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Abstract

The in vivo hollow fiber assay was developed at the National Cancer Institute (NCI) to help bridge
the gap between in vitro cell-based assays and human tumor models propagated in
immunodeficient mice. The goal was to develop an intermediate assay that could help predict
which compounds found active in the 60-cell line panel would be active in a subsequent xenograft
system. This was necessary due to the high cost of the traditional xenograft assay in terms of
number of animals required, time for assay completion, and financial commitment necessary. To
address this problem, investigators of the NCI Developmental Therapeutics Program designed a
method of propagating human cancer cells in inert hollow fibers with pores small enough to retain
the cancer cells but large enough to permit entry of potential chemotherapeutic drugs, including
large proteins and other important substances. Fibers containing proliferating cancer cells are
transplanted into the peritoneum or under the skin, the host mice are treated with a test agent and
the fibers are subsequently retrieved for analysis of viable cell mass. The assay has been
successful in helping investigators from around the world, including our own research group,
prioritize compounds active in vitro for further testing in the traditional xenograft system.

Introduction

The fine art of anticancer drug discovery has evolved over time from the serendipitous
findings of keenly observant investigators, through empirical animal models of cancer, to
today’s rational design of agents that affect exquisitely molecular targets vital to cancer cell
survival. Perhaps the most famous example of serendipity in anticancer drug discovery was
the effect of the sulfur mustards on white blood cells. During World War I, front line
physicians such as Edward B. Krumbhaar observed that, in addition to the known lethal
vesicant action caused by mustard gas, exposed soldiers also showed dramatic signs of
leukopenia.l:2 Based on these surprising findings, the U.S. Army invested heavily in
research on these compounds both for use in chemical warfare and as potential antileukemia
drugs.3 This work laid the foundation for the development of modern nitrogen mustards
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used in the clinic today. It was an ironic twist of fate that one of the first weapons of mass
destruction would give rise to one of the first successful agents for the treatment of cancer.
Arguably, this is the very antithesis of rational drug design.

Napoleon’s apocryphal assessment of generals notwithstanding, luck is not the most
important predictor of future success on the battlefield or in the field of cancer research.
Therefore, a rational approach is the cornerstone upon which modern drug discovery
programs are built. When the Cancer Chemotherapy National Service Center (CCNSC) was
established at the National Cancer Institute (NCI) in 1955, an empirical approach was
adopted to screen materials. During the early years, a variety of transplantable models of
murine cancer were employed, but by the late 1960s, the majority of natural products
screening was conducted with P388 and L1210 murine lymphocytic leukemias. However,
some cautioned that relying on rapidly growing rodent leukemias during the screening
process might select for compounds that were active only against rapidly growing tumors.#
Detractors pointed to the limited variety of tumor types, rapid growth rate and to the fact that
these sorts of models had only identified about 35 new drugs, primarily alkylating agents,
from the mid 1950s to the mid 1980s.577

During the late 1980s, Boyd and colleagues argued for a fundamental change in the
approach of the NCI for anticancer drug discovery.8:9 The idea was to shift away from the
previous strategy in which chemical diversity was emphasized while the scope of the
biological assays was relatively limited. This strategy was dubbed the “compound-oriented”
approach and was successful at discovering agents that affected pathways important to all
cancer types (e.g., DNA and protein metabolism or mitosis). However, Boyd et al.
hypothesized that many of these leads failed in the clinic because the tumors in patients are
far more diverse than the few rodent tumor models then employed as screens.10 He
suggested that a “disease-oriented” approach, in which candidate compounds are tested
against a wide array of human cancer cell types, might be more successful. Thus was born
the 60 human cancer cell line panel for primary drug screening, which currently includes
lines representing leukemia, melanoma and cancers of the lung, colon, brain, ovary, breast,
prostate, and kidney.8'9 The collective activity pattern of a compound against each of the 60
cell lines constitutes its activity profile or “fingerprint,” which can be queried against the
archived profiles of previously tested compounds using the COMPARE (COMputerized,
PAttern REcognition) algorithm.11 COMPARE analysis can provide important clues to the
mechanism of action of a new agent. For example, a test compound found to have a similar
activity fingerprint to a known drug may share a similar mechanism of action or cellular
target. Conversely, test substances with a unique activity fingerprint may have a unique
mechanism of action.

Before the advent of the hollow fiber assay, compounds found active in the 60-cell panel
were then evaluated in the human xenograft assay. Along with establishing in vitro test
parameters for the 60 cell lines used in the screen, these same lines were studied for their
ability to form tumor xenografts in immunodeficient mice. During the 1970s and “80s,
assays for grafting human cancer cells into immunodeficient mice were established in the
nude mouse, which had recently been discovered, and in the SCID mouse, which was
described in 1983.12:13 Monitoring the growth of human cancers propagated in
immunodeficient mice has since become an important tool to study the anticancer activities
of candidate chemotherapeutic agents.24 Human tumors transplanted to immunodeficient
mice grow readily without the need for immunosuppressive treatments and develop into
tumors that reflect the histologic appearance, karyotype and molecular pathology of the
donor patient’s tumor.1415 In addition, cells isolated from human xenografts and donor
patient’s tumors show similar treatment sensitivities in vitro. Human xenografts also show
organ-specific metastatic patterns similar to those of the donor patient’s tumor.18 Therefore,
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compared to the rodent models, human xenografts offered superior biological diversity
necessary for a disease-oriented screen.

Compounds found active in the 60-cell line panel were then tested for activity in the
xenograft models using tumors that had been derived from the lines showing the most
activity in the in vitro screen. Since the in vitro screen is so much more rapid than the
associated xenograft assay, a backlog of in vitro active compounds accrued. This problem
underscored the need for a means by which these active compounds could be prioritized for
the in vivo assay. Hollingshead and colleagues solved this dilemma by developing the
hollow fiber assay, which serves as a bridge between the in vitro screen and the xenograft
assay. The same cell lines are used in all three assays. The hollow fiber assay is similar to
the in vitro screen in that the assay is rapid and relatively inexpensive. The hollow fiber
assay is similar to the xenograft assay in that the cells are propagated and treated in a mouse
with all of the associated pharmacokinetic, pharmacodynamic and toxicologic dimensions of
an in vivo assay. Furthermore, the hollow fiber assay allows drug metabolism to have a role
in the activity determined. Thus, the hollow fiber assay serves as a filter to help investigators
rapidly and economically select the best leads for further analysis in the xenograft assay,
which is costly in terms of time, money, animals and compound quantity required. Also, the
assay allows investigators to abide by the 3Rs - the ‘replacement’ ‘refinement” and
‘reduction’ of animal use, by decreasing the assay time (refinement) and the number of
animals (reduction) needed for drug discovery.1’=19 Below is a brief description of our
experience with the assay, other uses for this versatile assay outside cancer drug discovery
and some thoughts on future applications.

In Vivo Hollow Fiber Assay as a Tool for Anticancer Drug Discovery at UIC

Between the period 1990-2005, our anticancer drug discovery effort was supported by the
National Cooperative Drug Discovery Group (NCDDG) program of the U.S. National
Cancer Institute (NCI), National Institutes of Health, which fosters broad, multi-disciplinary
approaches to the discovery of new, synthetic or natural-source derived anticancer drugs.2°
Our research group has consisted of teams from The Ohio State University (OSU), the
University of Illinois at Chicago (UIC), Research Triangle Institute (RTI), Research
Triangle Park, North Carolina, and Glaxo Medicines Research Centre, Stevenage, U.K. (for
the period 1990-1995) followed by Bristol-Myers Squibb (B-MS), Pharmaceutical Research
Institute, Wallingford, Connecticut and Princeton, New Jersey (1995-2005). While our
original effort was focused exclusively on plant sources, we have recently substantially
revised our strategy and now include cyanobacteria and filamentous fungi as source
materials for our discovery project, which is currently supported by the program project
(PO1) grant award mechanism of the NCI (2007-2012). Mycosynthetix, Inc. of
Hillsborough, NC has recently joined our consortium and will provide the filamentous fungi
for analysis and biological evaluation. The overall goal of the integrated studies is to
discover novel chemicals for development as cancer chemotherapeutic agents, particularly
for tumors that cannot be cured by present treatment methods. Some of the compounds with
activity in the hollow fiber assay that we have reported over the years are summarized in
Table 1 and Chart 1.

Descriptions of our collaborative work with the former NCDDG project have been
published.21:22 Our original approach to screening of natural product extracts has mirrored
the strategy used at the NCI, which relied heavily on cell proliferation/cytotoxicity assays
and human tumor xenograft approaches. When the hollow fiber assay was developed at the
NCI by Hollingshead et al.23 we adopted it for use in our drug discovery program to help us
prioritize leads for subsequent analysis in the traditional xenograft models.24~34 We have
established growth conditions for cells implanted at the intraperitoneal (ip) and
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subcutaneous (sc) compartments of athymic mice. These lines include the human cancer
cells designated HL-60 (leukemia), HUVEC (umbilical endothelium), Ishikawa
(endometrium), KB, KB-V1 (both epidermal), LNCaP (prostate), Lul (lung), MCF-7
(breast), Mel2 (melanoma), SW626 (ovary) and the murine leukemia line designated P-388.
Several laboratories have published excellent reviews on the technology and methodology of
the assay23:35-40 and the NCI Developmental Therapeutics Program Web site has a
detailed experimental protocol.41

Many different types of cell lines are amenable for use in the hollow fiber assay, and this
versatility is a major strength of the procedure. We have used adherent lines, but cell lines
propagated in suspension also work well. One major criterion is that the cell line is
tumorigenic in immunodeficient mice, which will permit follow up studies using the
traditional xenograft assay. Also, the line must exhibit a minimum proliferation rate within
the fibers over the course of culture in the mouse such that significant differences in cell
mass can be observed over the course of the assay. A range of cell sizes and proliferation
rates among lines can be accommodated by simply altering the number of cells seeded into
the fibers. Hollingshead and colleagues have established the optimal seeding conditions for
many of the cell lines of the 60-cell line panel used for screening at the NCI.3% We have also
optimized the seeding density for the cells used on our projects.24 The range for seeding the
fibers is usually between 2 x 106 and 10 x 106 cells per ml, which translates into about 3 x
10% to 60 x 10 cells per fiber that is Imm in inner diameter and 2 cm long.

As is the practice at the NCI, we propagate all our cells in RPMI-1640 medium
supplemented with fetal bovine serum (5% vol/vol) and 2 mM glutamine at 37 °C in a 5%
COqatmosphere. Cells in late log-phase growth are released from the plastic dish by brief
digestion with trypsin, washed and suspended in medium supplemented with fetal bovine
serum (to 5% vol/vol) at the seeding density predetermined as optimal for the line. The cells
are then gently infused into sterile conditioned?3 polyvinylidene fluoride hollow fibers that
have a molecular weight exclusion of about 500 kDa. The fibers are then heat sealed at two-
cm intervals and cut in the middle of the seals to generate the fibers for study. Prior to
implantation, the fibers are cultured overnight at 37 °C in a 5% CO, atmosphere. On the
following day (designated day zero of the assay) a set of fibers representative of each cell
line under test is evaluated for viable cell mass by a modified MTT [3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide] assay.*? Another set of fibers
remains in culture to confirm sterility. The largest group of fibers is transplanted into
immunodeficient hosts (we use male and female NCr nu/nu mice). For intraperitoneal
implants, a small incision is made through the skin and musculature of the dorsal abdominal
wall of the mouse, the fiber samples are inserted into the peritoneal cavity in a craniocaudal
direction, and the incision is closed with skin staples. For subcutaneous implants, a small
skin incision is made at the nape of the neck to allow insertion of an 11-gauge tumor implant
trocar. The trocar, containing the hollow fiber samples, is inserted caudally through the
subcutaneous tissues and fibers were deposited during withdrawal of the trocar. The incision
is closed with skin staples.

Shnyder and colleagues have recently reported that immunocompetent mice such as NMRI
also can be used, which can significantly lower operating costs.*3 The fibers are available in
several different colors, which facilitates the culture of up to three different cell lines per
mouse. Routinely, we place three fibers ip and three in the sc space of the animal’s back. On
day three, the mice are ready to be treated with test agent. Our standard regimen is to
administer the test compound at two dose levels in four daily ip injections on days 3, 4, 5
and 6 followed by fiber retrieval on day 7. During agent administration, each mouse is
weighed daily and carefully monitored for toxicity, which is objectively determined as a
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20% or greater loss of body weight or subjectively judged by lethargic behavior, scruffy coat
or hunched posture.

Many of the compounds we study in our natural products drug discovery program have
limited solubility in water. This issue can complicate cell free studies but may limit
bioavailability to the point where studies in animals are impossible. Thus, the issue of
solubility is very serious indeed. To enhance the solubility of a wide range of chemical
skeletons, we have employed the technique of co-precipitation with polyvinylpyrrolidone
(PVP). This polymer has excellent wetting properties, is used as a stabilizer in some food
products and is employed in the pharmaceutical industry as an excipient.** Our approach is
to separately dissolve a known mass of the test compound and the PVP in miscible, volatile
solvents, mix the solutions thoroughly, and dry the solvent mixture under vacuum or a
gentle stream of nitrogen gas. The resulting precipitate is dissolved in an aqueous solution
appropriate for the subsequent biological assay. This method has been used by other
laboratories studying the biology of natural products such as reserpine45 and digitoxin.46

The dose levels chosen for each test compound are determined by performing acute toxicity
tests for each agent as described by the Food and Drug Administration47 and the NCI
Developmental Therapeutics Program.#® One mouse is given a single ip injection at 400 mg/
kg body weight; another mouse is administered 300 mg/kg and a third mouse is given 100
mg/kg. The mice are observed for two weeks and sacrificed if they lose 20% or more of
their body weight or exhibit outward signs of toxicity as indicated above. If all three mice
die or must be sacrificed, three lower doses (e.g., 50, 25 and 10 mg/kg) are tested. The
process is repeated until the maximum tolerated dose (MTD) is identified. We routinely use
40% of the single-dose MTD as the highest dose in our 4-daily-dose treatment schedules.
The initial level of exposure that we choose for the acute toxicity study is based on the
activity of the compound in cell cytotoxicity tests. For example, one of the compounds we
have studied recently, silvestrol (13), exhibited an EDsq of about 3 nM in our cell line
screens at the University of Illinois at Chicago and in the 60-cell line panel at NIH. This
concentration translates into about 2 ng/mL or 2 pg/kg (1 ml weighs 1 g) for cells
continuously exposed to silvestrol for two days. Based on these data, we conducted acute
toxicity testing with a high dose of 10 mg/kg. Ultimately, silvestrol demonstrated an MTD
of 2.5 mg/kg ip in the mouse.28

On day 7 of the experiment, all mice are sacrificed, and the fibers are retrieved. Necropsies
are performed on each mouse to assess and record gross toxicity to major organs. The fibers
are then placed into 6-well plates, with each well containing culture medium and allowed to
equilibrate for 30 min at 37 °C. The viable cell mass contained within each hollow fiber is
determined with a MTT [3-(4,5-demethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]
dye conversion method.23:24:42 After incubating suitable aliquots of the culture medium
and the MTT solution for 4 hours, the culture medium is removed, and 2.5% protamine
sulfate solution added, with the plates stored at 4 °C for 2—4 h. To assess the optical density
of the samples, fibers are transferred to 24-well plates, cut in half, and dried overnight.
Formazan is then extracted from each sample with DMSO for 4 h on a rotation platform.
Aliquots of the extracted formazan are then transferred to individual wells of 96-well plates
and assessed for optical density at 540 nm. The percent net growth for each cell line in each
treatment group is calculated by subtracting the day-zero absorbance from the day 7
absorbance and dividing this difference by the difference between the net growth in the day
7 vehicle-treated controls minus the day-zero values. A 50% or greater reduction in net cell
growth in the treated samples compared to the vehicle control samples is considered a
positive result.
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Additional Applications of the Hollow Fiber Assay

The focus in our laboratories has been the discovery of natural product inhibitors of cancer.
22,24-28,30-34,49 However, the simplicity and versatility of the hollow fiber assay lends
itself to other applications. For example, we have explored the potential of natural products
to modulate the multidrug-resistant phenotype of cancer cells.49 Further, many types of
mechanistic experiments that can be conducted in vitro on a given cell line can be extended
to the in vivo setting using this assay. Along these lines, Hall and colleagues have used the
hollow fiber assay to study the effects of cell cycle inhibitors on Rb expression and
phosphorylation and PCNA expression.37 Temmink and colleagues used the model to study
the in vivo role of thymidine phosphorylase/platelet-derived endothelial cell growth factor in
the cytotoxicity and pharmacodynamics in colon cancer cells of a formulation of
trifluorothymidine and a thymidine phosphorylase inhibitor.>0 Sader et al. have adapted the
assay to study the molecular events involved as a human prostate cancer cell line (LNCaP)
progresses to hormone independence.®! Below are summarized some of the most commonly
used applications of the hollow fiber assay.

Screening for Anti-HIV Activity

One of the first applications of the hollow fiber assay was as a tool for anti-human
immunodeficiency virus (HIV) drug discovery.52 Overall, the procedure is very similar to
the method used for the anticancer assay with several key differences. One difference is that
the fibers are filled with human lymphoid CD4 positive cells (designated CEM-SS).
Hollingshead and colleagues have demonstrated that CEM-SS cells can proliferate in the
PVDF fibers cultivated either sc or ip in severe combined immunodeficient (SCID) mice
while supporting HIV replication as judged by reverse transcriptase activity.52 Another
difference is the treatment rotocol, which begins immediately prior to fiber implantation and
continues every 8 hours (usually by ip injections) until day 6. The mice are sacrificed on day
7 and blood, peritoneal wash and fibers are harvested for analysis. When SCID mice
implanted with fibers harboring HIV-infected CEM-SS cells were treated with the AIDS
drugs 3’-azido-3’-deoxythymidine (AZT) or dideoxycytidine (ddC), cell proliferation was
inhibited and HIV production was suppressed.52 Finally, more endpoint analyses are
conducted for the HIV hollow fiber SCID mouse assay than for the anticancer version of the
procedure. In addition to the stable endpoint MTT assay to measure CEM-SS cell viability,
p24 antigen and reverse transcriptase are measured to assess HIV protein and activity,
respectively.

The purpose of the HIV hollow fiber SCID mouse assay is the same as the purpose of its
anticancer counterpart: to provide a relatively low cost, high throughput in vivo screen for
preliminary evaluation that can help investigators better prioritize compounds for
subsequent, well established assays that are costly assays in terms of time, compound
required, animals needed and financial commitment. In the case of HIV drug discovery, the
HIV hollow fiber SCID mouse assay serves as a filter for compounds to be tested in the
SCID/hu (Thy/Liv) model. Since HIV does not infect rodent cells, human hematolymphoid
organs that can support HIV replication are implanted in immunodeficient hosts such as
SCID mice.53755 In this model, about 1 mm3 of human fetal thymus and liver tissue (or
other tissue sources of hematopoietic progenitor cells) that can support HIV replication, are
implanted under the renal capsules of SCID mice. Three to five months later, exploratory
surgery is performed to determine if the tissues grew to a minimum of 30 mm3 and, if so,
treatments are initiated and the transplanted tissues are injected with virus.56 The HIV
hollow fiber SCID mouse assay is much faster, requires fewer surgeries and is simpler than
the SCID/hu assay. Therefore, this model can be used as a pharmacologic gatekeeper to help
separate active and inactive agents and select the best lead compounds for further animal
model testing such as the SCID/hu assay.
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Monitoring Molecular Pathways by Bioluminescence

Bioluminescence has emerged as a highly sensitive and quantitative technique to measure
biological processes within cells and, more recently, within whole animals.>” Research in
imaging technologies such as bioluminescence has been intense in recent years and has
yielded significant improvements. Bioluminescence imaging is highly sensitive,
quantitative, non-invasive, and allows for longitudinal studies before, during and after
treatment. At the core of the technique is the oxidation of a luciferin by a luciferase enzyme,
a reaction that releases energy in the form of light at around 562 nm. There are many
luciferins and luciferases that occur in microbes, marine organisms, and insects. The most
commonly used luciferin in biomedical research is a benzothiazole isolated from the male
firefly (Photinus pyralis). Bioluminescence is used to track cells within an animal or
monitoring gene expression within cells. For example, a subline can be cloned from a
tumorigenic cancer cell line, stably transfected to express firefly luciferase and subsequently
inoculated into an immunodeficient mouse using the same procedures as the xenograft
model or the hollow fiber assay. HollFingshead®®:>° and others60:61 have shown that the
progress of tumor growth can be monitored by bioluminescence detection well before the
tumors are even palpable, let alone measurable by calipers. To image the tumor cells that
constitutively express luciferase, the mice are given a single ip injection of luciferin and
imaged about an hour later. Thus, the procedure is simple, rapid and multiple mice can be
imaged simultaneously. The resulting bioluminescence is capable of penetrating the hollow
fibers, thereby permitting investigators to monitor the growth of cells in the fibers over the
course of a hollow fiber assay.58761 Companies such as Caliper Life Sciences (Hopkinton,
MA) manufacture sensitive imagers as well as biologic reagents, such as cancer cells stably
transfected with luciferase. In addition to following the fate of cancer cells inoculated into
immunocompromised mice, bioluminescence can be used to track the activity of specific
biochemical pathways in cancer cells propagated in hollow fibers. Zhang60:61 and olleagues
at Merck Research Laboratories used bioluminescence imaging of cells propagated in vivo
in hollow fibers to monitor the nuclear factor KB (NF-«xB) pathway in vivo. Activation of
NF-xB by lipopolysaccharide and tumor necrosis factor-o was stimulated in tumor cell lines
genetically engineered to express luciferase controlled by an NF-xB -responsive element.
These results demonstrate that optical imaging of hollow fibers containing reporter tumor
cells can be used to evaluate antitumor activities of anticancer drugs and for measurement of
specific molecular pathways.

Modeling Solid Tumors in Vitro

Another interesting application for the hollow fiber assay is to allow cells propagated within
the fibers to proliferate beyond a monolayer of cells adherent to the polyvinylidene fluoride
surface of the fiber. Casciari et al.3®> and Hassan et al.52have shown that if the fibers are
seeded with a high number of cells, or if the fibers are propagated in vitro for an extended
period of time, the fibers can become completely filled with cancer cells, thereby modeling,
to some degree, a solid tumor mass. Once the fibers” inner volume is filled with cells, the
cell proliferation rate drops significantly, but the cell mass is maintained.52 This model has
several important characteristics. First, it addresses a concern that screening substances
through a panel of rapidly proliferating cells in suspension or adherent culture may select for
agents that can treat rapidly growing tumors, but not the many relatively slow growing solid
tumors for which there are currently few treatment options. Recall that the rapid growth rate
of the rodent tumor models used by the CCNSC was considered a weakness of those
systems.>~7 Another advantageous characteristic is that the three-dimensional architecture of
the cells in the fiber mimics the special orientation of cancer cells in a natural tumor and the
types of barriers that anticancer drugs must penetrate to access cells at the core of a small
neoplasm. Also, this system is amenable to the use of primary cells derived from a patient’s
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tumor. Selection for cells that can propagate on plastic or glass is minimized affording
investigators additional experimental options for evaluating clinical specimens.

Angiogenesis

A concern about the hollow fiber assay is that, compared to fibers implanted ip, the fibers
implanted at the sc site provide a less accurate prediction of the subsequent success or
failure of a compound in the xenograft assay.63 One reason for this discrepancy is that the
7-day period during which the fibers are implanted in the host is not enough time for the
fibers to become vascularized. Phillips et al. hypothesized that, given sufficient time,
angiogenesis would be stimulated by the cancer cells within the fibers.64 To test this idea,
these investigators designed experiments in which hollow fibers containing murine colon
adenocarcinoma cells (MAC 15A) or medium only were implanted subcutaneously. At
various time points between 4 and 32 days, the mice were sacrificed, the skin was peeled
back to reveal the fibers, and gross vascularization around the fibers was documented by
photography. The results indicated that between 7 and 32 days post implantation, substantial
vascularization was stimulated toward hollow fibers that contained the cancer cells, but not
the cell-free control fibers. The degree of vacularization can be quantified if the blood vessel
number is scored in paraffin embedded tissue sections.65 Hasan and colleagues used this
approach to demonstrate that heparin oligosaccharides inhibit the angiogenesis induced by
large cell lung cancer cells (NCI-H460) that express high levels of vascular endothelial
growth factor, a potent inducer of angiogenesis.66 In addition, Fu et al showed that the
retinoid X receptor ligand LGD1069 can inhibit angiogenesis stimulated by a combination
of A549 (human lung carcinoma), MCF-7 (human breast adenocarcinoma) and HT-29
(colorectal adenocarcinoma) human cancer cells propagated in hollow fibers over a period
of 21 days.67

These experiments demonstrate that it takes at least a week for cancer cell-containing hollow
fibers to stimulate new blood vessel growth when implanted in the sc space. Phillips et al.
proposed that this lack of vascularization during the brief period of the standard hollow fiber
assay may account for the relative lack of activity of most compounds against cells in fibers
implanted sc compared to cells in fibers implanted ip84 To test this hypothesis, these
investigators compared the doxorubicin susceptibility of MAC 15A cells that had been
propagated in hollow fibers implanted in mice for either 4 days (no observable
vascularization) or 28 days (well vascularized). Doxorubicin was significantly more active
against cells in fibers that were vascularized compared to cells in fibers that were not
vascularized.54 These results suggest that a lack of activity in fibers implanted sc may yield
a false negative in some instances due to impaired drug delivery. Nonetheless, the system
has utility and, as with all models, strengths and limitations must be taken into account.

Summary and Conclusions

The hollow fiber assay was originally designed by Hollingshead and colleagues to provide a
means of efficiently prioritizing compounds found active in the 60-cell line panel for
subsequent analysis in the human tumor xenograft assay.2® The assay has successfully met
this goal. In 2001, the NCI published a study designed to test how predictive the hollow
fiber and the xenograft assays were for the discovery of effective clinical agents.% Thirty-
nine agents that had progressed through phase 11 trials and that had been tested in the tumor
xenograft assay were evaluated.53 Compounds that showed in vivo activity in at least one-
third of xenograft models tested also demonstrated activity in some Phase 1l trials, which
underscores the utility of the xenograft assay for predicting clinical activity. These
investigators also compared the activity of 564 compounds in the hollow fiber assay and
tumor xenograft models. The result indicated that the likelihood of finding xenograft activity
in at least one-third of the models rose with increasing ip hollow fiber activity, from 8% for
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all compounds tested to 20% for agents active in more than 6 fibers implanted ip.
Intraperitoneal hollow fiber activity was also found to be a better predictor of xenograft
activity than sc hollow fiber activity. These findings were confirmed and extended in a
subsequent analysis of 690 compounds tested in both models.36 The authors concluded that
activity in hollow fibers implanted ip is a useful predictor of subsequent activity in the
xenograft assay. A similar conclusion was drawn by Voskoglou-Nomikos et al in the
Canadian NCI review of the utility of the xenograft model in predicting clinical efficacy.
68Furthermore, as discussed above, the hollow fiber assay is reasonably simple, rapid and
affords investigators the ability to advance compounds through the drug discovery process
in a manner that minimizes the use of animals, which is a significant advancement from an
animal welfare standpoint.1’~12 Therefore, the assay has successfully fulfilled the mission
for which it was originally designed.

The hollow fiber assay has been incorporated into the drug discovery programs of many
laboratories around the world including Argentina,® Austria,’® France,’! Germany,’2 India,
T3italy,”4"8 New Zealand,”® Poland,89:81 Spain,82:83 Sweden,84 and the United Kingdom.
85-891_aboratories that focus on chemical synthesis or on natural roduct isolation and
structure elucidation usually choose to have their compounds tested by the NCI rather than
have the assay set up in their own laboratories. This underscores the multidisciplinary and
collaborative nature of drug discovery and emphasizes the important role that the NCI plays
in the drug discovery efforts of academic laboratories.

It has been nearly 20 years since the disease-oriented 60-cell line panel was launched by the
NCI for anticancer drug discovery. Over that period of time, great strides have been made to
understand the molecular basis of cancer. The success of drugs such as imatinib mesylate
(Gleevec®), which interact with specific molecular targets within the cancer cell,
demonstrates the need to continue to develop targeted therapies for the treatment of the
many forms of cancer. The current trend is to screen libraries of compounds against
validated molecular targets critical for neoplastic transformation or vital to the survival of
the cancer cell. The initial screen is typically conducted using a cell-free, high-throughput
system. Active leads are pursued using cell-based systems in which the target has been
shown to be vital to cell survival. Ultimately, lead compounds are tested in animals, often in
the xenograft assay using tumors derived from the same cell line used for the in vitro
studies. As key molecular targets are discovered and validated, mice are genetically
engineered such that dysregulation of the target contributes to tumor formation that mimics
the pathogenesis observed in man. What role might the hollow fiber assay play in this
“target-oriented” approach to cancer drug discovery? It is clear that, for the foreseeable
future, all drugs will need to be carefully tested for efficacy and safety in animals prior to
clinical evaluation. The flexibility, efficiency and economy of the hollow fiber assay make
this technique well suited to bridge the gap between a wide range of in vitro studies and
many different types of animal studies.
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