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Shaping Gene Expression in Activated and Resting Primary
Macrophages by IL-10"

Roland Lang,* Divyen Patel?" John J. Morris, " Robert L. Rutschman,* and Peter J. Murray*

IL-10 regulates inflammation by reducing cytokine and chemokine production from activated macrophages. We performed
microarray experiments to identify possible effector molecules of IL-10 and to investigate the global effect of IL-10 on the
transcriptional response induced in LPS-activated macrophages. To exclude background effects of endogenous IL-10, macro-
phages from IL-10-deficient mice were used. IL-10 up-regulated expression of a small number of genes (26 and 37 after 45 min
and 3 h, respectively), including newly identified and previously documented targets such as suppressor of cytokine signaling-3 and
IL-1 receptor antagonist. However, the activation program triggered by LPS was profoundly affected by IL-10. IL-10 repressed
62 and further increased 15 of 259 LPS-induced genes. For all genes examined, the effects of IL-10 were determined to be
STAT3-dependent. These results suggest that IL-10 regulates STAT3-dependent pathways that selectively target a broad com-

ponent of LPS-induced genes at the mRNA level. The Journal of Immunology, 2002, 169: 2253—2263.

duced primarily from T cells and activated macrophages.

IL-10 is capable of blocking or reducing the output of nu-
merous proinflammatory agents from macrophages including cy-
tokines such as TNF-«, IL-6, and I1L-12, chemokines, and prosta-
glandins via blocking cyclooxygenase 2 expression (1, 2). Because
of these broad effects, IL-10 has €elicited considerable clinical in-
terest to treat chronic inflammatory conditions such as Crohn's
disease (3) and hepatitis C-induced fibrosis (4).

No consensus has emerged as to how IL-10 inhibits production
of cytokines and chemokines from macrophages. Inhibition of
TNF-a production by IL-10, for example, has been attributed to
effects on NF-«kB activation (5), mitogen-activated protein kinase
(MAPK)* signaling pathways (6), rate of transcription (7), mMRNA
stability (8), trandational efficiency (6), cleavage from the mem-
brane, and uptake via TNF receptors (9) (for reviews, see Refs. 1
and 2). Also, conflicting results have been reported for most of
these effects. In contrast, genetic and biochemical analysis has elu-
cidated the membrane proximal events of IL-10 signaling. The
functional IL-10R consists of the ligand binding IL-10R1 and the
accessory subunit IL-10R2 (1, 2). Although IL-10R2 is expressed
on most cells and tissues, IL-10R1 is expressed on hemopoietic
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cells and up-regulated on macrophages upon activation (1, 2). This
fact, combined with genetic evidence from a variety of animal
model systems, supports the notion that macrophages are the pri-
mary target of 1L-10 (10, 11). Binding of IL-10 to its receptor
initiates signaling via the Janus kinase-STAT pathway. Limited
studies using feta liver-derived Janus kinase 1-deficient macro-
phages (12) suggest this kinase is essential for early IL-10 signal-
ing. STAT3 plays a pivotal role because the conditional inactiva-
tion of STAT3 in myeloid lineage cells results in abrogated 1L-10
responses of macrophages and development of chronic enteroco-
litis similar to IL-10-deficient (IL-10"'") mice (11).

It is not known how IL-10 attenuates macrophage activation
downstream of STAT3. Experimental evidence suggests that new
protein synthesis is required for 1L-10 to inhibit LPS-induced cy-
tokine production, since IL-10 does not appear to inhibit IL-12 p40
or TNF-a expression in LPS-stimulated macrophages when cyclo-
heximide is added (8, 13). To date, few genes have been described
to beinduced by IL-10. We reasoned that a gene expression screen
for 1L-10-induced genes in macrophages should identify a range of
targets potentialy involved in deactivation of macrophages. We took
advantage of macrophages from mice deficient in IL-10 or STAT3
and microarray techniques to identify and validate genes induced and
repressed by IL-10 in resting and activated macrophages.

Materials and Methods
Reagents, mice, and macrophages

IL-10 and IL-4 were purchased from BD PharMingen (San Diego, CA),
LPS was obtained from Sigma-Aldrich (St. Louis, MO). IL-10~'~ mice
(24) on a C57BL/6 background and controls were purchased from The
Jackson Laboratory (Bar Harbor, ME). STAT31/~ and LysMcre breeding
pairs were a gift from |. Forster (Technical University of Munich, Munich,
Germany). Peritoneal-derived macrophages (PDM) and bone marrow-de-
rived macrophages (BMDM) were isolated as previously described (10).
Detection of 1L-10 and TNF-« in culture supernatants was by ELISA using
Ab pairs from BD PharMingen.

Affymetrix gene chip analysis

IL-10~/~ BMDM were stimulated with IL-10 (10 ng/ml), LPS (100 ng/ml),
or IL-10 + LPS for 45 min or 3 h. For both timepoints, two completely
independent experiments were performed. Total RNA was prepared using
TRIzol (Life Technologies, Gaithersburg, MD), processed, and hybridized
to MG-U74Av2 gene chips according to Affymetrix protocols (Santa Clara,
CA). Chips were scanned and analyzed using Affymetrix Microarray
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Suitev4.0 software. Sample loading and variations in staining were stan-
dardized by scaling the average of the fluorescent intensities of all geneson
an array to constant target intensity (2500) for al arrays used. The signal
intensity for each gene was calculated as the average intensity difference,
represented by (2(PM—MM)/(number of probe pairs)), where PM and
MM denote perfect-match and mismatch probes.

Data analysis

Data sets of 12,488 probe sets per array were compared using Microsoft
Excel (Microsoft, Redmond, WA) and Spotfire software. To avoid negative
ratios, average intensity differences < 5 were first set to 5 (15). Data were
normalized by mean using the untreated sample as the baseline within each
experiment. To identify differentially expressed genes, we excluded all
genes from the analysis that were scored absent in the test sample (for
up-regulated genes) or absent in the baseline sample (for down-regulated
genes) in one or both experiments. Fold changes were calculated separately
for both experiments as the ratio of normalized average intensity difference
(test sample) divided by normalized average intensity difference (baseline
sample). Thresholds were set for fold change (2-fold and greater unless
otherwise indicated) and absolute difference (at least 500) between nor-
malized average intensity differences. Consistency between experiments
varied between samples depending on treatment and timepoint. For exam-
ple, of the genes induced >3-fold by IL-10 in the first experiment, 50.0%
for the 45 min and 55.6% for the 3 h timepoint were up-regulated at least
2-fold in the second experiment. When LPS treatment was compared with
untreated, the corresponding numbers were 87.7 and 78.0%, respectively.
To minimize the number of false-positives, only those genes that repro-
ducibly met al the thresholds described above in both independent exper-
iments were considered differentially expressed.

Northern blotting and real-time quantitative RT-PCR

For Northern analysis, 10-15 ug total RNA were separated on 1% form-
adehyde-agarose gels and blotted onto Hybond N (Amersham, Piscat-
away, NJ). Probes were prepared from plasmids containing either full-
length cDNAS (IL-12p40, GAPDH, IL-1R antagonist (IL-1ra), suppressor
of cytokine signaling (SOCS)3, junB, growth arrest and DNA damage
(GADD)45y, GADD45q) or expressed sequence tags (ESTs) (NFIL-3, JE/
monocyte chemoattractant protein (MCP)-1, tumor progression locus
(Tpl)-2). For real-time quantitative RT-PCR, 1 ug of total RNA was re-
verse-transcribed using Superscript 11 (Life Technologies) and a mix of
random hexamer and oligo(dT) primers. Primers were designed using
PrimerExpress software (Applied Biosystems, Foster City, CA). For B-ac-
tin, TNF-a, arginase-1 and arginase-2, internal TagMan probes were de-
signed and included in the PCR. Sequences of primers and probes are
available from the authors upon request. For al other target genes, the
SYBR-green master mix was used to detect accumulation of PCR product
during cycling on the SDS7700 (Applied Biosystems). Expression of target
genes was hormalized to B-actin and displayed as fold-change relative to
the untreated 45-min sample used as the calibrator (set to 1).

Results
Choice of IL-10~/~ BMDM as experimental system

We reasoned that experimental parameters, especially the choice
of macrophage type and timepoints after stimulation, would be
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critical determinants of the results obtained by gene expression
profiling. We analyzed the influence of these variables on inhibi-
tion of TNF-« production by 1L-10 to establish conditions optimal
to identify 1L-10-induced genes and investigate its overall impact
on the transcriptional response to LPS. In response to LPS, both
BMDM and PDM rapidly produced TNF-« that was inhibited by
IL-10 as expected (Fig. 1). However, PDM made more TNF-« and
showed a stronger inhibitory effect of 1L-10. This difference was
inversely correlated with much higher production of IL-10 in
BMDM, suggesting that endogenous IL-10 blunted TNF-« pro-
duction. We concluded that a system devoid of endogenous IL-10
would be advantageous for uncovering the full spectrum of IL-10-
induced changes in gene expression. BMDM from IL-10"'~ mice
produced high amounts of TNF-a and were fully responsive to
inhibition by I1L-10. TNF-a production was down-regulated by
IL-10 asearly as 1 h after stimulation, but this effect was increased
at 2—4 h. Therefore, we chose two timepoints for global expression
profiling. After 45 min, mRNAs encoding IL-10-induced inhibi-
tors of inflammatory responses should be present at detectable lev-
els. A timepoint of 3 h was chosen to visualize later 1L-10-induced
differences in the transcriptional response to LPS. This later time-
point is expected to contain both directly and indirectly I1L-10-
induced genes that may play arolein the anti-inflammatory effects
of this cytokine.

Changes in gene expression induced by IL-10 in resting and
activated macrophages

Stimulation with LPS induced a >2-fold induction of 149 genes
after 45 min, and of 402 genes after 3 h, whereas 40 and 752 genes
were repressed >2-fold by LPS at these timepoints (Fig. 2). This
substantial reprogramming of gene expression is consistent with
other studies examining the impact of Toll-like receptor (TLR)
ligands and pathogens on the macrophage transcriptome (16-18).
In contrast, treatment with 1L-10 induced 26 and 37 and repressed
25 and 22 genes >2-fold after 45 min and 3 h, respectively (Fig.
2). A comparison of gene expression profiles in macrophages
treated with LPS or IL-10 + LPS showed few differences after 45
min, but after 3 h the expression of 194 genes differed >2-fold
(125 induced, 69 repressed by addition of IL-10) (Fig. 2).

Of the 259 genes induced >3-fold by LPS after 3 h, 62 were
repressed at least 1.5-fold by I1L-10, whereas 15 genes were further
up-regulated by IL-10 (Fig. 3). As expected, anumber of cytokines
and chemokines previously described to be down-regulated by
IL-10 (1, 2) were repressed in the microarray analysis confirming
the robustness of this system. In addition, many transcripts belong-
ing to various functional categories were identified as suppressed
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FIGURE 1.

Inverse correlation between TNF-« and IL-10 production by PDM and BMDM. IL-10 (10 ng/ml) was added (1) or not (m) to macrophages,

followed by stimulation with LPS (100 ng/ml) for the indicated time. Cytokine levels in the supernatant were measured by ELISA. In the case of TNF-«
production, similar results were obtained when brefeldin A-treated macrophages were analyzed for accumulation of intracellular cytokine by flow cytometry

(data not shown).
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FIGURE 2. Time-dependent changes in gene expression induced by 1L-10 and/or LPS. IL-10~"~ BMDM were left untreated or stimulated with IL-10
and/or LPS for 45 min (upper panels) and 3 h (lower panels). RNA was prepared and processed for hybridization to MG-U74Av2 microarrays. Data were
analyzed with Spotfire software, using the algorithm described in Materials and Methods. Genes that are induced >2-fold are shown in red, while those
repressed >1.5-fold appear green. For each comparison, the number of genes induced >2/>3/>5-fold is presented in the upper left corner and the number

of genes repressed >1.5/>2/>3-fold is presented in the lower right corner.

by IL-10 for the first time (Fig. 3). It should be noted that 104 of
the 259 LPS-induced genes were not regulated by IL-10 in both
independent experiments.

Genes and ESTs induced by IL-10 in resting and L PS-activated
macrophages at 45 min are listed in Table |. Results from the 3 h
timepoints are listed in Table Il. Of the known target genes of
IL-10 (1, 2), asignificant fraction was confirmed in the microarray
analysis including IL-1ra, CD32, CCR5, CCR1, scavenger recep-
tor, and arginase-2. Some genes reported to be induced by I1L-10
were not confirmed because they were not represented on the mi-
croarray (tissue inhibitor of metalloproteinase 1), not regulated
(CD14, TNFR2, CD16, and CD64), or did not pass one or more of
the thresholds in the stringent analysis criteria (p19'N<4P, M-
LPR). One of the genes most strongly induced by IL-10 was
SOCS3, which has been reported as atarget gene common to IL-10
and LPS, and implicated in inhibition of macrophage responses to
IFN-vy (19-21). Around half of the genes induced by IL-10 were
independently up-regulated in response to LPS (Table ). For some
of these genes, the combination of IL-10 and LPS resulted in syn-
ergistic induction (IL-1ra, Bcl-3, metallothionein-2, NFIL-3).
Some genes were up-regulated specifically by IL-10 (eg.,
GADDA45y, connexin 43, CCAAT/enhancer binding protein
(C/IEBP) 6, IL-4Ra) or the combination of IL-10 + LPS, but not
by LPS (e.g., B-ATF) (Table I). Independent confirmation of
the results was obtained by Northern analysis or real-time
quantitative RT-PCR for a subset of 15 genes scored as induced
by the microarray analysis (Fig. 4).

One of the longer-term goals of this work is to identify molec-
ular mediators of the attenuating effect 1L-10 has on macrophages.
In addition to SOCS3 and IL-1ra, both previously implicated in
inhibition of macrophage activation, severa of the target genes of
IL-10 identified in this study could play a role in macrophage

deactivation. Previous studies suggest IL-10 may regulate NF-«xB
and MAPK pathways, both essential for the initiation and propa-
gation of proinflammatory gene expression (5, 6). We found sev-
era genes regulated by IL-10 that have been implicated in con-
trolling NF-«B activation, such as metallothionein-2 (22) and
Bcl-3 (23). Other IL-10 targets are involved in MAPK pathway
regulation, e.g., GADD45y (24) and Tpl-2, aMAPK kinase kinase
(25) that can also activate | kB kinases (26). Mice deficient in Tpl-2
have a selective defect in TNF-« production due to impaired nu-
cleocytoplasmic transport of the TNF-a mRNA (27). Because
IL-10 inhibits TNF-« production, it is not clear whether induction
of Tpl-2 by IL-10 is related to the anti-inflammatory effect of IL-
10. To resolve this question, it will be important to test macro-
phages from mice lacking Tpl-2 for 1L-10-induced deactivation.
Further, several genes for transcriptional regulators were also in-
duced by IL-10. One example of this group is the basic region
leucine zipper transcription factor NFIL-3 that can function as
transcriptional activator (28) or repressor (29).

STAT3 dependence of gene induction and repression by IL-10

Macrophages deficient in STAT3 are hyperresponsive to LPS and
fail to respond to IL-10 with down-regulation of cytokines and
inhibition of proliferation (11). To determine whether STAT3 is
required for the induction and repression of the IL-10-dependent
target genes described in this study, we used BMDM deficient in
STAT3 (11). Expression of selected genes was analyzed by North-
ern blotting (Fig. 5A) or real-time quantitative RT-PCR (Fig. 5B).
Inhibition by IL-10 of LPS-induced expression of IL-12 p40,
TNF-«, and JE/MCP-1 was dependent on functional STAT3. The
reduced levels of these MRNAs in the LPS-stimulated wild-type
BMDM compared with IL-10~~ and STAT3™/~ BMDM illus-
trates the attenuation of inflammatory responses by endogenous
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FIGURE 3. Effect of IL-10 on LPS-induced genes. The 259 genes induced >3-fold by LPS compared with untreated macrophages in two independent
experiments are displayed in the scatter plot to analyze changes in expression induced by treatment with IL-10 + LPS compared with LPS aone. Genes
that are further induced >2-fold by the addition of IL-10 are shown as red squares, ones that are repressed >1.5-fold as green squares. These remaining
genes were grouped into four categories as shown excluding 14 ESTs. Fold change values were obtained by dividing mean average differences (from two
experiments) of IL-10 + LPS-treated by LPS sample (for induction by 1L-10) and of LPStreated by IL-10 + LPS-treated sample (for repression by IL-10).

IL-10. For the IL-10-induced targets identified in this study in-
cluding Tpl-2, NFIL-3, GADDA45y, IL-1ra, «,-microglobulin/
bikunin precursor (AMBP), protein C receptor, MT-2, and B-ATF,
the absence of STAT3 completely abrogated inducibility by 1L-10
and reduced induction of 1L-4Ra, Bcl-3, and connexin 43 mRNAS
(Fig. 5). This side-by-side comparison of wild-type macrophages
with cells incapable of producing or responding to IL-10 also re-
vealed that the expression of Tpl-2, AMBP, IL-4Re, and B-ATF
after stimulation with LPS is mediated indirectly by IL-10 or other
factors signaling via STAT3 (Fig. 5).

Up-regulation of I1L-4Ra by IL-10 correlates with increased
IL-4-dependent expression of arginase-1 (Fig. 6)

The finding of increased IL-4Ra expression in macrophages
treated with IL-10 (Tables | and I, Figs. 4 and 5), suggested an
enhanced sensitivity to IL-4 as a functional consequence of expo-
sure to 1L-10. Importantly, both cytokines are known to promote
“alternative activation” of macrophages, a functional state charac-
terized by high phagocytic capacity but a reduced ability to kill
pathogens (30). A hallmark of “alternative activation” is high ar-
ginase activity, which competes with inducible NO synthase for
L-arginine, the common substrate of both enzymes (31, 32), and
can be due to the expression of either one of two isoforms. Argi-
nase-2 was shown to be induced by LPS (33), and we found in this
study that IL-10 synergized with LPS in increasing arginase-2 ex-
pression (Fig. 4, Table I1). Expression of arginase-1 is induced by

the Th2 cytokines IL-4 and IL-13 (34) in a STAT6-dependent
manner (32). IL-10 strongly synergizes with IL-4 to induce argi-
nase-1 (35), but the mechanistic basis for this effect has been
unknown. Therefore, we evaluated whether the magnitude of ar-
ginase-1 induction after 1L-4 stimulation is linked to the IL-10-
mediated increase in IL-4Ra expression we observed in the array
analysis. IL-4 strongly induced arginase-1 expression, which was
further increased 10-fold by addition of IL-10 (Fig. 6), correlating
with the increased levels of IL-4Ra in macrophages treated with
IL-10 alone or in combination with IL-4. In contrast, LPS down-
regulated IL-4Ra expression and potently inhibited expression of
arginase-1 in response to IL-4 (Fig. 6). Combined addition of
IL-10 and LPS restored high level 1L-4Ra expression and brought
back synergistic induction of arginase-1 in macrophages exposed
aso to IL-4. Taken together, increased expression of the IL-4R«
may represent the basis for the synergistic effect of IL-10 on IL-
4-induced arginase-1 expression in macrophages.

Discussion

In the 13 years since the discovery of 1L-10, mgjor advances have
been made in understanding the function of thisimportant cytokine
(1, 2). We now recognize that 1L-10 plays an essential role in the
endogenous anti-inflammatory response of the host. IL-10 acts pri-
marily on activated macrophages, where IL-10R expression is
highest. The IL-10R activates STAT3 and loss of this transcription
factor in macrophages mimics loss of 1L-10 itself (11), suggesting
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Table I. Genes induced after 45 min by IL-10 in resting and LPS-stimulated macrophages®
Mean Average Intensity Difference” Fold Change®
Identifier Name/Description Media IL-10 LPS IL-10 + LPS IL-10° LPs IL-10 + LPS®
Transcriptional regulators
U89411 E4BP4 4,940 4,415 2,673 11,488 0.9 0.5 43
AF017021 B-ATF 773 1,155 529 3,119 15 0.7 5.9
X60831 UBF 1,683 1,836 1,188 3,344 11 0.7 28
X61800 C/EBPS 4,688 11,039 3,829 7,087 24 0.8 19
U83148 NFIL-3/E4BP4 1,586 5,373 4,369 19,003 34 2.8 43
M90397 Bcl-3 290 6,785 2,397 7,342 23.4 8.3 31
U20735 junB 4,209 11,483 72,678 70,053 2.7 17.3 1.0
Signal transduction
AF055638 GADD45y 1,267 6,501 440 5,816 51 0.3 13.2
U14103 RGL protein 157 68 166 947 0.4 11 5.7
D13759 Tpl-2/COT 1,020 3,542 1,636 9,113 35 16 5.6
U00937 GADD45« 1,695 4,572 9,584 9,279 2.7 5.7 1.0
AV138783 GADD458 2,235 6,345 29,492 34,943 238 13.2 12
AV374868 SOCS-3 684 23,962 41,364 75,027 35.0 60.4 18
Secreted mediators
M37897 IL-10 1,130 3,267 26,730 40,828 29 23.7 15
X62502 Macrophage-inflammatory protein 2,183 10,319 105,950 114,945 47 485 11
1B
132838 IL-1ra 82 916 11,075 48,731 11.2 134.8 4.4
u50712 MCP-5 5 5 2,053 5,021 1.0 410.5 2.4
Others
X68680 AMBP 389.9 265.8 37.8 1,112.2 0.7 0.1 29.4
AV327201 Mannosidase 2, abl 1,149 5 74 1,400 0.0 0.1 18.9
AF030169 UNC-119 2,171 1,211 453 1,285 0.6 0.2 2.8
AV364086 Thrombomodulin 265 509 55 2,069 19 0.2 37.6
AV326295 Glutamate receptor, ionotropic 947 2,083 291 1,574 2.2 0.3 5.4
L39017 Protein C receptor, endothelial 674 550 396 2,803 0.8 0.6 7.1
M27960 IL-4Ra 9,914 29,812 6,335 18,652 3.0 0.6 2.9
U43320 Frizzled homolog 7 701 1646 571 783 23 0.8 14
L07264 Epidermal growth factor-like 659 426 603 2,106 0.6 0.9 35
growth factor
D31863 Phosphatidylinositol glycan, class A 309 422 284 1,025 14 0.9 3.6
M63801 Connexin 43 1,166 3,166 1,635 10,228 2.7 14 6.3
718278 Serotonin receptor 5A 681 2,394 1,206 2,001 35 18 17
K02236 Metallothionein 2 13,679 28,430 33,137 108,739 21 24 33
X03505 Serum amyloid A3 1,460 2,347 6,174 28,674 16 4.2 4.6
AV374010 Bone morphogenetic protein-2 105 872 588 248 8.3 5.6 0.4
homolog
A1849193  EST 809 1,897 337 508 23 04 15
AA189677 EST 2,016 646 848 1,780 0.3 0.4 21
A1596360 EST 206 945 140 317 46 0.7 23
A1840413  EST 1,455 3,844 1,863 469 2.6 13 0.3
AA980618 EST 470 1,243 908 1,124 2.6 19 12
A1550400 EST 296 1,247 720 543 4.2 2.4 0.8
C81072 EST 157 966 442 145 6.1 2.8 0.3
AA710132 EST 415 1,381 1,320 1,438 33 32 11
A1849679  EST 68 1,247 317 1,689 184 4.7 53
AA645293 EST 18 1,163 376 577 64.4 20.8 15

2 Data are from two independent experiments and were analyzed as described in Materials and Methods. Genes shown were induced >2-fold in both experiments.

® Mean of normalized average differences from two experiments.

¢ Ratio of mean average differences, numbers in bold represent genes induced by 1L-10 or IL-10 + LPS >2-fold.

d Relative to media sample.
¢ Relative to LPS sample.

that most, if not al, IL-10 signal transduction proceeds through
STAT3. Despite this knowledge, major gaps remain in understand-
ing how IL-10 exerts its anti-inflammatory effects. For example,
we do not know how STAT3 mediates the IL-10 signal, nor
whether the effects of STAT3 are direct or via the synthesis of
other proteins. We do not know how IL-10 regulates the large
number of physiologically relevant targets that have been de-
scribed and whether this is through a common mechanism or if
diverse pathways are involved. Our study was designed to address
two fundamental questions concerning IL-10 action. First, what
spectrum of genes are induced by IL-10 with or without a con-
comitant inflammatory stimulus and second, what is the range of
inflammatory genes regulated by IL-10?

Genes induced by IL-10

We found that IL-10 induced a highly restricted number of genes
in resting macrophages. In LPS-activated macrophages, IL-10 in-
duced a different set of genes. It is tempting to speculate that key
anti-inflammatory genes may be represented in this latter group
because the effects of IL-10 on macrophages are most clearly dem-
onstrated with concomitant activation. Two independent signals
from the IL-10R and a TLR may be necessary to engender the full
range of anti-inflammatory mechanisms.

Several genes regulated by IL-10 with or without concomitant
LPS stimulation warrant further investigation for their potentia
rolein IL-10 signaling. One obvious candidate is SOCS3, a member
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Table Il.  Genes induced after 3 h by IL-10 in resting and LPS-stimulated macrophages®

Mean Average Intensity Difference” Fold Change®
Identifier Name/Description Media IL-10 LPS IL-10 + LPS IL-10¢ LPS* [L-10 + LPSLPS  IL-10 + LPS/media
Cell surface molecules
U05673 Adenosine receptor subtype 81 115 1,250 4,406 14 154 35 54.4
U29678 CCR1 511 1,953 346 1,012 38 07 29 20
X94151 CCR5 3,706 9,111 2,270 3,592 25 06 16 10
AF022990 CCR5 6,180 13,936 2,937 5,261 23 05 18 0.9
M31312 FcRII 4,323 15,731 8,993 38,122 36 21 42 8.8
u05894 G-CSFR 1,291 2,480 1,881 8,019 19 15 43 6.2
M58288 G-CSFR 2,812 4,260 2,354 16,341 15 08 6.9 5.8
M27960 IL-4R 12,887 64,870 5136 100,141 50 04 195 7.8
M59446 Scavenger receptor 2,152 3,135 5172 10,961 15 24 21 51
M72332 Selectin, platelet 5 1,908 5 15816 3815 09 3,464.8 3,163.2
Y 09864 Type | IFN receptor, IFNaR2b 10,295 12,915 10,147 24,672 13 10 24 24
Signal transduction-related
M90397 Bcl-3 864 7,045 5,891 20,388 82 68 35 23.6
M72394 Calcium-dependent phospholipid 926 1,429 2,425 5,725 15 26 24 6.2
binding protein (PLA2)
X52191 Fgr oncogene homolog 1,073 2,281 1,551 3,696 21 14 24 34
X81627 GIT1 508 895 2,632 18,081 18 52 6.9 35.6
A1046826  Growth factor receptor bound 3,149 3,277 5 2,565 10 00 561.9 0.8
protein 2-associated protein
AF001871  Guanine nucleotide exchange factor 282 463 344 1,354 16 12 39 4.8
and integrin binding protein
homolog GRP1
U43187 MEK kinase 3 2535 2,704 1,110 2,524 11 04 23 1.0
u88984 Nck-interacting kinase 1,305 1,820 1,325 3,484 14 10 2.6 2.7
A1846534  Noninherited maternal Ag-related 1,708 1,992 1,870 9,766 12 11 5.2 5.7
expressed kinase 6
U57686 p130 Cas-related protein Sin 741 381 450 1,510 05 06 34 2.0
ug7814 Proline-glutamic acid-serine- 13,746 18,455 3,048 8,256 13 02 2.7 0.6
threonine phosphatase interacting
protein
U18310 Stress-activated protein 815 1,361 2,194 5,266 17 27 24 6.5
kinase/extracellular signal-
regulated kinase/kinase 1
u58885 Src homology 3 domain protein 2B 3,583 4,728 1,818 9,601 13 05 53 2.7
U10531 Ski/sno related 44 847 2,589 1,713 194 592 0.7 39.2
u88328 SOCS-3 82 6,265 62,180 106,493 76.0 754.6 17 1,292.4
AV374868 SOCS-3 1115 4,567 32,356 53,464 41 290 17 47.9
M97590 Tyrosine phosphatase (PTP-1) 17,006 35,503 8,341 53,019 21 05 6.4 31
X64361 vav 11,037 17,194 2,093 14,602 16 02 7.0 13
D83266 vav-T 11,105 17,060 2,389 13,600 15 02 5.7 12
DNA binding, transcription
AF017021 B-ATF 617 1,260 4,055 17,689 20 66 44 28.7
U41465 Bcl-6 5594 6,949 2,947 9,782 12 05 33 17
M61007 C/EBPB 13,415 22,224 14,486 70,386 17 11 4.9 52
X58250 H2.0-like homeo box gene 2,438 2,851 532 7,276 12 02 13.7 3.0
Y 15907 myc-intron-binding protein-1 193 595 1,509 5,726 31 78 38 29.6
U60593 N-myc downstream regulated 1 5,249 16,126 5,400 7,289 31 10 13 14
u83148 NFIL3/E4BP4 transcription factor 2,130 3,584 2,650 6,441 17 12 24 3.0
U52073 TDD5 5,638 16,884 5,271 7,942 30 09 15 14
AF062567 Transcription factor Sp3 5092 5410 1,015 2,898 11 02 29 0.6
AJ245617 TAT-binding protein-related factor- 1,743 1,663 219 797 10 01 3.6 0.5
proximal protein homolog
(Drosophila)
AF062071  Zinc finger protein 216 8,195 9,974 5,564 21,379 12 07 38 2.6
Cytokines, chemokines, growth
factors
M13926 G-CSF 497 1537 366 2,673 31 07 7.3 54
V00755 IFN-B, fibroblast 5859 7,687 6,385 49,603 13 11 7.8 85
AB023418 MCP-2 606 1,908 4,040 3,566 31 67 09 59
M29464 Platelet-derived growth factor « 4,476 4,708 2,300 7,948 11 05 35 18
Enzymes
X58077 2-5 A synthetase L2 1234 1,760 145 2,871 14 01 19.7 23
D28941 a-2,3-siayltransferase 1,813 4,499 646 3,412 25 04 53 19
AF032466 Arginase |l 593 645 628 4,251 11 11 6.8 7.2
M25944 Carbonic anhydrase Il (CAIl) 588 430 601 1,607 07 10 2.7 2.7
U48403 Glycerol kinase 2,745 6,951 9,744 15,201 25 35 16

55
(Table continues)

@ Data are from two independent experiments and were analyzed as described in Materials and Methods. Genes shown were induced >2-fold in both experiments.
> Mean of normalized average differences from two experiments.

¢ Ratio of mean average differences; numbers in bold represent genes induced by IL-10 or IL-10 + LPS >2-fold.

d Relative to media sample.
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Table II. Continued
Mean Average Intensity Difference” Fold Change®
Identifier Name/Description Media IL-10 LPS IL-10 + LPS IL-10¢ LPS* [L-10 + LPSLPS  IL-10 + LPS/media
M85153 Glycoprotein galactosyltrans- 15,278 20,347 2,251 33,421 13 01 14.8 22
ferase a 1,3
A1021573  Inducible 6-phosphofructokinase 475 624 1,526 8,738 13 32 5.7 184
AF040094  Inositol polyphosphate-5- 585 3,866 10,768 10,334 6.6 184 10 17.7
phosphatase, 75 kDa
U43428 NO synthase 2 116 5 3277 9,072 00 283 238 78.4
ABO013912 RuvB-like protein (DNA-helicase) 2,102 2,212 189 1,283 11 01 6.8 0.6
L. 32836 S-adenosyl homocysteine hydrolase 1,572 2,064 493 1,920 13 03 39 12
Others
722661 Apolipoprotein Cl 172 708 581 522 41 34 0.9 3.0
X75926 ATP-binding cassette 1 3,706 3,943 1,318 4,398 11 04 33 12
AF032459 BimEL 250 1,032 2,520 3,225 41 101 13 129
uo04827 Brain fatty acid-binding protein 884 742 401 2,956 08 05 7.4 33
Y 13087 Caspase-6 536 2,089 42 802 39 01 19.3 15
U49430 Ceruloplasmin 702 339 3,088 12,972 05 44 4.2 185
D45889 Chondroitin sulfate proteoglycan 2 5 808 3773 5,022 1615 754.6 13 1,004.3
M 12660 Complement component factor h 3,027 4593 419 1,855 15 01 4.4 0.6
M63801 Connexin 43 1536 11,391 6,542 32,569 74 43 5.0 21.2
X75888 Cyclin E 5 437 385 1,777 873 77.0 4.6 355.5
us0227 ELL homolog 2,334 2,797 467 1,693 12 02 3.6 0.7
X77952 Endoglin 9,078 8,690 5,892 14,405 10 06 24 16
X60671 Ezrin 2,737 2,143 3,530 13,096 08 13 3.7 48
u18975 Ganglioside expression 2 4,717 5379 1,366 3,558 11 03 26 0.8
X67644 gly96 18,715 29,093 16,430 43,316 16 09 2.6 23
X93035 gp39 5 5 45 3,839 10 89 86.2 767.7
X61940 Growth factor-inducible immediate 2,879 4,655 4,088 36,307 16 14 8.9 12,6
early gene (3CH134)
AB028272 hsp40 1899 1,417 406 1,388 07 02 34 0.7
D12645 Kinesin family member 3a 1,027 2272 797 811 22 08 10 0.8
J03484 Laminin, y1 863 431 275 1,348 05 03 49 16
AF004874 Latent TGFB binding protein 2 308 932 349 325 30 11 0.9 11
V00835 Metallothionein 1 27,567 45,696 34,920 147,598 17 13 42 54
K02236 Metallothionein 2 13,559 37,167 62,364 184,092 27 46 3.0 136
U18869 Mitogen-responsive 96 kDa 22,519 54,412 17,378 46,969 24 08 2.7 21
phosphoprotein p96
AV206059 Motilin-related peptide 14 60 616 4,700 43 437 7.6 333.3
AV373134 Mpv17 transgene, kidney disease 276 1,822 1,418 1,039 66 51 0.7 38
mutant-like
X83601 Pentaxin-related gene 5 84 799 2,874 16.8 159.8 3.6 574.8
X16490 Plasminogen activator inhibitor, 324 134 3315 9,036 04 102 2.7 27.9
type Il
u74079 Protein cofactor 15,688 14,753 8,289 29,658 09 05 3.6 19
X92410 RAD23a homolog (Saccharomyces 466 1,302 950 856 28 20 0.9 18
cerevisiae)
AF036585 Semaphorin VIb 130 1,348 160 222 103 1.2 14 17
u60438 Serum amyloid A2 801 866 4,884 23,821 11 61 49 29.7
X03505 Serum amyloid A3 2559 4,708 71,095 254,687 18 278 36 99.5
M22998 Solute carrier family 2 (facilitated 1,843 1,463 2,212 6,872 08 12 31 37
glucose transporter), member 1
AF004100  Zinc transporter 4 115 1,078 2,491 2,059 93 216 0.8 17.9
ESTs
AA178600 EST IMAGE-621302 8580 9311 772 2,315 11 01 3.0 03
AA575098 EST IMAGE-893535 1436 1,207 306 899 08 02 29 0.6
AAB08277 EST IMAGE-1025734 152 547 2,742 10,286 36 181 38 67.8
AAB08387 EST IMAGE-1052539 763 696 707 1,686 09 09 24 22
AA673486 EST IMAGE-1080031 566 3,217 2,055 1,947 57 36 0.9 34
AAB90863 EST IMAGE-1164753 1,907 2,812 2,500 6,771 15 13 2.7 3.6
AA762522 EST IMAGE-1229091 1,883 2,230 2,521 9,806 12 13 39 5.2
AA763368 EST IMAGE-1247550 8,061 11,104 14,112 33,404 14 18 24 4.1
AA763950 EST IMAGE-1225256 254 735 1,018 3,212 29 40 32 12,6
AA815503 EST IMAGE-1069161 3,831 4,497 1,102 2,695 12 03 24 0.7
AA874490 EST IMAGE-1263336 2,775 5944 2475 15,847 21 09 6.4 57
AA983101 EST IMAGE-1348693 5 5 5 3,681 10 09 806.4 736.2
AI060798  EST IMAGE-1380562 318 719 5781 24,828 23 182 43 78.1
Al286698 EST IMAGE-1395161 3412 4,391 2,743 7,399 13 08 2.7 22
AlI317205 EST IMAGE-1853344 9,571 11,122 1,065 3,147 12 01 3.0 0.3
Al429868 EST IMAGE-1228437 453 1,298 233 145 29 05 0.6 0.3
Al642662 EST IMAGE-1230637 432 1,021 2,872 8,958 24 6.7 31 20.7
Al647003  EST IMAGE-1382920 1492 1,203 4,125 12,080 08 28 29 8.1
AI787183 EST IMAGE-1889276 4,033 2,743 1,494 5,193 07 04 35 13
AW214298 EST IMAGE-2644954 3,183 4,646 2,591 6,803 15 08 26 21

(Table odntinu&s)
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Table II. Continued
Mean Average Intensity Difference” Fold Change®
Identifier Name/Description Media IL-10 LPS IL-10 + LPS 1L-10¢ LPS? IL-10 + LPS/LPS IL-10 + LPS/media
Al837621 EST 328 1,750 371 913 53 11 25 2.8
Al838320 EST 2,844 6,772 1,137 5117 24 04 45 18
AlB838360 EST 78 619 344 2,457 79 44 7.1 315
Al838388 EST 2,670 3,723 711 2,044 14 03 29 0.8
AlB841159 EST 5439 2453 94 966 0.5 0.0 10.3 0.2
Al841410 EST 206 233 359 1,277 11 17 3.6 6.2
AlB843287 EST 19,734 21,818 24,345 76,837 11 12 32 39
Al843709 EST 2,965 5,066 976 2,445 17 0.3 25 0.8
Al1844507 EST 432 1,478 902 1,228 34 21 14 2.8
Al1846077 EST 1,370 2,493 888 3,280 18 0.6 37 24
Al1846938 EST 1,907 4,353 1,102 2,826 2.3 0.6 26 15
Al1848522 EST 400 1,546 109 362 39 0.3 33 0.9
AlB849082 EST 17,046 27,135 8,270 48,721 16 0.5 59 29
Al1849939  EST 42 690 5 1,803 164 0.1 395.0 42.9
Al852608 EST 216 540 2,714 9,448 25 126 35 43.8
AV245111 EST 1,395 1,185 706 1,594 0.8 0.5 23 11
AV245978 EST 4,030 5924 1,425 4,227 15 04 3.0 1.0
AV343395 EST 352 1,262 241 1,054 3.6 0.7 4.4 30
AWO046452 EST 4,089 2,577 738 1,852 0.6 0.2 25 0.5
AWO048233 EST 1,999 2,292 534 1,514 11 0.3 2.8 0.8
AW049619 EST 1,347 1,886 349 973 14 03 28 0.7
AWO049806 EST 9,863 12,920 2,572 9,964 13 0.3 39 1.0
AWO060401 EST 3,201 5,754 1457 5,417 18 0.5 37 1.7
AWO060951 EST 1,240 4,610 492 5,756 37 04 11.7 4.6
AW121051 EST 383 1,703 1,096 1,324 45 29 12 35
AW121294 EST 120 174 409 3,309 15 34 8.1 27.6
AW121304 EST 265 867 793 813 33 3.0 1.0 31
AW121353 EST 3,840 4,556 2,243 7,203 12 0.6 32 19
AW122572 EST 6,279 7,004 2,158 4,665 11 0.3 22 0.7
AW123191 EST 1,728 16,478 3,968 13,930 9.5 23 35 8.1
AW123694 EST 3,983 4,230 1,102 3,329 11 0.3 3.0 0.8
AW123921 EST 14,505 27,744 5,780 19,461 19 0.4 34 1.3
AW124785 EST 3,804 5,770 629 2,604 15 0.2 41 0.7
AW124874 EST 3,281 3549 1,448 3,691 11 0.4 25 11
AW124933 EST 3,080 2,334 507 1,221 0.8 0.2 24 0.4

of the SOCS family that inhibits cytokine receptor signaling by
binding phosphotyrosine residues on key signaling molecules and
targeting them for destruction via its ubiquitin E3 ligase activity

(36). SOCS3 binds to gp130 (37, 38), the signaling component of
IL-6 family cytokine receptors (39), but may have additional tar-
gets, as overexpression studies have shown that it can inhibit
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FIGURE 5. Role of STAT3 in the
regulation of selected target genes by
IL-10 and LPS. BMDM from IL-10/",
STAT3"/~ LysMcre and STAT3™/*
LysMcre mice were stimulated for 2 h
with 1L-10 (10 ng/ml) and/or LPS (100
ng/ml), followed by preparation of
RNA. Samples were analyzed by North-
ern blotting (A) or real-time RT-PCR (B)
as described in Materials and Methods.
Data are mean + SD of duplicate
samples.

IFN-vy signaling (20). It has even been speculated that IL-10-in-
duced SOCS3 might inhibit LPS-induced p38 MAPK signaling
and thereby interfere with TNF-a mRNA trandlation (6). The ques-
tion of whether SOCS3 indeed plays arole in the control of mac-
rophage activation by I1L-10 could best be answered using SOCS3-
deficient macrophages. Because SOCS3-deficient embryos die in
mid-gestation (40), we are in the process of generating radiation
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FIGURE 6. IL-10- and LPS-induced changesin IL-4Ra expression cor-

relate with inducibility of arginase-1 expression by IL-4. IL-10~/~ BMDM
were pretreated with IL-10 and/or LPS for 30 min, followed by addition of
IL-4 (1 ng/ml) (M) or media (E2). Total RNA was prepared 3 h and 8 h after
addition of IL-4. After reverse transcription, cONA was subjected to real-
time quantitative RT-PCR for B-actin, IL-4Ra, and arginase-1. Fold
changes relative to the 8 h media sample were caculated as stated in
Materials and Methods. Data for IL-4Ra and arginase-lexpression are
from 3 and 8 h timepoints, respectively. Shown are mean + SD of dupli-
cate samples.
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chimeras to perform such experiments in the near future. Other
IL-10 targets also give potential clues to the anti-inflammatory
effects of 1L-10. Among these, three genes encoding proteins in-
volved in MAPK and related pathways, GADD45«, GADD45y,
and Tpl-2, suggest that a focus of IL-10 signaling research should
be on these pathways. The role of 1L-10 in regulating MAPK and
related pathways is presently a controversial topic and requires
clarification at the molecular level (1, 6, 41).

Global effects of 1L-10 on proinflammatory gene expression
induced by LPS

We found that IL-10 regulates a large number of LPS-induced
genes. Our study confirmed the inhibition by 1L-10 of many pre-
viously reported proinflammatory gene products (Fig. 3) and ex-
tended this finding at the genomic level with the identification of
numerous new IL-10-repressed genes. Although IL-10 repressed
the expression of alarge fraction of LPS-induced genes, a further
fraction (~40%) remained unchanged. This result suggests two
important interpretations that contribute to understanding the anti-
inflammatory effects of I1L-10. First, the large number of LPS-
induced genes inhibited by IL-10 suggests a common mechanism
is operative. It is unlikely that IL-10 induces a different mediator
for each inflammatory target. We favor the interpretation that
IL-10 regulates alimited group of gene products (transcriptionally
and/or posttranscriptionally) that subsequently regulate the inflam-
matory targets. Second, it isunlikely that I1L-10 targets more global
cell processes such as transcriptiona initiation, because of the
large fraction of LPS-induced genes unaffected by the addition of
IL-10. Therefore, the IL-10-induced anti-inflammatory mechanism
is specific enough to target a fraction of LPS-induced genes while
leaving others unaffected.

STAT3 is essential for all observed effects of IL-10

Previous work has suggested that STAT3 is crucia for IL-10 sig-
naling (11, 42). Thisis most clearly shown in micelacking STAT3
in macrophages and neutrophils which have a strikingly similar
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phenotype to IL-10-deficient mice (11). Other work using dominant-
negative versons of STAT3 in macrophage cell lines suggested that
IL-10 signas via STAT3-dependent and -independent pathways (43).
Using STAT3-deficient macrophages, we show that al 1L-10-induced
genes tested require STAT3 and that inhibition of gene expression of
proinflammatory targets also requires STAT3 signaling (Fig. 5). Al-
though we cannot rule out some STAT3-independent effects for IL-
10, our results suggest that STAT3 is essentid for most, if not al,
IL-10 signding.

IL-10 controls macrophage arginase expression in response to
IL-4 and LPS

In addition to identifying candidate mediators of 1L-10's deacti-
vating effects, we also expected to find genes affecting macrophage
function in other ways. The up-regulation of IL-4Ra expression by
IL-10in a STAT3-dependent manner caught our attention, because
it implied a possibly enhanced responsiveness to IL-4 as a func-
tional consequence of exposure to IL-10. In fact, we observed that
opposing changes in IL-4Ra expression induced by 1L-10 or LPS
in IL-10-deficient macrophages were linked to corresponding
changes in the expression level of arginase-1 in response to I1L-4
(Fig. 6). These observations offer amechanistic explanation for the
previously described synergistic induction of arginase-1 expres-
sion by IL-4 and IL-10 (35). Further, the microarray experiments
also showed that expression of the extrahepatic isoform arginase-2
in LPS-stimulated macrophages (33) is controlled by IL-10 (Table
11, Fig. 4). Because the ability to make IL-10 also determines ex-
pression of arginase-1 in response to LPS (Fig. 6) or the combi-
nation of TNF-a and IFN-vy (34), IL-10 increases total arginase
levels in macrophages in multiple ways.

Concluding remarks

Certain caveats are evident in a microarray study of this nature.
The most significant are the timepoints chosen for dataanalysis. In
this study, the two timepoints chosen were based upon the well-
recognized effects of IL-10 on proinflammatory mediator produc-
tion. Thus, we focused on 45 min and 3 h as a representative
window where the expression of TNF-« and several other cyto-
kines and chemokines is substantially reduced in in vitro macro-
phage culture and in in vivo models where mice are challenged
with TLR agonists. However, it is clear that IL-10 can have later
effects that may be mediated by distinct mechanisms (41) and even
have proinflammatory effects (44). A second caveat is that we can
only observe changes in mRNA levels and IL-10 may induce a
plethora of cellular changes at the proteome level that aso con-
tribute to its anti-inflammatory effects. Despite these limitations,
our study has revealed several aspects of 1L-10 function not pre-
viously appreciated. Understanding the rules that govern the IL-
10-mediated shaping of the macrophage transcriptome and its sub-
sequent influence on the proteome will provide insights into the
endogenous anti-inflammatory response.
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