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TRAIL mediates and sustains constitutive NF-kB activation
in LGL leukemia
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Large granular lymphocyte (LGL) leukemia results from clonal expansion of CD3* cytotoxic
T lymphocytes or CD3~ natural killer (NK) cells. Chronic antigen stimulation is postulated to
promote long-term survival of LGL leukemia cells through constitutive activation of mul-
tiple survival pathways, resulting in global dysregulation of apoptosis and resistance to
activation-induced cell death. We reported previously that nuclear factor kB (NF-kB) is a
central regulator of the survival network for leukemic LGL. However, the mechanisms that
trigger constitutive activation of NF-kB in LGL leukemia remain undefined. Tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL) is known to induce apoptosis in tumor
cells but can also activate NF-«kB through interaction with TRAIL receptors 1, 2, and 4 (also
known as DR4, DRS5, and DcR2, respectively). The role of TRAIL has not been studied in LGL
leukemia. In this study, we hypothesized that TRAIL interaction with DcR2 contributes to
) NF-«B activation in LGL leukemia. We observed upregulated TRAIL messenger RNA and
protein expression in LGL leukemia cells with elevated levels of soluble TRAIL protein in
LGL leukemia patient sera. We also found that DcR2 is the predominant TRAIL receptor in LGL leukemia cells. We
demonstrated that TRAIL-induced activation of DcR2 led to increased NF-kB activation in leukemic LGL. Conversely,
interruption of TRAIL-DcR2 signaling led to decreased NF-«kB activation. Finally, a potential therapeutic application of
proteasome inhibitors (bortezomib and ixazomib), which are known to inhibit NF-«B, was identified through their
ability to decrease proliferation and increase apoptosis in LGL leukemia cell lines and primary patient cells. (Blood.
2018;131(25):2803-2815)

® TRAIL is upregulated
in LGL leukemia and
TRAIL-DcR2 signaling
drives constitutive
activation of NF-kB.

® Proteasome inhibitors
(bortezomib and
ixazomib) effectively
interrupt TRAIL-
induced activation of
NF-xB and induce
apoptosis.

NF-kB signaling.® The activation of NF-kB signaling in LGL leukemia
has not been extensively studied, and mechanisms of activation
are incompletely defined.

Introduction

Large granular lymphocyte (LGL) leukemia is a lymphoprolifer-
ative disorder characterized by clonal expansion of either cy-
totoxic T lymphocytes (CTLs) or natural killer (NK) cells.” The
majority of T-LGL (CD3*/CD8*/CD57*) and NK-LGL (CD3~/
CD16"/CD56") leukemia patients have a clinically indolent course.?
Chronic antigen stimulation is proposed to promote long-term
survival of LGLs through constitutive activation of multiple sur-
vival pathways that contribute to global dysregulation of apo-
ptosis and resistance to activation-induced cell death (AICD).?
Additionally, genetic alterations, such as signal transducer and
activator of transcription 3 (STAT3) somatic activating mutations,
have been identified in up to 40% of LGL leukemia patients and
are thought to be central to the pathogenesis of this disease.**

Tumor necrosis factor (TNF)-related apoptosis-inducing ligand
(TRAIL; Apo-2 ligand, CD253, or TNF-SF10) is a TNF superfamily
cytokine that induces apoptosis through binding a series of
death receptors.” TRAIL typically binds to death receptor 4
(DR4; also referred to as TRAILR1) or DR5 (TRAILR2) and induces
caspase-8-dependent apoptosis through a functional cytoplas-
mic death domain. However, 2 other TRAIL receptors exist:
decoy receptor 1 (DcR1; also referred to as TRAILR3) and DcR2
(TRAILR4). DcR1 functions as a TRAIL-neutralizing decoy receptor
that is devoid of signaling capabilities. DcR2 contains a cyto-
plasmic domain that lacks a functional death domain; therefore,
TRAIL binding to DcR2 fails to induce apoptosis. Conversely,
TRAIL binding to DcR2 activates NF-«kB and leads to transcription
of genes that promote cell survival and resistance to apoptosis.®?
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We reported previously that leukemic T- and NK-LGLs are re-
sistant to CD95/Fas-mediated apoptosis despite high expres-
sion levels of Fas/Fas ligand.® We have also shown that nuclear
factor k-B (NF-kB) is constitutively active in T-LGL leukemia and

mediates survival of leukemic T-LGLs.® T-LGL leukemia cells, but
not cells from normal donors, were sensitive to inhibitors of
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Resting CD8" CTLs and NK cells exhibit surface expression of
DcR2, but not DR4, DR5 or DcR1; thus, they are resistant to
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TRAIL-induced killing.”® After activation, both CD8* CTLs and
NK cells upregulate DR5 and DcR1. These cells remain resistant
to TRAIL-induced apoptosis through the high expression of both
isoforms of cellular Fas-associated death domain protein-like
interleukin-1 (IL-1)-converting enzyme inhibitor protein (c-FLIP).
Knockdown of c-FLIP sensitized activated CTLs and NK cells to
TRAIL-induced apoptosis.®

Here, we focus on the ability of TRAIL to activate NF-xB and
promote leukemic LGL survival. We demonstrate for the first
time that TRAIL messenger RNA (mRNA) and protein expression
levels are elevated in LGL leukemia patient cells, and soluble
TRAIL is elevated in patient sera. We also show that TRAIL
contributes to survival of both T- and NK-LGLs. We identify DcR2
as the predominant TRAIL receptor on the LGL leukemia cell
surface. Furthermore, TRAIL initiates and sustains NF-kB acti-
vation specifically within DcR2-positive leukemic cells. Inhibi-
tion of NF-kB with the proteasome inhibitors bortezomib and
ixazomib leads to cell death in LGL leukemia cells.

Materials and methods

Reagents

All chemicals were purchased from Sigma-Aldrich unless oth-
erwise specified. Recombinant human (rh) TRAIL, TNF-a, IL-15,
and platelet-derived growth factor (PDGF) BB were purchased
from ProSpec-TANY TechnoGene, and rhiL-2 was from the NIH
AIDS Reagent Program, Division of AIDS, National Institute of
Allergy and Infectious Diseases, National Institutes of Health
(rhIL-2 was from Maurice Gately, Hoffmann-La Roche). Anti-
bodies and inhibitors from the following sources were used as
recommended by the manufacturers: Canonical and non-
canonical NF-kB detection antibody kits; antibodies for human
TRAIL, TRAF2, c-FLIP, Bcl-2, Bcl-XL, caspase-3, caspase-8, poly
(ADP-ribose) polymerase (PARP), B-actin, and GAPDH (Cell
Signaling); c-FLIP antibody (clone NFé; Enzo Life Sciences);
NF-kB family protein p50 and pé5 antibodies used for immu-
nocytochemical staining and goat anti-mouse immunoglobulin
G (IgG) antibody (Santa Cruz Biotechnology); NF-«kB (pé5 and
p50) Transcription Factor Assay Kit (Cayman Chemical); and the
proteasome inhibitors bortezomib (PS-341) and ixazomib (MLN2238)
(Selleckchem).

Patient characteristics and preparation of PBMCs

All patients met the clinical criteria of T- or NK-LGL leukemia with
increased numbers of CD3*, CD8*/CD57* T lymphocytes or
CD3-, CD16*/CD56* NK cells in the peripheral blood.2 Patients
were not on treatment at the time of sample acquisition. Pe-
ripheral blood specimens were obtained and informed consents
signed for sample collection according to the Declaration of
Helsinki using a protocol approved by the institutional review
board of the University of Virginia or Penn State Cancer Institute.
Patient samples were screened for somatic activating mutations
in STAT3 by Sanger sequencing as previously described." Buffy
coats from age- and gender-matched normal donors were
obtained from Virginia Blood Services. Peripheral blood mono-
nuclear cells (PBMCs) were isolated by Ficoll-Hypaque gradient
separation, as previously described.? Cell viability was de-
termined by trypan blue exclusion assay with more than 95%
viability in all the samples. Normal PBMCs were stimulated
with phytohemagglutinin at 1 wg/mL concentration in RPMI-1640
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medium supplemented with 10% fetal bovine serum (FBS) (Invitrogen)
for 24 hours. Phytohemagglutinin was then replaced by rhiL-2 at
500 IU/mL concentration in RPMI-1640 culture medium with
10% FBS. For DcR2* and DcR2™ cell sorting, PBMC samples
were prestained with anti-CD3-eFluor-450 and CD8-phycoerythrin
(PE)-Cy7 antibodies (BD Pharmingen) as well as DcR2-PE anti-
body (LifeSpan BioScience). DcR2-positive and negative
cells were separated from the CD3*/CD8* cell population using
fluorescence-activated cell sorting (FACSAvria Fusion Cell Sorter).
CD37/CD16*/CD56* NK cells were isolated by a negative
selection process (Rosette Sep; StemCell Technologies),
as previously described.'? Purified CD8" T cells were isolated
using Dynal CD8 antibody—positive isolation Kit (Invitrogen Life
Technologies). Neutrophil counts were obtained from T-LGL
leukemia patient complete blood count reports closest in date
to the date of serum sample collection.

Cell culture

Culture of freshly isolated PBMCs, NK cells, and CD8* T lym-
phocytes was carried out using RPMI-1640 medium supple-
mented with 10% FBS (Invitrogen). NKL cells, a leukemic LGL
NK cell line,’® and TL-1 cells, a leukemic LGL T-cell line,'* were
cultured in RPMI-1640 medium supplemented with 10% FBS
and rhlIL-2 (100 1U/mL for NKL; 200 IU/mL for TL-1). Jurkat cells
were cultured in RPMI-1640 medium supplemented with 10%
FBS. Cells were grown in 5% CO, at 37°C. To test the efficacy of
rhIL-15- and rh-PDGF-BB-mediated TRAIL production in TL1
and NKL cells, rhIL-2 was withdrawn from culture medium
overnight, and cells were then treated with rhIL-15 (5 IU/mL) and
rhPDGF-BB (50 ng/mL). Samples were harvested at designated
time points. TRAIL expression in these samples was determined
by western blot assay.

TRAIL determination by enzyme-linked
immunosorbent assay (ELISA)

TRAIL protein levels in serum samples from LGL leukemia pa-
tients and normal controls were determined using a Human TRAIL
Quantikine ELISA kit (R&D Systems). Serially diluted rhTRAIL
protein (15.6 to 1000 pg/mL) was used to generate a standard
curve to calculate the TRAIL levels in each sample. Samples
were assayed in triplicate.

TRAIL receptor expression detection by

flow cytometry

Cell surface expression of TRAIL receptor 1 (DR4; CD261), re-
ceptor 2 (DR5; CD262), receptor 3 (DcR1; CD263), and receptor
4 (DcR2; CD264) was determined using the Anti-TRAIL receptor
1 to 4 flow cytometry set (catalog no. ALX-850-273-KI01, Alexis).?
Purified mouse 1gG1 served as an isotype control. Additional
samples were used for DcR2 expression in specific cell pop-
ulations as defined by CD3, CD8, and CD57 status. Briefly, PBMC
samples were stained with anti-CD3-eFluor 450 (Invitrogen), CD8-
PE-Cy7, CD57-fluorescein isothiocyanate, and DcR2-PE anti-
bodies. 7-AAD was used as a dead cell marker for this refined
profiling study to allow gating to remove all dead cells, which
exhibited nonspecific DcR2 staining. Therefore, slightly different
DcR2* values were detected in the refined DcR2 profiling vs the
initial profiling of all TRAIL receptors. Apoptosis was determined
by staining cells with Annexin-V-APC. The percentage of DcR2* and
apoptosis in each cell fraction was determined by flow cytometry
assay.

YANG et al
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Electrophoretic mobility shift assay (EMSA)
Nuclear and cytoplasmic extracts from PBMC samples were
prepared using NE-PER Nuclear and Cytoplasmic Extraction
(Life Technologies). EMSA was performed using the LightShift
Chemiluminescent EMSA Kit (Life Technologies). Alternatively,
NF-kB transcription factors (human p50/pé5) in nuclear protein
samples were determined using the Transcription Factor As-
say Kit (Cayman Chemicals). Probes for NF-«kB (5'-GATCCGG
CAGGGGAATCTCCCTCTC-3') were biotinylated at the 5" end.
Corresponding nonbiotinylated oligonucleotides were used as
competitive oligonucleotides.

NKL and TL-1 cell small interfering RNA

(siRNA) transfection

NKL and TL-1 cells (1 million cells per well) were transfected
using a NEON Transfection System (Invitrogen) with either DcR2
siRNA or scramble siRNA at 100 nM (GE Dharmacon) in a total
volume of 10 pL according to the manufacturer’s protocol. Cells
were cultured for 72 hours, and total protein was harvested.

Immunocytochemistry (ICC) staining

For ICC staining, the purity of freshly isolated CD8* cells from
patients with T-LGL leukemia and from normal donors was
determined by flow cytometry using fluorescein isothiocyanate—
conjugated anti-human CD8 antibody (clone SK1) to verify
the isolation method. DcR* and DcR2™ cells were isolated from
CD3*/CD8" cells by fluorescence-activated cell sorting as de-
scribed above. Purity was more than 95%. ICC staining was carried
out using the Vectastain Elite ABC HRP kit (Vector Laboratories).
Briefly, slides with a monolayer of cells were fixed with 3.7%
paraformaldehyde phosphate-buffered saline at 37°C and per-
meabilized in ice-cold methanol-acetone (1:1) for 10 minutes
at —20°C. Cells were incubated with polyclonal anti-p65, p50,
or TRAIL antibodies (1:200 dilution) overnight at 4°C. This was
followed by 1-hour incubation at room temperature with bio-
tinylated goat anti-rabbit secondary antibody (1:250 dilution) and
then by an additional 5 to 10 minutes in ImmPACT DAB chro-
magen solution. Cells were visualized using light microscopy
(Leica Microsystems). Nonspecific staining was not detected upon
incubation with secondary antibody alone.

3-(4,5 dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl-2-(4-sulfophenyl)-
2H-tetrazolium (MTS) cell viability assays

Cells were treated with varying concentrations of bortezomib,
ixazomib, or vehicle for 24 or 48 hours. Cell viability was de-
termined using CellTiter 96 Aqueous One Solution assay kit
(Promega). Refer to supplemental Materials and methods
(available on the Blood Web site) for further details.

In vitro apoptosis assays

Apoptosis induced by bortezomib, ixazomib, or SuperKillerTRAIL
(Enzo Life Science) was detected by flow cytometry with Annexin
V-PE (BD Pharmingen) and 7-amino-actinomycin D (7-AAD)
staining using 5 X 10° cells per sample in triplicate and nor-
malized as previously described.®

Quantitative real-time polymerase chain

reaction (PCR)

Quantitative real-time PCR to determine expression of TRAIL
levels was performed using a CFX384 Real-Time PCR Detection

TRAIL ACTIVATES NF-«kB IN LGL LEUKEMIA

System followed by data analysis with CFX Manager 3.1 software
system (Bio-Rad) as previously described.’ Refer to supple-
mental Materials and methods for further details.

Western blot analysis
Western blotting was completed as previously described."”
Refer to supplemental Materials and methods for further details.

Statistical analysis

GraphPad Prism was used for statistical analyses (GraphPad
Software). All data are expressed as mean = standard error of the
mean (SEM). Student t test, analysis of variance (ANOVA), and
2-way ANOVA tests were used to determine the statistical sig-
nificance, and a value of P = .05 was considered statistically
significant.

Results

TRAIL mRNA and protein expression levels are
elevated in LGL leukemia

Our recent prospective phase 2 study included gene expression
microarray analysis of LGL leukemia patient samples vs normal
donors.’ The data set (GSE42664) included PBMC samples
isolated from T-LGL leukemia patients (n = 37) and normal control
CD8* T cells (n = 5) or terminal-effector memory CD45RA* CD8*
T cells (Temra) (n = 3). Expression of TRAIL gene transcripts was
significantly higher in T-LGL leukemia samples compared with
both normal CD8* (3.5-fold increase) and Temra (6.5-fold in-
crease), which are the most representative normal cell type for
LGL leukemia'2° (Figure 1A). These results were verified by real-
time PCR. TRAIL mRNA levels in purified CD8* T cells from T-LGL
leukemia patients (n = 11) were 15-fold higher than levels ob-
served in CD8™ cells from normal donors (n = 3) (Figure 1B).

Immunoblot analysis showed elevated levels of TRAIL protein in
both purified CD8" T cells from T-LGL leukemia patients vs
normal donors and purified NK cells from NK-LGL leukemia
patients vs normal donors. TRAIL protein expression levels were
2.0-fold and 1.6-fold increased in T- or NK-LGL patient cells,
respectively, as compared with normal CD8* or normal NK cells
(P = .079 and P = .212, respectively) (Figure 1C). Additional
measurements of TRAIL protein levels were pursued since these
data were suggestive but fell short of statistical significance.

Next, ICC staining demonstrated that CD8* T cells from normal
donors had undetectable levels of TRAIL, whereas CD8" T cells
from patients with T-LGL leukemia had strong positive staining
(brown) in cytoplasmic compartments (Figure 1D). We also de-
tected significantly increased levels of soluble TRAIL in serum
samples from T- and NK-LGL leukemia patients when compared
with normal controls (Figure 1E). This finding extends and confirms
our previous observations of elevated serum TRAIL levels in an
independent cohort of exclusively T-LGL patients.’® TL-1 and NKL
LGL leukemia cell lines treated with IL-15 or PDGF-BB, which are
known to be key mediators of LGL leukemia survival 4%'2* dem-
onstrated that TRAIL expression is strongly induced by IL-15
(supplemental Figure 1). There was also a significant correlation
between elevated levels of TRAIL and lower neutrophil counts
(supplemental Figure 2). Since LGL leukemia cells are thought to
arise from activated T and NK cells that have resisted AICD, we
investigated TRAIL mRNA expression levels in activated cells from
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Figure 1. TRAIL is overexpressed in LGL leukemia. (A) TRAIL gene expression levels in PBMC from T-LGL patients (triangles; n = 37), CD8" cells from normal subjects (circles, n = 5),
and Temra cells from normal subjects (squares, n = 3) in the GSE42664 Affymetrix data set.' (B) Quantitative real-time PCR was performed to measure levels of TRAILmRNA in CD8* cells
from T-LGL patients (n = 11) or purified CD8* from normal donors (n = 3). Relative TRAIL mRNA expression was normalized to 18S. Data are presented as mean * SEM. *P < .05 indicates
significant difference between LGL leukemia patients and normal donors (Student t test). (C) Immunoblot analysis of TRAIL protein in purified CD8" cells from patients with T-LGL
leukemia (n = 6) vs CD8* cells from normal (n) donors (n = 6) and purified NK cells from patients with NK-LGL leukemia (n = 4) vs purified NK cells isolated from normal donors (n = 4) and
PBMCs from normal donors (n = 2). Loading of protein was confirmed by probing for GAPDH or B-actin. Vertical lines within the leukemic groups indicate regions where samples were
removed from the image based on poor protein extract quality as indicated by loading controls. (D) CD8* cells from a T-LGL patient or normal (NL) donor were stained with TRAIL
antibodies and visualized using light microscopy (original magnification X400). Rabbit IgG antibody was used as a negative control. Data are representative of 3 experiments conducted with
cells from 3 independent patients. (E) Serum levels of TRAIL were determined using an ELISA assay. Sera were tested from T-LGL leukemia patients (squares, n = 24; ANOVA, *P < .0001
T-LGL vs normal donor), NK-LGL leukemia patients (triangles, n = 10; ANOVA, *P < .0001, NK-LGL vs normal donor), or normal donors (circles, n = 24). cDNA, complementary DNA.

normal donors. We observed that activated PBMCs and CD8*
cells from normal donors have four- to sixfold higher levels of
TRAIL mRNA than unactivated PBMCs and CD8* cells, re-
spectively (supplemental Figure 3). This increase is similar to
the increase seen in LGL leukemia cells. Taken together, these
findings are indicative of elevated expression and secretion of TRAIL
in a large proportion of T- and NK-LGL leukemia patient samples.

LGL leukemia cells are resistant to

TRAIL-induced apoptosis

NKL and TL-1 LGL leukemia and Jurkat T-cell lines were treated
with SuperKiller-TRAIL, which is known to induce apoptosis in
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cancer cells, including Jurkat.?> TL-1 and NKL cells were resistant
to TRAIL-induced apoptosis. (Figure 2A). PBMCs from patients
with T-LGL and NK-LGL leukemia and normal donors treated
with TRAIL were also resistant to apoptosis (Figure 2B). Next, we
used flow cytometry to determine TRAIL receptor expression
on the surface of LGL leukemia cells. There was no difference in
expression of DR4, DR5, and DcR1 on leukemic T-LGL or NK-LGL
relative to normal PBMCs (Figure 2C). DcR2 levels were elevated
in LGL leukemia samples and generally correlated with the
percentage of T-LGLs in the PBMC samples. Therefore, we more
fully characterized DcR2 expression within the CD3*/CD8*
population, which is known to include the leukemic LGLs. This

YANG et al
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Figure 2. LGL leukemia cells are resistant to TRAIL-induced apoptosis and primarily express TRAIL receptor DcR2. (A) NKL, TL-1, and Jurkat cells were treated with either
vehicle (normal saline) or rhTRAIL (10 ng/mL) for 48 hours. Cells were stained with Annexin-V and 7-AAD and analyzed by flow cytometry to identify apoptotic cells. Data are

presented as mean = SEM and representative of 3 separate experiments (ANOVA, *P

< .0001 Jurkat cells vs TL-1 and NKL). (B) PBMCs isolated from normal donors (n = 4),

NK-LGL patients (n = 4), and T-LGL patients (n = 9) were treated with either vehicle (normal saline) or rhTRAIL (10 ng/mL) for 48 hours. Cells were stained with Annexin-V and
7-AAD and analyzed by flow cytometry to identify apoptotic cells. Data represent mean = SEM. (C) PBMCs from normal donors or LGL leukemia patients were assessed for
their cell surface expression of TRAIL receptors using flow cytometry. Percentage of LGL cells from pathology flow cytometry report is shown below the horizontal axis.
(D) PBMCs from normal donors, without or with activation (Act), or LGL leukemia patients were assessed for their cell surface expression of DcR2 receptor using flow cytometry to

stratify samples based on CD3, CD8, and CD57 expression.

analysis revealed that CD3/CD8 double-positive cells from
T-LGL leukemia samples exhibit a significantly higher per-
centage of DcR2 positivity relative to normal and activated
normal controls (Figure 2D; P = .001). In addition, leukemic
samples demonstrated relatively equal DcR2 levels in both
CD3+*/CD8*/CD57~ and CD3*/CD8*/CD57" subpopulations
that are proposed to represent progenitor and mature pop-
ulations of leukemic cells, respectively.?¢2” Therefore, leuke-
mic LGLs lack an apoptotic response to TRAIL treatment and
exhibit DcR2 expression that is substantially higher than nor-
mal controls.

TRAIL activates NF-kB in leukemic LGL

We previously showed that NF-kB is constitutively active in LGL
leukemia and contributes to survival and resistance to apopto-
sis.® TRAIL binding to TRAIL receptors, especially DcR2, has
been shown to activate NF-kB.® We observed that rhTRAIL
treatment increased nuclear NF-kB DNA binding activity in
PBMCs from T-LGL and NK-LGL leukemia (Figure 3A). Using ICC
staining, we next examined the cellular localization of both
subunits of NF-kB, p50 and pé5. Vehicle-treated CD8™ cells from
both T-LGL patients and normal donors exhibited cytoplasmic
NF-kB p50 and p65. rhTRAIL treatment of CD8* cells from T-LGL
patients led to nuclear translocation of NF-kB p50 and p65 in a

TRAIL ACTIVATES NF-«kB IN LGL LEUKEMIA

manner similar to rhTNF-a, a known NF-kB-activating cytokine
(Figure 3B). In contrast, rhTRAIL treatment of CD8" cells from
normal donors did not cause translocation of NF-kB p50 and
p65. TRAIL-mediated p65 translocation was specifically dem-
onstrated within leukemic CD3*/CD8"/DcR2" cells, but not
CD3*/CD8*/DcR2™ counterparts isolated from the same patient
(Figure 3C). This DcR2-dependent response to TRAIL was ob-
served in both CD8+/CD57* and CD8"/CD57 cells from LGL
leukemia samples (data not shown). We hypothesized that
LGL patient sera, which contain high levels of TRAIL (Figure 1E),
would also activate NF-kB. PBMCs from T-LGL patients were
cultured with pooled sera from 3 normal donors to establish
basal levels of nuclear NF-kB p50. Treatment with pooled sera
from 3 LGL leukemia patients increased nuclear NF-kB p50
levels. This effect was significantly blocked by a neutralizing anti-
body to TRAIL, which suggests that soluble TRAIL in patient sera
activates NF-kB in leukemic LGLs (Figure 3D).

Proteasome inhibitors block TRAIL-induced
activation of NF-kB in leukemic LGLs

Bortezomib and ixazomib are proteasome inhibitors that block
degradation of IkB and the proteolytic processing of p105,
thereby inhibiting NF-«kB nuclear translocation.?® Pre-treatment
with bortezomib blocked the TRAIL-induced increase in NF-«kB
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Figure 3. TRAIL induces NF-kB activation and nuclear translocation in LGL leukemia cells that are blocked by proteasome inhibitors. (A) EMSA demonstrating NF-«kB
activity in nuclear extracts from T-LGL patient PBMCs (n = 4) and NK-LGL patient PBMCs (n = 3) treated with either saline or rhTRAIL (10 ng/mL) for 2 hours. (B) NF-kB p50 or p65
protein ICC staining as visualized by light microscopy in CD8" cells from an LGL leukemia patient compared with CD8* cells from a normal donor (original magnification X 1000).
Cells were treated with control (NTC), TNF-a (positive control, 10 ng/mL), or rhTRAIL (10 ng/mL). Brown staining represents NF-kB p50 or p6é5 protein. Data are representative
of 3 experiments conducted with cells from 3 independent patients. (C) NF-kB pé5 protein ICC staining as visualized by light microscopy in CD3*/CD8*/DcR2~ and CD3*/
CD8*/DcR2* cells from an LGL leukemia patient (original magnification X400). Cells were treated with either vehicle control (NTC) or rhTRAIL (10 ng/mL). Brown staining represents
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activity (Figure 3E). This effect was confirmed by ICC staining
of CD8* cells from patients with T-LGL leukemia (Figure 3G).
In both T-LGL and NK-LGL patient cells, the orally available
proteasome inhibitor ixazomib exerted similar effects and dose-
dependently blocked TRAIL-induced NF-«B activity (Figure 3F).

DcR2 knockdown and proteasome inhibitor
treatment decrease NF-«B activation in

leukemic LGL

It has been shown that DR4, DR5, and DcR2-induced NF-«B
activation is mediated by a TRAF2/NF-kB-inducing kinase/IxB
kinase (IKK) a/B signaling cascade.?? DcR2 contains a truncated
death domain but retains a functional cytoplasmic domain that
can activate NF-kB upon TRAIL binding. To establish a role for
DcR2 in the activation of NF-kB signaling in LGL leukemia, we
transfected TL-1 and NKL cells with siRNA targeting DcR2 or
scrambled control (Figure 4A). DcR2 knockdown led to de-
creased phosphorylation of NF-kB p65, without affecting total
protein levels, while TRAF2 and NF-kB p50 were also down-
regulated. To further characterize the pathway of TRAIL-induced
NF-kB activation, we treated TL-1 and NKL cells with bortezomib
(5 nM) or ixazomib (100 nM). Both proteasome inhibitors down-
regulated TRAF2, IKK /B phosphorylation, pé5 phosphorylation,
and the expression of IKKB and NF-kB p50 (Figure 4B-C).
Similarly, treatment with proteasome inhibitors resulted in de-
creased IKK o/f and pé5 phosphorylation and decreased levels
of TRAF2 and NF-kB p50 in PBMCs from patients with T-LGL
leukemia (Figure 4D). Overall, these findings are consistent
with TRAIL/DcR2-mediated NF-kB activation and target gene
expression in leukemic LGL that is abrogated by proteasome
inhibitors.

Proteasome inhibitors decrease cell proliferation
and induce apoptosis in LGL leukemia cells through
caspase-3 and PARP cleavage

To further elucidate the role of TRAIL and NF-kB in LGL leukemia
cell survival and resistance to apoptosis, we treated LGL cell lines
with proteasome inhibitors and assessed their effects on pro-
liferation and cell death. TL-1 and NKL cells treated with varying
concentrations of bortezomib and ixazomib exhibited a dose-
dependent decrease in cell viability at low nanomolar concen-
trations (Figure 5A-B). Treated cells also exhibited dose- and
time-dependent increased apoptosis (Figure 5C-D). c-FLIP is
upregulated in LGL leukemia and is a prosurvival protein reg-
ulated by NF-kB.2 It has been shown to play a role in resistance to
TRAIL-induced apoptosis.®*** In both TL-1 (Figure 5E) and NKL
(Figure 5F) cells, we observed downregulation of c-FLIP coupled
with increased caspase-3 and PARP cleavage after proteasome
inhibitor treatment. Next, PBMCs from T- and NK-LGL leukemia
patients and normal donors were treated with proteasome in-
hibitors for 48 hours (Figure 6A). Bortezomib and ixazomib
induced apoptosis in primary patient cells with similar efficacy as
in TL-1 and NKL cells. Both proteasome inhibitors exhibited
increased efficacy in leukemic PBMCs vs PBMCs from normal

donors. Notably, we did not observe differences in proteasome
inhibitor responsiveness between wild-type and STAT3-mutant
leukemic samples (supplemental Figure 4). Mechanistically,
bortezomib and ixazomib treatment led to decreased expres-
sion of c-FLIP coupled with increased caspase-3 and PARP
cleavage (Figure 6B). Proteasome inhibitor-mediated apoptosis
was strongly induced within the CD3*/CD8* subpopulation of
leukemic samples, but not normal controls (Figure 6C). The
apoptotic response was observed in CD57* leukemic LGLs as
well as CD57 cells. Therefore, LGL cell lines and primary samples
are susceptible to proteasome inhibitor-mediated apoptosis.

Proteasome inhibitors downregulate
NF-kB-mediated TRAIL gene expression

and protein levels in leukemic LGLs

The levels of TRAIL and TRAIL receptors are closely regulated by
NF-kB,**3¢ and the NF-kB pathway is constitutively activated in
LGL leukemia.® Since LGL leukemia cells are the major source
of TRAIL production (Figure 1), we hypothesized that inhibition
of NF-kB would affect TRAIL expression in leukemic LGLs.
Bortezomib and ixazomib treatment significantly downregulated
TRAIL mRNA levels in LGL cell lines (Figure 7A-B). Similarly, both
proteasome inhibitors decreased TRAIL mRNA levels in PBMCs
from patients with T-LGL or NK-LGL leukemia (Figure 7C). We
verified that TRAIL protein levels in LGL leukemia cell lines and
patient samples were also downregulated by bortezomib or
ixazomib in a time-dependent manner (Figure 7D-F). Taken together,
these findings indicate that proteasome inhibitors suppress
NF-kB activation and signaling via multiple mechanisms in
leukemic LGLs.

Discussion

Here, we demonstrate TRAIL-mediated NF-«kB activation in
T- and NK-leukemic LGLs and further define downstream com-
ponents involved in this process. NF-kB consists of a group
of inducible transcription factors that regulate immune and
inflammatory responses and protect cells from undergoing
apoptosis in response to cellular stress and chemotherapeutic
agents as well as AICD in lymphocytes.3” Constitutive activation
of the NF-kB pathway contributes to development of various
autoimmune, inflammatory, and malignant disorders, including
rheumatoid arthritis, atherosclerosis, and malignant tumors.38-4°
In this study, we demonstrated that LGL leukemia cells have
increased TRAIL mRNA and protein expression and increased
levels of soluble TRAIL in patient sera. High levels of TRAIL
correlated with lower neutrophil counts. Together with previous
reports of TRAIL-induced neutrophil apoptosis, these finding
suggest that elevated TRAIL may contribute to the neutropenia
that is a frequent indication for treatment in LGL leukemia
patients.*'** We further demonstrate that LGL leukemia cells are
resistant to TRAIL-induced apoptosis and instead exhibit in-
creased NF-kB activation in response to TRAIL treatment.

Figure 3 (continued) NF-kB pé5 protein. Data are representative of experiments conducted with cells from 2 independent patients. (D) NF-kB pS0 ELISA of PBMC nuclear protein extracts
from T-LGL leukemia patients (n = 4) that were treated with sera from normal donor or sera from LGL patients. Patient cells treated with LGL sera were cotreated with vehicle, TRAIL
neutralizing antibody (Neut Ab), or IgG control antibody. (E) EMSA demonstrating NF-kB activity in nuclear extracts from T-LGL patient PBMCs (n = 3) treated with vehicle (DMSO), thTRAIL
(10 ng/mL), or TRAIL (10 ng/mL) plus bortezomib (5 nM). (F) EMSA demonstrating NF-kB activity in nuclear extracts from patient cells from a T-LGL or NK-LGL patient treated with
rhTRAIL (10 ng/mL) or thTRAIL (10 ng/mL) plus increasing doses of ixazomib (0-100 nM). (G) NF-kB p50 or pé5 protein ICC staining as visualized by light microscopy in CD8* cells from normal
control or LGL leukemia (original magnification x400). Cells were pretreated with either bortezomib (5 nM) or DMSO for 2 hours followed with the treatment of rhTRAIL (10 ng/mL) or
rhTNF-a (10 ng/mL positive control). Brown staining represents NF-kB p50 or p65 protein. Data are representative of 3 experiments conducted with cells from 3 independent patients.
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Figure 4. TRAIL DcR2 knockdown or proteasome inhibitor treatment inhibits NF-kB activation in LGL leukemia cells. (A) TL-1 and NKL cells were transfected with
DcR2-specific siRNA (100 nM) or scramble siRNA by electroporation. Cells were kept in culture for 72 hours. The expression of DcR2, TRAF2, NF-«kB p65, phosphorylated pé5,
and NF-kB p50 was determined by western blot immunoassay. (B-C) TL-1 cells (B) and NKL cells (C) were treated with bortezomib (5 nM), ixazomib (100 nM), or vehicle
(dimethyl sulfoxide [DMSO]), and protein samples were harvested at different time points as indicated. The expression of TRAF2, phosphorylated IKK /B, IKK 8, NF-kB p65,
phosphorylated pé5, and NF-kB p50 was determined by western blot immunoassay. B-Actin was used as a control for equal loading. (D) PBMCs from T-LGL leukemia patients
were treated with bortezomib (5 nM) or ixazomib (100 nM) for 24 hours. The expression of TRAF2, phosphorylated IKK a/B, NF-kB p65, phosphorylated p65, and NF-kB p50
was determined by western blot immunoassay. B-Actin antibody was used as a control for equal loading.

In this study, we identified DcR2 as the predominant TRAIL
receptor in T- and NK-LGL leukemia cells and showed that levels
are substantially higher in leukemic samples relative to normal
controls. Similar to TNF-a, TRAIL is a cytokine that executes its
biological functions by binding to its receptors, which initiates
a trimerization process for activation.** The binding of TRAIL to
DR4 or DR5 can induce death-induced signaling complex (DISC)
formation and subsequent caspase-8-dependent apoptosis.
Alternatively, TRAIL can activate an NF-kB pathway through
the TRAF2/NF-kB-inducing kinase/IKK a/B signaling cascade,
which leads to IKKa/B phosphorylation, and subsequently p65
phosphorylation, in cells that are resistant to TRAIL-mediated
apoptosis.??4> DcR1 acts as a TRAIL-neutralizing decoy receptor,
as it does not contain a functional cytoplasmic domain. In this
sense, it acts as a competitor for TRAIL binding to its death
receptors and prevents DR4- and/or DR5-associated DISC as-
sembly. DcR2 acts similarly to DR4 and DR5 but has a truncated
cytoplasmic domain, negating its ability to induce DISC formation
while retaining its ability to activate NF-kB.8444¢ Therefore, the
resistance of LGL leukemia cells to TRAIL-induced apoptosis
prompted us to further elucidate the significance of high DcR2
expression in LGL leukemia.

2810 & blood® 21 JUNE 2018 | VOLUME 131, NUMBER 25

We demonstrated that strong DcR2 expression, combined with
its unique signaling characteristics, has important biological
implications in LGL leukemia. We observed that rhTRAIL induces
dramatic increases of NF-kB nuclear translocation in PBMCs from
patients with T- and NK-LGL leukemia and that TRAIL activates
NF-kB specifically in DcR2-positive leukemic cells. TRAIL neu-
tralizing antibody abolished LGL leukemia patient sera-mediated
elevation of p50 nuclear levels in PBMCs from patients with T-LGL
leukemia, highlighting that the increased TRAIL in patient sera is
capable of inducing NF-kB activation. We also showed that
knockdown of DcR2 in TL-1 and NKL cells decreased phos-
phorylation of IKKa/B and NF-kB p65 and expression of TRAF2
and NF-kB p50. These data indicate that DcR2 is essential in
TRAIL-mediated IKK complex formation and subsequent NF-xB
activation in leukemic LGLs.

In the current study, bortezomib and ixazomib inhibited phos-
phorylation of IKK a/B and p65 and downregulated the ex-
pression of NF-kB p50 in both LGL leukemia cell lines and
PBMCs from patients with T-LGL leukemia. In addition, treat-
ment with these proteasome inhibitors dramatically de-
creased NF-kB nuclear DNA-binding activity in leukemic T- and
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Figure 5. Proteasome inhibitors decrease viability and induce apoptosis in LGL leukemia cell lines through increased caspase-3 and PARP cleavage and down-
regulation of c-FLIP. (A) Bortezomib decreases viability in LGL leukemia cell lines. TL-1 and NKL cells were treated with bortezomib at varying concentrations for 48 hours, and
cell viability was assessed using an MTS assay. (B) Ixazomib decreases viability in LGL leukemia cell lines. TL-1 and NKL cells were treated with ixazomib at varying concentrations
for 48 hours, and cell viability was assessed using an MTS assay. (C) Proteasome inhibitors induce apoptosis in TL-1 cells. TL-1 cells were treated with bortezomib or ixazomib at
varying concentrations for 24 or 48 hours, and cells were stained for apoptosis with Annexin-V and 7-AAD and analyzed by flow cytometry. (D) Proteasome inhibitors induce
apoptosis in NKL cells. NKL cells were treated with bortezomib or ixazomib at varying concentrations for 24 or 48 hours, and cells were stained for apoptosis with Annexin-V and
7-AAD and analyzed by flow cytometry. (E) Proteasome inhibitors decrease expression of the NF-kB target c-FLIP and induce caspase-3 and PARP cleavage in TL-1 cells. TL-1
cells were treated with bortezomib (5 nM) or ixazomib (100 nM), and protein was harvested at various time points. Western blot analysis was performed for c-FLIP, caspase-3, and
PARP. (F) NKL cells were treated with bortezomib (5 nM) or ixazomib (100 nM) and protein was harvested at various time points. Western blot analysis was performed for c-FLIP,
caspase-3, and PARP expression. 50% effective concentration (ECsq) values were determined by nonlinear regression in GraphPad Prism.

NK-LGLs. Notably, bortezomib and ixazomib treatment also
mediated dramatic decreases in cell viability and increased apo-
ptosis in TL-1 and NKL cells. More importantly, these proteasome
inhibitors mediated leukemia-selective apoptosis in PBMCs from
patients with T- and NK-LGL leukemia through caspase-3 and
PARP cleavage. We previously discovered somatic mutations in
the STAT3 gene Src homology 2 (SH2) dimerization and activation
domain in ~40% of patients with T- and NK-LGL leukemia.**
Bortezomib and ixazomib showed no differential efficacy in in-
duction of apoptosis between patients with either wild-type or
mutated STAT3 genes. Thus STAT3 activation does not confer
resistance to these compounds. Finally, both proteasome inhibi-
tors induced apoptosis in CD57~ and CD57" cells from patients,
which have been proposed to represent progenitor and mature
populations of leukemic LGLs, respectively.?¢2?” Taken together,

TRAIL ACTIVATES NF-«kB IN LGL LEUKEMIA

these data highlight the potential of inhibiting NF-kB with
proteasome inhibitors for the treatment of LGL leukemia.

High expression levels of c-FLIP have been detected in LGL
leukemia cells. Interestingly, knockdown of c-FLIP abrogated the
resistance to TRAIL-mediated apoptosis in activated NK and CD8"*
cells.’® In the current study, we observed that bortezomib or
ixazomib treatment reduced c-FLIP protein levels in LGL leukemia
cell lines and in PBMC from LGL leukemia patients. These results
indicate that the persistent NF-kB activation contributes to the high
expression of c-FLIP and apoptotic resistance in leukemic LGLs.

IL-15 is a known driver of LGL leukemia.®2'-2> STAT3 also lies

downstream of IL-15 receptor activation, and STAT3 activation,
through somatic activating mutations or other mechanisms, is
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Figure 6. Proteasome inhibitors induce apoptosis in LGL leukemia samples. (A) PBMCs from normal donors (n = 9), T-LGL patients (n = 16), and NK-LGL patients (n = 6) were
treated with DMSO or bortezomib (2.5 or 5 nM) for 48 hours, and cells were stained for apoptosis with Annexin-V and 7-AAD and analyzed by flow cytometry (left). PBMCs from
normal donors (n = 9), T-LGL patients (n = 12), and NK-LGL patients (n = 6) were treated with DMSO or ixazomib (100 or 200 nM) for 48 hours, and cells were stained for apoptosis
with Annexin-V and 7-AAD and analyzed by flow cytometry (right). (B) PBMCs from patients with T-LGL leukemia were treated with proteasome inhibitor bortezomib (5 nM) or
ixazomib (100 nM) for 24 hours, and c-FLIP, caspase-3, and PARP cleavage was determined by western blot assay. Equal loading for all western blot assays was confirmed by
probing with a B-actin antibody. (C) PBMCs from normal donors (n = 3) and T-LGL patients (n = 4) were treated with DMSO, bortezomib, or ixazomib for 48 hours. Cells were
stained for CD3, CD8, CD57 and apoptosis markers. *P < .05, **P < .01, ***P < .001 (1-way ANOVA) significant differences between T-LGL patients and normal donors.

central to the pathogenesis of LGL leukemia.**4” We observed
that IL-15 treatment of LGL leukemia cell lines resulted in up-
regulation of TRAIL. In IL-15 transgenic mice that develop LGL
leukemia, a liposomal formulation of bortezomib effectively in-
duced remission.?" Furthermore, it has been shown that IL-15 can
decrease proapoptotic Bid protein levels in LGL leukemia via
proteasome-mediated degradation.*® Hence, it is possible that
IL-15 may directly or indirectly contribute to some of the effects
shown to result from TRAIL stimulation of DcR2 and subsequent
activation of NF-kB signaling. Therefore, extending and integrating

2812 & blood® 21 JUNE 2018 | VOLUME 131, NUMBER 25

these studies into IL-15, TRAIL, and NF-kB interaction warrants
further investigation.

Collectively, our data suggest that expression of DcR2 and
constitutive activation of NF-kB are responsible for TRAIL re-
sistance in leukemic LGLs. We demonstrated that increased
TRAIL levels trigger constitutive NF-kB activation through in-
teraction with DcR2. Activated NF-kB in turn promotes further
TRAIL production in leukemic LGLs through NF-kB, creating a
TRAIL autocrine regulatory loop.?*3¢ We observed that inhibition
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Figure 7. Proteasome inhibitors downregulate TRAIL expression in leukemic LGLs. (A-C) TL-1 (A), NKL (B), and LGL PBMCs (C; T-LGL n = 7, NK-LGL n = 3) were treated with
bortezomib, ixazomib, or DMSO vehicle for 6 hours. Relative TRAIL mRNA expression was determined by quantitative real-time PCR. Values are presented as mean = SEM.
*P < .05 indicates significant difference between DMSO and proteasome inhibitor treatments (Student t test). In panel C, **P = 1.84E—5 and ***P = .0015. (D-F) LGL leukemia
cellline TL-1 (D), NKL (E), or LGL patient PBMCs (F; T-LGL n = 4; NK-LGL n = 2) were treated with bortezomib (5 nM), ixazomib (100 nM), or DMSO, and total protein samples were
collected to assess TRAIL protein levels by immunoblotting assay. Equal loading for western blot assay was confirmed by probing with B-actin antibody. Vertical lines within some
patient blots indicate regions where lanes were removed from the image in order to show identical time points for all samples.

of NF-kB activity with bortezomib or ixazomib interrupts this loop,
resulting in decreased expression of TRAIL. These preclinical
findings provide a solid framework for the future clinical evaluation
of proteasome inhibitors in the treatment of LGL leukemia.
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