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Abstract (240 words)

Patient-derived xenografts (PDXs) can adequately reflect clinical drug efficacy. However, the methods for

evaluating drug efficacy are not fully established.

We selected five non-small cell lung cancer (NSCLC) PDXs with genetic alterations from established
PDXs and the corresponding molecular targeted therapy was administered orally for 21 consecutive days.
Genetic analysis, measurement of drug concentrations in blood and tumors using liquid chromatography
and tandem mass spectrometry, and analysis of drug distribution in tumors using matrix-assisted laser

desorption/ionization mass spectrometry were performed.

Fifteen (20%) PDXs were established using samples collected from 76 NSCLC patients with genetic
alterations. The genetic alterations observed in original patients were largely maintained in PDXs. We
compared the drug efficacy in original patients and PDX models; the efficacies against certain PDXs
correlated with the clinical effects, while those against the others did not. We determined blood and
intratumor concentrations in the PDX model, but both concentrations were low, and no evident correlation
with the drug efficacy could be observed. The intratumoral spatial distribution of the drugs was both
homogeneous and heterogeneous for each drug, and the distribution was independent of the expression

of the target protein.
The evaluation of drug efficacy in PDXs enabled partial reproduction of the therapeutic effect in original
patients. A more detailed analysis of systemic and intratumoral pharmacokinetics may help clarify the

mode of action of drugs. Further development of evaluation methods and indices to improve the

prediction accuracy of clinical efficacy is warranted.
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Introduction

The developmental success rate for anticancer drugs is very low, with only 5% of the drugs
approved for clinical application even despite a good preclinical response (1,2). This is partly because
traditional drug screening using cell lines is less predictive of clinical efficacy (3). In this context, the
patient-derived xenograft (PDX) model, established by implanting a patient’s tumor tissue directly into
immune-deficient mice, has recently been considered as a possible solution. The PDX retains the original
tumor's biological characteristics and heterogeneity as the tumor cells and its entire surrounding
microenvironment are transplanted (4-6). Compared to cell lines or cell line xenograft models, PDXs
better reflect the therapeutic effect with more than 80% similarity between clinical data and PDX

responses in some instances (3,7,8).

Over the past two decades, the treatment landscape for non-small cell lung cancer (NSCLC) has
changed dramatically owing to a better understanding of the disease biology and mechanisms of tumor
progression (9). Specifically, the use of small-molecule tyrosine kinase inhibitors (TKIs) and
immunotherapy has improved survival rates in NSCLC patients (10-12). The treatment strategy for lung
adenocarcinoma is determined by gene profiling, such as epidermal growth factor receptor (EGFR)
mutation, anaplastic lymphoma kinase (ALK) fusion, ROS proto-oncogene 1 (ROS1) fusion, and v-raf
murine sarcoma viral oncogene homolog B1 (BRAF mutation) (13). It is indisputable that molecularly
targeted therapies improve patient survival and quality of life and a more individualized treatment strategy
is required (9,14). Treatment strategies for NSCLC patients should focus on the genetic alterations and
the resistance mechanisms after drug administration (15). However, due to the diversity of these
resistance mechanisms and the rarity of the disease, it is difficult to conduct prospective randomized

clinical trials (16).

PDXs have been reported in NSCLC (17-22). A co-clinical trial generated PDXs in conjunction
with clinical trials and reported the drug resistance mechanisms (23). In addition to their use in the
exploration of drug resistance mechanisms and their application in drug efficacy evaluation, there exists a
strong correlation between the treatment response in original patients and corresponding PDXs (18). The
therapeutic strategies for lung cancer are increasingly fragmented based on genetic alterations and
resistance mechanisms; however, PDX is expected to be useful for drug development, for overcoming
drug resistance, and for reducing the lag in clinical trials by enabling the conduction of early

proof-of-concept testing in preclinical studies.

PDX demonstrates substantial potential utility for studying drug efficacy; however, the most
remarkable limitation is the lack of a defined methodology for studying drug efficacy in PDX to predict
clinical efficacy. It is necessary to ascertain various factors such as the number of mice to be used, criteria
for commencement of the study, evaluation method, drug dosage, and administration schedule.

Additionally, the prediction of clinical efficacy as an endpoint must be evaluated; however, the criteria and

3/24

Downloaded from mct.aacrjournals.org on January 5, 2022. © 2021 American Association for Cancer Research.


http://mct.aacrjournals.org/

Author Manuscript Published OnlineFirst on December 15, 2021; DOI: 10.1158/1535-7163.MCT-21-0371
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

indicators for evaluating the prediction are not determined. In this context, we propose that drug
concentration and drug distribution are important factors that will enable PDX utilization for testing drug
efficacy in humans. Phase 1 studies in humans are conducted after evaluation in animal models such as
mice, dogs, and monkeys in the clinical development of anticancer drugs. The only standard indicator
evaluated in these studies is the drug concentration in blood. Therefore, the blood concentration may be

deemed one of the evaluation indices for comparing the therapeutic effects between PDX and humans.

Many drugs, including anticancer drugs, exert their pharmacological effects in tissues, but not in
plasma where the drug concentrations are usually measured. Plasma concentrations are not necessarily
representative of the drug concentrations in the tissues. We previously reported the heterogeneous
spatial distribution of anticancer drugs in several tumors, using matrix-assisted laser desorption/ionization
mass spectrometry (MALDI-MSI) (24-27). The actual distribution and the concentration of drugs in the
tumors are unclear, and it is often challenging to obtain human specimens after drug administration. The
intratumor distribution of anticancer drugs is a potential evidence of the mode of action; therefore, a
validated method to confirm whether drugs have reached the right target is an urgent need for drug
development in oncology. PDX is considered an optimal platform for the simultaneous analysis of drug
concentration and heterogeneous spatial distribution in tumors and the plasma drug concentration,
because it preserves tumor heterogeneity and tissue structure in patients' tumors and enables repeated

tumor sample collection at any instance after drug administration.
The aim of this study was to characterize the establishment of PDXs using NSCLC samples and
to evaluate the utility of the PDX models in the original patients in terms of genetic alterations, protein

expression, plasma drug concentration, and spatial distribution of the drug in tumor tissue (Figure 1). We
have discussed and provided description of the optimal use of PDX to predict clinical efficacy.
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Materials and Methods
Patient-derived xenograft model

PDX samples were provided by the National Cancer Center J-PDX library, Japan. The protocol
was approved by the institutional review board (NCCRI: 2015-123), and all patients provided written
informed consent. Lung cancer PDX models of cases with driver mutations were selected (Figure 1A).
The study was performed according to the precepts established by the Helsinki Declaration; its design
and conduct complied with all applicable regulations, guidance, and local policies. Animal experiments
were performed in compliance with the Institute for Laboratory Animal Research guidelines, National
Cancer Center Research Institute (T17-073 and T19-008). The first engrafted PDX established by
transplanting the patient's original tumor was designated trans-generation 1 (TG1) and subsequently TG2
and TG3. In the present study, we used PDXs from TG3 to TG4.

Reagents

The following drugs used in this study were purchased from Selleck Biotech (Tokyo, Japan):
brigatinib (S8229), lorlatinib (S7536), gefitinib (S1025), osimertinib (S7297), afatinib (S1011), poziotinib
(S7358), crizotinib (S1068), and entrectinib (S7998). Trastuzumab deruxtecan (T-DXd) was kindly
provided by Daiichi Sankyo (Tokyo, Japan).

Patients’ characteristics and clinical information

Patients’ characteristics, including age, sex, Eastern Cooperative Oncology Group (ECOG)
performance status (PS), smoking history, and medical history, were collected. According to the Union for
International Cancer Control classification for each tumor, tumor characteristics, including histology and
tumor-node-metastasis (TNM) stage, were noted. Biomarker data, including gene analysis results of
companion diagnostics and clinical sequencing, were collected from medical records. Prior treatment
characteristics, including chemotherapy regimens, cycles of chemotherapy, and best response, were

collected.

Animal experiments

Four-to-six-week-old female SCID-Beige mice (CB17.Cg-PrkdcscidLystbg-J/CrlICrlj, Charles
River Laboratories Japan, Kanagawa, Japan) were purchased. Mice were housed in sterile filter-capped
polycarbonate cages, maintained in a barrier facility under a 12-hour light/dark cycle, and provided
sterilized food and water. All invasive procedures were performed by intraperitoneal administration of
three types of mixed anesthesia (medetomidine hydrochloride, Meiji Seika Pharma, Tokyo, Japan;
midazolam, Maruishi Pharmaceutical, Osaka, Japan; betorfal tartrate, Meiji Seika Pharma) or inhalation of
isoflurane (Zoetis Japan, Tokyo, Japan) to reduce the pain of the experimental animals. After receiving
TG2 or TG3 frozen PDX tumor samples, the tumors were thawed and implanted into both flanks of
SCID-Beige mice under anesthesia. When the tumors grew, they were transplanted into the right flank of

multiple mice and used for drug efficacy tests. Mouse body weight and tumor growth were assessed twice
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weekly. Tumors were measured with a caliper, and tumor volumes were calculated using the formula:
tumor volume (mm?®) = (tumor length (mm) x [tumor width (mm)]?) / 2. When the tumor growth reached
approximately 500-1000 mm?, they were cut into 2 mm cubic and transplanted into multiple mice for drug
efficacy testing.

When the implanted tumors grew to approximately 150—250 mm?, grouping of the PDX mice was
conducted using software calculations (EXSUS, CAC Croit, Tokyo, Japan) to minimize tumor volume
differences between groups. Each PDX drug efficacy study consisted of three or more groups (4-10 mice
per group): a control group and two or more drug treatment groups. The correspondence between the
PDX and the drugs administered is shown in Figure 1B. T-DXd was administered intravenously via tail
vein on day 0, and all other drugs including vehicle (normal saline) were administered orally once a day
for 21 consecutive days. The dosage of each drug was set at an appropriate amount based on previous
reports (28-32). All mice were euthanized due to cervical dislocation, and the blood and tumor tissue were
collected at 24 h after conduction of the last drug administration on day 21. Tumor samples were
shap-frozen by liquid nitrogen after collection and stored at -80 °C until analysis. Blood samples were
collected in EDTA-2K tubes, centrifuged (1200 x g for 10 min at 4 °C), and then the plasma was stored at
-80 °C until analysis.

The antitumor effect was shown as %Growth (%Gr) by comparing the tumor growth increment in the
control at day O and treatment groups at day 21.

AC = (Tumor volume of the control group at day 21) — (Tumor volume of the control group at day 0)

AT = (Tumor volume of treatment group at day 21) — (Tumor volume of treatment group at day 0)

%Gr = 100 x (AT / AC)

Histological and immunohistochemistry analysis

PDX tissues were fixed in 10% buffered formalin and then subjected to hematoxylin and eosin
(H&E) staining, and a qualified pathologist confirmed NSCLC diagnoses and histopathological
characteristics. Frozen tumor sections of xenografts were also stained with H&E after MSI analysis. For
immunohistochemistry (IHC) staining of LC-001, LC-002, and LC-004, frozen sections were fixed in 10%
buffered formalin for 10 min at 25 °C. Sections were then incubated with 0.3% H,O, in methanol at 25 °C
after washing with 1xTBS. Sections were incubated in serum-free protein block solution (X0909; Dako,
Tokyo, Japan) for 15 min at 25 °C, followed by incubation with primary antibody overnight at 4 °C: ALK
(D5F3) XP® Rabbit mAb (#3633, 1:500; Cell Signaling Technology, Danvers, MA, USA), ROS1 (D4D6)
Rabbit mAb (#3287, 1:250; Cell Signaling Technology), or HER2 (4B5) (Roche, Bazel, Switzerland). After
washing with 1xTBS, signal stain boost IHC detection reagent (#8114, anti-rabbit; Cell Signaling
Technology) was added and incubated for 30 min at 25 °C. Sections were reacted with diaminobenzidine
(#8059S; Cell Signaling Technology) and counterstained with hematoxylin. A BZ-X710 microscope

(Keyence, Osaka, Japan) was used for histologic photography.

Nucleic acid extraction
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Nucleic acids were extracted using pleural fluid (patient B and D) or FFPE samples (patient A
and C) from patient tumors and fresh frozen tumors from PDX tumors. Genetic analysis was performed
using patient tumors and PDX tumors of TG1, TG2, and TG3 in LC-001 to LC-003, patient tumors and
PDX tumors of TG1 in LC-004, and patient tumors and PDX tumors of TG1 and TG2 in LC-005. DNA and
RNA were extracted from FFPE samples using a GeneRead DNA FFPE Kit (Qiagen, Hilden, Germany)
and an RNeasy FFPE Kit (Qiagen), and from pleural fluid and fresh frozen tumors using either a
KingFisher Cell and Tissue DNA Kit (Thermo Fisher Scientific, Waltham, MA, USA) or a MagMAX

mirVana Total RNA Isolation Kit (Thermo Fisher Scientific).

Whole-exome sequencing, including mutation calls, and copy number analysis

Whole-exome sequencing (WES) samples were prepared using a Twist Comprehensive Exome
Kit (Twist Bioscience, San Francisco, CA, USA). Library concentration was measured by a Qubit 2.0
Fluorometer (Thermo Fisher Scientific). Library quality was considered sufficient if a single peak between
250-350 bp was detected by the Agilent 2200 TapeStation system (Thermo Fisher Scientific).
Sequencing analysis was performed on an lllumina NovaSeq 6000 system (lllumina, San Diego, CA,
USA). Paired-end WES reads were aligned to the combined human (hg38) and Mus musculus (mm10)
reference genome using BWA (27). Both somatic synonymous and non-synonymous mutations were
called using our in-house caller and two publicly available mutation callers: Genome Analysis Toolkit

(https://gatk.broadinstitute.org/hc/en-us) MuTect2 and VarScan2 (http://varscan.sourceforge.net/).

Mutations were discarded if any of the following criteria were met: the total read number was <20, the
variant allele frequency in tumor samples was <0.05, the mutant read number in the germline control
samples was >2, the mutation occurred in only one strand of the genome, or the variant was present in
normal human genomes in either the 1000 Genomes Project dataset

(https://www.internationalgenome.org/) or our in-house database. Gene mutations were annotated by

SnpEff (https://pcingola.qgithub.io/SnpEff/). The copy number status was analyzed using our in-house

pipeline, which determines the log R ratio (LRR) as follows: (1) SNP positions in a homozygous state
(variant allele frequency (VAF): <0.05 or 20.95) or heterozygous state (VAF: 0.4-0.6) in the genomes of
respective normal samples were selected from the 1000 Genomes Project database; (2) normal and
tumor read depths at the selected position were adjusted based on the GpC percentage of a 100-bp
window flanking the position (33), (3) the LRR was calculated as the log,(t;/n;), where n; and t;
represent the normal and tumor-adjusted depths at position i, respectively; and (4) each representative
LRR was determined by the median of a moving window (1 Mb) centered at position i. The LRRs of the
copy numbers of alleles, the major allele, and the minor allele were determined for every region of the

genome.

Transcriptome sequencing, expression analysis, and detection of fusion genes
Total RNA was treated with DNase | (Thermo Fisher Scientific) and subjected to poly (A)-RNA

selection prior to cDNA synthesis. The library used for RNA-sequencing was prepared using a NEBNext
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Ultra Directional RNA Library Prep Kit (NEB, Ipswich, MA, USA), following the manufacturer’s protocol.
Sequencing was conducted from bh ends of each cluster using a NovaSeq 6000 (lllumina).
RNA-sequencing reads were aligned to the merged hg38 and mm10 reference genome using STAR
(https://github.com/alexdobin/STAR) with the annotated human (release 31) and Mus musculus (release
M24) GTF files distributed by GENCODE (https://www.gencodegenes.org/).

Pharmacokinetic analysis

LC-MS/MS was employed to measure the concentration of each drug (free fraction). For plasma
preparation, briefly, 20 uyL mouse plasma was mixed with 100 uL internal standard solutions in MeOH for
protein precipitation. All samples were vortexed for 10 s and centrifuged at 12000 x g for 10 min at 4 °C.
The supernatants were separated and applied for LC-MS/MS analysis. For tumor samples, three
consecutive tumor sections, before and after the section for MSI, respectively, were collected in 2
polypropylene tubes. Tumor sections were homogenized in 50 yL methanol by vortex-mixing for 1 min.
Then, the internal standard solution in MeOH was added and vortex-mixed for 10 s. After centrifuging at
12000 x g for 10 min, the supernatant was collected. A portion of the supernatant was applied for
LC-MS/MS analysis, and the rest was used for protein quantification using a Qubit 2.0 Fluorometer (Qubit
Protein Assay Kit, #Q33211, Thermo Fisher Scientific). The drug concentration in the tissue section was
calculated by dividing drug quantity (measured by LC-MS/MS) by the protein amount in the corresponding
tissue extract.

Instruments used for LC-MS/MS analysis were the Nexera X2 UHPLC system (Shimadzu, Kyoto,
Japan) connected with a QTRAP5500 mass spectrometer (AB SCIEX, Framingham, MA, USA). The
electrospray ionization interface in the positive mode was used to perform MS/MS. The multiple reaction
monitoring (MRM) transitions for all compounds (Supplementary Table 1A), the LC conditions for
separating (Supplementary Table 1B), and the optimized MS/MS parameters for each compound
(Supplementary Table 1C) are presented. The developed methods were validated in terms of specificity,
linearity, accuracy, and precision using blank mouse plasma spiked with standard solutions.

Mass spectrometry imaging

For quantification drug concentrations and imaging drug distributions in tumor tissues, the frozen
tissues were successively sliced into 8-um-thick slices at -20 °C with a cryomicrotome (Leica CM 1950;
Leica Biosystems, Tokyo, Japan) and placed on the adhesive glass slides coated with an indium tin oxide
(SI0100N; Matsunami Glass, Osaka, Japan). We used matrix-assisted laser desorption/ionization mass
spectrometry imaging (MALDI-MSI) in this study because MALDI-MSI is the most widely used
visualization technique in pharmacokinetic studies (24). a-CHCA was applied to the aforementioned
section tissue surface at 250 °C for 8 min using a sublimation apparatus (SVC-700TMSG/7PS80; Sanyu
Electron, Tokyo, Japan). Subsequently, 10 mg/mL a-CHCA in ultrapure water/acetonitrile/IPA/TFA =
60/30/10/0.1, viviviv was sprayed stepwise onto the sections using a sprayer (PS270; GSI Creos, Tokyo,

Japan) (24,27). MALDI-MSI analysis was performed in positive ionization mode using iMScope
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(Shimadzu, Kyoto, Japan), which consisted of an optical microscope and an ion trap time-of-flight
analyzer with an atmospheric pressure MALDI source consisting of a 335 nm Nd:YAG laser. The
protonated molecules of drugs were fragmented by low energy collision-induced dissociation with Ar gas;
the isolation width was 3 Da. Fragment patterns are illustrated in Supplementary Figure 1. One fragment
ion each drug was selected, and that ion was used for imaging of drugs. The mass tolerance was 50 mDa.
Selected ions and the setting values of laser power and collision energy are listed in Supplementary
Table 1D. The laser was fired 200 shots at a repetition rate of 1000 Hz per spot; the pitch of the laser shot
was 50 ym. Imaging data were obtained using Imaging MS Solution (ver. 1.20; Shimadzu) and analyzed
using Imaging IMAGEREVEAL (ver. 1.12; Shimadzu). The chromatogram for each compound is shown in
Supplementary Table 2.

Statistical analysis

All data were analyzed using GraphPad Prism ver. 8.3 (GraphPad software, San Diego, CA,
USA) and SAS ver. 9.4 (SAS Institute, Cary, NC, USA). For drug testing, statistically significant
differences between control and each group at day 21 were tested as follows: (1) Bartlett's test was used
as a test for the equality of k variances; (2) If the k sampled populations had equal variances (p > 0.05 by
Bartlett's test), Dunnett's multiple comparison test was performed; otherwise, Steel's test was used. P <

0.05 was considered statistically significant.

Data availability
The data generated in this study are publicly available in National Bioscience Database Center (NBDC) /

the Japan Science and Technology Agency (JST) under the accession number JGAS000413.
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Results
Establishment of lung cancer PDXs

From August 2018 to May 2020, a total of 245 lung cancer specimens were registered for J-PDX,
21 for small cell lung cancer (SCLC), and 224 for NSCLC (34). In total, 55 PDXs were established,
including 8 SCLC PDXs and 47 NSCLC PDXs. Of these NSCLC PDXs, 15 PDXs reported genetic
aberrations in the clinical information: 7 EGFR mutations, 5 ALK fusion, 1 ROS1 fusion, 1 RET fusion, and
1 HER2 amplification (Figure 1A). The overall establishment rate was 22%, and by histological subtype,
SCLC accounted for 38% and NSCLC accounted for 21%. The establishment rate was 16% for
adenocarcinoma and 35% for squamous cell carcinoma, and the establishment rate tended to be higher
in chemotherapy-resistant specimens than in chemotherapy-naive specimens (Supplementary Table
3A). The establishment rate by genetic alteration is shown in Supplementary Table 3B. The
establishment rate of EGFR mutation-positive cases was 16% (7/43) in all and 19% (7/36) in the
TKl-resistant samples. In contrast, the establishment was not found in the TKI-naive samples. The
establishment rates of ALK fusion, ROS1 fusion, HER2 amplification, MET skipping, and RET fusion were
21% (5/24), 33% (1/3), 100% (1/1), 0% (0/1), and 25% (1/4), respectively. Overall, NSCLC with genetic
aberrations tended to have a higher establishment rate in treatment-resistant specimens than in

treatment-naive specimens.

NSCLC PDXs with driver gene alteration

We used 5 of the 15 established NSCLC PDXs and tested their efficacy against TKIs and
several unapproved drugs administered to patients. Table 1 shows the clinical characteristics of the four
patients, PDX sample origins, and collection points of tumors from patients and corresponding PDXs. The
clinical driver gene for each patient is as follows: Patient A, ALK fusion; Patient B, EGFR exon 21 L858R
mutation; Patient C, ROS1 fusion; and Patient D, HER2 amplification. Two PDXs, LC-001 and LC-002,
were established by two longitudinal pleural fluid samples in patient A, and a single PDX was established

in each of the other patients.

Gene analysis

To confirm changes in genetic alterations from passaging tumor grafts, we performed WES and
RNA-sequencing of clinical samples and PDX tumors. The patient tumor samples used in the analysis,
the time of collection, and its contrast to PDX tumors with representative genetic abnormalities are shown
in Table 1. LC-001 sequencing analysis showed ALK fusions in TG1 and TG3 PDX tumors, but not in the
patient tumor or TG2 PDX tumor, possibly due to the specimen collection site, quantity, or quality. LC-004
showed EZR-ROSL1 fusion in PDX tumors. Although HER2 amplification was reported in the clinical
sequence by Oncomine Comprehensive Assay v3 (Thermo Fisher Scientific) in LC-005, neither HER2
amplification nor gene mutation was observed in the patient tumors or PDX tumors in this study. On the
other hand, HER2 immunostaining of PDX tumors consistently showed strong protein expression of

HER2, and RNA-sequencing also showed high expression levels in both the patient and PDX tumors
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(Supplementary Figure 2). Overall, the clinical driver genes were found to be largely maintained in PDX
tumors. Somatic mutations with allele frequencies of 10% or higher and genes with copy number

amplifications of 6 or higher in WES are shown in Supplementary Tables 4 and 5, respectively.

Histopathological comparison of PDX models by generation

We compared the histological findings from the original patient tumors and each passaged PDX
tumor (TG1-3, Figure 2). Morphologically, in LC-005 PDX, the original and PDX tumors had similar
morphology. In the other PDX tumors, some of the original tumor morphology was preserved, but there

was a tendency for PDX tumors to be less differentiated histologically than the original tumors.

Patients and PDX models

We conducted an in vivo drug test using the five NSCLC PDXs with driver gene alterations.
Figure 3 shows the original patient's clinical course and the drug efficacy in the corresponding PDXs. The
drugs selected were either TKIs administered to the original patient or administered after the PDX sample

collection, and drugs with suggested efficacy against the respective gene alterations.

Patient A: EML4-ALK fusion

Patient A received first-line treatment for ALK-positive lung adenocarcinoma with alectinib,
followed by various cytotoxic agents and ceritnib, and then lorlatinib was administered as fifth-line therapy
(Figure 3A). LC-001 was established from the pleural effusion at the early stage of lorlatinib treatment,
and LC-002 was established from the pleural effusion at the time of disease progression of lorlatinib.
ELM4-ALK fusion was maintained in almost all PDX tumors. However, there was no secondary mutation
in the ALK gene or other reported resistance mechanisms. The drug test was conducted using LC-001
and LC-002 with either lorlatinib, a clinically administered ALK inhibitor, or brigatinib, a novel ALK inhibitor
not approved at the time. Both lorlatinib and brigatinib showed a constant efficacy in LC-001, but LC-002
showed a decreased sensitivity to brigatinib. Clinically, there was a rapid increase in pleural effusion
within a short period of 2 weeks of lorlatinib administration, suggesting a discrepancy between the PDX

results and the clinical response.

Patient B: EGFR ex21 L858R with EGFR and MET amplification

Patient B received gefitinib as the first-line treatment for EGFR mutation-positive lung
adenocarcinoma with a short-term progression of 2.5 months and presented with negative results for the
T790M mutation (Figure 3B). The patient was subsequently enrolled in a clinical trial and demonstrated
an exacerbation at 6 months. After the second exacerbation, LC-003 was established from a
bronchoscopic specimen and tested for efficacy with gefitinib, a clinically refractory drug, and osimertinib,
a novel third-generation EGFR-TKI that had not been administered previously. Gene analysis of tumor
tissue at diagnosis and PDX tumors showed that EGFR ex21 L858R was maintained at a constant allele

frequency, whereas ex20 T790M was not found. On the other hand, copy number analysis showed EGFR
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and MET amplification, suggesting that these amplifications resulted in EGFR-TKI resistance. In vivo,
consistent with the clinical effect, no antitumor effect was observed with gefitinib treatment, whereas

osimertinib showed some therapeutic effect.

Patient C: EZR-ROS1 fusion

Patient C received platinum combination therapy and an immune checkpoint inhibitor for lung
adenocarcinoma, with ROS1 fusion identified during the course of the therapy (Figure 3C). LC-004 was
established from the pleural effusion before crizotinib administration. Patient C responded well to
crizotinib, but an explained sudden death on the 20th day after initiation of crizotinib made it impossible to
evaluate the treatment efficacy. The drug testing of the clinically administered crizotinib and the recently

approved drug for ROS1 fusion, entrectinib, showed significant in vivo antitumor activity.

Patient D: HER2 amplification

Patient D had a HER2 amplification-positive lung adenocarcinoma treated with a platinum
combination and immune checkpoint inhibitors (Figure 3D). LC-005 was established from a pleural
effusion after second-line atezolizumab exacerbation. We conducted a drug testing using the pan-HER
inhibitors afatinib and poziotinib and the anti-HER2 antibody-drug conjugate T-DXd, which recently
showed dramatic efficacy against HER2-positive breast and gastric cancer (35,36). For pan-HER
inhibitors, poziotinib showed a significant promising effect, whereas afatinib showed no antitumor effect.

On the other hand, T-DXd showed significant tumor shrinkage in a dose-dependent manner.

Drug exposure and target delivery

For the eight TKIs tested in this study, we analyzed drug concentrations in plasma and tumor
samples to explore the reasons for the discrepancy between the clinical and PDX models (Table 2). The
21-day dosing period in humans is the potential required duration for plasma concentrations to reach a
steady-state phase; however, in the PDX model, the mouse plasma concentrations of the eight drugs
administered were low for all drugs and below the lowest limit of quantitation (LLOQ, 2 ng/mL) for
osimertinib, gefitinib, and afatinib. The tumor drug concentrations, which were normalized to protein
amounts in tumor sections, tended to be higher than the plasma level for brigatinib, crizotinib, and
entrectinib but below plasma concentration levels for the other drugs. These results suggest that it is
difficult to infer the therapeutic relationship between antitumor activity in PDXs and clinical efficacy from

the blood and intratumor drug concentrations.

Visualized drug distribution

Since LC-MS measurement is based on homogenized tumor tissue and greatly affected by
blood adhesion, it cannot assess the drug's spatial distribution. Therefore, MSI was performed to assess
intratumoral structures and spatial distribution of drugs. All eight TKIs used in this study were examined,

and the three drugs, brigatinib, crizotinib, and entrectinib, were effectively analyzed. H&E staining, IHC for
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each TKI target protein (ALK protein in brigatinib, ROS1 protein in crizotinib and entrectinib), and MSI are
shown in Figure 4A. The intratumoral distribution of each drug was independent of the localization of the
corresponding target protein. Comparison of the region of interest between the tumor and non-tumor sites
showed a clear accumulation at tumor sites for brigatinib but no obvious difference by tissue structure for

crizotinib and entrectinib (Figure 4B, Supplementary Table 6).
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Discussion

In this study, we focused on NSCLC PDXs with genetic alterations and explored the factors that
influence the establishment rate of PDXs. We found that PDXs were more likely to be established in
patients with a history of treatment with molecular targeted drugs. Among the 15 NSCLC PDXs with
genetic alterations that could be established, we selected 5 PDXs generated from 4 patients and
performed genomic analysis. The genetic alterations observed in clinical tests in the patients were
maintained in PDXs after passaging, confirming that the PDXs inherited the driver gene alterations. When
we tested the efficacy of clinically administered drugs and molecularly targeted therapies against each
target, we found that some PDXs were correlated with the therapeutic effects of the patients (in the case
of gefitinib and crizotinib), while others were not (in the case of lorlatinib). To elucidate this difference, the
blood and intratumor drug concentrations were examined and found to be comparably low on day 21. MSI
was performed to analyze the tissue structure and drug distribution in the tumor in detail. The tumor
distribution could be evaluated for three of the eight drugs, and accumulation in the tumor site could be

confirmed for each drug. Nevertheless, no relationship with drug efficacy could be found.

The establishment rate of lung cancer PDXs has previously been reported to be approximately
30-50% (18,19,37,38). Several reports have associated the establishment rates with advanced stage,
squamous cell carcinoma, and lack of genetic mutations (19,38,39). In our study, 55 out of 245 (22%)
PDXs were established with lung cancer as a whole, and 14 out of 76 (20%) PDXs were established with
genetically altered NSCLC based on clinical information (Supplementary Table 3). PDXs generated in
tumor specimens from patients who did not receive TKIs had particularly low establishment rate
percentages, and notably, no PDX was established from TKI-naive specimens with EGFR mutation (7
implantations), ALK fusion (12 implantations), or MET skipping (one implantation). On the other hand,
several PDXs could be established in tumors that became TKI-resistant. We previously analyzed the
entire J-PDX library using multivariate analysis to examine factors that affected the establishment rate.
Patients with a short survival time following tumor tissue collection and advanced disease demonstrate a
higher establishment rate (34). In the present study, we focused on the effect of TKI treatment history in
lung cancer cases and there was a higher establishment rate in TKI-resistant cases compared to that in
the TKI-naive cases; however, it was not statistically significant (resistant vs naive: 25% vs 11%, p=0.15).
This could be attributed to the shorter survival time in TKI-resistant cases compared to that in the
TKI-naive cases and the faster tumor growth occurring after resistance. The mechanisms of resistance
after subjection to the administered molecularly targeted therapies are subdivided, considering the EGFR
mutations and ALK fusion genes; the therapeutic strategies following resistance development are
explored in each subpopulation. In the case of genetic abnormalities with small populations, such as
ROS1 and RET fusion genes, and EGFR and ALK resistance subpopulations, it is extremely difficult to
confirm the efficacy in the individual population in large-scale clinical trials. The evaluation of drug efficacy
using PDX is extremely useful for such rare gene abnormalities and rare resistance mechanisms among

major cancers; hence, we believe that active creation of PDX in the drug-resistant phase will be useful for
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future drug development and for overcoming resistance.

We performed WES and RNA-sequencing on the five PDXs used in the study. Previous reports
have shown that genetic alterations in PDXs increase copy number variations (CNVs) by passaging, but
alterations that favor tumor growth, such as driver gene alterations, are retained (40). Among the PDXs
analyzed in this study, the failure to confirm ALK fusion in LC-001 may be due to the specimen used for
analysis. We could not confirm HER2 amplification in LC-005 by analyzing the clinical specimens and
PDX tumors; however, robust HER2 expression was maintained as verified by IHC and RNA-sequencing.
This suggests that HER2 positivity, in this case, is potentially caused by a mechanism other than genetic
mutation or amplification. A large dataset is not available for determining the number of times a genetic
analysis should be performed in PDX and for ascertaining the frequency of occurrence of genetic
variations with each successive generation. In the present study, we performed genetic mutation analysis
of up to three passages in five PDXs and observed that at least driver mutations were retained. However,
mutations such as gene deletions and point mutations could occur through passaging. Hence, in the
future, it will be necessary to comprehensively evaluate genetic changes that occur through passaging.
Overall, our results showed that the driver gene alterations observed in clinical practice were generally
maintained in PDXs, indicating the validity of evaluating drug efficacy in PDXs established from patients

with genetic alterations.

In the drug testing of the selected five PDXs, lorlatinib resistance in clinical practice was not
reproduced in LC-001 and LC-002, which was established over time before and after lorlatinib
administration. On the other hand, brigatinib sensitivity was altered in these PDXs, suggesting that tumor
characteristics were altered by the short lorlatinib treatment period of 2 weeks. LC-003 showed resistance
to gefitinib, consistent with the clinical response. Genetic analysis showed amplification of EGFR and
MET genes, which may be involved in resistance. Interestingly, osimertinib, for which EGFR and MET
gene amplification has been reported as a mechanism of resistance, showed efficacy in LC-003,
suggesting that it may have had some clinical efficacy (41,42). Furthermore, LC-004 was administered
with crizotinib for ROS1 fusion-positive lung cancer and showed good antitumor efficacy as in clinical
practice (43,44). In LC-005, pan-HER inhibitors were used to treat HER2-overexpressing PDXs, with
poziotinib showing tumor reduction, while afatinib showed no efficacy. Besides, we evaluated the efficacy
of T-DXd, a recently approved novel ADC for HER2, and found a dose-dependent tumor reduction (35,36).
These results support the clinical efficacy of T-DXd for HER2-positive NSCLC, which was recently
demonstrated in DESTINY-LUNGO1 (NCT03505710) (45). In summary, our results were correlated with
the clinical efficacy of certain drugs, such as gefitinib for LC-003 and crizotinib for LC-004, but also

differed from clinical efficacy in other drugs, such as lorlatinib for LC-001 and LC-002.

Analysis of blood and intratumor drug concentrations was conducted to reveal factors that correlate

between PDX drug efficacy and clinical response. To the best of our knowledge, this is the first report on
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the evaluation of blood levels of TKIs in PDX mice. Surprisingly, both the blood and intratumor
concentrations of all drugs were low at 24 h after conduction of the last drug administration. We could
not find an evident association with drug efficacy; however, we confirmed that even low trough
concentrations were sufficient to show efficacy in PDX mice models. We also explored the distribution
of drugs in tumors and successfully visualized findings with brigatinib, crizotinib, and entrectinib. We
previously analyzed the spatial distribution of various anticancer agents in tumors using MSI analysis
(24-27,46-48). The spatial distribution of drugs is heterogeneous and the intra-tumor distribution of
alectinib is not influenced by the expression of its target proteins (26). In the present study, crizotinib
and entrectinib were homogenously distributed throughout the tissues, while brigatinib tended to be
heterogeneously concentrated in the tumor site; the drug distributions were markedly not influenced by
the expression of the target proteins. For other drugs, imaging using MSI was difficult, possibly due to
ionization of the drug or the low effective intratumor drug concentration. The blood concentration of TKIs
could be evaluated using PDX and the spatial distribution in tumors could be analyzed using MSI. No
evident relationship with drug efficacy was observed; this could be attributed to the setting of the
specimen collection points. To evaluate the relationship between drug efficacy and drug distribution
level, it is important to understand the relationship at an optimized point over time. Analysis of the
spatial distribution of drugs is useful for clarifying the mode of action of drugs. Evaluation of the
differences in the distribution patterns among drugs and the effects of target protein expression or tumor
stroma is helpful for drug design and for formulation of treatment strategy. We previously performed
longitudinal needle biopsies at 4, 9, and 14 days after alectinib administration in a cell line transplant
model and successfully assessed MSI in biopsy specimens (27). In PDX, evaluation of concentration
and spatial distribution using blood and tumor samples over time will enable pharmacokinetic analysis
under conditions similar to those in humans. It is necessary to evaluate systemic and intratumor

pharmacology using PDX to accurately estimate the pharmacokinetics in humans.

In all five PDX models, drug efficacy was assessed to contrast the clinical responses of the four
donor patients with PDX models. Four to ten mice were used in each group, and a huge variation in tumor
growth rate was observed among PDXs. This may have been due to the heterogeneity of each tumor
fragment. Conventionally, a 2 mm cubic tumor fragment is transplanted into a single mouse. If the tumor
tissue is separated and the number of cells to be transplanted equalized, it could possibly reduce this
heterogeneity. However, separation may disrupt the tumor microenvironment and result in loss of cell-cell
interaction. Therefore, we transplanted the tumor "as is". Previously, Townsend et al. used acute
lymphoblastic leukemia PDXs to compare the number of mice per group (between one and three) and
reported that one mouse could predict the same treatment effect (49). However, in the case of solid
tumors in our present study, there is more heterogeneity than in hematological tumors, encouraging the
use of a larger number of mice. Our results showed a large variation in the tumor growth rate, and it would
be desirable to use a large number of mice (preferably six mice per group) to evaluate the efficacy of

drugs. Another important factor to consider is the location of the tumor implantation. Considering the
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merits of tumor growth, orthotopic models in which the tumor is transplanted into the same organ of origin
are desirable. However, as in lung cancer, transplantation of tumors into the body is difficult due to
problems of technique and evaluation of tumor size. For this reason, we used an ectopic model as the

basis of our study. However, this aspect should be examined in the future.

PDXs, in which the genetic alterations of original patients are maintained, are useful for
screening drug development. Additionally, the drug exposure level differs greatly between humans and
mice. Cell line-derived xenograft models are often administered at the maximum tolerated dose in mice,
resulting in blood concentrations that cannot be achieved in clinical practice; the drug is often assessed to
be effective in vivo (50). In humans, the recommended dose in the Phase | trial is set much lower than
that in in vivo dosing due to potential adverse events with increasing doses. Whether the drug should be
administered at a higher dose to match cell line-derived xenografts or rather at a lower dose to match

humans in drug efficacy studies in PDXs will require further investigation.

In conclusion, we have successfully reproduced the treatment effect in patients with NSCLC
PDXs with genetic alterations for some drugs. Further investigation is needed to establish appropriate
evaluation methods and tools to reproduce and predict clinical outcomes with higher accuracy. We
believe it is important to understand the blood concentration, intratumor concentration, and distribution in
tumors using PDX.
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Table 1. Patient characteristics

Clinical driver TNM Smoking PDX sample Pt sequence sample
Patient Age Sex Histology Treatment PDX No. Gene alteration
gene Staging Status (Collection point) (Collection point)
Pt: MDM2 amp (CN=19.6)
1st line: alectinib Pleural effusion Pleural effusion TG1: EML4-ALK, MDM2 amp (CN=23.7)
LC-001
2" line: CBDCA+PEM (Before 5" line) (Before 5" line) TG2: MDM2 amp (CN=21.7)
T2aN3M1la 3" line: ceritinib TG3: EML4-ALK, MDM2 amp (CN=23.2)
A 70 F Adeno EML4-ALK (IHC) Never
v 4" line: TS-1 Pt: MDM2 amp (CN=19.6)
5" line: lorlatinib Pleural effusion Pleural effusion TG1: EML4-ALK, MDM2 amp (CN=22.8)
LC-002
6" line: alectinib (After 5" line) (Before 5™ line) TG2: EML4-ALK, MDM2 amp (CN=19.8)
TG3: EML4-ALK, MDM2 amp (CN=20.6)
Pt: EGFR ex21 L858R (29.5%)
EGFR T3N3MO 1% line: gefitinib Bronchoscopic specimen FFPE TG1: EGFR ex21 L858R (53.9%), EGFR amp (CN=6.6), MET amp (CN=6.0)
B 42 F Adeno Never LC-003
ex21 L858R (Dako) 1B 2" line: clinical trial (After 2" line) (Time of Diagnosis) TG2: EGFR ex21 L858R (50.2%), EGFR amp (CN=6.3), MET amp (CN=6.1)
TG3: EGFR ex21 L858R (51.8%), EGFR amp (CN=6.1), MET amp (CN=4.9)
1% line: CDDP+PEM
EZR-ROS1 TxN3Mla 2" line: nivolumab Pleural effusion FFPE Pt: PIK3CA (21.6%)
C 46 M Adeno Former LC-004
(RT-PCR) Va 3%line: TS-1 (After 3rd line) (Time of Diagnosis) TG1: EZR-ROSI, PIK3CA (100%)
4™ line: crizotinib
1% line: CBDCA+nab-PTX
Pt: TP53 (33.4%), SMARCA4 (43.8%)
HER2 T2bN2M1la 2" line: atezolizumab Pleural effusion Pleural effusion
D 59 M Adeno Never LC-005 TG1: TP53 (100%), SMARCA4 (100%)
Amplification (OCA) IVa 3" line: nivolumab (After 2™ line) (After 2 line)

4" jine: TS-1

TG2: TP53 (100%), SMARCA4 (100%)

Abbreviations: F, female; M, male; TNM, tumor-node-metastasis; ALK, anaplastic lymphoma kinase; EGFR, epidermal growth factor receptor; HER2, human epidermal growth factor receptor type 2; ROS1, c-ros oncogene 1; IHC, Immunohistochemistry; Dako, Dako EGFR pharmDx; OCA,

Oncomine Comprehensive Assay ver3; RT-PCR, real-time polymerase chain reaction; CBDCA, carboplatin; PEM, pemetrexed; nab-PTX, nab-paclitaxel; CDDP, cisplatin Pt, patient.
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Table 2. Drug concentration in PDX-mice plasma and tumor samples.

Tumor Plasma
PDX No. Drug
(mean = SD, ng/mg) | (mean + SD, ng/mL)
Brigatinib 25+6.2 55+£10
LC-001
Lorlatinib 6.2+4.0 39+ 25
Brigatinib 40 = 27 56+£29
LC-002
Lorlatinib 2.4+0.8 18 5.7
Osimertinib 3.7+1.6 <2
LC-003
Gefitinib 2.1+0.8 <2
Crizotinib 253+ 119 43 + 33
LC-004
Entrectinib 156 + 124 55+ 19
Afatinib ND ND
LC-005
Poziotinib ND 1.2+ 0.6

23124

Abbreviations: PDX, Patient-derived xenograft; ND, Not detectable; SD, standard deviation.
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Figure legends

Figure 1. CONSORT diagram and study design

The selection criteria for PDX used in this study are shown in Figure 1A. Of the 55-lung cancer PDXs, 47
were non-small cell lung cancer PDXs, and 15 were driver gene positive. In this study, we used 5 of these
PDXs. Five driver gene positive PDXs were used to evaluate the efficacy of molecularly targeted agents
and to analyze blood concentration, intratumor concentration, and intratumor drug distribution (Figure
1B).

Figure 2. Histological findings of patient tissue and PDX tissue

Hematoxylin and eosin (H&E) staining of patient tissue and PDX (TG1-3) tissue. Overall, the original
morphology was maintained after establishment and passage of PDXs, but increased malignancy was
observed in some PDXs. The H&E staining of Patient A's specimen at diagnosis is shown as the patient
tumor in LC-001 and LC-002. X20.

Figure 3. Evaluation of the drug treatment in vivo

The treatment course of the original patient in each PDX, the time of PDX specimen collection, and the
results of PDX drug efficacy studies are shown. The upper band shows the chemotherapy regimen, best
response, and PFS (month). Figure 3A shows LC-001 and 002 generated from Patient A (ALK fusion),
Figure 3B shows LC-003 generated from Patient B (EGFR mutation), Figure 3C shows LC-004 generated
from Patient C (ROS1 fusion), and Figure 3D shows LC-005 generated from Patient D (HER2
amplification). N means the number of mice used in each group. P value indicates Dunnett’ s multiple
comparison adjusted P value comparing between control and each group at day 21 after two-way ANOVA.
BW (%) indicates percent bodyweight change in each group at day 0 and day 21. Error bars represent the

mean = SEM.

Figure 4. Mass spectrometry imaging

Figure 4A: H&E staining, immunostaining of target proteins, and MSI images of PDX tumor tissues
treated with each drug.

Figure 3B: Comparison of drug intensities at tumor and non-tumor sites in the H&E images. Brigatinib

shows accumulation at tumor sites, whereas crizotinib and entrectinib show overall accumulation.
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Figure 1. CONSORT diagram and study design

Figure 1A. CONSORT diagram

Lung cancer PDXs (N = 55)

\ 4

SCLC PDXs (N = 8)

\ 4

NSCLC PDXs (N = 47)

R Driver gene negative or
- unknown (N = 32)

Driver gene positive PDXs (N = 15)
EGFR (N=7)
ALK (N = 5)
ROS1 (N =1)
RET (N=1)
HER2 amplification (N = 1)

\ 4

This study

Abbreviations: NSCLC, non-small cell lung cancer; SCLC, small cell lung cancer; EGFR, epidermal growth factor
receptor; ALK, anaplastic lymphoma kinase; ROS1, c-ros oncogene 1; RET, rearranged during transfection;
HER2, human epidermal growth factor receptor type 2.

Figure 1B. Study design
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Figure 2. Histological findings of patient tissue and PDX tissue

Patient | - PDX Patient TG1 TG2 TG3
No. No.
LC-001
A
LC-002
B | LC-003
c | Lc-004
D | Lc-005
o

Abbreviation: TG, trans generation.
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Figure 3. Evaluation of the drug treatment in vivo
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Figure 4. Mass spectrometry imaging

A. Mass Spectrometry Imaging of the drug distribution. B. Region of interest analysis
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