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During the period of this Contract, our laboratory has been involved in several

areas of research. All of these have a single objective -- improvement of the

efficacy of radiation therapy of cancer — by they utilize different approaches. Our

basic tenet has been that' such improvements in the treatement of cancer by radiation

(or by chemotherapeutic drugs) will depend upon a sound undertanding of the mechanisms

by which these modalities operate.

'This- outline summarizes the objectives and some of the conclusions for four of

these approaches.

I. Chemical Sensitization

During the early phase of the Contract, we experimented with the glutathione

oxident "diamide". Our objectives were (1) to determine the role of endogenous

non-protein sulfhydryl (NPSH) in cellular radiation sensitivity and in the oxygen

effect, (2) to characterize the biochemistry of this reagent, with particular atten-

tion to reactions pertinent to radiosensitivity, and (3) to explore the possibility

that two sensitizers acting via different mechanisms might be combined, at sub-toxic

doses, t9 give synergistic effects.

The conclusions reached have been summarized in several publications. The clear

demonstration that NPSH- and related endogenous compounds play a vital role in cellular

radiosensitivity is in agreement with much of Dr. Revesz1 work and has resulted in

development of compounds that are less toxic but still' sensitizing (e.g., the current

work of Bump and Brown at Stanford University). In addition, we have developed a

mouse model in which to evaluate the CNS toxicity of nitroimidazole sensitizers.

II. Chemical Protection

These studies have continued our earlier work with the thiophosphate compound

WR-2721. The objectives have been to (1) characterize the -differential protection

of various tissues, (2) survey the efficacy against tumors, (3) evaluate protective

effects in the immune system, and (4) investigate the effects of WR-2721 (and of

thiols) on a variety of chemotherapeutic drugs.

The concisions are detailed in our original publication (Rad. Res, 46: 362,

1971) and in more recent papers. Of particular interest is our recent work showing

good protection against alkylating agents and experiments showing protection (as
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well as rescue) against CIS-platinum. This latter work is described in the

preprint to be distributed.

III. Hyperthermia

This approach has emphasized the relative effects of heat .(41°c - 43°c) on

euoxic and hypoxic mammalian cells. Moreover, we have completed (and are presently

analyzing) experiments combining hyperthermia with high LET radiation (14 Mev

neutrons), again for both euoxic and hypoxic cells. Other studies have explored

the effects of hyperthermia on a vital element-of the immune system (cytotoxic

T-lymphocytes).

We do not -find a differential cytotoxicity or radiosensitivity for hyperthermia

•for hypoxic cells compared to euoxic'ones. The effect of•hyperthermia on immune

cells, (though not pertinent to this Contract), provides insight into the basic

mechanism.of immune cytolysis.

IV. Chemotherapy Agents

These studies have explored the effects of various clinically-used drugs on

hypoxic versus euoxic cells, (protection against these effects has been studied

and is summarized in II above). Of current interest'is the effect-of drugs (as wellt . -
as radiation and heat) against chronically hypoxic cells. Towards this end we

are characterizing the biochemical and cytokinetic effects of chronic hypoxic

in an in vitro model. (These" latter experiments are not yet published but will

be reviewed at the meeting). .

Our conclusions include (1) no'differential effects for eight commonly used

drugs on hypoxic cells, (2) some intriguing data on Bleomycin cytotoxicity as a

function of timing, (3) the post-drug rescue of CIS-platinum by WR-2721 (See III),

and (4) an apparent decrease in the OKR for chronically hypoxic cells, as well as

some differences, in drug sensitivity compared to acutely hypoxic cells.
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ABSTRACT

Exposure of EMT6/SF cells to cis-dichlorodiaramine Pt (II) (DDP) for 1 hr in

the presence of 1OmM cysteamime (MEA) resulted in significantly improved cell

survival compared to treatment with DDP alone (DMF=3.1). This protection was

also observed when MEA was added to cultures after removal of DDP and per-

sisted, albeit with diminishing efficacy, even when the two exposures were

separated by as long as 4 hrs. Protection by MEA was concentration dependent:

no significant protection was observed below ImM and maximum protection

required SmM. when cells were incubated with 1OmM UEA immediately after

removal of DDP, survival increased as a function of the length of exposure to

MEA, reaching a maximum at 2 hrs. Similar experiments with Bleomycin, Adria-

mycin, and BCNU showed no protective effect of the sulfhydryl compound.

Key Words: Cis-platinum, radioprotectors, chemotherapy drugs, cell culture.
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INTRODUCTION

The radioprotective qualities of sulfhydryl-containing compounds have

been studied intensely for almost four decades and one such compound, WR-2721

(S-2-(3-aminopropylamino) ethyl phosphorothioic acid), has been introduced

into clinical trials in this country and in Japan. WR-2721 has also been

reported to protect mouse marrow colony-forming cells against killing by

cyclophosphamide, nitrogen mustard, cis-dichlorodiammine platinum (II) (DDP),

5-Fluorouracil and BCNU, with dose modifying factors (DMF's) ranging from 1.5

to 4.6 (14).' Protection against adriamycin toxicity by WR-2721 has been found

in mouse bone marrow and intestinal crypt cells (T. L. Phillips, oral communi-

cation, Sept., 1981). Yuhas and CuIo (16) found that WR-2721 could protect

against DBF-induced nephrotoxicity (DMF = 1.7) in rats without reduction in

the drug's antitumor activity.

These effects suggest that WR-2721 may enhance the therapeutic.ratio in

clinical chemotherapy. However, the mechanism of action remains uncertain since

WR-2721 has both thiol (biochemical) activity and prominent cardiovascular

and vasoactive properties in some systems, raising the question as to whether

"protection" against drugs in vivo is biochemical, physiological (e.g., redis-

tribution of chemotherapeutic drugs) or both.

As a baseline approach to this question, we undertook to investigate che-

moprotection in vitro. To do so, however, it was necessary to use the parent

compound, B-mercaptoethylamine (MEA), because WR-2721 has little or no acti-

vity in vitro (6), at least in conventional culture media.
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MATERIALS AND METHODS

EMT6/SF mouse mammary tumor cells were maintained in exponential growth

in Dulbecco's Modified Eagle Medium (DME) containing 4500 mg/1 of glucose and

supplemented with fetal calf serum (15%), L-glutamine (292 mg/1) and genta-

mycin (50 jig/ml). Cells grew with a doubling time of 12 hr and were free of

detectable mycoplasma contamination as measured by the method of Chen (2).

Twenty-four hr prior to experiments, 5 x 10̂  cells were plated into 60 mm

plastic petri dishes and allowed to progress into early exponential growth

before use. After drug treatments, the cells were trypsinized (0.05% trypsin,

0.02% EDTA, 5-7 min at 370C), counted and plated for colony formation. Colo-

nies were stained with crystal violet and scored on day 9.

The drugs* were dissolved in DME at 10-fold concentrations and added to

cell cultures in appropriate dilutions. Drug exposures were at 37°C and were

terminated by removing the drug-containing medium and rinsing the cultures

twice with fresh DME prior to trypsinization.

X-irradiation was performed with a Westinghouse Quadrocondex x-ray

mächine (230 kVp, 15 raA, 0.5 mm Cu + 1 mm Al, HVL = 1.8 mm Cu) at a dose.rate

of 103 rad per minute.

*Cis-platinum (DDP), bleomycin (BLM), 1, 3-bis-(2-chloroethyl)-l

nitrosourea (BCNU) and adriamycin (ADM) were obtained from Mr. L. Kedda of the

National Cancer Institute. MEA was purchased from Sigma Chemical Co., St.

Louis.
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RESULTl

DDP was moderately cytotoxic to EMT6/SF cells (Fig 1), in agreement with

our earlier report (7). When 1OmM IiEA. was present during the exposure to DDP,

however, it provided significant protection (Fig 1). For example, exposure to

DDP at 16 pg/ml (53uM) reduced the surviving fraction to 0.003, whereas in the

presence of 1OmM MEA this same concentration of DDP reduced survival to only

0.12, a protection factor of 40. Comparison of the slopes of the survival

curves for cells treated with DDP alone (D0 •= 2.1 jig/ml) or with DDP plus MEA

(Do = 7.5 jig/ml) reveals a DMF of 3.1.

Similar experiments were conducted with BLM, BCN(J, and with ADM. In con-

trast to the result with DDP, no reduction in cytotoxicity was observed with

these agents (Fig 2a, b, c).

Further studies revealed that MEA protected EMT6/SF cells against DDP

even when added after the cytotoxic agent had been removed. When cells were

treated with DDP for 1 hr, washeds and then exposed to 1OmM MEA for 1 hr,

marked protection of the MEA-treated cells was observed (Fig 3). Cells that

were incubated for 1 hr in drug-free medium after DDP treatment showed some-

what lower survival (D0 =1.5 ug/ml) than cells that were assayed for survival

immediately after drug treatment (D0 = 2.1 ;ig/ml). Incubation in .1OmM MEA for

1 hr after DDP removal afforded protection by a factor of 2.4 (D0 = 3.6

pg/ml).

In order to more fully investigate these phenomena, we studied the abi-

lity of MEA to "rescue" cells at different times after removal of DDP. Cells

were treated with 15 ug/ml (5OuM) DDP for 1 hr and then incubated in drug-free

medium for various times before a 1 hr exposure to 1OmM UEA. As the time be-

tween exposure to DDP and MEA increased, the protective effect of
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MEA. progressively declined (Fig 4). Whereas simultaneous treatment resulted

in a protection factor of 32.5, cells treated with HEA 4 hr after removal of

DDP were spared by a factor of only 2.9 (Fig 4). When cells were incubated in

drug-free medium after DDP treatment, survival decreased two-fold during the

first hour, then remained constant to 5 hr post-treatment.

The ability of MEA to protect against DDP cytotoxicity was dose-

dependent. When cells were exposed to 14 ug/ml (4TuM) DDP for 1 hr in the

presence of various concentrations of MEA, little protection was observed

- below ImH MEA, but protection increased sharply from 2.25 at ImH to a maximum

of 32.0 at SmM (Fig. 5). No additional protection was observed x?ith lOnM MEA.

The protection by MEA added immediately after treatment with 14 jig/ml

(4TpM) DDP for 1 hr depended on the length of exposure to MEA. Fifteen min

exposure to lOmtt MEA increased survival approximately two-fold but maximum

protection (10.3) was observed only when exposures were at least 120 min (Fig

6); exposures longer than 180 min caused toxicity. This effect of time is not

related to the penetration of MEA through the cell membrane since maximum

protection against x-radiation is observed within 5 min of exposure (Fig 7).
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DISCUSSION

Our results with cysteamine and DDP in EMT6/SF cells are in good agree-

ment with those obtained in L1210 cells by Zwelling et al (18) with thiourea.

Cysteamine, like thiourea, reverses the cytotoxic effects of DDP when the

sulfhydryl compound is present either concomitantly with the chemotherapy

drug or within a few hrs of its removal.

DDP reacts with cellular DNA to form interscrand cross-links and these

cross-links are believed to be responsible for the drug's antitumor activity

(17). Thiourea (1, 5, 18) and cysteainine have the unusual property of

reversing these interstrand cross—links and restoring the DNA molecule to an

apparently undamaged state as determined by cell viability.

Our failure to observe protection by MEA against BCNU and ADM cytotox-

icity in vitro suggests that the modest protection against BCNU toxici'-y

(DMF=1.5) seen by Wasserman e£ al_ (14) and that seen against ADM toxicity by

Phillips in vivo with WR-2721 may be due to physiological rather than biochem-

ical effects. The physiological effects of WR-2721 (e.g., altered blood flow),

remain to be fully investigated.

DDP is an effective chemotherapy drug with activity against testicular

and ovarian carcinomas as well as squamous cancers of the head and neck, cer-

vix and genitourinary system (9). It is equally effective in killing hypoxic

and euoxic tumor cells (7) and may act as a modest radiosensitizer of hypoxic

. cells under some conditions (4). The major limiting toxicities of DDP have

been to the digestive and hematopoietic systems and particularly to the kidney

(3, 8, 10, 12). Nephrotoxicity may be reduced by intensive hydration and

administration of diuretics (8), but this approach may be contraindicated
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in some cases (e.g., congestive heart failure). DDP's efficacy in the treat-

ment of the above-mentioned cancers, as well as its significant activity in

combination therapy with other agents, has sparked interest in investigating

alternate means of preventing DDP toxicity, for example inhibition of renal

transport by probenecid (11).

Cn the basis of the pharmacokinetic data available for WR-2721 (15) and

the in vitro results reported here with cysteamine (MEA), it seems reasonable

to suggest that administration of WR-2721 within an hour after DDP may protect

normal tissue while not interfering with tumor cell kill. Indeed, Yuhas and

CuIo (16) have shown this to be feasible: WR-2721 given to rats 30 min before

DDP reduced nephrotoxicity by a factor of 1.7. This time scheme was used to

ensure that the serum level of WR-2721 had fallen below.that necessary to

inactivate DDP. Since 70 -90% of DDP is cleared from plasma 15 min after i.v.

injection in humans (13), administration of WR-2721 at that time would avoid

any significant inactivation of the chemotherapy drug in the blood yet give a

maximum area under the concentration versus time curve for WR-2721 in normal

tissues while DDP was present. The latter point is particularly pertinent

since our results indicate that protection against DDP toxicity by MEA is a

function, of both concentration and duration of exposure (Fig 5 & 6).

WR-2721 is now being tested in clinical trials. Optimal design of these

trials requires an understanding of the potential interaction of all agents

available for clinical use: radiation, chemotherapy drugs, radiation sensi-

tizers and protectors. Our results suggest that the combination of UDP and

WR-2721 might result in an enhanced therapeutic ratio. WR-2721 may also be a

useful "rescue" agent in case of accidental overdose of DDP. Further
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studies of the mechanism by which DDP exerts its cytotoxic effects, of the

manner in which thiol compounds decrease this and of the pharmacokinetics of

these compounds are clearly indicated.
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FIGURE LEGENDS

Figure 1: Survival of EMT6/SF cells after exposure (1 hr) to DDP alone

(Q) or with concomitant exposure to 1OmM MEA C(̂ ). Values

are the means of 3 experiments ̂  s.e.m.

Figure 2: Survival of E51T6/SF cells after exposure to (a) adrlamycin, (b)

bleomycin or (c) BCNU for 1 hr with ( @ ) or without (Q ) 10 mM

MEA present.

Figure 3: Survival of EMT6/SF cells after exposure to DDP for 1 hr followed

by exposure to lOnfii MEA for 1 hr (Q ) or by incubation in drug-

free medium for 1 hr prior to trypsinization (Q). Dotted lines

are redrawn from figure 1 for comparison.

.

Figure 4: Effect of time between DDP removal and exposure to 1OmM MEA. Cells

were exposed to 15 ̂ig/ml (5OpIl) DDP for 1 hr and incubated in drug-

free medium for times indicated before 1 hr further incubation with

(0) or without (Q) 1 OuM MEA. Protection factor (̂ ) (right-

hand scale) is the ratio of the surviving fraction of MEA rescued

cells to the surviving fraction of cells treated with DDP alone.

Figure 5: Protection of EMT6/SF cells against DDP cytotoxicity by MEA as a

function of concentration. Cells were exposed to 14ug/ml (47jull)

DDP for one hour with various concentrations of MEA present con-

comitantly. i
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Figure 6: Protection of EMT6/SF cells against DDP cytotoxicity by MEA as a

function of time of exposure to MEA. Cells viere exposed to to 14

jig/ml (47uM) DDP for 1 hr followed by incubation with 1OmM MEA for

various times after DDP removal.

Figure 7: Protection of EMT6/SF cells against X-radiation by MEA (lOniM) as a

function of time of exposure to MEA prior to X-ray (800 rads)

(Q). Survival of cells exposed to 1OmM UEA for various times at

37° (Q)- Cel1 survival after 800 rads of x-ray «g».
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