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Abstract

Over the last few decades, study of cancer in mouse models has gained popularity. Sophisticated
genetic manipulation technologies and commercialization of these murine systems have made it
possible to generate mice to study human disease. Given the large socio-economic burden of
cancer, both on academic research and the health care industry, there is a need for in vivo animal
cancer models that can provide a rationale that is translatable to the clinic. Such a bench-to-
bedside transition will facilitate a long term robust strategy that is economically feasible and
clinically effective to manage cancer. The major hurdles in considering mouse models as a
translational platform are the lack of tumor heterogeneity and genetic diversity, which are a
hallmark of human cancers. The present review, while critical of these pitfalls, discusses two
newly emerging concepts of personalized mouse models called “Mouse Avatars” and Co-clinical
Trials. Development of “Mouse Avatars” entails implantation of patient tumor samples in mice for
subsequent use in drug efficacy studies. These avatars allow for each patient to have their own
tumor growing in an in vivo system, thereby allowing the identification of a personalized
therapeutic regimen, eliminating the cost and toxicity associated with non-targeted
chemotherapeutic measures. In Co-clinical Trials, genetically engineered mouse models
(GEMMs) are used to guide therapy in an ongoing human patient trial. Murine and patient trials
are conducted concurrently, and information obtained from the murine system is applied towards
future clinical management of the patient’s tumor. The concurrent trials allow for a real-time
integration of the murine and human tumor data. In combination with several molecular profiling
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techniques, the “Mouse Avatar” and Co-clinical Trial concepts have the potential to revolutionize
the drug development and health care process. The present review outlines the current status,
challenges and the future potential of these two new in vivo approaches in the field of personalized

oncology.
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1. INTRODUCTION

Cancer is a highly heterogeneous disease characterized by multiple genetic lesions and
aberrations in extensively interconnected signaling cascades. The inherent complexity of the
disease has severely stymied drug discovery and development strategies with highest drug
attrition rates for cancer therapies[1]. Indeed, rigorous attention to cancer prevention, early
detection, and better therapy have reduced mortality and improved treatment regimens.
However emergence of chemo-resistance and long-term survival for patients with advanced
disease still remain a major challenge. In fact, only about 5% of the anti-cancer agents that
go through preclinical testing get approved for use by the FDA[1]. To further exacerbate the
situation, FDA approved drugs are being withdrawn or discontinued for several toxicity
related issues[1]. By the year 2020, the direct/indirect cost of cancer is estimated to be at
$300 billion dollars in the US alone[2]. Given the socio-economic burden of the disease,
several in vitro and in vivo strategies are being developed in an attempt to combat cancer.

Amongst the large repertoire of in vivo systems used to study cancer, mouse models
represent the most widely used system. The ease of genetic manipulation, short gestation
period and low maintenance cost are some of the advantages associated with the use of
murine systems[3]. The integration of vast amounts of information obtained from the
Human and Mouse Genome Projects, respectively, has facilitated the genetic manipulation
of mice to mimic human disease[4]. Use of sophisticated inducible tetracycline responsive
systems, flippase-flippase recognition target system, inducible Cre systems and the Cre-
LoxP technology allows temporo-spatial regulation of the genetic aberrations in ways that
were impossible 10 years ago[4].

While these murine models have remained valuable to understand the molecular events
driving oncogenesis, a limitation associated with the use of such inbred laboratory mouse
models is the lack of heterogeneity that is inherent to human tumors. Intelligent use of
conditional systems, inducible systems and chimeric mice has partially offset this limitation,
however, improvements are yet to be made to address the issues of tumor heterogeneity and
inter-patient variability in drug response observed in the clinical setting[3].

Several attempts are being made to address the limitations associated with the transition of
scientific knowledge from the mouse to human disease. These attempts particularly aim at
integrating the use of mouse models in personalized medicine. Two such initiatives in the
field of cancer biology include the concept of Co-Clinical Trials and the use of “Mouse
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Avatars”. The Co-Clinical Trial Project primarily focuses on the use of genetically
engineered mouse models (GEMMS) to guide patient therapy in ongoing human clinical
trials[5]. On the other hand, “Mouse Avatars” represent a patient-derived tumor xenograft
(PDTX) model to aid in the selection of appropriate chemotherapeutic agents[6]. This
review outlines these recent advances and assesses their implications on future research.

2. MOUSE AVATARS

2.1 Introduction

A portion of a patient’s tumor, obtained either by surgical resection or biopsy, is
transplanted in immunodeficient mice, and allowed to propagate without any in vitro
manipulation. Subsequent generations of mice are then used for drug testing purposes in an
attempt to guide patient therapy[6] (Fig. 1). These systems are also referred to as
personalized mouse models or patient-derived tumor xenografts models (PDTX). The
application of this concept to drug efficacy and safety studies is referred to as ‘xenopatient
trials’[6].

2.2 The Approach

Sectioned patient tumor samples are implanted (subcutaneously or orthotropically) in
immunodeficient mice. The generation of mice receiving the patient tumor transplant is
referred to as Fq or Gg. Subsequent generations are referred to as Fq, Fy, F3...F, or Gy, G,
Gs...Gy, respectively[7]. Successful implantation of the tumor depends on a number of
factors including tumor type, site of transplantation and strain of mouse used and usually
takes between 2-4 months[8]. Typically, the third generation (i.e F3 or G3) is used for drug
testing purposes, although certain groups/institutions may use earlier generations for this
purpose[6]. The generation of mice to be used for drug efficacy evaluation should be
decided based on the similarity of the human and engrafted murine tumor rather than an
arbitrary passage number[6]. The general approach with the use of such xenograft systems is
outlined in Figure 1.

2.3 Current Status

Until recently, characterization of tumors at the molecular level was performed in the
patient, which only gave tumor profile at one point in time, limiting our understanding of
mechanisms of tumor metastasis and chemoresistance [3,9]. However, with the advent of
“Avatars”, where the tumor tissue is grown in many mice and harvested at different time
points allows for understanding of the molecular changes driving metastasis and resistance
to drug therapy[9,10]. Tumor profiling at the molecular level (of the genome, transcriptome,
proteome and metabolome) at different time points with different treatments determines
whether the molecular drivers, signaling pathways and metabolic fluxes of tumor growth
and drug responses are comparable between the human and mouse tumors (Figure 2).
Concordance between the engrafted murine tumors and the original patient tumors have
been established in several cancer models such as non-small cell lung cancer (NSCLC),
small cell lung cancer and pancreatic tumors amongst others[11,12,13].
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These mice may also be used for biomarker development strategies. For example, research
in Kras oncogene mutant colorectal cancer cell lines and PDTX models have identified
activation of the Wnt pathway as a biomarker predicting resistance to AZD6244 (a mitogen-
activated protein kinase kinase MEK1/2 inhibitor) therapy. The research suggests the use of
combination therapy targeting MEK and the Wnt pathway effectors as a plausible
pharmacological intervention strategy for these Kras mutant colorectal tumors[14]. Utility of
these PDTX models to drug discovery, drug efficacy and biomarker studies is increasingly
being recognized and is only going to grow at an exponential scale (see Table 1 for a
representative list of PDTX models for different cancer types). Extensive research, over the
years, has fueled commercialization of these xenograft models with various large and small
companies providing ever more sophisticated services (Table 2). Commercialization of the
PDTX models would help accelerate cancer research by eliminating the time and resources
required for generation of xenograft models. Further, standard protocols designed and
approved by a governing body such as NIH, NCI or the FDA maybe adopted to generate
such PDTX models in the future. Use of uniform, approved protocols ensures that
comparable standards are used to generate and evaluate PDTX models in different
companies. This allows for reliable correlations to be made from the results obtained from
multiple independent studies using these commercial models. These commercial models will
not only benefit academic researchers but also serves as a resource for preclinical drug
testing for pharmaceutical companies.

2.4 Recognizing the challenges facing the development of a personalized mouse

While the concept of having a personalized mouse to tailor individual drug therapy has
shown some level of success, the technique does not come without its limitations and
pitfalls. There are several scientific and non-scientific limitations associated with the use of
this method.

Amongst the scientific limitations, first, patient tumor may not engraft in the mouse. .
Second, depending on the type of cancer, engraftment efficiencies vary significantly,
thereby not allowing the establishment of a standard operating protocol, which is essential in
the clinical setting. For example, non-small cell lung cancer tumors are more likely to get
implanted than prostrate tumors[15]. Third, subcutaneous or orthotopic implantation of the
tumor does not accurately reflect the tumor microenvironment. Although implantation of the
patient tumor along with stromal components may offset this problem, the murine stroma
gradually replaces the human stroma and may lead to confounding results. Fourth, several
tumors, that are known to metastasize in the patient, do not do so in the PDTX systems
thereby severely hampering their applications to guide patient treatment[16]. Fifth, tumor
propagation in the mouse may result in several genetic, pathologic, histological and micro-
environmental niche changes that may not mirror the patient’s tumor accurately[6,17,18].
Sixth, differential results seen in different immune-deficient mouse strains are another
complicating factor. The immune-compromised nature of the mice make it impossible to
study therapeutic agents that target the immune system[6]. Seventh, a major hurdle with the
use of such systems is the evolving nature of human tumors. A patient’s tumor continuously
evolves and it may so happen that the tumor at biopsy (used to determine optimal
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therapeutic regimes) is significantly different at the time when treatment is actually initiated
based on murine data.

The most critical non-scientific limitation is the cost associated with maintaining such
models. Development of these models entails the maintenance of ‘live tumor banks’[6],
mouse housing facilities and histopathological cores incurring high cost. Several companies
are providing PDTX model generation and drug testing services to patients at a cost of tens
of thousands of dollars. New York Times reported the case of a Ewing sarcoma patient who
paid $25,000 to generate a mouse avatar [19]. However, this cost is not covered by health
insurance. Moreover, the implantation, propagation and drug testing in mice are a time
consuming process and many patients die before they can benefit from such xenograft
systems. The emergence of several companies offering similar services is likely to lower the
cost involved with the use of these avatars. However, quite a few patients from the middle
and low-income groups will still not be able to make use of such personalized preclinical
testing systems. Increased popularity of the “Avatar” systems also warrants the regulation of
its use by a federally run centralized body similar to FDA or embedded within the FDA to
regulate cost and streamline disparate practices with respect to health insurance. Such a
regulatory body would oversee fair competition and uniformity of services offered by
various commercial enterprises.

2.5 Customized adaptations to “Mouse Avatar” Systems

2.5.1 Validation of a PDTX model—A variety of molecular profiling techniques of the
xenografted murine tumor and its comparison with a corresponding profile from the parent
patient tissue can be used to validate a PDTX model and establish its capacity to faithfully
mimic a patient’s disease. Beijing Genomics Institute has recently launched a bioinformatics
filtering tool called ‘PDXomics’ which helps eliminate any misreads due to contamination
of host and murine xenografted tumors which is likely to be valuable for the validation of
the models[20].

2.5.2 Applications to drug efficacy studies and chemoresistance prediction—
Extensive bioinformatics and network analyses of the transcriptomic and proteomic data
from the human and murine tumors can help identify metastatic pathways, drug targets and
potential biomarkers[21]. Based on the drug targets identified, the mice with the
transplanted tumors can be treated with a variety of chemotherapeutic agents to identify a
rational combination for use in the human patient[7]. Biomarkers predicting drug response
can be used to stratify the patient population for treatment purposes, thereby allowing for
highly focused, personalized therapy that eliminates the use of agents that are likely
inefficient or even toxic[7] (Figure 2). Continued drug treatment in the PDTX model may
result in a relapse thereby enabling identification of potential resistance pathways. Such
responses can serve as templates for what is expected in a patient following treatment.
Further, the relapse observed in a mouse can be treated with multiple drugs, with the hope
that some combination may work effectively for a given patient. Thus, at the time of a
relapse in a patient, new therapeutic modalities would already be available.
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2.5.3 Cryopreservation of xenografted murine tumors—One of the limitations
associated with the use of xenograft systems is the increasing divergence between human
and murine tumor characteristics as the tumor is continually passaged in mice[6].
Establishment of repositories that store frozen tumors from the F3 mouse generation will
help offset this divergence. Such repositories also guarantee an unlimited supply of a
specific patient’s biopsy/tumor sample[15]. Storage of these xenograft systems will also
facilitate in identifying and obtaining DNA lesions, aberrant transcriptomic (MRNA,
miRNA and ncRNA), proteomic and metabolomics profiles as the technology for large scale
deep sequencing and mass-spectrometry becomes accessible and cost-effective[6,22].

2.5.4 Establishment of a human tumor microenvironment in the xenograft
model—Kuperwasser et al developed a new protocol for the generation of a xenograft
model to study progression of breast cancer[23]. They generated “humanized mammary fat
pads” in mice by injecting human mammary stromal and epithelial cells into the cleared
murine mammary fat pad. Anatomical (ductal architecture) and physiological (production of
milk in pregnancy) characteristics of this chimeric mouse fat pad was found to be similar to
that of humans[23]. Such a system would help allow transplant of patient-derived tumors
directly into the murine fat pad thereby ensuring a more accurate recapitulation of the
human breast tumor. Similar strategies maybe applied to other cancer types to ensure that
the human tumor grows in a more representative microenvironment in the mouse.

2.5.6 Use of humanized mice—The immune-compromised nature of the mice used for
xenografting purposes presents several problems that must be addressed. The lack of an
intact immune system in the mouse does not allow elucidation of the immune response to
the tumor. Further, immunomodulatory agents cannot be evaluated for efficacy in such
systems[24,25]. The emergence of different strains of humanized mice has indeed offset
these problems. These humanized mice possess human immune systems thereby facilitating
a better assessment of the tumor microenvironment and allowing the study of immune-
modulatory agents for chemotherapy.

2.5.7 Comparing drug kinetics in PDTX models and human patients—A
comprehensive study of drug pharmacokinetics and metabolism in the murine system and its
concordance with human patients is warranted to ensure successful application of murine
drug efficacy data to patients[25]. Several software suites allow for in-silico simulation,
determination and comparison of pharmacokinetic parameters in different species. Cloe®
PK is one such software from the company Cyprotex which allows pharmacokinetic
predictions to be made for humans, rats and mice. Other such softwares are PK-Sim5® by
Bayer Technology Services and GastroPlus™ by Simulations Plus Inc. The use of in-silico
methods coupled with traditional pharmacokinetics and pharmacodynamics studies allow
extrapolation of the results of murine testing to a clinical setup.

2.6 Future Prospects

The “Mouse “Avatar” system provides a means to test therapeutic regimens in an attempt to
personalize cancer therapy. Despite inherent limitations, xenograft model in combination
with other molecular biology techniques will prove useful(Figure 2). The utility of these
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systems is enhanced in light of the finding that patient tumor derived cell lines have a
significantly different expression pattern when compared to the original or the xenografted
tumor[13] [7,25]. Furthermore, PDTX systems have already been successfully utilized for
preclinical testing in a variety of cancers and is considered a superior modality [6].
Giovanella et al used colon cancer xenograft models as early as 1989 to establish the utility
of DNA topoisomerase-I inhibitors[26], a practice which has evolved to encompass several
other therapeutic agents, both approved and investigational[6]. Multi-institution studies
allow for extensive genomic, proteomic and metabolomics characterization and successful
application of these models to drug discovery endeavors[6]. One such study is the BEAUTY
project initiated by Mayo Clinic which combines whole genome sequencing and the use of
mouse avatars to guide therapy in breast cancer patients[27]. Taken together, the opportunity
for patients and doctors to create mouse avatars and their utilization to guide therapy, assess
drug responses to predict chemoresistance and attenuate drug toxicity in itself is a great leap
in clinical medicine. Thus, xenograft systems are only going to get better as they are
increasingly used in conjunction with molecular biology techniques and thus have
tremendous potential to become a mainstream modality in the field of clinical oncology.

3. THE CO-CLINICAL TRIAL PROJECT

3.1 Introduction

A co-clinical trial refers to trials that are conducted simultaneously in GEMMs and human
patients as part of the phase I/11 trials for drug development[5]. The trial typically involves
collection, comparison and integration of data obtained from analyses of the murine and
human tumors. The data obtained include mutational background, single-nucleotide
polymorphisms, responsiveness to therapeutic agents, tumor images, tumor RNA, protein
and metabolic profiles[5]. The human tumor biopsy samples are also implanted and studied
in immune-compromised NSG (NOD scid gamma) mice[5] (Fig. 3).

3.2 The Approach

The project aims at real-time integration of murine and human trial data in an attempt to
improve clinical decisions and outcomes. The typical workflow involves the testing of a new
drug entity (for a particular cancer) in the clinic and in all GEMMs developed for that cancer
simultaneously (Fig. 3). Based on the response seen in each of the GEMM classes, the
patient population is stratified[5]. Such a system helps in the identification of the genetic
basis of therapeutic response (and hence lead to the development of biomarkers) and allow
its translation, almost immediately, to the human patient cohort[5]. Analyses of the drug
responses at the molecular level in these mouse models (due to the relatively short life span)
will likely become a standard predictive tool defining the type of chemoresistance pathways
a patient is predisposed to or already have when the drug is not working.

3.3 The need for co-clinical trials

Typically, drug safety and efficacy studies are carried out in animal systems prior to their
introduction in human trials, which usually includes xenograft models, a relatively
inexpensive and rapid means for assessment of drug efficacy. However, these systems have
certain inherent limitations: first, they do not recapitulate the genetic aberrations that are
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inherent to human tumors and second, the immunocompromized states of these mice do not
provide a realistic tumor microenvironment[10]. GEMMs, on the other hand, are designed to
carry genetic lesions seen in human tumors. However, the development of these models is
typically time intensive[10]. It often takes a few years to develop and validate these models
before any data can be obtained. Therefore, transition of this data to the clinical setting is
slow and in most cases such a transition does not occur at all[5]. Since these GEMMs are
primarily generated in academic institutions and research organizations, Material Transfer
Agreements (MTA) between academia and industry are often time consuming[5]. The
clinical transition of these models is further hampered by the unwillingness of
pharmaceutical companies to delay phase I/11 trials until data from these GEMMs is
obtained[5]. All of these factors prevent the use of data obtained from GEMMs to help
effectively design human clinical trials. Co-clinical trials have been introduced as an attempt
to bridge this gap between academia and the pharmaceutical industry allowing for
application of murine data to human trials. This “GEMM-to-human” strategy allows for
real-time integration of murine and human data, thereby allowing better and timely clinical
decisions to be made[5].

3.4 Conception of the Co-Clinical Trial paradigm

The idea of the GEMM-to-human transition was conceived by Pandolfi et al. during the
study of fusion genes involved in Acute Promyelocytic Leukemia (APL). Briefly, APL is
associated with defective hematopoiesis, particularly of the myeloid lineage, resulting in a
block in differentiation at the promyelocytic stage. APL is associated with chromosomal
translocations involving chromosome 17[28]. The group primarily studied two such
translocations: the PML-RAR [29,30,31,32] and PLZF-RAR using GEMMs. Extensive
studies on these GEMMs helped establish a combination of arsenic trioxide and retinoic acid
as a treatment strategy for the PML-RAR subtype[33,34] and a combination of HDAC
inhibitors and retinoic acid as therapy for the PLZF-RAR subtype[35,36,37]. These findings
were then translated to human trials, wherein, complete remission was observed[38,39].
Interestingly, studies in human leukemia cell lines produced exactly opposite results[40].
The cell line based studies actually suggested that arsenic trioxide and retinoic acid interfere
with each other’s action with the conclusion that the two agents should never be used in
combination. This particular example of APL pharmacotherapy exemplifies the predictive
nature of GEMMs, clearly indicating that these murine systems faithfully mimic human
pathology and therapeutic response. Taking lead from the APL story, Pandolfi et al.
conceptualized the Co-Clinical Trial with a long term goal of replicating the bench-to-
bedside transition for several other cancers[5]. Concomitant trials in murine systems and
humans would ensure that this transition occurs quickly.

3.5 An Application of the Co-Clinical Trial Concept to lung and prostate cancer

Non-small lung cancers (NSCLCs) represent a large subset of lung cancer characterized
with poor prognosis. Wong et al designed and conducted a co-clinical trial for Kras (an
oncogene) mutant lung cancers, a predominant molecular subtype of NSCLC[41]. Several
therapeutic regimens have been tried in such Kras mutant tumors with few isolated success
stories[42,43]. Significantly different clinical outcomes have been observed in patients
harboring identical activating mutations in Kras. In order to address this, Wong et al
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proposed to elucidate the effect of co-existing mutations in such Kras mutant tumors[41].
These tumors commonly show a concomitant loss of tumor suppressors[44] such as
p53[45,46] and Lkb1[47]. A co-clinical trial was conducted using appropriate GEMMSs and
a genetically stratified patient population based on Kras, p53 and Lkb1 mutational status.
The aim of the trial was to determine whether selumetinib (an inhibitor of the Ras signaling
cascade) works synergistically with docetaxel (a standard of care chemotherapeutic agent)
[41]. Studies in GEMMs identified that selumetinib synergizes with docetaxel in mice
having only Kras mutations and those having both Kras and p53 mutations. However, mice
harboring both Kras and Lkb1 mutations were resistant to this combination[41]. The results
obtained from murine studies were applied successfully to the patient population. Further,
the study also identified the use of 18FDG-PET imaging as a biomarker to predict and track
therapeutic response in patients[41].

Pandolfi et al. designed a co-clinical trial to study androgen-deprivation therapy (ADT) in
cases of prostate cancer[48]. ADT represents a standard-of-care therapy for prostate cancer
patients. However, it has met with limited success due to the emergence of castration-
resistant prostate cancer (CRPC). In order to address the failures associated with ADT, the
group designed GEMMs of CRPC. They identified that secondary loss of p53 and Zbtb7a
genes in a PTEN-null background were responsible for the development of refractory
tumors in mice[48]. These findings were independently confirmed using human prostate
cancer patient samples and pre-existing comparative genomic hybridization databases. They
also identified XAF1 (X-linked inhibitor of apoptosis protein-associated factor-1) and
SRD5AL1 (3-o0x0-5-a-steroid 4-dehydrogenase 1) as biomarkers for monitoring response to
standard ADT[48]. XAF1 is an inhibitor of apoptosis and was down-regulated in the CRPC
mouse models and human patient prostate cancer samples. SRD5AL, on the other hand, is an
enzyme that catalyzes the conversion of testosterone to its more potent form,
dihydrotestosterone, and is known to be upregulated in CRPC[49]. Upregulation of SRD5A1
represents an alternative mechanism for the activation of androgen receptor signaling in
cases of ADT. Taken together, the group established downregulation of XAF1 and
upregulation of SRD5A1 as biomarkers of poor sensitivity to ADT, possibly predisposing to
CRPC. Further, the co-clinical trial identified the utility of XIAP (X-linked inhibitor of
apoptosis protein) and SRD5AL inhibitors in sensitizing CRPC tumors to ADT[48]. The
study predicts the therapeutic utility of a combination therapy in CRPC patients, wherein,
the tumors demonstrate deregulation in the XAF1-XIAP and SRD5A1 pathways. In
conclusion, the study advocates the genetic and molecular stratification of CRPC patients,
guided by GEMMs, to better clinical outcomes.

3.6 Ongoing Co-Clinical Trials

The animal studies of an ongoing glioblastoma co-clinical trial were completed in early
2011[50]. In human glioblastoma, the PI3K/AKT signaling pathway is frequently up-
regulated and is associated with a higher tumor grade and poor clinical outcomes[51]. Pitter
et al. utilized GEMM of glioblastoma characterized by hyperactive PI3K/AKT signaling.
The murine tumors were generated by a retrovirus-mediated over-expression of the platelet-
derived growth factor receptor (PDGFR)[50]. The aim of the study was to study the effect of
a combination of an AKT and mTOR inhibitor in suppressing tumor growth. Further, in
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order to correlate therapeutic response with PTEN (a tumor suppressor gene frequently lost
or mutated in gliomas) status, the PDGFR-driven tumors were generated in PTEN-intact and
PTEN-deficient backgrounds. Combination therapy using perifosine (an Akt inhibitor) and
CCI-779 (an mTOR inhibitor) demonstrated growth suppression in primary glioma cultures
obtained from the GEMM described above, independent of PTEN status. These observations
were further validated in vivo in GEMMs using immunohistochemical analyses, diffusion-
weighted magnetic resonance imaging (DW-MRI) and immunoblotting techniques[50]. The
preclinical studies demonstrate the utility of inhibitors against multiple components of the
PI3K/AKT pathway and DW-MRI as a valuable imaging tool to monitor tumor growth
during treatment. The human component of the co-clinical trial using combination therapy is
currently being carried out at the Memorial Sloan Kettering Cancer Center (NCT01051557).

The Institute for Cancer Research and Treatment at Candiolo (IRCC), Italy, launched
HERACLES, a co-clinical trial project for colorectal cancer, in August 2012. The murine
portion of the co-clinical trial was conducted in PDTX models derived from 85 distinct
patient samples. The murine study identified HER2 as an effective therapeutic target in
metastatic colorectal cancers[52]. The human trial will involve the use of a combination of
lapatinib (EGFR/HER2 dual inhibitor) or pertuzumab (HER2 receptor antagonist) and
trastuzumab (HER2 monoclonal antibody) in patients with metastatic colorectal cancers
harboring a HER2 gene amplification. The HER2 amplification will be assessed by
immuno-histochemistry and silver in-situ hybridization. The trial is divided into two arms:
HERACLES A for a combination of lapatinib and trastuzumab and HERACLES B for a
combination of pertuzumab and trastuzumab. The trial is projected to end in July 2014[53].

3.7 Recognizing the Challenges facing Co-Clinical Trials

The renewed promise to cancer research brought about by the emerging Co-Clinical Trial
concept is not without its tribulations. The design of predictive GEMMs is central to co-
clinical initiatives. For each GEMM, it is important to determine whether the oncogenic
progression is similar in humans and mice with respect to their life-spans. Application of
this knowledge would be critical to the success of resource-intensive co-clinical endeavors.
Further, human tumors accumulate several mutations, other than the driver mutations, over
time. GEMMs are usually engineered based on driver mutations for a particular tumor type
and therefore it would be critical to evaluate whether these murine models accrue mutations
similar to those observed in human patients. In addition to the genetic mutations, it is critical
that the mouse model also mimic the human tumor progression in terms of metastasis,
angiogenesis and other changes in tumor microenvironment. Only once it is established that
a particular set of GEMMs reliably mimic human disease can a project of such a large
magnitude be initiated and successfully completed.

Simultaneous execution of pre-clinical trials in murine systems and phase I/11 trials in
humans requires a sustained and coordinated effort between academicians and clinicians.
The process is extremely resource-intensive, requiring infrastructure for preclinical (murine)
and clinical (human) trials. A mouse hospital, mouse imaging facilities, a mouse pharmacy,
comparative pathology centers, a bioinformatics consortium are some of the facilities that
would need to developed prior to the commencement of such a project[5]. The project would
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also require personnel having expertise in the areas of mouse husbandry, genetics and
biology, molecular biology and clinical oncology amongst others[5]. Further, a rigorous
protocol is warranted to better coordinate various aspects of an undertaking of this
magnitude. Another caveat to such an approach is the difficulty to obtain new drug entities,
from pharmaceutical companies, in quantities that are sufficient to conduct both the murine
and human trials. Material Transfer Agreements (MTAs) and pending patents on these new
drug compounds complicate the availability of therapeutic agents[5].

3.8 Future Prospects

The Co-Clinical Trial concept prompts a rethink of the entire drug development and drug
approval process. It aims to integrate several aspects of clinical trials thereby making the
drug approval process more efficient in improving clinical outcomes. By combining both the
GEMMs and xenograft models, this approach facilitates comprehensive analyses of the
specific cancer and its progression, including responses and chemoresistance to existing and
experimental drugs. In the case of APL, the GEMM-to-human transition took 18 years to
achieve. The initiation and implementation of the Co-Clinical Trial Project will ensure that
such transitions are quicker. The concept is resource-intensive; therefore it has to be
implemented at a few centralized facilities where the expertise and resources exist. Once this
is achieved, it has the potential to significantly contribute to both the health care and the
pharmaceutical industry thereby helping to relieve the socio-economic burden of cancer.

4. CHALLENGES IN IMPLEMENTATION OF PERSONALIZED MEDICINE TO
CLINICAL TRIALS

Several scientific, non-scientific and social challenges severely hamper the design, planning,
execution and interpretation of clinical trials (Figure 4). Patient tumor heterogeneity, drug
toxicity, radio-resistance, chemo-resistance and polypharmacy represent a few of the
scientific challenges facing clinical trials. Inter-individual differences in patient tumors often
confound the interpretation regarding the efficacy of the investigational agent. Systematic
and comprehensive patient tumor profiling, as proposed by the co-clinical trial paradigm,
would ensure better patient population stratification into trials. Also, PDTX models of an
individual patient tumor sample would help anticipate differential outcomes upon treatment
with the investigational agent. Frequently, patients enrolled in these trials are on several
other concurrent medications — a factor that may potentially interfere with or confound the
interpretation of the effects of the agent under investigation. Drug toxicity, radio-resistance
and chemo-resistance represent common causes of increased patient drop-out rates from
trials. It is expected that personalized therapy through the use of GEMMs and PDTX models
has the potential to counter these problems. Apart from the scientific challenges, clinical
trials represent a large resource-intensive endeavor with complicated regulatory aspects
involved with every phase of the trial. The use of personalized medicine strategies
necessitates genetic, protein and metabolic analysis for every patient, thereby significantly
increasing the per-head cost of diagnosis and treatment. However, technological advances
have allowed the price of whole genome sequencing to drop from $3 billion in 2003 to just a
few thousand dollars today. Sophisticated systems and technological improvements will
ensure successful implementation of economically feasible personalized medicine strategies
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to a clinical setup. Further. only around half of all clinical trials conducted are actually
published—these “invisible trials” may result in use of therapeutic agents that are ineffective
or toxic[54,55,56]. Patient enrollment in clinical trials is a critical factor which determines
the success of a clinical trial. Despite the large number of trials being conducted, only about
3% of oncology patients in the United States are enrolled in clinical trials[57]. Adequate
enrollment will guarantee sufficient patient retention in the concluding stages of the trial.
Insufficient patient retention often results in a small cohort of clinical data which is very
unlikely to provide any conclusive evidence regarding the efficacy of the therapy under
evaluation[57]. Often, clinical trial sponsors offer monetary compensation to physicians,
nurses and medical personnel to recruit patients[58]. Such a practice may result in the
recruitment of patients unsuitable for the trial thereby greatly increasing the patient drop-out
rates during the course of the trial. Lack of knowledge of ongoing clinical trials, public
misconceptions of clinical trials, hesitation of under-represented populations to enroll in
trials, possibility of incurring costs not covered by insurance, administrative formalities
associated with enrollment in clinical trials are some of the factors that discourage patient
enrollment[57,59,60,61]. Although, the co-clinical and mouse avatar paradigm aim to
address some of the scientific challenges facing clinical trials today — the social aspect
remains largely unaddressed. In conclusion, combination of these newly emerging
personalized models along with patient-support programs and advocacy groups is a step in
the right direction for efficient clinical trials that will close the divide between clinical
research and clinical practice.

5. CONCLUSIONS

The mouse avatar concept makes use of murine xenograft models to assess and guide
therapy in cancer patients. It allows a quick assessment of the safety and efficacy profiles of
an investigational drug or novel drug combinations. These xenograft systems are particularly
useful in cases where patients are not eligible for clinical trials due to deteriorating health.
PDTX models may also be used in cases where there are no ongoing clinical trial options for
a patient. Research by several groups continue to demonstrate that there is an increase in
robustness and accuracy of these systems in predicting clinical outcome when applied in
combination with other molecular biology and bioinformatics tools.

The Co-clinical trial concept, on the other hand, advocates a more meticulous and
comprehensive analysis of cancer. It makes use of both GEMMs and xenograft models to
elucidate the molecular pathology and therapeutic response of tumors. Although resource
intensive, it complements approaches of molecular and clinical oncology.

In conclusion, mouse avatars and co-clinical trials represent emerging applications of mouse
modeling to the study of cancer. Although conceptually diverse, both these applications
emphasize the need for tailoring therapeutic regimens based on individual molecular profiles
of tumors. Awareness amongst patients, advocacy groups and the clinical professionals and,
platforms such as academic, clinical and pharmaceutical conferences and meetings about
these two approaches will give a new ‘avatar’ to the practice of clinical medicine, provided
they become cost effective.
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Figure 1. Concept of mouse avatars
Patient tumor samples, either resected or biopsied, are transplanted and propagated in

immunocompromized mice. The mice with the implanted tumors are then used as an in-vivo
system for drug testing. Several therapeutic agents are then tested, as cocktails in various
combinations and concentrations, for efficacy and safety in these mice. Therapies that cause
tumor regression in the murine system help build a clinical rationale that is then applied to
the patient from whom the tumor sample was derived. Using this method, each patient
would have an individualized in-vivo mouse, allowing for a large number of drug
compounds to be evaluated for efficacy relatively quickly, resulting in the identification of a
safe, targeted therapeutic regimen for the patient. The use of these mouse avatars would
ensure that a patient is not given chemotherapeutic agents that are predicted to be ineffective
or toxic as determined in the murine system.
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Figure 2. Development, validation, assessment and application of PDTX models to clinical
oncology
The patient tumor is resected—a part of it is subjected to standard molecular profiling

techniques and part of it is prepared for transplantation into immunocompromized mice. The
patient tumor is analyzed for mutational status, copy number variations and is characterized
at the nucleic acid and protein level using gene expression arrays and proteomics-based
approaches. Another portion of the tumor is xenografted and propagated in
immunocompromized mice through several generations (Fg...F3). The propagated tumors
are isolated from the F3 generation and are characterized like the human tumors. The
molecular profile of the human tumor is superimposed on the profile of the murine tumors.
A high degree of concordance between the human and murine tumor profiles helps establish
the mouse as a faithful model of the human cancer. Downstream bioinformatics analyses of
data obtained after murine molecular profiling helps identify drug targets. Therapeutic
agents against these targets are then evaluated for safety and efficacy in these F3 mice.
Comparative analyses of drug-sensitive and resistant tumors could result in the identification
of biomarkers that predict therapeutic response. Validation of such biomarkers may then be
used to stratify patient populations in clinical trials in the future. The mice having tumors
that are drug-sensitive are treated continually with a that particular therapeutic agent to
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anticipate and identify potential resistance pathways much before drug-resistance is
observed in the clinical setting. Drugs efficacious in these resistant tumors are then
determined and kept ready in case of emergence of resistance in the patient. In this way,
PDTX models are useful not only for the identification of drug targets but also to determine
predictive biomarkers and possible molecular changes and signaling pathways conferring
resistance.
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Figure 3. Concept of co-clinical trials
The concept of co-clinical trials advocates an integration of preclinical murine and clinical

human trials in an attempt to accelerate the drug development and testing process. As part of
co-clinical trials, both genetically engineered mouse models (GEMMs) that mirror a
patient’s tumor genotype and xenograft models for the transplantation and propagation of
the patient’s tumor are employed. Therapeutic agents that are efficacious in these mouse
models are then applied to the patient population. This approach is complemented with
standard molecular profiling and imaging techniques. Similar to the PDTX models, such a
system allows for identification of biomarkers and potential resistance pathways. Although
this concept seems more resource intensive when compared to the xenograft models, it
allows for a more comprehensive approach towards clinical management of cancer. The use
of GEMM s facilitates the identification of genetic modifiers, compensatory signaling
pathways to therapeutic response and genetically-determined prognostic factors. This newly
emerging concept attempts to bridge the gap between cancer biologists and oncologists and
proposes a large-scale multi-centre collaborative approach to effectively treat cancer.
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The figure outlines the various scientific, non-scientific and social problems that severely
hamper the planning and successful execution of clinical trials.
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Table 1

Existing PDTX models of different cancers and their therapeutic implications

Cancer

Significance

Colorectal cancer

Use of 5-fluorouracil, oxaliplatin and irinotecan with concordant response rates in the PDTX models and
patients[62]

90% accuracy of the murine models in predicting cetuximab responsiveness in a genetically stratified
subset, identification of biomarkers predictive of therapeutic response to cetuximab[63]

Identification of Her2 amplification as a genetic lesion in cetuximab-resistant colorectal tumors[52]
Establish correlation between Kras mutational status and resistance to cetuximab therapy[64]
Identification and characterization of a cancer-stem cell population in colorectal tumors[65]
Demonstration of efficacy of Bcl-XL targeting in rectal cancers[66]

Establishment of a model of colon cancer with lymphatic and hepatic metastasis, evaluation of efficacy
of VEGF and EGFR targeting in the model[67,68]

Identification of activation of the Wnt pathway as a predictor of response to a MEK 1/2 inhibotor
(AZD6244) in Kras mutant colorectal cancers[14]

Establish efficacy of an oncolytic adenoviral vector in combination with TRAIL gene therapy in a PDTX
model of colon cancer[69]

Identification of the mechanism of resistance of Kras mutant colon cancer tumors to PP242, an mTOR
inhibitor[70]

Establishment of 27 different PDTX models of colorectal cancer with a molecular profile similar to the
human tumors[71]

Pancreatic cancer

Lack of concordance between murine systems and human patients to mTOR inhibitors in patients with
elevated p70 S6 kinase levels[72]

Demonstrated the utility of polo-like kinase inhibitors in gemcitabineresistant tumors, identification of
cyclin B1 as a biomarker of polo-like kinase inhibitor response[73]

Use of gemcitabine and nabpaclitaxel to target tumor microenvironment with concordant responses in
Phase I/l human trials[74]

Increased efficacy of MEK inhibitor trametinib in combination with EGFR/Her2 inhibitor lapitinib[75]

Demonstrated efficacy of mitomycin C in a gemcitabine-resistance pancreatic cancer guided by global
genomic analyses[76]

Efficacious use of a hypoxia-activated prodrug TH-302 in combination with ionizing radiation in a
PDTX model of pancreatic cancer[77]

Concomitant preclinical and clinical trials in PDTX models and patients demonstrating the effect of
Salirasib, a Ras inhibitor, in pancreatic cancer[78]

Demonstrated efficacy of combination of trametinib (a MEK inhibitor) and lapatinib (a epidermal
growth factor receptor/Her2 inhibitor) in panacreatic cancer PDTX models[79]

Demonstrated efficacy of AZD7762 (a Chk1 inhibitor) in sensitizing pancreatic cancer stem cells to
gemcitabine[80]

Lung cancer

Established a direct correlation between tumor engraftment capability in a mouse to the propensity of
relapse in the patient[81]

Demonstrate the efficacy of AZD4547 in FGFR amplified NSCLC[82]

Melanoma

Establishment of a gene set predicting response to standard chemotherapeutic agents[83]

Agreement in therapeutic response to temezolomide in uveal melanoma[84]

Breast cancer

Development of models to study the role and implications of choline metabolism in ER and PR-positive
breast cancers[85]

Development of a BRCA2 mutant model of breast cancer[86]
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Cancer

Significance

Identification of a novel estrogen-regulated gene cancer/testis antigen 45 in a PDTX model of ER+
breast tumors[87]

Analysis of the effects and consequences of tumor engraftment at various locations in immunodeficient
mice[88]

Determined the efficacy of aurora kinase inhibitors in a PDTX model of triple-negative breast
cancers[89]

Establishment of endocrine resistant luminal breast cancer PDTX models, determined the utility of
everolimus therapy in the said models[90]

Identification of IFN/STAT signaling as a predictor of therapeutic response to cyclophosphamide
chemotherapy in triple negative breast cancer[91]

The Breast Cancer Genome Guided Therapy Study (BEAUTY Project) initiated by the Mayo Clinic
combines whole genome sequencing and the use of mouse avatars to guide patient therapy[27]

Identified elevated levels of RSK3/4 as causative factors of resistance to PI3K inhibitors in breast
cancer[92]

Renal cell carcinoma

Development of PDTX models of renal cell carcinoma with both clear-cell and papillary morphologies
which mimic patient tumors with respect to their molecular characteristics as well as response to
sunitinib and everolimus therapy[93]

Demonstration of efficacy with tyrosine kinase inhibitor sorafenib[94]

Elucidation of resistance pathways in sunitinib-refractory tumors

Esophageal cancer

Identified the efficacy of trastuzumab in Her2 positive tumors, demonstrated trastuzumab resistant in
tumors with concomitant PI3KCA mutations[96]

Prostate cancer

Establishment of hormone-dependent and hormone-independent models, assess efficacy of taxanes and
estramustine phosphate in these models[97]

Establishment of a model of prostrate bone metastatic cancer[98]

Ovarian cancer

Established a BRCA2 mutant ovarian cancer xenograft model, demonstrated selective efficacy of
olaparib in BRCA2 mutant tumors[99]

Development of a humanized model of ovarian cancer with a profile consistent with the parent
tumor[100]

Cervical cancer

Characterization of tumor microenvironment in a xenograft model of cervical cancer[101]

Head and Neck
cancers

Comparative methylation microarrays to establish superiority of PDTX models over cell lines[102]

Demonstration of efficacy of a combination of EGFR and Hedgehog pathway inhibitors in PDTX
models[103]

Gastric carcinoma

Demonstrate efficacy of a VEGF inhibitor FP3 in a PDTX model of metastatic gastric cell
carcinoma[104]

Bladder cancer

Development of PDTX models of muscle invasive bladder carcinoma in NSG mice in collaboration with
Jackson Laboratories[9]

Glioblastoma

Demonstration of therapeutic effect of intravenous injection of an oncolytic picornavirus SVV-001 in
PDTX models of pediatric gliomas[105]

Developed a drug-delivery methodology and demonstrated efficacy of a tumor suppressor Lrigl in
glioblastoma[106]

Hepatocellular
carcinoma

Pharmacokinetic optimization of HDACLI inhibitors in PDTX models[107]

Leukemia

Established a PDTX model of leukemia amenable to bioluminescent imaging[108]
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Table 2
Currently available commercial services in relation to PDTX systems
Company/ Services offered
Institution/

Organization

Charles River

Laboratories, Wilmington,

Massachusetts, USA
http://www.criver.com/products-services/drugdiscovery/oncology/patient-derived-xenografts

PDTX models for a
wide range of cancers

Lysates from
xenografted tumors
assayed for various
cancer-related
proteins

Genetic
characterization of
tumors for mutations

The Jackson Laboratory,
Bar Harbor, Maine, USA
http://jaxservices.jax.org/invivo/pdx.html

PDTX models
available for a variety
of cancers in NSG
mice

Gene expression and
copy number variant
analysis for the
transplanted murine
tumors

Cryopreservation of
transplanted murine
tumors

Oncotest GmbH, Freiburg,
Germany http://www.oncotest.de/products-andservices/tumorcollection.html

More than 325
established xenograft
models

Murine tumor
repository

Comprehensive
profiling including
chemosensitivity
profiles to standard
chemotherapeutic
regimens, mutational
analysis, gene and
protein expression
data,
immunohistochemical
analysis

Living Tumor Laboratory,

Vancouver, British

Colombia, Canada
http://www.livingtumorcentre.com/PDC_Intro.html

More than 150
established xenograft
models

Cryopreservation of
transplanted murine
tumors

OVCARE core
facility having more
than 40 ovarian
cancer xenograft
models
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Company/ Services offered
Institution/

Organization

Experimental

Pharmacology and

Oncology Berlin-Buch,

Germany
http://www.epoberlin.com/epo-tumormodels-xenografts.html

. Over 100 established
models

. Molecular data (gene
expression profiles,
mutations, protein
expression),
Response data
( chemotherapy and
hormone therapy) and
patient data (patient
status, drug-response,
follow-up) available

. Repository for tissue
and nucleic acid
samples

Oncodesign, Dijon Cedex,
France
http://www.oncodesign.com/assets/files/activities/Oncodesign_Tumorgraft_Models.pdf

. Availability of PTDX
models in Chi®
(humanized) mice

. Most comprehensive
collection of human
colorectal cancer
models

Taconic, Hudson, New
York, USA
http://www.taconic.com/wmspage.cfm?parm1=4064

. Several xenograft
models provided in
collaboration with
Oncodesign

. Over 50 colorectal
cancer models
available

. Custom PTDX model
generation services

. Humanized super-
immunodeficient
CIEA NOG® mice
available for model
generation

Deshpande Laboratories,

Bhopal, Madhya Pradesh,

India
http://deshpandelab.com/onco/AntiTumor/PDTX.html

. Provides contract
research services in
model generation,
drug testing and
pharmacodynamics/
pharmacokinetic
profiling for a client’s
test samp

WuXi AppTec, Shanghai,
China
http://www.wuxiapptec.com/bio_oncology.html

. More than 400
established xenograft
models

. Molecular
characterization
(whole genome
sequencing, gene
expression and copy
number variation)
services

. Cancer stem cell
panels for PTDX
models available

Cancer Lett. Author manuscript; available in PMC 2015 March 01.



http://www.epoberlin.com/epo-tumormodels-xenografts.html
http://www.oncodesign.com/assets/files/activities/Oncodesign_Tumorgraft_Models.pdf
http://deshpandelab.com/onco/AntiTumor/PDTX.html
http://www.wuxiapptec.com/bio_oncology.html

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Malaney et al. Page 30
Company/ Services offered
Institution/

Organization

GenScript, Piscataway,
New Jersey, USA
http://www.genscript.com/Patient_derived_human_primary_tumor_models.html

. Panel of models for
kidney, lung,
colorectal, gastric,
liver cancers

Champions Oncology,

Hackensack, New Jersey,

USA
http://www.championsoncology.com/translationaloncologysolutions/superiority-overxenografts

. Models characterized
by a high degree of
genetic correlation
(94%) with the
original tumor

. Champions
TumorGraft TM
platform for purposes
of mouse avatar
generation and drug
testing

. Provide personalized
clinical oncology
services to patients

Urolead, Strashourg,
France
http://www.urolead.com/ips/products-and-services

. Over 40 characterized
PDTX models for
urological cancers
(prostrate, kidney,
bladder)

. Repository for
tumors, protein
lysates, RNA and
serum extracts

. Access to clinical and
pathological status of
patients

Crownbio, Santa Clara,
California
http://www.crownbio.com/cancerbiology/in-vivopharmacology/hukemiatm-primary-patient-derivedblood-cancer-models

. HuKemia® platform
for development and
analysis of PDTX
models of blood
cancers

Molecular Response, San
Diego, California
http://pdxact.molecularresponse.com/

. Provide PDXact TM
Precision PDX
models including pre-
characterized and
custom made models

. Offer
pharmacological
services drug testing
services for PDX
systems

. Mutational analysis
of murine tumors
using lonTorrent TM
lon AmpliSeq TM
Comprehensive
Cancer Panel

. Comparative histo-
pathological analysis
of the patient and
engrafted murine
tumors
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Company/ Services offered
Institution/

Organization

XenTech, Paris, France
http://www.xentech.eu/index.php?key=1_2_11 0_0_1&tpl=xentech

. Large collection of
breast cancer PDTX
models

. Preclinical platform
available for testing
investigational agents

Pharmaron, Beijing, China
http://www.pharmaron.com/Pages.aspx/Patient-Tumor-Derived-Xenograft-Models

. PDTX models of
non-small cell lung
cancer, small cell
lung cancer,
colorectal cancer,
kidney, breast,
ovarian, gastric,
glioblastoma,
esophageal, liver,
prostrate, B cell
lymphoma and ALL
leukemias

Aveo Oncology
http://www.aveooncology.com/r-d/humanresponse-platform/

. Proprietary Human-
In-Mouse (HIM)
Model for breast
cancer
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