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Abstract: In the United States, colorectal cancer (CRC) is the third most common cancer
diagnosis in both men and women. Many patients are diagnosed with advanced stage CRC
which has a high rate of mortality compared to localized CRC. Developing novel diagnostic
tools is important for early detection to decrease both morbidity and mortality. Currently,
colonoscopy is the most common screening test, though its effectiveness in reducing mortality
remains uncertain and it is costly, invasive and carries risk. Stool-based tests such as fecal occult
blood test and fecal immunochemical test for hemoglobin are relatively inexpensive, cause
no discomfort and have no risk but lack sufficient specificity or sensitivity. Stool DNA tests
may be more sensitive, but are not cost-effective and have not been sufficiently evaluated in
population-based studies. To improve diagnostic efficacy, it is necessary to develop tests that limit
patient discomfort and are cost-effective while providing adequate sensitivity and specificity.
Elucidating serum biomarker profiles for various stages of CRC would provide a platform from
which to develop enzyme-linked immunosorbent and multiplex bead array assays for clinical
use. Both inflammation-induced and sporadic CRC trigger immune responses that are mediated
by cytokine production. Many inflammatory serum proteins have been analyzed for their ability
to predict cancer. Patient cohort studies have detected differential expression of inflammatory
serum biomarkers in healthy controls compared to persons with various stages of CRC. Moreover,
proteomics and animal research have uncovered additional serum factors implicated in CRC.
Analysis of known differentially-expressed biomarkers along with further study of potential
biomarkers may lead to clinically useful serum biomarker profiles for CRC.

Keywords: cytokine, multiplex bead array, inflammatory bowel disease, colitis-associated
cancer

Introduction

In the United States colorectal cancer (CRC) is the third most common cancer
diagnosis in both men and women, and the second most common cause of cancer
death in men and women combined. Approximately 25% of CRC is familial and ~1%
develops in individuals with chronic inflammatory bowel disease (IBD).! IBD, an
immune-mediated disease, affects the gastrointestinal tract primarily and is classified
broadly as either Crohn’s disease (CD) or ulcerative colitis (UC). Estimates from 2004
data suggest that approximately 1.4 million people in the US have IBD. UC and CD
increase risk for CRC development but the causal relationship between UC and CRC
is better established than that between CD and CRC.>* Overall, individuals with UC
have a >10-fold increased risk of developing CRC.* Other risk factors for colon cancer
include advanced age, cigarette smoking, obesity and diets rich in meat and fat.’
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CRC rates have declined since 1998. This decline is
most likely multi-factorial, including increased screening
and polyp removal. Nonetheless, nearly 50,000 people
died from CRC in 2008. Early detection is important to
reduce CRC mortality; 5-year survival for localized CRC
is ~90%, whereas regional spread reduces survival to ~68%
and for metastatic disease, 5-year survival drops to ~11%.6
From 19962004, 60% of patients with CRC had advanced
disease.® These statistics highlight the need to develop novel
diagnostic tools to detect the disease at early stages, thereby
increasing the likelihood of survival.

Colorectal cancer screening reduces mortality by detecting
and removing pre-cancerous adenomas and by detecting
cancers at an earlier, more curable, stage. Colonoscopy and
sigmoidoscopy are current methods to identify and remove
pre-cancerous adenomas. Non-invasive tests that detect but
cannot remove CRC include fecal occult blood tests (FOBT),
fecal immunochemical test for hemoglobin (FIT), stool DNA
(sDNA) and computerized tomographic (CT) colonography.
Each of these screening tests has limited sensitivity and
specificity.

In the United States, colonoscopy has become the primary
screening test. This method is thought to decrease overall
CRC mortality through early detection but the effectiveness
of colonoscopy remains unproven. Although there is general
agreement that screening colonoscopy reduces overall CRC
mortality, recent studies suggest that colonoscopy may not
alter mortality from right-sided CRC (ascending colon and
cecum).” Moreover, colonoscopy is time-consuming, costly,
invasive, and carries sedation- and instrumentation-related
risks (eg, respiratory arrest, perforation and bleeding).
Additionally, in average-risk populations colonoscopy is cost-
effective only if performed every 10 years. Sigmoidoscopy
can detect polyps in the distal colon but may miss advanced
CRC in the proximal colon. Also, since it is commonly
performed without sedation sigmoidoscopy is generally
uncomfortable and is not cost-effective in most practices.

In comparison to endoscopy, stool-based tests are
relatively inexpensive, cause no discomfort and have no risk.
These methods can diagnose cancer but are less likely to detect
adenomas. FOBT lacks sufficient specificity or sensitivity,
thus identifying only approximately 50% of patients with
CRC. FIT, a commercially-available test, measures hemoglo-
bin levels in fecal material. Direct comparisons of FIT and
FOBT are not available, and false-positive results with FIT
are possible.? Stool-based DNA (sDNA) tests that examine
excreted cellular DNA for specific genetic mutations have a
higher specificity than FOBT in identifying early cancers.

Though sDNA may detect CRC more often than FOBT,
the test is less cost-effective and requires the collection of
an entire stool specimen followed by careful preservation
and processing to maintain DNA stability. These tests use
polymerase chain reaction (PCR) to detect multiple gene
mutations including point mutations in K-ras, APC and p53,
plus markers of DNA integrity and microsatellite instability.’
Newer versions of this method are currently being evaluated
and population-based studies are required to determine if
sDNA tests perform better than FOBT and FIT.

These observations identify a great need for diagnostic
and prognostic tests for CRC that are cost-effective, non-
invasive and practical for widespread application. Defining
serum biomarker profiles that are sensitive and specific
for chronic IBD and various stages of CRC including
tumor initiation, promotion, invasion and metastasis could
provide the basis to develop enzyme-linked immunosorbent
(ELISA) and multiplex bead array assays for clinical
use. These techniques use antibodies to measure protein
concentrations. Multiplex bead arrays permit the detection
of a large number of proteins in a small volume of serum.
The initial requirement in the development of such biomarker
panels is the detection of differentially expressed proteins
in persons with colon neoplasia versus healthy controls,
and differentially expressed proteins in IBD and various
stages of colon cancer. A plethora of inflammatory proteins
are involved in inflammation-induced neoplasia and in the
innate immune response to tumor growth in sporadic CRC.!
Serum mediators of the immune response provide a source
from which to identify differentially expressed factors.
Animal studies have expanded knowledge regarding the role
of inflammatory mediators in CRC. In addition, proteomics
has emerged as a powerful technology for detection of
differentially expressed proteins in samples and has been
used to develop biomarker panels through analysis of patient
serum samples and cell lines. With varying levels of success,
studies have examined the concentration of cytokines and
other serum proteins in patient cohorts. Patient cohort
studies include groups that have average risk for CRC and
higher risk groups such as patients with IBD or obesity,
which promotes chronic systemic inflammation and is a risk
factor for CRC.!° This review will critically evaluate recent
research regarding CRC and the inflammatory response,
patient cohort studies and emerging proteomics techniques
for developing biomarker panels. Analysis of available data
may lead to the development of serum biomarker profiles of
diagnostic and prognostic value in diagnosing and monitoring
the progression of colon neoplasia.
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Inflammation-induced colon cancer
A variety of factors contribute to the development of CRC
including genetic abnormalities and chronic inflammation.
Sporadic CRC (SCRC) arises from genetic instability
whereas inflammation-induced CRC is initiated by chronic
IBD. Though both UC and CD increase risk of CRC
development the association of CD with CRC is moderate,
whereas the elevated cancer risk in UC patients is well-
defined.? Sporadic and colitis-associated cancer (CAC)
evolve through different pathways. SCRC progresses through
an adenoma-carcinoma sequence, whereas CAC develops as a
result of inflammation-induced dysplasia which can progress
to carcinoma. In addition, there is a discrepancy in the genetic
progression of SCRC and CAC. A key step in SCRC is the
activation of Wnt/B-catenin-signaling as a consequence
of adenoma polyposis coli (APC) gene inactivation and
nuclear translocation of -catenin, a transcription factor that
contributes to aberrant cell proliferation. Loss of APC is an
initiating event in SCRC often followed by K-ras oncogene
activation and p53 tumor suppressor gene inactivation.
In contrast, p53 mutations occur in the pre-invasive stage of
CAC and Src oncogene acivation is a common early event,
whereas APC and K-ras mutations are less common and
occur later.!! SCRC and CAC also differ in relationship to
inflammation. Colitis-associated neoplasia is induced by the
inflammatory response, whereas inflammation follows tumor
development in SCRC.!

The link between inflammation and cancer is well
established."? Infiltrating immune cells and the production
of cytokines and chemokines create a pro-tumorigenic
microenvironment which contributes to cancer initiation and
progression. CAC exemplifies this process. It is speculated
that UC drives CAC formation by promoting DNA damage
through sustained oxidative stress and increased IEC turnover
due to the inflammatory microenvironment. Also, drugs that
treat IBD, such as the NSAID 5-aminosalicylates (5-ASA),
may inhibit the development of CRC.?

Pro-inflammatory cytokines and chemokines are com-
pulsory factors in inflammation-induced cancers, including
colitis-associated cancer (CAC). Cytokines modulate most
aspects of inflammation including homeostasis, mobility and
differentiation. By analyzing cytokine pathways involved in
UC and CAC it is possible to gain a more comprehensive
understanding of CAC tumorigenesis evolving from UC.
Many cytokines including IL-1f, IL-2, IL-4, IL-5, IL-6,
TNFo, IL-8,1L-10, IL-11, IL-12, IL-17, IL-18, IL-11, IL-22,
IL-23, TGF-B and IFNy dysregulation are implicated in UC
and progression to CAC."3"'> Some cytokines promote all

stages of tumor development from initiation and promotion
to invasion and metastasis, whereas others are stage-specific.
In particular, increased levels of pro-inflammatory TNFo,
IL-17,1L-23, IFNyand IL-6 are implicated in tumorigenesis;
several, such as TNFo, IL-1IL-6, IL-11, IL-22 and IL-23 are
involved in tumor promotion. Due to its role in epithelial-
mesenchymal transition (EMT) TGF is active in promotion
and invasion. IL-1, IL-6 and TNFa also play a role in tumor
invasion and metastasis. Another marker of inflammation,
C-reactive protein (CRP) is produced by liver cells in
response to circulating IL-6. This acute phase protein is
important for opsonization of pathogens and cellular debris.
CRP is upregulated in many cancers including CRC and is
broadly used for diagnosing inflammation and malignancy.'
In addition to promoting CAC development, cytokines are
also found in the serum of patients with SCRC after tumor
development and may influence prognosis.!

Changes in cytokine expression have been explored
extensively in murine models of UC and CAC. One
commonly used system is the dextran sulfate sodium/
azoxymethane (DSS/AOM) mouse model. This murine model
mimics human disease by increasing intestinal epithelial
permeability, thereby facilitating transmucosal infiltration
of intestinal bacteria and carcinogens. Interruption of
epithelial homeostasis leads to immune cell infiltration and an
inflammatory response which mimics human UC. Treatment
with the mutagen AOM increases tumor occurrence by
promoting genomic instability in colonic epithelial cells.
Treatment with DSS only is used to induce severe colitis,
or can be cycled at low concentrations to mimic chronic
inflammatory disease which causes CAC. DSS treatment
was shown to reversibly induce the expression of various
cytokines including IL-1B, TNFo., IFNy, IL-6, IL-10, IL-12,
and chemokines MIP-2 and KC.!” Several mouse models
of UC and CAC involve deficient cytokine production or
signaling as indicated by the use of transgenic mice to
investigate UC and CAC. These models include: 1L-2/
IL-2R7-, IL-107~ and TNF-UTR mutants. Results from
these models indicate that colitis develops concurrently
with dysregulated inflammatory cytokine expression and/or
decreased anti-inflammatory cytokine expression. Animal
models may also overexpress cytokines, for example 11-17
transgenic mice and Stat-4 overexpressing mice are used in
UC and CAC studies. On-going research continues to expand
the number of known cytokine effectors in UC and CAC.

The prevalence of cytokines in CRC provides a plethora
of serum protein markers to investigate. Continued research
into the expression of cytokines and other serum biomarkers
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in CAC and SCRC may lead to the development of improved
diagnostic and prognostic tools. By analyzing serum
biomarkers in various stages of IBD and CAC progression,
it may be possible to identify differential serum profiles for
chronic inflammation or specific CAC stage. Furthermore,
cytokines produced in response to SCRC may provide
prognostic clues. In comparison to currently used CRC tests,
serum analysis could offer a diagnostic and prognostic test
with reduced invasiveness and increased patient comfort.
Such screening methods may increase adherence to screening
guidelines and detect early stage CRC thereby reducing
overall morbidity.

Cytokine function in animal
models of UC and CAC

Cytokines are small signaling proteins with diverse functions
in inflammation. Cytokines control both innate and adaptive
immunity and are involved in early stages of inflammation,
such as immune cell migration and infiltration, and later
stages of cell-mediated immunity, such as cytotoxic T cell
activation and antibody production. Both innate and adaptive
immune responses play a role in UC and CAC. The biological
function of various cytokines influences the disease stage
in which they are involved. For example, some cytokines
are involved in the inflammatory response while others are
involved in cell survival and differentiation. These differences
in function determine if a cytokine is likely to be involved in
IBD, colorectal carcinogenesis or metastasis.

Immune signaling has been studied extensively in CAC
pathogenesis, including IL-1 and IL-18 activation by the
nucleotide-binding domain, leucine-rich-repeat (NLR)
inflammasome. This early immune response is due to loss of
intestinal epithelial homeostasis and bacterial infiltration.'®
Activation of IL-1 and IL-18 can induce downstream
activation of additional cytokines and chemokines that
promote inflammation. Tumor necrosis factor alpha
(TNFo) is a pro-inflammatory cytokine implicated in colon
tumorigenesis and extensively investigated in CRC. TNFo
signaling leads to activation of the transcription factor
NF-xB which can promote aberrant cell differentiation and
proliferation. Cell-mediated immunity is also important in
maintaining chronic inflammatory diseases such as UC.
IL-2, IL-10 and IL-12 manipulate cell-mediated adaptive
immunity. Moreover, chemokines have been shown to play a
role in UC and CAC by controlling immune cell infiltration
and cell mobility. Animal models can be used to detect
differentially expressed serum biomarkers in IBD and colon

cancer. Recent research has expanded knowledge of the
function of cytokines in UC and CAC.

A protective role for NLR
inflammasomes and IL-1 signaling
in CAC development

NLR inflammasomes are multiprotein complexes formed
in response to cell stress or infection. Complex formation
leads to activation of caspase-1 followed by cleavage of
propeptide forms of IL-1B and IL-18 causing activation
of these inflammatory cytokines. IL-13 and IL-18 are the
primary stimulators of innate immunity and lead the response
against pathogenic infection. Dysregulation of the NLR
inflammasome pathway results in inability to process IL-1§
and IL-18 and is associated with various disorders from
chronic infection and auto-immunity to cancer. Defects in
IL-1p are associated with increased risk of cancer including
those of the gastrointestinal tract.'

Recent research supports a protective role for IL-13
in CRC. Specifically, the NLR inflammasome inhibits
CAC development. In a mouse model of CAC, knocking
out components of the inflammasome attenuated colon
carcinogenesis.?’ Compared to wild-type (WT) controls, mice
lacking the inflammasome adaptor protein ASC/PYCARD
or caspase-1 that were treated with dextran sulfate sodium
(DSS) and azoxymethane (AOM) had increased disease
severity and tumor burden. The investigators used ELISA to
demonstrate reduced IL-1f and IL-18 production in the colon
of DSS/AOM-treated inflammasome-deficient compared to
control mice. To determine if NLR proteins modulate disease
severity, NLRP3~~ and NLRC4~~ mice were treated with
DSS/AOM. NLRP3~~ mice displayed more severe disease
whereas NLRC4~~ mice did not have altered pathology.
Data indicate that the NLRP3 inflammasome is involved
in ASC/PYCARD binding and caspase-1 processing,
though redundant pathways are likely to exist. Also, the
NLRC4 inflammasome does not appear to be involved in
disease susceptibility. NLRP3~~ mice were used to investigate
which cell subsets were effectors of this phenotype. Follow-
ing bone marrow transplantation using NLRP3~~ versus WT
bone marrow, it was determined that hematopoietic cells
deficient in NLRP3 inflammasome function contributed more
to disease severity than epithelial, tumor or stromal cells.
Overall, these data indicate that loss of NLR inflammasome
function, particularly by immune cells, increases UC severity
and progression to CAC. Also, in a DSS/AOM mouse model
activated IL-1B and IL-18 attenuated UC and CAC.?*!
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Other recent experimentation argues against a protective
role for IL-1 signaling in colon tumorigenesis. Single
immunoglobulin IL-1 receptor-related (SIGIRR) molecule is
an inhibitor of the IL-1 and Toll-like receptor. Investigators
crossed Apc™* mice with SIGIRR knockout mice to
determine the effects of SIGIRR in this mouse model
of colon cancer.”? Due to loss of herterozygosity (LOH)
of APC, Apc™* mice primarily develop small intestine
tumors. Apc™*/Sigirr”~ mice had increased carcinogen-
esis compared to Apc™*/Sigirr*”* mice. Increased tumor
burden in Apc™*/Sigirr”~ mice was attributed to increased
activation of the Akt-mTOR pathway and increased LOH
of the APC gene. Hyper-activation of Akt-mTOR increased
following IL-1 or Toll-like receptor agonist treatment using
either IL-1 or LPS. These results indicate a tumor suppressor
role for the IL-1 and Toll-receptor inhibitor SIGIRR, and a
tumor enhancing role for IL-1 activation of IL-1 receptor.
These conflicting data may result from the use of different
mouse models. The Apc™™* mouse is a model of sporadic
colon cancer and not inflammation-induced cancer. Also,
in addition to IL-1R ligand signaling SIGIRR protein
inhibits Toll-like receptor activation. Interpretation of these
results is difficult due to the dual function of this receptor
and may not definitively address the role of IL-1 in colon
carcinogenesis.

In addition to investigating IL-1 signaling in colon cancer,
recent research has further investigated the effects of the
inflammasome-processed cytokine, IL-18. One group inves-
tigated the effects of IL-1P and IL-18 on CAC using mice
with inflammasome deficiencies including inflammasome

-~ and dominant

adaptor protein knockout Asc™-, caspase-1
negative caspase-1 inflammasome regulator: caspase-127~
mice treated with DSS or DSS/AOM. With 5-day DSS-only

treatment, caspase-17~

mice did not survive to day 9 and
had drastically reduced body weight by day 5, whereas
caspase-127~ mice did not have reduced body weight, and
Asc”™ mice had an intermediate phenotype. An increased
presence of infiltrating bacteria was detected in the lamina
propria of caspase-1~~ mice which indicates that caspase-1
is necessary to maintain epithelial integrity and prevent
bacterial invasion. To determine which cytokines were
responsible for the severe caspase-17/~ phenotype, WT mice
were treated with DSS and IL-1f and IL-18 levels were mea-
sured. Interestingly, IL-18 serum levels were highly induced
whereas IL-1J levels were minimally increased. The inves-
tigators hypothesized that treating caspase-1~~ mice with
IL-18 would rescue the phenotype. Indeed, administration

of IL-18 following DSS treatment attenuated severe weight
loss and bacterial invasion. To investigate recurring colitis
and carcinogenesis, caspase-127~ mice were subjected to
cycles of DSS and DSS/AOM treatment. Mice lacking the
inflammasome negative regulator had increased resistance
to chronic colitis. Strikingly, caspase-12~~ mice had an
increased tumor burden compared to WT mice. Overall, these
data indicate a protective role for IL-1f in chronic colitis, but
a deleterious role in colon carcinogenesis, and a protective
role for IL-18 against UC.?

Another report both supports and refutes previous data.
In this study, using a DSS/AOM model the authors first
established that Myd88~~ mice have increased colitis and
colon cancer. Because Myd88 serves as an adapter protein
for several IL-1 family receptors, the investigators treated
IL-1R17~, IL-18R™", and IL-187~ mice with DSS/AOM to
determine which pathway is altered by Myd88 deficiency
to promote carcinogenesis. The protective effect of IL-18
was validated because, compared to DSS/AOM-treated WT
mice, IL-187~ and IL-18R~~ mice were more susceptible
to colitis and neoplasia. Disease in IL187~ mice was

-

attenuated compared to MyD88~ mice, but further analysis
showed similarities in certain cytokine levels, specifically
increased IL-6 and IL-11 and decreased IFNY, thus indicat-
ing that in MyD88~~ and IL-18~ mice increased disease
severity results from overlapping pathways. This same study
argues against the ability of IL-1B signaling to affect disease
severity because in DSS/AOM-treated IL-1R~~ mice there

was no change in colitis or neoplasia.?*

TNFo/NF-kB signaling promotes CAC

Tumor necrosis factor-alpha (TNFo) is a pro-inflammatory
cytokine that binds TNFR and activates downstream
signaling and activation of the transcription factor NF-xB.
Nuclear localization of NF-kB promotes expression of
additional pro-inflammatory cytokines. Depending on disease
type and stage, TNFo. and NF-kB have roles as both tumor
suppressors and tumor promoters. Although stimulation of
the TNFo/NF-kB pathway has anti-proliferative effects,
NF-xB activation results in the transcription of a variety
of genes including inflammatory cytokines and adhesion
molecules that may increase the risk of inflammation-induced
cancer and metastasis. Several studies showed that activation
of NF-kB promotes colitis-associated carcinogenesis.
Expression of TNFa in the colon was shown to increase
throughout the process of colon carcinogenesis. To test
the effects of inhibiting TNFo signaling, a DSS/AOM
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experiment was carried out using TNF receptor-deficient
(TNFRp5577) mice. Blocking TNFa signaling reduced
colitis and tumor formation.? Bone marrow transplantation
experiments support a role for TNFo. in disease progression
and implicate hematopoietic cells as effectors. WT con-
trol mice and TNFRp55~"~ mice implanted with WT bone
marrow developed more tumors than WT mice transplanted
with TNFRp55~~ bone marrow. Additionally, administration
of a TNFa antagonist to WT mice after DSS/AOM treat-
ment attenuated colon carcinogenesis, thus demonstrating
a pro-carcinogenic role for TNFo in this murine model of
CAC.

Transcription targets of NF-xB were shown to play a
substantial role in colon tumorigenesis. IL-6 transcription
results from NF-xB activation and promotes proliferation
and inhibits apoptosis in intestinal epithelial cells (IECs),
thus promoting colon carcinogenesis.?® DSS/AOM treatment
of IL-67~ mice reduced tumor burden compared to WT mice.
Additionally, with DSS-only treatment, [L-67~ mice showed
increased inflammation and more severe colitis than WT
mice. Several experiments measured both IL-6 producing
cells and target cells. BrdU staining indicated that in IL-67~
mice increased colitis severity is partially due to reduced
proliferation of IECs. Bone marrow transplant experiments
showed that hematopoietic cells play an important role in
IL-6 function, while non-hematopoietic cells play a lesser
role. Flow cytommetry was used to determine that during
CAC development dendritic cells and macrophages are the
primary IL-6-producing cells. IL-6 has a complex function
in intestinal homeostasis; a protective role in colitis and a
promoting role in colon carcinogenesis.

The role of TNFou in intestinal inflammation is well estab-
lished as evidenced by the use of anti-TNFo. monoclonal anti-
body (anti-TNFo Mab) to treat inflammatory bowel disease
(IBD). To investigate the mechanism of blocking TNFa on
CAC development, investigators used anti-TNFo. Mab in a
DSS/AOM model.”” Specifically, to determine effects of the
antibody the authors looked at TNFR1/2 signaling and NF-xB
activity in colonic epithelial cells of treated versus untreated
mice. TFNR2 was upregulated in colonic epithelia and
NF-kB was activated with DSS/AOM treatment. In a colitis
model, one-time treatment with anti-TNFo Mab inhibited
NK-kB activation, but did not have a significant effect on
inflammation. However, repetitive treatment with anti-TNFo
Mab in DSS/AOM-treated mice inhibited CAC. The authors
concluded that maintenance therapy with anti-TNFo Mab in
UC may decrease the risk of CAC.

Lymphocyte-mediated immunity in CAC
Though innate immunity is important for initiating the
inflammatory response, adaptive immunity contributes to
maintenance of chronic inflammatory syndromes such as
IBD. Several T cells subsets are involved in IBD. Ulcerative
colitis is characterized by a Th2 response of CD4+ T cells'
which contributes to CAC development. Th17 helper cells
may also be involved in CAC pathogenesis, as IL-17 and
IL-23 are implicated in IBD.® The presence of other T cell
subsets such as CD8+ T cells, Th1 T cells, and regulatory T
(Tregs) cells may repress colitis-associated carcinogenesis.
The Thl response is important in anti-tumorigenic activity
through activation of CD8+ T cells via IFNYy secretion.!*
Tregs inhibit CAC development through release of anti-
inflammatory cytokines IL-10 and TGFf. The effects of
Tregs in CAC are clearly demonstrated by the spontaneous
development of inflammation-associated colon cancer in
IL-10-deficient mice.?* During CAC pathogenesis, T cells
are implicated in the production of cytokines such as IL-6
which promotes tumor growth.*® In turn, IL-6 production
promotes spontaneous proliferation of T cells. Spontaneous
T cell proliferation and antigen-specific T cell proliferation
are both required to induce colitis.’!

The role of Th2 CD4+ T cells in UC and CAC is sup-
ported by recent research. In one study, mice genetically
prone towards either a Thl or Th2 response were treated
with AOM and trinitrobenzene sulfonic acid (TNBS). In this
model of CAC, IFNy-deficient mice which produce increased
IL-4 and IL-5 and develop a Th2 phenotype, showed
enhanced tumor growth compared to IL-47~ (Th1) and WT
mice."® Another study investigated the effects of subjecting
IL-4Ra-deficient mice to DSS/AOM treatment. The authors

-~ mice.

observed attenuated colon carcinogenesis in IL-4Ra
These findings support the contribution of IL-4 and Th2
T cells to CAC development.*? Additionally, 60% of human
colon adenocarcinomas displayed IL-4Ra expression, as did
murine colon cancer.*

The Treg subset is responsible for attenuating the immune
response through the production of IL-10 and TGFP. Defects
in Treg development can result in inflammatory diseases such
as UC. IL-10-deficient mice are used as an animal model of
CAC.” In human studies, Foxp3+ Tregs are correlated with
increased survival.’3 Another recent study showed that Tregs
can be converted to an inflammatory Th17 phenotype by mast
cells. These converted Tregs promote colon tumorigenesis
rather than inhibit tumor growth.>* Interestingly, this study
shows that converted Tregs express decreased levels of
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IL-10 and increased levels of IL-17, thus diminishing
anti-inflammatory properties and contributing to colonic
inflammation and carcinogenesis.

Research which determines the biological function
of cytokines in chronic intestinal inflammation and
inflammation-induced colorectal cancer provides a frame-
work for determining the disease stage in which these
proteins are involved. These clues uncover potential
biomarkers for IBD and various stages of CRC. To evaluate
further the utility of these proteins as biomarkers, patient
cohort studies must be performed. By comparing serum
protein levels in IBD and CRC patients to those in healthy
controls, differential expression can be determined.

Detection of serum biomarkers

in murine colitis

Animal studies may be useful to identify potential serum
biomarkers. A recent study examined 23 cytokines in acute
and chronic models of murine colitis. To determine the
cytokine profile for both acute and recurring colitis, this
study compared acute C. rodentium-induced colitis with
Helicobacter spp.-dependent chronic colitis. Both tissue
and serum cytokine levels were determined by ELISA.
Multivariate modeling indicated a similar increase in
chemokine and cytokine expression in the colon of animals
with acute and recurring colitis. Interestingly, serum
biomarkers in recurring colitis were different than those
in acute colitis and included neutrophil and Th17-related
factors KC, IL-12/23p40, IL-17, G-CSF and IL-6." These
cytokines, which are expressed at higher levels in recurring
versus acute colitis, may serve as important biomarkers
not only for UC, but also CAC, as recurring colitis greatly
increases the risk for CAC. This study demonstrated the
potential for serum analysis and mathematical modeling
in establishing cytokine profiles for disease. However, this
study used a small sample size and murine models that may
not be predictive of human disease.

Proteomics and detection

of cancer biomarkers

The use of proteomics to determine differential protein
expression in patient versus control serum is gaining accep-
tance as a method to identify disease biomarkers. Serum can
be analyzed by mass spectrometry (MS) or the Rolling Circle
amplification (RCA) assay. Proteins of interest can be vali-
dated using ELISA to test multiple patient cohorts. Through
proteomics methods biomarker panels can be developed that

are highly sensitive and specific. Serum biomarker panels are
currently being developed for various cancer types.

A 2010 proteomics study identified serum proteins
upregulated in CRC metastasis.* A primary CRC cell line was
compared to a metastatic cell line from the same patient to
identify differential protein secretion by metastatic CRC cells
in vitro; 145 proteins were differentially expressed greater
than 1.5-fold. Two highly differentially expressed proteins,
serum trefoil factor 3 (TFF3) and growth/differentiation
factor 15 (GDF15) were analyzed in clinical samples. Their
levels were significantly higher in serum from patients with
lymph node metastasis. The authors conclude that TFF3 and
GDF15 may be prognostic indicators of CRC lymph node
metastasis. TFF3 is a small protein secreted by intestinal
goblet cells. It is involved in maintaining the mucosal epithe-
lium through restitution which entails tissue healing by the
migration of epithelial cells. TTF3 is a mobility factor which
can promote invasion and metastasis in cancer cells that are
resistant to apoptosis. GDF15, a member of the transforming
growth factor-p (TGF-B) superfamily, is expressed as a pro-
peptide and cleaved to its active secreted form. GDF15 may
be involved in inhibition of growth, cell detachment and inva-
sion, though not much is known regarding its function.®

Proteomic methods were used to determine potential
biomarkers in other cancer types. A multiplex assay of six
serum biomarkers is under development as a screening test for
early stage ovarian cancer in high-risk patients.3® Researchers
performed RCA on serum samples from ovarian cancer
patients and compared results to control serum. Candidate
biomarkers were further evaluated using ELISA of serum
from an additional cohort. Results were repeated using a
multiplex bead array which is less expensive and requires a
small volume of serum thus making the test more practical
for widespread studies. The final panel of six biomarkers
included leptin, prolactin, osteopontin, insulin-like growth
factor II, macrophage inhibitory factor and CA-125 achieved
a sensitivity of 95.3% and specificity of 99.4%.

Another group is using proteomics to develop a panel of
biomarkers to detect and grade prostate cancer.>” Researchers
used 2D difference in-gel electrophoresis (2D-DIGE) and
nuclear magnetic resonance spectroscopy (NMR) to analyze
serum from patients with high- and low-grade prostate
cancer. MS was used to identify differentially expressed
proteins. Comparison of serum samples using a panel of
biomarkers was able to predict different cancer stages
including metastatic versus non-metastatic prostate cancer.
Patient cohort validation is necessary.
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Proteomics methods have been used to determine
differential serum protein levels in disease-free versus
recurring head and neck squamous cell cancer (HNSCC)
patients. 2D-DIGE and MS techniques were used to analyze
serum samples from patients undergoing treatment; 16 pro-
teins were differentially expressed by disease status.?®

To determine potential serum biomarkers for pancreatic
cancer, Bunger et al performed a database search. They
detected both individual markers and panels of biomarkers
with sensitivity and specificity ranging from 77%-100%
and 84%—100% respectively. Validation of markers using
multiplex assays to analyze serum from patient cohorts
is suggested as the next step to move toward clinical
application.*

Serum proteomics analysis was used to discover dif-
ferential serum biomarkers for several other types of cancer
including melanoma, hepatocellular carcinoma, renal cell
carcinoma, lung cancer and early stage breast cancer.****

Proteomics methods are useful for determining differ-
ential protein compositions of samples. Advances in these
methods allow the detection of non-abundant proteins thus
increasing the likelihood of discovering variations. Analysis
of serum samples and secreted proteins allows the discovery
of potential biomarkers for cancer diagnosis. By combining
a proteomics approach with existing data on IBD and CRC it
may be possible to develop accurate biomarkers for diagnosis
and disease staging.

Cohort studies to determine

serum biomarkers in CRC

Cohort studies are a valuable method of validating serum
proteins as potential CRC biomarkers. Development of
biomarker panels may be useful for screening and monitoring
patients for CAC and SCRC progression. Patient cohort
and animal studies identified serum biomarkers with
equivocal results. Most patient cohort studies compare CRC
development in patients without preexisting conditions to
average risk controls (without IBD). Some studies include
patients and controls with additional confounders such as
IBD, obesity and smoking. Many studies are limited in
breadth with only a few cytokines examined, or use a limited
population wherein significant differences are not detected.
Due to the complexity of cytokine expression in UC, CAC
and SCRC it may be necessary to examine extensive arrays
of serum biomarkers using large patient populations to detect
significant differences in serum cytokine levels and for cohort
studies to ultimately have diagnostic and prognostic value.

TNFa is an acute phase pro-inflammatory cytokine that
activates the transcription factor NF-kB thus promoting the
expression of several downstream mediators of inflammation.
A patient cohort study indicated that TNFo. expression is
increased in UC, CD and CRC compared to healthy controls.*
Also, TNFa expression is higher in CRC than in UC patients.
This study, by Szkaradkiewicz et al, used a small sample
number and analyzed serum collected from patients at the
time of diagnosis.* A study by Kim et al indicates that TNFo.
is associated with increased risk of colorectal adenoma.*® This
study used a predominately obese population to determine
if obesity is associated with inflammation and CRC. It was
determined that obesity correlates with increased levels of
inflammatory cytokines and it is a risk factor in CRC devel-
opment. A recent study also indicates that TNFo. correlates
with increased risk of CRC.*’ This study measured an alterna-
tive marker for TNFo., soluble TNF-receptor-2 (sTNFR-2),
because it is more stable in stored frozen samples. This study
by Chan et al analyzed data from the Nurses’ Health Study
which is a well-documented case-control study sampled from
a large population. This study required a baseline serum
collection and had a 15-year follow-up.” Another alterna-
tive marker for TNFa., soluble TNF-receptor-1 (sTNFR-1)
was found to correlate with tumor grade and invasion* in a
study that used a small control population and serum samples
were collected at the time of diagnosis. The Bobe et al and
II’yasova et al studies found no correlation of TNFo with
CRC occurrence.**

Mediators of inflammation downstream from TNFa
have also been investigated. TNFa signaling activates the
transcription factor NF-xB resulting in expression of IL-6.
Many studies investigated the correlation of pro-inflammatory
cytokine IL-6 with CRC risk. Several studies, including those
by Kim et al and Bobe et al, found that increased levels of
IL-6 correlate with increased risk for CRC3#34630-52 while
other studies have found no association.**>* [’yasova et al
investigated patients 70—79 years of age. Serum was collected
initially and follow-up of patients was 5.5 years. They found
that increased IL-6 correlated with CRC occurrence and the
association was greater with CRC mortality.” Malicki et al
measured cytokine levels in a small cohort of CRC patients
and compared the results to healthy controls. They found that
IL-6 levels were higher in CRC patients. Interestingly, they
found that serum IL-6 levels decreased after surgical removal
of tumors.”® Knupfer et al analyzed previously published
results (a total of 31 articles) to determine correlations
between IL-6 and CRC. They found that increased IL-6 is
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positively associated with CRC and that IL-6 concentration
is associated with increased tumor size, stage, metastasis, and
decreased survival. The authors conclude that IL-6 may be
a valuable prognostic indicator for CRC.*? Furthermore, the
Szkaradkiewicz study found that IL-6 serum concentration
is higher in UC and CD patients.* No correlation was
found by the Ognjanovic group. Serum was collected from
adenoma patients at the time of diagnosis and compared to
healthy controls. The sample population was multiethnic
and baseline cytokine concentration varied according to
ethnicity. Therefore, variables within cases and controls
may have prevented detection of a correlation.

C-reactive protein (CRP) is an inflammatory protein
that is produced by the liver in response to IL-6. CRP has
been investigated for potential use as a predictive tool in
many cancer types including CRC. Several studies found
increased CRP to be associated with higher CRC risk.>*
Kwon et al* collected data from CRC patients at the time of
diagnosis and found increased CRP levels in comparison to
healthy controls. Studies by Gunter et al,>® Erlinger et al,>
and Otani et al’” were case-control studies with serum collec-
tion at the baseline and 5 to 11 year follow-up periods. The
Gunter et al study cohort was male smokers only. The Erlinger
et al and Otani et al studies included men and women. The
studies found that increased CRP levels increase risk of CRC
development. The Aleksandrova et al case-control study
included both men and women and concluded that increased
CRC risk associated with elevated CRP is found only in
men.*® A previous study by Zhang et al found no association
in women.*® The Zhang study was an intervention trial using
aspirin, but analysis was not different between the treatment
groups. A study by Kim et al found that increased CRP levels
correlate with colorectal adenoma and obesity.* I1’yasova
et al found a correlation with increased CRP and cancer
death.> A meta-analysis of several cohort studies detected a
low association of increased CRP with CRC risk. Heikkila
et al pooled data from 10 studies. The lack of significance
may have been caused by confounders such as age, smoking,
socioeconomic status, obesity and activity level.®® Several
studies found no association.”**!

The NLR inflammasome product IL-1B is a primary
stimulator of innate immunity. Though some research
supports a protective role for IL-1p in CRC, Szkaradkiewicz
found a correlation between increased IL-13 and UC, CD
and CRC. Patients with UC and CRC had higher levels
than those with CD.* Bobe et al detected an association
with IL-1B and advanced colon adenomas.* The Bobe

et al study was a nutritional intervention trial to determine
if colorectal adenoma recurrence can be decreased by
increased fruit, vegetable and fiber intake and decreased fat
intake. All participants had previous adenomas. The study
recorded changes in diet, serum cytokine levels and adenoma
recurrence over 3 years. They found that a decrease in IL-153
was associated with a decreased risk of advanced CRC.

The cytokine IL-23 induces inflammation through
the activation of IL-17-producing T cells and myeloid
cells. This heterodimeric cytokine is composed of
subunits p40 and p19. The inflammatory cytokine IL-12
induces the production of IFNy and promotes Thl cell
differentialtion. 1L-12 is also a heterodimer composed
of p40 and p35 subunits. The p40 subunit is common to
both IL-23 and IL-12 therefore studies that detect p40 may
be determining levels of both IL-23 and IL-12. Studies
have associated increased IL-23 levels with CRC risk.%¢
Miteva et al analyzed levels of the p40 subunit and found
the highest IL-23/IL-12 serum concentration occurs in
early stage CRC.% A small patient cohort study by Ljujic
et al examined CRC patient and healthy control serum for
p19 concentration and found that IL-23 levels are higher
in CRC patients.®> Furthermore, Bobe et al found that
increased IL-12 is associated with advanced adenoma
recurrence.*

Th17 differentiation is induced by IL-23 and results in
increased production of the inflammatory cytokine IL-17.
A study by Radosavljevic et al indicates that IL-17 levels
are higher in CRC patients compared to normal controls.®
This study used the same patient cohort as the Ljujic study.
The authors concluded that IL-17 may be a useful tool for
CRC diagnosis.

The chemokine IL-8 induces the migration of leukocytes
including neutrophil and macrophage to sites of infection.
Szkaradkiewicz et al detected increased levels of IL-8 in
the serum of UC, CD and CRC patients. Furthermore,
CRC patients had significantly higher levels of serum IL-8
than UC patients.* Other studies also correlated increased
levels of IL-8 with CRC.*#5° Kaminska et al found that
IL-8 significantly increases with advanced clinical stage
and invasion.* Furthermore, CRC patients had significantly
higher levels of serum IL-8 than UC patients.* The study by
Bobe et al found no association.*’

IL-2 induces the proliferation of thymocytes including
cytotoxic T cells, Thl, Th2, Th17 and Treg subsets. The
study by Bobe et al indicated that decreased levels of IL-2 are
associated with an increased risk of adenoma recurrence.*

Gastrointestinal Cancer:Targets and Therapy 201 I:1

submit your manuscript 35

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Long and Raufman

Dove

Table | Cytokines associated with inflammatory bowel disease (IBD), ulcerative colitis (UC), colorectal cancer (CRC) and colitis-

associated cancer (CAC)

Cytokine Function Role in disease References
IL-1B Pro-inflammatory Primary response to IEC bacterial infiltration 13
Protective against tumor growth in a mouse model 15
Associated with advanced adenoma 38
Associated with UC, CD and CRC 45
IL-2 T cell response T cells contribute to chronic IBD 7
Th2 response Decreased levels associated with adenoma recurrence 49
Associated with CD 8
IL-4 Th2 response Associated with UC 7
Promotes tumor growth in mouse model of CRC
IL-5 Th2 response Characteristic of UC 8
IL-6 Pro-inflammatory Associated with increased CRC occurrence, and mortality 45,46,50-52
Associated with UC and CD 8
IL-8 (CXCLS8) Neutrophil chemoattractant Associated with UC, CD and CRC 45,48,50
IL-10 Anti-inflammatory Lower levels associated with CRC and higher levels with UC 45
T reg response Reduced levels increase tumor growth in mice 8,23
Increased levels associated with decreased risk of advanced adenoma 49
IL-11 Thl response Survival and growth |
IL-12 (p35/p40) Pro-inflammatory Characteristic of UC 8
Th17 response Predictive for chronic colitis in comparison to acute colitis 9
Increased in Stage | CRC patients 63
IL-17 Th17 response Predictive for chronic colitis in comparison to acute colitis 9
Pro-inflammatory Associated with murine colitis 8
Elevated in CD patients 41
Increased level in CRC patients 64
IL-18 Pro-inflammatory Primary response to bacterial infiltration in IBD 16
Protective against tumor growth in mouse model 15
IL-22 Innate immunity Survival |
IL-23 (p40/p19) Pro-inflammatory Involved in murine colitis and CAC 56
Associated with increased risk of CRC 62
TNFo. Pro-inflammatory Chronic expression present in IBD 39
Higher concentration associated with adenoma 21
Involved in murine colitis and CRC 1,30
Associated with increased CRC occurrence 4548
IFNy Thl response Associated with improved prognosis of CRC 7
Characteristic of CD |
KC (CXCLI) Neutrophil migration Predictive for chronic colitis in comparison to acute colitis 9
G-CSF Neutrophil response Predictive for chronic colitis in comparison to acute colitis 9
TGFB Anti-inflammatory Characteristic of UC 8
Th2 response EMT, CRC promotion and invasion |
CRP Pro-inflammatory Associated with adenoma and CRC 54-58

The Treg subset is responsible for attenuating the immune
response in part through the production of anti-inflammatory
cytokine IL-10. Szkaradkiewicz et al compared circulating
levels of IL-10 in healthy individuals to those in patients with
UC, CD or CRC. They detected increased levels of IL-10
in UC patients but not in CD or CRC patients compared
to control cases.* This study may implicate the loss of
systemic IL-10 in CRC development. Bobe et al found that
increased IL-10 concentration correlated with increased risk
of advanced adenoma recurrence.” These studies may have
produced different results because the first study utilized a
patient cohort with an initial diagnosis of CRC while the
second study detected CRC recurrence.

Macrophage migration inhibitory factor (MIF) is an
inflammatory protein involved in many cellular processes
including differentiation and proliferation. MIF also plays a
role in angiogenesis, tumor promotion and metastasis. Recent
studies indicate that MIF is significantly upregulated in CRC%
and metastases.®® Analysis of serum from 128 CRC patients
with various stages of cancer compared to 53 healthy con-
trols indicated that MIF is upregulated at all stages of CRC.
Interestingly, this study found that MIF demonstrated the
highest sensitivity out of 9 candidate markers in early cancer
detection at 71.4%, with a specificity of 90.6%. Another small
study that categorized CRC patients by presence of metastasis
found that serum MIF levels significantly correlated with
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CRC and that the correlation was greater in patients with
metastasis. These studies indicate a potential role for MIF
as a biomarker for CRC though studies need to be done in a
larger population to verify the correlation.

Serum hepatocyte growth factor (SHGF) is involved in
proliferation and angiogenesis and was detected in the serum
of cancer patients including those with CRC.%” Ina 2009 study,
SHGF was significantly elevated in CRC patients compared
to controls. Additionally, SHGF was significantly increased
in advanced stages (II and III) which include patients with
large tumors and metastasis. HGF levels correlated with poor
survival and may serve as a prognostic indicator.

Other cytokines were found to have no correlation with CRC
and many potential cytokines have not yet been investigated.
Additional cytokines analyzed by Bobe et al and found not to
correlate with CRC risk include INFyand GMCSE* The Bobe
et al study was conducted as a nutritional intervention trial and
may not be conclusive for defining cytokine profiles in CRC.

Many cytokines were evaluated as potential CRC
biomarkers and several factors that have been implicated
in CRC have not yet been investigated. In addition, most
studies use patient cohorts with CRC and no previous IBD
diagnosis. These studies are useful for developing diagnostic
and prognostic tools for the average-risk population against
CRC. Studies that analyze the differential cytokine expression
in UC compared to CAC are lacking and may be helpful in
developing diagnostic tools for monitoring UC patients. Many
studies involved small numbers of patients, some with high
variability between cases and controls, and many studies only
measured a limited number of factors. To detect significant
differences in serum protein levels it may be necessary to
perform large case-control studies with analysis of extensive
panels of biomarkers. Determining differential expression of
multiple serum biomarkers in various stages of disease may
help in the development of diagnostic and prognostic assays
with high sensitivity and specificity. Existing data suggest
potential biomarkers for CRC. Also, the use of animal models
of IBD and CRC may help to discover additional mediators
of disease. Furthermore, emerging proteomic methods are
capable of thorough analysis of serum proteins and may be
used to determine differential expression of factors in CRC
patient samples. Continuing research using both animal models
and proteomics followed by validation with cohort studies may
determine the appropriate combinations of serum biomarkers
for multivariate models of disease status and stage.

Conclusion
Many cytokines and serum proteins are involved in IBD
and CRC (Table 1). These factors regulate diverse functions

including initiation of the innate immune response,
stimulation of cell-mediated adaptive immunity, homeo-
stasis, cell migration, survival and anti-inflammatory
responses. Several cytokines have a well-established role
in IBD such as TNFa, IL-1B, IL-2, IL-4, IL-5, IL-6, IL-10,
IL-12,1L-17,1L-18, KC and G-CSF. Inflammatory cytokines,
particularly those promoting a Th2 and Th17 response, are
associated with UC. Inflammatory cytokines that initiate a
Th1 response, such as IFNy are associated with CD. Many
cytokines are associated with colon neoplasia and CRC stage
including TNFao, IL-1p, IL-6, IL-8, IL-12/IL-23 and IL-17.
Roles for other cytokines and serum proteins are still being
established. Not only do these serum proteins have important
roles in disease pathogenesis, they also have potential as
biomarkers for chronic inflammation, colon carcinogenesis,
invasion and metastasis. Due to the minimal invasiveness of
serum testing in patients and the cost-effectiveness of multi-
plex assays, discovery of serum biomarkers could lead to the
development of an efficient method of diagnosing CAC and
SCRC. Defining serum biomarker profiles specific to various
stages of CRC may reduce mortality by improving diagnosis
of early-stage disease and alerting healthcare providers to
disease progression.
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