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Abstract. Numerous natural and synthetic quinone compounds possess significant 
antitumor properties. Various mechanisms have been proposed to account for these 
properties, including scission and degradation of tumor cell DNA, intracellular “redox 
cycling” to cogenerate semiquinone free radicals and reactive oxygen intermediates, 
and the interaction of semiquinone radicals with tumor cell surface flavoenzymes. 
However, no evidence has been presented to explain adequately the preferential at- 
tack on tumor cells by semiquinone radicals, as opposed to normal cells. To address 
this question, a synergistic interaction was examined. A therapy consisting of a 
mixture of L-ascorbate and 2,6-dimethoxy-p-benzoquinone, was used for in vivo 
evaluation. BALB/c mice were depleted of functional T-lymphocytes by xenogeneic 
monoclonal antibody pretreatment, challenged with Ehrlich ascites tumor, and admin- 
istered the semiquinone radical-generating therapy. Mice depleted of CD4+ T- 
lymphocytes responded with rapidly fatal tumor progression, with significantly de- 
creased mean survival times over controls, whereas less severe responses were 
observed in mice devoid of CD8+ T-lymphocytes. Mice depleted of both T-lymphocyte 
subpopulations responded with uninhibited tumor growth and rapid mortalities. When 
tumor challenge occurred after therapy, tumor growth was significantly delayed in 
mice enriched for CD4+ T-lymphocytes, with demonstrable increases in mean survival 
time over controls. This reagent combination had no significant effect on T- 
lymphocyte profiles in secondary lymphoid organs. These data suggest a synergistic 
phenomenon of semiquinone radical-induced cytostasis coupled with T-lymphocyte 
helper activity for optimal tumor suppression. [P.S.E.B.M. 1998, Vol 2171 

Q uinones occur naturally as benzoquinones, napth- 
quinones, and anthraquinones and represent the 
largest class of quinoid compounds (1, 2). Natural 

and synthetic p-benzoquinones have appreciable antitumor 
activities, with the most useful containing reactive or het- 
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erocyclic side groups around aromatic base structures. An- 
thraquinones also possess significant antitumor activities (2, 
3). These compounds undergo facile reduction and oxida- 
tion reactions; a one-electron reduction of a quinone gen- 
erates a semiquinone-free radical, whereas a two-electron 
reduction creates a hydroquinone moiety (2). A phenom- 
enon of ‘‘bioreductive activation,’’ by virtue of repetitive 
reduction-oxidation reactions (redox cycling) has been a 
prominent hypothetical mechanism-of-action of the clini- 
cally significant benzoquinone and anthracycline antitumor 
agents (3-6). 

The physicochemical properties and apparent in vivo 
antitumor activities of several structurally simple benzoqui- 
none compounds were initially evaluated by Pethig et al. 
(7-9) within the context of free radical formation and sub- 
sequent reactivity. These studies revealed that mixtures of 
L-ascorbate and certain benzoquinone compounds exerted a 
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profound antitumor effect in mice challenged with Ehrlich 
ascites tumor. Ascorbate was employed as a non-toxic re- 
ducing agent to generate semiquinone free radicals from the 
parent benzoquinones. The respective abilities of these 
compounds to generate radicals were evaluated with in vitro 
and in vivo experimental approaches. Neither the ascorbate 
nor the benzoquinone compounds by themselves demon- 
strated significant levels of tumor inhibition, since the pro- 
gression of the tumor was not retarded by the administration 
of the individual reagents. These results suggested that the 
observed antitumor effect of the combination therapy(ies) 
was a direct consequence of the formation of semiquinone 
free radicals, the reaction products generated in mixtures of 
ascorbate and these benzoquinone compounds. 

The primary objective of the present study was to de- 
termine whether the semiquinone radical generated by the 
combination of L-ascorbate and 2,6-dimethoxy-p-benzoqui- 
none, hereafter referred to as ASCDMBQ therapy, inter- 
acted with specific immune response cells to suppress tumor 
growth. The reported cytostatic effect of the treatment pro- 
tocol was considered relevant, and additional in vivo evalu- 
ations with specific immunodeficient animal models were 
necessary to establish a possible link with the cellular im- 
mune system. 

Materials and Methods 
Experimental Animals. BALB/c mice, age and sex 

matched, were employed in these studies and were obtained 
from Sasco, Inc. (Omaha, NE). The care and use of these 
animals conformed to the policies and regulations of the 
Institutional Animal Care and Use Committee of Texas 
Tech University Health Sciences Center. 

Tumor Model. The wild-type Ehrlich ascites tumor 
was generously provided by Dr. L. M. Slater, University of 
California at Irvine, and was used throughout these studies. 
This tumor has been employed in numerous studies of tu- 
mor immunology and chemotherapy because of ease of 
transmissibility and growth characteristics (10-1 3). The tu- 
mor was maintained in vivo by weekly intraperitoneal (ip) 
injections of 200 pl tumor ascites into naive recipient 
BALB/c mice. 

Hybridomas and Monoclonal Antibodies. Hy- 
bridomas GK1.5 (rat anti-mouse L3T4a/CD4+) and 2.43 
(rat anti-mouse Lyt 2.2/CD8+) were obtained from the 
American Type Culture Collection (Gaithersburg, MD). 
The method of Sprent and Schaffer (14) was employed to 
induce large-scale in vivo production of ascites with each 
hybridoma. Briefly, mice were first primed by ip injection 
of 0.5 ml pristane (Sigma Chemical Co., St. Louis, MO). 
After 7-1 0 days, rabbit polyclonal anti-mouse lymphocyte 
serum (Accurate Chemical and Scientific Corp., Westbury, 
NY) was administered by ip injection of 100 p1 per mouse. 
Twenty-four hours later these mice were subjected to sub- 
lethal whole body irradiation (500 rads of whole body ex- 
posure; 0.47-minute exposure for each group of 10 mice in 
a J.L. Shepherd Blood Irradiator, Model 143, equipped with 

a '37Cesium source). Viable hybridoma cells (3-5 x lo6 
cells/l00 ~ 1 )  were injected ip 24 hr following irradiation. 

After 7-14 days, hybridoma ascites were harvested 
from these mice by ip tap. Crude ascites were pooled and 
centrifuged to remove the hybridoma cells; cell-free ascitic 
fluids were then delipidated with 1,1,2-trichlorofluoroeth- 
ane and stored at -70°C. The methods of Hornbeck (1 5) and 
Morrow et al. (16) were adapted for the detection and ti- 
tration of the desired mAb in the clarified ascitic fluids by 
enzyme-linked immunosorbent assay. End-point titrations 
of these fluids were typically > 100,000 by reciprocal dilu- 
tion (data not shown). 

In Vivo Depletion of Differentiated T-Lympho- 
cytes. The depletion procedure was adapted from the 
method of Husman and Bevan (17) and was consistent with 
similar reported manipulations ( 18-20). Briefly, clarified 
hybridoma ascitic fluids (200 p1) were administered to mice 
by ip injection; mice to be depleted of CD4+ T-lymphocytes 
received clarified GK1.5 ascites, and mice to be depleted of 
CD8+ T-lymphocytes received clarified 2.43 ascites. Mice 
to be depleted of both subpopulations received concurrent 
injections of both ascitic fluids. Control mice received ip 
injections of phosphate buffered saline (PBS, pH 7.4), also 
at 200 pl each. 

Isolation and Labelling of Lymphocytes for 
Flow Cytometric Analysis. On a predetermined time 
schedule, mice were randomly selected from each group and 
euthanized by cervical dislocation. Cell suspensions were 
prepared from secondary lymphoid organs harvested from 
the mice and adjusted to 2 x lo6 viable cells/ml in PBS 
supplemented with 1% bovine serum albumin (BSA) and 
0.02% sodium azide (PBS/l% BSA/0.02% NaN,). The 
standard labelling technique was used to stain these cells for 
indirect immunofluorescence analysis by flow cytometry. 
Clarified hybridoma ascitic fluids containing high titers of 
GK1.5 and 2.43 mAb and mAb 30-H12 (rat anti-mouse Thy 
1.2, pan T marker; Boehringer-Mannheim Biochemicals, 
Indianapolis, IN) served as primary antibodies, and FITC- 
conjugated goat anti-rat IgG (whole molecule; Cappel/ 
Organon Teknika Corp., West Chester, PA) served as the 
secondary detection reagent. Propidium iodide was added to 
all cell suspensions (10 pl of 50 Fg/ml stock solution in 
PBS) as an indicator of cell viability and to allow the ex- 
clusion of dead cells in demonstrating the status of cells 
exhibiting specific surface phenotypes (21). Final cell sus- 
pensions were maintained on ice in the dark until analysis. 
A FACStar Plus flow cytometer (Becton-Dickinson Immu- 
nocytometry Systems, Mountain View, CA) was used to 
acquire data from lo4 viable cells from each labelled 
suspension. 

Preparation of Treatment Reagents. The qui- 
none compound 2,6-dimethoxy-p-benzoquinone (DMBQ), 
was generously provided by Dr. G. Fodor, West Virginia 
University, Morgantown, WV. L-ascorbate (ASC) was ob- 
tained from Sigma Chemical Co. DMBQ was prepared at a 
concentration of 3 mM in PBS, and ASC was prepared at a 
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concentration of 750 mM, also in PBS. Both solutions were 
sterilized by passage through 0.22 pm Millex GV syringe 
filters (Millipore C o p )  into sterile disposable syringes. 
Fresh solutions were prepared daily for the standard treat- 
ment protocol. 

Tumor Challenge and Administration of ASC/ 
DMBQ Therapy to Mice Deficient in T-Lymphocyte 
Subpopulations. Mice were challenged 72 hr after T- 
lymphocyte depletion by ip injection of 100 pl of Ehrlich 
ascites tumor cell suspension ( lo5 viable tumor cells in PBS 
supplemented with 2 mg/ml dextrose). The administration 
of ASC/DMBQ therapy or PBS was initiated 24 hr follow- 
ing tumor implantation. The treatment regimens consisted 
of two ip injections of the semiquinone radical-generating 
reagents (0.25 ml of each solution co-mingled in a dual 
syringe manifold) for 7 consecutive days, with the daily 
injections administered 10-12 hr apart. Control mice re- 
ceived similar volumes of PBS on the same schedule. The 
calculated dosages of ASC and DMBQ per injection were 
1.86 mg/g and 0.006 mg/g body weight, respectively, with 
the initial mean body weight of each mouse at 20 g. All 
experimental and control mice were examined daily to 
document the onset of solid tumor formation, tumor ascites 
accumulation, and eventual survival times. 

Alternately, mice were depleted of specific T- 
lymphocytes, as described previously, and were adminis- 
tered either ASCDMBQ or PBS for the standard 7-day 
treatment protocol. Tumor challenge was withheld until 24 
hr past the conclusion of ASC/DMBQ or PBS therapies, 
with the eventual tumor load at the same viable cell con- 
centration as used previously. The results of the studies 
described herein were from single experiments encompass- 
ing large numbers of experimental and control mice for 
statistical inference. 

Effect of ASC/DMBQ Therapy on T-Lympho- 
cyte Subpopulations in Tumor-Free Mice. Immuno- 
competent, tumor-free mice were administered the standard 
7-day ASC/DMBQ ip therapy to assess possible adverse 
consequences on T-lymphocyte profiles. Control mice re- 
ceived PBS ip at the same injection volume and frequency. 
Control and treated mice were euthanized at specified in- 
tervals, and spleens and selected lymph nodes (bilateral bra- 
chial, superficial cervical, superficial inguinal, and mesen- 
teric nodes) were collected. Cell suspensions were prepared 
from these organs and stained for indirect immunofluores- 
cence analysis, as previously described. 

Statistical Analysis of Experimental Results. 
The arithmetic average (mean), the standard deviation (SD), 
and the standard error of the mean (SEM) were calculated as 
descriptive statistics for each set of replicative data. Ranges 
and median values for experimental and control responses 
were also calculated. Where appropriate, comparisons be- 
tween the experimental means were made with t tests for 
paired and unpaired observations. Significant differences 
were denoted at p d 0.05. 

Results 
Kinetics of /n Hvo Depletion and Repopulation 

of T-Lymphocytes. The kinetics of depletionlrepopula- 
tion of T-lymphocytes are shown in Table I. Single ip in- 
jections of clarified GK1.5 and 2.43 ascitic fluids resulted in 
> 95% depletion of the respective T-lymphocyte subpopu- 
lations for at least 15 days. Gradual repopulation of T- 
lymphocytes expressing the CD4+ and CD8+ phenotypes 
was observed thereafter. However, a reduction of > 90% 
was clearly evident for almost 30 days. The rate of CD8+ 
repopulation appeared to exceed the general rate of CD4+ 
repopulation, but this may have simply reflected divergent 
concentrations of cells in murine lymph nodes. 

Manipulation of T-lymphocyte profiles with mAb sig- 
nificantly altered CD4:CD8 ratios. The PBS control mice 
exhibited ratios consistently near the low end of the normal 
range of 2.0-2.5 (data not shown). GK1.5-treated mice ex- 
hibited ratios near zero in the majority of the assays whereas 
2.43-treated mice exhibited ratios that far exceeded control 
ratios. Repopulation of CD4+ and CD8+ T-lymphocytes 
over the designated time span was incomplete, yet the 
trend to restore the normal CD4:CD8 ratios was clearly 
demonstrated. 

Solid Mass Development in ASC/DMBQ- 
Treated Mice Deficient in T-Lymphocyte Subpopu- 
lations. Palpable solid tumor masses at or near the sites of 
tumor implantation were detected by daily examination of 
the mice. The relative time, in days, for solid mass devel- 
opment between the various groups of mice is shown in 
Figure 1. All control mice quickly developed detectable 
masses, regardless of cellular deficiency or treatment pro- 
tocol. Conversely, solid mass development in CD4-deficient 
mice was significantly delayed with ASC/DMBQ therapy as 
compared to the responses of the corresponding controls (p 
d 0.01). The appearance of solid masses in CD8-deficient 

Table 1. Kinetics of T-Lymphocyte Depletion and 
Repopulation in BALBk Micea 

CD4+ CD8+ 
T-Lym p hocytes T-Lymphocytes 

Dav 
CD4: C D8 YO Y O  

Depletion CD4:CD8 Depletion 

3 99.3 k 0.02 0.01 +. 0.001 99.1 +: 0.3 95.2 k 26.54 
6 99.3k0.2 0.02 kO.004 98.9k0.1 71.0k 1.01 

10 99.1kO.1 0.02k0.002 98.0k0.1 41.8k4.48 
15 99.1 kO.1 0.01 kO.002 95.8 kO.3 18.0 k 1.72 
22 98.6k0.2 0.03*0.004 91.5kO.6 16.1 ~ 0 . 2 2  
29 91.6k1.9 0.19k0.045 93.1k0.1 11.3k1.01 

a Randomized mice were administered single ip injections of clarified 
hybridoma ascitic fluid (GK1.5 to deplete CD4+ T-lymphocytes and 
2.43 to deplete CD8+ T-lymphocytes), as described in Matenah and 
Methuds, Cell suspensions were prepared from peripheral and mes- 
enteric lymph nodes harvested from euthanized mAb-treated mice (n 
= 3 micehreatment group) on the indicated time schedule, labelled 
for indirect immunofluorescence, and analyzed by flow cytometry. 
Results are expressed as mean % Depletion * SEM and mean 
CD4:CD8 ratio * SEM of triplicate values for the indicated assays. 
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Figure 1. Solid tumor development in response to therapy and cel- 
lular deficiency. T-lymphocyte subpopulations were eliminated in 
randomized groups of mice (n = lo), challenged with tumor, and 
administered either ASC/DMBQ or PBS at two ip injections per day 
for seven consecutive days. This progressive manifestation of tumor 
growth provided an additional qualitative parameter to assess 
therapy-related tumor suppression. It is deemed consequential to the 
initial tumor implant and intradermal injury during subsequent mul- 
tiple therapy injections. Results are expressed as the mean time of 
tumor development, in days, i SEM. 

ASCDMBQ-treated mice was delayed for a considerably 
longer time frame over controls (p d O.Ol),  as well. Nota- 
bly, maximal suppression of mass development was clearly 
evident in CD8-deficient mice following ASC/DMBQ 
therapy. Mice devoid of both subpopulations also responded 
with delayed tumor growth, but development times were 
substantially shorter than those of mice with either cellular 
deficiency. Normal immunocompetent mice developed 
solid masses at rates comparable to the responses of mice 
depleted of CD8+ cells. 

The survival profiles of these groups of mice are shown 
in Table 11. At 120 days post tumor implantation, the ma- 
jority of CD%deficient, ASCDMBQ-treated mice survived. 
The mean survival time of this group was much longer than 
that of the concurrent PBS control group (p G 0.002). CD4- 
deficient mice survived longer with ASCDMBQ therapy 
than the control mice (p d O.OOl), but with a single long- 
term survivor at 120 days. ASCDMBQ therapy did not 
enhance the mean survival time of mice devoid of both 
T-lymphocyte subpopulations when compared to the PBS 
control group (p 3 0.05). However, ASCDMBQ therapy 
did extend the mean survival time of normal, immunocom- 
petent mice as opposed to the response of the normal control 
group (p d 0.05). Long-term survivors were not evaluated 

further for the acquired ability to reject secondary tumor 
challenge or to demonstrate altered leukocytic tumoricidal/ 
tumoristatic properties. 

Tumor Challenge Following ASC/DMBQ 
Therapy in Deficient Mice. Groups of randomized mice 
were depleted of T-lymphocyte subpopulations and admin- 
istered the ASCDMBQ therapy or PBS for 7 consecutive 
days. Tumor implantation was then performed in all mice 24 
hr after the conclusion of the respective treatments. Tumor 
progression was then monitored daily, and survival profiles 
were determined through 22 days post tumor challenge, as 
shown in Figure 2. It can be seen that all normal immuno- 
competent mice and all CD8-deficient mice survived to this 
point after receiving ASC/DMBQ therapy. In contrast, with 
the exception of one mouse within the normal PBS control 
group, there were no other survivors in any other group, 
irrespective of treatment. These data demonstrated striking 
differences in treatment effect, which were dependent on 
specific deficiencies in T-lymphocyte subpopulations. 
These results suggest that CD4+ T-lymphocytes are critical 
to maximize the suppressive activity of ASC/DMBQ 
therapy. 

The overall survival profiles of these mice are pre- 
sented in Table 111. The mean survival times of mice devoid 
of CD8+ cells (enriched for CD4+ cells) and normal immu- 
nocompetent mice were much greater than mice within the 
remaining experimental groups that received ASCDMBQ 
therapy prior to tumor challenge. These two experimental 
groups were the only groups to demonstrate statistically 
significant effects when compared to the parallel PBS con- 
trols (p d 0.001 and p s 0.05, respectively). Therefore, 
these results suggest a definite correlation or synergism be- 
tween the dimethoxybenzosemiquinone radical and func- 
tional CD4+ T-lymphocytes in suppressing tumor growth. 

Impact of ASC/DMBQ Therapy on T-Lympho- 
cyte Profiles Within Secondary Lymphoid Organs. 
T-lymphocyte subpopulation profiles of the spleen and 
pooled lymph node cell suspensions prepared from tumor- 
free control and ASCDMBQ-treated mice are shown in 
Panels A and B of Figure 3. Minor fluctuations in CD4+ and 
CD8+ T-lymphocyte concentrations in spleen cell suspen- 
sions were observed over the indicated time course of 10 
days, as shown in Panel A, but were not significantly dif- 
ferent (p 2 0.05) from the corresponding control suspen- 
sions. A marginal net increase in the CD8+ subpopulation 
was detected 3 days after conclusion of ASC/DMBQ 
therapy and suggests a possible delay in the mobilization of 
these lymphocytes. Similarly, the profiles of T-lymphocyte 
subpopulations in pooled lymph node cell suspensions from 
ASCDMBQ-treated mice were not different from control 
profiles (p 3 0.05), as shown in Panel B. Collectively, these 
results indicate that the standard 7-day ASCDMBQ therapy 
has no definable negative impact on the distribution or vi- 
ability of T-lymphocytes within the secondary lymphoid 
organs of tumor-free mice. T-lymphocytes from ASC/ 

92 SEMIQUINONE RADICAL AND T CELL SYNERGISM 



Table II. Effect of T-Lymphocyte Deficiencies and ASC/DMBQ Therapy on Survival Profiles of 
Tumor- Bea ri ng M ice 

Survival Profiles" 

Range Median Mean * SEM pd Survivors 
Deficiency" Therapyb 

CD4 
ASC/DMBQ 21 -1 20 45.5 52.5 * 9.1 1/10 

PBS 19-24 23 22.4 * 0.5 0/10 
so.01 

CD8 
ASC/DMBQ 27-1 20 120 85.1 f 14.3 6/10 

PBS 23-45 24.5 26.5 * 2.1 0/10 
s0.002 

ASC/D M BQ 2-54 33 28.5 5.1 0/10 

PBS 19-24 23 22.3 * 0.5 0/10 
CD4 and CD8 20.05 

ASC/DMBQ 21 -1 20 48 68.2 * 14.4 4/10 

PBS 21 -1 20 24.5 37.1 * 9.9 1/10 
Normal G0.05 

a Randomized groups of mice (n = 10) were depleted of the indicated T-lymphocyte subpopulations, as previously described; Normal, 
immunocompetent mice with no induced cellular deficiencies. 

Therapies consisted of the indicated reagents at two ip injections per day for seven consecutive days administered to tumor-bearing mice 
with induced cellular deficiencies. 
CResults are presented as survival profiles, in days, following ip tumor challenge, with mean survival times as the primary response data. 
Median survival times, ranges of survival, and numbers of survivors are included for additional comparisons. The study was terminated at 120 
days post tumor challenge; mice that survived to this termination date were considered to have survival times of 120 days. 
dSignificance levels are from comparisons of mean survival times between ASC/DMBQ-treated mice and PBS control mice with the indicated 
cellular deficiencies. 

DMBQ-treated mice responded to mitogenic stimulation 
with levels of thymidine incorporation comparable to con- 
current PBS control suspensions (data not shown), suggest- 
ing no direct functional impairment. 

Discussion 
The reported effectiveness of ASC/DMBQ therapy 

against murine Ehrlich ascites tumor (7-9) provided in- 
sights into the potential antitumor effect( s) of long-lived 
semiquinone free radicals. Indeed, the free radicals exhib- 
iting the longer half-lives, as measured by electron spin 
resonance, were also the more effective antitumor agents. 
The most dramatic results were obtained with a mixture of 
750 mM ASC and 3 mM DMBQ, a naturally occurring 
quinone compound found in wheat germ (7). This combi- 
nation of reagents was employed in these studies to retain 
protocol specificity. The Ehrlich ascites tumor used in these 
studies has been adapted for ip growth in the BALB/c 
mouse and is rapidly lethal to normal immunocompetent 
hosts without therapeutic intervention. 

The inhibition of membrane-bound oxidases, as previ- 
ously hypothesized (9), could not satisfactorily explain the 
high specificity for tumor cells that these reagents display in 
vivo. No evidence has been presented that the target en- 
zymes are present in tumor cells only, and are absent in 
normal cells. We suspected, therefore, that other factors 
may have to account for this degree of specificity. In pre- 
liminary experiments reported earlier (22), we demonstrated 
that the efficacy of ASC/DMBQ therapy was dramatically 
compromised in immunodeficient mice. Indeed, little or no 

suppressive activity was documented in mice subjected to 
sublethal ionizing irradiation or to cyclosporin A therapy 
prior to tumor challenge. Suppressive activity was also ab- 
sent in athymic nude mice, whereas tumor inhibition similar 
to that reported by Pethig et al. (7) was observed with 
normal immunocompetent mice. 

The goals of the present studies were to evaluate the 
potential association of the semiquinone radical generated 
by ASC/DMBQ therapy with innate cell-mediated activities 
and to identify specific cell(s) capable of synergistic inter- 
action to suppress tumor progression. The experimental ap- 
proach involved modulating lymphocyte profiles in vivo and 
evaluating the subsequent effectiveness of this therapy in 
modifying tumor progression in test animals with these in- 
duced cellular deficiencies. The animal modeling proved 
adequate for assessing the impact of narrowly defined T- 
lymphocyte deficiencies on the cytostatic potential of ASC/ 
DMBQ therapy. The manipulation of T-lymphocyte sub- 
populations in tumor-bearing mice altered the cytostatic po- 
tential of the therapy, and the semiquinone radical by 
association. These data, together with the results reported 
earlier (22), suggest that CD4+ T-lymphocytes and the di- 
methoxybenzosemiquinone free radical generated by this 
reagent combination cooperatively induce tumor suppres- 
sion in Ehrlich ascites-bearing mice. 

Semiquinone free radicals are capable of redox cycling 
in the presence of molecular oxygen, thereby generating the 
superoxide anion and regenerating the parent quinone. The 
production of reactive superoxide anions through semiqui- 
none-quinone redox cycling may induce target cell damage 
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Figure 2. Survival profiles of immunodeficient mice challenged with 
tumor following therapy. T-lymphocyte subpopulations were elimi- 
nated in randomized groups of mice (n  = 5), administered either 
ASC/DMBQ or PBS at two ip injections per day for seven consecu- 
tive days, then challenged with tumor. Results are shown as per- 
centage of survival over time with an experimental time frame of 22 
days post tumor challenge. 

via indiscriminant intracellular reactions, including DNA 
degradation and protein damage (5 ,  6, 23, 24). However, it 
is difficult to visualize how such a mechanism or random 
attack could account for tumor cell specificity in host ani- 

mals since oxygen-centered free radicals have notoriously 
short half-lives. Certain semiquinone radicals possess mea- 
sured half-lives on the order of several minutes (7). The fact 
that we observed ASCDMBQ-promoted suppressive activ- 
ity in mice when tumor cells were implanted after the ani- 
mals received the standard 7-day therapy suggests that 
reactive intermediates with much longer half-lives were in- 
volved. This observation, in fact, suggests that the semiqui- 
none radical, rather than attacking the tumor cells directly, 
or indirectly via the formation of other short-lived radicals, 
may generate intermediates that are quite stable with varied 
activities, including elucidating responses of certain cells 
involved in cellular immunity. 

It should be noted that a variety of chemotherapeutic 
agents, including several quinone and quinone-like com- 
pounds such as benzoquinone, adriamycin, and mitomycin 
C, have been shown to interact with various immune re- 
sponse cells (25-27), resulting in enhanced immunocyto- 
toxic functions (28-33). Thus, peritoneal macrophages, 
mast cells, natural killer cells, and cytotoxic T-lymphocytes 
have been subjected to various in vitro manipulations to 
characterize the mode-of-action of several quinone-based 
therapeutic agents. Nonquinone anticancer agents have also 
been evaluated for immunological interactions within the 
context of therapeutic effect(s), such as BCNU (34), BEPH 
(33 ,  cisplatin (36-38), and synthetic flavonoid compounds 
(20, 39, 40). 

The results of the present studies demonstrate the ne- 
cessity for functional CD4+ T-lymphocytes to optimize the 
suppressive effect of this semiquinone free radical toward 
Ehrlich ascites tumor cells. These data further confirm the 
transient nature of the observed cytostatic effect of this free 
radical against this particular tumor model. Therefore, it is 

Table 111. Comparison of Survival Profiles of lmmunocompetent and T-Lymphocyte Deficient Mice 
Administered Therapies Prior to Tumor Challengea 

Survival Profilesb 
Deficiency Therapy 

Range Median Mean * SEM PC 

CD4 
ASCIDMBQ 17-2 19 18.6 * 0.5 

PBS 15-20 19 18.4 * 0.9 
a0.05 

CD8 
ASCIDMBQ 23-29 28 26.8 * 1.1 

PBS 17-23 10 19.2 f 1 .O 
so.001 

ASCIDMBQ 13-1 9 17 16.4 * 1.3 

PBS 15-1 9 19 17.8 * 0.8 
CD4 and CD8 20.05 

Normal 
ASCIDMBQ 25-32 25 27.8 * 1.7 

PBS 19-29 21 22.4 * 1.9 
~0.05 

a Randomized groups of mice (n  = 5) were depleted of the indicated T-lymphocyte subpopulations, as previously described; Normal, immu- 
nocompetent mice with no induced cellular deficiencies. Therapies consisted of the indicated reagents at two ip injections per day for seven 
consecutive days, then challenged with lethal tumor load by ip injection 24 hr later. 

Results are presented as survival profiles, in days, following tumor challenge, with mean survival times as the primary response data. 
Significant differences in mean survival times between ASC/DMBQ-treated and PBS control mice were observed only in groups with 

functional CD4+ T-lymphocytes (via mAb-induced elimination of CD8+ T-lymphocytes) and with normal immunocompetent mice. 
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Figure 3. Effect of ASC/DMBQ therapy on T-lymphocyte profiles in 
secondary lymphoid organs of tumor-free mice. Randomized tumor- 
free mice were administered the seven-day ASC/DMBQ therapy. 
Single cell suspensions were prepared from spleens (Panel A) and 
pooled lymph nodes (Panel B), then stained for cellular identification 
by indirect immunofluorescence and flow cytometry, as previously 
described. Results are expressed as mean percent positive * SEM 
for CD4+ and CD8+ T-lymphocytes (n = 3 per indicated day with 
ASC/DMBQ therapy and n = 6 for PBS controls). 

postulated that therapy-induced cytostatis and T-lympho- 
cyte participation act synergistically to retard rapid tumor 
progression in this particular system. However, these obser- 
vations were made with one chemotherapeutic agent, using 
one tumor model in a single animal species. Since in-bred 
BALB/c mice were employed in these studies, rather than 
out-bred CD1 mice referenced by Pethig et al. (7), and 
different variants of the Ehrlich ascites tumor were em- 
ployed in the respective investigations, it could be argued 
that the original protocol continuity was compromised. 
However, it is our contention that the efficacy of ASC/ 
DMBQ therapy has been convincingly confirmed in a dif- 
ferent animal model challenged with a fast growing, rapidly 

lethal ip tumor. Manipulating the cellular immune system of 
the recipient mice provided strong evidence of CD4+ T- 
lymphocyte participation in the suppressive effect of ASC/ 
DMBQ therapy, and by inference, the dimethoxybenzosemi- 
quinone free radical generated by this reagent combination. 
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