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Abstract

Purpose: Refining the selection of HER2-positive metastatic gastric cancer patient candidates for trastuzumab is a
challenge of precision oncology. Preclinical studies have suggested several genomic mechanisms of primary resistance,
leading to activation of tyrosine kinase receptors other than HER2 or downstream signaling pathways.

Experimental Design: We carried out this multicenter, prospective, case-control study to demonstrate the negative
predictive impact of a panel of candidate genomic alterations (AMNESIA panel), including EGFR/MET/KRAS/PI3K/PTEN
mutations and EGFR/MET/KRAS amplifications. Hypothesizing a prevalence of candidate alterations of 30% and 0% in
resistant and sensitive HER2-positive patients, respectively, 20 patients per group were needed.

Results: AMNESIA panel alterations were significantly more frequent in resistant (11 of 20, 55%) as compared with
sensitive (0% of 17) patients (P < 0.001), and in HER2 IHC 2p (7 of 13, 53.8%) than 3p (4 of 24, 16.7%) tumors (P ¥4
0.028). Patients with tumors bearing no candidate alterations had a significantly longer median progression-free [5.2 vs.
2.6 months; HR, 0.34; 95% confidence interval (CI), 0.07-0.48; P ¥ 0.001] and overall survival (16.1 vs. 7.6 months; HR,
0.38; 95% Cl, 0.09-0.75; P ¥ 0.015). The predictive accuracy of the AMNESIA panel and HER2 IHC was 76% and 65%,
respectively. The predictive accuracy of the combined evaluation of the AMNESIA panel and HER2 IHC was 84%.

Conclusions: Our panel of candidate genomic alterations may be clinically useful to predict primary resistance to
trastuzumab in patients with HER2-positive metastatic gastric cancer and should be further validated with the aim of
molecularly stratifying HER2-addicted cancers for the development of novel treatment strategies.



Introduction

Long-term survival of patients with gastric cancer is still unsatisfactory following standard treatments (1). HER2
overexpression/amplification is found in less than 20% of cases, but frequent heterogeneity of HER2 as "leading"
oncogenic driver poses fundamental clinical challenges (2). In metastatic GC (mGC), all major guidelines currently
recommend HER? testing to guide patients' selection for trastuzumab treatment (3), because the addition of trastuzumab
to doublet chemotherapy significantly improved all endpoints of overall response rate, progression-free survival (PFS),
and overall survival (OS) in the pivotal ToGA trial (4). However, the unsatisfactory absolute gain of median PFS
highlights the crucial issue of primary and acquired resistance to anti-HER2 therapies. In the targeted therapy field, the
validation of predictive biomarkers allowed to refine the risk/benefit ratio of several treatments. In HER2-positive mGC,
predictors of greater benefit from trastuzumab have been proposed (HER2 IHC 3p vs. 2p or HER2/ CEP17 ratio > vs. <
4.7; refs. 4, 5), but at present, they cannot be used to restrict the label of trastuzumab, which is still the only approved
targeted agent in the front-line setting. On the other doi: 10.1158/1078-0432.CCR-17-2781 2017 American Association
for Cancer Research. Clinical Cancer Research www.aacrjournals.org OF1 Cancer Research. Downloaded from
clincancerres.aacrjournals.org on February 23, 2018. © 2017 American Association for Published OnlineFirst December
5, 2017; DOI: 10.1158/1078-0432.CCR-17-2781 side, an immediately transferrable line of research may be focused on
coexisting oncogenic drivers that may be primed as negative predictors of trastuzumab benefit and, potentially, exploited
as therapeutic cotargets. Several candidate alterations (EGFR and/or MET coamplifications, KRAS alterations including
point mutations and amplifications, EGFR/MET/HER3/ PI3K/PTEN mutations) may possibly co-occur with HER2
amplification and putatively confer trastuzumab resistance (6). However, there is still a lack of studies investigating the
correlation of such candidate mechanisms of resistance with clinical outcomes following trastuzumab-based treatment.
Moreover, the clinical investigation of trastuzumab primary resistance has been halted for several years by the unique
availability of small and uncontrolled retrospective series (7, 8), the confounding effects of the combined chemotherapy,
and the heterogeneity and multiplicity of the candidate genomic mechanisms (9)—precluding any concrete chance of
formal validation. Deepening our knowledge on the correlation of the molecular landscape of HER2-positive mGC with
treatment outcome data is crucial to develop future treatment strategies taking into account both the status of HER2
addiction and the coexistence of other genomic dependencies (10). Given the above-mentioned challenges and in order
to improve the chance of success, we carried out the multicenter, prospective case-control AMNESIA-1 study, aimed at
exploring a panel of candidate genomic alterations (AMNESIA panel) in patients with HER2-positive mGC eligible for
first-line treatment with trastuzumab and chemotherapy.

Materials and Methods

The AMNESIA-1 study was approved by the Institutional Review Board of Fondazione IRCCS Istituto Nazionale dei
Tumori (Milan, Italy), and all patients signed a written-informed consent.

Patient population

Patients with HER2-positive metastatic gastric or gastroesophageal junction cancers were included in two cohorts of
trastuzumab-resistant versus -sensitive patients. As shown in Supplementary Fig. S1, patients with resistant tumors
were those experiencing progressive disease (PD) according to RECIST 1.1 criteria at the first CT scan reassessment
during trastuzumab plus cisplatin/ fluoropyrimidine chemotherapy, or stable disease lasting 4 months after the starting of
treatment. Patients with sensitive tumors were those initially achieving a RECIST partial/complete response and
subsequently developing PD at least 3 months after the last chemotherapy dose (i.e., after at least 3 months of
maintenance treatment with trastuzumab alone). This definition of sensitivity corresponds to a PFS of at least 7 months,
and this cutoff was selected based on the median PFS of 6.7 months achieved in the trastuzumab arm of the ToGA trial,
allowing us to significantly limit the confounding effects of potential longterm benefit from chemotherapy in trastuzumab-
refractory patients. Other inclusion criteria were at least one measurable lesion according to RECIST 1.1 and one
radiological reassessment, duration of trastuzumab-containing treatment of at least 9 weeks, and no early interruption
due to unacceptable toxicity or other reasons including early death. The following baseline characteristics were



collected: age, sex, Eastern Cooperative Oncology Group performance status (ECOG PS), primary tumor location,
Lauren histotype, number of metastatic sites, prior resection of the primary tumor, time to metastases (synchronous vs.
metachronous). HER2-positive status was assessed as per international guidelines, and all samples were centrally
reviewed for histotype and HER2 status (11).

Molecular analyses

Candidate genomic alterations assessed in the AMNESIA panel were selected based on available preclinical/clinical
insights (6, 7, 9, 10, 12) and included EGFR/MET/KRAS/PI3K/PTEN mutations and EGFR/MET/KRAS amplifications.
Formalin-fixed paraffin-embedded archival tumor tissue blocks obtained prior to any treatment were used for the purpose
of this study. Mutational data were obtained via next-generation sequencing (NGS) using the lon AmpliSeq Cancer
Hotspot Panel v2 (Life Technologies) with the lon-Torrent Personal Genome Machine platform (Life Technologies) as
previously described (13, 14) and detailed in Supplementary Methods. MET and HER2 gene statuses were assessed by
bright-field dual-color SISH analysis performed as already reported (14). The EGFR gene status was assessed by bright-
field dual-color SISH. The Colorado scoring system (15-17) was adopted to classify samples into ISH strata according to
the frequency of cells with each EGFR gene copy number and referred to the chromosome 7 centromere. EGFR ISH-
negative cases had no or low genomic gain for EGFR gene copy number (disomy, low trisomy, high trisomy, and low
polysomy), whereas the distinction between high polysomy and gene amplification was defined by the presence of gene
clusters only in EGFR-amplified cases. Quantitative PCR experiments for estimation of KRAS copynumber variations
were performed in triplicates using a Human TagMan Copy Number Assay for KRAS (assay ID: hs06936191 cn), a
Human TagMan Copy Number Assay for GREB1 (assay ID: hs01738470_cn), and the TagMan Copy Number Reference
Assay RNase P (assay ID: 4316831), Applied Biosystems. PCR runs were performed with ABI Prism 7900HT (Applied
Biosystems) using 80 ng total DNA as a template for each reaction. Samples were scored positive when a twofold
increase was observed with both the references in two different reactions.

Statistical design and analyses

AMNESIA was a prospective, multicentre, case-control study based on a translational hypothesis. Cases (resistant
patients) and controls (sensitive patients) with one control per case were included. Hypothesizing a prevalence of
candidate alterations of the AMNESIA panel equal to 0% and 30% among controls and cases, respectively, 20 cases
and 20 controls were required to be able to reject the null hypothesis of equally prevalent alterations, with alpha and beta
errors of 0.05 and 0.20, respectively. An uncorrected c2 test was adopted to compare the prevalence of alterations in the
AMNESIA panel between resistant and sensitive patients. The impact of alterations included in the AMNESIA panel and
of HER2 status on PFS and OS was investigated. PFS was defined as the time from the beginning of the trastuzumab-
containing treatment to the radiologic evidence of disease progression or last follow-up. OS was defined as the time from
the beginning of the trastuzumab-containing treatment to death or last follow-up. PFS and OS analyses were determined
according to the Kaplan-Meier method, and survival curves were compared using the log-rank test. The predictive
accuracy of proposed assessments was calculated as the sum of true-positive and true-negative observations relative to
the total number of observations.

Results

Study population The study flowchart is depicted in Fig. 1. Following prescreening of 65 patients starting trastuzumab-
based treatment, the final study population included 20 resistant (cases) and 17 sensitive patients (controls) treated at
five Italian institutions between December 2011 and August 2016. Inclusion of further controls was stopped after the
primary endpoint was met. As shown in Table 1, no significant imbalance of main patient- and tumor-related variables
was found in resistant and sensitive patients' groups, except for a slightly higher proportion of HER2 IHC 2p cancers
among resistant (50%) versus sensitive (18%) patients (P % 0.08). At a median follow-up of 19.3 months, median PFS
was 2.3 and 9.5 months among resistant and sensitive patients' groups, whereas median OS was 11.1 and 23.3 months,
respectively.



Prescreening:
HER2* Advanced gastric cancer patients
starting trastuzumab-based therapy
N =865

Treatment outcome (RECIST + PFS) @

Screening: Screening failure Screening:
Meet criteria for Undetermined resistance Meet criteria for
trastuzumab resistance or sensitivity* trastuzumab sensitivity
(n =23 cases) (n=21) (n =21 controls)
n=2 ! y Y " n=3
- ﬂ Patients excluded for tissue block exhaustion, low cellularity [[ N
=1 ] Failed QC for NGS 0 n=1 .
Included in cohort of Included in cohort of
resistant patients sensitive patients
(n = 20 cases) (n =17 controls)

*Refers to patients with RECIST response, but PFS <7 mos; PFS =7 mos, but RECIST stable disease.

Fig.1 Study flowchart depicting the steps necessary for patients' inclusion in the case-control study.

AMNESIA panel alterations are enriched among resistant patients

Results of molecular analyses performed on the study population are summarized in Table 2 and depicted in Fig. 2. The
primary endpoint of AMNESIA-1 study was met: in fact, the frequency of candidate alterations included in the AMNESIA
panel was 55% (11 of 20) for resistant patients, as compared with 0% of sensitive ones (P < 0.001). Of note, two
resistant patients carried two co-occurring alterations (MET N375S mutation p KRAS amplification and MET R988C
mutation p MET amplification). PI3K mutations were the most frequently found mutations in resistant patients (three
cases, 15%), whereas no EGFR and PTEN mutations were detected. Overall, based on our findings, the 55% of
resistant cases was associated to the presence of a candidate molecular alteration, and the relative contribution of each
alteration in the AMNESIA panel to primary resistance to trastuzumab is shown in Fig. 3. Other mutations found by
means of NGS in all analyzed samples are detailed in Supplementary Table S1. In particular, we detected SRC V414M
and ALK C1182Y substitutions in two different resistant patients without other putative resistance mechanisms, whereas
a BRAF V600E mutation was found concomitantly to KRAS A146V. Patients with tumors bearing no candidate
alterations had a significantly longer median PFS when compared with positive ones [5.2 vs. 2.6 months; HR, 0.34; 95%
confidence interval (CI), 0.07-0.48; P % 0.001; Fig. 4A]. The same results were observed in terms of median OS (16.1
vs. 7.6 months; HR, 0.38; 95% CI, 0.09- 0.75; P ¥ 0.015; Fig. 4B).



Table 1. Patients demographics and disease characteristics in the overall
population and in resistant wersus sensitive groups

Owverall Resistant Sensitive
population  group aroup
Variables N=37(%) N=20(%) N=17(%) [
Agpe
Median &7 1] he
Range 34-87 43-87 14-84 0133
Gender
Mala 25 (88) 14 (70 1 {B5) o
Female 12 (32) 6 (30) b (35}
ECOG PS
4] 23 (62} 1 {55} 12 (713 0330
-2 14 (38) 9 (45) 5(29)
Primary turnor location
Cardias 17 (48) 1 (55} & {35) 0482
Fundum,/body 13 (35} 6 (30) 7 (dl)
Antrum 7 (1% 315} d4 (24)
Number of metastatic sites
1 18 (49) 7 {35} 11 {B5) oon
=1 19 {51) 13 {B5) b (35}
Primary tumor resection
fes 822y & (30} 2012 0246
Mo 29 (78) 14 (70 15 (BB}
Time to metastases
Synchronous 28 (78) 14 (70 4 (82} 0463
Metachronous 9 (24} 6 (30) I {18)
Histotype
Intestinal type I3 (8% 17 (85) 16 (94) 0e0%
Diffuse type 4 {11} 305} 1{6)
Grading
-2 T (1% 5 (25) {15 0381
3 15 (41} 7 {35} & (47)
MLA 15 (41) 8 (40 7 (41}
HERZ IHC score
2+ 14 (28] 10 {50 4 (24} 000
I+ 23 (B2} 10 (50 12 (76)

“Comparison between resistant and sensitive groups was performed by two-

sided Fisher exact test, ¥* test, or Mann-Whitney test as appropriate.

Predictive accuracy of HER2 immunohistochemistry, AMNESIA panel, or both

Candidate alterations of the AMNESIA panel were found in 53.8% (7 of 13) of HER2 IHC 2p tumors versus 16.7% (4 of
24) of HER2 IHC 3p ones (P¥40.028). Among AMNESIA panel-negative patients (n ¥4 26), 19 had HER2 IHC 3p and 7
IHC 2p tumors. Six patients (32%) in 3p subgroup were resistant versus 5 (71%) in 2p (P ¥ 0.095). Consistently,
AMNESIA panel-negative patients with HER2 IHC 2p tumors had a nonsignificant shorter median PFS when compared
with HER2 3p (5.2 vs. 7.1 months; HR, 0.73; 95% ClI, 0.29-1.85; P % 0.123; Supplementary Fig. S2). OS analysis was
limited by the low number of events. The predictive accuracy of HER2 expression and AMNESIA panel assessment with
regard to treatment outcome were 65% and 76%, respectively, whereas it reached the value of 84% when evaluating

HER2 expression in AMNESIA panel-negative cases.

Table 2. Prevalence of candidate genomic alterations of the AMMESIA panel in
samiples from resistant (cases) versus sensitive (controls) patients’ groups

Genomic Resistant group Sensitive group
alterations N =20 N=17
MET ampiification 2 il
MET mutations 2 (M3755 and R98ACT) i}
EGFR amgplification 2 o
EGFR mutations 4] o
KRAS amplification 2 o
KRAS mutations 2 (G130 and AN46V) o
BRAF mutations 1 (WisO0E} o
BRICA mautations I (M345T, HIO4TR, and H1047L) o
Patients with candidate 118 o

alterations

“The ROBBC mutation was reported in CLINVAR database with conflicting
interpretations of pathogenicity. although it was not reported in COSMIC
database.

“Three resistant patients camried two co-occurmring alterations: KRAS Al46Y
mutation + BRAF Y&OOE mutation, MET N3755 mutation + KR4% amplification,
and MET R98BC mutation + MET amplification.

Discussion

HER?2 is the only validated biomarker routinely tested in
mGC, because trastuzumab in combination with doublet
platinum-based chemotherapy is approved for patients
with [HC 3p or 2p/ISHp tumors based on a post hoc
analysis of the ToGA trial (4). Even if trastuzumab has
significantly improved the outcomes of HER2-positive
patients with mGC, primary and acquired resistance to
treatment are relevant challenges narrowing its therapeutic
index. In HER2-positive breast cancer, the molecular



mechanisms of trastuzumab resistance have been extensively investigated (18, 19). However, none of them is validated
for clinical use, preventing a drug label restriction that might have saved costs and toxicities after patients' molecular
selection. This disappointing path has substantially discouraged such a clinical research field in mGC, and the available
literature regarding this topic is scant and relatively recent (9). However, HER2-positive gastric and breast cancers are
different diseases for several reasons. From a biological point of view, HER2 positivity is more heterogeneous in gastric
cancer at both intra- and interlesional level (20), and HER2 amplification may also be coupled with other coexisting
oncogenic drivers (6). Of note, in silico studies and analyses carried out in retrospective patients' series showed that
oncogene amplifications are not mutually exclusive as it was thought initially (21), but HER2 gene may be coamplified
with EGFR or MET (6, 12, 22). Receptor coamplifications and several other putative mechanisms of primary resistance
to trastuzumab—such as PI3K/PTEN and MET/HER3 mutations—have been found in the samples of patients with
HER2-positive primary gastric cancer and were preclinically validated (6). Therefore, HER2-addicted gastric cancers
might be easily identified not only by the presence of an intense and relatively more homogeneous HER? staining, but
also by the concomitant absence of other relevant oncogenic drivers. From a clinical point of view, HER2 addiction
entails a potential long-lasting benefit from trastuzumab, whereas primary resistance to "pure” HER2 targeting only
leaves potential sensitivity to chemotherapy alone. This spectrum may explain the relatively limited median OS absolute
gain conferred by trastuzumab in both metastatic HER2-positive breast and gastric cancers (4, 23).

Primary Resistance to Trastuzumaly in HER2™ Gastric Cancer
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panel to trastuzumab primary
resistance.

KRAS Alterations

H PI3K Mutations

Several reasons may explain the clinical challenges faced in validating biomarkers of trastuzumab resistance: first,
because trastuzumab is administered in association with chemotherapy and such combination is markedly effective, a
relevant proportion of mechanisms of primary resistance may be masked by chemotherapy. Second, even if the best
chance of validation could be provided by controlled clinical trials, the availability of tumor samples from industry-
sponsored studies is often limited. Finally, there is still a lack of hypothesis-generating studies aimed at correlating—at
least retrospectively—the presence of putative resistance alterations with outcomes of patients with mGC receiving
trastuzumab-based treatment. Drawing from these considerations and based on our experience on rare resistance
mechanisms beyond RAS and BRAF in patients with metastatic colorectal cancer receiving anti-EGFRs (24), we
designed the present case-control study, AMNESIA-1. The strength of our results relies on: (1) the simultaneous
assessment of multiple resistance mechanisms with an individual low frequency, but reaching 55% when combined
together as "AMNESIA panel." This approach may provide a greater chance of validating genomic signatures as
opposed to attempts of investigating just one biomarker at a time; (2) the proper patients’ clinical selection by adopting
restrictive criteria for defining primary resistance versus clear sensitivity based on the combined assessment of RECIST
response and time to progression (Supplementary Fig. S1), in order to overcome the challenge represented by the
potential activity of chemotherapy; and (3) the case-control study design based on a predefined statistical hypothesis.
Even if AMNESIA panel genomic alterations are enriched in HER2 IHC 2p cancers, we show that the combined
assessment of the AMNESIA panel and HER2 IHC reaches the highest predictive accuracy (84%) for identifying patients
with mGC with trastuzumab primary resistance. In patients with AMNESIA panel-negative cancers, HER2 2p status is
still associated with treatment resistance/worse outcomes, even if the low number of evaluable patients does not allow to
reach statistically significant results. Interestingly, with the exception of KRAS alterations, the majority of primary
resistance mechanisms may be potentially cotargeted by adding to trastuzumab other agents such as PI3K,
EGFR/panHER, or MET inhibitors. Finally, in the resistant patients' subgroup, we found two mutations that were mutually
exclusive with other resistance mechanisms and should be further preclinically validated: SRC V414M and ALK C1182Y.
Accordingly, SRC was described as a central hub of several resistance pathways in HER2-positive breast cancers
treated with trastuzumab (25) and may be targeted by selective inhibitors such as dasatinib, whereas ALK mutations
may be targeted by several tyrosine kinase inhibitors. Our study has some obvious limitations. First, other rare genomic
(such as HER3 mutations) or even nongenomic mechanisms of primary resistance may have been missed by the
AMNESIA panel. Second, the lack of a control group untreated with trastuzumab does not allow to draw any definitive
conclusion on the predictive value of the AMNESIA panel. The translational relevance of our results relies on the chance
of validating the negative predictive impact of the AMNESIA panel could by means of post hoc translational analyses of
phase Il trials reporting negative results of anti-HER2 agents other than trastuzumab such as lapatinib (26, 27), TDM-1
(28) and pertuzumab (29).
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We emphasize that a better molecular selection of patients with HER2 addiction might have turned such trials into
positive ones. With specific regard to trastuzumab, a randomized discontinuation trial aimed at assessing the
noninferiority of no versus yes trastuzumab maintenance could prospectively validate our resistance biomarkers.
However, because targeted strategies overcoming trastuzumab resistance have been mechanistically validated and
clinically reported (6, 12), we believe that a different strategy based on exploiting the individual resistance mechanisms
as therapeutic cotargets will be the most clinically useful in improving patients' life expectancy. Specifically, an umbrella
trial could assess the value of adding other biological agents to trastuzumab as personalized salvage treatment in
primarily resistant patients according to the specific tumor resistance mechanism. Finally, future trials might use novel
molecular stratification criteria to refine patients' selection, with the goal of improving the efficacy of HER2 blockade
strategies and, hopefully, avoiding the use of chemotherapy in a subset of molecularly selected patients.
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