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Neopter in  is a p te r id ine  molecule  re leased by i m m u n e  act ivated monocytes .  Monocyt ic  m a t u r a t i o n  
m a y  be induced  in acute myelo id  l eukaemia  (AML) blasts and  the U937 leukaemic  cell line by 
1 ,25-dihydroxyvi tamin D3 [1,25(OH)2D3], an effect which is a u g m e n t e d  by both g a m m a  in te r fe ron  
(IFN) or g r anu locy t e -mac rophage  colony s t imula t ing  fac tor  (GM-CSF).  We have d e m o n s t r a t e d  that ,  
while 1,25(OH)2D3 and  GM-CSF alone have little effect, both IFN and GM-CSF act synergis t ical ly  
with 1,25(OH)2D3 to increase neopter in  secret ion in the U937 cell line. Neopter in  secret ion was 
associated with, but  not  necessar i ly  dependen t  on, the degree of  phenotypic  di f ferent ia t ion achieved 
by cells. Neopter in  secret ion was also synergis t ical ly  enhanced  in AML blasts by the act ion of  
1,25(OH)2D3 in combina t ion  with IFN but  not GM-CSF;  secret ion was enhanced  in AML blasts 
wi thout  concomi t an t  evidence of  phenotypic  m a t u r a t i o n .  We have shown tha t  the monocy to id  cell 
line U937, under  appropr i a t e  condit ions,  m a y  secrete neopter in  in response to s t imu la to ry  agents 
o ther  t han  IFN. In addi t ion,  the dis t inct  difference in the pa t t e rn  of  response to the combina t ion  of  
1,25(OH)2D3 with GM-CSF c o m p a r e d  with tha t  of  1,25(OH)2D3 plus IFN suggests tha t  the augmen-  
ta t ion  of  1,25(OH)2D3 effect by IFN and GM-CSF is med i a t ed  by separate  mechan i sms .  
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INTRODUCTION 

Neopterin is a pteridine compound derived from 
guanosine triphosphate (GTP) which is secreted 
by activated monocytes [1, 2]. Two forms exist in 
humans; 7,8 dihydroneopterin triphosphate which is 
active intracellularly and 7,8-dihydroneopterin which 
is predominant in body fluids [3]. 

Raised neopterin levels have been found in vivo 
during clinical states of immune activation, such as 
acquired immune deficiency syndrome (AIDS) [4, 5], 
rheumatoid arthritis [6, 7], graft versus host disease 
(GvHD) [8] and during regeneration following bone 
marrow transplantation [9]. In vitro studies have shown 
that monocytes will release neopterin when stimulated 
directly with gamma interferon (IFN) or bacterial 
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lipopolysaccharide (LPS) but not by other cytokines 
which activate other aspects of monocyte function such 
as granulocyte-macrophage colony stimulating factor 
(GM-CSF), interleukin 1 (ILl)  or tumor necrosis 
factor (TNF) [10, 11]. 

The active metabolite of vitamin D, 1,25-dihydroxy- 
vitamin D3 [1,25(OH)2D3 ] will induce monocytic 
differentiation of marrow precursors [ 12] and activation 
of mature monocytes [13]. Monocytic maturation can 
also be induced by 1,25(OH)2D3 in human myeloid 
leukaemic blasts and some leukaemic cell lines, such as 
the monoblastic cell line U937 [14-16]. 1,25(OH)2D3- 
induced differentiation can be synergistically aug- 
mented by IFN or GM-CSF [17, 18]. We therefore 
studied the effect on neopterin secretion by U937 cells 
of the induction of differentiation by 1,25(OH)2D3 , 
IFN and GM-CSF, alone and in combination. We 
also studied the effect of these agents on neopterin 
secretion by blasts from patients with acute myeloid 
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leukaemia (AML), which varied in their susceptibility 
to differentiation-induction. 

E X P E R I M E N T A L  

Suspension culture 

Fresh leukaemic blasts were isolated from the per- 
ipheral blood of patients with AML by gradient cen- 
trifugation over Lymphoprep 1.077 (Nycomed, Oslo). 
Adherent ceils were depleted by plating in 80 ml plastic 
flasks at 37°C for 1 h. The presence of pure (>95%) 
blast populations was confirmed by May Grunwald 
Giemsa staining of cytospin preparations (Shandon 
Southern). 

Cells of the monoblastoid human leukaemic cell line 
U937 (seeded at 0.3-0.6 x 1 0  6 cells/m1) and purified 
AML blasts (seeded at a mean of 2 x 106 cells/m1) 
were cultured in RPMI 1640 with 10% fetal calf 
serum (GIBCO, Paisley, Scotland) plus penicillin and 
streptomycin at 37°C for up to 96 h. Medium was 
supplemented with 1,25(OH)2D3 1-SM (Roche 
Products Ltd, England), human gamma IFN 250 U/ml 
(Sigma Products), recombinant human GM-CSF 
5 ng/ml (a kind gift from Dr M. Garnick, Genetics 
Institute, Cambridge, MA) or a combination of these 
agents. Stock 1,25(OH)2 D3 in ethanol was used leading 
to a final concentration of ethanol in cultures of 0.05 %. 
Control cultures were incubated with a similar concen- 
tration of ethanol alone which has been previously 
demonstrated to have negligible effect on cell function. 
Medium from U937 cell cultures was removed daily 
for analysis, being replaced with appropriately sup- 
plemented fresh medium. Medium and cells from 
AML blast cultures were assessed at 72 h. Immediately 
prior to analysis cell viability was assessed by counting 
after a 1 min incubation with 0.2% trypan blue. 

Monocytic differentiation was assessed by quantify- 
ing expression of the monocyte-associated antigen 
CD14, which has been found in previous studies to 
correlate with other phenotypic markers of monocytic 
maturation both in the U937 cell line and AML 
blasts [17, 19]. Cells were harvested from culture, 
washed twice in RPMI, and incubated with the fluor- 
escein isothionate (FITC)-conjugated monoclonal anti- 
body anti-LeuM3 (Becton Dickinson). Expression 
was quantified by flow cytometry (Epics C, Coulter 
Products) after excitation at 488nm; background 
fluorescence was assessed by binding of a non- 
specific murine anti-IgG1 FITC-conjugated antibody. 
Adherent ceUs were included in the analysis following 
removal with a rubber cell scraper after incubation for 
5 min under 2.7% cold EDTA (4°C, pH 7.4). For 
AML blast populations an increase of 10% or greater 
in the proportion of blasts showing CD14 positively 
was deemed to be significant. 

Measurement of neopterin levels 

Supernatant neopterin levels were measured by 
radioimmunoassay (Henning Berlin GmbH). Samples 
(50 #1) were assayed directly by incubation with 125I- 

labelled neopterin and an antibody to neopterin raised 
in sheep. Separation of free and bound antibody 
was achieved using PEG. This assay gave excellent 
between-batch reproducibility (CV<5%)  over the 
whole range of concentrations encountered. 

Statistical methods 

Neopterin secretion by AML blast populations at a 
single time point were compared by paired Students 
t-test. Serial neopterin secretion over 96 h by U937 
cells was analysed using MANOVA with three 
repeated measures. 

RESULTS 

Effect of D3, I F N  and G M - C S F  on monocytic'matu- 
ration of U937 cells 

This study confirms previous findings that 
1,25(OH)~D3 induces time-dependent monocytic 
differentiation of U937 cells (Fig. 1). While both IFN 
and GM-CSF have little effect alone both agents 
augment, 1,25(OH)2 D3-induced maturation in a syner- 
gistic manner. In addition GM-CSF, unlike IFN, 
markedly accelerates the 1,25(OH)2 D3-induced acqui- 
sition of a monocytoid phenotype. 

Neopterin secretion by U937 cells 

Figure 2 (a and b) show that basal neopterin 
secretion by U937 cells in culture was consistently 
low and was not influenced by GM-CSF alone. 
1,25(OH)2D3 alone exerted a small but significant 
time dependent increase in one experiment but this 
was not reproducible. By contrast, IFN alone had 
a marked effect (P =0.003), neopterin secretion 
increasing almost 2-fold to reach a maximum after 
72 h. Both IFN (P = 0.03) and GM-CSF (P = 0.02) 
acted synergistically with 1,25(OH)2D3 to increase 
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Fig. 1. Acquis i t ion  of  CD14 ant igen by U937 cells over 96 h on 
s t imula t ion  with  1,25(OH)2D3 and synergis t ic  augmenta t ion  
o f  1 ,25(OH)2D3-induced dif ferent iat ion by both IFN and 
GM-CSF.  Figures  represent  the m e a n  + s tandard deviat ion 

o f  5 independent  exper iments .  



Neopterin Release by Myeloid Leukaemic Cells 97 

15 

10 

Neopterln (pmol/mllllon cells/24 hrs) 

(a) ~ ,25(OH)2D' 
+ IFN 

IFN 

7jn°t i  
0 I I I I I I 

0 20 40 60 80 100 120 

Hours of culture 

Neeptmln (pmol/1011 oelle) 

40-  

35-  

S0- 

25-  

20-  

18- 

10- 

5 -  

0 

* p : 0 . 0 0 4  

C D3 
[ ]  All blasts [ ]  D$ 

* : :0 .046 

// 
/ /  

IFN , D 3 +  GM-CSF ~D~+:,... I1"11.** UM-~Or 
reeponderm I~1 Non-rospondors 

Neopterln (pmol/mllllon cells/24 hrs) 
25 

20 

15 

10 

0 
0 

(b) 
~ 1,25(O.)203 
.L ~ + GM-CeF 

GM-OSF 

~ l'co::rH::l)3 

I I I I I I 

20 40 60 80 100 120 

Hours of culture 

Fig. 2. Increase in neopterin secretion, measured as 
pmol/million cells/24 h, by U937 cells over 96 h incubation 
with 1,25(OH),D3 and IFN (a) or GM-CSF (b). Figures 
represent the mean ± standard deviation of 5 independent 
experiments. Control, Q--O; 1,25(OH)~D3, O--O; IFN or 
GM-CSF, . - - l ;  1,25(OH),D3 plus either GM-CSF or IFN, 

D--O.  

neopterin secretion. Maximal  secretion in the presence 
of  1,25(OH)xD3 and I F N  was achieved after 9 6 h  
(the last t ime point of  the experiment)  whereas the 
combinat ion of  1,25(OH)xD3 plus G M - C S F  induced 
maximal secretion after 48 h of  culture. 

O p t i m u m  ability to secrete neopterin was temporally 
related to maximal phenotypic  differentiation as 
assessed by CD14 antigen expression. In  support  of  
this observation there was a strong correlation between 
CD14 antigen positivity and neopterin secretion. 
This  was particularly true following stimulation by 
1,25(OH)xD3, either with or without  I F N  (r = 0.67; 
P < 0.001) or G M - C S F  (r = 0.71; P < 0.001). 

Neopterin secretion by A M L  blasts 

In  order to assess whether  the combined effect of  
1,25(OH)ED3 plus I F N  or G M - C S F  was due entirely 
to induction of monocytic  maturat ion we studied 

Fig. 3. Mean (+standard deviation) neopterin secretion 
(pmol/million cells) over 96 h by 10 AML blast populations 
stimulated with differentiation-inducing agents, showing a 
small  but statistically significant synergistic action between 
1,25(OH)2D3 and IFN but not GM-CSF. Neopterin secre- 
tion by AML blasts which underwent 1,25(OH)2D3-induced 
monocytic maturation (n---5) and AML blasts which 
were resistant to the differentiation-inducing properties of 
1,25(OH)2D3 either with or without IFN (n = 5) is also shown. 

the effect of  these agents on neopterin secretion by 
10 A M L  blast populations. Five blast populations 
showed significant phenotypic  differentiation after 
stimulation with 1,25(OH)xD3 and 5 exhibited resist- 
ance to 1,25(OH)2D3. Mean blast count in control 
cultures was 90 + 6% of  pre-cul ture  level. Blast viabil- 
ity after 96 h was not significantly different in any 
treatment  group f rom control cultures. 

Unlike their action on U937 cells, 1,25(OH)xD3 and 
G M - C S F ,  either alone or in combination,  had no effect 
on neopterin secretion by A M L  blasts (Fig. 3). By 
contrast I F N  increased secretion by nearly 2-fold 
(P = 0.004). In  addition, a further  small increase in 
neopterin secretion was observed due to the synergistic 
action of  I F N  in combination with 1,25(OH)zD3 
(P =0.046;  Fig. 3). IFN- induced  secretion was 
strongly correlated with monocytic  phenotype both 
before (r = 0.69; P = 0.026) and following (r = 0.73; 
P <0 .001)  exposure to 1,25(OH)xD3. Those  blasts 
exhibiting monocytic  maturat ion with 1,25(OH)zD3 
secreted more  neopterin on exposure to I F N  than those 
not undergoing differentiation (P = 0.05, Mann  U 
Whitney).  T h e  combination of 1,25(OH)xD3 plus 
I F N  had a small but statistically significant synergistic 
effect (P = 0.04) on neopterin secretion in the 5 blast 
populations where no phenotypic  evidence of differen- 
tiation was seen although either agent alone had no 
effect in this sub-populat ion.  

DISCUSSION 

Unst imulated U937 ceils, and some A M L  blast 
populations, consistently secreted low levels of  neo- 
pterin over a 4 day period of  culture. I F N  significantly 
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increased neopterin secretion whereas G M - C S F  had 
no effect; the effect with 1,25(OH)2D3 was small 
inconsistent and time-dependent. In this respect the 
behaviour of U937 cells and A M L  blasts was similar 
to that of human monocytes [10]. Interestingly, 
1,25(OH)2D3 acted synergistically with both G M - C S F  
and I F N  to increase neopterin secretion, as well 
as CD14 expression, in the U937 cell line. A small 
but statistically significant synergistic effect of 
1,25(OH)2D3 and IFN,  but not G M - C S F ,  was also 
observed in A M L  blasts. IFN- induced  secretion of 
neopterin by the THP-1  cell line has been shown to 
be enhanced by both LPS and T N F  alpha [20] and 
IL2  will increase IFN-media ted  neopterin release by 
the transformed T cell line M T 2  [21]. In either in- 
stance it is unclear whether the mechanism of inter- 
action is at the transcriptional or post-transcriptional 
level. 1,25(OH)2D3, however, has not previously been 
shown to modulate neopterin secretion either alone or 
in combination with other agents. 

Alpha IFN,  in concentrations some 1000 times 
greater than gamma IFN,  is the only other cytokine 
which has been demonstrated to induce neopterin 
release by monocytes [11]. In this respect the synergis- 
tic action of G M - C S F  and 1,25(OH)2D3 is unprece- 
dented. Although trace quantities of I F N  in the culture 
system acting on a phenotypically mature cell may 
be responsible a direct effect of these two agents 
interacting via a non- IFN-dependen t  mechanism 
cannot be excluded. The  observations that G M - C S F  
and 1,25(OH)2D3 synergize to facilitate or increase 
other functional aspects of monocytic maturation in the 
U937 cell line such as respiratory burst activity [18] 
and T N F  secretion [22] provide a good precedent for 
up-regulation of neopterin secretion. 

The effect of 1,25(OH)2D3, in combination with 
either I F N  or G M - C S F ,  on neopterin secretion 
appears to be both t ime-dependent and strongly linked 
to the degree of monocytic differentiation induced by 
these agents. Maturation may occur alongside, and 
independently of, the increased facility for neopterin 
release; however, the parallel expression of CD14 anti- 
gen and other characteristics of maturation suggest 
that it is more likely that differentiation down the 
monocyte pathway is a pre-requisite for significant 
levels of neopterin secretion. A M L  blasts, however, 
showing no evidence of  maturation on exposure to 
either 1,25(OH)2D3, with or without IFN,  exhibited 
a synergistic increase in neopterin secretion fol- 
lowing culture with these agents. This implies that 
1,25(OH)2D3 and I F N  in combination have a direct 
effect on neopterin secretion which is, at least in part, 
independent of phenotypic maturation. 

Optimal neopterin secretion by U937 ceils occurs 
earlier following stimulation with 1,25(OH)2D3 plus 
G M - C S F  than with 1,25(OH)2D3 plus I F N  and has 
a close temporal relationship with the appearance of 
the CD14 antigen. Neopterin secretion may therefore 
be used as a marker of monocytic maturation by this 
cell line. The mechanism of interaction between 

1,25(OH)2D3 and I F N  or G M - C S F  is unclear. How- 
ever, the markedly different patterns of response seen 
for the two combinations suggests that they are acting 
via different pathways. This is further reinforced by the 
failure of 1,25(OH)2D3 in combination with G M - C S F  
to influence neopterin secretion in A M L  blasts 
which however did respond to 1,25(OH)2D3 and IFN.  
It is possible that G M - C S F  and 1,25(OH)2D3 in 
combination fail to induce maturation of A M L  
blasts to a sufficient degree for neopterin secretion to 
be significantly affected. Alternatively, the ability of 
1,25(OH)2D3 plus G M - C S F  to induce significant 
levels of neopterin synthesis may be unique to the U937 
cell line and may depend on activation of a signalling 
mechanism not present in other malignant monocytoid 
cells. Further studies to examine the modulation of 
neopterin secretion in normal and neoplastic monocytic 
cells are required. 
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