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ABSTRACT

Background Immune checkpoint blockade targeting

the adaptive immune system has revolutionized the
treatment of cancer. Despite impressive clinical benefits
observed, patient subgroups remain non-responsive
underscoring the necessity for combinational therapies
harnessing additional immune cells. Natural killer (NK)
cells are emerging tools for cancer therapy. However,

only subpopulations of NK cells that are differentially
controlled by inhibitory receptors exert reactivity against
particular cancer types. How to leverage the complete
anti-tumor potential of all NK cell subsets without favoring
the emergence of NK cell-resistant tumor cells remains
unresolved.

Methods We performed a genome-wide CRISPR/

Cas9 knockout resistance screen in melanoma cells

in co-cultures with human primary NK cells. We
comprehensively evaluated factors regulating tumor
resistance and susceptibility by focusing on NK cell
subsets in an allogenic setting. Moreover, we tested
therapeutic blocking antibodies currently used in clinical
trials.

Results Melanoma cells deficient in antigen-presenting or
the IFNy-signaling pathways were depleted in remaining
NK cell-co-cultured melanoma cells and displayed
enhanced sensitivity to NK cells. Treatment with IFNy
induced potent resistance of melanoma cells to resting,
IL-2-cultured and ADCC-activated NK cells that depended
on B2M required for the expression of both classical and
non-classical MHC-I. IFNy-induced expression of HLA-E
mediated the resistance of melanoma cells to the NKG2A*
KIR™ and partially to the NKG2A* KIR* NK cell subset. The
expression of classical MHC-I by itself was sufficient for
the inhibition of the NKG2A™ KIR*, but not the NKG2A* KIR*
NK cell subset. Treatment of NK cells with monalizumab,
an NKG2A blocking mAb, enhanced the reactivity of a
corresponding subset of NK cells. The combination of
monalizumab with lirilumab, blocking KIR2 receptors,
together with DX9, blocking KIR3DL1, was required to
restore cytotoxicity of all NK cell subsets against IFNy-
induced resistant tumor cells in melanoma and tumors of
different origins.

Conclusion Our data reveal that in the context of NK
cells, IFNy induces the resistance of tumor cells by

the upregulation of classical and non-classical MHC-I.
Moreover, we reveal insights into NK cell subset reactivity
and propose a therapeutic strategy involving combinational
monalizumaby/lirilumab/DX9 treatment to fully restore the
antitumor response across NK cell subsets.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Immune checkpoint blockade by monoclonal anti-
bodies has revolutionized the treatment of patients
with cancer. Natural killer (NK) cells, known to elim-
inate tumor cells, especially in the early stage of tu-
mor development, are innate immune effector cells
divided into distinct subsets on the basis of their
receptor expression. Tumor resistance to immuno-
therapy remains a major challenge in the clinics.

WHAT THIS STUDY ADDS

= Our study highlights that IFNy shuts off the cyto-
toxicity of distinct NK cell subsets characterized by
KIR and/or NKG2A receptors by induction of clas-
sical and non-classical MHC class | molecules in
a time-dependent manner. We provide detailed in-
sight into the regulation of distinct NK cell subsets
in allogeneic settings and show that the therapeutic
blocking mAbs monalizumab and lirilumab do not
act uniformly on all NK cells but act on specific NK
cell subsets. Our results reveal a minimal effect of
KIR2DL1/L2/L3 or KIR3DL1 blockade on restoring
the function of the NKG2A* KIR* NK cell subset un-
less a simultaneous NKG2A blockade was used.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Our study provides compelling evidence supporting
the pursuit of combinational therapy involving mon-
alizumab and lirilumab while also advocating for the
development and clinical testing of KIR3DL1 block-
ade for additional effectiveness. Since therapeutic
strategies leading to NK cell activation such as
ADCC-mediating mAbs, NK engagers or application
of cytokines such as IL-12 induce IFNy production
with many beneficial effects on adaptive immunity,
our results support concomitant NKG2A/KIR block-
ade to unleash the NK cells’ full antitumor potential.
The results from our experiments performed in al-
logeneic settings might be highly relevant for allo-
genic NK cell products used for adoptive transfers
in the clinics.

INTRODUCTION

Natural killer (NK) cells are cytotoxic innate
lymphocytes that play a crucial role in elim-
inating tumor or virus-infected cells. Their
activity is tightly regulated by multiple
germ-line encoded activating and inhibitory
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receptors.! The differential expression of several recep-
tors, including CD56, CD16, TIGIT, NKG2A, NKG2C, or
Killer-cell immunoglobulin-like receptors (KIRs), sepa-
rates NK cells into subsets, whose reactivity depends on
the receptor expression patterns.””* The ligands for these
receptors, which can trigger or inhibit NK cell responses,
are expressed on tumor cells or upregulated in the
context of cellular stress. NK cells not only kill but also
produce cytokines in response to tumor targets, such as
interferon-y (IFNY), that can further affect both innate
and adaptive immunity.” Thus, encounter of NK cells
with target cells can lead not only to direct cellular cyto-
toxicity but also to the release of soluble factors, which
can exert subsequent and long lasting effects on immune
responses. The mechanisms of how the antitumor reac-
tivity of distinct subsets of NK cells is regulated at early
and later time points of NK/tumor cell encounters are
still incompletely understood.

Despite effective antitumor immune reactivity,
tumor cells employ strategies to avoid and escape from
innate and adaptive immune responses. Tumor cells
often develop resistance to standard treatments, such
as chemotherapy, radiotherapy or targeted immune
therapy.” Immune checkpoint blockade (ICB) was shown
to enhance the immune system’s ability to recognize and
eliminate tumor cells by neutralizing signals that cancer
cells use to avoid and escape from the immune system.
ICB therapy showed impressive clinical benefits in both
prolonging patients’ survival or even reaching tumor
remission.” ® However, subsets of patients remain unre-
sponsive to ICB therapy, develop resistance and relapse.
Currently, antibodies blocking CTLA-4, PD-1/PD-L1 and
LAG-3 are FDA-approved ICB treatment options for some
cancer types, with many ongoing clinical trials involving
other targets, such as TIGIT, CD112R, NKG2A, TIM-3.5°1
Since most current ICB therapies target the adaptive
immune system, there is an emerging need in discovering
novel immunomodulatory tools and developing ICBs
unleashing innate immunity.” **

Here, we used melanoma cells that express multiple
ligands involved in NK cell recognition as a model for
discovering innate immune checkpoints that impair the
antitumor cytotoxic activity of NK cells.'> We performed
a genome-wide (GW) CRISPR-Cas9 knockout (KO) resis-
tance screen, a powerful tool to detect single factors
capable to shift the balance towards increased suscepti-
bility or resistance of tumor cells to immune cell attack.
Recently published screens identified multiple ligands,
whose genetic targeting led to improved T, CAR-T and
NK cell function against leukemia and different solid
tumors. %7 However, so far, no GW CRISPR/Cas9 KO
screen addressed key resistance mechanisms of melanoma
cells to human primary NK cells. Here, we reveal that the
resistance of melanoma cells to NK cell killing depended
on NK cell-produced IFNY. IFNy acted as NK cell shut-off
mechanism by inducing the expression of HLA-E, HLA-B
and HLA-C molecules that differentially inhibited distinct
NK cell subsets defined by the expression of NKG2A and

KIRs. We further used therapeutic mAbs currently tested
in clinical settings that block these checkpoints and
confirmed our results not only in melanoma cells but
also in other tumor entities. Our insights into the role of
IFNY on unveiling checkpoints regulating the activation
of individual NK cell subsets will contribute to leverage
the full antitumor potential of all NK cells.

RESULTS

IFNy induces melanoma cell resistance to NK cells dependent

on the expression of B2M

To identify mechanisms involved in the resistance of
melanoma cells to NK cell cytotoxicity, we performed a
GW CRISPR/Cas9 KO screen on the A375 melanoma
cell line co-cultured with IL-2-cultured primary human
NK cells. We co-cultured NK cells with sgRNA library-
transduced melanoma cells for 24 hours. Subsequently,
we separated melanoma cells that had survived co-culture
with NK cells, and determined the changes in sgRNA
library representation in comparison to melanoma cells
cultured alone (figure 1A). Genes, whose targeting
affected cell proliferation and survival independent of
the presence of NK cells, were filtered out and excluded.
Cells bearing sgRNAs targeting TAPBP, TAP2, B2M, TAPI,
CALR genes were underrepresented indicating the
antigen-presenting machinery as one major contributor
to the resistance of melanoma cells to NK cell cytotoxicity
(figure 1B). In addition, sgRNAs targeting genes involved
in transcriptional regulation of MHC-I, such as SUGT],
RFXANK, DCAFI5, and NLR5, as well as genes from the
IFNy signaling pathway, such as IRFI, IRF2, and STATI
were present at comparatively low abundancy.** %
Melanoma cells deficient in JCAM-1, a gene encoding an
adhesion molecule, were enriched after co-culture with
NK cells (figure 1B). Next, we set up a co-culture assay
mimicking the 24hours of screen co-culture. We mixed
equal numbers of candidate gene-deficient (KO) cells
with control wild-type (WT) melanoma cells and co-cul-
tured them with NK cells at different effector to target
ratios (E:T). After the co-culture, the ratio between WT
and KO cells was determined to assess the increase in
resistance or sensitivity of KO cells in comparison to WT
cells (online supplemental figure 1A). ICAM-1 KO mela-
noma cells displayed increased resistance after 24 hours
co-culture with NK cells, which aligned with decreased
degranulation of NK cells observed during 4hours of
co-culture (figure 1C,D, online supplemental figure
1B,C). Melanoma cells deficient in NCRL3LGI (B7H6),
a ligand for the activating receptor NKp30, were also
enriched after NK cell co-culture. Accordingly, blocking
of NKp30 during co-culture with melanoma cells resulted
in reduced degranulation of NK cells (online supple-
mental figure 1D). In contrast, when we targeted the B2M
gene (B2M KO), which resulted in abolished expression
of MHCHI, the resistance of melanoma cells after 24 hours
of co-culture with NK cells was greatly reduced, particu-
larly at higher E:T ratios resulting in overall higher killing
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Figure 1 IFNy-mediated MHC-I-dependent resistance of A375 cells to NK cell killing. (A) Set-up of a GW CRISPR/Cas9 NK
cell/melanoma screen co-culture. Created with BioRender.com (B) Volcano plot showing depleted and enriched sgRNAs by
fold change mean versus p-value. Significant sgRNAs below 0.05 false discovery rate are marked as red (sensitive) and blue
(resistant). (C) Increase in ICAM-1 KO cell population after 24 hours of co-culture with 2 days IL-2-cultured NK cells. WT and KO
cells were mixed at a 1:1 ratio and co-cultured with NK cells at different effector to target (E:T) ratios (n=6). (D) Degranulation

of NK cells after 4 hours co-culture with WT or ICAM-1 KO A375 cells (n=6). (E) Reduction in B2M KO cell population after

24 hours of co-culture of NK cells with mixed WT:B2M KO cells (1:1) at different E:T ratios (n=9). (F) Degranulation of NK cells
after 4hours of co-culture with B2M KO and WT A375 cells either untreated (left) or pretreated o/n with supernatant collected
from 24 hours of NK/A375 cell co-culture (right) (n=6). (G) Degranulation of NK cells after 4 hours of co-culture with WT or B2M
KO A375 cells pretreated or not with recombinant IFNy for 12 hours (n=17). (H) Reduction in B2M KO cell population after

4 hours of co-culture of NK cells with mixed WT:B2M KO cells (1:1) at different E:T ratios. A375 cells were pretreated or not with
IFNY o/n before the co-culture (n=6). () Representative histograms showing the expression of intracellular IFNy after 4 hours of
stimulation of WT NK or IFNG sgRNA electroporated primary NK cells with IL-12/18 (left). Reduction in B2M KO cell population
after 24 hours of co-culture of mixed WT:B2M KO cells (1:1) at different E:T ratios with WT or IFNG KO NK cells (right) (n=3).

(J) Degranulation of freshly isolated (resting) NK cells and 2 days IL-2-cultured NK cells after 4 hours of co-culture with A375
cells pretreated or not with IFNy 12 hours before the co-culture in the presence of higG1 or ADCC-inducing cetuximab (5ug/
mL) (n=6). (K) Histogram showing binding of cetuximab to EGFR on A375 cells pretreated or not with IFNy for 12 hours. (L)
Degranulation of 2 days IL-2-cultured NK cells after 4 hours of co-culture with WT or B2M KO A375 cells pretreated or not with
IFNY 12 hours before the co-culture in the presence of ADCC-inducing cetuximab mAb (n=6). Statistical analysis was performed
by one-way ANOVA (multiple comparisons) test (C, E, G, L); two-way ANOVA (multiple comparisons) test (H, ) and two-tailed
Student’s t-test (D, F, J), *p<0.05, **p<0.01, **p<0.001, “***p<0.0001. ANOVA, analysis of variance; KO, knockout; NK, natural
killer; WT, wild-type.
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of melanoma cells (figure 1E, online supplemental figure
1E). The loss of B2M in melanoma cells increased the
degranulation of NK cells; however, not to an extent that
aligns with high sensitivity of B2M KO melanoma cells
to NK cell killing observed during 24 hours of co-culture
(figure 1F). Thus, we decided to mimic the cytokine envi-
ronment present during the 24hours of co-culture by
pretreating melanoma cells with supernatant collected
from 24hours of NK cell/melanoma cell co-cultures.
NK cells displayed more than a threefold increase in
degranulation against supernatant-treated B2M KO cells
in comparison to WT cells (figure 1F). After tumor cell
encounter, besides cytotoxicity, NK cells also produce the
proinflammatory cytokine IFNY (online supplemental
figure 1F), which increases the expression of MHCL.”
Next, we pretreated WT and B2M KO cells with recom-
binant IFNy and observed reduced degranulation of NK
cells against WT cells (figure 1G, online supplemental
figure 1G). The reduction in the degranulation of NK
cells after IFNYy pretreatment of melanoma cells was not
mediated by soluble factors and was absent upon dele-
tion of B2M from melanoma cells (figure 1G, online
supplemental figure 1H). Accordingly, in a short 4hours
of co-culture, B2M KO cells were as sensitive as WT to
NK cell-mediated killing, since the ratio between WT and
B2M KO cells did not dramatically change as observed
during 24 hours of co-culture (figure 1H). However, over-
night (o/n) IFNy pretreatment of a mixture of WI/B2M

KO cells followed by a short 4 hours of co-culture with NK
cells resulted in a higher representation of WT cells in
the cells that had resisted NK cell co-culture indicating
an enhanced resistance of WT cells and an increased
sensitivity of B2M KO cells to NK cell killing (figure 1H).
These changes in ratios between WT versus B2M KO cells
were due to NK cell-mediated killing and not caused by
reduced or increased melanoma cell proliferation by
soluble factors present in the co-culture supernatant such
as IFNy or TNFa (online supplemental figure 1I). To
exclude a cell line-specific effect of IFNYy, we used other
MHCH-expressing (MHC-I") and MHC-I-deficient (MHC-
I') melanoma cell lines (online supplemental figure 1J).
IFNy pretreatment of melanoma cells did not cause a
reduction in the degranulation of NK cells against MHC-
I' cell lines but resulted in a reduced response against
MHC" cell lines (online supplemental figure 1K). Next,
we generated IFNG-deficient primary NK cells (IFNG
KO), using CRISPR/Cas9 ribonucleoprotein (RNP)
technology, to prevent induction of melanoma cells resis-
tance to NK cell killing (figure 1I). Upon reduction of
IFNY availability during 24 hours of co-culture with mixed
WT/B2M KO cells, a lower proportion of WT cells and a
higher amount of B2M KO melanoma cell resisted co-cul-
ture with IFF'NG KO NK cells compared to co-culture with
WT NK cells (figure 1I). To address the effect of IFNYin a
more physiological context, we tested responses of freshly
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isolated (resting) NK cells. As with IL-2-cultured cells,
we observed impaired degranulation of resting NK cells
against IFNYy-pretreated melanoma cells in the absence
and the presence of an antibody-dependent cellular cyto-
toxicity (ADCC)-mediating mAb (figure 1J). This impair-
ment in ADCC-mediated degranulation of NK cells was
not caused by reduced binding of the ADCC-mediating
antibody, cetuximab, to IFNy-pretreated melanoma cells
(figure 1K). Moreover, B2M KO melanoma cells failed
to efficiently inhibit ADCC after IFNYy pretreatment and
induced minor inhibition of NK cells (figure 1L). Besides
upregulation of MHC-I, IFNYy treatment is reported to
reduce the expression of MICA/B, ligands for the acti-
vating NKG2D receptor.”” * We confirmed the involve-
ment of NKG2D in the degranulation of NK cells against
A375 cells (online supplemental figure 1L); however,
despite the reduction in the expression of MICA/B, we
observed only a minor reduction in NKG2D-Fc binding
to melanoma cells after IFNY treatment (online supple-
mental figure 1M). Taken together, our data confirm
that ICAM-1 and B7H6 on melanoma cells mediate NK
cell activation while the expression of MHC-I is essential
to induce the inhibition of NK cells. Moreover, we show
that pretreatment of melanoma cells with IFNy resulted
in reduced NK cell activation, which depended on the
ability of melanoma cells to express MHC-I. Accordingly,
in melanoma/NK cell co-culture targeting /FNG in NK
cells or B2M in melanoma cells avoided NK cell inhibi-
tion. Therefore, the IFNy pathway acts as NK cells shut-off

mechanism by inducing the resistance of melanoma cells
to NK cells, which is dependent on the expression of
B2M/MHC-L

IFNy-induced expression of HLA-E protects melanoma cells
from NKG2A™ NK cells

Since IFNymediated tumor resistance to NK cells
depended on the expression of B2M in melanoma cells,
we dissected the role of individual MHC-I molecules and
their effect on NK cell activity. In our screen, among
all MHC-I molecules, only the cells with targeted dele-
tion of the non-classical MHC-I molecule HLA-E were
significantly depleted after co-culture with NK cells. The
surface expression of HLA-E, absent on untreated A375
cells, was transiently upregulated by IFNy, peaking at
12hours post-IFNy treatment (figure 2A, online supple-
mental figure 2A). Next, we generated melanoma cells
deficient in the HLA-E gene (HLA-E KO) (online supple-
mental figure 2B). In a 24-hour co-culture of mixed WT/
HLA-E KO cells with NK cells, HLA-E KO cells showed
reduced resistance to NK cells in comparison to WT cells
(figure 2B). HLA-E is a ligand for the activating NKG2C
and the inhibitory NKG2A receptor.”* While the expres-
sion of NKG2C was detected only on a minor fraction of
NK cells, the expression of NKG2A consistently defined
two NK cell subsets (figure 2C, online supplemental
figure 2C). The degranulation of CD56™8" NK cells,
which display high expression of NKG2A, was reduced
after co-culture with IFNy-pretreated WT cells, but not
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Figure 4 Different inhibition of NKG2A/KIRs NK cell subsets by IFNy-pretreated A375 cells. (A) Representative dot plot
showing the expression of NKG2A and KIRs on NK cells cultured for 2 days in IL-2-containing media. (B) Degranulation of 2
days IL-2-cultured NKG2A/KIRs NK cell subsets after 4 hours of co-culture with WT, HLA-E KO, HLA-BC dKO and B2M KO
A375 cells pretreated or not with IFNy 12 hours before the co-culture (n=7). (C) Expression of NKG2A and KIRs on NK cells
cultured for 6 days in IL-2-containing media. (D) Expression of NKG2A on isolated NKG2A™ NK cells at days 0 and 6 of culture
in IL-2-containing media. (E) Expression of NKG2A and the reduction in Cell Trace Violet (CTV) staining on isolated NKG2A

NK cells cultured for 6 days in IL-2-containing media. NKG2A™ NK cells were isolated by depleting of NKG2A* NK cells using
NKG2A magnetic beads, stained with CTV and analyzed after 6 days of culture. NK cell were gated as NKG2A™ and NKG2A*
and the percentage of NK cells that have proliferated was quantified (n=3). (F) Representative dot plot showing the expression
of NKG2A and KIRs on NK cells cultured for 9 days in IL-2-containing media. (G) Degranulation of 9 days IL-2-cultured NKG2A/
KIR NK cell subsets after 4 hours of co-culture with WT, HLA-E KO, HLA-B/C dKO, HLA-BCE tKO and B2M KO A375 cells
pretreated or not with IFNy 12 hours before the co-culture (n=8). Statistical analysis was performed by one-way ANOVA (multiple
comparisons) test (B, G) and two-tailed Student’s t-test (E), *p<0.05, **p<0.01, **p<0.001, ***p<0.0001. ANOVA, analysis of

variance; KO, knockout; NK, natural killer; WT, wild-type.

HLA-E KO cells (figure 2D). The overall degranulation of
NK cells displayed only partial inhibition after co-culture
with IFNy-pretreated HLA-E KO cells, since NKG2A" NK
cells were no longer inhibited by HLA-E (figure 2E,F).
In contrast, NKG2A™ NK cells remained inhibited after
the IFNY pretreatment of melanoma cells. The inhibi-
tion of both NKG2A™ and NKG2A™ NK cell subsets after
IFNYy pretreatment of melanoma cells was absent during
co-culture with B2M KO cells (figure 2F). Similar results
were obtained with SKMel-37 melanoma cells (online
supplemental figure 2D-F). Here, we show that the dele-
tion of HLA-E or B2M in IFNy-pretreated melanoma cells
abolished their resistance to NK cells. HLA-E that was

induced by IFNyinhibited the responses of CD56""8" and
NKG2A" NK cells while the classical MHC-I mediated the
inhibition of NKG2A™ NK cells after IFNYy treatment of
melanoma cells.

IFNy-induced expression of classical MHC-I on melanoma
cells inhibits the degranulation of NKG2A™ NK cells

Next, we explored the role of the individual classical
MHC-I molecules in regulating melanoma cell suscepti-
bility to NK cells. A375 cells expressed HLA-A at a steady
state while HLA-B and HLA-C were only expressed upon
IFNy treatment (figure 3A,B, online supplemental figure
3A). The expression of HLA-A and HLA-B increased with
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Figure 5 Effect of monalizumab, lirlumab and DX9 mAb treatment on the degranulation of NK cell subsets against tumor
cells. (A) Degranulation of NKG2A™ NK cells after 4 hours of co-culture with untreated or 12 hours IFNy-pretreated WT or HLA-
BC dKO A375 cells in the presence of 5ug/mL IgG, or lirilumab (liri) mAb (n=6). (B) Degranulation of NKG2A™ KIR™ NK cells
after 4 hours of co-culture with untreated or 12 hours IFNy-pretreated WT or HLA-E KO A375 cells in the presence of 5ug/mL
IgG, or monalizumab (mona) mAb (n=6). (C) Degranulation of expanded FACS-sorted NKG2A" KIRs™ NK cells after 4 hours of
co-culture with untreated or 12 hours IFNy-pretreated WT and HLA KO A375 cells in the presence of 5 ug/mL IgG, or combined
monalizumab-lirilumab mAbs (n=9). (D) Reduction in B2M KO cell population after 24 hours of co-culture of NK cells with
mixed WT:B2M KO cells (1:1) at different E:T ratios in the presence of 5ug/mL of indicated mAbs. Statistical significance

is displayed for E:T ratio 1:1 (n=6). (E) Degranulation of NKG2A~ KIR* NK cells after 4 hours of co-culture with untreated or

12 hours IFNy-pretreated WT and B2M KO A375 cells in the presence of indicated mAbs (n=6). (F) Degranulation of NKG2A*
KIR™ NK cells after 4 hours of co-culture with untreated or 12 hours IFNy-pretreated WT and B2M KO A375 cells in the presence
of indicated mAbs (n=5). (G) Reduction in B2M KO cell population after 24 hours of co-culture of NKG2A* KIRs* NK cells with
mixed WT/B2M KO (1:1) cells in the presence of indicated mAbs. Statistical significance is displayed for E:T ratio 1:1 (n=6).

(H) Degranulation of CD56""", CD56%™ and CD56%™ NKG2A/KIRs NK cell subsets after 4 hours of co-culture with A375 cells
(n=15). (I) Degranulation of 2 days IL-2-cultured NK cells after 4 hours of co-culture with untreated or 12 hours IFNy-pretreated
WT and HLA KO A375 cells (n=8). (J) Degranulation of 9 days IL-2-cultured NK cells after 4 hours of co-culture with MHC-I*
tumor cell lines pretreated or not with IFNy 12 hours before the co-culture in the presence of indicated mAbs (n=6). Statistical
analysis was performed by two-way ANOVA (multiple comparisons) test (A-D, G) and one-way ANOVA (multiple comparisons)
test (E, F, H-J), *p<0.05, **p<0.01, **p<0.001, ***p<0.0001. ANOVA, analysis of variance; E:T, effector to target; KO, knockout;
NK, natural killer; WT, wild-type.

the duration of the treatment while the expression of  generate HLA-ABC KO melanoma cells, we transfected
HLA-C was transient peaking at 12hours post-IFNy treat-  melanoma cells with sgRNA targeting classical MHC-I
ment (figure 3A,B, online supplemental figure 3A). To  genes, which resulted in impaired expression of HLA-A,
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HLA-B and HLA-C (online supplemental figure 3B).
Upon co-culture with NK cells, IFNy-pretreated HLA-ABC
KO melanoma cells failed to inhibit the degranulation
of NKG2A™ NK cells (online supplemental figure 3C).
However, the KO of classical MHC-I also led to impaired
upregulation of HLA-E, which relies on signal peptides
derived from classical MHC-I for its expression on cell
surface™ * (online supplemental figure 3B). Therefore,
HILA-ABC KO cells also failed to inhibit the degranula-
tion of NKG2A" NK cells. Next, we focused on individual
HLA-B and HLA-C molecules, as their expression was
dependent on the presence of IFNYy, and generated HLA-B
KO and HLA-C KO cells (online supplemental figure 3D).
We observed that the degranulation of NKG2A™ NK cells
was higher after co-culture with IFNy-pretreated HLA-B
KO and HLA-C KO cells in comparison to WT melanoma
cells (figure 3C). Next, we generated HLA-BC double KO
(dKO) melanoma cells that kept the expression of HLA-A
to provide signal peptides for the expression of HLA-E
(online supplemental figure 3E). Simultaneous KO of
HLA-B and HLA-C only slightly increased the degranula-
tion of bulk NK cells against IFNy-pretreated melanoma
cells; however, it specifically increased the degranula-
tion of the NKG2A™ NK cells but not NKG2A" NK cells
(figure 3D,E). Accordingly, the expression of ILT2 (LIR-
la, CD85j) and KIRs, inhibitory receptors engaged by clas-
sical MHC-I molecules, was higher on NKG2A™ NK cells
(figure 3F, online supplemental figure 3F,G). Of note, the
blockade of ILT?2 failed to restore the degranulation of
NKG2A™ NK cells against IFNy-pretreated melanoma cells
(online supplemental figure 3H). Taken together, these
data show that NKG2A™ NK cells are inhibited by IFNy-in-
duced classical MHC-I molecules on melanoma cells in an
ILT2-independent manner.

NK cell subsets defined by the expression of NKG2A and KIRs
are differentially inhibited by HLA-E and classical MHC-I

Next, we set out to dissect the reactivity of individual
NK cell subsets defined by the expression of NKG2A
and/or KIRs towards IFNy-pretreated melanoma cells.
Co-staining of KIRs and NKG2A revealed different NK
cell subsets, which all showed impaired degranulation
in co-cultures with IFNy-pretreated WT melanoma cells
(figure 4A,B, online supplemental figure 4A). In co-cul-
ture with HLA-E KO cells, the degranulation of NKG2A*
KIR™ NK cells was not inhibited after IFNy pretreatment
(figure 4B). NKG2A" NK cells that co-expressed KIRs still
showed partially reduced degranulation after co-culture
with HLA-E KO cells, but no inhibition of degranula-
tion on co-culture with B2M KO melanoma cells. The
degranulation of NKG2A™ KIR" NK cells displayed only
partial inhibition after co-culture with HLA-BC dKO as
well as B2M KO cells in comparison to co-culture with
IFNy-pretreated WT melanoma cells. However, no reduc-
tion in the inhibition of KIRs" NK cells that also expressed
NKG2A was observed during co-culture with IFNy-pre-
treated HLA-BC dKO cells (figure 4B). So far, in our
experiments, we used NK cells that were cultured in the

presence of IL-2 for 2 days. The expression of KIRs on NK
cells either freshly isolated or cultured in the presence of
IL-2 for 2 days was lower on NKG2A" NK cells compared
with NKG2A™ NK cells (figures 3F and 4A). However,
in concordance with previously published data,” after
9 days of culture, the NKG2A/KIRs subset composi-
tion changed toward >90% of NK cells being NKG2A",
comprising both KIR™ and KIR" NK cells (figure 4A,C and
F). We confirmed that these changes were not due to a
preferential proliferation of the NKG2A" NK cell subset,
but rather a result of proliferation of both KIR™ and
KIR" NKG2A™ NK cells that upregulated NKG2A during
expansion (figure 4D,E, online supplemental figure
4B). The upregulation of NKG2A by NKG2A™ KIR" NK
cells resulted in masking the effect of HLA-B and HLA-C
loss in melanoma cells on the degranulation of NK cells
(figure 4B,G). To exclude the role of HLA-E during the
co-culture of NKG2A" KIR" NK cells with HLA-BC dKO
cells, we knocked out HLA-B and HLA-C in HLA-E KO
cells (HLA-BCE triple KO (tKO)). The degranulation
of NKG2A" KIR" NK cells against IFNy-pretreated HLA-
BCE tKO cells was higher in comparison to co-culture
with HLA-E KO cells, suggesting the major role of HLA-E
in mediating the inhibition of NKG2A" KIR" NK cells
(figure 4G). These data show differential regulation of
individual NKG2A /KIRs NK cell subsets, where the func-
tion of NKG2A" KIR NK cells is inhibited by HLA-E while
the function of NKG2A™ KIR" NK cells is inhibited by
classical MHC-I molecules. Moreover, the combination of
both HLA-E and classical MHC-I molecules on melanoma
cells inhibits the function of the NKG2A" KIR" NK cell
subset. Taken together, NKG2A" KIR" NK cells originate
from NKG2A™ KIR" NK cells by upregulating NKG2A on
proliferating NK cells as more potent inhibitory receptor
than KIRs in our allogenic settings.

Blockade of NKG2A and KIRs restores NK cell cytotoxicity
against IFNy-pretreated tumor cells

To overcome the inhibitory effect of melanoma-
expressed classical MHC-I, we used lirilumab, a mono-
clonal antibody (mAb) blocking KIR2DL1, KIR2DL2,
and KIR2DL3. Lirilumab treatment of NK cells during
the co-culture with IFNy-pretreated WT cells resulted
inincreased degranulation of NKG2A™ NK cells compa-
rable to their response against HLA-BC dKO cells
(figure bA, online supplemental figure 5A). Treatment
with monalizumab, a mAb blocking NKG2A, increased
the degranulation of NKG2A™ KIR™ NK cells against
IFNy-pretreated WT cells, comparable to the response
observed against HLA-E KO cells (figure 5B, online
supplemental figure 5B). Combined monalizumab
and lirilumab treatment of NKG2A" KIR" NK cells
induced a response comparable to the degranulation
measured against HLA-BCE tKO cells (figure 5C).
Single mAb treatment of the NKG2A"™ KIR" NK cell
subset failed to abolish the resistance of WT mela-
noma cells, but the treatment with a combination of
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monalizumab with lirilumab mAbs highly reduced the
resistance of WT cells and the preferential killing of
B2M KO melanoma cells by NKG2A" KIR" NK cells
during 24 hours of co-culture (figure 5D). However,
monalizumab with lirilumab treatment was not able
to fully abolish the resistance of WT melanoma cells
to NK cell killing to the same extent as deletion of the
B2M gene. Since the lirilumab mAb does not block
KIR3DLI1, we used DX9, a mAb blocking KIR3DL1
(online supplemental figure 5A). DX9 treatment
alone partially increased the degranulation of the
NKG2A™ KIR" NK cell subset and in combination with
lirilumab completely restored the degranulation of
NKG2A™ KIR" NK cells against IFNy-pretreated WT
melanoma cells (figure 5E). Similar to treatment
with lirilumab mAb, no effect of KIR3DL1 blockade
alone on the degranulation of NKG2A" KIR" NK
cells against IFNYy-pretreated WT melanoma cells was
observed (figure 5F). The combination of DX9 mAb
together with monalizumab and lirilumab treatment
almost fully restored the degranulation of NKG2A"
KIR" NK cells against IFNy-pretreated melanoma cells
(figure 5F). The addition of DX9 to monalizumab
and lirilumab treatment reduced the resistance of
WT melanoma cells and the preferential killing of
B2M KO melanoma cells by NKG2A™ KIR" NK cells in
comparison to combined monalizumab and lirilumab
treatment (figure 5G, online supplemental figure 5C).
Next, we addressed the contribution of different NK
cell subsets. CD56"¢"" NK cells that express NKG2A
and NKG2A" CD56%™ NK cells displayed the highest
degranulation against melanoma cells (figure 5H).
Accordingly to the high activity of NKG2A" NK cell
subsets, the loss of HLA-E on melanoma cells had the
highest effect on the overall degranulation of NK cells
against IFNy-pretreated melanoma cells while the loss
of classical MHC-I showed only a minor effect on the
degranulation of NK cells (figure 5I). To exclude a
mechanism only relevant for melanoma cells, we used
other MHC-I" tumor entities, such as the A431 epider-
moid carcinoma, SKMel-37 melanoma, HeLa cervical
cancer, HepG2 hepatoblastoma, MCF7 breast cancer
and K562 lymphoblast cell line (online supplemental
figure 5D). In concordance with data obtained with
melanoma cells, IFNy pretreatment of all tumor cell
lines tested caused a reduction in the degranulation
of NK cells. The presence of monalizumab, lirilumab
and DX9 mAbs during co-culture was sufficient to
fully restore the degranulation of NK cells against
IFNy-pretreated tumor cells (figure 5], online supple-
mental figure 5E and 6). Together, these data demon-
strate that the use of therapeutic mAbs blocking
the HLA-E/NKG2A and classical MHC-I/KIRs axes
restored NK cell cytotoxicity against IFNy-induced
resistant MHC-I" tumor cells.

DISCUSSION

In this study, we harnessed the power of a GW
CRISPR/Cas9 KO screen as a tool to uncover mole-
cules involved in the resistance of melanoma cells
to the cytotoxicity of primary human NK cells. Our
results highlight that antigen-presenting machinery
and IFNY signaling pathways represent a dominant
inhibitory axis protecting tumor cells against NK cell
cytotoxicity. Here, we dissect the relative contribution
of different MHC class I molecules and their impact
on distinct NK cell subsets.

Despite the well-known role of MHC-I that was also
identified as a resistance mechanism to NK cells in
previous screens with other tumor entities,"®™' 2=
we observed a relatively minor effect of MHC-I on the
resistance of melanoma cells to allogenic NK cells in
a short (4hours) co-culture. In contrast, o/n pretreat-
ment of tumor cells with IFNy greatly increased the
MHC-I-mediated inhibition of not only IL-2-cultured
NK cells, but also of freshly isolated, resting NK cells
in context of ADCC. Correspondingly, the inhibitory
effects of MHC-I were revealed in a longer (24 hours)
co-cultures, where NK cell-derived IFNy-induced
resistance of melanoma cells to NK cells, which was
completely dependent on the expression of MHC-I
on melanoma cells. The discrepancies between short
(4hours) and longer (24hours) co-cultures and the
IFNy-dependent inhibitory effect of MHC-I align with
previously published in vivo data, where NK cells were
able to control and eliminate lung-disseminated mela-
noma cells only within 24 hours on tumor cell arrival. ™
Within the first 4 hours 50% of NK-tumor cell interac-
tions resulted in tumor cell death while after 24 hours
approximately 100% of interactions resulted in
tumor cell survival and formation of macro metastatic
nodules, which can be explained by IFNy-induced
expression of MHC-I on tumor cells. A previous study
based on a GW screen with K562 leukemia cells and
NK cells activated by autologous feeder cells, IL-2 and
phytohemagglutinin focused on HLA-E mediating the
resistance of K562 cells to NK cell cytotoxicity as their
main hit.'® This expansion protocol leads to high
proliferation presumably skewing most NK cells to an
NKG2A" phenotype. Since in our study we validated
hits with freshly isolated, ADCC-activated and IL-2-
cultured NK cells, we were able to dissect the rela-
tive impact of classical and non-classical MHC class I
molecules on distinct NKG2A and/or KIR expressing
NK cell subsets in our setting. Additionally, other
significantly enriched or depleted candidates from
our screen align with other screens performed using
NK cells and other tumor entities suggesting a shared
mechanism across multiple tumor types.ls_% -2

In our setting, which involves MHC-I" melanoma cells,
IFNY induced the expression of HLA-E, HLA-B and
HLA-C, which are, unlike HLA-A, not expressed at a
steady state. Their induced expression potently inhibited
NK cell function and protected melanoma cells from NK
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cell-mediated attack. However, these signals do not act
uniformly on all NK cells, but specifically on individual
NK cell subsets. HLA-E is the ligand for the inhibitory
NKG2A receptor expressed and frequently upregulated
on NKand T cell subsets within TME across many human
cancers and associated with poor outcome and reduced
NK and T cell cytotoxicity.”*™*® Classical MHC-I mole-
cules are major ligands for KIRs that define educated NK
cells responsible for the protection of cells that express
MHC- alleles native to the host system.*” Accordingly, we
stratified NK cells into subsets based on the expression
of NKG2A and KIRs. We observed that melanoma cell-
expressed HLA-E fully inhibited the NKG2A" KIR° NK
cell subset while only partially the NKG2A" KIR" NK cell
subset. The loss of HLA-B and HLA-C in melanoma cells
specifically increased the degranulation of the NKG2A™
KIR" NK cell subset but had no effect on the NKG2A"
KIR" NK cell subset. Moreover, we showed that NKG2A*
KIR" NK cells can originate from NKG2A™ KIR" NK cells
by upregulating NKG2A during proliferation as a more
potent inhibitory receptor than KIRs in our setting. We
confirmed our results with therapeutic mAbs currently
used in clinical trials. Monalizumab, a NKG2A blocking
mAb that promotes antitumor function of both T and
NK cells, shows promising patient responses in clin-
ical trials, especially if combined with other therapeutic
agents."” * *% Treatment of NK cells with monalizumab
reproduced the effect of HLA-E loss in melanoma cells
on the degranulation of NKG2A" NK cells. To target KIR"
NK cells, we used lirilumab, a KIR2D blocking mAb used
in clinical trials with so far limited efficacy on patient
survival.**® Lirilumab treatment had a comparable
effect on the function of NKG2A/KIRs NK cell subsets
as the depletion of HLA-B and HLA-C in melanoma cells
and confirmed the involvement of KIRs in mediating the
inhibition of NK cells in allogeneic settings. Combined
use of lirilumab together with KIR3DL1 blockade by DX9
mAb”’ fully restored the cytotoxicity of the NKG2A™ KIR*
NK, but not NKG2A" KIR" NK cell subset which remained
inhibited by engagement of NKG2A after co-culture with
IFNy-pretreated melanoma cells. The fact that the effect
of lirilumab treatment on restoring the function of the
NKG2A" KIR" NK cell subset depended on simultaneous
use of monalizumab opens up a potential explanation
for the limited benefits of lirilumab mAb observed in
the clinical trials. The presence of KIR3DL1 and NKG2A
inhibitory signaling might have masked the potential
of lirilumab in restoring the NK cell function against
IFNy-induced resistant tumor cells in cancer patients. We
confirmed that combined monalizumab, lirilumab and
DX9 treatment restored the degranulation of NKG2A"
KIR" NK cells and abolished IFNy-induced resistance of
not just melanoma cells but also other tumor entities to
the cytotoxicity of distinct NK cell subsets. This interplay
of NKG2A, KIR3DL1 and KIR2s inhibiting function of NK
cell subsets underscores the importance of a combined
treatment in contrast to a single treatment. Besides
KIRs and NKG2A, ILT2, binding to classical MHC-I and

HLA-G, might also affect the resistance of tumor cells. In
our experimental set-up where HLA-G was not expressed,
we did not observe an involvement of ILT2 in mediating
the inhibition of NK cells after IFNy pretreatment of
melanoma cells. In addition to increased inhibition of
NK cells, a reduction in the expression of NKG2D acti-
vating ligands was also observed after IFNYy pretreatment
in concordance with literature.*** However, the frequen-
cies of expression of all NKG2D-ligands detected by the
NKG2D-Fc were only marginally changed on treatment
with IFNy presumably due to other NKG2D-ligands
(ULBPs) expressed on the tumor cells. Thus, depending
on the levels of different NKG2D-ligands expressed by the
target cells, IFNy treatment might also impair NKG2D-
mediated cytotoxicity. The relative contribution of inhibi-
tory pathways might not only be affected by the type of NK
effector cells studied, but also by the ligand expression on
tumor cells. Thus, it is intriguing that we confirmed the
main resistance pathways, antigen presentation and IFNy
signaling, across many NK donors and tumor entities in
concordance with other published screens highlighting
their general relevance.

Mutations in the antigen-presenting and IFNY signaling
pathway are frequently found in human tumors.”* However,
patient data obtained from already established tumors reflect
the tumor escape from the adaptive immune system and
not the initial tumor status in the context of innate immune
surveillance. In this context, an in vivo GW CRISPR /Cas9 KO
screen in mouse tumor models in the presence of an intact
immune system, revealed the pivotal role of MHC-I and IFNy
as tumor resistance mechanisms.”® Moreover, our model of
IFNinduced tumor resistance in MHGI" tumors aligns with
an in vivo study by Kelly et alwhere NK cells were able to reject
only MHCT tumor while the rejection of MHGI' tumor cells
was mediated by effector T cells.”” IFNy pretreatment of
melanoma cells prior to injection enhanced their tumorige-
nicity and increased the formation of lung metastasis in vivo
further supporting increased resistance of melanoma cells to
initial NK cell killing.** The inhibitory effect of MHCT and
IFNYhighlighted a crucial role of the NK cell response over T
cells in the early phase of tumor cell elimination. Additional
studies underlined the importance of NK cells during the early
phase of tumor development and in the elimination of circu-
lating metastases while the adaptive immune system, mostly
cytotoxic T cells, was crucial to control already established
tumor.™ ® % The induction of melanoma cell resistance by
NK cell-produced IFNy was previously observed by Balsamo
et al, who correlated this finding with the induction of MHCI
without investigating the mechanistic underpinnings.” " In
our study, we comprehensively validated the effect of IFNin-
duced classical MHCI and HLA-E in mediating the inhibi-
tion of distinct NK cell subsets in our allogenic settings. Our
data support a model in which, NK cells encountering tumor
cells display similar immediate cytotoxicity regardless of the
capability of tumor cells to express MHC-I. However, at later
time points, NK cell activation accompanied by high IFNy
production leads to an induced expression of HLA-E and clas-
sical MHCH greatly reducing NK cell cytotoxicity of multiple
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distinct NK cell subsets by inhibitory NKG2A and KIR recep-
tors. Therefore, IFNYy, one of the main effector molecules of
NK cells, functions as a self-regulating NK cell shut-off mech-
anism by inducing the resistance of tumor cells. This mech-
anism could potentially be one of the reasons why NK cells
often fail to control already established tumors, where IFNy
is frequently present. Our study investigates the resistance of
tumor cells to NK cells in the absence of additional factors
and cells in the tumor microenvironment. We are aware that
several factors including TGF-B and suppressive cells like
Treg and MDSC will further impact NK cell-mediated tumor
killing and the resistance of tumor cells to NK cell-based
therapies in vivo. Since also in vivo screens identified IFNy
signaling and antigen presentation as main resistance path-
ways to NK cell mediated killing,*® we are confident that our
results, although obtained in in vitro co-cultures, might be
relevant in more complex in vivo settings.

The opposing nature of IFNy and the classical MHC-I
on NK and T cell recognition of tumor cells allows
T cells to continue tumor surveillance initiated by
NK cells that become inhibited due to the upregula-
tion of MHC-I. Since IFNY is crucial in further tumor
surveillance, neutralizing IFNY or targeting IFNGR as
a potential therapeutic use is not favorable as IFNy
itself was also shown to have antiproliferative effect
and in some cases inducing direct apoptosis of tumor
cells. "7 Thus, instead of IFNY neutralization, a direct
blockade of NKG2A and KIRs that restores both NK and
a subset of NKG2A" T cells while keeping the beneficial
effect of IFNy on tumor surveillance, can be a highly
attractive approach to tackle IFNy-mediated tumor
resistance. Monalizumab is currently tested as a combi-
nation therapy with other therapeutic agents such as
durvalumab (anti-PD-L1), trastuzumab (anti-HER2) or
cetuximab (anti-EGFR).* *'=* ™ Thus, the synergistic
action of monalizumab with lirilumab/DX9 could also
complement other immune checkpoint antibodies and
effectively avoid and combat tumor cell resistance by
simultaneously unleashing innate and adaptive immu-
nity. Combination of multiple checkpoint blockade
antibodies in therapy could lower the risk of develop-
ment of treatment resistant tumors, but might increase
the risk of side effects, however, both monalizumab and
lirilumab showed relatively low toxicity in initial clin-
ical trials.*® *' °® Regardless, careful dose adjustment or
personalized treatment strategy is necessary to avoid
toxicity connected to using multiple antibodies. To
date, KIR3DLI blocking antibodies have not entered
clinical trials, to complement lirilumab or other ICB
therapy options. Knowing the regulation of individual
NK cell subsets could also highly benefit personalized
medicine by targeting a specific NK cell subsets present
within tumor.

In addition to the application of ICB in cancer patients,
there is now emerging evidence of clinical benefits of
adoptive transfer of NK cells or NK cells harnessed by
chimeric antigen receptors (CARs) as off the shelf cell
products.” For these cell products, that undergo high

expansion resulting in the upregulation of NKG2A, the
additional use of combined monalizumab, lirilumab and
KIR3DL1 blockade mAbs treatment could neutralize the
resistance of tumor cells and increase the antitumor effi-
cacy of NK cells products. Moreover, engineering NK cells
by genetic depletion of NKG2A and KIRs might render
them unresponsive to IFNy-mediated tumor cell resis-
tance mechanisms, potentially improving current cancer
therapies in the clinics.

MATERIALS AND METHODS

Cells and functional antibodies

A375 (ATCGC; Cat# CRIL-1619, RRID:CVCL_0037), A431
(ATCC; Cat# CRL-1555), Hela (ATCC; Cat# CRM-
CCL-2, CVCL_0030), K562 (ATCC; Cat# CCL-243,
RRID:CVCL_0004), SKMel-28 (ATCC; Cat# HTB-72,
RRID:CVCL_0526), MaMel-86b (RRID:CVCL_A221)%
and UKRV-Mel02 (RRID:CVCL_A700)% cell lines were
cultured in RPMI 1640 media supplemented with 10%
FCS, 2mM L-glutamine, and 1% Penicillin/Streptomycin.
HEK293T (ATCC; Cat# CRL-3216, RRID:CVCL_0045),
HepG2 (ATCC; Cat# HB-8065, RRID:CVCL_0027), MCF7
(ATCG; Cat# HTB-22, RRID:CVCL_0031) and SKMel-37
(Sigma-Aldrich; Cat# SCC262, RRID:CVCL_3878) were
cultured in DMEM media supplemented with 10% FCS,
2mM L-glutamine, and 1% Penicillin/Streptomycin.
Primary NK cells were cultured in SCGM (CellGenix,
Cat# 20802-0500) or in NK MACS media (Miltenyi
Biotec, Cat# 130-114-429), both supplemented with
10% human AB serum (PAN-Biotech Cat# P30-2901),
1% Penicillin/Streptavidin, 2nm L-Glutamine and
400U/mL of IL-2 (TECIN™ (Teceleukin) provided by the
National Cancer Institute). Antibodies used for blocking
NK cell receptors were: ILT2 (BioLegend Cat# 333702,
RRID:AB_1089089), ILT2 (Thermo Fisher Scientific Cat#
16-5129-82, RRID:AB_10669632) NKG2D (BioLegend
Cat# 320814, RRID:AB_2561488), NKp30 (BioLegend
Cat# 325224, RRID:AB_2814183), DX9/KIR3DLI
(Miltenyi Biotec Cat# 130-092-555, RRID:AB_871611), liri-
lumab (MedChemExpress Cat# HY-P99208) and monali-
zumab (MedChemExpress Cat# HY-P99032). Antibodies
used for ADCC experiments were: Cetuximab (InvivoGen
Cat# hegfrmabl, RRID:AB_3064809) and human IgG,
(BioLegend Cat# 403501 RRID:AB_2927629).

Isolation of NK cells

Healthy donors’ blood buffy coats were provided by DRK-
Blutspendedienst Baden-Wiirttemberg-Hessen (Mann-
heim, Germany). Peripheral blood mononuclear cells
(PBMCs) were enriched using Pancoll (PAN Biotech, Cat#
P04-60500) density centrifugation. NK cells were isolated
from PBMC by negative selection using the Human NK
Cell Isolation Kit, according to manufacturer’s protocol,
yielding ~95% purity (Miltenyi Biotec, Cat# 130-092-657).
NKG2A- NK cells were further selected using biotinylated
NKG2A antibody (Miltenyi Biotec Cat# 130-113-564,
RRID:AB_2783968) and anti-Biotin MicroBeads (Miltenyi

Hofman T, et al. J Immunother Cancer 2024;12:¢009410. doi:10.1136/jitc-2024-009410

11



Biotec Cat# 130-090-485, RRID:AB_244365). Isolated NK
cells were cultured at a concentration of 2x10° cells/mL
for 2 days in media containing 400 U/mL of IL-2, if not
indicated otherwise.

Lentiviral library production

Heidelberg (HD) CRISPR library sub-library A was
synthesized and cloned into the HD_CRISPRv] sgRNA-
puromycin expression vector, as previously described.”
Lentivirus was produced in HEK293T cells transfected
with psPAX2 G (Addgene, Cat# 12260, RRID:Ad-
dgene_12260 and pMD2.G (Addgene, Cat# 12259,
RRID:Addgene_12259) packaging plasmids using Lipo-
fectamine 2000 (ThermoFisher Cat# 11668019). Virus-
containing supernatant was filtered through a 0.45 low
protein-binding membrane (Milipore Sterilflip HV/
PVDF), concentrated by the Amicon 100kDa Ultra
Centrifugal Filter Units, and stored at -80°C.

Cas9 overexpression in melanoma cell lines

Lentiviral vectors encoding Cas9-EGFP (Addgene,
Cat# 63592, RRID: Addgene_63592) or Cas9-Blasticidin
(Addgene, Cat# 52962, RRID:Addgene_52962) were
used to transduce melanoma cells at low MOI. GFP"8"
expressing melanoma cells were sorted 2 days after
transduction by BD FACSAria Fusion. Melanoma cells
transduced with Cas9-Blasticidin vector were cultured
7 days in Blasticidin (ThermoFisher, Cat# A1113903)-
containing media (10 pg/mL), to select Cas9” cells.

GW CRISPR/Cas9 KO screen

The Cas9-expressing A375 cell line was transduced with
HD CRISPR library sub-library A% MOI of 0.3 or lower
to ensure that the large majority of cells receive only one
sgRNA for gene editing. On average 500 cells per sgRNA
were infected to achieve enough coverage for subsequent
statistical analysis. Two days postinfection, transduced cells
were selected using 2.5 pg/mL of Puromycin (SigmaAl-
drich, Cat.; P9620)—ontaining media (2.5pg/mL).
Selected melanoma cells were cultured for 24hours in
RPMI media with different amounts of NK cells expanded
for 7 days in complete SCGM media with 400U/mL of
IL-2, to determine the ratio for the screen reaching 20%,
50% or 80% melanoma killing. For the screen co-culture,
NK cells and melanoma cells were co-cultured at selected
E:T ratios (0.5:1 for 25% killing, 1:1 for 50% killing, 1.5:1
for 75% killing) for 24 hours. Each condition consisted of
50 million melanoma cells to ensure that each sgRNA is
represented by at least 500 cells. After 24 hours, NK cells
were removed by washing with PBS. The adherent mela-
noma cells were detached, washed, and seeded in fresh
media for 1 day to recover. Afterwards, cells were used for
DNA isolation. Genomic DNA was isolated using QIAGEN
Blood & Cell Culture DNA Maxi Kit (10) (QIAGEN, Cat#
13362) according to the manufacturer’s protocol. DNA
concentrations in all subsequent steps were determined
using TECAN Spark or Qubit dsDNA HS and BR Assay
Kits (ThermoFisher, Cat# Q32851, Q32850). The sgRNA

cassette was amplified using 100 ug of genomic DNA and
indexed with unique primers for each sample. Quality
and quantity of the amplified PCR products were deter-
mined by Agilent 2100 Bioanalyzer. DNA concentrations
from all experimental conditions were adjusted and
pooled at a 1:1 ratio. Sequencing was performed with
Ilumina NextSeq 500/550 High Output Kit v2.5 (75
Cycles) to read the 20-nt sgRNA sequence and quantify
the number of copies. Absolute sgRNA read-counts were
collected and demultiplexed using MAGeCK package.”
To process the raw data, read counts were first normal-
ized and log-transformed. Fold changes between condi-
tions were determined by subtracting the log-normalized
read-counts of the control samples from the corre-
sponding treated sample. The significance was calculated
by a Wilcoxon rank sum test on the average sgRNA fold
change of a gene and a defined set of the non-targeting
controls. Replicates were collapsed by arithmetic mean
for each gene and each sgRNA. P values were corrected
for multiple testing by Benjamini Hochberg correction.
A false discovery rate cut-off of 0.05 was applied for hit
selection. The hitlist was further filtered by eliminating
A375 “core-essential genes”, defined as genes which,
when targeted by targeted by sgRNAs, altered cell viability
and/or proliferation.

Generation of melanoma KO cell lines

To target candidate genes of interest, individual sgRNAs
were designed using the https://design.synthego.com
and cloned into the BfuAl-cleaved HDCRISPRv] sgRNA-
puromycin expression vector, as previously described.”’
SgRNA-expressing vectors were transfected into the
Cas9-expressing melanoma cell lines using jetOPTIMUS
(Polyplus, Cat# 117-15). After 24 hours, cells were treated
with Puromycin (SigmaAldrich, Cat.; P9620) containing
media (2.5pg/mL) for 2 days. Expanded cells deficient
in expression of protein encoded by targeted genes were
sorted using BD FACSAria Fusion cell sorter. Following
sgRNA were used (5’ to 8’): CCTGCCTGGGAACAAC-
CGGA (ICAM-1), CAGTAAGTCAACTTCAATGT (B2M),
GTGAATCTGCGGACGCTGCG  (HLA-E), GATCIT-
GAGCCGCCGTGTCCG  (HLA-C). GCTGTCGAACCT-
CACGAACT (HLA-B), GGGTCCGGAGTATTGGGACG
(HLA-A, -B, -C).

Generation of IFNy-deficient NK cells

NK cells were transfected by electroporation (Neon Trans-
fection System device, Thermo Fisher) with Cas9 2NLS
protein (Synthego) and control (IDT, Cat# 072544) or
the crRNAs targeting the IFNG gene (5 CTTCTTTTA-
CATATGGGTCC 3’), with electroporation parameters as
described.” Electroporated cells were identified by flow
cytometry using an Atto-550-coupled tracrRNA (IDT,
Cat# 1075928). After transfection, NK cells were kept in
antibiotic-free NK cell medium for 24 hours, followed
by sorting Atto-550"cells. Sorted NK cells were kept for
48 hours in NK cell medium before further experimental
applications.
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Flow cytometry

Cells were stained with Zombie Aqua (Biolgened, Cat#
423102) together with fluorochrome-conjugated mAbs
for 30 min at RT in the dark. Cells were washed and either
analyzed directly on LSRFortessa X-20, or fixed with eBio-
science Foxp3 (ThermoFisher, Cat# 00-5523-00) fixation
buffer for 1hour. For intracellular staining, cells were
permeabilized, stained with fluorochrome-conjugated
mAbs for 30min at RT, washed, and analyzed by flow
cytometry. For sorting, cells were stained with mAbs for
15min at 4°C in the dark. Cells were washed with PBS
and diluted in PBS/EDTA (2mM) to a concentration of
1-2x10° cells/mL. For analysis of proliferation, freshly
isolated NK cells were stained with CellTrace Violet
dye (Thermofisher, Cat# C34557), cultured in media
containing 400 U/mL of IL-2 and analyzed on day 6 and
day 9. Following antibodies were used for flow cytometry:
CD107a (BioLegend Cat# 328606, RRID:AB_1186036),
CD3 (BioLegend Cat# 317332, RRID:AB_2561943),
CD45 (BioLegend Cat# 304022, RRID:AB_493655), CD56
(BioLegend Cat# 362550, RRID:AB_2566059), KIR2DL1
(Biolegend, Cat# 374904, RRID:AB_2832736), KIR2DL2/
L3 (BioLegend Cat# 312606, RRID:AB_2130554),
KIR2DL4 (BioLegend Cat# 347006, RRID:AB_2130692),
KIR2DL5 (BioLegend Cat# 341304, RRID:AB_2130701),
KIR3DL1 (BioLegend Cat# 312708, RRID:AB_2249498),
KIR3DL2 (R and D Systems Cat# FAB2878P,
RRID:AB_2687490), KIR3DL3 (R and D Systems Cat#
FAB8919P), NKG2A (Miltenyi Biotec Cat# 130-113-563,
RRID:AB_2726170) and NKG2C (Miltenyi Biotec Cat#
130-117-398, RRID:AB_2727933). Antibodies used for
tumor cell lines were B7H6 (RND, Cat# FAB7144P),
HLA-A1 (Antibodies-online, Cat# ABIN786685), HLA-A2
(BioLegend Cat# 343308, RRID:AB_2561567), HLA-ABC
(BioLegend Cat# 311410, RRID:AB_314879), HLA-Bw4
(Miltenyi Biotec, Cat# 130-132-419), HLA-C (BioLegend
Cat# 373309, RRID:AB_2894583), HLA-E (BioLegend
Cat# 342604, RRID:AB_1659249), HLA-F (BioLegend
Cat# 373203, RRID:AB_2650871), HLA-G (BioLegend
Cat# 335905, RRID:AB_1227710), ICAM-1 (BioLegend
Cat# 322708, RRID:AB_535980). Biotin conjugated mAb
were further stained with fluorochrome conjugated
Streptavidin (Biolegend, Cat# 405229). NKG2D ligands
were stained using NKG2D-Fc fusion chimera protein
(RND, Cat# 1299-NK-050).

NK cell degranulation assay

Melanoma cells were pretreated or not with IFNy (500—
1000U/mL) for o/n or 12hours before co-culture
with NK cells at 1:1 ratio for 4hours in the presence of
a fluorochome-labeled anti-CD107a mAb and protein
transport inhibitor GolgiStop (BD, Cat# BDB554724).
When indicated, mAb blocking receptor-ligand interac-
tion, were added to the co-culture at a final concentration
5-10ug/mL. To test potential soluble mediators of NK
cell inhibition, melanoma were cells pretreated or not
with IFNY, washed after 24 hours or 48 hours and cultured
fresh media for additional 4hours. Supernatant was

collected and used for NK cell co-culture with WT mela-
noma cells. After 4hours, cells were harvested, stained
and analyzed by flow cytometry.

Confluency and WT/KO ratio co-culture assay

WT and KO melanoma cells were cultured at similar
density, then harvested and mixed at a 1:1 ratio. NK cells
were added to mixed WT /KO cells at the E:T ratios of
0.25-4:1 and co-cultured for 24hours. The medium with
NK cells and detached melanoma cells was carefully
removed. Each well was gently washed and filled with
warm media. The cell confluency was measured using
a TECAN Spark plate reader. To determine the post-
culture WT/KO ratio, melanoma cells were harvested,
stained and analyzed by flow cytometry. For determining
the ration of WT/ HLA-E KO cells, melanoma cells were
pretreated with IFNY for 12hours at 37°C prior to the
analysis.

Statistical analysis
Data were analyzed by using R Studio V4
(RRID:SCR_001905), GraphPad Prism V.8
(RRID:SCR_002798), MS Excel 2016 (RRID:SCR_016137)
and FlowJo V.10 (RRID:SCR_008520). Data are presented
as mean with SD.
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