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In 1953 J. Kidd reported that guinea pig serum posses- 
sed antilymphoma activity 4~ In 1961 J. Broome showed 
that the enzyme asparaginase, a normal component of 
guinea pig serum, was the active antilymphoma agent 17. 
This discovery quickly led to the introduction of aspar- 
aginase as a remission-inducing agent for human acute 
lymphocytic leukemia. 
Clinical use of asparaginase revealed a variety of side- 
effects, among which was immunosuppression 46,47,49, In 
1969 G. Astaldi and co-workers showed that aspar- 
aginase was a potent inhibitor of mitogen-stimulated 
lymphocyte blastogenesis s. The inhibition of lym- 
phocyte activity is by no means a trivial or unimportant 
phenomenon and Astaldi's initial report stimulated a 
considerable amount of research. Between February 
1969 when Astaldi's first report appeared and 1974 
some 36 papers exploring the phenomenon were pub- 
lished. After 1974 it appears that work in this area came 
to a virtual end. A single study was published in 1976; 
we know of no additional publications in subsequent 
years (table 1). 
It is unusual to be able to define precisely the entire 
literature on a subject in the biological sciences. In the 
present review we will describe what is known about 
asparaginase's ability to inhibit the in vitro activity of 
lymphocytes. We will discuss the 3 hypotheses that have 
been developed to explain the asparaginase-mediated 
inhibition of mitogenesis. We will argue that none of 
these hypotheses is correct. We will also describe our 
own recent work and briefly present a new hypothesis 
that attempts to explain why asparaginase is capable of 
inhibiting lymphocyte activity in vitro. 
We begin with a description of the phenomenon. Lym- 
phocytes from humans, mice, rats, rabbits, dogs, and 
guinea-pigs are inhibited in vitro by asparaginases. Pe- 
ripheral, splenic, and lymph node lymphocytes appear 
to be equally sensitive. We know of no reports dealing 
with thymic lymphocytes. Inhibition is obtained regard- 
less of the stimulus for mitogenesis. The responses to 
Concanavalin A (Con A), Phytohemagglutinin (PHA), 
pokeweed mitogen (PWM), purified protein derivative 
(PPD), varidase, sodium periodate, and the mixed (allo- 
geneic) lymphocyte reaction ( M L R ) a r e  abolished by 
asparaginases. All of these stimuli activate primarily T 
lymphocytes. We know of only 2 reports dealing with 
the effects of asparaginase on the response to lipopoly- 
saccharide (LPS), a mitogen that is presumed to acti- 
vate only B lymphocytes. One study showed that the 
responses to LPS are as sensitive to inhibition as the 
responses to PHA'6; the other report indicated that LPS 
responses were less sensitive to asparaginase inhibi- 
tion 32. At least 7 different asparaginases with a variety 
of physical and catalytic properties have been shown to 

be capable of inhibiting mitogenesis (table 1). One inter- 
national unit of asparaginase per milliliter of culture 
medium is capable of almost completely abolishing the 
mitogenic response. Lower concentrations of activity 
partially inhibit mitogenesis but there does not appear 
to be a strictly linear relationship between asparaginase 
activity in the medium and the extent of mitogenesis 
when there is less than 1 IU/ml. 
A striking characteristic of the phenomenon is that lym- 
phocyte viability is not affected - even after prolonged 
incubation with a very high concentration of enzyme 
activity 19'26'48'63. A number of studies showed that 
normal, or near normal, mitogenesis can be obtained by 
simply washing the cells free of asparaginase and recul- 
turing them with fresh mitogen ~9~48. For maximal effecti- 
veness, the asparaginase must be added to the lym- 
phocyte culture within 1-2 h of mitogenic stimulation. 
Delayed addition of asparaginase results in a decrease 
in inhibition that parallels the extent of the delay ~9,48. 
After about 24 h the addition of asparaginase does not 
appear to affect the mitogenic response. The addition to 
the culture of asparagine results in a partial relief of 
inhibition; we know of no study that has shown that 
the inhibitory action of asparaginase could be com- 
pletely reversed by the addition of any compound to the 
culture. Table 1 summarizes the literature on the ability 
of asparaginase to inhibit mitogenesis. With the above 
discussion as background we will present and analyze 
the 3 hypotheses that have been developed to explain 
the inhibition of motogenesis by asparaginase. We will 
discuss these hypotheses in the light of other research 
that was published simultaneously or subsequently and 
we will show that none of the 3 hypotheses is likely to 
be correct. 

Asparagine depletion 

The most obvious explanation for the ability of aspar- 
aginase to inhibit mitogenesis is the hydrolysis of the 
asparagine present in the culture medium. This hypoth- 
esis assumes that asparagine, a nutritionally nonessent- 
ial amino acid, is essential for mitogenesis. A review of 
the literature reveals that the amino acid requirements 
of activated lymphocytes were being explored at the 
same time that the effects of asparaginase were being 
investigated. The 2 literatures developed independently; 
their only point of intersection was an erroneous re- 
port 62, subsequently corrected by its authors 6~, that as- 
paragine was essential for blastogenesis. The incorrect 
report specifically dealt with asparaginase and blasto- 
genesis and was so titled. The correction appeared in a 
paper dealing with the amino acid requirements of lyre- 



1174 

The literature on the effects of asparaginase on mitogenesis 

Experientia 40 (1984), Birkh/iuser Verlag, CH-4010 Basel/Switzerland 

Authors Cell type Stimulus Asparaginase Explanation 

1969 
Astaldi et al. 8 NHPBL PHA E. coli 
McElwain and Hayward 43 LHPBL PHA E. coli 
Dartnall and Baike 2z NHPBL PHA None 
Astaldi et al. 7 NHPBL PHA E. coli 
Weiner et al. 62 NHPBL PHA None 
Astaldi et al. 9 NHPBL MLR E. coli 
Dartnal121 NHPBL(?) PHA E. coli(?) 
Simberkoff et al. 56 NHPBL PHA E. coli, Agouti 
Calabri et al. 2~ N + LHPBL PHA E. coli 

1970 
Kirchner and Bauer 41 NHPBL PHA E. coli 
Simberkoff and Thomas 57 NHPBL PHA E. coli 
Burgio et al. 19 NHPBL PHA, PWM, MLR E. coli 
Ohno and Hirsch 4s C + LHPBL PHA, E. coli 

( Strepto 
Varidase 
Vaccina 

Ohno and Hirsch 47 C + NHPBL PHA E. coli 
Maral et al. 44 Dog PBL PHA, MLR E. coli 
Miura et al. 45 NHPBL PHA E. coli, guinea pig 

1971 
Shons et al. 55 NHPBL MLR E. coli 
Fidler et al. 29 Rat PBL PHA E. coli 
Jasin and Prager 38 Rat spleen PHA E. coli 
Giraudo-Conesa et al. 31 N + LHPBL PHA E. coli 
Weksler and Weksler 63 NHPBL PHA E. coli 
Burgio et al) 8 N + LHPBL MLR E. coli 
Astaldi 5 

�9 Alexander et al. 3 NHPBL PHA, Con A, MLR E. coli, Agouti 
Fink et al. 3~ NHPBL PHA E. coli 
Astaldi et al) ~ 

Asn depletion 

Ash, Gln depletion 
Ash deficient 

Asn depletion and other' 

Gin depletion 

Asn, Gin depletion 

Asn or Gln depletion 

Asn depletion 

Review article 
Asn depletion 

Review article 

1972 
Soru et al. 5s Rabbit spleen PHA Mycobacterium boris Asn depletion 
Astaldi 6 Review article 
Schrek et al.52 NHPBL tonsil, lymph node PHA Bacterial glutaminase/ Gin depletion 

asparaginase 
Han and Ohnuma 33 NHPBL PHA, Con A, PWM, PPD, E. coli 

MLR, staphlococcal Erwinia carotovora 
filtrate, varidase 

Benezra et al) 5 NHPBL mouse spleen PHA E. coil Gln depletion 
Fidler and Montgomery 26 Rat spleen Con A E. eoli Membrane effects 

1973 
Kahn and Fidler 39 Rat PBL MLR E. coli Membrane effects 
Fidler et alfl 8 Rat spleen and lymph node Con A E. coli Membrane effects 
Berenbaum et al. 16 Mouse PBL PHA, LPS E. coli 

E. coli Gln depletion 
Erwinia earotovora 

1974 
Ashworth and MacLennon 4 Rabbit PBL PHA 

1976 
Gordon et al. 32 Mouse spleen PHA, Con A, LPS, NalO 4 E.coli Asn depletion 

Abbreviations used: Cell types: NHPBL, normal human peripheral blood lymphocytes; LHPBL, leukemic human peripheral blood lymphocytes; 
CHPBL, human peripheral blood lymphocytes from non-leukemic cancer patients. 
Stimuli: PHA, phytohemagglutinin; MLR, mixed (allogenic) lymphocyte reaction; PWM, poke weed mitogen; Strepto, streptokinase-streptodor- 
nase; Con A, Concanavalin A; PPD, purified protein derivative; LPS, lipopolysaecharide. 
Explanation: Asn, asparagine; Gln, glutamine. 

p h o c y t e s :  n e i t h e r  a s p a r a g i n a s e  n o r  b l a s togenes i s  ap-  
p e a r e d  in the  tit le.  As  recen t ly  as 1982 the  i n c o r r e c t  re- 
p o r t  was  c i ted  to  s u p p o r t  the  h y p o t h e s i s  t h a t  a s p a r a g i n e  
d e p l e t i o n  was  r e spons i b l e  for  the  i n h i b i t i o n  o f  m i toge -  
nesis  50. 
A review o f  the  l i t e r a tu re  m a k e s  i t  c lear  t h a t  a s p a r a g i n e  
is n o t  r e q u i r e d  fo r  m i t ogenes i s  24'25,45'53'6~, a n d  t h e r e f o r e  
the  a s p a r a g i n e  d e p l e t i o n  h y p o t h e s i s  c a n n o t  be  cor rec t .  
I t  is i n t e r e s t i ng  to  n o t e  t h a t  w i t h i n  a few m o n t h s  o f  
A s t a l d i  e t  a l . ' s  f i rs t  r epo r t ,  D a r t n a l l  a n d  Ba ik ie  22 

p r e s e n t e d  d a t a  s h o w i n g  t h a t  n e i t h e r  a s p a r a g i n e  n o r  as- 
p a r t a t e  is r e q u i r e d  for  mi togenes i s .  I t  a p p e a r s  t h a t  th i s  
ear ly  r e p o r t  was  cor rec t .  
M e a s u r e m e n t s  o f  a s p a r a g i n e  s y n t h e t a s e  levels o f  lym-  
p h o i d  t i ssues  h a v e  b e e n  u sed  to s u p p o r t  the  a s p a r a g i n e  
d e p l e t i o n  hypo thes i s .  P r a g e r  a n d  D e r r  51 r e p o r t e d  extre-  
mely  low levels o f  s y n t h e t a s e  act ivi ty .  H o w e v e r ,  a n  ear-  
l ier r e p o r t  f r o m  M e i s t e r ' s  l a b o r a t o r y  36 r e p o r t e d  va lues  
100 t imes  h i g h e r  t h a n  t h o s e  o f  P r a g e r  a n d  Der r ,  t h o u g h  
still low w h e n  c o m p a r e d  to  o t h e r  t issues.  T h a t  m i t o g e -  
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nesis occurs normally in asparagine-free media suggests 
that the asparagine synthetase levels of lymphocytes are 
adequate. We cannot, however, rule out the possibility 
that sub-populations within the total lymphocyte popu- 
lation pool differ in their synthetase levels and that 
cross-feeding may occur. We also cannot rule out selec- 
tive protein turnover within lymphocytes as a source of 
the asparagine required for mitogenesis, though we be- 
lieve this to be unlikely. 

Glutamine depletion 

Most  asparaginases possess some degree of glutaminase 
activity. Consequently glutamine depletion was an hy- 
pothesis put forward to explain asparaginases' ability to 
inhibit mitogenesis. 
To disprove this hypothesis it is only necessary to show 
that mitogenesis can be inhibited by an asparaginase 
that lacks glutaminase activity. This has been demon- 
strated for the glutaminase-free asparaginases from gui- 
nea pig serum 45, agouti serum 3'56, and Mycobacterium 
bovis 5s. 
Though the glutamine depletion hypothesis is unten- 
able, a review of the studies that supported it is still 
worthwhile. We now know that lymphocytes require 
glutamine 24'25'45'53'59,6~. Tissue culture media are routi- 
nely supplemented with glutamine, usually to the level 
of 2 ~tmoles/ml. A review of the studies that supported 
the glutamine depletion hypothesis reveals that E. coli 
asparaginase was used as a reagent to selectively deplete 
the serum component of the media of asparagine and 
glutamine~5, 57 
The depleted media were shown to be incapable of sup- 
porting blastogenesis. Supplementation of the depleted 
medium with asparagine did not restore its ability to 
support lymphocyte activation; supplementation with 
glutamine, however, fully restored the medium's effec- 
tiveness. Though these studies were performed with the 
intention of determining why asparaginase inhibits 
mitogenesis we now recognize that they in fact helped 
to establish that asparagine is not required for mitogen- 
esis, but glutamine is required. The use of asparaginase 
to deplete a medium prior to the addition of lym- 
phocytes is not the same as including asparaginase in 
the medium during the culture period. Simberkoff and 
Thomas recognized this 57. They specifically pointed out 
that glutamine supplementation was effective after heat 
inactivation of the asparaginase but that no supple- 
mentation was effective if active enzyme was present 
during cultivation. Given the fact that glutamine deple- 
tion is not the cause of asparaginases' inhibitory action, 
we can ask the related question of whether the glutami- 
nase activity can at least contribute to the inhibitory 
potency of asparaginases. The answer appears to be yes, 
though the mechanism may be more than depletion of a 
required nutrient. Two studies comparing the inhibitory 
effectiveness of the asparaginases form E. coli (2-4% 
glutaminase activity) and Erwinia carotovora (8-10% 
glutaminase) found that the Erwinia enzyme was the 
more potent inhibitor of mitogenesis by a factor of 10. 
Ashworth and MacLennon 4 attributed the increased po- 
tency to the glutaminase activity. Hart and Ohnuma 33 
however rejected this explanation when they found that 

supplementation with glutamine did not alleviate the in- 
hibition, whereas supplementation with asparagine par- 
tially alleviated the inhibition. Han and Ohnuma attrib- 
uted the increased potency of the Erwinia enzyme to 
some (unspecified) molecular characteristic of the en- 
zyme molecule. In another study, Schrek et al. 52 deter- 
mined the inhibitory potency of a bacterial enzyme that 
hydrolyzes both glutamine and asparagine at similar 
rates 35. They found that the dual specificity enzyme was 
a much more potent inhibitor of mitogenesis than is the 
E. coli enzyme. The difference was assumed to be due to 
rapid glutamine depletion by the dual specificity en- 
zyme. 
To evaluate these studies it is necessary to discuss the 
mechanisms by which glutamine can be decomposed. 
The well-known instability of glutamine is not the result 
of the molecule's tendency to hydrolyze, but rather is 
due to an exchange reaction between the alpha-amino 
group and the terminal amide nitrogen. The effect is to 
displace to the amide nitrogen as a free ammonium ion 
and convert the rest of the molecule to the cyclic com- 
pound 2-pyrrolidone-5-carboxylic acid 6~ This com- 
pound has been shown to be nontoxic to lymphocytes 
in culture". The breakdown of glutamine catalyzed by 
asparaginases is via hydrolysis of the amide group with 
the production of an ammonium ion and a molecule of 
glutamate. Glutamate, we now recognize, is a physio- 
logically active compound that serves many roles 
besides that of a component of proteins and a biosyn- 
thetic intermediate 64. It is, therefore, possible that the 
increased inhibitory potency of the Erwinia and dual 
specificity enzymes is due to a combination of glut- 
amine depletion and toxicity of accumulated glutamate. 
In a series of preliminary experiments we have found 
that glutamate does in fact inhibit mitogenesis when 
added to serum supplemented Minimal Essential Me- 
dium (unpublished data). It thus seems likely that the 
mechanism by which glutamine hydrolyzing aspar- 
aginases inhibit mitogenesis is complex and that these 
enzymes may not be the appropriate tools to study the 
phenomenon. 

Membrane effects 

Asparaginase mediated alterations of the lymphocyte 
membrane have been suggested as being responsible for 
the inhibition of mitogenesis. Lajolo et al. 42 reported 
that after they incubated lymphocytes with aspar- 
aginase the migration of the cells in an electric field was 
significantly reduced in comparison to control lym- 
phocytes. This change was attributed to alterations of 
the molecules in the cell membrane. In a series of stu- 
dies, Fidler and his colleagues 26-29' 39 have presented evi- 
dence for decreases in the binding of IgG, alloantibo- 
dies, Con A, and antigens to the lymphocyte surface 
following brief incubation with E. coli asparaginase. 
These changes were attributed to an asparaginase-medi- 
ated alteration of the topography of the lymphocyte 
membrane. Evidence was also presented that aspar- 
aginase neither sticks to the lymphocyte membrane nor 
enters the cells 26. 
It is difficult to interpret these studies since none of the 
membrane changes can be directly attributed to any of 
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asparaginase's known catalytic activities. Glycoproteins 
in the cell membrane were assumed to be involved in 
the inhibitory mechanism. These molecules often serve 
as receptors, and the oligosaccharide portion is usually 
attached to the protein portion of the molecule by an 
N-asparaginyl linkage. There was an early report that 
asparaginase could cleave preformed glycoproteins; 
however, Fidler and Montgomery were unable to repro- 
duce these findings 28. Asparagine-linked glycoproteins 
possess a predictable sequence of amino acids on either 
side of the oligosaccharide bearing asparagine residue 54. 
However asparaginases do not hydrolyze peptide 
bonds. Studies of the mechanism of the asparaginase 
catalytic site have shown that a free alpha carboxyl 
group is necessary for binding and catalysis 37. It has 
also been shown that binding of the amide nitrogen to 
the asparaginase active site is very sensitive to steric in- 
terference: a substituent as small as an N-methyl group 
abolishes catalytic activity 34 . Given the large size of the 
oligosaccharide bound to the asparaginyl residue of gly- 
coproteins it is not likely there is any binding of this 
residue to the asparaginase active site. Jasin and Prager 
have presented evidence that in vitro glycoprotein syn- 
thesis is more sensitive to inhibition by asparaginase 
than is general protein synthesis 38. It seems reasonable 
to expect that cells that have grown in an organ or me- 
dium that contained asparagine would exhibit a lag 
phase of suddenly deprived of asparagine by the addi- 
tion of asparaginase. But given the fact that normal 
mitogenesis occurs in asparagine-free media a transient 
lag is all that should be observed following the addition 
of asparaginase to culture media. 
As part of our own recent reexamination of aspar- 
aginase's ability to inhibit mitogenesis we have utilized 
the asparaginase produced by the bacterium Vibrio sue- 
cinogenes ~3'14'23. We have taken advantage of the re- 
cently developed technology of covalent modification of 
enzymes with methoxypolyethylene glycol (PEG). PEG- 
asparaginases are nonimmunogenic and nonantige- 
nic 1'2'~2. That is, they do not bind to antibodies specific 
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