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Abstract

Hairy cell leukemia (HCL) is an indolent B-cell malignancy effectively treated but not often cured
by purine analog therapy; after multiple courses of purine analogs, patients can become purine
analog resistant and in need of alternative therapies. Complete remission to single-agent purine
analog is often accompanied by minimal residual disease (MRD), residual HCL cells detectable by
immunologic methods, considered a risk factor for eventual relapse. Several different non-
chemotherapy approaches are being used to target relapsed and refractory HCL, including
inhibitors of BRAF, but so far only monoclonal antibody (MAb)-based approaches have been
reported to eliminate MRD in a high percentage of patients. One of the MAb-based options for
HCL currently under clinical investigation involves recombinant immunotoxins, containing a
fragment of a MAb and a bacterial toxin. The bacterial toxin, a highly potent fragment from
Pseudomonas exotoxin, catalytically ADP-ribosylates elongation factor 2 (EF2), resulting in
protein synthesis inhibition and apoptotic cell death. Recombinant immunotoxins tested in HCL
patients include LMB-2, targeting CD25, and BL22, targeting CD22. An affinity matured version
of BL22, termed moxetumomab pasudotox (formerly HA22 or CAT-8015) achieved high CR rates
in phase |, and is currently undergoing multicenter Phase 3 testing. Phase | testing was without
dose-limiting toxicity, although 2 patients had grade 2 hemolytic uremic syndrome (HUS) with
transient grade 1 abnormalities in platelets and creatinine. Preclinical work is underway to identify
residues on moxetumomab pasudotox leading to immunogenicity. Moxetumomab pasudotox is
undergoing pivotal testing for relapsed and refractory HCL.
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Introduction

Hairy cell leukemia (HCL) was described in 1958 by Bouroncle et al. as an indolent
malignancy associated with splenomegaly and pancytopenia, comprising 2% of leukemias
[1]. Based on the 2015 leukemia incidence of 54,270 new cases in the US [2], this would
translate to about 1100 new cases of HCL/year. The prevalence of HCL is thought to be
much higher than the incidence, since chemotherapy is so effective at inducing remission,
but often with eventual relapse. Major advances in the 1990s were achieved in the
chemotherapeutic management of HCL, particularly with purine analog therapy, proven
superior to interferon [3]. Variant HCL (HCLv), recognized since the 1980s, is poorly
responsive to purine analogs, and has a slightly different immunophenotype compared to
classic HCL [4-12]. Another type of variant of HCL expresses unmutated IGHV4-34
immunoglobulin rearrangements, has an immunophenotype consistent with HCL or HCLv,
but regardless responds poorly to purine analogs [13, 14]. In the past 10-15 years, new
advances have been made in non-chemotherapy approaches to HCL, both targeting antigens
on the cell surface with monoclonal antibody (MADb)-based agents, and targeting pathways
found to be important in HCL cells, such as BRAF. One group of MAb-based treatments
which are highly cytotoxic to HCL cells and have shown clinical activity in early testing is
the recombinant immunotoxins. This review will focus on this type of immunoconjugate and
its potential for the treatment of HCL and it variants.

Indications for treatment of HCL

With some variation, the cytopenias considered indicative of treatment in HCL include
neutrophil count of <1/nL, hemoglobin of <10 g/dL, or platelets <100/nL [15, 16]. Less
stringent criteria including Neutrophils <1.5/nL or hemoglobin <12 mg/dL have also been
considered worthy of treatment [3, 17]. Additional eligibility criteria commonly include
symptomatic splenomegaly, malignant lymphocytosis >20/nL, enlarging malignant lymph
nodes, and frequent infections. Since patients after splenectomy have resolution of
cytopenias but progressive increase in malignant lymphocytosis and marrow infiltration,
they may not qualify for treatment or clinical trials until far more advanced than patients
with spleens. We have therefore in our recent trials allowed patients to qualify for treatment
with lymphocytosis of >5/nL rather than requiring patients to wait till >20/nL. For
previously treated patients, it is extremely important to determine whether cytopenias are
due to chemotherapy toxicity or to relapsed/refractory HCL. It is common for bone marrow
biopsies to show significant infiltration of HCL 1-3 months after purine analog treatment,
but then show complete remission (CR) by 6 months without additional therapy. It is a
common mistake for patients to receive an additional course of purine analog 1-3 month
after the first, due to residual cytopenias and HCL still present in the bone marrow.
Moreover, patients being treated with new approaches for relapsed/refractory HCL should
be enrolled only after sufficient time after the last course of purine analog, so it will be clear
that any response after enrollment will be due to the investigational agent, rather to the prior
course of purine analog. A progressively increasing HCL count in the peripheral blood
documented by flow cytometry is often a good way to confirm that HCL left over from the
last therapy will not resolve due to the prior therapy.
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Standard treatment of HCL

The purine analogs, first pentostatin, then cladribine, revolutionized the treatment of HCL
with 70-90% CR rates and treatment-free intervals exceeding 10 years [3, 15, 18-22].
Cladribine is by far the most commonly used agent since it is given by a single 5-7 day
course, whereas pentostatin is given every other week for 3-12 months. The median time to
relapse after 15 line purine analog therapy is about 16 years, using follow-up consisting
mainly of blood counts [21]. When patients were followed by bone marrow biopsy to
determine relapse, the median time to relapse from CR was reported to be under 5 years,
specifically in a population (age <40 at diagnosis) with high probability of long-term follow-
up [23]. However, the median blood counts at relapse were high enough so that many did
not require retreatment at the time of relapse. Long term disease-free survival curves fail to
show a plateau indicating a cured population [21, 24, 25], and it is unclear what fraction of
patients, if any, are actually cured after purine analog therapy. Nine of 19 patients in
continuous CR for a median of 16 years, from the original 358-patient group treated at
Scripps Clinic, were found to be free of HCL by flow cytometry and IHC studies, indicating
that at least some may be cured. Nevertheless, relapse in HCL is common and has resulted
an accumulation of relapsed patients requiring additional options.

Goals in the treatment of HCL: response criteria

To evaluate the activity of immunoconjugates in HCL, it is important to understand the
response definitions. The main goal in the treatment of HCL, as in all leukemias, is to
achieve a CR. From the 1987 Consensus Resolution, CR has been defined as bone marrow
and blood free of HCL cells by non-immunologic stains, normalization of organomegaly,
and resolution of cytopenias to neutrophils >1.5/nL, hemoglobin =12 g/dL, and platelets
>100/nL [26]. Hemoglobin =11 g/dL, considered by some to be adequate for females [27], is
our criteria for both males and females [16, 28-32], and we have for some protocols dropped
the hemoglobin requirement in the presence of iron deficiency (i.e. ferritin < 20 ng/mL). The
Consensus Resolution defined partial remission (PR) as =250% reduction of palpable
hepatosplenomegaly and largest lymph node diameters, normal blood counts sufficient for
CR, reduction of HCL marrow infiltration by =50%, and <5% circulating HCL cells by
morphology [26]. While some protocols required CR-level blood counts for PR [3], others
required these counts for ‘Good PR’ [27]. Most protocols, including ours, accepted =50%
improvement in neutrophils, hemoglobin and platelets as sufficient for PR [15-17, 27-32].
For our protocol patients who are transfusion-dependent at baseline, achieving hemoglobin
of 9 would satisfy the PR requirement for 50% improvement, even if the baseline
hemoglobin was not allowed to drop to 6 g/dL prior to transfusion. However, a patient
cannot be considered a major responder until 4 weeks after the last dose of growth factor (G-
CSF, GM-CSF, or erythropoietin) or the last transfusion. Many investigators and protocols
considered CR and PR based on a single assessment [15, 17], but others [3, 27], including
our multiply relapsed protocols, required adequate normal blood counts for at least 4 weeks
before performance of a bone marrow to confirm CR. During this 4 week time point, we
ignore isolated values inconsistent with CR or PR. If a positive bone marrow is found in a
patient who otherwise meets criteria of CR, that patient should be considered in PR. Since
we usually do not subject patients to post-treatment bone marrow studies unless CR is being
considered, we do not require a bone marrow just for documentation of PR. This is partly
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due to heterogeneity of bone marrow HCL infiltration in patients with relapsed disease,
making this test unreliable to accurately quantify marrow infiltration. To eliminate
subjective bias in newer trials, CT or MRI can be used instead of physical exam or
ultrasound and if so, we would consider lymph nodes <2 cm, and spleen diameter either <
17 cm or >25% decreased from baseline to be consistent with CR. PR by CT or MRI would
require >50% reduction of abnormal hepatosplenomegaly and products of perpendicular
diameters of lymph nodes, or reduction to size consistent with CR.

Assessment of minimal residual disease in HCL

To evaluate the ability of immunoconjugates to resolve minimal residual disease (MRD) in
HCL, the standard tests generally used are IHC of the bone marrow biopsy, and flow
cytometry of both the blood and bone marrow aspirate. Of these 3, the latter, flow cytometry
of the bone marrow aspirate, is by far most sensitive [33, 34]. In fact, since most patients
achieving flow-negative bone marrow aspirates have not relapsed despite >5 year follow-up,
most of our protocols now define CR for patients with negative bone marrow aspirate flow
cytometry and all criteria of CR except for resolution of cytopenias. We believe this is
important because many patients who are MRD-free cannot resolve cytopenias due to
lasting chemotherapy toxicity and hypersplenism; clearly these patients have better disease-
free survival than patients in MRD+ CR with resolved cytopenias. A more sensitive test of
MRD was developed which requires the sequence of the immunoglobulin rearrangement and
PCR using sequence-specific probe/primer combinations (RQ-PCR). This test can detect a
few as 1 HCL cell in 10® normal [35], but would be considered investigational rather than
standard at this time.

Introduction to recombinant immunotoxins

The original immunotoxins were immunoconjugates made by chemically conjugating a
cancer cell-binding MADb to a protein toxin [36-38]. Protein toxins included either plant or
bacterial toxins, either of which capable of killing a cell with a single molecule reaching the
cytosol [39, 40]. The mechanism of cell killing by protein toxins involves catalytic
inhibition of protein synthesis, either by removal of Adenine*324 in 28s ribosomal RNA for
plant toxins, or by ADP-ribosylation of elongation factor 2 (EF2) for the bacterial toxins
diphtheria toxin and Pseudomonas exotoxin [41, 42]. To make targeted protein toxin
immunoconjugates smaller and easier to produce in high quantities, fusion toxins were
produced by fusing a cell binding ligand to a truncated form of the protein toxin lacking the
domain which would bind to normal animal cells [43, 44]. Bacterial toxins are well adapted
for this purpose since they are already made by bacteria in single-chain form [45].
Recombinant immunotoxins are recombinant fusion toxins which contain a recombinant Fv
fragment of a Mab fused to a truncated protein toxin. The first recombinant immunotoxin
made contained a single-chain Fv fragment of the anti-CD25 (anti-IL2-receptor alpha) MAb
anti-Tac fused to a 40 kDa fragment of Pseudomonas exotoxin [46]. The resulting molecule
anti-Tac(Fv)-PE40, similar in structure to LMB-2 (Figure 1), was highly cytotoxic,
attributed to the Fv binding to CD25 followed by internalization, unfolding in an acidic
endocytic vesicle [47], proteolytic cleavage between the ligand and toxin by the protease
Furin [48-50], reduction of a disulfide bond [51], trafficking of the ADP-ribosylating
fragment to the endoplasmic reticulum [52] followed by translocation to the cytosol [53, 54],
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and finally ADP-ribosylation of EF2 [41, 55], leading to protein synthesis inhibition and
apoptotic cell death [56-59]. A model of this intoxication pathway is shown in Figure 2. To
minimize improper renaturation of the immunotoxin during production, anti-Tac(Fv)-PE40
was slightly shortened by removal of a disulfide bond within the toxin [60]. The resulting
molecule Anti-Tac(Fv)-PE38 was renamed LMB-2 (Figure 1) and eventually entered
clinical development for the treatment of CD25+ hematologic malignancies including HCL.

Use of LMB2 in HCL

Although anti-CD25 recombinant immunotoxins leading to LMB-2 were first developed to
target adult T-cell leukemia (ATL) [60-63] and chronic lymphocytic leukemia (CLL) [61],
LMB-2 was found to be highly cytotoxic toward primary HCL cells ex vivo [64]. As part of
a phase 1 trial in hematologic malignancies, LMB-2 was tested in 4 patients with HCL,
achieving 1 CR and 3 PRs [28, 29]. All 4 patients had prior cladribine and interferon, and 3
of the 4 had prior splenectomy. The patient without prior splenectomy had CR after cycle 2,
and did not require retreatment for relapse until 7 % years later. One of 3 patients made
neutralizing antibodies. Due to the success of anti-CD22 recombinant immunotoxins for the
treatment of HCL, LMB-2 is currently undergoing phase 2 testing only in patients with prior
anti-CD22 recombinant immunotoxin, or ineligible for moxetumomab pasudotox, and
LMB-2 continues to achieve major responses including CR.

Development of BL22 in HCL

For B-cell malignancies including HCL, CD22 is expressed more widely and at much
greater density than CD25 [65, 66]. During preclinical development, chemical
immunoconjugates of anti-CD22 Mabs LL2 [67] or RFB4 [68] with truncated Pseudomonas
exotoxin were cytotoxic ex vivo to malignant B-cells, but only RFB4 was successful in
making a cytotoxic recombinant immunotoxin [69, 70]. BL22, shown in Figure 1, was
produced by construction of a disulfide-stabilized Fv of RFB4 fused to PE38, the same
truncated form of Pseudomonas exotoxin as LMB-2 [70]. The disulfide-stabilized
immunotoxin, modeled in Figure 2, was produced by engineering a disulfide bone within the
Fv framework region. This was accomplished by mutating residues in VL and VH to
cysteine which were predicted to be separated by the distance of a disulfide bond [71]. As
shown in Figure 1, BL22 contains VL disulfide-bonded to a fusion of VH and PE38, but the
molecule is still considered recombinant because it forms during renaturation of the crude
protein made in E coli, without chemical conjugation. BL22 was cytotoxic toward CD22+
malignant cells ex vivo [72] at concentrations achievable in non-human primates [73].

Clinical development of BL22 in HCL

In phase | testing, BL22 was tested in 31 patients with relapsed/refractory HCL, of whom 28
had classic disease and 3 had HCLv [16, 30]. Attributed to the high CD22 receptor density
of CD22 on HCL cells (median ~44,000 sites/cell), and the ability of CD22 to internalize,
clinical activity was significant with 19 (61%) CRs and 6 (19%) PRs. All 3 with HCLv
achieved CR. Dose-limiting capillary leak syndrome, a common toxicity of immunotoxin
chemical conjugates attributed to endothelial damage [74], was not observed in these
patients except in one case associated with cytokine release syndrome. Instead, the dose-
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limiting toxicity of BL22 in HCL was a completely reversible hemolytic uremic syndrome,
characterized by transient thrombocytopenia, hemolytic anemia, and renal dysfunction,
affecting 13% of patients [30]. Only one patient on this trial was permitted by protocol to
receive enough cycles to eradicate MRD by bone marrow aspirate flow cytometry, and this
patient has been in continuous MRD-negative CR for nearly 14 years. Since many of the
CRs were achieved with a single cycle of BL22, and a single cycle did not cause HUS,
phase Il testing of BL22 in HCL was undertaken using 1 cycle, with retreatment only if
needed to resolve cytopenias. On this trial, 25% of 36 patients achieved CR with 1 cycle,
and including the 56% of patients who were retreated, 47% of the 36 achieved CR, with
overall response rate (ORR) 72% [31]. Ironically, those with the best outcome on this trial
were those who failed to respond well to one cycle and consequently received multiple
cycles of BL22, including 2 cycles past CR. Two patients have remain in MRD-negative CR
ongoing for 8-10.5 years. On the phase Il trial, the rate of HUS was decreased to 6% vs 13%
on phase I. The mechanism of HUS with BL22 was felt to be at least partly CD22 mediated
since patients treated with PE38-containing immunotoxins targeting antigens other than
CD22 do not get HUS. Future development of this agent continued with an affinity matured
mutant with more selective binding to CD22.

Development of moxetumomab pasudotox for HCL

To increase the affinity of BL22 for CD22, phage selection was used to select molecules
containing random mutations within localized ‘Hot Spots’ within the CDR3 domain of VH.
A mutant containing the amino acids THW instead of SSY at position 100, 100A and 100B
of VH was determined to have 14-fold improved binding affinity due to lower off-rate [75].
The resulting disulfide-stabilized recombinant immunotoxin HA22 was renamed CAT-8015
and now moxetumomab pasudotox (Figure 2). Preclinical studies of moxetumomab
pasudotox showed similar toxicology and improved efficacy compared to BL22 [76]. The
new recombinant immunotoxin was prepared for phase | testing, which began in 2007 in
patients with multiply relapsed HCL.

Interim phase | results of moxetumomab pasudotox after dose-escalation

Phase I testing in 28 patients with HCL, including 16 at 5-40 ug/Kg every other day for 3
doses (QOD x3), and 12 at 50 ug/Kg QOD x3, showed a CR rate of 46% and ORR 86%
[32]. In this trial, patients could be treated with up to 2 cycles after documentation of CR,
but had to stop earlier if high levels of neutralizing antibodies or progressive disease were
documented. All but one of the 28 patients were retreated and a total of 114 cycles were
administered to the 28 patients. CR was documented after 2-5 (median 3) cycles, and a total
of 10 consolidation cycles were given to 5 patients. CR did not correlate with the number of
cycles of prior purine analog or duration of response to the last purine analog cycle.
However, the CR rate was 0 of 7 in patients with prior splenectomy vs 13 (62%) of 21
patients without prior splenectomy (p=0.007). Thus moxetumomab pasudotox may be more
appropriate to initiate before splenectomy, possibly because once the spleen is removed,
cytopenias resolve and patients become ineligible until bone marrow HCL infiltrations
becomes very advanced. With respect to durability of response, 80% of 13 CRs remained in
CR for a median of 29 months. Of 8 patients remaining in CR who were evaluated for MRD
by flow cytometry of blood and bone marrow biopsy IHC, 7 were MRD-negative. Thus,
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most of the CRs achieved by moxetumomab pasudotox were MRD-negative by these
studies, and MRD negativity was associated with CR durability [32]. Immunogenicity
analysis showed neutralizing antibodies in 10 (38%) of 26 evaluable patients, only 1 after
cycle 1. No dose-limiting toxicity was observed on this trial. Two patients (7%) had a grade
2 HUS associated with only grade 1 abnormalities of platelets and creatinine, which rapidly
recovered with sequelae. Other toxicities were mostly related to mild capillary leak,
attributed to the immunotoxin passing through the endothelial cells lining the blood vessels,
featuring hypoalbuminemia, edema, hypotension, fatigue, weight gain and proteinuria.

Continued preclinical development targeting CD22

Summary

To try and avoid the production of anti-drug antibodies and to allow higher doses to be
safely given, a new recombinant immunotoxin (LMB11) targeting CD22 has been
developed. It has an Fab instead of an Fv, a deletion of most of domain Il including the B
and T cell epitopes present in domain I, and 7 point mutations in domain 111 to suppress B
cell epitopes [77]. LMB11 is very cytotoxic to cells from patients with HCL, can be safely
given to mice at much higher doses than moxetumomab pasudotox and has produced
complete remissions of the Burkitt Lymphoma cell line CA46 growing in immune-deficient
mice. Other efforts have been devoted to decreasing immunogenicity by identifying and
removing T cell epitopes [78].

Recombinant immunotoxins targeting CD22 have shown significant clinical utility and a
safety profile justifying pivotal clinical testing for treatment of relapsed/refractory HCL.
Moxetumomab pasudotox is now undergoing multicenter phase 11 testing. Although this
agent is administered i.v. rather than orally, we believe it has major advantages over other
non-chemotherapy approaches, including BRAF inhibition, in its ability to eradicate MRD
in a high percentage of patients. Although the value of MRD eradication is debatable in
first-line HCL treatment where remission even with MRD is long, in multiply relapsed HCL,
removal of MRD appears critical to adequate response durability. The protein engineering
which led to the creation of moxetumomab pasudotox is proceeding to identify mechanisms
for immunogenicity.
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Practice Points

e Hairy cell leukemia is an indolent B-cell malignancy highly response to single
agent purine analog therapy, but most patients are left with minimal residual
disease.

» Relapsed/refractory hairy cell leukemia is a significant problem, as are the poor
prognosis variants, all of which may respond very poorly to standard therapies.
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Research Agenda

« Both classic and variant hairy cells strongly express CD22 and are thus
candidates for recombinant immunotoxin moxetumomab pasudotox targeting
this antigen.

e Durable complete remission without minimal residual hairy cell leukemia can be
achieved with moxetumomab pasudotox, and a multicenter pivotal trial is
ongoing.
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Agent Target

LMB-2 CD25

BL22 CD22

Moxetumomab
Pasudotox CD22

Figure 1. Schematic structures of recombinant immunotoxins
LMB-2 contains the variable domains (VH and VL) of the anti-CD25 MAD anti-Tac

connected by a (G4S)3 peptide linker, with VL fused to PE38. The anti-CD22 recombinant
immunotoxins BL22 and moxetumomab pasudotox contain a disulfide-stabilized Fv created
by engineering a disulfide bond into the framework regions, replacing Arg44 of VVH and
Gly100 of VL. Moxetumomab pasudotox differs from BL22 in that amino acids 100, 100a
and 100b of VH, in the 3" complementarity determining region (CDR3) is mutated from
SSY to THW, resulting in 14-fold improved binding affinity.
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Figure 2. Structure and intoxication of moxetumomab pasudotox
Left, ribbon diagram of moxetumomab pasudotox showing the Fv and domains Il and 111 of

Pseudomonas exotoxin. On the right are steps required for the entry and cell killing. After
internalization, the truncated 38 kDa toxin fragment PE38 undergoes proteolysis and
disulfide-bond reduction to separate the catalytic domain 11l from the ligand [48-50]. The
carboxy terminal lysine residue is removed [79] resulting in a 35 kDa carboxy terminal toxin
ending in REDL. The KDEL receptor transports this fragment from the Golgi to the
endoplasmic reticulum (ER) [52], where it translocates to the cytosol, ADP-ribosylates
elongation factor 2 [41], and leads to apoptotic cell death [56].
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