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ABSTRACT

Log-phase-cultured Friend erythnoleukemia cells of the FLC
745 line of DBA/2J origin administered either s.c. on i.p. in
DBA/2J mice produced survival characteristics that were in
dependent of the route of implantation. The survival time of
host animals, however, was dependent on their immunological
status. The effects of treatment of cells in culture with a series
of glycerol and dihydroxyacetone analogs or of exposure to
medium enriched in deutenium oxide on cell proliferation and
differentiation in culture and on the tumonigenicity of treated
cells transplanted into DBA/2J mice were examined. Animals
surviving implantation of a single dose of altered cells were
tested for their ability to reject a lethal rechallenge with 106
untreated Friend enythroleukemia cells given 10 to 14 weeks
after primary implantation of treated cells.

Only a small proportion of animals survived primary challenge
with cells exposed to 1-chloro-3-hydroxyacetone benzoate
(CIHAB) and related a-halocarbonyl derivatives at concentra
tions of 10 or 20 ELM.Similarly, only a small proportion of
animals survived primary challenge with cells attenuated by
growth in medium enriched up to 80% in deutenium oxide or by
exposure to 3000 rads of X-irradiation. In these cases, where
a small proportion of animals survived primary challenge with
a single injection of potentially tumorigenic cells, the survivors
were completely resistant to rechallenge. A single injection of
sonically disrupted Friend cells or of virus harvested from
cultured cells had no effect on the survival time of animals
subsequently rechallenged with intact Friend erythroleukemia
cells. Animals given injections of cells killed by exposure to 50
,.tM CIHAB in culture exhibited increased survival times upon
nechallenge, but only 12% of the animals were completely
resistant. In contrast, however, although Friend enythroleuke
mia cells treated for 3 hr in culture with 30@ CIHAB were
nonprolifenative in subculture and completely nontumonigenic
when implanted either i.p. or s.c. into DBA/2J hosts, animals
receiving a single injection of 106 cells altered in this way were
fully protected against rechallenge. Thus, carefully controlled
modification of Friend erythroleukemia cells by exposure to a
relatively low but sharply defined concentration of CIHAB ab
rogated tumonigenicity of the treated cells without altering their
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ability to confer protection to subsequent rechallenge with
unaltered cells.

INTRODUCTION

The development of a number of analogs of glycerol and
dihydroxyacetone (8, 19, 26) with the potential to induce
alterations in lipid biogenesis and in surface membrane-me
diated properties resulted in the finding that CIHAB3and related
analogs have antineoplastic efficacy against the allogeneic
Ehnlich ascites carcinoma. This activity appears to be due at
least in part to effects on host immune response to the estab
lished tumor in treated animals (29). Treatment of primary
explants of Li 210 leukemia cells in vitro with a relatively low
concentration of CIHAB alters the expression of tumon-associ
ated antigens and major histocompatibility determinants (1).
Such CIHAB-altered Li 210 cells are nontumorigenic in immune
competent C57BL/6 x DBA/2J (B6D2F1) semisyngeneic
hosts challenged with 1O@cells; the treated cells retain viability
as evidenced by their ability to induce lethal tumor growth in
animals partially immunosuppressed by X-irradiation (24). In
the weakly immunogenic Li 210 system, it has not been pos
sible to obtain reproducible protective immunity to rechallenge
by prior administration of a single injection of chemically altered
cells.

Several characteristics of the Friend munineerythroleukemia
system have led us to use it as a model system to explore both
in vitro alteration of tumonigenicity and potential membrane
altering agents in cancer chemotherapy. Friend virus-induced
tumors are more immunogenic than the chemically induced
Li 210 leukemia but also exhibit the ability to suppress host
immune response in a number of systems (3, 17, 28). We have
used the Friend erythroleukemia system of DBA/2J origin
designated FLC-745A (9) for the studies detailed in this paper.
Growth in suspension culture and induction of differentiation
along the enythrocytic (10) or granulocytic (1 1) pathways per
mit this system to be used simultaneously to evaluate the
cytotoxicity of a chemical agent and its ability to promote
differentiation. The reduced proliferative potential of Friend
enythroleukemia cells induced to differentiate by exposure to
DMSO (10, 22) indicates that promotion of differentiation may
be a potential approach to the therapy of cancer. The capacity
of these cells to differentiate might also provide a useful ap
proach to immunotherapy by in vivo challenge with cells in
duced to differentiate in culture. Such an approach could
conceivably be successful if induction of differentiation and the
resulting reduction in tumorigenicity do not involve loss or
alteration of tumor-associated rejection antigens.

3 The abbreviations used are: CIHAB, 1 -chloro-3-hydroxyacetone benzoate;

DMSO, dimethylsulfoxide.
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The objectives of this investigation were to determine the
tumonigenicity of cultured Friend erythroleukemia cells in ap
pnopniatehosts for use in immunotherapy and chemotherapy
tests in vivo and to attempt to find conditions of treatment with
CIHAB and related analogs in culture that would eliminate the
tumorigenicity of Friend erythroleukemia cells without interfer
ing with the capacity of a single injection of altered cells to
protect host animals against subsequent challenge with unal
tered tumorigenic cells.

MATERIALS AND METHODS

Friend Erythroleukemia Cells. Studies were carried out
using Friend munine virus-induced erythroleukemia cells of
DBA/2J origin established by Friend et a!. (9). Most of the
work used cells obtained from the Human Genetic Mutant Cell
Repository, Camden, N.J., designated GM86 (clone 745-he
moglobin inducible) (i 0). Later studies used Friend erythroleu
kemia cells, derived from the same parental line and designated
FLC-745A, which were kindly provided by Dr. Norman Gabel
man, Mount Sinai School of Medicine. Hemoglobin inducibility
of GM86 cells, grown in the presence of i .5 to 2.0% DMSO
for 6 days, was shown by Preisler and Lyman (23) and con
firmed in our laboratory to be 60 to 65%, whereas under the
same conditions of FLC-745A cells produced 85 to 90% ben
zidine-positive cells. Both sublines contained 3.5 to 6 @gof
hemoglobin per 106 cells after maximum induction of diffenen
tiation by DMSO. Cells were grown in suspension culture at
370 in 1 0% moist CO2 by twice-weekly passage of i 0@ cells/

ml in Dulbecco's modified Eagle's medium (GIBCO Medium
H2i ; Grand Island Biological Co., Grand Island, N. V.) supple
mented with 10% fetal calf serum, 200 units penicillin per ml,
and i 0 @gstreptomycin per ml (4, 15).

Animals. The mice used for all studies, except where mdi
cated, were 8- to i 2-week-old male or female DBA/2J mice
(i 6 to 20 g) obtained from Charles River Breeding Laboratories
(North Wilmington , Mass.). For immunosuppression expeni
ments, animals were treated 24 hr prior to cell challenge, either
with 200 mg of cyclophosphamide per kg i.p. or with a total of
600 rads of X-irnadiation delivered at a rate of 50 rads/min.

Glycerol and Dihydroxyacetone Analogs. Benzoate, nitro
benzoate, and acetate esters of i -halo-3-hydroxyacetones or
DL-i -deoxyhaloglycerol-3-estens and hydroxyacetone ben

zoate were synthesized and characterized as previously re
ported (i 9); 1-fluoro- and i -chlono-3-hydroxyacetone phos
phates, DL-i -chloro-3-fluoro-2-propanol, and i -chloro-3-fluo
roacetone were prepared and characterized as described ear
her (26). The syntheses of DL-i -deoxyfluoroglycerol and its 3-
phosphate and of DL-i -chlorodeoxyglycerol-3-phosphate were
carried out as reported (7).

DL-i -deoxyfluoro- and 1-chlorodeoxyglycerol-3-O-methyl

ethers were prepared from the corresponding epihalohydrins
by treatment with methanolic H2SO4,followed by neutralization
and fractional distillation (25). The 2,3-diacetates were syn
thesized by the general method of Golding et a!. (i 2). DL
Epifluorohydrin was prepared by the method of Rozen et a!.
(25). The other epihalohydrins were obtained from Aldrich
Chemical Company (Milwaukee, Wis). DL-i -Chlorodeoxy
glycerol, chloroacetone, i ,3-dichloroacetone, and 1,3-dich
lono-2-propanol were products of Eastman Chemicals (Roch
ester, N. V.).

Other Drugs and Chemicals. DMSO, obtained from Fisher
Scientific Company (Pittsburgh, Pa.), was redistilled and stored
at â€”10Â°.Benzidine dihydrochlonide, obtained from Mallinck
rodt Chemical Works, Inc. (St. Louis, Mo.), was converted to
the free base by alkaline hydrolysis and was extracted with
ethanol. Methotrexate and daunorubicin were kindly provided
by the Division of Cancer Treatment, National Cancer Institute.
Cytochalasin B was obtained from Aldrich Chemical Company;
6-thioguanine and 5-fluorouracil were from Sigma Chemical
Company (St. Louis, Mo.); bleomycin was from Bristol Labo
ratories (Syracuse, N. V.); 1-$-D-arabinofuranosylcytosine was
from The Upjohn Company (Kalamazoo, Mich.); cyclophospha
mide was from Mead Johnson and Company (Evansville, Ind.);
and nitrogen mustard was from Merck Sharp and Dohme (West
Point, Pa.).

Determination of Cytotoxicity and Inductionof Differentia
tion in Culture. Cells in late log phase(2 x 106 cells/mI) were
subcultured at a level of 10@cells/mI in 24-well Linbro tissue
culture plates (Linbro Chemical Company, New Haven, Conn.)
containing 2.0 ml of medium per well; plates were equilibrated
in a 10% moist CO2 atmosphere at 37Â°for 4 hr; and 5 j@lof a
test reagent were added to each of 3 wells. Water-insoluble
agents were dissolved in 50% ethanol; the final ethanol con
centration in each well was 0.1 25%, severalfold below the
concentration at which ethanol affected cell proliferation and
differentiation. Control wells in triplicate were treated with 5 @l
of the solvent used. Dose-response curves were obtained using
4 concentrations of drug.

After 3 days of incubation, a 0.5-mi aliquot was removed
from each well, and the number of cells was determined with
a Coulter Model ZBI counter. On Day 6, a 50-id aliquot was
removed and treated with 20 @Iof benzidine peroxide stain
(18), and the number of benzidine-positive cells was deter
mined using a hemocytometer. In instances in which benzmdine
positive cells were present, the cells in each of the triplicate
wells were pooled, counted, centrifuged at 400 x g for 10 mm,
washed in 0.9% NaCI solution, and recentnifuged, and the cell
pellet was suspended in 1% Nonidet P-40 in distilled water.
The suspension was frozen, generally stored overnight,
thawed, lysed by sonication, and centrifuged, and the total
quantity of hemoglobin present in the lysate was measured (4)
using bovine hemoglobin as the standard.

Tumorigenicity in Mice of Cultured Friend Erythroleukemia
Cells or of Virus Collected from Cultured Cells. Cells in mid
log phase (8 x 1O@cells/mI) were collected by centrifugation
at 350 x g for i 2 mm, washed once, and resuspended in
sterile 0.9% NaCI solution, and trypan blue uptake was deter
mined as described previously (30). Untreated cultured cells
were always in excess of 90% trypan blue negative. For deter
mination of tumorigenicity in normal and immunosuppressed
animals, cell numbers and routes of implantation were as
shown in â€œResults.â€•

Friend leukemia virus complex was harvested from 100 ml
of supernatant fluid containing 3 x 106 cultured Friend eryth
roleukemia cells per ml by filtration through a 0.22-@tmMillipore
filter and centnifugation at 62,000 x g for 2 hr at 4Â°C.The
virus pellet was washed with phosphate-buffered 0.9% NaCI
solution and resuspended in 0.5 ml of sterile 0.9% NaCl solu
tion. Male DBA/2J mice were given injections of 0.1 ml of
suspended virus i.p.

Analog-induced Alteration in Culture of Proliferative Ca
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a@â€œ50Compound(taM)Dihydnoxyacetone

analog
1-Chloro-3-hydroxyacetonebenzoateb61
-Chloro-3-hydroxyacetone p-nitrobenzoate

1-Chloro-3-hydroxyacetone phosphateb361
-Chloro-3-hydroxyacetone acetate

1-Fluoro-3-hydroxyacetone benzoateb32001
-Fluoro-3-hydroxyacetone p-nitrobenzoate

1-Fluoro-3-hydroxyacetone phosphateb500 i000Hydroxyacetone
benzoate500Chloroacetone

1,3-Dichloroacetone@'
1 @Chloro@3@fIuonoacetoneb6

o.og
2Known

antiproliferativeagentsDaunorubicin0.05Methotnexate0.02Nitrogen

mustard0.41
-fl-D-Arabinofuranosylcytosine0.15-Fluorounacil0.66-Thioguanine0.2Bleomycin60Cytochalasin

B0.4EpihalohydninsEpifluorohydrin200Epichlorohydrin200Epibromohydnin100

!mmune Prophylaxis in Friend Erythroleukemia

pacity and Tumorigenicity of Friend Cells. Cells were grown
to mid-log phase (8 x i 0@cells/mI) in 50 to 150 ml of medium
and were treated with test compounds prepared as described
for the determination of cytotoxicity. After various times of
exposure, cells were collected by centnifugation, washed, and
resuspended in sterile 0.9% NaCI solution, and their trypan
blue negativity and number were determined with a hemocy
tometen; cells were diluted to a concentration of i O@total cells/
ml. To i 0 ml of fresh medium were added 10@trypan blue
negative cells per ml, except where indicated, and cell prolif
eration was monitored in culture for up to i 2 days. Control
cells were treated either with vehicle or with 0.5 m@hydroxy
acetone benzoate in ethanol. Immediately after inoculation of
fresh medium with treated cells, the remainder of the treated
cells was administered to animals either i.p. ons.c. at levels of
1O@to i 06 cells/animal, and tumorigenicity was monitored by
median and mean survival. Comparison was made to animals
receiving either vehicle-treated cells or cells treated with hy
droxyacetone benzoate.

Tumorigenicity of Cells Grown in Deuterium Oxide or Ex
posed to X-Irradlation. Medium prepared in 99.8% deutenium
oxide was sterilized by filtration through 0.22-@zmMillipone
filters. After addition of fetal calf serum, antibiotics, and gluta
mine, the medium was 87% with respect to its content of
deutenium oxide. Appropriate dilutions with medium prepared
in water were made to produce growth medium, ranging from
0 to 80% deuterium oxide. Cell proliferation, trypan blue up
take, and the percentage of cells producing hemoglobin were
determined. Cells were collected after either 3 or 6 days of
growth, washed in sterile 0.9% NaCI solution prepared in
deutenium oxide to reproduce the level in the medium under
which the cells were grown, and resuspended at 1O@total
cells/mI in the same deuterium oxide-NaCI solution. Aliquots
of the suspension were sampled for proliferative capacity in
normal medium as described above or were injected into test
mice.

Cells partially attenuated by X-inradiation were produced by
exposing log-phase-cultured cells in plastic culture flasks at
room temperature to a total of 3000 rads at a rate of 450 rads/
mm. Treated cells were prepared for injection and examined
for dye uptake and proliferative capacity as described for
analog-treated cells.

Preparation of Sonicated Cells. Exponentiallygrowingcells
(0.8 to i .2 x i 06 cells/mI) were collected from culture by
centnifugation, washed twice with sterile phosphate-buffered
0.9% NaCI solution, suspended in sterile 0.9% NaCI solution
at a level of 7 to 8 x i 06 cells/mI and sonicated at 20
kilocycles for 10 sec using a Biosonik sonicator. Complete cell
disruption was monitored by light microscopy. About 1 to i .2
x i 06 sonicated Friend leukemia cells were injected i.p. in
each DBA/2J mouse.

RESULTS

Analog Cytotoxicity and Effect on Induction of Difterentla
tion of Friend Cells In Culture. Analog-induced alteration of
cells in culture requires prior quantitative information on drug
cytotoxicities. Table i presents a comparison of the cytotoxic
effects of dihydroxyacetone analogs as well as the comparative
effects of selected antiproliferative agents on the GM86 cells.
CIHAB and related esters and nonesten haloketones were

Table 1
Effects of dihydroxyacetone and glycerol analogs and of known antiproliferative

agents on multiplication of log-phase cultured Friend erythroleukemia cells
(GMB6)

a Concentration inhibiting cell proliferation bySO% after 3 days of continuous
exposure. Water-insoluble compounds were dissolved in ethanol; final ethanol
concentration in culture was 0. 125% or less.

b Corresponding secondary alcohol (glycerol analog) exhibited an IC@ of

>500 gzM.Chlonodeoxy-and fluorodeoxy glycerol-2,3-diacetates and 3-0-methyl
ethers did not inhibit proliferation at 1 mM.

cytotoxic at micromolar concentrations. Activity depended on
the presence of a chloroketone group, since the corresponding
fluoroketone analogs and the nonhaloketone (hydroxyacetone
benzoate) as well as the corresponding glycerol analogs of the
various chloroketones were only weakly cytotoxic. The epihal
ohydrins exhibited cytotoxicity intermediate between the hal
oglycenols and haloketones. The known antiproliferative agents
were, in general, significantly more cytotoxic than any of the
chloroketones except for i ,3-dichloroacetone. None of the
glycerol on dihydroxyacetone analogs tested produced meas
unable induction of hemoglobin synthesis at concentrations
generally ranging 2 log10units above and below levels of each
agent required to produce 50% inhibition of cell replication.

Tumorigenicity of Cultured Friend Erythroleukemla Cells
in Normal and Immunosuppressed Hosts. The capacity of
cultured Friend erythroleukemia cells to induce tumor devel
opment was determined in a number of murine host strains
using both i.p. and s.c. implantation. Chart i shows the tumor
igenicity of the GM86 subline by both challenge routes in DBA/
2J mice. It is apparent that unlike the FBL-3 Friend lymphoma
system in C57BL/6 hosts (2, 27), tumonigenicity of the DBA/
2J-denived erythnoleukemia cells in their parental strain of
origin was essentially the same whether cells were implanted
i.p. or s.c. Moreover, injection of 10@cells by either route was
lethal to most of the implanted animals. There appeared to be
an active immune response that delayed tumor development in
the DBA/2J hosts, since animals immunosuppressed by prior
treatment with X-irnadiation or with cyclophosphamide suc
cumbed to progressive tumor growth more rapidly than did
immunocompetent animals implanted with the corresponding
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number of neoplastic cells. More than 95% of animals treated
with cyclophosphamide or X-irradiation, but not injected with
tumor cells survived, and those that died in response to drug

Cell Number
Chart 1. Tumonigenicity of cultured Friend erythroleukemia cells (GM86) in

DBA/2J mice. Long-term survivors were considered as having survived for 100
days in the calculation of mean survival time. Immunosuppressed groups were
pretreated 24 hr before tumor implantation with either 600 rads of x-inradiation
or 200 mg of cyclophosphamide per kg i.p., CTX. cyclophosphamide.

treatment or X-irradiation generally did so within 1 week of
exposure and in the case of tumor-bearing animals without
evidence of overt tumor growth. The GM86 subline was also
tumonigenic in AKA x DBA F1 mice by either route of admin
istration but required implantation of 1O@cells to produce the
median survival time and percent lethality that was caused by
i 06 cells in DBA/2J hosts. FLC-745A cells appeared to be
somewhat less tumonigenic in DBA/2J hosts than the GM86
subline by approximately 1 log10.

Implantation of virus complex harvested from the supernatant
solution of plateau-phase cultured cells failed to induce tumor
growth in young adult DBA/2J hosts during an observation
period of i 00 days.

Effect of Treatment in Culture with Chlorohydroxyacetone
Benzoate on Proliferative Capacity and Tumorigenicity of
Friend Erythroleukemia Cells. Log-phase-cultured Friend
erythroleukemia cells were exposed to various concentrations
of CIHAB for times ranging from 3 to 48 hr. As shown in Table
2, CIHAB up to a concentration of 5 @iMdid not affect the
number of cells able to exclude trypan blue and did not affect
the proliferative capacity of the cells in subculture when treated
cells were examined after 3 or 22 hr of exposure to CIHAB in
the primary culture. At 10 @zMCIHAB, however, a measurable
effect on dye exclusion became apparent and reached a max
imum after 24 hr of exposure to CIHAB in the primary culture.
A return toward normal began after 48 h of exposure to this
agent. This pattern of dye exclusion was reflected also in the
proliferative capacity of the treated cells in subculture, which
returned to normal for cells tested after 48 hr exposure, sug
gesting that CIHAB had been fully depleted prior to that time
and that surviving cells were able to repopulate the primary
treated culture. CIHAB at 20 j@Mwas markedly cytotoxic after

Table 2

Immunosuppressed

Proliferative capacity. tumorigenicity. and ability to confer protective immunity of Friend erythroleukemia cells treated in culture with
chlorohydroxyacetone benzoate

a Primary challenge was with 1 06 total cells; half of the animals were implanted i.p. and the other half were implanted s.c. with no significant

differences observed based on route of implantation.
b Rechallenge was with 1 06 Friend erythroleukemia cells given i.p. 71 to 84 days after primary implantation of treated cells. Rechallenge

was carried out with the same cell subline used for the primary implantation in each case.
C Animals surviving beyond 1 00 days were considered as 1 00-day survivors in the calculation of mean survival time.

d Treated with 500 @cMhydroxyacetone benzoate in 0. 125% ethanol or untreated. Both the hydroxyacetone benzoate control-treated cells
and untreated cells gave comparable results.

e GM86 cells were used; FLC-745A was used with all other groups.
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Proliferative capecity and tumorigenicity of Friend erythroleukemia cells (G
irradiationM86)

altered by growth in deuterium oxide or by exposure to X
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ment with CIHAB-altered Friend Erythroleukemla Cells. Table
2 presents the results of nechallenge with i 06 log-phase-cul
tuned Friend enythroleukemia cells given to mice surviving
implantation with CIHAB-treated cells implanted i 0 to i 2 weeks
earlier. A significant number of mice survived the primary
treatment only when the implanted cells had been exposed to
concentrations of CIHAB of 20 gzMor higher. Protection against
subsequent nechallenge appeared to be optimal in those mice
who received primary sensitization with i 06 cells treated with
30 @MCIHAB. Cells treated in this manner were completely
nontumonigenic in the primary challenge and did not proliferate
when subcultured. Animals receiving cells treated with 50 .tM
CIHAB exhibited significantly increased survival times upon
rechallenge compared to naive controls, but a smaller propor
tion of long-term survivors was obtained compared to the group
receiving cells treated with 30 @MCIHAB. Implantation for
primary sensitization of i O@rather than i 06 cells treated with
50 @tMCIHAB was completely ineffective either in extending life
span or in producing long-term survivors to rechallenge with
106 cells. Only 2 of 29 mice receiving i O@cells rendered
nontumonigenic by treatment in culture with 50 ,zM CIHAB
survived rechallenge with i 06 cells i 0 weeks later.

Effects on Tumorigenicity and Immunity to Rechallenge In
Animals of Friend Erythroleukemla Cells Altered In Culture
by Physical Means or of Virus Harvested from Culture Me
dium. To test the specificityof the effectsobtainedby chemical
alteration of Friend leukemia cells, cells were altered by various
physical approaches including growth in deutenium oxide, X
irradiation, and sonic disruption. As shown in Table 3, cells
were grown in medium enriched to various levels with deute
nium oxide. Proliferative capacity of log-phase Friend erythro
leukemia cells was inhibited about 50% by growth for 3 days
in medium that was 20 to 40% with respect to deuterium oxide.
It is also of interest to note that cells grown for 6 days in
medium that was 50% with respect to deutenium oxide were
10% benzidine positive. Cells grown in medium that was 80%
with respect to deutenium oxide were few in number, were

Table 3

3 hr of exposure, but enough cells survived to be able to
proliferate in subculture after 7 days of growth and to retain
the ability to generate lethal tumors in some of the challenged
animals. At concentrations of 30 and 50 tiM, CIHAB was
strongly cytotoxic, but even at the highest concentration some
cells survived treatment in primary culture and when subcul
tuned after 48 hr of exposure in primary culture were able to
proliferate and were also able to induce lethal tumor growth.

The overall pattern of long-term survival of animals implanted
with CIHAB-treated cells was consistent with in vitro measure
ments as shown in Chart 2. Cells treated with the higher
concentrations of CIHAB appeared to exhibit differential tu
monigenicity depending on whether the cells were administered
i.p. or s.c.; however, the reproducibility of this potentially

important phenomenon remains to be established.
Immunity to Rechallenge of Animals after Primary Treat

Chart 2. Tumorigenicity of cultured Friend erythroleukemia cells (GM86) in
DBA/2J mice after treatment of cells in culture with different concentrations of
CIHAB for various periods of time. The fraction above each bar denotes the
number of long-term survivors over the number of animals challenged. For
calculation of mean survival time, the long-term survivors were considered as
100-day survivors. p values are indicated for statistically significant differences;
all other values are not significantly (NS) different.

iO@Cells
@QirZQ@L

24 22 22 3 24 48 48 (Hr) 24 3 24 48
p45 NS P15 <000' <002 <001 (p) NS NS Ns

a Treated cells were seeded at 1 o@ trypan blue-negative cells/mI, except for cells grown in 80% D2O, which were seeded at 2 x 1 0@ total

cells/mI.
b Animals living beyond 100 days were considered 100.day survivors in the calculation of the mean survival time.
C Exposure for 3 days under culture conditions detailed in â€˜â€˜Materials and Methods.â€•

dMeanÂ±SE.
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Proliferative capacity. tumorigenicity, and ability to confer protective immunity of Friend erythroleukemia cells treated
and other halo-carbonyl analogsin

culture with esters ofhalohydroxyacetonesConcentration

and time Subculture (% of
of exposure Trypan blue- control cell no.)Survivors

of primary
challengea (no. ofSurvivors

120 days
afterrechallenget'negative

cellssurvivors/no. chal (no. ofsurvivors/no.Analog@M
hr (%) Day 3 Day7lenged)nechallenged)Chlorohydroxyacetone

acetate1 0 3 96 14 63
20 3 79 0 22/8 3/92/22/3Chlorohydroxyacetone

3,5-dinitrobenzoate1 0 3 98 100 100
20 3 91 87 900/92/101/2Chlorohydroxyacetone

p-nitrobenzoate1 0 3 97 75900/8Chlorohydroxyacetone
phosphate

FluonohydnoxyacetonebenzoateC
1,3-Dichloroacetone'
Hydroxyacetone benzoate' d1

0 3 97 100 i 00
500 20 86 50 100

0.2 20 87 48 64
500 20 90 100 1000/9

1/ 10
1/ 10
1/ 101

/ 1
1/ 1
1/1Sodium

bromoacetate1 0 3 94 130 90
20 3 76 28 902/90/81/2Ethyl

bromoacetate10 3 3 0 2
20 3 0 0 27/8 10/104/7 4/10

T. P. Fondy et a!.

markedly reduced in size, were 85% tnypan blue positive, and
showed no measurable proliferative capacity upon subculture,
indicating a high level of cytotoxicity. Even after exposure to
these extreme conditions, however, the cells retained substan
tial tumorigenicity upon implantation into mice. Unlike the cells
retaining tumonigenicity after treatment in culture with 10 @.tM
CIHAB, cells surviving exposure to various levels of deutenium
oxide-enriched medium did not show any apparent distinction
in ability to induce lethal tumor growth that was dependent
upon the route of implantation. Similarly, cells attenuated by
prior exposure to 3000 rads of X-inradiation (Table 3) showed
reduced proliferative capacity in subculture but no apparent
difference in the survival times of mice receiving X-nay-atten
uated cells i.p. or s.c. Alternatively, we used sonic disruption
to obtain a cell population rendered nontumonigenic by physical
means. Of mice implanted with i 06 sonicated cells i.p., 8 of 9
survived the primary challenge. None of the 8 surviving animals,
however, were protected against nechallenge with 106 cells
given 10 weeks later, either on the basis of long-term survivors
or in terms of increase in life span compared to naive controls.

Virus particles harvested from culture medium as detailed
under â€˜â€˜Materials and Methods' â€˜failed to induce tumors in any
of 7 mice, and none of these animals exhibited resistance to
challenge with 106 viable cells given 10 weeks later.

Immunity to Rechallenge of Animals Surviving Primary
Implantation with Viable Tumorigenic Friend Erythroleuke
mia Cells. Mice surviving primary challenge with viable enyth
roleukemia cells were obtained as occasional survivors of
attempted chemotherapy regimens in vivo, as occasional sun
vivors among control mice receiving untreated cells, or as
survivors among animals receiving primary inoculation with
viable cells treated in culture with chemical or physical agents.
Animals that survived challenge with potentially tumonigenic
cells, as evidenced by the fact that a large proportion of their
cage mates died from primary challenge, were almost com
pletely resistant to rechallenge with i 06 erythroleukemia cells
given 60 to 100 days later.

Effects of Other a-Haloketone Derivatives and of Bromo
acetate Derivatives on Proliferative Capacity, Tumorigenic

ity, and Ability to Confer Protective Immunity. Other esters
of chlorohydroxyacetone were examined for their effects on
cultured Friend erythroleukemia cells under conditions similar
to those used for the benzoate ester. Table 4 shows that the
acetate ester at the 2 concentrations tested appeared to exert
effects essentially similar to those observed with CIHAB. The
3,5-dinitrobenzoate- and the p-nitnobenzoate esters appeared
to be slightly less cytotoxic than corresponding concentrations
of CIHAB, while the phosphate ester was not measurably
cytotoxic at i 0 ,.tM.Cells treated with fluorohydnoxyacetone
benzoate on with i ,3-dichloroacetone under the conditions
shown in Table 4 substantially inhibited proliferative capacity
of treated cells in subculture, but cells remained tumonigenic
when implanted into host mice. Sodium bromoacetate was
used as a hydrophilic alkylating agent that exerted effects on
the proliferative capacity of Friend leukemia cells at 20 @tM
which were comparable to those obtained with the hydrophobic
acetate and benzoate esters at similar concentrations (Table
4). An insufficient number of animals survived primary injection
with sodium bromoacetate-treated cells to permit determination
of the presence or absence of protective immunity to rechal
lenge; however, when the hydrophobic ethyl ester of bromo
acetate was used at 10 and 20 /zMin cultures of Friend cells,
proliferative capacity was essentially destroyed and virtually all
of the animals survived primary injection with treated cells.
Almost half of these survivors were protected against rechal
lenge with 106 unaltered Friend cells given 72 days after
primary injection. As detailed in the previous section, in exper
imental groups in which only i or a few mice survived challenge
with altered cell preparations that killed most of their cage
mates, the survivors were strongly protected against rechal
lenge with i 06 untreated cells given 10 to 12 weeks later.

DISCUSSION

The DBA/2J-derived line used in these studies, at challenge
levels ranging from i O@to 10@cells, produced median and
mean survival times and proportion of long-term survivors that
were essentially independent of the route of implantation when

Table 4

@iPrimary challenge was with 106 total cells; half of the animals were implanted i.p. and the other half were implanted s.c. , with no significant differences observed

based on route of implantation.
b Rechallenge was with 106 Friend erythroleukemia cells given i.p. 72 to 84 days after primary implantation of treated cells. Rechallenge was carried out with the

same cell subline used for the primary implantation in each case.
C Indicates GM86 cells were used: FLC-745A was used with all other groups.

d Hydroxyacetone benzoate control-treated cells for 3 hr exposure are shown in Table 2.
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the cells were inoculated either i.p. or s.c. ; this contrasts with
earlier work with the FBL-3 line of Friend lymphoma cells
syngeneic in C57BL/6 mice (2, 27). The Friend erythroleuke
mia line used in our work was tumonigenic even at very low cell
challenges by both routes; this was emphasized by the finding
that a cell population WIthno measurable proliferative capacity
in vitro following exposure for 3 days in a medium that was
80% with respect to deutenium oxide still retained the ability to
kill 70% of implanted animals. DBA/2J hosts appeared to
mount an immunological response to cultured cells, since the
course of the disease was markedly accelerated in animals
that were immunosuppnessed with either cyclophosphamide or
sublethal X-irradiation. The high degree of tumonigenicity ob
served in this system, in spite of the immunological response
of the host, is consistent with the results obtained in C57BL/6
mice challenged i.p. with FBL-3 cells, were as few as 10 cells
were lethal (2, 27).

The lethal disease induced by implantation of Friend eryth
roleukemia cells either i.p. on s.c. appeared to result from
proliferation and metastasis of the implanted cells rather than
from subsequent transformation of host cells by virus produced
by the erythnoleukemia cells; this is consistent with previous
findings that in vitro-derived Friend leukemia virus has weak
transforming ability (6).

CIHAB, at concentrations of i 0 and 50 zM,exerted cytotoxic
effects on log-phase Friend cells (Table 2). The effects ap
peared to be complete within 3 hr, since prolonged exposure
led to partial repopulation of the treated cell cultures by cells
that were proliferative in subculture and tumonigenic in vivo.
Mice that received a primary injection of Friend cells, killed by
exposure in culture of 50 @.LMCIHAB, exhibited a measure of
resistance to rechallenge with unaltered cells as evidenced by
an increased survival time compared to nonimmunized con
trols. However, regardless of the number of cells or the route
of implantation of the primary challenge with such killed cells,
only a small portion of the mice were completely immune to
subsequent i.p. rechallenge with 106 unaltered cells.

Treatment with viable altered cells has been observed in
several systems to confer rechallenge protection superior to
that obtained with killed cells (5, i 4, i 6). High levels of long
lasting immune protection were obtained in the Friend system
in mice surviving primary challenge with viable cells attenuated
by chemical or physical means or in mice surviving chemo
therapy protocols, further confirming the strong immunogen
icity of this tumor line in syngeneic hosts. However, this degree
of protection was achieved only with a highly tumorigenic
primary challenge. The results shown in Table 2 indicate that
it is possible, by carefully controlled modification of Friend
erythroleukemia cells using CIHAB, to produce a population of
nontumonigenic cells that retain the ability to confer complete
immune protection to a lethal rechallenge. This protection was
obtained with a single primary injection of cells treated in
culture with 30 ,.LMCIHAB. These treated cells did not exhibit
proliferative capacity in subculture and in this respect were
nonviable altered cells. We have observed that untreated
Friend cells inoculated into medium at less than i 02 cells/mI
fail to proliferate. Thus, it is possible that Friend cells treated
with 30@ CIHAB may have retained a very low level of
proliferative capacity in vivo that contributed to the generation
of complete long-lasting prophylactic immunity.

It is not possible from our results to determine conclusively

whether CIHAB treatment of Friend erythroleukemia cells func
tions by preserving immunogenicity inherent in the cultured
cells in DBA/2J hosts while eliminating the viability of the
implanted cells or whether this agent actually enhances the
immunogenicity of the treated cells. Sonicated Friend erythro
leukemia cells did not confer protective immunity to rechallenge
and, in fact, had no measurable effect on survival time in
rechallenged animals. Prior injection of virus harvested from
cultured Friend cells also failed to affect either the time course
or the final outcome of disease in animals challenged with 106
viable Friend erythnoleukemia cells. Henbenman(13), using a
Gross virus-induced lymphoma in rats, has observed that inra
diated lymphoma cells exhibit unimpaired tumor-associated
antigens upon in vitro assay but are unable to elicit a primary
cytotoxic response i 0 days after in vivo administration. Thus,
in spite of the well-established immunogenicity of virally in
duced tumors, which has been confirmed for the Friend eryth
roleukemia cells used in our studies, a single injection of cells
killed by physical means may fail to generate effective immune
protection to nechallenge. In this as in other systems (20, 2i),
multiple injections of killed cell preparations may be required
to produce complete long-lasting prophylactic immunity. Thus,
it seems reasonable to postulate that cells treated with 30 )@M
CIHAB generate an enhanced immune response when im
planted into DBA/2J hosts. Immunogenicity could be enhanced
by low-density haptenization and anticarnier response with the
benozate as hapten. However, less striking but generally similar
protective effects were obtained with cells treated with the
acetate ester of chlorohydnoxyacetone or with ethyl bromoace
tate, suggesting a mechanism other than haptenization. The
cytotoxic effects in culture of the analogs used in this work
clearly depend upon the presence of an a-chloroketone group,
since corresponding glycerol analogs and the a-fluoroketone
analogs or hydroxyacetone benzoate were approximately i 00-
fold less cytotoxic than the chloroketone analogs (Table 1).
This finding is consistent with results obtained with the same
analogs in dividing cultures of Ehrlich carcinoma and Li 210
leukemia (29). Therefore, we hypothesize that CIHAB exerts
its effects as a lipophilic alkylating agent reacting with electron
donors in or near hydrophobic regions possibly in the cell
surface. Alkylation of specific electron donors may alter com
plex surface interactions of histocompatibility gene products
with viral and tumor antigens, possibly shifting the balance
between helper, effector, and suppressor effects to the ultimate
benefit of the host. It appears that subtle differences in the
degree of alteration of cell nucleophiles may be critical for the
observed effects, since suboptimal treatment failed to eliminate
tumonigenicity while excessive treatment destroyed both tu
monigenicity and the ability to generate protective immunity. It
is important to emphasize that in the Friend erythroleukemia
system the concentration range between â€˜â€˜suboptimal'â€ãnd
, â€˜excessive' â€˜in terms of alterations created by CIHAB treatment

in culture is less than 3-fold.

ACKNOWLEDGMENTS

We are grateful to Ella Mae Guest for technical assistance. to Estelle M. Fondy
for computer processing of cytotoxicity data, and to Dr. Lana Rittmann and Dr.
Alfred Brown for help in monitoring the progress of long-term animal experiments.
The syntheses of glycerol and dihydnoxyacetone analogs used in this work were
carried out by Aichard W. Peno, Department of Biology, Syracuse University.

SEPTEMBER1979 3589

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/39/9/3583/2405609/cr0390093583.pdf by guest on 19 M

ay 2023



T. P. Fondy et a!.

A. C. Pyridine derivatives as potent inducens of erythnoid differentiation in
Friend leukemia cells. J. Med. Chem., 21: 874â€”877,1978.

16. Likhite, V. V. Suppression of the incidence of death with spontaneous tumors
in DBA/2 mice after Corynebacterium parvum-mediated rejection of syn
geneic tumors. Nature (Lond.), 259: 397â€”399,1976.

17. Marcelletti, J., and Furmanski, P. Spontaneous regression in Friend virus
induced erythroleukemia. J. lmmunol., 210: 1-8, 1978.

18. Orkin, S., Harosi, F. I., and Leder, P. Differentiation in enythroleukemiacells
and their somatic cell hybrids. Proc. Natl. Acad. Sci. U. S. A., 72: 98â€”102,
1975.

19. Pero, A. W., Babianz-Tracy,P., and Fondy, T. P. 3-Fluoro-i -hydroxypropan
2-one (fluonohydroxyacetone) and some esters: syntheses and effects in
BDF mice. J. Med. Chem., 20: 644-647, 1977.

20. Prager, M. D., and Baechtel, F. S. Methods for the modification of cancer
cells to enhance their antigenicity. Methods Cancer Res., 9: 339â€”400,
1974.

21. Prager, M. 0., Baechtel, F. S., Ribble, A. J., Ludden, C. M., and Mehta, J.
M. Immunological stimulation with modified lymphoma cells in a minimally
responsive tumor-host system. Cancer Res., 34: 3203â€”3209,1974.

22. Preisler, H. D., Chnistoff, G., Reese, P., Pavelic, P., and Rustum, Y. Friend
leukemia cells: relationship between differentiation, clonogenicity, and ma
lignancy. Cell Differ., 7: 1â€”10, 1978.

23. Preisler, H. D., and Lyman, G. Differentiation of enythroleukemia cells in
vitro: properties of chemical inducers. Cell Differ., 4: 179â€”185, 1975.

24. Rittmann, L. S. Phospholipid biochemistry in chemotherapy and chemoim
munotherapy of neoplasia. Ph.D. Dissertation, Syracuse University, Syra
cuse, New York, 1976.

25. Rozen, S., Shahak, I., and Bergmann, E. D. Organic fluorine compounds.
44. Preparation and reactions of epifluorohydrin. Synthesis, 646â€”647,
1971.

26. Silverman, J. B., Babianz,P. S., Mahajan, K. P., Buschek, J., and Fondy, T.
P. 1-Halo analogs of dihydnoxyacetone 3-phosphate. The effects of the
fluonoanalog on cytosolic glycerol-3-phosphate dehydrogenase and tniose
phosphate isomerase. Biochemistry, 14: 2252â€”2258,1975.

27. Ting, C. C., Rodnigues, D., Bushar, G. S.. and Herbenman, A. B. Cell
mediated immunity to Friend virus-induced leukemia. II. Characteristics of
primary cell-mediated cytotoxic response. J. Immunol., 116: 236â€”243,
1976.

28. Ting, C. C., Tsai, S. C., and Rogers, M. J. Host control of tumor growth.
Science, 197: 571â€”573, 1977.

29. Tracy, P. B., and Burlingham, W. J. Halo-analogs of dihydroxyacetone
derivatives in cancer chemoimmunothenapy. Proc. Am. Assoc. Cancer Res.,
19: 60, 1978.

30. Tsiftsoglou, A. S., Hwang, K. M., Agrawal, K. C., and Sartonelli,A. C. Strand
scission of Sarcoma 180 tumor cell DNA induced by 1-formylisoquinoline
thiosemicarbazone. Biochem. Pharmacol., 24: 1631â€”1633, 1975.

3590 CANCERRESEARCHVOL. 39

REFERENCES

1. Burlingham, W. J., McCarthy, D. J., and Fondy, T. P. Incorporation into
Li 210 cells and selective modification of immunogenicity by chlorohydrox
yacetonebenzoate, a potential immunotherapeutic agent. Fed. Proc., 37:
1563, 1978.

2. Cheever. M. A., Kempf, A. A., and Fefen,A. Tumor neutralization, immuno
therapy, and chemotherapy of a Friend leukemia with cells secondarily
sensitized in vitro. J. Immunol., 119: 714â€”718,1977.

3. Cimpnich, A. S., Specter, S., and Friedman, H. Requirement for direct
cellular contact for immunosuppression by the munine virus-induced lym
phoma (FBL-3). J. Immunol., 120: 1473â€”1479, 1978.

4. Conscience, J. F., Miller, A. A., Henry, J., and Ruddle, F. H. Acetylcholin
esterase, carbonic anhydrase, and catalase activity in Friend erythroleuke
mia cells, non enythnoid mouse cell lines, and their somatic hybrids. Exp.
Cell Res., 105: 401â€”412,1977.

5. Eilben,F. A., Holmes, E. C., and Morton, D. L. Immunotherapy experiments
with a methylcholanthrene-induced guinea pig liposarcoma. J. NatI. Cancer
Inst., 46:803-808, 1971.

6. Evenson, D. P., PIa, D. M., Beju, D., and De Harven, E. A quantitative
comparison between in vivo- and in vitro-derived Friend leukemia virus. Int.
J. Cancer, 16: 819â€”829,1975.

7. Fondy, T. P., Ghangas, G. S., and Reza, M. J. Synthesis of 1-halo-analogs
of DL-glycerol-3-phosphateand their effects on glycerol phosphate dehydro
genase. Biochemistry, 9: 3272â€”3280,1970.

8. Fondy, T. P., Pero, A. W., Karker, K. L., Ghangas, G. S., and Batzold, F. H.
Synthesis of L-1-deoxyfluonoglycerol and its 3-phosphate ester. Effects of
the L- and D-enantiomersin BDF, mice. J. Med. Chem., 17: 697-702, 1974.

9. Friend, C., Patuleia, M. c., and de Harven, E. Erythrocytic maturation in vitro
of munine (Friend) virus-induced leukemia cells. NatI. Cancer Inst. Monogr.,
22: 505-520, 1966.

10. Friend, C., Scher, W., Holland, J. G., and Sato, T. Hemoglobin synthesis in
murine virus-induced leukemia cells in vitro: Stimulation of erythroid differ
entiation by dimethyl sulfoxide. Proc. NatI. Acad. Sci. U. S. A., 68: 378â€”
383, 1971.

11. Golde, D. W., Faille, A., Sullivan, A., and Friend, C. Granulocytic stem cells
in Friend leukemia. Cancer Res., 36: 115â€”i19, 1976.

12. Golding. B. T., Hall, D. A., and Sakrikar, S. Reaction between vicinal diols
and hydrogen bromide in acetic acid: synthesis of chinalpropylene oxide. J.
Chem. Soc. Perkin Trans. I, 11: 1214â€”1220,1973.

13. Herberman, A. B. Immunogenicity of tumor antigens. Biochim. Biophys.
Acta, 473: 93â€”119,1977.

14. Kronman, B. S., Wepsic, H. T., Churchill, W. H., Jr., Zbar, B., Borsos, T.,
and Aapp, H. J. Immunotherapy of cancer: an experimental model in syn
geneic guinea pigs. Science, 168: 257â€”259,1970.

15. Li, C-D., Rittmann, L. S., Tsiftsoglou, A. S., Bhargava, K. K., and Sartorelli,

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/39/9/3583/2405609/cr0390093583.pdf by guest on 19 M

ay 2023




