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Potentiation of Retinoid-induced Differentiation of 
HL-60 and U937 Cell Lines by Cytokines 

Richard Peck and Werner Bollag 

Retinoids varied in their capacity to induce differentiation in HL-60 cells in this order: Ro 13-6307, tretinoin, 
isotretinoin, acitretin and Ro 13-7410 (high to low). In contrast, retinoids lacking a polar carboxylic acid, such as 
temarotene and Ro 14-6113, were inactive. Various cytokines had no differentiation-inducing effect by themselves. 
However, the addition of cytokines to retinoids increased differentiation. Combined with tretinoin, cytokines 
increased differentiation in this order: interferon (IFN) gamma, granulocyte colony-stimulating factor, interleukin- 
lo (IL-la), IL-4, turnout necrosis factor alpha and IFN-o. Combination of cytokines with isotretinoin, acitretin, 
Ro 13-7410, and Ro 13-6307 showed a similar pattern of potentiation to that of tretinoin. Temarotene or Ro 14- 
6113 did not induce differentiation, alone or with cytokines. Combinations of cytokines were not synergistic in 
the presence of retinoids; antagonism was even observed. In U937 cells, lower levels of differentiation-induction 
were observed. Potentiation of the differentiation-inducing effect of retinoids by cytokines might indicate a 
clinical differentiation therapy of tumours. 
EurJ Cancer, Vol. 27, No. 1, pp. 53-57, 1991. 

INTRODUCTION 
RETINOIDS ARE structurally related to vitamin A and are active, 
experimentally as well as clinically, in prevention and therapy 
of a variety of neoplastic diseases [l-3]. The mechanism of 
action is not understood and includes: inhibition of proliferation, 
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induction of differentiation or immune stimulation. Complete 
clinical remissions have been described in acute promyelocytic 
leukaemia after treatment with tretinoin (all-trans retinoic acid) 
[4, 51. Since tretinoin induces differentiation, these results have 
aroused new interest in differentiation therapy. The differen- 
tiating effect of tretinoin on HL-60 cells, a human promyelocytic 
leukaemia cell line, was first reported by Breitman et al. [6]. 
Differentiation of tumour cells has been described in a variety 
of cell lineages, including U937, a human histiocytic lymphoma 
[7], murine embryonal carcinoma [S], murine teratocarcinoma 
[9] and human neuroblastoma [lo]. Retinoids modulate tumour 
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cell proliferation and differentiation via a family of well charac- 
terised nuclear retinoic acid receptors that regulate gene 
expression [l l-131. 

Cytokines are active on a wide variety of immunocompetent, 
haematopoietic and other cell types via induction of proliferation 
or differentiation [14]. The overlapping activities of retinoids 
and cytokines on regulation of cell growth and function via a 
network of receptors and gene induction makes the investigation 
of possible interactions of these molecules attractive. Cytokines 
do not appear to be potent inducers of differentiation in trans- 
formed cell lines [15]. However, in combination with retinoids, 
interferon (IFN) alpha [15-181, beta [16, 191 and gamma (17, 
201, tumour necrosis factor (TNF) [20] and granulocyte colony- 
stimulating factor (G-CSF) [21, 221 potentiate differentiation. 

Here we extend previous studies to include a panel of human 
recombinant cytokines in combination with a variety of retinoids 
of divergent chemical structure. 

Chemicals 
MATERIALS AND METHODS 

The retinoids tretinoin, isotretinoin (13-cis retinoic acid), 
the active metabolite of etretinate, acitretin, [all-trans-9-(4- 
methoxy-2,3,6-trimethylphenyl)-3,7-dimethyl-2,4,6,8-nona- 
tetraenoic acid]; Ro 13-7410 [p-c(E)-2(5,6,7,8_tetrahydro- 
5,5,8,8-tetramethyl-2-naphthyl)propenyl>benzoic acid]; tema- 
rotene [1,2,3,4-tetrahydro-l,l,4,4-tetramethyl-6-<(E)-alpha- 
methylstyryl>naphthalene]; Ro 14-6113 [p-c(E)-2-(5,5,8,8- 
tetramethyl-2-naphthyl)propenyl>phenol] and Ro 13-6307 
[(all-E)-3-methyl-7-(5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-2- 
naphthyl)-2,4,6_octatrienoic acid] were synthesised at 
F. Hoffmann-La Roche Ltd, Basle. The compounds were 
dissolved in dimethylsulphoxide (DMSO) at 10m2 molil and 
diluted in culture medium to final concentration. The stock 
solutions were stored at room temperature and protected from 
light and oxygen. 

Nitroblue tetrazolium (NBT) was purchased from Sigma. 
Human recombinant cytokines interleukin- 1 alpha (IL-la), IL- 
lB, IL-2, IL-4, IFN-o, IFN-l3, IFN-y and TNF-a were from 
Hoffmann-La Roche. G-CSF was from Amgen. Epidermal 
growth factor (EGF), transforming growth factor beta-l (TGF- 
Bl) and TGF-B2 were from Boehringer Mannheim. 

Cell culture and differentiation assay 
The effect of cytokines and/or retinoids on induction of 

differentiation was determined in four independent experiments 
by the capacity to reduce NBT as follows. Triplicate cultures of 
lo4 HL-60 or U937 cells were incubated in RPM1 1640 (Gibco) 
supplemented with 10% fetal bovine serum (Amimed), 2 mmolil 
L-glutamine, 1 mmolil sodium pyruvate, 1% non-essential 
aminoacids, 10 mmolil HEPES, 100 U/ml penicillin and 
100 pgiml streptomycin (all Gibco) containing the indicated 
concentration of each retinoid or cytokine or their appropriate 
vehicle controls. An HL-60 variant which is relatively insensitive 
to retinoids was chosen to assess potentiation with cytokines. 
Cytokine concentrations that yielded a 50% level of activity were 
used as follows: IFN-(x and IFN-l3, inhibition of the proliferation 
of vesicular stomatitis virus when assayed on human WISH cell 
lines; IFN-y, activation of human monocytes to tumoricidal 
activity against K562 target cells; IL-2 and IL-4, induction of 
proliferation of CTLL thymoma cells. TNF-a, induction of 
cytotoxicity against murine WEHI 164 cells; G-CSF, induction 
of progranulocytic colonies from bone marrow stem cells; IL-l, 
induction of murine thymocyte proliferation in the presence of 
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NBT reduction ( AODh 1 

Fig. 1. Induction of differentiation in HL-60 cells by retinoids. 
*P < 0.005 compared with DMSO control. 

sub-stimulatory concentrations of mitogens; TGF-P, inhibition 
of fibroblast proliferation; and EGF, maintenance of kera- 
tinocyte proliferation. After 2 days incubation of HL-60 or U937 
cells with retinoids and/or cytokines, the medium was removed 
from the wells and replaced with 100 l_~l per 1 mg/ml NBT 
containing 200 nmolil PMA per well [23]. After an additional 
1 h incubation, the NBT solution was removed and 100 l.~l 
0.04 molil HCI containing 10% sodium dodecyl sulphate was 
added. Colour development (change in optical density [OD] at 
540 nm) was read 24 h later, and the data are presented as 
change in OD per h, above a background of zero in undifferen- 
tiated cells. Cell viability determined by exclusion of propidium 
iodide, after 2 days’ incubation was over 85%. Retinoids were 
not cytotoxic in the concentrations we used. Our method proved 
useful since in an investigation comparing this method with that 
of counting the percentage of NBT-positive cells, we came to 
virtually identical results [24]. 

Statistical analysis 
The 12 observations (4 triplicates) in each group are assumed 

to be independent. Means (S.D.) of these 12 values were 
calculated for each cytokineiretinoid combination and for retino- 
ids alone. For each retinoid an overall analysis of variance 
(ANOVA) was done to examine the impact of the cytokines. If 
this ANOVA led to a significant result at (Y = 0.05, then each 
cytokineiretinoid combination was separately compared with 
retinoid alone. If the variable could be accepted as normally 
distributed, a two-sample t test was used. Otherwise the 
Mann-Whitney rank-sum test was used. The P values were not 
adjusted because of the explorative nature of this experiment. 

RESULTS 
HL-60 cell differentiation induced by retinoids 

Tretinoin induced differentiation of HL-60 cells as demon- 
strated by an increased reduction of NBT (Fig. 1). Isotretinoin 
was less effective, followed in turn by acitretin and Ro 13-7410. 
Ro 13-6307 was the most active. In contrast to these active 
retinoids, which all contain a carboxylic acid, retinoids lacking 
a carboxylic acid, such as temarotene and Ro 14-6113, failed to 
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Table 1. Induction of HL-60 cell differentiation by retinoids and cytokines alone and in combination 

Retinoidst 

Cvtokines* Tretinoin Isotretinoin Acitretin Ro 13-7410 Ro 14-6113 Ro 13-6307 DMSO (0.1%) Medium 

IFN-a 
IFN-p 
IFN-y 
IL-la 
IL-q3 
TNF-(r 
G-CSF 
EGF 
TGF-p 1 
TGF+2 
IL-2 
IL-4 
None 

85 (20)* 
71 (10) 

289 (81)$ 
121 (21)9 
77 (6) 
94 (37)# 

161 (23)s 
77 (16) 
65 (7) 
57 (6) 
75 (13) 

108 (11)s 
71 (13) 

104 (28)s 
53 (6) 

165 (43)s 
114 (6X 
75 (lO)$ 

104 (26)s 
134 (31)s 
56 (15) 
65 (20) 
64 (3) 
52 (13) 
86 (12)s 
55 (12) 

88 (35)§ 
65 (lO)§ 

161 (85)s 
72 (31x 
41 (4) 

100 (44)s 
67 (34X 
18 (7) 
20 (11) 
17 (2) 
19 (16) 
25 (23) 
26 (18) 

69 (29)§ 
30 (8H 

130 (23)s 
74 (50X 
15 (16) 
78 (40X 
62 (24)s 
15 (16) 
12 (6) 
14 (11) 
11 (8) 
29 (30) 
15 (10) 

0 (9) 
4 (6) 

12 (21) 
8 (9) 
9 (1) 
6 (4) 
0 (10) 

30 (35)$ 
8 (9) 

12 (8) 
10 (9) 
6 (8) 
l(l1) 

76 (19) 
96 (15) 

247 (31)s 
136 (32)s 
92 (20) 

148 (76)+ 
150 (55)s 
86 (6) 
85 (32) 
86 (9) 
96 (14) 

141 (35)s 
85 (27) 

0 (7) 3 (9) 
0 (6) l(l2) 
2 (10) 5 (9) 
8 (10) 6 (5) 

10 (4) 5 (3) 
5 (8) 5 (8) 
0 (8) 0 (4) 

14 (28) 0 (12) 
0 (1) 0 (5) 
0 (8) 3 (15) 
2 (22) 0 (9) 
4 (12) 0 (7) 
0 (11) 2 (8) 

NBT reduction in A ODih, mean (S.D.). 
*Concentrations as follows: IFN-cu and IFN-P, 1000 U/ml; IFN-r, 100 U/ml; IL-la and IL-lp, 3 ngiml; TNF-a, 2 ngiml; G-CSF, 30 ngiml; 
EGF, 20 ngiml; TGF-PI and TGF-p2,3 ngiml; and IL-2 and IL-4,100 U/ml. 
tRetinoids at 10 ’ molil. 
$P i 0.05 and $P < 0.005 compared with controls (retinoids without cytokines). 

induce differentiation. The DMSO and medium controls had induced differentiation was potentiated by IFN-P, but not by 
no activity. IL-4. 

Potentiation of retinoid activity by cytokines 
In the absence of retinoids, all cytokines in medium or DMSO 

failed to induce NBT reduction in HL-60 cells (Table 1). 
Moderate potentiation of tretinoin-induced HL-60 cell differ- 

entiation was observed in the presence of IFN-u and TNF-a. A 
marked increase was seen by the addition of IL-4 or IL-la. The 
highest degree of potentiation was achieved with G-CSF and 
particularly IFNq. No increase was obtained with IFN-P, IL- 
lp, IL-2, EGF, TGF-fil and TGF-P2. Isotretinoin showed a 
similar, but not identical pattern of potentiation to that of 
tretinoin. IFN-a and TNF-a showed greater potentiation with 
isotretinoin than with tretinoin. Acitretin alone induced only a 
moderate increase in differentiation. Nevertheless, a two to six 
fold increase in levels of NBT reduction was achieved with (in 
order of efficacy) IFNq, TNF-a, IFN-a, IL-la, G-CSF and 
IFN-p. In contrast to tretinoin and isotretinoin, the acitretin- 

Ro 13-7410 alone induced a low but significant increase in 
differentiation. Marked increases, up to nine fold, in levels of 
NBT reduction were achieved with (in order of efficacy) IFN- 
y, TNF-(w, IL-la, IFN-a, G-CSF and IFN-P. Ro 14-6113 did 
not induce differentiation by itself. Only in the presence of one 
cytokine-EGF-was a marginal but statistically significant 
increase observed. Ro 13-6307 induced the strongest differen- 
tiation when given alone, and this differentiation was potentiated 
by IFN--y, G-CSF, TNF-ol, IL-4 and IL-la. In contrast to the 
other retinoids with a carboxylic acid, IFN-a and IFN-P had 
no potentiating effect. 

Interaction between cytokines in the presence of retinoids 
The values in Table 2 are derived from the same experiments 

as those in Table 1, allowing a direct comparison between the 
values in the two tables. When two cytokines were combined in 
the presence of retinoids, the level of differentiation observed 

Table 2. Induction of HL-60 cell differentiation by combinations of cytokines in presence or absence of retinoids 

Cytokines* Retinoids* 

Tretinoin Isotretinoin Acitretin Ro 13-7410 Ro 14-6113 Ro 13-6307 DMSO (0.1%) Medium 

IFN-a+IFN-7 77 (21) 77 (19)t 88 (29)$ 84 (59)$ 0 (3) 95 (24) 0 (4) 0 (3) 
IL-lu+IL-1p 73 (20) 38 (9)t 15 (10) 13 (17) 12 (2) 108 (3) 0 (11) 2 (12) 
TNF-cx+IFN-y 212 (25)f 98 (12)Z 92 (25~ 83 (17)$ 10 (12) 214 (23)$ 26 (5H 20 (5)* 
G-CSF+IFN-r 218 (28)$ 150 (45)$ 99 (9)$ 88 (2O)f 0 (3) 273 (lo)* 0 (1) 3 (7) 
G-CSF+TNF-a 105 (19)$ 108 (21)$ 110 (6)$ 96 (lO)$ 0 (4) 113 (26) 7 (21) 0 (1) 
TFG-pl+P2 64 (2) 52 (5) 30 (6) 18 (10) 8 (29) 97 (32) 0 (6) 1 (9) 
None 71 (13) 55 (12) 26 (18) 15 (10) 1 (29) 85 (27) 0 (11) 2 (8) 

*Concentrations as in Table 1. 
tP < 0.05 and $P < 0.005 compared with controls. 
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Table 3. Induction of U937 cell differentiation by retinoids and cytokines alone and in combination 

Retinoids* 

Cytokines* Tretinoin Isotretinoin Acitretin Ro 13-7410 Ro 14-6113 Ro 13-6307 DMSO (0.1%) Medium 

IFN-a 
IFN-p 
IFN-y 
IL-lo 
IL-1p 
TNF-u 
G-CSF 
EGF 
TGF-P 1 
TGF+2 
IL-2 
IL-4 
None 

25 (8) 4 (2) 
31 (7) 11 (2) 
56 (1H 29 (l)* 
24 (9) 3 (4) 
21 (10) 1 (3) 
38 (5)t 24 (8)t 
48 (1O)S 5 (1) 
11 (3) 4 (1) 
27 (2) 8 (5) 
25 (3) 9 (4) 
25 (1) 8 (2) 
16 (9) 15 (2) 
20 (12) 13 (2) 

0 (1) 0 (1) 
1 (1) 0 (0) 

21 (5)$ 20 (3)$ 
0 (2) 0 (3) 
0 (1) 0 (2) 
0 (3) 0 (4) 
0 (1) 2 (2) 
0 (2) 0 (2) 
7 (3) 15 (13) 
9 (3) 10 (5) 
0 (2) 0 (4) 
0 (5) 0 (4) 
0 (3) 0 (5) 

0 (2) 
1 (0) 
9 (5) 
1 (3) 
2 (2) 
6 (2) 
4 (7) 
2 (2) 
3 (1) 
2 (2) 
0 (2) 
0 (2) 
1 (4) 

62 (1) 
74 (4) 

100 (2)$ 
64 (3) 
67 (4) 

102 (4)$ 
85 (5)$ 
46 (12) 
37 (7) 
43 (8) 
48 (6) 
44 (10) 
61 (1) 

0 (2) 
1 (0) 
6 (5) 
0 (3) 
0 (2) 
2 (2) 
0 (7) 
0 (2) 
0 (1) 
0 (2) 
0 (2) 
0 (2) 
0 (4) 

3 (9) 
1 (12) 
5 (9) 
6 (5) 
5 (3) 
5 (8) 
0 (4) 
0 (12) 
0 (5) 
3 (15) 
0 (9) 
0 (7) 
2 (8) 

*Concentrations as in Table 1. 
tP < 0.05 and *I’ < 0.005 compared with controls. 

never exceeded, at a statistically significant level, those obtained 
with a single cytokine. In fact, the combination of tretinoin, 
isotretinoin, acitretin or Ro 13-6307 with IFN-cx and IFN-y 
together resulted in an NBT reduction less than that obtained 
with IFN-?/ alone, suggesting an antagonistic effect between 
IFN-a and IFN-y. Similarly, IL-lp antagonised the ability of 
IL-la to potentiate differentiation. The combination of IFN-?/ 
or TNF-a with G-CSF in the presence or absence of retinoids 
resulted in no significantly enhanced differentiation compared 
with each cytokine by itself. No synergistic effect was observed 
between IFN-v and TNF-o in the presence of retinoids. How- 
ever, a significant increase in NBT reduction could be seen 
when these cytokines were combined in the absence of retinoids. 

U937 cell differentiation 
The human histiocytic lymphoma cell line U937 is less 

sensitive to retinoids alone as well as to combinations of retinoids 
and cytokines than is HL-60 (Table 3). Significant induction of 
differentiation with retinoids alone was obtained only with 
tretinoin, isotretinoin and, particularly, with Ro 13-6307. Com- 
binations of retinoids with IFN-y, G-CSF or TNF-cx were 
effective as potentiators of differentiation induced by tretinoin, 
isotretinoin and Ro 13-6307. In addition, IFN-y induced differ- 
entiation in the presence of acitretin or Ro 13-7410, which alone 
were inactive. 

DISCUSSION 
In HL-60 cells, tretinoin is a potent inducer of terminal 

granulocytic differentiation [6], and in U937 cells, as an inducer 
of terminal monocytic differentiation [7]. Myeloid or monocytic 
differentiation can be measured, among other indices, by the 
generation of an oxidative burst potential with the attendant 
production of superoxide radicals known to reduce NBT [23]. 
The present report demonstrates that individual retinoids differ 
in their capacity to induce differentiation (Fig. l), which is 
consistent with previous reports [24, 251. In addition, our data 
show that particular cytokines combined with certain retinoids 
potentiate the induction of differentiation of a myeloid leukaemia 
and a lymphoma cell line. 

Recent clinical findings have added importance to the role of 
retinoid-induced differentiation. Two clinical investigators have 

independently reported dramatic successes in the treatment 
of acute promyelocytic leukaemia with tretinoin resulting in 
complete remissions [4, 51. The possible application of in vitro 
results in the clinic has increased interest in a wider use of 
differentiation therapy for a variety of oncological diseases [26]. 
In contrast to these dramatic results in promyelocytic leukaemia, 
remissions in other neoplasms have been observed with tretinoin 
as well as with other retinoids, such as isotretinoin and etretinate, 
but the remissions were in most cases much less satisfactory [3]. 
With the hypothesis that clinical remissions with retinoids are 
at least in part due to differentiation induction, an improvement 
of this therapeutic approach might be obtained by the use of 
more effective retinoids or, alternatively, by a combination of 
retinoids with cytokines. Until now, only combinations of a 
limited number of cytokines with a single retinoid, tretinoin, 
have been reported [15-221. The present report expands this 
approach to include a large panel of cytokines interacting with 
various retinoids. The results showed that only those retinoids 
containing a carboxylic acid, such as Ro 13-6307, tretinoin, 
isotretinoin, acitretin and Ro 13-7410, could induce differen- 
tiation. Retinoids lacking a carboxylic acid, such as temarotene 
and Ro 14-6113, were inactive. This is consistent with recent 
observations that binding of these retinoids to the retinoic acid 
receptors (Y and p, or activation of these receptors, requires the 
presence of a carboxylic acid (M. Crettaz Hoffman-La Roche, 
Basle). The HL-60 cell line used in these experiments was 
relatively insensitive to retinoids. The use of a more sensitive line 
[24] revealed that the concentrations needed for differentiation 
induction in vitro ( 10-‘-10P6 mol/l) correspond to easily achiev- 
able plasma levels in man (30-300 @ml). 

Cytokines alone had no differentiation-inducing effect in HL- 
60 or U937 cells even at higher concentrations than those 
reported (data not shown). However, the combination of retin- 
oids with cytokines resulted in a substantial increase in differen- 
tiation, depending on the use of a specific retinoid with a specific 
cytokine. Since cytokines alone are inactive, the observed 
increases in retinoid-induced differentiation reflect a potenti- 
ation or eventually a sensitisation rather than synergy. 

When combined with tretinoin, IFN-a, IFN-l3, IFN-y, 
G-CSF and TNF-a have been reported to potentiate differen- 
tiation of HL-60 cells. The present data show that IL-la, IL- 
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lp and IL-4 also potentiate differentiation when combined with 
retinoids. Even retinoids such as acitretin, which alone has little 
differentiation-inducing capability, were potentiated by IFN-y, 
TNF-d, IFNcu, IL-la, G-CSF and IFN-B to reach two to six 
fold increases’in levels of NBT reduction. 

In the absence of retinoids, combinations of cytokines showed 
no synergistic effects with one another, with the exception of 
TNF-a and IFN-y. In the presence of retinoids, combinations 
of cytokines even resulted in antagonistic activities. IFN-a 
inhibited differentiation induced by IFN-1, in combination with 
retinoids; similarly, IL-1B inhibited IL-la activity. 

These in vitro observations have been made in two transformed 
haematopoietic cell lines. Further investigations are underway 
to determine whether these results might be applicable to non- 
haematopoietic transformed cell lineages. It will be of interest 
to know whether these in vitro results are of predictive value for 
the treatment of human neoplastic disease. Clinical studies will 
determine if this is the case, and if so, which retinoid combined 
with which cytokine is most effective in a specific malignant 
disease. 
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