CLINICAL TRIALS AND OBSERVATIONS
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This issue of Blood presents a tour de force: Trotman and colleagues’ report a

phase 1/2 trial of zanubrutinib, a novel Bruton tyrosine kinase (BTK) inhibitor, and

lay the groundwork for Tam et al.?2 to present a head-to-head comparison of
2 BTK inhibitors, zanubrutinib and ibrutinib, in MYD88"2°* mutant Waldenstrom
macroglobulinemia (WM). These companion articles on zanubrutinib will arguably
have broad implications in WM therapeutics. The 2 trials showcase how ex-
traordinary international collaborative efforts were instrumental in the devel-
opment of zanubrutinib at warp speed for treatment of a rare B-cell malignancy.

The approval in 2015 of ibrutinib, the first
in-class BTK inhibitor for WM, was a wa-
tershed moment that followed, in short
order, the discovery of a highly prevalent
mutation in MYD88 in patients with WM.3
The understanding that mutated MYD88
triggers prosurvival signaling through BTK
provided the rationale for investigating
BTK inhibitors.*% Like ibrutinib, zanubrutinib
ireversibly attaches to BTK,” permanently
shutting off its signaling capability (see
figure). However, zanubrutinib may offer
reduced off-target kinase inhibition, po-
tentially improving tolerability.

Trotman et al evaluated zanubrutinib ad-
ministered at 2 different doses (160 mg
twice daily and 320 mg once daily) until
progression, through a phase 1/2 trial
(BGB3111-Au003) involving treatment-
naive patients (n = 24) and patients with
relapsed/refractory WM (n = 53). The
overall response rate was 96%, with a re-
spectable subset achieving at least a very
good partial response (VGPR). Notably,
VGPR rates improved over time, from
~21% at 6 months to ~44% at 2 years. Ten
patients discontinued zanubrutinib be-
cause of treatment-emergent toxicities.
The twice-daily dosing schedule that
resulted in more sustained BTK inhibition
was selected to move forward.

These promising data provided the im-
petus for the international, phase 3 ASPEN
trial through which Tam and colleagues
sought to leverage the deeper responses
induced by zanubrutinib. Demonstrating
the superiority of the magnitude of re-
sponse over ibrutinib, a standard of care

for WM, appeared to be a low-hanging
fruit. With a primary endpoint that was
somewhat unconventional for a phase 3
study and a robust international partner-
ship, the ASPEN study had the trappings
of a trial designed to facilitate brisk drug
development in a rare malignancy for
which differences in the progression-free
survival (PFS), and more so, overall survival
(OS), can take a long time to emerge. The
primary endpoint was the proportion of
patients achieving at least a VGPR as the
best response, as assessed by an in-
dependent review committee at 12 months
after the last patient’s enrollment. With 1:1
randomization, ASPEN expeditiously ac-
crued 199 evaluable WM (treatment naive,
n = 37; relapsed/refractory, n = 162) pa-
tients. Although complete response (CR)
remained elusive (despite administration of
drugs in both arms until progression), 28%
and 19% achieved VGPR with zanubrutinib
and ibrutinib, respectively (P = .09). Major
response rates were strikingly similar (77%
vs 78%), as were the 18-month PFS rates
(84% and 85%) during the short follow-up.
Barring grade 3 neutropenia, the toxicity-
profile comparisons favored zanubrutinib
over ibrutinib, also reflected by a lower
discontinuation rate for zanubrutinib.

The ASPEN investigators had set a lofty
goal of demonstrating at least a 20%
improvement in VGPR/CR rates (35%
with zanubrutinib vs 15% with ibrutinib).
The justification for keeping VGPR/CR as
a primary endpoint was ostensibly the
feasibility of early analysis, with rapid
attainment of responses and curtailment
of the sample size in an uncommon
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indolent malignancy for which the sub-
jects would have otherwise needed
protracted follow-up. Although the high
VGPR rates observed with zanubrutinib in
the BGB3111-Au-003 trial were noteworthy,
it is not known whether the VGPR/CR rates
are valid surrogate efficacy endpoints in
WM. The magnitude of response, a time-
dependent variable, is known to improve
with continuous as well as fixed-duration
therapy in WM. In the pivotal trial in-
volving ibrutinib, the VGPR rates improved
substantially from 15% to 29%, with longer
follow-up.4® In ASPEN a numerically higher
proportion of patients achieved VGPR with
zanubrutinib, but the issue at heart is the
real-world consequence of this finding.
There are currently no prospective data on
the use of BTK inhibitors to suggest that
attainment of VGPR or deeper responses
translates into substantive improvement in
clinically meaningful endpoints of PFS and
OS. Moreover, the 12-month PFS landmark
analysis by best response in BGB3111-Au-
003 demonstrably failed to correlate deep
response with prolonged PFS. In ASPEN,
the control arm performed as expected,
mirroring the results of the pivotal trial
and reinforcing ibrutinib’s tenacity.®?
Zanubrutinib performed somewhat below
the ambitious expectations built upon
the BGB3111-Au-003 data, underscoring
the value of conducting phase 3 trials and
longer follow-up. In addition, it brought
into question excessive reliance on re-
sponse rate and depth (known to be
influenced by the CXCR4 mutation status
of patients receiving BTK-targeted thera-
pies)'© as the primary endpoint. Still, a
sustained IgM reduction, as was demon-
strated in favor of zanubrutinib, may
be clinically pertinent, as WM-related
morbidity, including peripheral neuropathy,
cryoglobulinemia, cold agglutinemia, coex-
isting A(H)L amyloidosis, and hyperviscosity
is driven by the monoclonal IgM protein.™

The key findings of these 2 studies un-
deniably pull back the curtain on the
uniqueness of WM, an IgM lympho-
plasmacytic lymphoma,” with a near-
ubiquitous presence of clonal mutated
MYD88 molecular signature and subclonal
CXCR4 mutations, encountered in 30% to
40% cases.'?>'® Both genetic alterations
are intricately linked, but have opposing
effects on the efficacy of BTK-targeting
agents: mutated MYD88 confers sensi-
tivity, whereas CXCR4 mutations confer
resistance. An important limitation for
ASPEN was the low (9%) detection rate for
CXCR4 mutations by Sanger sequencing,
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Prosurvival signaling triggered by mutated MYD88 in WM and its interaction with BTK. BTK, a protein that is
uniquely positioned in the B-cell receptor (BCR) signal transduction pathway, upon phosphorylation, interacts with
myeloid differentiation primary response protein (MYD88), a Toll-like receptor (TLR) signaling protein, leading to an
adaptive immune response, with IgM formation. BTK inhibition reduces MYD88-BTK complexing, with resultant
downregulation of NFkB and apoptosis of WM cells. Both ibrutinib and zanubrutinib irreversibly attach via covalent
bonding to Cys481 residue within the BTK pocket, permanently shutting off its signaling capability by disrupting
ATP binding. In addition, both ibrutinib and zanubrutinib target HCK, a SRC family member responsible for ac-
tivating BTK in response to mutated MYD88. Two other irreversible BTK inhibitors, acalabrutinib and tirabrutinib,
have demonstrated efficacy in WM. In addition, reversible BTK inhibitors, including vecabrutinib, LOXO-305, and
ARQ 531, which can bind noncovalently to BTK, are under evaluation, given their potential to dually inhibit wild-type
BTK and Cys481S-mutated BTK. Ulocuplumab, a monoclonal antibody against CXC chemokine receptor 4 (CXCR4)
and mavorixafor, a CXCR4 allosteric inhibitor, are being evaluated in partnership with ibrutinib, to overcome

CXCR4-mediated resistance.

a stratification variable in the cohort. This
issue was mitigated, in part, with a post
hoc analysis, using the more sensitive
next-generation sequencing, which in-
creased the detection rate to 28%. More
importantly, it unearthed an inequality in
the distribution of patients with CXCR4
mutations across the 2 arms, favoring the
ibrutinib arm (34% with zanubrutinib vs
22% with ibrutinib), a potential explanation
for zanubrutinib narrowly missing the
primary endpoint target. Fewer VGPRs
were observed in both ibrutinib- and
zanubrutinib-treated patients with mutated
CXCR4 in comparison with those with wild-
type CXCR4.

Although, both drugs demonstrated tox-
icities attributable to continuous inhibition
of kinases, the stark differences in the in-
tensities of adverse effects were exposed
with the randomized controlled design of

ASPEN.2 Because both were oral agents,
an easily adoptable double-blind design,
instead of the open-label study, could have
reduced biases. Nonetheless, the well-
recognized and oft-dreaded cumulative
cardiovascular complications of atrial fi-
brillation (2% vs 15%) and grade 3 hyper-
tension (6% vs 11%) were conspicuously
lower with zanubrutinib. Similarly, the rates
of diarrhea, muscle spasms, edema, and
contusion favored zanubrutinib. However,
grade 3 neutropenia (20% vs 8%), occurred
more frequently with zanubrutinib, necessi-
tating greater use of granulocyte colony-
stimulating factor (47% vs 31%). Whether
the profound neutropenia observed with
zanubrutinib will pose challenges to partner-
ing it with other agents remains to be seen.

Although the ASPEN study did not meet
its primary endpoint, both ASPEN and
BGB3111-Au-003 are highly instructive
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trials, particularly when their findings are
put into clinical context. The investigators
should be commended for their valuable
contribution. In hindsight, should ASPEN
trialists have adopted a noninferiority
design (with PFS as the primary endpoint),
particularly when it is not necessarily the
greater degree of BTK inhibition, but the
reduced off-target effects (as exemplified
by more favorable toxicity-profile and
quality-of-life assessments) that is more
likely to strike a chord with patients and
practicing hematologists alike? Or will
once-a-day convenience and longer clin-
ical experience with ibrutinib drive clinical
decision making? Regardless, for the
pragmatist WM community, zanu zings,
and will likely become an important
treatment option for patients with WM.
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CXClA4’s “Gliful” subversion
of BM in MPN

Sandeep Gurbuxani | University of Chicago

In this issue of Blood, Gleitz et al report on a critical role of CXLC4 in inducing
bone marrow (BM) fibrosis and inflammation, 2 hallmark features of primary

myelofibrosis (PMF)."

Classic BCR-ABLT- myeloproliferative neo-
plasms (MPNs) include PMF, polycythemia
vera, and essential thrombocythemia, all
of which are characterized by disease-
initiating somatic mutations in JAKZ, CALR,
or MPL genes.? The mutations are mu-
tually exclusive and converge to activate
MPL-JAK-STAT signaling.® However, de-
spite the common apical molecular events,
MPNs display variation in BM pathology,
are associated with different risks of disease
progression, and require management
strategies targeting a unique set of mor-
bidities associated with each subtype.
Even as the mechanisms underlying the
biological differences among different
MPNs remain an area of active investi-
gation, it has become clear that the mu-
tant hematopoietic stem cells (HSCs) and
their progeny exert cell extrinsic effects
resulting in inflammation and BM fibrosis,
which in tumn, further contribute to disease
progression.® This is evidenced by the tight
association of BM fibrosis with increased
cytogenetic aberrations, greater number of
disease-specific mutations, and mutations
associated with adverse outcome.*

It is now well established that the target
cell that acquires the MPN-initiating

mutation is an undifferentiated HSC with
multilineage potential. By contrast, the
identity of cells responsible for BM fibrosis
has remained elusive until recently when
LepR* and Gli1" mesenchymal stromal
cells were identified as the progenitors of
fibrosis that cause myofibroblasts in the
BM.>¢ Once the identity of the cells con-
tributing to BM fibrosis was uncovered, the
next obvious question was unraveling the
pathways involved in the cross-talk between
the malignant hematopoietic cells and the
fibrosis-causing stromal cells.

In their article, Gleitz et al leveraged
in vitro coculture experiments as well as
several models of fibrosis-associated MPNs
to uncover the interaction between
hematopoietic cells carrying the MPN-
defining mutations and Gli1* myofibro-
blasts. It was previously shown that
megakaryocytes contribute to BM fibro-
sis in a multitude of ways,” and now the
authors show that mutant HSCs over-
express multiple CXC chemokines, par-
ticularly CXCL4, and can reprogram Gli1*
stromal cells with as little as 72 hours of
coculture by inducing upregulation of
matrisome-associated genes. In primary
BM biopsies from patients with MPN,

CXCL4 overexpression seemed to pre-
cede reticulin fibrosis. Furthermore, in
JAK2V417F and MPLWs™St mouse models
of MPN, CXCL4 knockdown improved
anemia, leukocytosis, thrombocytosis,
megakaryocytic atypia, and spleen size. In
addition, CXCL4 knockdown prevented
increased expression of profibrotic trans-
forming growth factor B (TGF-B) in
megakaryocytes and of inflammatory
pathways such as nuclear factor kappa B
(NF-kB), tumor necrosis factor a (TNF-a),
and TNF-related apoptosis-inducing
ligand (TRAIL) in stromal cells in a
thrombopoietin-induced model of BM fi-
brosis. However, even though there was
reduced invasion of Gli1* stromal cells
into the marrow space, there was only
modest reduction in BM fibrosis. More
importantly, overexpression of CXCL4
alone was not sufficient to cause BM fi-
brosis, implicating additional pathways in
the process.

CXCL4 was first implicated in the path-
ogenesis of PMF almost 4 decades ago.®
Gleitz and colleagues advance the field
by uncovering the pathways downstream
of CXCL4 and providing evidence that
places CXCL4 upstream of many known
inducers of inflammation and BM fibrosis.
Moreover, the authors show that CXCL4
can positively amplify JAK/STAT signal-
ing, a hallmark of all MPNs. CXCL4
therefore emerges as an attractive mol-
ecule for developing targeted therapy.
However, even more fascinating is the
observation that HSCs carrying MPN-
associated mutations globally alter the
gene expression profile of stromal cells in
as little as 72 hours. Despite the fact that
the data are derived from an ex vivo
experiment, this observation raises sev-
eral important questions. Is this reprog-
raming irreversible or does it become
imprinted and independent of the mu-
tant HSCs? If indeed the reprogramming
of fibrosis-inducing mesenchymal stro-
mal cells can be induced early by mutant
HSCs, this is likely to happen long before
clinical presentation of the disease. Fi-
nally, if confirmed, this study has pro-
found implications on how we manage
our expectations for response to even the
most targeted and fibrosis-reversing
therapy in PMF. Surely, a reprogrammed
stromal cell is unlikely to reverse its phe-
notype through targeting of 1 specific
pathway. Although this hypothesis is ni-
hilistic, it might explain only partial re-
versal of BM fibrosis seen in previous
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