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INTRODUCTION

An estimated 1.5 million people were diagnosed with esophagogastric (EG) cancer worldwide in 2018,
representing the third leading cause of cancer-related death.1 Moreover, the incidence of
gastroesophageal junction (GEJ) cancer is increasing rapidly in Western countries, in particular among
young individuals. Genomically, roughly a third of EG tumors are characterized by chromosomal
instability and aberrant activation of human epidermal growth factor receptor (HER) tyrosine kinases
(HER1-4). In patients whose cancers harbor ERBB2 amplification or overexpression of HER2 protein,
the combination of the anti-HER?2 antibody trastuzumab with cytotoxic chemotherapy (a fluoropyrimidine
and platinum) is the recommended first-line therapy. Patients treated with this combination have a median
overall survival (OS) of 13-8 months and an overall response rate (ORR) of 47%. While trastuzumab
improves survival in patients with ERBB2-amplified cancer, disease progression still usually occurs
within a year. Our ongoing Phase 1l of afatinib/trastuzumab and rapid autopsy program provided a unique
opportunity to define the extent of genomic heterogeneity and tumor evolution upon pharmacological
pressure in patients with trastuzumab-refractory, ERBB2 amplified cancer.

We established an extensively characterized library of patient derived xenografts (PDX) from patients
with HER2+ EG cancer. During the funding period of the award we sequenced and genomically
characterized these PDXs and used en-vivo selection techniques to derive tumors with liver funded
though Also, we will generate highly metastatic/aggressive derivative from the PDX. We will
characterize these PDX to find out potential target pathways.

KEYWORDS
Trastuzumab, Rapid Autopsies, Patient Derived Xenografts, PDXs, Functional PET,
HER2+ gastric cancer

ACCOMPLISHMENTS
What are the major goals of the project?

1. To develop molecular targeted PET scan for patients with HER2+ EG cancer

2. Collection and analysis of HER2+ tumor samples from patients enrolled in phase Il trial

3. To develop hypothesis driven combination strategies to overcome trastuzumab resistance in
HER2+ EG cancer

4. Accrue patients with HER2+ EG cancer to MSK phase I clinical trials

Continue to establish EG cancer patient derived xenograft in immune deficient mice to reflect

wide variety of patients

6. In-vivo selection of metastatic PDXs to develop models with propensity to develop liver
metastasis

o

What was accomplished under these goals?

1. Regulatory approval of MSKCC IRB 13-165 by HRPO in May 2017 (Janjigian)
2. Regulatory approval of MSKCC IRB 11-116 by HRPO in June 2017 (Janjigian)
3. Specific Aim 1
Major Task 1-
a. 8%Zr-trastuzumab radiotracer manufacturing (Lewis) - Zr-trastuzumab manufacturing is a
success and ongoing.



b.

Perform 8°Zr-trastuzumab PET/CTs pre and post HER2 directed therapy on patients
enrolled on phase Il afatinib/paclitaxel or trastuzumab/pembrolizumab/chemotherapy
trials(Janjigian/Lewis).- We successfully performed Zr-trastuzumab PET on 11 patients
treated with anti- HER2 therapy (see figures and analysis below).

Analysis of HER2 expression on post treatment biopsies at week 2 on afatinib (Janjigian/
Vakiani) -We have analyzed HER2 expression on 8 post treatment biopsies at week 2 on
afatinib.

Major Task 2-

d.

Complete accrual to phase Il trial of afatinib/paclitaxel in HER2+EG tumors (Janjigian) - 11-
166 protocol accrual has closed. 8 patients have been treated total with Afatanib and
Paclitaxel, 4 patients were treated since 9/2017.

Determine clinical efficacy of afatinib/paclitaxel in HER2+ EG tumors in Phase Il setting
(Janjigian/Lewis)- A total of 8 patients have been treated with Afatanib and Paclitaxel. The
median age was 68.5. There were 5 males enrolled and 3 females. 4 patients are currently
AWD, while 4 DOD. 3 patients experienced POD, 1 patient had SD, and 3 patients had a PR,
while one patient has not yet been evaluated. Patients tolerated a median of 2.5 cycles [range:
1-7].

Collect tumor samples from patients enrolled on Phase Il trial (Janjigian)- We successfully
collected 88 samples of HER2 patients. We collected samples from 31 patients with HER2+
EG adenocarcinoma receiving trastuzumab/pembrolizumab and 8 patients treated with
afatinib/paclitaxel.

g. Proteomic analysis of tumor samples (Lewis)—Completed on 3 patients

Specific Aim 2
Major Task 1-

a.

Perform targeted exon sequencing on samples obtained from serial biopsies (Janjigian)- We
successfully sequenced 37 HER2+ EG cancer obtained prior to initiation of trastuzumab
based therapy. Additionally, we sequenced 34 samples from from patients on first-line
pembrolizumab/ trastuzumab study, and were able to biopsy 10 patient at progression with 10
matched pre/post progression paired samples analyzed. Serial samples from the 8 patients on
the phase Il afatinib/paclitaxel trial has been sequenced with the analysis ongoing.

Perform Rapid Autopsies (Janjigian/lacobuzio) —4 rapid autopsies were performed and data
analysis is completed (see figures and analysis below).

Perform targeted exon sequencing, RNA-seq and miRNA-Seq profiling all matched primary
tumor and all sites of metastasis obtained from rapid autopsies (Janjigian/ lacobuzio)- This
analysis is ongoing.

Major Task 2-

a.

Bioinformatics and Biostatistician Analysis (Janjigian/Shultz/ Capanu)- Bioinformatics and
Biostatistics have completed the analysis of related HER2 experiments and studies.

Specific Aim 3
Major task 1-
a. Establish Patient Derived Xenografts (PDXs) from biopsy samples (Janjigian/ De Stanchina)-
We implanted 113 PDXs . We established 67 PDXs derived from 57 patients with HER2+



tumors. PDX models were also used to image response to treatment which has increased our
understanding of resistance and will allow us to design future studies.

b. Histological review, molecular characterization and comparison of established PDXs to
parental tumor to confirm accurate representation of the parental tumor ( Janjigian/Vakiani)-
Targeted sequencing was performed using MSK-IMPACT next-generation sequcing
platform. The PDXs have corresponding clinical sequencing from patient tumors allowing
genomic fidelity between patient and PDX samples. We have sequenced a total of 49 PDX
samples. Of these, 20 were HER2+. There are another 23 PDXs currently pending
sequencing.

Major Task 2-

a. Establishment of organoids from PDX samples (Lewis)- We have successfully collected
samples for organoids for 8 HER2 patients.

Specific Aim 4
Major Task 1-
a.Therapeutic experiments on established PDXs to evaluate how the genomic alterations impact
sensitivity to next generation of therapies (Janjigian/ de Stanchina/Tavazoie)- Therapeutic
experiments were performed to determine the sensitivity of tumor GD to afatinib or pertuzumab +
Taxol combination.

b.Perform gain/loss of function studies afatinib-sensitive ERBB2-amplified cell lines resistant to
this agent (Janjigian/ de Stanchina/Tavazoie)- This was attempted but was not successful due to
failure for cell lines to grow. We are currently studying this in organoids.

c.sShRNA kinase library screen (Janjigian/ de Stanchina)- This was attempted but was not
successful due to failure for cell lines to grow. We are currently studying this in organoids.

Major Task 2-

a.Progression passages of PDX models of HER2+ gastric cancer for in vivo selection of
metastasis (Tavazoie)- Progression and passages of eight PDX models of HER2 gastric cancer for
in vivo selection of metastasis.

Major Task 3-
a.microRNA profiling studies (Tavazoie)- micro RNA profiling of isogenic highly or lowly
metastatic HER2 amplified PDX has been completed.

b.Analysis of microRNA profile results obtained (Tavazoie)- microRNA profile results have been
obtained.

Major Task 4-

a.Advise in functional testing of candidate genes (Tavazoie)- This is ongoing.



Specific Aim 1

89Zr-trastuzumab PET
We successfully performed Zr-trastuzumab PET on 11 patients since September 2016.

We hypothesized that functional imaging with 89Zr-trastuzumab PET could identify afatinib-sensitive
and afatinib-resistant tumor sites prior to evidence of clinical progression. These tumor sites could then be
explored post-therapy. To explore this hypothesis, we performed 89Zr-trastuzumab PET imaging before
treatment and before the first CT assessment (after 3-5 weeks on therapy) in 8 patients, one treated with
afatinib monotherapy and seven with afatinib/trastuzumab. All patients demonstrated 89Zr-trastuzumab
tumor uptake in at least one disease site prior to therapy initiation. In the pre-treatment scans, we
observed a wide range in median standardized uptake values (SUV) among patients and among lesions in
individual patients (median SUVmax 15.6; range, 6.4 to 23.8; Figure 3C). Four patients (50%) had visible
metastases on CT that did not exhibit 89Zr-trastuzumab uptake on PET, indicating pre-treatment intra-
patient HER2 expression heterogeneity between sites. All 4 of these patients demonstrated disease
progression within 6 weeks. Even when mean 89Zr-trastuzumab uptake declined 3-5 weeks post-therapy,
we observed intra-patient lesion-to-lesion variability in this change (Fig. 1C). Notably, the 3 patients with
tumor regression on afatinib and afatinib/trastuzumab therapy had uniformly high 89Zr-trastuzumab
uptake (SUV >5) in all lesions visualized on CT (see Fig. 3C). These data suggest that homogenous
pretreatment 89Zr-trastuzumab uptake may be a marker of afatinib sensitivity and that heterogeneous
uptake at baseline or variable 89Zr-trastuzumab PET response may be indicators of poor response to
afatinib in ERBB2-amplified EG cancer.
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Figure 1: (A) Individual treatment outcomes. (C) Percent change 89Zr-trastuzumab SUV pre- and post-
therapy.



Figure 1 shows individual treatment outcomes in 20 patients treated with afatinib and 12 patients treated
with afatinib and trastuzumab. A percentage best change from baseline in the target lesion assessed by
RECIST 1.1. Relevant clinical features (time on therapy, type of sequenced sample, and time point of the
sequenced sample) plus key genomic alterations in sequenced samples are shown for each patient. SLD,
sum of longest diameter on CT scan. *Non-evaluable. **Sample uninformative due to low tumor content.
B, dual probe EGFR and ERBB2 FISH from tumor biopsy collected prior to protocol treatment
demonstrated diffuse and uniform ERBB2 and EGFR co-amplification in virtually all tumor cells. There
was no additional tissue on P-0000413. C, Percent change in 89Zr-trastuzumab PET standard uptake
value (SUV) pre- vs post-therapy for each individual lesion on CT in 1 patient treated with afatinib
monotherapy and 7 patients treated with afatinib/trastuzumab. White stars inside the bar plots denote
lesions with resolution of uptake to baseline SUV.
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Figure 2: Proteomic analysis of HER2 samples from patient treated with afatinib therapy

As shown in figure 2, mass spectroscopy proteomic analysis of the tumor samples from patient 2 with
HER2 amplified trastuzumab refractory gastric cancer and dramatic response demonstrated high level of
EGFR expression on mass spectrometry. In this patient response was relative transient likely related to
high level of MET expression seen in the tumor. The variation of EGFR, MET and HER2 amplification
may shed light on the variation in response. This analysis is ongoing.
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Figure 3: Genomic characterization of intrinsic and acquired trastuzumab resistance in
patients with HER2+ esophagogastric cancer.

Figure 3 shows: (A) Duration and best response on first-line trastuzumab/chemotherapy for 50 patients
with HER2-positive metastatic EG cancer is shown integrated with pre-treatment somatic genomics
(legend, as indicated). (B) Kaplan-Meier progression free survival curves showing favorable outcome in
ERBB2-amplified RTK/RAS/PI(3)K-wildtype tumors. Patients with ERBB2-negative by IMPACT or
ERBB2+ and RTK/RAS/PI(3)K pathway activated tumors have significantly shorter time to progression
on first-line trastuzumab therapy. (C) Analysis of somatic alterations in 23 pairs of matched pre- and post-
trastuzumab samples. The oncoprint illustrates several oncogenic alterations that are shared between or
private to the paired pre- and post- samples. (D) A representative case that illustrates loss of ERBB2 in the
post-treatment sample, which was validated by H&E, FISH, and IHC on the matched pre- and post-
treatment specimens. (E) The anatomy of the acquired ERBB2 exon 16 deletion in the post-trastuzumab
specimen.



Specific Aim 2

We successfully sequenced 37 HER2+ EG cancer obtained prior to initiation of trastuzumab based
therapy. Additionally, we sequenced 34 samples from from patients on first-line pembrolizumab/
trastuzumab study, and were able to biopsy 10 patient at progression with 10 matched pre/post

progression paired samples analyzed.
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Figure 4: (a) co-occurring genomic alterations, tumor mutation burden, PDL-1, and MSK HER2

status (n=29), (c) Determinants of resistance to therapy in HER2 patients treated with trastuzumab

and pembrolizumab

As shown in figure 4, of 37 HER2+ patients treated with trastuzumab in combination with

pembrolizumab, 32 were sequenced using MSK-IMPACT and 31 were also analyzed by whole exome
sequencing (WES). Figure 4A indicates co-occurring genomic alterations, tumor mutation burden, PDL-1
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status, and HER2 status at MSK. In select patients who initially responded and later progressed on
therapy, we performed research biopsies to allow for analysis to uncover determinants of resistance to
therapy. Three of the 8 patients demonstrated new, activating alterations in the RTK/RAS pathway,
including KRAS amplification, KRAS mutation, and MET amplification (Figure 4C). Two of the 8
patients (neither of whom developed an activating MAPK pathway alteration), demonstrated loss of
ERBB2 amplification at progression. Of the remaining fourthree patients, the post-progression tumors of
two patients had inactivating alterations in SMADA4.
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Figure 5: Intrapatient disease heterogeneity and lack of EGFR amplification as mechanism of afatinib
resistance in patient P-0000086.

Figure 5 shows intrapatient disease heterogeneity and lack of EGFR amplification as mechanism of
afatinib resistance in patient P-0000086. (a) Radiographic tumor assessment using 89Zr-trastuzumab PET
and conventional CT scan, with corresponding bar graphs. 89Zr-trastuzumab PET values in SUV and CT
measurements in mm. 89Zr-trastuzumab PET images include three panels: left panel (pre-afatinib) is a
baseline pretreatment image showing uptake in segment 2/3 liver metastasis (SUV 16.4), GE junction
(SUV 21.5) and retroesophageal lymph node (SUV 9.1); middle panel (on afatinib) corresponds to 3
weeks post-treatment initiation, showing resolution of retroesophageal lymph node (SUV 3.0) with
decrease in size but persistent high uptake in segment 2/3 liver lesion (SUV 15.8), similar uptake in GE
junction (SUV 23.7) and a new lesion in liver segment 7/8 appeared on 89Zr-trastuzumab PET (SUV
8.6); right panel (progression) shows post-progression 89Zr-trastuzumab PET uptake in GE junction
(SUV 28.5) and segment 7/8 liver lesion (SUV 9.0), decreased uptake in liver segment 2/3 (SUV 12.3)
and ongoing resolution of retroesophageal lymph node. (b) Genomic comparison of matched pre- and
post-treatment primary and liver segment 2/3 and post-treatment progression liver segment 7/8 obtained
at warm autopsy. EGFR amplification was unique to the segment 2/3 liver lesion with ongoing response.
The enlarging GE junction tumor and segment 7/8 liver metastasis were not EGFR-amplified. In addition
to a likely pathogenic mutation in PTEN (P95R, also present in a segment 2/3 liver lesion), the non-
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responding metastases acquired an amplification of CCND3. SUV, standardized uptake value on 89Zr-
trastuzumab PET; SLD, sum of longest diameter on CT scan. (c) Phylogenetic tree showing the inferred
patterns of clonal evolution for the samples described in Figure 5b.
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Figure 6: Acquired MET amplification as a mechanism of afatinib resistance in patient P-0000413 with
EGFR- and ERBB2-amplified EG cancer

Figure 6 shows acquired MET amplification as a mechanism of afatinib resistance in patient P-0000413
with EGFR- and ERBB2-amplified EG cancer. (a) Genomic comparison of matched pretreatment biopsy
with post-treatment metastases obtained at warm autopsy demonstrating acquired MET amplification. (b)
SRM-MS analysis of liver metastasis sample obtained on afatinib with post-progression autopsy sample
revealing increased MET and HER2 and decreased EGFR expression. (¢) Efficacy of afatinib and
afatinib/AMG 337 in MET/EGFR/ERBB2-amplified PDX model established from patient P-0000413.
The combination of afatinib/AMG 337 resulted in complete tumor response at 21 days in
MET/EGFR/ERBB2-amplified PDX. Red arrow indicates when the mice were rechallenged with the
afatinib/AMG 337 combination following discontinuation of drug treatment, with durable tumor control
again achieved.
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Figure 7: Acquired MET amplification as a mechanism of afatinib/trastuzumab resistance in patient P-
0000282 with ERBB2-amplified EG cancer

Peritoneal met Primary Peritoneal met

Perirectal met

Figure 7 shows acquired MET amplification as a mechanism of afatinib/trastuzumab resistance in patient
P-0000282 with ERBB2-amplified EG cancer. (a) Radiographic tumor assessment using 89Zr-
trastuzumab PET and conventional CT scan, with corresponding bar graphs. 89Zr-trastuzumab PET
values in SUV and CT measurements in mm. 89Zr-trastuzumab PET, left panel, is a baseline pretreatment
image showing uptake in left ovary metastasis (SUV 5.1) not visible in this projection, perigastric
peritoneal metastasis (SUV 7.2, lower arrow) and gastric mass (SUV 8.2, upper arrow). Right panel is
89Zr-trastuzumab PET 5 weeks post-treatment initiation, showing resolution of uptake in perigastric
peritoneal metastasis (SUV 1.8) and gastric mass (SUV 3.9) and persistently high uptake in left ovarian
metastasis (SUV 5.2) not seen on MIP images. (b) cfDNA analysis at the time of disease progression on
afatinib/trastuzumab, demonstrating co-occurring ERBB2 and MET amplifications. (c) Genomic
comparison of matched pretreatment biopsy with post-treatment metastases obtained from left ovarian
metastasis and subsequently at rapid autopsy, demonstrating acquired MET amplification unique to the
progressing lesions. The perigastric metastasis and the primary tumor, both of which demonstrated
ongoing response to afatinib/trastuzumab, did not harbor MET amplification. (d) Dual probe EGFR and
ERBB2 FISH from perirectal tumor biopsy collected after treatment demonstrated ERBB2 amplification
and low-level gain of EGFR in a subset of tumor cells.
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Specific Aim 3
Patient Derived Xenografts (PDXs)
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Figure 8. Overview of HER2-positive esophagogastric cancer PDXs. (a) Procedure for generation of PDXs.
(b) Tissue origin (primary tumor or metastasis) for PDXs. (c) Treatment history with trastuzumab for
HER2-positive PDXs derived from patients with metastatic disease. (d) Preoperative treatment history for
PDXs derived from patients with localized HER2-positive tumors.

Table 1. Patient and PDX characteristics

Characteristic N (%)
Gender (%)

Women 11 (19)

Men 46 (81)
Anatomic tumor location (%)

Gastroesophageal junction 18 (31)

Esophagus 18 (31)

Stomach 22 (38)
Stage at initial PDX collection (%)

v 43 (75)

i 8 (14)

1 5 (9)

| 1(2)
Number of PDX per patient (%)

1 46 (81)

2 9 (16)

3 1(2)
Sample Type (%)

Primary 31 (47)

Metastasis 33 (53)
Procedure Type

Surgery 20 (30)

Biopsy 44 (66)

Other 3(4)
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As shown in figure 8 and table 1, we have generated a collection of 113 patient-derived xenograft (PDX)
models from patients with gastric, esophageal and gastroesophageal junction cancers. Of these 113 PDXs,
67 PDXs were derived from 57 patients with HER2-positive tumors, including patients with metastatic (43
patients, 75%) and early stage/locally advanced (14 patients, 25%) cancers at the time of PDX collection.
The PDXs were generated from either surgical resections or biopsies (Figure 8a) using tissue from the
primary esophagogastric tumor or a metastatic site (Figure 8b). In addition, for some HER2-positive
patients, we have derived two (9 patients) or three (1 patient) PDXs from the same patient at different
timepoints within the treatment course. The large majority of PDXs from patients with metastatic HER2-
positive cancers were generated from patients with treatment-refractory disease with progression on
trastuzumab and chemotherapy containing regimens (Figure 8c). Other PDXs were derived from patients
with newly diagnosed metastatic disease or with ongoing responses to trastuzumab-containing therapy.
Moreover, we have generated several HER2-positive esophagogastric cancer PDXs from patients with
localized disease, including PDXs from untreated tumors and tumors exposed to preoperative chemotherapy
or chemoradiation (Figure 8d).

We have performed targeted sequencing of most of the HER2-positive PDXs using the MSK-IMPACT
next-generation sequencing platform, with the latest version including 468 genes. The majority of these
PDXs have corresponding clinical sequencing from patient tumors, allowing for analysis of genomic
fidelity between patient and PDX samples. Frequently co-occurring alterations with HER2 amplifications
include TP53 mutations, cell-cycle gene alterations (i.e. CDK12, CCDN3, CDKN2B, CCNE1) and receptor
tyrosine kinase alterations (such as EGFR), consistent with patient sequencing data.
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Figure 9: (a) Use of PDXs to image response to treatment. (b) Superior in vivo therapeutic efficacy of
trastuzumab combined with lovastatin when compared with trastuzumab in nu/nu NSG mice bearing gastric
PDXs (n>8 mice per group).

As shown in figure 9, statin treatment increases tumor uptake and efficacy of trastuzumab. The use of
gastric PDXs to image response to treatment and the therapeutic efficacy of trastuzumab combined with
lovastatin increases our understanding of mechanisms of resistance and will assist in designing future
studies.
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Specific Aim 4
Generate highly liver metastatic PDX with in-vivo selection and therapy
Progression and passages of eight PDX models of HER2 gastric cancer for in vivo selection of metastasis.

Table 2:PDXs generated for in vivo liver selection

PDX ID Clinical Key Derivative

GAS CX T3N1 GEJ LVMla
adenocarcinoma

GAS DF1 T1N1M1 Gastric LVMl1a, b, and LVM2
adenocarcinoma

Where, LVM1 stands for Iiver: metastatic 1 passage line and LVM2 étands for liver metastatic ond
passage line.

Volume

Volume mm?

Days

W 1-venice p.o. QDx5 x3-4 weeks - M 2-Afatinib 25 mag/Kg p.o ADx5 x3-4 weeks -
3-Afatinib 25 mg/Kg p.o QDx5 + Taxol, 20 mo/kg iv. oncelweek x3-4 weeks - M 4-Peruzumab, 20 ma/Kg i.p. twiceiwk x3-4 weeks -
5-Pertuzumab, 20 mg/Kg ip. twicehwk + Taxol, 20 mg/kg iv. oncefweek x3-4 weeks -

Figure 10: GD PDX: Determined the sensitivity of tumor GD to afatinib or pertuzumab + Taxol
combination.

17



In vivo selection model

3. Repeat this process
multiple times
i

&

1. Splenic injection .
2. Harvest tumor from liver
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Figure 11: Schema of in-vivo selection model

Figure 11 shows single cell solution from parental
PDXs are injected to spleen. Injected PDXs will
colonize in liver through portal circulation. Harvest
the colonized metastatic tumor and repeat the same
process.

Table 3. List of highly liver metastatic PDX derivative

Figure 12:Ex-vivo image of highly liver
metastatic derivative (LVM=upper and
Parental=lower).

PDX ID Clinical Key Derivative

GAS DK T3NO Gastric Tubular LVM1b
adenocarcinoma

GAS DK T3NO Gastric Tubular LVM1la
adenocarcinoma

GAS CX T3N1M1 GEJ cancer LVM1la

GAS DQ T1NO Signet Ring cell LVM1la
Gastric cancer

GAS DC Stage IV T3N1 GEJ LVM1la
Adenocarcinoma

GAS EK Stage IV TXNOM1 LVM1la
GEJ adenocarcinoma

GAS DO Stage IV T3N3MO LVM2a
Gastric Tubular
Adenocarcinoma

GAS DS Stage IV TINOM1 LVM1la
Gastric Signet Ring
Cell Adenocarcinoma
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micro RNA profiling of isogenic highly- or lowly- metastatic HER2 amplified gastric PDX
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Figure 13: Volcano plot of up- or down- regulated micro RNAs
Sample: Gastric CX PDX, T3N1MO, tissue was taken from the stomach, HER2 amplified
Results: Most highly down regulated miRs with log2FC > 3 are annotated.

Table 2. List of top 20 differentially expressed miRs

Index miR name miR seq up/down fold char log2 (folcpvalue (chpvalue (fi
1 hsa-miR-1-3p TGGAATGTAAAGAAGTATGTAT down 0.01 -7.19 0.00E+00  #######4#
2 hsa-miR-155-5p R-1 TTAATGCTAATCGTGATAGGGGT down 0.04 -4.69 5.06E-29 | 3.24E-37
3 hsa-miR-363-3p AATTGCACGGTATCCATCTGTA down 0.08 -3.73 0.00E+00 0.00E+00
4 hsa-miR-1911-5p TGAGTACCGCCATGTCTGTTGGG down 0.09 -3.54 3.48E-17 3.70E-20
5 hsa-miR-218-5p R+2 TTGTGCTTGATCTAACCATGTGA down 0.09 -3.46 7.96E-20 4.46E-23
6 hsa-miR-20b-5p CAAAGTGCTCATAGTGCAGGTAG down 0.11 -3.16 0.00E+00 | #######4#
7 bta-miR-1911 R+1 TGAGTACCGCCATGTCTGTTGGGA down 0.11 -3.14 5.74E-05 3.37E-05
8 hsa-miR-5481 AAAAGTAATTGCGGATTTTGCC down 0.13 -2.92 3.38E-02 2.90E-02
9 hsa-miR-1269b CTGGACTGAGCCATGCTACTGG down 0.14 -2.82 3.81E-09 4.21E-10
10 hsa-miR-486-5p TCCTGTACTGAGCTGCCCCGAG down 0.15 -2.74 0.00E+00 0.00E+00
11 hsa-miR-584-5p R-1 TTATGGTTTGCCTGGGACTGA down 0.16 -2.66 2.03E-07 4.72E-08
12 hsa-miR-6511b-3p R-1 CCTCACCACCCCTTCTGCCTGC down 0.20 -2.35 1.02E-02 1.72E-02
13 mmu-miR-3968 L-2 1ss14AT AATCCCACTCCTGACACCA down 0.20 -2.34 2.50E-03 |1.72E-03
14 hsa-miR-4517 R+1 AAATATGATGAAACTCACAGCTGAGG down 0.21 -2.28 1.37E-02 1.72E-02
15 mdo-miR-215 R+1 1ss20AC ATGACCTATGAATTGACAGCCAT down 0.21 -2.22 2.08E-09 4.49E-10
16 mmu-mir-3535-p3 AGATAGTCAAGTTCTGATC down 0.22 -2.17 7.60E-05 6.56E-05
17 mmu-mir-3535-p5 AGATAGTCAAGTTCTGATC down 0.22 -2.17 7.60E-05 6.56E-05
18 hsa-miR-181la-2-3p ACCACTGACCGTTGACTGTACC down 0.22 -2.15 7.18E-42 |7.02E-46
19 PC-3p-43750_ 38 TATATATAGTATATGTGCATGT down 0.23 -2.14 2.91E-04 1.10E-04
20 hsa-miR-10b-5p R-1 TACCCTGTAGAACCGAATTTGT down 0.23 -2.11 0.00E+00 |0.00E+00
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Known functions of top 5 down-regulated miRs in cancers

o miR-1-3p is known to regulate bladder cancer proliferation by up-regulating SFRP1 expression
and is also known for inhibiting c-Met in NSCLC.

e miR-155 is known to be down regulated in FAP patients and modulate WNT signaling by
targeting AXIN1 and TCF4.

e miR-363-3p is known to inhibit EMT and metastasis in CRC by targeting Sox4.

e miR-1911-5p is associated with metastasis phenotype in CRC.

e miR-218-5p_R+2 is known to inhibit cancer cell proliferation and migration via EGFR in
NSCLC.

To identify a key gene in promoting gastric cancer liver metastasis, we generated an isogenic highly liver
metastatic derivative from patient derived xenografts of gastric cancers (Gas PDXs) by in vivo selection.
(Fidler, 1973) Iterative repeats of parental Gas PDXs injection to the portal circulation enriched highly
liver metastatic Gas PDX sub-populations (Gas LVM PDXs). Over a decade, many groups including us
(Loo et al., 2015; Ma et al., 2007; Pencheva et al., 2012; Tavazoie et al., 2008) have shown that
differentially expressed micro RNAs regulate cancer metastasis. However, the role of differentially
expressed micro RNAs in gastric cancer metastasis is little known, which motivated us to conduct micro
RNA profiling of Gas LVM PDX and isogenic parental Gas PDX. We conducted micro RNA profiling
of HER2 amplified Gas PDX, Gas CX and its LVM derivative, Gas CX LVM revealing 24 significantly
differentially expressed micro RNAs with the cut off of log2FC=2 and p-value<0.05. Among the 24
highly significant micro RNAs, miR-1-3p is known to regulate bladder cancer proliferation by up-
regulating sSFRP1 expression(Shang et al., 2017). sFRP1 is known to promote gastric cancer proliferation
by inhibiting TGF beta/Smad3 signaling(Peng et al., 2019). Taken together, miR-1-3p down-regulation
we saw in our analysis might have an important regulatory role in gastric cancer metastasis although we
must experimentally validate the hypothesis. In summary, micro RNA profiling of LVM and parental Gas
PDX revealed novel differentially expressed micro RNAs and the experimental validation of those
findings and further mechanistic investigation is highly warranted.

IMPACT

What opportunities for training and professional development has the project
provided?

Reflecting her academic and research achievements, in 2018, Dr. Janjigian was appointed Chief of
MSK’s Gastrointestinal Oncology Service. This service is one of the largest at MSKCC and Dr.
Janjigian’s selection as its leader after an international search is a testament to her remarkable
accomplishments.

How were the results disseminated to communities of interest?
National meetings and manuscripts published.

Cancer Discov. 2018 Jan;8(1):49-58. doi: 10.1158/2159-8290.CD-17-0787. Epub 2017 Nov 9. PMID:
29122777

Cancer Discov. 2019 Feb;9(2):199-209. doi: 10.1158/2159-8290.CD-18-0598. Epub 2018 Nov
21.PMID:30463996.
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ABSTRACT The incidence of esophagogastric cancer is rapidly rising, but only a minority of

patients derive durable benefit from current therapies. Chemotherapy as well as
anti-HER2 and PD-1 antibodies are standard treatments. To identify predictive biomarkers of drug
sensitivity and mechanisms of resistance, we implemented prospective tumor sequencing of patients
with metastatic esophagogastric cancer. There was no association between homologous recombination
deficiency defects and response to platinum-based chemotherapy. Patients with microsatellite instability-
high tumors were intrinsically resistant to chemotherapy but more likely to achieve durable responses to
immunotherapy. The single Epstein-Barr virus-positive patient achieved a durable, complete response to
immunotherapy. The level of ERBBZ amplification as determined by sequencing was predictive of trastu-
zumab benefit. Selection for a tumor subclone lacking ERBB2 amplification, deletion of ERBBZ2 exon 16, and
comutations in the receptor tyrosine kinase, RAS, and PI3K pathways were associated with intrinsic and/or
acquired trastuzumab resistance. Prospective genomic profiling can identify patients most likely to derive
durable benefit to immunotherapy and trastuzumab and guide strategies to overcome drug resistance.

SIGNIFICANCE: Clinical application of multiplex sequencing can identify biomarkers of treatment
response to contemporary systemic therapies in metastatic esophagogastric cancer. This large pro-
spective analysis sheds light on the biological complexity and the dynamic nature of therapeutic resist-
ance in metastatic esophagogastric cancers. Cancer Discov; 8(1); 49-58. ©2017 AACR.

See related commentary by Sundar and Tan, p. 14.
See related article by Pectasides et al., p. 37.

INTRODUCTION

Esophagogastric cancer is the tumor type with the most
rapidly increasing incidence in the United States, particu-
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larly in young patients (1). These tumors have a high
metastatic potential and frequently recur. Recent large-scale
sequencing initiatives, including the retrospective studies
performed by The Cancer Genome Atlas (TCGA), have

Note: Supplementary data for this article are available at Cancer Discovery
Online (http://cancerdiscovery.aacrjournals.org/).

Corresponding Author: Yelena Y. Janjigian, Memorial Sloan Kettering Can-
cer Center, 300 East 66th Street, Room 1033, New York, NY 10065.
Phone: 646-888-4186; Fax: 646-888-4256; E-mail: janjigiy(@mskcc.org

doi: 10.1158/2159-8290.CD-17-0787

©2017 American Association for Cancer Research.

American Association for Cancer Research

AAC

JANUARY 2018 CANCER DISCOVERY | 49

Downloaded from cancerdiscovery.aacrjournals.org on January 22, 2020. © 2018 American Association for Cancer
Research.


http://cancerdiscovery.aacrjournals.org/

RESEARCH BRIEF

Published OnlineFirst November 9, 2017; DOI: 10.1158/2159-8290.CD-17-0787

Janjigian et al.

revealed that most esophagogastric cancers are characterized
by chromosomal instability with frequent amplifications
of receptor tyrosine kinases (RTK; refs. 2-5). Additional
molecularly defined esophagogastric cancer subsets that
may be therapeutically relevant include those characterized
by homologous recombination deficiency (HRD), Epstein-
Barr virus (EBV)-related tumors, and tumors with hyper-
mutation, in particular those with microsatellite instability
(MST; refs. 2-5).

The combination of a fluoropyrimidine and a platinum
is the standard first-line systemic therapy for patients with
esophagogastric cancer (6). For patients with human epider-
mal growth factor receptor 2 (HER2/ERBB2)-positive tumors,
trastuzumab (a HER2-directed antibody) in combination
with chemotherapy is standard of care (7). Pembrolizumab
and nivolumab (anti-PD-1 antibodies) are approved for use
in patients with chemotherapy-refractory esophagogastric
cancer. Pembrolizumab was recently approved in the United
States for programmed death-ligand 1 (PD-L1)-positive or
MSI-high (MSI-H) esophagogastric cancer (8-10). However,
PD-L1 status was not predictive of survival with nivolumab
therapy in the ATTRACTION 2 study (11), and nivolumab
is approved in Asia for treatment irrespective of PD-L1
status.

Despite the recent increase in therapeutic options, responses
to systemic therapy in patients with esophagogastric cancer
are most often short-lived, and less than 5% of patients with
metastatic disease survive beyond S years (1). With the goal of
identifying predictive biomarkers of response and molecular
mechanisms of resistance to trastuzumab and immune check-
point inhibitors, as a prelude to the development of rational
combination strategies, we performed prospective targeted
next-generation sequencing (NGS; ref. 12) and clinicopatho-
logic analysis of patients with recurrent or metastatic esoph-
agogastric cancer.

RESULTS

With the goal of identifying predictive biomarkers of
drug response, we, in 2014, initiated an effort to perform
prospective, targeted NGS analysis of paired tumor and
normal samples from all patients with stage IV esophago-
gastric adenocarcinoma (Supplementary Tables S1 and S2)
treated at our center. Tumors were analyzed using MSK-
IMPACT, a capture-based, NGS platform that can detect
mutations, copy-number alterations, and select rearrange-
ments in 341 or more cancer genes (see Methods). Here, we
report the results of the first 295 patients profiled along
with accompanying prospectively captured detailed clinical
annotation and treatment response data. The majority of
samples were acquired from endoscopic biopsies of primary
tumors. Unlike the TCGA dataset of early-stage tumors,
this Memorial Sloan Kettering (MSK) cohort was comprised
of specimens from predominantly younger patients with
exclusively stage IV disease with detailed clinical annotation,
including survival and therapeutic response data, available
for all patients (Fig. 1A).

We achieved a mean sequencing coverage of 744x and
identified an average of 5 nonsynonymous mutations per
tumor sample (range, 1-63; Supplementary Table S3). MSI

status was inferred from the sequencing data using a clini-
cally validated algorithm (13), with MSI-H defined as an
MSIsensor score 210 (Fig. 1B). MSI-H tumors possessed a
high ratio of small insertions and deletions to substitutions,
a mutational signature consistent with mismatch repair defi-
ciency. Notably, only 9 samples in the MSK cohort were
MSI-H (3%), which is significantly lower than the fraction in
the TCGA cohort (16%, P = 8e-10, Fisher exact test, Fig. 1B).
This difference is likely attributable to the higher prevalence
of metastatic cancers in the MSK cohort, as MSI-H was a
favorable prognostic marker in the TCGA cohort. EBV posi-
tivity could not be established from the targeted sequencing
data and thus was not known for all patients. To assess for
EBV in select patients receiving immunotherapy, Epstein-
Barr encoding region in situ hybridization (EBER-ISH) was
performed in 26 patients who received immunotherapy, with
only a single patient testing positive.

The MSK cohort was comprised predominantly of tumors
with a signature of chromosomal instability (CIN; 63%),
characterized by a high degree of copy-number alterations
and low mutational burden (Fig. 1C). TP53 was the most
frequently mutated gene (73%), followed by ARIDIA (15%)
and CDKN2A (12%). In total, 53% of patients had at least
one potentially actionable alteration as defined by OncoKB
(14), a precision oncology knowledge base that annotates
the functional consequence and therapeutic implications
of cancer mutations (Fig. 1D and E). Focal amplifications
and mutations in receptor tyrosine kinases and members
of the RAS and PI3K pathways were common in the CIN
subset, with frequent oncogenic or likely oncogenic altera-
tions in ERBB2 (25%), KRAS (16%), EGFR (8%), ERBB3 (7%),
PIK3CA (7%), FGFR2 (5%), and MET (5%). Genomically sta-
ble (GS) tumors (34%), conversely, were more frequently
of diffuse histology (32% vs. 9%, P = 3e-S5, Fisher test) and
CDH1-mutant (20% vs. 7%, P = 0.01, Fisher test). A com-
parison of the non-MSI-H tumors to those in the TCGA
cohort found few statistically significant differences (Fisher
test, 15% FDR): TP53 mutations were enriched in the MSK
cohort (73% vs. 62%, q = 0.11), whereas KMT2C (2% vs. 9%,
q = 0.06), GRIN2A (1% vs. 6%, q = 0.10), PTPRD (4% vs. 11%,
q = 0.10), and CTNNBI (1% vs. 6%, q = 0.10) were less fre-
quently mutated (Supplementary Fig. S1A). Notably, there
were no significant differences in the alteration frequencies
of any genes between primary and metastatic samples (Sup-
plementary Fig. S1B).

To identify potential biomarkers of response to systemic
chemotherapy in an unbiased manner, we correlated the
genomic findings with treatment response and patient out-
comes in the 187 patients with HER2™ disease treated with
first-line fluoropyrimidine/platinum. In this setting, the
median progression-free survival (PFS) was similar to the
published literature (6.9 vs. 5.3 months), with favorable over-
all survival (OS; 26.3 months vs. 10.2 months; ref. 15). In this
analysis, no single mutant allele or gene, including those with
arole in DNA repair pathways, such as BRCA1/2, was signifi-
cantly associated with treatment response (Fig. 2A).

As an association between defects in homologous recombina-
tion and response to platinum-based chemotherapy has been
identified in other cancer types, we inferred a surrogate
marker for HRD from the copy-number data [large-scale
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Figure 1. Molecular characterization of esophagogastric tumors. A, Comparison of clinical characteristics between the MSK and TCGA cohorts. B, Correla-
tion between the MSlsensor score (x-axis) to nonsynonymous mutation burden (y-axis). Samples are colored according to the molecular subtype. C, DNA copy-
number changes categorized by molecular subtype. Chromosomes are presented from left to right, samples from top to bottom. Regions of losses appear

in shades of blue, whereas regions of gains are in shades of red. D, Highest level of clinical actionability across the cohort, as defined by OncoKB. Standard
therapeutic implications include FDA-recognized or NCCN guideline-listed biomarkers that are predictive of response to an FDA-approved drug in a specific
indication (level 1). Investigational therapeutic implications include FDA-approved biomarkers predictive of response to an FDA-approved drug detected in an
off-label indication (level 2B), FDA- or non-FDA-recognized biomarkers that are predictive of response to novel targeted agents that have shown promising
results in clinical trials (level 3B), and non-FDA-recognized biomarkers that are predictive of response to novel targeted agents on the basis of compelling
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Figure 2. Genomic determinants of response to cytotoxic chemotherapy. A, Swimmer’s plot showing months on first-line platinum-based therapy for
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state transitions (LST); refs. 16 and 17| and correlated the
results with overall response and duration of treatment with
chemotherapy. LST score was not predictive of PFS (HR = 0.99,
P = 0.947, log-rank test) and was not higher in patients with
responses to first-line therapy lasting over 24 months (P = 0.6,
two-tailed ¢ test; Fig. 2B). Notably, the majority of patients with
prolonged response to platinum-based combination chemother-
apy, including the 2 patients with the longest outlier responses
(68 and 104 months, respectively), harbored no somatic altera-
tions in known homologous recombination genes.

As outlined above, only 9 patients (3%) in the cohort had
MSI-H tumors. Patients with MSI-H tumors suffered rapid
disease progression on standard cytotoxic therapy, with a
significantly shorter PFS on first-line chemotherapy when
compared with non-MSI-H tumors (median PFS 4.8 vs.
6.9 months for non-MSI-H patients, HR = 0.4, P = 0.027,
log-rank test; Fig. 3B), results consistent with those recently

reported by the Adjuvant Gastric Chemotherapy MAGIC
trial (18). On the basis of the sequencing results and prior
data suggesting that MSI-H tumors arising in other disease
sites may respond to immune checkpoint inhibitors, MSI-H
patients who had progressed on standard cytotoxic chem-
otherapy were preferentially directed to immunotherapy.
These patients received anti-PD-1 antibodies (durvalumab,
pembrolizumab, and nivolumab), alone or in combination
with anti-CTLA4 antibodies (ipilimumab, tremelimumab),
on clinical trials or as part of compassionate-use programs.
In total, 5 patients with MSI-H tumors and 35 patients with
non-MSI-H tumors received immune checkpoint inhibi-
tors, with time on therapy ranging from 0.3 to 44.7 months
(Fig. 3A). Although 28% of patients had radiographic tumor
regression with immunotherapy, responses were often
transient, and the duration of response to immune check-
point blockade was less than 6 months in all but 5 (12.5%)
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Figure 3. Genomic determinants of response to immune checkpoint inhibitors. A, Months on immune checkpoint inhibitors for 40 patients with
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of patients receiving immunotherapy demonstrating favorable OS for those in the top quartile of tumor nonsynonymous mutational burden (those with
>9.7 mut/Mb). D, Photograph and corresponding CT image showing complete response in biopsy-proven lymph-node metastases (yellow arrows) of a
patient with stage IV MSI-H chemotherapy-refractory esophagogastric cancer treated with anti-PD-1 monotherapy in fourth-line setting. E, Genomic com-
parison of matched pre- and postprogression primary tumor samples from patient in D:12 mutations were private to the posttreatment sample, including a
loss-of-function mutation in exon 1 of the B2M gene, which encodes B2-microglobulin.

patients. However, all 5 of these patients remain alive 19.5 4 tumors tested positive for PD-L1, whereas 1 patient had
to 44.7 months following initiation of immunotherapy insufficient tumor material for PD-L1 testing. Three of the
despite prior rapid progression on standard fluoropyrimi- 5 patients with durable immunotherapy responses had
dine-, platinum-, taxane-, and irinotecan-based therapies. Of tumors with high mutational burden (59.4 mut/Mb, 28.3
these 5 patients with durable responses to immunotherapy, mut/Mb, and 14.2 mut/Mb), and 2 of these 3 were MSI-H.
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Overall, higher tumor mutational burden was associated
with a better outcome on immunotherapy (Fig. 3C), with
patients in the top quartile of tumor mutational burden
(>9.7 mut/Mb) having the best outcomes (median OS 16.8
compared to 6.62 months for patients with lower muta-
tional burdens; 2-year OS: 44% vs. 14%; HR = 0.40, log-rank
test P = 0.058). As 2 of the S patients with durable outlier
responses (>12 months) to immunotherapy had tumors
with low mutational burden (1.9 and 3.3 mut/Mb), we
explored these tumors in greater detail by performing EBV
in situ hybridization. Notably, the outlier responder with the
second longest duration on immunotherapy (>30 months
and still on therapy) was EBV", the only EBV* tumor (of the
26 tested) in the cohort.

Of the S patients who achieved durable responses to immu-
notherapy lasting 12 months or longer, 2 have developed
acquired resistance. One of these patients with acquired
resistance to immune checkpoint blockade is highlighted in
Fig. 3D. This patient had a PD-L1*, MSI-H, chemotherapy-
refractory tumor and achieved a complete response to anti-
PD-1 monotherapy followed by disease progression in the
distal esophageal tumor at 14 months. Genomic analysis of
baseline and postprogression samples identified 33 somatic
mutations, including 12 that were private to the posttreat-
ment sample (Fig. 3E). Most notably, the posttreatment
sample harbored a loss-of-function mutation in exon 1 of
the B2M gene, which encodes for p2-microglobulin, loss of
which was confirmed by immunohistochemistry. Mutations
in B2M have been associated with acquired resistance to
immune checkpoint blockade in melanoma (19). In the MSK
cohort, 44% (4 of 9) of MSI-H tumors had likely deleterious
alterations in B2M. Although the B2M mutation was acquired
posttreatment in the patient highlighted in Fig. 3D, B2M
mutations were present prior to therapy in other patients,
and when present did not preclude response to checkpoint
blockade.

The addition of trastuzumab to cytotoxic chemotherapy
is standard of care in patients with esophagogastric can-
cer whose tumors overexpress HER2 protein. Of the 295
patients in the MSK cohort, 68 were HER2* based upon
standard clinical criteria (IHC or FISH analysis; 44 had
samples collected only pretreatment, 14 only posttreat-
ment, 10 both pre- and posttreatment with trastuzumab).
There was a strong correlation between ERBB2 copy num-
ber as determined by sequencing and HER2 IHC/FISH
(Supplementary Fig. S2). Overall, we observed a concord-
ance rate of 93.7% between IHC/FISH and NGS, with a
positive predictive value (PPV) of 90% and a negative predic-
tive value (NPV) of 96.9%. A total of 50 patients with HER2*
tumors collected before treatment received first-line tras-
tuzumab. Of these, 92% (46/50) were ERBB2-amplified by
NGS (ref. 20; Supplementary Table S4). Detailed analysis
of the 4 discordant patients indicated that the discordance
was attributed to either tumor heterogeneity for ERBB2
amplification or equivocal IHC/FISH positivity. Addition-
ally, the 4 patients with discordant cases exhibited signifi-
cantly shorter PFS on first-line trastuzumab/chemotherapy
compared with patients with ERBB2-amplified tumors by
NGS (median PFS 5.8 vs. 14.0 months; P = le-6, log-rank
test, Fig. 4A and B).

The level of ERBB2 amplification by FISH has been shown
to predict for sensitivity and prolonged survival with tras-
tuzumab therapy in metastatic gastric cancer (21). Here,
we also observed a strong correlation between the level of
ERBB2 amplification as quantitated by NGS and PFS on
first-line trastuzumab, with patients in the top quartile of
ERBB2 amplification levels having a significantly longer PFS
on trastuzumab (median PFS 24.3; Fig. 4B). Beyond ERBB2
itself, we observed significant heterogeneity in the pattern
of comutational events in the HER2* cohort. Patients with
co-alterations in RTK-RAS-PI3K/AKT pathway genes had
significantly shorter PFS (median PFS 8.4; Fig. 4A and B),
suggesting that activation of this pathway may contribute to
intrinsic trastuzumab resistance. In a multivariate analysis,
ERBB2 levels and co-alterations in the PI3K pathway inde-
pendently contributed to the differences in PFS (Fig. 4C).
Alterations in cell cycle-related genes, which were previously
reported to be associated with less clinical benefit from tras-
tuzumab-based therapy in an Asian population (22, 23), were
not associated with response differences in the MSK cohort
[median time on treatment for patients without a cell-cycle
alteration was 12.2 months (n=23), compared to 14.0 months
for patients with a cell-cycle alteration (» = 27, P = 0.11,
log-rank test)].

To identify mechanisms of acquired resistance, we ana-
lyzed matched tumors collected from individual patients
both pre- and post-trastuzumab treatment. Given the small
number of post-trastuzumab progression and paired sam-
ples in the prospective series, we augmented this cohort with
a retrospective analysis of additional paired samples from 20
patients, assembling in total 23 matched pre- and post-tras-
tuzumab tumor pairs. The site of clinical and radiographic
disease progression determined the location of the second
biopsy, with 11 biopsies obtained from the same anatomic
site. Overall, the concordance between genomic alterations
found in pre- and posttreatment samples was high, and most
discordances were attributable to mutations found only in
the posttreatment samples (Supplementary Fig. S3). In this
paired sample analysis, we identified 2 patients with loss of
ERBB2 amplification and 1 patient with a focal ERBB2 exon
16 deletion exclusively in the sample collected following
disease progression on trastuzumab (Fig. 4C). In sum, in
the 44 post-trastuzumab samples from patients who were
HER2* by clinical IHC/FISH testing prior to treatment with
trastuzumab, 7 (16%) were ERBB2~ by targeted sequencing.
HER2 IHC analysis of the postprogression samples used for
NGS further confirmed that HER2 expression was either
lost or significantly lower at the time of disease progres-
sion in all 7 of these patients as compared with their corre-
sponding pretreatment samples. In 1 representative patient
shown in Fig. 4D, the pre-trastuzumab tumor was IHC 3+/
FISH>20 and ERBB2 amplified by NGS, whereas the sample
collected following disease progression on trastuzumab did
not express HER2 protein (IHC 0) and had no evidence of
ERBB2 amplification by either FISH (FISH 1.1) or sequenc-
ing analysis (Fig. 4D); additionally, the sample had a newly
acquired PIK3CA E545K mutation. Together, these results
suggest that selection for an ERBB2 nonamplified clone is
a recurrent mechanism of trastuzumab resistance in esoph-
agogastric cancer.
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curves (top) and multivariate analysis (bottom) showing favorable outcome in patients with ERBB2-amplified and RTK/RAS/PI3K-wild-type tumors. Patients
with tumors that were ERBB2- or ERBB2 amplified and RTK/RAS/PI3K pathway-activated had significantly shorter time to progression on first-line trastu-
zumab therapy, and patients in the highest quartile of ERBBZ levels as determined by sequencing had the best outcome. C, Analysis of somatic alterations in 23
pairs of matched pre- and post-trastuzumab samples. The oncoprint illustrates several oncogenic alterations, grouped by pathway, that are shared between or
private to the paired pre- or posttreatment samples. The cells of the oncoprint are split, with the alteration status in the pre- and posttreatment samples shown
in the top and bottom, respectively. D, A representative case illustrating loss of ERBB2 amplification and HERZ protein expression in the posttreatment sample,
confirmed by FISH and IHC, respectively. E, The structure of the acquired ERBBZ exon 16 deletion in a post-trastuzumab specimen. The relative DNA-sequencing
coverage is shown for each exon of ERBBZ and the adjoining genes on chromosome 17, as well as select intragenic regions. The post-trastuzumab sample had a

distinct, more focal, amplification that did not include exon 16 of ERBBZ.
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Among the notable somatic alterations in post-trastuzumab
tumors not present in pretreatment tUMmMors was a genomic
rearrangement resulting in deletion of ERBB2 exon 16 (Fig.
4E). This somatic alteration results in expression of the delta-
16 HER2 variant, which is constitutively hyperphosphoryl-
ated compared with the wild-type isoform, and which has
been shown to be resistant to anti-HER2 therapies in preclini-
cal breast cancer models (24-26). Oncogenic comutations in
KRAS were also identified in 1 tumor (1/50, 2%) collected prior
to trastuzumab treatment and in 3 tumor samples (3/23, 13%)
collected following disease progression. Similarly, known acti-
vating PIK3CA mutations were present in 1 (1/50, 2%) tumor
collected prior to trastuzumab therapy and in 2 (2/23, 8.6%)
tumors collected following disease progression. As the pres-
ence of a co-occurring alteration in the RTK/RAS/PI3K path-
way in pretreatment tumors was associated with shorter time
to progression on trastuzumab therapy, these results suggest
that, along with secondary alterations to ERBB2 and selection
for a clone lacking ERBB2 amplification, comutations that
induce RAS or PI3K pathway activation may be mechanisms
of both intrinsic and acquired resistance to trastuzumab in
patients with esophagogastric cancer.

DISCUSSION

We report the largest experience with prospective NGS
using a comprehensive cancer gene panel to guide ther-
apy and identify predictive biomarkers of drug response in
patients with esophagogastric cancer. We demonstrated that
multiplex sequencing of tumor and matched blood samples
from patients with esophagogastric cancer is efficient and
permits interpretation and utilization of results in clini-
cal practice. We generated an extensive dataset of manually
reviewed mutations, copy-number alterations, and genomic
rearrangements from 318 tumors from 295 patients with
mature clinical annotation of treatment response and survival
analyses on first-line platinum chemotherapy, trastuzumab,
and immune checkpoint inhibitor therapy. All genomic and
clinical data are publicly available through the cBioPortal
for Cancer Genomics (refs. 27, 28; http://www.cbioportal.
org/study?id=egc_msk_2017) to facilitate integration of this
dataset with those generated by other institutions. Within
the context of the AACR Project GENIE consortium (29), we
have also committed to making all future data as part of our
clinical sequencing of patients with esophagogastric cancer
publicly available promptly upon data generation.

Based on FDA approval of trastuzumab and pembroli-
zumab, reflex ERBB2 and MSI testing with the goal of guiding
treatment selection in patients with esophagogastric can-
cer should now be standard practice. Among level 2 altera-
tions identified in the MSK cohort, BRCA1/2 alterations may
have a role in identifying patients likely to respond to PARP
inhibitors or platinum chemotherapies. Notably, among the
potentially targetable kinase targets identified (ERBB2, EGFR,
MET, CDK4, FGFRI), many were found to be concurrent in
individual patients, suggesting that the clinical actionability
of these mutations will likely depend on developing effective
combination strategies.

NGS analysis identified patients with ERBB2-amplified or
MSI-H tumors with high concordance with standard assays.

Within the clinical HER2* cohort (as defined by IHC/FISH),
patients with ERBB2-amplified, RAS/PI3K wild-type tumors
derived the greatest benefit from trastuzumab-based therapy,
with clinical benefit greatest in those patients with the high-
est levels of ERBB2 amplification. Notably, 30% of clinical
HER2* patients lacked ERBB2 amplification by sequencing or
had comutations in the RTK-RAS-PI3K pathway, and such
patients had rapid disease progression and minimal benefit
from trastuzumab-based therapy. ERBB2 amplification as
defined by NGS may thus be a more robust biomarker of
clinically meaningful response to trastuzumab than current
IHC/FISH testing. In several of the patients with HER2 dis-
cordance between FISH/THC and NGS, discordance could be
attributed to tumor heterogeneity in regard to ERBB2 ampli-
fication. These results and the loss of ERBB2 amplification
in tumors collected postprogression on trastuzumab suggest
that selection for a non-ERBB2-amplified clone is a com-
mon mechanism of acquired resistance to trastuzumab-based
therapy in patients with esophagogastric cancer.

Patients with MSI-H tumors could be robustly identified by
NGS. Our data indicate that in the metastatic setting MSI-H
esophagogastric tumors are rare, but that such patients may
represent a chemotherapy-refractory subset. Pembrolizumab
was recently FDA approved for MSI-H tumors, irrespec-
tive of site of origin, and the data presented here suggest
that immunotherapy should be considered in patients with
MSI-H esophagogastric cancer early in their disease course,
as such patients are unlikely to respond to cytotoxic chemo-
therapy. We also observed a complete and durable response
(32 months and ongoing) to immune checkpoint blockade in
the only patient with an EBV* tumor. This dramatic outlier
response is consistent with the activity of immunotherapy in
other virus-associated tumors, such as Merkel cell carcinoma
(30), and suggests that routine EBV testing may aid in the
prospective identification of patients with esophagogastric
cancer most likely to benefit from immunotherapy.

A limitation of the current study was that the targeted cap-
ture approach used could not by definition detect alterations
in genes not included in the assay design, epigenetic mecha-
nisms of gene suppression such as promoter methylation of
the BRCA1/2 genes, or viral EBV DNA sequences. To address
the latter, probes designed to capture viral DNA sequences
will be included in future iterations of our clinical NGS plat-
form. This study also highlights that tumor heterogeneity
and acquisition of additional mutational events under the
selective pressure of therapy is common in esophagogastric
cancer. Sampling a single site of disease can never fully assess
clonal complexity and tumor heterogeneity in patients with
multisite metastatic disease. Therefore, circulating cell-free
DNA methods capable of detecting genomic alterations pre-
sent in genomically heterogeneous metastatic sites should be
pursued in future studies of this disease.

Although the favorable OS we observed in the MSK cohort
compared with the published literature may have been due in
part to access to novel therapies such as immune checkpoint
inhibitors, it also likely reflects the high proportion of patients
with ECOG 0-1 functional status (90% of patients) who were
thus sufficiently fit to receive second- and third-line therapies.
Additional clinical factors such as a multidisciplinary approach,
specialized nursing care, frequent symptom reporting, and
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aggressive early intervention in a highly specialized practice
likely further contributed to the favorable outcomes of patients
with esophagogastric cancer in the MSK cohort compared with
published data, and warrant future study.

In sum, the results reported here indicate that targeted
sequencing methods can robustly identify established and
investigational biomarkers of treatment response and drug
resistance, including MSI status, ERBB2 amplification, and
others, and can potentially guide choice of therapy. Given the
limited material available for genomic profiling and the high
degree of genomic heterogeneity present in esophagogastric
tumors, a multiplexed approach to the detection of multiple
known biomarkers of response, possibly using tumot-derived
cell-free DNA as input, will be needed to realize the promise
of precision medicine in patients with this aggressive and
often fatal disease.

METHODS

Patients with metastatic esophageal, gastric, and gastroesophageal
junction adenocarcinoma receiving therapy at Memorial Sloan Ket-
tering Cancer Center gave consent to an institutional review board-
approved protocol for prospective tumor genomic profiling between
February 2014 and February 2017. The studies were conducted in
accordance with the Declaration of Helsinki, International Ethi-
cal Guidelines for Biomedical Research Involving Human Subjects
(CIOMS), Belmont Report, or U.S. Common Rule.

All tumors were prospectively reviewed to confirm histologic sub-
type and Lauren classification, and to estimate tumor content. Of
376 tumors submitted for sequencing, 318 samples were included
in the final analysis (see CONSORT diagram in Supplementary Fig.
S4). We integrated genomic data with clinical characteristics, treat-
ment history, response, and survival data (as of September 2017).
OS time was measured from the date of diagnosis of stage IV disease
until the date of death or last follow-up. PFS and OS on first-line
platinum therapy and first-line chemotherapy with trastuzumab and
immune checkpoint inhibitors in chemotherapy-refractory patients
was calculated from the date of start of treatment to the date of
radiographic disease progression, death, or last evaluation. Clinical
HER?2 status was based on HER2 protein expression by IHC (positive
defined as 3+) or ERBB2 gene amplification by FISH using College of
American Pathologists (CAP)/American Society of Clinical Oncology
(ASCO) criteria. IHC analysis of mismatch repair proteins, and beta
2 microglobulin (B2M), and Epstein-Barr encoding region in situ
hybridization analysis was performed on a subset of tumors from
patients treated with checkpoint inhibitors.

The MSK-IMPACT assay was performed in a Clinical Labora-
tory Improvement Amendments (CLIA)-certified laboratory, initially
using a 341-gene panel and more recently 410- and 468-gene pan-
els (Supplementary Table SS5), as previously described, with results
reported in the electronic medical record (12, 31). The assay is
capable of detecting mutations, small insertions and deletions, copy-
number alterations, and select structural rearrangements. In a previ-
ously published validation set, ERBB2 amplification calls on this
NGS assay had an overall concordance of 98.4% with the combined
THC/FISH results (20). The PPV and NPV of our NGS assay with
respect to HER2 IHC/FISH were calculated in this cohort.

Tumors were assigned to consensus TCGA molecular subtypes:
CIN, GS, EBV, and MSI-H (3). We assessed tumors for MSI using the
MSIsensor method, and samples with a score >10 were classified as
MSI-H. Tumors were characterized as GS if the fraction of the auto-
somal genome affected by DNA copy-number alterations of any kind
(FGA) was less than 5%. We classified tumors that were neither EBV',
MSI, or GS as CIN (chromosomal instability). The OncoKB Precision

Oncology Knowledge Base was used (data from May 2017; ref. 14)
to infer the oncogenic effect and clinical actionability of individual
somatic mutations. Recurrent mutational hotspots were annotated
using cancerhotspots.org (32). We inferred allele-specific DNA copy
number using FACETS (33) to determine the zygosity of key mutant
tumor suppressors as well as to generate estimates of tumor purity.
We also inferred LST scores (34), based on the copy-number data,
from tumors with an analytically estimated tumor purity greater
than 20%. Samples with <20% tumor content were excluded from
the analysis.
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— The anti-HERZ2 antibody trastuzumab is standard care for advanced esophagogas-

tric (EG) cancer with ERBB2 (HER2) amplification or overexpression, but intrinsic
and acquired resistance are common. We conducted a phase Il study of afatinib, an irreversible pan-HER
kinase inhibitor, in trastuzumab-resistant EG cancer. We analyzed pretreatment tumor biopsies and, in
select cases, performed comprehensive characterization of postmortem metastatic specimens follow-
ing acquisition of drug resistance. Afatinib response was associated with coamplification of EGFR and
ERBB2. Heterogeneous 8Zr-trastuzumab PET uptake was associated with genomic heterogeneity and
mixed clinical response to afatinib. Resistance to afatinib was associated with selection for tumor cells
lacking EGFR amplification or with acquisition of MET amplification, which could be detected in plasma
cell-free DNA. The combination of afatinib and a MET inhibitor induced complete tumor regression in
ERBBZ and MET coamplified patient-derived xenograft models established from a metastatic lesion
progressing on afatinib. Collectively, differential intrapatient and interpatient expression of HERZ,
EGFR, and MET may determine clinical response to HER kinase inhibitors in ERBBZ2-amplified EG cancer.

SIGNIFICANCE: Analysis of patients with ERBB2-amplified, trastuzumab-resistant EG cancer who were
treated with the HER kinase inhibitor afatinib revealed that sensitivity and resistance to therapy were
associated with EGFR/ERBB2 coamplification and MET amplification, respectively. HER2-directed
PET imaging and cell-free DNA sequencing could help guide strategies to overcome the emergence of
resistant clones.

See related commentary by Klempner and Catenacci, p. 166.
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INTRODUCTION

Esophagogastric (EG) cancer represents a substantial
global health burden, with over a million patients diagnosed
worldwide each year (1). The incidence of EG cancer is rising
in developing countries, particularly in younger people (2).
Up to 30% of EG tumors harbor ERBB2/HER2 amplification
or overexpression (3-7). For these patients, trastuzumab (a
HER2-directed antibody) improves survival when combined
with first-line chemotherapy (3).

Although trastuzumab improves survival in patients with
ERBB2-amplified EG cancer, disease progression typically
still occurs within a year (3, 8). Therefore, novel treatment
approaches are urgently needed for trastuzumab-resistant
EG cancer. Unfortunately, the combination of trastuzumab
and pertuzumab, an antibody that inhibits HER2 dimer
formation, failed to improve survival in this population (9).
Furthermore, neither lapatinib (a reversible EGFR/HER2
kinase inhibitor) nor trastuzumab emtansine (T-DM1, an
antibody-drug conjugate consisting of trastuzumab linked
to the cytotoxic agent DM1) were effective in patients
with trastuzumab-refractory EG cancer (10, 11). However,
improved outcomes were observed in subsets of patients
with high tumor HER2 expression or ERBB2 amplification
detectable in plasma cell-free DNA (cfDNA) treated with
lapatinib plus chemotherapy (11, 12). Resistance to lapat-
inib therapy has been associated with reactivation of EGFR
and HER3 kinases (13, 14), and the irreversible pan-HER
kinase inhibitor afatinib blocks HER2 (14 nmol/L), EGFR
(0.5 nmol/L), as well as HER4 (1 nmol/L) kinase reactiva-
tion and can induce durable tumor regression in preclini-
cal models of ERBB2-amplified EG cancer (14-17). Dual
blockade with trastuzumab and lapatinib has also been
shown to induce prolonged inhibition of HER3 and EGFR
(14), mirroring the effect of single-agent afatinib, provid-
ing a rationale for combining HER2-directed therapies, an
approach that is effective in patients with ERBB2-amplified
breast cancer (18).

Building on these prior clinical and laboratory observa-
tions, we conducted a phase II study to determine the efficacy
and safety of afatinib and afatinib/trastuzumab in patients
with trastuzumab-refractory ERBB2-amplified EG cancer.
Genomic analysis of tumor samples collected before treat-
ment and at disease progression as well as functional imaging
with 8Zr-trastuzumab PET uncovered potential determi-
nants of sensitivity and resistance to therapy. Moreover, in
select patients who initially responded to afatinib but later
progressed on therapy, we performed research autopsies to
allow for analysis of multiple metastatic disease sites in order
to explore the molecular basis for heterogeneous responses
to afatinib.

RESULTS

Study Design and Summary of Clinical Outcomes
Patients were enrolled between March 2012 and April 2016.

Eligible patients had a diagnosis of HER2-positive (IHC 3+,

HER2:CEP17 FISH ratio > 2.0) metastatic esophageal, gas-

troesophageal (GE) junction, or gastric adenocarcinoma with
disease progression on at least one trastuzumab-containing

regimen. Other inclusion criteria included RECIST 1.1 meas-
urable disease, adequate performance status, and organ func-
tion. After the first 10 patients were enrolled, we noted that
loss of HER2 was a potential mechanism of trastuzumab
resistance (8), and thus the protocol eligibility was amended
to mandate confirmation of HER2-positive status by IHC 3+,
HER2:CEP17 FISH ratio = 2.0, or next-generation sequencing
(NGS) through analysis of a tumor sample collected follow-
ing progression on trastuzumab and prior to afatinib ther-
apy. In 3 patients treated with afatinib monotherapy (patients
4,13, and 17), HER2 status following trastuzumab resistance
could not be established because the repeat biopsy yielded
inadequate tumor content (HER2 assessment details for each
patient are provided in Supplementary Table S1). Dose reduc-
tions, management of toxicity, and criteria for treatment
discontinuation are summarized in Supplementary Methods.
Afatinib monotherapy was well tolerated, with diarrhea and
skin rash the most common treatment-related adverse events.
Grade 2 diarrhea requiring dose reductions was observed in
42% of patients treated with afatinib/trastuzumab despite the
prophylactic use of loperamide. A more detailed summary
of the adverse effects of afatinib and afatinib/trastuzumab
is available in Supplementary Table S2. Detailed clinical
information for all patients and tumor samples is given in
Supplementary Table S3.

Twenty patients were treated with afatinib monotherapy
administered orally at a dose of 40 mg daily. Five of these
patients (25%) had tumor reduction according to RECIST 1.1
criteria (Fig. 1A). However, because of the short duration of
response in some patients, the RECIST 1.1 objective partial
response rate was only 10% (2 of 20 patients). The median
progression-free survival was 2 months (95% CI, 1.8-3.51
months), with 3 patients (15%) progression-free at 4 months
(95% CI, 3%-33%). Median overall survival for patients treated
with afatinib was 7 months (95% CI, 3-11 months).

Given the modest clinical benefit of afatinib monotherapy
and preclinical data in patient-derived xenograft (PDX) mod-
els suggesting greater efficacy with a HER kinase inhibitor/
trastuzumab combination (13-15), a second cohort of 12
patients was treated with afatinib 30 mg daily in combination
with trastuzumab 4 mg/kg every 2 weeks. One patient (8%)
treated with the afatinib/trastuzumab combination achieved
a RECIST 1.1 partial response, and 2 (17%) had disease con-
trol for = 4 months (95% CI, 2.6%-41.3%). This was a heavily
pretreated population. Across the afatinib and afatinib/tras-
tuzumab cohorts, 75% and 33% of patients, respectively, had
progressed on 2 or more trastuzumab-based combination
therapies prior to study enrollment (see baseline patient char-
acteristics in Supplementary Table S4 and prior treatment
details in Supplementary Table SS5).

Tumor Regression on Afatinib Is Associated with
Coamplification of ERBB2 and EGFR

To identify molecular determinants of afatinib response,
we performed biopsies after trastuzumab therapy but prior to
initiation of afatinib or afatinib/trastuzumab in all patients.
Only 24 of 32 post-trastuzumab progression biopsies (75%)
yielded sufficient tumor material for genomic analysis (Fig.
1A), highlighting the logistic challenges associated with tumor
genomic characterization in patients with advanced EG cancer.
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Figure 1. Individual treatment outcomes of 20 patients treated with afatinib and 12 patients treated with afatinib and trastuzumab. A, Percentage
best change from baseline in the target lesion assessed by RECIST 1.1. Relevant clinical features (time on therapy, type of sequenced sample, and collec-
tion time point of the sequenced sample) plus key genomic alterations in sequenced samples are shown for each patient. SLD, sum of longest diameter
on CT scan. Ptl to Pt32 are IDs for all the patients in the study. For patients with multiple sequenced samples, the sample included in the oncoprint is
designed after a decimal. *, Nonevaluable. **, Sample uninformative due to low tumor content. B, Dual probe EGFR and ERBBZ2 FISH from patients 9, 30,
and 32, all of which were collected prior to protocol treatment, demonstrated diffuse and uniform ERBB2 and EGFR coamplification in virtually all tumor
cells. There was no additional tissue for dual probe FISH for patient 31. C, Percent change in 8Zr-trastuzumab PET SUV pre- versus post-therapy for
each individual lesion on CT in 1 patient treated with afatinib monotherapy and 7 patients treated with afatinib/trastuzumab. White stars inside the bar
plots denote lesions with resolution of uptake to baseline SUV.
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For 5 of the remaining 8 patients (63%), pre-trastuzumab
tumor biopsies yielded sufficient tumor material for genomic
analysis (Fig. 1A). Tumors were analyzed using the MSK-
IMPACT assay, a capture-based NGS platform that detects
mutations, copy-number alterations, and select rearrange-
ments in up to 468 cancer-associated genes (see Methods; refs.
19, 20). The OncoKB knowledge base was used to distinguish
alterations with known functional relevance from variants of
unknown significance (21). Notably, the 3 patients with the
highest percentage tumor regression on afatinib (patients 30,
31, and 32) had coamplification of ERBB2 and EGFR (mean
RECIST 1.1 percent change from baseline of —29% vs. +24%;
P = 0.025, one-sided Wilcoxon rank-sum test; Fig. 1A; Sup-
plementary Table S6). Using dual probe FISH, we confirmed
that the EGFR and ERBB2 coamplifications detected by NGS
of bulk tumor were the result of concurrent amplification of
both genes in the same tumor cells (Fig. 1B; Supplementary
Fig. S1). Patients whose tumors harbored KRAS (14%), PIK3CA
(10%), or NF1 (7%) mutations had rapid disease progression
on afatinib monotherapy (Fig. 1A). These data are consist-
ent with prior results demonstrating that mutations in the
RAS and PI3K pathways are associated with trastuzumab
resistance in ERBB2-amplified EG cancer (8, 12, 22-25). MYC
amplification, although identified in only 3 patients, was asso-
ciated with a lower likelihood of RECIST response (P = 0.04,
one-sided Wilcoxon rank-sum test; Fig. 1A).

Patient 9 was the only nonresponder with EGFR/ERBB2
coamplification. However, afatinib resistance in this case may
be explained by co-occurrence of MYC amplification and a
truncating mutation in NFI (Fig. 1A). Furthermore, we noticed
that EGFR amplification and expression, by dual probe FISH
and selected reaction monitoring-mass spectrometry (SRM-
MS), respectively, was lower in that patient compared with
the responders. The combination of afatinib and trastuzumab
did not show greater clinical activity. As was observed in the
afatinib monotherapy cohort, patients with comutations in
the RAS or PI3 kinase pathways experienced rapid disease
progression on afatinib/trastuzumab therapy (Fig. 1A).

Homogenous 89Zr-Trastuzumab Uptake
on Pretreatment PET May Predict for
Therapeutic Sensitivity

We previously reported that 8Zr-trastuzumab localizes to
HER2-positive EG tumors as measured by PET imaging (26).
Furthermore, in contrast to 8F-FDG and '8F-FLT PET, %Zr-
trastuzumab PET could noninvasively differentiate HER2-
positive from HER2-negative EG cancers preclinically (15).
As downregulation of HER2 expression by afatinib is associ-
ated with afatinib sensitivity in preclinical models (15), we
hypothesized that functional imaging with ¥Zr-trastuzumab
PET could identify afatinib-sensitive and afatinib-resistant
tumor sites prior to evidence of clinical progression. To test
this hypothesis, we performed #Zr-trastuzumab PET imag-
ing before treatment and before the first CT assessment (after
3-S5 weeks on therapy) in 8 patients, one treated with afatinib
monotherapy and seven with afatinib/trastuzumab.

All patients demonstrated #Zr-trastuzumab tumor uptake
in at least one disease site prior to therapy initiation. In the
pretreatment scans, we observed a wide range in median
standardized uptake values (SUV) among patients and among

lesions in individual patients (median SUVmax 15.6; range,
6.4-23.8; Fig. 1C; Supplementary Table S7). Four patients
(50%) had visible metastases on CT that did not exhibit
89Z¢r-trastuzumab uptake on PET, indicating pretreatment
intrapatient HER2 expression heterogeneity among disease
sites. All 4 of these patients demonstrated disease progression
within 6 weeks. Even when mean %Zr-trastuzumab uptake
declined 3 to 5 weeks after therapy, we observed intrapatient
lesion-to-lesion variability in this change (Fig. 1C). Notably,
the 3 patients with the strongest tumor regression on afatinib
and afatinib/trastuzumab therapy had uniformly high #Zt-
trastuzumab uptake (SUV >5) in all lesions visualized on CT
(see Fig. 1C). These data suggest that homogenous pretreat-
ment ¥Zr-trastuzumab uptake may be a marker of afatinib
sensitivity and that heterogeneous uptake at baseline or
variable #Zr-trastuzumab PET response may be indicators
of poor response to afatinib in ERBB2-amplified EG cancer.

Differential Intrapatient and Interpatient
Expression of the HER2, EGFR, and MET Kinases
May Determine Clinical Response to HER Kinase
Inhibitors in ERBB2-Amplified EG Cancer

To further explore the molecular basis of the variable
lesion-to-lesion %Zr-trastuzumab uptake observed in indi-
vidual patients and to identify potential mechanisms of
afatinib resistance, we obtained consent to perform warm
autopsies on 3 patients (patients 28, 30, and 31) who initially
responded to afatinib but later developed disease progression.
Patients 28 and 30 had undergone pre- and post-treatment
8Zr-trastuzumab PET imaging. Patient 30 had presented
with metastatic HER2-positive EG cancer initially treated
with preoperative carboplatin, paclitaxel, and radiotherapy,
followed by S5-fluorouracil, oxaliplatin, and trastuzumab,
with transient tumor response and disease progression after
7 months. Liver biopsies performed pretreatment and follow-
ing progression on trastuzumab revealed uniform, diffuse
ERBB2 and EGFR coamplification (within the same tumor
cells; Fig. 1B; Supplementary Fig. S1). The patient achieved
maximal tumor regression of 37% by RECIST 1.1 on afatinib
monotherapy, followed by disease progression at week 16.
89Zr-trastuzumab PET imaging pre-afatinib demonstrated
tracer uptake in a GE junction tumor (the primary disease
site), in a retroesophageal lymph node, and in a metastasis
in liver segment 2/3 (Fig. 2A). After 3 weeks of afatinib ther-
apy, repeat PET demonstrated variable change in 3°Zr-trastu-
zumab uptake in these lesions (see Fig. 2A). Specifically, there
was a decline in 8Zr-trastuzumab uptake at the retroesopha-
geal lymph node site (-67% change in SUV and resolution to
background activity) but persistently high %Zr-trastuzumab
uptake (-4% change in SUV) at the site of the segment 2/3
liver metastasis. Tracer uptake at the site of the GE junction
tumor also remained high on afatinib therapy (+10% change
in SUV), and a new segment 7/8 liver lesion not observed on
pretreatment CT and PET scans was now visualized by #Zr-
trastuzumab PET at week 3 (Fig. 2A). This segment 7/8 liver
lesion first visualized at 3 weeks by $Zr-trastuzumab PET
increased progressively in size from treatment initiation to
disease progression (Fig. 2A). Notably, clear radiographic
progression at this disease site occurred despite ongoing
response/stability in the retroesophageal lymph nodes and
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Figure 2. Intrapatient disease heterogeneity and selection for a non-EGFR-amplified tumor clone as mechanisms of afatinib resistance in patient 30.
A, Radiographic tumor assessment using 8°Zr-trastuzumab PET and conventional CT scan, with corresponding bar graphs. 8°Zr-trastuzumab PET values in
SUV and CT measurements in mm. 89Zr-trastuzumab PET images include 3 panels: left (pre-afatinib) is a baseline pretreatment image showing uptake in
segment 2/3 liver metastasis (SUV 16.4), GE junction (GEJ; SUV 21.5), and retroesophageal lymph node (RLN; SUV 9.1); middle (on afatinib) corresponds
to 3 weeks post-treatment initiation, showing resolution of retroesophageal lymph node (SUV 3.0) with decrease in size but persistent high uptake in
segment 2/3 liver lesion (SUV 15.8), similar uptake in GE junction (SUV 23.7), and a new lesion in liver segment 7/8 which appeared on 89Zr-trastuzumab
PET (SUV 8.6); right (progression) shows postprogression 8Zr-trastuzumab PET uptake in GE junction (SUV 28.5) and segment 7/8 liver lesion (SUV 9.0),
decreased uptake in liver segment 2/3 (SUV 12.3), and ongoing resolution of retroesophageal lymph node. B, Genomic comparison of matched pre- and
post-treatment primary and liver segment 2/3 and post-treatment progression liver segment 7/8 obtained at warm autopsy. EGFR amplification was
unique to the segment 2/3 liver lesion with ongoing response. The enlarging GE junction tumor and segment 7/8 liver metastasis were not EGFR ampli-
fied. In addition to a likely pathogenic mutation in PTEN (P95R, also present in a segment 2/3 liver lesion), the nonresponding metastases acquired an
amplification of CCND3. SUV, standardized uptake value on 8°Zr-trastuzumab PET; SLD, sum of longest diameter on CT scan. C, Phylogenetic tree show-
ing the inferred patterns of clonal evolution for the samples described in B.

other liver lesions on both CT and %Zr-trastuzumab PET
imaging.

Following discontinuation of afatinib treatment, the
patient clinically deteriorated and died, after which we per-
formed an autopsy to collect tumor tissue from the primary
tumor site and all visible metastatic sites (Fig. 2B). MSK-
IMPACT sequencing was then performed on all tumor tissues
and a matched normal blood specimen to explore the clonal
and evolutionary relationships among disease sites. Whereas
ERBB2 amplification was clonal and shared among all the
sampled disease sites, EGFR amplification was identified in

only the pre-afatinib liver biopsy and in only 1 of the 3 tumor
sites collected postmortem (liver segment 3).

These results indicate that EGFR amplification defined
a distinct subclone that colonized liver segment 2/3 but
branched off from other clones before trastuzumab and
afatinib therapy (Fig. 2C). Notably, we observed heteroge-
neity of EGFR copy-number status in two geographically
separate regions of the large segment 2/3 liver lesion: one area
positive and the other area negative for EGFR amplification.
The progressing disease sites at autopsy, although all lack-
ing EGFR amplification and possessing additional private
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Figure 3. Acquired MET amplification as a mechanism of afatinib resistance in patient 31 with EGFR- and ERBB2-amplified EG cancer. A, Genomic
comparison of matched pretreatment biopsy with post-treatment metastases obtained at warm autopsy demonstrating acquired MET amplification.

B, SRM-MS analysis of liver metastasis sample obtained on afatinib with postprogression autopsy sample revealing increased MET and HERZ2 as well as
decreased EGFR expression. PCTL, percentile. C, Efficacy of afatinib and afatinib/AMG 337 in a MET/EGFR/ERBBZ2-amplified PDX model established
from patient 31. The combination of afatinib/AMG 337 resulted in complete tumor response at 21 days in MET/EGFR/ERBBZ2-amplified PDX. Red arrow
indicates when the mice were rechallenged with the afatinib/AMG 337 combination following discontinuation of drug treatment, with durable tumor

control again achieved.

mutations, were clonally related and defined by a likely func-
tional shared mutation in PTEN (P95R), and a focal amplifi-
cation of CCND3. In sum, these data suggest that preexistent
heterogeneity of EGFR amplification may account for the
patient’s mixed response to afatinib therapy, with drug resist-
ance arising through selection for a preexistent EGFR wild-
type, ERBB2-amplified clone with additional coalterations of
PTEN and CCND3.

A second patient (patient 31), a 61-year-old with stage IV
gastric adenocarcinoma that was metastatic at diagnosis, had

a 6-month transient response to first-line fluorouracil/oxali-
platin in combination with trastuzumab. Tumor genomic
profiling of a liver metastasis collected post-trastuzumab
identified ERBB2 and EGFR coamplification, and the patient
subsequently received afatinib monotherapy, achieving a con-
firmed partial response (best response 43% tumor regression
by RECIST 1.1), followed by clinical progression at 12 weeks
(Fig. 3). The patient succumbed to the disease within 6 weeks
of afatinib discontinuation. Lesions in the primary tumor
as well as the liver, pancreas, mesentery, lung, and lymph
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nodes were collected at autopsy and subjected to tumor
molecular profiling. A comparison of the sequencing results
from postmortem tumor specimens and the primary tumor
biopsy specimens collected prior to afatinib/trastuzumab
treatment demonstrated a TP53 R248W mutation in all dis-
ease sites. MET amplification was, however, detected only in
the post-afatinib progression sites. This MET amplification
was further confirmed using FISH (MET/Cen 7 >10; Fig.
3A). SRM-MS analysis of tumor samples collected at autopsy
also confirmed uniformly high MET protein expression in
all progressing lesions (Supplementary Table S8). Notably,
a liver metastasis sampled both during afatinib therapy and
at autopsy showed increased MET and HER2 as well as
decreased EGFR protein expression in the postprogression
versus on-treatment samples (Fig. 3B).

Amplification of MET has been previously proposed as a
resistance mechanism to HER2 blockade in HER2-positive
gastric cancer (23, 27-29). To determine whether MET ampli-
fication was sufficient to confer afatinib resistance in this
patient, we studied a PDX model generated from a postpro-
gression sample collected following progression on afatinib.
We treated mice bearing this PDX with either afatinib, the
MET kinase inhibitor AMG 337, a combination of both
agents, or the vehicles only as control. Neither afatinib nor
AMG 337 alone had an effect on PDX growth (Fig. 3C). How-
ever, the afatinib/AMG 337 combination induced durable
tumor regression. By day 21, tumors were no longer palpable
and treatment was halted, which resulted in subsequent
tumor progression that by day 35 had reached a mean vol-
ume of ~300 mm?®. The mice were then rechallenged with the
afatinib/AMG 337 combination, with durable tumor control
again achieved.

A third patient (patient 28) had stage IV ERBB2-ampli-
fied gastric cancer metastatic to the peritoneal cavity. This
patient had a prolonged 24-month response to first-line tras-
tuzumab, fluorouracil, and oxaliplatin. The tumor collected
post-trastuzumab progression had ERBB2 amplification, but
in contrast to the afatinib-sensitive patients described above,
we did not observe EGFR coamplification in tumor or plasma
cfDNA analysis (Supplementary Table S9). Pretreatment
imaging showed %Zr-trastuzumab PET tracer uptake in the
primary gastric mass, a peritoneal perigastric metastasis, and
a left ovarian metastasis (Fig. 4A). A repeat scan following
5 weeks of afatinib/trastuzumab showed resolution of tracer
uptake in the perigastric metastasis and the primary gastric
mass but persistently elevated uptake in the ovarian metasta-
sis, the site of eventual disease progression. A subsequent CT
demonstrated regression of the perigastric peritoneal metas-
tasis on afatinib/trastuzumab combination therapy, with an
overall reduction of 22% in measurable disease by RECIST
1.1 criteria. The patient remained on afatinib/trastuzumab
for 31 weeks, with subsequent disease progression mani-
fested as an enlargement of the ovarian metastasis. cfDNA
analysis at the time of disease progression on combined
afatinib/trastuzumab revealed persistent ERBB2 amplifica-
tion, in addition to MET amplification that was not present
in the pretreatment tumor biopsy (Fig. 4B and C; Supple-
mentary Table S9). The progressing ovarian metastasis was
subsequently resected, and tumor genomic profiling of this
treatment-resistant disease site confirmed ERBB2 and MET

coamplification. Given the acquired MET amplification on
afatinib/trastuzumab therapy, the patient was treated with
afatinib in combination with cabozantinib, a multitargeted
kinase inhibitor that inhibits MET among other kinase tar-
gets. Despite an initial decline in tumor markers, the patient
clinically deteriorated and died. Analysis of multiple disease
sites collected at autopsy revealed MET amplification only
in the progressing ovarian metastasis and in a new perirec-
tal metastasis not detected by pretreatment imaging. By
contrast, the perigastric metastasis and the primary tumor
site did not harbor a MET amplification, and both demon-
strated ongoing response to afatinib/trastuzumab combina-
tion therapy (Fig. 4C). On dual EGFR/ERBB2 FISH, there
was heterogeneity within the perirectal metastasis, with all
cells demonstrating ERBB2 amplification but a mixture of
non-EGFR-amplified and low-level EGFR-amplified cells (Fig.
4D). This heterogeneity was reflected in the observed EGFR
amplification as detected by cfDNA (Fig. 4B).

DISCUSSION

We report the results of a phase II study of afatinib
monotherapy and combined afatinib and trastuzumab com-
bination therapy in patients with trastuzumab-resistant EG
cancer. Integral to this study were analyses of pretreatment
tumor biopsies with the goal of identifying determinants of
afatinib sensitivity and, in responding patients, evolution-
ary analyses of samples collected following disease progres-
sion at the time of warm autopsy, to explore the effect of
tumor heterogeneity on drug response. We observed that
coamplification of EGFR was associated with clinical benefit
with afatinib in ERBB2-amplified EG cancer and believe that
this hypothesis should be further investigated in a larger
cohort of EG patients. Because prior phase II results showed
no meaningful response to afatinib in patients with EGFR-
amplified EG tumors lacking ERBB2 amplification, our data
suggest that patients with coamplification of both ERBB2
and EGFR may be most likely to respond to pan-HER kinase
inhibitors such as afatinib (16). Coamplification of ERBB2
and EGFR was not, however, required for afatinib response,
as the combination of afatinib with trastuzumab showed
modest clinical activity in ERBB2-amplified tumors lacking
EGFR amplification. Furthermore, EGFR-selective inhibitors
such as cetuximab and gefitinib have demonstrated activity
in EGFR-amplified tumors lacking ERBB2 amplification, sug-
gesting that these agents may have a different efficacy profile
than afatinib (30-33).

In this study, we performed warm autopsies with the goal
of sampling multiple tumor sites to explore the relationship
between intrapatient tumor heterogeneity and treatment
response. In each case, the paired analysis of drug-sensitive
and drug-resistant tumor sites identified a likely resistance
mechanism. More specifically, we observed that afatinib
resistance was associated with selection for a tumor clone
that either lacked a sensitizing amplification (EGFR ampli-
fication) or had gained a resistance amplification (MET
amplification). The results support the hypothesis that the
limited efficacy of targeted kinase inhibitors in EG can-
cer is the result of rapid selection for or against driver
amplifications that are heterogeneously present within an
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Figure 4. Noninvasive detection of acquired MET amplification as a mechanism of afatinib/trastuzumab resistance using cfDNA. A, Radiographic
tumor assessment using 8Zr-trastuzumab PET and conventional CT scan, with corresponding bar graphs in patient 28. 89Zr-trastuzumab PET values in
SUV and CT measurements in mm. Left, a baseline pretreatment 89Zr-trastuzumab PET image showing uptake in a left ovary metastasis (SUV 5.1) not
visible in this projection, perigastric peritoneal metastasis (SUV 7.2, lower arrow), and gastric mass (SUV 8.2, upper arrow). Right, 8%Zr-trastuzumab

PET 5 weeks post-treatment initiation, showing resolution of uptake in the perigastric peritoneal metastasis (SUV 1.8) and gastric mass (SUV 3.9) and
persistently high uptake in the left ovarian metastasis (SUV 5.2) not seen on maximum intensity projection (MIP) images. B, cfDNA analysis at the time of
disease progression on afatinib/trastuzumab, demonstrating ERBB2 and MET amplification (results for additional time points are provided in Supplemen-
tary Table S9). C, Genomic comparison of matched pretreatment biopsy with post-treatment tumor tissue collected from the left ovarian metastasis and
subsequently at rapid autopsy, demonstrating acquired MET amplification unique to the progressing lesions. The perigastric metastasis (met) and the pri-
mary tumor, both of which demonstrated ongoing response to afatinib/trastuzumab, did not harbor MET amplification. D, Dual probe EGFR and ERBBZ2 FISH
from a perirectal tumor biopsy collected after treatment demonstrated ERBB2 amplification and low-level gain of EGFR in a subset of tumor cells.

individual patient, a hypothesis consistent with a recently
published study of matched primary and metastatic biopsies
that noted that amplifications of ERBB2, EGFR, and MET
were frequently discordant between primary and metastatic
tumor sites (34).

Notably, we were able to generate a PDX model from a
drug-resistant tumor site in one of the patients in whom
treatment resistance was associated with selection for a MET-

coamplified tumor. Analysis of this PDX model in the labora-
tory indicated that whereas afatinib and the MET inhibitor
AMG 337 had no activity when used alone, cotreatment with
both induced complete tumor regression, thus confirming
that MET amplification was sufficient to induce afatinib
resistance in this patient. Also notably, in one of the 2
patients, we were able to noninvasively detect the MET ampli-
fication by analyzing tumor-derived DNA in plasma (cfDNA),
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suggesting that cfDNA analysis could noninvasively identify
patients for whom EGFR and MET kinase inhibitor combina-
tions would be most appropriate.

In the current study, we also show that HER2-directed
functional PET imaging using #Zr-trastuzumab can nonin-
vasively identify tumor heterogeneity, which may be predic-
tive of subsequent drug response. Although the number of
patients imaged was small, we did observe resolution of 8Zt-
trastuzumab uptake on PET imaging at some disease sites at
early time points with tumor regression at these same sites
on subsequent CT scans. These results suggest that HER2-
directed PET imaging may represent a potential noninvasive
tool to predict therapy response within weeks of therapy ini-
tiation. Early increases in 8Zr-trastuzumab uptake may also
be useful in identifying treatment-resistant disease sites prior
to visible disease progression on traditional CT or MRI imag-
ing. Hence, the potential uses of #Zr-trastuzumab PET could
extend beyond detection of HER2-positive lesions to include
facilitation of individualized patient care and management.

In summary, we find that concurrent amplification of
EGFR and ERBB2 is associated with response to the HER
kinase inhibitor afatinib in patients with trastuzumab-refrac-
tory EG cancer. Heterogeneous uptake of 8Zr-trastuzumab
measured noninvasively by PET was associated with disease
progression. Analyses of multiple disease sites sampled at the
time of disease progression indicated several potential media-
tors of afatinib resistance, including loss of EGFR amplifica-
tion and gain of MET amplification.

METHODS

Study Design and Treatment

This was a single-institution investigator-initiated phase II study
of oral afatinib 40 mg daily (cohort 1) or afatinib 30 mg daily with
intravenous trastuzumab 4 mg/kg every 2 weeks (cohort 2). The
study protocol and all amendments were approved by the Memorial
Sloan Kettering institutional review board, and the protocol was con-
ducted in accordance with the Declaration of Helsinki, International
Ethical Guidelines for Biomedical Research Involving Human Sub-
jects (CIOMS), the Belmont Report, and the US Common Rule. All
patients provided written informed consent. A CONSORT diagram
is provided as Supplementary Fig. S2.

Study Assessments

The primary endpoint of the study was overall clinical benefit
defined as best overall response rate (ORR; stable disease, complete
or partial response) at 4 months. Adverse events were assessed accord-
ing to National Cancer Institute Common Terminology Criteria for
Adverse Events (CTCAE) version 4.0.

Biomarkers

To identify predictive biomarkers of response and molecular mech-
anisms of resistance, NGS, FISH, IHC, and PDX studies were prespeci-
fied in the initial version of the protocol, which was later amended
to also include #Zr-trastuzumab PET imaging. Patients were also
enrolled to a separate institutional review board-approved tissue pro-
curement protocol, which provided consent for the mass spectrom-
etry, plasma cfDNA, and autopsy studies. cfDNA collected during
treatment of patient 28 was analyzed using the Guardant360 assay
(35). The MSK-IMPACT assay was performed initially using a 341-
gene and later 410-gene and 468-gene panels (Supplementary Table
$10), as previously described (8). Multicolor FISH was performed

using a probe mix containing equal parts of custom Kreatech MET
(7q31) red, EGFR (7p11) green, and ERBB2 (17q12) blue FISH probes
(Leica Biosystems). HER2, EGFR, and MET protein levels were quanti-
tated by targeted mass spectrometry (SRM-MS) using the NantOmics
processing pipeline, as previously described (36-38). High protein
expression was set by SRM level for MET > 1,500 amol/ug, EGFR 2>
1,200 amol/ug, and HER2 > 750 amol/ug (36-38).

Statistical Analysis

Each treatment group was evaluated separately for the primary
endpoint of ORR, cohort 1 using a Simon two-stage study design
(39) with 80% power to reject the null hypothesis of ORR 5% (insuf-
ficient drug activity), assuming that the true ORR was 20%, with
one-sided o = 0.05. In the first stage, 13 patients were treated with
afatinib, and based on 2 responses, accrual was expanded in stage 2
to 19 additional patients. After 20 patients were treated with afatinib,
the trial was amended based on synergy observed in preclinical
models to combined afatinib and trastuzumab (cohort 2). Cohort
2 was evaluated using the exact binomial single-stage design with
unacceptable response rate of 7% against an acceptable response rate
of 25% (at least 5 of 26 responding). Accrual was stopped after only
1 response was observed out of 12 patients treated in cohort 2, and
because afatinib with trastuzumab was poorly tolerated.

CT and 8Zr-Trastuzumab PET Assessments

CT or MRI scans were performed at baseline and every 8 weeks
thereafter with response assessments quantified using RECIST 1.1
criteria. Best overall responses were derived from tumor meas-
urements provided by the study-site radiologist. In patients who
were willing to undergo additional imaging, 89Zr-trastuzumab PET
imaging was performed before treatment and before the first CT
assessment (after 3-5 weeks on therapy) as an exploratory objec-
tive to assess early changes on protocol therapy. We have previ-
ously reported on the pharmacokinetics and serial biodistribution
of %Zr-trastuzumab in patients with HER2-positive EG cancer
(NCT02023996; ref. 26). Trastuzumab conjugated with desferriox-
amine and radiolabeled with 3Zr was administered intravenously
as previously described (26). The %Zr-trastuzumab images were
reviewed together with available conventional CT/MRI for concord-
ance of tumor targeting. Heterogeneity of tumors was assessed on
a per-lesion basis by aligning %Zr-trastuzumab PET and CT/MRI
images on a Hermes Medical Imaging workstation. Intrapatient het-
erogeneity was defined as 8?Zr-trastuzumab PET-positive imaging in
some but not all lesions identified on CT/MRI (see Supplementary
Table S7).

Data Availability

All genomic and clinical data from this study are publicly available
through the cBioPortal for Cancer Genomics (http://cbioportal.org/
study?id=egc_msk_afatinib_2018; refs. 40, 41).
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Caveolin-1 mediates cellular distribution of HER2
and affects trastuzumab binding and therapeutic
efficacy

Patricia M.R. Pereira', Sai Kiran Sharma', Lukas M. Carter!, Kimberly J. Edwards', Jacob Pourat’,

Ashwin Ragupathi!, Yelena Y. Janjigian?, Jeremy C. Durack'? & Jason S. Lewis@® 13426

Human epidermal growth factor receptor 2 (HER2) gene amplification and/or protein
overexpression in tumors is a prerequisite for initiation of trastuzumab therapy. Although
HER2 is a cell membrane receptor, differential rates of endocytosis and recycling engender a
dynamic surface pool of HER2. Since trastuzumab must bind to the extracellular domain of
HER2, a depressed HER2 surface pool hinders binding. Using in vivo biological models and
cultures of fresh human tumors, we find that the caveolin-1 (CAV1) protein is involved in
HER2 cell membrane dynamics within the context of receptor endocytosis. The translational
significance of this finding is highlighted by our observation that temporal CAV1 depletion
with lovastatin increases HER2 half-life and availability at the cell membrane resulting in
improved trastuzumab binding and therapy against HER2-positive tumors. These data show
the important role that CAV1 plays in the effectiveness of trastuzumab to target HER2-
positive tumors.
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nrestrained activation of human epidermal growth factor

receptor 2 (HER2) contributes to aberrant tumor growth;

and HER2 gene amplification, messenger RNA or protein
overexpression, has been observed in patients with breast or
ovarian cancer!. HER2 overexpression has also been reported in
patients with gastric cancer, bladder carcinomas, gallbladder, and
extrahepatic cholangiocarcinomas?. HER2 has no known ligand,
but remains the most preferred dimerization partner to potentiate
downstream oncogenic signaling by members of the HER family.
Prior to the development of targeted anti-HER2 therapy, patients
with HER2-positive tumors demonstrated reduced disease-free
survival compared to patients whose tumors expressed low levels
of HER23. These findings established HER2 as a therapeutic
target and a tumor biomarker. Over the past two decades, clinical
evidence has unequivocally demonstrated that the inhibition of
this oncogene improves treatment outcomes, and has led to the
emergence of several effective anti-HER2 therapies?.

Among these agents, anti-HER2 therapeutic antibodies (e.g.,
trastuzumab and pertuzumab), antibody-drug conjugates (ADCs,
e.g., trastuzumab emtansine; TDM1), and trastuzumab imaging
agents (when radio- or fluorescently-labeled®>-8) have changed the
prognosis of both breast and gastric cancer patients. However,
heterogeneity in HER2 expression or equivocal HER2 status
warrants attention in trastuzumab-based imaging and therapeutic
strategies” 3. A lack of correlation between histologic HER2-
positivity and tumor uptake of, e.g., zirconium-89 (3Zr)-labeled
trastuzumab has been observed in patients with breast cancer’>14.
These results suggest that determination of overall amplification
and/or overexpression of HER2 alone are insufficient to predict
response to treatment with trastuzumab.

Clinically, the anti-tumor activity of trastuzumab is attributed
to more than a single mechanism of action. Direct action of the
antibody is premised on receptor downregulation and subsequent
alterations to intracellular signaling including attenuation of
downstream pro-tumorigenic cell signaling, inhibition of
HER?2 shedding, and inhibition of tumor angiogenesis. On the
other hand, indirect action due to activation of an immune
response via antibody dependent cell-mediated cytotoxicity
(ADCC) has also been proposed as a mechanism of action for this
drug!>~17. Trastuzumab binding to cancer cells is highly depen-
dent on the availability of HER2 at the cell membrane. The
current status of patient selection for trastuzumab therapy is
based on HER2-positivity using DNA- and protein-based
assays!8, However, these assays could overestimate HER2-posi-
tivity, as some of the stained antigen may be intracellular and,
therefore, unavailable to engage trastuzumab at the tumor cell
surface. This would translate as minimal benefit to such patients
from trastuzumab-based therapy since the antibody can only
target HER2 available at the cell membrane.

Notably, cell-surface receptors involved in tumor development
are characterized by abnormal trafficking from the cell membrane
to intracellular compartments!®20, Distinct from HER2, endo-
cytosis of the other members of the HER family occurs after
ligand binding?. Although HER2 has no known ligand, the open
conformation of the extracellular domain contributes to the
dynamics of the HER2 surface pool?l:?2. The localization of
HER2 at the membrane is a heterogeneous and dynamic pro-
cess!?2324 governed by differential rates of endocytosis and
recycling?%?42>, Tn addition to cell membrane expression, HER2
localizes in the cytoplasm?® and nucleus?’.

Several studies have demonstrated that at the cell membrane,
HER? is localized in caveolae domains?8. Caveolae are caveolin-1
(CAV1) enriched subdomains of the plasma membrane, which
are deregulated in cancer cells and contain a high content of
cholesterol and sphingolipids?®-30. Others have demonstrated that
HER?2 co-localizes with the lipid-raft marker GM13! and interacts

with the lipid-raft associated oncoprotein mucin-1-c32. After
binding to the extracellular domain of HER2, the tumor sup-
pressor opioid binding protein/cell adhesion molecule like
(OPCML) induces HER2 degradation through the caveolae-
associated endosomal pathway>2. Importantly, the depletion of
membrane cholesterol results in HER2 confinement at the cell
membrane33.

Intrinsic defects in the endocytic machinery responsible for
HER2 downregulation correlate with unresponsiveness to tras-
tuzumab therapy’%. Tt is suggested that caveolae-mediated
endocytosis is involved in resistance to treatment with TDM1
and trastuzumab3>3°, We hypothesize that modulation of the
caveolae membrane domains could promote stability of HER2 at
the cell membrane and improve binding of trastuzumab to target
cells. In this study, we demonstrate how CAV1 can influence
HER?2 expression and stability at the cell membrane.

Results

HER2 interacts with CAV1. To address cell-surface
HER?2 stability in CAV1-positive vs. CAV1 negative cells, we
first explored protein-protein associations between HER2 and
CAV1 in a panel of cancer cell lines (Fig. 1a and Supplementary
Fig. 1a, b). Mining the Cancer Cell Line Encyclopedia database’’
for breast, gastric and bladder cancer lines revealed that protein
expression of HER2 is inversely correlated with that of CAV1,
bearing a Spearman’s rank correlation coefficient (r) of —0.54
(P<0.0001, Spearman’s correlation). Western blot analysis of a
panel of 14 cell lines supported the inverse correlation between
HER2 and CAV1 protein expression (r=—0.58, P=0.03,
Spearman’s correlation). UMUC14 bladder, NCIN87 gastric,
BT474 and SKBR3 breast cancer cell lines exhibited the highest
ratio of HER2-to-CAV1 protein levels (Fig. 1a) and were chosen
for use in subsequent in vitro and in vivo experiments.
HER2-CAV1 protein associations were also correlated using the
STRING database, which allows for the determination of
protein—protein interactions based on experimental and compu-
tationally predicted associations. This analysis yielded a high-
confidence association value (score>0.700, Supplementary
Fig. 1c). The network generated for HER2 and CAV1 proteins
using the STRING database revealed that CAV1 has a negative
molecular action on HER2. Altogether, these findings support a
seesaw effect between CAV1 and HER?2 proteins.

CAV1 contributes to cell membrane HER2 density. Given that
CAV1 associates with HER2 and that CAV1 expression in
malignancies may be clinically significant for cancer diag-
nosis?®30, we sought to determine if CAV1 expression is corre-
lated with HER2 density at the cell membrane. We observed that
HER2 does not exhibit predominant membrane localization in all
cell clusters of NCIN87 (HER2-positive gastric cancer cell lined)
tumor xenografts (Fig. 1b). These observations are consistent with
recent reports of HER2-positive gastric tumors having different
HER2 densities at the cell membrane®®. In cancer cells where
CAV1 is absent, HER2 is exclusively present at the cell membrane
(Fig. 1c highlighted by the dashed white circles 1 and 3). On the
other hand, cancer cells expressing CAV1 exhibit reduced
HER?2 staining at the cell membrane (Fig. 1c highlighted by the
dashed white circles 2 and 4). Consistent with these findings,
immunofluorescence staining of HER2-positive tumor samples
obtained from gastric cancer patients revealed that cells with high
expression of CAV1 have low membrane staining of HER2
(Fig. 1d). In HER2-positive tumor samples containing low
expression levels of CAV1, HER2 exhibits predominant mem-
brane staining. Altogether, the immunofluorescence analyses of
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Fig. 1 Seesaw effect between CAV1 and HER2 proteins. a Association between CAV1 and HER2 in gastric (NCIN87, KATOIII), bladder (HT1197, UMUC14,
UMUC3), breast (MDAMB231, MCF-7, BT474, SKBR3), pancreatic (BxPc3, MiaPaCa, Suit2) and prostate (LnCap, Pc3) cancer cells. The level of CAV1 (y-
axis) and HER2 (x-axis) are expressed as the ratio of protein/p-actin control, as determined by western blot analysis (upper panel). The non-parametric
one-tailed Spearman test was used to determine the correlation coefficients. Rygra/cava, ratio of HER2-to-CAV1 protein levels as determined by western
blot analysis from total extracts (lower panel). b Confocal images of immunofluorescence staining of HER2 in s.c. NCIN87 gastric tumors from athymic
nude mice, showing that HER2 does not exhibit a predominant membrane staining. Scale bars: 100 pm and 50 pm (inset). ¢ Confocal images of
immunofluorescence staining of HER2 and CAV1 in s.c. NCIN87 gastric tumors from athymic nude mice. HER2 presence at the cell membrane in cells
where CAV1is absent (cell clusters 1 and 3) and HER2 almost absent at the cell membrane in cells where CAV1 is present (cell clusters 2 and 4). Scale
bars: 50 um. d Confocal images and quantification (mean £ S.E.M, n = 3) of immunofluorescence staining of HER2 and CAV1 in human HER2-positive
gastric tumors containing high (Patient 1) and low (Patient 2) expression of CAV1. HER2 predominant presence at the cell membrane in CAV1-negative
tumors (Patient 2). Scale bars: 50 pm. @ Western blot analysis of the distribution of HER2 and CAV1 in caveolae fractions isolated from NCIN87 cells.
f Western blot of HER2 and CAV1 in the total lysates of NCIN87 cells after blocking protein synthesis with 80 pg mL~T CHX for 0, 12, 24, 30, 48, 60, 72,
and 96 h. CHX cyclohexamide. g HER2 and CAV1 have similar half-lives. Half-lives calculated after western blot analysis of Fig. 1f. Density of western blot
bands was quantified by scanning densitometry with ImageJ software. Half-lives were calculated as the time required for protein decrease to 50% of its
initial level (mean £S.E.IM, n=4)
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preclinical and clinical samples indicate that CAV1 expression investigate if depletion of CAV1 would result in improved
plays a role in HER2 antigen density at the cell membrane. HER?2 stability at the cell membrane. To this end, we first used a
Additional subcellular fractionation experiments confirmed pool of three target-specific 20-25 nucleotides (nt) small-
that HER2 is present, with CAV1, in the same lipid-rich fractions interfering RNA (siRNA) to knockdown CAVI1 protein (Sup-
(Fig. 1e). HER2 and CAV1 half-lives were estimated in cells plementary Fig. 3a). Cell-surface biotinylation experiments were
treated with an inhibitor of protein biosynthesis, cycloheximide, performed to analyze HER2 expression and localization in the
CHX (Fig. 1f, g and Supplementary Fig. 2). The actin-normalized plasma  membrane.  siRNA-mediated  knockdown  of
HER2 or CAV1 protein expression levels (relative to t =0) were CAV1 slightly increased (1.4 + 0.2, mean + S.EM, n = 3) HER2 at
plotted over time, and protein half-life was estimated from a the cell membrane for NCIN87 cells (Fig. 2a) and UMUCI4 cells
monophasic exponential fit using GraphPad Prism (Fig. 1g). The (Supplementary Fig. 3b), without alteration of total HER2 protein
estimated half-life of HER2 was similar to CAV1 in NCIN87 levels. In contrast, when we used clustered regularly interspaced
gastric, BT474 and SKBR3 breast cancer cell lines. Collectively, short palindromic repeats (CRISPR) activation plasmid to
these results support the association between CAV1 and HER2.  increase CAV1, we found that forced CAV1 overexpression
promotes loss of HER2 at the cell membrane (Fig. 2b and Sup-

plementary Fig. 3c). While CAV1 depletion resulted in a slight

Depletion of CAV1 improves trastuzumab binding. The inverse increase in cell-surface HER2, a more pronounced effect of
correlation between CAV1 and HER2 expression led us to knocking down CAV1 was demonstrated by the extended half-life
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Fig. 2 In vitro CAV1 depletion increases HER?2 stability at the cell membrane. a Western blot of biotinylated cell surface-associated HER2 along with HER2
and CAV1 in total lysates of NCIN87 cells transfected with CAV1 siRNA or scrambled control siRNA constructs or b transfected with CAV1 CRISPR
activation plasmid or control CRISPR activation plasmid. HER2 protein levels increase at the cell surface after CAV1 depletion (1.4 £ 0.2, mean £ SEM, n=
3). BT biotinylation. € Western blot of biotinylated cell surface-associated HER2 in NCIN87 cells transfected with CAV1 siRNA or scrambled control siRNA
constructs and blocking protein synthesis with 80 ug mL~1 CHX. CHX cyclohexamide. d Half-lives of cell surface-associated HER2 (mean + S.E.M, *P < 0.05
based on a Student's t-test, n =5). e, f Western blot analysis of internalized HER2 (e) or cell surface-associated HER2 (f) on NCIN87 cells transfected with
either control or CAV1 siRNA and treated with TpuM trastuzumab. g Membrane-bound and internalized [8°Zr]Zr-DFO-trastuzumab before and after CAV1
knockdown or CAV1 depletion with methyl-B-cyclodextrin (MBCD) or filipin in NCIN87 cancer cells (bars, n=>5, mean = S.E.M, ***P <0.001 based on a
Student's t-test). h NCIN87 cells transfected with CAV1 siRNA or scrambled control siRNA constructs were incubated with [89Zr]Zr-DFO-trastuzumab
(0 to 125 uM) for 3 h at 4 °C (upper panel). Specific binding of [89Zr]Zr-DFO-trastuzumab (black circles, red squares) and non-linear regression curve fit
(dotted lines). Data are presented as mean * S.E.M, n = 3. Binding parameters (lower panel) of [8%Zr]Zr-DFO-trastuzumab to NCIN87 cells scrambled
control, treated with CAV1 siRNA or with lovastatin (*P < 0.05 based on a Student's t-test, n=5). i Western blot of CAV1 and phosphorylated HER2
proteins from total extracts of NCIN87 cells incubated with 25 pM of lovastatin for 4 h. p-actin was used as a loading control. j Confocal images of
immunofluorescence of HER2 in NCIN87 cells incubated with 1pM trastuzumab for 90 min in the presence and absence of lovastatin. Scale bars: 20 pm
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(P <0.05, Student’s t-test) of HER2 at the cell membrane (Fig. 2c,
d and Supplementary Fig. 3d, e) in NCIN87, UMUCI14, and
BT474 cancer cells. Knockdown of CAV1 in HER2-positive
SKBR3 breast cancer cell line, did not impact the HER2 cell-
surface half-life (Supplementary Fig. 3f) plausibly due to the low
levels of caveolae in this cell line3! (Supplementary Fig. 1a). In
direct comparison, the membrane-bound HER?2 half-life was 2.2-,
1.5-, and 2.0-fold higher in CAV1-depleted NCIN87, UMUC14
and BT474 cells, respectively.

Following trastuzumab binding, HER2 is internalized from the
plasma membrane and accumulates in sorting endosomes.
Thereafter, it can either recycle back to the cell surface or be
degraded in the lysosomes®®. We sought to investigate if
decreased trastuzumab-mediated HER2 internalization could be
achieved by a temporal and acute depletion of CAV1. To this end,
trastuzumab was allowed to bind HER2 on NCINS87 cells treated
with a scrambled (Scr) siRNA (control) vs. cells treated with a
CAV1-depleting siRNA. The cells were allowed to undergo
trastuzumab-mediated endocytosis for at least 90 min after
surface biotinylation, and the internalized fraction of HER2 was
evaluated via immunoblotting (Fig. 2e and Supplementary
Fig. 4a). Incubation with trastuzumab depresses the surface pool
of HER2 (Fig. 2f) as the receptor is internalized in a time-
dependent manner. Notably, compared to scr cells, a marked
decrease in HER2 endocytosis was observed in CAV1-depleted
NCIN87 cells. Cellular fractionation of CAV1-depleted cancer
cells treated with 89Zr-labeled trastuzumab revealed a significant
increase (P<0.001, Student’s t-test) in membrane-associated
radioactivity (Fig. 2g and Supplementary Fig. 4b). Increased
membrane-associated  8Zr-labeled  trastuzumab was also
observed upon depletion of cholesterol using methyl-p-
cyclodextrin (MPCD) and filipin (Fig. 2g and Supplementary
Fig. 4b). Next, the binding profile of 8Zr-labeled trastuzumab in
competitive radioligand saturation-binding assays confirmed that
CAV1 knockdown increased HER2 density on the cell membrane
(Bmax) (Fig. 2h and Supplementary Fig. 4c). Altogether, these data
indicate that CAV1 depletion stabilizes HER2 at the cell
membrane and improves the tumor avidity for trastuzumab on
HER2-positive cancer cells.

CAV1 can be downregulated in vivo by lovastatin. Premised on
our in vitro findings, we expected that HER2-positive tumors
containing high levels of CAV1 would have a low surface pool of
HER2. This in turn would impact the ability of trastuzumab to
target and treat HER2-positive cancer cells. Therefore, we sought
to investigate whether CAV1 depletion might result in an
increased uptake of trastuzumab in tumor xenografts and human
tumor samples. However, to date, there are no commercially
available CAV1-specific modulators. Nevertheless, protein levels
of CAVI1 can be reduced by disruption of cholesterol-rich
membrane domains using cholesterol-lowering drugs3%-3°.
Lovastatin is one such commercially available drug that is
prescribed worldwide to normalize lipid content in individuals
having high blood cholesterol levels. In our study, lovastatin
was used as a pharmacological modulator of CAV1. Previous
studies have reported that 25 uM of lovastatin reduces the protein
expression of CAV1 in vitro®0, In our studies, the active form of
lovastatin effectively depleted CAV1 expression in NCIN87 cells
without altering phosphorylated HER2 levels (Fig. 2i). Thus, we
further explored the potential role of lovastatin as a CAV1
modulator in the context of trastuzumab binding to NCIN87
cells. A potent role for the active form of lovastatin in increasing
trastuzumab binding to cancer cells was also demonstrated via
competitive radioligand saturation-binding assays (Fig. 2h and
Supplementary Fig. 4c). These results seem to indicate that the

increased binding of trastuzumab to HER2-positive cancer cells
after treatment with lovastatin is a result of an overall increase in
the binding between trastuzumab and HER2. Using fluorescence
microscopy, trastuzumab was found not only on the surface of
cancer cells, but also in intracellular vesicles (Fig. 2j and
Supplementary Movie 1). However, in the presence of lovastatin,
trastuzumab exhibited predominant membrane staining (Fig. 2j
and Supplementary Movie 2). Lovastatin’s inhibition of the
enzyme 3-hydroxyl-3-methylgutarylcoenzyme A (HMG-CoA)
reductase (HMGCR) is known to result in the decrease of
mevalonate and its downstream products (e.g., cholesterol). In the
presence of lovastatin, cells exhibited an increase in membrane-
associated 89Zr-labeled trastuzumab, an effect that is rescued by
the addition of mevalonate to the cell culture (Fig. 3a and
Supplementary Fig. 4d). Additional studies demonstrated that an
increment in membrane cholesterol content has the opposite
effect (Fig. 3a and Supplementary Fig. 4d). In sum, our findings
suggest that lovastatin may be able to pharmacologically
modulate HER2 endocytosis through a CAVI-mediated
mechanism.

Further to these findings, we explored the efficiency of
lovastatin to deplete CAV1 in NCIN87 xenografts. Two doses
of lovastatin (8.3 mgkg~! of mice), administered within 12h of
each other, was established as the most efficient treatment
regimen that yielded a significant reduction in the total levels of
CAV1 protein (Fig. 3b). Since the extracellular domain of HER2
is known to shed in vivo, we evaluated the impact of lovastatin
treatment on this phenomenon. Specifically, treatment with
lovastatin reduced HER2 shedding by approximately 50% in vitro
using NCIN87 cells vs. 70% in NCIN87 xenografts (Fig. 3c).
HER2 localization at the plasma membrane was increased in
NCIN87 xenografts treated with lovastatin vs. saline-treated
control mice (Fig. 3d-f and Supplementary Fig. 5). No further
reduction of CAV1 concomitant with an increase in cell surface
HER?2 in tumors could be observed when mice were treated with
lovastatin for longer than 60h. Collectively, these results
demonstrate that CAV1 can be temporally modulated in vitro
and in vivo via pharmacological treatment with a statin.

CAV1 depletion increases tumor avidity for trastuzumab. To
determine the impact of lovastatin-mediated CAV1 depletion on
trastuzumab’s binding to HER2-positive tumors, a pilot study was
performed using separate bilateral xenografts of UMUC14 blad-
der cancer and NCIN87 gastric cancer (Supplementary Fig. 6).
The active form of lovastatin (0.44 mg kg—!) was injected into the
tumor on the left flank while the right-flank tumor was used as a
control (CT). To noninvasively monitor the effect of this treat-
ment, mice were injected intravenously (i.v.) with 89Zr-labeled
trastuzumab at 4 h post-administration of lovastatin. An addi-
tional intratumoral injection of lovastatin was performed simul-
taneously with the injection of 8%Zr-labeled trastuzumab.
Notably, there was a significant difference in the uptake of 3°Zr-
labeled trastuzumab between the lovastatin vs. CT tumors (Sup-
plementary Fig. 6a, b). At 48h post-injection of 8%Zr-labeled
trastuzumab, NCIN87 CT tumors had an uptake of 19.7 + 11.8%
ID g~!, while tumors treated with lovastatin yielded an uptake of
41.6 +10.7 % ID g~!L. Similarly, the uptake of the radiotracer in
UMUCI14 xenografts was 13.6 +3.6% ID g~! in CT tumors vs.
19.9+3.6% ID g~ ! in lovastatin-treated tumors (Supplementary
Fig. 6¢, d). The higher accumulation of trastuzumab in NCIN87
tumors vs. UMUCI4 is a result of higher HER2 expression in
NCINB87 cells (Supplementary Fig. 1a).

Encouraged by the results of this pilot study, we performed
in vivo studies in mice bearing unilateral NCIN87 tumors (Fig. 4a
and Supplementary Fig. 7). Since lovastatin is clinically prescribed
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Fig. 3 In vivo CAV1 modulation with statin improves HER?2 stability at the cell membrane. a Membrane-bound and internalized [89Zr]Zr-DFO-trastuzumab
before and after CAV1 depletion with 25 pM of lovastatin for 4 h in NCIN87 cancer cells. Increase in membrane-bound trastuzumab is rescued when cells
are treated with lovastatin in the presence of 200 pM mevalonic acid (MVA). Treatment of NCIN87 cancer cells with a MBCD solution saturated with
cholesterol increases [89Zr]Zr-DFO-trastuzumab internalization (bars, n =5, mean £ S.E.M, **P < 0.01, ***P < 0.001 based on a Student's t-test, n = 4).
b Western blot of CAV1 in the total lysates of NCIN87 s.c. tumors from athymic nude mice. Lovastatin (8.3 mg kg~ of mice) was orally administrated
twice with an interval of 12 h between each administration. Tumor lysates were prepared between O and 48 h after the second dose of lovastatin and
analyzed by western blot. € Treatment with lovastatin decreases HER2 shedding as determined by ELISA experiments (bars, n =4, mean = S.E.M, *P < 0.05
based on a Student's t-test). d Fluorescence staining (HER2 and CAV1) and H&E stain of tissue sections of s.c. NCIN87 gastric tumors from athymic nude
mice. Lovastatin (8.3 mg kg~ of mice) was orally administrated twice with an interval of 12 h between each administration. Tumor sections were prepared
at 48 h after the first dose of lovastatin. Scale bars: 100 um. e, f Lovastatin increases cell membrane HER2 in NCIN87 tumors. Confocal images of
immunofluorescence staining of HER2 in s.c. NCIN87 gastric tumors from athymic nude mice, non-treated (e) or treated with lovastatin (f). Images are two
representative sections of two different xenografts. Lovastatin (8.3 mg kg™ of mice) was orally administrated twice with an interval of 12 h between each
administration. Tumor sections were prepared at 48 h after the first dose of lovastatin. Scale bars: 100 pm (left) and 50 pm (right)

as an orally administered formulation, further studies were
performed using oral administration of lovastatin 12 h prior and

post-injection of the radiotracer (Fig. 4a). Ex vivo biodistribution
studies further validated our findings from PET imaging (Fig. 4b).

at the same time of trastuzumab injection. The 12 h window was
chosen since immunoblotting and immunofluorescence data
demonstrated that CAV1 was significantly reduced in the tumor
with a concomitant increase in HER2 at the cell membrane at this
time point (Fig. 3). Control mice were orally administered saline
instead of lovastatin. Longitudinal PET imaging of these mice
revealed tumors that were clearly delineated as early as 4 h post-
injection of trastuzumab and yielded high contrast images at 48 h

The saline-treated cohort yielded a radiopharmacologic profile
typical of 8Zr-labeled trastuzumab, which shows a gradual
accretion into the HER2-positive tumors (2.6 + 1.3% ID g~! at
4h to 17.5+6.9% ID g~! at 48 h). On the other hand, xenograft
mice treated with lovastatin yielded a remarkably high tumor
uptake of 9.1 +4.6% ID g~ ! as early as 4 h post-injection of 3°Zr-
labeled trastuzumab, which rose to 27.1+7.6 at 48h. High
tumor-to-background ratios were achieved in mice pretreated
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Fig. 4 Statin treatment increases tumor uptake and efficacy of trastuzumab. a Representative coronal and MIPs PET images and b biodistribution data at 4,
8, 24, and 48 h p.i. of [89Zr]Zr-DFO-trastuzumab in athymic nude mice bearing s.c. gastric tumors. Lovastatin (8.3 mgkg~" of mice) was orally
administrated 12 h prior and at the same time as the tail vein injection of [89Zr]Zr-DFO-trastuzumab (8.14-10.18 Mbg, 80-100 pg protein). Bars, n=4
mice per group, mean = S.E.M. MIPs maximum intensity projection. %ID g~', percentage of injected dose per gram. Scale bars: 5 mm. ¢ Uptake (upper
panel) and autoradiography (lower panel) of [8%Zr]Zr-DFO-trastuzumab in organotypic cultures of non-tumor and tumor human bladder tissues.
Organotypic cultures were incubated with 25 uM of lovastatin for 4 h prior and at the same time as the addition of [8°Zr]Zr-DFO-trastuzumab. Slices were
harvested at 3 h after incubation with [89Zr]Zr-DFO-trastuzumab. Bars, n = 3, mean + S.E.M, *P < 0.05 based on a Student's t-test. CPM counts per minute.
Scale bars: 500 pm. d Superior in vivo therapeutic efficacy of trastuzumab combined with lovastatin when compared with trastuzumab in nu/nu female
mice bearing NCIN87 gastric and BT474 breast xenografts, and NSG mice bearing gastric PDXs (n > 8 mice per group). Intraperitoneal trastuzumab
administration 5 mg kg~ weekly (during 5 weeks) was started at day O. Lovastatin (4.15 mg kg~ of mice) was orally administrated 12 h prior and at the
same time as the intraperitoneal injection of trastuzumab. e Ability of trastuzumab to mediate in vitro ADCC as determined with peripheral blood
mononuclear cells (PBMCs) from healthy donors, in Scr and CAV1-depleted cancer cells (upper panel). Bars, n= 75, mean £ S.E.M, **P < 0.01 based on a
Student's t-test. Trastuzumab ICsq response as determined with engineered Jurkat cells stably expressing the FcyRllla receptor, in Scr and CAV1-depleted

cancer cells (lower panel)

with lovastatin (Supplementary Fig. 7a, b). The tumor uptake of a
radiolabeled isotype control IgG was significantly low and
comparable in both CT mice as well as those treated with
lovastatin (Supplementary Fig. 7c). These results indicate that a
temporal depletion of CAV1 by lovastatin increases cell surface
HER2, which in turn enhances the avidity of HER2-positive
tumors for trastuzumab and accelerates tumor uptake of 89Zr-
trastuzumab.

In addition to the conventional in vitro and in vivo studies, our
findings were validated in organotypic cultures of fresh human
bladder tumors. Tissues of HER2-positive bladder tumors were
sliced immediately upon harvest during surgery, and grown in
culture-plate inserts*!. Viability assays of tumor slices revealed no
significant loss of viable cells (Supplementary Fig. 8a, b) during
96 h of ex vivo culture (P < 0.05, Student’s t-test). After ex vivo
treatment with the active form of lovastatin, the tumor slices
showed an increased uptake of 39Zr-trastuzumab (P <0.05,
Student’s t-test; Fig. 4c). In non-tumor bladder tissue, lovastatin
treatment did not significantly increase tissue accumulation of
897r-trastuzumab. Western blot analysis revealed a decrease in
CAV1 protein expression after lovastatin treatment (Supplemen-
tary Fig. 8c), lending further support to our central hypothesis
that temporal CAV1 depletion increases trastuzumab binding to

HER2-positive tumors. Additionally, through this experiment, we
were able to demonstrate the utility of organotypic cultures as a
potential ex vivo biological model to study the accumulation of
target-specific radiolabeled antibodies in clinically relevant tumor
tissues.

CAYV1 depletion enhances trastuzumab therapeutic efficacy. To
assess the efficacy of trastuzumab treatment when combined with
CAV1 depletion in vivo, we conducted therapy studies in mice
bearing NCIN87 gastric and BT474 breast, and gastric cancer
PDXs. The gastric PDX model was established by implantation of
HER2-positive and CAV1-positive gastric tumor tissue from
Patient 1 (Fig. 1d) in immunodeficient NOD-SCID gamma
(NSG) mice. Mice were treated weekly with 5 mgkg™! of tras-
tuzumab for 5 weeks. Two doses of lovastatin (4.15 mgkg™!)
were orally administrated 12 h prior and at the same time as the
intraperitoneal injection of trastuzumab. No difference was seen
between the vehicle and lovastatin groups (Fig. 4d). Mice treated
with either trastuzumab alone or trastuzumab combined with
lovastatin showed tumor growth inhibition. However, the ther-
apeutic efficacy of trastuzumab combined with lovastatin was
significantly improved compared with trastuzumab alone. Taken
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together, these results show that the in vivo therapeutic efficacy of
trastuzumab is remarkably improved when the tumors are tem-
porally depleted of CAV1—despite the latter being a transient
effect.

One of the mechanisms of action of trastuzumab is by inducing
tumor cell death via ADCC. A prerequisite to this phenomenon is
the binding of trastuzumab to HER2 on tumor cells. Thus,
trastuzumab-mediated ADCC is an effect that is closely related
with HER2 density at cell membrane*?.. We attempted to study
in vitro ADCC upon CAV1 depletion in NCIN87 gastric and
BT474 breast cancer cells (T) using peripheral blood mono-
nuclear cells (PBMCs) from healthy donors and engineered
Jurkat cells as effector cells (E) that stably express the FcyRIIIa
receptor. CAV1-depleted NCIN87 and BT474 cancer cells
showed increased in vitro ADCC when PBMCs were used as
effector cells (E:T ratio = 50:1, Fig. 4¢). When engineered Jurkat
cells were used as effector cells, CAV1 depletion in NCIN87 and
BT474 cancer cells resulted in a decrease in ICsy values (E/T =
15:1, Fig. 4e and Supplementary Fig. 9).

Discussion

Endocytosis of receptors of the EGFR family is a complex bio-
logical process that remains to be completely understood.
Nevertheless, intrinsic defects in this process have been demon-
strated to influence therapeutic outcomes in EGFR-directed
therapies?>3443, Treatment of HER2-positive tumors with tras-
tuzumab is premised on the presence of HER2 on the membrane
of tumor cells. Therefore, the stability and availability of cell
surface HER2 is an important predictor of trastuzumab efficacy.
In the work at hand, we show that CAV1 knockdown reduces
HER? internalization and extends the half-life of HER2 at the cell
membrane while concomitantly decreasing HER2 shedding
without altering HER2 activity. Furthermore, accumulation of cell
surface HER2 in response to pharmacological depletion of CAV1
was observed using preclinical xenograft models and organotypic
cultures derived from freshly harvested human tumors. The
discovery that CAV1 modulates cellular distribution of HER2
may have direct therapeutic implications for antibody-mediated
targeting of HER2 and the use of such antibodies for molecular
imaging and therapy of HER2-positive tumors.

CAV1 has been shown to regulate downstream signaling by
members of the HER family!®2%2344 and interferes with the
uptake/activity of a wide variety of antibodies or ADCs targeting
the HER family?%-36:44-46, Here, we show that the inverse corre-
lation between cellular expression of CAV1 and HER2 directly
affects the stability and localization of HER2 on the cell mem-
brane. Our findings are supported by other reports that show
CAV1 interaction with signaling molecules such as epidermal
growth factor (EGF)*>46. Others have also previously demon-
strated that although EGF is a ligand for its cognate receptor—
EGFR, EGF treatment promotes the formation of heterodimers
between EGFR and HER2, which activates HER2%’. Further
studies are necessary to evaluate the consequences of lovastatin
treatment on the dimerization status of HER2.

Indeed, HER2 localization at the cell membrane is the product
of a highly dynamic process®? involving endocytosis, cytoplasmic
recycling, and de novo synthesis. Furthermore, the membrane
localization of HER2 is heterogeneous within tumors (Fig. 1b, c).
Previous studies have reported that even at the single-cell level,
individual HER2 molecules do not function in a uniform man-
ner®3, and that this non-uniform behavior contributes to receptor
heterogeneity. Equipped with this information, we analyzed
patient tumor samples using immunofluorescence to understand
how CAV1 expression patterns may relate to the cellular locali-
zation of HER2. Not surprisingly, a higher cell surface localization

of HER2 was found in human tumor tissues containing low levels
of CAV1 (Fig. 1d). Conversely, tumors containing high levels of
CAV1 had a low amount of HER2 localized at the cell membrane
(Fig. 1d). Of course, a prerequisite for trastuzumab binding to
HER2 is the latter’s presence on the surface of a cancer cell and
not within intracellular compartments. Taken together, these
observations led us to hypothesize that CAV1 expression can be
leveraged as a complementary biomarker to identify patients who
would or would not benefit from HER2-targeted therapy with
trastuzumab. Our findings in this study support previous reports
that are suggestive of CAV1's role in the therapeutic response to
HER2-targeted therapies®>304449:50_ Qur studies clearly establish
that downregulation of CAV1 increases HER2 availability at the
cell surface.

Receptor-mediated endocytosis of ADCs such as TDMI is
central to the mechanism of action of this class of drugs. Indeed,
the internalization of ADCs precedes the release of the cytotoxic
drug within the lysosomal compartment of the cell, leading to cell
death and manifestation of tumor regression. Others have
demonstrated that the addition of nuclear localization sequence
(NLS) peptides to trastuzumab labeled with an auger electron-
emitter increases the internalization and nuclear localization of
the antibody to decrease clonogenic survival of tumor cells’! as
well as to overcome insulin-like growth factor(IGF)-receptor-
induced trastuzumab resistance in breast cancer cells>2. In light of
these reports, it would seem counter-productive to prevent HER2
internalization via pharmacological depletion of CAV1, as this
might reduce the therapeutic benefit of HER2-directed ADCs.
However, our data suggests that the temporal modulation of
CAV1 extends the half-life of HER2 at the tumor cell surface to
enhance the tumor’s avidity for trastuzumab. The presence of
such a target-rich sink could ultimately drive the in vivo phar-
macokinetics of trastuzumab in favor of target-mediated drug
disposition—leading to a significantly enhanced accumulation of
trastuzumab in the tumor at early time points. Finally, being a
transient and temporally controlled phenomenon that occurs
under the influence of a pharmacological modulator of CAV1,
normalization of the cellular distribution of HER2 including
receptor-mediated internalization of the antibody bound to it
would occur once the transient in vivo effect of the CAV1
modulator has worn out. Our finding that CAV1 depletion
improves trastuzumab therapy, suggests that temporal modula-
tion of CAV1 by a statin could be a strategy that can be applied in
the clinic to improve trastuzumab binding/therapy for the treat-
ment of HER2-positive tumors (Fig. 4). Admittedly, despite the
successful in vitro demonstration of an effective trastuzumab-
mediated ADCC potentiated by treatment with lovastatin, we
realize that ADCC may not be a predominant mechanism of
action contributing to the therapeutic efficacy of trastuzumab
and/or combination of trastuzumab with lovastatin in our pre-
clinical in vivo studies, since these experiments were performed
using immunodeficient mice.

Statins, methyl-B-cyclodextrin, filipin, nystatin, and cholesterol
oxidase are well known pharmacological inhibitors of caveolae/
lipid-raft mediated endocytosis. Additionally, selective inhibition
of lipid-raft/caveolae-mediated endocytosis can be achieved via
acute depletion of the plasma membrane cholesterol. Depletion of
cholesterol with methyl-B-cyclodextrin has been shown to release
EGFR from lipid rafts, which increases the binding of iodine-125
(12°T)-labeled EGF>3. Others have shown that cholesterol con-
tributes to the cellular dynamics of HER2 and EGFR33. Here, we
demonstrate that the bioavailability of HER2 at the cell mem-
brane can be modulated via temporal depletion of cholesterol by
lovastatin in ways that could serve to enhance trastuzumab
binding and therapy against HER2-positive tumors (Figs. 3 and
4). For example, a reduction in the in vivo shedding of HER2
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from proteolytic cleavage by sheddases might contribute to our
observations of increased trastuzumab accumulation in HER2-
positive tumors (Fig. 3c). HER2 shedding generates soluble
truncated HER2 molecules in the serum®*. 89Zr-labeled trastu-
zumab has been proposed to bind the shed extracellular domain
of HER2>%, which contains the binding site for trastuzumab.
Notably, cholesterol depletion from cell membranes alters the
function of enzymes with sheddase activity®®. Taken together
with our findings, it may be plausible that increased trastuzumab
accumulation in membrane-bound fractions may also be a result
of decreased shedding of HER2.

Despite being an effective modulator of CAV1 in our experi-
ments, lovastatin is a lactone pro-drug that is plagued by poor
oral bioavailability ( < 5%) owing to its lipophilic nature®’. After
oral administration, lovastatin undergoes extensive first-pass
metabolism and is hydrolyzed to the active beta-hydroxyacid
form, which competitively inhibits HMGCR. HMGCR is the rate-
limiting enzyme of cholesterol synthesis and is deregulated or
elevated in several tumor types®3. The bioavailability of lovastatin
in systemic circulation is low and variable. It has a plasma half-
life of 1.1-1.7h, and takes approximately 2 to 4h to reach
maximum concentration in circulation. Only after metabolism
and re-entry into systemic circulation, does lovastatin stand a
chance to reach the tumor. The maximum human dose of
lovastatin is 80 mg per day (1.33mgkg~! per day for a 60kg
adult). The doses of lovastatin used in our imaging and therapy
studies— 8.33 and 4.15 mgkg~!—correspond to human equiva-
lent doses of 0.68 and 0.34 mg kg™, which are significantly lower
than the maximum recommended daily dose in humans. Previous
preclinical studies have demonstrated the therapeutic potential of
lovastatin per se using doses between 5 to 10 mgkg—!>°. In our
study, lovastatin was able to decrease CAV1 protein levels and
increase cell membrane HER2 after 12h of oral administration
(Fig. 3). The low bioavailability of lovastatin and its short half-life
suggests that a limited fraction of lovastatin would have reached
the tumor after oral administration. It is expected that a more
specific and efficient delivery of lovastatin to the tumors might
further improve HER2 localization at the cell surface. Indeed, our
findings support the surge in the interest for the use of statins for
cancer treatment and the potential benefits thereof*1>3:%0, Since
many cancer patients use statins, our data provides a rationale to
pursue a clinical study combining lovastatin with trastuzumab to
evaluate if this combination might positively affect the ther-
apeutic outcomes or imaging strategies using trastuzumab in
HER2-positive patients.

From the perspective of immunoPET, our study presents a
major advance in the field of molecular imaging. Traditionally,
the sluggish in vivo pharmacokinetics of full-length antibodies
has necessitated their radiolabeling with long-lived positron-
emitting radionuclides such as zirconium-89 (t;,,_78.2h) to
yield high contrast images between 72-120 h post-injection of the
radioimmunoconjugate tracer. However, this manifests as a
logistical inconvenience requiring patients to return to the clinic
for a PET scan 4-5 days after they have been injected with the
tracer®. However, we were able to obtain high contrast PET
images as early as 4 h post-injection of 89Zr-radiolabeled trastu-
zumab in HER2-positive tumors wherein CAV1 was pharmaco-
logically modulated by using lovastatin (Fig. 4). Such an
accelerated accumulation of 89Zr-labeled trastuzumab is of tre-
mendous clinical relevance from the standpoint of being able to
overcome the current pharmacokinetic limitation of full-length
antibodies to achieve same- to next-day immunoPET imaging in
patients. This aspect further supports the rationale for combining
a cholesterol-lowering drug such as a statin with trastuzumab to
facilitate a relatively rapid turnaround time for the diagnosis of

HER2-positive tumors via molecular imaging with full-length
antibodies.

In conclusion, our study establishes the inverse relationship
between CAV1 expression and HER2 localization at the cell
membrane, and how this relationship can be pharmacologically
modulated to augment HER2-targeted therapy of various cancers.
Our findings suggest that CAV1 can be a promising biomarker to
select patients for trastuzumab therapy. Finally, our preclinical
data demonstrate the potential benefit of using statins to improve
the therapeutic efficacy of trastuzumab and advance HER2-
targeted molecular imaging in the clinic.

Methods

Cell lines and patient samples. Gastric human cancer cell lines NCIN87 and
KATOIII, breast cancer cell lines MDA-MB-231, SK-BR-3, MCF-7, and BT474
were purchased from American Type Culture Collection (ATCC). The human
bladder cancer cell line, UMUCI14, was obtained from Sigma-Aldrich. All cell lines
were mycoplasma free and maintained at 37 °C in a humidified atmosphere at 5%
CO,. Cell lines utilized in this work were purchased in 2014-2016, and they were
used within passage number of 15. All the cell lines were authenticated at Memorial
Sloan-Kettering Cancer Center (MSKCC) integrated genomics operation core
using short tandem repeat analysis. Deidentified patient gastric and bladder cancer
samples were obtained from Memorial Hospital following IRB approval. PBMCs,
obtained from the Immune Monitoring Facility at MSKCC, were separated from
the blood of normal volunteers using lymphocyte separation medium (MP Bio-
medicals). Patients provided informed consent.

Cell culture. NCIN87 cells were grown in Roswell Park Memorial Institute
(RPMI)-1640 growth medium supplemented with 10% fetal calf serum (FCS),

2 mM L-glutamine, 10 mM hydroxyethyl piperazineethanesulfonic acid (HEPES),
1 mM sodium pyruvate, 4.5 gL~! glucose and 1.5gL~! sodium bicarbonate.
KATOIII cells were grown in Iscove’s Modified Dulbecco Medium (IMDM)
growth medium supplemented with 20% FCS and 1.5 gL~! sodium bicarbonate.
UMUCI14 cells were grown in Minimum Essential Media (MEM) growth medium
supplemented with 10% FCS, non-essential amino acids (NEAA), 2 mM L-gluta-
mine, 1 mM sodium pyruvate, and 1.5 gL~! sodium bicarbonate. MDA-MB-231
cells were grown in Dulbecco’s Modified Eagle’s Medium-high glucose (DMEM-
HG) supplemented with 10% FCS. SKBR3 cells were grown in McCoy’s medium
supplemented with 10% FCS, 1.5 mM glutamine, 2.2 g L~! sodium bicarbonate.
MCEF-7 cells were grown in Eagle’s Minimum Essential Medium (EMEM) sup-
plemented with 0.01 mg mL~! of human recombinant insulin and 10% FCS. BT474
cells were grown in a 1:1 mixture of DMEM:F-12 medium, supplemented with 10%
FCS, 2 mM glutamine, NEAA. All cell culture media were supplemented with
100 units mL~! penicillin and streptomycin.

Organotypic cultures of fresh human bladder tissues. Fresh biopsy samples of
bladder tissues were obtained immediately after surgical resection by the tissue
procurement services at MSKCC. Normal and tumor bladder tissues were kept in
organotypic cultures*!. Tissue specimens were placed in Ham F-12 media sup-
plemented with 20% inactivated FCS, 100 UmL~! penicillin, 100 ugmL~! strep-
tomycin, 2.5 pg mL~! amphoterycin B, and 100 uyg mL~! of kanamycin. A
Vibratome (Vibratome VT1200; Leica) was used to cut thin slices (300-500 pm)
from biopsy specimens. Samples were soaked in ice-cold phosphate-buffered saline
buffer (PBS) and immobilized using cyanoacrylate glue on the Vibratome platform.
Tissue slices were cultured on organotypic inserts (Millipore) for up to 96 h at
37°C in a 5% CO, humidified incubator. Five tissue slices were harvested at
baseline time (T0) and thereafter, at 24 h intervals for viability assays using 1-(4, 5-
dimethyltiazol-2-yl)-3, 5-diphenylformazan (MTT, Sigma-Aldrich) and CellTiter-
Glo 3D (Promega) assays. For the MTT assay, tissue slices were incubated with 5
mgmL~! of MTT at 37 °C for 4 h, harvested, and the precipitated-salt extracted by
incubation with 0.1 M hydrochloric acid (HCI)-isopropyl alcohol at room tem-
perature for 25 min. A viability value was obtained by dividing the optical density
of the formazan at 570 nm by the weight of the explants. Tissue viability was
expressed as percentage of viability relative to that of samples at T0. For the
CellTiter-Glo 3D cell viability assay, tissues were incubated with 100 uL of the
CellTiter-Glo 3D reagent on a plate shaker for 5 min, followed by incubation for
30 min at room temperature. A viability value was obtained by dividing the
luminescence signal by the weight of the explants.

Transfection assays. CAV1 was depleted using a pool of three target-specific
20-25 nt siRNA (Santa Cruz Biotechnology). Cancer cells were transfected in 6-
well culture plates, at 60-80% confluence, with siRNA CAV1. Cells were also
transfected with a scr siRNA in parallel as controls. For each transfection, cells were
treated for 5h with 2.4 uM of siRNA in transfection medium (Santa Cruz) con-
taining 0.5 L cm~2 of transfection reagent (Santa Cruz).
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CAV1 was amplified in cancer cells using CRISPR activation plasmid (h, Santa
Cruz). Cancer cells were transfected in 6-well culture plates, at 60-80% confluence,
with CRISPR Activation Plasmid CAV1. For each transfection, cells were treated
for 5h with 0.9 ngpuL~! of CRISPR Activation Plasmid CAV1 in transfection
medium (Santa Cruz) containing 0.5 pL cm—2 of transfection reagent (Santa Cruz).

After incubation with siRNA CAV1 or CRISPR Activation Plasmid CAV1,
complete media was added and the cells were incubated for 48 h. CAV1
downregulation or upregulation was evaluated 48 h post-transfection by western
blotting.

Further experiments, to determine the effects of CAV1 depletion or
amplification on HER?2 stability at the cell membrane, were performed at 48 h post-
transfection.

Western blot analysis. Whole-protein extracts from cells or tumors were pre-
pared after cell scrapping or tissue homogenization, respectively, in radio-
immunoprecipitation assay buffer [RIPA buffer: 150 mM sodium chloride (NaCl),
50 mM Tris hydrochloride (Tris-HCI), pH 7.5, 5mM ethylene glycol tetraacetic
acid (EGTA), 1% Triton X-100, 0.5% sodium deoxycholate (DOC), 0.1% sodium
dodecyl sulfate (SDS), 2 mM phenylmethanesulfonyl (PMSF), 2 mM iodoacetamide
(IAD), and 1 x protease inhibitor cocktail (Roche)]. After centrifugation at
16,000xg for 10 min at 4 °C, supernatants were used for protein quantification as
determined with the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific),
followed by denaturation of the sample with Laemmli buffer. Following electro-
phoresis and transfer to polyvinylidene difluoride (PVDF) membranes (Bio-Rad),
the blots were incubated in 5% (m/v) BSA in Tris-buffered saline buffer-Tween
(TBS-T, Cell Signaling Technology) and probed with mouse anti B-actin 1:20,000
(Sigma, A1978), rabbit anti-HER2 1:800 (Abcam, ab131490), rabbit anti-HER2
phospho Y1139 1:500 (Abcam, ab53290), and rabbit anti-CAV1 1:500 (Abcam,
ab2910) antibodies. After washing, the membranes were incubated with
IRDyeGSOOCW anti-Rabbit or anti-Mouse IgG 1:15,000 (LI-COR Biosciences) and
imaged on the Odyssey Infrared Imaging System (LI-COR Biosciences) followed by
densitometric analysis. Supplementary information contains uncropped scans of
the blots shown in the figures.

Biotin pull down of cell-surface proteins. For biotin pull down assays, cells were
washed twice with ice-cold PBS buffer containing 0.5 mM magnesium chloride
(MgCl,) and 1 mM calcium chloride (CaCl,). Cells were incubated with 0.5 mg mL™!
of EZ-LINK Sulfo-Biotin (Thermo Fisher Scientific) for 30 min at 4 °C with gentle
rotation. The reaction was stopped by washing twice with 100 mM glycine (Thermo
Fisher Scientific) in PBS containing 0.5mM MgCl, and 1 mM CaCl,. Cells were
scrapped in RIPA buffer, lysates were centrifuged at 16,000xg for 10 min at 4 °C, and
supernatants were collected and assayed for protein concentration using the Pierce
BCA Protein Assay Kit. A volume of 500 puL of RIPA buffer containing equal amount
of proteins was incubated with NeutrAvidin Agarose Resins (Thermo Fisher Scien-
tific) for 2h at 4 °C with gentle rotation and washed three times with RIPA buffer
before suspension in Laemmli buffer.

Isolation of caveolae-rich fractions. Isolation of caveolae-rich fractions was done
by discontinuous sucrose gradient (5—80% v/v) centrifugation using a caveolae/
rafts isolation kit (Sigma-Aldrich). The gradient was centrifuged in a swing bucket
rotor TH-641 (Sorvall) at 200,000xg for 4 h at 4 °C. Fractions were collected from
the top to the bottom of the tube and analyzed by western blot.

Endocytosis of biotinylated cell-surface proteins. Following cell-surface bioti-
nylation, endocytosis was initiated by the addition of pre-warmed cell culture
medium in the presence of 1 uM trastuzumab at 37 °C for 15, 30, 60, and 90 min.
Endocytosis was stopped by incubation of cells on ice for 10 min. For removal of
non-internalized cell-surface biotin, cells were incubated with 50 mM Tris-HCI pH
8.7 [containing 20 mM dithiothreitol (DTT), 100 mM NaCl, 2.5 mM CaCl,] for
20 min at 4 °C. Cells were rinsed with ice-cold PBS and scrapped in RIPA buffer.
Biotinylated cell-surface HER2 was collected in NeutrAvidin Agarose Resins as
described above.

Protein-protein associations. HER2 protein expression was correlated with
CAV1 expression (using data from Cancer Cell Line Encyclopedia’” or densito-
metric measurements of Western blot analysis) using a Spearman’s rank correla-
tion. Additionally, the STRING database (string-db.org) was used to determine
HER2 protein - CAV1 protein interactions. High-confidence associations (score >
0.700) were used to estimate the accuracy of the protein—protein networks.

Immunofluorescence microscopy. For immunocytochemistry, cells grown on
coverslips were incubated with 1 uM trastuzumab for 90 min at 37 °C in the pre-
sence and absence of the active form of lovastatin. Cells were incubated with 25 uM
of lovastatin for 4h prior and at same time as the addition of trastuzumab. Cells
were then permeabilized with 1% Triton X-100 in PBS (pH 7.4) and blocked with
5% bovine serum albumin in PBS buffer, before incubation with the DAPI and
secondary fluorescent antibody goat anti-human IgG.

Immunofluorescence staining of HER2 and CAV1 were carried out on
formalin-fixed, paraffin-embedded sections (10 uM) sections of human gastric
tumors and NCIN87 s.c. tumors. Sections were submitted to MSKCC Molecular
Cytology Core Facility for HER2, CAV1, hematoxylin and eosin staining.

Cholesterol enrichment and caveolae depletion. To enrich membrane choles-
terol, cancer cells were exposed to methyl-B-cyclodextrin (MBCD, Santa Cruz
Biotechnology) solution saturated with cholesterol®! for 30 min before addition of
trastuzumab. To inhibit caveolae-mediated pathways, cells were incubated with
2.5mM MPCD or 0.5 ugmL~! filipin (Santa Cruz Biotechnology) for 30 min
before addition of trastuzumab. For in vitro experiments with lovastatin, cells were
incubated with 25 uM of the active form of lovastatin (Millipore) for 4 h prior
addition of trastuzumab*?. To determine whether mevalonic acid treatment res-
cued the lovastatin effect, the cell lines were treated with 25 uM lovastatin and
200 uM of R-Mevalonic Acid (Santa Cruz Biotechnology) for 4 h%2. Cells were then
treated with 1 uM [89Zr]Zr-DFO-trastuzumab for 1.5 h.

Conjugation and radiolabeling of trastuzumab. Conjugation of trastuzumab with
Indocyanine Green (ICG) was performed by incubation of trastuzumab with ICG
at a molar ratio of 1:6 in 0.1 M Na,HPO, (pH 8.6) at room temperature for 1.5h,
followed by purification with a size exclusion column (PD-10; GE Healthcare,
Piscataway, NJ, USA). The concentration of ICG was calculated by measuring the
absorption with the UV-Vis system to confirm the number of fluorophore
molecules conjugated with each antibody molecule. The protein concentration was
also determined by measuring the absorption at 280 nm with a UV-Vis system.
BT474 CT and statin treated cells were incubated with trastuzumab—ICG con-
jugate and submitted to the Molecular Cytology Core Facility for live cell imaging.

Conjugation and radiolabeling of human IgG (Sigma-Aldrich) or trastuzumab
with zirconium-89 (3%Zr) was achieved using the bifunctional chelate p-
isothiocyanatobenzyl-desferrioxamine (DFO-Bz-NCS; Macrocyclics, Inc)8.
Zirconium-89 was produced via proton beam bombardment of yttrium foil and
isolated with high purity as 89Zr-oxalate at MSKCC®,

Internalization and saturation-binding assays. For the internalization assays
with [89Zr]Zr-DFO-trastuzumab, cells were incubated with cell culture medium in
the presence of 1 uM [89Zr]Zr-DFO-trastuzumab for 90 min at 37 °C. Media
containing non-cell-bound radiotracer was removed and the cells were washed
twice with PBS. Cell surface-bound radiotracer was collected by cells incubation at
4°C for 5min in 0.2 M glycine buffer containing 0.15 M NaCl, 4 M urea at pH 2.5.
Internalized fraction was obtained after cell lysis with 1 M sodium hydroxide
(NaOH). Finally, the three fractions were measured for radioactivity on a gamma
counter calibrated for 8°Zr.

For the saturation-binding assays, cells were incubated with [8°Zr]Zr-DFO-
trastuzumab (0-128 nM) in PBS (pH 7.5) containing 1% (m/v) human serum
albumin (Sigma) and 1% (m/v) sodium azide (Acros Organics) for 3 h at 4 °C.
Unbound radioactivity was removed and cells were washed three times with PBS.
The cells were solubilized in 100 mM NaOH, recovered, and the total cell-bound
radioactivity was measured on a gamma counter calibrated for 8Zr. Total binding
was plotted vs. the concentration of [89Zr]Zr-DFO-trastuzumab; the data were fit
via non-linear regression with a one-site binding model in GraphPad Prism 7.00 to
determine By, Kp and the non-specific binding component. The non-specific
component was subtracted from the total binding to generate specific binding
curves (Fig. 2h).

Uptake in organotypic cultures and autoradiography. Slices of normal and
tumor bladder tissues (n = 4) were harvested after 48 h of ex vivo culture and
incubated with 25 uM of the active form of lovastatin for 4 h prior and at the same
time as the addition of 1 uM [89Zr)Zr-DFO-trastuzumab. Slices were harvested at 3
h after incubation with [39Zr]Zr-DFO-trastuzumab, washed with PBS (pH 7.5)
containing 0.1% (m/v) bovine serum albumin (BSA), air dried, weighed, and
counted in a gamma counter calibrated for 8°Zr. For autoradiography, slices were
mounted in glycergel mounting medium, placed in a film cassette against phosphor
imaging plate (Fujifilm BAS-MS2325; Fuji Photo Film) for 10 min at —20 °C.
Phosphor imaging plates were read at a pixel resolution of 25 um with a Typhoon
7000 IP plate reader (GE Healthcare).

In vitro antibody-dependent cellular cytotoxicity (ADCC). Scr or CAV1-
depleted NCIN87, UMUCI14, BT474, and SK-BR-3 cancer cells (1.7 x 10%) were
preincubated with trastuzumab (1 uM) for 1.5 h at 37 °C in serum-free cell culture
medium supplemented with 0.1% BSA before adding the effector cells in 1:1, 10:1,
25:1, or 50:1 effector (E) to target (T) ratios. PBMCs were used as effectors and
cancer cells as targets. The cells were incubated for additional 48 h before deter-
mination of cell death using the Cytotoxicity Detection Kit (LDH; Roche). The
percentage of cytotoxicity was calculated as follows: % cytotoxicity (experimental
lysis—spontaneous effector lysis — spontaneous target lysis)/(maximum target lysis
—spontaneous target lysis) x 100. Control Fc gamma receptor (FcyR) blocking
studies were performed by pretreating PBMCs with 10 uyg mL~! of human isotype
IgG for 1h before adding them to cancer cells in a ratio of 50:1.
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Additional ADCC experiments were performed with the ADCC Reporter
Bioassay, Core Kit (Promega), according to manufacture instructions. Briefly, Scr
or CAV1 depleted NCIN87, UMUCI14, BT474 and SK-BR-3 cancer cells were
plated at the density of 5,000 cells/well in complete culture medium overnight
before bioassay. On the day of the assay, the medium was removed, and then the
series of concentrations of trastuzumab (0-10,000 ng mL~1) were added to the
cells, followed by addition of ADCC Bioassay Effector Cells (engineered Jurkat cells
that stably express the FcyRIIIa receptor). The E:T ratio was 15:1, according to
manufacture instructions. After 6 h of induction, luciferase assay reagent was added
and luminescence determined using a luminometer. The data were fitted to a 4PL
curve using GraphPad Prism software.

Tumor xenografts. All animals were treated according to the guidelines approved
by the Research Animal Resource Center and Institutional Animal Care and Use
Committee at Memorial Sloan Kettering Cancer Center, NY. Pereira PMR has a
Category C accreditation for animal research given from Federation of European
Laboratory Animal Science (FELASA). We adhere to the animal research: reporting
of in vivo experiments (ARRIVE) guidelines and to the guidelines for the welfare
and use of animals in cancer research. Eight- to 10-week-old nu/nu female mice
(Charles River Laboratories) were injected subcutaneously with 2.5 million
UMUCI14, 5 million NCIN87 cells, or 5 million BT474 in a 150 uL cell suspension
of a 1:1 (v/v) mixture of medium with reconstituted basement membrane (BD
Matrigel, BD Biosciences). Drinking water of mice receiving estrogen receptor-
positive cells BT474 was supplemented with 0.67 ug mL~! 17p-estradiol (Sigma)
from 1 week in advance of inoculation until scarified. Fresh-estradiol supplemented
water was provided twice a week. The mice were housed in type II polycarbonate
cages, fed with sterilized standard laboratory diet and received sterile water ad
libitum. The animals were housed at approximately 22 °C, 60% relative humidity,
and a 12 h light, 12 h dark cycle was maintained. After arrival, all mice were
allowed to acclimate to the facility’s laboratory conditions for 1 week prior to
experimentation.

Mice-bearing bilateral tumors were developed by subcutaneous injection of
cancer cells on the bilateral dorsal flank regions using a sterile syringe with a 28-
gauge needle. For experiments with mice-bearing unilateral tumors, cancer cells
were subcutaneously injected on the right shoulder. The tumor volume (V/mm?)
was estimated by external vernier caliper measurements of the longest axis, a/mm,
and the axis perpendicular to the longest axis, b/mm. The tumors were assumed to
be spheroidal and the volume was calculated in accordance with the equation V=
(471/3) x (@/2)% x (b/2).

An intratumoral injection of the active form of lovastatin (0.44 mgkg~! of
mice) was performed in the pilot study with mice-bearing bilateral tumors. In
further experiments with mice-bearing unilateral tumors, lovastatin was orally
administered (8.3 mg kg ™! of mice). The doses of lovastatin used in our study were
lower when compared with the human maximum dose (80 mg per day): the 0.44
mgkg~! and 8.3 mgkg~! of mice doses correspond to daily human doses of 2.15
and 40.14 mg assuming an average human body weight of 60 kg. It should be noted
that the intratumoral dose 0.44 mgkg~! of lovastatin was defined as 5% of oral
dose 8.3 mgkg™! of mice, assuming 5% lovastatin bioavailability after oral
administration.

When the volume of xenografts reached approximately 100 mm?, mice were
randomized into groups and treatments initiated. The active form of lovastatin
(0.44 mgkg™! of mice) was intratumorally injected into the left-sided tumor of
mice-bearing bilateral tumors (four mice per group) 4 h prior and at the same time
as the tail vein injection of [3°Zr]Zr-DFO-trastuzumab (8.14-10.18 Mbg, 80—

100 pg protein). The right-sided tumor was used as the CT and it was
intratumorally injected with PBS.

For experiments in mice-bearing unilateral tumors, mice were randomly
assigned into the following groups (n = 4 mice per group): Group I, oral
administration of PBS 12 h prior to and at the same time as the tail vein injection of
[89Zr]Zr-DFO-trastuzumab (8.14-10.18 Mbg, 80-100 ug protein); Group II, oral
administration of lovastatin (8.3 mgkg~! of mice) 12 h prior to and at the same
time as the tail vein injection of [8°Zr]Zr-DFO-IgG (8.14-10.18 Mbq, 80-100 pug
protein).

Patient-derived xenograft (PDX) mouse models. PDX models were established,
by the Anti-tumor Assessment Core, from tumor specimens collected under an
approved institutional review board protocol by the Research Animal Resource
Center and Institutional Animal Care and Use Comittee at Memorial Sloan Ket-
tering Cancer Center, NY. Briefly, tumors were minced, mixed with Matrigel, and
implanted subcutaneously in 6- to 8-week-old female NSG mice (Jackson
Laboratories). Once established, tumors were maintained and expanded by serial
subcutaneous transplantation. Tumor samples were evaluated by immunohis-
tochemistry and graded for HER2 and CAV1 expression.

Acute biodistribution studies. Acute biodistribution studies were performed after
injection of radiolabeled trastuzumab. Mice were sacrificed and organs were har-
vested, weighed, and assayed in the gamma counter for biodistribution studies.

Radioactivity associated with each organ was expressed as percentage of injected
dose per gram of organ (% ID g~1)8.

Small-Animal positron emission tomography (PET) Imaging. PET imaging
experiments were conducted on a microPET Focus 120 scanner (Concorde
Microsystems). Mice were anesthetized by inhalation of 1.5-2% isofluorane (Baxter
Healthcare) in an oxygen gas mixture 10 min before recording PET images. PET
data for each group (n=4) was recorded, with mice under isofluorane anesthesia
(1.5-2%), in list mode at 4, 8, 24, and 48 h after intravenous injection of [8°Zr]Zr-
DFO-trastuzumab or [$°Zr]Zr-DFO-IgG. Images were analyzed using ASIPro VM
software (Concorde Microsystems).

In vivo therapeutic efficacy. When tumor volumes reached 100 to 300 mm?3, mice
were randomly grouped into treatment cohorts (n > 8 per group): vehicle, trastu-
zumab, lovastatin, or a combination of trastuzumab with lovastatin. Intraperitoneal
trastuzumab administration 5 mg kg~! weekly (during 5 weeks) was started at day
0. Lovastatin (4.15 mgkg~! of mice) was orally administrated 12 h prior and at the
same time as the intraperitoneal injection of trastuzumab. Tumor volumes were
determined twice a week.

Statistical analysis. Data are expressed as mean + S.E.M. Differences were ana-
lyzed by the Student ¢-test. The non-parametric one-tailed Spearman test was used
to determine the correlation coefficient.

Data availability
All data supporting the findings of this study are available in the Article, Supple-
mentary Information, or upon request from the corresponding author. The Source
Data underlying Figures in the main text and Supplementary Figures are provided
as a Source Data file.
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Dosimetry for 3°Zr-Trastuzumab in Patients with

Esophagogastric Cancer

Joseph A. O’Donoghue’, Jason S. Lewis?>—3, Neeta Pandit-Taskar>*6, Stephen E. Fleming3, Heiko Schoder3#,
Steven M. Larson-6, Volkan Beylergil3, Shutian Ruan?, Serge K. Lyashchenko?3, Pat B. Zanzonico!,
Wolfgang A. Weber3->, Jorge A. Carrasquillo™3-°, and Yelena Y. Janjigian™8

!Department of Medical Physics, Memorial Sloan Kettering Cancer Center, New York, New York; ?Radiochemistry and Molecular
Imaging Probes Core, Memorial Sloan Kettering Cancer Center, New York, New York; 3Department of Radiology, Memorial Sloan
Kettering Cancer Center, New York, New York; *Department of Radiology, Weill Cornell Medical Center, New York, New York;
>Molecular Pharmacology Program, Memorial Sloan Kettering Cancer Center, New York, New York; %Center for Targeted
Radioimmunotherapy and Diagnosis, Ludwig Center for Cancer Immunotherapy, New York, New York; "Department of Medicine,
Memorial Sloan Kettering Cancer Center, New York, New York; and 8Department of Medicine, Weill Cornell Medical Center,

New York, New York

Trastuzumab with chemotherapy improves clinical outcomes in
patients with human epidermal growth factor receptor 2 (HER2)-
positive esophagogastric adenocarcinoma (EGA). Despite the ther-
apeutic benefit, responses are rarely complete, and most patients
develop progression. To our knowledge, this is the first report eval-
uating 89Zr-trastuzumab in HER2-positive EGA; here, we evaluate
the safety, pharmacokinetics, biodistribution, and dosimetry
89Zr-trastuzumab. Methods: Trastuzumab was conjugated with
deferoxamine and radiolabeled with 8%Zr. A mean activity of 184
MBq was administered to 10 patients with metastatic HER2-posi-
tive EGA. PET imaging, whole-body probe counts, and blood draws
were performed to assess pharmacokinetics, biodistribution, and
dosimetry. Results: No clinically significant toxicities were ob-
served. At the end of infusion, the estimated 8%Zr-trastuzumab in
plasma volume was a median 102% (range, 78%-113%) of the in-
jected dose. The median biologic half-life T,z was 111 h (range,
78-193 h). The median biologic whole-body retention half-life was
370 h (range, 257-578 h). PET images showed optimal tumor visu-
alization at 5-8 d after injection. The maximum tumor SUV ranged
from no to minimal uptake in 3 patients to a median of 6.8 (range,
2.9-22.7) for 20 lesions in 7 patients. Dosimetry estimates from
OLINDA showed that the organs receiving the highest absorbed
doses were the liver and heart wall, with median values of 1.37
and 1.12 mGy/MBq, respectively. Conclusion: 89Zr-trastuzumab
imaging tracer is safe and provides high-quality images in patients
with HER2-positive EGA, with an optimal imaging time of 5-8 d after
injection.
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897R-TRASTUZUMAB IN ESOPHAGOGASTRIC CANCER  ®

Gastric cancer is the fifth most common malignancy and
among the leading causes of cancer death in the world (/). Human
epidermal growth factor receptor 2 (HER2) is a transmembrane
receptor that is overexpressed in approximately 20% of esopha-
gogastric adenocarcinoma (EGAs) (2). Trastuzumab, an anti-HER2
monoclonal antibody, is the first Food and Drug Administration—
approved targeted agent to treat patients with EGA that overex-
presses HER2 (3). However, not all patients with HER2-positive
EGA respond to trastuzumab (4). Furthermore, duration of response
to trastuzumab-containing therapy is only 6.7 mo, and the basis of
resistance in EGA is an area of investigation.

In patients with HER2 expression in tumors, the heterogeneity
of HER2 expression within primary tumors and metastases as well
as loss of HER2 expression while undergoing trastuzumab therapy
are some factors that have been shown to contribute to therapeutic
resistance (5). Furthermore, the extent of disease burden and pres-
ence of the primary tumor in the stomach has been shown to affect
absorption, pharmacokinetics, and efficacy of trastuzumab and
lapatinib (oral anti-HER?2 tyrosine kinase inhibitor). An imaging
agent that can noninvasively assess HER2 status and reflect func-
tional effects of HER2-targeted agents in the primary tumor
and metastases would help to elucidate these factors. Using
897r-trastuzumab in gastric cancer xenografts, we demonstrated
that 39Zr-trastuzumab PET could delineate HER2-positive tumors
and measure the pharmacodynamic effects of anti-HER?2 therapy (6).

Previous reports with 39Zr-trastuzumab have focused on its abil-
ity to detect breast cancer (7), determine HER2 tumor heteroge-
neity (8), and identify patients likely to respond to HER2-directed
treatments (9,10). Limited information is available on the pharma-
cokinetics and dosimetry of 8%Zr-labeled antibodies in general (9-17),
and no detailed data on the pharmacokinetics of 8%Zr-trastuzumab
have been published in peer-reviewed literature. Only recently
has there been a report of 89Zr-trastuzumab dosimetry in breast
cancer (/8). To our knowledge, this is the first report evaluating
89Zr-trastuzumab in HER2-positive EGA; here, we evaluate
the safety, pharmacokinetics, biodistribution, and dosimetry of
897 r-trastuzumab.
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MATERIALS AND METHODS

Patients

Eligible patients had a diagnosis of HER2-positive metastatic EGA.
Other eligibility criteria included measurable or evaluable disease by
RECIST (version 1.1), Karnofsky performance of 60% or greater, and
adequate organ function. Exclusion criteria included ejection fraction of
less than 50% and known hypersensitivity to trastuzumab. For patients
receiving trastuzumab, a washout period of at least 14 d was recommended.

Study Design and Cohorts

This was a single-site, prospective open-label imaging protocol.
The study was approved by the institutional review board and ethics
committees at Memorial Sloan Kettering Cancer Center (MSK)
(ClinicalTrials.gov identifier NCT02023996). All patients provided
written informed consent. We report the results from the completed
cohort 1, of 10 patients who underwent serial 8Zr-trastuzumab PET
imaging (Supplemental Fig. 1; supplemental materials are available at
http://jnm.snmjournals.org) to determine safety, biodistribution, phar-
macokinetics, and dosimetry.

89Zr-Trastuzumab Drug Product

The 89Zr-trastuzumab was manufactured by the MSK Radiochem-
istry and Molecular Imaging Probes Core Facility in compliance with
a Food and Drug Administration investigational new drug application.
Clinical-grade trastuzumab (Herceptin; Genentech) was conjugated
with p-SCN-Bn-deferoxamine (Macrocylics) chelator, followed by
radiolabeling with 8Zr, a positron emitter with a 78.4-h half-life.
The conjugation was performed using methodology previously de-
scribed (19). The chelate-to-trastuzumab ratio was 1.03, as determined
by the radioisotopic dilution method, with an antibody concentration of
10.6 mg/mL, determined by ultraviolet-visible spectroscopy, and anti-
body monomer content of 100%, determined by size-exclusion chroma-
tography high-performance liquid chromatography. #Zr-oxalate was
also prepared in-house as previously described (20) and used to radiolabel
desferrioxamine-trastuzumab as previously described (19,20). The 3°Zr-
trastuzumab final product had a radiochemical purity of more than
95%, endotoxin content of less than 5 EU/mL, and pH of 5.5-8.0
and was sterile. The median immunoreactivity was 94% (range,
86%—-97%) (21).

Patient unit doses of approximately 185 MBg/3 mg of 3°Zr-trastuzumab
were mixed with nonradiolabeled trastuzumab to achieve a total mass of
50 mg. The total antibody mass of 50 mg was selected on the basis of the
literature experience (7). A mean of 184 MBq (range, 182-189 MBq)
was injected intravenously over approximately 5 min. Patients were
monitored for 2 h after injection, and any adverse effects were graded
using Common Terminology Ceriteria for Adverse Events (version 4).

Imaging

All patients underwent dedicated CT imaging as a reference standard
a median of 9 d before (range, 29 d before or 3 d after) 3°Zr-trastuzumab
injection. Each patient underwent serial whole-body PET/CT scans from
mid skull to proximal thigh. All scans were obtained on a Discovery STE
PET/CT scanner (GE Healthcare) in 3-dimensional mode with attenua-
tion, scatter, and other standard corrections applied and using iterative
reconstruction. Images were acquired within 4 h of injection and at 1, 2—
4, and 5-8 d after injection using 3, 4, 5, and 7-8 min per bed position,
respectively. Low-dose CT scans were used for attenuation correction
using an x-ray tube current of 10-80 mA.

Images were read by an experienced nuclear medicine physician who
was aware of the patient’s history and conventional imaging. Localiza-
tion in the tumor was defined as focal accumulation greater than adjacent
background in areas in which physiologic activity was not expected.
Volumes of interest were drawn on PET/CT images over normal liver,
kidney, spleen, bone marrow, and lung using a dedicated workstation
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(Hermes Medical Solution or GE Healthcare AW server 2.0) and over
selected tumor lesions confirmed on CT or '8F-FDG PET. SUVs nor-
malized to lean body mass (SUVypy) were determined.

Whole-Body and Serum Clearance Measurements

Whole-body clearance was determined by serial measurements of
counting rate using a 12.7-cm-thick Nal(Tl) scintillation detector at a
fixed 3 m from the patient. Background-corrected geometric mean
counts were obtained after infusion and before first voiding, imme-
diately after first voiding, and subsequently at the times of the PET
scans. Counting rates were normalized to the immediate postinfusion
value (taken as 100%) to yield relative retained activities (in %).

Blood samples were obtained at approximately 5, 15, 30, and
60 min and 2 h after injection and on subsequent days of each PET
scan (n = 8). Aliquots of serum were counted using a well-type detector
(Wallac Wizard 1480 y-counter; Perkin Elmer). The measured activity
concentrations were converted to percentage injected activity per liter.

The whole-body probe data and the serum activity concentration data
were fit with monoexponential or biexponential functions using SAAM
software (22). These data were used to determine cumulated activity per
unit administered activity (i.e., residence time) for whole-body and se-
rum. Serum data were also used to determine pharmacokinetic parame-
ters, including concentration at O time, median biologic half-life T /g,
volume of distribution of central compartment, area under the curve
(AUC), and systemic clearance. The total percentage injected activity
initially present in the serum was estimated by multiplying the percent-
age injected activity per liter in serum at concentration at O time by the
patient’s estimated plasma volume determined from a nomogram (23).

Normal-Tissue Dosimetry

Image-derived SUVy gy were converted to activity concentration per
unit mass (kBg/g). The AUCs were estimated by trapezoidal integration
with the contribution of the terminal portion calculated by extrapolation
from the last measured value using the faster of apparent terminal clear-
ance rate or physical decay. Subsequently, whole-organ AUCs were esti-
mated by multiplying the activity concentration AUC by organ mass and
residence time derived by dividing the AUC by injected activity. Values of
standard male/female organ masses were taken from the OLINDA/EXM
software (24). If the actual body mass was more than 15% greater than the
standard value, organ masses were rescaled. The assigned patient mass
was the minimum of actual patient mass or a calculated maximum effec-
tive mass as previously described (25).

The residence time for cardiac contents was calculated by
multiplying the serum value (in h/L) by the standard or patient
mass—rescaled value of heart contents volume and by (1—measured
hematocrit). The residence time for red marrow was calculated as
described by Sgouros et al. (26). The residence time for the remainder
of the body was derived by subtracting all the individually estimated
residence times for normal organs from the whole-body residence
time. Absorbed radiation doses to various normal organs were esti-
mated using OLINDA/EXM software.

Statistics

Descriptive statistics include median or mean and SD. Comparison
between groups was done using the paired ¢ test. Statistical analysis
was performed with SigmaStat 3.5 (Systat Software Inc.).

RESULTS

Patients

Ten consecutive patients with histologically documented EGA
were imaged (esophageal, n = 2; gastroesophageal junction, n = 7;
and gastric, n = 1). Tumors were HER2-positive based on immu-
nohistochemistry 3+ (n = 8) or 2+ with fluorescence in situ hy-
bridization (FISH) amplification (n = 2). Their median age was
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TABLE 1
Pharmacokinetic Parameters for 89Zr-Trastuzumab

Parameter Median Minimum Maximum
Co-measured (% injected activity/L) 31.56 24.5 46.7
Co-fit (% injected activity/L) 31.55 24.4 44.8
vd (L) 3.17 2.23 410
T1/2q (h) 1.9 15.3
T1s2p (h) 111 78 193
Clearance (mL/h) 28.8 12.2 52.5
Estimated amount in plasma volume (%) 102 78 113

Vd = volume of distribution of central compartment.

62 y (age range, 46—80 y); 8 were men and 2 women. Patients either
were trastuzumab-naive (n = 3) or were no longer being treated
with trastuzumab for a median of 42 d (range, 35-156 d) with the
exception of patient 5, who received trastuzumab within 15 d before
897 r-trastuzumab.

Adverse Events

Two patients reported grade 1 chills during injection that resolved
after diphenhydramine and acetaminophen. One patient had chills
that did not require treatment, possibly related to 89Zr-trastuzumab
administration. No other related adverse events were reported.

Pharmacokinetics

The pharmacokinetic parameters for 3°Zr-trastuzumab are shown
in Table 1. At the end of infusion, the estimated total activity in
serum was a median of 102% (range, 78%—113%) of the injected
dose, determined by multiplying the patients’ estimated plasma vol-
ume by the concentration in serum at the initial sampling time point.
The serum volume of distribution of the central compartment was
within a median of 3% (range, —10%—-28%) of the estimated plasma

volume. The median biologic T;,g was 111 h (range, 78-193 h)
(Supplemental Fig. 2A).

Biodistribution

Whole-body retention of activity was prolonged, with a median
biologic half-time of 370 h (range, 257-578 h), as shown in Supple-
mental Figure 2B. Excretion in the urine in the first 1.7 h (range, 1.1-
2.5 h) was minimal, with a median of 1.6% (range, —1.0%—-7.6%).
Whole-body excretion over a median of 120 h (range, 115-191 h)
was a median of 21.3% (range, 16.7%—-30.0%). In 7 of 10 patients,
the gallbladder was visualized in the day-of-injection image but
seldom in subsequent images. All patients had bowel visualization
that moved over time, consistent with intraluminal content. Exactly
how much of the total excretion was urinary versus bowel was not
determined; however, bowel appeared to be the predominant route of
excretion based on visual inspection.

Optimal tumor visualization was generally obtained at the last
imaging time point (5-8 d after injection), when most lesions were
observed with the best contrast based on visual assessment by an

expert reader and with the highest or near-

$ & .
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highest SUV| pyvomax (Fig. 1). The initial
image primarily showed blood pool and
rarely any tumor lesions. Tumor uptake typ-
ically increased over time, with the highest
uptake most often seen at the last time point
(Fig. 2). The highest tumor SUV| M. max
observed ranged from no uptake in any le-
sion in 2 patients to a median SUV| gyvimax
of 6.8 (range, 2.9-22.7) for 20 lesions in 7
patients with positive scan results, imaged
between 115 and 191 h after administration.
The time course of normal-organ uptake is
shown in Figure 3A. The uptake in liver was
relatively low and stable over time as was
kidney (with the exception of the last time
point representing a single patient). The up-

= take decreased continuously in the blood

FIGURE 1.

Patient 10 with EGA cancer metastatic to liver. Serial maximume-intensity-projection

pool, lung, and spleen. A slight increase in
organ-to-blood ratio was observed for liver,

images are shown, after injection of 182.8 MBq of 89Zr-trastuzumab. All images are of good quality
up to 5 d after injection (images set to same gray scale). Immediate postinjection images do not
show tumor uptake. Images at 1 d after injection show uptake in metastatic liver lesions that
increases over time and is well identified at 4 and 5 d after injection with SUV| gy.max 0f 22.7. Foci
in upper mediastinal nodes are best seen at 5 d after injection. Blood-pool activity decreases over
time. Activity in bowel is present at all time points. Minimal or no activity is seen in urinary bladder.
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kidney, and bone marrow (Fig. 3B).

Tumor Imaging
In 80% of imaged patients, accumula-
tion of 89Zr-trastuzumab tracer was noted
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FIGURE 2. Volume of interest drawn over tumor lesions with highest up-
take (SUV_ sm-max [8 patients], with 89Zr-trastuzumalb uptake usually increas-
ing over time with highest SUV| gm-max typically at >48 h after injection).

in sites of known disease. Focal areas of $°Zr-trastuzumab uptake
were seen within known metastatic sites in the liver, lymph nodes,
lung, and bone as well as remaining primary. No uptake was seen
in 2 patients on 3°Zr-trastuzumab PET. In patient 4, this was likely
due to weak HER2 staining (immunohistochemistry 2-+/FISH
HER2/CEP17 3.4) and focal HER2 expression. In patient 3 with
prior gastrectomy, whose primary tumor and biopsy-proven lung
metastasis exhibited strong HER2 expression (immunohistochemis-
try 3+), 89Zr-trastuzumab PET failed to pick up small-volume re-
current disease in a 1.1 X 1.1 cm lung nodule and 1.9 X 1.3 cm
retroperitoneal lymph node that were visualized on CT. The retro-
peritoneal lymph nodes were never biopsied or tested for HER2
overexpression. Patient 8 with very low uptake in bone lesions
and no uptake in liver and nodal lesions was receiving chemother-
apy at the time of imaging. Heterogeneity of tumor uptake within
patients is shown in Supplemental Table 1, along with last trastu-
zumab therapy since this treatment may compete for tumor uptake.

Absorbed Dose to Normal Organs

The dosimetry estimates from OLINDA are shown in Table 2,
indicating that the organs receiving the highest absorbed doses
were liver, heart wall, kidney, lung, and spleen with mean values
of 1.32,1.12,0.9, 0.81, and 0.8 mGy/MBq, respectively. The mean
effective dose was 0.48 mSv/MBq.

DISCUSSION

Our data demonstrate for the first time that 39Zr-trastuzumab
PET is specific for HER2-positive EGA and visualizes primary
tumors and metastases with high contrast. Similar findings have
been described previously in patients with breast cancer (7-10,18).
89Zr-trastuzumab PET has a potential advantage over single-site
biopsies, as it can noninvasively assess variation in level of HER2
and target engagement in both the primary tumor and all sites of
metastases simultaneously. 8°Zr trastuzumab PET has already
been used as a biomarker in the theranostic setting for breast
cancer patients treated with trastuzumab emtansine antibody
drug conjugate. In that setting, combining 8°Zr-trastuzumab and
I18F-FDG PET predicted response to treatment with trastuzumab
emtansine (/0). In addition, early changes in 8°Zr-trastuzumab
uptake in breast cancer metastasis after treatment with heat shock
protein 90 inhibitor have correlated with CT changes in the size of
lesions (9). Last, a preliminary report has suggested that breast
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cancer patients with prior HER2-negative biopsies may be identi-
fied as HER2-positive on imaging and selected for therapeutic
intervention that they would not otherwise receive (8).

In this study, the biodistribution and imaging of 3°Zr-trastuzumab
in patients with EGA appeared visually similar to those in patients
with metastatic breast cancer (7,8,18). Recent analysis of 8°Zr-
trastuzumab biodistribution in normal organs of women with
breast cancer has been expressed as percentage injected dose
(18), when our data in SUV| gy are converted to percentage in-
jected dose using standard man body weight and organ volumes;
we obtained uptake values in the same range (data not shown). A
prior study with 8Zr-cmAb-U36 antibody in head and neck cancer
(12) showed similar biodistribution and percentage injected dose
in the liver, spleen, and kidney as previously described in breast
cancer patients (/8). In contrast, some antibodies have higher con-
centration in organs such as the liver (/5,17,27) or spleen (16),
which is probably due to cross-reactivity with antigen in these
organs or the mass amount of antibody used. In our study, the
uptake in the liver, kidney, and bone marrow showed little increase
over time (Fig. 3A). When the ratios of these organs to blood pool
was determined, there was evidence of slight accumulation of 3°Zr
above blood pool in the liver, kidney, and bone marrow (Fig. 3B),
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FIGURE 3. (A) SUV| gy was determined by placing volume of interest
over various organs and was averaged over all available time points
(n =10 for 2 h and 24 h, n = 9 for 48 h, n = 2 for 96 h, n = 10 for
120 h, and n = 1 for 192 h). SUVs were fairly stable over time for bone
marrow, liver, and kidney, except for last time point. Slight decrease in
SUV,_gm Was noted for spleen and lung, as was larger decrease in ac-
tivity in blood. (B) Organ-to-blood-pool ratios showed fairly stable
changes for spleen and lung over time, suggesting no concentration
above blood pool. In contrast, liver, kidney, and bone marrow showed
slight increase over time, suggesting some 89Zr accumulation in these
organs.
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TABLE 2
Normal-Organ Absorbed Doses for 89Zr-Trastuzumab

Target organ Mean SD Median Minimum Maximum
Adrenals 0.57 0.08 0.57 0.47 0.73
Brain 0.24 0.05 0.25 0.16 0.31
Breasts 0.31 0.05 0.31 0.23 0.38
Gallbladder wall 0.64 0.08 0.65 0.52 0.78
Lower large intestine wall 0.43 0.10 0.42 0.32 0.65
Small intestine 0.40 0.06 0.42 0.30 0.47
Stomach wall 0.43 0.07 0.44 0.32 0.54
Upper large intestine wall 0.44 0.07 0.44 0.35 0.55
Heart wall 1.12 0.18 1.12 0.85 1.46
Kidneys 0.90 0.22 0.78 0.68 1.26
Liver 1.32 0.24 1.37 0.90 1.75
Lungs 0.81 0.18 0.77 0.58 1.17
Muscle 0.33 0.05 0.33 0.23 0.40
Ovaries 0.38 0.07 0.40 0.26 0.47
Pancreas 0.56 0.09 0.56 0.45 0.71
Red marrow 0.45 0.08 0.45 0.32 0.61
Osteogenic cells 0.50 0.11 0.50 0.32 0.69
Skin 0.23 0.04 0.23 0.16 0.29
Spleen 0.80 0.19 0.74 0.59 1.20
Testes 0.26 0.05 0.27 0.17 0.30
Thymus 0.46 0.06 0.47 0.34 0.55
Thyroid 0.31 0.05 0.32 0.21 0.36
Urinary bladder wall 0.33 0.05 0.34 0.23 0.38
Uterus 0.38 0.07 0.39 0.25 0.46
Total body 0.37 0.06 0.37 0.28 0.46
Effective dose equivalent (mSv/MBq) 0.60 0.09 0.60 0.49 0.76
Effective dose (mSv/MBq) 0.48 0.06 0.47 0.38 0.57

Units are mGy/MBq unless otherwise noted.

whereas the ratios in lung and spleen were flat, suggesting no con-
centration above blood pool (Fig. 3B).

Our dosimetric findings predominantly in men are in line with
those described for 89Zr-trastuzumab in women, in whom the max-
imal absorbed dose was to the liver, kidney, spleen, and lung (/8).
Interestingly, for the few other 3°Zr-labeled antibodies, the dosimetry
in most normal organs is in the same range as for 8°Zr-trastuzumab.
The effective dose in our study of 0.48 mGy/MBq was comparable
to 0.53, 0.36, 0.41, 0.61, and 0.41 mGy/MBq for cmAB-U36,
hJ591, IAB2 M minibody, cetuximab, and rituximab antibodies,
respectively (12,15-17,27). The major difference in organ dosim-
etry for these 8%Zr-labeled antibodies is in the liver and spleen
when antibodies cross-reacted with these tissues (/5,16). It is
possible that changing the mass of antibody administered (or if
recent trastuzumab was administered) could result in not only
differences in tumor targeting but also differences in biodistribu-
tion and dosimetry. This effect of antibody mass in organ dosim-
etry has been demonstrated with rituximab, where a preinjection
of cold antibody will significantly decrease the dose to the spleen
by blocking uptake (0.73 vs. 4.1 mSv/MBq).

897R-TRASTUZUMAB IN ESOPHAGOGASTRIC CANCER  ®

‘We have previously reported that while localization can be achieved
with shorter-lived positron-labeled %Ga- or ®*Cu-trastuzumab, their
targeting is suboptimal (28,29), given the biologic half-life of intact
antibody in the circulation for 8°Zr-trastuzumab in this study (111 h).
In our study, we concluded that the 5- to 8-d point offered the best
imaging, similar to previous studies (7,/8). Similar conclusions
regarding optimal delayed imaging time with other 8°Zr-labeled
intact antibodies have been reported (/2,17). Although studies
have shown targeting of !!'In-labeled trastuzumab (30), the advan-
tage of 89Zr-trastuzumab is its ability to perform quantitative im-
aging with PET and the higher sensitivity and resolution of PET
compared with single-photon emission tomography with !'In.

In this study, we administered approximately 185 MBq,
resulting in good images even at 5-8 d after administration. Others
have used approximately 37 MBq successfully, although they have
pointed out limitations in imaging and defining volume of interest for
delayed scans, especially in large patients and delayed times (7,12, 14).
Studies with 39Zr-trastuzumab using 62 MBq showed that delayed
imaging could be adequately performed. On the basis of visual data
from our images and prior reports, we believe that we will be able to
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decrease the administered activity significantly from 185 MBq and
still obtain adequate images in patients with EGA (7,18).

Adverse events from 8°Zr-trastuzumab administration were minor
and similar to that observed previously with other 8°Zr-labeled
antibodies, for which grade 1 infusion reactions have been observed
(9,12,17,27).

CONCLUSION

The current study demonstrates the feasibility of using
897 r-trastuzumab to localize HER2-positive gastric cancer, raising
the potential of using this reagent to select or identify patients with
gastric cancer who are likely to respond to HER2-directed treat-
ment. Additional patient accrual is ongoing to further categorize
the heterogeneity of uptake and correlate imaging findings with
response to HER2-directed therapies.
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First-line pembrolizumab (P), trastuzumab (T), capecitabine (C) and
oxaliplatin (O) in HER2-positive metastatic esophagogastric
adenocarcinoma

Y.Y. Janjigian', S. Maron?, JF. Chou®, AR. Gabler?, M.Z. Simmons”, P. Momtaz?,
M. Shcherba?, G.Y. Ku?, E. Won?, F. Sanchez-Vega®, H. Gerdes®, D.P. Kelsen®, D.H. Ilson?,
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Cancer Center, New York, NY, USA, “Radiology, Memorial Sloan Kettering Cancer
Center, New York, NY, USA, *Medicine, Gastroenterology, Memorial Sloan Kettering
Cancer Center, New York, NY, USA, °Office of Physician-In-Chief, Memorial Sloan-
Kettering Cancer Center, New York, NY, USA, “Pathology, Memorial Sloan Kettering
Cancer Center, New York, NY, USA, *Medicine, Solid Tumour Division, Memorial Sloan
Kettering Cancer Center, New York, NY, USA

Background: Trastuzumab stimulates HER2-specific T cell responses and increases
tumour PD-L1 expression, and anti-PD-1 antibody can help enhance T cell-specific

immunity of trastuzumab. We conducted a phase II trial of pembrolizumab with che-
motherapy/trastuzumab.

Methods: Patients (pts) with previously untreated HER2 IHC 34 or FISH+ tumours
irrespective of PD-L1 status received intravenous P 200 mg flat dose, T 6 mg/kg (after
8 mg/kgload), O 130 mg/m2 every 3 weeks and oral C 850 mg/m2 2 weeks on/1 week
off. 22 pts received 1 cycle of induction P/T prior to initiation of chemotherapy. The
primary endpoint was 6-months PFS; with target accrual of 37 pts. Secondary end-
points included safety, OS, ORR, and biomarker analysis.

Results: Accrual completed and 100% of the 37 evaluable pts had tumour regression
(ranging from -4% to -100%). The RECIST 1.1 ORR was 81% (27 PR, 3 CRs), and 12
(52%) of pts that received induction P/T x 1 cycle showed reduction in target lesions.
Median PFS was 14.2 months (mo), with 70% 6 mo PFS. Median follow up was only

8 mo. In pts with available material, 14/36 (40%) had PD-L1 CPS >1 and median TMB
was 4.4 mut/Mb (0-10.6). There was no correlation between PD-L1 status and PFS or
OS. ERBB2 amplification was evident by tissue-NGS in 17/30 (63%) and ctDNA-NGS
in 17/30 (58%) pre-treatment, while the remaining pts were ERBB2- by NGS likely due
to tumour heterogeneity or low tumour content. CtDNA decreased in 16/24 tested pts
after 1 cycle of induction T/P alone. irAEs included interstitial nephritis Gr4 (3%),
transaminitis Gr3 (11%), Gr4 (3%), colitis Gr3 (3%).

Conclusions: 40% remain on therapy, and so the primary endpoint should be reached
by 9/19. Updated survival, correlative studies and will be presented. These promising
preliminary safety and efficacy results led to initiation of a definitive phase III Keynote
811 trial (NCT03615326).
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