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Abstract

Background: Patient-derived xenograft (PDX) models are increasingly used in translational
research, however, the engraftment rates of patient tumor samples in immunodeficient mice to
PDX models vary greatly.

Methods: Tumor tissue samples from 308 NSCLC patients were implanted in immunodeficient
mice. The patients were followed for 1.5 to about 6 years. We performed histological analysis of
PDXs and some residual tumor tissues in mice with failed PDX growth at 1 year after
implantation. Quantitative PCR and ELISA were performed to measure the levels of Epstein-Barr
virus genes and human immunoglobulin G in PDX samples. Patients’ characteristics were
compared for PDX growth and overall survival as outcomes using cox regression analyses.

Results: Overall engraftment rate of NSCLC PDXs was 34%. Squamous cell carcinomas had a
higher engraftment rate (53%) than did adenocarcinomas. Tumor samples from patients with stage
I1and 111 diseases and from larger tumors had relatively high engraftment rates. Patients whose
tumors successfully engrafted had worse overall survival, particularly those with adenocarcinoma,
stage 1l or 1V disease, and moderately differentiated tumors. Lymphoma formation was one of
factors associated with engraftment failures. Human CD8+ and CD20+ cells were detected in
residual samples of tumor tissue that failed to generate a PDX at 1 year after implantation. Human
immunoglobulin G was detected in the plasma of mice that did not have PDX growth at 14 months
after implantation.

Conclusions: Our results indicate that characteristics of cancer cells and tumor immune

microenvironment in primary tumors can both affect engraftment of a primary tumor sample.
Precis:

This study identified clinical tumor characteristics, biological features of cancer cells, and tumor

immune microenvironment are associated with successful engraftment of tumor samples. Patients’

immune cells can be present for a long time in residual tissue from failed PDXs, which indicates
that these immune cells may play roles in inhibiting PDX engraftment.

Keywords
Tumor models; xenografts; neoplasia; NSCLC; tumor microenvironment

Introduction

Patient-derived xenograft (PDX) mouse models are used preclinically in cancer drug
development and molecular profiling of tumors. They have been shown to recapitulate the
histologic and genetic features of human primary tumors and to be useful in assessing
treatment response. Evidence has shown that PDXs retain the genome-wide exomic
nucleotide variants, gene copy-number alterations, and DNA methylation patterns of their
corresponding tumors 14 irrespective of the number of passages 1 3, although clonal
selection during initial engraftment and passaging of PDXs has been observed > 8. In vivo
propagation of a patient’s tumor tissue in immunodeficient mice can enable simultaneous
evaluation of the tumor response to several drugs and treatment regimens, leading to the
identification of an effective therapy for the patient 7- 8. An analysis of the treatment
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responses of PDXs established from 92 patients with different solid tumors revealed a
significant association between drug response in patients and the response in mice bearing
the corresponding PDXs, indicating that PDXs can predict clinical treatment response 4.
PDX models are also increasingly employed in the mechanistic characterization of
resistance to targeted therapies 911, the identification of novel biomarkers 12 and therapeutic
targets 123, and the characterization of intratumoral heterogeneity 14 15,

Molecular characterization of lung cancer PDXs has revealed that these PDXs faithfully
retain genomic alterations found in their corresponding primary tumors 2 16, Lung tumor
PDXs also recapitulate clinically observed tumor response to chemotherapy and targeted
therapy. For example, the response rate to paclitaxel treatment in PDXs was equivalent to
that reported in a clinical study of paclitaxel single-agent therapy for patients with advanced
non-small cell lung cancer (NSCLC) 17, and PDXs harboring targetable driver mutations
(EGFR, ALK, ROS1)had similar response patterns to target inhibitors as did patient tumors
18-20 Although several groups have devoted effort to generating and characterizing NSCLC
PDXs, the overall PDX engraftment rates for NSCLC range from 25% to 40% 2 2022, [ower
than the engraftment rates reported for colorectal cancer 23 and melanoma PDXs 24,

We previously reported an overall engraftment rate of 26% for NSCLC specimens in
nonobese diabetic/severe combined immunodeficiency (NOD SCID) mice 16, The
engraftment rate rose to about 35% when NOD SCID mice with null mutations of the gene
encoding for the interleukin-2 receptor-y (NSG mice) were used for PDX generation. Over
the past 6 years, we have generated 105 NSCLC PDXs using tissue samples from 308
patients. Some of these PDX models have been used for preclinical evaluation of anticancer
agents 2527 and are available to the cancer research community through the National Cancer
Institute’s PDXNet program (www.pdxfinder.org). To better understand what drives the
relatively low engraftment rates of NSCLC PDXs and to identify factors that could improve
engraftment rates, we analyzed clinical parameters that were associated with the engraftment
rate of PDXs from 308 NSCLC patients who were followed up for 1.5 to about 6 years after
sample acquisition. Our results showed that the PDX engraftment rate was significantly
higher for squamous cell carcinomas than for other NSCLC. The PDX engraftment rate was
higher for tumor samples from patients with stage Il and 111 disease or relatively large
tumors. Patients whose tumors formed PDXs had significantly shorter overall survival
durations than did patients whose tumors did not form xenografts, particularly for patients
with non-squamous cell carcinoma, moderate histologic differentiation, or stage Il or IV
disease. Interestingly, tissue residuals from tumor samples that did not form PDXs contained
human CD8+ and CD20+ immune cells, suggesting tumor immune microenvironment may
play a role in PDX engraftment.

Materials and Methods

Primary tumor samples and clinical data

Fresh NSCLC tumor samples were collected from 2012 to 2017 from surgically resected
specimens. A few pleural fluid drainage samples and biopsy samples were also collected for
establishing PDXs. The clinical data, including pathological diagnosis and survival data,
were collected from patient records. The protocols for the use of clinical specimens and data
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in this study were approved by the Institutional Review Board at The University of Texas
MD Anderson Cancer Center. All clinical samples and data were collected with the
informed consent of the patients.

Generation of PDXs

PDXs were established from surgically resected specimens or from pleural fluid as we
previously reported 16: 28, We used NOD SCID mice for generating PDXs during 2012 and
2013. Since 2014, we have used NSG mice for generation and passaging of PDXs. Both
NOD SCID and NSG mice were obtained from Jackson Laboratory (Bar Harbor, ME) or
from our institutional Research Animal Support Facility. All animal studies were carried out
in accordance with the Guidelines for the Care and Use of Laboratory Animals (National
Institutes of Health Publication 85-23) and the institutional guidelines of MD Anderson
Cancer Center. Animals were maintained at our institutional Research Animal Support
Facility.

For generating PDXs from surgical and biopsy samples, freshly harvested tumor tissue was
placed in serum-free RPMI medium supplemented with 100 pg/mL penicillin-streptomycin
(both from Invitrogen, Carlsbad, CA) and implanted into the rear flank subcutaneous space
of mice within 2 hours of surgical resection, as we previously described 16. For generating
PDXs from pleural fluid, the fluid samples were centrifuged to collect cell pellets. Red
blood cells in the samples were lysed with sterile buffer (150 mM NH4CI, 20 mM Tris-Cl,
pH 7.4), and the pellets were washed twice with PBS. About 2 x 107 cells were inoculated
into the rear flank subcutaneous area of NSG mice. The mice were monitored for up to 15
months for tumor growth and were euthanized if no sign of tumor growth. The tumors were
harvested when they reached 1.5 cm in diameter. The harvested tumors (labeled F1 for the
first passage in animals) were chopped into 2-to-3-mms3 pieces, which were frozen in liquid
nitrogen for future investigation and/or molecular characterization, fixed in formalin and
embedded in paraffin for histological analysis, or reimplanted into nude mice or NSG mice
to generate more tumor grafts (F2, F3, etc., for subsequent passages).

Histological analysis of PDXs

Histological analysis of PDXs and their primary tumor tissues was performed using
hematoxylin and eosin staining of paraffin-fixed tissue sections. Immunohistochemical
staining of formalin-fixed paraffin-embedded tumor tissue on slides was performed at the
Research Histology, Pathology and Imaging Core Facility at MD Anderson. Slides bearing
tumor tissue sections were stained with mouse monoclonal antibodies specific for human
wide-spectrum cytokeratin (Abcam, Cambridge, UK; ab9377), CD8 (eBioscience, San
Diego, CA; clone C8/144B), and CD20 (Bio-Rad, Hercules, CA; MCA2454) using the
standard operating protocols used by the Core Facility. Mouse immunoglobulin G (1gG) was
used as a negative control. Human lymph node samples were used as positive controls for
the anti-human CD8 and CD20 antibodies.

DNA fingerprinting and quantitative PCR analysis

DNA was isolated from primary tumor samples and PDX tissues by proteinase K digestion
(20 mg/mL), phenol extraction, and isopropanol precipitation. DNA samples were dissolved

Cancer. Author manuscript; available in PMC 2020 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chenetal.

ELISA

Page 5

in water and quantified with a Quant-iT PicoGreen dsDNA Assay Kit (Thermo Fisher)
following the manufacturer’s instructions. DNA fingerprint assays were performed to verify
the provenance of DNA from primary tumors and PDXs. This assay was performed at our
institution’s Characterized Cell Line Core Facility using the PowerPlex 16 HS System
(Promega). The short tandem repeat profiles were compared with those of case-matched
specimens obtained from the patients and/or with 2455 known profiles in online databases
(American Type Culture Collection [ATCC], German Collection of Microorganisms and
Cell Culture [DSMZ], Japanese Collection of Research Bioresources [JCRB], and RIKEN
Cell Bank) and 2556 known profiles in the MD Anderson Characterized Cell Line Core
database.

Quantitative PCR (gPCR) using Sybr Green PCR Master Mix (Thermo Fisher) was used to
determine the presence of Epstein-Barr virus (EBV) DNA in PDXs and primary tumor
samples. The human PERK gene was used as the reference. The sequences of the primers
used for detecting the EBV EBNAI gene and the human PERK gene were EBNA1-F: 5'-
CGTCTCCCCTTTGGAATGG-3"; EBNAL-R: 5'-
GAAATAACAGACAATGGACTCCCTTAG-3’; PERK-F: 5'-
CTGTTCAGCTCTGGGTTGTC-3'; and PERK-R: 5"-TGGGTACGCTGTAGAAGCAG-3’'.
Eight nanograms of genomic DNA was added to the qPCR Master Mix (Thermo Fisher,
4371355) at a final reaction volume of 10 pL and 100 nM of each primer. The PCR
conditions were 95°C for 10 min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min.
Melting curves were generated after amplification. Relative copy numbers were evaluated
using the relative standard curve method and normalized to the PERK gene levels. gPCR
was carried out using a CFX384 Real-Time System (Bio-Rad) at 50°C for 2 minutes, 95°C
for 10 minutes, 92°C for 15 seconds, 62°C for 1 minute + plate read for a total of 40 cycles.
Each sample was analyzed in duplicate, and copy number of EBNAI were normalized to
that of human PERK gene.

The levels of human IgG in mouse plasma were measured using ELISA kit (Human 1gG
ELISA kit, Invitrogen Thermo Fisher Scientific, Carlsbad, CA) following the manufacturers’
instructions. Briefly, blood samples were collected in BD Microtainer tubes containing
EDTA. Plasma samples were stored at —80°C until use. After thawing, plasma was diluted to
a ratio of approximately 1:10 to 1:30 with dilution buffer, and 100 pL of diluted samples and
serially diluted 1gG standards were added in duplicate to the wells of a 96-well plate
precoated with capture antibodies. After incubating at room temperature for 2 hours, the
plates were washed with PBS containing 0.05% Tween 20 and incubated with biotinylated
detection antibodies and horseradish peroxidase-conjugated streptavidin. The enzymatic
activity of horseradish peroxidase was determined with its substrate 3,3",5,5"-
tetramethylbenzidine by measuring absorbance at 450 nm using a 96-well-plate reader
(FLUOstar Omega, BMG Labtech GmbH, Offenburg, Germany). IgG concentrations were
calculated from the standard curve.
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Statistical analysis

Two-tailed Student ftests or Fisher exact tests were used to compare the tested parameters in
different groups. Differences were considered statistically significant at £< 0.05.
Associations between categorical variables were analyzed with the Pearson chi-square or
Fisher exact tests. For continuous variables, we used the Mann-Whitney Utest. Univariate
Cox regression analysis was performed using death as the outcome with a significance level
of P< 0.05. Covariates that were significant at £< 0.25 were included in a multivariable
Cox regression. Backward stepwise Wald elimination at 2= 0.10 was used to establish the
final model. Patients with incomplete data were excluded from the multivariable analysis.
Survival functions were calculated according to the Kaplan-Meier method, and differences
were assessed with the log-rank test. Univariate and multivariable logistic regression
analyses using PDX growth as the outcome were performed using the same strategy
described for the multivariable Cox regression analysis. All statistical analyses were
performed using SPSS software version 24.0 (SPSS Inc., Chicago, IL).

RESULTS

Patient and tumor characteristics associated with successful PDX growth

We collected fresh surgically resected tumor samples from 308 patients who had been
diagnosed with NSCLC during 2012 to 2017 and implanted them in immunodeficient mice
to generate PDXs. PDXs were successfully generated from 105 tumor implants and were
passaged for 2 to 6 generations. The time from implantation of the fresh surgical specimen
to harvest (when the palpable mass reached 1.5 cm in diameter) ranged from 1 to 12 months,
with a mean time to harvest of 4.5 months. The overall engraftment rate was 34%. In NOD
SCID mice, which we used to generate PDXs during 2012 and 2013, the overall engraftment
rate was about 26%. After 2013, we used NSG mice for generation of PDXs, which
increased engraftment rates to 35%. Eighty percent of the PDXs generated in NSG mice
were successfully passaged in nude mice. The remaining 20% of the PDXs generated in
NSG mice did not grow in nude mice, but readily grew in NSG mice. We also successfully
generated 7 PDXs from 18 pleural fluid samples and biopsy samples in NSG mice. Since
most of our samples were from surgically resected tumors, we analyzed clinical
characteristics that may affect engraftment rates of surgically resected specimens.

The demographic and clinical characteristics of the 308 lung cancer patients whose tumor
specimens were implanted for generation of lung tumor PDXs are shown in Supplemental
Table 1. Univariate logistic regression analysis showed that several factors were significantly
associated with engraftment rate (A< 0.05). Squamous cell carcinomas had a higher
engraftment rate (53.4%) than did adenocarcinoma (29.0%) or other histological types
(31.6%). Poorly differentiated tumors had a higher engraftment rate (49.3%) than did well-
differentiated (19.3%) or moderately differentiated tumors (32.3%). Larger tumors and
tumors from patients with stages Il or 111 disease had higher engraftment rates (45% ~ 51%)
than did smaller tumors (26%) and tumors from patients with stage | disease (22%) (Figure
1). In contrast, preoperative chemotherapy had no significant effect on tumor engraftment
rates. Multivariable logistic regression analysis showed that tumor histology and stage had
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significant effects on engraftment rates, whereas the effect of tumor size did not reach
statistical significance (P = 0.096).

Lymphoma formation is one of the factors leading to failed PDX growth

Proliferation of EBV-positive B cells present in NSCLC tumor samples implanted in
immunocompromised mice has been reported to lead to the formation of human diffuse
large B-cell lymphoma and loss of the carcinoma component of xenograft tumors 2°.
Formation of human B-cell lymphoma in NSG mice during PDX generation has also been
reported for other types of cancer, including melanoma 30, gastrointestinal cancer 31, and
breast, colon, pancreatic, bladder and renal cancer 32. We observed lymphoma formation in
17 cases whose xenograft tumors consisted predominantly of human B lymphocytes. These
cases were grouped as no PDX growth. The lymphomas usually formed at the subcutaneous
sites of tumor implantation, but we also observed metastases in the lymph nodes, spleen, and
liver. Tumors harvested from mice with lymphomas predominantly consisted of human
CD19+ or CD20+ B cells, with only scattered small islands of pan-cytokeratin-positive
epithelial cells (Figure 2A). Lymphoma formation was observed in mice implanted with
adenocarcinoma, squamous cell carcinoma, and carcinoid tumor samples. Moreover, we
found that lymphoma formation could occur during passaging of PDXs; that is, the tumor
tissues harvested from the second passage of an established PDX could be NSCLC in one
mouse and lymphoma in another mouse (Figure 2). This finding strongly indicates that
researchers should be cautious about possible pathological alterations during passaging of
PDX models during preclinical studies.

We performed PCR to determine the levels of the EBV gene EBNAZ in DNA isolated from
PDXs, lymphomas, and their associated primary NSCLC tumors, using the human PERK
gene as a control. DNA samples from white blood cells of healthy donors were used as
normal controls. The analysis showed that the EBNAI copy number were significantly
higher lymphoma than all other groups (P < 0.01) (Figure 2B). There was no significant
difference in the number of EBNAI copies among the samples of normal controls, PDXs,
and primary NSCLC tumors that lead to PDX or lymphoma formation, although a few
outliers with relatively high EBNAI copy numbers were detected in primary NSCLC tumor
samples that produced lymphoma or PDXs (Figure 2B). This result suggested that the
majority of the observed lymphoma were positive for EBV. However, levels of EBNAI DNA
in primary tumors may not accurately predict lymphoma formation after implantation.

Patients’ lymphocytes in residual tumor tissues of failed PDX growth

Our recent study showed that patient-derived tumor immune cells, including T cells (CD8+
or CD4+), B cells (CD19+) and macrophages (CD68+), were detected in approximately
36% of early passage lung cancer PDXs 28, Human tumor-infiltrating immune cells that are
coimplanted along with tumor tissues might have anticancer activity that leads to failure of
PDX growth. To test whether human immune cells were present in residual tumor tissue that
failed to generate PDX growth, we harvested residual tumor tissues from sites of tumor
implantation in 5 mice that had no sign of PDX growth at 12 months or more after tumor
implantation. Histopathological analysis revealed that 4 of the 5 residual tissue specimens
mainly consisted of scar-like fibrotic tissue, with scattered or clustered inflammatory cells
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and a few viable epithelial cells; the remaining one mainly consisted of viable tumor cells
surrounded by stromal tissue. Immunohistochemical staining revealed that the inflammatory
cells in the 4 specimens with scar-like tissue were mainly human CD8+ and/or CD20+ cells
(Figure 3). However, no CD8+ or CD20+ cells were detected in the 5th specimen, which had
predominantly pan-cytokine-positive epithelial cells. The long-term (> 12 month) survival of
tumor-infiltrating lymphocytes in residual tumor tissues indicated that they might play a role
in preventing PDX growth. However, in some cases, such as the one we observed, in which
failure of PDX growth cannot be attributed to coimplantation of tumor-infiltrating
lymphocytes.

To test whether the human lymphocytes detected in the residual tumor tissues were still
functional, we performed ELISA for human IgG in plasma samples from 13 mice that did
not exhibit PDX growth at 14 months after implantation of 6 human primary tumor samples.
Plasma from naive NSG mice that had not undergone implantation of human samples was
used as controls. All of the mice that had received human tumor implants had human IgG in
their plasma, although the concentration ranged widely, from 0.73 pg/mL to 8.07 ug/mL
(Figure 4). In contrast, the control mice had only background levels of human IgG (< 0.5 pg/
mL). This result demonstrated that human B cells coimplanted with tumor tissues were
functional at 14 months after implantation.

PDX growth and clinical outcomes

We performed univariate and multivariable Cox regression analyses to determine whether
PDX growth or lymphoma formation from surgically resected tumors was associated with
clinical outcomes. The 308 patients included in this analysis had a median follow-up time of
3 years (range: 1.5 — 6 years). For the 290 patients with stage I-111 NSCLC, we determined
whether recurrence and/or metastasis developed after surgical resection of the tumor. Among
these patients, 84 developed advanced disease including both recurrence and metastasis: 46
in 190 cases (24.2%) whose tumors did not produce PDXs and 38 in 100 cases (38.0%)
whose tumors did produce PDXs. The difference between these 2 groups was significant (P
=0.0202). Univariable analysis also showed that patients whose tumors produced PDXs had
shorter overall survival (OS) durations than did patients whose tumors did not generate
PDXs (HR: 2.56, 95% CI: 1.53-4.27, £< 0.001). In contrast, we found no differences in OS
between patients whose implanted tumors formed lymphomas in mice and other patients.
Multivariable analysis showed that shorter OS was significantly associate with advanced
disease stage and poor differentiation, and PDX growth increased the risk of death in
patients with these characteristics, though not significantly so (HR: 1.69, 95% CI: 0.97-2.97,
P=0.066) (Supplemental Table 2).

We also adjusted the OS analysis for tumor type, stage, and grade. The results showed that
PDX growth was significantly associated with shorter OS in patients with adenocarcinoma
(P=0.005) and other histological types (P= 0.013), but not in patients with squamous cell
carcinoma (P=0.459). PDX growth was also significantly associated with short OS in
patients with stage 111 or stage IV disease (P< 0.001) and in patients with moderately
differentiated tumors (P = 0.008), but not in patients with early-stage disease or those with
poorly differentiated or well-differentiated tumors (Figure 5). This result indicated that PDX

Cancer. Author manuscript; available in PMC 2020 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chen et al. Page 9

growth could be a predictor for poor prognosis for certain subsets of NSCLC patients,
including patients with adenocarcinoma, those with advanced disease, and those with
moderately differentiated tumors.

Discussion

We found that the success of PDX engraftment can be affected by both the histological
subtype of cancer cells and the immune microenvironment of fresh tumor tissues. Our
analysis of PDX engraftment from surgically resected tumor specimens from 308 NSCLC
patients found an overall engraftment rate of about 35% in NSG mice. Specimens from
squamous cell carcinomas, stages Il and 111 tumors, and poorly differentiated tumors had
higher engraftment rates than did specimens from adenocarcinomas, stage | tumors, and
well-differentiated tumors. In addition, some subsets of patients whose tumors successfully
engrafted in mice had a higher rate of disease recurrence and worse OS. This finding was, in
general, consistent with reports by others on the association of PDX engraftment of NSCLC
tumors and poor OS 233, We also found that residual tumor tissue obtained from mice in
which PDXs had not formed at 12 or more months after implantation of primary tumors
often contained human CD8+ and/or CD20+ immune cells, indicating that the
coimplantation of tumor-infiltrating immune cells with fresh tumor samples might be one of
the factors preventing PDX growth in immunodeficient mice.

Several factors contribute to the success or failure of PDX engraftment. Technical skill of
tumor sample inoculation could be one of factors contributing to engraftment rate. In this
study, initial sample inoculations were performed mainly by two laboratory staff. We did not
notice dramatic difference in their technical skills. The number of viable cancer cells present
in the tissue fragments implanted in the mice can be a major factor affecting the engraftment
rate. Unfortunately, this information is not available for the samples used in this study. The
source of the specimen may also be important; in one study, specimens from NSCLC brain
metastases had a significantly higher engraftment rate than did primary NSCLC tumors
(74% vs. 23%) 22. In addition, the conditions to which the tumor specimens are exposed
before implantation can affect the success of engraftment; prolonged (> 2 hours) exposure to
warm temperatures and prolonged (> 10 hours) ex vivo ischemia were associated with lower
engraftment rates 34. Moreover, as shown in the present study and reported by others, the
intrinsic characteristics of primary tumors, such as histology and degree of differentiation,
could be a major factor affecting the engraftment rate 2 33, The proliferation of EBV-positive
B cells in tumor samples has also been reported to cause the formation of human B-cell
lymphomas and the failure of PDX growth in specimens from patients with several types of
cancer, including lung cancer 22 31. 32 A single dose of the anti-CD20 antibody rituximab
during the primary tumor implantation process was reported to reduce the frequency of
lymphoma formation and rescue PDX growth in a study of ovarian cancer PDXs 35. In
addition to lymphoma, immune cells present within tumor samples and cotransplanted into
the subcutis of NSG mice can induce graft-versus-host disease before successful primary
tumor engraftment 30, or co-exist with tumor cells in early passages of PDXs 28, We
observed lymphoma formation in over 15% of tumors harvested after implantation of
primary tumors and/or during early passages of established PDXs. Thus, one should be alert
on possible pathological alterations during passaging of PDX models during the studies.
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However, lymphoma formation was not significantly associated with EBV gene copy
number in the primary tumor or with patient prognosis.

Two intriguing findings of our study were that human lymphocytes remained in engrafted
tumor residual tissues for up to 12 months and that human 1gG was detected in the plasma of
NSG mice at 14 months after tumor implantation. Early studies showed that ex vivo-
expanded tumor-infiltrating lymphocytes infused back to patients 36 or mice 37 were
detectable in peripheral blood for about 100 to 120 days. Another early study showed that
implantation of fresh human lung cancer tissues into the subcutis of SCID mice resulted in a
sustained tumor histologic architecture with a tumor-infiltrating lymphocyte interface and
the presence of human 1gG in mouse plasma for up to 22 weeks 38. More recently, it was
reported that intratumoral sustained release of recombinant human interleukin-12 in human
lung tumor tissue implanted into NSG mice resulted in a prolonged presence of effector
memory T cells and CD138+ plasma cells within the tumor xenograft (for up to 9 weeks) 3°.
Our results showed that co-implanted human immune cells can survive for much longer in
the tumor tissues/residuals in NSG mice than previously known. Moreover, the detection of
CD8+ T cells and CD20+ B cells in the residual tumor tissue suggested that these cells may
play roles in suppressing PDX growth in NSG mice. The antitumor activity of tumor-
infiltrating CD8 T cells is well documented. The role of tumor-infiltrating B cells is less
clear 49, although signatures with high levels of tumor-infiltrating B cells or plasma cells
were associated with better clinical outcomes for NSCLC patients 41 42, Nevertheless,
because only tiny residual tumor samples were available at 12 months after implantation, the
functionality and clonal diversity of the immune cells present in the residual tissues could
not be characterized in this study. Thus, it is not yet clear whether these immune cells are
causes of the failure of PDX growth. The fact that one of the residual tumor tissue samples
had surviving tumor cells but no detectable immune cells suggests that other factors also
contribute to the failure of PDX growth.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Demographic and clinical parameters associated with engraftment of NSCLC PDXs. The
parameters are shown at the top of each graph. The box plots for age and tumor size show
the mean (small square) = 1 SD (box) and + SD (error bar). Tumor size differed significantly

between implanted tumors with and without PDX growth (P < 0.001). ACA:

adenocarcinoma; SqCC: squamous cell carcinoma.
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Figure 2.
Lymphoma formation during the process of generating PDXs. (A) Histological examples of

NSCLC PDX and lymphoma. Anti-human CD20 and pan-cytokeratin (panCK) antibodies
were used for immunohistochemical staining of human B cells and epithelial cells. Case 1 is
an example of squamous cell carcinoma; Case 2, lymphoma. In Case 3, a passage 2 (F2)
tumor was squamous cell carcinoma in mouse 1 (M1) but lymphoma in another mouse
(M2). (B) EBNA1 copy number in DNA samples as determined by qgPCR. The copy number
was normalized to that of the human PERK gene. The box plots show the mean (line inside
box) = 1SD (box) and £ SD (error bar), while the dots show individual values. Normal:
peripheral blood mononuclear cells (PBMCs) from healthy donors (n = 7); PDX: PDX
samples (n = 39); PDX-PT: primary tumors with successful PDX growth (n = 39);
Lymphoma: lymphoma samples (n = 17); Lymphoma-PT (n = 15): primary tumors that
resulted in lymphoma. The lymphoma significantly differed from the other groups (P <
0.01).
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Figure 3.
Histological characterization of residual tumor tissue that did not form PDXs. Residual

tumor tissues were harvested at 12 months after implantation from mice that showed no
signs of PDX growth. On hematoxylin and eosin staining, the residual tumors from cases 1
to 4 were composed mainly of fibrotic tissues with scattered or clustered inflammatory cells.
Case 5 had viable tumor cells. Immunohistochemical staining showed that inflammatory
cells were human CD8+ or CD20+ cells, whereas cancer cells were positively stained for
pan-cytokeratin (panCK).
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Figure 4.
Human immunoglobulin G (IgG) levels in mouse plasma samples. Plasma was collected

from 2 control NSG mice (C1, C2) that never received human tissue implants and 13 NSG
mice that did not have PDX growth at 14 months after implantation of primary tumor
samples. Concentrations of human IgG were determined in triplicate for each sample. The
values shown represent the mean + SD of a triplicate assay. Twelve of the 13 mice that
received implants but did not grow PDXs had >1 pg/mL human IgG in their plasma.
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Figure5.

Kaplan-Meier curves comparing overall survival by PDX growth status. Overall survival was
significantly longer for patients whose tumors did not form PDXs in subsets of patients
based on histology, disease stage, and degree of differentiation. Sample size (n) for the group
with PDX growth (Yes, green line) or without PDX growth (No, blue line) was indicated in

each panel.
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