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Abstract

Background: Immune checkpoint inhibitors (ICIs) are standard therapies for patients with
advanced non-small-cell lung cancer (NSCLC) and a programmed death-ligand 1 (PD-L1) tumor
proportion score (TPS) =50%. Tumor mutation burden (TMB) also predicts response to ICIs but is
often not available in real time for decision making in the first-line setting. Smoking exposure can
be a proxy for TMB in NSCLC. The impact of smoking status on efficacy of PD-1 blockade in
NSCLC patients with PD-L1 TPS >=50% has not been well defined.

Patients and methods: To investigate the relationship between smoking and activity of ICls in
NSCLC, we retrospectively studied 315 patients with NSCLC and PD-L1 TPS =50% at five USA
academic medical centers. Objective response rates (ORRS), progression-free survival (PFS), and
duration of response (DOR) were compared between never (<100 lifetime cigarettes), light (<10
pack-years), and heavy (>10 pack-years) smokers. A subset of patients underwent next-generation
sequencing to estimate TMB.

Results: We identified 36 (11%) never, 42 (13%) light, and 237 (75%) heavy smokers with
NSCLC and PD-L1 TPS =50% treated with ICls. Objective responses were observed in 27%,
40%, and 40% of never, light, and heavy smokers, respectively (£ = 0.180 never versus heavy; P=
1.000 light versus heavy). Median PFS and median DOR were numerically shorter in never and
light smokers compared with heavy smokers (PFS 3.0 versus 4.0 versus 5.4 months; median DOR
6.9 versus 10.8 versus 17.8 months), but were not statistically different [PFS: hazard ratio (HR)
1.37, P=0.135and HR 1.24, P=0.272; DOR: HR 1.92, P=0.217 and HR 1.79, P=0.141].

Conclusions: PD-(L)1 inhibitors are associated with antitumor activity in NSCLC with PD-L1
TPS =50% regardless of smoking status. Nevertheless, there is a signal of potentially decreased
durability among never and light smokers that should be further evaluated. Distinct
immunobiologic features may affect initial response versus durability of antitumor immunity to
programmed cell death 1 (PD-1) blockade.

Keywords
NSCLC; PD-1 inhibitor; PD-L1 expression; tumor mutation burden

INTRODUCTION

Immune checkpoint inhibitors (ICIs) targeting the programmed cell death 1 (PD-1) axis have
transformed the management of non-small-cell lung cancer (NSCLC).! Despite the
impressive and sometimes durable activity of these agents, most NSCLC patients do not
respond to therapy.2 This pattern of uncommon but profound responses has spurred ongoing
efforts to identify clinical, pathologic, and molecular features associated with response to
ICIs.34
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Programmed death-ligand 1 (PD-L1) expression is an important predictive biomarker in
NSCLC.? In patients with a PD-L1 tumor proportion score (TPS) =50%, the PD-1 inhibitor
pembrolizumab significantly improved progression-free survival (PFS) and overall survival
(OS) compared with platinum-doublet chemotherapy.! Furthermore, the combination of
pembrolizumab and platinum-doublet chemotherapy led to significant improvements in OS
compared with platinum-doublet chemotherapy alone, with the greatest benefits observed in
the PD-L1 TPS =50% subgroups.8” Based upon these data, pembrolizumab with or without
chemotherapy has become standard first-line therapy for patients with NSCLC and PD-L1
TPS =50%.

Beyond PD-L1 expression, tumor mutation burden (TMB) is an independent biomarker of
ICI response.3# One challenge in assessing TMB is that prolonged turnaround times
currently limit its impact on first-line treatment decisions. Although imperfect, smoking
exposure may be a proxy for TMB. Never or light smokers generally have low TMB and are
typically less responsive to PD-(L)1 inhibitors.8:9 Whether never or light smokers similarly
have diminished efficacy within the subgroup of patients with PD-L1 =50% has not been
well explored. Indeed, only five never smokers with PD-L1 >50% were randomized to
pembrolizumab in the pivotal KEYNOTE 024 study.! Differential efficacy among these
patients could have important implications for clinicians considering use of pembrolizumab
monotherapy versus chemotherapy plus PD-(L)1 inhibitor combinations in these patients.

To investigate the impact of smoking on PD-(L)1 inhibitor efficacy in NSCLC with PD-L1
TPS =50%, we performed a large, retrospective analysis across five academic centers.

METHODS

Patients

Never (<100 lifetime cigarettes), light (<10 pack-years), and heavy (>10 pack-years)
smokers with advanced NSCLC and PD-L1 TPS =50% were identified at participating
institutions: Massachusetts General Hospital (/7= 54), Memorial Sloan Kettering Cancer
Center (n=110), Dana Farber Cancer Institute (DFCI; n= 85), MD Anderson Cancer
Center (n7=41), and Johns Hopkins Sidney Kimmel Comprehensive Cancer Center (1= 25).
All patients received PD-(L)1 inhibitors between July 2012 and December 2017. Patients
receiving chemotherapy plus ICls were excluded. This study was approved by the
Institutional Review Board at each participating institution.

Medical records were retrospectively reviewed. Objective responses were assessed at each
site using RECIST version 1.1. PFS was measured from the time of PD-(L)1 treatment
initiation to clinical/radiographic progression or death. Patients without documented disease
progression were censored on the date of last follow-up. Duration of response (DOR) was
defined as the time between the date of first response and the date of first documented event
of progression or death. All data were updated as of August 2018.

PD-L1 and TMB

PD-L1 TPS =50% was defined as membranous staining of tumor cells of any intensity on
50% or more tumor cells. Several different antibodies were used across sites, including:
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22C3 (Dako, Santa Clara, CA; n=104), EIL3N (Cell Signaling Technologies, Danvers,
MA, n=200), 28-8 (Dako, 7= 6), and SP263 (\entana, Oro Valley, AZ, n= 3). Recent
harmonization efforts have demonstrated that these antibodies are largely similar.19 Specific
antibody clone information was not available in one patient; testing was performed using
SP142 (Ventana) in another patient.

Estimation of TMB was performed using two assays: MSK-IMPACT™ and DFCI
OncoPanel, as previously described.*11 Given methodologic differences between assays,
TMB estimates across institutions were analyzed separately (supplementary Methods,
available at Annals of Oncology online).

Statistical analysis

RESULTS

The Fisher’s exact test was used to compare categorical variables by smoking exposure.
Age, TPS, and TMB were compared using the Wilcoxon rank-sum test. PFS and DOR were
estimated by the Kaplan—-Meier method; median follow-up was calculated by the reverse
Kaplan—Meier method. Differences in PFS and DOR between groups were estimated as a
hazard ratio (HR) by proportional hazards regression and assessed using the score test
(supplementary Methods, available at Annals of Oncology online).

Study population

We identified 315 NSCLC patients with PD-L1 >50% who were treated with PD-(L)1
inhibitors: 36 (11%) never smokers, 42 (13%) light smokers [median 5 pack-years (range
0.15-10)], and 237 (75%) heavy smokers [median 35 pack-years (range 11-208)]. Aside
from tobacco exposure, baseline clinicopathologic features between groups were generally
well balanced (Table 1, supplementary Table S1, available at Annals of Oncology online).
Never, light, and heavy smokers had similar distributions of PD-L1 expression (median TPS
72.5%, 90%, and 80%, respectively; A= 0.189; Figure 1A). Most patients (66%) received
ICls as first-line therapy, and pembrolizumab was the most common agent received (81%).
In total, nine (3%) patients received dual PD-1/CTLA-4 inhibitors. Duration of follow-up
since initiation of ICIs was similar across groups (median 14.9, 14.8, and 14.6 months).

Molecular characteristics

We first compared baseline molecular characteristics across cohorts (Figure 1B,
supplementary Table S2, available at Annals of Oncology online). As expected, genetic
alterations in targetable oncogenes (EGFR, ALK/ROS1/RET fusions, BRAFV60OE and
MET amplification/exon 14 skipping) were more common in the never and light smoking
cohorts (47% and 29% versus 8%, respectively; £< 0.001 for both comparisons), while
KRAS mutations were more common in heavy smokers [46% versus 17% (never) and 29%
(light); A< 0.001 for both comparisons]. Among patients with sensitizing alterations in
EGFR, ALK, and ROS1, 62% and 71% of never/light smokers and heavy smokers,
respectively, received tyrosine kinase inhibitors (TKIs) before PD-(L)1 inhibitors.
Conversely, only one patient (4%) with ME T-altered or BRAFY69E positive tumors
received targeted therapies before ICls.
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We next compared TMB estimates across smoking cohorts, restricting our analysis to
patients who underwent targeted next-generation sequencing (NGS) using MSK-IMPACT ™
(n=81; 26%) or DFCI OncoPanel (n= 78; 26%). TMB was lower among never and light
smokers compared with heavy smokers in both the Memorial Sloan Kettering Cancer Center
cohort (median 2.6 and 3.5 versus 8.2 mutations/Mb; 2= 0.003 for both comparisons,
respectively; Figure 1C and supplementary Figure S1, available at Annals of Oncology
online) and DFCI cohort (median 8.6 and 6.4 versus 12.1 mutations/Mb; £=0.064 and P=
0.007, respectively; Figure 1D). The distribution of TMB was similar between never and
light smokers in both cohorts (P=0.963 and £ = 0.638, respectively).

Clinical outcomes

Of 315 patients in the study population, 279 patients had measurable disease by RECIST
v1.1 criteria. Objective responses were observed in 27%, 40%, and 40% of never, light, and
heavy smokers, respectively (= 0.180 never versus heavy, 2= 1.000 light versus heavy,
Figure 2A and B). Similar objective response rates (ORRS) across smoking groups were
observed among patients treated in the first-line setting (supplementary Figure S2, available
at Annals of Oncology online) and among patients treated with PD-(L)1 monotherapy
(supplementary Table S3, available at Annals of Oncology online).

The activity of PD-(L)1 inhibitors was not enriched within any one molecular genotype
(Figure 2C and supplementary Figures S3 and S4, available at Annals of Oncology online).
Among PD-L1M3M never or light smokers, responses were observed among patients with
EGFR[n=23/13 (23%)] and MET exon 14 alterations [n = 3/7 (43%); supplementary Tables
S4 and S5, available at Annals of Oncology online], among others. Of five never or light
smokers with ALK, ROS1, or RET fusions, one (20%) achieved an objective response. The
lone responder was a never smoker with a ROS1 rearrangement; however, this patient’s
response duration was limited (2.2 months). There was no difference in ORRs in never or
light smokers treated with or without prior kinase inhibitors (ORR 22% versus 32%; P=
1.000). To account for the uneven distribution of EGFRand KRAS mutations across
smoking groups, we next examined antitumor activity among non-EGFR/non-KRAS
patients, finding comparable responses rates across all smoking cohorts [ORR 42% (never),
42% (light), and 40% (heavy); 2= 1.000]. Beyond oncogenic driver status, we also
examined the impact of co-mutations in 7P53, STK11/LKBI, and KEAPI on clinical
activity of PD-(L)1 inhibitors within this cohort (supplementary Table S6, available at
Annals of Oncology online). Consistent with prior studies,}2 STK11/L KB1 mutations were
associated with lower response rates to PD-1 pathway blockade (ORRs 22% versus 41% for
STK11mutant and wild-type, respectively; £=0.141).

We next evaluated the relationship between smoking and PFS on PD-(L)1 inhibitors. In the
overall population, median PFS was numerically shorter in never and light smokers {3.0
[95% confidence interval (Cl) 2.0-5.7] and 4.0 months [95% CI 2.6-6.2]} compared with
heavy smokers [5.4 months (95% CI 4.2—-7.4); HR 1.37, P=0.135 and HR 1.24, P=0.272,
respectively; Figures 3 and 4], but the differences were not statistically significant. One-year
PFS rates were 22.6% (95% CI 9.7% to 38.7%), 25.1% (95% CI 13.2% to 39.0%), and
37.8% (95% CI 31.4% to 44.1%) among never, light, and heavy smokers, respectively. To
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adjust for patients receiving ICls at various points, we next analyzed patients treated in the
first-line setting (7= 207). Baseline clinical, pathologic, and molecular features are
summarized in supplementary Table S7, available at Annals of Oncology online. In the first-
line subgroup, there was no significant difference in PFS between never and light smokers
(median PFS 4.6 and 4.7 months) versus heavy smokers (5.5 months; HR 1.13, A= 0.668
and HR 1.32, £=0.231, respectively; supplementary Figure S5, available at Annals of
Oncology online). Interestingly, the frequency of genetic alterations in EGFR, ALK, and
ROS1 were generally lower in the first-line cohorts, particularly within the never smoker
group. This may have partly offset differences in PFS between smoking subgroups in the
first-line setting.

Finally, we evaluated DOR to PD-(L)1 inhibitors according to smoking exposure. Never and
light smokers had numerically but not significantly shorter median DOR [6.9 (95% CI 1.8—
not reached) and 10.8 months (95% CI 4.1-not reached) versus 17.8 months (95% CI 14.0-
not reached), HR 1.92, P=0.217 and HR 1.79, A= 0.141; Figure 3B]. The proportion of
patients with DOR >1 year was also lower in the never and light smoker cohorts (47.6%,
43.1%) than the heavy smokers (69.6%). Thus, while PD-(L)1 inhibitors are active in a
subset of never and light smokers with PD-L1 TPS =50%, there was a trend towards shorter
DOR among these patients.

DISCUSSION

The management of metastatic NSCLC has evolved rapidly. For patients without targetable
driver mutations, the mainstay of therapy is now PD-(L)1 inhibition with or without
chemotherapy based upon PD-L1 score.1.6:7:13 Nonetheless, as PD-L1 expression is an
imperfect biomarker, clinicians are commonly faced with how best to incorporate additional
predictors into treatment decisions.

Here, we retrospectively examined the relationship between smoking and efficacy of PD-
(L)1 inhibitors among 315 patients with PD-L1 TPS =50%. Based upon retrospective studies
in unselected patient populations,®14 we had originally hypothesized that never/light
smokers would have limited clinical benefit from PD-(L)1 inhibition even in the setting of
high PD-L1 expression. Instead, we observed fewer differences than initially anticipated.
Roughly onequarter of never smokers and 40% of light smokers experienced objective
responses to PD-(L)1 inhibitors. Thus, a significant fraction of never/light smokers with PD-
L1 TPS =50% can derive initial clinical benefit from PD-(L)1 blockade.

Despite this antitumor activity, however, our data also suggest that the durability of these
responses may differ from that of heavy smokers. Specifically, we observed trends towards
shorter PFS and DOR and fewer patients with >1 year of ongoing benefit among never and
light smokers compared with the heavy smoker group. While these differences were not
statistically significant, likely owing to our sample size, these findings suggest that there
may be distinct immunobiologic features determining initial response versus durability of
response to ICIs. Additional, larger studies are needed to confirm these findings.
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Our findings also underscore the need for additional analysis of key subgroups in
prospective trials. For example, in the recently reported KEYNOTE 042 trial,
pembrolizumab failed to improve OS compared with chemotherapy among never smokers
with TPS 21%, 220%, and =50%, but data on ORR, PFS, and DOR in the never smoker
subgroup has not been reported.1® These data will be important in validating our
observations.

Collectively, our data suggest that PD-(L)1 inhibitors should be considered a standard
treatment option for patients with TPS =50% even in the absence of significant tobacco
exposure, but the timing of administration and whether to use these agents in combination
may vary based upon other factors. For example, in patients with wellestablished, targetable
oncogenic driver mutations (e.g. EGFR, ALK, and ROSJ), targeted therapies should
continue to be prioritized. Indeed, these recommendations are reinforced by findings from
the IMMUNOTARGET registry16 and from a prospective study of pembrolizumab in
TKInaive, EGFR-mutant NSCLC (n= 8/11 with TPS =50%), which demonstrated minimal
activity with upfront ICls in this population.1” Several recent reports have also described
enhanced toxicities when I1Cls were administered immediately before TKIs.18:19 Thus,
targeted therapies should remain the preferred first-line therapies for patients with specific
genetic alterations (e.g. EGFR, ALK, and ROSI) even in the setting of high PD-L1
expression.

Currently, there is no consensus on whether pembrolizumab monotherapy or pembrolizumab
plus chemotherapy is optimal for NSCLC with TPS =50%, although many clinicians favor
the use of monotherapy. Given the trend we observed of a shorter PFS/DOR with PD-(L)1
monotherapy among never/light smokers with TPS =50%, smoking status may be
considered an additional factor in deciding between pembrolizumab monotherapy versus
pembrolizumab plus chemotherapy. While the latter was not examined here given the timing
of regulatory approvals, KEYNOTE 189 recently demonstrated an OS benefit with
pembrolizumab and platinum-pemetrexed compared with chemotherapy alone, including in
never smokers.® Likewise, significant improvements in PFS were observed in £GFR-mutant/
AL K-rearranged patients receiving the combination of atezolizumab, chemotherapy, and
bevacizumab compared with chemotherapy and bevacizumab alone.13

Our study has several notable limitations. First, this was a retrospective study with a limited
sample size. Larger studies will therefore be necessary to confirm the trends we observed
regarding differences in DOR between smoking groups. Another limitation is that certain
genetic subsets (e.g. EGFR, ALK) were underrepresented, likely reflecting alternative
therapeutic options for these patients and prior reports suggesting diminished benefit with
ICIs in these subgroups.2? This may have contributed to a higher than expected ORR with
PD-(L)1 inhibitors in this study. Nonetheless, this represents the largest cohort of never/light
smokers treated with PD-(L)1 inhibitors to date, and the distribution of other molecular
alterations reflects real-world practice. Another limitation of this analysis is that while
smoking status may be a proxy for TMB estimation, tobacco exposure alone cannot fully
capture the biological complexities surrounding neoantigen generation and presentation.
Finally, while we observed comparable ORRs to those seen in prospective studies in NSCLC
with TPS =50%, the PFS in our cohort was shorter.1:15 Such differences may reflect the
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inclusion of patients with Eastern Cooperative Oncology Group (ECOG) PS =2 or brain
metastasis, treatment with various PD-(L)1 inhibitors, and inclusion of patients treated in the
second-line setting and beyond.

In summary, this study provides important new insights into the activity of PD-(L)1
inhibitors in never and light smokers with NSCLC and PD-L1 TPS =50%. Interestingly, we
observed moderate antitumor activity in these subgroups, but also a signal of potentially
decreased durability of response compared with patients with more significant tobacco
exposure. Additional studies are needed to validate these findings and determine the optimal
treatment regimen for never/light smokers with PD-L1 TPS >50%. Finally, efforts are
needed to elucidate potentially distinct determinants of initial versus durable response to
PD-(L)1 blockade in NSCLC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A) Comparison of programmed death-ligand 1 (PD-L1) expression tumor proportion scores
(TPS) between never/light smokers and heavy smokers. (B) Frequency and distribution of
genetic alterations in select oncogenic drivers within never, light, and heavy smoker cohorts.
(C) and (D) Comparison of tumor mutation burden (TMB) estimates in never/light smokers
and heavy smokers with MSK-IMPACT platform (n7=81) and DFCI OncoPanel (7= 78)
testing available.
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Figure2.

(A) Objective response rates according to smoking status among patients with baseline
measurable disease (/7= 279) according to RECIST, version 1.1. (B) Best overall responses
according to RECIST version 1.1 among never, light, and heavy smokers. The heavy smoker
cohort includes one unconfirmed partial response. (C) Antitumor responses to PD-(L)1
inhibitors in never and light smokers with programmed death-ligand 1 (PD-L1) tumor
proportion scores (TPS) =50% and measurable disease at baseline according to RECIST
version 1.1. The bars represent the best percent change in target tumor burden from baseline.
Three patients with baseline measurable disease died before repeat response assessment and
therefore are not depicted. The gene name above each bar indicates the genetic alterations

present i

n each patient.

@ Two patients had a best percentage change of 0%, but were characterized as having
progressive disease based upon the development of new lesions.
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(A) Progression-free survival and (B) duration of response for patients with non-small-cell
lung cancer (NSCLC) and programmed death-ligand 1 (PD-L1) tumor proportion scores
(TPS) =50% according to smoking status. NR indicates upper limit of the 95% confidence
interval (CI) for median duration of response (DOR) has not been reached. HR, hazard ratio.
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Figure 4.
Treatment response: Swimmer’s plot of the 78 patients in the never and light smoker cohorts

with

best objective response, time to first response, and progression-free-survival for each

patient.
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Table 1.
Baseline clinical and pathologic characteristics

Char acteristic® ’_':\‘met/)irers giwg(r)]lt(ers gr;.a;)\f(ygs °

n=36 n=42 n=237

Age at treatment initiation, years 0.607
Median 70 66 67
Range 35-87 30-88 38-92

Sex, n(%) 0.599
Male 13(36)  17(40) 106 (45)

Female 23(64) 25(60) 131 (55)

Histology, 77 (%) 0.639
Adenocarcinoma 31 (86) 31 (74) 184 (78)
Squamous cell 2 (6) 6 (14) 32 (13)

Other s@? 51 21(9)

ECOG performance status, /7 (%) 0.192
0 6 (17) 1B 4pae)°
1 26(72) 25(60)  58(67)
>2 4(11) 3(7) 35 (15)

Brain metastases, 77 (%) 0.783
Yes 9 (25) 12(29)  73(31)

No 27(75) 30(71) 164 (69)

Prior lines of therapy, 77 (%) 0.182
0 22(61) 29(69) 156 (66)

1 6 (17) 11(26) 57 (24)
>2 8(22) 2(5) 24 (10)

PD-(L)1 inhibitor received, 7 (%) 0.464
Pembrolizumab 29 (81) 32 (76) 193 (81)
Nivolumab 6 (17) 5(12) 33(14)
Atezolizumab 0 (0) 2 (5) 6 (3)
Nivolumab/ipilimumab 1(3) 2 (5) 3(1)
Durvalumab/tremelimumab 0(0) 1(2) 2(1)

ECOG, Eastern Cooperative Oncology Group.

aPercentages may not add up to 100% due to rounding.

b . . .
Includes one patient with adenosquamous histology.

c . . .
Not available in two patients.
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