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ARTICLE IN PRESS
The Pathophysiologic Role of Monocytes and
Macrophages in Systemic Lupus Erythematosus: A Reappraisal

Christina G. Katsiari, MD, PhD,* Stamatis-Nick C. Liossis,† and
Petros P. Sfikakis‡

Objectives: To review current developments, regarding the pathophysiologic role of monocytes
and macrophages in systemic lupus erythematosus (SLE).
Methods: We searched Medline for articles written in the English language using the following
terms: monocyte(s) or macrophage(s) and lupus. Although our search spanned the years 1971 to
2008, the majority of the short-listed articles belonged to the period 2000 to 2008. Published
literature on phenotypic and functional properties of monocytes/macrophages (Mo/M�) in SLE
was reviewed. References from identified articles were also selected. Currently available experi-
mental data and their relevance to the pathogenesis of SLE are critically discussed.
Results: It has traditionally been held that impaired phagocytosis by monocytes and macrophages
in SLE allows for the accumulation of apoptotic debris leading to a sequel of autoimmune
phenomena. Recent paradigms derived from animal models of systemic autoimmunity, however,
has broadened our understanding regarding the possible pathophysiologic roles of Mo/M� in
SLE. Data derived from studies in patients with SLE show multiple aberrations in activation status
and secretory functions of circulating and tissue-infiltrating Mo/M�. Such aberrations may be
associated with dysregulation of T-cell function and autoantibody production in SLE. Moreover,
emerging evidence suggests that phagocytic capacity and antigen-presenting properties of Mo/M�
are enhanced in some patients with SLE.
Conclusions: While defective phagocytosis represents a distinctive feature of monocyte function in
some patients with SLE, aberrant activation of the Mo/M� system may be a more appropriate
concept to encompass the broad spectrum of Mo/M� disorders in SLE. Aberrant function of lupus
Mo/M� appears to play a dynamic role in the initiation and perpetuation of the systemic auto-
immune response and organ damage. Delineation of the altered biology of lupus Mo/M� could
provide possible future therapeutic targets for patients with SLE.
© 2009 Elsevier Inc. All rights reserved. Semin Arthritis Rheum xx:xxx
Keywords: monocytes, macrophages, systemic lupus erythematosus, pathogenesis, phagocytosis, antigen
presentation
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onocytes/macrophages (Mo/M�) are versatile
cells aiming to defend, regulate inflammation,
and induce immunity. Monocytes develop

rom pluripotent stem cells in the bone marrow under the
nfluence of specific growth factors. Following the differ-
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ntiation process that lasts less than 24 hours, mature
onocytes leave the bone marrow and enter the blood-

tream as quiescent cells. Circulating monocytes differen-
iate further into resident tissue macrophages and acquire
pecialized phenotypes and functions depending on the local
icroenvironment. Furthermore, blood monocytes are re-

ruited to sites of inflammation where they become activated
nd evolve into cells that express the macrophage phenotype
1). Experimental evidence suggests that monocytes differ-
ntiate also into dendritic cells (DCs) in vivo (2,3).

The hallmark function of the Mo/M� system is
hagocytosis and subsequent antigen presentation (1).

o/M� recognize and remove pathogens as well as
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2 Pathophysiologic role of monocytes and macrophages in SLE
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enescent, dead, or damaged host cells. Phagocytosis is
triggered process requiring the activation of recep-

ors, which in turn transmit signals to the cell interior
o initiate the response. Following digestion of the tar-
et, Mo/M� present target-derived antigen(s) to rele-
ant T-cells, resulting in helper and/or effector T-cell
unctions. Consequently, Mo/M� possess a central
ole in initiating the immune response. In addition,

o/M� have well-developed secretory functions and are
n important source for a variety of cytokines, whereas more
han 100 biologically active substances have been described
s Mo/M� products. Cytokine receptors found on the sur-
ace membrane of Mo/M� allow them to become involved
n indirect complex interactions with different cell type
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igure 1 Synopsis of monocytes characteristics. Circulating
D14 (LPS receptor) and CD16 (Fc�R-III). Approximately

CD142�/CD16�) and the remaining 10% express CD16
xpressed on monocytes present a preferential expression be
ells indicating distinct functional properties. Because, during
igh levels of TNF� and low levels of IL-10, they are also c
onocytes results in the upregulation of several surface mole
hich participate in various functions such as chemotaxis (
hagocytosis (lower left panel), antigen presentation and
ffector functions (lower right panel), and differentiation to m
ytokines enhance (in red) or inhibit (in green) the depicted
bbreviations: �v�3/5, vitronectin receptor integrins; AC, apo
lyS, B-lymphocyte stimulator; C1q, 1st component of comp

igand; CRP, C-reactive protein; DC, dendritic cell; Fc�R, Fc
ntercellular adhesion molecule 1; IL, interleukin; MCP-1,
eproductive tyrosine kinase; mGCR, membrane glucocortico
onocyte(s); M�, macrophage(s); Ox-PL, oxidized phosph

cid-binding Ig-like lectin 1; sCD14, soluble CD14; TCR, T-c
ell; TF, tissue factor; TNF�, tumor necrosis factor �; Treg, T-

SP1-bs, TSP-1 binding site. (Color version of figure is available on
roducts. The main characteristics of monocytes are summa-
ized in Figure 1.

Numerous studies have improved our understanding
f the diverse components of immune dysregulation in
ystemic lupus erythematosus (SLE); however, the patho-
hysiologic role(s) of Mo/M� remains unclear (4). The-
ries formulated in the 1980s propose that lupus Mo/M�
isplay defective phagocytic function, thus enabling the
berrant accumulation of apoptotic debris leading to a
equel of autoimmune phenomena. Recent studies, how-
ver, exploring mainly lupus nephritis suggest an active
ole of Mo/M� in mediating tissue inflammation and
njury (5), broadening our understanding regarding the
pectrum of Mo/M� aberrant function in SLE.
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cytes are divided into 2 subsets based on the expression of
f monocytes express high levels of CD14 but not CD16

ower levels of CD14 (CD14�/CD16�). Surface molecules
CD142�/CD16� (red color) and CD14�/CD16� (blue color)

tions, CD14�/CD16� monocytes are increased and produce
pro-inflammatory monocytes (central panel). Activation of
and the secretion of multiple monokines (upper left panel),
R2, MCP-1), adhesion (eg, ICAM-I), coagulation (eg, TF),
ulation (lower central panel), modulation of lymphocyte

hages and DCs (upper right panel). In the lower right panel,
ization of Th cells.
cell; ACAMPs, apoptotic cell-associated molecular patterns;
t; CCR2, chemokine (C-C motif) receptor 2; CD40L, CD40
a receptor; gas-6, growth arrest-specific gene-6; ICAM-1,

cyte chemoattractant protein 1; Mer, myeloid epithelial
ptor; MHC-II, major histocompatibility complex class II; Mo,
; PS, phosphatidylserine; PS-R, PS-receptor; Siglec-1, sialic
eptor; TGFb, transforming growth factor beta; Th, T-helper
tory cell; Treg-p, Treg-precursor; TSP-1, thrombospondin-1;
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As recent advances have improved our understanding
f the role of innate immunity in the expression and pro-
ression of SLE, we present, in brief, data derived from
nimal studies regarding the central role of Mo/M� in
ystemic autoimmunity and we discuss several functional
spects of Mo/M� in patients with SLE. In interpreting
hese data we propose that the role of Mo/M� in the
athogenesis of SLE should reach beyond the “defective
hagocytosis” model and that aberrant activation of
o/M� may be a more appropriate concept underlying

he pathophysiologic role of these cells in SLE.

ETHODS

e searched Medline for articles written in the English
anguage using the following terms: monocyte(s) or mac-
ophage(s) and lupus. The abstracts were screened for
elevance and the publications relating to Mo/M� in SLE
ere obtained. Additional references were identified from

he bibliographies of the retrieved reports. Although our
earch spanned the years 1971 to 2008, the majority of
he short-listed articles belonged to the period 2000 to
008. Published literature on phenotypic and functional
roperties of Mo/M� in SLE was reviewed. Currently
vailable experimental data and their relevance to the
athogenesis of SLE are critically discussed.

ESULTS

he Model of “Defective”
onocyte Function in SLE

efective clearance represents the hallmark of the model
f “defective” monocyte function in SLE (6). Reduced
learance of apoptotic cells led to the hypothesis that
ningested apoptotic cells might represent an important
ource of autoantigens with the potential to trigger an
utoimmune process such as the one seen in SLE. More-
ver, defective clearance of immune complexes (IC) al-
owing tissue deposition of IC represents a mechanism by
hich tissue damage may occur in SLE. Data on phago-

ytosis and clearance by monocytes from patients with
LE will be discussed in detail below.

Other studies have shown that monocytes from pa-
ients with SLE when cultured with autologous T-cells

Table 1 Major Aspects of the “Defective Model” of Monoc

Defect Selecte

Decreased autologous MLR (7)
Decreased accessory function for T-cell activation (8)
Decreased of MCH II surface expression (8)
Decreased expression of CD80 (9)
Decreased production of IL-1b (10)
Decreased phagocytosis (6,77,8

MLR: mixed lymphocyte reaction.
nduce a defective proliferative T-cell response (7). De- t
reased accessory functions for T-cell activation were also
escribed and linked to decreased expression of HLA-DR
ntigens. Low levels of surface HLA-DR (8) and CD80
9) expression along with reduced production of interleu-
in-1 (IL-1) (10) have been linked with a decreased ability
f lupus monocytes to process and present antigen as well
s to provide appropriate costimulation to T-cells. The
ajor aspects of the model of “defective” monocyte func-

ion in SLE are summarized in Table 1.

upus Mo/M� Beyond the
mpaired Phagocytosis Model:
essons From Animal Models

ew insights on the possible mechanisms underlying the
ole of monocytes in the autoimmune process have
merged from studies in animal models. Tyro3, Axl, and

er comprise the TAM receptor family of receptor pro-
ein tyrosine kinases and are expressed on Mo/M� and
C, but not on lymphocytes or granulocytes. The bio-

ogic role of these receptors has been recently explored and
ppears to be essential in immunoregulation. In particu-
ar, macrophages from mice lacking the cytoplasmic tail of

er (c-mer) are characterized by phagocytic deficiency
estricted to apoptotic cells. This abnormality leads to
nti-dsDNA autoantibody production but without con-
omitant significant polyclonal B-cell expansion or signif-
cant renal pathology (11). Triple Tyro3/Axl/Mer knock-
ut animals developed a lupus-like disease with overt
rthritis, skin lesions, and nephritis along with produc-
ion of multiple autoantibodies; their Mo/M� (and DC)
isplay phenotypic and functional features that character-

ze activated cells (12). Although the expression and func-
ion of the Tyro 3 receptor molecules in Mo/M� derived
rom patients with SLE has not been examined, these
tudies provide paradigms where aberrant activation of

o/M� (triple knockouts) promotes the expression of
ystemic autoimmune disease, while isolated Mo/M�
hagocytic deficiency of apoptotic cells (c-mer knock-
uts) is not adequate to lead to overt disease.

Clearance of apoptotic cells is usually described as
oninflammatory phagocytosis where macrophages ac-
ively produce anti-inflammatory cytokines such as

nction in SLE

Functional Consequence

Impaired ability to activate T-cells

Inability to process and present antigen and to provide
appropriate co-stimulation to lymphocytes

Impaired clearance leading to accumulation of apoptotic
cells and immune complexes
yte Fu

d Ref.

2,92)
ransforming growth factor-beta (13). Molecules that
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articipate in macrophage–apoptotic cell interaction
ave distinct functions. For example, CD14 on the
urface of macrophage facilitates the binding of the
poptotic cell but has no effect on the production of
nti-inflammatory cytokines. On the contrary, macro-
hage protein kinase Mer has the potential to mediate
n anti-inflammatory signal through its interaction
ith phosphatidylserine on apoptotic cells via the
roduct of the growth arrest-specific gene, gas6 (13).
oss of either CD14 or Mer results in the accumulation
f apoptotic cells. However, only c-Mer knockout mice
nd not CD14 knockout mice display autoimmune
henomena (11,14), suggesting that in this murine
odel it is not the mere persistence of apoptotic cells

ut rather the absence of the macrophage anti-inflam-
atory response that defines autoantibody production.
herefore, an attractive hypothesis could be that de-

reased production of anti-inflammatory signals dur-
ng phagocytosis of apoptotic cells by macrophages

ay contribute to the initiation of an autoimmune
esponse.

Studies by Levine and coworkers (15, 16, 17) challenge
he concept that delayed clearance of apoptotic cells is
ufficient to cause autoimmunity. The model of delayed
learance of apoptotic cells assumes that late, but not
arly, apoptotic cells escape (impaired) phagocytosis, lose
heir membrane integrity, and act as necrotic cells. Sub-
equently, such cells are capable of presenting apoptotic
ntigens in an inflammatory context. In contrast to this
odel, Levine and coworkers showed that apoptotic cells

annot be distinguished between early and late (appear to
e functionally equivalent throughout their existence) ir-
espective of membrane integrity. Moreover, they showed
hat either cell-associated material or soluble material re-
overed from late apoptotic cells was not proinflamma-
ory (15). They proposed that autoimmunity ensues
hen macrophages “misread” apoptotic cells due to ab-
ormalities in signaling events following their interac-
ion(s) with apoptotic cells. Consistent with this hypoth-
sis, it was shown that macrophages from the major
urine models of lupus have an identical abnormality in

he expression of multiple cytokines following the en-
ounter with apoptotic cells (16). Among 15 different
ytokines examined, increased, decreased, and unaffected
xpression was documented in a similar manner between
he different strains. Affected SLE-prone strains include

RL/�, MRL/lpr, NZB, NZW, NZB/W F1, BXSB,
nd LG/J, while no similar abnormality in cytokine ex-
ression could be found in 16 nonautoimmune strains.
upus Mo/M� from different strains was also shown to
hare an apoptotic cell-related abnormality of their adhe-
ion properties (17). Mo/M� from the major murine
odels of lupus (MRL/�, MRL/lpr, NZB/WF1, BXSB,
G) but not from 7 nonautoimmune strains, displayed

ncreased adhesion and increased spreading, often assum-
ng a highly elongated dendritic-like morphology. Abnor-
al apoptotic cell-related abnormalities in adhesion a
roperties by lupus Mo/M� were due to reduced activity
f Rho, a cytoplasmic G protein and cytoskeletal regula-
or. Importantly, aberrant regulation of cytokines and
ho activity precede the onset of clinically overt disease.
lthough the phagocytic capacity of Mo/M� was not
ddressed in these studies, no data support a definite
nd/or shared defect in the phagocytosis of apoptotic cells
y of Mo/M� from the major murine models of lupus.
lso, it was reported that no intrinsic defect of the phago-
ytic capacity of peritoneal macrophages was found in
remorbid lupus-prone mice (18). On the other hand, the
tudies by Levine and coworkers suggest that Mo/M�
rom all autoimmune-prone strains have a shared “auto-
mmune” phenotype triggered by the uptake of apoptotic
ells. Aberrations within a broad range of Mo/M� func-
ions, including the expression of multiple cytokines and
egulation of Rho, may thus be associated with abnormal-
ties in signaling events following their interaction(s) with
poptotic cells.

The view that accumulation of apoptotic cells is ade-
uate to produce circulating DNA and nucleosomes, the
ain source of autoantigens in SLE, also has been recently

hallenged by work from Jiang and coworkers (19). In
legant experiments these authors showed that apoptotic
ells are not sufficient per se to generate nucleosomes in
he absence of macrophages or in the presence of defec-
ive macrophages. Dose–response experiments showed a
learly linear and positive correlation between macro-
hage function and the production of circulating DNA
19). Moreover, analysis of circulating DNA revealed that
t originated from both apoptotic cells and macrophages
19). Consequently, at least in this experimental setting, it
s not the accumulation of apoptotic cells that leads to
ucleosome production but the presence of functional
o/M�.
Deposition of IC on glomeruli is generally thought

o contribute to the development of lupus nephritis. It
as been proposed that Mo/M� allow for the accumu-

ation of IC through impaired Fc�R-mediated phago-
ytosis. Studies in the NZB/WF1 murine model of
upus have shown, however, that deficient function of
c�R (in the absence of � chain, NZB/WF1 FcR��/�)
rotects from rather than contributes to the develop-
ent of nephritis despite the abundance of IC deposi-

ions (20,21). Because Fc�R are expressed on a variety
f cells, including resident mesangial cells, experiments
sing NZB/WF1 bone marrow chimeras where the ex-
ression of � chain was selectively abrogated in my-
loid cells showed that Fc�R on circulating myeloid
ells, rather than on mesangial cells, are required for
C-mediated pathogenesis in NZB/WF1 mice (21).

oreover, lineage-specific transgenic reconstitution of
c�R in Mo/M� partially restored the ability to de-
elop nephritis in FcR��/� mice (21). These studies
how that IC deposition is not adequate to trigger the
evelopment of nephritis in the mice examined. They

lso propose that direct activation of circulating FcR-
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earing myeloid cells, including Mo/M�, by glomeru-
ar IC deposits is required for lupus nephritis.

Studies by Reeves and coworkers showed that exper-
mental lupus induced by 2,6,10,14-tetramethylpenta-
ecane (TMPD) is associated with excess interferon
IFN)-I production and upregulation of INF-I–stimu-
ated genes (ISGs), a phenomenon termed “IFN signa-
ure” (22). TMPD-induced lupus is at present the only
urine model of lupus reported to have the “IFN sig-

ature,” a molecular phenomenon frequently found in
atients with SLE (23). IFN-I signaling is critically
equired in this model as shown by the absence of lupus
utoantibodies and kidney disease in IFN-I receptor
-chain-deficient (IFNAR–/–) mice (24). The source
f INF-I in the TMPD murine model of lupus was a
ubset of monocytes (Ly6Chigh monocytes) (25). Up-
egulation of IFN-I and ISGs occurred long before the
linical manifestations of lupus and coincided with an
ccumulation of Ly6Chigh monocytes, which expressed
arge amounts of IFN-I. Depletion of Ly6Chigh mono-
ytes abolished the increased levels of INF-I and the
pregulation of ISGs. On the contrary, systemic deple-
ion of DCs did not alter IFN-I production triggered
y TMPD. Although other factors such as IL-12 and
NF� may be important as well, INF-I production by
onocytes appear to be the critical event for the devel-

pment of the disease in the TMPD model of lupus
25) (Table 2).

Table 2 Mo/M� Abnormalities and Clinical Outcome in An

Mice

Monocytes/Macroph

Molecular Abnormality Func

c-mer�/� Absence of c-Mer
kinase only in M�

2 Phago
cells on

Tyro/Axl/c-mer triple
mutants

Inactive Tyro/Axl/
c-Mer kinases in M�

Activated

MRL/lpr
MRL�
NZBWF1
LG
BXSB

Reduced activity of the
cytoplasmic protein
Rho

“Misread
cells dis
dysregu
adhesiv
morpho

NZB/WF1
FcR��/�

Absence of � chain N/A

TMPD model N/A Increased
I INF
Mo, monocyte(s); M�, macrophage(s); TMPD, tetramethylpentadecane;
ctivation Status of
o/M� From Patients with SLE
istological data deriving from patients with lupus ne-

hritis demonstrate that activated Mo/M� vigorously
articipate in renal inflammation and injury. Renal pa-
hology in lupus nephritis is characterized by infiltrating

o/M� bearing the activation markers CD68 (26,
7), CD16 (Fc�RIII) (28), and sialoadhesin (Siglec-1,
D169) (29). Also, cDNA microarray analysis of gene

xpression in glomeruli from patients with proliferative
upus nephritis revealed increased expression of myeloid
ineage transcripts, characteristic of those found in iso-
ated activated macrophages (30). Expression of myel-
id-related protein-8 (MRP-8), MRP-14, and MRP-8/
RP-14 complexes, which indicates pro-inflammatory
acrophage activity, is increased in infiltrating macro-

hages in the glomeruli in lupus nephritis (31). In addi-
ion, macrophage infiltrates in lupus nephritis contain
igh numbers of proliferating cells. Local proliferation of
acrophages has been proposed as an important mecha-

ism for amplifying renal injury (26), while the extent of
lomerular and tubular infiltration by activated Mo/M�
ritically influences the outcome of lupus nephritis
32,33). Accordingly, monocyte numbers in the urine
28,34) and urinary monocyte chemoattractant protein 1
oncentrations (35) have been proposed as useful markers
or monitoring the activity of lupus nephritis. Increased

odels of Autoimmunity

Associated Outcome Select Ref.Properties

s of apoptotic Autoantibody production
No polyclonal B-cell

activation
No clinical disease

(11)

Production of multiple
autoantibodies

(12)

Marked lymphoproliferation
Marked T- and B-cell

activation
Arthritis
Skin lesions
IgG deposits in glomerulus
Thrombosis/hemorrhages

f apoptotic
d as cytokine
, increased
and DC-like

Lupus-like disease (16,17)

Abundance of IC kidney
depositions

(20,21)

No nephritis

uction of type Lupus-like disease (25)
imal M

ages

tional

cytosi
ly

M�

ing” o
playe
lation
eness,
logy

prod
N/A, not available.
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xpression of cyclogenase-2 (COX-2) in macrophages in-
ltrating the kidneys has been documented in patients
ith active lupus nephritis but not in nonlupus nephrop-

thies, suggesting a disease-specific abnormality (27). Be-
ause monocytes derived form the peripheral blood of
LE patients with active nephritis also express increased
mounts of COX-2 (27), COX-2 upregulation in infil-
rating macrophages may represent a primary rather than
local secondary event during renal inflammation in lu-
us nephritis.
Enhanced activation status of lupus Mo/M� may not

e restricted only to inflammatory lesions in afflicted tis-
ues such as the kidney. A validated marker of monocyte
ctivation in humans is the serum and/or urinary con-
entration of neopterin. Serum levels of neopterin, a
yrazino-pyrimidine compound produced in large
mounts by macrophages following stimulation, have
een found increased in patients with SLE compared with
ealthy individuals and correlate with disease activity
36). Soluble CD14, another surrogate activation marker
f the Mo/M� system, is also persistently elevated in the
era of patients with SLE (37,38). Furthermore, surface
olecules upregulated on activated monocytes such as

ntercellular adhesion molecule 1 and membrane glu-
ocorticoid receptor are overexpressed on monocytes
rom patients with SLE (39,40), whereas subsets of acti-
ated monocytes defined by the CD14�CD16� and the
D14�CD11b� phenotypes are expanded in the periph-

ry (41,42). Tissue factor upregulation, another feature of
onocyte activation, is enhanced in monocytes from pa-

ients with SLE (43). The activation marker Siglec-1 was
ecently found increased in peripheral blood monocytes
rom patients with SLE (44). Furthermore, unmanipu-
ated peripheral blood monocytes from patients with SLE
verproduce nitric oxide (NO), an additional typical
arker of monocyte activation (45).

ncreased Production of NO by Lupus
onocytes: Implications for T-cell Function

n contrast to lupus monocytes, which spontaneously
roduce increased amounts of NO, lupus T and B lym-
hocytes, as well as cells defined by the absence of CD14
r CD3 surface markers, produce normal levels of NO
45). NO is a key signal of mitochondrial hyperpolariza-
ion (MHP) that initiates mitochondrial biogenesis
hrough enlargement and proliferation of mitochondria
46). Furthermore, NO mediates CD3/CD28 costimula-
ion-induced MHP and cytosolic Ca2� concentration in
-cells.
T-cells from patients with SLE display persistent MHP

nd increased mitochondrial mass, as well as increased
nd sustained concentrations of intracellular Ca2� follow-
ng stimulation (45,47). Interestingly, both increased

HP and aberrant Ca2� kinetics encountered in SLE
-cells were reproduced in normal T-cells when cocul-
ured with monocytes from patients with SLE. Although a
dditional factors, such as soluble mediators and/or cell–
ell contact could account for this effect, it was shown that
retreatment of purified normal T-cells with NO alte-
ed CD3/CD28 costimulation-induced Ca2� signaling,
imicking the pattern observed in lupus T-cells. There-

ore, excess production of NO by activated lupus mono-
ytes may contribute to abnormalities that characterize
upus T-cells (48).

berrant Cytokine
roduction by Lupus Mo/M�:
mplications for Autoantibody Production

ormal Mo/M� produce increased amounts of IL-12p70
ollowing activation, along with the induction of NO
roduction. It is of interest that although monocytes from
atients with SLE secrete large quantities of NO (45),
roduction of IL-12p70 is decreased (49). On the other
and, these same cells produce excessive amounts of IL-10
50,51), a cytokine that has been implicated in the patho-
enesis of SLE, and IL-12p70 concentrations in stimu-
ated lupus monocytes culture supernatants correlate in-
ersely with IL-10 concentrations. The addition of
eutralizing anti-IL-10 antibodies increases the in vitro
roduction of IL-12p70, suggesting that impaired pro-
uction of IL-12p70 may result from the increased pro-
uction of IL-10 (52). In control subjects, however,
nti-IL-10 antibodies had no effect on monocytes IL-
2p70 production, indicating an altered/defective
esponsiveness of lupus monocytes to IL-10 (52). Mono-
ytes also contribute to the increased production of IL-6
53) found in the sera and tissues from patients with SLE.
ince the production of IL-6 by normal monocytes is
ownregulated in the presence of IL-10, this further
oints to an altered secretory function of monocytes in
LE (54).

Indirect evidence suggests that deregulation of IL-
0, IL-6, and IL-12p70 production by lupus mono-
ytes contributes to the development of pathogenic
utoantibodies. Addition of recombinant IL-10 in pe-
ipheral blood mononuclear cells (PBMC) cultures
rom patients with SLE induces immunoglobulin pro-
uction. Moreover, anti-IL-10 monoclonal antibodies
trongly inhibits the production of anti-dsDNA autoan-
ibodies in mice with severe combined immunodeficiency
njected with PBMC from patients with SLE (55). It
hould be noted that B-cells from patients with SLE also
verproduce IL-10. On the other hand, IL-10 produced
rom monocytes but not from B-cells contributes in estra-
iol-2-mediated anti-dsDNA Ab production in human
LE (56). Testosterone on the contrary reduces anti-
sDNA production by PBMCs from patients with SLE,
hich is partly due to the inhibition of IL-6 production
y lupus monocytes (57). Addition of exogenous IL-
2p70 to lymphocytes derived from lupus patients re-
uced spontaneous polyclonal IgG production by B-cells,

s well as the number of anti-dsDNA-secreting cells. This
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ffect was directly mediated by IL-12p70 and not by
FN-� upregulation or IL-10 downregulation (58). It
ould be therefore postulated that low IL-12p70 produc-
ion by lupus monocytes may facilitate the opposite ef-
ects, ie, increased production of polyclonal IgG and anti-
sDNA autoantibodies. In addition, monocytes are the
ain producers of BlyS, a cytokine critical for the survival

nd function of B-cells that has been recently implicated
n the development of SLE (59).

B-cell hyperactivity and autoantibody production in
LE may also mirror defective regulation by regulatory
-cells (Tregs). A delicate balance of cytokines pro-
otes the differentiation of naive CD4� T-cells into
h1, Th2, and either polarized autoreactive Th17 cells
r autoimmunity-suppressing Treg cells (60) (Fig. 1).
ecause the absence of IL-12p70 leads to increased
umbers of autoreactive IL-17-producing T-helper
ells, while the presence of IL-12p70 inhibits IL-17
roduction (61), a plausible hypothesis to be explored
ould be that IL-12p70 deficiency in lupus monocytes
ontributes to the decreased function of Tregs docu-
ented in some patients with SLE (62,63). Interest-

ngly, Yan and coworkers demonstrated that Tregs
rom patients with SLE display impaired function only
n the presence of autologous antigen-presenting cells
64). Although the study did not address which partic-
lar cell type(s) suppress the function of Tregs, lupus
onocytes represent probable candidates.

ntigen-presenting
apacity of Lupus Monocytes

espite the clear in vitro experimental evidence on the
otential of monocytes to differentiate into DCs, it is a
atter of controversy whether this process occurs un-

er physiological conditions in vivo. When skin injec-
ions of Leishmania major were administered to mice, it
as shown that only monocyte-derived DCs presented
arasite antigens to T-cells (65) in the lymph nodes.
hus, there are data supporting the idea that mono-

ytes differentiate to DCs comprising a significant part
f the DC network (2,3). On the other hand, DCs but
ot Mo/M� are capable of priming naive lymphocytes

n healthy individuals, as shown by naive allogeneic
D4� T-cell proliferation in mixed lymphocyte reac-

ion (allo-MLR) experiments.
Surprisingly, monocytes derived from patients with

LE but not from healthy- or disease-control individuals
ere able to induce strong allo-MLR (66) responses re-

embling those induced by DC. Addition of lupus sera to
ormal monocytes resulted in enhanced allo-MLR, while
ormal monocytes also acquired the phenotype of DC.
he serum factor responsible for this in vitro effect was

dentified to be IFN� (66). It can be thus postulated that
nder the influence of circulating IFN�, lupus monocytes

ay acquire DC functions, ie, induce activation of naive a
-cells and stimulate B-cell growth and differentiation in
ivo.

A substantial body of evidence supports that INF type
plays an important role in the pathogenesis of SLE (23).
arly studies reported increased serum levels of IFN-I in

upus patients that correlate with disease activity. Long-
erm INF-I treatment of patients with chronic viral infec-
ions and cancer can lead to the development of SLE
anifestations. Microarray studies have shown that ISGs

n PBMC from patients with SLE are upregulated. Up-
egulation of ISGs correlates with active disease, presence
f certain autoantibodies, and an increased incidence of
enal involvement. Biesen and coworkers have recently
dentified Siglec-1 expression on monocytes as a new bi-
marker for an activated type I IFN system in patients
ith SLE (44). Moreover, Junt and coworkers showed

hat Siglec-1-positive macrophages in lymph nodes facil-
tate the recognition of particulate antigens by follicular
-cells and initiate humoral immune responses (67). In-

erestingly, the frequencies of Siglec-1-positive mono-
ytes from patients with SLE strongly correlate with
erum titers of anti-dsDNA autoantibodies (44). Mo-
ocytes from patients with SLE also express high levels of

nterferon-induced protein with tetratricopeptide repeats
that positively correlate with the presence of autoanti-

odies. Interferon-induced protein with tetratricopeptide
epeats 4 was shown to promote monocyte differentiation
o DCs in terms of morphology, phenotype, and function
68).

Apart from the influence of serum factors, lupus mono-
ytes may have an intrinsic propensity to differentiate into
C, since stimulation of lupus and normal monocytes

esults in altered patterns of differentiation under similar
xperimental settings (42,69,70). For example, when the
ifferentiation process takes place in the absence of serum
69) or in the presence of IL-10 (42), only lupus and not
ormal monocytes differentiate into preactivated DC. In-
reased expression of HLA-DR, CD9, CD69, CD80,
D151, tetraspanin, and the FN1 MHC class II epitope
n lupus monocyte-derived DC (42) suggest that these
ells may have an enhanced capability for antigen presen-
ation. It is therefore conceivable that apart from external
ignals, lupus monocytes may also display an intrinsically
ltered biology leading to an enhanced capacity to differ-
ntiate to preactivated DC under certain conditions.

Interactions between CD40 and CD40L costimula-
ory molecules are critical for antigen-presenting cell/T-
ell crosstalk. Circulating monocytes from patients with
LE display increased surface expression of CD40 (71)
nd CD40L ex vivo, both at baseline and following LPS
timulation (72,73). Because CD40 and CD40L expres-
ion is enhanced following monocyte activation and dur-
ng maturation to macrophages, spontaneous upregula-
ion of these molecules on lupus monocytes reflects either
n activated condition or an altered differentiation status

nd indicates an increased costimulatory potential.
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hagocytic Capacity of Lupus Monocytes

he “Phagocytic Synapse”

uring phagocytosis, phagocyte membrane receptors,
arget cell-associated ligands, and intermediate molecules
ooperate forming the “phagocytic synapse” (74). Recep-
ors recognized on phagocytes include the molecules
D14 (lipopolysaccharide receptor), complement recep-

ors, CD36 (thrombospondin receptor), c-mer, CD44,
nd phosphatidylserine receptor. Among structures de-
cribed on target cells that provide an “eat me” signal,
hosphatidylserine, a phospholipid normally confined to
he inner part of the membrane lipid bilayer, has been
tudied in greater detail. An increasingly wide variety of
ntermediate serum factors has been described, whose role
s to opsonize target cells creating molecular bridges be-
ween components of the target-cell and phagocyte sur-
aces. For example, C1q links the target-cell surface with
he phagocyte receptor complex CD91/calreticulin (Fig.
). Abnormalities in any part of the “phagocytic synapse”
an result in abnormal phagocytosis and clearance.

n Vitro Studies

everal in vitro studies spanning more than 3 decades
ave documented that lupus monocytes display reduced
learance of different targets (6). It was reported early on
hat factors in SLE sera cause impaired phagocytosis of
east cells by both lupus and normal macrophages (75). A
ubsequent study reported that the major underlying
echanism for this effect involved mainly complement

nd not Fc-mediated phagocytosis (76). In this study,
hough, lupus serum did not inhibit phagocytosis by nor-
al monocytes. Moreover, levels of DNA, C3, and C4 as
ell as C1q-binding activity in lupus sera did not corre-

ate with the observed defect. It was proposed that the
entral mechanism of impaired phagocytosis in SLE in-
olves intrinsic abnormalities of complement receptors
unction in lupus monocytes (76).

Fc-mediated phagocytic capacity of lupus monocytes
as also examined using IgG-sensitized erythrocytes. In-

erestingly, despite enhanced binding to the Fc receptors,
upus monocytes failed to adequately phagocytose their
argets. The authors thus proposed that dissociation of
eceptor-ligand binding and receptor-mediated internal-
zation may contribute significantly to the clearance de-
ect in SLE (77). Indeed, while impaired Fc-mediated
hagocytosis by lupus monocytes has been correlated
ith decreased expression of Fc�RII and III on the surface
f peripheral blood lupus monocytes (78), other studies
uggest that impaired phagocytosis is not due to the
mount or the membrane motility of these receptors but
ather to a defect during internalization of the target (79).

Of greater interest regarding possible mechanisms in-
olved in tolerance breakdown in SLE, reduced clearance
as furthermore documented when the target was apo-

totic cells. Studies showing impaired clearance of apo- e
totic cells have implicated all parts of the “phagocytic
ynapse.” In particular, reduced uptake of apoptotic neu-
rophils by monocytes was attributed to serum factors
80) or to impaired ability of the apoptotic neutrophils to
e recognized, ie, to provide an adequate “eat me” signal
81), while low CD44 expression on the surface of lupus
onocytes has also been implicated (82). Defective clear-

nce was also demonstrated using autologous apoptotic
ymphocytes and was shown to reflect phagocyte dysfunc-
ion and not abnormal execution of apoptosis (83). Sim-
larly, a recent study employing an appropriate flow
ytometry assay showed that while lupus monocytes bind-
ng capacity to apoptotic cells remains intact, their ability
o engulf apoptotic cells was impaired, indicating an in-
rinsic cellular defect (84). On the other hand, uptake of
poptotic Jurkat T-cells by lupus monocyte-derived mac-
ophages was intact when studied in normal serum but
as significantly decreased in the presence of lupus serum

nd was paralleled with decreased levels of C1q, C3, and
4 (85).
Overall, in vitro studies unanimously show a clearance

efect during phagocytosis in SLE. The underlying cause,
owever, is reported to stem from diverse abnormalities,
nd the intrinsic ability of macrophages to engulf their
argets was found reduced in some studies or normal in
thers. Different results may indeed reflect different
athophysiologic mechanisms in different patients with
LE, a disease characterized by heterogeneity. Of interest,
hough, and relevant to the interpretation of in vitro data
n phagocytosis are the findings of a recent study where it
as shown that the ability to internalize apoptotic cells is
ependent on contact of macrophages to other macro-
hages, a phenomenon termed “community effect” (86).
hoshan and coworkers demonstrated that in both
ealthy controls and patients with SLE, decreased macro-
hage density impairs the ability of individual macro-
hages to phagocytose. During maturation of lupus
onocytes into macrophages accelerated apoptosis was

bserved, which resulted in lower density of macrophages
n cell suspensions and reduced the ability to internalize
poptotic cells. Maintaining normal density restored the
hagocytic capacity of macrophages from patients with
LE (86). Therefore macrophage density in in vitro cul-
ures may represent a critical factor when evaluating
hagocytic capacity of Mo/M� in SLE.

n Vivo Studies: Does the Concept of Anti-
nflammatory Phagocytosis Always Apply in SLE?

efective clearance in in vitro experiments may not reli-
bly depict what happens in vivo. In a scavenger receptor
lass A knockout mouse model, scavenger receptor class A
eficient macrophages are compromised in their capacity
o engulf apoptotic thymocytes in vitro. However, no
ersistence of apoptotic cells was apparent in the thymus,

ven following induction of massive apoptosis by irradia-
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ion, suggesting that the phagocytic capacity of macro-
hages remained intact in vivo (87).
Early studies examined the half-life of radiolabeled

gG-coated erythrocytes in the blood as a measure of Fc
eceptor function in vivo (88,89). Half-lives were found
rolonged in patients with SLE and correlated with in-
reased levels of IC. It was thus proposed that defective
c-receptor function might lead to the prolonged circu-

ation of IC, thereby contributing to tissue deposition and
amage. Delayed clearance of erythrocytes was shown to
arallel reduced expression of Fc�R II and III (78). In
ddition, certain Fc�R polymorphisms appear to favor
efective phagocytosis/clearance of immune complexes
90,91), which have also been linked with an increased
isk for the development of SLE in some ethnic groups
90).

Only recently, data have emerged regarding defective
hagocytosis of apoptotic cells in patients with SLE in
ivo. The elegant work by Herrmann and coworkers
howed that while some patients with SLE display in-
reased accumulation of apoptotic cells in the germinal
enters of their lymph nodes, the number of tingible body

Table 3 Summary of Data Pointing to Aberrant Mo/M� Ac

Activated Mo/M� determine renal inflammation and injury
—Infiltrating Mo/M�:
1 Expression of activation markers (CD86, CD16, Siglec-1
1 Proliferation rate

—The extend of infiltration is prognostic
—Activated M� in lupus nephritis may have disease-specifi
—Parallel 1 of COX-2 in peripheral blood Mo and infiltrat

rather than a secondary event during renal inflammation
Elevated markers of Mo activation in the periphery
—1Serum levels of neopterin and sCD14
—Spontaneous expression of the activation-induced molec
—Expansion of CD14�/CD11� and CD14�/CD16� Mo s
—1 Production of TF
—1 Expression of Siglec-1
—1 Production of NO
Deregulation of cytokine production
—1 Production of IL-10
—1 » of IL-6
—2 » of IL-12p70
Aberrant lupus Mo secretory functions promote abnormal
—1 Production of NO ) 1 MHP and aberrant [Ca��] kin
—1 » of IL-10 and IL-6 ) anti-dsDNA Ab production by B
—2 » of IL-12p70 ) lack of inhibition of anti-dsDNA Ab p
Lupus Mo as competent antigen-presenting cells
—Peripheral blood Mo stimulate strong allo-MLR
—1 Expression of CD40
—1 » of CD40L
Inflammatory phagocytosis by lupus Mo/M�
—Increased influx of Mo, increased phagocytosis with infla

Mo, monocyte(s); M�, macrophage(s); MRP, myeloid related pro
adhesion molecule; mGCR, membrane glucocorticoid receptor; TN
acid-binding Ig-like lectin; NO, nitric oxide; MHP, mitochondrial hy

reaction.
acrophages, which usually contain engulfed apoptotic
uclei, was significantly reduced. In addition, apoptotic
aterial was observed to be directly associated with the

urfaces of follicular dendritic cells that could potentially
rovide survival signals for autoreactive B-cells (92).
Another study has recently proposed a different role for
acrophages during the clearance of apoptotic cells in

LE (93). Clearance of apoptotic cells is usually an anti-
nflammatory process, which elicits only a marginal im-

une response. Patients with SLE and normal controls
ere subjected to minimal irradiation with UBV light to

nduce production of apoptotic material. Subsequently,
iopsies of the irradiated skin from both groups were
nalyzed in parallel with biopsies obtained from cutane-
us lupus erythematosus (CLE) lesions. The clearance
ate of apoptotic cells after irradiation was similar in pa-
ients with SLE and controls, but the influx of macro-
hages in dermal and epidermal layers was significantly
ncreased in patients with SLE. Furthermore, in some
atients with SLE a dermal infiltrate developed that was
ssociated with an increased epidermal influx of T-cells
nd macrophages but not with an increased number of

n and Function in SLE

Ref.

us nephritis

-8 and 14, COX-2) (26-31)
(32-33)
(26)

ures (1COX-2) (27)
� suggests that Mo/M� activation is a primary (27)

(36-38)
AM-1 and mGCR (39,40)

s (41,42)
(43)
(44)
(45)

(50,51)
(53)
(49)

ocytes functions
in T-cells (45)

(55-57)
ction (58)

(66)
(71)
(72,73)

tory infiltrates in skin biopsies (93)

OX, cyclooxygenase; sCD14, soluble CD14; ICAM-, intercellular
mor necrosis factor �; IL, interleukin; TF, tissue factor; Siglec, sialic
arization; [Ca��], calcium concentration; MRL, mixed lymphocyte
tivatio

in lup

, MRP

c feat
ing M

ules IC
ubset

lymph
etics
-cells
rodu

mma

tein; C
F�, tu
perpol
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poptotic cells or epidermal deposition of immunoglobu-
ins. Some lesional lupus macrophages displayed inges-
ion of multiple apoptotic bodies, a process not previously
escribed. Inflammatory lesions in these patients were

ocalized near accumulations of apoptotic keratinocytes,
s was also evident in nonirradiated CLE skin lesions.
uch inflammatory lesions in the vicinity of apoptotic
ells suggest not only that anti-inflammatory phagocyto-
is may be inadequate but also that an inflammatory clear-
nce of apoptotic cells takes place both in UVB-induced
nd in CLE skin lesions in SLE patients. This study sup-
orts the hypothesis that “inflammatory” phagocytosis of
poptotic cells, ie, in the relative absence of protective
nti-inflammatory signals by Mo/M�, may play a role in
he development of SLE.

ISCUSSION

t has traditionally been held that lupus Mo/M� are de-
ective. The model of “defective” function supports the
dea that lupus Mo/M�, either overwhelmed by their en-
ironment or because of intrinsic defects, become power-
ess cells unable to perform their physiologic tasks con-
ributing in this way to disease expression (Table 1).

hile defective function of Mo/M� is encountered in
ome patients with SLE, emerging experimental data in
urine models (Table 2) and humans with SLE (Table 3)
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he perpetuation of the autoimmune phenomena. Finally, ab
amage.
bbreviations: BCR, B-cell receptor; BlyS, B-lymphocyte stim

igand; IL-, interleukin; MCH-II, major histocompatibility co
xide; TCR, T-cell receptor. (Color version of figure is availab
upport the notion that aberrant activation of the Mo/
� system could also lead to the expression of the disease.
ltered functions of these cells may play a dynamic role
ot only in the initiation of autoimmunity through ab-
ormalities in phagocytosis, but also in the perpetuation
f the disease through abnormal signals such as increased
ostimulation of autoreactive T- and B-cells and in tissue
amage (Fig. 2). Silencing or removing these “aggressive”
ells that injure the kidney, skin, and perhaps other organs
ay represent a future treatment strategy in patients with

LE. In a small series of patients, selective removal of
onocytes (and granulocytes) from the blood using an

xtracorporeal circulation system was recently applied
94) and led to clinical improvement of the disease. Better
haracterization of Mo/M� functions in SLE could pro-
ide further insight into the pathogenetic mechanisms of
he disease and broaden our horizon toward new thera-
eutic approaches.
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