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Co-occurring genomic alterations and immunotherapy efficacy

in NSCLC

Fan Zhang'?, Jinliang Wang'?, Yu Xu®?, Shangli Cai*?, Tao Li', Guogiang Wang? Chengcheng Li? Lei Zhao®'™ and Yi Hu'™

An oncogene-centric molecular classification paradigm in non-small cell lung cancer (NSCLC) has been established. Of note, the
heterogeneity within each oncogenic driver-defined subgroup may be captured by co-occurring mutations, which potentially
impact response/resistance to immune checkpoint inhibitors (ICls). We analyzed the data of 1745 NSCLCs and delineated the
landscape of interaction effects of common co-mutations on ICl efficacy. Particularly in nonsquamous NSCLC, KRAS mutation
remarkably interacted with its co-occurring mutations in TP53, STK11, PTPRD, RBM10, and ATM. Based on single mutation-based
prediction models, adding interaction terms (referred to as inter-model) improved discriminative utilities in both training and
validation sets. The scores of inter-models exhibited undifferentiated effectiveness regardless of tumor mutational burden and
programmed death-ligand 1, and were identified as independent predictors for ICl benefit. Our work provides novel tools for
patient selection and insights into NSCLC immunobiology, and highlights the advantage and necessity of considering interactions

when developing prediction algorithms for cancer therapeutics.
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INTRODUCTION

An oncogene-centric molecular classification paradigm in non-
small cell lung cancer (NSCLC) has been established by the
discoveries of mutual-exclusive oncogenic drivers, e.g., KRAS, EGFR,
BRAF, and ALK'. However, growing evidence points toward the
biological and clinical heterogeneity within each oncogenic driver-
defined subgroup'™®, which warrants further investigations into
the indicators for optimizing the stratification framework in NSCLC.

Co-existing genomic aberrations in oncogenic drivers and
tumor suppressor genes have emerged as the main principle of
molecular diversity in NSCLC. This co-mutation pattern can
capture the complexity concerning tumorigenesis, metastasis,
immune microenvironment, and therapeutic vulnerabilities'”. For
instance, KRAS-driven lung adenocarcinomas (LUADs) are intrinsi-
cally heterogeneous and can be classified into three subgroups
dominated, respectively, by co-mutations in TP53, STK11, and
CDKN2A/BB. KRAS/TP53 co-mutations are associated with an
inflamed immune microenvironment and increased tumoral
programmed death-ligand 1 (PD-L1) expression®''; However,
KRAS/STK11 co-mutated LUADs appear largely “immune-inert”,
characterized by a paucity of tumor-infiltrating T cells and lower
PD-L1 expression®'912, These two different co-occurring muta-
tions in KRAS-mutated LUADs lead to almost opposite micro-
environments, demonstrating the critical impact of co-occurring
mutations on the immune-related characteristics in NSCLC and the
promising opportunities that interactions between co-occurring
mutations may foster the improvement of prediction algorithms
for cancer immunotherapy.

The predictive impacts of two co-occurring mutations may be
interactive, but not simply additive, which requires further
assessment of interaction effects'>™'°. We previously revealed an
interaction of KRAS/TP53 mutations in nonsquamous NSCLC,
where we observed similarly poor progression-free survival (PFS)
in the patients with no or single mutation, but significant PFS

advantage in the co-mutant ones'é, which indicates that only
when these two mutations occur simultaneously, may they predict
remarkable benefits from ICls. In a recently published 8-gene
mutational signature, TP53 and KRAS mutations were calculated
independently with a score associated with better response to
ICIs'”. In this case, the single-mutated patients had a higher score
compared to the double-wildtype ones, inconsistent with their
similarly poor outcomes in the actual situation. Co-mutations are
rare and therefore assessing interaction effects requires a large
sample size to avoid serious sampling error, which partially
accounts for the omission of interaction effects in current
mutational signatures for predicting immunotherapy efficacy
in NSCLC'”"'8,

Given these, we hypothesized that co-occurring mutations may
shape immune contexture and act as novel predictors for
immunotherapy efficacy in NSCLC. In this study, we sought to
first delineate the landscape of interaction effects separately in
patients with nonsquamous or squamous NSCLC, and then to
investigate whether adding significant interaction terms into
prediction models could improve their performances in both the
training and the validation sets. Our goal was to develop a novel
tool involving interaction terms to predict ICI benefit more
precisely in NSCLC and to raise the awareness of involving co-
occurring genomic alterations for facilitating the refinement of
prediction algorithms for cancer therapeutics.

RESULTS

Interaction between mutational events was associated with
immunotherapy efficacy

To begin with, we analyzed whether mutational events in single
genes or pathways were associated with the PFS on anti-PD-(L)1
monotherapy in nonsquamous NSCLC (n=592). The detailed
information and survival data of included datasets are shown in
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Supplementary Table 1 and Supplementary Fig. 1, and the
definitions of analyzed pathways are shown in Supplementary
Table 2. Univariable analyses revealed that poorer PFS on anti-PD-
(L)1 monotherapy was associated with the mutations in EGFR (P =
0.001) and STK11 (P=0.026), and better PFS was associated
with the mutations in PTPRD (P <0.001), NOTCH pathway (P=
0.009), NOTCH1/2/3 (P=0.025), LRP1B (P =0.025), PI3K pathway
(P=0.022), receptor tyrosine kinases (RTKs, P=0.004), SMAD4
(P=0.046), homologous recombination repair (HRR) pathway
(P=0.016), ATM (P=0.029), ATR (P =0.049), ARID2 (P=0.032),
Hippo pathway (P=0.023), and Hedgehog pathway (P =0.032,
Fig. 1A and Supplementary Table 3).

As for the interaction effects between co-occurring genetic
aberrations, the co-mutations existing in more than 20 patients
were included in the analysis to reduce the impact of serious
sampling error. We found 20 significant interactions with a P value
below 0.05, and 41 interactions with a P value between 0.05 and
0.15 (Fig. TA). Among these 61 interactions, 28 (45.9%) had effect
sizes opposite to the trends of the effect sizes of single mutations
(e.g., PTPRD*KRAS pathway: hazard ratio [HR]=2.47, 95% con-
fidence interval (Cl) 1.33-4.61, P = 0.004; PTPRD: HR = 0.43, 95% Cl
0.30-0.62, P < 0.001; KRAS: HR = 0.76, 95% Cl 0.60-0.95, P=0.018,
Fig. 1B and Supplementary Table 4). These results indicate that
gene mutations may exhibit different associations with immu-
notherapy efficacy based on their co-occurring mutations in
nonsquamous NSCLC.

In the patients with squamous NSCLC (n = 191), the relatively
small sample size limits the exploration of significant effects to a
certain extent, and therefore we relaxed the requirement for
p value from 0.05 to 0.15 in the following analysis. In terms of
individual gene mutations, the mutations in NOTCH1/2/3 (P=
0.053) and PI3K pathway (P =0.092) were associated with longer
PFS on anti-PD-(L)1 monotherapy and the mutations in LRP1B (P =
0.016) and RBT (P = 0.051) were associated with worse PFS (Fig. 1C
and Supplementary Table 5). For the interaction effects, three
remarkable interactions were discovered (TP53*NFE2L2, TP53*HRR
pathway, and PI3K pathway*Hippo pathway, Fig. 1C and
Supplementary Table 6). Two interactions in squamous NSCLC
(TP53*NFE2L2 and TP53*HRR pathway) had effect sizes opposite
to the trends of the effect sizes of single mutations (e.g.,
TP53*NFE2L2: HR =0.21, 95% CI 0.06-0.74, P=0.016; TP53: HR=
1.37, 95% Cl 0.97-1.92, P=0.071; NFE2L2: HR=3.71, 95% Cl
1.15-12.00, P = 0.029), highlighting the importance of investigat-
ing interaction effects of co-occurring mutations.

Development of a model involving interactions for anti-PD-(L)
1 therapy in nonsquamous NSCLC

As shown in Fig. 2A, of the total 1083 patients with nonsquamous
NSCLC, 288 anti-programmed death-(ligand)1 (anti-PD-(L)1)
monotherapy-treated patients with PFS data from Sun Yat-Sen
University Cancer Center (SYSUCC)'®, Dana Farber Cancer Institute
(DFC1)?°, and Memorial Sloan-Kettering Cancer Center (MSKCC)?'-23
were included in the training set-1, and 304 patients treated with
atezolizumab and 294 patients treated with docetaxel from the
POPLAR/OAK cohort were included in the training set-2 and the
control set, respectively®*.

By cross-validation in training sets-1/2 (detailed criteria were
shown in Fig. 2A: [i] number of mutation or co-mutation>10 and
P<0.2 in training set-1 [n = 288] and -2 [n = 304]; [ii] P<0.05 in
total training sets [n = 592]), five single mutational events (EGFR,
STK11, PTPRD, PI3K pathway, and HRR pathway, Fig. 2B), and five
interactions (EGFR*PI3K pathway, TP53*KRAS, TP53*ERBB4, cell
cycle pathway*HRR pathway, and PI3K pathway*chromatin
remodeling pathway, Fig. 2C) were selected to develop three
different prediction models. The first model only includes the five
single mutational events (termed uni-model); The second model
consists of the five single mutations, five interactions, and five
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terms that support the valid calculation of interaction effects
(termed inter-model); The third model was designed to be a
control model between the uni-model and the inter-model,
contains five single mutations and five supporting terms, but no
interaction terms (termed null-inter-model, Fig. 2A). By comparing
the performances of these three models (coefficients: Supple-
mentary Table 8, nomograms: Supplementary Fig. 2), it was
possible to evaluate whether adding interaction terms into the
prediction model with only individual mutations could improve its
predictive effectiveness.

In the training sets-1/2, lower scores of the inter-model were
associated with better PFS, and the inter-model showed
numerically better discriminative performance (bootstrap D,, =
0.173) and predictive utility for the response to anti-PD-(L)1
monotherapy (area under the curve of receiver operating
characteristic [AUROC] =0.690 [P=7.0¥10"1) compared to the
uni-model (bootstrap D,, = 0.139, AUROC = 0.655 [P =4.7*10""])
and the null-inter-model (bootstrap D,, =0.120, AUROC = 0.673
[P = 2.0¥1078], Fig. 2D-E and Supplementary Fig. 3A). As genomic
features likewise, the AUROCs of tissue tumor mutational burden
(tTMB, 0.603, P =10.026) and blood TMB (bTMB, 0.547, P = 0.445)
were lower than all three models (Supplementary Fig. 3A). The
potentially optimal cut-off of each model was identified when
Youden'’s index reached the maximum (Fig. 2E). In addition to the
optimal cut-off, other cut-off values were also taken into
consideration. We compare the survival data of the patients with
a score below each cut-off with those with a score above this cut-
off. By this methodology, we aimed to comprehensively evaluate
the robustness of predictive effectiveness for each model.

Lower scores were associated with longer survival on anti-PD-1/
PD-L1 monotherapy (Fig. 2F), but poorer survival on docetaxel and
prognosis in The Cancer Genomic Atlas (TCGA)-LUAD cohort
(Supplementary Fig. 4). By directly calculating the interaction
effect between treatment (atezolizumab vs. docetaxel) and each
score in the POPLAR/OAK cohort, all three models exhibited
excellent discriminative effectiveness in predicting PFS benefit
from atezolizumab over docetaxel. However, when it comes to
predicting OS benefit, only the uni-model and the inter-model
showed good discriminative effectiveness (Fig. 2G), indicating
their predictive utility.

Outperformance and robustness of the inter-model in
predicting immunotherapy efficacy in nonsquamous NSCLC

First, two cohorts were employed to validate the models for
immunotherapy in nonsquamous NSCLC. As mentioned in Fig. 2A,
the validation set-1 consists of 104 patients with only OS data,
who had received anti-PD-(L)1 monotherapy, and the validation
set-2 includes 93 patients with objective response rate (ORR) and
PFS data treated with combination therapy with anti-cytotoxic T
lymphocyte antigen-4 (anti-CTLA-4). In the validation set-1, the
inter-model outperformed the other two models on account of (1)
wider range of applicable cut-off values and (2) the significant
result at optimal cut-off (Fig. 3A). In the validation set-2, all three
models showed good discriminative effectiveness. However,
compared to the other two models, the inter-model exhibited a
numerically higher AUROC of response (inter-model: 0.816, P =
2.0¥10~%; uni-model: 0.692, P = 0.003; null-inter-model: 0.708, P =
0.002, Supplementary Fig. 3B), and a lower HR value at optimal
cut-off (Fig. 3B).

Second, we sought to compare the utility of three models by
summarizing the P values at all cut-offs in both training and
validation sets (Fig. 3C). The inter-score exhibited consistent
discriminative effectiveness ranging from —0.4059 to 0.0163
(approximately from 15th percentile to 55th percentile), out-
performing the other two scores. To further compare the inter-
model with the other two models, we classified all patients with
nonsquamous NSCLC by the optimal cut-offs and compared their
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NSCLC nonsmall cell lung cancer.
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Associations of ICI efficacy with single mutations and interactions of co-occurring mutations in NSCLC. A Landscape of the
predictive utilities of single mutations (left) and the interaction effects of common co-occurring mutations (right) in nonsquamous NSCLC.
B Classification of interaction effects based on the effect sizes of single mutation terms and interaction terms. C Landscape of the predictive
utilities of single mutations (left) and the interaction effects of common co-occurring mutations (right) in squamous NSCLC. Abbreviations:
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Fig. 3 Validation and comparison of the three models and potential immune-related mechanism of the inter-score in nonsquamous
NSCLC. A, B Performances of the three models on discriminating the OS on anti-PD-(L)1 monotherapy in the validation set-1 (A) and the PFS
on combination therapy with anti-CTLA-4 in the validation set-2 (B). C Summary of the performances of the three models in all training/
validation sets. D-F Comparison between the uni-model and the inter-model when two results are inconsistent (D). KM curves illustrating PFS
on IClI treatment (E) and PFS benefit from ICl therapy over docetaxel (F). G-1 Comparison between the null-inter-model and the inter-model
when two results are inconsistent (G). KM curves illustrating PFS on ICI treatment (H) and PFS benefit from ICl therapy over docetaxel (I).
J-L Association of the inter-score with blood TMB (J), tissue TMB (K), and neoantigen load (L). M Effectiveness of the inter-score in patients
with different clinicopathological features, TMB, and PD-L1. Abbreviations: CTLA-4 cytotoxic T lymphocyte antigen-4, ICl immune checkpoint
inhibitor, KM Kaplan-Meier, NSCLC nonsmall cell lung cancer, OS overall survival, PD-1 programmed death-1, PD-L1 programmed death-ligand
1, PFS progression-free survival, TMB tumor mutational burden.

survival outcomes (all HR and 95% Cl results below are summarized
in Fig. 3D). To start with, we compared the inter-model with the
uni-model. As shown in Fig. 3E illustrating the PFS on ICl treatment,
the uni-score"@"/inter-scoreM9" subgroup had the shortest PFS.
Compared to this subgroup, slightly longer PFS was observed in
the uni-score'"/inter-score™" subgroup (HR=087, 95% Cl
0.70-1.29, P=0.227), but markedly longer PFS was revealed in
the uni-score""inter-score’® subgroup (HR=0.54, 95% Cl
0.36-0.81, P=0.002). As shown in Fig. 3F, compared to
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chemotherapy, ICI treatment decreased the hazard of progression
or death by only 13% in the uni-score'®¥/inter-scoreMs" subgroup
(HR =0.87, 95% Cl 0.62-1.21, P=0.402), and by higher proportion
as 60% in the uni-score"9"/inter-score'®" subgroup (HR = 0.40, 95%
Cl 0.21-0.78, P=0.007). These results demonstrate that when the
results of the two models are inconsistent, the inter-model may be
more accurate in predicting ICl benefit. We further compared the
inter-model with the null-inter-model, and similar superiority of
the inter-model was observed (Fig. 3G-I). Taken together, the
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Fig. 4 Immune correlates of the inter-score in the TCGA-LUAD cohort. A-G Associations of the inter-score with TMB, intratumor

heterogeneity, fraction altered, aneuploidy score, neoantigen load, homologous recombination defects (A), mRNA of immune checkpoint
genes (B), immune subtype (C), signatures supporting immune subtyping (D), and BCR/TCR parameters (E), leukocyte/stromal ratio (F), and
tumor-infiltrating immune cells (G). Abbreviations: BCR B cell receptor, LUAD lung adenocarcinoma, SNV single-nucleotide variation, TCGA The
Cancer Genomic Atlas, TCR T cell receptor, TMB tumor mutational burden.

inter-model involving interaction effects of co-occurring genomic
alterations outperformed the other two control models, indicating
the necessity of adding interaction terms into the prediction model
for optimizing its discriminative utility.

Third, we proposed to examine the applicability of the inter-
model in the nonsquamous NSCLCs with different clinical
characteristics. As for TMB and PD-L1, lower inter-score was
weakly associated with higher TMB and neoantigen load (Rho <
0.30, Fig. 3J-L) and PD-L1 positivity (69.7% vs. 51.6%, P = 0.006).
However, consistent predictive effectiveness was revealed in the
TMB < median (HR = 0.58, 95% Cl 0.37-0.91, P = 0.018), the TMB >
median (HR = 0.44, 95% Cl 0.33-0.57, P < 0.001), the PD-L1negative
(HR=0.49, 95% Cl 0.28-0.84, P=0.009), and the PD-L1Positive
nonsquamous NSCLCs (HR=0.46, 95% Cl 0.32-0.68, P <0.001,
Fig. 3M). Moreover, the inter-score showed undifferentiated
predictive value regardless of other key clinicopathological
features (age, sex, race, smoking, Eastern Cooperative Oncology
Group [ECOG], number of metastasis sites, treatment lines, and ICl
regimen, Fig. 3M). These results demonstrate the robustness of the
inter-model in nonsquamous NSCLC with different clinical
characteristics.

Immune-related mechanisms of the inter-score in
nonsquamous NSCLC

The TCGA-LUAD cohort with genomic, transcriptomic, and survival
data was used for exploring the immune-related mechanisms of
the inter-score. Similar to the previous result about TMIB and PD-L1
expression, higher TMB, neoantigen load, aneuploidy score,
intratumoral heterogeneity, PD-1 mRNA, and PD-L1T mRNA were
observed in the inter-score’" group (Fig. 4A, B).
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Thorsson et al. presented immunogenomics analyses of more
than 10,000 tumors in TCGA, identifying 6 immune subtypes (C1:
wound healing, C2: IFN-y dominant, C3: inflammatory, C4:
lymphocyte depleted, C5: immunologically quiet, C6: TGF-f
dominant) that encompass 33 cancer types based on six key
signatures?®. Higher prevalence of C1 and C2 and lower
prevalence of C3 were observed in the inter-score'®" group (P =
0.003, Fig. 4C, D). Both C1 and C2 subtypes had low Th1/Th2 ratio,
high proliferation rate, high intratumoral heterogeneity, and C2
had the highest M1/M2 macrophage polarization, and a strong
CD8 signal®. In addition, no significant difference of the features
of B and T cell receptors (BCR/TCR) were observed (Fig. 4E).
Regarding immune cell infiltration, despite the similar fractions of
leukocyte and stromal area in both groups (Fig. 4F), greater
infiltration of naive B cell (P = 0.060), M1 macrophage (P =0.018),
activated memory CD4™ T cell (P=0.014), CD8™ T cell (P =0.033),
and follicular helper T cell (P=0.006) was found in the inter-
score!®” group (Fig. 4G).

These immune-related associations in addition to TMB and PD-
L1 may serve as the foundation explaining why its predictive
utility for immunotherapy efficacy was undifferentiated in the
patients with different levels of TMB and PD-L1 expression
(Fig. 3M). To further confirm this independence, we performed
multivariable analysis including the inter-score, TMB, PD-L1, and
key clinicopathological features in the patients with valid TMB and
PD-L1 data (Table 1). Lower inter-score, rather than high TMB and
PD-L1 positivity, was independently associated with longer PFS on
ICl treatment (inter-score: multivariable HR=0.45, 95% ClI
0.31-0.67, P<0.001) rather than docetaxel (multivariable HR =
1.16, 95% Cl 0.80-1.68, P = 0.425). More importantly, the interac-
tion effect between the inter-score and treatment choice (ICl vs.
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chemotherapy) was remarkably significant (multivariable HR =
0.38, 95% Cl=0.23-0.61, P<0.001). These findings demonstrate
that the inter-score, rather than TMB and PD-L1, may be a robust
and independent predictor for favorable benefit from ICls in
nonsquamous NSCLC.

Involving interaction effects in prediction model improved
predictive utility in squamous NSCLC

A refinement of the prediction model was observed in non-
squamous NSCLC by considering the interaction effects of co-
occurring mutations. We hereby performed the same analyses in
squamous NSCLC to investigate whether this improvement could
occur in squamous NSCLC as well. To avoid repetition, we shall
briefly describe the results. The available data of the training sets
and the validation sets are shown in Supplementary Fig. 5. Four
single mutational events (mutations in NOTCH1/2/3, LRP1B, RBI,
and PI3K pathway) and two interactions (TP53*NFE2L2 and
TP53*HRR pathway) were involved for developing the three
models (Fig. 5A, B and Supplementary Table 9). The coefficients
and the nomograms of these three models are illustrated in
Supplementary Table 10 and Supplementary Fig. 6.

In the training sets-1/2, the inter-model showed numerically
better discriminative performance (Fig. 5C) and predictive utility
on response to anti-PD-(L)1 (Fig. 5D and Supplementary Fig. 7A),
PFS/OS on anti-PD-(L)1 (Supplementary Fig. 8A), and survival
benefit from atezolizumab over docetaxel (Supplementary Fig.
8B). Similar advantages were seen in validation sets-1/2 (response:
Supplementary Fig. 7B-C, PFS/OS: Supplementary Fig. 9). P values
at all cut-offs of the analyses in the training sets and the validation
sets were summarized in Fig. 5E. The inter-score exhibited
consistent discriminative utility (criterion: P <0.15) ranging from
—0.1528 to 0.1312 (approximately from 41st percentile to 61st
percentile), outperforming the other two scores (uni-model: none;
null-inter-model: from —0.0709 [50%" percentile] to 0.1094 [61%
percentile]). In addition, lower scores were associated with better
immunotherapy efficacy rather than longer survival on docetaxel
and better prognosis in the TCGA-lung squamous carcinoma
(LUSC) cohort (Supplementary Fig. 10), indicating their predictive,
but not prognostic utilities.

When the result of the inter-score was opposite to the one of
the uni-score (Fig. 5F-H) or the null-inter-score (Fig. 51-K), the
inter-model performed numerically better than the other two
models in predicting the PFS on ICl treatment and the PFS benefit
from immunotherapy over chemotherapy. These findings demon-
strate the necessity of adding interaction terms into the prediction
model for optimizing its discriminative utility.

No significant correlation of the inter-score with mutational
burden, neoantigen load, and PD-L1 positivity was observed
(Fig. 5L-O and Supplementary Fig. 11A-B). As shown in
Supplementary Fig. 11, the immune mechanism of the inter-
score may include higher mRNA expressions of PD-1 and CTLA-4,
BCR richness and Shannon index, the fraction of stromal area and
infiltration of naive B cell, monocyte, M1 macrophage, activated
NK cell, resting memory CD4*+ T cell, and follicular helper T cell.
These may be part of the mechanisms underlying its predictive
function for ICI treatment and explain why the inter-score showed
undifferentiated predictive utility in the patients with different
levels of TMB and PD-L1 expression (Fig. 50).

The inter-score showed concordant associations with PFS in the
patients with different TMB, PD-L1, and clinical characteristics,
indicating wide applicability. We further performed multivariable
analyses (including TMB, PD-L1, and clinical characteristics) and
identified lower inter-score as an independent indicator of longer
PFS on ICI treatment (inter-score: multivariable HR = 0.37, 95% Cl
0.24-0.56, P<0.001) rather than chemotherapy (multivariable
HR=1.14, 95% Cl 0.72-1.81, P=0.565), and larger PFS benefit
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from ICl treatment to chemotherapy (multivariable HR = 0.35, 95%
Cl=0.19-0.65, P < 0.001).

Altogether, the outperformance of the inter-model over the
other two models in squamous NSCLC demonstrates the
improvement by adding interaction terms into prediction
models. Moreover, good performances in subgroup analysis
and multivariable analysis indicate the effectiveness and robust-
ness of the inter-model in predicting immunotherapy efficacy in
squamous NSCLC.

DISCUSSION

In this retrospective study involving 1745 patients from eight
cohorts, we delineated the landscape of interaction effects
between co-occurring mutations on ICl efficacy and we further
developed and validated two cost-effective mutational signatures
involving interaction terms to predict ICI benefit more precisely in
nonsquamous and squamous NSCLC. Taken together, our
comprehensive analysis demonstrates the advantage and neces-
sity of involving interaction effects when developing a prediction
algorithm.

Despite abundant studies exploring the mutational biomar-
kers for ICl treatment, most of these focused on the impact of a
single gene (e.g., EGFR) or a group of genes with similar
functions (e.g, NOTCH1/2/3 and EPHA receptors)'920:23:26-28
Unlike previous studies in nonsquamous NSCLC?°, KEAPI
mutation was not associated with poorer ICI efficacy in the
training datasets and thereby was not included in the prediction
models. Given the inconsistent predictive effects of KEAPT
mutation in different cohorts (Supplementary Fig. 12A), further
investigations of the association between KEAP1 and ICI efficacy
are warranted. In the studies aiming at single genes, whether
their predictive utilities are influenced by other mutations was
not investigated, partially due to the small sample size of co-
mutated tumors which could lead to serious sampling error. We
hereby collected the PFS data of nearly 800 NSCLC patients
treated with anti-PD-(L)1 monotherapy and evaluated the
interaction effects with more than 20 co-mutated samples
separately in nonsquamous and squamous NSCLC.

Within KRAS-mutant LUADs, previous studies have extensively
explored the impact of co-occurring mutations (e.g., TP53, STK11,
CDKN2A/B) on pathogenesis. In terms of immune-related features,
KRAS/TP53 co-mutated LUADs exhibit high TMB, CD8A mRNA, and
PD-L1 protein expression®®, while KRAS/STK11 co-mutations are
associated with PD-L1 negativity and T cell suppressive properties,
despite an intermediate-to-high TMB'2. In keeping with their
prominent role in shaping immune-related characteristics, co-
occurring mutations further impacted survival outcome with ICls
in the present study (KRAS*TP53, HR = 0.51, P = 0.003; KRAS*STK11,
HR = 1.58, P = 0.082). In addition to TP53 and STK11 mutations, we
also revealed remarkable interactions of KRAS mutations with co-
occurring genomic alterations in PTPRD (HR =247, P=0.004),
RBM10 (HR =2.04, P =0.094), NOTCH1/2/3 (HR =0.50, P =0.036),
ATM (HR=1.81, P=0.062), RTKs (HR=0.63, P=0.097), and
switch/sucrose non-fermentable complex (SWI/SNF, HR=1.53,
P=0.079). The immune-related mechanisms of these co-
mutations are largely unknown, and our results provide new
perspectives for the basic research into tumor immunobiology
and immune subtyping in KRAS-driven LUADs.

Of note, in a single-center retrospective analysis, the NSCLC
patients with STK11/KRAS co-mutations (n = 36) exhibited longer
OS on ICI treatment compared to the ones with STK71 mutation
only (n=37)3°, inconsistent with the previous and our results'2,
The reason for this discord may include that the STK71/KRAS co-
mutated patients in their cohort were older at diagnosis, more
likely to have received nivolumab, and more likely to have longer
smoking histories, compared with the STK11™4Y/KRASWT patients>°.
This highlights the importance of balancing key clinical

Published in partnership with The Hormel Institute, University of Minnesota



F Zhang et al.

A Single mutations (univariable Cox regression) Interactions of co-occurring mutations (multivariable Cox regression)
NOTCH1/2/3
LRP1B —l— Gene1 Gene2 Gene1 Gene2 Interaction
RB1 TP53  NFE2L2 i i
PI3K signaling TP53 HRR —_—
05 1 2 4 05 1 > 1 2 4 8 006250125 025 05 1 2
HR (95% Cl) HR (95% Cl) HR (95% CI) HR (95% ClI)
c Uni-model Inter-model Null-inter-model D Y Oplimal, Jubelow
& ! cut-off cut-off
3 1 b, (original): 0.195 S 1 b,, (original): 0.250 e gxy (g”g't“f'): 0%2177 s : e
[ X : - 0. ' k
@ D, (bootstrap): 0.175 D, (bootstrap): 0.196 ,y (bootstrap): 0. = iCilibarmodsl 6oon b
oo | © © | 203{ |
£ e 2 g i
é ! ;§ i
F < | i < < | 2 . 4
g° | e ° 8o2] ! f A\
2] I 3 ' —
— 2 3 | A
T o o~ o~ 5 i \
2 o b & o o > i L
g 3 e
< /L 1 { 6-month PFS 6-month PFS 6-month PFS B ol ¥/ \
o A 12-month PFS | <« 12-month PFS 12-month PFS é 1 { W
4 @ 4% ' \
=1 =) L\ 4 \
T T T T T T T T T T T T T T . i'!
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 038 i \ \
Predicted 6/12-month PFS e R
Key parameters: n=191, events=174, bootstrap resampling 1000 times @® ® Original data 0.0 0.2 0.4 06 0.8 1.0
D,,: Somers' rank correlation between predicted log relative hazard and observed survival time OO Bootstrap data Proportion of patients below cut-off
E Uni-model Inter-model Null-inter-model

Training set-PFS
Training set-OS:
Interaction-PFS

Interaction-OS:
Validation set 1-PFS
Validation set 1-OS:
Validation set 2-PFS

S o
Cut-off value

N
©° PR — - - -
@ Un e POPLAR/OAK (n=255 MSKCC (n=47 MSKCC (n=20
o ‘\@‘ ﬂ\\ ‘N“ PFS on ICl treatment  HR (95% CI) P A s (2% o o oo n=20)
High High 122 : Ref. 75 : Um:"/'"ﬁf P=0.052 30 P=0.639 %‘ P=0.722
Low High 21 —®# .66 (0.40-1.090.103 2 G Ao ® 3 1000
High Low 41 —s— | 047 (0.31-0.71%0.001 £ E| *3.% 220 2 ’
Low Low 47 ——— 1 0.42(0.29-0.62)<0.001 Y] vezd = 2 500
' 25 S > 9 K]
ICI benefit over chemo ? 10 %t 3 .
High High 122 70 1 1,07 (0.79-1.46).664 o A%3 . of [ ) 3
Low High 21 14 T 0.56(0.27-1.170.123 0 TIome (mogms) 30
High Low 41 24 "0 0.44(0.24-0.790.006 highhign 112 o . 2 A0 G5 00 05 A0 45 o0 05 10
Low Low 47 22 i +—0.25(0.13-046)0.001 Lowtn 21 FE o scor éer-ac0re nier-score
0125 025 05 1 Iohlow:dy 92 & 4 (o]
Hazard ratio (95% Cl) Lowtowear 20 o L ‘\g °"‘e“°
H o L0 L " ‘ Subgroup N \SaERE , HR (95%Cl) P
Uni-scoreh! Uni-score'o" Uni-score™ Uni-score'™"
T e o e S| e SN s A %04 %028 e 1 030018049 <00
@ 50 == ICI 50 50 50 :
*25 == Chemo 55 25 25 Male 19112368 0.107 —— 0.43 (0.30-0.61) <0.001
— — — — Female 40 20 20 == 0.76(0.39-1.50) 0.432
e ( 2. )30 o g 2 : 0 o ) 20m) o g zoth) '
No. at risk ime (months] ime (months) ime (months) ime (months) 1
e 7w o o s gy » 5 Non-white 77 48 29 0.638 —_— 0.50 (0.29-0.86) 0.011
o122 6 40 25 2 0 a 15 8 1 a7 20 3 0 White 93 54 39 ! 0.25 (0.15-0.42) <0.001
| J :
O 100 L Non-smoker 23 14 9 0.823 T 0.71 (0.28-1.79) 0.466
X Linter"Inter"ioh — ]
V\\\\\‘“ \e‘ 0 °§\°“ PFS on [Cl treatment  HR (95%CI) P s Smoker 184116 68 ' 0.41(0.29-0.58) <0.001
High High 112 1 Ref. 75 == Nulkinter"o"inter™ —_—
Low High 31 —=— 063 (0.41-0.980.043 = == Nulinter™nter™ ECOG=0 42 27 15 0.854 — ' 0.32 (0.15-0.72) 0.005
High Low 4 ————=———L (39(0.12-123p.108 £ ECOG21 11973 46 ! 0.30 (0.19-0.47) <0.001
Low Low 84 — 1 0.43(0.31-0.59K0.001 2 —_—
ICI benefit over chemjo Metastasis<3 90 50 40 0.272 —_— ! 0.37 (0.23-0.61) <0.001
High High 112 65 1% 1,09 (0.79-1.500.606 0 Metastasis23 80 52 28 ' 0.33 (0.19-0.56) <0.001
) — —_— 1,
Low High 31 19 1 0.62(0.33-1.16).138 o g0 (monms) 30 I
. — > ina=
High Low 4 1 020 (0.02-4.650.381  righigh 112 4 o Tx line=1 32 21 11 0.864 —_—— 0.41(0.15-1.17) 0.097
Low Low 84 45 ) —032(0.21-0.50K0.001 lowHsh ST i 0 Tx line=2 14287 55 —_— 0.42 (0.28-0.61) <0.001
0125 025 05 1 g e o 1 Tx line23 50 30 20 ' 0.51(0.27-0.96) 0.037
Hazard ratio (95% Cl) —— ]
100 100 100 100 _—

K Nullinter-scorensh N o Nl o Nulldinter-scoreiow Mono 21212983 0.330 ' 0.47 (0.34-0.64) <0.001
75| mter-scoren 75| Inter-scorehon 75 W inter.scorelon 754K Inter-scorelow Combo 19 14 5 ! 0.50 (0.13-1.85) 0.298
® 50 == icl 50 50 Ll 50 DALY —_—

L == Chemo 5 25 25 - 52 32 20 1.000 ' 0.46 (0.24-0.90) 0.023
negative - ]

0 PDgL1 itive 83 50 33 ! 0.40 (0.24-0.67) <0.001

T T T T T T -| ositive ¢ .24-0. .|

0 10 20 30 10 20 30 10 20 10 20 P —_—
No. at risk Time (months) Time (months) Time (months) Time (months) }

Chemo 65 7 1 0 19 1 0 1 0 0 45 0 0 TMB<median 11063 47 O.QYL‘-’ Q,’L‘-’ 02 A 0.48 (0.31-0.74)0.001

ic 112 5 4 0 31 6 2 0 4 1 1 0 84 34 8 1 : HR (95% CI)

TMBzmedian 12180 41

0.46 (0.30-0.71) 0.001

Fig. 5 Outperformance of the inter-model in squamous NSCLC. A, B The single mutations (A) and interaction effects of co-mutations
(B) selected for model development. C Calibration curves of the three-models in the training sets-1/2. D Youden'’s index based on the receiver
operating characteristic curve of the three inter-scores and response to anti-PD-(L)1 monotherapy in the training sets-1/2. E Summary of the
performances of the three models in all training/validation sets. F-H Comparison between the uni-model and the inter-model when two
results are inconsistent (F). KM curves illustrating PFS on ICl treatment (G) and PFS benefit from ICI therapy over docetaxel (H). I-K Comparison
between the null-inter-model and the inter-model when two results are inconsistent (I). KM curves illustrating PFS on ICl treatment (J) and PFS
benefit from ICI therapy over docetaxel (K). L-N Association of the inter-score with blood TMB (L), tissue TMB (M), and neoantigen load
(N). O Effectiveness of the inter-score in patients with different clinicopathological features, TMB, and PD-L1. Abbreviations: ICI immune
checkpoint inhibitor, KM Kaplan-Meier, NSCLC nonsmall cell lung cancer, OS overall survival, PD-1 programmed death-1, PD-L1 programmed
death-ligand 1, PFS progression-free survival, TMB tumor mutational burden.

Published in partnership with The Hormel Institute, University of Minnesota

npj Precision Oncology (2022) 4



npj

F Zhang et al.

10

characteristics before investigating biomarkers, especially IC
usage and treatment lines.

Among LUSCs, both TP53 and NFE2F2 mutations are
frequent®'. A recent study suggested the potential relationship
between them by uncovering an NFE2L2-mediated increase in
tumor growth seen in Keap1/Tp53-double-deleted LUSC cells®2,
We observed a substantial interaction effect between these two
mutations impacting the PFS on anti-PD-(L)1 monotherapy
(HR=0.21, P=0.016), which introduces a possibility of the
interactive effect of TP53/NFE2L2 co-mutations on immune
phenotypes in LUSC.

The advantage of adding key interaction terms into prediction
models to improve discriminative effectiveness in both training
and validation sets was revealed by comparing three models
(uni-model, inter-model, and null-inter-model) in nonsquamous
and squamous NSCLC respectively. In the combined analysis, we
further assessed the benefit from ICls over docetaxel when the
results of different models are inconsistent, and the inter-model
exhibited better accuracy in predicting ICI benefit, compared to
the other two models involving no interaction terms.

Importantly, our inter-models held great promise by their
broad applicability, for the equivalent predictive value for ICl
treatment regardless of age, sex, race, smoking history, ECOG,
metastasis, treatment lines, combination with anti-CTLA-4, TMB
level, and PD-L1 expression. Even in the patients with high tissue
TMB (=10) or tumoral PD-L1 (=50%), the inter-score can also
successfully discriminate the survival outcome with ICI therapy
(Supplementary Fig. 13). TMB is not a validated predictive
biomarker of survival benefit to ICls in NSCLC, lacking unified
cut-off in several analyses and not predicting survival benefit in
some large phase 3 trials (e.g., CheckMate 227 and KEYNOTE-
189)?43336 As genomic features likewise, the inter-model
exhibited higher AUROC in predicting response to anti-PD-(L)1
therapy in nonsquamous and squamous NSCLCs. Furthermore,
we also noticed that the inter-score was able to identify
responders with TMB-low or PD-L1-negative NSCLC, making it
a meaningful work for patient selection. The inter-score rather
than TMB and PD-L1 is an independent predictor in our
multivariable analysis, indicating that the inter-score might in
some way cover TMB and PD-L1 with more predictive power.
This speculation is partly supported by the association between
the inter-score and the immune-related features other than TMB/
PD-L1 (e.g., BCR/TCR diversity, mRNA expression of immune
checkpoints, and quantity of tumor-infiltrating immune cells). In
addition, we assessed the performance at other cut-off values
besides the optimal one derived from the ORR-based receiver
operating characteristic (ROC) curve (nonsquamous: 15th-55th
percentile; squamous: 41st-61st percentile), indicating the
robustness of our inter-models.

As for limitation, first, KRASS'2¢ mutations are not reported in
the OAK/POPLAR cohort. In the present study, the TP53/KRAS co-
mutation was associated with better immunotherapy efficacy in
nonsquamous NSCLCs, and the interaction term was included in
the inter-model. In the datasets other than the POPLAR/OAK
cohort, we analyzed the PFS on ICls of the nonsquamous NSCLC
patients with TP53/KRASS'2¢ co-mutation, which was relatively
longer than the ones without co-mutation (P=0.067, Supple-
mentary Fig. 12B). This result indicates that the predictive effect of
KRASS™C on ICI efficacy may be similar to the one of other KRAS
mutations. Given this, the lack of KRAS®'2C assessment in the
POPLAR/OAK cohort may not affect the main findings of our
study. Second, the present study is strong at clinical analysis and
relatively weak at exploring mechanism. Investigations into the
biological mechanism of co-mutations are warranted in the future
studies. Third, the validation cohorts are heterogenous in terms of
clinical characteristics, ICls given (especially anti-PD(L)1 mono-
therapy vs. combination with anti-CTLA-4), mutational status,
treatment lines, and etc., which might affect the results. Of note,
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the training sets merely include patients treated with mono-
therapy. Despite that the inter-models performed well in the
validation sets consisting of patients undergoing combination
therapy, there may be room for improvement. Moreover, further
validations by other cohorts are required. Fourth, the retrospective
setting of our study may introduce biases, but this limitation can
be greatly minimized by large sample size, multi-cohort metho-
dology, and implementation of subgroup analysis and multi-
variable analysis, by which experimental features could be
balanced (e.g., race, ICI regimen, treatment lines, and the
platform/panel/used samples of next-generation sequencing
[NGS] testing) and the possibility of confounding impact from
these variables might be excluded to some extent.

To our knowledge, this is the first study delineating the
landscape of interaction effects between co-occurring mutations
on the ICl efficacy in NSCLC, which provides novel insights for
basic research into the interactive impacts of co-occurring
genomic alterations on tumor immunobiology and immune
contexture. Furthermore, we developed and validated two cost-
effective and quantitative prediction models involving key
interaction terms to predict favorable benefit from ICI treatment
in nonsquamous and squamous NSCLC more precisely, compared
to the models without interaction terms. Our comparative analysis
highlights the advantage and necessity of involving co-occurring
genomic alterations for facilitating the refinement of prediction
algorithms for cancer therapeutics.

METHODS
Patients

Eight cohorts of 1745 NSCLC patients treated with ICl were analyzed'®-242537,
from National Cancer Center (NCC), SYSUCC, DFCI, MSKCC, and the POPLAR/
OAK trial, and TCGA database. ICl agent, setting, number of patients,
treatment lines, outcome, PD-L1 antibody, NGS technique, and survival data
are shown in Supplementary Table 1 and Supplementary Fig. 1. Of note,
overlapped patients were identified among the separately published four
MSKCC cohorts by the patient identifier (e.g., P-0003869). We merged these
cohorts and then classified them into two subsets based on the used ICI
agents (anti-PD-(L)1T monotherapy or combination therapy with anti-CTLA-4).
The written consents were received from all the participated patients.
Besides, the TCGA-LUAD and -LUSC datasets, and the results of immuno-
genomics analysis from Thorsson et al3® were analyzed to explore the
immune-related mechanism. Outcomes, analyzed mutations, and definition
of TMB > median and PD-L1 positivity are in Supplemental Methods and
Supplementary Table 2.

Our study is following the principles of the Declaration of Helsinki and
approved by the Institution Review Board of Chinese PLA General Hospital
(2015L01380). This report follows the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) reporting guideline.

Statistical analysis

To assess the between-group difference, we performed (i) Fisher exact
test and Chi-square test for categorical variables, (i) Mann-Whitney tests
for continuous variables, and (iii) Kaplan-Meier (KM) method, Log-rank
method, and Cox regression (hazard ratio [HR] and 95% confidence
interval [Cl]) for survival variables. The variables with p value below 0.10
in the univariable analyses were included in the following multivariable
analyses.

The area under the curve (AUC) of the ROC curve was calculated to estimate
the discriminative performance. Multivariable Cox regression was performed to
develop prediction models, and the scores were calculated for each patient
using a formula derived from the mutation status (1 or 0) weighted by their
regression coefficient: score = " (mutationstatus x coefficient). The coeffi-
cients of the models for nonsquamous and squamous NSCLC are displayed
in Supplementary Table 8 and Supplementary Table 10, respectively. The
nomograms are displayed in Supplementary Fig. 2 and Supplementary Fig.
6, respectively. The potential optimal cut-off was determined by the ROC
curve of objective response in the training set. Calibration curves were
drawn via bootstrap resampling 1000 times, and D,, was calculated by
Somers’ rank correlation between predicted log relative hazard and PFS. All
statistical analyses mentioned above were performed using IBM SPSS
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Statistics 22 or R 3.4.2. The nominal level of significance was set as 5%, and
all 95% Cls were 2-sided.

Reporting summary

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