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Tumor immunoevasion by the conversion of effector
NK cells into type 1 innate lymphoid cells
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Avoiding destruction by immune cells is a hallmark of cancer, yet how tumors ultimately evade control by natural killer (NK)

cells remains incompletely defined. Using global transcriptomic and flow-cytometry analyses and genetically engineered mouse
models, we identified the cytokine-TGF-3-signaling-dependent conversion of NK cells (CD49a-CD49b*Eomes*) into intermediate
type 1 innate lymphoid cell (intILC1) (CD49a*CD49b*Eomes*) populations and ILC1 (CD49a*CD49b-Eomesi™) populations in
the tumor microenvironment. Strikingly, intILC1s and ILC1s were unable to control local tumor growth and metastasis, whereas
NK cells favored tumor immunosurveillance. Experiments with an antibody that neutralizes the cytokine TNF suggested that
escape from the innate immune system was partially mediated by TNF-producing ILC1s. Our findings provide new insight into the
plasticity of group 1 ILCs in the tumor microenvironment and suggest that the TGF-3-driven conversion of NK cells into ILC1s is a
previously unknown mechanism by which tumors escape surveillance by the innate immune system.

Natural killer (NK) cells are critical for controlling tumor initiation
and metastasis, and increasing efforts are now being expended to fully
exploit the anti-tumor properties of NK cells in the clinic!. Cytokines
and metabolites reported to directly suppress the anti-tumor proper-
ties of NK cells include TGF-P. It is generally viewed as an important
immunosuppressive cytokine in the tumor microenvironment?3 and
can inhibit the activation of NK cells, the expression of cytotoxic
proteins and the cytotoxic process by various mechanisms*-7. It has
been shown that intrinsic TGF-f} signaling affects the number and
anti-metastatic function of NK cells®.

Although they phenotypically resemble NK cells, type 1 innate lym-
phoid cells (ILC1s) develop from a common helper innate lymphoid
progenitor cell that gives rise to all members of the ILC family but not
NK cells®10. NK cells develop from NK cell precursors and are found
predominantly circulating in the blood and within secondary lym-
phoid tissues, such as the spleen. In contrast, typically ILC1s are not

found in blood or lymphoid organs!!. In adult mice, liver ILC1s have
been well characterized, and they display phenotypic features distinct
from those of liver NK cells. Both NK cells and ILCls in the liver
express the transcription factor T-bet; however, liver ILC1s do not
express the transcription factor Eomes!!. Gene-expression profiling
and flow cytometry have identified additional molecules expressed
differentially by NK cells versus ILC1s%1213, Group 1 ILCs in mice
are defined as lineage-marker-negative (Lin~: CD3"TCRB~CD19")
CD45*NK1.1*"NKp46™ cells, of which two subsets have been identified
in the liver so far. Resting mature NK cells are defined in mice as
Lin~ CD45*NK1.1*NKp46+*CD49a-CD49b* lymphocytes that lack
expression of the cytotoxic molecule TRAIL!! Liver ILCls are defined
as Lin"CD45*NKI1.1*NKp46+*CD49b~ cells with high expression of
both the integrin CD49a (VLA-1) and TRAIL. Among those, tissue-
resident markers such as CD49a support the sentinel-like tissue-
resident characteristics of ILCls.
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Figure 1 Three distinct populations of group 1 ILCs infiltrate MCA1956 tumors. (a) Flow cytometry (left) of cells from a subcutaneous MCA1956 tumor,
showing its group 1 ILC composition. Numbers adjacent to outlined areas (left) indicate percent cells in each subset (identified at right). (b,c) Classical
multidimensional scaling of six matched triplicates of tumor NK cell, intILC1 and ILC1 populations (key) isolated from the same MCA1956 tumor
(n=6) (b), and a phylogenetic tree of a corresponding divisive hierarchical cluster analysis (n =6 tumors) (c). (d) Differential expression of genes

(one per row; change of >1-fold (log, value) and false-discovery rate (FDR) of <0.01) in tumor group 1 ILC subsets (above plots; one sample per
column), based on gene signatures obtained from tumor NK cells and ILC1s (left margin), presented as row-wise z-scores of log,-transformed
normalized RNA-sequencing read counts (key). (e) Expression (key; as in d) of genes encoding markers of tumor NK cells or ILC1s (right margin) in
tumor group 1 ILC subsets (above plots), curated manually. Selected genes and products: /tga2, CD49b; ltgal, CD49a; Tbx21, T-bet; Tnfsf10, TRAIL.
(f) Flow-cytometry analysis of the expression of various markers (horizontal axes) in tumor group 1 ILC subsets (n = 6 tumors). Data are representative of
four experiments (a) or one experiment (b—e) or are from three independent experiments (f).

Strikingly, such tissue residency is maintained even under sys- to investigate the function and phenotypic plasticity of tumor
temic inflammatory conditions!4, which raises questions about group 1 ILCs.
their homeostatic maintenance and their role in disease conditions
such as cancer. Furthermore, despite clear functional and pheno- RESULTS
typic similarities between ILC1s and NK cells, little is known about ~ Three subsets of tumor group 1 ILCs
any lineage relationships between these cells, which has become The methylcholanthrene (MCA)-induced fibrosarcoma cell line
an important issue, with published reports questioning their MCA1956 was transplanted subcutaneously into C57BL/6 mice, and
relationship!®~17. In particular, it is unclear whether, like the mye-  the composition of group 1 ILC subsets was characterized by flow
loid lineage, there might be some plasticity between NK cells and  cytometry. Three populations of Lin"CD45*NK1.1*"NKp46* cells
ILCls under pathological conditions, such as tumor development (tumor group 1 ILCs) were identified, which were discriminated
and metastasis. In addition, it remains to be established whether by expression of the integrins CD49a and CD49b. MCA 1956 tumors
ILC1s have any role in the early innate immunosurveillance of can-  were composed of CD49a*CD49b~ ILC1s (~10%) and CD49a-CD49b*
cer or whether this role is performed mainly by tumor-associated NK cells (~30%) (Fig. 1a), but, intriguingly, the largest population
NK cells'®1°. To address these questions, we used primary, trans-  of tumor group 1 ILCs (~50%) were CD49a*CD49b* cells (Fig. 1a).
plantable and metastatic cancer models as well as transgenic mice ~ We hypothesized that CD49a*CD49b" cells might be a distinct
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population with features of NK cells and ILC1s; thus, we called these
CD49a*CD49b" cells ‘intermediate ILC1s’ (intILC1s). We next per-
formed global transcriptomic analysis of NK cells, intILC1s and
ILCls isolated from MCA1956 tumors. Classical multidimensional
scaling and clustering analysis indicated that the three subsets had
distinct gene-expression profiles (Fig. 1b,c and Supplementary
Fig. 1a,b). Comparisons revealed various genes that were expressed
differentially by NK cells relative to their expression by ILC1s (Fig. 1b,c
and Supplementary Fig. 1a,b). Indeed, these analyses substantiated
the proposal that CD49a*CD49b* cells displayed an intermediate
phenotype that placed them between tumor NK cells and ILCls
(Fig. 1b,d). Of note, the gene signatures of tumor NK cells and
ILC1s substantially correlated with gene-expression data gener-
ated from NK cells and ILCls isolated from the liver or spleen’
(Supplementary Tables 1 and 2 and Supplementary Fig. 1¢,d). We
also confirmed the differential expression of genes encoding well-
established markers of NK cell and ILC1 in the respective subpopu-
lations!? (Fig. 1e). Flow cytometry showed that CD49a*CD49b*
intILC1s shared features with both NK cells and ILC1s in the tumor,
characterized by lower expression of Eomes and the memory marker
CD62L, as well as higher expression of the activation marker CD69
and activating receptor DNAM-1, than that of tumor NK cells
(Fig. 1f). Thus, our data suggested that CD49a*CD49b" intILCls
were distinct from NK cells and ILCls and had an intermediate
phenotype.

TGF-B converts NK cells into ILC1s in vitro and in vivo

Published studies have substantiated the fact that NK cells can switch
their phenotype in response to exogenous mediators such as TGF-[20-21.
Thus, we hypothesized that intILC1s and ILCls arose from NK cells
due to TGF-B-induced differentiation. To assess this, we reconstituted
immunodeficient (Rag2~/~) mice lacking expression of the common
v-chain (I12rg~'=; called ‘yc~/~" here) with freshly isolated mature
splenic NK cells (Lin~CD45*NK1.1*NKp46*CD49a-CD49b"). At 7
d after reconstitution, NK cell-derived intILC1 and ILC1 populations
emerged in host livers; these became more prevalent on day 14 and
were maintained at a similar frequency by day 21 (Fig. 2a). Of note,
expression of the activating receptor NKp46 (encoded by NcrI) occurs
only following the commitment of precursors of NK cells to the NK cell
lineage??, which excluded the possibility that contamination by precur-
sors of NK cells was responsible for the phenotype observed. The NK
cell-derived ILC1s showed a typical liver ILC1 phenotype (for exam-
ple, TRAIL*DNAM-1*Eomes'™), and NK cell-derived intILC1s ex vivo
were TRAILIMDNAM-1*Eomes* (Fig. 2b). To investigate the role of
TGF-B signaling in the conversion of NK cells, we used transgenic
mice with TGF-f signaling that was ablated specifically in NKp46+*
cells (Ner1<e ™t TofbRIIV mice; called ‘RITFY mice here), along with
their corresponding controls (Ner 1YY" TgfbRIIV mice; called ‘RITVT
mice here), and transgenic mice with TGF-p signaling that was con-
stitutively active specifically in NKp46* cells (Ncr1<¢/"tTgfbRICAT/M
mice; called ‘RICA-FI mice here), and their corresponding controls
(Ner1""tTgfbRICA mice; called ‘RICA-WT> mice here)$. We first
assessed whether TGF-f} altered the homeostasis of ILCls in these
mice. The RIA-FL mice had a significantly lower proportion and
number of NK cells and a correspondingly higher frequency, but not
number, of ILC1s than that of RIA“WT mice (P < 0.01; Supplementary
Fig. 2a—c). Constitutively active TGF-P signaling in NKp46* cells
(in RICA-FL mice) significantly diminished the abundance of peripheral
NK cells in the liver and spleen (Supplementary Fig. 2a—c) and in
the bone marrow and peripheral blood (data not shown), relative to
that of RIA“WT mice. In contrast, mice with ablated TGF-P signaling
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in NKp46* cells (RII'L mice) demonstrated a significant reduction in
the proportion and number of liver ILCls relative to that of RITWT
mice (P < 0.01; Supplementary Fig. 2a-c). Whereas the majority of
the group 1 ILCs were CD49b* NK cells in spleen, the liver contained
a substantial proportion (~25%) of CD49a* ILCls in littermates of
the appropriate control strain (RIA-WT or RITWT) (Supplementary
Fig. 2a—c). These results highlighted the hypothesis that TGF-f signaling
in NKp46* cells favored the maintenance of ILCls.

Next, we isolated splenic NK cells from RIWT mice and cultured the
cells in serum-free medium supplemented with the NK cell-activating
cytokine IL-15 and TGE-3. We observed that the expression of ILC1-
related markers (for example, CD49a, DNAM-1 and TRAIL) was
increased and expression of Eomes was downregulated in a TGF-
B-dose-dependent manner (Fig. 2¢c and Supplementary Fig. 2d,e).
That increased expression was strictly dependent on TGF-f3 signaling,
as splenic NK cells isolated from RIIF' mice maintained their NK
cell phenotype (Fig. 2c). We next isolated NK cells from the spleen
of RICA-WT and RICA-FL mice and cultured the cells with IL-15. A
proportion of NK cells from RICA-FL mice converted into intILCls
after 4 d of culture, whereas intILC1 from RI€A-FL mice failed to con-
vert into ILCls in vitro (Supplementary Fig. 2f,g). Further analysis
revealed that ILC1s did not convert into NK cells after stimulation
with TGF-B in vitro (Supplementary Fig. 2h,i). However, intILCls
were able to give rise to ILCls in the liver 14 d after being trans-
ferred into Rag2~'~yc~/~ mice (Fig. 2d). Moreover, splenic NK cells
isolated from RIIFL mice largely maintained their phenotype, and
only a small proportion differentiated into intILCls and ILCls in
the liver of Rag2~/~yc~/~ mice (Fig. 2d). Overall, these results dem-
onstrated the role of TGF-J signaling in the conversion of NK cells
into intILCls and ILCls.

Increased proliferative activity of intILC1s

Precursor cells proliferate before they acquire a terminal differ-
entiated state, which usually occurs with cell-cycle arrest?3. Thus,
we hypothesized that the conversion of NK cells into ILC1s was
initiated by a proliferative response, followed by terminal differ-
entiation. Gene-set—enrichment analyses (GSEA) using the Broad
hallmark gene-set collection?* demonstrated that intILC1s showed
significant enrichment for the expression of gene sets encoding
cell-cycle-related molecules relative to their expression in ILCls in
tumors (Fig. 3a,c). Detailed transcriptomic analysis showed that
tumor intILC1s had the highest expression of gene sets encoding
cell-cycle-related molecules, among all tumor group 1 ILC subsets,
followed by NK cells and ILC1s (Fig. 3b,d). Cross-comparison of
the expression of gene sets encoding cell-cycle-related molecules in
liver NK cells and ILC1s substantiated the proposal that prolifera-
tion capacity also varied among group 1 ILC subsets in non-tumor
tissues (Supplementary Fig. 3). To further assess the proliferation
rate of group 1 ILC subsets, we performed an in vivo proliferation
assay. As described above (Fig. 2a), we reconstituted Rag2~/~yc~/~
mice with splenic NK cells (Lin"CD45*NK1.1*NKp46*CD49a~C
D49b*) and measured expression of the proliferation marker Ki67
by NK cell-derived ILC1 subsets on days 7 and 14 after recon-
stitution. On day 7 after transfer, all subsets had substantial Ki67
expression (Fig. 3e). Consistent with our transcriptomic analysis
of group 1 ILC subsets isolated from endpoint tumors (Fig. 3a-d),
NK cell-derived intILC1s were the most proliferative cells at 14 d
after transfer (Fig. 3e). Together these data indicated that the
TGF-B-driven conversion of tumor NK cells into intILCls and
ILC1s was associated with a transient increase in the proliferation
of differentiating intILCls.
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Figure 2 The conversion of NK cells into ILC1-like cells is dependent on TGF- signaling. (a) Flow cytometry of cells obtained from the liver of
Rag2--yc~'~ mice on day 7, 14 or 21 (above plots) after intravenous injection of 5 x 10° splenic NK cells purified from wild-type mice, identifying
group 1 ILC composition. Numbers in quadrants indicate percent cells in each throughout (quadrants defined as in Fig. 1a). (b) Flow cytometry of NK

cells and ILC1s (left margin) in the liver of wild-type mice (top group) and NK cell-derived group 1 ILC subsets (left margin) in the liver of Rag2~/~yc'~
mice given adoptive transfer of wild-type splenic NK cells (bottom group), assessing the expression of DNAM-1, TRAIL and Eomes. (¢) Flow cytometry of
splenic NK cells sorted from R//MT mice (top group) or R//FL mice (bottom group) and cultured for 5 d in medium containing a complex of recombinant

IL-15 (rIL-15) and its receptor IL-15Ra (25 ng/ml), alone or supplemented with TGF-B1 (6.25 ng/ml) (left margin), assessing the expression of
CD49a, DNAM-1 and TRAIL. (d) Flow cytometry of cells from the liver of Rag2-/~yc~/~ mice reconstituted with NK cells isolated from the spleen of
wild-type mice (left) or R//FL mice (middle) or intILC1s from spleen of RICA-FL mice (right), showing group 1 ILC composition 14 d after cell transfer.
Data are representative of three experiments with n =9 mice (day 7), n= 8 (day 14) or n =4 (day 21) (a), two experiments with n =8 mice (b) or two
experiments with n = 3 mice (c) or are from one experiment with n =4 mice (left and middle) or n = 3 mice (right) (d).

TGF-B drives the conversion of NK cells into ILC1s in tumors

Next we investigated whether the conversion of NK cells also occurred
in the tumor microenvironment. We obtained splenic NK cells
isolated from RII*' and RII'T mice and injected the cells intrave-
nously into MCA1956-tumor-bearing Rag2~/~yc~/~ mice (Fig. 4a). At
16 d after the transfer of RITWT NK cells, we observed NK cell-derived
intILC1s and ILC1s within the tumor microenvironment (Fig. 4a,b).
That conversion was significantly lower in tumor-bearing mice recon-
stituted with splenic NK cells isolated from RII*™ mice than in those
reconstituted with such cells from RITWT mice (Fig. 4b,c). Transferred
NK cells also converted into intILC1s in MCA1956-tumor-bearing,
congenically marked (CD45.1%) immunocompetent mice given
intratumoral injection of splenic NK cells from CD45.2*RITWT mice
or RIIFt mice (Fig. 4d-f). We next assessed the proliferation of the
transferred CD45.2* NK cells and converted intILCls in the tumor
microenvironment. Consistent with our transcriptomic analysis
(Fig. 3a-d), we found more Ki67" intILC1s than Ki67+ NK cells in
CD45.1* mice (Fig. 4g). We also transferred NK cells from RITWT or

NATURE IMMUNOLOGY VOLUME 18 NUMBER 9 SEPTEMBER 2017

RIIFL mice intratumorally into MCA1956-bearing CD45.1* host mice
(Fig. 4h). The conversion of RIIFL NK cells into intILCls in the tumor
microenvironment was significantly lower than that of RIT'T NK cells
(Fig. 4i,j). We sought to determine whether a correlation existed
between the conversion of tumor NK cells and tumor progression.
Therefore, we analyzed tumor group 1 ILC composition at various
growth stages of MCA 1956 tumors. Notably, over time and increasing
tumor size, the proportion of tumor NK cells gradually decreased,
while the fraction of intILC1s progressively increased (Fig. 4k,1). The
frequency of tumor ILC1s remained steady at all stages of tumor pro-
gression (Fig. 4k,1). Overall, our results demonstrated a major role for
TGEF-B signaling in regulating the cellular plasticity of group 1 ILCs
in the tumor microenvironment.

TGF-p limits innate cancer immunosurveillance

To assess the function of TGF-f signaling in group 1 ILCs and the
conversion of NK cells into intILCls and ILCls, we assessed sus-
ceptibility to tumor initiation and growth in various cancer mouse
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Figure 3 intILC1s have the greatest proliferative capacity among group
1 ILC subsets in vivo. (a) GSEA of the set of genes that are targets of
the transcription factor E2F (E2F_TARGETS) in tumor intILC1s versus
ILC1s. NES, normalized enrichment score. (b) Expression of the gene
set in a, presented as row-wise z-scores of log,-transformed normalized
RNA-sequencing read counts (left), and corresponding quantification by
combined zscores (right). (c) GSEA of the gene set encoding molecules
in the G2-M checkpoint (G2M_CHECKPOINT). (d) Expression of the
gene set in ¢ (left; presented as in b), and corresponding quantification
by combined z-scores (right). NS, not significant (P> 0.05); *P < 0.05
(pairwise two-sided t-test with Benjamini and Hochberg (FDR) correction
for multiple testing). (e) Flow cytometry of NK cell-derived group 1

ILC subsets in the liver of Rag2~~yc~'~ mice at 7 d (n = 3 host mice)
and 14 d (n = 4 host mice) after the transfer of NK cells, assessing
Ki67 expression. FMO (top), fluorescence minus one (control). Data are
representative of one experiment with n =6 tumors (a-d; b,d (right):
horizontal bars, median; boxes, 25th to 75th quartile; ‘whiskers’, 10th
and 90th quartile)) or one experiment (e).

models. The initiation of MCA-induced fibrosarcoma is controlled by
NK cells, as suggested by the greater tumor penetrance in wild-type
mice treated with depleting antibodies to the activating NK cell
receptor NK1.1 (anti-NK1.1) or to the ganglioside asialo-GM1 (anti-
asGM1) than in mice treated with control antibodies?>26, However,
those experiments were performed before any description of ILC1s
and thus did not address the role of these cells in immunosurveil-
lance. Following the administration of a low dose of carcinogen
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(25 ug MCA) to mice, we confirmed that treatment with anti-asGM1
significantly increased tumor initiation (Fig. 5a). The anti-apoptotic
protein Mcl1 is induced by signaling via the common y-chain receptor
and is required for the maintenance of NK cells?”. Through the use of
mice with Cre recombinase-mediated deletion of loxP-flanked Mcl1
alleles specifically in NKp46™* cells (Ner1¢¢/WtMel 18 called ‘Mcl1F2
here), we found that Mcll was also required for the maintenance
of NKp46* group 1 ILCs (Supplementary Fig. 4a,b). Using MclIFL
mice and the appropriate control strains Ncr1<e/WtMcl 1wt (called
‘Mcl1HET here) and NerIWVWtMcl 18 (called ‘MclIW™ here), we found
support for the proposal of the critical importance of NKp46* cells in
immunity to fibrosarcoma. MclI"ET mice, which have a 50% lower
abundance of all group 1 ILC subsets than that of Mcl1 WT mice?’, were
more resistant to the development of fibrosarcoma than were Mcl1FL
mice but were more sensitive to fibrosarcoma than were MclIWT
mice (Fig. 5b). Interestingly, McIIFL mice (which are deficient in all
group 1 ILC subsets) were as sensitive to fibrosarcoma formation as
were wild-type mice treated with anti-asGM1 (Fig. 5a,b). Thus, we
assessed the efficiency of anti-asGM1 in depleting wild-type mice
of tumor group 1 ILCs. Anti-asGM1 depleted mice mainly of tumor
NK cells and intILC1s and had only a minimal effect on tumor ILC1s
(Supplementary Fig. 4c-h). Strikingly, RICA-FL mice (which have
tumor ILCls and intILC1s but have a significantly lower frequency of
NK cells than that of RICA-WT mice) were as sensitive to the develop-
ment of fibrosarcoma as were Mcl1F" mice and wild-type mice treated
with anti-asGM1 (Fig. 5a,c), which suggested that the intILC1s and
ILC1s in the tumors of RIA-FL mice did not offer protection against
tumor formation. A similar experiment using the same MCA dose
additionally demonstrated greater resistance of RII' mice than of
Ner1€¢/Wt mice to carcinogenesis (Fig. 5d). By using a higher dose
of MCA (300 p1g), we confirmed the greater resistance of RIIFl mice
than that of Ncr1¢7¢/Wt or RIT'WT mice (Fig. 5e).

Flow cytometry revealed a lower frequency of tumor NK cells and a
higher frequency of ILC1s and intILC1s in MCA-induced fibrosarco-
mas from RICA-FL mice than in those from RIA-WT mice (Fig. 5f,g).
In contrast, the frequency of tumor NXK cells was significantly higher
and the frequency of ILC1s and intILCls was lower in fibrosarcomas
from RII*L mice than in those from RITWT mice (Fig. 5f,g). BRAFY600E
mutant SMIWT1 melanomas?® were also infiltrated by tumor NK
cells, intILC1s and ILC1s (Supplementary Fig. 5a). The growth of
subcutaneously transplanted SMIWT1 tumors was significantly accel-
erated in RI®A-FL mice relative to their growth in RIA-WT mice, and
this was associated with more tumor intILCls and ILCls and fewer
NK cells (P < 0.01; Supplementary Fig. 5b,c). SMIWT1 melanomas
grew significantly slower when transplanted into RITF- mice than when
transplanted into RITWT mice (P < 0.001; Supplementary Fig. 5d).
In concert, SMIWTI1 melanoma-bearing RII'™ mice treated with
anti-asGM1 showed accelerated tumor growth relative to that of
SM1WT1 melanoma-bearing RIIF' mice treated with control anti-
body (Supplementary Fig. 5d). Collectively, these data suggested that
tumor NK cells were critical effector cells that restrained fibrosarcoma
formation and melanoma growth. Moreover, our data suggested that
ILC1s and intILC1s were incapable of performing this function. Thus,
we identified TGF-f3 signaling in NKp46* cells as a suppressor of NK
cell-mediated tumor immunosurveillance.

NK cells control experimental metastasis

NK cells are reported to be critical for the control of tumor metasta-
sis!?2%. We therefore evaluated the role of TGF-f3 signaling in NKp46*
cell-mediated control of B16F10 experimental lung metastasis. Mice
with ablated TGF-p signaling in NKp46* cells (RII'" mice) showed
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Figure 4 TGF-B induces the conversion of NK cells into intILC1s in the tumor microenvironment. (a) Experimental setup: Rag2~/-yc~'- mice were given
subcutaneous (s.c.) transplantation of MCA1956 cells on day O, followed by intravenous (i.v.) injection of 5 x 105 splenic NK cells from R//WT or RI/F-
mice on day 3 and analysis on day 18 (time, below diagram). (b) Flow cytometry of RI/MWT or RI/FL donor cells (above plots) from host mice as in a at

day 18, showing tumor group 1 ILC subsets. (¢) Quantification of tumor group 1 ILC subsets as in b. ***P < 0.001 and ****P < 0.0001 (unpaired two-
sided t-test). (d) Experimental setup: CD45.1+ mice were given subcutaneous transplantation of MCA1956 cells on day O, followed by intratumoral (i.t.)
injection of CD45.2+ splenic NK cells on day 14 and analysis on days 18 and 21. (e) Flow cytometry of host (CD45.1*) and donor (CD45.2*) tumor
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from host mice as in h, showing tumor group 1 ILC subsets. (j) Quantification of NK cell-derived intILC1ls as in i. *P < 0.05 (unpaired two-sided t-test).

(k) Flow cytometry of cells from a small MCA1956 tumor (0.204 g) and a large MCA1956 tumor (1.100 g), showing tumor group 1 ILC subsets.
() Correlation of the frequency of NK cells (left), intILC1s (middle) or ILC1s (right) and tumor weight (linear regression analysis; P = 0.0004 (NK
cells), P< 0.001 (intILC1s) and P=0.6416 (ILC1s)). Each symbol (f,j,1) represents an individual mouse; small horizontal lines (f,j) indicate the
mean (£ s.e.m.). Data are representative of one experiment with n =6 host mice (b,c; mean £ s.e.m. in c), one experiment with n = 3 (day 18) or
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different experiments with n = 20 mice (k,1).

significantly fewer B16F10 lung metastasis than that of wild-type,
RIMWT or Ner1¢¢/"t mice (Fig. 6a). Mice with constitutively active TGF-
f signaling in NKp46™* cells (RIA-FL mice) displayed a significantly
greater burden of B16F10 lung metastases than that of RICA-WT,
wild-type, RITWT or Ner1<¢/Wt mice (Fig. 6a). These results could be
explained in part by the lack of NK cells in RIA-FL mice. Moreover,
our data suggested that ILC1s and intILC1s in RIA-FL mice were
also unable to restrict lung metastasis. To confirm that, we injected

NATURE IMMUNOLOGY VOLUME 18 NUMBER 9 SEPTEMBER 2017

alower number of B16F10 melanoma cells than used above (Fig. 6a)
into RICA-FL, MclIFL or wild-type mice treated with anti-asGM1. Most
strikingly, untreated RICA-FL mice were more sensitive to experimental
metastasis than were untreated MclIFL mice or wild-type mice
treated with anti-asGM1 (Fig. 6b). These results indicated that TGF-
B-induced intILCls and ILC1s might even promote metastasis. That
hypothesis was supported by the finding that treatment with anti-
asGMI1 reduced the number of B16F10 metastasis in RICA-FL mice
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to a level similar to that in RICA-WT mice treated with anti-asGM1
(Fig. 6¢c). RM-1 is an aggressive prostate cancer cell line, and RM-1
lung metastases were fewer in RII'- mice and greater in RICA-FL mice
than in their corresponding control strains (Supplementary Fig. 6a).
Notably, we confirmed, in the RM-1 model, our results showing that
treatment with anti-asGM1 reduced the number of lung metastasis in
RICA-FL mice (Fig. 6d). Of note, the administration of anti-asGM1
did not affect the number of lung metastasis in Mcl1FL mice (Fig. 6e).
After intravenous injection of the mCherry* breast cancer cell line
E0771-LMB, the number of lung metastases of these cells was also
greater in RIA-FL mice than in NcrI€/"t mice (Supplementary
Fig. 6b-d). Notably, TGF-f signaling in NKp46* cells appeared
to be less important in this tumor model, since RIIFL mice were
no more resistant to metastasis than were Ncr1<*/"t control mice
(Supplementary Fig. 6b-d). Overall, these data supported the pro-
posal that NK cells were the main population that restrained tumor
metastasis, while ILC1-like cells (tumor intILC1s and ILC1s) under
constitutively active TGF-f3 signaling (in RIA-FL mice) were unable
to control, and possibly promoted, metastasis. Together our data
raised the question of how the intILCls and ILC1s limited innate
immunosurveillance.

Distinct functions of tumor ILC1s

We next assessed functional differences among tumor group 1 ILC
subsets. Notably, the expression of genes encoding inhibitory immuno-
logical checkpoint receptors, such as CTLA-4, CD96 and LAG-3, was
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higher in tumor ILC1s and intILC1s than in tumor NXK cells (Fig. 7a).
Those differences were further confirmed at the protein level by flow
cytometry (Fig. 7b and Supplementary Fig. 7a,b). Tumor ILC1s also
showed higher expression of genes encoding the inhibitory NK cell
receptors NKG2A and KLRG1 than that of tumor NK cells (Fig. 7a
and Supplementary Fig. 7c). One of the gene sets most upregulated
in tumor ILCls relative to its expression in NK cells, as determined
by GSEA, encoded products related to angiogenesis (Fig. 7c). Indeed,
we detected a higher concentration of the pro-angiogenic molecule
PDGF-AB in supernatants from tumor ILC1s activated with the phor-
bol ester PMA and ionomycin than in their intILC1 or NK cell coun-
terparts (Fig. 7d). Moreover, stimulation of the mouse endothelial cell
line bEND.5 with supernatants of tumor intILC1s and ILCls induced
more endothelial tubes than did stimulation of that cell line with
supernatants of tumor NK cells (Fig. 7e). Tumor ILCls also showed
more production and secretion of the myeloid growth factor GM-CSF
than that of tumor NK cells, while tumor NK cells were superior pro-
ducers of the T cell and NK cell chemoattractant RANTES (Fig. 7f,g).
These results indicated that various pathways known to be involved in
tumor progression, metastasis and therapy resistance were upregulated
in tumor intILC1s and ILCls relative to their activity in NK cells.

TNF promotes resistance to innate immunosurveillance

We were intrigued by the finding that tumor NK cells had higher
expression of interferon-y (IFN-y) and lower expression of TNF than
that of intILC1s or ILC1s (Fig. 8a). After stimulation with PMA and
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Figure 6 TGF-P signaling abolishes control of metastasis by the innate immune system. Quantification of experimental lung metastases in wild-type,
Ncricrewt RIMWT RIFL RICA-WT and RICA-FL mice 14 d after intravenous injection of 1 x 10° B16F10 melanoma cells (a); in RICA-WT R[CA-FL e/ IWT,
MclIFt and wild-type mice 14 d after intravenous injection of 1 x 104 B16F10 melanoma cells, with wild-type mice treated with anti-asGM1 or the
control antibody 1gG (horizontal axis) (b); in RICA-WT or RICA-FL mice 14 d after intravenous injection of 5 x 103 B16F10 melanoma cells, in mice
treated with anti-anti-asGM1 or IgG (horizontal axis) (c); in wild-type, RICA-WT or RICA-FL mice 14 d after intravenous injection of 1 x 104 RM-1 prostate
cancer cells, in mice treated with anti-asGM1 or IgG (horizontal axis) (d); or in Mc/IWT or Mc/1FL mice 14 d after intravenous injection of 1 x 104 RM-1
prostate cancer cells, with or without (untreated) treatment with anti-asGM1 or IgG (horizontal axis) (e). Each symbol represents an individual mouse;

small horizontal lines indicate the mean (£ s.e.m.). *P < 0.05, **P < 0.01,

***P < 0.001 and ****P < 0.0001 (one-way analysis of variance (ANOVA)

and Tukey’s multiple-comparisons test). Data are from one experiment with n = 10 wild-type mice, n = 10 NcrI®®™t mice, n =3 RIMT mice, n =6
RIIFL mice, n =5 RICAWT mice and n =6 RICA-FL mice (a), one experiment with n =10 RICA-WT mice, n = 10 RICA-FL mice, n=5 Mc/IVT mice, n=5
Mc/1Ft mice or n =5 wild-type mice per group (b), one experiment with n =7 RICAWT mice per group or n =4 RI°A-FL mice per group (c), two pooled
experiments with n = 5 wild-type mice per group, n =8 RICA-WT mice (ctrl 1gG), n =7 RICA-WT mice (anti-asGM1), n= 9 RICA-FL mice (ctrl IgG) or
n=7 RICAFL mice (anti-asGM1) (d) or two pooled experiments with n = 10 Mc/IWTmice (untreated), n =6 Mc/IWTmice (ctrl 1gG), n=5 Mc/1WTmice
(anti-asGM1), n =9 Mc/IFL mice (untreated), n = 5 Mc/IFt mice (ctrl 1gG) or n = 5 Mc/IFL mice (anti-asGM1) (e).

ionomycin, all tumor group 1 ILC subsets had a similar frequency of
IFN-v* cells, while ILC1 and intILC1 populations had significantly
more TNF-producing cells than did tumor NK cell populations (Fig.
8a,b). Thus, tumor NK cell populations had a higher ratio of IFN-y*
cells to TNF* cells than that of ILC1 or intILC1 populations (Fig. 8b),
which coincided with their beneficial role in tumor control. Similar
cytokine profiles were observed for tumor group 1 ILCs isolated from
SM1WT]1 melanomas (Supplementary Fig. 8a). To assess the function
of IFN-y and TNF in the growth and metastasis of tumors, we con-
ducted cytokine-neutralization studies (Fig. 8c and Supplementary
Fig. 8b). Using two different tumor models (MCA1956 and SM1WT1),
we demonstrated that IFN-ywas important in limiting tumor growth,
whereas TNF probably fueled tumor growth, in RITWT mice (Fig. 8d
and Supplementary Fig. 8c). Strikingly, neutralization of TNF in
RIIF mice limited tumor growth to a lesser extent, in line with the
reduction in the number of tumor intILCls and ILCls via ablation
of TGF- signaling in the NKp46™ cell populations (Fig. 8d and

NATURE IMMUNOLOGY VOLUME 18 NUMBER 9 SEPTEMBER 2017

Supplementary Fig. 8c). In the next set of experiments, we assessed
the role of IFN-y and TNF in experimental metastasis using BI6F10
and RM1 cell lines (Fig. 8e). Antibody-mediated neutralization of
IFN-y increased the number of metastasis in the lungs of wild-type
and RIIFL mice, whereas similarly treated RIA-FL mice only showed
a slight increase in the number of metastasis (Fig. 8f,g). On the other
hand, neutralization of TNF reduced the number of lung metastasis
in wild-type and RICA-FL mice, whereas similarly treated RIIFL mice
only showed a slight decrease in metastasis (Fig. 8f,g). Even though
TNF expressed by innate cells might be one mechanism for limiting
immunosurveillance, the intILC1s and ILC1s probably generated a
pro-tumorigenic microenvironment by a variety of pathways (for
example, immunomodulation and angiogenesis).

Human tumor ILC1-like cells

NK cell-derived IFN-ycan be used to predict the survival of patients with
gastrointestinal stromal tumors (GISTs) undergoing targeted therapy
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**P < 0.01 and ***P < 0.001 (one-way ANOVA and Tukey’s multiple-comparisons test). (e) Tube formation by bEND.5 endothelial cells 4 h after
stimulation with supernatants of tumor NK cells, intILC1s or ILC1s (above images) stimulated with PMA and ionomycin. Original magnification,
x20. (f) Expression of Csf2 (encoding GM-CSF) and Cc/5 (encoding RANTES) by tumor NK cells, intILC1s and ILC1s (above plots). (g) Multiplex-
bead-based analysis of GM-CSF and RANTES in supernatants of tumor NK cells, intILC1s and ILC1s (horizontal axes) stimulated with PMA

and ionomycin.*P < 0.05 and **P < 0.01 (one-way ANOVA and Tukey’s multiple-comparisons test). Each symbol (d,g) represents an individual
sample. Data are representative of one experiment (a,c,f) or two independent experiments with n =7 tumors (b) or n =5 tumors (e) or are from two
independent experiments with n =5 mice (NK cells) or n =6 mice (intILC1 and ILC1s) (d; mean £ s.e.m.) or one experiment with n =4 tumors

(g; mean + s.e.m.).

with imatinib mesylate (the mesylate salt of the tyrosine-kinase inhibitor
imatinib)0. Since it is clear that NK cells are important for the control
of GISTs3!, we used the chemokine receptor CXCR6, a well-established
marker of human and mouse ILC1s32, to identify human ILC1-like cells
among peripheral blood mononuclear cells (PBMCs) and tumor-infil-
trating lymphocytes (TILs) from patients with GISTs. We detected a
significantly greater proportion of viable Lin~ (CD19-CD14-CD3")
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CD56"CXCR6* ILC1-like cells among the TILs than among the PBMCs
of patients with GISTs (P < 0.05; Fig. 8h and Supplementary Fig. 8d).
Notably, CXCR6 was also selectively expressed on tumor ILCls isolated
from MCA1956 tumors (Figs. 1e and 8i and Supplementary Fig. 8e).
Thus, further studies are needed to delineate how ILC1s can affect the
tumor microenvironment and limit NK cell-mediated immunosurveil-
lance in mice and humans.
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Figure 8 IFN-yand TNF control tumor growth and metastasis differentially. (a) Expression of genes encoding IFN-y (/fng) and TNF (Tnf) (top), and flow
cytometry analyzing the expression of IFN-y and TNF (bottom), in tumor NK cells, intILC1s and ILC1s (above plots). (b) Quantification of
IFN-y-producing (left) and TNF-producing (middle) NK cells, intILC1s and ILC1s obtained from MCA1956 tumors and stimulated with PMA and

ionomycin, assessed by flow cytometry, and the ratio of IFN-y-producing cells

to TNF-producing cells (IFN-y* cells/TNF* cells; right). *P < 0.05,

**P<0.01 and ***P < 0.001 (one-way ANOVA and Tukey’s multiple-comparisons test). (c) Experimental setup: mice were given intraperitoneal (i.p.)
injection of anti-asGM1 or IgG (below diagram) before and after subcutaneous transplantation of MCA1956 cells on day O, along with intraperitoneal
injection of anti-IFN-y, anti-TNF or IgG (control antobody) after cell transplantation (above diagram). (d) Tumor growth in R/MT mice (left) and RI/F-
mice (right) treated as in c (key), assessed over time after transplantation of MCA1956 cells (horizontal axis). ***P < 0.001 and ****P < 0.0001
(one-way ANOVA and Tukey’s multiple-comparisons test at endpoint). (e) Experimental setup for antibody-mediated cytokine neutralization in
experimental metastasis: mice were given intraperitoneal injection of anti-IFN-y, anti-TNF or IgG (control antibody) before and after intravenous
injection of B16F10 or RM-1 cells on day 0. (f,g) Quantification of lung metastases in Ncricremt R[CA-FL R|[FL and RI/MWT mice (above plots) challenged
intravenously with 1 x 10° B16F10 cells (f) or 1 x 10% RM-1 cells (g) and treated with antibodies as in e (horizontal axes). **P < 0.01,

*#*%P < (0.0001 (one-way ANOVA and Tukey’s multiple comparison test). (h) Frequency of Lin-CD56* cells (left), CXCR6* cells among Lin-CD564im

cells (middle) and CXCR6* cells among Lin-CD56Pri8h cells (right) in PBMC and TIL populations (below plots) from healthy volunteers (HV) and patients
with GISTs (horizontal axes), assessed by flow cytometry. *P < 0.05 (one-way ANOVA and Tukey’s multiple-comparisons test). (i) Frequency of NK cells,
intILC1ls and ILC1s among CXCR6* group 1 ILCs from MCA1956 tumors, assessed by flow cytometry. **** P < 0.0001 (one-way ANOVA and Tukey’s
multiple-comparisons test). Each symbol (b,f,g,h,i) represents an individual mouse (b,f,g,i) or donor (h); small horizontal lines (f,g,h) indicate the mean
(+ s.e.m.). Data are representative of one experiment (a), are from one experiment with n =5 mice per group (b; mean + s.e.m.) or two experiments with
n= 5mice per group (d; mean £s.e.m.) or n="5 (f) or n =6 (g) mice per group (f,g), are representative of one experiments with n = 6 donors per group

(PBMCs) or n =9 donors (TILs) (h) or are from two independent experiments with n =5 mice (i; mean £+ s.e.m.).

DISCUSSION

In our study we found that TGF-B signaling in NKp46* cells
drove the conversion of NK cells (CD49a-CD49b") into intILCls
(CD49a*CD49b*) and ILC1s (CD49a*CD49b") in the tumor micro-
environment. Moreover, this conversion was also observed when we
reconstituted lymphocyte-deficient Rag2~/~yc~/~ mice with splenic
NK cells. Our findings in different primary and transplantable tumor
models support the proposal of a critical protective role for NK cells,
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while intILC1s and ILC1s were unable to restrain tumor growth and
metastasis. This might be explained, at least in part, by the finding of
a lower ratio of IFN-y production to TNF production and increased
expression of immunological checkpoint receptors as tumors grew
and the finding that the proportion of tumor-associated NK cells
decreased with their conversion into intILCls and ILCls. Overall,
our data strengthen the novel concept that tumor group 1 ILC subsets
are highly plastic and convert in a context-dependent manner. This
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defines a previously unknown mechanism whereby TGF-f signaling
drives evasion of the immune system by converting NK cells into
intILC1s and ILCls in the tumor microenvironment.

Most previous observations concerning tumor-infiltrating NK
cells were made before the concept of ILCls. Limited data suggest
that ILC1-like cells can either promote tumorigenesis or foster anti-
tumor immune responses, depending on the tissue context and
ILC1 phenotype3334. Here, flow cytometry and global transcrip-
tomic analysis showed that tumor NK cells (CD49a-CD49b*) and
ILCls (CD49a*CD49b™) were accompanied by an intermediate
CD49a*CD49b™ (intILC1) subset that shared phenotypic character-
istics with both tumor NK cells and ILCls. Interestingly, as tumors
grew, the proportion of tumor NK cells diminished, while the pro-
portion of intILCls increased. That observation was in line with
enhanced proliferative capacity of intILCls.

It has been suggested that subsequent to their divergent lineage
specification, NK cells and ILC1s possess developmental plasticity3?,
and TGF-f signaling in Ncr1* (NKp46™) cells has been shown to be
important for maintaining the phenotype of CD49a* salivary gland
ILCls, a population distinct from NK cells in this organ?°. Those stud-
ies lacked any description of the consequences of NK cell plasticity
on the immune response, in particular on tumor control. Specifically,
our work is the first, to our knowledge, to describe and characterize
this TGF-B-driven CD49a*CD49b* intILC1 population in tumors that
shared features of both NK cells and ILC1s but also had unique fea-
tures and a positive correlation with tumor progression. Interestingly,
the conversion of NK cells into intILC1 was also seen after the transfer
of wild-type splenic NK cells into lymphocyte-deficient mice, as well
as for NK cells cultured in vitro in TGF-P. The conversion of NK
cells in tumors was dependent on time and TGF-f. Unexpectedly,
we did not find evidence for increased canonical TGF- signaling
among tumor group 1 ILC subsets in our transcriptomic analyses.
This suggests that non-canonical TGF-f signaling might be involved
in the conversion of NK cells and is in line with the finding that
loss of the transcription factor SMAD4 in NKp46* cells promotes a
non-canonical TGF-B-driven conversion of NK cells into ILC1-like
cells®¢. Collectively, these data highlight the importance of TGF-
in the conversion of NK cells; however, they also suggest that other
pathways can influence the balance among group 1 ILC subsets under
steady-state and pathophysiological conditions.

Our results raise questions about the functional differences among
group 1 ILC subsets and their role in tumor pathogenesis. We conclu-
sively described a host-protective effector function of NK cells (rather
than ILCls) in mouse models of tumor initiation, growth and metas-
tasis. It has been reported that tissue-resident ILCs and innate-like
T cells control tumor surveillance3. Those conclusions were based on
the assumption that all NK cells are dependent on the transcription factor
Nfil3, and they relied on the use of mice deficient in the cytokine IL-15.
However, not all NK cells are Nfil3 dependent!?, and IL-15-deficient
and Nfil3-deficient mice have additional defects that might explain why
these strains do not behave like each other. In contrast, a published study
has demonstrated that a unique ILC population isolated from TILs from
high-grade serous tumors inhibits the proliferation and activation of
T cells*3. In our experiments, a reduction in the abundance of tumor
NK cells, even in the presence of intILC1s and ILCls, caused mice to be
critically compromised in their control of carcinogen-induced tumor
formation and tumor metastasis. Notably, RIA-FL mice displayed
greater tumor metastasis than that of mice lacking all NK cells and ILC1s
(Mcl1FE mice). Depletion using anti-asGM 1 reduced experimental tumor
metastasis in RICA-FL mice in two different models. In line with our
findings, CD49a*CD49b" cells have been shown to fail to control B16F10
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lung metastasis or to contain infection with mouse cytomegalovirus.
This suggests that under TGF-f signaling, intILC1s and ILC1s offer no
protection from tumor formation and might even promote metastasis.

Interestingly, tumor NK cell populations showed a higher ratio of
IEN-v* cells to TNF* cells than that of intILC1 or ILC1 populations.
Given that IFN-y is anti-angiogenic3” and is considered a critical
host factor for tumor immunosurveillance3® and that TNF has pro-
tumorigenic and pro-angiogenic properties**-41, the ratio of IFN-y*
cells to TNF* cells suggested that tumor NK cells had stronger anti-
tumor properties than those of intILC1s or ILC1s. Furthermore, we
demonstrated in the cytokine-depletion experiments that IFN-y was
host protective, while TNF was tumor promoting. It remains to be elu-
cidated, through the use of mice with conditional gene targeting, how
important the production of TNF by NKp46™ cells is for the control
of tumors, given that other tumor populations, notably myeloid cells,
also make substantial amounts of TNF. The upregulated expression of
immunological checkpoint molecules in tumor intILC1s and ILCls,
relative to their expression in NK cells, also suggested that intILC1s
and ILC1s might be functionally impaired. Additionally, loss of Eomes
expression in tumor-infiltrating NK cells is a reported hallmark of
NK cell exhaustion?, and perhaps the transition of NK cells to ILC1s
explains this observation in part.

The composition of group 1 ILCs in end-stage mouse tumors, as we
described, was very similar to what has been observed for decidual
NK cells (dNK cells)*3. In humans, a phenotypic similarity between
tumor-infiltrating NK cells and dNK cells has also been reported#4.
Those tumor-infiltrating NK cells possessed angiogenic ability,
which probably resulted from TGF-B exposure®. dNK cells drive
angiogenesis in early pregnancy*%, and dNK cells induce indoleam-
ine 2,3-dioxygenase in decidual myelomonocytic CD14* cells and
promote the generation of regulatory T cells*’, which contributes to
maternal-fetal tolerance. Further work is now needed in mice and
humans to establish what functions intILC1s and ILC1s have in tumor
angiogenesis and pathogenesis and the crosstalk of those cells with
other cell populations in the tumor microenvironment.

Anti-TGF-f therapies have long been proposed and tested in
mice*$4% and humans®® with various possible indications, includ-
ing cancer’!. Those therapies were designed on the basis of the very
pleiotropic immunosuppressive effects of TGF-f3, and it is unclear at
this stage whether neutralizing TGF-[3 would be an effective approach
in cancer. Our findings support the proposal that inhibition of TGF-
B-signaling in NK cells, could be a rational strategy for preventing
NK cell conversion and restricting tumor metastasis. Multimodal
antibodies targeting the receptor TGF-BRII and an NK cell-specific
receptor, as well as small-molecule inhibitors that prevent the conver-
sion of NK cells into intILC1s or ILC1s, might offer new opportunities
for cancer immunotherapy.

METHODS

Methods, including statements of data availability and any associated
accession codes and references, are available in the online version of
the paper.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Mice. C57BL/6 wild-type, Rag2~/~yc~~ and Ptprc* (CD45.1*) mice were
either purchased from the Walter and Eliza Hall Institute for Medical
Research (WEHI) or obtained from QIMR Berghofer Medical Research
Institute (QIMR). C57BL/6 Ncr1*¢/"t mice?2, Ncr1<te/™tTgfbRICAM mice?,
Ner 1™ TgfpRIIVA mice8, Neri<re™tMcl111 mice?” and Eomes-mCherry
reporter mice>® were described before. All mice were bred and maintained
at QIMR and/or WEHI. All animal experiments were performed using age-
and sex-matched cohorts of mice (age range of 6-12 weeks). Cohort sizes
are described in each figure legend and were based on historical controls
to achieve statistical significance. No mice were excluded based on pre-
established criteria. Cohorts of mice treated with indicated antibodies were
allocated randomly. All experiments were approved by QIMR and WEHI
Animal Ethics Committees.

Cell lines. SMIWTI1 melanoma cells?® and MCA1956 fibrosarcoma cells
(provided by R. Schreiber, Washington University School of Medicine)
were cultured at 37 °C in RPMI-1640 medium supplemented with 10% FCS,
1% GlutaMAX (Gibco), 10 mM HEPES (Sigma-Aldrich), 1% penicillin/
streptomycin (Gibco). B16F10 melanoma cells (obtained from ATCC), RM-1
prostate cancer cells®, E0771-LMB mCherry* breast cancer cells®* were cul-
tured 37 °C in DMEM (Gibco) supplemented with 10% FCS, 1% GlutaMAX,
10 mM HEPES and 1% penicillin-streptomycin. RM-1 cells were maintained
in 10% CO,, while all other cell lines were maintained in 5% CO,. All cell lines
were tested and found to be mycoplasma negative.

In vivo tumor models. In vivo tumor models were performed as previously
described?®%5-57. For MCA-carcinogen-induced fibrosarcoma, male mice of the
appropriate genotype and the respective wild-type control mice were given sub-
cutaneous injection of 25 f1g or 300 g MCA (Sigma-Aldrich) dissolved in corn
oil and were monitored over the course of 250 d for fibrosarcoma development.
Tumor with a diameter of over 3 mm and progressive growth were recorded as
positive. Some groups of wild-type mice received intraperitoneal injection of
50 pg of either control antibody (polyclonal rabbit IgG, BioXcell, CAT#BE0095)
or anti-asGM1 (CAT# 986-10001, Wako Chemicals USA Inc) weekly for the
first 56 d after injection of MCA, unless specified otherwise. For the primary
SM1WT1 melanoma and MCA 1956 fibrosarcoma models, 1 x 106 SM1WT1 or
MCA1956 cancer cells in 100 pl PBS were injected subcutaneously at day 0 into
the appropriate transgenic mice. Only male mice were used for SM1WT1 tumor
model, whereas both males and females were used for MCA1956 tumor model.
Tumor size (mm?) was calculated as the product of two diameters (length x
width) of each tumor. In some experiments, 250 pg anti-IFN-y (H22) or anti-
TNF (TN319.12) (hybridomas provided by R. Schreiber (Washington University
School of Medicine)) or the IgG control antibody (BE0260, Bio X Cell) were
injected intraperitoneally on day 10, 12, 18 and 20; 50 g anti-asGM1 or control
IgG (both identified above) were injected intraperitoneally on days -1, 0, 7, 14
and 21, unless specified otherwise. For experimental lung metastasis models,
B16F10 cells (5 x 103, 10% or 10° cells per male mouse), mCherry* EO771-
LMB cells (3.5 x 10° cells per female mouse) or RM-1 cells (2 x 10° cells per
male mouse) were injected intravenously into the tail vein of transgenic mice
and their respective controls. For the metastasis model, some mice were given
injection of 250 ug anti-IFN-7, anti-TNF or control IgG (all identified above)
on days —1, 0 and 7. Lungs were harvested 14 d after tumor injection. BI6F10
or RM-1 macrometastatic nodules were counted under a dissection micro-
scope, while EO771-LMB metastases were quantified by measurement of
mCherry fluorescence from excised lungs (IVIS Spectrum, Perkin Elmer) and
by detection of the abundance of expression of the gene encoding mCherry
(present only in tumor cells) relative to that of the gene encoding vimentin
(present in all cells) by duplex qPCR, as previously described.

Flow cytometry. Mice were killed and organs were harvested and prepared
for flow cytometry as previously described>>>°. For liver and tumor samples,
lymphocytes were enriched using 37.5% Percoll solution (GE Healthcare).
Single-cell suspensions from various organs were incubated on ice for 15 min
in Fc blocking buffer (PBS containing 2% FBS and anti-CD16/32 (clone
2.4G2; hybridoma obtained from ATCC)). Reagents or antibodies target-
ing the following epitopes were purchased from BioLegend: 7-AAD, CD3
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(145-2C11), CD19 (6D5), CD49b (DX5 and HM02), CD62L (MEL-14), CD96
(3.3), DNAM-1 (10E5), IFN-y (XMG1.2), NK1.1 (PK136), NKp46 (29A1.4),
TIGIT (1G9), TCRB (H57-597), TNF (MP6-XT220) and Zombie Yellow
Fixable Viability Kit. Reagents or antibodies targeting the following epitopes
were purchased from eBioscience: CD45.1 (A20), CD45.2 (104), CD49b
(DX5), CTLA-4 (UC10-4B9), Eomes (Danllmag), LAG-3 (eBioC9B7W),
TIM-3 (RMT3-23), TCRP (H57-597) and TRAIL (N2B2). Reagents or anti-
bodies targeting the following epitopes were purchased from BD Biosciences:
CD49a (Ha31/8), NK1.1 (PK136), PD-1 (J43), Ki67 (B56) and Fixable Viability
Stain 520 or 700. Antibodies targeting CD45.2 (104-2), CD49a (REA493)
and CD69 (H1.2F3) were purchased from Miltenyi Biotec. Cell number was
calculated by using BD Liquid Counting Beads (BD Biosciences). A lineage
(Lin) cocktail consisting of antibodies to CD3, CD19 and TCRJ (all identified
above) was used for lineage-cell exclusion where indicated. For intracellular
cytokine detection, lymphocyte-enriched tumor homogenates were incubated
in RPMI-1640 supplemented with 10% FCS, Cell Stimulation Cocktail plus
protein transport inhibitors (stimulated cells) (eBioscience), or GolgiStop and
GolgiPlug (unstimulated control cells) (both from BD Biosciences) at 37 °C for
4 h. After cell-surface staining, samples were fixed and permeabilized using
Intracellular Fixation & Permeabilization Buffer Set (eBioscience), and stained
with antibodies in 1x Permeabilization Buffer. Data acquisition was performed
using LSRFortessa Flow Cytometer (BD Biosciences). Flow cytometry was
performed using Flowjo (Treestar) software.

Cell sorting. NK cells (7-AADLin"CD45*NK1.1*NKp46*CD49a-CD49b*"),
intILC1s (7-AAD~Lin"CD45*NKI1.1*NKp46*CD49a*CD49b*) and ILC1s (7-
AAD~Lin"CD45*NK1.1*NKp46+*CD49a*CD49b~) from various organs of
transgenic or wild-type mice were sorted by a BD FACSAria II cell sorter (BD
Biosciences). In certain experiments, mCherry was used to distinguish NK cells
(Eomes*) from ILC1s (Eomes™~) for samples obtained from Eomes-mCherry
reporter mice. For liver and tumor samples, lymphocytes were enriched by
using 37.5% Percoll solution (GE Healthcare). For spleen, liver and tumor
samples, group 1 ILCs were further enriched by the NK Cell Isolation Kit II
using autoMACS Pro Separator (both from Miltenyi Biotec), before antibody
staining and cell sorting.

In vitro group 1 ILC culture. For NK cell or ILC1 in vitro culture, freshly
sorted liver NK cells or ILCls, labeled with the division-tracking dye CFSE
(BioLegend), were plated at a density of 25,000 cells per well in 96-well plates
(Greiner Bio-One) containing RPMI-1640 supplemented with 10% FCS, 1%
non-essential amino acids (Gibco), 1% sodium pyruvate (Gibco), 10 mM
HEPES, 1% GlutaMAX, 0.1% 2-mercaptoethanol (Gibco) and 1% penicillin-
streptomycin in the presence of rIL-15, rIL-15-IL-15Ro. complex or TGF-B1
(all from eBioscience) at the appropriate concentrations at 37 °C 5% CO, for
5 d. For intILC1 and NK cell in vitro culture, sorted intILC1s and NK cells
from pooled spleens of RICA-FL or RICA-WT mice were cultured in serum-free
TexMACS medium (Miltenyi Biotec) supplemented with 1% Glutamax, 0.1%
2-mercaptoethanol, 1% non-essential amino acids, 1% sodium pyruvate, 1%
penicillin-streptomycin and 50 ng/ml rIL-15 at 37 °C 5% CO, for 4 d.

RNA sequencing and bioinformatics analysis. Tumor ILCls, intILCls and NK
cells were sorted from MCA1956 tumors harvested from male wild-type mice.
Total RNA was extracted using RNeasy Mini Kit (Qiagen). A cDNA library was
generated using a SMARTer Universal Low Input RNA Kit (Clonetech) and a
TruSeq RNA Library Prep Kit v2 (Illumina). Samples were sequenced on a HiSeq
2500 System (Illumina) by 100-bp paired-end sequencing. The R/Bioconductor
computing platform was used for RNA-seq analyses. FASTQ files containing
RNA-seq raw reads of tumor NK cells, intILC1s and ILC1s were aligned to the
mm10 mouse reference genome using the Rsubread aligner®®. RNA-seq data of
liver and spleen NK and ILC1 cells were downloaded from the GEO sequencing
read archive (GSE52047)°. The log, transformation, normalization and normal
linear modeling of the aligned read count matrix were done with the voom
algorithm implemented in the limma package, which makes the limma empirical
Bayes analysis pipeline accessible to RNA-seq read count data®l:%2. Differentially
expressed genes were identified by empirical Bayes moderated t-tests, and
P values were corrected for multiple testing by the Benjamini & Hochberg
method (FDR). Genes expressed differentially by tumor NK cells and tumor
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ILC1s were defined by an absolute change in expression of over onefold (log,
values) and a FDR of < 0.01. For gene-set-enrichment analysis (GSEA), the
t-test statistics was used as ranked metric for the GSEA pre-ranked gene list
algorithm®. GSEA software was downloaded from the GSEA homepage of the
Broad institute (http://software.broadinstitute.org/gsea/index.jsp). The curated
hallmark gene set collection of the Molecular Signature Database (MSigDB
version 5.0) was used for GSEA%4. Core enrichment genes were used to assess
hallmark gene signature expression in individual samples. Combined z-scores
were calculated as described®. Classical multidimensional scaling was per-
formed with the R function cmdscale with euclidean distance matrix as input.
For this purpose, the voom processed gene expression matrix of tumor NK
cells, intILC1s and ILC1s was size-reduced by a variance cut-off of 0.5 and
transformed into an euclidean distance matrix by the R function dist. A phylo-
genetic tree plot (ape R package) was generated based on the DIANA divisive
hierarchical clustering method from the cluster R package.

Adoptive-transfer assays of group 1 ILC subsets. Freshly sorted NK cells or
intILC1s from pooled spleens of wild-type or transgenic mice were injected
intravenously into Rag2~/~yc~/~ recipient mice (5 x 105 cells per mouse). Liver
group 1 ILCs in recipient mice were assessed by flow cytometry 7, 14 or 21 d
after reconstitution. For assessment of NK cell plasticity in tumors, NK cells
sorted from pooled spleens of the appropriate transgenic mice were injected
intravenously into MCA1956-tumor-bearing Rag2~/~yc~/~ mice (5 x 105 NK
cells per mouse). Tumors were harvested 16 d after NK cell reconstitution.
For some experiments, sorted NK cells were injected intratumorally into
MCA1956-tumor-bearing Ptprc® (CD45.1%) mice at a dose of 3 x 10° to 5 x
10° NK cells in 50 pl PBS per mouse. Tumors were harvested 4 or 7 d after
intratumoral injection of NK cells.

Multiplex assay. Sorted NK cells, intILC1s and ILC1s from MCA1956 tumors
were seeded at 20,000 cells per well in a 96-well plate. Cells were cultured in
complete DMEM medium (total 50 pl per well) in presence of 25 ng/ml PMA
and 500 ng/ml ionomycin at 37 °C for 16 h. Cytokines and chemokines in the
supernatant were determined by Cytometric Bead Array (BD Biosciences).
Data were analyzed on FCAP Array Software (BD Biosciences).

ELISA. Sorted NK cells, intILC1s and ILC1s from MCA1956 tumors were
seeded at 20,000 cells per well in a 96-well plate. Cells were cultured in com-
plete DMEM medium (total 50 pl per well) in presence of 25 ng/ml PMA and
500 ng/ml ionomycin at 37 °C for 16 h. PDGF-AB in the supernatant was
determined by a Quantikine PDGF-AB ELISA kit (R&D Systems) follow-
ing manufacturer’s instruction. Data were acquired on a microplate reader
(BioTek).

Tube-formation assay. Matrigel (BD Biosciences) was used to coat 96-well
plates, with 50 ul Matrigel (10 mg/ml). Plates were incubated for 30 min at
37 °C. 20,000 brain endothelial cells (bEND.5) were seeded into each well in
serum-free DMEM medium and stimulated with supernatants from PMA- and
ionomycin-activated NK cells, intILC1s and ILCls isolated from MCA1956
tumors. Images of endothelial cell cultures were acquired on an Olympus IX81
imaging system. bEND.5 cells were cultured as described previously®>.

Human samples. The translational research study of specimens from patients
with GISTs and healthy volunteers was approved by the local Ethic Committee
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(2007-A00923-50), and all patients signed a written informed consent for par-
ticipation. Antibodies targeting the following human epitopes were purchased
from BioLegend: CD3 (OKT3), CD16 (3G8), CD45 (J.33), CD56 (N901) and
CXCR6 (K041E5). Antibodies targeting the following human epitopes were
purchased from BD Biosciences: CD19 (HIB19) and CD14 (M5E2). Dead
cells were excluded using the Live/Dead Fixable Yellow dead cell stain kit
(Life Technologies). Cell samples were acquired on a BD FACSCanto II flow
cytometer with single-stained antibody-capturing beads used for compensa-
tion (Compbeads, BD Biosciences or UltraComp eBeads, eBioscience). Data
were analyzed with BD FACSDiva software.

Statistical analysis. Statistical analyses were performed using GraphPad Prism
Software. A Mann-Whitney U-test, unpaired two-sided -test, pairwise two-
sided t-tests with Benjamini & Hochberg (FDR) correction for multiple testing
and one-way ANOVA with Tukey’s multiple comparison test were used for
comparison of two or more groups. A log-rank test was used for evaluation of
differences in tumor free percentages. Linear regression analysis was used for
investigating correlations of cell percentages and tumor weight. P < 0.05 was
considered statistically significant.
A Life Sciences Reporting Summary for this paper is available online.

Data availability. The data that support the findings of this study are available
from the corresponding author upon request. RNA sequencing data have been
deposited in the European Genome-phenome Archive (EGA) with accession
code EGAS00001002514.
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2. Data exclusions

Describe any data exclusions. No mice were excluded based on pre-established criteria.
3. Replication
Describe whether the experimental findings were All experimental repeats were successful.

reliably reproduced.

4. Randomization

Describe how samples/organisms/participants were No active randomization was applied to experimental groups. The majority of

allocated into experimental groups. sample/animal groups were defined by mouse strain or experimental treatment.
5. Blinding

Describe whether the investigators were blinded to None of our experiments were performed in a blinded fashion.

group allocation during data collection and/or analysis.

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.
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Statistical parameters

For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the
Methods section if additional space is needed).
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|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

|X| A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same
sample was measured repeatedly

[X| A statement indicating how many times each experiment was replicated

|X| The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more
complex techniques should be described in the Methods section)

& A description of any assumptions or corrections, such as an adjustment for multiple comparisons
|X| The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted

|X| A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

oo o oo

|X| Clearly defined error bars

See the web collection on statistics for biologists for further resources and guidance.
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» Software

Policy information about availability of computer code

7. Software
Describe the software used to analyze the data in this Flowjo v10 and BD FACSDiva were used for flow cytometry analysis. FCAP Array
study. was used to analyze data generated by multiplex assay. GraphPad Prism 7 was

used for statistical analysis. R was used for RNA sequencing analysis. Computer
code used in this study was previously described and is freely available. Reference
provided in Methods.

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for
providing algorithms and software for publication provides further information on this topic.

» Materials and reagents

Policy information about availability of materials
8. Materials availability

Indicate whether there are restrictions on availability of ~ N/A
unigue materials or if these materials are only available
for distribution by a for-profit company.

9. Antibodies

Describe the antibodies used and how they were validated The clones and suppliers of all antibodies used were described in the "Flow
for use in the system under study (i.e. assay and species).  cytometry" and "Human samples" of Method.

10. Eukaryotic cell lines

a. State the source of each eukaryotic cell line used. Please refer to the "Cell lines" section of Methods for further detail. References
were provided.

b. Describe the method of cell line authentication used.  All cell lines used were as referenced in the "Cell lines" section of Methods.

c. Report whether the cell lines were tested for All cell lines were tested mycoplasma negative.
mycoplasma contamination.

d. If any of the cell lines used are listed in the database N/A
of commonly misidentified cell lines maintained by
ICLAC, provide a scientific rationale for their use.

» Animals and human research participants

Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals

Provide details on animals and/or animal-derived Methods summary. Paragraph 'mice’.
materials used in the study.

Policy information about studies involving human research participants

12. Description of human research participants

Describe the covariate-relevant population GIST samples were provided by Gustave Roussy Institute (Villejuif, France),

characteristics of the human research participants. European Hospital Georges Pompidou (Paris, France), Institut Mutualiste
Montsouris (Paris, France) and Hospital Jean Minjoz (Besangon, France). The study
was approved by the local ethical committee (2007-A00923-50) and informed
written consent was obtained from patients. PBMCs of Healthy Volunteer (HV)
were obtained from buffy coat provided by the Etablissement Francais du Sang
(EFS, Créteil, France).
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