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Background: ITK and RLK are unique to effector lymphocytes and critical for immune activation.
Results: A novel selective covalent ITK/RLK inhibitor called PRN694 was discovered, which blocks T-cell and NK cell
activation.
Conclusion: PRN694 provides an effective tool to elucidate the roles of ITK and RLK in immune cell signaling.
Significance: PRN694 could be an effective therapy for T-cell- or NK cell-driven autoimmune, inflammatory, and malignant
diseases.

Interleukin-2-inducible T-cell kinase (ITK) and resting lym-
phocyte kinase (RLK or TXK) are essential mediators of intra-
cellular signaling in both normal and neoplastic T-cells and nat-
ural killer (NK) cells. Thus, ITK and RLK inhibitors have
therapeutic potential in a number of human autoimmune,
inflammatory, and malignant diseases. Here we describe a novel
ITK/RLK inhibitor, PRN694, which covalently binds to cysteine
residues 442 of ITK and 350 of RLK and blocks kinase activity.
Molecular modeling was utilized to design molecules that inter-
act with cysteine while binding to the ATP binding site in the
kinase domain. PRN694 exhibits extended target residence time
on ITK and RLK and is highly selective for a subset of the TEC
kinase family. In vitro cellular assays confirm that PRN694 pre-
vents T-cell receptor- and Fc receptor-induced cellular and
molecular activation, inhibits T-cell receptor-induced T-cell
proliferation, and blocks proinflammatory cytokine release as
well as activation of Th17 cells. Ex vivo assays demonstrate
inhibitory activity against T-cell prolymphocytic leukemia cells,
and in vivo assays demonstrate durable pharmacodynamic
effects on ITK, which reduces an oxazolone-induced delayed
type hypersensitivity reaction. These data indicate that PRN694
is a highly selective and potent covalent inhibitor of ITK and
RLK, and its extended target residence time enables durable
attenuation of effector cells in vitro and in vivo. The results from
this study highlight potential applications of this dual inhibitor
for the treatment of T-cell- or NK cell-mediated inflammatory,
autoimmune, and malignant diseases.

IL-2-inducible T-cell kinase (ITK)4 and resting lymphocyte
kinase (RLK; also known as TXK) are members of the TEC
family of non-receptor tyrosine kinases that play important
roles in signal transduction in T-cells and natural killer (NK)
cells (1–3). ITK and RLK facilitate a range of downstream sig-
naling from T-cell and NK cell surface receptors, tyrosine
kinases, and integrins, including the T-cell receptor (TCR) and
Fc receptor (FcR) (1, 4, 5). Upon surface receptor engagement,
ITK mediates signaling by activating phospholipase C�1
(PLC�1), leading to the downstream activation of nuclear fac-
tor of activated T-cells (NFAT), nuclear factor �B (NF�B), and
mitogen-activated protein kinase (MAPK) pathways (6). ITK
knock-out (ITK�/�) mice demonstrate defects in Th2 and
Th17 differentiation and function (7). The Th2 deficiency ini-
tiated interest in ITK as a therapeutic target in asthma, because
Itk�/� mice are resistant to ovalbumin-induced asthma (8).
More recently, attention has shifted to autoimmune disease
because of the effects of ITK deletion on Th17 function and the
concomitant increase in regulatory T-cell (Treg) numbers and
function (9). The clinical target validation of IL-17 in psoriasis
and psoriatic arthritis adds additional support to the notion
that ITK could be a relevant therapeutic target in these diseases
(10). In addition, interest remains high in other Th17-driven
autoimmune diseases, such as multiple sclerosis and inflamma-
tory bowel disease (11).

The signaling of RLK is less clear. Its unique N-terminal
structure, which lacks the pleckstrin homology domain present
in other TEC kinases, renders it free of modulation by phos-
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phoinositide-3 kinase activity (12). Deletion of RLK alone has
few functional consequences, but deletion of RLK in combina-
tion with ITK appears to be important in Th1 cells, where it is
preferentially expressed. In addition, the deletion of ITK and
RLK has a marked effect on Th17 differentiation and IL-17
production (13). In some settings, it appears that ITK and RLK
are redundant signaling molecules because overexpression of
RLK in ITK�/� mice rescues the Th2 response in a model of
asthma (14). Importantly, ITK and RLK are aberrantly overex-
pressed and activated in T-cell malignancies as well as inflam-
matory and autoimmune diseases, making these proteins par-
ticularly attractive therapeutic targets in these disorders
(4, 15–17).

To date, no small molecule inhibitors specifically targeting
ITK or RLK have progressed past preclinical studies. Conven-
tional approaches to developing reversible competitive inhibi-
tors have been hampered by limited potency and/or selectivity,
although efforts continue to be made (18 –22). A recent study
utilizing non-competitive binding to an allosteric site of ITK
has yielded a compound with high selectivity; however, the
absorption, distribution, metabolism, and excretion and phys-
icochemical optimization to produce the extended pharmaco-
kinetics required for reversible compounds has not been com-
pleted (23). Because RLK is thought to compensate for ITK in a
number of T-cell and NK cell subsets, development of a dual
ITK/RLK inhibitor would be advantageous to effectively block
TEC kinase-driven activation of these cells (12).

Covalent targeting of cysteine residues within the ATP bind-
ing pocket is an effective way to obtain highly potent and selec-
tive kinase inhibitors with long target residence time (24, 25).
Ibrutinib, for instance, irreversibly binds cysteine 481 in BTK
and cysteine 442 in ITK, leading to a blockade of signaling
downstream of the B-cell receptor and TCR, respectively. Ibru-
tinib has demonstrated clinical safety and activity against B-
cell malignancies, including mantle cell lymphoma and chronic
lymphocytic leukemia (26 –28). All five mammalian TEC
kinases have a similar domain organization, including a cys-
teine-containing kinase domain (4). Herein we describe
PRN694, which was developed to irreversibly inhibit ITK and
RLK by forming a putative covalent bond with Cys-442 or Cys-
350, respectively. We show that this results in in vivo efficacy
without the need for an extended plasma half-life. In vitro
kinase assays show that PRN694 has potency and selectivity for
ITK and RLK. This selectivity is validated in Jurkat T-cells with
mutated ITK or overexpressed RLK. We further demonstrate
that PRN694 prevents TCR- or FcR-induced cellular and
molecular activation, inhibits TCR-induced T-cell prolifera-
tion without direct cytotoxicity, and blocks proinflammatory
cytokine release. Finally, in vivo experiments demonstrate the
pharmacokinetics and pharmacodynamics of PRN694 and
show that it attenuates a delayed type hypersensitivity (DTH)
reaction in a well established murine model system. These
results indicate promising clinical applicability of this ITK/RLK
dual inhibitor for the treatments of T-cell or NK cell malignan-
cies as well as inflammatory and autoimmune diseases, such as
psoriasis, psoriatic arthritis, rheumatoid arthritis, multiple
sclerosis, and irritable bowel disease.

EXPERIMENTAL PROCEDURES

Patient Samples—T-cells and peripheral blood mononuclear
cells (PBMCs) were obtained from normal donors or patients
diagnosed with T-cell leukemia. Deidentified specimens were
obtained from the Ohio State University Comprehensive Can-
cer Center Leukemia Tissue Bank. All subjects gave written,
informed consent for their blood products to be used for
research under an Institutional Review Board-approved proto-
col in accordance with the Declaration of Helsinki.

Cell Separation, Culture Conditions, and Inhibitor Treatment—
Primary CD3, CD4, and/or CD8 T-cells were isolated using neg-
ative selection (EasySep, StemCell Technologies, Vancouver,
Canada) or magnetic separation (MACS Human CD17�

microbeads, Miltenyi, Auburn, CA) according to the manufa-
cturer’s protocol. Primary NK cells were isolated using Roset-
teSep human NK cell enrichment mixture (StemCell Technol-
ogies) according to the manufacturer’s protocol. Cells were
cultured in vitro at 37 °C and 5% CO2 using RPMI 1640 with
10% fetal calf serum. Cells were pretreated for 30 min with
PRN694 or other inhibitors and then washed two times.
T-cells were then stimulated for 6 h with 1 �g/ml soluble
anti-CD3 (eBiosciences, San Diego, CA) for CD69 activation,
which was detected by flow cytometry, or 45 min with plate-
bound anti-CD3 (10 �g/ml plating concentration) and solu-
ble anti-CD28 (1 �g/ml) (eBiosciences) for downstream sig-
nal analysis by immunoblotting. NK cells were stimulated
for 6 h with plate-bound anti-CD52 (alemtuzumab) for
CD107a/b (BD Biosciences) activation, detected by flow
cytometry, or for 45 min for downstream signal analysis by
immunoblotting. Nuclear and cytoplasmic lysates (NE-PER
kit, Thermo, Rockford, IL) or whole cell lysates were col-
lected for immunoblotting.

Reverse Transcription-PCR (RT-PCR)—Total RNA was pre-
pared from pelleted cells using the Total RNA Purification Plus
kit (Norgen Biotek Corp.). Quantitative RT-PCRs were con-
ducted using the Taqman one-step RT-PCR kit (Invitrogen) with
transcript-specific Taqman primers (Itk, Hs00950634_m1; Rlk,
Hs00177433_m1; Gapdh, Hs02758991_g1). Quantitative RT-PCR
experiments were analyzed using the MyiQ software package.
After confirming a single melt curve peak, CT values for GAPDH
were compared with CT values for the transcript of interest using
the Pfaffl method (29).

Flow Cytometry—Flow cytometric analysis was performed
using fluorochrome-labeled monoclonal antibodies (mAbs;
anti-CD4, -CD8, -CD19, -CD17a, -CD107a, -CD107b, -IL-4,
-IFN�) as well as annexin V-FITC and propidium iodide (BD
Biosciences). Intracellular staining was conducted according
the manufacturer’s protocol (BD Biosciences). Samples were
washed once prior to analysis. Flow cytometric data were ana-
lyzed with FlowJo or Kaluza software (Tree Star (Ashland, OR)
and Beckman Coulter (Indianapolis, IN), respectively) on a
minimum of 30,000 collected events. Phosphoflow analysis of
pPLC�1 was conducted as described previously (28).

Cytometric Bead Assay—A cytometric bead assay (BD Biosci-
ences) was conducted according to the manufacturer’s pub-
lished protocol using cellular supernatant from three replicate
experiments as described previously (28).
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Carboxyfluorescein Succinimidyl Ester (CFSE) Proliferation
Assay—CFSE cell proliferation assays were performed as
described previously (30). Briefly, isolated CD3 T-cells were
resuspended in prewarmed PBS at 1 � 106 cells/ml, mixed with
1 �M CFSE, and incubated at 37 °C for 10 min. After staining
and subsequent washing, cells were cultured at 37 °C for 6 days,
and proliferation was measured via CFSE flow cytometry.

Delayed Type Hypersensitivity—Mice were randomized by
weight and sensitized with aliquots of 150 �l of 5% oxazolone
(Sigma catalog no. EO) in 3 parts ethanol and 1 part acetone on
their shaved abdomens. Seven days after the sensitization, the
mice were challenged with 10 �l of 3% oxazolone on the front
and back of the right ears. The left ears were treated with the
ethanol/acetone mixture. One hour prior to the challenge, the
animals received either vehicle control (5% ethanol, 95% Cap-
tex 355 NP/EF, intraperitoneal injection at 5 ml/kg), 20 mg/kg
PRN694 in 5% ethanol, 95% Captex (intraperitoneal injection at
5 ml/kg), or 0.5 mg/kg dexamethasone (intraperitoneal injec-
tion at 5 ml/kg). A control group of animals received no oxa-
zolone or drug treatment. Twenty-four hours after the oxa-
zolone challenge, the mice were sacrificed, and a 7-mm disc was
punched out of each ear and weighed to measure edema. The
DTH studies were performed at Bolder Biopath (Boulder, CO).

Antibody-dependent Cellular Cytotoxicity (ADCC)—ADCC
was tested as described previously using purified human
PBMCs for the effector cell population (31). Briefly, 50-�l tri-
pling dilutions from 1 to 0.005 �M PRN694 or PRN403 (2� final
concentration) were preincubated with 50 �l of PBMCs (All
Cells, catalog no. CUS-PBMC-006) at room temperature for
1 h. Target cells (105 Jeko-1 cells in 50 �l) were preincubated
with 4 �g/ml anti-CD20 antibody (Eureka Therapeutics) at
37 °C for 30 min. Compound-treated PBMCs (5 � 106 cells in a
100-�l total volume) were added to target cells at an effector/target
ratio of 25:1 and incubated for 16 h. After incubation, the cells were
pelleted by centrifugation, and the supernatant was assayed for
lactate dehydrogenase release (Cytotox 96 nonradiocytotoxicity,
Promega, catalog no. G1780) as a measure of cell lysis. Specific lysis
was calculated as ((experimental release � spontaneous release)/
maximum release � spontaneous release)) � 100. The ADCC
assays were performed at Eureka Therapeutics (Emeryville, CA).

Immunoblot—Experiments were conducted using conven-
tional methodology as described previously (32). Blotting was
conducted using pPLC�1 2821, PLC�1 2822, NFAT1 4389S,
ITK 2380S, JUNB 3746S, and pI�B� 9246L antibodies (Cell
Signaling Technologies, Danvers, MA) or I�B� sc-371, lamin B
sc-6216, and actin sc-1615 antibodies (Santa Cruz Biotechnol-
ogy, Inc.). Densitometry analysis was conducted using ImageJ
analysis software (National Institutes of Health). Raw density
was normalized to the intensity of vehicle-treated stimulated
cells.

Calcium Flux Assays—Experiments were conducted as
described previously (28).

Chromium Release Cytotoxicity Assays—Ficoll gradient-iso-
lated PBMC targets obtained from healthy donors were incu-
bated with 51Cr for 1 h at 100 �Ci/106 cells and subsequently
washed. RosetteSep-isolated CD8 T-cells were treated with 0.5
�M PRN694 or DMSO and then added to target cells at an
effector/target ratio of 50:1 for 4 h. Afterward, supernatant was

harvested, and � radiation was counted using a PerkinElmer
Wizard 2 automatic � counter. The percentage of cytotoxicity
was calculated from triplicate samples using the equation, (X �
Min)/(Max � Min) � % lysis.

In Vitro Kinase Assay—Inhibitor potency in ITK or RLK
enzymatic assays was determined using the microfluidics-
based LabChip 3000 drug discovery system (Caliper Life Sci-
ences). Twelve concentrations of inhibitor were first preincu-
bated with recombinant ITK or RLK. Enzyme, inhibitor,
peptide substrate, and cofactors (ATP and Mg2�) were then
combined and incubated at 25 °C. The final assay reaction mix-
ture contained a buffer of 100 mM HEPES, pH 7.5, 0.1% BSA,
0.01% Triton X-100, 1 mM DTT, 10 mM MgCl2, 10 �M sodium
orthovanadate, 10 �M �-glycerophosphate, 16 �M ATP, and 1%
DMSO. The ATP concentration was 10 nM for ITK and 100 nM

for RLK. At the end of the incubation, the reaction was
quenched by the addition of an EDTA-containing buffer. Neg-
ative control samples (containing no inhibitor) and positive
control samples (tested in the presence of 20 mM EDTA) were
simultaneously evaluated in order to calculate the percentage
inhibition at each compound concentration. The IC50 values
were determined by fitting the inhibition curves (percentage
inhibition versus inhibitor concentration) using a 4-parameter
sigmoidal dose-response model (XLfit4 software, IBDS (Ala-
meda, CA)). The determination of enzymatic IC50 values for
BLK, BMX, BTK, EGFR, ERB-B2, ERB-B4, JAK3, MKK7, and
TEC was performed as described above except that the concen-
tration of kinase, the peptide substrate, and the ATP concen-
tration were optimized for each kinase. Similarly, the broader
screen of 250 kinases was performed under optimized ATP
concentration conditions. Determination of kinact/Ki for ITK
and RLK was performed by acquiring real-time peptide phos-
phorylation progress curves at 12 concentrations of PRN694
and subsequently fitting the rate of enzyme inactivation as a
function of inhibitor concentration to establish kinact/Ki. Enzy-
matic IC50 assays as well as single concentration screening
assays were performed by Nanosyn, Inc. (Santa Clara, CA).

In Silico Molecular Design—All molecular modeling was per-
formed with the Molecular Operating Environment (MOE)
software package (Chemical Computing Group Inc., Montreal,
Canada). Protein crystal structures 3QGY, 3MIY, 4HCU, and
3V8T were downloaded from the Protein Data Bank and pre-
pared for modeling with the “Structure Preparation” module.
The MMFF94x force field and the R-field solvation model were
used for all energy minimization calculations. Designed ligands
were manually docked into the ATP binding site and energy-
minimized to release any molecular strain. Conformational
models of the covalently bonded ligand were generated using a
low mode conformational analysis followed by energy minimi-
zation. Diverse molecular designs were evaluated and scored
based upon a visual analysis of the final docked conformation.

Determination of ITK Occupancy in Vivo—Mouse thymus
tissue was removed at the time of sacrifice, and a single cell
suspension of thymocytes was prepared. Thymocytes were
treated with a 1 �M concentration of an irreversible BODIPY-
labeled ITK-selective probe (synthesized by Principia Biop-
harma) that labels unbound ITK. Cells were washed and lysed
in lysis buffer (Cell Lytic M, Sigma catalog no. C2978) supple-
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mented with protease inhibitor mixture (Pierce Protease and
phosphatase inhibitor, Thermo Scientific catalog no. 88669).
Each sample was separated on a 4 –12% BisTris SDS-polyacryl-
amide gel (Novex�, Invitrogen) to determine occupancy of ITK.
Gels were scanned for probe binding on a Typhoon image scan-
ner (GE Healthcare) using the Fluorescein 526 emission filter,
photomultiplier tube at 800 V, and green laser. To evaluate the
total ITK present in each sample, gels were transferred to nitro-
cellulose using an iBlot system (Invitrogen). Membranes were
probed overnight with anti-ITK (BD Biosciences catalog no.
51-6979 1N), detected with goat anti-mouse antibody conjugated
to AlexaFluor 647 (Invitrogen, catalog no. A21236, 1:1000) and
scanned on a Typhoon 9410 or 8600 variable mode imager (GE
Healthcare) with an emission filter of Cy5 670 BP30 and red laser.
Band intensities were quantified using ImageQuant software (GE
Healthcare). For each sample, the fluorescent signal was normal-
ized for total ITK, and the percentage of occupancy was calculated
by subtracting the normalized ratio from 100%.

Determination of PRN694 Off-rate with Recombinant ITK—
Recombinant ITK at a final concentration of 0.5 �M in 50 mM

Hepes, pH 7.5, 10 mM MgCl2, 0.01% Triton X-100, and 1 mM

EGTA (His6-labeled, Millipore catalog no. 13-660) were com-
bined with 1.5 �M PRN694 or BMS-509744 for 90 min to facil-
itate binding. The mixture was then diluted 50-fold to initiate
dissociating of the ligand from the enzyme, and 10 �l was trans-
ferred to a Greiner 384-well black plate. Europium-coupled
anti-His6 antibody (PerkinElmer Life Sciences ADO205) was
added to each well and incubated for 5 min, followed by the
addition of an ITK binding fluorescent tracer (Tracer 236,
Invitrogen PV5592). The tracer binds to ITK as a function of
ligand dissociation, and binding is detected by time-resolved
FRET between the europium-coupled antibody and the Alexa-
Fluor 647-labeled tracer 236 on a PerkinElmer Envision� model
2101 plate reader. Time points acquired were 0.25, 1, 3, 6, and
24 h.

Macrophage, Dendritic Cell, and Mast Cell Activation—
Human CD14� peripheral blood monocytes were magnetically
isolated (Miltenyi) and incubated on plates for 7 days either
with 20 ng/ml recombinant human M-CSF (R&D Systems,
Minneapolis, MN) to generate monocyte-derived macrophages
or with 20 ng/ml each of recombinant human GM-CSF and
recombinant human IL-4 (R&D Systems) to generate mono-
cyte-derived dendritic cells. Factors were re-added on days 3
and 5, and cells were harvested for use on day 7. To test Fc�R-
mediated cytokine production, cells were pretreated with 0.5
�M PRN694 or DMSO at 37 °C for 30 min. Following two
washes in PBS, cells were plated at 1 � 106 cells/ml in 96-well
plates (2 � 105 cells/well) precoated with or without 10 �g/ml
human IgG (Jackson Immunoresearch). After 24 h, cleared
supernatants were collected and assayed by ELISA for TNF�
and IL-12 (R&D Systems).

For mast cell assays 2 � 105 RBL-2H3 cells (ATCC) were
sensitized with 1 �g/ml anti-dinitrophenyl (DNP) IgE for 3 h.
After three washes to remove excess antibody, cells were
pretreated with 0.5 �M PRN694 or DMSO for 30 min,
washed, and subsequently stimulated with 1 �g/ml DNP for
30 min. Histamine production was measured by ELISA

(Genway Biotech, Inc., San Diego, CA) according to the
manufacturer’s directions.

Statistics—Unless otherwise noted, a two-tailed student’s t
test was used for normal data at equal variance. Significance
was considered for p � 0.05. All analyses were performed using
SAS/STAT software, version 9.2 (SAS Institute Inc., Cary, NC).

RESULTS

Structure, Potency, and Specificity of PRN694 —We discov-
ered highly selective ITK/RLK inhibitors using a combination
of covalent targeting technology and structure-based design. Of
primary importance was the need to identify a hinge-binding
molecular scaffold and compatible linker chemistry to cova-
lently bond to ITK Cys-442. A superposition of all of the avail-
able x-ray crystal structures of ITK in complex with small mol-
ecule inhibitors was undertaken. Upon visual inspection,
several structures deposited in the Protein Data Bank (entries
3QGY, 3MIY, 4HCU, and 3V8T) presented suitable vectors to
target Cys-442. Molecular modeling and a synthetic feasibility
assessment led to the prioritization of several small focused
compound libraries. The structure-based medicinal chemistry
optimization of one such library culminated in the identifica-
tion of PRN694, a potent irreversible inhibitor of ITK and RLK
(Fig. 1, A–C). The biochemical occupancy of PRN694 on
recombinant ITK did not decrease over time (Fig. 1C), which is
consistent with its formation of an irreversible covalent bond
with the target. This is in contrast to the completely reversible
molecule BMS-509744, which forms no covalent interaction
with ITK and quickly dissociates from the target. In similar
experiments, the occupancy of PRN694 on recombinant RLK
was 85 � 4% after 24 h, also consistent with formation of an
irreversible covalent bond. For a complete synthesis protocol
for PRN694, see Ref. 68.

The in vitro selectivity and potency of PRN694 against a
panel of 250 kinases revealed a small number of inhibited kinase
targets, of which only three non-TEC/non-Cys family kinases
were inhibited �90% at 1 �M PRN694 (Fig. 1D and supplemen-
tal Table 1). Given the covalent nature of the binding of
PRN694 to ITK and RLK, any kinase targets that do not con-
tain a cysteine proximal to the kinase pocket that is susceptible
to covalent binding are only temporarily inhibited due to drug
clearance, yielding long term inhibition of only covalently
bound kinases. To identify potential covalent targets of
PRN694, we examined kinases that contain a cysteine homolo-
gous to Cys-442 in ITK using a microfluidic kinase assay.
PRN694 exhibited high potency against ITK and RLK with IC50
values of 0.3 and 1.4 nM, respectively, as well as few off-target
hits of significant potency (Fig. 1E). The IC50 for the family
member TEC was also potent at 3.3 nM; however, we did not
investigate further the kinetics of this interaction. In general,
the biology of TEC in T-cells is less understood, but it does
appear to serve a redundant role downstream of the T-cell
receptor (33). The other TEC family member, BTK, had an IC50
of 17 nM; however, this interaction was reversible with only
27 � 10 and 17 � 12% occupancy of recombinant BTK after 6
and 24 h, respectively. Further kinetic analysis of PRN694 using
the microfluidic kinase assay revealed time-dependent inhibi-
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tion consistent with irreversible binding, providing kinact/Ki
values for both ITK (4.7 �M�1 s�1) and RLK (0.46 �M�1 s�1).

In vitro recombinant kinase-based selectivity assays do not
always replicate the selectivity observed in cells due to the variable
effects of higher cellular ATP concentrations and cellular pathway
sensitivity to inhibition. Therefore, we tested PRN694 in the Bio-
Map system (BioSeek, South San Francisco, CA) that screens
inhibitory activities across a range of 12 primary human co-culture
systems designed to replicate a variety of inflammatory conditions

and disease states. This method has been previously utilized to
study selectivity and cellular mechanism of action across a broad
range of primary human cells (34–36). PRN694 demonstrated
inhibitory activity only in cell systems in which T-cells were pro-
viding stimulatory readouts (Fig. 1F). No effects were observed in
cell types that do not express ITK and RLK.

PRN694BlocksTCR-inducedCellularandMolecularActivation—
Given the strong in vitro potency and limited off-target activities, we
wanted to confirm the T-cell-suppressive effects of PRN694. Because

PRN694 Is a Covalent Inhibitor of Lymphocyte ITK and RLK

5964 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 10 • MARCH 6, 2015



the molecular selectivity of PRN694 is achieved through Michael
reaction chemistry, which covalently targets a cysteine moiety near
thekinaseactivesite, invivopharmacokinetics ismimicked invitroby
brief 30-min exposure followed by drug washout. To confirm that
PRN694 inhibits TCR-induced activation, we examined membrane
expression of CD69, a well established T-cell activation marker, 6 h
after stimulation via anti-CD3 (Fig. 2A). With PRN694 pretreatment,
CD3-mediated CD69 induction was inhibited both in Jurkat T-cells
and freshly isolated primary CD4 or CD8 T-cells (Fig. 2, B–D). Max-
imal inhibition of CD69 induction was achieved with PRN694 con-
centrations ranging from 0.1 to 1.0 �M. For this study, we included
tool compounds, including an inhibitor previously reported to inhibit
ITK (BMS-509744), and the BTK-selective inhibitor PRN403 (also
referred to as compound 8),5 neither of which displayed T-cell inhibi-
tion (37). Note that BMS-509744 had relatively weak potency in vitro,
consistent with the published data in cell-based assays (37). We chose
the concentration of BMS-509744 to avoid the off-target effects we
observedinBioMapscreeningofthiscompound(datanotshown).As
shown in Fig. 2, E and F, none of the tested compounds elicited T-cell
cytotoxicity in these experiments.

The cellular CD69 activation analysis led us to investigate the
effects PRN694 had on TCR-proximal molecular activation. We
pretreated Jurkat cells with 0.5 �M PRN694 and then stimulated
them with plate immobilized anti-CD3 and soluble anti-CD28 for
45 min. Immunoblot analysis of TCR activation pathways revealed
that PRN694 blocked activation or nuclear translocation of
NFAT1, JunB, pI�B�, and pERK (Fig. 2, G and H).

TCR-proximal Signaling and Calcium Flux Is Blocked by
PRN694 in CD4 and CD8 T-Cells—CD4 helper and CD8 cyto-
toxic T-cells rely upon ITK and RLK to different extents (38);
thus, we wanted to determine whether both T-cell subsets were
susceptible to inhibition with PRN694. We purified CD4 or
CD8 T-cells from healthy donor peripheral blood, pretreated
each subset with 0.5 �M PRN694, and then stimulated with
plate-immobilized anti-CD3 and soluble anti-CD28 for 45 min.

Immunoblot analysis of proximal TCR activation pathways
revealed that PRN694 blocks activation or nuclear transloca-
tion of NFAT1, JunB, pI�B�, and pPLC�1-Y783 in both subsets
(Fig. 3, A–D).

Robust and prolonged Ca2� flux is a downstream component
of TEC kinase signaling. To determine whether PRN694 inhib-
ited Ca2� flux, we pretreated Jurkat cells with various concen-
trations of PRN694 (from 1 nM to 1 �M) and loaded cells with
the calcium flux indicator dye Fluo4AM. Calcium flux in
response to anti-CD3 stimulation was then measured for 5 min.
Results revealed inhibition of Ca2� signaling with PRN694 at all
concentrations above 1 nM as compared with the DMSO (vehi-
cle) and BAPTA (negative control) treatments (Fig. 3, E and F).
A modest dose response was observed that plateaued at con-
centrations greater than 25 nM.

To confirm that PRN694 blocks activation at a TCR-prox-
imal site, we compared activation via CD3/CD28 with the
PKC-activating phorbol 12-myristate 13-acetate combined
with ionomycin, a calcium ionophore. As expected, PRN694
blocked NFAT, JunB, and I�B� activation only after CD3/
CD28 stimulation, whereas phorbol 12-myristate 13-ace-
tate/ionomycin stimulation circumvented this inhibitory
activity (Fig. 3, G and H).

PRN694 Blocks FcR-induced Cellular and Molecular Activa-
tion in Primary NK Cells—ITK and RLK are critical compo-
nents of NK cell FcR signaling. To study the effects of PRN694
in NK cells, we pretreated freshly isolated primary NK cells with
0.5 �M PRN694 for 30 min and then FcR-stimulated the cells for
45 min with plate-immobilized alemtuzumab (an anti-CD52
monoclonal antibody that potently activates FcR on NK cells).
Immunoblot analysis revealed that PRN694 blocks alemtu-
zumab-induced activation or nuclear translocation of NFAT1,
pI�B�, pERK, and pPLC�1-Y783 (Fig. 4A).

CD107a and CD107b are two functional markers for NK cell
activity. Their expression is up-regulated on NK cells upon FcR
activation, indicating increased NK cell degranulation and
cytotoxicity (39, 40). ITK has been shown to mediate FcR-initi-5 J. M. Bradshaw et al., manuscript in preparation.

FIGURE 1. Structure-based design and selectivity of the novel ITK/RLK inhibitor PRN694. A, chemical structure of PRN694. B, model of PRN694 covalently
bound to ITK. Molecular modeling predicts that the aminobenzimidazole scaffold makes two hydrogen bonds to the backbone amides of the hinge residues
of the ATP binding pocket. The CF2-thiophene was found to provide high potency for either a phenylalanine or threonine gatekeeper residue. A methylpy-
rolidine linker presents the acrylamide in a position easily accessible for covalent bond formation with Cys-442. C, the dissociation of reversible versus
irreversible inhibitors. Ligand binding to ITK as a function of time (hours) in a biochemical off-rate assay utilizing time-resolved FRET was determined as
described under “Experimental Procedures.” The completely reversible inhibitor BMS-509744 demonstrated extremely rapid dissociation from ITK (residence
time (�) � 32 � 17 min), whereas PRN694 remained bound to ITK for the entire assay period, consistent with its irreversible covalent binding. D, the in vitro
selectivity and potency of PRN694 against a panel of 250 kinases. Screening of PRN694 was performed at 0.1 and 1.0 �M. The results are displayed on a human
kinase dendrogram (reproduced courtesy of Cell Signaling Technology, Inc.). E, PRN694 was tested in a microfluidics format kinase assay that separated
phosphorylated from unphosphorylated peptide substrate based on capillary electrophoresis. PRN694 was tested against each target that contains a Cys in a
homologous position to Cys-442 in ITK. IC50 values were calculated from plots of percentage inhibition of activity as a function of inhibitor concentration. All
assays were performed at Nanosyn Inc. F, the BioMap cell screening panel (performed by BioSeek, South San Francisco, CA) is a set of cell-based assays used to
understand the cellular potency and selectivity of inhibitory compounds. A variety of cell culture and co-culture systems are stimulated with a range of
molecules. Biomarker readouts are measured as an indicator of various pathway activities in the culture systems. The biomarker readouts measured in each
system are indicated along the x axis. The y axis shows the log10 expression ratios of the readout level measurements relative to solvent (DMSO buffer) controls.
Three concentrations of PRN694 were tested for the ability to modulate the various readouts. The three culture systems that showed dose-dependent
modulation of biomarkers in response to PRN694 were the SAg system, the BT system, and the TH2 system. The SAg system consists of primary human
umbilical vein endothelial cells cultured with peripheral blood mononuclear cells stimulated with superantigens. The BT system consists of B cells co-cultured
with peripheral blood mononuclear cells stimulated with anti-IgM and mild T-cell receptor stimulation. The TH2 system consists of primary human umbilical
vein endothelial cells co-cultured with 14-day TH2 polarized CD4 T-cell blasts stimulated with TCR and IL-2. PRN694 had essentially no inhibitory activity in cell
types that do not express ITK and RLK, including 3C (venular endothelial cells (HuVEC)/IL-1�, TNF, and IFN�), 4H (HuVEC/IL-4 and histamine), LPS (PBMC and
HuVEC/LPS), BF4T (bronchial epithelial cells and human dermal fibroblasts/TNF and IL-4), BE3C (bronchial epithelial cells/IL-1�, TNF, and IFN�), CASM3C
(coronary artery smooth muscle cells/IL-1�, TNF, and IFN�), HDF3CGF (human dermal fibroblasts/IL-1�, TNF, IFN�, epidermal growth factor, basic fibroblast
growth factor, and platelet-derived growth factor-BB), KF3CT (keratinocytes and dermal fibroblasts/IL-1�, TNF, and IFN�), MyoF (lung fibroblasts/TNF and
TGF-�), and Mphg (HuVEC and macrophages/TLR2). Weak inhibitory signals were only detected at the highest PRN694 concentration in the venular endothelia
system (3C), the PBMC/HUVEC system (LPS), and the human dermal fibroblast system (HDF3CGF), potentially due to low level off-target effects.
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FIGURE 2. PRN694 blocks cellular and molecular activation of T-lymphocytes and the Jurkat T-ALL cell line. A, gating strategy for flow cytometric analysis
of CD69 surface expression in Jurkat cells. Singlet live lymphocytes were gated for CD69 surface expression in Jurkat cells. Jurkat cells (n � 4) (B), human primary
CD4 T-cells (n � 6) (C), or human primary CD8 T-cells (n � 4) (D) were pretreated for 30 min with PRN694, BMS-509744, or PRN403 at the indicated doses or
vehicle (DMSO), subjected to stimulation with anti-CD3/anti-CD28 for 6 h, and analyzed via flow cytometry for CD69 surface expression. Baseline (unstimu-
lated) CD69 percentage was subtracted, and data were normalized to stimulated and vehicle-treated sample. Jurkat cells (E) or CD3 T-cells (F) isolated from
healthy donors were pretreated with vehicle (DMSO), PRN694, BMS-509744, or PRN403 at the indicated doses and stimulated with anti-CD3/anti-CD28 for 6 h.
Cell viability was evaluated by flow cytometry using LIVE/DEAD� stain (Invitrogen). Nuclear (G) or cytoplasmic (H) extracts from Jurkat cells pretreated for 30
min with 0.5 �M PRN694, 0.5 �M BMS-509744, 0.5 �M PRN403, 4 �M ibrutinib, or vehicle (DMSO) and stimulated with anti-CD3/anti-CD28 for 45 min were
analyzed by immunoblot. Antibodies to actin, lamin B, and GAPDH were included as controls for nuclear versus cytoplasmic extractions. Data are representative
of three experiments. For immunoblots G and H, densitometric ratios between phosphoprotein and total or loading control are provided. Error bars, S.E.
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FIGURE 3. TCR-proximal signaling is irreversibly blocked by PRN694, abrogating downstream pathway activation. A and B, freshly isolated
primary CD4 T-cells were preincubated with vehicle (DMSO) or PRN694 (0.5 �M) and then stimulated for 45 min with anti-CD3/anti-CD28 antibodies.
Nuclear extracts (A) or cytoplasmic extracts (B) were analyzed by immunoblot with the indicated antibodies. C and D, freshly isolated primary CD8 T-cells
were treated as described for CD4 cells, and nuclear (C) and cytoplasmic (D) extracts were analyzed by immunoblot. E, Jurkat cells were pretreated with
25 nM PRN694 or vehicle, labeled with Fluo4AM, and then stimulated by the addition of anti-CD3 indicated by an arrow. Calcium flux was measured using
the intensity of Fluo-AM measured over 5 min following the addition of anti-CD3. The graph shows cumulative data from 12 replicates conducted over
two separate experiments. F, Jurkat cells were pretreated with PRN694 (1 nM to 1 �M), vehicle (DMSO), or BAPTA-AM (13 �M); labeled with Fluo4AM; and
then stimulated by the addition of anti-CD3. Calcium flux was measured using the intensity of Fluo-AM measured over 5 min following the addition of
anti-CD3. The graph shows the area under the fluorescent intensity/time curve. G and H, Jurkat cells were pretreated with 0.5 �M PRN694 or vehicle
(DMSO) and then stimulated either with anti-CD3/anti-CD28 or 50 ng/ml phorbol 12-myristate 13-acetate plus 1 �g/ml ionomycin for 45 min. Nuclear
(G) and cytoplasmic (H) extracts were analyzed by immunoblot. For immunoblots A, B, C, D, G, and H, densitometric ratios between phosphoprotein and
total or loading control are provided. Error bars, S.E.
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ated cytotoxicity (2). To determine whether PRN694 inhibits
FcR-induced activation of NK cells, we examined membrane
expression of CD107a/b in primary NK cells stimulated with
plate-coated alemtuzumab for 6 h. FcR-induced CD107a/b
expression was significantly inhibited by PRN694 in a dose-de-
pendent manner (p � 0.05) (Fig. 4B).

A primary functional readout of NK cell FcR activation is
the ability to lyse antibody-coated cells in an antibody-de-
pendent cellular cytotoxicity assay. To examine the impact
of PRN694 on this functional readout, we pretreated primary
human NK cells with varying concentrations of PRN694 or
the BTK inhibitor PRN403 and used these cells at a 25:1
effector/target ratio with humanized anti-CD20 rituximab
biosimilar-coated Jeko-1 targets. The data showed that
PRN694 significantly attenuated NK cell FcR-induced killing
at concentrations exceeding 0.37 �M, whereas PRN403 did
not alter killing, and isotype-coated Jeko-1 cells induced
negligible killing as expected (Fig. 4C).

Given that macrophages, dendritic cells, and mast cells also
express and utilize Fc receptors, we sought to examine the
effects of PRN694 on these unique cell types. Primary human
monocyte-derived macrophages and dendritic cells were pre-
treated with 0.5 �M PRN694 and FcR-stimulated using immo-
bilized human IgG. Cytokine production shows that PRN694
had no impact on either cell type because macrophage produc-
tion of TNF and dendritic cell production of IL-12 and TNF was
unaffected by PRN694 (Fig. 5, A–C). In addition, the Fc�-ex-
pressing mast cell line RBL-2H3 was stimulated by coating the
cells with anti-DNP IgE and subsequently exposing the cells to
DNP. Histamine release after exposure to 0.5 �M PRN694 was
unaffected (Fig. 5D). Furthermore, molecular activation of
ERK1/2 following stimulation was unaltered (Fig. 5E). ITK
expression was not detectable in the dendritic cells, macro-
phages (data not shown), or RBL-2H3 mast cells we used (41).
Overall, these results indicate that in NK cells, but not in den-
dritic, macrophage, or RBL-2H3 mast cells, which do not
express ITK and RLK, FcR-induced stimulation is curtailed by
PRN694.

PRN694 Selectively Inhibits ITK and RLK Kinase Activity—
Collectively, our data show that PRN694 binds irreversibly to
the non-kinase-essential cysteine 442 located in the hinge
region of ITK. Therefore, a cysteine to alanine mutation at this
site is predicted to yield an active, drug-resistant version of ITK
(ITK-C442A). Because Jurkat cells do not express RLK, they
rely solely upon ITK for propagation of the TCR signal; there-
fore, expression of ITK-C442A should render these cells resis-
tant to PRN694 (28). In anti-CD3/CD28-activated Jurkat cells
expressing ITK-WT, 0.5 �M PRN694 inhibited the downstream
TCR signaling, including nuclear activation of NFAT1 and
cytoplasmic PLC�1 and I�B�, as expected (Fig. 6A). However,
PRN694 was not able to inhibit these same downstream TCR
pathways in Jurkat cells that stably express ITK-C442A (Fig.
6B). Total ITK protein expression was comparable among
parental Jurkat, Jurkat ITK-WT, and Jurkat ITK-C442A cell
lines with or without stimulation (Fig. 6C). Notably, the C442A
mutant did not completely rescue inhibition by PRN694,
potentially because the C442A cells also express endogenous
ITK-WT, which would be susceptible to inhibition, or because

of low level inhibition of additional kinases at 0.5 �M PRN694.
These data confirm that ITK is a primary molecular target of
PRN694 and that the Cys-442 moiety is critical for the capacity
of PRN694 to inhibit ITK. Ibrutinib, which inhibits both BTK
and ITK in a Cys-dependent manner, also lost potency in the
ITK-C442A-expressing cells, as we have previously shown (28).
As expected, the BTK-selective compound PRN403 had no
inhibitory activity in either cell line, supporting the hypothesis
that the ITK-inhibiting activity of PRN694 was driving its
effect. The non-covalent BMS-509744 displayed only weak
inhibitory activity.

In certain subsets of T-cells and NK cells, RLK can com-
pensate for inhibition or loss of ITK (42). Therefore, an ITK/
RLK combined inhibitor can potentially more effectively
block systemic TCR-induced activation. Immunoblot analy-
sis revealed that both PRN694 and the BTK/ITK inhibitor
ibrutinib could block downstream TCR signaling via PLC�1,
I�B�, and NFAT1 in anti-CD3/CD28-stimulated, empty
vector-transduced, control Jurkat cells (Fig. 6D). BMS-
509744 was weakly active against TCR-stimulated signals.
Critically, however, only the combined ITK/RLK inhibitor
PRN694 was able to ablate TCR-induced molecular activa-
tion in Jurkat cells that stably express RLK (Fig. 6E). These
data confirm that PRN694 is a dual inhibitor of ITK and RLK
and can block downstream TCR activation in cells that
express both complementary TEC kinases.

PRN694 Inhibits TCR-induced Primary T-cell Proliferation
without Direct Cytotoxicity—Rapid and robust cellular prolifer-
ation is a hallmark functional readout of TCR stimulation. To
characterize the effect of PRN694 on TCR-induced prolifera-
tion, CD3 T-cells isolated from healthy donors were stained
with 1 �M CFSE, pretreated with 0.1 �M PRN694 or control
inhibitor BMS-509744, PRN403, or ibrutinib for 30 min, and
then stimulated with anti-CD3/CD28 for 6 days. Day 6 flow
cytometry analysis revealed that PRN694 significantly inhibited
the anti-CD3/CD28-induced proliferation of both CD4 and
CD8 T-cells (p � 0.01) (Fig. 7A). This attenuation of TCR-
induced cellular division index was not achieved by BMS-
509744, the BTK/ITK inhibitor ibrutinib, or the BTK inhibitor
PRN403 (Fig. 7, B and C).

Conceivably, a cytotoxic inhibitor could halt TCR-induced
proliferation in a non-selective manner. Therefore, we investi-
gated apoptosis and cell death by annexin V/propidium iodide
flow cytometry analysis. These data demonstrate that PRN694
is not directly cytotoxic to healthy CD3 T-cells (Fig. 7D), sup-
porting the notion that PRN694 prevents TCR-induced prolif-
eration by blocking specific kinases necessary to initiate molec-
ular signals that drive cellular activation and subsequent
proliferation.

PRN694 Inhibits Proinflammatory Cytokine Release by Pri-
mary T-cells and Functional T-cell Cytotoxicity—ITK and RLK
are critically important for the production of proinflammatory
cytokines and inflammatory disease (43). We sought to exam-
ine the effect of PRN694 on proinflammatory cytokine produc-
tion. Freshly isolated CD3 T-cells from healthy donors were
pretreated with vehicle (DMSO) or 0.1 �M PRN694, BMS-
509744, or PRN403 for 30 min and then stimulated with anti-
CD3/CD28 for 48 h. Soluble cytokines were assayed by a cyto-
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FIGURE 4. PRN694 blocks Fc receptor-induced cellular and molecular activation in primary NK cells. A, immunoblot analysis of nuclear and cytoplasmic
extracts from freshly isolated healthy primary NK cells pretreated with 0.5 �M PRN694 or vehicle (DMSO) and stimulated with plate-coated alemtuzumab (10
�g/ml) for 45 min. B, healthy primary NK cells were pretreated with PRN694 at several doses or with vehicle (DMSO) and then stimulated with plate-coated
alemtuzumab (10 �g/ml) for 6 h. Surface expression of CD107a/b was analyzed via flow cytometry. Data show the percentage of positive cells of the purified
NK cell population. C, health primary NK effector cells were isolated from PBMCs and pretreated with PRN694 or PRN403 at the indicated concentrations.
Effector cells were cultured at a 25:1 ratio with 1 �g/ml rituximab biosimilar-coated Jeko-1 target cells for 16 h. Specific lysis of target cells was quantified by
measuring lactate dehydrogenase release into the supernatant. Isotype-coated target cells were used as a non-killing control. Error bars, S.E. For all immuno-
blots, densitometric ratios between phosphoprotein and total or loading control are provided.
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metric bead assay, revealing that IL-2, TNF�, and IFN� levels
were significantly lower in cultures from PRN694-treated cells
(Fig. 7, E–G). Neither BMS-509744 nor the control BTK inhib-
itor PRN403 altered cytokine levels.

CD4� Th17 cells are critical proinflammatory components
of the adaptive immune system implicated in multiple autoim-
mune diseases, such as psoriasis, multiple sclerosis, and inflam-
matory bowel disease (44). To investigate the suppression of
Th17 cells by PRN694, we pre-enriched healthy donor PBMCs
for CD4�/CXCR3�/CCR6� cells, which include a high fraction
of Th17 cells. This enriched fraction was then pretreated with
vehicle or 0.5 �M PRN694, BMS-509744, or PRN403 and stim-
ulated with anti-CD3/anti-CD28 for 12 h. PRN694 significantly
inhibited TCR-induced Th17 cell activation as measured by
intracellular levels of IL-17a (Fig. 7H).

To examine the functional effects of PRN694 on mature pri-
mary human CD8 T-cells, we conducted allogeneic mixed lym-
phocyte reactions using 51Cr-loaded PBMCs as targets at a 50:1
effector/target ratio (Fig. 7I). Our results show that 0.5 �M

PRN694 pretreatment significantly attenuates CD8 T-cell cyto-
toxicity after allogeneic stimulation (p � 0.0099).

PRN694 Attenuates TCR-induced Activation of T-cell Prolym-
phocytic Leukemia (T-PLL)—To explore a potential therapeutic
application of PRN694 in T-cell leukemia, we examined the
mRNA expression of ITK in primary T-cell leukemia cells to con-
firm relevant levels of target expression. Leukemic T-cells from
T-PLL patients (n � 13) expressed mRNA levels of ITK that were
indistinguishable from healthy T-cells (n � 4) (Fig. 8A). Using the
HH cutaneous T-cell lymphoma cell line, we found that PRN694
effectively blocked anti-CD3/anti-CD28-induced TCR stimula-
tion of NFAT1, JunB, PLC�1, and I�B� (Fig. 8B). Next, we ana-
lyzed the effects of PRN694 on anti-CD3/anti-CD28-induced
phosphorylation of PLC�1 in T-PLL patient cells as detected by
phosphoflow cytometry (Fig. 8C) and immunoblotting (Fig. 8D).
As expected for ITK/RLK inhibition, phosphorylation of the
upstream molecule ZAP70 was not blocked. Because TCR-driven
signaling events are important in the survival and growth of T-cell
tumors, these ex vivo data suggest a potential clinical application of
this compound in the treatment of T-cell leukemias.

In Vivo Inhibition of a Delayed Type Hypersensitivity Reac-
tion in Mice by PRN694 —Having demonstrated the kinase
selectivity and in vitro/ex vivo potency of PRN694, the next
important step was to examine its pharmacokinetic and phar-
macodynamic profile in mice. Following a single 20 mg/kg
intraperitoneal dose of PRN694, thymocytes were harvested
from mice at the time points of 1, 6, and 14 h in order to mea-
sure the binding of PRN694 to ITK in T-cells. To measure the
target occupancy by PRN694, thymocytes were treated with a
fluorescently labeled probe that binds specifically and irrevers-
ibly to unoccupied ITK. The PRN694 occupancy of ITK was 98,
95, and 54% at 1, 6, and 14 h, respectively (Fig. 9A). Plasma was

also harvested at those three time points following administra-
tion of PRN694. As determined by mass spectrometry, the con-
centrations of PRN694 in the plasma were 2.8, 0.66, and 0.027
�M at 1, 6, and 14 h, respectively (Fig. 9A). At 14 h, the plasma
level of PRN694 was over 10-fold lower than the IC50 in whole
blood as measured by TCR-stimulated IL-2 production (data
not shown). Therefore, the occupancy of ITK at 14 h (54%) was
due to a durable pharmacodynamic effect rather than contin-
ued exposure by circulating PRN694. This is consistent with the
extended in vitro occupancy demonstrated in Fig. 1C. Note that
although the binding of PRN694 to ITK is irreversible, the drop
in occupancy over time in vivo is expected due to turnover of
the target in cells.

ITK and RLK play critical roles in T-cell-driven inflamma-
tion (43). Therefore, we tested the effect of PRN694 in an oxa-
zolone-induced DTH reaction, a well established in vivo model
of inflammation driven by cell-mediated immunity. In this hap-
ten-driven type IV hypersensitivity reaction, the cell-mediated
response is predominantly driven by Th1 cells (45). Mice were
sensitized with oxazolone on the shaved abdomen and then
challenged with oxazolone or vehicle 7 days later on both sides
of the right or left ear, respectively. One hour prior to the chal-
lenge, mice were dosed via intraperitoneal injection with vehi-
cle control, 0.5 mg/kg dexamethasone (positive control), or
PRN694 at 20 mg/kg. Twenty-four hours after the challenge,
ear edema was measured by weighing 7-mm ear cores. PRN694
treatment resulted in significantly lower weights relative to
vehicle (p � 0.05), indicating inhibition of the DTH reaction
(Fig. 9B). This result demonstrates the ability of PRN694 to
impact Th1 cell activity in vivo (38).

DISCUSSION

Many human diseases and conditions are mediated or exac-
erbated by aberrant activation of T-cells or NK cells. Because
T-cell activation invariably relies on TCR-mediated signaling
and NK cells are activated via the FcR, agents that can selec-
tively interrupt these pathways would be of significant clinical
benefit. Given that ITK and RLK are key components of both
TCR and FcR signaling, a compound with selectivity for these
two targets should provide a useful chemical biology tool to
impact these important cell populations. Here, we describe the
discovery, biochemical characterization, and biological assess-
ment of PRN694, a novel lead that selectively and irreversibly
inhibits both of these critical lymphocyte kinases. We demon-
strate that PRN694 has the desired potency and selectivity for
ITK and RLK, as shown by in vitro kinase assays and experi-
ments in Jurkat T-cells with mutated ITK or overexpressed
RLK. We further show that TCR or FcR-induced cellular and
molecular activation, TCR-induced T-cell proliferation, and
proinflammatory cytokine release are inhibited by PRN694.
Moreover, we demonstrate extended in vivo pharmacodynamic

FIGURE 5. PRN694 does not inhibit FcR-induced macrophage, dendritic cell, or mast cell activation. Monocyte-derived macrophages (A) or dendritic cells
(B) were stimulated with immobilized human IgG for 24 h. Supernatant levels of TNF were measured. C, monocyte-derived dendritic cells were stimulated with
immobilized human IgG for 24 h. Supernatant levels of IL-12 were measured. A–C, data are derived from three individual experimental donors. E, RBL-2H3 mast
cells were coated with anti-DNP IgE and subsequently stimulated with DNP for 30 min. Supernatant levels of histamine were measured via ELISA. F, RBL-2H3
mast cells were coated with anti-DNP IgE and subsequently stimulated with DNP for 30 min. Molecular activation was characterized by immunoblot analysis
of pERK1/2. In addition, BTK and ITK expression were tested. Jurkat and Mec-1 cells were included as ITK- and BTK-expressing controls. NS, not significant. Error
bars, S.E.
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FIGURE 6. PRN694 selectively inhibits ITK and RLK kinase activity. Shown is immunoblot analysis of Jurkat ITK-WT (A) and Jurkat ITK-C442A (B) nuclear and
cytoplasmic lysates after pretreatment with 0.5 �M PRN694, 0.5 �M BMS-509744, 0.5 �M PRN403, 1 �M ibrutinib, or vehicle (DMSO) followed by stimulation with
anti-CD3/anti-CD28 for 45 min. C, immunoblot analysis of cytoplasmic lysates from parental Jurkat, Jurkat ITK-WT, and Jurkat ITK-C442A cell lines with or
without anti-CD3/CD28 stimulation for 45 min. Blots were probed with ITK and GAPDH. Immunoblot analysis of Jurkat-EV (empty vector) (D) and Jurkat-RLK (E)
nuclear and cytoplasmic lysates after pretreatment with 0.5 �M PRN694, 0.5 �M BMS-509744, 0.5 �M PRN403, 1 �M ibrutinib, or vehicle (DMSO) followed by
stimulation with anti-CD3/anti-CD28 for 45 min. For all immunoblots, densitometric ratios between phosphoprotein and total or loading control are provided.
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effects and efficacy in inhibiting DTH in a well characterized
murine model system.

Consistent with our CD4 and CD8 T-cell data using PRN694,
studies from ITK- and RLK-deficient mice demonstrate the

critical roles these two TEC kinases play in T-cell and NK cell
signaling (3). ITK-deficient mice display defects in TCR-in-
duced T-cell responses, including proliferation, cytokine pro-
duction, and activation of downstream pathways (46, 47), and

FIGURE 7. PRN694 inhibits TCR-induced primary T-cell proliferation and proinflammatory cytokine production without direct cytotoxicity. CD3 T-cells
isolated from healthy donors (n � 3) were stained with 1 �M CFSE; pretreated with 0.1 �M PRN694, 0.1 �M PRN869, 0.1 �M PRN403, or 0.1 �M ibrutinib for 30 min;
and then incubated without or with anti-CD3/CD28 for 6 days. A, representative flow cytometry analysis of CFSE staining. Shown is a graphical representation
of results for CD8 T-cells (B) and CD4 T-cells (C). The division index is the average number of cell divisions that a cell in the original population has undergone.
D, cytotoxicity of PRN694 in primary healthy T-cells. CD3 T-cells were isolated from healthy donors (n � 3), pretreated with PRN694 as indicated, and analyzed
by annexin/propidium iodide flow cytometry at 24, 48, and 72 h. Data show absolute percentages of CD3-positive cells negative for both annexin and
propidium iodide. E–G, CD3 T-cells from healthy donors (n � 4) were pretreated with or without 0.1 �M PRN694, 0.1 �M BMS-509744, 0.1 �M PRN403, or vehicle
(DMSO) for 30 min and then stimulated with anti-CD3/CD28 for 48 h. Cytokines, including IL-2 (E), TNF (F), and IFN� (G), present in the supernatant were assayed
by a cytometric bead assay. H, effect of PRN694 on TCR-induced Th17 activation. PBMCs from healthy donors (n � 6) were pre-enriched for CD4�/CXCR3�/
CCR6� cells, which include a high fraction of Th17 cells. These cells were pretreated with vehicle (DMSO), 0.5 �M PRN694, 0.5 �M BMS-509744, or 0.5 �M PRN403
and then stimulated with anti-CD3/anti-CD28 for 12 h. TCR-induced intracellular IL-17a was detected by flow cytometry. Data are shown as the percentage of
IL-17a-positive CD4 T-cells normalized to DMSO. I, healthy primary CD8 T-cells were pretreated with 1 �M PRN694 or DMSO control and subsequently cultured
at a 25:1 ratio with 51Cr-labeled allogeneic PBMCs for 4 h. Afterward, specific lysis of allogeneic PBMCs was quantified by measurement of released 51Cr as
compared with maximum and minimum lysis controls. For all figures: *, p � 0.05, **, p � 0.01, ***, p � 0.001. Error bars, S.E.
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these defects are exacerbated by the addition of RLK deficiency,
demonstrating the potential for combined inhibition (3). In NK
cells, ITK functions as a positive regulator of the FcR pathway.
FcR stimulation induces the tyrosine phosphorylation of ITK,
leading to increases in granule release, calcium mobilization,
and cytotoxicity (2). As expected, PRN694 potently blocked
FcR activation and the effector functions of NK cells. The rela-
tive expression of ITK and RLK appears to be important for
regulation of T helper cell differentiation as well (38). Specifi-
cally, Th1 cells express both ITK and RLK, whereas Th2 cells
express only ITK. This is consistent with early studies with ITK
knock-out mice that show that Th2- and IL-4-dependent dis-
ease processes, such as ovalbumin-induced asthma, are blocked
by ITK deletion, whereas Th1 responses remain intact, presum-

ably due to redundancy of RLK signaling (14, 48). RLK expres-
sion in Th17 cells is not well studied, but mice that have dele-
tions of both kinases show profound defects in Th17
differentiation and function, a finding that was confirmed in
our studies using human Th17 cells (9). Thus, combined inhi-
bition of ITK and RLK would be expected to target both Th1
and Th17 cell differentiation and function. This could be an
optimal therapeutic combination, given the importance of
these two T helper cell subsets in the development of autoim-
mune diseases such as psoriasis, psoriatic arthritis, inflamma-
tory bowel disease, and rheumatoid arthritis (49 –56). Interest-
ingly, recent data utilizing ITK knock-out mice indicate that
along with the decrease in Th17 cell differentiation and func-
tion, there is an increase in Treg cells that function in suppres-

FIGURE 8. PRN694 attenuates TCR-induced signaling in primary human T-PLL. A, total RNA from 13 cryopreserved primary T-PLL samples and 4 healthy
donors was interrogated for ITK and GAPDH mRNA by quantitative RT-PCR. -Fold change relative to GAPDH is represented along with the mean and S.E. B, HH
cells were pretreated with DMSO or 0.1 �M PRN694 for 30 min and then stimulated with anti-CD3/anti-CD28 for 45 min. Nuclear and cytoplasmic cellular
extracts were interrogated for activation of NFAT1, JunB, PLC�1-Y783, and I�B�. C, primary cryopreserved T-PLL samples (n � 8) were stimulated via anti-CD3/
anti-CD28 for 45 min, and pPLC�1-Y783 was examined by phosphoflow cytometry. The mean fluorescence intensity for each sample was normalized to
unstimulated. D, immunoblot analysis of TCR-induced (anti-CD3/anti-CD28 for 45 min) primary T-PLL cells freshly obtained from peripheral blood. For immu-
noblots B and D, densitometric ratios between phosphoprotein and total or loading control are provided. Error bars, S.E.
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sion of disease in a murine adoptive transfer model of colitis (9).
Thus, an added value of regulating the pathways targeted by
PRN694 is potentially an increase in regulatory T-cells that also
are important in control of autoimmune disease.

Although our studies reveal an NK cell dependence on RLK
and ITK for FcR stimulation, this was not observed in mono-
cyte-derived macrophages or dendritic cells. Moreover, our
studies using the RBL-2H3 mast cell line demonstrated no
effects of PRN694 on FcR�-induced activation, indicating that
myeloid-derived immune cells are not uniquely dependent
upon RLK and ITK. This concept is supported by recent litera-
ture indicating that BTK is a dominant regulator of mast cell
FcR� degranulation and that ITK plays an accessory role, and
only combined genetic ablation can eliminate degranulation
(57). Notably, however, we did not observe significant expres-
sion of ITK in our RBL-2H3 cell line, indicating some potential
molecular differences that warrant further study (58).

Medicinal chemistry discovery and optimization of ITK
inhibitors have resulted in the identification of many chemical
series with potent biochemical activities. However, due to the
conserved topology and sequence composition of the ATP
binding site of the TEC family and kinases in general, achieving
high specificity has proven difficult (19, 59 – 62). A new chem-
ical design strategy that can address the potency and selectivity
challenges of kinase inhibition is based on covalent binding to

cysteine residues within the ATP binding site. With the recent
Food and Drug Administration approval of ibrutinib and the
late stage development status of several other covalent kinase
inhibitors, this approach is gaining widespread acceptance in
the oncology arena (28, 63). Of primary importance for our
novel approach was the identification a selective hinge-binding
molecular scaffold and compatible linker chemistry to cova-
lently bond to Cys-442. Although covalent ITK inhibitors tar-
geting Cys-442 have been reported previously, there was lim-
ited success in achieving high selectivity (64). Cys-442 of ITK is
located at the end of the C-lobe �-helix, a conserved location
shared with only 10 other kinases, including all members of the
TEC family (ITK, RLK, BTK, BMX, and TEC). As a conse-
quence, a strategy to achieve high selectivity required more
than simply targeting a covalent interaction with Cys-442. This
approach optimizes the interactions with the targets of interest
while limiting the interactions with off-target cysteine-contain-
ing proteins. Thus, small molecules with high potency, selectiv-
ity, and prolonged target residence time are produced, which
may lead to superior safety and tolerability of clinical leads.

In addition to the potential utility for autoimmune diseases,
our results support potential applications of PRN694 for the
treatment of T-cell and NK cell-related cancers. Our ex vivo
studies on T-PLL signaling demonstrate the potential for ther-
apeutic utility for PRN694 in these hematopoietic malignan-

FIGURE 9. In vivo pharmacokinetic and pharmacodynamic profile for PRN694 and in vivo inhibition of delayed type hypersensitivity in mice. A,
thymocytes were harvested from mice at the indicated time points following intraperitoneal administration of 20 mg/kg PRN694. The thymocytes were treated
with an irreversible fluorescent probe for ITK to measure the target occupancy. After separation by SDS-PAGE, the amount of probe binding was measured by
fluorescence scanning of the gel. Plasma was also harvested, and the concentration of PRN694 in the plasma was determined by mass spectrometry. B, mice
were sensitized with oxazolone on the shaved abdomen and then 7 days later were challenged with oxazolone on both sides of the right ear or vehicle on both
sides of the left ear. One hour prior to the challenges, mice were dosed intraperitoneally with vehicle, 0.5 mg/kg dexamethasone (positive control), or PRN694
(20 mg/kg). Twenty-four hours after the challenge, ear edema was measured by weighing 7-mm ear cores. *, p � 0.05. Error bars, S.E.
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cies. Although the molecular pathogenesis of aggressive T-cell
and NK cell malignancies remains unclear, ITK and RLK have
been shown to be critical mediators of intracellular signaling
that support the survival and growth of these malignancies (65–
67). Our studies reveal that ITK- and RLK-based signaling in
T-PLL can be blocked by PRN694, thereby starving these cells
of an essential activation pathway. This effect is similar to how
ibrutinib starves malignant leukemic B-cells by blocking BTK
signaling. Further preclinical studies focusing on novel ITK-
and/or RLK-relevant clinical applications for PRN694 are cur-
rently being pursued.
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J. (2012) Reversible targeting of noncatalytic cysteines with chemically
tuned electrophiles. Nat. Chem. Biol. 8, 471– 476

26. Byrd, J. C., Furman, R. R., Coutre, S. E., Flinn, I. W., Burger, J. A., Blum,
K. A., Grant, B., Sharman, J. P., Coleman, M., Wierda, W. G., Jones, J. A.,
Zhao, W., Heerema, N. A., Johnson, A. J., Sukbuntherng, J., Chang, B. Y.,
Clow, F., Hedrick, E., Buggy, J. J., James, D. F., and O’Brien, S. (2013)
Targeting BTK with ibrutinib in relapsed chronic lymphocytic leukemia.
N. Engl. J. Med. 369, 32– 42

27. Wang, M. L., Rule, S., Martin, P., Goy, A., Auer, R., Kahl, B. S., Jurczak, W.,
Advani, R. H., Romaguera, J. E., Williams, M. E., Barrientos, J. C.,
Chmielowska, E., Radford, J., Stilgenbauer, S., Dreyling, M., Jedrzejczak,
W. W., Johnson, P., Spurgeon, S. E., Li, L., Zhang, L., Newberry, K., Ou, Z.,
Cheng, N., Fang, B., McGreivy, J., Clow, F., Buggy, J. J., Chang, B. Y.,
Beaupre, D. M., Kunkel, L. A., and Blum, K. A. (2013) Targeting BTK with
ibrutinib in relapsed or refractory mantle-cell lymphoma. N. Engl. J. Med.
369, 507–516

28. Dubovsky, J. A., Beckwith, K. A., Natarajan, G., Woyach, J. A., Jaglowski, S.,
Zhong, Y., Hessler, J. D., Liu, T. M., Chang, B. Y., Larkin, K. M., Ste-

PRN694 Is a Covalent Inhibitor of Lymphocyte ITK and RLK

5976 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 10 • MARCH 6, 2015



fanovski, M. R., Chappell, D. L., Frissora, F. W., Smith, L. L., Smucker,
K. A., Flynn, J. M., Jones, J. A., Andritsos, L. A., Maddocks, K., Lehman,
A. M., Furman, R., Sharman, J., Mishra, A., Caligiuri, M. A., Satoskar, A. R.,
Buggy, J. J., Muthusamy, N., Johnson, A. J., and Byrd, J. C. (2013) Ibrutinib
is an irreversible molecular inhibitor of ITK driving a Th1 selective pres-
sure in T-lymphocytes. Blood 122, 2539 –2549

29. Pfaffl, M. W. (2001) A new mathematical model for relative quantification
in real-time RT-PCR. Nucleic Acids Res. 29, e45

30. Dubovsky, J. A., McNeel, D. G., Powers, J. J., Gordon, J., Sotomayor, E. M.,
and Pinilla-Ibarz, J. A. (2009) Treatment of chronic lymphocytic leukemia
with a hypomethylating agent induces expression of NXF2, an immuno-
genic cancer testis antigen. Clin. Cancer Res. 15, 3406 –3415

31. Wu, L., Adams, M., Carter, T., Chen, R., Muller, G., Stirling, D., Schafer, P.,
and Bartlett, J. B. (2008) Lenalidomide enhances natural killer cell and
monocyte-mediated antibody-dependent cellular cytotoxicity of ritux-
imab-treated CD20� tumor cells. Clin. Cancer Res. 14, 4650 – 4657

32. Zhong, Y., Sullenbarger, B., and Lasky, L. C. (2010) Effect of increased
HoxB4 on human megakaryocytic development. Biochem. Biophys. Res.
Commun. 398, 377–382

33. Susaki, K., Kitanaka, A., Dobashi, H., Kubota, Y., Kittaka, K., Kameda, T.,
Yamaoka, G., Mano, H., Mihara, K., and Ishida, T. (2010) Tec protein
tyrosine kinase inhibits CD25 expression in human T-lymphocyte. Immu-
nol. Lett. 127, 135–142

34. Bergamini, G., Bell, K., Shimamura, S., Werner, T., Cansfield, A., Müller,
K., Perrin, J., Rau, C., Ellard, K., Hopf, C., Doce, C., Leggate, D., Mangano,
R., Mathieson, T., O’Mahony, A., Plavec, I., Rharbaoui, F., Reinhard, F.,
Savitski, M. M., Ramsden, N., Hirsch, E., Drewes, G., Rausch, O.,
Bantscheff, M., and Neubauer, G. (2012) A selective inhibitor reveals
PI3K� dependence of T(H)17 cell differentiation. Nat. Chem. Biol. 8,
576 –582

35. Melton, A. C., Melrose, J., Alajoki, L., Privat, S., Cho, H., Brown, N., Plavec,
A. M., Nguyen, D., Johnston, E. D., Yang, J., Polokoff, M. A., Plavec, I., Berg,
E. L., and O’Mahony, A. (2013) Regulation of IL-17A production is distinct
from IL-17F in a primary human cell co-culture model of T cell-mediated
B cell activation. PLoS One 8, e58966

36. Xu, D., Kim, Y., Postelnek, J., Vu, M. D., Hu, D. Q., Liao, C., Bradshaw, M.,
Hsu, J., Zhang, J., Pashine, A., Srinivasan, D., Woods, J., Levin, A.,
O’Mahony, A., Owens, T. D., Lou, Y., Hill, R. J., Narula, S., DeMartino, J.,
and Fine, J. S. (2012) RN486, a selective Bruton’s tyrosine kinase inhibitor,
abrogates immune hypersensitivity responses and arthritis in rodents.
J. Pharmacol. Exp. Ther. 341, 90 –103

37. Lin, T. A., McIntyre, K. W., Das, J., Liu, C., O’Day, K. D., Penhallow, B.,
Hung, C. Y., Whitney, G. S., Shuster, D. J., Yang, X., Townsend, R., Postel-
nek, J., Spergel, S. H., Lin, J., Moquin, R. V., Furch, J. A., Kamath, A. V.,
Zhang, H., Marathe, P. H., Perez-Villar, J. J., Doweyko, A., Killar, L., Dodd,
J. H., Barrish, J. C., Wityak, J., and Kanner, S. B. (2004) Selective Itk inhib-
itors block T-cell activation and murine lung inflammation. Biochemistry
43, 11056 –11062

38. Andreotti, A. H., Schwartzberg, P. L., Joseph, R. E., and Berg, L. J. (2010)
T-cell signaling regulated by the Tec family kinase, Itk. Cold Spring Harb.
Perspect. Biol. 2, a002287

39. Alter, G., Malenfant, J. M., and Altfeld, M. (2004) CD107a as a functional
marker for the identification of natural killer cell activity. J. Immunol.
Methods 294, 15–22

40. Cohnen, A., Chiang, S. C., Stojanovic, A., Schmidt, H., Claus, M., Saftig, P.,
Janssen, O., Cerwenka, A., Bryceson, Y. T., and Watzl, C. (2013) Surface
CD107a/LAMP-1 protects natural killer cells from degranulation-associ-
ated damage. Blood 122, 1411–1418
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