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To investigate the differentiation and activation of monocytes. the combined effects of 1.25-
dihydroxyvitamin D3 (D3) and IL-4 on human blood monocytes were examined with respect to
expression of MHC class-ll antigens, accessory activity, and phagocytic capacity, IL-4 was reported to
upregulate the expression of MHC class-II antigens and accessory activity of monocytes. The experiments
described here demonstrate that D3 inhibits the expression of all three subtypes of MHC class-II antigens
(HLA-DR. -DP and -DQ) as well as the accessory activity of monocytes. both in a dose- and time-
dependent manner. However. D3 enhances the immunoglobulin- and complement-dependent phago-
cytosis by monocytes in a dose- and time-dependent manner. When monocytes are treated with both IL-4
and D3,theefrects of D3 are reverted by IL-4. suggesting that IL-4 induces the development of monocytes
into accessory cells, whereas D3 stimulates differentiation of monocytes into classical maerophages.
These findings provide further evidence for the contention that, depending on defined stimuli, monocytes
may develop either into accessory cells or into classical macrophages.
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INTRODUCTION

The active form of vitamin D. I.25-dihydroxyvitamin D3
(D3). has been proven to play an important role in the
regulation of immune responses in rivo as well as in vitro [1,2],
D3 inhibits proliferation and cytokine production of activated
T cells. However, there has been evidence demonstrating that
the effects of D3 on T-cell responses depend on the presence of
antigen-presenting cells. D3 failed to inhibit proliferation of T
cells induced by phorboi myristic acetate, but the pretreatment
of monocytes with D3 resulted in an inhibition of the
subsequent T-cell proliferation [2]. The mechanism by which
D3 inhibits the aecessory activity of monocytes remains to be
delineated, although a report showed an inhibitory elTect of
D3 on monocyte HLA-DR antigen expression [3]. in contrast
lo its inhibitory effects on the aecessory activity of monocytes.
D3 can enhance cytotoxic function [4] and the produclion of
hydrogen peroxide [5]. Interleukin 4 (lL-4) produced by T
lymphocytes is considered to be an activating factor for the
accessory activity of monocytes. Previous studies have
demonstrated that IL-4 increases the expression of MHC

class-ll antigens and the T cell-stimulating activity of mono-
cytes [61. Also. lL-4 reduces the expression of immunoglobulin
receptors CD64. CD32 and CD16 17], the release of superox-
ide [8] and prostaglandin E2 [9]. whieh are associated closely
with macrophage phagocytosis and cytotoxic activity. These
data provide evidence that IL-4 may act as an inactivator for
the antigen-nonspecific functions of macrophages.

However, it is not known whether the effects of D3 and I L-4
on monocytes are associated. The immune defense against
foreign organisms consists of antigen-specific and -nonspecific
responses, and the outeome of immune responses depends on
the effect not only from stimulatory but also from suppressive
faetors.

In the present study, the interplay of D3 and IL-4 on the
expression of MHC class-ll antigens, aecessory activity, and
phagocytosis of human monocytes was investigated. It was
shown that D3 produced opposite effeets to IL-4 in the
regulation of HLA-DR. -DQ and -DP antigens, aceessory
aetivity as well as phagoeytosis of monocytes. This expands
knowledge on the regulation of monocyte differentiation and
function, and provides further evidence for the hypothesis
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that, depending on the action of various stimuli, monocytes
will develop into either classical phagocytic maerophages or
into accessory cells with similar characteristics of dendritic
cells [10 14],

MATERIALS AND METHODS

Reagents. The standard medium for cell culture was RPMl-1640
(Biochrom, Berlin. Germany) supplenienled with penicillin (100 U/
mi), streptomycin (100 U/ml) and L-gliitamine (2 mM).
Monoclonal antibodies: HLA-DR MoAb ( IgGl) wns from Behr-
ingwerke. Marburg. Germany; HLA-DP (IgG I) and HLA-DQ (Leu-
10. IgGi) MoAbs from Becton-Dickinson (Heidelberg. Gemiitny);
C D 14 MoAb ( lgG2a)and sheep anti-mouse immunoglobulin FITC-
F(ab)2 were purchased from Dianova (Hamburg. Germany)-

L25-dihydroxyvilaniin D3 (Biomol. Hamburg. Germaii>) was
dissolved m lOO'it, pure elhanol at 2.4 x 10 "* M. and stored at —20 C
before use. Indomethacin (Sigma, Deisenhofen. Germany) was
dissolved in standard medium at 1,2 x 10"'' M as stock solution, IL-1
and IL-6 were from Genzyme (Boston, MA. USA),

Isolation of monocyics and lymphocytes. BuHy coats from healthy
volunteers (Blood Bank ofthe University Hospital. Goettingen) were
suspended in PBS without C a - ' and Mgr* and centrifuged through
Lymphoprep( l .077g/ml .NycomeiJ AS. Oslo. Norway)a t lOOOxgfor
20 min at RT. The interphases containing peripheral blood mono-
nuclear leucocytes (PBML) were collected and washed several times
with cold PBS to remove platelets,

PBML were suspended in RPMl-1640 medium with 5"": normal
human serum (NHS) and incubaled in tissue culture Petri dishes al
37 C for I 2 h. After vigorous washing with medium, the adherent
cells were incubated in PBS on ice for 60 min and recovered by using a
rubber policeman. This cell population contained approx, 90"/ij
monocytes as determined by C D I 4 MoAb.

T cells were isolated from PBML b \ rosetling with sheep erythro-
cytes as described [15] and were over 95".! pure. They were frozen at
- 8 0 C until use.

Culture of monocytes. The isolated Mo were cultured in RPMl-
1640 with 10% NHS at 2 5 x lO^cells, ml in hydrophobia Teflon Pelri
dishes (Pelriperm. Bachhofcr, Reutlingen. Germany) under various
conditions indicated in the Results section. After culture, cells were
recovered by incubation in PBS on ice for 60 min. The viability of cells
was >90"-^. as determined with propidium iodide staining by using
FACS analysis,

FACS analysis. The immun fluorescence staining was carried out as
described previously [16] and determined in a flow cytometer
(FACStar Plus. Type IV, Becton-Dickinson). The monocyte fraction
was gated via control o f the forward and side scatter. The gating for
live cells was verified by staining dead cells wiih propidium iodide
(100/ig/ml, Calbiochem. Germany) for 1 min. The mean fluorescence
intensity was evaluated with the software TONSOURT 30, The indicated
relative fluorescence intensity (rFI) was calculated according to the
formula; rFI = mean fluorescence intensity of sample/mean fluores-
cence intensity of negative control.

Phagocytosis. A test kit from Beclon-Dickinson was used to
determine the phagocylic activity of cultured monocytes as described
by the manufacturer. Briefly. IOO-/1I cell suspension (2 x 10''cells/ml)
was incubated with 20 /d immunoglobulin- and coniplement-opso-
nized bacleria {E. coli.)-FiTC at 37 C for 10 min with agitation,
washed three times and measured in the flow cytometer. Cultured

Tabie I. Dose-dependent efl"ects of D3 on M H C class II antigen
expression, accessory activity and phagocytosis of human

monocytes. The culture time was 4 days. The indicated value of
M H C class II antigen expression is mean fluoreseenee intensity; of

accessory (AC) activity it is (d,p,m, ^ S E M ) x 1000 of triplicates;
and of phagocytosis it is percentage of positive cells

Concentration (nvi) 0 2,4 24 240

D R 1 1 % 646 536 468
DP 342 137 144 134
D Q 214 100 X4 85

ACaetivi ty 5 8 , l ± 0 , 4 27 ,5±2 ,6 l i . 3 ± l . l 5 ,3±0 ,7
Phagocytosis 57 55 79 79

monocytes were gated according to ihe forward versus side scatter.
The indicated values were calculated as follows: positive cells (".,) of
sample minus positive cells {".,) of negative control. The negative
control was incubated with the bacteria only on ice. withoui 37 C
incubation,

Allogeneic mixed lymphocyte reaction (MLR). A one-way MLR
was performed as described [6], Briefly. 1 x 10" purified T lympho-
cytes were co-eultured with 1 x 10"* cultured monocytes. After 5 days
of culture at 37 C with 5 ' ^ CO; . Tcells were pulsed with 'H thymidine
(0,2 //Ci/well) for 24 h. Cells were harvested on glass fibre filters with
an automatic 96'Channcl harvester (Inotech. Dunn. Asbach. Ger-
many) and Ihe incorporation ra teof 'H- thymidine was measured in a
D I R E C T BETA-counter ( M A T R I X 96. Canberra-Packard. Frank-
f"urt. Germany), The values were indicated as mean d.p.m. ± SEM of
triplicates.

Statistics. The time-dependent effects of D.3 are indicated as
percentage of inhibition or enhancement because M H C class-II
antigen expression, accessory activity and phagocytic capacity of
monocytes change spontaneously during culture. The following
equations were used: inhibition of M H C ciass-II antigen expression
('%)), rFI of untreated m o n o c y t e s - r F I of D3-treated monocytes/rFi
of untreated monocytes x 100"^,; inhibition of T-cel! proliferation
{"Al), d.p,m, of samples with untrealed monocytes —d,p.m, of samples
with D3-treated monocytes,d,p.in, of samples with untreated mono-
cytes X IOO'/.F; enhancement of phagocytosis ("u). phagocytosis-posi-
tive cells ("il) of treated cells-phagocytosis-posit ive cells ("/u) of
untreated control/phagoeytosis-positive cells ( '^) of untreated con-
trol.

Student 's /-test was used to evaluate statistically the differences
between samples, and the difference was considered to be significant if
the P value was less than 0.05,

RESULTS

After culture with or without D3, the viability of monocytes
was greater fhan 95"ii as Judged by staining with propidium
iodide. The survival rate ofmotiocytes in the presence (240 nM)
or absence (control containing a corresponding amount of
ethatioOof D3 showed no noticeable difference. In some cases,
treatment with D3 revealed an even better recovery rate than
the controls.
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Table 2. Time-dependent effects of D3 on MHC clas.s-II antigen
expression, accessory activity, and phagocytosis of human
monocytes. The concentration of D3 for the time kinetic studies
was 24 nM, The indicated value is percentage of inhibition or
enhancement compared with untreated controls, calculated as
described in Materials and methods

Inhibition ('>;.)
HLA-DR
HLA-DP
HLA-DQ
AC activity

Enhancement {"A.)
Phagocytosis

2

10
8
5

23

—

Time

3

39
26
16
53

31

(days)

4

56
53

40
70

39

6

65
60
53
99

53

HLA-DR HLA-DP HLA-DQ

495

115

] 1168

U 789

462

\

180

47

260

1
226

192

111

79

220

140

B

D

E

FLUORESCENCE E^TTENSITY

Kig. 1. A respresentative FACS-analysis shows the opposite elTect
of D3 and IL-4 on the expression of HLA-DR, -DP and -DQ, The
monocytes were cultured for 6 days and stained by an indirect
immunofluorescence method. A, medium alone: B, D3 (24 nM); C.
IL-4 (50 U/ml): D, D3 (24 nM) plus IL-4 (50 U/ml): E, D3 {240 nM)
plus IL-4 (50 U/ml). The value inserts indicate the mean
fluorescence intensities of curves.

Dose-dependent effects of D3 on MHC elass-II antigen
e.xpre.ssion. accessory activity, and phagocytosis

As shown in Table 1 (representative of four separate experi-
ments), the expression of three subtypes of MHC class-ll
molecules, i.e, HLA-DR, -DQ and -DP was inhibited by D3
treatment. At 2.4 nM, D3 already reduced all HLA subtype
antigen expression, while a dose-dependenl eflcct was
observed only on HLA-DR expression.

The accessory activity of monocytes treated with D3 was
suppressed tnarkedly in a dose-dependent fashion. Treatment
of monoeytes with 2,4 nvi D3 for 4 days resulted in a
significant inhibition in the stimulation of T-cell proliferation
in the MLR. as indicated by 'H-thymidine iticorporation
(/*<(),02), In comparison to untreated monocytes. the T-cell
proliferation was decreased about eight times by using
monocyles Created with 240 nM D3 for 4 days.

In contrast, treatment of tnonocytes with D3 increased lhe
immunoglobulin- and complement-dependent phagocytic
activity as determined by immunoglobulin- and complement-
opsonized [E. coli.yFlTC. As shown in Table 1. a significant
increase was reached already at 24 nM (P<0.02. data of four
separate experitnents. not shown). However, higher doses of
D3 did not further enhance the phagocytic activity of
monocytes.

Time-dependent effects of D3 on MHC cla.s.s-II antigen
expression, accessory activity and phagocytosis

Treating monocytes with 24 nM D3 for various times revealed
that the reduction of MHC class-li antigen expression was
time-dependent (Table 2, results from one out of three
separate experiments). The time-dependent decreases in the
three MHC class-II subtypes exhibited a similar pattern. After
6 days, the suppression was greater than 5i}"... However, at
this time the cultured monocytes still expressed considerable
quantities ofHLA-DR.-DQand-DPantigens, The inhibitory
effect of D3 on monocyte accessory activity was related also to
the length of treatment time (Table 2). At 24 nM of D3, 2 days
of treatment only led to a 25'>ip inhibition in comparison to
untreated monocytes. while after 6 days of treatment, the T-
cell stimulating activity of monocytes was reduced by more
than 90%.

Phagocytosis of monocytes treated with D3 increased in a
time-dependent manner. After 6 days of treatment at 24 tiM of
D3. phagocytosis was enhanced by more than 50%.

D3 exerts an opposite effect to IL-4 on MHC cla.ss-II antigen
expression of monocytes

Monoeytes were cultured in the presence of D3 (24 nM). IL-4
(50 U/ml) or both for 6 days. The expression of HLA-DR.
-DQ and -DP was measured in the FACS and analysed with
histogram. Figure i shows the FACS-profiles from one
representative experiment out of three carried out. As
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Fig. 2. Representative results of the opposite effect of D3 and IL-4
oti accessory activity of monocyles in the MLR, The cells applied
in this test were from the same culture as that used for FACS-
analysis of MHC class-II atitigen expression. The values are
d,p.m.±SEM of triplicates.
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Fig. 3. The effect of D3 on phagocytic activity of monocytes
opposite to that of IL-4 , determined by using immunoglobulin-
and complement-opsonized E. coli.-¥\JC. Monocytes were
cultured for 6 days, Phagocytizing cells were measured in a flow
cytometer. This is a representative result ol" three separate
experiments.

expected, D3 decreased the expression of all three subtypes of
MHC class-ll antigens, whereas, in contrast, IL-4 increased
the expression of HLA-DR and-DP antigens. When both D3
and IL-4 were present in the culture, the IL-4-induced increase
of MHC antigens was inhibited by D3. This opposite effect
was dependent on the concentration of D3 as the inhibition at
240 nM was stronger at the same dose of IL-4 (50 U/ml) than at
24nMof D3,

D3 inhibits the induction of monocyte accessory activity bv
IL-4

Since the antagonistic effect of D3 and I L-4 on the expression
of MHC class-ll antigens was clearly evident,, it was interest-
ing to test further their effects on the accessory activity of
monocytes. The cells whose MHC class-II antigen expression
had been analysed also were employed as stimulator cells in
the MLR. As shown in Fig. 2, the increase of accessory activity
induced by IL-4 was inhibited by D3. This inhibition was
dose-dependent, as at 50 U/ml of IL-4, an increase in the
amount of D3 resulted in a corresponding inhibition of
monocyte accessory activity.

D3 reverts the suppression of phagocytic capacity of
monocytes by IL-4

As the effect of D3 on the MHC class-II antigen expression
and accessory activity was opposite to that of IL-4, whether
the phagocytic capacity of monocyics was also affected in a
similar way by both agents was investigated. Figure 3 shows
that after 6 days of culture, IL-4 {50 U/ml) reduced strongly
phagocytic capacity of monocytes. whereas D3 (240 nM)
enhanced it strongly. When both agents were added together
into monocyte culture, it was found that the reduction of

phagocytosis by lL-4 was reverted by D3. The degree of
reversion depended on the concentration of D3. At a con-
centration of 240 nM D3, the reduction of phagocytosis by
50 U/ml of IL-4 was reverted to the control level.

DISCUSSION

Monocytes function not only as phagocytes in antigen-
nonspecific immune defences but also as accessory cells in the
stimulation of antigen-specific T-lymphocyte responses.
Accumulated evidence demonstrates that, upon different
stimuli, monocytes can differentiate either to classic macro-
phages with strong phagocytic and cytotoxic activities, or to
accessory cells with a high expression of MHC class-II
antigens and potent accessory activity [10-14], The study
described here demonstrated that D3 and IL-4 have opposing
effects on the expression of MHC class-II antigens, the
accessory activity, and the phagocytic capacity of human
monocytes.

Treatment of monocytes with 240 nMof D3 for 6 days, (the
highest concentration and the longest treatment time tested in
the experiments), did not lead to a lower recovery rate of
monocytes than in the control. Consistent with previous
reports that D3 is actually a survival factor for monocytes [1]
treatment of monocytes improved the survival of monocytes.

Systematic investigations revealed that D3 inhibits the
expression of all three subtypes of MHC class-ll antigens
(HLA-DR. -DQ and -DP) on monocytes. In parallel experi-
ments on the accessory activity of monocytes in an allogeneic
MLR, D3 decreased the T cell-stimulating activity of mono-
cytes in a dose- and time-dependent manner. Treatment of
monocytes with D3 at 24 nM for 6 days resulted in an almost
complete cessation of accessory activity.
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It is noteworthy that the lymphocyte proliferative response
was reduced by >90%, although the stimulator monocytes
still expressed a considerable amount of class-Il antigens after
6 days of treatment with D3 at 24 nM (about 30% of controls).
It was reported that only newly synthesized MHC class-11
antigens are important for antigen presentation, whereas most
expressed MHC class-II antigens may be occupied already by
self or other antigens [171. The inhibition of tbe HLA-DR
expression by D3 occurs also at the transcriptional level as
reported by Tokuda et al. [3]. Therefore, the decrease of MHC
class-11 antigen expression by D3 may be due to an inhibition
of antigen synthesis, rather than an altered turnover or
shedding of the molecule.

In contrast to its inhibitory effects on MHC class-Il antigen
expression and accessory activity, D3 enhanced .strongly the
phagocytic capacity of monocytes in a dose- and time-
dependent manner. This provides additional evidence for the
stimulatory etTects of D3 on classical functions of macro-
phages.

Treatment of monocytes with both D3 and IL-4 showed
that D3 inhibited lL-4-induccd MHC class-11 antigen ex-
pression. Although IL-4 does not increase HLA-DQ ex-
pression, confirming the report by Gerrard et al. [IS], it did
revert the suppression elicited by D3. In accordance with the
inhibitory effect of D3 on lL-4-induced MHC class-II antigen
expression, the induction of accessory activity of monocytes
by lL-4 was suppressed by D3, in a dose-dependent fashion;
2.4 nM D3 was sufficient to neutralize the stimulatory effect of
50 U/ml IL-4 on monocyte accessory activity.

The antagonistic effects of IL-4 and D3 on the accessory
activity is due not to an alteration in lL-1 and lL-6 production
by monocytes, which are known to have costimulatory effects
on T-cell proliferation [19, 20]. IL-4 has been reported to
inhibit IL-1- and IL-6-production by monocytes [21]. The
reported effect of D3 on the IL-1 production of monocytes was
controversial [2,22]. In our studies, exogenous addition of IL-
I and IL-6 into the MLR with D3-treated monocytes could
not restore T-cell proliferation (data not shown). Similar
results were reported also by others [23].

A regulatory effect on adhesion molecules should not be
considered as the reason for the opposite effect. Our previous
studies have revealed virtually no effect of lL-4 on the
expression of adhesion molecules (unpublished observations).
In the experiments described here, treatment of monocytes
with D3 under the stated conditions did not cause a significant
and reproducible change in the expression of CD 11 b. CD 11 a
(LFA-I). CDI Ic. CD40. CD44. CD54 (ICAM-1) and CD58
(LFA-3) (data not shown), which, it has been confirmed, are
engaged in costimulation of T-cell proliferation [16, 24]. These
results agree with those reported by Rigby & Waugh [25].

The possibility that prostaglandin E2 production is
increased by D3-treated monocytes cannot explain the oppo-
site effects, although it has been reported that IL-4 blocks
prostaglandin F2 production [9]. whereas D3 induces it [26].
Increased quantities ofPGE2 had no effect on the MHC class-

11 antigen expression as reported by Tokuda et al. [3]. In
our studies, addition of indomethacin either in the
monocyte cultures or in the MLR did not restore the T-cell
stimulating activity of D3-treated monocytes (data not
shown). Similar results were found also by other groups [2.
23]. There is evidence suggesting that the down-regulation of
accessory activity of monocytes by D3 is associated with
membrane factors but not with soluble substances [2].

Therefore, it appears that the regulation of MHC class-II
antigens through both factors may be the central event,
although the possibility that some unknown eftector mol-
ecules may be involved in this opposite effect of lL-4 and D3
on accessory activity of monocytes cannot be excluded. The
expression of MHC class-11 molecules is essential for T-cell
stimulation, and HLA-DR, -DP and -DQ all are involved in
the antigen presentation [27]. There is evidence for the
quantitative relationship between class-II antigen expression
and antigen-presenting activity of accessory cells [2S. 29]. The
effect of D3 and IL-4 on the MHC class-11 antigen expression
has been considered to be associated with the regulation of
accessory activity of monocytes [3. 18]. The results obtained in
this study have proven clearly that the effects of D3 and 1 L-4
on expression of MHC class-11 antigens correlated closely
with those on the accessory activity.

Interestingly the effect of D3 and IL-4 on monocyte
phagocytic capacity counteracts that on the accessory activity.
ln this case, D3 enhanced phagocytosis, whereas IL-4 reduced
it. Treatment of monocytes with both D3 and lL-4 showed
that IL-4 inhibited D3-induced phagocytosis. Several lines of
evidence demonstrated that D3 stimulates cytotoxic activity
and production of hydrogen peroxide by monocytes [4. 5].
whereas IL-4 reduces expression of immunoglobulin Fc-
receptors type I (CD64). type II (CD32), and type III (CDI6)
[7], as well as cytotoxic activity and production of sup>eroxide
[8] by monocytes. No significant effect on monocytes of D3 on
the expression of CD32 and CD 16 was found (data not
shown). The mechanisms by which D3 induces phagocytosis
and reverts the effect of IL-4 remains to be delineated and is
under current investigation.

Taken together, the present data demonstrate that, apart
from their direct effects on lymphocytes, D3 and IL-4 play
crucial roles in the regulation of antigen-specific and -nonspe-
cific immune responses by acting on monocytes. D3 decreases
MHC class-II antigen expression and accessory activity but
increases phagocytosis of monocytes, whereas IL-4 has the
opposite effect. Therefore, the effect of IL-4 favours the
development of monocytes into accessory cells expressing
characteristics of dendritic cells, such as high-accessory
activity and low-phagocytic potency, whereas D3 induces the
differentiation of monocytes to classical macrophages. As
activated monocytes [30] and activated T lymphocytes [31 ] can
metabolize vitamin D3 to the active form of 1.25-(OH):-
vitamin D3, the concentration of D3 in an inflammatory site
may be higher than in the blood, because of infiltrates
containing activated T cells and macrophages. Given the fact
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that activated T cells also can produce lL-4, these opposite
effects of D3 and I L-4 on monocytes, in autocrine or paracrinc
ways, may profoundly influence the behaviour of immune
responses. The opposite effects of D3 and IL-4 on the
accessory activity of monocytes also may play a role in
autoimmunediseases.tumourprogression, and graft rejection.
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