LETTERS TO THE EDITOR

Differential effects of BTK inhibitors ibrutinib and
zanubrutinib on NK-cell effector function in patients
with mantle cell lymphoma

Ibrutinib, the first clinically approved Bruton’s tyrosine
kinase (BTK) inhibitor, is an effective and widely used
therapy for chronic lymphocytic leukemia (CLL).! The
significant homology between BTK and IL-2-inducible
kinase (ITK) makes ITK an off-target kinase inhibited by
ibrutinib.” This may lead to unintended consequences, as
ITK regulates T-cell development and effector function of
natural killer (NK) cells.® Indeed, ibrutinib has been
shown to inhibit healthy donor NK-cell cytotoxic activity
in vitro*® but, at the same time, potentiated NK-cell func-
tion in xenograft mouse models of B-cell lymphoma.’
Given these contrasting experimental findings, it remains
unknown whether patient NK-cell effector function is
adversely affected during ibrutinib therapy.
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A major obstacle to investigating NK-cell repertoire
and function in patients with CLL is their typically high
B-cell tumor burden, which makes phenotypic and func-
tional analyses of circulating NK cells challenging. To
overcome this obstacle, we investigated patients with
mantle cell lymphoma (MCL) rather than CLL. MCL is an
aggressive disease with median survival of 3-6 years. We
recently reported the results of a clinical trial in which
ibrutinib was used to treat patients with MCL,® while a
second clinical trial assessing the safety and optimal dose
of a new generation BTK inhibitor, zanubrutinib (BGB-
3111), in B-cell malignancies including MCL has been
completed (Tam et al., 2019, submitted manuscript). Since
MCL patients typically have few circulating malignant B
cells, we had a unique opportunity to compare peripheral
NK-cell repertoire and function in the same patients
before and after one month of monotherapy with ibruti-
nib or zanubrutinib. We found that the repertoire of NK-
cell ligands on B cells of MCL patients was essentially
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Figure 1.IL-2-inducible kinase (ITK) is essential for natural killer (NK)-cell function. (A) Isolated primary human NK-cells were stimulated for 4 hours (h) with
1000IU IL-2 in the presence of dimethyl sulfoxide (DMSO) or 10 uM of the ITK inhibitor 5-aminomethylbenzimdazole. Shown are the western immunoblots of
phosphorylated ITK, total ITK, and actin. (B-F) The effect of ITK inhibition (ITKi) on NK-cell function. Primary human NK cells were mixed at various effector-to-
target ratio with K562 (B) or Mino (treated with rituximab) targets (C) in the presence of vehicle or various concentrations of the ITKi. NK-cell cytotoxicity against
target cell was determined using a 4-h*'Cr release assay, and extrapolated using a Michaelis-Menten equation (n=3 independent donors). (D-F) Primary human
NK cells were incubated with or without K562 or Mino (treated with rituximab) target cells and various concentrations of the ITKi, and NK-cell degranulation
was assessed by measurement of CD107a surface labeling in the CD56°™ lymphocytes. (D) Shown are representative plots from one donor NK cells. Summary
of degranulation relative to the DMSO control for natural cytotoxicity (E) and ADCC (F) (n=3 independent donors).
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indistinguishable from that of healthy donors, and treat-
ment of patients with BTK inhibitors had no effect on the
expression of these ligands. (See Online Supplementary
Table S1 for patient information, panels used for pheno-
typing in Online Supplementary Figure S1, gating in Online
Supplementary Figure S2, and Online Supplementary Figures
53 and S4 for B-cell analyses).

To confirm that ITK is important for the cytotoxic
activity of primary human NK cells (as was previously
shown for NK-cell lines®), we utilized a highly selective
ITK inhibitor, 5-aminomethylbenzimdazole (ICsfor ITK
is 0.58nM, and for BTK - 440nM) (Figure 1A).” NK-cell
cytotoxicity (Figure 1B) and antibody-dependent cytotox-
icity (ADCC) (Figure 1C) were both severely suppressed
in a concentration-dependent manner, while NK-cell
number and phenotype remained unaffected. Consistent
with these observations, NK-cell degranulation was sig-
nificantly decreased (Figure 1D-F), and is likely to be the
primary reason for suppressed cytotoxicity.

Having confirmed that ITK is important for NK-cell
effector function, we next investigated the effect of BTK
inhibitors on the catalytic activity of both kinases. We
confirmed that both ibrutinib and zanubrutinib are
potent inhibitors of BTK (Figure 2A)"'" and, consistent
with this observation, they bound to the kinase and
inhibited the proliferation of the MCL cell line Rec-1,
with similar potency (Figure 2B). However, zanubrutinib
was almost 20-fold less potent at inhibiting ITK than
ibrutinib (Figure 2A), and a 10-45-fold higher concentra-
tion of zanubrutinib was required for equivalent inhibi-
tion of PLCyl or IL-2 secretion (ICs) (Figure 2B).
Zanubrutinib is, therefore, an equally potent, but more
selective inhibitor of BTK than ibrutinib in vitro.

Having established that off-target inhibition of ITK is
greater by ibrutinib than zanubrutinib (Figure 2A and B),
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we assessed the effect of both drugs on NK cells in vitro.
We co-cultured NK cells with the MCL cell-line Mino in
the presence of rituximab (Figure 2C) or GA-101 (thera-
peutic anti-CD20 antibody by Beigene) (Ounline
Supplementary Figure S5). We found that IFNy release was
severely suppressed by ibrutinib in a concentration-
dependent manner, while zanubrutinib caused only
minor inhibition (Figure 2C). We then assessed NK-cell
mediated killing of Mino cells, and again found signifi-
cant inhibition of NK-cell killing by ibrutinib, with ECso
of 1.17 uM, compared to 27.8 uM for zanubrutinib
(Figure 2D). In summary, and in addition to previous pub-
lications, NK-cell activation and target cell killing were
severely suppressed by ibrutinib,"® but not zanubrutinib.

Next, we compared the effects of the two BTK
inhibitors on patient NK-cell phenotype and function fol-
lowing one month of monotherapy. We found that the
number of NK cells in MCL patients was within the
healthy donor range, and remained unaffected by treat-
ment with either inhibitor (Figure 3A). NK-cell effector
function depends on the balance of germline-encoded
cell surface activating, inhibitory and dual-function
receptors,” where CD57, CD62L and FceRy are typically
associated with activation,® polyfunctionality'* and mem-
ory NK-cell” phenotypes, respectively. t-SNE analysis of
over 20 surface markers of NK cells showed no consistent
difference between healthy donors and MCL patients.
(Example of 2 patients in Online Supplementary Figure S6.
All data of NK-cell panel 2 in Online Supplementary Figure
S7. All other t-SNE data available on request). This was
confirmed by further detailed analysis of the activating
receptors NKp30, NKp44, NKp46, NKG2C, NKG2D,
DNAM-1 and KIR2DS4 (Figure 3B, and Ounline
Supplementary Figure SSA and B) or inhibitory receptor
NKG2A, and KIRs: 2DL1, 2DL2, 2DL3 and 3DL1, which
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Figure 2. Zanubrutinib is an equally potent, but more selective, inhibitor of Bruton’s tyrosine kinase (BTK) than ibrutinib. (A) Zanubrutinib and ibrutinib were
tested for inhibition of BTK and IL-2-inducible kinase (ITK) using time-resolved fluorescence-resonance energy transfer (TR-FRET). (B) |Cso values of BTK occu-
pation assays, inhibition of Rec-1 tumor cell proliferation, inhibition of cellular BTK activation, ITK occupation assays, p-PLCy1 cellular assay and IL-2 production
assays. (C and D) In vitro studies of the effect of ibrutinib and zanubrutinib on NK-cell function. (C) Mino cells and NK92MI cells were co-seeded and treated
with vehicle or various concentrations of BTK inhibitors in the presence of rituximab; interferon (IFN)-y levels in the conditioned medium were measured as a
readout of the assay. (Left) Two bars show IFN-y production by NK cells alone and by NK cells co-cultured with MINO cells without added rituximab. (D) Mino
cells and NK92MI cells were co-seeded and treated with vehicle or various concentrations of BTK inhibitors. Cytotoxicity of the target cells was determined by

lactate dehydrogenase release into the culture medium.
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were all comparable between healthy donors and MCL
patients (Figure 2B and Ounline Supplementary Figure SSC).
CD57, CD62L and FceRy expression levels in MCL
patients were also indistinguishable from controls (Figure
3B and Online Supplementary Figure S8D). Importantly,

ment with ibrutinib or zanubrutinib (Figure 3B and
Online Supplementary Figure S8. Example of t-SNE analy-
sis is shown in Online Supplementary Figure S6). We also
investigated whether the inhibitors influenced NK-cell
cytotoxicity in this context, by assaying NK cells from

NK-cell phenotype remained unchanged following treat-  individual MCL patients prior to and following one
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Figure 3. Ibrutinib, but not zanubrutinib inhibits natural killer (NK)-cell cytotoxic function in mantle cell lymphoma (MCL) patients. (A) NK-cell number
(CD37/CD16*/CD56“™) in 14 MCL patients pre- and post-treatment with ibrutinib or zanubrutinib. (B) Peripheral blood mononuclear cells (PBMC) from mantle
cells lymphoma (MCL) patients or healthy donor controls (HD) were stained for surface and intracellular markers. (See Online Supplementary Figure S1 for stain-
ing panels and Online Supplementary Figure S2 for representative gating). Heatmap of surface receptor expression profiles of NK cells (CD3-CD16*CD56™") of
eight healthy donors and 14 MCL patients before and after treatment with ibrutinib or zanubrutinib. (C) PBMC taken prior to (black line) or after therapy with
ibrutinib (blue line) or zanubrutinib (red line) were incubated with **Cr-labeled K562 target cells for 4 hours (h) at the indicated effector to target cell ratios (nor-
malized for the percentage of NK cells). NK-cell cytotoxicity against K562 target cell was determined using *Cr release assay and extrapolated using the
Michaelis-Menten equation. (Left) Average cytotoxicity of healthy donors (n=8), pooled pre-treated patients (n=12), and patients treated with ibrutinib (n=6) or
zanubrutinib (n=6). (Right) Average cytotoxic activity of NK cells from MCL patients before and after treatment with ibrutinib (n=6) or zanubrutinib (n=6). See
Online Supplementary Figure S8 for all individual graphs. (D) PBMC were incubated for 3 h in the absence or presence of K562 target cells, and NK-cell degran-
ulation was assessed by measurement of CD107a surface labeling in the CD3-/CD16°/CD56°™ lymphocytes. Data points represent degranulation (-background
levels) prior to and after treatment with ibrutinib (blue squares) or zanubrutinib (red dots). *P<0.05 (paired t-test). ITKi: IL-2-inducible kinase inhibitor.
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month of ibrutinib or zanubrutinib monotherapy. Prior to
therapy, NK cells from MCL patients had slightly lower
cytotoxicity than healthy donors (Figure 3C). However,
following treatment with ibrutinib, their cytotoxic activ-
ity was reduced by more than 75% in 5 of the 6 patients
studied (Figure 3C; individual assays are shown in Online
Supplementary Figure S9A). In contrast, zanubrutinib had
no significant effect on NK-cell cytotoxicity (Figure 3C;
individual assays shown in Ounline Supplementary Figure
S9B).

Natural killer cells kill their targets predominantly via
the cytotoxic secretory granule exocytosis pathway.
Consequently, inefficient granule exocytosis may result
in reduced NK-cell cytotoxicity. We assessed granule exo-
cytosis by measuring externalization of the granule mark-
er LAMP-1 (CD107a) on NK cells incubated with K562
target cells (representative plot is shown in Omnline
Supplementary Figure S10). Whereas NK cells from
untreated MCL patients had normal degranulation, ibru-
tinib therapy significant inhibited granule exocytosis as
shown by reduced CD107a externalization. In contrast,
the NK cells of MCL patients treated with zanubrutinib
showed no such defect (Figure 3D). This observation is
consistent with inhibition of ITK, that also affects PLCy
and IL2 secretion (Figure 2B).

In summary, we demonstrate that advanced MCL has
no intrinsic impact on the repertoire or cytotoxic activity
of patient NK cells. By testing a unique cohort of MCL
patients prior to and following BTK inhibitor monother-
apy, we found that whereas neither BTK inhibitor affect-
ed NK-cell repertoire, ibrutinib, but not zanubrutinib, sig-
nificantly suppressed NK-cell cytotoxicity, most likely
due to off-target inhibition of ITK that impaired degran-
ulation. Our findings demonstrate the differential effects
of first- and second-generation BTK inhibitors ibrutinib
and zanubrutinib on NK-cell function, highlighting the
need for careful consideration of the most appropriate
combination therapies when using this class of drugs to
treat blood cancers.
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