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A cytidine analog, 5-azacytidine (NSC- 
102816, 5-AzaCyd), was shown to be active 
against E .  coli bacteria in culture and against 
lymphomas in AKR mice (1, 2 ) .  Treatment 
of mice with the drug suppressed DNA and 
RNA syntheses of large lymphocytes and ma- 
ture myeloid cells (3).  Also, incorporation of 
the drug into RNA of bone marrow cells was 
observed in mice treated with the drug (4).  
The drug was reported (5, 6) to possess 
antileukemic activity against L12 10 in mice. 
Also, reversal of the antileukemic and toxic 
activities of 5-AzaCyd by simultaneous treat- 
ments with cytidine was demonstrated (5, 7 ) .  
Immunosuppression by pyrimidine nucleoside 
analogs and the inhibition of immunosuppres- 
sive effect of cytosine arabinoside by concur- 
rent treatment with deoxycytidine has been 
reported (8). 

The following experiments were conducted 
to study (a) the effect of administration of 
5-AzaCyd and uridine (NSC20256) on the 
antileukemic activity and toxicity of the drug 
in leukemic (L 1 2 10) and nonleukemic 
mice; (b) the effect of treatment with 
5-AzaCyd and uridine on the bone marrow 
cells and colony-forming ability of these cells 
in nonleukemic mice; and (c) the effect of 
concomitant administration of 5-AzaCyd and 
uridine on hemagglutinin synthesis and hem- 
olytic plaque-forming ability of the spleen 
cells of nonleukemic mice. 

Materials and Methods. Ten to 12-week- 
old CDFl (BALBJc female X DBA/2 male) 
F1 male mice, weighing 22-25 g, were em- 

1 Part of this study was presented by the authors at 
the Expermental Hematology Bone Marrow Con- 
ference held in Atlantic City, April 14, 1969. Support- 
ed in part by Contract PH43-68-1283 from 
Chemotherapy, National Cancer Institute, NIH. 

ployed in the studies on survival time, toxici- 
ty, and suppression of hemagglutinins ; and 
BDFl (C57BL/6 female X DBA/2 male)F1 
male mice were employed for the assay of 
hemolytic plaque-forming cells (PFC) . Six to 
8-week-old BALB/c male mice were used as 
recipients in the spleen colony assay. CDFl 
male mice were inoculated subcutaneously 
(sc) into the right hind leg with 1@/0.25 ml 
of leukemia (L1210) ascites cells. The leu- 
kemia (L1210) ascites line is maintained in 
this laboratory (by weekly intraperitoneal (ip) 
passage in DBA/2 mice. 

5-AzaCyd was suspended in steroid suspend- 
ing vehicle and the pH was adjusted to 4.5. 
Uridine (Calbiochem) was dissolved in 
saline, pH 4.5. The drugs were injected intra- 
peritoneally (ip) a t  a total volume of 0.01 
ml/g of body weight. In  combination treat- 
ment administration of 5-AzaCyd was fol- 
lowed within 5 min by uridine. 

Six nonleukemic CDFl mice from each 
group were sacrificed 24 hr after treatment 
with the drugs, the femurs were removed, a 
3-ml bone marrow cell suspension was 
prepared, and the cell concentrations of these 
suspensions were determined by employing a 
Coulter counter Model F. Bone marrow cell 
suspensions were adjusted to lo5 cells/O.2 ml 
and injected intravenously (iv), into 6 
BALB/c mice, which had been X-irradiated 
previously with 400 R (200 kV, 15 mA, 0.25 
mm Cu and 0.55 mm A1 filtration; target 
distance 54 cm, dose rate 122 R/min). Eight 
days after inoculation of the cells, recipient 
mice were sacrificed, the number of spleen 
colonies in 6 mice were counted, and the 
colony-forming units (CFU) per milliliter of 
cell suspension were estimated as described 
previously (9). The number of surviving 
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cells and CFU as a fraction of untreated BDFl mice were immunized with 4 )( los 
control values were estimated. SRBC and treated 24 hr later with 5-AzaCyd 

In order to study the influence of uridine alone, or in combination with uridine. Four 
on the immunosuppressive effect of 5-AzaCyd, mice were sacrificed on days 2, 6, 8, and 11, 
nonleukemic mice were injected with 0.25 and 8 mice on day 4 for the PFC test. 
ml ip of 30% sheep erythrocytes (SRBC) Results. The influence of treatment with 
24 hr before or after treatment with the uridine on the effect of 5-AzaCyd in leukemic 
drugs, and were bled at  designated inter- or nonleukemic mice is summarized in Table 
vals. Sera from 6 mice from each group were I. Treatment with 5-AzaCyd (20-90 mg/ 
pooled and tested for hemagglutination (HA) kg) alone increased the median survival 
titer by the micro-HA method described by time (MST) of leukemic mice by 57-79% 
Stavitsky (10). over the untreated controls (7 days). Doses 

The assay for direct PFC test was carried of 150 and 250 mg/kg of 5-AzaCyd were 
out according to the method of Jerne et al. lethal to leukemic or nonleukemic mice. 
(ll), with some modifications suggested by Combination treatment with uridine (600 or 
Shearer et at?. (12) in preparing spleen cell 360 mg/kg) reduced the antileukemic activi- 
suspensions. ty of 5-AzaCyd (doses 20-54 mg/kg) given 
TABLE I. Influence of Concurrent Treatment with Uridine on the Effect of 5-AzaCyd in Leukemic and 

Nonleukemic Mice." 

Leukemic miceb (L1210) Nonleukemic mice 

5-AzaCyd 
5-AzaCyd + uri- 5-AzaCyd + uri- 5-AzaCyd + uridine" 

5-AzaCyd dineb (600 mg/kg) dineb (360 mg/kg) done mg,g) 

Untreated controls 
(L1210) 

5-AzaCyd (mg/kg) 
20 

33 

54 

90 

150 

250 

Vehicle control 

7 
(6-8) 

11 
(9-13) 

11.5 
(9-13) 

12.5 
(6-14) 

(4-14) 

(4-13) 

(1-2) 
7.5 

( 7-8 1 

12 

5.5 

2 

Uridine 

0 

57 8.5 

64 8 

79 10 

71 11 

11 
( 7-1 1)  

(8-10) 

(8-11) 

(8-13) 

( 9-1 1)  

7.5 
(3-12) 

7 

8 
(7-8) 

21 9 

14 10 

43 11 

57 12 

57 12.5 

7 7 

(8-11) 

(8-11) 

(10-13) 

(7-24) 

(11-22) 

(3-13) 

14 8 
( 7-9 ) 

8 

29 8 

43 8 

57 8 

71 8 

79 4 

0 0 
(2-4) 

(1-3) 
8 

14 

8 

8 

8 

8 

8 

7 
(2) 

8 

The values in  parentheses show the range of days of death of animals. 
a 10-12-week-old CDF, male mice 8/group--leukemic mice inoculated subcutaneously with 10"/0.25 ml 

* Concurrent treatment intraperitoneally : 5-AzaCyd followed by uridine. 
* ILS = increase in  life-span over untreated controls. 

of leukemic (L1210) ascites cells. 
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alone. The MST of leukemic mice was almost 
similar when the drug was given at  90 mg/kg 
alone or in combination with uridine. At the 
higher doses (150 and 250 mg/kg) the toxici- 
ty of the drug was reduced by combination 
treatment with uridine. The increase in sur- 
vival time of mice treated with 150 mg/kg of 
5-AzaCyd plus 360 mg/kg of uridine was 
7976, which was similar to the increased life- 
span (ILS) obtained with 54 mg/kg of 5- 
AzaCyd alone. In  nonleukemic mice, this con- 
current treatment with uridine also reversed 
the toxicity of 5-AzaCyd (150 or 250 mg/kg) 
and is reflected in the number of 70-day sur- 
vivors observed in the groups treated with 
these doses (15416, compared to those in the 
groups treated with 5-AzaCyd alone, 4/16). 

The results of the influence of combination 
treatment with uridine on the effect of 
5-AzaCyd on bone marrow cells and CFU of 
mice sacrificed 1 day after drug administra- 
tion are summarized in Fig. 1. The surviving 
bone marrow cells in mice on day 2 after 
treatment with 5-AzaCyd alone (20-250 
mg/kg) varied from 30 to 6% of the un- 
treated control values, while the ability of 
these cells to form CFU was only 2% of the 
untreated control values. Treatment with 600 
mg/kg of uridine reduced the toxic effect 

varied from 65 to 18% of the untreated con- 
trol values. Although similar elevation of 
CFU was observed in the groups treated with 
uridine plus the lower dose levels of 
5-.4zaCyd (20-90 mg/kg) , the colony- 
forming ability of bone marrow cells of mice 
treated with 150 or 250 mg/kg remained sup- 
pressed. 

The results of the effect of treatment with 
5-AzaCyd alone, or 5-AzaCyd plus uridine, 
on hemagglutinin synthesis in mice are sum- 
marized in Fig. 2A and B. A single treatment 
with 5-AzaCyd (doses 20-250 mg/kg) re- 
duced the hemagglutinin synthesis in nonleu- 
kemic mice given before or after SRBC. The 
HA titer of the sera from the groups treated 
after SRBC (Fig. 2A) varied from 1:128 to 
1:16, and the titer in the untreated controls 
was 1:256. The lowest titer, 1: 16, was ob- 
served in the sera of mice treated with 150 
mg/kg of 5-AzaCyd. Similar results were ob- 
served when mice were injected with the drug 
1 day before antigenic stimulation (Fig. 
2B). Treatment with cyclophosphamide (250 
mg/kg) before or after SRBC was more 
effective than 5-AzaCyd in suppressing im- 
mune response in mice. Uridine (600 mg/kg) 
alone had no effect on hemagglutinin syn- 
thesis as reflected in the HA titers of sera. 

of the drug on bone marrow cells a t  all dose However, in mice treated with a combination 
levels of 5-AzaCyd. The surviving cells of 600 mg/kg of uridine and 20-250 mg/kg of 
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FIG. 1. Influence of concurrent treatment with uridine on the effect of 5-AzaCyd on bone marrow 
cells and coEony-forming units in nonleukemic mice. 
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FIG. 2 .  Influence of combination treatment with uridine ,on the immunosuppressive effect of 
5-AzaCyd in nonleukemic mice. 

5-AzaCyd after SRBC (Fig. ZA), the reci- 
procal HA titers ranged from 256 to 64, indi- 
cating the reduction of the effect of 
5-AzaCyd on HA synthesis. Although treat- 
ment with uridine appeared to reduce the 
immunosuppression of 5-AzaCyd at  all dose 
levels when the drugs were given 1 day after 
antigenic stimulation, such reduction was less 
evident when the drugs were given before 
SRBC (Fig. 2B). 

The observation of suppression of antibody 
synthesis in mice after treatment with 
5-AzaCyd was explored further by employing 
the PFC method with 3 dose levels of 
5-AzaCyd (54, 90, and 150 mg/kg) alone or 
in combination with 600 mg/kg of uridine. 

The results of the effect of treatment with 
uridine (600 mg/kg) alone, or in combination 
with 5-AzaCyd, on PFC response a t  several 
intervals after the administration of the drug 
is shown in Fig. 3. The maximum PFC re- 
sponse in the spleens of untreated control 
mice and the mice treated with uridine (600 
mg/kg) was observed on day 4. This effect 
gradually tapered off by day 1 1  to the level 
observed on day 2. It appears that treatment 
with uridine alone had not markedly influ- 
enced the PFC response in mice. 

The results of the effect of treatment with 

5-AzaCyd alone, or in combination with uri- 
dine, on PFC response in mice are summarized 
also in Fig. 3. Treatment with 5-AzaCyd 
(54, 90, or 150 mg/kg) greatly reduced PFC 
on day 4 at  the time when a maximum PFC 
response was observed in the untreated con- 
trols. On day 6 the number of PFC in the 
drug treated animals was still a t  a lower level 
than in the controls. On day 8 the number 
of PFC in the treated mice reached the peak 
levels and was found to be close to that of 
the controls. In mice treated with uridine and 
5-AzaCyd, the PFC response was evident 
earlier and the maximum response was ob- 
served on day 6 with 54 or 90 mg/kg of 
5-AzaCyd, and on day 8 in the groups 
treated with 150 mg/kg of 5-AzaCyd. Al- 
though the number of PFC in animals with 
the combination treatment was greater than 
that in animals treated with 5-AzaCyd alone, 
it was less than in the untreated controls. 
These results indicate that treatment with 
uridine (600 mg/kg) had reduced the immu- 
nosuppressive effect of 54 or 90 m@g of 
5-AzaCyd by partially restoring the number 
of PFC per spleen and shifting the peak of 
antibody response from day 8 to day 6. This 
effect was less evident with 150 mg/kg’of 
5-AzaCyd. 
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FIG. 3. Immunosuppressive activity of 5-AzaCyd and antagonistic action exerted by uridine: PFC 
per spleen of BDF, male mice immunized with 4.1@ SRBC, ip, and treated 24 hr later with a single 
injection of 5-AzaCyd alone, or 5-AzaCyd plus uridine. Each point represents the mean =t SE of 
four animals on days 2 ,  6, 8, and 11, and of 8 animals on day 4. 

Discussion. Mammalian cells phosphory- 
late 5-AzaCyd and further convert it into 
5'-polyphosphates, which are in turn incorpo- 
rated into ribonucleic acids (13). The strik- 
ing biological activity of 5-AzaCyd was attri- 
buted to the low stability of the 5'-polynu- 
cleotides ( 14). The antileukemic (L12 10) 
and toxic effect of 5-AzaCyd, and the rever- 
sal of these activities by combination treat- 
ment with cytidine, have been reported before 
(5, 7 ) .  The data presented here show that 
treatment with a single dose of 5-AzaCyd 
increased the life-span of leukemic mice by 
79% over the untreated controls. At the same 
time this treatment diminished the number of 

surviving bone marrow cells and the colony- 
forming ability of these cells. Also, treatment 
with 150 or 250 mg/kg of 5-AzaCyd was 
lethal to leukemic or nonleukemic mice. 
Treatment with uridine reduced the toxic ac- 
tivity of 5-AzaCyd (20-90) mg/kg on bone 
marrow cells and CFU of nonleukemic mice, 
and also diminished the lethal effect of higher 
doses of 5-AzaCyd (150 and 250 mg/kg). 
Only 1/16 mice died in the groups treated 
with the combination of drugs, whereas 12/16 
mice died in the groups treated with 
5-AzaCyd alone. 

Since 5-AzaCyd is a cytotoxic agent and 
capable of inhibiting RNA and DNA synthe- 



CONCOMITANT USE OF 5-AZACYD AND URIDINE 1237 

sis, this agent would be expected to suppress 
the antibody formation. The data reported 
here indicate that the activity of 5-AzaCyd 
against normal rapidly dividing cells is ac- 
companied by immunosuppressant action giv- 
en before or after the injection of SRBC. The 
immunosuppressive activity of the drug 
when given before the antigen suggests the 
possibility that the effect of the drug is on 
the antigen processing activity of macro- 
phages (14). The incorporation of 5-AzaCyd 
into the RNA of macrophages with the con- 
current formation of fraudulent RNA would 
prevent the transfer of information from ma- 
crophages to the antibody forming cells, 
mediated by a mRNA (15,) or RNA-antigen 
complex ( 16). The immunosuppressant activ- 
ity of the drug given after the antigenic stim- 
ulus, as shown in HA and PFC tests, sug- 
gest that the antimetabolite may also be able 
to interfere with the proliferation of immuno- 
competent cells. I n  particular, the delay in 
PFC peak response (from days 4 to 8) is 
consistent with similar observations with 
methotrexate by Rivarola et a2. (17). Fur- 
thermore, the total reduction in PFC per 
spleen suggests the possibility that the major- 
ity of the immunocompetent cells were com- 
pletely inhibited by 5-AzaCyd. 

The antagonistic activity of uridine is evi- 
dent when the drugs are given after SRBC 

toxic, and immunosuppressive effects of 
5-AzaCyd, a synthetic analog of cytidine. A 
single treatment on day 1 after tumor im- 
plantation with 5-AzaCyd alone (20-90 
mg/kg) increased the MST of leukemic mice 
by 57-7976 over the untreated controls. 
Combination treatment with uridine reduced 
the antileukemic activity of 5-AzaCyd. Treat- 
ment with 150 or 2 50 mg/kg of 5-AzaCyd was 
lethal to leukemic as well as nonleukemic 
mice. Concurrent treatment with uridine re- 
duced the toxic effect of 5-AzaCyd in these 
mice. 

A single treatment with 5-AzaCyd alone 
(20-250 mg/kg) diminished the surviving 
bone marrow cells 30 to 6% and CFU to 2% 
of the untreated control values. Treatment 
with uridine reduced the toxic effect of 
5-AzaCyd on the bone marrow cells and 
CFU. Similarly, a single treatment with 
5-AzaCyd (33-1 50 mg/kg) inhibited the he- 
magglutinin synthesis and hemolytic plaque- 
forming ability of the spleen cells of nonleu- 
kemic mice. In  hemagglutination tests simul- 
taneous administration of uridine reduced the 
immunosuppressive effect of 5-AzaCyd to a 
greater extent when the drugs were adminis- 
tered after, rather than before, SRBC admin- 
istration. Furthermore, treatment with uri- 
dine partially reversed the effect of 5-AzaCyd 
on hemolytic plaque-forming cells. 

injection, as Observed with the HA and PFC 
tests. In the latter test the influence exerted 
by uridine may be observed on the number 
Of PFC per 'PIeen and the in 
the peak PFC response. The antagonistic ac- 
tivity of uridine on immunosuppressive activ- 
ity of 5-AzaCyd was less evident when these 
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