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Abstract--We have studied the effects of various immunosuppressive drugs on the growth of human- 
derived T (MOLT-4) and B (MGL-8) lymphoblasts. In addition, we have examined whether the 
lymphotoxic effect of any of these drugs could be attributed to inhibition of either adenosine deaminase 
(ADA) or purine nucleoside phosphorylase (PNP). Results indicated that 1-fl-D-arabinofuranosylcy- 
tosine (Ara-C), methotrexate and chlorambucil were four to seven times more toxic for T than for B 
ceils, while azathioprine, 6-thioguanine, 6-mercaptopurine, and 5-fluorouracil were highly toxic for both 
T and B cells. Cyclophosphamide and oxisuran were lymphotoxic only at concentrations exceeding 
300/AVl. Deoxyadenosine (50 gM), deoxyguanosine (10/tM) and deoxycoformycin (10/~M) failed to 
enhance T cell toxicity when individually combined with each drug. None of the drugs tested inhibited 
T or B lymphoblast ADA or PNP activity. With the exception of Ara-C, neither dATP nor dGTP 
accumulated in T lymphoblasts incubated in the presence of any of the drugs. We conclude that the 
cell culture system used in this investigation is useful for identifying lymphotoxic and T cell-specific 
immunosuppressive agents. However, none of the drugs studied appeared to function as an inhibitor 
of, or a competitive substrate for, either ADA or PNP. 

The exact mechanisms by which many clinically use- 
ful immunosuppressive drugs produce immunologic 
compromise are not well understood, in spite of 
knowledge of their structures and many of their 
metabolic, cytotoxic and mutagenic effects. This lack 
of understanding is due, in part,  to inadequate sys- 
tems being available for elucidating biochemical 
mechanisms of immunoregulation, and to the rela- 
tively primitive current concepts of biological 
immune system control. 

The discoveries of two heritable immune disorders 
associated with specific enzyme defects may provide 
clues to the nature of the control of immune function 
at the biochemical level. Adenosine deaminase (EC 
3.5.4.4) (ADA) ,  an enzyme in the purine catabolic 
pathway, catalyzes the conversions of deoxyadeno- 
sine to deoxyinosine and of adenosine to inosine. A 
genetic deficiency of A D A  causes severe combined 
immunodeficiency disease, with profound cellular 
immune dysfunction and variable humoral immu- 
nosuppression [1, 2]. Purine nucleoside phosphoryl- 
ase (EC 2.4.2.1) (PNP) is another purine degradative 
enzyme which is responsible for the conversions of 
guanosine, inosine, and their 2'-deoxy derivatives 
to their respective purine bases. An inherited defi- 
ciency of PNP in man is characterized by profound 
cellular immune dysfunction with intact humoral 
immunity [3, 4]. With a deficiency of either A D A  
or PNP enzyme activity the respective deoxynucleo- 
side substrate, deoxyadenosine or deoxyguanosine, 
is converted to its corresponding deoxynucleoside 
triphosphate (dATP or dGTP) (Fig. 1), as demon- 
strated in the erythrocytes of affected individuals 
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[5-7]. The resultant high level of dATP or dGTP 
appears to cause cytotoxicity primarily through feed- 
back inhibition of ribonucleotide reductase, which 
limits the reduction of nucleoside diphosphates to 
their corresponding 2'-deoxy derivatives, and 
thereby decreases the rate of DNA synthesis [8, 9]. 

An in vitro cell culture system which reproduces, 
under the appropriate conditions, both the biochemi- 
cal changes and the selective lymphotoxicity 
observed in the A D A  and PNP deficiency diseases 
has been described [10]. A low concentration of 
deoxyadenosine in the presence of an A D A  inhibitor 
leads to the accumulation of dATP and toxicity in 
cultured T lymphoblasts but not in B lymphoblasts, 
thus mimicking A D A  deficiency disease [10], The 
addition of deoxyguanosine (50/~M) to culture 
medium leads to a selective increase in the level of 
dGTP and toxicity for T cells but not for B cells, 
analogous to changes observed in PNP deficiency 
disease. B cells may be protected from dATP and 
dGTP accumulation by their high deoxynucleotide- 
degrading enzyme activity [11-13]. The usefulness 
of this T and B cell system for elucidating mech- 
anisms of lymphocytotoxicity related to the inhibi- 
tion of A D A  or PNP has been established [8, 14]. 

In the present study, we have used this lympho- 
blast tissue culture system to study a selected group 
of immunosuppressive drugs. The drugs were chosen 
from a broad range of pharmacologic classes includ- 
ing alkylating agents, purine and pyrimidine ana- 
logues and folic acid analogues. All  of these drugs 
have demonstrated suppressive effects on immune 
function in humans, animal models and/or in vitro 
systems of cellular and/or humoral immunity [15-21] 
and, with the exception of oxisuran, are all in current 
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Fig. 1. Pathways of deoxypurine metabolism. Slashes 
indicate the reaction(s) blocked in purine nucleoside phos- 
phorylase (PNP) and adenosine deaminase (ADA) defi- 

ciency disease. 

clinical usage. Although the mechanism of action of 
cytotoxicity has been established for certain of these 
study drugs, the question of why they also cause 
immune dysfunction has not been answered at the 
biochemical level. We have investigated whether any 
of these drugs appears to mimic the mechanism of 
immunosuppression in A D A  or PNP immunodefi- 
ciency disease by demonstrating selective T lym- 
phoblast cytotoxicity caused either by the inhibition 
of A D A  or PNP activity (which might not be pre- 
dictable based solely on chemical structure) or by 
otherwise leading to the accumulation of toxic levels 
of dATP or dGTP. 

MATERIALS AND METHODS 

Materials 

The radioisotopes [8-1~C]adenosine (55mCi/ 
mmole) and [8-14C]inosine (52mCi/mmole) were 
obtained from Amersham/Searle (Arlington 
Heights, IL). [8J4C]Adenine (62mCi/mmole) was 
purchased from the New England Nuclear Corp. 
(Boston, MA). Methotrexate, azathioprine, 1-{3-D- 
arabinofuranosylcytosine (Ara-C), chlorambucil, 
cyclophosphamide, 2'-deoxyadenosine, 2'-deoxy- 
guanosine, 5-fluorouracil, 6-mercaptopurine, 2- 
amino-6-mercaptopurine (6-thioguanine), dATP 
and dGTP were purchased from the Sigma Chemical 
Co. (St. Louis, MO). Deoxycoformycin (Pentosta- 
tin) and 2° [(methylsulfinyl)acetyl]pyridine(oxi- 
suran) were gifts from the Warner-Lambert Co. 
(Ann Arbor, MI). RPMI 1640 medium and heat- 
inactivated horse serum were obtained from the 
Grand Island Biological Co. (Grand Island, NY). 
All other materials used were of the highest quality 
commercially available. The MOLT-4 lymphoblast 
cell line was originally derived from a patient with 
acute lyrnphoblastic leukemia and the MGL-8 lym- 
phoblast cell line was derived from a normal indi- 
vidual as previously reported [10]. 

Methods 

Cell culture conditions. Each lymphoblast cell line 
was maintained in RPMI 1640 medium containing 
10% heat-inactivated horse serum and 2mM glu- 
tamine. All lymphoblast growth curves were initiated 
at a cell density of approximately 2.5 x 105 cells/ml. 

Viable cells were counted at 24-hr intervals using a 
hemocytometer to assess cell growth, with trypan 
blue dye exclusion used as an index of viability, 

Each immunoregulatory drug studied was added 
over a broad range of concentrations to both 
MOLT-4 and MGL-8 cell cultures, and the effect on 
cell growth was monitored over a 72-hr culture 
period. To establish the cytostatic drug concentra- 
tion, defined as the concentration at which no net 
growth or loss of cell viability occurred over the 
72-hr study period, a series of growth studies was 
conducted for each drug using progressively nar- 
rower concentration ranges until the cytostatic con- 
centration was determined. The cytotoxic drug con- 
centration was defined as that concentration resulting 
in a 50% decrease in the initial concentration of 
viable cells over the 72-hr culture period. Using the 
concentration of drug which was found to be cyto- 
static for T lymphoblasts, the effect of each drug on 
T lymphoblast growth was studied in combination 
with either deoxyadenosine (50#M), deoxyguano- 
sine (10 ,uM), or deoxycoformycin (10/~M). As pos- 
itive controls, the growth of T cells in the presence 
of deoxyadenosine (50 gM) with deoxycoformycin 
(10 #M) or deoxyguanosine (50 gM) alone was stud- 
ied in parallel with these experiments. 

Enzyme assays. A D A  and PNP were assayed in 
MOLT-4 lymphoblast cell extracts using previously 
described radiochemical techniques [22, 23]. 
MOLT-4 cells were harvested, washed in 50mM 
NaPi, pH 7.4, containing 154 mM NaC1 (PBS) and 
lysed by freezing and thawing five times. The cell 
extract was dialyzed 1/1000 (v/v) against 10mM 
Tris-HCl, pH 7.4, overnight and centrifuged at 
100,000 g for 20 min. The inhibitory effect of each 
drug on the enzymatic activity of A D A  or PNP in 
dialyzed MOLT-4 cell extracts was assessed by 
assaying A D A  and PNP activities individually using 
K,~ concentrations of radioactive substrates adeno- 
sine or inosine (0.06 mM), respectively, in the pres- 
ence of a drug concentration determined to be toxic 
to MOLT-4 cells in culture. The apparent Km values 
for deoxyadenosine and both deoxyguanosine and 
deoxyinosine for the respective enzymes, A D A  and 
PNP, are equivalent to those of the ribonucleoside 
substrates used in this assay system [24, 25]. 

Measurement of dATP and dGTP levels in T and B 
lymphoblasts 

Extraction of acid-soluble nucleotides. T 
(MOLT-4) or B (MGL-8) lymphoblasts were sus- 
pended at a final cell density of 6 x 10 s cells/ml in 
RPMI 1640 media containing drugs with or without 
deoxyadenosine (50 #M) or deoxyguanosine 
(10/~M). The drug concentrations used were greater 
than the cytotoxic concentrations of the drugs as 
defined above. Cells were harvested after an 18-hr 
incubation at 37 ° and centrifuged (800 g) for 5 min 
at room temperature. The cell pellet was then washed 
once with 1.5 ml of ice-cold PBS. 

Using a modification of the extraction method of 
Khym [26], the washed cells were suspended at a 
ratio of 1 x 108 cells to 1.0 ml of 6% trichloroacetic 
acid (TCA) which contained [8-14C]adenine 
(8 x 105 cprn/ml) to serve as an internal standard for 



Immunosuppressive agents 807 

calculating the dilution of the sample during the 
extraction and subsequent periodate treatment. 
Each sample was mixed for 1 min and placed on ice 
for 30 min. After  centrifugation (800 g) for 2 rain at 
room temperature,  the acid-soluble supernatant 
fraction was neutralized by mixing for 1 min with an 
equal volume of 0.5 M tri-N-octyl amine in Freon. 
After centrifugation, the aqueous upper layer was 
removed and stored at - 7 0  ° until periodate treated. 

Destruction of ribonucleotides by periodate oxi- 
dation. Prior to the analysis of dATP and dGTP in 
cell extracts by high performance liquid chroma- 
tography (HPLC), the ribonucleotides were 
destroyed by treatment with periodate and methyl- 
amine by a modification of the method of Garrett  
and Santi [27]. To each 100/~1 of cell extract, 10 #1 
of 0 .5M sodium periodate and 12#1 of 4 M  
methylamine-Pi, pH 7.5, were added. The reaction 
mixture was then incubated at 37 ° for 30 min. After 
adding 8 #1 of 1 M rhamnose, the extracts were frozen 
in dry ice-ethanol and stored at - 7 0  ° . The samples 
were then filtered through a 0.45 gm regenerated 
cellulose membrane (Bioanalytical Systems, Inc.) 
prior to HPLC analysis. 

Quantitation of dATP and dGTP. A Waters 
Associates High Performance Liquid Chromato- 
graph, equipped with a U6K injector, two model 
6000A solvent delivery systems, an M440 fixed wave- 
length detector (254 nm), an M450 variable wave- 
length detector, an M720 systems controller and an 
M620 data module, was used. Deoxyribonucleoside 
triphosphates in the prepared cell extracts were 
resolved by isocratic elution on a Whatman Partisil 
SAX-10 anion exchange column (4.6 x 250mm) 
with 2% spectrophotometric grade acetonitrile in 
0.4 M ammonium phosphate, pH 3.25, at a flow rate 
of 2 ml/min [27]. The compounds were identified by 
their retention times and by the ratios of their peak 
heights at 280 and 254 nm relative to standards and 
were quantitated by comparing their peak heights 
(manually measured) at 254 nm with the peak heights 
of standard solutions. 

R E S U L T S  

In our cell culture system, the addition of the 
A D A  inhibitor, deoxycoformycin (10 #IV[), to cul- 
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Fig. 2. Selected in vitro cytotoxicity of deoxynucleosides. 
The toxic effect of the combination of deoxyadenosine 
(50 #M) and deoxycoformycin (10 pM) ( ~ - - A )  on cul- 
tured T cells (N = 4) is compared to that in B cells 
(N = 2) and the toxic effect of deoxyguanosine (50 ~M) 
(D--D) on cultured T cells (N = 14) is compared to that 
in B cells (N = 3). Control growth (t~---O) is represented 

for both T cells (N = 18) and B cells (N = 15). 

ture meumm in me presence of deoxyadenosine 
(50 #M) was markedly toxic to T (MOLT-4) but not 
B (MGL-8) lymphoblasts (Fig. 2). This selective T 
cell toxicity correlated with the striking accumulation 
of dATP in the treated T cells, but not in the B cells 
(Table 1). Similarly, the addition of deoxyguanosine 
(50 gM) to culture medium was extremely toxic to 
T but not B lymphoblasts (Fig. 2), and this selective 
effect correlated with the accumulation of dGTP in 
extracts of the T but not the B cells (Table 1). Neither 
T nor B cell growth was affected by the individual 
addition of either deoxyadenosine (50 #M), deoxy- 
coformycin (10 #M), or deoxyguanosine (10 gM). 

The cytostatic and cytotoxic concentrations for 
each of the immunosuppressive drugs studied with 
respect to the growth of T and B lymphoblasts are 
shown in Table 2. Ara-C, methotrexate, 6-thio- 
guanine, 6-mercaptopurine, 5-fluorouracil, chlor- 
ambucil, and azathioprine were highly toxic to both 
the T and B cell lines at concentrations in the culture 
media of less than 26 #M. Of these, Ara-C, meth- 
otrexate and chlorambucil were more toxic for T 
than B cells. Oxisuran and cyclophosphamide were 

Table 1. Intracellular dATP and dGTP levels of T and B cells incubated with deoxyadenosine and 
deoxycoformycin or with deoxyguanosine* 

dATP dGTP 
(pmoles/106 cells) (pmoles/106 cells) 

MOLT-4 MGL-8 MOLT-4 MGL-8 
T cells B cells't T cells B cells+ 

Control 44 +_ 6 (9); 7 17 -+ 5 (9) <2 
Deoxyadenosine, 50 #M 

and deoxycoformycin 10 pM 909 --- 239 (8) 32 8 -+ 4 (6) <2 
Deoxyguanosine 50 #M 164 --- 43 (8) 13 213 +- 107 (8) <2 

* MOLT-4 and MGL-8 lymphoblasts were incubated for 18 hr with and without the indicated 
additives, and the dATP and dGTP levels in the cell extracts were determined using high performance 
liquid chromatography as described in Methods. 

t B cell results confirm previous determinations [10]. 
; Mean -+ 1 S.D.; parentheses indicate the number of extracts analyzed for each determination. 
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Table 2. Cytostatic and cytotoxic drug concentrations for T and B lymphoblasts* 

MOLT-4 MGL-8 
T lymphoblast B lymphoblast 

Cytostatic Cytotoxic Cytostatic Cytotoxic 
Drug (gLM) (llM) (#M) (pM) 

Ara-C 0.01 0.05 0.05 0.20 
Methotrexate 0.03 0.04 0.()3 0.3 
6-Thioguanine 0.24 1.0 0.22 0.25 
6-Mercaptopurine 2.3 3.0 2.9 4.0 
5-Fluorouracil 3.8 16.1 2.3 14.2 
Chlorambucil 4.9 6.9 19.7 24.6 
Azathioprine 14.4 26 14.4 17.8 
Oxisuran 683 4,098 5,464 11,202 
Cyclophosphamide 3,380 5,262 13,405 14,147 

* The cytostatic and cytotoxic concentrations of each drug for T and B lymphoblasts were 
determined as described in Methods. Each value represents 1-2 determinations. 

cytotoxic only at concen t r a t ions  exceeding 300/~M 
and a p p e a r e d  to be  more  toxic for the  T than  the  
B cells, as mos t  clearly d e m o n s t r a t e d  by compar i son  
of the i r  cytostat ic concent ra t ions .  

The  effects of the immunosuppres s ive  drugs on  
M O L T - 4  lymphob las t  A D A  and PN P  activities were  
d e t e r m i n e d  by in vi tro enzyme assays. N o n e  of the 

drugs tes ted  was found  to cause apprec iab le  inhi- 
b i t ion  of  e i ther  A D A  or PNP  activity u n d e r  the  assay 
condi t ions  at  a concen t r a t ion  toxic to T cells. 

The  d A T P  and  d G T P  con ten t  of M O L T - 4  cells 
i ncuba t ed  with those  drugs which were  selectively 
more  toxic for  T t han  B lymphoblas t s  and  with those  
which were  highly lymphotoxic  was de t e rmined ,  as 

Table 3. Effect of immunosuppressive drugs on the levels of dATP and dGTP in MOLT-4 
T lymphoblasts* 

Conc dATPt  dGTP+ 
Drug (~tM) (pmoles/106 cells) (pmoles/106 cells) 

None 44 -+ 65 (9) 17 -+ 5 
+dAdo 67 -+ 13 (5) 20 -+ 3 
+dGuo 50 -+ 7 (5) I9 .+ 4 

Ara-C 18 178 60 
+dAdo 263 53 
+ dGuo 136 42 

Methotrexate 66 14 2 
+dAdo 99 7 
+dGuo 28 7 

6-Thioguanine 12 15 5 
+ dAdo 66 18 
+dGuo 20 11 

6-Mercaptopurine 9 12 6 
+ dAdo 74 21 
+ dGuo 11 8 

Chlorambucil 20 41 16 
+dAdo 67 17 
+dGuo 42 16 

Azathioprine 72 23 12 
+dAdo 52 15 
+ dGuo 22 11 

Oxisuran 5450 51 24 
+dAdo 25 15 
+ dGuo 27 16 

Cyclophosphamide 1530 25 11 
+ dAdo 23 7 
+dGuo 14 7 

(9) 
(5) 
(5) 

* The levels of dATP and dGTP in acid-soluble, periodate-methylamine-treated extracts 
of MOLT-4 lymphoblasts, incubated with selected drugs with and without 50 #M deoxyaden- 
osine (dAdo) or 10 #M deoxyguanosine (dGuo), were determined as described in Methods. 

+ Except as indicated in parentheses, 1-2 determinations of dATP and dGTP were performed 
for each drug-additive combination. 

~- Mean .+ 1 S.D. 
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described in Methods. As shown in Table 1, incu- 
bation of MOLT-4 cells with deoxycoformycin 
(10#M) plus deoxyadenosine (50/~M) or with 
deoxyguanosine (50/~M), which represented positive 
controls for this model system, resulted in a 28-fold 
increase in dATP and a 22-fold increase in dGTP 
respectively. However, with one exception, none of 
the drugs tested at concentrations above those which 
were cytotoxic for T ceils, either alone or with 
additives, caused greater than a 2-fold increase in 
the level of either dATP or dGTP over control 
values. The exception was Ara-C, which caused 3- 
to 5-fold increases in intracellular dATP and/or 
dGTP both alone and with additives (Table 3). 

DISCUSSION 

The purpose of this investigation was to determine 
whether any of a variety of immunosuppressive drugs 
inhibited the growth of T or B lymphoblasts in 
culture and to establish whether the mechanism of 
toxicity might be directly related either to A D A  or 
PNP inhibition or to other mechanisms leading to 
the accumulation of dATP or dGTP. We have com- 
pared the growth of T and B lymphoblasts cultured 
in the presence of these drugs, looking for T cell- 
specific toxicity, as observed in cell culture models 
of the A D A  and PNP deficiency diseases. In addi- 
tion, we studied the effects on T and B cell growth 
of low concentrations of deoxyadenosine, deoxy- 
guanosine, and deoxycoformycin, in combination 
with the drugs under study, in order to test for 
potentiation of T cell toxicity under these conditions. 
This phase of the study was necessitated, in part, 
because known potent inhibitors of A D A  such as 
erythro-9-(2-hydroxy-3-nonyl)adenine and deoxy- 
coformycin require the presence of the added A D A  
substrate, deoxyadenosine, to manifest their toxicity 
for cultured T lymphoblasts [10], just as the PNP 
inhibitor, 8-aminoguanosine, requires the presence 
of deoxyguanosine to exert its toxic effect on T cells 
[14]. Furthermore, each drug was tested directly to 
determine if it was capable of inhibiting either A D A  
or PNP activity in vitro using a concentration of the 
drug which was cytotoxic. Finally, we examined the 
dATP and dGTP content of T cells exposed to those 
drugs which were found to cause selective T cell 
toxicity as well as to those drugs which were highly 
lymphotoxic, to determine whether the drug-related 
toxicity could be attributed to the accumulation of 
a deoxynucleoside triphosphate as seen in A D A  or 
PNP deficiency states. 

Our results indicated that Ara-C, methotrexate, 
6-thioguanine, 6-rnercaptopurine, and 5-fluorouracil 
were highly toxic to T and B lymphoblasts at con- 
centrations in the cell culture media of 16/~M or less. 
These drug concentrations were within the range of 
their previously reported human plasma levels deter- 
mined after the administration of therapeutic doses 
[28--35]. Of these drugs, Ara-C and methotrexate 
were shown to be selectively more toxic for T than 
B cells. When deoxyadenosine, deoxyguanosine, or 
deoxycoformycin was added to T lymphoblast cul- 
tures with either Ara-C or methotrexate, potentia- 
tion of the T-lymphotoxic effect failed to occur, 
suggesting that neither drug was acting through 

inhibition of A D A  or PNP. Neither dATP nor dGTP 
was found to accumulate in cells exposed to meth- 
otrexate, with or without additives. In the case of 
Ara-C, however, 3- to 5-fold accumulations of dATP 
and dGTP occurred. Thus, we cannot exclude the 
possibility that the toxicity of Ara-C may be 
mediated, at least in part, by the accumulation of 
either dATP or dGTP. 

Chlorambucil and azathioprine were highly toxic 
for both T and B cells. In each case, however, the 
toxic concentration of the drug exceeded human 
plasma levels attained after therapeutic oral doses 
[36, 37]. Therefore, the toxicity of these two agents 
in cell culture under the conditions of our experi- 
ments may bear little relationship to their effects in 
vivo. Chlorambucil was selectively more toxic for 
T than B cells. However, further experiments failed 
to demonstrate any enhancement of T cell killing by 
chlorambucil in the presence of the deoxynucleoside 
substrates for A D A  or PNP or with deoxycofor- 
mycin, and neither dATP nor dGTP levels were 
elevated in the presence of chlorambucil or 
azathioprine. 

Cyclophosphamide was also found to be more 
toxic for T than B lymphoblasts, but only at high 
concentrations far exceeding known human plasma 
levels [38, 39]. Following administration to patients, 
cyclophosphamide is metabolized in the liver to the 
active form of the drug [40, 41]. This metabolic con- 
version may not be efficient in the T and B lympho- 
blasts used in our culture system, which may in part 
explain the relatively high drug levels required to 
inhibit the growth of cultured lymphoblasts. The T 
cell toxicity of cyclophosphamide was not poten- 
tiated by the addition of either deoxyadenosine, 
deoxyguanosine, or deoxycoformycin, and no sig- 
nificant intracellular accumulation of either dATP 
or dGTP was noted under these conditions. 

The experimental immunosuppressive agent, 
oxisuran, was also shown to be selectively toxic for 
T cells in our cell culture system. This finding cor- 
relates with previous animal studies which demon- 
strate the selective cellular immunosuppressive 
effects of this drug, with sparing of humoral immune 
responses [21,42,43]. Human plasma levels of 
oxisuran have not been reported but, in our cell 
culture system, the toxic concentration of oxisuran 
was found to be high relative to the other drugs 
studied. Additive experiments failed to demonstrate 
any potentiation of T cell toxicity, and dATP and 
dGTP levels remained unchanged. 

The cell culture and assay system developed in 
this investigation should prove useful for the iden- 
tification of new lymphotoxic and T or B cell- 
specific immunosuppressive drugs. Agents found by 
our methods to be highly lymphotoxic would hold 
potential as drugs capable of modulating immune 
function. However, agents found to be relatively 
non-cytotoxic should not be excluded as possible in 
vivo immunosuppressants because our system does 
not control for all potential routes of in vivo drug 
activation. An important advantage of the in vitro 
lymphoblast model system for the study of immu- 
nosuppressive agents utilized in the present inves- 
tigation is that it can provide insights into the mech- 
anisms of action of pharmacological compounds at 
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the  b iochemical  level. Indeed ,  this approach  has 
enab led  us to d e m o n s t r a t e  tha t  none  of a var iety of 
cur rent ly  avai lable  immunosuppres s ive  agents  func- 
t ions by inhibi t ing A D A  or PNP,  or by causing 
in t racel lu lar  d A T P  or  d G T P  accumula t ion  by o the r  
mechan isms .  
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