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To date, random anticancer drug screening has proven
to be relatively inefficient and non-specific with respect
to selecting active compounds for most tumor types
(except for leukemia/lymphoma). Aithough large num-
bers of compounds from diverse sources were evaluated
for many years in the P388 mouse leukemia model, only
a few clinically useful drugs have been identified by this
in vivo screening method. Thus, there is intense interest
in the development of more effective in vitro screening
models for new anticancer drugs. In the present paper
we have compared the discriminating power for fresh
human tumors from patients, human tumor cell lines
developed from 11 patients and murine P388 leukemia in
tumor colony forming assays as indicators of cytotoxicity
for a series of anthracene antitumor agents. Two of a
series of 21 novel bisantrene analogs, R6 (N,N'-bis[2-
(dimethylamino)ethyl]-9,10-anthracenebis (methylamine))
and R26 (N,N’-bis(1-ethyl-3-piperidinyl)-9,10-anthracene-
bis(methylamine)) produced significant cytotoxicity
against the 11 human tumor cell lines and were therefore
selected for additional in vitro and in vivo studies. R26
was specifically selected for further testing since it had
similar in vitro potency as mitoxantrone, but showed no
cross-resistance against mitoxantrone-resistant WiDr co-
lon or doxorubicin-resistant 8226 myeloma cell lines. In
contrast to the cell line data, only one of the 22 fresh
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human tumors showed significant in vitro sensitivity (i.e.
<50% survival of tumor colony forming units) to either
R6 or R26 tested at high concentrations. Both of these
bisantrene analogs also proved inactive at 1.2-1.6 uM
concentrations against P388 leukemia in vitro, whereas
mitoxantrone and bisantrene were highly active in this
model at a concentration of 0.2 M. In order to compare
the in vitro data with antitumor activity in vivo, R26, the
most active bisantrene analog, and mitoxantrone, the
most active of the two anthracene parent com-
pounds, were tested against P388 leukemia and M5076
ovarian sarcoma in mice. In both models mitoxantrone
showed significant activity whereas R26 produced
minimal or no antitumor effects. We conclude that fresh
human tumors, but not defined human tumor cell lines,
predict the in vivo cytotoxicity of a series of anthracene
anticancer agents. Although this conclusion may not
apply to the screening of other classes of antitumor
agents, we propose an in vitro screening process which
first utilizes numerous human tumor cell lines of many
different biologies (to screen a large number of
new compounds each year), followed by confirmatory
tests in fresh human tumors using colony forming assays
to screen up to a smaller number of 1000 compounds.
Finally, appropriate in vivo tumor models based on
histologic specificity would be used to screen a few
consistently active new compounds for advancement
to clinical trials. Thus, the first screening stage would be
highly sensitive and non-specific, the second in vitro
stage more specific and the third in vivo stage relevant
by histologic tumor type.
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introduction

The screening program for cytotoxic anticancer
agents continues to undergo re-evaluation and
change at the National Cancer Institute (NCI) and
elsewhere. Emphasis has been placed on improving
the specificity, rapidity and cost-effectiveness of
drug screening. Under NCI sponsorship from the
mid-1950s to the mid-1980s random antitumor
screening of as many as 15,000 compounds per year
from diverse sources was completed in mice bearing
P388 leukemia intraperitoneally.! Unfortunately,
only a few clinically useful anticancer drugs have
been identified by this screening method.

During the 1980s, new i vitro systems, including
human tumor colony forming assays in soft agar,
were developed to try to improve the predictive
power of initial activity screens to differentiate
active and inactive compounds. The human tumor
colony forming assay (HTCA)™ was subsequently
validated in a series of clinical trials and was
associated with a 91% true negative and a 61% true
positive incidence of predicting anticancer drug
resistance and sensitivity, respectively.* "

The HTCA has been used to identify specific
tumor types for phase II testing of both new
cytotoxic agents'* "> and for selecting active analogs
of existing compounds.'®!” Additionally, the NCI
sponsored studies to determine whether HTCA
results from fresh human tumors compliment data
obtained in in vive screening models concerning
cytotoxic drug activity.'* A major interest focused
on the use of the HTCA to select drugs for further
preclinical development which were specifically
inactive iz vivo against P388 leukemia.

Encouraging eatly results were obtained in the
initial HTCA drug screening tests with fresh
tumors.'®® However, the NCI drug screening
program is now primarily using human tumor cell
line cytotoxicity data to select new compounds for
further preclinical testing®”' and an emphasis on
fresh human tumor testing has diminished. A series
of studies has compared various strengths and
weaknesses of in vitro drug screening using human
tumor cell lines vs fresh human tumors™ * and the
current findings suggest continued utility for assays
using fresh human tumors. The present paper
compares cloned fresh human tumors, human
tumor cell lines and murine P388 leukemia assays
as predictors of in vitro cytotoxicity for a series of
anthracene antitumor compounds.
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Materials and methods
Drugs

Bisantrene and mitoxantrone were supplied by
Lederle Laboratories (Peatl River, NY). A series of
21 novel analogs based on anthracene and
bisantrene were synthesized by TP Wunz and WA
Remers (Tucson, AZ).* Purity >98% was
confirmed by NMR spectroscopy. Two of these
analogs which showed remarkable activity /» vitro,®
R6 and R26, were used in this study. Drugs were
reconstituted in normal saline (mitoxantrone, R6),
5% dextrose in water (bisantrene) or dimethyl
sulfoxide (R26). Drug aliquots were frozen and
stored at —80°C until use.

Human tumor clonogenic assay

The HTCA was carried out with minor modifica-
tions as described by Salmon and Hamburger for
epithelial cancers of the ovary.*? " Cells were
exposed for 1 h to varying concentrations of drugs,
ranging from 0.01 to 200 uM, so that at least a 1 log
dose-response curve could be constructed. Defini-
tion of /n vitro chemosensitivity was based on
calculation of the percentage of tumor colony
forming units (TCFUs) in drug-exposed plates
relative to those in control plates at drug
concentrations which represented 1/10 of the
cumulative plasma exposure i vivo (1.e. ~0.1 X
the /# vivo plasma concentration - time product).”
New agents were tested at a range of 1 h
concentrations which reduced survival to <10%
of controls. Sensitivity to a specific drug was
defined as <50% survival of TCFUs.

Human tumor cell lines

Colon cancer cell lines (Colo 205, HCT 15, LoVo,
DLD-1, COLO 320 DM and SW 480) were
obtained from the American Type Culture
Collection (ATCC, Rockville, MD). An ovatrian
cancer cell line (UACC 66) was obtained from A
Leibovitz (Arizona Cancer Center, Tucson, AZ).32
The WiDr (sensitive) and WiDr (mitoxantrone-
resistant, passage 232) cell lines were obtained from
R Wallace (Medical Research Division, American
Cyanamid, Pearl River, NY). Myeloma cell lines,
8226 (sensitive) and 8226 (40-fold doxorubicin-
resistant) were obtained from WS Dalton (Arizona
Cancer Center, Tucson, AZ).>



Cell lines were maintained in RPMI 1640 (Irvine,
Santa Ana, CA) supplemented with 10% fetal
bovine serum (FBS), penicillin (100 units/ml),
streptomycin (100 ug/ml) and L-glutamine (2
mM), (Sigma, St Louis, MO), and incubated at
37°C in 5% CO,. All cell lines with the exception
of Colo 205, COLO 320 DM and myeloma 8226,
grew as monolayers and were harvested with
trypsintEDTA (0.025%, Gibco, Grand Island,
NY). The Colo 205 and COLO 320 DM grew
attached and in suspension and wete mechanically
removed from flasks. The 8226 cell lines grew as
suspensions. Cell lines were used no more than four
passages from the frozen stock.

Murine cell line

P388, mouse lymphocytic leukemia (ATCC
501490), was obtained from the NCI-Fredrick
Cancer Facility, DCT Tumor Repository (Fredrick,
MD). Cells were maintained in supplemented serum
RPMI 1640 at 37°C in 5% CO,. Cells grew as a
suspension.

Human tumor cell line clonogenic assays

All cell lines were harvested in an exponential
growth phase and processed to a single cell
suspension. The number of cells used in the
Hamburger—Salmon clonogenic assay ranged from
5000 to 20,000 cells per 35 mm tissue culture dish,
depending upon the plating efficiency of the
individual cell line. Table 1 shows the doubling

Table 1. Doubling time and plating efficiencies for 11
human tumor cell lines used as a pre-screen for cytotoxic
activity of a series of anthracene anticancer drugs

Doubling Plating

time (h) efficiency (%)
COLO 320 DM 37 13
DLD-1 40 30
Colo 205 25 14
HCT 15 41 8
SW 480 45 26
LoVo 48 8
WiDr (sen.) 31 22
WiDr (mitoxantrone-resist.) 33 7
UACC 66 48 5
8226 (sen.) 27 24
8226 (doxorubicin-resist. x 40) 28 12
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time and plating efficiencies for the 11 cell lines used
in pre-clinical studies of the anthracene compounds.

Frozen drug aliquots were thawed and immedi-
ately diluted to appropriate concentrations with
normal saline. Final DMSO concentrations were
never greater than 0.1% for a 1 h drug exposure
(vehicle controls were included in all assays).

Drug incubations were done at 37°C for 1 h in
serum-supplemented RPMI 1640. Concentrations
ranged from 10 puM to 0.012 or 0.0012 uM
incubated with sufficient numbers of cells so that
the clonogenic assay could be plated in triplicate for
each of the drug concentrations and controls. After
drug incubation, cells were washed twice with 5 ml
of McCoy’s 5A (Irvine, Santa Ana, CA) supple-
mented with 2% FBS, penicillin (100 units/ml) and
streptomycin (100 units/ml) and plated as previ-
ously described.>*?’ Plates were incubated for 7-10
days at 37°C in 5% CO,, after which 1 ml of
1 mg/ml INT (2-p-iodophenyl-3-(p-nitro-phenyl)-
5-phenyltetrazolium chloride) (Pfaltz and Bauer,
Stamford, CT) stain”’ was added to plates for 24 h.
Colonies >60 pu were then enumerated by an
automated image analyzer (FAS II Omnicon®,
Bausch and Lomb, Rochester, NY).” Bisantrene
and mitoxantrone were included in each experiment
as positive cytotoxic controls.

Fresh human tumor clonogenic assays

Tumors were received from local cancer surgeons
in transport media (McCoys 5A, Irvine, Santa Ana,
CA) supplemented with 10% FBS, penicillin (100
units/ml), streptomycin (100 pg/ml) and transferrin
(0.01 mg/ml) (Sigma, St Louis, MO).

Samples were minced into 2-3 mm pieces and
then further digested with 8 ml of 0.15% type I
collagenase, 0.015% DNase mixture (Sigma, St
Louis, MO) and 8 ml of hypo-osmotic media®” in a
stirring flask at 100 rpm for 1.5 h at 37°C. The
digest was then filtered through an 80 pm mesh
Nitex™ fiber filter (Tetko, Monterey Park, CA)
and washed with McCoys 5A supplemented with
10% FBS. The resulting cell suspension was
examined and if cell clumps were present, the
suspension was passed through a 30 ¢t Nitex mesh.
If necessary, a 25 or 30 u mesh filtration was then
used to obtain a single cell suspension. One
modification in the original Hamburger-Salmon
clonogenic assay*****" involved the use of sea
plaque agarose (Sigma, St Louis, MO) in place of
agar.
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In contrast to the 1 h drug exposures used with
the human tumor cell lines, the anthracene
compounds were mixed with the fresh tumor cell
suspensions in supplemented RPMI 1640 and added
to the upper agarose layer to facilitate continuous
drug exposure.® Large cell types (>20 p in
diameter) were plated at approximately 2 x 10° cells
per plate, while cells <20 p were plated at
2.5-3 x 10° cells per plate. Plates were incubated
for 7-21 days at 37°C in 5% CO,, stained with INT
stain'® and colonies counted on the FAS II Image
Analyzer. The plant lectin, Abrin (Sigma, St Louis,
MO) was used as a positive control in each
experiment.

Mice

Eight- to 10-week-old mice were obtained from
Jackson Laboratories, Bar Harbor, ME (male
DBA/2]) and from Charles’ River, Portage, MI
(female CD2F1 and female B6C3F1).

Mouse tumor models

In vive mouse studies were performed at the Arizona
Cancer Center and at the Southern Research
Institute, Birmingham, AL, under a contract with
Dr Daniel Griswold.

P388 leukemia. Approximately 4.4 x 10° cells were
implanted into the intraperitoneal space on day 0 in
male DBA/2]} or female CD2F1 mice. Mitoxantrone
(1.8 and 2.7 mg/kg) and the R26 anthracene analog
(44, 67, 100 and 125 mg/kg) were injected ip on
days 1, 5 and 9. The anthracene analog R6 (30, 60,
70, 80, 90 and 100 mg/kg) was injected ip once on
day 1 or daily for 5 consecutive days on days 1-5.
Control groups of 10 mice received ip saline on days
1, 5 and 9 or daily on days 1-5. Doses for
compounds R6 and R26 were determined by initial
toxicology studies in non-tumor-bearing DBA/2]
ot CD2F1 mice.”

M5076 ovarian sarcoma. Cells were obtained from a
tumor repository at the Southern Research Institute
and were administered subcutaneously into the
flank of BO6C3F1 female mice by Dr Daniel
Griswold and investigators to evaluate the relative
antitumor activities of mitoxantrone and compound
R26. Both mitoxantrone (1.8 and 2.7 mg/kg) and
compound R26 (30, 44, 67 and 100 mg/kg) were
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injected ip on an every 4-day (X3 injections)
schedule.

Results
Human tumor cell line clonogenic assays

Two of the series of 21 novel bisantrene analogs,
R6 (IN,N'-bis[2-(dimethylamino)ethyl]-9,10-anthra-
cenebis(methylamine)) and R26 (IN,N’-bis(1-ethyl-
3- piperidinyl)- 9,10 - anthracenebis(methylamine))*
proved significantly cytotoxic /# vitro against the 11
human tumor cell lines and were therefore selected
for additional in witro and in wive studies. The
chemical structures of bisantrene, mitoxantrone and
these two bisantrene analogs are shown in Figure
1. R6 and R26 represent two anthracenes from a
series of bis[[2-(dialkylamino)-ethyl]amino]methyl
derivatives of bisantrene which were produced by
modifying bisantrene’s alkyl-hydrazone side chain.
Alterations involved changes in the heteroatom, the
degree of unsaturation and the length of the alkyl
chain separating the anthracene nucleus from the
basic centers in the side chains.?®

The in vitro 1C5y uM concentrations (i.e.
concentrations of drug associated with inhibition of
50% of TCFUs of bisantrene, mitoxantrone, R6 and
R26 against each of 11 human tumor cell lines are
shown in Table 2. R26 had similar potency to
mitoxantrone, but showed no cross-resistance
against the mitoxantrone-resistant WiDr colon or
doxorubicin-resistant 8226 myeloma cell lines.
Although R6 was less potent than R26, it was
considerably more cytotoxic than bisantrene against
six of the 11 lines.

P388 leukemia cell line clonogenic
assays

Both mitoxantrone and bisantrene proved highly
potent iz wvitro against P388 leukemia colony
forming units at all concentrations tested (Table 3).
In contrast, R6 and R26 were inactive at <0.16
MM and only minimally active at >1.2 uM
(continuous exposure) against P388 murine leuk-
emia in vitro.

Fresh human tumor clonogenic assays

Tyventy-two fresh human tumors were tested /n vitro
with R6 (0.16 and 1.6 uM) and R26 (0.12 and
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Figure 1. Chemical structures of the anthracene compounds mitoxantrone, bisantrene and the bisantrene analogs R6

and R26.

1.2 uM) by continuous exposure (Table 4). Only
one of these tumors showed sensitivity (i.e. <50%
survival of TCFUs) to either of the bisantrene
analogs (i.e. R26 against one ovarian cancer). The
10 melanomas, seven breast cancers and five lung
cancer specimens were insensitive to both R6 and
R26.

Mouse tumor model studies

The majority of the /# vivo studies were designed to
evaluate the antitumor activity of anthracene analog
R26, because this compound proved 5- to 100-fold
more potent than compound R6 77 vitro against 10
of the 11 different human tumor cell lines (Table

Table 2. Inhibitory concentrations in 50% of cells {IC) associated with the in vitro cytotoxicity of four anthracene
anticancer agents against 11 different human tumor cell lines®

Tumor cell Bisantrene Mitoxantrone Analog R6 Analog R26
line (M) (1M) (1M) (#M)
DLD-1 (Colon}) 273 0.06 0.23 0.03
HCT 15 (Colon) UA® 0.12 0.34 0.04
LoVo (Colon) 2.4 NT 0.14 0.02
Colo 205 (Colon) 0.21 0.01 <0.01 <0.01
COLO 320 (Colon) UA 0.01 0.05 0.01
SW 480 (Colon) 1.57 0.056 0.14 0.02
WiDr-S (Colon) 0.42 0.04 023 0.01
WiDr-R (Colon) 0.53 0.77 0.23 0.02
UACC 66 (Ovarian) 0.74 0.09 1.82 0.02
8226-S (Myeloma) 0.16 0.02 0.19 0.01
8226-R (Myeloma) UA 0.06 NT 0.02

2 Mean continuous exposure in colony forming assays in soft agar (n = 3).

b UA, unachievable ICs, at concentrations tested; NT, not tested.
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Table 3. Activity of anthracene compounds against P388
leukemia colony forming units (CFU) in soft agar (n = 3)

Anthracene % Survival of CFUs

(conc. tested by

cont. exposure) 0.1 1.0 10
ug/mi ug/ml ug/mi

Mitoxantrone <1 <1 <1

(0.19-19 uM)

Bisantrene 0 0 0

(0.21-21 uM)

R6 100 88 0

(0.16-16 uM)

R26 100 47 NA®

(0.12-12 uM)

NA, data not available.

Table 4. Number of fresh human cancers sensitive® to
anthracene compounds in the human tumor clonogenic
assay

Cancer R6 R26
Ovarian 0/8 117
Melanoma 0/5 0/5
Breast 0/3 0/4
Lung NT® 0/5

# <50% survival of tumor colony forming units at drug
concentrations of 0.1 or 1.0 ug/mi by continuous exposure.
" NT, not tested.

2). Compound R26 was compared with the
anthracene compound mitoxantrone because of
identical 7n wvitro potency characteristics’® and
because R26 was active against the mitoxantrone-
resistant WiDr cell line (Table 1).

P388 leukemia. R6 doses of 30-100 mg/kg (ip) were
injected once, or daily for 5 days. The 90 and 100
mg/kg single doses were associated with early
deaths. There was a 25% increase in life spans
(%ILS) at 60 mg/kg (daily X 5 schedule) and 35%
ILS with 80 mg/kg (daily x1 schedule). These
%ILS data suggest marginal antileukemic activity
for compound R6. No leukemic mice were cured
by R6 in experiments performed at the Arizona
Cancer Center.

%ILS data, survival durations and approximate
log;, changes in tumor burden for mitoxantrone
compared to R26 in P388 leukemic CD2F1 mice
(Southern Research Institute) are shown in Table
5. A limited R26 sutvival study in non-tumored
CD2F1 mice suggested an optimal non-toxic dose
of 67 mg/kg administered ip three times at 4-day
intervals. In leukemic mice this produced a 33%
ILS over that of control mice, whereas mitoxan-
trone produced 152% ILS. It is estimated that there
were about 4 x 10° P388 leukemia cells when
therapy was initiated 24 h post-implant. These data
indicate that mitoxantrone reduced the tumor
burden by about five orders of magnitude, while
R26 blocked the leukemia cell increase by neatly
two orders of magnitude.

Table 5. Comparative activity of mitoxantrone and anthracene analog R26 against P388 leukemia in CD2F1 mice

Therapeutic response?

Treatment Median Approx. Approx. log
ip; days 1,5, 9 no. of cells change in tumor
alive at end burden at end
Agent Dosage Day of % of experiment of experiment®
(mg/kg/dose) death ILS
Control (untreated) 10.5 — — —
R26 125.0 2.0 —81 Toxic
100.0 7.0 —34 Toxic
67.0 14.0 +33 2.1 x 108 +1.7
44.0 13.5 +28 2.5 x 108 +1.7
Mitoxantrone 27 26.5 +152 33 —-51
1.8 20.0 +90 4.8 x 10° -1.0

® Based on median day of death. Historical doubling time of 0.47 day was used in estimating cell kill and the number of cells alive at

end of experiment.

® Log,, change = net log change in viable tumor cell population at the end of treatment as compared to the start of treatment; e.g. a

—6 log change means that there was a 99.9999% reduction and a +3 log change means there was a 1000

burden at the end of treatment.
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M5076 ovarian sarcoma. Compound R26 and
mitoxantrone were tested ip against M5076 ovarian
sarcoma implanted subcutaneously in the mouse
flank. An every 4-day x 3 ip dosing schedule was
used. The first dose was begun 24 h after tumor
implantation and R26 doses ranged between 30 and
100 mg/kg. R26 treatment was not associated with
a significant %ILS or tumor growth delay as
determined by median times to attain 500 and 1000
mg flank tumor weights (Table 6). Although
mitoxantrone did not increase murine life span, it
was associated with a slightly greater tumor growth
delay when compared to compound R26 (i.e.
average of 2.7 days growth delay for mitoxantrone
vs 0.525 days for R26).

These data show that despite equivalent activity
to mitoxantrone and bisantrene in 11 established
human tumor cell lines, neither R6 nor R26
produced significant antitumor effects in freshly
harvested human tumors iz vitre or in two mouse
tumors tested iz vivo. They also had poor cytotoxic
potency against P388 leukemia cells in vitro.

Discussion

Newer in vitro screening models using fresh human
tumor cells, such as the HTCA®** have gained
increasing use in drug development. Interest in the
HTCA has continued because the assay appears to
accurately predict both clinical response and
resistance to a wide variety of anticancer drugs in
individual patients.”’" Perhaps of equal signifi-
cance, the HTCA has proven useful when applied

In vivo activity of anthracene anticancer drugs

to secondary drug screening trials, such as for
obtaining individual tumor-type chemosensitivity
data on novel compounds identified by random
screening methods.''® For these reasons the NCI
contracted with several institutions to use the
HTCA to identify entirely new anticancer agents
which might be overlooked by the conventional
murine leukemia model.”®' The results of these
studies established that the HTCA accurately
identifies non-toxic, clinically ineffective agents as
true negatives with 97% accuracy and identifies
other agents not detected with P388 leukemia
in vivo. However, HTCA suffers from the limitations
of any in vitro screening system. These problems
include: (1) underpredicting activity for compounds
that require metabolic activation (false negative);
(2) overlooking certain antimetabolites whose
activity is blocked by culture medium ingredients
(false negative); and (3) overprediction of therapeu-
tic activity for non-selective toxins such as plant
lectins (false positive).

Although the HTCA has proven useful in the
selection of at least two previously overlooked P388
leukemia negative compounds,'’ for logistics and
cost its use was limited to only a few hundred
compounds per year. As a result, /n vitro drug
screening programs have been moving toward
testing drugs against banks of established human
tumor cell lines studied by automated, microtiter-
type growth inhibition assays.

Screening assays involving a vital tetrazolium dye
have been used to evaluate the cytotoxicity of
standard and experimental agents against panels of
10-20 different human tumor cell lines of breast,

Table 6. Comparative activity of mitoxantrone and anthracene analog R26 against subcutaneously implanted M5076
ovarian sarcoma in female B6C3F1 mice (n = 20/group)

% Time (days) to Days
Treatment Lifespan (days ILS reach tumor delay®
post-implant) weight (T—-C)
Agent Dose Median Range 500 1000
(mg/kg)? mg mg
Control (untreated) 28.0 24-40 12.9 14.8
R26 100 305 2940 8 12.9 15.4 0.3
R26 67 30.0 28-34 7 13.2 16.0 0.7
R26 44 33.5 3040 19 13.1 17.0 1.2
R26 30 28.0 28-32 0 11.8 15.8 -0.1
Mitoxantrone 2.7 315 26-38 12 14.7 18.0 2.5
Mitoxantrone 1.8 30.5 28->40 8 14.2 19.3 29

2 Route of drug administration was intraperitoneal every 4 days x 3, treatment begun on day 1 after tumor implantation.
bT _ C, the unweighted average of the differences of the median times post-implant for the treated and control groups to attain each

of the two evaluation sizes.
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colon, lung, and ovarian cancer types.”"*' However,
the tetrazolium assay may have several short-
comings in broad screening programs.” These
include: (1) inability to produce multi-log dose-
response curves for standard anticancer drugs
compared to clonogenic assays; (2) lack of dose—
response curves for highly schedule-dependent
drugs, such as fluorodeoxyuridine, when using
short-term (i.e. <7 days) dye assays;> and
(3) the unsuitability of using slowly growing human
tumor cell lines which have prolonged doubling
times.

In the present study, /# ritro clonogenic assays
with P388 leukemia accurately predicted iz vivo
antitumor activity for mitoxantrone and a lack of
activity for two novel anthracene compounds (e.g.
R6 and R26 tested against murine leukemia and
M5076 ovarian tumor models). Similar results were
described by Marsh et /> in a retrospective
comparison of 13 different agents tested in the
HTCA assay and P388 leukemic mice. The
correlation was best (r = 0.92) for drug concentra-
tions producing 70% inhibition of colony formation
in vitro with 5-day drug administration schedules in
leukemic mice. This is consistent with our finding
that P388 leukemia tested in colony-forming assays
in vitro proved more reliable than did a panel of 13
human tumor cell lines for the selection of the
clinically active anthracene. Because of the narrow
range of compounds evaluated, the utility of the
in vitro P388 leukemia model cannot be generalized
to a broad range of cytotoxic compounds. And it
should be recalled that drugs selected as ‘active’ by
in vivo leukemia screening models such as P388 and
L1210 leukemias are primarily those which cause
myelotoxicity or have antileukemia/lymphoma
effects.'>""?

The fresh human tumor data in the HTCA also
accurately predicted the relative lack of in »ive
activity of the R6 and R26 anthracenes. This
sharply contrasts with the studies in freshly cloned
human tumors which documented a high degree of
cytotoxicity for the parent anthracene compounds,
mitoxantrone and bisantrene.'*'>* Thus, the use of
the HTCA as a drug screening model has a number
of real and potential advantages. These include: (1)
the selection of active drugs which may not
produce dose-limiting myelotoxicity (not shown in
the current study); (2) the possibility that each fresh
human tumor may be equivalent to one n rive
murine tumor model in terms of predictive
potential; (3) the ability to store fresh human
cancers at —80°C for rapid screening tests and as
reproducible controls for new agents; and (4) the
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presence of lymphocytes and macrophages in fresh
tumors aids in the evaluation of biologic modifiers
as well as cytotoxic drugs.

Although the HTCA is costly and labor-intensive
when applied to fresh human tumors, by testing
combinations of three to four new agents
simultaneously, its screening capacity is sig-
nificantly enhanced. This could facilitate the
evaluation of more than 1000 compounds per year.
Because different drug combinations can be tested
repetitively against the same group of tumors, it
would be relatively straightforward to identify the
‘active ingredient’.

The current studies focused on only one class of
cytotoxic compounds, the anthracenes. Thus, the
results and conclusions may not extend to
anthracyclines, alkylating agents or antimetabolites.
With this caveat, we propose a revised in wvitro
screening process which retains the initial use of
human tumor cell lines of multiple histologies to
evaluate new compounds. ‘Active’ agents would
then be tested in fresh HTCAs. Finally, appropriate
in vive tumor models based on histologic specificity
observed in the prior two assays would be utilized
to more thoroughly screen the few remaining active
compounds. Thus, the first screening stage would
be hypersensitive and non-specific, the second
in vitro stage more specific, and the third in vivo stage
relevant by histologic tumor type.

Acknowledgment

The authors would like to acknowledge the work
of Rebecca Brown, who helped to organize the
experimental data prior to final manuscript
preparation.

References

1. Schepartz SA. Screening. Cancer Chemother Rep (Part 3)

1971; 2: 3-8.

Hamburger AW, Salmon SE. Primary bioassay of human

tumor stem cells. Science 1977; 197: 461-463.

3. Hamburger AW, Salmon SE. Primary bioassay of human
myeloma stem cells. | Clin Invest 1977; 60: 846-854.

4. Salmon SE, Hamburger AW, Soehnlen B, Durie BGM,
Alberts DS, Moon TE. Quantitation of differential
sensitivity of human tumor stem cells to anticancer drugs.
New Engl | Med 1978; 298: 1321-1327.

5. Alberts DS, Salmon SE, Chen HSG, Surwit EA, Soehnlen
B, Young L, Moon TE. Predictive chemotherapy of

ovarian cancer using an in vitro clonogenic assay. Lancet
1980; 2: 340-342.

o



10.

11.

12.

13.

15.

16.

17.

18.

20.

. Von Hoff DD. He’s not going to talk about in vitro

predictive assays again, is he? JNCI 1990; 82: 96-101.

. Von Hoff DD, Casper ], Bradley E, Sandbach J, Jones D,

Makuch R. Association between human tumor colony
forming assay results and response of an individual
patient’s tumor to chemotherapy. Am | Med 1981; 70:
1027-1032.

. Tveit KM, Fodstad O, Lotsberg ], Vaage S, Pihl A.

Colony growth and chemosensitivity 7n vitro of human
melanoma biopsies. Relationship to clinical parameters. In/

J Cancer 19825 29: 533-538.

. Mann BD, Kern DH, Giuliano AE, Burk MW, Campbell

MA, Kaiser LR, Morton DL. Clinical correlations with
drug sensitivities in the clonogenic assay. Arch Surg 1982;
117: 33-36.

Carney DN, Broder L, Edelstein M, Gazdar AF, Hansen
M, et al. Experimental studies of the biology of human
small cell lung cancer. Cancer Treat Rep 1983; 67: 21-26.
Von Hoff DD, Clark GM, Stogdill BJ, Sarosdy MF,
O’Brien MT, Casper JT, Mattox DE, et a/. Prospective
clinical trial of a human tumor cloning system. Cancer Res
1983; 43: 1926-1931.

Salmon SE. Applications of the human tumor stem cell
assay to new drug evaluation and screening. In: Salmon
SE, ed. Cloning of Human Tumor Stem Cells. New York: Alan
R Liss, 1980: 291-312.

Salmon SE, Meyskens FL Jr, Alberts DS, Soehnlen B,
Young L. New drugs in ovarian cancer and malignant
melanoma: in vitro phase II screening with the human
tumor stem cell assay. Cancer Treat Rep 1981; 65: 1-12.

. Von Hoff DD, Coltman CA, Forseth B. Activity of

mitoxantrone in a human tumor cloning system. Cancer Res
1981; 41: 1853-1855.

Von Hoff DD, Coltman CA, Forseth B. Activity of 9-10-
anthracenedicarboxaldehyde bis(4,5-dihydro-1H-imidazol-
2yl) hydrazone)dihydrochloride (CL-216,942) in a human
tumor cloning system. Cancer Chemother Pharmacol 1981; 6:
141-144.

Salmon SE. Preclinical and clinical applications of
chemosensitivity testing with a human tumor colony assay.
In: Salmon SE, ed. Human Tumor Cloning. New York:
Grune and Stratton, 1984: 499-508.

Alberts DS, Young L, Salmon SE. I ritro phase 11 trial
of cisplatin vs. carboplatin vs. iproplatin against ovarian
cancer (OV CA). Clin Pharmacol Ther 1986; 39: 177
(#PL-1).

Shoemaker RH, Wolpert-Defillipes MK, Melnick NR,
Venditti JM, Simon RM, Kern DH, Leiber MM, Miller
WT, Salmon SE. Recent results of new drug screening
trials with 2 human tumor colony forming assay. In:
Salmon SE, ed. Human Tumor Cloning. New York: Grune
and Stratton, 1984: 345-355.

. Shoemaker RH, Wolpert-DeFilippes MK, Kern DH,

Liecber MM, Makuch RW, Melniok NR, Miller WT,
Salmon SE, Simon R, Venditti JM, Von Hoff DD.
Application of a human tumor colony-forming assay to
new drug screening. Cancer Res 1985; 45: 2145-2153.
Alley MC, Scudiero DA, Monks A, Hursey ML,
Czerwinski MJ, Fine DL, Abbott BJ, Mayo ]G,
Shoemaker RH, Boyd MR. Feasibility of drug screening
with panels of human tumor cell lines using a micro-culture
tetrazolium assay. Cancer Res 1988; 48: 589-601.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32,

33.

34.

In vivo activity of anthracene anticancer drugs

Paull KD, Hodes L, Plowman ], Monks A, e/ al.
Reproducibility and response patterns of the 1C,, values
and relative cell line sensitivities from the NCI human
tumor cell line drug screening project. Abstract 1941. Proc
AACR 1988; 29: 488.

Alberts DS, Einspahr JG, Struck RF, Bignami G, Young
L, Surwit EA, Salmon SE. Comparative i ritro
cytotoxicity of cyclophosphamide: its major active
metabolites and the new oxazaphosphorine ASTA Z7557
(mafosfamide). Invest New Drugs 1984; 2: 141-148.
Alberts DS, Einspahr JG, Ludwig R, Salmon SE.
Pharmacologic pitfalls in the human tumor clonogenic
assay. Recent Results in Cancer Res 1984; 94: 184-190.
Alberts DS, Wunz T, Remers W, Einspahr ], Dorr RT,
Liu R, Salmon SE. Fresh human tumors (fresh HT)
but not human tumor cell lines (TC lines) accurately predict
the in vitro activity of a series of anthracene compounds in
tumor bearing mice. Proc Am Assoc Cancer Res 1987; 28:
420 (Abstract 1664).

Einspahr ], Alberts DS, Gleason M, Dalton WS, Leibovitz
A. Pharmacologic pitfalls in the use of the MTT
(versus human tumor clonogenic-HTCA) assay to
quantitate chemosensitivity of human tumor cell lines. Proc
Am Assoc Cancer Res 1988; 29: 492 (Abstract 1956).
Wunz TP, Dorr RT, Alberts DS, Tunget CL, Einspahr ],
Milton S, Remers WA. New antitumor agents containing
the anthracene nucleus. | Med Chem 1987; 30: 1313-1321.
Hamburger AW, Salmon SE, Kim MB, Trent M,
Soehnlen B, Alberts DS, Schmidt H]J. Direct cloning of
human ovarian carcinoma cells in agar. Cancer Res 1978,
38: 3438-3443.

Kressner B, Morton RRA, Marten AE, Salmon SE, Von
Hoff DD, Soehnlen B. Use of an image analysis
system to count colonies in stem cell assays of human
tumors. In: Salmon SE, ed. Cloning of Human Tumor Stem
Cells. New York: Alan R Liss, 1980: 179-193.

Liebovitz A, Liu R, Hayes C, Salmon SE. A hypo-osmotic
medium to disaggregate tumor cell clumps into viable and
clonogenic single cells for the human stem cell
clonogenic assay. Int | Cell Cloning 1983; 1: 478-485.
Alberts DS, Young L, Mason NL, Salmon SE. In vitro
evaluation of anticancer drugs against ovarian cancer
at concentrations achievable by intraperitoneal administra-
tion. Semin Oncol 1985; 12: 38-42.

Alberts DS, Salmon SE, Chen HSG, Moon TE, Young L,
Surwit EA. Pharmacologic studies of anticancer drugs with
the human tumor stem cell assay. Cancer Chemother
Pharmacol 1981; 6: 253-264.

Leibovitz A. Development of tumor cell lines. Cancer Genet
Cytogenet 1986, 19: 11-19.

Dalton WS, Durie BGM, Alberts DS, Gerlach JH, Cress
AE. Characterization of a new drug-resistant human
myeloma cell line that expresses p-glycoprotein. Cancer Res
1986; 464: 5125-5130.

Marsh JC, Shoemaker RH, Salmon SE, Kern DH, Venditti
JM. Relationship between in ritro tumor stem cell
assay and /n piro antitumor acticvity using the P388
leukemia. Int | Cell Cloning 1988; 6: 60-68.

(Received 8 January 1991; accepted 18 January 1991)

77



