-

Acute inflammation primes myeloid effector cells for
anti-inflammatory STAT6 signaling

Fredrik Wermeling®, Robert M. Anthony®®, Frank Brombacher<, and Jeffrey V. Ravetch®"

2Laboratory of Molecular Genetics and Immunology, The Rockefeller University, New York, NY 10065; ®Center for Inmunology and Inflammatory
Diseases, Division of Rheumatology, Allergy and Immunology, Massachusetts General Hospital, Harvard Medical School, Boston, MA 02129; and “International
Centre for Genetic Engineering and Biotechnology, Cape Town and Institute of Infectious Diseases and Molecular Medicine, University of Cape Town,

Rondebosch 7701, South Africa

Contributed by Jeffrey V. Ravetch, July 3, 2013 (sent for review June 15, 2013)

The anti-inflammatory drug high-dose intravenous immunoglob-
ulin, widely used to suppress inflammation, depends on a specific
a-2,6-sialylated glycoform of IgG Fc to induce Interleukin 4 (IL-4)
and Signal Transducer and Activator of Transcription 6 (STAT6)
signaling for its activity. Here we show that anti-inflammatory
activities of IL-4 can be attributed to the direct action of this cyto-
kine on myeloid effector cells, depending on their expression of
the IL-4 receptor alpha chain (IL-4Ra/CD124). However, in their
basal state, these cells express low levels of IL-4Ra and would
not be expected to result in significant signaling compared with
other cell populations. This apparent paradox can be explained by
the observation that during inflammation, triggered by a variety of
stimuli (including autoantibodies, adjuvants, and TLR ligands), IL-
4Ra is up-regulated specifically on these cells, priming them for
STAT6 signaling. The regulation is mediated by a soluble, protein-
ase K-sensitive factor, released to the circulation by bone marrow-
derived, non-B/non-T cells found in several organs, including the
lungs, and fat. We propose that this regulation is part of a homeo-
static mechanism to limit excessive inflammation and tissue dam-
age. High-dose intravenous immunoglobulin thus exploits an
endogenous feedback loop, general to inflammation, that could
be further targeted for therapeutic purposes.
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Inﬂammation is a necessary host response that has evolved to
protect the organism after exposure to potentially life-threatening
pathogens. Although this response is essential for host survival,
unregulated activation of the multiple components of the im-
mune system that characterize this response can result in cata-
strophic sequelae (1). To balance this potent response, many
homeostatic mechanisms exist that limit excessive immune acti-
vation. One such example is the up-regulation of surface
receptors mediating inhibitory signals, thereby directly or in-
directly balancing signaling from activating receptors. Examples
of important inhibitory receptors that are up-regulated to balance
activating signals are cytotoxic T-lymphocyte antigen 4 (CTLA-4/
CD152), the death receptor Fas (CD95), and Fc gamma receptor
(FcyR) IIB (2-4). However, despite these mechanisms, excessive,
misdirected, and chronic immune activation is the underlying basis
for a large group of inflammatory diseases, often with an auto-
immune etiology, including rheumatoid arthritis (RA) and sys-
temic lupus erythematosus (5, 6). Deficiencies in many inhibitory
receptors, including those listed above, have been linked to in-
creased susceptibility for autoimmune diseases (7-9). Much at-
tention has been given to the development of anti-inflammatory
drugs that can attenuate these chronic inflammatory conditions,
with the goal of restoring normal homeostatic mechanisms.
High-dose intravenous immunoglobulin (IVIG) is a preparation
of IgG pooled from thousands of donors and is commonly ad-
ministered to patients with autoimmune diseases at a high dose
(1-2 g/kg) with therapeutic benefit (10). Human and animal
studies have identified the active component of the drug to the
Fc domain of the IgG molecule (11, 12) and have further iden-
tified a minor glycoform of IgG, containing terminal sialic acid
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on the Asn-297-attached Fc glycan (sialylated Fc; sFc) as re-
sponsible for the anti-inflammatory activity of this preparation
(13, 14). We recently showed that IVIG- or sFc-mediated pro-
tection in a model of RA, the serum transfer K/BxN model, is
abrogated in mice lacking IL-4, IL-4Ra, or STAT6 (15). These
studies identified IL-4-induced STAT6 signaling as an important
component of an sFc-induced homeostatic mechanism functioning
to limit excessive inflammation and prompted us to further study
this pathway.

Results and Discussion

Inflammation triggered by K/BxN serum transfer is mediated by
pathogenic antibodies targeting the ubiquitous antigen glucose-
6-phosphate isomerase (16). These antibodies form immune
complexes in recipient mice that result in swelling and in-
flammatory infiltrates in the joints. The inflammation requires
expression of activating FcyRs on inflammatory myeloid effector
cells, such as neutrophils, monocytes, and macrophages (17-19).
In the K/BxN model, IL-4 administration protects from joint
inflammation (Fig. 14), which requires IL-4Ra and downstream
STATG6 signaling (15). To further dissect the anti-inflammatory
properties of IL-4 in the K/BxN model, we investigated the
prerequisites for this protection. IL-4Ra is expressed by many
cells, including both hematopoietic and nonhematopoietic cell
populations (20). To determine the cell populations responsible
for this IL-4-mediated protection, we irradiated wild-type (WT)
mice and reconstituted them with either WT or IL-4Ra—deficient
bone marrow (BM) cells (Fig. S14). Whereas recipients of WT
BM cells were protected from K/BxN inflammation by IL-4,
recipients of IL-4Ra—deficient BM cells were not (Fig. 1B and
Fig. S1 B-E). This result identified BM-derived cells, i.e., he-
matopoietic cells, as a primary target for IL-4-mediated sup-
pression of autoantibody-induced joint inflammation. Examining
the expression of IL-4Ra on BM-derived hematopoietic cells by
flow cytometry, we found that B and T cells are the predominant
populations expressing the receptor in naive mice, whereas
CD11b+ myeloid cells express much lower levels (Fig. 1C and
Fig. S24). In agreement with the flow cytometry data, quanti-
tative PCR of sorted cell populations showed that B and T cells
express 10-fold more IL-4Ra mRNA compared with neutrophils
and monocytes (Fig. S2B), consistent with the original observa-
tions of IL-4—induced signaling originating from B and T cells
(21, 22). To determine whether these cell types were required
in our system, we challenged IL-4-treated B-cell- and T-cell-
deficient Ragl ™~ mice with K/BxN serum and observed that they
were still protected from inflammation by IL-4 (Fig. 1D). In
contrast, mice lacking IL-4Ra on CD11b+ myeloid cells (Fig.
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Fig. 1. IL-4 protects from K/BxN-mediated joint inflammation by targeting
IL-4Ra on myeloid cells. (A) WT mice were given K/BxN serum and IL-4 (red)
or control (black). Joint swelling (0-12) was followed daily for 6 d and pre-
sented as mean and SEM; n = 5 per group. (B) WT mice were irradiated and
reconstituted with either WT (WT—WT) or IL-4Ra™"~ (IL-4Ra~—WT) BM
cells. Eight weeks after irradiation and BM transfer, mice were injected with
K/BxN serum and IL-4 (red) or control (black). Joint swelling over time is
presented as mean and SEM; n = 5-8 per group. (C) Flow cytometry analysis
of IL-4Ra expression (black histograms) compared with an isotype control
(gray histograms) on major blood cell populations in naive mice. (D) WT and
Rag1’/’ injected with K/BxN serum and IL-4 (red) or control (black). Data are
shown for day 5 as mean and SEM; n = 5 per group. (E) WT, IL-4Ra fl/fl, and
IL-4Ra fl/fl LysMcre*" mice injected with K/BxN serum and IL-4 (red) or
control (black). Data are shown for day 5 as mean and SEM; n = 4-8 per
group. *P < 0.05 by Mann-Whitney u test comparing IL-4-treated and
control-treated mice at day 6 (A) or 5 (B, D, and E).

S2C), mediated by LysMcre-driven excision of floxed IL-4Ra
alleles, were not protected by IL-4 (Fig. 1E). We concluded
therefore that IL-4Ra expression is required on BM-derived
myeloid cells for IL-4-mediated protection from inflammation,
despite the low levels of receptor expressed by these cells in their
basal state.

During K/BxN-mediated inflammation, as well as most types
of acute inflammation, a high number of CD11b+ myeloid ef-
fector cells—predominately neutrophils but also inflammatory
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monocytes—are recruited from the blood to the inflammatory
site (Fig. S34). Interestingly, we found that these joint-infiltrating
myeloid cells express very high IL-4Ra levels compared with
these same cells in naive mice (Fig. 24). Although this pheno-
type was especially pronounced on the infiltrating inflammatory
cells, it could also be seen on circulating cells isolated from K/
BxN-challenged mice (Fig. 2B and Fig. S3B). This induction of
IL-4Ra was seen on CD11b+ myeloid cells, with the highest
levels of expression found on neutrophils, followed by inflam-
matory monocytes. In contrast, no up-regulation of IL-4Ra was
seen on lymphocytes. We concluded that K/BxN-triggered in-
flammation induces IL-4Ra on CD11b+ cells and provides the
basis for enhanced IL-4-mediated effects on these cells.

To identify the mechanism of this induction, we surveyed the
known inducers of IL-4Ra. Several mediators have been shown
to up-regulate IL-4Ra on T cells, including IL-2 and -4, depen-
dent on STATS and STAT6 signaling, respectively (23, 24).
However, both IL-2—deficient and STAT6-deficient mice show
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Fig. 2. K/BxN inflammation up-regulates IL-4Ra specifically on myeloid cells.
(A) Flow cytometry analysis of IL-4Ra expression on CD11b+ cells isolated on
day 5 from paws of IL-4Ra '~ (=/-), WT (=), and K/BxN-injected WT (K/BxN)
mice. Data are representative of more than five experiments. (B) IL-4Ro ex-
pression on blood CD11b+ cells and B cells as described above. (C) WT and IL-
4R mice injected with K/BxN serum and IL-4 (red) or control (black). Data
are shown as mean and SEM; n = 4-5 per group. *P < 0.05 by Mann-Whitney
u test comparing IL-4-treated and control-treated mice at day 6.
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Table 1. IL-4Ra up-regulation on CD11b+ blood cells 20 h after
injection

Reagent Dose Pathway IL-4Ra
PBS i.p./i.v. 200 pL N.A. —
IgGic* i.v. 75 pg FcyRs +
Anti-CD3™ i.p. 30 ug T-cell activation +H++
Poly(I:C) i.p. 150 pg TLR3 +
LPS i.p. 10 pg TLR4 4
Zymosan i.p. 1 mg TLR2 +++
Alum i.p. 200 pL NLRP3? +++
IFA i.p. 100 pL NOD2? 4+
CFA i.p. 100 pL Multiple +++
K/BxN* i.v. 200 pL FcyRs ++

*Sheep 19G (75 pg) + 3 (x75 pg) hybridomas (2E4, 2G4, 3B10) binding unique
epitopes on sheep IgG.

"Clone 17A2.

*Delayed activity, peaking after several days.

equivalent IL-4Ra up-regulation on myeloid cells as WT mice
after K/BxN serum administration (Fig. S3 C and D). TNF-a has
been shown to up-regulate IL-4Ra on endothelial cells (25). To
address whether TNF-a—induced signaling is directly responsible
for the observed IL-4Ra up-regulation on myeloid cells following
K/BxN-induced inflammation, we used a mixed BM chimeric
approach. Irradiated mice were reconstituted with a 1:1 mixture
of WT and TNF-a receptor (TNF-aR)™~ BM and then chal-
lenged with K/BxN serum. The chimeric mice developed signifi-
cant inflammation, in contrast to TNF-aR ™~ mice, and WT and
TNF-aR ™~ myeloid cells up-regulated the IL-4Ra to similar
levels (Fig. S3F). A similar approach was used to determine
whether signaling downstream of FcyRs was responsible for the
IL-4Ra up-regulation, because FcyRs are central to antibody-
mediated inflammation. However, in WT/FcyR chimeric mice,
FcyR-deficient myeloid cells up-regulated IL-4Ra to the same
level as WT-derived myeloid cells (Fig. S3G). Together these
results demonstrated that IL-4Ra is up-regulated during K/BxN-
mediated inflammation on BM-derived myeloid cells and that
this up-regulation is not directly related to IL-2, STAT6, TNF-
aR, or FcyR signaling.

To determine the relationship between IL-4Ra surface ex-
pression and IL-4-mediated protection from inflammation, we
generated mice expressing only one functional allele of the IL-4Ra
(IL-4Ra*'~ mice), which, as expected, expressed 50% of the level
of IL-4Ra compared with WT mice (Fig. S44). These IL-4Ra"'~
mice, however, were not protected from K/BxN inflammation by
the used dose of IL-4 (Fig. 2C and Fig. S4B), demonstrating that
a threshold of IL-4Ra exists for IL-4 stimulation to mediate
protection from K/BxN-triggered inflammation.

We next examined whether IL-4Ra up-regulation was specific
for the K/BxN model of inflammation or whether the increased
IL-4Ra surface expression on myeloid cells is a common feature
of inflammation triggered by diverse stimuli. We challenged mice
with several different inflammatory stimuli and analyzed blood
cells 20 h later. As shown in Table 1 and Fig. S5, myeloid cells
up-regulate IL-4Ra as a general response to acute inflamma-
tory stimuli, including TLR ligands (poly[inosinic:cytidylic] acid
[Poly(I:C)], LPS, and Zymosan), common adjuvants [Alum,
incomplete Freund’s adjuvant (IFA), and complete Freund’s
adjuvant (CFA)], T-cell activation by anti-CD3, and IgG-induced
anaphylaxis. Consistent with our previous results, neutrophils dis-
played the highest levels of IL-4Ra, followed by inflammatory
monocytes. In contrast, neither T nor B cells showed any evidence
of up-regulation. For stimuli that induced a major up-regulation
of IL-4Ra (LPS, Zymosan, Alum, IFA, and CFA), IL-4Ra levels
remained elevated for several days before returning to baseline.
These results suggested that IL-4Ra regulation may be mediated
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by a common factor(s), rapidly induced during the inflammatory
response, thus behaving like an acute phase reactant.

To test this hypothesis, we turned to the TLR4 ligand LPS,
which displayed a potent ability to induce myeloid IL-4Ra ex-
pression; neutrophils from LPS-injected mice induced IL-4Ra
expression, achieving levels equivalent to the resting levels of IL-
4Ro on B and T cells in both inbred and outbred strains (Fig. 34
and Fig. S6 4 and B). As expected, this activity requires TLR4
signaling, as shown by comparing WT and TLR4™"~ mice (Fig.
3B). Using a mixed BM chimeric approach, we determined that
the LPS-mediated regulation of IL-4Ra is not directly down-
stream of TLR4 signaling because WT and TLR4 ™/~ cells in the
same chimeric mouse up-regulated IL-4Ra to an equivalent level
(Fig. S6C). This finding indicated that, at a minimum, a two-step
process occurs after LPS binding to TLR4 to promote IL-4Ra
up-regulation on myeloid cells. To test this model, we recovered
sera from WT mice injected with LPS (LPS serum) or untreated
mice (control serum) that were then transferred to TLR4™~
mice, and IL-4Ra expression on myeloid and lymphoid cells was
monitored. Consistent with our previous results, mice that re-
ceived the LPS serum showed up-regulation of IL-4Ra selec-
tively on myeloid cells, again with the highest response in
neutrophils followed by inflammatory monocytes. At a dose of
400 pL of LPS serum, this myeloid-specific up-regulation led to
similar expression levels on myeloid cells as on lymphocytes
(Fig. 30).

To further define this pathway, we developed an ex vivo sys-
tem, in which LPS serum was capable of up-regulating IL-4Ra
selectively on myeloid cells, but not lymphocytes, derived from
TLR4™~ mice (Fig. 44). To firmly establish that this regulation
was not mediated by the LPS found in the LPS serum, circulating
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Fig. 3. An IL-4Ra-regulating factor is released after LPS injection. (A) Flow
cytometry analysis of IL-4Ra expression, compared with an isotype control
(light gray), on myeloid cells and lymphocytes 20 h after injection of LPS
(black) or control (dark gray). Data are representative of more than five
experiments. (B) IL-4Ra expression on blood CD11b+ myeloid cells of WT and
TLR4™~ mice injected with LPS 20 h earlier. Data are representative of two
experiments. (C) Flow cytometry analysis of IL-4Ra on indicated blood cells
20 h after the injection of different doses of pooled sera from LPS (LPS se-
rum) or control (ctrl serum) into TLR4™~ mice. Data are representative of two
experiments.
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Fig. 4. BM-derived non-B, non-T cells in the lung and fat secrete an IL-4Ra—
regulating protein. (A) Flow cytometry analysis of IL-4Ra expression on blood
myeloid cells and lymphocytes from TLR4™~ mice cultured ex vivo for 18 h
with 0.5% control or LPS serum. Data are shown as mean and individual
mice; n = 5 (control); n = 35 (LPS). Data are representative of >10 experi-
ments. (B Left) Flow cytometry analysis of IL-4Ra expression on TLR4™~
myeloid blood cells cultured ex vivo with 0.5% control or LPS serum, pre-
treated (+) or not (-) with Proteinase K. (Right) SDS/PAGE gel of LPS serum
pretreated or not with Proteinase K. Data are representative of three
experiments. (C) Flow cytometry analysis of IL-4Ra expression on TLR4™~
myeloid blood cells cultured ex vivo with 0.5% serum from control or LPS-
injected WT, TLR4™/~, and Rag1~"~ mice, as well as irradiated TLR4™~ mice
reconstituted with WT BM cells (WT—>TLR4~""). Data are representative of
two experiments. (D) WT mice were injected with LPS, and organs were
harvested, cut into pieces, and cultured ex vivo for 8 h before the cell-free
supernatant was collected and added to TLR4™~ blood cells. Graph shows
flow cytometry analysis of IL-4Ra expression on myeloid cells cultured ex vivo
with 0.5% LPS serum or 10% (vol/vol) supernatant from organ cultures. Data
are representative of three experiments. (E) Flow cytometry analysis of IL-
4Ra expression on TLR4~'~ thioglycolate elicited macrophages cultured 20 h
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cells from mice deficient in the TLR4 signaling molecules MyD88
and TRIF were also used and displayed a clear response to the
LPS serum (Fig. S74). Further, direct addition of LPS to WT-
derived circulating cells did not result in the up-regulation of IL-
4Ra on myeloid cells (Fig. S7B). To define the nature of the ac-
tivity in LPS serum, we pretreated the LPS serum with proteinase
K or by heating to 90 °C for 45 min. Both of these treatments
completely abrogated the IL-4Ra regulatory activity of the LPS
serum (Fig. 4B and Fig. S7C). These results support the hypothesis
that LPS induces a soluble protein factor(s) that regulates IL-4Ra
expression on myeloid effector cells.

We next set out to determine the signaling events that pro-
mote production and release of the IL-4Ro-regulating protein(s).
As expected, sera from LPS-injected TLR4™~ mice did not
display the IL-4Ra-regulatory activity found in sera from LPS-
injected WT mice. However, irradiated TLR4™~ mice recon-
stituted with WT BM cells, resulting in mice expressing TLR4
only on BM-derived cells, still produced the IL-4Ra-regulating
protein(s) after injection of LPS. Similarly, B-cell- and T-cell-
deficient Ragl ™~ mice readily produced the protein(s) following
LPS injection (Fig. 4C). These findings suggested that the pro-
tein(s) is released from BM-derived non-B/non-T cells. Next, we
isolated organs from LPS-injected mice, cultured them ex vivo
for 8 h, and assayed the conditioned supernatant. Interestingly,
an IL-4Ra-regulatory activity was clearly found in both super-
natants from lung and fat cultures, supposedly released by BM-
derived cells residing in these organs. This result was in contrast
to supernatants from other organs, including the spleen, which
showed low activity (Fig. 4D). In line with this observation, no
difference in IL-4Ro-regulating ability was seen in the sera de-
rived from splenectomized or sham-operated mice injected with
LPS (Fig. S7D).

To extend our findings, we next turned to another source of
myeloid effector cells, (TLR4~") thioglycolate-elicited macro-
phages. These inflammatory macrophages behaved very similarly
to circulating myeloid cells when cultured for 20 h with LPS
serum or conditioned medium from lung (Fig. 4E). Because
macrophages have been shown to up-regulate the IL-4Ra after
exposure to IL-21 (26), we investigated whether this cytokine was
responsible for the LPS-mediated up-regulation of IL-4Ra on
myeloid cells. However, we were unable to abrogate the response
of either thioglycolate-elicited macrophages or circulating mye-
loid cells with an IL-21-neutralizing antibody (anti-IL-21) (Fig.
4F and Fig. STE). Thioglycolate-elicited macrophages pretreated
with lung supernatant to up-regulate the IL-4Ra also responded
with increased STAT6 phosphorylation, compared with non-
treated cells, when exposed to low levels of IL-4 (Fig. 4F). We
concluded that during acute inflammation, IL-4Ro-regulating
protein(s) are released into the circulation by BM-derived non-
B/non-T cells, residing in lung and fat tissues, priming myeloid
effector cells for STAT6 signaling.

An anti-inflammatory activity has long been attributed to IL-4.
This notion was originally based on the ability of IL-4 to effec-
tively dampen the production of proinflammatory cytokines from
activated human monocytes (27, 28). In murine studies, IL-4—
induced signaling has been shown to attenuate RA-like inflam-
mation in the collagen-induced arthritis (CIA) model by using ei-
ther an adenoviral delivery system or an osmotic pump continuously

with 10% supernatant from lung cultures, as described in D, with control or
a neutralizing anti-IL-21 antibody (50 pg/mL). IL-4Ra ™~ thioglycolate-elicited
macrophages (/) defines the background staining. Data are representative
of two experiments. (F) Western blot of phospho-STAT6 (STAT6-p) and actin
from TLR4™~ thioglycolate-elicited macrophages, pretreated with superna-
tant from lung or control cultures, pulsed with indicated doses of IL-4 for
15 min. Data are representative of three experiments.
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delivering I1L-4 (29, 30). However, other protocols for IL-4 ad-
ministration have not exhibited similar protection in the CIA
model (31). These studies, however, did not directly address the
cell population targeted by IL-4. Consistent with our results, Cao
et al. showed that IL-4Ra signaling in myeloid cells indeed has
a potent anti-inflammatory activity in the proteoglycans-induced
arthritis model (32).

The IL-4Ra forms a heterodimer with either the common cy-
tokine receptor gamma chain (y,/CD132) or IL-13Ral (CD213al),
making type 1 and 2 IL-4R, respectively. IL-4 interacts with both
of these receptors, whereas IL-13 only interacts with the type 2
receptor (20, 33). We have previously shown that exogenous IL-
13, like IL-4, protects from K/BxN-mediated inflammation, thus
showing that engaging the type 2 IL-4R is sufficient for an anti-
inflammatory activity in this model (15). The IL-4Ra belongs to
a family of receptors that can interact with y.. This family also
includes alpha chains making up cytokine receptors for IL-2, -7,
-9, -15, and -21 (34). Interestingly, the IL-2Ra (CD25) is highly
up-regulated during T-cell activation, something that has been
proposed to enable the cell to respond to low physiological levels
of IL-2 (35). This observation, thus, has similarities to the reg-
ulation we describe herein for IL-4Ra, suggesting that this type
of regulation could be a common feature for this family of
receptors. However, whereas the IL-2Ra is responsible for making
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the heterotrimeric high affinity IL-2R (IL-2Ro/IL-2Rp/y.) (36), no
IL-4R exists in the absence of IL-4Ra.

In conclusion, our studies support a model of a homeostatic
mechanism involving the up-regulation of IL-4Ra on myeloid
effector cells as a general response to inflammation. This mye-
loid-specific IL-4Ra up-regulation was seen in response to an
array of different stimuli, indicating that a conserved pathway is
likely involved. We propose that this common response to in-
flammatory stimuli plays a role in restoring homeostasis follow-
ing an inflammatory response and is a significant component of
a regulated immune response.

Materials and Methods

Joint inflammation was induced by transferring arthritogenic K/BxN serum
(17). IL-4 was administered just before K/BxN as IL-4:anti-IL-4 complexes with
prolonged in vivo half-life. IL-4Ra expression was determined by flow
cytometry using the anti-IL-4Ra clone M1. Detailed experimental procedures
are presented in S/ Materials and Methods.
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