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Abstract

Bortezomib is a potent inhibitor of proteasomes currently used to eliminate malignant plasma cells
in multiple myeloma patients. It is also effective in depleting both alloreactive plasma cells in
acute Ab-mediated transplant rejection and their autoreactive counterparts in animal models of
lupus and myasthenia gravis (MG).

In this study, we demonstrate that bortezomib at 10 nM or higher concentrations killed long-lived
plasma cells in cultured thymus cells from 9 early-onset MG patients and consistently halted their
spontaneous production not only of autoantibodies against the acetylcholine receptor but also of
total 1gG. Surprisingly, lenalidomide and dexamethasone had little effect on plasma cells. After
bortezomib treatment, they showed ultrastructural changes characteristic of endoplasmic reticulum
stress after 8 hours, and were no longer detectable at 24 hours. Bortezomib therefore appears
promising for treating MG and possibly other antibody-mediated autoimmune or allergic
disorders, especially if given in short courses at modest doses before the standard
immunosuppressive drugs have taken effect.

Keywords

bortezomib; plasma cells; myasthenia gravis; proteasome inhibition; autoimmunity

Corresponding authors: Dr. Mario Losen, School of Mental Health and Neuroscience, Maastricht University, Universiteitssingel 50,
6229 ER, Maastricht, the Netherlands. Tel: +31 43 3881039; fax: +31 43 3884086; m.losen@maastrichtuniversity.nl ; Dr. Pilar
Martinez-Martinez, School of Mental Health and Neuroscience, Maastricht University, Universiteitssingel 50, 6229 ER, Maastricht,
the Netherlands. Tel: +31 43 3881042; fax: +31 43 3884086; p.martinez@maastrichtuniversity.nl ; Dr. Nick Willcox, Neurosciences
Group, Weatherall Institute of Molecular Medicine, John Radcliffe Hospital, Oxford OX3 9DS, UK nick.willcox@imm.ox.ac.uk.




syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Page 2

Introduction

Myasthenia gravis (MG) with Abs against the muscle acetylcholine receptor (AChR) is one
of the best understood of the numerous autoimmune neurological diseases now recognized
(2). 1t is generally agreed that the patients’ autoAbs are pathogenic, as they decrease AChR
numbers by antigenic modulation and complement-mediated damage (2, 3). Patients with
early-onset MG (EOMG,; before age 45) are an unusually well-defined subgroup, with
strong female and HLA-B8 biases (4), and characteristic lymph node-like infiltrates in the
thymic medulla (5-7).

Treatment of MG relies primarily on glucocorticoids, often combined with broad-spectrum
immunosuppressants such as azathioprine or mycophenolate mofetil, or rituximab (8).
However, their efficacy and side-effects vary greatly between patients, and they reduce
autoAb titers and restore muscle strength only after delays as long as 4 - 15 months (9, 10).
In addition, drug-resistant AChR-MG patients treated with rituximab (anti-CD20) showed
no reduction in either AChR Ab titers or IgG levels, despite complete elimination of
circulating B-cells (10). In such patients, long-lived plasma cells, which are CD20 negative,
are likely to be the main producers of the autoAbs. Moreover, they are probably responsible
for the delayed responses of most MG patients to immunosuppressants, which mainly act by
preventing generation of new plasma cells from B-cells and by impairing the activation and
proliferation of T-helper cells (11-13).

Plasma cells are high-rate Ab-secreting cells (>10,000 molecules per cell per second (14,
15)). They are terminally differentiated and do not divide. Among the B-cell lineage, they
are uniquely radio-resistant. Whereas some are short-lived, others persist for many months
(or even years) (16) in special survival niches in bone marrow (17) and lymphoid tissues
(18). They are the main producers of circulating 1gG, and are clearly key players in chronic
Ab-mediated autoimmune diseases. Their resistance to both standard immunosuppressants
and rituximab therefore necessitates a different pharmacological approach.

Many recent studies have focused on drugs that target the neoplastic plasma cells in multiple
myelomas (MM). Partly because of their high rate of protein synthesis and dependence on
protective unfolded protein responses, MM cells are very susceptible to proteasome
inhibitors (19). These rapidly induce apoptosis by activating the terminal unfolded protein
response (20) and inhibiting the transcription factor NF-xB (21). Proteasome inhibition has
similar effects on non-neoplastic plasma cells in vivo (22, 23). Bortezomib, the first
clinically approved proteasome inhibitor, is widely used for treating MM. In addition, it is
now used to prevent acute Ab-mediated rejection of solid organ transplants (24). It is also
showing promise in Ab-mediated autoimmune diseases such as systemic lupus
erythematosus (SLE) and thrombotic thrombocytopenic purpura (TTP) (18, 25). In
autoimmune animal models of SLE, ANCA-induced glomerulonephritis and MG, it depleted
both plasma cells and autoAbs (22, 23, 26, 27).

Non-neoplastic plasma cells may also be susceptible to other anti-myeloma drugs, for
example, the thalidomide derivative lenalidomide, which is frequently combined with
dexamethasone in non-pregnant MM patients, and appears relatively safe. Lenalidomide
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inhibits the proliferation of several MM cell lines, and disrupts the stromal support in their
survival niches (28). Since it reduces IgM and IgG responses to PWM (29), it must affect
earlier B-lineage cells too.

In most EOMG patients, the thymic infiltrates include numerous germinal centers (5-7),
many of them AChR-specific, and autoreactive T- and B-cells along with terminal plasma
cells (30). In our experience, some degree of thymic hyperplasia is observed in >80% of
steroid-naive EOMG patients (30, 31). In primary cultures of cells from EOMG, but not
from control thymi, autoreactive plasma cells spontaneously secrete AChR autoAbs, with
titers and epitope specificities very similar to those in the patients’ sera (30, 31). They do so
for several weeks (at least) — even after irradiation (31) — implying that many of them are
long-lived. This longevity and radiation resistance contrasts strikingly with the majority of
thymic subsets, e.g. immature thymocytes and T-cells, which have a very high turnover in
vivo (32, 33) and die rapidly in culture (31, 34).

Thymectomy is part of standard management of EOMG in many centers (8). Thus the tissue
removed is an almost uniquely accessible source of long-lived human autoimmune plasma
cells. Here, we have used it to test their susceptibility to drugs, as assessed by their ultra-
structure and production of 1gG and AChR autoAbs. We demonstrate that very low
concentrations of bortezomib are cytotoxic for total and autoimmune human plasma cells,
and thereby prevent production and release of autoAbs, whereas lenalidomide and
dexamethasone had little effect.

Patients, Materials and Methods

Patients

The EOMG patients’ clinical information is shown in Table 1. Thymus tissue was obtained
with their informed consent and Ethics Committee approval. None of the patients had been
pre-treated with glucocorticoids; otherwise, they were selected only because of high serum
anti-AChR titers, correspondingly high productivity of these Abs by their thymic cells in
culture (31), and availability of irradiated cells. Thymi were removed in London between
1983-1990, when enzymatically-dispersed cell suspensions were cryostored in liquid
nitrogen (now at the Biobank of Oxford University (31, 35)); one more thymus was tested
fresh in Maastricht in 2013, again after mechanical and enzymatic dispersion immediately
after thymectomy. All thymi showed follicular hyperplasia.

Cell culture and experimental design

Thymic cells were cultured as described (35). Briefly, enzymatically dispersed thymic cell
suspensions were washed (and some aliquots irradiated with 1,250 rads from a $Co source)
and cryo-stored within a few hours of thymectomy. Subsequently, they were thawed
carefully, and cultured at 6x 10° - 1x 106 cells per well in 96 well round-bottomed plates,
without added stimulants, in 200 pL of RPMI medium containing 15% fetal bovine serum
(Bodinco, the Netherlands), 50 U/mL penicillin, 50 U/mL streptomycin and 1 mM sodium
pyruvate, at 37°C in humidified air with 5% CO,. Every 2 - 3 days, we removed (and stored)
90 L of supernatant from each well, and replaced it with 100 uL of fresh medium * any test
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drugs. Thymic cells were pre-cultured for 3 - 7 days, to allow recovery from the thawing
procedure, adaptation to culture conditions and for measuring baseline Ab production before
addition of test drugs.

We dissolved lyophilized bortezomib (Velcade, Janssen-Cilag B.V., Belgium) in sterile
saline, dexamethasone (D4902; Sigma-Aldrich) in absolute ethanol, and lenalidomide (Santa
Cruz Biotechnology; sc-218656) in dimethyl sulfoxide.

AutoAb and total IgG assays

In a standard radio-immunoprecipitation assay, we incubated 20 pL of culture supernatant
overnight at 4°C with 12.5 pL of TE671 human rhabdomyosarcoma cell membrane-extract
(containing approximately 3 fmol of human AChR). The AChR was labeled with

excess 1251-a-bungarotoxin (12°1-a-BT, NEX126, 3.4 TBg/mmol; PerkinElmer), and normal
human serum was used as carrier. Any immune complexes were precipitated by addition of
150 pL of goat anti-human 1gG and incubation for 4 hours at 4°C. We also used a standard
curve after assaying serial dilutions of the anti-AChR mAb 637 (36) in parallel. Results are
expressed as nanomoles of a-BT binding sites/L culture medium/day (nM/day), normalized
as % of those in untreated cultures.

We measured total IgG in the diluted culture supernatants with a standard sandwich ELISA
as described (26), capturing with goat F(ab’), anti-human IgG-Fcy (109-006-008; Jackson
Immuno-Research; diluted 1:200) and detecting with horseradish peroxidase-conjugated
goat F(ab’), anti-human 1gG-Fcy (109-036-008; Jackson Immuno-Research; diluted
1:20,000). Results were expressed as ng of total 1gG secreted per mL of supernatant/day,
normalized as above. The newly synthesized AChR Ab and total IgG were quantitated as
their present concentrations (in 200 pL) minus the concentration in the previous sample (in
100 pL) / time interval.

Immunofluorescence staining and enumeration of plasma cells by microscopy

Cultured cells (5% 104 - 5x 105) were cytocentrifuged onto poly-L-lysine-coated slides (for 5
minutes at ~120 g; Cyto-Tek centrifuge model 4332; Sakura Finetek, Japan). Slides were
air-dried for 1 hour at 22°C and then fixed in 4% paraformaldehyde at 4°C for 10 minutes.
Subsequently, they were blocked with 2% bovine serum albumin in PBS and incubated with
Hoechst 33342 solution (2 ug/mL, Cat. B2261; Sigma-Aldrich) to stain DNA. We stained
for plasma cells with mouse anti-human CD138 mAb (1:250, Clone MI15, Dako), donkey
anti-mouse 1gG Alexa 594 (1:300, A21203; Molecular Probes-Invitrogen) and goat anti-
human IgG Alexa 488 (1:500, A11013; Molecular Probes-Invitrogen). Slides were mounted
in 80% glycerol-TBS and stored at 4°C in the dark. All washing and incubation steps were
performed with TBSTriton X-100 (0.03%). We counted the plasma cells from each well, in
a blinded fashion, on a fluorescence microscope (Olympus BX51), identifying them by their
distinctive size, shape (extensive cytoplasm and eccentric nuclei), and positive staining for
internal 1gG and/or surface CD138. Absolute numbers of plasma cells per well are given in
Table 2 and shown in the Figures as the % of those in untreated cultures. Total numbers of
recovered cells were measured by automated counting of trypan blue-excluding cells (TC20
Automated Cell Counter, BioRad).
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FACS analysis of B-, T- and plasma cells, and membrane integrity

For B- and T-lymphocyte identification, cells were incubated for 30 minutes at 4°C in FACS
buffer (2% fetal calf serum and 0.1% sodium azide in PBS) with FITC mouse anti-human
CD3 (BD 555339) and PE mouse anti-human CD19 (BD 555413), all diluted 1:100 in
FACS buffer. The samples were washed twice, kept at 4°C in the dark, and analyzed within
2 hours. Dead cells were identified by propidium iodide (PI) counter-staining (Apoptosis
detection kit; BD).

To identify plasma cells, we incubated for 15 minutes at 22°C in the dark with the following
mix of anti-human mAbs: CD138 PE (IBL M2287; 1:25), CD19 PerCy5.5 (BD 332780;
1:40), CD38 APC (BD 345807; 1:40), CD3 V450 (BD 560365; 1:20) and CD45 V500
(560777; 1:20). Cells were then resuspended in 1x Cytofix/Cytoperm buffer (BD 554722)
for fixation and permeabilization, and later incubated for 30 minutes at 4°C in the dark with
an antibody mix of anti-human Kappa-LC FITC (BD, 555791) + anti-human Lambda-LC
FITC (BD 347247, clone 1-155-2), each diluted 1:35 in perm/wash buffer (BD 554723). We
used either a FACSCalibur (for B- and T-cells) or a FACSCanto Il (for plasma cells), plus
CellQuest Software (all from BD) for data acquisition, and analyzed results using the
Flowing Software (version 2.5.1; Turku Center for Biotechnology, Finland). Samples were
gated to exclude cell debris and aggregates; at least 10,000 events per sample were measured
for B- and T-cell analyses, and 150,000 events for plasma cells. Results are expressed as the
absolute number of cells/well, normalized as the % of B-, T- and total viable cells in
untreated cultures.

Electron microscopy

Statistics

Cultured thymic cells were collected, pelleted (7 min, 220 g, 4°C) and fixed with 3%
glutaraldehyde + 1.4% sucrose buffered in 0.09 M KH,PO, at pH 7.4. They were then
washed in 0.09 M KH,PO,4 buffer with 7.5% sucrose and transferred to a 1% OsO4 + 1.5%
ferrocyanide solution buffered with veronal at pH 7.4 for subsequent immersion fixation for
1 hour at 4°C. After washing in veronal buffer with 7% sucrose at pH 7.4, dehydration was
carried out rapidly in graded ethanol series. Samples were then incubated overnight in
propylene oxide and Epon (1:1), and subsequently embedded in Epon. Serial 80 nm sections
were stained with uranyl acetate, lead citrate, and coded. We used a Philips CM100 electron
microscope to count plasma cells and examine their ultrastructure in five representative
sections for each sample.

GraphPad Prism 4 was used for statistical analyses. We compared normally distributed
values using 1- or 2-way ANOVA analyses, and Bonferroni post-hoc tests. A two-sided
probability value of 0.05 or lower was considered significant. Values are expressed as means
+ standard error of the mean (SEM) unless stated otherwise. We used Spearman (non-
parametric) correlation coefficients (p).
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Results
Culturing EOMG thymic cells

Plasma cells were identified by their characteristic ultra-structural morphology (Fig. 1),
intense internal 1gG staining and surface CD138 expression (Fig. 2A), though the latter was
a dim and not totally consistent marker (as previously noted for cryo-stored cells (37)). They
were frequently found in clumps of 3-5 cells (or sometimes more), in close contact with
extracellular matrix and other cell types (Fig. 2A), as in their survival niches in the spleen or
bone marrow (38).

In the thymus, there is normally a high rate of cell death in vivo (32, 33), primarily due to
the programmed death of immature thymocytes deprived of pro-survival signals. As
expected, it was also substantial in our suspension cultures of frozen/thawed cells; even
from hyperplastic EOMG thymi, the majority of cells are immature thymocytes (7, 35), and
no longer in contact with the rare epithelial cells on which their survival normally depends.
About 20% of the input cells remained viable on day 14, and fewer in irradiated samples
(~8%). Absolute values for all the parameters measured in these cultures are shown in Table
2. To maximize plasma cell recovery/activity, we used cells that had been dispersed with
dispase and collagenase, and cryo-stored (7, 35); these behaved very similarly to fresh
thymic cells in culture, their AChR Ab and total 1gG productivity often slightly exceeding
that of their fresh counterparts, probably reflecting plasma cell enrichment by depletion of
thymocytes (35). In fact, cells cultured from one fresh EOMG thymus gave substantially
similar results (see below, Table 2 and Supplemental Fig. S1). AutoAb production also
appeared highly dependent on cell concentration and on adherent ‘feeder’ fibroblasts and
macrophages (35). Although microenvironments are probably not optimal in vitro,
spontaneous autoAb and total IgG production was nonetheless relatively consistent in
quadruplicate wells from most of the thymi tested (Fig. 2D, F). Remarkably, both persisted
for at least 2 weeks - even after irradiation (Fig. 3), although only occasional viable
macrophages and fibroblasts could still be seen (not shown), again highlighting that small
numbers of plasma cells are able to produce substantial amounts of 1gG/ autoAb (Table 2).

Bortezomib rapidly induces apoptosis in plasma cells from EOMG thymi

We pre-cultured thawed EOMG thymic cells for 3 days before adding 2.5 uM bortezomib.
This concentration was based on previous in vitro experiments on human plasma cells (39)
and the peak concentration measured in MM patients (40).

In all control samples, plasma cell ultrastructure appeared normal, with elaborate
endoplasmic reticulum (ER), a well-defined Golgi complex and dense regions of (nuclear)
heterochromatin in the characteristic “cart-wheel” distribution (Fig. 1A). They still appeared
largely normal at 2 and 4 hours after addition of bortezomib (at 2.5 pM; Fig. 1B). However,
after 8 hours, most surviving plasma cells showed signs of apoptosis (Fig. 1C), including
dense condensations of chromatin around most of the nuclear membrane perimeter, and
distension of the ER (41). After 24 hours, they were no longer detected in the bortezomib-
treated cultures. Results were very similar with bortezomib at 0.25 pM (not shown).
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Bortezomib eliminates plasma cells in cultured EOMG thymic cells

Proteasome

To focus on long-lived plasma cells, we next added bortezomib, lenalidomide or
dexamethasone on days 7 and 11 of culture, and counted surviving plasma cells on day 14.
Lenalidomide was used at 10 pM, based on previous in vitro studies (42-44) and peak levels
in MM patients (45). Dexamethasone was tested at 10 nM, a level known to inhibit
lymphocyte proliferation in susceptible humans (46, 47).

We used thymic cells from 6 patients to test effects of these drugs on plasma cell numbers.
Three days after a second dose of bortezomib, plasma cells were almost undetectable in all
cases (p<0.001; Fig. 2B and Supplemental Fig. S2). Interestingly, their numbers were not
changed greatly or consistently by either lenalidomide or dexamethasone (p<0.05 for the
latter). In a separate experiment, we confirmed that 10 pM lenalidomide suppressed 1gG
production by PWM-stimulated PBMCs (not shown), as previously reported (29).

inhibition halts spontaneous secretion of total IgG and AChR autoAbs

In thymic cell cultures which were analyzed at early time points, we could already detect
significant production of both AChR Ab and total 1gG at 48 hours of culture; both increased
further from days 9 - 14 in the control and lenalidomide cultures (Fig. 2C, E). In striking
contrast, they both consistently declined sharply after the first dose of bortezomib, and
further still after the second (p<0.001). Notably, dexamethasone merely prevented their rise
after day 9, which correlated with the mild reduction in plasma cell survival observed by day
14. Results were broadly similar with the one fresh thymus available to us (Table 2 and
supplemental Fig. S1). At day 14, AChR Ab and total 1gG production was strongly and
significantly reduced by bortezomib, compared to all other conditions in all tested patients
(Figure 2D, F).

Cell suspensions from five thymi were irradiated and cultured for two weeks. Plasma cells
were detected in all of these cultures, though at lower frequencies than in their non-
irradiated counterparts from the same patients (Table 2). There was also very substantial,
persisting production of total 1gG in all cases (Fig. 3C). After irradiation, AChR Ab
production remained strong in one patient (Fig. 3B) and above background in a second
(Table 2). Interestingly, when numbers of surviving plasma cells were sufficient (in MG1, 5,
6) they were reduced only by bortezomib (p<0.001; Fig. 3A). Notably, both autoAb and
total 19gG production were completely unaffected by dexamethasone, but both were again
inhibited >90% by bortezomib (p<0.001; Fig. 3B, C). When all results were combined,
numbers of plasma cells (whether irradiated or not) correlated strongly with spontaneous
secretion of total 1IgG and AChR Abs (p=0.84; P<0.0001 and p =0.66; P<0.0001
respectively).

To test for effects on other cell types, we next stained unirradiated cultured cells for CD3
and CD19. Both dexamethasone (at 10 nM) and bortezomib (at 2.5 uM) reduced the
numbers of T- and B-cells after the first dose (day 7; p<0.001 and p<0.05 respectively) —
and to a similar extent (Fig. 4C, E), although dexamethasone had much less effect than
bortezomib on Ab levels. By contrast, lenalidomide (at 10 pM) had no significant effect on
either cell numbers or AChR Ab/ total IgG production (Fig. 4B, D, F). Together with the
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strong correlation between total 1gG production and plasma cell survival, these results
deeply implicate plasma cells, rather than B-cells, in the spontaneous Ab production that we
observed in vitro.

Dose-dependence of bortezomib and dexamethasone effects on plasma cell numbers and

function

We next tested broader concentration ranges of dexamethasone and bortezomib in cultures
from one fresh and 6 cryo-preserved EOMG thymi. Total IgG and autoAb productivity and
plasma cell numbers were all minimal in the presence of 10 nM - 10 uM bortezomib (Figs.
5A, B and C and Supplemental Fig. S2D); leukemia and MM cell lines also have ICggs of
10-20 nM (48). In sharp contrast, dexamethasone had no significant effects, even at 1 uM.
Thus the minimum dose of bortezomib for eliminating plasma cells in vitro is apparently 10
nM. We also tested broader concentrations of lenalidomide, but did not observe any
significant effects on plasma cell survival or function (not shown).

To assess their general toxicity, we sampled cultures at earlier times after addition of these
drugs. At 6, 24 and 48 h, we found no significant differences in overall viability
(Supplemental Fig. 3). At day 7, viabilities were reduced more by dexamethasone at 1 uM
than 10 nM; still more by bortezomib at 2.5 uM, but not significantly at 10 nM, where its
effects were more selective for plasma cells.

Discussion

In this study we demonstrate that bortezomib selectively eliminates long-lived autoimmune
plasma cells in cultured thymus cells from 9 of 9 EOMG patients analyzed. Their
spontaneous AChR autoAb and total 1gG production were promptly and almost completely
halted, even at 10 nM. At 0.25 and 2.5 UM — and within 8 hours — it led to ultra-structural
changes in plasma cells that are characteristic not only of ER stress but also of apoptosis, as
seen in vivo too (26). As far as we know, these are the first demonstrations of its efficacy
directly on pathogenic autoAb-producing human plasma cells. Since bortezomib triggers
apoptosis in nonneoplastic plasma cells, even after a single dose, short low-dose regimens
might be sufficient to rapidly reduce their numbers and Ab levels in patients with
autoimmune disorders, thus ‘buying time’ before standard immunosuppressive drugs take
effect.

In our cultures, plasma cells seemed almost entirely responsible for spontaneous production
of both autoAb and total 1IgG — which correlated strongly with their survival. Moreover,
since it was maintained despite depletion of B-cells (by dexamethasone; Fig. 4E, F), these
evidently contributed minimally in untreated cultures (if at all). Indeed, we have rarely
found signs of mitogen-stimulable production of AChR Abs in EOMG thymi (31). These
data, together with the Abs’ highly mutated heavy and light chain V region sequences,
suggest that native AChR — which is continuously available in the thymus — is driving most
Ab-producing cells to the terminal plasma cell stage (30). Since we have seen very similar
behavior in cells from EOMG bone marrow and spleen, it is clearly not unique to the
hyperplastic EOMG thymus; indeed, it was also shown by thymic remnants from thymoma/
MG patients (30, 31).

J Immunol. Author manuscript; available in PMC 2015 February 01.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Gomez et al.

Page 9

In previous studies, plasma cells from recently immunized mice died after only 4 days in
suspension cultures (49). In sharp contrast, their Ig production was sustained in vitro for 2 -
4 weeks in primary cultures from human tonsils and gut-associated lymphoid tissue, and was
enhanced by feeder cells and especially in whole organ cultures (50, 51). It seems unlikely
that equivalent survival niches were reconstituted efficiently in our cultures of cryostored,
and especially irradiated, thymic cells. We suggest that the remarkable survival of the long-
lived plasma cells shown here is due to their co-clustering (Fig. 2A) and/ or to some degree
of resilience or ‘self-sufficiency’. Their radio-resistance clearly shows that they are well
established in many EOMG thymi and scarcely replaced in culture. Importantly, since
bortezomib (but not dexamethasone) reduced their numbers and Ab production to baseline
in irradiated samples, its targets must include long-lived plasma cells.

In sharp contrast with our results with bortezomib, but in agreement with previous in vivo
findings (22, 52), we found only marginal effects of dexamethasone on plasma cell survival
or function, even when added twice at 1 M, and only on unirradiated cells. Evidently, most
of the thymic plasma cells are dexamethasone- as well as radio-resistant; indeed, neither
treatment alone — or when combined — completely eliminated them in any of our cultures. In
theory, both treatments might also affect their supporting cells, and/ or damage other short-
lived plasma cells or plasmablasts. In vivo, however, their precursors may be steroid-
insensitive too; we noted no obvious decrease in PWM-stimulated 1gG responses by (radio-
sensitive) B-cells from prednisone-pretreated patients — rather, they appeared to be enriched
(53).

The even smaller effects on plasma cells of the immunomodulatory drug lenalidomide may
seem surprising in view of its clear benefits in MM patients (28, 29, 54). One possible
explanation is that its toxicity for MM cells is mainly related to the activation of tumor
suppressor genes and caspases that trigger apoptosis in transformed cells (55-57), but
probably not in their non-neoplastic counterparts. Moreover, since lenalidomide also
disrupts the survival niches required by MM and plasma cells (58), its effects may be under-
estimated in our cultures. In addition, it is well-known for its disparate immunomodulatory
properties, e.g., inhibiting 1g production by cultured PBMCs (29), but also augmenting Ab
responses to vaccination (59), and enhancing proliferation and activation of T-cells (28, 58).
Taken together, our in vitro results indicate that, unlike MM cells, non-neoplastic plasma
cells are not directly killed by lenalidomide. However, its possible effects on their niches in
vivo might valuably complement the direct actions of bortezomib in patients (42).

Both bortezomib (at higher concentrations) and dexamethasone reduced CD19* and CD3*
lymphocytes in our cultures. This is in line with the reported effects of bortezomib on
activated human B-cells (60) and total circulating B-cells in EAMG rats (26). Moreover,
bortezomib influences T-cell subset distributions, inducing apoptosis in activated CD4* T-
cells, preventing the activation of memory T-cells (61), but preserving resting and regulatory
T-cells (62-64), and promoting their de novo generation (64). Additional effects of
bortezomib on activated B- and T-cells, or on antigen-presenting B-cells, could be an
advantage in treating MG patients, e.g., in preventing the generation of new autoreactive
plasma cells while also eliminating the existing long-lived subset.

J Immunol. Author manuscript; available in PMC 2015 February 01.



syduiosnuel Joyiny sispun4 JINd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Gomez et al.

Page 10

The susceptibility of plasma cells that we observed here, even to 10 nM bortezomib, is
striking. Treating autoimmune patients with lower doses/ shorter courses of bortezomib may
offer valuable therapeutic benefits while minimizing side-effects, since even partial
elimination of pathogenic plasma cells might be adequate — especially if combined with
plasma exchange (65, 66). At doses commonly used to treat MM, SLE, TTP and acute Ab-
mediated transplant rejection (1.3 mg/m?; resulting in plasma levels of Cyay = 600 M
(40)), bortezomib can cause serious thrombocytopenia or peripheral neuropathy, particularly
in MM patients given other chemo-therapeutics to eliminate as many neoplastic cells as
possible. In contrast, adverse effects were significantly fewer with ‘light touch’ regimens
that maintained therapeutic effects in patients with hyper-acute Ab-mediated transplant
rejection (24, 65-67) and also in MM patients (40). Finally, some second generation
proteasome inhibitors have equal or greater potency but lower neurotoxicity than
bortezomib, and are already being tested in clinical trials (68).

In conclusion, our study using EOMG thymic cells, in combination with our previous results
in the EAMG maodel (26), gives proof-of-principle for using proteasome inhibitors for the
elimination of nonneoplastic plasma cells in autoAb-mediated disorders. This therapeutic
strategy could have the important advantage of to rapidly reducing autoAb titers during the
lag period before the standard immunosuppressants have taken full effect. However, this
potential benefit needs to be balanced very carefully against the possibility that side-effects
still persist at very low doses of bortezomib.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Ultrastructural changes in plasma cells incubated with bortezomib. A. Normal plasma cells

in control samples. Note the typical morphology, with elaborate endoplasmic reticulum (ER)
and eccentric nuclei (with a cart-wheel heterochromatin configuration) B. Most plasma cells
also appeared largely normal after 2 hours of treatment with 2.5 pM bortezomib. C. After 8
hours of treatment with bortezomib, most plasma cells appeared apoptotic, with
heterochromatin condensed around the perimeter of the nucleus and distension of the ER
lumen. After 24 hours with bortezomib, no plasma cells could be detected. Coded cell
samples were post-fixed with osmium tetroxide and counter-stained with uranyl acetate and
lead citrate. Pictures are representative of the conditions analyzed. Scale bars are 2 pm.
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Changes in plasma cell numbers and functions after addition of bortezomib (2.5 pM),
lenalidomide (10 uM) or dexamethasone (10 nM) on days 7 and 11, and assessed 3 days

later.

A. Representative plasma cells from cytocentrifuged thymic cells. They were readily
identified by their staining for internal 1gG (green) and surface CD138 (red; DNA is blue),
and typical morphological features, including: relatively large size, abundant cytoplasm with
positive staining for immunoglobulins and eccentric nuclei. However, many plasma cells
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showed dim or negative staining for CD138 despite their intense labeling for internal 19G
and typical morphological features (37). They were frequently found in clumps of 2-3 or
more cells together, as shown in the lower panel. Scale bars are 10 pm.

B. Normalized plasma cell numbers on day 14. Each point represents a single well (3 per
condition) from the indicated patients; horizontal bars are median values. Results are
expressed as percentage of the corresponding control cultures of the same patient, from
which the absolute plasma cell numbers are given in Table 2.

C. Spontaneous secretion of AChR Abs in vitro, measured by radio-immunoprecipitation
and expressed as nanomoles per liter per day (AChR Ab production rate). Each point
represents the average of samples from patients MG-1 - MG-3 (4 replicates per patient).
Samples from day 14 could not be compared to earlier time points because of inter assay-
variation, and are therefore not shown.

D. AChR Ab production rate on day 11. Each point represents a measurement of one well (4
per condition) from the indicated patients; horizontal bars are median values. No AChR Ab
production was detected in samples of MG-6.

E. Spontaneous secretion of total 1gG in vitro. We measured 1gG in supernatants by ELISA,
and expressed results as nanograms of 1gG per milliliter per day (IgG production).

F. Total 1gG production rate on day 14. Each point represents one well (4 per condition)
from the indicated patients; horizontal bars are median values. Results are normalized as for
Fig 2B, and absolute 1gG production rates shown in Table 2.

Arrows indicate the days of drug addition. Error bars correspond to the SEM. One-way (B,
D, F) or two-way (C, E) ANOVA and Bonferroni post-hoc testing were used for statistical
analyses. Lenalidomide was not tested for MG-8.

J Immunol. Author manuscript; available in PMC 2015 February 01.



syduiosnuel Joyiny sispun4 JINd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Gomez et al.

A p<0.001 o MG-1
N p<0.001 p<0.001 v MG-5
150 ¢ MG-6
g v Voo<®
. § o v ®yo
100+ —o—Y
e [S) _Vo_
T < 0v o
£ED v
g 50 P S N 4
2]
©
Q v
,FVQO
0_ T T (3(?0(3 T
Con Dex Btz Len
B
p<0.01
o p<0.05 p<0.01 o MG-1
5§ 3
'*(_3‘ ]
3 o
B
S 24 o
i & ° “o—
Tl o
22 o 00
25 19 °
©
14
) o
< 01 <o
T T ? T
Con Dex Btz Len
o MG-1
C p<0.001 v MG-2
0.001 0.001
°© p= a © MG-3
200+ v v MG-5
g vv ¢ MG-6
v
B s O vVv v
=] v v v
EZ 1004 I¢ ov sto%
O = B
g | T e
=) o
= o < o
v v
v gZ%ge
0+ 0000
T T T T
Con Dex Btz Len

Figure 3.

Page 19

Susceptibility of irradiated cells to experimental drugs. Thymic cells were irradiated and
subsequently cultured for two weeks. Drugs were added on days 7 and 11 (bortezomib - 2.5

UM, lenalidomide —10 pM, dexamethasone - 10 nM) and samples were collected and

analyzed as for Fig. 2.

A. Plasma cell survival from patients MG-1, 5 and 6 on day 14 shown as % of the absolute

numbers in the control cultures (Table 2).

B. AChR autoAb secretion from patient MG-1 on day 11. The AChR autoAb production
rate from patients MG-3, 5 and 6 was below detection limit; in MG-2, it was just above

background.
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C. 1gG production rate from irradiated samples on day 14. Each point represents one well (3
per condition) from the indicated patients; horizontal bars are median values. One-way
ANOVA and Bonferroni post-hoc testing were used for statistical analyses.

J Immunol. Author manuscript; available in PMC 2015 February 01.



syduiosnuel Joyiny sispun4 JINd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Gomez et al.

A

CD3+ cells [% gated] Viable cells [% gated]

CD19+ cells [% gated]

——Con
40 —v— Dex
30 ‘—‘— Len
204
10

o+ . —
0 7 14
Days
——Con

——Con
—7— Dex
—=— Btz

Figure 4.

Quantitative overview of the drug effects on B- and T-lymphocytes. Thymic cells were
cultured for 2 weeks and drugs were added on days 7 and 11 (indicated by arrows). Cells
were collected and labeled for FACS analysis on days 0, 2, 9 and 14. Samples were gated to
exclude cell debris, selected for viable (PI-negative) cells and for either CD3 or CD19. In,
A, C and E, each point represents the average of samples from patients MG-1, MG-2 and
MG-3 (3 per patient). Error bars correspond to the SEM. Each point in panels B, D and F
represents one well (3 per condition) from the indicated patients for day 14; horizontal bars
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are median values. Results are normalized as for Fig 2B, and absolute cell numbers are
shown in Table 2. At least 10,000 total events per sample were recorded; numbers of events
analyzed per gate and per patient are given in Supplemental Table S1. One-way ANOVA
and Bonferroni post hoc testing were used for statistical analyses.
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Figure 5.

Dose-response curves for plasma cell numbers (A), AChR Ab production (B) and total 1gG
secretion (C), after addition of drugs on day 4 and assay on day 7. Thymic cells from
patients MG-1 and MG-3 were used in A; cells from MG-4 and MG-5 in B; and cells from
MG-1, MG-3, MG-4, MG-5, MG-7 and MG-8 in C. Each point represents the average of the
normalized results for all the patients analyzed (at least 3 replicates per patient) and error
bars the SEM. One-way ANOVA and Bonferroni post-hoc testing were used for statistical
analyses. *** p<0.001, compared with the untreated cultures (white square).
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