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Abstract
Purpose—Despite intensive treatment regimens, overall survival for high risk neuroblastoma
(HRNB) is still poor. This is in part due to an inability to cure the disease once a patient has
reached clinical relapse. Identifying plasma biomarkers of active disease may provide a way of
relapse monitoring in HRNB.

Experimental Design—In this study, we developed an integrated proteomic approach to
identify plasma biomarkers for HRNB.

Results—We identified seven candidate biomarkers (SAA, APOA1, IL-6, EGF, MDC, sCD40L
and Eotaxin) for HRNB. These biomarkers were then used to create a multivariate classifier of
HRNB, which showed a specificity of 90% (95%CI, 73%, 98%), and a sensitivity of 81% (95%CI,
54%, 96%) for classifying HRNB in a training set. When evaluated on independent test samples,
the classifier exhibited 86% accuracy (95% CI, 42%, 100%) of identifying diagnostic samples,
and 86% accuracy (95% CI, 70%, 100%) of detecting post-diagnosis longitudinal samples that
having active disease.

Conclusion and clinical relevance—Further validation of these biomarkers may improve
patients‘ outcomes by developing a simple blood test for the detection of relapse prior to the
development of clinically evident disease. Understanding the role of these biomarkers in immune
surveillance of neuroblastoma may also provide a new direction of therapeutic strategies.
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1 Introduction
Neuroblastoma (NB) is the most common extracranial solid tumor of childhood, accounting
for 8-10% of all cases. The complex biological and clinical features of neuroblastoma have
allowed for the development of a risk-based model for staging and treatment of these
patients [1,2]. This risk stratification system developed by the Children‘s Oncology Group
classifies tumors as low, intermediate or high risk. Approximately 45 – 50% of patients will
have high risk neuroblastoma (HRNB). Despite intensive treatment regimens including
chemotherapy, surgery, radiation and biologic agents, the overall survival for HRNB is 30 –
40% [3,4]. This is in part due to an inability to cure the disease once a patient has reached
clinical relapse [5].

Currently, monitoring for relapse in HRNB involves radiographic studies including MIBG,
bone scan, and computed tomography (CT), as well as bone marrow aspirates and biopsies
[6]. Ideally, a systemic marker of relapse would identify patients early, prior to clinical
relapse; however, no such peripheral blood tumor marker for neuroblastoma exists. The
tumor markers most commonly used now are the urinary catecholamines vanillylmandelic
acid (VMA) and homovanillic acid (HVA). However, VMA and HVA have been shown to
be elevated in only 50% of patients at the time of relapse [7]. Recently, circulating
biomarkers for detecting relapse or prognosis in NB have been described, including
circulating tumor cells [8], methylated-DCR2 [9], RASSF1A hypermethylation [10], and
MYCN DNA [11]. However, the clinical value of these methods for detecting or monitoring
for relapse in NB is still unclear. Since relapse patients have an active disease, we
hypothesized that plasma biomarkers that are associated with active HRNB are also useful
as biomarkers for monitoring for relapse. As a first step for a better detection of the relapse
patients, the main goal of our study is to identify such biomarkers for active HRNB.

In NB, multiple cytokines and chemokines have been published in relationship to the
immune-related effects caused by active tumor [12,13,14,15,16]. These proteins are also
important for disease progression and metastasis in NB. One example of this is an increase
in IL-6 levels in the peripheral blood in the presence of HRNB [12,17]. On the other hand,
an acute phase protein, SAA, has also been described as associated with HRNB [18]. We,
therefore, further hypothesized that combining the information of inflammatory proteins
with cytokines and chemokines will allow us to detect HRNB from the low risk
neuroblastoma (LRNB) and healthy subjects. To test this hypothesis, we developed a novel
integrated approach, which consists of two complementary proteomic platforms for
screening and identifying biomarkers and a bioinformatic classification approach for
integrating the proteomic results. One platform was surface enhanced laser desorption/
ionization time-of-flight mass spectrometry (SELDI-TOF MS), which has been used for
global proteomic profiling and has the capability to identify abundant plasma proteins and
inflammatory proteins [19,20]. The other is the Luminex Suspension Bead Array platform.
This platform provides an ability to simultaneously identify multiple cytokines and
chemokines that are present at low concentrations in the plasma proteome, which are often
difficult to be detected by other proteomic technologies [21,22].

Using this unique integrated approach of detecting high- and low-level of plasma proteins,
we identified seven peripheral blood biomarkers in HRNB by comparing them with the low
risk neuroblastoma (LRNB) and pediatric healthy controls (HC). In this study, we further
demonstrated that these candidate biomarkers can reliably detect active HRNB and have
promise for relapse monitoring in HRNB patients.
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2 Materials and Methods
2.1 Sample Collection

All the work described within this study was performed with the approval of the Baylor
College of Medicine Institutional Review Board. Texas Children‘s Cancer Center has
banked peripheral blood samples from patients with neuroblastoma and
ganglioneuroblastoma. We retrospectively identified 35 plasma samples from HRNB
patients, 20 samples from LRNB patients and 20 HC samples collected between 1995 and
2005 at the time of diagnosis (NB patients) or at the time of elective surgery. Risk
categorization was defined by the Children‘s Oncology Group risk stratification system [4].
We also identified an additional 28 samples from 7 HRNB patients drawn at various times in
their clinical course under a protocol for collection of blood samples in a longitudinal
fashion at times of tumor evaluation. All peripheral blood samples were obtained as whole
blood in heparin and separated into plasma. These were then aliquotted and stored at −80°C.

The normal pediatric controls were collected upon permission from the parent or guardian.
Whole blood was obtained from otherwise well children undergoing elective surgery such as
hernia repair or circumcision. They had no identified infectious process at the time of
surgery. The blood was processed in the same manner as described above.

2.2 Proteomic Profiling
As a part of the integrated approach, we used SELDI-TOF MS to identify abundant plasma
proteins and inflammatory proteins that were associated with active HRNB. In brief, the
plasma samples were immunedepleted by the Proteoprep Blue Albumin and IgG Depletion
kit (Sigma, St. Louis, MO) and then fractionated into six fractions. The proteins in each
fraction were captured by CM10 arrays and analyzed by the ProteinChip System, Series
4000 Enterprise Edition (Bio-Rad, Hercules, CA). The detail of the method is described in
the Supporting Information.

2.3 Protein Purification and Protein ID
Four plasma samples with high expression of the peak with the m/z value of 28,089 were
pooled and used as the positive sample while 4 plasma samples with low or no expression of
the peak were used as a negative control. The candidate protein at 28KDa was purified from
gel electrophoresis and analyzed by nano-LC/MS/MS peptide sequencing analysis. (Nextgen
Science, Ann Arbor, MI; See Supporting Information for details).

2.4 Enzyme-Linked Immunosorbent Assay
Serum Amyloid A (SAA) levels were determined using a human SAA enzyme-linked
immunosorbent assay (ELISA) (Invitrogen, Carlsbad CA). APOA1 levels were determined
using a human APOA1 ELISA (Cayman Chemical, Michigan). All samples were tested in
duplicate, and the mean was used for the final sample value (See Supporting Information for
details).

2.5 Luminex Suspension Bead Array
The second proteomic platform of our integrated approach is Luminex Suspension Bead
Array (Luminex Corp., Austin, TX), which permits simultaneous analysis of numerous
analytes in a single sample. Milliplex Human 39-Plex Cytokine (Millipore, Billerica, MA)
antibody beads and reagents were used in this study for the following the 39 human
cytokines and chemokines: GM-CSF, G-CSF, IFNg, IL-1a, IL-1ra, IL-1b, IL-2, IL-3, IL-4,
IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12p70, IL-12p40, IL-13, IL-15, IL-17, MCP-1,
MCP-3, MDC, TNFa, TNFb, TGFa, Eotaxin, IFNa2, IP-10, MIP-1a, MIP-1b, EGF, FGF-2,
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Flt-3 Ligand, Fractalkine, GRO, VEGF, sCD40L, and sIL-2Ra. The assay was performed
according to the manufacturer‘s protocol. Plates were analyzed using the Bio-Plex 200
system and the Bio-Plex manager software 4.1 (Bio-Rad). Fifty beads per analyte were
collected and a timeout of 60 seconds was set while analyzing the plate. Cytokine
concentrations were calculated based on standard curve data using 5-parameter logistic-
fitting method in Bio-Plex manager software 4.1. We repeated the experiment after three
weeks using plasma aliquots prepared at the same time with the same number of freeze/thaw
cycles as the first plate. The average values of the replicates were used in the final analysis.

2.6 Multivariate Classifier
The last step of our integrated approach is to construct a HRNB classifier based on the
proteomic results. Protein concentrations between two groups were compared using the
nonparametric Mann-Whitney U-statistics, which were the area under the empirical ROC
curves (AUC). Candidate biomarkers were chosen for classification if their concentrations
were significantly different between the two groups with a p-value at or smaller than 0.05.

To create a multivariate classifier, the subjects were split into training data and the
validation data. The data from the significant protein biomarkers from the two platforms
were combined as a summation score. If the AUC value was less than 0.5 for a protein, the
concentrations were transformed with a minus sign to ensure that higher values of protein
concentrations were associated with higher probability of disease. The classification score is
defined as: SAA + IL-6 – APO –MDC – sCD40L– EGF – Eotaxin. Before calculating the
scores, the protein concentrations were normalized to their means and standard deviation.
Such normalization would not change the AUC value of the individual protein. The
empirical ROC curve was then calculated for the classification score, and a cutoff for
classification was chosen to achieve the optimal sensitivity and the specificity rates in the
training set. The classifier was then tested on the validation dataset, which contained both
diagnostic and longitudinal samples.

Other statistical methods used in this study were described in the Supporting Information.

3 Results
3.1 Patient Characteristics

Demographic and staging characteristics for the patient populations used in each portion of
this report are listed in Table 1.

3.2 Proteomic Profiling
In order to detect patients with active HRNB, we developed an integrated proteomic
approach to identify circulating biomarkers that are associated with HRNB. The integrated
approach is composed of three separate but complementary steps: proteomic profiling, bead
array analysis, and a classification model. For the proteomic profiling, we first
immunodepleted albumin and IgG from the plasma samples and performed SELDI-TOF MS
on the depleted plasma from three different groups of samples, i.e. HRNB, LRNB, and HC.
Using this strategy, we identified totally 1,153 ion peaks in the proteomic profiling. These
ion peaks were used to perform a comparative analysis of the three groups. First,
unsupervised hierarchical clustering of the HRNB and LRNB or HC groups using the
complete set of peaks showed that a majority of the samples from these three groups were
clustered distinctively from each other, suggesting that the plasma proteins of the patient
samples contain information of classifying HRNB (Fig. S1 in the Supporting Information).
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To identify specific biomarkers for HRNB, we first selected the ion peaks that can classify
HRNB from LRNB. We found that four ion peaks together had a specificity of 0.914 and
sensitivity of 0.6 of identifying HRNB (Supporting Information). Two of the four peaks
appeared to be peak variants from one protein and the other two appeared to be peak
variants from another protein based on their m/z values (Table 2A). One of the peak clusters
had m/z values between 11,544 and 11,711. These values correspond with the previously
described protein, serum amyloid protein A (SAA) [18,23]. The second set of peaks had m/z
values between 4,964 and 4,966. These low molecular weight peaks have not been
previously reported. Next, we identified ion peaks that can classify HRNB from HC using a
similar classification approach. We found that six ion peaks together gave a sensitivity of
0.94 and a specificity of 0.9 for classifying HRNB from HC samples (Supporting
Information). Within these six ion peaks, a cluster of three peaks appeared to be variants of a
single protein with m/z values of 27,962, 28,093, and 28,900 (Table 2B). This cluster of
peaks in the plasma of the HC was higher than the one in plasma of the HRNB patients. This
suggests a loss of expression of the protein in the presence of neuroblastoma. The other
peaks used in this classifier formed another cluster; however, they were not distinct enough
to isolate and identify as an individual protein after spectra review.

3.3 Protein Identification and Confirmation
Based on these observations, we selected peak clusters of m/z 28,093 and m/z 4,965 for
protein identification. Pooled plasma samples from samples expressing high peaks of the m/
z 27,962, m/z 28,093, and m/z 28,900 were first analyzed on protein electrophoresis gels
where band and spots at the approximate molecular weight were purified and the identity of
the protein in the gel slice was identified by LC/MS/MS. The mass spectrometry analysis
scored 19 unique MS/MS spectra with Mascot ion score ranged from 29 to 101. Sixteen
unique peptide sequences showed homology to apolipoprotein A1 precursor (APOA1) (Fig.
S2 in the Supporting Information). The protein coverage was 60%. Attempts to identify the
protein at the m/z 4,965 cluster have not been successful to date, suggesting that these low
molecular weight peaks may not constitute a protein or peptide.

To confirm the results of the proteomic profiling, we used ELISAs to measure the levels of
SAA and APOA1 in raw plasma samples from the same set of patients. SAA levels were
significantly higher in the HRNB patients (mean = 41.7 ug/ml) as compared to either the
LRNB patients (mean = 7.2 ug/ml, p < 1×10−7) or the HC (mean = 11.6 ug/ml, p = 1×10−5,
Fig. 1A). For APOA1, HRNB plasma levels (mean = 93.9 ug/ml) were significantly lower
than those of the normal controls (mean = 138 ug/ml; p < 1×10−5) as well as those of the
LRNB patients (mean = 136.5 ug/ml; p < 0.001, Fig. 1B). In both instances, no significant
differences were observed between the LRNB and HC samples.

3.4 Identification of Cytokines and Chemokines Biomarkers
The second step of the integrated approach is to use a Luminex Bead Array system to
identify cytokines and chemokines that were associated with HRNB. Due to sample
limitation, a subset of the plasma samples was selected for this analysis (See Table 1 for the
patient characteristics). To simplify the classification problem, we further combined the
LRNB and HC groups to create a single control group (CC, Combined Control) to compare
with HRNB in order to identify biomarkers that can distinguish HRNB from both sets of
controls. Furthermore, identification of LRNB has a very limited clinical value. Using AUC
analysis, five proteins (IL-6, EGF, MDC, sCD40L and eotaxin) were identified as being able
to significantly classify between the HRNB and the CC groups (p < 0.05, Fig. 2). We also
confirmed that SAA and APOA1 were significant of classifying between the HRNB and CC
groups under the AUC analysis (p < 0.05, Fig. 2). Among all the seven proteins tested,
APOA1 exhibited the highest AUC value (AUC = 0.84). These biomarkers exhibited
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various degrees of correlation among each other with a low average correlation of 0.19 (r =
−0.32 to 0.78, Table S1 in the Supporting Information).

3.5 Development of the HRNB Classifier
The final step of our integrated approach is to develop a multivariate classifier for HRNB by
combining the information of the seven plasma proteins identified from the two proteomic
platforms. We first standardized the concentration values across all seven proteins and then
developed a classifier by summing their values as described in Materials and Methods. The
performance of the classifier for classifying the HRNB and CC samples was statistically
significant (p = 3.6×10−8) with an AUC value of 0.94 (exact 95%CI, 0.88, 1.0). Using an
optimized cutoff, the classifier has a specificity of 90% (exact 95%CI, 73%, 98%), and a
sensitivity of 81% (exact 95%CI, 54%, 96%) for classifying HRNB in the training set. 87%
of subjects were correctly classified (exact 95%CI, 74%, 95%).

We next evaluated the classifier with an independent test set, which contained both
diagnostic and longitudinal samples from patients known to have HRNB. Some of these
longitudinal samples were collected prior to the clinical detection of relapse. Table 3 shows
the patient characteristics and the prediction results for each of the 7 patients. The
expression patterns of the biomarkers in these patients are illustrated in Supporting Figure
S3. The HRNB classifier correctly predicted 6 of 7 diagnostic samples as having active
disease (85.7% accuracy, 95% exact CI, 42%, 100%). 18 of the 21 post-diagnosis
longitudinal samples were also correctly predicted based on their clinical features (85.7%
accuracy, 95% exact CI, 70%, 100%). Together, these results suggest that the HRNB
classifier is potentially useful for monitoring HRNB disease progression and relapse.

4 Discussion
Identification of circulating biomarkers for HRNB is one of the most important but
challenging areas for improving the clinical management of this deadly disease. Using the
SELDI-TOF MS, He et al showed that a unique protein signature existed in the peripheral
blood samples from a small set of HRNB patients [24]. Using a larger number of patient
samples, Combaret et al identified SAA as a protein present in the face of metastatic disease
[18]. We improved their methods by using the extra steps of sample immunodepletion and
fractionation, as well as using samples from healthy children along with samples from those
with LRNB. Our results validated their finding that SAA is indeed a biomarker of high risk
disease, as well as a biomarker which is present at the time of relapse. Additionally, we have
identified another candidate plasma biomarker, APOA1, which was not found in their study.

SAA is an acute phase reactant, a marker of inflammation and infection [25]. Its presence in
the face of high risk disease and again at relapse is likely due to the body‘s response to
neuroblastoma. SAA has been described by others in NB, as well as in other cancers
including osteosarcoma, prostate, ovarian, and melanoma [23,26,27,28,29]. Similarly,
APOA1 is an abundant protein in plasma that serves as the major protein component of
high-density lipoprotein (HDL) and a key element of the reverse cholesterol transport
pathway, a process that protects against the development of atherosclerosis [30]. APOA1 is
has been described previously with low levels being a marker for disease in ovarian,
pancreatic, and breast cancer [31,32,33]. However, the identification of APOA1 as a
candidate biomarker for HRNB is novel.

The Luminex Suspension Bead Array platform is a new and useful tool for screening a
variety of biomarkers using a small amount of sample. The platform has been used in to
assess potential serum biomarkers in breast cancer and to assess potential biomarkers in the
saliva of patients with oral cancer [22,21]. Of the five cytokines and chemokines identified
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as differentially abundant in HRNB using the Luminex platform, many of them are known
to play a role in NB. IL-6 has been previously described as being increased in the peripheral
blood of patients at the time of diagnosis [12]. IL-6 has been implicated in changing the
boney microenvironment in HRNB, however the elevated plasma levels are more likely due
to an acute inflammatory response [17,34]. CD40L is a component of multiple immune
responses, including dendritic cell maturation and antitumor activity [16]. CD40L has been
shown in a mouse model to confer a protective effect by decreasing tumor size when directly
injected in to a mouse with active NB [35]. Lower CD40L levels in the patients with active
HRNB would be consistent with this finding. MDC is produced by dendritic cells and may
be involved in host anti-tumor response [36]. This has not been evaluated in NB. Eotaxin-1
(CCL11) is a chemokine that recruits eosinophils into tissues. It has also not been previously
implicated in neuroblastoma. Its role in tumor immune surveillance was described by
Simson et al [37]. This group found an increase in methylcholanthrene induced
fibrosarcomas in CCL11 deficient mice. As with CD40L, a low level of circulating
eotaxin-1 may be associated with HRNB‘s active presence. EGF has also been associated
with the growth of NB [13]. We postulate that the low circulating plasma levels may be due
to excessive binding at the tumor site. Our findings warrant further work to discover the
roles of these chemokines in tumor immune surveillance and growth.

The HRNB classifier created using all seven of the biomarkers has promise as a tool for
detecting relapse via peripheral blood. Of the 28 samples from 7 patients, 24 predictions
were correct, including all of the samples at relapse and many samples during the treatment
regimens but prior to the relapse. To explore the false predictions further, 2 of the 4 false
predictions occurred in patient 6. One was at diagnosis (false negative) and one was at 3
months after completion of therapy (false positive). Interestingly, this patient had an unusual
presentation consisting of HRNB with no primary mass and a single boney metastatic lesion
with a surrounding soft tissue component. This suggests that this case may be an atypical
form of HRNB that resulted in lack of detection using our model.

Another false prediction occurred in patient 7 who had refractory disease and was being
treated with his second salvage regimen. This patient had multiple correct predictions prior
to this misclassification. The cause for this is unclear, but may reflect an evolution of the
tumor‘s interaction with its host as it overcame the effects of each chemotherapy regimen.
The fourth false prediction was patient 1 who was predicted to have disease when the
radiologic and bone marrow exams showed no disease. Upon further review we found that
this patient relapsed clinically weeks after the sample was drawn. This intriguing
information suggests that while no disease could be found using standard current detection
techniques, it is possible that our model detected a subtle level of disease-related changes of
our biomarkers in this patient that was consistent with active disease. If we control for these
observations, our prediction shows promising potential for relapse monitoring in HRNB.

As mentioned above, since both SAA and APOA1 have been described in other cancers, we
conclude that these two biomarkers are not HRNB-specific. However, because of their
relationship with the acute phase response, they can be used as sensitive reporters of how the
body reacted to active and relapsed cancers. To test if the other biomarkers used in the
classifier are more tumor specific, we have expanded our biomarker analysis on a series of
plasma samples collected from osteosarcoma patients at diagnosis and control plasma
samples from children with noncancerous diseases. Among the five cytokines, two of them
(EGF and sCD40L) were significantly increased in the osteosarcoma samples relative to the
control samples (Table S2). These results are opposite to the lower expression of these two
cytokines in HRNB when compared to the control. The expressions of two biomarkers
(Eotaxin and IL-6) in the osteosarcoma samples were in the same directions as in the HRNB
samples, but the differences between the osteosarcoma and control samples were not
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statistically significant (p > 0.05, Table S2). Together, our results suggest that some of the
biomarkers used in the classifier have certain tumor-specificity. The cytokine biomarkers
seem to be more HRNB-specific than the two plasma proteins.

It is also important to recognize that the main goal of the current study is to identify a set of
plasma biomarkers that are associated with the active HRNB disease, so that one can further
test if they can be used in monitoring disease progression and relapse. These biomarkers are
used only after initial diagnosis is made, i.e. patients have already diagnosed with HRNB.
They are not intended to be used as diagnostic markers to screen general pediatric
population for the presence of HRNB. Therefore, the issue of tumor specificity is not as
relevant or severe as those biomarkers that are used for initial diagnosis or early detection.
In addition, the development of second malignancies in HRNB is a very rare event. Long-
term follow-up data for the landmark trial that defined what has become standard of care for
HRNB was published in 2010. There were 539 patients enrolled; of the 405 first events
reported, 378 were relapse or progression of disease, as compared to 4 secondary
malignancies [38]. The utility of the classifier in distinguish relapses versus second
malignancies in HRNB patients will need to be properly designed and tested in future
studies with patients containing both types of tumors. Lastly, tumor progression in
neuroblastoma is tightly linked to body‘s immune system [12,17]. Identification of
biomarkers that are related to the immune response is biologically significant in this tumor.
The classifier can be used to augment the conventional clinical methods for relapse detection
in HRNB. Patients who show positive results in our assay may warrant further clinical
confirmation, such as bone scan. Thus, despite the non-tumor specific nature of some of the
biomarkers identified in this study, we believe that our finding is a significant step towards
effective relapse detection in HRNB.

In summary, our study demonstrated that the integrated proteomic approach was able to
identify plasma biomarkers that are associated with HRNB. We also provide strong evidence
that the HRNB classifier was able to detect longitudinal samples from relapse NB patients.
Despite the encouraging results shown in this study, we realize that the utility of the HRNB
classifier need to be evaluated independently in many more patients. With a larger sample
size, a sub-analysis of utility in various high risk presentations e.g. MYCN amplification or
the presence of metastatic disease, would also be possible. Our results also warrant more
studies to test if the classifier can detect the active NB disease before clinical relapse. Using
a stepwise removal procedure of the biomarkers, we found that the performance of the
classifier remained the same in the training set until only four biomarkers (SAA, APOA1,
MDC and IL6) were left in the model. This suggests that we may be able to further reduce
the number of proteins in the classifier without sacrificing the performance. In addition,
since the biomarkers identified from both the SELDI-TOF MS and Luminex platforms are
used in the reduced model, it suggests that integrating the biomarker information from the
two platforms is indeed important for the HRNB classification. After the model is validated,
the development of a multiplex ELISA-based blood test would allow this assay to be used in
multiple facilities and improve the clinical management of this deadly childhood cancer.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
The authors would like to thank Susan Burlingame with the Neuroblastoma Program at Texas Children‘s Cancer
and Hematology Center (TXCH) for her help in identifying and preparing patient samples; Alexander Yu with
TXCH for his help on data analysis and figure preparation; Myra Custorio at the Proteomics Core of Dan L.
Duncan Cancer Center of Baylor College of Medicine for her technical help in the Luminex assays and analyzing

Egler et al. Page 8

Proteomics Clin Appl. Author manuscript; available in PMC 2013 June 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the plates, and Carl Allen for his help in the Luminex experiment. Grant support was provided by the National
Cancer Institute grant NIH-NCI 1 K12 CA90433-04.

Abbreviations

NB neuroblastoma

HRNB high risk neuroblastoma

LRNB low risk neuroblastoma

HC healthy control

CC combined control

SELDI-TOF MS Surface Enhanced Laser Desorption/Ionization Time-Of-Flight Mass
Spectrometry
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Statement of clinical relevance

HRNB continues to be a devastating disease in the relapse setting. This study uses a
novel integrated proteomic approach to develop a classifier that is able to detect HRNB
with a high accuracy and show promise in detecting or monitoring for relapse. Since our
findings were generated in immunoassays, this would permit a rapid development of a
blood test for future clinical uses. This biomarker-based test may add to the current
methods used to evaluate these patients e.g. bone marrow biopsies, MIBG and CT scans.
Further study of these biomarkers may also allow for a better detection of relapse in some
patients prior to the development of clinically evident disease and, ultimately, increasing
their survival chances. In addition, understanding the role of these biomarkers in
inflammatory response and immune surveillance in the patient may lead to the
development of a new therapeutic strategy.
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Figure 1.
Box plots showing the plasma concentrations (mg/ml) of A. SAA and B. APOA1 in High
(HRNB), Low (LRNB) and Normal (HC) groups. The box represents values between the
25th and 75th percentile with the horizontal line indicating the median value. ° indicates
outlier values.
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Figure 2.
Receiver Operating Characteristic (ROC) analysis of the seven proteins used in the HRNB
classifier for the training set samples. A higher Area Under the ROC Curve (AUC) value
indicates increased accuracy for a given marker to predict the presence of HRNB. The p-
value of the each of the classification is also indicated. For the biomarkers (Eotaxin, MDC,
SCD40L and EGF) that were lower in the high-risk neuroblastoma group, the concentration
values multiplied by −1 were used to generate the ROC plots.
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Table 1

Characteristics of the patients and individuals used in the proteomic profiling and cytokine bead array
Investigations.

Proteomic Profiling Cytokine Bead Array

High
Risk

Low
Risk

Healthy
Control

High
Risk

Low
Risk

Healthy
Control

Number of
samples 35 20 20 18 15 15

Median age
(months) 29 14 54 30 13 48

Average
Age 40 21 68 43 22 48

Range 12–159 0.5–165 12–204 12–153 0.5–165 12–96

Gender

 Female 15 (43%) 7 (35%) 6 (30%) 8 (44%) 5 (33%) 4 (27%)

  Male 20 (57%) 13 (65%) 14 (70%) 10 (56%) 10 (67%) 11 (73%)

INSS Stage

   1 0 (0%) 9 (45%) 0 (0%) 5 (33%)

   2 1 (3%) 7 (35%) 0 (0%) 7 (47%)

   3 5 (14%) 0 (0%) 2 (11%) 0 (0%)

   4 29 (83%) 0 (0%) 16 (89%) 0 (0%)

   4S 0 (0%) 4 (20%) 0 (%) 3 (20%)
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Table 2

Informative peaks identified in the proteomic profiling when comparing A. HRNB and LRNB samples and B.
HRNB and HC samples.

A.

Average Relative Peak
Intensity Fold Change

p-value m/z High Low High/Low

0.000046 11,544 3.0 1.0 3.0

0.000054 11,711 3.4 1.0 3.4

0.0001541 4,964 14.1 3.2 4.4

0.0004939 4,966 19.2 4.0 4.8

B.

Average Relative Peak
Intensity Fold Change

p-value m/z High Healthy High/Healthy

< 0.0000001 27,962 3.3 10.8 0.31

< 0.0000001 28,093 5.1 17.9 0.29

< 0.0000001 28,900 1.9 4.9 0.39

< 0.0000001 17,328 2.9 8.8 0.33

< 0.0000001 17,212 1.6 3.9 0.41

< 0.0000001 17,263 1.5 4.2 0.36
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Table 3

Longitudinal samples used for the independent validation of the HRNB classifier.

Pt
No. Pt Info Time Point Disease

Status
Sites of
Disease Prediction Correct?

1 M, 12 mo, MNA

Diagnosis Present ST, B, BM Disease Yes

On Therapy Present ST, B Disease Yes

Progression Present ST, B, BM Disease Yes

On Therapy Not Present Disease No

Relapse Present ST, B, BM Disease Yes

2 F, 12 mo, MNA

Diagnosis Present ST, B, BM Disease Yes

On Therapy Present ST, B, BM Disease Yes

On Therapy Not Present No Disease Yes

Off Therapy Not Present No Disease Yes

3 F, 52 mo, MA

Diagnosis Present ST, B Disease Yes

On Therapy Not Present No Disease Yes

On Therapy Not Present No Disease Yes

4 M, 24 mo, MA

Diagnosis Present ST1 Disease Yes

On Therapy Not Present No Disease Yes

On Therapy Not Present No Disease Yes

Off Therapy Not Present No Disease Yes

5 F, 22 mo, MA

Diagnosis Present ST1 Disease Yes

Relapse Present ST Disease Yes

Progression Present ST, B, BM Disease Yes

6 M, 14 mo, MA

Diagnosis Present ST, B2 No Disease No

On Therapy Not Present No Disease Yes

On Therapy Not Present No Disease Yes

Off Therapy Not Present Disease No

7 M, 55 mo, MA

Diagnosis Present ST, B, BM Disease Yes

On Therapy Present ST, B, BM Disease Yes

On Therapy Present ST, BM Disease Yes

On Therapy Present BM Disease Yes

On Therapy Present ST, BM No Disease No
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Pt info: M=male, F=female; mo=age in months at diagnosis; MA=MYCN amplified; MNA=MYCN not amplified. Sites of Disease: ST=soft
tissue; B=Bone; BM=Bone Marrow.

1
Stage 3

2
No Primary Tumor.
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