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Cancer Research and Challenges 

§  Clinical research is driven by access to 
patient samples 

§  New technologies (sequencing, microarrays, 
proteomics) are driving discovery 

§  Clinical and research data are in different 
domains with no links between them 

§  Interpretation of the data requires integration 
of information across domains 



Omics Technologies 

§  DNA 
§  Human genome: 3.000.000.000 nucleotides 

§  RNA 
§  21.000 genes, n conditions 

§  Protein 
§  21.000 genes ⇒100.000 gene products ⇒ 1.000.000 proteins,  

n conditions 
§  Cell 

§  320 cell types 
k genes, l proteins, m metabolites, n conditions 
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 New high-throughput technologies 
 
§  DNA: deep sequencing 
§  RNA: high-density arrays 
§  Protein: MALDI-TOF, LC-MS/MS 
§  Tissue: tissue microarrays 

 Complementary technologies, real value in integrating diverse 
datasets 
  
 Data management and analyses? 

Omics Technologies 



Drowning in data, starving for information? 
 
§  Microarray data (n=1): 

 Affymetrix HG U133A2 chip  
§  Raw data: 80 MB per sample (incl. TIFF) 
§  MAGE-ML (public repositories): 30 MB 
§  Normalized data: 5-10 MB (Excel table or text file) 

 

Omics Technologies 



Drowning in data, starving for information? 
 
§  Proteomics data (n=1) 

 Kisslinger et al, Cell 2006, 125:173-186  
 one organ (heart), one organelle (cytosol) 
§  Raw data: 1.55 GB (mzXML format) 
§  Sequest search folders: 235 MB 
§  Results in PRIDE format: 320 MB 
§  Results incl. protein sequences: 374 KB   

 

Omics Technologies 



Medical Systems Biology 
§  n>100 
§  Phenotype data (clinical parameters) 
§  Genomics data (SNPs) 
§  Gene expression data (microarrays) 
§  Proteomics data (LC-MS/MS) 
§  Pharmacology data (pharmacokinetics/dynamics) 
§  Medical Images (CT, MR, PET, Ultrasound) 
§  Literature data (PubMed, Cochrane) 
§  Computational biology data (Ensembl, HPRD,...)  
 
Data warehouse („Google“ for biomedical data)? 



Data Integration 

§  Herculian task 
§  Few standards 
§  System incompatibilities 
§  Organizational issues 
§  Specific requirements in specific 

institutions 



Data integration 

1RNomics 
Sturn et al., Bioinformatics, 2002 
Pieler et al., Bioinformatics, 2002 
Maurer et al., BMC Bioinformatics, 2005 
Rainer et al., Nucleic Acids Res, 2006 
Pabinger et al., BMC Bioinformatics, 2009 

2Proteomics 
Yu et al., Bioinformatics, 2005 
Hartler et al., BMC Bioinformatics, 2007 

3Cellomics 
Habeler et al., Nucleic Acids Res, 2002 
Thallinger et al., BMC Bioinformatics, 2007 

5Analytical tools 
Mlecnik et al., Nucleic Acids Res, 2005 
Vogl et al., Bioinformatics, 2005 
Bindea et al., Bioinformatics, 2009 

4Databases 
Hackl et al., BMC Genomics, 2004 
Hackl et al., Genome Biology, 2005 

Modular state-of-the-art software technology 



 Science is built up with facts, as a 
house is with stones. But a collection of 
facts is no more a science than a heap 
of stones is a house. 
    - Jules Henri Poincaré 



From Data Collection to Discovery  

§  Case study: Colorectal cancer 
§  Second leading cause of death among cancer 

patients 
§  1932: Dukes classification for postoperative 

outcome* 
§  Today: Classification accuracy unchanged 
§  Predictive molecular markers and rationale for 

adjuvant therapy? 

*Dukes C, J Pathol Bacteriol, 35:232, 1932 



Cancer Immunology 

Role of the immune system in colorectal cancer?  



§  Retrospective cohort (1986-2005) 
§  Clinical data and follow-up (n>1000) 
§  Patient material: paraffin-embedded tumors (>1000) and frozen 

tissue (>100) 
§  Assays: double-funnel approach  

§  FACS analysis of 410 parameters (n=50) 

§  qPCR of 50 mRNAs (n>100) 
 
§  Tissue microarrays (n>500) 

§  Dedicated database for biomolecular and clinical data  
(http://tme.tugraz.at)* 

Data Generation and Integration 

*Mlecnik et al. BMC Genomics, 2010 

parameters patients 



Phenotypes of tumor-infiltrating immune cells 
Significantly different markers between invasion positive (VELIPI+) and negative (VELIPI-) patients 

 

VELIPI: vascular emboli (VE), lymphatic invasion (LI), perineural invasion (PI) 
min. expression 
max. expression 

Pagès et al. N Engl J Med, 353:2654-2666, 2005 

CD45RO 



Effector Memory T-cells and Survival 
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 Disease-free and overall survival of CD45ROhi patients 

Pagès et al. N Engl J Med, 353:2654-2666, 2005 



What is the Relationship between the 
Type, Density, and Location of Immune 

Cells within Tumors and the Clinical 
Outcome? 



Adaptive Immunity has a Beneficial Effect 
on Clinical Outcome 

Galon et al. Science, 313:1960-1964, 2006 



Combined Analysis of Tumor Regions Improves 
Prediction of Patient Survival 

Galon et al. Science, 313:1960-1964, 2006 



Patient Stratification 

Galon et al. Science, 313:1960-1964, 2006 
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Immunological criterion for predicting 
tumor recurrence 

 Once human colorectal cancers become clinically detectable, the 
adaptive immune system plays a role in preventing tumor recurrence 

 
 Type, density, and location of immune cells within colorectal tumors 
influence the clinical outcome of the patients 

 
 An immune score based on the combined evaluation of memory and 
cytotoxicity markers identifies patients with early-stage (stage I and II) 
tumor at high-risk of tumor recurrence and death* 

 
  

*Pagès et al. J Clin Oncol, 2009 



Immunological criterion for predicting 
tumor recurrence 

 
Mlecnik et al. J Clin Oncol, 2011 
 

and bowel perforation. Only the immune score and bowel perfo-
ration parameters remained significant in the model and were kept
after stepwise Akaike information criterion– based Cox multivari-
ate analysis for DFS (Table 2). The results were also validated in a
second cohort of patients (Table 3) and for DSS and OS (Data
Supplement). ROC curve analysis revealed the better predictive
performance of the immune score (Fig 1). Importantly, time-
dependent ROC curve analysis illustrated the predictive accuracy
of the immune score and revealed that it was not decreasing over
time (Data Supplement). Similar results were found in an indepen-
dent cohort (Data Supplement). Thus, the immune parameters
remained significant in multivariate analysis for DFS, DSS, and OS,
whereas the histopathologic parameters did not.

Relationship Between the Extent of Immune Cell
Infiltration and Tumor Stage at the Time of Surgery

To understand the biologic meaning of the statistical depen-
dency between histopathologic parameters and the immune reac-
tion in the multivariate analysis, we analyzed the in situ immune
reaction at each histopathologic stage. There was an inverse corre-
lation between the immune cell density in CT and the tumor
extension (T stage). As illustrated in Figure 2A, CD8 cell densities
decreased gradually with the tumor extension into the primary
organ. A similar decrease was found when analyzing the memory T
cells (CD45RO!) and the cytotoxic effector (GZMB!) cell densi-
ties between Tis/T1 and T4 stages (Tis/T1 to T4; P " .003 for all
markers; Data Supplement and data not shown). Decreased im-
mune cell densities were also found according to the tumor inva-
sion into the lymph node (N stage, N0/N!; P " .05) and into
distant organs (M stage, M0/M!; P " .001; data not shown).
When analyzed by using the AJCC/UICC-TNM classification (Fig

2B), CD8 cell densities decreased by more than 50% between stages
I and IV (P " .001) and by more than four times for the GZMB!

cytotoxic cells. Similar results were found for CD3 and CD45RO
(from stages I to IV; P " .001; Data Supplement and data not
shown). Smaller differences were found for CD8IM in the invasive
margin between patient groups (Data Supplement).

In the group with a homogeneous potent immune reaction
(HiHi) in both tumor regions (CD8CT

Hi and CD8IM
Hi), we show

that 60% of patients had a stage Tis or T1 tumor compared with
only 18% of patients with a stage T4 tumor (Fig 2C). In contrast, no
patient presented with a weak immune reaction in both tumor
regions (LoLo; CD8CT

Lo and CD8IM
Lo) in early-stage Tis or T1

tumors, whereas 45% of patients with weak immune infiltrate had
stage T4 tumors. Thus, it was striking to note the marked difference
between the percentage of patients with high CD8 cell infiltrate
(HiHi) in stage Tis and T1 tumor (60%) and the percentage of
patients with low CD8 cell infiltrate (LoLo; 0%). Similar results
were found for CD3, CD45RO, and GZMB (Data Supplement and
data not shown). Heterogeneous CD8 cell infiltrate (HiLo and
LoHi) between tumor regions were equally distributed among T
stages (Fig 2C). Fisher’s exact test comparing four groups of pa-
tients on the basis of CD8 densities (HiHi, LoHi, HiLo, LoLo; P "
.001) or two groups of patients (HiHi, LoLo) revealed significant
differences in the distribution of patients among tumor stages (P "
.001). When analyzed by using the AJCC/UICC-TNM classifica-
tion, similar results were found (Fig 2D). The majority of patients
with a strong and coordinated cytotoxic response presented with
early-stage disease, whereas patients with a low cytotoxic response
evolved to late-stage disease. Thus, a parallel evolution was ob-
served between decreased intratumoral immune reaction and tu-
mor progression.

Correlation Between the Extent of Immune Cell
Density, Tumor Stage, and Relapse

We showed a gradual decrease of immune cell densities along
with the tumor extension into the primary organ. When analyzing
these patients according to the existence of a tumor recurrence, we
observed that the decrease of CD8, CD45RO, and GZMB was still
present in the group of patients who did not experience a relapse
(Fig 3A and Data Supplement). There was an inverse correlation
between the densities of intratumoral CD8, CD45RO, and GZMB
and the tumor stage (Tis and T1 to T4) in patients who did not
relapse. In contrast, in patients who did relapse, the number of
CD8 cells was low (" 125/mm2) regardless of the T stage of the
tumor. Thus, even with minimal tumor invasion (stages T1 and
T2), patients with a low immune score will experience relapse. CD8
cell densities decreased between AJCC/UICC-TNM stages in pa-
tients who did not relapse, whereas they were low regardless of the
classification (stage I to IV) in patients who did relapse (Data
Supplement). The majority of patients with a homogeneous potent
immune reaction in both tumor regions (CD8CT

Hi and CD8IM
Hi)

had a Tis/T1 or T2 stage and no tumor recurrence (60% and 66%,
respectively; Fig 3B). A decreased frequency of HiHi patients was
found in T3 and T4 tumors. In contrast, patients with tumor
recurrence had a low frequency of HiHi CD8 cells (approximately
20% regardless of the T stage). No significant differences were
found for heterogeneous (HiLo and LoHi) patients (Fig 3C). In
contrast, the frequency of a weak immune reaction in both tumor
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Fig 1. Receiver operating characteristic (ROC) curves for disease-free survival
for patients with stage I to III tumors. The curves represent American Joint
Committee on Cancer/International Union Against Cancer–TNM (AJCC/UICC-
TNM) staging, bowel perforation, immune score, and the multivariate model of
bowel perforation and immune score. Circles indicate the points on the curve for
the best separation of two groups.

Histopathology and Immune Reaction in Colorectal Cancer
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Immune score:  
(2 markers, 2 regions) 
 
Im0: 0 - hi, 4 - lo (lolololo) 
Im1: 1 - hi, 3 - lo 
Im2: 2 - hi, 2 - lo 
Im3: 3 - hi, 1 - lo 
Im4: 4 - hi, 0 - lo (hihihihi) 



TNM Staging in Colorectal Cancer: T Is for T Cell
and M Is for Memory
Elizabeth K. Broussard and Mary L. Disis, Tumor Vaccine Group, Center for Translational Medicine in Women’s Health,

University of Washington, Seattle, WA

See accompanying article on page 610

Immune cell infiltration is a common feature of many human
solid tumors. Recently, increased infiltration of tumors with cytotoxic
CD8-positive T cells has been correlated with prolonged survival in
multivariate analyses in a variety of epithelial cell cancers, including
small-cell lung carcinoma;1 carcinomas of the endomentrium,2,3 bile
duct,4 esophagus,5 and urothelium;6 pancreatic adenocarcinoma;7

and hepatocellular carcinomas.8 In this issue of Journal of Clinical
Oncology, Mlecnik et al9 suggest that immune cell infiltration of colo-
rectal cancer by cytotoxic CD8-positive and memory CD45RO-
positive T cells has prognostic discriminatory power that is superior to
standard staging systems (ie, American Joint Committee on Cancer–
International Union Against Cancer–TNM). The authors examined
more than 400 patients with colorectal cancer, quantitated the density
of tumor-infiltrating T cells, devised an immune scoring system
(higher scores reflecting greater CD8-positive and CD45RO-positive
T-cell density), and correlated the immune scores with clinical out-
come. The results demonstrate two key findings: patients with high
immune scores have increased disease-free and overall survival as
compared with patients whose tumors demonstrate low immune
scores, and the immune score was superior in predicting disease out-
come as compared with a host of important prognostic clinical param-
eters, including TNM staging. The authors further observed that there
was an inverse correlation between immune cell density and tumor
stage. In patient samples with the greatest immune cell density, the
majority (60%) were tumor in situ or T1 stage tumors. In contrast,
only 18% of T4 tumors demonstrated high-density T-cell infiltrates.
Moreover, there were no tumor in situ or T1 stage disease specimens
showing weak immune cell density scores, whereas 45% of T4 tumors
demonstrated low immune scores. The data suggest that even with
minimal tumor invasion, patients with a low immune score will be
likely to experience a disease relapse. For these patients, surgery may
not be curative. Remarkably, the prognostic significance of the im-
mune score was retained regardless of whether the tumor tissue was
derived from a patient with stage I or stage IV colorectal cancer.

The study by Mlecnik et al9 is the culmination of several obser-
vations this investigative group has made over the last few years. Their
initial observation, that a high density of memory CD8-positive T cells
was associated with decreased evidence of early metastasis and in-
creased survival in colorectal cancer,10 was followed by the develop-
ment of an immune gene signature, associated with type I adaptive
immunity, that correlated with decreased cancer recurrence.11 More-

over, in the same study, the investigators demonstrated that the type,
density, and location of the T-cell infiltrate in the tumor were prog-
nostically important.11 Further evaluations defined the importance of
the memory T-cell phenotype and demonstrated the loss of coordi-
nated functional immunity with the evolution of the tumor to a
metastatic phenotype.12 A focused investigation of patients with early-
stage colorectal cancer suggested that a multimarker panel of
CD45RO-positive and CD8-positive T cells and cytotoxicity-related
genes could predict prognosis even in these patients with minimal
disease.13 Taken together, these studies laid the foundation for the
immune score presented by Mlecnik et al9 as a clinical prognostic
marker at any stage of colorectal cancer.

Is the immune score presented in the Mlecnik et al study defini-
tive? There are a few issues that remain to be addressed. The first issue
is a better definition of the contribution of T regulatory cells to an
immune score in colorectal cancer. CD4-positive T regulatory cells, as
assessed by FOXP3 expression, have been shown to potentially mod-
ulate the antitumor response by suppressing the activity of CD8-
positive cytotoxic T cells and have been demonstrated to be a
prognostic marker for disease outcome in several types of cancers. A
high density of intratumoral FOXP3-positive T regulatory cells has
been associated with poor outcomes in multiple solid tumors, includ-
ing ovarian,14,15 pancreatic,16 and hepatocellular carcinoma.17 How-
ever, in colorectal cancer, studies of infiltrating FOXP3-expressing
cells suggest the opposite: that regulatory T cells in the tumor are
associated with an improved prognosis. Investigators evaluating
nearly 1,000 tumor specimens from patients with stages II and III
colorectal cancer demonstrated in multivariate analysis that high-
density intratumoral FOXP3-positive T cells were associated with
improved survival (P ! .001).18 In a much smaller evaluation of 40
colorectal cancers, increased intratumoral T regulatory cells were cor-
related with limited versus metastatic disease.19 An additional study
assessed the tumors of approximately 50 patients with relapsed colo-
rectal cancer undergoing chemotherapy, and found that high intratu-
moral FOXP3-positive T-cell infiltrate was associated with benefits in
overall survival (P ! .0005) and progression-free survival (P !
.0009).20 Colorectal cancer may be uniquely suited to a beneficial
prognostic response to infiltrating T regulatory cells. In states of
chronic gastrointestinal inflammation, such as inflammatory bowel
disease, absolute mucosal T regulatory cell numbers are increased as a
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Immunological criterion for predicting 
tumor recurrence 



 

§  Sequential analyses of datasets: powerful but 
limited 

§  Mechanistic insights?   

§  Clues for developing (immuno)therapy? 

 ⇒ Integrative data analyses using biomolecular 
networks 

Biomolecular networks 



Reconstruction of immune network in colorectal cancer 

Predicted genes  

Node size: 
 P-value≥0.05 

P-value ≤ 0.01 

0.01<P-value≤0.05 

Mlecnik et al. Gastroenterology 2010 

Genes with significant logrank for DFS  



Chemokines attract specific phenotypes of T-cells 

gene expression (qPCR) 

cell density, center of tumor (IHC) 

cell density, invasive margin (IHC) 

Mlecnik et al. Gastroenterology 2010 



 
§  Chemokines CX3CL1, CXCL9, CXCL10 attract specific 

subsets of T cells within the tumor 

§  Chemoattraction and the presence of an addaptive immune 
reaction within the tumor are critical parameters influencing 
the outcome of colorectal cancer 

§  Can we predict therapeutic usefulness of targeting specific 
molecules and pathways (immunotherapy)? 

Data integration uncovers molecular mechanisms 



Outlook: Computational Challenges 
 
§  Data integration 

§  Molecular data (deep-sequencing, expression, proteomics) 
§  Cytogenetic data  
§  Imaging data 

§  Modeling biomolecular networks 
§  Pathways and networks 
§  Multi-scale modeling:  

§  Spatial: nm to m (from molecules to cells to organs) 
§  Temporal: min to yrs 

 



Computers and Medicine 
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