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The first-in-class inhibitor of exportin-1 (XPO1) selinexor is currently under clinical investigation in combination with the BTK
inhibitor ibrutinib for patients with chronic lymphocytic leukaemia (CLL) or non-Hodgkin lymphoma. Selinexor induces apoptosis of
tumour cells through nuclear retention of tumour suppressor proteins and has also recently been described to modulate natural
killer (NK) cell and T cell cytotoxicity against lymphoma cells. Here, we demonstrate that XPO1 inhibition enhances NK cell effector
function against primary CLL cells via downregulation of HLA-E and upregulation of TRAIL death receptors DR4 and DRS5.
Furthermore, selinexor potentiates NK cell activation against CLL cells in combination with several approved treatments;
acalabrutinib, rituximab and obinutuzumab. We further demonstrate that lymph node associated signals (IL-4 + CD40L) inhibit NK
cell activation against CLL cells via upregulation of HLA-E, and that inhibition of XPO1 can overcome this protective effect. These
findings allow for the design of more efficacious combination strategies to harness NK cell effector functions against CLL.

Leukemia (2023) 37:2036-2049; https://doi.org/10.1038/541375-023-01984-z

INTRODUCTION

The first-in-class exportin-1 (XPO1) inhibitor selinexor is FDA
approved in recurrent and refractory multiple myeloma, has
received accelerated approval in diffuse large B cell lymphoma
and is currently under evaluation in more than sixty clinical trials
for haematological malignancies and solid tumours. XPO1 is a
nuclear export protein which controls the movement of proteins
containing a leucine-rich nuclear export signal sequence from the
nucleus to the cytoplasm [1]. It promotes the nuclear export of
multiple tumour suppressor proteins, including p53, and thereby
causes their inactivation [2, 3]. In addition, protein translation is
critically dependent on XPO1-mediated export of ribosomal
constituents [4, 5]. As a result of the pro-survival and proliferative
properties of XPO1, it has a critical role in the maintenance of
cancer cell survival and is frequently overexpressed in cancer [6].
Pharmacological inhibition of XPO1 leads to blockade of protein
synthesis, nuclear retention of tumour suppressor proteins and
apoptosis of cancer cells [4-6]. In chronic lymphocytic leukaemia
(CLL) cells, XPOT1 is overexpressed compared to normal B cells and
XPO1 mutations are associated with high-risk genetic abnormal-
ities and accelerated CLL progression [7, 8]. In addition, in the Ep-
TCL1xMyc murine model of aggressive concurrent lymphoma and
CLL, XPO1 inhibition provided lasting disease control [9]. The
combination of selinexor and ibrutinib (NCT02303392) was

tolerable and associated with clinical responses in heavily pre-
treated CLL patients, including those with BTK mutations and
Richter's transformation [10], however further strategies are
required however to improve the depth of response.

XPO1 inhibition has recently been shown to activate natural
killer (NK) cells that express the inhibitory receptor NKG2A against
B cell lymphoma cell lines via downregulation of HLA-E [11]. NK
cells are innate lymphocytes which induce direct cytotoxicity
against tumour cells via release of cytotoxic granules and death
receptor signalling. NK cells can also promote immune responses
through secretion of chemokines and cytokines that are crucial for
the maturation and recruitment of dendritic cells, as well as for
CD8 + T cell activation [12]. CLL is associated with profound
immunosuppression and increased susceptibility to infectious
diseases [13]. CLL patients show a significant decrease in NK cell
frequency in both the peripheral blood and lymph nodes [14]
whilst NK dysfunction has been associated with upregulation of
the NK cell inhibitory ligand HLA-E [15, 16], shedding of NK cell
activating ligands [17, 18] and increased numbers of regulatory
T cells and myeloid-derived suppressor cells [19].

Through their expression of CD16A, NK cells mediate antibody-
dependent cellular cytotoxicity (ADCC) and thus contribute to the
efficacy of anti-CD20 monoclonal antibody (mAb) therapies
including rituximab and obinutuzumab [20, 21]. Due to their
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anti-cancer functions, a variety of strategies designed to enhance venetoclax [26]. In this study, we investigated the potential for
NK cell activity against B cell malignancies are currently under XPO1 inhibitors to modulate NK cell activation against CLL cells in
clinical development [19]. These include CAR-NK cells [22], NK cell combination with BTK inhibitors and anti-CD20 antibodies, as well
engagers [23] and adoptive transfer of ex vivo activated NK cells in the presence of microenvironmental signals that mimic lymph
both alone [24, 25], and in combination with obinutuzumab and node support.
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Fig. 1 XPO1 inhibition sensitises primary CLL cells to NK cell mediated cytotoxicity. A CLL cells were treated with selinexor (50-2000 nM)
for 24 h in the presence 30 uM Q-VD and cell lysates analysed by western blot. Shown is a representative example of three CLL donors. B Flow
cytometry gating strategy for measuring NK specific lysis of CLL cells. Prior to 24-hour selinexor treatment, CLL cells were stained with
CellTrace Violet to allow identification of CLL cells in co-culture. Propidium iodide (Pl) was used to measure the proportion of lysed CLL cells.
C Representative example of the proportion of lysed CLL cells from one CLL donor when treated with selinexor for 24 h in the presence 30 uM
Q-VD (left) and then co-cultured with purified NK cells for 4 h after selinexor treatment at an E:T ratio of 5:1 (centre and right). D, E NK specific
lysis of CLL target cells pre-treated for 24 h with selinexor (D, N = 10) or 50 nM leptomycin B (E, LMB, E-T = 5:1, N=4) in the presence 30 uM
Q-VD. Differences in the lysis ability of NK cells was calculated between selinexor concentrations at each E:T using repeated-measure one-way
ANOVA followed by Dunnett’s multiple comparisons test (**P < 0.01, ***P < 0.005, ****P < 0.001). Paired t test (**P < 0.01) was used to calculate
a significant difference in NK cell lysis with LMB. F CD56 + CD3- NK cell activation after 4 h co-culture of healthy donor PBMC with selinexor-
treated CLL cells. Activation was measured as the proportion of NK cells positive for CD107a and IFNy. Activation gates were drawn based on
the no CLL target control condition and background activation subtracted from co-culture samples and used to plot graphs in (G) and (H).
Percentage of CD107a+ (G) and IFNy+ (H) NK cells after co-culture with selinexor-treated CLL cells. Line on graph represents the mean of each
group (CD107a: N =23 and IFNy: N = 21). Differences in NK cell activation between selinexor treatments were calculated by repeated-measure

one-way ANOVA followed by Dunnett’s multiple comparison test (*P < 0.05, ***P < 0.005).

METHODS

Patient CLL samples and healthy donor PBMC

Healthy donor peripheral blood mononuclear cells (PBMC) were obtained
from volunteers with ethical approval from the National Research Ethics
Committee (reference 06/Q1701/120) after written informed consent.
PBMC were collected from 32 patients with CLL (Supplementary Table 1)
recruited in the ‘real-world’ observational study at the University of
Southampton (NIHR/UKCRN ID: 31076, Cl F.Forconi). Diagnosis of CLL was
according to the 2008 International Workshop on CLL (IWCLL2008)/
National Cancer Institute (NCI) criteria [27]. Diagnosis was confirmed by a
flow cytometry ‘Matutes score’ >3 in all cases. Phenotypic, immunoge-
netic (tumour IGHV usage and mutational status), FISH characteristics
according to Dohner classification and TP53 mutational status were
determined, as previously described [28, 29]. CD56 + CD3- NK cells were
isolated from healthy PBMCs using the Miltenyi human NK cell isolation
kit and cultured in R10 medium (RPMI 1640 [Gibco] with 1%
penicillin-streptomycin [Life Technologies] and 10% heat inactivated
FBS [Sigma] and incubated with 1 ng/mL IL-15 (R&D Systems) overnight
before use in functional assays.

NK cell specific lysis assay

CLL cells were stained with Cell Trace™ Violet Cell Proliferation Kit
(Invitrogen™) then treated for 24-hours with selinexor (Karyopharm
Therapeutics), leptomycin B (Sigma), ibrutinib (Selleckchem) or acalab-
rutinib (Selleckchem). CLL cells were treated with the caspase inhibitor
Q-VD-OPh (QVD, 30 uM, Sigma) for 30 min prior to addition of anti-
cancer agents. CLL cells were then co-cultured with healthy NK cells at
an effector:target (E:T) ratio of either 1:1 or 5:1 for 4 h at 37 °C. After co-
culture, cells were stained with propidium iodide (Invitrogen™) and NK
cell-specific lysis of CLL cells assessed on a BD FACS Aria Il (BD
Biosciences) using FACSDiva software (BD Biosciences) and analysed
with FlowJo v10.7.1 (BD Biosciences). NK cell-specific Lysis was
calculated as follows:

(%CLL lysis in coculture) — (%spontaneous CLL lysis)

100
Maximum lysis — %spontaneous CLL lysis *

NK specific lysis =

Assessment of NK cell degranulation and IFNy expression
Healthy donor PBMC were incubated with 1 ng/mL IL-15 overnight and
subsequently co-cultured with selinexor- or leptomycin B-treated CLL
cells at an ET ratio of 1:1 for 4h at 37°C. 0.17 ug/mL a-CD107a-
eFluor660 (eBioH4A3, Invitrogen) was added to PBMCs and golgiStop
(BD Biosciences) added after 1h. PBMC were then stained with the
following antibodies in FACS buffer (PBS, BSA 1%, Sodium Azide 0.05%)
at 4 °C for 30 min: CD3-PerCP (UCHT1, Biolegend), CD56-PE/Cy7 (hCD56,
Biolegend) and NKG2A-FITC (REA110, Miltenyi Biotech). Cells were then
permeabilized and fixed with BD Cytofix/Cytoperm (BD Biosciences),
stained with anti-IFNy-PE (B27, Biolegend) and assessed using a BD FACS
Aria Il

Expression of NK cell ligands

After treatment with selinexor, leptomycin B or brefeldin A (BFA, GolgiPlug,
BD Bioscience) for the required timepoint, Fc receptors were blocked on
CLL cells with 10% human serum for 15 min then cells were stained with
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CD19-PE (HIB19, Biolegend) or CD19-PB, CD5-PerCP (UCHT2, Biolegend) or
CD5-APC, ULBP-1-PE (170818, R&D Systems), ULBP-2/5/6-PerCP (165903,
R&D Systems), CD54-PB (HCD54, Biolegend), B7H6-APC (875001, R&D
Systems), ecto-calreticulin-A488 (EPR3924, Abcam), MICA/B-PE/Cy7 (6D4,
Biolegend), CD20-PE (2H7, BioLegend), CD38-A488 (HIT2, BioLegend), FAS-
FITC (DX2, Biolegend), DR4-PE (DJR1, Biolegend), DR5-APC (DJR2-4,
Biolegend), HLA-E-PE/Cy7 (3D12, Biolegend) and total HLA class | proteins
(W6/32, Biolegend) for 30 min at 4 °C. Assessment of CLL cells that have
recently egressed from the lymph nodes was performed as previously
described [30, 31]. Patient CLL cells were rested for 1h at 37°C, then
stained with CD19-BV510 (HIB19), CD5-APC, HLA-E-PE/Cy7 (3D12), pan-HLA
(W6/32) and CXCR4-PE (12GS5, Biolegend). Cells were then acquired on a BD
FACS Aria Il

Microenvironmental support experiments

CLL cells were stimulated with CD40L (300 ng/mL, R&D Systems), IL-4
(10 ng/mL, R&D Systems) or plate-immobilised anti-lgM F(ab’), fragments
(Southern Biotechnology) 1 h prior to the addition of selinexor for a further
24 h. CLL cells were then either assessed for expression of surface ligands
or co-cultured with PBMC and NK cell activation assessed by IFNy
production and CD107a expression as described above.

TRAIL blockade

Prior to co-culture of purified NK cells or healthy donor PBMC with
selinexor-treated CLL cells, NK/PBMC were incubated with 10 ug/mL anti-
TRAIL (RIK-2, Biolegend, 10 pg/mL) antibodies or isotype control for 20 min
at 37 °C. NK cell mediated lysis of CLL cells and NK cell degranulation was
then assessed as described above.

Assessment of NK cell activation in combination with anti-
CD20 or anti-CD38 antibodies

CLL cells incubated with selinexor for 24 h were incubated with mAb
(0.1 pg/mL; in-house) against CD20 (rituximab or obinutuzumab), CD38
(daratumumab) or isotype control for 20 min at 37 °C. Subsequently, CLL
cells were co-cultured with healthy donor PBMC at an E:T of 1:1 for 4 h and
activation assessed using the degranulation assay above.

Immunoblotting

After 24-h treatment with selinexor, LMB or BFA, CLL cells were assessed by
immunoblotting as previously described [11] using antibodies against
XPO1 (D6V7N, Cell Signalling Technology), HLA-E (Sigma), BiP (3177, Cell
Signalling Technology), LC3A/B (12741, Cell Signalling Technology) or B-
actin (8H10D10, Cell Signalling). Protein bands were visualised using the
ChemiDoc-It imaging system (UVP).

Statistical analysis

Statistical analyses were performed using GraphPad Prism (v9.0.2)
software and normal distribution of the data assessed using the
Shapiro-Wilk test. One- or two-way ANOVA was used to compare
differences between groups when appropriate, as described in the figure
legends. A minimum of three different CLL donors were assessed for
each experiment, as detailed in the figure legends. Error bars represent
standard error of the mean and data were considered statistically
significant at P < 0.05.

Leukemia (2023) 37:2036 - 2049
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RESULTS

XPO1 inhibition sensitises CLL cells to NK cell anti-tumour
functions

CLL cells were incubated with selinexor for 24 h at concentrations
achievable in patient plasma (50-2000 nM) [32], and then either

Leukemia (2023) 37:2036 - 2049

assessed for XPO1 protein expression or co-cultured with healthy
donor NK cells. Selinexor induced a concentration-dependent
reduction in XPO1 expression in CLL cells (Fig. 1A), in accordance
with previous reports [11]. NK-mediated lysis of CLL cells was
increased in a concentration dependent manner by selinexor pre-
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Fig. 2 Selinexor downregulates HLA-E on the surface of CLL cells independently of IGHV mutational status. A Histograms of the surface
expression on CD19 4 CD5 + CLL cells showing HLA-E, total HLA class | or CD19 on a representative CLL donor after treatment with selinexor
(50-2000 nM) for 24 h. Cell size was measured using the FSC-A parameter. NS = no stain. Black vertical line on each histogram highlights the
position of the 0 nM control. B Surface expression of HLA-E and total HLA class | on CD19 + CD5 + CLL cells after treatment with selinexor
(50-2000 nM) for 24 h. Shown is mean expression + SEM relative to the 0 nM control (N=16 CLL donors). Asterisks represent significant
differences in HLA surface expression compared to the 0 nM control and was calculated with repeated-measure one-way ANOVA followed by
Dunnett’s multiple comparison test (**P<0.01, ***P < 0.005, ****P < 0.001). Surface expression of HLA-E (C) and total HLA class | (D) on
CD19 + CD5 + CLL cells with unmutated (U-IGHV, N = 7) or mutated IGHV (M-IGHV, N = 9) and on donors with high (N =10) or low IgM (N = 6)
surface expression. E Surface expression of HLA-E and total HLA class | on CLL cells treated with leptomycin B (LMB, 50 nM) for 24 h. Shown is
mean expression + SEM relative to the 0nM control (N=4) and significant differences in surface expression to the 0 nM control were
calculated with paired-sample two-way ANOVA followed by Sidak’s post-hoc test (*P < 0.05). F Abundance of HLA-E in CLL cells as measured
by immunoblotting after treatment with selinexor for 24 h. Surface expression of HLA-E, total HLA class | molecules and CD19 on
CD19 + CD5 + CLL cells after treatment with 500 nM selinexor (G, N = 6) or 2 ug/mL brefeldin A (BFA, H, N = 3) at the indicated time points.
Shown is mean + SEM. | Abundance of the ER stress marker BiP and the autophagy marker LC3A/B in CLL cells treated with 2000 nM selinexor
(Sel), 50 nM Leptomycin B (LMB) or 2 ug/mL brefeldin A (BFA) for 24 h. J HLA-E, total HLA and CD19 expression on CLL cells after removal of
selinexor from culture. After 24 hr treatment, selinexor was removed from the culture and surface expression of CD19 and HLA proteins were

assessed on CLL cells 24 h and 48 h post selinexor wash out (WO). Shown is mean + SEM of four CLL patient samples.

treatment at both a 5:1 (mean 37% lysis at 0 nM rising to 50% at
2000 nM, P < 0.001) and 1:1 (mean 25% lysis at OnM rising to 35%
at 2000nM, P < 0.001) effector:target ratio (Fig. 1B-D). This effect
was NK cell specific as apoptosis induced directly by selinexor was
prevented by addition of the caspase inhibitor QVD (Fig. 1C). To
confirm that XPO1 inhibition increases NK cell activation against
CLL, we tested the alternative XPO1 inhibitor leptomycin B (LMB),
a Streptomyces metabolite. These data demonstrated that XPO1
inhibition with LMB also significantly (P <0.01) increased NK
cytotoxicity against CLL cells (Fig. 1E). The pre-treatment of CLL
cells with selinexor also enhanced NK cell activation as measured
by both degranulation (increased CD107a positivity) (mean 5.26%
at 0 nM rising to 9.35% at 500 nM, P < 0.005) and IFNy expression
(mean 0.54% at OnM rising to 1.23% at 500nM, P<0.05)
(Fig. 1F-H). These results demonstrate that XPO1 inhibition primes
CLL cells to NK cell effector function.

XPO1 inhibition reduces surface expression of HLA-E on CLL

cells

To determine the mechanism for this, we measured expression of
key inhibitory molecules for NK cells expressed on CLL cells; HLA-E
and total HLA (HLA-A/B/C/E). Selinexor significantly decreased
surface expression of HLA-E on CLL cells (mean 42% reduction at
2000nM, p < 0.001) in all 16 patient samples assessed (IQR = 28%
to 48% reduction at 2000 nM) (Fig. 2A, B). In contrast, the
expression of total HLA class | molecules reduced by only ~10%,
indicating relative preservation of classical HLA class |, HLA-A, -B,
and -C. Decreased expression of HLA-E following selinexor
treatment was not due to decreased cell size as the FSC-A
remained constant, nor was it generally observed for other surface
markers, as levels of CD19 remained stable (Fig. 2A, B). The
mutational status of the immunoglobulin heavy chain (IGHV) and
surface expression of IgM are associated with disease prognosis in
CLL [29, 33] and we observed no difference in HLA-E down-
regulation between cases with mutated- or unmutated-IGHV, or
with high or low surface IgM expression (Fig. 2C, D). In addition,
incubation of CLL cells with leptomycin B also caused a significant
(mean 36% reduction, P < 0.05) downregulation of HLA-E, but not
total HLA, surface expression (Fig. 2E).

In contrast to surface expression, the total level of intracellular
HLA-E expression remained unchanged following XPOT1 inhibition
(Fig. 2F). Stabilisation of surface HLA-E on myeloma cells requires
the delivery of de novo synthesised molecules from the ER and HLA-
E downregulation is associated with ER stress and autophagy
markers(34). XPO1 inhibition inhibits protein translational activities
[4, 5], and we therefore compared the ability of selinexor to
downregulate HLA-E versus the ER-Golgi transport inhibitor
brefaldin A (BFA). HLA-E was downregulated on CLL cells by
selinexor between 16 and 24 h, whereas BFA rapidly reduced

SPRINGER NATURE

surface HLA-E expression, beginning at 30 min (Fig. 2G, H), in
accordance with the direct and rapid blockade of protein transport
by BFA. Selinexor did not induce expression of the ER stress marker
BiP but did increase expression of the autophagy marker LC3A/B
(Fig. 2I). This data indicates that CLL surface expression of HLA-E is
highly sensitive to disruption of newly synthesised protein transport
and is associated with the induction of autophagy markers, in
accordance with previous reports [11, 34, 35].

To assess the duration of HLA-E downregulation, we performed
drug washout experiments. After 24 h incubation with selinexor
(500 nM), cells were either immediately analysed for surface HLA-E,
total HLA and CD19 expression, or selinexor was removed and
surface receptor expression analysed after a further 24 and 48 h of
culture in fresh media. This showed that HLA-E remains suppressed
(>25%) on the surface of CLL cells for at least 48 h post wash-out of
selinexor (Fig. 2J). These data demonstrate that XPO1 inhibition
causes prolonged and selective downregulation of surface HLA-E on
CLL cells, independently of known prognostic markers.

XPO1 inhibition enhances NKG2A+ and NKG2A— NK cell
activation against CLL
HLA-E is the ligand for the key NK cell inhibitory receptor NKG2A,
and we therefore assessed the activity of NKG2A + NK cells versus
NKG2A- NK cells against selinexor-treated CLL cells (Fig. 3A).
NKG2A + NK cell activity against CLL cells was significantly
increased by selinexor at all concentrations tested (50-2000 nM)
as measured by both degranulation (mean 5.8% at 0 nM rising to
10.6% at 500 nM, P < 0.001) and IFNy expression (mean 0.5% at 0 nM
rising to 1.5% at 500 nM, P < 0.001) (Fig. 3B-E). Consistent with the
plateauing of HLA-E expression between 500 and 2000 nM (Fig. 2B),
NK cell activation was increased at 500 nM selinexor and not further
increased at 2000nM (Fig. 3B-E). In addition, NKG2A- NK cell
activation was also increased at the higher concentrations of
selinexor (500-2000 nM) (Fig. 3B-E), albeit to a lesser extent than
NKG2A + NK cells. In accordance with these data, leptomycin B
incubation with CLL cells increased NKG2A+ (P<0.001) and
NKG2A- (P < 0.05) NK cell degranulation (Fig. 3F), but again increases
were far higher in NKG2A + NK cells. Perhaps reflecting this
increased sensitivity, leptomycin B significantly (P < 0.05) increased
IFNy expression in NKG2A + NK cells only (Fig. 3G). These data
indicate that NKG2A + NK cells are activated more readily against
CLL cells in the presence of XPO1 inhibitors compared to NKG2A-
NK cells, however XPO1 inhibition also activates NK cells that are
negative for NKG2A, albeit to a lesser extent. The levels of NK cell
activation induced in these assays in the absence of XPO1 inhibition
is consistent with previous reports of low NK cell cytotoxicity against
primary CLL cells [16].

To determine the mechanism for enhanced activation of
NKG2A- NK cells by XPOT1 inhibitors, we assessed expression of
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Fig. 3 XPO1 inhibition activates NKG2A+ and NKG2A— NK cells against CLL cells. A Flow cytometry gating strategy to identify NKG2A+
and NKG2A- NK cells within the CD3-CD56 + NK cell population of healthy donor PBMC. Representative example of NK cell activation as
measured by degranulation (CD107a staining, B) and IFNy production (C) in NKG2A+ and NKG2A- NK cells after healthy donor PBMC were co-
cultured for 4 h with CLL cells pre-treated with selinexor (50-2000 nM) for 24 h. NK cell activation measured by CD107a staining (D) and IFNy
production (E) in NKG2A+ and NKG2A- NK cells when healthy donor PBMC were co-cultured for 4 h with selinexor-treated (50-2000 nM) CLL
cells. Shown is mean + SEM (N = 23) and differences in NK activation compared to the untreated control were assessed by repeated-measure
two-way ANOVA followed by Dunnett’s multiple comparison test (**P < 0.01, ****P < 0.001). NK cell activation measured by CD107a staining (F)
and IFNy production (G) in NKG2A+ and NKG2A- NK cells when healthy donor PBMC were co-cultured for 4 h with leptomycin-treated (LMB,
50 nM) CLL cells. Shown is mean +SEM (N=17) and differences in NK activation compared to the untreated control were assessed by
repeated-measure two-way ANOVA followed by Dunnett’s multiple comparison test (*P < 0.05, ****P < 0.001).

NK cell activating ligands on CLL cells. Following selinexor Fas, however both DR4 (29% increase, P <0.05) and DR5 (46%
incubation, we observed no significant change in the surface increase, P < 0.05) were significantly increased by selinexor on the
expression of ULBP-1, ULBP-2/5/6, MIC-A/B, CD54 (ICAM-1), B7-Hé, surface of CLL cells (Fig. 4C). DR4 and DR5 can engage their ligand
or externalised calreticulin (ecto-reticulin), recently identified as TRAIL on NK cells to induce NK cell degranulation and IFNy
the cancer associated ligand for NKp46 [36] (Fig. 4A, B). We then production [37] and the enhanced NK mediated lysis of CLL cells
assessed the effect of selinexor on CLL expression of the death induced by selinexor (12.9% to 21.8%, P<0.05) was ablated
receptors Fas, DR4 and DR5. No change in expression was seen for (7-8%, no statistical significance) in the presence of anti-TRAIL

Leukemia (2023) 37:2036 - 2049 SPRINGER NATURE

2041



J.G. Fisher et al.

2042
A
ULBP-1 ULBP-Z/5/6 MIC-A/B CD54 B7-H6 Ecto-Calreticulin

ULBP-1 ULBP-2/5/6 MIC-A/B CD54 B7-H6 Ecto-Calreticulin
150 A8 150 150 150 150
B 1257 125+ 125 1257 12541 125
‘g’ 100 100 100 100 100 100
(5]
1 | ] 751 75+ i
% 75 75 75 75
"°6 50 50 50 50 50 50-
X 25+ 251 25 25 251 25
0= 0 0- 0= 0- 0- -
0 50 500 2000 0 50 500 2000 0 50 500 2000 0 50 500 2000 0 50 500 2000 0 50 500 2000
C FAS DR5
[Jus
o
B 2000
*
1
* *
1209 A v 160 ,I 250 f & 1
"= 4 v 140 = —i v
5 100+ A v o
.E " 120 = 9 u ¥
8 ) 100 | ] 150 :.. A v
= 60 80 =..
P 60 100
o 40
] 40
X 204 20 50
o 0 0
0 50 500 2000 0 50 500 2000 0 50 500 2000
*
- 1
D *kk E *%

KKKk
* kKK ekkok *kkk
*k

30 20=

26 T | Selinexor (M)
2 T 15+ = 0
® 50 Selinexor (nM) &
> ~ == 500
: . 0 o
= 154 ns - 10-
= i == 500 [a]
8 10 (&)
& *

5

o

No Ab Isotype  Anti-TRAIL No Ab Isotype Anti-TRAIL No Ab Isotype Anti-TRAIL

NKG2A+ NKG2A-

blocking antibody (Fig. 4D). Furthermore, TRAIL blockade partially Selinexor enhances NK cell-mediated effector functions

(p <0.01) reduced the degranulation of NKG2A + NK cells against towards CLL cells in combination with anti-CD20 and anti-
CLL cells in the presence of selinexor (Fig. 4E). These data indicate CD38 mAb

that XPO1 inhibition increases DR4 and DR5 expression on CLL NK cells mediate ADCC against target cells and we therefore
cells and that TRAIL interactions contribute significantly to NK- investigated whether selinexor could enhance NK-mediated
mediated lysis and activation of CLL cells. effector functions against CLL cells in combination with mAb.
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Fig. 4 XPO1 inhibition modulates CLL cell expression of activating NK cell ligands. Expression of NK cell activating ligands ULBP-1, ULBP-2/
5/6, MIC-A/B, B7H6, CD54/ICAM-1 and ecto-calreticulin on CD5 + CD19 + CLL cells after treatment with selinexor (50-2000 nM) for 24 h.
Shown are histograms of a representative CLL sample (A) for each ligand and (B) mean + SEM of multiple CLL donors (N =3-7 per group).
US = unstained. C Expression of death receptors Fas, DR4 and DR5 on CLL cells post selinexor 24-h treatment. Shown are the histograms of a
representative CLL donor and below is the mean = SEM across multiple CLL donors (Fas and DR4 N=5 and DR5 N =9). Differences in
expression between selinexor concentrations were assessed by repeated measure one-way ANOVA followed by Dunnett’s multiple
comparisons test (*P < 0.05, **P <0.01). NK specific lysis of selinexor-treated (500 nM) CLL targets (D) and NKG2A+ and NKG2A- NK cell
activation (E) in the presence of a TRAIL blockade antibody. Isolated NK cells (D) or healthy donor PBMC (E) were incubated with 10 ug/mL
anti-TRAIL or isotype control antibody for 20 min prior to co-culture with selinexor-treated CLL cells. Shown is mean + SEM (D: N=6 and E:
N = 8) and differences in NK specific lysis and NK cell activation between treatments were calculated with repeated-measure two-way ANOVA
Ellowed by Tukey's post-hoc test (*P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001).

Pre-treatment of CLL cells with selinexor (500 nM) significantly
(p <0.01) increased NKG2A + NK cell degranulation against CLL
cells in combination with both rituximab and obinutuzumab in all
donors assessed (n = 8) (Fig. 5A, B). No effect of selinexor on CLL
surface expression of CD20 was evident (Fig. 5C). To test whether
this effect was specific to anti-CD20 mAb or more generally
applicable as a means to increase NK cell activation in
combination with tumour targeting mAb, we next investigated
the anti-CD38 mAb daratumumab. Selinexor did not alter the
surface expression of CD38 on CLL cells (Fig. 5D) however the pre-
treatment of CD38 + CLL cells with selinexor (500 nM) significantly
(p <0.001) increased NKG2A + NK cell degranulation in combina-
tion with daratumumab (Fig. 5E). To confirm this effect was due to
the engagement of target antigen, we then assessed CLL samples
with no detectable surface expression of CD38. Accordingly,
although selinexor increased NK cell activation against CD38- CLL
cells, there was no increase in NK cell activation by daratumumab
against CD38- CLL cells (Fig. 5F). These data demonstrate that
selinexor enhances NK cell activation against CLL cells in
combination with tumour targeting antibodies.

Effect of selinexor on NK cell activation in combination with
BTK inhibitors

Selinexor is currently in a phase 1 trial in combination with the BTK
inhibitor (BTKi) ibrutinib for patients with relapsed/refractory CLL
or aggressive non-Hodgkin lymphoma (NCT02303392) [10]. This
trial is of interest as ibrutinib can induce NK cell dysfunction via
off-target inhibition of ITK [38, 39]. We therefore tested whether
selinexor retained its capacity to enhance NK cell activity in
combination ibrutinib. We also assessed whether the combination
of selinexor with a more selective BTK inhibitor (acalabrutinib)
with reduced inhibitory activity against ITK and NK cells [40, 41]
would allow for superior NK cell function.

We observed significant (P<0.05) HLA-E downregulation in
selinexor but not BTKi-only treated samples (Fig. 6A). Importantly,
the combination of either BTKi with selinexor showed no significant
effect on selinexor mediated downregulation of HLA-E (Fig. 6A). In
addition, selinexor, ibrutinib and acalabrutinib did not significantly
alter levels of total HLA (Fig. 6B). Consequently, we assessed the
ability of NK cells to lyse CLL targets that were pre-treated with
these drug combinations, with drugs washed out for the 4 h NK:CLL
co-culture. Consistent with the data on HLA-E expression, neither
ibrutinib nor acalabrutinib pre-treatment impeded the enhanced
NK activation evident with selinexor (Fig. 6C). In addition, pre-
incubation of CLL cells with BTKi alone did not affect NK cell specific
lysis as compared to the DMSO control (Fig. 6C).

Subsequently, CLL cells were pre-treated with the indicated
drug combinations for 24-h then co-cultured with NK cells for 4 h
with the corresponding drug combinations added back in during
the co-culture. In the presence of ibrutinib, NK cell degranulation
was significantly diminished compared to selinexor alone and the
addition of selinexor was unable to overcome this effect (mean
fold change 1.2 vs 0.36, P<0.001) (Fig. 6D). In contrast, the
combination of acalabrutinib with selinexor showed significantly
higher NK cell degranulation compared to ibrutinib + selinexor

Leukemia (2023) 37:2036 - 2049

(mean fold change of 0.87 vs 0.36, P<0.001) and acalabrutinib
alone (mean fold change 0.87 vs 0.63, P<0.05) (Fig. 6D).
Compared to DMSO control, acalabrutinib alone significantly
inhibited NK cell activation (mean fold change 0.63, P < 0.005),
however this was to a lesser extent than ibrutinib alone (mean fold
change 0.29, P < 0.001), in accordance with previous reports [42].
These data suggest that the combination of selinexor with a more
specific BTK inhibitor allows for enhanced NK cell activity against
CLL cells.

Lymph node associated signals inhibit NK cell activity against
CLL cells via NKG2A, and are overcome by XPO1 inhibition
CLL tumour cells receive supportive microenvironmental signals,
such as BCR ligation, IL-4 and CD40L, within the lymph nodes of
patients, promoting tumour cell survival, proliferation and drug
resistance [43-45]. These contributions are thought to impact
significantly on prognosis and treatment success and so we
assessed whether the signals that CLL cells can receive in the
lymph nodes could also modulate the sensitivity of CLL cells to NK
mediated effector functions.

Incubation of CLL cells with CD40L significantly increased
surface HLA-E expression (P < 0.01), with no effect on total HLA
expression (Fig. 7A, B). The combination of IL-4 and CD40L
together led to a further increase in HLA-E expression on CLL cells
(mean IL-4 + CD40L 160% (P < 0.05), IL-4 121% and CD40L 132%),
and increased total HLA to a lesser extent (118%, P < 0.001)
(Fig. 7A, B). To assess whether selinexor could overcome this
effect, we incubated CLL cells with IL-4 +CD40L 1h prior to
incubation with selinexor for a further 24 h and then assessed
HLA-E. Selinexor (500-2000 nM) significantly reduced HLA-E
expression in the presence of IL-4 + CD40L and abolished the
effect of IL-4 + CD40L on HLA-E expression at 2000nM (P < 0.01)
(Fig. 7C). In addition, increased expression of the death receptor
DR5 was evident following selinexor treatment in the presence of
IL-4 + CD40L (Fig. 7D). In contrast to IL-4 4 CD40L, anti-igM
stimulation showed no significant alteration to the expression of
surface HLA-E on CLL cells (Fig. 7E). Together, these data indicate
that signals present in the lymph node microenvironment can
alter expression of NK cell ligands on CLL cells. Therefore, we
tested whether NK cell activation was also altered under these
conditions. Incubation of CLL cells with IL-4 4+ CD40L significantly
reduced NKG2A+, but not NKG2A-, NK cell activation against CLL
cells as measured by IFNy production (mean 5.2-3.8%, P < 0.01)
and degranulation (mean 18.7-15.9%, P<0.001) (Fig. 7F-H),
consistent with NKG2A acting as an inhibitory immune checkpoint
[46]. In the presence of IL-4 + CD40L support, selinexor (500 nM)
significantly increased IFNy production and degranulation against
CLL cells in both NKG2A+ and NKG2A- NK populations (Fig. 7F-H).

To investigate whether CLL expression of HLA-E in patients is
altered by the lymph node microenvironment, we utilised a
previously reported gating strategy whereby CXCR4low CD5high
expression defines a population of CLL cells that have recently
egressed from the lymph nodes into the blood [31]. Consistent with
our in vitro data, CXCR4low CD5high CLL cells that have recently
egressed from the lymph nodes expressed significantly higher
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levels of surface HLA-E compared to CLL cells that have been in the
circulation for longer; defined as CXCR4high CD5low and CXCR4in-
termediate CD5intermediate (Fig. 7). These data demonstrate that
lymph node associated signals impair NK cell activity against CLL
cells, and that inhibiting XPO1 can overcome this effect.

SPRINGER NATURE

DISCUSSION

The mechanisms behind NK cell dysfunction in CLL are poorly
understood and restoration of NK cell function may allow for
improved anti-tumour and anti-infection immunity in patients. In
this study, we identify that the first-in-class XPO1 inhibitor
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Fig. 5 Selinexor enhances NK cell activation against CLL cells in combination with anti-CD20 and anti-CD38 mAb. Flow cytometry plots of
NKG2A+ and NKG2A- NK cell activation measured by CD107a expression against CLL cells pre-treated with selinexor and anti-CD20 mAbs
rituximab and obinutuzumab or isotype control (A). CLL cells were treated with 500 nM selinexor or DMSO for 24 h and incubated with 0.1 pg/
mL anti-CD20 mAb rituximab or obinutuzumab or isotype control for 20 min prior to co-culture with healthy donor PBMC (E:T = 1:1). NK cell
activation in NKG2A+ and NKG2A- NK cells was measured by CD107a staining minus the no target control for each mAb (B). Each line in (B)
represents matched co-cultures for each antibody condition (N=8). Significant differences in NK cell activation between selinexor
concentrations were assessed by repeated-measure two-way ANOVA followed by Sidak’s multiple comparison test (*P < 0.05, **P < 0.01).
C, D Expression of CD20 (B, N =5) and CD38 (C, N =4) on CD5 + CD19 + CLL cells after treatment with selinexor (50-2000 nM) for 24 h. E, F NK
cell activation in NKG2A+ and NKG2A- NK cells against selinexor-treated CLL cells in the presence of daratumumab (anti-CD38). CLL cells
derived from donors positive (D, N=7) and negative (E, N=11) for CD38 were treated with 500 nM selinexor for 24 h and co-cultured with
healthy donor PBMC the next day (E:T = 1:1). Prior to co-culture CLL cells were incubated with daratumumab or isotype control for 20 min at a
concentration of 0.1 pg/mL. Shown is the mean + SEM and differences in NK cell activation between treatments were assessed by repeated-
measure two-way ANOVA followed by Tukey’s post-hoc test (***P < 0.005, ****P < 0.001).
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Fig. 6 Selinexor enhances NK cell activation against CLL cells in combination with acalabrutinib. Expression of HLA-E (A) and total HLA
class | proteins (B) on CD19 + CD5 + CLL cells after treatment with selinexor (500 nM) and the BTK inhibitors Ibrutinib (lbr, 1 uM) and
Acalabrutinib (ACP, 1 uM) as indicated for 24 h. Shown is mean +SEM (N =5) and significant differences in ligand expression between
treatments were calculated with repeated-measure one-way ANOVA followed by Tukey’s post-hoc test (*P < 0.05). C NK specific lysis of CLL
targets pre-treated for 24 h with selinexor (500 nM), Ibr (1 uM) or ACP (1 uM) alone or in combination as indicated (E:T = 5:1). Shown is the
mean + SEM (N = 4) and differences in NK cell specific lysis between combination treatments were calculated with repeated-measure one-way
ANOVA. D NK cell activation as measured by fold change in CD107a staining when healthy donor PBMC were co-cultured with CLL cells pre-
treated for 24 h with selinexor (500 nM), lbr (1 uM) and ACP (1 uM) as indicated (E:T = 5:1). During the 4-h co-culture, selinexor and BTK
inhibitors were re-added to appropriate wells. Shown is the mean + SEM (N = 12) and differences in NK cell activation between treatments
were assessed by repeated-measure one-ANOVA followed by Tukey’s post-hoc test (*P < 0.05, ***P < 0.005, ****P < 0.001). ns nonsignificant.
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selinexor potentiates NK cell activity against CLL cells alone and in
combination with acalabrutinib and anti-CD20 mAb via down-
regulation of HLA-E and upregulation of TRAIL death receptors
DR4 and DR5. In addition, we identify that lymph node associated
signals (IL-4 + CD40L) increase HLA-E expression on the surface on

SPRINGER NATURE

CLL cells and that this inhibits NK cells via NKG2A. Importantly, we
show that inhibition of XPO1 can overcome this protective effect
and potentiate NK effector functions (Fig. 7J).

Compared to healthy controls, NK cells in CLL patients
demonstrate reduced frequency in the blood and lymph nodes
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Fig. 7 IL-4 + CDA4OL stimulation inhibits NK cell activity against CLL cells, which is overcome by XPO1 inhibition. Expression of HLA-E and
HLA class | molecules (Total HLA) on CD19 + CD5 + CLL cells after incubation with IL-4 (10 ng/mL) and CD40L (300 ng/mL) alone or in
combination for 24 h. Representative histograms from one CLL sample is shown in (A). Cell size was assessed by FSC-A. Shown in (B) is the
mean = SEM (N = 18) percentage expression of HLA-E or total-HLA relative to the untreated control. Differences in expression between
conditions were assessed by repeated-measure two-way ANOVA followed by Tukey’s post-hoc test (*P<0.05, **P<0.01, ***P < 0.005).
Expression of HLA-E and total HLA class | (C) and DR4 and DR5 (D) on CD19 + CD5 + CLL cells after treatment with selinexor (50-2000 nM) for
24 h in the presence of IL-4 (10 ng/mL) and CD40L (300 ng/mL). Shown is the mean £ SEM of 12 CLL patient samples and differences in
expression between conditions were assessed by repeated-measure two-way ANOVA followed by Tukey’s post-hoc test (*P < 0.05, **P < 0.01).
E HLA-E expression on CLL cells treated with selinexor following BCR stimulation. CLL cells were incubated with 10 pg/mL plate-immobilised
anti-IgM F(ab’), fragments for 1 h then selinexor (500-2000 nM) or DMSO (0 nM) was added for a further 24 h before assessment of HLA-E
expression. Shown is mean + SEM relative to the untreated control (N = 3) and differences in expression between treatments were calculated
by repeated-measure one-way ANOVA followed by Tukey’s post-hoc test (*P < 0.05, **P < 0.01). NK cell activity measured by expression of IFNy
(F, G) and CD107a (H) in NKG2A+ and NKG2A- NK cells when heathy donor PBMC were co-cultured for 4 h with CLL cells (E:T = 1:1). CLL cells
were pre-treated with 500 nM selinexor or DMSO (0 nM) in the presence of IL-4 (10 ng/mL) and CD40L (300 ng/mL) for 24 h. A representative
example for IFNy expression is shown in (F). Graph in (G) shows mean + SEM (N = 19) and in (H) each individual co-culture is represented by a
dot (N = 22 per condition). Significant differences in NK activation between conditions were assessed by repeated-measure two-way ANOVA
followed by Tukey’s post-hoc test (**P<0.01, ***P < 0.005, ****P <0.001). | HLA-E and total HLA expression on CLL cell populations with
differential expression of CXCR4 and CD5. Shown is the gating strategy used to identify CXCR4hi(high) CD5lo(low) and CXCR4lo CD5hi CLL
cells and CLL cells with intermediate expression of CXCR4 and CD5. For each population, gates were drawn around ~5-7% of total
CD19 + CD5 + CLL cells and HLA-E and total HLA expression was assessed as shown above for one representative CLL donor. Below is the
summary (mean + SEM) of the geometric MFI (MFI) for HLA-E and total HLA across 10 different CLL donors. Differences in expression between
CLL cell populations were calculated using repeated-measure one-way ANOVA followed by Tukey’s post-hoc test (*P < 0.05, **P < 0.01).
J Schematic diagram for the modulation of CLL cell sensitivity to NK cell cytotoxicity by lymph node associated signals and selinexor. The
lymph node associated signals IL-4 and CD40L upregulate surface HLA-E on CLL cells, and this inhibits NK cell effector function via NKG2A.
Selinexor reduces HLA-E expression on CLL cells in both the absence and presence of IL-4 + CD40L and thereby increases the sensitivity of
CLL cells to NK cell activity. In addition, selinexor increases expression of the TRAIL death receptors DR4 and DR5 on CLL cells and this

contributes to the enhanced NK cell activation against CLL cells.

[14], decreased degranulation [47], cytotoxicity [48] and ADCC [49],
downregulation of activating receptors [48] and increased CLL
surface expression of HLA-E [15, 18]. Our study adds to this
literature, with the identification that lymph node associated signals
inhibit NK cell activation against CLL cells via the NKG2A:HLA-E
immune checkpoint axis. IL-4 signalling is enriched predominantly
in the lymph nodes [45] whereas T cells positive for CD40L are found
in both the lymph nodes and bone marrow of CLL patients [50].
HLA-E expression on CLL cells therefore may be modulated by
microenvironmental signalling within both the lymph nodes and
the bone marrow in patients. No difference in NKG2A expression is
evident on NK cells in CLL compared to healthy controls, however
NKG2A blockade improves CLL patient NK cell function [15].

The first-in-class XPO1 inhibitor selinexor downregulated sur-
face HLA-E expression on all CLL samples tested and led to
enhanced NK cell lysis of CLL cells and IFNy production. This
suggests that selinexor could potentially be used to prime
malignant B cells for NK cell therapies. Indeed, enhanced NK cell
activity against CLL cells was evident with selinexor pre-treatment
in combination with the anti-CD20 mAb rituximab and obinutu-
zumab. B cell lymphoma patients with lower NK numbers have
shorter progression free survival during anti-CD20 treatment [20]
and hence strategies which promote NK cell function to
potentially compensate for this are of high interest. A recent
phase | trial showed that selinexor in combination with ibrutinib
induced clinical responses and had an acceptable toxicity profile
in heavily pre-treated CLL patients [10]. Our study indicates that
the combination of selinexor with more selective BTK inhibitors,
such as acalabrutinib, could potentially provide better efficacy, in
line with previous reports showing that ibrutinib inhibits NK cell
function through inhibition of ITK [38, 42, 51, 52] whereas
acalabrutinib is less disruptive to NK cell function due to its greater
selectivity for BTK [40, 41, 53]. HLA-E is also recognised by the
activating receptor NKG2C expressed on NK cells and interestingly,
NKG2C + NK cells are reduced in CLL patients, with high
expression of HLA-E detected on tumour cells [54]. In our study,
the downregulation of HLA-E by selinexor increased total NK
mediated lysis of CLL cells, indicating that any loss of stimulation
via NKG2CHLA-E interactions is outweighed by the loss of
inhibitory signalling via NKG2A. Interestingly, 9/16 CLL samples
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showed a bimodal downregulation of HLA-E in response to
selinexor, perhaps reflecting increased sensitivity of certain CLL
sub-populations to HLA-E downregulation.

NKG2A is upregulated on NK cells following expansion using
multiple different clinically relevant techniques [55]. This suggests
that XPO1 inhibitors could potentially be used to prime B cell
malignancies for NK and CAR-NK therapies by abrogating NKG2A-
mediated inhibitory signalling. This is important because CAR-NK
cells are currently under clinical evaluation in CLL and NHL
(NCT03056339, NCT05020678, NCT05410041). NK cell activation
was not affected by selinexor in our assays, in accordance with
previous reports [8], however XPO1 inhibitors have previously been
shown to inhibit T cell activation when given at frequent high doses
[56]. The prolonged duration for which HLA-E remains suppressed
following selinexor treatment indicates that combination strategies
could be designed in which selinexor is given prior to T cell directed
therapeutics for maximal therapeutic efficacy. Indeed, recent data
showed that the simultaneous administration of selinexor with CAR-
T cell therapy was not beneficial in lymphoma models [57], however
the sequential administration of selinexor and then CD19 targeted
CAR-T cells provided enhanced efficacy compared to selinexor or
CAR-T cells alone [58]. NKG2A expression is induced on the surface
of CD8 + T cells following multiple cell division cycles [59] and
blockade of NKG2A function enhances CD8 + T cell function [60].
HLA-E downregulation by selinexor could therefore provide an
explanation for the enhanced activation evident in these studies
and warrants further investigation.

In summary, this study identifies that XPO1 inhibition primes
CLL cells for NK cell effector functions and that microenviron-
mental support inhibits NK cell activation against CLL. Selinexor
also augmented NK cell activity against CLL cells in the presence
of microenvironmental support signals, and in combination with
acalabrutinib and anti-CD20 antibodies. XPO1 inhibition may
therefore be a promising strategy to enhance the efficacy of NK
cell directed therapies for patients with B cell malignancies.
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