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Dose-dependent immunomodulatory effects of
bortezomib in experimental autoimmune
neuritis

®Rafael Klimas,'* Melissa Sgodzai,"* Jeremias Motte,' Nuwin Mohamad,' Pia Renk,'
Alina Blusch,' ®Thomas Griiter,! Xiomara Pedreiturria,’ Philipp Gobrecht,?
Dietmar Fischer,2 Christiane Schneideri-GoId,I Anke Reinacher'-Schick,3

®Andrea Tannapfel,? Min-Suk Yoon,® Ralf Gold' and Kalliopi Pitarokoili'

*  These authors contributed equally to this work.

Proteasome inhibition with bortezomib has been reported to exert an immunomodulatory action in chronic autoimmune neuropa-
thies. However, bortezomib used for the treatment of multiple myeloma induces a painful toxic polyneuropathy at a higher concen-
tration. Therefore, we addressed this controversial effect and evaluated the neurotoxic and immunomodulatory mode of action of
bortezomib in experimental autoimmune neuritis. Bortezomib-induced neuropathy was investigated in Lewis rats using the von
Frey hair test, electrophysiological, gPCR and histological analyses of the sciatic nerve as well as dorsal root ganglia outgrowth
studies. The immunomodulatory potential of bortezomib was characterized in Lewis rats after experimental autoimmune neuritis
induction with P255.,5 peptide. Clinical, electrophysiological, histological evaluation, von Frey hair test, flow cytometric and
mRNA analyses were used to unravel the underlying mechanisms. We defined the toxic concentration of 0.2 mg/kg bortezomib
applied intraperitoneally at Days 0, 4, 8 and 12. This dosage induces a painful toxic neuropathy but preserves axonal regeneration
in vitro. Bortezomib at a concentration of 0.05 mg/kg significantly ameliorated experimental autoimmune neuritis symptoms,
improved experimental autoimmune neuritis-induced hyperalgesia and nerve conduction studies, and reduced immune cell infiltra-
tion. Furthermore, proteasome inhibition induced a transcriptional downregulation of Nfkb in the sciatic nerve, while its inhibitor
Ikba (also known as Nfkbia) was upregulated. Histological analyses of bone marrow tissue revealed a compensatory increase of
CD138" plasma cells. Our data suggest that low dose bortezomib (0.05 mg/kg intraperitoneally) has an immunomodulatory effect
in the context of experimental autoimmune neuritis through proteasome inhibition and downregulation of nuclear factor ’kappa-
light-chain-enhancer’ of activated B-cells (NFKB). Higher bortezomib concentrations (0.2 mg/kg intraperitoneally) induce sensory
neuropathy; however, the regeneration potential remains unaffected. Our data empathizes that bortezomib may serve as an attract-
ive treatment option for inflammatory neuropathies in lower concentrations.
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AUC = area under the curve; BiPNP = bortezomib-induced polyneuropathy; BTZ = bortezomib; CFA = complete

Freund’s adjuvant; CIDP = chronic inflammatory demyelinating polyneuropathy; CMAP = compound muscle action potentials;
CTR = control; DAPI = 4, 6'-diamidin-2-phenylindol; DC = dendritic cell; DMEM = Dulbecco’s modified eagle media; DMSO =
dimethyl sulphoxide; DRG = dorsal root ganglion; EAN = experimental autoimmune neuritis; FBS = foetal bovine serum; i.p. =

intraperitoneally; MNCV = motor nerve conduction velocity; NCS = nerve conduction studies; PBS = phosphate-buffered saline;

PFA = paraformaldehyde; p.i. = post immunization; PNS = peripheral nervous system; s.c. = subcutaneous; SD = standard devi-

ation; vF = von Frey hair test
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Introduction

With a prevalence of 0.8-8.9 cases per 100 000, chronic
inflammatory demyelinating polyneuropathy (CIDP) is
the most common peripheral chronic demyelinating
neuropathy.'™ First-line treatment includes intravenous
immunoglobulins, steroids and plasmapheresis.* Up to
25% of CIDP patients fail to respond to first-line treat-
ment options.”*® Another 50% experience clinical relap-
ses after treatment, which lead to severe disability.”
Currently available second-line therapies have improved the
disease outcome, even though most of them are not immu-
nomodulatory but immunosuppressive. The mechanisms
of action of common immunosuppressants used in CIDP
are their impact on IL-2 (cyclosporine A), lymphocyte

proliferation and survival (azathioprine, cyclosporine A and
cyclophosphamide), and B- and T-cell depletion through in-
hibition of the inosine monophosphate dehydrogenase and
thereby de novo purine synthesis (mycophenolate mofetil).
Still, a low response rate of up to 38% for patients on se-
cond-line agents has been reported.®

Furthermore, humoral factors seem to play a key role
in the development of CIDP.®” The effect of plasmapher-
esis on clinical disability and demyelination indicates
autoantibodies’ involvement in classical CIDP.' In add-
ition, it has been shown that the injection of CIDP serum
into Lewis rats induces demyelinating neuropathy."!
Subsequently, CD20" B cell depletion with rituximab
leads to clinical improvement of up to 50% of CIDP
patients in uncontrolled studies.® Treatment refractory
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CIDP patients suffer from an aggressive disease course,
posing a particular challenge for neurologists.

Mature circulating, secondary lymphoid organ- and
bone-marrow resident plasma cells are not depleted by
rituximab. These plasma cells could play a crucial role in
these aggressive variants as they are involved in autoanti-
body production. Proteasome inhibition exerts additional
immunomodulatory effects through interaction with the
inhibitor of NFKB, a transcription factor promoting auto-
immune inflammation.

We have previously reported the successful treatment of
10 patients with aggressive variants of CIDP with borte-
zomib (BTZ), a reversible proteasome inhibitor. BTZ is
known to deplete plasma cells in patients with multiple
myeloma.'”™"* Its use is, however, restricted mainly due
to a bortezomib-induced polyneuropathy (BiPNP)'*~'” in
the usual oncological schema [1.3 mg/m” given subcutane-
ously (s.c.)] on Days 1, 4, 8 and 11, and every 21days
thereafter for an average of four cycles in multiple mye-
loma. The CIDP patients in our study received one or
two cycles of BTZ with 1.3 mg/m? given s.c. on Days 1,
4, 8 and 11, every 6-12 months, which did not lead to
neurotoxic effects.'” To investigate the immunomodula-
tory and toxic effects of BTZ in different concentrations,
we used the model of experimental autoimmune neuritis
(EAN) in Lewis rats as a model
neuropathies.

of autoimmune

Materials and methods

All experiments were carried out in accordance with the
European Communities Council Directive of 22 September
2010 (2010/63/EEC) for the care of laboratory animals
and with local government authorization (Landesamt fiir
Natur, Umwelt und Verbraucherschutz North Rhine-
Westphalia; Az.: 81-02.04.2018.A043). A total of 58 6-
to 8-week-old female Lewis rats were purchased from
Charles River (Sulzfeld, Germany) and kept under standar-
dized conditions in our local animal facility (Medical
Faculty, Ruhr-University Bochum) in pathogen-free cages
with food and water available ad libitum. Animals were in
the weight range of 140-160g at arrival and could accli-
matize for at least 1 week. At experimental onset, animals
were weighed repeatedly and randomly divided into four
animals per condition. BTZ was diluted in 5% dimethyl
sulphoxide (DMSQO). Two experimental setups were used
to describe the effects of BTZ.

Animals were treated with 0.2 (#=4) and 0.05 (n=4)
mg/kg BTZ or with 5% DMSO (n=4) intraperitoneally
(i.p.) at Days 0, 4, 8 and 12 and were sacrificed on Day
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21. This setting was performed twice with 0.2 mg/kg
BTZ. A total of 26 rats were used, 20 for in vivo studies
and 6 additional for an in vitro dorsal root ganglia
(DRG) outgrowth study. Prior investigations in healthy
Sprague Dawley rats described 0.2 mg/kg BTZ as toxic,
while 0.1 mg/kg did not cause a BiPNP.'®

Animals were treated with 0.1 (z=4) and 0.05 mg/kg
BTZ (n=4) or with 5% DMSO (n=4) ip. at Days 9
(day of first clinical symptoms), 13, 17 and 21 post im-
munization (p.i.) and were sacrificed on Day 23 p.i. This
setting was performed three times with 0.05 mg/kg BTZ
and twice with 0.1 mg/kg BTZ. A total of 32 rats were
used.

In the therapeutic setting, EAN was induced with neurito-
genic P2 peptide, corresponding to the amino acids 53—
78 of rat myelin P2 protein, synthesized by Dr Rudolf
Volkmer University-Hospital ~ Berlin,
Germany. P2 peptide (250 pg) was emulsified in complete
Freund’s adjuvants containing 1 mg/ml Mycobacterium tu-
berculosis H37RA (Difco) and injected s.c. into the tail
base under anaesthesia with xylazine and ketamine (CP-
Pharma). Disease onset was daily assessed by a blinded
investigator using the following EAN score system:
0=normal; 1=less lively; 2 =impaired righting/limb tail;
3 =absent righting; 4=ataxic gait/abnormal position;
S =mild paraparesis; 6 =moderate paraparesis; 7 =severe
paraplegia; 8 = tetraparesis; 9=moribund; 10 = death."
With scores >7, the animals were euthanized from ani-

from Charité

mal welfare measures.

To detect mechanical allodynia/nociception, the 50% paw
withdrawal threshold was assessed with the von Frey hair
test (vF) in both settings. Monofilaments were purchased
at BioSebLab. Tests were performed in a plastic box with
a customized plexiglass platform of 3mm thickness and
with 1.5 mm diameter holes in a grid pattern. The plat-
forms’ surface was obscured using sandblast to prevent
disturbance of rats by the investigator’s hand movement.*’
Animals were allowed to habituate for 30 min in the test
chamber. Monofilaments with a range of 0.4-28 weight
force (G) were applied consecutively on the mid-plantar
skin of the left and right hind paw. Each hind paw was
tested at least six times with a minimum of 6s rest in be-
tween. The 50% paw withdrawal threshold was calculated
according to a modified up-and-down method.*' To assess
treatment impact on allodynia/hyperalgesia, tests were per-
formed at Days 0 and 6 p.i. and 1 day prior BTZ admin-
istration at Days 10, 14, 18 and 22 p.. In the toxic
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setting, the tests were performed at Days 0, 2, 4, 6, 14,
16 and 18.

At experimental termination at Day 21 in toxic setting
and Day 23 p.i. in therapeutic setting, nerve conduction
studies (NCS) evaluating motor nerve conduction velocity
(MNCV) and F-wave latency were performed by a
blinded investigator. For strain, gender, age and weight,
see ‘Animals, in vivo treatment with BTZ and experimen-
tal design’ section. Rats were successively anaesthetized
as with 10mg/kg Xylazine (Xylavet, CP-Pharma) and
50 mg/kg Ketamine (Ketamine, CP-Pharma) through i.p.
injection. Temperature differences were minimized by
conducting the study as soon as the anaesthesia took ef-
fect and by stabilizing the animals’ body temperature
with a heating lamp. Paired needle electrodes for stimula-
tion were inserted into the right sciatic notch (hip, prox-
imal) and into the right malleolus (distal) to assess the
NCV with a fully digital recording Keypoint apparatus
(Dante, Skovlunde, Denmark). Stimulations with supra-
maximal rectangular pulses of 0.05ms duration resulted
in compound muscle action potentials (CMAP), measured
with a recording needle electrode placed s.c. over the dor-
sal foot muscles. The amplitude (mA) for supramaximal
stimulation was determined for each analysed animal in-
dividually. Furthermore, the grounding electrode was
placed between the stimulation and recording electrode.
To calculate the NCV, the distance between both electro-
des was divided by the difference of the latency; 10 F-
waves’ persistence and minimum latencies were evoked
by stimulating the electrode in the popliteal fossa and
recorded for the right hind-paw.?* Study report is based
on the ‘Checklist for performance and reporting NCS in
rats’ by Kohle et al.?> Proposed normative values based
on meta-analyses by Kohle et al. are as follows: NCV
47.24m/s (43.65-50.84); CMAP sciatic notch 12.16 mV
(9.72-14.60); CMAP ankle 17.41 mV (11.87-22.95).

Blood samples were obtained immediately by cardiac
puncture. After transcardial perfusion with phosphate-
buffered saline (PBS), spleen and inguinal lymph nodes
were extracted and stored in ice-cold RPMI-1640 medium
(Gibco, Thermo Fischer). The right femur was gently
removed (once for the toxic setting and three times for
the therapeutic setting), cleaned from muscle tissues and
stored in ice-cold ethanol. Spleen and lymph nodes sin-
gle-cell suspensions were obtained using 100 and 70 pm
cell strainer (Sarstedt) and washed twice. Bone marrow
tissue was prepared as described before.** Red blood cells
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were lysed with BD FACS lysing solution according to
the manufacturer (BD Biosciences). Based on the manu-
facturer’s protocol, flow cytometry was used to evaluate
the cell count for CD8" T cells, CD4™ T cells, CD11b™
monocytes, CD4"CD11b" dendritic cells (DCs),
CD4"CD25"FOXP3" regulatory T cells (Tregs),
CD4*CD11b"MHCII" plasmacytoid DCs in the toxic
setting. Additionally, CD45R* and CD19" (B-cells), and
CD138% IgK light chain™®"* (plasma cells) were eval-
uated in the therapeutic setting.”’ Intracellular staining
for FOXP3 and IgK light chain was performed by using
the eBioscience™ FOXP3/Transcription Factor Staining
Buffer Set according to the manufacturer (Thermo Fischer
Scientific). Flow cytometry was performed using the BD
FACSCanto™ 1I system and the BD FACSDiva™
Software and compensation controls with compensation
particles (BD Biosciences). Used flow cytometry antibodies
are listed in Supplementary Table 1.

Dissected sciatic nerves were divided into four parts of
equal length and cryosections (8 um) were prepared. To
evaluate toxic side effects of BTZ, cross-sections were
stained with antibodies against the regeneration-associated
sensory axon marker SCG10 (1:1000; Novus Biologicals,
NBP1-49461) and the regeneration-associated protein
GAP43 (1:1000; Invitrogen) to assess axonal injury and
regeneration. Labelled axons were quantified, as previous-
ly described.?®*”

For the therapeutic setting, demyelination was assessed
with FluoroMyelin™-Red Fluorescent Myelin Stain (1:300,
Thermo Fischer Scientific, F34652). Primary antibodies
against CD3 (1:1000, Thermo Fischer Scientific) and CD68
(1:1000, Hycult Biotech, HM3029) were used to determine
T cell and macrophage infiltration and incubated at 4°C
overnight. Secondary antibodies conjugated with Alexa
Fluor 488 (1:1000, Invitrogen) were used for detection.
Nuclear staining was performed with DAPI Fluoromount-G
(4, 6’-diamino-2-phenylindole-2HCI, Biozol). Fluorescent
signals of CD3, CD68 and FluoroMyelin®™-Red were
detected using an inverted fluorescence microscope (BX51;
Olympus) equipped with an Olympus DP50 digital camera.
The four transversal sciatic nerve sections of each rat were
recorded four times (technical #=16, x20 magnification)
and analysed by two blinded investigators using the image
analysis software Image] (National Institutes of Health).
Demyelinated lesions are reported as the percentage of the
whole analysed area. CD3 and CD68 positive cell counts

are reported as the number of infiltrating cells per mm?.

For the therapeutic setting, a minimum of six and a max-
imum of eight DRGs per segment (lumbar, thoracic and
cervical) were dissected and washed with PBS, stored in
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4% paraformaldehyde (PFA) for 1h and cryoprotected in
30% sucrose overnight. Cryosections (8 um) were stained
with primary antibodies against TRPV1 (1:500, Thermo
Fisher Scientific, PA1-29421) and NeuN (1:300, Merck
Millipore, MAB377), anti-rabbit Alexa 568 (1:1000,
Invitrogen) to visualize TRPV1 staining and anti-mouse
Alexa 488 (1:1000, Invitrogen) as a secondary antibody
for NeuN. DAPI Fluoromount-G (Biozol) was used to
visualize cell nuclei. The fluorescence signal of TRPV1 was
detected using an inverted fluorescence microscope (BXS51;
Olympus) equipped with an Olympus DP50 digital cam-
era. Three replicate pictures of each segment/rat were
recorded three times (biological # =4, technical =9, x20
magnification) and analysed by two blinded investigators
using the image analysis software Image] (National
Institutes of Health, Bethesda, USA). TRPV1"8M cells
were counted and reported as the percentage of all neur-
onal cells in DRG.

In the therapeutic setting, the right femur was dissected,
stored in 4% PFA and further processed and stained for
CD138" plasma cells in cooperation with the department
of pathology, University Hospital Bergmannsheil Bochum.
Plasma cells were stained as described recently.”®

CD138"% plasma cells in bone marrow tissue were
counted by a blinded investigator using a light micro-
scope (Olympus). The number of infiltrated cells per
mm? was determined.

Dissected sciatic nerves were immediately flash-frozen in
liquid nitrogen and stored at —80°C. Frozen samples were
lysed and homogenized with TRIzol™ reagent (Thermo
Fischer Scientific), using the Tissue Lyser II system and
stainless-steel beads of Smm diameter (Qiagen). Total
RNA was isolated using the RNeasy Plus Mini kit
(Qiagen) and transcribed into ¢cDNA using the Go Script
Reverse Transcription Mix Oligo(dT) and random pri-
mers (Promega) according to the manufacturer’s protocol.
GoTaq® qPCR Master Mix (Promega) and target-specific
primers (Microsynth) were used to evaluate relative
mRNA expression levels of Il4, 1110, Ifng, Tnfa, Trpvi,
Ikba (also known as Nfkbia), Cgrp (also known as
Calcb) and Nfkb with the QuantStudio 3 Real-Time-PCR
system (Thermo Fischer Scientific). qPCR runs were per-
formed at 95°C for denaturation, 60°C for annealing/ex-
tension and 40 cycles. Post-amplification melting-curve
analysis was performed to check for primer-dimer arte-
facts and to verify reaction specificity. Detailed primer in-
formation is shown in Supplementary Table 2. The
relative target expression was determined using the modi-
fied relative quantification model by Pfaffl*® with effi-
ciency correction and were normalized to Gapdh and
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Actb as reference genes. Relative target gene expression is
described as fold-change relative to the corresponding ex-
perimental control (CTR) group. All experiments were
carried out in duplicates, and the mean Ct was used in
the equation.

We evaluated sensory neuron axon growth of DRGs in a
longitudinal setting. A total of eight rats were used to
analyse the effect of 0.2 mg/kg BTZ on axonal growth.
Rats were treated on Days 0, 4, 8 and 12. For DRG iso-
lation, two rats were sacrificed at each time point (0, 7,
14), except Day 21, where eight rats were sacrificed.
Sensory neurons were obtained from dissociated DRG, as
described previously.?”~*° In short, isolated DRG (T8-L6)
were incubated in 0.25% trypsin/EDTA (GE Healthcare)
and 0.3% collagenase Type IA (Sigma) in Dulbecco’s
modified eagle media (DMEM) (Invitrogen) at 37°C and
5% CO, for 45min and then mechanically dissociated.
Cells were re-suspended in DMEM containing 10% foetal
bovine serum (GE Healthcare) and penicillin/streptomycin
(500 U/ml; Merck, Millipore) and cultured at 37°C and
5% CO;, on poly-d-lysine (0.1 mg/ml; Sigma) and laminin
(20 ug/ml; Sigma)-coated slides (Sarstedt). Axonal growth
was determined after 48 h incubation by fixation in 4%
PFA (Sigma) and immunocytochemical staining with anti-
bodies against NeuN (1:2000; Abcam, ab177487) and
pllI-tubulin (1:2000; Covance). Imaging was performed
automatically with the Olympus VS210-S5 slide scanner.
Total axon length and neuron numbers per well were
automatically quantified with the NeuriteTracer plugin
for Image]. The average axon length per neuron and neu-
ron counts per experimental group were normalized to
CTR groups. Data represent the mean * SD of a tech-
nical N of 4.

Sample size was calculated using the power analysis pro-
gram G*Power (a-error = 0.05, power = 0.80). Animals
were randomly divided into the experimental groups and
all experimental measurements were performed by two
blinded investigators. Statistical analyses were performed
using GraphPad Prism 9 (GraphPad Software Inc.). The
normality of data was analysed before testing. If not
mentioned otherwise, we used #-Test or Mann-Whitney
test to compare two conditions and (multiple) comparison
tests in one/two-way ANOVA analyses or Kruskal-Wallis
for more than two groups.

The data of this study are available from the correspond-
ing author, upon reasonable request.
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Figure | BTZ induced hyperalgesia in high concentrations. Von Frey hair test after i.p. treatment with 5% DMSO as control, 0.2 mg/kg
BTZ and 0.05 mg/kg BTZ on Days 0, 4, 8 and 12 is shown in A (arrows). With 0.2 mg/kg BTZ, 50% paw withdrawal threshold dropped
significantly on Day 4 and reached its minimum on Day |3. The homogeneity of variances was analysed with Levene test. Variances are
homogeneous at Days 0, 2, 4, 6 and |9. Therefore, ordinary one-way ANOVA was performed at these days. At Days 13 (F=9.080, dfl =2,

df2 =8, P=0.009) and 16 (F=5.264, dfl =2, df2=8, P=0.035) variances are not homogeneous. In consequence, Welch ANOVA was
performed followed by Dunnett’s T3 multiple comparison test (Day |3: P-value < 0.0001). Subsequently, significant recovery started (P-value =
0.0471). Overall, a significant reduction of area under the curve in the group with 0.2 mg/kg BTZ indicates hyperalgesia in rats, shown in

B (Kruskal-Wallis test followed by Dunn’s multiple comparison test, P-value = 0.0206). Each group consisted of four animals (n =4). The
experiment was performed twice. Both experiments showed nearly identical P-values. The figure shows one representative experiment;

therefore each data point represents one animal.

Results

Healthy rats were treated i.p. with BTZ on Days 0, 4, 8
and 12 with a concentration of 0.2 and 0.05 mg/kg or 5
% DMSO (n=4/group). BTZ-induced effects on pain de-
tection were assessed with vF test. The experiment was
performed twice, and the area under the curve (AUC)
was analysed. One representative experiment is shown in
Fig. 1. Hyperalgesia developed immediately after BTZ
treatment with 0.2mg/kg and reached its maximum
around Day 13 (mean value * SD: 2.918 = 0.735G, P-
value = 0.0002) after four injections compared to the
CTR group. After discontinuing BTZ, hyperalgesia recov-
ered slightly and the 50% paw withdrawal threshold
increased on Days 16 (3.208 +0.662G) and 19
(4.243 = 0.769G). Comparing the time point with max-
imal hyperalgesia with Day 19, 50% paw withdrawal
threshold recovered significantly (P-value = 0.0471).
Overall, compared to the CTR group, there was a signifi-
cant reduction of 50% paw withdrawal threshold in a
high concentration of BTZ (AUC mean values: CTR =

72.99 +8.53, 0.2 mg/kg BTZ = 29.14 = 8.61, 0.05 mg/kg
BTZ = 63.16 £9.09; P-value = 0.0206). No differences
between the CTR group and the low dose group
(0.05 mg/kg BTZ) were detected.

Electrophysiological measurements of the right sciatic
nerve were performed on Day 21. We evaluated demye-
lination, characterized by MNCV, axonal damage repre-
sented by mean CMAP and lumbar root involvement,
depicted by prolongation of F-wave latencies. No changes
in MNCV, CMAP or F-wave latencies were found (z=4,
experiment repeated twice; data not shown).

On Day 21, we investigated relative mRNA expression of
inflammatory cytokines and Ikba and Nfkb in the sciatic
nerve. It is well known that IKB inhibits the transcrip-
tional factor NFKB reducing severe immunomodulatory
mechanisms.>! Since BTZ is inhibiting the immunoprotea-
some and the immunoproteasome inhibits IKB degrad-
ation, we expected changes of posttranscriptional Ikba
and Nfkb regulation. This was examined twice with
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Figure 2 High dose BTZ mediated degeneration in the sciatic nerve. Representative pictures of SCG10, shown in A, and GAP43,
shown in C, staining in the sciatic nerve of Lewis rats. Positive cells are highlighted with arrows. SCG 10+ cells represent sensory regeneration,
while GAP43+ cells represent global regeneration. Treatment with 0.2 mg/kg BTZ significantly increased both regeneration markers in the sciatic
nerve, indicating previous degeneration, shown in B and D (one-way ANOVA followed by the Holm—Sidak post hoc test,

P-value < 0.0001), while low dose application did not have the same effect. Each data point represents one animal. Scale bar: 25 pm.

0.2 mg/kg BTZ 0.05 mg/kg BTZ

duplicates for the analysis (biological n=4, technical
n=2). However, there was no significant posttranscrip-
tional regulation detected for Ikba and Nfkb. No differ-
ences were detected in relative mRNA expression of 14,

1110, Tnfa, Ifng, Cgrp (data not shown).

Flow cytometry analyses of the spleen, blood, inguinal
lymph nodes and bone marrow tissue did not show sig-
nificant treatment effects with 0.2 or 0.05 mgkg BTZ
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compared to the CTR group. This experiment was car-
ried out once (n=4/group, data not shown).

We histologically analysed SCG10 and GAP43, a sensory
and global regeneration marker, respectively, expressed
only in injured and regenerating axons. Both proteins were
detected in sciatic nerve axons 21 days after the high dose
application of BTZ (Fig. 2, Supplementary Fig. 1), indicat-
ing previous degeneration. In contrast, the lower dose of
0.05 mg/kg showed less induction, indicating that BTZ
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0.2 mg/kg BTZ per day. DRGs were dissected on Days 0, 7, 14 and 21. No significant difference between the baseline on Day 0 and the different
time points was observed in B. Representative pictures are shown in C. Data points in C are explained in A.
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Figure 4 Low dose BTZ ameliorated EAN disease course. EAN score over time after i.p. treatment with 5% DMSO as control, 0.1 mg/kg BTZ
and 0.05 mg/kg BTZ on Days 9, 13, 17 and 21 p.i,, shown in A (arrows). A concentration of 0.05 mg/kg BTZ ameliorates EAN disease course, shown in
A, and significantly reduces area under the curve, shown in B (one-way ANOVA followed by the Dunnett’s multiple comparison test, P-value = 0.0093).
Each group consisted of four animals (n = 4). The experiment was performed three times. Experiments with a condition of 0.1 mg/kg BTZ were
performed twice. The figure shows one representative experiment; therefore, each data point represents one animal.
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Figure 5 EAN induced hyperalgesia while low dose BTZ protected rats. Representative results in Von Frey hair test after i.p. treatment
with 5% DMSO as control, 0.1 mg/kg BTZ and 0.05 mg/kg BTZ on Days 9, 13, 17 and 21 p.i. are shown in A (arrows). Each group consisted of
four animals (n =4). A concentration of 0.05 mg/kg BTZ hyperalgesia recovers earlier, shown in A (two-way ANOVA followed by Dunnett’s
multiple comparison test, P-value = 0.0009), and the minimum of paw withdrawal threshold is significantly higher, shown in B (Kruskal-WVallis
test followed by Dunn’s multiple comparison test, P-value = 0.0285). Each group consisted of four animals (n = 4). The experiment was
performed three times. The figure shows one representative experiment, therefore each data point represents one animal.

induces
(SGC10: mean values
251.1 = 68.46, 0.05 mg/kg BTZ
< 0.0001; GAP43: mean values = SD, 0.2mg/kg BTZ =
416.2 = 84.86, 0.05mgkg BTZ = 59.18 £22.76, P-value
< 0.0001; n=4/group). Yet, this degeneration seems to be
transient, as vF indicates a significant regeneration on
Days 16 and 18.

axon damage, particularly at

+ SD,

higher doses
0.2mgkg BTZ
26.30 = 10.89; P-value

*

Regeneration potential after toxic BTZ treatment was
evaluated through DRG outgrowth studies
in vitro after treating animals with 0.2mgkg BTZ
(Fig. 3). In agreement with the clinical findings and the
histological staining, the damage after BTZ treatment is
not permanent. Our examination revealed no impairment
of neurite growth after toxic BTZ treatment.

axonal

EAN clinical signs occurred during Days 9 and 10 with a
maximum around Days 15 and 17. p.. BTZ treatment
started at Day 9 p.. and was repeated every 4 days until
Day 21 (0.05 mg/kg BTZ, 0.1 mg/kg BTZ and 5% DMSO).
EAN incidence in all groups was 100%. Figure 4 shows
the ameliorative effect of 0.05 mg/kg BTZ on the clinical

disease course in EAN. Treatment with 0.05 mg/kg BTZ sig-
nificantly reduced the AUC in comparison to the 5%
DMSO CTR group (AUC mean values: CIR
36.88 +7.623, 0.1 mg/kg BTZ = 30.13 = 8.197, 0.05 mg/kg
BTZ = 15.88 = 8.38; P-value = 0.0093). We repeated this
experiment three times and found AUC significantly reduced
twice (AUC: P-value 0.0093, P-value 0.0314).
However, the third experiment also showed overall signifi-
cant mean differences between the CTR group and the
group treated with 0.05 mg/kg BTZ (P-value < 0.0247,
data not shown). No significant body weight loss or further
toxic effects were detected in our experiments. Treatment
with 0.1 mg/kg BTZ did not affect the EAN disease course
significantly.

While it is known that EAN animals develop parapar-
esis after immunization with P2-peptide, there is no
published data on nociception—small fibre involvement
in EAN yet. In this concept, we could show that noci-
ception is impaired in EAN. A reduction of 50% paw
withdrawal threshold could be detected at Day 6,
while motor impairment started at Day 9 (compare
Figs 4A and 5A); 50% paw withdrawal threshold
dropped after EAN disease onset on Day 10 to 6.924G
in the CTR group, 6.715G in the 0.1 mgkg BTZ-
treated group and 10.44G with 0.05 mg/kg BTZ treat-
ment. The lowest threshold, representing the time point
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Figure 6 Treatment with low dose BTZ reduced loss of MNCYV in EAN. Motor nerve conduction velocity (m/s) measured with
electrophysiology on Day 23 p.i. with P2-peptide (n =4, experiments = 3,). A shows treatment with 0.05 mg/kg BTZ reduces the loss of MNCV
in EAN significantly (unpaired t-Test, P-value = 0.0019). Representative measurements are shown in B. The experiment was performed three
times. The figure shows one representative experiment, therefore each data point represents one animal.

with maximal hyperalgesia, was reached at Day 22 in
the CTR group with a mean value of 2.765G, at Day 18
in the 0.1 mg/kg BTZ-treated group with a mean value of
3.051G, and at the same day in the group with 0.05 mg/kg
BTZ with a mean value of 9.042G (Fig. 5B). Comparing
those minimal threshold values, BTZ was significantly able
to prevent rats from further deterioration of mechanical
allodynia EAN  (P-value 0.0285, Fig. SB).
Furthermore, the most significant ameliorative effect was
observed on Day 22 between the CTR group and 0.05 mg/
kg BTZ with a mean difference of 9.889G (P-value =
0.0009). We performed this experiment three times and
found the 50% paw withdrawal threshold increased twice
in animals with low dose BTZ treatment on Day 22. The
third experiment showed same tendencies but did not reach
significance (data not shown). The results correlate well
with the previously presented results in EAN disease course
and verify the robust therapeutic effects of BTZ at a con-
centration of 0.05 mg/kg.

in =

In the therapeutic setting, electrophysiological measurements
of the right sciatic nerve were performed on Day 23, as
described before. We evaluated the following measurements:

i. MNCYV for demyelination
ii. Mean CMAP for axonal damage
ili. Prolongation of F-wave latencies for lumbar root
involvement

Mean value of MNCV in the CTR group (22.38m/s
+2.783) was significantly reduced compared to 0.05 mg/kg

BTZ group (31.15m/s += 1.87; P-value 0.0019, Fig. 6).
Therefore, the treatment reduced demyelination in the sciatic
nerve. We repeated the experiment two more times and
obtained the same results (P-value = 0.0426 and 0.0314).
However, supramaximal stimulation of proximal large, mye-
linated fibres did not show any differences or prolonged F-
wave latencies between the CTR and treatment groups at
this late-recovery time point. Additionally, axonal damage
represented by CMAP decrease was not detected (data not
shown).

We investigated immune infiltration by staining of
CD3" T cells and CD68" macrophages in the sciatic
nerve on Day 23 p.. Figure 7 shows the results and
representative stainings, demonstrating the suppression
of T cell (Fig. 7A) and macrophage (Fig. 7B) infiltration
between the 5% DMSO CTR group and 0.05 mg/kg
BTZ treatment. Cell counts and significance are shown
in Fig. 7D for T cells (P-value < 0.0001) and 7E for
macrophages (CTR versus 0.1: P-value < 0.0001; CTR
versus 0.05: P-value = 0.0012; 7 =16, technical » =64,
experiments 3). Comparing infiltration proximal to
distal along the sciatic nerve, no differences were
detected (data not shown). Furthermore, the reduction
of inflammatory infiltration and the electrophysiological
findings of less demyelination correlate with a significant
reduction of the histological assessed demyelination in
our target dose of 0.05mg/kg BTZ compared to 5%
DMSO. Representative pictures of FluoroMyelin™
staining in Fig. 7C are

are shown and results
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Figure 7 Low dose BTZ treatment reduced inflammation and demyelination in the sciatic nerve. Representative pictures of CD3,
shown in A, CD68, shown in B, and FluoroMyelin™-Red, shown in C, staining of the sciatic nerve. Treatment with 0.05 mg/kg BTZ significantly
reduced infiltration of CD3* T cells, shown in D (Kruskal-Wallis test followed by Dunn’s multiple comparison test, P-value < 0.0001, statistical
analysis for N 0 64 technical replicates) and demyelination of the sciatic nerve, shown in F (one-way ANOVA followed by Dunnett’s multiple
comparison test, P-value < 0.0001, statistical analysis for n = |6 technical replicates). In addition, 0.05 as well as 0.1 mg/kg BTZ significantly
reduced infiltration of CD68™ cells into the sciatic nerve, shown in E [Kruskal-Wallis test followed by Dunn’s multiple comparison test, P-
value < 0.0001 (CTR versus 0.1) and P-value = 0.0012 (CTR versus 0.05); statistical analysis for n = 64 technical replicates]. The experiment
was performed three times. D, E and F show the results of one representative experiment, therefore each data point represents a technical
replication. Scale bar: 50 pm.

demonstrated in Fig. 7F (mean values = SD: CTR =
38.54 =12.10%; 0.1mgkg BTZ = 30.77 £11.75%;
0.05 mg/kg BTZ = 19.62 = 9.308 %; P-value < 0.0001; After examining infiltration into the sciatic nerve, we
n=16, experiments = 3). investigated overall immune activity after treatment with
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Figure 8 Treatment with low dose BTZ modulated relative
expression of Ikba and Nfkb into an anti-inflammatory
direction in the sciatic nerve. Results of qPCR of Ikba, shown in
A, and Nfkb, shown in B, after treatment of EAN rats with 5%
DMSO, 0.1 and 0.05 mg/kg BTZ. Data were normalized using the
reference genes Actb and Gapdh and are presented relative to the
control group 5% DMSO. Treatment with 0.05 mg/kg BTZ
significantly increased the relative expression of Ikba (P-value =
0.0455) and reduced Nfkb (P-value = 0.007 1) expression level (one-
way ANOVA followed by Dunnett’s multiple comparison test). The
experiment was performed twice. The figure shows the results of
one representative experiment. Statistical analysis was performed
with a technical N of 8, therefore each data point represents a
technical replicate.

0.05 and 0.1 mg/kg BTZ. Yet, flow cytometry analyses of
the spleen, blood, inguinal lymph nodes and bone marrow
tissue did not show significant effects of the treatment in
comparison to the CTR group suggesting that the ameli-
orative effect of BTZ is not driven by systemic modulation
of the following immune cell populations: CD8' T cells,
CD4" T cells, CD11b" monocytes, CD4"CD11b" DCs,
CD4*"CD25"FOXP3" Tregs, CD4"CD11b-MHCI" plas-
macytoid DCs and CD45R* B-cells (data not shown).

As a proteasome inhibitor, BTZ prevents IKB degradation
and, therefore, impacts the NFKB pathway. Since we used
a low dose of BTZ, we examined relative Tkba and Nfkb
expression changes in the sciatic nerve via qPCR on Day
23, considering this to be the leading mechanism for the
drug’s ameliorative effect. Representative results are shown
in Fig. 8. The relative expression of Ikba shows a signifi-
cant fold change increase for the group treated with our
target dose of 0.05mg/kg BTZ compared relative to the
5% DMSO CTR group (Fig. 8A, mean values *= SD in
CTR = 1+0.136; 0.1mgkg BTZ = 1.211%0.493;
0.05mg/kg BTZ = 1.383+0.201; P-value = 0.0455;

R. Klimas et al.

n=4, technical n=38, experiments = 2). Furthermore, the
relative expression of Nfkb decreased (Fig. 8B; mean val-
ues = SD in CTR = 1%+0.208; 0.1mgkg BTZ =
0.9785 = 0.2645; 0.05mgkg BTZ = 0.6748=0.11; P-
value = 0.0071, n=4, technical n=28, repeated twice).
There was no significant change in the relative mRNA lev-
els of 14, 1I-10, Tnfa, Ifng, Cgrp and Trpv1 detected (see
Supplementary Fig. 2).

With the vF test, we have shown that EAN induction
promotes hyperalgesia in rats. We were able to demon-
strate the improvement in hyperalgesia through low dose
0.05 mg/kg BTZ application. However, it remains un-
known how the hyperalgesia is developing in EAN. We
investigated TRPV1 channels, which are involved in
hyperalgesia, as described in previous studies of BiPNP.*?
Therefore, we examined the relative mRNA expression of
Trpvl in the sciatic nerve by qPCR and TRPV1 protein
in DRGs by histological staining. Representative staining
is shown in Supplementary Fig. 3. Neither the TRPV1
staining in DRGs nor the relative mRNA expression lev-
els in the sciatic nerve showed any significant differences
in the low BTZ concentration (data not shown).

Since high dose BTZ depletes plasma cells in patients
with multiple myeloma, we examined CD138% cells in
the low dose context. CD138 (Syndecanl) is commonly
used in immunohistochemistry to quantify plasma cells.®?
Plasma cells can be found in very low numbers as circu-
lating plasma cells in secondary lymphoid organs, and
higher numbers as long-lived plasma cells in the bone
marrow. Our histological analysis showed a significant
increase of CD138%-cells after low dose application of
0.05 mg/kg BTZ with a mean value of 173.7 = 80.1 cells
per mm® bone marrow tissue compared to the CTR
group with a mean value of 140.9 £113.8 plasma cells
per mm? (P-value = 0.005, n=8, pooled results of two
experiments) (Supplementary Fig. 4A). The data are indi-
cating the same effect, when BTZ is administered at a
concentration of 0.1mg/kg BTZ (mean values *= SD in
CTR = 140.9 +113.8; 0.1 mg/kg BTZ = 194.4 = 99.03;
P-value = 0.009). Representative pictures are shown in
Supplementary Fig. 4B.

Discussion

The purpose of our study was to investigate differential
effects and underlying mechanisms of BTZ activity in
high toxic as well as in lower-immunomodulatory con-
centrations. First, we performed a dose-titration study
and defined the toxic threshold concentration of 0.2 mg/
kg BTZ in healthy Lewis rats. Lower concentrations of
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BTZ (0.05 mg/kg) were not toxic. This was verified by vF
test, histology and electrophysiological measurements. In
contrast, this low dosage exerted significant and reprodu-
cible therapeutic efficacy in the rodent EAN model.

Our findings regarding the characteristics of the toxic
effects are in accordance with clinical findings in patients
with multiple myeloma and BiPNP. In these patients,
high concentration of BTZ reduces clonal plasma cell ex-
pansion at the cost of toxic effects in the peripheral
nerves by induction of a painful, sensory neuropathy.'*'¢
This toxic neuropathy is dose-dependent and is observed
after 2-4 cycles of BTZ treatment for most patients.’”
The toxic effects of BTZ are the main reason for drug
discontinuation in multiple myeloma treatment. In ac-
cordance with clinical and preclinical data, hyperalgesia
in our toxic experimental model was shown in the vF
test, indicating a toxic sensory nerve fibre involvement
(Fig. 1) at a concentration of 0.2mg/kg.'®?’
Electrophysiology did not show any signs of motor
axon degeneration after treatment with 0.05 or 0.2 mg/
kg BTZ, implying that small sensory fibres are more
vulnerable in our toxic model. Surprisingly, DRG out-
growth studies have shown a crucial preserved regener-
ation potential of DRG after toxic BTZ treatment. This
effect is of main clinical importance as immediate with-
drawal of the drug after development of a toxic sensory
neuropathy can reverse neuropathic symptoms in mul-
tiple myeloma patients with BiPNP.'>~!” Interestingly,
the high concentration of BTZ did not exert any immu-
nomodulatory effects in the flow cytometry analyses or
qPCR on immune cell populations. NFKB pathway was
not modulated. Previous preclinical studies evaluated the
toxicity of BTZ in a concentration of 0.2 mg/kg in rats
as well. However, the results are difficult to compare.
Our EAN model bases on 6-8 weeks old female Lewis
rats, while Yamamoto et al.'® evaluated hyperalgesia
after BTZ treatment in adult male Sprague Dawley rats.
Quartu et al.>> analysed toxic effects of BTZ in Wistar
rats and Duggett and Flatters’ evaluated hyperalgesia
in Sprague Dawley rats through withdrawal frequencies
instead of the 50% paw withdrawal threshold. Despite
all these different settings, the clinical impact of high
dosage BTZ on hyperalgesia was the same in each ex-
perimental design. In accordance to our data, the dose
of 0.2mg/kg initiated reversible hypersensitivity. Long-
term examination of allodynia after discontinuation of
treatment with BTZ revealed the recovering of hypersen-
sitivity.>> Our DRG outgrowth study supports these
findings. Indeed, modelling toxic effects of chemothera-
peutic treatment on peripheral nerves represents a chal-
lenge. In particular, the examination of the underlying
molecular mechanisms may be variable due to the
chosen experimental design. Lehmann et al.*® described
in 2019 the challenges and limitations of severe methods
modelling chemotherapy induced peripheral neuropa-
thies, underlying, for example, the impact of animal age
for cell culture. However, since we aimed to analyse the
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therapeutic effect of BTZ in low concentrations, we
decided to focus on the clinical aspects in the toxic set-
ting. Therefore, and to guarantee the comparability of
both settings, adult Lewis rats were chosen for experi-
ments, since EAN model is well-characterized for ani-
mals of this age.

We confirmed data from CIDP patients that lower con-
centrations of BTZ have a different mode of action and
exert immunomodulatory effects in the therapeutic con-
text in Lewis rat EAN. We applied the non-toxic concen-
tration of 0.05 mg/kg BTZ, and we were able to verify
the positive impact of BTZ on EAN disease course and
EAN-induced hyperalgesia. The amelioration of clinical
disease was confirmed by NCS. Low concentrations of
BTZ prevented the reduction of MNCYV significantly, and
histological analyses revealed a reduction of infiltrating T
cells and macrophages into the sciatic nerve. Moreover,
further conclusive data were obtained through the study
of demyelination of the PNS. FluoroMyelin™ staining
was able to visualize a reduction of demyelination with
low dose BTZ treatment. Overall, the clinical data and
histological analyses show that BTZ has an immunomo-
dulatory effect at a concentration of 0.05 mg/kg.

Previous studies already showed the efficiency of BTZ
on other autoimmune diseases. The proteasome inhibitor
has been already applied to patients with CIDP,'* myas-
thenia gravis,”” neuromyelitis optica®® and systemic lupus
erythematodes.?>*”"* However, the appearance of neuro-
toxic side effects like BiPNP has restrained research on
further modes of action of proteasome inhibitors.">™'” As
reported above, this toxic polyneuropathy occurs mainly
when BTZ is administered frequently (1.3 mg/m?> given
s.c. on Days 1, 4, 8 and 11, and every 21 days thereafter
for three or four cycles) in multiple myeloma patients.
Our experimental setup shows for the first time that one
cycle of low dose BTZ application can ameliorate clinical,
electrophysiological and histological signs of neuritis. In
accord with these observations was the finding that low
dose BTZ even ameliorated EAN-induced hyperalgesia.

Regarding the mechanisms of immunomodulation in the
low concentration, we investigated a variety of possible
cellular and humoral mechanisms. For example, the im-
mune proteasome is involved in the NFKB pathway and
antigen presentation.*’"** Further mechanisms such as ter-
minal unfolded protein response are described, which were
discussed to be responsible for the adverse drug events.*’
Our study shows that only low-dose BTZ is involved in
the NFKB pathway modulation in this context through
the inhibition of IKB degradation, the inhibitor of NFKB.

Theoretically, systemic application of BTZ, even at this
low concentration, may potentially modulate immune cell
populations in the peripheral lymphoid organs and bone
marrow. Interestingly, staining for CD8' and CD4" T
cells, CD11b" monocytes, CD4"CD11b* DCs,
CD4"CD25"FoxP3" T-regs, CD4"CD11b MHCII* plas-
macytoid DCs, CD19" and CD45R" B cells, and IgK

light-chain"®"*  plasma cells did not reveal any
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quantitative effects on immune cell population in spleen,
lymph nodes and peripheral blood.

The increase of Ikba and the reduction of Nfkb mRNA
expression levels rather indicates a qualitative modulation
on the immune system, a shift towards an anti-inflamma-
tory milieu by decreasing NFKB, the main transcription
factor promoting inflammation. No shift in the pro-in-
flammatory cytokine milieu was detected in the sciatic
nerve which could imply that our investigations may
have missed the changes in cytokine milieu in the recov-
ery phase. Further experiments should focus on EAN dis-
ease maximum to clarify this question.

The aspect of plasma cell depletion in the low-dose of
BTZ was further investigated, and we were able to show
that plasma cell depletion in the bone marrow is not
induced by low-dose BTZ. On the contrary, a probably
compensatory increase of CD138% plasma cells in the
bone marrow was found. This aspect could mediate
EAN’s immunomodulatory effects, long-living plasma
cells in the bone marrow could also exert immunomodu-
latory function.** However, further studies are required
to confirm this assumption.

Commenting on the finding of hyperalgesia in the con-
text of EAN, we must stress the point that in a subgroup
of patients with immune-mediated neuropathies, disabling
hyperalgesia is presenting early in the disease course. The
mechanisms mediating this presentation have not been
clarified yet. We show that the classic EAN model in
Lewis rats is characterized by hyperalgesia. This finding
opens novel options for the experimental investigation of
sensory neuropathies. Previous studies showed that
TRPV1 and CGRP upregulation could be involved in the
BiPNP in a high dose.’* We have investigated the expres-
sion of TRPV1 channel in the low and high dose BTZ
concept. We could not show that its expression mediates
the described clinical effects, neither in qPCR nor in hist-
ology. However, our studies were also performed during
the recovery phase and may have missed the modulation
of TRPV1 directly after BTZ toxic application or at EAN
disease maximum.

Concluding, novel peripheral immunomodulatory mecha-
nisms of proteasome inhibition should also be considered
when applying BTZ*** in the context of autoimmune dis-
eases. In low concentrations, there seems to be an unrec-
ognized and promising therapeutic potential for these
substances. Further investigations on the use of selective
immunoproteasome inhibitors may be interesting since
they cause fewer adverse events.*!**>4¢

Our results may introduce a novel potential for prote-
asome inhibition in the field of autoimmune polyneuropa-
thies. In this study and in agreement with previous clinical
trials and case studies, BTZ may be a therapy option for
immune-mediated neuropathies. BTZ seems to exert toxic
effects in high concentration and immunomodulatory
effects in low concentration. Further experiments must re-
veal the exact role of the NFKB pathway in this context.

R. Klimas et al.
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