguishes responders from non-re-
sponders, complete responders had significantly lower IGSF8
levels and significantly higher B2M levels (Figure S4C). In another
melanoma study with tumor profiles before and during Nivolu-
mab treatment,*® IGSF8 level is significantly lower in the on-
treatment tumors that benefited from Nivolumab (Figure 3G).
These results suggest that good antigen presentation and low
IGSF8 expression might be informative predictors or indicators
of anti-PD1 response.

KIR3DL2 is highly polymorphic, with 62 reported protein cod-
ing allelic variants.”® We experimentally tested nine of the most
common KIR3DL2 variants annotated in a North American
cohort®” and found all of them bind strongly to IGSF8 (Figure 3H)
and the KIR3DL2 antibody Lacutamab (Figure S4D). We also
computationally annotated the top 11 most prevalent KIR3DL2
variants in tumors in the TCGA database,® which include the
top nine variants in the North American cohort and cover
88.5% of the patient samples in the TCGA database. Although
some of the KIR3DL2 variants are associated with differential
KIR3DL2 expression (Figure S4E), none of them are associated

Figure 3. Evaluation of IGSF8 and KIR3DL2 gene expression profiles in patient tumors

(A) Differential expression of IGSF8 in tumor (red) versus tumor-adjacent normal tissues (blue) in TCGA. Tumor types are categorized into three groups:
“overexpression,” “unknown,” and “downregulation,” and sorted by the IGSF8 expression levels in tumors. Differences assessed by two-tailed Student’s t-test:
*p < 0.05, **p < 0.01, ***p < 0.0001.

(B) Single-cell expression of IGSF8 and KIR3DL2 in malignant cells and immune cells. Data from approximately four million cells from 836 non-treated cancer
patients were obtained from TISCH2. Pseudo-bulk expression and cell fraction are visualized using gradient color and dot size, respectively.

(C) Spearman’s rank correlation between IGSF8 expression and selected genes. Across most TCGA tumor types, IGSF8 expression negatively correlates with
CD8A, CD8B, GZMA, GZMB, PRF1, and B2M, while positively correlating with autophagy-related genes, including NBR1, SYVN1, TMEM129, and SND1. The
correlation coefficient and statistical significance (o < 0.05) are represented by color and solid boxes, respectively.

(D) Cell-type-specific expression of IGSF8, KIR3DL2, and B2M in colorectal tumor and adjacent normal tissues from Pelka et al
and the fraction of cells expressing the genes are represented by color and shape size (STAR Methods), respectively.

(E) Representative images of immunohistochemical staining with anti-IGSF8 (red), anti-HLA-A/B (blue) and H&E on tissue sections of lung tumors. The "merge"
image illustrates inverse expression of IGSF8 and MHC-I within the same tumor sections. White box indicates the zoomed area shown below each tissue section.
(F) Hazard ratios associated with IGSF8 expression in patients with relatively low antigen presentation (MHC low, STAR Methods) in six TCGA cancer types. Cox
multivariate regression was conducted to determine the hazard ratio for IGSF8, with corresponding p values presented.

(G) Comparison of IGSF8 expression in patients, stratified by response to anti-PD1 treatment (blue: pre-treatment, red: on-treatment). RNA-seq data from GEO
accession number GSE91061.® "Benefit” group: complete response, partial response, and stable disease; “Non-benefit” group: progressive disease. Statistical
analysis were performed using two-tailed Student’s t-test and Wilcoxon rank-sum test (U-test).

(H) Flow cytometric staining of CT26 cells with exogenous expression of nine KIR3DL2 variants or the HA tag (control) by lentiviral vector. Overlay histograms
show the binding of IGSF8 proteins to CT26 cells with different KIR3DL2 variants or control tag. See also Figures S3 and S4.

1.*” Normalized expression levels
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Figure 4. Development of an anti-IGSF8 antibody to activate NK cell-mediated cytotoxicity

(A) Surface plasmon resonance (SPR) sensorgrams of the anti-IGSF8 antibody (IGSF8.06).

(B) The effect of IGSF8.06 or isotype-matched control antibody on the binding of biotinylated KIR3DL2 recombinant protein to CT26 cells transduced with human
IGSF8 or HA tag (control). MFI, mean fluorescence intensity.

(C) same as (B), using Klra9-hFc recombinant protein and mouse Igsf8.

(D) Dose-response curve on the effect of varying concentrations (x axis) of IGSF8.06 (red) or isotype-matched control IgG (blue) (both with IgG1-LALA Fc)
treatment on K562-IGSF8 cell lysis (y axis). Human primary PBMC NK cells from a healthy donor were co-cultured with K562 cells overexpressing IGSF8 at a 1:1
E:T ratio with antibody treatment for 4 h.

(E-G) Same as (D), but with primary lung (E), colon (F), and liver (G) malignant cells.

(H) Engineered NK92-KIR3DL2 or wild-type NK92 cells were co-cultured with COLO205 cells at a 2:1 E:T ratio with varying concentrations of IGSF8.06-IgG1-
LALA (red) or IgG1-LALA isotype-matched control (blue) antibody overnight.

(l) Same as (D), but with mouse primary NK cells evaluated against B16-F10 cells at a 1:1 E:T ratio overnight. Data are represented as mean + SD (n = 3). Statistics:

a two-way ANOVA test was used to calculate significance (D-I). **p < 0.001, ***p < 0.0001. See also Figure S5.

with differential IGSF8 expression in tumors in the TCGA data-
base (Figure S4F). We further examined the known KIR3DL2 li-

An antibody that blocks IGSF8 interaction with its NK
receptors enhances NK cell killing

gands HLA-A3 and A11°° but failed to identify a significant asso-
ciation between HLA-A3/A11 and KIR3DL2 mRNA expression
(Figure S4G), IGSF8 mRNA (Figure S4H), or protein expressions
(Figure S4l) in tumors in the TCGA database. In addition, the
presence of HLA-A3 or A11 alleles in patients in the TCGA data-
base does not seem to impact the association of IGSF8 with sur-
vival outcomes (Figure S4J). Together these data suggest that
IGSF8-KIR3DL2 interaction might be independent of KIR3DL2
or HLA allele variants.

8 Cell 187, 1-14, May 23, 2024

The Mouse Genome Database® reports only minor metabolic and
diabetic phenotypes for Igsf8-null mice, so we reasoned that sys-
temically blocking IGSF8 by an antibody may be well tolerated. We
developed an antibody (IGSF8.06) against IGSF8 to block the
interaction between IGSF8 and its binding partners. The antibody
binds with high affinity (KD = 0.19 nM) to human IGSF8 (Figure 4A)
and cross-reacts with mouse Igsf8 (Figure S5A). IGSF8.06 also has
high specificity since it doesn’t bind to IGSF8-null malignant cells
even at a high antibody concentration (100 pg/mL) (Figure S5B).
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Biolayer Interferometry experiments demonstrated that the
IGSF8.06 antibody specifically blocks the interaction between
KIR3DL2 and IGSF8 proteins (Figure S5C). In addition, flow cytom-
etry experiments confirmed that IGSF8.06 antibody specifically
blocks KIR3DL2 binding to CT26 cells overexpressing human
IGSF8 (Figure 4B) or Klra9 binding to CT26 cells overexpressing
mouse Igsf8 (Figure 4C). The IGSF8.06 antibody contains an
L234A/L235A (LALA) mutation in the Fc region to eliminate
potential Fc-dependent effector functions.

We first assessed the Fc-silent IGSF8.06 antibody function
in vitro and found it to significantly enhance the cytotoxicity
of expanded NK cells against AGS and COLO205 cells
(Figures S5D and S5E). The antibody also increased the killing
of PBMC-derived NK cells against K562 cells overexpressing
either IGSF8 (Figure 4D) or HLA-C (Figure S5F). Next, we tested
commercially obtained, cultured primary lung, colon, and liver
malignant cells with detectable IGSF8 and MHC-I| expression
(Figure S5G) and again observed elevated PBMC-derived NK
cell kiling of these malignant cells upon IGSF8.06 treatment
(Figures 4E-4G). To investigate whether the activation of NK cells
by IGSF8.06 antibody depends on KIR3DL2, we tested IGSF8.06
antibody on COLO205 or K562-IGSF8 malignant cells co-cultured
with NK92 or NK92-KIR3DL2 cells. While IGSF8.06 antibody
significantly increased the killing of COLO205 or K562-IGSF8 cells
by NK92-KIR3DL2 cells, it did not affect the killing of COLO205 or
K562-1GSF8 cells by wild-type NK92 cells (Figures 4H and S5H).
Furthermore, IGSF8.06 antibody significantly boosted the cyto-
toxicity of expanded mouse spleen-derived NK cells with Klra9
expression (Figure S5I) against the mouse melanoma B16-F10
cells (Figure 4l). Together, these results demonstrate that the
IGSF8.06 antibody enhances NK cell killing of malignant cells by
blocking IGSF8 interaction with its NK receptors.

The anti-IGSF8 antibody has remarkable anti-tumor
effects in vivo
We tested the in vivo efficacy of the Fc-silent IGSF8.06 antibody
in the B16-F10 syngeneic tumor model. We observed remark-
able in vivo efficacy as measured by tumor growth inhibition (Fig-
ure 5A) and mouse survival (Figure S6A). In three out of eight
mice, the B16-F10 tumors completely disappeared, and these
mice remained tumor-free beyond the end of the experiment
(58 days), whereas all mice in the control group had to be
sacrificed by day 25 due to large tumor size (Figure S6A). Flow
cytometry of the tumor-infiltrating CD45" cells from the har-
vested tumors revealed that IGSF8.06 treatment significantly
increased NK, T, and DC cell infiltration, but had little effect
on macrophages (Figure 5B). Furthermore, while CD4 or CD8
T cell depletion with anti-CD4 or CD8b antibodies had only mod-
erate effect on the IGSF8.06 antibody efficacy in vivo (Figures 5C
and S6B), NK cell depletion with an anti-NK1.1 antibody
completely abolished IGSF8.06 in vivo efficacy (Figure 5D). Since
this antibody does not have Fc-mediated effector functions in
mice, these results indicate that the blocking function of the
IGSF8.06 antibody to activate NK cells is critical for the observed
in vivo anti-tumor activity.

We further evaluated the in vivo efficacy of IGSF8.06 as a
single agent or in combination with anti-PD1 in melanoma
(B16-F10), Lewis lung carcinoma (LLC), colon cancer (CT26),
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and triple negative breast cancer (EMT6) syngeneic tumor
models. In all the models, IGSF8.06 monotherapy demonstrated
significant anti-tumor activity in vivo (Figures 5E and S6C-S6E).
In addition, when we combined the two antibodies at half the
dose of each, the efficacy exceeded either monotherapy at the
full dose in all the models. Notably the B16-F10 model, with
slightly lower MHC-I (and MHC-I defects®®) and higher IGSF8
expression compared to the other models (Figures S6F and
S6G), not only gave the best monotherapy efficacy in vivo, but
also showed the best survival benefits from the combination
treatment (Figure 5F). RNA-seq analyses of the syngeneic tu-
mors revealed that IGSF8.06 treatment increased NK cell-medi-
ated cytotoxicity, antigen processing and presentation, cell
adhesion molecules, and T cell signaling (Figures S6H-S6K).
Together, our results indicate that anti-IGSF8 antibody blocks
the interaction between IGSF8 and its NK receptors, activates
innate immunity, boosts antigen presentation, inhibits tumor
growth in an NK cell-dependent manner, and has an additive
effect with anti-PD1 treatment.

DISCUSSION

Antigen presentation defects are a well-known mechanism of
tumor adaptive immune evasion and checkpoint inhibitor resis-
tance, but the missing-self hypothesis posits that NK cells
should eliminate malignant cells with MHC | defects.®” Why NK
cells fail to do this in tumors with antigen presentation defects
has been poorly understood. Through CRISPR screens in
malignant cells co-cultured with NK cells, we identified IGSF8,
a previously undiscovered NK-cell checkpoint that is highly ex-
pressed on malignant cells to suppress NK-cell mediated
cytotoxicity.

The results of any NK cell co-culture CRISPR screens are influ-
enced by the type and state of NK cells used, the expression of
HLA genes or other NK-cell modulators on the malignant cells,
and other CRISPR screen conditions. We used both flow cytom-
etry-based RNA-seq and CRISPR screens to identify the specific
binding partner of IGSF8 on NK cells as KIR3DL2 in humans and
Kira9 in mice. Through additional independent functional exper-
iments, we demonstrated that IGSF8 binding to KIR3DL2, or
Klra9 on NK cells inhibits the ability of NK cells to kill malignant
cells. Despite having distinct evolutionary origins, human
KIR3DL2 and mouse Kira9 are functional analogs, both serving
as MHC-I receptors.**%® This suggests that an evolutionarily
conserved function of IGSF8 to substitute for the presence of
functional MHC-I is exploited by tumors with defective antigen
presentation to suppress NK-cell killing. Through analysis of tu-
mor single-cell data and immunohistochemistry staining, we
observed that MHC-I and IGSF8 exhibit opposite expression
patterns at both the mRNA and protein levels. However, there
is no direct regulatory relationship between these two factors
at the cellular level (Figures S1F-S1l), so we hypothesize that
malignant cells with lower MHC-I are selected for higher IGSF8
expression by NK cells within the tumor microenvironment due
to suppression of NK cell killing.

KIR3DL2 has been reported to bind to specific HLA alleles:
HLA-A3, HLA-A11, HLA-B27, and HLA-F.>*%% However,
the high frequency of tumor MHC-I defects suggests that the

Cell 187, 1-14, May 23, 2024 9




doi.org/10.1016/j.cell.2024.03.039

Please cite this article in press as: Li et al., IGSF8 is an innate immune checkpoint and cancer immunotherapy target, Cell (2024), https://

- ¢? CellPress

A B16-F10 syngeneic model
<’3; 40004 —e— Isotype ctrl (4mg/kg)
£ 3000 -m- |GSF8.06 (4mg/kg)
g P<0.0001
S 2000
]
>
S 1000
§
= 04
0 5 10 15 20 25
Day
c B16-F10 syngeneic model
&> 3000 1 -o- |sotype ctrl (8mg/kg)
IS —— Anti-CD8 (4mg/kg)
é + isotype ctrl (4mg/kg)
2 20001 -=- Anti-CD4 (4mg/kg)
= z + isotype ctrl (4mg/kg)
e * —e= Anti-CD8 (4mg/kg)
5 1000+ + IGSF8.06 (4mg/kg)
IS Anti-CD4 (4mg/kg)
=) + IGSF8.06 (4mglkg)
0 - IGSF8.06 (4mg/kg)
0 + isotype ctrl (4mg/kg)
E )
B16-F10 syngeneic model
&~ 2500 -
c —-e— |sotype ctrl (4 mg/kg)
€ 2000
—~ -# Anti-PD1 (4mg/kg)
[}
g 1500 A
= —* |GSF8.06 (4mg/kg)
S 1000 3
. X
o} * ¥ |GSF8.06 (2mg/kg)
g 500 4 + anti-PD1 (2mg/kg)
|_
0 =
0 5 10 15 20 25
Day

Cell

B Immune cell infiltration

E 8 1 > [ Isotype ctrl (4mg/kg)

2 4 1 IGSF8.06 (4mg/kg)

= *

p =

T 4- >

[&]

©

:é' 2 4 E N.S. i

s . g

o\° 0 T .l gl ﬂIE ﬁl

S L & O
%
00 oob( < @V‘ Q

D B16-F10 syngeneic model
crg 3000 —e— Isotype ctrl (8mg/kg)
£ -=  Anti-NK1.1(4mglkg)
e 2000+ |z +isotype ctrl (4mg/kg)
5 #| -+ IGSF8.06 (4mg/kg)
e ' x +isotype ctrl (4mg/kg)
Z 1000 H

g ' v —¥ |GSF8.06 (4mglkg)
S v +anti-NK1.1(4mglkg)

0_
0 10 20 30
Day

B16-F10 syngeneic model

100 —  IGSF8.06 (2mglkg)

+anti-PD1 (2mg/kg) |*
— IGSF8.06 (4mg/kg)

*hk

kk

— Anti-PD1 (4mg/kg)

— Isotype ctrl (4 mg/kg)

Probability of survival (%)
<

0 20 40 60
Day

Figure 5. Igsf8 blockade by IGSF8.06 promotes anti-tumor immunity in vivo
(A) Monotherapy treatment of B16-F10 syngeneic model with control antibody (blue) and IGSF8.06 (red) (n = 8). The arrows indicate four administrations given to

each group of mice on day 7, 10, 13, and 16.

(B) Flow cytometry of immune cell infiltration in B16-F10 tumors, as in Figure 11. Mean + SD (n = 4; two-tailed Student’s t test; *p < 0.05, **p < 0.01) is plotted. DC

indicates CD11c* F4/80" dendritic cells.

(C) Effects of CD4 or CD8 cell depletion by anti-CD4 or CD8b in B16-F10 syngeneic model treated with either IGSF8.06 or isotype controls (n = 7). The arrows
indicate four administrations given to each group of mice on day 5, 8, 11, and 14.
(D) Effects of NK cell depletion by anti-NK1.1 in B16-F10 syngeneic model treated with either IGSF8.06 or isotype controls (n = 8). The arrows indicate four

administrations given to each group of mice on day 8, 11, 14, and 17.

(E) B16-F10 syngeneic model treated with anti-PD1, IGSF8.06, combination, and isotype-matched controls at the dose and time (arrows) indicated (n = 8).

(F) Survival of B16-F10 syngeneic mice comparing anti-PD1, IGSF8.06, combination and control antibody treatment (n = 8). Data are represented as mean + SEM
unless otherwise noted. Statistics: a two-way ANOVA test with Greenhouse-Geisser correction was used to calculate significance (A and C-E); Log rank (Mantel-
Cox) test (F). *p < 0.05, **p < 0.01, **p < 0.005, ***p < 0.001. See also Figure S6.

previously known MHC-I ligands are unlikely KIR3DL2 interac-
tion partners in tumors. In support of this hypothesis, although
the KIR3DL2 gene is present in all individuals,®” its known
MHC-I ligands are polymorphic and not expressed in all individ-
uals. Among known ligands, KIR3DL2 binding to HLA-A3 and
HLA-A11 is peptide specific,?® and the A3/A11 epitope contrib-
utes little to education of KIR3DL2 positive NK cells.®®"°
KIR3DL2 binding to HLA-B27 is restricted to homodimers of
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HLA-B27 but not B2M-associated HLA-B27.%° HLA-F expres-
sion is reported to be mostly restricted to the cytoplasm,”’ and
cell surface expression of HLA-F has only been reported on acti-
vated immune cells’® but not on malignant cells (Figure S1G). In
contrast, /IGSF8 is an evolutionarily conserved gene with
frequent copy number amplification and overexpression in tu-
mors, making it a much more likely KIRSDL2 interaction partner
in tumors. We also experimentally confirmed that IGSF8 can bind
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to at least nine different KIR3DL2 variants (Figure 3H), covering
88.5% of tumor samples in the TCGA database, indicating
that IGSF8-KIR3DL2 interaction is independent of common
KIR3DL2 polymorphisms. Further studies are required to deter-
mine the impact of IGSF8.06 antibody blocking on the status
of KIR3DL2 and the precise interaction sites between KIR3DL2
and IGSF8. KIR3DL2 is significantly upregulated in Sézary syn-
drome, and a clinical-stage anti-KIR3DL2 antibody Lacutamab
was developed to deplete the malignant T cells as a treatment.”®
We note that Lacutamab does not block KIR3DL2 interaction
with IGSF8 (Figure S2F). If IGSF8-KIR3DL2 interaction is also
involved in Sézary syndrome, then an antibody targeting the
ligand IGSF8 might be an alternative approach to treat this
cancer. Therefore, evaluating the IGSF8-KIR3DL2 axis and
anti-IGSF8 effect on Sézary syndrome will be of great interest
and has the potential for rapid translation to the clinic.

The evidence presented here indicates that IGSF8 is an NK-
cell checkpoint, but IGSF8 may have additional cancer-cell-
intrinsic and -extrinsic functions, and other cell types may be
involved in the IGSF8-mediated tumor immune evasion. First,
IGSF8.06 antibody caused up-regulation of genes involved in
antigen presentation and processing, which could in turn acti-
vate T cells. This is consistent with our in vivo observation
(Figures S6H-S6K) and results of CD4/CD8 depletion experi-
ments (Figure 5C), which support a function for T cells in the con-
trol of tumor growth by IGSF8.06 antibody in vivo. Second,
although KIR3DL2 was known to be expressed on NK cells
(Figure 3B), it is even more highly expressed on y3 T cells in colo-
rectal tumors (Figure 3D),*”"°? suggesting that IGSF8.06 anti-
body might activate yd T cells in these tumors. Third, IGSF8
also interacts with myeloid cells and may have different binding
partners in these cells, including cell adhesion molecules CDH1
and CDH2 and myeloid-specific genes CLEC4A, CSF2RA, and
MRC1 as potential IGSF8 binding partners.®® This is consistent
with our observation that syngeneic tumors treated with
IGSF8.06 antibody exhibited increased expression of cell adhe-
sion molecules and higher levels of dendritic cells (myeloid line-
age) (Figures 5B and S6H-S6K). Fourth, single-cell analyses indi-
cate that although IGSF8 is highly expressed in malignant cells, it
is also expressed on some immune cells such as T cells, plasma
cells, and DCs (Figure 3B). Therefore, IGSF8.06 antibody might
have effects by binding directly to IGSF8 on immune cells.
Further studies are required to fully elucidate the function of
IGSF8 and understand the mechanism of IGSF8.06 antibody
effects.

Previously developed antibodies against NK receptors have
not delivered satisfactory clinical benefits, sowing doubt on the
clinical promise of NK cell checkpoint inhibitors. We developed
the IGSF8.06 antibody against evolutionarily conserved IGSF8
expressed on malignant cells specifically to block IGSF8 interac-
tions with NK cells. This antibody is unique in that it stimulates
NK cells to kill malignant cells with antigen presentation defects
and stress signals but spares normal cells that display normal
MHC-I and no stress signals. Given the prevalence of human tu-
mors with antigen presentation defects, IGSF8.06 antibody
could have a potential to treat these immune-cold tumors by re-
activating NK cells to kill malignant cells. This antibody might
also be useful to prevent tumors that initially respond to anti-

¢ CellP’ress

PD1 or anti-PD-L1 antibodies from developing resistance
through antigen presentation loss. The dual targeting of T cells
through PD1/PD-L1 and NK cells through IGSF8/KIR3DL2 might
deliver the best efficacy and reduce the emergence of resistance
to immunotherapy. The IGSF8.06 antibody did not exhibit signif-
icant toxicity in the mouse syngeneic tumors efficacy studies or
in toxicology studies in rats and monkeys. No significant adverse
effects or safety concerns were noted in animal studies even at
drug dose of 80 mg/kg. We are currently investigating the safety
and clinical activity of anti-IGSF8 as a cancer immunotherapy in
a phase | clinical study in cancer patients (NCT05669430).

Limitations of the study

First, we could not obtain fresh tumor or normal tissues, so could
not systematically evaluate IGSF8 and KIR3DL2 protein expres-
sion in different tissues or cell types. Second, we did not have
enough syngeneic tumors with complete response to anti-
IGSF8 treatment to conduct a tumor rechallenge experiment to
evaluate whether the treatment leads to immunological memory
and long-term protection. Third, immune checkpoints are inher-
ently complex with pleiotropic functions, so it is likely that this
study does not fully describe the function of IGSF8. Neverthe-
less, this study reveals a mechanism by which tumors upregulate
IGSF8 to mimic MHC-I expression and thereby evade innate im-
munity and suggests antibody blockade of IGSF8 as a potentially
effective cancer immunotherapeutic approach.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-human PE-conjugated HLA-A,B,C BioLegend Cat# 311405; RRID: AB_314874
(clone W6/32)

Anti-human PE/Dazzle-conjugated 594 BioLegend Cat# 342615; RRID: AB_2814258
HLA-E (clone 3D12)

Anti-human PE-conjugated HLA-F (clone BioLegend Cat# 373203; RRID:AB_2650871
3D11/HLA-F)

Anti-human PE-conjugated HLA-G BioLegend Cat# 335905; RRID:AB_1227710
(clone 87G)

Anti-human PE-conjugated CD3 BioLegend Cat# 300308; RRID:AB_314044
(clone HIT3a)

Anti-human KIR3DL2/CD158k (clone R&D systems Cat# MAB2878; RRID:AB_3086694
#539304)

Anti-human PE-conjugated CD56 BioLegend Cat# 362508; RRID:AB_2563925
(clone 5.1H11)

Anti-human Alexa Fluor 700-conjugated BioLegend Cat# 362522; RRID:AB_2564099
CD56 (clone 5.1H11)

Anti-human APC-conjugated CD56 BioLegend Cat# 362504; RRID:AB_2563913
(clone 5.1H11)

Anti-human PE-conjugated IgG Fc (clone BioLegend Cat# 410708; RRID:AB_2565786
M1310G05)

Anti-human APC-conjugated IgG Fc (clone BioLegend Cat# 410712; RRID:AB_2565790
M1310G05)

Anti-human FITC-conjugated IgG Fc (clone BioLegend Cat# 410720; RRID:AB_2721576

M1310G05)

Anti-human APC-conjugated Beta-2
microglobulin (Mouse IgG1 Clone #35)

Anti-IGSF8 Antibody, Rabbit Polyclonal
Anti-IGSF8 antibody produced in rabbit
Anti-pan Cytokeratin (clone AE1/3)

Anti-human FITC-conjugated CD4 (clone
RPA-T4)

Anti-human Pacific Blue-conjugated CD8
(clone SK1)

Anti-human PE/Cyanine7-conjugated
CD14 (clone 63D3)

Anti-human APC-conjugated Perforin
(clone dG9)

Anti-human Birilliant Violet 421-conjugated
1gG Fc (clone HP6017)

Anti-human APC-conjugated CD107a
(clone H4A3)

Anti-human PE-conjugated CD85j (ILT2)
(clone GHI/75)

Anti-human APC-conjugated CD158b/j
(KIR2DL2/L3/S2) (clone DX27)
Anti-human APC-conjugated CD158e1
(KIR3DL1, NKBH1) (clone

DX9)

SinoBiological

SinoBiological
Sigma-Aldrich
Gene tech
BioLegend

BioLegend

BioLegend

BioLegend

BioLegend

BioLegend

BioLegend

BioLegend

BioLegend

Cat# 11976-MM35-A; RRID: AB_3086735

Cat# 13435-T16; RRID: AB_3086693
Cat# HPA011917; RRID:AB_1851536
Cat# GM351507; RRID: AB_3086695
Cat# 300506; RRID:AB_314074

Cat# 344718; RRID:AB_10551438
Cat# 367112; RRID:AB_2566714
Cat# 308112; RRID:AB_2252843
Cat# 409318; RRID:AB_2562176
Cat# 328620; RRID:AB_1279055
Cat# 333708; RRID:AB_2136385
Cat# 312612; RRID:AB_2563377

Cat# 312716; RRID:AB_2563360
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Anti-human PD1 (CD279) (clone J116) Bio X Cell Cat# BE0188; RRID:AB_10950318
Human IgG1 isotype control Bio X Cell Cat# BE0297; RRID: AB_2687817
Anti-MHC class | + HLA A + HLA B antibody Abcam Cat# ab134189; RRID:AB_3073854
(clone EPR1394Y)

Anti-mouse/human PE/Cyanine7- BioLegend Cat# 101216; RRID:AB_312799
conjugated CD11b (clone M1/70)

Anti-mouse/human PerCP/Cyanine5.5- BioLegend Cat# 101228; RRID:AB_893232
conjugated CD11b (clone M1/70)

Anti-mouse PerCP/Cyanine5.5-conjugated BioLegend Cat# 147706; RRID:AB_2563538
CD45 (clone 13/2.3)

Anti-mouse PE/Cyanine7-conjugated BioLegend Cat# 157206; RRID:AB_2860726
CD45 (clone S18009F)

Anti-mouse APC-conjugated CD19 BioLegend Cat# 115512; RRID:AB_313647
(clone 6D5)

Anti-mouse Pacific Blue-conjugated CD19 BiolLegend Cat# 115523; RRID:AB_439718
(clone 6D5)

Anti-mouse PE/Cyanine7-conjugated BioLegend Cat# 115520; RRID:AB_313655
CD19 (clone 6D5)

Anti-mouse PE-conjugated F4/80 BioLegend Cat# 123110; RRID:AB_893486
(clone BM8)

Anti-mouse FITC-conjugated F4/80 BioLegend Cat# 123108; RRID:AB_893502
(clone BM8)

Anti-mouse PE/Cyanine7-conjugated F4/ BioLegend Cat# 123114; RRID:AB_893478
80 (clone BM8)

Anti-mouse FITC-conjugated CD3 BioLegend Cat# 100204; RRID:AB_312661
(clone 17A2)

Anti-mouse PerCP-conjugated CD11c BioLegend Cat# 117326; RRID:AB_2129643
(clone N418)

Anti-mouse PE-conjugated CD11c BioLegend Cat# 117308; RRID:AB_313777
(clone N418)

Anti-mouse Brilliant Violet 605-conjugated BioLegend Cat# 117334; RRID:AB_2562415
CD11c (clone N418)

Anti-mouse FITC-conjugated CD11c BioLegend Cat# 117306; RRID:AB_313775
(clone N418)

Anti-mouse Alexa Fluor 700-conjugated BioLegend Cat# 100430; RRID:AB_493699
CD4 (clone GK1.5)

Anti-mouse Pacific Blue-conjugated CD8a BioLegend Cat# 100725; RRID:AB_493425
(clone 53-6.7)

Anti-mouse APC-conjugated NK1.1 BioLegend Cat# 108709; RRID:AB_313396
(clone PK136)

Anti-mouse PE-conjugated NK1.1 BioLegend Cat# 108708; RRID:AB_313395

(clone PK136)

Anti-mouse PE-conjugated Ly-49I (clone
YLI-90)

Mouse IgG1 isotype control (clone
MOPC-21)

Anti-mouse NK1.1 (clone PK136)
Anti-mouse CD8p (Lyt 3.2) (clone 53-5.8)
Anti-mouse CD4 (clone YTS 191)
Anti-mouse PD-1 (CD279) (clone 29F.1A12)

Mouse IgG2a isotype control
(clone C1.18.4)
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Thermo Fisher Scientific

Bio X Cell

Bio X Cell
Bio X Cell
Bio X Cell
Bio X Cell
Bio X Cell

Cat# 12-5895-82; RRID:AB_466021

Cat# BE0083; RRID:AB_1107784

Cat# BE0036; RRID:AB_1107737
Cat# BE0223; RRID:AB_2687706
Cat# BE0119; RRID:AB_10950382
Cat# BE0273; RRID: AB_2687796
Cat# BE0085; RRID:AB_1107771
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Anti-mouse FITC-conjugated IgG1 kappa
Isotype Control (clone P3.6.2.8.1)

Anti-mouse PerCP-eFluor 710-conjugated
IgG1 kappa Isotype Control (clone
P3.6.2.8.1)

SuperBoost™ Goat anti-Mouse Poly HRP
SuperBoost™ Goat anti-Rabbit Poly HRP

PE-conjugated F(ab’)2-Goat anti-Mouse
IgG (H + L) Secondary Antibody

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific
Thermo Fisher Scientific

Cat# 11-4714-42; RRID:AB_10596964

Cat# 46-4714-82; RRID:AB_1834453

Cat# B40961; RRID:AB_3096292

Cat# B40962; RRID:AB_3096294
Cat# 12-4010-82; RRID: AB_11063706

PE-conjugated mouse anti-rabbit IgG Santa Cruz Cat# sc-3753; RRID:AB_628498
FITC-conjugated anti-rat CD90/mouse BioLegend Cat# 202504; RRID:AB_1595653
CD90.1 (Thy-1.1) (clone OX-7)

Chemicals, peptides, enzymes and recombinant proteins

PE-conjugated Streptavidin BioLegend Cat# 405203

APC-conjugated Streptavidin (High BioLegend Cat# 405243

Concentration)

7-AAD Viability Staining Solution BioLegend Cat# 420404

RBC Lysis Buffer (10X) BioLegend Cat# 420301

DAPI Life Technologies Cat# D3571

Human BD Fc Block BD Pharmingen Cati# 564220

Purified Rat Anti-Mouse CD16/CD32 BD Pharmingen Cat# 553142

(Mouse BD Fc Block)

Phosphate-Buffered Saline, 1X without
calcium and magnesium

Fetal Bovine Serum
RPMI 1640 Medium
DMEM, 1x

NK92 Medium

GMP SCGM (Serum-free Stem Cell Growth
Medium)

Primary lung cancer medium

Primary colon cancer medium

Primary liver cancer medium
GlutaMAX™ Supplement

L-Glutamine 200mM(100x)
Opti-MEM™ | Reduced Serum Medium
Penicillin-Streptomycin (5,000 U/mL)
Puromycin Dihydrochloride

Blasticidin S HCI (10 mg/mL)

Lipofectamine™ 2000 Transfection
Reagent

Dimethyl sulfoxide

TRIzol™ Reagent

MACS® Tissue Storage Solution
DEAE-Dextran hydrochloride
Lymphoprep

EDTA Unmasking Solution (10X)
Polybrene Infection/Transfection Reagent

Ampicillin

Corning

Gibco
Gibco
Corning
Cobioer
CellGenix

SUNNCELL
SUNNCELL
SUNNCELL
Gibco
Gibco
Gibco
Gibco
Gibco
Gibco
Invitrogen

Sigma-Aldrich

Invitrogen

Mitenyi Biotec
Sigma-Aldrich
STEMCELL Technologies
Cell signaling technology
Sigma-Aldrich
Sigma-Aldrich

Cat# 21-040-CV

Cat# 10099141
Cat# 11875119
Cat# 10-013-CVRC
Cat# CBP60980M
Cat# 20802-0500

Cat# SNPM-H045
Cat# SNPM-H136
Cat# SNPM-H066
Cat# 35050061
Cat# 25030-081
Cat# 31985070
Cat# 15070063
Cat# A1113803
Cat# A1113903
Cat# 11668019

Cat# D4540

Cat# 15596018
Cat# 130-100-008
Cat# D9885

Cat# 07801

Cat# 14747S
Cat# TR-1003-G
Cat# A5354
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IL-2, Human GenScript Cat# 200368

IL-15, Mouse GenScript Cat# XM_006530712.2
Poly(I:C) (LMW) InvivoGen Cat# tlrl-picw

TrypLE™ Select Enzyme (1X), no phenol red
Fixable Viability Dye eFluor™ 780
CFSE

CellTrace™ CFSE Cell Proliferation Kit, for
flow cytometry

DAPI

EZ-Link® NHS-Biotin Reagents
Dynabeads™ MyOne™ Streptavidin T1
Collagenase, Type IV

DNase |

Novo-TSA

SDS-PAGE Gel

AR9 buffer, 10X

Cas9-C-NLS Nuclease
NLS-Cas9-EGFP Nuclease
Protease and Proteinase K
Bsmbl

Xbal

BamHI-HF

T4 DNA Ligase

T4 Polynucleotide Kinase
High-Fidelity DNA Polymerase
4% Paraformaldehyde Fix Solution
HEPES

Sodium chloride

EDTA

Glycine

Tween 20

Recombinant protein A
Recombinant IGSF8-FC (LALAPG):
Recombinant IGSF8-His (8)
Recombinant KIR3DL2-FC
Recombinant KIR2DL1-FC
Recombinant KIR2DL2-FC
Recombinant KIR2DL3-FC
Recombinant KIR3DL1-FC
Recombinant KIR3DL3-FC
Recombinant Kira1-FC
Recombinant Kira2-FC
Recombinant Kira3-FC
Recombinant Klira5-FC
Recombinant Klra6-FC
Recombinant Klra9-FC
Recombinant Lacutamab-VH
Recombinant Lacutamab-VL

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Roche

WiSee

GenScript

PerkinElmer

GenScript

GenScript

QIAGEN

New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
Sangon Biotech
Sangon Biotech
Sangon Biotech
Sangon Biotech
Sangon Biotech
Sangon Biotech
Solarbio

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

Cat# 12563011
Cat# 65-0865-14
Cat# 65-0850-84
Cat# C34554

Cat# 62248
Cat# 20217
Cat# 65602
Cat# 17104019
Cat# 10104159001
Cat# H-D110051
Cat# M42012
Cat# AR900250ML
Cat# 203385
Cat# 203393
Cat# 19133
Cat# R0580
Cat# R0145S
Cat# R3136S
Cat# M0202S
Cat# M0201S
Cat# M0491S
Cat# E672002-0100
Cat# A100485
Cat# A100241
Cat# A100105
Cat# A110167
Cat# A600560
Cat# P6860

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A
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Critical commercial assays

MojoSort™ Mouse NK Cell Isolation Kit BioLegend Cat# 480050

NK Cell Isolation Kit, human

CD90.1 MicroBeads

Expi293™ Expression System Kit
ExpiFectamine™ 293 Transfection Kit
ExpiCHO™ Expression System Kit
ExpiFectamine™ CHO Transfection Kit
TruSeq RNA Library Prep Kit

Amine Coupling Kit

pcDNA™3.4 TOPO™ TA Cloning Kit

Miltenyi Biotec
Miltenyi Biotec
Gibco

Gibco

Gibco

Gibco

lllumina

Cytiva

Thermo Fisher Scientific

Cat# 130-092-657

Cat# 130-121-273

Cat# A14635

Cat# A14525

Cat# A29133

Cat# A29131

Cat# RS-122-2001; RS-122-2002
Cat# BR100050

Cat# A14697

Deposited data

Public RNA-seq data

Public RNA-seq data

Public single-cell RNA-seq data
TISCH2 database

RNA-seq data from cancer patients
DNA copy number variation and mRNA
alterations

Proteomics data for breast and ovarian
tumors

HLA and KIR3DL2 allotypes of TCGA
samples

RNA-seq data of syngeneic tumors treated
with IGSF8.06 antibody and isotype
controls

RNA-seq data of B16-F10 Igsf8 KO and
control tumors

RNA-seq data of human and mouse NK
cells that were highly and lowly bound to
IGSF8 or Igsf8 proteins

Riaz et al., 20178

Hugo et al., 2016°°
Pelka et al., 2021%"

Han et al., 2023*°

Genomic Data Commons

cBioPortal

Mertins et al., 2016,°*
Zhang et al., 2016°°

Song et al., 2023°®

This study

This study

This study

GEO: GSE91061

GEO: GSE78220

GEO: GSE178341
http://tisch.comp-genomics.org
https://portal.gdc.cancer.gov/
https://www.cbioportal.org/

N/A

N/A

ENA: PRJEB75001

ENA: PRJEB75001

ENA: PRJEB75001

TCGA clinical data Liu et al., 2018"* N/A
Experimental models: Organisms/strains

C57BL/6 SMOC Cat# SM-001
BALB/c SMOC Cat# SM-003
Experimental models: Cell lines

Endura Competent Cells Lucigen Cati# 60242-1
NKO92 cells Cobioer Cat# CBP60980
K562 bearing membrane-bound IL21 Yan et al., 2020"° N/A

Primary lung cancer cells SUNNCELL Cat# SNP-H045
Primary colon cancer cells SUNNCELL Cat# SNP-H136
Primary liver cancer cells SUNNCELL Cat# SNP-H066
293FT cells Procell Cat# CL-0313
PC9 cells Procell Cat# CL-0668
COLO205 cells ATCC Cat# CCL-222
AGS cells ATCC Cat# CRL-1739
K562 cells ATCC Cat# CCL-243
PC9 cells ATCC Cat# CRL-3228
A375 cells ATCC Cat# CRL-1619

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
NCI-H520 cells ATCC Cat# HTB-182
B16-F10 cells ATCC Cat# CRL-6475
LLC (LL/2 (LLC1)) cells ATCC Cat# CRL-1642
CT26 cells ATCC Cat# CRL-2638
EMT®6 cells ATCC Cat# CRL-2755
Oligonucleotides

gAAVS1: GCTCATCCAGAGACGGGGAT This paper N/A

gRosa26: ACTCCAGTCTTTCTAGAAGA This paper N/A

human IGSF8 gRNA1: This paper N/A
GAGGGGCCCTTGTACCGCG

human IGSF8 gRNA2: This paper N/A
GGTACCGCATGGTAGTAGG

mouse /gsf8 gRNA1: This paper N/A
CACGCCTCACAGTGCACGA

mouse /gsf8 gRNA2: This paper N/A
GCAGTTCTAAGGGTTCGCCT

Recombinant DNA

lentiCRISPR v2 Addgene Cat# 52961
lentiGuide-Puro Addgene Cat# 52963
lentiCas9-Blast Addgene Cat# 52962
pMD2.G Addgene Cat# 12259
psPAX2 Addgene Cat# 12260
pcDNA™3.1/His A, B, & C Mammalian Thermo Fisher Scientific Cat# V38520

Expression Vectors

Software and algorithms

Kaluza Analysis Software Beckman Coulter RRID:SCR_016182

FlowJo Software Version 10.8.1 FlowdJo, LLC RRID:SCR_008520

MAGeCK Version 0.5.8 Li et al., 20144 https://bitbucket.org/liulab/mageck/

Bioinformatics analyses This paper https://github.com/gv20-therapeutics/
IGSF8-NK

Scanpy Version 1.9.3 Wolf et al., 20187° https://scanpy.readthedocs.io/

AlphaFold2 Jumper et al., 202177 https://alphafold.ebi.ac.uk/

US-align Zhang et al., 2022"° https://zhanggroup.org/US-align/

GraphPad Prism Version 9 Prism RRID: SCR_002798

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Tengfei
Xiao (tengfei_xiao@gv20tx.com).

Materials availability

Correspondence and requests for materials should be addressed to the lead contact. The unique identifiers of all biological materials
are listed in the key resources table. The newly generated recombinant proteins can be obtained from the lead contact following
reasonable requests.

Data and code availability
® The RNAseq data of patients with solid tumors were obtained from the Genomic Data Commons (GDC) data portal (https://
portal.gdc.cancer.gov/) on 13.11.2022. DNA copy number variation and mRNA alterations were downloaded from cBioPortal
(https://www.cbioportal.org/) for the estimation of IGSF8 alterations. The mass spectrometry-based proteomics data for breast
and ovarian tumors were retrieved from the CPTAC projects.’*>° The TCGA clinical data used in this study were sourced from
the publication by Liu et al.”* The HLA and KIR3DL2 allotypes of TCGA samples were determined using T1K.°® To investigate the
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expression of IGSF8 in responders and non-responders upon anti-PD1 treatment, we accessed publicly available RNA-seq data
from two clinical studies, accessible at GEO under accession number GSE9106156 and GSE7822055. The accession numbers
for all these existing, publicly available datasets are also listed in the key resources table. The processed CRISPR screen data
reported in this paper is included in the supplementary information files. Raw RNA-seq data have been deposited at ENA under
assession number PRJEB75001. Microscopy data reported in this paper will be shared by the lead contact upon request.

e All codes for data analysis and visualization have been deposited at https://github.com/gv20-therapeutics/IGSF8-NK and are
publicly available as of the date of publication.

® Any additional information necessary to re-analyze the data reported in this paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cancer cell culture

The COLO205, AGS, 293FT, K562, PC9, A375, NCI-H520, B16-F10, LLC, CT26 and EMT6 were obtained from ATCC and Procell, and
the cells were cultured in RPMI 1640, with 10% heat-inactivated FBS and penicillin/streptomycin (100U/ml), L-glutamine (2mM) and
incubated at 37°C with 5% CO.,. All cell lines were confirmed to be mycoplasma free by PCR. The NK92 cell line was obtained from
Cobioer (CBP60980) and was cultured in the NK92 medium provided by Cobioer (CBP60980M). Primary lung cancer, colorectal can-
cer, and liver cancer malignant cells, as well as the related culture medium, were purchased from commercial vendor SUNNCELL
(https://www.sunncell.com.cn/ydxb). The cells were cultured according to the manufacturer’s instructions.

Primary NK culture

To conduct co-culture experiments, primary NK cells were isolated from multiple anonymous healthy donors. CD56* NK cells were
isolated using an NK cell negative selection kit (Miltenyi) and subsequently cultured in SCGM media (CellGenix) supplemented with
10% heat-inactivated FBS, 200U/ml IL-2 (Genscript), penicillin/streptomycin (100U/ml), L-glutamine (2mM). The cells were cultured
at a target density of 0.5*10° cells/mL.

Primary NK cell expansion

Peripheral blood mononuclear cells (PBMCs) were isolated from healthy donors using Lymphoprep (Stem Cell). For expanding hu-
man NK cells, 20 million PBMCs were cultured with 20 million 10,000-rad-irradiated feeder cells (K562 bearing membrane-bound
IL21 (K562-mblL217°) in 30 mL RPMI 1640 media containing 10% FBS (Gibco), 2 mM L-glutamine (Gibco), 100 U/ml penicillin-strep-
tomycin (Gibco), 200 U/ml IL-2 (Genscript) in cell culture plates (Corning) at a target density of 1 x 108/mL. The media were changed
every 3—4 days and re-stimulated with the K562-mblL21 after seven days. The total cell numbers were counted using the automated
cell counter (Countstar) with trypan blue. To determine the percentage of NK cells, the cells were stained for CD3 and CD56 and
analyzed by flow cytometry. Primary mouse NK cells were isolated from female C57BL/6 splenocytes using a negative isolation
kit (BioLegend), according to the manufacturer’s instructions. NK cells were cultured in RPMI 1640 medium supplemented with
10% FBS, penicillin/streptomycin (100U/ml), L-glutamine (2mM), non-essential amino acids (0.1mM), sodium pyruvate (1mM),
HEPES (25mM), 2-ME (0.05mM) and recombinant mouse IL-15 (10 ng/ml; Genscript) and incubated at 37°C with 5% CO,. Primary
effector cells were used after 6 or 7 days of culture.

Syngeneic tumor studies

The B16-F10, LLC, CT26 and EMT6 cells were cultured as described above. Six-week-old female C57BL/6, BALB/c were subcuta-
neously inoculated with 0.5 x 108 of B16-F10, LLC, CT26 and EMTS cells per mouse. Tumor growth was monitored by a caliper. When
tumors reached an average volume of ~100 mm?®, typically 5-7 days after implantation, mice were randomized into groups based on
tumor volume (n = 7 or 8 mice per group). The mice were then treated with the isotype-matched IgG controls, IGSF8.06, anti-PD1
(clone 29F.1A12, BE0273, Bioxcell), anti-CD4 (BE0119, Bioxcell), anti-CD8b (BE0223, Bioxcell) or anti-NK1.1 (BE0036, Bioxcell) an-
tibodies at different doses, and administered three or four times by intraperitoneal injection every 3 days. All mouse experiments were
carried out at the Shanghai Model Organisms Center with ISO 9001 certificate. Researchers in the center were blinded to treatment
assignments. Animals were continuously monitored, and mice were euthanized via asphyxiation when any of the following endpoints
were met: study termination, tumor burden equal or greater than 3000 mm?®, tumor ulceration, body weight loss equal or greater than
20%, or moribund appearance. Mice whose tumors were unmeasurable or below 20 mm® were considered to be tumor-free.

METHOD DETAILS
CRISPR screens
CRISPR screens in cancer cell lines

Genome-wide CRISPR screens were used to identify determinants of COLO205 or AGS cell response versus resistance to NK cells.
The genome-wide gRNA library comprising 104780 gRNAs targeting 18749 genes (Table S1), and the cell surface gRNA library
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comprising 12000 gRNAs targeting 2797 genes (Table S2) were designed using published algorithm.”® The gRNA oligos were syn-
thesized at Twist Bioscience. After PCR amplification of the oligos and ligated into the lentiCRISPR v2 vector® using the Gibson As-
sembly Cloning system (NEB), followed by transforming the construct into competent cells for expansion. The oligo representation
and coverage were tested before screening by deep sequencing. The lentiviral CRISPR library was delivered to COLO205 or AGS
cells at a low multiplicity of infection (MOI) (0.3-0.5) with 200-500 cells per gRNA coverage, to ensure that most cells receive only
1 viral construct with high probability as described previously.?" After puromycin selection (2 ng/mL) for 5 days, the surviving cells
were divided into three groups (one was control, and the others were co-cultured with the expanded NK cells from two or three
different donors as biological replicates overnight). The selected E:T ratio was selected to kill ~50% of the malignant cells. The
NK cells and dead COLO205 or AGS cells were further removed by discarding the culture medium and washed with cold PBS buffer
(4°C) twice before genomic DNA extraction. Two rounds of PCR were performed after gDNA had been extracted as described pre-
viously,®! each library was sequenced at 3040 million reads to achieve ~300X average coverage over the CRISPR library.
CRISPR screens in expanded NK cells

A focused gRNA library targeting 2797 cell surface genes was used to identify the interaction partner of IGSF8 on the human NK cells.
The lentiviral gRNA library was synthesized, amplified, and ligated into the homemade lentiGuide-thy1.1 vector by substituting the
thy1.1 gene for puroR of lentiGuide-puro vector (Addgene). The screens in primary NK cells were further carried out combining
pooled lentiviral gRNA delivery with Cas9 protein electroporation. On day 1, the viral supernatant for a MOI between 30 and 50 of
the titered virus with 4 pg/mL dextran sulfate (D9885-10G, Sigma) were added to 100 million expanded NK cells with culture medium
at a target density of 1 x 10%/mL. The spinfection of these NK cells was carried out using four of 12-well plates with 2 x 10° cells per
well and centrifuged at 2000g for 90 min at room temperature. After removing the medium, the NK cells were resuspended with fresh
culture medium and pooled together into larger flasks. The following morning, the spinfection of these NK cells was repeated using
the same method. On day 4, the Thy1.1+ NK cells were sorted by MACS using anti-CD90.1 microbeads (Miltenyi). On day 5, the
Thy1.1+ NK cells were collected, and resuspended in Lonza electroporation buffer P3 at 2 x 107 cells in 100uL. Next, 20uL NLS-
Cas9-EGFP protein (Genscript, 16 uM stock) was added to the cell suspension. Cells were electroporated at 20 million cells per
cuvette using the EN-138 program. Immediately after electroporation, 1mL of pre-warmed media was added to each cuvette and
cuvettes were placed at 37°Cfor 20 min. The cells were then transferred to the NK culture medium. After electroporation, the expres-
sion of EGFP was detected in NK cells to ensure that more than 70% of the NK cells showed detectable EGFP signal. On day 7, the
Thy1.1+ NK cells by MACS using CD90.1 microbeads (Miltenyi), followed by expanding the NK cells in NK culture medium for seven
more days. On day 14, the NK cells were ready for cell surface staining of IGSF8 receptors. For cell surface staining of IGSF8 receptor
using biotinylated IGSF8-his protein on NK cells, the edited NK cells were co-cultured with K562 cells overnight. Next day, samples
were harvested and stained in the fixable viability dye eFluor780 and surface staining with the anti-human CD56 antibody, bio-
tinylated IGSF8-his protein, Fc blocker, and streptavidin-PE on ice for 30 min before sorting by flow cytometry. The 10" percentile
of NK cells with high or low IGSF8 protein binding signal were further collected before genomic DNA extraction and gRNA library
preparation for high-throughput sequencing as described previously.®’

Deorphaning the IGSF8 receptor on NK cells by differential RNA-seq

To perform the sorting experiments, 2 x 107 human expanded NK cells were incubated with fixable viability dye eFluor780, anti-hu-
man CD56 antibody, biotinylated IGSF8-his protein (20 ng/mL), Fc blocker, and streptavidin-PE on ice for 30 min. The cells were then
sorted based on their binding to IGSF8 protein, with cells below the 10th and above the 90th percentile of binding selected.

For the mouse splenic NK cell sorting experiment, C57BL6 mice were intravenously injected with Poly (1:C) (LWM, 300 pg/mouse in
PBS), and 16 h later, their spleens were harvested. The spleen was placed on a cell strainer and treated with RBC lysis buffer
(BioLegend) to remove red blood cells. The splenic NK cells were isolated using a negative isolation kit (BioLegend), according to
the manufacturer’s instructions. Then, anti-CD45, -CD19, -CD3, -NK1.1 antibodies, viability dye, biotinylated mouse Igsf8-his protein
(20 pg/mL), Fc blocker, and streptavidin-PE were added to the cells on ice and incubated for 30 min. The splenic NK cells were sorted
by flow cytometry, selecting the cells that were CD45*CD19~ CD3 NK1.1* and with binding to Igsf8 protein below the 10th and above
the 90th percentile. RNA extraction was performed using trizol (Invitrogen) on the two sorted groups of NK cells, followed by library
construction using the TruSeq RNA Library Prep Kit (lllumina) for lllumina Hi-Seq.

Cell binding and blocking assays

CT26 cells transduced with KIRs, IGSF8 (human, cynomolgus monkey, or mouse) expression, were generated by lentiviral particles.
The cDNAs of KIR family genes and IGSF8 were synthesized by Genewiz. These cDNA were then cloned into the lentiCas9-blast
(Addgene) lentiviral vector by replacing its Cas9 gene. Overexpression of KIR and /IGSF8 genes in cells was confirmed by detecting
their corresponding antibodies and verifying that the target genes had over 90% expression relative to control cells. To test IGSF8-
Fc/his protein binding to the CT26 cells, NK, or T cells, the biotinylated IGSF8 protein (20 ug/mL) was used. For cell surface staining,
100,000 cells overexpressing the antigen were washed with a PBS buffer containing 2% FBS, and then incubated with IGSF8.06
antibody or IgG isotype of different concentrations for 30 min on ice. Cells were then washed with PBS containing 2% FBS and incu-
bated with 1:100 anti-human Fc-PE antibody for 15 min on ice. Cells were washed and analyzed on a flow cytometric analyzer
(CytoFlex, Beckman). The MFI was plotted vs. antibody concentration. The EC50 cell binding potency was calculated using nonlinear
regression curve fit. For IGSF8 antibody blocking assays, the CT26 cells expressing human or mouse IGSF8 were pre-incubated with
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IGSF8.06 antibody or IgG isotype control at different concentrations plus 20 ng/mL biotinylated KIR3DL2-hFc or Kira9-hFc proteins.
The binding signals were detected by streptavidin-PE. For anti-KIR3DL2 antibody blocking assays, the expanded NK cells were pre-
incubated with anti-KIR3DL2 (R&D) at different concentrations plus 20 pg/mL biotinylated IGSF8-his proteins.

Ex vivo mouse leukocyte profiling

B16-F10 tumors were enzymatically disassociated with 300U/ml collagenase IV (Thermo Fisher Scientific) and 100 ng/mL DNase
I (Roche) in HBSS supplemented with 5% v/v heat-inactivated FBS and 5 mM CaCl, and mechanically disassociated with
GentleMacs cell disruptors (Miltenyi). Then cells were stained with the antibodies against CD45, CD3, CD4, CD8, CD11b, CD11c,
F4/80, and NK1.1, as well as cell viability dye. The CD4" T cells (CD3*CD4"), CD8* T cells (CD3*CD8"), NK cells (CD3~, NK1.1%),
macrophages (CD11b*, F4/80%), and DCs ( CD11c* F4/80°) were analyzed by flow cytometry. Fc receptor blocking was performed
with anti-CD16/CD32 (2.4G2, BD Biosciences).

Lentivirus production and purification

T-225 flasks of 293FT cells were cultured at 40%-50% confluence the day before transfection. Transfection was performed using
Lipofectamine 2000 (Life Technologies). For each flask, 20 ng of lentivectors, 5 png of pMD2.G, and 15 nug of psPAX2 (Addgene)
were added into 4 mL OptiMEM (Life Technologies). 100 uL of Lipofectamine 2000 was diluted in 4 mL OptiMEM and, after 5 min,
it was added to the plasmid mixture. The complete mixture was incubated for 20 min before being added to cells. After 6 h, the media
was changed to 30 mL DMEM +10% FBS. After 60 h, the media was removed and centrifuged at 500 g at 4°C for 10 min to pellet cell
debris. The supernatant was filtered through a 0.45 um low protein binding membrane. The virus was subjected to ultracentrifugation
at 20,000 g for 2 h at 4°C, followed by overnight resuspension at 4°C in DMEM +10% FBS. Aliquots were then stored at —80°C.

Gene essentiality in cell lines

To know the gene essentiality of IGSF8, we downloaded cell growth CRISPR screen data for 1,054 cell lines from DepMap (https://
depmap.org/portal/download/). We defined the overall essentiality as an average of all dependency scores in the data because more
negative dependency scores mean more essential to cell growth. We showed the overall essentiality scores for IGSF8 and other
known cell-essential genes such as TP53, CDK1, CDK2, and MYC. Further, we downloaded matched RNA-seq expression data
from DepMap to evaluate the correlation between dependency scores and gene expression levels. Expression values in Transcripts
Per Million reads (TPM) were log2 transformed with pseudocount 1 added. The correlation coefficients and p-values were measured
by Spearman’s rank correlation.

Human and mouse NK cytotoxicity assay

Carboxyfluorescein succinimidyl ester (CFSE, ThermoFisher Scientific) labeling of malignant cells combined with 7-AAD solution
(BioLegend) staining of dead cells is a reliable method to measure in vitro cell killing by flow cytometry. Briefly, target malignant cells
were labeled with CFSE (C34554, Invitrogen) for 15 min at 37°C in RPMI-1640 medium with 1% FBS, protected from light, washed
twice with RPMI-1640 with 2% FBS and resuspended in RPMI-1640 with 10% FBS to quench the labeling reaction. Adherent ma-
lignant cells were cultured one night before co-culture with effector NK cells. Suspended malignant cells were immediately co-
cultured with different ratios of NK cells as previously described.®? Briefly, 2 x 10* CFSE-positive K562 cells were co-cultured
with various effector: target (E: T) ratios as indicated for 4 h (co-culture of adherent malignant cells could be extended up to overnight)
at 37°C in a humidified 5% CO, incubator. Then, samples were harvested and stained in 7-AAD solution (BioLegend) on ice for 20 min
before cytometry analysis (CytoFlex S, Beckman). The NK cell-mediated cytotoxicity was calculated by the percentage of 7-AAD-
positive malignant cells among total malignant cells. Spontaneous cancer cell death, in the absence of NK, was less than 5%,
and subtracted from total killing in the presence of NK cells or PBMCs. All flow cytometry data were analyzed by Kaluza or
FlowdJo (v10.8.1) software.

Multiplexed immunohistochemistry staining

Human cancer tissue microarrays (TMAs) were acquired from (US Biomax). Antigen retrieval was carried out by subjecting the TMAs
to Leica Bond ER2 at 100°C for 20 min. The formalin-fixed paraffin-embedded slides were blocked with a 3% hydrogen peroxide
solution at room temperature (RT) for 10 min, and then with 5% normal goat serum at RT for 1 h. The primary antibodies employed
in this study were anti-IGSF8 (HPA011917, Sigma), anti-HLA-A/B (ab134189, Abcam, may cross-react with HLA-C and HLA-E based
on manufacturer’s instructions), and anti-pan cytokeratin (GM351507, Gene Tech), utilized according to the manufacturer’s instruc-
tions, and incubated for 60 min at RT. Subsequently, goat anti-mouse Poly HRP secondary antibody or goat anti-rabbit Poly HRP
secondary antibody (Thermo Fisher Scientific, B40961 and B40962) were applied at RT for 10 min. The HRP-conjugated secondary
antibody polymer was then detected using Novo-light TSA 570, 620, and 670 (WiSee) to amplify the fluorescent tyramide signal.
Following the covalent tyramide reaction, heat-induced stripping of the primary antibody-secondary antibody complex was per-
formed using PerkinElmer AR9 buffer (AR900250ML) and Leica Bond ER2 (90% ER2 and 10% AR9) at 100°C for 20 min before pro-
ceeding to the next staining cycle. After three sequential rounds of staining, the slides were mounted using Gold Antifade Mountant
with DAPI (Thermo Fisher Scientific). Each staining included positive and negative controls (FFPE cell blocks).
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Surface plasmon resonance

The BlAcore utilizes the optical properties of surface plasmon resonance (SPR) to detect alteration in protein concentration of inter-
acting molecules within a dextran biosensor matrix. CMD500M chips (SCBS CMD500M) were purchased from Xantec. HEPES
(A100485), NaCl (A100241), EDTA (A100105) and Glycine (A110167) were purchased from Sangon. All measurements were
performed at 25°C. Samples were dissolved in HBS-EP+ buffer (150 mM NaCl, 3 mM EDTA, 0.05% w/v Tween 20, and 10 mM
HEPES, pH 7.4). Recombinant protein A (P6860, Solarbio) was immobilized on the sensor chip at a level of 9000-1000
response unit (RU) using an amine coupling kit (BR100050, Cytiva). Binding was evaluated using multi-cycle kinetics. Each cycle
was performed at a flow rate of 30 ul/min and consisted of the following steps: injection of antibodies to the finial RU about 900
RU, injection of IGSF8.06 or KIR3DL2-Fc for 120 s (0 ung/mL for blank and 0.5 pg/mL for test) followed by a dissociation stage for
300 s or 450 s, and regeneration using 30 s injection of 10 mM Gly-HCI, pH 1.5. Association and dissociation rates for each cycle
was determined by fitting the sensorgram data using to a 1:1 binding model to calculate the Ka, and Kd; the equilibrium binding con-
stant KD was calculated using the relationship KD = Kd/Ka.

Antibody discovery for IGSF8

Monoclonal antibodies against IGSF8 were generated in silico using a proprietary computer-assisted design algorithm, which
generates sequences of fully human monoclonal antibodies against different targets, partly by taking advantage of the available
sequences from human BCR (B cell receptor) repertoires. This technology enables speedy design of numerous monoclonal anti-
bodies against given targets. For example, more than a hundred monoclonal antibodies against human IGSF8 were discovered
by this method. After the heavy chain and light chain sequences of these antibodies were obtained, monoclonal antibodies were
cloned to pcDNA3.4 vector and expressed by ExpiCHO cells (Thermo Fisher Scientific). The antibodies were further screened for
high affinity binders to full-length IGSF8 using surface plasmon resonance (SPR) by BlAcore T100. IGSF8.06 was chosen to be
the lead antibody.

Gene knockout by CRISPR

The lentiviral gIGSF8 vectors were generated by ligation of hybridized oligos (QRNAs) into lentiCRISPR-V2 vectors (Addgene) linear-
ized with BsmBI using quick ligase (NEB). Malignant cells were transduced with viral particles mixed with polybrene (8 ng/mL) and
selected by puromycin for three days. The IGSF8 knockout efficiency in different malignant cells was tested by anti-IGSF8 antibody
(Sino) using flow cytometry.

Gene overexpression by lentiviral particles

Genewiz synthesized the cDNAs of HLA-C, IGSF8, KIRs, or HA-tag. These cDNA were then cloned into the lentiCas9-blast (Addgene)
lentiviral vector by replacing the Cas9 gene. After packaging lentiviral particles, malignant cells (K562, NK92 or CT26) were trans-
duced with the viral particles mixed with polybrene (8 ng/mL) by spinfection, as described above. The cells were then selected by
blasticidin for 3 days.

Recombinant protein and antibody expression and quality control

Recombinant proteins were produced in Expi293 cells (Thermo Fisher Scientific) by transiently transfection with pcDNA3.4 plas-
mids (Thermo Fisher Scientific) containing the cDNA of interest. The transfected cells were cultured in Expi293 Expression medium
(Thermo Fisher Scientific) for 5 days before collecting the conditioned supernatant. The recombinant proteins were then purified
using Ni2* or protein A affinity chromatography, followed by size exclusion chromatography (SEC, Superdex200) through AKTA
Explorer. The quality of the purified proteins and the formation of disulfide-linked complexes were confirmed by SDS-PAGE
and HPLC-SEC. Antibodies were expressed by co-transfecting Expi293 cells with pcDNA3.4 plasmids encoding the heavy and
light chains of interest. Human IgG1 and mouse IgG2a antibodies were purified using protein A capture followed by SEC. The
extracellular domains of human IGSF8, KIR, and Kira family genes were synthesized and cloned into the pcDNA3.4 vector,
with an Fc tag. The Fc tag sequence used included L234A L235A P329G mutations, which do not bind to Fc receptors.®® In
line with previous studies that have shown the complex formed by the IGSF8 protein and CD9 is a dimeric structure,®* we incor-
porated a human Fc hinge sequence between the extracellular domain and C-terminal 8x his tag of human or mouse IGSF8 pro-
tein to maintain this structure. The resulting fusion protein, with the sequence "DKTHTCPPCHHHHHHHH", facilitates the formation
of a dimeric structure similar to IGSF8-Fc for the IGSF8-his protein. These constructs were then transiently transfected into
Expi293 cells for protein expression by ExpiFectamine 293 Transfection Kit (Thermo Fisher Scientific). The biotin-labeled proteins
were generated by EZ-Link NHS-Biotin (Thermo Fisher Scientific). The expression of the IGSF8.06 antibody involved cloning the
heavy and light chain sequences into the pcDNAS3.4 vector separately. The constructs were then transiently transfected into
ExpiCHO cells using the ExpiFectamine CHO Transfection Kit for antibody expression, following the kit’s instructions. Two ver-
sions of IGSF8.06 Fc were selected for expression, namely human IgG1 with L234A L235A mutations and mouse 1gG2a with
LALA mutations. For quality control by SDS-PAGE, 5 ng of samples were loaded onto a 4-20% SDS-PAGE gel (Genscript)
and run under both reducing and non-reducing conditions.
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QUANTIFICATION AND STATISTICAL ANALYSIS

CRISPR screening data analyzed by the MAGeCK algorithm

Sequencing data from CRISPR screens were processed and analyzed according to the MAGeCK workflow.'*®" Briefly, raw
sequencing reads were mapped to the sgRNA library using the MAGeCK count function that produces a sgRNA-by-sample
read count matrix and a summary table for data quality. Next, the MAGeCK RRA algorithm (mageck test function) was used to select
significantly enriched and depleted genes and sgRNAs in two comparable conditions. Control sgRNAs were used to normalize
the data during the comparisons. Significant genes were visualized by custom R scripts. KEGG pathways were enriched by the
R clusterProfiler package using a list of significant genes (p-value <0.01) identified in each screen.

Statistics and survival analysis

To ensure robust statistical analysis, a sample size filter was applied to exclude groups with fewer than 100 tumor samples or
10 normal samples. Differential expression analysis of IGSF8 was performed using Student’s t-test. Spearman correlation was per-
formed to evaluate the correlation between IGSF8 and selected immune-related markers. To investigate the occurrence of IGSF8 and
B2M mRNA alterations in various tumor types, mRNA z-scores relative to tumor-adjacent normal tissues were acquired from cBio-
Portal. Tumor samples with z-scores greater than 1 were categorized as up-regulated, while those with z-scores less than —1 were
considered down-regulated. This means that the expression levels of up-regulated tumor samples surpass approximately 84.1% of
normal samples, while the expression levels of down-regulated tumor samples fall below 84.1% of normal samples. To assess the
impact of IGSF8 expression on clinical outcomes, Cox proportional hazards regression models were employed. Initially, an MHCI
score, defined as the average expression of HLA-A, HLA-B, HLA-C, B2M, TAP1, and TAP2, was calculated per patient. Then, pa-
tients within each cohort were grouped as MHCI high or MHCI low based on whether their MHCI scores were above or below
average, respectively. Subsequently, the top and bottom 25% of patients with high and low IGSF8 expression, respectively, were
compared while regressing out the effects of covariates such as age, cancer stage (early and late), and gender. It is worth noting
that for the analysis of SKCM patients, we made a distinction between metastatic cases and primary tumors due to differences in
initial diagnostic times between these groups - the initial diagnostic times for metastatic cases are the initial diagnostic times of
non-metastatic diseases as reported previously.”* Throughout the analysis, nominal p-values were reported given the limited number
of hypothesis tests performed.

Analysis of public scRNA-seq datasets

The TISCH2 scRNA-seq data were downloaded from the TISCH2 Website.“® To minimize batch effects, only scRNA-seq datasets
generated on the 10x genomics platform were included. Further filtering was applied to exclude patients receiving any treatments,
including targeted therapy, immunotherapy and/or chemotherapy. This resulted in approximately 4 million non-treated human cells
across 46 diseases from 96 studies. The cells were subsequently renormalized by total counts over all genes to obtain UMI count per
million (CPM) and followed by a log2 transformation. To examine the expression patterns at the single-cell level, both the
average expression level and expression fraction of IGSF8 and KIR3DL2 per sample was calculated. The scRNA-seq data related
to colorectal tumors, including expression metrics, cell annotations and metadata, were retrieved from GEO under GSE178341.%"
The analysis of sScRNA-seq datasets was conducted using Scanpy.*”:"® In summary, each cell was normalized by total counts using
the ‘pp.normalize_total’ with the parameter ‘target_sum = 1e®’ and a log transformation was performed using the ‘pp.log1p’ function.
Subsequently, we computed the average expression level and expression fraction for IGSF8, KIR3DL2 and B2M per sample. For
visualization of the three genes in a single plot (Figure 3D), we calculated the mean of the average expression levels and fractions
across samples, normalizing the mean expression levels between 0 and 1 using the following equation:

log(CPM+1) — min (log(CPM+1))
max(log(CPM+1)) — min(log(CPM+1))

normalized expression =

Structural similarities between MHC-I and IGSF8

The 3D structures of MHC class | and B2M proteins were extracted from 1P4L (PDB ID) for mice and 3VH8 (PDB ID) for humans. For
1P4L, based on sequence numbering in PDB database, MHC Class | H-2KB heavy chain was annotated as alphai (chainA:1-88),
alpha2 (chainA:89-182) and alpha3 (chainA: 183-274), while the beta-2 microglobulin was chain B:1-99. Same processing
method was applied to 3VH8, with HLA class | histocompatibility antigen B-57 was annotated as alphail (chainA:1-88), alpha2
(chainA:89-182) and alpha3 (chainA: 183-275), while the beta-2 microglobulin was chain B:1-99. The IGSF8 protein structure was
predicted using Alphafold2,”” with the Q969P0 (UniProt ID) sequence. The IGSF8 protein consists of four immunoglobulin domains:
D1 (28-149), D2 (151-300), D3 (303-434) and D4 (437-573), and the entire extracellular domain (ECD, 28-573) was also considered in
the similarity computation. US-align’® was used to measure the structural similarity between the domains in the MHC-I complex and
the domains in IGSF8. Two structures fold similarly when the measured TM-score is above 0.5.
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Figure S1. Identification of IGSF8 as a suppressor of NK cell function, related to Figure 1

(A) A published study®® conducted a CRISPR screen on K562 cells and primary NK cell co-culture. IGSF8 and other known positive control genes are highlighted.
(B) Waterfall plot showing average essential scores of genes in CCLE cell lines from DepMap. IGSF8 and several known pan-essential genes were highlighted.
(C) Dot plot depicting IGSF8 gene expression and its essential scores in cancer cell lines. Data for gene expression and genetic dependency were obtained from
the DepMap portal (deomap.org).

(D) Reduction in cell surface IGSF8 upon CRISPR/Cas9-mediated knockout of IGSF8 in H520 and K562 cells.

(E) NK cell-mediated cytotoxicity against H520 and K562 cells after CRISPR/Cas9-mediated knockout of IGSF8. Cytotoxicity was assessed through flow cy-
tometric staining of the 7-AAD death marker. The E:T ratio represents the ratio of NK cells to H520 and K562 cells. The data are presented as mean + SD (n = 3; a
two-way ANOVA test, **p < 0.01, ***p < 0.001, ***p < 0.0001).

(F) RNA expression of HLA genes in COLO205, AGS control and IGSF8-null cells. The transcripts per million (TPM) were calculated as described (Methods).
(G) Flow cytometry staining for HLA genes on COLO205 and AGS cells following CRISPR/Cas9-mediated knockout of IGSF8, B2M or AAVS1 (control).

(H) IGSF8 expression unchanged upon B2M knockout in two melanoma cell lines grown in vitro. Data from Grasso et al., 2020.%°.

(I) Flow cytometry staining for IGSF8 on COLO205 and AGS cells following CRISPR/Cas9-mediated knockout of B2M or AAVS1 (control).

(J) NK cell activation (as measured by CD107a) upon co-culturing with K562 cells overexpressing IGSF8, HLA-C, or HA-tag control for 4 h. NK cells used are either
expanded NK cells, or purified PBMC NK cells from two healthy donors. The data are represented as mean + SD (n = 3; two-tailed Student’s t test, ***p < 0.001,
****p < 0.0001).

(K) NK cell-mediated cytotoxicity upon co-culturing with K562 cells overexpressing IGSF8, HLA-C, or HA-tag control for 4 h. The cytotoxicity was measured by
flow cytometric staining of the death marker in the K562 cells. The data are represented as mean + SD (n = 3; two-tailed Student’s t test, *“p < 0.01, **p < 0.001,
****p < 0.0001).

(L and M) Published studies®**® conducted CRISPR screens on MC38 cells (L) and B16-F10 cells (M) co-cultured with primary mouse NK cells. IGSF8 and other
known positive control genes are highlighted.

(N) Cell growth of B16-F10 cells with either mouse gRNA ctrl (JRosa26) or mouse glgsf8 was monitored over six days using an automated cell counter.

(O) Heatmap of differentially expressed genes in B16-F10 ctrl versus Igsf8-null tumors. The genes shown are from the top two enriched gene pathways (Natural
killer cell-mediated cytotoxicity or Antigen processing and presentation).
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Figure S2. Identification of the IGSF8 receptor on human and mouse NK cells, related to Figure 2

(A) Schematic representation of the strategy for using flow cytometry-based RNA-seq to identify the receptor of IGSF8 on human NK cells.

(B) Schematic representation of the strategy for using flow cytometry-based CRISPR screens to identify the receptor of IGSF8 on NK cells.

(C) Negatively selected genes in NK cells with high IGSF8 binding (top 10 percentile) compared to low IGSF8 binding (bottom 10 percentile). The KIR family genes
are highlighted.

(D) Surface plasmon resonance (SPR) sensorgrams of the interaction between KIR3DL2 and IGSF8.

(E) Flow cytometry staining of CT26 cells with exogenous expression of six KIR family genes or the HA tag (control) by a lentiviral vector. Overlay histograms show
the binding of the IGSF8 proteins to CT26 cells with different KIR family genes or to control cells.

(F) The effect of anti-KIR3DL2 mAbs (MAB2878 from R&D) and Lacutamab on the binding of biotinylated IGSF8-his recombinant protein to CT26 cells transduced
with human KIR3DL2 or HA tag (control).

(G and H) Flow cytometry staining with anti-KIR3DL2 monoclonal antibody (G) and biotinylated IGSF8-his protein (H) to stain wild-type NK92 cells or KIR3DL2*
NK92 cells. The KIR3DL2* NK92 cells were genetically modified to overexpress the KIR3DL2 gene.

(l) Flow cytometry staining was performed on primary PBMC-derived NK cells obtained from 6 healthy donors. In the experiment, CFSE-labeled K562 cells were
co-cultured with primary PBMC-derived NK cells at an E:T ratio of 1:1. After 4 h, the cells were stained with anti-CD56, a viability dye, anti-KIR3DL2 antibody
(MAB2878), or biotinylated IGSF8 protein. The percentage of IGSF8 protein or MAB2878 binding to live NK cells (CFSE~ CD56") is presented.

(J) Flow cytometry staining of human NK cells was conducted by simultaneously adding either anti-KIR3DL2 monoclonal antibody (10 ug/mL) or an isotype-
matched control Ig (10 pg/mL) with biotinylated IGSF8-his protein (50 ug/mL).

(K) A recent high-throughput interaction screening study>® of human cell surface receptors identified IGSF8 and KIR3DL2 as each other’s mutual top interaction
partners. The rank of IGSF8 and KIR3DL2 were highlighted.

(L) Flow cytometry staining of NK92 wild-type cells with anti-LILRB1 mAb and isotype-matched control IgG.

(M) NK92-mediated cytotoxicity against K562 cells with over-expression of IGSF8, HLA-C or HA-tag control by lentiviral delivery. NK cells were either wild-type
(red) or engineered to overexpress KIR3DL2 (blue). The data are represented as mean + SD (n = 5; two-tailed Student’s t test).

(N) Flow cytometry analysis was performed on mouse splenic cells using anti-CD45, CD19, CD3, NK1.1 mAbs, a viability dye, and biotinylated mouse Igsf8-his
protein. The percentage of Igsf8 binding partner+ cells in splenic T cells (CD45*CD19"NK1.1"CD3") and splenic NK cells (CD45"CD19~ CD3'NK1.1%) is shown
(Each dot represents a sample from a mouse, n = 4; two-tailed Student’s t test, “**p < 0.001).

(O) A schematic representation of the strategy for using Flow cytometry-based RNA-seq to identify the receptor of Igsf8 on mouse splenic NK cells.
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Figure S3. Evaluation of IGSF8 and KIR3DL2 gene expression profiles in patient tumors, related to Figure 3

(A) IGSF8 expression level in normal tissues in GTEx data. IGSF8 is most highly expressed in the brain.

(B) Same as (A) for KIR3DL2. KIR3DL2 is most highly expressed in the spleen.

(C) IGSF8 (right) and KIR3DL2 (left) expression patterns in a panel of 79 human tissues. IGSF8 shows the highest expression in the prefrontal cortex and KIR3DL2
is uniquely expressed in CD56* NK cells.

(D) IGSF8 DNA copy number variation in multiple tumor types. Amplification and deletion frequencies are depicted by red and blue bars, respectively. Tumor
types are sorted along the X axis by the total copy number alteration frequencies.

(E) The positive correlation between IGSF8 DNA copy number and IGSF8 expression level among all TCGA tumor samples.

(F) Solid tumors (>100 samples, red) and normal tissues (>10 samples, blue) were categorized into three groups (vertical dashed lines) based on differential
expression of KIR3DL2 in tumor versus tumor-adjacent normal tissues in TCGA. Tumor-normal pairs are sorted by the tumor expression of KIR3DL2 within each
category. Differences assessed by two-tailed Student’s t-test: *p < 0.05, **p < 0.01, ***p < 0.0001.

(G) KIR3DL2 DNA copy number variation in multiple tumor types. Amplification and deletion frequencies are depicted by red and blue bars, respectively. Tumor
types are sorted along the X axis by the total copy number alteration frequency.

(H) Contour plots depicting the distribution of patient samples based on the normalized mRNA expression levels of IGSF8 and B2M across diverse tumor types.
The expression values in tumors are normalized to the adjacent normal tissues at the populational level. Dashed lines at z scores —1.0 and 1.0 serve as reference
lines on the contour plots.

() mRNA alteration frequencies of IGSF8 and B2M in tumors relative to normal tissues (STAR Methods). Alteration frequency is plotted on the x axis, with tumor
types sorted on the y axis by the cumulative occurrence of IGSF8 upregulation and B2M downregulation.

(J) Re-analysis of scRNA-seq data of CRC samples in Pelka et al.”” Boxplots depict the differential expression of IGSF8 and B2M on epithelial/malignant cells at
the pseudo bulk level, comparing tumor-adjacent normal tissue, MMRd and MMRp tumors.

(K and L) Scatterplots illustrate the Spearman correlations between IGSF8 protein and mRNA levels, both in vitro (K) and in patient tumors (L).

(M and N) Scatterplots demonstrating the Spearman correlations between IGSF8 protein and B2M protein levels, both in vitro (M) and in patient tumors (N).
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Figure S4. The impact of KIR3DL2 or HLA allele variants on the expression profiles of IGSF8 and KIR3DL2 genes in patient tumors, related to
Figure 3

(A) Representative images of immunohistochemical staining using anti-IGSF8 (red), anti-HLA-A/B (blue, the antibody may cross-react with HLA-C and HLA-E
based on manufacturer’s instructions), anti-pan cytokeratin (yellow) antibodies, and H&E, on eight formalin-fixed paraffin-embedded tissue sections of
different tumor types (two examples for each tumor type). The "merge" image combines the three antibody colors to demonstrate the co-localization of IGSF8,
HLA-A/B, and cytokeratin in the tumor sections. Scale bars, 100 pm.

(B) Kaplan-Meier plots of overall survival in six types of cancer patients with either high antigen presentation (MHC-I high, top 50%) or low antigen presentation
(MHC-I low, bottom 50%). Within each group, patients were further divided into IGSF8 high (top 25%), and IGSF8 low (bottom 25%) groups based on their IGSF8
expression levels. The log rank test assessed the difference in overall survival between the IGSF8 high and IGSF8 low populations. Additionally, Cox multivariate
regression was performed to evaluate the impact of IGSF8 expression on overall survival, while accounting for patient age, gender, and tumor stage.

(C) Analysis of pretreatment gene expression differences among patients categorized by responses to anti-PD1 treatment. RNA-seq data from the Gene
Expression Omnibus (GEO) under accession number GSE78220 °° was analyzed. CR: complete response, PR: partial response, PD: progressive disease.
Statistical analysis used the two-tailed Student’s t-test and Wilcoxon rank-sum test to determine the significance of differences.

(D) Flow cytometry staining of CT26 cells with exogenous expression of nine KIR3DL2 variants or the HA tag (control) by a lentiviral vector. Overlay histograms
show the binding of Lacutamab to CT26 cells with different KIR3DL2 variants or to control cells.

(E and F) mRNA expression of KIR3DL2 (E) and IGSF8 (F) among patients with different KIR3DL2 alleles. Differences assessed between patients with or without a
specific allele by two-tailed Student’s t-test. Multiple hypothesis tests were performed: **adj.p < 0.01, ***adj.p < 0.001, ****adj.p < 0.0001.

(G-l) Expression levels of KIRSDL2 mRNA (G), IGSF8 mRNA (H) and IGSF8 protein (I) between patients with or without HLA-A*03/A*11. No significant differences
were observed assessed by two-tailed Student’s t-test.

(J) Association between IGSF8 expression and patients’ survival with or without considering HLA-A*03 and A*11 as confounding factors. P-values are only shown
when IGSF8 hazard ratio is significantly different from one. In the case of CESC and LUSC, the significant differences in hazard ratio from one do not seem to arise
from HLA-A*03 and A*11 alleles.
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Figure S5. In vitro functional assays for an anti-IGSF8 therapeutic antibody, related to Figure 4

(A) Assessment of the IGSF8.06 antibody binding to CT26 cells overexpressing human or mouse IGSF8. Mean fluorescence intensity (MFI) was measured by flow
cytometry.

(B) Assessment of the IGSF8.06 antibody binding to PC9, A375, H520, K562, and COLO205 cells with or without endogenous expression of IGSF8. Control
(9AAVS1) and perturbation (gIGSF8-18&2) groups are shown on the X axis.

(legend continued on next page)
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(C) Biotinylated IGSF8-his protein (50 pg/mL) was immobilized onto streptavidin-coated biosensor tips. Following equilibration, IGSF8.06 mAb (100 ng/mL,
SensorA, blue), human IgG1 isotype-matched control (100 pg/mL, SensorB, orange), and buffer control (SensorC, green) were sequentially introduced to the
biosensor tips. The binding of IGSF8.06 mAb to SensorA resulted in a significant increase in signal, whereas no binding was observed on the biosensors treated
with either the control antibody (SensorB) or buffer alone (SensorC). Subsequently, KIR3DL2-hFc protein (500 ng/mL) was added to the biosensor, resulting in a
significant increase (A Binding) in signal on the control biosensors (SensorB and SensorC), indicating that KIRSDL2-hFc protein can bind to IGSF8 protein.
However, the signal on SensorA, which was previously bound with IGSF8.06 mAb, decreased instead (A Binding). The baseline signal (magenta, SensorD) was
recorded as buffer control.

(D) Dose-response curve using varying concentrations (x axis) of IGSF8.06-IgG1-LALA (red) or IgG1-LALA isotype-matched control IgG (blue) treatment
versus cell lysis (y axis). K562- mblL21-expanded human NK cells were evaluated against AGS cells at a 1:1 E:T ratio overnight. Results are presented as mean +
SD (n = 3, a two-way ANOVA test, ***p < 0.001).

(E) Human NK cell-mediated cytotoxicity against COLO205 cells evaluated at the indicated E:T ratios for overnight, in presence of 1 ug/mL of IGSF8.06-IgG1-
LALA antibodies and isotype-matched controls. Cytotoxicity results are presented as mean + SD (n = 6, a two-way ANOVA test, ***p < 0.0001).

(F) Dose-response curve on the effect of varying concentrations (x axis) of IGSF8.06 (red) or isotype-matched control IgG (blue) (both with IgG1-LALA Fc)
treatment on K562-HLA-C cell lysis (y axis). Human primary PBMC NK cells from a healthy donor were co-cultured with K562 cells overexpressing HLA-C ata 1:1
E:T ratio with antibody treatment for 4 h. Results are presented as mean + SD (n = 3, two-way ANOVA test, *p < 0.01).

(G) Flow cytometry staining of primary liver, lung, and colorectal malignant cells with either anti-IGSF8, anti-HLA-A/B/C, or an isotype-matched control antibody
to evaluate IGSF8 and MHC-I protein expression.

(H) Engineered NK92-KIR3DL2 cells were co-cultured with K562-IGSF8 overexpressing cells at varying E:T ratios with 1 pg/mL of IGSF8.06-IgG1-LALA or
1gG1-LALA isotype control antibody for 4 h. Cytotoxicity results are presented as mean + SD (n = 5, two-tailed Student’s t test, **p < 0.01, ***p < 0.0001).

(I) Flow cytometry staining of mouse splenic NK cells with anti-NK1.1 and anti-Klra9 mAbs.



Cell ¢ CelPress

A ) B
B16-F10 syngeneic model B16-F10 syngeneic model
g 100+ —— Isotype ctrl (4mg/kg) 2 100 — lIsotype ctrl (8mg/kg)
© —= |GSF8.06 (4mg/kg) Tg — Anti-CD8 (4mg/kg) + isotyoe ctrl (4mg/kg)
% e — Anti-CD4 (4mg/kg) + isotyoe ctrl (4mg/kg)
§ 50 E - — Anti-CD8 (4mg/kg) + IGSF8.06 (4mg/kg)
° 3 — Ant-CD4 (4mglkg) + IGSF8.06 (4mglkg) | _ |«
% P<0.001 3 — IGSF8.06 (4mglkg) + isotyoe ctrl (4mg/kg) 1
Q Q
S 04 6_0— 0 T T 1
o 0 20 40 60 0 20 ? 40 60 Days
Days after tumor implantation One mouse in IGSF8.06 group
B16-F10 (s.c.) re-challenge (D23)
Cc D
LLC syngeneic model CT26 syngeneic model
1500 3000
& s~ Isotype ctrl (4 mg/kg) T - Isotype ctrl (4 mg/kg)
£ - Ant-PD1 (4 mglkg) E = Anti-PD1 (4 mghkg)
‘&; 1000 . IGSF8.06 (4 mg/kg) g 2000 il —— |GSF8.06 (4 mg/kg)
€ il * 3 - |GSF8.06 (2 mg/kg) _g x|+ -+ IGSF8.06 (2 mg/kg)
2 +anti-PD1 (2mg/kg) g HE +anti-PD1 (2mg/kg)
> 500 il * 5 1000 v
5 ' < [ 5 Ve
§ . @ ¢
L 0 r T 1 0 T T T T T
0 5 10 15 20 25 0 5 10 15 20
Day Day
E F G
EMT6 syngeneic model Anti-B2m B16-F10 Anti-Igsf8
- = Isotype ctrl (5 mgkg)  516-F10 Isotype ctr A Isotype ctr
£ -=  Anti-PD1 (5 mg/kg) Anti-B2m / Anti-Igsf8
E L Le
Py —+ IGSF8.06 (5 mg/kg) Isotype ctrl Isotype ctrl
1 -* |IGSF8.06 (2.5 mg/kg) Anti-B2 y
2 +ant-PD1 (25mghkg)  CT26 nti-B2m 26 A Anti-lgsfs
g b Isotype ctrl / \ Isotype ctrl
. ¥ | =
o i Anti-B2m Anti-Igsf8
£ EMT6 EMT6 | A o
=) Isotype ctrl Isotype ctrl
= AL n et e e
10? 10° 104 10°% 10
APC
H I
B16-F10 tumor anti-IGSF8 vs ctrl LLC tumor anti-IGSF8 vs ctrl
Antigen processing and presentation- L 4 Cytokine-cytokine receptor interaction - L4
Hematopoietic cell lineage - L Antigen processing and presentation - L
Phagosome- L 4 Th17 cell differentiation - ®
Cell adhesion molecules (CAMs)- 4 NOD-like receptor signaling pathway - L 2
Cytokine—cytokine receptor interaction- & Natural killer cell mediated cytotoxicity - @
Natural killer cell mediated cytotoxicity - L 2 TNF signaling pathway - ®
Adrenergic signaling in cardiomyocytes - ® Cell adhesion molecules (CAMs)- @
NOD-like receptor signaling pathway - L 4 Th1 and Th2 cell differentiation - L 2
Chemokine signaling pathway - L 2 Chemokine signaling pathway - @
Calcium signaling pathway - L T cell receptor signaling pathway - L 2
0 1 2 0 2 4
—log10(q value) -log10(q value)
J K
CT26 tumor anti-IGSF8 vs ctrl EMT6 tumor anti-IGSF8 vs ctrl
Cell adhesion molecules (CAMs)- ® Antigen processing and presentation - LS

Hematopoietic cell lineage- L4 Cell adhesion molecules (CAMs)- ®
Th1 and Th2 cell differentiation- L 4 Th17 cell differentiation - L
NOD-like receptor signaling pathway - L 4 Intestinal immune network for IgA production - L
Antigen processing and presentation- ® Natural killer cell mediated cytotoxicity - L
Th17 cell differentiation- L4 Th1 and Th2 cell differentiation - ®
Natural killer cell mediated cytotoxicity - L 2 NOD-like receptor signaling pathway - L 2
Phagosome- ® T cell receptor signaling pathway - L 2
Calcium signaling pathway - L Hematopoietic cell lineage - ®
T cell receptor signaling pathway - L4 Jak—STAT signaling pathway - L
0 4 0 > 4 6

2 3
-log10(q value)

2 4
-log10(q value)

(legend on next page)



¢ CelPress Cell

Figure S6. The anti-IGSF8 therapeutic antibody inhibits tumor growth by activating NK cells, related to Figure 5

(A) Survival of B16-F10 syngeneic mice in monotherapy treatment with control antibody (blue) and IGSF8.06 (red) (n = 8). Log rank (Mantel-Cox) test was used to
determine statistical significance.

(B) Survival of B16-F10 syngeneic mice by anti-CD4 and CD8 depletion in the B16-F10 syngeneic model treated with either IGSF8.06 or isotype-matched
antibody controls (n = 7). On day 21, one mouse in the IGSF8.06 monotherapy group showed complete tumor regression. On day 23 (indicated by an arrow), the
mouse was re-implanted subcutaneously with 1 million B6-F10 cells. Subsequently, it was observed that the tumor did not reappear in this mouse on day 50. Log
rank (Mantel-Cox) test was used to determine statistical significance. *p < 0.05.

(C-E) LLC (C), CT26 (D), and EMT®6 (E) syngeneic model treated with anti-PD1, IGSF8.06, combination, and isotype-matched controls. The data are presented as
mean + SD (n = 8), and a two-way ANOVA test and Greenhouse-Geisser correction. Dosing was indicated byarrows. “*p < 0.01, **p < 0.005, ****p < 0.001.
(F and G) Flow cytometric staining of B16-F10, LLC, CT26 and EMT®6 cells with either anti-mouse Igsf8, anti-B2m, or an isotype-matched control antibody to
evaluate their in vitro B2m (F) and Igsf8 (G) protein expression.

(H-K), Top enriched KEGG gene pathways of up-regulated genes in B16-F10 (H), LLC (l), CT26 (J), and EMT6 (K) tumors with IGSF8.06 treatment vs. control
treatment.
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