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ABSTRACT: Bruton’s tyrosine kinase (BTK) is a member of the TEC kinase family and is selectively expressed in a subset of
immune cells. It is a key regulator of antigen receptor signaling in B cells and of Fc receptor signaling in mast cells and
macrophages. A BTK inhibitor will likely have a positive impact on autoimmune diseases which are caused by autoreactive B
cells and immune-complex driven inflammation. We report the design, optimization, and characterization of potent and
selective covalent BTK inhibitors. Starting from the selective reversible inhibitor 3 binding to an inactive conformation of BTK,
we designed covalent irreversible compounds by attaching an electrophilic warhead to reach Cys481. The first prototype 4
covalently modified BTK and showed an excellent kinase selectivity including several Cys-containing kinases, validating the
design concept. In addition, this compound blocked FcγR-mediated hypersensitivity in vivo. Optimization of whole blood
potency and metabolic stability resulted in compounds such as 8, which maintained the excellent kinase selectivity and showed
improved BTK occupancy in vivo.
KEYWORDS: BTK, covalent inhibitor, irreversible inhibitor, kinase inhibitor, kinase selectivity

Bruton’s tyrosine kinase (BTK) is a cytoplasmic tyrosine
kinase and a member of the TEC kinase family consisting

of BTK, tyrosine kinase expressed in hepatocellular carcinoma
(TEC), bone marrow X-linked tyrosine kinase (BMX),
interleukin-2-inducible T cell kinase (ITK), and tyrosine-
protein kinase TXK (TXK).1 BTK is selectively expressed in a
subset of immune cells, including macrophages, mast cells,
basophils, platelets, and B cells, but not in plasma cells or T
cells.2,3 BTK contains an N-terminal pleckstrin homology
(PH) domain, a Src homology 3 (SH3) domain, a Src
homology 2 domain, and a C-terminal kinase domain. Its
function is regulated by membrane recruitment via the PH
domain, phosphorylation of Tyr551 in the activation loop, and
autophosphorylation of Tyr223 in the SH3 domain.4 BTK is a
key regulator of antigen receptor signaling in B cells and of Fcγ
and Fcε receptor signaling in macrophages and mast cells,
respectively. Mutations in the BTK gene leading to BTK
deficiency or nonfunctional BTK protein are the most frequent
cause of X-linked agammaglobulinemia (XLA), a human
primary immunodeficiency characterized by incomplete B
cell development resulting in the absence of mature B cells and
immunoglobulins.5 BTK deficient mice or mice carrying the

hypomorphic xid mutation in the BTK PH domain exhibit
defects in B cell development resulting in a phenotype similar
to human XLA, but with reduced severity.6 Pharmacological
intervention with BTK inhibitors has shown efficacy in animal
models of rheumatoid arthritis and systemic lupus erythema-
tosus.7,8 Based on this strong genetic and pharmacological
validation, it is likely that a BTK inhibitor will have a positive
impact on autoimmune diseases which are caused by
autoreactive B cells or immune-complex driven inflammation.
In addition, BTK inhibitors have been shown to be clinically
efficacious in various B cell malignancies.9

Over the last few years, many pharmaceutical companies and
academic groups embarked on the identification and develop-
ment of BTK inhibitors, both irreversible and reversible.10

Ibrutinib (1) (Figure 1) is approved for several B cell
malignancies including chronic lymphocytic leukemia and
irreversibly inhibits BTK through covalent modification of the
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noncatalytic Cys481 residue in the ATP (adenosine
triphosphate) binding site of the kinase domain.11 Due to its
nonselective type I binding mode, 1 not only potently inhibits
BTK but irreversibly inhibits all 10 kinases which carry a Cys at
the same position as BTK (Supporting Information).11−13 In
addition, 1 inhibits several kinases noncovalently at clinically
relevant concentrations.12,14 Most importantly, 1 covalently
inhibits epidermal growth factor receptor (EGFR) kinase,
which is associated with clinical adverse effects of skin rash and
diarrhea.15 The inhibition of TEC and proto-oncogene
tyrosine-protein kinase Src (SRC) is being discussed in the
context of clinical bleeding events with 1.14,16,17 Second
generation clinical-stage covalent inhibitors such as spebrutinib
and acalabrutinib keep a similar binding mode to BTK as 1 and
therefore, despite offering an overall improved kinase
selectivity profile, still inhibit several Cys-containing
kinases.13,18

Reversible BTK inhibitors with high kinase selectivity have
been described. CGI1746 (2) (Figure 1) was the first
compound to be reported to bind to a specific inactive
conformation of BTK which resulted in an outstanding kinase
selectivity profile, superior to the clinical irreversible
inhibitors.19

While reversible inhibitors require continuous exposure of
the drug over the whole dosing interval in order to maintain a
high degree of target inhibition, the pharmacodynamic (PD)
effect of irreversible inhibitors can be decoupled from their
pharmacokinetics (PK). A short systemic exposure could be
sufficient for a sustained PD effect, since the duration of the
PD effect depends on the turnover of the target−inhibitor
adduct, rather than the duration of exposure of the inhibitor. In
addition, irreversible inhibitors offer higher potency and
therefore potentially lower human doses.20

Hence, during the course of our BTK inhibitor program the
strategy was selected to combine the highly specific binding
mode of CGI1746-like reversible inhibitors with the potency
and PK/PD advantage of the irreversible mode of action. As
starting point we used the selective reversible inhibitor 3
(Figure 2, see Supporting Information for selectivity data), a
combination of an internal pyrrolopyrimidine screening hit
with the tail fragment of 2.21

The cocrystal structure of 3 with the human BTK kinase
domain (Figure 3) revealed the stabilization of an inactive
BTK conformation similar to 2 leading to a sequestration of
Tyr551, which shields it from phosphorylation by the upstream
kinases in the pathway. Based on this cocrystal structure, the
pyrrolopyrimidine hinge binder and the phenyl ring occupying
the hydrophobic channel of the protein are in close enough
proximity to Cys481 to provide suitable exit vectors for linkers
containing electrophilic warheads. Since we intended to keep
our inhibitors as small as possible to allow for good

physicochemical properties, we decided to attach the linker
directly to the pyrrolopyrimidine while removing the hydro-
phobic channel substituent.
Based on this design concept we generated our first

prototype (4) with an acrylamide warhead attached to the
pyrrolopyrimidine via a methylene linker (Figure 2). In a BTK
enzymatic assay 4 exhibited an IC50 of 16 nM compared to 13
nM of the reversible starting point 3. The propionamide
derivative 5, which is devoid of an electrophilic warhead,
inhibited BTK only very weakly with an IC50 of 3.9 μM,
suggesting an important contribution of the acrylamide
warhead to the potency of 4.
Additional evidence for a covalent mode of action was

generated by incubation of 4 with the human BTK kinase
domain protein, revealing a single peak mass corresponding to
the 1:1 adduct of BTK and 4 in LC/MS analysis (Supporting
Information). Furthermore, after preincubation of full-length
human BTK and 4 at high concentrations, the enzymatic
activity was not rescued by dilution (Supporting Information).
This indicates an irreversible mode of action for 4, similar to
rac-1 and in contrast to the reversible inhibitor 5.
We next assessed whether 4 maintains the binding mode of

3 to the inactive BTK conformation. In Ramos cells, 4
inhibited phosphorylation of Tyr551 over time in contrast to
the results obtained for rac-1 (Figure 4). This is in line with the
expected sequestration of Tyr551 as previously reported for
2.19 In addition, this suggests that the cellular turnover of
Tyr551 phosphorylation is very rapid and allows for fast
binding and inhibition of cellular BTK in the presence of
pathway activation.
As a consequence of its specific binding mode, 4 exhibits an

excellent kinase selectivity profile. This is probably due to a
higher dissimilarity of the kinases within the so-called “H3”

Figure 1. Selected BTK inhibitors.
Figure 2. Reversible starting point 3, covalent prototype 4, and its
reversible analog 5.

Figure 3. Co-crystal structure of the human BTK kinase domain in
complex with 3 (PDB ID 6S90). Potential attachment points toward
Cys481 (cyan) are shown with red arrows.
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pocket formed around Tyr551 compared to the ATP binding
site as well as the possible inability of kinases other than BTK
to adopt this specific conformation.19 In a panel of 61 non-Cys
containing kinases including SRC, 4 did not show any IC50 <
10 μM (Supporting Information). Moreover, it also did not
inhibit the Cys-containing kinases EGFR, receptor tyrosine-
protein kinase erbB-2 (ERBB2), receptor tyrosine-protein
kinase erbB-4 (ERBB4), and Janus kinase 3 (JAK3) and
showed a 312-fold selectivity over BMX, the most related
kinase to BTK (Table 1 and Supporting Information). The

promising biochemical selectivity profile could be confirmed in
cellular assays. While 4 potently blocked the BTK-dependent
FcγR-induced IL8 release in THP1 cells with an IC50 of 0.08
μM, it did not inhibit EGFR phosphorylation in A431 cells up
to the highest concentration of 8 μM. In contrast, 1 inhibited
BMX, EGFR, and ERBB4 with similar potency to BTK in
biochemical assays, as well as cellular pEGFR. Taken together,
these data validate our design concept of transforming a
selective reversible scaffold into a selective irreversible
inhibitor.
Since our data demonstrated that 4 blocks the cellular FcγR-

dependent response, we tested its effect on FcγR-mediated
hypersensitivity in vivo. For that, we chose the mouse reverse
passive Arthus reaction (RPA), where an acute hypersensitivity
reaction is induced by intravenous injection of ovalbumin
(OVA) antigen, followed by intradermal injection of a
polyclonal Immunoglobulin G (IgG) anti-OVA antibody. For
1, efficacy in the mouse RPA has been described previously.22

We used rac-1 as a positive control, which exhibits very similar

in vitro and in vivo properties compared to the (R)-enantiomer
1. Treatment with a single oral dose of 4, given 2 h prior to the
induction of the RPA response, dose dependently reduced skin
swelling measured 5 h after dosing the compound. Maximal
inhibition of 65% was seen with the 60 mg/kg dose (Figure 5).

In comparison, rac-1 reached 84% inhibition of swelling with a
30 mg/kg dose. Terminal blood concentrations of 4 were 4, 14,
and 118 nM for the 6, 20, and 60 mg/kg doses, respectively
(compared to 187 nM for rac-1).
With our prototype 4 we had identified a selective covalent

BTK inhibitor with in vivo efficacy after oral dosing.
Nevertheless, several properties of 4 required further
optimization. First, the cellular potency with an IC50 of
0.934 μM in human blood was significantly weaker than for 1
(IC50 of 0.066 μM) (Table 1). Second, the ADME properties
of 4 were suboptimal, as the compound was highly unstable in
mouse, rat, and human microsomes with intrinsic clearance
values of 554, 693, and >700 μL min−1 mg−1, respectively.
Although covalent irreversible inhibitors do not require
continuous exposure, the fast elimination of 4 resulted in
rather high doses for efficacy in the mouse RPA. The PK
profile was even poorer in rat, where 4 showed an extremely
high clearance of >300 mL min−1 kg−1 resulting in a very low
oral bioavailability (BAV) of 2% (Supporting Information).
Although the in vivo clearance was too high to be solely

driven by hepatic metabolism, we aimed to increase the
stability in liver microsomes first. An in vitro metabolite
identification study after incubation with rat liver microsomes
(RLM) revealed the product of oxidation of the tert-butyl
group as the most prominent metabolite. Therefore, we
replaced it with a more stable cyclopropyl group in 6, which
did not affect stability in RLM but interestingly slightly
reduced human microsomal clearance (Table 2). The loss of
potency of 6 could be compensated by the introduction of a
fluorine at the central aromatic ring (7), which could be due to
a multipolar interaction of the fluorine with the carbonyl group
of Gly409 of the P-loop.23

We then focused our attention on the linker between the
pyrrolopyrimidine hinge binder and the acrylamide warhead.
We hypothesized that by modification of the linker we could
not only increase the metabolic stability but also increase the
potency of the compounds by providing a more optimal
orientation of the warhead toward Cys481, allowing for a faster

Figure 4. Time course of Tyr551 phosphorylation in Ramos cells in
the presence of 0.5 μM compound (in % of a maximally stimulated
control).

Table 1. Potency and Selectivity Data for 1 and 4

IC50 [μM]a 1 4

BTKb 0.005f 0.014 (0.016)
BMXb 0.001 (0) 5.0 (0)
EGFRb 0.016f >10
ERBB4b 0.007f >10f

Cellular FcγR/IL8c <0.005 0.080 (0.0007)
Cellular pEGFR/A431d 0.045 (0.015) >8f

Human blood CD69e 0.066 (0.022) 0.934 (0.407)
aIC50 determined as a mean (n ≥ 2) (SD). bEnzyme assay. cFcγR-
induced IL8 release in THP1 cells. dEGFR phosphorylation in A431
cells. eanti-IgM/IL-4 induced CD69 expression on B cells in human
blood. fSingle experiment.

Figure 5. Dose dependent inhibition of the reverse passive Arthus
reaction (RPA) in mice (FcγR-dependent skin swelling) 5 h after a
single p.o. dose of 4 compared to rac-1 and vehicle control (error bars
indicate SD). *p ≤ 0.05, ***p ≤ 0.001.
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formation of the covalent bond. We quickly realized that by
optimizing the compounds we hit the limit of the biochemical
BTK inhibition assay which was in the range of an IC50 of 1−2
nM (half of the enzyme concentration present in the assay).
Therefore, our optimization of these potent compounds was
mostly led by the more relevant and discriminating human
blood B cell inhibition assay. Extension of the linker by one
carbonyl group (8) provided a compound with highly
improved biochemical and cellular potency, in addition to a
good stability in liver microsomes. The hydroxy-azetidine 9
further improved microsomal stability but lost nearly 20-fold in
human blood potency vs 8. Increasing the ring size to a 3-
pyrrolidine (10) did not affect in vitro potency, while the 3-

piperidine (11) clearly provided a less suitable positioning as
indicated by a ∼300-fold loss in biochemical potency
compared to 9 and 10. Both the 4-piperidine (12) and the
4-tetrahydropyridine (13) linker showed similar biochemical
potency as 9 and 10, but these compounds were significantly
more potent in the human blood assay with IC50 values of 19
and 32 nM, respectively. The high potency of compounds such
as 13 allowed the introduction of substituted, less-reactive
warheads. Both the aminomethyl-substituted acrylamide 14
and the but-2-enamide 15 showed a remarkably high potency
in the human blood assay with IC50 values of 26 and 66 nM,
respectively. Unfortunately, none of the compounds 10−15
showed good stability in rat or human liver microsomes.
As expected from the in vitro microsomal stability, 13, 14,

and 15 showed fast elimination after intravenous dosing in rat
PK studies with clearance values of >300, 176, and >300 mL
min−1 kg−1, respectively. Unexpectedly, even 8 (300 mL min−1

kg−1) and 9 (183 mL min−1 kg−1) did not show improved in
vivo clearance despite good stability in rat liver microsomes
(Supporting Information). Since the clearance values were
considerably above the hepatic blood flow of the rats (50−100
mL min−1 kg−1), it is likely that extrahepatic pathways
contributed significantly to the fast elimination. Additional in
vitro profiling did not provide indications for the extrahepatic
clearance mechanism, since the compounds generally showed
significant instability neither in plasma nor in liver S9 fractions.
Despite not being able to significantly improve the rat

clearance compared to the prototype 4, the compounds were
considerably more potent in the in vitro human blood CD69
assay. To assess a potential progress in in vivo efficacy of the
compounds compared to 4, we measured BTK occupancy
(Supporting Information), which has been shown to correlate
with pathway inhibition in several BTK-dependent animal
models.24 We assessed BTK occupancy in spleen homogenates
of female rats 5 h after an oral dose of 10 mg kg−1 of the
compounds (Figure 6). Compared to a mean splenic

occupancy of 93% for rac-1, no significant BTK occupancy
could be measured for 4. This was in line with the compound
concentrations in blood we detected 0.5, 2, and 5 h after
dosing. The blood levels for rac-1 were 67, 82, and 15 nM,
whereas no exposure could be measured for 4. Among other
factors such as suboptimal permeability and solubility, the
exposure of 4 in rat might be limited by a significant first-pass

Table 2. SAR for Covalent Pyrrolopyrimidines

aBTK enzyme inhibition IC50 mean (SD) (n ≥ 2). banti-IgM/IL-4
induced CD69 expression in human blood B cells IC50 mean (SD) (n
≥ 2). cintrinsic clearance in rat and human liver microsomes [μL·
min−1·mg−1 protein], n = 1. dSingle experiment. eMean of two
experiments.

Figure 6. BTK occupancy in rat spleen homogenate 5 h after a 10 mg
kg−1 p.o. dose of compounds compared to the respective vehicle
control. Circles represent single animal values; lines indicate average
± SD.
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metabolism. Despite very low blood levels (4.2, 2.2, and 1.5
nM), 8 showed occupancy of 44%. In a separate experiment,
14 showed no significant BTK occupancy, whereas 15
provided 70% (blood levels 14 and 15 at 5 h were 3 and 16
nM, respectively). Finally, 13 achieved the same BTK
occupancy as rac-1 (96%), despite significantly lower blood
levels at 5 h (6 nM for 13, 86 nM for rac-1).
Finally, we confirmed the kinase selectivity of our optimized

inhibitors by testing 8 in a biochemical kinase panel containing
60 kinases, including Cys-containing kinases BMX, EGFR,
ERBB2, and JAK3 (Supporting Information). 8 showed an
excellent profile providing a 40-fold selectivity over BMX
(BMX IC50 49 nM) and a >25,000-fold selectivity for all other
kinases tested.
In summary, we converted pyrrolopyrimidine-based selective

reversible inhibitors into a series of potent and selective
irreversible BTK inhibitors with in vivo activity. Similar to what
has in the meantime been published by others,25 the
combination of binding to an inactive conformation of BTK
with the covalent irreversible MoA resulted in compounds with
a high kinase selectivity even over several closely related Cys-
containing kinases. In addition, these compounds provided
high BTK occupancy after oral dosing, similar to 1. Due to the
very high clearance of these compounds, we decided to
abandon this series in favor of an alternative scaffold. This
resulted in the discovery of a highly potent and selective
clinical candidate, which will be described in due course.
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