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Clonal KEAP1 mutations with loss of heterozygosity share reduced
immunotherapy efficacy and low immune cell infiltration in lung
adenocarcinoma
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Background: KEAPI mutations have been associated with reduced survival in lung adenocarcinoma (LUAD) patients
treated with immune checkpoint inhibitors (ICls), particularly in the presence of STK11/KRAS alterations. We
hypothesized that, beyond co-occurring genomic events, clonality prediction may help identify deleterious KEAP1
mutations and their counterparts with retained sensitivity to ICls.

Patients and methods: Beta-binomial modelling of sequencing read counts was used to infer KEAPI clonal inactivation by
combined somatic mutation and loss of heterozygosity (KEAP1 C-LOH) versus partial inacfivation [KEAP1 clonal diploid-
subclonal (KEAP1 CD-SC)] in the Memorial Sloan Kettering Cancer Center (MSK) MetTropism cohort (N = 2550). Clonality/
LOH prediction was compared to a streamlined clinical classifier that relies on variant allele frequencies (VAFs) and tumor
purity (TP) (VAF/TP ratio). The impact of this classification on survival outcomes was tested in two independent cohorts of
LUAD patients treated with immunotherapy (MSK/Rome N = 237; DFCI N = 461). Immune-related features were studied
by exploiting RNA-sequencing data (TCGA) and multiplexed immunofluorescence (DFCI miF cohort).

Results: Clonality/LOH inference in the MSK MetTropism cohort overlapped with a clinical classification model defined
by the VAF/TP ratio. In the ICl-treated MSK/Rome discovery cohort, predicted KEAP1 C-LOH mutations were associated
with shorter progression-free survival (PFS) and overall survival (OS) compared to KEAPI wild-type cases (PFS log-rank
P = 0.001; OS log-rank P < 0.001). Similar results were obtained in the DFCI validation cohort (PFS log-rank P = 0.006;
0S log-rank P = 0.014). In both cohorts, we did not observe any significant difference in survival outcomes when
comparing KEAP1 CD-SC and wild-type tumors. Immune deconvolution and multiplexed immunofluorescence
revealed that KEAP1 C-LOH and KEAP1 CD-SC differed for immune-related features.

Conclusions: KEAP1 C-LOH mutations are associated with an immune-excluded phenotype and worse clinical outcomes
among advanced LUAD patients treated with ICls. By contrast, survival outcomes of patients whose tumors harbored
KEAP1 CD-SC mutations were similar to those with KEAP1 wild-type LUADs.

Key words: lung cancer, immunotherapy, KEAPI, clonal mutations, loss of heterozygosity
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stressors produce modifications in KEAP1 sensor cysteines,
hindering its capability to target NRF2 for degradation. When
NRF2 is released from the inhibitory effects of KEAP1, it di-
merizes with small musculoaponeurotic fibrosarcoma proteins
and triggers the expression of target genes. The transcrip-
tional output of NRF2 activation aims at re-establishing the
redox homeostasis, extruding chemicals, and preventing
ferroptosis."* Functional experiments and computational
studies have also revealed that the KEAP1-NRF2 axis is con-
nected to the antitumor immune response.””

KEAP1-NFE2L2 (the gene encoding for NRF2) mutations
occur in 20%-25% of lung adenocarcinoma (LUAD).®*?
Moreover, KEAP1 loss of heterozygosity (LOH) was
described in LUAD, indicating that a certain fraction of tu-
mors is characterized by complete abrogation of protein
function.”’ KEAP1 mutations have been associated with
chemoresistance and radioresistance,'™** as well as
reduced sensitivity to epidermal growth factor receptor
(EGFR)-targeted inhibitors and compounds targeting the
RTK-RAS-MAPK pathway.'®*" Likewise, KEAPI is investi-
gated in the domain of LUAD immunotherapy, relying on
mutational co-occurring models dehoting functional gene
interactions. The most noteworthy examples refer to the co-
existence of KEAP1 and KRAS/STK11/SMARCA4 alter-
ations,”*" the neutral relationship between KEAPI and
TP53 mutations,” and the mutual exclusivity with EGFR
mutations.”

A deeper understanding of the disease stemmed from
whole-exome/genome sequencing studies (WES/WGS).
Large-scale genome data allow to reconstruct the clonal
composition of tumors and their evolutionary trajec-
tories.””** Mathematical modelling of these processes re-
lies on a set of genomic features including tumor purity (TP,
the percentage of neoplastic cells in a tumor sample),
variant allele frequency (VAF, the number of variant reads
divided by the number of total reads, reported as a per-
centage), allele-specific copy number alterations (CNAs:
LOH and amplifications), and ploidy. Clinical targeted
sequencing is usually considered suboptimal for this type of
inference given the limited throughput. Nevertheless, TP
and VAF, which are central in clonal deconvolution, are
routinely assessed in clinical sequencing.

We hypothesized that the combined evaluation of these
two parameters may predict KEAPI inactivation status,
namely, clonal KEAP1 mutations with LOH versus conditions
of partially retained function (clonal diploid or subclonal
mutations). To address this question, we conceived the
following workflow: (i) The MSK MetTropism cohort was
used to explore the relationship between VAF and TP.

£

KEAP1 clonality/LOH prediction was carried out leveraging a
statistical framework generated for this study (TAPACLOTH),
and its performances were compared with a clinically
focused classifier that relies on VAF and TP (VAF/TP ratio);
(ii) The impact of the different KEAP1 mutations was tested
in two cohorts of LUAD patients treated with immune
checkpoint inhibitors (ICls) (discovery cohort: MSK/Rome;
validation cohort: DFCI); and (iii) Immunological correlates
were investigated using whole-transcriptome sequencing
(WTS, TCGA) and multiplexed immunofluorescence (DFCI
mlIF cohort).

PATIENTS AND METHODS

Cohorts and patients

Survival analyses were carried out in two independent co-)
horts of advanced LUAD patients who received pro-
grammed cell death (ligand) - 1 [PD-(L)1] inhibitors. The
MSK/Rome discovery cohort included 237 advanced LUAD
patients assessable for overall survival (0S) who received

ICls. An independent validation of the model was carried &~/

out in the DFCI cohort, consisting of 461 metastatic LUAD
patients treated with immunotherapy. Overall, we identified
698 patients evaluable for OS who underwent tissue-based
next-generation sequencing (tNGS), and 631 patients
evaluable for progression-free survival (PFS). _J

The MSK/Rome discovery cohort was profiled with MSK-
IMPACT341/410/468 panels**** and the FoundationO-
ne®CDx assay.” The DFCI validation cohort was profiled with
the DFCI-Oncopanel-2/3.'® TP was prevalently estimated by
pathologists (MSK and DFCI cases, N = 672). Regarding
samples profiled by the FoundationOne®CDx assay
(N = 26), we exploited f:omputational TP. In this case,
computational TP and VAFs were requested to the manu-
facturer for the specific purposes of this study (https://info.
foundationmedicine.com/hubfs/FMI%20Labels/Foundation
One_CDx_Label_Technical_Info.pdf). The cohorts consid-
ered for exploratory and computational analyses (MSK
MetTropism, TCGA), inclusion/exclusion criteria, and IRB
approval are provided as Supplementary Methods, available
at https://doi.org/10.1016/j.annonc.2022.12.002.

Statistical and bioinformatic analyses —

Survival curves were estimated with the Kaplan—Meier
product-limit method and compared using the log-rank
test. Multivariate Cox regression models were generated
with variables potentially impacting survival outcomes (OS
and PFS), taking into account their availability in the original

_

Figure 1. Relationship between variant allele frequency and tumor purity in the MSK MetTropism study. Graphical representation of the study workflow (A). Forest
plot illustrating univariate Cox regression analyses for OS related to top-mutant genes classified according with VAFs (B). Asterisks indicate statistically significant
differences. The highest tertile was used as the cut-off point {high versus low VAFs). TAPACLOTH-based prediction of clonality and loss of heterozygosity (C). Two
representative KEAPI-mutant cases are illustrated: clonal with LOH (KEAPI C-LOH, left) and clonal diploid/subclonal (KEAP2 CD-SC, right). Methodological details are
provided in the ‘Methods’ section. Dot plot showing the overlap between clonality/LOH inference (TAPACLOTH) and the VAF/TP ratio (D). Dotted lines indicate VAF/TP
tertiles. Forest plot illustrating univariate Cox regression analyses for OS comparing high versus low TP-adjusted VAFs (VAF/TP ratio of top-ranking mutant genes),

CD-SC, clonal diploid-subclonal;
Sloan Kettering Cancer Center;
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datasets. The related estimates were reported as hazard
ratio and 95% confidence interval. Immunogenomic data
(TCGA LUAD) were downloaded from open-source data
-portals (htms:,’/www.r_ri——imIas‘org,r’resourc@s/; and http://
science.bostongene.com/tumor-portrait).”>*®  Additional
statistical and bioinformatic analyses are described in the
Supplementary Methods, available at https://doi.org/10.
1016/j.annonc.2022.12.002.

Classification of KEAP1 mutations

™ The MSK MetTropism LUAD cohort was used to predict
KEAP1 clonality/LOH with TAPACLOTH, a model that we
have developed to work with read count data of clinical
targeted sequencing (R package: https://caravagnalab.
github.io/TAPACLOTH/). TAPACLOTH uses a beta-binomial
or binomial likelihood based on the number of observed
reads with the variant allele, against the total number of
reads. These two measurements determine the VAF adop-
ted in the test of this study, and are combined in TAPA-

CLOTH by considering TP (further details are provided as
LSupplementary Methods, available at https://doi.org/10.
1016/j.annonc.2022.12.002).

In order to generate a simplified classifier for routine
clinical use, we compared TAPACLOTH with a method
based on VAFs and TP. We exploited the VAF/TP ratio,
hypothesizing that KEAP1 mutations with VAFs similar to
the respective TP were those sharing clonality and LOH.
Given that in the MSK MetTropism cohort TAPACLOTH and
the VAF/TP ratio obtained comparable results, the VAF/TP
method was applied to survival analyses to ensure feasi-
bility in the clinical setting. The highest tertile of the VAF/
TP ratio was used to classify KEAP1 mutations as clonal
with LOH (KEAP1 C-LOH) or clonal diploid-subclonal
(KEAP1 CD-SC) across all the cohorts considered. This
choice stemmed from the comparison of TAPACLOTH and
the VAF/TP ratio in the MSK MetTropism cohort (see
‘Results’ section).

Muiltiplexed immunofiuorescence {ImmunoProfile)

Multiplexed immunofluorescence (mIF) was carried out on
DFCI samples by staining 5-micron formalin-fixed, paraffin-
embedded whole tissue sections with standard, primary
antibodies sequentially and paired with a unique fluoro-
chrome followed by staining with nuclear counterstain/4’,
6-diamidino-2-phenylindole (DAPI).”” Samples were stained
for PD-L1 (clone E1L3N), programmed cell death protein 1
(PD-1) [clone EPR4877(2)], CD8 (clone 4B11), FOXP3 (clone
D608R), cytokeratin (clone AE1/AE3), and DAPI. Further
details are provided as Supplementary Methods, available
at https:f/doiorg/lo.1026/j.anno:m2022.12.002.

RESULTS

Clonality/LOH prediction in clinical targeted sequencing

The workflow of this study is illustrated in Figure 1A. In
reasoning that VAFs may provide hints on the clonal status of
a given mutation, we tested the association between VAFs
and OS in advanced LUAD patients in the MSK MetTropism
(N = 2550). For the majority of the genes tested (mutational
frequency > 5%), we noticed that mutations occurring at high
VAFs (highest tertile) were associated with an increased risk
of death (Figure 1B and Supplementary Table 51, available at
https://doi,nrgilo.1O16/j.annoﬂc.2022.].21002), suggesting
the existence of a confounding factor. In particular, we
observed that elevated TP estimates were associated with
inferior OS (Supplementary Figure S1A, available at https://
doi.org/10.1016/j.annonc.2022.12.002). Since TP was posi-
tively correlated with VAFs (Supplementary Figures S1B and
52, available at https:/,’cioi.wrgf10.1016/j.annonc.2022.12,
002), we concluded that the detrimental effect of raw VAFs
on clinical outcomes is a function of the TP.

Thus, we explored alternative avenues to introduce the
concept of clonality/LOH in clinical sequencing. By focusing
on KEAP1, we conceived TAPACLOTH to classify mutations
as KEAP1 C-LOH, and KEAP1 CD-SC (Figure 1C). When
TAPACLOTH prediction was compared to a streamlined
clinical classification model defined by the VAF/TP ratio, we
observed that the VAF/TP ratio efficiently intercepted
TAPACLOTH-predicted KEAP1 clonality/LOH (Figure 1D).
Indeed, the majority of putative KEAPI1 C-LOH mutations
clustered within the highest tertile of the VAF/TP ratio
(Figure 1D). Next, we applied the VAF/TP ratio to the same
pool of genes previously tested on a VAF basis only. With
this approach, the negativef prognostic impact was exclu-
sively retained by established tumor-suppressor genes
(Figure 1E and Supplementary Table 52, available at https://
doi.org/10.1016/j.annonc.2022.12.002), indicating that our
method accurately discriminates between relevant genomic
alterations and clinically neutral events.

We next sought to identify potential differences across
KEAP1 C-LOH, KEAP1 CD-SC, and KEAP1 wild-type cases. As
expected, the VAF/TP method limited baseline imbalances
in tumor cellularity (Figure 2A). Mutation enrichment
analysis revealed that the KEAP1 C-LOH group was enriched
for TP53 mutations (Figure 2B), while STKI1 and KRAS
mutations were similarly distributed between the two
KEAP1-mutant groups (Supplementary Figure 53, available
at https://doi.orgflo.1016,fj.annonc,2022.12.0{)2). In addi-
tion, both the tumour mutational burden (TMB) TMB and
the fraction of genome altered (FGA) were significantly
higher in KEAP1 C-LOH tumors as compared to KEAP1 CD-5C
and wild-type LUADs (Figure 2C and D). From a clinical
perspective, tumors with KEAP1 C-LOH mutations were

Figure 2. Genomic and clinical features associated with the

different KEAP1 mutations in the MSK MetTropism study. Box plot for TP in the three subgroups of

interest (KEAP1 C-LOH, KEAP1 CD-5C, and KEAP1 wild-type) (A). Stacked bar chart showing the distribution of TP53 mutations in KEAP1 C-LOH, KEAP1 CD-SC, and
KEAPI wild-type tumors (B). Box plots for tumor mutational burden (C) and FGA (D). Stacked bar chart displaying the distribution of metastatic burden (number of

metastatic  sites) (E) and brain metastases (F) across the three
CD-5C, clonal diploid-subclonal; C-LOH, clonal with loss of heterozygosity;
mutated: NS, not significant; TP, tumor purity; WT, wild-type.

Volume 34 m Issue 3 m 2023

K~ Spows B AL

FGA, fraction of genome altered; MSK, Memorial Sloan Kef

cubsets of interest. Asterisks indicate statistically si nificant differences.




S. Scalera et al.

A B
PFS MSK/Rome PFS MSK/Rome :
1.0 :
0.0 KEAP1 C-LOH referancs "
B 08 4 + :‘F{AM CD-sC
g: o7 Log-rank p = 0.004 i
5 KEAP1 C-LOH vs WT o = 0001
L KEAP1 CD-SC vs WT p = 0.49
@ 064 KEAP1 C-LOH 2.54
= D T
2 oo | ) KEAP1 CLOH va KEAP1 CD-SC p= 01004 (N=13) (0.41-4.6) D662
2" i i —
= odd iy ”
g 03 - . |
& : } Female N
0.2 : I (N=53) refarence ]
04 4 0 : \—IH—|.1
0.0 ; ; : o
0 ] 12 18 24
Manths FAS 108) reference !
N. patients at risk . S ;
13 0 0 Q 0
20 10 8 2 0
— |137 46 23 11 5
r T T T T I T T 1
0 6 12 18 24 1 2 2
Months
c D
08 MSK/Reme % 0S8 MSK/Rome :
wr :
KEAP1 C-LOH KEAPT  iN=182) EQlordncs L
+ KEAP1CD-SC ;
= -+ WT
2
: 2 R
& Lty KEAP1 C-LOH 247
5o ey (1.42-4.3)
Z 04 : e .- RO
2 | i
2 0.3 ' iy
o 1 i
0.2 | Log-rankp =0 005 "
KEAP1 G-LCH vs WT p <0.001 [,
0.1 4 KEAP1AD-SCys WTp=082 1|
KEAP1 G-LOH vs KEAP1 LD—SG;! 0.047
0.0 T T T
0 6 12 18 24
Months
N. patients al risk
19 8 3 1 0
- | 32 19 13 9 7
— |186 129 97 63 36
T T T T T I ! ; 4
¢} 6 12 18 24 1 2 5
Months

Figure 3. Survival analyses in the MSK/Rome and DFCI cohorts. Kaplan—Meier survival curves for PFS and 0S, and multivariate Cox regression analyses, in the MSK/
Rome cohort (A-D). Kaplan—Meier survival curves and multivariate Cox regression analyses (PFS and 05) in the DFCI validation cohort (E-H).
CD-SC, clonal diploid-subclonal; C-LOH, clonal with loss of heterozygosity; MSK, Memorial Sloan Kettering Cancer Center; 0S, overall survival; PFS, progression-free

survival; TMB, tumour mutational burden; WT, wild-type.

associated with higher metastatic burden than wild-type
cases, including brain metastases (Figure 2E and F).
Together, these observations provided initial evidence that
the VAF/TP ratio defines distinct types of KEAP1 mutations.

KEAPI clonality/LOH and clinical outcomes in LUAD
patients treated with immunotherapy

Having shown that KEAP1 C-LOH mutations have distinct
clinical and genomic features, we aimed to determine
whether these mutations were also associated with ICl ef-
ficacy. Baseline characteristics of patients included in this
study are summarized in Supplementary Tables 53 and 54,
available at https://doi.org/10.1016/j.annonc.2022.12.002,
whereas the relationship between KEAP1 mutations and
baseline clinical features are provided in Supplementary

280 &

annonc.2022.12.002

olorg/ 10,101

Tables S5 and S$6, available at https://doi.org/10.1016/].
annonc.2022.12.002.

In the MSK/Rome cohort, patients whose tumors
harbored KFAP1 C-LOH mutations had shorter PFS and OS
compared to those with KEAP1 wild-type diseases (PFS log-
rank P = 0.001; OS log-rank P < 0.001, Figure 3A-D),
whereas clinical outcomes were similar between patients
with KEAP1 CD-SC LUADs and those with KEAPI wild-type
tumors.

Similarly, in the independent DFCI validation cohort,
patients with KEAP1 C-LOH LUADs had shorter PFS and OS
compared to those with KEAP1 wild-type tumors (PFS log-
rank P = 0.006; OS log-rank P = 0.014, Figure 3E-H).
Again, a similar association was not recorded for the KEAP1
CD-SC group.
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Figure 3. Continued.

PD-L1 expression [tumor proportion score (TPS)] was  (Supplementary Figure 54, available at https://doi.org/10.
available in a subset of DFCI cases (N = 371). PD-L1 w _1016/j.annonc,2022.12.002). Multivariate Cox regression
lower among LUADs with KEAP1 C-LOH compared to Is confirmed the robustness of our classifier after
with KEAP1 CD-SC and KEAP1 wild-type g g for PD-L1 expression, indicating that our findings
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are independent of PD-L1 (Supplementary Figure S5, avail-
able at https://doi.or‘g[.l.().10.l.G/j.anﬁcmc.ZOZZ.lZ.OO?,}.
Moreover, the inclusion of patients with EGFR-activating
mutations did not significantly impact our findings
(Supplementary Figure 56, available at https://doi.org/10.
1016/j.annonc.2022.12.002).

Lastly, we applied a similar approach to blood-based
sequencing, exploiting the maximum somatic allele fre-
quency (the amount of cell-free tumor DNA) as the coun-
terpart of TP in liquid biopsy. In the OAK/POPLAR trials
(atezolizumab arm), putative KEAPI C-LOH mutations were
associated with worse PFS and OS compared to KEAP1 CD-
SC and KEAP1 wild-type cases (Supplementary Figure SV
available at  https://doi.org/10.1016/j.annonc.2022.12.
002).”® However, caution is needed in interpreting these
data given the different sequencing strategies.

Pooled analysis of the immunotherapy-treated population

In order to account for inter-cohort variability in TP, we
carried out a pooled analysis of the MSK/Rome/DFCI co-
horts. All the tested VAF/TP cut-poi'nts were associated with
an increased risk of disease progression and death
(Supplementary Figure S8A and B, available at https://doi.
org/lU.10].6/j.annonc.2022.12.002; highest tertile: VAF/TP
>0.9). Also in the whole ICl-treated population, the VAF/TP
ratio and TAPACLOTH achieved a comparable classification
(Supplementary Figure S8C, available at https://doi.org/10.
1016/j.annonc.2022.12.002). Regarding TP53 mutations,
these were more frequent in KEAP1 C-LOH than KEAP1 CD-
SC tumors, as observed in the MSK MetTropism, even
though this difference was not significant (Supplementary
Figure S8D, available at https://doi.org/10.1016/j.annonc.
2022.12.002). We next explored whether KEAP1 C-LOH
were associated with survival outcomes among TMB-high
tumors. Differences in terms of PFS and OS were also
observed in the TMB-high (>10) population
(Supplementary Figure S8E and F, available at https://doi.
org/’w.1016/;.annonc,2022.12.002). The consistency of our
model was further confirmed when a higher TMB cut-off
(>19 mut/Mb) was considered (Supplementary Figure 59,
available at https:/f’doi.org/’lD.lDlG/j.annanc.2022\12.
002).”” However, the limited size of this TMB-high popula-
tion (N = 78) hindered subgroup analyses.

Considering the link between KEAP1 and STK11, we
investigated KEAP1/STK11 co-occurring complete inactiva-
tion (Supplementary Figure S10A, available at https://doi.
org[lo.lGlB/j.annonc.mzz.12‘002). Also when considering
§TK11, TAPACLOTH and the VAF/TP method yielded a
comparable prediction (Supplementary Figure S10B, avail-
able at https://dol.org/l0,1016/j.annonc.2022<12.002). By

£y

focusing on KEAP1/STK11 co-mutant tumaors, we noticed
that ~65% of KEAP1 C-LOH LUADs exhibited a common
S§TK11 pattern (Supplementary Figure $10¢C, available at
https:f/doi.crg/lo.103.6/}.anr10nc.2022.121002). While pa-
tients with tumors having co-existing KEAP1/STK11 C-LOH
mutations had inferior survival outcomes compared to
those with KEAP1 CD-SC and wild-type tumors, we did not
appreciate significant differences between KEAP1/STK11
C-LOH and KEAP1 C-LOH single-mutant tumors
(Supplementary Figure $10D and E, available at https://doi.
Orgfl{).lU'lG/}ﬂnnGnLZOZZ.i2.002). Even though we
hypothesize a synergism between co-existing KEAP1/STK11
C-LOH mutations, the limited sample size of the two KEAP1-
mutant subgroups did not allow to further explore this
relationship.

Next, we evaluated whether our classifier was affected by
the number of metastatic sites. KEAPI C-LOH mutations
were associated with shorter OS, regardless of metastatic
burden (Supplementary Figure S11A and B, available at
https:/fdo‘;.org/io.lU],G/j.annonc.2022.12.002). Moreover,
the distribution of the three molecular subgroups was not
affected by the origin of the profiled tissues (primary versus
metastatic tumors) (Supplementary Figure 511C, available
at https:}'{doi,orgflo.1016,’;.annonc.2022.12.002).

Lastly, we tested the impact of a common VAF/TP ratio
cut-off (>0.9) in the two independent |CI-treated cohorts.
Results were comparable in terms of survival outcomes
(Supplementary Figure S12A-D, available at https://doi.org/
_10.]‘Olﬁ/j.annonc.?.DZZ.1.2.002}, even though a certain
inter-cohort variability was observed in the distribution of
VAF/TP values (Supplementary Figure S12E, available at
htl:ps://doi.org/im.]0§6fé.annonc.2022.}2.002).

{

Immunogenomic features associated with the different
KEAP1 mutations

Transcriptomic data (TCGA) were used to investigate differ-
ences in immune-related features across the three subgroups,
classified with the same method used in clinical cohorts. TP
estimates were fairly balanced between the two KEAP1-
mutant groups (Supplementary Figure $13A, available at
https:{/doi.org,’10.1016fj.annonr,.2022.12.002). This is rele-
vant considering the impact of TP on sequencing-based
immunological parameters (Supplementary Figure $13B and
C, available at https://doi.arg/IO.10].6/j.annonc,2022.12,002).

Transcription factor analysis (DoRothEA) revealed lower
enrichment score of immune-related transcription factors in
KEAP1 C-LOH tumors as compared to KEAP1 CD-SC cases
(NFKB1/RELA, STAT1/STAT3) (Figure 4A). Consistently, tran-
scription factor ontology, carried out with transcription factors
having lower estimated activity in KEAP1 C-LOH LUADs,

Figure 4. Transcription factors and pathway-level analysis in the TCGA LUAD study. Waterfall plot illustrating transcription factors (DoRothEA) differentially enriched
when comparing KEAP1 C-LOH and KEAP1 CD-SC tumors (A). Gene ontology related to DoRothEA transcription factor analysis (MSIgDB HALLMARK) (B). Waterfall plot
for core pathway signatures (PROGENYy) in KEAP1 C-LOH versus KEAP1 CD-SC LUADs (C). TreeMap plot displaying GSEA biological processes retrieved upon differential

gene expression (KEAP1 C-LOH versus KEAP1 CD-SC tumors) (D).
CD-SC, clonal diploid-subclonal; C-LOH, clonal with loss of heteroz:
enrichment score.
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retrieved immune-related terms despite the limited size of
input data (Figure 4B). The analysis of pathway-level signatures
(PROGENy) indicated that KEAP1 C-LOH tumors had lower
enrichment scores of immune-associated pathways than
KEAP1 CD-SC LUADs (tumor necrosis factor-u, nuclear factor-
KB, and Janus kinase/signal transducer and activator of
transcription (JAK/STAT)) (Figure 4C). Conversely, the pro-
proliferative PI3K signature was enriched in the KEAP1 C-LOH
group (Figure 4C). Gene ontology carried out with differentially
expressed genes between the two KEAPI-mutant subgroups
confirmed the downregulation of immune-related processes in
KEAP1 C-LOH versus KEAP1 CD-SC LUADs (Figure 4D).

Next, we analyzed core immune signatures from a pan-
cancer immunogenomic subtyping.”” We observed differ-
ences across the subgroups, suggesting that an immune-
cold microenvironment characterizes KEAP1 C-LOH tumors
(Figure S5A). Again, a signature denoting increased malignant
potential (proliferation) was more represented in KEAPI C-
LOH tumors (Figure 5B). Leveraging an independent com-
pendium of immune-related processes,”® we observed that
KEAPI C-LOH LUADs were prevalently characterized by an
immune-desert microenvironment,> whereas immune
enrichment was more common in KEAP1 wild-type tumors
(Figure 5C). In this context, KEAP1 CD-SC LUADs had inter-
mediate features. Interestingly, the two signatures enriched
in the KEAP1 C-LOH background were those associated with
aggressive molecular traits (proliferation and epithelial-
mesenchymal transition) (Figure 5D). Similarly, markers of
genomic instability were more pronounced in the KEAP1 C-
LOH group than in KEAP1 CD-SC LUADs (Supplementary
Figure 514A-F, available at https://doi.org/10.1016/j.
annonc.2022.12.002).

KEAP1 C-LOH tumors are associated with low immune cell
infiltration

To further characterize the immunophenotypic features of
KEAP1 mutations, we exploited miF in the independent
DFCI mIF cohort (N = 429) (Figure 6A).

KEAPI C-LOH mutations (N = 17) had fewer total CD8+ T
cells compared to KEAP1 CD-SC (N = 38) and KEAP1 wild-type
(N = 374) cases (Figure 6B). This association was prevalently
driven by intratumoral CD8+ T cells (Supplementary
Figure 515A and B, available at https://doi.org/10.1016/j.
annonc.2022.12.002). KEAP1 C-LOH tumors exhibited signif-
icantly lower total PD-1+ immune cells compared to KEAP1
CD-SCand wild-type cases (Figure 6C), and a similar trend was
reported for intratumoral PD-1+ immune cells (Supplemen-
tary Figure S15C and D, available at https://doi.org/10.1016/
j-annonc.2022.12.002).

PD-L1 expression was lower among samples with KEAP1
C-LOH mutations compared with those with KEAP1 CD-SC
and wild-type tumors, regardless of whether PD-L1 was
classified with the TPS or the combined positive score (CPS)
(Figure 6D and E).

Lastly, KEAPI C-LOH tumors had a numerically lower
count of total CD8+ PD1+ T cells compared to KEAPI CD-
5C and wild-type LUADs (Supplementary Figure ’
available at https://doi.org/10.1016/j.annonc.202 .._3'@

el
fou ]
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The exception was represented by FOXP3+ T cells, which
were  comparable across the three subgroups
(Supplementary Figure $16D-F, available at https://doi.org/
10.1016/j.annonc.2022.12.002).

Overall, mIF analysis confirmed that KEAP1 C-LOH muta-
tions are associated with an immune-excluded phenotype.

DISCUSSION

The advent of comprehensive genomic profiling in the
clinical setting offers an unprecedented opportunity to gain
insights into the taxonomy of tumors, and has prompted
biology-informed clinical trials and biomarker identification
studies.”*" In LUAD, evidence linking KEAP1/STK11 muta-
tions to survival outcomes are spurring intense debate on
how to incorporate this information into clinical
practice.”****>***! 'When considering immunotherapy,
particular emphasis is placed on co-existing mutations in
established drivers (KRAS, TP53, KEAP1, and STK11).%%'%*!

A growing body of evidence suggests that KEAPI muta-

tions with or without concurrent alterations in genes such
as KRAS and STK11 are associated with resistance to PD-(L)1
blockade.™”* Nonetheless, responses to immunotherapy
are also seen in patients with KEAPI mutations, regardless
of their co-mutation background.

We hypothesized that KEAPI clonality/LOH prediction
may help identify different classes of KEAPI mutations with
distinct immunophenotypic features and clinical outcomes.
We reported the following: (i) Patients with advanced
LUADs who received ICls and whose tumors carried putative
KEAP1 C-LOH mutations experienced inferior survival out-
comes as compared to those with wild-type tumors.
Conversely, survival outcomgs of patients with KEAPI CD-SC
tumors were similar to those having KEAP1 wild-type
LUADs; and (ii) KEAP1 C-LOH LUADs exhibit an immune-
cold tumor microenvironment.

Even though our results were reproducible in indepen-
dent cohorts, we are aware that this study has some limi-
tations. The main limitations stem from the retrospective
design and the lack of information on PD-L1 expression,
with the exception of the DFCI cohort. In this case, survival
analyses carried out in the subset of DFCI patients with
available PD-L1 data confirmed the stability of our classifi-
cation. Moreover, we reported that tumors with KEAPI
C-LOH mutations were characterized by low PD-L1 expres-
sion levels, and both computational studies in the TCGA and
mlF data were aligned with this observation. In the DFCI
cohort, the PD-L1-high (>50%) population was slightly
higher than that previously reported (DFCI 43.4%, KEYNOTE-
024 30.2%).”” This stems from the time frame of sample
collection, and the evolution of immunotherapy-based
therapeutic strategies over the same period (first-line
pembrolizumab monotherapy in the PD-L1-high setting,
first-line chemoimmunotherapy). The use of different
sequencing strategies should also be considered. Even
though we noticed some differences in sequencing
coverage (Supplementary Figure S17A, available at https://
org/10.1016/j.annonc.2022.12.002), TAPACLOTH and



S. Scalera et al.

KEAP1 C-LOH KEAP1 CD-SC

(LIS

B C
NS NS
1000 -
< 1000 - &
E
E s
= E
2 2
8 8 100-
o100 4 2
5 — g
- -
+ +
© 5
o 2 10
I ®
g 10 = E
T T T T 'I T
KEAP1  KEAP1 WT KEAP1  KEAP1 wWT
C-LOH CD-SC C-LOH  CD-SC
D E
NS NS
100 4
1000 -
104 100 -
5 2
w
(<)
£ - 101
Y - 2
- (=]
0 o
a 14
0.1- 2
KEAP1  KEAP1 WT KEAP1  KEAP1 wWT
C-LOH  CD-SC C-LOH  CD-8C

Figure 6. Multiplexed immunofluorescence (miF) in DFCI LUAD cases. Three representative images (KEAP1 C-LOH, KEAPI CD-5C, and KEAP1 wild-type) of LUAD
samples characterized by miF at the DFCl (ImmunoProfile) (A). Violin plots for total CD8+ T cells (B), total PD-1+ T cells (C), and PD-L1 (D and E).
CD-SC, clonal diploid-subclonal; C-LOH, clonal with loss of heterozygosity; CPS, combined positi ore; DFCI, Dana-Farber Cancer Institute; DAPI, 4',6-diamidino-2-
phenylindole; LUAD, lung adenocarcinoma; NS, not significant; PD-1, programmed cell t‘nd{g,«é 1:RD-L1, programmed death-ligand 1; TPS, tumor proportion
score; WT, wild-type. Asterisks indicate statistically significant differences. Q\/——- Plo ;
A 7

) \o
VgL
B, !

Volume 34 m Issue 3 m 2023



S. Scalera et al.

the two ICI-treated cohorts were separately analyzed,
indicating that our methods are not affected by the
sequencing platforms (Supplementary Figure S178, avail-
able at https://doi.org/10.1016/j.annonc.2022.12.002). We
also considered the potential impact of clonal hematopoi-
esis (CH), a source of mutation misinterpretation in tumor-
only sequencing.”” However, publicly available data indicate
that CH-associated KEAP1 mutations are extremely un-
common (<0.1%).”" Lastly, our study was not powered to
explore the impact of the different KEAP1 classes according
to KRAS status.'®

At the same time, our findings have some important
implications. Firstly, our method significantly widens the
amount of information achievable in clinical targeted
sequencing, ensuring the flexibility to be transferred to
other treatments (e.g. KRASSC inhibition), settings (neo-
adjuvant/adjuvant), and tumor types. In addition, the re-
sults of our study may open new horizons in the search of
anti-immune interactions, ** and can improve current
mutational co-occurrence approaches. Indeed, incorpo-
rating clonality/LOH into mutational co-occurring models is
expected to increase our ability to delineate the genomic
repertoire of tumors with an enhanced capability of evading
the immune system. Introducing the clonal status of driver
mutations may also generate a more detailed molecular
segmentation of the disease with important therapeutic
implications (treatment intensification, clinical trials).
A more granular interpretation of clinical sequencing data
would allow to narrow the pool of clinically relevant genes
and alterations, eliminating the background noise of clini-
cally neutral mutations. Intuitively, our data highlight the
importance of integrating CNAs in clinical practice. From a
clinical perspective, KEAPI clonal status may frame KEAPI-
mutant LUADs responding to ICls. Currently, there are
multiple first-line options, including PD-(L)1 monotherapy,
PD-(L)1 plus cytotoxic T-lymphocyte-associated protein 4
dual blockade, and chemoimmunotherapy. While chemo-
immunotherapy is usually favored in the presence of low/
intermediate PD-L1 expression, there are no prospective
data guiding treatment decision for patients with PD-L1-
high (>50%) tumors. Our data suggest that tumors with
KEAP1 C-LOH mutations are particularly refractory to PD-(L)
1 monotherapy. Therefore, combination approaches might
be considered for this population. Conversely, patients with
tumors carrying KEAP1 CD-SC mutations have similar out-
comes to those with KEAP1 wild-type LUADs. Among pa-
tients with tumors exhibiting high PD-L1 expression and
KEAP1 CD-SC mutations, single-agent PD-(L)1 inhibitors may
be considered, sparing the added toxicity of chemotherapy.
While other features must be factored in this decision (age,
performance status, disease burden), our study indicates
that KEAP1 status may help individualizing treatment
selection.

From a methodological perspective, we observed slightly
different median TP values in the examined cohorts, which
is a common scenario in clinical practice. Given the overlap
between TAPACLOTH and the VAF/TP method, we were
able to harmonize the cohorts in terms of clonality/LOH
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prediction. Nevertheless, introducing standardized proced-
ures for TP estimation is of key relevance to foster the
implementation of these models in clinical sequencing.” "
The increased throughput of targeted sequencing, and the
reduced costs of WES, will offer the opportunity to develop
more efficient TP estimation methods (combined
pathologist-estimated and inferred TP, digital pathology).”
* secondly, clonal deconvolution is still in its initial phase,
as denoted by the inconsistencies reported across the
various tools that reconstruct clonal architecture.” Bringing
this concept to clinical sequencing remains a challenging,
albeit promising, task.

In summary, we provided evidence that clonality/LOH
prediction in clinical sequencing allows to identify advanced
KEAP1-mutant LUAD patients experiencing less favorable
survival outcomes when treated with ICls. These data invite
caution when administering ICls to patients with tumors
harboring a certain type of KEAPI1 alterations, regardless of
co-existing mutations. Testing this hypothesis in prospective
studies and in the chemoimmunotherapy setting will be
instrumental in assessing the potential of second-
generation genomic classifiers.
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