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Preclinical studies have shown that interleukin (IL)-1B blockade can modulate
the tumor microenvironment (TME) to activate antitumor immunity and, in
combination with immune checkpoint inhibitors (ICIs), prevent cancer
growth. Our study investigates if immune biomarkers in the TME affect out-
comes in patients with non-small cell lung cancer (NSCLC) treated with the
IL-1B inhibitor canakinumab plus an ICI-based therapy and describes cana-
kinumab effects on the TMEs in these patients. Exploratory analyses were
conducted in two prospective trials evaluating canakinumab combined with
pembrolizumab-based regimens in patients with NSCLC: CANOPY-1 (first-
line setting) and CANOPY-N (neoadjuvant setting). Immunohistochemistry
(IHC) and transcriptomic analyses were performed on baseline tumor samples
from CANOPY-1, and THC and multiplex immunofluorescence analyses were
performed on baseline and posttreatment tumor samples from CANOPY-N.
Associations with clinical outcomes were evaluated. In CANOPY-1, in patients
with low levels of T-cell infiltration in the tumor, the addition of canakinumab
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to a pembrolizumab-based regimen was associated with progression-free and
overall survival improvements. Low levels of T-cell infiltration were associated
with an immunosuppressive gene expression phenotype, supporting the role of
low T-cell infiltration as a surrogate of an overall immunosuppressive TME. In
CANOPY-N, a reduction in immunosuppressive cells in the TME was ob-
served following canakinumab and pembrolizumab treatment. Our exploratory
biomarker analyses from the CANOPY-1 and CANOPY-N trials suggest that
IL-1p blockade may shift the TME toward an immune-activated status and that
patients with immunosuppressive TME features could benefit from the addi-
tion of canakinumab to an ICI-based treatment.

Significance: Patients with NSCLC with immunosuppressive tumor
features and low T-cell infiltration derive less benefit from ICI-based
treatment. Biomarker analyses presented here suggest that these patients
may benefit from the addition of anti-IL-1p therapy to their treatment.

Introduction

Lung cancer is the leading cause of cancer-related death globally (1, 2). The
most frequent histologic subtype of lung cancer is non-small cell lung cancer
(NSCLC), which accounts for about 85% of all cases (3). Immune checkpoint
inhibitors (ICIs) have revolutionized NSCLC treatment by yielding an im-
provement in overall survival (OS), though only a subset of patients with
NSCLC derive benefit from these agents (4, 5). In recent years, attempts have
been made to identify predictive biomarkers of response to ICIs by char-
acterizing the frequency and spatial distribution of immune cell subpopu-
lations within the tumor stroma, which have been shown to affect the activity
of ICIs (5). Studies have shown that increased cluster of differentiation (CD)
8" cytotoxic T-cell levels in tumor samples are associated with increased
efficacy of IClIs, either as single agents or in combinations with other anti-
cancer therapies, including in patients with NSCLC (6-9). In addition,
immunophenotype categorization according to the distribution of T cells in
the tumor stroma also predicts response to ICIs, as patients with an
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immune-inflamed phenotype (defined by high CD8" T-cell infiltration)
typically derive the most benefit from immunotherapy (10, 11).

The tumor microenvironment (TME) plays a key role in determining the
tumor immunophenotype and is regulated by multiple cytokines. Interleukin
(IL)-1P is a proinflammatory cytokine and a key mediator of the inflam-
matory response to infection and tissue injury (12). High levels of IL-1f have
been linked to the promotion of lung cancer in preclinical models and
associated with poor prognosis in patients with NSCLC (13, 14). In further
preclinical models, IL-1B blockade has shown potential to interrupt tumor-
promoting inflammation, modulate the TME toward an immune-activated

status, and synergize with ICIs (15, 16).

The rationale for the CANOPY clinical trial program was based on pre-
clinical data showing IL-1f as a key mediator of tumor-associated inflam-
mation that promotes the development of NSCLC, together with the
observed data from the Canakinumab Anti-inflammatory Thrombosis
Outcome Study (CANTOS) looking at cardiovascular events, in which post
hoc analyses showed that the use of canakinumab was associated with a dose-
dependent reduction in lung cancer incidence and mortality (17). The
CANOPY program consisted of four randomized trials that evaluated can-
akinumab in patients with NSCLC (18-21). Among these trials, two con-
tained treatment arms with combined canakinumab and ICI therapy
(CANOPY-1 and CANOPY-N; refs. 18, 21). CANOPY-1 evaluated the ef-
ficacy of pembrolizumab plus platinum-based chemotherapy combined with
either canakinumab or placebo as first-line therapy for patients with ad-
vanced NSCLC. No progression-free survival (PFS) or OS benefit with the
addition of canakinumab was observed in the overall study population or in
the preplanned subgroups defined by C-reactive protein, IL-6, programmed
death-ligand 1 (PD-L1), and tumor mutational burden status (18). CAN-
OPY-N evaluated the efficacy of canakinumab or pembrolizumab, alone or
in combination, as neoadjuvant treatment in patients with resectable
NSCLC. No increase in the major pathologic response (MPR) rate was ob-
served at surgery with the addition of canakinumab to pembrolizumab (21).

Despite their negative outcomes, the CANOPY-1 and CANOPY-N trials
provide a unique opportunity to investigate the TME in the context of IL-1f
blockade, with samples available from patients treated with an ICI with or
without canakinumab and with corresponding patient outcome data avail-
able. Furthermore, in CANOPY-N, the effects of canakinumab with or
without ICIs on the TME can be evaluated, with the availability of post-
treatment tumor samples collected at surgery. In this context, the present
article reports biomarker analyses and associations with clinical outcomes
from patients enrolled in the CANOPY-1 and CANOPY-N trials.

Materials and Methods

Study designs

CANOPY-1 (NCT03631199) was a phase III, randomized, double-blind, global
study evaluating the efficacy and safety of pembrolizumab plus platinum-based
doublet chemotherapy combined with either canakinumab or placebo as first-line

therapy for patients with advanced (stage IIIB-IV) NSCLC (Supplementary Fig.
S1A). Further details are available in the original publication (18).

CANOPY-N (NCT03968419) was a phase II, randomized, open-label study
evaluating the efficacy and safety of canakinumab or pembrolizumab, alone
or in combination, as neoadjuvant treatment in patients with stage IB-IITIA

NSCLC (Supplementary Fig. S1B). Patients were treated for a maximum of
6 weeks (two cycles), after which they were allocated to surgery according to
local practice. Adjuvant treatment could be administered at the investigator’s
judgment (21).

Ethical oversight

Both studies were conducted in accordance with the Declaration of Helsinki
and were performed in compliance with Good Clinical Practice guidelines.
Both protocols and all amendments were reviewed and approved by an
independent ethics committee or institutional review board at each site. All
patients enrolled in the two studies provided written informed consent prior

to study initiation and for the analysis of samples taken.

Tissue sampling

For the CANOPY-1 trial, collection of archival or newly obtained baseline

tumor tissue samples during screening was mandatory.

For the CANOPY-N trial, mandatory tumor tissue samples were collected at

screening and at surgery.

Translational analyses
IHC
In the CANOPY-1 trial, planned exploratory analyses included CD8" T-cell

infiltration.

In the CANOPY-N trial, planned exploratory analyses included the baseline
level of and on-treatment change in total CD8 count, as well as cell pop-
ulations defined by multiplex immunohistochemistry (IHC) and their rela-
tion to the percentage of viable tumor cells in the tumor specimens. The
percentage of residual viable tumor cells and the percentages of stromal and

necrotic components were determined (21).

PD-L1 expression was assessed using the IHC 22C3 pharmDx assay (18).
The fraction of viable tumor cells (tumor proportion score; calculated as a
percentage) that expressed PD-L1 was scored.

To assess the level of CD8* immune cells (lymphocytes), a specific duplex
chromogenic THC assay comprising an anti-CD8 antibody (SP239, Abcam;
RRID: AB_2756374) and an anti-panCK antibody (AE1/AE3/PCK26, Ven-
tana: Roche Diagnostics; RRID: AB_ 2941938) was performed on Ventana
Discovery Ultra at CellCarta (RRID: SCR_021254), and quantitative assess-
ment was carried out using VisioPharm software at CellCarta (RRID:
SCR_021711; ref. 19). Data were validated using a specific image algorithm
to define the composition of CD8" cells within different tumor compart-
ments, including the tumor invasive margin (Supplementary Fig. S2). An
algorithm was established under pathology review using panCK as the
tumor-markedup area (or carcinoma). Semi-automatic scoring of CDS8 in
panCK-negative tumor stroma and the panCK-positive carcinoma cell
compartment was performed to define the relative area/cell density inside/
outside the panCK-positive tumor compartment, the stroma:tumor ratio,
and the shape/size of tumor cell strands (Supplementary Fig. S2).

Specific cutoffs were developed and validated to classify tumor samples into
three T-cell phenotypes based on the CD8/panCK IHC assay using the
VisioPharm platform: inflamed phenotype, excluded phenotype, and desert
phenotype. If the percentage of CD8 in the carcinoma central tumor was
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above 1.3%, it was classified as having an inflamed phenotype; if the
CD8 percentage in the carcinoma central tumor was equal to or less than
1.3% and the CD8 percentage in the stroma central tumor was four-fold
higher than the CDS8 percentage in the carcinoma central tumor
(CD8 stroma:tumor ratio >4), it was classified as having an excluded phe-
notype. Otherwise, it was classified as having a desert phenotype. The cutoff
of 1.3% for the CD8 carcinoma and the stroma:tumor ratio was semi-
quantitatively defined by pathologist review of IHC images and distributions
of these two metrics to gate the patient subgroups with clear high CD8"
infiltration (inflamed) and a high stroma:tumor ratio (excluded). The cutoff
of 1.3% represented the highest quartile of the CD8 IHC percentage in the
carcinoma region, and the stroma:tumor ratio cutoff of >4 was determined
by pathologist review of the distribution. Samples with no eligible read-outs
for CD8 percentage or stroma:tumor ratio were classified as not available
(NA). All CD8 IHC results generated in the CANOPY-1 trial were used to
define the CD8" phenotype classification, and the cutoffs and subgroups
were locked down and documented prior to unblinding the trial. Repre-
sentative pictures of the phenotypes are shown in Supplementary Fig. S2. For
samples with paired RNA sequencing (RNA-seq) data (Supplementary Fig.
S3A), T-cell-inflamed gene signature (Supplementary Fig. S3B) and fibro-
blast gene signatures (Supplementary Fig. S3C; ref. 22) were respectively
enriched in inflamed and excluded T-cell phenotypes, further validating the
phenotype classification.

Quantitative immunofluorescence staining, imaging,
and analysis

Formalin-fixed, paraffin-embedded tissue samples were stained on the Bond
RX automated stainer (Leica Biosystems). Staining steps were performed at
room temperature. Endogenous peroxidase was blocked using Peroxidazed 1
(Biocare Medical), followed by incubation with a protein-blocking solution
(Ix antibody diluent per block, Akoya Biosciences) to reduce nonspecific
antibody staining. For the CD3, CD11b, CD19, CD66b, CD163, and
CD56 assay, slides were then sequentially stained with each of the following
antibodies for 1 hour: anti-CD3 (LN10 RTU, Leica Biosystems; RRID:
AB_3073619), 0.56 pg/mL anti-CD11b (EP1345Y, Abcam; RRID:
AB_868788), 0.175 ug/mL anti-CD19 (BT51E, Leica Biosystems; RRID:
AB_10555427), 1.0 pg/mL anti-CD66b (G10F5, BD Biosciences; RRID:
AB_396066), anti-CD163 (10D6 RTU, Leica Biosystems; RRID:
AB_2756375), and 0.0985 ug/mL anti-CD56 (MRQ-42, Millipore Sigma;
RRID: AB_2941091). EnVision+ HRP Mouse or Rabbit (Agilent; RRID:
AB_2827819 or AB_2630375) secondaries were used for 30 minutes, and
Opal 480, Opal 520, Opal 570, Opal 620, Opal 690, and Opal 780 (Akoya
Biosciences) detection reagents were used to visualize each antibody. For the
CD3, FOXP3, granzyme B, and cytokeratin assays, slides were sequentially
stained with each of the following antibodies for 1 hour: anti-CD3
(LN10 RTU, Leica Biosystems; RRID: AB_3073619), 2.5 ug/mL anti-
FOXP3 (D2WS8E, Cell Signaling Technology; RRID: AB_2747370), 2.0 ug/mL
anti-granzyme B (D6E9W, Cell Signaling Technology; RRID: AB_2799313), and
0.427 pg/mL anti-cytokeratin (AE1/AE3, Agilent; RRID: AB_2132885).
EnVision+ HRP Mouse or Rabbit (Agilent; RRID: AB_2827819 or
AB_2630375) secondaries were used for 30 minutes, and Opal 520, Opal
570, Opal 620, and Opal 690 (Akoya Biosciences) detection reagents were
used to visualize each antibody. Finally, slides were stained with Spectral
DAPI (Akoya Biosciences) for 10 minutes prior to coverslipping with

ProLong Gold (Thermo Fisher Scientific). Whole-slide scan fluorescence
images were acquired on the Phenolmager HT (Akoya Biosciences) at
0.5 um/pixel (20x) image resolution. Slides were spectrally unmixed using
inForm v2.4.5 (Akoya Biosciences; RRID: SCR_019155), before analysis
using AQUA technology v3.2.5.0 (Navigate BioPharma Services), as de-
scribed previously by Johnson and colleagues (23). Representative pictures
of phenotypes of interest are shown as CD11b/CD66b stained for poly-
morphonuclear granulocytes (or neutrophils, Supplementary Fig. S4A),
CD163 stained for monocyte-lineage macrophages [or tumor-associated
macrophages (TAM); Supplementary Fig. S4B], and FOXP3/CD3 stained
for regulatory T cells (Supplementary Fig. S4C).

RNA-seq

Ribosomal (r)RNA from extracted total RNA was depleted using RNase
H. The rRNA-depleted sample was then fragmented, converted to comple-
mentary DNA, and carried through the remaining steps of next-generation
sequencing library construction, end repair, A-tailing, indexed adapter li-
gation, and polymerase chain reaction amplification, using the TruSeq RNA
v.2 Library Preparation Kit (Illumina). The captured library was pooled with
other libraries, each having a unique adapter index sequence, and applied to
a sequencing flow cell. The flow cell underwent cluster amplification and
massively parallel sequencing by synthesis using Illumina v.4 chemistry and

paired-end 100-bp reads (Illumina).

Sequence data were aligned to the reference human genome (build hgl9)
using STAR v.2.4.0e (RRID: SCR_004463; ref. 24). Mapped reads were then
used to quantify transcripts with HTSeq v.0.6.1p1 (RRID: SCR_005514; ref.
25). Gene expression data were normalized using the trimmed mean of
M-value normalization, as implemented in the edgeR R/Bioconductor
package v.3.20.9 (RRID: SCR_012802; ref. 26).

Pathway/gene set expression score was derived using the arithmetic mean of
all gene expression (trimmed mean of M values corrected log, cpm) in each
set. To quantify T-cell-inflamed score from RNA-seq, an 18-gene signature
(27) was used to define T-cell-high and T-cell-low subgroups based on the
median cutoff.

Statistical analysis

Data were summarized using descriptive statistics. Categorical data were
presented as frequencies and percentages. PFS and OS were presented de-
scriptively using the Kaplan-Meier method and were summarized by pre-
senting the median time to event along with the corresponding 95%
confidence interval (CI). Cox proportional hazards regression models were
used to investigate the prognostic and predictive roles of biomarkers for PFS
and OS and to estimate hazard ratios (HRs) and 95% ClIs. Stratification
factors [PD-L1 expression (<1% vs. >1%), histology (squamous vs. non-
squamous), and geographical region (East Asia vs. North America and
Western Europe vs. rest of the world)] were all included in the models,

consistent with the clinical statistical analysis method (18).

For TME principal component analysis (PCA), in-house and published gene
sets were used as inputs for PCA (Supplementary Table S3), and IHC fea-
tures, including CD8 percentages in carcinoma, stroma, and total regions,
and PD-L1 tumor proportion score percentage were also included as sup-
plemental variables. Principal components were used to understand the di-
mension of variability of the TME features.
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For TME linear regression-based analysis, signatures were further extended
to include additional collection of TME signatures derived based on single-
cell RNA-seq analysis (28); the TME signature score by CD8 subgroup was
calculated as the marginal mean after adjusting total ESTIMATE immune
score using linear regression model (signature of interest ~ ESTIMATE score +
CD8 subgroup), and ESTIMATE immune score was calculated based on the

immune signature (29).

Primary endpoints
The primary endpoints of CANOPY-1 were PFS, defined as the time from

randomization to disease progression or death due to any cause, and OS,
defined as the time from randomization to death due to any cause (18). All
results are based on clinical database lock following the final OS cutoff date
of August 9, 2021, except for PFS analysis results, which are based on the
primary PES cutoff date of May 18, 2020.

The primary endpoint for efficacy in CANOPY-N was MPR, defined
as <10% residual viable tumor cells in primary resected tumor tissue. MPR
was established to assess the amount of residual viable tumor cells present in
the original tumor bed using hematoxylin and eosin-stained slides. The
methodology was validated at the partner Clinical Laboratory Improvement
Amendments laboratory following International Association for the Study of
Lung Cancer published recommendations for the pathologic assessment of
lung cancer resection specimens after neoadjuvant therapy (21, 30). All re-
sults are based on clinical database lock following the final clinical cutoff date
of August 15, 2022.

Data availability

Novartis is committed to sharing data and supporting clinical documents
from eligible studies. Trial data availability can be found on www.
clinicalstudydatarequest.com. In cases where the data are not yet available,

they can be requested through this website.

The authors declare that all relevant aggregate biomarker data supporting the
findings of this study are available within the article and its supplementary
information files. In accordance with the Health Insurance Portability and
Accountability Act, we do not have institutional review board approval or
patient consent to share individualized patient genomic data, so data cannot
be reported in a public data repository. The data generated in this study are
available upon request from the corresponding author.

Results
Patient characteristics

In CANOPY-1, of the total 643 patients enrolled, 500 had evaluable
CD8 IHC results and 298 patients had whole-transcriptome analysis data
available (Supplementary Table S1). No imbalances were observed in the
baseline characteristics when comparing the subset of patients with bio-
marker results available against the full analysis set population. In addition,
no imbalances between the treatment groups in terms of baseline charac-
teristics were observed in the subgroups defined by CD8 level and T-cell
phenotype (Table 1).

Characteristics from patients in the CANOPY-N study are provided in
Table 1. Seventy-three patients had evaluable CD8 IHC at screening and
67 at surgery, and up to 69 patients had evaluable multiplex immunofluorescence

(IF) data at screening and 67 at surgery (depending on the multiplex IF panel;
Supplementary Table S1).

Prognostic impact of T-cell phenotype in CANOPY-1
In the CANOPY-1 trial, the prognostic impact of T-cell phenotype was first

assessed in all patients, with both treatment arms pooled. Patients with high
CD8" T-cell (vs. low CD8" T-cell) infiltration were defined using the median
cutoff for total CD8" T cells in all tumor samples. The median total number
of CD8" T cells was 2.47%. A high CD8" T-cell infiltration was associated
with improved PFS (HR, 0.73; 95% CI, 0.55-0.96; Fig. 1A). Similarly, the
high CD8" T-cell infiltration was associated with improved OS, in com-
parison to the low CD8" T-cell infiltration subgroup (HR, 0.76; 95% CI,
0.59-0.98; Fig. 1B).

A similar trend was also observed when patients were classified by T-cell
phenotype, with those classified as having inflamed tumors (n = 128)
having both longer PFS (7.40 months; 95% CI, 6.94-9.07) and OS
(23.08 months; 95% CI, 18.05 to not estimable) compared with the other
two subgroups [desert (n = 81) and excluded (n = 290) phenotypes;
Fig. 1C and D]. Of note, the patients with an immune desert T-cell
phenotype were also predominantly in the CD8-low subgroup, whereas
those with an inflamed T-cell phenotype were predominantly in the
CD8-high subgroup. Patients with an excluded T-cell phenotype were
categorized in both the CD8-low and CD8-high subgroups (Supple-
mentary Fig. S5A and S5B).

Similar trends were also observed when evaluating patient outcomes per
T-cell activation status, assessed with a T-cell gene expression signature
(n = 298; ref. 27): patients with a high expression of T-cell-associated genes
had numerically longer median PFS (HR, 0.82; 95% CI, 0.56-1.20; Fig. 1E)
and longer median OS (HR, 0.72; 95% CI, 0.51-1.01; Fig. 1F) compared with

those with a low score in this signature.

Canakinumab benefit according to CD8"* T-cell
infiltration and phenotype in CANOPY-1

To investigate if CD8" T-cell infiltration predicted the benefit of
adding canakinumab to pembrolizumab and platinum-based chemo-
therapy, exploratory analyses were conducted per treatment arm in
CANOPY-1.

Among patients with a low CD8 count (below median; n = 250), the ad-
dition of canakinumab to chemotherapy and immunotherapy was associated
with longer PFS when compared with placebo (HR, 0.53; 95% CI, 0.36-0.78;
Fig. 2A). A similar trend was also observed for OS (HR, 0.72; 95% CI, 0.52-
1.01; Fig. 2B).

Among patients with a high CD8 count (above median; n = 250), no benefit
in terms of PFS (HR, 1.01; 95% CI, 0.65-1.56; Fig. 2C) or OS (HR, 0.79; 95%
CI, 0.54-1.16; Fig. 2D) was observed in the canakinumab arm compared

with the placebo arm.

Among patients whose tumors were classified as having a CD8" desert T-cell
phenotype (n = 81), trends toward increased PFS (HR, 0.47; 95% CI, 0.22-
1.02; Fig. 3A) and OS (HR, 0.58; 95% CI, 0.31-1.09; Fig. 3B) were observed
in patients treated with canakinumab compared with those who received

placebo.
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TABLE 1 Baseline characteristics for CANOPY-1 and CANOPY-N population subsets

CANOPY-1

CANOPY-N

CD8 level (median cutoff)

CD8 phenotype

Treatment arm

CD8 low CD8 high Desert Excluded Inflamed Al Can + Al
(n = 250) (n = 250) o = 81) (n = 290) (n =128) patients  Can pembro Pembro patients
(N=643) (n=35) (n=35) (n=18) (N =288)
Placebo Can Placebo Can Placebo Can Placebo Can Placebo Can
Age, n (%)
<65 years 61(53) 78(58) 80(58) 71(63) 26 (65) 26 (63) 41(59) 36 (61 74(52) 86(59) 370(58) 15(43) 13N 5(28) 31(35)
>65 years 54 (47) 57 (42) 57 (42) 42 (37) 14(35) 15(37) 28 (41) 23(39) 69(48) 61(41) 273(42) 20(57) 24(69) 13(72) 57 (65)
Sex, n (%)
Female 32(28) 40(30) 35(26) 32(28) 12(30) M(@27) 19(28) 17(29) 36(25) 44 (30) 184 (29) 13(37) 14(40) 9(50) 36 (41)
Male 83(72) 95(70) 102 (74) 81(72) 28 (70) 30 (73) 50 (72) 42 (71) 107 (75) 103 (70) 459 (71) 22(63) 21(60) 9 (50) 52 (59)
ECOG PS, n (%)
0 46 (40) 52(39) 51(37) 464 15@38) MNQ@7) 27(39) 19(32) 55(38) 68 (46) 248 (39) 22(63) 19(54) 13(72) 54 (61)
1 69 (60) 83(61) 86 (63) 67(59) 25(62) 30 (73) 42(61) 40(68) 88 (62) 79(54) 395(61) 13(37) 16(46) 5(28) 34 (39)
Smoking
history, n (%)
Former/ 93 (81) 104 (77) 121(88) 94(83) 33(82) 33(80) 63(91) 48 (81) M8 (83) 17(80) 520 (81) 32(91) 29(83) 15(83) 76 (86)
current
smoker
Never 22(19) 3123 16012 1907) 708) 8(20) 69 nAa9 2507) 30 (20) 123 (19) 309 6 (17) 337) 12 (14)
smoker
Histology, n (%)
Nonsquamous 77 (67) 94 (70) 95 (69) 76 (67) 31(78) 27 (66) 48 (70) 37 (63) 93 (65) 105 (71) 448 (70) 20(57) 21(60) M6l 52 (59)
Sguamous 38 (33) 41(30) 42@DH 37(33) 9(2) 14(34) 21(30) 22(37) 50(35) 42(29) 195(30) 15(43) 14(40) 739 36 (4N

Abbreviations: Can, canakinumab; ECOG PS, Eastern Cooperative Oncology Group performance status; pembro, pembrolizumab.

In patients with a CD8" excluded T-cell phenotype (n = 290), no differences
between canakinumab and placebo arms were observed in terms of PFS (HR,
0.87; 95% CI, 0.61-1.24; Fig. 3C) or OS (HR, 0.90; 95% CI, 0.65-1.24;
Fig. 3D).

In patients with CD8"-inflamed tumors (n = 128), no significant benefit was
observed in patients treated with canakinumab versus those treated with
placebo in terms of PFS (HR, 0.58; 95% CI, 0.28-1.22; Fig. 3E) or OS (HR,
0.57; 95% CI, 0.31-1.05; Fig. 3F).

We further evaluated how CD8 subgroup and treatment arm were associated
with clinical outcomes; however, the interactions were not statistically sig-

nificant (Supplementary Table S2).

Canakinumab benefit according to T-cell gene signature
in CANOPY-1

In CANOPY-1, when assessing CD8" T-cell infiltration using a T-cell-
inflamed gene expression signature (n = 298; ref. 27), in those with a
low T-cell-inflamed signature, prolonged PFS was observed among
patients treated with canakinumab
brolizumab and chemotherapy (HR, 0.53; 95% CI, 0.31-0.90; Supple-
mentary Fig. S6A). Although no significant association was observed in
terms of OS (HR, 0.77; 95% CI, 0.49-1.19; Supplementary Fig. S6B), the

median OS was numerically higher among patients who received can-

in combination with pem-

akinumab. No difference in outcome was observed with canakinumab

treatment in patients with a high T-cell-inflamed gene signature

(Supplementary Fig. S6C and S6D). Overall, these findings suggest that
patients with low levels of CD8" T-cell infiltration and/or low T-cell
activity in their tumors may benefit from the addition of canakinumab

to standard of care.

Canakinumab benefit according to CD8" T-cell
subgroup and PD-L1 level in CANOPY-1

In the CANOPY-1 trial subgroup analyses, canakinumab did not show
benefit when compared with placebo in any of the predefined PD-L1 sub-
groups (18). In the present analyses, we observed an enrichment of PD-L1-
negative tumors among patients with low levels of CD8" T-cell infiltration
(Supplementary Fig. S7A and S7B) in CANOPY-1. Further analyses were
conducted in CD8 and PD-L1 subgroups to assess the impact of PD-L1 level
on response to canakinumab in the CD8 subgroups.

PD-L1 expression did not add predictive value for any association between
PES and canakinumab treatment, and both PD-Ll-negative and PD-LI1-
positive tumors were associated with longer PFS in the CD8-low subgroup
with canakinumab treatment, whereas both PD-Ll-negative and PD-LI1-
positive tumors showed no association between PFS and canakinumab in the
CD8-high subgroup (Fig. 4A-D).

Noteworthy, among patients with PD-L1-negative tumors (<1%) and
low CD8 (below median), a longer OS was observed when canakinu-
mab was added to pembrolizumab and chemotherapy (n = 135; HR,

Cancer Res Commun; 5(4) April 2025

https://doi.org/10.1158/2767-9764.CRC-24-0490 | CANCER RESEARCH COMMUNICATIONS


https://dx.doi.org/10.1158/2767-9764.CRC-24-0490

Canakinumab and the Tumor Microenvironment Role in NSCLC

Strata

O

A -~ CD8 low (n/N = 121/250)
Strata - Cpg high (n/N = 99/250)
1.00 4 =
0.75
w
'ﬁ"_ 0.50
HR:0.73
95% Cl, 0.55-0.96
0.25 ¥
Kaplan—-Meier medians (95% Cl), months
CD8 low: 5.88 (5.00-6.81)
0.00 4 CD8 high: 6.97 (6.77-8.48)
0 25 5 7.5 10
Time (months)
Number at risk
g =250 204 69 17 0
& 250 218 89 24 0
0 25 5 7.5 10
Time
C - Desert (n/N = 39/81)
Strata =~ Excluded (n/N = 136/290)
Inflamed (n/N = 45/128)
1.00
0.75 4
L 0.50 4
0.25 4 Kaplan-Meier medians (95% Cl), months
Desert: 6.28 (4.90-6.94)
Excluded: 6.08 (5.00-6.84)
0.00 4 Inflamed: 7.40 (6.94-9.07)
0 2.5 5 7.5 10
Time (months)
Number at risk
g =| 81 65 24 5 0
g | 290 247 86 22 0
(%] 128 109 48 14 0
T T L) T T
0 25 5 7.5 10
Time
E Strata Low T-cell-inflamed gene signature (n/N = 67/149)
High T-cell-inflamed gene signature (n/N = 56/149)
1.004 -
0.75 4
L 0.50 1
HR: 0.82
95% Cl, 0.56-1.20
0.25 4
Kaplan—-Meier medians (95% Cl), months
Low T-cell-inflamed gene signature: 6.80 (4.99-8.15)
0.00 4 High T-cell-inflamed gene signature: 7.03 (5.42-NA)
L) T T T T
0 2.5 5 7.5 10
Time (months)
Number at risk
& =149 123 38 9 0
& 149 127 43 13 0
0 2.5 5 7.5 10
Time
FIGURE 1

-~ CD8 low (n/N = 141/250)

Strata - Cbg high (n/N = 119/250)

1.004 =,
0.75 4
0.50
HR: 0.76
95% Cl, 0.59-0.98
0.25 4
Kaplan—Meier medians (95% Cl), months
CD8 low: 14.43 (11.97-19.50)
0.00 4 CD8 high: 20.98 (18.05-NA)
T Ll T T T T
0 5 10 15 20 25
Time (months)
Number at risk
=1 250 202 153 113 64 0
250 214 172 145 78 1
0 5 10 15 20 25
Time
-+~ Desert (n/N = 44/81)
Strata =~ Excluded (n/N = 162/290)
Inflamed (n/N = 54/128)
1.00 4 M
0.75 4
0.50 4
0.25 4 Kaplan—Meier medians (95% Cl), months
Desert: 14.43 (10.39-NA)
Excluded: 17.13 (14.01-19.82)
0.00 4 Inflamed: 23.08 (18.05-NA)
T T T T T T
0 5 10 15 20 25
Time (months)
Number at risk
g = 81 65 50 38 24 0
g | 200 240 185 143 78 0
n 128 110 89 76 40 1
T T L T T T
0 5 10 15 20 25
Time
Strata Low T-cell-inflamed gene signature (n/N = 90/149)
High T-cell-inflamed gene signature (n/N = 68/149)
1.004 -
\..,_h‘.
0.75 1
0.50 A
HR: 0.72
95% Cl, 0.51-1.01
0.25 A
Kaplan—Meier medians (95% Cl), months
Low T-cell-inflamed gene signature: 14.78 (11.50-19.78)
0.00 { High T-cell-inflamed gene signature: 23.06 (18.73-NA)
T Ll T T T T
0 5 10 15 20 25
Time (months)
Number at risk
-g = 1149 123 93 70 40 1
& 149 129 107 93 46 0
0 5 10 15 20 25
Time

T-cell-inflamed gene signature (low and high by median cutoff) in CANOPY-1.

(A) PFS and (B) OS by CD8 IHC (low and high by median cutoff); (C) PFS and (D) OS by CD8 phenotype; and (E) PFS and (F) OS by
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FIGURE 2 (A) PFS and (B) OS by treatment in CD8 low; (C) PFS and (D) OS by treatment in CD8 high for CANOPY-1. CT, chemotherapy.

0.63; 95% CI, 0.40-0.99; Fig. 4E), whereas no OS difference between
canakinumab and placebo was observed in patients with PD-L1-
positive tumors (=1%) and low CD8 (n = 115; HR, 0.86; 95% CI, 0.51-
1.43).

In patients with PD-L1-negative tumors and high CD8 (n = 101; HR, 1.00;
95% CI, 0.58-1.71) or with PD-L1-positive tumors and high CD8 (n = 149;
HR, 0.64; 95% CI, 0.37-1.09), no OS difference between canakinumab and
placebo was observed (Fig. 4F-H).

TME analysis in CD8 subgroups in CANOPY-1
To further study the TME in patients with low CD8" T-cell infiltration, we

leveraged our transcriptomic data with two different approaches. First, we
used a targeted approach investigating a curated list of gene signatures (cell
types of interest) and their enrichment depending on CD8" T-cell infiltra-

tion. As expected, T-cell gene signatures were enriched in tumor samples

classified as CD8 high (above the median) or with an inflamed T-cell phe-
notype (Fig. 5A). On the other hand, tumors classified as CD8 low (below the
median) or with a desert T-cell phenotype generally were enriched for
suppressive myeloid TME features (Fig. 5A); for example, myeloid-
derived suppressor cell (MDSC)-like macrophage and TAM gene sig-
natures were enriched in CD8 low and desert T-cell phenotype samples

(Fig. 5B and C).

Second, we used a PCA with all the gene signatures and IHC features
(CD8 and PD-L1) to deconvolve independent TME features. In the PCA, the
first two dimensions represented total immune infiltration (dimension 1,
44% of variability) and balance between immunosuppressive signatures and
antitumor immunity (dimension 2, 19% of variability; Supplementary Fig. S8).
Tumors classified as having low CD8" T-cell infiltration (below the
median) had lower total immune infiltration (Supplementary Fig. S9A)
and showed a shift toward an

immunosuppressive signature
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FIGURE 4 PFS by treatment

in: (A) CD8 low and PD-L1 <1%,; (B)
CD8 low and PD-L1 >1%; (C)

CD8 high and PD-L1 <1%; (D)

CD8 high and PD-L1 >1%. OS by
treatment in: (E) CD8 low and PD-
L1 <1%; (F) CD8 low and PD-
L1>1%; (G) CD8 high and PD-L1<1%;
(H) CD8 high and PD-L1 >1%
subgroups for CANOPY-1. CT,
chemotherapy.
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(Supplementary Fig. S9B) compared with tumors classified as having
high CD8" T-cell infiltration.

Canakinumab effects on the TME in CANOPY-N

The neoadjuvant CANOPY-N trial, with paired tissue sample collection at
baseline (before treatment) and at surgery (after treatment), provided an
opportunity to study the impact of canakinumab on the TME. In addition to
CD8" T cells measured by IHC, additional cell types were detected by
multiplex IF.

In patients who received pembrolizumab (alone or combined with can-
akinumab), an increase in the levels of intratumoral CD8" T cells was
observed. This effect did not occur in patients who received canakinumab
alone. The increase in CD8" T-cell infiltration was more pronounced in
patients who received the canakinumab plus pembrolizumab combina-
tion, for both total and intratumoral CD8" T cells; however, due to the

small size of the cohort, in particular in the pembrolizumab arm, further

data would be needed to validate this potential synergistic effect (Fig. 6A
and B).

Changes in T-cell phenotypes were also assessed from baseline to surgery.
There was an increase, both numerically (Supplementary Fig. S10A) and as a
percentage of patients (Supplementary Fig. S10B), in tumor samples cate-
gorized as having an inflamed T-cell phenotype in the pembrolizumab-
most pronounced in the canakinumab plus

containing  arms,

pembrolizumab arm.

These results are in line with the MPRs observed in the different arms
reported for the study at final analysis, with MPR rates of 2.9%, 17.1%, and
16.7% in the canakinumab, canakinumab + pembrolizumab, and pem-
brolizumab arms, respectively. In addition, when considering the percent-
ages of viable tumor cells in surgical samples in all arms, mostly
pembrolizumab-containing arms showed tumors with a low percentage
(<20%) of viable tumor cells (Supplementary Fig. S11A; 9 patients of 33 with
available viable tumor cells in the pembrolizumab + canakinumab arm and
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4 patients of 17 in the pembrolizumab arm, with the exception of 1 patient of
31 in the canakinumab arm; ref. 21).

To determine if patients whose tumors had low T-cell infiltration at baseline
may also benefit from canakinumab, as observed in CANOPY-1, the per-
centage of viable tumor cells in different arms was explored in patients with
low CD8" T-cell infiltration. In patients with low CD8" T-cell infiltration at
baseline (CD8 low), more patients had a low percentage of viable tumor cells
(<20%) in the combination arm (6 of 19 patients with low baseline CD8"
T-cell infiltration achieving a low percentage of viable tumor cells) compared
with patients with high CD8" T-cell infiltration at baseline (2 of 11 patients).
No patients with low CD8" T-cell levels in the pembrolizumab-only arm
presented with a low percentage of viable tumor cells (Supplementary Fig.
S11B and S11C).

The impacts of canakinumab on other immune cell types within the TME
were evaluated by multiplex IF assays. In the myeloid compartment, cana-
kinumab treatment was associated with a reduction in CD163" cells in the
TME (Fig. 6C). The reduction was observed both with canakinumab alone
and with canakinumab in combination with pembrolizumab, whereas
pembrolizumab alone did not modulate CD163" cells, supporting a
canakinumab-mediated effect (Fig. 6C). A decrease in CD66b"'CD11b*
granulocytic cells was observed, being more prominent in arms containing
pembrolizumab compared with canakinumab monotherapy (Fig. 6D). Be-
yond myeloid cells, reductions in FOXP3" cells (as a proportion of total
CD3 cells) were observed in canakinumab arms but not in the pem-

brolizumab arm (Fig. 6E).

Discussion

Although the CANOPY studies did not meet their primary endpoints (PFS/
OS in CANOPY-1; MPR in CANOPY-N), there is a strong preclinical and
clinical rationale for targeting IL-1p in lung cancer. IL-1p blockade has the
potential to interrupt tumor-promoting inflammation, shift the tumor im-
mune microenvironment toward an immune-activated status, and synergize
with ICIs (15). The exploratory analyses performed in CANOPY-1 and
CANOPY-N provide insights into the TME features in patients who received
IL-1p blockade, which could help identify patients with NSCLC who may
benefit from the addition of IL-1f inhibition to an ICI.

Using CANOPY-1 tissue samples, three correlative analyses on CD8"
T-cell subgroups were performed to understand the role of baseline T cells
in response to ICI-based treatment, namely, total CD8 count in tumor
samples (low vs. high), T-cell phenotype (immune desert vs. excluded vs.
inflamed), and inflamed T-cell gene expression signature (low vs. high). All
three analyses are in line with prior studies that showed high CD8" T-cell
infiltration within the TME is associated with better prognosis in patients
with NSCLC who received an ICI-based treatment (6). Noteworthy, an
artificial intelligence-based algorithm (Lunit SCOPE IO) that defined
T-cell phenotypes in NSCLC also demonstrated that patients whose tu-
mors had immune desert and immune excluded phenotypes had the least
benefit from ICI monotherapy (31). Taken together, these data show that
patients with NSCLC whose tumors have low CD8* T-cell infiltration
derive less benefit from current standard ICI-based treatment; therefore,
additional treatment strategies are needed to improve outcomes in this
population (6, 32).

CD8" T-cell infiltration and localization, which are important for anticancer
immunity, are modulated by components of the TME that may promote
either an immunosuppressive or immune-active environment. For example,
the presence of cytokines such as TGF-p, or cells such as cancer-associated
fibroblasts and TAMs in the TME can inhibit the functioning and trafficking
of T cells (33-35). Conversely, high levels of immunogenic cytokines, such as
IL-2 and IL-15, stimulate the recruitment of immune effector cells, such as
CD8" and natural killer cells, to create an immune-active TME that facili-
tates the antitumor activity of ICIs (6, 36). The transcriptomic analyses of
baseline tissue samples from patients in CANOPY-1 showed the gene ex-
pression profile of these tumors varies according to their T-cell phenotype
classification. Immune desert tumors showed an enrichment of gene signa-
tures from myeloid-derived cells associated with immunosuppression
(M2 macrophages, MDSC-like macrophages, and neutrophils), whereas gene
signatures from effector T cells were enriched among T-cell-inflamed tu-
mors. An analysis of the transcriptomic data, using PCA, further revealed
that patients with low T-cell infiltration had a shift toward expressing im-
munosuppressive gene signatures, shifting the balance toward immuno-
suppression. These results suggest that low CD8" T-cell infiltration is
associated with further immunosuppressive features, such as an enrichment
of myeloid cells and an increased expression of genes that inhibit immune
activation in the TMEs of these tumors. In this context, our findings suggest
that low levels of infiltrating CD8" T cells are surrogates of an overall
immunosuppressed TME.

In preclinical models of NSCLC, IL-1p blockade exerts an immunogenic
effect in the TME via the recruitment and activation of immune effector
CD8" T cells, while reducing peritumoral infiltration by immunosuppressive
cells such as MDSCs (15, 37, 38). Single-cell RNA-seq, profiling of solid
tumor samples, including NSCLC, pancreatic ductal adenocarcinoma, and
microsatellite stable colorectal cancer samples, has shown that the IL-1p
receptor is expressed on cancer-associated fibroblasts, suggesting that IL-1p
blockade may modulate the activity of these immunosuppressive cells (37,
39-41). In CANOPY-N, canakinumab treatment led to a reduction in the
levels of regulatory T cells and CD163" cells, which typically inhibit the
recruitment of immune effector cells and promote an immunosuppressive
TME (42), indicating that canakinumab may favor immune activation in the
TME. In CANOPY-N, in contrast to preclinical models, canakinumab
treatment alone did not lead to an increase in CD8" T cells in the TME.
In line with preclinical findings (37), decreases in the levels of neutrophils
(CD66b"CD11b" cells) were observed in most patients in CANOPY-N who
received canakinumab, although this effect was also observed following
pembrolizumab treatment. Noteworthy, as CD66b expression is typical
of, but not exclusive to, neutrophils, other cell types that also express
this antigen may have been accounted for when analyzing our samples.
Taken together, our results suggest that canakinumab can modulate the
NSCLC TME by decreasing immunosuppressive cell populations, and it
may shift the TME toward an immune-activated status in the presence of
pembrolizumab. In this context, whether patients whose tumors present
immunosuppressive TME features benefit from the addition of canaki-

numab to an ICI-based treatment should be further investigated.

In the surgical specimens from patients from CANOPY-N who had low
baseline CD8" T-cell infiltration, the levels of viable tumor cells were nu-
merically lower among those treated with the combination of canakinumab

and pembrolizumab in comparison with those who received canakinumab

Cancer Res Commun; 5(4) April 2025

https://doi.org/10.1158/2767-9764.CRC-24-0490 | CANCER RESEARCH COMMUNICATIONS


https://dx.doi.org/10.1158/2767-9764.CRC-24-0490

Canakinumab and the Tumor Microenvironment Role in NSCLC

A
Canakinumab Canakinumab + Pembrolizumab
(n=23) pembrolizumab (n = 26) (n=8)
20 -
9
< 15 -
£
©
o
-
% 10-
[a)
O
5 -
0-
1 1 1 1 1 1
scree“‘“g gurgety sofee“‘“g gurgety scree“\“g gurgety
Median 4.02 2.88 1.89 4.82 1.66 2.88
(Q1-Q3) (2.60-6.78) (1.48-6.36) (1.16-4.14) (2.91-6.87) (1.09-3.19) (1.97-4.32)

Pembrolizumab
(n=11)

Canakinumab +
pembrolizumab (n = 22)

Canakinumab
(n=27)

CD163* macrophages? (%)

SC(ee“.\“g Su‘ge(\j 50\‘63“\“9 s\“ge\"l So\,eeﬂ\“g Su\'ge{\;

Median 16.00 8.00 1750 9.00 11.00 10.00
(Q1-Q3) (11.50-24.00)(5.00-12.00) (8.75-26.00)(6.00—14.00) (8.50-18.50)(8.00-16.50)

Canakinumab Canakinumab + Pembrolizumab
(n=13) pembrolizumab (n = 9) (n=6)
3
fe)
K]
©
o
'_
+
™
<
o
[
1 1 1 1 1 1
Sdeen'\r\g surgety scfeeﬂ\“g surge™ sc‘eer‘“‘g gurge™
Median 5.00 0 6.00 0 5.50 5.00

(Q1-Q3) (3.00-10.00) (0-3.00) (5.00-9.00) (0-2.00) (5.00-7.50) (4.25-9.50)

Canakinumab Canakinumab + Pembrolizumab
(n=23) pembrolizumab (n = 26) (n=8)
8 -
S
@£
©
o
'_
+
@©
[a)]
O
1 1 1 1 1 1
. . . ¢
Sc‘een\\'\g surgety o eenind S\“ge\’\l e'c‘ee\'\\\'\g gurge’y
Median 0.86 0.76 0.49 151 0.38 114
(Q1-Q3) (0.55-2.21)(0.32-1.65)  (0.27-0.99)(0.48-2.76)  (0.19-0.70)(0.64—1.44)
Canakinumab Canakinumab + Pembrolizumab
(n=27) pembrolizumab (n = 22) (n=11)

CD66b*CD11b* in myeloid cells (%)

Y qoreen™® gurgery

Median  12.00 10.00 26.00 10.00 17.00 6.00
(Q1-Q3) (3.00-35.50)(2.00-23.50) (11.50-46.50)(1.25-32.20) (15.00-29.00)(2.50-12.00)

FIGURE 6 (A) Total CD8" T cells, (B) intratumoral CD8" T cells, (C) CD163* TAMs, (D) CD66b*CD11b™ myeloid cells, (E) and FOXP3" regulatory
T cells by treatment arm in CANOPY-N. 2CD163 is a marker for TAMs and was normalized by total detectable cells. °(FOXP3 is a marker for regulatory
T cells and was normalized by the abundance of CD3" cells. CD66b expression is a marker for granulocytes including neutrophils, and CD11b is a

marker for myeloid cells.

AACRJournals.org

Cancer Res Commun; 5(4) April 2025

643


https://aacrjournals.org/

644

Solomon et al.

alone, suggesting the combination may be more active in this subgroup of
patients. Noteworthy, patients who had low baseline CD8" T-cell infiltration
and received pembrolizumab alone also had lower levels of viable tumor cells
in their specimens when compared with those who received canakinumab
alone, raising questions on the potential synergistic antitumor effect gener-
ated by the addition of canakinumab in these patients. Nevertheless, the
three correlative analyses concerning CD8" T-cell subgroups performed in
CANOPY-1 samples (total CD8 count in tumor samples, T-cell phenotype,
and inflamed T-cell gene signature) showed a trend for canakinumab benefit
in patients with features indicative of reduced CD8" T-cell infiltration,
supporting the hypothesis that patients whose tumors have a low CD8"
T-cell infiltration may benefit from the addition of IL-1B inhibition to ICIs.

In addition to T-cell infiltration, the expression of PD-L1 is associated with
responsiveness to ICI-based treatment in patients with advanced NSCLC
(43). Patients with PD-L1-negative tumors derive modest benefit from ICI-
based treatment and have a worse prognosis when compared with those with
PD-L1-positive tumors (44, 45). Furthermore, when evaluating both PD-L1
and CD8" T-cell infiltration to assess the response to ICls, patients with both
low PD-L1 and low CD8" T-cell infiltration have the poorest response to
ICI-based treatment (7-9). In the CANOPY-1 study, in the subgroup of
patients with low CD8* T-cell infiltration, we observed a PFS benefit fa-
voring the canakinumab arm across all PD-L1 levels, suggesting that a po-
tential effect of IL-1f blockade in this population occurs regardless of PD-L1

expression.

Our results should be interpreted in the context of the limitations present in
this study. First, the exploratory nature of these analyses from two pro-
spective studies has to be acknowledged. Second, not all patients from
CANOPY-1 and CANOPY-N had evaluable samples, although patients from
CANOPY-1 included in the present work were representative of the full
analysis set population. Third, in CANOPY-N, the number of patients in the
pembrolizumab arm was smaller than in the other two arms; hence, any
comparison between the pembrolizumab and combination arms should be
interpreted with caution. Fourth, on-treatment and postprogression samples
from patients in CANOPY-1 were not available, which would have enabled
us to further explore the dynamics of the TME during canakinumab treat-
ment. Fifth, as the gene expression analyses were performed on whole-tumor
samples (“bulk”), the observed expression profiles may have been influenced
by stromal cells. In this context, single-cell and spatial transcriptomics would
be an interesting next step to depict the gene expression profiles of the
different TME components in response to canakinumab, distinguishing tu-
mor cells from immune effector cells. Sixth, although we observed that low
CD8 levels may identify subsets of patients who may benefit from IL-1p
blockade, whether a composite biomarker, combining IHC features,
transcriptomics, and potentially clinical characteristics, may be a more
accurate predictor of canakinumab benefit, should be further investi-
gated. Despite the aforementioned limitations, to our knowledge, the
present is the first work to characterize and report the effects of IL-1p
blockade in the TME:s of patients with NSCLC. Furthermore, the fact that
all analyses were conducted using datasets from two prospective, ran-

domized studies strengthens our findings.

In conclusion, our study indicates that IL-1p blockade in combination with
an ICI may modulate the NSCLC TME and shift it toward an immune-
activated status. Our findings suggest that IL-1p blockade may benefit a

subset of patients with immunosuppressive TME features who typically
derive little benefit from ICIs. Prospective validation of these findings is
warranted, and further work is needed to identify patients who may benefit
from the addition of IL-1p inhibition to ICI-based treatment.
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