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Purpose: Despite the established role of EGFR tyrosine kinase
inhibitors (TKIs) in EGFR-mutated NSCLC, drug resistance inev-
itably ensues, with a paucity of treatment options especially in
EGFR™*™M_negative resistance.

Experimental Design: We performed whole-exome and tran-
scriptome analysis of 59 patients with first- and second-generation
EGFR TKI-resistant metastatic EGFR-mutated NSCLC to charac-
terize and compare molecular alterations mediating resistance in
T790M-positive (T790M*) and -negative (T790M ") disease.

Results: Transcriptomic analysis revealed ubiquitous loss of
adenocarcinoma lineage gene expression in T790M~ tumors,
orthogonally validated using multiplex IHC. There was enrichment
of genomic features such as TP53 alterations, 3q chromosomal

Introduction

Activating driver mutations in the EGFR gene represent the most
common therapeutically actionable alterations in non-small cell lung
cancer (NSCLC). EGFR tyrosine kinase inhibitors (TKIs) are standard
of care in the first-line setting for advanced or metastatic EGFR-
mutated NSCLC. The upfront treatment paradigm consists of first-
generation (1G; erlotinib, gefitinib), second-generation (2G; afatinib,
dacomitinib) or third-generation (3G; osimertinib) EGFR TKI, either
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amplifications, whole-genome doubling and nonaging mutational
signatures in T790M ™ tumors. Almost half of resistant tumors were
further classified as immunehm, with clinical outcomes conditional
on immune cell-infiltration state and T790M status. Finally, using a
Bayesian statistical approach, we explored how T790M™~ and
T790M™ disease might be predicted using comprehensive genomic
and transcriptomic profiles of treatment-naive patients.

Conclusions: Our results illustrate the interplay between genetic
alterations, cell lineage plasticity, and immune microenvironment
in shaping divergent TKI resistance and outcome trajectories in
EGFR-mutated NSCLC. Genomic and transcriptomic profiling may
facilitate the design of bespoke therapeutic approaches tailored to a
tumor’s adaptive potential.

alone or in combination with other therapies. However, despite high
response rates of up to 80%, drug resistance inevitably ensues after a
median period of 10 to 17 months (1-4).

Recent trials have demonstrated improved outcomes with upfront
combination platinum-doublet chemotherapy and EGFR TKI (5, 6),
combination anti-angiogenic agents and EGFR TKI (7, 8), and daco-
mitinib or osimertinib alone compared with 1G EGFR TKI (9, 10). An
observational study has also shown that a sequential treatment strategy

Medicine and University Hospital Cologne, University of Cologne, Cologne,
Germany.

K.P.Chua, Y.H.F. Teng, and A.C. Tan contributed equally as co-authors of this article.

A.J. Skanderup and D.S.W. Tan contributed equally as the co-senior authors of
this article.

Corresponding Authors: Daniel S.W. Tan, 11 Hospital Crescent, National Cancer
Center Singapore, Singapore 169610. Phone: 656-436-8000; E-mail:
daniel.tan.s.w@singhealth.com.sg; and Anders J. Skanderup,
skanderupamj@gis.a-star.edu.sg

Clin Cancer Res 2021;27:5939-50

doi: 10.1158/1078-0432.CCR-20-4607

This open access article is distributed under the Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0) license.

©2021The Authors; Published by the American Association for Cancer Research

AAC_R American Association
for Cancer Research’

AACRJournals.org | 5939


http://crossmark.crossref.org/dialog/?doi=10.1158/1078-0432.CCR-20-4607&domain=pdf&date_stamp=2022-11-4
http://crossmark.crossref.org/dialog/?doi=10.1158/1078-0432.CCR-20-4607&domain=pdf&date_stamp=2022-11-4

Chua et al.

Translational Relevance

Understanding resistance to targeted therapy requires in-depth
analysis at multiple levels (single gene, chromosome, and tran-
scriptome). Our results illustrate the interplay between genetic
alterations, cell lineage plasticity, and the tumor microenvironment
in shaping divergent TKI resistance and outcome trajectories in
EGFR-mutated NSCLC. Transcriptomic analysis revealed ubiqui-
tous loss of adenocarcinoma lineage gene expression in T790M ™~
tumors. TP53 alterations, 3q chromosomal amplifications, whole-
genome doubling and nonaging mutational signatures were also
enriched in T790M™ tumors. Genomic and transcriptomic pro-
filing may facilitate the design of bespoke therapeutic approaches
tailored to a tumor’s adaptive potential.

with afatinib followed by osimertinib may result in improved out-
comes in a significant proportion of patients (11, 12). Importantly,
first-line osimertinib is still not reimbursed in many countries, and a
lack of cost-effectiveness for osimertinib has been demonstrated in
many diverse health care systems, including the United States (13-16).
Together, this illustrates the increasing complexity in the selection and
sequencing of treatment in EGFR-mutated NSCLC, with ongoing
debate over optimal first-line therapy. Ultimately, improved patient
selection incorporating clinical and molecular characteristics will be
crucial to optimize therapeutic strategies (17).

The most common mechanism of resistance for 1G and 2G EGFR
TKI is the EGFR™7**™ gatekeeper mutation, which emerges in 50% to
60% of patients (18-20). Osimertinib, which has high selectivity for
T790M, was originally developed and approved for the treatment of
T790M-positive (T790M ™) resistance (21). Resistance mechanisms in
remaining patients, as well as in 3G EGFR TKI-treated patients, are
thought to be diverse, consisting of bypass signaling pathway activa-
tion such as MET or HER2 amplification, rare phenotypic change via
small-cell transformation or epithelial-mesenchymal transi-
tion (22, 23), and alterations in other oncogenic drivers such as BRAF,
KRAS, and RET, or the EGFR C797S mutation (24, 25). Collectively,
T790M-negative (T790M ™) EGFR TKI resistance remains a patient
population with significant unmet medical need. Current therapeutic
options are predominantly limited to cytotoxic chemotherapy, with
low-response rates observed with immune checkpoint inhibitors (26).
Although aforementioned previous studies have identified putative
genomic alterations implicated in resistance, the approaches have
largely been limited to genomic profiling with targeted panels (23, 24),
or transcriptomic profiling without accompanying genomic analy-
sis (27). Importantly, there has been a paucity of unbiased and
integrative molecular profiling studies at the time of resistance for
joint characterization of genomic and transcriptomic features under-
pinning the resistant state.

Here, through whole-exome and transcriptome analysis of
59 patients with 1G/2G TKI-resistant EGFR-mutated NSCLC, we
present the first integrative genomic and transcriptomic description
of the EGFR TKI resistance landscape. We first analyzed the
extent that specific genetic alterations are recurrently associated
with the development of resistance, reassessing the statistical evi-
dence for many previously reported genetic resistance mechanisms
beyond EGFR"7?*™ mutations. By further contrasting the T790M*
(63%) and T790M~ (37%) cohorts, we delineated the genomic
and transcriptomic alterations underlying these two distinct
resistance states. Strikingly, this revealed frequent and extensive
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de-differentiation and lineage plasticity in the T790M™ cases. In
addition, we explored the immune landscape of EGFR TKI resis-
tance, demonstrating that many T790M ™ samples are “hot” tumors
with shorter time to progression on first-line EGFR TKI, suggesting
a role for targeting and modulating the immune microenvironment
in this group of EGFR TKI-resistant tumors.

Materials and Methods

Patient cohort, sample collection, and clinical outcomes

All patients had stage IV NSCLC with an activating EGFR mutation
at the point of biopsy and were resistant to a 1G/2G EGFR TKI
(afatinib, erlotinib or gefitinib) at the National Cancer Center
Singapore. All patients were enrolled on the Individualized Molec-
ular Profiling for Allocation to Clinical Trials (IMPACT) study
between February 2012 and September 2015 and provided written
informed consent for fresh-frozen tissue collection and analysis.
The IMPACT study protocol was approved by the SingHealth
Centralized Institutional Review Board (CIRB ref No. 2011/441/
B) in accordance with ethical principles outlined in the Belmont
Report. Tumor tissue was collected via percutaneous biopsy or
surgical resection. All tumor samples were collected before any
3G EGFR TKI therapy. Patient demographics, baseline disease
features, treatment details, and patient outcomes were collected
from the medical record. Time to progression (TTP) was defined
as the time from first TKI treatment to the date of progressive
disease (PD). Time-to-treatment failure (TTF) was defined as
the duration of the first TKI treatment. For patient A452, initial
TKI was ceased due to liver toxicity, and TTP/TTF was taken
from the second TKI treatment. OS was defined as the time
from diagnosis of stage IV disease to death. For comparative
analysis, we used an in-house treatment-naive lung adenocarcino-
ma cohort (28) with whole-exome sequencing (WES) and mRNA
sequencing data; genomic and transcriptomic data were processed
uniformly in both cohorts.

IHC and multiplex immunofluorescence

For histopathology review, specimens were handled using standard
histopathological techniques, being formalin-fixed paraffin-embedded
(FFPE), sectioned and stained with hematoxylin—eosin (H&E), and
reviewed by two independent pathologists. FFPE tissue sections were
processed according to a standard IHC protocol (29). mIF was
performed using an Opal Multiplex fIHC kit (PerkinElmer Inc.), as
previously described (29, 30). Slides were labeled with TTF1 (clone
SPT24, Leica Biosystems), napsin A (clone IP64, Leica Biosystems),
and L858R (clone 43B2, Cell Signaling Technology) for a histology
panel, and similarly PD-L1 (clone E1L3N, Cell Signaling Technology),
CD8 (clone 4B11, Leica Biosystems), CD68 (clone PGMI1, Dako
Agilent Technologies Inc.), Foxp3 (clone 236A/E7, Abcam), and CD39
(clone ENTPDI, OriGene Technologies Inc.) for an immune panel.
Briefly, FFPE tissue sections were cut onto Bond Plus slides (Leica
Biosystems Richmond) and heated at 60°C for 20 minutes. Tissue
slides were then subjected to deparaffinization, rehydration, and heat-
induced epitope retrieval (HIER) using a Leica Bond Max autostainer
(Leica Biosystems Melbourne), before endogenous peroxidase block-
ing (Leica Biosystems Newcastle). Slides were incubated with a single
clone of primary antibody followed by application of polymeric
horseradish peroxidase-conjugated secondary antibodies (Leica Bio-
systems Newcastle). An appropriate Opal fluorophore-conjugated
TSA (PerkinElmer) was then added at 1:100 dilution. Slides were
rinsed with washing buffer after each step. Following TSA deposition,
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slides were again subjected to HIER to strip the tissue-bound primary/
secondary antibody complexes and ready for labeling of the next
marker. These steps were repeated until all markers were labeled and
finally added with spectral DAPI (PerkinElmer) at 1:10 dilution. Slides
were mounted in ProLong Diamond Anti-fade Mountant (Molecular
Probes, Life Technologies) and cured in the dark at room temperature
for 24 hours. Ten images (viable tumor regions were selected randomly
by pathologists) were acquired for each case using a Vectra 3 pathology
imaging system microscope (PerkinElmer, Inc.) and analyzed using
inForm software (version 2.4.2; PerkinElmer, Inc.).

WES

One hundred to 400 ng of genomic DNA was sheared using
Covaris to a size of 300 to 400 bp and subjected to library prepara-
tion using the NEBNext Ultra DNA Library Prep kit (New England
Biolabs). In each library, six samples were pooled together and
hybridized using SeqCap EZ Human Exome Library v3.0 kit
(Nimblegen, Roche Diagnostics). Captured regions were washed,
purified, amplified, and subjected to 2 x 151 sequencing on the
Hiseq 4000 to obtain a median coverage of x112 (range, X73 to
x155). DNA from either paired peripheral blood mononuclear
cells, saliva or normal tissue (Supplementary Table S1) of the same
patient were sequenced as a germline control to obtain a median
coverage of x107 (range, x70 to x163). For patient A003 and A152,
sequencing was carried out on an older platform with single-
indexed adapters. Additional information on the mutation calling
and copy-number variation identification is provided in the Sup-
plementary Appendix. As WES data were only available for the
treatment-naive cohort, copy-number variations were detected
using whole-exome data for cohort comparisons. Given the higher
resolution of SNP array (due to the segmentation algorithm), genes
with significant differences by copy-number alteration (homozy-
gous deletion and >2 copy amplification) were further interrogated
using SNP array data to confirm statistical significance.

Total RNA sequencing

Total RNA was extracted from the patient samples using the
Qiagen AllPrep universal kit. One microgram of RNA from samples
with RIN number of at least 3.2 was used for library preparation
using TruSeq Stranded Total RNA Library Prep Gold. Multiple
samples were barcoded using TruSeq RNA Single Indexes. Twelve
samples were pooled and sequenced on one lane of HiSeq High
output v3, 2 x 100 cycles, using Hiseq 2000 to obtain an average of
22.4 millions read (range, 13.8 to 24.7 millions). An in-house
pipeline was used to perform RNA-seq quantification (https://
github.com/gis-rpd/pipelines) for both the EGFR TKI-resistant and
our treatment-naive cohorts (LCCS). Briefly, raw RNA-seq
sequences were aligned to human transcriptome (hgl9 build) with
STAR. Transcription of genes was quantified using the RSEM
software. Gene expression profiles were quantile-normalized before
analysis and visualization. For TCGA-LUAD RNA-seq data, we
downloaded the upper-quartile normalized (FPKM-UQ) expression
matrix from GDC (31). Mutations were annotated using mutations
provided by the TCGA MC3 dataset (32).

Gene deconvolution in the TKI-resistant tumors was carried out
using TUMERIC (33). To obtain purities with less bias, we estimated
purities of each tumor using RNA-seq data with ESTIMATE (34) in
addition to the SNP-array-based ASCAT and exome-based Sequenza
(described above). As not all tumors have all types of sequencing data
available, we imputed missing data based on a principal component
analysis model using imputePCA function from R package mis-
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SMDA (35). The purities estimates were then quantile normalized.
We took the mean of the tumor purities across three methods as for
TUMERIC deconvolution. Briefly, gene expression, log,(fpkm+1),
was regressed against tumor purity using non-negative least squares
regression. Regression lines were extrapolated to 0% and 100% purity
to estimate expression in stromal and cancer cells, respectively.
Tumors’ tissues not from lung or have abnormally high expression
of neuroendocrine and squamous carcinoma markers are excluded
from deconvolution (Supplementary Fig. SIA) to ensure that our
results are robust to tissues of origin and tumor histology. We carried
out deconvolution in T790M™" and T790M ~ separately and calculated
the differences between cancer and stroma comparing the two groups.
Then, we permutated T790M labels to generate a null distribution to
obtain P values defined as the probability of observing the differences
given the null distribution. Details on test statistics can be found in the
Supplementary Appendix.

Assignment of molecular subtypes were by carried out as
described previously (36). Briefly, Pearson correlation was
calculated with respect to the gene expression centroids provid-
ed (37) for each tumor. The subtype with the highest correlation
was then assigned as the molecular subtype for each tumor. For
clustering of immune subtype, we used R package CancerSub-
types (38) to conduct consensus k-mean clustering (function Exe-
cuteCC, k = 2, repeats n = 1,000). Clustering was performed using
the z-score standardized expression matrix of expanded immune
GEP geneset consisting of CD38, CTLA4, and ENTPD]1 in addition
to the original 18 genes (39). Immune GEP score was calculated
as the weighted sum of normalized expression values using
Log,(FPKM+1) with weights (39). We used TIDE to compute
three immune-suppressive genes signatures, namely MDSC (mye-
loid-derived suppressor cell), TAMs (tumor-associated macro-
phages) M2, and CAF. Only MDSC and TAM M2 showed strong
differences comparing ITH T790M* and IH T790M . CAF is shown
in Supplementary Fig. S2.

Probabilistic forecasting of T790M resistance status following
TKI treatment

We focused on genomic and transcriptomic features with signifi-
cantly different prevalence in T790M" and T790M ™~ TKI-resistant
patients ( %2 test). For TP53 alterations, we included both SNVs and
genomic loss (Supplementary Fig. S3). The T790M™ associated
immune infiltration subtype was not included in this analysis because
the prevalence of this feature had not been estimated for treatment-
naive tumors. To determine whether T790M ™ associated features were
likely present before treatment, or alternatively acquired on/following
TKI treatment, we compared (two-tailed Binomial test) the prevalence
of features in the TKI-resistant and EGFR-mutated treatment-naive
tumors (Supplementary Table S2). This analysis identified three
features (EGFR exon 19 deletion, WGD, TP53 alteration) with evi-
dence of all alterations being present before treatment (P > 0.83).
The prior odds for development of T790M™ disease was set to 1.8:1
(0.64:0.36). Assuming conditional independence of the three fea-
tures given T790M status, we computed Bayes factors and posterior
probabilities for developing T790M" disease given each feature
combination.

Statistical analyses

Patient characteristics were summarized using descriptive statistics.
Kaplan-Meier survival analysis was performed to determine TTP and
08S. Survival performance based on EGFR7*™ status was tested using
Cox proportional hazard model. Hazard ratio with 95% confidence
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intervals and associated log-rank P value was calculated. Proportion
tests between groups were calculated using Pearson the x2-test (with
N-1 correction; ref. 40). Comparisons of gene expression and muta-
tional signatures were conducted using f tests.

Data and code availability

Raw sequencing data have been deposited in the European
Genome-phenome Archive (EGA, EGAS00001005389, http://www.
ebiac.uk/ega/). Computational methods have been uploaded to a
public git (https://gitlab.com/gis_khipin/ccr_tki_resistance_2021).
Clinical records, somatic mutations, copy-number variations, gene
expression data, and histological images from our study are hosted in
OncoSG (https://src.gisapps.org/OncoSG/) that is publicly available.

Results

Patient characteristics

Tumor biopsies obtained from 59 patients with advanced EGFR-
mutated NSCLC who had previously experienced PD on 1G/2G TKIs
were interrogated (Fig. 1A; Supplementary Fig. S4A). EGFR™"**™ was
detected in 38 (63%) patients (Fig. 1C). Median TTP on 1G/2G TKI
was 10.3 months (range, 1.3-75.8 months), with 7.4 versus 13.6 months
in the T790M ™ versus T790M™" groups, respectively (HR, 1.64; 95%
CI, 0.95-2.83; P = 0.07; Supplementary Fig. S5). There were no
differences in exposure to prior therapy between the T790M " and
T790M ™ groups, including EGFR TKI as last line of therapy (65.8%
vs.61.9%, P = 0.76), prior use of chemotherapy (76% vs. 66%, P =0.75,
Wilcoxon test), or duration of chemotherapy exposure (mean 215 days
vs. 175 days, P = 0.75, Supplementary Fig. S4B). Consistent with
previous reports (20), microscopic histologic transformation was rare,
with one case of squamous transformation (A450; adenocarcinoma
at baseline) and another case of mixed adenocarcinoma small-cell
histology (A092) observed both at baseline and post resistance.

Genomic landscape of T790M" and T790M ™ disease states
We first evaluated differences in prevalence of somatic genomic
alterations (apart from EGFR™*®™) in our cohort compared with a
treatment-naive cohort of 38 patients with advanced EGFR-mutated
NSCLC with WES data. TP53 SNV alterations were more prevalent
in the TKI resistant (63%) compared with the treatment-naive (45%)
cohort (Supplementary Fig. S6). Furthermore, we detected overall
lower rates of genomic amplification for TERT and three genes
encoded at 14q22 (PTGDR, SAV1, and SOS2) in treatment-resistant
as compared with treatment-naive tumors. We next sought to deter-
mine previously reported and identify potentially novel therapeutically
tractable resistance mechanisms, through a comparison between
T790M" and T790M~ TKI-resistant samples. MET alterations were
seen in five (8%) patients and predominantly in the T790M™ cohort
(P=0.03, Fig. 1C). In one patient (A056), a splice site deletion causing
MET exon 14 skipping (METex14) was detected, with loss of tran-
scription at exon 14 verified with RN Aseq data (Supplementary Fig. S7;
ref. 41). This patient also demonstrated chromosomal arm 7p deletion
(with loss of EGFR mutation) and 12q amplification (containing
MDM?2 and CDK4, commonly amplified with METex14; ref. 42).
Similarly, we did not detect the primary exon 19 deletion/L858R
mutation in another patient who was T790M™ (A058), suggesting
loss of activating EGFR mutation as a bona fide rare mechanism of
acquired resistance (43, 44). PIK3CA mutations (n = 10, 17%) and
HER?2 amplification (n = 4, 7%) were frequent but with no difference
based on T790M status (P = 0.69 and P = 0.54, respectively), although
the frequency of PIK3CA alterations (17%) was overall higher in
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resistant tumors compared with patients who had late-stage treat-
ment-naive EGFR-mutated tumors (5%, P = 0.09, Supplementary
Table S3). Of the PIK3CA mutations, it is noteworthy that most were
clonal (n = 5/7) and annotated as likely pathogenic (n = 6/7) by
ClinVar (45). Taken together, this suggests a role for PI3K signaling in
mediating TKI resistance independent of T790M status. Given the
potential role of co-mutations in KEAPI and NFE2L2 in conferring
resistance to therapy (46), alterations in these genes were also
evaluated. However, we did not detect any NFE2L2 mutations in
the cohort, and we only detected one KEAPI mutation in a T790M ™
tumor (A449).

TP53 alterations are early clonal events found in approximately half
of EGFR-mutated tumors (23, 47, 48). We found significant enrich-
ment of TP53 alterations in T790M ™~ compared with T790M " patients
(86% vs. 50% P = 0.01), of which the majority (n = 36/37, 97%) were
timed to be early clonal events. In addition, MDM2 and YEATS4
amplifications were more frequent in T790M* patients and mutually
exclusive with TP53 mutations (P = 0.004). Both genes are co-located
at the same chromosomal location and negatively regulate
TP53 (49, 50). As previously reported by ourselves and others (47, 51),
a higher number of mutations in known cancer driver genes was
strongly associated with shorter TTP on multivariate analysis (HR,
1.41; 95% CI, 1.09-1.81; P = 0.008; Supplementary Fig. S8A). In
particular, concurrent RB1/TP53 alterations (n = 5) were strongly
associated with TTP independent of T790M status (multivariable Cox
model; HR, 8.80; 95% CI, 2.74-28.32; P < 0.001; Supplementary
Fig. S8B), consistent with a recent report (52).

Copy-number analysis uncovered that WGD was common and
comparable with the rate observed in treatment-naive EGFR-mutat-
ed tumors (88% vs. 89% of tumors). However, of the seven (12%)
patients without WGD, all were T790M™ ()2-test, P = 0.04) and
had an EGFR exon 19 deletion (Fig. 1C), suggesting absence of
WGD is predictive for emergence of T790M *-resistant disease.
There was no difference in the genome instability index (GII;
median 52% vs. 55%, respectively) between T790M ' and T790M ~
tumors, nor was TP53 co-mutation associated with increased GII.
Tumor mutational burden (TMB) was higher in T790M™ than
T790M " patients (median TMB 2.36 vs. 1.66 mutations per Mb, P
= 0.02, Fig. 1C; Supplementary Fig. S9A), likely due to a greater
number of smokers in the T790M™ cohort (29% vs. 5%, P = 0.04;
Supplementary Fig. S9C).

Enrichment of 3q amplifications in T790M-negative tumors
We next examined for recurrent focal amplifications and deletion
events associated with T790M status—revealing amplificaitons in
3q23 (containing genes such as PIK3CB, MRAS, and FOXL2)
in T790M~ patients, and at 14q21 (containing FOXAI and
NKX2-1) in T790M* patients (Supplementary Fig. S10). Strikingly,
3q arm amplification was highly frequent in T790M™ (57%) com-
pared with T790M™ (13%) patients, and the only statistically signif-
icant arm level event (Fig. 1E, x?-test P < 0.001). We confirmed
higher expression of chromosome 3q genes (including SOX2) in the
patients with 3q arm gain (Supplementary Fig. S11C). To understand
the extent to which these chromosomal level alterations may be
acquired after TKI treatment, we compared again with the treatment-
naive cohort. In the treatment-naive cohort, 3q gain was present in
seven out of 38 (18%, Supplementary Fig. S3) tumors. This was
significantly lower than T790M ™~ (P = 0.003) but similar to T790M "
(P = 0.53) patients, suggesting that 3q amplification may be acquired
specifically in T790M™ tumors. Interestingly, chromosome 3q har-
bors squamous lineage transcription factors TP63 and SOX2, and is
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Figure 1.

Genomic correlates of EGFR TKI resistance. A, Treatment histories for individual patients; each bar color represents a treatment type. B, Sequencing experiments
conducted in this study. C, Genomic landscape of EGFR TKI resistance. Mutations shown are previously proposed mechanisms (EGFR, ERBB2 and MET
amplification; MDM2, RBI, PIK3CA, PTEN, PIK3CB alterations) or alterations in >5 patients that were significantly different between T790M* and T790M~
cohorts (*, P < 0.10; **, P < 0.05). Significant differences between T790M™ and T790M~ tumors are highlighted in bold red color. WGD: whole-genome
doubling. Other EGFR: any other EGFR mutations besides L858R and exon 19 indel. D, Left, relative contribution of aging signature mutations comparing
T790M* and T790M™ cohorts. Right, the absolute number of aging mutations (adjusted for tumor purity) are similar between T790M* and T790M ™~ tumors.
E, (Top) Recurrent focal copy-number events (red: amplification; blue: deletion). Bottom, P values comparing proportion of samples with chromosomal arm
events between T790M* and T790M~ cohorts. Chromosome 3q gain (highlighted in red) is the only significant event.
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a predominant feature of lung squamous cell carcinomas but not
previously associated with lung adenocarcinoma (53).

Mutational signatures in T790M* and T790M~ tumors

Next, we investigated mutational processes associated with EGFR
TKI resistance. Well-established mutational signatures in lung ade-
nocarcinoma were identified (Fig. 1C), namely aging, APOBEC, DNA
double-strand break repair, smoking, and DNA mismatch repair.
EGFR™*M_resistant tumors showed higher relative contributions of
the aging signature compared with T790M™, consistent with the
highest probability nucleotide change of A[C>T]G in trinucleotide
context of EGFR"”*® point mutation (Supplementary Figs. S12 and
S$13). Conversely, the proportional contribution of nonaging signa-
tures (smoking, APOBEC and DNA repair) was significantly higher in
T790M ™~ compared with T790M* tumors (P = 0.003; Fig. 1D; Sup-
plementary Fig. S13), implicating alternative mutational processes in
driving T790M™ resistance. Overall, this suggests that T790M resis-
tance may be less likely to emerge in tumors with greater proportions
of active nonaging mutational signatures, for example, smoking/
APOBEC signatures.

Transcriptomic analysis reveals ubiquitous loss of
adenocarcinoma lineage markers in T790M™ tumors

We next interrogated the transcriptomic profiles of the TKI-
resistant tumors, classifying the tumors based on the three known
transcriptomic subtypes of lung adenocarcinoma: terminal respi-
ratory unit (TRU), proximal proliferative (PP), and proximal
inflammatory (PI; refs. 37, 54). 15/29 (52%) T790M* tumors were
classified as TRU, comparable with the frequency observed (47%) in
treatment-naive EGFR-mutated tumors (Fig. 2A). In striking con-
trast, 15/15 (100%) T790M~ tumors were classified as non-TRU
(either PI or PP), suggesting fundamental transcriptomic differ-
ences underpinning T790M " and T790M ™ resistance mechanisms.

We estimated the fraction of cancer cells (purity) of each tumor
sample using WES data, and used a transcriptome deconvolution
approach, TUMERIC (33), to estimate and compare gene expression in
cancer versus stromal (nonmalignant) cells in T790M* and T790M ~
tumors (Fig. 2B and C). Remarkably, we inferred ubiquitous and near
complete loss of expression of lung adenocarcinoma marker genes,
such as NAPSA, NKX2-1, SFTA2, and SFTA3 in cancer cells of
T790M™ tumors (Fig. 2B and E). In addition, we observed increased
expression of histological marker genes of either squamous cell
or neuroendocrine carcinoma in a small subset of T790M™ tumors
(n = 4, 27%; Supplementary Fig. S1A). These findings were validated
orthogonally using multiplex immunofluorescence (mIF), confirming
decreased NAPSA and NKX2-1 (TTF-1) expression in cancer cells of
T790M~ compared with T790M" tumors (Fig. 2D; Supplementary
Fig. S14). Strikingly, analysis across three treatment-naive NSCLC
adenocarcinoma cohorts showed that low adenocarcinoma marker
gene expression (NAPSA and NKX2-1) was extremely rare and only
observed in EGFR wild-type tumors (Fig. 2F). Collectively, these data
highlight a previously underappreciated degree of acquired lineage
plasticity after TKI resistance particularly in T790M™ tumors, co-
occurring with 3q amplification and nonaging mutational signature
processes, potentially facilitating EGFR independent signaling
mechanisms.

Tumor immune contexture in TKI-resistant EGFR-mutated
NSCLC

The tumor microenvironment (TME) is increasingly known to play
a critical role in NSCLC (55). Given the lack of efficacy of checkpoint
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inhibitors in EGFR-mutated NSCLC, we sought to characterize
the immune landscape associated with EGFR TKI resistance, initially
stratifying tumors based on the “T-cell inflamed gene expression
profile” (GEP) signature (39). Broadly, tumors were divided using
consensus k-means clustering (Fig. 3A), revealing an immune®
(n = 24) and immune™® (n = 20) cluster, similarly observed in
previous analyses of treatment-naive NSCLC tumors (56). Using
multiplex immunofluorescence, we verified that gene expression levels
indicative of T cells (CD8A) and expression of PD-L1 was highly
correlated to the protein level (Supplementary Fig. SI5A). Both were
also increased in immune™ compared with immune®? tumors
without co-localization (Supplementary Fig. S16). Notably, the
immune®" subtype was enriched in T790M ™~ tumors compared with
T790M™ tumors (n = 10, 67% vs. n = 10, 34%, P = 0.04). These
findings appear distinct to the recently characterized T.o-mediated
noninflamed TME in a small series of surgically resected EGFR-
mutated LUAD (57).

We then used a published computational method (TIDE; ref. 58) to
further elucidate infiltrating immune cell subsets associated with TKI
resistance. This revealed greater inferred levels of MDSCs (P = 0.04,
t test), but lower levels of TAM M2 (P = 0.003, t test), in immune"
T790M ™~ compared with immune™ T790M™ tumors (Fig. 3B). There
was also significantly higher expression of PD-L1, FOXP3, and IDO1
in the immune™® T790M~ compared with immune™ T790M™*
tumors (Fig. 3B, multiplex immunofluorescence staining for PD-L1
and FOXP3 in Supplementary Fig. S15B and S15C). We next inves-
tigated whether the immune phenotype at the time of resistance,
related to duration on prior 1G/2G TKI. Interestingly, immune**
T790M ™ tumors had the shortest TTP overall (Fig. 3C), of which half
(5/10 patients) had a TTP of less than 3 months. In contrast, immu-
ne"® T790M"' tumors had longest TTP overall (median TTP
20.6 months; range, 8.2 to 76.8 months), with significantly longer
TTP compared with immune®? T790M™ tumors (median TTP
4.1 months; range, 1.3 to 13 months; HR, 11.78; P = 0.004; 95%
CI, 3.01-46.2; P = 0.001; Fig. 3C). Consistent with meta-analyses that
have highlighted the lack of efficacy of single-agent immune check-
point inhibitors in EGFR-mutated NSCLC (59), 7/8 (88%, 4/8 “hot,”
2/8 “cold,” 2/8 unknown) patients experienced PD as best response
(Supplementary Table S5). However, one immune"® T790M* patient
(A096) received combination nivolumab-ipilimumab immune
checkpoint inhibitor therapy on a clinical trial (60), and achieved
stable disease for 8.9 months. Taken together, our data suggest a
potential role for inflammatory chemokines, for example, CXCL9—
likely driven by MDSCs—in mediating T790M™~ TKI resistance.
Furthermore, our data highlight marked heterogeneity in compo-
sition of the TME in GEP “hot” tumors, illustrating the need for
more detailed interrogation of the immune milieu to delineate
specific immune targets.

A probabilistic data-driven forecasting model for T790M
resistance

Although third-generation EGFR TKIs are increasingly adopted in
the first-line setting, this clinical practice is driven in part by the
inability to predict the resistance trajectories of individual patients.
Having identified novel molecular features (3q amplication, tran-
scriptomic subtype, loss of adenocarcinoma lineage markers and
inflamed TME) associated with different EGFR TKI resistant states,
we sought to develop a model to predict for the emergence of T790M.
We surmised that these genomic, chromosome level and transcrip-
tomic features could either be present at baseline or represent changes
acquired over the course of treatment (Fig. 4A). To explore this
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Figure 2.

Tumor transcriptomic correlates of EGFR TKI resistance. A, Proportions of molecular transcriptomic subtype assigned to EGFR TKI-resistant tumors and treatment-
naive EGFR-mutated tumors. B, Volcano plot of log;o(P values) against log-fold change in cancer cell expression of all genes tested. Lung adenocarcinoma markers
(NAPSA, NKX2-1, SFTA2, and SFTA2) and other pulmonary differentiation markers are highlighted in red (Supplementary Table S4). C, lllustration of tumor
transcriptome deconvolution approach for napsin-A (NAPSA). NAPSA gene expression is strongly correlated with purity in T790M™~ but not T790M ™" tumors.
NAPSA expression is inferred for a tumor with 0% (stroma) and 100% (cancer) tumor purity. Only lung tumor tissue and samples without abnormal high
expression of squamous or neuroendocrine related genes are used for (B) and (C). D, Multiplex IHC staining of NAPSA, NKX2-1, and L858R (Surrogate for
cancer cells). Images shown represent two tumors with striking difference in the IHC staining. Bottom, Bar-violin plots compare the median IHC intensity in
NAPSA and NKX2-1in all cells stained for L858R for each individual tumor with IHC data available. E, Cancer cell expression of lung adenocarcinoma markers
comparing T790M™ and T790M™ cohorts. F, Bulk tumor expression of lung adenocarcinoma markers comparing treatment-naive EGFR-mutated and EGFR
wild-type tumors across three public cohorts.

AACRJournals.org Clin Cancer Res; 27(21) November 1, 2021

5945



Chua et al.

Exlsmsslul Z-score

1
0

I =1
=2
Tro0Mm
T790M~
W T7soMt
Immune subtype
B immuneCold
W ImmuneHot
TTP Group
I <6 months
1M 6 to 18 months
> 18 months
Smoker
W Current/Ex-smoker
Nof-smoker
Gender

Male
Female
Biopsy histology

W Nen-adenccarcinoma
Adenocarcinoma

PDCDILGZ
CMKLR1
ENTFD1
|CXCLg

b :3 E’ 2Ea
2g3888LRYRYY
B MDSC (TIDE) TAM M2 (TIDE)
o Posseg 0009 Papmes =7 P
0.04
5 S
E= =
2 E 0.00
5., s
Q
3 S
-61 Ty
c
02 ~0.08
[ .«m i CokdNogaive HotNogaing HoSier ColdPosive  Coldegaive  Holbiegaive  HOPGsiG
n =100 n = 19} n=2 =g {n =)
PD-L1 Expression Immune GEP
Pogyaios = 0.006 R = 002 0s P 50,003 Pocpstod = 0.006
+ 00
X 2
L UU'J L P e
8§
2
d | -0.6

ColdPositive ColfPostve  Cok 2 HolNegatve  HolPostive
s 19) in = 19} o= ) s 10}

s 101

Immune subtype

Figure 3.

0 T O O O O Y e
A O O O 7P Girowp
Smoker

Immune subtype — ColdPositive — ColdNegative
— HotNegative — HotPositive

1.00
Z 075
E
£
=
o 0.50
o P =0.0001
£
5
W 025
0.00 H !
0 10 20 30 40 50 60 T0 80
Time to ression (months
Mumber at risk RIZ9 ( )
ColdPositive] 19 1 2 1 1 1 ] o 0
ColdNegative{ 5 4 2 0 0 0 0 0 0
HotMNegative| 10 1 ] o o o ] o o
HotPositive{__10 8 [ 2 1 1 1 1 0
0 10 20 30 40 50 60 o 80

Stromal transcriptomic correlates of EGFR TKI resistance. A, Relative expression of genes used in the immune GEP calculation (39). Patients were clustered into two
groups using consensus k-mean clustering and sorted by T790M status followed by time to progression (TTP). B, Comparison of immune-suppressive cells
correlation index (derived using TIDE) and expression levels of immune checkpoint genes (PD-L1gene expression shown here) between immune subtypes. Immune
GEP score was calculated using the method from Cristescu et al. (39). Horizontal line demarcates GEP score of —0.318, defined as the cutoff for high GEP in the original
article. Pairwise comparison test was carried out using Games-Howell test and P values were adjusted using Benjamin-Hochberg procedure. C, Kaplan-Meier curve

of EGFR TKI TTP comparing different immune subtypes.

further, we identified three truncal features that were likely present
before the onset of 1G/2G TKI treatment: EGFR exon 19 deletion,
absence of WGD, and TP53 alterations (Fig. 4A). Using a Bayesian
approach, individual patients could be stratified into groups with very
different odds of developing EGFR"*™ resistance based on their pre-
treatment molecular genotype (Fig. 4B). For instance, the probability
of developing T790M resistance ranged from 87.2% to 97.9% in non-
WGD tumors, with the potential implication that a sequential
approach with first/second-generation to third-generation EGFR
TKI might be a viable clinical strategy for these patients (11% of
patients in our cohort). The predictive power of these features needs to

5946 Clin Cancer Res; 27(21) November 1, 2021

be further validated in larger cohorts. However, these results illustrate
how data-driven treatment algorithms can be derived through
real-world evidence, and may potentially help define optimal sequenc-
ing strategies for individual patients.

Discussion

Our study presents the first comprehensive and integrative analysis
of the genomic and transcriptomic landscape of EGFR TKI resistance.
Strikingly, our data reveal a degree of lineage plasticity hitherto
underappreciated. Although histologic transformation has been
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Data-driven TKI treatment algorithm. A, Genomic and transcriptomic alterations with distinct frequencies in patients with T790M™ and T790M~ disease. The
observed prevalence of each alteration in T790M* and T790M ™ groups as well as patients with treatment-naive late-stage EGFR-mutated tumors are shown.
Testing the null-hypothesis that frequencies of individual alteration types are not different between treatment-naive and resistant cohorts, alterations were
divided into either likely pre-existing or likely TKI-treatment acquired alterations. B, The expected patient prevalence for each (n = 8) combination/genotype
of the three inferred pre-existing alterations. The posterior probability was estimated for each genotype using Bayesian updating. C, Summary of molecular
features that modify probability of T790M (left), and potential to use baseline clinical and molecular features, as well as adaptive changes to determine

optimal therapeutic strategy (right).

reported in 1% to 3% of patients post TKI resistance, we demonstrate
ubiquitous loss of adenocarcinoma markers (napsin-A and TTF-1),
coupled with strong enrichment for non-TRU subtypes (PIand PP), in
T790M™ tumors. Although the lack of paired baseline samples was a
limitation in our study, the comparison with treatment-naive EGFR-
mutated NSCLC suggests that loss of adenocarcinoma lineage markers
particularly in T790M~ disease likely represents an early de-
differentiation event induced by chronic EGFR TKI exposure. Other

AACRJournals.org

genomic alterations more significantly represented in T790M ™~ disease
were TP53 mutations (86% vs. 50%), 3q amplification (57% vs. 13%),
and MET alterations (19% vs. 3%), which further contribute to lineage
plasticity and T790M™ drug resistance.

Of particular clinical interest is the immune™ subset in the
T790M™ cohort, representing a group of patients with significantly
shorter TTP, characterized by high GEP score, PD-L1 overexpression,
and a chemokine-rich immunosuppressive microenvironment.

hot
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Consistent with our findings, retrospective analyses have suggested a
relationship between high PD-L1 expression and lower response rates
and PFS (61, 62), implicating an “inflamed” TME in mediating primary
resistance to EGFR TKI. Recently, inhibition of EGFR signaling has
been found to deplete T, and increase IFN gamma signaling (63),
supporting the link between an “inflamed” TME as an adaptive change
that can potentially impair response to targeted therapies. Our data
further suggest that the “inflamed” TME may occur at the time of
primary or secondary resistance and be variably composed of CD8 T
cells (tumor antigen specific and/or bystander), T,z and MDSC (64).
Finally, the observation of high expression of IDO1 especially in the
T790M~ immune™ tumors coupled with overexpression of kynur-
enine (KYNU; Fig. 2B) implicates the IDO pathway in sustaining Ty.q
activation and the immunosuppressive milieu in a subset of tumors.
Recently, through single-cell RNA-seq of a series of oncogene-driven
NSCLC tumors, Maynard and colleagues (27) similarly highlighted the
significance of the IDO pathway, immune microenvironment, and
alveolar regeneration cell signature in response to targeted therapy.
Our data extend these observations and illustrate how therapy-induced
adaptive cell states may be influenced by genomic alterations and
suggest a complex interplay between EGFR dependency and lineage
plasticity in cancer cells, immune cell populations, and chemokines.
Prospective studies are underway to better elucidate the role of such
immune mediators. Immune checkpoint inhibition, including com-
bination anti-PD-1 and anti-CTLA-4 therapy, has shown a distinct
lack of efficacy from clinical trials in the TKI-resistant setting (26, 60).
In addition to ongoing efforts to evaluate immunosuppressive targets
of the adenosine axis such as the adenosine 2A receptor (A2AR), CD39,
and CD73 (65), rational targets for future clinical trials may include
IDO, MDSC-depleting strategies such as bevacizumab or selective
inhibition of PI3K-gamma.

With the expanding number of EGFR TKIs and alternative treatment
options now available for treatment of EGFR-mutated NSCLC, one
foremost priority is to tailor the optimal sequence of therapies for each
individual patient. Through depicting the transcriptomic profiles of the
treatment-naive and T790M-resistant states, our study reveals novel
molecular features (transcriptomic subtype, loss of adenocarcinoma
lineage markers and inflamed TME) that may underpin the quality of
responses in oncogene-driven NSCLC: whether in primary versus
secondary TKI resistance, or with differences in PFS and RR in the
first-line setting compared with later lines (4, 66, 67). Our study further
cautions against sole reliance on plasma-based genomic profiling and
underscores the importance of tissue-based analysis in depicting
expanded genomic and transcriptomic features, for example, the
TRU-inflamed phenotype unique to Asian LUAD (28). We anticipate
that the accuracy of the data-driven modeling and forecasting will be
further enhanced through building an iterative, prospective knowledge
bank that links comprehensive catalogues of genomic and transcrip-
tomic profiles with high-resolution annotation of clinical outcomes both
at baseline and each subsequent progression. In addition, such high-
granularity data will allow for the comparison of resistance profiles of
T790M "™ tumors after 1/2G EGFR TKI versus 3G EGFR TKI in future
studies, and provide further insights into the distinct spectrum of
resistance alterations observed thus far.

Other considerations in the interpretation of our findings, include
the concomitant or intervening use of chemotherapy in a subset of
patients before sample collection, and the relatively modest size of the
overall cohort. Nevertheless, the use of chemotherapy and last line of
therapy before sample collection was well balanced comparing the
T790M" and T790M~ cohorts (Supplementary Fig. S4B). Further
analysis also revealed consistent findings when patients with the use of
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chemotherapy as the last line of therapy before sample collection were
excluded, in particular regarding the tumor immune contexture
(Supplementary Fig. S17 and Supplementary Table S10).

To conclude, we demonstrate that understanding resistance to
targeted therapy requires in depth analysis at multiple levels (single
gene, chromosome, and transcriptome; Fig. 4). We report novel
genomic and transcriptomic associations with T790M status, includ-
ing EGFR mutation type, concomitant alterations, mutational signa-
tures, transcriptional subtypes, and immune signatures (Fig. 4C).
These molecular features are likely correlates of lineage plasticity and
propensity for resistance adaptation, both of which remain incom-
pletely understood. Nevertheless, the potential ability to foretell a
tumor’s evolutionary trajectory and predict for T790M status has
important clinical implications, including optimal sequencing of
EGFR-directed therapies and the application of high-precision diag-
nostic tools to detect resistance early. Our study underscores the
expanding role for genomic and transcriptomic profiling of EGFR-
mutated NSCLC longitudinally, to facilitate the design of bespoke
therapeutic approaches tailored to a tumor’s adaptive potential.
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