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SUMMARY 

The effects of recombinant human interferon-alpha, beta and gamma (IFN) on the antiproliferative activity 
of cytarabine (ara-C) in K562 human myeloid leukemia clonogenic cells were studied in an agar capillary 
microassay. The addition of IFN-alpha did not affect the antiproliferative activity of ara-C in K562 cultures 
treated with low concentrations of ara-C: 10-50 nM, whereas in those treated with high concentrations of 
ara-C: 100 500 nM, IFN-alpha significantly reduced the antiproliferative activity of ara-C. The addition of 
3 x lo4 U/ml IFN-alpha to ara-C-treated K562 cultures increased the IC,, of ara-C on day 5 from 102 to 
214 nM, i.e. ara-C+IFN-alpha was about twofold less potent than ara-C alone. Low concentrations of IFN- 
beta and IFN-gamma did not affect the antiproliferative activity of ara-C on K562 colonies, but high 
concentrations of these two interferons reduced the antiproliferative activity of ara-C. The addition of 
4 x lo3 U/ml IFN-beta or lo4 U/ml IFN-gamma increased the IC,, of ara-C on day 5 to 304 nM or to 3 16 nM, 
respectively, i.e. ara-C+IFN-beta or IFN-gamma was about threefold less potent than ara-C alone. The 
significant reduction of the desired antiproliferative activity of ara-C by the three interferons was reproduced 
in liquid suspension cultures of K562 cells on day 4 in the following order: IFN-gamma > IFN-beta > IFN- 
alpha. The present negative interactions of the three interferons with ara-C particularly at high concen- 
trations, may caution against the clinical use of the combination of ara-C and interferon in the treatment of 
myeloid leukemia patients. 
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INTRODUCTION 
The human myeloid leukemia cell line K562, which was established from the pleural effusion of a 
chronic myeloid leukemia patient in blastic crisis,' provides a unique population of primitive 
myeloid leukemia celk2 Cytarabine is not only the most widely used drug in the treatment of 
myeloid l e~kemia ,~  but also the most effective agent in K562 human myeloid leukemia celk4 
Several biological agents including interleukin-3, granulocyte-macrophage colony stimulating 
factor, granulocyte colony stimulating factor and all-trans retinoic acid enhanced cytarabine 
activity in human myeloid leukemia Interferons (IFN) showed synergistic interactions with 
several chemotherapeutic agents in numerous non-leukemic tumour cell lines.* Also, mouse semi- 
purified alpha/beta-interferon was effective alone in increasing the survival time of mice inoculated 
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intravenously with Friend erythroleukemia cells' and showed synergism with cisplatin in P388 
murine leukemia in CDFl mice." Moreover, IFN-alpha" and IFN-gammaI2 showed synergistic 
antiproliferative effect with 5-fluorouracil in HL-60 human myeloid leukemia cells. 

Recombinant human interferon-alpha 2b alone has achieved about 70 per cent complete sus- 
tained hematologic remission and 20 per cent complete sustained cytogenetic remission in patients 
with chronic myeloid 1e~kemia.l~ Also, IFN-alpha has achieved objective responses in chronic 
myelomonocytic leukemia  patient^.'^." In addition, treatment with recombinant human IFN- 
gamma alone induced clinical response in two of four smoldering myeloid leukemia patientsI6 and 
in 10 of 26 chronic myeloid leukemia patients." 

Therefore, we have investigated the effects of the combinations of IFNs: alpha, beta and gamma 
with cytarabine in K562 human myeloid leukemia clonogenic cells, in an effort to explore any 
synergistic or additive interactions which could provide the basis for an improved therapeutic 
benefit in myeloid leukemia patients. 

MATERIALS AND METHODS 

Materials 

Agar, ara-C, L-glutamine, RPMI 1640 culture medium and trypan blue were purchased from 
Sigma Chemicals. Fetal calf serum (FCS) was purchased from Boehringer. Recombinant human 
IFN-alpha 2b (specific activity of 42 x lo6 units per mg protein) was purchased from Hoffmann-La 
Roche. Recombinant human IFN-beta 2 (specific activity of 10 x lo6 units per mg protein) and 
recombinant human IFN-gamma (specific activity of 25 x lo6 units per mg protein) were pur- 
chased from Genzyme Corporation. Ara-C was diluted with RPMI 1640 medium to l mM stock 
solution and kept at -20°C. Prior to incubation, ara-C was freshly diluted with RPMI 1640 
medium to working concentrations. IFNs were diluted with RPMI 1640 medium containing 10 per 
cent fetal calf serum to 0.5 x lo6 units per ml stock solution and kept at -50°C. Prior to incu- 
bation, IFNs were freshly diluted with RPMI 1640 medium containing 10 per cent FCS to the final 
concentrations. 

Cells 
K562 cells were grown in suspension in RPMI 1640 medium containing 10 per cent FCS in 10 ml in 
25 cm2 tissue culture flasks at 37°C in a humidified incubator under 7.5 per cent CO,. The cultures 
were diluted to 5 x lo4 cells per ml in fresh medium twice weekly. Cell concentrations and viability 
were routinely assessed by trypan blue exclusion test. 

Clonogenic agar capillary microassay 
The clonogenic microassay for K562 cells was carried out in agar-containing capillaries as described 
before." Briefly, K562 cells were cultured at a concentration of 24 x lo3 cells per ml in glass 
capillaries containing RPMI 1640 medium supplemented with L-glutamine, 10 per cent FCS and 
0.18 per cent agar in a final volume of 30 pl. The low concentration of agar (0.18 per cent) used in the 
present study was well-established in our laboratory as the optimal for colony formation in glass 
capillaries which are very different from other tissue culture plates in which 0.3 per cent of agar is 
usually used.19*20 Each of the three recombinant human IFNs was added at graded concentrations 
(10-3 x lo4 units per ml) either alone or in combinations with ara-C at graded concentrations 
(10-103 nM). Also, cultures containing only ara-C at the same graded concentrations and control 
cultures containing neither cytarabine nor IFNs were set up in conditions otherwise identical. 
Triplicate capillaries of each of the culture conditions in three separate experiments were incubated 



NEGATIVE INTERACTIONS BETWEEN INTERFERONS AND CYTARABINE 119 

for 5 days at 37°C in a humidified incubator under 7.5 per cent CO,. The time point was selected to 
allow adequate time for colony formation but to avoid density arrest in more rapidly growing 
colonies and to avoid problems with the limited in vitro stability of IFNs. K562 colonies which were 
aggregates of eight or more cells, were counted on day 5 in each capillary using a special dissecting 
microscope DZ-240 (NSK Co., Tokyo). 

Liquid suspension culture 
K562 cells were cultured at a concentration of 100 x lo3 cells per ml in 96-flat bottomed well tissue 
culture plates containing RPMI 1640 medium supplemented with L-glutamine and 10 per cent FCS 
in a final volume of 100 pl. Each of the three recombinant human IFNs was added at graded 
concentrations (1&3 x lo4 units per ml) either alone or in combinations with cytarabine at graded 
concentrations (l&lO' nM). Also, cultures containing only cytarabine at the same graded concen- 
trations and control cultures containing neither cytarabine nor IFNs were set up in conditions 
otherwise identical. Triplicate plates of each of the culture conditions in three separate experiments 
were incubated for 4 days at 37°C in a humidified incubator under 7.5 per cent C02. The time point 
was selected to allow adequate time for growth inhibition but to avoid density arrest in more 
rapidly growing wells and to avoid problems with the limited in vitro stability of recombinant 
human IFNs. 

Assessment of K562 colony inhibition 
The K562 colony inhibition was expressed as percentage of control cultures and determined as 
follows: Percentage K562 colony inhibition = [(number of K562 colonies in control culture- 
number of K562 colonies in treated culture) + (number of K562 colonies in control culture)] x 100. 
Dose response curves of the percentage of K562 colony inhibition in relation to control cultures on 
day 5 were plotted versus the logarithm of concentrations ofcytarabine and IFNs when used alone 
or in combinations with each other. IC,,, IC,, and IC,, values which are the concentrations of each 
agent inducing 20 per cent, 50 per cent and 80 per cent, respectively, inhibition of K562 colony 
formation on day 5 compared with control cultures containing neither cytarabine nor IFNs were 
calculated from the logarithmic regression analysis of each dose response curve as described 
before." 

Assessment of K562 cell growth inhibition 
After 4 days of incubation, the viable cell numbers in each well of the triplicate plates were counted 
using the trypan blue dye exclusion test rather than other bromide dyes which were shown to 
underestimate the growth inhibitory effects of interferons.,' The K562 cell growth inhibition was 
expressed as a percentage of control cultures and dose response curves of the percentage of K562 
cell growth inhibition in relation to control cultures on day 4 were plotted versus the logarithm of 
concentrations of cytarabine and interferons when used alone or in combinations with each other. 
IC,,, IC,, and IC,, values which are the concentrations of each agent inducing 20 per cent, 50 per 
cent and 80 per cent, respectively, inhibition of K562 cell growth on day 4 compared with control 
cultures containing neither cytarabine nor IFNs were calculated from the logarithmic regression 
analysis of each dose response curve as described before.'' 

Statistical analysis 
The results were represented as mean standard deviation of nine determinations of triplicate 
cultures from three separate experiments and the statistical significance was determined using the 
two-tailed Student t-distribution test. 
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Table 1. Effect of IFN-alpha 2b on the antiproliferative activity of ara-C in K562 human myeloid leukemia 
clonogenic cells 

Molar 
concentration Plus IFN-alpha 2b (unitsiml) 
(nM) of ara-C Alone 30 300 3000 30 000 

K562 colonies* (percentage of control) 

0 
10 
50 

100 
500 

1000 

100 79.4 f 5.2 79.5 + 5-6 80.3 f 3.8 99.2 f 1 
92.3 i 8 83.2k7.3 83.5 f4 -7  84.4 k 1.8 91.3f2 
74.0 + 6 71.9f 1.3 73.5 f 5-3 77.4 f 1.4 80.3 f 2 
50.5 f 4 56.8 f 2.1 60.9 k 3.8 70.6 f 6. l t  72.6 f 1 
16.0f5 28.5 5.0 32.2 5 3.0t 37.4 f 3.8t 50.0 & 1 

0 0 2.1 f 0.5 3.9 + 1.6 5.0f2 

102 106.5 123 157t 214t 
24 19.5 21.6 27 357 

43 1 582-1. 702t 904t 1280t 

*K562 colonies are aggregates of eight or more cells on day 5. 
?Significant with p <0.01 using two-tailed Student t-distribution test. 

RESULTS 

In control cultures, K562 cells formed 37.2 f 4.6 colonies. The addition of ara-C alone to K562 
cultures decreased the number of colonies on day 5 in a dose-dependent manner with an IC,, of 
102 nM (Table 1). 

Effect of IFN-alpha on cytarabine activity 
The addition of 30-3000 U/ml IFN-alpha alone to K562 cultures decreased the number of colonies 
by about 20 per cent compared to control cultures (Table 1) .  However, at the high concentration of 
3 x lo4 U/ml IFN-alpha alone did not affect K562 colony formation (Table I ) .  The addition of 
IFN-alpha to K562 cultures treated with low concentrations of ara-C: 1&50 nM did not affect the 
antiproliferative activity of ara-C (Table 1). On the other hand, in K562 cultures treated with 
high concentrations of ara-C: 100-500 nM, IFN-alpha significantly reduced the antiproliferative 
activity of ara-C (Table 1). The addition of 3 x lo4 U/ml IFN-alpha to ara-C treated K562 cultures 
increased the IC,, of ara-C on day 5 from 102 to 214 nM (Table 1). Also, the addition of 3 x lo3 U/ml 
TFN-alpha to ara-C-treated K562 cultures increased the IC,, of ara-C on day 5 from 43 1 to 904 nM 
(Table 1). Thus, ara-C plus a high concentration of IFN-alpha was about twofold less potent than 
ara-C alone. 

In liquid suspension culture, the addition of 3 x lo4 U/ml IFN-alpha to 100 nM and 500 nM ara- 
C-treated K562 cultures significantly reduced the antiproliferative activity of ara-C from 90-5 1.7 
per cent and 97.1 f 2.8 per cent to 66.7 f 3-9 per cent and 86.2 f 3.4 per cent, respectively, p < 0.01. 

Effect of IFN-beta on cytarabine activity 
The addition of 10-100 U/ml IFN-beta alone did not affect K562 colony formation (Table 2). 
However, at the high concentrations of 1000 U/ml and 4000 U/ml IFN-beta alone increased the 
number of K562 colonies by 30.1-50.4 per cent compared to control cultures (Table 2). The 
addition of low concentrations of IFN-beta: 10 U/ml and 100 U/ml did not affect the antiprolifera- 
tive activity of ara-C (Table 2). On the other hand, high concentrations of IFN-beta: 1000 U/ml 
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Table 2. Effect of IFN-beta 2 on the antiproliferative activity of ara-C in K562 human myeloid leukemia 
clonogenic cells 

Molar 
concentration Plus IFN-beta 2 (units/ml) 
(nM) of ara-C Alone 10 100 1000 4000 

K562 colonies* (percentage of control) 

0 
10 
50 

100 
500 

1000 

100 
92.3 f 8 
74.0 6 
50-5 f 4 
16-0f5 

0 

102 
24 

43 1 

94.4 f 4.7 
100f2.3 

82.6 f 3-0 
54.5 f 1.6 
16.8+ 1.9 

0 

118 
32 

43 1 

1073 k 3.1 
103.8 f2.6 
82.9 f 5.5 
56.1 f 3.6 
16.9 f 2.6 
3.8k1.0 

1677 

502t 
56t 

132.8 f 2.7 
109-1 f 5.5 
85-5 f 3.7 
80.6 f 2-6t 
35.5 f2.5t 
7.0 f 1.6t 

242t 

748f 
78.5t 

148.9 1 
112.9 f 1 
93.0 f 4t  
81.7f It 
43.1 f 2 t  
14.5+2? 

304t 

982t 
94t 

'K562 colonies are aggregates of eight or more cells on day 5. 
?Significant withp< 0.01 using two tailed Student &distribution test. 

and 4000 U/ml significantly reduced the antiproliferative activity of ara-C (Table 2). The addition 
of 1000 U/ml and 4000 U/ml IFN-beta to ara-C K562 cultures increased the IC,, of ara-C from 102 
to 242 nM and 304 m, respectively, and the IC,, of ara-C of ara-C from 24 to 78.5 nM and 94 nM, 
respectively, on day 5 (Table 2). Thus, ara-C plus a high concentration of IFN-beta was about 2-4- 
fold less potent than ara-C alone. In liquid suspension culture, the addition of 4000 U/ml IFN-beta 
to 100 nM and 500 nM ara-C-treated K562 cultures significantly reduced the antiproliferative 
activity of ara-C from 90-5 1.7 per cent and 97.1 & 2.8 per cent to 25-3 f 4.7 per cent and 34.6 f 5.9 
per cent, respectively, p < 0401, 

Effect of IFN-gamma on cytarabine activity 
The addition of lOU/ml IFN-gamma alone did not affect K562 colony formation (Table 3). 
However, at the high concentrations of IFN-gamma: 102-104 U/ml alone increased the number of 
K562 colonies by 9.744.5 per cent compared to control cultures (Table 3). Similar stimulation of 
the proliferation of K562 cells by IFN-gamma was previously reported.22 Whereas the low con- 
centrations of IFN-gamma: 1 G l d  U/ml did not affect the antiproliferative activity of ara-C 
(Table 3). 

On the other hand, the high concentration of lo4 U/ml IFN-gamma significantly reduced the 
antiproliferative activity of ara-C (Table 3). The addition of lo4 U/ml IFN-gamma to ara-C- 
treated K562 cultures increased the IC,, and IC,, of ara-C from 102 and 24 nM to 3 16 and 60 nM, 
respectively, on day 5 (Table 3). Therefore, ara-C plus a high concentration of IFN-gamma was 
about 2.5-3-fold less potent than ara-C alone. 

In liquid suspension culture, the addition of 1000 U/ml IFN-gamma to 100 nM and 500 nM ara- 
C-treated K562 cultures significantly reduced the antiproliferative activity of ara-C from 90.5 i I .7 
per cent and 97.1 f 2.8 per cent to only 22.9 f 5.7 per cent and 25.1 k 5.4 per cent, respectively, 
p < O . O O l .  

DISCUSSION 
The primary objective of combination therapeutic regimens is to increase the patient's response 
rate through the synergistic or additive effects of different biological and/or chemotherapeutic 
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Table 3. Effect of IFN-gamma on the antiproliferative activity of ara-C in K562 human myeloid leukemia 
clonogenic cells 

Molar 
concentration Plus IFN-gamma (units/ml) 

K562 colonies* (percentage of control) 

(nM) of ara-C Alone 10 100 1000 10 000 

0 
10 
50 

100 
500 

1000 

100 
92.3 8 
74.0 5 6 
50.5 & 4 
16*0+5 

0 

102 
24 

43 1 

905 k 9 . 2  
92.1 f 3.8 
81.7f 1.9 
51.1 f 2 . 1  
16 .75  2.0 

0 

97 
23 

408 

111-4f1.7 
93-8 f 4.0 
83.1 f 3.2 
52.5 f 1.2 
19.9 f 1.5 

0 

118 

485 
28.5 

139.2 & 2.9 
105.2f4-5 
85.6f 5.3 
56.8 2.7 
21.9 f 2.1 

5.1 f 1.5 

166t 
52t 

5331- 

158.4+6 
137.3 f 7 t  
88.4 If: 1 t 
61.2 f 3 t  
34.6 & 37 
12.5f l t  

316f 
6O-t 

7807 

‘K562 colonies are aggregates of eight or more cells on day 5. 
?Significant withp <0@1 using two-tailed Student t-distribution test. 

agents, while at the same time avoiding any decreased therapeutic efficacy caused by antagonistic 
effects. The major finding of the present study is the negative interactions of the three interferons: 
alpha, beta and gamma with ara-C particularly at high concentrations. The combination of ara-C 
and a high concentration of interferon was about 2-4-fold less potent than ara-C alone. The 
significant reduction of the desired antiproliferative activity of ara-C by the three interferons was 
observed in vilro in both clonogenic agar capillary microassay and liquid suspension cultures. The 
present results are in line with the previous results of the interaction between interferon-alpha and 
ara-C in vivo in L1210 murine leukemia.23 

The enthusiastic preclinical reports of synergy between interferons and chemotherapeutic agents 
in non-leukemic tumour cell lines were not translated into an important benefit in clinical trials for 
patients with solid tumours.8 In general, clinical trials for the treatment of patients with non- 
haematological malignancies combining interferon with chemotherapy have not resulted in sig- 
nificantly improved response rates.8 Also, clinical trials for the treatment of patients with 
myelodysplastic syndromes with various dosages of recombinant human interferon-alpha 2b’43’5324 
and interfer~n-gamma~’.~~ administered alone by different routes revealed no significant thera- 
peutic benefit. Since a definite response to these interferons was achieved only in patients with early 
stages of chronic myeloid leukemia2’ and of chronic lymphocytic leukemia,’* a low tumour burden 
may thus be a prerequisite for a successful interferon therapy. Also, the administration of a high 
dose of interferon was important in achieving complete remissions in these leukemia  patient^.'^ 

In K562 cells which were established from a chronic myeloid leukemia patient in accelerated 
blastic phase,’ combining ara-C with a high concentration of interferon reduced its efficacy to 
about 2 4 f o l d  that of ara-C alone (Tables 1-3). Therefore, given the present negative interactions 
of interferons with ara-C in these K562 cells particularly at high concentrations together with the 
two apparent prerequisites for successful interferon treatment: a low tumour burden in an early 
stage of disease and a high dose of interferon, caution may be exercised against the clinical use of 
the combination of cytarabine and interferon in the treatment of myeloid leukemia patients. 

However, limits exist to the comparability of blast cells from myeloid leukemia patients with 
cultured cell lines such as K562. Whereas each cell line represents a single population of myeloid 
leukemia cells, cells from myeloid leukemia patients are heterogen~us.’~ Also, such cell lines also 



NEGATIVE INTERACTIONS BETWEEN INTERFERONS AND CYTARABINE 123 

their growth properties and change their response to agents and drugs after continuous passage 
for extended durations.29 Moreover, the predictive value of in vitro results in these cell lines is 
undermined by the complex multiple cascade of the in vivo agent/cell and cell/cell  interaction^.^' 
Therefore, further evaluation of the present negative interactions between cytarabine and the three 
IFNs are warranted in myeloid leukemic cells from patients in primary culture. 

The mechanisms of action of the present negative interactions between interferons and cytara- 
bine remain to be elucidated. Studies of the effects of interferons on the pharmacokinetics and 
metabolism of cytarabine in human myeloid leukemia cells both in vitro and in vivo are warranted 
to explore the biochemical and kinetic interactions of these agents. The present results suggest that 
the effect on cytarabine activity is universal for the three IFNs and is less likely to be specific for a 
certain IFN. The IFN anti-antiproliferative effect could also be due to direct stimulation of K562 
cell proliferation or indirect effect via producing other growth-promoting cytokines which subse- 
quently stimulate K562 cell proliferation or both. Addressing this question could further our 
understanding of the mechanisms of the negative interactions between IFNs and cytarabine. 
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