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cases and 227 previously described cases from The Cancer Genome 
Atlas (TCGA)6 together with 159 cases from the cohort in Imielinski 
et al.8) and 484 lung SqCCÐnormal paired exome sequences (includ-
ing 308 previously unpublished cases and 176 previously described 
cases from TCGA7; Supplementary Tables 1Ð4). Similarly to 
previous studies6,7, we observed median somatic mutation rates 
of 8.7 mutations/Mb and 9.7 mutations/Mb for lung ADCs and 
SqCCs, respectively. After excluding genes with lower median 
expression (log2 (FPKM) <6.16 for lung ADCs and <6.27 for lung 
SqCCs; Online Methods and Supplementary Fig. 1), we identi-
fied 38 genes as significantly mutated in lung ADC and 20 genes 
as significantly mutated in lung SqCC using MutSig2CV10 (q value  
< 0.1; Supplementary Tables 5 and 6). Only six genesÑTP53, RB1, 
ARID1A, CDKN2A, PIK3CA, and NF1Ñwere significantly mutated 
in both tumor types, and, of these, TP53, CDKN2A, and PIK3CA 
had a significantly higher mutation frequency in lung SqCC tumors  
(P < 0.01, FisherÕs exact test; Fig. 1a). Likewise, only 11 of 42 focal 
amplification peaks were identified as altered in both tumor types 
(Fig. 1b), and 13 of 50 focal deletion peaks were altered in both 
tumor types (Fig. 1c). Interestingly, when compared to 19 other 
tumor types from TCGA10, the lists of significantly mutated genes 
for lung ADC and lung SqCC had greater overlap with lists of sig-
nificantly mutated genes from other tumor types (>13% overlap; 
false discovery rate (FDR) q value < 0.1) than with each other (12% 
overlap; P = 0.105; Supplementary Fig. 2), consistent with previous 
pan-cancer analyses11. Recurrently mutated and amplified genes in 
lung SqCC most closely resembled the genes altered in head and 
neck squamous cell carcinoma (HNSC) and bladder cancer (BLCA), 
two other epithelial cancers with epidemiological associations with 
smoking (>25% overlap; Supplementary Fig. 2). Among these over-
lapping genes, TP53, CDKN2A, and FAT1 are specifically enriched 
for alterations in human papillomavirus (HPV)-negative HNSC12. 
In contrast, the significantly mutated genes in lung ADC were most 
similar to those in glioblastoma (GBM) and colorectal cancer (CRC) 
(FDR q value < 0.1). Although lung ADC and lung SqCC did share 
several focal deletion peaks, five of these peaks are putative fragile 
sites (shown in green in Fig. 1c). Taken together, these results suggest 
that the somatic drivers of carcinogenesis may be largely distinct in 
lung ADC and lung SqCC.

Mutational  signatures in lung cancer
Various carcinogenic and cancer-related processes contribute to the 
mutational patterns observed in tumors13,14. Previous large-scale 
studies of lung cancer genomes have identified signatures associated 
with non-smoking and smoking cases6,8,15; here we extend these 
findings through the improved statistical power of our larger sample  
set. Using non-negative matrix factorization (NMF)13,16 (Online 
Methods), we identified six mutational signatures in this cohort, many 
of which are strongly correlated with previously defined signatures 
in the Catalogue of Somatic Mutations in Cancer (COSMIC) data-
base13,17 (Supplementary Figs. 3Ð5 and Supplementary Table 7).  
These included a UV-related signature of C>T changes at TCC or 
CCC sites (COSMIC signature 7, abbreviated SI7), a smoking-related 
signature of C>A transversions (SI4), a mismatch-repair (MMR) 
signature of C>T changes at GCG sites (SI15/SI6), two APOBEC-
related signatures of C>G or C>T changes at TCT or TCA sites 
(SI13 and SI2), and a final signature with a moderate correlation to 
COSMIC signature 5 (SI5) with putative Ômolecular clockÕ properties18  
(Supplementary Fig. 5). In addition to identifying mutational signa-
tures, NMF also estimates the number of mutations contributed by 
each signature in each tumor. The estimated number of SI4 (smoking- 
related) mutations per megabase displayed a bimodal pattern in lung 
ADC but not in lung SqCC (Fig. 2a). Furthermore, the rate of SI4 
mutations per megabase was able to classify tumors into those from 
never- versus ever-smokers substantially better in lung ADC (area 
under the curve (AUC) = 0.87; Supplementary Fig. 6) than in lung 
SqCC (AUC = 0.62), suggesting that the smoking statuses for the 
18 never-smokers with lung SqCC may be inaccurate. Eighty-seven 
percent of lung ADCs from never-smokers were categorized as trans-
version low (a0.696 SI4 mutations/Mb; P = 8.5 !  10" 37, FisherÕs exact 
test; Fig. 2b and Supplementary Fig. 6). However, only 45% of trans-
version-low lung ADCs were from patients who were never-smokers 
(Fig. 2b). For each tumor, we also derived the fraction of estimated 
mutations for a signature by dividing the number of estimated muta-
tions for that signature by the sum of estimated mutations from all 
signatures. Lung SqCCs displayed significantly higher overall rates 
of SI5 mutations per megabase when compared to all lung ADCs 
(P < 0.001, Wilcoxon rank-sum test). However, lung ADCs from 
never-smokers displayed the highest fraction of estimated mutations 

Lung SqCC q value

Lu
ng

 A
D

C
 q

 v
al

ue

ARID1A

CDKN2A

NF1

PIK3CA

RB1

TP53

APC

ARID2

ATM

BRAF

CTNNB1

ERBB2

MAP2K1

MET
MGA

NRAS
RAF1

RIT1

SETD2

SMAD4

U2AF1

EGFR
KEAP1
KRAS

RBM10
SMARCA4
STK11

FAT1HRAS KDM6A

MLL2

NFE2L2

NOTCH1

PTEN

a Significantly mutated genes

NS

NS
10Ð1

10Ð2

10Ð4

10Ð8

10Ð1 10Ð2 10Ð4 10Ð8

Lung SqCC q value

Lu
ng

 A
D

C
 q

 v
al

ue

Lung SqCC q value

Lu
ng

 A
D

C
 q

 v
al

ue

CDKN2A

PTPRD

WWOX PDE4D LRP1B

CSMD1

B2M

ZMYND11

RB1
Xp22.2

6q22.31

21q21.1
4q22.1

SMAD4

NS

NS

10Ð1

10Ð2

10Ð4

10Ð8

10Ð16

10Ð32

10Ð64

10Ð128

b c Focal deletions

MYC
TERT

CCND1

MDM2

EGFR
CCNE1

ERBB2
WHSC1L1ÐFGFR1

PDGFRAÐKITÐKDR
18q11.2

19p13.2

Focal amplifications

NKX2! 1

MCL1

KRAS
CDK4

MECOMÐTERC

MET

SOX2

RELÐBCL11A

NFE2L2

CDK6

BCL2L1MYCL1
NS

10Ð1

10Ð2

10Ð4

10Ð8

10Ð16

10Ð32

10Ð64

NS 10Ð1 10Ð2 10Ð4 10Ð810Ð1610Ð3210Ð6410Ð128 10Ð1 10Ð2 10Ð4 10Ð810Ð1610Ð3210Ð6410Ð128

PTEN
FOXP1

FAT1NF1KDM6A

Figure 1 Distinct somatic alterations in lung ADC and lung SqCC. (a) The MutSig2CV algorithm10 was used to identify significantly mutated genes 
across 660 lung ADCs and 484 lung SqCCs. Genes with q values <0.1 were considered to be significantly mutated. The q value for each gene in the 
lung ADC cohort is plotted against the respective q value in the lung SqCC cohort. The majority of significantly mutated genes were unique to either 
tumor type. (b,c) The GISTIC 2.0 algorithm was used to identify significantly recurrent copy number gains and losses. The q values for amplifications 
(b) and deletions (c) in the lung ADC cohort are plotted against the respective q values in the lung SqCC cohort. Peaks with q values <0.25 were 
considered to be significant. Deletions located within putative fragile sites are highlighted with green labels. Only points corresponding to genes with a 
previously characterized role in lung cancer are labeled. NS, not significant.
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Overview of treatment approaches to non-small cell lung cancer
NCCN guidelines (https://www.nccn.org)
Early stage disease – Stages I – IIIA (Tumor not invading major 
structures; metastasis to ipsilateral mediastinal and/or subcarinal
LNs only; no distant metastases)
Pre-treatment evaluation:
PFTs
bronchoscopy
pathologic mediastinal LN evaluation
FDG PET/CT scan
Brain MRI

Post-evaluation:
If N0 or N1 (no mediastinal LN involvement)
Surgical resection if medically possible
If medically inoperable, then stereotactic ablative radiotherapy 

(SABR) if possible or definitive chest radiotherapy

https://www.nccn.org


!"#$#%"&'"(')*%+,)-&+(&"(%.)/0#$&1,)2%$)3.%1#$&45#)6&$5,)!"&7#)89.7):&.'#$

JAMA. 2010;303(11):1070-1076

A@"3&(4(,8.)@(=#&.12"0(#-')12&0)&.(3)-:9(8B($")1&0)3("<&:(6C(9&".3(8.(8':&.(D1)@(%18$39E$.8F&0($&.1$@&."'(G6EG4,5H5(080 I 3#"''(
2&''()-#8.3(J#&"3-.10<(KL(2#(10(:1"#&)&.M("0:(#&:12"'(280:1)1803($.&2'-:10<(3-.<12"'().&")#&0)*(G@&(.":1")180(:83&(D"3(6C(/9 $&.(
B."2)180(× N(B."2)1803(JLO(/9 )8)"'M(:-.10<("0(10)&.F"'(8B(6(E4(D&&P3*(

The vertical bars indicate censored observations. 
CR rate was 51%
CR/PR rate was 89%
3 year primary tumor control rate was 98%
3 year local regional control rate was 87%



Early stage disease – Stages I – IIIA
Post-surgical resection:
Stage IA – no treatment
Stage IB – no treatment in general, but consider for high-risk
Stage IIA, IIB – post-op adjuvant chemotherapy
Stage IIIA - post-op adjuvant chemotherapy unless N2 disease, 

for which sequential chemotherapy – radiotherapy is preferred
Post-operative adjuvant chemotherapy – benefit is modest – 5-

8% improvement in 5 year survival, so always a discussion with 
the patient.



Locally invasive disease – Stages IIB – IIIA (T3 or T4 with 
invasion, N0-1) - superior sulcus tumors, chest wall invasion, 
invasion of proximal airway or mediastinum

If possibly resectable – preoperative concurrent chemoradiation
therapy -> surgical re-evaluation and resection if possible

In some cases (chest wall invasion), initial surgery is appropriate, 
followed by chemotherapy +- radiation



Stage IIIA without local invasion
Definitive concurrent chemoradiation or
Induction concurrent chemoradiation followed by surgical 

resection +- additional chemotherapy +- additional radiotherapy

Stage IIIA with local invasion
Definitive concurrent chemoradiation

Stage IIIB 
Definitive concurrent chemoradiation

Stage III(A or B) after completion of chemoradiation therapy:
Durvalumab (anti-PD-L1) 10mg/kg IV q2weeks for up to 12 
months
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Survival with Durvalumab after Chemoradiotherapy

of those in the placebo group, and death due to 
adverse events occurred in 4.4% and 6.4%, respec-
tively. Adverse events of special interest that were 
of any grade or cause were reported in 66.7% of 
the patients in the durvalumab group and in 49.1% 
of those in the placebo group, with 56.8% and 
43.6% of patients, respectively, reporting grade 1 or 
2 events.

Discussion

In this updated analysis of the PACIFIC trial, the 
primary end point of overall survival was signifi-
cantly longer with durvalumab than with placebo 
among patients with unresectable, stage III NSCLC. 
With the between-group difference in median 
progression-free survival remaining more than 
11 months, the results of the analysis of overall 
survival indicate that the progression-free survival 
benefit has translated to a significant prolonga-
tion in overall survival. This result is consistent 
with previously reported associations between pro-

gression-free survival and overall survival among 
patients with stage III NSCLC.23 Moreover, the 
prolongation of overall survival with durvalumab 
was observed in all the prespecified subgroups.

The updated results for secondary end points, 
including the time to death or distant metastasis, 
the incidence of new lesions, and the objective 
response rate, remain consistent with those that 
were previously reported18 and continue to show 
the substantial anticancer activity of durvalumab 
treatment in patients after induction therapy and 
its favorable effect on preventing metastatic spread, 
which may help to explain the observed survival 
benefit. In addition, durvalumab therapy resulted 
in a longer time to second progression or death 
than placebo, as well as longer times to the first 
subsequent therapy or death and to the second 
subsequent therapy or death Ñ results that show 
the long-term benefit of durvalumab treatment.

No new safety signals were identified after 
further follow-up. These findings help to define 
the safety profile of durvalumab use after chemo-

Figure 3. Updated Analysis of Time to Death or Distant Metastasis in the Intention-to-Treat Population.

Shown are Kaplan–Meier curves for the time to death or distant metastasis, defined according to the Response 
Evaluation Criteria in Solid Tumors, version 1.1, and assessed by means of blinded independent central review.  
Tick marks indicate censored data.
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Stage IV, limited sites of metastasis ‘oligometastatic disease’ –
e.g. brain or adrenal metastases only:

Treat lung disease as you would for no metastatic disease–
surgery followed by adjuvant type chemotherapy
definitive chemoradiation therapy

For brain metastases:
surgical resection f/b whole brain radiotherapy (WBRT) or 

stereotactic radiosurgery (SRS)
SRS alone

For adrenal metastasis:
adrenalectomy
radiotherapy, including stereotactic ablative radiotherapy



Stage IV disease

adenocarcinoma/NOS

There are always at least 3 options for the treatment of metastatic 
lung adenocarcinoma, which should be considered in every 
patient:
Chemotherapy
Immune checkpoint therapy
Mutation-directed therapy (personalized or targeted)

Combinations
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Stage IV disease

Conventional chemotherapy options for !"#$%&#!'()**'($+(,-&%$ :

1st line:
Paclitaxel(taxol)/carboplatin + pembrolizumab
If PD-L1 IHC > 50% tumor cells, pembrolizumab alone, or the above

many other regimens are used – agents include:
cisplatin, etoposide, gemcitabine, vinorelbine, albumin-bound 

paclitaxel

For poor overall health (PS 2 or higher) or advanced age, consider 
single agent regimens, though albumin-bound paclitaxel/carboplatin 
can be tolerated well, and can dose reduce
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Clinical Acquired Resistance to KRASG12C Inhibition RESEARCH BRIEF

 AUGUST  2021! CANCER DISCOVERY!|!1915 

Figure 1.! Acquired resistance to KRASG12C inhibitor MRTX849 (adagrasib). A, Computed tomography images of the patientÕs axillary lymph node 
metastasis at baseline, during response to MRTX849, and at progression on MRTX849. B, Variant allele fractions of mutations detected in the patientÕs 
serial plasma samples.  , indicates the mutations were detected by ddPCR but not by plasma next-generation sequencing. C, Alterations detected in post-
MRTX849 cfDNA include acquired mutations in KRAS as well as multiple components of the MAPK signaling cascade. *, KRASG12F represents a potential 
resistance mechanism supported by limited sequencing reads, as shown in Supplementary Fig. S2.
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colleagues; ref. 3). To determine the effects of the amino acid 
substitution at the Y96 locus, crystal structures of MRTX849, 
AMG 510, and ARS-1620 bound to KRASG12C were modeled 
for interactions with the Y96 residue within the switch-II 
pocket (16, 19Ð21). The hydroxyl group of Y96 forms a direct 
hydrogen bond with the pyrimidine ring of MTRX849, which 
is abolished with the Y96D mutation. Y96D also disrupts the 
water-mediated hydrogen bond between Y96 and a carboxyl 
group on AMG 510. Finally, although Y96 does not form a 
direct hydrogen bond with ARS-1620, it stabilizes the inter-
action with ARS-1620 through pi-stacking with the phenyl 

ring of Y96, which is disrupted with the Y96D mutation. In 
addition, by introducing a negatively charged amino acid, the 
Y96D mutation changes the hydrophobic nature of the bind-
ing pocket for all three compounds to a substantially more 
hydrophilic pocket, which may further destabilize binding.

Functional Characterization of KRAS Y96D

To assess whether KRASY96D can mediate resistance to 
MRTX849 and other inactive-state KRASG12C inhibitors, we 
expressed KRASG12C or the KRASG12C/Y96D double mutant 
in NCI-H358 (KRASG12C-mutant NSCLC), MIA PaCa-2 

Cancer Research. 
on September 21, 2021. © 2021 American Association forcancerdiscovery.aacrjournals.org Downloaded from 
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Immune checkpoint therapy in lung cancer

The native immune system has multiple molecular mechanisms 
for regulation of immune activation in host defense against 
infectious and other agents.
Unregulated immune activity contributes to many immune 
disorders including inflammatory bowel disease (colitis), systemic 
lupus erythematosus, and rheumatoid arthritis
Since many cancers express proteins that are either unusual or 
mutated and therefore not ‘normal’, the immune system can react 
against a cancer and lead to disease control or even elimination
This is thought to occur commonly in early stages of cancer, and 
can occur spontaneously in metastatic disease in rare instances.  
Historically perhaps this was the basis for Coley’s toxin, a 
concoction of bacterial species that was thought to foster the 
immune system attack on cancer



Immune checkpoint inhibitors for lung cancer 

CTLA-4 inhibitors
ipilimumab (+ nivolumab for NSCLC)
tremelimumab

PD-1 inhibitors
nivolumab (FDA-approved)
pembrolizumab (FDA-approved)

PD-L1 inhibitors
atezolizumab (FDA-approved)
durvalumab (FDA-approved)
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outcome on the basis of these factors support 
the analysis as conducted.

Current or former smoking status was associ-
ated with an increased response to treatment, an 
association that was also observed by other in-
vestigators and is hypothesized to be based on a 
higher mutational burden in these patients.30,31 
However, when assessed according to PD-L1 sub-
group, the response rate was similar according 
to smoking status. This finding, along with the 
much higher response rate among patients with 
a proportion score of at least 50%, as compared 
with that of current or former smokers, suggests 
that although smoking history may provide in-
sight into a patient profile associated with a 
greater benefit for pembrolizumab, PD-L1 expres-
sion is a better predictor of response.

Evaluation according to the quartile of pro-
portion score suggests a positive correlation be-
tween the response rate and PD-L1 expression, 
although the analysis was limited by the small 
sample size in some groups and large confi-
dence intervals for response. These data in com-
bination with responses among patients with a 
proportion score of less than 1% suggest that 
tumor PD-L1 expression is not associated with 
the ideal test characteristics of approved geneti-
cally based biomarkers.32-34 We did not seek to 
identify a PD-L1 cutoff that would capture all 
patients with a possible response but rather one 
that would identify patients with a greater likeli-
hood of response. Although responses that were 
observed in patients for whom responses would 
not have been predicted by PD-L1 staining could 
result merely from tumor heterogeneity, it is 
more likely that tumor PD-L1 expression alone 
does not accurately assess the dynamic immune 
microenvironment. Additional diagnostic ap-
proaches, including assessment of the genomic 
landscape and the presence of preexisting CD8+ 
T cells and cytokines in tumor samples, could 
supplement PD-L1 expression as a means of iden-
tifying patients who might have a response to 
pembrolizumab.17,35-37
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Figure!4.!Overall!Survival.

Shown are KaplanÐMeier estimates of overall survival 
according to the proportion score for 356 patients in 
the training and validation groups who had slides that 
were sectioned within 6 months before staining (Panel 
A), including 294 previously treated patients (Panel B) 
and 62 previously untreated patients (Panel C).
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Pembrolizumab for the Treatment of Non–Small-Cell Lung Cancer
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Immune checkpoint therapy in lung cancer

Who responds:
Uncertain.  

Response correlates with:
tumor and immune cell infiltrate PD-L1 expression
tumor mutation burden (TMB) = number of new antigens that T 
cells might respond against
Why don’t all patients respond:
‘Cold’ tumors without immune infiltrates. 
TGF! , IFN" signaling.  
MHC downregulation, B2M mutations. 
Tumor associated macrophages that prevent T cell activation
Some specific mutations seem to engender resistance, e.g. 
LKB1/STK11 mutations. 
Low TMB



Immune checkpoint therapy in lung cancer

Toxicities:
None in 80%.
Rash, colitis, pneumonitis, thyroiditis (high or low TFTs).
Many others, can be life-threatening, but in aggregate 

rare.



Combination immune checkpoint therapy in lung cancer

Ipilimumab-nivolumab is the standard combo, many others in 
development
In general has a higher response rate than single agent (e.g. 
pembrolizumab or nivolumab)
Toxicity is increased in many ways, including: diarrhea/colitis, rash, 
pruritus, fatigue, N/V/anorexia.
Treatment-related serious (gr 3-4) adverse events seen in 33%
Treatment-related serious adverse events led to discontinuation in 20%

!"##$%&'"('%#)'
N Engl J Med *+,-

n engl j med 381;21 nejm.org November 21, 2019 2025

Nivolumab plus Ipilimumab in Advanced Lung Cancer
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Median overall survival:
Nivolumab + ipilimumab, 17.1 months (95% CI, 15.0Ð20.1)
Chemotherapy, 14.9 months (95% CI, 12.7Ð16.7)
P=0.007 
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