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Neutrophil recruitment into the joint is a hallmark of inflammatory
arthritides, including rheumatoid arthritis (RA). In a mouse model
of autoantibody-induced inflammatory arthritis, neutrophils infil-
trate the joint via multiple chemoattractant receptors, including
the leukotriene B4 (LTB4) receptor BLT1 and the chemokine recep-
tors CCR1 and CXCR2. Once in the joint, neutrophils perpetuate
their own recruitment by releasing LTB4 and IL-1β, presumably
after activation by immune complexes deposited on joint struc-
tures. Two pathways by which immune complexes may activate
neutrophils include complement fixation, resulting in the genera-
tion of C5a, and direct engagement of Fcγ receptors (FcγRs). Pre-
vious investigations showed that this model of autoantibody-
induced arthritis requires the C5a receptor C5aR and FcγRs, but
the simultaneous necessity for both pathways was not understood.
Here we show that C5aR and FcγRs work in sequence to initiate and
sustain neutrophil recruitment in vivo. Specifically, C5aR activation
of neutrophils is required for LTB4 release and early neutrophil
recruitment into the joint, whereas FcγR engagement upon neu-
trophils induces IL-1β release and subsequent neutrophil-active
chemokine production, ensuring continued inflammation. These
findings support the concept that immune complex-mediated leu-
kocyte activation is not composed of overlapping and redundant
pathways, but that each element serves a distinct and critical func-
tion in vivo, culminating in tissue inflammation.

Sequential cascades of chemoattractants are a hallmark of
immune cell recruitment in sterile inflammation (1, 2). We

have recently shown that a lipid–cytokine–chemokine cascade,
consisting of leukotriene B4 (LTB4)–IL-1β–neutrophil-active
CCR1 and CXCR2 chemokine ligands drives neutrophil [poly-
morphonuclear leukocyte (PMN)] recruitment into the joint in
a model of autoantibody-induced arthritis (3, 4). These media-
tors act in a nonredundant, sequential manner to regulate the
recruitment of PMNs into the joint. Surprisingly, PMNs them-
selves are the predominant source of LTB4 and IL-1β in this
model, suggesting that PMNs can be central choreographers of
inflammation, rather than pure effector cells (3, 5). Orchestration
of PMN recruitment requires highly organized temporal and spatial
patterns of chemoattractant expression (3, 6–8). The molecular
mechanisms that achieve this sophisticated organization, however,
are unknown and presumably differ depending on the individual
pathologic stimulus and the specific tissue site. In this model of
autoantibody-induced arthritis, despite progress in identifying
the chemoattractants driving PMN recruitment, the specific stimuli
inducing the sequential release of LTB4 and IL-1β have not
been defined.
Arthritis is induced in this model by the transfer of serum from

K/BxN mice into recipient mice and is therefore often referred to
as the “K/BxN serum transfer model.” This model of autoanti-
body-induced arthritis is a prototypical model for immune
complex (IC)-induced PMN-driven inflammation. K/BxN serum
contains autoantibodies against glucose 6-phosphate isomerase
(GPI), which form ICs on the cartilage surface (9–11). Notably,
the classical pathway of complement activation does not play
a role in this model, which, however, requires the complement
factors C3 and C5 (9). C3 and IgG depositions colocalize in

arthritic joints, implying that C3b-IgG complexes are formed on
the cartilage surface, which activate complement via the alter-
native pathway finally cleaving C5a from C5 (9).
In the K/BxN serum transfer model, adaptive immunity is

bypassed and arthritis is independent of T and B lymphocytes
and is instead dependent on innate immune cells and PMNs in
particular (12–14). Several effector mechanisms are critically
involved in the generation of arthritis in this model. In addition
to LTB4 and IL-1β, the C5a receptor (C5aR) and Fcγ receptors
(FcγRs) are both also required for the development of arthritis.
However, how these cell surface receptors and soluble mediators
interact at the cellular level to initiate arthritis is not known.
C5aR and FcγRs are central mediators of innate immunity and

key for the execution of the effector phase of immune responses
triggered by immune complexes (15, 16). One emerging para-
digm suggests that the functions of C5aR and FcγR are inter-
twined and that a main function of C5aR is to lower the
threshold for FcγR activation, which in turn executes the actual
effector response (16–21). The relevance of this cross-regulation
in vivo has been shown for autoimmune hemolytic anemia and
IC-induced lung inflammation, where C5aR regulation of FcγR
function occurs in Kupffer cells and alveolar macrophages, re-
spectively (18, 19). In the latter model, this regulation enables
alveolar macrophages to more efficiently direct PMN recruitment
into the lung (18). However, it is not known whether this paradigm
also holds true for immune responses that are not coordinated by
tissue resident immune cells, and it is not known which effector
mechanisms downstream of C5aR and FcγRs are required for
disease induction and progression.
Although it has been a matter of debate, most recent data

suggest that tissue mast cells are not required for autoantibody-
induced arthritis (22). The role of macrophages in this model is
still debated, as macrophage-deficient op/op mice are fully sus-
ceptible to arthritis (23), whereas clodronate depletion of mac-
rophages protects against arthritis (24). Natural killer (NK) cells
and dendritic cells (DCs) are also not required for arthritis in this
model (25), but compelling data suggest that PMNs are in-
dispensable (12–14), and that C5aR and FcγR function in PMNs
is required to initiate arthritis (13). However, the precise roles of
C5aR and FcγR and the downstream effects of their activation
on PMNs critical for the development of arthritis in this model
have not been defined.
In this study, we set out to identify the inducers of LTB4 and

IL-1β release from PMNs required for the pathogenesis of
autoantibody-induced arthritis in this model. We hypothesized
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that the requirement of C5aR and FcγRs may be directly con-
nected to the release of LTB4 and IL-1β from PMNs. Here, we
demonstrate that C5aR and FcγRs on PMNs each separately
contributes to the initiation of arthritis by inducing the release of
LTB4 and IL-1β from PMNs in vivo, respectively. These findings
support the concept that immune complex-mediated leukocyte
activation is not composed of seemingly overlapping and re-
dundant pathways, but that each element serves a distinct and
critical function in vivo in a sequential, nonredundant manner
culminating in tissue inflammation. Additionally, these results
highlight how highly organized temporal and spatial patterns of
chemoattractant expression can be achieved in vivo to orchestrate
PMN recruitment and exemplify how PMNs can choreograph
their own recruitment and inflammation.

Results
C5a and ICs Induce the Release of LTB4 from PMNs in Vitro. Because
PMNs are a critical source of LTB4 in autoantibody-induced ar-
thritis (5), we tested whether C5a and immobilized ICs induce the
release of LTB4 from resting bone marrow (BM) PMNs in vitro.
C5a dose-dependently induced the release of LTB4 into the
medium with levels of LTB4 plateauing at ∼6 ng/mL following
1 h of C5a stimulation (Fig. 1A). The EC50 of C5a-induced LTB4
release was 25 ng/mL C5a, which is comparable to the reported
C5a concentration present in arthritic joints of patients with
rheumatoid arthritis (RA) (26, 27). LTB4 release was persistent
and after 18 h of C5a (100 ng/mL) stimulation, 3 ng/mL LTB4

was still found in the medium (Fig. S1A). Likewise, we examined
the effect of immobilized IgG1 ICs on the release of LTB4.
Stimulation of PMNs with ICs, but not with antigen or antibody
alone, induced the release of LTB4 (Fig. S1B).
Next, we costimulated PMNs with ICs and C5a, which elicited

an additive effect on the induction of LTB4 (Fig. 1B). We also
tested the effect of CCL3, CXCL2, IL-1β, fMLF, GM-CSF, and
2-thio-PAF, a stable analog of PAF, on the release of LTB4. We
found that none of these stimuli had an effect (Fig. S1C), which
indicates that LTB4 induction in resting PMNs is specific to
certain stimuli.
To ensure that LTB4 was specifically induced by activation of

C5aR and FcγRs, respectively, the release of LTB4 from C5ar−/−

and Fcer1g−/− PMNs was tested. Fcer1g−/− PMNs are deficient in
FcRγ, the common signaling chain of activating Fcγ receptors in
the mouse. As expected, C5ar−/− PMNs did not release LTB4 after
C5a stimulation, but released LTB4 after IC stimulation. Con-
versely, Fcer1g−/− PMNs released LTB4 only when stimulated
with C5a (Fig. S1D). LTB4 release was not impaired in Toll-like
receptor (TLR) 4-defcient (Tlr4−/−) PMNs, eliminating the
possibility that activation of PMNs by LPS contamination played
a role in C5a-induced LTB4 release (Fig. S1E).
We also determined whether C5a induces the release of IL-1β

from PMNs in vitro and whether C5a affects the recently de-
scribed induction of IL-1β in PMNs by ICs (3). In contrast to IC
stimulation, C5a had no effect on the release of IL-1β, nor did
CCL3 or CXCL2 (Fig. 1C). However, IFN-γ did augment IC-
induced release of IL-1β (Fig. 1C).

C5aR on Radiosensitive Cells Is Necessary and Sufficient for Arthritis.
We developed a protocol for the generation of bone marrow
chimeric (BMC) mice that replaces recipient PMNs with donor
PMNs while leaving tissue mast cells and tissue macrophages of
recipient origin at the time the mice are used for experiments.
Using this protocol, we addressed which cells must express C5aR
for the induction of arthritis by generating BMC mice using WT
and C5ar−/− mice. After bone marrow engraftment, chimeric
mice were subjected to K/BxN serum transfer and arthritis was
clinically evaluated (Fig. 2 A and B). As expected, BMC mice
that had WT bone marrow transplanted into (→) WT recipient
mice were susceptible to arthritis. In contrast, C5ar−/− → C5ar−/−

controls were resistant to arthritis as were C5ar−/− → WT BMC.
However, WT → C5ar−/− BMC developed arthritis indistinguish-
able from WT → WT controls. Consistent with these clinical
observations, histological analysis showed the ankles of WT→WT
controls and WT→ C5ar−/− BMC were severely inflamed, whereas
the joints of C5ar−/− → WT BMC and C5ar−/− → C5ar−/− controls
showed no signs of arthritis (Fig. 2 C and D). These results indicate
that C5aR expression on radiosensitive cells is necessary and suffi-
cient for arthritis, whereas C5aR on radioresistant cells does not
contribute to the development of arthritis.
To exclude that C5aR on mast cells plays a role, C5ar−/− mice

served as recipients and Kitw/Kitw-v mice, a mast cell-deficient
strain resistant to arthritis (28), served as BM donors. After se-
rum transfer, Kitw/Kitw-v → C5ar−/− BMC developed clinical signs
of arthritis and histopathological evidence of inflammation and
bone and cartilage erosion indistinguishable from those of WT →
C5ar−/− BMC (Fig. S2 A–D). In this experiment, chimeric mice
have no functional mast cells expressing C5aR and yet were fully
susceptible to arthritis. These results suggest that C5aR on
mast cells is not required for arthritis.
Osteoblasts are radiosensitive, express C5aR, and may modu-

late arthritis (29, 30). To determine whether C5aR on osteoblasts
contributes to arthritis, C5ar−/− recipients were reconstituted
with BM from osteoblast-deficient (osteoprotegerin-deficient;
Tnfrdf11b−/−) mice. Tnfrdf11b−/− → C5ar−/− BMC were fully
susceptible to arthritis (Fig. S2 A and B), demonstrating that
C5aR on osteoblasts does not contribute to arthritis. Likewise,
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Fig. 1. C5a and ICs induce LTB4 and IL-1β release from resting PMNs. (A)
Dose–response analysis for the release of LTB4 from PMNs after stimula-
tion with varying concentrations of murine recombinant C5a for 1 h. The
EC50 of LTB4 induction by C5a is 25.4 ng/mL. (B) Release of LTB4 from PMNs
after stimulation with IC, C5a (10 ng/mL), or both combined for 1 h. (C )
Release of IL-1β from PMNs after stimulation with IC, C5a (100 ng/mL),
CCL3 (100 ng/mL), CXCL2 (100 ng/mL), and IFN-γ (10 ng/mL) alone or
combined for 18 h. All data represent concentrations in the supernatant
determined by ELISA, shown as mean ± SD (n = 3 independent experi-
ments). *P < 0.05, **P < 0.01, ***P < 0.001 compared with unstimulated
control, ### P < 0.001 compared with stimulation with IC, and +P < 0.05
compared with stimulation with C5a.
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histological analysis of Tnfrdf11b−/− → C5ar−/− BMC revealed
severe signs of inflammation and cartilage and bone erosions
(Fig. S2 C and D).
We attempted to restore arthritis in C5ar−/− mice by adoptive

transfer of WT PMNs or whole WT BM. For the PMN transfer
experiments, 107 WT PMNs were injected daily on days 0–3 into
each recipient C5ar−/− mouse (Fig. S2 E and F). For the BM
transfer experiments, each individual C5ar−/− recipient mouse
obtained the total BM of one WT mouse daily on days 0–3
(Fig. S2 G and H). Neither adoptive transfer experiment restored
arthritis susceptibility to C5ar−/− mice. These data may suggest
that there is another C5aR-expressing radiosensitive cell that is
not present in the BM, or is not present in high enough numbers
in the BM, that is required for the induction of arthritis. Al-
ternatively, these data may also suggest that C5aR is required
on the majority of PMNs entering the joint, as we have found
that after adoptive PMN transfer, the percentage of adoptively
transferred PMNs in the blood and joint of recipient mice is very
low (<2% of blood PMNs) (4).

5-Lipoxygenase Must Be Coexpressed with C5aR in PMNs but Not with
FcRγ for Arthritis. We have shown that C5aR on radiosensitive
cells is required for arthritis. Likewise, it was shown previously
that 5-lipoxygenase (5-LO), an essential enzyme for LTB4 syn-
thesis, is required in radiosensitive cells and that 5-LO expres-
sion in PMNs alone is sufficient for arthritis (5). Now we asked
whether 5-LO in PMNs is activated by C5a and/or ICs. To this
end, we used mice deficient in 5-LO (Alox5−/−) and generated
C5ar−/−/Alox5−/−→WT and Alox5−/−/Fcer1g−/−→WTmixed BMC
with donor BMs used in a 1:1 ratio and subjected these mice to
serum transfer. Whereas Alox5−/−/Fcer1g−/− → WT BMC were
susceptible to arthritis (Fig. 3 A and B), C5ar−/−/Alox5−/− → WT
BMC were resistant (Fig. 3 E and F). At the same time, C5ar−/−/
WT → WT and Alox5−/−/WT → WT mixed BMC developed
arthritis indistinguishable from WT→ WT controls (Fig. 3 E and
F). These clinical results were also reflected in the histological
analysis (Fig. 3 C, D, G, and H). In Alox5−/−/C5aR−/− → WT
mixed BMC there are no radiosensitive cells simultaneously
carrying C5aR and capable of synthesizing LTB4. Hence, Alox5−/−/
C5aR−/− → WT BMC cannot produce significant amounts of
LTB4 if its release mainly depends on C5a. Our results therefore
indicate that in vivo, C5aR and 5-LO must be coexpressed in the
same cell and that C5a directly induces the release of LTB4 from
radiosensitive cells. In contrast, IC-induced LTB4 release from
radiosensitive cells is neither required nor sufficient for arthritis,
suggesting that in vivo C5a is the only critical inducer of LTB4 in
this model.
To corroborate these findings and to exclude that tissue mast

cells or macrophages are a source of LTB4 in this model, a variant
of the experiment was conducted, generating Alox5−/−/C5ar−/− →
Alox5−/− and Alox5−/−/WT→ Alox5−/− mixed BMC with the BMs
mixed in a ratio of 3:1 in favor of Alox5−/− cells and subjecting
these mice to serum transfer. WT → Alox5−/−, Alox5−/− →
Alox5−/−, and C5ar−/− → Alox5−/− BMC served as controls. WT→
Alox5−/− BMC developed severe arthritis, confirming that 5-LO
expression in radiosensitive cells is sufficient for arthritis. C5ar−/−→
Alox5−/− and Alox5−/− → Alox5−/− BMC did not develop arthritis.
In contrast, Alox5−/−/WT → Alox5−/− BMC developed arthritis,
albeit less severe than that in WT → Alox5−/− BMC (Fig. S3 A
and B). Thus, 25% WT BM still produced enough LTB4 to ini-
tiate and sustain arthritis. However, Alox5−/−/C5ar−/− → Alox5−/−

BMC did not exhibit signs of arthritis, demonstrating that C5ar−/−

BM cells did not synthesize sufficient amounts of LTB4 to induce
arthritis, supporting our conclusion that C5a directly activates 5-LO.
To prove that C5aR expression is specifically required on

PMNs to induce LTB4, WT and C5ar−/− PMNs were adoptively
transferred into Alox5−/− mice. It had previously been shown that
adoptive transfer of WT PMNs into Alox5−/− mice transiently
restores arthritis (5). We confirmed that adoptive transfer of WT
PMNs transiently restores arthritis in Alox5−/− mice. However,
adoptive transfer of C5ar−/− PMNs into Alox5−/− mice failed to
do so (Fig. 4 A and B), indicating that C5aR on PMNs is required
to induce LTB4 to initiate arthritis.

FcRγ and IL-1α/βMust Be Coexpressed in PMNs.We generated Il1a−/−

Il1b−/−/WT → WT, Fcer1g−/−/WT → WT, and Il1a−/−Il1b−/−/
Fcer1g −/− → WT mixed BMC with donor BMs used in a 1:1 ratio,
as well as Fcer1g −/− → WT and Il1a−/−Il1b−/− → WT BMC and
WT→WT control BMC. Fcer1g−/− →WT BMC were resistant to
arthritis, confirming that FcRγ expression on radiosensitive cells is
required for arthritis. Il1a−/−Il1b−/− → WT and Il1a−/−Il1b−/−/
Fcer1g−/− → WT BMC displayed only minor signs of arthritis,
whereas WT → WT controls, Il1a−/−Il1b−/−/WT → WT, and
Fcer1g−/−/WT → WT BMC developed severe arthritis (Fig. 5 A
and B). Consistently, Il1a−/−Il1b−/−/WT → WT and Fcer1g−/−/
WT → WT BMC showed histological signs of arthritis in-
distinguishable from WT → WT controls, whereas Il1a−/−Il1b−/−/
Fcer1g−/− →WT, Il1a−/−Il1b−/− →WT, and Fcer1g−/− →WTBMC
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hardly showed signs of arthritis (Fig. 5 C and D). The re-
quirement for FcRγ and IL-1α/β to be coexpressed suggests
that ICs directly induce IL-1β release.

To show that ICs induce IL-1β in PMNs, we generated Il1a−/−

Il1b−/− → WT chimera and adoptively transferred WT and
Fcer1g−/− PMNs into these BMC mice. Whereas Fcer1g−/− PMNs
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shown). P < 0.001 in clinical score and AT for WT→WT, Alox5−/−/Fcer1g−/− →WT, Alox5−/−/WT→WT, or Fcer1g−/−/WT→WT vs. Fcer1g−/− →WT, or Alox5−/− →
WT. (C) Histological score of ankles frommice in A and B (n = 9–15 mice per group; data compiled from three independent experiments). *P < 0.05, **P < 0.01,
and ***P < 0.001 for indicated group vs. Alox5−/− → WT; #P < 0.05, ##P < 0.01, and ###P < 0.001 for indicated group vs. Fcer1g−/− → WT. (D) Respective
representative sections. (E and F) Arthritis in WT→WT, C5ar−/− →WT, Alox5−/− →WT, Alox5−/−/C5ar−/− →WT, Alox5−/−/WT→WT, and C5ar−/−/WT→WT BMC
(n = 4–5 mice per group; one representative of three independent experiments is shown). P < 0.001 in clinical score for WT→ WT, Alox5−/−/WT → WT, or C5ar−/−/
WT→WT vs. Alox5−/− →WT, Alox5−/−/C5ar −/− →WT, or C5ar−/− →WT; P < 0.001 in AT for WT→WT or Alox5−/−/WT→WT vs. Alox5−/− →WT, Alox5−/−/C5ar−/− →
WT, or C5ar−/− → WT; and P < 0.01 in AT for C5ar−/−/WT → WT vs. Alox5−/− → WT, Alox5−/−/C5ar−/− → WT, or C5ar−/− → WT. (G) Histological score of mice from A
and B (n = 9–15 mice per group; compiled from three independent experiments). ***P < 0.001 for indicated group vs. Alox5−/−/C5ar −/− → WT; ##P < 0.01,
###P < 0.001 for indicated group vs. Alox5−/− → WT; ++P < 0.01, +++P < 0.001 for indicated group vs. C5ar−/− → WT. (H) Respective representative sections. All data
are presented as mean ± SEM. (Scale bars, 100 μm.)
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had no effect on arthritis in Il1a−/−Il1b−/− → WT BMC mice,
adoptive transfer of WT PMNs significantly reinforced arthritis
(Fig. 5 E and F), suggesting a requirement for FcγR activation on
PMNs for IL-1β induction.

FcγRIII Is Required for IL-1β Release from PMN in Arthritis.As K/BxN
serum predominantly contains anti-GPI IgG1 antibodies (10, 31),
and IgG1-ICs bind with highest avidity to FcγRIII, which is highly
expressed on PMNs (21), we examined whether FcγRIII is re-
quired for the induction of IL-1β. Although it is known that
FcγRIII contributes to autoantibody-induced arthritis (9), the
relative contribution of FcγRIII on radioresistant vs. radiosen-
sitive cells has not been addressed. We therefore generated all
“criss-cross” BMC combinations of Fcgr3−/− and WT mice.
Fcgr3−/− → Fcgr3−/− controls and Fcgr3−/− → WT BMC did not
develop arthritis. In contrast, WT → Fcgr3−/− BMC developed
marked arthritis, albeit attenuated compared with that in WT →
WT controls (Fig. S4 A–D). Thus, expression of FcγRIII on ra-
diosensitive cells is a prerequisite for arthritis, whereas expression
on radioresistant cells is dispensable but appears to augment
arthritis.
To determine whether FcγRIII on mast cells plays a role in

arthritis in this model, we generated Kitw/Kitw-v → Fcgr3−/− BMC
and subjected them to K/BxN serum transfer. Arthritis in Kitw/
Kitw-v → Fcgr3−/− BMC was indistinguishable from that in WT →
Fcgr3−/− BMC, suggesting that FcγRIII on mast cells does not
play an important role in the development of arthritis in this
model (Fig. S4 E and F). These clinical findings were confirmed by
the histopathological analysis of ankle joints (Fig. S4 G and H).
We also addressed whether FcγRIII is critical for the in-

duction of IL-1β by generating Il1a−/−Il1b−/−/Fcgr3 −/− → WT
mixed BMC with donor BMs used in a 1:1 ratio and their
respective controls. Whereas Il1a−/−Il1b−/−/WT → WT and
Fcgr3 −/−/WT → WT BMC were susceptible to arthritis, Il1a−/−

Il1b−/−/Fcgr3 −/− → WT BMC exhibited only minor signs of
arthritis (Fig. 6 A and B), indicating that FcγRIII is responsible
for the induction of IL-1β in PMNs. Additionally, IL-1β injected
daily on days 0–2 restored clinical and histopathological arthritis
in Fcgr3 −/− → WT BMC, suggesting that IL-1β is the only es-
sential effector downstream of FcγRIII (Fig. 6 C and D and Fig.
S5 A and B).

LTB4 and IL-1β Release from C5a- and Immune Complex-Stimulated
Human Neutrophils. To extend our findings to humans, we de-
termined whether C5a and ICs could induce the release of LTB4

and IL-1β, respectively, from human PMNs. Similar to what we
found for murine PMNs, human recombinant C5a in a dose-
dependent manner induced the release of LTB4 from freshly
isolated human peripheral blood PMNs (Fig. S6A). Likewise,
we also found that immobilized ICs induced the release of IL-1β
from human GM-CSF prestimulated peripheral blood neutrophils
(Fig. S6B).

Discussion
We have defined specific roles for C5aR and FcγR signaling in
PMNs required for the initiation and progression of autoanti-
body-induced arthritis. We demonstrate that C5aR and FcγR
activation upon PMNs specifically induces the release of two key
mediators, LTB4 and IL-1β, respectively. Thus, we have uncovered
a previously unknown direct connection between essential medi-
ators in this model linking C5aR activation to LTB4 release and
FcγR engagement to IL-1β release, elucidating the previously
enigmatic necessity for both C5aR and FcγR in autoantibody-
induced arthritis.
These findings are noteworthy in two additional aspects. First,

they suggest that C5aR and FcγR activation on PMNs is required
to orchestrate PMN recruitment and subsequent inflammation.
In other models of autoantibody-induced inflammation, activa-
tion of FcγRs and C5aR on tissue resident immune cells, such as
macrophages, was required for the recruitment of PMNs into
peripheral tissue sites (18). Second, C5aR-induced LTB4 release
and FcγR-induced IL-1β release in vivo occur independently
from each other without cross-regulation between the two re-
ceptor classes. The relationship between C5aR and FcγRs on
PMNs in autoantibody-induced arthritis, therefore, significantly
differs from the cross-regulation found in other models of
autoantibody-induced inflammation, where C5aR signaling is
thought to primarily set the threshold for subsequent sustained
activation of FcγRs on tissue resident immune cells (16, 18). This
paradigm is apparently not operational in our model of auto-
antibody-induced PMN-driven arthritis.
Detailed investigation into mechanisms of effector cell re-

cruitment in several mouse models of sterile inflammation in
recent years supports the notion of sequential cascades of che-
moattractants collaborating in a nonredundant manner to initiate
inflammation (1–3, 6, 7). The choreography of PMN recruitment
by nonredundant chemoattractant cascades, however, demands
highly organized temporal and spatial patterns of chemoattractant
expression (3, 6, 7). This mechanism may be particularly relevant
when a single cell type is the major source for several chemo-
attractants required in a cascade, as this is the case for the PMN
in autoantibody-induced arthritis. Our results suggest that the
highly organized pattern of chemoattractant expression that is
operational in vivo is achieved by the specificity of the stimuli
inducing these chemoattractants.
To determine whether C5aR and FcγRs directly induce LTB4

and IL-1β from PMNs in vivo we generated mixed BMC mice.
These mice allowed us to directly examine a stimulus–response
relationship occurring in the same cell type, while evaluating its
relevance in a complex biological system in vivo. We used a
protocol for the generation of chimeric mice that was optimized
to leave tissue mast cells and tissue macrophages of recipient
origin during the duration of the experiment. This protocol
exploited the fact that 4 wk after sublethal irradiation and BM
reconstitution, peripheral PMN counts have fully recovered and
are of donor origin (32), whereas tissue mast cells and macro-
phages are radioresistant and are of recipient origin during the
duration of the experiment (13, 33–35). For this reason, pro-
tocols designed to examine the effect of donor mast cells in
reconstituted mice wait at least 10 wk after donor mast transfer
before using these reconstituted mice for experiments (28). In
our studies, we used BMC mice 4 wk after BM reconstitution,
when tissue mast cells and macrophages were still of recipient
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origin (Fig. S7). Mast cells were suggested to play an essential
role in the K/BxN model of autoantibody-induced arthritis, and
C5aR and FcγRIII on mast cells as well as mast cell-derived IL-
1β were considered to significantly contribute to arthritis (28, 36–
38). However, we found that C5aR and FcγRIII on radiosensi-
tive cells alone are completely sufficient for arthritis and that
Kitw/Kitw-v → C5ar−/− and Kitw/Kitw-v → Fcgr3−/− chimeric mice
were also fully susceptible to arthritis, demonstrating that C5aR
and FcγRIII on mast cells do not contribute significantly to ar-
thritis in the K/BxN model. Furthermore, while this article was
in preparation, a new mast cell-deficient mouse strain was de-
veloped, applying Cre-mediated mast cell genotoxicity by use of
the mast cell-specific carboxypeptidase A3 locus (22). These
Cpa3Cre/+ mice are more specifically mast cell-deficient than the
previously used Kit mutant mouse strains. Consistent with our

results, Cpa3Cre/+ mice are fully susceptible to autoantibody-in-
duced arthritis in the K/BxN model (22).
The overall importance of PMNs in autoantibody-induced

arthritis has recently been readdressed by Monach et al., using
Growth factor independent 1 (Gfi-1)-deficient mice (13). Gfi-1 is
a zinc-finger transcriptional repressor required for maturation of
granulocyte and lymphocyte lineages (39–42). Gfi1−/− mice ex-
hibit several hematological abnormalities, among others, dys-
functional terminal PMN differentiation (39, 42). Monach et al.
(13) confirmed the requirement for PMNs in autoantibody-induced
arthritis. They demonstrated that Gfi1−/− mice were protected
from arthritis in the K/BxN model and that arthritis susceptibility
was restored in WT → Gfi1−/− chimeric mice. Furthermore, they
also examined arthritis in bone marrow chimeric mice using
Gfi1−/−mice as recipients and C5ar−/−, Fcer1g−/−, Fcgr3−/−, Alox5−/−,
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or Il1a−/−Il1b−/− mice as bone marrow donors. Consistent with
our results, they found C5aR and FcRγ on PMNs were required
for arthritis. However, in contrast to our findings, in Gfi1−/−

mice, they found that PMN-derived IL-1β and 5-LO contributed
to the severity of arthritis, but neither was required. We believe
that this discrepancy with our data may be due to the hyperex-
citable immune system of Gfi1−/− mice. Despite being deficient
in mature PMNs, Gfi1−/− mice also exhibit enhanced inflammation
(39, 42). Gfi1−/− mice die after minor doses of LPS from a cy-
tokine storm with highly elevated levels of IL-1β and TNF-α,
likely due to Gfi1−/− macrophages, which secrete much higher
amounts of IL-1β and TNF-α after stimulation with LPS than
WT macrophages (42). Of note, Monach et al. (13) found WT →
Gfi1−/− chimeric mice developed overexuberant arthritis, in
which macrophages were still of Gfi−/− origin. Therefore, it is
certainly conceivable that hyperactive macrophages of Gfi−/−

origin in these chimeras released enough IL-1β and LTB4 upon
K/BxN serum transfer to compensate for the lack of PMN-de-
rived LTB4 and IL-1β. Further, in contrast to our results, Mon-
ach et al. (13) concluded that FcγRIII was not required on PMNs
for arthritis in the model. However, because we found that
FcγRIII is required on PMNs specifically to induce IL-1β release,
and Monach et al. found that IL-1β release from PMNs was
contributory but not required in Gfi1−/− mice, it is not surprising

that they found arthritis in WT → Gfi−/− chimeras was not de-
pendent on FcγRIII.
C5aR is widely expressed on hematopoietic and nonhema-

topoietic cells, and its expression is up-regulated on many cell
types under inflammatory conditions (43). Diverse cell types
resident in the joint express C5aR, including endothelial cells,
synovial cells, and mast cells. In patients with RA, C5aR ex-
pression is enhanced on resident synovial cells (44), and C5aR+

subtypes of mast cells are enriched in the synovium of these
patients (45). Additionally, C5aR expression has also been de-
scribed in osteoblasts, osteoclasts, and chondroblasts and may
play a significant role in bone remodeling and inflammation (30,
46). Our data, however, demonstrate that C5aR expression on
radiosensitive cells alone is necessary and sufficient in autoan-
tibody-induced arthritis, whereas C5aR on radioresistant cells is
not required. We were not able to restore arthritis in C5ar−/−

mice by adoptive transfer of WT PMNs or WT BM, which might
suggest that a radiosensitive cell not in the BM is required for
arthritis; however, WT BM did restore disease susceptibility
when transplanted into irradiated C5ar−/− recipient mice. We
have previously found that after adoptive transfer of PMNs, less
than 2% of the circulating peripheral blood PMNs and a mi-
nority of the joint fluid PMNs are of donor origin (4). Therefore,
we interpret the apparent discrepancy between the WT→ C5ar−/−

adoptive transfer and bone marrow transplantation experiments
as due to C5aR being required on the majority of PMNs entering
the joint, calling for the presence of greater numbers of circu-
lating C5aR+ PMNs than is achievable with adoptive transfer
alone. As additional evidence for the requirement of C5aR on
PMNs, we found that adoptive transfer of wild-type PMNs re-
stored arthritis in Alox5−/− mice, whereas C5ar−/− PMNs did not.
This result suggests that C5aR on PMNs does play an essential
role for the generation of arthritis; otherwise C5ar−/− PMNs
would have restored arthritis in Alox5−/− mice.
In vitro, both C5a and ICs induced LTB4 and cooperated in an

additive manner, but in vivo, FcγR-induced LTB4 release was not
required for arthritis. The reason for this is not known; however,
in vitro C5a appeared more efficacious in inducing LTB4 than
ICs. Therefore, in vivo, IC-induced LTB4 release may be too
weak to induce arthritis in the absence of C5aR, whereas C5a-
induced LTB4 release appears vigorous enough alone to induce
arthritis. It is also conceivable that C5a, as a diffusible mediator,
may be more efficient in encountering PMNs entering the joint
compared with ICs, which might be restricted to the joint carti-
lage surface. Notably, both LTB4 and C5a are continuously re-
quired for arthritis in this model (4, 5, 9), supporting the notion
that C5a is the critical inducer of LTB4 in vivo.
In models of C5a-induced peritonitis and antibody-mediated

tumor immunotherapy, PMN recruitment is reduced in BLT1-
deficient (Ltb4r1−/−) mice (47). Further, in a model of C5a-in-
duced dermatitis, PMN recruitment is also reduced when 5-LO
activity is inhibited (48). These studies suggest that LTB4 and its
receptor BLT1 are required for PMN recruitment following the
local generation of C5a. Although these studies did not address
the cellular source and mode of LTB4 induction, they are con-
sistent with our findings and support the idea that the “C5a−
LTB4 axis” “kickstarts” PMN recruitment. The C5a−LTB4 axis is
particularly suitable for this role as C5a is generated immediately
upon diverse pathological stimuli, and, due to its ultrarapid
production and high potency, LTB4 is poised to initiate PMN
recruitment cascades (1, 2).
FcγR signaling is also required for the induction of autoanti-

body-induced arthritis (9, 49, 50). We found here that FcγRIII
on both radiosensitive and radioresistant cells contributed to
arthritis, but only its expression on radiosensitive cells was nec-
essary and sufficient. Most importantly, we have shown here that
FcγRIII and IL-1β must be coexpressed in the same radiosen-
sitive cell and that PMNs must be activated via FcγRs to restore
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arthritis in Il1a−/−Il1b−/− → WT BMC. This provides evidence
that in vivo IL-1β from PMNs is required for arthritis and that it is
directly induced via FcγRIII in PMNs. This is consistent with our
prior observation that PMNs are required to express IL-1β to re-
store arthritis in Ltbr4−/− mice (3). In our previous study, we also
showed that IL-1β amplifies arthritis by inducing the release of
PMN-active CCR1 and CXCR2 chemokine ligands, especially
from fibroblast-like synovial cells and endothelial cells (3). The
specific roles of C5aR and FcγRIII elucidated here, in concert with
our prior observations, suggest that C5aR-induced LTB4 pro-
duction is upstream of FcγRIII-induced IL-1β release from PMNs.
Our findings have correlations to inflammatory arthritis in

humans, as C5a, LTB4, ICs, IL-1β, and their respective receptors
are abundant in arthritic joints (26, 44, 51–55), and PMNs con-
stitute the bulk of cells in the synovial fluid (56). C5a and LTB4
are elevated in the synovial fluid of patients with RA, and the
activation level of the alternative complement pathway in the
synovial fluid of patients with RA correlates with levels of LTB4
(57). The concentration of C5a in RA synovial fluid averages ∼20
ng/mL (26, 27), a concentration that we found induces the re-
lease of LTB4 from mouse and human PMNs, suggesting that
this pathway is relevant under physiological conditions. In-
triguingly, expression of IL-1β is a characteristic feature of PMNs
infiltrating the synovial fluid (58, 59), and because synovial fluid
of patients with RA induces the release of IL-1β from PMNs, it
was suggested that ICs in the synovial fluid are responsible for
this activity (60). Our data confirm that ICs induce the release of
IL-1β from GM-CSF prestimulated human PMNs in vitro, which
supports the hypothesis that in the proinflammatory milieu of
arthritic joints, ICs may induce the release of IL-1β from PMNs.
Although PMNs do not express high levels of IL-1β on an in-
dividual level, the vast number of PMNs in the joint certainly
makes them a potential major source of IL-1β. Although IL-1β
inhibition is less efficacious than TNF inhibition for the treat-
ment of RA, it still improves clinical symptoms in RA and other
arthritides (61). Therefore, the detailed study of specific leuko-
cyte activation pathways made possible using in vivo animal
models provides unique mechanistic insights into the intricate
pathophysiology of immune complex-mediated diseases in humans,
which may then inform future approaches to develop new
therapeutic strategies.

Methods
Mice. C57BL/6 WT mice, congenic for CD45.1, Kitw/Kitw-v, Tnfrdf11b−/−,
Alox5−/−, Fcgr3−/−, and Tlr4−/− mice, all on the C57BL/6 background, were
obtained from the Jackson Laboratory (JAX). Fcer1g−/− mice on the C57BL/6
background were purchased from Taconic Farms. Il1a−/−Il1b−/− and C5ar−/−

mice on the C57BL/6 background were kindly provided by Y. Iwakura (Uni-
versity of Tokyo) (62) and C. Gerard (Children’s Hospital, Boston) (63), re-
spectively. All strains were bred under specific pathogen-free conditions at
the Massachusetts General Hospital. KRN mice were kindly provided by
D. Mathis and C. Benoist (Harvard Medical School, Boston) and housed at
JAX. K/BxN mice were obtained by crossing KRN with NOD/LtJ mice. All
experiments were performed according to protocols approved by the
Massachusetts General Hospital Subcommittee on Research Animal Care.
Age- and sex-matched, 6- to 12-wk-old mice were used in all experiments.

Generation of Bone Marrow Chimera. BMC were generated by sublethal ir-
radiation of the recipient mice (10 Gy, 10 min) and subsequent BM re-
constitution with 107 freshly isolated bone marrow cells within 24 h. Mixed
BMC were generated by reconstituting the recipient’s BM with BM from two
different donor strains in a 1:1 or 3:1 ratio, as indicated in the text. For a 1:1
ratio, each donor contributed 5 × 106 BM cells for the reconstitution, and for
a 3:1 ratio one donor contributed 7.5 × 106 and the other donor 2.5 × 106 BM
cells (Fig. S8). Four weeks after reconstitution chimeric mice were used for
experiments. The recovery of PMN blood counts at 4 wk after irradiation was
confirmed by WBC differential count. FACS analysis of CD45.1 and CD45.2
expression on BM-derived blood cells was used to control for chimerism,
exploiting the congenic expression of the CD45.1 allele in WT mice vs. CD45.2
expression in all other strains used in this study. Staining reagents used were

anti-CD45.1 PE, CD45.2 FITC, and anti-Ly6G PerCP-Cy5.5 (BD Bioscience). At
the time of the experiments, ≥95% of PMNs were of donor origin (Fig. S7).
To address the origin of tissue macrophages, macrophages were isolated
from chimeric mice by peritoneal lavage and stained with anti-CD45.1, anti-
CD45.2, and anti-F4/80 PerCP-Cy5.5 (BD Bioscience). At the time of the
experiments, more than 95% of peritoneal macrophages were of recipient
origin (Fig. S7).

Serum Transfer and Arthritis Scoring. K/BxN serum was harvested from 8-wk-
old arthritic K/BxN mice and stored at −80 °C. For induction of arthritis 150 μL
of serum was injected i.p. or, if adoptive transfers of PMNs were conducted,
i.v., into recipient mice on days 0 and 2 of the experiment. The clinical score
was determined, as follows: 0, no arthritis; 1, localized edema/erythema on
one paw surface; 2, edema/erythema on the entirety of one paw surface;
and 3, edema/erythema on both paw surfaces. Scores were added for all
four paws to a composite score of maximal 12. Ankle thickness was de-
termined with a pocket thickness gauge (Mitutoyo). Ankle thickening (ankle
thickness compared with baseline on day 0) was calculated as the mean
difference between the current ankle thickness and the ankle thickness on
day 0. For histopathological analysis, ankles were dissected and fixed in 4%
(vol/vol) neutral buffered paraformaldehyde, demineralized in modified
Kristensen’s solution, and H&E stained. The degree of inflammation, bone
erosions, and cartilage erosions were scored, as described before (64).
Briefly, they were scored as follows: 0, normal; 1, minimal; 2, mild; 3, mod-
erate; 4, marked; and 5, severe.

IL-1β Administration. Mice received 250 μL of 10 μg/mL murine recombinant
IL-1β (mrIL-1) (R&D Systems) in sterile PBS containing 0.1% BSA (Sigma-
Aldrich), which served as carrier protein (CP) (50 μg CP per 1 μg IL-1). Control
mice received 250 μL of 0.1% BSA in sterile PBS (= 125 μg CP). mrIL-1β and CP
were given i.p. on days 0, 1, and 2, if applicable, 4 h after K/BxN serum.

BM PMN Adoptive Transfer. Isolation and adoptive transfer studies of BM
PMNs were performed according to established protocols (3). PMNs were
greater than 90% pure and 95% viable as determined by Wright–Giemsa
staining and trypan blue exclusion, respectively. A total of 20 × 106 PMNs in
HBSS were injected i.v. via tail vein on days 0 and 2 before i.v. injection of
150 μL K/BxN serum.

Immunomagnetic Isolation and in Vitro Stimulation of PMNs. BM PMNs for in
vitro experiments were isolated using immunomagnetic separation. Freshly
harvested mouse BM leukocytes were stained with PE-conjugated anti-Ly6G
(BD Biosciences) and isolated with an EasySep PE selection kit (Stem Cell
Technologies). Purity was greater than 95%. PMNs were resuspended in
complete DMEM in a concentration of 5 × 106 BM PMNs/mL. For in vitro
experiments, 5 × 105 BM PMNs per well were seeded into 96-well plates
(Corning) and stimulated with ICs and recombinant murine C5a, CXCL2,
CCL3, IL-1β, GM-CSF, and IFN-γ (R&D Systems), as indicated. ICs were pre-
pared as described previously (3). PMNs were incubated at 37 °C and 5% CO2

for the time indicated. After harvest cell-free supernatants were stored
at −80 °C. The concentration of LTB4 and IL-1β in the supernatant was de-
termined by the LTB4 Parameter Assay Kit (R&D Systems) and by the Mouse
IL-1β ELISA Ready-SET-Go Kit (eBioscience), respectively, according to the
manufacturer’s instructions.

In Vitro Stimulation of Human PMNs. The study was approved by the Partners
Healthcare Institutional Review Board and each subject provided written
consent. Human PMNs were freshly isolated using Dextran and Ficoll from
heparinized peripheral blood of healthy donors. After purification, neu-
trophils were counted and resuspended to a cell concentration of 5 × 106/mL
in RPMI, 1% human serum, 10 mM Hepes. For stimulation with recombinant
human C5a (R&D Systems), 1 mL of PMNs was seeded into round-bottom
polypropylene tubes and stimulated for 1 h with C5a. Afterward, cell-free
supernatants were harvested and the LTB4 contents assayed by ELISA (R&D
Systems). For stimulation with immune complexes, PMNs were prestimulated
with 50 ng/mL GM-CSF (Peprotech) for 30 min. Afterward, PMNs were
seeded into 96-well plates coated with immune complexes, as described
above, and stimulated for 20 h. Cell-free supernatants were assayed for IL-1β
by ELISA (R&D Systems).

Statistical Analysis. All data are presented as mean ± SEM or mean ± SD.
Statistical differences in the clinical score (CS) and the ankle thickening (AT)
were determined by two-way ANOVA with Bonferroni posttests. Differences
in histological scores were determined by a Kruskal–Wallis test with Dunn
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posttests. ELISA data were evaluated by a two-tailed Student’s t test or by
one-way ANOVA with Bonferroni posttest, if more than two groups were
compared. For all statistical analyses GraphPad Prism 5.0 was used, and P <
0.05 was considered statistically significant.
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