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TheNK cell receptor NKp46 recognizes
ecto-calreticulin on ER-stressed cells
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Natural killer (NK) cell kill infected, transformed and stressed cells when an

activating NK cell receptor is triggered'. Most NK cells and some innate lymphoid cells
express the activating receptor NKp46, encoded by NCR1, the most evolutionarily
ancient NK cell receptor??. Blockage of NKp46 inhibits NK killing of many cancer
targets*. Although a few infectious NKp46 ligands have been identified, the
endogenous NKp46 cell surface ligand is unknown. Here we show that NKp46
recognizes externalized calreticulin (ecto-CRT), which translocates from the
endoplasmicreticulum (ER) to the cellmembrane during ER stress. ER stress and
ecto-CRT are hallmarks of chemotherapy-induced immunogenic cell death®®,
flavivirusinfection and senescence. NKp46 recognition of the P domain of ecto-CRT
triggers NK cell signalling and NKp46 caps with ecto-CRT in NKimmune synapses.
NKp46-mediated killing is inhibited by knockout or knockdown of CALR, the gene
encoding CRT, or CRT antibodies, and is enhanced by ectopic expression of
glycosylphosphatidylinositol-anchored CRT. NCRI)-deficient human (and NrcI-
deficient mouse) NK cells are impaired in the killing of ZIKV-infected, ER-stressed
and senescent cells and ecto-CRT-expressing cancer cells. Importantly, NKp46
recognition of ecto-CRT controls mouse B16 melanoma and RAS-driven lung cancers
and enhances tumour-infiltrating NK cell degranulation and cytokine secretion.
Thus, NKp46 recognition of ecto-CRT as a danger-associated molecular pattern
eliminates ER-stressed cells.

Ncri-deficient mice are impaired in tumour immunosurveillance
and have more severe influenza A, metapneumovirus, reovirus,
Candida glabrata, pneumococcus and fusobacterium infections
and graft-versus-host disease’. The known NKp46 target cell ligands
are pathogen products such as viral haemagglutinins and fungal
adhesins. Although NK cells recognize stressed and senescent cells,
thestress and senescence ligands of activating NK cell receptor (NKR)
onNK celltargets are largely unknown"’. Exceptions are the MIC/ULBP
family ligands of NKG2D induced by some infections and genotoxic
stress.

NK cells recognize ZIKV and ER stress

Human peripheralblood NK cells degranulated and killed ZIKV-infected,
but not uninfected, human choriocarcinoma]JEG-3 cells (Fig. 1a,b). Kill-
ing was cytotoxic granule mediated because Ca** chelationinhibited it
(datanotshown). ZIKV replicates in the ER and causes ER stress’ like the
ERstressor tunicamycin, which we verified by measurement of ER-stress

messenger RNAs, BIP, CHOP and spliced XBPI (Fig.1c).NK cells do not
degranulate orkill JEG-3 cellsinfected with cytomegalovirus® or herpes
simplex virus 2 (HSV-2), which do not cause ER stress’. Induction of ER
stress and NK cell killing of ZIKV-infected and tunicamycin-treated
JEG-3 cellswere blocked by the elF2a dephosphorylation and ER-stress
inhibitor, salubrinal® (Fig. 1c,d). NK cell killing of ZIKV-infected JEG-3
cellswasinhibited to varying extents by ER stress inhibitors—strongly
by the S1P inhibitor PF429242, which inhibits ATF6 activation, and
weakly by the PERK inhibitor GSK2606414, but not significantly by
the IRE1-a inhibitor 4u8C or tauroursodeoxycholic acid (Extended
DataFig.1a). Thus, humanNK cells are triggered to kill by recognizing
specific features of ER stress.

NKp46 recognizes ZIKV-infected cells

To identify which activating NKRs are responsible for killing
ZIKV-infected JEG-3 cells, the cytotoxicity of peripheral blood NK cells
was assessed in the presence of blocking antibodies to NKp46, NKp30,
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Fig.1|NKcellsrecognize ZIKV-infected and ER-stressed target cells.
a, Representative flow cytometry plots (left) and percentage of degranulating
NK cellsisolated from the blood of ten healthy donors (right), as measured
by surface CD107a, in response to uninfected and ZIKV-infected JEG-3 cells
(8 hcoculture, E:Tratio1:3). b, NK cell-specific killing of uninfected and
ZIKV-infected JEG-3 cells. ¢, ER stress, as assessed by XBPI splicing (left) and
increasesin BIP (middle) and CHOP (right) mRNA, inJEG-3 cells that were
uninfected or infected with ZIKV, HSV-2 or human cytomegalovirus (HCMV)
for1-2 days or treated with tunicamycin (Tu) for 1 day. Indicated samples were
pretreated with the ER stress inhibitor salubrinal (n = 3 samples). mRNA levels,
asassayed by quantitative PCRwith reverse transcription (RT-qPCR), were
normalized to ACTB. d, Effect of salubrinal pretreatment of target cellson
NK cellkilling of ZIKV-infected (top) and tunicamycin-treated (bottom)
JEG-3 cells (n=6 samples). e, Effect of NKR-blocking antibodies (Ab) on NK cell

NKp80, NKG2D, DNAM-1and 2B4 (Fig. 1e). Blocking of NKp46 strongly
andsignificantly inhibited NK killing, suggesting that NKp46 recognizes
ZIKV infection. Blocking NKp80 had a weak, but significant, effect on
killing, but blocking antibodies to other activating NKR had no signifi-
cant effect. We therefore focused on NKp46. To confirm that NKp46
recognizes ZIKV, the human NK cell line YT was knocked out for NCR1
encoding NKp46, or for NCR3encoding NKp30 (Extended DataFig.1b,c;
two knockout clones gave similar results (not shown)). Although neither
NCRI nor NCR3 knockout significantly affected YT cell killing of the
classical NK cell target 721.221, NCRI”" YT cells killed around twofold
fewer ZIKV-infected JEG-3 cells than control YT cells transfected with
nontargeting sgRNAs (Fig. 1f). NCR3 knockout did not significantly
changekilling. When uninfected or ZIKV-infected JEG-3 cells were incu-
bated with the extracellular domains of NKp46 or NKG2D fused to the
Fc region of human IgG1 (NKp46-Ig, NKG2D-Ig), NKp46-Ig, but not
NKG2D-Ig, selectively bound to ZIKV-infected JEG-3 cells (Fig. 1g and
Extended Data Fig. 1d). Thus, NKp46 recognizes ZIKV-infected cells
and activates NK cell killing.
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killing of uninfected or ZIKV-infected JEG-3 cells (n = 3-7 samples). Ctrl, control.
f, Specifickilling of the classical NK cell target 722.221 cells, or of uninfected

or ZIKV-infected JEG-3 cells by human NK cell line YT cells knocked out for
NCR1or NCR3or treated with control single-guide RNAs (n =3-6 samples).

g, Representative flow cytometry histogram (left) and mean fluorescence
intensity (MFI) of NKR-Ig fusion protein (NKp46-Ig and NKG2D-Ig) binding to
uninfected or ZIKV-infected JEG-3 cells (right) (n = 3 samples). b,d-f, Specific
killing assessed by 8 h*'Crrelease assay using an E:T ratio of 10:1unless
otherwiseindicated. Dataare mean + s.e.m. of at least threeindependent
experiments or technical replicates. Statistics were performed using
two-tailed, nonparametric, unpaired ¢-test (a,b), one-way analysis of variance
(ANOVA) (c), two-way ANOVA (e-g) or area under the curve followed by one-way
ANOVA (d).*P<0.05,**P<0.01,**P < 0.001, ****P< 0.0001.

NKp46 binds to ecto-CRT

Toidentify putative NKp46 ligands, NKp46-Ig and NKG2D-Ig were used
to pull down crosslinked ligands on ZIKV-infected JEG-3 cell membranes
(Fig. 2a and Extended Data Fig. 2a). NKp46-Ig pulled down a single,
high-molecular-mass band that was absentin the NKG2D-Ig pulldown.
Mass spectrometry identified the ER chaperones, CRT and protein
disulfideisomerases (PDI, PDIAland PDIA3) inthe NKp46-Igband. (Two
lower-molecular-mass bandsin the NKp46-Ig pulldown did not contain
NKp46-Igbut contained fragments of protein A and BSA, which were
judged contaminants.) CRT and PDI selectively translocate and associ-
ate on the cell surface during ER stress through a poorly understood
mechanism®. CRT and PDI cell surface staining increased with ZIKV
infection or tunicamycin, but Hsp70 staining did not change (Fig. 2b). To
test whether NKp46 senses ecto-CRT and/or PDI, we exploited the fact
thatuntreated JEG-3 cells express little ecto-CRT but theimmunogenic
cell death (ICD)-causing chemotherapy drug oxaliplatin induces ER
stress and CRT externalization (Fig. 2c). NKp46-Ig pulled down CRT
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Fig.2|NKp46recognizes the Pdomainofecto-CRT.a, Immunoblot of
proteins pulled down and chemically crosslinked with NKG2D-Ig or NKp46-Ig.
The high-molecular-mass band in ZIKV-infected cells (red arrowhead) was
analysed by mass spectrometry for candidate NKp46 ligands. Proteins with the
highest peptide coverage are indicated. The ZIKV-specific NKp46-Ig pulldown
low-molecular-mass bands contained contaminating BSA and protein A, but
notNKp46-Ig, peptides. b, Representative flow cytometry histograms of
surface CRT,PDIand HSP70 on untreated (UT), tunicamycin or ZIKV-infected
JEG-3 cells (left) and percentage of cells staining in three independent samples
(right).Iso, isotype control antibody staining. ¢, Flow cytometry histograms of
ecto-CRT onuntreated or oxaliplatin-treated JEG-3 cells (left) and percentage of
ecto-CRT cells staining (right, n =3 samples).d, CRT immunoblot of NKp46-I1g,
NKp44-1lg or NKp30-Ig pulldown of the membrane-enriched fraction of
untreated or oxaliplatin-treated JEG-3 cells. HLA-G was probed as control.

e, Phosphoflow cytometry of CD56* WT or NCRI”" YT cellsincubated for 15 min
with untreated or oxaliplatin-treated JEG-3 cellsin the presence of anti-CRT or
control antibody stained for p-CD3§ (left), p-Syk (middle) and p-Tyr (right).

YT cells were preincubated with anti-NKG2D to reduce NKG2D signalling.n =2
independent samples; statistics compare untreated or oxaliplatin-treated
samples and those preincubated with anti-CRT or Iso. f, Schematic of CRT
domains:signal peptide, black; N domain, red; P domain, white; C domain, grey.

FL or CRT domains were fused with a C-terminal Fc-tag (green) (left). CRT-Fc
proteinsincubated withMYC tagged NKp46 were pulled down withanti-MYC
and immunoblot was probed with anti-Fc. g, Alexa:647-labelled NKp46-MYC
binding to Fc-tagged CRT domains analysed by MST; dissociation constants
(Ky) of NKp46 binding to FLand Pdomainare shown. h, BLIkinetic binding of
NKp46-IgtoHis-tagged CRT. Binding of NKp46-Ig, captured on anti-human
IgG-Fcbiosensors, was recorded for three CRT concentrations. Mean K, of
threeindependent experiments, eachwith tworeplicates, isindicated.

i-k, WTand CALR”"HEK293T and CALR”" HEK293T rescued with EV or CALR
were untreated or tunicamycin- or oxaliplatin-treated and analysed by flow
cytometry for ecto-CRT (n =2 samples) (i), NKp46-Igbinding (n =2 samples) (j)
and human peripheral blood NK cell killing (n = 3 samples) (k). 1, Representative
flow cytometry histograms of ecto-CRT and NKp46-Ig binding (left) and MFI
(right) of two individual samples of oxaliplatin-treated CALR”"HEK293T cells
transfected with EV or to express WT or mutated CALR. m, Human peripheral
blood NK cell killing of untreated or oxaliplatin-treated CALR”" HEK293T
transfected asinl(n=5samples).k,m,Killingby 4 h*'Crrelease assay. m, E:T
ratio10:1.a,d,f-h, Datarepresentative of three independent experiment.
Dataare mean + s.e.m. Statistics were performed using either one-way ANOVA
(b,e,i,j,1,m), two-tailed parametric unpaired t-test (c) or two-way ANOVA (k).
*P<0.05,*P<0.01,***P<0.001,****P< 0.0001.
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from oxaliplatin-treated, but not fromuntreated,JEG-3 cells, but neither
NKp44-Ig nor NKp30-Ig pulled down CRT from either (Fig. 2d). As a
specificity control, HLA-G, expressed on the JEG-3 cell surface, was not
pulled down by any fusion protein. Thus, NKp46 selectively binds toa
complex that contains ecto-CRT.

NKp46-CRT binding triggers NK cell signalling

To determine whether ecto-CRT binding activates NKp46, CD3( and
Syk phosphorylation and overall p-Tyr were measured in wild-type (WT)
and NCRI”" YT cells incubated with untreated or oxaliplatin-treated
JEG-3 cellsin the presence of anti-NKG2D to block NKG2D signalling
(Fig.2e).CD3, Syk and Tyr phosphorylation increased in WT, but not
NCRI1knockout, YT cells exposed to oxaliplatin-treated JEG-3 cells and
anti-CRT-inhibited phosphorylation. Thus, ecto-CRT binding activates
downstream NKp46 signalling.

NKp46 binds to the CRT Pdomain

Calreticulin has three domains: an N-terminal globular chaperone
domain, aproline-rich P domain responsible for most proteininterac-
tions and a C-terminalacidic Ca™"-binding domainthat hasan ER reten-
tion signal™ (Fig. 2f). To determine which domain NKp46 recognizes,
full-length (FL) CRT and its domains fused to the Fcregion of humanIg
were incubated with MYC-tagged NKp46 (Fig. 2f). Both FLand P domain
CRT, but not the N or Cdomains, were pulled down with NKp46. Micro-
scale thermophoresis (MST) quantified the strength of the NKp46-CRT
interaction (Fig. 2g). MYC-tagged NKp46 bound to Fc-tagged FL and
P domain CRT, but not N or C CRT, with respective dissociation con-
stants, K, 0f28.7 + 8.3and 41.2 + 1.46 puM. Thus, NKp46 binds to the CRT
P domain. Binding of NKp46-Ig to His-tagged CRT was around eightfold
weaker than that to the known viral ligand, influenza haemaggluti-
nin (CRT P domain, K;12.3 + 2.4 pM; haemagglutinin, 1.46 £ 0.27 uM;
Extended DataFig. 2b,c). Although haemagglutinin (HA)-tagged NKp46
binding depends on NKp46 sialylation, neuraminidase treatment of
NKp46 did not significantly affect CRT binding. Biolayer interferometry
(BLI) ofimmobilized NKp46-Ig with His-tagged CRT recorded alower
K;0f3.6 £0.2 uM (K,,=2,239 £ 72M?*s !, K =8.0 £ 0.4 102 s }; Fig. 2h).

Raman spectroscopy confirmed NKp46-CRT binding (Extended
DataFig.2d,e). Aunique peak at1,658 cm™inthe amide Iregion of the
Raman spectrum was detected in CRT-NKp46 mixtures. Hyperbolic
fitting of the peak area versus CRT concentration provided a K esti-
mate of 9.95 + 5 uM, similar to values obtained by MST and BLI. Thus
NKp46 binding to CRT was confirmed using three biophysical methods
with K, in the low micromolar range, which is weaker than the binding
constants of NKp46 to other ligands and of ligand-binding constants
for other NKRs, but within the range of T cell receptor K2

NKp46 binds to CD4 and Siglecs

A recent proteomics study suggested that NKp46 interacts with
CD4 and Siglec-6-8, sialic acid-binding proteins®. MST experiments
confirmed NKp46 binding to CD4, Siglec-6 and Siglec-8 with K of
0.56 +0.07,0.24 + 0.01 and 2.62 + 0.65 pM, respectively (Extended
DataFig.2c). Toassess whether these ligands activate NKp46-mediated
killing, we first analysed Siglec-6-8 expressionintwo cancer cell lines,
JEG-3and HEK293T cells (Extended Data Fig. 2f,g). Although HEK293T
did not express these Siglecs, JEG-3 cells expressed Siglec-6 indepen-
dently of ZIKV infection. NK cell killing of ZIKV-infected JEG-3 cells
was unaltered by both anti-Siglec-6 and control antibody (Extended
Data Fig. 2h), suggesting that although Siglec-6 binds more tightly
to NKp46 than ecto-CRT, Siglec-6 may not be an important NK cell
activator. Siglec expression is mostly limited to haematopoietic cells,
including NK cells™. The biological significance of Siglec binding to
NKp46 and whether it affects CRT binding and NK cell activation may
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be complex. Because NK cells generally recognize stressed, infected or
transformed cells and CD4 and Siglec expression do not change with
stress or cancer, it is unlikely that these ligands activate NKp46 and
NK cellkilling, which would risk killing normal cells. Inaddition, Siglecs
have ITIM, rather than ITAM, motifs that inhibit rather than activate
immune signalling. Siglec expression could inhibit NKp46-mediated
killing of haematopoietic cells, and their coexpression with NKp46
on NK cells might suppress NK cell self-killing. Deciphering the role of
NKp46-Siglec and NKp46-CD4 interactions will require further study.

CRT D237 and D258 promote NKp46 binding

The NKp46 ectodomain consists of two immunoglobulin domains con-
nected by an interdomain hinge® (Extended Data Fig. 3a). In homolo-
gouslectinreceptors, ligand binding is mediated by charge interactions
in the hinge region. The CRT P domain and other structurally related
chaperones bind to a variety of proteins by charge interactions of the
negatively charged tip of a hairpin formed by proline-rich modules
(Extended Data Fig. 3b). Residue D258 at the tip of the CRT P domain
plays an important role in P domain interactions™. Modelling of CRT
interaction with NKp46 suggested that the CRT P domaininsertsinto an
NKp46 hinge region channel bounded by conserved R160 and K170 resi-
duesandis grasped between the NKp46 Ig-like domains (Extended Data
Fig. 3c-e). In the modelled complex, positively charged R160, K170,
R166 and H197 in NKp46 form salt bridges with CRT P domain residues
D258,5231,D237 and E270, respectively (Extended Data Fig.3d,e). The
predicted binding energy (AG =-10 kcal molat 298 K) and dissociation
constant (K;=19.9 + 3.4 uM), calculated from an ensemble of docked
conformations, were consistent with the measured binding constants
(Fig. 2g,h and Extended Data Fig. 2b-e).

To identify CRT residues that mediate binding, CALR was knocked
out in HEK293T and CRT expression was rescued with WT CALR or
CALR mutants encoding for Ala mutations of conserved acidic resi-
dues either in the P domain tip (D237, D244, D246, D258 or E270)
(Extended Data Fig. 3f) or deleted of the P domain (AP) (Extended
Data Fig. 4a,b). Ectopic WT or mutated CALR expressionin CALR”"
HEK293T did not induce ecto-CRT or NKp46-Ig binding under basal
conditions (Extended Data Fig. 4b). After tunicamycin or oxaliplatin
treatment, ecto-CRT was not detected on CALR”" or empty vector
(EV)-complemented CALR™ cells but was detected at comparable lev-
els on WT and CALR-complemented CALR” HEK293T (Fig. 2i). Both
tunicamycin and oxaliplatin also significantly increased NKp46-Ig
binding and pNK killing of WT and CALR-complemented CALR”"
HEK293T cells, but not CALR”" or EV-complemented CALR™ cells
(Fig. 2j,k). Oxaliplatin did not induce ecto-CRT on CALR”" HEK293T,
but ecto-CRT was detected at comparable levels for all rescued con-
structs (Fig. 21). NKp46-Ig binding did not occur above background to
oxaliplatin-treated CALR” HEK293T, but was rescued by WT, D244A,
D246A or E279A CALR (Fig. 2I). Binding was not rescued by AP, D237A
or D258A or D237AD258A CALR, confirming the P domain binding site
and the importance of CRT D237 and D258 in NKp46 binding (Fig. 21).
Importantly, pNK did not significantly kill oxaliplatin-treated CALR™"
HEK293T but did significantly kill all knockout cells rescued with CRT
mutants thatretained NKp46-Ig binding, but none of the cells rescued
with binding-deficient CRT mutants (Fig.2m). Thus, D237 and D258 in
the CRT P domain mediate NKp46 binding and NK killing.

CALR knockdown and anti-CRT inhibit NK cell killing

To confirm ecto-CRT-NKp46 binding, NKp46-Ig binding and NK cell
killing of ZIKV-infected JEG-3 cells were compared in cells with knock-
down of CALR and/or PDIA3 or treated with nontargeting small inter-
fering RNA (Extended Data Fig. 4c-g). CALR and PDIA3 knockdown
did not change surface major histocompatibility complex (MHC)-lon
uninfectedJEG-3 cells, but CALRKD reduced ecto-CRT on ZIKV-infected
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Fig.3|NKp46recognition ofecto-CRT enhancesimmune synapse
formation and NK cell killing of tumour cell lines. a, Representative flow
cytometry histograms of ecto-CRT (left) and MFI (right) of UT, cisplatin (CP)-
and oxaliplatin (OP)-treated B16 (n =3 samples). Iso, isotype control antibody
staining. b, Effect of anti-CRT, anti-NKp46 and control antibody (Iso) on mouse
splenic NK cell killing of untreated, cisplatin- and oxaliplatin-treated B16 (n =3
or 5samples). ¢, Killing of B16 by splenic NK cells from WT, Ncr”~ and Kirk1”~
micethatwere either untreated or treated with cisplatin or oxaliplatin (n=3
or5samples). d, Representative flow cytometry histograms of CRT surface
expression (left) and ecto-CRT MFlof three samples (right) of a polyclonal B16
celllinestably transfected with EV or to express GPI-linked CRT. e, Effect of
ectopic ecto-CRT onmouse NKp46-Igbinding to B16.f, WT or NcrI™”" splenic

JEG-3 cellsby about 65% and PDIA3knockdown also modestly reduced
ecto-CRT by about 20%, which were expected because PDI facilitates
CRT exposure after ER stress'. CALR, but not PDIA3, knockdown mod-
estly, but significantly, reduced NKp46-Ig binding to ZIKV-infected
cellsand NK cell killing (Extended Data Fig. 4f,g). The weaker inhibition
of NK cell killing by CALR KD in ZIKV-infected JEG-3 cells compared
with CALR knockoutin HEK293T (Fig2mand Extended Data Fig. 4g) is
likely because knockdownisincomplete and lymphocyte receptors are
sensitive to low ligand levels. Knockdown of both CALR and PDIA3 was
not significantly different from knocking down only CALR.

The importance of ecto-CRT in NKp46 binding and killing of
ZIKV-infected JEG-3 cells was also evaluated using blocking antibod-
ies to CRT, NKp46, PDI or an isotype control antibody (Extended
DataFig. 4h,i). Anti-CRT, but not anti-PDI, significantly reduced both
NKp46-Ig binding and NK cell killing. Anti-CRT and anti-NKp46 simi-
larly inhibited killing, but combining them did not significantly increase
inhibition, consistent with ecto-CRT-NKp46 binding. Thus, NKp46
binding to ecto-CRT triggers NK cell killing.

NKp46 binds to mouse ecto-CRT

NKp46 is the only natural cytotoxicity receptor expressed in mice. To
determine whether mouse NKp46 also recognizes ER-stressed cells
by binding to ecto-CRT, B16-F10 melanoma (referred to hereafter as
B16) treated or not with oxaliplatin or cisplatin, which is not an ICD
drug, was analysed for ecto-CRT by flow cytometry. Both untreated
and cisplatin-treated B16 poorly expressed ecto-CRT whereas it was
strongly induced by noncytotoxic oxaliplatin concentrations (Fig. 3a).
Both drugs upregulate NKG2D stress ligands”. Mouse splenic NK cell
killing of untreated, oxaliplatin- or cisplatin-treated B16 was assessed in
the presence or absence of CRT or NKp46-blocking antibody (Fig. 3b).
NK cell killing of oxaliplatin- and cisplatin-treated B16 was enhanced
by around twofold compared with untreated cells. The low level of
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WT or Ncrl”~NK cells with B16 that were untreated or oxaliplatin-treated (g) or
transfected with EV or GPI-CRT plasmid (h). Shown are representative images
of conjugates (left) and the percentage of cells forming NK-target cell
conjugates (right). Cells were stained with CellTracker Red CMTPX (blue),
anti-NKp46 (red), anti-CD49b (violet) or anti-CRT (green). Datashown are
representative of around 1,000 individualimages and of at least three
independent experiments. Dataare mean +s.e.m. Statistics by unpaired
one-way ANOVA (a-c), two-tailed parametric unpaired t-test (d,e), two-way
ANOVA (f) or two-sided Chi-squared test (g,h). *P < 0.05,**P< 0.01,***P<0.001,
P <(0.0001.

baseline killing of untreated B16 was similarly inhibited by CRT or
NKp46 antibodies. Blocking of CRT or NKp46 strongly inhibited kill-
ing of oxaliplatin-treated B16 but did not significantly affect killing
of cisplatin-treated B16, which did not expose ecto-CRT. Consist-
ently, NK cell killing of untreated B16 was significantly reduced when
NcrI” splenic NK cells, but not KIrk1”~ NK cells (deficient in NKG2D),
were substituted for WT NK cells. Killing of oxaliplatin-treated B16
by splenic NK cells from NcrI”~ mice was strongly reduced compared
with that by WT splenic NK cells, but killing of cisplatin-treated B16
was not significantly changed (Fig. 3¢). By contrast, NKG2D-deficient
splenic NK cells less effectively killed cisplatin-treated B16 but killed
both oxaliplatin-treated B16 and WT NK cells. Thus, NKp46 recognition
of ecto-CRT contributes to killing of B16 treated with an ICD, but not
anon-ICD, drug (Fig. 3c).

Engineered ecto-CRT triggers NK cell killing

To confirm that mouse ecto-CRT triggers NKp46, B16 were transfected
to stably express CRT with a C-terminal glycosylphosphatidylinosi-
tol (GPI) anchor to generate a B16-GPI-CRT line®. Cell surface CRT on
engineered polyclonal B16-GPI-CRT increased dramatically compared
with cells transfected with EV, but was only around twofold higher
than oxaliplatin-induced endogenous levels (Fig. 3a,d). B16-GPI-CRT
clones expressed ecto-CRT more highly and homogenously than the
polyclonal cell line (Extended Data Fig. 5a). Even though CRT isinvolved
inMHC class I folding and antigen presentation, ectopic ecto-CRT did
not significantly affect surface MHC-I1 as assayed by H-2K" staining
(Extended Data Fig. 5b). Ectopic ecto-CRT also did not alter in vitro
proliferation of B16-GPI-CRT clones but slightly, but significantly,
increased colony formation (Extended Data Fig. 5c,d). B16-GPI-CRT
also migrated significantly more and were more invasive in Transwell
assaysthan WT or EV B16 (Extended Data Fig. 5e,f). These experiments
suggest that ecto-CRT might increase B16 malignancy.
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Ectopic ecto-CRT significantly increased mouse NKp46-Ig bind-
ing to engineered polyclonal B16-GPI-CRT (Fig. 3e). Consistently, WT
splenic NKcells killed B16-GPI-CRT more than EV-transfected cells but
NcrI”"NK cell killing was independent of ecto-CRT (Fig. 3f), indicating
that NKp46 binding to ecto-CRT activates mouse NK cells.

The CRT P domain is highly conserved in both mouse and human
(97.3% identity with perfect conservation of the NKp46-binding
region; Extended Data Fig. 3f). To test whether the mouse CRT
P domaininteracts with mouse NKp46 asin humans, B16-expressing
WT and mutant (D237A, D244A, D258A and AP) GPI-anchored mouse
CRT were assayed for ecto-CRT, NKp46-Ig binding and splenic NK cell
killing (Extended Data Fig. 3g,h). Although all mutants expressed CRT
similarly, NKp46-Igbinding and NK cell killing increased only for cells
expressing WT or D244A CRT, but not for cells expressing GPI-CRT
mutated for residues that abrogated binding to human NKp46. Thus
in mice, as in humans, conserved Asp residues in the CRT P domain
control NKp46 binding.

NKp46 and CRT colocalize at the synapse

To confirm ecto-CRT as an NKp46 ligand, the number of splenic NK-B16
conjugates formed with oxaliplatin-treated B16 or B16-GPI-CRT was
compared with untreated or EV-transfected B16 by imaging flow
cytometry (Fig. 3g,h). Conjugates increased by around tenfold after
oxaliplatin treatment or ectopic GPI-CRT expression. Moreover,
conjugates with ecto-CRT" B16 showed capping of NKp46 and the
integrin CD49b on NK cells with CRT on the target. No capping was
visualized in the few conjugates formed with ecto-CRT™ B16. When
NcrI™ splenic NK cells were substituted for WT NK cells, the number
of conjugates dropped to baseline. These data confirm that NKp46
recognizes ecto-CRT.

NKp46-CRT binding inhibits B16 tumours

To probe whether NKp46 recognition of ecto-CRT provides tumour pro-
tection, B16-EV or B16-GPI-CRT clones wereimplanted subcutaneously
inWTand NcrI” mice (Fig. 4a-cand Extended Data Fig. 6a—c). Although
B16-EV tumours grew similarly in WT and NcrI”” mice, B16-GPI-CRT
growth was suppressed in WT, but not in Ncrl™””, mice (Fig. 4a). The
potent in vivo effect of ecto-CRT ectopic expression in controlling
tumoursin WT mice was similar to that achieved by expression of NKG2D
ligands detailed in a classic paper thatidentified NKG2D ligands”. Three
weeks after tumour implantation, the numbers of tumour-infiltrating
NK cells, CD8 T lymphocytes and tumour-associated macrophages did
not significantly differ in B16-EV or B16-GPI-CRT tumours in WT and
Ncrl”” mice, but there were twice as many tumour-associated den-
dritic cellsin NcrI”-mice asin WT mice bearing B16-GPI-CRT tumours
(Extended Data Fig. 6a). More tumour-infiltrating NK cellsin WT mice
bearing B16-GPI-CRT tumours stained for perforin (PFN) and secreted
interferon-y (IFNy) and tumour necrosis factor (TNF) thanin Ncr1” mice
(Extended DataFig. 6b, c). The only significant change in the CD8" TIL
phenotypein B16 tumour-bearing mice was reduced numbers of PFN*
CDS8" cellsin Ncr1”" mice bearing B16-EV tumours. CD8 T cell depletion
of WT or Ncrl”” mice before implantation of B16-EV or B16-GPI-CRT
tumours had no significant effect on tumour growth (Fig. 4b and
Extended Data Fig. 6d), suggesting that NKp46-ecto-CRT-mediated
protectionis CD8T cellindependent, whichis not surprising because
CDS8T cells do not express NKp46.

To further assess NKp46-mediated antitumour activity, 10° splenic
NK cells from WT mice, expanded in vitro with IL-15 for 7 days, were
adoptively transferred into NcrI”” mice bearing B16-EV or B16-GPI-CRT
subcutaneous tumours (Fig. 4c and Extended Data Fig. 6e). Adoptive
transfer of WT NK cells did not affect B16-EV tumours but strongly
suppressed B16-GPI-CRT tumours in Ncr1” mice, providing additional
evidence that NKp46 potently suppresses ecto-CRT* tumours.
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NKp46-CRT binding reduces B16 metastasis

Ecto-CRTisan ‘eat me’ signal for myeloid cell phagocytosis, which can
augment antigen presentation and tumour control®. To investigate
whether NKp46-CRT binding controls metastasis and whichimmune
cells are important, lung metastases were counted 3-4 weeks after
intravenousinjection of B16-EV and B16-GPI-CRT into WT or NcrI” mice
treated with NK- or myeloid cell-depleting or control antibodies (Fig. 4d
and Extended Data Fig. 6f). In control antibody-treated WT mice, the
number of B16-GPI-CRT metastases (1.0 + 1.4) was significantly lower
than B16-EV metastases (14.5 + 3.8), but metastases increased greatly
(99.8 +18.8) inNK cell-depleted mice and GPI-CRT expression no longer
significantly conferred protection. By contrast, myeloid cell depletion
did not significantly affect B16-EV or B16-GPI-CRT growthin WT mice.
These dataindicate that NK cells were responsible for suppression of
ecto-CRT" tumours in WT mice. Both B16-EV and B16-GPI-CRT metas-
tases in control antibody-treated NcrI”~ mice increased significantly
compared with WT mice. In NcrI” mice, B16-GPI-CRT metastasized
morethan B16-EV, perhapsreflecting the slightincrease in colony for-
mation, migration and invasivity of B16-GPI-CRT compared with B16-EV
invitro (Extended DataFig. 5c-e). Myeloid cell depletionin NcrI” mice
increased B16-EV and B16-GPI-CRT metastases by around twofold.
Thus, NKp46 on NK cells dominates protection from B16 metastases
in WT mice, but myeloid cell protection is uncovered when NK cells
lack NKp46.

NKp46 boosts NK cellimmunity induced by doxorubicin

To evaluate whether NKp46-ecto-CRT interactions help clear
drug-treated tumours, WT and NcrI”” mice bearing WT B16 tumours
were treated with the ICD drug, doxorubicin (DOX)* (Extended Data
Fig. 7a). CRT externalization by DOX was secondary to ER stress—it
was significantly inhibited by either GSK2606414 or 4u8C (Extended
Data Fig. 7b). DOX significantly reduced B16 growth in WT but not in
NcrI”", mice (Extended DataFig. 7c). Although the numbers of tumour-
infiltrating immune cells in untreated or DOX-treated WT and NcrI”
mice did not significantly change 3 weeks after tumour implantation,
GzmB and PFN staining and degranulation of tumour-infiltrating NK
cellsincreasedin WT butnotin Ncrl”, mice (Extended Data Fig. 7d-g).
DOX did not significantly alter tumour-infiltrating NK cell cytokine
production in either WT or NcrI”~ mice. DOX also increased CD8" TIL
IFNy secretion more strongly in WT thanin NcrI”” mice but increased
the number of TNF-producing CD8* cells only in Ncr1”” mice. Thus,
NKp46 enhances the antitumour immunity of an ICD drug.

NKp46 binds ecto-CRT on senescent cells

Although NK cell recognition of senescence helps control tumour
growth?, how NK cells recognize senescent cells is unknown. ER stress
regulates senescence in RAS-driven tumours®. The MEK inhibitor
trametinib and CDK4/6 inhibitor palbociclib (T + P) induce senes-
cence and ER stress in the KRAS-mutant human lung cancer A549
(ref.22, which we confirmed by measurement of senescence-associated
beta-galactosidase (SA-Bgal) activity (Extended Data Fig. 8a) and
XBP1 splicing and BIPand CHOP mRNAs, respectively (Extended Data
Fig. 8b). T + P also induced surface expression of CRT, the NKG2D
ligands (MICA/B)** and ICAM-1 (ref. 22) (Extended DataFig. 8c), which
suggested that both NKp46 and NKG2D might mediate NK cell kill-
ing of senescent A549. Untreated A549 were barely killed by WT or
NCRI” YT cells (Extended DataFig.8d,e). T + P potentlyinduced WT YT
cell killing of A549 in the presence of control antibodies and blocking
of NKp46, CRT or NKG2D, but not NKp30, significantly reducedkilling
(Extended Data Fig. 8d,e). Blocking both NKp46 and NKG2D reduced
WT YT cell killing to background, indicating that NKp46 and NKG2D
arethe mainactivatingreceptorsin NK cell killing of T + P-treated A549.
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Fig.4 |NKp46recognition of ecto-CRT suppresses tumour growth and
isactivated during senescence. a-c, Tumour growthmonitored inWT

(a), Iso (b) and NcrI” mice (c) injected subcutaneously with EV or GPI-CRT-B16
clones. b, Mice were treated with Iso or anti-CD8a. ¢, Splenic WT NK cells were
adoptively transferred weekly (magentaarrowheads) beginning 4 d after
tumour inoculation.a,b, n=6 mice per group; ¢, n=5mice pergroup.d, EV

or GPI-CRT-B16 was injected intravenously into WT and NcrI”" mice (n =4 mice
pergroup) treated with either anti-NK1.1, anti-CSFIR or Iso before and during
tumour growth to deplete NK cells or macrophages. Visible lung metastases
were counted on day 20. e-g, Effect of in vitro trametinib and palbociclib (T + P)
onsenescence, ER stress and expression of NK-activating ligands on mouse KP.
Shownare representative flow cytometry histograms of SA-Bgal (left) and MFI
ofthree cell samples (right) (e), RT-qPCR of Xbp1 splicing and Bip and Chop

By contrast, NCR1-deficient YT cells were much less potent than WT
YT cells at eliminating T + P-treated A549 and anti-CRT did not affect
theirkilling (Extended DataFig. 8e). Thus, T + P-treated senescent A549
externalize both NKG2D and NKp46 ligands to activate NK cell killing.

To determine whether mouse NKp46 similarly recognizes ecto-CRT
on T + P-treated senescent mouse tumours, mouse splenic NK cells
were used tokill KP lung cancer lines from p53-deficient mice express-
ing mutant KRAS®. T + P induced senescence in KP as measured by
SA-Bgal (Fig. 4e), ER stress (Fig. 4f) and externalized CRT and RAE1, a
mouse NKG2D ligand (Fig. 4g). Splenic NK cells from WT mice barely
killed untreated KP but were highly cytolytic against T + P-treated
KP (Fig. 4h). However, splenic NK cells from Ncr1”~ and Kirkl1” mice,
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mRNA (f) and CRT and RAE1 expression (g) (n =3 samples). h, Invitrokilling by
splenic WT, Ncrl”~ or KIrk1”~ NK cells of KP that were either untreated or treated
withT+P (4 h®'Crrelease, E:T ratio 20:1, n =3 samples). i-k, Effect of oral T+ P
onKPscubcutaneous tumoursimplantedin WT, Ncrl”-and Kirk1” mice (n=5-7
mice per group). Shown are tumour growth (i) and NK cell TIL GzmB and PFN (j)
and cytokine production (k) at euthanization. i, Statistical differences in
growth of T+ P-treated KP tumoursin different mouse strains were: WT versus
Ncrl”",P<0.0001); WT versus KirkI”", not significant (NS)) and Ncrl” versus
Kirk1”-,P=0.005). Dataare mean +s.e.m. of atleast threeindependent
experiments. Statistics calculated by areaunder the curve followed by two-
tailed nonparametric unpaired t-test (a-c,i), one-way ANOVA (d,j k), two-tailed
nonparametric unpaired t-test (e) or two-way ANOVA (f-h).*P< 0.05,**P< 0.01,
***P<0.001,****P<0.0001.

deficientin NKp46 and NKG2D, respectively, impaired killing compared
with NK cells proficient in both activating NKR, indicating that both
receptors recognized T + P-treated KP. T + P strongly suppressed KP
tumours in WT mice but tumour growth was not significantly slowed
inNcr1”” mice (Fig. 4i). NKp46 more effectively controlled T + P-treated
tumour growth than NKG2D because T + P-treated KP tumours grew
significantly more slowly in KIrk1”7~ thanin Ncr1”~ mice (P=0.005). Thus,
T + P-treated senescent human and mouse RAS-driven lung tumours
are recognized by both NKp46 and NKG2D. Although the numbers
of tumour-infiltrating immune cells did not significantly change in
T + P-treated mice (Extended Data Fig. 9a), PFN, IFNy and TNF were
significantly increased in tumour-infiltrating NK cells in T + P-treated
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WT micebutonly IFNysignificantly increased in NcrI”~ mice. Staining of
bothIFNyand TNFincreased significantly in Kirk1”” mice (Fig.4j k). T +P
did notssignificantly change CD8" TIL functional parameters (Extended
DataFig.9b,c). Thus, recognition by NKp46 and NKG2D of T + P-treated
senescent lung cancers enhances NK antitumour functions and tumour
control, but NKp46 may be somewhat more important.

To determine whether NKp46 recognition of senescent cells depends
onERsstress and ecto-CRT, KP were treated with two other senescence
inducers, CuSO, and 4-phenyl-3-butenoicacid (4-PBA); CuSO, but not
4-PBA, reportedly induces ER stress**?. Both compounds increased
SA-Bgal activity (Extended Data Fig. 10a) but only CuSO, induced
ER stress (Extended Data Fig. 10b). Ecto-CRT and surface RAE1 were
strongly induced by CuSO, whereas4-PBA induction was much weaker
(Extended Data Fig. 10c). CuSO, significantly increased in vitro KP
killing by splenic NK cells from WT mice but NK cells from NcrI™” or
Klrk1”~ mice weresignificantly less active, indicating that both activat-
ing receptors contributed to killing (Extended Data Fig. 10d). 4-PBA
treated KP cells were weakly killed by splenic NK cells. 4-PBA-induced
killing was dependent only on NKG2D because killing by NcrI”, but not
by Kirk1”", NK cells increased. Thus, NK cells do not efficiently kill all
senescent cells: NK cell killing of senescent tumour cells is enhanced
by ER stress and NKp46 recognition of ecto-CRT in the tumour.

Discussion

Here we show that NKp46 directly recognizes ecto-CRT oncells under-
going ER stress triggered by multiple inducers (ZIKV, tunicamycin,
ICD-inducing chemotherapy (oxaliplatin, DOX) and senescence). The
identification of ER stress and its cell surface indicator ecto-CRT as the
endogenous ligand of the evolutionarily most ancient NK-activating
ligand NKp46 makes sense and fits the hypothesis that activation of NKR
senses cellular stress®. NKG2D, which recognizes a variety of cellular
stresses (including ER stress)®, also contributed to NK cell activation by
senescent cells and other chemotherapy drugs (such as cisplatin).Iden-
tification of ecto-CRT as the endogenous NKp46 ligand by pulldown and
mass spectrometry was confirmed by in vitro binding to recombinant
proteins, by cellular experiments using CRT-blocking antibody, CALR
knockout and knockdown, ectopic expression of GPI-CRT on target
cells and by knocking out NCRI/Ncrl in ahuman NK cell line and in
mice. Ectopic ecto-CRT orinduction of ecto-CRT by DOX treatment of
amelanomacellline, and T + P treatment of a RAS-driven lung cancer
line, greatly reduced tumour growthinan NcriI-dependent manner. The
presence of NKp46 on NK cells and ecto-CRT on the tumour increased
NK cell TIL functionality (cytotoxic protein expression and cytokine
secretion).

Endoplasmicreticulumstress is caused by many disease processes®.
Infection withboth DNA and RNA virusesinduces ER stress, and some
viruses have developed strategies to counter this host response. Other
ER-stress-inducing viruses, including other flaviviruses that replicate in
the ER, such as DENV and hepatitis C, willundoubtedly expose ecto-CRT
and be recognized by NKp46. In fact, high expression of NKp46 on
liver NK cells has been linked to better hepatitis C outcome?. Stresses
in tumours, including hypoxia and disruption of proteostasis in lym-
phomas and myelomas, also cause ER stress, which could recruit and
activate NK cellimmunosurveillance. Metabolic dysregulation in dia-
betes and obesity also causes ER stress®. Future studies of ecto-CRT
andits recognition by NKp46 on NK cells and innate lymphoid cellsin
different disease settings will enhance understanding of how thisinnate
immune response contributes to disease control and pathogenesis.
Our experiments did notidentify aspecific ER stress pathway required
for CRT externalization, suggesting that additional work is needed to
understand how ER stress causes CRT exposure.

Irradiation and some anticancer drugs, such as oxaliplatin and
anthracyclines, like DOX, induce ICD, which influences whether therapy
is curative (at least in mice) by elimination of cancer cells that survive
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the treatment’. Tumour ER stress and ecto-CRT are hallmarks of ICD.
The dominant immune protective mechanism in ICD was thought to
be ecto-CRT promotion of tumour phagocytosis by antigen-presenting
cells to activate antitumour CD8" T cell cross-priming®. Our findings
suggest that NKp46-mediated NK cell killing of ecto-CRT-expressing
cancer cellsis alsoimportant in ICD-related tumour immune control.
Infact, insome situations NK recognition of ecto-CRT may be the most
important immune mechanism behind ICD protection. For example,
protection against B16 and KP was largely abrogated in Ncr1”~ mice,
suggesting that NKp46-mediated NK killing dominates immune pro-
tection in those models.

Ecto-CRT is probably not the only endogenous NKp46-activating
ligand—some ofthe other proteinsidentified in the NKp46-Ig pulldown
couldalsobeligands. A proteomicsidentification of aligandis only the
firststepinshowing the physiological significance of areceptor-ligand
interaction. Theidentification of ecto-CRT asan endogenous activating
ligand here goes well beyond the initial proteomics. Although the K, for
NKp46-CRT binding was only in the low micromolar range, strong cel-
lular, biophysical, genetic and in vivo datademonstrated that ecto-CRT
is a physiologically relevant activating NKp46 ligand. Interactions of
similar or even weaker strength, such as those involving TCR-peptide-
MHC and CD40-CD40L interactions, mediate important immuno-
logical responses'. Low-affinity interactions on cells can be overcome
by the avidity of multiple interactions of the same receptor-ligand
and/or by combining them with other receptor-ligand interactions.

Natural killer cells play an important role in tumour immunosur-
veillance®**, NK cellimmunity is compromised as tumours develop—
generally arelatively small number of NK cells infiltrate tumours and
become ‘exhausted’ as tumours progress. Nonetheless, harnessing
NK cell immunity for cancer immunotherapy using adoptively trans-
ferred NK cells or chimeric antigen receptor NK cells has recently shown
promise. Limited understanding of the endogenous ligands that acti-
vate NK cells impedes research and translational efforts to augment
NK cellimmunity. Our identification of ecto-CRT as animportant trig-
ger for NK recognition of infected and cancer cells should provide new
therapeutic approaches for exploiting and enhancing NK cell immu-
nity. The development of therapies to enhance NK immunity will be
facilitated by understanding the molecular mechanisms responsible
for ecto-CRT exposure.
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Methods

Celllines

JEG-3, A549, 721.221, HFF, Vero, HEK293T and B16 cells were provided
by the American Type Culture Collection (ATCC). YT cells were a gift
of Z. Brahmi. The KP cell line was obtained from T. Jacks®. Cell lines
were recent passages and were periodically tested for mycoplasma;
flow cytometry was used to confirm cellular identity by cell surface
markers. Cell lines 721.221 and YT were cultured in RPMI1640, and
JEG-3,A549, HFF, Vero, 293T, B16 and KP cells were cultured in DMEM. All
mediawere supplemented with10% fetal calf serum (FCS), 1% penicillin/
streptomycin and 1% L-glutamine.

Viruses

ZIKV PRVABC59 strain (Puerto Rico, 2015) was obtained from the
Arbovirus Branch of the Centers for Disease Control and Prevention.
HSV-2 was obtained from ATCC. HCMV AD169 (IE-1-GFP) was a gift of
D.Coen, Harvard Medical School (HMS). ZIKV stocks were propagated
in DMEM supplemented with 2% heat-inactivated fetal bovine serum
(FBS)in Vero. ZIKV titres were determined by plaque assay on Veroincu-
bated for 3 days using a1.2% Avicel (no.RC-59INF, FMC Corp.) overlay.
HCMV was propagated in HFF in DMEM supplemented with 3% FBS and
supernatants were collected 8 days post infection. HCMV titres were
determined by counting green fluorescent protein® foci on HFF 2 days
postinfection using al.2% methylcellulose (Sigma) overlay. HSV-2 was
grownin Vero and viral titres were determined by plaque assay in Vero.

Antibodies and reagents

Antibodies and reagents used were: donkey-anti-mouse Alexa Fluor 488,
LIVE/DEAD Fixable Violet Dead Cell Stain, purified mouse anti-human
HLA-A, B, C (clone W6/32), Alexa Fluor 647 anti-human CD54 Anti-
body (clone HCD54), APC anti-human CD337 (NKp30, clone P30-15),
PerCP-Cy5.5 anti-human Siglec-8 (clone 7C9), PE anti-human Siglec-7
(clone 6-434), Alexa Fluor 488 anti-Hsp70 (clone W27), anti-human
CD56 -PE and -Pacific Blue (clone HCD56), CD107a-PerCP-Cy5.5
(clone H4A3), purified mouse IgGl1, IgG1-FITC, IgG1-PE, IgG1-APC,
IgG1-PerCP-Cy5.5,1gG1-PE-Cy7,1gG1-APC-Cy7 (clone MOPC-21), purified
mouse IgG2a, IgG2a-FITC, IgG2a-Alexa Fluor 700 (clone MOPC-173),
anti-mouse B220-PE (clone RA3-6B2) and CD45-PE-Cy7 (clone 30-F11)
(allBioLegend); MICA/B-Alexa Fluor 700 (no.159207) (R&D Systems);
anti-mouse CD3e-PerCP (clone 145-2C11), CD8-PerCP (clone 53-6.7)
and IFNy-APC (clone XMG1.2) (all BD); anti-mouse CD8-eFluor 710
(clone 53-6.7), CD62L-APC (clone MEL-14), CD44-PE (clone IM7),
CD4-eFluor 450 (clone RM4-5) and NKp46-PE (clone 29A1.4)
(all eBioscience); FITC-AffiniPure goat anti-human IgG (Jackson
Immunoresearch); Alexa Fluor 647 anti-mouse RAE1-y (clone CX1,
BioLegend); FITC anti-mouse H-2K® (clone AF6-88.5, BioLegend);
Alexa Fluor 488 anti-phospho-Syk (clone pY348), Alexa Fluor 647
anti-phospho-CD3-zeta (clone pY142) and PE anti-phosphotyrosine
(all BD Biosciences); goat anti-mouse IgG Fab recombinant second-
ary antibody (Invitrogen); anti-NKp46 (clone 9E2), APC anti-human
Siglec-6 (clone REA852) (Miltenyi Biotec); anti-mouse CD8 mAb (clone
2.43), rabbit anti-mouse NK1.1 and anti-CSFIR, control antibody (no.
LTF-2) (all BioXCell); rabbit anti-human CRT (no. ab2907, Abcam);
mouse monoclonal anti-CRT (clone MAB38981, R&D Systems; FMC
75, Thermo); PDIA3 rabbit polyclonal Ab (no. A1085, Abclonal); poly-
clonal anti-NKp46 antibody (no. LS-C806753, LSBio); anti-human
Siglec-6 (clone Mab239-90, Creative Biolabs); Alexa Fluor 488 mouse
IgGlisotype control (clone MOPC-21); PE mouse IgGl isotype control
(clone MOPC-21); Alexa Fluor 647 mouse IgGl isotype control (clone
MOPC-21), PerCP-Cy5.5 mouse IgGlisotype control (clone MOPC-21),
AlexaFluor 488 mouse IgG2aisotype control (clone MOPC-173), Alexa
Fluor 647 mouse IgG2bisotype control (BioLegend, clone MPC-11) and
Pacific Blue mouse IgG2b isotype control (BioLegend, clone MPC-11).
For antibody list, see Supplementary Table 1.

Fusion proteins NKp44-Ig (no. 2249-NK), NKG2D-Ig (no.1299-NK)
and mouse NKp46-Ig (no. 2225-NK) were obtained from R&D Sys-
tems. Also used were NKp30-Ig (ACROBiosystems), haemagglutinin
His-tag (Sino Biological), human CD4-His-tag, Siglec-8-His-tag (ACRO-
Biosystems), Siglec-6-His-tag (Creative Biolabs), 4pu8C, GSK2606414,
PF429242 (MedChemExpress), trametinib (LC Laboratories), palbo-
ciclib (LC Laboratories), CuSO, (Sigma), tunicamycin (Sigma), 4-PBA
(Santa CruzBiotechnology), cisplatin (Cayman Chemical), oxaliplatin
(Cayman Chemical), doxorubicin (Sigma), salubrinal (Sigma), EGTA
(Sigma), a2-3,6,8,9 neuraminidase A (NEB), LB Broth (BD Difco), LB
Agar (BD Difco), ampicillin sodium salt (Sigma), CellEvent Senescence
GreenFlow Cytometry Assay Kit (Invitrogen) and Cytofix/Cytoperm (BD
Biosciences). NKp46-Ig (from O. Mandelboim) and R&D Systems (no.
1850-NK) were used for flow cytometry. NKp46-Ig (ACROBiosystems)
was used for MST and BLI experiments.

Isolation of primary human and mouse NK cells

Human NK cells were isolated from discarded Leukopaks from healthy
volunteer blood donors using the RosetteSep human NK cell enrich-
ment protocol (StemCell Technologies), followed by Ficoll (GE Health-
care) density gradient centrifugation (20 min, 800g) and culture for
12-18 hin X-VIVO 10 TM medium (Lonza) supplemented with gen-
tamicin, 5% human AB serum (Corning) and 2.5 ng ml™ recombinant
humanIL-15 (R&D Systems). Mouse NK cells were isolated from spleno-
cytes obtained after mechanical dissociation of spleens and passage
through a40 pmsieve (BD Labware), using a NK cell magnetic purifica-
tion kit (Miltenyi Biotec). Mouse NK cells were cultured in RPMI1640
supplemented with10% FCS, 1% penicillin/streptomycin, 1% L-glutamine
(Gibco), 2.5 ng ml™ recombinant mouse IL-15and 100 units of IL-2 (R&D
Systems).

Infection and tunicamycin treatment of cell lines

JEG-3 cells were infected with ZIKV for 1 h in DMEM (Gibco) with 2%
FCS atamultiplicity of infection (MOI) of 2.0. Virus was aspirated and
fresh culture mediumadded. Infected cells were cultured for the indi-
cated times before harvesting for assay. In some cases, JEG-3 cells were
pretreated with10 pM salubrinal (Sigma) for 1 h before infection, and
salubrinal was retained in the culture medium post infection. JEG-3
cells were infected with MOI 0.5 HSV-2 for 1 h, then medium was aspi-
rated and cells cultured in fresh medium for 1 or 2 days. For HCMV
infection, cellswere spinoculated (1 h, 2,800 rpm) with MOI 4.0 virus,
which was maintained during 12 h of culture at 37 °C. Spinoculation
and culture were repeated once or twice to enhance infection rates,
and then medium was aspirated and cells cultured in fresh medium
for 12 h before harvesting. In some experiments, cells were treated
with 0.5 pg ml™ tunicamycin for 24 h, with or without salubrinal pre-
treatment 1 h earlier. Salubrinal was retained in culture throughout
tunicamycin treatment.

Flow cytometry

For surface staining, cells were stained for 30 minoniceinthe dark with
LIVE/DEAD-Violet stain (1:1,000) and then with primary antibodies
for 15-30 min in PBS and 2% FCS (followed by secondary antibodies,
when applicable, for 20 min). For protein-Ig staining, cells were incu-
bated with 50 pg m1™ fusion protein for 1 h at 4 °C and then stained
with fluorescent-anti-human IgG for 1 h. Cells were fixed in 1% para-
formaldehyde (Affymetrix) for 10 min before flow cytometry. Flow
cytometry was assessed on gated live cells (Supplementary Fig. 1).
For intracellular staining, cells were fixed and permeabilized using
the CytoFix/CytoPerm kit. One of the treated samples was used for
isotype staining, and MFI of staining with the isotype control anti-
body was subtracted from MFI of the specific antibody. Analysis was
performed on a FACSCanto Il (BD). BD FACSDiva 8.0 (BD) software
was used for data collection, with analysis performed using FlowJo
v.10.4.2 (TreeStar).



RT-qPCR

Total RNA was extracted using the RNeasy Mini kit (Qiagen), treated
with DNase (Life Technologies) and reverse transcribed using 2 pg of
total RNA, 50 ng of random hexamers, 400 nM dNTPs and 200 U of
SuperScript Il reverse transcriptase (Invitrogen). Primers and diluted
complementary DNA samples were prepared with Power SYBR Green
PCR Master Mix (Applied Biosystems). Amplification cycles using the
iQ5system (BioRad) were 95 °C for 10 minthen 40 cyclesat95°Cfor10 s
and 55 °Cfor30 s.Results were normalized to ACTB, Actb or ISSRNA as
indicated. Primer sequences are provided in Supplementary Table 2.

Generation of NCR1 (NKp46) and NCR3 (NKp30) knockout cell
lines by CRISPR-Cas9

Single-guide RNAs targeting the fourth exon of NCR1 (conserved in the
two longest isoforms of NCRI with transcript ID: ENSTO0000594765)
and the third exon of NCR3 (conserved in three of the four longest iso-
forms of NCR3with transcript ID: ENSTO0000376073) were designed
and clonedinto thelentiCRISPR V2 vector (Addgene, no.52961; sgRNA
sequences shown in Supplementary Table 2). Lentiviruses were pro-
duced in HEK293T using standard protocols. To generate stable cell
lines, YT cells (5 x 10°) were infected by spinoculation with viruses
for each CRISPR sgRNA using either an empty lentiCRISPR V2 or a
lentiCRISPR V2 containing a nonspecific sgRNA (random sgRNA) as
control. Infected cells were selected (puromycin 2 pg ml™, 3 weeks) and
single clones were sorted into 96-well plates using an IMI5L cell sorter
(BD Biosciences). Clones were grown under selection for 3-4 weeks and
tested for gene knockout by DNA sequencing and immunostaining and
flow cytometry. For both NCRI and NCR3, two individual clones were
generated from one or two independent sgRNAs for further experi-
ments. One clone of the nonspecific sgRNA (random sgRNA) was ran-
domly chosen as control cells. To determine allele-specific mutations,
genomic DNA was extracted from each clone, amplified with specific
primerstothetarget sgRNA, clonedinto the CloneJET PCR cloningkit,
transformed into bacteria and at least three single bacterial colonies
were sequenced.

NK cell functional assays

Natural killer cell killing of 721.221 and JEG-3 cells—infected or not for
48 hor treated with Tu for 24 hwith or without salubrinal pretreatment
orwith100 puM oxaliplatin or 25 uM cisplatin for 12 h—was analysed by
8 h’'Crrelease assay using the indicated E:T ratios, performed in the
presence of 2.5 ng mI™ IL-15 (R&D Systems). NK cell killing of CALR™”"
HEK293T transfected with EV or WT or mutant CALR was analysed by
4 h>'Crrelease assay using an E:T ratio of 10:1. Killing of JEG-3 cells,
ZIKV-infected or not for 48 h, was analysed by 8 h *!Cr release assay
using an E:T ratio of 25:1. Mouse splenic NK cell killing of B16-expressing
EV or WT GPI-CRT or mutated GPI-CRT or treated with oxaliplatin or
cisplatin was analysed by 4 h*'Cr release assay using an E:T ratio of
10:1. Mouse splenic NK cell killing of senescent KP (treated for 6 days
with trametinib (25 nM) and palbociclib (500 nM), and either 250 pM
CuSO, for1day or 500 pM 4-PBA for 6 days) was measured by 8 h*'Cr
release assay using an E:T ratio of 10:1.

To block NK cell receptors, NK cells were pretreated for 30 min
at 37 °C with blocking or control antibodies that were maintained
during coculture (20 pg ml™ purified antibodies to NKp46 (clone
9E2), NKp30 (clone P30-15), 2B4 (clone C1.7), NKp80 (clone5D12,
BioLegend), DNAM-1 (clone 102511, R&D), NKG2D (clone 1D11, Bio-
Legend), anti-human Siglec-6 (clone Mab239-90, Creative Biolabs)
or mouse IgG1 (clone MOPC-21, BioLegend) as control. To block
ecto-CRT, polyclonal rabbit anti-human CRT (ab2907, Abcam) was
used. Tomeasure degranulation, NK cells were cocultured for 8 hwith
target cells in the presence of CD107a-PerCP-Cy5.5 antibody (clone
H4A3, BioLegend, 250 ng ml™) and 2.5 ng mI™ IL-15 (R&D). To meas-
ure intracellular cytokine production, 2 pM monensin (BioLegend)

and 3 pM brefeldin A (BD) were added after 1 h of coculture and cells
harvested 7 h later. Cells were stained for surface markers, followed
by permeabilization with Cytofix/Cytoperm (BD Biosciences) and
intracellular cytokine staining.

Pulldown assay
Membrane proteins from ZIKV-infected or uninfected JEG-3 cells were
isolated using the Mem-PER Plus Kit (ThermoFisher Scientific) accord-
ing to the manufacturer’s protocol. The diluted membrane fraction
(300 plin PBS) was incubated with 20 pg of either NKp46-1gGlFc or
NKG2D-IgGIFcfusion protein at 4 °C with rotary agitation for16 hand
thenincubated with2 mM of DTSSP crosslinker (ThermoFisher Scien-
tific) for 2 h onice. The reaction was stopped with 20 mM Tris pH 7.5.
Thereaction mixture wasincubated with100 pl of proteinA/G-coupled
Sepharose beads at 4 °C with rotary agitation for 4 h. The beads were
centrifuged and washed three times with wash buffer (10 mM Tris
pH7.4,1mMEDTA, 150 mM NaCl, 1% Triton X-100 and Protease inhibitor
cocktail (Roche)). The beads were heated at 95 °Cin100 pl of 2x SDS
loading buffer, samples were analysed by SDS-polyacrylamide gel elec-
trophoresis and excised bands were analysed by mass spectrometry.
Membrane proteins from oxaliplatin-treated or untreated JEG-3
cells or purified Fc-tagged FL or truncated domains of CRT were incu-
bated with 20 pg of NKp46-MYC fusion proteins at 4 °C with rotary
agitation for16 h,and then with 100 pl of anti-MYC-coupled magnetic
beads (Genscript) at4 °Cwithrotary agitation for 4 h. The beads were
magnetically separated and washed three times with wash buffer, then
heated at 95 °Cin100 pl of 2x SDS loading buffer and the samples ana-
lysed by SDS-PAGE electrophoresis and immunoblot. Full scan blots
are shown in Supplementary Fig. 2.

Phosphoflow cytometry analysis of NKp46 signalling

JEG-3 cells (5 x10°), pretreated with oxaliplatin for 4 hat 37 °C and with
10 pg ml™anti-CRT or isotype control antibody for 30 min, wereiincu-
bated for 15 min at 37 °C with WT or NCRI”~ YT cells (10°), pretreated
for30 minwith 10 pg mlanti-NKG2D. Cells were then fixed with Phos-
flow Fix Buffer I and permeabilized with Phosflow Perm Buffer Il (BD
Bioscience) and stained for CD56, p-CD3¢, p-Syk and p-Tyr before flow
cytometry analysis on gated CD56" cells.

Protein expression and purification

The FL or truncated N, P and C domain coding sequences of human
CRT wereclonedinto the pCMV vector (Addgene plasmid no. 59314) to
generate recombinant constructs with C-terminal Human IgG1Fc (Fc)
tags. The extracellular domain of NKp46 was cloned into either pcDNA
MYC-His 3.1avector (Invitrogen) or pCMV vector (Addgene plasmid no.
59314) to generate arecombinant construct with a C-terminal MYC or
Fctag. All plasmids were verified by DNA sequencing and transfected
into HEK293T. Recombinant proteins were purified as previously
described?. cDNA clones of human CALR and NCRI were obtained
from the DF/HCC DNA Resource Core at HMS, and the primers used
aregivenin Supplementary Table 2.

MST

Purified human MYC- or Fc-tagged NKp46 was labelled with Alexa 647
using the microscale protein labelling kit (ThermoFisher Scientific).
Alexa 647-labelled NKp46-MYC (50 nM) in MST buffer (50 mM HEPES,
150 mM Nacl, 0.05% Tween-20) was mixed with 0-100 uM Fc-tagged
FL or N, P or C domains of CRT or other recombinant His-tagged
ligands and incubated at room temperature for 30 min to achieve
binding equilibrium. The reaction mixtures were taken up into MST
capillaries and measurements were acquired using a Monolith NT.115
(NanoTemper Technologies). Data were fit using the Hill equation,
and K; values were determined using MO.Affinity Analysis software
(NanoTemper Technologies). Sialic acid was removed from protein
NKp46 by treatment with neuraminidase A for1hat37°C.
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BLI

Biolayer interferometry measurements were performed on an
Octet N1 (Sartorius) at room temperature. Kinetic measurements
were performed in 50 mM HEPES pH 7.4, 150 mM NaCl and 0.05%
(v/v) Tween-20. Before use, anti-higG Fc Capture (AHC) biosensors
(Sartorius) were prehydrated in buffer for 10 min. Buffer was applied
to AHC tips for 60 sbefore 0.1 uM NKp46-Ig wasimmobilized to them
over 320 s. After immobilization, a baseline of 60 s was recorded
followed by association of His-tagged CRT (Sino Biological) over
320 s. Dissociation followed association for 320 s. Following sub-
traction from reference experiments, curves were fit with GraphPad
Prismv.9.1.2.

Raman spectroscopy

Raman spectroscopy was carried out using a Horiba XploRa confo-
cal Raman microscope. Spectra were collected using a 785 nm laser
(approximately 41 mW) at1cm™resolution. The spectrometer slit was
set to 200 pm with 500 pm aperture; 20 pM NKp46 was mixed with
5-20 pM CRT in sodium phosphate buffer in 20 pl. Acquisition was
carried out at room temperature in triplicate samples.

Spectral readouts were normalized to the sharp peak at 330 cm™.
The fluorescent baseline was fit using a polynomial fitand subtracted
before peak deconvolution was performed in Labspec 6. The change
in peak area at around 1,658 cm™ (obtained after Lorentzian fitting
in the Amidel deconvolution step for each acquisition) was plotted
against CRT concentration. The peak at 1,658 cm™ was chosen as the
marker for interaction in the Raman spectrum of the amide I region
because it was found to be acharacteristic of NKp46-CRT interaction.
Ahyperbolic model was used to calculate a K value. The quality of the
model used to fit the data was assessed by calculation of the R*value,
which was 0.907.

Molecular modelling and docking

Using NKp46 and CRT sequences, model structures were generated
using the threading technique by the stand-alone version of - TASSER.
Energy minimization and other subsequent processing were carried
out using GROMACS v.4.5 and Chiron before initiation of molecular
docking. Molecular docking was performed using ClusProv.2.0, which
works on an ensemble pipelineinvolving fast Fourier transform-based
global sampling and the PIPER algorithm, followed by a clustering
technique to find highly populated clusters of minimal energy, and
thenby CHARM energy minimization to avoid steric clashes®. Docked
complexes were further subjected to energy minimization to remove
steric clashes with Chiron. The docked complex selected for subse-
quent analysis was screened using lowest cluster-energy principles.
Theinteraction energy between two proteins in PIPER was calculated
using the formula £ = 0.40E,, + (-0.40E,,) + 600E,,. + 1.00EDARS.
E.,and £, represent repulsive and attractive contributions, respec-
tively, tovander Waals interaction energy, £, denotes an electrostatic
energy term and EDARS denotes pairwise structure-based potential
and primarily represents desolvation contributions—that is, the free
energy change due to removal of water molecules from the interface.
To denote the potential contributions of charged residues in stabili-
zation of the NKp46-CRT interaction, surface charges in the bound
complexes were rendered using the Vacuum electrostatics mode of
PyMol v.2.5, where surface charges are represented by a scale of red
(negative) to blue (positive).

Generation of CALR” HEK293T

CALR” HEK293T were generated using the Guide-it CRISPR/Cas9 Sys-
tem (Takara) according to the manufacturer’s protocol. Briefly, two
guides were designed targeting exon2 (sgRNA1: GCCGTCTACTTCAA
GGAGCA, sgRNA2: TAATCCCCCACTTAGACGGG). The guides were
chosen to minimize off-target effects using http://crispr.mit.edu/.

Plasmids expressing individual guides were transfected into HEK293T
by Amaxa nucleofector and NucleofectorKit V (Lonza). After 48 h, green
fluorescent cells were sorted using a BD Aria cell sorter. Two sequential
rounds of transfection were carried out and single clones were sorted
in 96-well plates. Two single clones, selected based on immunoblot
analysis, were verified by sequencing.

Site-directed mutagenesis and complementation

Point or deletion mutations were prepared from human or mouse CRT
expression clones in pCMV3-C-MYC (Sino Biological) using the Q5
Site-Directed Mutagenesis Kit (NEB) according to the manufacturer’s
protocol, and primers were designed using the NEBaseChanger web
tool.Plasmid sequences were validated by sequencing. Complementa-
tion of CALR”"HEK293T was performed by transfection of mutated or
WT plasmids using Lipofectamine 2000 (Invitrogen) in six-well plates.
Wells with over 85% transfected cells were analysed by flow cytometry
for cell surface CRT and NKp46-Ig binding and used for NK-killing
assays.

Stable ecto-CRT-expressing B16

B16 cell lines expressing ecto-CRT or EV were generated as previously
described®. Briefly, B16 melanoma cell lines were infected with retro-
viruses generated with the pRetroX-IRES-DsRed vector containing
FL mouse CRT in frame with either a decay-accelerating factor
(GPI-CRT) or EV as control. Highly expressing GPI-CRT cells (polyclonal
cellline) were sorted based on DsRed and CRT expression. Single-cell
clones were obtained by limiting dilution, and individual clones were
verified by surface CRT staining and flow cytometry. In vitro results
obtained using the two GPI-CRT-overexpressing clones were compa-
rable (data not shown), with one clone (clone 1) selected for in vivo
experiments.

Imaging flow cytometry

B16 (EV or GPI-CRT or treated with cisplatin or OP) were stained
with CellTracker Red CMTPX (CMTPX) (ThermoFisher Scientific)
and cocultured with WT or NcrI™~ splenic mouse NK cells at an E:T
ratio of 1:5 for 30 min. Cells were fixed with 4% paraformaldehyde
(Sigma) for 10 min and stained with rabbit polyclonal anti-CRT
(MBL Bioscience), rat monoclonal anti-NKp46-PE-Cy7 (BioLegend)
and rat monoclonal anti-CD49b-APC (BioLegend) before analy-
sis on an ImageStream Amnis X MKII (Amnis) using Ideas software
(Amnis). Cell doublets (conjugates) were selected based on aspect
ratio versus cell area, gating on CMTPX'CD49b" (tumour/NK)
conjugates.

Mouse studies

C57BL/6 and B6-129-NcrltmlOman/J (Ncr1™") female mice (6-8 weeks
old) were purchased from The Jackson Laboratory. Animal use was
approved by the Animal Care and Use Commiittees of Boston Children’s
Hospital and Harvard Medical School. Mice were housed under a
12/12 h dark/light cycle, approximately 22 °C ambient temperature
and about 50% humidity. Sample sizes were determined by the num-
ber of animals estimated for statistical significance based on pilot
experiments. No randomization or blinding was used. Raw data from
in vivo experiments are shown as Source Data. For tumour challenge
experiments, B16-EV or GPI-CRT-expressing cells (2 x 10°) were injected
subcutaneously into the right flank of WT (n=7) and NcrI”7~ C57BL/6
(knockout) (n =7) mice and tumour volumes measured every other day.
For the DOX experiment, B16 (2 x 10°) were injected subcutaneously
into the right flank of WT (n=7) and NcrI”~ C57BL/6 (n = 7) mice, and
animals wereinjected intravenously 6 and 13 days later with 5 mg kg™
DOX. Tumour growth was monitored by measuring tumour perpen-
dicular diameters every other day. When control tumour volume had
grown to around 1,000 mm?, all mice were euthanized and tumours
collected for analysis. In the experimental metastasis assay, B16-EV
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or GPI-CRT-expressing cells (2.5 x 10°) were injected into the tail vein
of WT or Ncr1”~ mice. After 21 or 28 days, mice were euthanized and
numbers of tumour colonies on lung surfaces counted using adissect-
ing microscope (OLYMPUS).

In some experiments, WT mice were injected intraperitoneally
daily for 2 days before tumour implantation with antibodies to CD8"
T cells (0.5 mg per mouse of rat anti-mouse CD8 mAb, clone no.2.43,
BioXCell), NK cells (0.2 mg per mouse of rabbit anti-mouse NK1.1,
BioXCell), 300 pg per mouse anti-CSFI1R (BioXCell) or a control anti-
body (LTF-2, BioXCell). Thereafter, for the duration of the experiment
CD8 and NK1.1 antibodies were injected once per week and CSFIR
every other day. Cell depletion was verified by flow cytometry analysis
of blood cells at the time of tumour implantation and at the time of
euthanization.

Mouse NK cells, isolated by negative selection from spleens of WT
mice using the NK cellisolation kit (Miltenyi Biotec), were treated with
10 nM mouse IL-15 (BioLegend) for 7 days. Before adoptive transfer,
CD3 NKp46' cell selection was assessed by fluorescent activated cell
sorting to be over 90%. B16-EV or B16-GPI-CRT tumour cells (2 x 10°)
were implanted subcutaneously in the flank of 6-8-week-old female
NcrI”” mice (n=5). Beginning 4 days after tumour inoculation,
tumour-bearing mice were intravenously injected with1 x 106 NK cells
weekly for 3 weeks. Tumour growth was monitored by calipers every
other day.

Forthe KP cancer model, 2 x 10°KP cells in 100 pl of PBS were injected
subcutaneously in the right flank of WT, Ncr1™”” or Kirk1”~ C57BL/6 mice
(n=5per group). Mice were monitored for tumour growth by caliper
measurement every other day. Mice, randomly assigned to study groups
14 days after implantation, were treated with vehicle or trametinib
(1mgkg™) and palbociclib (100 mg kg™) for 5 consecutive days. When
control tumours grew to about 1,000 mm?®, all mice were euthanized
and tumours collected for analysis.

Whole tumours were collected, cutinto small pieces and treated with
2 mg ml™ collagenase D,100 pg ml DNase I (both Sigma) and 2% FBS in
RPMI, with agitation for 30 min. Tumour fragments were homogenized
andfiltered through 70 pm strainers to obtain single-cell suspensions
andthenstained and analysed by flow cytometry gating on CD45" cells.
Isolated cells were stained with CD45-PerCPCy5.5 (clone no. 30-F11),
CD8-PacBlue, -PerCPCys5.5, -Alexa 700, -fluorescein isothiocyanate
(FITC) or -APC (clone no. 53-6.7), CD4-PE-Cy7, -APC or -PerCPCy5.5
(cloneno. GK1.5), CD49b-FITC, -PacBlue or -PerCPCy5.5 (clone no. DX5),
NKp46-APC (clone no. 29A1.4), CD11b-Alexa 700 (clone no. M1170),
F4/80-PE-Cy7 (clone no. BM8) and CD44-PerCPCy5.5 (clone no. IM7)
(BioLegend). Dead cells were excluded using the Zombie Yellow Fixable
Viability dye (BioLegend). CD45' lymphocyte populations were further
defined as: CD8" T cells (CD3*CD8"), CD4" T cells (CD3*CD4"), NK cells
(CD3°CD49b"), dendritic cells (F4/80"CD11c") and tumour-associated
macrophages (F4/80'CD11b"). For intracellular staining, cells were first
stained with antibodies to cell surface markers for 30 min, fixed and
permeabilized with fixation/permeabilization buffer (BD Pharmingen)
and stained with GzmB-PacBlue (clone no. GB11, ThermoFisher Scien-
tific) and perforin-PE (clone no.S16009B, BioLegend). For intracellular
cytokine staining, 10° cells per sample were cultured in RPMI contain-
ing 2% FBS and stimulated with PMA (50 ng ml™, Sigma), ionomycin
(2 pg ml™, Sigma) and Golgi-plug (1.5 pl mI™, ThermoFisher Scientific)
for 4 h. Cells were then stained with IFNy-PacBlue (clone no. XMG1.2)
and TNF-phycoerythrin-Cy7 (clone no. MP6-XT22) after fixation/
permeabilization.

Invitro cancer cell line assays

Proliferation, colony formation, migration and invasion of B16-F10
(WT), B16-EV and B16-GPI-CRT were analysed by in vitro assays. Cell
proliferation was assessed using CellTiter-Glo (10° cells per well). For
colony formation assay, 100 cells were seeded per well and cells cul-
tured until large colonies had formed (around 2 weeks), then stained

with crystal violet. Migration and invasion assays were performed
in TransWell plates: the upper chamber contained cells in medium
without FBS and the lower chamber contained medium with 10% FBS.
For the invasion assay, a Matrigel layer was added on top of the mem-
brane before layering cells. At 24 h after incubation cells were fixed,
stained with Giemsa and those on top of the membrane were removed.
Migrated cells on the bottom of the membrane were then counted by
microscopy.

Senescenceinduction

A549 or KP were treated or not for 6 days with trametinib (25 nM) and
palbociclib (500 nM), 250 uM CuSO, for 1 day or 500 uM 4-PBA for
6 days, and washed three times with PBS before use. Cells were stained
for ICAM-1, MICA/B, CRT and RAE1for flow cytometry. SA-Bgal activity
was measured using the CellEvent Senescence Green Flow Cytom-
etry Assay Kit (ThermoFisher Scientific) following the manufacturer’s
protocol. To assess killing, cells were cocultured with NK cells in the
presence or absence of the indicated blocking antibody atan E:T ratio
of 25:1for 8 h.

Statistical analysis

Statistical analysis was performed using GraphPad Prism v.9.1.2. Before
applying statistical methods, whether the datafit anormal distribution
was evaluated by the D’Agostino-Pearson normality test; distribution
was considered normal when P < 0.05. Parametric or nonparametric
(Mann-Whitney test) two-tailed unpaired t-tests were used to compare
two groups. Column multiparametric comparisons were analysed by
one-way ANOVA using the Kruskal-Wallis test and Sidak’s or Tukey’s
multiple comparisons test. Two-tailed chi-square testing was used for
the categorical column statistics shown in Fig. 3g,h. Multiple groups
were compared by two-way ANOVA, with additional Tukey’s multi-
ple comparisons testing. Tumour growth curves were analysed by
first calculating the area under the curve, followed by a two-tailed
nonparametric unpaired ¢-test. Killing assays employing different
E:T ratios were analysed by area under the curve followed by non-
parametric one-way ANOVA with Tukey’s multiple comparisons test.
Nonparametric tests were used in experiments with animal samples
because of the non-normal distribution of these data. Differences were
considered statistically significant when P < 0.05. Most experiments
were not blinded as to group allocation, either when collecting data
or assessing results.

Datareporting

No statistical methods were used to predetermine sample size. The
experiments were not randomized and the investigators were not
blinded to outcome assessment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data Availability

The data that support the findings of this study are available from the
corresponding authors onrequest. Source dataare provided with this

paper.
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Extended DataFig. 4 |Knockout and knockdown of CALR and PDIA3. a, CRT
immunoblotin WT or CALRknockout HEK293T clones compared to tubulin
loading control. b, Flow cytometry of externalized CRT (Ecto-CRT) or NKp46-Ig
binding onuntreated HEK293T CALR cells reconstituted with CALR constructs
(representative histograms (left), MFl of n = 3 samples (right)). ¢, qRT-PCR of
CALR and PDI after knockdown of indicated genes inJEG-3, normalized to 18S
rRNA (n=3samples).d, Representative flow cytometry histograms of MHC
classIsurface expression (W6/32 antibody) onJEG-3, knocked down for CALR,
PDI3 or with nontargeting (Ctl) siRNAs (left); MFl of 3 samples (right). e, JEG-3,
knocked down for CALR and/or PDIA3 or with nontargeting (Ctl) siRNAs, were
infected or not with ZIKV and analyzed for ecto-CRT by flow cytometry.
Representative histograms (left); MFl of 3 samples (right). f, JEG-3, knocked

down for CALR and/or PDI3 or with nontargeting (Ctl) siRNAs wereinfected
or notwithZIKV and analyzed for NKp46-Ig binding by flow cytometry;
representative histograms of NKp46-lg binding (left) and MFl of 3 samples
(right). g, Peripheral blood NK killing (n = 6 donors) of knocked down JEG-3.
h, Effect of anti-CRT and/or anti-PDl on NKp46-Ig binding to JEG-3 that were
infected or not with ZIKV. Representative flow histograms (left) and MFl of 3
samples (right).i, Effect of anti-CRT, anti-PDl and anti-NKp46 on peripheral
blood NKkilling of uninfected or ZIKV-infected JEG-3. (g,i, 4 h*'Crrelease assay,
E:Tratio10:1,n=3donors). Dataare representative of threeindependent
experiments (a). Graphs shown mean + SEM. Statistics were performed using
one-way ANOVA (b,d—i), or two-tailed non-parametric unpaired t-test (c).
P:*<0.05; **<0.01; ****<0.0001.



a Ecto-CRT b H-2KP

6000 <0000t 197
f . 80
| I\ T A _
Iso |/ S 4000 uT| - |‘ I|l" < 604
o | <
. Q (1 404
B16-EV | § 2000 Iso| / | T
20
B16-GPI-CRT CL 1 EV
0 0-
2 & >
B16-GPI-CRT CL 2 i GPI-CRT -
a a
o G}
d 0018 e f
1001-- WT . 150 (’OLS“. 150 0.005 g 150 0005
o GhLcrT % S w0 5 00001
2 754 - ke o
= °2 100 e @ X 100 e g 100 co:e
£ 8 P £
8 g 8 2
3 8 504 3 50 8 50
O 25 > o o
s ° =
] s 8
o+ ° 9 0 g o
i § £
0 24 48 72 96 Edk E2k Edk
Time (hr) Q Q Q
o o o
o o G
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Extended DataFig. 6 | Ectopic expression ofecto-CRT inB16 does not
significantly change numbers of tumour-infiltrating cellsbut suppresses
tumour growthinan Ncr1I-dependent manner.a—c, Empty vector (EV) or
GPI-CRT-expressing B16 tumour clones were implanted scin WT (filled bars)
and Ncr1”~ (unfilled bars) mice (n = 7/group) and mice were sacrificed 24 d later
(Extended Datarelated to Fig. 4a). Shown are numbers of tumour-infiltrating
cells (a) and functional markers (b,c) of NK (top) and CD8" (bottom) TIL
assessed at time of sacrifice 24 days after tumour implantation. b, GzmB (left)
and PFN (right) expression. ¢, PMA +ionomycin stimulated IFNy (left) and TNF
(right) production. d, Schema (left) of experimentin Fig.4b and representative

flow cytometry plots (right) of mouse blood mononuclear cells, obtained on
day 3 after tumourimplantation, showing CD8' T depletion with cell type-
specificantibody compared toisotype control antibody. e, Schemaof adoptive
transfer experimentin Fig.4c.f, Schema of metastasis experimentin Fig. 4d
andrepresentative flow cytometry of NK (aNK.1.1) and macrophage (a«CSFIR)
depletioncompared toisotype control antibody. The integrin CD49bisa
pan-NK marker. Graphsin (a—c) show mean + SEM of 5 biological samples
representative of2independent experiments; graphs are mean + SEM.
Statistics calculated by non-parametric one-way ANOVA followed by Tukey’s
post-hoctest forareas under curves (a—c).
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Extended DataFig.7| Ncrl enhances doxorubicinsuppression of B16
tumours. a, Representative flow cytometry histograms of ecto-CRT (left) and
mean = SEM ecto-CRT MFI (right) of Bl6 treated or not in vitro for 24 h with
doxorubicin (DOX) (n =3 samples). Iso, isotype control antibody staining; UT,
untreated. b, Representative flow cytometry histograms of ecto-CRT expression
onuntreated (UT) and DOX-treated B16 that were pretreated or not with
indicated ER stress inhibitors. c—g, B16 were injected scinto WT or Ncrl”" mice
(n=7group).and animals were treated with DOXiv12 and 20 d after tumour
implantation (red arrows). Tumour growth (c), numbers of tumour-infiltrating

immune cells (d) and functional markers of NK (top) and CD8+ (bottom) TIL
were assessed at time of sacrifice for cytotoxic granule protein expression

(e), cytokine secretion (f) and degranulation (g) after PMA +ionomycin
stimulation ex vivo. Graphs show mean + SEM of at least 5 biological samples
and arerepresentative of 2independent experiments. Statistics calculated by
two-tailed non-parametric unpaired t-test (a), areas under curves followed by
two-tailed parametric unpaired t-test (c), and non-parametric one-way ANOVA
followed by Tukey’s post-hoc test (b,d—g) . P: *<0.05; ***<0.001; ****<0.0001;
ns, notsignificant.



a b -
600 <0.0001 . 600
M - 5 S /\ o 500 <0001 <2001 20"
. \ _ o[ nstained ' iy s e
Unstained r; \ T 4004 o §5 Unstained | e e wod & ® )
N | = o < —_
S £ Iso = 300+
uT d | T <2 .
k 200 kS 1 | 200+
- wik ooe & uT - | L]
€ A 100+ .
T+P L od T+P g . ole 1+
SABgal TP - ¢ XBP1  BIP  CHOP Ecto-CRT ICAM-1 MICAB ~ T*P -+ -+ -+
spliced Y g g
o g 9
o =
d NKp46 NKG2D NKp30 NKp46+NKG2D CRT
607 . 60 - 60 — 60 s 601 — M s
< T e T M Blocking Ab
2 40+ 404 o 404 40 40
E
e
8 20+ 204 20 20 o 204
@ . - oy @
0- 0 0- 0- 0
T+P - + - + - + - + - +
€ - WT NCRT*
-- WT
. -0~ NCR1*
O\ca 30 . - WT
£ -0~ NCR1”"
& 207 | = WT+aCRT _|T*P
5 3 -0 NCR1”+ oCRT
Q *
& 10 ;
0 ?/T/T _qui?_
5:1 10:1 251 5:1 : :

Extended DataFig. 8| Trametinib and palbociclibinduces senescence
inhuman A549lung cancer cellsand activates NK throughNKp46 and
NKG2D. a, Representative flow cytometry histograms of B-galactosidase
activity (SA-Bgal) in A549 that were untreated (UT) or treated with trametinib
and palbociclib (T+P) (left) and MFI (right) of 3 samples. b, ER stress, assessed
by qRT-PCR assay of XBPI splicing and B/Pand CHOP mRNA, in untreated and
T+P-treated A549 (n =3 samples). ¢, Representative flow cytometry histograms
of CRT,ICAM1and MICA/B expression on untreated and T+P-treated A549 (left)
and mean+SEM MFI (right) (n =2 cellline samples). Iso, IgGlisotype control
antibody staining. d, Effect of NKR blocking antibodies (NKp46, NKG2D and

NKp30) or anti-CRT compared toisotype control antibody (Iso) on YT killing

of untreated or T+P-treated A549 (8 h*'Crrelease, E:T ratio 25:1, n =3 samples).
Thesameisotype control IgGlantibody was used inall panels. e, Specifickilling
of untreated or T+P-treated A549 by YT, knocked out or not for NCR1, in the
presence or absence of CRT blocking Ab (8 h!Crrelease, E:-Tratio 25:1;n=3
samples). Graphs show mean + SEM of at least 3independent experiments.
Statistics were calculated by two-tailed non-parametric unpaired t-test (a),
unpaired two-way ANOVA (a—d) and non-parametric one-way ANOVA followed
by Tukey’s post-hoc test for area under curves (e). P: *<0.05; ***<0.001;
***+<0.0001.
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Extended DataFig. 9| Trametinib and palbociclib treatment of WT and Ncr1
or Kirkideficient mice bearing subcutaneous KP tumours does not affect
the numbers of tumour-infiltratingimmune cells or the functional
phenotype of tumour-infiltrating CD8" T cells. KP cells were injected sc
intoWT, NcrI” or KirkI”” mice (n = 5-7/group) and animals were treated

with trametinib and palbociclib (T+P) by oral gavage 13-18 d after tumour
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implantation (Extended datalinked to Fig. 4i, k). Tumour-infiltrating cells were
analyzed at the time of sacrifice (23 d post tumour implantation). a, Number of
tumour-infiltratingimmune cells. b,c, CD8" TIL expression of cytotoxic granule
proteins (b) and cytokine production (c). Bar graphs show mean + SEM of at
least3independent experiments and statistics by unpaired one-way ANOVA.
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Extended DataFig.10|Senescenceinducer CuSO,, which causes ER stress, cytometry histograms of CRT and RAE1 expression on KP treated or not with

activatesNKp46- and NKG2D-dependent NK killing, but 4-PBA, which CuSO,or 4-PBA (left); MFl of 3 samples (right). d, Killing of KP that were UT or
inducessenescence without ER stress, does not. a, Representative flow treated with CuSO, or 4-PBA by splenic NK from WT, NcrI”~ or Kirk1”” mice
cytometry histograms of B-galactosidase activity (SA-Bgal) (left) and MFI of (4 h*'Crrelease, E:T ratio 20:1). Bar graphs show mean+ SEM of at least 3

3samples (right) of KP that were untreated (UT) or treated with CuSO4 or4-PBA.  independent experiments. Statistics by unpaired one-way ANOVA. P:*<0.05;
b, ERstress, assessed by qRT-PCR of Xbp1 splicing and Bip and Chop mRNA, in **<0.01; ***<0.001, ****<0.0001.
untreated and CuSO, or 4-PBA treated KP (3 samples). ¢, Representative flow
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

X

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  No software was used for data collection.

Data analysis Graph design and statistical analysis were performed using GraphPad Prism V9.1.2.
Imaging flow cytometry data were analysed using IDEAS Software V6.2 from Millipore.
Flow cytometry data were analysed by FlowJo v. 10.4.2.
MST experiments were analysed using MO.Affinity Analysis software (NanoTemper Technologies, Munich, Germany) V2.1.3.
Modelling of NKp46, calreticulin and isolated P-Domain, was performed using the stand alone versions of I-TASSER and Chiron, GROMACS
V4.5, and ClusPro V2.0 and visualized by PyMol V2.5.
Fluorescent baseline in Raman spectroscopy analysis was fit using a polynomial fit and subtracted before peak deconvolution was perfomed in
Labspec 6.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

For docking studies of calreticulin and NKp46, all sequences were obtained from NCBI protein database. The authors declare that the main data supporting the
findings of this study are available within the paper.
The data that support the findings of this study are available from the corresponding authors upon request. Source data are provided within the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.
Sample size We chose sample sizes based on pilot experiments and literature reports to achieve at least 80% power and a two-sided type | error
of 5%. The chosen sample sizes were sufficient to determine statistical significance in our established tumor models.

Data exclusions  No data were excluded from our analysis.

Replication Allin vitro and vivo assays were performed at least three times, but the data presented is from a single assay.
The data presented were successful in all 3 attempts or in the case of one failure, it was performed a fourth time to confirm the results to
support conclusions stated in the manuscript.

Randomization  Animals were assigned randomly to experimental and control groups. Random, unidentified healthy blood donors were used. Random
allocation and quantitative measurement using instruments and kits in our experiments minimized biased assessments.

Blinding Blinding was not possible for the majority of the experiments, since for each assay performed, the same scientist was responsible to prepare,

acquire and analyze.
All the imaging flow cytometry acquisition was performed blinded.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChiIP-seq
Eukaryotic cell lines |:| g Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
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Antibodies

Antibodies used Reagent  Clone Manufacturer Reference Dilution

Cell viability dye
LIVE/DEAD Fixable Violet Dead Cell Stain  ThermoFisher Cat# L34955 1:500
Zombie Yellow Fixable Viability kit ~ BioLegend Cat # 423104 1:300
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Antibodies

Mouse anti-human CD54 (ICAM-1)-Alexa Fluor 647 HCD54 Biolegend, Cat# 322718 1:200
Mouse anti-human CD337-APC (NKp30) P30-15 Biolegend, Cat# 325210 1:200

Mouse anti-human CD45- Pacific Orange HI30 ThermoFisher, Cat# 318326 1:200

Mouse anti-human Siglec-8-PerCP-Cy5.5 7C9 Biolegend, Cat# 347108 1:200

Mouse anti-human Siglec-7-PE  6-434 Biolegend, Cat# 339204 1:200

Mouse anti-human Siglec-6-APC ~ REA852 Miltenyi Biotec Cat# 130-112-711 1:100
Mouse anti-human Hsp70-Alexa Fluor 488 W27 Biolegend, Cat# 648004 1:200

Mouse anti-human CD56 -PE and -Pacific Blue HCD56 Biolegend, Cat# 318325,318318 1:200
Mouse anti-human CD107a-PerCP-Cy5.5 H4A3 Biolegend, Cat# 328616 1:200

Mouse anti-human phospho-Syk-Alexa Fluor 488 pY348 BD Biosciences Cat# BDB560081 1:100
Mouse anti-human phospho-CD3zeta-Alexa Fluor 647 pY142 BD Biosciences Cat# 558489 1:100
Mouse anti-human phosphotyrosine-PE  PY20 BD Biosciences Cat# 558008 1:100

Mouse anti-human MICA/B-Alexa Fluor 700 159207 R&D Systems Cat# FAB13001N 1:200
Mouse anti-human/mouse NKp46-PE 29A1.4 eBioscience Cat# 12-4321-80 1:100

Rat anti-mouse CD45R-PE RA3-6B2 Biolegend Cat# 103207 1:200

Rat anti-mouse CD45-PerCP-Cy5.5 30-F11 Biolegend Cat# 103132 1:200

Rat anti-mouse CD3e-APC  145-2C11 BD Biosciences Cat# 100312 1:200

Rat anti-mouse CD8-PE-Cy7 53-6.7 BD Biosciences Cat# 100722 1:200

Rat anti-mouse IFN-y- Pacific Blue XMG1.2 BD Biosciences Cat#f 505818 1:100

Rat anti-mouse CD62L-APC ~ MEL-14 eBioscience Cat# 50-150-08 1:100

Rat anti-mouse CD44-PE  IM7 eBioscience Cat# 25-0441-82 1:200

Rat anti-mouse CD4-eFluor 450 RM4-5 eBioscience Cat# 48-4321-82 1:200

Rat anti-mouse RAE-1y-Alexa Fluor 647  CX1 Biolegend Cat# 130110 1:200

Rat anti-mouse H-2Kb-FITC AF6-88.5 R&D Systems Cat# 116505 1:200

Rat anti-mouse CD107a-Alexa Fluor 700 1D4B Biolegend Cat# 121628 1:200

Rat anti-mouse CD49b-FITC DX5 BioLegend Cat# 108906 1:200

Rat anti-mouse F4/80-PE  BMS8 Biolegend Cat# 123110 1:200

Rat anti-mouse CD11b- Alexa Fluor 700 M1/70 BioLegend Cat# 101222 1:200

Rat anti-mouse CD4- Pacific Blue GK1.5 Biolegend Cat# 100428 1:200

Rat anti-mouse TNFa-PE  MP6-XT22 Biolegend Cat# 502909 1;100

Rat anti-mouse Perforin-PE  S16009B BiolLegend Cat# 154406 1:100

Rat anti-mouse Gzm- Pacific Blue GB11 BioLegend Cat# 515408 1:100

Mouse anti-human/mouse CRT 681233 R&D Systems Cat# MAB38981 1:1000

Mouse anti-human HLA-A, B, C  W6/32 Biolegend Cat# 311402 1:400

Mouse anti-human NKp46 9E2 Miltenyi Biotec Cat# 130-094-271 1:100

Rabbit anti-human NKp46 antibody Polyclonal LSBio Cat#LS C806753 1:500

Rabbit anti-human PDIA3  Polyclonal Abclonal Cat# A1085 1:500

Rabbit anti-human CRT  Polyclonal Abcam Cat#ab2907 1:500

Goat anti-mouse IgG Fab recombinant Polyclonal Invitrogen Cat# SA5-10226 1:200
Donkey anti-mouse IgG-Alexa Fluor 488 Polyclonal Invitrogen Cat# A-21202 1:1000
Donkey anti-mouse IgG-Alexa Fluor 647 Polyclonal Invitrogen Cat# A-31571 1:1000

Goat anti-human IgG AffiniPure-FITC Polyclonal Jackson Cat# 109-095-003 1:200

Mouse anti-human NKG2D  1D11 Biolegend Cat# 320814

Mouse anti-human NKp30 P30-15 Biolegend Cat# 325224

Mouse anti-human NKp46 9E2 Biolegend Cat# 331948

Mouse anti-human NKp80 5D12 Biolegend Cat# 346711

Mouse anti-human CD244 or 2B4 C1.7 eBioscience Cat# 16-5838-85

Mouse anti-human DNAM-1 102511 R&D Systems Cat# MAB666

Mouse anti-human Siglec-6  Mab329-90 Creative Biolabs Cat# HPAB-0076CQ

)
Q
—
(e
(D
©
O
=
s
<
-
(D
o
O
=
>
(@)
wn
[
3
=
Q
A

Isotype controls

Mouse purified IgG1  MOPC-21 Biolegend Cat# 400101 1:100

Mouse IgG1-FITC  MOPC-21 Biolegend Cat# 400107 1:100

Mouse IgG1-PE MOPC-21 Biolegend Cat# 400113 1:100

Mouse IgG1-APC MOPC-21 Biolegend Cat# 400119 1:100

Mouse IgG1-PE-Cy7 MOPC-21 Biolegend Cat# 400126 1:100

Mouse IgG1-APC Cy7 MOPC-21 BiolLegend Cat# 400128 1:100

Mouse IgG1-PE  MOPC-21 Biolegend Cat# 981804 1:100

Mouse IgG1-Alexa Fluor 647 ~ MOPC-21 BioLegend Cat# 400130 1:100
Mouse IgG1-PerCP-Cy5.5 MOPC-21 Biolegend Cat# 400150 1:100
Mouse IgG2b-Alexa Fluor 647  MPC-11 Biolegend Cat# 400330 1:100
Mouse 1gG2b-Pacific Blue MPC-11 BioLegend Cat# 982106 1:100
Mouse IgG2a-Alexa Fluor 488 ~ MOPC-173 Biolegend Cat# 400233 1:100
Mouse 1gG2a-FITC  MOPC-173 Biolegend Cat# 400242 1:100

Mouse IgG2a- AlexaFluor 700  MOPC-173 Biolegend Cat# 400248 1:100

Antibodies for In vivo assays

Mouse anti-mouse NK1.1  PK136 BioXCell Cat# BEOO36

Rat anti-mouse IgG2b isotype control LTF-2 BioXCell Cat# BEOO90
Rat anti-mouse CD8 mAb  2.43 BioXCell Cat# BEOOO4-1

Rat anti-mouse CSF1IR  AFS98 BioXCell Cat# BE0213
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Validation Each antibody and dye were validated as per the manufacturer's instructions. Antibodies were all validated by verifying staining for
antigen-expressing cells but no staining for non-expressing cells. The dilution of antibodies and dyes were titrated to obtain the best




concentration to use that stained positive cells but not negative cells. Gates were set using unstained and isotype control antibodies
and/or just secondary antibodies.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) JEG-3, A549, 721.221, Vero, B16-F10, HFF, HEK293T were from ATCC. YT-Indy cell line was a kind gift of Z. Brahmi, Indiana
University. Human CALR-/- HEK293T, Murine B16 GPI-CRT-expressing and EV cell lines were generated in our lab. KP cell lines
were a kind gift of Tyler Jacks, Koch Institute, MIT.

Authentication Murine B16 EV or GPI-CRT-expressing cell lines were functionally authenticated by positive selection for dsRed and surface
expression of CRT by flow cytometry. Other cell lines were received directly from the supplier. The human CALR-/- HEK293T
cell line was verified by western blot, flow cytometry and sequencing.

Mycoplasma contamination All cell lines were tested and negative for Mycoplasma contamination.

Commonly misidentified lines  no commonly misidentified lines was used in this study.
(See ICLAC register)
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Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Details about the mice used in this study have been included in the Methods section of this manuscript. C57BL/6 and B6;129-
Ncrltm1Oman/J (Ncrl-/-), B6.Cg-Klrk1tm1Dhr/J (Kirk1-/- ) female mice (6—8 weeks old) were purchased from Jackson Laboratory.

Wild animals No wild animals were used in the study.
Field-collected samples  No field collected samples were used in the study.

Ethics oversight All procedures were conducted using protocols approved by the Harvard Medical School IACUC.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:
|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).
The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Tumors were harvested from different groups of mice at the time of necropsy. Tumors were cut into small pieces and treated
with 2 mg/ml Collagenase D, 100 ug/ml DNase | (both from Sigma) and 2% FBS in RPMI with agitation for 30 min. Tumor
fragments were homogenized, filtered through 70 um strainers and stained with Abs against different cell surface CD
markers.

Human NK were isolated from discarded Leukopaks from healthy volunteer blood donors using the RosetteSep™ human NK
enrichment protocol (StemCell Technologies), followed by Ficoll (GE Healthcare) density gradient centrifugation (20 min,
800g) and cultured for 12-18 h prior to use in X-VIVO 10 TM medium (Lonza) supplemented with gentamicin, 5% human AB
serum (Corning) and 2.5 ng/ml recombinant human IL-15 (R&D Systems).

Mouse NK were isolated from splenocytes, obtained after mechanical dissociation of spleens and passage through a 40 um
sieve (BD Labware), using an NK cell magnetic purification kit (Miltenyi Biotec). Murine NK were cultured in RPMI 1640
supplemented with 10% FCS, 1% Pen/Strep and 1% L-glutamine (Gibco), and 2.5 ng/ml recombinant mouse IL-15 and 100
units of IL-2 (R&D Systems).

Instrument Flow cytometry was performed using a BD FACSCanto |l

120 Y210

Software Data were acquired by BD FACSDiva software, then analyzed using FlowJo software V.10 (Tri-Star).

Cell population abundance The purity of isolated cells was evaluated by flow cytometry after staining with the appropriate antibodies (CD56+ cells for
peripheral blood NK cells and CD45a+ for tumor infiltrating immune cells. All the isolated cell populations displayed a
minimum of 90% purity.




Gating strategy FSC/SSC gates were used to select mononuclear cells. FSC/FSH gates were then used to gate on single cells. Cells were then
gated on live cells. Live cells were further gated on CD45+ leukocytes and then different populations of immune cells based
on their expression of distinct markers. When needed, isotype control antibody staining was used to define positive/negative
cell populations.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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