
RESEARCH ARTICLE

Effect of JAK Inhibitors on Release of CXCL9,

CXCL10 and CXCL11 from Human Airway

Epithelial Cells

Peter S. Fenwick1, Patricia Macedo1, Iain C. Kilty2, Peter J. Barnes1, Louise E. Donnelly1*

1 Airway Disease, National Heart and Lung Institute, Imperial College London, London, United Kingdom,

2 Pfizer Inc, Cambridge, Massachusetts, United States of America

* l.donnelly@imperial.ac.uk

Abstract

Background

CD8+ T-cells are located in the small airways of COPD patients and may contribute to

pathophysiology. CD8+ cells express the chemokine receptor, CXCR3 that binds CXCL9,

CXCL10 and CXCL11, which are elevated in the airways of COPD patients. These chemo-

kines are released from airway epithelial cells via activation of receptor associated Janus

kinases (JAK). This study compared the efficacy of two structurally dissimilar pan-JAK in-

hibitors, PF956980 and PF1367550, and the glucocorticosteroid dexamethasone, in BEAS-

2B and human primary airway epithelial cells from COPD patients and control subjects.

Methods

Cells were stimulated with either IFNγ alone or with TNFα, and release of CXCL9, CXCL10

and CXCL11 measured by ELISA and expression of CXCL9, CXCL10 and CXCL11 by

qPCR. Activation of JAK signalling was assessed by STAT1 phosphorylation and DNA

binding.

Results

There were no differences in the levels of release of CXCL9, CXCL10 and CXCL11 from

primary airway epithelial cells from any of the subjects or following stimulation with either

IFNγ alone or with TNFα. Dexamethasone did not inhibit CXCR3 chemokine release from

stimulated BEAS-2B or primary airway epithelial cells. However, both JAK inhibitors sup-

pressed this response with PF1367550 being ~50-65-fold more potent than PF956980.

The response of cells from COPD patients did not differ from controls with similar responses

regardless of whether inhibitors were added prophylactically or concomitant with stimuli.

These effects were mediated by JAK inhibition as both compounds suppressed STAT1

phosphorylation and DNA-binding of STAT1 and gene transcription.
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Conclusions

These data suggest that the novel JAK inhibitor, PF1367550, is more potent than

PF956980 and that JAK pathway inhibition in airway epithelium could provide an alternative

anti-inflammatory approach for glucocorticosteroid-resistant diseases including COPD.

Introduction

Type-1 helper (Th1) lymphocytes and CD8+ T cells are elevated in a number of inflammatory

diseases including chronic obstructive pulmonary disease (COPD) [1] where these cells are lo-

cated at the sites of airways obstruction [2, 3] and may contribute to emphysema via the pro-

duction of granzyme B and perforins [4]. Recently, these cells have been shown to exhibit

reduced apoptosis in COPD patients [5] leading to the persistence of these inflammatory cells

in the airways. COPD is currently the fifth leading cause of death globally [6] and is increasing

in prevalence with estimates that it affects ~10% of the population over the age of 40 [7]. Al-

though inflammation underpins the pathophysiology of COPD, current anti-inflammatory

treatments, including glucocorticosteroids, are ineffective [8]. Therefore, alternative strategies

are required, for example, reducing recruitment of CD8+ cells to the airways of patients with

COPD might prove to be beneficial.

The chemokine receptor, CXCR3 is highly expressed by activated Th1 and CD8+ lympho-

cytes and is thought to be involved in recruitment of these cells to the sites of inflammation [9].

CXCR3 binds to three distinct ELR negative ligands, CXCL9 (monokine induced by interferon

γ (IFNγ); MIG), CXCL10 (interferon inducible protein of 10 kDa; IP10) and CXCL11 (interfer-

on inducible T-cell α chemoattractant; ITAC) [10], all of which are elevated in the airways of

patients with COPD [11] with CXCL10 being elevated in both sputum and serum during a

viral exacerbation [12, 13] Although all three of these chemokines bind to the CXCR3 receptor,

however CXCL11 has increased affinity and CXCL9 the least, implying a hierarchy of activity

[9]. The source of these chemokines in the airways of COPD is unclear, however bronchial air-

way epithelial cells [14–16] and airway smooth muscle cells [17] release these chemokines fol-

lowing stimulation with interferon (IFN)-γ in both the presence and absence of tumour

necrosis factor (TNF)α. Classically, binding of IFNγ activates Janus kinases (JAK) 1 and 2 lead-

ing to phosphorylation of signal transducer and activation of transcription (STAT)-1 protein,

which subsequently dimerizes and binds to genes containing γ-activated sequences [18] includ-

ing CXCL9, CXCL10 and CXCL11. STAT-1 independent mechanisms may also be invoked

and STAT-3 and STAT-5 have been reported to be activated through the IFNγ receptor [19,

20]. Release of CXCL9, CXCL10 and CXCL11 from both airway epithelial cells and airway

smooth muscles can be potentiated by the synergistic interactions of TNFα with IFNγ [14, 21].

In the airways of COPD patients, the concentrations of TNFα are elevated [22] and thus the ex-

pression of CXCL9, CXCL10 and CXCL11 by structural cells of the airways is likely to be en-

hanced, driving lymphocyte recruitment.

Previously, we have shown that the epithelial cell line BEAS-2B releases CXCL9, CXCL10

and CXCL11 in response to IFNγ in a manner that is glucocorticosteroid-insensitive but re-

sponsive to inhibition via the IκB kinase, IKK2 [15]. The present study utilized our previous

model to assess whether direct inhibition of the JAK pathway could suppress release of CXCL9,

CXCL10 and CXCL11 from human lung epithelial cells using two structurally dissimilar

compounds. PF956980 ([23]-pyrrolidin-1-yl-methanone hydrate) is a pan-JAK inhibitor with

little effect against other kinases, including IKK [24] whereas the novel compound, PF1367550
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(4-(3-(1H-benzo[d]imidazol-2-yl)-1H-indazol-6-yl)-3-ethylphenol), is a structurally differen-

tiated, indazole pan-JAK inhibitor with excellent selectivity over non-JAK kinases [25]. Both of

these JAK inhibitors were assessed for efficacy and potency to suppress CXCR3 chemokine re-

lease from both BEAS-2B cells and human primary airway epithelial cells with a view to under-

standing the utility of JAK inhibitors as therapeutic agents for inflammation in diseases such as

COPD.

Materials and Methods

Materials

All chemicals and reagents were from Sigma Chemical Co (Poole, Dorset, UK) unless indicated

otherwise. PF956980 and PF1367550 were kind gifts from Pfizer Inc. (Cambridge, Mass). All

drugs were reconstituted at a concentration of 10mM in DMSO and diluted from these stock

solutions for use in experiments. All experiments were performed with an appropriate vehicle

control which had no effect on any of the responses measured.

Cell culture

BEAS-2B cells (catalogue number CRL-9609) were purchased directly from American Type

Culture Collection (Rockville, MD). Keratinocyte serum-free medium (K-SFM), bovine pitui-

tary extract (BPE), and recombinant human epidermal growth factor (EGF) were purchased

from Invitrogen (Paisley, UK). BEAS-2B cells were cultured in K-SFM containing 50 μg/ml

BPE and 5 ng/ml EGF at 37°C in a humidified atmosphere comprising 5% (v/v) CO2 in air.

Cells were cultured as monolayers in growth factor-free media for 24 h prior to stimulation.

Human primary airway epithelial cells were cultured as monolayers from bronchial brushings

from both male and female subjects (Table 1) and cultured in LHC-9 media (Invitrogen, Pais-

ley, UK) in collagen (1% w/v) coated flasks. Samples were obtained from non-smokers, smok-

ers and patients with COPD. Smokers had a smoking history of at least 10 pack-years and

COPD patients were stable and fulfilled the American Thoracic Society criteria [26]. The sub-

jects were matched for age and smokers and COPD patients for smoking history (Table 1). All

subjects gave informed written consent and the study was approved by the NRES London-

Chelsea Research Ethics committee, study number 09/H0801/85.

Table 1. Demographic data for subjects providing primary human airway epithelial cells.

Non-smokersn = 4 Smokersn = 5 COPDn = 7

Age (years) 61 ± 10 53 ± 10 66 ± 4

Gender M:F 2:2 2:3 2:6

FEV1(L) 2.2 ± 0.4 2.3 ± 0.3 0.8± 0.2** ##

FVC (L) 2.8 ± 0.6 2.9 ± 0.3 1.8 ± 0.2*

FEV1 (% predicted) 79 ± 2 89 ± 8 38 ± 10**

FVC (% predicted) 83 ± 1 93± 8 65 ± 9

FEV1:FVC 0.83 ± 0.03 0.76 ± 0.05 0.44 ± 0.09*#

Smoking History (Pack Years) - 23 ± 5 38 ± 6

Data are presented as mean ± S.E.M.

*p<0.05 and

**p<0.01 vs smokers
#p<0.05 and

##p<0.01 vs non-smokers.

doi:10.1371/journal.pone.0128757.t001
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Measurement of CXCL9, CXCL10 and CXCL11

Cell-free supernatants were removed 20h post-stimulation and assayed for CXCL9, CXCL10

and CXCL11 using Duoset ELISA kits (R & D Systems Europe, Abingdon, UK) according to

the manufacturer’s instructions. The detection limits of these assays are 62pg/ml, 31pg/ml, and

7.8 pg/ml respectively.

Cell viability

Cell viability was determined colorimetrically by measuring the reduction of 3-

[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide, MTT, to formazan by mitochon-

drial dehydrogenases, as described previously [27].

Western Blotting

Enhanced chemiluminescence (ECL) reagent and Hybond-ECL nitrocellulose were obtained

from GE Healthcare (Little Chalfont, UK). Bis-Tris SDS-PAGE (4–12%) gels and buffers were

purchased from Invitrogen Ltd (Paisley, Scotland, UK). Antibodies against phosphorylated

and total STAT-1 were purchased from New England Biolabs (Hitchin, UK). Epithelial cells

were treated as indicated in six-well plates and lysed in 10 mM Tris-HCl buffer (pH 7.5) con-

taining 150 mMNaCl, 2 mM EDTA, 1 mM sodium orthovanadate, 1% (v/v) Triton X-100, 1

mM phenylmethylsulfonyl fluoride, 10 μg/ml leupeptin, and 10 μg/ml aprotinin) for 30 min on

ice. The lysates were then centrifuged at 12,000g for 15 min and protein concentration deter-

mined using the BCA protein assay (BioRad, Hemel Hempstead, UK). The proteins within the

lysates (20 μg) were resolved with 4–12% Bis-Tris gels and transferred onto nitrocellulose

membranes. The membranes were then blocked with 5% (w/v) non-fat milk in TBS containing

0.1% (v/v) Tween 20 for 1 h at room temperature and then incubated with antibodies specific

for pSTAT-1 overnight at 4°C. The primary antibody was detected with peroxidase-conjugated

secondary antibodies and labelled proteins were detected by ECL.

STAT Activation Assays (TransAM)

STAT phosphorylation, nuclear translocation and DNA binding was determined using

TransAM assays (Actif Motif, Rixensart, Belgium). Cells were treated with JAK inhibitors for

30 min prior to stimulation for 1h. Nuclear extracts were prepared using the Actif Motif assay

reagents. Briefly, the nuclear extracts (10 μg) were incubated in DNA coated plates for 1h.

After washing, antibodies supplied with the TransAM kit that were specific for the active forms

of STAT1, STAT3, STAT5A and STAT5B were added to the wells and incubated for a further

hour. The plates were washed and a secondary HRP-labelled anti-goat Ig antibody was added

and the plates incubated for an hour. After washing, the assay was developed using the TMB

substrate provided and the reaction stopped using 2N sulphuric acid. The plates were read at

450nm with a reference filter of 610nm. Data were then normalised to non-stimulated cells

and calculated as fold change from baseline.

Measurement of mRNA Expression of CXCL9, CXCL10 and CXCL11

Total RNA was extracted from cells and reverse transcribed, as described previously [15]. Gene

expression was determined by Taqman real-time PCR on a 7500 Real Time PCR system (Ap-

plied Biosystems, Life Technologies Ltd, Paisley, UK) using PCRMaster Mix Reagent and ‘as-

says on demand’ (Applied Biosystems). HPRT1 gene expression was used as the housekeeping

gene and data presented as δδCT relative to baseline.
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Statistical Analyses

Data are presented as mean ± SEM of ‘n’ independent determinations. Concentration-response

curves were analysed by least-squares, non-linear iterative regression with the ‘Graphpad

Prism’ curve fitting program (GraphPad software, San Diego, USA) and IC50 values were sub-

sequently interpolated from curves of best-fit. Statistical differences were determined using the

Kruskal–Wallis test followed by Dunn's multiple comparison test or a Wilcoxon signed rank

test as appropriate. Values of P<0.05 were considered significant.

Results

CXCR3 chemokine release from epithelial cells

Initial experiments were devised to compare the release of CXCL9, CXCL10 and CXCL11 from

BEAS-2B cells and primary human airway epithelial cells. IFNγ (10ng/ml) in both the absence

and presence of TNFα stimulated the release of CXCL9, CXCL10 and CXCL11 from both cell

types (Fig 1). IFNγ and TNFα operated synergistically to stimulate release of CXCL9, CXCL10

and CXCL11 from BEAS-2B cells and (Fig 1) primary human airway epithelial cells with no

differences in responses of the two cell types (Fig 1). There were no differences in the responses

of human primary airway epithelial cells derived from non-smokers, smokers or patients with

COPD with respect to any of the stimuli examined (Fig 1B, 1D and 1F) These data suggest that

BEAS-2B cells are a good model for the release of CXCL9, CXCL10 and CXCL11 from human

airway epithelia and that human primary airway epithelial cells from COPD patients do not re-

lease greater levels of CXCL9, CXCL10 and CXCL11 than cells obtained from control subjects.

Effect of JAK inhibitors on CXCR3 chemokine release

The effect of two, distinct JAK inhibitors on the release of CXCL9, CXCL10 and CXCL11 was

investigated using both BEAS-2B cells and primary airway epithelial cells and compared to the

effect of a glucocorticosteroid, dexamethasone. The selectivity of PF956980 has been reported

previously [24] with a reported IC50 of 22nM for JAK/JAK3 and 188 nM for JAK2 in a cellular

assay, whereas the selectivity of PF1367550 is reported in Table 2. PF956980 has been reported

to be inactive or with an IC50>30μM against AKT, AuroraA, cdk2, cdk6,CHK1, FGFR1,

GSK3b, IKKb, IKKi, INSR, MAPK1, MAPKAP-K2, MASK,MET, PAK4, PDK1, PKCb,

ROCK1, TaoK3, TrkA [24]. Both JAK inhibitors, PF956980 and PF1367550, attenuated IFNγ-

stimulated and IFNγ+TNFα-stimulated CXCR3 chemokine release from BEAS-2B cells in a

concentration-dependent manner (Fig 2) (Table 3), with PF1367550 being ~50-fold more po-

tent than PF956980. This contrasts with dexamethasone, which had a very limited effect on

CXCL9 and CXCL11 release (Fig 2A, 2C, 2D and 2F) but a maximal ~50% inhibitory effect on

IFNγ-stimulated release of CXCL10 (Fig 2B) but none when CXCL10 was measured following

stimulation with IFNγ and TNFα together (Fig 2E).

It was possible that concomitant addition of stimulus and JAK inhibitors may elicit a differ-

ent inhibitory profile, therefore to address this, experiments were performed. Addition of both

cytokines concomitantly with PF956980 or PF1367550 showed similar inhibitory profiles to

those exhibited when inhibitors were added prophylactically (S1 Fig) with no difference in IC50

values (S1 Table). Experiments were then performed to determine the effects of both JAK in-

hibitors in human primary airway epithelial cells in order to determine whether their ability to

suppress CXCR3 chemokine release from BEAS-2B cells was reflective of their efficacy in pri-

mary cells. Again, both PF956980 and PF1367550, inhibited both IFNγ-stimulated and IFNγ

+ TNFα-stimulated CXCR3 chemokine release from human primary airway epithelial cells in a

concentration-dependent manner irrespective of the source of the primary airway epithelial
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cells (S2–S4 Figs, Table 4) with cells from non-smokers, smokers and COPD patients respond-

ing similarly. Therefore, the data from all primary cells were pooled to increase statistical

power (Fig 3) (Table 5) and showed that PF1367550 was ~80-fold more potent than PF956980.

In these experimental systems, dexamethasone did not suppress CXCR3 chemokine release.

In order to determine whether any of the inhibitory effects of the JAK inhibitors could be at-

tributed to cell death, MTT assays were performed at the end of every experiment. PF956980

had no effect on cell viability at any of the concentrations used in this study. PF1367550 had

no effect on cell viability within 103 of the IC50 for this compound and therefore any observed

inhibitory effects are driven the pharmacological mechanism, since at 10-6M, and at all concen-

trations below this, both inhibitors showed no alterations in cell viability compared to untreat-

ed cells. Therefore, the effect of the JAK inhibitors to suppress CXCR3 chemokine release is

not related to cell toxicity. The limited effect of dexamethasone in these systems suggested that

the cells used in this study may be glucocorticosteroid-insensitive. In order to address this

issue, the levels of IL-6 released from cells stimulated with IFNγ + TNFα were measured. At

baseline, BEAS-2B cells and human primary airway epithelial cells release 41±15 pg/ml, n = 8

and 236±86 pg/ml, n = 7, IL-6 respectively. These levels are increased in the presence of IFNγ +

TNFα to 1480±142 pg/ml, n = 4 and 1077±267 pg/ml, n = 7 for BEAS-2B cells and primary air-

way epithelial cells, respectively. In the presence of dexamethasone, IL-6 release was suppressed

Fig 1. Effect of IFNγ in the presence and absence of TNFα on the release of CXCL9, CXCL10 and CXCL11 from BEAS-2B and primary human
airway epithelial cells. BEAS-2B cells, n = 11 (open bars, panels a, c and e) or human primary airway epithelial cells from non-smokers (n = 4) (closed bars),
smokers (n = 5) (horizontal lines) or patients with COPD (n = 7) (hatched bars) (panels b, d and f) were incubated for 20h in the absence or presence of IFNγ
(10ng/ml) or IFNγ + TNFα (10ng/ml). Media was harvested and the concentrations of CXCL9 (panels a and b), CXCL10 (panels c and d) and CXCL11
(panels e and f) were measured by ELISA. Data are presented as mean ± SEM, where * represents p<0.05, **p<0.01 and ***p<0.001.

doi:10.1371/journal.pone.0128757.g001

Table 2. Selectivity of PF1367550.

Kinase IC50

JAK1 Km 0.8 nM

JAK1 1 mM 0.4 nM

JAK2 Km 1.0 nM

JAK2 1 mM 1.3 nM

JAK3 Km 1.0 nM

JAK3 1 mM 14 nM

TYK2 Km 0.8 nM

TYK2 1 mM 8.4 nM

IL-2-induced P-STAT5 human T lymphocytes (JAK1/3) 11 nM

IL-2-induced IFNγ release by human T lymphocytes (JAK1/3) 14 nM

IL-12-induced IFNγ release by human T lymphocytes (JAK1/2) 45 nM

MLK1 Km 54 nM

MAP4K4 Km 60 nM

TrkA Km 227 nM

GSK3β Km 617 nM

Protein kinase C β2 Km 665 nM

MST4 Km 692 nM

TAOK2 Km 781 nM

Calculated IC50 values for PF1367550 against >50 kinases. Data are presented for the kinases that

showed >50% inhibition at 1mM ATP or at the Km as indicated (Data from Coe et al., [25]).

doi:10.1371/journal.pone.0128757.t002
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Fig 2. Effect of JAK inhibitors, PF956980 and PF1367550 and dexamethasone on IFNγ and IFNγ + TNFα-stimulated release of CXCL9, CXCL10 and
CXCL11 from BEAS-2B cells. BEAS-2B cells were pre-treated and incubated for 1h with either PF956980 (�), PF1367550 (●), or dexamethasone (▲)
followed by stimulation for 20h with IFNγ (10ng/ml) (panels a-c) or IFNγ + TNFα (10ng/ml) (panels d-f). Media was harvested and the concentrations of
CXCL9 (panels a and d), CXCL10 (panels b and e) and CXCL11 (panels c and f) were measured by ELISA. Data are presented as mean±SEM, n = 7–8.

doi:10.1371/journal.pone.0128757.g002

Table 3. IC50 values for PF956980 and PF1367550 on IFNγ and IFNγ+TNFα-stimulated release of CXCL9, CXCL10 and CXCL11 from BEAS-2B cells.

PF956980 IC50 (μM) PF1367550 IC50 (nM)

Chemokine IFNγ IFNγ+TNFα IFNγ IFNγ+TNFα

CXCL9 0.4 ± 0.1 0.6 ± 0.1 3.6 ± 1.4 13.3 ± 2.0

CXCL10 0.6 ± 0.3 2.2 ± 0.3 6.1 ± 2.0 50.3 ± 8.5

CXCL11 0.5 ± 0.1 0.9 ± 0. 3 11.5 ± 2.0 13.9 ± 2.6

BEAS-2B cells were pre-treated for 1h in the presence of either PF956980 or PF1367550 prior to stimulation for 20h in the absence or presence of IFNγ

(10ng/ml) or IFNγ+TNFα (10ng/ml). After this time, media was harvested and the concentrations of CXCL9, CXCL10 and CXCL11 measured by ELISA.

Data are presented as mean±SEM, n = 7–8.

doi:10.1371/journal.pone.0128757.t003
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by ~50–70% with IC50 values of 16±8 nM and 11±7 nM respectively. Therefore, these cells are

sensitive to glucocorticosteroid inhibition; however, the release of CXCL9, CXCL10 and

CXCL11 following stimulation with either IFNγ or IFNγ in combination with TNFα is not.

Both JAK inhibitors also suppressed this response in primary airway epithelial cells but with

IC50 values of ~5 and 50-fold greater than those for inhibition of CXCR3 chemokine release

(PF956980: 11.4 ± 9 μM and PF1367550: 0.8 ± 0.2 μM, n = 7) suggesting that these effects may

be unrelated to JAK inhibition directly.

Effects of JAK inhibitors on STAT-1

Having ascertained that JAK inhibitors could suppress the glucocorticosteroid-insensitive re-

lease of CXCL9, CXCL10 and CXCL11 from airway epithelial cells, it was important to confirm

that this was via inhibition of the JAK-STAT pathway and not an off-target effect of these

agents. Activation of the JAK-STAT pathway by IFNγ leads to the phosphorylation of STAT-1,

therefore experiments were devised to assess whether PF956980 and PF1367550 altered STAT-

1 phosphorylation. BEAS-2B cells were stimulated with either IFNγ or IFNγ in combination

with TNFα and the phosphorylation of STAT-1 was measured by western blotting as reported

previously [15] (Fig 4). Exposure of cells to either IFNγ or IFNγ + TNFα increase STAT-1

phosphorylation and this was inhibited by pre-treatment with either PF956980 or PF1367550

(Fig 4) (IC50 values: PF956980; 0.94±0.16μM, and 0.84±0.21μM, n = 4 for IFNγ and IFNγ

+ TNFα stimulation respectively; PF1367550; 24±6nM, and 32±13nM, n = 4 for IFNγ and

IFNγ + TNFα stimulation respectively) with, PF1367550 being ~40-fold more potent at sup-

pressing STAT-1 phosphorylation when compared with PF956980 (Fig 4). These data in

BEAS-2B cells were further validated using human primary airway epithelial cells. Both

PF956980 and PF1367550 suppressed phosphorylation of STAT-1 by IFNγ and IFNγ + TNFα

(Fig 5). The capacity of PF956980 and PF1367550 to suppress JAK-STAT activation was fur-

ther supported by the observation that both IFNγ and IFNγ + TNFα stimulation of STAT-1

DNA binding could be suppressed by these inhibitors in BEAS-2B cells (Fig 6A). Although,

IFNγ failed to promote STAT-3 DNA binding (Fig 6B), IFNγ + TNFα significantly increased

STAT-3 binding to DNA in a manner that was suppressed by both PF956980 and PF1367550

(10-6M). There was no activation of STAT-5A or STAT-5B in this system (data not shown).

Table 4. IC50 values for PF956980 and PF1367550 on IFNγ and IFNγ+TNFα-stimulated release of CXCL9, CXCL10 and CXCL11 from human primary
airway epithelial cells from non-smokers, smokers and COPD patients.

PF956980 EC50 (μM) PF1367550 EC50 (nM)

IFNγ CXCL9 CXCL10 CXCL11 CXCL9 CXCL10 CXCL11

Non-smokers 0.88 ± 0.39 n = 4 0.81 ± 0.15 n = 4 0.66 ± 0.24 n = 4 9.73 ± 3.5 n = 3 12.8 ± 5.6 n = 3 8.5 ± 0.7 n = 3

Smokers 0.55 ± 0.09 n = 4 1.28± 0.36 n = 4 0.78 ± 0.16 n = 4 9.0 ± 3.00 n = 4 12.3± 0.36 n = 4 6.8 ± 1.9 n = 4

COPD 0.63 ± 0.09 n = 5 0.53 ± 0.01 n = 5 0.82 ± 0.25 n = 5 7.4 ± 1.3 n = 6 7.1 ± 1.3 n = 6 6.3 ± 1.4 n = 6

IFNγ +TNFα

Non-smokers 0.61 ± 0.26 n = 4 2.72 ± 0.36 n = 4 1.85 ± 0.67 n = 4 14.1 ± 7.1 n = 3 20.3 ± 5.1 n = 3 13.7 ± 6.7 n = 3

Smokers 0.35 ± 0.26 n = 4 1.88 ± 0.41 n = 4 0.87 ± 0.13 n = 4 15.3 ± 4.8 n = 4 20.2 ± 3.6 n = 4 11.8 ± 2.9 n = 4

COPD 0.59± 0.38 n = 5 1.84 ± 0.40 n = 5 1.92 ± 0.67 n = 5 20.8 ± 4.8 n = 6 29.1± 3.5 n = 6 16.7 ± 4.1 n = 6

Human primary airway epithelial cells were pre-treated for 1h in the presence of either PF956980 or PF1367550 prior to stimulation for 20h in the absence

or presence of IFNγ (10 ng/ml) or IFNγ+TNFα (10 ng/ml). After this time, media was harvested and the concentrations of CXCL9, CXCL10 and CXCL11

measured by ELISA. Data are presented as mean±SEM.

doi:10.1371/journal.pone.0128757.t004
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Effects of JAK inhibitors on CXCL9, CXCL10, CXCL11 gene transcription

In order to demonstrate that suppression of STAT-1 activation leads to reduced gene expres-

sion, experiments were performed using BEAS-2b cells that had been pretreated with JAK in-

hibitors for 1h prior to stimulation with either IFNγ or IFNγ with TNFα for 4h and RNA

isolated (Fig 7). PF956980 suppressed expression of CXCL9, CXCL10 and CXCL11 in a concen-

tration dependent manner irrespective of stimuli (Fig 7). In contrast, PF1367550 completely in-

hibited expression of all three genes at all concentrations used. Taken together these data

suggest that JAK inhibition suppresses release of CXCL9, CXCL10 and CXCL11 by reducing

gene transcription which contrasts with the effect of dexamethasone, which had no effect on

gene transcription in this system.

Fig 3. Effect of JAK inhibitors, PF956980 and PF1367550 and dexamethasone on IFNγ and IFNγ+TNFα-stimulated release of CXCL9, CXCL10 and
CXCL11 from human primary airway epithelial cells.Human primary airway epithelial cells were pre-treated for 1h with either PF956980 (�), PF1367550
(●), or dexamethasone (▲) followed by stimulation for 20h with IFNγ (10 ng/ml) (panels a-c) or IFNγ + TNFα (10 ng/ml) (panels d-f). Media was harvested and
the concentrations of CXCL9 (panels a and d), CXCL10 (panels b and e) and CXCL11 (panels c and f) were measured by ELISA. Data are presented as
mean ± SEM, n = 10–13.

doi:10.1371/journal.pone.0128757.g003
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Table 5. IC50 values for PF956980 and PF1367550 on IFNγ and IFNγ+TNFα-stimulated release of CXCR3 chemokinesCXCL9, CXCL10 and CXCL11
from human primary airway epithelial cells.

PF956980 IC50 (μM) PF1367550 IC50 (nM)

Chemokine IFNγ IFNγ+TNFα IFNγ IFNγ+TNFα

CXCL9 0.68 ± 0.12 0.52 ± 0.17 8.4 ± 1.3 17.6 ± 3.0

CXCL10 0.96 ± 0.19 2.12 ± 0.24 10.4 ± 1.7 24.3 ± 2.4

CXCL11 0.76 ± 0.12 1.58 ± 0.33 7.0 ± 0.9 14.5 ± 2.4

Human primary airway epithelial cells were pre-treated for 1h in the presence of either PF956980 or PF1367550 prior to stimulation for 20h in the absence

or presence of IFNγ (10ng/ml) or IFNγ+TNFα (10ng/ml). After this time, media was harvested and the concentrations of CXCL9, CXCL10 and CXCL11

measured by ELISA. Data are presented as mean±SEM, n = 13.

doi:10.1371/journal.pone.0128757.t005

Fig 4. Effect of JAK inhibitors, PF956980 and PF1367550 on IFNγ and IFNγ + TNFα-stimulated phosphorylation of STAT-1 in BEAS-2B cells. BEAS-
2B cells were pre-treated for 1h with either PF956980 or PF1367550 followed by stimulation for 10 min with IFNγ (10ng/ml) (�) or IFNγ + TNFα (●). Cells were
harvested and western blots performed for phosphorylated STAT-1 and total STAT-1 and quantified by densitometry. Data are representative of n = 4
independent experiments (panels a and c) and presented as mean±SEM, n = 4 (panels b and d).

doi:10.1371/journal.pone.0128757.g004
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Discussion

Transgenic mice that over-express IFNγ exhibit many of the emphysematous changes observed

in COPD [28], thus suggesting that IFNγ is an important molecule driving the development

Fig 5. Effect of JAK inhibitors, PF956980 and PF1367550 on IFNγ and IFNγ + TNFα-stimulated phosphorylation of STAT-1 in human primary airway
epithelial cells.Human primary airway epithelial cells were pre-treated for 1h with either 1μMPF956980 (PF956) or 1μMPF1367550 (PF136) followed by
stimulation for 10 min with either IFNγ (10ng/ml) or IFNγ + TNFα. Cells were harvested and western blots performed for phosphorylated STAT-1 and total
STAT-1 and quantified by densitometry. Data are representative of n = 4 independent experiments (panel a) and presented as mean ± SEM, n = 4 (panel b).

doi:10.1371/journal.pone.0128757.g005
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and continuing pathophysiology of this disease. IFNγ is produced by CD8+ T lymphocytes and

these cells specifically accumulate in the lungs of patients with COPD at the sites of small air-

ways disease [3, 29] and are associated with increased expression of the chemokine receptor,

CXCR3 [2]. This suggests that recruitment of these cells is via CXCR3 and that attenuation of

recruitment of CD8+ cells into the airways of these patients could provide an anti-inflammato-

ry treatment for this glucocorticosteroid-insensitive disease. Since the chemokines that bind to

and activate CXCR3 are induced by IFNγ, the present study investigated the effect of inhibiting

IFNγ signalling in airway epithelial cells using, for the first time in these cells, selective JAK in-

hibitors and demonstrated reductions in CXCR3 chemokine release. In addition, the synergis-

tic action of TNFα with IFNγ to increase expression and release of CXCR3 chemokines has

been reported previously [14, 15, 21] and since TNFα is also elevated in the airways of patients

with COPD [22], the effects of JAK inhibition on this stimulus was also evaluated and showed

similar attenuation of chemokine output. These data would suggest that JAK inhibition could

lead to a reduction in the accumulation of CD8+ lymphocytes in COPD, however other che-

mokines and receptors, possibly CCR5 which is also expressed on these cells [3, 30] could pro-

vide an alternative avenue for cell migration and activation. It is of note that in diseases such as

COPD, increased levels of proteases including neutrophil elastase and matrix metaloprotei-

nases (MMP) such as MMP-2 and MMP-9 [31, 32], could contribute to chemokine processing.

There is evidence that CXCL9, CXCL10 and CXCL11 can all be modified in this way leading to

possible alterations in function [33].

PF956980 has been shown to be a selective inhibitor of JAK activation, most prominently

against JAK2 and JAK3 with no effect on ~30 other kinase pathways including AKT, GSK3β,

IKKβ, IKKi, MAPK1, MAPKAP-K2, MASK, MET, and ROCK1 but with modest effects against

PKA and Lck at concentrations>5μM [24]. In the present study, this compound completely

Fig 6. Effect of JAK inhibitors, PF956980 and PF1367550 on IFNγ and IFNγ + TNFα-stimulated DNA binding of STAT-1 and STAT-3 in BEAS-2B
cells. BEAS-2B cells were pre-treated with either PF956980 (PF956) or PF1367550 (PF136) for 1h followed by stimulation with IFNγ (10ng/ml) or IFNγ
+ TNFα. After 1 h, nuclear extracts of the cells were prepared and TransAM assays for STAT-1 (panel a) and STAT-3 (panel b) were performed. Data are
presented as fold change from baseline ± SEM; n = 4.

doi:10.1371/journal.pone.0128757.g006
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attenuated IFNγ-stimulated release of CXCL9, CXCL10 and CXCL11. The IC50 reported for

PF956980 against JAK3 is ~4nM [24], however this compound has been reported to be effec-

tive against IL-4-induced cytotoxic resistance in chronic lymphocytic leukaemia cells at con-

centrations of ~0.3μM [34] in agreement with the potency of PF956980 in the present study.

Moreover a second, structurally dissimilar molecule, PF1367550 had a similar profile of activity

to PF956980, suggesting that this is not a chemotype-dependent profile, but a function of JAK

enzyme inhibition. However, PF1367550 is a more potent molecule in these assays.

Fig 7. Effect of JAK inhibitors, PF956980 and PF1367550 on IFNγ and IFNγ + TNFα-stimulated expression ofCXCL9,CXCL10, andCXCL11. BEAS-
2B cells were pre-treated with either PF956980 (checked bars), PF1367550 (hashed bars) or dexamethasone (10-6Mwhite bar) for 1h followed by
stimulation with IFNγ (10ng/ml) or IFNγ + TNFα for 6 h. Gene expression of CXCL9 (panels a and b), CXCL10 (panels c and d) andCXCL11 (panels e and f)
were quantified by Taqman RT-PCR. Data are presented as fold change form stimulus ± SEM; n = 3 where 1 indicates the level of mRNA induced by IFNγ or
IFNγ + TNFα in the absence of inhibitors.

doi:10.1371/journal.pone.0128757.g007
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Of note, the human airway epithelial cell line, BEAS-2B responded to both stimuli and in-

hibitors in a similar manner to isolated human primary airway epithelial cells, thus confirming

our previous work and that of others that BEAS-2B are a good model for primary cells in this

system [14, 15]. The inhibitory effects of both JAK-STAT inhibitors were also observed when

TNFα was included with IFNγ to stimulate release of CXCL9, CXCL10, and CXCL11. The syn-

ergistic effect of these cytokines to generate CXCL9, CXCL10 and CXCL11 has been reported

previously [14, 21] and is thought to be mediated via the action of not only STAT-1 but also

NF-κB and CREB [21]. However, inhibition of the JAK pathway continued to inhibit expres-

sion and production of CXCL9, CXCL10 and CXCL11 in the presence of TNFα, indicating

that inhibition of STAT-1 phosphorylation is an essential regulatory step in this process and in-

dicates that JAK inhibition may be a good therapeutic approach in COPD where multiple in-

flammatory mediators interact.

Although IFNγ classically signals through STAT-1 homodimers [35], expression of

CXCL11 has also been reported to occur via STAT-3 [36]. The present study was unable to

measure a significant increase in STAT-3 DNA binding in response to IFNγ stimulation, in

contrast to STAT-1. However, basal DNA binding of STAT-3 was attenuated by both JAK in-

hibitors. STAT-3 is activated during transformation of cells [37] and since BEAS-2B are a

transformed cell line [38], STAT-3 is most likely to be activated basally and can then be inhib-

ited by the JAK inhibitors. Nevertheless, DNA binding of STAT3 increased significantly fol-

lowing stimulation of BEAS-2B cells with the combination of IFNγ and TNFα and again could

be suppressed by JAK inhibition. This suppression of STAT signalling by the JAK inhibitors

used in this study led to inhibition of gene transcription with again PF1367550 being more ef-

fective than PF956980. Taken together, these data indicate that suppression of JAK activation

by selective, small molecule inhibitors, such as PF1367550, would be of benefit in inflammatory

diseases where recruitment of cells via CXCL9, CXCL10 and CXCL11 is important. Currently,

pan-JAK inhibitors are undergoing clinical trials in inflammatory diseases including psoriasis

and rheumatoid arthritis [39, 40] with Tofacitinib, which is structurally similar to PF956980

[24] already approved for use in rheumatoid arthritis in the USA. As such, a similar approach

could be promising in diseases such as COPD where glucocorticosteroids are not effective.

Supporting Information

S1 Fig. Effect of JAK inhibitors, PF956980 and PF136550 and dexamethasone on IFNγ and

IFNγ + TNFα-stimulated release of CXCL9, CXCL10 and CXCL11 from BEAS-2B cells

when added concomitantly. BEAS-2B cells were incubated for with either PF956980 (�),

PF1367550 (●), or dexamethasone (▲) and stimulated for 20h with IFNγ (10ng/ml) (panels a-

c) or IFNγ + TNFα (10ng/ml) (panels d-f). Media was harvested and the concentrations of

CXCL9 (panels a and d), CXCL10 (panels b and e) and CXCL11 (panels c and f) were mea-

sured by ELISA. Data are presented as mean±SEM, n = 7–8.

(EPS)

S2 Fig. Effect of JAK inhibitors, PF956980 and PF1367550 and dexamethasone on IFNγ

and IFNγ + TNFα-stimulated release of CXCL9 from human primary airway epithelial cells

derived from non-smokers, smokers and patients with COPD.Human primary airway epithe-

lial cells from non-smokers (panels a and d), smokers (panels b and e) and patients with COPD

(panels c and f) were pre-treated and incubated for 1h with either PF956980 (�), PF1367550 (●),

or dexamethasone (▲) followed by stimulation for 20h with either IFNγ (10ng/ml) (panels a-c)

or IFNγ + TNFα (10ng/ml) (panels d-f). Media was harvested and the concentrations of CXCL9

were measured by ELISA. Data are presented as mean±SEM, n = 5–6.

(EPS)
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S3 Fig. Effect of JAK inhibitors, PF956980 and PF1367550 and dexamethasone on IFNγ

and IFNγ + TNFα-stimulated release of CXCL10 from human primary airway epithelial cells

derived from non-smokers, smokers and patients with COPD.Human primary airway epithe-

lial cells from non-smokers (panels a and d), smokers (panels b and e) and patients with COPD

(panels c and f) were pre-treated and incubated for 30 min with either PF956980 (�), PF1367550

(●), or dexamethasone (▲) followed by stimulation for 20h with either IFNγ (10ng/ml) (panels

a-c) or IFNγ + TNFα (10ng/ml) (panels d-f). Media was harvested and the concentrations of

CXCL10 were measured by ELISA. Data are presented as mean±SEM, n = 5–6.

(EPS)

S4 Fig. Effect of JAK inhibitors, PF956980 and PF1367550 and dexamethasone on IFNγ

and IFNγ + TNFα-stimulated release of CXCL11 from human primary airway epithelial cells

derived from non-smokers, smokers and patients with COPD.Human primary airway epithe-

lial cells from non-smokers (panels a and d), smokers (panels b and e) and patients with COPD

(panels c and f) were pre-treated and incubated for 30 min with either PF956980 (�), PF1367550

(●), or dexamethasone (▲) followed by stimulation for 20h with either IFNγ (10ng/ml) (panels

a-c) or IFNγ + TNFα (10ng/ml) (panels d-f). Media was harvested and the concentrations of

CXCL10 were measured by ELISA. Data are presented as mean±SEM, n = 5–6.

(EPS)

S1 Table. IC50 values for PF956980 and PF1367550 when incubated concomitantly with

IFNγ and IFNγ+TNFα for the release of CXCL9, CXCL10 and CXCL11 from BEAS-2B

cells. BEAS-2B cells were incubated with either PF956980 or PF1367550 for 20h in the absence

or presence of IFNγ (10 ng/ml) or IFNγ+TNFα (10 ng/ml). After this time, media was har-

vested and the concentrations of CXCR3 chemokines measured by ELISA. Data are presented

as mean±SEM, n = 4

(DOCX)

Acknowledgments

This study was supported by the NIHR Respiratory Disease Biomedical Research Unit at the

Royal Brompton and Harefield NHS Foundation Trust and Imperial College London.

Author Contributions

Conceived and designed the experiments: ICK PJB LED. Performed the experiments: PSF PM.

Analyzed the data: PSF PM LED. Contributed reagents/materials/analysis tools: ICK. Wrote

the paper: PSF PM ICK PJB LED.

References
1. Brusselle GG, Joos GF, Bracke KR. New insights into the immunology of chronic obstructive pulmonary

disease. Lancet. 2011; 378(9795):1015–26. doi: 10.1016/S0140-6736(11)60988-4 PMID: 21907865

2. Saetta M, Mariani M, Panina-Bordignon P, Turato G, Buonsanti C, Baraldo S, et al. Increased expres-
sion of the chemokine receptor CXCR3 and its ligand CXCL10 in peripheral airways of smokers with
chronic obstructive pulmonary disease. Am J Respir Crit Care Med. 2002; 165(10):1404–9. Epub 2002/
05/23. PMID: 12016104.

3. Saetta M, Baraldo S, Corbino L, Turato G, Braccioni F, Rea F, et al. CD8+ve cells in the lungs of smok-
ers with chronic obstructive pulmonary disease. Am J Respir Crit Care Med. 1999; 160(2):711–7. Epub
1999/08/03. PMID: 10430750.

4. Chrysofakis G, Tzanakis N, Kyriakoy D, Tsoumakidou M, Tsiligianni I, Klimathianaki M, et al. Perforin
expression and cytotoxic activity of sputum CD8+ lymphocytes in patients with COPD. Chest. 2004;
125(1):71–6. Epub 2004/01/14. PMID: 14718423.

JAK Inhibition of CXCR3 Chemokines

PLOS ONE | DOI:10.1371/journal.pone.0128757 June 19, 2015 16 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128757.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128757.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128757.s005
http://dx.doi.org/10.1016/S0140-6736(11)60988-4
http://www.ncbi.nlm.nih.gov/pubmed/21907865
http://www.ncbi.nlm.nih.gov/pubmed/12016104
http://www.ncbi.nlm.nih.gov/pubmed/10430750
http://www.ncbi.nlm.nih.gov/pubmed/14718423


5. Siena L, Gjomarkaj M, Elliot J, Pace E, Bruno A, Baraldo S, et al. Reduced apoptosis of CD8+ T-lym-
phocytes in the airways of smokers with mild/moderate COPD. Respir Med. 2011; 105(10):1491–500.
Epub 2011/05/27. doi: 10.1016/j.rmed.2011.04.014 PMID: 21612902.

6. Mannino DM, Buist AS. Global burden of COPD: risk factors, prevalence, and future trends. Lancet.
2007; 370(9589):765–73. Epub 2007/09/04. doi: 10.1016/S0140-6736(07)61380-4 PMID: 17765526.

7. Buist AS, McBurnie MA, Vollmer WM, Gillespie S, Burney P, Mannino DM, et al. International variation
in the prevalence of COPD (the BOLD Study): a population-based prevalence study. Lancet. 2007; 370
(9589):741–50. Epub 2007/09/04. doi: 10.1016/S0140-6736(07)61377-4 PMID: 17765523.

8. Barnes PJ, Adcock IM. Glucocorticoid resistance in inflammatory diseases. Lancet. 2009; 373
(9678):1905–17. Epub 2009/06/02. doi: 10.1016/S0140-6736(09)60326-3 PMID: 19482216.

9. Groom JR, Luster AD. CXCR3 ligands: redundant, collaborative and antagonistic functions. Immunol
Cell Biol. 2011; 89(2):207–15. Epub 2011/01/12. doi: 10.1038/icb.2010.158 PMID: 21221121.

10. Loetscher M, Gerber B, Loetscher P, Jones SA, Piali L, Clark-Lewis I, et al. Chemokine receptor specif-
ic for IP10 and MIG: structure, function, and expression in activated T-lymphocytes. J Exp Med. 1996;
184(3):963–9. Epub 1996/09/01. PMID: 9064356; PubMed Central PMCID: PMC2192763.

11. Costa C, Rufino R, Traves SL, Lapa ESJR, Barnes PJ, Donnelly LE. CXCR3 and CCR5 chemokines in
induced sputum from patients with COPD. Chest. 2008; 133(1):26–33. Epub 2007/10/11. doi: 10.1378/
chest.07-0393 PMID: 17925429.

12. Warwick G, Thomas PS, Yates DH. Non-invasive biomarkers in exacerbations of obstructive lung dis-
ease. Respirology. 2013; 18(5):874–84. Epub 2013/03/26. doi: 10.1111/resp.12089 PMID: 23521049.

13. Quint JK, Donaldson GC, Goldring JJ, Baghai-Ravary R, Hurst JR, Wedzicha JA. Serum IP-10 as a bio-
marker of human rhinovirus infection at exacerbation of COPD. Chest. 2010; 137(4):812–22. Epub
2009/10/20. doi: 10.1378/chest.09-1541 PMID: 19837822; PubMed Central PMCID:
PMCPmc2851557.

14. Sauty A, DziejmanM, Taha RA, Iarossi AS, Neote K, Garcia-Zepeda EA, et al. The T cell-specific CXC
chemokines IP-10, MIG, and I-TAC are expressed by activated human bronchial epithelial cells. J
Immunol. 1999; 162(6):3549–58. PMID: 10092813

15. Tudhope SJ, Catley MC, Fenwick PS, Russell RE, RumseyWL, Newton R, et al. The role of IκB kinase
2, but not activation of NF-κB, in the release of CXCR3 ligands from IFN-γ-stimulated human bronchial
epithelial cells. J Immunol. 2007; 179(9):6237–45. PMID: 17947699

16. Pechkovsky DV, Goldmann T, Ludwig C, Prasse A, Vollmer E, Muller-Quernheim J, et al. CCR2 and
CXCR3 agonistic chemokines are differently expressed and regulated in human alveolar epithelial cells
type II. Respiratory Research. 2005; 6(1):75. Epub 2005/07/22. doi: 10.1186/1465-9921-6-75 PMID:
16033640; PubMed Central PMCID: PMC1185567.

17. Hardaker EL, Bacon AM, Carlson K, Roshak AK, Foley JJ, Schmidt DB, et al. Regulation of TNF-alpha-
and IFN-gamma-induced CXCL10 expression: participation of the airway smooth muscle in the pulmo-
nary inflammatory response in chronic obstructive pulmonary disease. FASEB J. 2004; 18(1):191–3.
Epub 2003/11/05. doi: 10.1096/fj.03-0170fje PMID: 14597565.

18. Murray PJ. The JAK-STAT signaling pathway: input and output integration. J Immunol. 2007; 178
(5):2623–9. Epub 2007/02/22. PMID: 17312100.

19. Meinke A, Barahmand-Pour F, Wohrl S, Stoiber D, Decker T. Activation of different Stat5 isoforms con-
tributes to cell-type-restricted signaling in response to interferons. Mol Cell Biol. 1996; 16(12):6937–44.
Epub 1996/12/01. PMID: 8943349; PubMed Central PMCID: PMC231697.

20. Gough DJ, Levy DE, Johnstone RW, Clarke CJ. IFNγ signaling-Does it mean JAK-STAT? Cytokine
Growth Factor Reviews. 2008; 19(5):383–94. doi: 10.1016/j.cytogfr.2008.08.004 PMID: 18929502

21. Clarke DL, Clifford RL, Jindarat S, Proud D, Pang L, Belvisi M, et al. TNFα and IFNγ Synergistically En-
hance Transcriptional Activation of CXCL10 in Human Airway Smooth Muscle Cells via STAT-1, NF-
κB, and the Transcriptional Coactivator CREB-binding Protein. J Biol Chem. 2010; 285(38):29101–10.
doi: 10.1074/jbc.M109.0999952 PMID: 20833730

22. Keatings VM, Collins PD, Scott DM, Barnes PJ. Differences in interleukin-8 and tumor necrosis factor-
alpha in induced sputum from patients with chronic obstructive pulmonary disease or asthma. Am J
Respir Crit Care Med. 1996; 153(2):530–4. Epub 1996/02/01. PMID: 8564092.

23. Cox MA, Jenh CH, Gonsiorek W, Fine J, Narula SK, Zavodny PJ, et al. Human interferon-inducible 10-
kDa protein and human interferon-inducible T cell alpha chemoattractant are allotopic ligands for
human CXCR3: differential binding to receptor states. MolPharmacol. 2001; 59(4):707–15. PMID:
11259614

24. Changelian PS, Moshinsky D, Kuhn CF, Flanagan ME, Munchhof MJ, Harris TM, et al. The specificity
of JAK3 kinase inhibitors. Blood. 2008; 111(4):2155–7. Epub 2007/12/21. doi: 10.1182/blood-2007-09-
115030 PMID: 18094329.

JAK Inhibition of CXCR3 Chemokines

PLOS ONE | DOI:10.1371/journal.pone.0128757 June 19, 2015 17 / 18

http://dx.doi.org/10.1016/j.rmed.2011.04.014
http://www.ncbi.nlm.nih.gov/pubmed/21612902
http://dx.doi.org/10.1016/S0140-6736(07)61380-4
http://www.ncbi.nlm.nih.gov/pubmed/17765526
http://dx.doi.org/10.1016/S0140-6736(07)61377-4
http://www.ncbi.nlm.nih.gov/pubmed/17765523
http://dx.doi.org/10.1016/S0140-6736(09)60326-3
http://www.ncbi.nlm.nih.gov/pubmed/19482216
http://dx.doi.org/10.1038/icb.2010.158
http://www.ncbi.nlm.nih.gov/pubmed/21221121
http://www.ncbi.nlm.nih.gov/pubmed/9064356
http://dx.doi.org/10.1378/chest.07-0393
http://dx.doi.org/10.1378/chest.07-0393
http://www.ncbi.nlm.nih.gov/pubmed/17925429
http://dx.doi.org/10.1111/resp.12089
http://www.ncbi.nlm.nih.gov/pubmed/23521049
http://dx.doi.org/10.1378/chest.09-1541
http://www.ncbi.nlm.nih.gov/pubmed/19837822
http://www.ncbi.nlm.nih.gov/pubmed/10092813
http://www.ncbi.nlm.nih.gov/pubmed/17947699
http://dx.doi.org/10.1186/1465-9921-6-75
http://www.ncbi.nlm.nih.gov/pubmed/16033640
http://dx.doi.org/10.1096/fj.03-0170fje
http://www.ncbi.nlm.nih.gov/pubmed/14597565
http://www.ncbi.nlm.nih.gov/pubmed/17312100
http://www.ncbi.nlm.nih.gov/pubmed/8943349
http://dx.doi.org/10.1016/j.cytogfr.2008.08.004
http://www.ncbi.nlm.nih.gov/pubmed/18929502
http://dx.doi.org/10.1074/jbc.M109.0999952
http://www.ncbi.nlm.nih.gov/pubmed/20833730
http://www.ncbi.nlm.nih.gov/pubmed/8564092
http://www.ncbi.nlm.nih.gov/pubmed/11259614
http://dx.doi.org/10.1182/blood-2007-09-115030
http://dx.doi.org/10.1182/blood-2007-09-115030
http://www.ncbi.nlm.nih.gov/pubmed/18094329


25. Coe JWD, D.M.;Jones, P.; Kortum, S.W.;Sabnis, Y.A.;Wakenhut, F.M.; Whitlock, G.A., inventorInda-
zoles2013 2013.

26. ATS. Standards for the diagnosis and care of patients with chronic obstructive pulmonary disease.
American Thoracic Society. Am J Respir Crit Care Med. 1995; 152(5 Pt 2):S77–121. PMID: 7582322

27. Catley MC, Sukkar MB, Chung KF, Jaffee B, Liao SM, Coyle AJ, et al. Validation of the anti-inflammato-
ry properties of small molecule I kappa B kinase (IKK)-2 inhibitors by comparison with adenoviral-medi-
ated delivery of dominant-negative IKK1 and IKK2 in human airways smooth muscle. Mol Pharmacol.
2006; 70(2):697–705. doi: 10.1124/mol.106.023150 PMID: ISI:000239117900030.

28. Wang Z, Zheng T, Zhu Z, Homer RJ, Riese RJ, Chapman HA Jr., et al. Interferon gamma induction of
pulmonary emphysema in the adult murine lung. J Exp Med. 2000; 192(11):1587–600. Epub 2000/12/
06. PMID: 11104801; PubMed Central PMCID: PMC2193095.

29. Saetta M, Di Stefano A, Maestrelli P, Ferraresso A, Drigo R, Potena A, et al. Activated T-lymphocytes
and macrophages in bronchial mucosa of subjects with chronic bronchitis. Am Rev Respir Dis. 1993;
147(2):301–6. Epub 1993/02/01. PMID: 8430952.

30. Freeman CM, Curtis JL, Chensue SW. CC Chemokine Receptor 5 and CXC Chemokine Receptor 6
Expression by Lung CD8+ Cells Correlates with Chronic Obstructive Pulmonary Disease Severity. Am
J Pathol. 2007; 171(3):767–76. PMID: 17640964

31. Culpitt SV, Rogers DF, Traves SL, Barnes PJ, Donnelly LE. Sputummatrix metalloproteases: compari-
son between chronic obstructive pulmonary disease and asthma. Respir Med. 2005; 99(6):703–10.
PMID: 15878486

32. Burnett D, Chamba A, Hill SL, Stockley RA. Neutrophils from subjects with chronic obstructive lung dis-
ease show enhanced chemotaxis and extracellular proteolysis. Lancet. 1987; 2(8567):1043–6. PMID:
2889963

33. Van den Steen PE, Husson SJ, Proost P, Van Damme J, Opdenakker G. Carboxyterminal cleavage of
the chemokines MIG and IP-10 by gelatinase B and neutrophil collagenase. Biochem Biophys Res
Commun. 2003; 310(3):889–96. Epub 2003/10/11. PMID: 14550288.

34. Steele AJ, Prentice AG, Cwynarski K, Hoffbrand AV, Hart SM, Lowdell MW, et al. The JAK3-selective
inhibitor PF-956980 reverses the resistance to cytotoxic agents induced by interleukin-4 treatment of
chronic lymphocytic leukemia cells: potential for reversal of cytoprotection by the microenvironment.
Blood. 2010; 116(22):4569–77. Epub 2010/08/19. doi: 10.1182/blood-2009-09-245811 PMID:
20716767.

35. Hu X, Ivashkiv LB. Cross-regulation of Signaling Pathways by Interferon-γ: Implications for Immune Re-
sponses and Autoimmune Diseases. Immunity. 2009; 31(4):539–50. doi: 10.1016/j.immuni.2009.09.
002 PMID: 19833085

36. Yang CH, Wei L, Pfeffer SR, Du Z, Murti A, ValentineWJ, et al. Identification of CXCL11 as a STAT3-
Dependent Gene Induced by IFN. J Immunol. 2007; 178(2):986–92. PMID: 17202361

37. Aggarwal BB, Kunnumakkara AB, Harikumar KB, Gupta SR, Tharakan ST, Koca C, et al. Signal trans-
ducer and activator of transcription-3, inflammation, and cancer: how intimate is the relationship? Ann
N Y Acad Sci. 2009; 1171(1):59–76. Epub 2009/09/03. doi: 10.1111/j.1749-6632.2009.04911.x PMID:
19723038; PubMed Central PMCID: PMC3141289.

38. Ke Y, Reddel RR, Gerwin BI, Miyashita M, McMenamin M, Lechner JF, et al. Human bronchial epithelial
cells with integrated SV40 virus T antigen genes retain the ability to undergo squamous differentiation.
Differentiation. 1988; 38(1):60–6. Epub 1988/06/01. PMID: 2846394.

39. Hsu L, Armstrong AW. JAK inhibitors: treatment efficacy and safety profile in patients with psoriasis.
Journal of immunology research. 2014; 2014:283617. Epub 2014/06/03. doi: 10.1155/2014/283617
PMID: 24883332; PubMed Central PMCID: PMC4027021.

40. Vyas D, O'Dell KM, Bandy JL, Boyce EG. Tofacitinib: The First Janus Kinase (JAK) inhibitor for the
treatment of rheumatoid arthritis. Ann Pharmacother. 2013; 47(11):1524–31. Epub 2013/11/29. doi: 10.
1177/1060028013512790 PMID: 24285764.

JAK Inhibition of CXCR3 Chemokines

PLOS ONE | DOI:10.1371/journal.pone.0128757 June 19, 2015 18 / 18

http://www.ncbi.nlm.nih.gov/pubmed/7582322
http://dx.doi.org/10.1124/mol.106.023150
http://www.ncbi.nlm.nih.gov/pubmed/ISI:000239117900030
http://www.ncbi.nlm.nih.gov/pubmed/11104801
http://www.ncbi.nlm.nih.gov/pubmed/8430952
http://www.ncbi.nlm.nih.gov/pubmed/17640964
http://www.ncbi.nlm.nih.gov/pubmed/15878486
http://www.ncbi.nlm.nih.gov/pubmed/2889963
http://www.ncbi.nlm.nih.gov/pubmed/14550288
http://dx.doi.org/10.1182/blood-2009-09-245811
http://www.ncbi.nlm.nih.gov/pubmed/20716767
http://dx.doi.org/10.1016/j.immuni.2009.09.002
http://dx.doi.org/10.1016/j.immuni.2009.09.002
http://www.ncbi.nlm.nih.gov/pubmed/19833085
http://www.ncbi.nlm.nih.gov/pubmed/17202361
http://dx.doi.org/10.1111/j.1749-6632.2009.04911.x
http://www.ncbi.nlm.nih.gov/pubmed/19723038
http://www.ncbi.nlm.nih.gov/pubmed/2846394
http://dx.doi.org/10.1155/2014/283617
http://www.ncbi.nlm.nih.gov/pubmed/24883332
http://dx.doi.org/10.1177/1060028013512790
http://dx.doi.org/10.1177/1060028013512790
http://www.ncbi.nlm.nih.gov/pubmed/24285764

