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BACKGROUND: Despite the widespread use of neoadjuvant chemotherapy in breast cancer patients, prediction of individual response
to treatment remains an unsolved clinical problem. Particularly, administration of an inefficient chemotherapeutic regimen should be
avoided. Therefore, a better understanding of the molecular mechanisms underlying response to neoadjuvant chemotherapy is of
particular clinical interest. Aim of the present study was to test whether neoadjuvant chemotherapy with epirubicin/docetaxel induces
early changes in the plasma proteome of breast cancer patients and whether such changes correlate with response to therapy.
METHODS: Plasma samples of 25 breast cancer patients obtained before and 24 h after initiation of epirubicin/docetaxel-based
neoadjuvant chemotherapy were analysed using two-dimensional differential gel electrophoresis (2D-DIGE). Protein spots found to
be differentially expressed were identified using mass spectrometry and then correlated with the pathological response after six cycles
of therapy. Markers identified in a discovery set of patients (n ¼ 12) were confirmed in an independent validation set (n ¼ 13).
RESULTS: 2D-DIGE revealed 33 protein spots to be differentially expressed in response to chemotherapy, including the complement
factors C1, C3 and C4, inter-a-trypsin inhibitor, a-1-antichymotrypsin and a-2-Heremans-Schmid glycoprotein (AHSG). With respect
to cytokines, only interleukin (IL)-6, IL-10 and soluble intracellular adgesion molecule 3 (sICAM3) were minimally modulated.
Moreover, two protein spots within the complement component C3 significantly correlated with response to therapy.
CONCLUSION: We have identified acute phase proteins and the complement system as part of the early host response to epirubicin/
docetaxel chemotherapy. As complement C3 cleavage correlates with the efficacy of docetaxel/epirubicin-based chemotherapy,
it has the potential as an easily accessible predictive biomarker.
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Neoadjuvant chemotherapy has become the standard treatment for
patients with locally advanced breast cancer or patients with
operable breast cancer in which breast-conserving surgery is not
possible or unlikely to result in a satisfactory cosmetic outcome.
However, the individual response to therapy is widely variable.
Currently, it is not possible to accurately predict the response in an
individual patient. The only response markers available—albeit
with a low accuracy—are low or absent hormone receptor status,
high grade and non-lobular invasive histology (Kaufmann et al,
2007). As a consequence, more accurate and clinically useful
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predictors of response for breast cancer patients receiving
neoadjuvant chemotherapy need to be identified.
Ample evidence suggests that the efficacy of chemotherapy is
related both to the molecular profile of the tumour (Potti et al,
2006), as well as the host response to therapy (Zitvogel et al, 2008).
The introduction of profiling technologies has enabled genome- or
proteome-wide searches for predictive and prognostic biomarkers
in pre-therapeutic biopsies of tumour and surrounding host
tissue. However, only a few predictive marker sets have yet been
successfully validated for routine use in the clinic (van de Vijver
et al, 2002; Paik et al, 2004). A significant limitation of the
above approaches is that only a single point in time is taken into
consideration. Thus, dynamic changes during the course of therapy,
which may reflect treatment-associated tumour/host changes
correlating with response to therapy, are not adequately addressed.
Preliminary studies have shown that radio- or chemotherapyinduced changes of apoptotic pathways can be detected by
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immunochemistry as early as 48 h after initiation of treatment (Stift
et al, 2003) and correlated with therapeutic efficacy (Stearns et al,
2003, p. 23). Further support for this observation comes from a recent
study in patients with rectal cancer who received 5 weeks of
cetuximab-based neoadjuvant therapy (Debucquoy et al, 2009). The
authors analysed the levels of 96 different proteins in plasma samples
taken before and one day after application of the initial chemotherapeutic dose. Therapy-induced changes in expression of six
proteins after the initial dose were found to predict the occurrence of
local recurrences and/or distant metastases after the end of therapy.
On the basis of the above results, we hypothesised that the
immediate response of tumour and/or host cells to neoadjuvant
chemotherapy results in distinct early changes of the plasma
protein composition. We also hypothesised that these early ‘host
changes’ may correlate with response to treatment that could allow
for early response prediction using easily accessible predictive
markers: that is, patients who are predicted to be non-responders
to neoadjuvant chemotherapy could either be switched early to
a different, potentially more effective therapeutic regimen or,
alternatively, be scheduled for upfront surgery.
In the present study, we performed serial proteomic analyses
of the plasma protein composition of 25 breast cancer
patients receiving neoadjuvant chemotherapy with epirubicin
and docetaxel. Our results indicate that the initial dose of
epirubicin and docetaxel leads to a significant modulation of the
complement cascade, whereas the cytokine cascade is little
affected. It is important that we were able to identify two complement isoforms the plasma levels of which correlated with response
to therapy. If validated, our results could form an important basis
for future complement-based response prediction systems in
breast cancer patients receiving neoadjuvant chemotherapy.

MATERIALS AND METHODS
Patient characteristics
Between November 2005 and August 2008, 25 patients with
biopsy-proven early or locally advanced breast cancer who were
Table 1

suitable for neoadjuvant chemotherapy were enrolled in
this study (for patient characteristics see Table 1). The therapeutic regimen consisted of six cycles of neoadjuvant chemotherapy with epirubicin and docetaxel (every 3 weeks for a
total duration of 18 weeks) with the addition of granulocyte
colony stimulating factor (G-CSF) support. Blood samples were
taken immediately before (T1) and 24 h after the initial dose
of the therapy (T2). For assessment of response to chemotherapy, the tumour size upon radiological imaging before
initiation of treatment (S1) was compared with the tumour size
upon pathohistological examination (S2), using the World Health
Organization criteria (Miller et al, 1981). Complete remission was
defined as disappearance of all invasive tumours in the
pathological specimen (‘pathological complete response’). Patients
achieving a complete or partial remission were defined as
responders, whereas patients with stable or progressive disease
were defined as non-responders. The study was approved by the
local ethics committee.

Blood collection and sample preparation
Blood was collected in K3EDTA tubes (Vacutainer, Greiner
Bio-One, Kremsmünster, Austria) and plasma was prepared
within 60 min by centrifugation at 2400 g for 15 min. The upper
2/3 of the supernatant were taken, immediately shock frozen and
were stored at 80 1C for 3 – 16 months. In a pilot experiment with
four parallel gels per group we found no significant difference in
the proteome analysis between samples that were stored for either
6 or 11 months. In addition, the storage time was nearly identical
for samples taken from responders (3 – 15 months) and nonresponders (5 – 16 months). The 12 most abundant plasma proteins
(human serum albumin, immunoglobulin (Ig) G, a-1-antitrypsin,
IgA, IgM, transferrin, haptoglobin, a-1-acid glycoprotein, a-2macroglobulin, apolipoproteins A-I and A-II and fibrinogen) were
removed from each sample using the ProteomeLab IgY12-LC2
proteome partitioning kit (Beckman Coulter, Fullerton, CA, USA).
The remaining plasma proteins were precipitated using trichloroacetic acid as described (Zellner et al, 2005) and resolubilised
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NR
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NR
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Abbreviations: ER ¼ oestrogen receptor; HER-2 ¼ human epidermal growth factor receptor; pCR ¼ complete pathological remission; PD ¼ progressive disease;
NR ¼ nonresponder; PR ¼ partial remission; R ¼ responder; SD ¼ stable disease. aProgesterone receptor.
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Proteomic analysis
Equivalents of 20 mg of the two depleted plasma samples per patient
(T1 and T2) were labelled alternating with fluorescent cyanine dye
Cy3 or Cy5 according to the manufacturer’s protocol (GE Healthcare,
Uppsala, Sweden). In addition, a pool of an aliquot of all samples of
all patients was labelled with Cy2 as an internal standard. Two
samples derived from one patient and 20 mg of internal standard were
pooled and filled up with rehydration solution (7 M urea, 2 M thiourea,
4% CHAPS, 70 mM dithiothreitol, 1% ampholytes pH 4–7, bromophenol blue) to 450 ml each. Isoelectric focusing was carried out on
Ettan IPGphor Isoelectric Focusing Units (GE Healthcare) after
passive sample rehydration in 24 cm Immobiline DryStrips pH 4-7
(GE Healthcare) until 30 kVh were reached. Then strips were
equilibrated for 15 min in equilibration solution (6 M urea, 50 mM
Tris-HCl (pH 8.8), 30% glycerol, 2% sodium dodecyl sulphate)
containing 10 mg ml1 dithiothreitol (Roche Diagnostics, Mannheim,
Germany) and subsequently for 15 min in equilibration solution
containing 25 mg ml1 iodoacetamide (Sigma-Aldrich, St Louis, MO,
USA). Strips were then applied on 9% polyacrylamide gels and
electrophoresis was performed using the Ettan DALT six apparatus
(GE Healthcare). Then gels were scanned as described previously
(Winkler et al, 2008) using the Typhoon TRIO—Variable Mode
Imager (GE Healthcare).
Spots were excised from gels and subjected to in-gel digestion
using trypsin (proteomics grade, Roche Diagnostics). After ZipTip
C18 purification the digest extracts were analysed on a matrixassisted laser desorption ionisation time-of-flight mass spectrometer
(CFRplus, Shimadzu Biotech Kratos Analytical, Manchester, UK)
using the thin layer preparation technique (Vorm et al, 1994) with
a-cyano-4-hydroxycinnamic acid (Sigma-Aldrich) as matrix. All mass
spectra were recorded in the positive ion reflectron mode. After
manual peak picking lists of monoisotopic m/z values were submitted
to publically available, web-based versions of peptide mass fingerprint
search engines (MASCOT (Perkins et al, 1999)), Aldente and
ProFound (Zhang and Chait, 2000) using the NCBInr database (date:
20090214; taxonomy human: 221591 protein sequences). From the
peptide mass fingerprints selected tryptic peptides were chosen for
post source decay experiments. Protein identification was further
confirmed by submitting m/z values of detected fragment ions to
MASCOT. If post source decay experiments were not successful a
protein was still considered as identified if at least two different
search engines (MASCOT, ProFound or Aldente) listed the same
protein after peptide mass fingerprint search and the protein was
located at a reasonable location on the 2D gels. No special emphasis
was laid on discrimination of protein isoforms.

Western blot
Western blot of 2D gels was performed as described elsewhere
(Zellner et al, 2005). Following primary antibodies were used:
polyclonal chicken anti-human C3 (1 : 10 000) (Lee Biosolutions,
St Lousi, MO, USA), polyclonal goat anti-human C4 (1 : 10 000)
(Lee Biosolutions), murine monoclonal anti-human C4d (1 : 2000)
(Quidel, San Diego, CA, USA). After washing, membranes were
incubated for 1 h at room temperature with the corresponding Cy5
conjugated secondary antibodies (Cy5-conjugated donkey antimouse IgG (Fab fragment; 1 : 1000) (Jackson ImmunoResearch
Laboratories, Suffolk, UK), Cy5-conjugated rabbit anti-chicken IgY
(1 : 500) (Biomeda, Foster City, CA, USA), Cy5-conjugated donkey
anti-goat IgG (Fab fragment; 1 : 500) (Jackson ImmunoResearch
Laboratories) in 2% non-fat dry milk. To match the western blot
& 2010 Cancer Research UK

images with the two-dimensional differential gel electrophoresis
(2D-DIGE) images the gel image warping software Delta-2D
(Decodon, Greifswald, Germany) was used.

Immunologic analyses
C4d fragment enzyme immunoassay, in which the plasma samples
were diluted 1 : 40, was performed according to the manufacturer’s
protocol (Quidel). Total levels of complement components C3
and C4 in plasma were determined using the assay kit N Antisera
to Human Complement Factors (C3c, C4) (Dade Behring,
Marburg, Germany), which is based on immunonephelometry.
A Human Th1/Th2 Plex FlowCytomix kit (Bender MedSystems,
Vienna, Austria) was used to quantify the plasma cytokine
levels. The assay was performed according to the manufacturer’s
instructions. Beads were run on a FC500 flow cytometer
(Beckman-Coulter, Miami, FL, USA) for data collection. Further
quantification was performed using the FlowCytomix Pro 2.2
software (Bender MedSystems).

Statistical analysis
Estimation of sample size for proteomic analysis of the discovery
set was based on the results of our previous study on the biological
variation in proteomic samples (Winkler et al, 2008). Using the
same DIGE technology as in the present work to analyse blood
samples from 20 healthy volunteers revealed a median variation s
over all proteins of 18%. In the present study, we monitored only
mean protein expression changes (D) between T1 and T2 of at
least 30%. This consequently corresponds to a minimal effect size
y ¼ D/s ¼ 0.3/0.18 ¼ 1.7. On the basis of this y we calculated the
asymptotic power per hypothesis of the two-sided two-sample
paired Student’s t-test. The error of multiple testing was corrected
using an asymptotic false discovery rate (according to (Benjamini
and Hochberg, 1995)) of 5% targeted at 700 candidate proteins in
which 25 of the proteins were effective. For a sample size of 12 per
group the resulting power was 0.92, which was regarded as
acceptable. In the validation set we were dealing with a much lower
number of parameters (19 C3 and 16 C4 spots) in comparison to
the discovery set (about 700 spots) with nearly the same sample
size (n ¼ 13 vs n ¼ 12). Thus, the problem of multiple testing was
much lower resulting in a considerably higher statistical power.
Quantitation of protein spots was accomplished using the
DeCyder 2D software (version 6.0 from GE Healthcare). Protein
spots outside the molecular weight range of 25 – 250 kDa were
excluded from the analysis. Only protein spots that were found in
at least 9 of 12 gels were included. A total of 688 distinct protein
spots fulfilled these conditions. The paired ratio of the expression
at the time T2 to the expression at T1 was assessed for each spot
and the significance was calculated using a false discovery rate
adjusted paired Student’s t-test as described above.
For determination of the correlation of the effect of the initial dose
with response to chemotherapy, the differences between protein
expression values of time T2 and T1 were assessed for each spot.
Student’s t-test was used to compare these differences (T2–T1)
between non-responders and responders. Differences in total protein
levels of complement components C3, C4 and C4d were calculated
using the paired Student’s t-test. Receiver operating characteristic
(ROC) curves were calculated using the SPSS software (Version 17.0,
IBM Corporation, Armonk, NY, USA).

RESULTS
Impact of neoadjuvant chemotherapy with epirubicin and
docetaxel on plasma proteins
First we investigated whether the initial dose of the neoadjuvant
chemotherapy given for breast cancer affects the plasma proteome
British Journal of Cancer (2010) 103(8), 1201 – 1208
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in 2D sample buffer containing 7 M urea, 2 M thiourea, 4% 3-((3cholamidopropyl)dimethylammonium)-1-propanesulfonate (CHAPS)
and 25 mM Tris-HCl (pH 8.5). The protein concentration was
determined using the Coomassie Plus Protein Assay Reagent (Pierce,
Rockford, IL, USA).
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Figure 1 Two-dimensional gel electrophoresis of the plasma proteome. (A) Position of protein spots most significantly influenced by the initial dose of
the therapy on a representative 2D-gel image. Their molecular identity is indicated in Table 2. The underlined numbers represent members of the
complement system. (B and C) show 2D-western blot images using antibodies against complement component C3 (B) or C4 (C). The detail displayed in
the punctured frame shows the signals obtained by incubation with monoclonal anti-C4d antibody. Only this antibody recognised the upper C4 a-chain.
Protein spots indicated in rectangles represent complement isoforms that are significantly differentially influenced by the initial dose between responders and
non-responders.
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Table 2

Protein spots most significantly influenced by the initial dose of epirubicin and docetaxel

Spot ID
195
235, 239, 242, 248, 257, 258
388, 393, 397, 405, 406, 407
536
561, 562, 576, 577
696
929
972
1064, 1075d
1088d, 1100d, 1120, 1132d,
1133d, 1136d, 1160d, 1162d
1335
1340

Protein
b

SwissProt ID

Regulationa

Function

P01024

Up
Down
Up

Part of the complement system

Part of the complement system
Part of the complement system
Part of the complement system

Complement component C3
NI
Inter-a-trypsin inhibitor heavy chain
inter-a-trypsin inhibitor light chain
Complement component C3c
Complement component C4c
Complement C1rc
NI
L-plastin
a-1-antichymotrypsinc

P13796
P01011

Up
Up
Up
Up
Up
Up

a-2-HS-glycoproteinc

P02765

Down

NI
Complement component C4

P0C0L4

Up
Up

P19823
P02760
P01024
P0C0L4
P00736

Carrier of hyaluronan in serum

Actin-binding protein (intracellular protein)
Physiological function is unclear, can inhibit formation
of active angiotensin-2
Promotes endocytosis and possesses opsonic
properties
Part of the complement system

Abbreviation: NI ¼ not identified. Note: The paired Student’s t-test was corrected for multiple testing using the false discovery rate algorithm according to Benjamini and
Hochberg (1995). aAll proteins fulfill the conditions of Po0.05 and minimal mean change in expression level of 30%. bIdentification only by 2D-western blotting. cIdentification
was confirmed by 2D-western blotting using specific antibodies. dThe position on the gel allowed unambigous identification.

at 24 h after initiation of therapy as assessed by (2D-DIGE).
Patients receiving an epirubicin and docetaxel combination
therapy in six cycles over 18 weeks were included into the study.
Therefore, samples were taken from 12 patients ( ¼ discovery set)
immediately before they received their initial dose (T1) and the
next day (T2) before G-CSF was given. In total, 688 distinct protein
spots on the 2D gel were analysed quantitatively in each sample.
Expression levels of 33 protein spots were found to be significantly
influenced by the chemotherapeutic initial dose by at least 30%.
Figure 1A indicates their position on a representative 2D gel (see
also Supplementary Data S1). The molecular identity of these spots
has been revealed by mass spectrometry. Table 2 summarises the
results. Acute phase proteins, such as inter-a-trypsin inhibitor,
a-1-antichymotrypsin and a-2-HS glycoprotein, as well as three
different representatives of the complement system (C1r, C3 and
C4), were found to be influenced by the combination therapy. In
addition, an intracellular protein, L-plastin, being upregulated in
response to chemotherapy, was identified (for further details on
the mass spectrometry experiments see Supplementary Data S2).
The 2D-DIGE analysis indicated that chemotherapy influenced the
plasma concentration of these protein species at the level of
different isoforms concomitantly. This supports the relevance of
our findings.
British Journal of Cancer (2010) 103(8), 1201 – 1208

Impact of epirubicin and docetaxel combination therapy
on the plasma cytokine pattern
We further analysed the levels of 17 different cytokines in the plasma
samples, as a number of human and animal data suggest a cytokine
response to chemotherapy. The results are summarised in Table 3
(upper panel). Seven cytokines, including the pro-inflammatory factors
tumour necrosis factor-a, INF-g and interleukin (IL)-1b, were below the
detection limit before initiation of chemotherapy and remained
undetectable after the initial dose of chemotherapy. The remaining 10
cytokines could be detected at both times. Only three of them showed
significant therapy-induced expression changes: The plasma levels of
pro-inflammatory IL-6, as well as of anti-inflammatory IL-10, were
mildly increased during treatment, whereas the levels of soluble
intracellular adgesion molecule 3 (sICAM3) were mildly decreased.
However, the absolute plasma levels of all measured cytokines were at all
times very low and always in a range observed for healthy volunteers.

Therapy-induced concentration changes of complement
factors C3 and C4
As a major finding of the 2D-DIGE analysis was the modulation
of complement C3 and C4 factors, we next investigated whether
& 2010 Cancer Research UK
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Influence of the chemotherapeutic initial dose on cytokines and complement components C3, C4, as well as the activation fragment C4d
Before initial dose
Mean
Cytokine panel
Discovery set (n ¼ 12)
TNFa
TNFb
IFNg
IL-1b
IL-2
IL-4
IL-5
IL-6
IL-8
IL-10
IL-12p70
sE-selectin
sICAM-1
sICAM-3
sPECAM-1
sP-selectin
sVCAM-1
Complement factors
Discovery set (n ¼ 12)
C3
C4
C4d
Validation set (n ¼ 13)
C3
C4
C4d

ND
ND
ND
ND
27.7
ND
ND
1.0
2.6
5.1
ND
86.7
453.5
87.6
200.4
428.5
420.8

s.d.

29.4

0.01
17.6
1.0
52.5
177.4
23.8
93.5
182.5
622.4

After initial dose

Units

Mean

s.d.

pg ml1
pg ml1
pg ml1
pg ml1
pg ml1
pg ml1
pg ml1
pg ml1
pg ml1
pg ml1
pg ml1
ng ml1
ng ml1
ng ml1
ng ml1
ng ml1
ng ml1

ND
ND
ND
ND
24.6
ND
ND
4.5
23.1
8.5
ND
88.8
413.1
64.1
139.4
405
468.4

55.5
146.8
20.7
61.7
130.9
259.7

36.4

1.6
30.7
3.5

units

pg ml1
pg ml1
pg ml1
pg ml1
pg ml1
pg ml1
pg ml1
pg ml1
pg ml1
pg ml1
pg ml1
ng ml1
ng ml1
ng ml1
ng ml1
ng ml1
ng ml1

Paired Student’s t-test
P-value

—
—
—
—
0.491
—
—
0.003
0.268
0.001
—
0.179
0.181
0.011
0.069
0.178
0.288

144.2
30.4
3.6

15.40
6.00
1.40

mg per 100 ml
mg per 100 ml
mg ml1

127.9
24.5
2.6

17.3
6.8
1.0

mg per 100 ml
mg per 100 ml
mg ml1

0.002
o0.001
0.007

124.6
27.0
2.8

16.50
5.90
1.00

mg per 100 ml
mg per 100 ml
mg ml1

118.1
23.5
2.2

19.3
5.3
0.8

mg per 100 ml
mg per 100 ml
mg ml1

0.011
0.019
0.004

Abbreviation: ND ¼ not detectable.

complement modulation could also be monitored by standard
assays. In a nephelometric assay for total plasma levels of C3 and
C4, we found that plasma levels of both complement components
showed a significant decrease in response to the initial chemotherapeutic dose, suggesting activation of the cascade (Table 3,
lower panel). Therefore, in addition, we determined the amount of
the C4d activation fragment by enzyme-linked immunosorbent
assay. It is surprising that, in the latter assay we found a significant
decrease in C4d fragment in response to chemotherapy. To
validate these results, the complement factors were additionally
analysed in an independent validation set, including 13 patients
(see also Table 1). We observed largely identical absolute plasma
levels, as well as a therapy-induced decrease in C3, C4 and C4d in
the validation set as in the discovery set of patients. This confirms
that the combination therapy influences the complement cascade
within one day.

Response prediction by early changes in plasma levels of
complement factors C3 and C4
Next, we sought to investigate whether the chemotherapy-induced
changes of complement components C3 and C4 can be correlated
with the final response after six cycles of chemotherapy 18 weeks
later. To do so, the patient population was subdivided in
responders and non-responders. Response to chemotherapy was
assessed by comparison of tumour size as assessed by radiological
imaging before therapy (S1) with tumour size upon pathohistological examination (S2; see also Table 1). The discovery
set contained six responders and six non-responders. The
plasma levels of total C3, as revealed by the routine nephelometric
method, decreased to a similar extent in both responders and
non-responders (by 17 mg per 100 ml and 19 mg per 100 ml,
& 2010 Cancer Research UK

respectively). Similarly, no difference between responders and
non-responders regarding total C4 plasma levels was observed
(4.6 mg per 100 ml vs 5.5 mg per 100 ml). The validation set was
composed of six responders and seven non-responders. Here,
again no significant difference was found for total C3 and total C4.
Activation of the complement system leads to proteolytic
cleavage of the complement factors into smaller fragments. Clearly,
measurement of total C3 and C4 levels cannot detect changes in the
ratio between different fragments and isoforms of these factors.
Western blot analysis of 2D-gels revealed that the plasma contains
numerous isoforms of C3 and C4 (Figures 1B and C). The various
spots were found to be ordered into groups on the 2D western blot
membrane. According to their molecular weight and pI-value
we could identify isoform groups belonging to the C3 a-chain
(113 kDa), C3 b-chain (71 kDa), C4 a-chain (84 kDa), C4 b-chain
(72 kDa), as well as the C4 g-chain (33 kDa). The comparison of the
positions of the chemotherapy-affected complement spots indicated in Figure 1A (underlined numbers) with the position of
the C3 and C4 spots shown in Figures 1B and C suggests that
epirubicin/docetaxel chemotherapy mainly affects the levels of
C3 and C4 groups with a molecular weight above 75 kDa. This
includes the a-chains of C3 and of C4, as well as C3 group 1, which
likely represents the non-cleaved full length C3 protein. The b and
g chains, however, remained largely unaffected by chemotherapy.
Next, we investigated whether there is a correlation with the final
response to therapy at the level of single isoforms. Therefore,
we calculated for all individual 19 C3 and 16 C4 spots (with a
molecular weight above 75 kDa) the difference in their plasma
levels between T2 and T1 and subdivided the results according to
the response after completion of chemotherapy. First, the
calculations were made for the discovery set. As shown in Table 4,
the chemotherapy-induced changes in plasma levels of four C3
British Journal of Cancer (2010) 103(8), 1201 – 1208
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Table 4

Isoforms of complement components C3 and C4 correlating with response to chemotherapy
Discovery set

Validation set

Mean change in expression
after initial dose
Complement
factora

Overall

Mean change in expression
after initial dose

Student’s
t-test

Db

spot-ID

non-resp
(n ¼ 6)

Resp
(n ¼ 6)

Da

t-test

non-resp
(n ¼ 7)

resp
(n ¼ 6)

Da

t-test

C3
Group 1
a1
a2
a2

195
465
529
534

0.415
0.110
0.067
0.018

0.138
0.075
0.177
0.427

0.277
0.185
0.244
0.409

0.045
0.049
0.001
0.040

0.209
0.010
0.061
0.114

0.167
0.140
0.304
0.025

0.376
0.130
0.365
0.089

0.034
0.128
0.054
0.289

0.309
0.150
0.304
0.209

0.013
0.026
0.005
0.070

C4
a1
a1
a2

559
561
676

0.056
0.118
0.048

0.247
0.514
0.072

0.302
0.397
0.120

0.028
0.027
0.026

0.108
0.085
0.051

0.189
0.218
0.210

0.081
0.133
0.159

0.298
0.307
0.170

0.188
0.266
0.135

0.037
0.053
0.066

(n ¼ 25)

a

According to Figure 1: C3 a1 ¼ group 2; C3 a2 ¼ group 3; C4 a1 ¼ group 1; C4 a2 ¼ group 2. bDifference between non-responder and responder.
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isoforms and three C4 isoforms were found to be significantly
different between responders and non-responders. Specifically, in
the group of non-responders the mean plasma level of the C3
group 1 spot 195 increased by 41.5% after the initial chemotherapy
dose. This increase was significantly stronger in comparison to
the responder group. In contrast, the C3 a1 spot 465 decreased
in the non-responders, whereas it remained nearly unchanged in
the responders. To confirm these data, we performed the same
analysis in the validation set. The initial dose-induced plasma
level changes of the above spots 195 and 529 showed again an
association with the final response to therapy with a P-value
of 0.047 for spot 195 and a borderline significant P-value of 0.054
for spot 529. Calculation of the combined significance for both
the discovery and validation set taken together revealed highly
significant P-values of 0.013 and 0.005, respectively. This strongly
suggests that the immediate response of the plasma levels of these
two C3 isoforms correlates with the final response of the tumour
to chemotherapy.
Spot 529 was clearly assigned to the C3 a – chain, whereas spot
195 likely corresponds to non-cleaved C3. Correspondingly, the
two spots changed contrariwise in response to chemotherapy:
although spot 195 decreased in the group of responders, spot 529
increased (see Table 4). To estimate the predictive value of
these changes, further calculations were made. We calculated the
difference of the treatment-induced expression changes of the two
spots in each patient (529 – 195). The result was used to calculate a
receiver operating characteristics (ROC) of this score. The analysis
revealed for the discovery set an area under the curve of 0.917
and for the validation set an area under the curve of 0.944. The
area under the curve over all 25 samples was 0.908 (with a standard
error of 0.063 and an asymptotic significance of 0.001). The
529-195 score was able to distinguish between responders and
non-responders with a sensitivity of 0.80 and a specificity of 0.83.
This suggests that the way in which complement factor C3 is
processed in response to the initial dose of epirubicin/docetaxel
combination therapy is indicative for the effect of the therapy on the
tumour and could be useful to predict the outcome of treatment.

DISCUSSION
In the present study we have found that epirubicin/docetaxel
chemotherapy leads to a modulation of the complement cascade,
as well as the acute phase proteins inter-a-trypsin inhibitor,
a-1-antichymotrypsin and a-2-HS glycoprotein. These effects were
observed 24 h after the initial dose of therapy allowing for a very
British Journal of Cancer (2010) 103(8), 1201 – 1208

early evaluation of the body’s response to treatment. Time course
experiments revealed that most of these expression changes
remained stable on day 2 and 3, but were undetectable at day 14
(data not shown). The complement system is affected by
epirubicin/docetaxel chemotherapy at the level of different
components of the cascade, as well as at the level of different
isoforms of these components. This corroborates the significance
of the results. It is important that a differential modulation of two
C3 isoforms between responders and non-responders was
observed in a training set of 12 patients which could be confirmed
in an independent validation set of 13 patients. Our data highlight
the role of complement as an important host response factor that
could be used for early identification of non-responders to
neoadjuvant chemotherapy in breast cancer patients.
Despite a growing body of evidence illustrating the complement
system as an important factor in cancer patients, the complement
system has so far achieved little attention in clinical oncology.
Previous proteomic studies found increased levels of different
components of the complement system in sera of patients with
colorectal cancer (Habermann et al, 2006; Ward et al, 2006) and in
plasma of patients with breast cancer (Nakshatri et al, 2009). A
study in patients with pancreatic cancer revealed that preoperative
plasma levels of nine proteins, including complement factors
C1q-B, C3 and C4A correlated with the 1-year disease-free survival
(Lin et al, 2006). Moreover, a panel of five serum proteins,
including complement factor C3a was able to predict the 5-year
metastasis-free survival in breast cancer patients (Goncalves et al,
2006). However, complement component C3a was found to lack
specificity for early diagnosis of breast cancer, limiting its utility as
a stand-alone tumour marker (Li et al, 2005).
Usually, complement is seen as an immunological guardian
against pathogens and damaged cells. In this line complement is
thought to promote antibody-dependent cytotoxicity in the cancer
setting (Macor and Tedesco, 2007). However, recent murine
experiments have also indicated that the activation of C5a, which
is activated by C3, leads to immunosuppression of tumourinfiltrating monocytes (Markiewski et al, 2008). In this way C5a
promotes murine tumour growth as tumours frequently modulate
host response signals from the microenvironment for their own
advantage. Furthermore, cancer cells have been found to be more
resistant to complement-mediated lysis and they use this attribute
to set up a locally immunosuppressive environment (Loveland and
Cebon, 2008).
In the present study, we describe for the first time a modulation
of the complement cascade by a specific chemotherapy in breast
cancer patients. We demonstrate a reduced level of total C3 and C4
& 2010 Cancer Research UK
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a still non-cleaved full transcript of C3, whereas spot 529 is
an isoform of its proteolytic product C3 a-chain. This further
supports our assumption that epirubicin/docetaxel-based therapy
results in activation of C3. Responders seem to show higher
activation in comparison to non-responders. To date, the isoforms
that we have detected can only be identified by 2D-gel electrophoresis, which renders diagnosis for a larger set of patients not
possible yet. The generation of isoform-specific antibodies could
change this technical obstacle. Moreover, analysis of further
complement-specific or -associated markers might improve a
complement-based prediction assay.
It is well established that corticosteroids can affect acute phase
proteins and the complement system. With the exception of only
one patient all received the glucocorticoid dexamethason-21dihydrogenphosphate together with epirubicin and docetaxel.
However, in a still ongoing study with colon carcinoma patients
receiving dexamethason-21-dihydrogenphosphate, but combination with other chemotherapeutics we could not see the same
changes in the plasma proteome (data not shown). Therefore, it is
unlikely that this drug contributes substantially to the effects on
the complement cascade described above.
It is important that our study has followed a new concept in
response prediction as two different points in time were taken into
consideration, allowing for the assessment of dynamic changes
during chemotherapy. Previous efforts to predict chemotherapy
efficiency largely relied on the assessment of predictive markers or
marker sets in pre-treatment biopsies that then formed the basis to
predict treatment outcome. However, assessing dynamic changes
throughout the early course of neoadjuvant chemotherapy could
offer the advantage that the ‘actual’ efficacy of chemotherapy is
monitored in vivo that could provide more reliable predictive
information.
In conclusion, our data suggest a significant role of the complement cascade and acute phase proteins in the host response to
neoadjuvant chemotherapy with epirubicin and docetaxel in breast
cancer patients. If validated in a larger series of patients, the
complement system might, therefore, serve as an important future
surrogate marker for therapeutic response and allow for early
identification of breast cancer patients who will not profit from
epirubicin/docetaxel-based neoadjuvant chemotherapy.
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discussions. Some patients also contributed to the great work of
the Austrian Breast and Colorectal Cancer Study Group ABCSG,
whose continuous support we highly appreciate.
Supplementary Information accompanies the paper on British
Journal of Cancer website (http://www.nature.com/bjc)

REFERENCES
Ajona D, Hsu YF, Corrales L, Montuenga LM, Pio R (2007) Downregulation of human complement factor H sensitizes non-small cell lung
cancer cells to complement attack and reduces in vivo tumor growth.
J Immunol 178(9): 5991 – 5998
Apetoh L, Obeid M, Tesniere A, Ghiringhelli F, Fimia GM, Piacentini M,
Kroemer G, Zitvogel L (2007) Immunogenic chemotherapy: discovery of
a critical protein through proteomic analyses of tumor cells. Cancer
genomics & proteomics 4(2): 65 – 70

& 2010 Cancer Research UK

Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: A
practical and powerful approach to multiple testing. J Royal Stat Soc B
57(1): 289 – 300
de Vries P, Singer JW (2000) Lisofylline suppresses ex vivo release by
murine spleen cells of hematopoietic inhibitors induced by cancer
chemotherapeutic agents. Exp hematol 28(8): 916 – 923
Debucquoy A, Haustermans K, Daemen A, Aydin S, Libbrecht L, Gevaert O,
De Moor B, Tejpar S, McBride WH, Penninckx F, Scalliet P, Stroh C,

British Journal of Cancer (2010) 103(8), 1201 – 1208

Translational Therapeutics

1207
that is suggestive of complement activation in response to
chemotherapy, even though we did not find an increase of the
complement activation marker C4d in our samples. We still favour
the interpretation of our data as complement activation, as there is
also evidence for several bypass pathways of complement activation
(Li et al, 2007). Activation might be induced by chemotherapyinduced apoptosis of tumour cells. Corroboration for this hypothesis comes from the fact that complement factors are involved in
the removal of apoptotic cells. Complement factors C1q, C3 and C4
have been described to bind specifically to apoptotic cells (Paidassi
et al, 2008). Such marked cells are then recognised and eliminated
by macrophages in a process involving C1q binding to cell surface
expressed calreticulin (Vandivier et al, 2002). Calreticulin is
normally found in the cytoplasma and appears on the cell surface
in response to different apoptotic stimuli, such as chemotherapeutic
agents (Apetoh et al, 2007). Apoptosis-induced complement
activation differs from the classical antibody-induced activation
cascade that could explain the lacking increase in C4d levels. Further
in vitro and in vivo studies will be necessary to prove this
assumption. Recent reports indicated that tumour cells acquire a
resistance to complement-induced cell death by increasing
expression of membrane-bound complement inhibitory proteins
(Gorter and Meri, 1999) and/or soluble inhibitors, such as factor H
(Ajona et al, 2007). This might further explain why complement
differentially contributes to the response to chemotherapy.
Previously, it was shown that part of the cytotoxic effect of
chemotherapy is mediated by the innate immune system, such as
toll-like receptors (Zitvogel et al, 2008). Our data now suggest that
the complement cascade and acute phase proteins may also be
involved in this process. However, in contrast to the substantial
modulation of the complement cascade and selected acute phase
proteins, we found only little modulation of cytokines in the early
phase of chemotherapy in our patients. Most studies in humans
compared the plasma levels before therapy with the ones after its
completion and hence, there are only few data available about the
immediate effect of the administration of the initial dose on
patients. In this study, we found minimal elevation of the
interleukins IL-6, IL-10 and sICAM3 suggesting only a poor
systemic cytokine response in humans. This is in contrast to
several murine experiments where mice treated with etoposide or
cyclophosphamide showed a rapid increase in blood levels of IL-6
that peaked at 3 – 6 h after administration (Elsea et al, 2008).
Similarly, splenocytes collected from mice treated with cytarabine,
cisplatin, etoposide or melphalan displayed an increase in the
synthesis of several cytokines, including tumour necrosis factor-a
within 24 h (de Vries and Singer, 2000). This provides further
evidence that the chemotherapy-induced modulation of complement is not part of a classical inflammatory response, but rather an
atypical stimulation.
Aside from gaining a better understanding of the immunological
consequences of chemotherapy in humans, we identified early
predictive markers that could enable more individualised therapy
in the future. We identified two protein spots of the complement
component C3 that were differentially modulated by epirubicin/
docetaxel-based chemotherapy. Spot 195 is likely to represent

Complement modulation by epirubicin/docetaxel therapy
A Michlmayr et al

1208

Translational Therapeutics

Vlassak S, Sempoux C, Machiels JP (2009) Molecular response to
cetuximab and efficacy of preoperative cetuximab-based chemoradiation
in rectal cancer. J Clin Oncol 27(17): 2751 – 2757
Elsea CR, Roberts DA, Druker BJ, Wood LJ (2008) Inhibition of p38 MAPK
suppresses inflammatory cytokine induction by etoposide, 5-fluorouracil, and doxorubicin without affecting tumoricidal activity. PloS one
3(6): e2355
Goncalves A, Esterni B, Bertucci F, Sauvan R, Chabannon C, Cubizolles M,
Bardou VJ, Houvenaegel G, Jacquemier J, Granjeaud S, Meng XY,
Fung ET, Birnbaum D, Maraninchi D, Viens P, Borg JP (2006)
Postoperative serum proteomic profiles may predict metastatic relapse
in high-risk primary breast cancer patients receiving adjuvant chemotherapy. Oncogene 25(7): 981 – 989
Gorter A, Meri S (1999) Immune evasion of tumor cells using membranebound complement regulatory proteins. Immunology today 20(12):
576 – 582
Habermann JK, Roblick UJ, Luke BT, Prieto DA, Finlay WJ, Podust VN,
Roman JM, Oevermann E, Schiedeck T, Homann N, Duchrow M,
Conrads TP, Veenstra TD, Burt SK, Bruch HP, Auer G, Ried T (2006)
Increased serum levels of complement C3a anaphylatoxin indicate
the presence of colorectal tumors. Gastroenterology 131(4): 1020 – 1029,
quiz 1284
Kaufmann M, von Minckwitz G, Bear HD, Buzdar A, McGale P, Bonnefoi H,
Colleoni M, Denkert C, Eiermann W, Jackesz R, Makris A, Miller W,
Pierga JY, Semiglazov V, Schneeweiss A, Souchon R, Stearns V, Untch M,
Loibl S (2007) Recommendations from an international expert panel on
the use of neoadjuvant (primary) systemic treatment of operable breast
cancer: new perspectives 2006. Ann Oncol 18(12): 1927 – 1934
Li J, Orlandi R, White CN, Rosenzweig J, Zhao J, Seregni E, Morelli D, Yu Y,
Meng XY, Zhang Z, Davidson NE, Fung ET, Chan DW (2005)
Independent validation of candidate breast cancer serum biomarkers
identified by mass spectrometry. Clin chem 51(12): 2229 – 2235
Li K, Sacks SH, Zhou W (2007) The relative importance of local and
systemic complement production in ischaemia, transplantation and
other pathologies. Mol immunol 44(16): 3866 – 3874
Lin Y, Goedegebuure PS, Tan MC, Gross J, Malone JP, Feng S, Larson J,
Phommaly C, Trinkaus K, Townsend RR, Linehan DC (2006) Proteins
associated with disease and clinical course in pancreas cancer: a
proteomic analysis of plasma in surgical patients. J Proteome Res 5(9):
2169 – 2176
Loveland BE, Cebon J (2008) Cancer exploiting complement: a clue or an
exception? Nat Immunol 9(11): 1205 – 1206
Macor P, Tedesco F (2007) Complement as effector system in cancer
immunotherapy. Immunol Lett 111(1): 6 – 13
Markiewski MM, DeAngelis RA, Benencia F, Ricklin-Lichtsteiner SK,
Koutoulaki A, Gerard C, Coukos G, Lambris JD (2008) Modulation
of the antitumor immune response by complement. Nat Immunol 9(11):
1225 – 1235
Miller AB, Hoogstraten B, Staquet M, Winkler A (1981) Reporting results
of cancer treatment. Cancer 47(1): 207 – 214
Nakshatri H, Qi Q, You J, Kerry B, Schneider B, Zon R, Buck C, Regnier F,
Wang M (2009) Intrinsic subtype-associated changes in the plasma
proteome in breast cancer. Proteomics Clin Appl 3: 1305 – 1313
Paidassi H, Tacnet-Delorme P, Garlatti V, Darnault C, Ghebrehiwet B,
Gaboriaud C, Arlaud GJ, Frachet P (2008) C1q binds phosphatidylserine

British Journal of Cancer (2010) 103(8), 1201 – 1208

and likely acts as a multiligand-bridging molecule in apoptotic cell
recognition. J Immunol 180(4): 2329 – 2338
Paik S, Shak S, Tang G, Kim C, Baker J, Cronin M, Baehner FL, Walker MG,
Watson D, Park T, Hiller W, Fisher ER, Wickerham DL, Bryant J,
Wolmark N (2004) A multigene assay to predict recurrence of tamoxifentreated, node-negative breast cancer. N Engl J Med 351(27): 2817 – 2826
Perkins DN, Pappin DJ, Creasy DM, Cottrell JS (1999) Probability-based
protein identification by searching sequence databases using mass
spectrometry data. Electrophoresis 20(18): 3551 – 3567
Potti A, Dressman HK, Bild A, Riedel RF, Chan G, Sayer R, Cragun J,
Cottrill H, Kelley MJ, Petersen R, Harpole D, Marks J, Berchuck A,
Ginsburg GS, Febbo P, Lancaster J, Nevins JR (2006) Genomic signatures
to guide the use of chemotherapeutics. Nat Med 12(11): 1294 – 1300
Stearns V, Singh B, Tsangaris T, Crawford JG, Novielli A, Ellis MJ, Isaacs C,
Pennanen M, Tibery C, Farhad A, Slack R, Hayes DF (2003) A
prospective randomized pilot study to evaluate predictors of response
in serial core biopsies to single agent neoadjuvant doxorubicin or
paclitaxel for patients with locally advanced breast cancer. Clin Cancer
Res 9(1): 124 – 133
Stift A, Prager G, Selzer E, Widder J, Kandioler D, Friedl J, Teleky B,
Herbst F, Wrba F, Bergmann M (2003) The early response of
p53-dependent proteins during radiotherapy in human rectal carcinoma
and in adjacent normal tissue. Int J Oncol 23(5): 1269 – 1275
van de Vijver MJ, He YD, van0 t Veer LJ, Dai H, Hart AA, Voskuil DW,
Schreiber GJ, Peterse JL, Roberts C, Marton MJ, Parrish M, Atsma D,
Witteveen A, Glas A, Delahaye L, van der Velde T, Bartelink H,
Rodenhuis S, Rutgers ET, Friend SH, Bernards R (2002) A geneexpression signature as a predictor of survival in breast cancer. N Engl J
Med 347(25): 1999 – 2009
Vandivier RW, Ogden CA, Fadok VA, Hoffmann PR, Brown KK, Botto M,
Walport MJ, Fisher JH, Henson PM, Greene KE (2002) Role of surfactant
proteins A, D, and C1q in the clearance of apoptotic cells in vivo and in
vitro: calreticulin and CD91 as a common collectin receptor complex.
J Immunol 169(7): 3978 – 3986
Vorm O, Roepstorff P, Mann M (1994) Improved resolution and very high
sensitivity in MALDI TOF of matrix surfaces made by fast evaporation.
Anal Chem 66(19): 3281 – 3287
Ward DG, Suggett N, Cheng Y, Wei W, Johnson H, Billingham LJ, Ismail T,
Wakelam MJ, Johnson PJ, Martin A (2006) Identification of serum
biomarkers for colon cancer by proteomic analysis. Br J Cancer 94(12):
1898 – 1905
Winkler W, Zellner M, Diestinger M, Babeluk R, Marchetti M, Goll A,
Zehetmayer S, Bauer P, Rappold E, Miller I, Roth E, Allmaier G, Oehler R
(2008) Biological variation of the platelet proteome in the elderly
population and its implication for biomarker research. Mol Cell
Proteomics 7(1): 193 – 203
Zellner M, Winkler W, Hayden H, Diestinger M, Eliasen M, Gesslbauer B,
Miller I, Chang M, Kungl A, Roth E, Oehler R (2005) Quantitative
validation of different protein precipitation methods in proteome
analysis of blood platelets. Electrophoresis 26(12): 2481 – 2489
Zhang W, Chait BT (2000) ProFound: an expert system for protein
identification using mass spectrometric peptide mapping information.
Anal Chem 72(11): 2482 – 2489
Zitvogel L, Apetoh L, Ghiringhelli F, Kroemer G (2008) Immunological
aspects of cancer chemotherapy. Nat Rev 8(1): 59 – 73

& 2010 Cancer Research UK

