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Abstract
Early detection of tumor-specific autoantibodies (auto-Abs) has the potential to be used for cancer screening and
diagnosis. Whether auto-Ab may be useful to track metastatic progression or response to treatment is, however,
largely unknown. To address these issues, the serological proteome was analyzed in an invasive but treatment-
responsive mouse tumor model. Among 40 serum-reactive proteins identified by multiplex analysis, we chose to
focus on glucose-regulated protein 78 (GRP78), a chaperone protein involved in the endoplasmic reticulum stress
response. We first validated GRP78 as a protein overexpressed and mislocalized in tumor cells. We then docu-
mented that an increase in GRP78 auto-Ab titer preceded the detection of a palpable tumor mass, correlated with
metastatic progression, and was influenced by the onset of tumor neovascularization. We also found that chemo-
therapy and radiotherapy, both leading to inhibition of tumor growth, oppositely influenced the anti-GRP78 im-
mune response. Whereas radiation increased the concentration of GRP78 auto-Ab by three-fold, the auto-Ab
titer was reduced in response to bolus or metronomic administration of cyclophosphamide. Finally, we established
a decrease in auto-Ab–producing B lymphocytes in response to chemotherapy and the overexpression of GRP78
together with a strong immunoglobulin response in irradiated tumors. In conclusion, we identified GRP78 auto-Ab
as an early marker of tumor andmetastatic progressions. However, the multiple influences of anticancer treatments
on the humoral immune system calls for caution when exploiting such auto-Ab as markers of the tumor response.
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Introduction
Autoantibodies (auto-Ab) are present in the blood of patients who
are affected by different malignancies [1,2]. These antibodies are
directed against a group of autologous cellular antigens generally
known as tumor-associated antigens (TAAs) [3–5]. The expression
by tumor cells of proteins, which are mutated, mislocalized, or pro-
duced in abnormal quantities, is thought to mainly account for this
humoral response. Auto-Abs circulate for a longer time than other
polypeptides because they are very stable in the serum and often pro-
duced in large amounts. Their biochemical properties are well under-
stood, and many available reagents do exist for their detection. Serum
profiling of circulating auto-Ab is therefore considered a very attrac-
tive method to diagnose cancer at early stages.

Different proteomic techniques allow detecting auto-Ab and iden-
tifying TAAs: serological expression cloning and serological proteome
analysis (SERPA) are among them [6–9]. These methods use a patient’s
sera to probe blotted phage expression libraries derived from tumor cells
or tumor cell lysates blotted onto a membrane after two-dimensional
gel separation, respectively. Modification of the latter involves spotting
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of fractionated tumor lysates onto microarrays [10], and for each of
these techniques, final identification of the proteins of interest requires
mass spectrometry. SERPA has the advantages to allow proteins with
their posttranslational modifications to be analyzed for their immuno-
genicity and to reveal, in a single experiment, the global reactivity of a
given serum toward a tumor-derived proteome. Multiple studies have
already used these techniques to identify auto-Abs in a variety of can-
cers including hepatocellular carcinoma [3], colon cancer [11,12], lung
cancer [13], and breast cancer [5,14].
Very little is known, however, about how the auto-Ab–based mark-

ers of early cancer stages do evolve when the disease progresses to
metastases or when patients undergo anticancer treatments. In the-
ory, the ideal auto-Ab candidate would have to be upregulated when
the tumor is growing or when metastases are developing and to fall
down when the patients respond to the treatment. Collateral effects
of treatments on the capacity of tumor or immune cells to contribute
to the auto-Ab response, however, should not be underestimated.
Chemotherapy may, for instance, lead to lymphodepletion and thereby
interfere with the capacity of the humoral immune system to produce
auto-Ab. Whether a reduction in auto-Ab reflects the effects of che-
motherapy on tumor growth or instead acknowledges a systemic in-
terference with the immune system needs to be addressed to fully
exploit information derived from serological proteome analyses.
Here, we applied the SERPA technique to identify the fate of

auto-Ab in tumor-bearing mice exposed to different treatments, in-
cluding chemotherapy, radiotherapy, and surgery. Such an animal
model allows to reduce interindividual serological variations under
basal conditions as well as in response to treatments and to concen-
trate in 2 to 3 weeks, the life of a tumor from the primary tumor emer-
gence to the metastases development. Using SERPA technology,
we identified glucose-regulated protein 78 (GRP78) as a reproducible
immunogenic TAA in our mouse tumor model. A specific enzyme-
linked immunosorbent assay (ELISA) was developed and confirmed
that the increase in GRP78 auto-Ab titer was correlated with primary
tumor and metastases development. Opposite variations in the GRP78
auto-Ab concentrations after chemotherapy and radiotherapy, how-
ever, pointed out how treatment-driven modulation of the immune
system may interfere with the auto-Ab production and detection.

Materials and Methods

Cells and Mice
Lewis lung carcinoma (LLc) cells were routinely cultured in

175-mm flasks in serum containing Dulbecco modified Eagle me-
dium (Invitrogen, Paisley, UK). Adult C57Bl/6J mice (Elevage Janvier,
Le Genest Saint-Isle, France) received intramuscular injections of 106

syngeneic LLc cells in the posterior right leg. The tumor diameters were
regularly tracked with an electronic caliper. Blood was collected for se-
rological assays through retro-orbital or intracardiac routes according
to the required amounts. Ten days after tumor cell injection, mice were
exposed to radiotherapy or chemotherapy. Local irradiation was ad-
ministered to mice using a RT-250 device (Philips Medical Systems,
Brussels, Belgium) with a dose delivery of 1.2 Gy/min. The tumor was
centered in a circular irradiation field, and healthy tissues were protected
by a lead mask. Two different protocols were used for chemotherapy:
cyclophosphamide (Bayer, Leverkusen, Germany) was either adminis-
tered through intraperitoneal injection of a bolus dose (100 mg/kg)
or added to the drinking water (renewed every 3 days) for a so-called
metronomic administration [15] to reach a 20-mg/kg per day regimen.
Each procedure was approved by local authorities according to national
animal care regulations.

SERPA Technique
Tumors from three different mice were pooled, lysed in difference

in-gel electrophoresis labeling buffer (7 M urea, 2 M thiourea, 4% 3-
[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate, and
30 mM Tris pH 8.5), homogenized using Ultra-Turrax T25 (IKA,
Staufen, Germany), and clarified by centrifuging at 12,000g for 15min-
utes at 4°C. Protein concentration was determined by the Bradford
method, and extracts were diluted to reach a final concentration of
5 to 10 μg/μl. pH was adjusted to 8.5, and 25 μg of each sample was
labeled with 200 pmol of amine-reactive cyanine Cy5 dye (Amersham
GE Healthcare, Diegem, Belgium) for 30 minutes in the dark at 4°C,
according to the manufacturer’s instructions. Labeling reaction was
stopped by incubating the mixture for 10 minutes with 10 mM lysine
(Sigma Aldrich, Bornem, Belgium), and nonlabeled proteins were added
to reach 300 μg. Samples were then diluted in immobilized pH gra-
dient (IPG) buffer (4% 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate, 7 M urea, 2 M thiourea, 30 mM Tris, 30 mM DTT,
1% IPG buffer 3-11 (vol./vol.) [Amersham GE Healthcare]) and in-
cubated for 20 minutes in the dark at room temperature.

Proteins were loaded onto rehydrated 18-cm IPGstrips pH 3-11 NL
for the isoelecteric focusing on the IPGphor; parameters were as fol-
lows: 300 V for 3 hours, gradient steps of 1000 V for 8 hours, 8000 V
for 3 hours, and 8000 V for 45 minutes at 20°C with a maximum cur-
rent setting of 50 μA per strip. IPGstrips were subsequently incubated
for 15 minutes with equilibration solutions (6 M urea, 30% glycerol,
2% SDS, 1.5 M Tris pH 8.8) supplemented with 10 mg/ml DTT
and 25 mg/ml iodoacetamide, respectively. One-dimensional strips were
then washed and loaded onto the two-dimensional gels (10% acryl-
amide). Electrophoresis was performed overnight at 15°C.

Separated proteins were finally transferred onto low-fluorescence
polyvinylidene difluoride (PVDF) membrane (200 mA for 2 hours).
All the materials and products were purchased from GE Health-
care, except glycerol which was purchased from Sigma. Blotted two-
dimensional membranes were incubated for 3 hours in 5% nonfat dry
milk containing Tris–Tween buffered saline (TTBS) blocking buffer
and were then exposed overnight to either control mouse serum or
tumor-bearing mice (dilution, 1:100); a pool of sera collected from
15 different mice was used per condition. After several washes in TTBS
containing 1% nonfat dry milk, membranes were incubated with
horseradish peroxidase–conjugated goat antimouse immunoglobulin
class G (IgG) antibody (1:5000; Jackson Immunoresearch, Sulfolk,
UK) for 2 hours. Note that this secondary antibody (cat. no. 115-
035) reacts with both heavy and light chains of IgG molecules and
may thus also react with other immunoglobulin classes, including
IgM. Immunodetection was performed using ECL Plus (GE Health-
care) followed by scanning at the Cy2 wavelength on the Ettan Dige
Imager (GE Healthcare; Figure W1).

Immunoblot Analysis and Immunocytochemistry
Collected tumors were homogenized with an Ultra-Turrax in

RIPA lysis buffer containing 1% protease inhibitor cocktail. SDS-
PAGE was performed as previously described on 10% acrylamide
gels, and after transfer, PVDF membranes were probed overnight
at 4°C with anti-GRP78 antibodies (BD Pharmingen [Erembodegem,
Belgium] and Cell Signaling [Danvers, MA]). HRP-conjugated sec-
ondary antibody was used for detection with ECL Plus.
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For immunohistochemical analyses, frozen tumor sections were
probed overnight at 4°C with anti-GRP78 antibody (dilution 1:50; Cell
Signaling) or with anti-CD31 antibody (dilution, 1:50; Pharmingen)
after a 30-minute blocking procedure in PBS containing 0.1% Tween
and 5% BSA. Detection was performed with Alexa Fluor second-
ary antibodies (dilution, 1:300); quantification was performed using
ImageJ software (National Institutes of Health, Bethesda, MD). In
some experiments, nonpermeabilized tumor sections were costained
with rhodamine-labeled wheat germ agglutinin (Vector Laboratories,
Burlingame, CA) to probe plasma membranes.
Laser Doppler Imaging
Local tumor blood flow was measured with a laser Doppler imager

(Moor Instruments, Devon, UK). Mice were anesthetized, and fur was
removed using a depilatory cream. The animals were placed on a heat-
ing pad (37°C) to minimize variations in temperature. The perfusion
of the tumor-bearing and control legs can be evaluated on the basis of
colored histogram pixels.
In-gel Enzymatic Digestion and Mass Spectrometry
Preparative gels were performed with 300 μg of unlabeled proteins

according to the protocol described above for the analytical gels.
Two-dimensional gels were krypton-stained (Pierce, Rockford, IL)
after protein fixation. The proteins of interest were automatically
picked from the gels with the Ettan Spot Picker (GE Healthcare).
After rinsing, gel pieces were dehydrated in acetonitrile and further
dried at 37°C for 20 minutes. Digestion was performed overnight
with trypsin (12.5 ng/μl) in 50 mM ammonium bicarbonate. The
extraction step was performed with formic acid 5% for 15 minutes at
37°C. Peptides were extracted with 5% formic acid at 37°C for 15 min-
utes, and the collected supernatants were kept frozen at −20°C until
mass spectrometry analysis.

Digested peptides were then processed for identification on the basis of
their mass fingerprint obtained using a matrix-assisted laser desorption/
ionization–time of flight mass spectrometry (MALDI-TOF; Waters,
Milford, MA) or using a nanoflow liquid chromatography coupled
to tandem mass spectrometry with electrospray ionization (Waters)
on a CapLC Q-TOF2 mass spectrometer (Waters; Supplementary
Data for detailed information). Full-length proteins were identified
with Mascot software (version 2.2; Matrix Sciences, London, UK) by
sequence homology research against mouse protein databases.
GRP78 ELISA
Amounts of circulating auto-Abs to GRP78 were determined by

conventional ELISA. Ninety-six–well plates (Reacti-Bind; Thermo
Scientific, Rockford, IL) were coated overnight at room temperature
with 5 μg/ml recombinant GRP78 protein (Stressgen, Ann Arbor,
MI). Coating and blocking procedures were carried out using Ultra-
block andNeptune buffers from AbD Serotec (Oxford, UK) according
to the manufacturer’s instructions. Sera (dilution, 1:100) were incu-
bated overnight at 4°C, and after washing, specific hybridization
was measured with a peroxidase-conjugated antimouse IgG antibody
(dilution, 1:10,000) and addition of 3,3′,5,5′-tetramethylbenzidine
(Merck Chemicals, Nottingham, UK). Plates were read at 450 nm
in a microplate reader (VictorX4; Perkin Elmer, Waltham, MA), and
the calibration curve was performed for each single experiment using
serial dilutions of GRP78 antibody (BD Pharmingen; Figure W2).
Immunoprecipitation and Immunodetection of Natural IgG
The same volumes of serum and protein G sepharose (slurry 1:1)

were mixed together and incubated for 1 hour at 4°C under constant
agitation. Pellets were collected by centrifuging at 10,000g at 4°C and
were resuspended in 2× Laemmli buffer. Samples were boiled for
5 minutes and were centrifuged; supernatants were analyzed by im-
munoblot analysis as described above. In some experiments, accumu-
lation of natural IgG was evaluated in tumor sections using an Alexa
Fluor 488 antimouse IgG.

Flow Cytometry Analysis
Blood samples were freshly collected, and red blood cells were elim-

inated by centrifugation onHistopaque 1083 (Sigma). Cells were then
labeled with a biotin-conjugated monoclonal antibody from BD
Pharmingen (anti-B220, clone RA3-6B2) then with PE-conjugated
streptavidin. Fluorescence signals were measured using a FACScan
apparatus (BD Pharmingen) and analyzed by the FlowJo software
(Tree Star, Inc, Olten, Switzerland).

Statistical Analysis
Data are expressed as means ± SEM or as scatter plots. Student’s

t test and one-way analysis of variance were used where appropriate.

Results

SERPA Identification of GRP78 Auto-Abs in
Tumor-Bearing Mice

Total proteins extracted from LLc tumors were separated by two-
dimensional PAGE and were transferred onto PVDF membranes.
Pooled sera from tumor-bearing mice and control mice (n = 15
per condition) were probed separately for the presence of auto-Abs
directed against tumor proteins. Multiplexing analysis was performed
taking advantage of the Cy5 prelabeling of tumor proteins and the
detection of the anti-IgG peroxidase-conjugated secondary antibody
in the Cy2 wavelength (Figure W1). The long-lasting and stable
chemiluminescence from the ECL Plus reagent used in our experi-
ments gave a stable fluorescence signal. The low interindividual
variability in this mouse tumor model led to the identification of
40 serum-labeled spots on the two-dimensional blots. The proteins
of interest were excised from preparative gels and digested with tryp-
sin, and the peptide mixtures were analyzed by mass spectrometry.
This led to the identification of 24 proteins with satisfying scores
(Table W1), among which 12 were tumor-bearing mouse serum–
positive (Table 1). Only four antigens, however, were exclusively rec-
ognized by the serum of tumor-bearing mice: GRP78, aldolase A1,
vinculin, and heterogeneous nuclear ribonucleoprotein L. In the rest
of the study, we chose to focus on GRP78 (also called BiP), which
was the antigen giving the strongest immunoblot signal (see enlarged
spot in Figure 1).

GRP78 Autoantigen Validation
The GRP78 identification was confirmed by probing two-

dimensional membranes with commercially available anti-GRP78
antibody (Figure 2A). We then examined by Western blot analysis
the GRP78 expression level in LLc tumor cells and found that it
amounted to more than five-fold the abundance in the host tissue
(Figure 2B). Furthermore, while in the host tissue, GRP78 was ex-
clusively found intracellularly in agreement with its endoplasmic re-
ticulum (ER) function; immunohistochemistry revealed that, in






































