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Clinical Factors That Affect the Establishment of Soft Tissue
Sarcoma Patient-Derived Orthotopic Xenografts: A University of
California, Los Angeles, Sarcoma Program Prospective Clinical
Trial

Tara A. Russell, Mark A. Eckardt, Takashi Murakami, Irmina A. Elliott, Kei Kawaguchi,
Tasuku Kiyuna, Kentaro Igarashi, Yungfeng Li, Joseph G. Crompton, Danielle S. Graham,
Sarah M. Dry, Nicholas Bernthal, Jane Yanagawa, Anusha Kalbasi, Noah Federman,
Bartosz Chmielowski, Arun S. Singh, Robert M. Hoffman, and Fritz C. Eilber

Tara A. Russell, Irmina A. Elliott, Yungfeng Li, Joseph G. Crompton, Danielle S. Graham, Sarah
M. Dry, Nicholas Bernthal, Jane Yanagawa, Anusha Kalbasi, Noah Federman, Bartosz
Chmielowski, Arun S. Singh, and Fritz C. Eilber, University of California, Los Angeles; Tara A.
Russell, Veterans Affairs Los Angeles Health Services Research & Development Center of
Innovation, Los Angeles, CA; Mark A. Eckardt, Yale School of Medicine, New Haven, CT; Takashi
Murakami, Kei Kawaguchi, Tasuku Kiyuna, Kentaro Igarashi, and Robert M. Hoffman, AntiCancer;
and Takashi Murakami, Kei Kawaguchi, Tasuku Kiyuna, Kentaro Igarashi, and Robert M.
Hoffman, University of California, San Diego, San Diego, CA.

Abstract

Purpose—Given the diverse and aggressive nature of soft tissue sarcomas (STSs), a need exists
for more-precise therapy. Patient-derived orthotopic xenografts (PDOXSs) provide a unique
platform for personalized treatment. Thus, identification of patient and treatment factors that
predict PDOX establishment is important. This study assessed the feasibility of incorporating
PDOXs into the clinical setting and identifying factors associated with PDOX establishment.

Patients and Methods—From May 2015 to May 2016, 107 patients with biopsy-proven or
potential STS were enrolled. Tumor samples were obtained intraoperatively and orthotopically
implanted into nude mice in the corresponding anatomic location. PDOXs were considered
established after engraftment and serial passage. Factors associated with establishment were
analyzed by logistic regression and time to establishment by time-to-event analysis.

Results—Only high-grade tumors established (32 of 72 [44.4%]). The establishment rate (ER)
varied by neoadjuvant therapy and treatment response, with the highest ER among untreated high-
grade tumors (26 of 42 [61.9%]). Tumors exposed to radiation preoperatively did not establish
(zero of 11 [0%]), and tumors exposed to neoadjuvant chemotherapy had a lower ER(31.9%) than
untreated tumors. Only STSs with minimal pathologic response to neoadjuvant treatment (< 30%)
established a PDOX (six of 18 [33.3%]). Median establishment time was 54 days, which varied by
neoadjuvant therapy but was not statistically significant (P =.180).

Fritz C. Eilber
Stock and Other Ownership Interests: AntiCancer-PDOX

JCO Precis Oncol. Author manuscript; available in PMC 2019 January 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Russell et al. Page 3

Conclusion—To our knowledge, in the largest STS PDOX study to date, we demonstrate a 62%
ER among untreated high-grade tumors with a median establishment time of 54 days. Neoadjuvant
therapy, particularly radiation, and pathologic response to treatment were associated with a
reduced rate of PDOX establishment.

INTRODUCTION

Over the past decade, there has been an evolution toward a personalized approach to the
treatment of cancer in which individual patient and tumor characteristics are used to guide
therapy. Recent research in sarcoma has focused on characterizing the histologic subtypes
and genetic mutations that drive tumorigenesis to inform such targeted treatments. Although
this work has elucidated the vast histologic and genetic diversity of sarcomas, limited
progress has been made in the development of effective targeted therapies that have been
successfully translated into the clinical setting.

Although approximately one third of sarcomas harbor specific translocations or mutations
that may be amenable to targeted therapies, two thirds show a complex karyotype with
multiple rearrangements, duplications, or deletions.! This genetic variation has hindered the
development of effective targeted therapies and has led researchers to direct interventions at
specific pathologic sub-types. Even among these studies, the use of various combinations of
chemotherapeutic agents has yielded only modest improvements in both response rates and
disease-free survival. In general, regardless of the combination, soft tissue sarcomas (STSs)
have a relatively low response rate to systemic therapy (20% to 30%). Although responders
tend to have significantly improved outcomes, nonresponders endure the toxic adverse
effects of treatment without survival benefit.23

Collectively, the rarity, histologic diversity, high risk of metastasis, and poor response rates
to systemic therapy highlight the rationale and immediate need for more personalized
sarcoma therapy. Patient-derived xenografts (PDXs), which are tumor and patient specific,
provide an ideal platform for personalized care in sarcoma. PDXs maintain genetic
similarity with and mimic the therapeutic responses of a patient’s tumor.# Within STSs,
multiple subcutaneous PDX models have been developed and have shown promise for
replicating the tumor histology, clinical chemo-sensitivity, growth Kkinetics, and local disease
progression of a patient’s tumor.>-8

Patient-derived orthotopic xenograft (PDOX) models in which the patient-derived tissue is
implanted into the corresponding anatomic location by a technique called surgical orthotopic
implantation (SOI) have also been shown to produce patterns of invasion and metastatic
spread that have not been demonstrated in the subcutaneous PDX models.8-1% As well,
PDOX models have been shown to faithfully reproduce the histology of the human
tumorl®.17 and to have unique clinical applicability. In particular, PDOX models have been
shown to produce tumor response and resistance that mirror that of the patient.18 Smith et
all® demonstrated that xenograftability of liposarcomas correlate directly with patient
outcomes. By building upon the results of these previous studies, PDOX models seem to
present the best opportunity to test multiple potentially active systemic agents
(chemotherapy, targeted therapy, etc) in a preclinical model, which shields patients from the
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potential toxicity of inactive drugs and identifies effective therapies that improve outcomes.
Therefore, given the overall promise of PDOX in sarcomas, we assessed the feasibility of
generating individual PDOX models in the clinical setting and determined factors associated
with successful development of xeno-grafts among patients with STSs.

PATIENTS AND METHODS

Mice

This study was reviewed and approved by the University of California, Los Angeles,
institutional review board. From May 2015 to May 2016, patients who underwent resection
of biopsy-proven or potential STS were offered enrollment in this trial. All patients elected
to enroll and were consented preoperatively.

Athymic nu/nu female nude mice (AntiCancer, San Diego, CA) 4 to 6 weeks old were used
to xenograft human tissues. All animal studies were conducted with an AntiCancer
institutional animal care and use committee protocol specifically approved for this study and
in accordance with the principles and procedures outlined in the National Institutes of Health
Guide for the Care and Use of Animals under assurance number A3873-1.8.18 All surgical
experiments were done under anesthesia and with analgesia to minimize suffering.
Anesthesia was administered by subcutaneous injection of a 0.02-mL solution of 20 mg/kg
ketamine, 15.2 mg/kg xylazine, and 0.48 mg/kg acepromazine maleate. During surgery,
animal response was monitored to ensure adequate depth of anesthesia. Animals were
observed daily and humanely killed by CO, inhalation when they met the humane end point
criteria: severe tumor burden (>20 mm in diameter), prostration, significant body weight
loss, difficulty breathing, rotational motion, or body temperature drop. All animals were fed
an autoclaved laboratory rodent diet and housed in a barrier facility on a high-efficiency
particulate arrestance—filtered rack under standard conditions of 12-hour light/dark cycles.
These procedures are similar to the standard of care at our facility and have been previously
documented.8.18

Tumor Acquisition and Xenograft Establishment

Intraoperatively at the time of tumor resection, a tissue sample was obtained by the operating
surgeon (F.C.E.) and transported to AntiCancer-PDOX on ice for immediate SOI in nude
mice. Each tumor sample was divided into 5-mm fragments. Tumor fragments were then
implanted both subcutaneously and orthotopically into nude mice using a well-validated
protocol.8:15.18.20-24 50| procedures were then followed for orthotopic models specific to
each tumor site.8:11.15.18.20-27 For extremity tumors, 10-mm skin incisions were made in the
corresponding anatomic site, and then a single tumor fragment was placed orthotopically
between muscle layers. For intra-abdominal or retroperitoneal tumors, a 10-mm median or
lateral abdominal incision was made to place a tumor fragment orthotopically. Wounds were
closed with 6-0 nylon suture (Ethilon; Ethicon, Bridgewater, NJ).

Nude mice were monitored for tumor growth for up to 6 months after implantation. Growth
monitoring was carried out by caliper measurement. PDOX that had no growth by 6 months
were considered failures. Once a PDOX had reached 500 mm3, it was considered engrafted.
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Engrafted tumors were then serially passaged. Successfully passaged PDOXs were
considered established. In every PDOX, the histopathology of the established tumors was
compared with the original patient’s tumor and verified for concordance by a specialized
sarcoma pathologist (S.M.D.); this method for histopathologic validation has been
previously published by our group.8:15:18.20,23.24.26,28 Estaplished PDOXs were maintained
for future study of potential systemic agents.

Statistical Methods

RESULTS

For all patients enrolled in the trial, demographics and clinical data were prospectively
collected, and xenograft data (time to establishment) were obtained in collaboration with
AntiCancer. Histo-logic subtypes were determined for all tumors by a specialized sarcoma
pathologist. Subtypes with > 10 tumors were included as separate covariates; all other
subtypes were classified as other. Tumors were classified by presentation as either primary
or metastatic/recurrent and by location as extremity or abdominal/retroperitoneal.
Neoadjuvant treatment information was collected for all patients. Only therapy that occurred
in the neoadjuvant setting before tumor excision was included in this analysis because the
tumor sample used for xeno-graft implantation was only exposed to therapy that occurred
before resection. Radiation therapy was only considered to occur during the neoadjuvant
period if it had occurred within 10 weeks before tumor excision. Tumors exposed to
neoadjuvant therapy were graded by their pathologic response on the basis of the percent
response indicated by a specialized sarcoma pathologist.

Given that xenografts were established only from high-grade tumors, factors associated with
establishment and time to establishment were analyzed among the high-grade cohort. The
rate of establishment, which indicated that the tumor was successfully engrafted and serially
passaged, was measured in days from the time of original engraftment to the time adequate
growth was achieved from serial passage. Factors associated with establishment (also
referred to as xenograft-ability) were analyzed by univariable logistic regression. Factors
associated with establishment time were analyzed with survival functions using log-rank
tests for equality and nonparametric methods for distribution.

Study Population

All 107 patients approached for study enrollment elected to enroll. The clinicopathologic
characteristics of these patients are listed in Appendix Table A1 (online only). Similar
numbers of male and female patients were enrolled (48% female). Median patient age was
61 years (range, 16 to 91 years), and median tumor size was 7.6 cm (range, 0.9 to 38 cm).
Tumor location was evenly distributed (42% extremity, 58% abdominal/retroperitoneal). The
majority of tumors were high grade (67%), and the most common subtypes were
liposarcoma (25%) and leiomyosarcoma (14%). Tumors spanned 28 histologic subtypes
(Appendix Table A2, online only). Given that only high-grade tumors were established, the
high-grade subpopulation is the focus of the remaining analysis.

JCO Precis Oncol. Author manuscript; available in PMC 2019 January 04.
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High-Grade Cohort

PDOX development was attempted for 72 patients with high-grade STSs. Patient and tumor
characteristics for the high-grade cohort are listed in Table 1. For patients who underwent
neoadjuvant therapy, the median time between completion of neoadjuvant therapy and tumor
resection was 35 days (range, 9 to 74 days).

Factors Associated With Establishment of Sarcoma PDOX Model

No low-grade STSs were established as PDOXs (zero of 32). Among high-grade STSs, 32
PDOXs (44.4%) were established. Establishment was similar by sex, presentation, and
location but varied by neoadjuvant therapy (Table 2). None of the STSs exposed to radiation
within 10 weeks before tumor excision established (zero of 11), which resulted in a 0%
establishment rate (odds ratio [OR], 0.00 compared with no preoperative radiation; P=.
001). Univariable analysis demonstrated that the likelihood of establishment was reduced
with any neoadjuvant chemotherapy (OR, 0.282; £=.022) and increased without
neoadjuvant therapy (OR, 6.50; £=.001). In a subgroup analysis, the time between
completing neoadjuvant chemotherapy and surgical resection did not demonstrate an effect
on the likelihood of xenograft establishment. No difference in the likelihood of PDOX
establishment was found by sex, age, presentation (primary, recurrent, or metastatic),
location, subtype, or size.

Establishment rates varied by subtype (Appendix Table A2). Among subtypes with at least
three high-grade tumors, PDOX success rates were highest among liposarcoma (66.7%),
myofibrosarcoma (60.0%), and leiomyosarcoma(53.3%). Only one patient with
osteosarcoma and one with rhabdomyosarcoma were enrolled, and both tissue samples led to
a successful PDOX.

Among high-grade primary STSs, 45.5% (20 of44) established. Establishment rates were
higher among primary extremity STSs, tumors > 10 cm, liposarcomas, and tumors that had
been exposed to less preoperative therapy (no neoadjuvant chemotherapy, no neoadjuvant
radiation, or no treatment). Variations in establishment rate for primary and recurrent tumors
are listed in Table 3. Among recurrent or metastatic high-grade tumors, 42.9% (12 of 28)
were established as PDOXs. Establishment rates for recurrent or metastatic tumors were
similar by location and size but were higher among leiomyosarcomas, liposarcomas, and not
otherwise specified (NOS)/spindle cell/undifferentiated pleomorphic sarcoma (UPS) sub-
type compared with others and among tumors exposed to less preoperative therapy. On the
basis of establishment rates alone, neoadjuvant treatment seems to have a consistent effect
on primary and metastatic/recurrent STSs (Table 3).

Among untreated STSs, 61.9% (26 of 42) were established. Within this subgroup was a
particularly high establishment rate (85.7%) among NOS/spindle cell/UPS tumors at 85.7%.
In addition, higher establishment rates were associated with primary tumors, extremity
tumors, and tumors that were > 10 cm. Given the small numbers, these differences did not
reach statistical significance on univariable analysis. All comparisons are listed in Table 4.

Among treated tumors, pathologic response varied from 0% to 98%. The only tumors that
established xenografts were those with minimal (£30%) pathologic response (Fig 1). Within
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the subset of tumors with minimal pathologic response, the establishment rate was 33.3%
(six of18). Tumors with > 30% pathologic response did not establish. Three factors were
identified in this study that were associated with a 0% establishment rate: low grade,
preoperative radiation, and pathologic response to treatment > 30%.

Factors Associated With Time to Establishment

Among patients with an established PDOX (n = 32), the time to establishment varied
between 9 and 184 days (median, 53.5 days). Compared with untreated patients, no
difference in time to establishment was observed for patients who received neoadjuvant
therapy (P = .180; Fig 2). Specifically, given that none of the grafts exposed to radiation
established, no difference in time to establishment was found when untreated grafts were
compared with those exposed to neoadjuvant chemotherapy alone. No difference in time to
establishment was seen by tumor size (P=.321), location (P=.158), presentation (P=.234),
or degree of pathologic response (P =.114). Time to establishment by subtype is listed in
Appendix Table A2.

DISCUSSION

PDXs are a promising approach to personalized medicine in the treatment of STSs. Given
the rarity and histologic diversity of these tumors as well as the variable responses by
subtype to chemotherapy, the ability to replicate a patient’s individual tumor in a mouse
model provides an important opportunity for developing and personalizing therapy without
placing patients at risk for treatment-related complications of ineffective therapy. Although
previous studies of xenograft models in sarcoma have been done, few were directly
connected to the clinical environment. The Champions Oncology trial, which developed 29
subcutaneous PDX models, indicated that growth rates varied and documented an
establishment rate of 76% but did not indicate which patient or tumor factors predicted
establishment.29 To appropriately select patients for xenograft studies, we first sought to
understand which tumors are most likely to grow as xenografts.

In the current study, we prospectively enrolled all patients who underwent resection of an
STS at a single institution over a 1-year period. The analysis demonstrates that the ability to
develop xenografts highly depends on both tumor and patient treatment characteristics.
Specifically, low-grade tumors universally failed to grow, whereas high-grade tumors had an
overall establishment rate of 44.4% (32 of 72), which demonstrates that patients with low-
grade tumors are unlikely to benefit from attempts at xenograft development. Furthermore,
the study indicates that patients who receive no treatment before tumor resection are most
likely to benefit, such that 61.9% of those patients’ tumors were successfully xenografted. In
particular, when compared with STSs exposed to neoadjuvant therapy, untreated STSs were
more than six times more likely to successfully establish a PDOX, which suggests that the
optimal time for xenograft development is likely before the initiation of therapeutic
interventions.

Among patients who underwent neoadjuvant therapy, radiation had the greatest negative
impact on the likelihood of attaining a successful xenograft. The xenograft establishment
rate for patients previously treated with radiation alone before resection was 0% (zero of
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six), compared with 32% for chemotherapy alone (six of 19). Given the difficulty in
establishing a PDOX after radiation therapy, it may be best to recommend that patients who
undergo radiation therapy, who may ultimately benefit from PDOX establishment, undergo
tumor biopsy for xenograft establishment before proceeding with neoadjuvant radiation.

Pathologic response to treatment was also significantly associated with PDOX
establishment. Specifically, patient tumors with a demonstrable treatment response (> 30%
on pathologic review of the resected tumor) did not establish a PDOX. This finding suggests
that patients whose tumors are able to be established as an orthotopic xeno-graft may
similarly benefit the most from pre-clinical identification of active systemic agents on the
platform that these models provide.

Among successfully established xenografts was a wide range in the time required to
establish a graft (9 to 184 days). Although the Champions Oncology study suggested that
time to graft establishment was correlated with tumor factors,2 the current study did not
demonstrate this correlation. Specifically, we found no correlation between the time to
establishment and previous treatment-, subtype-, or patient-related factors. The median time
to establishment of a xenograft among those that established was 53 days, which indicates
that xenografts can be developed over a short period. In the current model, serial drug testing
can be done after establishment. We acknowledge that this amount of time required for
xenograft establishment and serial drug testing may take longer than the patient’s recovery
from surgery; therefore, at present we believe that the results of xenograft testing should be
used to supplement care and potentially define second-line therapies rather than replace
standard treatments.

The current study is limited by the sample size and diverse study population. Although
statistical analyses of the overall group were feasible, smaller subgroup analyses were
limited, and therefore, conclusions about individual subtypes or treatment factors could not
be made with a high degree of certainty.

As we move forward with the use of PDXs as a tool for personalizing sarcoma therapy, we
must be cognizant of the patient population with the greatest potential to benefit: patients
with high-grade tumors that have not been exposed to neoadjuvant radiation therapy or those
without a significant treatment response. These results also indicate that the optimal time for
xenograft establishment is likely before the initiation of treatment or at a minimum, before
radiation therapy. Given the benefit of neoadjuvant therapy, particularly neoadjuvant
radiation therapy, we hypothesize that the optimal mechanism for attaining a tissue sample,
without interrupting patient therapy, is through a pretreatment core needle biopsy, which we
plan to study in the future.

In conclusion, this study provides substantial evidence that sarcoma PDOXs are feasible
within the clinical setting and when used in the appropriate patient population, hold promise
as a method for personalizing therapy in this diverse disease.
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Fig 1.

Pathologic response is associated with establishment rate. Each bar indicates an individual

tumor’s degree of pathologic response to treatment. Those tumors that were established as a
patient-derived orthotopic xenograft are indicated with an asterisk. Only tumors with < 30%
pathologic response (minimal) were able to establish a patient-derived orthotopic xenograft.

CT, chemotherapy; XRT, radiation therapy.
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Fig 2.

Time to establishment varied by exposure to neoadjuvant therapy. Median time to
establishment was 62 days and 39 days for the no-treatment and neoadjuvant chemotherapy

(CT) groups, respectively (£=.180). None of the tumors exposed to radiation therapy (XRT;
CT + XRT or XRT alone) established a patient-derived orthotopic xenograft.
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