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CONCISE REPORT

The proteasome inhibitior bortezomib depletes
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ABSTRACT

Objectives To investigate whether bortezomib, a
proteasome inhibitor approved for treatment of multiple
myeloma, induces clinically relevant plasma cell (PC)
depletion in patients with active, refractory systemic
lupus erythematosus (SLE).

Methods Twelve patients received a median of two
(range 1-4) 21-day cycles of intravenous bortezomib
(1.3 mg/m?) with the coadministration of dexamethasone
(20 mg) for active SLE. Disease activity was assessed
using the SLEDAI-2K score. Serum concentrations of
anti—double-stranded DNA (anti-dsDNA) and vaccine-
induced protective antibodies were monitored. Flow
cytometry was performed to analyse peripheral blood
B-cells, PCs and Siglec-1 expression on monocytes as
surrogate marker for type-I interferon (IFN) activity.
Results Upon proteasome inhibition, disease activity
significantly declined and remained stable for 6 months
on maintenance therapies. Nineteen treatment-emergent
adverse events occurred and, although mostly mild to
moderate, resulted in treatment discontinuation in seven
patients. Serum antibody levels significantly declined,
with greater reductions in anti-dsDNA (~60%) than
vaccine-induced protective antibody titres (~30%).
Bortezomib significantly reduced the numbers of
peripheral blood and bone marrow PCs (~50%),

but their numbers increased between cycles. Siglec-1
expression on monocytes significantly declined.
Conclusions These findings identify proteasome
inhibitors as a putative therapeutic option for patients
with refractory SLE by targeting PCs and type-I IFN
activity, but our results must be confirmed in controlled
trials.

INTRODUCTION

The resistance of long-lived plasma cells (PCs) to
conventional and B-cell-depleting therapies consti-
tutes a therapeutic challenge in antibody-mediated
autoimmune diseases, such as systemic lupus ery-
thematosus (SLE).! *

Proteasome inhibition is one of the most promis-
ing therapeutic approaches to target PCs, since this
strategy has been shown to efficiently eliminate mul-
tiple myeloma cells, that is, transformed PCs.*™
Proteasome inhibition blocks antiapoptotic nuclear
factor kappa B (NF-xB) activation and causes

accumulation of misfolded proteins within the
endoplasmic reticulum thereby activating the
terminal unfolded protein response leading to
apoptosis.” * Due to their extremely high rate of
antibody synthesis, PCs are particularly sensitive to
proteasome inhibition. Bortezomib, a proteasome
inhibitor approved for the treatment of multiple
myeloma, reversibly binds to the 26S proteasome
and inhibits its chymotrypsin-like  activity.
Proteasome inhibition has been demonstrated to
deplete short-lived and longlived PCs in
lupus-prone mice, resulting in reduced nephritis and
markedly prolonged survival.® More recently, next-
generation proteasome inhibitors delanzomib and
carfilzomib were also shown to effectively reduce
autoantibody levels and inhibit type-I interferon
(IFN) production in lupus-prone mice.” ® Given the
promising results of experimental lupus models and
first experiences with proteasome inhibition for
allograft rejection in kidney transplantation,” '°
patients with SLE with persistent disease activity
and autoantibody production despite immunosup-
pressive treatment received bortezomib according to
the approved protocol for multiple myeloma.?
Here, we describe the clinical features of 12 patients
treated with bortezomib, in correlation to sero-
logical responses and flow cytometric findings.

PATIENTS AND METHODS
Patients and methods and any associated references
are available in the online supplement.

RESULTS

Bortezomib is clinically effective

in refractory SLE

Patients received one to four (median: two) cycles
of bortezomib, depending on their individual toler-
ance and treatment response. Upon proteasome
inhibition, all patients showed significant clinical
improvement, as reflected by a significant reduction
of Systemic Lupus Erythematosus Disease Activity
(SLEDAI) score from a median 14 at baseline
to 4 after the last bortezomib cycle (p<0.001,
figure 1A). In all affected patients musculoskeletal
and mucocutaneous manifestations improved, peri-
cardial effusions regressed (see online supplementary
figure S1), and proteinuria levels decreased from a
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Proteasome inhibition with bortezomib is clinically effective in refractory systemic lupus erythematosus (SLE) patients. (A) SLE Disease

Activity Index (SLEDAI-2K), (B) proteinuria (mg/day) in nephritis patients, (C) serum anti-dsDNA antibody concentrations and (D) serum complement
(3 concentrations in patients with SLE before and after each cycle of bortezomib treatment. Median/IQR values are shown for each category at
baseline before bortezomib treatment (pre-Bz), after the last bortezomib cycle (post-Bz) and 3 months (3 months follow-up, FU) and 6 months

(6 months follow-up, FU) following the last bortezomib cycle.

median of 2221 to 867 mg/day (p=0.012, figure 1B). Detailed
responses of clinical manifestations are shown in online
supplementary figure S2. A significant change-point in SLEDAI
reduction was detected after the first 21 days of proteasome
inhibition (p<0.001), suggesting that most of the clinical
improvement was achieved during the first bortezomib cycle.

When maintenance therapy was reintroduced after a median
of 41 days (range, 1-61 days), disease activity remained stable
for 6 months following the last bortezomib cycle despite pred-
nisolone tapering from a median dose of 20 mg/day at baseline
to 7.5 mg/day (figure 1A). Notably, seven patients became
responsive to immunosuppressive therapies that had initially failed
to control disease activity (see online supplementary table S1). In
patients receiving bortezomib without coadministration of dexa-
methasone (n=4), disease activity also markedly decreased, as
reflected by SLEDAI score reduction from a median of 15.5 at
baseline to 10 after the last bortezomib cycle (see online supple-
mentary table S2).

Reductions in pathogenic and vaccine-induced protective
antibody concentrations upon proteasome inhibition

The beneficial clinical effects of proteasome inhibition were
accompanied by an increase in serum complement levels for C3
(p=0.030) and a significant reduction of anti-dsDNA anti-
bodies, which decreased from a median 366.5 U/mL at baseline
to 112.5 U/mL after the last bortezomib cycle (median reduc-
tion: 62.2%, p=0.005, figure 1C). In addition, autoantibodies
directed against extractable nuclear antigens, such as anti-Sm,
anti-RNP/Sm and anti-Ro/SSA, which are believed to be secreted
by long-lived PCs, declined in patients displaying those specifici-
ties (see online supplementary figure S3). But, pathogenic and
vaccine-induced protective antibody titres against measles
(32.5%, p<0.001), mumps (24.5%, p=0.003) and tetanus
toxoid (29.2%, p=0.012) decreased upon bortezomib treatment
(figure 2A-C). Overall, proteasome inhibition was associated
with a significant reduction of total immunoglobulins with

greater effects on IgM (34.0%) and IgA (34.2%) than on IgG
(15.5%, figure 2D-F). Although significantly reduced, immuno-
globulin concentrations remained within the reference range
and vaccine titres within the protective range in the majority of
patients.

Bortezomib depletes peripheral blood and

bone-marrow PCs

To investigate the effect of bortezomib on peripheral blood PCs,
their numbers were analysed by flow cytometry. PC counts
(CD19+C20~CD27"¢") decreased significantly upon prote-
asome inhibition from a median 7.07/uL at baseline to 1.65/uL
10 days after the last bortezomib cycle (54.4% reduction,
p=0.0135, figure 3A). Nevertheless, although efficiently depleted
by proteasome inhibition, PCs quickly regenerated. Within
10 days of the last bortezomib injection, PC numbers increased,
almost returning to pretreatment levels (3=2.1; 95% CI 0.5 to
3.7; p=0.012). In contrast to PCs, peripheral blood B cell
(CD19"CD20") numbers did not significantly decrease upon
bortezomib treatment (figure 3B).

The reduction of pathogenic and protective antibody levels
point to a marked depletion of long-lived PCs from bone
marrow in response to proteasome inhibition. Indeed, quantifi-
cation of CD138" PCs by immunohistology in bone marrow
samples from one patient before and after four cycles of borte-
zomib revealed a 51% reduction of PCs from 2.02% to 0.99%
relative to total cell counts in the bone marrow (figure 3D).

Reduction of type-I IFN activity by bortezomib

Data from preclinical models suggested that the TLR-induced
IFN-o. production was completely abrogated by proteasome
inhibiton.® To evaluate the effect of bortezomib on type-I IFN
activity in SLE, flow cytometric expression analysis of Siglec-1
on peripheral blood CD14* monocytes, as a biomarker for
type-I IEN activity,'! '* was performed. Siglec-1 expression on
monocytes was elevated in all investigated patients at baseline
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Figure 2 Reduction of serum immunoglobulin (lg) levels and vaccine-induced protective antibody levels by bortezomib. Vaccine titres in serum
specific for (A) measles, (B) mumps and (C) tetanus toxoid (TT), and serum concentrations of (D) IgG, (E) IgA and (F) IgM in patients with systemic
lupus erythematosus (SLE) (n=8) before and after each cycle of bortezomib. Median/IQR values are shown for each category at baseline before
bortezomib treatment (pre-Bz) and after the last bortezomib cycle (post-Bz). The protective levels of vaccine titres and normal range of
immunoglobulin levels in serum (dashed lines) are as follows: anti-measles titres >1000 IE/mL, antimumps titres >500 [E/mL, anti-TT titres

>0.1 IE/mL, 1gG 700~1600 mg/dL, IgA 70-400 mg/dL and IgM 40-230 mg/dL.

(median relative mean fluorescence intensity (MFI) 42.3, range
17.7-84.6) and declined to a median of 18.8 (relative MFI,
range 2.1-38.2, p<0.001, figure 3C) after bortezomib treat-
ment, indicating an inhibition of type-I IFN activity.

Safety

Of 12 patients receiving bortezomib, 11 patients (91.7%)
experienced one or more adverse events (AEs), and four
(33.3%) experienced one severe adverse event (SAE) during the
treatment period (see online supplementary table S3). In total,
19 AEs were reported during the treatment period. The most
commonly observed AEs were infections (3/19), nausea (3/19),
headache (3/19), polyneuropathy (2/19), fever (2/19) and aller-
gic skin reactions (2/19). Most of these AEs, including polyneur-
opathy (grade 1), were mild or moderate and resolved
completely. Four SAEs occurred, resulting in hospitalisation for
fever (n=2) and infection (n=2). Both cases of fever resolved
without evidence of infection and management of infections
was uncomplicated. Overall, bortezomib was discontinued in
seven patients (58%) due to suspected adverse reactions.

DISCUSSION

This study aimed to determine whether the proteasome inhibi-
tor bortezomib induces clinically relevant PC depletion in
patients with active, refractory SLE. Bortezomib, approved for

the treatment of multiple myeloma, has been demonstrated to
deplete PCs in murine models of lupus resulting in amelioration
of nephritis and prolonged survival.® ® The therapeutic potential
of proteasome inhibition in humans with SLE has not been
investigated so far. Our detailed flow-cytometric analyses and
monitoring of serological changes presented here demonstrate
that bortezomib treatment for SLE is associated with a signifi-
cant depletion of autoantibody-producing PCs as well as an
inhibition of type-I IFN activity and accompanied by a signifi-
cant improvement of disease manifestations.

Autoreactive memory PCs contribute to the maintenance of
autoimmunity in antibody-mediated autoimmune diseases by
the persistent secretion of autoantibodies; this is reflected by the
induction of immune complex nephritis in immunodeficient
RAG™™ mice after adoptive transfer of memory PCs from lupus
prone NZB/W mice.'® The fact that the patients included in this
study had persistent anti-dsDNA antibody production despite
chronic immunosuppression, suggests that the majority of PCs
secreting such antibodies were terminally differentiated, non-
dividing memory PCs, harboured in dedicated survival niches in
the bone marrow or inflamed tissues.! '* Bortezomib induced a
strong decrease in anti-dsDNA antibodies and reduced
vaccine-induced serum antibodies as well as total immunoglobu-
lin concentrations, suggesting that the drug effectively depletes
the memory PCs secreting such antibodies. Indeed, analysis of
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Figure 3 Bortezomib depletes peripheral blood and bone marrow plasma cells (PCs) and inhibits type | interferon activity in systemic lupus
erythematosus (SLE). Peripheral blood mononuclear cells of patients with SLE (n=8) were analysed by flow cytometry. Absolute numbers of (A)
peripheral blood CD37CD14 DAPI~CD1 9*CD20~CD27"9" PCs, (B) CD3~CD14 DAPI"CD19*CD20™" B cells and (C) Siglec-1 expression levels on
DAPI~CD14* monocytes (mean fluorescence intensity, relative to isotype control; normal range, established in 25 age-matched healthy controls,
1.9-10.2) before and after bortezomib treatment. Median/IQR values are shown for each category at baseline before bortezomib treatment (pre-Bz)
and after the last bortezomib cycle (post-Bz). (D) Bone marrow samples in one patient (BE #1) were analysed before and after four cycles of
bortezomib treatment. The analysis of CD138* PCs using immunohistology with quantification in 10 high-power fields relative to total cell counts in

the bone marrow. Original magnification x400.

bone marrow aspirates from one patient before and after four
cycles of bortezomib revealed a marked decrease in bone
marrow memory PC numbers. However, although efficiently
depleted upon proteasome inhibition, peripheral blood PCs
regenerated quickly, indicating that bortezomib did not affect
their precursors. Similar results had been obtained in murine
lupus models, where newly generated PCs were detected as
early as 3 days after bortezomib injection and anti-dsDNA anti-
bodies started to increase within 2 weeks after bortezomib treat-
ment.® These data emphasise the need for combinatorial
therapeutic strategies to eliminate PCs and inhibit their regener-
ation. Given the continuous PC development in active SLE and
the short half-life of bortezomib, proteasome inhibition may be
given on background immunosuppression, as already performed
in patients with antibody-mediated rejection following kidney
transplantation” '° or in combination with B-cell-directed
therapies.

Beyond PC depletion, data from preclinical models had sug-
gested that proteasome inhibition abrogated type-I IEN activity.®
Consistent with this, type-I IFN activity in patients with SLE
was significantly reduced by bortezomib, reflected by decreased

Siglec-1 expression levels on monocytes, a signature biomarker
for type-I IEN activity.!* > This effect may be due to a sup-
pressed function and/or survival of plasmacytoid dendritic cells,
induced by bortezomib, as recently suggested by preclinical
studies of proteasome inhibition.® '*

The clinical efficacy of bortezomib is remarkable considering
that all patients had been refractory to immunosuppression
before. Proteasome inhibition may thus serve as a salvage
therapy in patients with refractory SLE, in particular as induc-
tion therapy in serologically active patients presenting with
severe and potential life-threatening organ manifestations. Since
most of the clinical effects were achieved within the first 21 days
of bortezomib treatment, few cycles of bortezomib induction
therapy may be sufficient to ameliorate disease manifestations,
and even restore responsiveness to conventional immunosup-
pression. The observed effects of proteasome inhibition may be
partially attributable to the coadministration of dexamethasone
with bortezomib on each day of injection. However, similar clin-
ical effects were obtained in patients receiving bortezomib
without dexamethasone who were analysed in as separate
cohort (see online supplementary table S2) suggesting that
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mainly bortezomib mediated the clinical response. Nevertheless,
given recent data indicating the potential benefit of bortezomib-
dexamethasone compared with single-agent bortezomib in
myeloma, such combination therapy might also be superior in
SLE,'® but this needs further to be investigated in controlled
trials.

The possible benefits of bortezomib must be weighed against
its adverse effects. Although mild to moderate, AEs occurred
in 92% of patients and resulted in premature discontinuation
in 58% of patients. Among the AEs were infections, but occur-
rence of infections did not correlate to the reduction of overall
immunoglobulin levels or vaccine-specific antibodies. A reduc-
tion of AEs, such as polyneuropathy, with similar levels of effi-
cacy, had been observed upon subcutaneous administration of
bortezomib,'” '® and might further be reduced by replacing
bortezomib with next-generation proteasome inhibitors such as
carfilzomib' 2° or the orally delivered MLN9708 and
oprozomib.

In conclusion, the proteasome inhibitor bortezomib shows
therapeutically relevant targeting of autoreactive PCs and inhib-
ition of type-I IFN activity in patients with refractory SLE. This
identifies proteasome inhibitors as a promising therapeutic
option for patients who respond poorly to conventional therap-
ies. For sustained efficacy, bortezomib has to be combined with
therapeutic approaches that prevent the regeneration of auto-
reactive PCs from their precursor B cells, but this needs to be
confirmed in randomised controlled trials.
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