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Abstract

Patient-Derived Xenograft (PDX) models of primary lung
cancer have been reported. However, varying engraftment rates
and their underlying mechanisms for specific subtypes of lung
cancer (adenocarcinoma, squamous cell carcinoma, and large cell
neuroendocrine carcinoma) have not been studied. The authors
prepared subcutaneous tumors grown in NOD Scid Gamma
Mouse (NSG™) mice with primary tumors of lung cancer patients
to develop lung cancer PDX models. Pathological features of the
subcutaneous tumors were compared with those of the patients.
One hundred 7teen lung cancer PDX models retaining the original
pathologic features were obtained from 642 primary lung cancer
patients. Nineteen PDX tumors and the corresponding patient
tumors, representing three subtypes of lung cancer, were selected
and analyzed with in-depth genomic and transcriptomic profiling.
Results showed the PDX tumors retained most of the somatic and

oncogenic mutations with limited levels of additional xenograft-
specific mutations. Significant downregulation of the genes
involved in hypoxia-associated angiogenesis was found compared
with the corresponding human tumors. This downregulation
was associated with murine fibroblasts in the PDX tumor
microenvironment, which might be an important factor in low
engraftment rates in primary lung cancer PDX models.
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Introduction

Lung cancer is the leading cause of cancer-related mortality
worldwide [1,2]. It is classified into two main histological categories:
Non-Small Cell Lung Cancer (NSCLC) (85%) and Small Cell Lung
Cancer (SCLC; 15%). NSCLCs are generally subcategorized into
Lung Adenocarcinomas (LUADs), Squamous Cell Carcinomas
(LUSCs), and Large Cell Neuroendocrine Carcinomas (LCNECs)
[3,4]. With the aid of next generation sequencing technology, up
to 60% of LUADs were shown to have a known oncogenic driver
mutation as well as fusion or amplification in signaling pathways,
which allowed the development of therapeutic agents that target
specific molecular pathways. Despite this improvement in targeted
therapy, secondary alterations in the downstream and or alternative
pathways lead to acquired resistance and disease progression. On the
contrary, therapeutic targets have not been clearly identified in LUSC
and in LCNEC due to the rarity of these cancers [5,6].

Patient-Derived Xenograft (PDX) models have been developed
using NSG™ mice as a means to preserve the histological structures
in human tumors, even for limited passages [7]. These features allow
the model to be used as a preclinical model for the development of
target drugs against de novo resistance and as co-clinical models for
the selection or combination of treatment regimens before clinical
applications [8-13]. Cancer immunotherapy is one of the most
promising approaches to refractory cancers and PDX tumors can
be invaluable resources for preparing humanized PDX models for
cancer immunotherapy using NSG mice infused with CD34 human
hematopoietic stem cells [14]. These merits make the three major
pathological subtypes of NSCLCs eligible for preparation of PDX
models that can be used to find target drugs or immune therapeutics
to control lung cancer.
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In this study, the authors established 117 PDX models from 642
primary lung cancers. Representative models of LUAD, LUSC, and
LCNEC subtypes were selected and the pathological, genomic, and
transcriptomic patterns of PDX tumors were compared with those of
corresponding patient tumors based on our previous studies using
LUSC PDX models [15]. The factors responsible for the low success
rate of the PDX models, particularly in the case of adenocarcinomas,
were considered when attempting to improve the efficiency of
generating PDX models, which could increase the application
opportunities.

Materials and Methods
Tumor samples from patients with primary NSCLCs

Tumor samples were obtained from 642 primary NSCLC patients
between September 2015 and December 2019. All patients provided
signed informed consent. This study was approved by the IRB of
Samsung Medical Center (2014-10-069, 2015-04-018, 2018-03-110).
Table 1 shows the clinical characteristics of the NSCLC patients.
Clinical features such as age, gender, preoperative chemotherapy
treatments, smoking status, stage, tumor size, differentiation,
recurrence, vascular invasion, perineural invasion, lymphatic
invasion, visceral pleural invasion, and survival were obtained from
medical records (Table 1).

Establishment of primary lung cancer PDX models

To establish primary lung cancer PDX models, tumor samples
from patients with primary lung cancer were subcutaneously implanted
into the flanks of NSG mice (Jackson Laboratory, Sacramento, CA,
USA). The size of a mouse subcutaneous tumor was measured with
a caliper twice a week until it reached 60 mm3 in volume. Tumor
volumes were calculated as 0.5 x length x width2. The mice were
sacrificed when the tumor size reached 600-800 mm3. Then, the
subcutaneous tumors were surgically harvested for subsequent
procedures. Expansion of the tumor tissues was carried out with three
passages. Formalin-fixed paraffin-embedded samples were prepared
for pathologic examination. Short tandem repeat analysis was carried
out for direct identification of mouse subcutaneous tumors, and next
generation sequencing analysis was subsequently performed. All
animals were cared for and treated following an animal protocol that
had been approved by the CHA Advanced Research Institute and
Biomedical Research Institute at Seoul National University Hospital.

Whole Exome Sequencing (WES)

Three micrograms of genomic DNA were used to establish
DNA libraries. Using an Agilent SureSelect Human All Exon V3 kit
(Agilent Technologies, Santa Clara, CA, USA), target enrichment
was performed, following the manufacturer’s instructions, to generate
exome sequencing libraries. Exon capturing was then followed using
an Agilent SureSelect SOMb system. Paired-end DNA sequences were
obtained with the Illumina sequencing system HiSeq 2000 (Illumina
Inc., San Diego, CA, USA). The sequenced reads were aligned to
the human genome information from the University of California
Santa Cruz hgl19. MuTect, VarScan 2, and the GATK Somatic Indel
Detector were used to identify somatic mutations, and these mutations
were later verified through Sanger sequencing. Significantly mutated
genes were identified with MutSigCV, and functional enrichment of
the somatic mutations was assessed with Metacore (GeneGo Inc., St.
Joseph, MI, USA). The GRCh37 reference was used for sequencing
data analysis.

Whole transcriptome sequencing (WTS)

mRNA libraries (insert size of ~300 bp) were prepared with a

TruSeq RNA Library Preparation Kit v2 (Illumina Inc., San Diego,
CA, USA). A total of 1 pg of RNA from each case sample was used
to create the library. The samples were subjected to 101-bp paired-
end sequencing using the Illumina sequencing system HiSeq 2000.
Library preparation and sequencing were performed at DNA Link,
Inc.

Differentially Expressed Gene (DEG) analysis

Genes with at least one sample indicating a sequencing read
count of at least two for each were initially screened. Differential
expression of each gene was analyzed by calculating the log, (fold
change) value for the gene expression of PDX tumors relative to that
of patient tumors, or the Adjacent Normal Tissue (ANT), depending
on the purpose of the analysis. The genes with a false discovery rate
<0.05 and a |log, (fold change)[>2 were selected as upregulated or
downregulated genes, respectively.

Pathological analysis

Formalin-fixed paraffin-embedded tumor tissues from primary
lung cancer patients and corresponding subcutaneous tumors
were freshly cut into slices of 4 um. Following the manufacturer’s
instructions, Hematoxylin and Eosin (H&E) staining was performed
using Symphony (Ventana Medical Systems, Inc., Roche, Basel,
Switzerland). Immuno Histochemical (IHC) staining for CKS5, p63,
Thyroid Transcription Factor (TTF-1), pan-cytokeratin, or CD56
was performed on a single representative block with the following
procedures. Deparaffinized slides were treated with citrate buffer
(pH 6.0) for antigen retrieval. Next, the primary antibody was
incubated with the Dako Antibody Diluent (S3022, Dako, Agilent
Technologies, Inc., Santa Clara, CA, USA) and then with Dako REAL
EnVision Detection System (K5007, Dako, Agilent Technologies,
Inc., Santa Clara, CA, USA). The images obtained from H&E
and [HC staining were analyzed with a Scan Scope® XT scanner
(Aperio, Leica Biosystems, Newcastle, UK). Antibody sources and
dilution factors are shown in Table S1. LUAD was determined by
TTF-1* CK5 CD56" p637-, LUSC by TTF-1- CK5"CD56™ p63°, and
LCNEC by TTF-17- CK5 CD56" p63-. Pathologically unmatched
subcutaneous tumors were further categorized into Xenograft-
Associated Lymphoproliferative Disease (XALD) or epithelial tumor
not identical to that of the patient.

Statistical analyses

The association between PDX model success rates and patient
characteristics was investigated with a chi-squared test. The Cox
proportional hazards model was used for multiple analyses of
clinically significant prognostic variables. Statistical analyses were
carried out with R software for Windows version 4.2.1 (The R
Foundation, St. Miami, FL, USA). The odds ratio and its confidence
interval were calculated with the “epitools” package of R software.
All p-values were two-sided and less than 0.05 was considered
statistically significant.

Results

Establishment of primary lung cancer PDX models

A total of 642 patients with LUADs, LUSCs, and LCNECs were
enrolled in the study between September 2015 and December 2019.
Tumor samples from these patients were grafted into NSG mice to
establish primary lung cancer PDX models for each cell type. The
subcutaneous tumor generation rates were 27.0% in 118 cases from
437 LUAD tumor samples, 58.3% in 109 cases from 187 LUSC
tumor samples, and 38.9% in 7 cases from 18 LCNEC tumor samples,
as shown in Figure la.
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PDX success PDX failure
n=642 p-value Odds Ratio (95% conf.)
(n=117) (n=525)
Age (mean + sd) 65.2544 + 8.6052 62.9261 +9.6130 - -
Male (n=395) 102 293 <0.0001 5.3843 (3.0489, 9.5086)
Gender
Female (n=247) 15 232
Former or current
102 291 <0.0001 5.4680 (3.0965, 9.6560)
Smoking status (n=393)
Never (n=249) 15 234 - -
Yes (n=60) 3 57 0.0053 0.2161 (0.0665, 0.7024)
Preoperative chemotherapy
No (n=582) 114 468
I (n=284) 28 256 <0.0001 0.3306 (0.2091, 0.5226)
I (n=173) 53 120 - -
PTNM stage (7th)
I (n=152) 29 123 - -
IV (n=33) 7 26 - -
<3cm:0.2784 (0.1684,
<3cm (n=252) 21 231 <0.0001
0.4602)
<5cm:0.2445 (0.1580,
Tumor size 3<<5 (n=259) 46 213 -
0.3781)
5<<7 (n=104) 41 63 - -
7>(n=27) 9 18 - -
Well (n=12) 1 11 0.0554 0.6021 (0.3905, 0.9282)
Moderate (n=418) 66 352 - -
Differentiation Poor (n=179) 42 137 - -
UK (n=2) 0 2 - -
NA (n=31) 8 23 - -
Yes (n=256) 51 205 0.3642 1.2062 (0.8043, 1.8090)
Recurrence
No (n=386) 66 320 -
Yes (n=52) 16 36 0.0134 2.1728 (1.1603, 4.0689)
Vascular invasion No (n=583) 99 484 - -
NA (n=7) 2 5 - -
Yes (n=31) 10 21 0.0382 2.2417 (1.0259, 4.8984)
Perineural invasion No (n=605) 106 499 - -
NA (n=6) 1 5 - -
Yes (n=214) 48 166 0.0497 1.5096 (0.9989, 2.2812)
Lymphatic invasion No (n=423) 68 355 - -
NA (n=5) 1 4 - -
PLO (n=500) 81 419 0.0005 0.3693 (0.2257, 0.6129)
PL1 (n=44) 5 39 - -
0.Visceral pleural invasion PL2 (n=55) 17 38 - -
PL3 (n=34) 13 21 - -
NA (n=9) 1 8 - -
Note: UK: Unknown; NA: Not Applicable.

Table 1: Clinical parameters affecting the success rate of primary lung cancer Patient-Derived Xenograft (PDX) models.
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Figure 1: Establishment of primary lung cancer PDX models. (a) A schematic diagram of the experimental procedure for proper PDX models and subsequent NGS analysis;
(b) Representative histological and immunohistochemistry-stained images of tumor samples from patients with three major cell types of NSCLC and their PDX models. scale

To validate pathological concordance with the patient tumors,
cell types were examined with antibodies against TTF-1, CKS,
p63, and CD56 proteins to differentiate human LUAD, LUSC, and
LCNEC. For each cell type, representative Immuno Histo Chemistry
(IHC) images of PDX tumors and the corresponding patient tumors
are shown in Figure 1b. Subcutaneous tumors that did not match the
cell types of the patient tumors were further classified into either
epithelial or non-epithelial (XALD) cell types (Table 2a).

The order of efficiency in subcutaneous tumor generation was
LUSC, LCNEC, and LUAD; however, except for the pathologically
irrelevant tumor, the PDX model success rate was in the order of
LCNEC, LUSC, and LUAD. When LUAD was subtyped further
into five categories based on histological characteristics, the PDX
model success rates were highest in the solid subtype and lowest in
the papillary subtype. LUAD had the lowest PDX model success rate
(6.6% on average), which was only between 1/6 and 1/7 of those
for LUSC or LCNEC (43.33% and 38.9%, respectively; (Table 2b).
Tumors from patients with an advanced stage of NSCLC tended to
have higher PDX model success rates (Table 2c¢).

Among the pathologically irrelevant subcutaneous tumors,
the ratio between the epithelial vs non-epithelial (XALD) cases
were 22.5% vs 77.5% in LUADs, and 28.6% vs 71.4% in LUSCs,
indicating no major difference between the two cell types. A total of
29 LUAD PDX tumors, 81 LUSC PDX tumors, and 7 LCNEC PDX
tumors displayed the same pathology as the patient tumors. Clinical
parameters of 642 patients were analyzed to select 12 parameters
that influenced the engraftment rates (Table 1). The odds ratios
were highest in the patients who were not treated with preoperative
chemotherapy and second highest in males. In males, visceral pleural
invasion and pStage III or lower were next highest among the
advanced stage factors, while in females, tumor size and lymphatic
invasion were the next highest.

Concordance of somatic mutations in OncoPanel genes in
PDX tumors

Seven LUAD cases, eight LUSC cases, and four LCNEC cases
were selected from 117 pathologically relevant PDX models to
compare the somatic mutations between PDX and patient tumor pairs.

OncoPanel genes were analyzed to test whether the driver mutations of
the patient tumors were retained in the PDX tumors (Figure S1) [16].

Somatic mutations that were absent in the ANT were classified
into three groups; that is, those common to PDX models and patient
tumors, those found only in patient tumors, and those only in PDX
models. In general, most somatic mutations were commonly seen
in both PDX models and patient tumors, but a significant number
of patient- or PDX-specific somatic mutations that were different

depending on the patients and the cell types were also found (Table 3).

Most somatic mutations found in the patient tumors were retained
in the PDX tumors, suggesting that the PDX models could be utilized
in preclinical studies. Nonetheless, as not all mutations in the patient
tumors were retained in the PDX models; e.g., Kirsten Rat Sarcoma
Virus (KRAS) mutation negative in LUAD PDX-367 in Table 3,
retention of the mutations of interest should be confirmed in the early
stages of use of the PDX model.

Pre-existing mutations might disappear or additional mutations
might appear in PDX tumors, for the following reasons: 1) The
patient tumor fragments used for pathological examination did not
have an identical genetic makeup from those for PDX models due
to intra-tumoral heterogeneity, and or 2) de novo mutations might
occur during multiple passage processes for the expansion of tumor
tissues. For example, new PDX-specific mutations were found in
TP53 in four independent models and in Neuro Fibromatosis Type
1(NF1), Neurogenic Locus Notch Homolog Protein 2 (NOTCH2),
Checkpoint Kinase 2 (CHEK2), EP300, Succinate Dehydrogenase
Complex Flavoprotein Subunit A (SDHA), Dedicator of Cytokinesis
Protein 8 (DOCKS), and Estrogen Receptor 1 (ESR1) in more than
two independent models.

Deviations in gene expression in PDX tumors

Despite most somatic mutations being commonly found in both
the patient and PDX tumors, existence of the patient or PDX-specific
mutations suggested possible discrepancies in gene expression. To
address this question, 460 genes in OncoPanel were analyzed for
gene expression, and those with [log, (fold change)| >2 with respect
to the ANT were selected as DEGs in patient or PDX tumors (Figure
S1 and Table 4).

First, there was a trend for more genes to be either up or
downregulated in PDX tumors than in patient tumor tissues.
HIST1H3B was significantly upregulated in both patient and PDX
tumors with little exception, which might indicate a cancer-specific
phenomenon, supported by the fact that it is engaged in wrapping
newly synthesized DNA as a core component of the nucleosome
[17]. On the other hand, ENG was downregulated in both patient
and PDX tumors; particularly, in more than 60% of the cases, ENG
and Platelet Derived Growth Factor Receptor Alpha (PDGFRA)
were downregulated together. Those genes related to wound healing
(COL7A1), or tumor cell proliferation (HISTIH3B, Breast Cancer
Genel (BRCA1), Cyclin-Dependent Kinase Inhibitor 2A (CDKN2A),
and POLQ) were upregulated, and those involved in angiogenesis,
hypoxia, and connective tissue remodeling (Endoglin (ENG), Platelet
Derived Growth Factor Receptor Alpha (PDGFRA), GATA Binding
Protein 2 (GATA2), and Kinase Insert Domain Receptor (KDR))
were downregulated [18-23].
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Pathologically
Number of subcutaneous | matched (n=117) unmatched (n=117)
Lung C - Number of engraftment ) ted(%
ung Cancer cel e umor generate L
’ " attempts attem fs) ’ Model (% subcutaneous Epithelial tumor(% Non-epithelial
P tumor(XALD: %
tumor) unmatched)
unmatched)

LUAD 437 118(27.0%) 29(24.6%) 20/89(22.5%) 69/89(77.5%)
LUSC 187 109(58.3%) 81(74.3%) 8/28(28.6%) 20/28(71.4%)
LCNEC 18 7(38.9%) 7(100%) 0 0

Table 2a: Engraftment of human tumors and statistics for primary lung cancer Patient-Derived Xenograft (PDX) models, statistics for overall PDX model success rates.

Tumor cell type A B C
437 29 6.60%
Solid 113 14 12.40%
Lepidic 16 1 6.30%
LUAD Micropapillary 66 3 4.50%
Acinar 122 4 3.30%
Papillary 82 1 1.20%
others 38 6 15.80%
LUSC - 187 81 43.30%
LCNEC - 18 7 38.90%

Table 2b: Engraftment of human tumors and statistics for primary lung cancer PDX models, PDX model success rates for the subtypes of primary lung cancer.

LUAD LUSC LCNEC
Stage

A B C A B C A B C
1 219 7 3.20% 58 20 34.50% 7 1 14.30%
I 85 9 10.60% 81 42 51.90% 7 2 28.60%
11 102 8 7.80% 46 17 37.00% 4 4 100%
v 31 5 16.10% 2 2 100% - - -
Total 437 29 6.60% 187 81 43.30% 18 7 38.90%

Table 2¢: Engraftment of human tumors and statistics for primary lung cancer PDX models, PDX success rates depending on the tumor stage.

Patient PDX models
Tumor cell type PDX model ID
Patient-specific Common somatic PDX model-specific
mutations mutations mutations
CDKN2A, CUXI1, FLT3, NF1, NOTCHI,
13 ERCCS, HNF1A, STAG2 DOCKS8, ERCC4, MAP2K2
PBRMI, POLE, TP53, TSC2
TP53, NF1, ESR1, POLE, SLX4, CCNE1,
41 none none
PIK3R1, TRIM37
48 none MET, POT1 TP53, JAK2, KCNQI1
ADC
75 SDHA, CARDI1, FAH, PARK2 | ABCBI1, BCL2, BRCA2, ENG, SLX4, TP53 NF1, NOTCH2
BRCAI, CDH4, ERCC3, JAK2, KEAPI,
81 none FOXL2
MGA, MYB, TP53
29 none PBRM1 CHEK2, FAT1
216 TDG, CRTC3 FGFR4, NOTCHI1, REL, TP53 none
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COL7A1, DCLREIC, FLT1, FLT3, GNAS,
231 TDG KEAPI, MET, NF2, NR4A3, NUP214, STK11, | APC, SMO, KDM5C
TP53
ABCBI11, CUX1, HLEQ, PIK3CA, SETBPI1,
244 ERCCS, FANCC, NTRK 1 EP300, ARHGAP35, IL7R
SMARCAA4, TET1, TP53
TP53, BCOR, ETV1, FLCN, TFE3, USPS,
295 none none
WT1
363 NRG1 ASXL1, BRCA2, NEIL3, TP53 CHEK2, SDHC, GATA2, POLQ, SOX2
SQCC ATM, KRAS, BARDI, NRG1,
367 POT1, ARHGEF12, BRCC3, RBM10 ERBB4, ARID1A, PDGFRA, TDG
EXOl, FOXL2, KIFIB
ALK, ATM, CREBBP, GBA, KRAS, PDGFRB,
369 SDHC none
TP53
APC, CDKN2A, CREBBP, DNMT3A,
415 none FLT3, SDHA, GNAQ, CYLD
NFE2L2, TP53
ATR, ERBB4, HFE, MITF, POLDI1, RBI,
416 NOTCH2, SDHA, ESR1
SMC3, SMO, TP53
438 SDHC, PTEN EGFR, GNAS TP53, DOCKS8, ABL1, MDM2
ATM, CDK8. ERBB4, FGFR4, FLT3,
451 FAT1, MAX NOTCH2, PDGFRB, PHOX2B, PIK3CA, QKI, | EP300, EXT2, JAK1
LCNEC TP53
482 BARDI1 GNAQ, HELQ, KRAS, PIK3CA DIS3L2
CHEK2, MECOM, NF1, NOTCH1, RB1,
508 COL7A1, GNAQ, KDR, MTOR HIST1H3B, KAT6B, RIT1
SDHA, TP53

Table 3: Somatic mutations in OncoPanel genes in tumors of PDX models and patients.

Tumor cell type Upregulated Downregulated
Patient None None
DP-013
PDX None None
Patient None None
DP-041 obx (7) HISTIH3B; (4) EXO1, MYB;(3) BCL2, BRCA1, CARDI11, = (-6) NR4A3; (-5) ENG, ETV1; (-4) PDGFRA; (-3) GNAQ,
CDKN2A, DCLREIC; (2) BARDI, COL7A1, NEIL3, POLDI | MECOM; (-2) CUX1, MET, MITE, NFE2L2, NOTCH2, QKI
Patient (4) CDKN2A; (3) HISTIH3B (-4) FGFR4
DP-048 (5) HISTIH3B; (4) CDKN2A, MET; (3) BRCA1, COL7AI,
PDX (-5) PIK3R1, (-4) PDGFRB, (-2) FANCC, IL7R
POLQ; (2) NF2, POT1, TRIM37
Patient (5) COL7AL; (3) HISTIH3B; (2) FAT1, KRAS, POLQ (-3) ENG
DP-075 (-5) DOCKS, ETV1, PTEN; (-4) ENG; (-3) FLT1, GATA2,
PDX (5) COL7A1, HISTIH3B; (3) KRAS, POLQ; (2) FAT1, SOX2
ADC GNAQ, IL7R; (-2) ESR1, FGFR4, JAK2, MGA
Patient (4) COL7AL; (3) HISTIH3B, SMO None
DP-081 obx (5) COL7AL; (4) HISTIH3B, NGR1; (3) CARDI1, EXOI, (-4) ETVI; (-3) ENG, IL7R, JAK2, KDR, MITF, PDGFRA,
POLQ; (2) BRCA1, MET PDGEFRB; (-2) DOCKS, GATA2, GNAQ, PIK3R1, QKI
Patient (3) HISTIH3B, TSC1; (2) BCOR (-3) KDR
SP-029 (-5) FLT1; (-4) IL7R, JAK2, QKI; (-3) ETV1, MET, MITF,
PDX (3) BCOR, POLE; (2) ARID1A, DNMT3A, ETV1, HISTIH3B
PIK3R1; (-2) ENG, MECOM, REL
oui (5) CDKN2A, HISTIH3B; (4) EXO1; (3) POLQ; (2) BARD1, | (-5) DOCKS; (-4) IL7R, JAK2, QKI; (-3) ETV1, MET, MITF,
atient
BRCAL, POLE, TRIM37 PIK3R1; (-2) ENG, MECOM, REL
SP-216 (5) CDKN2A; (4) EXO1, HISTIH3B; (3) POLQ; (2) BARDI, | (-5) DOCKS, QKI; (-4) FGFR4, JAK2, PDGFRA; (-3) ENG,
PDX BRCAI, POLE, BCL2, BCOR, BRCA2, BRCC3, HFE, MYB, | IL7R, MET, PIK3R1, FAH, FLT1, PDGFRB; (-2) ETV1,
STAG2, TETI REL, KCNQI, KDR, PTEN, SMO
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Patient (4) COL7AI (-3) NR4A3; (-2) EGFR, MECOM
SP-231 (-5) ENG, IL7R, KDR, MECOM, PDGFRA; (-4) APC,
(4) HISTIH3B; (3) CDKN2A, NRG1, POLD1, TDG; (2)
PDX PIK3R1; (-3) CYLD, GNAQ; (-2) ESR1, GATA2, NOTCHI,
BRCA1, BRCA2, CHEK2, FAT1, KIF1B, MTOR, POLE, SMO
NR4A3, QKI
Patient (3) HISTIH3B, KDR; (2) BARDI (-2) ENG, GATA2, SETBP1
SP-244 (-5) ENG, ETV1, PDGFRA; (-4) FLT1, IL7R; (-3) DOCKS,
PDX (3) BARDI, HISTIH3B; (2) TET1
GATA2, QKT (-2) NOTCHI, PIK3R1
Patient None None
SP-295 DX (6)NRGI; (3) FATI, POLQ; (2) ATR, BRCA1, BRCA2, CDKS, | (-5) NR4A3; (-4) GATA2; (-3) ETV1, FGFR4, WT1; (-2)
CHEK2, HISTIH3B, KEAP1, SMARCA4 DOCKS, ALK, ESR1, PDGFRB
o (6) CDKN2A, HISTIH3B; (3) BRCAI, CHEK2; () NEIL3, | (-3) ENG, NR4A3, PDGFRA, PDGFRB; (-2) DOCKS, JAK2,
atient
SOX2 KDR
SP-363
DX (7) HISTIH3B; (4) BRCAI, CDKN2A; (3) NEIL3; (2) CHEK2, | (-5) PDGFRA; (-4) FLT1; (-3) DOCKS, IL7R, MECOM; (-2)
socc SOX2, BRCC3, DNMT3A, GBA, HFE, SMO, ENG, FGFR4, JAK2, NOTCHI, RB1, STAG2
Patient (3) HISTIH3B (-3) GATA2
SP-367 obx (5) HISTIH3B; (4) BCL2, POLQ; (3) BRCA1, CARDI1, (-5) IL7R, MECOM; (-4) PDGFRA; (-3) MITF, PIK3R1; (-2)
MYB; (2) BARDI, BRCA2, CDKN2A, POLE FLT1, NOTCH2
o (4) HISTIH3B, SOX2; (3) CARDI1, COL7A1; (2) EGFR, (-4) NR4A3; (-3) KDR, PTEN, REL; (-2) DOCKS, ENG,
atient
KEAPI FLT1, IL7R, MITF
SP-369
DX (6) SOX2; (4) ISTIH3B; (3) CARDI1, COL7A1, KEAPI, (-6) PTEN; (-4) ENG, IL7R, PDGFRA; (-3) DOCKS, FGFR4;
POLQ, SMO; (2) EGFR,, BRCA1, MAP2K2, SDHA (-2) MITF, REL
Patient None (-3) NR4A3
SP-415 oD (6) MYB; (5) EXOL; (3) BRCAL, CDKN2A, POLQ; (2) ATR, | (-5) FAT1, FLT1, MECOM; (-4) ENG, KDR, PDGFRA; (-3)
CHEK2, EP300, HISTIH3B, KRAS, POLE, SMARCA4 JAKI, PIK3R1; (-2) CYLD, PTEN
(5) COL7A1, HISTIH3B, SOX2; (4) CDKN2A; (3) CHEK2,
Patient (-4) GATA2; (-3) ENG, IL7R; (-2) ERBB4, KDR
Spals EXO1, SMO; (2) ATR
PDX None None
Patient (6) COL7AL; (4) HISTIH3B; (3) CARDI1, MET; 2) EGFR | (-2) MECOM, SETBPI
SP-438 (-4) DOCKS, IL7R; (-3) ENG, KCNQI, PIK3R; (-2)
PDX (4) HISTIH3B, MET; (3) COL7A1; (2) CARDI11, EGFR
ERBBA4, GATA2, NOTCHI, QKI
(6) COL7AL; (4) HISTIH3B; (3) FAT1, SMO, STAG2; (2)
Patient (-3) FGFR4, GATA2, KDR, NR4A3; (-2) ERBB4
BRCAI
SP-451
DX (6) COL7AL; (5) HISTIH3B; (4) BRCA1, SMO; (3) NRG1; (2) | (-4) PDGFRB; (-3) DOCKS, ENG, ETV1, GATA2, PDGFRA;
LONEC ATR, CARDI1, CHEK2, EGFR, FAT1, MYB, TETI (-2)IL7R
Patient (3) HISTIH3B, MDM2; (2) GNAS, SOX2 (-3) FGFR4; (-2) GATA2, NR4A3, SETBP1
Spaso (5) HISTIH3B; (3) MDM2, SOX2, EXO1, NEIL3; (2) BCL2,
(-5) MECOM, PDGFRA; (-4) DOCKS, IL7R; (-3) JAK1; (-2)
PDX BRCA1, BRCC3, CCNE1, DNMT3A, EGFR, GNAS, POLDI,
ESRI, NFE2L2, PIK3R1, QKI, RBI
POLE, POLQ, SMO, TP53
Patient None None
SP-508
PDX None None

Table 4: Differentially expressed oncopanel genes in tumors of PDX models and patients with respect to ANTs The numbers in parenthesis indicate the value of log, (fold change).
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It is known that extracellular matrix remodeling or angiogenesis
is induced by hypoxia, and the oxygen concentration in the tumor
is regulated by the master regulator HIF-1a [24]. Therefore, it was
necessary to investigate the association between HIF-1a expression
levels with hypoxia or angiogenesis in PDX tumors. The HIF-
la expression in PDX tumors, patient tumors, and ANTs was
comparatively analyzed for hypoxia (Table S2). HIF-1a expression
levels in LUAD and LUSC PDX tumors were higher than ANTs,
but lower than the patient tumors, at the level of 62%~75%. In
other words, hypoxia occurred in most PDX tumors at a relatively
lower level than the patient tumors, which was similar to the above
observation that the four genes in OncoPanel (ENG, PDGFRA,
GATA2 and KDR) were involved in hypoxia and angiogenesis were
downregulated in PDX tumors compared with patient tumors.

Downregulated expression of hypoxia- and angiogenesis-
related genes in PDX tumors

To understand whether the lower expression of hypoxia- or
angiogenesis-associated genes in PDX tumors was a consistent
phenomenon, data from Gene Set Enrichment Analysis and the
signature genes for hypoxia or angiogenesis in recent reports were
consolidated to create expanded gene sets (Tables S3 and S4). Among
these two gene sets, DEGs with [log, (fold change)[>2 were selected
from the DEG mother database described in the Methods section.
The selected genes were associated with the TME component cells
in which those genes were generally expressed; i.e., epithelial tumor
cells, murine Cancer-Associated Fibroblasts (CAF), Endothelial
cells, and Immune cells of PDX tumors (Table 5).

In comparison to the patient tumors, hypoxia-related genes that
were downregulated in PDX tumors commonly to LUAD and LUSC,
to LUAD and LCNEC, and to LUSC and LCNEC are listed in Table
Sa. Twenty genes were mainly expressed in fibroblasts, and four
genes in endothelial cells. Likewise, angiogenesis-related genes that
were downregulated in PDX tumors commonly to LUAD and LUSC,
to LUAD and LCNEC, and to LUSC and LCNEC are listed in Table
Sb. Thirty-five genes were mainly expressed in fibroblasts and 28
genes were mainly expressed in endothelial cells. C-X-C Chemokine
Receptor Type 4 (CXCR4), Versican (VCAN), Familial Adenomatous
Polyposis (FAP), Fibronectin 1(FN1), FOS, Transforming Growth
Factor Beta-3 (TGFB3), and C-C Motif Chemokine Ligand 2 (CCL2)
were expressed in fibroblasts, and Fms Related Receptor Tyrosine
Kinase 1(FLT1), TEK, Angiopoietin 2 (ANGPT2), and Secreted
Phospho Protein 1(SPP1) were expressed in endothelial cells that
belonged to both hypoxia- and angiogenesis gene sets.

Most hypoxia and angiogenesis-related genes that were mainly
expressed in fibroblasts were downregulated. Therefore, low HIF-
la expression as well as low levels of expression in hypoxia- and
angiogenesis-associated gene sets in PDX tumors might be caused
by the murine TME, specifically murine fibroblasts. Unlike LUAD
or late stage LUSC PDX tumors, early stage LUSC PDX tumors
had relatively upregulated genes, compared to the patient tumors:
For the hypoxia-related genes, Cyclin Dependent Kinase Inhibitor
3 (CDKN3) and Trophoblast Glycoprotein (TPBG) were expressed
in fibroblasts, and FOSL1 and Glutamate lonotropic Receptor
NMDA type subunit 2D (GRIN2D) were expressed in endothelial
cells. For angiogenesis-related genes, Aurora A Kinase (AURKA),
Baculo Viral IAP Repeat Containing 5 (BIRCS), E2F Transcription
Factor 1 (E2F1), Epithelial Cell Transforming 2 (ECT2), and
Ubiquitin-Conjugating Enzyme E2T (UBE2T) were expressed in
tumor cells, AURKB, Jagged Canonical Notch Ligand 2 (JAG2),

Mannose-Binding Lectin 2 (MBL2), SOX2 in fibroblasts, and ETS
Translocation Variant 4 (ETV4), High Mobility Group A1(HMGA1),
Solute Carrier Family 7 Member 5 (SLC7AS5) in endothelial cells.
Relatively high PDX engraftment rates in LUSCs appeared partly
associated with upregulation of the hypoxia- and angiogenesis-
related genes. On the contrary, PDX tumors of late stage LCNEC cell
types had one upregulated gene (i.e., Proline Oxidase Dehydrogenase
PRODH) in tumor cells and one upregulated gene (i.e., Inhibitor of
Differentiationl (ID1)) in endothelial cells.

Discussion

PDX animal models are generated by grafting patient-derived
tumors to immune deficient mice, which reconstitutes the tumors
with pathological relevance to the original patients. It is necessary
to timely generate the PDX models effectively when studies with
animal models are needed for specific cancer patients. In spite of the
effort paid to establish PDX models, not much in-depth discussion
has occurred on the key factors that determine the PDX engraftment
rates. Molecular genetic deviations from the original patient tumors,
such as somatic mutations and altered gene expression , may produce
pathologically irrelevant subcutaneous tumors, causing transitions
to different epithelial cell types or to non-epithelial tumors (XALD)
(70% and 30%, respectively in Table 2), resulting in low engraftment
rates [25,26].

In this study, by analyzing the differences in somatic mutations
and gene expression between the PDX tumors and the tumor of
primary NSCLC patients, we aimed to understand the reason for
low PDX engraftment rates in NSCLC at a molecular level. To this
end, the authors took a retrospective data-collection and analyses
approach, rather than hypothesis-generation and test approach.
Typically, tumors generate local hypoxia as they grow, and hypoxia-
related genes, including HIF-1a, are activated. A variety of adaptive
autophagic responses are initiated, such as Epithelial-Mesenchymal
Transition (EMT) of tumor cells and dedifferentiation into cancer
stem cells [27-31].

Tumor hypoxia increases mutation burdens, particularly enriching
driver mutations in Tumor Protein (TP53), MYC, and Phosphatase
and Tensin Homolog deleted on Chromosome 10 (PTEN10) [32-
35]. At the same time, a local oxygen gradient appears in CAF in
the TME that aids tumor subclonal evolution, resulting in further
intratumor heterogeneity [36]. Through aberrant paracrine signaling
and matrix remodeling, the niches necessary to maintain cancer stem
cells are generated and the angiogenic signals stimulated by hypoxia
support endothelial sprouting and tumor growth as well [37-45].
Angiogenesis reoxygenates tumors and HIF-1a becomes inactivated,
but as the tumor grows local hypoxia is re-generated [46,47]. Through
this cycling hypoxia, further clonal evolution facilitates an even more
complex genomic situation [48-50] (Figure 2).

When grafted to NSG mice, most tumors form internal hypoxia
at a relatively early stage, as supported by increased TP53 somatic
mutations in a PDX-specific manner (Table S2, Table 3). During serial
passaging to expand the PDX tumors, the fore-mentioned cycling
hypoxia increases tumor heterogeneity and diversifies growth rates,
generating epithelial tumors with rare cell types that may not match
the initially grated tumors of the patients [51]. Histological inter-
conversion between LUAD and LUSC or conversion from NSCLC
to SCLC has been reported when lung cancer patients are treated with
EGFR-tyrosine kinase inhibitor or chemotherapy, but the similarities
and differences with our pathologically deviant PDX tumors require
further investigation [52-56].
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Downregulated Upregulated
TME cell type
ASL AS SL AL S early L late
BGN, CXCR4, COLI1A1, COL6A3,
COLS5A1, DCN, DUSPI, CTHRCI, FAP, FN1,
Fibroblast - ACKR3, CCL2 CDKN3, TPBG -
OLFML2B, TAGLN, FOS, LOX, PLIN2,
VCAN RRAGD, TGFB3
Endothelial cells FLT1 TEK ANGPT2, SPP1 - FOSLI, GRIN2D
Others (None of the GPRINI, MFI2, ATP11, BASPI, CP,
above, or ubiquitous) ANLN ITPR3

Table 5a: Differentially expressed hypoxia- and angiogenesis-related genes in tumors of PDX models with respect to patients and their association with TME component cell types,
Hypoxia-related genes.

Downregulated Upregulated
TME cell type
ASL AS SL AL S early L late
AURKA, BIRCS,
Tumor cells - TNFRSFI1B AXL, SLC34A2 - PRODH

E2F1, ECT2, UBE2T

COL3A1, COL15A1, CXCL12,
COL5A2, FAP, FNI,

CXCR4, DDR2, GREMI, ITGB2,
CCL19, ITGA1I, FOS, FSTL1, MEF2C, | CCL2, CXCL14, = AURKB, JAG2,
Fibroblast LDB2, LUM, MMP9, PDGFRA, -
LRRC32, MMP19 MMP11, TGFB3, JAM3 MYBL2, SOX2
PDGFRB, POSTN, PRELP,

THBSI, TIMP2
SERPINF1, STAB1, TIMP3, VCAN

A2M, ACVRLI1, FLT1, OLRI1, PLVAP, | APLNR, CD93, CALCRL, RGSS, | ETV4, HMGAL,
Endothelial cells ANGPT2, ESAM, SPP1 ID1
SPRACLI, VWF CLEC14A, THY]1 SLC7AS

CNRIP1, ECSCR,
EDNRB, ELTDI1, FLT4,
GIMAPS, GPR124,
ROBO4, RUNXITI, TEK,
THBD, TIE1

Immune cells - - TNFSF12 - - -

Table 5b: Differentially expressed hypoxia- and angiogenesis-related genes in tumors of PDX models with respect to patients and their association with TME component cell types,

Angiogenesis-related genes.
_ CAF
-
——————— Latent EBV in
lymphocytes

autophagy l HIF-1a activation TUMOR HYPOXIA

__CAF
CYCLING angiogenic signals paracrine signaling EBV lytlc
HYPOXIA VEGF signaling matrix remodeling reactivation
angiogenesis
(endothelial sprouting)
Lymphocytes
HIF-1ce inactivation NORMOXIA transformation

& proliferation

tumor progression XALD

Figure 2: Tumor heterogeneity and XALD accelerated by cycling hypoxia during the engraftment process.
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Hypoxia in subcutaneous tumors affect the presence of Epstein-
Barr Virus (EBV), which is ubiquitous in the human body [57].
Latent EBVs in lymphocytes that are infiltrated in patient tumors are
lytically reactivated by HIF-1a that is activated by tumor hypoxia,
which is formed when grafted into immune-deficient NSG mice
[58,59]. Human lymphocytes transformed by P1 viral oncogenes can
proliferate under normoxic as well as hypoxic conditions, forming
XALD [60,61]. As such, tumor hypoxia seems to play a key role in
the generation of pathologically unmatched subcutaneous tumors,
such as phenotypic conversion of cell types or XALD.

In preclinical, co-clinical, or collateral studies using PDX models
as a drug testbed, TME is a key factor determining the responses
[62,63]. In PDX models, many murine stromal cells are not functional
and B-cells and T-cells do not mature, and no natural killer cells
exist, and myeloid cells, such as macrophages and dendritic cells, are
defective, leaving murine fibroblasts as the only functional stromal
cells in TME [64,65]. Human CAF in the patient tumor fragments is
known to be diluted and gradually substituted by murine CAFs during
serial passages in NSG mice [66,67]. Therefore, to utilize PDX tumors
as a copycat of the patient tumor, not only somatic mutations but also
changes in gene expression caused by TME modification need to be
analyzed in-depth between patient and PDX tumors.

Unlike patient tumors in which the angiogenic factors are produced
and released by tumor cells, CAF and tumor infiltrating immune cells,
including lymphocytes and macrophages, in PDX tumors, the main
sources of angiogenic factors, are the human tumor cells and the
murine CAFs, which require effective cell-cell communication across
species. In patient tumors, growing cancer cells are in continuous
contact with human fibroblasts from early stages for extended periods
of time to form conditioned CAFs, but in PDX tumors, direct abrupt
contacts with unconditioned murine fibroblasts may cause prolonged
chronic hypoxia and autophagy at an early stage. As a consequence,
compared with patient tumors, HIF-1a activation levels were lowered
(Table S2) and the weakened angiogenesis may delay tumor growth
and decrease tumor engraftment rates, even leading to the failure
of tumor formation (Table 2a). In PDX LUSC and LCNEC tumors,
some of the angiogenesis-related genes were upregulated, but not in
those of LUAD. Maybe this is why LUAD had significantly lower
engraftment rates in NSG mice than other cell types (Table 5).

When PDX tumors were used to generate a humanized PDX model,
the humanized mouse infused with CD34" human hematopoietic stem
cells have fully differentiated functional human myeloid cells that
substitute for the defective dendritic cells and macrophages to partly
rescue TME in PDX tumors. Even so, the murine fibroblasts still have
to play a role in mediating the crosstalk between the tumor mass and
the tumor infiltrating immune cells as well as the endothelial cells
[68,69]. Thus, murine fibroblasts make a critical contribution to
angiogenesis for the successful growth of grafted human tumors in
humanized PDX models as well as in PDX models.

Concordant with a number of previous studies, the pathologically
relevant PDX models in this study showed that various somatic
mutations, including driver —mutations and intra-tumoral
heterogeneities, were retained through serial passages, and relative to
ANT, the patient and PDX tumors showed similar expression patterns
(Table 3, Table 4) [70]. Expanded after serial passages, PDX models
have potential for developing targeted drugs in preclinical studies, or
in co-clinical or collateral studies for immunotherapies after being
grafted to the humanized NSG mice.

Nonetheless, depending on the cell types of the patient tumors,
some PDX tumors showed additional somatic mutations, and different
fragments of the same patient tumors often showed a variety of growth

patterns, which indicated that intratumor heterogeneity might be an
inevitable factor causing variation in each individual, even within the
specific PDX model. Unlike somatic mutations, differences in gene
expression were considerable between the PDX and patient tumors.
Therefore, caution is warranted when using PDX models to evaluate
the systemic effects of targeted drugs and to translate the outcome
into clinical applications.

There have been a number of studies pointing out the intratumor
heterogeneity of PDX models [71-74]. To enhance the engraftment
efficiencies of PDX tumors, and to minimize the clonal evolution
during serial passages, mouse fibroblasts need to be conditioned
quickly by the human tumors, with angiogenesis proceeding without
delay, and EBV-activation needs to be interrupted effectively [75,76].

Conclusions

Current protocols for PDX model preparation often result in
significantly diverse engraftment rates, depending on tumor types,
and rare patient tumors that are valuable for clinical research are
frequently lost during the process. For PDX models to qualify for
wide use in preclinical studies for drug development as well as in
collateral studies for clinical benefit, the engraftment rate needs to be
elevated, and TME, especially fibroblasts, close to that of the patient
tumors needs to be established in the PDX models. Murine fibroblasts,
defective murine macrophages, and EBV-infected lymphocytes are
some of the key factors contributing to the inefficiency of PDX tumor
generation when associated with tumor hypoxia, which may provide
basic knowledge for a strategic improvement in graft efficiencies in
the future. The presence of pathologically irrelevant subcutaneous
tumors, including phenotypic conversions and XALD, was attributed
to tumor hypoxia and EBV activation.
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