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ABSTRACT
◥

Purpose:We sought to identify features of patients with advanced
non–small cell lung cancer (NSCLC)whoachieve long-termresponse
(LTR) to immune checkpoint inhibitors (ICI), and how these might
differ from features predictive of short-term response (STR).

Experimental Design:Weperformed amulticenter retrospective
analysis of patients with advanced NSCLC treated with ICIs between
2011 and 2022. LTR and STR were defined as response ≥ 24 months
and response < 12 months, respectively. Tumor programmed death
ligand 1 (PD-L1) expression, tumormutational burden (TMB), next-
generation sequencing (NGS), and whole-exome sequencing (WES)
data were analyzed to identify characteristics enriched in patients
achieving LTR compared with STR and non-LTR.

Results: Among 3,118 patients, 8% achieved LTR and 7%
achieved STR, with 5-year overall survival (OS) of 81% and 18%

among LTR and STR patients, respectively. High TMB (≥50th
percentile) enriched for LTR compared with STR (P ¼ 0.001) and
non-LTR (P < 0.001). Whereas PD-L1 ≥ 50% enriched for LTR
compared with non-LTR (P < 0.001), PD-L1 ≥ 50% did not enrich
for LTR compared with STR (P ¼ 0.181). Nonsquamous histology
(P ¼ 0.040) and increasing depth of response [median best overall
response (BOR) �65% vs. �46%, P < 0.001] also associated with
LTR compared with STR; no individual genomic alterations were
uniquely enriched among LTR patients.

Conclusions: Among patients with advanced NSCLC treated
with ICIs, distinct features including high TMB, nonsquamous
histology, and depth of radiographic improvement distinguish
patients poised to achieve LTR compared with initial response
followed by progression, whereas high PD-L1 does not.

Introduction
Immune checkpoint inhibitors (ICI), including anti–programmed

cell death protein 1 (anti–PD-1; refs. 1–3), anti–programmed death
ligand 1 (anti–PD-L1; ref. 4), and anti-cytotoxic T-lymphocyte asso-
ciated protein 4 (anti–CTLA-4; ref. 5) agents, can lead to responses of
unprecedented duration in subsets of patients with advanced

NSCLC (6, 7), and the prospect of long-term durable responses
represents a distinctive benefit of these therapies. Nevertheless, most
patients either do not respond to ICIs or develop resistance within 12
to 24months of an initial response (8–10). Identification of clinical and
molecular predictors of long-term ICI benefit among patients with
advanced NSCLC is therefore of critical importance to isolate patients
who may be poised for durable responses to ICIs without upfront
treatment intensification with chemotherapy or other approaches.

Tumor PD-L1 IHC remains the only NSCLC-specific test to
determine candidacy for first-line ICI therapy in patients with
advanced NSCLC, with patients with PD-L1 ≥ 50% eligible for
pembrolizumab (1) and patients with PD-L1 ≥ 1% eligible for com-
bination ipilimumab and nivolumab (5) and pembrolizumab (11).
Pembrolizumab is also approved for advanced solid tumors across
histologies with tumor mutational burden (TMB) ≥ 10 mutations/
megabase (mut/Mb; ref. 12). Whereas markers of response and initial
clinical benefit to ICIs in advanced NSCLC have been established,
including high TMB (13–16), composites of high TMB and high
PD-L1 (17), and tumor-infiltrating lymphocyte (TIL) density (18, 19),
whether biomarkers of initial ICI response can reliably distinguish
patients poised to achieve a long-term response (LTR) as opposed to a
short-term response (STR) has remained unclear. In particular,
whether PD-L1 or TMB serve as reliable biomarkers for LTR to ICIs
remains uncertain, and have previously only been explored in small
studies (20, 21). Among patients with NSCLC treated with ICIs, higher
TMBhas recently been linked to durable responses (22), while no other
immunogenomic or transcriptomic features have been shown to
reliably distinguish longer from shorter responses (21). However,
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these observations require validation in larger clinical cohorts. Fea-
tures predictive of long-term ICI benefit remain incompletely char-
acterized largely due to the general rarity of long-term responders and
long durations of follow up required for identification. In addition, the
frequency, predictive clinical features, and long-term outcomes of
patients with NSCLC achieving LTR to ICIs remain incompletely
defined.

In this study, we interrogated a large cohort of advanced patients
NSCLC patients treated with ICIs at three academic medical centers to
identify the frequency, outcomes, and clinical and immunogenomic
features of long-term responders compared with short-term respon-
ders, non–long-term responders, and nonresponders to ICIs. Our
results help further our understanding of unique predictors of long-
termbenefit to ICIs in patients withNSCLC and suggest that thesemay
be distinct from those predicting initial response.

Materials and Methods
Patients and efficacy analyses

Patients with advanced (recurrent or metastatic) NSCLC treated
with anti–PD-(L)1 monotherapy (ICI monotherapy) or in combina-
tion with anti–CTLA-4 therapy (dual ICI therapy) at Memorial Sloan
Kettering Cancer Center (MSK) between 2011 and 2020, Dana-Farber
Cancer Institute (DFCI, Boston,MA) between 2011 and 2022, andMD
Anderson Cancer Center (MDACC) between 2015 and 2019 were
included. Patients receiving ICI in combination with chemotherapy or
other systemic therapies were excluded. Response EvaluationCriteria in
Solid Tumors (RECIST) v1.1 (23) was used to assess efficacy; patients
who were not evaluable radiographically were excluded. Progression-
free survival (PFS) was defined as the date of anti–PD-(L)1 therapy start
to the date of progression. Overall survival (OS) was defined as the date
of therapy start to the date of death; patients who did not die were
censored at the date of last contact. Patients who had not progressed
were censored at the date of their last contact; cases retrospectively
adjudicated to not be progressive disease (PD) per RECIST but deter-
mined in real-time by the clinician as PD were considered progression
events. Best overall response (BOR) was defined as the best RECIST
response recorded from the start of therapy until disease progression or
death. Categories of BOR included PD, stable disease (SD), partial

response (PR), and complete response (CR) perRECISTv1.1 (23). Time
on treatment was defined by the date of therapy start to the last date of
ICI therapy.Datawere collecteduntil July 8, 2022 (MSK), September28,
2022 (DFCI), and September 1, 2020 (MDACC), when each dataset was
locked for outcome analysis. This study was approved by the Institu-
tional Review Board/Privacy Board atMSK andwas in accordance with
the Belmont report for retrospective review of records and waiver of
consent.

Patient cohorts
Patients were divided into the following cohorts for analysis: LTR,

STR, PD, and non-LTR. LTR was defined as PR or CR lasting ≥
24 months from the start of therapy. STR was defined as achievement
of PR or CR followed by progression of disease < 12 months from the
start of therapy. PD patients were defined as patients with a best
response of progressive disease. Non-LTR patients included all
patients in each cohort who were not defined as an LTR.

PD-L1 testing
PD-L1 expression was determined on the basis of percentage of

tumor cells expressing PD-L1. Subgroups of tumor PD-L1 ≥ 50% and
PD-L1 ≥ 90% were used in the analyses. PD-L1 antibodies used in the
analyses are detailed in Supplementary Table S1.

Derived neutrophil-to-lymphocyte ratio testing
The results of pretreatment peripheral blood–derived neutrophil—

lymphocyte ratio (dNLR) were obtained from subsets of patients.
dNLR was defined by [absolute neutrophil count (ANC)]/[total white
blood cell count (WBC) – ANC].

Next-generation sequencing analyses and TMB harmonization
The results of next-generation sequencing (NGS) testing obtained

prior to the start of ICI therapy were obtained for a subset of patients
from MSK and DFCI (n ¼ 1,715 total). Patients from MSK had
MSK-IMPACTNGS profiling completed as described below (24), and
patients fromDFCI had DFCI OncoPanel NGS profiling completed as
described below (25, 26).

MSK-IMPACT NGS
Briefly, genomic DNA was extracted from patient tumors and

matched normal DNA from peripheral blood samples. Barcoded
libraries were generated and sequenced, targeting all exons and select
introns of a custom panel of 341 (version 1), 410 (version 2), or 468
(version 3) genes. Mean sequencing coverage across all tumor samples
was 750�, with minimum depth of coverage of 38�. Somatic sub-
stitutions, small insertions/deletions, gene-level focal copy-number
amplifications, homozygous deletions, and fusions in select genes were
identified using a clinically validated pipeline (24). To normalize
somatic nonsynonymous TMB across panels of various sizes among
MSK-IMPACT patients, the total number of nonsynonymous
mutations was divided by the coding region captured in each panel,
which covered 0.98, 1.06, and 1.22 megabases (Mb) in the 341-, 410-,
and 468-gene panels, respectively.

Among MSK-IMPACT patients, the fraction of genome altered
(FGA) and whole-genome doubling (WGD) status were inferred
from allele-specific copy-number estimates using the FACETS
algorithm (27, 28). FGA was defined as the fraction of the genome
that is nondiploid; a tumor was considered to have undergoneWGD if
the fraction of the autosomal genome that has the more frequent
allele (major copy number) had a copy number of two or higher
(facets-suite v2.0.6 package, https://github.com/mskcc/facets-suite).

Translational Relevance

Whereas features predictive of initial response to immune
checkpoint inhibitors (ICI) in advanced non–small cell lung cancer
(NSCLC) have been established, features predictive of long-term
response (LTR) remain incompletely understood and require
dedicated investigation. Here, in a multicenter cohort of patients
with advanced NSCLC treated with ICIs, we identify an 8%
frequency of LTR (response ≥ 24 months), with LTR associated
with > 80% 5-year survival. We show that high total, clonal, and
subclonal tumor mutational burden and distinct clinical features
can distinguish patients achieving LTR from patients achieving
short-term response (STR: response < 12 months). In contrast,
neither high programmed death ligand 1 nor any individual
genomic alteration distinguish LTR compared with STR patients.
Our results suggest that features predictive of LTR may be distinct
from those predictive of initial response, and identify features of
patients poised for long-lasting responses to ICIs without upfront
treatment intensification.

Long-term Response to ICIs in Advanced NSCLC
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HLA genotypes were inferred using Polysolver (ref. 29; RRID:
SCR_022278). HLA LOH was determined by the LOHHLA tool
(RRID: SCR_023690) as previously described (30) and defined as an
allelic imbalance P < 0.001 and an estimated raw copy number of HLA
allele 1 or allele 2 < 0.5. HLA diversity was defined as the number of
unique HLA class I alleles at high resolution (e.g., HLA-A�01:01)
within a given sample.

DFCI OncoPanel NGS
Briefly, tumor DNA was extracted and used for custom-designed

hybrid capture library preparation. NGS was performed and somatic
alterations identified by custom pipeline. Given the absence of
matched normal tissue, common SNPs were filtered if present
at >0.1% in Exome Variant Server, NHLBI GO Exome Sequencing
Project (RRID: SCR_012761), or the Genome Aggregation Database
(RRID: SCR_014964); variants present ≥ 2 times in Catalogue Of
Somatic Mutations In Cancer (RRID: SCR_002260) were rescued. To
minimize inadvertent inclusion of germline variants, consistent with
previous aggregation efforts (31), an additional germline filter was
applied to exclude events present in the Exome Aggregation Consor-
tium with an allele count > 10, after rescuing known somatic events.
TMB was uniformly calculated for each sample as the number of
nonsynonymous mutations per Mb of genome covered. DFCI muta-
tion counts were divided by the number of bases covered in each
OncoPanel version: v1, 0.75 Mb; v2, 0.83 Mb; and v3, 1.32 Mb. Copy-
number variants and structural variants were called using the inter-
nally developed algorithms RobustCNV and BreaKmer. For each gene,
the absolute copy number (ACN) was estimated on the basis of the
tumor purity and the weighted average of segmented log2 ratios across
the gene (l) using the formula ACN¼ [2(Iþ1) – 2(1 – p)]/p. To quantify
aneuploidy levels, targeted sequencing data were analyzed using arm-
level somatic copy-number events in targeted sequencing.

TMB harmonization
To facilitate pooled TMB analyses across NGS platforms, harmo-

nized TMB z-scores were calculated as previously described (32). TMB
z-score cut-off points included TMB z-score ≥ 0, corresponding
to ≥ 50th percentile of TMB in each cohort (≥ 7.9 mut/Mb for
MSK, ≥ 10.6 mut/Mb for DFCI), given rough correspondence to
the widely used clinical cutoff of TMB ≥ 10 mut/Mb (12), and TMB
z-score ≥ 1.16, corresponding to ≥ 90th percentile of TMB in each
cohort. To facilitate genomic analyses across platforms, analysis was
restricted to oncogenic or likely oncogenic variants as reported byOncoKB
(ref. 33; RRID: SCR_014782) and limited to a list of 301 genes included in
each version of both NGS platforms (Supplementary Table S2).

Whole-exome sequencing
A subset of 83 patients fromMSK (28 LTR, 13 STR, and 42 PD) had

tumor and normal tissue profiled by whole-exome sequencing (WES).
Enriched exome libraries were sequenced on a HiSeq platform
(Illumina) to generate paired-end reads (2� 76 base pairs) to a target
of 150�mean coverage. The mean target coverage was 232� in tumor
and 125� in normal sequences; mean target coverage < 60� in tumor
or < 30� in normal sequences were excluded. Exomes were processed
and analyzed using TEMPO pipeline v1.3 (https://github.com/mskcc/
tempo). Briefly, FASTQ files were aligned to human genome reference
b37 assembly from the Genome Analysis Toolkit (ref. 34; GATK;
RRID: SCR_001876) using BWAmem (v0.7.17; RRID: SCR_010910).
Binary alignment map files were sorted using SAMTOOLS v1.9
(RRID: SCR_002105) and marked for PCR duplicates using GATK
MarkDuplicates (v3.8–1). Somatic mutations including substitutions

and small indels were called in tumor-normal pairs using MuTect2
(v4.1.0.0; RRID: SCR_000559) and Strekla2 (v2.9.10). Somatic muta-
tions were then filtered using the following criteria. First, all variants
annotated as oncogenic and likely oncogenic by OncoKB (33) were
whitelisted. Then, all nonwhitelisted variants were filtered to exclude
those observed in repetitive or low-complexity regions annotated by
ENCODE consortium (RRID: SCR_006793; https://hgdownload.cse.
ucsc.edu/goldenPath/hg19/database/rmsk.txt.gz and https://genome.
ucsc.edu/cgi-bin/hgFileUi?db¼hg19&g¼wgEncodeMapability). Muta-
tions observed in 10 or more noncancer patients in gnomAD (35) or
those with low variant allele frequency (<5%) and supported by three or
fewer reads in regions with low coverage (<20�) were filtered out.

Allele-specific copy-number estimates were inferred using FACETS
v0.5.6. Clonality of all somaticmutations was inferred using FACETS as
described previously (36). Briefly, mutations were deemed clonal if the
fraction of cancer cells estimated to have the mutation (cancer cell
fraction; CCF) was > 0.8 or if the CCF was > 0.7 and the upper bound of
the 95th percentile confidence interval (CI) was > 0.9 (facets-suite v2.0.6
package, https://github.com/mskcc/facets-suite). All other mutations
with estimable CCF were deemed subclonal. To estimate TMB, only
nonsynonymous mutations within the 25.9 Mb of the coding sequence
captured in all tumors sequencedwere considered. Clonal and subclonal
TMB estimates only considered clonal and subclonalmutations, respec-
tively, as inferred above. Neoantigen peptide–binding affinity predic-
tions were obtained usingNetMHCpan-4.1b for all 8 to 11mer peptides
spanning each nonsynonymous mutation (37). Peptides with predicted
binding affinities < 500 nm and rank 2% or lower were considered as
binders.

Statistical analyses
Mann–Whitney U tests were used to complete two-group compar-

isons of continuous variables, and Fisher exact test was used to
compare proportions. Kaplan–Meier methodologies were used to
estimate PFS and OS among patient groups. To assess associations
of binary clinical covariates with binary clinical outcomes, univariable
analyses were completed using Fisher exact test to calculate odds ratios
(OR), and multivariable analyses were completed using multiple
logistic regression to calculate adjusted ORs. Unbiased analyses of
enrichment in frequency of altered genes between groups of clinical
outcomes were completed using Fisher exact tests, with multiple
hypothesis-corrected adjusted P values (Padj) calculated for each gene
based on the number of genes tested in a given comparison. For
analysis of HLA diversity, the proportion of patients with six unique
HLA class I alleles was compared among patient groups. For analyses
of WES features, continuous biomarkers were converted to standard
z-scores and univariable logistic regression was used to test asso-
ciations with binary clinical outcomes. All reported P values are two-
sided, and P < 0.05 was considered statistically significant. All statistical
analyseswereperformedwithGraphPadPrismv9 (RRID:SCR_002798)
and R version 4.2.2 software (RRID: SCR_001905).

Data availability statement
The data generated in this study are available upon request from the

corresponding author.

Results
Frequency and clinical outcomes of LTR and STR patients

3,118 patients (MSK: 1469, DFCI: 1183, MDACC: 466) were
identified and included in the analysis. Demographic and clinical
features of the patient cohorts are described in Table 1.
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The overall response rate (ORR) among evaluable patients was 21%
(95% CI, 19%–22%; Fig. 1A), with a 2.0% rate of CR (95% CI, 1.5%–
2.6%) and 19% rate of PR (95% CI, 18%–20%). Among all patients, a
total of 252 (8%; 95%CI, 7%–9%) achieved LTR (Fig. 1A), with similar
rates from each site (MSK: 9%, DFCI: 7%, MDACC: 8%; Supplemen-
tary Fig. S1A–S1C). STR occurred in 209 patients overall (7%; 95% CI,
6%–8%), with similar rates from each site. Among patients who
achieved LTR, the median OS from the start of ICI therapy was not
reached during a median follow-up of 55 months; the 5-year OS rate
was 81% and the 5-year PFS rate was 57% among patients with LTR
(Fig. 1B; Supplementary Fig. S2). Among patients with STR, the
median OS was 19.3 months, and the 5-year OS rate was 18%
(Fig. 1B). OS outcomes among LTR, STR, and PD patients were
generally concordant across each site (Supplementary Fig. S3A–S3C).
Themedian timeon ICI treatment amongLTRpatientswas 25months,
with similar durations across sites (Supplementary Fig. S4A–S4C). The
median OS in the entire patient cohort was 13.0 months. Among CRs,
the median OS was not reached with a median follow-up duration of
60.5 months, and the 5-year OS rate was 82%. The median PFS among
CRs was 59.7 months, with a 5-year PFS rate of 50% (Supplementary
Fig. S5A and S5B).

Clinical characteristics of LTR and STR patients
We next aimed to determine clinical characteristics associated with

patients who achieved LTR compared with STR, non-LTR, and PD in
univariable and multivariable analyses. Variables included in multi-
variable analyses included all variables significant in any individual
univariable analysis: age, smoking status, histology, Eastern Cooper-
ative Oncology Group (ECOG) performance status, dNLR, type of
therapy (ICI monotherapy vs. dual ICI therapy), PD-L1, and TMB
(Fig. 2A–C; Supplementary Fig. S6A–S6C). In multivariable analyses,
TMB ≥ 50th percentile was independently associated with LTR
compared with STR (adjusted OR, 2.74; 95% CI, 1.48–5.16, P ¼
0.001), as well as compared with non-LTR (adjusted OR, 2.57; 95%
CI, 1.65–4.07; P < 0.001) and compared with PD (adjusted OR, 2.52;
95% CI, 1.55–4.18, P < 0.001). In contrast, whereas PD-L1 ≥ 50% was
independently associatedwith LTR comparedwith non-LTR (adjusted
OR, 3.76; 95% CI, 2.43–5.95, P < 0.001) and compared with PD
(adjusted OR, 5.72; 95% CI, 3.54–9.44, P < 0.001) in multivariable
analyses, PD-L1 ≥ 50% was not associated with LTR compared
with STR in univariable (OR, 1.19; 95% CI, 0.76–1.87, P ¼ 0.488)
or multivariable analyses (adjusted OR, 1.55; 95% CI, 0.82–2.97,
P ¼ 0.181). Similarly, TMB ≥ 50th percentile (P ¼ 0.032) associated

Table 1. Patient characteristics.

Patient characteristics
MSK
(no, %)

DFCI
(no, %)

MDACC
(no, %)

Combined cohort
(no, %)

No. of patients (total) 1,469 1,183 466 3,118
Median age, years (range) 68 (22–93) 67 (25–98) 66 (28–91) 67 (22–98)
Sex

Male 713 (49) 548 (46) 263 (56) 1,524 (49)
Female 756 (51) 635 (54) 203 (44) 1,594 (51)

Smoking status
Ever (current or former) 1,259 (86) 1,002 (85) 376 (84) 2,637 (85)
Never 210 (14) 181 (15) 90 (16) 481 (15)

ECOG PS at anti–PD-(L)1 initiation
0 234 (16) 194 (17) 61 (21) 489 (17)
1 1,085 (74) 717 (62) 172 (60) 1,974 (68)
2þ 150 (10) 253 (22) 52 (18) 455 (16)
Not available 0 19 181 200

dNLR
<3.0 864 (59) 476 (59) 263 (77) 1,603 (61)
≥3.0 595 (41) 333 (41) 77 (23) 1,005 (39)
Not available 10 374 126 510

Histology
Adenocarcinoma 1,110 (76) 918 (78) 352 (76) 2,380 (76)
Squamous cell carcinoma 247 (17) 178 (15) 84 (18) 509 (16)
Other 112 (8) 87 (7) 30 (6) 229 (7)

PD-L1
<1% 327 (38) 160 (19) 89 (29) 576 (29)
1–49% 184 (21) 249 (30) 94 (30) 527 (26)
≥50% 356 (41) 421 (51) 128 (41) 905 (45)
Not available 602 353 155 1,110

Line of therapy
1 511 (35) 451 (38) 197 (42) 1,159 (37)
2 666 (45) 507 (43) 215 (46) 1,388 (45)
3þ 292 (20) 225 (19) 54 (12) 571 (18)

Anti–PD-(L)1 treatment regimen
Anti–PD-(L)1 monotherapy 1,332 (91) 1,135 (96) 465 (100) 2,932 (94)
Anti–PD-(L)1 þ anti–CTLA-4 therapy 137 (9) 48 (4) 1 (0) 186 (6)

Treatment setting
Clinical trial 300 (20) 122 (10) 7 (12) 429 (16)
Standard of care 1,169 (80) 1,060 (90) 50 (88) 2,279 (84)
Not available 0 1 409 410

Long-term Response to ICIs in Advanced NSCLC
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with CR compared with non-CR patients in multivariable analyses,
whereas PD-L1 ≥ 50% did not (P ¼ 0.100, Supplementary Fig. S7).

Additional clinical features of interest included squamous histology,
which was negatively associated with LTR compared with STR in
univariable (OR, 0.50; 95% CI, 0.30–0.82, P ¼ 0.010; Supplementary
Fig. S6A) and multivariable analyses (adjusted OR, 0.36; 95%
CI, 0.13–0.93, P ¼ 0.040; Fig. 2A). In addition, dNLR < 3.0 was
associated with LTR comparedwith STR (OR, 1.98; 95%CI, 1.30–3.06,
P ¼ 0.002), LTR compared with non-LTR (OR, 2.00; 95% CI, 1.47–
2.73, P < 0.001), and LTR compared with PD (OR, 2.55; 95% CI, 1.86–
3.49,P< 0.001) in univariable analyses (Supplementary Fig. S6A–S6C),
although not significant in any multivariable comparisons (Fig. 2A–
C). Taken together, these analyses suggest high TMB and nonsqua-

mous histology uniquely distinguish LTRcomparedwith STRpatients,
and nominate dNLRas an additional candidate for further exploration.

PD-L1 and TMB among LTR and STR patients
Given the association of TMB ≥ 50th percentile but lack of asso-

ciation of PD-L1 ≥ 50% status with LTR compared with STR (Fig. 3A
and B; Supplementary Fig. S8), we next asked whether higher TMB
or PD-L1 cutoffs which have yet to reach routine clinical practice
could either enrich or further enrich for LTR compared with STR. We
explored two recently identified features associated with improved
clinical benefit to ICI therapy in NSCLC: TMB ≥ 90th percentile (38)
and PD-L1 ≥ 90% (39). In univariable and multivariable analyses,
TMB ≥ 90th percentile (corresponding to TMB ≥ 19.7 mut/Mb for

Figure 1.

Frequency and OS of patients with LTR, STR, and PD in the combined cohort. A, Number and percentage of patients in the combined cohort with BOR of PD, SD,
CR/PR. The numbers andpercentages of all patients achieving LTR and STR are displayedwithin the CR/PR subset. BOR informationwas not available for 116 patients
(4%, not displayed). B, Kaplan–Meier curves of OS among LTR, STR, and PD patients in the combined cohort. Tick marks indicate censored data.

Figure 2.

Multivariable analyses of association of clinical characteristics with LTR compared with STR, non-LTR, and PD. Multivariable adjusted ORs and two-sided P values of
association of clinical covariateswith LTR comparedwith STR (A), LTR comparedwith non-LTR (B), and LTR comparedwith PD frommultivariable logistic regression
analyses (C) incorporating age, smoking status, histology, ECOG PS, type of therapy (dual ICI therapy versus ICI monotherapy), dNLR, PD-L1, and TMB. Dual ICI
therapy ¼ anti–PD-(L)1 therapy þ anti–CTLA-4 therapy; ICI monotherapy ¼ anti–PD-(L)1 monotherapy. � , P < 0.05; ��, P < 0.01; ��� , P < 0.001.
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MSK and ≥19.4 mut/Mb for DFCI) further enriched for LTR com-
pared with STR in univariable (OR, 3.47; 95%CI, 1.74–6.99, P < 0.001)
and multivariable (adjusted OR, 5.65; 95% CI, 2.13–18.1, P ¼ 0.001)
analyses. In contrast, PD-L1 ≥ 90% did not enrich for LTR compared
with STR in univariable (OR, 0.98; 95% CI, 0.62–1.56, P > 0.999) or
multivariable (adjusted OR, 0.71; 95% CI, 0.38–1.32, P ¼ 0.276)
analyses. Furthermore, when considering nonsquamous patients
only (40), neither PD-L1 ≥ 50% (OR, 1.17; 95% CI, 0.72–1.89,
P ¼ 0.611; adjusted OR, 1.60; 95% CI, 0.80–3.21, P ¼ 0.186) nor
PD-L1 ≥ 90% (OR, 1.03; 95% CI, 0.63–1.67, P > 0.999; adjusted OR,
0.84; 95%CI, 0.44–1.63, P¼ 0.610) was associated with LTR compared
with STR in univariable and multivariable analyses, respectively.

We also asked whether a composite of PD-L1 and TMB status could
generally enrich for patients poised to achieve LTR. Interestingly,
among patients with available PD-L1 and TMB information, we
observed a >15 fold enrichment for achievement of LTR among
patients with PD-L1 ≥ 50% and TMB ≥ 50th percentile (58/306,
19.0%) compared with patients with PD-L1 < 50% and TMB < 50th
percentile (5/342, 1.5%; OR, 15.8; 95% CI, 6.6–36.9, P < 0.001;
Supplementary Fig. S9). In addition, we observed that among 119
LTR patients with available TMB and PD-L1 information, 114 (96%)
had either PD-L1 ≥ 50% or TMB ≥ 50th percentile, suggesting that at
least one of these features is required for achievement of LTR in a vast
majority of patients. However, it should be noted that 95 of 112 (85%)
STR patients with available information had either PD-L1 ≥ 50% or
TMB ≥ 50th percentile, suggesting limited ability of this combined
metric to distinguish LTR from STR.

Association of depth of response with LTR and STR
We next examined baseline and on-treatment imaging character-

istics associated with LTR. Patients with LTR had deeper median
responses compared with STR among patients with available RECIST
data (median BOR�65% vs.�46%, P < 0.001; Fig. 4A). In addition, a

higher fraction of patients with LTR achieved a BOR of �50% or
greater (72% vs. 40%; OR, 3.87; 95% CI, 2.39–6.27, P < 0.001) and
�80% or greater (23% vs. 8%; OR, 3.39; 95% CI, 1.67–7.03, P < 0.001)
compared with patients with STR. When stratifying patients by BOR
status, we observed significant associations between BOR depth and
LTR frequency. Patients with BOR of�30% to�49% achieved LTR in
45/140 cases (32%), patients with BOR of �50% to �79% achieved
LTR in 76/133 cases (57%), and patients with BOR of�80% to�100%
achieved LTR in 37/53 cases (70%; Fig. 4B). ORs for LTR among
patients with BOR �50% to �79% and �80% to �100% compared
with patients with BOR�30% to�49% were 2.82 (95% CI, 1.72–4.59,
P < 0.001) and 4.88 (95% CI, 2.45–9.48, P < 0.001), respectively. The
median baseline tumor burden (sum of RECIST target lesions at
baseline) was not significantly different between patients with LTR
and STR (P ¼ 0.459) or LTR and PD (P ¼ 0.468; Fig. 4C).

Genomic features of LTR and STR
We next sought to determine whether patients with LTR were

specifically enriched for individual genomic features compared with
patients with STR. Given significant association of nonsquamous
histology with LTR and known genomic differences between non-
squamous and squamous NSCLC (41), we focused our analysis on
oncogenic or likely oncogenic alterations in samples from nonsqua-
mous patients only (1,450 total patients; MSK: 754, DFCI: 696;
Supplementary Table S3). No alterations were significantly enriched
among patients with LTR compared with STR (Padj values for all genes
> 0.05), although ARID1A (10% vs. 3%, P¼ 0.036) and TP53 (72% vs.
59%, P ¼ 0.042) alterations were numerically more frequent and
STK11 alterations (8% vs. 17%, P ¼ 0.028) were numerically less
frequent among LTR compared with STR (Fig. 5A). EGFR (P < 0.001,
Padj ¼ 0.004) and STK11 (P < 0.001, Padj ¼ 0.006) alterations were
significantly underrepresented among LTR compared to PD (Supple-
mentary Fig. S10A and S10B). Interestingly, when stratified by TMB

Figure 3.

Tumor PD-L1 expression distributions and TMB frequencies amongpatientswith LTR, STR, andPD.A,Stackedbar graphs of percentage of patientswith LTR, STR, and
PDwith PD-L1 < 1%, 1%–49%, and ≥ 50%. Two-sided P values from Fisher exact tests of associations of PD-L1 ≥ 50%with LTR compared with STR and LTR compared
with PD are displayed.B,Bar graphs of percentage of patientswith LTR, STR, andPDwith TMB < 50th percentile and≥ TMB50th percentile in each cohort. Two-sided
P values from Fisher exact tests of associations of TMB ≥ 50th percentile with LTR compared with STR and LTR compared with PD are displayed. �� , P < 0.01;
��� , P < 0.001.
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status (Supplementary Figs. S11 and S12; Supplementary Table S4), the
associations ofARID1A andTP53 alterations with LTR comparedwith
STR were lost, whereas trends toward association of STK11 alterations
with STR compared with LTR were retained (TMB-high subgroup:
P ¼ 0.060, TMB-low subgroup: P ¼ 0.077). There were no significant
differences among patients with LTR and STR with regard to fraction
of genome altered (P ¼ 0.543; Supplementary Fig. S13A), frequency
of whole-genome doubling (P ¼ 0.365; Supplementary Fig. S13B),

HLA diversity (number of distinct HLA class I alleles, P ¼ 0.202;
Supplementary Fig. S13C), or frequency of HLA LOH (P ¼ 0.386;
Supplementary Fig. S13D).

We additionally performed WES and neoantigen prediction on
samples from a subset of patients (28 LTR, 13 STR, and 42 PD;
Supplementary Fig. S14A–S14F) in order to gain further insight into
genomic features associated with LTR. Interestingly, among samples
profiled byWES, both clonal (OR, 3.37; 95% CI, 1.23–15.6, P¼ 0.061)

Figure 5.

Genomic features of patients with LTR compared with patients with STR. A, Volcano plot of genes with oncogenic or likely oncogenic alterations enriched among
nonsquamous patients with LTR compared with patients with STR with available MSK-IMPACT or DFCI OncoPanel NGS. Plot depicts difference in frequency of
individual gene alterations between LTR and STR (x-axis) versus �log10 (P) for Fisher exact test between LTR and STR groups (y-axis); horizontal dashed line
corresponds to P ¼ 0.05 cutoff. B, WES features of patients with LTR compared with STR. Displayed are univariable ORs and two-sided P values from logistic
regression analyses of association between displayed covariates and binary outcome (LTR compared with STR). The lower and upper bounds of the 95% CI for ORs
are shown as dots and whiskers. � , P < 0.05.

Figure 4.

Associationof depth of response andbaseline tumor burdenwith LTRandSTR.A,Waterfall plots of BORamongpatientswith LTR andSTR.Amongpatientswith LTR,
72% achieved a BOR of�50% or greater and 23% achieved a BOR of�80% or greater. Among patients with STR, 40% achieved a BOR of�50% or greater and 8%
achieved a BOR of�80% or greater. B, Frequency of LTR and STR among patients with a BOR of�30% to�49%,�50% to�79%, and�80% to�100%. Two-sided P
values fromFisher exact tests for proportions of LTR betweenBOR categories are displayed. A subset of patients showed initial CR/PR but did not fall into LTR or STR
categories; hence, proportions do not sum to 100%. C, Baseline tumor burden (sum of diameter of RECIST target lesions) among LTR, STR, and PD patients in the
combined cohort. Two-sided P values for Mann–Whitney U tests comparing median tumor burden among patients with LTR versus STR and LTR versus PD are
displayed. ��� , P < 0.001.
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and subclonal TMB (OR, 6.74; 95% CI, 1.81–53.9, P ¼ 0.026) distin-
guished LTR from STR (Fig. 5B). Correspondingly, TMB clonal
architecture did not appear to be significantly different among LTR
and STR, as no significant differences were found when comparing
fraction of subclonal nonsynonymous mutations between patients
with LTR and STR in general (Supplementary Fig. S15A) and when
stratifying by total TMB status (Supplementary Fig. S15B and S15C).
Similarly, both clonal and subclonal neoantigen burden distinguished
LTR from STR (Fig. 5B).

Discussion
In this study, we describe the clinical, genomic, and pathologic

features of, to our knowledge, the largest assembled series of long-term
responders to ICI therapy in advanced NSCLC to date. We identified
LTR (ongoing response ≥ 24 months) as an uncommon but profound
clinical outcome in a subset of patients treated with ICIs, with LTR
associated with a 5-year survival rate > 80% and > 50% of patients with
LTR remaining progression-free at 5 years.

As has been previously suggested (21), we confirmed high TMB,
independently evaluated through both NGS and WES, as a strong
independent predictor of LTR compared with STR. Very high TMB,
defined by TMB ≥ 90th percentile, even more strongly associated with
LTR than TMB ≥ 50th percentile. The association of high TMB with
LTR generally corresponds to a recent study demonstrating increased
OS with ICI monotherapy among patients with advanced NSCLC
with TMB ≥ 20 mut/Mb compared with patients with TMB 10 to
19 mut/Mb (22) and prior studies identifying TMB ≥ 90th percentile
compared with TMB < 90 percentile as an optimal cutpoint for
objective response and associated with improved OS to ICI thera-
py (38). In contrast, we show that high or very high PD-L1 (defined
by PD-L1 ≥ 50% and ≥ 90%, respectively) does not independently
distinguish LTR from STR. High PD-L1 may therefore not associate
with durability of response, despite PD-L1 currently being the only
approved histology-specific biomarker used to determine ICI eligibil-
ity in advanced NSCLC.

Wealso identify anumberofkey clinical featuresuniquely associated
with LTR. In particular, we identify an independent enrichment for
nonsquamous histology among LTR compared with STR, which was
also recently demonstrated among durable responders to ICI therapy
with or without chemotherapy (22) and may inform prognostication
amongpatientswith squamoushistology treatedwith ICIs. In addition,
we identify dNLR as a candidate predictive feature of LTR which
warrants further exploration in larger studies, as lowdNLRhas recently
been described as a feature of response and initial clinical benefit to ICI
therapy in patients with NSCLC either independently (42–44) or in
combination with high TMB (45). Finally, we identify strong links
between depth of response and long-term durability of response to ICI
therapy in NSCLC, which has recently also been demonstrated among
patients receiving first-line ipilimumab and nivolumab (46) and in
small cohorts of patients receiving ICI monotherapy (47, 48). These
findings suggest that assessing depth of response, perhaps through
more routine clinical approaches including assessment of circulating
tumor DNA reduction or clearance (49, 50), may assist with prognos-
tication of long-term outcomes among ICI-treated patients.

Beyond summary metrics, despite comprehensive genomic profil-
ing of over 1,700 ICI-treated patients, no individual genomic features
uniquely distinguished LTR from STR. Alterations in ARID1A have
been linked to increased PD-L1 expression and TIL infiltration across
solid tumors (51), with recent studies identifying associations of
ARID1A alterations with prolonged PFS to ICIs across cancers (52),

while STK11 alterations are establishedmarkers of resistance to ICIs in
KRAS-mutant NSCLC (53, 54). In our dataset, ARID1A and TP53
alterations were more frequent among patients with LTR compared
with STR. However, these associations were lost when stratifying for
TMB status, further supportive of high TMB driving LTR among
patients in our cohort. In contrast, the association of STK11 alterations
with non-LTR and PD, and trends toward association with STR
compared with LTR appeared to be preserved independent of TMB
status, suggesting that alternative mechanisms, such as impaired
antigen processing and presentation (55), may contribute to the lack
of LTR to ICIs observed among patients with advanced lung cancer
and STK11 alterations.

Our results also suggested that both clonal and subclonal TMBmay
bemarkers of LTR in advanced NSCLC. Further efforts are required to
deepen our understanding of the relative contribution of individual
nonsynonymous mutations, and the clonal architecture of these
mutations, to durable response to ICIs. For example, recent efforts
have uncovered strong contributions of “persistent”mutations present
in single-copy regions or in multiple copies per cell (56), as well as
limited numbers of immunodominantmutations irrespective of tumor
mutational loads (57), on response to ICIs. Notably, where these
mutations fall across the spectrum of clonal heterogeneity in different
tumor types remains unclear (56) and should be explored in future
studies.

The large size of ourmulticenter cohort, depth of clinical annotation,
number of patients with NGS profiling, and inclusion of both clinical
trial and standard of care patients all contribute to the strength and
generalizability of our study. Our analyses suggest that while clinical
features and TMB can assist with identifying subsets of patients poised
to achieve LTR, pretreatmentNGSprofilinghas limited further utility in
identifying these patients. Our study may also serve as an initial step
toward repositioning the role of TMB when deciding among systemic
therapy options for patients with advanced NSCLC. Inclusion of TMB
as a key stratification feature in future prospective studies evaluating the
optimal length of ICI treatment among patients achieving a PFS of two
years (58), or the efficacy of ICI monotherapy compared with combi-
nation ICI and chemotherapy among patients with high PD-L1, could
further define the role of TMB in driving LTR to ICIs. Finally, given
association of on-treatment radiographic responses with long-term
outcomes observed in our study, it is likely that more dynamic profiling
including pre and on-treatment evaluation of T-cell receptor dynamics,
profiling of additional tumor microenvironment components, and/or
transcriptomic-based approaches may also be needed to capture addi-
tional drivers of LTR (59).

In summary, we describe LTR as a relatively uncommon but
profound clinical outcome in subsets of patients with advanced
NSCLC treated with ICIs, identifying unique clinical and immuno-
genomic features, in particular, high TMB, associated with durable
response to therapy. Importantly, features predicting long-term
response may be distinct from those predicting initial response.
Further work is needed to more comprehensively capture additional
drivers of this remarkable clinical phenotype.
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