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Poten0al	Clinical	Applica0ons	of	ctDNA	
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Clinical	U0lity	of	ctDNA	Detec0on	

•  Clinical	u0lity	of	ctDNA	is	largely	s0ll	being	
established	

•  U0lity	has	been	documented	for	non-invasive	
genotyping	
– EGFR	ac0va0ng	muta0ons	in	NSCLC	(FASTACT-2	
trial	-	Mok	et	al.	CCR	2015)	

•  Other	poten0al	applica0ons	are	in	early	stages	
of	being	explored	
– Monitoring	treatment	resistance	mechanisms	
– Minimal	residual	disease	



NGS-based ctDNA Detection 



ctDNA	detec)on	method 	 	 			 		 	 	 		Detec)on	limit*	
Sanger	sequencing 	 	 	 	 	 		 	 	 	 		>10%	
	
Pyrosequencing 	 	 	 	 	 					 	 	 	 	~10%	
	
Whole	exome	sequencing 	 		 	 					 	 	 		 		~5%	
	
Whole	genome	sequencing 																																																																~1%	
	
WholeAmplicon	NGS	(e.g	eTAm-Seq) 	 	 	 	 									~0.3% 		
	
Allele-specific	PCR	(e.g.	Intplex) 	 	 	 	 	 				~0.1-0.05%	
	
Barcoded	Amplicon	NGS	(Safe-SeqS)	
Digital	PCR	(e.g.	ddPCR,	BEAMing,	etc.)	 	 	 	 				~0.05-0.1%	
	
Capture-based	NGS	(CAPP-Seq) 	 	 	 	 	 				~0.00025%	

	 	 	 	 	 	 	 	 	 	 	 			
	 	 	 	 	 	 	 	 	 	 	 										

	
	

Comparison	of	ctDNA	Detec0on	Limits	in	
10	mL	Blood	Draw		

*50%	efficiency,	90%	probability	of	detec0on	



Tracking	Mul0ple	Muta0ons	Increases	
Maximizes	Sensi0vity	
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Cancer	Personalized	Profiling	by	Deep	Sequencing	
(CAPP-Seq)	

Personalized	biomarker	for	every	pa0ent	
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Sensi0ve	and	Specific	Detec0on		
of	Circula0ng	Tumor	DNA	

•  Ini0al	cohort:	
•  Pre-treatment	plasma	
samples	from	pa0ents	
with	Stage	I-IV	NSCLC	

•  %	ctDNA:	
•  0.019	–	3.2%	

•  ctDNA	concentra0ons:	
•  1.9	–	226	pg/mL	

8	 Newman	&	Bratman	et	al.	Nature	Medicine	2014	



A>C
A>G
A>T
C>A
C>G
C>T
G>A
G>C
G>T
T>A
T>C
T>G

~0.0015%

~98%

0%

0.03%
Error
rate

0
0.01
0.02
0.03

Se
le

ct
or

-w
id

e
er

ro
r r

at
e 

(%
)

60
70
80
90

100

Er
ro

r-f
re

e
po

si
tio

ns
 (%

)

Barcoding

Polishing
cfDNA

(n = 12)

iDES
–
–

+
–

–
+

+
+

Decreasing	Sequencing	Errors	in	Deep	
Sequencing-based	cfDNA	Analyses	
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	=	integrated	Digital	Error	Suppression	

	Newman,	Lovejoy,	Klass,	et	
al.,	Nat	Biotechnol.	2016	



Comparison	of	iDES-enhanced	CAPP-Seq	
to	Digital	PCR	
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Resistance Mechanisms in EGFR Mutant NSCLC 



Targe0ng	EGFR	Muta0ons	in	NSCLC	

•  Ac0va0ng	EGFR	muta0ons	occur	in	15-50%	of	
lung	adenocarcinomas	

•  Sensi0ze	tumors	to	EGFR	tyrosine	kinase	
inhibitors	
–  First	line:	erlo0nib,	gefi0nib,	afa0nib	

•  Resistance	invariably	develops	
–  EGFR	T790M	is	most	frequent	mechanism	(~50-60%)	

•  “Third	genera0on”	EGFR	TKIs	target	both	
ac0va0ng	and	T790M	muta0ons	
– Osimer0nib,	rocile0nib,	and	others	

12	



Frequency	of	First-line	EGFR	TKI	Resistance	
Muta0ons	in	Tumor	Biopsies	

table S1). All patients had activating EGFRmutations; 20 (54%) had an
exon 19 deletion mutation and 15 (41%) had the exon 21 point muta-
tion L858R.All patients had responded clinically to either gefitinib (n=5)
or erlotinib (n = 32). Radiographs were obtained and robust treatment
responseswere confirmedwith theResponse EvaluationCriteria in Solid
Tumors (RECIST) method in 14 of 17 patients with available scans
(fig. S1) (12). The median duration of primary TKI therapy was 14.1
months (range, 4 to 69 months) and the 1- or 2-year progression-free
rates were 64 or 30%, respectively.Most patients (78%)were still taking
an EGFRTKI at the time of repeat biopsy, and biopsieswere performed
amedian of 30months (range, 5 to 99months) after original diagnosis.
Only four patients received chemotherapy between the development of
resistance and the repeat biopsy. Anatomic sites of repeat biopsy most
commonly included lung lesions (38%), liver lesions (16%), and medi-
astinal or cervical lymph nodes (16%). Most biopsies (68%) were per-
cutaneouswith either computed tomographyor ultrasoundguidance, but
some were performed via bronchoscopy, mediastinoscopy, or another
surgical procedure. There were no major biopsy-related complications,
including no cases of clinically significant bleeding, pneumothorax, or
unanticipated hospital admission.

Genotypic mechanisms of acquired drug resistance
The 37 paired pre- and post-EGFR TKI tumor samples were analyzed
for the presence of genetic alterations with our standard clinical geno-
typing platform, the SNaPshot assay. SNaPshot is a multiplex platform
that is used at Massachusetts General Hospital (MGH) to genotype

cancers at specific genetic loci across 13 genes, as previously reported
(table S2) (13). In addition, samples were analyzed for EGFR and
MET amplification with fluorescence in situ hybridization (FISH). The
pretreatment activating EGFR mutation was present in each drug-
resistant specimen (Table 1 and table S1). As predicted, we observed
mechanisms of TKI resistance that were previously validated in clinical
specimens. Eighteen (49%) patients acquired the exon 20 EGFRmuta-
tion T790M, and two (5%) patients developedMET amplification (Fig. 1).
In one case of an L858R EGFR-mutant cancer that subsequently devel-
opedMET amplification, the pretreatment specimenhadmarkedEGFR
amplification but noMET amplification (Fig. 2A). After resistance de-
veloped,MET amplification was abundant, but the EGFR amplification
was lost (Fig. 2A). Given that the resistant lesion biopsied had initially
responded to the TKI and harbored the same activatingEGFRmutation
as the treatment-naïve cancer, it seems most likely that the resistant tu-
mor was derived from a distinct MET-amplified subpopulation of
EGFR-mutant cells (that did not harbor EGFR amplification) that were
selectively enriched during EGFR TKI administration, consistent with
previous observations (14).

We also observed acquired resistance mechanisms previously as-
sessed only in in vitro studies and not previously identified in patients.
These included two (5%) patients with acquired PIK3CA mutations
(15). In addition, three (8%) patients acquired EGFR amplifications in
their resistant specimens (Fig. 2B), all of which also acquired the classic
T790M EGFRmutation. Moreover, in two cases with high-level EGFR
amplification (>10-fold), it was clear by comparison of the peak heights
on the SNaPshot chromatogram that the T790M allele was the amplified

Fig. 1. The frequency of observed drug resistance mechanisms. The pie
chart depicts the prevalence of observed mechanisms of resistance to EGFR
TKIs in 37 patients with NSCLC biopsied at the time that resistance was
acquired. Pre- and posttreatment specimens were compared and only
acquiredmechanisms of resistance are depicted. The bluewedge represents
resistant cancers that developed the EGFR T790M resistance mutation in-
cluding a subset that developed concomitant EGFR amplification. The green
wedge represents cancers that developed MET amplification, and the red
wedge represents cancers that underwent transformation to SCLC. The yel-
low wedge represents cancers that developed PIK3CA mutations, and the
orange wedge represents one patient who had both SCLC transformation
and acquisition of a PIK3CA mutation.

Fig. 2. Acquired genetic amplifications in drug-resistant lung tumors. Am-
plification ofMET and EGFR genes was observed in biopsies of tumors from
patients who had acquired resistance to EGFR TKIs. Shown are FISH analyses
that detect the MET gene (green), EGFR gene (red), and the control CEP7
gene (aqua). (A) The pretreatment specimen from patient 19 (left panel)
shows a normal MET copy number but significant EGFR amplification; the
drug-resistant posttreatment specimen (right panel) from the samepatient
exhibits acquiredMET amplification but normal EGFR copy number. (B) Pa-
tient 13 demonstrated an acquired EGFR amplification in the drug-resistant
posttreatment specimen (right panel) compared to the pretreatment spec-
imen (left panel).
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13	 Sequist	et	al.	Sci	Transl	Med	2011	

~5-15%	of	pa0ents	with	more	than	one	mechanism	



Heterogeneity	of	Resistance	
Mechanisms	in	Response	to	EGFR	TKIs	
•  Hypotheses	

–  First-line	EGFR	TKI	treatment	frequently	leads	to	intra-
pa0ent	heterogeneity	in	resistance	mechanisms	

–  Pa0ents	with	mul0ple	resistance	mechanisms	respond	
less	well	to	third	genera0on	EGFR	TKIs	

•  Approach	
–  Perform	CAPP-Seq	on	plasma	from	43	pa0ents	who	
progressed	on	first-line	EGFR	TKIs	and	were	
subsequently	treated	with	rocile0nib	

– Analyze	baseline	and	emergent	resistance-associated	
soma0c	altera0ons	

14	
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Intra-pa0ent	heterogeneity	of	resistance	
mechanisms	to	first-line	EGFR	TKIs	

16	

T790M + SCNA
34%

T790M 
Only 
54%

T790M + SNV
7%T790M 

+ SCNA + SNV
5%

46% 
with > 1 resistance 
mechanism after 1st 

line EGFR TKI



Rocile0nib	Resistance	Mechanisms		

•  Puta0ve	resistance	mechanism	defini0on	
–  Absent	before	treatment	and	emerged	at	progression	
–  Increased	in	rela0ve	abundance	from	baseline	to	progression	

•  Puta0ve	mechanism(s)	iden0fied	in	65%	of	pa0ents	(72%	of	evaluable)	
•  Significant	intra-	and	inter-pa0ent	heterogeneity	

–  9	genes	involved	
–  21%	of	pa0ents	develop	mul0ple	resistance	mechanisms		(*)	
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Emergence	of	EGFR	C797S	in		
a	Single	Pa0ent	
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Study Compound Evaluable 
Patients C797S + C797S 
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Novel	EGFR	L798I	Resistance	Muta0on	
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EGFR	L798I	Muta0on	Causes	
Rocile0nib	Resistance	
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MET	amplifica0on	mediates	innate						
&	acquired	resistance	

Innate	Resistance	
	

Acquired	Resistance	
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Presence	of	Mul0ple	Resistance	
Mechanisms	predicts	poor	outcome	

Expanded	MET	Cohort:	
•  16	pa0ents	with	T790M+/MET+	
•  33	pa0ents	with	T790M+/MET-	



Summary	

•  ctDNA	analysis	has	many	poten0al	clinical	applica0ons	

•  NGS-based	methods	such	as	CAPP-Seq	can	achieve	similar	
sensi0vity	as	ddPCR	and	facilitate	broad	molecular	profiling	and	
monitoring	

•  Simultaneous	monitoring	of	mul0ple	resistance	mechanisms	may	
allow	personalized	targe0ng	of	emerging	resistance	muta0ons	

•  Detec0on	of	MRD	requires	ultrasensi0ve	assays	and	may	allow	
personalized	therapy	
–  Randomized	trial	in	Stage	II	colorectal	cancer	ongoing	(J.	Tie	et	al.)	

•  More	prospec0ve	clinical	studies	required	to	validate	preliminary	
findings	and	to	establish	clinical	u0lity	

23	
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