Abschlussbericht zum Stipendium der Hamburger Krebsgesellschaft
Von Dr. Mascha Binder

27.02.2012

Im Rahmen des von der Hamburger Krebsgesellschaft finanzierten Stipendiums war ich vom
01.02.2011 bis 31.01.2012 von meinen klinischen Pflichten freigestellt um dem beantragten
Forschungsprojekt nachzugehen.

Die beantragten Untersuchungen haben sich in verschiedene interessante Richtungen
entwickelt, aus denen sich bereits zwei Datensédtze fiir Publikationen verwerten lassen. Ein
bereits fertiggestelltes und eingereichtes Manuskript wird beigelegt, das zweite Manuskript
wird derzeit zur Publikation vorbereitet.

Aufgrund der bisherigen Ergebnisse musste die Strategie der geplanten Untersuchung an
einigen Stellen abgewandelt werden, wie im Folgenden dargestellt.

Grundsitzlich gingen wir von der Idee aus, durch Epitope mimicking des Myelom
Paraproteins mdgliche Myelom Vorlduferzellen zu quantifizieren, zu charakterisieren und ggf.
die Basis fiir ein therapeutisches Targeting zu legen.

Hier zusammengefasst unsere bisherigen Daten in Zusammenschau mit der neueren
Literatur:

—> Vorlduferzellen (bzw. B-Zellen mit demselben Ig Rearrangement) existieren (eigene und
publizierte'” PCR Daten)

—> sie sind aber offenbar ein sehr seltenes Ereignis, da sie per FACS/Immunfluoreszenz mit
einer Sensitivitit von durchschnittlich etwa 10~ bei den meisten Patienten nicht nachzuweisen
sind (d.h. die tatsdchliche Grof3e der Population liegt bei < 1 Zelle auf 2000 PBMC, bzw. < 1
Zelle auf 200 B-Zellen)

- damit Wiederspruch zu PCR-basierten Schitzungen aus Untersuchungen anderer
Arbeitsgruppen (0,03 — 50% aller PBMCs und im Median 66% aller B Zellen'?), wobei die
von uns gefundene generelle Frequenz der Vorlduferzell-positiven Myelomfille (50%) etwa
den Angaben aus der Literatur entspricht (36-100%'")

= Ein Manuskript zur Quantifizierung von Myelom Vorlduferzellen ist bereits zur
Publikation bei PLoS ONE angenommen:




Trepel M, Martens V, Doll C, Rahlff J, Gésch B, Loges S, Binder M

Phenotypic detection of clonotypic B cells in multiple myeloma by specific
immunoglobulin ligands reveals their rarity in multiple myeloma

Angenommen bei PLoS One

- neben der von uns gezeigten offenbar extrem geringen GréBe der Population gibt es
weitere neuere Hinweise aus der Literatur, die die biologische Bedeutung der sIg+ klonalen
B-Zellen als feeder des malignen Plasmazellpools sehr unwahrscheinlich erscheinen lassen:

e Aktuelle Daten zur klonalen Immunglobulin Hierarchie und Evolution beim
Leichtketten Myelom, die keine kontinuierliche Speisung des Plasmazellpools
suggerieren3

e Neue Daten zum Engraftment von Plasmazellen im Gegensatz zu slg+ klonalen B-
Zellen in Méusen mit fetalen humanen Knochenimplantaten (Kim D, Weissman IL.
Enrichment of xenotransplantable clonal cells in CD138high/CD138+ cells of multiple
myeloma patients. AACR 101st Annual Meeting 2010: Abstract 4315, p. 1047)

e Neue Daten zur klonalen Evolution auf Plasmazellebene, die sich nicht im peripheren
B-Zell Pool wiederspiegeln®

Angesichts dieser neuen eigenen und publizierten Daten, erscheint die Entwicklung einer
therapeutischen Targetingstrategie fiir diese B-Zell Population nicht sinnvoll. Zielgerichtete
Targetingstrategien sollten vielmehr auf das mutmaBliche Proliferationskompartment der
Plasmazellen bzw. Plasmablasten gerichtet werden.

Ein auf diese Population gerichtetes Targeting konnte z.B. eine passive Immuntherapie
umfassen mit monoklonalen Antikérpern gegen Plasmablasten-Oberflichenantigene. Um
geeignete Kandidaten-Antigene zu identifizieren, wurde bereits begonnen die Zielstrukturen
von natiirlicherweise vorkommenden spontanen und Therapie-assoziierten anti-Myelom
Immunantworten mit Epitope Mapping néher zu charakterisieren um sie anschlieend im
Hinblick auf eine Antik6rper-basierte passive Immuntherapie evaluieren zu kdnnen.

Ein entsprechendes erstes Manuskript konnte bereits wihrend der Freistellungszeit publiziert
werden:

Rahlff J, Trusch M, Haag F, Bacher U, Schliiter H, Binder M
Antigen-specificity of oligoclonal abnormal protein bands in multiple myeloma after

allogeneic stem cell transplantation
Cancer Immunol Immunother. 2012 Feb 21. [Epub ahead of print]

Hamburg, den 27.02.2012

n

(Dr. M. Binder)
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Abstract Myeloma patients may develop oligoclonal
immunoglobulins, so-called abnormal protein bands (APB),
after stem cell transplantation. APB do not correspond to
the patient’s paraprotein and confer a good prognosis. We
set out to investigate whether such APB represent a humoral
anti-myeloma immune response by screening immuno-
globulins of 15 myeloma patients after allogeneic stem cell
transplantation and a control group of healthy donors for
reactivity with myeloma protein extracts. While the
immunoglobulins of healthy donors did not react with
myeloma protein extracts, patient-derived immunoglobu-
lins showed variable levels of interaction, depending on the
presence of APB on immunofixation. Most commonly, we
detected interactions with heat-shock proteins, followed by
neutral alpha-glucosidase, alpha-enolase and vimentin, as
well as proliferating cell nuclear antigen and MAGEA4.
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More than 80% of targets were upregulated in myeloma.
Heat-shock protein 60 (HSP60) was subsequently evaluated
as an exemplary antigen. We found that HSP60 was aber-
rantly displayed on the surface of primary myeloma cells.
Indeed, patient-derived APB-containing immunoglobulins
recognized surface HSP60 suggesting that this antigen
becomes accessible to the immune system after aberrant
membrane exposition. We conclude that immunoglobulin
fractions with APB recognize recurrent myeloma antigens
and that this humoral response may contribute to the more
favorable prognosis in patients with APB.

Keywords Multiple myeloma - Oligoclonal
immunoglobulins - Abnormal protein bands -
Immunofixation - Antigens -

Anti-myeloma immune response

Introduction

Multiple myeloma (MM) is the second most frequent
hematological malignancy accounting for over 10% of all
hematological cancers worldwide [1, 2]. This currently
incurable disease is characterized by the clonal expansion
of malignant plasma cells in the bone marrow resulting in
anemia, renal insufficiency and bone disease. Malignant
plasma cells are engaged in the production of a charac-
teristic monoclonal immunoglobulin, termed paraprotein,
which is abundantly present in the patients’ sera and can be
detected as a narrow band by immunofixation.

While the outcome of patients with MM treated with
standard therapies has been disappointing with a historical
median survival of about 3 years [3], novel highly active
agents as well as autologous stem cell transplantation have
significantly improved overall survival in this disease [4].

@ Springer
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Also allogeneic stem cell transplantation can offer long-term
remissions, especially for patients with high-risk disease [5].
During the immune reconstitution phase after stem cell
transplantation, up to 70% of patients develop oligoclonal
abnormal protein bands (APB) on immunofixation, most
likely corresponding to a somewhat overshooting antibody
production by different B-cell subclones [6—8]. In any case,
APB do not correspond to the patient’s paraprotein secreted
by the malignant plasma cell clone. Contrariwise, they have
been found to confer a good prognosis although their function
and antigen-specificity remain unclear [6-12]. In fact, APB
could represent the regeneration of a limited immune
response to foreign antigens, for example infectious agents,
after transplant. Alternatively, they may mediate allo- or
autoimmune reactions against ubiquitous antigens, which are
barely suppressed during this phase of immune reconstitu-
tion. Yet, the better prognosis associated with the presence of
APB suggests that these oligoclonal immunoglobulins could
be involved in a specific anti-myeloma immune response.
Here, we set out to test whether APB may react with
common myeloma antigens. We found that immunoglob-
ulin fractions with APB recognize multiple recurring pro-
tein targets, many of which are upregulated in myeloma.
Characterization of HSP60 as one such target revealed an
aberrant, tumor-specific membrane display pattern of this
antigen, apparently triggering a humoral immune response.
These findings suggest that the better prognosis of mye-
loma patients developing APB may be due to a specific
anti-myeloma activity of such immunoglobulins.

Materials and methods
Ethics statement

Patients consented to the use of residual serum after routine
diagnostics for this investigation. Control serum was
obtained from healthy donors after informed consent.

Immunofixation and purification of immunoglobulins
from patients’ sera

Immunofixation was performed according to the Hydrasys
protocol (Sebia, Paris, France). Immunoglobulins were
purified from human sera by protein A chromatography
(GE Healthcare, Buckinghamshire, UK) and positive/neg-
ative selection on KappaSelect medium (GE Healthcare,
Buckinghamshire, UK) following the supplied protocol.

Preparation of protein extracts

Cell lines OPM-2 (DSMZ # ACC 50), IM-9 (ATCC #CCL-
159) and primary myeloma or healthy donor peripheral
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mononuclear cells (PBMCs) were resuspended in 2D lysis
buffer (40 mM Tris base, 8 M urea, 2 M thiourea, 2%
CHAPS, 50 mM DTT with 0.5%v/v IPG buffer pH 4-7
[GE Healthcare, Buckinghamshire, UK]). After 30 min of
incubation on ice, the protein extract was cleared from
insoluble material by centrifugation.

One-dimensional and two-dimensional gel
electrophoresis

For one-dimensional gel electrophoresis, protein extracts
were resuspended in a reducing protein sample buffer and
run on 10% SDS-PAGE gels (5 pg/lane). For two-dimen-
sional gel electrophoresis, isoelectric focussing (IEF) was
performed with 7 cm pH 4-7 TPG strips (GE Healthcare,
Buckinghamshire, UK). Briefly, 50 ug of protein were
diluted to 125 pl with rehydration buffer (8 M urea, 2 M
thiourea, 2% CHAPS, 50 mM DTT with 0.5%v/v IPG
buffer pH 4-7) and used to rchydrate each IPG strip
overnight. The focussing was performed on PROTEAN
IEF system (Bio-Rad, Hercules, CA; 250 V/30 min.,
5,000 V/5,000 Vh, 5,000 V until 12 kVh). The IPG strips
were equilibrated in DTT and iodoacetamide containing
buffers, applied on 12.5% SDS-PAGE gels and subjected
to electrophoresis as above. Gels were stained with col-
loidal coomassie (Serva, Heidelberg, Germany) or blotted.

Western blotting

After electrophoresis, proteins were transferred to polyvinyli-
dene difluoride (PVDF) membranes, blocked for 1 h, incubated
overnight with the immunoglobulin fractions as primary anti-
body (100 pg/10 ml blocking buffer) followed by detection
with goat anti-human kappa or lambda (Invitrogen Camarillo,
CA) and a horseradish peroxidase-conjugated rabbit anti-goat
antibody (Santa Cruz Biotechnology, Santa Cruz, CA). For
detection of HSP60 or Beta-actin, commercial antibodies were
used (HSP60 clone 2E4, Acris, Herford, Germany, and Beta-
actin, BioLegend, San Diego, CA). We used the ECL kit
for immunodetection, followed by autoradiography on ECL
Hyperfilms (GE Healthcare, Buckinghamshire, UK).

Mapping of protein spots

Spots on 2D western blots were overlayed with the coo-
massie-stained reference map by using Delta 2D software
(Decodon), and matching spots were excised for protein
identification by mass spectrometry (MS).

Protein identification by LC-ESI—ion trap analysis

Tryptic digestion of the gel spots was done according to
Bertinetti et al. [13]. Identification was performed on an
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Agilent 1100 LC/MSD-trap XCT series system. The elec-
trospray ionization system was the Chip Cube system using a
ProtID-Chip-43 (Agilent Technologies, Santa Clara, CA).
Sample loading from the microtiter plate onto the enrichment
column was performed at a flow rate set to 2 pl/min with two
mobile phases at a ratio of 98:2 (mobile phase A: 0.2% FA in
H20; mobile phase B: 100% ACN). LC gradient was
delivered with a flow rate of 400 nl/min. Tryptic peptides
were eluted from the reversed-phase column into the mass
spectrometer using a linear gradient elution of 2-40% B in
40 min. For MS experiments, the following mode and tuning
parameters were used: Scan range: 300-2,000 m/z, polarity:
positive, capillary voltage: —1,800 V, flow and temperature
of the drying gas were 4 V/min and 325°C. The MS/MS
experiments were carried out in auto MS/MS mode using a
4 Da window for precursor ion selection. After 3 MS/MS
spectra, the precursor ions were actively excluded from
fragmentation for at least 1 min. The generic files for data-
base searching were generated by Data Analysis software
version 3.4, for precursor ion selection, a threshold of 5 S/N
was applied and the absolute number of compounds was
restricted to 1,000 per MS/MS experiment. Protein identifi-
cation was performed with Mascot software [14] using the
Swiss-Prot database [15].

Recombinant expression of HSP60

HSP60 was recombinantly expressed in a prokaryotic
system (IMPACT kit, New England BioLabs, Ipswich,
MA). In brief, RNA was extracted from human PBMCs
(Roboklon Kit, Berlin, Germany), and cDNA was gener-
ated by reverse transcription (Omniscript, Qiagen, Hilden,
Germany). The human HSP60 gene was amplified from
this cDNA template by PCR, cloned into the pTXB1 vector
and expressed in E. coli as C-terminal fusion to intein,
which contains a chitin binding domain. E. coli cells were
cultured, IPTG-induced and lysed. The crude lysate con-
taining the HSP60-intein precursor was purified by chitin
chromatography. HSP60 was cleaved from the affinity
matrix by DTT and used for subsequent experiments.

Immunofluorescence and confocal microscopy

Primary bone marrow cells from myeloma patients and
healthy controls were spun on slides (76 x 26 mm, Roth,
Germany), fixed with ethanol and blocked. Stainings were
performed using a mouse anti-human HSP60 antibody
(Acris, Herford, Germany, clone 2E4) at 20 pg/ml and a
secondary Fluorescein-isothiocyanate (FITC)-conjugated
goat anti-mouse antibody (Santa Cruz Biotechnology,
Santa Cruz, CA) or using patient-derived immunoglobulin
fractions as primary antibody followed by secondary
detection with a FITC-conjugated secondary mouse

anti-human antibody (SouthenBiotech, Burmingham,
Alabama). Images were obtained by confocal microscopy
(Leika TCS SP2 AOBS; lens 63 x, Wetzlar, Germany) and
analyzed using Leika confocal software.

Results
Characteristics of myeloma patient cohort

Consecutive myeloma patients visiting the outpatient unit
within 18 months after allogeneic stem cell transplantation
were screened for evidence of serum oligoclonal abnormal
protein bands (APB) by means of immunofixation as a
routine clinical testing. An example of prominent APB in
the lambda immunoglobulin fraction of patient MMO023 is
shown in Fig. la. A total of eleven myeloma patients with
APB after transplantation as well as a control group of 4
myeloma patients with comparable pre-transplant clinical
features but without evidence of APB after transplant and 4
age-matched healthy control subjects were included in this
study (Table 1). We clinically characterized the patient
cohort by assessing the objective responses on day 100 as
well as 12 months after allogeneic transplantation using the
IMWG criteria (Table 1) [16, 17]. Patients who developed
APB after transplant had higher chances of achieving
complete remissions (CR) or very good partial remissions
(vgPR) than patients without APB. Whereas there was only
a statistical trend at day 100 after transplant (CR/vgPR rate:
72.7% in APB group versus 25% in non-APB group,
p = 0.23; CR rate: 63.6% versus 0%, p = 0.077), the
differences between patients with and without APB resul-
ted statistically significant 12 months after transplant (CR/
vgPR rate: 90% in APB group versus 25% in non-APB
group, p = 0.041; CR rate: 80% versus 0%, p = 0.015).
Although these data have to be interpreted with caution due
to the small number of patients and the short post-trans-
plant follow-up, it may underline the clinical significance
of APB development in the allogeneic transplant setting.

Screening of serum kappa and lambda immunoglobulin
fractions for anti-myeloma reactivity

To study their antigen-reactivity, immunoglobulins of the
patient and donor cohort were purified and—depending on
downstream applications—separated into kappa and lambda
immunoglobulin fractions. The purity of the resulting frac-
tions was assessed by western blot analysis (Fig. 1b).
Purified immunoglobulin fractions were screened for
reactivity with protein extracts from myeloma-derived cell
lines by western blot analysis after one-dimensional gel-
electrophoretic separation of the extracts. All kappa
immunoglobulin fractions were screened on protein

f Springer
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Immunofixation (patient MMO023)
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Fig. 1 Oligoclonal abnormal protein bands on immunofixation.
a Immunofixation of serum immunoglobulins of patient MMO023.
Immunofixation of serum immunoglobulins was performed before
(pre-Tx) and after (post-Tx) allogeneic stem cell transplantation as
described by the manufacturer. b Western blot analysis determining
the purity of an APB-containing lambda immunoglobulin fraction

extracts from the IgG kappa expressing and secreting
myeloma-derived IM-9 cell line, whereas all lambda
immunoglobulin fractions were screened on protein
extracts of the lambda expressing myeloma cell line OPM-
2. This strategy was chosen as it provided an internal
control in which the secondary anti-kappa or anti-lambda
antibodies used to detect the primary immunoglobulin
fractions produced a control band at 25 kDa in the cell
lysate if the assay was performed correctly. Immunoglob-
ulin fractions of healthy donors and myeloma patients
without evidence of APB after transplantation revealed
generally little or no reactivity with the myeloma protein
extracts (apart from the 25 kDa kappa and lambda control
bands detected invariably by the secondary antibodies) as
shown in Fig. 2a. In contrast, kappa and lambda immu-
noglobulin fractions of myeloma patients who had devel-
oped APB after transplantation were more reactive, with
some samples displaying high reactivity with a consider-
able number of proteins (Fig. 2b).

Next, we wished to find out whether such reactivities
were myeloma-specific or the same immunoglobulin

A Springer

after positive selection of whole serum on protein A sepharose
followed by negative selections on kappaSelect affinity chromato-
graphy medium over four selection rounds. The final flow-through
(F4) was cleared from kappa immunoglobulins. F flow-through,
LC (immunoglobulin) light chain

interactions could be found in protein extracts from unre-
lated, non-malignant tissues. Therefore, immunoglobulin
fractions from patients MMO25, MMO040, MMO041 and
MMO051, exhibiting distinct reactivity with proteins from
myeloma extracts, were subjected to the same screening
procedure using healthy donor PBMCs as a source of target
protein. As shown in Fig. 2c, most of the reactivities were
specifically found in the myeloma protein extracts, whereas
there was no interaction with proteins from healthy donor
PBMCs (12 out of 16 interactions, marked with black
arrows). However, some of the interactions could also be
detected when healthy donor PBMCs were used as protein
source (4 out of 16 interactions, marked with dotted
arrows). To ensure equal protein loading, all blots were
subjected to beta-actin staining (Fig. 2c, lower panel).
This data may indicate that the majority of patient-
derived immunoglobulins interact with proteins that are
preferentially (or aberrantly) expressed by myeloma cells.
It may suggest that the observed reactivities are myeloma-
directed rather than representing general autoreactivity not
sufficiently suppressed after allogeneic transplant.
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Table 1 Characteristics of myeloma patients included in this study

Pat. code Paraprotein Allo-Tx date APB after Serum sample collection dates Response at day
isotype allo-Tx 100/12 months after allo-Tx*

MMO023 IgG kappa 04/09 + 03/09 (pre-Tx), 06/09, 08/09, 11/09, 08/10 CR/CR

MMO025 IgG kappa 11/09 + 03/09 (pre-Tx), 03/10, 09/10, 05/11 PR/CR

MMO031 IgG lambda 05/10 + 03/10 (pre-Tx), 09/10, 02/11, 05/11 CR/CR
MMO040 IgG kappa 10/09 + 03/11 CR/CR

MMO041 Lambda LC 12/09 + 03/11 PR/CR

MMO043 IgG kappa 09/10 + 03/11 CR/CR

MMO045 IgG lambda 02/10 + 03/11 CR/CR

MMO46 IgA lambda 10/09 + 03/11 CR/CR

MMO047 1gG lambda 11/09 + 03/11 vgPR/VgPR
MMO51 1gG kappa 09/10 + 04/11 PR/PD

MMO54 1gG kappa 02/11 + 06/11 CR/ne.

MMO033 IgA kappa 01/11 05/11 PR/PR

MMO037 IgG lambda 11/10 - 03/11 PD/PD

MMO038 1gG kappa 12/09 - 03/11 vgPR/vgPR
MMO039 IgG lambda 04/10 = 03/11 SD/SD

Pat. patient, MM multiple myeloma, APB abnormal protein bands, allo-Tx allogeneic stem cell transplantation, pre-Tx serum samples that had
been collected prior to transplantation, LC light chain, CR complete remission, vgPR very good partial remission, PR partial remission, SD stable

disease, PD progressive disease

? Response to treatment was assessed using the IMWG uniform response criteria

Fluctuations of anti-myeloma reactivity
and APB over time

Next, we studied the anti-myeloma protein reactivity with
respect to APB presence or absence at different time
points. Therefore, immunoglobulin fractions at different
time points before and after allogeneic stem cell trans-
plantation were screened for anti-myeloma reactivity as
above. Interestingly, the ability of the immunoglobulin
fractions to recognize myeloma proteins varied signifi-
cantly over time. In patient MMO025 and especially patient
MMO31, myeloma protein interactions even seemed to
increase or decrease as a function of APB appearance or
disappearance as demonstrated in Fig. 2d. The screenings
at different time points demonstrate the fluctuations in anti-
myeloma protein reactivity, with some proteins being
constantly recognized, whereas others representing only
transient targets of the humoral immune response.

Identification of APB targets

To identify the target proteins recognized by APB, mye-
loma protein extracts were subjected to two-dimensional
electrophoretic separation followed by either coomassie
staining or transfer to PVDF membranes for western blot
analysis. All immunoglobulin fractions, which were reac-
tive with myeloma proteins in the screening phase, were
subsequently used to immunodetect two-dimensionally

separated myeloma proteins. By overlaying immunoblots
with the corresponding coomassie-stained protein reference
map, relevant protein spots could be matched, excised and
identified via mass spectrometry. An example of a protein
reference map from the OPM-2 myeloma cell line, the
corresponding immunoblot of patient MMO031’s serum
immunoglobulins and the overlay of both images are
shown in Fig. 3a. In Fig. 3b, all matching spots were
labeled with the respective protein IDs as analyzed by mass
spectrometry. The lambda light chain spot was marked in
gray as this protein is targeted by the secondary anti-human
lambda detection antibody rather than being recognized by
the serum immunoglobulins of patient MMO031. Some of
the immunodetected spots could not be matched with spots
on the protein reference map (e.g. the protein spots des-
ignated with a red circle in upper right corner of Fig. 3b),
most probably due to limited sensitivity of the coomassie
staining method and relatively low concentration of the
corresponding protein.

The number of recognized protein spots was highly
variable across all tested immunoglobulin fractions, rang-
ing from one to over 50 spots. An analysis of all identified
protein targets recognized by APB showed that a number
of recurring antigens were immunodetected by the immu-
noglobulin fractions of different patients. Table 2 sum-
marizes all tested immunoglobulin fractions, screening
results for APB target recognition and all subsequently
identified proteins. Most commonly, patients’ samples
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Fig. 2 Screening of immunoglobulin fractions of multiple myeloma
patients after allogeneic transplant for anti-myeloma protein reactivity.
a Western blot analysis of immunoglobulin reactivity of healthy donors
and myeloma patients after transplant without oligoclonal abnormal
protein bands (APB). SDS gels were loaded with protein extracts from
myeloma cell lines IM-9 (expressing kappa immunoglobulin) or OPM-2
(expressing lambda immunoglobulin) followed by electrophoresis and
immunoblotting. Blots were incubated with patient-derived immuno-
globulin purified from serum or immunoglobulin from healthy control
serum, and target bands were visualized using secondary goat anti-kappa
or anti-lambda and a tertiary anti-goat horseradish peroxidase-conju-
gated antibody. Control bands around 25 kDa representing kappa/
lambda immunoglobulins from the myeloma cell lysates detected
directly by the secondary antibodies indicated correct incubation
conditions. HD followed by a number refers to the healthy donor
sample code; /g immunoglobulin, Tx transplantation, APB abnormal
protein bands. b Westem blot analysis of immunoglobulin reactivity of
myeloma patients after transplant with APB. Western blotting of protein
extracts was carried out as described in a. Blots were incubated with
patient-derived immunoglobulin purified from serum after allogeneic
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transplant, and target bands were visualized using secondary goat anti-
kappa or anti-lambda and a tertiary anti-goat horseradish peroxidase-
conjugated antibody. MM followed by a number refers to the multiple
myeloma patients’ sample code. ¢ Selected myeloma patients’ immu-
noglobulin reactivity with myeloma protein extracts as compared to
proteins from unrelated, non-malignant tissues. Western blotting of
protein extracts (myeloma protein extracts and healthy donor PBMC
extracts) was carried out as described in a. Blots were incubated with
patient-derived immunoglobulin purified from serum after allogeneic
transplant, and target bands were visualized using secondary goat anti-
kappa or anti-lambda and a tertiary anti-goat horseradish peroxidase-
conjugated antibody. Equal protein loading was ensured by beta-actin
staining of all blots (lower panel). d Time course of APB and anti-
myeloma protein reactivity of immunoglobulins. Serum samples of two
myeloma patients were collected before and at different time points after
allogeneic stem cell transplantation. Kappa and lambda immunoglob-
ulin fractions were tested for anti-myeloma protein reactivity as
described above. On the bottom, the presence of APB onimmunofixation
is indicated for the respective time points. Grey bars labelled “Allo-Tx”
indicate timepoint of allogeneic stem cell transplantation
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Fig. 3 Identification of protein targets recognized by oligoclonal
abnormal protein bands. a Serological proteome analysis (SERPA) of
lambda immunoglobulin fraction of patient MMO031. A protein extract
was prepared from the myeloma cell line OPM-2 and subjected to
two-dimensional gel electrophoresis with subsequent coomassie
staining (left panel) or transfer to PVDF membrane for immunoblot-
ting. Purified serum immunoglobulins of patient MMO31 were used to
detect protein targets on the PVDF membrane (secondary detection
with goat anti-lambda and anti-goat horseradish peroxidase antibody)

reacted with heat-shock proteins such as HSP90, HSPAS,
HSPA9 and HSP60. HSP reactivity was found in 45% of
myeloma patients with APB, whereas immunoglobulin

Triosephosphate
Isomerase (TPI1)

as shown in the right panel. The overlay of both images is shown in
the lower panel. Delta 2D software was used for the analysis.
b Identified protein targets of patient MMO031's lambda APB. The
image represents the overlay of the protein reference map from OPM-
2 myeloma cells with the MMO031 lambda immunoblot (as described
in a). Matching protein spots were excised and identified by mass
spectrometry as indicated. The immunoblot signals designated with a
red circle in the upper right corner could not be matched to any of the
coomassie-stained protein spots

fractions of myeloma patients without APB as well as
healthy donors did not show any reactivity with these
proteins. In as much as 27% of patients, we found
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Table 2 Identification of

: ; u Pat. code
immunoglobulin protein targets

Protein targets

MM pat. post-Tx with APB
MMO023

MMO025

MMO31

MMO040
MMO041

MMO043
MMO045
MMO046
MMO047
MMO51
MMO054

MM pat. post-Tx without APB
MMO33
MMO037
MMO38
MMO039

Healthy donors

HDO003
Pat. patient, APB abnormal HDO004
protein bands, MM multiple HDO005
myeloma, post-Tx post- HDOO7

transplantation

Heat-shock protein HSP 90-beta (HSP90AB1), Heat-shock protein
HSP 90-alpha (HSP90AA1), 40S Ribosomal protein SA (RPSA),
Melanoma-associated antigen 4 (MAGEA4), 60 kDa Heat-shock
protein, Mitochondrial (HSP60), Hematopoietic lineage cell-specific
protein (HCLS1), Neutral alpha-glucosidase AB (GANAB)

Alpha-enolase (ENO1), Neutral alpha-glucosidase AB (GANAB),
Heat-shock cognate 71 kDa protein (HSPAS), Stress-70 protein,
Mitochondrial (HSPA9), Zinc finger CCCH domain-containing
protein 11A (ZC3H11A), Tryptophanyl-tRNA synthetase,
Cytoplasmic (WARS), X-ray repair cross-complementing protein 5
(XRCC5), T-complex protein 1 subunit alpha (TCP1), Ezrin (EZR)

Heat-shock protein HSP 90-beta (HSP90AB1), Heat-shock protein
HSP 90-alpha (HSP90AAL1), Alpha-enolase (ENO1), Proliferating
cell nuclear antigen (PCNA), 60 kDa Heat-shock protein,
Mitochondrial (HSP60), UV excision repair protein RAD23
homolog B (RAD23B), Lamin Bl (LMNB1), Phosphoglycerate
mutase 1 (PGAM1), Triphosphate isomerase (TPI1), Peptidyl-prolyl
cis—trans isomerase (FKBP4)

Elongation factor 1-delta (EEF1D)

Heat-shock protein HSP 90-beta (HSP90AB1), Heat-shock protein
HSP 90-alpha (HSP90AAT1), Vimentin (VIM), Heat-shock cognate
71 kDa protein (HSPAS)

Protein disulfide-isomerase (P4HB)

Vimentin (VIM)

Neutral alpha-glucosidase AB (GANAB), Alpha-enolase (ENOI)
Heat-shock protein HSP 90-beta (HSP9OABI)

Tubulin beta chain (TUBB)

Proteasome activator complex subunit 1 (PSME1)

Heterogeneous nuclear ribonucleoprotein (HNRNPK), Vimentin
(VIM), Eukaryotic initiation factor 4A-I (EIF4Al)

reactivity with neutral alpha-glucosidase or alpha-enolase.
These reactivities also appeared to be specific for patients
with APB as none of the control immunoglobulin frac-
tions reacted with these protein targets. Moreover, several
patient-derived immunoglobulin fractions recognized
vimentin and heterogeneous nuclear ribonucleoprotein K,
though these proteins were also targeted by the immu-
noglobulin fraction of one myeloma patient after alloge-
neic transplant without evidence of APB on
immunofixation. Other biologically relevant proteins rec-
ognized by the immunoglobulin fractions of individual
patients were the cancer-testis antigen MAGEA4,
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hematopoietic lineage cell-specific protein, proteasome
activator complex subunit 1, proliferating cell nuclear
antigen as well as different proteins involved in protein
translation (data not shown).

A systematic search of the NCI-60 database [18] and the
Human Protein Atlas [19] revealed that more than 80% of
all identified protein targets are upregulated in myeloma
tissue and cell lines, a lot of them being candidate cancer
biomarkers and some showing aberrant expression in
cancer cells. This analysis may suggest that most of the
detected immunoglobulin reactivities correspond to a spe-
cific myeloma-directed immune response rather than
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simply representing increased and insufficiently suppressed
autoimmunity after transplant.

Evaluation of HSP60 as APB target

After having analyzed a broad spectrum of immunoglob-
ulin reactivities, we set out to evaluate HSP60 as an
exemplary antigen involved in the presumed anti-myeloma
immune response in more detail. This antigen was chosen
for two reasons: First, heat-shock proteins were the most
commonly detected APB targets in our cohort. Second, the
lambda immunoglobulin fraction of patient MMO23, which
recognized this antigen, showed only two prominent bands
on immunofixation (Fig. 1a), suggesting limited reactivity
of this immunoglobulin fraction with other protein targets
thereby facilitating the evaluation of HSP60 as an antigen.
In fact, the lambda fraction of MMO023 reacted only with
one additional antigen—hematopoietic lineage cell-specific
protein—when screened on a myeloma cell line (data not
shown).

First, we evaluated the reactivity of the lambda immu-
noglobulin fraction of patient MMO023 with protein extracts
from primary myeloma cells. Therefore, a protein extract
was prepared from a bone marrow aspirate with 95%
infiltration by myeloma cells from an unrelated patient after
informed consent. The percentage of infiltration was con-
firmed by cytology and immunophenotyping (data not
shown). The lambda immunoglobulin fraction of patient
MMO23 showed a strong interaction with five major and
one minor protein spots from the primary myeloma protein
extract as shown in Fig. 4a. The five major spots corre-
sponded to HSP60 (Fig. 4b), thus confirming the data from
the myeloma cell line screening. The minor spot was
identified as neutral alpha-glucosidase, whereas hemato-
poietic lineage cell-specific protein, which had been pre-
viously detected by this immunoglobulin fraction in the
myeloma cell line protein extract, could not be detected in
the primary myeloma protein extract. These findings
underline the biological relevance of the HSP60 interaction.

Next, we investigated immunoglobulin MMO023 lambda
reactivity with recombinantly expressed HSP60. Therefore,
HSP60 was expressed as C-terminal fusion to intein
(28 kDa) in a prokaryotic system. The recombinant
expression yielded high amounts of purified HSP60 as
shown in Fig. 4c (left panel). Purified HSP60 and the crude
lysate containing HSP60-intein precursor protein were
subjected to western blot analysis using a HSP60 antibody
and the lambda immunoglobulin fraction of patient
MMO023 for detection. Anti-HSP60 and MMO023 lambda
detected HSP60 as purified protein as well as in the crude
bacterial lysate as shown in Fig. 4c (middle and right
panel) confirming the reactivity of patient MMO023’s
lambda APB with this antigen.

Whereas HSP60 is known for its intracellular functions,
most notably as a mitochondrial chaperonin that is
responsible for the transportation and refolding of proteins
from the cytoplasm into the mitochondrial matrix, some
studies suggest that HSP60 can be aberrantly expressed on
the surface of virally infected and tumor cells [20, 21]. We,
therefore, asked whether HSP60 is also displayed on
multiple myeloma cells, as such cell surface exposition
would render this protein accessible to the immune system.
To this end, we stained unpermeabilized primary multiple
myeloma cells with a HSP60 antibody (exemplarily shown
in Fig. 5a). Strong HSP60 membrane expression could be
detected by laser scanning microscopy, while control bone
marrow cells of healthy donors showed, if at all, only faint
membrane staining. To investigate whether the lambda
immunoglobulin fraction of patient MMO023 indeed rec-
ognizes membrane-bound HSP60, we performed additional
stainings using MMO023 lambda as primary antibody fol-
lowed by fluorescein-based secondary detection. This
immunoglobulin fraction equally stained the membrane of
primary myeloma cells indicating that surface-exposed
HSP60 is recognized by the myeloma patient’s antibody
immune response (Fig. 5b).

Discussion

After stem cell transplantation 30-70% of myeloma
patients develop oligoclonal abnormal protein bands (APB)
as evidenced by routinely performed immunofixation [6,
8]. These antibodies differ from the paraprotein secreted by
the malignant plasma cells, and thus do not represent
relapsed disease—except for rare isotype switched cases
[10]. Although the development of APB has been reported
across the spectrum of hematological disorders treated with
autologous or allogeneic stem cell transplantation as well
as after myeloma treatment with novel agents [9, 22], the
significance and biological role of these oligoclonal anti-
bodies remains largely unclear. Recent studies suggest that
myeloma patients with APB have a better prognosis than
patients with polyclonal reconstitution of their immuno-
globulin repertoire [6—12]. These studies have been con-
ducted primarily in the context of autologous stem cell
transplantation, but also included a number of patients after
allogeneic stem cell transplantation, suggesting a prog-
nostic significance of APB also in this subset of patients. In
addition, our own observations point in this direction, as
cases with APB, were more likely to achieve CR or vgPR
after allogeneic transplant as compared to patients who did
not develop APB after transplant (Table 1).

This interesting correlation prompted us to hypothesize
that APB may be produced by regenerating B-cells (from
donor and/or host) as part of a humoral anti-myeloma
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Fig. 4 HSP60 as exemplary
target of an anti-myeloma
immune response. a Serological
proteome analysis (SERPA) of
lambda immunoglobulin
fraction of patient MMO023.

A protein extract was prepared
from bone marrow primary
myeloma cells and subjected to
two-dimensional gel
electrophoresis with subsequent
coomassie staining (left panel)
or transfer to PVDF membranes
for immunoblotting with
lambda immunoglobulins of
patient MMO023 (secondary
detection with goat anti-lambda
and anti-goat horseradish
peroxidase antibody) as shown
in the right panel. The overlay
of both images is shown in the
lower panel. Delta 2D software
(Decodon) was used for the
analysis. b Identified protein
targets of patient MM023’s
lambda APB. The image
represents the overlay of the
protein reference map from
primary myeloma cells with the
MMO023 lambda immunaoblot
(as described in a). Matching
protein spots were excised and
identified by mass spectrometry
as indicated. ¢ Confirmation of
HSP60 as target of patient
MMO023’s lambda APB. HSP60
was recombinantly expressed in
a prokaryotic system. The left
panel shows the purified HSP60
after cleavage from its intein tag
(coomassie stain, 5 pg/lane).
Purified HSP60 (60 kDa) as
well as the crude lysate
containing HSP60-intein
precursor protein (88 kDa) were
subjected to western blot
analysis using a HSP60
antibody and the lambda
immunoglobulin fraction of
patient MMO023 for detection.
Secondary detection was
performed with either a
horseradish peroxidase-
conjugated anti-mouse IgG
antibody or a goat anti-lambda
and anti-goat horseradish
peroxidase antibody
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Fig. 5 Surface exposition of
HSP60 in primary myeloma
cells. a HSP60 is displayed on
the surface of non-
permeabilized primary
myeloma cells as visualized by
confocal microscopy. Primary
myeloma cells from bone
marrow as well as bone marrow
cells from healthy controls were
spun on a slide and fixed with
ethanol without further
permeabilization. In the middle,
the myeloma cells are shown in
differential interference contrast
(DIC). A HSP60 antibody or a
murine isotype control antibody
were used to stain the outer
surface of the cells followed by
secondary detection with an
anti-mouse FITC-conjugated
antibody (green) as shown in
the left panels. The right panels
display the overlay of both
images. Images were obtained
by confocal microscopy (Leika
TCS SP2 AOBS; lens x 63)
and analyzed using Leika
confocal software. b Patient-
derived HSP60-specific serum
immunoglobulins recognize
surface HSP60 on primary
myeloma cells. Primary
myeloma cells from bone
marrow were spun on slides and
fixed as described in a. The
panels show (from left to right)
primary myeloma cells stained
with the lambda
immunoglobulin fraction from
patient MMO23 or control IgG
immunoglobulin followed by
secondary detection with an
anti-human FITC-conjugated
antibody (green), myeloma cells
in differential interference
contrast and the overlay of both
images. Images were obtained
by confocal microscopy (Leika
TCS SP2 AOBS; lens x 63)
and analyzed using Leika
confocal software

immune response. This response may be facilitated by the
release of large amounts of tumor antigens after highly
effective therapies such as autologous or allogeneic stem
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Primary myeloma cells
(unpermeabilized)
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cell transplantation and treatment with immunomodulatory
novel agents, but the exact mechanisms by which cancer
antigens are able to trigger humoral immune responses are
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still controversial. An emerging body of evidence suggests
that most of these proteins are expressed in a tumor-spe-
cific or ectopic way rendering them immunogenic [23, 24].
Humoral immune responses have been observed against
overexpressed proteins, mutations and splice variants,
misfolded, degraded or post-translationally modified pro-
teins as well as aberrantly localized proteins [23-26]. In
lymphatic neoplasias, a number of antigens have been
established as targets of spontaneous B-cell responses by
reverse immunology (serological identification of antigens
by recombinant expression cloning, SEREX) [27-31]. In
myeloma, particularly cancer-testis antigens seem to be of
importance as they are expressed with high specificity in
myeloma cells (for a review, see Meklat et al.) [32].

In this study, we globally assessed serum immuno-
globulin reactivities with myeloma proteins in myeloma
patients within the first year after allogeneic stem cell
transplantation by serological proteome analysis (SERPA).
We found that immunoglobulin fractions of myeloma
patients with APB reacted more with myeloma proteins
than those of patients without APB. Interestingly, a number
of recurring antigens or classes of proteins were recognized
"by immunoglobulin fractions with APB, many of which are
overexpressed and/or differentially modified in myeloma.
Heat-shock proteins were among the most frequently rec-
ognized antigens, as 45% of APB immunoglobulin frac-
tions were reactive with proteins from this family. This was
an interesting finding, as heat-shock proteins are not only
generally upregulated in myeloma [33], but show aberrant
expression profiles in various cancer cells. Moreover, heat-
shock proteins have been implicated in cancer development
and can favor or even be essential for tumor cell survival
[20, 21]. HSP90—specifically recognized by four out of
eleven immunoglobulin fractions with APB—forms can-
cer-cell-specific activated complexes that render these cells
sensitive to a targeted treatment with novel HSP90 inhib-
itors [34]. When evaluating HSP60 as an exemplary anti-
gen in myeloma, we found selective recognition of this
protein in myeloma protein extracts, as recombinantly
expressed and purified protein and as aberrantly exposed
protein on the plasma membrane of primary myeloma
cells. This latter finding is in line with data from the lit-
erature indicating that HSP60 (as well as heat-shock pro-
teins of 70 and 90 kDa) [21] can be aberrantly displayed on
the cell surface of various solid tumor cells as well as
lymphomas [20, 35]. Such aberrant expression patterns of
primarily intracellular antigens may help to understand the
potential functional implications of our findings, as anti-
body immune responses directed against surface-exposed
antigens could eventually lead to tumor cell killing by
complement-mediated or cellular cytotoxicity. Addition-
ally, antibody responses even against strictly intracellular
antigens could trigger T cell responses by opsonization of
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post-chemotherapy tumor cell debris, facilitation of uptake
by antigen-presenting cells followed by presentation to and
priming of T cells as it has been suggested for autoimmune
diseases and exemplary cancer antigens [36, 37]. The
phenomenon of upregulation and aberrant cell surface
display on tumor cells has also been described for alpha-
enolase, an antigen targeted by the immunoglobulin frac-
tions of almost one-third of our patients with APB [38].
Cancer cells express alpha-enolase with more post-trans-
lational modifications, such as acetylation, methylation and
phosphorylation, and the patterns of such modifications are
specific for tumor cells [38]. Due to the cancer-cell-specific
expression and modification patterns, it is not surprising
that humoral as well as cellular immune responses against
this antigen have been found in various tumors [38].
Moreover, the above-mentioned integration of a humoral
immune response facilitating T cell activation has been
suggested to occur in alpha-enolase expressing pancreatic
adenocarcinoma patients [37]. T cells of patients with anti-
alpha-enolase IgG are more easily activated in response to
the protein as compared to T cells of patients without such
antibodies, suggesting the induction of a T cell and B cell
integrated anti-tumor immune response [37].

Taken together, we conclude that immunoglobulin
fractions with APB target recurrent myeloma antigens thus
constituting an anti-myeloma immune response rather than
representing general autoreactivity not sufficiently sup-
pressed after allogeneic transplant. In linking APB to a
myeloma-directed immune response, our results may sug-
gest a biological mechanism explaining the more favorable
prognosis of patients with APB. Future studies are needed
to elucidate the clinical determinants of effective humoral
immune responses as well as the functional B cell-T cell
interplay potentially underlying anti-myeloma immunity.
Such studies should also address the question, if highly
aberrant tumor protein expression may be an intrinsic
feature of myeloma cases, which are more likely to develop
effective anti-tumor immune responses.
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