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Introduction

CXCLI10 (also known as interferon-induced protein-10 or
IP-10) is a member of the CXC chemokine family with
proinflammatory and anti-angiogenic properties [1,2].
It has also been demonstrated to suppress bone marrow
colony formation, regulate T cell maturation and modulate
expression of various adhesion molecules [3-5]. It is an
inducible chemokine, and expression is stimulated at the
transcription level by interferons (IFN types I, II and
III) acting on IFN-stimulated response element (ISRE) or
gamma-activated site (GAS) promoter elements; or by
tumour necrosis factor (TNF)-o and related nuclear factor
(NF)-xB activating pathways [1]. In addition, engagement
of host pattern recognition receptors [e.g. Toll-like receptor
(TLR) or retinoic acid-inducible gene I (RIG-I)-like recep-
tors (RLRs)] may directly activate CXCLIO transcription
via phosphorylation of IFN regulatory factor 3 (IRF3).
Many cell types have been reported to secrete CXCL10,
including endothelial cells, hepatocytes, keratinocytes,
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Summary

The ready access to commercially available multiplex assays and the impor-
tance of inflammation in disease pathogenesis has resulted in an abundance of
studies aimed at identifying surrogate biomarkers for different clinically
important questions. Establishing a link between a biomarker and disease
pathogenesis, however, is quite complex, and in some instances this complex-
ity is compounded by post-translational modifications and the use of immu-
noassays that do not always discriminate between the different forms of the
same protein. Herein, we provide a detailed description of an assay system
that has been established to discriminate the agonist form of CXCL10 from
the NH,-terminal truncated form of the molecule generated by dipepti-
dylpeptidase IV (DPP4) cleavage. We demonstrate the utility of this assay
system for monitoring agonist and antagonist forms of CXCL10 in culture
supernatant, patient plasma and urine samples. Given the important role of
CXCL10 in chronic inflammatory diseases and its suggested role as a predic-
tive marker in managing patients with chronic hepatitis C, asthma, atopic
dermatitis, transplantation, tuberculosis, kidney injury, cancer and other
diseases, we believe that our method will be of general interest to the research
and medical community.

Keywords: BCG, bladder cancer, chemokines/monokines, hepatitis C virus

fibroblasts, mesangial cells, astrocytes and immune cells
[6-12].

Chemokine signalling is an important component of the
regulatory circuit governing the host immune response to
infection, stress or tissue damage. Indeed, many studies have
evaluated a role for CXCL10 and it has been reported to be
induced in many viral infections [e.g. hepatitis C virus
(HCV), HBV, herpes simplex virus 1 (HSV)-1, Chikungu-
nya, enterovirus, human rhinovirus, Japanese encephalitis]
[13-15]); bacterial and parasite infections (e.g. shigella,
tuberculosis, leshmania, malaria) [16,17]; allergy and auto-
immune diseases (e.g. asthma, systemic lupus erythemy-
tosus, autoimmune arthropathies, dermatitis) [18]; and
cancer (e.g. melanoma, renal, cervical) [1,4,19-21]. In a
subset of these diseases, CXCL10 has been reported to be a
prognostic or diagnostic marker with potential use in the
management of patients. For example, several independent
studies have demonstrated that baseline levels of CXCL10
are predictive of the failure to respond to HCV treatment
[22,23]. Tt is also an important component of predictive
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algorithms that are being validated for use in monitoring
acute kidney injury and lung inflammation [24-27].

CXCRS3 is the receptor for CXCL10, and is shared by two
other alpha-chemokines: CXCL9 [also known as monokine
induced by IFN-y (MIG)] and CXCL11 [also known as
IFN-inducible T cell chemoattractant (ITAC)] [28,29]. CXC-
chemokines bind to their G-protein-coupled receptors and
mobilize intracellular Ca™, which results in receptor inter-
nalization and the initiation of signalling pathways
that facilitate chemotaxis as well as other defined biological
activities. Binding to, and activation of, the receptor is
thought to be a two-step process. First, the core of the ligand
binds the outer surface of the receptor; a second step involves
the reorientation of the flexible N-terminal tail of the
protein, triggering its binding to a distinct domain within
the receptor [30,31]. Post-secretion modification of CXCL10
has been described, including C-terminal cleavage by metal
metalloproteinase 9 (MMP9 or gelatinase B) and citruillina-
tion by peptidylarginine deiminase (PAD), both of which
leave the protein in an agonist state [32—34]. Also reported is
the N-terminal cleavage of two amino acids by members of
the X-prolyl dipeptidyl peptidase (DPP) family, the most
characterized being dipeptidylpeptidase IV (DPP4 or CD26)
[35,36]. DPP4 has been shown to cleave several chemokines,
including members of the o-chemokine family (CXCL4,
CXCL10, CXCLI11) [37,38]. Importantly, DPP4 truncation
of CXCL10 generates a dominant negative form of the
protein, which is capable of binding CXCR3 but does not
induce signalling [22,38].

Given the importance of chemokines and, in particular,
CXCL10, in inflammatory processes, it is surprising how little
information is available concerning the different biologically
relevant forms of the molecular. One major challenge has
been the development of quantitative assays that detect
chemokines in biological fluids at physiologically and patho-
logically relevant concentrations. Currently available assays
do not discriminate between the active and NH,-terminus
cleaved forms of CXCL10. We generated and validated a
multiplex immunoassay that employs specific antibodies to
differentiate the native form of CXCL10 (agonist) and the
NH,-truncated form generated by DPP4 cleavage (antago-
nist). We also provide new data relevant for the study of
HCV patients, monitoring CXCL10 in culture supernatants
and plasma; and for the monitoring of bladder cancer
patients receiving BCG therapy, monitoring CXCL10 in urine
samples.

Table 1. Hepatitis C virus (HCV) patient characteristics.

Patients and methods

Samples and patients

HCV-infected patients. Sustained virological responders
(SVR) were defined as individuals absent of HCV RNA for
longer than 6 months after termination of therapy; those
who remained persistently infected are referred to as chroni-
cally infected HCV patients. Plasma from patients was col-
lected in BD P700 tubes, specialized vacutainers that are
preloaded with ethylenediamine tetraacetic acid (EDTA) and
DPP4 inhibitor, thus preventing extra-corporeal cleavage of
CXCL10. Samples were obtained as part of the study proto-
col C07-11 approved by the INSERM clinical investigation
department with ethical approval from the ‘Comité de
Protection des Personnes Ile-de-France II’ (45 rue des Saints-
Peres 75006 Paris). All HCV patients were tested for human
immunodeficiency virus (HIV), HBV and human T cell
lymphotrophic virus (HTLV) and found to be negative.
Additional patient data are presented in Table 1.

Bladder cancer patients. Urine samples were obtained from
patients with a histologically confirmed diagnosis of super-
ficial bladder cancer who were recommended to receive
bacilli Calmette—Guérin (BCG) therapy according to existing
guidelines. All patients studied were enrolled into an obser-
vational study (2007/40) approved by the Institut Pasteur
clinical investigation department with ethical approval from
the ‘Comité de Protection des Personnes Ile-de-France II. As
part of the standard of care, all patients received six weekly
intravesical instillations of 81 mg live BCG (Connaught
strain Immucyst®). During the fifth installation, urine was
collected before BCG and 4, 8 and 24h after BCG
installation. Urine was centrifuged, filtered and stored at
—80°C until testing was performed. Both study protocols
conformed to the ethical guidelines of the Declaration of
Helsinki. All patients provided informed consent.

Antibody generation

Production of monoclonal single-chain antibodies specific
for the agonist form and also the neo-epitope created by
DPP4 cleavage of CXCL10 were generated using the Human
Combinatorial Antibody Library Technology (AbD Sero-
tec;  http://www.morphosys.com/technologies/morphosys-
technologies). The diversity of the antibody repertoire is

Age, years Male gender, Extensive fibrosis GT 1 or 47, ALT X ULN,*
median (range) n (%) or cirrhosis, n (%) n (%) median (range)

Chronic (n=15) 55 (40-80) 8 (53) 7 (47) 15 (100) 1-6 (0-9-5)
SVR (1= 15) 53 (43-65) 7 (47) 47 (29) 14" (100) 0-46 (0-3-1-1)

"Missing data for one patient in each group. *ALT levels reported as fold change compared to upper limit of normal (ULN). SVR: sustained

virological responders.
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established through the use of one of seven heavy-chain
genetically fused to one of six light-chain variable region
genes, giving rise to 42 frameworks in the master library.
Highly variable complementarity determining regions
(CDRs) are inserted into these genetic frameworks to mimic
the antibody repertoire and allowing for the generation of
45 % 10" functional human antibody specificities in Fab
format. Serial panning was performed, alternating between
selection of the captured antibodies bound to the peptide
or protein of interest; and depletion of those antibodies
that bind to the alternate form of the NH,-terminal pep-
tide or CXCL10 protein. Peptides corresponding to the
NH,-terminal 7 amino acids of DPP4 cleaved CXCL10
(LSRTVRC) and peptide corresponding to the native protein
(VPLSRTVRC) were conjugated to bovine serum albumin
(BSA) and transferrin (TRF) for use. DPP4 cleaved and
native protein was also employed in the screen in order to
ensure that the antibody recognized the epitope within the
folded protein conformation. The primary screens for
CXCL10 antibodies were carried out in 384 plates. Briefly,
384-well Maxisorp plates (Nalge Nunc International, Roch-
ester, NY, USA) were coated with 20 pl/well of antigen at
5ug/ml in phosphate-buffered saline (PBS) overnight at
4°C. After PBS washes, the wells were saturated with 100 pl
5% non-fat dry milk in PBS-Tween 0-05% for 1-2 h at room
temperature. Twenty pl of the tested antibodies were added
to each well, diluted at 2 pg/ml in PBS-Tween for 1 h; 20 pl/
well of anti-Fab,-AP conjugate (AbD Serotec, Raleigh, NC,
USA) was used as secondary antibody. After the last washing
step, 20 ul of AttoPhos (Roche Applied Science, Indianapo-
lis, IN, USA) was added to each well for detection. Values
obtained with unspecific antigens were used for the calcula-
tion of background (data not shown).

Direct enzyme-linked immunosorbent assay (ELISA) for
secondary screening was performed in 96-well Maxisorp

(a)

16 kDa

Fig. 1. NH, truncation of recombinant
CXCL10 by dipeptidylpeptidase IV (DPP4).
Human recombinant CXCL10 (1-77) was
incubated in vitro with recombinant DPP4 to
obtain CXCL10 (3-77). (a) Native or digested
protein (150 ng) was loaded onto a 15%

7 kDa

bis-acrylamide gel for Western blot analysis;

(b) 0-5 pg was spotted on an H4 column for 4 kba
mass spectrometry analysis. The difference in
molecular weight between CXCL10 (1-77) and
CXCL10 (3-77) is consistent with a two amino

acid truncation.
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Discriminating agonist and antagonist CXCL10

plates (Nunc) coated with 50 ul of a peptide solution at
10 pg/ml, or with 50 ul of a CXCL10 protein solution at
0-4 ug/ml, in PBS overnight at 4°C. After PBS washes, the
wells were saturated with 200 pl 0-05% Tween-20, 1% BSA in
PBS for 1-2 h at room temperature. One hundred pl of the
tested antibodies were added to each well, diluted at 2 pg/ml
in 1% BSA blocking buffer. Revelation was performed with
anti-human Fab horseradish peroxidise (HRP)-conjugated
antibody (AbD Serotec). After the last washing step, 100 pl of
tetramethylbenzidine (TMB) substrate (Sigma-Aldrich, St
Louis, MO, USA) was added to each well and 100 ul of HCI
I N to stop the reaction. Plates were read in a Labsystems
Multiskan MS device (Thermofisher Scientific, Waltham,
MA, USA).

Generation of NH,-truncated CXCL10

To generate CXCL10 (3-77), recombinant human CXCL10
at a final concentration of 0-5 mg/ml (Peprotech, Rocky Hill,
NY, USA) was incubated with recombinant DPP4, at a final
concentration of 1-25 U/ml (Sigma) in a 100 mm Tris-HCL
pH 8 solution for 2 h at 37°C. Cleavage was monitored by
Western blot analysis (Fig. 1a). To resolve proteins with a two
amino acid difference, we utilized a 15% bis-acryalmide gel,
48 cm plates with a 1-mm spacer, and ran the gel in Tris-
Tricine buffer. Hybond-P membrane (GE Healthcare,
formerly Amersham Biosciences, Piscataway, USA) and a
semi-dry Western blot transfer procedure (EBU-4000 CBS
Scientific, Del Mar, CA, USA) was used. The membrane
was saturated with a 1% Tween-20, 1% BSA Tris-buffered
saline (TBS) solution. To detect CXCL10, a mouse anti-
human monoclonal antibody (clone 33036; R&D Systems
Inc, Minneapolis, MN, USA) was used with an anti-
mouse immunoglobulin (Ig)G (H+L) coupled to HRP
(Vector Laboratories, Burlingame, CA, USA) and enhanced

(b)

CXCL 10(1-77)

CXCL 10(3-77)

CXCL 10(3-77)
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chemiluminescence (ECL)-plus detection system
(Amersham). Confirmatory analysis was performed using
surface-enhanced  desorption/ionization  time-of-flight
(SELDI-TOF) mass spectrometry (Fig. 1b). One pul of the
digested product was spotted onto an H4 protein chip.
Arrays were incubated and washed as per the manufacturer’s
instructions and analysed using the ProteinChip System
Series 4000 (Biorad, Hercules, CA, USA). The range of
molecular weights (MWs) investigated was from 0 to
20 000 Da. The focus mass was set at 8-5kDa. Data were

analysed using Ciphergen Express Software.

Assays for discriminating agonist CXCL10 and
NH,-truncated CXCL10

Upon identification of candidate antibodies [clone 12010 for
CXCL10 (1-77) and 9852 for CXCL10 (3-77)], sandwich
ELISAs were established. Maxisorp plates (Nunc) were
coated with 50 pl of a 2 pg/ml solution of the capture anti-
body in PBS overnight at 4°C. The wells were saturated with
200 pl 0-05% Tween-20, 1% BSA in PBS for 1 to 2 h at room
temperature. A standard curve was obtained by diluting
recombinant CXCL10 (1-77) or CXCL10 (3-77) in satura-
tion buffer and incubated at room temperature for 2 h. Bioti-
nylated goat polyclonal anti-CXCL10 was used for detection
(R&D Systems) (0-25 ug/ml as a final concentration), incu-
bated for 1-5h min at room temperature. Finally, HRP-
streptavidin (BD Biosciences Pharmingen, San Diego, CA,
USA) followed by 100 pl of TMB substrate (Sigma) was used
to reveal a signal; 100 pul of HCI 1 N was used to stop the
reaction. Plates were read in a Labsystems Multiskan MS
(Thermofisher Scientific, Waltham, MA, USA) device.

Whole blood stimulation

TruCulture™ tubes were preloaded with 300 units recombi-
nant IFN-o, (Intron-A; Schering-Plough, Kirkland, QC,
Canada) or media alone. The tubes contained Na heparin
and a total volume of 2 ml, prior to blood sampling. The
TruCulture syringe-based stimulation system is designed to
avoid the introduction of errors inherent in traditional
culture-based models in which leucocytes are manipulated
ex vivo (e.g. transportation of samples to the laboratory,
Ficoll separation). An important feature of the collection
system is that they are designed to allow only 1 ml of blood
to be drawn into the syringe; thereafter, the syringe locks.
The blood/medium mixture was incubated for 20 h at 37°C.
At the end of this incubation, the supernatant of the culture
tube was separated from the cells by inserting a plunger into
the syringe. Subsequently the culture supernatant was ali-
quoted and stored at —80°C until analysis. IFN-o, TruCul-
ture stability testing was preformed (data not shown) and all
collections were performed within the optimal window for
use.

140

Analysis of DPP4 activity

The activity of DPP4 was measured using a luciferase-based
assay (DPP4-Glo protease Assay; Promega), following the
supplier’s instructions. The DPP4-Glo™ Protease Assay is a
homogeneous, luminescent assay that measures DPP4
activity. The DPP4-Glo™ assay provides a proluminescent
DPP4 substrate, Gly-Pro-aminoluciferin, in a buffer system
optimized for DPP4 and luciferase activities. Following
DPP4 cleavage, the substrate for luciferase (aminoluciferin)
is released, resulting in the luciferase reaction and the pro-
duction of light. The signal is proportional to the amount of
DPP4 activity present. Human serum was serially diluted
between 0-25% and 2:5% in 10 mm Tris-HCL pH 8 with
0-1% prionex stabilizer. Plates were read using the Tristar
LB941 device (Berthold Technologies, Oak Ridge, TN,
USA).

Data presentation and statistical analyses

Values obtained from our CXCL10 three-plex are presented
as pg/ml. Values above the least detectable dose (LDD)
possess excellent precision with coefficients of variation
(CV) < 10%. For individual assays, there is the possibility of
achieving a value that is measurable, but below the LDD. In
such instances, we define a per run lower assay limit (LAL),
the lowest value that may be calculated from the standard
curve. Values below the LDD and above the LAL may be real
values whose precision is examined closely. For data analysis
and presentation, values below the LAL were replaced with a
value that is 50% of the lowest value in the data set. The LDD
for the assays are indicated. The Mann—Whitney U-test was
used to determine whether a difference existed between two
groups of individuals. A two-tailed comparison was per-
formed in all cases. A P-value <0-05 was considered to be
statistically significant.

Results

Generation of antibodies specific for CXCL10 (1-77)
and CXCL10 (3-77)

Five antibody clones were identified from the primary screen
and subjected to testing in a direct ELISA assay. Whole
protein and the NH,-terminal peptide of DPP4 cleaved
CXCL10 were bound to a plate at titrated doses and the
specificity of the clones was evaluated. A rabbit polyclonal
antibody (pAb), previously raised against the NH,-terminus
of the agonist form of CXCL10, served as a control. Based on
these studies, clone 9852 was selected for use (Fig. S1). A
similar strategy was utilized to generate monoclonal reagents
specific for the agonist form of CXCL10, and resulted in the
identification of six clones. The secondary screen revealed
that only clone 12010 recognized the epitope within the

© 2011 The Authors
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context of the full-length protein at reasonable affinity
(Fig. S2).

Using these unique antibodies, we generated and validated
a three-plex assay that permits simultaneous quantification
of total (i.e. all forms), CXCL10 (1-77) and CXCL10 (3-77).
The assay was tested rigorously for the fundamental param-
eters of least detectable dose, precision, cross-reactivity, cor-
relation, linearity, spike-recovery, dynamic range, matrix
interferences and stability. Details can be found within the
Supplementary information. Representative standard curves
(Fig. S3) and assay parameters (Table 2) are shown. In addi-
tion, we cross-validated the single-plex and multiplex assays,
which demonstrated accuracy and precision for our method
(all assays showed an R* > 0-9, data not shown).

Table 2. Parameters of CXCL10 three-plex assay.

Analyte Units LAL" LDD* LLOQ® Dynamic range
CXCL10 pg/ml 46 110 171 110-47 550
Long CXCL10  pg/ml 606 706 971 706-250 000
Short CXCL10  pg/ml 130 533 443 533-250 000

TLAL (lower assay limit) is defined as the lowest value that can be
calculated from the standard curve. The value shown here is for plasma
samples; urine samples (not shown) have a slightly lower LAL. 'LDD
(least detectable dose) is measured by determining the mean of 20 blank
samples and adding 3 standard deviations to the mean. SLLOQ (lower
limit of quantitation) is the value at which the assay precision reaches
>30%.

© 2011 The Authors

HCV patients rapidly catabolize CXCL10 due to higher
ex vivo DPP4 activity

There are nearly 170 million HCV infected individuals
worldwide [39]. While cure is possible, 20-60% of chroni-
cally infected patients (numbers vary depending on viral
genotype and IL28B haplotype) who receive pegylated
(peg)-IFN-0,/ribavirin (RBV) therapy fail to achieve a sus-
tained viral response (SVR) [40]. To define more clearly the
distinct clinical outcomes of HCV infection, many investi-
gators have performed biomarker studies, with CXCL10
proving to be a valuable discriminatory analyte [41-43].
We have reported recently that the dominant form of
CXCL10 circulating in chronic HCV patients is an antago-
nist molecule lacking the two NH,-terminal amino acids
[22].

To gain additional insight into the catabolism of CXCL10
we evaluated ex-vivo stimulation of whole blood obtained
from HCV patients, examining the forms of CXCL10 present
after stimulation with recombinant IFN-o,. In order to
ensure standardization of whole blood stimulation, the
TruCulture System was employed [44]. Briefly, TruCulture
collection syringes were preloaded with buffered medium
and 300 U recombinant IFN-0, (Intron-A; Schering Plough).
One ml of blood was drawn up into the TruCulture tubes;
thereafter the blood/medium mixture was incubated for 20 h
at 37°C and the culture supernatant was separated from the
cells and frozen immediately for storage at —80°C until
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analysis. Of note, TruCulture tubes containing media alone
were used as a control.

Samples from 30 HCV patients were obtained; half the
donors had previously received treatment, and responded
successfully based on their achieving SVR; and half the
donors failed treatment and remained persistently infected.
After a 24-h ex-vivo stimulation, the majority of the IFN-
induced CXCL10 remained in the native form (Fig. 2a).
Notably, the concentration of CXCL10 (1-77) was slightly
higher than CXCL10 (total). We therefore plotted the results
of these two assays against each other and recalibrated the
data based on the assumption that the assays should read
out equivalent levels of protein (Fig.2b). The coefficient
of determination, R*>, was equal to 0-96, supporting this
assumption and indicating a close correlation for the two
assays. Forcing the y-intercept through the origin, we calcu-
lated a slope of 1-67, which was used as a correction for all
future results of CXCL10 (1-77) assays.

Next, we re-analysed the patient data, segregating those
patients that had achieved SVR and those who remained
chronically infected (Fig. 2c). Interestingly, there was no dif-
ference between the levels of CXCL10 induced by ex-vivo
stimulation with type I IFN; however, there was evidence of
increased catabolism of CXCL10 in patients who remained
actively infected by HCV. Statistical analysis revealed a dif-
ference for the CXCL10 (3-77) assay with a P-value < 0-001.
To account for this finding, we tested the culture superna-
tants for the X-prolyl DPP activity using a luciferase-based
enzymatic assay (Promega). Indeed, we observed higher DPP

142

activity in the culture supernatants of chronically infected
HCV patients compared to those who achieved an SVR
(Fig. 3d). Notably, the CXCL10 (3—77) concentration present
in the null TruCulture tubes (media alone) was <200 pg/ml
for all patients (data not shown). Thus, we conclude that
the DPP4 present in our TruCulture system acts on newly
produced CXCL10.

Evidence for in vivo cleavage of CXCL10 in patients
with chronic HCV infection

To demonstrate the utility of this assay for in vivo use,
samples were collected from HCV patients post-treatment
and the different forms of CXCL10 were assessed utilizing
our CXCL10 three-plex. In all patients, the CXCL10 levels
were detectable and elevated compared to healthy donors
(data not shown). Strikingly, 10 of 11 donors had undetect-
able levels of the CXCL10 (1-77) (Fig. 3a). Based on the
CXCL10 (3-77) assay, seven of 11 donors had detect-
able levels of the product generated by DPP4 cleavage
(Fig. 3a).

Data from the in-vivo analysis suggested that it is not
possible to achieve mass conservation: [CXCL10 (1-77) +
CXCL10 (3-77) # CXCL10 (total)]. While such an analysis
is complicated by the fact that these assays utilize distinct
capture antibodies, we believe that the data indicate the
presence of additional antagonist forms of CXCL10. One
possibility is that following loss of the proline in the
penultimate position of the NH,-terminus, other N-terminal

© 2011 The Authors
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aminopeptidases (e.g. APN or CD13) may act on the protein,
thus resulting in loss of our neo-epitope. To gain insight into
this question, we substituted negative values for all assays
with ('/, X lower assay limit) and used a simple calculation
(total — long/total) to estimate the percentage of truncated
CXCLI10. Seven of 11 donors had catabolized >66% of their
plasma CXCL10 (Fig. 3b). The solid blue line (>66%) indi-
cates the ratio at which we observe the truncated form of
CXCL10 demonstrating dominant negative activity, based
on in-vitro Ca*" flux studies (data not shown and [22]).
Interestingly, and confirming prior results in an independent
patient population [22], chronic HCV patients had higher
plasma CXCL10 (3-77) compared to patients who had
cleared their virus (Fig. 3¢). Moreover, the chronic patients
had a greater percentage of catabolized CXCL10 based on the
comparison of total and CXCL10 (1-77) assays (Fig. 3d).
In addition to monitoring baseline levels of CXCL10 that
result from chronic HCV infection and liver inflammation,
it is also possible to evaluate the form of CXCL10 after thera-
peutic treatment with recombinant IFN-o,. Patients were
enrolled into a substudy in order to evaluate the CXCL10
induced by the first dose of peg-IFN-0,/RBV therapy. Two
representative patients are shown in order to highlight the
variable in-vivo response to treatment. In one individual
(patient IM-34), CXCL10 peaked at 6 h and a significant
fraction of the circulating molecule was detectable using
the CXCL10 (1-77)-specific antibodies (Fig. 4a). Based on
in-vitro experiments, this fraction of CXCL10 (1-77) is
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Fig. 4. Kinetic analysis of CXCL10 in chronic hepatitis C virus (HCV)
patients after treatment with IFN-0,. Plasma concentrations of
CXCL10 (total, blue; 1-77, black; and 3-77, red) were measured from
two HCV patients at interval time-points after their receiving their
first injection of pegylated-interferon.
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sufficient to achieve CXCR3 activation (data not shown). In
contrast, some of the individuals receiving peg-1FN-0,/RBV
therapy have a delayed induction of CXCLI10, with only
a small fraction being present in the intact form (<10%)
(Fig. 4b). One caveat is that we may have missed the peak of
CXCL10 (1-77), but arguably these data suggest that in-vivo
catabolism in some individuals is quite rapid. This also
applies to the further truncation of CXCL10 (3-77), as sug-
gested by the low levels of this molecule detected in our
patient samples. This method for immune monitoring will
be instrumental in our evaluation of treatment trials utiliz-
ing DPP4 inhibitors; such studies are currently under way,
the hypothesis being that preservation of the agonist form
will enhance T and natural killer (NK) cell trafficking to the
liver with the hope of increasing response to peg-IFN-o,/
RBV therapy.

Inflammation-induced CXCL10 catabolism in the urine
of patients with carcinoma of the bladder

We next explored the possibility of monitoring urine
CXCL10 concentration utilizing our assay system. We and
others have demonstrated that following intravesical BCG
therapy, given in the context of treatment for carcinoma of
the bladder, there is robust induction of proinflammatory
cytokines and chemokines, including CXCL10 [45,46]. In
fact, in our prior biomarker studies in which we evaluated 90
inflammatory proteins and plasma metabolites (human map
version 1-6, RBM), CXCL10 was the most highly induced
molecule, showing an increase of 225-fold at the third instil-
lation of BCG [46]. Of note, the kidney epithelium expresses
high levels of DPP4 that is presumably shed (but may be
secreted actively) into the urine, accounting for the high DPP
activity (data not shown and [47,48]). We therefore hypoth-
esized that although acutely produced as a result of BCG
instillation, the CXCL10 may be cleaved rapidly by DPP4,
thus partially abrogating its ability to recruit CXCR3" cells to
the bladder.

Using samples that were collected as part of an ongoing
observational clinical study in patients with bladder cancer
receiving intravesical BCG, we determined the concentration
of the different forms of CXCL10. Samples were obtained
from 10 patients and analysis focused on the fifth instillation
comparing pre- versus 4 h post-BCG treatment. Confirming
prior data, we observed a median fold change of >50-fold
across the patient group. While extraordinarily high levels of
CXCL10 were detected following BCG treatment (range:
0-4—> 1000 ng/ml), the majority was not sensitive to the
CXCL10 (1-77) antibody (Fig.5a). As observed in the
plasma of HCV patients, we were able to detect elevated
levels of CXCL10 (3-77); however, additional N-terminal
truncation of the molecule is likely. Kinetic studies sup-
ported this hypothesis, as CXCL10 is rapidly cleaved at its
NH,-terminus and cleared, a combination of degradation
and micturation (Fig. 5b).
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Discussion

Biomarker discovery is regarded as a priority research area,
with the aim to improve diagnosis, guide therapeutic inter-
ventions, monitor disease pathogenesis and reduce costs
through improved management of patients. Plasma proteins
are a bedrock for clinically useful surrogate markers. For
example, monitoring liver or cardiac enzymes are indispen-
sible biomarkers for hepatic or myocardial injury [49,50].
The — omics revolution has provided exciting new tools;
however, the steps to a validated and commercialized
assay are arduous, especially when advancing methods on
unknown molecules [51]. As a result, many have chosen to
start their discovery process using validated assays based on
high-quality antibodies. It is indeed in this way that CXCL10
has emerged as an important biomarker in the prediction of
response to therapy in patients with chronic HCV, as well as
several other disease states (reviewed above). We have dis-
covered that even with precise assays, the insight offered
through biomarker studies may be misleading with respect
to a better understanding of disease pathogenesis. Indeed,
many studies have highlighted the challenge presented by
post-translational modification of proteins that may impact
their receptor binding, activity or bioavailability [52].

In the current study, we present the development of new
tools that permit discrimination of the intact, agonist form
of CXCL10 (1-77) and the NH,-terminal truncated antago-
nist form of CXCL10 (3-77). Specifically, these unique anti-
bodies have helped to correct the interpretation of elevated
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plasma concentrations of CXCL10 in the context of chronic
HCV infection [22], and provided insight into an intriguing
new drug target that may improve response to peg-IFN/
RBV therapy. Additionally, we provide new information
about the use of ex-vivo whole-blood stimulation systems
that may be important for monitoring DPP4 action on
IFN-induced substrates. Finally, our manuscript suggests
that even under instances of acute inflammation, as is the
case for intravesical BCG therapy in patients with bladder
cancer, CXCL10 catabolism may be limiting T cell and NK
cell recruitment. We discuss briefly the role of CXCL10
in the context of HCV and bladder cancer therapy and
highlight the utility, but also the limitations, of our newly
developed CXCL10 assays.

NH,-truncated CXCL10 in chronic HCV

It has been noted for some time that chemokines are inter-
esting host factors from the perspective of biomarkers for
treatment outcome. This is based on their role as regulators
of inflammation; the knowledge that several factors are
induced only upon cell stress or cell damage; and the dem-
onstration that many are modulated by therapeutic IFN
[53]. Moreover, it has been shown that viral clearance cor-
relates with NK activity and HCV-reactive CD8" T cell
responses [54-57] — cell types that are known to respond to
IFN-induced chemokines (e.g. CXCL10) [5,58].

To our knowledge, the methodology presented herein pro-
vides the first opportunity to study chemokine antagonism
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using whole blood culture devices or in vivo using plasma
samples, both of which offer the possibility of linking it
to disease pathogenesis. Interestingly, when we compared
whole blood samples obtained from SVR and chronic
patients, stimulated by recombinant IFN-o,, we observed
higher levels of CXCL10 (3-77) in chronically infected
patients (Fig. 2c). This is due probably to higher plasma
concentrations of DPP4 in the plasma of chronically infected
patients ([22] and Fig. 2d), but may also reflect higher levels
of cell associated DPP4 on circulating lymphocytes [59].
These data illustrate the utility of monitoring the different
forms of CXCL10 in ex-vivo culture and demonstrate a
potential application, as DPP activity may be regulated
differentially during inflammatory and infectious disease
situations.

Regarding in-vivo assessment of CXCL10, these assays
have provided an important proof-of-principle of how
these new reagents may impact our understanding of exist-
ing biomarkers for treatment responsiveness in patients
with chronic HCV (Figs 3 and 4). Additionally, the demon-
stration of NH,-truncation of CXCL10 has informed us
about mechanisms of immune regulation and provides
insight into novel drug targets that may help to improve
response to therapy. It is interesting to note that many of
the pieces to this puzzle have been known; however, a syn-
thesis of disparate observations from different fields
required the development of novel assay systems such as
the one described in this study. Several independent
cohorts have shown CXCL10 to be a negative predictive
marker for response to therapy in chronic HCV patients
[23,41,60,61]. This observation has held for genotypes 1
and 4 patients [23], including difficult-to-treat patients
with high levels of liver fibrosis, co-infected HIV/
HCV-infected patients, and individuals with extrahepatic
manifestations of HCV chronic infection (e.g. mixed cryo-
globulinaemia and thyroiditis). Regarding the role of DPP4
in modulating chemokine function, it was known that
CXCL10 may be truncated in vitro to generate a dominant
negative form, CXCL10 (3-77 aa), capable of binding
CXCR3 without signalling and competitively inhibiting
binding by the agonist form [35,38]. DPP4 is expressed
constitutively by a wide range of cell types, including hepa-
tocytes, and healthy donors harbour physiological plasma
activity in the range of 12-25 U/I. Published kinetic studies
suggest that this should be sufficient to cleave even high
concentrations of CXCL10 [62]. Moreover, there have been
two clinical reports that have made a link between DPPs
and chronic HCV infection [63,64]. Importantly, through
the application of novel tools and a critical examination of
the available data, it has been possible to provide an impor-
tant and unique perspective regarding the inflammatory
state of chronic HCV patients. Not only is the identification
of in-vivo antagonist CXCL10 important from the perspec-
tive of biomarker discovery, the possibility of protecting
agonist CXCL10 by inhibiting DPP4 may prove valuable

© 2011 The Authors

Discriminating agonist and antagonist CXCL10

for enhancing response to treatment in chronic HCV
patients.

DPP4 activity in urine may limit inflammation during
BCG therapy

Non-muscle invasive bladder carcinoma is treated by the
intravesical instillation of BCG [65]. While the mechanism
of action of BCG is still being elucidated, it is clear that
intravesical therapy triggers a profound innate immune
response. We have demonstrated recently that following
BCG treatment, the bladder urothelium, as well as infiltrat-
ing immune cells, both release CXCL10 into the bladder
parenchyma. Notably, CXCL10 leaks into the urine and may
be quantified for use as a potential biomarker [66]. As a
result of chemokine production, the expectation would be
the creation of an inflammatory microenvironment. Specifi-
cally, a CXCL10 gradient might be capable of attracting
CXCR3-expressing T and NK cells. Indeed, these cell popu-
lations traffic into the inflamed bladder ([46] and unpub-
lished data, Biot & Albert).

Following from our studies in HCV patients, we queried
as to whether DPP4 activity may also impact the functional
status of CXCL10 produced within the bladder mucosa.
Interestingly, high DPP4 concentrations are found in urine,
and enzymatic activity has been show to be a useful biom-
arker in several clinical situations (e.g. marker of cholestasis,
glomerulopathies) [67-69]. Our findings provide the first
evidence for in-situ truncation of urinary CXCL10 (Fig. 5).
Interestingly, these data suggest that chemokine antagonism
may limit the inflammatory response to BCG during intra-
vesical therapy. This was somewhat surprising, as the induc-
tion of CXCL10 in the therapeutic setting is similar to the
ex-vivo stimulation of whole blood, and in the latter instance
CXCL10 was principally intact. Following the in-vivo results
from bladder cancer patients, we suggest that DPP4 may
provide a mechanism for limiting migration of CXCR3-
positive cells into the bladder. While this may provide a
protective mechanism for the bladder mucosa, it also has the
potential to limit the efficacy of BCG therapy. Along these
lines, it suggests that inhibition of DPP4 in patients receiving
BCG therapy may provide a mechanism for enhancing anti-
tumour responses and/or possibly allow for shortening of
therapy.

One additional consideration concerns the role of
CXCL10 in limiting angiogenesis. In fact, when CXCL10 was
first identified in the urine of patients receiving BCG
therapy, Poppas et al. suggested that the cytokine-mediated
anti-angiogenic environment may contribute to the inhibi-
tion of future tumour growth and progression [45]. Inter-
estingly, while NH,-terminal truncation of CXCL10 affects
trafficking of CXCR3 expressing cells, it does not impact
its anti-angiogenic properties [38]. This supports a model
in which DPP4 participates in restoring tissue integrity
following the onset of inflammation.

145

Clinical and Experimental Immunology © 2011 British Society for Immunology, Clinical and Experimental Imnmunology, 167: 137-148



A. Casrouge et al.

Technical considerations and limitations of the assay

While the detection of circulating CXCL10 (3-77) supports
a role for in-vivo DPP4 activity, we could not account for
the total amount of CXCL10 detected. In other words, total
CXCL10 > CXCL10 (1-77) + CXCL10 (3-77). As the assays
utilize different capture antibodies, it is difficult to compare
directly the amount of CXCL10 detected in the different
ELISAs. That said, we favour the hypothesis that once
cleaved by DPP4 (or possibly other members of the DPP
family), the truncated form of CXCL10 becomes a substrate
for other aminopeptidases (e.g. APN or CD13) [70]. Several
candidate enzymes were tested, including APN and several
MMPs; however, it remains unclear as to which N-terminal
proteases are responsible for the subsequent catabolism
of CXCL10 (3-77). To overcome this limitation, we were
able to calculate the percentage of NH,-truncated CXCL10
by establishing a ratio of total and CXCL10 (1-77)
concentrations (Fig 3b,d).

It is also worth mentioning that the lower assay limit for
CXCL10 (1-77) and CXCL10 (3-77) is relatively high:
606 pg/ml and 130 pg/ml, respectively. As such, the assays do
not permit direct assessment of CXCL10 concentrations that
might be found in healthy individuals. Improved antibodies
and/or new assay systems will be required in order to ascer-
tain the functional state of CXCL10 in the resting state.

In summary, our paper demonstrates the utility of a new
panel of CXCL10 assays that permit discrimination of
agonist (CXCL10, 1-77) and antagonist (CXCL10, 3-77)
forms of CXCL10 in culture supernatant, patient plasma and
urine samples. Given the important role of CXCL10 in
chronic inflammatory diseases and its suggested role as a
predictive marker in managing patients with chronic hepa-
titis C, asthma, atopic dermatitis, transplantation, tubercu-
losis, kidney injury, cancer and others diseases, we believe
that our method will be of general interest to the research
and medical community.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Fig. S1. Development of antibodies specific for CXCL10
(3-77). (a) As a secondary screen following selection of
clones, direct enzyme-linked immunosorbent assay (ELISA)
was performed using plate-bound recombinant CXCL10
(1-77, black; 3-77, red) or peptide corresponding to the
NH,-sequence of the truncated form of CXCL10 (LSRTVR
peptide, blue). (b) A sandwich ELISA was developed by
coating the selected clone (#9852). A standard curve is
shown, using recombinant CXCL10 (1-77, black; and 3-77,
red).

Fig. S2. Development of antibodies specific for CXCL10
(1-77). (a) As a secondary screen following selection
of clones, direct enzyme-linked immunosorbent assay
(ELISA) was performed using plate-bound recombinant
CXCL10 (1-77, black; 3-77, red) or peptide correspond-
ing to the NH,-sequence of the intact and truncated
form of CXCL10 (VPLSRTVR peptide, grey; LSRTVR
peptide, blue). (b) A sandwich ELISA was developed by
coating the selected clone (#12010). A standard curve
is shown, using recombinant CXCL10 (1-77, black; and
3-77, red).

Fig. S3. Standard curves for CXCL10 3-plex. Standard curves
for the CXCL10 multiplex are shown for the (a) CXCL10
(total), (b) CXCL10 (1-77) and (c¢) CXCL10 (3-77) assays.
Biological CXCL10 was produced by culturing whole blood
with recombinant interferon (IFN)-o, (Intron-A; Schering
Plough) for 24 h. The supernatant of these cultures was used
as a biological standard for measurement of total and
CXCL10 (1-77). Recombinant protein cleaved by DPP4 was
used as standard for the measurement of CXCL10 (3-77)
assay.
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