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Bortezomib promotes the TRAIL-mediated killing
of resistant rhabdomyosarcoma by ErbB2/Her2-
targeted CAR-NK-92 cells via DR5 upregulation
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Treatment resistance and immune escape are hallmarks of
metastatic rhabdomyosarcoma (RMS), underscoring the ur-
gent medical need for therapeutic agents against this disease
entity as a key challenge in pediatric oncology. Chimeric anti-
gen receptor (CAR)-based immunotherapies, such as the
ErbB2 (Her2)-CAR-engineered natural killer (NK) cell line
NK-92/5.28.z, provide antitumor cytotoxicity primarily
through CAR-mediated cytotoxic granule release and there-
after—even in cases with low surface antigen expression or
tumor escape—by triggering intrinsic NK cell-mediated
apoptosis induction via additional ligand/receptors. In this
study, we showed that bortezomib increased susceptibility to-
ward apoptosis in clinically relevant RMS cell lines RH30 and
RH41, and patient-derived RMS tumor organoid RMS335, by
upregulation of the tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) receptor DR5 in these metastatic,
relapsed/refractory (r/r) RMS tumors. Subsequent adminis-
tration of NK-92/5.28.z cells significantly enhanced antitumor
activity in vitro. Applying recombinant TRAIL instead of
NK-92/5.28.z cells confirmed that the synergistic antitumor
effects of the combination treatment were mediated via
TRAIL. Western blot analyses indicated that the combination
treatment with bortezomib and NK-92/5.28.z cells increased
apoptosis by interacting with the nuclear factor kB, JNK,
and caspase pathways. Overall, bortezomib pretreatment can
sensitize r/r RMS tumors to CAR- and, by upregulating
DR5, TRAIL-mediated cytotoxicity of NK-92/5.28.z cells.

INTRODUCTION
Rhabdomyosarcoma (RMS) is the most common pediatric soft tissue
sarcoma, with an annual incidence of 4.5 cases per million in children,
adolescents, and young adults.1 RMS can be subdivided into two his-
tological subtypes, embryonal and alveolar (aRMS), and scored clin-
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ically. Risk stratification follows standard protocols (e.g., from the
Children’s Oncology Group or the European Pediatric Soft Tissue
Sarcoma Study Group). Patients of any age who have tumors at any
site and of any size with lymph node involvement and suffer from
fusion-driven (PAX3/7-FOXO1) aRMS (subgroup G) or patients
with metastatic disease (subgroup H) are scored as “very high risk”
for treatment failure. The majority of patients with relapsed/refrac-
tory (r/r) RMS succumb to their disease within a median time span
of 2 years with conventional therapies, emphasizing the urgent unmet
medical need for novel treatment strategies.2,3

Chimeric antigen receptor (CAR)-carrying immune effector cells can
be highly effective as a treatment, even in cases with low surface antigen
expression.4 We and others have identified ErbB2 (Her2) as a suitable
target for CAR-based immunotherapy of RMS.5 In the context of RMS,
the ErbB2-CAR-engineered natural killer (NK) cell line NK-92/5.28.z
showed excellent cytotoxicity in preclinical in vitro and in vivo ana-
lyses.6 Upon binding of a CAR to a target antigen on the cell surface,
cancer cell apoptosis is mainly triggered by the release of the contents
of cytotoxic granules, including granzyme A/B and perforin, into the
synaptic cleft between the effector and target cells. After primary
degranulation of NK-92/5.28.z cells, apoptosis is also induced by cell-
death-inducing ligands such as Fas ligand or tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL). In parallel, the secretion
of interferon-g (IFN-g) increases the expression ofmajor histocompat-
ibility complex class II on tumor cells, thereby leading to an immune-
enriched tumor microenvironment (TME).7,8 However, while most
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RMS cancers are resistant to conventional immune- and Fas-mediated
cytotoxicity of T cells, susceptibility toward TRAIL and target engage-
ment with tumor-specific CARs might be faced by NK-92/5.28.z cells.9

The limited life span of NK-92/5.28.z cells resulting in treatment failure
in vivo10 might be additionally addressed, i.e., by combination with
other anticancer therapies that increase the susceptibility of r/r RMS tu-
mors to TRAIL-mediated cytotoxicity of NK-92/5.28.z cells and
bystander cells within the TME, such as bortezomib.

Bortezomib, also known as PS-341, is a dipeptidyl boronic acid that
selectively and reversibly inhibits the 26S proteasome.11 Bortezomib,
the first proteasome inhibitor tested in humans, showed a favorable
safety profile and potent antitumor activity, particularly in patients
with refractory or progressive multiple myeloma (MM).12 Bortezo-
mib was approved by the US Food and Drug Administration in
2003 under the trade name Velcade for the treatment of MM. Inhibi-
tion of the 26S proteasome, an essential multiprotein complex
required for protein degradation, leads to apoptosis. Stabilization of
tumor suppressors p21, p27, and p53, as well as proapoptotic proteins
Bid, Bax, and Noxa, and the prevention of nuclear factor kB (NF-kB)
signaling are considered key factors for bortezomib-mediated
apoptosis.13–15 In a multicenter phase 2 study investigating bortezo-
mib as a single agent for the treatment of metastatic sarcoma, the in-
hibitor was well tolerated but showed limited efficacy,16 suggesting
combination treatment, e.g., via TRAIL, as proteasomal inhibition
leads to overexpression of TRAIL receptors (TRAIL-Rs) on the sur-
faces of various cancer types.17,18

TRAIL-mediated apoptosis is mediated by both NK and cytotoxic
T cells.19 TRAIL expression on the surfaces of immune cells leads
to trimerization of TRAIL-R molecules on the surfaces of cancer
cells, leading to recruitment of the Fas-associated death domain
(FADD) and activation of pro-caspase-8 through autocleavage of
caspase-8 to induce apoptosis by activating caspase-3.20,21 TRAIL-
resistant cancer cells, including hepatoblastoma, glioblastoma, and
pancreatic cancer cell lines, can be sensitized to TRAIL-induced
apoptosis by pretreatment with bortezomib.22,23 In cases of renal
carcinoma, pretreatment with bortezomib prior to CAR-NK-92
cell therapy led to significantly reduced amount of tumor growth
compared to single-agent therapy in a preclinical in vivo model.24

Whether bortezomib also increases the susceptibility of RMS tumors
to bortezomib-mediated apoptosis and/or TRAIL-mediated killing
via NK-92/.28.z cells is not yet known.

In this study, we investigated the effects of proteasome inhibition by
bortezomib and the combination treatment of bortezomib and CAR-
NK-92 cells redirected against ErbB2 in defined in vitro models of
ErbB2-expressing, r/r, and, in part, TRAIL-resistant aRMS tumors.

RESULTS
aRMS cells are sensitive to bortezomib treatment

The anticancer effects of the proteasome inhibitor bortezomib were
assessed in the clinically relevant aRMS cell lines RH30 and RH41,
as well as in the patient-derived aRMS tumor organoid cell line
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RMS335, representing metastatic, r/r RMS tumors.25,26 The RH30
cell line was established from a xenograft of bone marrow obtained
from a 16-year-old male with untreated metastatic aRMS. The
RH41 cell line was established from a xenograft of a lung metastasis
from 7-year-old female patient following treatment for aRMS.26

RMS tumoroid model RMS335 was established from a lymph node
metastasis of a 7-year-old female patient with a second relapse of
aRMS.25

RH30 cells were used as a reference to determine the appropriate in-
cubation time for experiments with aRMS cells. aRMS cells were
transduced with luciferase before being used in luciferase-based
toxicity assays.27 Cytotoxic effects of bortezomib treatment were
quantified based on dose-response curves. At 24 and 48 h (Figures
1A and 1B), dose-response curves reached a plateau. After 48 h,
curves showed a steep ascent and therefore a low half-maximal effec-
tive concentration (EC50) value of 2.1 nM. Therefore, incubation pe-
riods of 24 h were used for further experiments. aRMS cells showed
sensitivity toward bortezomib treatment and EC50 values of
29.6 nM for RH30 (Figure 1A), 23.7 nM for RH41 (Figure 1C), and
6.1 nM for RMS335 cells (Figure 1D), indicating increased suscepti-
bility of the tumor organoid cells toward apoptosis but no final execu-
tion of apoptosis in cancer cells by treatment with bortezomib.

Caspase cleavage and caspase-3/7 activation upon bortezomib

treatment

Western blot analysis of RH30 (Figure 2A, left) and RH41 cells (Fig-
ure 2A, right) was performed to assess caspase-3 cleavage upon bor-
tezomib treatment. Caspase-3 was cleaved into 17 kDa fragments
upon the treatment of RH30 and RH41 cells with 25 and 10 nM bor-
tezomib, respectively. Cleavage-mediated caspase activation was
further assessed by Caspase-Glo assays. The RH30 (Figure 2B) and
RH41 (Figure 2C) cell lines accordingly showed significant activation
of caspase-3/7 after bortezomib treatment (25 nM), whereas no
significant activation effects of caspase-3/7 were observed in the
RMS335 tumor organoid cell line by Caspase-Glo assays (Figure 2D).

Enhanced surface expression of TRAIL-R DR5, but not DR4,

after bortezomib treatment

Bortezomib can enhance the surface expression of TRAIL-Rs DR4
and DR5 on various cell types and thereby sensitizes these cells to
TRAIL-mediated apoptosis of T or NK cells.28–30 The surface expres-
sion levels of the TRAIL-Rs DR4 and DR5 on aRMS cells, assessed by
flow cytometry analysis after treatment with 0, 5, 10, 25, or 50 nM
bortezomib for 24 h, are shown in Figure 3. While DR4 was not ex-
pressed, DR5 surface expression was upregulated in a dose-dependent
manner in all analyzed aRMS cells after 24 h pretreatment with
bortezomib.

Bortezomib pretreatment enhances the lysis of aRMS cells by

NK-92/5.28.z cells

NK-92/5.28.z cell-mediated killing is mainly executed via cytotoxic
granule release and granzyme B expression, followed by expression
of death ligands such as TRAIL and TRAIL-mediated killing via the



Figure 1. Determination of EC50 values of the aRMS

cell lines RH30 and RH41 and the tumor organoid

aRMS RMS335 in the presence of increasing

bortezomib doses, shown using the luciferase

toxicity assays

(A and B) Luciferase-expressing RH30 cells were incubated

for 24 h (A) and 48 h (B) with the indicated concentrations of

bortezomib. After 24 and 48 h, luciferase was added to

bortezomib-pretreated target cells and untreated controls.

Cell lysis was calculated based on the luminescence signals

of remaining cells and correlated with the signal of the un-

treated controls. (C and D) The EC50 values of RH41 (C) and

RMS335 (D) were determined analogously after 24 h of

treatment with the indicated bortezomib concentrations.

The results of at least three independent experiments are

shown. After 24 h incubation, the dose-response curve

showed a corresponding effect on the RMS cells with

EC50 values (dotted lines) in the nanomolar range.
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caspase cascade. Bortezomib pretreatment upregulated expression of
the TRAIL-R DR5, allowing for potentially enhanced TRAIL-medi-
ated killing by NK-92/5.28.z cells. Indeed, significantly increased
cytotoxicity was observed against RH30 (Figure 4A), RH41 (Fig-
ure 4B), and RMS335 cells (Figure 4C) after bortezomib pretreatment.
However, susceptibility toward NK-92/5.28.z cell cytotoxicity was not
exclusively related to surface TRAIL expression on target cells. Never-
theless, our data indicate significantly enhanced lysis of aRMS cells by
NK-92/5.28.z cells after pretreatment with bortezomib, even at nano-
molar concentrations.

Effects of combination treatment on aRMS cell lines

Activation of the NF-kB pathway, one of the main pathways of innate
and adaptive immune functions that serves as a pivotal mediator of
inflammatory responses,31 is highly dependent on the proteasomal
degradation machinery. The in vitro effects of bortezomib on the
NF-kB pathway in RMS remain unclear. Therefore, activation of
the NF-kB pathway was assessed by quantifying mRNA expression
levels by quantitative polymerase chain reaction (qPCR) (Figures
5A, RH30, and 5B, RH41) and/or protein phosphorylation levels by
western blot analysis (Figure 5C, RH30 on the left and RH41 on
the right) in aRMS cells after combination treatment with NK-92/
5.28.z cells and bortezomib. Significantly enhanced p100 mRNA
levels were detected in RH30 and RH41 aRMS cell lines after
NK-92/5.28.z cell treatment, while protein levels remained stable.
Especially in RH30 cells, increased p100 phosphorylation was de-
tected after NK-92/5.28.z cell treatment. p65 expression remained sta-
ble upon treatment. Furthermore, the phosphorylation level of p65
was not affected by combination treatment or single-agent therapy
in either aRMS cell line. B-cell lymphoma-extra large (BCL-xL)
mRNA and protein levels did not change upon combination treat-
Mo
ment or single-agent treatment. Notably, low
Bcl-xL protein expression was detected in RH41
cells. In contrast, c-Jun N-terminal kinase
(JNK) mRNA levels significantly decreased after
NK-92/5.28.z cell or combination treatment, but not after single-
agent bortezomib treatment, in RH30 cells. Notably, single-agent
NK-92/5.28.z cells and combination treatment resulted in the cleav-
age of caspase-3 in both RH30 and the TRAIL-resistant RH41 cells.

Bortezomib synergizes with TRAIL-induced apoptosis

As the cytotoxicity of NK-92/5.28.z cells is at least partially mediated
by TRAIL, its contribution to the overall cytotoxicity of the combina-
tion treatment was evaluated. To avoid additional cytotoxic influ-
ences through NK-92/5.28.z cells, purified TRAIL protein was used
for cytotoxicity analysis. Cytotoxicity data were analyzed with the
zero interaction potency (ZIP) model (Figure 6) to uncover potential
synergistic effects between TRAIL and bortezomib. The ZIP reference
for additive cytotoxic effects (top boxes) for RH30 (Figure 6A), RH41
(Figure 6B), and RMS335 cells (Figure 6C) showed TRAIL sensitivity
of RH30 and TRAIL resistance of RH41 and RMS335 cells. The ZIP
synergy score was calculated by comparing the observed combined ef-
fect of bortezomib and TRIAL versus the expected individual effects.
The observed combined effect of bortezomib and TRIAL was
increased in comparison to the sum of the monotherapies resulting
in a positive score, which indicated synergetic interaction between
bortezomib and TRIAL. Hence, the experimental data modeled by
the ZIP synergy score model (bottom boxes) showed significant
synergistic effects for the combination treatment against RH30
(p = 1.43e�5) and RMS335 (p = 4.58e�3) and a tendency of syner-
gism against RH41 cells (p = 1.90e�1).

DISCUSSION
For metastatic and r/r RMS, the responses to conventional therapies,
such as local therapies and systemic chemotherapy, are not long-last-
ing in most cases.32 Recently, the use of novel ErbB2-CAR-T cell
lecular Therapy: Oncology Vol. 32 June 2024 3
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Figure 2. Caspase-3 cleavage and caspase-3/-7 activity in aRMS target cells after bortezomib treatment

aRMS cells were treated with different concentrations of bortezomib. (A) After 24 h, aRMS cells were lysed and caspase cleavage was assessed by western blot analysis:

RH30 (left) and RH41(right). In addition to caspase cleavage, caspase activation was determined by Caspase-Glo assay. (B–D) For this purpose, RH30 (B), RH41 (C) and

RMS335 (D) cells were treated with the indicated bortezomib concentrations for 24 h, and caspase-3/7 activity was quantified using a Caspase-Glo assay according to the

manufacturer’s instructions. Caspase-3 was cleaved and activated in RH30 and RH41 cells but not in RMS335 cells. The results are presented as the mean ± standard

deviation (SD), and one-way ANOVAwith the Bonferroni method was used to evaluate differences. Differences for *p < 0.05, **p < 0.01, ***p < 0.005, and ****p < 0.001 were

considered significant.
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therapy in combination with checkpoint inhibition demonstrated
aRMS sensitivity to immune cell cytotoxicity, which supports the
use of cellular immunotherapy to evoke anti-RMS immunity in gen-
eral.33 However, intrinsic features such as low target antigen expres-
sion,6,34 low mutational burden, and thus low neoantigen content as
well as the immunosuppressive TME35–37 have impeded the develop-
ment of cellular immunotherapy for aRMS.

ErbB2 has been shown to be a valid and promising target for CAR en-
gineering in RMS by Hegde et al.33 The ErbB2-specific NK-92/5.28.z
cell line showed reasonable cytotoxic potential against ErbB2-positive
tumors, such as glioblastoma38,39 and RMS6,10 in vitro and in vivo.
However, singular NK-92/5.28.z cell-mediated immunotherapy may
not be sufficient to overcome aRMS resistance. In this study, we
explored the effects of the proteasome inhibitor bortezomib9,40 and
combination treatment with bortezomib and CAR-NK-92 cells
directed against ErbB2 in preclinical ErbB2-positive aRMS tumor
models.

We showed that pretreatment with the proteasome inhibitor bortezo-
mib induced caspase activation in aRMS tumor cell lines RH30 and
RH41, but not in the patient-derived aRMS organoid RMS335, and
4 Molecular Therapy: Oncology Vol. 32 June 2024
induced cell death in all analyzed RMS cell lines with EC50 values
in a low nanomolar range between 6.1 and 29.6 nM. We demon-
strated a dose-dependent increase in cleaved and activated
caspase-3 and -7 in RH30 and RH41 cells. In addition, the expression
of the TRAIL-R DR5 on aRMS cells, including the known TRAIL-
resistant RH41 cells and the as-yet-unknown TRAIL-resistant
RMS335 cells, was upregulated in a dose-dependent manner, whereas
DR4 mRNA and protein expression was not induced by bortezomib
treatment. Defined aRMS cells, such as the aRMS cell line RH41, are
known to be TRAIL resistant,9 but as has been seen in other cancers,
they may be sensitized to TRAIL-mediated cytotoxicity by bortezo-
mib treatment.30,41

Combination treatment with bortezomib and NK-92/5.28.z cells re-
sulted in significantly increased lysis of aRMS tumor cells compared
to single-agent treatment with NK-92/5.28.z cells.

The NF-kB pathway, a pathway contributing to inflammatory pro-
cesses with important roles in cancer development and treatment,42,43

is dependent on proteasomal degradation and therefore might be
affected by proteasome inhibition with bortezomib. The proteasome
plays important roles in protein turnover, which is essential for



Figure 3. Bortezomib induces the expression of the TRAIL receptor DR5 but not DR4

aRMS cells were incubated for 24 h with the indicated concentrations of bortezomib. The cells were then stained with fluorescence-labeled antibodies against DR4 and DR5.

DR4 and DR5 surface expression of the aRMS cell lines RH30, RH41, and RMS335 was analyzed by flow cytometry. Shown is a representative measurement from three

independent experiments. A 24 h pretreatment with bortezomib increased the surface expression of DR5, but not DR4, in r/r aRMS cells in a dose-dependent manner.
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cellular homeostasis. Bortezomib inhibits the chymotrypsin-like sub-
unit of the 26S proteasome leading to a stabilization of pro-apoptotic
factors, causing cellular stress, e.g., endoplasmic reticulum stress and
cell-cycle arrest.44,45 Bortezomib had no influence on p65 mRNA and
protein levels, phosphorylation levels, or p100 mRNA and protein
expression levels. Treatment with bortezomib, NK-92/5.28.z, or
both resulted in an accumulation of p-p100, which might indicate
an inhibition of the noncanonical NF-kB pathway. Of note, p52, an
NF-kB transcription factor processed from phosphorylated p100 by
the 26S proteasome, is considered a driver of cancer progression in
different solid tumors.46–48 Treatment with bortezomib, NK-92/
5.28.z cells, or both enhanced the phosphorylation of JNK, a protein
kinase involved in pathways that regulate cell proliferation or cell
death,49 indicating increased signaling toward a cell death phenotype
in this case. In addition, treatment with NK-92/5.28.z cells and com-
bination treatment with bortezomib both resulted in an increase in
caspase-3 activity in aRMS cells. Thus, combination treatment with
NK-92/5.28.z cells and the proteasome inhibitor triggers apoptosis
by interacting with the NF-kB, JNK, and caspase pathways in
aRMS cells.

To exclude intrinsic, non-TRAIL-mediated cytotoxicity of NK-92/
5.28.z cells, we performed cytotoxic analyses with a combination
treatment of purified TRAIL ligand instead of NK-92/5.28.z cells
and bortezomib. We showed synergistic effects in TRAIL-sensitive
RH30 cells and initially TRAIL-resistant RMS335 cells. Notably,
TRAIL-resistant RH41 cells also responded to the combination treat-
ment and showed at least a tendency toward synergism.
This is the first study of its kind demonstrating increased in vitro cyto-
toxicity of combination treatment with bortezomib and NK-92/5.28.z
cells in defined aRMS tumors by enhanced TRAIL-mediated cytotox-
icity in, among others, TRAIL-resistant aRMS cells. In our hands,
bortezomib demonstrated activity in the concentration range of
5–25 nM, which is below the recommended plasma levels for sin-
gle-agent therapy in patients with MM, which ranges between 15
and 29 nM (Velcade approval documents).

As it cannot be ruled out that bortezomib treatment may hamper im-
mune cell functions in vivo, the timing of bortezomib administration,
and therefore the establishment of an in vivo model supporting evi-
dence for the findings, might be crucial. In our in vitro assays, tumors
were cultured in the presence of bortezomib for 24 h before being
washed and reseeded in new culture systems without bortezomib.
However, the feasibility of combination therapy with bortezomib
and CAR-NK-92 treatment has already been demonstrated for renal
carcinoma in vivo.24,50

The clinically usable NK-92/5.28.z cell product has limited in vivo
persistence due to mandatory irradiation prior to use. Herein, we
showed that in terms of r/r aRMS, this limitation can be addressed
by combination treatment with the proteasome inhibitor bortezomib.
In addition, this combination approach may also increase endoge-
nous T cell responses provided by soluble proinflammatory cytokines
in vivo in patients, such as IFN-g, which reverses immunoediting and
thereby downregulates HLA class II molecules.51 Bortezomib treat-
ment may also augment T cell signaling within the TME.17,52–54
Molecular Therapy: Oncology Vol. 32 June 2024 5
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Figure 4. Lysis of bortezomib-pretreated aRMS cells by NK-92/5.28.z cells as assessed by luciferase toxicity assays

aRMS cells RH30 (A), RH41 (B), and RMS335 (C) were treated with the indicated bortezomib concentrations for 24 h. An equal number of cells were then seeded in 96-well

plates and co-incubated with NK-92/5.28.z cells for 3 h at different effector-to-target (E:T) cell ratios. Luciferin was added to each well to quantify the luciferase signal of

the remaining cells. Based on the signal of the untreated aRMS cells, cell lysis was calculated for each condition. The results of at least three independent experiments are

shown. The combination of NK-92/5.28.z immunotherapy with bortezomib significantly increased the lysis of r/r aRMS cells compared to treatment with NK-92/5.28.z

cells alone. The results are presented as the mean ± standard deviation (SD), and one-way ANOVA with the Bonferroni method was used to evaluate differences. Dif-

ferences for *p < 0.05, **p < 0.01, ***p < 0.005, and ****p < 0.001 were considered significant.

Molecular Therapy: Oncology
Taken together, our studies provide a valid rationale to further explore
combination treatment with NK-92/5.28.z cells and bortezomib
against r/r aRMS. The combination of bortezomib and NK-92/5.28.z
cell therapy, a good manufacturing practice-compliant product that
has already been tested in a phase 1 clinical trial for the treatment of
relapsed glioblastoma,may be further translated to clinical application
to meet the urgent yet unmet medical needs of children and young
adults with r/r, metastatic RMS.

MATERIALS AND METHODS
Cell lines

The aRMS cell lines RH30 and RH41 were purchased from DSMZ
(Deutsche Sammlung von Mikroorganismen und Zellkuturen
GmbH, Braunschweig, Germany). Cells were cultured in RPMI
1640 medium (Gibco, Life Technologies, Carlsbad, CA, USA) supple-
6 Molecular Therapy: Oncology Vol. 32 June 2024
mented with 10% heat-inactivated fetal bovine serum (Sigma-
Aldrich, St. Louis, MO, USA). The patient-derived aRMS tumor orga-
noid RMS335 from a lymph node metastasis of a child with a second
relapse of an aRMS tumor was cultured in complete medium BM1*
DMEM/F12 (Gibco) containing various growth factors, inhibitors,
and additives as reported previously.55 Then, 0.1%–0.5% basement
membrane extract (R&D Systems, Minneapolis, MI, USA) was added
to enable cell attachment.

The cytotoxic analyses were performed using a luciferase-based cyto-
toxicity assay. Luciferase-expressing target cells are used for this
assay. Since the viability of the cells correlates directly with the lucif-
erase signal, the luciferase signal can be used to calculate the viability
if the signal of the treated cells is related to the signal of the untreated
control cells.



Figure 5. Bortezomib and NK-92/5.28.z cells affect noncanonical NF-kB and JNK signaling in RMS

qPCR analysis of p100, p65, JNK, and BCL-xL mRNA levels in RH30 (A) and RH41 (B) cells upon incubation with or without bortezomib and/or NK-92/5.28.z cells compared

to untreated controls. Data are shown of three independent experiments. The results are presented as the mean ± standard deviation (SD), and one-way ANOVA with the

Bonferroni method was used to evaluate differences. Differences for *p < 0.05, **p < 0.01, ***p < 0.005, and ****p < 0.001 were considered significant. (C) Western blot

analysis of p100, p65, JNK, and the phosphorylated forms of these proteins and BCL-xL, as well as total and cleaved caspase-3, of RH30 and RH41 cells left untreated or

treated with bortezomib and/or NK-92/5.28.z cells. GAPDH was used as loading control. Representative blots of two independent experiments are shown.
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Stable GFP/firefly luciferase-expressing cell lines were generated by
lentiviral transduction with the pSIEW-luc2 plasmid encoding
enhanced GFP and firefly luciferase linked by aT2A peptide.56 If
needed, GFP-positive cells were further enriched by fluorescence-
activated cell sorting (FACS) with a FACSAria II device (BD Biosci-
ences, San Jose, CA, USA).

The clinically usable NK-92/5.28.z effector cell line was generated
by lentiviral transduction of NK-92 cells with an ErbB2-specific
CAR construct as described previously.57,58 The resulting CAR-
NK cells express a second-generation CAR containing a single-
chain fragment variable domain derived from the ErbB2-specific
FRP5 antibody, linked via a modified CD8a hinge region to a
CD28-CD3z signaling domain. NK-92/5.28.z cells were cultured
in X-Vivo10 medium supplemented with recombinant transferrin
but without geneticin and phenol red (Lonza, Basel, Switzerland)
and 5% human fresh frozen plasma from donors with blood group
AB (DRK-Blutspendedienst Frankfurt am Main, Germany) as
well as 100 IU/mL interleukin-2 (Proleukin, Novartis, Nuremberg,
Germany).

Reagents

Bortezomib was purchased from AbMole BioScience and was dis-
solved in DMSO at a stock concentration of 10 mM and further
diluted to 1 mM in Dulbecco’s phosphate-buffered saline (DPBS)
(Gibco). Stock solutions were stored at �20�C. For each experiment,
fresh 1 mM stocks were thawed, diluted in medium, and used
immediately.

EC50 value determination

For EC50 determination, the luciferase-based viability assay was
used as previously described.10 A total of 5,000 luciferase-expressing
RMS cells were seeded in white 96-well plates, and bortezomib was
added at concentrations ranging from 0 to 1 mM. Cells were
Molecular Therapy: Oncology Vol. 32 June 2024 7
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Figure 6. Synergistic interactions between bortezomib and TRAIL treatment

Luciferase-based cytotoxicity assays were performed with bortezomib-pretreated aRMS cells and purified TRAIL protein. The results were used in a zero interaction potency

(ZIP) model to analyze additive or synergistic effects. For RH30 cells (A), RH41 cells (B), and RMS335 cells (C), the ZIP reference for additive effects (top row) was modeled,

showing the expected effects when bortezomib and TRAIL have an additive effect. In addition, the synergy score (bottom row) was used, indicating the actual interactions

between the two drugs. Overall, the ZIP additive model calculated the expected response of a combination treatment with bortezomib and TRIAL based on the potency of the

individual therapies and the sum of the individual effects (additive) without any interaction. The ZIP synergy score was calculated by comparing the observed combined effect

of bortezomib and TRIAL with the expected individual effects (from the ZIP reference model). The observed combined effect of bortezomib and TRIAL was increased

compared to the sum of the monotherapies, resulting in a positive score indicating a synergetic interaction between bortezomib and TRIAL.
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incubated for 24 or 48 h before D-luciferin (Promega, Madison, WI,
USA) was added at a final concentration of 0.5 mM. After 15 min
incubation, light emission was quantified by a GloMax-Multi Detec-
tion device (Promega), and tumor cell lysis was calculated by quan-
tifying the intracellular luciferase activity of living cells using the
following formula:

% Specific lysis =

�
1 � Remaining target cells ðsignalÞ

Negative control ðsignalÞ
�
x 100%

The results of at least three experiments were used for dose-response
curves and the calculated EC50 to measure drug effects.
Levels of DR4 and DR5 surface expression on aRMS cells

The aRMS target cells were cultured in the presence of 0–100 nM bor-
tezomib. After 24 h incubation, target cells were harvested and placed
in FACS tubes. After washing with DPBS according to the manufac-
turer’s instructions, the cells were stained with antibodies against
TRAIL-Rs DR4 and DR5 conjugated to phycoerythrin (BioLegend,
San Diego, CA, USA), allophycocyanin (BioLegend), or isotype con-
8 Molecular Therapy: Oncology Vol. 32 June 2024
trols (BioLegend). Target cells were analyzed by a FACS Canto10c
(BD Biosciences), and data were evaluated by FlowJo software
(v.10.8.1, TreeStar, Ashland, OR, USA).
Caspase activity assay

Caspase activity of bortezomib-treated aRMS cells was analyzed by
Caspase-Glo assay (Promega). A total of 500,000 aRMS cells were
seeded per well on a 6-well plate and incubated with 5, 10, or
25 nM bortezomib for 24 h. As a positive control, cells were treated
with 1 mM staurosporine, and as a negative control, untreated cells
were used. All cells were seeded at a density of 10,000 cells per well
on a white 96-well plate, and Caspase-Glo 3/7 reagent was added. Af-
ter 1 h, luminescence was recorded with a GloMax-Multi Detection
device (Promega) according to the manufacturer’s instructions.
Western blotting

aRMS RH30 and RH41 cells were treated with 0, 5, 10, or 25 nM
bortezomib for 24 h. Cells were lysed in radioimmunoprecipitation
assay (RIPA) lysis buffer (50 mM Tris-HCl [pH 8], 150 mM NaCl,
1% Nonidet P-40, 2 mM MgCl2, 0.5% sodium deoxycholate)
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supplemented with protease inhibitor complex (Roche, Grenzach,
Germany), 0.1% SDS, 1 mM sodium orthovanadate, 5 mM sodium
fluoride, 1 mM b-glycerophosphate, 1 mM phenylmethylsulfonyl
fluoride, and Pierce Universal Nuclease (Thermo Fisher Scientific)
for 30 min on ice. The lysates were cleared by centrifugation for
20 min at 18,000 � g and 4�C. Protein concentrations were deter-
mined using the bicinchoninic acid (BCA) Protein Assay Kit from
Pierce (Thermo Scientific) according to the manufacturer’s proto-
col, and 30–40 mg protein was boiled in 6� SDS loading buffer
(350 mM Tris base [pH 6.8], 38% glycerol, 10% SDS, 93 mg/mL
dithiothreitol, 120 mg/mL bromophenol blue) followed by western
blotting. Membranes were blocked with 5% milk powder in PBS-T
for 1 h and incubated with antibodies overnight at 4�C. The
following primary antibodies were used in this study: rabbit anti-
phospho NF-kB2 p100 (Ser866/870) (4810, Cell Signaling Technol-
ogy); mouse anti-NF-kB p52 (05-361, Merck/Sigma); rabbit anti-
phospho JNK1/2 (Thr183/Tyr185) (44-682G, Thermo Scientific);
rabbit anti-JNK1 (44-690G, Thermo Scientific); rabbit anti-phos-
pho-NF-kB p65 (Ser536) (3033, Cell Signaling Technology); mouse
anti-NF-kB p65 (sc-8008, Santa Cruz Biotechnology); rabbit anti-
caspase-3 (9662, Cell Signaling Technology); rabbit anti-Bcl-XL
(2762, Cell Signaling Technology); mouse anti-GAPDH (5G4 cc,
HyTest, Turku, Finland); and mouse anti-Vinculin (V9131, Merck
KGaA). The following horseradish peroxidase (HRP)-coupled sec-
ondary antibodies were used for detection with Pierce ECL western
blotting substrate (Thermo Scientific): HRP-conjugated goat anti-
mouse IgG (ab6789, Abcam) and HRP-conjugated goat anti-rabbit
IgG (ab6721, Abcam). Representative blots of at least two indepen-
dent experiments are shown. Only one loading control is shown for
clarity if samples from one experiment were detected on multiple
western blotting membranes.

Furthermore, RH30 and RH41 cell lysates after combination treat-
ment with bortezomib and NK-92/5.28.z were analyzed by western
blotting. For this, aRMS cells were pretreated with 10 nM bortezomib
for 24 h and subsequently coincubated with NK-92/5.28.z cells at an
effector-to-target (E:T) ratio of 1:1 for 2 h. aRMS cells treated with
either the single agent bortezomib or NK-92/5.28.z, and untreated
controls were used as references. Western blotting was performed
as described above.

qPCR

For qPCR analysis, aRMS cells were seeded in 6-well plates and pre-
treated with 10 nM bortezomib for 24 h. Pre- or untreated target cells
were seeded at densities of 5� 105 cells per well on 6-well plates, and
NK-92/5.28.z effector cells were added at E:T ratios of 1:1. Altogether,
untreated, 10 nM bortezomib-treated, NK-92/5.28.z cell-treated, and
10 nM bortezomib plus NK-92/5.28.z cell-treated target cells were
cultured for 2 h, washed with DPBS, and stored at�80�C until further
use.

RNA isolation was performed using the peqGOLD total RNA isolation
kit (VWR,Radnor, PA,USA) according to themanufacturer’s protocol.
Cell lysates were prepared using RNA lysis buffer and then transferred
to peqGOLD RNA homogenizer columns. After centrifugation at
13,000 � g for 1 min, the filtrate was mixed with 70% ethanol, loaded
onto a peqGOLD RNA mini column, and centrifuged at 10,000 � g
for 1 min, followed by a wash step with RNA wash buffer and two
wash steps with 80% ethanol (centrifugation at 10,000 � g). The col-
umns were dried by centrifugation at 12,000 � g for 2 min, and RNA
was eluted in nuclease-free water (centrifugation at 12,000 � g for
2 min). RNA (0.5 mg) was used for cDNA synthesis using the
RevertAid H Minus First Strand Kit (Thermo Scientific) according to
the manufacturer’s protocol. The gene expression levels of DR4, DR5,
p100, p65, JNK, and BCL-XL were determined by SYBR green-based
real-time qPCRusing the 7900GRFast Real-time PCR system (Applied
Biosystems, Darmstadt, Germany). Gene expression data for target
genes were normalized against 18S-rRNA or RPII expression, and rela-
tive gene expression levelswere calculated using the 2�DDCtmethod.All
primers used in this study were obtained from Eurofins (Hamburg,
Germany) and are listed here: DR4: forward 50-TGTTGCATCGGCTC
AGGTTG-30, reverse 50-ACGAAAGTGGACAGCGAGTC-30; DR5:
forward 50-CAGGTGTGATTCAGGTGAAGTG-30, reverse 50-CCCA
CTGTGCTTTGTACCTG-30; p100: forward 50-GAGGGCCTTTAGC
GGACAG-30, reverse 50-CGGGTCCGCGTATCTTTGTA-30; p65: for-
ward 50-GCCGAGTGAACCGAAACTCT-30, reverse 50-GCCTGG
TCCCGTGAAATACA-30; JNK: forward 50-CTGAAGCAGAAGC
TCCACCA-30, reverse 50-TGCACCTAAAGGAGAGGGCT-30; BCL-
XL: forward 50-CTGAATCGGAGATGGAGACC-30, reverse 50-TGGG
ATGTCAGGTCACTGAA-30; 18S: forward 50-CGCAAATTACCCA
CTCCCG-30, reverse 50-TTCCAATTACAGGGCCTCGAA-30; and
RPII: forward 50-GCACCACGTCCAATGACAT-30, reverse 50-GTGC
GGCTGCTTCCATAA-30.

Combination of bortezomib and immunotherapy

Luciferase-expressing aRMS cells were pretreated with 0, 5, 10, or
25 nM bortezomib for 24 h before seeding them on white 96-well
plates at densities of 7,500 cells per well. After adherence of target
cells, NK-92/5.28.z effector cells were added at E:T ratios of 20:1,
10:1, 5:1, 2:1, and 1:1. After a 3 h coculture period, luciferase signals
of the remaining cells were determined by adding 0.5 mMD-luciferin
(Promega) for 15 min. Luciferase signals were quantified with a
GloMax-Multi Detection device (Promega), and specific target cell
lysis was calculated according to the formula mentioned above.

TRAIL cytotoxicity assay

A total of 5,000 luciferase-expressing aRMS cells were seeded per well
on white 96-well plates. After cell adherence, 0, 5, 10, or 25 nM bor-
tezomib and 0, 25, 50, 100, or 200 ng/mL purified TRAIL protein
(BioLegend) were added. After 20 h, 0.5 mM D-luciferin solution
was added and incubated for another 15 min. The luminescence
signal was detected by a GloMax-Multi Detection device (Promega),
and specific lysis of target cells was calculated according to the for-
mula mentioned above.

Statistical analysis

For statistical analysis and graphical presentation of data, GraphPad
PRISM 6.0 software (La Jolla, CA, USA) was used. The results are
Molecular Therapy: Oncology Vol. 32 June 2024 9
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presented as the mean ± standard deviation (SD), and one-way
ANOVA with the Bonferroni method was used to evaluate differ-
ences. Differences for *p < 0.05, **p < 0.01, ***p < 0.005, and
****p < 0.001 were considered significant. Flow cytometry data are
given as the percentage of gated cells as the mean ± SD in the case
of replicated data. The degree of synergy of simultaneous bortezomib
and TRAIL treatment was calculated by the ZIP model.59 This model
was chosen because it combines the advantages of the Loewe addi-
tivity and Bliss independence models. The ZIP model is a reference
model for calculating the expected effect of a drug combination. It as-
sumes that the individual drugs do not influence the efficacy of each
other. The expected effect of a drug combination is calculated as the
sum of the effects of the individual drugs (additive, includes the effect
when there is no interaction between the drugs). The degree of syn-
ergy or antagonism of the drug combination is quantified by
comparing the observed response of the drug combination with the
expected response calculated using the ZIP model. The ZIP synergy
score is a measure of the degree of synergy or antagonism between
two drugs. It is calculated by comparing the observed response of
the drug combination with the expected response calculated using
the ZIP model. If the observed response is greater than the expected
response, then the ZIP synergy score is positive, indicating synergy. If
the observed response is less than the expected response, then the ZIP
synergy score is negative, indicating antagonism. If the observed
response is equal to the expected response, then the ZIP synergy score
is zero, indicating additivity.59
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