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Abstract

The trigger and etiology of chronic inflam-
matory diseases are not well understood, hin-
dering the development of efficient therapeu-
tic approaches. The observation that abnormal
activity of the p38 MAPK is common to all
inflammatory diseases raised the expectation
that p38 inhibitors would serve as general
anti-inflammatory therapeutics. A large num-
ber of inhibitors were consequently discov-
ered. Several compounds of different scaffolds,
blocking the p38 MAPK signaling pathway,
have entered phase II clinical trials for
rheumatoid arthritis, chronic obstructive pul-
monary disease, pain, cardiovascular diseases,
and cancer. As I review here, in almost all
cases the clinical trials have failed, leading to
re-design of compounds and re-evaluation of
p38 as a suitable target. I describe how struc-
tural features, unique to p38a, have been
employed in the inhibitor design and achieved
high degree of kinome selectivity. I then focus
on some of the drugs that reached human tri-
als and summarize their in vitro/in vivo phar-
macological profiles and the related outcomes
from clinical investigations. These compounds
include VX-745, VX-702, RO-4402257, SCIO-
469, BIRB-796, SD-0006, PH-797804, AMG-548,
LY2228820, SB-681323 and GW-856553. Finally,
I discuss novel suggested approaches for the
use of p38 inhibitors such as combining p38
inhibition with inhibiting other targets that
function in parallel inflammatory pathways for
achieving efficacy in treating inflammatory
diseases.

Compounds
VX-745, VX-702, RO-4402257, SCIO-469,

BIRB-796, SD-0006, PH-797804, AMG-548, SB-
681323, LY2228820, GW-856553.

Inflammatory diseases

Inflammation and immunity forms the
bases of many physiological and pathological
processes. Though a beneficial host response
during an infection, inflammation can con-
tribute substantially to the pathogenesis of

many chronic diseases. In an exaggerated
immune response, the immune system mis-
takenly attacks the self, targeting the body’s
own cells, tissues, and organs.1,2 Rheumatoid
arthritis, inflammatory bowel disease, psoria-
sis, lupus and multiple sclerosis are all
autoimmune diseases, conditions in which
the immune system loses its ability to differ-
entiate the self from the foreign and directs
an attack against healthy cells and tissues.3
Systemic inflammation is also involved in the
pathogenesis of chronic obstructive pul-
monary disease (COPD).4-6 Reduced lung
function is associated with increased levels of
systemic inflammatory markers, which may
have important pathophysiological and thera-
peutic implications for subjects with stable
COPD. 

Biological treatments
Treatment with infliximab, adalimumab,

etancercept, anakinra, and tocilizumab
reduces joint pain and swelling, and retards
progression of bone loss in patients whose dis-
ease is unsatisfactorily controlled by conven-
tional disease-modifying anti-rheumatic
drugs.7,8 They act by antagonizing pro-inflam-
matory mediators such as TNF-a, IL-6, IL-1 and
IL-1 receptor.9-12 However, these biologic
agents are limited due to the requirement for
parenteral administration, difficulty in dose
titration, poor reversibility, induction of host
neutralizing antibody response, high produc-
tion costs, and a significant population of
patients refractory to the treatment.

p38 MAPK

Excessive production of TNF-a and other
pro-inflammatory cytokines is involved in the
pathogenesis of rheumatoid arthritis, Crohn’s
disease, inflammatory bowel disease, and pso-
riasis.13,14 In the innate immune response
mitogen-activated protein kinase (MAPK) and
nuclear factor-kB (NF-kB) are activated by
pattern recognition receptors (PRRs) upon
binding of the pathogen-associated molecular
patterns (PAMPs). The fourteen MAPKs dis-
covered in mammalian cells are crucial to gen-
erating immune responses. Amongst them
extracellular signal-regulated kinase (ERK),
p38 and Jun N-terminal kinase (JNK) have
been extensively studied in the context of
innate immunity.15-18 Altogether they play piv-
otal roles in the MAPK signal transduction
pathway that cells use to adapt to inflammatory
and stressful conditions. Pathogens or inflam-
matory stimuli initiate a phosphorylation cas-
cade mediated by p38 kinase that leads to the
transcription and translation of inflammatory
response-associated genes that encode pro-
teins such as TNF-a, IL-1b, IL-6, and IL-8.16,19

TNF-a, IL-1b, and IL-6 are macrophage- and
fibroblast-derived proteins that induce expres-
sion of inflammatory mediators such as COX-2,
inducible nitric-oxide synthase, adhesion mol-
ecules, and metalloproteinases, resulting in
synovial inflammation and associated cartilage
and bone destruction. The expression of
cytokines and chemokines during an innate
immune response could lead to subsequent
induction of the adaptive immune response
further intensifying the amplitude and dura-
tion of an inflammatory reaction. Inhibition of
p38 MAPK blocks this cytokine production and
the amplification of the inflammatory cascade.
Modulation of p38 by ATP-competitive small
molecules has led to the generation of a variety
of novel p38 inhibitors as potential therapeu-
tics for the treatment of inflammatory condi-
tions including Crohn’s disease, COPD, psoria-
sis, and rheumatoid arthritis (RA).19-23
The p38 MAP kinase family consists of four

isoforms: a, b, γ, and δ. These kinases show a
high degree of sequence homology, with 60 to
75% overall sequence identity and >90% with-
in the kinase domain.24 The p38b kinase is the
closest structural homolog to p38a, sharing
75% overall sequence identity, and even higher
in the ATP binding site (close to 90%). In gen-
eral p38 a and b kinase inhibition parallels
with each other. The a and b isoforms are
ubiquitously expressed, with the a isoform
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being the better characterized in terms of its
role in inflammation.
Activation of the p38 MAPK signaling path-

way also leads to the production of anti-inflam-
matory cytokines such as IL-10, activation of
negative feedback loops initiated by the phos-
phorylation of transforming growth factor b-
activated kinase-1-binding protein as well as
up-regulation of MAP kinase phosphatases
that dephosphorylate and inactivate p38
kinase, ERK, and JNK.25-27 These multiple pos-
itive and negative pathway components high-
light the complex feedback mechanisms that
could limit MAPK activation to prevent exces-
sive inflammation.18

Small molecule p38 MAPK
inhibitors - clinical candidates
The p38 mitogen-activated protein (MAP)

kinase is a widely prosecuted therapeutic tar-
get that has resulted in the discovery of a vari-
ety of inhibitor classes with diverse molecular
architectures (Figure 1).20,22
The pyrimido-pyridazinone (VX-745) and

pyridinyl-urea (VX-702) based inhibitors are
first discovered by Vertex Pharmaceuticals.28,29
In human whole blood, a cellular system that
mimics the physiological in vivo milieu,
lipopolysaccharide (LPS)-stimulated TNF-a
and IL-1b production were measured. VX-745
inhibits p38a and LPS-TNF-a in human whole
blood (hWB) at IC50’s of 5.0 nM and 700 nM
respectively. In RA patients it was well tolerat-
ed and produced significantly higher ACR20
response rate than placebo (43% vs 8%).
However, further trials were suspended after
neurological effects were observed in dogs.30
With much lower penetration of the blood-
brain barrier VX-702 was chosen as a backup to
VX-745.31 Two clinical trials were completed in
the third quarter of 2007, one with VX-702 as a
single agent in RA patients, and the other
Phase II study as a QD medicine in combina-
tion with methotrexate for three months.32 In
both studies, the ACR20 response rates among
patients did not reach statistical significance.
Reductions in the levels of C-reactive protein
were observed as early as week 1 but the levels
rapidly returned to baseline values by week 4.
SCIO-469 (Talmapimod) was advanced to

phase II human clinical trials for the treat-
ment of rheumatoid arthritis, myelodysplastic
syndrome (MDS), and acute dental pain.33-37 It
is a selective p38a inhibitor with >1000-fold
selectivity versus ERK2, JNK1, and LCK. It
potently inhibits p38a at enzyme level (IC50=9
nM) and moderately inhibits LPS-induced
TNF-a production in human whole blood
(IC50=300 nM).38,39 Oral SCIO-469 adminis-
tered at doses ranging from 90-300 mg daily
was tolerated with common adverse events in
patients. In MDS patients bone marrow and
cytogenetic responses were rare, suggesting
low likelihood of SCIO-469 at the tested dose

levels having any disease-altering activity.36 In
RA patients no significant differences in
ACR20 responses were found between SCIO-
469 and placebo. Declines in C-reactive pro-
tein and erythrocyte sedimentation rate dur-
ing early treatment did not persist and were
not a consequence of decreased SCIO-469
plasma levels.
BIRB796 binds at a site that is used by the

purine moiety of ATP and extends into a selec-
tivity pocket, which is not used by ATP. It dis-
places the Asp168-Phe169-Gly170 motif at the
start of the activation loop, promoting a DFG-
out conformation.40 Some other inhibitors bind
only in the purine site, with p38a remaining in
a DFG-in conformation. An inhibition in solu-
tion assay (ISA) measured Kd for the non-acti-
vated p38a to be <0.8 nM.41 Selectivity pocket
compounds associate with p38a over 30-fold
more slowly than purine site compounds
(kon=0.85×105 s-1 M-1, koff=8.3×10-6 s-1),
apparently due to low abundance of the DFG-
out conformation. At concentrations that

inhibit cellular production of an inflammatory
cytokine, TNF-a, selectivity pocket compounds
decrease levels of phosphorylated p38a and b.
In the in vitro and in vivo experiments BIRB-
796 inhibits all p38 MAPK isoforms.42 By bind-
ing to a different conformation of the enzyme,
compounds that prevent activation offer an
alternative approach to modulation of p38a.
Out of a series of diaryl pyrazole-based

inhibitors SD-0006 was identified as a potent
and selective for p38a and bMAP kinases over
fifty other kinases screened including p38γ
and p38δ.43,44 In the mouse collagen-induced
arthritis (mCIA) model equivalent efficacy was
shown to anti-TNF antibody treatment.45 SD-
0006 demonstrated good oral anti-inflammato-
ry efficacy and cross-species correlation
between the rat, cynomolgus monkey and
human. Its development has been discontin-
ued after phase I study in human healthy vol-
unteers.
RO-4402257 (Pamapimod) is a selective

inhibitor of the a-isoform of p38. It inhibited
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Figure 1. Clinical candidates of p38 MAPK inhibitors.
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p38a and p38b enzymatic activity, with IC50
values of 14 and 0.48nM respectively, but
showed no activity against p38δ or p38γ iso-
forms.46 In murine collagen-induced arthritis,
RO-4402257 reduced clinical signs of inflam-
mation and bone loss at 50 mg/kg or greater. In
a clinical study in patients with active RA RO-
4402257 was administrated as monotherapy
with comparison to methotrexate (MTX).47
After 12 week of daily therapy at one of the
three doses (50, 150 or 300 mg) no clear evi-
dence of efficacy was demonstrated.
Intriguingly, the level of C-reactive protein
(CRP) initially declined in the 300-mg patient
group, but rapidly returned to baseline at the
second week and remained over the rest of the
study period. Typical adverse findings are liver
enzyme elevation and/or skin rash.47,48
In a single dose study in COPD patients SB-

681323 (Dilmapimod) was shown to inhibit
the p38 MAPK pathway via biomarker pHSP27
measurement and the TNF-a production.49 To
evaluate its effect on neuropathic pain symp-
toms and signs 43 patients received twice-daily
doses for two weeks. The average daily pain
score was reduced with statistical significance
compared to placebo.50
GW-856553 (Losmapimod) is a potent p38

MAPK inhibitor of both a- (Ki: 8.1 nM) and b-
(Ki: 7.6 nM) isoforms.51 A post hoc analysis
based on a 6 month clinical study demonstrat-
ed reduction of exacerbations with the 15 mg
twice daily dose in the subgroup of COPD
patients with blood eosinophils 2% at
baseline.52 To fully support further clinical
development the findings need to be explored
in a prospectively designed study in a COPD
population. Identification of a subgroup of
patients more likely to respond to treatment is
a step towards personalized medicine by offer-
ing effective therapy to specific populations of
high unmet need. GW-856553 was also evaluat-
ed in patients with chronic neuropathic pain
but the analgesic efficacy was not clinically
meaningful.53 Additionally GW-856553 sup-
pressed inflammation in patients with cardio-
vascular disease and improved vascular func-
tion.54-56
BCT-197 (Acumapimod) is being developed

by Novartis as an oral agent for COPD. From
patent application the compound inhibits p38a
with an IC50 value of less than 1 µM.57,58 In
COPD patients BCT-197 was evaluated at sin-
gle dose of 20 and 75 mg with and/or without
prednisone. The ongoing development is
expected for regulatory filings in 2018. No fur-
ther clinical trials in COPD patients have yet
been disclosed. A Phase II study was also per-
formed in acute renal patients undergoing car-
diac surgery but development for that indica-
tion appears to have been terminated.
Using p38a immune-precipitated from LPS-

activated human monocytes the IC50 of
RWJ67657 was measured at 30 nM.59 The com-

pound inhibited the production of TNF-a and
IL-1b by LPS-stimulated human PBMCs, with
IC50 values of 3 and 11 nM, respectively. In the
single-dose first-in-human (FIH) study the ter-
minal half-life of RWJ67657 was determined to
be in the range of 5.1 to 7.7 h.60 The apparent
clearance was does proportional and decreased
with increasing doses. The inhibition of TNF-
a, IL-6 and IL-8 were reported in a dose
dependent manner.61 At the maximum dose of
1400 mg reduction in peak serum levels of the
proinflammatory cytokines exceeded 90%.
Furthermore RWJ67657 demonstrated poten-
tial in treating endocrine resistant breast can-
cer.62 Utilizing well-established xenograft
tumor models RWJ67657 exhibited potent anti-
tumor properties, markedly decreasing tamox-
ifen resistant tumor growth. 
Follow-on to SD-0006 the lead generation

and optimization efforts led to the identifica-
tion of a novel pharmacophore PH-797804 as a
clinical candidate for RA and COPD.63-66 First
identified by molecular modeling and subse-
quently confirmed by chiral chromatography,
PH-797804 is the more potent atropisomer
(aS) of a racemic pair.63 In biochemical assays
and as well as assays PH-797804 demonstrated
high potency cellular (Ki=5.8 nM) and superior
selectivity across broad human kinase
genome. In human clinical trials PH-797804
was generally safe and well tolerated. These
observations are on the basis of five Phase I
studies, as well as three proof-of-concept stud-
ies in rheumatoid arthritis, post-herpetic neu-
ralgia and COPD. Efficacy was demonstrated in
RA patients but was not sustained after two
weeks. The decline of CRP levels was also tran-
sient during the initial weeks of oral adminis-
tration. Several phase II studies in moderate to
severe COPD patients produced significant
improvement in trough FEV1 and in dysp-
nea.67-69
In addition to treating autoimmune and the

related disorders LY2228820 dimesylate
(Ralimetinib) is being investigated in a clinical
trial in patients with ovarian cancer. The com-
pound potently inhibited p38 a- and b-isoforms
in vitro (IC50: 5.3 and 3.2 nM respectively) and
produced significant tumor growth delay in
multiple animal cancer models.70 Several addi-
tional p38 MAPK inhibitors were evaluated
clinically for the treatment of chronic inflam-
matory disorders. These included BMS-582949,
ARRY-797 and AMG-548.71-73 Either their struc-
tures were not disclosed and/or there was very
little clinical data reported. 

Structural biology of p38a

Structural information of p38a kinase is
rich with more than a hundred published
structures generated by X-ray crystallography
over the past decades. Besides a few apo,
unphosphorylated protein forms, most of the
three-dimensional structures are binary com-
plexes of p38a kinase and small molecule
inhibitors that compete for binding with cellu-
lar ATP.43,74-81 The kinase hinge recognition
predominantly involves a hydrogen bond with
the Met109 backbone NH group. Some
inhibitors engage an additional hydrogen bond
with the upstream residue His107 via its back-
bone carbonyl, strictly resembling the donor-
acceptor pattern of the nucleoside interaction
of ATP.82

DFG-out binding capacity 
In addition to the catalytically active confor-

mations, the DFG-out arrangement constitutes
one of the frequently encountered inactive
kinase conformations.83,84 When the specific
classes of inhibitor molecules bind, the con-
served Asp-Phe-Gly (DFG) motif at the begin-
ning of the activation loop rotates out of the

                             Review

Figure 2. Binding interactions of SD-0006 and PH-797804 illustrated by X-ray crystal
structures [PDB code: A) 3HL7 and B) 3HLL, respectively].
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ATP site, creating a new pocket that is inacces-
sible in the active kinase conformation. By
exploiting the induced pocket, submicromolar
p38a kinase inhibitors were achieved sparing
the conventional hinge interaction entirely.82
BIRB796 exploits this catalytically incompetent
conformation of the p38 kinase, which was
envisioned to afford its high degree of selectiv-
ity against other protein kinases.40

Met109-Gly110 peptide bond flip
Binding interactions of PH-797804 was dif-

ferentiated from the SD-0006 compound series
as depicted by Figure 2. The pyrazole group of
SD-0006 serves as a central framework that
helps to optimally position the two aromatic
groups in the ATP binding site of p38a kinase.
Crystal structure represented by SD-0006 has
revealed a number of binding elements. One
edge of the pyrazole moiety is stabilized by
interactions with the flexible glycine flap that
contains the consensus GXGXXG motif. One of
the nitrogen atoms of the pyrazole ring directly
interacts with the carboxylate side chain of
Asp168. The 4-pyrimidine overlaps with ade-
nine of ATP binding and forms conserved
hydrogen bond with the hinge of p38a via
Met109. The 4-chlorophenyl group binds in the
lipophilic pocket of p38a. Overall, the binding
of SD-0006 did not in any significant way per-
turb the native conformation of the apo p38a
structure.44,63,74,75
In comparison with the earlier biaryl pyra-

zole based structure, PH-797804 not only
retained the conserved elements of binding to
p38a kinase in the conventional kinase inhibi-
tion mode but also demonstrated unique struc-
tural features.63 A dual hydrogen bond to the
backbones of Met109 and Gly110 was observed
which requires a peptide bond flip of Gly110.
The 2,4-difluorophenyl group of PH-797804 is
encapsulated in a lipophilic pocket of p38a
kinase, completely shielded from the solvent.
The contour of the pocket appears to be thor-
oughly complementary to the halogenated
phenyl ring of the inhibitor, from which a
major portion of the binding free energy is
derived as suggested by modeling studies. This
hydrophobic pocket, unoccupied by ATP,
appears to be the anchor point for the position-
ing and orientation of p38a kinase inhibitors
of diverse chemical scaffolds. The gatekeeper
residue Thr106, sitting at the entrance thus
controlling the access to the pocket, therefore
is of essential importance to the binding affin-
ity of p38a inhibitors.

PH-797904 is the potent
atropisomer
Represented by PH-797804 the novel series

of highly potent and selective p38 mitogen-
activated protein (MAP) kinase inhibitors was
developed originating from a substituted N-

aryl-6-pyridinone scaffold. Due to steric con-
straints imposed by the pyridinone carbonyl
and the 6,6’-methyl substituents, the rotation
around the connecting bond of the pyridinone
and the N-phenyl ring is restricted. This gives
rise to discrete conformational isomers that do
not inter-convert under ambient conditions.
Molecular modeling predicted that the two iso-
mers should differ in their binding affinity to
p38a kinase, whereas the atropic S isomer
(aS) binds favorably, the opposite aR isomer
incurs significant steric interferences with the
p38a kinase. Chiral chromatography and small
molecule X-ray diffraction confirmed the more
potent aS atropisomer (PH-797804) of the
racemic pair with an IC50 of 16 nM in the p38a
enzyme assay, whereas the off-isomer PH-
797805 is more than 100-fold less potent (IC50:
1800 nM). MAP kinase modulated cytokine
production (LPS-stimulated TNF-a and IL-1b)
in whole blood were inhibited with comparable
26-fold differences in IC50 values by PH-797804
(85 nM) and PH-797805 (4600 nM). 

TXXXG motif imparts kinome
selectivity
The pyridinone class of compounds exhibits

exceptional selectivity for p38 MAP kinase ver-
sus other kinases due to a unique binding mode

involving a dual H-bond motif, engaging the
backbones of Met109 and Gly110 residues, with
a flipped peptide conformation of Gly110 from
the conventional state. The backbone flip occurs
in p38a due to the presence of the glycine in the
hinge region, which has no side chain and con-
sequently has sufficient conformational flexibil-
ity to induce a peptide flip (Figure 3). Combined
with the gatekeeper Thr106 the TXXXG
sequence motif underscores the potency and
selectivity superiority of PH-797804. Based on
bioinformatics analysis the TXXXG motif is only
conserved in a few kinases in the human
kinome.63 Specifically, p38a, p38b and Myt-1 are
the only protein kinases that contain the corre-
sponding glycine and a threonine at the gate-
keeper position. These findings formed the
bases of the structural rationale and theoretical
prediction of the high level of selectivity. Myt-1 is
a mixed serine/threonine and tyrosine kinase
upstream of CDKs. Its kinase domain is merely
23% identical to p38a in primary structure thus
cross-reactivity is not anticipated. This was con-
firmed by a marginal Myt-1 inhibition of 14% at
10 �M concentration of PH-797804. Over a hun-
dred kinases have been screened, and PH-
797804 was found completely selective with no
off-target signal at the highest concentration of
10µM. In cellular assays PH-797804 demonstrat-
ed superior potency and selectivity consistent
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Figure 3. Ramachandran diagram of p38α kinase Gly110. Labeled by triangles are the
measured ψ and φ dihedrals of crystal structures of the binary complexes of SD-0006
and PH-797804 (PDB codes 3HL7 and 3HLL). The areas filled by red and yellow con-
tours delineate favored and disfavored but allowed regions respectively. The unfilled
region is disallowed.
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with biochemical measurements. Treatment of
rats with PH-797804 resulted in dose-dependent
inhibition of LPS-induced TNF-a production,
yielding an ED80 value of 0.3 mg/kg.85 In a chron-
ic model PH-797804 was highly effective in
attenuating strep cell well (SCW)-induced
inflammation, yielding dose-dependent inhibi-
tion of paw swelling (ED50: 0.186 mg/kg). In a
double-blind, placebo-controlled, single-dose
study in healthy human subjects PH-797804 was
proven to be safe and well tolerated, supported
by its high level of potency, selectivity and bio-
chemical efficiency. In moderate-to-severe
COPD patients’ efficacy was achieved in several
proof-of-concept studies.

Conclusions

A number of competitive p38 kinase
inhibitors have been reported to show early
signs of anti-inflammatory efficacy in Phase
IIa studies of rheumatoid arthritis over the
years. For the treatment of chronic diseases
small molecule kinase inhibitors have to be
highly specificity in order to avoid unwanted
effects caused by off-target inhibition. This is
a high hurdle considering that the human
kinome contains over 500 protein kinases
sharing varying degrees of sequence homolo-
gy. Structural insights into the unique p38
binding mechanism have guided discovery of
several highly selective inhibitors. 
Inflammation acts along complex and over-

lapping pathways. Although p38a was original-
ly proposed to carry predominantly pro-inflam-
matory functions, increasing evidence sug-
gested that it also has crucial roles in tuning
down inflammatory responses in specific cell
types. It remains unknown whether compensa-
tory up-regulation of redundant or parallel
pathways or auto-activation of the p38 signal-
ing system may attenuate potential benefit of
the investigational anti-inflammatory thera-
peutics.86 Most of the clinical p38 programs
have been terminated due to the lack of pro-
longed efficacy during the trial period of sever-
al months. They showed early suppression of
CRP that was not sustained and often reversed
by 2-4 weeks into the study, hence failed to
demonstrate statistically significant efficacy.
The results suggest that other inflammatory
pathways may have been up-regulated in
response to prolonged p38 blockade. The mod-
est clinical efficacy plus the transient suppres-
sion of biomarkers of inflammation observed
in multiple studies suggest that p38 MAPK
inhibition may not provide meaningful, sus-
tained suppression of the chronic inflamma-
tion. It remains debatable whether it is prefer-
able to combine inhibition of p38 with other
targets in parallel inflammatory signaling
pathways to achieve the desired efficacy in

chronic inflammatory diseases. A mechanistic
understanding of the clinical phenomenon
would help direct efforts toward next genera-
tion of potentially promising therapies. 
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