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ABSTRACT

The development of potential purging regimens for autologous bone
marrow transplantation has been limited by the inability to predict the
antitumor activity of these regimens at doses which will allow engraft-
ment. We describe an in vitro model which estimates the in vivoefficacy
of potential purging regimens in mice. The log kill of clonogenic LI 210
cells after in vitro incubation with graded doses of 4-hydroperoxycyclo-
phosphamide and vincristine (alone or in combination) was linearly
related to the incubation dose of drugs. Clonogenic assays could only
directly demonstrate about three logs of cell kill. However, the log linear
dose-response allowed the extrapolation of cell kill for doses of drugs
whose kill could not be determined directly. The extrapolated cell kill
accurately predicted the in vitro activity of the drugs as established by
determining the survival of B6D2Fi mice given injections of the drug-
treated LI210 cells. Lethally irradiated H6D2I , mice were given injec
tions of mixtures of syngeneic bone marrow and LI 210 cells purged with
a combination of 4-hydroperoxycyclophosphamide and vincristine. Com
bining the results of in vitro granulocyte-macrophage colony-forming unit
and clonogenic LI 210 sensitivities to this drug combination predicted the
survival of mice and, therefore, the effectiveness of the purging regimen.

INTRODUCTION

A potential obstacle to the optimal utilization of autologous
BMT'1 for malignancy is contamination of the marrow graft

with tumor cells, even when the tumor cannot be detected
morphologically. Sharkis et al. (1) showed that 4HC could
completely eliminate or purge tumor cells from suspensions of
bone marrow and leukemic cells, while still permitting hema-
topoietic reconstitution of lethally irradiated mice. It has re
cently been shown that the CFU-GM content of marrow grafts
will predict hematological reconstitution in patients trans
planted with marrow purged with 4HC (2), or mice transplanted
with marrow treated with a variety of drugs (3, 4).

Although preclinical studies have utilized tumor cell clono
genic assays to investigate the antitumor effect of potential
purging agents (4-8), there is no evidence that these assays
correlate with the in vivo efficacy of purging agents. The prob
lems with predicting the in vivo utility of systemic chemotherapy
from in vitro tumor cell clonogenic assays have been well
described (9-11). Since purging is an in vitro procedure, some
of these problems may be less important. One obstacle that
remains, however, is that clonogenic assays can only directly
measure cell kill over a limited log range (10), whereas a bone
marrow graft harvested even in complete remission may contain
up to eight logs of tumor (7).

The purpose of this study was to examine the ability of the
tumor cell clonogenic assay to predict the antitumor effects of
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potential pharmacological purging regimens. Vincristine, 4HC,
and a combination of the two drugs were incubated with cells
from the L1210 murine leukemia cell line. The results of tumor
cell sensitivity to the drugs (as established from clonogenic
assays) were compared to the survival of C57BL/6J and DBA/
2 FI (hereafter called B6D2F|) mice inoculated with the drug-
treated leukemia cells. Lethally irradiated mice were then given
injections of mixtures of syngeneic bone marrow and LI210
cells which were purged with combinations of 4HC and vincris
tine. The survival of the mice was compared to the combined
results of the in vitro CFU-GM and clonogenic LI210 cell
sensitivities to the drug combination.

MATERIALS AND METHODS

Animals. Female B6D2F, mice (Cumberland View Farms, Clinton,
TN), 6 to 10 wk of age, were used for all studies. The animals were
housed in sterile microisolator cages. They were fed acidified water and
sterilized laboratory chow ad libitum.

Bone Marrow Cells. Mice were sacrificed by cervical dislocation, and
the hind legs were removed. Bone marrow was flushed from the med
ullary cavities of the femurs and tibias. Single cell suspensions were
made by continued passage through a 25-gauge needle. The cells were
then suspended in enriched McCoy's Medium 5A (12).

Tumor. LI210 cells, originally derived from tumors passaged in
B6D2Fi mice, were grown in RPMI 1640 supplemented with 15% fetal
bovine serum and IO"4M 2-mercaptoethanol. They were maintained in
the log phase of growth in a 7.5% CO2 atmosphere at 37Â°c.The doubling

time was determined to be approximately 12 h.
Drugs and Drug Incubations. 4HC (synthesized by one of the authors,

O. M. C.) and vincristine (Eli Lilly and Company, Indianapolis, IN)
were diluted in enriched McCoy's Medium 5A immediately before each

experiment. Bone marrow cells, LI210 cells, or a 1:1 combination of
the two was incubated at a concentration of 5 x IO6cells/ml in enriched
McCoy's Medium 5A with graded doses of drugs. After incubation at
25'C for 60 min, the cells were washed twice with chilled McCoy's
Medium 5A and resuspended in enriched McCoy's Medium 5A for the

studies.
Assays. The tumor cell clonogenic assays were performed by cultur-

ing 200 to 10" LI 210 cells/ml in 0.3% agar, 30% fetal calf serum, 1%
bovine serum albumin, 10~4M 2-mercaptoethanol, and McCoy's Me

dium 5A. Parallel experiments have shown that LI210 colony growth
is linear over this range, with inhibition of growth occurring at L1210
cell densities greater than IO4cells/ml. Between 2x10" and 10* bone

marrow cells/ml were cultured in the same conditions with the addition
of 10% L-cell-conditioned medium as a source of colony-stimulating
activity (13). One ml of the bone marrow or LI210 cell mixture was
plated in 35-mm Petri dishes. The plates were incubated for 7 to 10
days in a humidified atmosphere containing 7.5% CO2 at 37Â°C.The

assays were performed in quadruplicate, and the plates were scored
using an inverted microscope. A colony was considered to be an
aggregate of 50 or more cells.

Mouse Survival Studies. Normal mice, inoculated with 10 to 10"

untreated LI210 cells via the tail vein, were followed for survival.
Normal mice were also followed for survival after injection with graded
numbers of LI210 cells which had been treated in vitro with graded
doses of 4HC, vincristine, or combinations of the two drugs as described
above.

Hematopoietic reconstitution studies were performed in mice treated
with 11.0 Gy of total-body radiation from a dual '37Cs source at a dose
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rate of 1.15 Gy/min. Following irradiation, the mice were inoculated
with a mixture of 10'' 1,1210 cells and 10'' bone marrow cells that had

been incubated with a combination of 4HC and vincristine as described
above. Survival of mice was defined as survival for greater than 60 days.
We and others (14) have found no tumor-related deaths after 45 days
following injection of LI210 cells into B6D2Fi mice. Sample mice
from each reconstitution experiment were tested for engraftment by
performing circulating neutrophil counts by retroorbital sinus puncture
with a heparinized microhematocrit tube. In each reconstitution exper
iment, 4 irradiated mice received no bone marrow and served as
radiation-only controls. All radiation control mice died, usually between
Days 10 and 14.

Statistical Evaluations. All CFU-GM, tumor cell clonogenic assays,
and mouse survival data points were the mean Â±standard error of the
mean of three to five separate experiments. The logarithm of the
percentage of surviving CFU-GM or clonogenic L1210 cells was plotted
against the incubation drug concentrations. Linear regression analyses
(using results of individual experiments rather than means) with cal
culation of Pearson's correlation coefficients and significance levels

were performed. Results of the survival experiments were the combi
nation of three to five separate experiments, with each experiment
utilizing four mice per point.

RESULTS

Normal mice were given injections i.v. of 10 to IO6 LI210

cells and followed for survival (Fig. 1). There is a linear rela
tionship between the duration of survival and the logarithm of
the number of injected L1210 cells with 9 of 12 mice given
injections of 10 cells and all mice given injections of 10 cells
or greater dying of tumor. These findings confirm the original
findings of Skipper et al. (14), who in addition found that one
L1210 cell will kill approximately 15% of B6D2F, mice.

LI210 cells were incubated in vitro with graded doses of
vincristine and 4HC, alone and in combination. The sensitivity
of the cells to the drugs was determined using both in vitro
clonogenic assays and the survival of mice inoculated with the
treated cells. The log kill of the clonogenic LI210 cells was
linearly related to the dose of drugs in the incubation mixture
(Figs. 2 and 3). The initial shoulder of the dose-response shown
in Fig. 2 was not included in this analysis. This relationship
allowed the extrapolation of clonogenic cell kill for doses of
drugs whose kill could not be directly determined. The LI210
cell kill estimated from the in vitro clonogenic studies predicted
the survival of mice inoculated with LI 210 cells treated ex vivo
with 4HC, vincristine, or the combination (Tables 1 and 2). For
example, Fig. 3 predicts that 30 fig/m\ of 4HC combined with
50 Mg/ml of vincristine would kill approximately five logs of
clonogenic LI210 cells. Table 2 shows that most mice given
injections of 10* or less LI210 cells treated ex vivo with this

combination dose of drugs survived, while most mice given

IO1 IO* Â¡C? Â¡O* IO*

Number of Lino Celli Injected

IOÂ«

Fig. 1. Survival of mice given injections of graded doses of L1210 cells. The
regression equation is y = 18.76 - 2.146 x (n = 69, r = -0.89, P < 10'). Points.

mean for 12 mice from 3 different experiments; bars, SE. Three of 12 mice given
injections of 10 11210 cells survived; all other mice died.

injections of IO6treated cells died. The dose of 4HC was varied,

and the dose of vincristine was held constant at 50 ^g/ml for
the combination incubations. This dose of vincristine was cho
sen because it was found to be minimally toxic to the LI 210

200 300 400
/Â¿Q/mlVincristine

500 600 700

Fig. 2. Dose-response of clonogenic L1210 cells to vincristine. Regression
equation Â¡s:y = 2.1 - 0.0109 x (n = 12, r = -0.99, P < 10"*). The initial shoulder

of the line was not included in the linear regression analysis. Points, mean; bars,
SE.
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Fig. 3. Dose-response of clonogenic LI 210 cells to 4HC (â€¢)and 4HC + 50
Mg/ml of vincristine (O). The respective regression equations are: y = 0.06 -
0.1034:r(n = 32, r =-0.98, P< 10~') and y + 1 = 0.66 - 0.1706 x(n = \2,r =
-0.99, P < IO'"). Points, mean; bars, SE.
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Table 1 Survival of mice given injections of LI 210 cells after in vitro incubation
with 4HC or vincristine

Vincristine 4HC"

500 600

3.4
10* 10*

4.5
10' 10*

40

4.1

60

6.1
10' 10'

Dose of drugs
(Mg/ml)

Predicted log kill"

No.ofL1210cells
injected IO5 IO4

Mouse survival 1/1211/12 6/1615/16 4/1212/12 3/1213/16
" Predicted from Figs. 2 and 3 (see text).

Table 2 Survival of mice given injections of LI 210 cells after in vitro incubation
with the combination of4HC and vincristine

4HC -t-vincristine0Doseof4HCOÃg/ml)

Predicted log kill*

No. of LI 210 cells injected
Mouse survival20

3.810'
10*

3/16 12/12305.410'

10s

8/24 15/1640

7.1
10'10/12

" The dose of 4HC was varied, and the dose of vincristine was held constant

* Predicted from Fig. 3 (see text).

Table 3 Survival oflethally irradiated mice given injections of a mixture of Iff"
nucleated bone marrow cells and 10* LI 210 cells purged with the combination of

4HC and vincristine
Doseof4HCÂ° 30 40 SO

Survival of mice
Day of death after injection

5/20
22.5 Â±1.8*

14/20 3/20
12 Â±0.3

" 4HC dose was varied, and the vincristine dose was held constant at

ml.
' Mean Â±SEM.

cells alone. However, in combination, it enhanced the 4HC
activity against LI210 cells.

Lethally irradiated mice were given injections of a mixture
of 10" nucleated bone marrow cells and IO6 L1210 cells as a

model of autologous BMT. The bone marrow grafts were
treated ex vivo with a combination of 4HC (in graded doses)
and 50 //K/ml of vincristine, and the mice were followed for
survival (Table 3). Most mice transplanted with this mixture of
marrow cells and LI210 cells purged with vincristine and 40
Mg/ml of 4HC survived. Most mice receiving a graft purged
with vincristine and 50 Mg/ml of 4HC died early of aplasia.
This is predicted by an inadequate CFU-GM recovery, after
this ex vivo treatment, to reconstitute lethally irradiated mice
with IO6 marrow cells. At least a 0.5% recovery of CFU-GM
from 4HC-treated syngeneic grafts containing IO6 nucleated

marrow cells was needed to reconstitute lethally irradiated mice
(3). Fig. 4 shows that 40 Mg/ml is the highest concentration of
4HC combined with 50 Mg/ml of vincristine to produce at least
that CFU-GM recovery. The majority of mice receiving a
transplant treated with vincristine and 30 Mg/ml of 4HC also
died. However, these mice died later of tumor as predicted by
the inadequate clonogenic tumor kill with this dose of 4HC and
vincristine (Fig. 3) for IO6 L1210 cells. Therefore, combining
the in vitro CFU-GM and clonogenic LI210 sensitivities to the
combination of 4HC and vincristine predicted the in vivo effec
tiveness of this purging regimen for syngeneic marrow grafts
contaminated with LI210 cells.

DISCUSSION

As a single, 4HC shows significant differential activity be
tween human hematopoietic progenitors and tumor cell lines
i/i vitro (15, 16). It, therefore, should be an ideal agent to purge
autologous bone marrow grafts. Despite encouraging results for
acute myelogenous leukemia (17), autologous BMT with 4HC
purging is associated with nearly an 80% relapse rate for ALL

a
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ml 4HC

50 60

Fig. 4. Dose-response of murine CFU-GM to 4HC (â€¢)and 4HC + 50 (ig/ml
of vincristine (O). The respective regression equations are: y = 0.261 â€”0.0291 x
(â€ž=14, r = -0.99, P < IO"') and y + l = 0.92 - 0.0499 x (n = 15, r = -0.98,
P < IO "). The initial shoulders of the lines were not included in the linear

regression analyses. Points, mean; bars, SE.

in second or subsequent remission (18). Similar relapse rates
occur with ALL treated with autologous BMT following mono
clonal antibody purging (19). These results suggest there was
inadequate purging of tumor, since there was only a 50% relapse
rate with syngeneic BMT for second remission ALL utilizing
similar preparative regimens (20). Preclinical data suggest that
combining 4HC with other drugs (15, 16) or monoclonal anti
bodies (6) can improve its differential activity. However, the
therapeutic ratio for purging regimens may be quite narrow.
While 40 Mg/ml of 4HC combined with vincristine is an effective
purging regimen in our model, neither 30 Mg/ml of 4HC com
bined with vincristine nor 50 Mg/ml of 4HC with vincristine are
effective.

Although the use of clonogenic assays with tumor cell lines
has obvious technical advantages to the use of fresh tumor cells
(10), a murine leukemia cell line may not be a good model for
the clinical purging of human tumors. In addition, the effective
doses of drugs used for purging in mice are often significantly
different than the doses which are useful in humans. For ex
ample, 50 Mg/ml of vincristine are 10 times the dose which
inhibits 90% of human CFU-GM following in vitro incubation
at the same conditions.4 We are now, therefore, using this in

vitro system to test potential purging regimens for clinical use.
The linear dose-response seen with 4HC against the log kill of
clonogenic LI210 cells also exists for 4HC alone or in combi
nation with a variety of drugs, including vincristine, etoposide,
and methylprednisolone, against all the human tumor cell lines
we have tested (data not shown). In addition, recent data suggest
that leukemia cell lines show the same range of sensitivity to
4HC as fresh leukemia cells (21). Therefore, combining the in
vitro sensitivities of human CFU-GM and clonogenic tumor

cells should allow a comparison of potential purging regimens,
and possibly even an estimation of their clinical effectiveness.
We are presently testing various 4HC drug combinations
against human leukemia cell lines and fresh clonogenic leuke
mia cells (22, 23) in vitro. The CFU-GM content of an auto
logous graft associated with a 1 to 2% CFU-GM recovery
following clinical purging with 4HC will produce adequate
hematological recovery following BMT (24). We are therefore
comparing these potential purging regimens in vitro using the

4 Unpublished data.
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extrapolated cell kill associated with drug doses which produce
a 1 to 2% CFU-GM recovery from human bone marrow.
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