The Journal of Experimental Medicine

CORRESPONDENCE
Paul Proost:
paul.proost@rega.kuleuven.be

Abbreviations: CCL, CC che-
mokine ligand; CXCL, CXC
chemokine ligand; CXCR,
CXC chemokine receptor;
ERK, extracellular signal-regu-
lated kinase; GAG, glycosami-
noglycan; HEK, human
embryonic kidney; MBP, my-
elin basic protein; MMP, matrix
metalloproteinase; MS, multiple
sclerosis; PAD, peptidylarginine
deiminase; PTH, phenyl thio-
hydantoin; RA, rheumatoid
arthritis; RP-HPLC, reversed
phase HPLC.

The Rockefeller University Press  $30.00
J. Exp. Med. Vol. 205 No. 9 2085-2097

ARTICLE

Citrullination of CXCLS8 by peptidylarginine
deiminase alters receptor usage, prevents
proteolysis, and dampens tissue inflammation
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Biological functions of proteins are influenced by posttranslational modifications such as
on/off switching by phosphorylation and modulation by glycosylation. Proteolytic processing
regulates cytokine and chemokine activities. In this study, we report that natural posttrans-
lational citrullination or deimination alters the biological activities of the neutrophil
chemoattractant and angiogenic cytokine CXCL8/interleukin-8 (IL-8). Citrullination of
arginine in position 5 was discovered on 14% of natural leukocyte-derived CXCL8(1-77),
generating CXCL8(1-77)Cit,. Peptidylarginine deiminase (PAD) is known to citrullinate
structural proteins, and it may initiate autoimmune diseases. PAD efficiently and site-
specifically citrullinated CXCL5, CXCL8, CCL17, CCL26, but not IL-1f3. In comparison with
CXCL8(1-77), CXCL8(1-77)Cits had reduced affinity for glycosaminoglycans and induced
less CXCR2-dependent calcium signaling and extracellular signal-regulated kinase 1/2
phosphorylation. In contrast to CXCL8(1-77), CXCL8(1-77)Cit; was resistant to thrombin-
or plasmin-dependent potentiation into CXCL8(6-77). Upon intraperitoneal injection,
CXCL8(6-77) was a more potent inducer of neutrophil extravasation compared with
CXCL8(1-77). Despite its retained chemotactic activity in vitro, CXCL8(1-77)Cits was
unable to attract neutrophils to the peritoneum. Finally, in the rabbit cornea angiogenesis
assay, the equally potent CXCL8(1-77) and CXCL8(1-77)Cits were less efficient angio-
genic molecules than CXCL8(6-77). This study shows that PAD citrullinates the
chemokine CXCL8, and thus may dampen neutrophil extravasation during acute or

chronic inflammation.

Chemokines are a family of small secreted pro-
teins that activate and attract leukocytes during
inflammation, but also play an important role
in normal leukocyte trafficking, including lym-
phocyte homing. Chemokines exhibit affinity
for seven transmembrane-spanning G protein—
coupled signaling receptors and extracellular ma-
trix or cell-bound glycosaminoglycans (GAGs).
These chemotactic cytokines contain conserved
cysteine residues in their amino (NH,)-terminal
structure, a characteristic used for classification
into CXC, CC, CX;C, and C chemokines (1, 2).
CXCLS8 (IL-8), which contains the tripeptide
Glu-Leu-Arg (ELR) in front of the first Cys resi-
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due, is an inflammatory CXC chemokine with
potent neutrophil chemotactic and angiogenic
properties (3—6). CXCLS8 promotes in vivo ac-
tivation and recruitment of neutrophil granulo-
cytes through the chemokine receptors 1 and 2
(CXCR1 and CXCR2) (7, 8).

Chemokine activity is controlled at differ-
ent levels, including regulation of chemokine
and chemokine receptor expression, the pres-
ence of “silent” or “decoy” chemokine recep-
tors, binding to GAG, and posttranslational
modification (9—13). Leukocytes have been
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reported to produce a mixture of proteolytically modified
forms of CXCLS, which are derived from secreted intact
CXCLS, i.e., CXCL8(1-77) (6, 14). Limited N-terminal
truncation by proteases such as thrombin, plasmin, and matrix
metalloproteinases (MMPs) potentiates the in vitro CXCLS8
activities (15—18). However, cleavage in or beyond the ELR
motif abrogates CXCLS8 activity (19). In vivo, no significant
difference in neutrophil accumulation or plasma protein exuda-
tion was observed between CXCL8(1-77) and CXCL8(6-77)
upon intradermal injection in rabbits or intra—air pouch ad-
ministration in mice (17, 20). This apparent contradiction
between in vitro and in vivo migration experiments may be
explained by the rapid processing of CXCL8(1-77) in vivo, as
indicated by studies with Mmp8~/~ mice (17).

In an attempt to better understand such discrepancies, we
studied alternatively modified chemokines and discovered a
novel natural posttranslational modification of CXCLS, i.e.,
the conversion of one specific Arg into Cit. The enzyme re-
sponsible for this modification is peptidylarginine deiminase
(PAD), for which a genetic association with rheumatoid
arthritis (RA) has been uncovered (21). In addition, auto-
antibodies to citrullinated proteins are more specific markers
for RA than IgM rheumatoid factor and are detected in most
of the patients (22). Diagnostically, such autoantibodies were
also shown to precede disease onset, implying the possibility
of an early ontogenic immunological response toward citrul-
linated protein epitopes (23).

In this study, natural citrullinated CXCLS8 was identified,
and the effects of such citrullination were evidenced on the
in vitro and in vivo activities of CXCL8. In contrast to
N-terminal processing of CXCLS, the biological consequences
of citrullination were more pronounced in neutrophil extrava-
sation than in angiogenesis. These findings demonstrate a novel
and important additional regulation of chemokine activity in
inflammation. Citrullination affects the migration of neutro-
phils, the most abundant leukocyte type in human blood.
Moreover, this study indicates that PAD directly modulates
immune reactions through the modification of chemokines.

RESULTS

Identification of naturally citrullinated isoforms of CXCL8
Purified PBMCs from pooled buffy coats were induced at 5 X
10° cells/ml with 10 pg/ml polyriboinosinic:polyribocytidylic
acid and 20 ng/ml IFN-y in RPMI-1640 containing 2% FBS
for chemokine production (24). Natural CXCLS8 was purified
from the conditioned medium by adsorption to controlled
pore glass, heparin affinity, Mono S cation exchange, and C8
reversed phase HPLC (RP-HPLC), as previously described
(6, 25, 26). In the column fractions, 11 different CXCLS iso-
forms were detected by specific ELISA and identified by both
mass spectrometry and amino acid sequencing using Edman
degradation (Table I and Table S1, available at http://www
Jjem.org/cgi/content/full/jem.20080305/DC1). Although
part of the PBMC-derived CXCLS8 was truncated by five or
more amino acids, many fractions contained intact CXCLS,
i.e., CXCL8(1-77) and a CXCLS8 isoform with two extra
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N-terminal residues, CXCL8(-2—77), which is probably the
result of an alternative cleavage of the signal peptide. Because
of their instability in the Edman chemistry, the phenyl
thiohydantoin (PTH)-Cys residues at positions 12 and 14
of CXCL8(1-77) (indicated as X) were not detected after
Edman degradation and subsequent RP-HPLC. R emarkably,
in some fractions, the PTH-Arg at position 5 (PTH-Args) in
the sequence of natural CXCL8(1-77) was also not identi-
fied (indicated as B), whereas the PTH-Arg;, present in the
ELR motif was always detected (sequence AVLPBSAKEL-
RXQXIK). In contrast, recombinant CXCL8(1-77) clearly
showed the consistent presence of this PTH-Args, whereas
the PTH-Cys remained undetectable upon sequence analy-
sis. Instead of a PTH-Args peak, in natural CXCL8(1-77) an
unidentified compound eluted from the RP-HPLC column
of the protein sequencer in between PTH-Thr and PTH-
Gly (unpublished data). On classical, noncapillary protein
sequencers with an HPLC column with a diameter of 2.1
mm instead of 0.8 mm, the unidentified residue could not be
detected because it coeluted with the only partially separated
PTH-Thr and PTH-Gly peaks. The high background signals
of PTH-Thr and PTH-Gly and the weak signal for PTH-
Arg on these noncapillary protein sequencers also explain
why this modification was not reported before. In addition,
the experimentally determined average M, of 8,917.1-8,919
(Table S1) of natural CXCL8(1-77) with the observed mod-
ification of Arg on position 5 did not significantly differ from
the theoretical M, (8,918.44) of CXCL8(1-77). Based on these
mass spectrometry and Edman degradation data, the differ-
ence between natural and recombinant CXCLS8 could not
be explained by a mutation of Arg to one of the other 19
classical amino acids. Therefore, amino acids generated
by posttranslational modification of Arg were considered.

Table I. Identification of natural CXCL8 by Edman
degradation and mass spectrometry

CXCL8 isoform

NH,-terminal sequence®  Percentage of total

amount of CXCL8®

-21 5 10
CXCL8(-2-77) EGAVLPRSAKELRXQX 7.8
CXCL8(-2-77)Cits EGAVLPBSAKELRXQX 0.7
CXCL8(1-77) AVLPRSAKELRXQX 25.9
CXCL8(1-77)Cits AVLPBSAKELRXQX 4.1
CXCL8(2-77) VLPRSAKELRXQX 5.5
CXCL8(2-77)Cits VLPBSAKELRXQX 0.7
CXCL8(3-77) LPRSAKELRXQX 1.1
CXCL8(6-77) SAKELRXQX 441
CXCL8(8-77) KELRXQX 9.0
CXCL8(9-77) ELRXQX 1.2

aX stands for an unidentified residue (on Cys positions) and B stands for citrulline.
Numbering corresponds to the position of the amino acids in CXCL8(1-77).

“The relative amount of the different CXCL8 isoforms was obtained from the yields
for the different amino acids during Edman degradation on >20 RP-HPLC fractions
from a large batch of leukocytes from pooled blood donations (Table S1, available at
http://www.jem.org/cgi/content/full/jem.20080305/DC1).
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The only known side chain alteration on Arg that results in a
minimal change in M, (one mass unit) and has been reported
to occur in some structural proteins is the modification of
Arg into Cit (Fig. 1 A). Therefore, L-citrulline was loaded
on the filter of the protein sequencer, and after one Edman
degradation cycle the PTH-derivative was detected by RP-
HPLC. PTH-Cit eluted at exactly the same position as the
unidentified amino acid on position 5 in natural CXCL8(1-
77), i.e., in between PTH-Thr and PTH-Gly (unpublished
data). This confirms that the fifth amino acid in part of the
natural PBMC-derived CXCL8(1-77) is posttranslationally
modified from Arg into Cit. Because the experimentally de-
termined M, of natural CXCL8(1-77) did not significantly
differ from the theoretical M, and PTH-Arg,; was routinely
detectable, it is expected that other Arg residues present in
the CXCLS structure are not or less efficiently converted to
Cit. Simultaneous replacement of all Arg residues by Cit was
excluded based on the mass spectrometry data on >20 frac-
tions containing CXCL8 immunoreactivity from 6 different
C8 RP-HPLC columns (Table S1). The relative amount
of CXCL8(1-77) with Cits instead of Args; per RP-HPLC
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Figure 1. Modification of CXCL8 by PAD and production of pure
citrullinated CXCL8(1-77)Cits. (A) Arginine residues that are incorpo-
rated in protein sequences may be converted into citrulline by PAD.

(B) Recombinant CXCL8 (5 uM) was incubated with rabbit PAD, human PAD2,
or human PAD4 at an enzyme/substrate (E/S) molar ratio of 1:20 or 1:200
for different time periods. The presence of Arg (#) or Cit (M) at position 5
was determined by Edman degradation. The percentage of Args or Cits in
the sequence was calculated from the amount of PTH-Arg and PTH-Cit
that was detected by RP-HPLC after Edman degradation for five cycles.
(C) Alternatively, recombinant CXCL8 was incubated for 90 min with PAD
at an E/S molar ratio of 1:20, purified by C8 RP-HPLC, and eluted in an
acetonitrile gradient, and UV absorption was detected at 214 nm. Part of
the column effluent (0.67%) was connected online to an ion trap mass
spectrometer, and the averaged spectra for the chromatographic peaks
were deconvoluted to obtain the M, of the proteins (top graph).
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fraction varied between 0 and 100%, as indicated by Edman
degradation on all individual fractions. Moreover, citrullina-
tion of this Arg was also detected in the less abundant iso-
forms CXCL8(-2-77) and CXCL8(2-77). Arg;, of natural
CXCL8(1-77) was not modified in any of these RP-HPLC
fractions. Overall, 14% of natural CXCL8(1-77) and 5.5%
of total natural CXCL8 from PBMC was citrullinated on
position 5. The percentage of Cit; was calculated from the
yield of the fifth cycle of the Edman chemistry. A detailed
analysis indicated that CXCL8(1-77) and CXCL8(1-77)Cit;
were only partially separated on heparin affinity, cation ex-
change, and C8 RP-HPLC. Compared with CXCL8(1-77),
CXCL8(1-77)Cits eluted at slightly lower NaCl concen-
trations from the heparin affinity and cation exchange col-
umn and at faintly higher acetonitrile concentrations from
the C8 RP-HPLC column (Table S1). Because Cit and
Arg differ in one mass unit only, the experimentally deter-
mined mass could not be used as a criterion to predict the
percentage of citrullination. This also indicates that in body
fluids, citrullination of CXCLS8 cannot be detected at pre-
sent by the proteomic approach using ion trap mass spec-
trometry, and that natural proteins need to be purified to
homogeneity before identification of this modification by
Edman degradation.

Citrullination of CXCL8 by PAD

The PAD enzymes catalyze the posttranslational hydroly-
sis of the guanidino group of Arg in proteins, resulting in
a Cit in the primary structure of these proteins (Fig. 1 A).
The purity of the commercial rabbit PAD preparation was
verified by SDS-PAGE. Two bands were visible after pro-
teins were blotted on PVDF membranes and stained with
Coomassie blue, one corresponding to BSA and the other to
PAD, as indicated by Edman degradation (unpublished data).
Recombinant CXCL8(1-77) was incubated with PAD at a
1:20 or 1:200 enzyme/substrate (E/S) molar ratio. Amino
acid sequencing revealed that rabbit PAD converted the Arg
on position 5 (Args) into Cit within 30 min at a 1:200 E/S
molar ratio (Fig. 1 B). As indicated by both Edman degrada-
tion and mass spectrometry analysis, only this N-terminally
located Args and no other Arg residues were citrullinated. At a
1:20 E/S molar ratio, the conversion of Args occurred more
rapidly, and only Cits and Arg,;, but neither Args; nor City,
were detectable after 5 min (Fig. 1 B and not depicted). Al-
though 1 mM dithiothreitol is reported to be added in most
incubations of proteins with PAD (27-30), dithiothreitol was
not essential for the conversion of Arg; in CXCL8(1-77) into
a Cit, indicating that this Arg is highly accessible to the en-
zyme without partial disruption of the secondary structure
of the protein (unpublished data). Recently, recombinant
human PAD2 and PAD4 became commercially available.
At a 1:200 E/S molar ratio and without addition of reducing
reagents CXCL8(1-77) was found to be citrullinated by both
human PAD2 and PAD4, with a half life for Args of 12 and
15 min, respectively (Fig. 1 B). Thus, both human enzymes
converted CXCL8(1-77) into CXCL8(1-77)Cits with an
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efficiency comparable to rabbit PAD, also without modi-
fication of Arg; in the CXCLS8 sequence. To investigate
whether the citrullination was cytokine specific, recombinant
IL-1B was incubated with PAD at a 1:20 E/S ratio, desalted,
and subjected to Edman degradation. The Arg at position 4 in
the protein sequence of mature biologically active IL-1(3 has
been reported to be involved in receptor interactions (31).
However, no citrullination was observed on either of the
first two Arg of IL-13 (positions 4 and 11 in the protein
sequence of mature IL-1f3; unpublished data). Moreover, on
ion trap mass spectrometry an average M, for PAD-treated
IL-1B8 of 17,375 was detected, which is comparable to its
theoretical average M, of 17,377. Although PAD was not able
to citrullinate IL-1f3, incubation of other chemokines with an
Arg present in their N-terminal region (CXCL5, CCL17,
and CCL26) was done with rabbit PAD, human PAD?2, or
PADA4. This resulted at the best tested E/S ratios and incu-
bation times in 90-100% citrullination of the first N-termi-
nally located Arg, as indicated by Edman degradation (Table II).
However, CXCL5 and CCL26 were citrullinated more
slowly compared with CXCL8. Human PAD4, but not hu-
man PAD2, citrullinated the first N-terminal Arg in CCL17
with an efficiency comparable to that in CXCL8. Moreover,
the second Arg in CCL17 was also partially citrullinated by
human PAD4, as well as by PAD2. In analogy with CXCLS,
no conversion of the second and only other Arg was detected
in CXCL5, even with 10-fold higher enzyme concentrations.
In conclusion, citrullination does not appear to be a general
phenomenon for all cytokines, and in addition occurs pref-
erentially on specific positions such as Args in the CXCL8
sequence, which is in accordance with the citrullination of
natural CXCLS (vide supra). To exclude that the PAD activity
in the leukocyte cultures originated from the FBS in the culture
medium, FBS was tested after standard inactivation for 30
min at 56°C in a recently developed PAD activity assay (32).

PAD activity was not detected in either of three commercial
FBS sources, confirming that the leukocytes were the actual
source of the enzymatic activity (unpublished data).

To obtain sufficient amounts of pure citrullinated chemo-
kine for bioassays, recombinant CXCL8(1-77) was incubated
with rabbit PAD at a 1:20 E/S molar ratio for 90 min and
purified by C8 RP-HPLC. Modified CXCLS eluted in one
major peak from the column with a M, of 8,919.0, corre-
sponding to the theoretical M, of 8,919.4 (Fig. 1 C). The
presence of Cits and Arg;; was confirmed by Edman degra-
dation. No CXCLS that contained a remaining Args was de-
tected in this preparation (unpublished data).

Effect of citrullination on the N-terminal processing

of CXCL8 by proteases

CXCL8(1-77) produced by PBMCs is known to be N-ter-
minally truncated into CXCL8(6—77) by thrombin and plas-
min (15, 16). Moreover, this truncation has a significant
impact on the receptor-dependent signaling and in vitro che-
motactic activity of this chemokine. Because the major cleav-
age site in CXCLS8 for the serine proteases thrombin and
plasmin is located between Args and Ser, the effect of post-
translational modification of Args to Cit on the sensitivity of
CXCLS to both of these proteases was investigated. As ex-
pected, recombinant intact CXCL8(1-77) was almost com-
pletely converted into CXCL8(6—-77) by thrombin within
5 min at an E/S ratio of 1:100 as detected by Edman degrada-
tion, ion trap mass spectrometry, and SDS-PAGE analysis
(Fig. 2 A and Fig. S1, available at http://www . jem.org/cgi/
content/full/jem.20080305/DC1). Also, plasmin was able to
cleave CXCLS (E/S ratio of 1:100), but plasmin was less pro-
ficient than thrombin because only 60% of CXCL8(1-77) was
processed within 0.5 h (Fig. 2 B and Fig. S2). In contrast to
CXCL8(1-77), CXCL8(1-77)Cit; was resistant to thrombin,
as shown by Edman degradation, and it was also cleaved at a

Table Il.  PAD incubation of CXC and CC chemokines
Chemokine NH,-terminal sequence? Enzyme E/SP Incubation time®  Percentage first  Percentage M, shift®
Citd second Cit?

CXCL5 AGPAAAVLRELRCVC- rabbit PAD 1/20 90 89.8 0 +1.0
hu PAD2 1/200 120 14.0 0 +0.4
hu PAD4 1/200 120 35.1 0 +0.6

CXCL8 AVLPRSAKELRCQC- rabbit PAD 1/20 90 100 0 + 1.1
hu PAD2 1/200 120 88.0 0 ND
hu PAD4 1/200 120 94.5 0 +1.0

CCL17 ARGTNVGRECC- hu PAD2 1/200 120 24.8 22.6 +0.8
hu PAD4 1/200 120 92.1 54.3 +2.4

CCL26 TRGSDISKTCC- hu PAD 1/200 120 17.1 ND +0.2
hu PAD4 1/200 120 17.8 ND +0.2
hu PAD4 1/40 120 100 ND +13

2NH,-terminal Arg residues are indicated in bold, cysteine motifs are underlined.
®Molar Enzyme/Substrate ratio.
‘Incubation time in minutes.

dPercentages of conversion of NH,-terminal Arg residues to Cit were determined by Edman degradation.
eShift compared to the theoretical average M, of the uncitrullinated chemokine as determined by ion trap mass spectrometry.
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much lower rate with plasmin. Indeed, a peptide smaller than
CXCL8(1-77) appeared on the gel upon incubation of
CXCL8(1-77)Cits with plasmin for 1 h or more (Fig. 2 B).
However, plasmin did not cleave CXCL8(1-77)Cits (the-
oretical M, 8,919.5) into CXCL8(6—77) (theoretical M,
8,381.8), but rather into CXCL8(9-77) (theoretical M,
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Figure 2. Sensitivity of citrullinated CXCL8 to thrombin and plas-
min cleavage. Recombinant CXCL8(1-77) and CXCL8(1-77)Cit; were
incubated with thrombin (A) or plasmin (B) for different time periods at
an enzyme/substrate molar ratio of 1:100. SDS-PAGE was performed un-
der reducing conditions on Tris/tricine gels and proteins were visualized
by silver staining (25). The bovine trypsin inhibitor (M, 6,200) is visible as
the M, marker (arrows). Edman degradation and ion trap mass spectrom-
etry analysis were used to calculate the percentage of conversion of
CXCL8(1-77) or CXCL8(1-77)Cit; (black) into CXCL8(6-77) (white) or
CXCL8(9-77) (dashed).
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8,095.5; Fig. S2) and upon prolonged incubation also into
CXCL8(9-72) as indicated by mass spectrometry (unpub-
lished data). It can be concluded that Argy citrullination in
intact CXCL8(1-77) protects this chemokine from being
processed rapidly into the more active inflammatory form,
i.e., CXCL8(6-77).

Effect of citrullination on CXCR1, CXCR2, and GAG binding
properties of CXCL8
Cells transfected with the two high-affinity CXCLS8 recep-
tors, CXCR 1 and CXCRZ2, were used to compare the bind-
ing efficiency of CXCLS isoforms. CXCL8(6—77) competed
more efficiently than CXCL8(1-77) for binding of iodinated
CXCL8(6-77) to CXCR1 (Fig. 3 A). In addition, CXCLS8(1—
77)Cits was a more potent competitor for CXCL8 binding
to CXCR1 compared with CXCL8(1-77). In contrast, on cells
transfected with CXCR2, citrullination of Args did not affect
the binding efficiency (Fig. 3 B). Removal of the five N-ter-
minal amino acids resulted in increased CXCLS8 binding
to CXCR2. This indicates that the conversion of the posi-
tively charged Arg into a neutral Cit on the fifth position in
CXCL8(1-77) enhances the binding efficiency of this chemo-
kine on CXCR1, but not on CXCR2.

In addition to binding to seven-transmembrane spanning
G protein-coupled receptors, CXCLS interaction with GAG
is important for in vivo biological activity (9, 33). Because
chemokine binding to GAG primarily depends on positively
charged amino acids, and because citrullination induces a reduc-
tion of the chemokine charge, the binding of CXCL8(1-77),
CXCL8(1-77)Clits, and CXCL8(6—-77) to GAG was com-
pared on EpranEx plates treated with heparin (Fig. 3 C) or
heparan sulfate (Fig. 3 D). Although the first Arg in the
CXCL8 sequence 1s missing in CXCL8(6—-77), CXCL8(1-
77) and CXCL8(6—77) had a comparable affinity for heparin
and heparan sulfate. In contrast to truncation, citrullination of’
the first Arg provoked reduced binding properties on heparin
and heparan sulfate. Approximately threefold higher concen-
trations of CXCL8(1-77)Cit; compared with CXCL8(1-77)
and CXCL8(6—77) were required to obtain an equal effect in
the GAG binding assays.

Effect of citrullination on receptor signaling and in vitro
chemotactic properties of CXCL8

In the calcium signaling assay on neutrophils, CXCL8(1-77)
and CXCL8(1-77)Cit; provoked a comparable increase of
the [Ca%*];. As expected, CXCL8(6—77) was fivefold more
potent (Fig. 4 A). In addition, CXCL8(6—77) was 5- to 10-
fold more potent in comparison with intact, unmodified, and
citrullinated CXCLS at desensitizing CXCL8(1-77) (Fig. 4 B).
The signaling capacity of CXCL8(1-77)Cits was also eval-
uated on receptor-transfected cells. Despite its higher affinity
for CXCR1, CXCL8(1-77)Cits provoked a comparable cal-
cium signal and was equally potent to desensitize CXCR 1
compared with CXCL8(1-77) (Fig. 4, C and D). How-
ever, on CXCR2-transfected cells, CXCL8(1-77)Cits was
about twofold less potent in comparison with unmodified
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CXCL8(1-77) in provoking a calcium release and in desensi-
tizing CXCR2 (Fig. 4, E and F).

Further investigation on CXCR2 signaling was performed
by measuring the amount of phosphorylated extracellular sig-
nal-regulated kinase 1/2 (ERK1/2). Truncated CXCL8(6-77),
intact CXCL8(1-77), and CXCL8(1-77)Cit; provoked sig-
nificant phosphorylation of ERK1/2 at a concentration of 10
nM (Fig. 5). ERK1/2 phosphorylation induced by CXCL8(1-
77)Cits was significantly lower than CXCL8(6—77)-induced
ERK1/2 phosphorylation after 5, 10, and 20 min of stimu-
lation, whereas CXCL8(1-77)-induced stimulation only dif-
fered from CXCL8(6—77) after 5 min. A significantly more
pronounced ERK1/2 phosphorylation with CXCL8(1-77)
compared with citrullinated CXCL8(1-77)Cit; was also ob-
served after stimulating the cells for 20 min (Fig. 5). Thus,
both the calcium and ERK1/2 signaling assays on CXCR2-
transfected cells indicate that CXCL8(1-77)Cit; is weaker than
authentic CXCL8(1-77). It must be concluded that citrullina-
tion of CXCLS8 results in a CXCR2-specific reduction of its
in vitro signaling potency.

Authentic CXCL8(1-77), CXCL8(1-77)Cits, and trun-
cated CXCL8(6-77) were compared for their ability to attract
neutrophils in the Boyden chamber assay. Although the chemo-
tactic response to CXCL8(1-77) was moderately higher than
to CXCL8(1-77)Cits, no statistically significant difference
in activity was detected (Fig. 6). In contrast, CXCL8(6—77)
provoked a significantly higher chemotactic response in com-
parison with CXCL8(1-77)Cit; and CXCL8(1-77). Truncated

CXCL8(6-77) reached its maximal chemotactic activity at a
concentration of 1 nM, which was 10-fold lower than the opti-
mal concentration of CXCL8(1-77) and CXCL8(1-77)Cits.

Collectively, reduced in vitro CXCR?2 signaling and
GAG binding by citrullination of CXCLS8 and protection of
CXCL8(1-77)Cits from proteolytic cleavage into the most
active CXCL8(6-77) would allow us to speculate that in
vivo neutrophils are less activated to migrate in response to
CXCL8(1-77)Cits than to CXCL8(1-77). In addition, CXCL8
and other CXC chemokines with an ELR motif were reported
to have angiogenic properties (5, 34). Therefore, we compared
these CXCLS forms using in vivo assays for angiogenesis and
leukocyte infiltration.

Effect of citrullination on the angiogenic properties

of CXCL8 after local application in vivo

Because the angiogenic activity of the different CXCLS forms
was never compared in vivo, Hydron pellets containing dif-
ferent amounts of CXCL8(1-77), CXCL8(1-77)Cit;, or
CXCL8(6—77) were implanted into corneal micropockets
in rabbits. Maximal neovascularization occurred between days
5 and 7 after implantation. At 3 pmol, CXCL8(1-77) and
CXCL8(1-77)Cit;5 induced significant angiogenesis in com-
parison with control pellets, whereas CXCL8(6—77) already
provoked angiogenesis at 0.3 pmol (Fig. 7 A). At 1 pmol,
CXCL8(6-77) induced maximal angiogenic activity with
a significantly higher score compared with CXCL8(1-77)
(P <0.05) and CXCL8(1-77)Cits (P < 0.01). No variation in
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Effect of citrullination on the receptor and GAG binding properties of CXCL8. Increasing concentrations of unlabeled chemokine were

added together with '251-CXCL8 to HEK293 cells transfected with CXCR1 (A) or CXCR2 (B). Results represent the mean percentage (+ the SEM) of remain-
ing specific '25-CXCL8 binding (n = 4). Alternatively, GAG binding was evaluated by immobilizing low molecular weight heparin (C) or heparan sulfate (D)
on EpranEx plates. CXCL8 isoforms bound to GAG were detected with biotinylated anti-CXCL8 antibodies and peroxidase-conjugated streptavidin. The
optical densities obtained without addition of CXCL8 and with addition of 300 nM CXCL8(1-77) were set to 0 and 100%, respectively. Results represent
the mean percentage of specific chemokine binding (six or more independent experiments) + the SEM to heparin or heparan sulfate for human CXCL8(1-
77) (@), CXCL8(6-77) (A), or CXCL8(1-77)Cit, (M). Statistical differences between CXCL8(1-77) and CXCL8(1-77)Cits or CXCL8(6-77) were detected using
the Mann-Whitney U test (*, P < 0.05; **, P < 0.01; **, P < 0.001).
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neovascularization was observed between CXCL8(1-77) and
CXCL8(1-77)Cits despite the latter being weaker in CXCR2
signaling and GAG binding (Fig. 3, Fig. 4, and Fig. 7 A).
However, the enhanced CXCR1 binding of CXCL8(1-77)
Cit; may counteract this imbalance.

Effect of CXCL8 citrullination on neutrophil extravasation

To study the effect of CXCLS citrullination on leukocyte
emigration from the blood circulation into tissues, CXCL8(1—
77), CXCL8(6-77), and CXCL8(1-77)Clit; were injected
i.p. in mice. Mice were killed after 2 h (Fig. 7, B and C) or
4 h (not depicted) and leukocyte accumulation in the perito-
neal cavity was evaluated. None of the three CXCLS8 iso-
forms induced an increase in the number of peritoneal
lymphocytes or macrophages (unpublished data). In this
model, maximal accumulation of neutrophils in the perito-
neum was obtained at 2 h after injection. CXCL8(6—77) was
threefold more potent than CXCL8(1-77) to attract neutro-
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Figure 4. Calcium signaling capacity and receptor desensitization
of citrullinated CXCL8 in neutrophils and HEK293 cells transfected
with CXCR1 or CXCR2. The increase in intracellular calcium concentra-
tion ([Ca?*])) in neutrophils and HEK293 cells transfected with CXCR1 or
CXCR2 was measured using the ratiometric dye Fura-2. The cells were
stimulated with CXCL8(1-77) (®), CXCL8(6-77) (A), or CXCL8(1-77)Cit ().
Values represent the mean (+ the SEM) increase of [Ca%*]; ("M) with a
detection limit at 20 nM (dotted line; neutrophils, n = 5 [A]; HEK-CXCR1,
n = 3 [C]; HEK-CXCR2, n = 5 [E]). Desensitization experiments were per-
formed by rechallenging the cells with 5 nM of CXCL8(1-77) 100 s after
the first stimulus. Results (mean + the SEM) represent the percentage of
inhibition of the second agonist by the first stimulus in comparison with
buffer as the first stimulus (neutrophils, n = 5 [B]; HEK-CXCR1, n = 3 [D];
HEK-CXCR2, n = 5 [F]). Significant differences were calculated using the
Mann-Whitney U test on paired values (*, P < 0.05;**, P < 0.01 for com-
parison between CXCL8[1-77] and CXCL8[1-77]City).
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Figure 5. Phosphorylation of ERK1/2 by CXCL8 forms. The amount
of phosphorylated ERK1/2 (pg phospho ERK1/2 per mg total protein) was
measured by a specific ELISA after stimulation of serum-starved CXCR2-
transfected HEK293 cells for 5, 10, or 20 min with medium (co), 10 nM of
CXCL8(1-77), CXCL8(6-77), or CXCL8(1-77)Cits. Results represent the
percentage ERK1/2 phosphorylation (+ the SEM) compared with medium-
treated control cells (three to four independent experiments). Statistical
analysis was performed using the Mann-Whitney U test on paired values
(*, P < 0.05 for comparison with CXCL8[1-77]).

phils at 2 h after injection, confirming the observed in vitro
difference in chemotactic potency between these two CXCLS8
forms (Fig. 7, B and C). In contrast to authentic CXCL8(1-
77), which is active at 30 pmol, up to 100 pmol of CXCL8(1-
77)Clits was still unable to induce an increase of the total
number or the percentage of peritoneal neutrophils. Thus,
despite the lack of an effect of citrullination on the in vitro
chemotactic activity of CXCLS, citrullination of CXCL8
significantly reduced neutrophil extravasation to the perito-
neal cavity. These findings are in agreement with reduced
GAG binding, CXCR2 signaling, and resistance to N-terminal
proteolytic potentiation. The inhibitory effect of citrullination
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Figure 6. In vitro neutrophil chemotactic activity of citrullinated

CXCL8. The chemotactic activity of CXCL8(1-77), CXCL8(1-77)Cits, and
CXCL8(6-77) for neutrophils was measured using a Boyden microchamber
(four to six independent experiments). The chemotactic index (+ the SEM)
was calculated by dividing the number of migrated cells toward test sam-
ples by the number of spontaneously migrated cells toward buffer. Statis-
tical analysis was performed using the Mann-Whitney U test on paired
values (*, P < 0.05;**, P < 0.01;** P < 0.001 for comparison with the
corresponding concentration of CXCL8[1-77]).
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Figure 7. Effect of citrullination on CXCL8-induced angiogenesis
and neutrophil extravasation in vivo. (A) Neovascularization induced
by CXCL8(1-77), CXCL8(1-77)Cits, and CXCL8(6-77) was tested in a rabbit
corneal micropocket. Angiogenesis was scored daily (score 0-4) from days
4 to 8. The angiogenic index was calculated by dividing the maximal neo-
vascularization scores (occurring between days 5 and 7) by the spontane-
ous angiogenesis score obtained with PBS (co). (B and C) Induction of
neutrophil infiltration was measured in NMRI mice by i.p. injection of 200 pl
vehicle (0.99% NaCl = co), CXCL8(1-77), CXCL8(6-77), or CXCL8(1-77)
Cits. After 2 h, mice were killed and the peritoneal cavity was washed. The
total amount of leukocytes per microliter of peritoneal lavage solution
was determined, and cytospins were stained with Hemacolor solutions to
determine the percentage of neutrophils. The figures denote the median
(squares), the 25-759% range (boxes), the nonoutlier range (whiskers), and
the extreme values (<) acquired from 5-9 replicates (eyes; A) or 12-21
mice (B and C) per CXCL8 dose. Statistical analysis was performed using
the Mann-Whitney U test (§, P < 0.05; 88, P < 0.01; 8§88, P < 0.001 for
comparison with vehicle alone; *, P < 0.05; ™, P < 0.01 for comparison
with CXCL8[6-77]).
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of CXCLS on neutrophil recruitment in vivo was even more
profound than the enhancing effect of N-terminal trunca-
tion, yielding a difference of at least 10-fold between
CXCL8(1-77) and CXCL8(1-77)Cits.

DISCUSSION

During the past decade, posttranslational modification of che-
mokines has been reported to affect their in vitro and in vivo
activities (11). Primarily N-terminal processing alters the re-
ceptor affinity and specific biological activity of chemokines.
This includes minimal modification of an N-terminal Gln to
pyroglutamic acid in the three monocyte chemotactic proteins,
CCL2/MCP-1, CCL8/MCP-2, and CCL7/MCP-3, for
which this pyroglutamic acid is essential for full biological ac-
tivity (26, 35). Proteolytic processing of the N terminus of che-
mokines results in enhanced or reduced activity depending on
the chemokine, protease, and degree of processing involved. In
addition to the numerous naturally occurring forms of N-ter-
minally truncated chemokines, a limited number of C-termi-
nally processed chemokines have been identified (CCL2,
CXCL7, and CXCL10) (36-38). Some chemokines, e.g.,
CCL2 and CCL11, may also be glycosylated (39, 40). Despite
the significant increase in M,, glycosylation only moderately
(twofold) influences the in vitro activities of natural human
CCL2 (38). N-terminal truncation of CXCLS8 by thrombin,
plasmin, MMP-8, or MMP-9 by five to eight amino acids has
been reported to significantly increase its in vitro receptor sig-
naling and chemotactic activity (15—18). C-terminal truncation
of CXCLS resulted in reduced heparin-binding properties (33).
In addition to N-terminal proteolytic processing, this study re-
veals a novel biologically relevant enzymatic modification of
Arg into citrulline (Cit) at position five of natural leukocyte-
derived CXCLS.

The presence or absence of a Cit in natural CXCL8 was
indicated by a combination of mass spectrometry and cap-
illary protein sequencing (Table I). Purification of CXCLS8
immunoreactivity from PBMC-conditioned medium to
homogeneity by heparin affinity, cation exchange, and RP-
HPLC revealed that 14% of CXCL8(1-77) and 5.5% of total
CXCLS8 was posttranslationally modified on Args. How-
ever, it can be speculated that the amount of citrullinated
CXCLS8 produced by fibroblasts or endothelial cells in the
synovial cavity of RA patients is substantially higher because
CXCLS8 produced by these cell types is predominantly not
CXCL8(6-77) lacking Args, but intact CXCLS (6, 14, 41-45).
Because citrullination alters the M, of proteins by only one
mass unit, this posttranslational modification could not be
detected by mass spectrometry alone and had to be indicated
by capillary Edman degradation on purified proteins. At pre-
sent, the requirement for extensively purified proteins is a
significant handicap in the analysis of natural CXCLS8 in com-
plex samples such as body fluids of patients in which CXCL8
is present in only nanogram/milliliter concentrations within
mixtures of milligram/milliliter contaminating proteins.
Because all miniaturized protein purification techniques to
analyze small volumes of complex samples that have been
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developed during the last decade depend on identification of
proteins by mass spectrometry, the detection of citrullinated
CXCLS in patient samples is hampered. Indeed, N-termi-
nally truncated chemokine forms that differ in >100 mass
units have been identified in body fluids of cancer patients
by mass spectrometry (46). Furthermore, a good correlation
with the in vitro occurrence of these truncated chemokine
forms was observed.

Incubation of CXCLS8 with rabbit PAD, human PAD?2,
and human PAD4 rapidly converted recombinant CXCL8(1—
77) into CXCL8(1-77)Cits, indicating that in all likelihood
this enzyme is responsible for the observed posttranslational
modification of natural CXCLS8 (Fig. 1). Deimination of an
Arg to Cit, which results in the loss of one positive charge
and in only a single mass unit increase of the M,, is a known
natural posttranslational modification. Citrullination has pre-
viously been observed for proteins such as vimentin, keratin,
filaggrin, a-enolase, myelin basic protein (MBP), the prote-
ase inhibitor anti-thrombin, and some nuclear proteins, e.g.,
histones, nucleophosmin, and p300, but was never reported
before for cytokines or chemokines (28, 30, 47-53). To date,
five human genes have been described that code for PAD,
i.e., PADI1, 2, 3, 4 and 6 (54-57). PAD is differentially ex-
pressed in various organs depending on the isotype (58). Most
PAD protein is present in the cytoplasm, although during in-
flammation PAD enzymes have been detected extracellularly
(41) and the extracellular calcium concentration is sufficiently
high for PAD activity and citrullination of extracellular pro-
teins such as fibrin (59). PAD1 is primarily expressed in the
uterus, and both PAD1 and PAD3 are found in the epider-
mis, where they citrullinate structural proteins such as kera-
tin, filaggrin, and trichohyalin (58). Both PAD1 and PAD3
are absent in PBMCs (41, 60). PAD2 is known to process
vimentin and MBP, and is widely expressed and highly abun-
dant in skeletal muscle, brain, spleens, and secretory glands.
In contrast to PAD1, PAD3, and PADG proteins, both PAD2
and PAD4 have been detected in hematopoietic cells. PAD4
expression is mainly restricted to leukocytes and in contrast
to other PADs, PAD4 has been detected in the nucleus. The
most recently identified PAD, PADS, is found in male and
female germ cells and is a crucial enzyme in fertility. The en-
zyme is essential for normal development of an embryo be-
yond the two-cell stage (54, 61).

Modification of Arg into Cit has been linked to auto-
immune diseases such as RA and multiple sclerosis (MS) (27,
62, 63). Citrullination of proteins is even suggested to initiate
the generation of autoimmune reactions. In serum of RA
patients, citrullinated fibrin appeared to be the major target
of the anti-citrulline peptide antibodies. A synthetic cyclic
citrullinated peptide (CCP) construct is used nowadays as a
diagnostic tool to distinguish RA from other arthritic disor-
ders and possesses a highly predictive value for future devel-
opment of RA in healthy individuals and patients with
undifferentiated arthritis (22, 23). In addition to citrullination
of structural proteins, increased levels of citrullinated anti-
thrombin were detected in plasma of RA patients, which
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could have consequences for angiogenic and inflammatory
processes (64). Suzuki et al. reported that in Japanese popula-
tion cohorts, SNPs in the human PADI4 gene were strongly
associated with susceptibility to RA, although this association
was not found in studies that were conducted in the UK and
France (21, 65, 66). Deimination of Arg was also reported in
association with MS (62, 67). PAD2-dependent citrullination
of MBP was suggested to play an important role in MS pa-
tients (68). Citrullination of MBP is increased in MS patients
(69) and exposes immunodominant epitopes (70); it renders
MBP more susceptible to cleavage with cathepsin D (29),
and may therefore initiate loss of myelin stability.

This study reports natural and site-specific citrullina-
tion of a cytokine, i.e., the chemokine CXCLS8 by rabbit
PAD, human PAD2, and human PAD4. Moreover, another
CXCR2 ligand, CXCL5, was also site-specifically citrulli-
nated by these enzymes, but less rapidly than CXCL8. Two
CC chemokines, CCL17 and CCL26, were also citrullinated
by human PAD2 and PAD4 with different effectiveness.
Citrullination of CCL17 with human PAD2 or PAD4 was
slower compared with that of CXCLS8. In contrast to the
other chemokines tested, the first and the second N-termi-
nally located Arg of CCL17 were both modified. In addition,
CCL17 appeared to be the only substrate on which PAD4
was more efficient compared with PAD2 in posttranslation-
ally modifying the Arg residues. In contrast to most other
previously identified PAD substrates, which were primar-
ily abundant structural proteins, chemokines directly affect
immune functions and ELR* CXC chemokines such as
CXCLS8 promote angiogenesis. Therefore, PAD-activity may
not only interfere with autoimmunity in the long term
through the stimulation of the production of anti-citrulline
antibodies, but PAD may also directly alter immunological
processes. Because cytokines such as IL-1( and TNF-a are
important players in autoimmune diseases such as RA, the
possible interaction of PAD with IL-1 was also investigated
(71=73). The failure of PAD to convert Arg to Cit in IL-1(3
(with N-terminal arginines at positions comparable to those
of CXCL8) shows that citrullination is not only a site-spe-
cific but also a cytokine-specific phenomenon. The rapid
in vitro citrullination of CXCLS8 and other chemokines by
PAD without addition of reducing agents and the isolation
of natural citrullinated CXCL8(1-77)Cits from PBMCs both
underscore the importance of this enzyme in chemokine bi-
ology. Actually, most of the in vitro incubations with PAD
on other reported substrates were performed in the presence
of reducing agents. These conditions may render Arg resi-
dues, which are protected by the three-dimensional structure
of the protein, accessible for enzymatic processing (27-30).
In vitro, CXCL8(1-77)Cit; and uncitrullinated CXCL8(1-77)
were equally potent in neutrophil chemotaxis assays. The sig-
nificantly enhanced CXCR1 binding, and the reduced
CXCR2-dependent signaling efficiency, as detected on re-
ceptor-transfected cells, could account for this unaltered in
vitro chemotactic activity (Figs. 3—6). However, in contrast to
CXCL8(1-77), CXCL8(1-77)Clits was resistant to cleavage
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by thrombin into CXCL8(6—77) (Fig. 2). Conversion of
CXCL8(1-77) into CXCL8(6-77) by thrombin rapidly
occurs in inflamed tissues, and this proteolytic N-terminal
truncation results in enhanced in vitro activity of CXCLS8
(15). Depending on the cells and enzymes that are pre-
sent in a particular in vivo setting, the increased stability of
CXCL8(1-77)Clits may thus affect the availability and hence
chemotactic activity of this chemokine. In addition to the
loss of the proteolytic cleavage site in CXCLS, citrullina-
tion of the first Arg also reduced the GAG-binding prop-
erties of this chemokine (Fig. 3). The combination of the
enhanced stability against proteolytic activation, the reduced
binding to GAG, and the reduced CXCR2 signaling capac-
ity may explain the failure of CXCL8(1-77)Cit; to induce
extravasation of neutrophils in vivo upon i.p. injection (Fig.
7). Indeed, CXCL8(1-77)Cits, unlike CXCL8(1-77), was
devoid of neutrophil chemotactic activity when up to 100
pmol was injected i.p. In contrast, truncated CXCL8(6-77)
had increased in vivo chemotactic activity compared with
intact CXCL8(1-77) confirming the previously reported in
vitro observations (15). Thus, citrullination of a single Arg in
CXCLS8 appears to dampen local neutrophil-driven inflam-
mation, despite the retained in vitro chemotactic activity.
Upon in vivo administration, chemokine—-GAG interaction
on the endothelial layer is required to maintain the chemo-
tactic gradient. Reduced interaction with GAG may destabi-
lize the gradient, partially explaining the reduced activity of
CXCL8(1-77)Cits to recruit neutrophils into the peritoneal
cavity. Alternatively, it is possible that CXCR2 signaling is
more important than CXCR1 binding for the extravasation
of neutrophils in vivo.

In addition to its function as a neutrophil chemotactic and
activating protein, CXCLS also has potent angiogenic activity.
In accordance with the in vitro and in vivo chemotactic activ-
ity on neutrophils, CXCL8(6—77) was more potent compared
with intact CXCL8(1-77) in inducing neovascularization in
the rabbit cornea assay (Fig. 7 A). However, no difference in
angiogenic activity could be detected between CXCL8(1-77)
and CXCL8(1-77)Cits. These findings suggest that the an-
giogenic activity of CXCLS8 is primarily less dependent
on CXCR2- and GAG-mediated pathways. However, the
reduced GAG-binding properties may be compensated for
by enhanced CXCR1 binding capacity and/or altered integ-
rin-dependent adhesion (74). Alternatively, the angiogenic
activity of CXCL8 may occur through different signal trans-
duction mechanisms compared with those essential for trans-
endothelial migration.

In summary, this study describes natural posttranslational
citrullination of a cytokine, 1.e., IL-8 or CXCLS8 but not IL-1f3,
by PAD, an enzyme that is associated with the initiation of
autoimmune diseases. Despite the minor structural changes in
CXCLS and the limited effects of PAD on the in vitro signal-
ing potency and chemotactic activity of CXCLS, citrullination
of CXCLS results in a drastically reduced in vivo chemotactic
activity in a model for local inflammation, while keeping full
angiogenic activity. Thus, PAD may not only generate epitopes
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on structural proteins that cause autoimmune diseases but may
initially function as an enzyme that dampens inflammation by
reducing the local influx of neutrophils.

MATERIALS AND METHODS

Reagents and cells. Recombinant human chemokines and cytokines were
obtained from PeproTech. Human thrombin (2,532 NIH U/mg) and plas-
min (3-6 U/mg), PAD purified from rabbit skeletal muscle (200 U/mg),
and double-stranded RNA polyriboinosinic:polyribocytidylic acid were
purchased from Sigma-Aldrich. LPS from Escherichia coli 0111:B4 was ob-
tained from Difco Laboratories. Recombinant human PAD2 and PAD4
and the antibody-based assay for PAD activity (ABAP kit) were purchased
from MediQuest Research. Endotoxin concentrations were evaluated
with the Limulus amoebocyte lysate test (Cambrex). Human embryonic
kidney (HEK)293 cells transfected with CXCR1 or CXCR2 were a gift
of J.M. Wang (National Cancer Institute, Frederick, MD) (75). PBMCs
and granulocytes were purified from fresh human bufty coats (25). Granulo-
cytes from individual donors were used for chemotaxis and calcium signal-
ing experiments.

Purification and identification of natural chemokines. Natural human
CXCLS8 was purified using a four-step purification procedure (25). Proteins
were eluted from the final reversed phase (RP-)HPLC column (2.1 X 220 mm
Brownlee C-8 Aquapore RP-300 column; PerkinElmer) with an aceto-
nitrile gradient in 0.1% TFA, detected at 214 nm, and 1/150 part of the
column flow was split online to an electrospray ion trap mass spectrometer
(Esquire LC). Averaged profile spectra were calculated over the CXCLS8
containing fractions as measured by ELISA (76). The N-terminal sequence
of proteins was determined on a 491 Procise cLC protein sequencer (Ap-
plied Biosystems).

In vitro citrullination and truncation of CXCLS8. Proteins were incu-
bated with PAD in 40 mM Tris-HCI, pH 7.4, and 2 mM CaCl, at 37°C.
Deimination was stopped with 0.1% TFA and samples were desalted on C4
or C18 ZipTip (Millipore) before mass spectrometry or spotted on PVDF
membranes (ProSorb; Applied Biosystems) before Edman degradation. For
use in bioassays, citrullinated proteins were purified on a C8 Aquapore RP-
300 HPLC column (1 X 50 mm).

Alternatively, CXCL8 was incubated with thrombin in PBS containing
1 mM CaCl, or with plasmin in 50 mM Tris, pH 7.4, at 37°C. Proteolysis
was stopped by adding 0.1% TFA before Edman degradation on PVDF
membranes or with 50 mM Tris-HCI, pH 6.8, 4% SDS, 12% glycerol, 2%
2-mercaptoethanol, and 0.019% Brilliant blue G, followed by heating for
5 min at 95°C before SDS-PAGE (25).

In vitro chemotaxis and signaling assays. Neutrophil chemotaxis was
performed in Boyden microchambers (Neuro Probe) and the chemotactic
index was calculated (25). Changes in intracellular calcium concentration
([Ca?*],) were measured with the ratiometric fluorescent dye Fura-2/AM
(Invitrogen) (77). Phosphorylation of ERK1/2 was determined using a spe-
cific ELISA for phospho-ERK1 and phospho-ERK2 (R&D Systems) (76).

Receptor and GAG binding assays. Competition for '?*I-labeled CXCL8
binding was measured on HEK293 cells transfected with CXCR1 or
CXCR2 in binding buffer (50 mM Hepes, pH 7.2, containing 1 mM CaCl,,
5 mM MgClL, and 0.1% [wt/vol] bovine serum albumin). In brief, 2 X 10°
cells were incubated for 2 h at 4°C with '»I-CXCL8 (PerkinElmer) and un-
labeled chemokine. Cells were centrifuged and washed three times with 2 ml
of binding buffer supplemented with 0.5 M NaCl and the radioactivity was
measured in a gamma counter (Hidex; Finland).

GAG binding was evaluated by immobilizing low molecular weight
heparin or heparan sulfate (Sigma-Aldrich) on EpranEx plates (Plasso Tech-
nology, Ltd.) (78). In brief, 25 pg/ml of GAG diluted in PBS was coated
overnight at room temperature on 96-well plates. Plates were washed three
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times with assay buffer (100 mM NaCl, 50 mM NaAc, pH 7.2, and 0.2%
[vol/vol] Tween-20) and blocked at 37°C with assay buffer enriched with
0.2% (wt/vol) gelatin or 1% (wt/vol) BSA for heparin and heparan sulfate
binding, respectively. The captured CXCL8 was detected with biotinylated
anti-human CXCL8 (PeproTech) and consecutively by peroxidase-conju-
gated streptavidin. Peroxidase activity was quantified by measuring the con-
version of 3,3",5,5'-tetramethylbenzidine (Sigma-Aldrich) at 450 nm.
Polyclonal biotinylated anti-human CXCLS8 recognized all CXCLS iso-
forms with equal affinity.

In vivo assays. Chemokine-containing Hydron pellets were implanted in
corneal micropockets in rabbits (79). Maximal neovascularization obtained
between days 5 and 7 after implantation was used for comparison.

Neutrophil mobilization into the peritoneal cavity was determined in
NMRI female mice (Elevage Janvier) by i.p. injection (200 pl in saline) of
pyrogen-free CXCLS isoforms or saline (0.9% NaCl). After 2 or 4 h, the
mice were killed and the peritoneal cavity was washed with 5 ml of saline
enriched with 2% FBS and 20 U/ml heparin. The total amount of leuko-
cytes in the peritoneal lavage was determined in duplicate. Cytospins were
stained with Hemacolor solutions (Merck) for evaluation of the percentage
of neutrophils by differential 100-cell counts in triplicate (80).

All animal studies were approved by the review board of the ethical
commiittee of the K.U.Leuven, and experiments were performed according
to Belgian and European legislation, including the Helsinki declaration.

Online supplemental material. Detailed information on the purification
of natural PBMC-derived CXCLS isoforms is included in Table S1. Mass
spectra of CXCL8(1-77) and CXCL8(1-77)Cits at ecarly and later time
points after treatment with thrombin or plasmin are shown in Fig. S1 and
Fig. S2, respectively.

The authors thank Jean-Pierre Lenaerts and Willy Put for technical assistance.

This work was supported by the Center of Excellence (credit no. EF/05/15) of
the K.U.Leuven, the Concerted Research Actions (G.0.A./2007/15) of the Regional
Government of Flanders, the Fund for Scientific Research of Flanders (FW.O.-
Vlaanderen), the Interuniversity Attraction Poles Program-Belgian Science Policy,
and the European Union 6FP EC contract INNOCHEM (grant LSHB-CT-2005-
518167). A. Mortier is a research assistant and E. Schutyser, M. Gouwy, and S. Struyf
are senior research assistants of the FW.0.-Vlaanderen.

The authors have no conflicting financial interests.

Submitted: 14 February 2008
Accepted: 10 July 2008

REFERENCES

1. Murphy, P.M. 2002. International Union of Pharmacology. XXX.
Update on chemokine receptor nomenclature. Pharmacol. Rev. 54:
227-229.

2. Zlotnik, A., and O. Yoshie. 2000. Chemokines: a new classification
system and their role in immunity. Immunity. 12:121-127.

3. Matsushima, K., K. Morishita, T. Yoshimura, S. Lavu, Y. Kobayashi,
W. Lew, E. Appella, H.F. Kung, EJ. Leonard, and J.J. Oppenheim.
1988. Molecular cloning of a human monocyte-derived neutrophil che-
motactic factor (MDNCEF) and the induction of MDNCF mRNA by
interleukin 1 and tumor necrosis factor. J. Exp. Med. 167:1883—-1893.

4. Peveri, P., A. Walz, B. Dewald, and M. Baggiolini. 1988. A novel neu-

trophil-activating factor produced by human mononuclear phagocytes.

J. Exp. Med. 167:1547—1559.

. Strieter, R.M., PJ. Polverini, S.L. Kunkel, D.A. Arenberg, M.D.
Burdick, J. Kasper, J. Dzuiba, J. Van Damme, A. Walz, and D. Marriott.
1995. The functional role of the ELR motif in CXC chemokine-medi-
ated angiogenesis. J. Biol. Chem. 270:27348-27357.

6. Van Damme, J., J. Van Beeumen, G. Opdenakker, and A. Billiau. 1988.
A novel, NH,-terminal sequence-characterized human monokine pos-
sessing neutrophil chemotactic, skin-reactive, and granulocytosis-pro-
moting activity. J. Exp. Med. 167:1364—1376.

ul

JEM VOL. 205, September 1, 2008

11.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

ARTICLE

. Holmes, W.E., J. Lee, W.J. Kuang, G.C. Rice, and W.I. Wood. 1991.

Structure and functional expression of a human interleukin-8 receptor.
Science. 253:1278-1280.

. Murphy, P.M., and H.L. Tiffany. 1991. Cloning of complementary

DNA encoding a functional human interleukin-8 receptor. Science. 253:
1280-1283.

. Johnson, Z., A.E. Proudfoot, and T.M. Handel. 2005. Interaction of

chemokines and glycosaminoglycans: a new twist in the regulation of
chemokine function with opportunities for therapeutic intervention.
Cytokine Growth Factor Rev. 16:625-636.

. Mantovani, A., R. Bonecchi, and M. Locati. 2006. Tuning inflamma-

tion and immunity by chemokine sequestration: decoys and more.
Nat. Rev. Immunol. 6:907-918.

Struyf, S., P. Proost, and J. Van Damme. 2003. Regulation of the immune
response by the interaction of chemokines and proteases. Adv. Immunol.
81:1-44.

Jamieson, T., D.N. Cook, R.J. Nibbs, A. Rot, C. Nixon, P. McLean,
A. Alcami, S.A. Lira, M. Wiekowski, and G.J. Graham. 2005. The
chemokine receptor D6 limits the inflammatory response in vivo. Nat.
Immunol. 6:403—411.

Rot, A. 2005. Contribution of Duffy antigen to chemokine function.
Cytokine Growth Factor Rev. 16:687—-694.

. Yoshimura, T., K. Matsushima, S. Tanaka, E.A. Robinson, E. Appella,

J.J. Oppenheim, and E.J. Leonard. 1987. Purification of a human mono-
cyte-derived neutrophil chemotactic factor that has peptide sequence
similarity to other host defense cytokines. Proc. Natl. Acad. Sci. USA.
84:9233-9237.

Hebert, C.A., F.W. Luscinskas, ].M. Kiely, E.A. Luis, W.C. Darbonne,
G.L. Bennett, C.C. Liu, M.S. Obin, M.A. Gimbrone Jr., and ].B. Baker.
1990. Endothelial and leukocyte forms of IL-8. Conversion by throm-
bin and interactions with neutrophils. J. Immunol. 145:3033-3040.
Nakagawa, H., S. Hatakeyama, A. Ikesue, and H. Miyai. 1991.
Generation of interleukin-8 by plasmin from AVLPR-interleukin-8,
the human fibroblast-derived neutrophil chemotactic factor. FEBS Lett.
282:412—-414.

Tester, AM., J.H. Cox, A.R. Connor, A.E. Starr, R.A. Dean, X.S.
Puente, C. Lopez-Otin, and C.M. Overall. 2007. LPS responsiveness
and neutrophil chemotaxis in vivo require PMN MMP-8 activity. PLoS
ONE. 2:e312.

Van den Steen, P.E., P. Proost, A. Wuyts, J. Van Damme, and G.
Opdenakker. 2000. Neutrophil gelatinase B potentiates interleukin-8
tenfold by aminoterminal processing, whereas it degrades CTAP-III,
PF-4, and GRO-alpha and leaves RANTES and MCP-2 intact. Blood.
96:2673-2681.

Clark-Lewis, I., C. Schumacher, M. Baggiolini, and B. Moser. 1991.
Structure-activity relationships of interleukin-8 determined using
chemically synthesized analogs. Critical role of NH2-terminal residues
and evidence for uncoupling of neutrophil chemotaxis, exocytosis, and
receptor binding activities. J. Biol. Chem. 266:23128-23134.
Nourshargh, S., J.A. Perkins, H.J. Showell, K. Matsushima, T.J. Williams,
and P.D. Collins. 1992. A comparative study of the neutrophil stimulatory
activity in vitro and pro-inflammatory properties in vivo of 72 amino
acid and 77 amino acid IL-8. J. Immunol. 148:106-111.

Suzuki, A., R. Yamada, X. Chang, S. Tokuhiro, T. Sawada, M. Suzuki,
M. Nagasaki, M. Nakayama-Hamada, R. Kawaida, M. Ono, et al.
2003. Functional haplotypes of PADI4, encoding citrullinating enzyme
peptidylarginine deiminase 4, are associated with rheumatoid arthritis.
Nat. Genet. 34:395-402.

Schellekens, G.A., H. Visser, B. A. de Jong, F.H. van den Hoogen, J.M.
Hazes, F.C. Breedveld, and W.J. van Venrooij. 2000. The diagnostic
properties of rheumatoid arthritis antibodies recognizing a cyclic citrul-
linated peptide. Arthritis Rheum. 43:155-163.

Nielen, M.M., D. van Schaardenburg, H.-W. Reesink, R.J. van de
Stadt, I.E. van der Horst-Bruinsma, M. H. de Koning, M.R.. Habibuw,
J.P. Vandenbroucke, and B.A. Dijkmans. 2004. Specific autoantibodies
precede the symptoms of rheumatoid arthritis: a study of serial measure-
ments in blood donors. Arthritis Rheum. 50:380-386.

Proost, P., A. Mortier, T. Loos, J. Vandercappellen, M. Gouwy, I.
Ronsse, E. Schutyser, W. Put, M. Parmentier, S. Struyf, and J. Van

2095



JEM

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Damme. 2007. Proteolytic processing of CXCL11 by CD13/amino-
peptidase N impairs CXCR3 and CXCR?7 binding and signaling and
reduces lymphocyte and endothelial cell migration. Blood. 110:37—44.
Proost, P., C. De Wolf-Peeters, R. Conings, G. Opdenakker, A. Billiau,
and J. Van Damme. 1993. Identification of a novel granulocyte chemotactic
protein (GCP-2) from human tumor cells. In vitro and in vivo comparison
with natural forms of GRO, IP-10, and IL-8. J. Immunol. 150:1000-1010.
Van Damme, J., P. Proost, J.P. Lenaerts, and G. Opdenakker. 1992.
Structural and functional identification of two human, tumor-derived
monocyte chemotactic proteins (MCP-2 and MCP-3) belonging to the
chemokine family. J. Exp. Med. 176:59-65.

Girbal-Neuhauser, E., J.J. Durieux, M. Arnaud, P. Dalbon, M. Sebbag,
C. Vincent, M. Simon, T. Senshu, C. Masson-Bessiere, C. Jolivet-
Reynaud, et al. 1999. The epitopes targeted by the rheumatoid arthritis-
associated antifilaggrin autoantibodies are posttranslationally generated
on various sites of (pro)filaggrin by deimination of arginine residues.
J. Immunol. 162:585-594.

Kinloch, A., V. Tatzer, R. Wait, D. Peston, K. Lundberg, P. Donatien,
D. Moyes, P.C. Taylor, and P_J. Venables. 2005. Identification of citrul-
linated alpha-enolase as a candidate autoantigen in rheumatoid arthritis.
Arthritis Res. Ther. 7:R1421-R1429.

Pritzker, L.B., S. Joshi, J.J. Gowan, G. Harauz, and M.A. Moscarello.
2000. Deimination of myelin basic protein. 1. Effect of deimination of
arginyl residues of myelin basic protein on its structure and susceptibility
to digestion by cathepsin D. Biochemistry. 39:5374-5381.

Wang, Y., J. Wysocka, J. Sayegh, Y.H. Lee, J.R. Perlin, L. Leonelli,
L.S. Sonbuchner, C.H. McDonald, R.G. Cook, Y. Dou, et al. 2004.
Human PAD#4 regulates histone arginine methylation levels via deme-
thylimination. Science. 306:279-283.

Nanduri, V.B., J.D. Hulmes, Y.C. Pan, P.L. Kilian, and A.S. Stern.
1991. The role of arginine residues in interleukin 1 receptor binding.
Biochim. Biophys. Acta. 1118:25-35.

Zendman, A]J., R. Raijmakers, S. Nijenhuis, E.R. Vossenaar, M.
Tillaart, R.G. Chirivi, J.M. Raats, W.J. van Venrooij, J.W. Drijthout,
and G.J. Pruijn. 2007. ABAP: antibody-based assay for peptidylarginine
deiminase activity. Anal. Biochem. 369:232-240.

Webb, L.M., M.U. Ehrengruber, I. Clark-Lewis, M. Baggiolini, and A.
Rot. 1993. Binding to heparan sulfate or heparin enhances neutrophil
responses to interleukin 8. Proc. Natl. Acad. Sci. USA. 90:7158-7162.
Koch, A.E., PJ. Polverini, S.L. Kunkel, L.A. Harlow, L.A. DiPietro,
V.M. Elner, S.G. Elner, and R.M. Strieter. 1992. Interleukin-8 as a
macrophage-derived mediator of angiogenesis. Science. 258:1798-1801.
Van Coillie, E., P. Proost, [. Van Aelst, S. Struyf, M. Polfliet, [. De
Meester, D.J. Harvey, J. Van Damme, and G. Opdenakker. 1998.
Functional comparison of two human monocyte chemotactic protein-2
isoforms, role of the amino-terminal pyroglutamic acid and processing
by CD26/dipeptidyl peptidase IV. Biochemistry. 37:12672—12680.
Ehlert, J.E., J. Gerdes, H.D. Flad, and E. Brandt. 1998. Novel C-termi-
nally truncated isoforms of the CXC chemokine beta-thromboglobulin
and their impact on neutrophil functions. J. Immunol. 161:4975-4982.
Hensbergen, P.J., D. Verzijl, C.I. Balog, R. Dijkman, R.C. Van Der
Schors, E.M. Van Der Raaij-Helmer, M.J. van der Plas, R. Leurs, A.M.
Deelder, M.J. Smit, and C.P. Tensen. 2004. Furin is a chemokine-mod-
ifying enzyme: in vitro and in vivo processing of CXCL10 generates a
C-terminally truncated chemokine retaining full activity. J. Biol. Chem.
279:13402-13411.

Proost, P., S. Struyf, M. Couvreur, J.P. Lenaerts, R. Conings, P. Menten,
P. Verhaert, A. Wuyts, and J. Van Damme. 1998. Posttranslational
modifications affect the activity of the human monocyte chemotactic
proteins MCP-1 and MCP-2: identification of MCP-2(6-76) as a natu-
ral chemokine inhibitor. J. Immunol. 160:4034—4041.

Jiang, Y., AJ. Valente, M.J. Williamson, L. Zhang, and D.T. Graves.
1990. Post-translational modification of a monocyte-specific chemo-
attractant synthesized by glioma, osteosarcoma, and vascular smooth
muscle cells. J. Biol. Chem. 265:18318-18321.

Noso, N., J. Bartels, A.I. Mallet, M. Mochizuki, E. Christophers, and
J.M. Schréder. 1998. Delayed production of biologically active O-gly-
cosylated forms of human eotaxin by tumor-necrosis-factor-alpha-stim-
ulated dermal fibroblasts. Eur. J. Biochem. 253:114-122.

2096

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

57.

Foulquier, C., M. Sebbag, C. Clavel, S. Chapuy-Regaud, R. Al Badine,
M.C. Mechin, C. Vincent, R. Nachat, M. Yamada, H. Takahara, et al.
2007. Peptidyl arginine deiminase type 2 (PAD-2) and PAD-4 but
not PAD-1, PAD-3, and PAD-6 are expressed in rheumatoid arthritis
synovium in close association with tissue inflammation. Arthritis Rheum.
56:3541-3553.

Gimbrone, M.A., M.S. Obin, A.F. Brock, E.A. Luis, P.E. Hass, C.A.
Hebert, Y.K. Yip, D.W. Leung, D.G. Lowe, and W.J. Kohr. 1989.
Endothelial interleukin-8: a novel inhibitor of leukocyte-endothelial
interactions. Science. 246:1601-1603.

Lindley, 1., H. Aschauer, J.M. Seifert, C. Lam, W. Brunowsky, E.
Kownatzki, M. Thelen, P. Peveri, B. Dewald, and V. von, Tscharner.
1988. Synthesis and expression in Escherichia coli of the gene encoding
monocyte-derived neutrophil-activating factor: biological equivalence
between natural and recombinant neutrophil-activating factor. Proc. Natl.
Acad. Sci. USA. 85:9199-9203.

Van Damme, J., B. Decock, R. Conings, J.P. Lenaerts, G. Opdenakker,
and A. Billiau. 1989. The chemotactic activity for granulocytes pro-
duced by virally infected fibroblasts is identical to monocyte-derived
interleukin 8. Eur. J. Immunol. 19:1189—-1194.

Walz, A., P. Peveri, H. Aschauer, and M. Baggiolini. 1987. Purification
and amino acid sequencing of NAF, a novel neutrophil-activating factor
produced by monocytes. Biochem. Biophys. Res. Commun. 149:755-761.
Schutyser, E., S. Struyf, P. Proost, G. Opdenakker, G. Laureys, B.
Verhasselt, L. Peperstraete, I. Van de Putte, A. Saccani, P. Allavena, et al.
2002. Identification of biologically active chemokine isoforms from ascitic
fluid and elevated levels of CCL18/pulmonary and activation-regulated
chemokine in ovarian carcinoma. J. Biol. Chem. 277:24584-24593.
Asaga, H., M. Yamada, and T. Senshu. 1998. Selective deimination of
vimentin in calcium ionophore-induced apoptosis of mouse peritoneal
macrophages. Biochem. Biophys. Res. Commun. 243:641-646.

Hagiwara, T., K. Nakashima, H. Hirano, T. Senshu, and M. Yamada.
2002. Deimination of arginine residues in nucleophosmin/B23 and
histones in HL-60 granulocytes. Biochem. Biophys. Res. Commun. 290:
979-983.

Harding, C.R., and L.R. Scott. 1983. Histidine-rich proteins (filaggrins):
structural and functional heterogeneity during epidermal differentiation.
J. Mol. Biol. 170:651-673.

Lee, Y.H., S.A. Coonrod, W.L. Kraus, M.A. Jelinek, and M.R. Stallcup.
2005. Regulation of coactivator complex assembly and function by pro-
tein arginine methylation and demethylimination. Proc. Natl. Acad. Sci.
USA. 102:3611-3616.

Pike, R.N., J. Potempa, R. Skinner, H.L. Fitton, W.T. McGraw, ]J. Travis,
M. Owen, L. Jin, and R.W. Carrell. 1997. Heparin-dependent modifi-
cation of the reactive center arginine of antithrombin and consequent
increase in heparin binding affinity. J. Biol. Chem. 272:19652-19655.
Senshu, T., K. Akiyama, S. Kan, H. Asaga, A. Ishigami, and M. Manabe.
1995. Detection of deiminated proteins in rat skin: probing with a
monospecific antibody after modification of citrulline residues. J. Invest.
Dermatol. 105:163—169.

Wood, D.D., and M.A. Moscarello. 1989. The isolation, characteriza-
tion, and lipid-aggregating properties of a citrulline containing myelin
basic protein. J. Biol. Chem. 264:5121-5127.

Chavanas, S., M.C. Mechin, H. Takahara, A. Kawada, R. Nachat, G.
Serre, and M. Simon. 2004. Comparative analysis of the mouse and hu-
man peptidylarginine deiminase gene clusters reveals highly conserved
non-coding segments and a new human gene, PADI6. Gene. 330:19-27.

. Ishigami, A., T. Ohsawa, H. Asaga, K. Akiyama, M. Kuramoto, and

N. Maruyama. 2002. Human peptidylarginine deiminase type II: mo-
lecular cloning, gene organization, and expression in human skin. Arch.
Biochem. Biophys. 407:25-31.

Kanno, T., A. Kawada, J. Yamanouchi, C. Yosida-Noro, A. Yoshiki,
M. Shiraiwa, M. Kusakabe, M. Manabe, T. Tezuka, and H. Takahara.
2000. Human peptidylarginine deiminase type III: molecular cloning
and nucleotide sequence of the cDNA, properties of the recombinant
enzyme, and immunohistochemical localization in human skin. J. Invest.
Dermatol. 115:813-823.

Nakashima, K., T. Hagiwara, A. Ishigami, S. Nagata, H. Asaga, M.
Kuramoto, T. Senshu, and M. Yamada. 1999. Molecular characterization

CXCL8 CITRULLINATION REDUCES NEUTROPHIL CHEMOTAXIS | Proost et al.



58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

of peptidylarginine deiminase in HL-60 cells induced by retinoic acid and
lalpha,25-dihydroxyvitamin D(3). J. Biol. Chem. 274:27786-27792.
Vossenaar, ER., AJ. Zendman, W.J. van Venrooij, and G.J. Pruijn.
2003. PAD, a growing family of citrullinating enzymes: genes, features
and involvement in disease. Bioessays. 25:1106—1118.

Masson-Bessiere, C., M. Sebbag, E. Girbal-Neuhauser, L. Nogueira, C.
Vincent, T. Senshu, and G. Serre. 2001. The major synovial targets of the
rheumatoid arthritis-specific antifilaggrin autoantibodies are deiminated
forms of the alpha- and beta-chains of fibrin. J. Immunol. 166:4177-4184.
Vossenaar, E.R., T.R. Radstake, A. van der Heijden, A. van Mansum,
C. Dieteren, D.J. de Rooij, P. Barrera, A.J. Zendman, and W.J. van
Venrooij. 2004. Expression and activity of citrullinating peptidylargi-
nine deiminase enzymes in monocytes and macrophages. Ann. Rheum.
Dis. 63:373-381.

Esposito, G., A.M. Vitale, F.P. Leijten, A.M. Strik, A.M. Koonen-
Reemst, P. Yurttas, T.J. Robben, S. Coonrod, and J.A. Gossen. 2007.
Peptidylarginine deiminase (PAD) 6 is essential for oocyte cytoskeletal
sheet formation and female fertility. Mol. Cell. Endocrinol. 273:25-31.
Mastronardi, F.G., D.D. Wood, J. Mei, R. Raijmakers, V. Tseveleki,
H.M. Dosch, L. Probert, P. Casaccia-Bonnefil, and M.A. Moscarello.
2006. Increased citrullination of histone H3 in multiple sclerosis brain and
animal models of demyelination: a role for tumor necrosis factor-induced
peptidylarginine deiminase 4 translocation. J. Neurosci. 26:11387—-11396.
Schellekens, G.A., B. A. de Jong, F.H. van den Hoogen, L.B. van de
Putte, and W.J. van Venrooij. 1998. Citrulline is an essential constituent
of antigenic determinants recognized by rheumatoid arthritis-specific
autoantibodies. J. Clin. Invest. 101:273-281.

Chang, X., R. Yamada, T. Sawada, A. Suzuki, Y. Kochi, and K.
Yamamoto. 2005. The inhibition of antithrombin by peptidylarginine
deiminase 4 may contribute to pathogenesis of rheumatoid arthritis.
Rheumatology. 44:293-298.

Barton, A., J. Bowes, S. Eyre, K. Spreckley, A. Hinks, S. John, and J.
‘Worthington. 2004. A functional haplotype of the PADI4 gene associ-
ated with rheumatoid arthritis in a Japanese population is not associated
in a UK population. Arthritis Rheum. 50:1117-1121.

Migliorini, P., F. Pratesi, C. Tommasi, and C. Anzilotti. 2005. The
immune response to citrullinated antigens in autoimmune diseases.
Autoimmun. Rev. 4:561-564.

Moscarello, M.A., D.D. Wood, C. Ackerley, and C. Boulias. 1994.
Myelin in multiple sclerosis is developmentally immature. J. Clin. Invest.
94:146-154.

Moscarello, M.A., F.G. Mastronardi, and D.D. Wood. 2007. The role
of citrullinated proteins suggests a novel mechanism in the pathogenesis
of multiple sclerosis. Neurochem. Res. 32:251-256.

JEM VOL. 205, September 1, 2008

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

ARTICLE

Kim, J.K., F.G. Mastronardi, D.D. Wood, D.M. Lubman, R. Zand, and
M.A. Moscarello. 2003. Multiple sclerosis: an important role for post-
translational modifications of myelin basic protein in pathogenesis. Mol.
Cell. Proteomics. 2:453—462.

D’Souza, C.A., D.D. Wood, Y.M. She, and M.A. Moscarello. 2005.
Autocatalytic cleavage of myelin basic protein: an alternative to molecu-
lar mimicry. Biochemistry. 44:12905-12913.

Dinarello, C.A. 2004. Therapeutic strategies to reduce IL-1 activ-
ity in treating local and systemic inflammation. Curr. Opin. Pharmacol.
4:378-385.

Tincani, A., L. Andreoli, C. Bazzani, D. Bosiso, and S. Sozzani. 2007.
Inflammatory molecules: a target for treatment of systemic autoimmune
diseases. Autoimmun. Rev. 7:1-7.

Vileek, J., and M. Feldmann. 2004. Historical review: cytokines as ther-
apeutics and targets of therapeutics. Trends Pharmacol. Sci. 25:201-209.
Ley, K., C. Laudanna, M.I. Cybulsky, and S. Nourshargh. 2007. Getting
to the site of inflammation: the leukocyte adhesion cascade updated.
Nat. Rev. Immunol. 7:678—689.

Ben Baruch, A., K.M. Bengali, A. Biragyn, ]J.J. Johnston, ].M. Wang, ].
Kim, A. Chuntharapai, D.F. Michiel, J.J. Oppenheim, and D.]. Kelvin.
1995. Interleukin-8 receptor beta. The role of the carboxyl terminus in
signal transduction. J. Biol. Chem. 270:9121-9128.

Proost, P., S. Struyf, T. Loos, M. Gouwy, E. Schutyser, R. Conings,
I. Ronsse, M. Parmentier, B. Grillet, G. Opdenakker, et al. 2006.
Coexpression and interaction of CXCL10 and CD26 in mesenchymal
cells by synergising inflammatory cytokines: CXCL8 and CXCL10
are discriminative markers for autoimmune arthropathies. Arthritis Res.
Ther. 8:R107.

Gouwy, M., S. Struyf, J. Catusse, P. Proost, and J. Van Damme.
2004. Synergy between proinflammatory ligands of G protein-cou-
pled receptors in neutrophil activation and migration. J. Leukoc. Biol.
76:185-194.

Mahoney, D.J., J.D. Whittle, C.M. Milner, S.J. Clark, B. Mulloy, DJ.
Buttle, G.C. Jones, AJ. Day, and R.D. Short. 2004. A method for
the non-covalent immobilization of heparin to surfaces. Anal. Biochem.
330:123-129.

Proost, P., E. Schutyser, P. Menten, S. Struyf, A. Wuyts, G. Opdenakker,
M. Detheux, M. Parmentier, C. Durinx, A.M. Lambeir, et al. 2001.
Amino-terminal truncation of CXCR3 agonists impairs receptor signal-
ing and lymphocyte chemotaxis, while preserving antiangiogenic prop-
erties. Blood. 98:3554-3561.

Struyf, S., M. Gouwy, C. Dillen, P. Proost, G. Opdenakker, and J. Van
Damme. 2005. Chemokines synergize in the recruitment of circulating
neutrophils into inflamed tissue. Eur. J. Immunol. 35:1583—1591.

2097



