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Fig. 3. Comparison of acalabrutinib, ibrutinib, and spebrutinib in competitive binding assays on wild-type and mutant kinases (DiscoverX). Compounds
were tested at a single concentration of 1 M. Data are expressed as the percentage of remaining activity versus control. The size of the circles represents
intervals of the percentage of remaining activity versus the untreated control. Data presented are expansions from Herman et al. (2017).

DiscoverX, Fremont, CA). Of these kinases, 395 are non-
mutant protein kinases. Our results demonstrate that acalab-
rutinib is the most selective BTK inhibitor of the three
compounds profiled (Fig. 3). For acalabrutinib, only 1.5% of
the nonmutant protein kinases were inhibited =65% at 1 uM.
For ibrutinib and spebrutinib, 8.9% and 7.6%, respectively, of
the nonmutant protein kinases were inhibited =65% at 1 uM.
Interestingly, strong inhibition by ibrutinib was observed for all
kinases belonging to the SRC-family kinases, which is in line
with earlier published results (Honigberg et al., 2010) and our
own data (Byrd et al.,, 2016). Spebrutinib showed a more
scattered inhibition over the kinase phylogenetic tree. Evalua-
tion of SRC-family kinase inhibition confirmed that acalabruti-
nib did not inhibit any member (ICsy values all exceeding
1 uM), whereas ibrutinib demonstrated single- or double-digit
nanomolar inhibition on all members tested (Supplemental
Table 4).

Off-Target Cellular Activities of BTK Inhibitors. The
functional relevance of the differences in the observed bio-
chemical inhibition of non-BTK kinases by acalabrutinib,
ibrutinib, spebrutinib, and compound 7 was explored in
specific cell lines. EGFR inhibition of selected BTK inhibi-
tors was tested in two EGFR-expressing human tumor cell
lines: an epidermoid carcinoma (A431) cell line (Table 3)
and a bladder carcinoma (HT-1376) cell line (Supplemental
Fig. 1). Both cell lines gave similar ECjsy values for the
tested compounds on EGF-induced EGFR phosphorylation.
Acalabrutinib showed no or only minimal inhibition up to
a concentration of 10 uM. Results with compound 7 suggest
that this is due to the electrophile switch from acryl-
amide to butynamide. Spebrutinib inhibited EGF-induced
EGFR phosphorylation with an EC5q of 4.7 uM, which
suggests that the reactivity of electrophile is not the only
parameter relevant for kinase selectivity. Ibrutinib inhibited
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TABLE 3

Effect of selected compounds on A431 cells, Jurkat cells, and human
PBMCs

ECso

Compound  EGF-Induced EGFR ~ Anti-CD3/CD28-Induced o nth
F:hosphorylati%n IL-2 Productioré in Jurkat CD25 Expression
in A431 Cells Cells in PBMCs?

nM

1 >10,000 >10,000 >10,000

2 71+ 14 99 + 17 257 = 71

3 4680 = 720 150 = 22 575 = 60

7 327 = 2 911 = 61 2660 = 956

“Results are the mean *+ error of two independent experiments.
®Results are the mean + S.D. of three independent experiments.

EGF-induced EGFR phosphorylation in A431 cells, with an
EC50 of 71 nM.

The compounds were also evaluated in T cell functional assays.
First, the compounds were profiled in anti-CD3/CD28—induced
IL-2 production in Jurkat T cells, using a Jurkat E6 T cell clone
with high IL-2 expression after stimulation. Ibrutinib and
spebrutinib showed inhibition of anti-CD3/anti-CD28-induced
IL-2 production, with ECsq values of 99 and 150 nM, re-
spectively (Table 3). Also in line with the biochemical data
on ITK, compound 7 was less potent in the Jurkat T cell assay
than ibrutinib and spebrutinib. Acalabrutinib displayed an
ECs50 > 10 uM in the Jurkat T cell assay, which is expected
given its biochemical selectivity over T cell kinases ITK and
TXXK. In addition, effects in PBMCs were studied by measuring
the inhibition of anti-CD3-induced CD25 cell surface expres-
sion on human peripheral T cells. The order of inhibitory
potential of the tested compounds followed the ranking as
determined in Jurkat cells, with ibrutinib being the most potent
(ECs0 = 257 nM) and acalabrutinib being the least potent
(ECs0 > 10 uM) (Table 3).

Preclinical PD Model in Mice. To investigate potency
in vivo, mice were treated with oral doses ranging from 0.1 to
30 mg/kg acalabrutinib, ibrutinib, or spebrutinib or with
vehicle. Three hours after dosing, spleens were extracted
and single-cell suspensions of splenocytes were prepared.
The splenocytes were stimulated with anti-IgM for 18 h,
followed by analysis of CD69 expression by flow cytometry
gated on CD19+ B cells (Fig. 4). ED5( determinations showed
that acalabrutinib was the most potent BTK inhibitor in vivo
(1.3 mg/kg), followed by ibrutinib (2.9 mg/kg) and spebrutinib
(20 mg/kg). Because of the covalent nature of binding, BTK
inhibitors have been shown to have a prolonged PD effect even
as plasma drug levels fall to undetectable levels. To investi-
gate this, a return-of-function experiment was performed
investigating anti-IgM-induced CD69 expression on the sple-
nocyte B cells and BTK target occupancy in the splenocytes.
The potent biotinylated probe ACP-4016 (compound 10) was
developed to support development of an ELISA-based BTK
target occupancy assay (Fig. 4D). The biochemical IC5q value
of the probe averaged 2.2 nM (Supplemental Table 1). Mice
(five per group) were dosed orally with a single dose of
acalabrutinib, ibrutinib, spebrutinib (25 mg/kg), or vehicle.
Spleens were extracted 3, 6, 12, 18, or 24 hours after dosing
and single-cell suspensions were prepared. Splenocytes were
cultured and stimulated with anti-IgM for 18 hours, followed
by measurement of CD69 surface expression (Fig. 4B), or they
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were used directly in the BTK target occupancy assay (Fig.
4C). Acalabrutinib and ibrutinib showed (near) complete BTK
occupancy along with complete inhibition of anti-IgM—induced
CD69 expression on splenocyte B cells for the 3-hour postdose
time point. These results are in line with the dose-response
data showing full inhibition of splenocyte B cells at oral
doses =10 mg/kg for acalabrutinib and ibrutinib, 3 hours after
dosing. Additional experiments demonstrated that complete
BTK target occupancy and full B cell deactivation was already
achieved 1 hour after dosing (data not shown). In contrast, a
25-mg/kg dose of spebrutinib showed incomplete BTK target
occupancy (approximately 15% free BTK versus vehicle
control) and inhibition of anti-IgM—induced CD69 expression
on peripheral B cells (approximately 25% remaining activity
versus vehicle control). This again corresponded with the
observed higher EDj5g of 20 mg/kg for this BTK inhibitor. Over
time, an increase in the amount of free BTK and an increase in
splenocyte B cell function was demonstrated, as measured by
function of anti-IgM-induced CD69 expression. However,
BTK target occupancy and inhibition of B cell function was
still observed 24 hours postdose. Acalabrutinib and ibrutinib
displayed around 35% free BTK and 40% B cell activity versus
vehicle control at 24 hours postdose, whereas approximately
55% free BTK and 75% splenocyte B cell activity was observed
for spebrutinib at this time point. The average return rate for
all three BTK inhibitors was estimated using linear fitting of
the data for the return of B cell function (anti-IgM—induced
CD69 expression on splenocyte B cells) and the return of free
BTK. These return rates were 2.0% * 0.2% and 1.7% = 0.1%
per hour, respectively.

PK/PD in Healthy Volunteers. The PK properties and
safety of acalabrutinib were evaluated in a sequential dose-
escalation study in healthy adult volunteers (six per group) after
oral administration of two doses of 2.5, 5, 25, or 50 mg given
12 hours apart on a single day and a single dose of either 75 or
100 mg. Acalabrutinib was rapidly absorbed, with median time to
maximum plasma concentration (7,,,) values between 0.5 and
1.0 hours for all dose cohorts, independent of dose level
(Supplemental Fig. 2; Supplemental Table 5). The increase in
mean C,,,, was greater than dose proportional from 5 to 25 mg.
However, between 2.5-5.0, 25-50, and 50—100 mg, the increases
in mean C,,,, were close to dose proportional. The mean values of
AUCy_12, AUCq_s4, and AUC,_. increased in a dose-proportional
manner based on the increases of the total dose administered
(Fig. 5A). Linear regression analysis of the natural log (In)
transformed AUC,_54 and AUC,_.. relative to the In transformed
dose administered, indicated that the increases in AUC relative
to the increases in dose administered were linear. Rapid
elimination was observed, with mean ¢, values ranging from
0.88 to 2.1 hours in cohorts 1-5. The mean calculated CL/F values
ranged from 165 to 219 1/h and appeared to be independent of the
dose administered. Vz/F values ranged from 233 to 612 liters and
also appeared to be independent of the dose administered.

Of 59 enrolled subjects, 16 (27%) reported one or more
adverse events during the study. All adverse events were grade
1 or 2. No serious adverse events occurred in the study. Of the
adverse events reported, three (constipation, somnolence, and
feeling cold) were assessed as related to acalabrutinib. No study
drug-related adverse events led to discontinuation from the
study. No effect of acalabrutinib was observed on any laboratory
parameters (i.e., hematology, serum chemistry, urinalysis,
cardiac troponin I, and C-reactive protein). No effect was
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Fig. 4. (A) In vivo potency. Mice (five per group) were given an oral dose of acalabrutinib, ibrutinib, spebrutinib, or vehicle over a concentration
range (x-axis). After 3 hours, spleens were extracted and splenocytes were stimulated with anti-IgM for 18 hours, followed by CD69 expression
analysis by flow cytometry gated on CD19+ B cells. The CD69 median fluorescent intensity values were normalized as a percentage of the
vehicle control group and the mean average and S.E.M. were plotted for all mice in each dose cohort. (B) Return of function. Mice (five per group)
received a single oral 25 mg/kg dose of acalabrutinib, ibrutinib, spebrutinib, or vehicle. Spleens were extracted 3, 6, 12, 18, or 24 hours after
dosing and single-cell suspensions were made. Splenocytes were immediately cultured with anti-IgM for 18 hours, followed by CD69 surface
expression measurement by flow cytometry as in (A). Data show CD69 expression for each mouse normalized as a percentage of the vehicle
control group. Data presented are expansions from Herman et al. (2017). (C) BTK target occupancy was measured in the mouse splenocyte
samples from the experiment described in (B). (D) Structure of the target occupancy probe ACP-4016 (compound 10). Cmpd, compound.
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Fig. 5. PK versus PD after acalabrutinib dose in healthy
human volunteers. (A) Dose-exposure relationship of acalab-
rutinib in healthy subjects in study ACE-HV-001. Log/log
presentation showing individual AUCy_;5 values with medians
(horizontal line) for a single dose of 2.5, 5, 25, 50, 75, and
100 mg. (B and C) PD measurements, BTK target occupancy,
and inhibition of anti-IgM-induced CD69 expression were
derived from blood samples drawn from each subject 3 and
12 hours after acalabrutinib administration. Each point
represents data from an individual blood sample, and each
group median is represented by a horizontal line. (D) The mean
acalabrutinib concentration in plasma (n = 6; left axis, light
gray) is plotted with median BTK occupancy (n = 4; right axis,
gray dotted) and median inhibition of BCR-induced CD69
protein expression on B cells (n = 5; right axis, black) from
individuals who received a single 100-mg dose. Error bars show
the S.D. for acalabrutinib plasma concentration. For the BTK
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observed of acalabrutinib on physical examinations, vital signs,
or electrocardiography parameters.

The PD of acalabrutinib was evaluated using the BTK
occupancy assay and measuring the inhibition of CD69
expression on B cells after ex vivo BCR stimulation. Both
PD readouts were dose dependent, with a plateau observed
at the 75- and 100-mg dose levels, 3 hours after acalabruti-
nib administration. At this time point, the degree of BTK
median occupancy was around 99% for the 75- and 100-mg
doses (Fig. 5B). This correlated with near complete in-
hibition for CD69 (Fig. 5C) for the same doses and time
point. However, only the 100-mg cohort maintained high
BTK median occupancy and high BCR functional inhibition
over time (Fig. 5D). At 12 hours, the median occupancy was
99% and the median CD69 inhibition was 95%, whereas
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these parameters were 90% and 84% at 24 hours, respec-
tively. CD86 expression levels were also determined in
parallel and essentially matched the inhibition of CD69
expression (data not shown).

Discussion

Acalabrutinib was identified as a BTK inhibitor with a
differentiated kinase selectivity profile compared with other
BTK inhibitors in development. Key structural components of
acalabrutinib include a 2-pyridylbenzamide moiety and the
electrophilic 2-butynamide moiety that is involved in covalent
binding to Cys481. The proximal positioning of the 2-butynamide
moiety to the electron-deficient (and thus electron-withdrawing)
imidazopyrazine core may help to reactivate this otherwise
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fairly inert functionality. The potency difference of the enan-
tiomeric pair (compare acalabrutinib and compound 4) showed
that the activity primarily resides in the S-enantiomer,
suggesting better positioning of the butynamide moiety. As
demonstrated in the GSH assay, acalabrutinib displayed
lower reactivity than acrylamides ibrutinib, spebrutinib, and
compound 7. This may help to minimize inhibition of off-
target cysteine kinases that exhibit higher cysteine pK,
values than that for Cys481 in BTK. Indeed, acalabrutinib
is the most selective with regard to inhibition of TEC-, EGFR-,
and SRC-family kinases. The correlation of biochemical off-
target inhibition and functional consequences in selected cell
lines was confirmed for different kinases.

Inhibitors of the EGFR signaling pathway cause skin rash
and diarrhea, and these toxicities are believed to be “class
effects” (Lynch et al., 2007; Dy and Adjei, 2013). With respect
to the inhibitory potential for EGFR, the rank order of
compounds was identical in biochemical and cellular set-
tings, with acalabrutinib showing a lack of functional in-
hibitory effects (EC5o > 10 uM). The events of diarrhea
reported during acalabrutinib treatment of patients with
CLL (grades 1 to 2, 38%; all grades, 39%) have been gener-
ally mild (Byrd et al., 2016). Given the observed exposure
levels of acalabrutinib after a single oral dose of 100 mg
(580 = 150 ng/ml) and the absence of effects on phospho-
EGFR inhibition in two relevant cell lines at these concen-
trations, we do not expect to see EGFR-mediated adverse
events for acalabrutinib.

ITK signaling in Jurkat cells and in primary human periph-
eral T cells correlated with the biochemical IMAP data. The
drug concentrations needed to inhibit IL-2 production in Jurkat
cells and modulation of human peripheral T cells may well be
achieved in patients treated with ibrutinib or spebrutinib
(Dubovsky et al., 2013; Evans et al., 2013) and therefore may
bear physiologic relevance. Indeed, ibrutinib is a reported
irreversible covalent ITK inhibitor with confirmed occupancy
on this kinase in patients with CLL (Dubovsky et al., 2013).
Treatment with ibrutinib reduced the number of Th17 T cells as
a percentage of the total T cell population in patients with CLL,
as well as Th17 development from mouse naive CD4+ T cells.
The mouse observations are in line with data reported for
ITK ™~ mice, in which a shift in the balance from Th17 to
regulatory T cells was observed (Gomez-Rodriguez et al., 2014).
The same authors reported that this effect is even more
pronounced in ITK/TXK ™~ mice (Gomez-Rodriguez et al.,
2011), indicating redundancy between ITK and TXK. Since
ibrutinib inhibited both ITK and TXK in the low nanomolar
range in the biochemical assays, the effects of ibrutinib on
T cell differentiation most likely mimic the double-knockout
phenotype. ITK is also expressed in natural killer (NK) cells
(Khurana et al., 2007), and inhibition thereof has been
reported to decrease the antibody-dependent cellular cyto-
toxicity function of NK cells (Kohrt et al., 2014). It was
reported that ibrutinib inhibited both rituximab- and
trastuzumab-induced NK cell cytokine secretion and lysis
in vitro in a dose-dependent manner (0.1 and 1 uM), whereas
acalabrutinib did not show any effects at 1 uM (Rajasekaran
et al., 2014). This indicates that acalabrutinib is associated
with a reduced risk of affecting antibody-dependent cellular
cytotoxicity—-mediated therapies.

An increased incidence in severe hemorrhage was reported in
patients treated with ibrutinib and has been attributed to the

effect of ibrutinib on several distinct signaling pathways (Byrd
et al., 2015; Wang et al., 2015; Shatzel et al., 2017). Therefore,
patients receiving ibrutinib are monitored to reduce the
potential risk for bleeding. Although the role of BTK on
collagen-induced platelet aggregation has been well described,
there is no general increase of bleeding risk in patients with
X-linked agammaglobulinemia lacking functional BTK (Quek
et al., 1998; Winkelstein et al., 2006), suggesting that BTK
inhibition alone is likely not responsible for increased bleeding
risk. In platelets, the downstream signaling of several receptors
on platelets, including the platelet collagen receptor glycopro-
tein VI and C-type lectin-like receptor 2, is mediated by BTK
and TEC (Shatzel et al., 2017). Earlier, we reported on differ-
ences in platelet aggregation using platelets from patients
treated with acalabrutinib or ibrutinib (Byrd et al., 2016). In an
in vivo thrombus formation model, diminished platelet re-
activity was observed in samples from patients treated with
ibrutinib, whereas platelets from acalabrutinib-treated pa-
tients showed similar reactivity to those derived from non-
treated healthy controls. Because TEC kinase phosphorylation
is highly dependent on platelet aggregation (Hamazaki et al.,
1998; Atkinson et al., 2003), the level of TEC inhibition may
govern the bleeding risk. The relative biochemical ICsq values
for TEC of acalabrutinib (126 nM) and ibrutinib (10 nM) may
well contribute to the observed differences in the above model.
In addition, inhibition of SRC-family kinases by ibrutinib may
play a role in the observed bleeding incidence in ibrutinib-
treated patients through modulation of fibrinogen- and von
Willebrand factor—induced platelet activation (Séverin et al.,
2012; Senis et al., 2014). Regulation of SRC-mediated platelet
activation may be anticipated at exposure levels observed in
patients that are treated with ibrutinib. For instance, Patel
et al. (2017) reported that ibrutinib demonstrated potent
inhibition of phosphorylation of SRC family members LCK
and SRC in T cells, with an EC5¢ of <0.2 uM, whereas the ECs,
for acalabrutinib was not reached at 10 uM. Again, these data
correspond well with the nanomolar inhibition by ibrutinib for
both SRC and LCK. Taken together, these observations in-
dicate that effects of ibrutinib on bleeding could be multifacto-
rial. The improved selectivity profile of acalabrutinib for BTK
versus TEC and SRC-family kinases may prove advantageous
in this regard.

Overall, the biochemical potency of all compounds tested
for BTK activity traced well with the inhibitory potential of
marker CD69 in our PBMC and hWB assays, except for
spebrutinib. For instance, the potency of BTK-mediated
inhibition of peripheral B cell function in hWB was approx-
imately 15-fold lower for spebrutinib than for acalabrutinib
and ibrutinib. This suggests that plasma proteins or other
components of hWB (e.g., red blood cells, platelets, or
neutrophils) may contribute to a lower free fraction of
spebrutinib that is available for BTK inhibition. The in vivo
potency data generated in the mouse PD model mirrored the
cellular data generated, except that acalabrutinib showed
better potency than ibrutinib in vivo. With spebrutinib,
efficacy could be obtained at higher dosages, but potency
was inferior to acalabrutinib and ibrutinib. Evaluation of
return of free BTK and return of B cell function in mice
demonstrated that the return rate is independent of the type
of BTK inhibitor tested. Hence, the de novo synthesis rate of
BTK is the primary driver for the loss of PD effect in a single
dose setting.
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In human healthy subjects, acalabrutinib is an orally
bioavailable BTK inhibitor with fast absorption, dose-
proportional PK, and a short half-life in the systemic
circulation. Despite the short half-life, acalabrutinib had a
pronounced on-target impact in peripheral blood B cells that
was dose dependent. Complete BTK occupancy was observed
3 and 12 hours after a single 100-mg dose, indicating that a
saturating concentration was achieved that resulted in near
complete inhibition of a BCR-induced functional response (i.e.,
CD69 expression). Both measures remained high for 24 hours.
Therefore, covalent modification of BTK by acalabrutinib
prolonged target occupancy and PD that extend beyond the
relatively short plasma half-life in healthy volunteers. In
patient populations with more rapidly proliferating B cells,
we anticipate an increased de novo synthesis rate of BTK,
suggesting that more frequent dosing may be required to
achieve optimal BTK inhibition. Indeed, a 100-mg twice-
daily dose in patients with CLL showed a higher median
BTK occupancy, with less variability at trough, than the
100- and 250-mg/d cohorts (Byrd et al., 2016). This illus-
trates that maximal target coverage can be achieved with
twice-daily dosing, which we believe is advantageous for
optimal treatment across patient populations with B cell
malignancies.

In conclusion, monitoring structure-reactivity relationships
may help to mitigate the risk for off-target adverse events
related to reactivity of the electrophile (Barf and Kaptein,
2012). Low electrophilicity is an important feature to consider
to progress the most suitable covalent inhibitor candidates
through the pipeline. The use of a straightforward GSH assay
to assess the likelihood and the kinetics of covalent binding
revealed a difference in reactivity between compounds con-
taining butynamide and acrylamide moieties. We believe that
the lower electrophilicity of acalabrutinib along with the
higher nucleophilicity of Cys481 in BTK contributes to the
observed selectivity profile, which may reduce off-target
mediated adverse events. In combination with the improved
in vivo potency, acalabrutinib appears to have a differentiated
preclinical profile from ibrutinib and spebrutinib. Selective
covalent BTK probe 10 helped to confirm the correlation of the
degree of BTK occupancy and engagement by acalabrutinib
in preclinical and clinical settings. Acalabrutinib is a rap-
idly absorbed covalent BTK inhibitor with a short half-life,
yet it reaches full target occupancy at a single oral dose
of 100 mg in healthy human subjects. Clinical evaluation
of acalabrutinib in multiple B cell malignancies, solid
tumors, and selected autoimmune indications is currently in
progress.
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