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Results  We found that antibody responses against CTA 
were surprisingly rare, only 2.6 and 3.1 % of patients evi-
denced NY-ESO-1- and SSX-2-specific antibodies, respec-
tively. NY-ESO-1-specific responses were observed during 
disease progression, while anti-SSX-2 antibodies appeared 
after allogeneic stem cell transplantation and persisted dur-
ing clinical remission. We found that NY-ESO-1- and SSX-
2-specific antibodies were both capable of activating com-
plement and increasing CTA uptake by antigen-presenting 
cells. SSX-2-specific antibodies were restricted to IgG3, 
NY-ESO-1 responses to IgG1 and IgG3. Remarkably, NY-
ESO-1-positive sera recognized various non-contiguous 
regions, while SSX-2-specific responses were directed 
against a single 6mer epitope, SSX-285–90.
Conclusions  We conclude that primary autoantibodies 
against intracellular MM-specific tumor antigens SSX-2 
and NY-ESO-1 are rare but functional. While their con-
tribution to disease control still remains unclear, our 
data demonstrate their theoretic ability to affect cellular 
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anti-tumor immunity by formation and uptake of mono- 
and polyvalent immune complexes.

Keywords  Multiple myeloma · Cancer–testis antigens · 
Antibody responses · Tumor immunology · Graft-versus-
myeloma effect · Stem cell transplantation

Abbreviations
ADCC	� Antibody-dependent cytotoxicity
AlloSCT	� Allogeneic stem cell transplantation
APC	� Antigen-presenting cell
AutoSCT	� Autologous stem cell transplantation
BM	� Bone marrow
CFSE	� 5-(and-6)-Carboxyfluorescein diacetate  

succinimidyl ester
CTA	� Cancer–testis antigens
DAPI	� 4′,6-Diamidino-2-phenylindole
ELISA	� Enzyme-linked immunosorbent assay
ELISPOT	� Enzyme-linked immune spot assay
FcγR	� Fcγ receptor
FCS	� Fetal calf serum
FLU	� Influenza nucleoprotein
GvM	� Graft-versus-myeloma
IFN	� Interferon
ORF	� Open-reading frame
PB	� Peripheral blood
PBMC	� Peripheral blood mononuclear cells
RT	� Reverse transcriptase
TT	� Tetanus toxoid

Introduction

A subgroup of cancer patients, at one point during the course 
of their disease, will develop spontaneous antibody responses 
against antigens expressed by their own tumors [1]. Unfor-
tunately, little is known about the quality of these responses 
over time, their immunological properties, and especially 
their fine specificity. This in turn complicates assessing their 
contribution to an integrated anti-tumor immune response.

Cancer–testis antigens (CTA) have a tumor-restricted 
expression, being absent from almost every type of healthy 
tissue, whereas they can be found in a large variety of can-
cers, and certain members of this gene family are of remark-
able immunogenicity. Multiple myeloma (MM) is probably 
the human malignancy with the broadest and most frequent 
expression of CTA [2–4]. Moreover, CTA represent a negative 
prognostic factor in this tumor type, and the presence of cer-
tain CTA is central to the survival of myeloma cells [5]. Two 
CTA expressed in the bone marrow (BM)-residing tumor cells 
of MM patients [2, 3], namely NY-ESO-1 and SSX-2, are of 
particular interest for the evaluation of serological responses in 

MM because their immunogenicity has already been demon-
strated in other tumor types and clinical trials targeting these 
antigens in solid tumors are currently underway [6, 7].

We and others have previously shown that antibody 
responses against these CTA occur in MM patients but the 
incidence, persistence and functionality was so far unad-
dressed and a matter of controversy due to small cohort 
sizes [2, 8]. In this descriptive analysis, we have asked for 
the first time how frequently, at which timepoints during 
the course of the disease, and under which clinical condi-
tions antibody responses against 4 different CTA (MAGE-
A3, NY-ESO-1, PRAME, SSX-2) occur in MM patients. 
Furthermore, we have analyzed the immunological func-
tion and the fine specificity of the autologous serological 
responses directed against both NY-ESO-1 and SSX-2.

Materials and methods

Patients

All patients were admitted for treatment or diagnostic pur-
poses to the University Medical Center Hamburg-Eppendorf. 
Repeated blood and BM samples were obtained during rou-
tine diagnostic procedures, and all participants provided 
informed consent prior to sample collection. A total of 1,094 
peripheral blood (PB) plasma samples and 200 BM plasma 
samples were collected from 195 consecutive MM patients. 
In addition, PB sera of 100 anonymous healthy blood donors 
were collected. Samples were harvested as previously 
described [3]. In the patients, progression/active disease was 
defined as pathological serum paraprotein concentrations, 
progression of osteolysis, or >10 % plasma cells in the BM. 
This study was performed in accordance with the declaration 
of Helsinki. The protocol had received approval by the local 
ethics committee (decision number OB-038/06).

Cell lines

Cell line K562 was obtained from the German Collection 
of Microorganisms and Cell Cultures (DSMZ, Braun-
schweig, Germany), and cell lines SK-MEL-19 and SK-
MEL-21 were kindly provided by the New York branch of 
the Ludwig Institute for Cancer Research (LICR). Lines 
were maintained in RPMI-1640 or IMDM with 10 % fetal 
calf serum (FCS) and penicillin/streptomycin.

Proteins and peptides

Full-length NY-ESO-1 and SSX-2 proteins expressed in E. 
coli were kindly provided by the LICR. Full-length MAGE-
A3 protein expressed in baculovirus was provided by 
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GlaxoSmithKline Biologicals (Rixensart, Belgium). Full-
length PRAME protein expressed in the wheat germ sys-
tem was obtained from Abnova (Taipei, Taiwan). Recom-
binant influenza nucleoprotein (FLU) expressed in E. coli 
was purchased from Imgenex (San Diego, CA), and con-
trol protein glutathione S-transferase (GST) was obtained 
from Cell Systems (St. Katharinen, Germany). Tetanus 
toxoid (TT) was provided by Chiron Behring (Marburg, 
Germany).

We further expressed full-length proteins using 
codon-optimized ORF clones of NY-ESO-1, SSX-2 
and TNFα clones (Qiagen, Hilden, Germany) and 
SSX-1, SSX-5, and MAGE-C1 (MWG Biotech, Ebers-
berg, Germany) with an amino-terminal 6x-His-tag in 
BL21[DE3] cells (New England Biolabs, Frankfurt am 
Main, Germany). Proteins were purified under denatur-
ing conditions by nickel-affinity chromatography (Sup-
plementary Figure 1A) according to the manufacturer’s 
instructions (Sigma-Aldrich, Hamburg, Germany). Pro-
teins were stored in PBS/1 % sodium azide at −20 °C. 
NY-ESO1 and SSX-2 were labeled with fluorescein iso-
thiocyanate isomer I (FITC; Sigma-Aldrich) in bicar-
bonate buffer according to the manufacturer’s instruc-
tions and cleaned up using PD-10 columns (Thermo 
Scientific).

NY-ESO-1 20mer peptides, as well as SSX-2 20mer 
and 18mer peptides overlapping by 10 amino acids and 
spanning the complete NY-ESO-1 and SSX-2 sequences, 
respectively, were obtained from Multiple Peptide Sys-
tems (San Diego, CA). 10mer SSX-2 peptides overlapping 
by 5 amino acids and spanning amino acid region 71–95 
were obtained from Peptides and Elephants (Potsdam, 
Germany).

Real‑time PCR

Extraction of total RNA was performed using the RNeasy 
Mini Kit (Qiagen). Reverse transcription and conventional 
and quantitative PCR were performed as previously described 
[3]. Primers for target genes and probes #23 and #17 used in 
real-time PCR (NY-ESO-1 and LAGE-1) were obtained com-
mercially from Roche Diagnostics (Mannheim, Germany). 
The primer sequences were as follows: LAGE F 5ʹ-GTG T 
CC GGC AAC CTA CTG TT-3ʹ and LAGE R 5ʹ-CAC ATC A 
AC AGG GAA AGC TG-3ʹ; NY-ESO-1 F: 5ʹ-CTA TGT C 
AG TTC AGG ACC AGG A-3ʹ and NY-ESO-1 R: 5ʹ-CTG A 
CC GTG GGG TGT AGG-3ʹ. Samples were analyzed using a 
LightCycler system (Roche Diagnostics).

Immunohistochemistry

Immunohistochemistry on formalin-fixed, paraffin-embed-
ded archival tissue was performed using an anti-NY-ESO-1 

monoclonal antibody (clone E978; Santa Cruz) as previ-
ously described [2].

Enzyme‑linked immunosorbent assay (ELISA)

ELISA was performed as previously described [9]. During 
screening, a patient sample was considered positive if its 
specific OD was higher than the mean OD of 100 samples 
derived from healthy donors +3 SD. In addition, the OD had 
to exceed the serum’s background signal on control protein 
GST by at least 50 %. For the calculation of titers, regression 
analyses were performed for the linear segment of serum 
titration curves for positive samples and pooled sera of five 
representative healthy donors. Titers were defined as the 
dilution at the intersection of both regression lines.

For antibody subtyping, AP-labeled secondary anti-
IgG1, anti-IgG3, and anti-IgG4 antibodies (Southern Bio-
tech) were used at a dilution of 1:3,000. An AP-labeled 
anti-IgG2 antibody (Beckham Coulter, Krefeld, Germany) 
was used at a dilution of 1:1,500.

Western blot

Protein lysates were prepared using RIPA lysis buffer contain-
ing a protease inhibitor cocktail (Sigma-Aldrich) and dena-
tured for 10 min at 70 °C. Samples containing 50 μg lysate 
or 3 μg of recombinant protein, respectively, were resolved on 
4–12 % Bis–Tris SDS–PAGE gels (Invitrogen, Carlsbad, CA) 
under reducing conditions. Proteins were blotted on Hybond-
ECL nitrocellulose membranes (Amersham Biosciences, Pis-
cataway, NJ) and blocked overnight at 4 °C with Top-Block 
(Fluka, Buchs, Switzerland). Human sera were applied at a 
dilution ranging between 1:500 and 1:2,000. An HRP-conju-
gated antihuman IgG-Fcγ antibody (Sigma-Aldrich) was used 
at 1:5,000. Beta-actin (Santa Cruz) served as positive control.

Complement activation

The activation of the complement cascade through the clas-
sical pathway leads to the deposit of complement factor C3 
on the cell membrane. Three micrograms of recombinant 
protein (NY-ESO-1, SSX-2 or TT) was resolved on 4–12 % 
Bis–Tris SDS–PAGE gels under reducing conditions. Pro-
teins were blotted and membrane treated as outlined above. 
As described by Papp et al. [10], this deposit can be detected 
on nitrocellulose membranes by a C3-specific antibody. 
Human serum was diluted 1:5 and incubated for 3 h on the 
nitrocellulose membrane at room temperature prior to strin-
gent washing. Afterward, mouse IgG1 anti-C3 antibody 
(Thermo scientific) was applied at a dilution of 1:5,000 for 
1 h. The membrane was thoroughly washed and exposed to 
an anti-mouse IgG HRP-labeled antibody (R&D Systems, 
Minneapolis, MN) for 1 h.
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Antigen uptake assay

For the preparation of antigen-specific antibodies, 500  μl 
whole serum from high-titered patient samples was purified 
using protein G Sepharose (GE Healthcare) and antigen-
coated amine-reactive beads (Thermo Scientific) according 
to the manufacturer’s instructions. Eluted antibodies were 
stored in PBS at 4  °C. Specific binding was confirmed by 
ELISA, as described above (Supplementary Figure  1A). 
Peripheral blood mononuclear cells (PBMC) were obtained 
from healthy blood donors at University Medical Center 
Hamburg and isolated by density gradient centrifugation. 
Expression of FcγRI, FcγRII, and FcγRIIIB on CD14+ 
cells was confirmed by flow cytometry (Supplementary 
Figure  1B) using a FACScalibur flow cytometer (BD Bio-
sciences, Heidelberg, Germany). Antibodies against CD14 
(BD Biosciences), CD16b/FcγRIIIB (Beckman Coulter, 
Krefeld, Germany), CD32/FcγRII (BD Biosciences), and 
CD64/FcγRI (eBioscience, Frankfurt, Germany) were 
obtained commercially. Staining and flow cytometry meas-
urements were performed as previously described [11]. For 
uptake assays, 5 × 106 PBMCs were seeded on poly-l-lysine 
coated coverslips in a 24-well plate and incubated overnight 
in RPMI-1640 supplemented with 10 % FCS. Prior to uptake 
assays, cells were washed twice for 15 min with serum-free 
RPMI-1640.

Equimolar amounts of purified antigen-specific antibod-
ies equivalent to in vivo concentrations and FITC-labeled 
CTA were incubated in PBS with agitation for 6 h at room 
temperature. Immune complexes were added to PBMCs 
grown on coverslips and subsequently incubated for 30 min 
at 37 °C. Coverslips were then briefly washed in PBS, fixed 
using 4  % paraformaldehyde, blocked with 1  % bovine 
serum albumin (BSA; Sigma-Aldrich) and stained over-
night with an anti-CD64 antibody (eBioscience) at 4  °C. 
The next day coverslips were washed three times with PBS 
and stained with a Cy3-conjugated anti-mouse IgG antibody 
(Jackson ImmunoResearch, Suffolk, UK) and 4′,6-diamid-
ino-2-phenylindole (DAPI; Carl Roth, Karlsruhe, Germany) 
in 1 % BSA for 1 h at room temperature. Coverslips were 
again washed three times with PBS and mounted on micro-
scope slides using Aqua Polymount (Polysciences, Eppel-
heim, Germany). Sections were obtained on an Ultraview 
VOX spinning disk imaging system (PerkinElmer, Waltham, 
MA) using an oil-immersion 63× objective. For each sam-
ple, two 4 × 3 view field regions of comparable cell density 
were recorded. Instrument settings were adjusted for each 
donor and antigen. Uptake was defined as numbers of FITC 
positive vesicles between 0.2 and 20  μm per cell/DAPI-
positive nuclei. Values are shown as fold changes over anti-
gen alone. FITC-labeled antigen strongly colocalized with 
staining of the antigens’ affinity tag using a mouse anti-His 

antibody (Qiagen) and a secondary Cy3-conjugated anti-
mouse IgG antibody (Jackson ImmunoResearch; Supple-
mentary Figure 1C).

Quantification of antigen‑specific memory B cells

Antigen-specific B cells were quantified by ELISPOT as pre-
viously described [12]. Spots were counted using an ELIS-
POT reader (AutoimmuneDiagnostika, Strassberg, Germany).

Analysis of SSX‑2‑specific CD4+ and CD8+ T‑cell 
responses

Read-out-assays were performed following a single cycle 
of in vitro presensitization, as previously described [13, 
14]. T cells were stimulated once with remaining irradi-
ated CD8−CD4− cells either pulsed with individual or with 
pools of overlapping 20mer SSX-2 peptides.

For the measurement of intracellular cytokines, pulsed 
T-APC was stained with 0.2  µM 5-(and-6)-carboxyfluores-
cein diacetate succinimidyl ester (CFSE; Molecular Probes, 
Eugene, OR) for 10 min at 37 °C. T-APC was then washed 
and was incubated with presensitized effector T cells at a 
1:2 ratio in 200 µl X-VIVO-15 at 37 °C for 7 h. Brefeldin-
A (Sigma-Aldrich) at 10 μg/ml was added after the first 2 h 
of culture. Cells were then fixed using FACS Lysing Solu-
tion (BD Biosciences) diluted 1:10, permeabilized using 
Permeabilizing Solution 2 (BD Biosciences), and stained 
with antibodies against CD4 and interferon (IFN)-γ (BD 
Biosciences). Co-staining of intracellular FOXP3 was per-
formed using anti-FOXP3 mAb PCH101 (eBioscience, San 
Diego, CA). Cells were analyzed by flow cytometry with 
gating on morphologically defined lymphocytes, CD4-posi-
tive and CFSE-negative cells.

Statistics

Paired samples t tests were performed to analyze differ-
ences between mean values for progression and remission 
intervals for all antibody-positive patients. Differences 
between immune complex uptake conditions expressed as 
logarithmic fold changes over antigen alone were evaluated 
by Wilcoxon signed-rank test. Results were considered sig-
nificant if p < 0.05.

Results

Patient characteristics

Analyzing the clinicopathological characteristics of all 195 
patients, we found a male predominance, a median age 
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at time of inclusion of 56 years (range 29–78 years), and 
IgGκ to represent the most common paraprotein subtype 
(Supplementary Table I). Most patients were diagnosed 
at advanced stages, and the most common cytogenetic 
abnormality was deletion 13q14. At the time of inclusion 
into the study, the majority of patients had been treated 
with alloSCT, while the second largest group had received 
autoSCT as maximum therapy. The majority of samples 
were provided by the Department of Stem Cell Transplan-
tation at University Medical Center Hamburg-Eppendorf.

NY‑ESO‑1‑ and SSX‑2‑specific antibody responses occur 
spontaneously in the peripheral blood and bone marrow 
of myeloma patients

We first screened a large number of patient sera using strin-
gent criteria for the definition of seropositivity. Analyz-
ing a median number of 5.4 (range 1–47) serum samples 
collected per patient during a median follow-up period 
of 11.4  months (range 1–39  months), we did not observe 
any antibody responses against CTA commonly expressed 
in myeloma such as MAGE-A3 and PRAME (data not 
shown).

However, we found 5 (2.6 %) and 6 (3.1 %) out of 195 
patients to evidence anti-NY-ESO-1 and anti-SSX-2 IgG 
antibodies, respectively, at least at one occasion during the 
course of their disease. Among all 1,094 sera collected, we 
found 84 (7.7 %) and 51 (4.7 %) samples to be positive for 
NY-ESO-1- and SSX-2-specific antibodies, respectively. 
In contrast, none of the 100 healthy donors evidenced NY-
ESO-1- or SSX-2-specific IgG antibodies. Importantly, 
the relatively infrequent occurrence of anti-NY-ESO-1 or 
SSX-2 IgG antibody responses in the MM patients was not 
based on a general B-cell hyporeactivity as we detected 
strong antibody responses against microbial antigens FLU 
and TT in the majority of MM patients (data not shown). 
Furthermore, CTA reactivity did not correlate with absolute 
whole IgG levels (Supplementary Figure  2). Accordingly, 
investigating the source of soluble anti-CTA antibodies, 
we were able to identify for the first time NY-ESO-1-spe-
cific antibody secreting B cells in the peripheral blood of 
myeloma patients using a newly developed ELISPOT tech-
nique. NY-ESO-1-specific B cells were only detectable in 
NY-ESO-1 antibody-positive patients but not in antibody-
negative patients (Supplementary Figure 3A).

As the bone marrow represents the immediate tumor 
microenvironment of MM, we also investigated anti-
CTA antibody levels within plasma samples (N  =  200) 
of myeloma patients (N =  75) derived from the BM. We 
found that in a given patient, anti-CTA antibodies always 
evidenced similar titers in the PB and in the BM (data not 
shown). Importantly, antibody responses in the BM envi-
ronment were completely restricted to those patients who 

also evidenced CTA-specific humoral responses in their 
peripheral blood.

NY‑ESO‑1‑ and SSX‑2‑specific antibody responses are 
observed under opposite clinical conditions

We next analyzed associations between the clinical sta-
tus of the patients and the presence of anti-CTA antibody 
responses. We observed that a substantial proportion of 
samples (55/412) taken at the time of clinical progression 
of MM evidenced anti-NY-ESO-1 antibodies while only a 
small minority (3/662) of samples collected during phases 
of remission were antibody-positive. In contrast, a higher 
proportion of samples collected at the time of remission 
(33/662) compared to samples acquired at the time of pro-
gression of the disease (12/412) evidenced anti-SSX-2 anti-
bodies. This observation suggested for the first time that 
development and/or maintenance of humoral responses 
against NY-ESO-1 might be related to progression of mye-
loma while anti-SSX-2 antibodies might preferentially be 
produced in phases of remission.

To further investigate the biological significance of the 
occurrence of NY-ESO-1- and SSX-2-specific antibodies, 
we next correlated the respective antibody titers with the 
expression of the CTA in the BM and the clinical course of 
the disease in individual patients. In all cases of NY-ESO-1 
antibody-positive patients, we found the antibody titers to be 
associated with disease progression and recurrence (Fig. 1a). 
Titers increased in these five patients significantly upon dis-
ease progression and dropped during remission (Fig.  1b), 
which was independent of total IgG levels (Supplementary 
Figure 2). Due to the high sequence homology of NY-ESO-1 
and LAGE-1, especially in the commonly immunogenic 
amino-terminal region and the antibodies’ probable cross-
reactivity, we next investigated the expression of both anti-
gens in the BM of our patients. We did not detect any expres-
sion of LAGE-1 in the cases of UKE-21 and UKE-50 while 
the number of NY-ESO-1 copies correlated positively with 
disease burden and increased together with anti-NY-ESO-1 
antibody titers (data not shown). For seropositive patients 
UKE-44 and UKE-135, we were not able to detect any 
expression of NY-ESO-1 or LAGE-1 mRNA in the BM (data 
not shown). However, both patients had developed extramed-
ullary manifestations during progression of their disease and 
we found the respective soft tissue tumors to strongly express 
of NY-ESO-1 protein as detected by immunohistochemistry 
(Supplementary Figure 3B).

Compared to anti-NY-ESO-1 antibodies, serologi-
cal responses against SSX-2 showed a completely dif-
ferent behavior. With the exception of patient UKE-85, 
who was antibody-positive prior to transplantation and 
lost reactivity afterward, 5 out of 6 of the anti-SSX-2 
seropositive patients developed antibodies after they had 
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received alloSCT (Fig.  1a). In comparison to patients 
with NY-ESO-1 reactivity, serological responses in 
SSX-2 antibody-positive patients developed antibodies 
earlier in these 5 patients, approximately 5–6  months 
after transplantation. In contrast to anti-NY-ESO-1 
immunity, antibody titers specific for SSX-2 after 
alloSCT correlated negatively with the disease burden in 
6 patients (Fig. 1b). Accordingly, in three of the seropos-
itive patients (UKE-150, UKE-152, UKE-176), disease 

recurrence manifested only after anti-SSX-2 antibodies 
had become undetectable, and in two patients (UKE-64, 
UKE-141), the tumor only recurred when SSX-2 anti-
body titers had already begun to decrease (Fig.  1). BM 
samples from timepoints preceding alloSCT were avail-
able from all patients and none of them evidenced preex-
isting expression of SSX-2 mRNA. In one seropositive 
patient (UKE-64), however, SSX-2 was (re-) expressed 
in the myeloma-infiltrated BM after anti-SSX-2 antibody 

Fig. 1   NY-ESO-1-specific 
antibodies correlate with tumor 
load and disease progression 
while donor-derived anti-SSX-2 
antibodies indicate disease 
remission. a Longitudinal 
analysis of humoral responses 
and antigen expression in the 
BM for individual patients. 
Black dots indicate reciprocal 
titers of anti-NY-ESO-1 and 
anti-SSX-2 antibodies. White 
dots indicate expression of 
NY-ESO-1 or SSX-2 RNA, and 
white triangles demonstrate 
expression of LAGE and SSX-4 
RNA, respectively, in the BM 
of the patients. Within single 
graphs, white areas indicate 
the presence of clinical remis-
sion while gray areas indicate 
recurrence and progression of 
the disease. The application of 
alloSCT is indicated by small 
black arrows. b Comparison 
of means of reciprocal titer 
means for each patient during 
phases of the indicated clinical 
condition. Paired samples t tests 
indicate significant differences 
in antibody titers between clini-
cal conditions for SSX-2 and 
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titers had vanished and relapse of myeloma had taken 
place (date not shown).

CTA‑specific antibodies are capable of promoting 
complement activation and antigen uptake

In order to establish whether the observed antibody 
responses would be at all able to contribute to an anti-tumor 
immune response, we next analyzed their basic immuno-
logical competency. First, we asked whether our patients’ 
anti-NY-ESO-1 or anti-SSX-2 antibodies, which reacted 
not only with the respective recombinant proteins but also 
recognized antigen endogenously expressed by tumor cell 
lines (Supplementary Figure  3C) were in principle able 
to directly activate the complement system. Assessing the 
activation of the classical complement pathway by serum 
antibodies [10], we found for the first time, both CTA-spe-
cific antibodies to be potent inducers of the complement 
system, as evidenced by C3-deposition on a membrane 
coated with recombinant protein (Fig. 2a).

Formation of antigen–antibody immune complexes 
can increase the uptake of microbial agents and proteins 
by antigen-presenting cells in vivo [15, 16]. This process 
is initiated via engagement of the immune complexes by 
Fcγ receptors (FcgR) on the APCs’ surface [17]. Uptake 
via this mechanism has been shown to increase cross-
presentation of exogenous antigen by MHC class I mol-
ecules and, consequently, activation of cytotoxic T cells 
[15, 18] providing a mechanism possibly underlying 
the clinical relevance of antibodies against intracellular 
but highly immunogenic CTA. We, therefore, analyzed 
next the ability of patient-derived antibodies to facilitate 
CTA uptake in vitro. Uptake of FITC-labeled SSX-2 and 
NY-ESO-1 was then quantified as intracellular numbers 
of FITC positive vesicles on confocal sections of APCs 
incubated with immune complexes or free antigen. In 
six independent experiments using APCs prepared from 
peripheral blood from different healthy donors, we found 
that both types of CTA-specific patient antibodies were 
able to significantly increase uptake of the FITC-labeled 
cognate antigen by the CD64/FcgRI-positive cells 
(Figs. 2b, c, p < 0.05).

Following up on a potential contribution of these anti-
bodies to CTA-specific cellular immunity, we analyzed the 
T-cell responses in one patient with anti-SSX-2 antibod-
ies. We found that numbers of SSX-2-specific peripheral T 
cells were associated with the antibody titer (Fig. 3a) and 
secreted effector cytokine IFNγ (Fig.  3b). Importantly, 
none of the SSX-2-specific CD4+ T cells expressed the reg-
ulatory T-cell marker FOXP3 (Fig. 3c).

IgG1/IgG3‑type anti‑NY‑ESO‑1 antibodies recognize 
multiple non‑contiguous epitopes while IgG3‑type 

SSX‑2‑specific antibodies are restricted to a single 6 amino 
acid peptide

Finally, we set out to identify differences in the biological 
characteristics of anti-NY-ESO-1 and anti-SSX-2 antibod-
ies. First, when we analyzed the dominant subtypes of our 
patients’ CTA-specific antibody responses, we found that 
NY-ESO-1-specific antibodies were mainly of the IgG1 
subtype and to a lesser extent of the IgG3 subtype. In 
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Fig. 2   Functional characteristics of NY-ESO-1- and SSX-2-specific 
patient antibodies. a Western blot analysis of the complement-acti-
vating capacity of NY-ESO-1- and SSX-2-specific antibodies. Teta-
nus toxoid (TT) served as positive control for complement activa-
tion by TT-specific antibodies. Complement activation was detected 
through a complement factor C3-specific antibody. Sera from NY-
ESO-1 antibody-positive patient UKE-21 and from SSX-2 antibody-
positive patient UKE-64 were able to activate complement when 
bound to the respective CTA. The same phenomenon was seen with 
the patients’ TT-specific antibodies. When exposed to control protein 
GST, no complement activation occurred. Results of one representa-
tive experiment are shown. b Uptake of FITC-labeled CTA protein 
after immune complex formation with either SSX-2- or NY-ESO1-
specific antibodies from high-titered MM patients. Bars indicate 
mean logarithmic fold changes over antigen alone for the respective 
CTA for 6 different healthy blood donors. Error bars indicate stand-
ard error of means (SEM). c Partial confocal sections of one repre-
sentative antigen uptake experiment. Formation of specific immune 
complexes comprised of FITC-labeled antigen, and the corresponding 
MM patient-derived antibodies increased antigen uptake in CD64+ 
APCs from one healthy donor. In contrast, the same antibody did not 
increase uptake in the unspecific context



1158	 Cancer Immunol Immunother (2014) 63:1151–1162

1 3

contrast, SSX-2 specific antibodies belonged exclusively to 
the IgG3 subtype (Fig. 4a).

Antigen valency and B-cell epitope diversity influence 
the quality of the interaction of immune complexes with 
APCs [19]. Using overlapping 20mer peptides spanning the 
whole sequences of NY-ESO-1 and SSX-2, respectively, 
we mapped the dominant epitopes of the CTA-specific anti-
body responses. We found the NY-ESO-1-specific antibod-
ies to target a number of different epitopes. All seropositive 
patients (n =  5) evidenced antibodies against amino acid 
regions 1–40 and 81–100, while 3 patients also reacted 
against regions 31–60 and 161–180 (Fig. 4b). In contrast, 
SSX-2-specific antibodies of the seropositive patients 
(N = 6) exclusively recognized two 20mers covering region 
71–100 (Fig. 4b). Using first 10mer (Fig. 4b) and then 6mer 
peptides (Fig. 4c), each overlapping by 5 amino acids, we 
were able to further pinpoint the epitope recognized by the 

patients’ SSX-2-specific antibodies. Surprisingly, we found 
for the first time that all humoral responses against SSX-2 
were restricted to the single 6mer DNDPNR mapping to 
amino acids 85–90 of the whole protein sequence (Fig. 4c). 
Using single-alanine substitution variants of SSX-281–90, 
we were able to demonstrate the predominant role of the 
two asparagine residues in positions 86 and 89, as well as 
the contained proline and aspartate in positions 88 and 87 
(Fig. 4d).

With the exception of P88, the identified peptide is 
shared among all members of the SSX protein family 
(Supplementary Figure  4) but lacks homology with other 
human or microbial sequences [20]. Importantly, substitut-
ing P88 for arginine present in the corresponding minimal 
epitopes of SSX-4, -6, -7, -8, and -9, prevented relevant 
binding (Fig. 4e). P88 may be crucial for the correct align-
ment of the asparagine/aspartate side chains representing 

Fig. 3   Levels of anti-SSX-2 antibodies correlate with the number 
of SSX-2-specific T cells. a In patient UKE-64, anti-SSX-2 anti-
body titers were followed after induction by alloSCT and numbers 
of T cells specific for SSX-2 were determined by IFN-γ ELISPOT. 
The black line indicates the reciprocal titer of anti-SSX-2 IgG anti-
bodies, and gray bars indicate mean numbers (+SEM) of CD4+ T 
cells specific for the SSX-231–50 epitope. Below each bars examples 
of ELISPOT results for the given timepoints are shown. b Dot plots 
represent examples of intracellular cytokine staining followed by 

flow cytometry. CD4+ T cells from patient UKE-64 were cultured 
for 2–3 weeks with a pool of three 20-mer SSX-2 peptides covering 
amino acid region 31–70. After being re-exposed to the respective 
SSX-2 peptides, the patient’s CD4+ T cells secreted IFN-γ (left box) 
while exposure toward T-APC pulsed with an NY-ESO-1 control pep-
tide (right box) did not provoke IFN-γ production. c As indicated by 
this exemplary dot plot, the patient’s CD4+ T cells specific for SSX-2 
were negative for FOXP3 suggesting that these cells did not represent 
T regulatory cells
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regarding IgG subtypes. Bars indicate the percentage of seropositive 
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responses of MM patients were identified using overlapping 20-mer 
peptides spanning the complete sequence of the respective CTA. Bars 
indicate percentages of seropositive patients recognizing the given 
epitope. In the case of SSX-2-specific antibodies, an additional series 
of overlapping 10-mer peptides was used to further define the exact 
target epitope of the patients’ humoral responses. Results were vali-

dated by three independent experiments. c Competition with 6mer 
peptides covering SSX-281–90 at 250  μM for binding of full-length 
SSX-2. d Dilution series of single-alanine substitution variants of 
initial 10mer SSX-281–90 competing for binding of full-length SSX-2 
protein. e Competition with 5mer peptides containing the minimal 
SSX-2 epitope with and without substitution of proline in position 88 
at 250 μM. Competition assays were performed for all SSX-2 anti-
body-positive patients. Data are shown for one representative patient. 
f SSX-2-recognizing sera of 6 patients were tested against SSX-1, 
SSX-2, and SSX-5 full-length proteins in an ELISA assay. Recombi-
nant full-length MAGE-C2 protein was used as a control. Results are 
shown for one representative patient
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potential antibody binding sites. Accordingly, the patients’ 
sera binding to SSX-2 protein also recognized full-length 
SSX-5 protein, which possesses the same 6mer epitope but 
not to SSX-1, which shares an overall homology of 78 % 
with SSX-2 but has a histidine in place of P88 (Fig.  4f). 
Together, these findings indicate for the first time a very 
narrow specificity and high selectivity of the myeloma 
patients’ donor-derived antibody responses for cancer–tes-
tis antigen SSX-2.

Discussion

The introduction of new therapeutic agents such as bort-
ezomib or lenalidomide has significantly improved remis-
sion rates and survival of multiple myeloma (MM) patients, 
but the majority of them will still relapse and succumb to 
the disease within 5  years from diagnosis [21]. AlloSCT 
has been suggested to improve overall survival and to 
achieve cures in patients through immune mechanisms 
involving a graft-versus-myeloma (GvM) effect [22]; how-
ever, the targets of these immune reactions and their quality 
remain poorly understood.

It has been shown for multiple tumor types that patients 
are capable of developing spontaneous antibody responses 
against intracellular tumor proteins [1, 23]. The present 
study constitutes the first longitudinal analysis of antibody 
responses against the predominantly intracellular cancer–
testis antigen family in a human malignancy. Analyzing a 
large number of plasma samples, we found anti-NY-ESO-1 
and anti-SSX-2 antibodies to occur at similar frequencies 
in MM patients (2.6 and 3.1 %). With the exception of our 
previous report on SSX-2-specific antibody responses in 
individual patients [2], the frequency of anti-SSX-2 anti-
body responses in MM has never been analyzed. In con-
trast, antibody responses against NY-ESO-1 have previ-
ously been reported to occur in 22 % of MM patients [8]. 
Possible explanations for the lower frequency found in this 
study are our more restrictive definition of antibody-posi-
tivity, differences in cohort composition, and lower num-
bers of patients in the previous study.

In our current study, we observed NY-ESO-1-specific 
antibody titers to coincide with increased tumor burden and 
progression of the disease. This finding is in accordance 
with previous studies suggesting that NY-ESO-1-specific 
antibodies represent markers of recurrent and/or progres-
sive disease in melanoma and prostate cancer [24, 25]. It 
appears that the NY-ESO-1-specific B-cell response is una-
ble to eradicate the malignant NY-ESO-1-positive tumor 
cells as indicated by the positive association between NY-
ESO-1 mRNA copies in the patients’ BM and the antibody 
titers. This could, on the one hand, imply that NY-ESO-
1-specific antibodies indeed represent mere epiphenomena 

of tumor progression, reflecting the current tumor load and 
not having any independent clinical effect, or that they even 
skew anti-tumor immunity toward an ineffective Th2-type 
response [26]. On the other hand, it could be that the NY-
ESO-1-specific humoral immune responses, probably in 
collaboration with cellular immunity, slow down tumor 
growth to some degree while eventually being incapable of 
completely preventing progression of MM. The finding that 
the association of anti-NY-ESO-1 antibodies with reduced 
overall survival in melanoma can be reversed by block-
ing the T-cell inhibitor CTLA-4 [27] would argue for the 
idea that anti-NY-ESO-1-specific antibodies are in general 
capable of contributing to tumor control if an appropriate 
immune context is provided.

In contrast, antibodies against SSX-2, which were 
most likely donor-derived, occurred early after alloSCT 
in 5 out of 6 patients. In marked contrast to findings with 
NY-ESO-1, there was also no detectable SSX-2 expres-
sion in the BM of the patients at the time when the anti-
body responses occurred. Finally, donor-derived antibodies 
against SSX-2 were preferentially present during periods 
of remission of the disease. While this difference was sta-
tistically significant, we caution that the small number of 
antibody-positive patients in our study may limit the gen-
eralizability of this finding. In 5 out of 6 patients who had 
become seropositive after alloSCT, clinical recurrence only 
occurred after SSX-2 antibody titers had shown a decrease 
or had become undetectable.

Whether autoantibody responses against tumor-specific 
antigens are able to contribute to an integrated anti-tumor 
immune response or are even able to reach the tumor site in 
sufficient quantities remains poorly understood [23]. How-
ever, we show here that in MM high levels of CTA-specific 
antibodies are present at the primary site of the disease. 
We further demonstrate that the CTA-specific antibodies 
belong to major effector subtypes IgG1 and IgG3 [28–30] 
as expected for protein antigens. Their ability to activate 
the complement cascade would allow them to target MM 
cells [31, 32] aberrantly expressing CTA on the cell sur-
face, a phenomenon observed during early apoptosis [33, 
34] and other pathological processes in malignant cells 
[18]. Alternatively, uptake of mono- or polyvalent immune 
complexes of different IgG subtypes by APCs [35, 36] can 
alter the resulting cellular immune response and promote 
anti-tumor immunity [35, 37].

While we cannot rule out the possibility that the 
observed high-titered SSX-2-specific antibody responses 
play a central role in the immunological control of active 
MM, it seems unlikely that an isolated SSX-2-specific 
antibody response would be able to contribute much on 
its own. Instead our data point to a relatively weak anti-
genicity of SSX-2, requiring the strongly immunostimu-
latory setting provided by alloSCT to produce detectable 
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antibody levels. This is supported by a single narrow previ-
ously undescribed epitope not shared with other commonly 
expressed members of the SSX family. Considering this, 
the presence of high titers of anti-SSX-2 antibodies dur-
ing remission might instead point toward a more active and 
competent immune system, which has been demonstrated 
to play a crucial role in the control of MM, especially in the 
alloSCT setting [22]. The disappearance of SSX-2-specific 
antibodies during disease progression may be the result of 
the overexpression of more antigenic tumor associated pro-
teins, such as NY-ESO-1, overwhelming the capacity of the 
immune system to maintain SSX-2-specific immunity. The 
relatively low titers of NY-ESO-1 antibodies during remis-
sion may in turn be the result of a reduced expression of 
NY-ESO-1 as a means to evade T-cell-based immunosur-
veillance. In addition, NY-ESO-1 protein may be down-
regulated during remission for functional reasons, such as 
reduced proliferation.

Overall, our data indicate that NY-ESO-1-specific anti-
bodies, despite their basic functional capabilities, are 
unlikely to contribute relevantly to an anti-tumor immune 
response in our patients, but rather represent a marker of 
disease progression. In contrast, SSX-285–90-restricted 
IgG3 antibodies are theoretically able to promote anti-
tumor immunity, especially when supported by effector T 
cells targeting the same antigen and seem to correlate with 
favorable clinical status, however, whether detection of 
these rare antibodies carries actual predictive value in MM 
patients will have to be addressed by prospective studies. 
Future studies will further answer the question if and how 
these responses actually contribute to an integrated immune 
response and whether their essential differences in pheno-
type also lead to different anti-tumor activity. Hopefully, 
detailed analyses of spontaneously and alloSCT-induced 
immune responses against CTA will help to further opti-
mize immunotherapeutic approaches for patients with MM.
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