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Background: Itk is considered an important target for anti-inflammatory drug discovery, particularly asthma.
Results:We have designed an irreversible covalent inhibitor of the kinase by targeting Cys-442 in the ATP pocket.
Conclusion:We have produced a potent, selective inhibitor with a long duration of action.
Significance:We describe a novel drug discovery strategy with specific design features for inhaled delivery.

IL-2-inducible tyrosine kinase (Itk) plays a key role in antigen
receptor signaling in T cells and is considered an important tar-
get for anti-inflammatory drug discovery. In order to generate
inhibitors with the necessary potency and selectivity, a com-
pound that targeted cysteine 442 in theATPbinding pocket and
with an envisaged irreversible mode of action was designed.We
incorporated a high degree of molecular recognition and spe-
cific design features making the compound suitable for inhaled
delivery. This study confirms the irreversible covalent binding
of the inhibitor to the kinase by x-ray crystallography and enzy-
mologywhile demonstratingpotency, selectivity, andprolonged
duration of action in in vitro biological assays. The biosynthetic
turnover of the kinase was also examined as a critical factor
when designing irreversible inhibitors for extended duration of
action. The exemplified Itk inhibitor demonstrated inhibition
of both TH1 and TH2 cytokines, was additive with fluticasone
propionate, and inhibited cytokine release from human lung
fragments. Finally, we describe an in vivo pharmacodynamic
assay that allows rapid preclinical development without animal
efficacy models.

IL-2-inducible tyrosine kinase (Itk)4 is a member of the Tec
family of non-receptor tyrosine kinases that includes Tec, Itk,

Btk, Txk/Rlk, and Bmx/Etk. These kinases aremainly expressed
in hematopoietic cells and act downstream of Src and Syk
kinases in antigen receptor complexes in T cells, B cells, and
mast cells. They play an important role in signal transduction
from antigen receptors by activating PLC�-1, which cleaves
phosphatidylinositol 4,5-bisphosphate into the secondmessen-
gers inositol 1,4,5-trisphosphate and diacylglycerol, which are
critical for cellular activation in response to antigen. Itk is
expressed in T cells and mast cells, and studies in knock-out
mice (Itk�/�) have shown that it plays an important role in the
development and function of T cells (1). Itk has been reported
to play a selective role in the function of TH2 cells (2–7), sug-
gesting that Itk inhibitors may be useful therapeutics for the
treatment of allergic inflammatory diseases such as asthma.
Indeed, Itk�/� mice showed greatly attenuated symptoms in
models of allergic asthma (6–9), and these findings have
promptedmany research laboratories to initiate drug discovery
campaigns relating to the modification of Itk action, although
no drugs have, as yet, reached the clinic. A number of chemo-
types have been described from screening and structure-based
design approaches, but there have been significant challenges in
achieving the desired potency and selectivity against other
kinases, in addition to a failure to achieve acceptable activity in
whole cells (10–15). Although a selective reduction in TH2

responses has been widely reported in Itk�/� studies (2–7),
attenuation of TH1 responses is also seen under certain experi-
mental conditions (3, 16), and the functions of CD8 (17) and
NKT cells (18–19) are also impaired. Therefore, we have cho-
sen to develop an inhaled Itk inhibitor to limit the immunosup-
pression risk associated with systemic T cell inhibition.
Recently, there have been attempts to enhance the potency and
selectivity of kinase inhibitors by developing electrophilic
inhibitors that irreversibly target a nucleophilic cysteine resi-
due located in the ATP pocket. Cysteines in this specific posi-
tion within the ATP pocket are rare and are found in only 11
kinases, including Itk. Irreversible inhibitors targeting Cys-773
in the EGFR have been developed (20) and are in clinical trials

□S This article contains supplemental material, including supplemental Equa-
tions 1–3 and Tables 1– 4.
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(21), and a similar approach has been used to target Cys-481 in
Btk (22). In an attempt to develop Itk inhibitors with acceptable
properties for the treatment of allergic asthma by inhaled deliv-
ery, we describe the discovery and biological characterization of
a novel irreversible inhibitor targeting Cys-442.

EXPERIMENTAL PROCEDURES

Chemicals and Biological Reagents—All compounds were
synthesized in house as described in the supplementalmaterial.
All other reagents are described in the supplemental material.
Irreversible Inhibition—See Scheme 1 for a description of

time-dependent irreversible inhibition.
Assessing Initial Rates of Binding of Compounds to Itk Using

the Invitrogen LanthaScreen Kinase Binding Assay—This assay
is based on the binding and displacement of Alexa-fluor 647-
labeled ATP-competitive kinase inhibitor tracer 236. Binding
of the tracer is detected using a europium-labeled anti-tag anti-
body that binds to the purified recombinant tagged Itk protein.
Binding of the tracer 236 is reversible and rapid, and simulta-
neous binding of the tracer and antibody results in fluorescence
resonance energy transfer (FRET). Displacement of the tracer
upon inhibitor binding results in a decrease of FRET. The assay
can be read continuously, enabling rates of binding (and dis-
placement) to be monitored. The reagents were all purchased
from Invitrogen, and full details are given in the supplemental
material.
Assessing the Reversibility of Compound Binding Itk through

Rapid Dilution into an Excess of Competing Ligand (“Jump-
dilution”)—This method is necessary to complement the data
generated in the kinetic binding assay, because the two-step
time-dependent binding profiles could also be consistent with
slow binding reversible inhibition. The protocol is identical to
the kinetic method, with themodification described in the sup-
plemental material. Reactivity and reversibility of binding of
compounds to glutathione (GSH)was determined using amod-
ification of theGSH-GloTM assay (Promega) as described in the
supplemental material.
Washout Assay in Peripheral Blood Mononuclear Cells

(PBMCs)—Blood was obtained by venipuncture from human
volunteers into heparin (10 units/ml). All donors providedwrit-
ten informed consent for use of their samples, and the collec-

tion and use of the samples received Institutional Ethics Com-
mittee approval. PBMCs were purified from human volunteers
and incubated for 1 h with varying concentrations of drug or
DMSOas control. The cells werewashed and then further incu-
bated for periods between 2 and 19 h prior to stimulation with
anti-CD3/CD28-coated beads for 2 h. Media from the cell
supernatants were collected, and IL-2 production was quanti-
fied using aMeso Scale Discovery (MSD) assay. Detailed meth-
ods are described in the supplemental material.
Rat Pharmacodynamic (PD) Model—All animal procedures

were reviewed and approved by the GlaxoSmithKline Animal
Care and Use Committee and were performed in accredited
facilities in accordance with institutional guidelines and the
Guide for the Care and Use of Laboratory Animals (Institute of
Laboratory Animal Resources, National Research Council).
Male Wistar Han rats, 235–255 g (Charles River), were used in
all experiments. Crystalline compound 12 (difumarate salt) was
particle size-reduced by micronization to give a particle size of
�1.6�mandwas administered as an inhaled dose to rats via an
inhalation tower connected to an aerosol generator, over an
exposure time of 20 min. This protocol delivered a calculated
dose of 2.32 mg/kg/rat based on the amount of compound
deposited on an in-line filter (24). Control animals received
only air in the inhalation tower. At sacrifice, lungs were per-
fused free of blood and removed, and a cell suspension was
prepared. T cells in this lung cell preparation were activated
with anti-CD3 over 18 h, and their activation state was quanti-
fied by measuring CD25 staining on the surface of CD45�

CD4� cells by flow cytometry. Detailed methods are given in
the supplemental material.
Human Lung Parenchyma Assay—The effect of compound

12and fluticasonepropionate (FP)oncytokinereleasebyphyto-
hemagglutinin A (PHA)-activated fragments of human lung
parenchyma was investigated as described previously (25).
Human lung was obtained from the National Research Disease
Interchange, with ethical approval. Briefly, fragments of lung
parenchyma (1 mm3) were incubated with compound for 1 h
prior to stimulation with PHA (10 �g/ml). Following a 72-h
incubation, supernatants were removed and assayed for IL-2,
IFN�, and IL-17 by Meso Scale Discovery (MSD) assay.
Itk Pulse-Chase Kinetics—Jurkat cells were pulsed with

[35S]methionine for 30 min, followed by chase periods of up to
24 hwith unlabeledmethionine. The cells were stimulatedwith
anti-CD3/CD28-coated beads for 1 h prior to biosynthetic
labeling. Stimulated cells were additionally treated with or
without compound12. Cell extractswere prepared at the endof
various chase periods and immunoprecipitated with an anti-Itk
monoclonal antibody prior to analysis by SDS-PAGE and fluo-
rography. Parallel non-radiolabeled cultures were prepared,
and Itk levels were determined in cell extracts by SDS-PAGE
andWestern blotting using the same anti-Itk monoclonal anti-
body. Actin staining was included as a loading control. Detailed
methods are provided in the supplemental material.
Protein Expression and Purification—Itk (residues 357–620,

Y512E) kinase domain protein expression and purification
were carried out according to published methods (26).
Protein Crystallization and Structure Determination—Co-

crystallizationwas attempted for the purified proteinwith com-

SCHEME 1. Time-dependent irreversible inhibition. a, in addition to com-
petitive inhibition, irreversible inhibition also involves a reaction that irrevers-
ibly transforms the inhibitor-enzyme complex into an “inactive“ form
(denoted by E*I, where kinact describes the rate at which inhibitor-enzyme
complex is irreversibly transformed into E*I). The parameter KI is the inhibitor
concentration that results in half the maximal rate of inactivation (23). b, the
velocity of product formation approximated for irreversible inhibition is
denoted, where S represents substrate concentration, and I is inhibitor con-
centration. Due to the irreversible formation of E*I, the functional catalytic
enzyme concentration E(cat)(t) decreases in time, resulting in a time-depen-
dent maximal velocity Vmax(t) � kcat�E(cat)(t).
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pound 7 according to a published method (26), but this was
unsuccessful. However, it was possible to grow Itk co-crystals
with a tool compound from a structurally related chemical
series (26) under comparable conditions. Replacement soaking
of compound 7 into one of these co-crystals was carried out in
a soaking buffer comprising 1 M ammonium sulfate, 20% glyc-
erol, 0.5 mM compound 7, and 0.5% DMSO, for 3 days. X-ray
diffraction data were collected from the soaked crystal at 100 K
at the Diamond synchrotron (station I03) using an ADSCQ315
CCD detector. Data were processed using MOSFLM (27) and
SCALA (28) (within the CCP4 programming suite (29)). The
complexwas solved by Fourier synthesis using Itk protein coor-
dinates determined in house (data not shown). Refinement was
carried out using REFMAC (30) and model building using
COOT (31). The finalRfactor andRfree achieved for the structure
were 16.7 and 20.1%, respectively. Data andmodel statistics are
given in supplemental Table 1, and the structure has been
deposited in the Protein Data Bank with accession number
4KIO.

RESULTS

Design of Irreversible Inhibitors—Using conventional kinase
inhibitor drug discovery strategies, we were able to identify a
number of highly potent Itk inhibitor chemotypes; unfortu-
nately, all suffered from a lack of kinase selectivity to varying
extents. Additionally, we were unable to drive cellular potency
down into the low nanomolar range, a highly desirable feature
for an inhaled drug. In part, this is due to the Km,app(ATP) of Itk
being low (�5 �M); maintaining inhibitor potency in a cellular
environment where ATP concentration is �1–2 mM is chal-
lenging for reversible ATP-competitive compounds (23). Con-
sequently, we changed strategy to build cellular potency and
selectivity bymaking irreversible inhibitors, using compound 1
as a starting point. This compound, a reversible Itk inhibitor,
was chosen due its acceptable physicochemical properties
(clogP (the logarithm of the partition coefficient of a solute
between n-octanol and water, log(coctanol/cwater)) � 1.8, chro-
matographic logD (the logarithm of the chromatographically
determined distribution of a solute between octanol and a pH
7.4 buffered aqueous solution) � 2.0, aqueous solubility �400
�M), good biochemical potency (pIC50 of 6.9 at 1 mM ATP
against purified Itk), and reasonable cellular activity (pIC50 of 7
for the inhibition of IFN� secretion in a human PBMC assay).
Additionally, this compound displayed a reasonable overall
kinase selectivity profile, including evidence of selectivity
among the other 10 kinases bearing a non-catalytic cysteine
residue at this position (�200-fold selectivity in biochemical
assays versus Btk and EGFR; data not shown). We believe the
ability to discriminate between these kinases through reversible
molecular recognition to be a critical foundation on which to
append the covalent binding moiety. Examination of x-ray
structural data from related inhibitors revealed that the cyclo-
hexanol moiety was in reasonable proximity (�5 Å) to Cys-442
at the end of the C-lobe�-helix (26). Because there is precedent
that acrylamide groups can form a covalent bond with a cys-
teine residue when held in an appropriate position via non-
covalent molecular recognition (32), we replaced the
cyclohexanol by a series of acrylamide groups (compounds

2–7) that molecular modeling suggested would place the reac-
tive electrophilic terminal carbon atom of the acrylamide in a
proximal position to the cysteine sulfur.
Compounds 2–7 all bind to Itk in the enzyme assay con-

ducted at high ATP concentration (1 mM), and all display good
levels of cellular activity in the PBMC activation assay, parallel
activity in both enzyme and cell-based assays being a key fea-
ture we sought to maintain throughout the lead optimization
phase (Table 1).
Irreversible binding of a drug to a target protein (Scheme 1a)

shows a characteristic time dependence due to the irreversible
formation of E*I leading to a decrease in the functional catalytic
enzyme concentration (E(cat)(t)) over time. This results in a
time-dependent reduction in maximal velocity (Vmax(t) �
kcat�E(cat)(t); Scheme 1b). Therefore, to confirm that these com-
pounds were indeed binding irreversibly to Itk, we developed a
LanthascreenTM kinetic binding assay. We chose a direct bind-
ing assay rather than an activity assay in order to avoid compli-
cations from the lag period routinely observed in Itk activity
assays (data not shown). The binding profiles for compounds 3,

TABLE 1
Itk enzyme inhibition, cell potency (inhibition of CytoStim-induced
IFN� release from PBMC), and kinetic binding data for a series of ana-
logues probing covalent interaction with Cys-442 in Itk
Stereochemistry is relative for compounds 1, 4, 5, and 6. n.d., not determined.
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4, 6, 8, 9, 10, and 12 all show an initial, rapid (�1-min) binding
event, followed by a slower onset of increased levels of inhibi-
tion (representative data for compound 12 is shown in Fig. 1a).
This two-step, time-dependent inhibition is consistent with

either slow onset reversible inhibition (the slower phase repre-
senting the rate of enzyme isomerization) or irreversible inhi-
bition (the slower phase representing inactivation of the
enzyme). However, the non-zero y intercept of the Kitz-Wilson
analysis plot in Fig. 1b is consistent with two-step irreversible
binding (kinact� 0.0026 s�1,Ki� 5nM) (33). In order to confirm
further the mechanism of binding, jump-dilution studies were
employed. Because rapid dilution of the E�I complex into excess
competitor tracer 236 did not result in increased binding of the
latter over a period of �6 h (data not shown), this is consistent
with irreversible complex formation between the inhibitor and
the enzyme. Furthermore, the measured pIC50 values were sig-
nificantly higher than predicted under the conditions of the
assay according to the Cheng-Prusoff equation (supplemental
Equation 3), again consistent with time-dependent, irreversible
inhibition. Although compound 5 possesses a similar acryl-
amide moiety, it does not show time-dependent binding,
because the profile (Fig. 1c) indicates a single binding event that
maintains a stable level of inhibition over time; moreover,
jump-dilution studies resulted in rapid recovery of the tracer
236 binding, and the measured pIC50 value was consistent with
the predicted value (data not shown). This correlated well with
the initial molecular modeling, which suggested that com-
pound 5 placed the terminal carbon of the acrylamide further
away from the cysteine sulfur than the other acrylamide moi-
eties. To confirm the binding mode and the presence of a cova-
lent linkage for our irreversible inhibitors, an x-ray crystal
structure of compound7 complexedwith the Itk kinase domain
(Y512E) at 2.18Å resolutionwas obtained by replacement soak-
ing a co-crystal of the kinase domain complexed with a non-
covalently bound tool compound (24). Fig. 2a shows the bound
conformation of compound 7with the covalent bond formed to
Cys-442. Further details can be seen from the omit map elec-
tron density (Fig. 2b), which reveals that compound 7 has dis-
placed the tool compound (most conclusively in Complex-C of
the asymmetric unit) and is consistent with Cys-442 adopting
two rotamer conformations, one of which is covalently bound
to compound 7. Compound 14 is the enantiomer of compound
7 and shows significantly lower activity, indicating a clear pref-
erence in the stereochemistry on the pyrrolidine ring. With an
effective irreversible inhibitor in hand, further modification
focused on improving the non-covalent recognition and solu-
bility of the inhibitors. Switching the pyrimidine core to a pyr-
idine core afforded a significant increase in potency (compound
8), and this was used in all further analogues.
Compounds 9 and 12 both represent highly potent irrevers-

ible inhibitors with subnanomolar levels of cellular potency.
Compound 16 has a methyl group added to the terminus of the
acrylamide when compared with compound 8. The addition of
this methyl group resulted in only a modest drop in potency in
the biochemical assay of 0.5 log units. Kinetic studies revealed,
however, that this compound was binding reversibly, the
methyl group presumably inhibiting the formation of the cova-
lent bond due to both steric and electronic factors. This switch
to a reversible bindingmode, although onlymanifesting itself as
a modest drop in binding affinity in the biochemical assay,
resulted in a significant 1.5 log unit drop in potency in the cel-
lular assay. As expected, saturating the double bond (com-

FIGURE 1. a, inhibition of Itk by compound 12 is time-dependent. The rate of
binding of compound 12 to Itk was assessed in the LanthaScreen binding
assay. Concentrations of compound 12 were as follows: 0 nM (f), 0.3 nM (�),
0.8 nM (F) 1.3 nM (E), 1.9 nM (Œ), 3.7 nM (‚), 8 nM (�), and 17 nM (�), and 50 nM

(�). A rapid initial binding event is followed by a slower onset of increased
inhibition. b, Kitz-Wilson plot of compound 12. Shown is Kitz-Wilson analysis
for compound 12 binding to Itk (kobs data derived from Fig. 1a). The kinact and
KI parameters can be derived from the reciprocals of the y and x intercepts,
respectively. The non-zero y intercept is consistent with a two-step inactiva-
tion event. c, inhibition of Itk by compound 5 is not time-dependent. The rate
of binding of compound 5 to Itk was assessed in the LanthaScreen binding
assay. Concentrations of compound 5 were as follows: 0 nM (F), 15 nM (ƒ), 46
nM (Œ), 137 nM (‚), 412 nM (f), 1,235 nM (�), and 3,704 nM (�). A single, rapid
binding event is consistent with simple reversible binding.
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pound 15) of the acrylamide resulted in a reversible compound
that had significantly reduced enzyme and cellular potency
(Table 1).
We went on to demonstrate selectivity of compound 12 over

a panel of other kinases where only reversible binding is possi-
ble and kinases that contain a similar cysteine in the ATP
pocket as Itk (Table 2). The pIC50 of compound 12 against Itk at
1 mMATP is 8.3, whereas in T cell activation assays, its pIC50 is
9.5. Biochemical assays against other kinases were conducted at
an ATP concentration equal to the Km for ATP. This underes-
timates the degree of IC50 separation between Itk and the other
kinases; nevertheless, there was clear selectivity over Btk and
EGFR, which both contain a cysteine residue in the analogous
position to Itk, and even greater selectivity over other kinases.
Given that inhibition by irreversible inhibitors can be time-de-
pendent, there can be concerns about the validity of such mea-

surements even under standardized conditions unless more
detailed studies, such as those described in this paper, are per-
formed. Therefore, to confirm the selectivity over Btk, com-
pound 12 was tested in a primary B cell assay, measuring up-
regulation of CD69 following activation with F(ab�)2 anti-IgM.
Although compound 12 did produce a concentration-depen-
dent inhibition of CD69 expression with a pIC50 of 7.25 � 0.04
(S.E.), this is �100-fold less potent than its effect on IFN� pro-
duction in PBMCs activated by CytoStim and 20-fold less
potent than inhibition of anti-CD3/CD28-induced IL-2 release
(Fig. 3). Therefore, compound 12 demonstrates a satisfactory
degree of selectivity for T cells over B cells.
An additional concern for irreversible compounds of this

type is their general reactivity toward other proteins, which
may result in “off target” effects and potentially toxicity. We
addressed this in two ways; first, we determined their reactivity
with GSH and, second, their inhibitory activity toward a panel
of unrelated target proteins of different classes. The glutathione
assay is a modification of the GSH-GloTM assay, which is based
on the conversion of a luciferin derivative into luciferin cata-
lyzed by glutathione S-transferase (GST) in the presence of
GSH. The drug was either preincubated for 20 min with GSH
and GST prior to the addition of the luciferin substrate or co-
incubated with GST, GSH, and the substrate. We compared a
matched pair of compounds, one with the acrylamide, which is
irreversible (compound 8), and one where the double bond has
been replaced by an ethyl group, which renders it reversible
(compound 15). Both compounds showed the same reversible
reactivity with GSH, demonstrating that the acrylamide does
not confer a significant degree of general thiol reactivity (sup-

FIGURE 3. T cell versus B cell selectivity. Compound 12 shows inhibition T
cell response (CytoStim (F) or anti-CD3/CD28 (f)) with �20 –100-fold greater
potency than B cell response (anti-IgM (Œ)). Inhibition of CD3/CD28- or Cyto-
Stim-induced IFN� production was used as a marker of T cell inhibition. Inhi-
bition of anti-IgM-induced CD69 was used as a marker of B cell inhibition.
Results are shown as a mean � S.E. (error bars) of seven donors for CytoStim,
four donors for anti-CD3/CD28, and three donors for anti-IgM. Note that dif-
ferent donors were used for each of the three assay types.

TABLE 2
Kinase selectivity panel
Compound 12 was tested for inhibition of a range of kinases in biochemical assays
conducted at an ATP concentration equal to the Km for each individual kinase.
Results are shown as the pIC50 value.

FIGURE 2. a, x-ray crystallography of drug-kinase complex. Shown is the x-ray
crystal structure of compound 7 covalently complexed with the Itk kinase
domain (Y512E) at 2.18 Å resolution obtained by replacement soaking a co-
crystal of the kinase domain complexed with a non-covalently bound tool
compound. b, an Fo � Fc difference “omit” map contoured at 3� (gray mesh)
highlighting the active site of complex C (of the four complexes (A–D) in the
asymmetric unit) and calculated after omitting compound 7 and Cys-442
from the model. It reveals that compound 7 has displaced the tool compound
(conclusively in this site) and is consistent with Cys-442 adopting two rotamer
conformations, one of which is covalently bound to compound 7.
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plemental Table 2). We also tested compound 12 against �40
targets from a range of target classes, including G protein-cou-
pled receptors, ion channels, and nuclear receptors in either
agonist or antagonist mode (supplemental Table 3). No signif-
icant off target activity was detected to raise concerns about the
reactivity of compound 12.
Drugs delivered topically to the lungs have requirements for

certain physicochemical properties, one key feature being sol-
ubility in the fluid lining the lungs. Consequently, the basic
compound 12 was selected for further study over compound 9
due its significantly better solubility as a difumarate salt in sim-
ulated lung fluid (412 versus 105 �g/ml). Measurement of the
permeability of this compound throughMDCK cells afforded a
relatively low exact permeability coefficient (Pexact) of 37 nM/s,
which encouraged us to believe that, following inhaled dosing,
the compound would only pass slowly through the lungs, a
highly desirable design feature to retain duration of action of an
inhaled drug. A rat intravenous/oral pharmacokinetic study
revealed negligible oral bioavailability (F � 5%) and moderate
clearance (47 ml/min/kg). Both of these parameters were con-
sistent with a compound designed for inhaled delivery.
In Vitro Biological Characterization—With our potent and

selective Itk inhibitor, we went on to investigate aspects of Itk
biology important for validating it as a therapeutic target for
allergic inflammatory disease because Itk has been reported to
play a selective role in the function of TH2 cells. We activated
human PBMCs with CytoStim (which cross-links the T cell
receptor (TCR) to a major histocompatibility complex (MHC)
molecule on an antigen-presenting cell) or a mixture of anti-
CD2, -CD3, and -CD28 conjugated to beads, this alternative
triple stimulus being less sensitive to glucocorticoid inhibition
and therefore considered to model more severe inflammatory
situations.Measuring the production of four cytokines revealed
that under both stimulation regimes, compound 12was equally
effective and gave 100% inhibition.However, it wasmost potent
at inhibiting IL-2, followed by IFN�, and least potent at inhib-
iting IL-13 and IL-17 (Fig. 4). We went on to test compound 12
in a PBMC activation assay in combination with a standard
glucocorticoid, FP (Fig. 5). FP was a potent inhibitor of produc-
tion of all four cytokines; however, in contrast to compound 12,
it did not produce complete inhibition of IL-2 or IL-17, and this
was particularly evident using the CD2/3/28 activation. How-
ever, co-administration of compound 12 showedmarked addi-
tive inhibition.
Finally, we compared compound 12 with FP at suppressing

cytokine production from human lung fragments following
stimulation with PHA (Fig. 6). Compound 12 produced a con-
centration-dependent inhibition of IFN�, IL-2, and IL-17
release from human lung, reaching complete inhibition but
with weaker potency than observed with this compound in
PBMC assays. Compound 12 was less potent than FP in the
lung fragments but demonstrated a greater maximal level of
inhibition.
Compound 12 demonstrated potent inhibition (pIC50 � 9.5)

of IFN� release from CytoStim-activated PBMC and was pro-
gressed towash out studies to investigate the duration of action.
For washout studies, anti-CD3/CD28-coated beads were used
to activate PBMCbecause thismethod gives a robust activation

that can be detected by IL-2 release within 2 h. This short incu-
bation period provides an assay that can discriminate between
compounds with differing cellular retention properties, which
was not possiblewithCytoStim. Itk compounds showa reduced
potency in the anti-CD3/CD28 assay compared with the Cyto-
Stim assay; however, because this is seen for both reversible and
irreversible compounds and because Itk is not essential for
CD28 signaling (34), this decrease in potency is likely to be due
to themethod of activating cells rather than the 2-h incubation.
Purified PBMCs were activated in vitro with anti-CD3/CD28,
and although there was donor to donor variation, all donors
produced detectable levels of IL-2 in the range of 100–500
pg/ml. In the absence of anti-CD3/CD28 activation, IL-2 levels
were below the limit of detection (2.4 pg/ml). Treatment of the
PBMCs with compound 12 had no adverse effect on viability,
and unactivated cells were 97.6 � 0.6% (S.E.) viable following a
48-h incubation at 2.4 �M of the drug compared with 98.4 �
0.3% (S.E.) for cells treated with a DMSO control. Of note, the
48-h incubation time and the concentration of drug used for
viabilitymeasurement aremuch greater than those used in sub-
sequent assays to provide a wide margin of confidence.
To determine cellular activity and duration of action of

reversible and irreversible inhibitors, we incubated PBMCs
with increasing concentrations of compounds for 1 h followed
by extensive washing in fresh medium to attempt to wash out
the drug. Washed cells were further incubated for 2 or 19 h
prior to stimulation with anti-CD3/28 for 2 h and determina-
tion of IL-2 secretion. The reversible compound 5, when tested
without a washout, showed a full inhibition curve with a pIC50
of 6.39 � 0.08 (S.E.); however, all inhibitory activity was lost
upon washing, even at 2 h. In contrast, the irreversible com-
pound 12 showed potent cellular activity with a pIC50 of 8.57�
0.05 (S.E.) for the unwashed control and this reducing only

FIGURE 4. Compound 12 does not selectively inhibit TH2 cytokine release.
Compound 12 produced a concentration-dependent inhibition of IL-2 (f),
IFN� (F), IL-17 (Œ), and IL-13 (�) release following activation of human PBMCs
with either CytStim (a) or CD2/CD3/CD28 (b) for 24 h. Results are shown as
mean � S.E. (error bars) of seven donors.
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slightly to 7.96 � 0.13 (S.E.) at 2 h postwashout and to 7.61 �
0.13 (S.E.) at 19 h postwashout (Fig. 7). These data are consis-
tent with compound 5 being freely reversible, because there is
no retention of activity upon washout. Conversely, compound

12 shows strong retention of activity following washout, which
is consistent with this compound being an irreversible inhibi-
tor. However, there is a small reduction in activity with wash-
out, whichmay reflect a reversible component to the inhibition

FIGURE 5. Compound 12 shows additive inhibition with a glucocorticoid. Human PBMCs were stimulated with either CytoStim- or anti-CD2/CD3/CD28-
coated beads in the presence of increasing concentrations of glucocorticoid (FP) alone (F) or FP combined with increasing concentrations of compound 12 (0.2
nM (f), 1 nM (Œ), or 5 nM (�)). Co-administration of FP with compound 12 produced an upward shift of the FP concentration response curve, indicative of an
additive effect. Inhibition by vehicle or Compound 12 alone is shown in open symbols. Results are shown as percentage inhibition of cytokine release following
24-h incubation, expressed as mean � S.E. (error bars) of four donors.
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or protein turnover and de novo synthesis of Itk. As shown
previously, the crystal structure for compound 7 provides evi-
dence for both reversible and irreversible binding.
Itk Turnover—To investigate the half-life of Itk and the

influence of binding an irreversible inhibitor, we performed
[35S]methionine pulse-chase experiments in Jurkat cells. Cells
were stimulated with anti-CD3/28 for 1 h in the presence or
absence of 20 nM compound 12. Cells were then pulsed for 30
minwith [35S]methionine, followed by a coldmethionine chase
period of up to 24 h. Biosynthetically radiolabeled Itk was
immunoprecipitated from cell extracts and detected by SDS-
PAGE and fluorography (Fig. 8). Itk has a long half-life in the
absence of drug; however, treatment of the cells with com-
pound 12 appeared to increase the rate of turnover of biosyn-
thetically labeled Itk. Identical experiments were performed
without [35S]methionine labeling, and cell extracts were pre-
pared and analyzed byWestern blotting to determine the mass
of kinase in the cell at each time point. The data revealed that
the total mass of Itk in each cell extract remained constant over
the chase period under all conditions. We established that
under these pulse-chase conditions, viability of the cells was not

significantly affected. In addition, we measured IL-2 secretion
from stimulated and drug-treated cultures to confirm stimula-
tion by anti-CD3/CD28 and inhibition by drug (supplemental
Table 4).
In Vivo Biological Characterization—Having demonstrated

potency and long duration of action of compound 12 in a cel-
lular assay, we wished to test the compound in an animal PD
model. Compound 12, as a crystalline difumarate salt, was
micronized to give a particle size of �1.6 �m, and a calculated
dose of 2.32 mg/kg, based on the amount of compound depos-
ited on an in-line filter (24), was administered by inhalation to
rats via an inhalation tower over an exposure time of 20 min.
Control animals received only air. Animals were sacrificed, and
their lungs were perfused in situ and then removed prior to

FIGURE 6. Compound 12 inhibits IL-2, IFN�, and IL-17 release from frag-
ments of human lung parenchyma. Compound 12 (F) and glucocorticoid
(FP) (Œ) produced a concentration-dependent inhibition of IL-2 (a), IFN� (b),
and IL-17 (c) release from fragments of human lung parenchyma following a
72-h incubation with PHA. Results are expressed as mean � S.E. of 5– 6
donors.

FIGURE 7. Compound 12 retains long duration of action activity following
washout. The washout profile was determined for both reversible (com-
pound 5) and irreversible (compound 12) Itk inhibitors. Control curves show
the concentration-dependent inhibition of IL-2 release from PBMC in
response to activation by anti-CD3/CD28 in the presence of compound. Cells
were washed to remove free compound and incubated for a further 2 or 19 h
before activation with anti-CD3/CD28. Results are shown as mean � S.E. (error
bars) of four donors.

FIGURE 8. Itk pulse-chase. Jurkat cells, in the presence of absence of com-
pound 12, were biosynthetically pulse-labeled with [35S]methionine for 30
min, followed by a cold methionine chase for 0 –24 h. Cell extracts were pre-
pared, and Itk was immunoprecipitated and analyzed by SDS-PAGE and fluo-
rography (Itk IP). Identical cell extracts were prepared in parallel from non-
radiolabeled Jurkat cells and analyzed by Western blotting with antibodies to
Itk (Itk WB) and actin (Actin WB) as a loading control. In lane 11 (downward
arrow) was loaded 20 ng of purified Itk protein as a control.
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tissue disruption and preparation of a cell suspension as
described under “Experimental Procedures.” The concentra-
tion of drug in the lung homogenate postperfusion was 2.9 �
0.8 �g/g (S.D.) (6 �M); however, the majority of this was not
cell-associated. Therefore, once the single cell suspension was
prepared, the concentration of compound was estimated at 4
ng/ml (8 nM). The cell suspension was stimulated with anti-
CD3 for 18h,whereas controls receivedno stimulation. Follow-
ing this 18-h incubation, T cell activation was determined by
flow cytometry. Following exclusion of dead cells, CD25 stain-
ing onCD4�/CD45�T cells was quantified and is shown in Fig.
9. In control, air-treated animals, themedian fluorescent inten-
sity of CD25 staining without CD3 activation was 13.78 � 11.6
(S.E.), and following activation, this rose to 2038.7 � 689.5
(S.E.). In drug-treated animals, CD25 staining without CD3
activation was 5.8 � 2.7 (S.E.), and following CD3 activation,
this rose to 27.8 � 6.6 (S.E.). Consequently, compound 12,
when dosed by a single 20-min inhalation, produced an almost
complete inhibition of the ability of T cells to be activated by an
18-h stimulation with anti-CD3.

DISCUSSION

TheTec kinases are a family of non-receptor tyrosine kinases
that are mainly expressed in hematopoietic cells and act down-
stream of T and B cell receptors and Fc receptors for IgE and
IgG. Itk is expressed in T cells, NK cells, andmast cells, and in T
cells, Itk plays an important role in the signaling cascade follow-
ing activation of the T cell receptor. Evidence from Itk knock-
out mice shows reduced cytokine release in response to TCR
activation (2–9, 16, 35). In NK cells, Itk plays a role in the
response to Fc�RIIIa activation (36), whereas inmast cells, Itk is
activated following cross-linking of Fc�RI but plays both posi-
tive and negative roles in the signaling events (37). Based on

studies in knock-out mice, the main interest in Itk seems to be
that it is critical for the development of TH2 immunity. Itk�/�

mice are protected in models of allergic asthma (6–9) and are
more susceptible to parasitic worm infections (2, 3), both of
which are attributed to a failure to produce TH2 cytokines (1, 2,
5–8). Consequently, there is a widely held belief that Itk inhi-
bition is an attractive and well validated target for allergic dis-
eases such as asthma. Indeed, an Itk inhibitor (38) and a peptide
(39) that prevents the binding of Itk to SLP-76 (and therefore
recruitment of Itk to the signaling complex and the subsequent
activation of Itk) have been shown to be effective in animal
models of asthma. Recent studies have suggested that an expla-
nation for the suppressed TH2 response in Itk�/� mice is that
Itk negatively regulates TH1 genes, such as IFN�. Itk knockout
resulted in increased IFN� expression, which suppressed TH2

differentiation (40). However, a question of major importance
is howwell do developmental defects in transgenicmice predict
the behavior of a small molecule Itk inhibitor, and conse-
quently, what is the real therapeutic potential of inhibiting Itk?
There are two issues to consider, the first being how to compare
T cell development in a knock-out mouse with inhibition of
peripheral T cell activation; the second is how to compare a
knockout with a small molecule inhibitor because Itk plays a
key role in the spatiotemporal assembly and organization of the
receptor TCR signaling complex, and knockout of Itk causes
disruption tomultiple components of the TCR complex (41). A
small molecule binding to the catalytic site of the kinase is
unlikely to result in the same degree of disruption of the whole
TCR complex.
Although there are a number of potent in vitro Itk inhibitors

exemplified in the literature, none have been used to address
the question of TH subtype specificity, although a few studies

FIGURE 9. Rat PD model following inhaled administration of compound 12. Lung cell suspensions were prepared from rats who had inhaled air alone (a)
or compound 12 (b). Cells were unstimulated (control) or activated ex vivo with anti-CD3, followed by measurement of CD25 expression by flow cytometry on
CD4� cells. Specificity of the anti-CD25 staining is demonstrated with anti-CD3 activated cells by the isotype control (isotype). The CD4�/CD25� cells are boxed,
and the percentage of CD4� cells with increased CD25 staining is shown.
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have gone on to describe in vivo activity (11, 38). However,
there have been no reported studies investigating the inhaled
route of delivery.Our findings importantly show that inhibition
of Itk blocks production of TH1, TH2, and TH17 cytokines from
human PBMCs and human lung fragments activated with dif-
ferent stimuli. This finding has been replicated using a struc-
turally diverse range of small molecule inhibitors of Itk (data
not shown). We conclude from this that an Itk inhibitor is
unlikely to specifically suppress activation of TH2 cells in aller-
gic disease but will have broad T cell-inhibitory activity. We
also explored the ability of Itk inhibitors to suppress T cell acti-
vation when used together with glucocorticoids (FP), because
they are the most widely used anti-inflammatory drug, and
potentially any new medicine might be used therapeutically in
combination with them. It is well known that glucocorticoids
exert their effects through transcriptional regulation; however,
it has come to light that they also influence T cell activation by
regulating the assembly and function of the TCR complex (42,
43). Consequently, the combined actions of glucocorticoids
and Itk inhibitors is of interest both from basic and applied
perspectives.We demonstrate that compound 12 is effective in
the presence of a steroid and is additive with FP for inhibiting
the release of IFN�, IL-2, and IL-17 and, to a lesser extent, IL-13
from activated PBMCs. Finally, we have demonstrated that
compound 12 is effective at inhibiting IFN�, IL-2, and IL-17
from lung parenchyma fragments following activation with
PHA, and although the potency was lower than predicted from
PBMC studies, it did produce maximal inhibition of cytokine
release. In this assay, glucocorticoid treatment, while being
�100–1000-fold more potent than compound 12, does not
fully inhibit cytokine release, as has been shown previously (44,
45).
Producing potent and selective kinase inhibitors is not novel;

however, inhaled drug delivery is particularly challenging, and
unlike with oral drugs, there is no accepted set of rules defining
ideal druglike properties. The conventional strategy in drug dis-
covery is to design reversible inhibitors. Although irreversible
inhibitors aremore prevalent thanwidely appreciated, there is a
risk of immunogenicity, which may only be seen in late stage
development. These risks are greatest for compounds that are
weakly selective and highly reactive or that generate highly
reactive electrophilic drug metabolites. Recently, there have
been efforts to generate targeted covalent inhibitors, where a
specific non-covalent interaction within the enzyme active site
orientates a weakly reactive covalent warhead to a specific non-
catalytic residue (46). The recent progression of irreversible
kinase inhibitors in oncology goes some way to attenuating
these safety concerns, and we chose a similar approach for an
inhaled Itk inhibitor. An irreversible binding mechanism rep-
resents an attractive and novel option for inhaled delivery
because it allows the dissociation between efficacy and persis-
tent elevated drug levels in the lung. Inhaled drug design has
often developed compounds of low solubility to enhance dura-
tion of action through lung retention, although this can lead in
certain circumstances to an undesirable inflammatory macro-
phage response. The irreversible inhibitor approach described
herein allowed the identification of highly potent inhibitors
with persistent inhibition yet with high aqueous solubility.

Rational structure based design allowed the rapid optimiza-
tion of the irreversible series. High levels of non-covalent
molecular recognition represent an important aspect of the
approach and enable selectivity to be achieved over other
kinases, such as Btk, which contain a reactive Cys in an analo-
gous position. Ourmost potent and selective irreversible inhib-
itors maximize their non-covalent recognition and couple this
with optimal placement of the electrophilic acrylamide with
respect to Cys-442 (compounds 9 and 12), enabling their
potency to be driven beyond that conventionally predicted by
their ligand efficiency. Indeed, the extreme tight binding of the
compounds provided challenges in accurately characterizing
their true enzymatic potency, and we were forced to assay our
most potent compounds at 1 mM rather than at a Km concen-
tration of ATP in order to decrease the sensitivity of the
assay and make quantitative determinations. This significant
increase in potency, evident at both enzyme and cellular levels,
also proved highly beneficial from a selectivity perspective. Fur-
thermore, the slower (secondary) covalent mechanism allowed
the compound’s duration of action to bemediated by the rate of
protein turnover while retaining selectivity due to the require-
ment for target proximity for reaction. Clearly, making an irre-
versible inhibitor with such amechanism raises concerns about
reactivitywith non-target proteins.We tested this possibility by
measuring the reactivitywithGSHof two closelymatched com-
pounds that were reversible and irreversible. Our observation
that both compounds showed identical reversibility with GSH
gave us confidence that general thiol reactivity was not an
issuewith these compounds.Moreover, profiling compound12
against a panel of �40 unrelated targets confirmed that it was
not a nonspecific reactive molecule.
We set out tomake an irreversible inhibitor of Itk to generate

a long duration of action; however, such a strategy would have
had limited or no benefit if the kinase itself had a rapid turnover.
It would also be difficult to reconcile the long duration of action
we observed with our inhibitors if the kinase had a short half-
life. Studies on HA-tagged Itk overexpressed in HEK293 cells
revealed a half-life of 107min, and this was reduced by 25–69%
in certain Itk mutants (47). A study in human T cells suggested
that Itk had a very short half-life, in the region of 1 h, and that in
the presence of a covalent Itk inhibitor, this was increased to
22 h (48). In our study in Jurkat cells, we found Itk to have a very
long half-life (�24 h), which was shortened by compound 12.
However, although the drug appeared to enhance the rate of
kinase turnover, the total mass of Itk per cell remained
unchanged, suggesting a compensatory resynthesis. Even in the
presence of drug, the slow turnover of Itk is consistent with the
prolonged duration of action of compound 12 that we observed
in vitro and in vivo being mediated by an irreversible compo-
nent to its mechanism of action.
Having generated both reversible (compound 5) and irre-

versible (compound 12) Itk inhibitors, we went on to examine
their properties both in vitro and in vivo. In human PBMC
assays in vitro, we were able to show that compound 12 shows
excellent retention of cellular activity 19 h following an exten-
sive washout, whereas the inhibitory activity of compound 5
was rapidly washed out of cells. This was a key feature we
wished to build into the molecule to deliver improved lung
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retention that would translate into greater in vivo efficacy. To
examine the in vivo properties of our inhibitors, we developed a
PDmodel that revealed the irreversible binding of the Itk inhib-
itor. Rats were dosed with compounds by inhalation, and cell
suspensions were prepared from the lungs, followed by exten-
sive washing to remove any free compound prior to activation
in vitro with anti-CD3. Using this protocol, it is possible to
demonstrate both the degree and duration of Itk inhibition by
our compounds. This PD model has advantages over “disease”
models of allergic inflammation in that it measures the direct
response to activation of CD3 on CD4� cells rather than the
complexity of cellular interactions that are evoked following
sensitization and challenge with antigen. Furthermore, it does
not require a lengthy sensitization regime, thereby reducing
and refining animal experimentation. This is a pure PD model
that does not seek to explore the role of T cells or Itk activation
in asthma but is a streamlined approach to drug discovery that
enables determination of the pharmacokinetic/pharmacody-
namic (PK/PD) relationship. The PK/PDmodel offers an alter-
native to animal “disease”models, whichmay have limited abil-
ity to predict efficacy in humans (49). The PD model utilizes
naive Wistar Han rats, the preferred species for toxicology
studies, thereby enabling a direct determination of the thera-
peutic index. Furthermore, compound 12 was administered as
a dry powder via an inhalation tower connected to an aerosol
generator, which is the same method of drug delivery used for
toxicology with any future human studies also using a dry pow-
der formulation. The PD model used in this study is transla-
tional because the ex vivo activation of bronchial alveolar lavage
cells or bronchial biopsy may be a possible method to deter-
mine engagement of the Itk mechanism and establish a PK/PD
correlation for human studies.
In summary, we have described the generation of a potent

and selective irreversible inhibitor of Itk, building in many
design principles that we believe to be favorable for inhaled
drug delivery. Itk has a long half-life and is therefore a good
target for irreversible inhibitors.Wehave shown in both in vitro
and in vivo models that our compounds are potent and long
lasting, and we describe an accelerated translational route for-
ward, avoiding animal efficacy studies. Finally, we have shown
that small molecule Itk inhibitors block the activation of TH1,
TH2, and TH17 cells and show additivity when combined with a
glucocorticoid.
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43. Löwenberg, M., Verhaar, A. P., van den Brink, G. R., and Hommes, D. W.
(2007) Glucocorticoid signaling. A nongenomicmechanism for T-cell im-
munosuppression. Trends Mol. Med. 13, 158–163

44. Bochner, B. S., Rutledge, B. K., and Schleimer, R. P. (1987) Interleukin 1
production by human lung tissue. II. Inhibition by anti-inflammatory
steroids. J. Immunol. 139, 2303–2307

45. Kato, M., and Schleimer, R. P. (1994) Antiinflammatory steroids inhibit
granulocyte/macrophage colony-stimulating factor production by human
lung tissue. Lung 172, 113–124

46. Tsou, H. R., Mamuya, N., Johnson, B. D., Reich, M.F., Gruber, B. C., Ye, F.,
Nilakantan, R., Shen, R., Discafani, C., DeBlanc, R., Davis, R., Koehn, F. E.,
Greenberger, L. M., Wang, Y. F., andWissner, A. (2001) 6-Substituted-4-
(3-bromophenylamino)quinazolines as putative irreversible inhibitors of
the epidermal growth factor receptor (EGFR) and human epidermal
growth factor receptor (HER-2) tyrosine kinaseswith enhanced antitumor
activity. J. Med. Chem. 44, 2719–2734

47. Linka, R. M., Risse, S. L., Bienemann, K., Werner, M., Linka, Y., Krux, F.,
Synaeve, C., Deenen, R., Ginzel, S., Dvorsky, R., Gombert,M.,Halenius, A.,
Hartig, R., Helminen, M., Fischer, A., Stepensky, P., Vettenranta, K.,
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