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ABSTRACT

Gastric cancer (GC) is the world's third leading cause of cancer mortality. In spite of significant
therapeutic improvements, the clinical outcome for patients with advanced GC is poor; thus, the
identification and validation of novel targets is extremely important from a clinical point of view.
We generated a wide, multi-level platform of GC models, comprising 100 patient-derived
xenografts (PDXs), primary cell lines and organoids. Samples were classified according to their
histology, microsatellite stability (MS), Epstein-Barr virus status, and molecular profile. This PDX
platform is the widest in an academic institution and it includes all the GC histologic and molecular
types identified by TCGA. PDX histopathological features were consistent with those of patients'
primary tumors and were maintained throughout passages in mice. Factors modulating grafting rate
were histology, TNM stage, copy number gain of tyrosine kinases/KRAS genes and MS status.
PDX and PDX-derived cells/organoids demonstrated potential usefulness to study targeted therapy
response. Finally, PDX transcriptomic analysis identified a cancer cell intrinsic MSI signature,
which was efficiently exported to gastric cancer, allowing the identification -among MSS patients-
of a subset of MSI-like tumors with common molecular aspects and significant better prognosis. In
conclusion, we generated a wide gastric cancer PDX platform, whose exploitation will help identify
and validate novel 'druggable’ targets and optimize therapeutic strategies. Moreover, transcriptomic
analysis of GC PDXs allowed the identification of a cancer cell intrinsic MSI signature, recognizing

a subset of MSS patients with MSI transcriptional traits, endowed with better prognosis.

Significance: This study reports a multi-level platform of gastric cancer PDXs and identifies a MSI

gastric signature that could contribute to the advancement of precision medicine in gastric cancer.
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INTRODUCTION

Gastric cancer (GC) is the fifth most common cancer and the third leading cause of cancer mortality
in the world(1). From a histologic point of view, according to Lauren’s classification, it can be
divided in three main subtypes: intestinal, characterized by a glandular or papillary structure,
frequently originating from intestinal metaplasia; diffuse, showing a poorly cohesive tissue
architecture; mixed, presenting areas of both intestinal and diffuse histology. The TCGA analysis
has recently proposed a molecular classification of this disease(2), recognizing four different
genetic subtypes: Epstein Barr Virus positive (EBV, 9%), microsatellite instable (MSI, 22%),
chromosomal instable (CIN, 50%) and genomically stable (GS, 20%). Each subtype is characterized

by specific genomic alterations, many of which potentially targetable.

In spite of the increased molecular knowledge of GC, only one targeted therapy directed against
molecular alterations of tumor cells has been approved so far, namely treatment with Trastuzumab
in tumors displaying HER2 amplification(3). Indeed, most Phase Il clinical trials evaluating
molecular drugs in GC failed, suggesting the need of a more accurate patient selection and of pre-

clinical models to assist clinical development of novel therapeutic strategies(3-10).

The cancer models that better recapitulate the biological characteristics of human tumors are, at
present, Patient-Derived Xenografts (PDXs). These models are obtained by subcutaneous or
orthotopic implantation in immunodeficient mice of small pieces of human tumors which are
propagated in order to obtain cohorts of animals bearing the same tumors on which preclinical trials
(xenotrials) can be performed (11,12). Xenotrials can be used to: i) validate altered genes as tumor
drivers —id est, possible therapeutic targets-; ii) directly compare treatments targeting the same
genetic lesions; iii) identify biomarkers of sensitivity/resistance; iv) compare the effect of different
co-occurring genetic alterations on the therapeutic response. Indeed, some of these studies
performed in PDXs have generated important preclinical information that led to the execution of
successful clinical trials(13). Moreover, experience derived from co-clinical trials, where treatments
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have been performed both in patients and in the corresponding PDXs, has shown the power of this

approach(14,15).

Due to the low prevalence of many genetic lesions, however, these studies can be successfully
performed only if a large number of PDXs is available. For this reason we generated a wide gastro-
esophageal PDX platform (to our knowledge the widest in an academic institution), encompassing
all the histological and molecular subtypes, also including in vitro-derived material, such as primary
cell lines and organoids. We believe that this multilevel platform, rapidly and continuously
growing, represents an invaluable resource to validate the effectiveness of inhibiting already known
drivers, to perform preclinical studies comparing different therapeutic approaches, to identify new
targets and to investigate mechanisms of resistance to treatment. The final goal is to generate
knowledge to be translated in clinical trials which can eventually improve the prognosis of this

deadly disease.
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MATERIALS AND METHODS

PDX generation

Gastric PDX generation was performed as described in(16). Details are reported in Suppl. Material.
All animal procedures adhered to the ‘Animal Research: Reporting of In Vivo Experiments’
(ARRIVE) standards and were approved by the Ethical Commission of the Candiolo Cancer
Institute (Candiolo, Torino, Italy), and by the Italian Ministry of Health. All patients provided
written informed consent; samples were collected and the study was conducted under the approval
of the Review Boards of all the Institutions. The study was done in accordance with the principles
of the Declaration of Helsinki, the International Conference on Harmonization and Good Clinical

Practice guidelines and GDPR (General Data Protection Regulation).

GC Primary cell lines culture and organoids

GC primary cells were derived from PDXs as described in (17). Gastric cancer organoids were
derived as described in (18). The genetic identity of the in vitro-derived material with the original
tumor has been verified by short tandem repeat profiling (Cell ID, Promega). Mycoplasma testing
was performed upon culture setting.

PDX xenotrials

GTR0503 PDXs were passaged and expanded for 2 generations until production of a cohort of 40
mice. Established and randomized tumors (average volume 300 mm?®) were treated for the indicated
days with the following regimens, (either single agent or combination): vehicle (saline) per os;
Cetuximab 20 mg/Kg, twice weekly ip; JNJ-605 50mg/kg, daily, per os. N=6. Tumor size was
evaluated once-weekly by caliper measurements and approximate volume of the mass was
calculated using the formula 4/3m(D/2)(d/2)?, where d is the minor tumor axis and D is the major
tumor axis. GTR0233 and GTR0455 PDXs were expanded for 4 and 2 generations respectively,

until the production of 20 mice for each GC model. Established tumors were randomized (average
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volume 250 mm?) and treated for the indicated days with vehicle (saline) or Trastuzumab 30 mg/kg,
weekly, through intra-peritoneal injection.

Organoid transplantation

Gastric cancer organoids were s.c. injected into flanks of NOD/SCID mice. For each organoid line
three mice were used, each receiving into one flank organoids derived from 24 wells of a 24 well
plate (approximately 2x107° cells/mouse) in 100 pl Matrigel.

Imaging

H&E was performed on 3 um thick tissue sections. Organoids were embedded in Richard-Allan
Scientific™ HistoGel™ Specimen Processing Gel (Thermo Fisher Scientific) according to
manufacturer instructions, fixed in formalin, processed according to standard methods and finally
embedded in paraffin.

Images were captured with the AxiovisionLe software (Zeiss) using an Axio Zeiss Imager 2
microscope (Zeiss).

Cell viability assay

Cells were seeded in 96-well plastic culture plates (3000/well), in the presence of the indicated
drugs or vehicle (DMSQO) for 6 days. Cell viability was measured by using the Cell Titer-Glo

Luminescent Cell Viability Assay (Promega).

EBV evaluation

Detection and quantification of EBV DNA were performed using the EBV Q-PCR Alert KIT
(ELITechGroup S.p.A.). The real time amplification assay was carried out on ABI 7300 Real-Time
PCR System instrument (Applied Biosystems, USA). PDXs were classified as described in (16):
EBV high (with high EBV burden, >1000, Equivalent EBV Genomes/reaction (gEq), EBV
intermediate (75-1000 gEq) or EBV low/neg (<75 gEq). Tumors scored as EBV high or

intermediate were considered as EBV positive.

MSI evaluation
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MS status was evaluated with the MSI Analysis System version 1.2 kit (Promega). MSI analysis
was performed according to the manufacturer’s directions. The pathologist interpreted
microsatellite instability at >2 mononucleotide loci as MSI, instability at a single mononucleotide

locus and no instability at any of the loci tested as microsatellite stable (MSS).

Genomic sequencing

DNA extracted from PDX models along with a sample of normal germline DNA from each patient
were utilized for next generation sequencing. Using standard methods, Illumina sequencing
libraries were generated and subjected to hybrid capture with a focused targeted bait set of 243
genes selected based upon their alteration in prior studies of gastroesophageal cancer (19). Details

are reported in Suppl. Methods.

Microarray data generation, preprocessing and differential expression analysis

Synthesis of cDNA and biotinylated cRNA (from 500ng total RNA) was performed using the
[MluminaTotalPrep RNA Amplification Kit (Ambion), according to the manufacturer’s protocol.
Quality assessment and quantitation of cRNAs were performed with Agilent RNA kits on a
Bioanalyzer 2100 (Agilent). Hybridization of cRNAs (750ng) was carried out using Illlumina
Human 48k gene chips (Human HT-12 V4 BeadChip). Array washing was performed by Illumina
High Temp Wash Buffer for 10° at 55°C, followed by staining using streptavidin-Cy3 dyes
(Amersham Biosciences). Hybridized arrays were stained and scanned in a Beadstation 500
(Mumina) and HiScanSQ. Data were analyzed as described in (16). Details are reported in Suppl.

Methods. Array data are deposited in GSE98708 and GSE128459.

Statistics

Statistical Analysis

Statistical testing for pharmacological experiment was performed with GraphPAD PRISM Software
8.0, using the test indicated in Figure Legends. Statistical significance: ns= not significant; *p

<0,05; **p <0,01; ***p <0,001.
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RESULTS

Patients characteristics.

Gastro-esophageal cancer patients were consecutively enrolled in 15 different Italian Hospitals in
which the GEA (Gastro-Esophageal Annotated platform) project has been approved. We included
in the study a total of 349 gastro-esophageal cancer patients (Figure 1A), whose tumors were
molecularly characterized and whose follow up was recorded. Detailed patient characteristics are
reported in Suppl. Table S1. Median patients’ age was 71 (range: 32-90 years), with a male to
female ratio of 1.97 (226:115). 19.1% of the tumors were located in the gastro-esophageal junction
(GEJ) or in the upper part of the stomach (6.9%), 19.4% in the middle part and 49.6% in the lower
part; 5% derived from residual tissue of a previous gastrectomy. From a histologic point of view,
according to Lauren classification, intestinal, diffuse and mixed carcinomas were 66.2%, 29.3% and
4.5%, respectively. Differentiation (defined by grading) was high in 2.6%, moderate in 27.3% and
poor in 70.1% of the cases. In 38.9% of patients, tumors were diagnosed at stages I/11, and in 61.1%
at stages I11/1V. 21.3% of patients received neoadjuvant chemotherapy before surgery.
Gastro-esophageal carcinomas were also analysed for EBV and MS status: 10% of tumors had an

intermediate/high EBV burden, while 17.6% showed microsatellite instability (Suppl. Table S1).

Establishment of PDX models.

From the 349 patients included in the study we established 145 PDX models in NOD-SCID mice,
with a success rate of 42% (in the range of what previously reported(20)). The histological analysis
of PDXs revealed that around 30% of the mice developed a human-derived lymphoproliferative
disease (monoclonal and EBV+), characterized by a mutational burden and an expression profile
distinct from gastric adenocarcinomas and endowed with very fast growth kinetics(16). Lymphoma
onset did not correlate neither with the level of lymphocyte infiltration, nor with the histotype of the

original gastric tumor, nor with patient outcome(16).

10
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The 100 PDXs which developed GC (Figure 1A) showed histopathological features consistent with
those of patients’ primary tumors that were maintained throughout different passages in mice
(Figure 1B,C). Indeed, hierarchical clustering analysis of the transcriptome confirmed that PDXs
were significantly more similar to their corresponding primary tumors than to unmatched pairs
(Figure 1D). These data suggest that PDXs maintained the identity of their pre-implantation surgical
counterparts, both at histological and transcriptional levels. Only in few cases, primary tumors with
mixed histology generated either intestinal or diffuse PDXs (Figure 1C), probably as a consequence
of an unbalanced representation of the mixed component in the transplanted primary.

The mean latency period of tumor growth (from implant to the appearance of a palpable tumor) was
73.5 days (median: 61 days; range: 27-237 days). In 83% of the PDXs, the latency period shortened
in the following serial passages (average engraftment time at second passage: 50 days; median: 38

days; range 15-414 days), (Suppl. Table S2).

Factors influencing PDX generation

To investigate potential factors influencing PDX generation we evaluated both patient and tumor
characteristics. We did not observe any statistically significant correlation between engraftment and
patient characteristics such as age or gender. Quite surprisingly, previous neoadjuvant
chemotherapy did not significantly affect tumor take rate (Suppl. Table S2). Concerning the
pathological characteristics of the tumors, while tumor site and EBV status did not correlate with
engraftment (Suppl. Table S2), histology turned out to be relevant. Not surprisingly, intestinal type
tumors showed a significantly higher grafting than diffuse type tumors (intestinal tumors engrafted
in 36.52% of the cases vs 11.34% of diffuse ones, P<0.0001; Suppl. Table S2 and Figure 1E). Other
factors influencing PDX generation were TNM stage, copy number gain of genes coding for
Receptor Tyrosine Kinases (RTKs)/KRAS and MSI status. Concerning TNM, stage I11/IV tumors
showed a higher engraftment rate (P<0.05) (Suppl. Table S2 and Figure 1E). Tumors with a

RTK/KRAS amplification (>8 gene copies, a threshold considered biologically and clinically
11
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relevant(21,22)) positively correlated with engrafting. Indeed, 43.47% of primary tumors presenting
RTK/KRAS amplification engrafted vs 26.75% of the non-amplified ones (P<0.05) (Suppl. Table
S2). Finally, MSI tumors had an engraftment rate significantly higher than MSS tumors (55.93% vs
23.64%, P<0.0001); this resulted in the enrichment of MSI PDXs (34%) compared to the donor

patient population (18%), (Figure 1E).

PDX Characterization

As shown in Figure 1, the PDX platform captures all the GC subtypes, even if it is enriched in
intestinal histology, MSI status, high stage and RTKs/KRAS amplification compared to the donor
tumors. As mentioned above, MSI tumors showed an engraftment rate higher than MSS ones.
Interestingly, while some “stable” microsatellites were still present in primary tumors, they were
completely lost in the corresponding PDXs (Suppl. Figure S1A, B). To investigate if this was due to
the loss of human stroma in the PDXs (which was present in the primary tumors, possibly
contributing the “normal” allele) or to the in vivo selection of a more unstable subpopulation, we
generated organoids from primary tumors and analysed them after few passages. As already
described also by others (23), gastric cancer organoids achieved very high tumor purity, with few or
no stroma component (Suppl. Figure S2A). Indeed, organoid analysis showed the absence of the
MSS component (Suppl. Figure S1B), thus strengthening the hypothesis that the “stable”
component is contributed by the human stroma.

As previously mentioned, the TCGA consortium identified four major genomic subtypes of gastric
cancer, associated with EBV positivity, MSI status, Chromosomal Instability (CIN) and Genomic
stability (GS), respectively. The integration of data obtained by genomic sequencing, EBV testing
and MS evaluation allowed PDX molecular categorization. As shown in Figure 2A, all the subtypes
were captured in the platform, even if the PDX collection displayed a higher occurrence of MSI
samples. The analysis of the most frequent genetic alterations (mutations and CNV, Figure 2B,C)

revealed that the PDX platform captures the molecular heterogeneity of human gastric tumors.
12
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Indeed, all the most frequent mutations/CNVs reported by TCGA(2) are present in the platform. As
the platform comprises several models bearing alterations in druggable genes of the RTK/RAS and
RTK/PI(3)K signalling pathways (Figure 2D and Suppl. Table S3), it is an optimal instrument to
perform xenotrials’ verifying the effect of the inhibition of these targets and optimizing the
therapeutic approach. PDX models data and metadata will be openly available in PDX Finder
(https://doi.org/10.1093/nar/gky984, pdxfinder.org) and in the EurOPDX data portal

(http://dataportal.europdx.eu) that will be constantly updated with the newly generated models.

‘Xenotrials’ with GC PDXs mimic patient response to targeted therapies.

In order to verify if our GC PDXs reliably recapitulate patients’ response to targeted drugs, we
looked for established PDX in which the corresponding donor patients had been treated with
Trastuzumab (at present, the only molecular therapy targeting tumor cells approved in GC). Only
one patient bearing HER2+ GC, from which we derived a PDX, underwent Trastuzumab treatment
(in combination with chemotherapy), showing primary resistance to this therapy (progressive
disease, according to RECIST 1.1 criteria; Figure 3A, upper panel). The corresponding PDX,
named GTRO0455, was serially passaged in mice until six tumor-bearing animals were produced per

% mice were

experimental group. When xenografts reached an average volume of ~250 mm
randomized into 2 cohorts, and treated for one month with either vehicle (saline) or Trastuzumab.
To assess tumor response to therapy, we measured tumor volume and used a ‘RECIST 1.1-like’
classification, inspired by clinical criteria, already described for PDX models (24): (i) partial
response (PR) was defined as a decrease of at least 50% in the tumor volume, taking as reference
the baseline volume; (ii) progressive disease (PD) was defined as at least 35% increase in tumor
volume; (iii) intermediate tumor variations were defined as stable disease (SD); (iv) complete
response (CR) was the disappearance of the tumor. In accordance with the clinical history of the

donor patient (Figure 3A), all the Trastuzumab-treated GTR0455 mice were resistant to treatment

and experienced disease progression (Figure 3A, lower panel). Importantly, we observed response
13
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to Trastuzumab in other HER2-positive PDXs (e.g. in GTR0233, reported in Figure 3B), but we
could not compare it to the donor patients, who were never treated with Trastuzumab since they

never relapsed.

Generation and characterization of PDX-derived cell lines and organoids

To perform in vitro studies, from a fraction of the PDXs we derived both primary cell lines and
organoids, obtaining 34 (from 72 samples) 2D primary cell lines and 37 (from 51 samples)
organoids (Figure 1A; for details see the M&M section). Histologic analysis of the organoids
confirmed that they maintained the characteristics of the corresponding primary tumors and of the
PDXs (representative examples are shown in Figure 4A). Interestingly, when organoids were
reinjected in mice, they originated tumors very similar to the corresponding PDXs (Suppl. Figure
S2B). To further characterize the in vitro derivatives, we profiled their gene expression. As shown
in Figure 4B, hierarchical clustering analysis of the transcriptome confirmed that both primary cells
and organoids very closely recapitulated the PDX of origin.

To confirm the experimental value of these models for testing the responsiveness to targeted drugs
matching actionable genomic alterations, we performed in vitro and in vivo experiments. As an
experimental and representative model, we chose a case (GTR0503) displaying amplification (30
copies, Figure 4C) and overexpression (Figure 4D) of the MET oncogene, encoding the receptor for
the Hepatocyte Growth Factor (HGF). Treatment of primary cells with MET tyrosine Kinase
inhibitors (JNJ-605, a MET specific kinase inhibitor; Crizotinib, a multikinase inhibitor) resulted in
partial inhibition of cell viability. As we showed that in gastric cancer EGFR activation can mediate
resistance to MET inhibitors (17), we co-treated the cells with MET and EGFR inhibitors. The dual
MET/EGFR targeting resulted both in a sustained inhibition of downstream targets and in a
profound impairment of cell growth (Figures 4D,E). To validate in vivo these results, the original
tumor was serially passaged to originate 4 independent treatment cohorts (6 PDXs/group): (i)

vehicle (placebo); (ii) JNJ-605 (a selective MET inhibitor); (iiif) Cetuximab; (iv) JNJ-605 +
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Cetuximab. As shown in Figure 4F, the GTR0503 PDX showed a partial response upon MET
inhibition but the addition of the anti-EGFR drug (per se ineffective) resulted in a more intense and
prolonged response. These results confirm the experimental predictive value of the in vitro-derived
models but they also show that the preclinical experiments performed in PDXs can be more

informative, providing information also on the long-term response to the treatment.

Identification of a cancer cell intrinsic MSI signature which predicts disease outcome

Even if, overall, gastric cancer is endowed with poor prognosis, prognostic heterogeneity has been
observed in patients bearing tumors of different molecular subtypes. Indeed, Cristescu and
collaborators have shown that patients with MSI tumors display the best prognosis, in line with
what observed in other cancer types(25). It is in fact believed that the high mutational burden
present in MSI tumors promotes leucocyte infiltration, leading to activation of the immune
system(26).

Although the molecular landscape of MSI vs MSS tumors has already been investigated in other
tumor types(27), not much is known in the case of gastric cancer. We thus took advantage of the
GC PDX platform to identify genes modulated in MSI cancer cells. In fact, as the stromal
component of PDXs is of murine origin, this analysis allows the identification of the molecular
differences restricted to the human tumor cells. Focusing on genes expressed by cancer cells, we
identified a MSI signature composed of 123 genes with strong differential regulation (adjusted p.
val < 0.05, |I2r|>1), subdivided in two modules: 23 of them were upregulated and 100
downregulated (Suppl. Table S4, upper part and Figure 5A). As expected, MLH1 was among the
genes strongly downregulated in MSI samples. Interestingly, GSEA analysis showed that most of
the dysregulated genes are involved in metabolism and that MSI tumors displayed an increased
Warburg phenotype (Suppl. Table S4, lower part).

To predict the MSI status we calculated a Gastric MSI score as the weighted average of the

expression of the two modules (Figure 5B, left panel; ROC AUC=0.971). To validate the identified
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Gastric MSI score we interrogated the largest available gastric cancer gene expression dataset(2)
and found that this signature predicted microsatellite instability with high specificity (ROC
AUC=0.93; Figure 5B, middle panel). Interestingly, our MSI signature outperformed the previously
published MSI signature(27) derived from the analysis of primary human colon cancers which
displayed lower prediction values both in the PDX collection and in the TCGA cohort (PDX
AUC=0.86, TCGA ROC AUC=0.89; Suppl. Figure S3).

Our Gastric MSI score was successfully validated also in the ACRG dataset(25) (AUC=0.804;
Figure 5B, right panel). As this dataset is annotated with disease free survival (DFS) of gastric
cancer patients, we verified if our MSI score was associated with a prognostic value. As shown in
Figure 5C, left panel, the MSI score was indeed able to identify patients with lower recurrence rate
(log rank chi square p< 0.005). Similar results were obtained also in the GSE26253 (432 patients)
and in our PDX cohort as well (IRCC, 65 patients) (Figure 5C, middle and right panel,
respectively). In the ACRG dataset (for which the MS status is available), we observed that a
portion of MSS samples was endowed with MSI transcriptional traits; strikingly, these patients
displayed better prognosis, compared to the other MSS patients (log rank chi square p< 0.05; Figure
5D, left panel). Moreover, also in the MSI subtype it was possible to discriminate between patients
harbouring high or low levels of MSI-like score; despite not reaching significant values (possibly
due to the low number of samples), the two populations showed different overall survival (Figure
5D, right panel).

Altogether these results demonstrate that the transcriptomic analysis of GC PDXs allowed the
identification of a cancer cell intrinsic MSI signature, generated without taking in consideration the
contribution of leucocyte infiltration. This signature can be efficiently exported to gastric cancer,
allowing the identification -among MSS patients- of a subset of MSI-like tumors with common

molecular assets and significant better prognosis.
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DISCUSSION

Oncology has recently and rapidly moved from a phenotype-based empirical management to a more
personalized approach centred on treatment of patients according to their tumor genetic profile. This
approach has led to significant results in neoplasms such as lung, breast and colorectal carcinomas,
where driver genes to which tumor cells are addicted have been identified. Unfortunately, this
approach has been quite limited in GC where only two drugs, Trastuzumab and ramucirumab,
respectively targeting HER2 and VEGFR, have been approved so far(3). For this reason, there is an
urgent need for studies able to identify targetable drivers in this neoplasm.

Patient-derived xenografts have proved to be a crucial experimental model to discover new targets
in several solid tumors and to be endowed with a high predictive value(11,12). Although PDXs
possess notable advantages, they do have limitations such as their low engraftment rate and poor
propensity to metastasize, the presence of a microenvironment which is different from that of the
primary tumor, the existence of intratumor heterogeneity and the engraftment in mice which have a
severely compromised immune system. Nevertheless, PDX models represent a significant challenge
for oncology research as they reflect human tumor biology more accurately than any other existing
models.

We thus generated a platform of gastric cancer PDXs to identify and validate targets and optimize
molecular treatments in this disease. To our knowledge, our gastric PDX platform is the widest
developed in an academic institution. As most of the molecular alterations that can be investigated
as possible therapeutic targets are present only in a minority of gastric cancer samples, the
availability of a high number of PDX models is critical for the success of these studies. From the
TCGA analysis, in fact, we can infer that the frequency of molecular alterations of targetable
kinases such as EGFR, FGFR2 and MET is around or lower than 10%(2). Since in many described
samples either the identified mutations are not activating or the gene of interest is amplified at a

level not sufficient to induce addiction of cancer cells, the number of PDXs suitable to perform
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preclinical trials is even lower. The availability of a wide PDX platform is thus critical to perform
studies on a significant number of models sharing the same genetic lesions.

The preclinical value of such a platform relies on some requirements: (i) it has to include the whole
spectrum of the described histotypes; (ii) the PDXs must recapitulate the histopathologic, biologic
and genetic features of their donor tumors. In this work we show that our platform includes
intestinal, diffuse and mixed subtypes, as described by Lauren’s classification. Even though other
groups did not obtain PDXs from tumors of the diffuse subtype(20) we succeeded in establishing
PDXs also from this histotype, that maintained their pathologic characteristics. Their under
representation is probably due to the fact that these tumors are characterized by the presence of an
abundant stroma, containing relatively few cancer cells that are not sufficient to confer a high
engraftment rate. Overall, the generated PDX models retained the principal characteristics of donor
tumors, including fine tissue structure and subtle microscopic details (gland architecture, mucin
production etc.). Gene expression profile was well conserved among the original tumors, PDXs and
the in vitro-derived material. Moreover, the integration of genetic analysis, EBV evaluation and
microsatellite status showed that all the molecular types identified by the TCGA classification were
indeed represented. Finally, the genetic analysis revealed that all the most frequent gastric cancer-
based genomic alterations identified in public consortia were well represented in our platform. All
together, these results demonstrate that the platform captures the heterogeneity of human gastric
tumors.

The overall engraftment rate of our PDXs (42%) was in line with that described by other
authors(20). However, we observed that some characteristics of the tumor could sensibly affect it.
Indeed, the histology (intestinal vs diffuse), the stage (advanced vs early), the presence of
alterations in receptor tyrosine kinases/KRAS genes and microsatellite stability status (MSI vs
MSS) significantly increased tumor engraftment, which has been correlated with tumor

aggressiveness.
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An important feature of PDX models is their ability to mimic patients’ response to targeted
therapies (12). For GC PDXs this is particularly difficult to be verified as, at present, the only
approved molecular therapy targeting tumor cells is Trastuzumab, an anti-HER2 monoclonal
antibody administered to HER2 positive, metastatic GC patients, which represent a relative small
fraction (10-20%) of GC patients(3). Only one of our HER2+ PDXs has been derived from a patient
who underwent Trastuzumab treatment and showed primary resistance; notably, the established
PDX completely recapitulated the absence of response observed in the corresponding patient. .
Importantly, we observed response to Trastuzumab treatment in other HER2-positive PDXs, but
unfortunately we could not compare it to the donor patients, as they have not been treated with the
drug since they never relapsed. However, these results confirm also in PDXs the association
between HER2 amplification and sensitivity to Trastuzumab, known to occur in patients.

As a complement to the PDX platform, we also derived in vitro primary cell lines and organoids, to
allow the execution of biochemical and pharmacological studies. Also in this case, histological and
gene expression analyses were concordant with those performed in the corresponding PDXs. As
already described by others, gastric cancer organoids grown in Matrigel achieve a very high tumor
purity, containing few or no stroma (23). As recently highlighted (28), this allows a clear
delineation of the cancer cell molecular and transcriptional features, otherwise confounded by
normal cells contamination. At the same time, the loss of the stroma component represents a limit.
Novel techniques to obtain cancer organoids containing fibroblasts and immune components have
been recently proposed (29,30); in the future, it will be extremely interesting to add these novel
models in our organoid collection. Despite the absence of stromal component, 3D cultures are
anyway different from classical 2D cultures, as organoids better mimics the physical features and
the architecture of the original (solid) tumors; indeed, cancer cells maintain the original morphology
and polarity. On the other hand, 2D are less expensive and are an easier experimental system

(especially to perform high-throughput assays). For this reason, we decided to derive both 2D and
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3D primary cultures from gastric PDXs. Interestingly, for some models we could obtain both 2D
and 3D derivatives while, in other cases we generated only one of the two.

As already demonstrated in other systems, we showed that the pharmacological response obtained
in primary cells and in organoids paralleled what observed in vivo(23,31,32). However, at least for
what concerns molecular therapies targeting Receptor Tyrosine Kinases (RTKSs), studies performed
in animals can be more informative as they allow the evaluation of the efficacy of long lasting
treatments, show the effectiveness of treatment in delaying/preventing relapse and are of invaluable
value in discovering molecular mechanisms sustaining resistance. Another important point is that
targeted drugs often show a different activity in vitro and in vivo, particularly in the case of some
monoclonal antibodies. Moreover, in vitro models are devoid of tumor stroma, which can mediate
resistance to tyrosine kinase inhibitors(33).

Finally, we interrogated our platform to gain more insight in MSI tumors. The first observation is
that even if MSI gastric cancers display a better outcome, they are intrinsically more aggressive, as
testified by their engraftment rate, more than two folds higher than that of MSS tumors. The
oximorum between these two contradictory observations is probably due to the fact that MSI tumors
are characterized by a high mutational burden which in humans promotes the activation of the
immune system; this, in turn, likely mitigates the aggressiveness of the tumor. As our PDXs have
been generated in non-immunocompetent animals, the inhibitory activity of the immune system is
lost and, thus, MSI tumors can probably unleash their full aggressiveness.

Both computational methods that analyse next generation sequencing data (NGS) and
transcriptomic analysis have been developed to detect MSI(27,34,35).We decided to exploit the
transcriptome of our PDXs to generate a signature able to discriminate MSI and MSS gastric
tumors. The use of PDX-derived material has the enormous advantage of taking in consideration
only cancer cell-derived material as the stroma is of murine origin and can thus be easily subtracted
during the analysis. The possibility to ignore the stromal contribution is very important in gastric

cancer where the two main subtypes —intestinal and diffuse- strongly differ for the relative amount
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of the stromal component which is significantly more abundant in the latter. In particular, MSI
tumors are usually very rich in immune cells whose gene expression importantly affects the
transcriptome. The transcriptomic analysis performed on our PDX cohort allowed the identification
of a cancer cell intrinsic MSI signature. In line with our data that show a cell intrinsic difference
between MSI and MSS cancer cells, recent papers have demonstrated that WRN silencing is lethal
in MSI cells but not in MSS ones, in absence of any influence of the microenvironment (36-39). A
pillar of current precision oncology is to deconvolve cancer cell-intrinsic oncogenic dependencies
and drug resistance mechanisms from microenvironment-driven ones. Exploration of cancer cell
transcriptome in PDX takes advantage of species-specific sequences to achieve such deconvolution.
Our signature was validated in our and in two wide external datasets. In the ACRG dataset we
verified that our MSI score was able to identify patients with lower recurrence rate; notably, it also
identified some patients bearing MSS tumors endowed with MSI transcriptional traits who
displayed better prognosis. This observation is important from a clinical point of view as it would
allow the identification of cases lacking the genetic MSI characteristics but displaying an MSI like
signature, thus broadening the therapeutic base for Immuno or other PARP-type drugs.

In sum, we have generated a wide gastric cancer PDX platform which covers in a reliable manner
all the gastric cancer subtypes. Its deep molecular annotation as well as the generation of in vitro-
derived material (primary cells and organoids) represents an invaluable instrument to identify new

molecular targets and to optimize therapeutic approaches in gastric cancer.
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FIGURE LEGENDS

Figure 1. The PDX platform captures all the GC subtypes, and it is enriched in intestinal
histology, MSI status, high stage and RTKs/KRAS amplification compared to donor tumors.
A: 349 fresh surgical gastric adenocarcinoma samples were subcutaneously implanted in
NOD/SCID mice, generating 100 gastric PDXs; from a fraction of PDXs we derived 34 2D primary
cell lines (from 72 samples) and 37 organoids (from 51 samples). B. Representative micrographs of
three gastric adenocarcinomas featuring distinct growth-patterns. GTR0079 is a moderately
differentiated gastric adenocarcinoma of intestinal type, showing a glandular architecture; the
intestinal type GTR0165 adenocarcinoma displays also foci of mucin production; GTR0244 shows
a diffuse growth-pattern. As illustrated, xenografted tumors retained the histopathologic
characteristics of the original samples through passages. C. Caleydo plot showing the histological
correlation between primary tumor and the corresponding PDX. The graph shows that in the vast
majority of the cases there was a perfect match between the primary tumor and the PDX. D.
Unsupervised hierarchical clustering analysis of the transcriptome performed on primary tumors
and the corresponding PDXs. The analysis demonstrates that PDXs were significantly more similar
to their corresponding primary tumors than to unmatched pairs. E. The graph illustrates the
percentage of donor tumors (TUMOR, n=349) and of derived PDXs (PDX, n=100) for the
following features: histology (intestinal, diffuse or mixed); MS status (MSI or MSS); stage (I/Il or

[HI/IV); RTK/KRAS copy number variation (CNV < or >8 copies).

Figure 2. The PDX platform captures the molecular complexity of GC. A. PDXs were
categorized into the molecular subtypes identified by TCGA: Epstein—Barr virus (EBV)-positive,
microsatellite instability (MSI), chromosomal instability (CIN) and genomically stable (GS). B.
The 20 genes most frequently mutated in MSI tumors in the TCGA dataset (grey bars) and in
MSI PDXs (blue bars). C. The 20 genes most frequently amplified/lost in non-MSI tumors

according to TCGA (grey bars) and their alteration frequency in non-MSI PDXs (blue bars).
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Amplifications are shown as positive frequencies; deletions as negative values. D. Mutations
and copy-number changes for select genes belonging to RTK/RAS and RTK/PI(3)K signalling

pathways are shown across MSI and MSS PDXs.

Figure 3. ‘Xenotrials’ with GC PDXs mimic patient’s response to HER2 targeted therapy.
A. Upper Part: summary of donor patient’s clinical history. The clinical course of the patient
with HER2+ GC is summarized, with level of serum cancer antigen 19-9 (Ca 19.9) tumor marker
shown throughout treatment (blue line). CEA tumor marker values are reported in red. Red-lined
boxes indicate periods of administration of the indicated therapeutic agents. Blue vertical lines
indicate timing of tumor specimen acquisition from surgical procedures or biopsies, as well as
dates of tumor assessment by either CT scan or FDG-PET/CT scan. PD, progressive disease; PR,
partial response, according to RECIST 1.1. BSC, Best Supportive Care. The patient showed
primary resistance to Trastuzumab treatment. Lower Part: Spaghetti plot illustrating the xenotrial
performed on the cohort of mice derived from PDX GTRO0455, obtained from the above
described donor patient. Individual lines represent, for each mouse, the percentage variation in
tumor burden, from treatment start (day 0) to 4 weekly consecutive serial assessments. Blue
lines: vehicle-treated mice; red lines: Trastuzumab-treated mice (30 mg/kg). The response in
mice has been evaluated using RECIST 1.1-like criteria, highlighted in the magnification:
progressive disease (PD): >35 % increase from baseline; partial response (PR): > 50% reduction
from baseline; stable disease (SD): intermediate variations from baseline. As shown, all mice
displayed progressive disease. B. Spaghetti plot (performed as in A) illustrating the xenotrial
performed on the cohort of mice derived from the HER2 + PDX GTR0233. As shown, all mice

displayed response to treatment.

Figure 4. Generation and characterization of PDX-derived primary cell lines and organoids.
A. Representative H&E images and bright field microscopy of PDX-derived gastric tumor

organoids, matched PDXs and primary tumors for intestinal (GTR0032 and GTR0062) and
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diffuse histotypes (GTR0263). B. Unsupervised hierarchical clustering analysis of the
transcriptome performed on organoids (ORGA), primary cells (CELLS) and the corresponding
PDXs. The analysis shows the perfect matching of PDXs and the corresponding in vitro-derivatives.
C. gRT-PCR analysis of MET gene copy number in the original tumor (GTR0503), in the PDX and
in the in vitro derived primary cells compared with the diploid cell line 293T. D. Western Blot
analysis of MET, EGFR, AKT and MAPK expression and phosphorylation in GTR0503 cells
untreated or treated with the indicated drugs (JNJ-605 250 nM, Crizotinib 250 nM, Lapatinib 250
nM for 2 hours; Cetuximab 10ug/ml for 16 hours . E. Cell viability assay performed on tumor-
derived cells, upon treatment with the indicated drugs for 6 days. JNJ-605 (50nM); CRIZ:
Crizotinib (50nM); CETUX: Cetuximab (1pg/ml). F. Tumor growth curves in the mice cohort
derived from the GTR0503 patient treated with placebo (VEHICLE), the MET inhibitor JNJ-605
(50mg/kg, daily, per os) and Cetuximab (CETUX, 20 mg/Kg, twice weekly ip), alone or in
combination, as indicated. N =6 mice for Vehicle, JNJ-605 and Cetuximab arms; N=5 for the
combo arm. The arrow indicates treatment start. In C, E, F data are represented as mean + SD. ***
p<0,001; ns= not significant. One-way ANOVA with Bonferroni multiple comparisons test has
been used for panel E. Two-way ANOVA followed by Bonferroni multiple comparisons test has

been used for panel F.

Figure 5. PDX-derived MSI score predicts outcome in GC patients. A. Heatmap representing
log two ratio value of the MSI signature in the PDX collection; genetic MS status of the respective
tumors is reported above (MSI tumors: black rectangles; MSS tumors: white rectangles). B. ROC
curves of gastric MSI score predicting MSI genetic status in PDX (left panel), TCGA (middle
panel) and ACRG (GSE66229) cohorts (right panel). C. Kaplan—Meier plot of DFS for MSI
signature subtyping in prognostically annotated GC gene expression data sets: ACRG (GSE66229,
left), GSE26253 (center) and IRCC (right). D. Kaplan—Meier plot of DFS for MSI signature

subtyping in the ACRG MSS (left panel) and MSI (right panel) subsets.
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