Immunology 2001 102 331-337

Interleukin-10 induces macrophage apoptosis and expression of CD16 (FcyRIII)
whose engagement blocks the cell death programme and facilitates differentiation

Z.-Q. WANG,* A. S. BAPAT,* R. J. RAYANADE,} A. S. DAGTAS* & M. K. HOFFMANN?* Departments of

*Microbiology and Immunology, and T Medicine, New York Medical College, Valhalla, NY, USA

SUMMARY

The development of monocytes into macrophages is regulated by helper T cells (Th) cells and, vice
versa, the differentiation of Th cells into Thl and Th2 is regulated by macrophages. Herein we
examined the role of the Th2 cytokine, interleukin-10 (IL-10), on the development of macrophages.
IL-10 is known to block the expression of antigen-presenting major histocompatibility complex
(MHC) II and of costimulatory B7 molecules but it induces the expression of FcRs, especially the
FcyRIII (CD16). The expression of CD16 enables the macrophage to carry out antibody-dependent
cell-mediated cytotoxicity (ADCC) functions. However, this differentiation step is largely undercut
by the capacity of IL-10 to induce macrophage apoptosis before the process of differentiation
ensues. We found that the negative effect of IL-10 on the survival of macrophages is reversed in an
environment that contains immunoglobulin G (IgG). IgG, especially when immune complexed with
antigen, stimulates CD16 to transmit survival signals in macrophages which enable them to
complete the differentiation process into CDI16% cells. Thus, IL-10 suppresses macrophage
accumulation in healthy tissues where IgG is absent, and facilitates macrophage accumulation and
differentiation in tissues that contain IgG, for example inflamed tissues or tissues that present

autoreactive antibodies.

INTRODUCTION

Macrophages perform a wide spectrum of functions through-
out the body. They ingest foreign materials, present antigens in
association with major histocompatibility complex (MHC)
antigens to T lymphocytes, destroy intracellular pathogens, kill
antibody-coated cells in the antibody-dependent cell-mediated
cytotoxicity (ADCC) reaction, and secrete cytokines. Some of
these functions are mutually exclusive and heterogeneity of
macrophages has been defined on the basis of phenotype and
function.'? Shearer? distinguished macrophages based on the
production of cytokines; interleukin (IL)-12-producing macro-
phages enhance the immune response whereas [L-10-producing
macrophages inhibit the immune response. We distinguished
MHC I, B7" and CD16~ immunostimulatory macrophages
from MHC 1T, B7, CD16" cytotoxic macrophages, referring
to them tentatively as M1 and M2 cells, respectively.'

The common ancestor of macrophages and of their more
specialized subsets is the monocyte, which circulates in the
blood stream. Upon extravasation or placement into tissue
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culture, a monocyte turns into a macrophage. In the absence of
appropriate stimuli, macrophages have a short life span and
undergo programmed cell death or apoptosis.® The loss of
peripheral macrophages is compensated for by monocytes
entering the tissues from the blood stream. Macrophages are no
longer undergoing cell division but accumulation can occur
through increased recruitment from the circulation and
through delay of the naturally occurring turnover, e.g.
inhibition of the apoptosis mechanism. Bacterial components
such as lipopolysaccharide (LPS)* and toxic shock syndrome
toxin-1 (TSSF-1) superantigen® have been found to block
macrophage apoptosis. Macrophage apoptosis is furthermore
regulated by cytokines. Type 1 cytokines such as interferon-y
(IFN-vy), granulocyte-macrophage colony-stimulating factor
(GM-CSF), IL-1, IL-12 and tumour necrosis factor (TNF)
inhibit, whereas type 2 cytokines such as IL-4 and IL-10
enhance, macrophage apoptosis®>*%’. The survival of macro-
phages is linked to the expression of CD14, a characteristic
macrophage marker and a receptor for LPS®. Apoptotic
macrophages lose the phoshatidylinositol (PI)-linked surface
marker.’

The present communication extends the study of cell death
regulation in macrophages. The focus lies on the function of the
cytokine IL-10. IL-10 has been shown to be a potent inducer of
macrophage differentiation; it induces the expression of FcR,
in particular of the FcyRIII (CD16) and enhances the ADCC
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activity of macrophages.''®!" However, because the cytokine
induces massive apoptosis of macrophages, the inductive 1L-10
function is restricted to a small fraction of apoptosis-resistant
cells. We report here that in the presence of human serum or in
the presence of purified human immunoglobulin G (IgG), IL-
10 ceases to induce macrophage apoptosis and instead induces
the survival of macrophages. Our studies attribute the survival
effect to the expression of CD16, a molecule known to transmit
survival signals in neutrophils.'?

MATERIALS AND METHODS

Cell culture

Human peripheral blood mononuclear cells (PBMC) were
isolated from donor blood by Ficoll-Hypaque density sedi-
mentation. Washed cells were resuspended in RPMI-1640
(Sigma, St. Louis, MO) containing 5% toxin-free fetal calf
serum (FCS, Sigma) and counted in a ultraplane improved
Neubauer haemocytometer. To enrich for monocytes, 2-5 x 10°
PBMC were incubated in 0-1 ml RPMI with 20% FCS for
60 min. The cells were vigorously washed to remove non-
adherent cells. The cells that remained adherent were used
as a source of monocytes for cell culture. At harvest time,
macrophages were scraped off the culture bottom with a
rubber policeman, counted, washed three times, and subjected
to flow cytometric analysis.
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Flow cytometry

A FACScan flow cytometer (Becton Dickinson, Mountain
view, CA) was used for phenotypic analysisby fluorescence-
activated cell sorting. Macrophages were examined at the time
of preparation and after harvest from tissue culture by staining
as previously described'® with fluoroscein-isothiocynate
(FITC)-labelled or biotinylated monoclonal antibodies
(mAD). The biotin label was revealed by strepavidin—phycoer-
ythrin (Sigma). The following antibodies were used: anti-CD14
(Immunotech, Westbrook, ME); anti-CD16 (Immunotech).
Macrophages were treated with these reagents in the presence
of 10% heat-inactivated human serum to prevent non-specific
IgG binding. Immunoglobulins matched for isotype and
fluorescence label were used to determine background
immunoglobulin binding. The background values were sub-
tracted from the experimental values. Of the gated population,
more than 95% of cells were CD14™*.

Reagents

Antibodies against CD16 (IgG1), CD32 (IgG2b), and CD64
(IgG1) were purchased from Medarex, Ammondale, NJ. The
human immunodeficiency virus (HIV) envelope antigen gp120
was a gift from D. Litman, New York University. Serum
IgG was purified from heat-inactivated (30 min, 56°) human
serum by passage over protein G columns according to the
manufacturer’s instructions (Sigma). Annexin V was purchased
from Pharmingen (San Diego, CA) and used according to the
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Figure 1. Macrophage disintegration in tissue culture is blocked by LPS and TNF but not by IL-10. PBMC monocytes were
phenotyped in the flow cytometer immediately after preparation (left side) or after a 2-day culture period (right side). The SSC/FSC
scattergram is shown as dot plot, CD14 expression as histogram. The proportion of CD14 positive cells is indicated above the gate.

1L-10, 10 ng/ml; LPS, 1 pg/ml; IL-12, 100 U/ml; TNF-o, 10 ng/ml.
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manufacturer’s recommendations. IL-10 was a gift from the
DNAX Corporation; TNF-o was a gift from Genentech; 1L-12
was a gift from Genetics Systems; anti-TNF mAb was provided
by P. Kiener, Bristol Myer Squibb. LPS (Escherichia coli
0127:B8) was purchased from Sigma.

RESULTS

Monocyte-derived macrophages have a limited life span in
tissue culture that can be shortened or extended by cytokines

Freshly prepared human peripheral blood monocytes can be
identified in the flow cytometer scattergram as a distinct
population.'* Forward scatter (FSC) reflects the size of the cell
whereas side scatter (SSC) reflects the degree of membrane
folding. Figure 1 shows monocyte forward and side scatter
characteristics; monocytes are distinct from a small contam-
ination of lymphocytes present in the lower left corner. The
great majority of cells in the monocyte population express
CD14, the marker characteristic of live monocytes.” Figure 1
shows, in addition, flow scattergrams of macrophages after
2 days in tissue culture. When cultured without exogenous
cytokines, macrophages changed their morphology as pre-
viously reported;® approximately one-third of them shrunk in
size and developed the surface characteristics of smoother,
deactivated cells, typical of apoptotic cells undergoing shrink-
ing cell death. An equivalent fraction shed the CD14 marker. A
separate (not shown) analysis verified that the CD14 marker
was lost by those cells which had shrunk, consistent with earlier
findings that apoptotic macrophages lose CD14 expression.’
The addition of IL-10 to the culture never inhibited the loss of
CD14 expression; rather, it frequently enhanced it, consistent
with the notion that IL-10 induces apoptosis of macrophages.’
In contrast, addition of TNF-a or of LPS blocked macrophage
shrinkage and prevented the loss of CD14 expression.

Cell shrinkage is a characteristic feature of the apoptosis
pathway.'> Another apoptosis marker is the cell surface
expression of Annexin V.'® Figure 2 shows that Annexin
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V-expressing macrophages reside in the macrophage fraction
that shrunk and lost the CD14 positive phenotype, consistent
with previous reports.’

LPS, for which CD14 represents a major receptor,® is an
inducer of cytokine production by macrophages.!” Several
macrophage-secreted cytokines were tested for their ability to
halt macrophage decay. Consistent with reported findings, IL-
1, TNF and IL-12 were found to block macrophage cell death
whereas IL-10 was found to enhance it.**%’ Figure 3 shows
that TNF prevents the conversion of CD14" into CD14™ cells
as the fraction of CD14 negative cells no longer grows at the
expense of CD14 positive cells. Endogenously produced TNF
appears to have the same effect as antibody against TNF
enhances the generation of CD14 negative apoptotic macro-
phages. IL-12 manages to prevent spontaneous macrophage
death in tissue culture but fails to block cell death induction by
IL-10. This observation qualifies the IL-10-induced apoptotic
signalling mechanism as distinct from spontaneous apoptosis
because it is less susceptible to interference than the latter.

The engagement of the FcyIII receptor (CD16) transmits
survival signals in macrophages

We noted that IL-10 failed to induce macrophage cell death in
the presence of human serum; in fact, the cytokine prevented
spontaneous macrophage death in the presence of human
serum. Figure 4 shows a comparison between macrophages
cultured in the presence of human or fetal calf serum. The
results are virtually identical except when the cultures
contained IL-10. Whereas, consistent with the observations
shown above, only a small fraction of macrophages survived
2 days of culture in the presence of IL-10 and FCS, the
majority of macrophages survived the treatment with IL-10 in
the presence of human serum. Further analysis revealed IgG as
the responsible serum component. Figure 5(a) shows that
human IgG induces in the presence of IL-10 a dose-dependent
refractiveness to cell death. Whereas usually approximately
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Figure 2. Annexin V is expressed on macrophages after loss of CD14. PBMC monocytes were incubated and treated as indicated for
2 days. CD14 and Annexin V expression was assessed by double-florescence flow cytometry and the proportion of Annexin positive
cells in CD14 positive and negative macrophage fractions was determined. IL-10, 10 ng/ml; LPS, 1 pg/ml.
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Figure 3. TNF-o and IL-12 abrogate the apoptotic response of
macrophages. PBMC monocytes were cultured with the indicated
reagents. After 1-3 days, the cells were harvested, counted and
phenotyped for the expression of CD14. The absolute numbers of
CDI14 positive and negative macrophages were calculated and is
presented. TNF, 10 ng/ml; anti-TNF mAb, 10 pg/ml; IL-12, 100 U/ml;
IL-10, 10 ng/ml. The experiment represents one of three experiments
with similar results.

80% of the macrophages lose the CD14 marker within 2 days
of culture and die and only approximately one-fifth of the cells
remain viable and continue to express CD14, Fig. 5(a) shows
that IgG enables macrophages to retain the survival marker.
IgG failed to prevent the spontaneous induction of macro-
phage cell death but readily blocked the strong death response
induced by IL-10. Apparently, IL-10 not only induced
macrophage death but also enabled macrophages to utilize
an IgG-mediated survival mechanism.

We examined a connection of the IgG effect with the
previously reported notion that IL-10 induces the expression of
FcRs.'%!" We determined whether complex formation with
antigen enhances the IgG efficacy in inducing survival signals
and asked whether antibodies specifically directed against FcRs
can prevent macrophage destruction.

Figure 5(b) shows an experiment with IgG purified from
the serum of an acquired immune deficiency syndrome (AIDS)
patient. AIDS patient serum is known to contain increased
levels of immune complexes and it contains antibodies against
the HIV envelope molecule, gp120.'® Adding patient IgG to
macrophage cultures we found that, in contrast to normal IgG
(Fig. 5a), it partially prevents the spontaneous macrophage
death. The rescue effect was increased by the addition of gp120.
The gpl120 enhancement was seen in the presence of patient
serum IgG but not in the presence of serum IgG from a healthy
donor. This indicates that immune complexes formed between
the envelope molecule and patient anti-gp120 enhanced the
engagement of FcRs and the transmission of survival signals.
Patient serum IgG synergizes much like normal human serum

IgG with IL-10 in blocking macrophage death. However,
gp120 enhances the synergism between IL-10 and human IgG
when patient IgG is used but not when IgG from an HIV-
seronegative individual is tested. Because IL-10 is known to
upregulate FcR expression in macrophages,'®!! we speculated
that IL-10 synergizes with IgG in the rescue of macrophages by
increasing the density of IgG receptors whereas the gpl120
antigen enhanced IgG efficacy by the formation of immune
complexes and the more effective engagement of the FcR.

To examine the conclusion that the engagement of FcRs on
the macrophage surface transmits survival signals, we incu-
bated macrophages in the presence of IL-10 (to upregulate FcR
expression) and added to the culture medium antibodies
against the three major FcyRs, CD16, CD32 and CD64.
Figure 6 shows that antibody against CD16 prevents the loss of
CDI14 in macrophage cultures in the presence of IL-10.
CD16-specific antibody saves macrophages even in the absence
of IL-10 (dotted line in Fig. 6) showing that the lower level of
spontaneous CD16 expression qualifies macrophages for a
more modest degree of CDI16-mediated survival signals. The
notion is consistent with the observation that immune-
complexed IgG transmits survival signals without additional
upregulation of Fc receptors through IL-10 (Fig. 5). Anti-
bodies against CD32 or CD64 failed to rescue macrophages
from destruction, in the absence (not shown) or in the presence
of IL-10.

It should be noted that the IgG-mediated macrophage
rescue mechanism abrogates the IL-10-mediated destruction of
macrophages but not the IL-10-induced upregulation of CD16.
This suggests that CD16 engagement blocks the apoptotic
pathway without affecting the capacity of IL-10 to induce the
differentiation of macrophages. Experiments were conducted
to substantiate this assumption (Fig. 7). Most macrophages
cultured with IL-10 in the absence of human IgG die and only
a small fraction of cells survive and upregulate CD16; most of
the cells survive and upregulate CD16 in the presence of IgG.

DISCUSSION

Cells and tissues have specific functions that they carry out
after stimulation through membrane receptors. Often such
receptors not only transmit signals for activation and cycle
progression but also may be linked to deletion programmes
that send the cell into apoptosis before a cell has a chance to
differentiate and proliferate. A prototypical example is the
Ilymphocyte. Antigen receptor ligation initiates signal cascades,
which lead to cellular differentiation and proliferation when
costimulatory signals are simultaneously delivered, but result in
cell death if apoptosis is not stopped. Immature thymocytes do
not yet possess costimulatory devices and they die after antigen
receptor engagement. T cells acquire costimulatory devices as
they mature. However, if costimulation is blocked or not
properly engaged, antigen receptor engagement may induce the
death of mature T cells as well.'”?® Apparently, activation
signals can only become effective if cell death programmes are
effectively cancelled.

In the present communication we confirm this concept with
macrophages. Macrophages descend from monocytes. There is
a steady influx of macrophages from the blood stream into the
tissues. This influx must be matched by an equivalent rate of
macrophage decay in tissues if excessive accumulation is to be

© 2001 Blackwell Science Ltd, Immunology, 102, 331-337
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Figure 4. 1L-10 inhibits rather than enhances macrophage apoptosis in the presence of human serum. PBMC monocytes were
cultured with the indicated cytokines in the absence (a) or the presence (b) of heat-inactivated human serum in addition to 5% FCS.
Macrophage CD14 expression and FSC/SSC scatter were assessed on day 2. 1L-10, 10 ng/ml; IL-12, 100 U/ml; TNF, 10 ng/ml.
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Figure 5. Human IgG and immune complexes prevent apoptotic death
of macrophages. PBMC monocytes were cultured in the presence of
IgG freshly prepared from a healthy individual (left panel) or from an
HIV-infected subject (right panel). Macrophage CD14 expression was
assayed on day two. Open circles: control. Closed circles: IL-10 (10 ng/
ml) Open triangles: gp120 (1 pg/ml). Closed triangles: IL-10 plus gp120.
The results were averaged from two experiments =+ sp.

avoided. The present study gives an example of how the body
uses the cytokine IL-10 to negatively and positively regulate the
size of the macrophage population. Exposed to IL-10
macrophages may respond with differentiation or with

© 2001 Blackwell Science Ltd, Immunology, 102, 331-337
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Figure 6. The engagement of CDI16 prevents the apoptosis of
macrophages. PBMC monocytes were cultured in the presence of
antibodies against CD16 (circles), CD32 (triangles), or CD64
(rectangles) in concentrations indicated. Two days later macro-
phages were harvested and phenotyped for CD14 expression. 1L-10
(10 ng/ml) was added to all cultures except to those indicated in the
dotted line.

apoptosis. The cytokine induces in macrophages the expression
of CD16 and has been shown to enhance the ADCC effector
cell activity of macrophages.'®!!*! We show here that I1L-10
initiates a macrophage deletion programme in a great majority
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Figure 7. 1gG blocks the induction by IL-10 of macrophage apoptosis but not the induction of phenotypic macrophage
differentiation. Adherent PBMC were cultured in the presence of heat-inactivated FCS (5%), FCS and human IgG (300 pg/ml), or
heat-inactivated human serum. Two days later the cells were harvested and phenotyped for reactivity with Annexin V (left two panels)
or anti-CD16 mAb. The numbers in each box represent the percentage of marker-positive cells within the indicated gates.

of macrophages, permitting differentiation in only a small
fraction of apoptosis-resistant macrophages. Only the inter-
ruption of the apoptosis pathway by survival signals allows
macrophage differentiation to proceed. Bacterial membrane
components such as LPS are biological inducers of macro-
phage survival and these effects may, in part, be mediated by
cytokines whose release they induce. The novelty of our
findings with IL-10 is that while inducing the massive death of
macrophages it sets at the same time the stage for survival by
enhancing the expression of FcRs which, when engaged by
IgG, block the death mechanism and secure the macrophages’
survival.

IgG is usually not present in tissues, suggesting that IL-10
accelerates the decay of macrophages in healthy tissues and
does not facilitate the accumulation of CD16"% macrophages
with ADCC effector cell capacity. Pathological conditions are
known in which immunoglobulin enters tissues. Extravasation
of serum components is a characteristic of the inflammatory
process. Tissue-specific and polyspecific autoreactive antibo-
dies are other examples of tissue penetration by immunoglo-
bulins.

The presence of IL-10 and of IgG may contribute to the
accumulation of macrophages at the inflammatory site
specifically to the accumulation of macrophages which express
CD16. It has been recognized that IL-10 induces CDI16™"
macrophages with ADCC effector cell potential at the expense
of macrophages with antigen-presenting/costimulatory capa-
city."'3222* This notion seems relevant for autoimmune
diseases because ADCC effector macrophages may continue

to destroy antibody-tagged tissue cells even after the disappear-
ance of inflammatory symptoms create a sense of disease
remission."

A systemic loss of antigen-presenting/costimulatory macro-
phages and an increase in CD16" cytotoxic macrophages has
been noted in patients with AIDS and in patients with systemic
lupus erythematosus (SLE).!>!32%23 Both diseases exhibit an
abnormal increase of IL-10 production.”'***2¢ Both diseases
are, furthermore, characterized by the presence of polyspecific
autoreactive antibodies.'>?” The lymphopenia seen in
advanced stages of both diseases has been attributed to the
destruction of antibody-coated lymphocytes by ADCC effector
cells, especially CD16 " macrophages.'>?’ It is conceivable that
ADCC effector cells destroy not only lymphocytes that exhibit
antibodies on their surface, but also other antibody-reactive
tissue cells such as endothelial cells and basal cells of the
glomerulus. It has been shown in the mouse that blocking FcR
signal transduction by y-chain deletion abrogates the develop-
ment of SLE-associated immune complex disease.”® y-Chain
deletion does not interfere with immune-complex deposition; it
merely prevents antibody-mediated cell damage. These findings
link SLE pathology to FcR function. It would seem desirable to
extend these studies to other diseases with a potential patho-
genic involvement of autoreactive antibodies and of the FcR.
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