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■ Abstract Interleukin-10 (IL-10), first recognized for its ability to inhibit activa-
tion and effector function of T cells, monocytes, and macrophages, is a multifunctional
cytokine with diverse effects on most hemopoietic cell types. The principal routine
function of IL-10 appears to be to limit and ultimately terminate inflammatory re-
sponses. In addition to these activities, IL-10 regulates growth and/or differentiation
of B cells, NK cells, cytotoxic and helper T cells, mast cells, granulocytes, dendritic
cells, keratinocytes, and endothelial cells. IL-10 plays a key role in differentiation and
function of a newly appreciated type of T cell, the T regulatory cell, which may figure
prominently in control of immune responses and tolerance in vivo. Uniquely among
hemopoietic cytokines, IL-10 has closely related homologs in several virus genomes,
which testify to its crucial role in regulating immune and inflammatory responses.
This review highlights findings that have advanced our understanding of IL-10 and its
receptor, as well as its in vivo function in health and disease.

INTRODUCTION

Interleukin-10 (IL-10) was first described as cytokine synthesis inhibitory factor
(CSIF) (1), an activity produced by mouse Th2 cells that inhibited activation of
and cytokine production by Th1 cells. Mouse and human IL-10 (mIL-10, hIL-10)
cDNAs were reported a short while later, along with the discovery of IL-10′s coun-
terpart Epstein-Barr virus gene, BCRF1 (viral IL-10, vIL-10) (2–4). The ability
of IL-10 to inhibit cytokine production by both T cells and NK cells was found
to be indirect, via inhibition of accessory cell (macrophage/monocyte) function
(5–8). These studies were soon extended to show that IL-10 profoundly inhib-
ited a broad spectrum of activated macrophage/monocyte functions, including
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monokine synthesis, NO production, and expression of class II MHC and costim-
ulatory molecules such as IL-12 and CD80/CD86 (9–16).

In vitro and in vivo studies with recombinant cytokine and neutralizing anti-
bodies revealed pleiotropic activities of IL-10 on B, T, and mast cells (17–22)
and provided evidence for in vivo significance of several of IL-10s in vitro activ-
ities (23–25). Inflammatory bowel disease and other exaggerated inflammatory
responses exhibited by IL-10 deficient (IL-10-/-) mice (26–28) indicated that a
critical in vivo function of IL-10 is to limit inflammatory responses. Clinical stud-
ies of IL-10 in normal subjects and several human inflammatory and autoimmune
settings are well underway (29).

This is being written at the tenth anniversary of IL-10’s discovery. Our database
searches reveal nearly 4200 reports of research involving IL-10. This chapter
emphasizes more recent developments illuminating the role of IL-10 in normal
and pathological immune responses in vivo, as well as IL-10 and IL-10 receptor
(IL-10R) structure and signalling.

IL-10 PROTEIN, GENE, AND EXPRESSION

Protein

IL-10 amino acid sequences have been derived from cloned cDNAs. The Gen-
bank database contains entries for the human (4), pig-tailed macaque, mangabey,
rhesus, and owl monkeys, lemur, mouse (2), rat (30), guinea pig, Syrian hamster,
rabbit, woodchuck, gerbil, opossum, cat, dog, cow, sheep, red deer, pig, horse,
and killer whale cytokines. The open reading frames (ORF) encode secreted pro-
teins of∼178 amino acids with rather well conserved sequences—mIL-10 and
hIL-10 are∼73% identical—consistent with anα-helical bundle structure similar
to interferons and hemopoietic cytokines (31).

Recombinant hIL-10 and vIL-10 are 17–18 kDa polypeptides that are not N-
glycosylated. Both recombinant and T cell–derived mIL-10 appear to be hetero-
geneously N-glycosylated at a site near the N-terminus (2, 32); glycosylation of
mIL-10 has no known influence on biological activity. At least one rat mono-
clonal antibody (Mab) cross-reacts with m- and hIL-10 (33). hIL-10 is active
on both mouse and human cells, whereas mIL-10 is effective only on mouse
cells.

Early studies suggested that IL-10 is dimeric (1, 34, 35). Biochemical (36) and
X-ray crystallographic analyses of hIL-10 (37–39) and vIL-10 (40) demonstrated
that IL-10 is an acid-sensitive, noncovalent homodimer of two interpenetrating
polypeptide chains, similar to interferon-γ (IFNγ ) (41). An engineered hIL-10
altered to favor monomer formation bound to the IL-10 receptor (IL-10R) and
retained biological activity, although with reduced (60-fold) affinity and 10-fold
lower specific activity in a biological assay compared to the wild-type cytokine
(42).
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Synthetic peptides derived from the IL-10 amino acid sequence were described
that appear to mimic certain IL-10 activities in vitro and in vivo (43, 44). A pep-
tide consisting of the 9 C-terminal amino acids of hIL-10 was reported to inhibit
IL-8 production and HLA-DR expression by human monocytes and TNF produc-
tion by CD8+ T cells, enhance IL-1RA production by monocytes, chemoattract
CD8+ T cells, and enhance proliferation of a murine mast cell line (MC/9) in
response to IL-4. A second peptide corresponding to hIL-10 amino acids #8–#16
also stimulated MC/9 cells but did not exhibit any other IL-10-like activities (43).
Administration of the former peptide in a rabbit model of acute lung injury re-
portedly reduced mortality and inhibited development of acute lung injury (44).
These results imply provocatively that IL-10 actions can be mimicked by small
fragments of the cytokine. As no information is yet available regarding direct in-
teraction of such peptides with IL-10R or induction of IL-10R-dependent signaling
pathways, it remains to be determined whether they act as genuine IL-10 mimics
or function indirectly, for example by facilitating endogenous IL-10 expression or
release.

The IL-10 Gene and Its Expression

The mIL-10 and hIL-10 genes are encoded by five exons on the respective chromo-
somes 1 (45, 46). Activation of IL-10 gene expression results in∼2 kb (hIL-10)
and∼1.4 kb (mIL-10) mRNAs; a∼1 kb mRNA was also seen in a mouse Th2
clone (2, 4). IL-10 can be expressed by a variety of cells, usually in response to an
activation stimulus; clearly its expression is regulated by different mechanisms in
different cell types, such as T cells and monocytes/macrophages (reviewed in 47).
Recent work has shown that, in contrast to many other cytokines, IL-10 transcrip-
tion can be regulated by transcription factors Sp1 and Sp3, which are expressed
constitutively by many different cell types (48, 49). Combined with control of
IL-10 mRNA stability at the posttranscriptional level (50), this suggests that the
IL-10 gene is transcribed to some degree constitutively and subject to control
by alteration of posttranscriptional RNA degradation mechanisms. This situation
under some circumstances may facilitate more rapid control of IL-10 expression
than can be achieved just by activation of transcription. In this regard we note that
a transient, massive IL-10 release attributed to liver macrophages was reported
during liver transplantation (51).

Several polymorphisms have been noted in the human IL-10 gene 5′-flanking
sequence. They include two areas of multiple (CA)n repeat microsatellite poly-
morphisms∼1.2 kb and∼4 kb upstream of the transcription start site and three
linked point mutations at−1082(G/A),−819(C/T), and−592(C/A) (52, 53). Al-
though the IL-10 promoter has not been completely defined, these polymorphisms
are presumed to lie within the promoter region. Indeed, a correlation of particu-
lar microsatellite polymorphisms with LPS-induced IL-10 secretion by PBMC in
vitro (presumably mostly from monocytes) was reported (54); the−1082(G) allele
was associated with higher ConA-induced IL-10 production (likely both T cells
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and monocytes) (55). While individual variation was considerable, these trends
were statistically significant.

Possible linkage of IL-10 promoter haplotypes to disease susceptibility or sever-
ity has been reported. Perhaps the strongest association is for systemic lupus
erythematosus (SLE), where high IL-10 expression (56, 57), and the correspond-
ing IL-10 alleles (58), have been suggested to play a causal or exacerbatory role
(59–61). To what extent high IL-10 expression actually contributes to or is just a
consequence of the disease is unclear. However, healthy relatives of lupus patients
also exhibit elevated IL-10 expression (57, 62), suggesting that high IL-10 levels
may predispose to disease and precede onset. A recent study also indicated a 40-
fold increased risk for developing SLE in individuals who have particular alleles
of both the IL-10 and bcl-2 genes (63). One of the lupus susceptibility loci in the
New Zealand mouse is near IL-10 on chromosome 1 (64), and an IL-10 promoter
polymorphism in this strain has been noted (65).

Genetic predisposition to high IL-10 expression is also associated with a higher
rate of mortality in meningococcal disease (66). Chronically infected hepatitis C
patients who are genetically predisposed to high IL-10 production were reportedly
less likely to benefit from IFNα therapy (67).

Genes Related to IL-10

Recent studies identified cellular genes encoding proteins with weak (<30%) ho-
mology but unmistakeable structural relationship to IL-10. A Herpesvirus saimiri-
induced gene, AK155, is encoded on human chromosome 12q15 near the IFNγ

locus and is also expressed at low levels by uninfected T cells (68). Mouse T cells
also express an IL-9-inducible cytokine-like molecule, IL-TIF (69), the human
version of which (70) has also been termed IL-22 (71). The mouse mob-5 gene is
induced by oncogenic ras expression (72) and encodes a secreted protein related
to IL-10 and to the rat C49a (73) and human mda-7 (74–76) proteins.

The biological activities of these IL-10-related proteins are not well charac-
terized. AK155 has no known function. IL-TIF/IL-22 activated Stat1, Stat3, and
Stat5 in mesangial and neuronal cell lines (69), a renal carcinoma, and colon, and it
may inhibit to some degree IL-4 production by Th2-polarized human T cells (71).
IL-TIF/IL-22 enhanced production of acute-phase reactants in the HepG2 cell
line and in mouse liver in response to IL-TIF/IL-22 injection (70). The receptor
for IL-TIF/“IL-22” appears to consist of IL-10R2/CRF2-4 and a novel IFNR fam-
ily member termed “IL-22R;” both subunits are required for signal transduction
(70, 71). Although both receptor subunits detectably bind IL-TIF/IL-22, the rel-
ative ligand affinities of these IL-22R subunits and their combination are not yet
known (71).

Mob-5 may be the mouse homolog of rat C49a and human mda-7, and as
such it could share the latter’s reported ability to inhibit growth of and induce
apoptosis in certain tumor cells and cell lines by an unknown mechanism (74–76).
However mob-5 is a secreted protein, whereas mda-7 was reportedly expressed
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intracellularly. The biological functions of these and potentially other relatives of
IL-10 thus remain to be established.

Viral IL-10 Genes

IL-10 gene homologs have been found in the Epstein-Barr virus (EBV), equine
herpes virus type 2 (EHV2), poxvirus Orf, and human cytomegalovirus genomes
(2, 4, 77–79). Except for cytomegalovirus IL-10 (cmvIL-10), conservation of
amino acid sequence between the viral and host cellular IL-10 (cIL-10) proteins is
striking: the mature hIL-10 and EBV viral IL-10 (vIL-10) amino acid sequences
are 84% identical, and most differences occur in the N-terminal 20 amino acids.
Not unexpectedly, nearly all anti-hIL-10 antibodies–and ELISA assays utilizing
them–cross-react with vIL-10 (10, 80, 81). Likewise, the EHV2 and Orf IL-10
homologs differ most from cellular IL-10s in the N-terminal region. vIL-10 is a
17-kDa nonglycosylated polypeptide that is expressed during the lytic phase of
virus infection (82, 83) and exhibits only a subset of cIL-10 activities in vitro and
in vivo (4, 5, 18, 19, 47, 81, 84–86), which as discussed later, implies the existence
of distinct IL-10R complexes and/or signal transduction mechanisms on vIL-10-
responsive and vIL-10-nonresponsive cells.

cmvIL-10 has several unique features among viral IL-10s. First, it is only 27%
identical to hIL-10, in contrast to the much closer similarity exhibited by EBV
vIL-10. Nonetheless, cmvIL-10 binds to and signals via the IL-10R complex
(79). In addition, the cmvIL-10 gene has conserved the positions of introns 1
and 3 of hIL-10, while the other vIL-10s lack intervening sequences. These
observations support the notion that vIL-10s represent captured cIL-10 genes,
which then evolved to suit requirements of each particular virus’ interaction with
the host.

THE IL-10 RECEPTOR AND IL-10 SIGNALING

IL-10R Structure and Expression

The IL-10 receptor is composed of at least two subunits that are members of the
interferon receptor (IFNR) family.

IL-10R1 The ligand-binding subunit (IL-10Rα, IL-10R1) binds cIL-10 with
high affinity (Kd ∼35–200 pM) (33, 34, 81, 87). Its affinity for vIL-10 is at least
1000-fold lower (42, 81, 88). Cross-linking studies with35S-Met- or125I-hIL-10
and immunoprecipitation data indicated a molecular size of 90–120 kDa for IL-
10R1 (33, 34, 81, 87), consistent with N-glycosylated hIL-10R1 and mIL-10R1
proteins of 578 and 576 amino acids, respectively (60% homologous). Consistent
with the observed species-specificity of IL-10, mIL-10R1 binds both mIL-10 and
hIL-10, while hIL-10R1 does not bind mIL-10. mIL-10R1 encoded by mast cell
and macrophage-derived cDNAs were identical, even though these cells respond
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differently to cIL-10 and vIL-10 (87). IL-10R1 mRNA was detected in all IL-
10-responsive cells tested, and neutralizing anti-IL-10R1 monoclonal antibodies
(Mabs) blocked all known cIL-10 and vIL-10 activities (33, 81, 87, 89); thus IL-
10R1 is required for responses to both cIL-10 and vIL-10. The hIL-10R1 gene
maps to chromosome 11q23.3 (33, 90).

Although there are no reports of detection of soluble IL-10R1 (sIL-10R1) in
vivo, recombinant sIL-10R1 has been expressed (81, 89, 91). High shIL-10R1
concentrations relative to ligand exhibited antagonist activity in vitro (81, 91).
hIL-10/shIL-10R1 complexes can be multimeric, consisting of up to two ligand
dimers bound to as many as four shIL-10R1 molecules (42, 91). Consistent with
this, we have observed that at low sIL-10R1:IL-10 ratios, sIL-10R1 can potentiate,
rather than inhibit IL-10 activity (Y Liu, S H-Y Wei, & KW Moore, unpublished).

Model studies (39) based on the likely related structure of the IFNγ /sIFNγ R1
complex (41) suggested that the regions of IL-10 likely involved in contact with
IL-10R1 were the N-terminus, helix A, the AB loop, part of helix B, and the C-
terminal helices E/F. Epitope and peptide mapping data generally supported this
picture (92). The altered sequence and structure of the vIL-10 N-terminus (40)
suggest impaired IL-10R1 interaction in this region and are consistent with the
dramatically lower affinity of vIL-10 for IL-10R1 (81).

IL-10R1 is expressed by most hemopoietic cells, although generally at measured
levels of only a few hundred per cell (33, 34, 81, 87, 93). IL-10R1 expression on
T cells is downregulated by activation at both the mRNA (33) and protein levels;
in contrast, activation of monocytes is associated with upregulation of IL-10R1
expression (R dW Malefyt, KW Moore, unpublished), consistent with IL-10’s role
as an inhibitory factor for these cells.

IL-10R1 expression has been observed on nonhemopoietic cells as well, al-
though it is more often induced rather than constitutive. For example, IL-10R1
expression was induced in fibroblasts by LPS (94), and in epidermal cells or ker-
atinocytes by glucocorticoids, a leflunomide metabolite, or dihyroxy-vitamin D3
(95–97). Constitutive IL-10R1 expression by placental cytotrophoblasts (98) and
colonic epithelium (99, 100) has been described.

IL-10R2 Like IFNγ R (101) and IFNαβR (102), IL-10R utilizes an accessory
subunit for signaling, IL-10R2 (IL-10Rβ). IL-10R2 was originally described as
orphan IFNR family member CRFB4/CRF2-4 located in the IFNR gene complex
on chromosome 21 (human) and 16 (mouse) (103–105). Several lines of evidence
support IL-10R2’s role in the IL-10R complex. First, hIL-10R2 complements
defective hIL-10R1 signaling in transfected hamster cell lines and can be cross-
linked to and coprecipitated with IL-10/IL-10R1 in IL-10-responsive cells (106).
Moreover, IL-10R2−/− mice, like IL-10−/− animals, develop chronic severe
enterocholitis, and cells from these mice are unresponsive to IL-10 (107) (however,
presumably IL-TIF/IL-22 functions are also impaired in IL-10R2−/− mice).
Finally, anti-hIL-10R2 Mabs block IL-10 responses (Y Liu, KW Moore, R dW
Malefyt, unpublished). IL-10R2 contributes little to IL-10-binding affinity; its
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principal function appears to be recruitment of a Jak kinase (Tyk2) into the signaling
complex (106, 107) (see below). Thus, in studies utilizing IFNγ as ligand and a
hybrid receptor containing the extracellular domain of IFNγ R1 and cytoplasmic
signaling domain of IL-10R1, the accessory subunit functions required to generate
the expected array of “IL-10” responses could be provided by IFNγ R2 (108).

IL-10R2 is constitutively expressed in most cells and tissues examined
(103, 105), and we have found no evidence for significant activation-associated
regulation of IL-10R2 expression in immune cells (KW Moore, R dW Malefyt,
unpublished). Thus, any stimulus activating IL-10R1 expression should suffice to
render most cells responsive to IL-10.

IL-10R Signal Transduction

IL-10 and the Jak/stat System Because of widespread interest and reagent avail-
ability, the best characterized IL-10 signaling pathway is the Jak/stat system. The
IL-10/IL-10R interaction engages the Jak family tyrosine kinases Jak1 and Tyk2
(109, 110), which are constitutively associated with IL-10R1 (A Mui, HY Wei,
KW Moore, unpublished) and IL-10R2 (106) respectively. IL-10 induces tyrosine
phosphorylation and activation of the latent transcription factors stat3, stat1, and
in nonmacrophage cells, stat5 (109, 111–113).

Recent studies, both in vitro and in gene-deficient mice, have linked the bi-
ology of IL-10 to IL-10 signaling molecules and pathways. Macrophages from
Jak1−/− mice do not respond to IL-10 (114), which indicates that Jak1 plays an
obligatory early role in IL-10 signaling. Stat3 is also implicated strongly as a
key mediator of IL-10 responses. Stat3 is recruited directly to the IL-10/IL-10R
complex via either of two tyrosine residues in the IL-10R1 cytoplasmic domain
that become phosphorylated in response to IL-10 (113) and are required for IL-10
signalling (89, 108, 110). Overexpression of a dominant negative stat3 mutant or
an inducibly active form of stat3 demonstrated that stat3 activation was both neces-
sary and sufficient to mediate inhibition of macrophage proliferation by IL-10 (89),
at least in part via enhancement of expression of the cell cycle inhibitors p19INK4D

and p21CIP1 (115). In contrast, the stat3 mutant did not detectably impair IL-10’s
ability to inhibit LPS-induced monokine production (the “anti-inflammatory” ac-
tivity of IL-10), nor did the inducibly active form of stat3 itself effect inhibition of
acitivation-induced monokine synthesis. These observations suggest that inhibi-
tion of macrophage proliferation and monokine production by IL-10 are governed
by two distinct signaling pathways, the former requiring stat3 (89).

Recent data refined this picture. “Conditional knockout” mice, in which stat3
expression was abolished in macrophages and neutrophils, develop chronic ente-
rocholitis, and their macrophages are completely refractory to the effects of IL-10
(108, 116). These observations seem to conflict with those of O’Farrell et al. (89),
however the latter’s “dominant negative” stat3 mutant likely lacks only the tran-
scription factor activity of stat3, while other possible functions, such as that of a
docking molecule that could recruit other proteins to the IL-10R complex, may
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remain intact. Moreover, it appears that activation of stat3, while necessary for
the anti-inflammatory action of IL-10, is not sufficient: a C-terminal∼15 amino
acid segment of IL-10R1, along with stat3, plays a key functional role in inhibi-
tion of macrophage activation by IL-10, but not in other IL-10 functions (108).
Thus, the current picture regards stat3 as indispensible for IL-10 signaling in all
IL-10-responsive cells, but one or more additional pathway(s) must be activated
to effect inhibition of macrophage activation by IL-10.

In contrast to stat3, the roles of stat1 and stat5 in IL-10 biology and signal
transduction remain unclear. Stat1 and stat5 do not appear to interact directly with
the IL-10/IL-10R complex (113), and overexpression of dominant negative stat1
or stat5 did not block IL-10’s effects on a macrophage cell line (89). Moreover,
macrophages from stat1−/− mice remain responsive to IL-10 (117), although a
detailed characterization of their IL-10 responses has not been reported. Fur-
thermore, since the bulk of IL-10 signaling studies have been carried out using
monocytes/macrophages, T cells, and B cells, it is possible that less understood
IL-10 signaling pathways play prominent roles in other cells. For example, IL-
10 has a number of effects on neutrophils but induces little Fcγ RI expression or
detectable stat1 or stat3 activation in these cells (118, 119).

How does IL-10 signaling via the Jak/stat pathway result in inhibition of
macrophage activation? A recent report (120) showed that IL-10’s inhibition
of IFN-induced gene transcription (IP-10, ISG54, ICAM-1) in human mono-
cytes correlates with an observed inhibition by IL-10 of IFN-induced stat1 ac-
tivation and tyrosine phosphorylation (120, 121). The latter inhibition diminished
at higher IFN concentrations relative to IL-10, suggesting competing or interact-
ing IL-10- and IFN-induced intracellular mechanisms, the relative strengths of
which determine the degree of stat1 activation and IFN-induced gene transcrip-
tion. Moreover, IL-10 rapidly induced transcription of SOCS3 (120, 122), which
in some cells is a stat3-regulated gene (123). Whether IL-10-induced SOCS3
provides mainly negative feedback regulation of IL-10 signaling itself or also
contributes significantly to IL-10’s inhibition of the IFN response remains to be
determined.

Other IL-10 Signaling Pathways Consistent with its ability to inhibit macro-
phage activation and monokine production, IL-10 inhibits NFκB activation in
response to stimuli in vitro (124–128). Inhibition of NFκB activation in CD3+ T
cells was also reported although it appears to be indirect, via the accessory cell
(129). The in vitro data correlated with in vivo observations (130, 131), although
in vivo effects may be direct or indirect. Mechanism studies revealed that IL-
10 inhibits NFκB activation at least two different ways: by inhibiting activation
of IκB kinase–similar to salicylate (132)–and by inhibiting NFκB DNA binding
activity (the latter mechanism is not understood) (125).

However, it was also reported that IL-10 activates AP-1 and NFκB in CD8+ T
cells (133). This finding, while in contrast to IL-10’s effects on macrophages and
CD4+ T cells, is nonetheless consistent with IL-10’s ability to promote growth,
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differentiation, and cytotoxic activity of both CD8+ T cells and NK cells (8, 21,
134–139), and it suggests significant differences in the responses of CD4+ and
CD8+ T cells to IL-10.

IL-10 induced Bcl-2 expression in CD34+ progenitors and germinal center B
cells (140, 141), consistent with its growth-cofactor activity on such cells. IL-10
also activated c-fos expression in human B cells (142). In monocytes, IL-10 acti-
vated p85 PI3- and p70 S6 kinases, although specific blockade of these pathways
affected only the proliferation-regulating but not anti-inflammatory activities of
IL-10 (143).

Activation of the raf/ras/MAP kinase cascade does not occur in response to
IL-10 and may be inhibited in some cases (144–146). In this light it is unlikely
that IL-10 on its own could sustain long-term cellular proliferation; rather it would
act as a viability-enhancing or growth cofactor cytokine (110).

BIOLOGICAL ACTIVITIES OF IL-10

Effects of IL-10 on Monocytes, Macrophages,
and Dendritic Cells

IL-10 modulates expression of cytokines, soluble mediators and cell surface mole-
cules by cells of myeloid origin, with important consequences for their ability to
activate and sustain immune and inflammatory responses. The effects of IL-10 on
cytokine production and function of human macrophages are generally similar to
those on monocytes, although less pronounced (147–153).

IL-10 potently inhibits production of IL-1α, IL-1β, IL-6, IL-10 itself,
IL-12, IL-18, GM-CSF, G-CSF, M-CSF, TNF, LIF and PAF by activated mono-
cytes/macrophages (10, 11, 154–156). The inhibitory effects of IL-10 on IL-1 and
TNF production are crucial to its anti-inflammatory activities, because these cy-
tokines often have synergistic activities on inflammatory pathways and processes,
and amplify these responses by inducing secondary mediators such as chemokines,
prostaglandins, and PAF.

IL-10 also inhibits production of both CC (MCP1, MCP-5, Mip-1α, Mip-1β,
Mip-3α, Mip-3β, Rantes, MDC) and CXC chemokines (IL-8, IP-10, MIP-2, KC
(Gro-α) by activated monocytes (152,157–159). These chemokines are implicated
in the recruitment of monocytes, dendritic cells, neutrophils, and T cells. Thus,
IL-10 inhibits expression of most inducible chemokines that are involved in in-
flammation. Moreover, IL-10 thereby has the ability to affect both Th1 and Th2
responses: IP-10 is induced by IFNγ and attracts Th1 cells, and MDC is induced
by IL-4 and attracts Th2 cells. IL-10 upregulates expression of the fMLP receptor,
the PAF receptor, CCR1, CCR2, and CCR5 on monocytes, making these cells
more responsive to chemotactic factors (160–162) and monocytes more suscepti-
ble to HIV infection (160, 161). In contrast, IL-12 inhibits CCR5 expression by
monocytes (163).
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IL-10 not only inhibits production of these effectors, but in addition, enhances
expression of their natural antagonists. IL-10 enhanced production of interleukin-1
receptor antagonist (IL-1RA) and soluble p55 and p75 TNFR (164–167), and it
inhibited expression of IL-1RI and IL-1RII (10, 168, 169) by activated monocytes,
indicating that IL-10 not only deactivates monocytes but also induces production of
anti-inflammatory molecules. In addition, the chemokine HCC4 is strongly upreg-
ulated by IL-10 in monocytes and is a chemoattractant for monocytes (170). This
would suggest that HCC4 has an anti-inflammatory role, possibly by recruitment of
monocytes and macrophages in the resolving phase of an inflammatory response.
Moreover, pretreatment of monocytes with MCP1–4 suppressed production of
IL-12p70 by inducing endogenous IL-10 production, providing further evidence
for interactions between IL-10 and chemokines to regulate inflammation (171).
These findings fit with a novel paradigm in which chemokines and chemokine
receptors are oppositely regulated by pro- and anti-inflammatory mediators, in-
cluding IL-10 and TGFβ (161, 172).

Both transcriptional and posttranscriptional mechanisms have been implicated
in the inhibitory effects of IL-10 on cytokine and chemokine production (9, 127,
173, 174). IL-10 regulates production of certain cytokines, such as Gro-α (KC),
by destabilizing mRNA via AU-rich elements in the 3′-UTR of sensitive genes
(175, 176). IL-10 also enhances IL-1RA expression via inhibition of mRNA degra-
dation (177).

IL-10 inhibited production of prostaglandin E2 (PGE2), through downregula-
tion of cyclooxygenase 2 (COX-2) expression (178–180). This also affected ex-
pression of matrix metalloproteinases, which are regulated by a PGE-cAMP path-
way (180). Consequently, IL-10 inhibited the ability of monocytes/macrophages to
modulate extracellular matrix turnover through its inhibitory effects on the produc-
tion of gelatinase and collagenase (MMP2/MMP9), and also its ability to enhance
production of tissue inhibitor of metalloproteinases (TIMP) and hyaluronectin,
which binds and inhibits angiogenic- and migration-promoting activities of hyalu
ronic acid (180–184).

IL-10 inhibited expression of MHC class II antigens, CD54 (ICAM-1), CD80
(B7), and CD86 (B7.2) on monocytes, even following induction of these molecules
by IL-4 or IFNγ (5, 12, 185, 186), through a posttranscriptional mechanism involv-
ing inhibition of transport of mature, peptide loaded MHC class II molecules to
the plasma membrane (187). Downregulated expression of these molecules sig-
nificantly affected the T cell–activating capacity of monocyte APC (5–7).

IL-10 enhanced expression of CD16 and CD64 Fcγ R on monocytes (154, 188,
189) but downregulated the expression of IL-4-induced CD23 (FcεRII) (190). Up-
regulation of CD64 correlated with enhanced antibody-dependent cell-mediated
cytotoxicity (ADCC) (188). Upregulation of Fcγ R expression by IL-10 correlated
with an enhanced capacity of monocytes/macrophages to phagocytose opsonized
particles, bacteria, or fungi (191, 192), although IL-10 reduced the ability of the
cells to kill the ingested organisms by decreasing the generation of superoxide an-
ion (O2

−) and nitric oxide (NO) (9, 13, 193–198). The inhibitory effects of IL-10
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on production of NO by mouse macrophages occurred by an indirect mechanism
involving inhibition of endogenous cytokine (TNF, IFNγ ) synthesis (14, 199). In-
terestingly, ligation of CD23 or CD64 induced expression of IL-10 by monocytes,
which was active in suppressing inflammation (200, 201). These results suggest
that a regulatory loop exists whereby IL-10 (or IFNγ ) upregulates CD64 expression
and subsequent CD64 ligation leads to enhanced IL-10 production, which inhibits
the inflammatory response. This has indeed been demonstrated by induction of
peripheral tolerance to an aggregated encephalitogenic proteolipid protein–Ig fu-
sion in a model of EAE, resulting in IL-10 production and amelioration of disease
(202).

Thus, IL-10 inhibits cytokine, chemokine, and PGE2 production (178, 179), and
antigen presentation. IL-10 also downregulates expression of TLR4, the signal-
transducing receptor for LPS (203), and enhances expression of CD14, CD16,
CD64, and CD163, a scavenger receptor that is downregulated by LPS, IFNγ and
TNF (204). Collectively these observations indicate that IL-10 induces differenti-
ation of a macrophage-like cell that limits ongoing immune responses and inflam-
mation, and contributes to clearance of the infection via enhanced phagocytosis.

Effects of IL-10 on Dendritic Cells

Mouse and human dendritic cells (DC) are defined by their ability to activate and
prime na¨ıve resting T cells and initiate an immune response. However, different
DC subsets have been described, and in vitro culture methods to obtain cells with
characteristics closely resembling their in vivo counterparts were developed using
either human CD34+ stem cells or monocytes or rodent bone marrow (205).

When considering the effects of IL-10 on DC, it is important to note that
mouse and human DC populations are not necessarily equivalent between species.
Earlier work showed that IL-10 inhibited production of IL-12 and expression of
costimulatory molecules by various types of DC (206–210), which correlated
with its ability to inhibit primary alloantigen-specific T cell responses (211, 212).
Recently, these observations have been extended and, in general, have shown that
IL-10 treatment of DC can induce or contribute to a state of anergy in allo-antigen-
or peptide-antigen- activated T cells (213–218). In addition, treatment of DC/T cell
cocultures with glucocorticosteroids, vitamin D3, prostaglandins, or IFNα resulted
in IL-10-producing T cell populations with either Th2 or Tr1 characteristics (219–
224). Whether in these experiments such agents act on DC, on the T cell, or both
remains unclear.

Culture of human monocytes with GM-CSF and IL-4 for 6 days induces a
population of immature DC that can be activated by LPS, CD40 ligand, or TNF to
mature into highly efficient APC that secrete IL-12 and induce differentiation of
naı̈ve T cells to Th1 cells. Addition of IL-10 during culture with GM-CSF and IL-4
or at the activation step inhibits generation and maturation of monocyte-derived
DC. Instead, as observed with monocytes cultured in the absence of GM-CSF and
IL-4, IL-10 induced differentiation of these immature DC into macrophage-like
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cells that expressed reduced levels of costimulatory molecules and MHC class II,
did not produce IL-12, and exhibited enhanced phagocytosis (225–227). Increased
expression of MCSF and MCSFR, as well as defined effects on expression of signal-
transducing molecules, accompany these changes (145, 228). In contrast, IL-10
did not affect mature monocyte-derived DC; these cells may have lost IL-10R1
expression (KW Moore, R deW Malefyt, unpublished) in a way similar to fully
differentiated DC from rheumatoid synovium (229).

IL-10 also affects lymphoid or plasmacytoid DC, defined in the human sys-
tem by expression of IL-3R, CD4, and lack of CD11c. These cells produce large
amounts of IFNα following activation by virus, and they differentiate in vitro with
IL-3 and CD40L into “DC2” cells that can support differentiation of Th2 cells pro-
ducing IL-10. IL-10 induced apoptosis of freshly isolated or cultured plasmacytoid
DC (230), which could account for reduced production of IFNα observed follow-
ing treatment of virus-activated PBMC with IL-10 (231). Interestingly, this DC
population is enhanced in GCSF- or Flt-3 ligand-mobilized blood and, through
its priming capacity for IL-10-producing Th2 cells, could contribute to preven-
tion of GvHD and graft acceptance in peripheral blood stem cell transplantation
(232, 233). The mouse DC population that has been designated lymphoid DC is
defined by expression of CD8α. Interestingly, these cells produce IL-10 and can
efficiently inhibit tumor antigen-specific responses induced by CD8- DC (234).

Different DC populations producing IL-10 have been identified from Peyer’s
patches and liver; these populations are associated with development of either
Th2 responses or hyporesponsiveness (235, 236). In contrast, human DC derived
from CD34+ stem cells as well as mature Langerhans cells do not produce IL-10,
although CD14+ DC that are equivalent to CD11c positive cells do produce IL-10
(237–240). In general, the effects of IL-10 on DC are consistent with inhibi-
tion of Th1 inflammatory responses and can be achieved by inhibitory effects on
“inflammation-inducing DC” or by induction of anti-inflammatory T cell popula-
tions by IL-10-producing DC.

Effects of IL-10 on Neutrophils

LPS, LPS plus IFNγ or TNF, opsonized yeast, or the MP-F2 manno-protein frac-
tion of Candida albicansvariously induce production of TNF, IL-1α/β, IL-8,
IL-12p40, GROα, MIP1α/β, MIG, ITAC and IP10 by neutrophils; this cytokine
and chemokine production is inhibited by IL-10 (177, 241–245). The inhibitory
effects of IL-10 on cytokine and chemokine production were delayed, observed
only from 2 h post-stimulation onward, and at least for LPS-induced production
of chemokines were dependent on the inhibitory effects of IL-10 on endogenous
TNF and IL-1β production (119, 241, 242). IL-10 also attenuated production of
other inflammatory mediators such as platelet activating factor (PAF) (246).

Contradictory findings have been reported concerning the effects of IL-10 on
prostaglandin (PG) production by PMN. LPS, TNF, and IL-1β induce expression of
cyclooxygenase 2 (COX-2). Niiro et al. reported a reduction of COX-2 expression
by IL-10, but others failed to confirm this (247, 248). In the same studies, Niiro
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et al. described effects of endogenously produced IL-10 by PMN, whereas others
failed to demonstrate IL-10 production by human neutrophils (249, 250). It is
possible that PMN populations used by Niiro were contaminated by monocytes.
It is also controversial whether IL-10 can directly inhibit generation of superoxide
anion production and the respiratory burst or whether it regulates the enhancing
effects of IFNγ on these processes (119, 251, 252).

However, in vivo, IL-10 suppressed killing of phagocytosed bacteria, and neu-
tralization of endogenous IL-10 led to enhanced survival in murine models of
Klebsiella pneumoniae, Streptococcus pneumoniae, andMycobacterium avium
infections (253–255). Furthermore, IL-10 inhibited phagocytosis ofE. coliand at-
tenuated neutrophil microbicidal activity toward internalized bacteria (256), which
correlated with a reduction in CR3 expression. Interestingly, in contrast to human
monocytes, IL-10 did not induce expression of CD64 (Fcγ RI) on neutrophils and
did not modify ingestion of IgG-coated SRBC, C3-coated zymosan particles, or
Candida, although inhibition of ADCC by IL-10 has been described (118, 252).
As noted above, the absence of CD64 modulation correlated with the lack of stat1
and stat3 phosphorylation in freshly isolated neutrophils by IL-10 (118, 122).

As for monocytes, IL-10 enhanced production of IL-1RA by neutrophils
(177, 257). Together with the inhibitory effects on IL-1α/β production, this re-
sulted in a significant shift in the IL-1α/β:IL-1RA ratio and diminished the proin-
flammatory effects of IL-1. These inhibitory effects of IL-10 on cytokine and
chemokine production are responsible for the observed reduction of neutrophil
migration in IgG complex-induced lung injury and LPS- or antigen-induced pul-
monary inflammation (258–262).

IL-10 does not directly affect the spontaneous rate of human neutrophil apop-
tosis (263). However, whether LPS- or cytokine-induced survival of neutrophils
and eosinophils is inhibited by IL-10 is controversial (245, 249, 260, 264).

Inhibition by IL-10 of production of chemokines, proinflammatory cytokines,
and mediators of granulocyte survival no doubt helps to limit the duration and
harmful pathology of inflammatory responses.

Effects of IL-10 on B Cells and Immunoglobulin Production

IL-10 enhanced expression of MHC class II antigens and survival of resting mouse
B cells (18), and it inhibited motility and IL-5-induced antibody production against
thymus-independent type I and II antigens (produced by B-1 cells) (265–267);
serum immunoglobulin levels and development of B-1 cells were nonetheless
normal in IL-10−/− mice (26). Furthermore, inflammatory bowel disease (IBD)
that develops in IL-10−/− mice is not dependent on B cells (268), as the incidence
and severity of the disease is not altered in IL-10−/− × Igµ−/− mice. Studies
involving administration of IL-10 protein, IL-10 gene delivery, IL-10 transgenic
mice, or inhibition of IL-10 production by neutralizing mAbs or gene targeted
animals all suggest that the in vivo role of IL-10 in murine B cell function is
limited (269–271). A notable exception is the delayed onset of autoimmunity in
lupus-prone NZB mice treated with anti-IL-10 Mab (25); however, it is not clear
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whether IL-10 directly affects B cells or instead acts on underlying autoimmune
mechanisms that induce disease onset.

IL-10’s effects on survival, proliferation, and differentiation of human B cells
have been more extensively studied. IL-10 enhanced survival of normal human
B cells (depending on their activation state), which correlated with increased ex-
pression of the anti-apoptotic protein bcl-2 (140, 272). IL-10 also induced hTERT
expression and upregulated telomerase activity in B cells activated by anti-IgM
(273). IL-10 is a potent cofactor for proliferation of human B cell precursors and
mature B cells activated by anti-IgM, SAC, or CD40 cross-linking (20, 274). This
IL-10-induced proliferation of activated B cells was further enhanced by both IL-2
and IL-4, which in the case of IL-2 correlated with IL-10-enhanced expression of
the high-affinity IL-2 receptor on B cells (275).

B cell–derived and exogenous IL-10 affected B cell differentiation and isotype
switching (276). Isotype-committed B cells, activated by SAC or anti-CD40 Mabs,
produced large amounts of IgM, IgG1-3, and IgA in the presence of IL-10, and of
IgG4 and IgE in the presence of both IL-10 and IL-4 (20, 277–280). Anti-CD40
and IL-10 stimulation of sIgD+ naive B cells also resulted in production of IgD,
IgM, IgG1-3, and IgA (281–283), and it was shown that IL-10 is a switch factor for
IgG1, IgG3 (284), and in combination with TGFβ, for IgA1 and IgA2 (281, 285).
Interestingly, in PBMC cultures, IL-10 enhanced IgG4 production, possibly by po-
tentiating IL-4-induced IgG4 switching, and inhibited IgE production when added
at the onset of culture, providing evidence that under certain conditions, it can
differentiatially modulate IgG4 and IgE responses (277, 286). Long-term culture
of B cells stimulated by either anti-CD40, activated T cells or follicular dendritic
cells, and IL-10 resulted in differentiation of B cells into plasma cells (287–289)
and IL-10 acted synergistically with CD27/CD70 signals to induce plasma cell
differentiation from CD27+ memory B cells (290).

The effects of IL-10 on B cell function suggest its therapeutic use in at least
two indications. IL-10 may enhance Ig production or isotype switching in pa-
tients suffering from common variable immunodeficiencies (CVI). IL-10 induced
production of IgA by anti-CD40 activated B cells of patients suffering from IgA-
deficiency, although no defects in IL-10 production were observed in these patients
(291). In addition, IL-10 and CD40 activation induced IgG production by X-linked
hyper-IgM-syndrome patients (292). Secondly, antagonists of IL-10 could be use-
ful in treatment of antibody-mediated autoimmune diseases such as systemic lupus
erythematosus (SLE). Indeed, positive correlations were demonstrated between
serum IL-10 levels and severity of disease, and between the production of IL-10
and auto-antibodies by SLE patients’ B cells (56, 293–296); anti-IL-10 treatment
of SLE patients ameliorated disease in a pilot trial (297).

Direct Effects of IL-10 on T Cells

IL-10 strongly inhibited cytokine production and proliferation of CD4+ T cells
and T cell clones via its downregulatory effects on APC function (5, 6). IL-10 also
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directly affects the function of T cells and inhibits IL-2, TNF, and IL-5 production
depending on activation conditions (17, 298, 299) as well as expression of CXCR4
and chemotaxis in response to the CXCR4 ligand SDF1 (300). In contrast, IL-10
has stimulatory effects on CD8+ T cells and induces their recruitment, cytotoxic
activity, and proliferation (135, 136, 138, 301). Stimulatory activities of IL-10 on
mouse T cells were also described where it acts as a thymocyte growth factor and
augments outgrowth of cytotoxic T cell precursors (19, 21).

Interestingly, activation of T cells in the presence of IL-10 can induce nonre-
sponsiveness/anergy, which cannot be reversed by IL-2 or stimulation by anti-CD3
and anti-CD28 (213). A role for IL-10 in induction and maintenance of nonre-
sponsiveness or anergy was suggested by studies of anti-tumor cell responses,
uv-induced tolerance, hapten-specific tolerance, parasitic and HIV infections, and
superantigen-induced hyporesponsiveness (86, 302–309); such anergy can be in-
duced by specifc immunotherapy (310) or by continuous antigenic challenge in
vivo (311). IL-10-mediated anergy can be associated with induction of a pop-
ulation of regulatory T cells that produce high levels of IL-10 and can suppress
antigen-specific responses in vivo and in vitro (312–320) as is discussed later.

Biological Functions of EBV vIL-10

EBV vIL-10 mimics several activities of IL-10, including CSIF/macrophage deac-
tivating factor activity on mouse and human cells (3–5, 8, 10, 178, 194) and mouse
and human B cell stimulatory activities (18, 20, 281). However, the ability of vIL-
10 to manifest several other IL-10 activities on mouse and human cells is markedly
reduced. vIL-10 did not enhance class II MHC expression on mouse B cells (18)
or effectively costimulate mouse thymocyte or mast cell proliferation (4, 19). Sim-
ilarly, vIL-10 had greatly reduced (∼1000-fold) ability to inhibit IL-2 production
by an activated human CD4+ T cell clone, consistent with 3-log lower binding
affinity for IL-10R1 (81). Nonetheless, sufficiently high vIL-10 concentrations
did exhibit this latter activity.

These in vitro observations are consistent with animal model studies involving
mIL-10 or vIL-10 gene transfer into immunogenic and allogeneic mouse tumor
cells (84, 86). mIL-10-expressing tumors were more rapidly rejected compared
to controls, but vIL-10-transduced tumor cells were either not rejected at all, or
their mean survival time was significantly enhanced. Rejection of mouse heart
allografts expressing vIL-10 was also inhibited (85). The results of such studies
indicate that (a) vIL-10 has retained some—but not all—cIL-10 activities, and
(b) by engaging only a subset of IL-10-responsive cells, vIL-10 can have a pro-
foundly different effect on the outcome of an in vivo immune response than that
of cIL-10.

What is the molecular basis for the different activity profiles of cIL-10 and
vIL-10? That vIL-10 and cIL-10 differ most in sequence and structure in the
N-terminal∼20 amino acids (4, 40) suggests that this region should be impor-
tant. However, an isoleucine/alanine interchange at position 87 of hIL-10/vIL-10
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had significant effects on the proteins’ activities (88). hIL-10 and mIL-10 when
substituted at position 87 with alanine (cIL-10 I87A) lost most or all ability to
stimulate proliferation of mouse thymocytes and a murine mast cell line, while
retaining the CSIF activities of cIL-10. Likewise vIL-10 substituted at position 87
with isoleucine (vIL-10 A87I) acquired significant mast cell stimulating activity.
Moreover, hIL-10 (I87A), like vIL-10, exhibited substantially (∼100-fold) lower
binding affinity for IL-10R1, whereas vIL-10 (A87I) was only∼30-fold reduced
in its receptor-binding ability compared to hIL-10. These in vitro biological ac-
tivities of mutant c,vIL-10 were paralleled by survival kinetics of mouse heart
allografts transfected to express wild-type and mutant c,vIL-10s: hIL-10 (I87A),
similar to vIL-10, enhanced survival compared to wild-type hIL-10, while vIL-10
(A87I) was significantly less able to prolong graft survival than vIL-10. While
other sequence differences between cIL-10 and vIL-10 are doubtless important, the
significance of position 87 is striking and awaits clarification via structural studies.

It is not yet certain if the restricted activities of vIL-10 developed via evolu-
tionary drift or are of actual benefit to EBV. However, since vIL-10 is expressed
during the lytic phase (82, 83), presumably the target cells for which it retains
specificity–dendritic cells, macrophages/monocytes, B cells–are those specifically
relevant to that portion of the EBV life cycle. vIL-10’s ability to inhibit dendritic
cell/macrophage/monocyte activation probably suppresses an anti-viral immune
response, thus allowing the virus to establish latency. This idea was supported by
studies showing that cells infected with a vIL-10-deleted EBV were, unlike wild-
type virus-infected cells, unable to block IFNγ production by autologous human
peripheral blood cells (321). In addition, the B cell growth and differentiation
promoting activity could enhance the numbers and susceptibility to infection of
EBV’s principal host cell. However, in the absence of good animal models of EBV
infection, it has proven difficult to confirm such notions. Whether vIL-10 plays
any part in EBV-induced B cell transformation is controversial (321–323). Low
IL-10 receptor (IL-10R1) binding affinity may restrict vIL-10 to local effects in
the vicinity of the infected cell, as suggested by in vivo studies (85, 86). In any
case, because it has been so highly conserved, vIL-10 likely confers a number of
adaptive advantages upon EBV in its interaction with the immune system. More-
over, capture of an IL-10 gene by the ancestor of EBV was likely an important
event in the development of the virus as a sophisticated, mostly benign parasite.

SYSTEMIC AND LOCALIZED ACUTE INFLAMMATION

A systemic inflammatory response can occur following septicemia or endotoxemia,
as well as after non-infectious events such as severe trauma, burn, or ischemia-
reperfusion injuries. A cascade of events including pro-inflammatory cytokine
production, cell trafficking, extravasation, mediator production, coagulation, fib-
rinolysis, and changes in hemodynamic parameters and microvascular permeabil-
ity can ultimately lead to disseminated intravascular coagulation (DIC), multiple
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organ failure, and death. It is important to note that the initial systemic inflamma-
tory response syndrome (SIRS), which includes production of TNF and IL-1, can
be followed by a state of immunosuppression or immunoparalysis (324).

TNF and IL-1 play a central role in the initiation and propagation of these events,
since their administration can mimic–and inhibition of their production can pre-
vent and ameliorate–this inflammatory response. The inhibitory effects of IL-10
on proinflammatory cytokine production and physiology of individual cell types
suggest that it could have potent anti-inflammatory activities in vivo. Indeed,
a protective role of IL-10 in experimental endotoxemia has been demonstrated.
IL-10 rescued Balb/c mice from LPS-induced toxic shock, which correlated with
reduced serum levels of TNF (325, 326). Inhibition of TNF production in experi-
mental endotoxemia was also observed following IL-10 administration in baboons
and humans (327, 328). Both IL-10 protein and intratracheal IL-10 gene transfer
protected mice from a lethal intra-peritoneal endotoxin challenge and furthermore
reduced pulmonary TNF levels and neutrophil infiltration following LPS challenge
(329).

Administration of endotoxin induced IL-10 production in mice, chimpanzees,
baboons, and humans (328, 330–332). This endogenous IL-10 confers signifi-
cant protection from the harmful effects of endotoxin challenge and reduces TNF,
IFNγ , and MIP-2 levels (333, 334) as well as regulates hemodynamic parameters,
leukocyte-endothelial cell interactions, and microvascular permeability (335). Its
protective role in endotoxemia is also clearly observed in mice treated from birth
with anti-IL-10 Mabs and in IL-10−/− mice, which are killed by 20-fold lower
doses of LPS than kill wild-type mice (24, 28). IL-10−/−mice were also extremely
vulnerable to a generalized Schwartzmann reaction in which prior exposure to a
small amount of LPS primes the host for a lethal response to a subsequent, oth-
erwise sublethal dose (28). IL-10 is implicated in in vitro induction of endotoxin
tolerance (336) and is involved in impaired antigen presentation observed under
these conditions (337, 338). Interestingly, reduced expression of HLA-DR anti-
gens on monocytes can be used as a prognostic marker for identification of patients
with high risk of infection (339). As in endotoxin challenge models, IL-10 has
shown efficacy in ischemia reperfusion and burn models (340–342).

The effects of IL-10 have also been assessed in infectious sepsis models using
live microorganisms. In a model of septic peritonitis in which mice undergo cecal
ligation and puncture, endogenous IL-10 was protective (334, 343, 344), and IL-10
protected neonatal mice from lethal streptococcal B infections (345). Furthermore,
IL-10 prevented lethality due to SEB-induced shock, which is dependent on IL-2
and IFNγ production by T cells (346, 347).

Human IL-10 production during septicaemia and septic shock correlated with
intensity of the inflammatory response, severity of injury (348–353), and with clin-
ical outcome. This was especially evident in patients suffering from septic shock
associated with meningococcal infections (354–356). In addition, many strategies
that are used to intervene in sepsis affect IL-10 production (357–359), indicating
an important role for this cytokine in controlling systemic inflammatory responses.
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Similarly, IL-10 exhibited protective effects in several experimental models of lo-
cal inflammation, such as pancreatitis (360), uveitis (361–364), keratitis (365),
hepatitis (366), peritonitis (334, 343, 344), lung injury (259, 261, 367, 368), and
brain or spinal cord injury (369, 370).

IL-10 IN INFECTIOUS DISEASE

The challenge faced by the immune system of an infected host is to respond
with sufficient intensity and duration to control and eliminate the infection while
minimizing nonspecific injury to host tissue. IL-10 plays a central role in striking
a balance between pathology and protection; indeed, the phenotype of IL-10−/−
mice suggests that this is the most essential of its many functions.

Certain aspects of IL-10 biology can be studied in vitro by measuring the
effect of IL-10 on the responses of individual cell types to microorganisms or
microbial products. However, host-pathogen interactions typically are complex,
varying in time and location according to the life cycle of the pathogen and the
evolution of the host response. Most of what has been learned about IL-10 in
infectious disease derives from animal model (principally mouse) experiments in
which pathology, protection, or both are altered by manipulating levels of IL-10
in vivo.

Innate and Specific Immune Responses to Intracellular
Bacterial, Fungal and Protozoan Infections

Many of the inflammatory responses triggered by infectious microorganisms and
regulated by IL-10 have been described in the previous section. The central features
of the innate and adaptive immune responses against most intracellular pathogens
are shown in Figure 1. A key concept in this scheme is the integral link between
innate and adaptive immunity (371). Experimental support derives primarily from
a few well-studied infections in mice, includingL. monocytogenes(372, 373),C.
albicans(374, 375),L. major(376), andT. gondii(377). However, a large body of
data now confirms the generality of these mechanisms in humans and experimental
animals, with, of course, many individual variations.

This “typical” response (Figure 1) to infection with a wide range of bacterial,
fungal, and protozoan pathogens can be expressed as a sequence of distinct in-
tercellular interactions leading to induction of an array of microbiocidal effector
functions:

1. Recognition of the microbe or specific microbial products by macrophages,
neutrophilic granulocytes, and/or dendritic cells. Many types of receptors
can be involved in this recognition, and our understanding of this
“primitive” form of immunity is far from complete. Many recognize
molecules and chemical structures common to groups of microorganisms,
such as bacterial endotoxin (recognized by Toll-like receptor 4) or cell-wall
polysaccharides (recognized by a variety of lectins).
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Figure 1 A schematic depiction of IL-10’s roles in regulating the innate and adaptive
immune responses to infection.
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2. Recognition of microbial structures leads to production of multiple
cytokines, especially IL-12, IL-18, TNF, and IL-1 by macrophages and
monocytes. The combination of IL-12, IL-1, and TNF is particularly
efficient in stimulating rapid production of IFNγ by NK cells. For fungal
pathogens, such asCandida, neutrophils can be the major cell type
producing IL-12 at this stage (119, 378).

3. NK-produced IFNγ induces multiple microbiocidal functions in
macrophages, such as phagocytosis and production of nitric oxide and
reactive oxygen intermediates, and stimulates cell infiltration by both
macrophages and neutrophils. These mechanisms, in aggregate, can be
very effective in controlling infections, even in the absence of subsequent
specific T cell responses.

4. T cells responding to microbial antigens in a microenvironment dominated
by this set of cytokines, especially IL-12 and IFNγ , preferentially
differentiate into Th1 cells.

5. Th1 cells, largely through the production of IFNγ and TNF, continue to
mediate essentially the same effector functions as the innate response, but
with increased specificity and memory.

IL-10 inhibits many of the individual steps in this pathway of antimicrobial
immunity (Figure 1). The inhibitory effect on some individual processes, even
under optimized conditions, is often no more than 3- to 10-fold. However, this
modest inhibition can be multiplied at sequential steps in the pathway, resulting
in profound inhibition of the ultimate effector functions. Thus, the differences
in response to infection between IL-10-overexpressing and IL-10-nonexpressing
mice (Table 1) can sometimes be quite dramatic, greater than would be expected
from a single in vitro analysis.

IL-10 in Animal Models of Infectious Disease

The overall role of IL-10 in animal models (principally mouse) of infectious disease
has been determined by experimentally elevating or reducing IL-10 during the
course of infection. In virtually all cases, elevated IL-10 levels have been produced
by frequent injections of recombinant IL-10 or by the use of IL-10 transgenic mice.
Likewise, reduction or elimination of IL-10 is effected either by treatment with
neutralizing anti-IL-10 Mab or via the use of IL-10−/− mice. In general, these
experiments are structured to produce mice with either little or no IL-10, or with
high IL-10 levels effecting full IL-10R occupancy, thus defining the maximum
range of IL-10 effects in these infections.

The effects of manipulating IL-10 in bacterial, fungal, and protozoan infections
are summarized in Table 1, in terms of the effect on control or clearance of the
infectious agents itself. Despite model-specific variations in treatment regimens
and readouts, it is clear that resistance to infection can nearly always be im-
proved by reducing IL-10 levels. Thus, even normal IL-10 levels tend to limit the



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

IL-10 AND IL-10 RECEPTOR 703

effectiveness of the immune response to most pathogens. The inhibition imposed
by endogenous IL-10 is far from complete, however, as administration of exoge-
nous IL-10 nearly always further impairs an anti-pathogen response.

Based on the known effects of IL-10 on inflammatory responses (Figure 1),
both innate and adaptive immune responses should be enhanced or impaired by
experimental depletion or elevation, respectively, of IL-10 in vivo. This has been
confirmed in mouse models in which the two forms of immune response can be
clearly distinguished. For example, elevated IL-10 severely compromises resis-
tance toListeria in scid mice, which are deficient in the T and B cells required
for adaptive immunity, but retain normal innate immunity (379, 380). Similarly,
the enhanced innate response toListeria in IL-10−/− (381) and anti-IL-10-treated
(382) mice leads to rapid control ofListeriawithin the first few days of infection.
Similar enhancement of early innate responses has been reported inC. albicans
(383),T. gondii(384, 385), andT. cruzi(386) infections.

The effects of altering IL-10 levels in viral infection models have not been
included in Table 1, as there are very few reports in which viral titers have been
measured. IL-10−/− mice have more severe pathology and morbidity than do
wild-type mice in a neurotropic mouse hepatitis virus model, but do not clear
the virus more effectively (387). Similarly, rIL-10 reduced lesion formation and
mortality in a viral myocarditis model, but did not lead to increased virus titers
(388). The relative lack of influence of IL-10 on these antiviral responses may
reflect the greater involvement of CD8+ T cells in most antiviral responses. In
contrast, Vaccinia virus replication is significantly impaired in IL-10−/− mice
(389), perhaps reflecting a greater contribution of CD4+ T cells to this response.

Modulation of Immunopathology by IL-10

The effects of IL-10 on pathogen control are only part of a complete view of IL-10
in infectious disease. The potent antimicrobial effector mechanisms induced via
the pathway illustrated in Figure 1 can also cause significant collateral damage
to the host that is often more harmful than the infection itself. This damage can
range from localized destruction of infected cells to widespread tissue necrosis,
from transient cellular infiltration to chronic granuloma formation with fibrosis
and replacement of normal tissue. Moreover, destruction of small areas of critical
tissues, such as cardiac muscle or myelin sheath, can have serious consequences.
A sufficiently strong systemic response to microbes or their products can also
lead to septic/toxic shock resulting in death from multiple organ failure. These
consequences can occur in a host that is, paradoxically, controlling or clearing the
primary infection quite effectively.

Thus, the critical role of IL-10 in infectious disease appears to be modulation of
the pathological consequences of inflammatory responses to microbial pathogens.
As described above for viral infections, this protection from immunopathology can
occasionally involve minimal inhibition of the antimicrobial response by IL-10.
More frequently, decreased immunopathology is at the expense of less efficient
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control or clearance of the infection. Experiments (Table 1) exploring extremes of
high or low IL-10 demonstrate the consequences of inappropriate balance between
inflammation and IL-10. IL-10−/− mice infected withT. gondii (384, 385),P.
chaubudi(390), or certain strains ofT. cruzi(391, 392) have greatly elevated IFNγ ,
IL-12 and TNF levels and reduced parasitemia, but a substantially increased risk
of death from a toxic shock-like syndrome, compared to wild-type controls.

Similarly, infection of IL-10−/− mice withH. hepaticusleads to enterocolitis
(393), and infection withB. burgdorferi leads to more severe Lyme arthritis in
IL-10−/−, compared to wild-type mice (394). To the viral infection models
mentioned previously can be added the model of herpes simplex virus–induced
keratitis, which can be substantially inhibited by topical administration of IL-10
(365, 395, 396). In these examples, immunopathology is dependent upon Th1
(CD4+) or Tc1 (CD8+) T cells, but IL-10 also inhibits Th2-mediated granulomas
and fibrosis in mouse models of schistomiasis (397–400).

The clinical promise of IL-10 in treating viral immunopathology was shown
by a recent study in which hIL-10 reversed liver fibrosis without increasing viral
titers in patients with chronic hepatitis C infection (401).

Evidence for a Role of IL-10 in Human Infectious Disease

As experimental tests of IL-10 in vivo of the sort that have been so informative
in mouse models are not feasible in humans, it is necessary to rely upon correl-
ative evidence in vivo and experimental evidence in vitro to show similarities or
differences in IL-10 function between human and mouse.

Strong correlation exists between IL-10 protein or mRNA levels and a number
of chronic or progressive human infectious diseases, including visceral leishmania-
sis, (402–405), malaria (406, 407), filariasis (408–410), leprosy (411), tuberculosis
(412, 413), candidiasis (414), andM. aviuminfection (415). In some diseases, IL-
10 levels decreased upon successful resolution of the infection by drug therapy.
Thus, much of the human data corresponds to data obtained, often with the same
pathogens, in mouse models. However, correlative data do not allow one to dis-
tinguish whether high pathogen burdens are the cause of elevated IL-10 or vice
versa. In actuality, it is likely that both scenarios occur.

The second type of evidence that IL-10 inhibits protective immunity in hu-
man, as in mouse, comes from experiments in which anti-IL-10 Mabs restore
responses of pathogen-specific T cells from infected patients in vitro. This has
been demonstrated in a number of chronic diseases, including visceral leishma-
niasis, (403, 416), filariasis (409, 410), schistosomiasis (307), leprosy (417), and
tuberculosis (418). Typically, PBL from such patients make little or no recall
response in vitro to the pathogen or to antigenic fractions thereof. In most of these
diseases, patients have been deemed “anergic” or “unresponsive” to the pathogen,
despite quite high microbial burdens. However, neutralization of IL-10 during a
2–3-day culture period usually reveals a significant response of the Th1 or Th2
type, demonstrating active suppression by IL-10. The combination of elevated
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IL-10 in vivo and IL-10-mediated unresponsiveness to antigen in vitro in many of
these chronic diseases suggests strongly that IL-10 is a major cause of ineffective
antipathogen immune responses. Such correspondence between mouse and human
infections with the same or closely related organisms suggests that extrapolation
from animal models is valid.

IL-10 has been studied extensively in HIV infection as well. Asymptomatic
HIV+ individuals frequently have defective responses not only to HIV proteins,
but also to common antigens such as influenza and tetanus toxoid (419). As in
the above examples, responses of blood lymphocytes from these patients can be
enhanced in vitro by neutralization of IL-10 (420–422). It is not clear whether
IL-10 plays a similar role in AIDS patients with low CD4+ T cell counts, however.
Understanding the role of IL-10 in AIDS is complicated by evidence that IL-10
has direct effects on virus production by infected cells. The significance of these
in vitro observations is not yet clear, especially as IL-10 has been reported to either
stimulate (423–425) or inhibit (426–428) HIV production by monocytic cells in
vitro.

In summary, there is now extensive evidence in the mouse, and significant
confirmation in human, that IL-10 production usually imposes some limits on the
effectiveness of antipathogen immune responses, especially innate immunity and
adaptive Th1 responses. This cost is often outweighed by the ability of IL-10 to
protect the host from collateral damage by antimicrobial cytokines and effector
molecules. A successful response must strike a balance between protection and
pathology, and IL-10 appears central to the establishment of this balance. Thus,
both IL-10 and IL-10 inhibitors may offer therapeutic promise in the treatment of
either infectious diseases or infection-related immunopathologies.

THE ROLE OF IL-10 IN PROTECTION FROM
ORGAN-SPECIFIC AUTOIMMUNITY

IL-10 plays a very important role in limiting the immune response to pathogens
to eradicate the pathogen with minimum immunopathology to the host. Likewise,
IL-10 has been suggested to play a role in peripheral tolerance and in protection
against autoimmunity. In chronic autoimmune diseases, such as experimental au-
toimmune encephalomyelitis (EAE), diabetes, insulin-dependent diabetes mellitus
(IDDM), and rheumatoid arthritis (RA), pathogenic roles have been ascribed to
Th1 cells, due to their production of cytokines such as IFNγ , lymphotoxin, and
TNF (429–433). In contrast, a protective role was attributed initially to Th2 cells
because of their ability to produce the cytokines IL-4 and IL-10. However, this
latter notion may not be accurate, since IL-10 is produced by a wide variety of
cells. In this context CD4+ T cell regulatory populations producing high levels
of IL-10 have been described that can inhibit the proliferation of naive CD4+ T
cells and/or the induction of pathology by mucosal antigens, such as in inflamma-
tory bowel disease (213, 312, 317, 434, 435). IL-10, as well as IL-4 and TGFβ,
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may play an essential role in tolerance to self antigens (436–440) and to mucosal
antigens (312, 317, 434, 440, 441). However, TGFβ−/− mice develop amulti-
organ autoimmune syndrome (442), whereas IL-4 and IL-10-deficient mice do
not. IL-10-deficient mice do spontaneously develop inflammatory bowel disease
(26, 443), which appears due to a defect in IL-10-producing regulatory T cells that
moderate responsiveness to intestinal flora (317).

In this section the possible role of IL-10 in regulation of responses to auto- as
well as mucosal antigens is discussed, as well as the potential use of IL-10 as a
therapeutic in autoimmune and other inflammatory diseases. Regulatory T cells
as a source of IL-10 and their potential in regulating both Th1 and Th2-mediated
pathologies are discussed, as well as factors that induce IL-10 production.

IL-10 and Regulation of Experimental Autoimmune
Encephalomyelitis (EAE)

Initial studies showed that spontaneous recovery of rats and mice from EAE cor-
related with expansion of Th2-like cells producing IL-4 and/or IL-10 (444–446).
Furthermore, low IL-10 production was observed in chronic relapsing EAE (447),
suggesting that endogenous IL-10 may regulate such pathologies of the central
nervous system (CNS). IFNβ, which has been used with some success to treat MS
patients, can induce expression of IL-10 in peripheral blood mononuclear cells
(448), suggesting that one mechanism for protection involves IL-10 production.

Direct support for a role of IL-10 in regulating CNS autoimmune pathologies
was provided by studies showing that neutralization of endogenous IL-10 increased
the severity and incidence of SEB- or TNF-induced EAE relapse (449) and that
disease is more severe in IL-10−/− than in wild-type mice (450–452).

Attempts to treat EAE with recombinant IL-10 yielded contradictory results.
Systemic treatment of rats or mice with IL-10 partially inhibited disease pro-
gression in EAE induced by active immunization with CNS antigens, but only
if treatment was begun at the time of initial immunization (453, 454). In this
study, the initial use of site-directed delivery of IL-10 to the CNS at first yielded
conflicting results. Intracranial injection of IL-10 or of plasmids expressing IL-10
cDNA under the control of a retroviral promoter 12 days after active immunization
did not suppress EAE (455), nor did adoptive transfer of a myelin basic protein
(MBP)-specific hybridoma transduced with IL-10 (456). This lack of effect could
also reflect the timing of IL-10 expression. In contrast, IL-10 administration ex-
acerbated disease in an adoptive transfer model of EAE (457). This latter result
might have been obtained because (a) appropriate levels of IL-10 in the CNS were
not attained, and/or (b) IL-10 may be necessary to inhibit development and/or
migration of pathogenic encephalitogenic Th1 cells.

However, several other reports showed that IL-10 can effect virtually complete
inhibition of EAE. Antigen-inducible IL-10 expressed under control of the IL-2
promoter in proteolipid protein (PLP)-specific T memory cells suppressed EAE
when T cells were adoptively transferred to PLP-immunized mice one day prior to
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expected disease onset (458). Transgenic FVB X SJLF1 mice expressing murine
IL-10 under control of the CD2 promoter were resistant to EAE induced by PLP
immunization (450). Similarly, mice transgenic for human IL-10 (hIL-10-Tg) ex-
pressed under the control of the MHC class-II promoter were completely protected
from induced EAE (459).

In hIL-10Tg mice several mechanisms are possible for the regulatory effect of
hIL-10 in EAE: inhibition of the initial development of autoreactive Th1 cells;
inhibition of Th1 effector function by IL-10; immune deviation toward a Th2-
type response; or development of T regulatory populations which themselves
produce IL-10. Generation of Th1 autoantigen was not impaired in hIL-10Tg
mice, nor was there evidence of immune deviation to a Th2 response. IL-10-
producing regulatory T cells were not implicated, as protection did not require
T-cell-derived endogenous mIL-10. Furthermore, pathogenic Th1 populations
passively transferred to hIL-10Tg mice caused no disease, whereas they did in
nontransgenic controls. These observations suggested that the principal action of
transgenic hIL-10 was inhibition of the effector stage of the autoimmune response
(459). Such an effect of IL-10 on effector functions induced by Th1 cytokines,
rather than on the Th1 cells themselves, was also evidenced by the ability of a
replication-defective adenovirus vector expressing hIL-10 (hIL-10-rAdV), deliv-
ered intracranially, to completely inhibit EAE when given only 2–4 days prior
to the onset of symptoms (460). Additionally, this treatment halted progression
and accelerated remission when given to mice with active disease and prevented
relapses when given during the first remission in a relapsing-remitting disease
model.

The importance of the site and timing of IL-10 administration to therapeutic
success was also demonstrated in experiments with hIL-10-rAdV (460). Intra-
venous injection of hIL-10-rAdV produced approximately the same systemic hIL-
10 levels as intracranial injection, but was undetectable hIL-10 in the CNS and
poor protection from EAE. Similarly, daily intracranial injection of hIL-10 protein
could protect from EAE, but protection was rapidly lost when injections ceased.
This need for sustained high hIL-10 levels at the site of potential inflammation
indicates that IL-10 acts primarily by blocking entry and/or activity of pathogenic
T cells in the CNS.

How Does IL-10 Affect Insulin-Dependent Diabetes Mellitus
in the Nonobese Diabetic Mouse?

The nonobese diabetic (NOD) mouse is an animal model of human insulin-
dependent diabetes mellitus (IDDM) which develops spontaneous clinical disease
at 4–7 months with destruction of theβ cells of the islets and elevations in blood
glucose (432, 461, 462). The disease is both CD4+ and CD8+ T cell dependent
(463) and a role for macrophages (464) has been described. Th1 cells are clearly
implicated in the pathology of diabetes (429–431), thus suggesting that IL-10 might
inhibit the onset or severity of IDDM in NOD mice.
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However, the effects of IL-10 on diabetes in this model are surprisingly com-
plex. Some experiments support the predicted role of IL-10 as an immunosup-
pressive factor in IDDM. Daily subcutaneous treatment of 9–10-week-old NOD
mice delayed onset of diabetes and significantly reduced disease incidence (465).
Treatment with IL-10 also reduced the severity of insulitis and prevented cellular
infiltration of islet cells. Furthermore, systemic administration with a noncytolytic
IL-10/Fc fusion protein in mice from 5 to 25 weeks of age completely prevented
the occurrence of diabetes in NOD female mice and appeared to confer lasting
protection following cessation of therapy (466). Passive transfer of splenic leuko-
cytes from IL-10/Fc-treated NOD mice inhibited disease caused by simultaneous
transfer of splenic leukocytes from acutely diabetic mice into irradiated, predia-
betic NOD recipients (466). Moreover, adoptive transfer of islet-specific T cell
clones transduced with IL-10 cDNA also prevented diabetes (467).

In contrast to these immunosuppressive effects of IL-10, expression of an IL-10
transgene by insulin-producing pancreaticβ cells led to an accelerated onset of dia-
betes in NOD mice (468, 469), with no inhibition of immune-mediated destruction
of islets (470). NOD mice expressing an IL-10 transgene in glucagon-producing
pancreaticα cells also developed accelerated diabetes (471). This apparently con-
tradictory effect of IL-10 on IDDM depended upon transgene expression in early
life and was accompanied by enhanced leukocyte extravasation into the pancreatic
tissue (468). Consistent with the notion that it is the timing of IL-10 expression
that is important for its immunostimulatory effects in IDDM, neutralization of en-
dogenous IL-10 in female NOD mice at three weeks of age inhibited development
of insulitis in NOD mice (472), whereas treatment at a later age with anti-IL-10
had no effect on the onset of diabetes (465).

Protective Effects of IL-10 in Models of Rheumatoid Arthritis

IL-10 is also expressed at inflammatory foci in other autoimmune diseases where
Th1 cytokines are believed to play a pathogenic role, such as in the joints of
rheumatoid arthritis (RA) patients (293, 473–475). Endogenous IL-10 produced
in the joint by synovial macrophages and T cells (473, 474), inhibited production
of inflammatory cytokines by synovial cells, suggesting that IL-10 may have a
protective role in vivo (474). Although IL-10 expression in RA has been linked to
increased autoantibody production and B cell activation (476), IL-10 was protec-
tive in animal models of RA. When administered to animals before and/or after
induction of disease, IL-10 reduced joint swelling, infiltration, cytokine produc-
tion, and cartilage degradation in collagen- and streptococcal cell wall–induced
arthritis (477–483).

IL-10 in the Pathogenesis of Systemic
Lupus Erythematosis (SLE)

SLE is a complex autoimmune disorder characterized in part by polyclonal B cell
activation, high levels of serum autoantibodies and glomerular immune complex
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deposition. Both B cells and macrophages from SLE patients spontaneously pro-
duce high levels of IL-10 in vitro (484), and several studies have shown a correlation
between serum levels of IL-10 and disease activity (57, 294, 485, 486). Studies in
both a mouse model of SLE (25) and inscidmice reconstituted with PBL from SLE
patients (56) showed that autoantibody production and immune complex pathology
could be substantially inhibited by treatment with anti-IL-10 antibodies. These
studies suggested that IL-10 stimulation of immunoglobulin production by B cells
plays a major role in the pathogenesis of SLE. More recently, treatment of 6 SLE
patients with a mouse anti-hIL-10 Mab achieved a long-lasting reduction of most
disease parameters in 5/6 patients (297). As noted, overproduction of IL-10 in
SLE patients may have a genetic basis.

IL-10 Modulates Allergic Responses

Airway infiltration by inflammatory cells, particularly eosinophils, basophils, and
mast cells, along with production of IgE, plays an important role in the pathology
of asthma and other allergic diseases (487–489). Th2 cells secreting IL-4, IL-
5, and IL-13 induce, prolong, and amplify the allergic response by enhancing
production of IgE and the recruitment, growth, and differentiation of eosinophils
and mast cells; and themselves directly cause airway hyperreactivity (487–491).
Therapies for asthma have thus focused on eliminating eosinphils, lymphocytes, or
IgE, or on directly antagonizing pathology-inducing mediators such as histamine
or leukotrienes (487, 488).

It has been suggested that Th2-mediated allergic diseases such as asthma result
from inadequate Th1 cytokine production (487, 492). However, allergen-specific
Th1 cells are not prominent in the lungs of normal, nonasthmatic individuals,
suggesting other mechanisms for regulation of responses to allergens. Further-
more, the presence of activated Th1 cells in the lung can also lead to inflammatory
pathologies (487).

A role for IL-10 in regulation of immune responses to allergens was first sug-
gested by studies showing that IL-10 could inhibit survival of and cytokine pro-
duction by eosinophils stimulated with LPS (264). Later it was shown that IL-10
could also inhibit production of cytokines such as TNF and IL-6 by stimulated
mast cells (493, 494). These in vitro findings were corroborated by in vivo studies
in which a single intranasal dose of IL-10 concurrent with antigen challenge in pre-
viously sensitized mice specifically inhibited airway neutrophilia and eosinophilia
and TNF production induced by antigenic challenge (258).

Expression of IL-10 via gene transfer in mouse lung also inhibited mucosal sen-
sitization to aerosolized ovalbumin (OVA) in the context of nasal administration
of a replication-deficient adenovirus carrying the GM-CSF gene (Ad/GM-CSF)
(270). Cotransfer of the IL-10 gene (Ad/IL-10) inhibited the marked Th2 cytokine
profile and eosinophilia otherwise observed, decreased the number of mononu-
clear cells, neutrophils, and eosinophils in the BALF, and reduced antigen-specific
IgE levels. These effects were not mediated by IFNγ , indicating that a Th2 to Th1
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switch was not involved. Mice exposed to OVA in the context of Ad/GM-CSF or
the vector control were hyperresponsive to methacholine (McH) when re-exposed
to aerosolized OVA 6 months later. However, responsiveness of IL-10-treated
mice to McH was similar to that of naive mice. An IL-10-induced decrease in
grain dust-induced airway inflammation and hyperreactivity was also observed
(495). In contrast, other studies showed that, although IL-10 can indeed inhibit
a pulmonary inflammatory response, it can also in some cases enhance airway
hyperreactivity in allergen-sensitized mice and actually appears to be required
for airway hyperresponsiveness (496, 497). This difference may reflect the tim-
ing of IL-10 administration relative to allergen sensitization and/or the time after
administration that the mice were examined.

Consistent with a role for IL-10 in allergic inflammation is the observation
that significantly less IL-10 is found in the lungs of asthmatic patients (498, 499).
Thus, IL-10 production in lungs of nonasthmatic patients may play a role in limit-
ing pathology-inducing inflammatory Th2 responses. The anergic state arising in
peripheral T cells after allergen (bee-venom)-specific immunotherapy (BV-SIT)
results from increased production of IL-10 (310), initially by activated CD4+

CD25+ allergen-specific T cells, later by B cells and monocytes. Neutralization
of IL-10 in PBMC from patients undergoing BV-SIT fully reconstituted allergen-
specific proliferative and cytokine responses. A role for endogenous IL-10 in the
regulation of Th2 responses was also demonstrated in a murine model of aller-
gic bronchopulmonary aspergillosis (500). Lung cells and BALF obtained from
IL-10−/− mice after repeatedAspergillus fumigatusinhalation produced highly
elevated levels of IL-4, IL-5, and IFNγ . IL-10−/− animals exhibited exaggerated
airway inflammation compared to wild-type control mice (500).

IL-10 in Inflammatory Bowel Disease

Crohn’s disease and ulcerative colitis are complex chronic diseases of the gut,
the etiology and pathogenesis of which are poorly understood. CD4+ T cells are
responsible for much of the disease pathogenesis, but subsets of CD4+ T cells also
play a role in normal regulation of responses to mucosal antigens (501, 502). That
IL-10 plays an important role in mucosal immune regulation was demonstrated
by the observation that IL-10−/− mice develop enterocolitis (26). Development
and persistence of colitis in IL-10−/− mice is dependent on IL-12 (503) and
requires the presence of resident enteric bacteria (504). Transfer of CD45RBhigh

CD4+ T cells from normal donors into C.B-17 SCID mice also led to develop-
ment of a severe inflammatory response in the colon (505, 506) that is IFNγ - and
TNF-dependent (505). Administration of mIL-10 prevented colitis in SCID mice
reconstituted with CD45RBhigh CD4+ T cells (505). Furthermore, CD45RBhigh

CD4+ T cells isolated from transgenic mice expressing IL-10 under control of the
IL-2 promoter failed to transfer colitis but, rather, were able to inhibit colitis in-
duced by wild-type CD45RBhigh CD4+ T cells (507). Oral administration to mice
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of Lactococcus lactissecreting mIL-10 reduced dextran sulfate sodium-induced
colitis and prevented colitis onset in IL-10−/− mice (508). Taken together, these
studies provide evidence that IL-10 is an important regulator of intestinal immune
responses.

IL-10-Producing Regulatory T Cell Subsets Distinct
from Th1 and Th2 cells

Multiple studies now suggest that regulatory T cell populations exist that are dis-
tinct from Th2 cells. Regulatory CD4+ T cell subsets have been described that in-
hibit cell-mediated immune responses and/or inflammatory pathologies (312, 434,
436–441, 509–511). These T regulatory cell subsets have been isolated under
different conditions and exhibit different cytokine expression profiles. It is yet un-
certain whether they represent one or multiple distinct CD4+ T cell subsets capable
of regulating both Th1- and Th2-mediated responses. Many of the characterized
populations are heterogeneous, and the molecular mechanisms for their derivation
and full effector function have not been clearly defined.

CD45Rblow CD4+ T cells contain a regulatory population that can inhibit
CD45RBhigh CD4+ T cell–mediated colitis; this suppression of colitis is inhib-
ited by anti-TGFβ and/or anti-IL-10R1 mAbs (317, 441), suggesting a role for
both cytokines in regulation of mucosal inflammation. A role for TGFβ has also
been demonstrated for a number of T regulatory populations, including Th3 and T
regulatory 1 (Tr1) cells, in inhibition of autoimmune pathologies, gut inflamma-
tion, and/or proliferation of antigen-specific T cells (312, 434, 437, 438, 440, 512).
Asseman et al. (317) implicated both TGFβ and IL-10 as key factors in the ability
of CD45RBlowCD4+ T cells to inhibit CD45RBhighCD4+ T cell–mediated colitis.

The relationship between these two cytokines in regulating inflammatory patho-
logies is unclear. It is unlikely that IL-10 is required for production of TGFβ be-
cause IL-10−/− mice show inflammatory pathology only of the intestine (26),
whereas TGFβ−/− mice develop inflammatory diseases of multiple organs (442).
However, TGFβ induces production of IL-10 by APC (513), suggesting that these
molecules may act in concert to influence development and function of regula-
tory T cells, which is favored by chronic stimulation in the presence of IL-10
(213, 312, 434). These cells are reminiscent of CD4+ T cells previously isolated
from peripheral blood of SCID-reconstituted patients, in whom high levels of
IL-10 were associated with successful allogeneic stem cell transplantation (514).
Whether IL-10 induces development of these IL-10-producing T cells by acting
on APC and/or directly on the T cell is as yet unclear. However, in view of (a)
IL-10’s inhibitory effects on DC and macrophage function, and (b) the observation
that IL-10-treated DC induce tolerance (214, 217), an effect of IL-10 on APC is
likely required. Additional studies are necessary to clarify mechanisms involved in
development and function of T regulatory cells, and the respective roles of IL-10,
TGFβ and other mediators.



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

714 MOORE ET AL

Factors Inducing IL-10 Production and Conditions
Under Which IL-10 Acts as a Regulatory Molecule In Vivo

Regimens of antigen administration that have been suggested to generate an-
ergy/tolerance in vivo induce production of IL-10. For example, influenza hemag-
glutinin (HA)-specific CD4+ T cells rendered anergic in vivo in mice expressing
HA under the control of the Igκ promoter produced 100-fold higher levels of IL-10
than did naive or recently activated T cells (311). These anergic HA-specific T cells
exhibited an impaired ability to cause diabetes in vivo compared to naive counter-
parts when transferred into immunodeficient recipients expressing HA under the
control of the insulin promoter (311). Similar findings were obtained with CD8+

T cells specific for the male antigen H-Y, which were rendered anergic in vivo
(313). These T cells did not proliferate or mobilize calcium upon activation, and
they failed to express IL-2 or IL-2R but secreted IL-10 and survived for extended
periods in vivo. A potential role of IL-10 in tolerance was also demonstrated in a
model involving multiple injections of superantigen A (SEA) into TCR-Vβ trans-
genic mice. IL-10 production was detected after the second injection of SEA, and
it dominated the response after the third (309). Coadministration of anti-IL-10
Mab with SEA prevented suppression of in vivo IFNγ , TNF, and IL-4 responses
but had no effect on IL-2 production. That repeated administration of superanti-
gen generates a regulatory population of CD4+ T cells has been suggested by
experiments using a viral superantigen (515, 516) that generated a population of
CD25+CD4+ T cells resistant to clonal deletion and producing high amounts of
IL-10. These cells were IL-2 dependent and could not be induced in IL-2−/−
mice (515, 516).

Immune responses to antigens in the eye are regulated by the ocular environ-
ment and can induce systemic alterations in the immune response referred to as
immune deviation (517). The eye itself contributes to immune deviation, in part
via immunoregulatory molecules present in aqueous humor and/or expressed by
ocular cells. When T cells encounter antigen in the eye, they become anergic,
undergo apoptosis, and/or secrete cytokines such as TGFβ that suppress subse-
quent inflammatory responses, thus avoiding inflammatory injury. Apoptosis of
inflammatory cells is required for induction of immune deviation via antigen pre-
sentation in the eye (518). Thus, Fas-mediated apoptosis of lymphoid cells was
accompanied by rapid production of IL-10 and subsequent inhibition of APC func-
tion and Th1 responses (518). Whereas apoptotic cells from wild-type mice “fed”
to APC in vitro promoted Th2 development with production of IL-4 and IL-10,
those obtained from IL-10−/− mice favored development of Th1 cells. However,
immune deviation could be induced in IL-10−/− mice when IL-10-containing
apoptotic cells were presented in the eye.

A connection between the DNA damage that occurs in apoptotic cells and IL-
10 production has been demonstrated (519). Induction of IL-10 expression was
linked to pyrimidine dimer formation in keratinocytes in UV-exposed skin. Fur-
thermore, IL-10 mediates at least some of the suppressive effects of UV-irradiation
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on cell-mediated immunity (520). UV-induced apoptosis is mediated by Fas (521),
consistent with a link between Fas-mediated death and IL-10 production. This as-
sociation is strengthened by detection of monocyte IL-10 expression induced by
exposure to UVB-irradiated apoptotic PBL (522).

Collectively, these observations demonstrate an antiinflammatory component
of apoptosis, mediated by IL-10, that helps control potentially harmful immune
responses. However, a comprehensive pathway linking induction of DNA damage,
apoptosis, production of IL-10, and induction of tolerance by repeated exposure
to self/neo-antigen or superantigen as described earlier remains to be elucidated.

CANCER AND TRANSPLANTATION

The profound immunosuppressive effects of IL-10 have prompted numerous stud-
ies of its expression and function in association with cancers and both bone marrow
and solid organ transplantation. A thorough perspective on this large and seem-
ingly contradictory literature is beyond the scope of this review. Because of its
multiple activities, the ultimate consequences of IL-10 expression or therapy are a
net outcome of many variables, including IL-10 levels, systemic vs. local expres-
sion/therapy, effects during induction vs. effector stages of an immune response,
and growth-inhibitory or -cofactor activity for tumor or graft cells.

Cancer

IL-10 Expression in Cancer Several reports have described association of ele-
vated IL-10 expression levels with certain cancers, for example ovarian (523–525),
various carcinomas (526–532), melanoma (529, 533–538), and lymphoma/ myel-
oma (reviewed by 539; 540–545). We note that elevated IL-10 expression can
occur for multiple reasons with very different implications. IL-10 can be ex-
pressed by tumor cells themselves, possibly suppressing antitumor responses. In
other cases, IL-10 could be produced by activated cells involved in a host antitu-
mor reaction, and thus it could be an indicator of a potent inflammatory response
rather than immunosuppression. Thus, in the absence of expression data for a
broader panel of cytokines and other immune response parameters, it is difficult
to interpret the significance of elevated IL-10 expression in many such studies.

IL-10 Expression as a Prognostic Indicator in CancerA more specific issue
is whether elevated IL-10 expression correlates with favorable or adverse patient
outcomes. Elevated IL-10 serum levels have been reported as a negative prognos-
tic factor for survival or response to treatment in Hodgkin’s and non-Hodgkin’s
lymphoma (546–551), although evidence suggested (550) that such “correlation”
may be due to EBV vIL-10 (which is also detected by most hIL-10 ELISA assays)
rather than to hIL-10. Detectable IL-10 in serum was also described as a nega-
tive indicator for clinical outcome in hepatocellular carcinoma (526), lung cancer
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(528, 552), renal carcinoma (532), gastric or colorectal carcinoma (553), and other
solid tumors (527). The presence of strongly staining IL-10-producing cells of
undetermined origin correlated with a poor outcome in one group’s studies of pa-
tients with oral, oropharyngeal, and nasopharyngeal (NPC) carcinomas (530, 554),
although EBV vIL-10 and hIL-10 again were not distinguished, an issue of par-
ticular relevance to NPC. In contrast, serum IL-10 levels did not correlate with
prognosis in a study of diffuse large cell lymphoma (555), and an assessment of
IL-10 mRNA in B-CLL indicated association offavorableprognosis with higher
IL-10 mRNA expression (556).

How might the presence of IL-10 contribute to a poor prognosis for some can-
cers? One possibility is growth-factor or -cofactor activity for tumor cells. IL-10
stimulates growth and differentiation of B cells (20), and exogenously provided
IL-10 enhances growth of some B cell tumor cells in vitro (275, 557–559). Ex-
periments involving neutralization of IL-10 activity or expression have suggested
a possible role as an autocrine growth (co)factor for certain types of B-lymphoma
(545, 558, 560). Similar data were also reported for melanoma (537). IL-10 stimu-
lated proliferation of myeloma cells (557), although the effect appeared to be indi-
rect, via induction of autocrine oncostatin M growth factor expression (542, 561).
However, in contrast, IL-10 inhibited production of the autocrine growth factor
GM-CSF by myelogenous leukemic blast cells (562–564). Thus, while IL-10 may
contribute to growth of B cell tumors, there is little evidence supporting a general
role for IL-10 as a tumor growth factor.

A second possibility is that IL-10 produced by or in the vicinity of a tumor
could hinder induction or effector function of an antitumor immune response. As
already discussed, IL-10 inhibits dendritic cell (DC) function, which could blunt
induction of a response against tumor cells (207, 212, 214–218, 565–567). At least
one in vivo model suggests that this notion is plausible: A Lewis lung carcinoma
cell line grows more rapidly in a transgenic mouse expressing IL-10 under control
of an IL-2 promoter than in nontransgenic control mice (507, 568).

However, the impact of this activity of IL-10 cannot be assessed or predicted
outside the context of its other relevant functions, such as leukocyte recruitment via
both chemotaxis (138, 161, 170, 569) and induction of endothelial cell adhesion
molecule expression (468, 570, 571), stimulation of the growth and function of
cytotoxic cells (8, 21, 137, 572), ability to increase the sensitivity of target cells to
NK-mediated lysis (573, 574), and enhancement of antibody-mediated immunity
(20, 134, 575). In contrast to an inhibitory effect on DC function, these latter
activities would likely contribute to inhibition of tumor establishment, growth, or
even metastasis.

Effects of cIL-10 and vIL-10 Protein or Gene Therapy in Animal Models of
Cancer The ultimate effect of IL-10 in vivo has been addressed by a num-
ber of studies of IL-10 protein administration or IL-10 gene therapy in ani-
mal models of tumor establishment and growth. In mastocytoma (576), breast
cancer (134, 573, 577–580), melanoma (84, 139, 534, 581, 582), prostate cancer
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(583–585), and colon carcinoma (84, 586) models, IL-10 expressed by gene trans-
fer into tumor cells, or administered as protein, effected a profound inhibition of
tumor establishment, growth, and metastasis. Much of this process occurred in
SCID or nude mouse tumor recipients (139, 183, 534, 582–585), suggesting that
an important component of the response is T cell–independent. Consistent with
this notion, intratumor cellular infiltrates in the presence of IL-10 include not only
T cells, but macrophages, NK cells, and neutrophils (139, 581, 586, 587). In ad-
dition, several studies utilizing non-immunodeficient mice as hosts demonstrated
that effective and prolonged anti-tumor immune responses were established in the
presence of IL-10 (84, 134, 581, 586, 588). Inhibition of tumor angiogenesis was
also implicated (183, 534, 582, 585).

The above observations indicate that in these in vivo tumor model systems
the pleiotropic (i.e., non-CSIF) activities of IL-10 exert a dominant influence
on the outcome of IL-10 expression or protein therapy. Consistent with this idea are
the strikingly different results obtained when EBV vIL-10, the pleiotropic activities
of which are substantially impaired (4, 18, 19, 81, 88), was used instead of cIL-10.
In contrast to the accelerated tumor rejection and induced antitumor immunity
obtained with cIL-10, when vIL-10 expression was employed in melanoma, col-
orectal carcinoma, or sarcoma models, prolonged or indefinite tumor growth was
observed, accompanied by a locally impaired immune response (84, 86). Similar
results were observed in a mastocytoma model (589, 590), although some rejection
phenomena were observed, perhaps due to apparently 10- to 20-fold higher levels
of vIL-10 expression achieved in these latter studies.

Collectively, studies of IL-10 expression and function in cancer present a com-
plex picture of varied outcomes that can be obtained depending on level, source,
timing, and duration of IL-10 expression during tumor development. The well-
characterized immunosuppressive CSIF activity of IL-10 clearly functions in vivo,
most likely during induction of an immune response, but under some conditions
it can be overshadowed by alternate mechanisms engaged by IL-10 that induce an
anti-tumor response.

Transplantation

The ability of IL-10 to inhibit induction and effector function of T cell-mediated-
and inflammatory immune responses led to numerous studies of its expression,
function, and potential utility in bone marrow and organ transplantation. The
current picture is complex but is, in our opinion, amenable to a few general con-
clusions.

IL-10 Pretreatment of, or Pre-existing Elevated Spontaneous IL-10 Expression
by Graft Recipients Is Associated with Improved Graft AcceptanceIn stud-
ies of vascularized heart allografts in mice, IL-10 treatment of recipient animals
prior to grafting enhanced graft survival (390, 591), whereas providing IL-10 at
or after the time of grafting had little beneficial effect or even enhanced rejection
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(592–594). Similar results were also obtained for rat liver allografts (595). Stud-
ies of bone marrow transplantation (BMT) and graft-vs-host disease (GVHD) also
support this idea: Patients exhibiting elevated levels of IL-10 production prior
to BMT have lower incidence of GVHD and improved survival (514, 596, 597).
Taken together, such observations suggest a key inhibitory/tolerogenic role for IL-
10 prior to and during the initial priming events in organ transplantation and BMT.
As noted earlier, this presumably reflects IL-10’s ability to inhibit the function of
DC and other accessory cells and to influence subsequent development of the T
cells that they stimulate (213, 218, 434).

IL-10 Treatment or Expression at the Time of or Posttransplantation Can
Enhance Graft Rejection or GVHD In contrast to pre-BMT patients discussed
above, high IL-10 levels in post-BMT GVHD patients indicate a poor prognosis
for survival (598). Furthermore, posttransplant administration of IL-10 protein to
mice in models of BMT/GVHD was generally deleterious, resulting in unimproved
or increased mortality (599–601).

However, when given to mice in small amounts, 10−3–10−4 of the amount that
increased mortality, IL-10 protected against GVHD-associated lethality (602),
suggesting that low in vivo IL-10 concentrations preferentially induce the im-
munosuppressive effects of IL-10. Consistent with this notion, we have observed
that IL-10 is about 10-fold more potent in vitro in assays measuring its immunosup-
pressive activity than in assays measuring other activities such as costimulation of
mast cell and thymocyte proliferation (KW Moore, R deW Malefyt, unpublished).

Organ transplantation studies have been carried out utilizing IL-10 protein, IL-
10 gene transfer, and IL-10 transgenic mice. Some of these reports described
prolongation of graft survival time due to IL-10 protein treatment (595) or IL-
10 expression via gene transfer (603–605) in liver transplant models. In this
connection, it was noted that liver allografts tend to be less immunogenic than
other organs (604), an observation that could be related to transient but massive
IL-10 release attributed to liver-resident macrophages during transplantation (51).
As noted above, lower doses of exogenous IL-10 protein tended to be protective,
while a higher dose exacerbated rejection (595). This aspect is more difficult to
evaluate in gene transfer studies because the amounts of bioavailable IL-10 are a
complex function of vector delivery efficiency, expression levels in infected cells
and their physical location in vivo, how quickly their expression or viability is
compromised by host reactions, and the half-life of IL-10 in vivo. A recent study
of rat cardiac allografts utilizing rat IL-10 adenovirus also described a modest
prolongation of graft survival in association with IL-10 expression (606).

In contrast, a number of studies have reported neutral or unfavorable effects
of IL-10 expression in allograft models. Expression of transgenic IL-10 in pan-
creaticβ-cells enhanced accumulation of leukocytes, did not impair induction of
autoimmune diabetes, and did not inhibit rejection of transgenic islets transplanted
to MHC-disparate mice (468, 470). Likewise an IL-10-Fc fusion protein accel-
erated islet allograft rejection in mice (607). Posttransplant injection of IL-10
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protein in mouse cardiac allograft recipients enhanced rejection and arterial dis-
ease (593, 594, 608) and inhibited the therapeutic effects of cyclosporine treatment
(594). Antagonism of IL-10 via administration of anti-IL-10 Mab also prolonged
cardiac and liver allograft acceptance in mice (609). IL-10 treatment did not
enhance acceptance of corneal allografts (610).

Clearly the effects of IL-10 on BMT and organ allografts are a complex outcome
of multiple factors including timing, kinetics, and amounts of cytokine, as well as
the relative impact of the different activities of IL-10 in each particular experimental
scheme and model system. We also emphasize that in most such studies the
experimental endpoint (“rejection”) is defined by necrosis or loss of function;
little attention has been devoted to defining potentially significant cellular and
mechanistic differences leading to rejection in the presence or absence of IL-
10, as pointed out by others (611, 612). Thus, in models where IL-10 protein
or expression enhances rejection, it may be that completely different rejection
mechanisms elicited by IL-10 are at work compared to those active in its absence.
As discussed below, a somewhat clearer picture has developed via use of natural
(vIL-10) and more recently artificial (88) IL-10 variants with a more restricted
biological activity profile.

Viral IL-10 Expression, in Contrast to cIL-10, Is Consistently Beneficial for
Graft Acceptance and Survival As observed in in vivo tumor models, gene
transfer-mediated vIL-10 expression by vIL-10-transduced graft cells or by cells
in the vicinity of the graft enhanced graft acceptance, although to varying extents
in different allograft models (85, 88, 589, 613–618). These results are paralleled
by experiments involving human (619) and rat (620) cells showing that vIL-10 ex-
pression by graft cells or by DC (215) inhibited alloreactivity in vitro. Moreover
Nast et al. (621) described a kidney transplant patient with transplant-associated
lymphoproliferation who exhibited prolonged graft acceptance, with minimal im-
munosuppressive therapy, which was associated with intragraft vIL-10 expression.
These data collectively indicate that vIL-10, with its restricted bioactivity profile
favoring the CSIF or immunosuppressive activities of IL-10 and ability to effec-
tively engage only a limited subset of IL-10-responsive cells in vivo, is in contrast
to cIL-10 a potent and consistent immunosuppressive cytokine in in vivo models
of organ transplantation.

CLINICAL STUDIES

IL-10 has been considered an attractive candidate for therapeutic use based on its
potent in vitro immunomodulating activities and proven effects in animal models
of acute and chronic inflammation, autoimmunity, cancer and infectious disease.
Phase I and II clinical trials investigating safety, tolerance, pharmacokinetics,
pharmacodynamics, immunological and hematological effects of single or mul-
tiple doses of IL-10 administered by intravenous (iv) or subcutaneous (sc) route
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have been performed in various settings on healthy volunteers and specific patient
populations (622–624). These studies showed that IL-10 is well tolerated without
serious side effects at doses up to 25µg/kg; mild to moderate flu-like symptoms
were observed in a fraction of recipients at doses up to 100µg/kg.

In vivo administration of IL-10 inhibited the ex vivo LPS-induced production
of IL-6, IL-1, and TNF in whole blood cell assays and decreased proliferative
responses and IFNγ production following PHA stimulation of PBMC, indicating
that IL-10 retains immunomodulatory activities when administered in vivo. The
doses required to effect 50% of maximal inhibition (IC50) of TNF and IL-1β
production and a maximal fraction of inhibition (Imax) indicated that IL-10 inhibited
production of proinflammatory mediators in vivo at concentrations similar to those
used in in vitro experiments (625).

Single intravenous (iv) or subcutaneous (sc) doses of IL-10 resulted in transient
dose-dependent changes in white blood cell populations, including increases in
total white blood cells and neutrophils. A reduction was observed in the number
of CD3+CD4+ and CD3+CD8+ lymphocytes accompanied by an increase in the
percentage of CD14+ HLA-DR+ monocytes. Furthermore, transient decreases
in expression levels of CD11a (LFA1) on CD3+ T cells, which may account for
some of the observed changes in lymphocyte circulation, and a decrease in the
expression levels of HLA-DR on CD14+ monocytes, but not on CD20+ B cells,
were measured following a single iv dose of IL-10 in healthy volunteers (626, 627).
Downregulation of HLA-DR expression on monocytes but not B cells correlates
well with in vitro effects of IL-10 and is associated with inhibition of antigen
presentation.

In addition to transient neutrophilia, lymphocytopenia, and monocytosis, a de-
layed decrease in platelet counts was observed following a single sc dose of IL-10
(624). Decreases in platelet counts were also reported following multiple dose reg-
imens in a proportion of patients receiving 10–20µg/kg doses (628, 629). Platelet
counts reached nadirs of 20–50% of baseline generally at day 7 of treatment, but
they did not attain clinically compromising levels and either stabilized or returned
to normal during or following cessation of IL-10 therapy.

Because several of IL-10’s potential indications are chronic inflammatory dis-
eases for which steroid treatment is an accepted therapy, its interaction with such
drugs was studied. Single doses of IL-10 resulted in statistically significant but
clinically insignificant 20% increases in 24 h plasma cortisol area under serum
concentration–time curve (AUC). However, coadministration of IL-10 and pred-
nisolone did not result in pharmacokinetic alterations of either drug and showed net
responses that were similar to or greater than effects produced by the more strongly
acting agent (630, 631). In addition, IL-10 administration did not significantly alter
cytochrome P450 (CYP)-mediated drug metabolism as characterized by CYP1A2,
CYP2C9, and CYP2D6 activities and by a 12% reduction of CYP3A-mediated
biotransformation (632).

Pharmacokinetic parameters of IL-10 clearance were determined follow-
ing iv or sc administration of doses ranging from 0.1 to 100µg/kg. Following iv
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administration, IL-10 serum levels initially declined fairly rapidly but yielded a
less steep terminal phase with a t1/2 of 2–3 h. Mean exposure parameters (maxi-
mum serum concentration, Cmax, and AUC) were linearly related to dosage, and
IL-10 tended to remain in the vascular compartment. Because hIL-10 is nongly-
cosylated, it is cleared mainly through the kidney, as indicated by the increased
t1/2 and AUC of IL-10 in patients with moderate to severe renal insufficiencies.
Administration of IL-10 did not produce adverse effects in this patient population
(633). Subcutaneous administration of IL-10 resulted in slow absorption from the
IL-10 depot formed at the injection site, which reached Cmaxat 2–6.5 h post injec-
tion. The slower absorption of IL-10 following sc versus iv administration led to
prolonged but lower AUC with a mean terminal t1/2 of 2.7—4.5 h and so resulted
in a prolonged immunosuppressive effect. Mean exposure parameters were also
linearly related to dosage (625). Production of neutralizing antibodies was not
observed in any of the studies.

IL-10 administered iv at 25µg/kg inhibited LPS-induced rises in tempera-
ture and release of TNF, IL-6, IL-8, and IL-1RA in healthy human volunteers,
when given 2 min before but not 1 h after endotoxin (328). Such “pretreat-
ment” with IL-10 also reduced endotoxin-induced granulocyte accumulation in
the lungs, granulocyte degranulation, cortisol levels, activation of the fibrinolytic
system, inhibition of fibrinolysis, activation of the coagulation system, and inhi-
bition of expression of the CC chemokines Mip1α, Mip1β and MCP1 (634, 635).
Delay in administration of IL-10 for 1 h only reduced IL-6 and Mip1β produc-
tion, cortisol levels, inhibition of fibrinolysis, and activation of the coagulation
system, indicating that timing of IL-10 administration is important for its full anti-
inflammatory activity during experimental endotoxemia. However, IL-10 failed
to alter proinflammatory cytokine production or physiological changes associated
with the Jarisch-Herxheimer reaction, an acute systemic inflammatory response
that follows antibiotic treatment ofBorrelia recurrentisinfection (636). In addi-
tion, the effects of IL-10 on systemic production of proinflammatory cytokines
in renal transplant patients who received OKT3 as induction therapy (575) were
investigated. Pretreatment with IL-10 reduced release of TNF induced by OKT3,
but high IL-10 doses may have promoted early sensitization to OKT3 and exerted
reversible adverse effects on graft acceptance.

IL-10 has been tested in specific patient populations including those with
Crohn’s disease, RA, psoriasis, and patients suffering from chronic hepatitis C
infections. Administration of IL-10 (7 days iv) reduced the Crohn’s disease ac-
tivity index (CDAI) score in patients with steroid-refractory Crohn’s disease and
showed some clinical benefit in a larger 28-day sc safety and efficacy study in
patients with chronic active Crohn’s disease (CACD) (628, 637). Similarly, a
trend towards efficacy and a good safety profile was observed when IL-10 was
administered for 28 days to RA patients (629). Both Crohn’s disease and RA are
heterogeneous diseases, and IL-10 alone or in combination with other therapies,
such as low dose steroid or therapeutic anti-TNF Mab (638, 639), may yet benefit
a significant patient population.
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An open label phase II trial on ten psoriasis patients indicated that sc IL-10
treatment for seven weeks was well tolerated and efficacious: significant decreases
of psoriatic area and severity index were observed in 9/10 patients (640, 641). IL-
10 likely affects monocytes and T cells rather than keratinocytes in this disease
that is characterized by Th1-mediated IFNγ production (642).

Two recent trials investigated use of IL-10 to suppress pathology associated
with chronic hepatitis C (HCV) infection (401, 643). IL-10 was administered sc
at 4 or 8µg/kg for 28 or 90 days in patients who had not received any therapy
or who did not respond to interferon-based therapy, the current standard of care.
IL-10 normalized serum levels of alanine aminotransferase, a marker for hepatic
inflammation, improved liver histology and reduced liver fibrosis in over 50% of
treated patients. However, IL-10 did not reduce serum HCV RNA levels, indicating
that it did not affect viral load, but instead limited pathogen-induced pathology
as discussed earlier. The safety profile and biological activities of IL-10 suggest
its potential utility as a therapeutic, and results from several early clinical trials
are encouraging. It is not easy to predict which condition will benefit most from
IL-10 therapy, but IL-10–cIL-10 or vIL-10–either alone or in combination with
other agents may hold significant promise.

CONCLUSIONS

IL-10 is a pleiotropic cytokine that regulates a variety of functions of hemopoi-
etic cells. Its principal everyday function seems to be containment and eventual
termination of inflammatory responses; by doing so, IL-10 facilitates elimina-
tion of infectious organisms with minimal damage to host tissues. In addition,
IL-10 plays important roles in immune tolerance, T cell and DC development,
and growth and differentiation of B cells. Early clinical trials suggest that IL-10
has a good safety profile and possible utility in treatment of autoimmune and
inflammatory conditions. In addition, IL-10 antagonists–perhaps anti-IL-10 or
anti-IL-10R Mabs–may find application in treatment of SLE and a number of
infectious diseases.

What important issues remain to be addressed about IL-10’s function? First, our
understanding of IL-10R structure and signaling is not complete. That certain cells
(e.g. monocytes, B cells) respond comparably to cIL-10 and vIL-10 whereas others
are comparatively insensitive to vIL-10 suggests differences in IL-10R subunit
composition or its signal transduction machinery in the former. Furthermore, the
molecular basis for the different effects of IL-10 on different cell types remains
to be clarified. Why IL-10 generally inhibits monocyte/macrophage and CD4+

T cell function, yet stimulates development of B cells and CD8+ T cells despite
outwardly similar signaling responses in all cells is not understood.

What determines which of IL-10’s activities will dominate in an immune re-
sponse? As discussed, studies of IL-10 in vivo in models of autoimmunity, cancer,
and transplantation have revealed that IL-10 can effect very different outcomes
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depending on timing, dose, and location of expression; in some scenarios the ex-
pected immunosuppressive activities are observed, while in others IL-10 enhances
immune or inflammatory responses. The cellular mechanisms underlying these
phenomena are unclear, and their elucidation is of particular importance for the
successful use of IL-10 in the clinic. Valuable understanding in this area may come
from further studies of IL-10’s effects on DC and renewed efforts to understand
its activity on other hemopoietic cells.

Understanding the role of IL-10 in differentiation and function of T regula-
tory cells—in their various manifestations—is crucial for attaining a complete
understanding of these cells and their in vivo significance in immune tolerance.
The most helpful advance in this area would be an improved method of growing
and maintaining such cells in vitro. The potential utility of these cells in treating
autoimmune disorders and in organ transplantation cannot be ignored.

Finally, the clinical potential of IL-10 requires further evaluation. It is possible
that IL-10 or anti-IL-10 may synergize with existing suboptimal therapies (e.g.,
cyclosporine, steroids, anti-microbials) to effect a superior therapeutic outcome
with fewer undesirable side effects. Moreover, because of the restricted bioactivity
profile of vIL-10, the viral cytokine or a modified hIL-10 with impaired pleiotropic
activities (88) may in fact be the preferred therapeutic entity in a number of IL-10
protein or gene therapy applications.

In this area, the emerging field of pharmacogenomics may offer the ability to
determine in advance which patient subsets are most likely to respond to IL-10
or anti-IL-10 therapy. A foundation for this already exists in knowledge derived
from IL-10 promoter genotype studies. It is also plausible that similar studies of
the IL-10R1 and/or IL-10R2 loci may reveal polymorphisms that correlate with
the ability of patients to respond to such therapies.

We are confident that the second decade of research on IL-10 will be as pro-
ductive as the first.

ACKNOWLEDGMENTS

We thank colleagues who have worked in our laboratories during the last ten years
for their participation in the work reviewed herein. We also are grateful to Dr.
Paul Grint and Dr. Marco Cassatella for their critical review of this manuscript.

Visit the Annual Reviews home page at www.AnnualReviews.org

LITERATURE CITED

1. Fiorentino DF, Bond MW, Mosmann TR.
1989. Two types of mouse helper T cell.
IV. Th2 clones secrete a factor that inhibits
cytokine production by Th1 clones.J. Exp.
Med.170:2081–95

2. Moore KW, Vieira P, Fiorentino DF, Troun-
stine ML, Khan TA, Mosmann TR. 1990.
Homology of cytokine synthesis inhibitory
factor (IL-10) to the Epstein Barr virus gene
BCRFI.Science248:1230–34



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

724 MOORE ET AL

3. Hsu D-H, de Waal Malefyt R, Fiorentino
DF, Dang M-N, Vieira P, de Vries J, Spits
H, Mosmann TR, Moore KW. 1990. Ex-
pression of IL-10 activity by Epstein-Barr
virus protein BCRFI.Science250:830–32

4. Vieira P, de Waal-Malefyt R, Dang M-
N, Johnson KE, Kastelein R, Fiorentino
DF, deVries JE, Roncarolo M-G, Mosmann
TR, Moore KW. 1991. Isolation and ex-
pression of human cytokine synthesis in-
hibitory factor (CSIF/IL10) cDNA clones:
homology to Epstein-Barr virus open read-
ing frame BCRFI.Proc. Natl. Acad. Sci.
USA88:1172–76

5. de Waal Malefyt R, Haanen J, Spits H, Ron-
carolo M-G, te Velde A, Figdor C, John-
son K, Kastelein R, Yssel H, de Vries JE.
1991. IL-10 and viral IL-10 strongly reduce
antigen-specific human T cell proliferation
by diminishing the antigen-presenting ca-
pacity of monocytes via downregulation
of class II MHC expression.J. Exp. Med.
174:915–24

6. Fiorentino DF, Zlotnik A, Vieira P, Mos-
mann TR, Howard M, Moore KW, O’Garra
A. 1991. IL-10 acts on the antigen-
presenting cell to inhibit cytokine produc-
tion by Th1 cells.J. Immunol.146:3444–51

7. Ding L, Shevach EM. 1992. IL-10 inhibits
mitogen-induced T cell proliferation by se-
lectively inhibiting macrophage costimula-
tory function.J. Immunol.148:3133–39

8. Hsu D-H, Moore KW, Spits H. 1992. Dif-
ferential effects of interleukin-4 and -10 on
interleukin-2-induced interferon-γ synthe-
sis and lymphokine-activated killer activ-
ity. Int. Immunol.4:563–69

9. Bogdan C, Vodovotz Y, Nathan C. 1991.
Macrophage deactivation by interleukin
10.J. Exp. Med.174:1549–55

10. de Waal Malefyt R, Abrams J, Bennett B,
Figdor C, de Vries J. 1991. IL-10 inhibits
cytokine synthesis by human monocytes:
an autoregulatory role of IL-10 produced
by monocytes.J. Exp. Med.174:1209–20

11. Fiorentino DF, Zlotnik A, Mosmann TR,
Howard MH, O’Garra A. 1991. IL-10 in-

hibits cytokine production by activated
macrophages.J. Immunol.147:3815–22

12. Ding L, Linsley PS, Huang L-Y, Germain
RN, Shevach EM. 1993. IL-10 inhibits
macrophage costimulatory activity by se-
lectively inhibiting the up-regulation of B7
expression.J. Immunol.151:1224–34

13. Gazzinelli RT, Oswald IP, James SL, Sher
A. 1992. IL-10 inhibits parasite killing and
nitric oxide production by IFN-γ -activated
macrophages.J. Immunol.148:1792–96

14. Oswald IP, Gazzinelli RT, Sher A, James
SL. 1992. IL-10 synergizes with IL-4 and
TGF-beta to inhibit macrophage cytotoxic
activity. J. Immunol.148:3578–82

15. Ralph P, Nakoinz I, Sampson-Johannes A,
Fong S, Lowe D, Min H-Y, Lin L. 1992. IL-
10, T lymphocyte inhibitor of human blood
cell production of IL-1 and tumor necrosis
factor.J. Immunol.148:808–14

16. Murphy EE, Terres G, Macatonia SE,
Hsieh C-S, Mattson J, Lanier L, Wysocka
M, Trinchieri G, Murphy K, O’Garra A.
1994. B7 and interleukin-12 cooperate
for proliferation and IFNγ production by
mouse Th1 clones that are unresponsive to
B7 costimulation.J. Exp. Med.180:223–
31

17. de Waal Malefyt R, Yssel H, de Vries JE.
1993. Direct effects of IL-10 on subsets of
human CD4+ T cell clones and resting T
cells.J. Immunol.150:4754–65

18. Go NF, Castle BE, Barrett R, Kastelein
R, Dang W, Mosmann TR, Moore KW,
Howard M. 1990. Interleukin 10 (IL-10),
a novel B cell stimulatory factor: un-
responsiveness of X chromosome-linked
immunodeficiency B cells.J. Exp. Med.
172:1625–31

19. MacNeil I, Suda T, Moore KW, Mosmann
TR, Zlotnik A. 1990. IL-10: a novel cy-
tokine growth cofactor for mature and im-
mature T cells.J. Immunol. 145:4167–
73

20. Rousset F, Garcia E, Defrance T, Per-
onne C, Hsu D-H, Kastelein R, Moore
KW, Banchereau J. 1992. IL-10 is a potent



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

IL-10 AND IL-10 RECEPTOR 725

growth and differentiation factor for acti-
vated human B lymphocytes.Proc. Natl.
Acad. Sci. USA89:1890–93

21. Chen W-F, Zlotnik A. 1991. Interleukin 10:
A novel cytotoxic T cell differentiation fac-
tor. J. Immunol.147:528–34

22. Thompson-Snipes L, Dhar V, Bond MW,
Mosmann TR, Moore KW, Rennick D.
1991. Interleukin-10: a novel stimulatory
factor for mast cells and their progenitors.
J. Exp. Med.173:507–10

23. Ishida H, Hastings R, Kearny J, Howard M.
1992. Continuous anti-IL-10 antibody ad-
ministration depletes mice of CD5 B cells
but not conventional B cells.J. Exp. Med.
175:1213–20

24. Ishida H, Hastings R, Snipes L, Howard
M. 1993. Modified immunological status
of anti-IL-10 treated mice.Cell. Immunol.
148:371–84

25. Ishida H, Muchamuel T, Sakaguchi S, An-
drade S, Menon S, Howard M. 1994. Con-
tinuous administration of anti-IL-10 anti-
bodies delays onset of autoimmunity in
NZB/W F1 mice.J. Exp. Med.179:305–
10

26. Kuhn R, Lohler J, Rennick D, Rajewsky K,
Muller W. 1993. Interleukin-10 deficient
mice develop chronic enterocholitis.Cell
75:263–74

27. Berg DJ, Leach MW, Kuhn R, Rajewsky
K, Muller W, Davidson NJ, Rennick D.
1995. Interleukin 10 but not interleukin 4 is
a natural suppressant of cutaneous inflam-
matory responses.J. Exp. Med.182:99–
108

28. Berg DJ, Kuhn R, Rajewsky K, Muller W,
Menon S, Davidson N, Grunig G, Rennick
D. 1995. Interleukin-10 is a central regula-
tor of the response to LPS in murine models
of endotoxic shock and the Shwartzman re-
action but not endotoxin tolerance.J. Clin.
Invest.96:2339–47

29. Opal SM, Wherry JC, Grint P. 1998.
Interleukin-10: potential benefits and pos-
sible risks in clinical infectious diseases.
Clin. Infect. Dis.27:1497–1507

30. Goodman RE, Oblak J, Bell RG. 1992.
Synthesis and characterization of rat
interleukin-10 (IL-10) cDNA clones from
the RNA of cultured OX8- OX22- thoracic
duct T cells.Biochem. Biophys. Res. Com-
mun.189:1–7

31. Sprang SR, Bazan JF. 1993. Cytokine
structural taxonomy and mechanisms of
receptor engagement.Curr. Opin. Struct.
Biol. 3:815–27

32. Mosmann TR, Schumacher J, Fiorentino
DF, Leverah J, Moore KW, Bond MW.
1990. Isolation of monoclonal antibodies
specific for IL4, IL5, IL6, and a new Th2-
specific cytokine (IL-10), cytokine synthe-
sis inhibitory factor, by using a solid phase
radioimmunoadsorbent assay.J. Immunol.
145:2938–45

33. Liu Y, Wei SH-Y, Ho AS-Y, de Waal
Malefyt R, Moore KW. 1994. Expres-
sion cloning and characterization of a hu-
man interleukin-10 receptor.J. Immunol.
152:1821–29

34. Tan JC, Indelicato S, Narula SK, Zavodny
PJ, Chou C-C. 1993. Characterization of
interleukin-10 receptors on human and
mouse cells.J. Biol. Chem.268:21,053–
59

35. Windsor WT, Syto R, Tsarbopoulos A,
Zhang R, Durkin J, Baldwin S, Paliwal
S, Mui PW, Pramanik B, Trotta PP, Tin-
dall SH. 1993. Disulfide bond assignments
and secondary structure analysis of human
and murine interleukin 10.Biochemistry
(Mosc).32:8807–15

36. Syto R, Murgolo NJ, Braswell EH, Mui
P, Huang E, Windsor WT. 1998. Struc-
tural and biological stability of the human
interleukin 10 homodimer.Biochemistry
(Mosc)37:16943–51

37. Walter MR, Nagabhushan TL. 1995. Crys-
tal structure of interleukin 10 reveals an in-
terferonγ -like fold. Biochemistry (Mosc).
34:12118–25

38. Zdanov A, Schalk-Hihi C, Gustchina A,
Tsang M, Weatherbee J, Wlodawer A.
1995. Crystal structure of interleukin-10



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

726 MOORE ET AL

reveals the functional dimer with an unex-
pected topological similarity to interferon
γ . Structure3:591–601

39. Zdanov A, Schalk-Hihi C, Wlodawer A.
1996. Crystal of human interleukin-10 at
1.6 A resolution and a model of a com-
plex with its soluble receptor.Protein Sci.
5:1955–62

40. Zdanov A, Schalk-Hihi C, Menon S,
Moore KW, Wlodawer A. 1997. Crys-
tal structure of Epstein-Barr virus protein
BCRF1, a homolog of cellular interleukin-
10.J. Mol. Biol.268:460–67

41. Walter MR, Windsor WT, Nagabhushan
TL, Lundell DJ, Lunn CA, Zavodny PJ,
Narula SK. 1995. Crystal structure of a
complex between interferon-γ and its solu-
ble high affinity receptor.Nature376:230–
35

42. Josephson K, DiGiacomo R, Indelicato
SR, Ayo AH, Nagabhushan TL, Parker
MH, Walter MR. 2000. Design and analy-
sis of an engineered human interleukin-10
monomer.J. Biol. Chem.275:13552–57

43. Gesser B, Leffers H, Jinquan T, Vester-
gaard C, Kirstein N, Sindet-Pedersen S,
Jensen SL, Thestrup-Pedersen K, Larsen
CG. 1997. Identification of functional do-
mains on human interleukin 10.Proc. Natl.
Acad. Sci. USA94:14620–25

44. Osman MO, Jacobsen NO, Kristensen JU,
Deleuran B, Gesser B, Larsen CG, Jensen
SL. 1998. IT 9302, a synthetic interleukin-
10 agonist, diminishes acute lung injury in
rabbits with acute necrotizing pancreatitis.
Surgery124:584–92

45. Kim JM, Brannan CI, Copeland NG, Jenk-
ins NA, Khan TA, Moore KW. 1992. Struc-
ture of the mouse interleukin-10 gene and
chromosomal localization of the mouse
and human genes.J. Immunol.148:3618–
23

46. de Waal Malefyt R, de Vries J. 1996. In
Interleukin-10, ed. B. Aggarwal, J. Gutter-
man, pp. 19–42. Cambridge MA: Black-
well Sci.

47. de Waal Malefyt R, Moore KW. 1998. In

Interleukin-10, ed. A. Thomson, pp. 333–
64. San Diego, CA: Academic Press

48. Brightbill HD, Plevy SE, Modlin RL,
Smale ST. 2000. A prominent role for
Sp1 during lipopolysaccharide-mediated
induction of the IL-10 promoter in
macrophages.J. Immunol.164:1940–51

49. Tone M, Powell MJ, Tone Y, Thompson
SA, Waldmann H. 2000. IL-10 gene ex-
pression is controlled by the transcription
factors Sp1 and Sp3.J. Immunol.165:286–
91

50. Powell MJ, Thompson SA, Tone Y, Wald-
mann H, Tone M. 2000. Posttranscrip-
tional regulation of IL-10 gene expression
through sequences in the 3′-untranslated
region.J. Immunol.165:292–96

51. Le Moine O, Marchant A, Durand F, Ickx
B, Pradier O, Belghiti J, Abramowicz D,
Gelin M, Goldman M, Deviere J. 1994.
Systemic release of interleukin-10 during
orthotopic liver transplantation.Hepatol-
ogy20:889–92

52. Eskdale J, Kube D, Tesch H, Gallagher G.
1997. Mapping of the human IL10 gene
and further characterization of the 5′ flank-
ing sequence.Immunogenetics46:120–28

53. Hurme M, Lahdenpohja N, Santtila S.
1998. Gene polymorphisms of interleukins
1 and 10 in infectious and autoimmune dis-
eases.Ann. Med.30:469–73

54. Eskdale J, McNicholl J, Wordsworth P,
Jonas B, Huizinga T, Field M, Gallagher G.
1998. Interleukin-10 microsatellite poly-
morphisms and IL-10 locus alleles in
rheumatoid arthritis susceptibility [letter].
Lancet352:1282–83

55. Turner DM, Williams DM, Sankaran D,
Lazarus M, Sinnott PJ, Hutchinson IV.
1997. An investigation of polymorphism
in the interleukin-10 gene promoter.Eur.
J. Immunogenet.24:1–8

56. Llorente L, Zou W, Levy Y, Richaud-Patin
Y, Wijdenes J, Alcocer-Varela J, Morel-
Fourrier B, Brouet JC, Alarcon-Segovia
D, Galanaud P. 1995. Role of interleukin
10 in the B lymphocyte hyperactivity and



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

IL-10 AND IL-10 RECEPTOR 727

autoantibody production of systemic lupus
erythematosus.J. Exp. Med.181:839–44

57. Llorente L, Richaud-patin Y, Couderc J,
Alarcon-Segovia D, Ruiz-Soto R, Alcocer-
Castillejos N, Alcocer-Varela J, Grana-
dos J, Bahena S, Galanaud P, Emilie
D. 1997. Dysregulation of interleukin-10
production in relatives of patients with
systemic lupus erythematosus.Arthritis
Rheum.40:1429–35

58. Eskdale J, Wordsworth P, Bowman S, Field
M, Gallagher G. 1997. Association be-
tween polymorphisms at the human IL-
10 locus and systemic lupus erythematosus
[published erratum appears inTissue Anti-
gens1997 Dec;50(6):699].Tissue Antigens
49:635–39

59. Lazarus M, Hajeer AH, Turner D, Sinnott P,
Worthington J, Ollier WE, Hutchinson IV.
1997. Genetic variation in the interleukin
10 gene promoter and systemic lupus ery-
thematosus.J. Rheumatol.24:2314–17

60. Gonzalez-Amaro R, Portales-Perez D,
Baranda L, Abud-Mendoza C, Llorente
L, Richaud-Patin Y, Alcocer-Varela J,
Alarcon-Segovia D. 1998. Role of IL-10
in the abnormalities of early cell activation
events of lymphocytes from patients with
systemic lupus erythematosus.J. Autoim-
mun.11:395–402

61. Rood MJ, Keijsers V, van der Linden
MW, Tong TQ, Borggreve SE, Verweij
CL, Breedveld FC, Huizinga TW. 1999.
Neuropsychiatric systemic lupus erythe-
matosus is associated with imbalance in
interleukin 10 promoter haplotypes.Ann.
Rheum. Dis.58:85–89

62. Grondal G, Kristjansdottir H, Gunnlaugs-
dottir B, Arnason A, Lundberg I, Klareskog
L, Steinsson K. 1999. Increased number of
interleukin-10-producing cells in systemic
lupus erythematosus patients and their
first-degree relatives and spouses in Ice-
landic multicase families.Arthritis Rheum,
42:1649–54

63. Mehrian R, Quismorio FP Jr, Strassmann
G, Stimmler MM, Horwitz DA, Kitridou

RC, Gauderman WJ, Morrison J, Braut-
bar C, Jacob CO. 1998. Synergistic effect
between IL-10 and bcl-2 genotypes in de-
termining susceptibility to systemic lupus
erythematosus.Arthritis Rheum.41:596–
602

64. Kono DH, Burlingame RW, Owens DG,
Kuramochi A, Balderas RS, Balomenos D,
Theofilopoulos AN. 1994. Lupus suscepti-
bility loci in New Zealand mice.Proc. Natl.
Acad. Sci. USA91:10168–72

65. Morse HR, Bidwell JL, Raveche ES. 1999.
A poly(C) repeat polymorphism in the pro-
moter of the IL-10 gene in NZB mice.Eur.
J. Immunogenet.26:377–78

66. Westendorp RG, Langermans JA, Huizinga
TW, Elouali AH, Verweij CL, Boomsma
DI, Vandenbroucke JP, Vandenbrouke JP.
1997. Genetic influence on cytokine pro-
duction and fatal meningococcal disease
[published erratum appears inLancet1997
Mar 1;349(9052):656].Lancet 349:170–
73

67. Edwards-Smith CJ, Jonsson JR, Purdie
DM, Bansal A, Shorthouse C, Powell EE.
1999. Interleukin-10 promoter polymor-
phism predicts initial response of chronic
hepatitis C to interferon alfa.Hepatology
30:526–30

68. Knappe A, Hor S, Wittmann S, Ficken-
scher H. 2000. Induction of a novel cel-
lular homolog of interleukin-10, AK155,
by transformation of T lymphocytes with
herpesvirus saimiri.J. Virol. 74:3881–87

69. Dumoutier L, Louahed J, Renauld JC.
2000. Cloning and characterization of IL-
10-related T cell-derived inducible factor
(IL-TIF), a novel cytokine structurally re-
lated to IL-10 and inducible by IL-9.J. Im-
munol.164:1814–9

70. Dumoutier L, Van Roost E, Colau D, Re-
nauld JC. 2000. Human interleukin-10-
related T cell-derived inducible factor:
molecular cloning and functional charac-
terization as an hepatocyte-stimulating fac-
tor. Proc. Natl. Acad. Sci. USA97:10144–
49



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

728 MOORE ET AL

71. Xie M-H, Aggarwal S, Ho W-H, Foster J,
Zhang Z, Stinson J, Wood WI, Goddard
AD, Gurney AL. 2000. IL-22, a novel hu-
man cytokine that signals through the in-
terferon receptor related proteins CRF2-4
and IL-22R.J. Biol. Chem.275:31335–39

72. Zhang R, Tan Z, Liang P. 2000. Identifica-
tion of a novel ligand-receptor pair consti-
tutively activated by ras oncogenes.J. Biol.
Chem.275:24436–43

73. Soo C, Shaw WW, Freymiller E, Longaker
MT, Bertolami CN, Chiu R, Tieu A, Ting
K. 1999. Cutaneous rat wounds express
c49a, a novel gene with homology to the
human melanoma differentiation associ-
ated gene, mda-7.J. Cell. Biochem.74:1–
10

74. Jiang H, Lin JJ, Su Z-Z, Goldstein NI,
Fisher PB. 1995. Subtraction hybridization
identifies a novel melanoma differentiation
associated gene, mda-7, modulated during
human melanoma differentiation, growth,
and progression.Oncogene11:2477–86

75. Jiang H, Su Z-Z, Lin JJ, Goldstein
NI, Young CSH, Fisher PB. 1996. The
melanoma differentiation associated gene
mda-7 suppresses cancer cell growth.Proc.
Natl. Acad. Sci. USA93:9160–65

76. Su Z-Z, Madireddi MT, Lin JJ, Young
CSH, Kitada S, Reed JC, Goldstein NI,
Fisher PB. 1998. The cancer growth sup-
pressor gene mda-7 selectively induces
apoptosis in human breast cancer cells and
inhibits tumor growth in nude mice.Proc.
Natl. Acad. Sci. USA95:14,400–5

77. Rode H-J, Janssen W, Rosen-Wolff A,
Bugert JJ, Thein P, Becker Y, Darai G.
1993. The genome of equine herpesvirus
type 2 harbors an interleukin-10 (IL-10)-
like gene.Virus Genes7:111–16

78. Fleming SB, McCaughan CA, Andrews
AE, Nash AD, Mercer AA. 1997. A ho-
molog of interleukin-10 is encoded by
the poxvirus Orf virus.J. Virol. 71:4857–
61

79. Kotenko SV, Saccani S, Izotova LS,
Mirochnitchenko OV, Pestka S. 2000.

Human cytomegalovirus harbors its own
unique IL-10 homolog (cmvIL-10).Proc.
Natl. Acad. Sci. USA97:1695–1700

80. Ho AS-Y, Moore KW. 1994. Interleukin-
10 and its receptor.Ther. Immunol.1:173–
85

81. Liu Y, de Waal Malefyt R, Briere F,
Parham C, Bridon J-M, Banchereau J,
Moore KW, Xu J. 1997. The Epstein-Barr
virus interleukin-10 (IL-10) homolog is a
selective agonist with impaired binding to
the IL-10 receptor.J. Immunol.158:604–
13

82. Hudson GS, Bankier AT, Satchwell SC,
Barrell BG. 1985. The short unique region
of the B95-8 Epstein-Barr virus genome.
Virology147:81–98

83. Stewart JP, Behm FG, Arrand JR, Rooney
CM. 1994. Differential expression of viral
and human interleukin-10 (IL-10) by pri-
mary B cell tumors and B cell lines.Virol-
ogy200:724–32

84. Berman RM, Suzuki T, Tahara H, Robbins
PD, Narula SK, Lotze MT. 1996. Systemic
administration of cellular IL-10 induces
an effective, specific, and long-lived im-
mune response against established tumors
in mice.J. Immunol.157:231–38

85. Qin L, Chavin KD, Ding Y, Tahara H,
Favaro JP, Woodward JE, Suzuki T, Rob-
bins PD, Lotze MT, Bromberg JS. 1996.
Retrovirus-mediated transfer of viral IL-10
gene prolongs murine cardiac allograft sur-
vival. J. Immunol.156:2316–23

86. Suzuki T, Tahara H, Narula S, Moore KW,
Robbins PD, Lotze MT. 1995. Viral inter-
leukin 10 (IL-10), the human herpes virus
4 cellular IL-10 homologue, induces local
anergy to allogeneic and syngeneic tumors.
J. Exp. Med.182:477–86

87. Ho AS-Y, Liu Y, Khan TA, Hsu D-H,
Bazan JF, Moore KW. 1993. A recep-
tor for interleukin-10 is related to inter-
feron receptors.Proc. Natl. Acad. Sci. USA
90:11267–71

88. Ding Y, Qin L, Kotenko SV, Pestka S,
Bromberg JS. 2000. A single amino acid



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

IL-10 AND IL-10 RECEPTOR 729

determines the immunostimulatory activ-
ity of interleukin 10.J. Exp. Med.191:213–
24

89. O’Farrell A-M, Liu Y, Moore KW, Mui
AL-F. 1998. IL-10 inhibits macrophage ac-
tivation and proliferation by distinct sig-
nalling mechanisms: evidence for stat3-
dependent and -independent pathways.
EMBO J.17:1006–18

90. Taniyama T, Takai S, Miyazaki E, Fuku-
mura R, Sato J, Kobayashi Y, Hirakawa
T, Moore KW, Yamada K. 1995. The hu-
man interleukin-10 receptor gene maps to
chromosome 11q23.3.Hum. Genet.95:99–
101

91. Tan JC, Braun S, Rong H, DiGiacomo R,
Dolphin E, Baldwin S, Narula SK, Za-
vodny PJ, Chou C-C. 1995. Characteriza-
tion of recombinant extracellular domain
of human interleukin-10 receptor.J. Biol.
Chem.270:12906–11

92. Reineke U, Sabat R, Volk H-D, Schneider-
Mergener J. 1998. Mapping of the
interleukin-10/interleukin-10 receptor
combining site.Protein Sci.7:951–60

93. Carson WE, Lindemann MJ, Baiocchi R,
Linett M, Tan JC, Chou C-C, Narula S,
Caligiuri MA. 1995. The functional char-
acterization of interleukin-10 receptor ex-
pression on human natural killer cells.
Blood85:3577–85

94. Weber-Nordt RM, Meraz MA, Schreiber
RD. 1994. LPS-dependent induction of IL-
10 receptor expression on murine fibrob-
lasts.J. Immunol.153:3734–44

95. Michel G, Mirmohammadsadegh A, Olasz
E, Jarzebska-Deussen B, Muschen A, Ke-
meny L, Abts HF, Ruzicka T. 1997.
Demonstration and functional analysis
of IL-10 receptors in human epidermal
cells: decreased expression in psoriatic
skin, down- modulation by IL-8, and up-
regulation by an antipsoriatic glucocorti-
costeroid in normal cultured keratinocytes.
J. Immunol.159:6291–97

96. Michel G, Gailis A, Jarzebska-Deussen
B, Muschen A, Mirmohammadsadegh A,

Ruzicka T. 1997. 1,25-(OH)2-vitamin
D3 and calcipotriol induce IL-10 recep-
tor gene expression in human epidermal
cells.Inflamm. Res.46:32–34

97. Mirmohammadsadegh A, Homey B,
Abts HF, Kohrer K, Ruzicka T, Michel G.
1998. Differential modulation of pro- and
antiinflammatory cytokine receptors by
N-(4-trifluoromethylphenyl)-2-cyano-3-
hydroxy-crotonic acid amide (A77 1726),
the physiologically active metabolite of
the novel immunomodulator leflunomide.
Biochem. Pharmacol.55:1523–29

98. Roth I, Fisher SJ. 1999. IL-10 is an au-
tocrine inhibitor of human placental cy-
totrophoblast MMP- 9 production and in-
vasion.Dev. Biol.205:194–204

99. Bourreille A, Segain JP, Raingeard de
la Bletiere D, Siavoshian S, Vallette
G, Galmiche JP, Blottiere HM. 1999.
Lack of interleukin 10 regulation of anti-
gen presentation-associated molecules
expressed on colonic epithelial cells.Eur.
J. Clin. Invest.29:48–55

100. Denning TL, Campbell NA, Song F,
Garofalo RP, Klimpel GR, Reyes VE,
Ernst PB. 2000. Expression of IL-10 re-
ceptors on epithelial cells from the murine
small and large intestine.Int. Immunol.
12:133–39

101. Bach EA, Aguet M, Schreiber RD. 1997.
The IFN gamma receptor: a paradigm for
cytokine receptor signaling.Annu. Rev.
Immunol.15:563–91

102. Mogensen KE, Lewerenz M, Reboul J,
Lutfalla G, Uze G. 1999. The type I inter-
feron receptor: structure, function, and
evolution of a family business.J. Inter-
feron Cytokine Res.19:1069–98

103. Lutfalla G, Gardiner K, Uze G. 1993.
A new member of the cytokine receptor
gene family maps on chromosome 21 at
less than 35 kb from IFNAR.Genomics
16:366–73

104. Cheng S, Lutfalla G, Uze G, Chumakov
IM, Gardiner K. 1993. GART, SON,
IFNAR, and CRF2-4 genes cluster on



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

730 MOORE ET AL

human chromosome 21 and mouse chro-
mosome 16.Mamm. Genome4:338–42

105. Gibbs VC, Pennica D. 1997. CRF2-4:
isolation of cDNA clones encoding the
human and mouse proteins.Gene186:97–
101

106. Kotenko SV, Krause CD, Izotova LS, Pol-
lack BP, Wu W, Pestka S. 1997. Identifi-
cation and functional characterization of
a second chain of the interleukin-10 re-
ceptor complex.EMBO J.16:5894–5903

107. Spencer SD, Di Marco F, Hooley J, Pitts-
Meek S, Bauer M, Ryan AM, Sordat B,
Gibbs VC, Aguet M. 1998. The orphan re-
ceptor CRF2-4 is an essential subunit of
the interleukin 10 receptor.J. Exp. Med.
187:571–78

108. Riley JK, Takeda K, Akira S, Schreiber
RD. 1999. Interleukin-10 receptor signal-
ing through the JAK-STAT pathway.J.
Biol. Chem.274:16513–21

109. Finbloom DS, Winestock KD. 1995. IL-
10 induces the tyrosine phosphorylation
of tyk2 and Jak1 and the differential as-
sembly of STAT1α and STAT3 complexes
in human T cells and monocytes.J. Im-
munol.155:1079–90

110. Ho AS-Y, Wei SH-Y, Mui AL-F, Miya-
jima A, Moore KW. 1995. Functional
regions of the mouse IL-10 receptor
cytoplasmic domain.Mol. Cell. Biol.
15:5043–53

111. Lai C-F, Ripperger J, Morella KK, Jurlan-
der J, Hawley TS, Carson WE, Kordula T,
Caligiuri MA, Hawley RG, Fey GH, Bau-
mann H. 1996. Receptors for interleukin
(IL)-10 and IL-6-type cytokines use sim-
ilar signaling mechanisms for inducing
transcription through IL-6 response ele-
ments.J. Biol. Chem.271:13968–75

112. Wehinger JW, Gouilleux F, Groner B,
Finke J, Mertelsmann R, Weber-Nordt
RM. 1996. IL-10 induces DNA bind-
ing activity of three STAT proteins (Stat1,
Stat3, and Stat5) and their distinct com-
binatorial assembly in the promoters of
selected genes.FEBS Lett.394:365–70

113. Weber-Nordt RM, Riley JK, Greenlund
AC, Moore KW, Darnell JE, Schreiber
RD. 1996. Stat3 recruitment by two dis-
tinct ligand-induced tyrosine phosphory-
lated docking sites in the IL-10 recep-
tor intracellular domain.J. Biol. Chem.
271:27954–61

114. Rodig SJ, Meraz MA, White JM, Lampe
PA, Riley JK, Arthur CD, King KL,
Sheehan KC, Yin L, Pennica D, John-
son EM Jr, Schreiber RD. 1998. Disrup-
tion of the Jak1 gene demonstrates oblig-
atory and nonredundant roles of the Jaks
in cytokine-induced biologic responses.
Cell 93:373–83

115. O’Farrell AM, Parry DA, Zindy F, Rous-
sel MF, Lees E, Moore KW, Mui AL-
F. 2000. Stat3-dependent induction of
p19INK4D by IL-10 contributes to inhi-
bition of macrophage proliferation.J. Im-
munol.164:4607–15

116. Takeda K, Clausen BE, Kaisho T, Tsu-
jimura T, Terada N, Forster I, Akira S.
1999. Enhanced Th1 activity and devel-
opment of chronic enterocholitis in mice
devoid of Stat3 in macrophages and neu-
trophils.Immunity10:39–49

117. Meraz MA, White JM, Sheehan KCF,
Bach EA, Rodig SJ, Dighe AS, Kaplan
DH, Riley JK, Greenlund AC, Campbell
D, Carver-Moore K, DuBois RN, Clark R,
Aguet M, Schreiber RD. 1996. Targeted
disruption of the Stat1 gene in mice re-
veals unexpected physiologic specificity
in the JAK-STAT signaling pathway.Cell
84:431–42

118. Bovolenta C, Gasperini S, McDonald PP,
Cassatella MA. 1998. High affinity recep-
tor for IgG (Fc gamma RI/CD64) gene
and STAT protein binding to the IFN-
gamma response region (GRR) are regu-
lated differentially in human neutrophils
and monocytes by IL-10.J. Immunol.
160:911–19

119. Cassatella MA. 1998. The neutrophil:
one of the cellular targets of interleukin-
10. Int. J. Clin. Lab. Res.28:148–61



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

IL-10 AND IL-10 RECEPTOR 731

120. Ito S, Ansari P, Sakatsume M, Dick-
ensheets H, Vazquez N, Donnelley
RP, Larner AC, Finbloom DS. 1999.
Interleukin-10 inhibits expression of both
interferon α- and interferonγ -induced
genes by suppressing tyrosine phospho-
rylation of STAT1.Blood93:1456–63

121. Yamaoka K, Otsuka T, Niiro H,
Nakashima H, Tanaka Y, Nagano S,
Ogami E, Niho Y, Hamasaki N, Izuhara
K. 1999. Selective DNA-binding activ-
ity of interleukin-10-stimulated STAT
molecules in human monocytes.J.
Interferon Cytokine Res.19:679–85

122. Cssatella MA, Gasperini S, Bovolenta
C, Calzetti F, Vollebregt M, Scapini
P, Marchi M, Suzuki R, Suzuki A,
Yoshimura A. 1999. Interleukin-10 (IL-
10) selectively enhances CIS3/SOCS3
mRNA expression in human neutrophils:
evidence for an IL-10-induced pathway
that is independent of STAT protein acti-
vation.Blood94:2880–89

123. Auernhammer CJ, Bousquet C, Melmed
S. 1999. Autoregulation of pituitary corti-
cotroph SOCS-3 expression: characteri-
zation of the murine SOCS-3 promoter.
Proc. Natl. Acad. Sci. USA96:6964–
69

124. Wang P, Wu P, Siegel MI, Egan RW, Billah
MM. 1995. Interleukin (IL)-10 inhibits
nuclear factor kappa B (NF kappa B) acti-
vation in human monocytes. IL-10 and IL-
4 suppress cytokine synthesis by different
mechanisms.J. Biol. Chem.270:9558–63

125. Schottelius AJ, Mayo MW, Sartor RB,
Baldwin AS, Jr. 1999. Interleukin-10 sig-
naling blocks inhibitor of kappaB kinase
activity and nuclear factor kappaB DNA
binding.J. Biol. Chem.274:31868–74

126. Ehrlich LC, Hu S, Peterson PK, Chao CC.
1998. IL-10 down-regulates human mi-
croglial IL-8 by inhibition of NF-kappaB
activation.Neuroreport9:1723–26

127. Clarke CJ, Hales A, Hunt A, Foxwell
BM. 1998. IL-10-mediated suppression
of TNF-alpha production is independent

of its ability to inhibit NF kappa B activ-
ity. Eur. J. Immunol.28:1719–26

128. Dokter WHA, Koopmans SB, Vellenga E.
1996. Effects of IL-10 and IL-4 on LPS-
induced transcription factors (AP-1, NF-
IL6 and NF-kappa B) which are involved
in IL-6 regulation.Leukemia10:1308–16

129. Romano MF, Lamberti A, Petrella A,
Bisogni R, Tassone PF, Formisano S,
Venuta S, Turco MC. 1996. IL-10 inhibits
nuclear factor-kappa B/Rel nuclear activ-
ity in CD3-stimulated human peripheral T
lymphocytes.J. Immunol.156:2119–23

130. Lentsch AB, Shanley TP, Sarma V, Ward
PA. 1997. In vivo suppression of NF-
kappa B and preservation of I kappa B
alpha by interleukin-10 and interleukin-
13.J. Clin. Invest.100:2443–48

131. Yoshidome H, Kato A, Edwards MJ,
Lentsch AB. 1999. Interleukin-10 sup-
presses hepatic ischemia/reperfusion in-
jury in mice: implications of a central
role for nuclear factor kappaB.Hepatol-
ogy30:203–8

132. Yin M-J, Yamamoto Y, Gaynor RB.
1998. The anti-inflammatory agents as-
pirin and salicylate inhibit the activity of
IκB kinase-β. Nature396:77–80

133. Hurme M, Henttinen T, Karppelin M,
Varkila K, Matikainen S. 1994. Effect of
interleukin-10 on NF-kB and AP-1 ac-
tivities in interleukin-2 dependent CD8 T
lymphoblasts.Immunol. Lett.42:129–33

134. Giovarelli M, Musiani P, Modesti A,
Dellabona P, Casorati G, Allione A, Con-
salvo M, Cavallo F, di Pierro F, De Gio-
vanni C, et al. 1995. Local release of
IL-10 by transfected mouse mammary
adenocarcinoma cells does not suppress
but enhances antitumor reaction and elic-
its a strong cytotoxic lymphocyte and
antibody-dependent immune memory.J.
Immunol.155:3112–23

135. Groux H, Bigler M, de Vries JE, Roncar-
olo MG. 1998. Inhibitory and stimulatory
effects of IL-10 on human CD8+ T cells.
J. Immunol.160:3188–93



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

732 MOORE ET AL

136. Santin AD, Hermonat PL, Ravaggi A,
Bellone S, Pecorelli S, Roman JJ, Parham
GP, Cannon MJ. 2000. Interleukin-10
increases Th1 cytokine production and
cytotoxic potential in human papill-
omavirus-specific CD8(+) cytotoxic T
lymphocytes.J. Virol. 74:4729–37

137. Schwarz MA, Hamilton LD, Tardelli L,
Narula SK, Sullivan LM. 1994. Stimula-
tion of cytolytic activity by interleukin-
10.J. Immunother.16:95–104

138. Jinquan T, Larsen CG, Gesser B, Mat-
sushima K, Thestrup-Pedersen K. 1993.
Human interleukin 10 is a chemoattrac-
tant for CD8+ T lymphocytes and an in-
hibitor of IL-8-induced CD4+ T lympho-
cyte migration.J. Immunol.151:4545–51

139. Zheng LM, Ojcius DM, Garaud F, Roth C,
Maxwell E, Li Z, Rong H, Chen J, Wang
XY, Catino JJ, King I. 1996. Interleukin-
10 inhibits tumor metastasis through an
NK cell-dependent mechanism.J. Exp.
Med.184:579–84

140. Levy Y, Brouet JC. 1994. Interleukin-10
prevents spontaneous death of germinal
center B cells by induction of the bcl-2
protein.J. Clin. Invest.93:424–28

141. Weber-Nordt RM, Henschler R, Schott E,
Wehinger J, Behringer D, Mertelsmann
R, Finke J. 1996. Interleukin-10 increases
Bcl-2 expression and survival in primary
human CD34+ hematopoietic progenitor
cells.Blood88:2549–58

142. Bonig H, Korholz D, Pafferath B, Mauz-
Korholz C, Burdach S. 1996. Interleukin
10 induced c-fos expression in human B
cells by activation of divergent protein ki-
nases.Immunol. Invest.25:115–28

143. Crawley JB, Williams LM, Mander
T, Brennan FM, Foxwell BMJ. 1996.
Interleukin-10 stimulation of phos-
phatidylinositol 3-kinase and p70 S6
kinase is required for the proliferative but
not the antiinflammatory effects of the
cytokine.J. Biol. Chem.271:16357–62

144. Geng Y, Gulbins E, Altman A, Lotz M.
1994. Monocyte deactivation by inter-

leukin 10 via inhibition of tyrosine ki-
nase activity and the Ras signaling path-
way.Proc. Natl. Acad. Sci. USA91:8602–
6

145. Sato K, Nagayama H, Tadokoro K, Juji
T, Takahashi TA. 1999. Extracellular
signal-regulated kinase, stress-activated
protein kinase/c-Jun N-terminal kinase,
and p38mapk are involved in IL-10-
mediated selective repression of TNF-
alpha-induced activation and maturation
of human peripheral blood monocyte-
derived dendritic cells.J. Immunol.
162:3865–72

146. Tan J, Town T, Saxe M, Paris D, Wu Y,
Mullan M. 1999. Ligation of microglial
CD40 results in p44/42 mitogen-activated
protein kinase-dependent TNF-alpha pro-
duction that is opposed by TGF-beta1 and
IL-10. J. Immunol.163:6614–21

147. Wilkes DS, Neimeier M, Mathur PN,
Soliman DM, Twigg HLr, Bowen LK,
Heidler KM. 1995. Effect of human
lung allograft alveolar macrophages on
IgG production: immunoregulatory role
of interleukin-10, transforming growth
factor-beta, and interleukin-6.Am. J.
Respir. Cell Mol. Biol.13:621–28

148. Armstrong L, Jordan N, Millar A.
1996. Interleukin 10 (IL-10) regulation
of tumour necrosis factor alpha (TNF-
alpha) from human alveolar macrophages
and peripheral blood monocytes.Thorax
51:143–49

149. Park DR, Skerrett SJ. 1996. IL-10 enhan-
ces the growth of Legionella pneu-
mophila in human mononuclear phago-
cytes and reverses the protective effect
of IFN-gamma: differential responses
of blood monocytes and alveolar
macrophages.J. Immunol. 157:2528–
38

150. Thomassen MJ, Divis LT, Fisher CJ.
1996. Regulation of human alveolar
macrophage inflammatory cytokine pro-
duction by interleukin-10.Clin. Immunol.
Immunopathol.80:321–24



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

IL-10 AND IL-10 RECEPTOR 733

151. Zissel G, Schlaak J, Schlaak M, Muller-
Quernheim J. 1996. Regulation of cy-
tokine release by alveolar macrophages
treated with interleukin-4, interleukin-10,
or transforming growth factor beta.Eur.
Cytokine Netw.7:59–66

152. Berkman N, John M, Roesems G, Jose PJ,
Barnes PJ, Chung KF. 1995. Inhibition
of macrophage inflammatory protein-1
alpha expression by IL-10. Differential
sensitivities in human blood monocytes
and alveolar macrophages.J. Immunol.
155:4412–18

153. Nicod LP, el Habre F, Dayer JM,
Boehringer N. 1995. Interleukin-10 de-
creases tumor necrosis factor alpha and
beta in alloreactions induced by human
lung dendritic cells and macrophages.
Am. J. Respir. Cell Mol. Biol.13:83–90

154. de Waal Malefyt R, Figdor CG, Huijbens
R, Mohan PS, Bennett B, Culpepper J,
Dang W, Zurawski G, de VJ. 1993. Ef-
fects of IL-13 on phenotype, cytokine pro-
duction, and cytotoxic function of human
monocytes. Comparison with IL-4 and
modulation by IFN-gamma or IL-10.J.
Immunol.151:6370–81

155. D’Andrea A, Aste AM, Valiante NM, Ma
X, Kubin M, Trinchieri G. 1993. Inter-
leukin 10 (IL-10) inhibits human lym-
phocyte interferon gamma-production by
suppressing natural killer cell stimulatory
factor/IL-12 synthesis in accessory cells.
J. Exp. Med.178:1041–48

156. Gruber MF, Williams CC, Gerrard TL.
1994. Macrophage-colony-stimulating
factor expression by anti-CD45 stim-
ulated human monocytes is transcrip-
tionally up-regulated by IL-1 beta and
inhibited by IL-4 and IL-10.J. Immunol.
152:1354–61

157. Rossi DL, Vicari AP, Franz-Bacon K,
McClanahan TK, Zlotnik A. 1997. Iden-
tification through bioinformatics of two
new macrophage proinflamatory human
chemokines MIP-3α and MIP-3β. J. Im-
munol.158:1033–36

158. Marfaing-Koka A, Maravic M, Humbert
M, Galanaud P, Emilie D. 1996. Contrast-
ing effects of IL-4, IL-10 and corticos-
teroids on RANTES production by hu-
man monocytes.Int. Immunol.8:1587–
94

159. Kopydlowski KM, Salkowski CA, Cody
MJ, van Rooijen N, Major J, Hamil-
ton TA, Vogel SN. 1999. Regulation of
macrophage chemokine expression by
lipopolysaccharide in vitro and in vivo.
J. Immunol.163:1537–44

160. Andrew DP, Chang MS, McNinch J, Wa-
then ST, Rihanek M, Tseng J, Spellberg
JP, Elias CG, 3rd. 1998. STCP-1 (MDC)
CC chemokine acts specifically on chron-
ically activated Th2 lymphocytes and is
produced by monocytes on stimulation
with Th2 cytokines IL-4 and IL-13.J. Im-
munol.161:5027–38

161. Sozzani S, Ghezzi S, Iannolo G, Luini W,
Borsatti A, Polentarutti N, Sica A, Locati
M, Mackay C, Wells TN, Biswas P, Vi-
cenzi E, Poli G, Mantovani A. 1998. In-
terleukin 10 increases CCR5 expression
and HIV infection in human monocytes.
J. Exp. Med.187:439–44

162. Thivierge M, Parent JL, Stankova J, Rola-
Pleszczynski M. 1999. Modulation of
formyl peptide receptor expression by IL-
10 in human monocytes and neutrophils.
J. Immunol.162:3590–95

163. Wang J, Guan E, Roderiquez G, Norcross
MA. 1999. Inhibition of CCR5 expres-
sion by IL-12 through induction of beta-
chemokines in human T lymphocytes.J.
Immunol.163:5763–69

164. Hart PH Hunt EK, Bonder CS, Watson
CJ, Finlay-Jones JJ. 1996. Regulation of
surface and soluble TNF receptor expres-
sion on human monocytes and synovial
fluid macrophages by IL-4 and IL-10.J.
Immunol.157:3672–80

165. Joyce DA, Steer JH. 1996. IL-4, IL-10
and IFN-gamma have distinct, but inter-
acting, effects on differentiation-induced
changes in TNF-alpha and TNF receptor



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

734 MOORE ET AL

release by cultured human monocytes.
Cytokine8:49–57

166. Linderholm M, Ahlm C, Settergren B,
Waage A, Tarnvik A. 1996. Elevated
plasma levels of tumor necrosis factor
(TNF)-alpha, soluble TNF receptors, in-
terleukin (IL)-6, and IL-10 in patients
with hemorrhagic fever with renal syn-
drome.J. Infect. Dis.173:38–43

167. Dickensheets HL, Freeman SL, Smith
MF, Donnelly RP. 1997. Interleukin-10
upregulates tumor necrosis factor re-
ceptor type-II (p75) gene expression in
endotoxin-stimulated human monocytes.
Blood90:4162–71

168. Jenkins JK, Malyak M, Arend WP.
1994. The effects of interleukin-10 on
interleukin-1 receptor antagonist and
interleukin-1 beta production in human
monocytes and neutrophils.Lymphokine
Cytokine Res.13:47–54

169. Dickensheets HL, Donnelly RP. 1997.
IFN-gamma and IL-10 inhibit induction
of IL-1 receptor type I and type II gene
expression by IL-4 and IL-13 in human
monocytes.J. Immunol.159:6226–33

170. Hedrick JA, Helms A, Vicari A, Zlot-
nik A. 1998. Characterization of a novel
CC chemokine, HCC-4, whose expres-
sion is increased by interleukin-10.Blood
91:4242–47

171. Braun MC, Lahey E, Kelsall BL. 2000.
Selective suppression of IL-12 produc-
tion by chemoattractants.J. Immunol.
164:3009–17

172. Sato K, Kawasaki H, Nagayama H,
Enomoto M, Morimoto C, Tadokoro K,
Juji T, Takahashi TA. 2000. TGF-beta 1
reciprocally controls chemotaxis of hu-
man peripheral blood monocyte-derived
dendritic cells via chemokine receptors.
J. Immunol.164:2285–95

173. Aste-Amezaga M, Ma X, Sartori A,
Trinchieri G. 1998. Molecular mecha-
nisms of the induction of IL-12 and
its inhibition by IL-10 [published er-
ratum appears inJ. Immunol. 2000

May 15;164(10):5330]. J. Immunol.
160:5936–44

174. Brown CY, Lagnado CA, Vadas MA,
Goodall GJ. 1996. Differential regula-
tion of the stability of cytokine mRNAs
in lipopolysaccharide-activated blood
monocytes in response to interleukin-10.
J. Biol. Chem.271:20108–12

175. Kim HS, Armstrong D, Hamilton TA,
Tebo JM. 1998. IL-10 suppresses LPS-
induced KC mRNA expression via a
translation-dependent decrease in mRNA
stability.J. Leukocyte Biol.64:33

176. Kishore R, Tebo JM, Kolosov M, Hamil-
ton TA. 1999. Cutting edge: clustered
AU-rich elements are the target of IL-10-
mediated mRNA destabilization in mouse
macrophages.J. Immunol.162:2457–61

177. Cassatella MA, Meda L, Gasperini S,
Calzetti F, Bonora S. 1994. Interleukin 10
(IL-10) upregulates IL-1 receptor antago-
nist production from lipopolysaccharide-
stimulated human polymorphonuclear
leukocytes by delaying mRNA degrada-
tion. J. Exp. Med.179:1695–99

178. Niiro H, Otsuka T, Kuga S, Nemoto Y,
Abe M, Hara N, Nakano T, Ogo T, Niho
Y. 1994. IL-10 inhibits prostaglandin
E2 production by lipopolysaccharide-
stimulated monocytes.Int. Immunol.
6:661–64

179. Niiro H, Otsuka T, Tanabe T, Hara
S, Kuga S, Nemoto Y, Tanaka Y,
Nakashima H, Kitajima S, Abe M, et
al. 1995. Inhibition by interleukin-10
of inducible cyclooxygenase expression
in lipopolysaccharide-stimulated mono-
cytes: its underlying mechanism in comp-
arison with interleukin-4.Blood85:3736–
45

180. Mertz PM, DeWitt DL, Stetler-Stevenson
WG, Wahl LM. 1994. Interleukin 10
suppression of monocyte prostaglandin
H synthase-2. Mechanism of inhibition
of prostaglandin-dependent matrix met-
alloproteinase production.J. Biol. Chem.
269:21322–29



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

IL-10 AND IL-10 RECEPTOR 735

181. Lacraz S, Nicod LP, Chicheportiche
R, Welgus HG, Dayer JM. 1995. IL-
10 inhibits metalloproteinase and stim-
ulates TIMP-1 production in human
mononuclear phagocytes.J. Clin. Invest.
96:2304–10

182. Stearns ME, Wang M, Stearns M. 1995.
IL-10 blocks collagen IV invasion by “in-
vasion stimulating factor” activated PC-
3 ML cells: upregulation of TIMP-1 ex-
pression.Oncol. Res.7:157–63

183. Stearns ME, Rhim J, Wang M. 1999.
Interleukin 10 (IL-10) inhibition of pri-
mary human prostate cell-induced angio-
genesis: IL-10 stimulation of tissue in-
hibitor of metalloproteinase-1 and inhibi-
tion of matrix metalloproteinase (MMP)-
2/MMP-9 secretion.Clin. Cancer Res.
5:189–96

184. Girard N, Maingonnat C, Bertrand P,
Vasse M, Delpech B. 1999. Hyaluronectin
secretion by monocytes: downregulation
by IL-4 and IL-13, upregulation by IL-10.
Cytokine11:579–84

185. Kubin M, Kamoun M, Trinchieri G. 1994.
Interleukin-12 synergizes with B7/CD28
interaction in inducing efficient prolif-
eration and cytokine production by hu-
man T cells. J. Exp. Med.180:263–
74

186. Willems F, Marchant A, Delville JP, Ger-
ard C, Delvaux A, Velu T, de Boer
M, Goldman M. 1994. Interleukin-10
inhibits B7 and intercellular adhesion
molecule-1 expression on human mono-
cytes.Eur. J. Immunol.24:1007–9

187. Koppelman B, Neefjes JJ, de Vries JE,
de Waal Malefyt R. 1997. Interleukin-10
downregulates MHC Class II ab peptide
complexes at the plasma membrane of
monocytes by affecting arrival and recy-
cling. Immunity7:861–71

188. te Velde AA, de Waal Malefijt R, Huijbens
RJ, de Vries JE, Figdor CG. 1992. IL-10
stimulates monocyte Fc gamma R surface
expression and cytotoxic activity. Distinct
regulation of antibody-dependent cellular

cytotoxicity by IFN-gamma, IL-4, and IL-
10.J. Immunol.149:4048–52

189. Calzada-Wack JC, Frankenberger M,
Ziegler-Heitbrock HW. 1996. Interle-
ukin-10 drives human monocytes to
CD16 positive macrophages.J. Inflamm.
46:78–85

190. Morinobu A, Kumagai S, Yanagida H,
Ota H, Ishida H, Matsui M, Yodoi J,
Nakao K. 1996. IL-10 suppresses cell
surface CD23/Fc epsilon RII expression,
not by enhancing soluble CD23 release,
but by reducing CD23 mRNA expression
in human monocytes.J. Clin. Immunol.
16:326–33

191. Capsoni F, Minonzio F, Ongari AM, Car-
bonelli V, Galli A, Zanussi C. 1995. IL-
10 up-regulates human monocyte phago-
cytosis in the presence of IL-4 and IFN-
gamma.J. Leukoc. Biol.58:351–58

192. Spittler A, Schiller C, Willheim M,
Tempfer C, Winkler S, Boltz-Nitulescu
G. 1995. IL-10 augments CD23 expres-
sion on U937 cells and down-regulates
IL-4-driven CD23 expression on cultured
human blood monocytes: effects of IL-10
and other cytokines on cell phenotype and
phagocytosis.Immunology85:311–17

193. Cunha FQ, Moncada S, Liew FY. 1992.
Interleukin-10 (IL-10) inhibits the induc-
tion of nitric oxide synthase by interferon-
g in murine macrophages.Biochem. Bio-
phys. Res. Commun.182:1155–59

194. Niiro H, Otsuka T, Abe M, Satoh H, Ogo
T, Nakano T, Furukawa Y, Niho Y. 1992.
Epstein-Barr virus BCRF1 gene product
(viral interleukin 10) inhibits superoxide
anion production by human monocytes.
Lymphokine Cytokine Res.11:209–14

195. Wu J, Cunha FQ, Liew FY, Weiser WY.
1993. IL-10 inhibits the synthesis of mi-
gration inhibitory factor and migration in-
hibitory factor-mediated macrophage ac-
tivation.J. Immunol.151:4325–32

196. Cenci E, Romani L, Mencacci A,
Spaccapelo R, Schiaffella E, Puccetti
P, Bistoni F. 1993. Interleukin-4 and



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

736 MOORE ET AL

interleukin-10 inhibit nitric oxide-depen-
dent macrophage killing of Candida albi-
cans.Eur. J. Immunol.23:1034–38

197. Kuga S, Otsuka T, Niiro H, Nunoi H,
Nemoto Y, Nakano T, Ogo T, Umei T,
Niho Y. 1996. Suppression of superox-
ide anion production by interleukin-10 is
accompanied by a downregulation of the
genes for subunit proteins of NADPH ox-
idase.Exp. Hematol.24:151–57

198. Roilides E, Dimitriadou A, Kadiltsoglou
I, Sein T, Karpouzas J, Pizzo PA,
Walsh TJ. 1997. IL-10 exerts suppres-
sive and enhancing effects on antifun-
gal activity of mononuclear phagocytes
against Aspergillus fumigatus.J. Im-
munol.158:322–29

199. Flesch IE, Hess JH, Oswald IP, Kaufmann
SH. 1994. Growth inhibition of Mycobac-
terium bovis by IFN-gamma stimulated
macrophages: regulation by endogenous
tumor necrosis factor-alpha and by IL-10.
Int. Immunol.6:693–700

200. Dugas N, Vouldoukis I, Becherel P,
Arock M, Debre P, Tardieu M, Mossalayi
DM, Delfraissy JF, Kolb JP, Dugas
B. 1996. Triggering of CD23b anti-
gen by anti-CD23 monoclonal antibod-
ies induces interleukin-10 production by
human macrophages.Eur. J. Immunol.
26:1394–98

201. Sutterwala FS, Noel GJ, Salgame P,
Mosser DM. 1998. Reversal of proin-
flammatory responses by ligating the
macrophage Fcgamma receptor type I.J.
Exp. Med.188:217–22

202. Legge KL, Min B, Bell JJ, Caprio JC, Li
L, Gregg RK, Zaghouani H. 2000. Cou-
pling of peripheral tolerance to endoge-
nous interleukin 10 promotes effective
modulation of myelin-activated T cells
and ameliorates experimental allergic en-
cephalomyelitis.J. Exp. Med.191:2039–
52

203. Muzio M, Bosisio D, Polentarutti N,
D’Amico G, Stoppacciaro A, Mancinelli
R, van’t Veer C, Penton-Rol G, Ruco LP,

Allavena P, Mantovani A. 2000. Differen-
tial expression and regulation of toll-like
receptors (TLR) in human leukocytes: se-
lective expression of TLR3 in dendritic
cells.J. Immunol.164:5998–6004

204. Buechler C, Ritter M, Orso E, Lang-
mann T, Klucken J, Schmitz G. 2000.
Regulation of scavenger receptor CD163
expression in human monocytes and
macrophages by pro- and antiinflamma-
tory stimuli.J. Leukoc. Biol.67:97–103

205. Banchereau J, Briere F, Caux C, Davoust
J, Lebecque S, Liu YJ, Pulendran B,
Palucka K. 2000. Immunobiology of den-
dritic cells.Annu. Rev. Immunol.18:767–
811

206. Macatonia SE, Doherty TM, Knight SC,
O’Garra A. 1993. Differential effect of in-
terleukin 10 on dendritic cell-induced T
cell proliferation and IFN-γ production.
J. Immunol.150:3755–65

207. Peguet-Navarro J, Moulon C, Caux
C, Dalbiez-Gauthier C, Banchereau J,
Schmitt D. 1994. Interleukin-10 inhibits
the primary allogeneic T cell response to
human epidermal Langerhans cells.Eur.
J. Immunol.24:884–91

208. Mitra RS, Judge TA, Nestle FO, Turka
LA, Nickoloff BJ. 1995. Psoriatic skin-
derived dendritic cell function is inhibited
by exogenous IL-10. Differential modu-
lation of B7-1 (CD80) and B7-2 (CD86)
expression.J. Immunol.154:2668–77

209. Ludewig B, Graf D, Gelderblom HR,
Becker Y, Kroczek RA, Pauli G. 1995.
Spontaneous apoptosis of dendritic cells
is efficiently inhibited by TRAP (CD40-
ligand) and TNF-alpha, but strongly en-
hanced by interleukin-10.Eur. J. Im-
munol.25:1943–50

210. Buelens C, Willems F, Pierard G, Del-
vaux A, Velu T, Goldman M. 1995. IL-
10 inhibits the primary allogeneic T cell
response to human peripheral blood den-
dritic cells.Adv. Exp. Med. Biol.378:363–
65

211. Bejarano M-T, de Waal Malefyt R,



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

IL-10 AND IL-10 RECEPTOR 737

Abrams JS, Bigler M, Bacchetta R, de
Vries JE, Roncarolo M-G. 1992. IL-10
inhibits allogeneic proliferative and cyto-
toxic T cell responses generated in pri-
mary MLC. Int. Immunol.4:1389–97

212. Caux C, Massacrier C, Vanbervliet B,
Barthelemy C, Liu YJ, Banchereau J.
1994. Interleukin 10 inhibits T cell allore-
action induced by human dendritic cells.
Int. Immunol.6:1177–85

213. Groux H, Bigler M, de Vries JE, Ron-
carolo MG. 1996. Interleukin-10 induces
a long-term antigen-specific anergic state
in human CD4+ T cells [see comments].
J. Exp. Med.184:19–29

214. Steinbrink K, Wolfl M, Jonuleit H, Knop
J, Enk AH. 1997. Induction of tolerance
by IL-10-treated dendritic cells.J. Im-
munol.159:4772–80

215. Takayama T, Nishioka Y, Lu L, Lotze MT,
Tahara H, Thomson AW. 1998. Retrovi-
ral delivery of viral interleukin-10 into
myeloid dendritic cells markedly inhibits
their allostimulatory activity and pro-
motes the induction of T-cell hyporespon-
siveness.Transplantation66:1567–74

216. Enk AH, Jonuleit H, Saloga J, Knop
J. 1997. Dendritic cells as mediators
of tumor-induced tolerance in metastatic
melanoma.Int. J. Cancer73:309–16

217. Steinbrink K, Jonuleit H, Muller G,
Schuler G, Knop J, Enk AH. 1999.
Interleukin-10-treated human dendritic
cells induce a melanoma-antigen-specific
anergy in CD8(+) T cells resulting in
a failure to lyse tumor cells.Blood
93:1634–42

218. Zeller JC, Panoskaltsis-Mortari A, Mur-
phy WJ, Ruscetti FW, Narula S, Roncar-
olo MG, Blazar BR. 1999. Induction of
CD4+ T cell alloantigen-specific hypore-
sponsiveness by IL-10 and TGF-beta.J.
Immunol.163:3684–91

219. Liu L, Rich BE, Inobe J, Chen W, Weiner
HL. 1998. Induction of Th2 cell differen-
tiation in the primary immune response:
dendritic cells isolated from adherent cell

culture treated with IL-10 prime naive
CD4+ T cells to secrete IL-4.Int. Im-
munol.10:1017–26

220. de Jong EC, Vieira PL, Kalinski P,
Kapsenberg ML. 1999. Corticosteroids
inhibit the production of inflammatory
mediators in immature monocyte-derived
DC and induce the development of tolero-
genic DC3.J. Leukoc. Biol.66:201–4

221. Rea D, van Kooten C, van Meijgaarden
KE, Ottenhoff TH, Melief CJ, Offringa R.
2000. Glucocorticoids transform CD40-
triggering of dendritic cells into an al-
ternative activation pathway resulting in
antigen-presenting cells that secrete IL-
10.Blood95:3162–67

222. Penna G, Adorini L. 2000. 1 Alpha,25-
dihydroxyvitamin D3 inhibits differenti-
ation, maturation, activation, and survival
of dendritic cells leading to impaired al-
loreactive T cell activation.J. Immunol.
164:2405–11

223. Matyszak MK, Citterio S, Rescigno M,
Ricciardi-Castagnoli P. 2000. Differential
effects of corticosteroids during different
stages of dendritic cell maturation.Eur. J.
Immunol.30:1233–42

224. Vieira PL, Kalinski P, Wierenga EA,
Kapsenberg ML, de Jong EC. 1998. Glu-
cocorticoids inhibit bioactive IL-12p70
production by in vitro-generated human
dendritic cells without affecting their T
cell stimulatory potential.J. Immunol.
161:5245–51

225. Allavena P, Piemonti L, Longoni D,
Bernasconi S, Stoppacciaro A, Ruco L,
Mantovani A. 1998. IL-10 prevents the
differentiation of monocytes to dendritic
cells but promotes their maturation to
macrophages.Eur. J. Immunol.28:359–
69

226. Kalinski P, Schuitemaker JH,
Hilkens CM, Kapsenberg ML. 1998.
Prostaglandin E2 induces the final matu-
ration of IL-12-deficient CD1a+CD83+
dendritic cells: the levels of IL-12 are
determined during the final dendritic cell



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

738 MOORE ET AL

maturation and are resistant to further
modulation.J. Immunol.161:2804–9

227. Fortsch D, Rollinghoff M, Stenger S.
2000. IL-10 converts human dendritic
cells into macrophage-like cells with in-
creased antibacterial activity against vir-
ulent Mycobacterium tuberculosis.J. Im-
munol.165:978–87

228. Rieser C, Ramoner R, Bock G, Deo YM,
Holtl L, Bartsch G, Thurnher M. 1998.
Human monocyte-derived dendritic cells
produce macrophage colony-stimulating
factor: enhancement of c-fms expres-
sion by interleukin-10.Eur. J. Immunol.
28:2283–88

229. MacDonald KP, Pettit AR, Quinn C,
Thomas GJ, Thomas R. 1999. Resistance
of rheumatoid synovial dendritic cells to
the immunosuppressive effects of IL-10.
J. Immunol.163:5599–5607

230. Rissoan MC, Soumelis V, Kadowaki N,
Grouard G, Briere F, de Waal Malefyt
R, Liu YJ. 1999. Reciprocal control of
T helper cell and dendritic cell differenti-
ation.Science283:1183–86

231. Payvandi F, Amrute S, Fitzgerald-
Bocarsly P. 1998. Exogenous and endoge-
nous IL-10 regulate IFN-alpha production
by peripheral blood mononuclear cells in
response to viral stimulation.J. Immunol.
160:5861–68

232. Arpinati M, Green CL, Heimfeld
S, Heuser JE, Anasetti C. 2000.
Granulocyte-colony stimulating factor
mobilizes T helper 2-inducing dendritic
cells.Blood95:2484–90

233. Pulendran B, Banchereau J, Burkeholder
S, Kraus E, Guinet E, Chalouni C, Caron
D, Maliszewski C, Davoust J, Fay J,
Palucka K. 2000. Flt3-ligand and granu-
locyte colony-stimulating factor mobilize
distinct human dendritic cell subsets in
vivo. J. Immunol.165:566–72

234. Grohmann U, Bianchi R, Belladonna ML,
Vacca C, Silla S, Ayroldi E, Fioretti MC,
Puccetti P. 1999. IL-12 acts selectively on
CD8 alpha- dendritic cells to enhance pre-

sentation of a tumor peptide in vivo.J.
Immunol.163:3100–5

235. Iwasaki A, Kelsall BL. 1999. Freshly iso-
lated Peyer’s patch, but not spleen, den-
dritic cells produce interleukin 10 and in-
duce the differentiation of T helper type
2 cells.J. Exp. Med.190:229–39

236. Khanna A, Morelli AE, Zhong C,
Takayama T, Lu L, Thomson AW. 2000.
Effects of liver-derived dendritic cell pro-
genitors on Th1- and Th2-like cytokine
responses in vitro and in vivo.J. Immunol.
164:1346–54

237. de Saint-Vis B, Fugier-Vivier I, Massac-
rier C, Gaillard C, Vanbervliet B, Ait-
Yahia S, Banchereau J, Liu YJ, Lebecque
S, Caux C. 1998. The cytokine profile ex-
pressed by human dendritic cells is de-
pendent on cell subtype and mode of ac-
tivation.J. Immunol.160:1666–76

238. Geissmann F, Revy P, Regnault A, Lepel-
letier Y, Dy M, Brousse N, Amigorena S,
Hermine O, Durandy A. 1999. TGF-beta
1 prevents the noncognate maturation of
human dendritic Langerhans cells.J. Im-
munol.162:4567–75

239. Tazi A, Moreau J, Bergeron A, Do-
minique S, Hance AJ, Soler P. 1999. Ev-
idence that Langerhans cells in adult pul-
monary Langerhans cell histiocytosis are
mature dendritic cells: importance of the
cytokine microenvironment.J. Immunol.
163:3511–15

240. Caux C, Massacrier C, Dubois B, Val-
ladeau J, Dezutter-Dambuyant C, Du-
rand I, Schmitt D, Saeland S. 1999. Re-
spective involvement of TGF-beta and
IL-4 in the development of Langerhans
cells and non-Langerhans dendritic cells
from CD34+progenitors.J. Leukoc. Biol.
66:781–91

241. Cassatella MA, Meda L, Bonora S, Ceska
M, Constantin G. 1993. Interleukin 10
(IL-10) inhibits the release of proinflam-
matory cytokines from human polymor-
phonuclear leukocytes. Evidence for an
autocrine role of tumor necrosis factor and



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

IL-10 AND IL-10 RECEPTOR 739

IL-1 beta in mediating the production of
IL-8 triggered by lipopolysaccharide.J.
Exp. Med.178:2207–11

242. Kasama T, Strieter RM, Lukacs NW, Bur-
dick MD, Kunkel SL. 1994. Regulation of
neutrophil-derived chemokine expression
by IL-10. J. Immunol.152:3559–69

243. Wang P, Wu P, Anthes JC, Siegel MI, Egan
RW, Billah MM. 1994. Interleukin-10 in-
hibits interleukin-8 production in human
neutrophils.Blood83:2678–83

244. Cassatella MA, Gasperini S, Calzetti
F, Bertagnin A, Luster AD, McDon-
ald PP. 1997. Regulated production of
the interferon-gamma-inducible protein-
10 (IP-10) chemokine by human neu-
trophils.Eur. J. Immunol.27:111–15

245. Gasperini S, Marchi M, Calzetti F, Lau-
danna C, Vicentini L, Olsen H, Mur-
phy M, Liao F, Farber J, Cassatella
MA. 1999. Gene expression and pro-
duction of the monokine induced by
IFN-gamma (MIG), IFN-inducible T
cell alpha chemoattractant (I-TAC), and
IFN-gamma-inducible protein-10 (IP-10)
chemokines by human neutrophils.J. Im-
munol.162:4928–37

246. Bussolati B, Mariano F, Montrucchio G,
Piccoli G, Camussi G. 1997. Modulatory
effect of interleukin-10 on the production
of platelet-activating factor and superan-
ions by human leucocytes.Immunology
90:440–44

247. Niiro H, Otsuka T, Izuhara K, Yamaoka
K, Oshima K, Tanabe T, Hara S, Nemoto
Y, Tanaka Y, Nakashima H, Niho Y.
1997. Regulation by interleukin-10 and
interleukin-4 of cyclooxygenase-2 ex-
pression in human neutrophils.Blood
89:1621–28

248. Maloney CG, Kutchera WA, Albertine
KH, McIntyre TM, Prescott SM, Zim-
merman GA. 1998. Inflammatory ago-
nists induce cyclooxygenase type 2 ex-
pression by human neutrophils.J. Im-
munol.160:1402–10

249. Keel M, Ungethum U, Stecholzer U,

Niederer E, Hartung T, Trenz O, Ertel
W. 1997. Interleukin-10 counterregulates
proinflammatory cytokine-induced inhi-
bition of neutrophil apoptosis during se-
vere sepsis.Blood90:3356–61

250. Reglier H, Arce-Vicioso M, Fay M,
Gougerot-Pocidalo MA, Chollet-Martin
S. 1998. Lack of IL-10 and IL-13 produc-
tion by human polymorphonuclear neu-
trophils.Cytokine10:192–98

251. Chaves MM, Silvestrini AA, Silva-
Teixeira DN, Nogueira-Machado JA.
1996. Effect in vitro of gamma interferon
and interleukin-10 on generation of ox-
idizing species by human granulocytes.
Inflamm. Res.45:313–15

252. Capsoni F, Minonzio F, Ongari AM, Car-
bonelli V, Galli A, Zanussi C. 1997. IL-10
down-regulates oxidative metabolism and
antibody-dependent cellular cytotoxicity
of human neutrophils.Scand. J. Imunol.
45:269–76

253. Denis M, Ghadirian E. 1993. IL-10 neu-
tralization augments mouse resistance to
systemic Mycobacterium avium infec-
tions.J. Immunol.151:5425–30

254. Greenberger MJ, Strieter RM, Kunkel
SL, Danforth JM, Goodman RE, Stan-
diford TJ. 1995. Neutralization of IL-
10 increases survival in a murine model
of Klebsiella pneumonia.J. Immunol.
155:722–29

255. van der Poll T, Marchant A, Keogh
CV, Goldman M, Lowry SF. 1996.
Interleukin-10 impairs host defense in
murine pneumococcal pneumonia.J. In-
fect. Dis.174:994–1000

256. Laichalk LL, Danforth JM, Standiford
TJ. 1996. Interleukin-10 inhibits neu-
trophil phagocytic and bactericidal ac-
tivity. FEMS Immunol. Med. Microbiol.
15:181

257. Marie C, Pitton C, Fitting C, Cavaillon
JM. 1996. IL-10 and IL-4 synergize with
TNF-alpha to induce IL-1ra production
by human neutrophils.Cytokine8:147–
51



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

740 MOORE ET AL

258. Zuany-Amorim C, Haile S., Leduc D.,
Dunarey C., Huerre M., Vargaftig BB,
Pretolani M. 1995. Interleukin-10 inhibits
antigen-induced cellular recruitment into
the airways of sensitized mice.J. Clin. In-
vest.95:2644–51

259. Shanley TP, Schmal H, Friedl HP, Jones
ML, Ward PA. 1995. Regulatory ef-
fects of intrinsic IL-10 in IgG immune
complex-induced lung injury.J. Immunol.
154:3454–60

260. Cox G. 1996. IL-10 enhances resolution
of pulmonary inflammation in vivo by
promoting apoptosis of neutrophils.Am.
J. Physiol.271:L566–L71

261. Steinhauser ML, Hogaboam CM, Kunkel
SL, Lukacs NW, Strieter RM, Standi-
ford TJ. 1999. IL-10 is a major media-
tor of sepsis-induced impairment in lung
antibacterial host defense.J. Immunol.
162:392–99

262. Shanley TP, Vasi N, Denenberg A. 2000.
Regulation of chemokine expression by
Il-10 in lung inflammation. Cytokine
12:1054–64

263. Ward P Murray J, Bruce L, Farrow S,
Chilvers ER, Hannah S, Haslett C, Rossi
AG. 1997. Interleukin-10 does not di-
rectly affect the constitutive rate of hu-
man neutrophil or eosinophil apoptosis.
Biochem. Soc. Trans.25:245S

264. Takanashi S, Nonaka R., Xing Z.,
O’Byrne P., Dolovich J., and Jor-
dana M. 1994. Interleukin 10 inhibits
lipopolysaccharide-induced survival and
cytokine production by human peripheral
blood eosinophils.J. Exp. Med.180:711–
15

265. Pecanha LM, Snapper CM, Lees A, Mond
JJ. 1992. Lymphokine control of type
2 antigen response. IL-10 inhibits IL-
5- but not IL-2-induced Ig secretion by
T cell-independent antigens.J. Immunol.
148:3427–32

266. Pecanha LM, Snapper CM, Lees A, Yam-
aguchi H, Mond JJ. 1993. IL-10 inhibits T
cell-independent but not T cell-dependent

responses in vitro.J. Immunol.150:3215–
23

267. Clinchy B, Bjorck P, Paulie S, Moller G.
1994. Interleukin-10 inhibits motility in
murine and human B lymphocytes.Im-
munology82:376–82

268. Davidson NJ, Leach MW, Fort MM,
Thompson-Snipes L, Kuhn R, Muller W,
Berg DJ, Rennick DM. 1996. T helper
cell 1-type CD4+ T cells, but not B cells,
mediate colitis in interleukin 10-deficient
mice.J. Exp. Med.184:241–51

269. Groux H, Cottrez F, Rouleau M, Mauze S,
Antonenko S, Hurst S, McNeil T, Bigler
M, Roncarolo MG, Coffman RL. 1999.
A transgenic model to analyze the im-
munoregulatory role of IL-10 secreted
by antigen-presenting cells.J. Immunol.
162:1723–29

270. Stampfli MR, Cwiartka M, Gajewska BU,
Alvarez D, Ritz SA, Inman MD, Xing
Z, Jordana M. 1999. Interleukin-10 gene
transfer to the airway regulates allergic
mucosal sensitization in mice.Am. J.
Respir. Cell Mol. Biol.21:586–96

271. Tournoy KG, Kips JC, Pauwels RA.
2000. Endogenous interleukin-10 sup-
presses allergen-induced airway inflam-
mation and nonspecific airway respon-
siveness.Clin. Exp. Allergy30:775–83

272. Itoh K, Hirohata S. 1995. The role of
IL-10 in human B cell activation, prolif-
eration, and differentiation.J. Immunol.
154:4341–50

273. Hu BT, Insel RA. 1999. Up-regulation of
telomerase in human B lymphocytes oc-
curs independently of cellular prolifera-
tion and with expression of the telom-
erase catalytic subunit.Eur. J. Immunol.
29:3745–53

274. Saeland S, Duvert V, Moreau I,
Banchereau J. 1993. Human B cell
precursors proliferate and express CD23
after CD40 ligation. J. Exp. Med.
178:113–20

275. Fluckiger AC, Garrone P, Durand I, Gal-
izzi JP, Banchereau J. 1993. Interleukin 10



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

IL-10 AND IL-10 RECEPTOR 741

(IL-10) upregulates functional high affin-
ity IL-2 receptors on normal and leukemic
B lymphocytes.J. Exp. Med.178:1473–
81

276. Burdin N, Van Kooten C, Galibert L,
Abrams JS, Wijdenes J, Banchereau J,
Rousset F. 1995. Endogenous IL-6 and
IL-10 contribute to the differentiation of
CD40-activated human B lymphocytes.J.
Immunol.154:2533–44

277. Punnonen J, de Waal Malefyt R, van
Vlasselaer P, Gauchat J-F, de Vries JE.
1993. IL-10 and viral IL-10 prevent IL-
4-induced IgE synthesis by inhibiting the
accessory cell function of monocytes.J.
Immunol.151:1280–89

278. Nonoyama S, Hollenbaugh D, Aruffo
A, Ledbetter JA, Ochs HD. 1993. B
cell activation via CD40 is required for
specific antibody production by antigen-
stimulated human B cells.J. Exp. Med.
178:1097–1102

279. Garrone P, Galibert L, Rousset F,
Banchereau J. 1994. Regulatory effects
of prostaglandin E2 on the growth and
differentiation of human B lymphocytes
activated through their CD40 antigen.J.
Immunol.152:82–90

280. Uejima Y, Takahashi K, Komoriya K,
Kurozumi S, Ochs HD. 1996. Effect
of interleukin-10 on anti-CD40- and
interleukin-4-induced immunoglobulin E
production by human lymphocytes.Int.
Arch. Allergy Immunol.110:225–32

281. Defrance T, Vanbervliet B, Briere F, Du-
rand I, Rousset F, Banchereau J. 1992.
Interleukin 10 and transforming growth
factorβ cooperate to induce anti-CD40-
activated naive human B cells to se-
crete immunoglobulin A.J. Exp. Med.
175:671–82

282. Briere F, Servet-Delprat C, Bridon J-M,
Saint-Remy J-M, Banchereau J. 1994.
Human interleukin 10 induces naive
sIgD+ B cells to secrete IgG1 and IgG3.
J. Exp. Med.179:757–62

283. Levan-Petit I, Lelievre E, Barra A,

Limosin A, Gombert B, Preud’homme
JL, Lecron JC. 1999. T(h)2 cytokine de-
pendence of IgD production by normal
human B cells.Int. Immunol.11:1819–
28

284. Malisan F, Briere F, Bridon JM,
Harindranath N, Mills FC, Max EE,
Banchereau J, Martinez-Valdez H. 1996.
Interleukin-10 induces immunoglobulin
G isotype switch recombination in human
CD40-activated naive B lymphocytes.J.
Exp. Med.183:937–47

285. Zan H, Cerutti A, Dramitinos P, Schaf-
fer A, Casali P. 1998. CD40 engagement
triggers switching to IgA1 and IgA2 in hu-
man B cells through induction of endoge-
nous TGF-beta: evidence for TGF-beta
but not IL-10-dependent direct S mu→S
alpha and sequential S mu→S gamma, S
gamma→S alpha DNA recombination.J.
Immunol.161:5217–25

286. Jeannin P, Lecoanet S, Delneste Y,
Gauchat JF, Bonnefoy JY. 1998. IgE ver-
sus IgG4 production can be differen-
tially regulated by IL-10.J. Immunol.
160:3555–61

287. Merville P, Dechanet J, Grouard G, Du-
rand I, Banchereau J. 1995. T cell-induced
B cell blasts differentiate into plasma cells
when cultured on bone marrow stroma
with IL-3 and IL-10.Int. Immunol.7:635–
43

288. Rousset F, Peyrol S, Garcia E, Vezzio
N, Andujar M, Grimaud JA, Banchereau
J. 1995. Long-term cultured CD40-
activated B lymphocytes differentiate into
plasma cells in response to IL-10 but not
IL-4. Int. Immunol.7:1243–53

289. Choe J, Choi YS. 1998. IL-10 interrupts
memory B cell expansion in the germi-
nal center by inducing differentiation into
plasma cells.Eur. J. Immunol.28:508–
15

290. Agematsu K, Nagumo H, Oguchi Y,
Nakazawa T, Fukushima K, Yasui K, Ito
S, Kobata T, Morimoto C, Komiyama
A. 1998. Generation of plasma cells



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

742 MOORE ET AL

from peripheral blood memory B cells:
synergistic effect of interleukin-10 and
CD27/CD70 interaction.Blood 91:173–
80

291. Briere F, Bridon JM, Chevet D, Souillet
G, Bienvenu F, Guret C, Martinez-Valdez
H, Banchereau J. 1994. Interleukin 10 in-
duces B lymphocytes from IgA-deficient
patients to secrete IgA.J. Clin. Invest.
94:97–104

292. Agematsu K, Nagumo H, Shinozaki K,
Hokibara S, Yasui K, Terada K, Kawa-
mura N, Toba T, Nonoyama S, Ochs HD,
Komiyama A. 1998. Absence of IgD-
CD27(+) memory B cell population in
X-linked hyper-IgM syndrome.J. Clin.
Invest.102:853–60

293. Llorente L, Richaud-Patin Y, Fior R,
Alcocer-Varela J, Wijdenes J, Fourrier
BM, Galanaud P, Emilie D. 1994. In vivo
production of interleukin-10 by non-T
cells in rheumatoid arthritis, Sjogren’s
syndrome, and systemic lupus erythe-
matosus: a potential mechanism of B lym-
phocyte hyperactivity and autoimmunity.
Arthritis Rheum.37:1647–55

294. Houssiau FA, Lefebvre C, Vanden Berghe
M, Lambert M, Devogelaer JP, Renauld
JC. 1995. Serum interleukin 10 titers in
systemic lupus erythematosus reflect dis-
ease activity.Lupus4:393–95

295. Hagiwara E, Gourley MF, Lee S, Klin-
man DK. 1996. Disease severity in pa-
tients with systemic lupus erythemato-
sus correlates with an increased ra-
tio of interleukin-10:interferon-gamma-
secreting cells in the peripheral blood.
Arthritis Rheum.39:379–85

296. al-Janadi M, al-Dalaan A, al-Balla S,
al-Humaidi M, Raziuddin S. 1996.
Interleukin-10 (IL-10) secretion in
systemic lupus erythematosus and
rheumatoid arthritis: IL-10-dependent
CD4+CD45RO+ T cell-B cell antibody
synthesis.J. Clin. Immunol.16:198–207

297. Llorente L, Richaud-Patin Y, Garcia-Pad-
illa C, Claret E, J. J-O, Cardiel MH, Alco-

cer-Varela J, Grangeot-Keros L, Alarcon-
Segovia D, Wijdenes J, Galanaud P,
Emilie D. 2000. Clinical and biological
effects of anti-interleukin-10 monoclonal
antibody administration in systemic lu-
pus erythematosus.Arthritis Rheum.
43:1790–1800

298. Taga K, Mostowski H, Tosato G. 1993.
Human interleukin-10 can directly inhibit
T-cell growth.Blood81:2964–71

299. Schandene L, Alonso-Vega C, Willems
F, Gerard C, Delvaux A, Velu T, De-
vos R, de Boer M, Goldman M. 1994.
B7/CD28-dependent IL-5 production by
human resting T cells is inhibited by IL-
10.J. Immunol.152:4368–74

300. Jinquan T, Quan S, Jacobi HH, Mad-
sen HO, Glue C, Skov PS, Malling HJ,
Poulsen LK. 2000. CXC chemokine re-
ceptor 4 expression and stromal cell-
derived factor-1alpha-induced chemo-
taxis in CD4+ T lymphocytes are regu-
lated by interleukin-4 and interleukin-10.
Immunology99:402–10

301. Rowbottom AW, Lepper MW, Garland
RJ, Cox CV, Corley EG, Oakhill A, Stew-
ard CG. 1999. IL-10 induced CD8 cell
proliferation.Immunology98:80–89

302. Enk AH, Angeloni VL, Udey MC, Katz
SI. 1993. Inhibition of Langerhans cell
antigen-presenting function by IL-10. A
role for IL-10 in induction of tolerance.J.
Immunol.151:2390–98

303. Enk AH, Saloga J, Becker D, Madzadeh
M, Knop J. 1994. Induction of hapten-
specific tolerance by interleukin 10 in
vivo. J. Exp. Med.179:1397–1402

304. Flores-Villanueva PO, Chikunguwo SM,
Harris TS, Stadecker MJ. 1993. Role of
IL-10 on antigen-presenting cell func-
tion for Schistosomal egg-specific mon-
oclonal T helper cell responses in vitro
and in vivo.J. Immunol.151:3192–98

305. Flores Villanueva PO, Reiser H,
Stadecker MJ. 1994. Regulation of T
helper cell responses in experimental
murine schistosomiasis by IL-10. Effect



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

IL-10 AND IL-10 RECEPTOR 743

on expression of B7 and B7-2 costim-
ulatory molecules by macrophages.J.
Immunol.153:5190–99

306. Becker JC, Czerny C, Brocker EB. 1994.
Maintenance of clonal anergy by endoge-
nously produced IL-10.Int. Immunol.
6:1605–12

307. King CL, Medhat A, Malhotra I, Nafeh
M, Helmy A, Khaudary J, Ibrahim S, El-
Sherbiny M, Zaky S, Stupi RJ, Brustoski
K, Shehata M, Shata MT. 1996. Cytokine
control of parasite-specific anergy in hu-
man urinary schistosomiasis. IL-10 mod-
ulates lymphocyte reactivity.J. Immunol.
156:4715–21

308. Schols D, De Clercq E. 1996. Human im-
munodeficiency virus type 1 gp120 in-
duces anergy in human peripheral blood
lymphocytes by inducing interleukin-10
production.J. Virol. 70:4953–60

309. Sundstedt A, Holden I, Rosendahl A,
Kalland T, van Rooijen N, Dohlsten
M. 1997. Immunoregulatory role of
IL-10 during superantigen-induced hy-
poresponsiveness in vivo.J. Immunol.
158:180–86

310. Akdis CA, Blesken Akdis M, Wuthrich
B, Blaser K. 1998. Role of interleukin 10
in specific immunotherapy.J. Clin. Invest.
102:98–106

311. Buer J, Lanoue A, Franzke A, Garcia C,
von Boehmer Harald, Sarukan A. 1998.
Interleukin 10 secretion and impaired ef-
fector function of major histocompatibil-
ity complex class II-restricted T cells an-
ergized in vivo.J. Exp. Med.187:177–83

312. Groux H, O’Garra A, Bigler M, Rouleau
M, Antonenko S, de Vries JE, Roncarolo
MG. 1997. A CD4+ T-cell subset inhibits
antigen-specific T-cell responses and pre-
vents colitis.Nature389:737–42

313. Tanchot C, Guillaume S., Delon J., Bour-
geois C., Franzke A., Sarukhan A., Traut-
man A., Rocha B. 1998. Modifications
of CD8+ T cell function during in vivo
memory or tolerance induction.Immunity
8:581–90

314. Shreedhar VK, Pride MW, Sun Y, Kripke
ML, Strickland FM. 1998. Origin and
characteristics of ultraviolet-B radiation-
induced suppressor T lymphocytes.J. Im-
munol.161:1327–35

315. Cobbold S, Waldmann H. 1998. Infec-
tious tolerance.Curr. Opin. Immunol.
10:518–24

316. Seo N, Tokura Y, Takigawa M, Egawa
K. 1999. Depletion of IL-10- and TGF-
beta-producing regulatory gamma delta
T cells by administering a daunomycin-
conjugated specific monoclonal antibody
in early tumor lesions augments the ac-
tivity of CTLs and NK cells.J. Immunol.
163:242–49

317. Asseman C, Mauze S, Leach MW, Coff-
man RL, Powrie F. 1999. An essential role
for interleukin 10 in the function of reg-
ulatory T cells that inhibit intestinal in-
flammation.J. Exp. Med.190:995–1004

318. Kitani A, Chua K, Nakamura K, Strober
W. 2000. Activated self-MHC-reactive
T cells have the cytokine phenotype of
Th3/T regulatory cell 1 T cells. J. Im-
munol.165:691–702

319. Doetze A, Satoguina J, Burchard G, Rau
T, Loliger C, Fleischer B, Hoerauf A.
2000. Antigen-specific cellular hypore-
sponsiveness in a chronic human helminth
infection is mediated by T(h)3/T(r)1-type
cytokines IL-10 and transforming growth
factor-beta but not by a T(h)1 to T(h)2
shift. Int. Immunol.12:623–30

320. Cavani A, Nasorri F, Prezzi C, Sebastiani
S, Albanesi C, Girolomoni G. 2000. Hu-
man CD4+ T lymphocytes with remark-
able regulatory functions on dendritic
cells and nickel-specific Th1 immune re-
sponses.J. Invest. Dermatol.114:295–
302

321. Swaminathan S, Hesselton R, Sullivan J,
Kieff E. 1993. Epstein-Barr virus recom-
binants with specifically mutated BCRF1
genes.J. Virol. 67:7406–13

322. Burdin N, Peronne C, Banchereau J,
Rousset F. 1993. Epstein-Barr virus



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

744 MOORE ET AL

transformation induces B lymphocytes to
produce human interleukin-10.J. Exp.
Med.177:295–304

323. Miyazaki I, Cheung RK, Dosch H-M.
1993. Viral interleukin 10 is critical for
the induction of B cell growth transforma-
tion by Epstein-Barr virus.J. Exp. Med.
178:439–47

324. Volk HD, Reinke P, Krausch D, Zuck-
ermann H, Asadullah K, Muller JM,
Docke WD, Kox WJ. 1996. Monocyte
deactivation–rationale for a new thera-
peutic strategy in sepsis.Intensive Care
Med. 22Suppl 4:S474–81

325. Howard M, Muchamuel T, Andrade S,
Menon S. 1993. Interleukin 10 protects
mice from lethal endotoxemia.J. Exp.
Med.177:1205–8

326. Gerard C, Bruyns C, Marchant A,
Abramowicz D, Vandenabeele P, Delvaux
A, Fiers W, Goldman M, Velu T. 1993. In-
terleukin 10 reduces the release of tumor
necrosis factor and prevents lethality in
experimental endotoxemia.J. Exp. Med.
177:547–50

327. van der Poll T, Jansen PM, Montegut WJ,
Braxton CC, Calvano SE, Stackpole SA,
Smith SR, Swanson SW, Hack CE, Lowry
SF, Moldawer LL. 1997. Effects of IL-10
on systemic inflammatory responses dur-
ing sublethal primate endotoxemia.J. Im-
munol.158:1971–75

328. Pajkrt D, Camoglio L, Tiel-van Buul MC,
de Bruin K, Cutler DL, Affrime MB,
Rikken G, van der Poll T, ten Cate JW, van
Deventer SJ. 1997. Attenuation of proin-
flammatory response by recombinant hu-
man IL-10 in human endotoxemia: effect
of timing of recombinant human IL-10
administration.J. Immunol. 158:3971–
77

329. Rogy MA, Auffenberg T, Espat NJ, Philip
R, Remick D, Wollenberg GK, Copeland
EMr, Moldawer LL. 1995. Human tu-
mor necrosis factor receptor (p55) and in-
terleukin 10 gene transfer in the mouse
reduces mortality to lethal endotoxemia

and also attenuates local inflammatory re-
sponses.J. Exp. Med.181:2289–93

330. Durez P, Abramowicz D, Gerard C, Van
Mechelen M, Amraoui Z, Dubois C,
Leo O, Velu T, Goldman M. 1993. In
vivo induction of interleukin 10 by anti-
CD3 monoclonal antibody or bacterial
lipopolysaccharide: differential modu-
lation by cyclosporin A.J. Exp. Med.
177:551–55

331. van der Poll T, Jansen J, Levi M, ten
Cate H, ten Cate JW, van Deventer SJ.
1994. Regulation of interleukin 10 re-
lease by tumor necrosis factor in humans
and chimpanzees.J. Exp. Med.180:1985–
88

332. Jansen PM, van der Pouw Kraan TC,
de Jong IW, van Mierlo G, Wijdenes J,
Chang AA, Aarden LA Taylor FBJr, Hack
CE. 1996. Release of interleukin-12 in ex-
perimental Escherichia coli septic shock
in baboons: relation to plasma levels
of interleukin-10 and interferon-gamma.
Blood87:5144–51

333. Marchant A, Bruyns C, Vandenabeele P,
Abramowicz D, Gerard C, Delvaux A,
Ghezzi P, Velu T, Goldman M. 1994.
The protective role of interleukin-10 in
endotoxin shock.Prog. Clin. Biol. Res.
388:417–23

334. Standiford TJ, Strieter RM, Lukacs NW,
Kunkel SL. 1995. Neutralization of IL-10
increases lethality in endotoxemia. Coop-
erative effects of macrophage inflamma-
tory protein-2 and tumor necrosis factor.
J. Immunol.155:2222–29

335. Hickey MJ, Issekutz AC, Reinhardt PH,
Fedorak RN, Kubes P. 1998. Endoge-
nous interleukin-10 regulates hemody-
namic parameters, leukocyte-endothelial
cell interactions, and microvascular per-
meability during endotoxemia.Circ. Res.
83:1124–31

336. Randow F, Syrbe U, Meisel C, Krausch
D, Zuckermann H, Platzer C, Volk HD.
1995. Mechanism of endotoxin desensiti-
zation: involvement of interleukin 10 and



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

IL-10 AND IL-10 RECEPTOR 745

transforming growth factor beta.J. Exp.
Med.181:1887–92

337. Wolk K, Docke W, von Baehr V, Volk H,
Sabat R. 1999. Comparison of monocyte
functions after LPS- or IL-10-induced re-
orientation: importance in clinical im-
munoparalysis.Pathobiology67:253–56

338. Wolk K, Docke WD, von Baehr V, Volk
HD, Sabat R. 2000. Impaired antigen pre-
sentation by human monocytes during en-
dotoxin tolerance.Blood96:218–23

339. Asadullah K, Woiciechowsky C, Docke
WD, Egerer K, Kox WJ, Vogel S, Sterry
W, Volk HD. 1995. Very low monocytic
HLA-DR expression indicates high risk
of infection–immunomonitoring for pa-
tients after neurosurgery and patients dur-
ing high dose steroid therapy.Eur. J.
Emerg. Med.2:184–90

340. Hess PJ, Seeger JM, Huber TS, Wel-
born MB, Martin TD, Harward TR,
Duschek S, Edwards PD, Solorzano CC,
Copeland EM, Moldawer LL. 1997. Ex-
ogenously administered interleukin-10
decreases pulmonary neutrophil infiltra-
tion in a tumor necrosis factor-dependent
murine model of acute visceral ischemia.
J. Vasc. Surg.26:113–18

341. Engles RE, Huber TS, Zander DS, Hess
PJ, Welborn MB, Moldawer LL, Seeger
JM. 1997. Exogenous human recombi-
nant interleukin-10 attenuates hindlimb
ischemia-reperfusion injury.J. Surg. Res.
69:425–28

342. Lyons A, Goebel A, Mannick JA, Led-
erer JA. 1999. Protective effects of early
interleukin-10 antagonism on injury-
induced immune dysfunction.Arch. Surg.
134:1317–24

343. Kato T, Murata A, Ishida H, Toda H,
Tanaka N, Hayashida H, Monden M, Mat-
suura N. 1995. Interleukin 10 reduces
mortality from severe peritonitis in mice.
Antimicrob. Agents Chemother.39:1336–
40

344. van der Poll T, Marchant A, Buurman
WA, Berman L, Keogh CV, Lazarus DD,

Nguyen L, Goldman M, Moldawer LL,
Lowry SF. 1995. Endogenous IL-10 pro-
tects mice from death during septic peri-
tonitis.J. Immunol.155:5397–5401

345. Cusumano V, Genovese F, Mancuso G,
Carbone M, Fera MT, Teti G. 1996.
Interleukin-10 protects neonatal mice
from lethal group B streptococcal infec-
tion. Infect. Immun.64:2850–52

346. Florquin S, Amraoui Z, Abramowicz D,
Goldman M. 1994. Systemic release and
protective role of IL-10 in staphylococcal
enterotoxin B-induced shock in mice.J.
Immunol.153:2618–23

347. Bean AGD, Freiberg RA, Andrade S,
Menon S, Zlotnik A. 1993. Interleukin 10
protects mice against staphylococcal en-
terotoxin B-induced lethal shock.Infect.
Immun.61:4937–39

348. Marchant A, Bruyns C, Vandenabeele
P, Ducarme M, Gerard C, Delvaux A,
De Groote D, Abramowicz D, Velu T,
Goldman M. 1994. Interleukin-10 con-
trols interferon-gamma and tumor necro-
sis factor production during experimental
endotoxemia.Eur. J. Immunol.24:1167–
71

349. Marchant A, Alegre ML, Hakim A, Pier-
ard G, Marecaux G, Friedman G, De
Groote D, Kahn RJ, Vincent JL, Gold-
man M. 1995. Clinical and biological sig-
nificance of interleukin-10 plasma levels
in patients with septic shock.J. Clin. Im-
munol.15:266–73

350. Gomez-Jimenez J, Martin MC, Sauri
R, Segura RM, Esteban F, Ruiz JC,
Nuvials X, Boveda JL, Peracaula R,
Salgado A. 1995. Interleukin-10 and
the monocyte/macrophage-induced in-
flammatory response in septic shock.J.
Infect. Dis.171:472–75

351. Sherry RM, Cue JI, Goddard JK, Par-
ramore JB, DiPiro JT. 1996. Interleukin-
10 is associated with the development
of sepsis in trauma patients.J. Trauma
40:613–16; discussion 6–7

352. van der Poll T, de Waal Malefyt R, Coyle



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

746 MOORE ET AL

SM, Lowry SF. 1997. Antiinflammatory
cytokine responses during clinical sepsis
and experimental endotoxemia: sequen-
tial measurements of plasma soluble in-
terleukin (IL)-1 receptor type II, IL-10,
and IL-13.J. Infect. Dis.175:118–22

353. Neidhardt R, Keel M, Steckholzer U,
Safret A, Ungethuem U, Trentz O, Ertel
W. 1997. Relationship of interleukin-10
plasma levels to severity of injury and
clinical outcome in injured patients.J.
Trauma42:863–70; discussion 70–71

354. Frei K, Nadal D, Pfister HW, Fontana
A. 1993. Listeria meningitis: identifica-
tion of a cerebrospinal fluid inhibitor of
macrophage listericidal function as inter-
leukin 10.J. Exp. Med.178:1255–61

355. Derkx B, Marchant A, Goldman M, Bi-
jlmer R, van Deventer S. 1995. High lev-
els of interleukin-10 during the initial
phase of fulminant meningococcal septic
shock.J. Infect. Dis.171:229–32

356. Lehmann AK, Halstensen A, Sornes S,
Rokke O, Waage A. 1995. High levels
of interleukin 10 in serum are associated
with fatality in meningococcal disease.
Infect. Immun.63:2109–12

357. Bourrie B, Bouaboula M, Benoit JM, De-
rocq JM, Esclangon M, Le Fur G, Casel-
las P. 1995. Enhancement of endotoxin-
induced interleukin-10 production by SR
31747A, a sigma ligand.Eur. J. Immunol.
25:2882–87

358. Mengozzi M, Fantuzzi G, Faggioni R,
Marchant A, Goldman M, Orencole S,
Clark BD, Sironi M, Benigni F, Ghezzi
P. 1994. Chlorpromazine specifically in-
hibits peripheral and brain TNF produc-
tion, and up-regulates IL-10 production,
in mice.Immunology82:207–10

359. Suberville S, Bellocq A, Fouqueray B,
Philippe C, Lantz O, Perez J, Baud L.
1996. Regulation of interleukin-10 pro-
duction by beta-adrenergic agonists.Eur.
J. Immunol.26:2601–5

360. Van Laethem JL, Marchant A, Delvaux
A, Goldman M, Robberecht P, Velu T,

Deviere J. 1995. Interleukin 10 prevents
necrosis in murine experimental acute
pancreatitis.Gastroenterology108:1917–
22

361. Li Q, Sun B, Dastgheib K, Chan
CC. 1996. Suppressive effect of
transforming growth factor beta1 on
the recurrence of experimental melanin
protein-induced uveitis: upregulation of
ocular interleukin-10. Clin. Immunol.
Immunopathol.81:55–61

362. Rosenbaum JT, Angell E. 1995. Paradox-
ical effects of IL-10 in endotoxin-induced
uveitis.J. Immunol.155:4090–94

363. Rizzo LV, Xu H, Chan CC, Wiggert B,
Caspi RR. 1998. IL-10 has a protective
role in experimental autoimmune uveore-
tinitis. Int. Immunol.10:807–14

364. Okada AA, Keino H, Suzuki J, Sakai J,
Usui M, Mizuguchi J. 1998. Kinetics of
intraocular cytokines in the suppression
of experimental autoimmune uveoretini-
tis by type I IFN.Int. Immunol.10:1917–
22

365. Tumpey TM, Elner VM, Chen SH, Oakes
JE, Lausch RN. 1994. Interleukin-10
treatment can suppress stromal keratitis
induced by herpes simplex virus type 1.
J. Immunol.153:2258–65

366. Arai T, Hiromatsu K, Kobayashi N,
Takano M, Ishida H, Nimura Y, Yoshikai
Y. 1995. IL-10 is involved in the protec-
tive effect of dibutyryl cyclic adenosine
monophosphate on endotoxin-induced in-
flammatory liver injury. J. Immunol.
155:5743–49

367. Mulligan MS, Jones ML, Vaporciyan AA,
Howard MC, Ward PA. 1993. Protective
effects of IL-4 and IL-10 against immune
complex-induced lung injury.J. Immunol.
151:5666–74

368. Mulligan MS, Warner RL, Foreback JL,
Shanley TP, Ward PA. 1997. Protective
effects of IL-4, IL-10 , IL-12 and IL-13
in IgG immune complex induced lung in-
jury: role of endogenous IL-12.J. Im-
munol.159:3483–89s



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

IL-10 AND IL-10 RECEPTOR 747

369. Bethea JR, Nagashima H, Acosta MC,
Briceno C, Gomez F, Marcillo AE, Loor
K, Green J, Dietrich WD. 1999. Systemi-
cally administered interleukin-10 reduces
tumor necrosis factor-alpha production
and significantly improves functional re-
covery following traumatic spinal cord
injury in rats. J. Neurotrauma16:851–
63

370. Woiciechowsky C, Asadullah K, Nestler
D, Eberhardt B, Platzer C, Schoning
B, Glockner F, Lanksch WR, Volk HD,
Docke WD. 1998. Sympathetic activation
triggers systemic interleukin-10 release in
immunodepression induced by brain in-
jury. Nat. Med.4:808–13

371. Fearon DT, Locksley RM. 1996. The
instructive role of innate immunity in
the acquired immune response.Science
272:50–53

372. Milon G. 1997. Listeria monocytogenes
in laboratory mice: a model of short-term
infectious and pathogenic processes con-
trollable by regulated protective immune
responses.Immunol. Rev.158:37–46

373. Unanue ER. 1997. Studies in listeriosis
show the strong symbiosis between the
innate cellular system and the T-cell re-
sponse.Immunol. Rev.158:11–25

374. Mencacci A, Cenci E, Bistoni F, Bacci A,
Del Sero G, Montagnoli C, Fe d’Ostiani
C, Romani L. 1998. Specific and non-
specific immunity to Candida albicans:
a lesson from genetically modified ani-
mals.Res. Immunol.149:352–61; discus-
sion 517–19

375. Romani L, Bistoni F, Puccetti P. 1997. Ini-
tiation of T-helper cell immunity to Can-
dida albicans by IL-12: the role of neu-
trophils.Chem. Immunol.68:110–35

376. Scott P, Farrell JP. 1998. Experimental cu-
taneous leishmaniasis: induction and reg-
ulation of T cells following infection of
mice with Leishmania major.Chem. Im-
munol.70:60–80

377. Yap GS, Sher A. 1999. Cell-mediated im-
munity to Toxoplasma gondii: initiation,

regulation and effector function.Immuno-
biology201:240–47

378. Romani L, Mencacci A, Cenci E, Del
Sero G, Bistoni F, Puccetti P. 1997. An
immunoregulatory role for neutrophils in
CD4+ T helper subset selection in mice
with candidiasis.J. Immunol.158:2356–
62

379. Kelly JP, Bancroft GJ. 1996. Administra-
tion of interleukin-10 abolishes innate re-
sistance to Listeria monocytogenes.Eur.
J. Immunol.26:356–64

380. Tripp CS, Beckerman KP, Unanue ER.
1995. Immune complexes inhibit antimi-
crobial responses through interleukin-10
production. Effects in severe combined
immunodeficient mice during Listeria in-
fection.J. Clin. Invest.95:1628–34

381. Dai WJ, Kohler G, Brombacher F. 1997.
Both innate and acquired immunity to
Listeria monocytogenes infection are in-
creased in IL-10-deficient mice.J. Im-
munol.158:2259–67

382. Wagner RD, Maroushek NM, Brown JF,
Czuprynski CJ. 1994. Treatment with
anti-interleukin-10 monoclonal antibody
enhances early resistance to but impairs
complete clearance of Listeria monocy-
togenes infection in mice.Infect. Immun.
62:2345–53

383. Vazquez-Torres A, Jones-Carson J, Wag-
ner RD, Warner T, Balish E. 1999.
Early resistance of interleukin-10 knock-
out mice to acute systemic candidiasis.
Infect. Immun.67:670–74

384. Neyer LE, Grunig G, Fort M, Reming-
ton JS, Rennick D, Hunter CA. 1997.
Role of interleukin-10 in regulation of
T-cell-dependent and T-cell-independent
mechanisms of resistance to Toxoplasma
gondii. Infect. Immun.65:1675–82

385. Gazzinelli RT, Wysocka M, Hieny S,
Scharton-Kersten T, Cheever A, Kuhn R,
Muller W, Trinchieri G, Sher A. 1996. In
the absence of endogenous IL-10, mice
acutely infected with Toxoplasma gondii
succumb to a lethal immune response



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

748 MOORE ET AL

dependent on CD4+ T cells and ac-
companied by overproduction of IL-12,
IFN-gamma and TNF-alpha.J. Immunol.
157:798–805

386. Abrahamsohn IA, Coffman RL. 1996.
Trypanosoma cruzi: IL-10, TNF, IFN-
gamma, and IL-12 regulate innate and ac-
quired immunity to infection.Exp. Para-
sitol. 84:231–44

387. Lin MT, Hinton DR, Parra B, Stohlman
SA, van der Veen RC. 1998. The role of
IL-10 in mouse hepatitis virus-induced
demyelinating encephalomyelitis.Virol-
ogy245:270–80

388. Nishio R, Matsumori A, Shioi T, Ishida H,
Sasayama S. 1999. Treatment of experi-
mental viral myocarditis with interleukin-
10.Circulation100:1102–8

389. van Den Broek M, Bachmann MF, Kohler
G, Barner M, Escher R, Zinkernagel R,
Kopf M. 2000. IL-4 and IL-10 antagon-
ize IL-12-mediated protection against
acute vaccinia virus infection with a lim-
ited role of IFN-gamma and nitric oxide
synthetase 2.J. Immunol.164:371–78

390. Li C, Corraliza I, Langhorne J. 1999. A
defect in interleukin-10 leads to enhanced
malarial disease in plasmodium chabaudi
chabaudi infection in mice.Infect. Im-
mun.67:4435–42

391. Holscher C, Mohrs M, Dai WJ, Kohler
G, Ryffel B, Schaub GA, Mossmann
H, Brombacher F. 2000. Tumor necro-
sis factor alpha-mediated toxic shock
in trypanosoma cruzi-infected interleukin
10-deficient mice.Infect. Immun. 68:
4075–83

392. Hunter CA, Ellis-Neyes LA, Slifer T,
Kanaly S, Grunig G, Fort M, Rennick D,
Araujo FG. 1997. IL-10 is required to pre-
vent immune hyperactivity during infec-
tion with Trypanosoma cruzi.J. Immunol.
158:3311–16

393. Kullberg MC, Ward JM, Gorelick PL,
Caspar P, Hieny S, Cheever A, Jankovic
D, Sher A. 1998. Helicobacter hepati-
cus triggers colitis in specific-pathogen-

free interleukin-10 (IL-10)-deficient mice
through an IL-12- and gamma interferon-
dependent mechanism.Infect. Immun.
66:5157–66

394. Brown JP, Zachary JF, Teuscher C, Weis
JJ, Wooten RM. 1999. Dual role of
interleukin-10 in murine Lyme disease:
regulation of arthritis severity and host de-
fense.Infect. Immun.67:5142–50

395. Boorstein SM, Elner SG, Meyer RF,
Sugar A, Strieter RM, Kunkel SL, El-
ner VM. 1994. Interleukin-10 inhibi-
tion of HLA-DR expression in human
herpes stromal keratitis.Ophthalmology
101:1529–35

396. Daheshia M, Kuklin N, Kanangat S, Man-
ickan E, Rouse BT. 1997. Suppression of
ongoing ocular inflammatory disease by
topical administration of plasmid DNA
encoding IL-10.J. Immunol.159:1945–
52

397. Flores-Villanueva PO, Zheng XX, Strom
TB, Stadecker MJ. 1996. Recombinant
IL-10 and IL-10/Fc treatment down-
regulate egg antigen-specific delayed hy-
persensitivity reactions and egg gran-
uloma formation in schistosomiasis.J.
Immunol.156:3315–20

398. Hoffmann KF, Cheever AW, Wynn TA.
2000. IL-10 and the dangers of immune
polarization: excessive type 1 and type 2
cytokine responses induce distinct forms
of lethal immunopathology in murine
schistosomiasis.J. Immunol.164:6406–
16

399. Wynn TA, Morawetz R, Scharton-Kersten
T, Hieny S, Morse HC, 3rd, Kuhn R,
Muller W, Cheever AW, Sher A. 1997.
Analysis of granuloma formation in dou-
ble cytokine-deficient mice reveals a cen-
tral role for IL-10 in polarizing both T
helper cell 1- and T helper cell 2-type
cytokine responses in vivo.J. Immunol.
159:5014–23

400. Wynn TA, Cheever AW, Williams ME,
Hieny S, Caspar P, Kuhn R, Muller
W, Sher A. 1998. IL-10 regulates liver



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

IL-10 AND IL-10 RECEPTOR 749

pathology in acute murine Schistosomi-
asis mansoni but is not required for im-
mune down-modulation of chronic dis-
ease.J. Immunol.160:4473–80

401. Nelson DR, Lauwers GY, Lau JY, Davis
GL. 2000. Interleukin 10 treatment re-
duces fibrosis in patients with chronic
hepatitis C: a pilot trial of interferon non-
responders.Gastroenterology118:655–
60

402. Gasim S, Elhassan AM, Khalil EA, Ismail
A, Kadaru AM, Kharazmi A, Theander
TG. 1998. High levels of plasma- IL-10
and expression of IL-10 by keratinocytes
during visceral leishmaniasis predict sub-
sequent development of post-kala-azar
dermal leishmaniasis [published erratum
appears inClin. Exp. Immunol.1998
Jun;112(3):547].Clin. Exp. Immunol.
111:64–69

403. Ghalib HW, Piuvezam MR, Skeiky YA,
Siddig M, Hashim FA, el-Hassan AM,
Russo DM, Reed SG. 1993. Interleukin 10
production correlates with pathology in
human Leishmania donovani infections.
J. Clin. Invest.92:324–29

404. Holaday BJ, Pompeu MM, Jeronimo S,
Texeira MJ, Sousa AdA, Vasconcelos
AW, Pearson RD, Abrams JS, Locksley
RM. 1993. Potential role for interleukin-
10 in the immunosuppression associated
with kala azar.J. Clin. Invest.92:2626–32

405. Karp CL, el-Safi SH, Wynn TA, Satti
MM, Kordofani AM, Hashim FA, Hag-
Ali M, Neva FA, Nutman TB, Sacks DL.
1993. In vivo cytokine profiles in patients
with kala-azar. Marked elevation of both
interleukin-10 and interferon-gamma.J.
Clin. Invest.91:1644–48

406. Peyron F, Burdin N, Ringwald P, Vuillez
JP, Rousset F, Banchereau J. 1994. High
levels of circulating IL-10 in human
malaria.Clin. Exp. Immunol.95:300–3

407. Wenisch C, Parschalk B, Narzt E, Looa-
reesuwan S, Graninger W. 1995. Ele-
vated serum levels of IL-10 and IFN-
gamma in patients with acute Plasmod-

ium falciparum malaria.Clin. Immunol.
Immunopathol.74:115–17

408. Mahanty S, Mollis SN, Ravichandran
M, Abrams JS, Kumaraswami V, Jayara-
man K, Ottesen EA, Nutman TB. 1996.
High levels of spontaneous and parasite
antigen-driven interleukin-10 production
are associated with antigen-specific hy-
poresponsiveness in human lymphatic fi-
lariasis.J. Infect. Dis.173:769–73

409. Mahanty S, Ravichandran M, Raman U,
Jayaraman K, Kumaraswami V, Nutman
TB. 1997. Regulation of parasite antigen-
driven immune responses by interleukin-
10 (IL-10) and IL-12 in lymphatic filari-
asis.Infect. Immun.65:1742–47

410. King CL, Mahanty S, Kumaraswami V,
Abrams JS, Regunathan J, Jayaraman
K, Ottesen EA, Nutman TB. 1993. Cy-
tokine control of parasite-specific anergy
in human lymphatic filariasis. Preferen-
tial induction of a regulatory T helper
type 2 lymphocyte subset.J. Clin. Invest.
92:1667–73

411. Yamamura M, Uyemura K, Deans RJ,
Weinberg K, Rea TH, Bloom BR, Modlin
RL. 1991. Defining protective responses
to pathogens: cytokine profiles in leprosy
lesions [published erratum appears inSci-
ence1992 Jan 3;255(5040):12].Science
254:277–79

412. Zhang M, Gong J, Iyer DV, Jones BE,
Modlin RL, Barnes PF. 1994. T cell cy-
tokine responses in persons with tubercu-
losis and human immunodeficiency virus
infection.J. Clin. Invest.94:2435–42

413. Gerosa F, Nisii C, Righetti S, Mic-
ciolo R, Marchesini M, Cazzadori A,
Trinchieri G. 1999. CD4(+) T cell
clones producing both interferon-gamma
and interleukin-10 predominate in bron-
choalveolar lavages of active pulmonary
tuberculosis patients.Clin. Immunol.
92:224–34

414. Roilides E, Sein T, Schaufele R, Chanock
SJ, Walsh TJ. 1998. Increased serum con-
centrations of interleukin-10 in patients



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

750 MOORE ET AL

with hepatosplenic candidiasis.J. Infect.
Dis. 178:589–92

415. Muller F, Aukrust P, Lien E, Haug CJ,
Froland SS. 1998. Enhanced interleukin-
10 production in response to Mycobac-
terium avium products in mononuclear
cells from patients with human immun-
odeficiency virus infection.J. Infect. Dis.
177:586–94

416. Carvalho EM, Bacellar O, Brownell C,
Regis T, Coffman RL, Reed SG. 1994.
Restoration of IFN-gamma production
and lymphocyte proliferation in visceral
leishmaniasis.J. Immunol.152:5949–56

417. Sieling PA, Abrams JS, Yamamura M,
Salgame P, Bloom BR, Rea TH, Mod-
lin RL. 1993. Immunosuppressive roles
for IL-10 and IL-4 in human infection. In
vitro modulation of T cell responses in
leprosy.J. Immunol.150:5501–10

418. Gong JH, Zhang M, Modlin RL, Lins-
ley PS, Iyer D, Lin Y, Barnes PF.
1996. Interleukin-10 downregulates My-
cobacterium tuberculosis-induced Th1
responses and CTLA-4 expression.Infect.
Immun.64:913–18

419. Clerici M, Lucey DR, Berzofsky JA, Pinto
LA, Wynn TA, Blatt SP, Dolan MJ, Hen-
drix CW, Wolf SF, Shearer GM. 1993.
Restoration of HIV-specific cell-mediated
immune responses by interleukin-12 in
vitro. Science262:1721–24

420. Clerici M, Wynn TA, Berzofsky JA, Blatt
SP, Hendrix CW, Sher A, Coffman RL,
Shearer GM. 1994. Role of interleukin-
10 (IL-10) in T helper cell dysfunction
in asymptomatic individuals infected with
human immunodeficiency virus (HIV-1).
J. Clin. Inv.93:768–75

421. Clerici M, Sarin A, Berzofsky JA, Lan-
day AL, Kessler HA, Hashemi F, Hendrix
CW, Blatt SP, Rusnak J, Dolan MJ, Coff-
man RL, Henkart PA, Shearer GM. 1996.
Antigen-stimulated apoptotic T-cell death
in HIV infection is selective for CD4+
T cells, modulated by cytokines and ef-
fected by lymphotoxin.AIDS10:603–11

422. Landay AL, Clerici M, Hashemi F,
Kessler H, Berzofsky JA, Shearer GM.
1996. In vitro restoration of T cell im-
mune function in human immunodefi-
ciency virus-positive persons: effects of
interleukin (IL)-12 and anti-IL-10.J. In-
fect. Dis.173:1085–91

423. Finnegan A, Roebuck KA, Nakai BE, Gu
DS, Rabbi MF, Song S, Landay AL. 1996.
IL-10 cooperates with TNF-alpha to acti-
vate HIV-1 from latently and acutely in-
fected cells of monocyte/macrophage lin-
eage.J. Immunol.156:841–51

424. Rabbi MF, Finnegan A, Al-Harthi L,
Song S, Roebuck KA. 1998. Interleukin-
10 enhances tumor necrosis factor-alpha
activation of HIV-1 transcription in la-
tently infected T cells.J. Acquir. Immune
Defic. Syndr. Hum. Retrovirol.19:321–
31

425. Weissman D, Poli G, Fauci AS. 1995.
IL-10 synergizes with multiple cytokines
in enhancing HIV production in cells
of monocytic lineage.J. Acquir. Immune
Defic. Syndr. Hum. Retrovirol.9:442–49

426. Akridge RE, Oyafuso LK, Reed SG.
1994. IL-10 is induced during HIV-1 in-
fection and is capable of decreasing viral
replication in human macrophages.J. Im-
munol.153:5782–89

427. Chang J, Naif HM, Li S, Jozwiak R, Ho-
Shon M, Cunningham AL. 1996. The in-
hibition of HIV replication in monocytes
by interleukin 10 is linked to inhibition
of cell differentiation.AIDS Res. Hum.
Retroviruses12:1227–35

428. Goletti D, Weissman D, Jackson RW,
Collins F, Kinter A, Fauci AS. 1998. The
in vitro induction of human immunodefi-
ciency virus (HIV) replication in purified
protein derivative-positive HIV-infected
persons by recall antigen response to My-
cobacterium tuberculosis is the result of
a balance of the effects of endogenous
interleukin-2 and proinflammatory and
antiinflammatory cytokines.J. Infect. Dis.
177:1332–38



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

IL-10 AND IL-10 RECEPTOR 751

429. Powrie F, Coffman RL. 1993. Cytokine
regulation of T-cell function: potential for
therapeutic intervention.Immunol. Today.
14:270–74

430. Liblau R, Singer S, McDevitt H. 1995.
Th1 and Th2 CD4+ T cells in the patho-
genesis of organ-specific autoimmune
diseases.Immunol. Today16:34–38

431. O’Garra A, Steinman L., and Gijbels K.
1997. CD4+ T-cell subsets in autoimmu-
nity. Curr. Opin. Immunol.9:872–83

432. Tisch R, and McDevitt H. 1996. Insulin-
dependent diabetes mellitus.Cell85:291–
97

433. Miller SD, and Karpus WJ. 1994. The
immunopathogenesis and regulation of
T-cell-mediated demyelinating diseases.
Immunol. Today15:356–61

434. Groux H, Powrie F. 1999. Regulatory T
cells and inflammatory bowel disease.Im-
munol. Today20:442–45

435. Chai JG, Bartok I, Chandler P, Vendetti S,
Antoniou A, Dyson J, Lechler R. 1999.
Anergic T cells act as suppressor cells
in vitro and in vivo. Eur. J. Immunol.
29:686–92

436. Seddon B, Mason D. 1999. Regulatory T
cells in the control of autoimmunity: the
essential role of transforming growth fac-
tor b and interleukin 4 in the prevention of
autoimmune thryroiditis in rats by periph-
eral CD4+ CD45RC- cells and CD4+
CD8- thymocytes.J. Exp. Med.189:279–
88

437. Seddon B, and Mason D. 2000. The third
function of the thymus.Immunol. Today
21:95–99

438. Bridoux F, Badou A, Saoudi A, Bernard
I, Druet E, Pasquier R, Druet P, Pel-
letier L. 1997. Transforming growth fac-
tor β (TGFβ)-dependent inhibition of
T helper 2 (Th2)-induced autoimmunity
by self-major histocompatibility com-
plex (MHC) class II-specific, regula-
tory CD4+ T cell lines. J. Exp. Med.
185:1769–75

439. Han HS, Jun HS, Utsugi T, Yoon JW.

1996. A new type of CD4+ suppres-
sor T cell completely prevents sponta-
neous autoimmune diabetes and recurrent
diabetes in syngeneic islet-transplanted
NOD mice.J. Autoimmun.9:331–39

440. Weiner HL. 1997. Oral tolerance for the
treatment of autoimmune diseases.Annu.
Rev. Med.48:341–51

441. Powrie F, Carlino J, Leach MW, Mauze
S, Coffman RL. 1996. A critical role for
transforming growth factor-β but not in-
terleukin 4 in the suppression of T helper
type 1-mediated colitis by CD45RBlow

CD4+ T cells. J. Exp. Med.183:2669–
74

442. Shull MM, Ormsby I, Kier AB,
Pawlowski S, Diebold RJ, Yin M, Allen
R, Sidman C, Proetzel G, Calvin D,
Annunziata N, Doetschman T. 1992.
Targeted disruption of the mouse trans-
forming growth factor-b1 gene results in
multifocal inflammatory disease.Nature
359:693–99

443. Berg DJ, Davidson N, Kuhn R, Muller
W, Menon S, Holland G, Thompson-
Snipes L, Leach MW, Rennick D.
1996. Enterocolitis and colon cancer in
interleukin-10-deficient mice are associ-
ated with aberrant cytokine production
and CD4(+) TH1-like responses.J. Clin.
Invest.98:1010–20

444. Khoury SJ, Hancock WW, Weiner HL.
1992. Oral tolerance to myelin basic
protein and natural recovery from ex-
perimental autoimmune encephalomyeli-
tis are associated with downregulation
of inflammatory cytokines and differen-
tial upregulation of transforming growth
factorβ, interleukin 4 and prostaglandin
E expression in the brain.J. Exp. Med.
176:1355–64

445. Kennedy M, K., Torrance D, S., Picha
K, S., Mohler K.M. 1992. Analysis of
cytokine mRNA expression in the cen-
tral nervous system of mice with ex-
perimental autoimmune encephalomyeli-
tis reveals that IL-10 mRNA expression



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

752 MOORE ET AL

correlates with recovery.J. Immunol.
149:2496–2505

446. Issazadeh S, Ljungdahl A, Hojeberg B,
Mustafa M, Olsson T. 1995. Cytokine
production in the central nervous sys-
tem of Lewis rats with experimental au-
toimmune encephalomyelitis: dynamics
of mRNA expression for interleukin-10,
interleukin-12, cytolysin, tumor necrosis
factor α and tumor necrosisβ. J. Neu-
roimmunol.61:205–12

447. Issazadeh S, Lorentzen JC, Mustafa MI,
Hojeberg B, Mussener A, Olsson T. 1996.
Cytokines in relapsing experimental au-
toimmune encephalomyelitis in DA rats:
persistent mRNA expression of proin-
flammatory cytokines and absent expres-
sion of interleukin-10 and transform-
ing growth factor-β. J. Neuroimmunol.
69:103–15

448. Navikas V, Link J, Palasik W, Soderstrom
M, Fredrikson S, Olsson T, Link H. 1995.
Increased mRNA expression of IL-10 in
mononuclear cells in multiple sclerosis
and optic neuritis.Scand. J. Immunol.
41:171–78

449. Crisi GM, Santambrogio L, Hochwald
GM, Smith SR, Carlino JA, Thorbecke
GJ. 1995. Staphylococcal enterotoxin B
and tumor necrosis factor-alpha-induced
relapses of experimental allergic enceph-
alomyelitis: protection by transform-
ing growth factor-beta and interleukin-10.
Eur. J. Immunol.23:3035–40

450. Bettelli E, Das MP, Howard ED, Weiner
HL, Sobel RA, Kuchroo VK. 1998. IL-
10 is critical in the regulation of au-
toimmune encephalomyelitis as demon-
strated by studies of IL-10- and IL-4-
deficient and transgenic mice.J. Immunol.
161:3299–3306

451. Samilova EB, Horton JL, Chen Y. 1988.
Acceleration of experimental autoim-
mune encephalomyelitis in interleukin-
10-deficient mice: roles of interleukin-10
in disease progression and recovery.Cel-
lular Immunol.188:118–24

452. Segal BM, Dwyer BK, Shevach EM.
1998. An interleukin (IL)-10/IL-12 im-
munoregulatory circuit controls suscepti-
bility to autoimmune disease.J. Exp. Med.
187:537–46

453. Rott O, Fleischer B, Cash E. 1994.
Interleukin-10 prevents experimental al-
lergic encephalomyelitis in rats.Eur. J.
Immunol.24:1434–40

454. Nagelkerken L, Blauw B, Tielmans M.
1997. IL-4 abrogates the inhibitory effect
of IL-10 on the development of experi-
mental allergic encephalomyelitis in SJL
mice.Int. Immunol.9:1243–51

455. Croxford JL, Triantaphyllopuolos K,
Podhajeer OL, Feldman M, Baker D,
Chernajovsky Y. 1998. Cytokine gene
therapy in experimental allergic en-
cephalomyelitis by injection of plasmid
DNA-cationic liposome complex into
the central nervous system.J. Immunol.
160:5181–87

456. Shaw MK, Lorens JB, Dhawan A, Dal-
Canto R, Tse HY, Tran AB, Bonpane C,
Eswaran SL, Brocke S, Sarvetnik S, et
al. 1997. Local delivery of interleukin
4 by retrovirus-transduced T lympho-
cytes ameliorates experimental autoim-
mune encephalomyelitis.J. Exp. Med.
185:1711–14

457. Cannella B, Gao YL, Brosnan C, Raine
CS. 1996. IL-10 fails to abrogate experi-
mental autoimmune encephalomyelitis.J.
Neuroscience Res.45:735–46

458. Mathisen PM, Yu M, Johnson JM, Drazba
JA, Tuohy VK. 1997. Treatment of ex-
perimental autoimmune encephalomyeli-
tis with genetically modified memory T
cells.J. Exp. Med.186:159–64

459. Cua DJ, Groux H, Hinton DR, Stohlman
SA, Coffman RL. 1999. Transgenic in-
terleukin 10 prevents induction of experi-
mental autoimmune encephalomyelitis.J.
Exp. Med.189:1005–10

460. Cua D, Hutchins B, LaFace DM,
Stohlman S, Coffman RL. 2001. Cen-
tral nervous system expression of IL-10



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

IL-10 AND IL-10 RECEPTOR 753

inhibits autoimmune encephalomyelitis.
J. Immunol.In press

461. Castano L, Eisenbarth GS. 1990. Type-I
diabetes: A chronic autoimmune disease
of human, mouse and rat.Annu. Rev. Im-
munol.8:647–79

462. Kikutani H, Makino S. 1992. The murine
autoimmune diabetes model: NOD and
related strains.Adv. Immunol.51:285–
322

463. Bendelac A, Carnaud C, Boitard C, Bach
JF. 1987. Syngeneic transfer of autoim-
mune diabetes from diabetic NOD mice
to healthy neonates. Requirement for both
L3T4+ and Lyt-2+ T cells.J. Exp. Med.
166:823–32

464. Hutchings P, Rosen H, O’Reilly L, Simp-
son E, Gordon S, Cooke A. 1990. Transfer
of diabetes in mice prevented by block-
ade of adhesion-promoting receptor on
macrophages.Nature348:639–42

465. Pennline KJ, Roque-Gaffney E, Monahan
M. 1994. Recombinant human IL-10 pre-
vents the onset of diabetes in the nonobese
diabetic (NOD) mouse.Clin. Immunol.
Immunopathol.71:169–75

466. Zheng XX, Steele AW, Hancock WW,
Stevens AC, Nickerson PW, Roy-
Chaudhury P, Tian Y, Strom TB. 1997.
A noncytolytic IL-10/Fc fusion protein
prevents diabetes, blocks autoimmunity,
and promotes suppressor phenomena in
NOD mice.J. Immunol.158:4507–13

467. Moritani M, Yoshimoto K, Ii S, Kondo
M, Iwahana H, Yamaoka T, Sano T,
Nakano N, Kikutani H, Itakura M. 1996.
Prevention of adoptively transferred
diabetes in nonobese diabetic mice with
IL-10-transduced islet-specific Th1 lym-
phocytes. A gene therapy model for
autoimmune diabetes.J. Clin. Invest.
98:1851–59

468. Wogensen L, Huang X, Sarvetnick N.
1993. Leukocyte extravasation into the
pancreatic tissue in transgenic mice ex-
pressing interleukin 10 in the islets of
Langerhans.J. Exp. Med.178:175–85

469. Wogensen L, Lee MS, Sarvetnick N.
1994. Production of interleukin 10 by
islet cells accelerates immune-mediated
destruction of beta cells in nonobese dia-
betic mice.J. Exp. Med.179:1379–84

470. Lee MS, Wogensen L, Shizuru J, Old-
stone MB, Sarvetnick N. 1994. Pancreatic
islet production of murine interleukin-10
does not inhibit immune-mediated tissue
destruction.J. Clin. Invest.93:1332–38

471. Moritani M, Yoshimoto K, Tashiro F,
Hashimoto C, Miyazaki J-i, Setsuko I,
Iwahana H, Hayashi Y, Sano T, Itakura
M. 1994. Transgenic expression of IL-
10 in pancreatic islet A cells acceler-
ates autoimmune insulitis and diabetes in
non-obese diabetic mice.Int. Immunol.
6:1927–36

472. Lee MS, Mueller R, Wicker LS, Peterson
LB, Sarvetnick N. 1996. IL-10 is neces-
sary and sufficient for autoimmune dia-
betes in conjunction with NOD MHC ho-
mozygosity.J. Exp. Med.183:2663–68

473. Cohen SB, Katsikis PD, Chu CQ,
Thomssen H, Webb LM, Maini RN, Lon-
dei M, Feldmann M. 1995. High level of
interleukin-10 production by the activated
T cell population within the rheuma-
toid synovial membrane.Arthritis Rheum.
38:946–52

474. Katsikis PD, Chu CQ, Brennan FM,
Maini RN, Feldmann M. 1994. Im-
munoregulatory role of interleukin 10
in rheumatoid arthritis.J. Exp. Med.
179:1517–27

475. Cush JJ, Splawski JB, Thomas R, McFar-
lin JE, Schulze-Koops H, Davis LS, Fujita
K, Lipsky PE. 1995. Elevated interleukin-
10 levels in patients with rheumatoid
arthritis.Arthrit.Rheum.38:96–104

476. Perez L, Orte J, Brieva JA. 1995. Terminal
differentiation of spontaneous rheuma-
toid factor-secreting B cells from rheuma-
toid arthritis patients depends on endoge-
nous interleukin-10.Arthritis Rheum.
38:1771–76

477. Kasama T, Strieter RM, Lukacs NW,



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

754 MOORE ET AL

Lincoln PM, Burdick MD, Kunkel
SL. 1995. Interleukin-10 expression and
chemokine regulation during the evolu-
tion of murine type II collagen-induced
arthritis.J. Clin. Invest.95:2868–76

478. Persson S, Mikulowska A, Narula
S, O’Garra A, Holmdahl R. 1996.
Interleukin-10 suppresses the develop-
ment of collagen type II-induced arthritis
and ameliorates sustained arthritis in rats.
Scand. J. Immunol.44:607–14

479. Tanaka Y, Otsuka T, Hotokebuchi T,
Miyahara H, Nakashima H, Kuga S,
Nemotos Y, Niiro H. Niho Y. 1996. Effect
of IL-10 on collagen-induced arthritis in
mice.Inflamm. Res.45:283–88

480. van Roon JA, van Roy JL, Gmelig-
Meyling FH, Lafeber FP, Bijlsma JW.
1996. Prevention and reversal of cartilage
degradation in rheumatoid arthritis by
interleukin-10 and interleukin-4.Arthri-
tis Rheum.39:829–35

481. Walmsley M, Katsikis PD, Abney E,
Parry S, Williams RO, Maini RN,
Feldmann M. 1996. Interleukin-10 in-
hibition of the progression of estab-
lished collagen-induced arthritis.Arthri-
tis Rheum.39:495–503

482. Whalen JD, Lechman EL, Carlos CA,
Weiss K, Kovesdi I, Glorioso JC, Robbins
PD, Evans CH. 1999. Adenoviral trans-
fer of the viral IL-10 gene periarticularly
to mouse paws suppresses development
of collagen-induced arthritis in both in-
jected and uninjected paws.J. Immunol.
16:3625–32

483. Joosten LA, Lubberts E, Durez P, Helsen
MM, Jacobs MJ, Goldman M, van den
Berg W.B. 1997. Role of interleukin-4
and interleukin-10 in murine collagen-
induced arthritis. Protective effect of
interleukin-4 and interleukin-10 treat-
ment in cartilage destruction.Arthritis
Rheum.40:249–60

484. Llorente L, Richaud-Patin Y, Wijdenes J,
Alcocer-Varela J, Maillot MC, Durand-
Gasselin I, Fourrier BM, Galanaud P,

Emilie D. 1993. Spontaneous production
of interleukin-10 by B lymphocytes and
monocytes in systemic lupus erythemato-
sus.Eur. Cytokine Netw.4:421–27

485. Liu TF, Jones BM. 1998. Impaired pro-
duction of IL-12 in system lupus erythe-
matosus. II: IL-12 production in vitro is
correlated negatively with serum IL-10,
positively with serum IFN-gamma and
negatively with disease activity in SLE.
Cytokine10:148–53

486. Lacki JK, Samborski W, Mackiewicz SH.
1997. Interleukin-10 and interleukin-6
in lupus erythematosus and rheumatoid
arthritis, correlations with acute phase
proteins.Clin. Rheumatol.16:275–78

487. Umetsu DT, DeKruyff RH. 1997. Th1 and
Th2 CD4+ T cells in human allergic dis-
eases.J. Allergy. Clin. Immunol.100:1–6

488. Umetsu D, and DeKruyff R.H. 1999.
Interleukin-10: the missing link in asthma
regulation.Am. J. Respir. Cell. Mol. Biol.
21:562–63

489. Romagnani S. 1994. Lymphokine pro-
duction by human T cells in disease states.
Annu. Rev. Immunol.12:227–57

490. Sher A, Coffman RL. 1992. Regulation
of immunity to parasites by T cells and
T cell-derived cytokines.Annu. Rev. Im-
munol.10:385–409

491. Robinson DS, Hamid Q, Ying S, Tsi-
copoulos A, Barkans J, Bentley AM, Cor-
rigan CJ, Durham SR, Kay AB. 1992.
Evidence for a predominant “Th2-type”
bronchoalveolar lavage T-lymphocyte
population in atopic asthma.New. Engl.
J. Med.326:298–304

492. Shirakawa T, Enomoto T, Shimazu S,
Hopkin JM. 1997. The inverse association
between tuberculin responses and atopic.
Science275:77–79

493. Arock M, Zuany-Amorim C, Singer M,
Benhamou M, Pretolani M. 1996. In-
terleukin 10 inhibits cytokine generation
from mast cells.Eur. J. Immunol.26:166–
70

494. Marshall JS, Leal-Berumen I, Nielsen L,



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

IL-10 AND IL-10 RECEPTOR 755

Glibetic M, Jordana M. 1996. Interleukin
(IL)-10 inhibits long-term IL-6 produc-
tion but not preformed mediator release
from rat peritoneal mast cells.J. Clin. In-
vest.97:1122–28

495. Quinn TJ, Taylor S, Wohlford-Lenane
CL, Schwartz DA. 2000. IL-10 reduces
grain dust-induced airway inflammation
and airway hyperreactivity.J. Appl. Phys-
iol. 88:173–79

496. Makela MJ, Kanehiro A, Borish L,
Dakhama A, Loader J, Joetham A, Xing
Z, Jordana M, Larsen GL, Gelfand EW.
2000. IL-10 is necessary for the expres-
sion of airway hyperresponsiveness but
not pulmonary inflammation after aller-
gic sensitization.Proc. Natl. Acad. Sci.
USA97:6007–12

497. van Scott MR, Justice JP, Bradfield JF,
Enright E, Sigounas A, Sur S. 2000. IL-
10 reduces Th2 cytokine production and
eosinophilia but augments airway reactiv-
ity in allergic mice.Am. J. Physiol. Lung
Cell Mol. Physiol.278:L667–74

498. Borish L. 1998. IL-10: evolving con-
cepts.J. Allergy Clin.101:293–97

499. John M, Lim S, Seybold J, Jose P,
Robichaud A, O’Connor B, Barnes
PJ, Chung KF. 1998. Inhaled corticos-
teroids increase interleukin-10 but re-
duce macrophage inflammatory protein-
1a, granulocyte-macrophage stimulating
factor and Interferon-γ release from alve-
olar macrophages in asthma.Am. J.
Respir. Crit. Care Med.157:256–62

500. Grunig G, Corry DB, Leach MW, Sey-
mour BWP, Kurup VP, Rennick DR.
1997. Interleukin-10 is a natural suppres-
sor of cytokine production and inflamma-
tion in a murine model of allergic bron-
chopulmonary aspergillosis.J. Exp. Med.
185:1089–99

501. Elson CO, Sartor RB, Tennyson GS, Rid-
dell RH. 1995. Experimental models of
inflammatory bowel disease.Gastroen-
terology109:1344–67

502. Powrie F. 1995. T cells in inflammatory

bowel disease: protective and pathologic
roles.Immunity 3:171–74

503. Davidson NJ, Hudak SA, Lesley RE,
Menon S, Leach MW, Rennick DM. 1998.
IL-12, but not IFN-γ , plays a major role
in sustaining the chronic phase of coli-
tis in IL-10-deficient mice.J. Immunol.
161:3143–49

504. Sellon RK, Tonkonogy S, Schultz M,
Dieleman LA, Grenther W, Balish E, Ren-
nick DM, Sartor RB. 1998. Resident en-
teric bacteria are necessary for develop-
ment of spontaneous colitis and immune
system activation in interleukin-10 defi-
cient mice.Infect. Immunity66:5224–1

505. Powrie F, Leach MW, Mauze S, Menon S,
Caddle LB, Coffman RL. 1994. Inhibition
of Th1 responses prevents inflammatory
bowel disease in scid mice reconstituted
with CD45RBhi CD4+ T cells.Immunity
1:553–2

506. Morrissey PJ, Charrier K, Braddy S, Lig-
gitt D, Watson JD. 1993. CD4+ T cells
that express high levels of CD45RB in-
duce wasting disease when transferred
into congenic severe combined immun-
odeficient mice. Disease is prevented by
cotransfer of purified CD4+ T cells. J.
Exp. Med.178:237–4

507. Hagenbaugh A, Sharma S, Dubinett SM,
Wei SHY, Aranda R, Cheroutre H, Fow-
ell DJ, Binder S, Tsao B, Locksley RM,
Moore KW, Kronenberg M. 1997. Altered
immune responses in interleukin 10 trans-
genic mice.J. Exp. Med.185:2101–0

508. Steidler L, Hans W, Schotte L, Neirynck
S, Obermeier F, Falk W, Fiers W, Remaut
E. 2000. Treatment of murine colitis by
lactococcus lactis secreting interleukin-
10.Science289:1352–5

509. Mason D, Fowell D. 1992. T-cell subsets
in autoimmunity.Curr. Opin. Immunol.
4:728–2

510. Sakaguchi S. 2000. Regulatory T cells:
key controllers of immunologic self-
tolerance.Cell 101:455–5

511. Shevach EM. 2000. Regulatory T cells



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

756 MOORE ET AL

in autoimmmunity.Annu. Rev. Immunol.
18:423–9

512. Chen Y, Kuchroo VK, Inobe J-I, Hafler
DA, Weiner HL. 1994. Regulatory T
cell clones induced by oral tolerance:
suppression of autoimmune encephalytis.
Science265:1237–40

513. Maeda H, Kuwahara H, Ichimura Y, Oht-
suki M, Kurakata S, Shiraishi A. 1995.
TGF-β enhances macrophage ability to
produce IL-10 in normal and tumor-
bearing mice.J. Immunol.155:4962–32

514. Bacchetta R, Bigler M, Touraine JL, Park-
man R, Tovo PA, Abrams J, de Waal Male-
fyt R, de Vries JE, Roncarolo MG. 1994.
High levels of interleukin 10 produc-
tion in vivo are associated with tolerance
in SCID patients transplanted with HLA
mismatched hematopoietic stem cells.J.
Exp. Med.179:493–502

515. Papiernik M, do Carmo Leite-de-Moraes
M, Pontoux C, Joret AM, Rocha B, Penit
C, Dy M. 1997. T cell deletion induced by
chronic infection with mouse mammary
tumor virus spares a CD25-positive, IL-
10-producing T cell population with in-
fectious capacity.J. Immunol.158:4642–
53

516. Papiernik M, Leite de Moraes, Pontoux
C., Vasseur F., Penit C. 1998. Regulatory
CD4 T cells: expression of IL-2Ra chain,
resistance to clonal deletion and IL-2 de-
pendency.Int. Immunol.10:371–78

517. Streilein JW, Ksander BR, Taylor AW.
1997. Immune deviation in relation to
ocular immune privilege.J. Immunol.
158:3557–60

518. Gao Y, Herndon JM, Zhang H, Griffith
TS, Ferguson TA. 1998. Antiinflamm-
matory effects of CD95 ligand (FasL)-
induced apoptosis.J. Exp. Med.188:887–
96

519. Nishigori C, Yarosh DB, Ullrich SE, Vink
AA, Bucana CD, Roza L, Kripke ML.
1996. Evidence that DNA damage trig-
gers interleukin 10 cytokine production
in UV-irradiated murine keratinocytes.

Proc. Natl. Acad. Sci. USA93:10354–59
520. Rivas JM, Ullrich S.E. 1992. Sys-

temic suppression of delayed-type hy-
persensitivity by supernatants from UV-
irradiated keratinocytes. An essential role
for keratinocyte-derived IL-10.J. Im-
munol.149:3865–71

521. Leverkus M, Yaar M, Gilchrest BA. 1997.
Fas/Fas ligand interaction contributes to
UV-induced apoptosis in human ker-
atinocytes.Exp. Cell Res.232:255–62

522. Voll RE, Herrmann M, Roth EA, Stach C,
Kalden JR, Girkonttaite I. 1997. Immuno-
suppressive effects of apoptotis cells.Na-
ture390:350–51

523. Pisa P, Halapi E, Pisa EK, Gerdin E, His-
ing C, Bucht A, Gerdin B, Kiessling R.
1992. Selective expression of interleukin
10, interferon gamma, and granulocyte-
macrophage colony-stimulating factor in
ovarian cancer biopsies.Proc. Natl. Acad.
Sci. USA89:7708–12

524. Gotlieb WH, Abrams JS, Watson JM,
Velu TJ, Berek JS, Martinez-Maza O.
1992. Presence of interleukin 10 (IL-10)
in the ascites of patients with ovarian and
other intra-abdominal cancers.Cytokine
4:385–90

525. Loercher AE, Nash MA, Kavanagh JJ,
Platsoucas CD, Freedman RS. 1999.
Identification of an IL-10-producing
HLA-DR-negative monocyte subset in
the malignant ascites of patients with
ovarian carcinoma that inhibits cytokine
protein expression and proliferation of au-
tologous T cells.J. Immunol.163:6251–
60

526. Chau GY, Wu CW, Lui WY, Chang
TJ, Kao HL, Wu LH, King KL, Loong
CC, Hsia CY, Chi CW. 2000. Serum
interleukin-10 but not interleukin-6 is re-
lated to clinical outcome in patients with
resectable hepatocellular carcinoma.Ann.
Surg.231:552–58

527. De Vita F, Orditura M, Galizia G, Romano
C, Lieto E, Iodice P, Tuccillo C, Cata-
lano G. 2000. Serum interleukin-10 is an



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

IL-10 AND IL-10 RECEPTOR 757

independent prognostic factor in ad-
vanced solid tumors.Oncol. Rep.7:357–
61

528. De Vita F, Orditura M, Galizia G, Ro-
mano C, Roscigno A, Lieto E, Catalano
G. 2000. Serum interleukin-10 levels as a
prognostic factor in advanced non-small
cell lung cancer patients.Chest117:365–
73

529. Fortis C, Foppoli M, Gianotti L, Galli
L, Citterio G, Consogno G, Gentilini O,
Braga M. 1996. Increased interleukin-10
serum levels in patients with solid tu-
mours.Cancer Lett.104:1–5

530. Fujieda S, Sunaga H, Tsuzuki H, Fan GK,
Saito H. 1999. IL-10 expression is as-
sociated with the expression of platelet-
derived endothelial cell growth factor and
prognosis in oral and oropharyngeal car-
cinoma.Cancer Lett.136:1–9

531. Smith DR, Kunkel SL, Burdick MD,
Wilke CA, Orringer MB, Whyte RI, Stri-
eter RM. 1994. Production of interleukin-
10 by human bronchogenic carcinoma.
Am. J. Pathol.145:18–25

532. Wittke F, Hoffmann R, Buer J, Dall-
mann I, Oevermann K, Sel S, Wandert T,
Ganser A, Atzpodien J. 1999. Interleukin
10 (IL-10): an immunosuppressive fac-
tor and independent predictor in patients
with metastatic renal cell carcinoma.Br.
J. Cancer79:1182–84

533. Dummer W, Becker JC, Schwaaf A, Lev-
erkus M, Moll T, Brocker EB. 1995.
Elevated serum levels of interleukin-10
in patients with metastatic malignant
melanoma.Melanoma Res.5:67–68

534. Huang S, Ullrich SE, Bar-Eli M. 1999.
Regulation of tumor growth and metas-
tasis by interleukin-10: the melanoma
experience.J. Interferon Cytokine Res.
19:697–703

535. Kruger-Krasagakes S, Krasagakis K,
Garbe C, Schmitt E, Huls C, Blankenstein
T, Diamantstein T. 1994. Expression of
interleukin 10 in human melanoma.Br. J.
Cancer70:1182–85

536. Sato T, McCue P, Masuoka K, Salwen
S, Lattime EC, Mastrangelo MJ, Berd
D. 1996. Interleukin 10 production by
human melanoma.Clin. Cancer Res.
2:1383–90

537. Yue FY, Dummer R, Geertsen R, Hof-
bauer G, Laine E, Manolio S, Burg G.
1997. Interleukin-10 is a growth factor
for human melanoma cells and down-
regulates HLA class-I, HLA class-II
and ICAM-1 molecules.Int. J. Cancer
71:630–37

538. Ekmekcioglu S, Okcu MF, Colome-
Grimmer MI, Owen-Schaub L, Buzaid
AC, Grimm EA. 1999. Differential
increase of Fas ligand expression
on metastatic and thin or thick pri-
mary melanoma cells compared with
interleukin-10.Melanoma Res.9:261–72

539. Khatri VP, Caligiuri MA. 1998. A review
of the association between interleukin-10
and human B-cell malignancies.Cancer
Immunol. Immunother.46:239–44

540. Asadullah K, Docke WD, Haeussler
A, Sterry W, Volk HD. 1996. Progres-
sion of mycosis fungoides is associated
with increasing cutaneous expression of
interleukin-10 mRNA.J. Invest. Derma-
tol. 107:833–37

541. Boulland ML, Meignin V, Leroy-Viard
K, Copie-Bergman C, Briere J, Touitou
R, Kanavaros P, Gaulard P. 1998. Human
interleukin-10 expression in T/natural
killer-cell lymphomas: association with
anaplastic large cell lymphomas and nasal
natural killer-cell lymphomas.Am. J.
Pathol.153:1229–37

542. Klein B, Lu ZY, Gu ZJ, Costes V, Jour-
dan M, Rossi JF. 1999. Interleukin-10
and Gp130 cytokines in human multiple
myeloma.Leuk. Lymphoma34:63–70

543. Denizot Y, Turlure P, Bordessoule D, Tri-
moreau F, Praloran V. 1999. Serum IL-
10 and IL-13 concentrations in patients
with haematological malignancies.Cy-
tokine11:634–35

544. Salmaggi A, Eoli M, Corsini E, Gelati M,



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

758 MOORE ET AL

Frigerio S, Silvani A, Boiardi A. 2000.
Cerebrospinal fluid interleukin-10 levels
in primary central nervous system lym-
phoma: a possible marker of response to
treatment? [letter].Ann. Neurol.47:137–
38

545. Jones KD, Aoki Y, Chang Y, Moore PS,
Yarchoan R, Tosato G. 1999. Involvement
of interleukin-10 (IL-10) and viral IL-6
in the spontaneous growth of Kaposi’s
sarcoma herpesvirus-associated infected
primary effusion lymphoma cells.Blood
94:2871–79

546. Blay JY, Burdin N, Rousset F, Lenoir G,
Biron P, Philip T, Banchereau J, Favrot
MC. 1993. Serum interleukin-10 in non-
Hodgkin’s lymphoma: a prognostic fac-
tor. Blood82:2169–74

547. Bohlen H, Kessler M, Sextro M, Diehl V,
Tesch H. 2000. Poor clinical outcome of
patients with Hodgkin’s disease and ele-
vated interleukin-10 serum levels. Clini-
cal significance of interleukin-10 serum
levels for Hodgkin’s disease.Ann. Hema-
tol. 79:110–13

548. Viviani S, Notti P, Bonfante V, Verderio
P, Valagussa P, Bonadonna G. 2000. Ele-
vated pretreatment serum levels of IL-10
are associated with a poor prognosis in
Hodgkin’s disease, the Milan Cancer In-
stitute experience.Med. Oncol.17:59–63

549. Sarris AH, Kliche KO, Pethambaram P,
Preti A, Tucker S, Jackow C, Messina O,
Pugh W, Hagemeister FB, McLaughlin
P, Rodriguez MA, Romaguera J, Fritsche
H, Witzig T, Duvic M, Andreeff M, Ca-
banillas F. 1999. Interleukin-10 levels are
often elevated in serum of adults with
Hodgkin’s disease and are associated with
inferior failure-free survival.Ann. Oncol.
10:433–40

550. Cortes J, Kurzrock R. 1997. Interleukin-
10 in non-Hodgkin’s lymphoma.Leuk.
Lymphoma26:251–59

551. Stasi R, Zinzani L, Galieni P, Lauta VM,
Damasio E, Dispensa E, Dammacco F,
Tura S, Papa G. 1994. Detection of soluble

interleukin-2 receptor and interleukin-10
in the serum of patients with aggressive
non-Hodgkin’s lymphoma. Identification
of a subset at high risk of treatment fail-
ure.Cancer74:1792–800

552. Wojciechowska-Lacka A, Matecka-
Nowak M, Adamiak E, Lacki JK,
Cerkaska-Gluszak B. 1996. Serum levels
of interleukin-10 and interleukin-6 in
patients with lung cancer.Neoplasma
43:155–58

553. De Vita F, Orditura M, Galizia G, Romano
C, Infusino S, Auriemma A, Lieto E,
Catalano G. 1999. Serum interleukin-10
levels in patients with advanced gastroin-
testinal malignancies.Cancer86:1936–
43

554. Fujieda S, Lee K, Sunaga H, Tsuzuki H,
Ikawa H, Fan GK, Imanaka M, Takenaka
H, Saito H. 1999. Staining of interleukin-
10 predicts clinical outcome in patients
with nasopharyngeal carcinoma.Cancer
85:1439–45

555. Cortes JE, Talpaz M, Cabanillas F, Sey-
mour JF, Kurzrock R. 1995. Serum lev-
els of interleukin-10 in patients with dif-
fuse large cell lymphoma: lack of cor-
relation with prognosis.Blood 85:2516–
20

556. Sjoberg J, Aguilar-Santelises M, Sjogren
AM, Pisa EK, Ljungdahl A, Bjorkholm
M, Jondal M, Mellstedt H, Pisa P.
1996. Interleukin-10 mRNA expression
in B-cell chronic lymphocytic leukaemia
inversely correlates with progression
of disease.Br. J. Haematol. 92:393–
400

557. Lu ZY, Zhang XG, Rodriguez C, Wi-
jdenes J, Gu ZJ, Morel-Fournier B,
Harousseau JL, Bataille R, Rossi JF, Klein
B. 1995. Interleukin-10 is a proliferation
factor but not a differentiation factor for
human myeloma cells.Blood 85:2521–
27

558. Masood R, Zhang Y, Bond MW, Scadden
DT, Moudgil T, Law RE, Kaplan MH,
Jung B, Espina BM, Lunardi-Iskandar



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

IL-10 AND IL-10 RECEPTOR 759

Y, et al. 1995. Interleukin-10 is an au-
tocrine growth factor for acquired immun-
odeficiency syndrome-related B-cell lym-
phoma.Blood85:3423–30

559. Voorzanger N, Touitou R, Garcia E,
Delecluse HJ, Rousset F, Joab I, Favrot
MC, Blay JY. 1996. Interleukin (IL)-10
and IL-6 are produced in vivo by non-
Hodgkin’s lymphoma cells and act as
cooperative growth factors.Cancer Res.
56:5499–5505

560. Beatty PR, Krams SM, Martinez OM.
1997. Involvement of IL-10 in the au-
tonomous growth of EBV-transformed B
cell lines.J. Immunol.158:4045–51

561. Gu ZJ, Costes V, Lu ZY, Zhang XG, Pitard
V, Moreau JF, Bataille R, Wijdenes J,
Rossi JF, Klein B. 1996. Interleukin-10 is
a growth factor for human myeloma cells
by induction of an oncostatin M autocrine
loop.Blood88:3972–86

562. Bruserud O, Tore Gjertsen B, Terje Brus-
tugun O, Bassoe CF, Nesthus I, Espen Ak-
selsen P, Buhring HJ, Pawelec G. 1995.
Effects of interleukin 10 on blast cells de-
rived from patients with acute myeloge-
nous leukemia.Leukemia9:1910–20

563. Geissler K, Ohler L, Fodinger M, Vir-
golini I, Leimer M, Kabrna E, Kollars M,
Skoupy S, Bohle B, Rogy M, Lechner
K. 1996. Interleukin 10 inhibits growth
and granulocyte/macrophage colony-
stimulating factor production in chronic
myelomonocytic leukemia cells.J. Exp.
Med.184:1377–84

564. Westermann F, Kube D, Haier B, Bohlen
H, Engert A, Zuehlsdorf M, Diehl V,
Tesch H. 1996. Interleukin 10 inhibits cy-
tokine production of human AML cells.
Ann. Oncol.7:397–404

565. Gao JX, Madrenas J, Zeng W, Cameron
MJ, Zhang Z, Wang JJ, Zhong R,
Grant D. 1999. CD40-deficient dendritic
cells producing interleukin-10, but not
interleukin-12, induce T-cell hyporespon-
siveness in vitro and prevent acute allo-
graft rejection.Immunology98:159–70

566. Faulkner L, Buchan G, Baird M. 2000.
Interleukin-10 does not affect phago-
cytosis of particulate antigen by bone
marrow-derived dendritic cells but does
impair antigen presentation.Immunology
99:523–31

567. Beissert S, Ullrich SE, Hosoi J, Granstein
RD. 1995. Supernatants from UVB
radiation-exposed keratinocytes inhibit
Langerhans cell presentation of tumor-
associated antigens via IL-10 content.J.
Leukoc. Biol.58:234–40

568. Sharma S, Stolina M, Lin Y, Gardner
B, Miller PW, Kronenberg M, Dubinett
SM. 1999. T cell-derived IL-10 promotes
lung cancer growth by suppressing both
T cell and APC function.J. Immunol.
163:5020–28

569. Houle M, Thivierge M, Le Gouill C,
Stankova J, Rola-Pleszczynski M. 1999.
IL-10 up-regulates CCR5 gene expres-
sion in human monocytes.Inflammation
23:241–51

570. Fiehn C, Paleolog EM, Feldmann M.
1997. Selective enhancement of en-
dothelial cell VCAM-1 expression by
interleukin-10 in the presence of activated
leucocytes.Immunology91:565–71

571. Vora M, Romero LI, Karasek MA.
1996. Interleukin-10 induces E-selectin
on small and large blood vessel endothe-
lial cells.J. Exp. Med.184:821–29

572. Ebert EC. 2000. IL-10 enhances IL-2-
induced proliferation and cytotoxicity by
human intestinal lymphocytes.Clin. Exp.
Immunol.119:426–32

573. Kundu N, Fulton AM. 1997. Interleukin-
10 inhibits tumor metastasis, downregu-
lates MHC class I, and enhances NK lysis.
Cell. Immunol.180:55–61

574. Petersson M, Charo J, Salazar-Onfray F,
Noffz G, Mohaupt M, Qin Z, Klein G,
Blankenstein T, Kiessling R. 1998. Con-
stitutive IL-10 production accounts for the
high NK sensitivity, low MHC class I
expression, and poor transporter associ-
ated with antigen processing (TAP)-1/2



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

760 MOORE ET AL

function in the prototype NK target YAC-
1. J. Immunol.161:2099–2105

575. Wissing KM, Morelon E, Legendre C, De
Pauw L, LeBeaut A, Grint P, Maniscalki
M, Ickx B, Vereerstraeten P, Chatenoud
L, Kreis H, Goldman M, Abramowicz D.
1997. A pilot trial of recombinant human
interleukin-10 in kidney transplant recip-
ients receiving OKT3 induction therapy.
Transplantation64:999–1006

576. Grohmann U, Silla S, Belladonna ML,
Bianchi R, Orabona C, Puccetti P, Fioretti
MC. 1997. Circulating levels of IL-10
are critically related to growth and re-
jection patterns of murine mastocytoma
cells.Cell. Immunol.181:109–19

577. Allione A, Consalvo M, Nanni P, Lollini
PL, Cavallo F, Giovarelli M, Forni M,
Gulino A, Colombo MP, Dellabona P, et
al. 1994. Immunizing and curative po-
tential of replicating and nonreplicating
murine mammary adenocarcinoma cells
engineered with interleukin (IL)-2, IL-4,
IL-6, IL-7, IL-10, tumor necrosis factor
alpha, granulocyte-macrophage colony-
stimulating factor, and gamma-interferon
gene or admixed with conventional adju-
vants.Cancer Res.54:6022–26

578. Kundu N, Beaty TL, Jackson MJ, Fulton
AM. 1996. Antimetastatic and antitumor
activities of interleukin 10 in a murine
model of breast cancer [see comments].
J. Natl. Cancer Inst.88:536–41

579. Kundu N, Dorsey R, Jackson MJ, Gui-
terrez P, Wilson K, Fu S, Ramanujam K,
Thomas E, Fulton AM. 1998. Interleukin-
10 gene transfer inhibits murine mam-
mary tumors and elevates nitric oxide.Int.
J. Cancer76:713–19

580. Sun H, Gutierrez P, Jackson MJ, Kundu
N, Fulton AM. 2000. Essential role of ni-
tric oxide and interferon-gamma for tu-
mor immunotherapy with interleukin-10.
J. Immunother.23:208–14

581. Gerard CM, Bruyns C, Delvaux A,
Baudson N, Dargent JL, Goldman M,
Velu T. 1996. Loss of tumorigenicity

and increased immunogenicity induced
by interleukin-10 gene transfer in B16
melanoma cells.Hum. Gene Ther.7:23–
31

582. Huang S, Xie K, Bucana CD, Ullrich
SE, Bar-Eli M. 1996. Interleukin 10 sup-
presses tumor growth and metastasis of
human melanoma cells: potential inhibi-
tion of angiogenesis.Clin. Cancer Res.
2:1969–79

583. Stearns ME, Fudge K, Garcia F, Wang M.
1997. IL-10 inhibition of human prostate
PC-3 ML cell metastases in SCID mice:
IL-10 stimulation of TIMP-1 and inhibi-
tion of MMP-2/MMP-9 expression.Inva-
sion Metastasis17:62–74

584. Stearns ME, Wang M. 1998. An-
timetastatic and antitumor activities of in-
terleukin 10 in transfected human prostate
PC-3 ML clones: Orthotopic growth in
severe combined immunodeficient mice.
Clin. Cancer Res.4:2257–63

585. Stearns ME, Garcia FU, Fudge K, Rhim
J, Wang M. 1999. Role of interleukin 10
and transforming growth factor beta1 in
the angiogenesis and metastasis of hu-
man prostate primary tumor lines from or-
thotopic implants in severe combined im-
munodeficiency mice.Clin. Cancer Res.
5:711–20

586. Adris S, Klein S, Jasnis M, Chuluyan E,
Ledda M, Bravo A, Carbone C, Cherna-
jovsky Y, Podhajcer O. 1999. IL-10 ex-
pression by CT26 colon carcinoma cells
inhibits their malignant phenotype and in-
duces a T cell-mediated tumor rejection in
the context of a systemic Th2 response.
Gene Ther.6:1705–12

587. Huang DR, Zhou YH, Xia SQ, Liu L,
Pirskanen R, Lefvert AK. 1999. Markers
in the promoter region of interleukin-10
(IL-10) gene in myasthenia gravis: im-
plications of diverse effects of IL-10 in
the pathogenesis of the disease.J. Neu-
roimmunol.94:82–87

588. Barth RJJr, Coppola MA, Green WR.
1996. In vivo effects of locally secreted



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

IL-10 AND IL-10 RECEPTOR 761

IL-10 on the murine antitumor immune
response.Ann. Surg. Oncol.3:381–86

589. Muller A, Schmitt L, Raftery M, Schon-
rich G. 1998. Paralysis of B7 co-
stimulation through the effect of viral
IL-10 on T cells as a mechanism of lo-
cal tolerance induction.Eur. J. Immunol.
28:3488–98

590. Muller A, Raftery M, Schonrich G. 1999.
T cell stimulation upon long-term se-
cretion of viral IL-10.Eur. J. Immunol.
29:2740–47

591. Li W, Fu F, Lu L, Narula SK, Fung JJ,
Thomson AW, Qian S. 1999. Recipient
pretreatment with mammalian IL-10 pro-
longs mouse cardiac allograft survival by
inhibition of anti-donor T cell responses.
Transplant. Proc.31:115

592. Li W, Lu L, Li Y, Fu F, Fung JJ, Thom-
son AW, Qian S. 1997. High-dose cellular
IL-10 exacerbates rejection and reverses
effects of cyclosporine and tacrolimus
in Mouse cardiac transplantation.Trans-
plant. Proc.29:1081–82

593. Qian S, Li W, Li Y, Fu F, Lu L, Fung JJ,
Thomson AW. 1996. Systemic adminis-
tration of cellular interleukin-10 can exac-
erbate cardiac allograft rejection in mice.
Transplantation62:1709–14

594. Li W, Fu F, Lu L, Narula SK, Fung JJ,
Thomson AW, Qian S. 1999. Differen-
tial effects of exogenous interleukin-10
on cardiac allograft survival: inhibition
of rejection by recipient pretreatment re-
flects impaired host accessory cell func-
tion. Transplantation68:1402–9

595. Zou XM, Yagihashi A, Hirata K, Tsu-
ruma T, Matsuno T, Tarumi K, Asanuma
K, Watanabe N. 1998. Downregulation
of cytokine-induced neutrophil chemoat-
tractant and prolongation of rat liver al-
lograft survival by interleukin-10.Surg.
Today28:184–91

596. Baker KS, Roncarolo MG, Peters C,
Bigler M, DeFor T, Blazar BR. 1999.
High spontaneous IL-10 production in
unrelated bone marrow transplant recipi-

ents is associated with fewer transplant-
related complications and early deaths.
Bone Marrow Transplant. 23:1123–
29

597. Holler E, Roncarolo MG, Hintermeier-
Knabe R, Eissner G, Ertl B, Schulz U, Kn-
abe H, Kolb HJ, Andreesen R, Wilmanns
W. 2000. Prognostic significance of in-
creased IL-10 production in patients prior
to allogeneic bone marrow transplanta-
tion. Bone Marrow Transplant.25:237–
41

598. Hempel L, Korholz D, Nussbaum P,
Bonig H, Burdach S, Zintl F. 1997. High
interleukin-10 serum levels are associ-
ated with fatal outcome in patients after
bone marrow transplantation.Bone Mar-
row Transplant.20:365–68

599. Blazar BR, Taylor PA, Smith S, Vallera
DA. 1995. Interleukin-10 administration
decreases survival in murine recipients
of major histocompatibility complex dis-
parate donor bone marrow grafts.Blood
85:842–51

600. Krenger W, Snyder K, Smith S, Fer-
rara JL. 1994. Effects of exogenous
interleukin-10 in a murine model of
graft-versus-host disease to minor his-
tocompatibility antigens.Transplantation
58:1251–57

601. Emmanouilides CE, Luo J, Baldwin G,
Buckley D, Lau P, Lopez E, Tabibzadeh
S, Yu J, Wolin M, Rigor R, Territo M,
Black AC. 1996. Murine IL-10 fails to
reduce GVHD despite inhibition of al-
loreactivity in vitro.Bone Marrow Trans-
plant.18:369–75

602. Blazar BR, Taylor PA, Panoskaltsis-
Mortari A, Narula SK, Smith SR, Roncar-
olo MG, Vallera DA. 1998. Interleukin-
10 dose-dependent regulation of CD4+
and CD8+ T cell-mediated graft-versus-
host disease.Transplantation66:1220–
29

603. Fabrega AJ, Fasbender AJ, Struble S,
Zabner J. 1996. Cationic lipid-mediated
transfer of the hIL-10 gene prolongs



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

762 MOORE ET AL

survival of allogeneic hepatocytes in Na-
gase analbuminemic rats.Transplanta-
tion 62:1866–71

604. Shinozaki K, Yahata H, Tanji H, Sak-
aguchi T, Ito H, Dohi K. 1999. Allograft
transduction of IL-10 prolongs survival
following orthotopic liver transplantation.
Gene Ther.6:816–22

605. Shinozaki K, Yahata H, Hayamizu K,
Tashiro H, Fan X, Okimoto T, Tanji H,
Sakaguchi T, Ito H, Asahara T. 2000.
Adenovirus-mediated allograft transduc-
tion of interleukin-10: role in the induc-
tion phase of liver allograft acceptance.
Transplant. Proc.32:247–48

606. David A, Chetritt J, Guillot C, Tesson
L, Heslan JM, Cuturi MC, Soulillou JP,
Anegon I. 2000. Interleukin-10 produced
by recombinant adenovirus prolongs sur-
vival of cardiac allografts in rats.Gene
Ther.7:505–10

607. Zheng XX, Steele AW, Nickerson PW,
Steurer W, Steiger J, Strom TB. 1995.
Administration of noncytolytic IL-10/Fc
in murine models of lipopolysaccharide-
induced septic shock and allogeneic islet
transplantation.J. Immunol.154:5590–
5600

608. Furukawa Y, Becker G, Stinn JL,
Shimizu K, Libby P, Mitchell RN. 1999.
Interleukin-10 (IL-10) augments allograft
arterial disease: paradoxical effects of IL-
10 in vivo.Am. J. Pathol.155:1929–39

609. Li W, Fu F, Lu L, Narula SK, Fung JJ,
Thomson AW, Qian S. 1998. Systemic
administration of anti-interleukin-10 an-
tibody prolongs organ allograft survival
in normal and presensitized recipients.
Transplantation66:1587–96

610. Torres PF, de Vos AF, Martins B, Ki-
jlstra A. 1999. Interleukin 10 treatment
does not prolong experimental corneal al-
lograft survival.Ophthalmic Res.31:297–
303

611. Chan SY, DeBruyne LA, Goodman RE,
Eichwald EJ, Bishop DK. 1995. In vivo
depletion of CD8+ T cells results in Th2

cytokine production and alternate mech-
anisms of allograft rejection.Transplan-
tation59:1155–61

612. Bromberg JS. 1995. IL-10 immunosup-
pression in transplantation.Curr. Opin.
Immunol.7:639–43

613. Qin L, Chavin KD, Ding Y, Favaro JP,
Woodward JE, Lin J, Tahara H, Robbins
P, Shaked A, Ho DY, et al. 1995. Multiple
vectors effectively achieve gene transfer
in a murine cardiac transplantation model.
Immunosuppression with TGF-beta 1 or
vIL-10. Transplantation59:809–16

614. Qin L, Ding Y, Pahud DR, Robson
ND, Shaked A, Bromberg JS. 1997.
Adenovirus-mediated gene transfer of vi-
ral interleukin-10 inhibits the immune re-
sponse to both alloantigen and adenoviral
antigen.Hum. Gene Ther.8:1365–74

615. Brauner R, Nonoyama M, Laks H,
Drinkwater DC Jr, McCaffery S, Drake
T, Berk AJ, Sen L, Wu L. 1997. Intra-
coronary adenovirus-mediated transfer of
immunosuppressive cytokine genes pro-
longs allograft survival.J. Thorac. Car-
diovasc. Surg.114:923–33

616. Wang CK, Zuo XJ, Carpenter D, Jordan S,
Nicolaidou E, Toyoda M Czer LS, Wang
H, Trento A. 1999. Prolongation of car-
diac allograft survival with intracoronary
viral interleukin-10 gene transfer.Trans-
plant. Proc.31:951–52

617. DeBruyne LA, Li K, Chan SY, Qin L,
Bishop DK, Bromberg JS. 1998. Lipid-
mediated gene transfer of viral IL-10
prolongs vascularized cardiac allograft
survival by inhibiting donor-specific cel-
lular and humoral immune responses.
Gene Ther.5:1079–87

618. DeBruyne LA, Li K, Bishop DK,
Bromberg JS. 2000. Gene transfer of
virally encoded chemokine antagonists
vMIP-II and MC148 prolongs cardiac
allograft survival and inhibits donor-
specific immunity.Gene Ther.7:575–82

619. Benhamou PY, Mullen Y, Shaked A, Bah-
miller D, Csete ME. 1996. Decreased



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

IL-10 AND IL-10 RECEPTOR 763

alloreactivity to human islets secreting
recombinant viral interleukin 10.Trans-
plantation62:1306–12

620. Drazan KE, Wu L, Olthoff KM, Jurim O,
Busuttil RW, Shaked A. 1995. Transduc-
tion of hepatic allografts achieves local
levels of viral IL-10 which suppress al-
loreactivity in vitro.J. Surg. Res.59:219–
23

621. Nast CC, Moudgil A, Zuo XJ, Toyoda
M, Jordan SC. 1997. Long-term allograft
acceptance in a patient with posttrans-
plant lymphoproliferative disorder: cor-
relation with intragraft viral interleukin-
10.Transplantation64:1578–82

622. Chernoff AE, Granowitz EV, Shapiro L,
Vannier E, Lonnemann G, Angel JB,
Kennedy JS, Rabson AR, Wolff SM,
Dinarello CA. 1995. A randomized, con-
trolled trial of IL-10 in humans. Inhi-
bition of inflammatory cytokine produc-
tion and immune responses.J. Immunol.
154:5492–99

623. Huhn RD, Radwanski E, O’Connell SM,
Sturgill MG, Clarke L, Cody RP, Affrime
MB, Cutler DL. 1996. Pharmacokinet-
ics and immunomodulatory properties of
intravenously administered recombinant
human interleukin-10 in healthy volun-
teers.Blood87:699–705

624. Huhn RD, Radwanski E, Gallo J, Affrime
MB, Sabo R, Gonyo G, Monge A, Cutler
DL. 1997. Pharmacodynamics of subcu-
taneous recombinant human interleukin-
10 in healthy volunteers.Clin. Pharma-
col. Ther.62:171–80

625. Radwanski E, Chakraborty A, Van Wart S,
Huhn RD, Cutler DL, Affrime MB, Jusko
WJ. 1998. Pharmacokinetics and leuko-
cyte responses of recombinant human
interleukin-10. Pharm. Res.15:1895–
901

626. Fuchs AC, Granowitz EV, Shapiro L, Van-
nier E, Lonnemann G, Angel JB, Kennedy
JS, Rabson AR, Radwanski E, Affrime
MB, Cutler DL, Grint PC, Dinarello CA.
1996. Clinical, hematologic, and im-

munologic effects of interleukin-10 in hu-
mans.J. Clin. Immunol.16:291–303

627. Huhn RD, Pennline K, Radwanski E,
Clarke L, Sabo R, Cutler DL. 1999.
Effects of single intravenous doses of
recombinant human interleukin-10 on
subsets of circulating leukocytes in
humans.Immunopharmacology41:109–
17

628. Schreiber S, Fedorak FN, Nielsen OH,
Wild G, Williams NC, Jacyna M, Lash-
ner BA, Cohard M, Kilian A, Lebeaut A,
Hanauer SB. 1998.A safety and efficacy
study of recombinant human interleukin-
10 (rHuIL-10) treatment in 329 pa-
tients with chronic active Crohn’s disease
(CACD). Presented at the Annual mtg of
AGA and AASLD, New Orleans 1998

629. Keystone E, Wherry J, Grint P. 1998. IL-
10 as a therapeutic strategy in the treat-
ment of rheumatoid arthritis.Rheum. Dis.
Clin. North Am.24:629–39

630. Chakraborty A, Blum RA, Mis SM, Cut-
ler DL, Jusko WJ. 1999. Pharmacoki-
netic and adrenal interactions of IL-10
and prednisone in healthy volunteers.J.
Clin. Pharmacol.39:624–35

631. Chakraborty A, Blum RA, Cutler DL,
Jusko WJ. 1999. Pharmacoimmunody-
namic interactions of interleukin-10 and
prednisone in healthy volunteers.Clin.
Pharmacol. Ther.65:304–18

632. Gorski JC, Hall SD, Becker P, Af-
frime MB, Cutler DL, Haehner-Daniels
B. 2000. In vivo effects of interleukin-10
on human cytochrome P450 activity.Clin.
Pharmacol. Ther.67:32–43

633. Andersen SR, Lambrecht LJ, Swan SK,
Cutler DL, Radwanski E, Affrime MB,
Garaud JJ. 1999. Disposition of recom-
binant human interleukin-10 in subjects
with various degrees of renal function.J.
Clin. Pharmacol.39:1015–20

634. Pajkrt D, van der Poll T, Levi M, Cut-
ler DL, Affrime MB, van den Ende
A, ten Cate JW, van Deventer SJ.
1997. Interleukin-10 inhibits activation of



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

764 MOORE ET AL

coagulation and fibrinolysis during hu-
man endotoxemia.Blood89:2701–5

635. Olszyna DP, Pajkrt D, Lauw FN, van
Deventer SJ, van Der Poll T. 2000. In-
terleukin 10 inhibits the release of CC
chemokines during human endotoxemia.
J. Infect. Dis.181:613–20

636. Cooper PJ, Fekade D, Remick DG, Grint
P, Wherry J, Griffin GE. 2000. Recom-
binant human interleukin-10 fails to al-
ter proinflammatory cytokine production
or physiologic changes associated with
the Jarisch-Herxheimer reaction.J. Infect.
Dis. 181:203–9

637. van Deventer SJ, Elson CO, Fedorak RN.
1997. Multiple doses of intravenous in-
terleukin 10 in steroid-refractory Crohn’s
disease. Crohn’s Disease Study Group.
Gastroenterology113:383–89

638. Maini RN, Taylor PC. 2000. Anti-
cytokine therapy for rheumatoid arthritis.
Annu. Rev. Med.51:207–29

639. Papadakis KA, Targan SR. 2000. Role of
cytokines in the pathogenesis of inflam-
matory bowel disease.Annu. Rev. Med.
51:289–98

640. Asadullah K, Sterry W, Stephanek K, Ja-
sulaitis D, Leupold M, Audring H, Volk
HD, Docke WD. 1998. IL-10 is a key
cytokine in psoriasis. Proof of principle
by IL-10 therapy: a new therapeutic ap-
proach.J. Clin. Invest.101:783–94

641. Asadullah K, Docke WD, Ebeling M,
Friedrich M, Belbe G, Audring H, Volk
HD, Sterry W. 1999. Interleukin 10 treat-
ment of psoriasis: clinical results of a
phase 2 trial.Arch. Dermatol.135:187–
92

642. Seifert M, Sterry W, Effenberger E, Rexin
A, Friedrich M, Haeussler-Quade A, Volk
HD, Asadullah K. 2000. The antipsori-
atic activity of IL-10 is rather caused by
effects on peripheral blood cells than by
a direct effect on human keratinocytes.
Arch. Dermatol. Res.292:164–72

643. McHutchison JG, Giannelli G, Nyberg L,
Blatt LM, Waite K, Mischkot P, Pianko S,

Conrad A, Grint P. 1999. A pilot study
of daily subcutaneous interleukin-10 in
patients with chronic hepatitis C infec-
tion.J. Interferon Cytokine Res.19:1265–
70

644. Arai T, Hiromatsu K, Nishimura H,
Kimura Y, Kobayashi N, Ishida H,
Nimura Y, Yoshikai Y. 1995. Endoge-
nous interleukin 10 prevents apoptosis
in macrophages during Salmonella infec-
tion. Biochem. Biophys. Res. Commun.
213:600–7

645. Wang M, Jeng KC, Ping LI. 1999. Exoge-
nous cytokine modulation or neutraliza-
tion of interleukin-10 enhance survival
in lipopolysaccharide-hyporesponsive
C3H/HeJ mice with Klebsiella infection.
Immunology98:90–97

646. Sasaki S, Nishikawa S, Miura T, Mizuki
M, Yamada K, Madarame H, Tagawa YI,
Iwakura Y, Nakane A. 2000. Interleukin-4
and interleukin-10 are involved in host re-
sistance to Staphylococcus aureus infec-
tion through regulation of gamma inter-
feron.Infect. Immun.68:2424–30

647. Yang X, HayGlass KT, Brunham RC.
1996. Genetically determined differences
in IL-10 and IFN-gamma responses cor-
relate with clearance of Chlamydia tra-
chomatis mouse pneumonitis infection.J.
Immunol.156:4338–44

648. Yang X, Gartner J, Zhu L, Wang S, Brun-
ham RC. 1999. IL-10 gene knockout mice
show enhanced Th1-like protective im-
munity and absent granuloma formation
following Chlamydia trachomatis lung in-
fection.J. Immunol.162:1010–17

649. Bermudez LE, Champsi J. 1993. Infec-
tion with Mycobacterium avium induces
production of interleukin-10 (IL-10), and
administration of anti-IL-10 antibody is
associated with enhanced resistance to in-
fection in mice.Infect. Immun.61:3093–
97

650. North RJ. 1998. Mice incapable of mak-
ing IL-4 or IL-10 display normal resis-
tance to infection with Mycobacterium



P1: GDL/FGD P2: FXY/GBC QC: FLU/FQP T1: GBC

February 8, 2001 14:58 Annual Reviews AR123-24

IL-10 AND IL-10 RECEPTOR 765

tuberculosis.Clin. Exp. Immunol.113:
55–58

651. Murray PJ, Wang L, Onufryk C, Tep-
per RI, Young RA. 1997. T cell-derived
IL-10 antagonizes macrophage function
in mycobacterial infection.J. Immunol.
158:315–21

652. Murray PJ, Young RA. 1999. In-
creased antimycobacterial immunity in
interleukin-10-deficient mice.Infect. Im-
mun.67:3087–95

653. Tonnetti L, Spaccapelo R, Cenci E, Men-
cacci A, Puccetti P, Coffman RL, Bistoni
F, Romani L. 1995. Interleukin-4 and -
10 exacerbate candidiasis in mice.Eur. J.
Immunol.25:1559–65

654. Romani L, Puccetti P, Mencacci A, Cenci
E, Spaccapelo R, Tonnetti L, Grohmann
U, Bistoni F. 1994. Neutralization of IL-
10 up-regulates nitric oxide production
and protects susceptible mice from chal-
lenge with Candida albicans.J. Immunol.
152:3514–21

655. Del Sero G, Mencacci A, Cenci E,
d’Ostiani CF, Montagnoli C, Bacci A,
Mosci P, Kopf M, Romani L. 1999. An-
tifungal type 1 responses are upregulated
in IL-10-deficient mice.Microbes Infect
1:1169–80

656. Fierer J, Walls L, Eckmann L, Yamamoto
T, Kirkland TN. 1998. Importance of
interleukin-10 in genetic susceptibility of

mice to Coccidioides immitis.Infect. Im-
mun.66:4397–402

657. Blackstock R, Buchanan KL, Adesina
AM, Murphy JW. 1999. Differential regu-
lation of immune responses by highly and
weakly virulent Cryptococcus neofor-
mans isolates.Infect. Immun.67:3601–
9

658. Cenci E, Mencacci A, Fe d’Ostiani C,
Del Sero G, Mosci P, Montagnoli C,
Bacci A, Romani L. 1998. Cytokine- and
T helper-dependent lung mucosal immu-
nity in mice with invasive pulmonary as-
pergillosis.J. Infect. Dis.178:1750–60

659. Chatelain R, Mauze S, Coffman RL.
1999. Experimental Leishmania major in-
fection in mice: role of IL-10.Parasite
Immunol.21:211–18

660. Reed SG, Brownell CE, Russo DM,
Silva JS, Grabstein KH, Morrissey PJ.
1994. IL-10 mediates susceptibility to
Trypanosoma cruzi infection.J. Immunol.
153:3135–40

661. Uzonna JE, Kaushik RS, Gordon JR,
Tabel H. 1998. Immunoregulation in ex-
perimental murine Trypanosoma con-
golense infection: anti-IL-10 antibod-
ies reverse trypanosome-mediated sup-
pression of lymphocyte proliferation in
vitro and moderately prolong the lifespan
of genetically susceptible BALB/c mice.
Parasite Immunol.20:293–302


