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Nitration of chemokine CXCLS8 acts as a natural mechanism to limit
acute inflammation

Sarah Thompson' - Chong Yun Pang’ - Krishna Mohan Sepuru? - Seppe Cambier® - Thomas P. Hellyer' .
Jonathan Scott’ - A. John Simpson'* . Paul Proost® - John A. Kirby - Krishna Rajarathnam?¢ - Neil S. Sheerin’ -
Simi Ali’

Received: 16 September 2022 / Revised: 24 November 2022 / Accepted: 9 December 2022 / Published online: 9 January 2023
©The Author(s) 2022

Abstract

Chemokine CXCLS is a key facilitator of the human host immune response, mediating neutrophil migration, and activation
at the site of infection and injury. The oxidative burst is an important effector mechanism which leads to the generation of
reactive nitrogen species (RNS), including peroxynitrite. The current study was performed to determine the potential for
nitration to alter the biological properties of CXCLS8 and its detection in human disease. Here, we show peroxynitrite nitrates
CXCLS and thereby regulates neutrophil migration and activation. The nitrated chemokine was unable to induce transen-
dothelial neutrophil migration in vitro and failed to promote leukocyte recruitment in vivo. This reduced activity is due to
impairment in both G protein-coupled receptor signaling and glycosaminoglycan binding. Using a novel antibody, nitrated
CXCLS was detected in bronchoalveolar lavage samples from patients with pneumonia. These findings were validated by
mass spectrometry. Our results provide the first direct evidence of chemokine nitration in human pathophysiology and sug-
gest a natural mechanism that limits acute inflammation.
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Introduction

Neutrophils form an essential component of the innate
immune response. They mediate their anti-pathogenic and
repair functions [1] via a series of mechanisms, including
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[3, 4]. These potent mechanisms, while effective in clearing
pathogens, act as a double-edged sword; it causes suscep-
tibility to infection when neutrophil function is deficient,
and excessive neutrophil activation that is detrimental, as
is the case in conditions such as reperfusion injury, organ
rejection, and acute respiratory distress syndrome (ARDS)
[2, 5]. Consequently, neutrophils can damage healthy tissue
and exacerbate inflammation.

As one of the key neutrophil-recruiting chemokines,
CXCLS is produced and released by a wide variety of cell
types in response to a range of stimuli including micro-
bial products, injury, and hypoxia [6—8]. CXCL8 produc-
tion is regulated by gene transcription and translation,
but function is also determined by whether CXCLS exists
as monomers or dimers, its interaction with receptors
(CXCR1 or CXCR2), downstream signaling pathways
and binding to sulfated glycosaminoglycans (GAG) [9,
10]. CXCLS8 can also be regulated by atypical chemokine
receptor 1 (ACKRI) which scavenges circulating CXCLS8
and is generally thought to have an anti-inflammatory
function [11].

Recently, various post-translationally modified
forms of CXCLS8 were resolved in the synovial fluid
of patients with arthritis using high resolution mass
spectrometry [12]. Several chemokines including
CCL2 [13] CCLS5 [14] and CXCL12 [15] have been
shown to be modified by peroxynitrite, a reactive spe-
cies produced by neutrophils, which can post-trans-
lationally nitrate amino acids such as tyrosine and
tryptophan, and influence chemokine function [16].
Peroxynitrite, a product of the reaction between nitric
oxide and the superoxide anion (O,”), has a short
half-life of 1.9 s, and so can only modify proteins in
its immediate proximity (~20 pm range)[17]. Perox-
ynitrite nitrates tyrosine residues to form 3-nitroty-
rosine (3-NT), which is a marker of nitrative stress,
and has been documented in several human diseases.
Although in vitro nitration of several chemokines
has been described, unambiguous ex vivo or in vivo
detection has been challenging due to a lack of sensi-
tive analytical, biochemical and chemical tools and
probes.

In this study, we produced nitrated CXCLS8 by treating
recombinant CXCLS8 with peroxynitrite and used this as a
target to generate highly specific antibodies for detecting
nitrated CXCLS8. Using cellular assays, animal models,
biophysical and structural studies, we show that nitration
of CXCLS impairs neutrophil chemotaxis, receptor signal-
ing and GAG binding. We also show nitrated CXCLS in
bronchoalveolar lavage (BAL) samples from patients with
suspected ventilator-associated pneumonia (VAP). We con-
clude that nitration may function as a feedback mechanism
to dampen CXCLS8 activity.
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Materials and methods

All experiments and laboratory work were carried out
according to the Control of Substances Hazardous to Health
(COSHH) and BioCOSHH regulations, and according to
Newcastle University’s Safety Policy, “Safe Working with
Biological Hazards” and “Safe Working with Chemicals in
the Laboratory” guidelines. Cell culture work was performed
according to the regulations for the containment of class II
pathogens. Animal work was approved by the Home Office
UK, and carried out under Project Licence number 66/4497,
protocol number 19b2/19b4.

Patient samples

BAL samples from patients with suspected-VAP and healthy
controls were collected as part of study approved by a
Research Ethics committee (11/NE/0242) [18].

Chemokine nitration

Recombinant CXCLS (72 amino acids) at a concentration of
1 mg/ml was incubated with 1 mM peroxynitrite for 15 min
at 37 °C, then dialyzed overnight against water. A sample
was tested by NMR and MS2 analysis to ensure nitration
was successful. The Y13F-CXCL8 mutant was generated
according to methods described earlier [10] to examine the
role of tyrosine in CXCLS nitration.

Generation of nitrated CXCL8 antibody

Bio-Rad developed custom recombinant monoclonal
HuCAL?® antibody using positive and negative screening of
proteins against a phage display library of antibodies. This
library consists of human antibody genes synthetically made
to cover > 95% of the structural immune repertoire, that are
cloned in E. coli expression vectors. Panning and screen-
ing was performed to find candidate antibodies that would
preferentially recognize the nitrated CXCLS but not wild
type CXCLS in Bio-Rad’s optimized direct ELISA assays.
Potential candidate antibodies that display > fivefold higher
specificity for nitrated over wild type CXCL8 were produced
as bivalent Fab-bacterial alkaline phosphatase fusion anti-
bodies with FLAG® and Histidine 6 tag.

Human neutrophil isolation

Primary neutrophils were isolated from whole blood of
healthy volunteers. Ethical approval to obtain blood from
healthy volunteers was granted by the County Durham and
Tees Valley Research Ethics Committee (12/NE/0121).
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Primary neutrophils were isolated by dextran sedimentation
(Dextran T500; Pharmacosmos, Holbaek, Denmark) and
centrifugation on Percoll (GE Healthcare, Buckinghamshire,
UK) density gradients as previously described. Neutrophils
were rested for 1 h in serum-free medium (0.1% BSA in
RPMI-1640, with 2 mM L-glutamine, 100 U penicillin and
0.1 mg/ml streptomycin) at 37 °C and 5% CO, before being
used in experiments.

Cell culture

The human microvascular endothelial cell line HMEC-1[19]
was grown in complete MCDB-131 medium (ThermoFisher
Scientific) (10% FBS supplemented with 10 ng/ml epider-
mal growth factor (EGF), 1 pg/ml hydrocortisone, 2 mM
L-glutamine, 100 U penicillin and 0.1 mg/ml streptomycin).

Chemotaxis assays

Ibidi® p-slide chemotaxis assays were performed accord-
ing to Ibidi®’s application note 17 (ibidi GmbH, Munich,
Germany). 3 x 10° neutrophils were seeded into the central
channel, and a gradient of CXCLS8 or nitrated CXCL8 in
serum-free medium (30 nM highest concentration) was cre-
ated across the channel. Serum-free medium alone was used
as a negative control. Slides were then imaged every 2 min
for 3 h using a Nikon TiE Multi-Modality microscope, and
images were analyzed using Fiji’s manual tracking plug-in.
The tracks of 40 randomly chosen cells were recorded and
imported to Ibidi®’s Chemotaxis and Migration Tool, where
they were analyzed for parameters including velocity, direct-
ness, Euclidean distance, and forward migration index.

Trans-filter transwell chemotaxis assays were performed
in 24-well companion plates (BD Falcon) using cell cul-
ture inserts with 3 pm pores. CXCLS8 and nitrated CXCL8
in serum-free medium (0-30 nM) were added to the wells,
and 3 x 10° neutrophils were added to the upper chamber of
the inserts. The assay was incubated to allow migration for
1.5 h at 37 °C. Neutrophils that had migrated into the lower
chamber were counted using CountBright Absolute Count-
ing Beads (LifeTechnologies) as per the manufacturer’s
instructions on a FACS Canto II flow cytometer.

Trans-endothelial transwell chemotaxis assays were per-
formed as described above, though 72 h prior to the assay,
inserts were seeded with 2 x 10° HMEC-1 cells in 1 ml com-
plete MCDB-131 medium. All assays were performed in
triplicate.

Calcium flux assay
Primary neutrophils were isolated and rested as previously

described [20]. Cells were washed in HBSS supplemented
with 1 mM CaCl,, 1 mM MgCl, and 1% FBS(v/v) and

resuspended to 1x 107 cells/ml. Neutrophils were stained
with 3 uM Indo-1 (ThermoFisher Scientific) for 30 min at
37 °C. The stained cells were washed twice in supplemented
HBSS by centrifugation at 400xg for 5 min and resuspended
at 3x 10° cells with supplemented HBSS before resting
in a 37 °C water bath for 30 min. A baseline reading at
420 nm and 510 nm was procured using a Fortessa X20 flow
cytometer for 1 min before the addition of treatments (PBS,
CXCLS, nitrated CXCLS, or Y13F CXCLS). Fluorescence
was recorded for 5 min before the addition of 2 mM iono-
mycin and further response was recorded for 2 min. Ratio of
420 nm emission to 510 nm emission was calculated using
FlowJo v10 software.

B-Arrestin recruitment assay

B-Arrestin recruitment activity of CXCLS8 variants was
measured using CXCR1 and CXCR2 PathHunter Kits (Dis-
coveRx). The assay was carried out according to the manu-
facturer’s protocol. The transfectants were cultured using the
cell plating reagent in 96-well white-walled, clear-bottom
plates for 48 h. Chemokine variants over a range of concen-
trations were added to the cells and incubated for 90 min at
37 °C. The detection reagents were then added and incubated
for 1 h in the dark. p-Galactosidase-induced luminescence
upon f-arrestin—CXCR1/CXCR?2 interaction was then meas-
ured using BMG Optima.

Immunoblotting

For the detection of pERK, primary neutrophils were
isolated as described previously [20] and resuspended in
serum-free RPMI (2 x 10° cells in 1 ml per treatment tube)
and rested for 1 h at 37 °C prior to treatment. Cells were
stimulated for 2, 5 or 10 min with 30 nM of CXCLS8 or
CXCLS variants and placed immediately on ice. Neutro-
phils were washed with ice-cold PBS and resuspended in
200 pl of cell lysis buffer (10 ml Cell Lytic M (Sigma)
plus 1 X PhosSTOP™ phosphatase inhibitor (Roche) and
1 X cOmplete™ protease inhibitor tablet (Roche) on ice for
10 min with intermittent vortexing. Cell lysate was elec-
trophoretically separated by SDS-PAGE and transferred
to nitrocellulose membranes. Membranes were blocked
for 1 h at room temperature on 0.1% Tween Tris-buffered
saline (TBST) with 5% BSA and probed with anti-human-
pERK1/2 antibody (36-8800, ThermoFisher Scientific) at
0.2 pg/ml or serum from a patient with primary biliary
cholangitis (containing antibodies against pyruvate dehy-
drogenase complex 2 (PDC-E2) at 1:5000 dilution). Detec-
tion was carried out using anti-rabbit-HRP secondary anti-
body (1:10,000) or anti-human-HRP antibody (1:5000) for
1 h at RT. Finally, membranes were washed, and bands
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were visualized by enhanced chemiluminescent substrate
(SuperSignal West Pico substrate) and imaged with Fc
Odessey (Li-Cor).

Detection of naturally occurring endogenous nitrated
CXCLS8 in BAL samples involved denaturing 10-50 pg of
BAL protein, which was electrophoretically separated by
SDS PAGE, and transferred to nitrocellulose membranes.
Membranes were blocked for 1 h at room temperature in
TBST with 5% fat-free milk or 5% BSA (when using 3-NT
or Bio-Rad AbD31649.1 primary antibody) and probed
overnight at 4 °C. Rabbit polyclonal anti-CXCLS8 anti-
body (AHCO0881, LifeTechnologies) at 1 pg/ml, Bio-Rad
HuCAL® antibody (AbD31649.1) at 2 pg/ml and mouse
monoclonal anti-3-NT antibody (HM5001, HycultBiotech)
at 0.1 ug/ml were used. Detection was carried out using an
anti-rabbit-HRP secondary antibody (1:10,000 Sigma) for
CXCLS, or mouse monoclonal anti-FLAG secondary anti-
body (1:2000, Proteintech) followed by anti-mouse sec-
ondary antibody (1:10,000, Sigma) for Bio-Rad HuCAL®
antibody (AbD31649.1) and anti-mouse secondary anti-
body (1:10,000, Sigma) for 3-NT, for 1 h at RT. Finally,
membranes were washed, and bands were visualized by
enhanced chemiluminescent substrate (SuperSignal West
Pico substrate) and exposed to X-ray films.

Immunoprecipitation

Bronchoalveolar lavage samples from patients with sus-
pected-VAP were immunoprecipitated using a commer-
cially available 3-NT IP kit (Cayman Chemical) follow-
ing the manufacturer’s protocol with the modification of
changing wash buffer to phosphate buffered saline (PBS).
Protein pulldown was subsequently subjected to immu-
noblotting as stated with rabbit anti-CXCLS8 polyclonal
antibody.

Murine intraperitoneal recruitment

Eight-week-old female BALB/c mice (Charles River, UK)
were injected intraperitoneally with 500 ul of PBS +1 pg
CXCLS or nitrated CXCLS. Six hours later mice were culled
by cervical dislocation under anesthesia and the abdomi-
nal cavity was lavaged three times with 1 ml PBS, 3 mM
EDTA. Lavage samples were centrifuged at 500g for 5 min
and resuspended in 125 ul PBS buffer. A TALI image-based
cytometer (Thermo Fisher Scientific) was used to estimate
total cell counts on 25 pl of sample while the remaining
100 ul was stained with fluorescently-conjugated antibod-
ies (against CD45, CD14 and Ly6G) and analyzed using a
FACS Canto II flow cytometer. Samples were analyzed using
FlowJo v10 software.
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Surface plasmon resonance

Surface plasmon resonance (SPR) studies were performed
using a BIAcore3000 as described previously [20]. Briefly,
heparin was biotinylated at the reducing end and immobi-
lized to a SA sensor chip (pre-coated with streptavidin, GE
Healthcare). The chip surface was activated with 50 pl 0.2 M
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide and 50 pl
0.05 M N-hydroxysuccinimide before injection of 50 pl of
streptavidin (0.2 mg/ml in 10 mM acetate buffer, pH 4.2).
Remaining activated groups were blocked with 1 M etha-
nolamine HCI, pH 8.5 for 5 min. Biotinylated heparin was
immobilized by injecting 5 pl of 50 pg/ml in Hanks’ Bal-
anced Salts with 0.3 M NaCl at a flow rate of 5 pl/min and
injections repeated until a resonance unit (RU) increase of
200 RU was reached after which the surface was washed
with 2 M NaCl. For binding assays, a range of chemokine
concentrations (5—-1000 nM) were passed across the chip at
30 pl/min for 2 min followed by a 300 s dissociation phase
and a 2 min injection of 1 M NacCl to regenerate the sensor
surface. RU from a flow cell coated with streptavidin only
was subtracted from the results from heparin-coated flow
cells and analysis was performed using BIAevaluation 4.1
software.

Statistical analyses

All results are expressed as means = SEM of replicate sam-
ples. The statistical significance of changes was assessed
by the application of one-way ANOVA with Dunnett’s or
Tukey’s post-test as appropriate. All data were analyzed
using Prism 7.1 software.

Results
Generation of characterization of nitrated CXCL8

To study the function of nitrated CXCLS and to develop an
antibody that is specific for nitrated CXCLS, we optimized a
production protocol by using peroxynitrite to nitrate recom-
binant CXCLS. Ion trap MS2 analysis of nitrated CXCLS8
was performed to determine the consequence of modifica-
tion by peroxynitrite. The most abundant peak (1205) was
isolated, retained within the ion trap, then fractionated at the
D-P bond to create an N-terminal fragment (1493.0), and
a C-terminal fragment (820.1) as shown in Supplementary
Fig. 1. This figure demonstrates how these fragments were
analyzed, using the ion mass and the charge to calculate the
molecular weight of each fragment. The C-terminal frag-
ments of both the wild type CXCL8 and nitrated CXCLS8
had the same m/z and therefore same molecular mass, but the
N-terminal fragment of the nitrated chemokine was found
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Fig.1 NMR analysis of wild
type and nitrated CXCLS.
a 'TH-N-HSQC spectra of

A

wild type CXCLS8 and nitrated
CXCLS are essentially identical,
indicating tyrosine nitration has
minimal impact on global fold

Black — WT CXCL8
Red — Nitrated CXCL8

and overall tertiary structure. .
Similar chemical shifts of the .
WS57NgH between wild type * e
and nitrated CXCLS indicate L m.'

that the only tryptophan remains
unmodified post-peroxynitrite
treatment. b The histidine side ¢
chain imidazole chemical shifts .
indicated by 'H-'>"N-HMQC
spectra between CXCL8 and
nitrated CXCLS8 are identical,

indicating both the histidine
residues are not modified

to have a molecular mass 45 Da larger than that of the wild
type chemokine. This suggests that the only tyrosine (Y13)
present within the N terminal half of the chemokine is the
nitration site. Nitration of the two histidines (H18 and H33)
was excluded by NMR as discussed below.

Knowledge of how nitration impacts the tertiary structure
is necessary to establish that any changes in binding inter-
action and function is due to nitration and not due to gross
structural changes. We characterized the nitrated CXCLS by
solution nuclear magnetic resonance (NMR) spectroscopy.
NMR chemical shifts are exquisitely sensitive to second-
ary and tertiary structures, and therefore, chemical shifts
can not only validate structural integrity but also identify
which residues are modified/perturbed as a consequence of
nitration. "H-'>N heteronuclear single quantum coherence
(HSQC) NMR spectrum of nitrated CXCL8 was essentially
the same as the unmodified CXCL8 [10], indicating that
nitration has minimal impact on the overall tertiary structure
and fold (Fig. la). The chemical shifts of the indole side
chain NgH of the only tryptophan (circled in blue) is similar
for nitrated and native CXCLS indicating that the tryptophan
is not modified in the nitrated protein. We also measured the
NMR spectrum of histidine side chain (Fig. 1b), and observe
that the chemical shifts of both histidines (H18 and H33)
in nitrated CXCLS is the same as in the wild type CXCLS8
[21]. The NMR data collectively indicates that nitration is
restricted to a single tyrosine and that the functional phe-
notype of the nitrated chemokine can be confidently attrib-
uted to the modification and not due to any other structural
changes.
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Activity of nitrated CXCL8 for neutrophil migration
in vivo

To determine the impact of nitration on in vivo CXCL8
function, variants of CXCL8 were injected into the peri-
toneum of mice and leukocytes were allowed to migrate
for 6 h. Despite the lack of a gene coding for CXCLS,
mice possess a receptor homologous to human CXCR2
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Fig.2 Murine intra-peritoneal recruitment in response to wild type
or nitrated CXCLS8. Total neutrophil migration into the mouse perito-
neum were measured 6 h after intra-peritoneal administration of PBS,
1 pg wild type CXCLS8 or 1 pg nitrated CXCL8. Shown are the total
numbers of live neutrophils (Sytox Red—CD45+ Ly6G+). Each data
point represents an individual mouse. Statistical analysis was per-
formed using a one-way ANOVA with Tukey’s post-test. *p <0.05
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tified (gating strategy shown in Supplementary Fig. 2). group.
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«Fig.3 Time-lapse microscopic analysis of neutrophil migration
towards CXCLS or nitrated CXCLS. Neutrophil chemotaxis towards a
gradient of either wild type CXCLS8 or nitrated CXCL8 was assessed
by live cell tracking using Ibidi p-Chemotaxis Slides. Neutrophil
migration along a chemotactic gradient created using serum-free
media (SFM) and either 30 nM wild type or nitrated CXCL8 (no
gradient using only SFM was also used as a negative control) were
observed under a Nikon Multi-Modality inverted microscope. Image
analysis was performed using FIJI’s manual tracking plugin with the
Chemotaxis and Migration Tool. a Trajectory animations showing
neutrophil chemotaxis in response to SFM, 30 nM wild type CXCLS8
or 30 nM nitrated CXCLS8. b Mean forward migration index [perpen-
dicular (1) and parallel (11) to the direction of the chemokine gradi-
ent], ¢ velocity, d directness and e Euclidean distance of the cells
were analyzed. Data shown in trajectory animation are representative
of three independent experiments. Trajectory analysis is combined
from three independent experiments, each with one technical repli-
cate and neutrophils isolated from different blood donors. Statistical
analysis was performed using a One-Way ANOVA with Tukey’s post-
test. *p <0.05; **p <0.01

To investigate the potential of the nitrated CXCL8 to
antagonize the inflammatory activity of wild type CXCLS,
a series of murine air pouch experiments were performed.
Air pouches were formed by s.c. injection of air into the
back of mice. Injection of 1 ug of wild type CXCLS induced
significant migration of neutrophils, whereas migration in
response to nitrated CXCL8 was significantly reduced.
A 1:1 mixture of CXCLS and nitrated resulted in recruit-
ment of neutrophils, which was not significantly different to
CXCLS alone (Supplementary Fig. 3). These data suggest
that nitrated CXCLS in not able to compete with the wild
type CXCLS to inhibit localized CXCLS8 mediated inflam-
mation in the air pouch.

Activity of nitrated CXCL8 for neutrophil migration
in vitro

As the in vivo recruitment of neutrophils requires recep-
tor and GAG binding, we investigated these interactions for
nitrated CXCLS8 using in vitro assays. Neutrophil migration
was investigated using live cell tracking. CXCLS8 induced
directed neutrophil migration along the chemokine gradient
compared to a random pattern in the control, serum-free
medium (Fig. 3). Nitrated CXCL8 was highly impaired in
its activity in terms of speed, direction, distance travelled,
and forward migration index compared to wild type CXCLS,
and its profile was no different from that of the control. We
next determined the effect that nitration had on the ability
of CXCLS to induce neutrophil chemotaxis in a trans-filter
chemotaxis assay. The results showed that CXCLS8 induces
significant neutrophil chemotaxis in a concentration-depend-
ent manner whereas nitration abrogated chemotactic func-
tion at all concentrations tested (Fig. 4a).

We also carried out trans-endothelial chemotaxis assays
with neutrophils migrating through a confluent monolayer

of HMEC-1 cells grown onto the filter in response to the
matching concentrations of CXCLS8 and nitrated CXCLS.
This experimental setup mimics neutrophils infiltrating the
tissue by migrating through the wall of the blood vessel.
The nitrated chemokine was essentially inactive, similar to
observations in the acellular trans-filter chemotaxis assay
(Fig. 4b).

Interaction of nitrated CXCL8
with glycosaminoglycans

CXCLS activity is regulated by binding to GAGs [23-25].
We used SPR to characterize the impact of nitration on
binding to heparin, which is widely used as a surrogate to
mimic binding to endothelial and glycocalyx heparan sul-
phate, under flow conditions. In this assay, we also used the
Y 13F-CXCLS8 mutant, in which the tyrosine was mutated
to phenylalanine, to probe the importance of tyrosine for
chemokine function. We designed the Y 13F mutant as a con-
trol to better describe the functional results of the nitrated
CXCLS8. Compared to adding a bulky nitro group, mutat-
ing the hydroxyl group to a proton results in less perturba-
tion to the local and global structure and hence function.
Indeed, our data show that the Y 13F mutation impairs trans-
endothelial chemotaxis but is less detrimental compared to
nitration (Supplementary Fig. 4A). Results show that nitra-
tion of CXCL8 almost completely abolishes the ability to
bind heparin—stable binding at 1000 nM were 480 RU
CXCLS8, compared to 26 RU for nitrated CXCLS8. Y13F-
CXCL8 mutant shows a smaller decrease in heparin binding
(241 RU) compared to nitrated CXCLS8 (Fig. 5).

Heparan sulfate (HS) is intrinsically heterogeneous due to
non-template driven sulfation and a modular structure con-
sisting of sulfated and non-sulfated domains. We and others
have shown that chemokines bind to the sulphated domain.
Our recent NMR studies for related chemokines CXCL1 and
CXCL5 binding to commercial heparan sulfate and heparin
polymers show that the same amino acids engage both GAGs
[26]. The observation that nitration abrogates heparin bind-
ing suggests that nitrated CXCLS8 will also be impaired for
heparan sulfate binding. We show that is the case by meas-
uring binding of wild type CXCLS and nitrated CXCLS to
heparan sulfate using plate assays. The binding affinity of
nitrated CXCLS8 was significantly reduced compared to wild
type CXCLS8 (Supplementary Fig. 4B).

Activity of nitrated CXCL8 for receptor signaling

CXCLS is a potent agonist for CXCR1 and CXCR2 recep-
tors, and activation of both receptors triggers G protein and
B-arrestin signaling pathways [27-29]. We aimed to assess
whether nitration of CXCLS8 impairs receptor-dependent
neutrophil migration. We used calcium flux and ERK
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Fig.4 Ability of wild type CXCL8 and nitrated CXCLS8 to induce
neutrophil migration in vitro. a Trans-filter chemotaxis assays show-
ing percentage of total neutrophils that migrated through a bare fil-
ter in response to 30 nM, 20 nM and 10 nM of wild type CXCL8
and nitrated CXCLS. b Trans-endothelial chemotaxis assays showing
percentage of total neutrophils that migrated through an HMEC-1
endothelial cell monolayer in response to the above concentrations of
CXCLS8 variants. Data shown in both a, b are representative of two
independent experiments, each with three technical replicates and
neutrophils isolated from different blood donors. Statistical analy-
sis was performed using one-way ANOVA with Sidak post-hoc test.
*#%p <0.001, **#*¥p <0.0001

phosphorylation in neutrophils as readouts to quantify G pro-
tein signaling. CXCLS8 induced a calcium flux of ~350 nM
above the control level, whereas nitrated CXCL8 showed
tenfold lower activity. Lower activity of the Y13F CXCL8
also indicated that the Tyr13 residue plays an important
role in CXCR1 and CXCR2 signaling (Fig. 6a, b). The data

@ Springer

were further confirmed by assessing ERK phosphorylation.
It was found that CXCLS induced robust phosphorylation
but this signaling was impeded when the tyrosine residue
was nitrated. Likewise, Y13F CXCL8 showed reduced
activity when compared to wild type CXCLS, confirming
the role of Tyr13 in receptor activation (Fig. 6¢). Cell lines
expressing CXCR1 or CXCR2 were used to characterize the
activity of CXCLS variants for f-arrestin recruitment. Nitra-
tion of Tyr13 in CXCLS8 completely abrogated p-arrestin
recruitment in CXCR1-expressing cells but only attenuated
recruitment in CXCR2-expressing cells. This suggests that
the tyrosine residue is more important for CXCR1 than for
CXCR?2 f-arrestin signaling. Furthermore, the importance
of Tyr13 to elicit f-arrestin recruitment was highlighted in
the Y13F CXCLS (Fig. 7). These studies collectively sug-
gest that Tyr13 in CXCLS is important in G protein and
B-arrestin signaling of CXCR1 and CXCR2 receptors and
nitration attenuates CXCLS8’s function albeit to a varying
degree.

Detection of nitrated CXCL8 in bronchoalveolar
lavage

We generated recombinant monoclonal HuCAL® antibod-
ies [30] against our recombinant nitrated CXCLS8 using
phage display technology (Fig. 8A). The specificity of these
antibodies was verified by dot blot where the HuCAL anti-
body detected nitrated CXCLS8 but not wild type CXCLS8
(Fig. 8b). The antibody generated showed specificity for
nitrated CXCLS8 over wild type CXCLS8 at low concentra-
tions (10-100 ng/ml) (Fig. 8c).

BAL fluid from patients with suspected-VAP were probed
for the presence of nitrated CXCL8. This patient cohort
was chosen, as it is well-established that CXCLS is highly
expressed and can be easily detected in the BAL samples
from these patients [5, 18, 31]. BAL samples from healthy
individuals were included as controls. The patients with sus-
pected VAP were 7 male and 5 female with a median age
51 (range 22-69). Using antibodies that detect CXCL8 and
3-NT respectively (and by inference nitrated CXCL8); we
showed that CXCLS8 and nitrated proteins are elevated in dis-
eased samples but not in the controls (Fig. 8, Supplementary
Fig. 5). To confirm the presence of nitrated CXCLS, BAL
samples were enriched using a commercially available 3-NT
immunoprecipitation kit and CXCLS8 was identified in the
enriched fraction (Fig. 8g).

Importantly, HuCAL antibody showed the presence
of nitrated CXCL8 in BAL samples from patients with
pneumonia but not in controls (Fig. 8f and Supplementary
Fig. 5). We found 75% (9/12) of the BAL samples from
VAP patients showed the presence of nitrated CXCLS8 in
contrast to no detectable CXCLS8 in healthy controls. Col-
lectively, these results provided evidence for nitrated CXCL8
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Fig.5 Heparin binding activity of CXCLS8 variants. a Assessment
of heparin binding of wild type CXCLS, nitrated CXCL8 and Y13F
CXCLS8 was carried out using Biacore. b Stable binding points of
wild type CXCLS, nitrated CXCL8 and Y13F mutant CXCLS8 as
reported by Biacore software. 50-1000 nM chemokine was flowed

in these clinical samples. These data were further verified
by mass spectrometry using the ISTAMPA workflow and
nitrated CXCLS was identified in 3 out of 12 samples (Sup-
plementary Fig. 6). This discrepancy in detection of nitrated
CXCLS8 by HUCAL antibody and not by mass spectrometry
could be attributed either to stability of nitration during pro-
cessing of samples or assay sensitivity.

Discussion

Neutrophil activation during inflammation must be tightly
regulated to be robust to combat with pathogenic stimuli,
without causing unnecessary damage to healthy tissue. The
resolution of inflammation is now thought to be an active
rather than a passive process. Peroxynitrite is a highly reac-
tive species that is generated in situ by the reaction of the
free radical superoxide and nitric oxide during sustained
inflammation. The unstable ion potently modifies several
residues and is a known feature of inflammation involving
nitro-oxidative stress, which exacerbates injury by causing

Chemokine Concentration (nM)

over immobilized heparin (159.6RU bound) and the alteration in
response units (RU) shown. Data shown in a are combined from,
and in b are representative of, three independent experiments, each
with one technical replicate. Statistical analysis was performed using
a one-Way ANOVA with Tukey’s post-test. ¥¥p <0.01; ***p <0.001

DNA double strand breaks [32] and lipid peroxidation [33].
In this study, we show that peroxynitrite-mediated nitration
of CXCLS alters its functionality with a potential to limit
neutrophil-mediated inflammatory response.

We show that nitration of CXCLS substantially impairs
its ability to induce migration of neutrophils in vitro and
in vivo. We further show that this functional loss can be
attributed to impaired receptor signaling as evident from
impaired calcium flux, B-arrestin recruitment and ERK phos-
phorylation. GAG binding was also impaired as inferred
from SPR measurements. These findings were also trans-
lated to an in vivo murine intraperitoneal neutrophil recruit-
ment model, which encompasses both receptor signaling
and GAG binding. It was also found that introduction to the
murine air pouch of an equimolar mixture of CXCL8 and
nitrated CXCLS8 did not antagonize the normal inflammatory
response produced by wild type CXCLS8. NMR studies indi-
cated that nitration does not impact the structure of CXCLS8
and so any changes in function are specifically due to nitra-
tion rather than to global structural changes.

CXCR1/2 receptor activation involves two distinct sites,
an N-terminal domain (defined as Site-I) and a groove

@ Springer
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Fig.6 Effect of CXCL8 nitration on neutrophil signaling. a Neu-
trophil calcium flux in response to exposure of CXCLS8 variants
after 60 s (red arrow).10 pg/ml of ionomycin was used as a posi-
tive control and added at 300 s (blue arrow). b Intracellular cal-
cium mobilization (nM) in response to PBS or 30 nM of CXCLS,
nitrated CXCL8 and Y13F CXCL8 was calculated using the equa-
tion [Ca®*]=KdX (R — Ryi,)/(Ryax — R), Where the Kd=844 nM/1. ¢
Neutrophils were treated for 5 min with 30 nM of the chemokine var-

defined by extracellular loop/transmembrane helices
(defined as Site-1I). We have previously shown for CXCL8
that binding at these two distinct sites are not independent
events, and that initial binding to the receptor N-domain at
site-I results in structural changes that are coupled to binding
at site-II and receptor activation [34]. Our recent structural

@ Springer

iants. Phosphorylation of ERK was assessed using western blot with
a pERK1/2 antibody and an anti-pyruvate dehydrogenase complex
(PDC-E2) antibody as loading control. Data shown in a, ¢ are repre-
sentative of three independent experiments, each with one technical
replicate, and neutrophils isolated from different blood donors. Statis-
tical analysis was performed using a one-way ANOVA with Tukey’s
post-test. ¥p <0.05; **p <0.01; ***p <0.001

and molecular dynamics studies show that Tyr13 plays an
important role in the site-I reorganization and binding at
site-II [34]. These structural insights indicate that Tyr13
nitration not only impacts binding at site-I but also bind-
ing at site II. Previous mutational studies have also shown
that interactions of Tyr13 plays a more important role for
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Fig.7 p-Arrestin recruitment activity of CXCLS variants. Chemokine
variants were added at 1 or 10 nM concentration to the transfected
cells and p-galactosidase-induced luminescence upon [-arrestin—
CXCR1/2 interaction was measured. Data were collected in triplicate,
and the results are expressed as mean=+ SD, and are representative of
n=3. Statistical analysis was performed using two-way ANOVA with
Dunnett’s multiple comparison. *p <0.05, ****p <(0.0001

CXCR1 binding and activation and that this position is
less stringent for CXCR2 function. For instance, the Y13E
mutant is impaired for both receptors but is 14-fold less
active for CXCR1 compared to CXCR2 [35]. These and our
data for the nitrated CXCL8 and Y 13F mutant also suggest
that more drastic substitution/mutation have a larger impact
on CXCRI1 than CXCR2 activity.

Tyr13, the nitration site, is in the N-loop and is far
removed from the dimerization interface that consists of the
b,-strand and the C-terminal helix. Our NMR data convinc-
ingly show the dimer interactions of nitrated CXCLS is no
different from native CXCLS8. Therefore, heterodimeriza-
tion and homodimerization will be equally favored (dimeri-
zation constant~ 1 mM). In our in vitro functional assays,

the active form is the monomer. Under conditions where
nitrated CXCLS8 could exist as a heterodimer, one of the
two epitopes will be still available for antibody recognition.
Our antibody detection studies cannot distinguish between
the various oligomeric forms but only report whether the
nitrated chemokine is present or not. Further, the CXCR2
activity of the heterodimer will be similar to the homodimer
as only one monomer of the dimer engages the receptor with
the other monomer pointed away from the receptor.

The majority of studies assessing the involvement of
chemokines in disease assume that all of the chemokine
is fully functional. Most current detection methods do
not differentiate between wild type and modified forms
of a chemokine. Our strategy of generating an antibody
that shows specificity for nitrated CXCL8 was crucial for
the detection of nitrated CXCLS in clinical samples. We
found 75% (9/12) of the BAL samples from suspected-VAP
patients showed the presence of nitrated CXCL8 in con-
trast to no detectable CXCLS8 or nitrated CXCLS8 in healthy
controls. These data confirm that CXCLS8 can be subjected
to tyrosine nitration during inflammatory processes with-
out CXCLS8 degradation. To our knowledge, this is the first
demonstration of the presence of nitrated CXCLS8 in clinical
samples.

Chemokine function is regulated at many levels, includ-
ing the ability to exist as monomers and dimers [9], binding
to GAGs [36] and binding to one or more receptors that
trigger activation of G protein and fB-arrestin signaling path-
ways [29, 37]. Our current study shows altered function of
a chemically modified chemokine, suggesting an additional
level of regulation. In some instances, nitration can prevent
detection of chemokines by antibodies [13, 38], potentially
limiting the biological relevance of some immunochemi-
cal/proteomic biomarker tests. While measurements of
CXCLS have been correlated with inflammatory diseases,
this could be the reason that none has been translated into
a clinical benchmark. To better understand the quantity and
patterns in expression of nitrated and wild type chemokines
and their relationships with disease states, there is a need to
develop techniques for unambiguous detection of nitrated
chemokines separately from their wild type counterparts.
This can also be extrapolated to other forms of modified
chemokines, such as truncated and citrullinated variants.
Teasing out and quantifying the relative amounts of all
chemokine forms, if the functionality and circumstances of
production of each is understood, would allow for complete
and accurate assessment of post-translational modifications
regulating chemokine function during inflammation. Better
understanding of natural chemokine regulation could help
the development of therapeutics targeting the chemokine
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Fig.8 Naturally occurring nitrated CXCL8 in BAL samples from
suspected-VAP patients. a Structure of HuCAL antibody, bivalent
monoclonal antibody consisting of the antigen-binding fragment with
two antigen recognition sites connected by an alkaline phosphatase
dimerization domain with FLAG® and Histidine 6 tags for detec-
tion. b Specificity of the antibody was tested via dot blot with wild
type or nitrated CXCLS8 detected with either AHCO0881, which rec-
ognizes both variants of CXCL8 and HuCAL AbD31649.1, which
recognizes only the nitrated variant and ¢ ELISA. Nitrated BSA was
used as a control to test cross-reactivity with a non-specific nitrated
protein at the highest concentration. Detection was carried out using
a biotinylated anti-histidine 6 secondary antibody (MCAI1396B,
Bio-Rad), streptavidin-HRP and TMB substrate, and the plate was

system, and their use as clinical biomarkers. In conclusion,
this is the first demonstration that CXCLS8 can be nitrated
in human inflammatory conditions (e.g., suspected VAP).
Furthermore, the nitration renders it biologically inactive.
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and naturally occurring nitrated-CXCL8 using western blot analysis
on BAL samples. d—f Lanes 1 and 2: healthy controls. Lanes 3-7:
BAL samples from VAP patients. Gels were run in triplicate and the
resulting membranes after protein transfer were probed with, d rab-
bit polyclonal anti-CXCL8 antibody (AHC0881), e mouse mono-
clonal anti-3-nitrotyrosine antibody (HM5001) and f HuCAL® anti-
body (AbD31649.1). g Immunoprecipitation of BAL samples using
3-NT affinity columns and subsequently detecting for the presence of
CXCLS8. Lane 1: CXCLS8, Lane 2: nitrated-CXCL8. Lane 3: blank.
Lane 4: pulldown. Lane 5: blank. Lane 6: unbound fractions. Lane
7: blank
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