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Abstract: The B cell receptor (BCR) signaling pathway is functional and has critical cell
survival implications in B cell malignancies, such as chronic lymphocytic leukemia (CLL).
Orally administered small molecule tyrosine kinase inhibitors of members of the BCR
signaling pathway have proven to be transformational in treatment of CLL. The first-
generation inhibitor, ibrutinib, covalently binds to the C481 amino acid of Bruton’s tyrosine
kinase (BTK), thereby irreversibly inhibiting its kinase activity, and interferes with the
biology of the cells, ultimately resulting in CLL cell death and therapeutic response.
Remissions are not deep to the point of considering discontinuation for most patients, but
BTK-inhibitor-based therapy provides exceptional long-term disease control with continuous
treatment. There are in-class toxicities and more selective second- and subsequent-generation
agents and reversible inhibitors have been developed with the intent of reducing toxicities.
Also, strategies to subvert resistance have included tighter or alternative, non-covalent,
inhibitor binding. Furthermore, other strategies to deplete BTK protein, such as degraders,
are in development and being tested in the clinic. Ultimately, the development and approval
of these agents targeting BTK have ushered in a new era of chemotherapy-free treatments
with remarkably improved survival outcomes for patients with CLL.
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Background
Chronic Lymphocytic Leukemia (CLL)

Chronic lymphocytic leukemia (CLL) is the most common leukemia in adults in
CLL is
a lymphoproliferative B-cell disorder characterized by clonal proliferation and

Western countries, affecting primarily the aging population.’
accumulation of monoclonal B-cells co-expressing CD5, CD19, CD20 and CD23
in blood, lymph nodes, spleen, liver and bone marrow. Small lymphocytic lym-
phoma has the same clinical, pathologic and management features as CLL, and is
distinguished by lack of lymphocytosis. Innovative knowledge of how the B-cell
receptor (BCR) signaling pathway affects the biological behavior and pathophy-
siology of the disease led to fundamental and transformational therapeutic advances

for patients with CLL/SLL.

Historic Treatments
Glucocorticoids were the first systemic treatment for CLL/SLL,? followed by
alkylating agents (chlorambucil, cyclophosphamide and bendamustine), purine
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analogs (fludarabine) and CD20 monoclonal antibodies
(mAbs)
Chlorambucil was the first alkylating agent with advan-

(rituximab, ofatumumab, obinutuzumab).’
tages of low cost and toxicity profile, but characterized
by low remission rate and by adverse long-term hema-
tologic effects, importantly secondary myelodysplastic
syndrome (MDS) and acute myeloid leukemia (AML).*
Subsequently, purine analogs, notably fludarabine, were
developed, having higher response rates compared with
alkylating agents or anthracycline-based regimens.>
Bendamustine had improved efficacy over chlorambucil
or fludarabine in 2 randomized trials.”®* Rituximab was
the first CD20 mAb evaluated against mature B-cell
malignancies, including CLL/SLL.’ Other CD20 mAbs
were evaluated in several trials and introduced in CLL/
SLL management.'®"!

Combined fludarabine, cyclophosphamide and rituxi-
mab (FCR) was studied in first-line and R/R CLL. One
hundred and seventy-seven R/R patients treated with FCR
achieved an overall response rate (ORR) of 73% (25%
complete remission, CR).'? The single-arm study of FCR
in first-line (FCR300) where 300 patients with CLL were
treated, showed high ORR, CR and 6-year survival rate

(95%, 72% and 77%, respectively)."
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trials in first-line and R/R CLL confirmed superior pro-
gression-free survival (PFS) associated with FCR over
other standard chemoimmunotherapy (CIT) regimens, but

with higher associated myelosuppression.'* !¢

B-Cell Receptor Signaling

In normal mature B-cells, the BCR consists of a surface
transmembrane immunoglobulin (Ig) receptor, associated
with the Ig a (Iga, CD79A) and Ig B (IgB, CD79B) chains
(Figure 1).!
two different signals: a constitutive survival signal, which is

7 Under physiologic conditions, the BCR induces

antigen independent and involves PI3K; and a second signal
induced by interaction with antigen and which promotes
recruitment and activation of several intracellular signaling
molecules, such as LYN, SYK, Bruton’s tyrosine kinase
(BTK) and PI3K, which propagates the signal, ultimately
resulting in proliferation and activation of the cells.
Following interaction of the BCR with antigen, LYN and
SYK kinases phosphorylate BTK, leading to sequential acti-
vation of PLCy2, MAP kinases, AKT and NF-xB."”

While CLL B-cells appear to be “locked” in a later
stage of development and although they express surface
immunoglobulin, generally, in vivo they are unable to
further differentiate or secrete immunoglobulin following
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Figure | B Cell Receptor Signaling Pathway and Inhibition of BTK. Surface membrane of a B cell demonstrating surface B cell receptor and down-stream signaling molecules
that participate in providing pro-survival, proliferation, migration, and apoptosis signals to the B cell, including CLL cells. Inhibitors of BTK that block this signaling are shown
below, including inducers of degradation, irreversible and reversible inhibitors of BTK kinase activity.
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BCR binding. Downstream members of the BCR signaling
pathway are expressed, able to participate in and propagate
signaling, thereby having physiologic consequences. Small
molecule inhibitor-targeted therapy against members of
the BCR signaling pathway members with tyrosine kinase
inhibitors (TKI) has been a fundamental advance in treat-
ment for patients with CLL. Orally administered and bioa-
vailable small molecule TKIs against BTK and PI3K have
been associated with the most progress in this regard.

BTK Inhibitors

In normal B-cell physiology, BTK is an essential down-
stream element in signal transduction of the BCR.
Stimulation during B-cell development, activates four
pathways of tyrosine kinases as follows: PLCy2, MAPK,
NF-kB and serine/threonine kinase AKT, leading to B-cell
proliferation and survival.'® When BTK activity is phar-
macologically inhibited in CLL, signaling that allows the
CLL cells to interact with the microenvironment and
receive survival signals is interrupted, promoting death of
the malignant lymphocytes.

BTK-i are classified as irreversible and reversible inhibi-
tors based on how they bind BTK, and according to their
different chemical structures.'® Irreversible BTK-i form
a strong and irreversible covalent bond with the sulfhydryl
group of Cys481 in BTK, thereby blocking the ATP-binding
site and resulting in irreversible inhibition of its kinase activ-
ity (Figure 1)." In this situation, BTK activity can only be
restored by production of new BTK protein. Reversible
inhibitors bind tightly to BTK, but not covalently, with bind-
ing affinity favoring the bound state in which kinase activity
is also blocked by blocking ATP binding.

Both irreversible and reversible BTK-i potentially bind
and inhibit other kinases which has implications in side effect
and toxicity profiles, depending on which and how many other
kinases are bound and inhibited (Figure 1). In theory, increas-
ing selectivity for BTK may reduce the risk of toxicities.”’

Irreversible BTK-i Features

Irreversible BTK-i currently includes several molecules with
different in vitro binding selectivity profiles. The second
generation BTK-i, acalabrutinib, was associated with
a highly favorable selectivity profile (1.5% human wild-
type kinases showed >65% inhibition). Also, tirabrutinib
(2.3%) demonstrated low off-target rate. Zanubrutinib
(4.3%), ibrutinib (9.4%) and spebrutinib (8.3%) had broader
kinase inhibition profiles. Furthermore, acalabrutinib selec-
tivity for BTK was high also when compared with kinases

with a Cys in the same position as the Cys481 residue in
BTK or to Src-family, whereas ibrutinib, spebrutinib and
zanubrutinib were less selective.”!

Adverse events are correlated to BTK-i specificity pro-
file. When specificity of BTK inhibition decreases, as in the
case of ibrutinib or spebrutinib, off-target activity increases
against other kinases such as EGFR, ITK, JAK3, HER2 and
TEC, leading to increased toxicities.”>** Ibrutinib inhibition
of EGFR kinases is correlated to mild adverse effects of rash
and diarrhea, which typically do not require treatment dis-
continuation and can subside with dose reduction and con-
tinued therapy.®* In addition, an increased risk for bleeding
is due to interaction with the TEC kinase family with inhibi-
tion of platelet aggregation.*

Abnormalities in cardiac electrical conduction, includ-
ing atrial fibrillation and ventricular arrhythmia, were
associated to ibrutinib and other irreversible BTK-i
therapy.?®*’ Risk of atrial fibrillation appears to be asso-
ciated with off-target inhibition of TEC through the phos-
phoinositide 3-kinase (PI3K)-Akt pathway.?®

One approach to reducing side effects and toxicities might
be to reduce drug dose. Pharmacokinetic/pharmacodynamic
studies showed that optimum target occupancy is achieved
with an ibrutinib dose of 420 mg/day.*® Interestingly, reduc-
tion of ibrutinib dose may reduce PFS, as reported in subgroup
analysis from the RESONATE trial.** However, other data
suggest reduced doses may be sufficient.*' Also, some toxi-
cities do not appear to be reduced or meaningfully mitigated
with drug dose reduction. Other irreversible BTK-I, such as
acalabrutinib and zanubrutinib, are dosed twice daily. An
important phase II trial (NCT02337829) demonstrated how
acalabrutinib 100 mg twice daily (BID) was superior to
200 mg once daily (QD) in terms of ORR (95.8% vs 79.2%)
and PFS (91.5% vs 87.2%); results were explained by higher
BTK occupancy with twice daily dosing.*>

Most current irreversible BTK-i are metabolized into
active or inactive metabolites by the liver using cyto-
chrome P450 CYP3A metabolism. Therefore, dose adjust-
ment or avoidance when prescribing with strong or
moderate CYP3A inhibitors or inducers and in patients

with hepatic dysfunction may be necessary.>> >’

Irreversible BTK-i Efficacy in CLL in Phase

Il Trials

Inhibitors of BTK are highly effective in treating B-cell
malignancies, especially CLL as demonstrated in early
phase II studies.*® Ibrutinib was approved by the FDA in
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2014 for R/R CLL based on a single-arm trial showing
excellent results in terms of ORR and duration of response
in a refractory patient population.®* In addition,
an excellent ORR, with durable remissions was achieved
in a phase II open label multicenter RESONATE-17 trial
evaluating ibrutinib in R/R CLL with del(17p).** This
supported expanding the approval label to include del
(17p) and mutated 7P53 CLL.*" Acalabrutinib also
demonstrated promising results in previously treated CLL

(ORR: 95%) in a phase II trial, prior to approval.**

Treatment Naive CLL — Phase [l BTK-i Trials

The phase III RESONATE-2 trial (NCT01722487) evalu-
ated first-line ibrutinib in 269 patients >65 years with
treatment-naive CLL and showed higher ORR (86% vs
35%) and significantly longer median PFS (not reached vs
18.9 months) and OS (2 years-OS: 98% vs 85%) versus
chlorambucil.** Notably, PFS was similarly favorable
between patients with mutated versus unmutated IGHV
and for patients with del(11q) versus non-del(11q)
[excluding del(17p)]. Patients with del(17p) were excluded
from this trial.

Ibrutinib was also evaluated with CD20 mAbs (ritux-
imab or obinutuzumab) versus CIT, in three phase III
multicenter first-line trials. The iLLUMINATE (obinutu-
zumab) (NCT02264574) and E1912 (rituximab)
(NCT02048813) phase III trials compared ibrutinib-based
treatment to chlorambucil-obinutuzumab and FCR, respec-
tively in treatment-naive patients. Both trials showed
improved PFS with ibrutinib-based treatment, and
improved overall survival was noted in the E1912
trial. ***  Neither evaluated BTK-i
monotherapy.

In the multicenter phase-III Alliance A041202 trial,
ibrutinib alone or combined with rituximab was compared
with BR in 547 patients >65 years old with untreated CLL.
A significant improvement in 2-years PFS was observed for
ibrutinib (87%) and ibrutinib plus rituximab (88%) when
compared with BR arm (74%).%® There was no significant

of these trials

difference in PFS between ibrutinib monotherapy versus
combined with rituximab. Therefore, rituximab does not
appear to add benefit with ibrutinib in first-line treatment.
The three-arm phase III multicenter ELEVATE-TN
trial evaluated acalabrutinib versus acalabrutinib plus obi-
nutuzumab versus chlorambucil plus obinutuzumab in 535
treatment-naive CLL patients and reported estimated 30-
month PFS of 90%, 82%, and 34%, respectively.47 Several
multicenter randomized phase III trials are currently

ongoing to evaluate the role of irreversible BTK-i in first-
line management of patients with CLL/SLL (Table 1).

Relapsed/Refractory CLL- Phase Il BTK-i Trials
Final analysis of the phase III RESONATE trial with
6-year follow-up confirmed longer median PFS for
patients with R/R CLL treated with ibrutinib compared
with ofatumumab (44.1 vs 8.1 months) with a significant
difference also in high-risk subgroups of CLL patients [del
(17p), mutated7P53 or unmutated IGHV status].*® In addi-
tion, the phase III randomized HELIOS study evaluated
ibrutinib plus bendamustine-rituximab (BR) versus BR in
patients with R/R CLL and showed 79% vs 24% 17-month
PFS (median not reached vs 13.3 months, respectively),
however, clear evidence for benefit of adding BR to con-
tinuous ibrutinib is lacking.*’

The randomized phase III ASCEND trial compared
acalabrutinib vs investigators’ choice of either BR or ide-
lalisib plus rituximab in 310 patients with R/R CLL/SLL
and showed 88% and 68% 12-month PFS, respectively.
With a median follow-up of 16 months, median PFS was
significantly longer for patients treated with acalabrutinib
vs investigator’s choice (not reached vs 16.5 months; p<
0.0001).°° Notably, the majority of patients on the control
arm received idelalisib-based treatment. Two randomized
multicenter phase III trials (NCT02477696) and ALPINE
(NCT03734016) are currently ongoing to compare ibruti-
nib vs acalabrutinib in a setting of high-risk cytogenetic
in R/R CLL/SLL,

and zanubrutinib vs ibrutinib

respectively.

Long-Term BTK-i Outcomes

Long-term effectiveness of ibrutinib was reported in the
5-year follow-up summary of the early phase I/II trial
(NCTO01105247), which showed 87% ORR (29% CR) in
first-line and treatment for patients with R/R CLL, with
a median duration of response of 72.8 months and 57
months, respectively; 5-year PFS rates were 92% and
44% and OS rates were 92% vs 60% in untreated and R/
R CLL, respectively. In the high-risk cytogenetic sub-
group, ORR was 80%, median duration of response was
31 months; median PFS and OS were 26 and 57 months,
respectively. Most common adverse effects grade >3 were
hypertension, pneumonia and bacterial infections, neutro-
penia, thrombocytopenia and atrial fibrillation. Major
bleeding occurred in 10%. Notably, the frequency of
adverse events was higher during the first-year treatment
except for the incidence of atrial fibrillation that did not

9 2 6 https:
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Table | Select Currently Active Phase Ill First-Line Trials with Irreversible BTK-i for CLL

Trial Population N | Status MRD Treatment ARMS

CLLI2 218 yo, High Risk of Disease 515 | Enrolled Secondary | lbr Observation
NCT02863718 Progression Pending

EA9161 Fit, 18-69 yo 720 | Enrolled Secondary | lbrVenOb | 1brOb

NCT03701282 Pending

GLOW 2 65 yo, or unfit pts 211 | Enrolled Secondary | IbrVen ChlOb
NCT03462719 Reported

GAIA/CLLI3 218 yo, Fit patients 926 | Enrolled Primary IbrVenOb | VenOb VenR FCR/BR
NCT02950051 Pending

EI912 18-70 yo, Fit patients 519 | Enrolled No IbrR FCR
NCT02048813 Reported

ELEVATE-TN 2|8 yo 535 | Enrolled Secondary | AcaOb Aca ChlOb
NCT02475681 Reported

A041702 270 yo or 2 65 yo with del 454 | Enrolling | Secondary | lbrVenOb | lbrOb

NCT0373798I (17p)

CLLI7 218 yo 897 | Enrolling | Secondary | Ibr VenOb IbrVen
NCT04608318

NCT04075292 | 218 yo 150 | Enrolling | Secondary | Aca ChIR
ACE-CL-311 218 yo 780 | Enrolling | Secondary | AcaVenOb | AcaVen FCR/BR
NCT03836261

GLLC-EARLY 218 yo, High-risk for early 130 | Enrolling | Secondary | Aca Observation
NCTO04178798 progression

SEQUOIA All patients 710 | Enrolling | Secondary | Zan ZanVen in CLL with BR
NCT03336333 del(17p)

Abbreviations: Aca, acalabrutinib; BR, bendamustine, rituximab; Chl, chlorambucil; FCR, fludarabine, cyclophosphamide, rituximab; Ibr, ibrutinib; MRD, minimal residual
disease; N, number; Ob, obinutuzumab; Ven, venetoclax; yo, years old; Zan, zanubrutinib.

change during follow-up period.’’ Updated results of early
phase Ib/II trials (NCT02029443) where 134 patients with
R/R  CLL/SLL
showed an ORR of 94%, with a median time on treatment

received acalabrutinib monotherapy,

of 41 months. Interestingly, no differences were observed
between high-risk and non-high risk subgroups. Median
duration of response and median PFS were not reached;
estimated 45-month PFS was 62%. Diarrhea (51%) and
headache (52%) were the most common mild/moderate
side effects; 5% patients experienced grade >3 adverse
events, including neutropenia (14%), pneumonia (11%),

hypertension (7%), anemia (7%), and diarrhea (5%).
Atrial fibrillation and major hemorrhage occurred in 7%
and 5% of patients, respectively.’>

Resistance to Irreversible BTK-i

Treatment with BTK-i is continuous until progression. As
such, ultimately patients may come off treatment due to intol-
erance or loss of response and progression of disease. The
most relevant BTK-I mechanism of resistance is DNA muta-
tions in BTK catalytic site consisting of substitutions for
cysteine at the residue 481 (C481); the most common
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substitution is serine. When this mutation occurs, the type of
covalent binding changes from irreversible to reversible with
consequent disruption and loss of inhibition.™

Analysis of 6 patients with R/R CLL on treatment with
ibrutinib>* showed presence of mutation in the catalytic
site of BTK (C481S) in 5 cases and in phosphoinositide-
specific phospholipase C (PLCy2) in 2 patients. PLCy2 is
downstream of BTK, and mutations were activating.>

Richter’s transformation (RT) is defined as CLL trans-
formation into high-grade non-Hodgkin (90%) or Hodgkin
lymphoma (5-10%); incidence is up to 15% over the
course of CLL.>® Clinical presentation is commonly with
B-symptoms and rapid enlargement of lymph node sizes.
Current therapeutic approaches for RT consist of CD20
mAb, anthracycline-based chemotherapy and allogeneic
stem cell transplant.’® Role of BTK-i in RT treatment is
still unclear. Most of the currently available information is
related to ibrutinib and includes series of case reports and
no randomized trials.>”*® Interestingly, acalabrutinib was
evaluated in a phase I/II trial of 29 RT patients. ORR was
38% (CR: 14%), suggesting modest therapeutic activity.”
Particular attention should be paid to combined ibrutinib-
nivolumab which, in a specific RT cohort of a phase I/II
trial, showed an OR in 13/20 (65%) cases.®

Irreversible BTK-i Treatment Cost

Current recommendation for BTK-i treatment is until pro-
gression or unacceptable toxicity, therefore the total cost
for long-term therapy can be very high. Three studies®'
conducted in the United Kingdom and United States have
tried to analyze cost-effectiveness of this therapy. Very
high costs were associated with continuous and indefinite
ibrutinib treatment, and drug acquisition costs seem to be
a key driver in cost-effectiveness for ibrutinib across stu-
dies. In the United Kingdom, ibrutinib was considered
cost-effective because of an important discount from the
pharmaceutical manufacturer. Patient selection may be the
most practical approach to cost containment with this

treatmen‘t.64

Irreversible BTK-i off-Target Effects and

Alternative Indications

Arthritis and immune-complex disease was noted in lym-
phoma trials with ibrutinib that was later studied in animal
models to understand the underlying mechanism(s).
Ibrutinib was studied in murine models of collagen-
induced (CIA) and collagen antibody-induced arthritis

(CAIA) showing inhibition of inflammatory cells such as
synovial macrophages.®® Furthermore, Lee et al.®® con-
firmed an inhibitory effect of ibrutinib on autoimmune
murine diseases by blocking B-lymphocyte function.
Also, interleukin-2-inducible kinase (ITK), expressed by
T-lymphocytes, is inhibited by ibrutinib.®” These important
anti-inflammatory effects led to trials evaluating ibrutinib
as a treatment for inflammatory-based conditions, such as
chronic Graft versus Host Disease (¢cGvHD) and psoriasis.

Chronic GvHD is a potentially severe complication
of allogeneic hematopoietic stem cell transplantation
(HSCT) where donor lymphocytes react against recipient
organs. Available therapeutic options after corticosteroid
failure are very limited. There is strong evidence for the
in cGvHD
pathogenesis,®® therefore, ibrutinib was tested in murine

role of activated donor lymphocytes
c¢GVvHD models and showed promising results in terms of
reduction of B- and T-lymphocyte activation and cGvHD
evolution.” Furthermore, NOTCH signaling plays an
important role in allogeneic T-cell activation during
c¢GVHD; NOTCH inhibitors are currently being evalu-
ated in pre-clinical models.”® Interestingly, ibrutinib was
shown to downregulate NOTCH1 activity in CLL cells
collected from patients during ibrutinib treatment.”"
A phase I/II trial evaluated ibrutinib efficacy in patients
with corticosteroid-refractory cGvHD. ORR was 67%
(CR rate: 21%). Accordingly, ibrutinib was approved
by FDA for treatment of cGvHD after first-line
therapy.”

Pre-clinical studies showed BTK pathway is involved
in neutrophilic inflammation,”® and for this reason ibruti-
nib was evaluated in psoriasis, a skin condition due to
an infiltration of innate immune cells. In mice, ibrutinib
reduced expression of psoriasis-like inflammation by
downregulation of inflammatory mediators.”* Clinical stu-
dies with larger numbers of patients are needed to assess

BTK-i activity in psoriasis.

Irreversible BTK-i and Coronavirus 2019

Disease

The COVID-19 pandemic is due to severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2).”> Clinical
manifestations of COVID-19 are heterogeneous, ranging
from a mild influenza-like syndrome to an acute respira-
tory distress syndrome (ARDS) with respiratory failure

and widespread thromboembolic events.”®””
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The acute lung injury in late phases of SARS-CoV-2
infection results from hyperactivation of the immune sys-
tem, leading to a “cytokine storm” with elevated blood
levels of IL-1B, IL-6, IL-7, IL-8 and IFN-y.”®

The rationale for use of BTK-i in viral hyperimmune
conditions derives from a pre-clinical study that evaluated
the effect of BTK-i in rescuing mice with lethal influenza-
induced acute lung injury.”” BTK-i treatment could have
strong inhibitory impact on innate inflammatory response
dominated by macrophage and neutrophils.”>*°

First clinical evaluations of ibrutinib in COVID-19
derive from retrospective observations. Six®' patients,
with diagnosis of ibrutinib-treated Waldenstrom’s macro-
globulinemia, did not experience dyspnea or hypoxia and
had mild evolution of COVID-19, except for the one on
When
increased to full dose in this patient, lung injury and

treatment with reduced dose. ibrutinib was
clinical conditions progressively improved. Therefore,
prospective phase II trials are currently ongoing, such as
the iNSPIRE study (NCT04375397), to evaluate the role
of ibrutinib in COVID-19.

Acalabrutinib was used®® in 19 hospitalized patients
with severe pulmonary damage from COVID-19 and was
chosen for improved tolerability profile over ibrutinib.
Improvement of blood oxygenation in most patients and
reduced inflammatory markers were reported. A recent
update of the phase II CALAVI trial in which acalabrutinib
was added to best supportive care in hospitalized patients
with COVID-19 revealed that acalabrutinib did not meet
the primary end point of increasing the proportion of
patients alive and free of respiratory failure.* At the
moment, no data are available regarding the effectiveness
of zanubrutinib. A phase II trial (NCT04382586) is cur-
rently recruiting to evaluate zanubrutinib in hospitalized
patients with COVID-19.

Recent publications showed conflicting results about
BTK-i efficacy in preventing severe COVID-19 in patients
with CLL. Indeed, a retrospective analysis of 190 patients
with CLL diagnosed with COVID-19 reported protective
effects for BTK-i-based treatment®® whereas ongoing
BTK-i treatment was not associated with better COVID-
19 outcome, including OS in 198 CLL patients affected by
symptomatic COVID-19, most of whom remained on
continued ibrutinib treatment during their infection.®*
Owing to the underlying immune dysfunction of CLL,
with lack of immune reconstitution despite effective tar-
geted therapy with BTK-I, there is concern for protection
in patients with CLL with BNT162b2 mRNA vaccines.

A prospective study that enrolled 167 patients with CLL
reported an antibody response rate of 39.5% following two
vaccine doses, 21 days apart. Notably, in the subgroup of
BTK-i treated patients, the response rate was only 16%
and in multivariable analysis, the presence of active treat-
ment with BTK-i was not associated with antibody
response.®

CLL and Patient Characteristics
Associated with Resistance and Current
Management of Irreversible BTK-i R/R

Patients

Long-term results of early studies that evaluated ibrutinib
as first-line and in R/R CLL showed patient or disease
characteristics can correlate with outcomes.”’

Five-year PFS was 92% and 44% with a CR rate of
29% vs 10%, in treatment-naive and R/R CLL, respec-
tively. Clonal evolution in CLL cells and development of
ibrutinib resistance is more likely in heavily pre-treated
patients due to the acquisition of new genetic abnormal-
ities, including mutations in BTK.*® Indeed, the frequency
of complex karyotype and other alterations with adverse
prognosis such as del(17p) and mutated 7P53 is increased
in patients with R/R CLL.

Interestingly, shorter PFS and OS were correlated in
univariable and multivariable analyses with 7P53 aberra-
tion, prior treatment, -2 microglobulin >5 mg/L and lac-
tate dehydrogenase >250 U/L in patients treated with
ibrutinib in several phase II and III trials. In a prognostic
model, 1 point was given for each factor and cumulative
score was correlated with outcomes.®’

Results with ibrutinib are highly favorable compared
with CIT in patients with high-risk features with a median
duration of response of 31 months in complex karyotype
and in del(17p), 39 months in del(11q) R/R CLL with
ibrutinib. Median PFS and OS were 26 and 57 months in
del(17p) vs 31 months and 54 months in complex karyo-
type vs S5l
respectively.”’ In summary, multiple prior treatments and

months and not reached in del(1lq),

genetic abnormalities as complex karyotype, del(17p) and
mutated TP53 are associated with shorter response dura-
tion with ibrutinib and therefore considered high-risk fea-
tures, but are remarkably better than was seen with CIT-
based treatment in patients with these characteristics.
Patients with CLL who experience disease progression
on BTK-i treatment have poor outcomes. Venetoclax is an
oral inhibitor of the anti-apoptotic protein BCL2 that was
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approved by FDA, is a therapeutic option in such patients
who fail BTK-i-based treatment. CLL cells intrinsically
express high levels of BCL2, which is higher in patients
with BTK-i-resistant CLL. High expression of BCL2 con-
fers resistance to apoptosis and is involved in CLL
progression.® In a phase II study®® 91 CLL patients
were enrolled after ibrutinib failure. With a median follow-
up of 14 months, ORR and CR rate were 65% and 9%,
respectively; median PFS was 24.7 months and 12-month
PFS rate was 75%.

The phase IIT randomized MURANO trial®® evaluated
combined venetoclax and rituximab versus bendamustine
and rituximab in patients with R/R CLL and demonstrated
significantly improved PFS (2-year PFS: 84.9% and
36.3%) for venetoclax-based treatment. Notably, patients
with high-risk genetic CLL (del(17p)/mutated-7P53)
experienced PFS benefit (2-year PFS rates of 81.5% vs
27.8%, in venetoclax and rituximab and bendamustine-
rituximab groups, respectively).

Optimal sequencing of targeted therapy in CLL treat-
ment is an evolving and challenging topic and was retro-
spectively analyzed in a multicenter study of 683
patients.”’ Results reported that, in cases of ibrutinib resis-
tance, venetoclax or PI3K-i was superior when compared
with a CIT approach and that venetoclax treatment had
better outcomes when compared with idelalisib. Overall,
BCL2 inhibition may be considered as an effective strat-
egy after BTK-i resistance. In addition, since BTK muta-
tions are common in patients who develop resistance to
irreversible BTK-i, an approach to overcome BTK-i resis-
tance was to design reversible inhibitors of BTK which do
not require the C481 for binding.

Reversible BTK-i

Irreversible BTK-i covalently bind to C481 of BTK for
inhibition; whereas reversible BTK-i tightly bind BTK, but
non-covalently (hydrogen, ionic bonds and hydrophobic
interactions) and therefore do not require C481. Non-
covalent bonds are less powerful and selective than cova-
lent interactions and potentially require longer serum half-
life to enhance therapeutic activity.'® Clinical trials of
reversible BTK-i are in early stages and early results are
promising.

Pirtobrutinib (LOXO-305) is an oral, highly selective,
reversible BTK-i tested in preclinical models®” and clinical
trial. Pirtobrutinib was evaluated in a phase I/II trial of
patients with B-cell malignancies; no DLTs or MTD was
identified, the recommended dose of 200 mg/day appeared

well-tolerated and was active, including in patients with
resistance to covalent BTK-i and BCL2-i.”® In the sub-
group of 121 patients with CLL and median of 4 prior
treatments, the ORR was 62%. Interestingly, no differ-
ences in ORR were observed between patients with pre-
vious irreversible BTK-i resistance (53 of 79), and
intolerance (22 of 42), BTK C481-mutant (17 of 24) and
BTK wild-type (43 of 65) CLL.”

Another reversible inhibitor of BTK, ARQ351, also
demonstrated inhibitory activity against Src and ERK
kinases. In vitro, ARQ351 inhibited BTK-mediated activ-
ity including B-cell receptor (BCR) signaling, resulting in
reduced cell viability, migration and NF-«kB transcription.
ARQ351 was more effective than ibrutinib in prolonging
survival in animal models’® and also in vitro activity was
observed in CLL cells harboring BTK**'S or PLCy2
resistance mutations.”* A Phase I escalation trial recently
reported preliminary clinical activity for ARQ351 in
CLL.”

The selective BTK-i fenebrutinib (GDC-0853), binds
the H3 region of BTK and is characterized by low rates of
off-target activity.”® Fenebrutinib was very effective
in vitro in blocking BTK activity with an extremely low
dissociation time from BTK so that fenebrutinib duration
of action might be compared to irreversible BTK-i.
Pharmacokinetic analysis in rats and dogs showed excel-
lent oral bioavailability with adequate blood exposure.
Early phase I trials in which fenebrutinib was tested in
and B-cell
malignancies” confirmed safety results without evidence

the setting of autoimmune diseases’’
of dose-limiting toxicities, with anticancer effects.
Vecabrutinib showed in vitro activity against
BTK“*!5 %9 Vecabrutinib seems to avoid off-target activ-
ity against EGFR, resulting in lower incidence of EGFR-
mediated side effects. However, clinical development of
vecabrutinib was halted due to lack of clinical activity

against CLL.

Accelerated BTK ‘“Degraders”

Degradation of intracellular proteins is a fundamental pro-
cess for the normal equilibrium of cell functions, such as
proliferation, differentiation and apoptosis. Regulation of
intracellular protein levels is a complex system involving
ubiquitin-dependent proteolysis governed by 3 enzymes:
ubiquitin-activating enzymes (E1), ubiquitin-conjugating
enzymes (E2) and ubiquitin—protein ligases (E3). These
intracellular proteins work sequentially to catalyze the
bond between a ubiquitin polymer and lysine residues of
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substrate proteins'® which results in recognition by the
multi-subunit ATP-dependent protease, proteasome, and
culminates in protein degradation.'®!

Proteolysis-targeting chimera (PROTAC) is an emer-
ging approach that promotes selective degradation of intra-
cellular proteins. Small PROTAC molecules consist of
three components: a target protein-binding arm (targeting
arm, TA), a degradation machinery-recruiting unit (degra-
dation arm, DA) and a linker. TA is engineered to bind
target proteins whereas DA recruits an E3 ubiquitin ligase,
promoting creation of ubiquitin polymers.'®® This novel
and innovative strategy might be used to eliminate pro-
teins, such as BTK, including BTK“*®'S,

The BTK-targeting PROTAC D-04-015 consisted of
pomalidomide and the BTK-ligand RN486.'"
Subsequently, BTK PROTAC DD-03-171 was constructed
with pomalidomide and the BTK-ligand CGI746. This
compound effectively induced degradation of wild type
BTK (BTK™), and also had activity against BTK**'S,
exhibiting a strong antiproliferative effect against mantle
cell lymphoma cells in xenograft models.'® MT-082,
composed of ibrutinib and thalidomide, degraded BTK™
and BTK**'S with antiproliferative effect on CLL
cells.'® More powerful molecules, such as P13I (ibrutinib
and pomalidomide) and L18I (ibrutinib and lenalidomide)
were designed and led to lower nanomolar half-maximal
degradation concentration (DCsg). They effectively pro-
moted degradation of BTK, reducing tumor growth of
diffuse large B-cell lymphoma and HeLa cells.'%* %

Preclinical work demonstrated that NX-2127 is effec-
tive BTK-targeting PROTAC which induced degradation
of 50%
Interestingly, NX-2127 is more effective than ibrutinib in
inhibiting proliferation of TMDS8 cells harboring
BTK“**'Smutation.'®” NX-2127 has entered phase I trial
(NCT04830137).

In conclusion, significant progress has been made

of cellular BTK at <5 nM concentration.

regarding mechanism of action, pharmacokinetic profiles
and in vitro effectiveness of BTK-targeted PROTAC mole-
cules. Proof of principle and mechanism of action for
BTK-targeted PROTACs will be tested in clinical trials
in B-cell malignancies, including CLL (NCT04830137).

Future of BTK-i-Based Treatment

Development and availability of BTK-i has fundamentally
improved CLL management and outcomes, yet there is
still room for therapeutic improvement. For example,
about 30% of patients become refractory to ibrutinib; the

likelihood of resistance increases with longer exposure
time.”’ Additionally, another 40% of patients come off
treatment long-term due to intolerable side-effects. Thus,
there is competing risk for discontinuation due to toxicity,
which may be greater for ibrutinib than for second-
generation irreversible BTK-i. Continuous and indefinite
treatment with BTK-i assures optimal outcomes with
monotherapy or combined with CD20 mAb.

Therapeutic progress has also come with development of
the BCL2-i, venetoclax, which achieves deep and durable
remission with fixed-duration treatment.”®'® Furthermore,
combined ibrutinib and venetoclax is highly active, has
promise for fixed duration treatment, and is very well-
tolerated. These two agents are therapeutically complemen-
tary, with ibrutinib having notable activity in treating lymph
node disease, and venetoclax having potent activity in clear-
ing disease from blood and bone marrow. Particularly,
a phase II trial conducted in 80 high-risk or older patients
(>65 years) with treatment-naive CLL demonstrated that,
after 12 cycles of fixed duration, combined therapy, 88%
and 61% of patients achieved hematological CR and remis-
sion with undetectable MRD, respectively. Toxicity profile
was comparable to ibrutinib and venetoclax alone.”’
Negative MRD is important, especially in younger patients,
because of hypothesis of treatment discontinuation. Indeed,
when ibrutinib in monotherapy was discontinued without
a negative MRD status, the outcome was very poor with
a median OS of 3.1 months.'” Encouraging clinical trial
results showed encouraging rates of complete remission
(CR) and negative flow cytometry measurable residual dis-
ease (MRD) when combined therapy ibrutinib-venetoclax
was evaluated in R/R CLL.""° This potent fixed-duration
combination may achieve deep remission, and may thereby
reduce risk for clonal evolution and development of
BTK“*®! resistance mutations.''" Additional benefit with
CD20 mAb in this combination is under investigation.
Ongoing phase III clinical trials are provided in Table 1.

An interesting alternative to continuous BTK-i treat-
ment until progression or unacceptable toxicity might be
an approach of intermittent treatment with BTK-i for
a specified number of cycles and retreatment with relapse
or progression. The effectiveness of this strategy may be
clarified by ongoing phase II trials with combined BTK-i
and CD20 mAb (NCT04505254).
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