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Clinically actionable drivers are on the rise



The number of drivers has risen in lung adenocarcinomas

Jordan et al, Cancer Discov 2017

2000

KRAS

Skoulisdis et al, Nat Rev Cancer 2019



A rise in targetable drivers in other cancer types

FGFR-dependent cancers
• Erdafitinib (pan-FGFR): urothelial cancers
• Pemigatinib (FGFR1-3): cholangiocarcinoma 

Loriot et al, N Engl J Med 2019; Abou-Alfa et al, Lancet Oncol 2020; Drilon et al, N Engl J Med 2020; Wirth et al, N Engl J Med 2020

RET-dependent cancers
• Selitrectinib: RET-mutant medullary thyroid cancers
• Pralsetinib: RET fusion-positive lung cancers



TRK inhibitors approved in a tumor-agnostic fashion for adult and pediatric 
cancers with NTRK fusions

Hong et al, Lancet Oncol 2020

Larotrectinib
ORR 79%

(95% CI 72-85%, n=159)
Median DoR 35 months
Median PFS 28 months



Diagnostic migration toward increasingly 
comprehensive sequencing approaches



Next-gen sequencing identifies clinically relevant alterations missed by 
“piecemeal” sequencing

Benayed et al, Clin Cancer Res 2015



NGS decreases care costs compared to smaller panels

Pennel et al, J Clin Oncol Precis Med 2017



Liquid biopises complement tumor tissue sequencing and can effectively 
match patients to therapies

Crizotinib in MET exon 14-altered 
NSCLCs (ctDNA cohort)

Sacher et al, JAMA Oncol 2016; Drilon et al, Nat Med 2020



Fusion detection by DNA vs. RNA-based NGS

Large intronic regions 
(e.g. NTRK2 and 

NTRK3) and repetitive 
elements at fusion 
breakpoints (e.g. 

ROS1) make even the 
best DNA-based hybrid 

capture assays 
suboptimal at capturing 
all actionable genomic 

events.

Benayed et al, Clin Cancer Res 2019



Patients with drivers identified by RNA matched to therapy

Benayed et al, Clin Cancer Res 2019



Clinical workflow at MSKCC

Over 125,000 served!!!



Alterations filtered through curated database of actionability

Chakravarty et al, J Clin Oncol Precis Oncol 2017

Data sources for clinical genomics annotation committee: 
variant databases, treatment guidelines, scientific literature, 

recurrence
Posts to: oncokb.org website, cBioPortal, clinical reports



How has this impacted clinical research and clinical practice?

Zehir et al, Nat Med 2017

37% with an 
actionable 
mutation

Excluded 
(now) 

actionable 
KRAS alleles



Enterprise-scale NGS drives basket trial accrual

Drilon et al, N Engl J Med 2018

MSK-IMPACT and Darwin Cohort Management System
drove accrual to a TRK inhibitor basket trial for TRK fusion-

positive cancers, resulting in multiple global approvals



Contemporary comprehensive sequencing platforms offer 
advantages over limited panels



NGS detects germline alterations across multiple cancer types

Schrader et al, JAMA Oncol 2016

1566 patients with MSK-IMPACT 
germline sequencing

16% with potentially pathogenic 
germline variant

92% retained in tumor
80% in cancer

susceptibility genes

5% actionable (e.g. BRCA)



PARP inhibition in cancers with BRCA1/2 mutations including germline 
alterations

POLO trial
olaparib in pancreatic CA

Goilan et al, N Engl J Med 2019; Abida et al, Clin Cancer Res 2020

TRITON2 trial
rucaparib in prostate cancer



Genomic signatures of response to immunotherapy can be identified by 
NGS

Tumor mutational burden 
calculated across cancer types.

Exogenous mutagen signatures 
may inform disease etiology

Can detect MSI status, matching 
MSI-high patients of any cancer 

type to immunotherapy

Zehir et al, Nat Med 2017



MSI as a predictor of response to immunotherapy

Le et al, N Engl J Med 2015



Clonal hematopoiesis identified in MSK-IMPACT sequencing

Ptashkin et al, JAMA Oncol 2018

17,469 patients: clonal hematopoiesis (CH) 
interrogated in peripheral blood leukocytes by 

MSK-IMPACT
• 26% had CH mutations in blood

CH mutations increased with age
Most commonly found in skin cancer and NSCLC.



Clonal hematopoiesis mutations can be categorized as “actionable” and 
lead to erroneous treatment recommendations

Ptashkin et al, JAMA Oncol 2018



Next gen sequencing drives discovery science



Comprehensive NGS assays drive discovery

Chang et al, Cancer Discov 2017

Variants of unknown 
significance (VUS)

• Some may be clinically 
actionable.

• Laboratory validation 
can take years.

• Computational weight 
of evidence can be 
used to identify 
potentially oncogenic 
variants.

Unbiased discovery of recurrent oncogenic indels from population-scale data

• Duplications more commonly 
occurred in oncogenes

• Paralogous AKT1/2 hotspot 
duplications identified.

• AKT1/2 duplications found 
to be oncogenic
• downstream signaling 

more active
• increased sensitivity to 

AKT inhibitor
• used to select patients for 

AKT inhibitor basket trial



Computational vetting can identify potentially actionable variants

Increased likelihood of hotspot identification the 
more patient samples are sequenced and analyzed

Using prospective sequencing, computational analyses 
can nominate select variants for exploration both in the 

clinic and in the laboratory. 

Chang et al, Cancer Discov 2017



Sequencing identifies mechanisms of therapeutic resistance

Solomon et al, J Thor Oncol 2020



Genomic profiles of metastatic tropisms 

Nguyen et al, Cell 2022



Summary
• The list of actionable molecular drivers with approved targeted therapies continues to grow

• Comprehensive DNA/RNA-based cancer sequencing
• improves the detection of clinically actionable drivers vs older strategies
• is potentially cost-saving

• NGS assays can also detect
• potentially pathogenic germline variants
• clonal hematopoiesis mutations in solid tumors
• potential immunotherapy biomarkers and other mutational signatures

• NGS assay data can be leveraged to
• aid driver discovery, capitalizing on computational analyses
• develop prospectively monitored cohorts that aid therapy matching



Next gen sequencing and applications to improving immunotherapy



A broad look at anti-cancer immune effectors

 Nonspecific

 First line of defense

 Can prime activation of adaptive 
immunity

 Slower to develop

 Specific target recognition

 Memory functions

– Faster, stronger subsequent 
responses

Innate Immunity Adaptive Immunity
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Anti-cancer applications of adaptive immunity

Naked antibodies (or antibody fragments)
• Blocking
• Activating

Trojan horse strategies
• Antibody-drug conjugates
• Radioimmunoconjugates

Cell therapies
• TIL
• TCR and TCR-like structures
• CAR-Ts



T cell activation in anti-tumor immunity: an overview

Dendritic cell

Tumor
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But is that right? A more nuanced, view

Chow et al, Nat Rev Clin Oncol 2022



Metastatic melanoma – ipilimumab

Schadendorf et al., J Clin Oncol 2015



Non-small cell lung cancer: where we were, where we are

Schiller et al., N Engl J Med 2001 Awad et al., J Thor Oncol 2021

2001
Comparison of 4 platinum doublet regimens

Median survival for all 4, about 10 months
Three-year survival under 10%

2021
Comparison of platinum doublet with or without IO

Median survival for chemoIO is 3 years
Long-term survival is about 40% (curves flatten out)

Note the group randomized to chemo alone gets IO later –
even of these some can be rescued



Chemoimmunotherapy for squamous cell carcinoma

Overall survival Progression-free survival

Paz-Ares et al., N Engl J Med 2018

Keynote 407: carboplatin (nab)-paclitaxel +/- pembrolizumab



“Chemo-free” options

Hellmann et al, N Engl J Med 2019Reck et al., J Clin Oncol 2019

Keynote 604: PD-L1 ≥ 50% CheckMate 227: nivolumab and ipilimumab



Bringing immunotherapy to early stage disease:
Durvalumab after chemoRT for stage III NSCLC

PACIFIC
Metastasis-free survival Overall survival

Antonia et al, N Engl J Med 2018



Adjuvant (post-surgical) 
immunotherapy

Felip et al, Lancet 2021

IMpower010:
Adjuvant atezolizumab for stage IB– IIIA NSCLC 

PD-L1 ≥1%

Stage II-IIIA

Intent to treat



Bringing immunotherapy before surgery: 
Neoadjuvant chemoIO for NSCLC

CheckMate 816: Neoadjuvant platinum doublet +/- nivolumab

Path CR 24% vs. 2.2%; OR 13.94, p < 0.0001

Tumor reduction Overall survival

Forde et al, N Engl J Med 2022

HR 0.57; p=0.008



Small cell lung cancer: where we were, where we are

Lara et al., J Clin Oncol 2009; Goldman et al., Lancet Oncol 2021

2009
Comparison of 2 platinum doublet regimens

Two-year survival under 10%
Essentially no long-term survivors

2021
Comparison of platinum doublet with or without IO

Two-year survival approximately 20%
Curves flatten out – 3-year survival will be similar to 2

Again evidence of salvage in the control arm – later IO

IP

EP



Summary: first-line indications for immunotherapy in lung cancer

Non-small cell lung cancer

Surgically resectable
Neoadjuvant
Adjuvant

Locally advanced
Post-chemoRT
with chemoRT

Metastatic

Small cell lung cancer

Extensive stage

Limited stage 
Post-chemoRT
with chemoRT

X
?

?

Press reports only

?



Combining IO with radiation – negative interaction?

chemoradiotherapy

durvalumab

placebo

PACIFIC

chemoradiotherapy
durvalumab

PACIFIC-2

durvalumab

chemoradiotherapy
placebo

placebo

Uh-oh…

Spiegel et al., J Clin Oncol 2022

HR 0.55 (95% CI 0.45 to 0.68)



Developing precision medicine for immunotherapy



The search for predictive biomarkers



Biomarker 1.0: the target, PD-L1!

Topalian et al. NEJM 2012



Garon et al, NEJM 2015
Paz Ares, ASCO 2015

Spira, ASCO 2015

PD-L1 positivity is associated with improved responses

Pembrolizumab Nivolumab in Non-Squamous 
NSCLC

Atezolizumab in NSCLC



Pembrolizumab in NSCLC – importance of PD-L1?

Progression-free survival Overall survival

Garon et al, N Engl J Med 2015



PD-L1 as a predictive biomarker

Garon et al., N Engl J Med 2015



PD-L1 TPS 50-89% vs > 90%

Aguilar et al., Ann Oncol 2019



What is the clinical application of PD-L1 testing?

PD-L1 ≠  EGFR

• PD-L1 is a dynamic marker

• PD-L1 is heterogeneously expressed in tumor tissue

• PD-L1 negative tumors can respond to checkpoint blockade 

• Would not use PD-L1 status to exclude a patient from checkpoint 
blockade therapy, however, in the setting of multiple 
immunotherapeutic agents, this information may be used to shape 
clinical decisions



Mutational burden as a predictive biomarker

Melanoma: ipilimumab Lung CA: pembrolizumab

Snyder et al, N Engl J Med 2015 Rizvi et al, Science 2015



Pembrolizumab in TMB-high cancers

Marabelle et al, Lancet Oncol 2020



PD-(L)1 blockade is more active in tumors with high mutation burden

PediatricLiquid
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Both PD-L1 and TMB influence response to checkpoint blockade
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Peters et al., AACR 2017



Challenges with TMB

• Still not used routinely for treatment selection in NSCLC
• Limited access to published trial data
• Cohort sizes at any individual institution are relatively small
• Differences across platforms make it difficult to compare and combine data

Vokes et al. JCO Precis Oncol, 2019



Importance of mutational clonality

McGranahan et al, Science 2015



Immune editing through HLA loss of heterozygosity

McGranahan et al, Cell 2017



At the extreme end of TMB… MRD rectal cancer



Summary

CTLA-4 blockade is an effective treatment that confers a benefit in overall survival in 
patients with advanced melanoma 

PD-1 (or PD-L1) blockade appears to have activity in melanoma, lung cancer, renal 
cancer, bladder cancer, head and neck cancer, ovarian cancer, and many other solid 
tumors

Unique kinetics of response, including delayed responses and long-term durability of 
responses are characteristic

Unique toxicities are managed with algorithms that employ immunosuppressive agents 
such as steroids

Further studies are needed to develop biomarkers for these agents and to understand 
which combinations are most promising
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