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Cytokines were the first modernimmunotherapies to produce durable responses in
patients with advanced cancer, but they have only modest efficacy and limited
tolerability* In an effort to identify alternative cytokine pathways for
immunotherapy, we found that components of the interleukin-18 (IL-18) pathway are
upregulated on tumour-infiltrating lymphocytes, suggesting that IL-18 therapy could
enhance anti-tumour immunity. However, recombinant IL-18 previously did not
demonstrate efficacy in clinical trials®. Here we show that IL-18BP, a high-affinity IL-18
decoyreceptor, is frequently upregulated in diverse human and mouse tumours and
limits the anti-tumour activity of IL-18 in mice. Using directed evolution, we
engineered a‘decoy-resistant’ IL-18 (DR-18) that maintains signalling potential but is
impervious to inhibition by IL-18BP. Unlike wild-type IL-18, DR-18 exerted potent
anti-tumour effects in mouse tumour models by promoting the development of
poly-functional effector CD8" T cells, decreasing the prevalence of exhausted CD8*

T cells that express the transcriptional regulator of exhaustion TOX, and expanding
the pool of stem-like TCF1" precursor CD8' T cells. DR-18 also enhanced the activity
and maturation of natural killer cells to effectively treat anti-PD-1resistant tumours

that have lost surface expression of major histocompatibility complex class [
molecules. These results highlight the potential of the IL-18 pathway for
immunotherapeutic intervention and implicate IL-18BP as a major therapeutic

barrier.

Cytokines are secreted proteins that provide instructive cues to
immune cells and are therefore attractive candidates for use in can-
cerimmunotherapy. However, the clinical application of cytokines
has been hampered by their biological pleiotropism, which reduces
their therapeutic specificity and can cause toxicity® A major effort
in cytokine research is to engineer ‘designer’ cytokines with tailored
biological activities* that will precisely activate anti-tumourimmune
programs. To identify ways to improve cytokine immunotherapy, we
analysed transcriptional datasets to characterize patterns of cytokine
and cytokine receptor expression on CD8* tumour-infiltrating lym-
phocytes (TILs). IL-18 and the subunits of its receptor (IL-18Ra/R[3)
were enriched inbothactivated and dysfunctional tumour CD8"T cells
(Extended DataFig.1a), suggesting that IL-18 agonism could effectively
stimulate anti-tumour responses.

IL-18 is a member of the IL-1 cytokine family and mediates inflam-
mation downstream of the NLRP3 and NLRP1 inflammasomes®. It
drives MYDS88 signalling through heterodimerization of its receptor
subunitsIL-18Ra (encoded by /IL18RI) and IL-18R[3 (/LISRAP). Originally
termed interferon-y-inducing factor (IGIF), IL-18 has been found to
stimulate innate lymphocytes and antigen-experienced, but not naive,
T cells®. Therapeutically, recombinant IL-18 (rIL-18) has been reported

to synergize withimmune checkpoint inhibitors (ICls)” and chimeric
antigen receptor T (CAR-T) cells in mouse tumour models®. rIL-18 has
been administered to patients in clinical trials and found to be safe
and well-tolerated®. However, clinical development of rIL-18 has been
curtailed by its lack of efficacy®. IL-18 is negatively regulated by a decoy
receptor called IL-18 binding protein (IL-18BP), a secreted antagonist
that binds IL-18 with extremely high affinity (K, <1nM)™. In patients
treated withriL-18, serum concentrations of IL-18BP increased by 10- to
100-fold®™. Therefore, we hypothesized that IL-18BP produced in the
tumour microenvironment (TME) might act as a ‘secreted immune
checkpoint’ to limit effective rIL-18 immunotherapy.

IL-1SR and IL-18BP are prevalentin the TME

We initially sought to characterize the expression of IL-18 pathway
components in mouse tumours. Through immunophenotyping of
MC38 and YUMMERL.7 tumours and matched spleens, we found that
IL-18Ra was widely expressed on natural killer (NK) cells, but mark-
edlyupregulated on CD4"and CD8' T cells in the tumour compared to
the spleen (Extended Data Fig. 1b—d). Within the T cell compartment,
acquisition of IL-18Ra expression was exclusive to antigen-experienced

'Department of Immunobiology, Yale School of Medicine, New Haven, CT, USA. 2Department of Dermatology, Yale School of Medicine, New Haven, CT, USA. *Department of Pathology, Yale
School of Medicine, New Haven, CT, USA. “Howard Hughes Medical Institute, Chevy Chase, MD, USA. *Department of Pathology, New York University Langone Medical Center, New York, NY,
USA. ®Department of Oncology, Clinica Universidad de Navarra, Pamplona, Spain. 'Department of Pharmacology, Yale School of Medicine, New Haven, CT, USA. ®These authors contributed

equally: Ting Zhou, William Damsky, Orr-El Weizman. ®¥e-mail: aaron.ring@yale.edu

Nature | Vol 583 | 23 July 2020 | 609


https://doi.org/10.1038/s41586-020-2422-6
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-020-2422-6&domain=pdf
mailto:aaron.ring@yale.edu

Article

a IL-18 library displayed on yeast b
[ X 3
WT IL-18 DR-18 —_ P
H [ ] 1
e ) .
. [ ] 8 - ey 5
! [ ] 3 x 10° variants \ /\ /\
? : ¢ H l Incubate with IL-18Ro/BP /\, /\ WT IL-18
L | Yo, e Fa Naive
\ = ! . e “
R : - Rd1
AT L . [ 2
e {IL-18Ra “ . Rd2
v e — A A
K - T MACS/ ,/ .o y ] Rd3
o A FACS , b
{ . J S — & 4 Discard Rd4
) %Pa?d - IL-18BP binders Rd5
e « - iterate °
M s ML in 188eFI{ectbfo:j_ 10" 102 10° 10 105 105 10" 102 10° 10* 105 10°
T & | o N -18Ra. binding
‘ /\ IL-18Ro-PE—> |L-18BP-PE—>
Sequence resulting clones
c d e
1 50 51 52 54 55 56 57 58 59 104 109 151 Ra BP
WIIN M Y K S E V R G L R L] 06nM | 1.1pM — =
c A V R R L K K 1.09nM | 287 M X100 o090 X100 ¢
A12 S S K H M K L - - < [ v
E8 v T G R R K K D 1.69nM | NBD Z 75 Z 45
C10| H A G H M K Q V| - - = =
B7|H A G N A G R K - - 4 z
Bi|H G A D A A K S V| 0.7nM |14.7uM L 50 8 L 50
Di|H G S R G S K K Q - - o -
H7 | Y A R R A K K D v| - - N @IL-18 = @IL-18 + IL-18BP
AT|Y A G N R K 0.22nM | 13.9uM 5 25 oCcst T 2510CSs1 +IL-18BP
E1|Y G G R G R D - - £ @CS2 (DR-18) £ @CS2 (DR-18) +
H3] Y T R T G G Q K Vv D - - 5 0 S IL-18BP
CS1 G A R K 0.54nM | 3.8 uM =z z 0
cs2|H A G R_A K 0.079 nM | 10.5 uM -13 12 -11 -10 -9 -8 -7 12 =41 -10 -9 -8 -7 -6
log[IL-18 (M)] log[IL-18BP (M)]

Fig.1|Engineering decoy-resistant IL-18 (DR-18).a, Schematic
representations of DR-18 (left) and yeast-display directed evolution process
(right). b, Representative histogram assessing staining for IL-18Ra (100 nM,
left) and IL-18BP (200 nM, right) by flow cytometry of yeast display library after
eachround of selection. ¢, The sequences and dissociation constants (K,) of
clones summarized for selected DR-18 variants, with differences from
wild-typelL-18indicated for each mutant at the given amino acid position (top).
Greenshading highlights converging residues to form consensus sequence

CD44" T cells (Extended Data Fig. 1e, f). In addition, both /[18bp tran-
scriptsand IL-18BP protein were highly expressedinthe TME and further
increased by treatment with mouse (m) IL-18 in an IFN-y-dependent
fashion (Extended Data Fig. 1g-j).

To determine whether these results translated to human tumours,
we analysed /L18BP expression in the Cancer Genome Atlas (TCGA)
database. Expression of ILI8BPwasincreased across many tumour types
compared to matched normal tissue controls (Extended Data Fig. 2a).
Expression of ILI8BPstrongly correlated with expression of CD3E, CD8A,
and PDCDI1(R=0.59-0.88), indicating that theincrease in expression was
associated with the presence of activated CD8" T cells (Extended Data
Fig. 2b-d). We confirmed expression of IL-18BP protein in the TME by
immunohistochemical staining of tissue microarrays for several tumour
types (Extended Data Fig. 2e). Enzyme-linked immunosorbent assay
(ELISA) showed that IL-18BP expression was also elevated in the serum
of patients with non-small cell lung cancer (NSCLC) and was increased
further by anti-PD-1or anti-PD-L1 treatment (Extended Data Fig. 2f).

To assess the functional effect of IL-18BP on IL-18 therapy, we
engrafted MC38 tumoursinto either wild-type C57BL/6 mice or [[I8bp™"
mice and treated them with mIL-18 or vehicle. Whereas miIL-18 had no
effect on tumour growth in wild-type mice, it significantly inhibited
tumour growth in /l1I8bp” mice (Extended Data Fig. 2g; P < 0.001).
Together, these data indicate that IL-18BP expression is common in
cancer and that it may act as a soluble immune checkpoint.

Engineering adecoy-resistant IL-18

Given the potential limitation of IL-18BP on rIL-18 immunotherapy, we
sought to create a decoy-resistant IL-18 variant (DR-18) that retains full
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(bottom). K, measurements are shown for binding of mIL-18 and DR-18 variants
to IL-18Raand IL-18BP measured by SPR. -, not tested; NBD, no binding
detected. d, Quantification of intracellular IFN-y staining in splenic NK cells
stimulated with IL-18, CS1or CS2inthe presence of IL-12. e, Quantification of
intracellular IFN-y stainingin splenic NK cells stimulated with IL-18 or CS1or
CS2inthepresence of IL-12 and varying concentrations of IL-18BP. Data are
representative of threeindependent experiments (d, e) with n=3 mice per
conditionand presentedasmean+s.e.m.

signalling capacity through thelL-18 receptor, butisimpervioustoinhibi-
tion by IL-18BP (Fig.1a). This posed an engineering challenge, as IL-18Ra
andIL-18BP bind IL-18 ata highly overlappinginterface, and IL-18BP binds
IL-18 with an affinity thatis more than three orders of magnitude higher
than that of IL-18Ra (Extended Data Fig. 3a-c). Although point muta-
tions (E6A and K53A) in human (h) IL-18 have been purported toreduce
neutralization by IL-18BP™, we found that proteins with these mutations
retained IL-18BP binding without improvements in selectivity towards
IL-18Ra (Extended Data Fig. 3d). We therefore used directed evolution
with yeast surface display to screen more than 250 million mIL-18 vari-
ants that were randomized at 13 receptor contact positions for those
that bound to IL-18Ra but not IL-18BP (Fig. 1a, Extended Data Fig. 3e).
After five rounds of selection for IL-18Ra and counter-selection against
IL-18BP (Extended DataFig. 3f), we obtained a population that exclusively
boundIL-18Ra (Fig.1b). Sequencing of this population revealed 11 unique
sequences, fromwhichwe created two ‘consensus sequences’—CS1land
CS2 (Fig.1c,Extended DataFig. 3g). We recombinantly expressed these
variants and measured their affinities for IL-18Ra and IL-18BP by surface
plasmonresonance. All of the selected variants retained IL-18Ra binding,
with negligible binding to IL-18BP (K, >10 uM) (Fig. 1c).

Toevaluate the functionality of DR-18, we stimulated NK cells ex vivo
with either mIL-18 or the DR-18 variants CS1and CS2 and measured pro-
duction of IFN-y by the cells. CS1 had equal potency to IL-18 (EC;, = 74
and 54 pM, respectively), whereas CS2 was around 1.5 log more potent
(ECso=2.4pM; Fig.1d). We then measured the decoy-resistance of the
DR-18 variants by fixing the concentration of the variants while titrating
increasing amounts of IL-18BP. Whereas miL-18 was sensitive to IL-18BP
(IC5o=3.6 nM), NK cells stimulated with either CS1 or CS2 maintained
robust IFN-y productionirrespective of IL-18BP concentration (Fig. 1e).
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Fig.2|DR-18 stimulates anti-tumour T cell responses inimmunogenic
tumours. a, Wild-type (WT) mice were subcutaneously (s.c.) engrafted with
0.5x10°MC38 cells. From day 7 (tumour size 50-100 mm?®), mice were treated
twice weekly with phosphate-buffered saline (PBS), IL-18 or DR-18 (s.c.), or with
anti-PD-lintraperitoneally (i.p.). For depletion and neutralization studies, mice
wereinjectedi.p. with anti-CD4, anti-CD8, anti-NK1.1, or anti-IFN-y at the
indicated time points (red arrows). b, ¢, Mean tumour growth (b) and Kaplan-
Meier survival curves (c) for mice bearing MC38 tumours after treatment. Black
arrows denote days of treatment. d, Kaplan-Meier survival curves of mice
engrafted with MC38 tumours and treated with DR-18, alone or with indicated
depletion/neutralization. e, Kaplan-Meier survival curves of wild-type or
118r1”" mice engrafted with MC38 tumours following treatment. f, Kaplan-
Meier survival curves of Rag2”” mice reconstituted with bulk CD3* T cells from
either wild-type or /[18rI”~ donor mice, subsequently engrafted with MC38
tumours, and treated with PBS or DR-18.b-f, Data are representative of three
independent experiments, with minimumn=>5mice per group; b, mean+s.e.m.

Onthebasis of these results, we elected to proceed with CS2 (hereafter
referred to as DR-18) for subsequent studies.

DR-18 is active against mouse tumours

We compared the efficacy of DR-18 and mIL-18 in the treatment of syn-
geneic mouse colorectal and melanoma tumours (Fig. 2a, see Meth-
ods). Whereas treatment with mIL-18 was ineffective, treatment with
DR-18 produced strong tumour growth inhibition, enhanced survival,
and (in some mice) complete tumour regression (Fig. 2b, ¢, Extended
Data Fig. 4a-g). The efficacy of DR-18 was commensurate or superior
to that of anti-PD-1 monotherapy, and the combination of DR-18 and
anti-PD-1 produced a synergistic response that resulted in complete
tumour regression in most of the treated mice (Fig. 2b, c, Extended
DataFig.4a,b,e).

To exclude the possibility that DR-18 activity could be attributable
to increased IL-18 receptor affinity (as opposed to its independence

from IL-18BP), we compared the efficacy of DR-18 (CS2) to the related
variant CS1, which has similar affinity towards IL-18Ra to that of mIL-18.
CS1 produced similar efficacy to DR-18, whereas even high doses
(1mgkg™) of mIL-18 did not elicit anti-tumour responses (Extended
Data Fig. 4h). These results indicate that the anti-tumour efficacy of
DR-18isdriven by its independence from IL-18BP.

DR-18 actson T cells to treat tumours

Todetermine the contribution of particularimmune cell populations
tothe effects of DR-18 on tumours, we performed antibody-mediated
depletion studies. In MC38 tumours, the efficacy of DR-18 was abro-
gated by depletion of CD8 T cells and partially inhibited by depletion
of NK1.1" cells (Fig. 2a, d). In YUMMERL.7 tumours, effective treat-
ment with DR-18 required CD8" and CD4" T cells, but not NK1.1" cells
(Extended DataFig. 5a). Consistent with these results, DR-18 treatment
was ineffective towards tumours engrafted in Rag2” mice (Extended
Data Fig. 5b). In both models, DR-18 activity was dependent on IFN-y
(Fig. 2d, Extended Data Fig. 5a). Similarly, DR-18 treatment was inef-
fective in /[1I8r1”7 mice, confirming that DR-18 activity is mediated
through the IL-18 receptor (Fig. 2e). To assess the ability of DR-18 to
promote memory responses, mice surviving primary MC38 engraft-
ment following DR-18 treatment were re-challenged with MC38; nearly
allthe mice (14/15) rejected the second tumour inoculation (Extended
Data Fig. 5¢).

To determine whether antigen-specific CD8' T cells are targeted by
DR-18 treatment, we adoptively transferred Thyl.1'P14* CD8" T cells
into mice bearing GP33-expressing B16 melanomas and subsequently
treated the mice with either DR-18 or vehicle. Following treatment
with DR-18, there was a substantial increase in the frequency, number,
and functionality (IFN-y production) of intratumoral P14* CD8" T cells
(Extended Data Fig. 5d-g). Furthermore, analysis of the endogenous
CD8*(Thyl.1) T cell response revealed that the majority of infiltrating
CDS8' TILswere CD44*CD39" (Extended Data Fig. 5h, i), aphenotype that
isassociated with tumour antigen-specific cells™. This activity could be
localized directly to an effect onintratumoral cells, as DR-18 increased
thefrequency of activated CD8" TILs eveninthe presence of FTY720, an
inhibitor of T cell egress from lymphoid tissues (Extended Data Fig. 5j).

Withintumours, IL-18Ra is predominantly expressed onintratumoral
T and NK cells, although some myeloid cells express it at low levels
(Extended Data Fig. 5k). To determine whether T cells were sufficient
to mediate the efficacy of DR-18, we adoptively transferred T cells
from either wild-type or /I8r1”" donors into Rag2” recipients, which
we engrafted with MC38 tumours and treated with DR-18 or vehicle.
Whereas transfer of wild-type T cells restored the response of Rag2”
mice to DR-18 treatment, /lI8r17" T cells conferred no benefit (Fig. 2f,
Extended Data Fig. 51). Furthermore, depletion of XCR1* ¢DC1 cells—
which are essential for priming anti-tumour CD8" T cell responses’*—
did not affect the efficacy of DR-18 during treatment (Extended Data
Fig.5m). Together, these results indicate that the direct activity of DR-18
onT cellsis sufficient to drive anti-tumour responses.

DR-18 remodels the immune TME

To investigate the consequences of DR-18 treatment on the TME, we
performed single-cell RNA sequencing (scRNA-seq) of YUMMER1.7
tumours after treatment with DR-18, mIL-18, or vehicle (see Methods).
Globally, DR-18 induced striking changes in clusters of lymphocytes,
macrophages, granulocytes, and fibroblasts (Extended Data Fig. 6a-d).
Consistent with the antibody depletion studies above, /181 and /l18rap
were expressed predominantly in T cells and NK cells. By contrast, most
Il18and Il18bp transcripts were expressed in fibroblasts, granulocytes
and macrophages (Extended Data Fig. 6e).

Analysis of Cd3e” clusters yielded five CD8" T cell clusters (CD8_1to
CD8_5)and two CD4" T cell clusters (CD4_1and CD4 _2; Fig. 3a). Cluster
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Fig.3|DR-18 treatment enhances T cell polyfunctionality and expands
stem-like TCF1' precursor CD8" T cells. a, t-SNE projection showing
Cd3e-positive cells presentin YUMMER1.7 and YUMMERL1.7-B2m™ tumours
coloured by cluster (see Methods). b, t-SNE projection showing distribution of
Cd3e’ cells coloured by treatment. ¢, Bar plot showing frequency of T cells
within each cluster asafunction of treatment. d, Heatmap showing mean
expression of curated gene listin CD8" T cell clusters from c. a-d, Dataare from
one experiment withn=3tumours pooled per condition. e-n, Wild-type mice
were subcutaneously engrafted with MC38 tumours and treated twice weekly
with PBS, IL-18, anti-PD-1, or DR-18 from day 7 after tumour implantation.
Tumourswere analysed on day 15by flow cytometry. e, Numbers of
tumour-infiltrating CD4" T cells, CD8" T cells, and NK cells in each treatment
group.f, g, Representative flow plots (f) and absolute numbers of

CD8_1wasexclusivetoand predominant after DR-18 treatment, and was
characterized by high levels of effector molecule transcripts (Ifng, Prf1,
and Gzmb), cell surface proteins (/[8r1 and Kirgl), and co-stimulatory
receptors (Fig.3b-d, Extended DataFig. 6f), consistent with an effector
(Te¢) phenotype™*. Conversely, most T cells from tumours treated
with mIL-18 or vehicle were found in cluster CD8_2, which exhibited
high expression of Tox, Cd101, Cd38, and Cd244 (Fig.3b-d, Extended
Data Fig. 6f), indicative of an exhausted (T) phenotype” . CDS_3
is likely to represent naive-like T (Ty) cells, which express lymphoid
homing markers and high levels of Tcf7. CD8_4 and CD8_5 showed
expression of cell division genes and the transcription factors Tcf7
and /d3, similar to stem-like precursor CD8" T cells that have been
foundin patients with chronic viral infection or tumours®2? (Fig. 3d).

612 | Nature | Vol 583 | 23 July 2020

polyfunctional CD8" T cells (g) measured by co-staining for intracellular IFN-y,
TNF-a, and granzyme B (GZMB) following ex vivo stimulation with phorbol
myristateacetate (PMA) andionomycin. h, i, Representative flow plots (h) and
quantification of intracellular TOX staining (i) inintratumoral CD44" CD8"*
Tcells.j, k, Representative flow plots (j) and absolute cell numbers (k) of DN
(PD-1'TIM3"), SP (PD-1'TIM3") or DP (PD-1'TIM3*) intratumoral CD44*CD8"
Tcellsineachtreatmentgroup.l, m, Representative flow plots (I) and absolute
numbers (m) of TCF1"intratumoral SPCD8" T cells. n, Absolute numbers of
IFN-y"intratumoral DP CD8" T cells.e-n, Dataare representative of three
independent experiments withn=5mice per group and presented as the
mean s.e.m. Pvalues were calculated using two-tailed unpaired Student’s
t-tests (e, i, m, n) or two-way ANOVA (g, k).

Overall, the two CD4 clusters were present at lower frequencies and
were differentiated by the expression of Foxp3in cluster CD4_1 (Fig. 3c,
Extended DataFig. 6f).

Treatment with DR-18 also affected intratumoral myeloid
populations (Extended Data Fig. 6g-j). Tumours from mice treated
with vehicle or mIL-18 primarily contained immunosuppressive
macrophages expressing Cx3crl, Apoe, Mrcl and Mertk® and mono-
cytes expressing Ccr2and Lyé6c (Extended Data Fig. 6g, k). By contrast,
DR-18-treated tumours predominantly contained cells from cluster
Mac_2, which exhibited high expression of Nos2, Argl, and Cd274, con-
sistent with a proinflammatory IFN-y-activated signature. We con-
firmed this phenotype by flow cytometry (Extended Data Fig. 61, m).
Additionally, we observed increased abundance of granulocytes
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Fig.4 |DR-18 promotes NK cell maturation and polyfunctionality to treat
MHC classI-deficient tumours. a, Kaplan-Meier survival curve of wild-type
mice engrafteds.c. withMC38-B2m™ tumours and treated twice weekly with
PBS, anti-PD-1plus anti-CTLA-4,IL-18, DR-18, or DR-18 plus anti-CD8 and
anti-NK1.1antibodies.b, ¢, t-SNE projections showing NcrI* cells presentin
YUMMER1.7 and YUMMER1.7-B2m™ tumours coloured by unique cluster (b)
and by treatment (c). d, Heatmaps showing mean expression of curated genes
foreachofthe NK cell clustersshowninb. e, f, Quantification of surface KLRG1
(e) and CD27/CD11b staining (f) by percentage on intratumoral NK cells from
theindicated treatment groups. g-i, Representative flow plots (g), absolute
numbers (h) and frequency (i) of intratumoral polyfunctional NK cells
measured by co-staining forintracellular IFN-y and granzyme B following ex
vivo stimulation with PMA and ionomycin. Data arerepresentative of three
independent experiments withn=5mice per group and presented as

mean ts.e.m. Pvalues were calculated using two-tailed unpaired Student’s
t-tests (e) and two-way ANOVA (f, h).

following DR-18 treatment (Extended Data Fig. 6a—c), similar to effects
previously observed following effective ICI treatment?.

DR-18increases polyfunctional TILs

To validate the TIL phenotypes identified using scRNA-seq, we per-
formed immunophenotyping of YUMMERL.7 or MC38 tumours from
mice treated with vehicle, mIL-18, or DR-18. We found anincrease in the

number and proliferativeindex (Ki67") of CD4" T cells, CD8" T cells, and
NK cellsintumours treated with DR-18 (Fig. 3e, Extended DataFig. 7a, b),
includinganincreasein CD44* CD8" T cells that co-expressed CD39 and
PD-1(Extended DataFig.7c-e). Intratumoral CD4" T cells, CD8" T cells,
and NK cells also showed enhanced staining for IFN-y, granzyme B, and
CD107aafter treatment with DR-18 (Extended Data Fig. 7f-k). Notably,
tumours from DR-18-treated mice showed a substantialincrease in the
number of polyfunctional CD8" T cells and NK cells (Fig. 3f, g, Extended
Data Fig. 71, m), a feature of an effective anti-tumour response”. Con-
cordant with their increased polyfunctionality, CD8" T cells from
DR-18-treated tumours expressed lower levels of TOX (Fig. 3h, i).

DR-18 expands intratumoral stem-like T cells

Durableimmunotherapeutic responses require astem-like CD8" T cell
precursor population that expresses TCF1 and PD-12°22526, These
stem-like cells differentiate into terminal effector cells, which lose TCF1
expression, acquire TIM3 and have agreater functional capacity, but are
limited in their ability to self-renew. In tumours treated with vehicle or
miL-18, thedistribution of cells between the PD-1' TIM3™ double-negative
(DN), PD-1" single-positive (SP), and PD-1'TIM3* double-positive (DP)
populations was similar. Treatment with DR-18, and to a lesser extent
anti-PD-1, shifted the distribution towards the SP and predominantly DP
fractions (Fig. 3j, k, Extended Data Fig. 8a, b). Analysis of TCF1 expres-
sionrevealed that DR-18—but not vehicle, mIL-18, or anti-PD-1—greatly
expanded the number ofintratumoral TCF1'CD44" CD8' T cells, specifi-
cally in the SP population (Fig. 31, m, Extended Data Fig. 8c-g). In the
DP population, DR-18 did not affect TCF1levels but did increase IFN-y
expression, as did anti-PD-1treatment (Fig. 3n, Extended Data Fig. 8h-
i). Notably, both TCF1" precursor and PD-1'CD44" CD8" T cells were
expanded in the tumour draining lymph nodes (tdLNs) in mice treated
with DR-18 (Extended Data Fig. 8j), suggesting that DR-18 expands a
reservoir of stem-like and activated T cells outside the tumour.

DR-18 drives anti-tumour NK responses

Downregulation or loss of MHC class I is a common feature of human
cancers and aresistance mechanism to immunotherapy®. Though loss
of MHC class Irenders tumour cells sensitive to NK-mediated cytotoxic-
ity, NK cells readily become exhausted in the TME®, We investigated
whether DR-18 treatment could restore NK cell function in MHC class
I-deficient tumours, which are refractory to treatment with ICI (Fig. 4a,
Extended Data Fig. 9a-e). In MC38-B2m™", YUMMERL1.7-B2m™" and
RMA-S (tapasin-deficient) tumours, treatment with DR-18 resulted in
tumour regressionin 30-75% of mice (Fig. 4a, Extended DataFig. 9a-e).
Antibody depletion studies indicated that NK1.1* cells were essential
for the anti-tumour activity of DR-18 in this setting (Fig. 4a, Extended
DataFig. 9b, d). Analysis of the intratumoral NK1.1' population after
treatment revealed an increase in the number of NK cells, with mini-
mal NKT cells or type 1innate lymphoid (ILCI) cells present (Extended
DataFig. 9f).

scRNA-seq profiling of YUMMERL.7-B2m™ tumours treated with
DR-18 or vehicle identified four clusters of NcrI* cells (NK_1to NK_4;
Fig. 4b, Extended Data Fig. 9g, see Methods). Unlike vehicle, DR-18
treatment induced NK_2 cluster cells (Fig. 4b, ¢), which exhibited
increased expression of effector molecule transcripts (Ifng, Prfl,
Gzmb), activating transcription factors (Irf8, Zeb2, Cbfb), and a dis-
tinct Ly49 repertoire (Fig. 4d). Flow cytometry analysis showed an
increase in NK cell maturation with enhanced proliferation and poly-
functionality following DR-18 treatment (Fig. 4e-i, Extended Data
Fig. 9h-j). Shedding light on the mechanism of NK-mediated tumour
killing elicited by DR-18, administration of neutralizing IFN-y anti-
bodies completely ablated DR-18 anti-tumour responses, whereas
FasL antagonist antibodies or perforin (PrfI) deficiency had no effect
(Extended Data Fig. 9k, I).
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HumanIL-18 engineered for IL-18BP resistance

Toassess the feasibility of translating the DR-18 approach tohumanIL-18,
we developed afunctional human (h) DR-18 through a parallel directed
evolution process. Surface plasmonresonance (SPR) showed that hDR-
18 bound strongly to IL-18Ra, but not to IL-18BP, for both human and
cynomolgus (Macaca fascicularis) proteins (Extended Data Fig. 10a).
Similarly, hDR-18 stimulated NFkB signalling in hIL-18 reporter cells, but
was notinhibited by IL-18BP (Extended Data Fig.10b, c). Finally, hDR-18
elicited IFN-y production in both human and cynomolgus peripheral
blood mononuclear cells (Extended Data Fig.10d, e).

Discussion

The powerful activity of DR-18 in mouse tumour models highlights
the potential of the IL-18 pathway to enhance anti-tumour immunity.
DR-18 expands stem-like TCF1* precursor CD8" T cells and biases their
differentiation towards polyfunctional T cells and away from TOX*
T cells. This mechanism appears distinct from the effect of blocking
PD-1, which augments the effector function of T cells, but does not
affect thenumbers of stem-like CD8" T cells, as we found here and was
previously described®. DR-18 also promotes NK cell responses against
ICI-refractory tumours that have lost MHC class | expression, a major
resistance mechanism that is not addressed by currently approved
immunotherapies.

The efficacy of DR-18 therapy contrasts with prior inferences about
IL-18 biology that have been made on the basis of mouse genetics and
pharmacologic studies with rIL-18. IL-18 is generally not required for
tumour immunosurveillance?” and some reports have suggested that
IL-18 has tumour-promoting roles* >3, However, pleiotropy is a com-
mon feature of cytokines, and factors such as dose, schedule, and site
of action can greatly affect their biological activity. For example, low
doses of IL-2 canbe used to therapeutically expand immunosuppressive
T,z cells®, but high doses stimulate CD8" T cells for tumour immuno-
therapy®. Thus, our results do not necessarily contradict these previous
findings, but rather highlight aspects of IL-18 pleiotropism that canbe
optimally tuned for cancer immunotherapy.

Dysregulation of IL-18 is associated with numerous autoinflammatory
diseases, which are characterized by increases in systemic concentra-
tions of free IL-18 relative to IL-18BP'*. Similarly, a case of biallelic loss
of IL1I8BP was recently associated with fulminant viral hepatitis®. It
is therefore conceivable that DR-18 therapy may evoke greater toxic-
ity than was seen previously in clinical trials of rIL-18. Nevertheless,
our preclinical studies thus far indicate that DR-18 is efficacious and
well-tolerated across a wide range of bioactive doses from 0.001 to
1.0mgkg™

Insummary, our results highlight a crucial role of IL-18BP as asecreted
immune checkpoint that fundamentally alters the biological effects
of IL-18. The ability of DR-18 to act on CD8" T cells stem-like TCF1*
CDS8'T cells, and NK cells provides a strong rationale for the clinical
development of DR-18 and other IL-18 receptor agonists.
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Methods

Patient specimens

Human plasma samples were collected at the University of Navarra
in Pamplona, Spain, from two cohorts: cohort1included 22 healthy
donorsand cohort2included 52 patients with NSCLC who were treated
with anti-PD-1 or anti-PD-L1 monoclonal antibodies. Samples from
patients with NSCLC were collected sequentially at the time of first visit
tothe clinic (baseline) and after starting anti-PD-1treatment (approxi-
mately 2-3 weeks later). Complete baseline and treatment character-
istics of the patients are summarized in Supplementary Table 1. The
study protocols were approved by the Institutional Review Board at
the University of Navarra (approval 11/2010) and all patients provided
written informed consent.

Mice

Mice were maintained at Yale University inaccordance with the guide-
lines of the Institutional Animal Care and Use Committee (IACUC). The
following mouse strains were used this study: WT C57BL/6 (Charles
River, C57BL/6NCrl or Jackson Labs, C57BL/6) 000664), BALB/c
(Charles River, BALB/cAnNCrl), /[18bp™ and Il18r17" (Yale, R. Flavell),
Rag2” (Yale, D.Schatz), XCRI"™ and TCR™ Transgenic (Yale, A. Iwasaki)
and Perforin™" (Yale, M. Bosenberg). Experiments were conducted
using age- and gender-matched mice in accordance with approved
institutional protocols.

Celllines

The following tumour cell lines were used in this study: YUMMERL1.7
(Yale, M. Bosenberg)®, MC38 (Yale, M. Bosenberg), RMA-S cell line (Yale,
C.Rothlin)?, CT-26 (ATCC, CRL-2638), B16-F10 (ATCC, CRL-6475) and
B16-F10p5; (Yale, A. Iwasaki). The YUMMERLI.7 cell line was cultured in
DMEM/F12 (Thermo Fisher, 11320-033) including L-glutamine and 2.438
g/lsodiumbicarbonate and supplemented with1x non-essential amino
acids (Thermo Fisher, 11140050), 10% fetal bovine serum (Thermo
Fisher,16140-071) and 1x penicillin and streptomycin (Thermo Fisher,
15140-122). All other cell lines were cultivated in RPMI-1640 (Thermo
Fisher, 21870-076) supplemented with 10% fetal bovine serum and
1xpenicillinand streptomycin. All cells were cultured at 37 °C, 5% CO,
and kept at low passage (-3-5 passages) once obtained from vendors
or collaborators.

MC38-B2m™ and YUMMERL.7- B2m™ cell lines were generated
using CRISPR-Cas9 technology. In brief,B2m guides (forward: CACCG
AGTATACTCACGCCACCCAC; reverse: AAACGTGGGTGGCGTGAGTA
TACTC) targeting exon 2 of the B2m gene were cloned into a Cas9-single
guide RNA (sgRNA) expression vector (PX458, Addgene, 48138) with
a GFP reporter. The plasmid was transiently transfected into each
parental line using Lipofectamine 3000 (Fisher Scientific, L3000-001)
according the manufacturer’s instructions. Forty-eight hours after
transfection, GFP-positive cells were sorted (BD FACS Aria) as single
cells into 96-well plates. B2m deletion was confirmed separately in
each clone using flow cytometry showing alack of MHC class I surface
staining following 12 h of in vitroincubation with recombinant murine
IFN-y (Peprotech, 315-05) at 100 U/ml. Single cell-derived clones of each
line that exhibited similar morphology, in vitro growth characteristics,
andin vivo tumour formation characteristics to the parental lines were
selected for experiments.

Stable H2B-GFP-expressing YUMMERL1.7 and YUMMERL.7-B2m™"
lines were generated and used for scRNA-seq experiments. In brief,
lentivirus was produced using pCMV-VSV-G (Addgene, 8454) and
psPAX2 (Addgene, 8454) with an H2B-GFP plasmid (Addgene, 25999)
in 293T cells. 293T cells were transfected with 10 pg of a1:2:4 (VSV-G:
PAX-2: H2B-GFP) mixture of plasmid DNA in X-treme GENE 9 transfec-
tion reagent (Sigma, 6365779001) according to the manufacturer’s
instructionsin Opti-MEM (Thermo Fisher, 31985088). After overnight
incubation, the medium was replaced with normal growth medium

(DMEM) and incubated for 48 h, after which time the medium was
harvested and filtered through a 0.45-pM filter. Untitred viral super-
natant was applied to YUMMERL.7 and YUMMER1.7-B2m™" lines for
48 h. Single GFP* tumour cells were sorted into individual wells of
96-well plates by fluorescence-activated cell sorting (FACS) (BD FACS
Aria). Single-cell-derived clones of YUMMERL.7 and YUMMERL.7-B2m™"
expressing GFP that exhibited similar morphology, in vitro growth
characteristics, and in vivo tumour formation characteristics to the
parental lines were selected for experiments.

Cell lines tested negative for mycoplasma contamination using a
universal mycoplasma detection kit (ATCC 30-1012K).

ELISA

IL-18BP and IFN-y ELISAs were performed using Human IL-18 BPa Quan-
tikine ELISA Kit (R&D system, DBP180), mouse IL-18BPd DuoSet ELISA kit
(R&D system, DY122-05), mouse IFN-y ELISA MAX Deluxe kit (Biolegend,
430804), human IFN-y Quantikine ELISA Kit (R&D system, DIF150),
and primate IFN-y DuoSet ELISA (R&D system, DY961) according to
the manufacturers’instructions.

Immunohistochemistry

Human tumour tissue microarrays (TMAs) were obtained from the
Yale Tissue Microarray Facility. IL-18BP immunohistochemical stain-
ing of the TMAs was performed by the Yale Dermatopathology labo-
ratory using anti-IL-18BP antibody clone EP1088Y (Abcam) and was
previously validated®®**. The melanoma TMA was stained with Azure
blue so that melanin (turned green) could be differentiated from the
DAB chromagen (brown). All scorable tumour cores were included
in this analysis. Melanoma TMA (YTMA-192) contained 282 scorable
tumour cores. Breast cancer TMA (YTMA-353) contained 114 scorable
tumour cores. Head and neck cancer TMA (YTMA-305) contained 76
scorable tumour cores. Gastric cancer TMA (YTMA-141) contained 62
tumoursscorable tumour cores. Ovarian TMA (YTMA-264) contained
226 scorable tumour cores. Where available, cell lines and normal tis-
sue on the TMAs were used as controls. Scoring was performed by a
board-certified pathologist (M.W.B.) in ablinded fashion. Cores were
scored as negative (0) or positive (1+, 2+, or 3+).

Mouse IL-18BP immunohistochemical staining was performed on
1118bp™" spleen, wild-type spleen (IL-18 treated) and tumour (MC38)
using anti-IL-18BP antibody (clone EP1088Y; Abcam). Tissue was
fixed in 4% PFA overnight on ice. Post-fixation samples were embed-
ded in paraffin and sectioned at 5 um before staining. The number of
IL-18BP-positive cells per high-power field was quantified in representa-
tive sections from each condition.

mRNA quantification

Whole blood and tumour samples were harvested in Trizol and total
RNA was extracted using the RNeasy kit (Qiagen, Q74104) according to
the manufacturer’sinstructions. The total RNA was reverse transcribed
using Oligo(dT) primers and Maxima H Minus Reverse Transcriptase
(Thermo Fisher, EP0752). Il18bp expression was assayed by real-time
PCR using iQ SYBR Green Supermix (Bio-rad, 1708880) with primers
(forward: GAGGGCCACACAAGTCGC; reverse: GCTGGGCCAGAATGA
TGTGA) onan ABI7900HT real-time PCR system. Actb (B-actin) was used
asacontrol (forward: AGGTGACAGCATTGCTTCTG; reverse: GCTGCC
TCAACACCTCAAC). All values were normalized to expression levels
in naive mouse spleen. Measurements were performed in triplicate
for each sample.

Protein expression, purification and biotinylation

The mature form of mouse IL-18 (amino acids 37-193) and associated
variants were assembled as gene blocks (Integrated DNA Technologies,
IDT) and cloned into a pTZ-SH vector for expression of N-terminal
SUMO-tagged and C-terminal hexahistidine-tagged proteinsin Escheri-
chiacoliBL21(DE3) Rosettastrain (Fisher Scientific, 70954-3). Protein
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expressionwasinduced with 0.5 mM IPTG at 16 °C for 20 h. The fusion
proteins were first purified using an Ni-NTA column (Fisher Scientific,
P188223), followed by removal of the SUMO tag with the SUMO pro-
tease Ulpl. Next, the protein solution was buffer-exchanged to remove
imdizaole and re-applied to asecond Ni-NTA column to remove the free
SUMO tag. The eluted protein was concentrated and separated from
aggregates by gel-filtration (Column SEC70, Bio-rad). Protein from the
mono-disperse peak was pooled and loaded on afinal Ni-NTA column
forendotoxin removal with 0.2% Triton X-114 at 4 °C. Finally, the eluted
protein was buffer exchanged into sterile, endotoxin free PBS using a
PD-10 column (GE Healthcare) and flash-frozen in liquid nitrogen for
long-term storage at —80 °C.

The mouseIL-18Ra ectodomain (amino acids 19-329) and IL-18 bind-
ing protein (IL-18BP, amino acids 31-194) were expressed by transient
transfection of Expi293 cells (Thermo Fisher). Both sequences were
cloned into the pEZT_D_Lux vector with an N-terminal H7 signal pep-
tide and a C-terminal AviTag and hexahistidine tag. Plasmids were
transfected into Expi293 cells by ExpiFectamine 293 Transfection Kit
(ThermoFisher, A14524) per the manufacturer’sinstructions. Cells were
harvested 3-5 days after transfection. Proteins were captured from
cell supernatant via Ni-NTA chelating resin and further purified by size
exclusion chromatography (Column SEC70, Bio-rad) into afinal buffer
of HEPES buffered saline (HBS; 10 mM HEPES, pH 7.5,150 mM NaCl).

For proteinbiotinylation, proteins were expressed with a C-terminal
biotin acceptor tag (AviTag)-GLNDIFEAQKIEWHE. After Ni-NTA chro-
matography, protein biotinylation was carried out at room tempera-
ture for 2 h with soluble BirA ligase enzyme in 0.1 mM bicine (pH 8.3),
10 mM ATP, 10 mM magnesium acetate, and 0.5 mM biotin (Avidity,
BIO500). Biotinylated proteins were then purified by gel-filtration as
described above. Biotinylation efficiency was assessed using an SDS/
PAGE streptavidin-shift assay.

Yeast display of IL-18

The nucleotide sequence of the mature form of mouse IL-18 (amino
acids 37-193) was cloned into an N-terminal displayed vector, pYAL,
and displayed on the surface of yeast strain Saccharomyces cerevisiae
EBY100. Yeast were maintained and expanded in liquid synthetic dex-
trose mediumwith casamino acids (SDCAA) at 30 °Cand theninduced
toexpress IL-18 inliquid synthetic glucose medium with casamino acids
(SGCAA) at20 °Cfor24-48h. The displayed protein level was verified by
staining with a C-terminal Myc tag antibody (Cell Signaling Technology,
3739S).Biotinylated IL-18Ra and IL-18BP binding was detected using a
fluorescent streptavidin phycoerythrin secondary and quantified by
flow cytometry using a Sony SA3800 flow cytometer.

Mouse IL-18 library construction and selection
ThirteenresiduesinIL-18 whichwerein contact withbothIL-18Racand
IL-18BP were identified by aligning the structure of hIL-18-hIL-18Ra-
hIL-18RB complex (Protein Data Bank (PDB) ID3WO4) to the structure
of hIL-18: ectromelia virus IL-18BP complex (PDBID 3F62). Alibrary ran-
domizing these residues was constructed using assembly PCR with the
degeneration primers. The PCR products were further amplified with
primers containinghomology tothe pYAL vector and co-electroporated
into EBY100 competent yeast together with linearized pYAL vector. The
resulting library was later measured to contain 4.0 x 10® transformants.
Transformed yeast were recovered and expanded in SDCAA medium
at 30 °C, induced by 1:10 dilution into SGCAA medium and cultured
at20 °Cfor24-48 h. The appropriate numbers of induced yeast were
usedineachroundtoensure atleast tenfold coverage of the expected
diversity, and notless than 108 cells. All selection steps were carried out
at4 °Cusing PBE buffer (PBS with 0.5% BSA and 2mM EDTA). For round
1, theyeastlibrary was counter-selected with anti-Cy5/Alexa Fluor 647
microbeads (Miltenyi, 130-091-395) with an LS MACS column (Miltenyi,
130-042-401) to remove non-specific binders. Positive selection was
performed by labelling yeast with 1uM biotinylated IL-18R«, followed

by magnetic selection with Alexa Fluor 647 microbeads and the LS
MACS column. Forround 2, counter-selection reagent was changed to
1puMbiotinylated IL-18BP while the IL-18Ra concentration was keptat1
HKM. Forrounds 3-5, selection was performed by incubating yeast with
Alexa Fluor647-conguated IL-18Ra at concentrations of 100 nM (round
3),100 nM (round 4), or 10 nM (round 5) in the presence of 250 nM
pre-formed and biotin-capped IL-18BP:SA-PE tetramers. IL-18 display
levels were determined by staining with Alexa Fluor 488-conjugated
anti-Myc (Cell Signaling Technologies, 2279S). Yeast were selected by
FACS sorting with a Sony SH800 cell sorter by excluding IL-18BP (PE)
binders and gating the top 1% of display-normalized IL-18Ra binders.
After eachround of selection, recovered yeast were expanded in SDCAA
mediumat 30 °C overnightand laterinduced at 20 °Cby a1:10 dilution
into SGCAA medium for 24-48 h.

Surface plasmon resonance

SPR experiments were conducted using a Biacore T100 and carried
out at 25 °C. Interactions were measured using either conventional
multiple-cycle programs or a single-cycle kinetics program. Mouse,
human, or cynomolgus biotinylated IL-18Ra or IL-18BP were immobi-
lized onto a Biacore biotin capture chip (Series S CAP sensor chip, GE
Healthcare) to yield a Rmax of ~50 RU (IL-18Ra) or ~10 RU (IL-18BP).
Measurements were made with half-log dilutions of the IL-18 variants
in HBS-P+buffer (10 mM HEPES pH 7.4,150 mM NacCl, 0.005% surfactant
P20). The surface was regenerated by three 60-s injections of regen-
eration buffer (3/4 (v/v) 8 M guanidine hydrochloride +1/4 (v/v) 1M
sodium hydroxide). Experiments were performed in multiple channels
for duplicate measurements (F,,and F, ;). Alldata were analysed with
the Biacore T100 evaluation software version 2.0 with a 1:1 Langmuir
binding model.

Isolation oflymphocytes

Spleens were dissociated using a 70-pum cell strainer and red blood
cells were lysed using ACK buffer (Thermo Fisher, A1049201). Lymph
nodes were dissociated using a 70-pum cell strainer. Tumours were cut
into small pieces in the presence of 3 ml RPMI-1640 supplemented
with1% FBS. Collagenase IV (Gibco, 17104019, final concentration 1mg/
ml) and Dnase I (Roche, 10104159001, final concentration 0.2 mg/ml)
were added and samples were incubated at 37 °C for tissue digestion.
After 30 min of digestion, 6 ml of RPMI-1640 with 10% FBS was added
toneutralize protease activity and tumour tissues were forced through
70-um cell strainers to prepare single-cell suspensions. Cells were then
washed twice and resuspended in 1-3 ml of RPMI-1640 with 1% FBS
medium for downstream analysis. Cell concentrations were counted
using a Beckman Coulter particle counter.

Ex vivo stimulation of splenocytes and PBMCs
For the mouse IL-18/DR-18 stimulation assay, approximately 1 x 10°
mouse splenic lymphocytes were stimulated ex vivo with a range of
concentrations of mouse IL-18 or DR-18 from 0.00316 to 316 ng/ml.
For the mouse IL-18BP inhibition assay, 1 x 10° splenic lymphocytes
were stimulated ex vivo with a fixed concentration of IL-18 (1nM) or
DR-18 (0.5 nM) and range of IL-18BP concentrations (0.01to 100 nM).
All stimulations were performed in the presence of mIL-12 (10 ng/ml,
Peprotech, 210-12) and protein transportinhibitor (1:200, BD Golgiplug,
554724) for 4 hin RPMI containing 10% fetal bovine serum at 37 °C. Cells
cultured with IL-12 alone were used as negative controls, and PMA/
ionomycin was used as a positive control. After 4 h, IFN-y expression
was measured on NK cells by flow cytometry, gating on CD37/NK1.1".
Data were normalized by subtracting the background MFI from the
unstimulated control and defining the largest mean value as100%.
For human and cynomolgus peripheral blood mononuclear cell
(PBMC) stimulation assays, approximately 0.6 x 10° human (PPA,
15-00012) or 0.3 x 10° cynomolgus (BiolVT, M3-010-C20M) PBMCs
were stimulated ex vivo with gradient of human IL-18 or DR-18 ranging



from 0.0316 to 1,000 ng/ml. All stimulations were performed in the
presence of hIL-12 (10 ng/ml, Peprotech, 200-12H) for 12 hin RPMI con-
taining 10% fetal bovine serum. IFN-y production after stimulation was
measured using corresponding human and cynomolgus ELISA kits per
the manufacturers’ instructions.

Human IL-18 reporter assay

The IL-18 HEK-Blue assay (InvivoGen, hkb-hmil18) was performed
according to the manufacturer’sinstructions. Inbrief, 5x10* cells were
seeded into each well of a 96-well plate and stimulated with 0-100
ng/mlof hIL-18 or DR-18 for 24 h at 37 °C and 5% CO,. Forty microlitres
of cell culture supernatant was then taken from each well and mixed
with 160 pl QUANTI-Blue medium in a 96-well plate, incubated for 3 h
at37°Cand 5% CO,, and then read in a microplate reader at 655 nm.

Tumour treatment studies

The numbers of tumour cells engrafted were as follows: 0.5 x 10°
MC38 cells, 0.5 x 10° YUMMERL.7 cells, 0.5 x 10° MC38-B2m ™" cells,
1x10°YUMMERL.7-B2m™" cells, 1 x 10° RMA-S cells, 0.25 x 10° CT26
cells, 0.25 x10°B16-F10 cells, and 0.25 x 10° B16-F10,,3; cells. Tumours
were engrafted subcutaneously into the flanks of 8-10-week-old
age-matched female or male mice. YUMMER1.7 and YUMMERL.7-B2m™"
cells were implanted only into male mice, as this cell line was derived
fromamale mouse. Treatment was initiated when mean tumour size was
between 50 and100 mm? (usually at day 7 post engraftment); mice with
tumours smaller than 30 mm?® or larger than 150 mm? were excluded
from randomization. Remaining mice were randomized into designated
groups to ensure an approximately equal average tumour size. Mice
were then treated with the designated test articles by intraperitoneal
injection twice weekly for a total of 3-5 doses (as indicated in the text).
Pilot dose-finding studies with MC38 tumours indicated that DR-18
treatment resulted in tumour growth inhibition (TGI), tumour regres-
sion, and clearance at doses as low as 10 pg/kg and at schedules as infre-
quentasadministration once every two weeks, with 0.32 mg/kg given
bi-weekly representing the maximally efficacious regimen. Test articles
weredilutedinsterile PBS and dosed as follows: anti-PD-1 (RMP1-14, Bio
X Cell) 8 mg/kg, anti-CTLA-4 (9H10, Bio X Cell) 8 mg/kg, IL-18 0.32 mg/
kg and DR-18 0.32 mg/kg administered twice weekly. Control groups
were treated with sterile PBS or isotype control antibodies. Tumour
growth was tracked twice weekly by caliper measurement. Tumour
volume was calculated using volume = 0.5 x length x width x width. Mice
were euthanized when tumours reached endpoints (volume greater
than or equal to 1,000 mm?* (MC38, CT26, and B16-F10) or 500 mm?
(YUMMERL1.7 and RMA/S), or volume greater than or equal to 500 mm?
(MC38, CT26,and B16-F10) or 250 mm? (YUMMERL.7 and RMA/S) plus
tumour ulceration). Survival analyses reflect this endpoint.

Forimmune cell depletion (CD4/CD8/NK) and effector molecule
neutralization (IFN-y/FasL) studies, antibodies against CD8a (2.43, Bio
Xcell or TIB210, Bio X cell), CD4 (GK1.5, Bio X cell), NK1.1 (PK136, Bio X
Cell), IFN-y (R4-6A2, Bio X or XMG1.2, Bio X cell), and FasL (MFL3, Bio
X cell) were used. Antibodies were administered by intraperitoneal
injection starting on day 6 (one day before therapy initiation) and
were continued twice weekly for the duration of the experiment. All
depleting antibodies were used at 8 mg/kg per treatment. Lymphocyte
depletions were confirmed in peripheral blood lymphocytes by flow
cytometry with the following antibodies: CD8a (53-6.7), CD4 (RM4-5)
and NKp46 (29A1.4).

For tumour re-challenge studies, mice exhibiting complete tumour
regression asaresult of DR-18 treatment were re-inoculated subcutane-
ously with twice the initial dose of MC38 tumour cells (1 x10°) 30 days
after theinitial tumours were cleared. As a control, naive C57BL/6) mice
were challenged at the same time. Tumour growth and survival were
monitored twice weekly as stated above for up to 60 days.

For ablation of cDC1studies, WT and XCRI°™ were injected i.p., with
25ngdiphtheriatoxin (DT) (150, List Biological Lab) per gram of body

weight on day 6 post tumour engraftment. To maintain DT ablation,
micereceived100 ng DT per gram of body weight twice weekly after the
initial DT injection. cDC1depletion was confirmed by flow cytometry.

For FTY720 experiments, FTY720 (S5002, Selleck Chemicals) was
reconstituted in water (10 mg/ml) and diluted in PBS. Wild-type mice
were treated i.p. with3 mg/kg starting on day 6 (one day before therapy
initiation) and continuing twice weekly together with DR-18 treatment
for the duration of the experiment. FTY720 efficacy was confirmed by
measuring the reductionin CD3" T cells in the blood.

All animal experiments were randomized immediately prior to ini-
tiation of treatment. The investigators were not blinded to allocation
during experiments and outcome assessment.

Adoptive transfer experiments

CD3" naive T cells were purified from the spleen and lymph nodes of
wild-type or /[18r1”7~ mice using a mouse pan-naive T cell isolation kit
(Stemcell, 19848) by magneticbased bead sorting. Purified T cells were
thentransferred into Rag2” mice (nine million cells per recipient) by
retro-orbital intravenous injection. Tumour treatment studies were
then conducted as described above.

Immunophenotyping of tumour-engrafted mice
Mice with MC38, MC38-B2m™, YUMMERL.7, and YUMMERL.7-B2m™"
tumours forimmunophenotyping were engrafted and treated in the
same way as for tumour growth studies. Mice were euthanized 24 h
after the third dose of saline, anti-PD-1, IL-18, or DR-18 (day 15 after
engraftment), or atindicated time point, and spleens, draininglymph
nodes, and tumours were harvested for analysis. Tumours were dis-
sociated for analysis as previously described. Cell surface staining
of single-cell suspensions from spleens and tumours was performed
using fluorophore-conjugated antibodies (BD Biosciences, eBioscience,
BioLegend, Tonbo, & R&D Systems; see below). Allsamples were stained
with Zombie Yellow (Biolegend, 423104) toidentify dead cellsand incu-
bated with Fc receptor blocking antibody (Fisher Scientific, 553142).
Intracellular staining was performed by fixing and permeabilizing
withthe eBioscience Foxp3/Transcription Factor Staining Set (Thermo
Fisher, 00-5523-00) or Cytofix/Cytopermkit (BD Biosciences, 554714).
Forendogenous cytokine production measurement, single-cell suspen-
sions of splenocytes and tumour cells were incubated with Golgi-plug
(1:500, BD Biosciences, 555029) for 4 h at 37 °C. For polyfunctional
cytokine production measurement, single-cell suspensions of spleno-
cytesand tumour cells were stimulated with a PMA/ionomycin cocktail
(1:200, Biolegend, 423304) and incubated for 4 hat 37 °C. Cells cultured
inmediumalone (without stimulation) were used as anegative control.
Cell staining was performed using the following fluorophore-
conjugated antibodies: CD45 (30-f11), CD8« (53-6.7), CD4 (RM4-5),
TCRP (H57-597),CD3e (17A2),CD19 (ID3), NK1.1 (PK136), IL-18Ra (P3TU-
NYA), B2m (A16041A), Ki67 (16A8), KLRGI1 (2F1), IFN-y (XMG1.2), GZMB
(QA16A02), TNF-a (MP6-XT22), CD107A (1D4B), PD-1 (RMP1-30 and
29F.1A12), TIM3 (RMT3-23), CD44 (IM7), CD62L (MEL-14), CD103 (2E7),
CD11b (M1/70),CD27 (LG.3A10), EOMES (Danllmag), FOXP3 (FJK-16s),
CD200R1(0X-110), CD49b/DX5 (DX5), F4/80 (BM8.1), CD64 (X54-5/7.1),
CD11c (N418), Ly6C (HK1.4), Ly6G (1A8), I-A/I-E (M5/114.15.2), CD90.1
(0OX-7), CD39 (24DMS1), NOS2 (CXNFT), TCF1 (C63D9) and TOX
(REA473). Fluorescence spectra were acquired using a LSRII flow
cytometer and analysed by FlowJo (Version 10). For flow cytometry
analysis, naive mouse splenocytes or fluorescent minus one (FMO)
staining was used for gating.

scRNA-seq sample preparation

Biological replicates from n =3 pooled mice were processed for each
experimental condition from YUMMERL.7 and YUMMERL.7-B2m™"
tumours. Biological replicates were then pooled together at the
single-cell suspension stage with an equivalent number of cells from
eachreplicate. The following populations were sorted and purified: P1:
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GFP"CD45'CD3" (T cells), P2: GFP"CD45'CD3" (non-T immune cells), P3:
GFP"CD45°CD3" (tumour and stromal cells). P1, P2, and P3 for each
sample were then mixed back together ata2:1:1ratio, respectively. Five
thousand cells fromeach of the mixed sorted samples for each condi-
tion were loaded onto the 10x Genomics Chromium System. Library
preparationwas performed using 10x Genomics reagents according to
the manufacturer’sinstructions by the Yale Center for Genome Analysis
(YCGA) and passed quality control. Libraries were sequenced using an
lllumina HiSeq 4000 (one library per lane) at the YCGA.

scRNA-seq analysis

Samples were processed using the Cellranger software suite com-
mands cellranger mkfastq for processing raw call files into fastq files.
Cellranger count was used to align reads to acustom mm10 reference
modified toinclude eGFP (marking tumour cells), tofilter reads, and to
generate a cell-by-gene matrix for each sample library. Libraries were
aggregated using cellranger aggr without normalization to generate a
single cell-by-gene matrix. Based on Gapdh expression, the top 14,000
cells ranked by nUMI were retained for analysis. The Seurat package
forRv.2.3.4*was used to process the matrix and perform downstream
analysis. Expression values were log-normalized with a scaling factor
of10*, and the 2,509 most variable genes were detected and used for
further analysis with the FindVariableGenes function. Values were
scaled to number of UMIs and percent mitochondrial genes, and
principle component analysis (PCA) was performed on the most vari-
able genes. The FindClusters command was used to perform ashared
nearest neighbour (SNN) modularity optimization-based clustering
algorithm using a resolution of 1.0, and tSNE dimensional reduction
was calculated on the first 50 principle components to visualize data.
Clusters consisting of cells with low/null expression of Gapdh and Enol
(non-cells), or co-expression of cell-type exclusive markers (doublets)
such as Cd3e and Cd68 were removed from further analysis by the
SubsetData command, and variable genes were re-identified, data
were re-scaled and PCA clustering and tSNE were re-run as described.
Clusters containing the following cell types were identified using cell
type markers: Tumour cells (eGFP), Myeloid cells (Cd68), NK cells (Ncr1),
T cells (Cd3e), Neutrophils (Lcn2), and subsets of these groups were
identified by markers noted in heatmaps (Extended Data Fig. 6d). Cell
type assignments for each cluster were verified by comparing with
ImmGen data sets*. T cells, NK cells, and myeloid cells were subsetted
andre-analysed separately as described above. Cluster frequencies by
library were normalized to the number of cells per library and column
plots were generated using ggplot2 v. 3.2.0 (Extended Data Fig. 6¢).
Gene expression t-SNE plots were plotted using ggplot2 v 3.2.0. For
heatmaps, mean scaled expression values of each gene were calculated
per cluster and plotted using pheatmap v 1.0.12 with values scaled by
row (gene). Cell cycle scoring was performed using the Seurat CellCy-
cleScoring command using mouse gene sets orthologous to previously
described human gene sets*.

Analysis of TCGA data

IL18BPexpressioninindividual cancer versus counterpart normal tis-
sues was analysed using TCGA cancer databases. Median and mean
values were calculated. Human /L18BP mRNA differentiated expres-
sion, correlation with CD3E, CD8A and PDCDI1 data for multiple cancers
and matched normal tissues were obtained from TCGA and the GTEx
projects and analysed by webserver GEPIA2. The original microar-
ray data was normalized by cancer browser (http://xena.ucsc.edu/
welcome-to-ucsc-xena/) and then analysed using R. The error bars in
figures represent s.e.m.

Statistical analysis

Statistical analyses were conducted using Rv.3.4.0 and Prism 8 (Graph-
Pad Software). Pearson’s r was calculated with the R function cor ().
Ordinary one-way or two-way ANOVA with Tukey’s multiple compari-
sonstest, or atwo-tailed paired or unpaired Student’s t-test (see Figure
legends) were used to determine statistical significance (*P < 0.05,
**P<0.01,**P<0.001, ***P<0.0001). The mean and s.e.m. are pre-
sentedinthe Figures. No statistical methods were used to predetermine
sample size.

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

Data availability

All data generated during this study are available within the paper.
The scRNA-seq data were deposited on Gene Expression Omnibus
(GSE146609). Source data are provided with this paper.
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Extended DataFig.1|Regulation ofthe IL-18 signalling axisin the TME.

a, Distribution of intratumoral CD8" T cell transcripts by dysfunction and
activation gene scores, adapted from Singer et al.*’. Blue points mark a curated
list of cytokine and cytokine receptors. Red points mark //18, Il18r1, Il18rap.
b-f, Wild-type C57BL/6 mice were subcutaneously engrafted with the
indicated mouse syngeneic tumour. Tumour and spleen were removed and
analysed by flow cytometry at day 7 after engraftment. b, ¢, Representative
flow plots (b) and quantification of percentage of IL-18Ra expression (c) on
splenicandintratumoral CD4" T cells (NK1.1,, CD3*, TCRf*, CD4"), CD8" T cells
(NK1.1,CD3", TCRB", CD8"), NK cells (CD3", TCRB", NK1.1°, CD200RT’) from
wild-type mice engrafted with MC38 cells. d, Percentage IL-18Ra expression on
splenicandintratumoral CD4" T cells, CD8" T cells, and NK cells from wild-type
mice engrafted with YUMMERL1.7 cells. e, f, Representative flow plots (e) and
quantification of surface CD44 and IL-18Ra expression (f) on CD8" T cellsin
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spleenand tumour from MC38 tumour-bearing mice. g, Normalized
quantification of /lI8bp by qPCRin blood and tumour lysate assessed at day 7
afters.c. engraftment of wild-type mice with MC38 tumours, treated with PBS,
IL-18 or anti-IFN-y +IL-18. h, Quantification of plasmaIL-18BP protein level by
ELISA atday 7 after s.c. engraftment of wild-type mice with MC38 tumours,
treated witheither PBS or IL-18. i, Representative immunohistochemistical
staining for IL-18BP from [18bp™ mouse spleen, wild-type spleen, MC38
tumour, or MC38 tumour treated with one dose of IL-18, and assessed on day 7.
Scalebar, 25 pm. j, Quantification of IL-18BP” cells per high power field (HPF) in
representative sections fromeachgroupini.b-f,i, Dataare representative of
twoindependent experiments with n=5mice per group.g, h,j, Dataare pooled
fromtwo independent experiments with n=5mice per group. Pvalues were
calculated using two-way ANOVA (c, d, f) or two-tailed unpaired Student’s
t-tests(g, h,j),and dataare presented asmean+s.e.m.
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Extended DataFig.2|See next page for caption.



Extended DataFig.2|IL-18BP levelis elevated in human cancers and
correlated with T cellinfiltration. a, Expression of /LI8BPtranscriptsin
normal (blue) or cancer (red) tissues from the TCGA database. CHOL,
cholangiocarcinoma; DLBC, diffuse large B celllymphoma; GBM, glioblastoma
multiforme; HSNC, head and neck squamous carcinoma; KIRC, kidney renal
clear cell carcinoma; PAAD, pancreatic adenocarcinoma; SKCM, skin cutaneous
melanoma; STAD, stomachadenocarcinoma (*P<0.01).b-d, Correlation of
IL18BPexpressionwith T cellmarkers CD3E (b), CD8A (c) and PDCDI (d) from the
TCGA database for SKCM (n=558), BRCA (breastadenocarcinoma, n=1,085),
HNSC (n=44),STAD (n=221),and OV (ovarian cancer,n=426). e, Frequency of
IL-18BP immunohistochemistry staining levels in human tumour tissue

microarrays. Each sample was scored as negative (0) or positive (1+, 2+, or 3+).
Representative images are shown for each staining level. f, Quantification of
plasmalL-18BP protein level by ELISA for healthy donors (n=22) and patients
withNSCLC (n=52) atbaseline before treatment and at the time of the
following CT scan after receiving treatment with anti-PD-(L)1 (n=52).

g, Representative mean tumour growthin wild-type (left) and /[18bp™" (right)
mice engrafteds.c. withMC38 tumours and treated with PBS or IL-18. Dataare
representative of threeindependent experiments with n=5mice per group.
Pvalues were calculated using one-way ANOVA (a, f) or two-way ANOVA (g), and
dataare presented asmeants.e.m.
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Extended DataFig. 3| Generation of decoy-resistant IL-18. Related to Fig.1.
a, Structural alignment of hIL-18 (green)-hIL-18Ra/R (cyan) complex (PDB ID
3WO04) with hIL-18-VIL-18BP (blue) complex (PDBID 3F62). b, ¢, Representative
surface plasmon resonance (SPR) sensorgrams of mouse WTIL-18 binding to
IL-18Ra (b) or IL-18BP (c). IL-18Ra measurements were conducted using a
conventional multiple cycle program, whereas IL-18BP measurements were
conducted using asingle-cycle program. d, Dose-response curves of IL-18BP
proteinantagonizing IL-18Ra in complex with indicated IL-18 and mutants

(E42A,K89A and E42A/K89A). Experiments were performed in duplicate (n=2).

e, Randomized positions of murine IL-18 to create DR_18, with the
corresponding degenerate codonand the potential amino acid ateach

position. f, Summary of the experimental design for directed evolution and
yeast selection process to generate DR-18. Yeast libraries were selected for IL-
18Ra binding and counter-selected against IL-18BP using magnetic-activated
cellsorting (MACS; rounds1and 2) and subsequently FACS (rounds 3-5). Blue
text (right) indicates positive selection reagent, and red text (left) shows the
counter-selectionreagent. g, Structural representation of DR-18 mutation
positionsinIL-18Ra and IL-1BP binding overlap region. Side chains froma
minimized set of mutations up to six consensus residues (1IN, 50M, 52K, 55E,
56V and 59L) aredisplayed as stick models.b-d, Data arerepresentative of two
independentexperimentsand are presented as mean+s.e.m.
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Extended DataFig. 4 | Anti-tumour efficacy of DR-18 in syngeneic tumour
models. Related to Fig. 2. Wild-type mice were engrafted s.c. with 0.5 x10°
MC38 or YUMMERL1.7 tumour cells. From day 7 after engraftment, when
tumour size reached 50-100 mm?®, mice were treated twice weekly with PBS, or
0.32mg/kg1L-18 or DR-18.a, Representative spider plots depicting MC38
tumour growth in wild-type mice treated with PBS, IL-18, DR-18, anti-PD-1, IL-18
+anti-PD-1, or DR-18 +anti-PD-1. b, e, Representative mean tumour growth (a)
and Kaplan-Meier survival curves (e) of wild-type mice engrafted s.c. with
YUMMERL1.7 cells and treated with PBS, IL-18, DR-18, anti-PD-1, IL-18 + anti-PD-1,
or DR-18 +anti-PD-1. Arrows signify days of treatment. ¢, f, Mean tumour growth
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(c) and Kaplan-Meier survival curves (f) of wild-type Balb/c mice engrafteds.c.
with 0.25x10°CT-26 colon carcinoma cells and treated with PBS, anti-PD-1,
IL-18, or DR-18.d, g, Mean tumour growth (d) and and Kaplan-Meier survival
curves (g) of wild-type mice engrafted s.c. with 0.25 x10° B16-F10 melanoma
cellsand treated with PBS, IL-18, or DR-18 from day 7. h, Mean tumour growth of
wild-type mice engrafteds.c. withMC38 cells and treated with PBS, IL-18, CS1or
CS2 (DR-18), withtheindicated doses. a-d, h, Dataare representative of three
independent experiments withn=5mice per group. e-g, Dataare summary of
three (e) or two (f-h) independent experiments with n=5mice per group. Data
arepresentedas meants.e.m.
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Extended DataFig. 5|See next page for caption.




Extended DataFig.5|DR-18 acts onantigen-specific T cellsin the tumour.
Related toFig.2.a, Kaplan-Meier survival curves of mice engrafted with
YUMMERL.7 tumours and treated with PBS, DR-18, or DR-18 and anti-CD4, anti-
CDS8, anti-NK1.1, or anti-IFN-y antibodies. Treatment parameters were the same
asfor MC38 tumours (Fig.2a, see Methods). b, Kaplan-Meier survival curves of
wild-type or Rag2” mice engrafteds.c. with MC38 tumours and treated with
PBS or DR-18. ¢, Kaplan-Meier survival curves of mice re-challenged with

1.0 x10°MC38 tumour cells after successful DR-18 treatment compared to
naive mice engrafted with 1.0 x10° MC38 cells for the first time. d-i, Thyl.1' P14
CD8 T cells (2.0 x10°) were adoptively transferred into wild-type mice, which
were thenengrafteds.c. with 0.25x10° B1I6F10-gp33 tumour cells one day later.
Mice were thentreated twice weekly with PBS or DR-18 (0.32 mg/kg) once
tumours reached 50-100 mm?for a total of three treatments. d—f,
Representative flow plots (d), quantification of frequency (e), and absolute
number of antigen-specific tumour-infiltrating P14 CD8" T cells (f), as defined
by Thyl.1' and Gp33-tetramer. g, Percentage of IFN-y on intratumoral antigen-
specific (Thyl.I'Tetramer*) P14 CD8" cells after PBS (n=4) or DR-18 (n=4)
treatment. h, i, Representative flow plots (h) and quantification (i) of CD44 and
CD39 expressiononendogenous (Thyl.1 Tetramer) tumour-infiltrating CD8"

Tcells. j, Quantification of CD44 and PD-1expression on tumour-infiltrating
CD8" Tcells from wild-type mice engrafted with MC38 cells and treated with
PBS or DR-18 incombination with FTY720.k, Representative flow cytometry
plots of IL-18Ra expression on CD4" T cells (CD45",NK1.1,, CD3*, TCRf*, CD4"),
CD8" Tcells (CD45",NK1.1,,CD3*, TCRp*, CD8"), NK cells (CD45*, CD3", TCRf",
NK1.1%), B cells (CD45*,CD37, TCRB", NK1.1,,CD19"), monocytes (CD45*, CD64",
CD11b*, Ly6C*), macrophages (CD45", CD64*, MHCII", F4/80%), dendritic cells
(CD45%,CD647,CD11c"), and neutrophils (CD45*, CD64°,CD11b*, Ly6G") from
MC38 tumours (n=5), matched spleens (n=>5), un-engrafted wild-type spleens
(n=3),orl18r1"" spleens (n=3).1, Representative mean tumour growth of
MC38 tumoursimplanted into Rag2”” mice that were adoptively transferred
with T cellsisolated from wild-type (n=>5) or /[18r17" (n=8) mice and treated
with PBS or DR-18. Black arrows signify day of treatment. m, Representative
mean tumour growth of MC38 tumoursimplanted into wild-type (n=4) and
XCRI™ (n=5) mice treated with PBS or DR-18 in combination with DT. Green
arrows signify DT treatment regimen. d-j, Dataare representative of two
independent experiments and presented as mean +s.e.m. Pvalues were
calculated using one-tailed (e, f) or two-tailed (g) unpaired Student’s ¢-tests or
two-way ANOVA (i, j).
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Extended DataFig. 6 |See next page for caption.



Extended DataFig. 6 |Single-cell transcriptomiclandscape of the TME in
DR-18-treated tumours. Related to Fig. 3. Wild-type mice were engrafteds.c.
with 0.5x10° YUMMERL.7 cells. From day 7 after engraftment, mice were
treated twice weekly with PBS, IL-18 or DR-18 (s.c.). Onday 15, tumours were
removed and sorted, and 5,000 cells per condition were used for scRNA-seq
analysis. a, t-SNE projection showingall cells presentin YUMMER1.7 and
YUMMERL.7-B2m™" tumours, coloured by cluster. Cells from the YUMMER1.7-
B2m™ experiments are showninlight grey and are discussed later. b, t-SNE
projection showing distribution of cells coloured by treatment condition (dark
grey, PBS; blue, IL-18; magenta, DR-18). ¢, Percentage of cellsin each cluster by
treatment.d, t-SNE projection of all cells analysed showing expression of genes
supporting cell-type assignments. e, t-SNE projections of all cells analysed

showing expression of IL-18 pathway-related genes. f, t-SNE projections
showing expression of selected genes in computationally isolated Cd3e-
positive T cells. g, t-SNE projections of Cd68" cells, showing expression of
Cx3crl,Nos2, Argl, and Mertk.h, t-SNE projection of Cd68* cells, coloured by
graph-based cluster. i, t-SNE projection of myeloid cell distributionasa
function of treatment condition. j, Frequency of macrophages within each
clusteridentified in h.k, Heatmap showing differentially expressed genesin
Cd68’ cellsby clustersidentifiedinh.1, m, Frequency (I) and absolute numbers
(m) of Nos2" macrophages from MC38 engrafted tumours following PBS, IL-18
or DR-18 treatment. Data arerepresentative of threeindependent experiments
withn=5mice pergroup and presented as mean +s.e.m. Pvalues calculated
usingone-way ANOVA.
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Extended DataFig.7|See next page for caption.
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Extended DataFig.7 | DR-18 treatment enhances lymphocyte effector
function. Related to Fig. 3. Wild-type mice were engrafted s.c. with 0.5 x10°
MC38 or YUMMERL1.7 cells. From day 7 after engraftment mice were treated
twice weeklyi.p. with PBS, IL-18, or DR-18. Tumours were harvested and
analysed on day 15 after engraftment. a, Absolute number of tumour-
infiltrating CD4" T cells, CD8" T cells and NK cells from YUMMERL1.7 tumours in
eachtreatment group. b, Quantification of intracellular Ki-67* staining by
percentage of indicated intratumoral lymphocyte population. ¢, Absolute
number of antigen-experienced (CD44") CD8" T cells from MC38 tumours in
eachtreatmentgroup.d, Representative flow plots of PD-1and CD39 staining
onintratumoral CD44" CD8' T cells from MC38 tumoursinindicated treatment
groups. e, Absolute number of PD-1 CD39", PD-1'CD39 and PD-1'CD39"*
CD44'CD8'T cellsfromdin each treatment group. f, Quantification by
Luminex of IFN-y protein level from tumour lysate of indicated treatment

groups. g, Quantification of intracellular IFN-y staining by percentage of
indicated intratumoral lymphocyte populations from YUMMER1.7 tumours.
h, i, Quantification of intracellular IFN-y staining by percentage in tumour (h)
orspleen (i) for eachindicated intratumoral lymphocyte population from mice
engrafted withMC38cells.j, k, Quantification of intracellular granzyme B
staining by MFI (j) and CD107 staininginintratumoral CD8" T cellsand NK cells
(k) fromMC38 tumoursintheindicated treatment groups.l, m, Absolute
number (I) and frequency (m) of polyfunctional NK cells measured by co-
staining of intracellular IFN-y and granzyme B following ex vivo stimulation
withPMA andionomycin. Data arerepresentative of three independent
experiments with five mice per group. Pvalues calculated using two-tailed
unpaired Student’s t-tests (a), one-way ANOVA (b, f, g, j, k) or two-way ANOVA
(c,e, h,i,I)anddatapresented asmean+s.e.m.
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Extended DataFig. 8| DR-18 promotesintratumoral TCF1' precursor CD8*
Tcells.Related to Fig.3.a, Frequency of surface PD-1and TIM3 staining on
MC38intratumoral CD44*CD8' T cellsinindicated treatment groups.

b, Absolute cellnumber of DN (PD-1'TIM3"), SP (PD-1'TIM3") or DP (PD-1'TIM3")
CD8' T cells from YUMMER1.7 tumoursin each treatment group. ¢, Frequency
ofintracellular TCFlinintratumoral CD44*CD8" T cellsin MC38 tumours in
eachtreatmentgroup.d, Absolute number of TCF1'CD44*CD8" T cells from
MC38 tumoursin each treatment group. e, Frequency ofintracellular TCF1
stainingin MC38intratumoral CD44'CD8" T cells subsets based on PD-1and
TIM3 surface expression. f, Representative histograms of intracellular TCF1

staininginintratumoral SPPDI'TIM3°CD44°CD8" T cells from YUMMER1.7
tumours. g, Absolute number of TCF1*SPPD1'TIM3~CD44°CD8" T cells from
YUMMERL.7 tumoursineachtreatmentgroup.h, i, Frequency of intracellular
IFN-yin DP (PD-1'TIM3") CD44*CD8" T cells from MC38 (h) and YUMMERL1.7 (i)
tumoursineach treatmentgroup.j, Absolute number of TCF1* cellsin SP
(PD-1'TIM3") CD44'CD8" T cellsin draining lymph nodes from MC38 tumours
ineach treatmentgroup. Data arerepresentative of threeindependent
experiments with five mice per group. Pvalues were calculated using one-way
(c,d,g-j) ortwo-way ANOVA (a, b, e) and dataare presented as mean +s.e.m.



Days post engraftment

Extended DataFig.9|See next page for caption.

Days post engraftment

MC38-B2m™- b 100 YUMMERA1.7-B2m*
#2000 PBS aPD1+aCTLA4 IL-18 DR-18 h
£ g7 |
51500 =g DR-18 (7/113)
51000 $ 501 pas (oi12)
5] @ +aCD8 (1/5)
5 500 = IL-18 (0/5)~ Z
E -18 (0/5) aPD1+aCTLA4 (0/5)
2 0 0 — +aNK1.1 (0/7)
0 20 40 60 0 20 40 60
Days post engraftment Days post engraftment
c YUMMER1.7-B2m"" d 100 RMA-S
£~1000 PBS aPD1+aCTLA4 IL-18 DR-18
> DR-18 (6/8
E 750 £75 ] =
F S
E 500 S50 1_ DR-18+aNK1.1 (1/8)
2 2 A4
g 250 9 25 PBS (0/8) 1T aPD1(1/8)
2 0 0 | |18 (08)
0 20 40 60 0 20 40 60
Days post engraftment Days post engraftment
€ RVA-S fs ’ 0.049
o =0.
~800 PBS aPD1 IL-18 DR-18 %, — @ PBs
E 5 v 2 DR-18
= 600 €
2 24
3 400 g |°
> —
— [
2
S 200 2
2ol 3 o
0 10 20 30 40 NK  NKT  ILCT
Days post engraftment
g h i  YUMMER1.7-B2m* ] MC38-B2m™*
p=0.017
YUMMER1.7-B2m"* 01—y 50
Al cells (YUMMER1.7-B2m™) PBS DR-18 40 v p<0.0001 [ PBS
50 ~  'PBS 1 Q ~ 40 23 DR-18
;3-»  ‘DRus 11051_20.45 1321536 450 ¥ g
: ] b 230 2 30
1 . g s
i 4
i ’ 0 Z20 < 20
3 3233102 39.0 10 10
104 108 e
. Ki67-FITC - 0
50 Ki-67*IFN-y* Ki-67*IFN-y*
|
1500
= OPBS = @ Pr-+PBS
2 @ DR-18 £ OPrf-+DR-18
E 8001 4 DR-18+aFast E1 000
-~ - [}
2 600 ¥ DR-18+alFNy e
3 3
S 400 2
5 S 500
£ E
5 20 2
0 Y4V vy 0 Y YV vy
0 10 20 30 0 10 20 30



Article

Extended DataFig.9|DR-18is effective towards MHC class I-deficient
tumours. Related to Fig. 4. a, Representative spider plots showing tumour
growthinwild-type mice engrafteds.c. withMC38-B2m™ tumours and treated
with PBS, or anti-PD-1+anti-CTLA-4, IL-18 or DR-18. b, ¢, Kaplan-Meier survival
curves (b) and representative spider plots (c) of wild-type mice engrafteds.c.
with YUMMERL.7-B2m™ tumours and treated twice weekly with PBS, anti-PD-1
+anti-CTLA-4,1L-18, DR-18, or DR-18 + anti-CD8 and anti-NK1.1 antibodies.
Depleting antibodies were given on the same schedule as for MC38-B2m™
(seeMethods).d, e, Kaplan-Meier survival curves (d) and spider plots showing
tumour growth (e) of wild-type mice engrafteds.c. with1x10°RMA-S tumour
cellsand treated with PBS, anti-PD-1, IL-18, DR-18 or DR-18 + anti-NK1.1. Spider
plotdataarerepresentative of twoindependent experiments and survival
curvedataare pooled from twoindependent experiments. f, Absolute number
of intratumoral NK cells (NK1.1'*CD3"EOMES'DX5'CD200R"), NKT cells
(NK1.1'CD3*) and ILC1 cells (NK1.1'*CD3"EOMES DX5 CD200R") in wild-type

mice engrafteds.c. with MC38-B2m™ tumoursinindicated treatment groups.
g, t-SNE projection of different clustersin YUMMERL.7-B2m™ tumours as a
function of treatment. YUMMERL.7 tumours are showninlight grey (discussed
inFig.3, see Methods). h, Representative flow cytometry plots of IFNyand Ki67
staining onintratumoral NK cells from YUMMER1.7-B2m™ tumours treated
with PBS or DR-18.1, j, Frequency of Ki67*IFNy* NK cells from YUMMER1.7-
B2m™ (i) and MC38-B2m™" (j) tumours treated with PBS or DR-18.

k, Representative mean tumour growth inwild-type mice engrafted s.c. with
MC38-B2m™ tumours and treated with PBS, DR-18, or DR-18 + anti-FasL or anti-
IFN-y. 1, Representative mean tumour growth of PrfI”- mice engrafteds.c. with
MC38-B2m™ cells and treated with PBS (n=3) and DR-18 (n=5) asindicated.
h-1,Dataarerepresentative of two independent experiments with five mice
pergroup. Pvalues calculated using two-tailed unpaired Student’s t-testand
datapresented asmeants.e.m.
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Extended DataFig.10|Ex vivo characterization ofahuman DR-18 variant.
a, SPRsensorgrams of human DR-18 (hDR-18) binding to human or cynomolgus
macaque (M. fascicularis) IL-18Ra and IL-18BP. b, Concentration-response
curves of hIL-18 or hDR-18 on HEK Blue IL-18R reporter cells. ¢, Titration of hIL-
18BP onafixed concentration of hiL-18 (1ng/ml) or hDR-18 (0.1ng/ml) on HEK

BluelL-18Rreporter cells.d, e, Concentration-response curves of IFN-y
stimulation by hIL-18 or hDR-18 on human PBMCs (d) or cynomolgus macaque
PBMCs (e). IFN-y concentration measured by ELISA. Data are representative of
atleasttwoindependent experiments withn=2forb-eand presented as
mean+s.e.m.
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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

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.

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)

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.

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
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

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 Biacore T200 control software (v2.0.2) was used to collect SPR data. BD FACSDiva (v.8.0 .1) was used to collect flow cytometric data.

Data analysis Geneious (v10.0) was used to align and analyze DNA sequencing results. Biacore T200 Evaluation software (v3.1) was used to simulate
SPR curve and calculate associate and dissociate rate. Pymol (v2.3.0) was used to display crystal structure. FlowJo (v10.5.3) was used for
flow cytometric analysis. Prism 8 and R (v.3.5.1) was used for generation of all graphs. Cellranger (v???), STAR, BEDtools (v.2.27.1) and
DESeq 2 was used for bio-informatic analysis. Please see Methods section in manuscript for further detail.

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/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

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
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

All data generated and supporting the findings of this study are available within the paper or from the corresponding author upon reasonable request.

=
Q
—+
C
=
@)
=
(D
W
Q)
Q
=
(@)
o
=
1)
o
[}
=
>
(@]
wn
c
3
3
Q
=
S

810¢ 4290120




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.

[X] Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Group sizes for in vivo experiments were selected empirically based upon prior knowledge of the intragroup variation of tumor
challenges and immunotherapy treatment. Similarly, group sizes in vitro were selected on the basis of prior knowledge of variation (e.g. for
growth assays or ELISAs or RNAseq data).

Data exclusions  None

Replication Replicates were used in all experiments as noted in text, figure legends and methods. All in vivo experiments were repeated at least twice
with consonant results. All experiments presented for which replication was attempted were successfully replicated.

Randomization  Mice were age, gender and genetic background-matched and randomized appropriately (e.g. prior to initiating treatment for matched
conditions).

Blinding No blinding was performed due to requirements for cage labeling and staffing needs.

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
n/a | Involved in the study n/a | Involved in the study
[1IIX] Antibodies X[ ] chip-seq
[ 1IIX Eukaryotic cell lines [1IIX] Flow cytometry
XI|[ ] Palaeontology X[ ] MRI-based neuroimaging
[ 1/IX] Animals and other organisms
[ 1/DX] Human research participants
XI|[ ] clinical data
Antibodies
Antibodies used For flow cytometry:

Live/Dead, zombie yellow, Biolegend, #423104, 1:500;
CD45, BUV395, 30-F11, BD bioscience, #564279, 1:200;
CD45, PB, 30-F11, Biolegend, #103126, 1:200;

CD45, AF700, 30-F11, Biolegend, #103128, 1:200;

CD3, APC/Cy7, 17A2, Biolegend, #100222, 1:300;
TCR-b, APC/Cy7, H57-597, Biolegend, #109220, 1:300;
NK1.1, BV421, PK136, Biolegend, #108732, 1:200;
NK1.1, Percp-cy5.5, PK136, Tonbo, #65-5941-U100, 1:200;
CD8a, BUV395, 53_6.7, BD bioscience, #563786, 1:200;
CD4, BV605, RM4-5, Biolegend, #100548, 1:200;

B2m, PE, A16041A, Biolegend, #154504, 1:200;

IFNg , APC, XMG1.2, Biolegend, #505810, 1:100;

IFNg , PE/Cy7, 4S.B3, Biolegend, #502528, 1:100;

IFNg , PE, XMG1.2, Biolegend, #505808, 1:100;
Granzyme B, FITC, QA16A02, Biolegend, #372206, 1:100;
TNFa, BV711, MP6-XT22, Biolegend, #506349, 1:100;
CD107a, PE, 1D4B, Biolegend, #121612, 1:100;
CD107a, AF647, 1D4B, Biolegend, #121610, 1:100;
PD-1, APC, RMP1-30, Biolegend, #109112, 1:200;

PD-1, BUV605, 29F.1A12, Biolegend, #135220, 1:200;
Tim-3, BV421, RMT3-2.3, Biolegend, #119723, 1:200;
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Tim-3, BUV395, 5D12/TIM-3, BD bioscience, #747620, 1:200
Ki-67, AF700, 16A8, Biolegend, #652420, 1:100;

Ki-67, FITC, 16A8, Biolegend, #652410, 1:100

KLRG1, PerCP/Cy5.5, 2F1/KLRG1, Biolegend, #138418, 1:200
CD103, PB, 2E7, Biolegend, #121418, 1:200;

CD44, AF488, IM7, Biolegend, #103016, 1:200

CD44, PerCP/Cy5.5, IM7, Biolegend, #103032, 1:200;

CD44, BV711, IM7, Biolegend, #103057, 1:200

CD62L, BV711, MEL-14, Biolegend, #104445, 1:200

Foxp3, PerCP/Cy5.5, FIK-16s, eBioscience, #45-5773-82, 1:100;
CD11b, BV711, M1/70, Biolegend, #101242, 1:200;

CD27, FITC, LG.3A10, Biolegend, #124208, 1:200;
CD49b(DX5), PE/Cy7, DX5, Biolegend, #108922, 1:200;
CD200R, PE, OX-110, Biolegend, #123908, 1:200;

CD11c, PE/Cy7, N418, Biolegend, #117318, 1:200;

Ly6C, AF488, HK1.4, Biolegend, #128022, 1:100;

Ly6C, PerCP/Cy5.5, HK1.4, Biolegend, #128012, 1:100;

Ly6G, BV711, 1A8, Biolegend, #127643, 1:100;

Ly6G, BV605, 1A8, Biolegend, #127639, 1:100;

MHC I, AF700, M5/114.15.2, Biolegend, #107622, 1:400;
F4/80, BUV395, T45-2342, BD bioscience, #565614, 1:100;
IL-18Ra, PE, P3TUNAYA, eBioscience, #12518382, 1:200;
IL-18Ra, eFluor 450, P3TUNAYA, eBioscience, #48518382, 1:200;
CD90.1, AF700, OX-7, Biolegend, #202528, 1:200;

CD39, PE/Cy7, 24DMS1, eBioscience, #25039182, 1:200;
NOS2, PE, CXNFT, eBioscience, #12-5920-82, 1:200;

Foxp3, PE/Cy7, FJK-16S, eBioscience, #25577382, 1:200;
TCF1, AF488, C63D9, Cell signaling technology, #6444S, 1:100;
TOX, APC, Miltenyi Biotec, #130-118-335, 1:100.
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Validation The antibody validation is provided on suppliers' website. All antibodies were validated with proper isotype controls by flow
cytometry.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Expi293 cells purchased from Thermo Fischer (#A14527) was used for protein expression. The following tumor cell lines were
used in this study: MC38 (Yale, M. Bosenberg), YUMMER1.7 (Yale, M. Bosenberg), RMA-S cell line (Yale, C. Rothlin), CT-26
(ATCC, CRL-2638), B16-F10 (ATCC, CRL-6475) and B16-F10GP33 (Yale, A. Iwasaki). MC38-B2m-/- and YUMMER1.7-B2m-/- cell
lines were generated by CRISPR/Cas9 in lab.

Authentication MC38, YUMMER1.7, RMA-S, CT-26, B16-F10 and B16-F10GP33 cell lines were previously reported but not authenticated by
us. MC38-B2m and YUMMER1.7-B2m knockout cell lines were validated by antibody staining of B2m expression.

Mycoplasma contamination All cell lines were tested mycoplasma negative.

Commonly misidentified lines  none
(See ICLAC register)

Animals and other organisms

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

Laboratory animals The following mouse strains were used this study: C57BL/6 (Charles River, #C57BL/6NCrl or Jackson Labs, C57BL/6J #000664),
Balb/c (CD45.1) (Charles River, # BALB/cAnNCrl), 1118bp-/- and 1118r1-/- (Yale, R. Flavell lab), Rag2-/- (Yale, D. Schatz lab), and
Perforin-/- (Yale, M. Bosenberg lab).

Wild animals We did not use any wild animals. o

Field-collected samples We did not collect and field samples. E

=

Ethics oversight Mice were maintained at Yale University in accordance with the guidelines of the Institutional Animal Care and Use Committee 0
(IACUC).

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




Human research participants

Policy information about studies involving human research participants

Population characteristics

Recruitment

Ethics oversight

52 non-small cell lung cancer patients treated with anti-PD therapies were included in this study. Median age of the population
(64-years old). Gender: 41 males and 11 females. Histological type: 41 Non-squamous and 11 squamous. Most of the patients
did not receive previous treatment (38.5%) and 18 (34.6%), 10 (19.2%) and 4 (7.7%) out of 52 received one, two or more of
three previous systemic treatments respectively.

Patients treated consecutively in our institution from 2015 to May 2018 were identified. Plasma samples were collected
sequentially: at the time of first visit to the clinic (baseline) and after starting anti-PD-1 treatment (approximately 2-3 weeks
later). IL-18BP levels were analyzed in all the plasma samples and results included in this study.

The study was approved by the Institutional Review Board at the University of Navarra (approval 111/2010) and all patients
provided written informed consent.

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).

|X| 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).

|X| All plots are contour plots with outliers or pseudocolor plots.

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

Methodology

Sample preparation

Instrument
Software
Cell population abundance

Gating strategy

Spleens were first dissociated using a 70 uM cell strainer and then red blood cells were lysed using ACK buffer (Thermo Fisher,
#A1049201). Tumors were cut into small pieces in the presence of 3 mL RPMI-1640 supplemented with 1% FBS. Collagenase IV
(Gibco, #17104019, final concentration 1mg/ml) and Dnase | (Roche, #10104159001, final concentration 0.2mg/ml) were added
and samples were incubated at 370C for tissue digestion. After 30 minutes of digestion, 6 mL of RPMI-1640 with 10% FBS was
added to neutralize and tumor tissues were forced through 70 uM cell strainers to prepare single-cell suspensions. Cells were
then washed twice and resuspended in 1-3 mL of RPMI-1640 with 1% FBS media for following usage. Both splenocyte and tumor
cell concentrations were counted by a Beckman Coulter particle counter.

BD LSRII was used for flow data collection.
BD FACS Diva was used for data collection and Flowjo for data analysis.
Cell populations were sorted to >95% purity post sort in pilot experiments, as determined by flow cytometry.

All gates were set based on naive mice spleen control or FMO (full-minus one) stains and isotype control antibodies after
appropriate compensation using single-stained compensation controls.

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