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Hairy cell leukemia (HCL) is a rare B-cell malignancy, and there is a need for novel treat-
ments for patients who do not benefit from purine analogs. Ibrutinib, an oral agent tar-
geting Bruton tyrosine kinase in the B-cell receptor signaling pathway, is highly effective in
several malignancies. Its activity in HCL was unknown, so we conducted a multisite phase 2
study of oral ibrutinib in patients with either relapsed classic or variant hairy cell leukemia.
The primary outcome measure was the overall response rate (ORR) at 32 weeks, and we
also assessed response at 48 weeks and best response during treatment. Key secondary
objectives were characterization of toxicity and determination of progression-free survival
(PFS) and overall survival (OS). Thirty-seven patients were enrolled at 2 different doses (24
at 420 mg, 13 at 840 mg). The median duration of follow-up was 3.5 years (range, 0-5.9
years). The ORR at 32 weeks was 24%, which increased to 36% at 48 weeks. The best ORR
was 54%. The estimated 36-month PFS was 73% and OS was 85%. The most frequent
adverse events were diarrhea (59%), fatigue (54%), myalgia (54%), and nausea (51%).

® |brutinib can result in
durable disease
control in patients
with HCL who are not
expected to benefit
from purine analogs.

® The safety profile of
ibrutinib in HCL is
similar to that in other
diseases with
cytopenias and risk of
frequent infections.

Hematologic adverse events were common: anemia (43%), thrombocytopenia (41%), and neutropenia (35%). Ibrutinib
can be safely administered to patients with HCL with objective responses and results in prolonged disease control.
Although the initial primary outcome objective of the study was not met, the observation of objective responses in
heavily pretreated patients coupled with a favorable PFS suggests that ibrutinib may be beneficial in these patients.
This trial was registered at www.clinicaltrials.gov as #NCT01841723.

delayed recovery of immune effector cells lasting months to
longer than a year. These agents that produce profound and
prolonged lymphopenia may result in decreased immunity to
viruses and other dangerous pathogens.

Introduction

Hairy cell leukemia (HCL) is a rare chronic B-cell leukemia.’® The
term HCL encompasses both the classic (cHCL) and variant
(vHCL) forms, which are now recognized by the World Health
Organization to be biologically distinct entities.* cHCL carries
the BRAF p.V600E mutation and has excellent long-term out-
comes in the majority of patients, whereas vHCL behaves more
aggressively and has shorter progression-free survival (PFS) and

20z dunr 0 uo jsanb Aq jpd'889600020ZPIGPO0IA/8 1L L01L8L/ELYE/SZ/LE L /IPA-BIoE/POOIqARU SUOKEDgNdYSE//:d]}Y WOl papeojumog

Consequently, there is increased interest in using agents that are
less immunosuppressive to achieve remission. BRAF inhibitors
such as vemurafenib and the immunotoxin conjugate moxetumomab

overall survival (OS) rates.>’ Despite the development of the
purine nucleoside analogs (PNAs) pentostatin and cladribine,
which are highly effective in treating cHCL, the 5-year disease-
free survival after treatment with these agents is only 77%, and
36% to 44% of patients relapse and require subsequent therapy.&'°
Patients who have a short duration of remission after treatment with
PNAs or who are unable to receive them have limited treatment
options. Furthermore, the use of repeated cycles of purine analogs
for patients in relapse results in prolonged immunosuppression with

pasudotox are effective and less myelosuppressive or immu-
nosuppressive, but the duration of remission varies with the
quality of the response achieved.'"'? Patients who achieve a
complete response (CR) with vemurafenib may remain in re-
mission for more than a year, whereas those with a partial re-
mission relapse earlier. Moxetumomab pasudotox produced a
durable CR rate of 30%, with 33.8% of patients achieving CR with
negative minimal residual disease (MRD). The median duration
of complete remission was not reached for those with negative
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MRD, whereas the median duration of response for those with
positive MRD was 5.9 months.™

Inhibition of B-cell receptor (BCR) signaling is an effective
treatment strategy in several B-cell malignancies, including
chronic lymphocytic leukemia (CLL), mantle cell lymphoma,
marginal zone lymphoma, and lymphoplasmacytic lymphoma.'#¢
These malignancies rely in part on constitutive BCR signaling for
proliferation and survival. Ibrutinib, an orally bioavailable co-
valent inhibitor of Bruton tyrosine kinase (BTK), interrupts sig-
naling through the BCR pathway and is approved for treatment
of these cancers.'? Given the efficacy of ibrutinib in other B-cell
malignancies, we hypothesized that it would be effective for HCL.
We therefore performed a multicenter phase 2 study of ibrutinib in
HCL patients with relapsed disease for whom PNAs were unsuit-
able, or in untreated patients with vHCL for whom there is no
accepted standard treatment. This article describes the clinical
benefit and associated toxicity of ibrutinib alone in patients with
heavily pretreated relapsed HCL and also lays the groundwork for
potential studies involving a strategic combination of active agents.

Methods

Patients

Patients at least 18 years of age with a diagnosis of HCL and an
indication for therapy were enrolled.*?° Patients with cHCL had
to have previously received a PNA or be deemed medically unfit
to receive one. Both previously treated and untreated patients
with vHCL were eligible. Full eligibility criteria are listed in the
supplemental Data, available on the Blood Web site.

Trial design and patient treatment

This study was a phase 2 multisite, open-label, single-agent
study funded by the National Cancer Institute, and participat-
ing sites are listed in the supplemental Data. Ibrutinib is provided
by the National Cancer Institute through an agreement with
Pharmacyclics. All patients provided informed consent. The study
was conducted according to the principles of the Declaration of
Helsinki and the International Conference on Harmonization
Guidelines for Good Clinical Practice. The protocol was approved
by the institutional review boards of all participating sites.

The study has a 2-stage design. If the type | and type Il error rates
are each constrained to 10%, a 2-stage phase 2 Simon optimal
study design requires a minimum of 13 and a maximum of 31
evaluable patients to test the hypothesis that the overall response
rate (ORR) at 32 weeks would be at least 55% and would not be
less than 30%. If, at the end of stage 1, there was no evidence that
the 420-mg dose was sufficiently active, a higher 840-mg dose
would be implemented.

Patients received ibrutinib by once-per-day oral administration.
The first 13 patients received 420 mg orally once per day. Be-
cause there was a lack of objective responses, the dose was
increased to 840 mg. However, because responses occurred
after 32 weeks with the 420-mg dose and because there were
concerns regarding toxicity at the higher dose, the protocol was
amended to treat all newly enrolled patients at 420 mg. Those
who initially received the 840-mg dose could be switched to the
420-mg dose. lbrutinib was continued until toxicity became
unacceptable or until disease progressed as long as the patient
was deriving clinical benefit.
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The study was open to accrual on April 1, 2013, and remains
open. The investigators decided to publish the results before
reaching the initial accrual goal, considering the long duration of
study follow-up required to assess response and the potential
benefit to patients of disseminating the study results. This agent
was observed to produce objective responses with prolonged
PFS in a heavily pretreated group of patients. The increased use
of this commercially available agent off-study merited publica-
tion of our results to provide information regarding potential
prolonged control of relapsed/refractory (R/R) disease and
toxicities that might be encountered. Data as of 9 September
2019 were analyzed for publication.

End points and assessments

The primary end point was the ORR (CRs and partial responses
[PRs]) at 32 weeks. There was an additional planned assessment
at 48 weeks, and after that, response was assessed at the dis-
cretion of the investigator. Key secondary end points included
characterization of the toxicity and tolerability of ibrutinib in HCL,
PFS, and OS.

CR was defined as near normalization of blood counts with
hemoglobin >11 g/dL, absolute neutrophil count (ANC)
>1.5 X 10%uL, and platelet count >100 X 10%pL, along with
absence of hairy cells on bone marrow core biopsy, bone marrow
aspirate, and peripheral blood by morphology, plus resolution of
splenomegaly and/or lymphadenopathy by physical examina-
tion. Immunohistochemistry (IHC) or flow cytometry was not
considered when assessing CR. CR was determined by achieving
the required hematologic parameters and assessing the bone
marrow aspirate and biopsy for the presence of leukemic cells
morphologically characteristic of HCL. MRD was also assessed in
each patient and was determined in patients with CR. MRD
negativity was defined as the absence of detectable leukemia
cells in the blood and bone marrow by flow cytometry and by
IHC examination using specific markers for HCL in the bone
marrow. Both were assessed according to institutional protocols
at the treating institution.

PR was defined as near normalization of blood counts with
persistent morphologic evidence of HCL and at least 50% re-
duction in lymphadenopathy or splenomegaly on physical ex-
amination. Progressive disease (PD) was defined as worsening
cytopenias or failure to achieve transfusion or growth factor
independence by 12 weeks, increase in lymphadenopathy by
50% in any index node or new lymphadenopathy, increase in
splenomegaly by physical examination or radiography, or an
increase in the percentage of hairy cells in the bone marrow by
morphologic analysis. Stable disease (SD) was defined as not
meeting criteria for CR, PR, or PD. All responses were de-
termined by the treating investigator and secondarily verified by
2 investigators (K.A.R. and M.R.G.). Adverse events (AEs) were
captured and graded according to the National Cancer Institute
Common Terminology Criteria for Adverse Events. To ensure the
safe conduct of the study, a monthly safety call was conducted
with all participating institutions. The safety data were also
reviewed regularly at The Ohio State University during the
multidisciplinary phase 1/2 program meeting.

Pharmacokinetic and pharmacodynamic analysis
To determine the pharmacokinetics (PK) of ibrutinib in patients
with HCL, plasma samples were collected and analyzed for both
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ibrutinib and the ibrutinib metabolite dihydrodiol ibrutinib using
a validated liquid chromatography-tandem mass spectrometry
assay.?’ Additional pharmacodynamic studies examined leuke-
mia mobilization into the peripheral blood by using a flow
cytometry assay, changes in immunoglobulin (Ig) levels during
treatment, expression of phospho-ERK (pERK) by IHC, and se-
quencing of BTK and PLCG2. Detailed methods are provided in
the supplemental Data.

Statistical analysis

Summary statistics were calculated for patient demographics
and clinical characteristics. The maximum grade for each type of
AE was recorded for each patient in frequency tables. Response
rates were calculated with 95% exact binomial confidence in-
tervals (Cls) and compared between histologic subtypes using
the Fisher's exact test at each time point. PFS was determined
from the start of treatment to disease progression or death
(whichever occurred first) or were censored at the date of last
follow-up for patients alive without events. OS was determined
from the treatment start date to death as a result of any cause or
were censored at the date of last follow-up. PFS and OS with
95% Cls were estimated by using the Kaplan-Meier method. PFS
and OS were also evaluated by dose level and histologic sub-
types using the log-rank test. Univariable analysis was performed
to examine baseline characteristics associated with response
using logistic regression models, and PFS was assessed by using
Cox proportional hazards models. Odds ratios and hazard ratios
with 95% Cls were estimated for response and PFS, respectively.

Kruskal-Wallis tests were used to assess the correlation between
best response and PK parameters. Statistical significance for PK
parameters, AEs, and disease characteristics were determined
by using Mann-Whitney U tests. Cox proportional hazards models
were used to explore the association between PK parameters and
PFS. P values of <.05 were considered statistically significant. All
analyses were conducted in SAS version 9.4 (SAS Institute, Cary,
NC). Graphic analyses were performed using GraphPad Prism
version 8 (GraphPad Software, San Diego, CA).

Results

Patients and treatments

A total of 37 patients were enrolled with 76% (28 of 37) having
cHCL and 24% (9 of 37) having vHCL. Baseline patient char-
acteristics and laboratory values are provided in Table 1. Testing
for BRAF p.V600E was completed in 36 patients, and 20 of them
had the mutation (supplemental Table 1). Most patients had a
long disease course with a median of 9.8 years (range, 0.2-42.1
years) since diagnosis. The median number of previous therapies
was 4 (range, 0-12 previous therapies), and all previously treated
patients had received PNAs. Two patients with vHCL were
previously untreated (supplemental Table 2).

Twenty-four patients started treatment at 420 mg once per day,
and 13 patients started treatment at 840 mg once per day. There
were no significant differences in baseline characteristics be-
tween patients treated at the 2 different doses except in absolute
lymphocyte count (ALC) and subtype (Table 1). Most cycles
(78%) were given at 420 mg (supplemental Table 3).

IBRUTINIB IN HAIRY CELL LEUKEMIA

At a median follow-up of 3.5 years (range, 0-5.9 years) for all
patients, 15 patients were still receiving study treatment, and 22
patients had discontinued treatment. Reasons for discontinuation
were PD in 9 patients (41%), AEs in 7 (32%), patient or investigator
decision in 4 (18%), and death during treatment in 2 (9%), both as a
result of pneumonia (supplemental Table 4).

Efficacy

The ORR (CR and PR) at 32 weeks was 24% (95% Cl, 12-41), and
this improved to 36% (95% Cl, 21-54) at 48 weeks. Response
could be assessed at the investigator's discretion after 48 weeks;
the ORR could be assessed at any time after the start of ibrutinib
treatment and was calculated as 54% (95% CI, 37-71). At
32 weeks, 1 patient had a CR, 8 had a PR, 21 had SD, 3 had PD,
and 4 did not undergo assessment because they had dis-
continued treatment for lack of response (n = 3) or death (n = 1).
The best response at any time on study was CR for 7 patients, PR
for 13 patients, and SD for 10 patients. Of the patients with CR,
3 were MRD negative (supplemental Table 5). Responses are
shown in Figure 1. Response rate was not significantly different
between cHCL and vHCL subtypes, and ORR at any time was
54% and 56%, respectively (supplemental Table é).

The median PFS was not reached, and the estimated 36-month
PFS rate was 73%. The median OS was 69 months, and the
estimated 36-month OS rate was 85% (Figure 2A). There were no
differences in PFS or OS between histologic subtypes (P = .88;
P = .76) or dose level (P = .24; P = .95, respectively) (supple-
mental Figures 1 and 2). Figure 2B shows individual patient
outcomes. To determine baseline characteristics associated with
response or PFS, we performed a univariable analysis that in-
cluded sex, age, histologic subtype, BRAF mutation status,
previous splenectomy, and previous treatments. We found that
only age was associated with response; the odds ratio was 0.90
(95% Cl, 0.84-0.98) per 1-year increase, which indicated lower
likelihood of response with increasing age (supplemental
Table 7). Age was not associated with risk for progression
or death.

In patients with baseline cytopenias, the median time to an ANC
>1 X 10%/ul was 2 cycles (95% Cl, 1.8-5 cycles), platelet count
>100 X 10%/plL was 5 cycles (95% Cl, 2-11 cycles), and he-
moglobin >11 g/dL was 5 cycles (?5% Cl, 1.3-7 cycles) (supple-
mental Figure 3). The change in peripheral counts over the course
of treatment is shown in supplemental Figure 4; most patients who
were still being treated beyond cycle 12 had improvement in ANC,
hemoglobin, and platelet count compared with baseline.

Safety

Hematologic AEs attributed to study treatment were common,
with 43% of patients experiencing anemia (5% grade =3),
41% thrombocytopenia (22% grade =3), and 35% neutropenia
(22% grade =3) (Table 2). Despite 13 patients experiencing
neutropenia, there were only 4 who had febrile neutropenia.

Common nonhematologic AEs attributed to study treatment
were diarrhea (59%), fatigue (54%), myalgias (54%), nausea (51%),
upper respiratory tract infection (46%), and bruising (43%). Car-
diovascular AEs are frequently seen with ibrutinib in other dis-
eases and were also seen in this study: hypertension (43%; 11%
grade =3), atrial fibrillation (16%; none grade =3), palpitations
(16%; none grade =3), sinus bradycardia (8%; none grade =3),
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Table 1. Clinical characteristics of the patients at baseline

Characteristic

All patients (N = 37)

Ibrutinib

420 mg (n = 24)

840 mg (n = 13)

Median age at screening, y (range) 64 (43-78) 62 (43-77) 69 (43-78) .32
Sex 21
Male 30 (81.1) 21 (87.5) 9 (69.2)
Female 7 (18.9) 3(12.5) 4 (30.8)
No. of previous treatments (range) 4 (0-12) 4 (0-12) 6 (0-8) .54
Splenectomy 13 (35.1) 6 (25.0) 7 (53.9) 15
Median time from diagnosis, y (range) 9.8 (0.2-42.1) 9.7 (0.5-42.1) 10.8 (0.2-34.6) 71
Histology .04
Classic 28 (75.7) 21 (87.5) 7 (53.9)
Variant 9 (24.3) 3(12.5) 6 (46.2)
BRAF p.V600E status* A7
Positive 20 (54.1) 15 (62.5) 5 (38.5)
Negative 16 (43.2) 8 (33.3) 8 (61.5)
Unknown 1(2.7) 1(4.2) 0 (0)
Median laboratory values (range)
Hemoglobin, g/dL 12 4 (8.0-17.4) 12 5 (8.0-15.6) 10.7 (8.6-17.4) 21
Platelets X 103/pL 3 (20-392) 3 (35-392) 108 (20-323) .89
WBC X 10%/pL 2 (0.9-105.3) 3(0.9-105.3) 4 (1.3-60.5) .10
ANC X 10%/uL 1. 50 (0.06-7.86) 0. 90 (0.45-5.17) 2. 68 (0.06-7.86) .06
ALC X 10%/pL 1.04 (0.20-11.13) 0.71 (0.20-10.96) 2.10 (0.30-11.13) .01
1gG, mg/dL 755 (8.7-1617) 755 (412-1617) 844 (8.7-1359) .68
IgA, mg/dL 2 (0.84-339) 93.5 (7-339) 2 (0.84-268) .07
IgM, mg/dL 1(0.44-470) 42.5 (14-139) 9 (0.44-470) 44

Data are presented as n (%) unless otherwise specified.
WBC, white blood cell count.
*Details for method of BRAF testing are provided in supplemental Table 1.

atrial flutter (5%; 3% grade =3), and heart failure (3%, all grade
=3). All treatment-related and all-cause AEs are listed in sup-
plemental Tables 8 and 9. When all AEs occurring in =20% of

patients or grade =3 were examined, there were no significant
differences in frequency between the 420-mg and 840-mg dose
groups (supplemental Table 10).

Response to lbrutinib

40 4 M Death Before Assessment

35 4 — r— I No Respvonse,v Off Treatment
I Progressive Disease

30 4 M Stable Disease

M Partial Response

N
(%]
1

M Complete Response

Figure 1. Response to ibrutinib. Response to ibrutinib
is shown at both preplanned response assessments at 32

Number of patients
N
o

15 - and 48 weeks. Patients with either a CR or a PR were
considered responders. Patients who died before the

10 32-week response assessment and those who were off-
study and therefore not assessed for response are

54 shown. These data are also found in supplemental Ta-
ble 5. One patient is still receiving treatment but has not

0 - reached the 48-week assessment and is included in the

32 Weeks 48 Weeks Best Overall 32-week assessment and best response for any cycle

totals.
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Figure 2. Patient survival and response. (A) PFS and OS
after starting ibrutinib. The median for PFS was not A
reached, and the median OS was 69.1 months. (B) . .
: . o . Progression-free and Overall Survival
Swimmers plot with outcomes for each individual patient.
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Seven patients discontinued treatment because of AEs such as
decreased ejection fraction, palpitations, hypersensitivity to
ibrutinib, thrombocytopenia, neutropenia, persistent cytope-
nias, and colon cancer (supplemental Table 4). There were 5
deaths during the study: 2 occurred during ibrutinib treatment,
both as a result of pneumonia. Three deaths occurred during
postibrutinib follow-up: 2 were the result of PD, and 1 was the
result of a fungal infection after starting a subsequent treatment
of HCL.

PK and pharmacodynamic measures
PK measurements were used to determine ibrutinib exposure.
Because of the lack of circulating disease, BTK occupancy assays

IBRUTINIB IN HAIRY CELL LEUKEMIA

and other measures could not be reliably performed. PK param-
eters were estimated in 20 patients for day 1 with sampling out to
24 hours. Area under the curve and maximum concentration (Cpay)
were not significantly higher in the 840-mg dose group compared
with the 420-mg dose group (nonparametric Student ttest, P> .05).
Noncompartmental PK parameters were estimated (supplemental
Table 11), and plasma concentration-time plots were generated
(supplemental Figure 5). lbrutinib PK in this patient population was
similar to that reported in other populations.??

There was no significant association between ibrutinib PK and

best response or PFS (supplemental Figure 6; supplemental
Table 12). PK parameters were unaltered by disease characteristics,
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Table 2. AEs related to study treatment

Diarrhea 22 59 0 22 59
Fatigue 20 54 0 20 54
Myalgia 20 54 0 20 54
Nausea 19 51 0 19 51
Upper respiratory infection 15 41 5 17 46
Anemia 14 38 5 16 43
Bruising 16 43 0 16 43
Hypertension 12 32 I 16 43
Headache 15 41 0 15 41
Decreased platelet count 7 19 22 15 41
Arthralgia 14 38 0 14 38
Cough 13 35 3 14 38
Edema in the limbs 14 38 0 14 38
Maculo-papular rash 12 32 5 14 38
Dizziness 13 85 0 13 85
Decreased lymphocyte count 6 16 19 13 35
Decreased neutrophil count 5 14 22 13 35
Decreased white blood cell count 5 14 22 13 35
Back pain 1" 30 0 1" 30
Hyperuricemia 11 30 0 1" 30
Paresthesia 1 30 0 1 30
Increased creatinine 10 27 0 10 27
Hyperglycemia 10 27 0 10 27
Nasal congestion 10 27 0 10 27
Increased alkaline phosphatase 9 24 0 9 24
Constipation 9 24 0 9 24
Mucositis oral 9 24 0 9 24
Increased aspartate aminotransferase 8 22 0 8 22
Increased blood bilirubin 7 19 3 8 22
Gastroesophageal reflux disease 8 22 0 8 22
Pain in extremity 8 22 0 8 22
Abdominal pain 7 19 0 7 19
Allergic rhinitis 7 19 0 7 19

Includes all AEs occurring in =15% of patients or grade =3.

*Also reported as left ventricular systolic dysfunction.
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Table 2. (continued)

Grade 1-2 Grade 23
°/°
Fall 7 19 0 0 7 19
Hypoalbuminemia 7 19 0 0 7 19
Hypocalcemia 7 19 0 0 7 19
Insomnia 7 19 0 0 7 19
Lung infection 1 3 6 16 7 19
Pain 6 16 1 3 7 19
Productive cough 7 19 0 0 7 19
Sore throat 7 19 0 0 7 19
Vomiting 6 16 1 3 7 19
Increased alanine aminotransferase 6 16 0 0 6 16
Atrial fibrillation 6 16 0 0 6 16
Dry mouth 6 16 0 0 6 16
Dry skin 6 16 0 0 6 16
Dyspnea 5 14 1 3 6 16
Palpitations 6 16 0 0 6 16
Sinus bradycardia 6 16 0 0 6 16
Urinary tract infection 5 14 1 3 6 16
Hypophosphatemia 2 5 3 8 5 14
Increased lymphocyte count 3 8 2 5 5 14
Nail infection 4 11 1 3 5 14
Skin infection 4 11 1 3 5 14
Febrile neutropenia 0 0 4 1 4 1
Generalized muscle weakness 3 8 1 3 4 11
Atrial flutter 1 3 1 3 2 5
Cholecystitis 1 3 1 3 2 5
Heart failure 0 0 2 5 2 5
Paronychia 1 3 1 3 2 5
Sleep apnea 1 3 1 3 2 5
Aortic valve disease 0 0 1 3 1 3
Colitis 0 0 1 3 1 3
Decreased ejection fraction* 0 0 1 3 1 3
Enterocolitis 0 0 1 3 1 3
Other infections and infestations; throat infection 0 0 1 3 1 3

Includes all AEs occurring in =15% of patients or grade =3.

*Also reported as left ventricular systolic dysfunction.

IBRUTINIB IN HAIRY CELL LEUKEMIA
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Table 2. (continued)

Grade 1-2 Grade =3

Leukocytosis 0 0 1 3 1 3

Other nervous system disorders; spinal cord 0 0 1 3 1 3
compression

Pneumonitis 0 0 1 3 1 3
Prostatic obstruction 0 0 1 3 1 3
Sepsis 0 0 1 3 1 3
Vasovagal reaction 0 0 1 3 1 3

Includes all AEs occurring in =15% of patients or grade =3.

*Also reported as left ventricular systolic dysfunction.

including histologic subtype, BRAF p.V600E mutation status, To determine whether ibrutinib causes mobilization of leukemia
and previous splenectomy (supplemental Figure 7). There were into the peripheral blood, the absolute numbers of CD19*
no notable correlations with any frequent or severe AEs (sup- B cells in the blood were measured during the first 4 weeks of
plemental Figure 8). treatment. There were no patients with a substantial increase in
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Figure 3. pERK status during treatment and clinical outcome. (A) pERK expression in HCL cells in the bone marrow are shown for 4 representative patients at screening and week 48 of
ibrutinib treatment. pERK expression is shown as red cytoplasmic staining. Leukemia cells were identified by a PAX5 stain with brown nuclear staining when present. The use of both stains
identifies pERK expression specifically in the leukemia cells. The presence of cytoplasmic pERK is shown with thick arrows and the absence is shown with thin arrows. Patient 2 has vHCL and
had a diffuse infiltrate of leukemic cells at both screening and week 48 of treatment. The leukemia cells were negative for pERK staining at every time point tested. Patients with vHCL have
previously been shown to not have pERK, and this may not be a prosurvival signal in these patients, given that vHCL and cHCL have relatively different biology. The remaining 3 patients (3, 8,
and 30) all have cHCL and a durable benefit from ibrutinib with a PFS of more than 2 years, and all were continuing to receive ibrutinib at the last follow-up. They all had different changes in
PERK status after starting treatment. Patient 3 had pERK in the leukemia cells at screening that was absent by week 48, patient 8 had persistent presence of pERK at all time points tested, and
patient 30 had a subset of pERK-positive leukemia cells at screening and at week 48. (B) Swimmer’s plot with pERK status at screening, week 32, and week 48 for all patients for whom samples
were available. Both patients with vHCL (patient 2 and patient 4) were pERK negative at every time point tested, which is consistent with what was previously described in patients with vHCL.
Many patients with persistence of pERK continued to receive ibrutinib without progression for an extended period. This supports that (contrary to what was shown with vemurafenib) the
presence of pERK during ibrutinib treatment may not predict a shorter PFS and argues that the mechanism of effect of ibrutinib may not involve decreasing ERK phosphorylation.
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circulating leukemia cells (supplemental Figure 9). In examining
change in ALC over the course of treatment, 2 patients had an
increase in ALC (supplemental Figure 4).

Because ibrutinib inhibits BTK, which is essential to the func-
tioning of healthy B cells, Ig levels were measured out to 18 months
of treatment. There was a significant decrease in IgG from baseline
with no change in IgA or IgM (supplemental Figure 9).

The presence of pERK was assessed because it is a prosurvival
signal in HCL and is downstream of BTK in BCR signaling.2324
Available bone marrows were examined for pERK using IHC
(Figure 3A). Notably, several patients with persistent presence of
PERK after 32 and 48 weeks of treatment continued to have a
durable benefit from ibrutinib (Figure 3B).

We used sequencing of BTK and PLCGZ2 in 4 patients (2 cHCL,
2 vHCL) who had available samples from the time of developing
PD as an exploratory analysis to ascertain mechanisms of re-
sistance to ibrutinib in HCL. Mutations in BTK at the drug binding
target (codon 481) or multiple regions of PLCG2, which is an
immediate downstream target of BTK phosphorylation, are well
described ibrutinib resistance mechanisms in CLL.2> No muta-
tions in either BTK or PLCG2 were detected, which indicates that
resistance mechanisms in HCL may be different.

Discussion

We found that in patients with heavily pretreated HCL, ibrutinib
produced both responses and durable progression-free disease
intervals. An ORR of 54% seems modest relative to that for PNAs;
however, in our heavily pretreated population and in patients
with the variant form of HCL, this result represents a definite
benefit. This study did not meet the prespecified ORR of 50% at
32 weeks for the primary end point, but it did meet this goal if
best overall response at any time was assessed. In addition, the
long duration of disease control with ibrutinib in patients with
extensive previous therapy for leukemia should not be overlooked.

In recent years, several novel agents have become available for
patients in whom PNAs are unsuitable, but these drugs have both
benefits and limitations. Vemurafenib, an inhibitor of BRAF p.V60OE,
has a high ORR of 96% to 100% (35% to 42% CRs) in cHCL with the
BRAF p.V60OE mutation. It has the advantage of being a time-
limited treatment, but a limitation of vemurafenib is that the relapse-
free survival can be short, with a median of 19 months in patients
with a CR and only é months in those with a PR."" In contrast to
vemurafenib, ibrutinib results in durable disease control and is ap-
propriate for treating patients without the BRAF p.V600E mutation.

Moxetumomab pasudotox, an immunotoxin drug conjugate
targeting CD22, was recently approved by the US Food and
Drug Administration for relapsed HCL. It has a high ORR (75%),
but it does not have a toxicity profile acceptable to all patients
with grade 3 or 4 hemolytic uremic syndrome (5%) or capillary
leak syndrome (2.5%)."3 Ibrutinib can cause toxicity, but its safety
profile is different and may be acceptable for a different subset
of patients. Many patients do not achieve MRD-negative status
with moxetumomab pasudotox, and this is associated with a
shorter PFS of a median 5.9 months.

IBRUTINIB IN HAIRY CELL LEUKEMIA

In retrospect, the primary end point assessment at 32 weeks was
too early to observe the full effects of ibrutinib.?® Similar to
responses in CLL, most responses were partial, and deeper re-
sponses occurred with longer treatment duration. The response
criteria in this study were designed for cytotoxic agents and re-
quire recovery of hemoglobin, platelets, and neutrophil count for
even a PR2°%” Therefore, patients with a clinical response but
continued mild ibrutinib-related cytopenias will have SD and long
PFS, as was seen for a substantial number of patients.

The AEs of ibrutinib in HCL were like those established in other
diseases with common AEs such as diarrhea, myalgia, fatigue,
nausea, and bruising.'® The frequency of cardiovascular AEs such as
atrial fibrillation and hypertension were similar as well. This suggests
that the larger experience of using ibrutinib in these other diseases
may help clinicians select patients with HCL who would be ap-
propriate to receive this agent and to manage ibrutinib toxicities in
this HCL population. Two patients died early during treatment as a
result of infection, which is a common cause of death in patients
with HCL and may not be the result of ibrutinib alone.?

In this study, there was no dose-related profile of toxicity. And
there were no apparent meaningful associations between PK
parameters and disease control as measured by both best re-
sponse and PFS or AEs. Because the overall response and toxicity
data were not statistically different between the 2 dose levels
examined, it seemed prudent to complete the treatment with the
420-mg dose of ibrutinib.

Similar to what is seen in CLL, serum IgG significantly decreased
from baseline with ibrutinib treatment.?? It is not clear what
implications this has for risk of infection in HCL because the
immune environment is different from that in CLL.

The mechanism of the effect of ibrutinib in HCL is not entirely
clear, and there are several differences from the CLL experience.
Distinct from what is seen in CLL, there was no mobilization of
leukemia cells into the peripheral blood in the majority of pa-
tients.® Interestingly, persistence of pERK in leukemia cells did
not seem to result in a shorter PFS as has been shown with vemur-
afenib in HCL, and the absence of pERK cannot be used as a bio-
marker of response.!” ERK phosphorylation is decreased by ibrutinib
in CLL because BCR signaling is interrupted, but this was not seen in
HCL. This argues that the mechanism of action of ibrutinib may not be
solely to decrease ERK phosphorylation and that ibrutinib may have
other effects on leukemia cells or the immune environment.® Fur-
thermore, the mechanisms of resistance to ibrutinib are not the same
as those in CLL. Among the 4 samples analyzed for BTK and PLCG2
mutations, none had CLL/B-cell lymphoma-type resistance-associated
mutations, indicating that these are unlikely to be as frequent as in
ibrutinib-resistant CLL. More work is needed to determine the
mechanisms of effect and resistance to ibrutinib in HCL.

It is worth noting that the group of patients with HCL treated in
this study was unusual. The majority had experienced a high
number of treatments during their disease course and most did
not derive prolonged benefit from purine analogs. A substantial
fraction of patients with classic histology were noted to be
negative for the BRAF p.V600E mutation. This may be a result of
differences in testing, which was not performed centrally or was
performed by sequencing on samples in which the number of
leukemia cells might have been low, thus limiting the ability to detect
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the mutation, or it might be related to the unusual biology of patients
in this cohort. Specifically, patients with an immunophenotypic
profile of cHCL who were negative for a BRAF mutation have been
found to have a distinct molecular profile and may harbor a mutation
in MAP2K1 and/or IGVH4-34 B-cell receptor. These cHCL patients
often do not respond to standard purine analogs, and they follow a
difficult course with multiple relapses, consistent with the population
recruited in this study.®' The intentional recruitment of patients with
R/R may explain the high frequency of patients with cHCL who were
negative for BRAF p.V60OE. Although it was not performed in this
study, extensive genotypic investigation would be of interest in this
unusual patient population characterized as having cHCL with a
negative BRAF p.V600E mutation.

Ibrutinib also showed an important benefit for patients with
vHCL. The study was not designed to detect differences in out-
come between cHCL and vHCL, and a post hoc analysis did not
show a significant difference in ORR, PFS, or OS. The total of 9
patients reported in this study represents a relatively large group
of patients with vHCL. Because vHCL generally has worse disease
outcomes with treatments such as PNAs and a shorter survival than
cHCL, this is an important finding. The disease control with
ibrutinib may be more meaningful in this group of patients with
fewer effective treatment options.®’ This study included 2 patients
with vHCL who were previously untreated, and ibrutinib may be
appropriate initial therapy for some patients with vHCL.

In summary, ibrutinib has substantial therapeutic benefit with du-
rable disease control in patients with HCL that have R/R disease or
with the variant histology. The safety profile of ibrutinib in HCL is like
that in other diseases and is appropriate for patients in whom
chemotherapy may not be well tolerated. Given the efficacy of
PNAs, these agents should continue to be used as an initial
treatment in patients who can tolerate them.?>** lorutinib repre-
sents an important new option resulting in durable disease control
for those patients with HCL who cannot tolerate or are not expected
to benefit from other available therapies. The results of this trial
support the potential for further studies of the combination of
ibrutinib with other active agents, a strategy that has been highly
successful in other B-cell malignancies.
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