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Animal models, by definition, are an approximation
of reality, and their use in developing anti-cancer
drugs is controversial. Positive retrospective clinical
correlations have been identified with several animal
models, in addition to limitations and a need for
improvement. Model inadequacies include experi-
mental designs that do not incorporate biological
concepts, drug pharmacology, or toxicity. Ascites
models have been found to identify drugs active
against rapidly dividing tumors; however, neither as-
citic nor transplantable subcutaneous tumors are pre-
dictive of activity for solid tumors. In contrast, pri-
mary human tumor xenografts have identified
responsive tumor histiotypes if relevant pharmacody-
namic and toxicological parameters were considered.
Murine toxicology studies are also fundamental be-
cause they identify safe starting doses for phase I
protocols. We recommend that future studies incor-
porate orthotopic and spontaneous metastasis mod-
els (syngeneic and xenogenic) because they incorpo-
rate microenvironmental interactions, in addition to
confirmatory autochthonous models and/or geneti-
cally engineered models, for molecular therapeutics.
Collectively, murine models are critical in drug devel-
opment, but require a rational and hierarchical ap-
proach beginning with toxicology and pharmacology
studies, progressing to human primary tumors to
identify therapeutic targets and models of metastatic
disease from resected orthotopic, primary tumors to
compare drugs using rigorous, clinically relevant out-
come parameters. (Am J Pathol 2007, 170:793—804 DOI:
10.2353/ajpath.2007.060929)

Animal models are critical for the development of novel
therapeutics; however, we have been minimally success-

ful in decreasing the age-adjusted death rate for cancer
compared with cardiac disease. In 2003, for the first time
since 1930 when epidemiological records were initiated,
fewer people (<85 years old) died of cardiac disease as
compared with cancer." This historic change was attrib-
utable to a 60, 70, and 0% decrease in mortality by heart
disease, stroke, and cancer, respectively. Thus, it is war-
ranted to review the approaches and tumor models used
in the identification and development of new anti-cancer
therapeutics. Tumor initiation, progression, and metasta-
sis is a complex, multifactorial process that selects tumor
variants from a heterogeneous primary tumor.?*® Thera-
peutic intervention is also a selective pressure that can
result in tumor cell populations refractory to specific
drugs.* Therefore, to model and study tumor biology and
drug activity, the selection of clinically relevant animal
and tumor models is critical.

Originally, drug screens used leukemic cell lines that,
when injected intraperitoneally (i.p.) resulted in tumor
ascites. These tumor models were successful in identify-
ing active therapeutics against leukemias and some lym-
phomas; however, they were inadequate for the identifi-
cation of therapeutics against solid tumors.>™
Subsequent studies using ectopically implanted synge-
neic or human tumor cell lines were found to be ineffec-
tive for identifying therapeutically active drugs. In con-
trast, primary human tumors can predict responsive
tumor histiotypes for targeting in phase I/l studies.®®
Rodent toxicological studies have reliably identified safe
initial doses for phase | studies; nonetheless, we have not
yet identified animal models that can predict the extent of
clinical efficacy. Recent studies have suggested that an-
imal models using orthotopically implanted, syngeneic
tumors are more predictive of responses than ectopic
tumors.’®~'3 There has also been interest in genetically
engineered models (GEMs), in part, because of their
orthotopic primary tumors and relevance to molecular
therapeutics.' However, GEMs use artificial promoters
that can influence the affected cell type, vary expression

Accepted for publication December 12, 2006.

Address reprint requests to James E. Talmadge, Ph.D., University of
Nebraska Medical Center, 987660 Nebraska Medical Center, Omaha,
NE, 68198-7660. E-mail: jtalmadg@unmc.edu.

793



794  Talmadge et al
AJP March 2007, Vol. 170, No. 3

Table 1. Animal Model Attributes versus Clinical Situation

Attribute Murine model Clinical situation
Drug administered at the MTD versus LD MTD MTD-LD
Tumor implant site Ectopic Orthotopic

Duration of cell cycle
Antigenicity

Site of therapeutic target
Treatment protocol 1
Treatment protocol 2
Treatment protocol 3

Treatment protocol 4

Treatment protocol 5

Pharmacokinetic consideration

Tumor burden

Duration of tumor presence before diagnosis

Short cell cycle

High antigenicity

Primary tumor

Single cycle of therapy

Monotherapy

Single therapeutic approach,
occasionally with surgery

1 to 3 days of therapy

Single cycle of therapy

Push delivery

Minimal tumor burden

Days to weeks

Long cell cycle

Low antigenicity

Metastatic tumors

Multiple cycles of therapy

Polychemotherapy

Multi-modality including surgery, hormonal,
immune, and molecular therapy

1 to 2 weeks of therapy

Multiple cycles of therapy

Infusion of drug if it has a short half life

Locally advanced or systemic disease

Years to decades

Clinical and model attributes that need to be considered in the design of screening and developmental strategies and protocols. MTD, maximum

tolerated dose; LD, lethal dose.

based on the genetic background,'® and decrease cel-
lular heterogeneity, which in turn can affect tumor pro-
gression and metastasis. Furthermore, GEMs may not be
universally relevant, ie, only 30% of breast cancer pa-
tients with human epidermal growth factor receptor 2
(HER2/neu) mutation can be modeled with HER2/neu
transgenic mice. Critical to studies of therapeutic inter-
vention using animal models is the incorporation of phar-
macological and toxicological considerations, as well as
the mechanistic concepts of tumor induction, progres-
sion, and metastasis. We suggest that the cycles of en-
thusiasm and pessimism for tumor models” may have
become overly negative and that an assessment of clin-
ically useful correlations provided by animal models and
their rational utilization is needed.

History of Tumor Models

The origin of our failure to identify drugs that have in-
creased clinical activity is multifactorial and includes, but
is not limited to, differences in efficacy of drugs in mice
versus humans. Toxicity issues are also a common
source of drug failure and are associated with the use of
models selected for ease of modeling and a high inci-
dence of positive responses. Many commonly used solid
tumor models are biased toward false-positive results
because they are selected based on ease of use, sensi-
tivity to therapeutics, rapid growth, and other attributes
that facilitate studies, but not clinical correlations. These
deficiencies can be reduced by strict attention to proper
design and conduct of efficacy studies, as well as the
incorporation of a rational design based on an under-
standing of tumor biology, variant selection, and surro-
gate endpoints and the integration of testing strategies
that reflect clinical tumor biology (Table 1). The history of
animal models in the development of cancer drugs has
been previously discussed® " '¢17: however, few of
these reviews have incorporated recommendations for
future approaches.

Ascites Tumors

In 1955, it was suggested that a correlation existed be-
tween efficacy against transplanted tumors and clinical
activity."® This stimulated the National Cancer Institute
(NCI) to launch an anti-cancer drug screening program
using three murine models.' Over time, the number of
tumors studied was reduced, and by 1968, drugs were
screened only against the L1210 leukemia cell line. The
clinical response to chemotherapy by human leukemias
and lymphomas significantly improved during this devel-
opmental period,?®?! whereas the treatment of most solid
tumors did not. Further, concerns were identified regard-
ing reliance on a single leukemia tumor model because
this could preferentially select for drugs targeting rapidly
growing tumors.?? Therefore, the B16 melanoma and
Lewis lung carcinoma mouse models were incorporated
into the screening program in 19722324

Solid Human and Murine Tumors

In 1976, the NCI's Division of Cancer Treatment initiated
the use of a new tumor panel incorporating transplant-
able solid human tumors that were representative of the
major histological types of cancer. The panel consisted of
human tumors of the breast, colon, and lung, in addition
to the murine L1210 leukemia and B16 melanoma syn-
geneic models.?? These syngeneic models involved in-
oculation of tumor cells by i.p., subcutaneous (s.c.), or
intravenous (i.v.) routes, whereas human tumor xeno-
grafts were grown under the renal subcapsule.?® Al-
though the subrenal capsule assay is labor intensive, it
provides a rapid evaluation of drug activity.?® Subse-
quent analysis of this strategy (1976 to 1982) revealed
that the mouse-human tumor panel identified an anti-
tumor agent (taxol) that would have been missed by the
L1210 model.?? Furthermore, ~30% of compounds found
to be active in at least one human tumor xenograft were
not identified by the syngeneic models. Therefore, it was
concluded that the mouse-human tumor panel may be



successful in identifying new drugs for clinical studies,
but with a low correlation between preclinical and clinical
efficacy.?” Despite their inherent deficiencies, transplant-
able tumors remain valuable because they provide an
evaluation within the context of an intact immune system
and host stroma and extracellular matrix.

Sequential Tumor Model

Based on these results, the NCI implemented a sequen-
tial screening strategy in 1982, whereby a potential drug
was examined using progressively more rigorous mod-
els. Initially, drugs were examined against the P388 leu-
kemia as a prescreen, followed by studies with a panel of
murine tumor models (MX-1, B16, M5076, and L1210),
resulting in the identification of a large number of poten-
tially active compounds.?? Drugs active in the primary
tumor panel were advanced to a secondary screen using
compound-orientated tumors based on the properties of
each drug and experience in the primary tumor panel.
However, a retrospective analysis of preclinical-clinical
efficacy®® did not demonstrate a correlation based on
tumor histiotype. This was perceived to be attributable to
an experimental design that limited tumors to one mouse
and one human tumor for each of the three major histio-
types. Thus, it was concluded that a model system com-
posed of several tumors with the same histiotype might
better predict a clinical response against a specific tumor
histiotype.?®

Human Tumor Stem Cell (HTSC)
Assay/Clonogenic Assay

A HTSC assay?°°° was developed in the early 1980s to
determine whether a model system incorporating multiple
tumors of the same histiotype could predict a clinical
response for a specific tumor histiotype.?®> The HTSC
assay was disease-orientated using soft agar colony
growth of freshly explanted human tissue with outcomes
based on growth inhibition. Salmon et al®® compared in
vitro results with the clinical responses of myeloma and
ovarian cancer patients and found correlations based on
sensitivity and resistance. The HTSC assay was sug-
gested to be appropriate for drug screening based on
feasibility, validity, and potential to identify new anti-tumor
agents.®! Initial studies examined established chemo-
therapeutic agents and found that most drugs were ac-
tive with the exception of drugs requiring systemic acti-
vation. Clinically ineffective agents were also found to be
negative with 97% accuracy, an observation confirmed
by other reports 832735

However, the HTSC assay®°¢ is limited because of the
low plating efficiency of most solid tumors and the poor
availably of tumor tissue. Thus, only breast, colorectal,
kidney, lung, melanoma, and ovarian tumors have been
found to provide sufficient cells for evaluation, although
strategies have been suggested to improve the growth
rates of primary tumor tissues.® Furthermore, although
these models predict responsive histiotypes, no clinical
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analysis of individualized therapy has demonstrated a
significant increase in survival compared with empirically
determined standard treatment; therefore, the HTSC as-
say has not found a role in the individualization of patient
therapy.®

In Vitro Human Tumor Cell Line Screen

In 1990, a study using human tumor cell lines for large-
scale drug screening was initiated.®” This in vitro human
tumor cell line screen shifted from being a compound-
orientated to a disease-orientated screening strategy.
The initial panel incorporated 60 different human tumor
cell lines, resulting in the use of multiple tumors with the
same histiotype. Toward the end of the decade, an in vitro
prescreen was introduced using three cell lines: MCF-7
(breast carcinoma), NCI-H460 (lung carcinoma), and SF-
268 (glioma). The rationale for this prescreen was that it
could remove inactive compounds from unnecessary
and costly full-scale evaluation. In a study by the NCI of
Canada Clinical Trial Group,'” an in vitro cell line model
for non-small cell lung cancer was shown to be predictive
for phase Il activity. This observation was also confirmed
in a human xenograft model for non-small cell lung can-
cer, but not with breast or colon cancer. In addition, a
mouse allograft model was found not to be predictive for
any histiotype.'” Studies using the panel of 60 human
tumor cell lines to assess mechanisms of action (MOAS)
supported the concept that pharmacokinetic (PK) and
pharmacodynamic  parameters must be consid-
ered.®® %" This is critical because the failure of drugs in
the clinic®'*? is often associated with a poor PK profile or
drug toxicity.*° Indeed, primary human tumor xenografts
can be predictive of clinical cytotoxic therapy for a given
tumor histiotype provided that clinically relevant, pharma-
cological dosing parameters are used.®3°~“? |t is noted
that human tumor cell lines, in contrast to primary human
tumor cells, have generally been cultured for years, los-
ing much of their heterogeneity. This has resulted in
undifferentiated tumors lacking the histology and cellular
architecture characteristic of the modeled human tumor.
Thus, administration of clinically relevant drug doses to
animals with s.c. xenografts results in response patterns
similar to those observed with the human tumor histiotype
and the same drugs.*® These studies emphasize the
need to determine the exposure levels required for anti-
tumor activity with the intention that unnecessary toxicity
is avoided in phase | clinical trials. Further, they suggest
that primary human tumor xenografts can be used to
identify responsive human histiotypes.

Screening Using Human Tumor Xenografts in
Immunodeficient Mice

Many of the initial reports using malignant human tumors
showed that they did not metastasize in nude mouse,
which cast doubts on the validity of this model. It is now
clear that tumor metastasis depends on intrinsic tumor
cell properties and host factors, the experimental tech-
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nique(s) used, as well as the origin, health, and mainte-
nance of the immune-deficient animal. Today, we know
that human neoplasms can be studied in immune-defi-
cient mice; however, clinical relevance is obtained only if
careful attention is paid to the experimental conditions.
The neoplasms must be free of mouse pathogens, and
the mice must be kept in specific pathogen-free condi-
tions. Careful consideration must be given to the anatom-
ical site of implantation because the metastatic potential
of human tumor cells is dependent on both intrinsic prop-
erties of the tumor cells and host factors, which can differ
between tissues and organs. These studies require nude
(athymic) or severe combined immunodeficient (SCID)
mice that are T- and B-cell-deficient, allowing the engraft-
ment of human tumor cells. However, innate immunity,
particularly natural killer (NK) cells, can limit tumor growth
and prevent metastasis in nude mice.*®* Mice with the
nude mutation, although T-cell-deficient, have a compen-
satory increase in innate immunity, most notably in-
creased NK activity and tumoricidal macrophages. The
beige mutation (murine homolog of Chediak-Higashi syn-
drome) results in a delay in NK activation, but not the loss
of NK cell function.** Thus, the NK cells lack secondary
granules and have a delayed killing ability. Further, nono-
bese diabetic-severe combined immunodeficiency
(NOD-SCID) mice can be humanized (rendered chi-
meric) with the injection of human peripheral blood (PB)
or bone marrow (BM) cells,*® resulting in a somewhat
more relevant microenvironment.

Pharmacological and toxicological parameters have
been studied using s.c. tumor xenograft in nude mice,
and efficacy defined by a delay in tumor growth, with
body weight loss, and mortality as parameters of toxicity.
Several reports support the use of this model,*®4” includ-
ing a clinical response comparison study that used a
large panel of xenografts derived from patient biop-
sies.®*® This study observed a correlation with clinical
outcome for both tumor resistance (97%) and sensitivity
(90%). It was concluded that if primary tumors are used,
xenograft models can predict clinical activity similar to
the clonogenic assay. In contrast, a retrospective NCI
study evaluated 39 drugs using transplantable human
tumor cell lines and compared them to phase Il clinical
results.® In these studies, in vivo xenogratft activity did not
correlate with activity against the same human tumor
histology. However, drugs that were active against one
third of xenografts correlated with clinical activity.® A
comparison of these two large studies®“*® suggests that
ex vivo studies using primary tumors may be predictive of
clinical activity, whereas studies using human cell lines
are not. One may conclude that the s.c. injection of
xenograft cell lines may have value in the development of
cytotoxic drugs®93°49; however, these seem to be
poorly predictive of a specific histological response. It is
noted that a recent review of the athymic nude mouse
model using human xenografts®® suggested that an out-
come focused on tumor growth rate or cytostasis may be
more predictive of clinical activity than tumor shrinkage
(cytotoxicity). Regardless of these correlations, murine
xenograft models are not ideal for cancer drug develop-
ment. In addition to the points discussed above, these

models lack human stroma and immune cells, which are
important to the metastatic process.®°

Humanized Mice

The term humanized mice has been used to describe
numerous animal models, including immunodeficient
mice reconstituted with human stem cells or lympho-
cytes.®"52 This approach has also been combined with
the transplantation of human thymi and/or BM before
stem cell injection to provide a human stromal environ-
ment. These humanized mice are used to study graft-
versus-host disease and solid organ transplantation. Im-
munologically humanized mice have also been
immunized to induce human hybridomas and to study
T-cell responses against tumors and viruses. In these
models, humanized mice are ones injected with stem
cells and then immunized or immune-deficient mice hu-
manized by the injection of T cells from immunized pa-
tients/donors. They can then be challenged with human
tumor xenografts or viruses to study the effect of immunity
on tumor/viral growth.®® Indeed, this approach provides
an ethical and cost-effective strategy to test vaccine ef-
ficacy. Humanized mice transplanted with fragments of
human organs are also used to study the role of interac-
tions between xenogenic human stroma and tumors in
tumor progression and metastasis.

Another definition of humanized mice involves the in-
sertion of a human gene into the mouse genome.®* Such
GEMSs are used to study species-associated differences
in phenotypes, including responses to drugs or tumor
antigens (Ags).®®> Models to study drug responses in-
clude GEM mice expressing human cytochrome p450
genes®* that allow the in vivo analysis of cytochrome P450
metabolism of endogenous and exogenous chemicals,
including xenobiotics. One example of these studies is
the analysis of cytochrome P450 2E1 (CYP2E1) expres-
sion on cisplatin-induced hepatotoxicity, using mice with
induced or steady-state CYP2E1 levels and a compari-
son to knockout and CYP2E 1-humanized mice.*® Human
tumor Ags have also been expressed in GEMs, rendering
them tolerant to human Ags and providing a model to
study vaccine responses in the presence of immunolog-
ical tolerance.®” Traditional murine vaccination models
may recognize human tumor Ags as foreign, providing
overly optimistic results. Thus, a humanized model with
the human tumor Ag provides a more relevant tolerant
host. Furthermore, wild-type mice do not express class |
and Il human leukocyte antigens (HLAs), and as such,
relevant HLA Ag processing does not occur. However,
GEMs that express HLA-Ags in the mouse thymus can be
used to support the selection of T cells and recognize
relevant antigenic epitopes. These GEMs, after human
stem cell engraftment, can potentially allow accurate
modeling of T-cell responses via the expressed HLA-Ag.

In summary, humanized mouse models have made
tremendous progress since their development almost 20
years ago.®® However, a number of practical limitations
still limit their use as rigorous paradigms of the human
system. Additional work and validation remain before



they can be routinely and confidentially used in drug
development.

Orthotopic Tumor Models

Clinical observations have suggested that the organ en-
vironment can influence the response of tumors to che-
motherapy. For example, in women with breast cancer,
lymph node and skin metastases are more sensitive to
chemotherapeutic intervention than metastases in either
the lung or bone.*® Likewise, orthotopic implantation of
human tumor cells from surgical specimens into nude
mice is mandatory for an accurate analysis of tumor
growth and metastasis. This has been shown with colon
carcinomas (into the wall of the colon), renal cell cancers
(into the kidney), melanomas (into the skin), mammary
carcinomas (into the mammary fat pad), bladder carci-
nomas (into the bladder wall), prostate carcinoma (into
the prostate), pancreatic carcinoma (into the pancreas),
and lung cancer (into the bronchi). Orthotopic implanta-
tion results in rapid growth of local tumors and in several
tumor models, distant metastasis. There is also a striking,
site-specific variation in response to chemotherapy. In
one study,®® colon carcinoma cells were implanted into
different anatomical locations of nude mice using the
highly metastatic KM12L4a human colon carcinoma cell
line. In this study, mice were injected in the subcutis
(ectopic site), spleen (leading to experimental liver me-
tastasis), or cecum (growth at the orthotopic site). Tumor-
bearing mice were treated with doxorubicin and subse-
quently evaluated for responses. Tumors grown within
the s.c. tissue showed an 80% inhibition of growth after
two i.v. injections of doxorubicin (10 mg/kg), compared
with ~40% inhibition of the intracecal tumors and less
than 10% inhibition of lesions in the liver.®

Anti-cancer drugs are commonly screened using pan-
els of human tumor xenografts implanted s.c. in nude
mice. However, as discussed above, s.c. tumor models
are not representative of the primary tumor site.®° In
addition, clinically we treat well-established and fre-
quently advanced metastatic disease, whereas conven-
tional s.c. xenograft models are of recent origin (1 to 14
days) and rarely have metastatic disease.*® Thus, ortho-
topic tumor models seem to be a better model to assess
the morphology and the growth characteristics of clinical
disease™ 2" and to be more representative of a pri-
mary tumor with respect to tumor site and metastasis. '
One of the obvious advantages of orthotopic models is
that targeting processes involved in local invasion (eg,
angiogenesis) can be undertaken at a more clinically
relevant site.®° Since the early studies showing orthotopic
transplantation of colon tumors and metastasis to the
liver,®2 tumor xenografts have been grown orthotopically
in mice. Whether preclinical models are representative of
clinical disease (eg, orthotopic/metastatic models) and
should replace traditional s.c. nonmetastatic xeno-
grafts'24° remains an unanswered, yet critical, question.
Clearly, the poor predictive power of our current models
support the use of alternative models and approaches.’
However, despite the clinical relevance of orthotopic
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models, their utilization is hindered by a need for a high
level of technical skill, time, and cost. Therapeutic effi-
cacy is also more difficult to assess with orthotopic mod-
els in contrast to the relative ease of s.c. tumor measure-
ments.®® Clearly, murine tumors in intact synergic
animals have significant advantage beyond expense as
the model of a more clinically relevant host environment.

GEMs

Throughout the past 20 years, GEMs have contributed to
our understanding of the molecular pathways responsi-
ble for the initiation, progression, and metastasis of can-
cer cells and have extended our knowledge of the mech-
anistic role that oncogenes and tumor suppressor genes
have in these processes. In addition, studies with GEMs
have improved our understanding of the role genes and
their mutated counterparts have in tumorigenesis, as well
as the cooperation of individual mutations in tumor de-
velopment. The initial GEMs were murine models that
overexpressed viral and cellular oncogenes.®® Subse-
quent studies used genes targeted to mouse embryonic
stem cells, providing oncogene-bearing transgenic mice
(knockin) or loss of function, ie, gene knockout mice. In
addition to the use of transgene overexpression models,
conditional strategies have been developed that allow
controlled gene expression in both a tissue- and tempo-
ral-specific manner.®* Thus, tet-regulated®® or CRE-in-
ducible alleles can regulate the timing, duration, and
tissue compartment of gene expression or inactivation.
Furthermore, these technologies can be combined, re-
sulting in GEMs with specific cancers that overexpress or
lack genes of interest in all cells or in a specific tissue
compartment and/or developmental stage. These ap-
proaches have significantly contributed to our under-
standing of cancer pathogenesis and may ultimately help
in the identification of anti-neoplastic drugs.

Although the use of GEMs in drug development has
not been validated against drugs with efficacy in the
corresponding human tumor, studies with several have
suggested potential utility. Retinoic acid has shown ac-
tivity in GEMs of acute promyelocytic leukemia,®® and
Imatinib, a BCR-ABL inhibitor that is active against
chronic myelogenous leukemia, has been shown to limit
the development of BCR-ABL mutations in P190BCR-ABL
GEM mice.®” One model used in the development of the
cyclooxygenase (COX-) 2 inhibitor, celecoxib, is the mul-
tiple intestinal neoplasia (Min) mouse that was created by
germ line mutagenesis. This resulted in a point mutation
in the Apc tumor suppressor gene and a high frequency
of intestinal tumors.®® The outcomes from this GEM are
similar to patients who have familial adenomatous polyp-
osis and a high frequency of intestinal tumors. Overall,
GEMs have seldom been used to test novel anti-cancer
therapeutics with the goal of accurately predicting clini-
cal responses.®®7° The few studies that have compared
GEMs using clinically effective agents have not been
encouraging.®®”'="3 Thus, despite their mechanistic
promise, transgenic mouse models have not yet demon-
strated a role in drug discovery.
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Table 2. Comparative Clinical Relevance of Model
Transgenic tumors Orthotopic tumors Ectopic tumors
Histologically similar to human tumors > Often histologically similar to human =  Often histologically similar to human
tumors tumors
Generally low immunogenic > Low to highly immunogenic = Low to highly immunogenic

Tumors arise in a stochastic manner, but <
from a common molecular event

The use of a strong promoter results in <
transgenic overexpression that is not
expected clinically

Metastatic distribution often parallels that =
observed clinically

Metastasis occurs infrequently <

One can study chemoprevention >

May need to screen for expression if <
homozygous lethality, or administer
inducers for conditional expression

Time for tumor induction and <
development is long, often requiring a
year or more

Transgenic mouse strains are often <
established in outbred mice, requiring
inbreeding, and can result in strain
dependant activities

Expensive, based on labor and housing <

months

Relevant host immune cell infiltration and >
tumor microenvironment

Multiple primary tumors precludes =
surgical resection tumor

Difficult to vary therapeutic protocol <
relative to tumor burden

Autochthonous tumor models have proven >
more predictive then transgenic models

Highly heterogeneous =

Highly heterogeneous =

Metastatic distribution often parallels >
human distribution

Metastasis occurs frequently =

One can study prophylaxis =

Fully inbred mouse strains =

If one is studying metastasis =
protocols, often requires 3 to 4

Syngenic mouse strains, but tumor to
tumor variation in response occurs

Labor intensive, but relatively short >
housing duration
Relevant host immune cell infiltration

Allows surgical resection of primary >

One can vary therapeutic schedule =
relative to tumor burden

Little information available regarding <
prediction of clinical response

Highly heterogeneous

Highly heterogeneous

Metastases occur in the lungs, rarely
at other sites

Gross metastasis occurs infrequently

One can study prophylaxis

Fully inbred mouse strains

If one is studying metastasis protocols,
often requires 3 to 4 months

Syngenic mouse strains, but tumor to
tumor variation in response occurs

Inexpensive based on labor and
housing duration

Irrelevant host infiltration and tumor
microenvironment

Allows surgical resection of primary
tumor, but in general it is minimally
invasive

One can vary therapeutic schedule
relative to tumor burden

High frequency of false positive
responses observed relative to
clinical response

\Y

Various in vivo and ex vivo outcome measures that are used in animal models. Many of these measures are can also be extended.
A comparison of attributes of transgenic, orthotopic transplanted, and entopic transplanted tumors and the relevance of these parameters to clinical
reality. The symbols used are greater than (>), lesser than (<), and equal to (=).

GEMs have been primarily used to study specific ther-
apeutic questions relevant to the affected gene and to
study interactions between tumor cells and their micro-
environment. They are potentially more representative of
specific human tumor histiotypes than transplanted xeno-
grafts because of their in situ and autochthonous origin.”®
However, GEMs have limitations, including expense, time
commitment, intellectual property restrictions,”* and spe-
cies-specific differences, resulting in different mutant
phenotypes in man and mouse.”® Further, no one trans-
genic model is representative of all of the different forms
of even one tumor histiotype; just as one human tumor
cannot represent another human tumor of the same his-
tiotype. In GEMs, transgenes are driven by artificial pro-
moters, which may influence the cell type affected. In
addition, the genetic background can affect transgene
expression. Thus, mice carrying a mutation in the Apc
gene express different lesions dependent on the genetic
background.™ In this case, the predisposing mutation is
identical, but the outcome, including rapidity of lesion
development (months to years), type of lesion (hyperpla-
sia to metastatic tumors), and tumor histiotype (mam-
mary, colon cancers, and lymphomas), are affected by
genetic background. Furthermore, by their very nature,
GEMSs do not incorporate the heterogeneity inherent to

tumor initiation, progression, and metastasis, '® and sys-
temic disease is rarely observed in GEMs.”®"”

Autochthonous Tumor Models

Autochthonous tumors include spontaneously occurring
tumors and chemical, viral, or physical carcinogen-in-
duced tumors and are believed to model human tumors
more closely than transplanted tumors. Advantages of
autochthonous tumors include orthotopic growth, tumor
histology devoid of transplantation introduced changes,
and metastasis via lymphatic and vascular vessels sur-
rounding and within the primary tumor.”® Despite such
positive properties, autochthonous tumor models have
not been widely used as an animal model for drug de-
velopment. Autochthonous tumor models have an inher-
ent variability in the time to and frequency of tumor in-
duction, number of tumor(s) induced, and thus the
number of animals required for a study.”® It is noted that
all of these suboptimal attributes are similar to these also
found with GEMs (Table 2). Thus, time frames of several
months to a year for a single experiment, as opposed to
weeks with transplanted xenograft models, are re-
quired.”®78° Thus, autochthonous tumor models are best
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Endpoint

Comment

In vivo
Tumor onset
Tumor growth rate
Number of tumor-bearing
animals
Tumor burden in vivo at set time
Tumor growth delay

Time to palpable tumor mass of predetermined size
Assessment of tumor volume throughout time
Frequency of cure

Weight of tumor or organ with metastases
Volume estimated (mm?3) two-dimensional measurement

Delay of time for tumor to reach specific volume

Tumor cell Kill

Log;, total tumor cell kill

Net log, tumor cell kill

Incidence of metastasis

Gross count (lungs)

Cell count, resistance, florescence, '2°lUdR uptake...

Survival—life span

Survival— number alive
Ex vivo

Gross pathology

Increase in median survival time
Percent cure at predefined time

Ulceration/central necrosis,

invasion or tissue distribution and gross lesions

Metastasis. . .
Angiogenesis
H&E staining
Morphometrics

Histopathology

Inflammatory cell infiltration
Mitotic index, cellular apoptosis

Immunohistochemistry

T cell, macrophage, and DC infiltration

Angiogenesis and lymphoangiogenesis
Tumor cell apoptosis
Enzyme and cytokine levels

Molecular pathology
Hematology

Cytokines/chemokines or enzymes in serum or gRT-PCR of tumor, blood, spleen
Complete blood count, platelets, spleen, marrow

Blood/spleen/marrow/thymus differential

Immunology

Phenotype spleen, blood, tumor-infiltrating nonparenchymal cells and their

function including gRT-PCR

reserved for confirmation studies,”® although in the post-
genome era, autochthonous models have to an extent
been replaced by GEMs. A recent study that compared
outcomes from autochthonous models and GEMs with a
meta-analysis of clinical outcomes®' found that carcino-
gen-induced tumors correlated best with clinical re-
sponses. These intervention studies used aspirin, B-car-
otene, calcium, and wheat bran to treat recurrent colon
adenoma in human volunteers compared with chemopre-
vention studies with carcinogen-induced intestinal tu-
mors in rats and large intestinal polyp induction in Min
(Apc™™) mice. The final meta-analyses included 6714
volunteers, 3911 rats, and 458 mice. These studies
showed that therapeutic responses in carcinogen-in-
duced rat tumors predicted clinical responses for aspirin,
calcium, and carotene and were compatible for wheat
bran with the Min mouse models. Results from the trans-
genic Min model were consistent with human responders
for aspirin but were discordant for calcium and wheat
bran. These results suggest that the carcinogen-induced
tumor models may be more predictive for human activity
as compared with GEMs. Regardless of the differences
between the rodent models, they both provided correla-
tion for chemopreventive activity, clinically.

Outcome Criteria for Animal Tumor Models

Inarguably, our ultimate goal is to cure patients of all of
their tumors. However, the realistic goal in clinical oncol-

ogy is to improve survival and quality of life and prevent
recurrent disease.®? Rigorous criteria are required for
animal models to predict clinical efficacy. This contrasts
with the convenient tumor models® that often use re-
peated measures of tumor burden as the easiest mea-
sure of efficacy. Somewhat better is the assessment of
the number of experimental metastases after therapy. In
reality, endpoints need to be matched to tumor type
(solid, leukemia, or metastatic), study context, implanta-
tion site accessibility, type of implantation, and therapeu-
tic drug class. The simplistic criteria often used in mouse
models do not match the challenging criteria of clinical or
pathological complete responses, and this contributes to
the conflicting opinions about the relevance of mouse
models. Therefore, other metrics, including survival and
evaluation of immunomodulation, angiogenesis, sponta-
neous metastasis, histopathology, and immunohisto-
chemistry, may need to be considered as part of the
study design. Despite the technical difficulty, labor inten-
sity, and expense commonly cited as limitations for de-
tailed examinations, the utility of mouse models is im-
proved by implementing multiple rigorous endpoints
(Table 3).

Tumor prophylactic models, wherein the drug is ad-
ministered before tumor challenge, are clinically not re-
alistic. Likewise, models that measure tumor growth de-
lay, ie, the measurement of time required to reach a
predetermined median tumor volume, has not been
shown to predict survival in mice, much less humans.
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Treatment of mice bearing gross tumors typically assess
the therapeutic response based on slowed tumor growth
kinetics as opposed to tumor regression. In contrast, the
response evaluation criteria in solid tumors criteria clas-
sically used for evaluating efficacy in human clinical trials
requires at least 50% shrinkage in tumor size to be con-
sidered a response. Thus, common outcome criteria for
animal models and humans are disparate. Clinically, and
in rodent studies, survival provides a rigorous and con-
sistent endpoint for the evaluation of treatment efficacy.
However, preclinical studies that monitor survival at the
termination of therapy are inadequate because of the
lack of follow-up after treatment. Survival must be fol-
lowed after treatment to assess the complete life expect-
ancy to and if tumor regrowth occurs. Despite a delay in
tumor growth throughout the treatment period, a rebound
effect after treatment can occur and is indicative of lower
overall efficacy. It should be noted that a chronic slow-
ness of tumor growth rate, ie, cytostasis, can be consid-
ered a relevant outcome as compared with tumor regres-
sion if our goal is to delay tumor progression.

Absorption, Distribution, Metabolism, and
Excretion (ADME) and Toxicology

The value of a preclinical tumor model depends on its
ability to reflect a clinical process or predict a clinical
response. However, the clinical relevance of a tumor
model requires that it be studied within the context of a
mechanistic hypothesis that incorporates clinically rele-
vant outcome parameters. In addition to assessing anti-
tumor activity, preclinical animal models need to provide
information on pathology, toxicity, and ADME. Although
the ideal tumor model does not yet exist, appropriate
development and implementation can provide insight into
carcinogenesis, angiogenesis, tumor progression, me-
tastasis, and therapeutic response. As discussed above,
xenograft tumor models can effectively predict respon-
sive tumor histiotype(s); however, these models need to
incorporate a pharmacological and toxicological founda-
tion to be successful. In addition, animal models can be
used to resolve a specific experimental question that can
be appropriately translated into clinical trials.

Freireich et al®® showed that rodents, as well as other
species, could reliably provide a safe starting dose for
phase | studies. They evaluated the results from 18 drugs
in human and six different animal species. They con-
cluded that on a mg/kg basis, the maximum tolerated
dose (MTD) in human is 1/12 the LD10 in mice and 1/7
the LD10 in rats. This difference is the same as the factor
required to convert from mg/kg to mg/m? skin surface
area. Using this approach and two different rodent tox-
icity studies, 50 new anti-cancer therapies were safely
introduced into clinical testing.8* Therefore, animal mod-
els can successfully predict a safe starting dose for
phase | studies, as well as quantitatively and qualitatively
predict human toxicology.8® The MTD that is the lethal
dose for 10% of mice (MTD/LD10) has been shown to be
associated with the maximum administered dose and
clinical dose-limiting toxicity. Thus, in phase | studies in

which the starting dose was a dose one-tenth the mouse
MTD/LD10 (mg/m?), it was found to be safe for all of the
25 drugs that were investigated. The one toxicity param-
eter that was an exception was nausea and vomiting,
which cannot be assessed in rodents. In this study, dose-
limiting toxicities were accurately predicted by murine
studies for 7/7 hematological and 3/3 neurological dose-
limiting toxicities.

In addition to a quantitative determination of anti-tumor
activity, responsive preclinical tumor models can also be
used to assess preliminary ADME information and toxic-
ity. Traditionally, toxicity and ADME information is ob-
tained as the last step in the development of a drug,
frequently resulting in drug loss to development late in
the process. However, if preclinical models are initially
used to obtain PK and MTD data, valid preclinical phar-
macology and efficacy studies can be undertaken facil-
itating clinical translation.

Rational Development of Animal Model(s)

Before clinical testing, a new drug or drug formulation
should demonstrate an improved safety and/or efficacy
profile compared with current therapeutics in animal
models. The comparison should incorporate rigorous an-
imal models and not be based on highly responsive
model(s), such as ones with a rapid outcome that are
convenient or with which the investigator is familiar. Fur-
thermore, tumor and animal models should meet specific
biological criteria, including heterogeneity, appropriate
histology, metastatic propensity, and appropriate genetic
criteria depending on the targeted drug mechanism, lim-
ited immunogenicity, and potentially etiology (Table 1).
Last, the model should have the potential to provide a
correlation between therapeutic model outcome and clin-
ical activity, optimally with previous documentation of
relevance between mice and humans.”®:86:87

Before undertaking efficacy studies, base line PK and
toxicity data are needed, including an initial analysis of
cellular/organ toxicity. If during PK studies a half-life >12
hours is observed, administration protocols other then
daily injection may be appropriate. Equally, a brief half-
life (5 to 20 minutes) would suggest multiple daily injec-
tions such that a slow release formulation or administra-
tion by continuous infusion might also be required. It
should be noted that the toxicity and therapeutic profile
can differ significantly between push and continuous in-
fusion. Thus, PK studies can help focus the initial dose
finding and toxicological studies. In the initial study(s),
five dose escalations should be used to include an ex-
pected no effect dose and a 10% lethal dose (LD-10).
Weight should also be monitored, and if a cohort loses
>30% weight, this dose can be identified as the MTD. In
general, most drugs have an MOA and toxicity profile that
builds on prior drugs such that the pharmacology and
toxicity may be predicted. The route of administration
should also be identified before the assessment of toxic-
ity, although most drugs will be initially administered i.v.
Weight loss typically parallels toxicity; however, moni-
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Drug Screening and Development Pathway

Define split Determine C-max Identify sensitive tumor
dose MTD ADME histiotype(s) ex vivo using
‘ ‘ primary human tumors.

Identify dose and Identify rational murine l
protocol tumor models with Confirm sensitivity of
‘ Identified histiotype tumor histiotype with
< xenografts in NOD-
SCID mice.

Test efficacy in 3 different murine,
histologic appropriate, orthotopic tumor
models to provide confirmation of activity.

|

If active and good therapeutic index,
select best model

Determine activity in
histologic appropriate,
autochthonous or
transgenic tumor model.

Determine activity in
resected model of
histologic appropriate,
orthotopic tumor with
surrogate analysis.

v

If efficacious 2 positive control

If significant

activity - IND
Submission

Surgical resection of
—p Nistologic appropriate
orthotopic tumor in
combination with
chemotherapy.

Develop PK, ADME,
Path/Tox in mice
bearing a histologic

) appropriate —
orthotopic tumor.

Figure 1. A graphic overview of recommended steps in a screening and developmental strategy for novel therapeutics. This flow chart would be modified based
on the characteristic of the therapeutic under development and would change for targeted molecular therapeutics, immunotherapeutics, and hormonal

therapeutics.

tored leucopenia may prove to be a sensitive measure of
toxicity.

The assessment of organ toxicity should include ani-
mal necropsies at multiple time points after drug admin-
istration and include, but not necessarily be limited to,
two time points, including 24 to 72 hours and 7 to 14 days
after completion of drug administration. Target organ
analysis must include hematopoietic toxicity (PB, BM,
and spleen cellularity), major organ toxicity (lungs, liver,
gastrointestinal, and renal) and other targets as appro-
priate based on the drug profile. Although not a classic
toxicity analysis, this preliminary profile will confirm the
MTD, organ toxicity targets, and the potential recovery
time from toxicity. The latter is critical for insight into the
timing of multiple therapy cycles.

A target tumor histiotype responsive to the therapeutic
under study can be provisionally identified based on
studies using primary human tumor cells. However, these
studies require an understanding of the achievable blood
serum levels (C,..) and the toxicity limitation. Thus, in-
formation obtained from the PK analyses and the MTD
studies is needed to design in vitro and in vivo studies
using primary human tumor cells. The identification of a
responsive human tumor histiotype can then be used to

guide the selection of murine tumors for efficacy analysis.
Importantly, the tumor model used must incorporate the
complexities associated with tumor development and
progression, as well as clinically accepted therapeutic
protocols. Indeed, inappropriate models and drug dos-
ages frequently result in false-positive or -negative re-
sults. Multiple animal models using the targeted tumor
histiotype need to be examined. Transplantable tumor
models should incorporate orthotopic primary tumors,
surgical resection, and subsequent therapy of metastatic
disease. If warranted, confirmation models (autochtho-
nous and/or genetically engineered) should be used to
identify the optimal routes, schedules, doses, and dura-
tion of therapeutic administration. These efficacy studies
can also be used to identify potential surrogate end-
points, including histopathological endpoints to confirm
the expected therapeutic target and to help refine dose
scheduling relative to growth and cell loss fractions.
Thus, one uses a hierarchal approach ending with rigor-
ous autochthonous models and/or GEMs. Last, it should
be noted that a number of drugs have shown different
toxicity in normal and tumor-bearing patients; therefore,
confirming toxicity studies in animals with tumor burdens
may be warranted. Investigational new drug applications
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are strengthened by conducting additional safety studies
in tumor-bearing animals.

This approach to the identification and development of
new drugs is predicated on a rational preclinical cascade
culminating in the demonstration of in vivo proof of prin-
ciple efficacy using appropriate animal models (Table 3).
The proposed pathway follows the outline identified in
Figure 1. Note that dosage translation from mouse to
human needs to reflect skin surface area rather than
body weight. In addition, the route of the administration
can be critical such that i.p. injections, commonly used in
rodent studies, are not used clinically outside of rabies
vaccines and the treatment of ovarian cancer. Further-
more, clinically many of the anti-tumor drugs induce
tissue damage requiring i.v. administration, although in
rodents they may be administered by s.c. or i.p.
administration.

Inarguably, animal models cannot be used to model all
human therapeutics because of the dichotomy in murine
and human receptors; however, murine models can gen-
erally assess their pharmacology and toxicology. In ad-
dition, there are differences in the physiology of murine
models and humans such that different enzymes may
have varying levels of prominence in human disease.
Overall, rodent models have been shown to address
mechanisms of toxicology, pharmacology, and efficacy.
However, in the instances when a protein sequence is
poorly conserved, the human homolog may not be ap-
propriate for preclinical toxicology and pharmacology.
Thus, a murine homolog may be active, but at a different
IC-50 such that a murine homolog may be better used for
pharmacological and toxicological studies. Although of
lesser concern with traditional chemotherapy drugs ob-
tained by medicinal chemistry, biotherapeutics such as
interferon-a and granulocyte macrophage colony stimu-
lating factor have used the murine homolog for toxicolog-
ical and pharmacological studies.

Summary

Translation of a therapeutic into the clinic requires evi-
dence of efficacy and safety as compared with the stan-
dard of care. Furthermore, one needs to use animal mod-
els that parallel the biological, genetic, etiological,
immunological, and therapeutic properties of human can-
cer. To assess clinical relevance, initial studies need to
be based on preliminary pathology and toxicity and
ADME studies to establish drug dose and use a split
dose protocol. In these basic studies, therapeutic targets
can be identified using primary human tumor cell models.
The establishment of therapeutic efficacy requires a hi-
erarchical approach beginning with orthotopic primary
tumors, progressing to the models in which the orthotopic
primary tumor is resected before therapy initiation, and
then finishing with confirmation in autochthonous models
or GEMs. The orthotopic and autochthonous models or
GEMs incorporate homeostatic mechanisms in the organ
microenvironment that regulates tumor cell growth and
survival. Efficacy needs to be justified based on pre-
defined and rigorous outcome criteria and in many in-

stances, surrogate studies are justified. Ideally once ef-
ficacy has been demonstrated, additional pathology and
toxicity studies and PK/ADME should be initiated in tu-
mor-bearing animals, incorporating histopathology,
blood chemistry, and biodistribution analysis. The surro-
gate parameters could include tumor histopathology and
immunohistochemistry (angiogenesis, lymphangiogen-
esis, tumor cell apoptosis, and infiltrating cellular
phenotype).

Although this approach may seem exhaustive, it is
relatively rapid and of minimal expense as compared with
the failure of a candidate drug in phase Il or Il clinical
studies. Traditional murine tumor models result in a high
frequency of false positive(s) as rapidly growing murine
tumors are cured, whereas slower growing human tumors
progress. We suggest, therefore, that a hierarchal strat-
egy using rigorous outcome measures and continuous
improvements in stringency and consistency provides an
approach with the potential to facilitate the identification
and aid in the development of anti-cancer agents.
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