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ABSTRACT

The ex vivo sensitivity of pediatric leukemia cells to the proteasome inhibitor bortezomib was compared to 3 next
generation proteasome inhibitors: the epoxyketone-based irreversible proteasome inhibitors carfilzomib, its orally
bio-available analog ONX 0912, and the immunoproteasome inhibitor ONX 0914. LC;, values were determined by
MTT cytotoxicity assays for 29 childhood acute lymphoblastic leukemia and 12 acute myeloid leukemia patient sam-
ples and correlated with protein expression levels of the constitutive proteasome subunits (35, 1, f2) and their
immunoproteasome counterparts (351, f1i, $21i). Acute lymphoblastic leukemia cells were up to 5.5-fold more sensi-
tive to proteasome inhibitors than acute myeloid leukemia cells (P<0.001) and the combination of bortezomib and
dexamethasone proved additive/synergistic in the majority of patient specimens. Although total proteasome levels
in acute lymphoblastic leukemia and acute myeloid leukemia cells did not differ significantly, the ratio of
immuno/constitutive proteasome was markedly higher in acute lymphoblastic leukemia cells over acute myeloid
leukemia cells. In both acute lymphoblastic leukemia and acute myeloid leukemia, increased ratios of 51/ 5, p1i/p1
and P2i/p2 correlated with increased sensitivity to proteasome inhibitors. Together, differential expression levels of
constitutive and immunoproteasomes in pediatric acute lymphoblastic leukemia and acute myeloid leukemia consti-
tute an underlying mechanism of sensitivity to bortezomib and new generation proteasome inhibitors, which may
further benefit from synergistic combination therapy with drugs including glucocorticoids.

Introduction

Recently, the crystal structures of constitutive and immuno-
proteasomes in the absence or presence of the novel
epoxyketone-based irreversible proteasome inhibitor ONX
0914 were solved." Structural evidence for selective inhibitory
potential of ONX 0914 for the immunoproteasome was pro-
vided by the ability to induce conformational changes in the
S1 binding pocket of the immunoproteasome subunit $5i but
not in the constitutive proteasome subunit 5. Conceptually,
immunoproteasome inhibitors may have dual impact on both
cell proliferation and cytokine production™ and could thus
serve a valuable alternative to the first generation clinically
active proteasome inhibitors, e.g. bortezomib, which targets
both constitutive and immunoproteasome subunits.” Clinical
evaluation of immunoproteasome inhibitors is still in an early
phase. However, given the established efficacy of bortezomib
in the treatment of various hematologic malignancies,* adult
and pediatric acute leukemias are valid candidates for further
pre-clinical and clinical investigation.

Although over the last decades the treatment of children
with acute leukemia has continued to improve, 20-40% of
children still relapse following initial therapy and this is asso-

ciated with a worse prognosis.® For the survival of children
with acute lymphoblastic leukemia (ALL) a good initial
response to glucocorticoids is of favorable prognostic value.”
Hence, glucocorticoid-resistant and relapsed ALL patients
may benefit from novel and glucocorticoid-sensitizing strate-
gies. Based on its good pre-clinical activity in other hemato-
logic malignancies,” bortezomib was selected as a novel anti-
leukemic drug in pediatric leukemias.*" Bortezomib is a
reversible inhibitor of the 26S proteasome, a large intracellu-
lar protease expressed in all cell types." The proteasome con-
sists of seven o-subunits and seven P-subunits, three of
which harbor the catalytic activities of the proteasome, chy-
motrypsin-like, caspase-like, and trypsin-like, encoded by 5
(PSMB)), p1 (PSMB6), and B2 (PSMB7) subunits, respectively.
The catalytic activities of the proteasome are responsible for
the degradation of all poly-ubiquitinated proteins.' Cells of
the immune system express a distinct type of proteasome,
the interferon-y inducible immunoproteasome, in which all
three catalytic constitutive subunits are exchanged for the
immunosubunits p5i (PSMB8), p1i (PSMBY9), and f2i
(PSMB10)." Besides immunoproteasomes, two additional pro-
teasome hybrid types (B1+p2+p5i and Pli+p2+p5i) were
identified, each of which has the capacity to process different
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tumor antigens.” Immunoproteasomes play a major role
in the provision of peptides for antigen presentation, part-
ly by facilitating efficient clearance of protein aggregates
that arise upon interferon-induced oxidative stress.”®
Increased immunoproteasome expression has been noted
in B-cell malignancies.""

In leukemic cell lines, bortezomib was shown to interact
in an additive or synergistic way when combined with tra-
ditional drugs, including glucocorticoids.'® In pre-clinical T-
ALL mouse models, bortezomib showed modest single-
agent activity'” while almost no monotherapy activity was
observed in phase I studies in children and adults.”’
However, phase I or phase II studies in which bortezomib
was combined with conventional chemotherapeutics
showed promising clinical activity in adult AML patients'®
and pediatric ALL patients.'*”

Despite the encouraging results of bortezomib in several
hematologic malignancies, emergence of bortezomib
resistance, as well as side effects, are factors that limit its
long-term efficacy.*” To overcome these issues, several
irreversible proteasome inhibitors have been developed.”
Carfilzomib is more selective for the proteasomal chy-
motrypsin-like activity and is a more effective anti-
leukemic drug at low concentrations than bortezomib.*
Subsequently, an orally bioavailable analog of carfilzomib
was developed, ONX 0912, which elicited anti-tumor
activity by inhibiting chymotrypsin-like activity in
Waldenstrom macroglobulinemia,”” and MM.” Upon
recognition of the important role of immunoproteasomes,
ONX 0914 was developed as the first f5i selective protea-
some inhibitor.”® Alternatively, to overcome bortezomib-
resistance, proteasome inhibitors that target other non-
catalytic parts of the proteasome may be attractive. In this
context, the non-competitive proteasome inhibitor 5-
amino-8-hydroxyquinoline (SAHQ) may serve as a proto-
typical drug that binds the structural o7 subunit of the
proteasome and induces cell death of in vitro established
bortezomib-resistant hematologic cell lines.”

The aim of the current study was to examine the ex vivo
sensitivity of pediatric leukemia cells (ALL and AML) to: i)
bortezomib as a single agent and in combination with
dexamethasone; and ii) next generation epoxyketone-
based irreversible proteasome inhibitors designed to over-
come bortezomib resistance. To identify novel parameters
that may predict proteasome inhibitor response, we
explored whether or not their cytotoxic activity correlated
with protein expression levels of the constitutive subunits
BS, B1, B2, and a7, and the immunoproteasome subunits
B5i, pli and B2i. We show that higher ratios of immune
versus constitutive proteasome level represent a novel indi-
cator of sensitivity of pediatric acute leukemia cells to
bortezomib and epoxyketone-based proteasome
inhibitors.

Methods

Leukemic patient samples

Forty-four pediatric leukemia samples (12 AML and 32 ALL)
were included in this study. Table 1 gives an overview of patients’
characteristics. After thawing the vials, viable cells were counted
and blast percentage was determined after May-
Grunwald/Giemsa cytospin stainings. Inclusion criteria for the
MTT assay were that more than 80% blasts were present in the
leukemic samples. These non-proliferating cells were immediately
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used for MTT analysis, and the remaining cells were snap-frozen
for proteasome subunit protein expression..

MTT cytotoxicity assay

Cytotoxicity of bortezomib, dexamethasone, as well as their
combination, and carfilzomib, ONX 0912, ONX 0914, and SAHQ
was determined using the MTT colorimetric dye reduction
assay.” For the drug combination study, CalcuSyn (Version 1.1.1
1996, Biosoft, Cambridge, UK) software was used to calculate a
combination index (CI) based on the median-effect principle, for
each drug combination tested.” More detailed information is
available in the Online Supplementary Appendix.

Protein expression

Western blotting: protein expression was determined by Western
blot analysis, as previously described.” Protein bands were quan-
tified by Odyssey software, corrected for background, and nor-
malized with B-actin to correct for any loading differences. To
compare between gels, subunit expression of the patient samples
were normalized using subunit expression in the leukemic T-ALL
cell line CCRF-CEM.” Since each antibody has different binding
characteristics, it is not possible to determine ratios between the
expression of each different subunit using Western blot analysis.

ProCISE analysis: a previously described ELISA-based method
(ProCISE) was used to confirm the Western blot data and to accu-
rately quantify the fraction of constitutive and immunoprotea-
some subunits per patient.”” Details on validation and statistical
evaluation are described in the Online Supplementary Appendix.

Statistical analysis

Statistical significance of the differences between subunit
expression and differences in drug sensitivity for AML and ALL
patients was determined using the Mann-Whitney U test.
Correlations of subunit expression with drug LCs, concentrations
were calculated by Spearman’s correlation. P<0.05 was considered
statistically significant. All statistical analyses were performed
using SPSS (version 20.0).

This study has been approved by the Local Ethics Committee
VUmc (Date of approval: December 5, 2000. Approval file num-
ber: TJFS/bz2568a).

Table 1. Patients’ characteristics.
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Results

Constitutive proteasome and immunoproteasome
composition in childhood ALL and AML cells
Quantitative assessment of total proteasome, constitu-
tive- and immunoproteasome by ProCISE analysis was
performed on 19 childhood ALL and 6 childhood AML
samples (Figure 1). We refer to immunoproteasomes as
forms composed of B5i, pli and P2i subunits, although
ProCISE assay could also identify 51 and Bli subunits
being incorporated in hybrid proteasome forms.” Total
proteasome and constitutive proteasome subunit levels
did not differ significantly between ALL and AML; how-

ever, immunoproteasome expression was significantly
higher in ALL over AML (19 vs. 12.8 ng/ug total protein;
P=0.036). Notably, total immunoproteasome levels out-
weigh constitutive proteasome levels by at least 2-3 fold
(Figure 1A), which is also manifested in expression levels
of individual immunoproteasomes and constitutive pro-
teasomes (Omnline Supplementary Figure S1 and Online
Supplementary Table S1).

Next, we determined the individual ratios of immuno-
subunit over constitutive subunit expression. For ALL and
AML the highest ratio was observed for $5i/p5 and lowest
ratio for P2i/B2. Ratios of B2i/p2 were significantly
increased in ALL versus AML samples (P=0.043) whereas a
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Figure 1. Proteasome expression of ALL and AML patient samples determined by ProCISE assay. (A) Total proteasome levels and subdivision
of constitutive- and immunoproteasome levels (ng/ug total protein) in childhood ALL and AML cells. The total value of constitutive proteasome
and immunoproteasome expression for each patient is shown and depicts the variation between patients. (B) The ratio of paired subunits
(between (35i and $5 and between f1i and (1) is shown within each patient sample. The line denotes the mean for ALL (n=19) and AML (n=6).
(C) Correlation plots of total proteasome as a function of constitutive proteasome, and total proteasome as a function of immunoproteasome
levels. The individual subunit data are shown in Online Supplementary Figure S1.
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trend for higher f1i/f1 was noted (P=0.059) (Figure 1B).
Furthermore, we examined the impact of variations in
constitutive- and/or immunoproteasome expression for
total cellular proteasome expression levels (Figure 1C). In
contrast to constitutive subunit expression, increasing
immunoproteasome subunit expression was significantly
correlated with increased total proteasome levels in both
ALL and AML cells.

The above-described analyses were further extended by
comparing subgroups of ALL (BCP-ALL and T-ALL) for
constitutive- and Immunoproteasome expression and
ratios of individual immunoproteasome over constitutive
proteasome (Online Supplementary Figure S2). Although the
sample size was limited, BCP-ALL, T-ALL and AML dis-
played similar levels of constitutive proteasome, but total
immunoproteasome levels were higher in BCP-ALL (4-
fold), AML (2-fold) and T-ALL (2-fold) compared to consti-
tutive proteasome levels (Online Supplementary Figure S2A).
Further dissection of the ratios of B5i/p5, P1i/fl and
B2i/p2 expression in ALL subgroups revealed high ratio of
B5i/pS the BCP-ALL subgroup (ratio 7.1) and AML (ratio:
7.9) compared to T-ALL (3-fold) (Omnline Supplementary
Figure S2B). p1i/p1 ratios were high for BCP-ALL (ratio
7.4) compared to T-ALL and AML (2-fold) and B2i/p2
ratios were consistently the lowest among all leukemia
subgroups. Further dissection of BCP-ALL in pro-B-ALL,
pre-B-ALL and common-ALL revealed high ratios of
B5i/BS in all subgroups, with B1i/B1 ratios being particular-
ly low in pro-B-ALL, T-ALL, and AML (Ounline
Supplementary Figure S2C). Due to small subgroup-size, no
statistics were applied on these subgroup comparisons.
For comparison, Online Supplementary Figure S2C shows
values of ratios for established in vitro cell line models of
human T-ALL (CCRF-CEM) and AML (THP1).

The preliminary account shown in Ounline Supplementary
Figure S1 suggested that differences in immuno/constitu-
tive proteasome ratios between ALL and AML (Figure 1B)

were associated with increased constitutive proteasome
levels and decreased immunoproteasome levels in AML
versus ALL cells. These observations were confirmed in a
large group of ALL and AML patient samples (n=29 and
n=12, respectively) by Western blot analysis of relative
levels of immunoproteasomes and constitutive protea-
somes, normalized on housekeeping gene B-actin and cell
line CEM. Please note that these data depict relative quan-
tifications of subunit expression, whereas ProCISE analy-
sis provides absolute quantification of subunits. Figure 2
shows significantly increased levels of constitutive 35, f1
and B2 subunit levels in AML versus ALL samples, whereas
AML cells had significantly lower levels of f1i and a ten-
dency towards lowered p5i levels compared to ALL cells.
No significant differences in expression level of the non-
catalytic o7 subunit were observed. Upon classification of
ALL samples into subgroups, pro-B ALL (n=4) and T-ALL
(n=4) samples expressed relatively higher #5, f1, and 2
constitutive subunit expression levels than both pre-B ALL
(n=7) and common-ALL (n=10), whereas there was a trend
for the reverse with respect to p5i and Bli expression
(Online Supplementary Figure S3). Taken altogether, the
results demonstrate that proteasome composition in pedi-
atric ALL and AML cells is largely represented (>70%) by
immunoproteasome subunits and to a minor extent
(<30%) by constitutive subunits. Beyond this, ratios of
individual immuno/constitutive proteasomes vary consid-
erably, mostly in the order of B5I/B5>p1i/pi>P2i/p2, of
which the impact on response to constitutive- and
immunoproteasome inhibitors warrants further investiga-
tion.

Growth inhibitory effect of proteasome inhibitors
against primary pediatric ALL and AML cells

Ex vivo sensitivity of pediatric leukemia patient cells
towards different proteasome inhibitors was assessed in
4-day cytotoxicity assays (Figure 3). Apart from sensitivity
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Figure 4. Combination Indices of bortezomib-dexamethasone combi-
nations. (A) Mean Cl of 3 representative dexamethasone concentra-
tions per bortezomib concentration in patient samples. Symbols rep-
resent ALL (e) and AML (=). For ALL (n=17), 1.5 nM, 11.7 nM, and
93.8 nM dexamethasone were selected, and for AML (n=6), 11.7
nM, 93.8 nM, and 750 nM dexamethasone were used. Antagonism
(Cl > 1.1) additivity (ClI > 0.9 < 1.1), and synergism (ClI < 0.9). Error
bars represent standard error of the mean of 3 separate experi-
ments. (B) Combination indices of T-ALL cell line CEM exposed to
combinations of bortezomib and dexamethasone. Symbols repre-
sent (e) CEM pulsed for 1 h with 1 uM bortezomib prior to the com-
bination assay and (=) CEM control, not pulsed prior to the combina-
tion assay. Experiments were performed twice in triplicate. Results
of the mean of these experiments are presented.

to bortezomib, drug sensitivity was also determined for 3
epoxyketone-based irreversible proteasome inhibitors
(carfilzomib, ONX 0912 and ONX 0914) and 5AHQ. With
amedian LCy, of 14.0 nM (range 10.1-61.0 nM), AML sam-
ples were significantly (P<0.001) less sensitive to borte-
zomib than ALL cells (median LCs;: 6.0 nM, range 3.0-46.1
nM) (Figure 3A). Figure 3B and E and Ounline Supplementary
Table S1 summarize the sensitivity to the individual pro-
teasome inhibitors as median LCy,values. Statistical com-
parisons between proteasome inhibitor sensitivity of AML
and ALL samples consistently revealed that ALL cells were
the most drug sensitive (P<0.001). Notably, ALL samples
were markedly sensitive to carfilzomib (Figure 3B) with a
median LCs, of 4.1 nM, hence carfilzomib being 1.5-fold
more potent than bortezomib (LCs: 6 nM). Again, AML
samples were significantly more resistant to carfilzomib
(median LCs: 20.8 nM) compared to ALL. Sensitivity for
ONX 0912, an oral analog of carfilzomib, remained in the

I D. Niewerth ot al.

low nanomolar range for ALL (median LCs: 19.2 nM) and
4-fold lower than for AML cells (median LCs: 93.7 nM)
(Figure 3C). The largest difference (5.6-fold) between ALL
and AML cells was observed for the immunoproteasome
inhibitor ONX 0914 (median LC;;: 44.6 nM vs. 248.0 nM)
(Figure 3D). Finally, ALL samples displayed 2.5-fold
greater sensitivity for SAHQ (median LCs: 20.1 wM vs.
53.8 uM) compared to the AML samples (Figure 3E). As
reported previously,” the latter cells were also the least
sensitive to dexamethasone (Figure 3F). Within the ALL
subgroups, pre-B-ALL and common-ALL samples
appeared to be most sensitive for carfilzomib, ONX 0912,
ONX 0914 and 5AHQ as compared to pro-B cells (Online
Supplementary Figure S4).

Combination effects of bortezomib and dexamethasone

To investigate possible synergistic effects of combina-
tion therapy, dexamethasone was combined with borte-
zomib. Towards this end, pediatric leukemia samples
were first tested for dexamethasone as single agent in
MTT assays (Figure 3F). As expected, and consistent with
previous studies,” ALL samples were markedly more sen-
sitive to dexamethasone than AML samples (median LCs:
62.4 nM vs. >600 nM; P<0.001). Within the group of AML
samples, 10 of 11 (91%) had an LCs,>6 uM, which is the
case in only 81% of ALL samples. Based on the dose-
response curves of bortezomib and dexamethasone alone,
4 different concentrations of bortezomib were selected
(range 2.4-20 nM) in combination with 5 concentrations of
dexamethasone (range 0.18-750 nM). Nineteen ALL and 7
AML samples could be used for further calculation of a CI
based on the median-drug effect analysis.*® Notably, the
highest synergy was found for combinations with dexam-
ethasone in the low bortezomib concentration range (2.4-
11.8 nM) (Figure 4A). Furthermore, all 5 dexamethasone-
resistant (defined as less than 50% cell kill) ALL patients
displayed sensitivity for bortezomib as well as synergism
in combination with dexamethasone. The only ALL
patient with ex vivo bortezomib-resistance was sensitive
for dexamethasone and to the bortezomib-dexametha-
sone combinations. Remarkably, bortezomib sensitized all
6 dexamethasone-resistant AML patients for dexametha-
sone. Lastly, the combination of dexamethasone and
bortezomib was synergistic in the samples of 4 AML
patients being resistant to both dexamethasone and to
bortezomib. Regardless of the dexamethasone concentra-
tion used, 11.8 nM bortezomib established the most syn-
ergistic combinations and the highest fraction affected for
AML. Overall, bortezomib was most sensitizing in dex-
amethasone-resistant cells, which may be of potential
clinical relevance since these patients have a dismal prog-
nosis.

As a comparison, the T-ALL cell line CCRF-CEM was
exposed to combinations of bortezomib and dexametha-
sone for four days, either with or without prior pulse
exposure to 1 uM bortezomib for 1 h to mimic n vivo peak
plasma pharmacokinetic concentrations of bortezomib
followed by steady state plasma levels of 10-20 nM borte-
zomib. CEM cells that were pulse-treated with borte-
zomib showed increased sensitivity to dexamethasone
(ICs: 18 nM) compared to CEM cells that were not pulse-
treated with bortezomib (ICs: 24 nM). Furthermore, com-
bination experiments in the clinically achievable concen-
tration range of bortezomib and dexamethasone showed
three additive (CI: 0.97+0.04) and two synergistic combi-
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Figure 5. Representative correlations of proteasome inhibitor sensitivity and constitutive and immunoproteasome subunit expression in pedi-
atric ALL and AML. Correlations of ratios (31i/p1, $2i/p2 and 5i/p5) determined by ProCISE with LC,, values (bortezomib, carfilzomib, ONX
0914) for AML and ALL patient samples. Correlations of single subunits with LC;, values of bortezomib and carfilzomib for AML and ALL patient

samples with (35, $5i, and p1.

nation indices (Cl: 0.69+0.08) in the pulse-treated T-ALL
CEM cells (Figure 4B).

Correlates of proteasome subunit expression and
sensitivity to proteasome inhibition

Recently, i vitro studies indicated that upregulation of
the constitutive subunits was associated with decreased
bortezomib sensitivity.”***** Here we investigated
whether differential expression levels of constitutive
and/or immunoproteasome levels may underlie respon-
siveness to bortezomib and other proteasome inhibitors.
Interestingly, ratios of immune/constitutive proteasome
revealed most significant correlations or consistent trends
such that increased ratios correlated with increased sensi-
tivity to bortezomib and carfilzomib in AML, and ONX
0914 in ALL patients. This is illustrated in Figure 5, where
sensitivity for bortezomib in AML inversely correlated
with the ratios B1i/f1 and B2i/p2 (r=-0.900; P=0.037)
whereas a trend was noted for B5i/B5 (r=-0.800; P=0.104).
In addition, all three ratios correlated significantly with
sensitivity for carfilzomib. For ALL, no significant correla-
tions were revealed with bortezomib- or carfilzomib-sen-

sitivity; however, $1i/p1 ratio correlated significantly with
sensitivity for ONX 0914 (r=-0.527; P=0.025) and a trend
for correlation with B2i/p2 was seen (r=-0.467; P=0.05).
Overall, Online Supplementary Table S2 summarizes that,
for AML samples, all proteasome inhibitors except SAHQ
displayed lower LCs, when immuno/constitutive protea-
some ratio was higher. In ALL samples this was true for 11
of 15 proteasome inhibitors and immuno/constitutive pro-
teasome ratio combinations. Other selected examples of
correlates that were observed based on Western blot
analysis of constitutive- and immunoproteasome levels in
AML and ALL samples are shown in Figure 5. Carfilzomib
and bortezomib LC;, values for AML correlated positively
with 5 and B1 expression and inversely with p5i. For the
same drugs in ALL samples, no such correlations were
found.

Collectively, these results indicate that immuno/consti-
tutive proteasome ratios, but not the mere expression of
constitutive levels per se, is a novel correlative factor in
response to proteasome inhibitors in pediatric ALL and
AML cells, with increased ratios being predictive of
increased sensitivity to proteasome inhibitors.

Proteasome inhibitors and pediatric acute leukemia -
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Effect of PSMB8 silencing on proteasome inhibitor
sensitivity in THP1 cells

To study the role of the immunoproteasome subunits in
the sensitivity to proteasome inhibitors at a mechanistic
level, THP1 cells were pre-exposed to PSMBS siRNA or
PSMB9 siRNA. After 24 h of siRNA (mean knockdown of
3 experiments: 76%) (Online Supplementary Figure S5A), 4-
day MTT assays were performed with bortezomib and
ONX 0914 to assess cell growth inhibitory effects. PSABS
siRNA had no significant impact on the intrinsically high
bortezomib-sensitive phenotype of THP1 cells (ICs,
3.2+0.5) compared to non-target siRNA (IC;, 3.6+0.3). For
ONX 0914, however, siRNA PSMB8-silencing was accom-
panied with a 2.1-fold loss of sensitivity (ICs: 71.4+£5 nM)
compared to non-target siRNA controls (ICs;: 34.2+7 nM).
Silencing PSMB9 had no effect on the sensitivity to both
proteasome inhibitors (Online Supplementary Figure S5B).

Discussion

Proteasome inhibitors, particularly bortezomib, are
being explored in the clinical setting in childhood acute
leukemias." Unfortunately, however, chemoresistance to
bortezomib may occur that could hinder its pharmacolog-
ical activity. In this respect, several in vitro studies with
human leukemia cell lines identified mechanisms of
acquired bortezomib resistance, most frequently due to
upregulation of the proteasomal 5 subunit”**** as well
as acquisition of 5 subunit mutations that decrease borte-
zomib binding.**** The current research is the first to
address these proteasome-based drug sensitivity and
resistance phenomena in a relatively large series of child-
hood acute leukemia patient specimens and in particular
studying the immunoproteasome as a novel drug target.
Although the patient samples evaluated in the current
study displayed differential bortezomib sensitivity, this
observation was not associated with mutations in the p5
subunit of the proteasome” (data not shown). This may
have been anticipated as all of the samples were initial
diagnosis leukemia samples, and 5 mutations found in
human leukemia cell lines were typically acquired after
prolonged bortezomib exposure. In a clinical setting,
though studies are limited, no PSMB5-associated muta-
tions were found in patients treated with bortezomib.**¥
Rather, these and other studies™® point to upregulation of
BS subunits expression as a primary response mechanism
to bortezomib, which may set the stage for acquisition of
mutations following prolonged bortezomib exposure. The
present study established that ALL cells were significantly
more sensitive to bortezomib as a single agent than AML
cells. Interestingly, even the prognostically unfavorable
subgroups pro-B ALL and T-ALL, which are resistant to
most chemotherapeutic drugs,” were equally sensitive to
bortezomib as pre-B/common ALL samples. This is under-
scored in a study by Szczepanek er al¥’ who showed that
bortezomib was even more potent in T-ALL patient sam-
ples compared to pre-B/common ALL. In this study, borte-
zomib was found to be a potent drug for this therapy-
resistant subgroup of ALL although the 2 T-ALL patients
treated in a phase II clinical trial with bortezomib did not
reach complete remission.” Clearly, larger clinical studies
with bortezomib in this hematologic malignancy are war-
ranted. Consistent with sensitivity patterns for other anti-
leukemic drugs, ALL cells were also more sensitive to dex-

amethasone than AML cells. Sensitivity to glucocorticoids
is an important prognostic marker for therapy response of
ALL patients,” hence the synergistic combination of dex-
amethasone and bortezomib may improve therapy
response and decrease disease recurrence rates. Although
the molecular basis for glucocorticoid resistance in AML
patients remains elusive,” our data showed that borte-
zomib can sensitize cells for dexamethasone-induced
growth inhibition. In particular, the specimens of 4 AML
patients resistant to bortezomib and dexamethasone were
sensitive to the combination of these drugs (mean CI:
0.51). For ALL, bortezomib and dexamethasone combina-
tions displayed a lesser synergistic effect probably due to
the fact that ALL samples are intrinsically more sensitive
to either bortezomib or dexamethasone alone. Consistent
with this notion, dexamethasone resistant ALL samples
could indeed be further sensitized by bortezomib/dexam-
ethasone combinations as previously described by others®
for pre-clinical and clinical studies with MM cells. In fact,
low-dose dexamethasone and bortezomib combinations
were synergistic in 88% of ALL patients, and in all 5 AML
patients. From a mechanistic perspective, the sensitization
of dexamethasone-resistant AML cells by bortezomib
might be possibly achieved via suppression of constitu-
tively active NE-kB in AML cells,” thereby triggering dex-
amethasone-mediated apoptosis. Consistently, combina-
tion experiments in T-ALL CEM cells also showed addi-
tive/synergistic effects at low nanomolar combinations of
bortezomib and dexamethasone, even with short pre-
exposures to high bortezomib concentrations mimicking
peak plasma pharmacokinetic concentrations.

Given the emergence of bortezomib-resistance phe-
nomena and untoward toxicity after chronic bortezomib
administration, next generation irreversible proteasome
inhibitors were developed to overcome these problems.**
In this respect, we tested a series of novel proteasome
inhibitors in comparison with bortezomib to determine
their efficacy in leukemic cell kill. ALL cells were more
sensitive to these epoxyketone-based proteasome
inhibitors than AML cells. For ALL patient samples, carfil-
zomib was most potent, followed by bortezomib, ONX
0912, ONX 0914 and SAHQ. Of note, this drug-sensitivity
pattern of ALL patient samples actually follows that of the
human T-ALL cell line CCRE-CEM.”

The differential sensitivity of ALL versus AML cells for
both bortezomib and epoxyketone-based proteasome
inhibitors may, in part, be due to common mechanisms
mediating drug resistance. Constitutively active NF-kB in
AML cells® can attenuate the induction of apoptosis, but
also up-regulate the expression of the dominant multidrug
efflux transporter MDR1/P-glycoprotein (Pgp/ABCB1).*®
High Pgp expression has been associated with poor out-
come in acute leukemia.” Although bortezomib is consid-
ered to be a poor substrate for Pgp,”* the expoxyketone-
based proteasome inhibitors carfilzomib, ONX 0912 and
ONX 0914 were found to be bona fide substrates of Pgp.*
This notion, together with the fact that MDR1/Pgp
expression is increased in AML cells over ALL cells,” may
result in a reduced sensitivity of AML cells to epoxyke-
tone-based proteasome inhibitors.

Both ALL and AML patient cells displayed the lowest
sensitivity to the immunoproteasome inhibitor ONX
0914, although effective drug concentrations still fall with-
in the nanomolar range. This may be counterintuitive as
pediatric acute leukemia cells do express appreciable levels
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of immunoproteasomes including 351, the main target of
ONX 0914. Hence, this result appears to be consistent
with the outcome of a study by Parlati e al.* indicating
that beyond the inhibition of the B5i subunit, inhibition of
additional subunits including 5 and p1, is required to elic-
it a superior anti-leukemic response.

Several attempts have been made in tumor cell line
models to correlate differential bortezomib sensitivity to
proteasome expression levels. Busse er al.¥ showed that
bortezomib-resistant solid tumor cell lines expressed
lower levels of immunoproteasome than the more sensi-
tive hematologic B-cell lines. Moreover, all cell lines classi-
fied as most bortezomib-resistant showed low B1i and/or
B2i mRNA expression compared to bortezomib-sensitive
cell lines. Hematologic cell lines with acquired resistance
to bortezomib were also characterized with increased lev-
els of constitutive proteasome levels and reduced levels of
immunoproteasome.”” In two clinical studies, Matondo
et al.*® suggested a relationship between 20S proteasome
levels and sensitivity to proteasome inhibitors in AML
patient samples, although no distinction between consti-
tutive- and immunoproteasome subunit expression was
made. Shuqing e al.¥’ described mRNA overexpression of
B5 in a single MM patient (without a mutation in PSMB5)
with clinical resistance to bortezomib-containing therapy
compared to 3 sensitive patients. Together, these findings
would imply that leukemic patients harboring higher con-
stitutive (and lower immunoproteasome) subunit expres-
sion before bortezomib treatment would display a poorer
response to bortezomib-based treatment than patients
who have lower constitutive proteasome subunit expres-
sion. In the present study, ProCISE and Western blot
analysis allowed the correlation of ex vivo drug-sensitivity
to constitutive- and immunoproteasome subunit expres-
sion in ALL and AML cells.

Although total proteasome levels did not differ signifi-
cantly between ALL and AML samples, we found that
ALL cells had significantly lower expression of constitu-
tive proteasome subunits and higher f1i expression than
AML cells. Consistent with the above concept, increased
bortezomib- and carfilzomib-sensitivity of AML cells cor-
related with lower B5 expression and with higher B5i
expression. These correlations were further corroborated
for ONX 0914 by demonstrating that sensitivity to this
drug was observed with increasing ratios of immuno/con-
stitutive proteasome in ALL. Since the ALL samples were
all relatively sensitive for bortezomib and carfilzomib, no
significant correlations were revealed with these drugs.
The ex vivo part of this study has, however, some limita-
tions such as relatively low numbers of patients per sub-
group while performing many correlation analyses and
the lack of mechanistic work due to the limited number of
cells available. Notwithstanding these facts, several mech-
anistic data support the notion that modulation of expres-
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