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T-cell cytokines may control the balance of functionally distinct
macrophage populations
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SUMMARY

As monocytes differentiate into mature macrophages, subsets emerge that exhibit stimulatory,
suppressive or phagocytic potential. These functionally distinct subsets can be discriminated using
monoclonal antibodies RFD1 and RFD7. As examples of all these subsets have been repeatedly
identified within the macrophage pool in a variety of organs the overall functional capacity of
this pool will depend on the relative balance of these subpopulations. This study investigates
whether this balance present in mature macrophage populations can be regulated by the local
influence of T-cell-derived cytokines. The dose-dependent effect of cytokines interferon-y (IFN-
y), interleukins (IL) IL-2, IL-4 and IL-10 on the phenotype and function of monocyte-derived
macrophages was determined. Subsets of mature cells were quantified by identifying
RFD1 + RFD7- stimulatory cells (Dl +); RFD1 - RFD7+ phagocytes (D7+) and RFD1 + RFD7+
suppressive cells (D1/D7 +). IFN-y and IL-4 increased the relative proportions of Dl + stimulatory
cells and upregulated HLA-DR expression. IFN-y also increased the capacity of the mature
macrophage pool to stimulate T-cell proliferation. IL-10 reduced the proportions of DI +

stimulatory cells while promoting the differentiation of D7+ phagocytes and D1/D7+ suppressive
cells. IL-10 induced changes also reduced the functional capacity of the mature populations to
stimulate T cells in auto and allogenic mixed lymphocyte reactions (MLR). IL-2 had no effect on
differentiation of monocytes. Thus IL-4 and IFN-y are seen to induce the development of
stimulatory macrophages while IL-10 promotes differentiation of monocytes to mature phagocytes
and suppressive macrophages. It is concluded that mature macrophage phenotype is 'plastic' and
under the control of T-cell-derived mediators. Furthermore, within the differentiating monocytes,
phenotypic change appears to carry with it functional change, thus retaining the relationship
between antigen expression and activity in the mature macrophage populations.

INTRODUCTION

Heterogeneity among normal macrophages is striking. As well
as their recognized role as tissue phagocytes there are subsets
of macrophages that induce T-cell responses (antigen pre-
senting cells) and subsets with the capacity to suppress T-cell
responses."12 These populations may be phenotypically dis-
criminated using the monoclonal antibodies (mAbs) RFD1
and RFD7.'

The mAb RFD7 recognizes a predominantly cytoplasmic
antigen that is present in mature tissue phagocytes but absent
on inductive antigen presenting cells such as veiled cells,
Langerhan's cells and interdigitating cells.4 RFD1 is a mAb
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that sees an epitope within the major histocompatability
complex (MHC) class II complex with restricted expression
to cells known to be stimulations ofT cells.4 These monoclonal
antibodies have been used in this laboratory and by many
other independent workers5-8 to discriminate sub-populations
of macrophages within the overall mononuclear phagocyte
pool. Such studies revealed that one set of cells morphologi-
cally identifiable as macrophages expressed both antigens seen
by these two mAbs.9 These cells have been demonstrated in
vitro to exhibit a suppressive function in relation to T-cell
stimulation.39"0 Within normal tissues a balance of these
three sub-populations can be identified" and gross changes to
this balance have been observed in a variety of clinical
conditions.'2-'6 With the existence of these functionally distinct
populations it is clear that the overall capacity of the macro-
phage pool within any environment will be dependent on the
balance of these three different types of cell. Thus regulation
of this balance may be a crucial mechanism in sustaining
homeostasis; and dysregulation may promote immunopathol-
ogical dysfunction.
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Many studies have revealed that cytokines released by
T cells have a profound effect on macrophage function. On
the one hand, cytokines such as interferon-y (IFN-y) have
been repeatedly shown to induce macrophage activation in
terms of increased microbicidal capacity,17 and increased anti-
gen presenting capacity,'8 while others such as interleukin-10
(IL-10) have been shown to inhibit pro-inflammatory cytokine
production by macrophages19'20 and reduce their antigen-
presenting capacity by inhibiting co-stimulatory molecules.21 22
Other studies have revealed that IL-4, another T-cell derived
cytokine, is able to induce class II MHC expression on
macrophages, but inhibits the production of other cyto-
kines.23'24 Together, these observations represent cogent evi-
dence to support the hypothesis that the overall function of
the macrophage pool may be regulated by signals coming
from the T lymphocyte populations.

In inflammatory situations the macrophages present within
tissue infiltrates are recruited as monocytes from the peripheral
blood and mature to adult populations in situ. Aberations in
the balance of these functionally distinct macrophage subsets
that is demonstrated as occurring in a variety of pathological
conditions'0-'5 may be the result of phenotypic and functional
changes to the mature populations, or the influence of locally
produced T-cell cytokines on the differentiation of the recruited
monocytes. This study investigates the effect of T-cell derived
cytokines on the differentiation of peripheral blood monocytes
in a controlled in vitro environment. It is revealed that different
cytokines have profound yet distinct effects on the eventual
balance of mature functionally distinct populations derived
from a single monocyte pool. It is suggested that this regulation
-of monocyte differentiation may have a significant effect on
those immunopathological situations where chronic inflam-
mation is associated with dysregulation of T cell macrophage
interaction.

MATERIALS AND METHODS

Monocyte harvest
Venous blood (30 ml) was drawn from healthy human adults
in lithium heparin tubes. Mononuclear cells were separated by
density centrifugation (Nycomed Pharma As, Oslo, Norway)
at 650 g for 15 min. Mononuclear cells were washed with
phosphate-buffered saline (PBS) three times and suspended at
a density of 1 x 106 cells/ml in RPMI-1640 culture medium
(Sigma-Aldrich Co. Ltd, Poole, UK) supplemented with 10%
heat inactivated fetal bovine serum (FBS), 1-25% penicillin/
streptomycin and 1-25% 200 mm glutamine. Aliquots (2 ml)
were then transferred to each well of 24-well culture plates.
The cultures were incubated at 370 in 5% CO2 to separate
monocytes by adherence. After 2 hr the non-adherent cells
were removed by aspiration and each well was washed three
times in PBS preheated to 37°. Fresh supplemented RPMI
medium (2 ml) was then added to each well. For each culture
experiment triplicate wells were harvested at this time (time
zero = To). The method of harvest is described below. The cell
populations at To contained consistently greater than 90%
monocytes as determined by morphology; and viability (deter-
mined by trypan blue exclusion) was consistently greater
than 95%.

Cell culture
Adherent monocytes were cultured in 24-well plates in sup-
plemented RPMI (see above) for 7 days either with no addition
or with the addition of cytokines. The cytokines used were
recombinant IFN-y, IL-2, IL-4 or IL-10; (all obtained from
R&D systems, Abingdon, UK). These cytokines were added
at different concentrations (5-20 ng/ml) and at different times
during the 7 day culture period (see results). All were added
in 20 MI aliquots with control cultures receiving 20 yl of sterile
PBS. All solutions added were warmed to 370 before addition.
Cultures were all harvested after 7 days. At time of harvest
plates were placed at 40 for 30 min and then vigorously
aspirated with fresh, cold PBS. All cells from the wells were
collected including any cells no longer adhering to the plastic
substrate. Cells were counted, viability was reassessed and
only cultures with a viability greater than 90% were used for
analysis. Experiments to determine dose response were per-
formed twice. All other cultures were performed on nine
separate occasions using samples from nine volunteers.

Cytospin preparation
After harvest at day 7 the cells were washed with PBS and
centrifuged at 650 g for 5 min. The cell density was adjusted
to 3-5 x 105 cells per ml and cytospins prepared by spinning
50 ,l aliquots at 80 g for 2 min in a Shandon cytocentrifuge
(Shandon Southern Products Ltd, Runcorn, UK). Cytospins
were air dried for 1 hr and fixed in a 1: 1 mixture of chloroform
acetone for 10 min. These were then wrapped in cling film and
stored at -20° until analysed.

Immunocytological analysis
CD14 (UCHM1, University College Hospital school of
Medicine)25 and CD68 (EBMi 1, Dako Ltd, High Wycombe,
UK)26 expression were determined by indirect immunoperoxi-
dase methods. The proportion of positive cells were counted
using an Olympus microscope. The proportions of mature
macrophage subsets within the harvested cell populations were
determined by double immunofluorescence methods in which
mAbs RFD1 (mouse immunoglobulin M (IgM)) and RFD7
(mouse IgGI (Royal Free Hospital School of Medicine,
London, UK) were used in combination.27 These reagents
have been extensively used in this laboratory and by many
independent workers to discriminate phenotypically distinct
macrophage subsets. (They are commercially available from
Serotec, Oxford, UK Ltd). By using two immunoglobulin
class specific second layer reagents conjugated, respectively, to
fluorescein isothiocyanate (FITC) and tetraethyl rhodamine
isothiocyanate (TRITC) (Europath Ltd, Bude, UK), the
relative proportions of Dl + stimulating cells, D7 + phagocytes,
and D1D7+ suppressive cells could be determined." These
proportions were quantified by counting multiple high powered
fields using a Zeiss fluorescence microscope with epi-
illumination and appropriate barrier filters for FITC and
TRITC. For each subset the proportion of the cells was
calculated by the formula:

specific subset
DI+ + D7+ + D1D7+

To determine the level of expression of MHC class II on
the cultured cells the indirect immunoperoxidase method was
applied using mAbs. RFDR1 (Royal Free Hospital School of
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Medicine) which identifies a framework epitope on the
HLA-DR molecule.28 The level of HLA-DR expression was
quantified by measuring the optical density of the peroxidase
reaction product using a computerized image analyser (Seescan
Imaging Ltd, Cambridge, UK).29

Mixed lymphocyte reactions (MLR)
In some experiments the peripheral blood monocytes cultured
for 7 days in medium above alone or with IFN-y or IL-10
added on day 5, were harvested and treated with mitomycin
C."4 Aliquots of 2 x I05 cells were introduced into 96-well
microtitre plates and co-cultured with autologous or allogeneic
T cells added to each well at a final concentration of 1 x 106
cells per well. This co-culture was incubated for 6 days. 18 hr
before termination of cultures 1 pCi [3H]thymidine was added
to each well. Cells were harvested using an automatic cell
harvester (Titer Tek; Flow Laboratories) and counted in a
scintillation counter. The counts per minute expressed by the
autologous cultures (without treatment of monocytes) were
reduced to unity and all other cultures were expressed as a
stimulation index calculated by the factor whereby this was
greater than or less than the untreated autologous MLR
(see results).

Statistical analysis
The effect of cytokine addition on macrophage phenotype (Dl
and D7 expression) and HLA-DR expression was determined
by analysis of variance (AOvA). The ability of macrophage
populations induced by IL-10 and IFN-y to stimulate autolog-
ous and allogenic MLR was analysed using two-way ANOVA.

RESULTS

Monocytes exhibit phenotypic maturation in culture

At harvest after 2 hr adherence (To) over 90% of cells exhibit
the morphological characteristics of monocytes with a cell
count of 1 x 105 cells/ml. The majority expressed CD14 and
CD68 antigens while only minimal numbers expressed the
antigens seen by mAbs RFD1 or RFD7 (less than 3% in each
case). No cells at this time exhibited the double phenotype
D1/D7+ (Fig. 1). The cell count remained at 1 x 105 cells/ml
during the culture period with viability of 90%. No significant
cell loss occurred over 7 days and no multiplication of cells
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Figure 1. The proportions of monocytes exhibiting the stimulatory
phenotype D1 + (U): phagocyte phenotype, D7 + (0); and suppressive
phenotype D1/D7+ (U), after 2 hr adherence (day 0) and after 7 days
culture (day 7). Mean+SEM of nine experiments.
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Figure 2. The percentage of total monocytes expressing CD68 (a);
and CD14 (0) by indirect immunoperoxidase methods at time 0 and
after 1, 3, 5, and 7 days culture. Results represent mean+SEM of
two experiments.

was detected. After 7 days culture however, significant
proportions of Dl', D7+ and D1/D7+ cells were recorded.
Approximately 80% of CD68 + macrophages expressed one or
both of the Dl and D7 antigens. A concurrent decline in the
proportion of CD14+ cells was observed (reduced to 10% of
total) but no change in CD68 expression was seen (Fig. 2).

Contact with cytokine is most effective when added at day 5

A pilot study was designed to determine the most effective
time for cytokine contact in vitro. IL-10 or IFN-y each at a
concentration of 10 ng/mi were added to monocytes cultures
at progressive times during culture up to day 5. In all cases
the cells were subsequently harvested for analysis at day 7.
Both cytokines caused significant changes to the development
of Dl + and D7+ cell proportions if added at the commence-
ment of culture. Withholding IFN-y addition until day 5,
however, did not significantly alter the influence of this cyto-
kine on phenotypic maturation whereas the effect of adding
IL-10 at later times of culture resulted in a progressive
reduction of Dl+ cells and a significant increase in D1/D7+
cells (Fig. 3). As IFN-y addition produced equivalent effects
at all times of addition subsequent experiments used a 5-day
time point for cytokine addition to give a standard time of
48 hr contact with all cytokines investigated.

T-helper type 1 (Thl)- and Th2-derived cytokines affect
monocyte differentiation

Cytokines IL-10, IL-4, IL-2 and IFN-y were added at various
concentrations to 5 day monocyte cultures. All cells were
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Figure 3. The effect on cell phenotype of adding IL-10 at time 0 (after
harvest) or on days 1, 2, 3 or 5 of monocyte culture. Results represent
the effect of cytokine addition on the relative proportions of Al + cells
(A); D7' cells (0); and D1/D7' cells (x); quantified on day 7 of
culture. Experiment performed in duplicate. Results of typical experi-
ment shown.

harvested at day 7 for analysis. IL-2 failed to affect the
phenotype of differentiating monocytes at any concentration
used (Fig. 4). IFN-y and IL-4 were both effective in increasing
the proportions of DI+ cells while reducing proportions of
cell expressing the D7+ phenotype. IFN-y was also seen to
reduce the proportion of Dl/D7+ cells. Conversely, IL-10
significantly reduced the development of Dl + cells while
increasing proportions of D7' and D1/D7' populations
(Fig. 4). These effects were dose dependent, requiring a concen-

tration of at least 10 ng/ml. Increasing concentration to
20 ng/ml failed to increase the influence of cytokines on

monocyte differentiation with the exception of the effect of
IL-4 on DI + populations which were further raised by the use

of this concentration. Direct comparison of Thl and
Th2-derived cytokines at optimal doses revealed that IL-2 had
no effect on differentiation (Fig. 5), while both IFN-y
(Thl-derived) and 114 (Th2-derived) increased proportions
of Dl+ cells in the maturing monocyte population (Figs 5

and 6); while IL-10 (Th2-derived) down-regulated this popu-
lation and increased proportions of D7+ and D1/D7+ cells
(Fig. 6). To further investigate the paradoxical effects of the
Th2-derived cytokines, IL-4 and IL-10, experiments were

performed whereby both these cytokines were added to the
monocyte cultures simultaneously. The opposing effects of
IL-4 and IL-10 on DI and D7 expression cancel out when the
two cytokines are used in combination (Fig. 6).
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Figure 4. Dose-response curves demonstrating the effect of IL-10,
IL-4, IFN-y and IL-2 on the relative proportions of DI + (-);
D7V (0) and DI/D7' cells (x) recorded after 7 days of culture. The
different doses of each cytokine were all added on day 5. Experiment
performed in duplicate. Results of typical experiment shown.
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Figure 5. The relative proportions of DI+ cells (U); D7+ cells (E)
and Dl/D7+ cells (U) derived from monocytes after 7 days culture
in median alone (nil) or with 2 days contact with Thl-derived
cytokines IFN-y and IL-2. Mean and standard error given from nine
experiments. Using ANOVA P=0 003 for Dl, P=0-02 for D7 and P=
0-02 for Dl/D7.
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Figure6. The relative proportions of Dl+ (E); D7' (L) and
Dl/D7' (U) macrophages derived from monocytes after 7 days
culture in median alone (nil) or with 2 days contact with IL4, IL-l0
or a combination of both. Mean and standard error given from nine
experiments. Using ANOVA P<0-0001 for Dl, P=0 004 for D7 and
P=0 004 for Dl/D7.

Cytokine contact affects HLA-DR expression

Expression of HLA-DR was measured in the whole macro-

phage pool after the peripheral blood monocytes had been
cultured for 7 days. Cells cultured in the presence of IFN-y or

IL-4 showed significantly raised expression of HLA-DR in
both cases, while IL-10 addition significantly reduced HLA-
DR expression (P<0-01 by ANOVA) (data not shown). IL-2
had no effect on HLA-DR expression. Overall however, these
results revealed that membrane antigens known to be directly
relevant to cell function may be modulated by contact with
T-cell cytokines.

Modulation of monocyte differentiation may have functional
significance

Monocytes cultured in the presence of IFN-y or IL-10 for
48 hr were harvested at day 7 and admixed with autologous
or allogeneic peripheral blood mononuclear cells (PBMCs).
Cells treated with IFN-y promoted a five-fold increase in
autologous MLR stimulation index, while those treated with
IL-10 reduced autologous reactivity by over 50% (Fig. 7). A
similar effect of cytokine contact was recorded when allogeneic
MLR was studied. 7 day cultures of monocytes untreated with
cytokines produced a stimulation index of 3 9 when add-mixed
with allogeneic PBMCs. This reactivity was increased to a

stimulation index of 9-6 when IFN-y-treated monocytes were

used as the stimulatory population; and reduced to a stimula-
tion index of 2-4 when differentiating monocytes treated with
IL-10 were used as the stimulatory population. (P<0-0001
using two-way ANOVA).

Thus cytokine contact promoting increased proportions of
Dl + cells in culture (IFN-y treatment, see above) significantly
increased the T-cell stimulatory capacity of the macrophage
pool. Conversely, treatment increasing the D1/D7+ population
(contact with IL-10) in culture resulted in suppression of T-cell
stimulation when subsequently investigated in autologous or

allogeneic MLR (Fig. 7).
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Figue 7. Autologous and allogeneic stimulation of peripheral blood
mononuclear cells by 7 day cultures of monocytes without addition
(U); or following addition of IFN-y (O); or IL-l0 (U) to the cultures
on day 5. Experiment performed three times, bars represent mean and
standard error of stimulation index. (Counts per minute for autologous
reactivity without cytokine addition were reduced to unity and all
other results are represented as a stimulation index in relation to this
result). P<0-00l by ANOVA.

DISCUSSION

The differentiation of monocytes into macrophages is associ-
ated with changes in cell phenotype identified by mAbs RFDl
and RFD7.3'4 The current study confirms that on maturation,
monocytes (that do not normally express the antigens seen by
these monoclonal antibodies), develop into three subsets of
mature cells identified as Dl', D7+, and Dl/D7+ 0. These
subsets appear morphologically similar but have been shown
by this laboratory and many others (see introduction) to
exhibit differences in surface receptor expression, enzyme
content, and function.3"9 For example, Dl + cells act as inducers
of T-cell stimulation, while Dl/D7+ cells suppress T-cell
responsiveness.3 Furthermore, previous studies in this labora-
tory using DI and D7 as blocking antibodies demonstrated a

direct association between the functional changes in an MLR
and the expression of Dl and D7 antigens on macrophages.Y'
Thus, within a pool of mature macrophages overall functional
capacity may be determined by the balance created by the
relative proportions of these subsets.

It is well established that the functional capacity of mature
macrophages can be influenced by cytokines such as IFN-y
released from T cells.30 Previous studies from this laboratory
have demonstrated that IFN-y also influences the maturation
of monocytes.3' The present study goes further in demonstrat-
ing that monocyte maturation can also be influenced by IL4
and I1-10. It is accepted that other soluble T-cell products not
tested here may also exert effects on this differentiation.

Table 1. Effect of T-cell cytokines on macrophage subpopulations

Macrophage phenotype

DI+ D7+ D1+D7+
IL-4 T 4 4
IL-10 I T t
IL-2 - - -

IFN-y T I l
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However, the lack of any detectable effect of IL-2 would
suggest that this is not a non-specific phenomenon and is thus
under some form of regulation.

The current data contain three fascinating observations.
Firstly, a comparison of the effects of IL-4 and IFN-y reveals
that cytokines derived from both ThI-like T cells (IFN-y) and
Th2-like T cells (IL-4) can both promote the emergence of a
macrophage pool with a dominant T-cell stimulatory capacity
(by promoting the development of the Dl + phenotype).
Secondly, a comparison of the effects of IFN-y and IL-10 (the
latter promoting increased proportions of Dl/D7' cells)
reveals that Thl-derived and Th2-derived factors can have
divergent effects on monocyte maturation. Thirdly, the con-
trasting effects of IL-4 and IL-10 (both Th2-derived cytokines)
emphasises the potential complexity of T-cell regulation of
macrophage maturation.

Reviews of cytokine mediation of T cell/macrophage inter-
action32 do not necessarily take into account the possibility of
differential effects on specific macrophage sub-populations.
This question has been addressed, with the conclusion that
Thl and Th2 cytokines may act on different macrophage
populations.33 The present study would support this, and go
further in indicating that the overall functional capacity of a
mature macrophage pool may be regulated by T-cell control
of the relative proportions of functionally distinct sub-
populations developing from monocytes. Previous obser-
vations that IFN-y up-regulates antigen presenting capacity18
and MHC class II expression34 while IL-10 blocks tumour
necrosis factor-cc (TNF-a) production35'36 reduces microbicidal
activity'7'37 and suppresses antigen presentation38 can all be
explained on the basis of changes in the local development of
dominance of one macrophage subset over another. Reports
that cytokine-induced changes are greater on cultured rather
than freshly isolated monocytes39 is consistent with the obser-
vations made here, that day 5 addition of cytokine was most
effective. This could be taken to indicate that changes to
macrophage phenotype and possibly function may be induced
in relatively mature cells.

Such a possibility could have major importance in under-
standing the pathogenesis of chronic inflammatory diseases
where populations of macrophages constitute a significant
component of the cellular infiltrates involved. For example,
this laboratory has previously reported that the immunopa-
thology in inflammatory bowel disease13 and in bronchial
asthma16 are characterized by a gross imbalance in the relative
proportions of phenotypically defined inductive and suppress-
ive macrophages. This may be of particular relevance in the
latter situation as local populations of suppressive macro-
phages have been seen to be an important regulator of T-cell
activation at this site.39 Such control is mediated by down-
regulation of antigen-presenting cell function.40 The results of
MLR assays reported in this paper offer evidence to support
the suggestion that IL-10 and IFN-y contact with monocytes
can promote suppression or enhancement of T-cell stimulation,
respectively. It could be suggested that such mechanisms could
form the basis of cell-mediated immune regulation in situ. It
might be concluded, therefore, that control of the balance of
functionally distinct macrophage subsets represents a major
role of T-cell derived cytokines. The fact that macrophages
themselves produce cytokines such as IL-1, TNF-ax, trans-
forming growth factor-# (TGF-f) and indeed IL-10 all of

which are known to influence T-cell subset proportions and
function41-44 would indicate that mutual regulation may be
exerted between T cells and macrophages. It is tempting to
speculate that cytokine driven two-way signalling between
T cells and macrophages is designed to sustain the appropriate
balance of subsets of each cell type in any given environment.
The present data is germaine to this argument as it reveals a
plasticity of macrophage phenotype and function under T-cell
control, which in turn may regulate the reactive potential of
the T-cell populations.
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