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Abstract
The cytokine network in inflammatory bowel disease (IBD) is a complex, dynamic system that
plays an important role in regulating mucosal innate and adaptive immune responses. While
several studies have been done to evaluate immunomodulatory profiles in murine IBD, they have
been limited to a relatively small number of cytokines that do not take into account its dependency
of the interplay of multiple factors, and therefore the diagnostic potential of their cytokine profiles
have been inconclusive. Herein we demonstrate a novel approach of comprehensive serum
multiplex cytokine profiling to describe the modulation of 16 Th1, Th2, Th17 cytokines and
chemokines in both acute and chronic murine models of DSS and TNBS-induced colitis.
Distinctive disease-specific cytokine profiles were identified with significant correlations to
disease activity and duration of disease. TNBS colitis exhibits heightened Th1-Th17 response
(increased IL-12 and IL-17) as the disease becomes chronic. In contrast, DSS colitis switches from
a Th1-Th17-mediated acute inflammation (increased TNFα, IL6, IL-17 and KC) to a predominant
Th2-mediated inflammatory response (increase in IL-4 and IL-10 and concomitant decrease in
TNFα, IL6, IL-17 and KC) in the chronic state. Profiles of multiple cytokines seen systemically
were also validated locally in colonic mucosa. Moreover, advanced multivariate analyses
identified discriminatory cytokine profiles that can be sufficiently used to distinguish unaffected
controls from diseases, and one disease type from another. IL-6 and IL-12 stratified gender-
associated disease activity in chronic colitis. Our studies provide insight into disease
immunopathogenesis and illustrate the significant potential of utilizing multiplex cytokine profiles
and bioinformatics as diagnostic tools in IBD.
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INTRODUCTION
Inflammatory bowel disease (IBD) comprises two major forms of chronic inflammatory
disorders of the gastrointestinal tract, Crohn’s disease (CD) and ulcerative colitis (UC),
which are characterized by distinct clinical, histopathological, endoscopic and radiological
features (1). However, the etiology and pathogenesis of these disorders have not yet been
fully defined (2). Recent studies have indicated that a complex interplay of genetic,
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microbial and environmental factors culminates in sustained aberrant intestinal innate
immunity which may be a central early mechanism, subsequently perpetuated by
dysregulated adaptive immune responses (1,3–6).

Given the broad variety of etiological factors and complex genetic heterogeneity of human
IBD, much of our current understanding of IBD pathogenesis have come from the studies of
various animal models (7). Although there are differences, they resemble several important
immunological and histopathological aspects of human IBD. Therefore, murine models have
become essential tools to investigate pathophysiological mechanisms and immunological
processes underlying chronic mucosal inflammation, including DSS (UC-like) and TNBS
(CD-like) colitis in IBD (7). Chemically induced murine models of intestinal inflammation
are the most commonly used and best described, primarily because (a) the onset and
duration of inflammation is immediate and controllable and (b) there are no artificial genetic
deletion or manipulations that are usually not found in human IBD (7,8). Furthermore,
chemical murine models have been shown to be similar to human IBD in multiple aspects,
including cytokine dysregulation (9). Therefore, they are useful tools to study mediators of
the innate, adaptive and regulatory arms of the intestinal immune response (7,8). It is
important to note however that, while the similarity of chemical models to human IBD has
been extensively described, there is uncertainty with regards to their equivalence to human
UC or CD (10–12).

A cascade of inflammatory mediators, primarily cytokines, are key players of the innate and
adaptive immune responses. They modulate important biological cellular functions that
trigger downstream signaling pathways, and mediate immune cell proliferation and
differentiation (13). Under normal conditions, the intestinal mucosa functions within a
delicate balance of inflammatory cells where cytokine synthesis and cytokine-induced signal
transduction pathways are tightly regulated by intricate feedback mechanisms and regulatory
T cells (13,14). In IBD, the pathophysiological dysregulated immunologic responses to
commensal bacterial antigens is reflected by a dramatic shift/imbalance in the cytokine
production profile at different stages of the disease process (5). This dysregulated imbalance
is thought to be represented by a T-helper 1 (Th1) and T-helper 2 (Th2) polarization pattern
in IBD, where CD has been thought to be a prototypic Th1 disorder {mediated by tumor
necrosis factor (TNF)α, Interleukin(IL)-12, and Interferon (IFN)α}, while UC being
primarily associated with Th2-type responses (mediated by IL-5 and with no IFNα
predominance) (15). However, the polarization concept has also been challenged by studies
indicating Th2 profiles (up-regulation of IL-5) in CD and Th1 profiles (TNF-α) in UC (16–
18). It is also important to point out the recent increasing interest in the Th17 pathway,
mediated by IL-23 and IL- 17, both of which are essential for the manifestation of chronic
intestinal inflammation (19). Given the importance of the complex network of cytokine
profiles and its current applications as targetedbiological agents, comprehensive analysis of
cytokines are imperative to identify diagnostic and prognostic profiles.

The cytokine network in IBD is a complex and dynamic system in which cellular and
humoral cytokines, chemokines, and growth factors regulate initiation and perpetuation of
inflammation (14). To date, our understanding of the role of cytokines in IBD (in both
human and animal models) has been largely limited to analyses of individual or small sets of
cytokine(s). However, it is clear that functional redundancy, synergy, pleiotropy, and
concomitant regulation result in a dynamic cytokine network dependent upon the complex
interplay of multiple factors, rather than the isolated effects of single signaling molecules or
pathways (13).

Herein, we perform the first comprehensive analysis of broad-spectrum of cytokines from
both acute and chronic murine models of UC-like and CD-like IBD. These studies define
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specific cytokine profiles in the initiation and perpetuation of disease pathogenesis,
demonstrating the utility of multiplex cytokine profiling as a sensitive and quantitative
measure of disease activity/severity. These results also indicate that cytokine profiling can
be used as diagnostic and prognostic tools in IBD, particularly cytokine-based targeted
biological therapies in preclinical studies, human clinical trials, and for therapeutic strategies
in IBD.

MATERIALS & METHODS
Animals

Male and female C57BL/6 and BALB/c mice (6–8 wk, 18–22 g) (Jackson Laboratories, Bar
Harbor, ME) were group-housed at Johns Hopkins Animal Facility under controlled
temperature (25°C) and photoperiods (12:12-hour light-dark cycle), and allowed unrestricted
access to standard diet and tap water. Mice were allowed to acclimate to these conditions for
at least 7 days before inclusion in experiments. For each group of experiments, mice were
matched by age, sex, and body weight. Care and experimentation of mice were performed in
accordance with institutional guidelines under protocols approved by the Institutional
Animal Care and Use Committee at the Johns Hopkins University.

Induction of Colitis
DSS Model—C57BL/6 mice were used for DSS colitis. Acute colitis was induced by
feeding mice with 3% (wt/vol) dextran sodium sulfate (DSS) (molecular weight 40 kDa;
ICN Biochemicals, Aurora, OH) dissolved in drinking water, which was fed ad libitum for
seven days (10). For chronic DSS-induced colitis, mice were treated with 4 cycles of DSS
(3%) for 7 days/cycle and 10 days of normal drinking water in between each cycle (10).
Control C57BL/6 mice received the same drinking water without DSS (n=8 mice in each
group).

TNBS Model—Since C57BL/6 are known to be relatively resistant to TNBS (2,4,6-
trinitrobenzene sulfonic acid) colitis, the TNBS susceptible BALB/c strain were used for
TNBS studies (20,21). In the TNBS model, food (but not water) was withdrawn overnight
for 12 hours, prior to hapten, TNBS (Sigma-Aldrich, St. Louis, MO) administration. Mice
were lightly anesthetized using a modified open-drop exposure to a mixture of 20% v/v
isoflurane in propylene glycol. 0.1 ml of TNBS (2 mg in 50% ethanol) was administered via
an 18 gauge, 2.5 mm dia. feeding tube (Fine Science Tools, Inc. Foster City, CA) that was
advanced through the rectum into the colon, until the tip was 4 cm proximal to the anus (20).
To ensure retention of the haptenating agent within the entire colon and cecum, mice were
held by tail in a vertical position for 30 seconds after the i.r. administration. Chronic TNBS
colitis was developed by weekly enemas of 0.1 ml TNBS (2 mg in 50% ethanol) given once
a week for a total of 5 wks (21,22). Control BALB/c mice were administered 50% ethanol
using the same technique. (n=8 mice in each group).

Evaluation of Colitis
Animal were observed twice daily for weight, water/food consumption, morbidity, stool
consistency, piloerection, and the presence of gross blood in feces and at the anus. Disease
activity index (DAI) was calculated by assigning well-established and validated scores for
parameters that are somewhat analogous to the clinical presentation of human IBD, as per
Cooper et al (23). The following parameters were used for calculation: (a) weight loss (0
point=none, 1 point=1–5% weight loss, 2 points=5–10% weight loss, 3 points=10–15%
weight loss and 4 points- more than 15% weight loss), (b) stool consistency/diarrhoea (0
points =normal, 2 points= loose stools, 4 points=watery diarrhea), (c) bleeding (0 points= no
bleeding, 2, slight bleeding, 4 points, gross bleeding {by ColoScreen occult blood test
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(Helena Laboratories, Beaumont, TX)}. The DAI was calculated as the total of these scores:
the sum of weight loss, diarrhea, and bleeding, resulting in the total DAI score ranging from
0 (unaffected) to 12 (severe colitis). At day 7 following induction with DSS and TNBS,
animals were sacrificed by CO2 overdose, rapidly dissected, and the entire colon was
quickly removed and gently cleared of feces. Small segments of the colon taken for
histopathology and immunohistochemistry (IHC) were fixed in 4% normal buffered
formalin using Shandon Excelsior automated tissue processor (ThermoFisher Scientific,
Waltham, MA), embedded in paraffin, sectioned at 4-um thickness with a paraffin
microtome (ThermoFisher) and mounted on to microscope slides (Fisher Scientific,
Pittsburgh, PA). These paraffin embedded slides were also used in immunhistochemistry
(see below). Sections were stained with haematoxylin and eosin (Richard Allen Scientific,
Kalamazoo, MI), and histological scores were blindly determined as per Obermeier et al
(24). The following parameters were used for calculation: (a) Epithelial damage (0
point=none, 1 point=minimal loss of goblet cells, 2 points=extensive loss of goblet cells, 3
points=minimal loss of crypts and extensive loss of goblet cells, and 4 points=extensive loss
of crypts) (b) Infiltration (0 point=none, 1 point= infiltrate around crypt bases, 2 points=
infiltrate in muscularis mucosa, 3 points=extensive infiltrate in muscularis mucosa with
edema, and 4 points=infiltration of submucosa). Histological activity index (HAI) was
calculated as the sum of the epithelium and infiltration score, resulting in the total HAI score
ranging from 0 (unaffected) to 8 (severe colitis) (24).

Isolation of colonic mucosa and extraction of proteins for western blot analysis
At 4°C, the mucosa was scraped from the colon, and samples were snap frozen, and stored at
−80°C for remaining experiments. Fozen tissue samples were homogenized in
homogenization buffer (50mM Tris-HCl, pH 7.2) containing Na3VO4 and a protease-
inhibitor cocktail (Sigma-Aldrich) using a OmniTH homogenizer (OmniInternational,
Marietta, GA). Following sonication, the homogenate was centrifuged at 2000×g for 5 mins.
The resulting supernatants were collected as total mucosal proteins and protein
concentrations were measured using the Bio-Rad Protein Assay (Bio-Rad Inc., Hercules,
CA).

Myeloperoxidase Activity
The activity of the enzyme myeloperoxidase (MPO), a marker of polymorphonuclear
neutrophil primary granules, was determined in colonic mucosa according to a previously
described technique (25). Colonic mucosal scrapings were suspended in potassium
phosphate buffer (pH 6.0) with hexadecyl trimethylammonium bromide buffer and a Sigma
cocktail of protease inhibitors. Samples were then homogenized on ice with an OmniTH
homogenizer, and sonicated. Following sonication, suspensions were centrifuged at 11000g
for 15 minutes at 4°C, and supernatants were diluted in potassium phosphate buffer (pH 6.0)
containing 0.167 mg O-dianisidine dihydrochloride (Sigma- Aldrich) and 0.0005% (vol/vol)
H2O2. Changes in absorbance at 450 nm were recorded with a spectrophotometer every 30
seconds over 3 minutes. MPO was expressed in units per milligram of tissue, where 1 unit
corresponds to the activity required to degrade 1 μmol H2O2/min/mL at 24°C.

Serum collection and Biometric Multiplex Cytokine Profiling
Blood was collected by cardiac puncture in endotoxin-free silicone coated tubes without
additive. The blood samples were allowed to clot at room temperature for 30 min before
centrifugation (2200×g, 4°C, 10 min) and the serum was collected and stored at −80°C until
analyzed. A multiplex sandwich immunoassay from Bioplex protein array system (Bio-Rad
Inc, Hercules, CA) which contains fluoroscence-labeled microspheres conjugated with
monoclonal antibodies specific for 16 target cytokines was used (26–28). Serum samples
were thawed and run in duplicates. Antibody-coupled beads were incubated with the serum
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sample (antigen) after which they were incubated with biotinylated secondary (detection)
antibody before finally being incubated with streptavidin-phycoerythrin. A broad sensitivity
range of standards (Invitrogen, Carlsbad, CA) ranging from 1.95 – 32000 pg/ml were used
to help enable the quantitation of a wide dynamic range of cytokine concentrations while
still providing high sensitivity. Bound molecules were then read by the Bio-Plex array
reader which uses Luminex fluorescent-bead-based technology (Luminex, Austin, TX) with
a flow-based dual laser detector with real time digital signal processing to facilitate the
analysis of up to 100 different families of color-coded polystyrene beads and allow multiple
measurements of the sample ensuing in the effective quantitation of cytokines (26–28).
Analytes measured include IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, IL-17, IFN-γ, TNF-α,
Granulocyte-macrophage colony-stimulating factor (GM-CSF), Interferon-inducible protein
(IP)-10, Keratinocyte-derived chemokine (KC), Monocyte chemoattractant protein
(MCP)-1, Monokine induced by IFNγ (MIG), and Macrophage inflammatory protein
(MIP)-1α (Source of antibodies: Invitrogen, Carlsbad, CA).

Discriminant Function Analysis
Discriminant Function Analysis (DFA) is a multivariate class distinction algorithm that
allows one to construct a mathematical model of discrimination built in a stepwise manner.
This analysis was used here to identify the cytokines that best discriminated between
experimental colitis and controls, and was modeled as previously described (27,29).
Specifically, at each step, all variables are reviewed to determine which will maximally
discriminate among groups. These variables are then included in a discriminative function,
denoted a root, which is an equation consisting of a linear combination of cytokine changes
used for the prediction of group membership. Variables will continue to be included in the
model, as long as the respective F values for those variables are larger than the standard
threshold (established by the analytical package Statistica, StatSoft, Tulsa, Oklahoma). The
discriminant potential of the final equation from the forward stepwise DFA can then be
observed in a simple multidimensional plot of the values of the roots obtained for each
group. This multivariate approach identifies groups of analytes, the changes of which in
levels can delineate profiles and create diagnostic patterns.

Antibodies used for mucosal cytokine analysis
Antibodies used include: IL-6 monoclonal antibody (mAb) from Transduction Labs
(Lexington, KY), IL-23p19 polyclonal antibody (pAb) from Biolegend (SanDiego, CA),
IL-17 pAb from Santa Cruz (Santa Cruz, CA), IFNγ pAb, IL-12p40 from Biosource Intl
(Camarillo, CA), and Actin pAb from Sigma-Aldrich (St. Louis, MO).

SDS-PAGE and Western Blot analysis
Protein extraction and western blots were performed as previously described with minor
modifications (30,31). Briefly, proteins were separated on 12.5 % SDS polyacrylamide gels
using Bio-Rad system apparatus and blotted onto nitrocellulose membranes. Nitrocellulose
membranes were incubated in PBST-milk (PBS buffer containing 0.1 % Tween-20 and 5 %
milk), and followed by primary antibodies (1h) for IL-6, IL-23p19, IL-17, IFNγ, IL-12p40
and Actin (diluted with PBST-milk). Blots were then washed with PBST 3 times (10
minutes each), and subsequently incubated (1h) with corresponding fluorescently labeled
secondary IRDye antibodies (Rockland Immunochemicals, Inc., Gilbertsville, PA) diluted in
PBST-milk. The blots were washed 3 times (10 minutes) and the fluorescence intensity of
detected protein bands was quantified by the Odyssey system (LI-COR, Lincoln, NE).
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Immunocytochemistry
Immunocytochemical detection was determined in 4 μM paraffin-embedded mounted slides
(see evaluation of colitis), heat fixed and endogenous peroxidase blocked with 0.3% H2O2
(Sigma-Aldrich) in methanol (Fisher Scientific Co., Pittsburgh, PA). Paraffin-embedded
slides were microwaved in 10 mM sodium citrate buffer, pH 6 (Sigma), at power level
setting 9 (Panasonic Inverter Model oven) for 5 min and then cooled for 30 min prior to
analysis. All sections were washed in PBS and preblocked with 5% normal goat serum
(NGS) in phosphate buffered saline (PBS) for 30 min at room temperature. Mouse intestinal
sections (n=5–10/intestine/animal) were incubated overnight (4°C) with antibodies to IL-6,
IL-23/p19, and IFNγ were diluted in 5% NGS in PBS. Intestinal sections were then washed
twice in PBS for 10 minutes and incubated with Alexa Fluor 488 (Invitrogen) goat anti-
mouse IgG (IL-23/p19, IFNg) or Alexa Fluor 568 (Invitrogen) goat anti-mouse IgG (IL-6)
for 1 hour at room temperature. Intestinal sections were rinsed in PBS and incubated with
filtered 1% Sudan Black (Sigma-Aldrich) in 70% methanol to quench autofluorescence,
rinsed and treated with Hoescht 33342 (Invitrogen) to stain nuclei blue. Following
application of GelMount mounting media (Sigma), slides were sealed with nail polish and
stored in the dark at 4°C until examined using an Zeiss 510 Meta confocal microscope
(Zeiss, Maple Grove, MN).

Statistical analysis of cytokine profiles
Analyte concentrations were quantified by fitting using a calibration or standard curve. A 5-
parameter logistic regression analysis was performed to derive an equation that allowed
concentrations of unknown samples to be predicted. Statistical differences in measured
values were assessed by a Mann Whitney U test. P values less than 0.05 were considered
statistically significant.

RESULTS
Establishment of Acute and Chronic Experimental Colitis

Both DSS and TNBS are well-established animal models of mucosal inflammation that have
been used for over two decades in the study of IBD pathogenesis and preclinical studies (7).
Since C57BL/6 are highly susceptible to DSS colitis but are relatively resistant to TNBS
colitis, C57BL/6 was used for DSS studies and the TNBS susceptible BALB/c strain were
used for TNBS studies (21). Oral DSS administration for 7 days and intrarectal TNBS
administration for 5 days induced acute colitis in C57BL/6 and BALB/c mice respectively.
Disease progression in both models was characterized by weight loss, significant appearance
of diarrhea/loose feces, and with visible fecal blood, resulting in significant DAI elevation
(Fig 1A). Morphological examination of both DSS and TNBS colitis revealed significant
reduction in colon length and loose bloody stools. In addition, TNBS colitis portrayed
visible thickening of colon wall, and more diffuse colonic inflammation. Oral DSS
administration in 4 cycles and weekly intrarectal TNBS administration for 5 weeks induced
chronic colitis in C57BL/6 and BALB/c mice respectively. Chronic colitis was characterized
by a marked reduction in colon length, gross bleeding, and ulceration in DSS models, with
additional features of grossly thickened walls, and occasional adhesions and fibrosis in
TNBS models, as evidenced by their significant DAI elevation (Fig 1A).

Histologically, DSS acute colitis was characterized by focal crypt lesions, goblet cell loss
and inflammatory cell infiltration at the areas of lesions, while in TNBS colitis was
characterized by loss of architecture, and transmural immune cell infiltration extending
through the mucosa and submucosa (Fig 1B). DSS chronic colitis was characterized by
architectural derangements, epithelial necrosis, crypt abscesses, and diffuse lymphocytic
infiltrate, while TNBS chronic colitis was characterized by generalized submucosal edema,
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mucosal necrosis and marked inflammatory infiltrate (Fig 1B). HAI was significantly
elevated in the acute and chronic-induced DSS and TNBS murine models of colitis (Fig 1C).
Neutrophil infiltration, as evidenced by increased MPO activity, was also significantly
elevated in acute and chronic DSS and TNBS colitis. In general, higher MPO levels were
observed in acute models when compared to chronic models, and with greater elevations in
the DSS models when compared to the TNBS models (Fig 1D). As previously suggested
(2,8), the clinical and histological features of DSS colitis are “UC-like” (epithelial
disruption, focal lesions and superficial inflammation), while those of TNBS colitis are
“CD-like” (associated with transmural inflammation and edema).

Distinct cellular cytotoxic and chemotactic patterns in acute DSS & TNBS colitis
Cytokines are principal mediators of the innate and adaptive arms of the immune responses
in mucosal inflammation. To analyze the influence of the cytokine patterns in acute colitis
models, we performed multiplex serum cytokine profiling from acute murine models of DSS
and TNBS colitis. The levels of 16 cytokines covering a broad-spectrum of immune and
inflammatory mechanisms were measured in parallel following induction with colitis. Acute
DSS colitis demonstrated a cytotoxic and chemotactic profile with significant elevated levels
in IL-6, IL-17, TNF-α, and KC (p<0.05), when compared to controls (Fig 2A). Acute TNBS
colitis also displayed a cytotoxic and chemotactic profile with significant elevated levels of
IL-12, IL-17, IFN-γ, and MIP-1α (p<0.05), when compared to ethanol-treated controls (Fig
2A). IL-17 levels did not vary significantly different between DSS and TNBS acute colitis
(Fig 2A). No significant differences were observed in levels of humoral cytokines, and other
cellular cytokines and chemokines (Fig 2B). The cytokine profile of DSS and TNBS acute
colitis is consistent with an acute inflammatory response in that it is characterized by a
macrophage-derived cytokine profile, strong chemotactic pattern, and a polarized Th1-Th17
panel.

Distinct differential immune response in chronic DSS and TNBS colitis
In order to investigate the immunomodulatory profile during the regenerative, chronic phase
of murine colitis, we analyzed the systemic cytokine patterns following chronic induction
with DSS and TNBS. Interestingly, chronic DSS colitis displayed an enhanced pro-humoral
cytokine bias with significant elevated levels of IL-6, IFN-γ, and IL-4, IL-10 (p<0.05), when
compared to controls (Fig 3A). In contrast, chronic TNBS colitis portrayed a distinct
cytotoxic and chemotactic cytokine bias including increases in IL-12, IL-17, and MIP-1α
(p<0.05), when compared to ethanol-treated controls (Fig 3A).

Compared to acute DSS colitis, chronic DSS colitis had significantly lower levels of TNFα,
IL-17 and KC, and significantly elevated levels of IL-4, and IL-10, suggesting a Th2
dominant profile in chronic colitis. In contrast, chronic TNBS colitis had significantly higher
IL-12 and IL-17 levels, when compared to acute TNBS colitis, suggesting that chronic
colonic inflammation in TNBS is characterized by an enhanced Th1-Th17 immune response
(Fig 3B, right panel). Levels of other cytokines, including chemokines did not change
significantly between the models (Fig 3C). Our data therefore suggests that while TNBS
colitis heightens the Th1-Th17 response as the disease becomes chronic, the Th1/Th17-
mediated acute inflammation in DSS colitis converts to a predominant Th2-mediated
inflammatory response in the chronic state.

Discriminative cytokine profiles identify novel disease-specific sex-stratification patterns
A DFA is distinct from the above analyses in that it is a class distinction modeling method
that identifies sets of variables that best discriminate predefined groups. Results of DFA can
be visualized on a multidimensional plot, with class discrimination power represented by
distance among groups. Interestingly, all disease states were readily distinguished from
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controls (Fig 4A). Representative of their relative disease activity, chronic models mapped
closer to controls than acute models. Additionally, while acute DSS and TNBS animals had
somewhat overlapping profiles, chronic DSS and TNBS colitis were highly distinct,
mirroring the clearer differentiation of disease activity in the chronic state (Fig 4A). Of the
16 cytokines, IL-4, IL-6, IL-12, IL-17 and IFN-γ were identified by DFA as having the
highest power for class discrimination between the models, suggesting that these cytokines
play a significant role in pathology within this cohort (Fig 4A). These results suggests that
this is directly proportional to intergroup cytokine variation and intragroup heterogeneity in
cytokine profiles and disease pathology (Fig 4A).

Interestingly, there appeared to be a subgroup of the chronic DSS and TNBS colitis that
mapped further away from controls than the main group (Fig 4A, marked by ovals), and all
of these animals were female. A sex-stratified cytokine analysis of both the chronic DSS and
TNBS colitis groups identified elevations in IL-6 and IL-12 in the females relative to males
respectively (Fig 4B). Interestingly, however, CAI, HAI, and MPO did not reveal significant
difference in disease activity between the genders (data not shown). Our results therefore
have identified a select group of 5 distinct cytokines that can statistically discriminate
between experimental colitis and controls, of which 2 cellular cytokines can stratify gender-
associated ‘severe’ form of chronic colitis. The markers identified and the algorithm defined
by DFA may be useful in evaluating relative disease activity, as more severe disease maps
distal to unaffected controls.

Distinct cytokine profiles in tissues reflect and validate systemic cytokine levels
To determine whether the observed systemic cytokine profiles in acute and chronic
experimental colitis correlated with that of local levels seen within tissue, immunoblots and
immunofluorescence analysis of colon from DSS and TNBS mice were performed. Proteins
were extracted from mucosa that was scraped from freshly excised colon, and samples were
analyzed with SDS-PAGE Western-blots using primary antibodies for IL-6, IL-23p19,
IL-12p40, IL-17, and IFNγ. As shown in Fig 5A&B, a) both acute and chronic DSS colitis
had significantly higher IL-6 protein expression in the colon than TNBS colitis, b) both
acute and chronic TNBS colitis had significantly higher IL-12p40 and IL-17 protein
expression in the colon than DSS colitis and c) acute TNBS colitis had higher IFNγ than
acute DSS colitis. All of these above show similar patterns of changes to those observed in
the systemic levels, thereby validating the correlation of the systemic immune response to
that observed in local tissue. In order to further explore the nature of Th17 immunity in
acute and chronic colitis, we assessed the colonic tissue levels of IL-23p19, a master
regulator in CD and the principal mediator driving Th17 differentiation (32). Both acute and
chronic TNBS colitis had significantly higher IL- 23p19 (and IL-17) protein expression than
DSS colitis (Fig 5A&B), further confirming the role of Th17-mediated inflammation in the
TNBS model.

To further validate and define the expression and localization of these immune mediators,
we performed immunofluorescence analysis on paraffin embedded tissue sections of DSS
and TNBS acute colitis. As shown in Fig 5C, IL-6 was significantly upregulated in DSS
acute colitis, predominantly associated with lamina propria infiltrating mononuclear cells,
while IFNγ and IL-23p19 were highly expressed in TNBS acute colitis, again predominantly
present within infiltrating cells in the lamina propria, demonstrating the immune modulatory
potential of inflammatory infiltrates, and finally, validating the observed systemic cytokine
profiles in experimental colitis with that of local levels seen within tissue.
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DISCUSSION
Apart from clinical and endoscopic indices, diagnosis and disease activity in IBD is
currently assessed by conventional serological tests and laboratory indices, including but not
limited to ASCA, ANCA, Cbir, ESR, CRP, etc (33,34). However there is significant
controversy regarding its sensitivity and/or specificity, and is recommended only as an
adjunct to clinical indices rather than a credible replacement (35,36). It is expected that
additional biomarkers will be discovered as the applications of new technologies, such as
that of advanced proteomics, becomes available (37).

In this era of biological agents, there is a decisive need for dependable means of quantitating
inflammatory activity in IBD patients (38). As previously characterized (7,8), murine
chemical models of colitis have many similarities to human IBD, are characterized by
cytokine dysregulation, have consistent colitis with a defined onset, and have become useful
tools to study the innate and adaptive arms of the intestinal immune response in IBD. The
mucosal immune system is the central effector of intestinal inflammation and injury, with
cytokines playing a central role in modulating inflammation (1). Cytokines are key soluble
immunoregulatory modulators of IBD pathology and are therefore a potential class of
candidate biomarkers (13). However, studies to date have been limited to analyses of
individual or small sets of cytokine(s) that do not take into account the influence of the
complex cytokine network and its dependency of the interplay of multiple factors. Herein,
we demonstrate that ‘multiplex cytokine profiling’ is a useful strategy to explore disease
pathology, with the potential to characterize immune and inflammatory modulation in
initiation and perpetuation of disease pathogenesis and subclassify groups and disease
severity based on the immune response.

The serum cytokine profiles of both acute and chronic DSS colitis were readily
distinguishable from those of unaffected controls. While acute DSS colitis was characterized
by monokine (IL-6, TNF-α), Th17 (IL-17), and chemotactic (KC) profile, we see that it
converts to a Th2-biased (IL-4, IL-10) inflammatory profile in chronic DSS colitis. The
observed increased IL-6 and IFN-γ levels in chronic DSS colitis suggest that it acts
synergistically to induce B-cell differentiation (39). DSS is a physical agent with an intrinsic
capacity to disrupt the epithelial cell barrier, causing normal mucosal microfloral substances
to activate mucosal macrophages, which in turn produce immunomodulatory cytokines (40).
This macrophage-induced inflammation and tissue damage is accompanied by a cellular
cytotoxic–mediated inflammatory response (macrophage/Th1/Th17 chemotactic profile)
along the progression of colitis (7), the profile of which is similar to that previously
observed in human IBD and suggests the relevance of these findings. Our data also suggests
that the histological data supports the cytokine profile observed. However, following several
cycles of DSS administration and regeneration over several weeks, as observed, a chronic
inflammatory cell infiltrate becomes established in the mucosa, which may be responsible
for the shift to a Th2-baised cytokine profile. Since UC has been predominantly attributed to
be a Th2 mediated disease (15), our studies therefore imply that chronic DSS colitis is more
representative of UC than acute DSS colitis, as suggested by other groups (41).

The TNBS acute and chronic colitis model enables the progressive study of the immune
response to a hapten (TNBS), eventually leading to chronic colonic inflammation. While the
systemic cytokine profile of acute TNBS colitis displayed a Th1 (IL-12, IFN-γ), Th17
(IL-17), and chemotactic (MIP-1α) profile, we see an enhanced Th1/Th17 intensity of
response in the chronic model. This is in agreement with recent work that showed that
peripheral Th17 CD4+ cells correlate with disease activity in chronic CD (42). We also
confirmed the elevated Th1/Th17 systemic immune response at the mucosal level using
antibodies to IL-12, IL-17 and IL-23p19, also suggesting the important role of IL-23 and
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Th17 differentiation in TNBS colitis. Our results are therefore consistent with recent
hypothesis that IL-23 is a master regulator of colonic inflammation, as recently
demonstrated in Crohn’s Disease (32,43). Since TNBS is administered in ethanol, it may be
that an ethanol-induced disturbance of epithelial barrier function precedes mucosal immune
cell activation by a hapten-based antigenic stimulus (TNP epitope), which initiates and
drives the IL-12 and IL-23 immune response observed herein. Consistent with the
heightened Th1 response observed in the chronic TNBS colitis models, it has been proposed
that TNBS colitis can drive IL-12 hyper-responsiveness, and subsequent Th1-based
pathology (7,44). Given that CD is widely recognized as a Th1 mediated disease, our
cytokine profiles in TNBS colitis further support the relevance of the TNBS model to study
CD-related immune responses.

Following an antigenic activation, distinct chemokines recruit specific immune cells
characteristic for the inciting stimulus, and function as critical players in the regulation of
the immune response (45). Our studies identified MIP-1α as the active chemokine
participant in the signaling network that regulates the Th1/Th17 response in TNBS acute
colitis, and perpetuates the chronic elevated Th1/Th17 response. This may explain why
Pender et al. observed markedly worsened experimental IBD in mice, and enhanced Th1
immune response after systemic administration of MIP-1α (46). In addition, our profiles
identified KC as the chemokine that drives the acute DSS Th1 response, which is consistent
with the finding that MPO levels, a marker of neutrophil activity, is high in the colonic
tissues in these animals, and is in agreement with prior hypothesis that KC may be an
important chemokine that determines the severity of experimental colitis (47).

Among other important aspects of the results reported here was the fact that a forward
stepwise DFA of cytokine data was able to effectively establish the diagnostic capability of
a select group of 5 cytokines (IL-4, IL-6, IL-12, IL-17 and IFN-γ) that could best
discriminate among experimental colitis and unaffected controls. The analytical potential of
this multivariate algorithm was based on the finding that the dynamics of cytokine profiles
in experimental colitis were modulated in a statistically interrelated disease-specific pattern
from unaffected controls in proportion to the weighted level of cytokine activity and are
therefore likely exist in a functional network that is specific for the DSS and TNBS colitis,
suggesting its similarity to the complex interplay proposed in human IBD. Multivariate
predictive algorithms potentially can enhance diagnostic power beyond single analytes.
Recently these tools are proving to have clinical relevance in complex clinical states, and are
increasingly improving the specificity, sensitivity, power and clinical relevance of
laboratory testing (27). Specifically in human IBD, multivariate algorithms have been used
to improve the accuracy of diagnostic testing (34).

The multivariate analysis also enabled the classification of an additional subgroup in both
DSS and TNBS chronic colitis, that displayed significant elevated levels of 2 major
cytokines, IL-6, and IL-12 respectively. It is interesting to note that this ‘severe cytokine
profile’ subgroup were all females. We did not observe any difference in clinical or
histopathological indices between the sexes. These data suggest that female mice may have
increased inflammatory activity/severity that were not detectable by clinical or
histopathological indices. To our knowledge, this is the first report of this kind in
experimental colitis, and is consistent with recent reports that disease severity tends to be
worse in female pediatric patients with Crohn’s disease (48). Hormonal differences between
males and females have also been noticed with disease susceptibility to Th1/Th2 patterns in
males and females (49). Further functional studies are necessary to help elucidate the
pathophysiologic mechanisms of this finding.
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Chemical murine models of IBD host an array of cytotoxic, humoral and chemokine
responses, and a combination of immune complex, macrophage driven, and T cell-driven
IBD occurs, characterized by inflammatory cell infiltration and tissue damage. Several of
the current known pathogenic mechanisms of IBD, clinical research, and novel therapeutic
strategies originated from the DSS and TNBS mucosal models of inflammation. However,
the lack of adequate understanding of the complex cytokine network made it difficult to
establish biologically mediated standards of diagnostic and prognostic variables to assess
disease activity and therapeutic efficacy. Our studies of comprehensive multiplex cytokine
profiling and multivariate analysis have identified distinct cytokines and dynamic patterns.
The identified characteristic cytokine profiles can be used to better characterize murine
pathology, and can be used as diagnostic biomarkers for differentiating between CD vs UC.
These results therefore not only provide more insight into disease immunopathogenesis, but
can also facilitate strategies for evaluating new potential therapeutic agents (based on
targeted biological therapies) in preclinical studies.

It is however also important to note that multiplex cytokine assays have their limitations.
Several new cytokines (such as IL-23) and analytes of interest are currently not yet available
in multiplexed kits, and therefore, limits its utility. In addition, cytokine concentrations
when measured by different commential kits show similar trends, but exhibit differences in
absolute concentrations (50). The presence of interfering proteins such as heterophilic
antibodies have been demonstrated to cause discrepancies among some samples tested
between different kits (51). Careful optimisation and validation of multiplex cytokine assays
prior to large-scale studies have therefore been widely-recommended (52). It may therefore
be note-worthy here that our multiplex assays have also completed rigorous in-house pre-
study validation for analytical sensitivity, specificity, freeze–thaw stability, accuracy, and
precision. Despite these known limitations, several studies underscore the important utility
of multiplex cytokine assays as diagnostic and prognostic tools in diverse autoimmune,
inflammatory, infectious and malignant conditions (26,27,53–57). Since multiplex ELISAs
are rapidly evolving and new (and more) specific antibodies suitable for this technology
become available, new and important targets (including IL-23) are expected to be included
in the multiplex assay (58,59). Therefore, while the application of multiplex cytokine
technology specifically in IBD research is still in its infancy, its potential is unlimited (60).

In conclusion, we have demonstrated dysregulated patterns of disease-specific cytokine
profiles in experimental colitis with significant correlations to disease duration and disease
activity/severity. Our findings support the long-standing hypothesis that experimental colitis
and therefore, IBD is a complex immune-inflammatory disorder involving the dysregulation
of distinct cellular, humoral, innate immunity. We now demonstrate that within this intricate
complexity, there is a significant distinct systemic signature.
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Figure 1. Administration of DSS and TNBS established acute and chronic experimental colitis
The results presented are representative of 8 mice from each group. (A) Clinical assessment
of DSS and TNBS-induced colitis. DAI was scored from each mice for weight loss, stool
consistency, and bleeding. (B) Histological analysis of acute and chronic DSS and TNBS
colitis by H&E-stained colonic sections. (Structures: e, epithelial disruption; i, inflammatory
infiltrate; m, lamina muscularis mucosae; s, submucosal edema; t, muscular thickening in
lamina muscularis propria; magnification=20×). (C) For detailed histological analysis,
colonic sections of each animal were scored in a blinded fashion as described in the
Materials and Methods section. The resulting scores showed a significant increase in HAI
after induction with colitis. (D) Myeloperoxidase activity in colonic mucosal scrapings were
determined as described in the Materials and Methods section. Both acute and chronic DSS
& TNBS had significant MPO activity compared with that in control animals. Mice induced
with colitis demonstrated significant elevations in DAI, HAI and MPO, suggesting the
effective establishment of acute and chronic experimental colitis.
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Figure 2. Distinct cellular cytotoxic and chemotactic patterns identified in acute experimental
colitis
Levels of 16 cytokines were measured simultaneously using a biometric multiplex assay
from serum of mice induced with acute DSS and TNBS-induced colitis. (A) Cytokine
pattern in acute colitis is represented by a macrophage-derived (TNFa, IL-6, IL-12 IFNg),
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strong chemotactic pattern (MIP-1a, KC), and a polarized Th1-Th17 panel (IL-17, TNFa,
IFNg). (B) No significant differences were observed in levels of humoral cytokines, and
other cellular cytokines and chemokines. This suggest that the cytokine profile of DSS and
TNBS acute colitis is consistent with an acute inflammatory response.
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Figure 3. Distinct differential immune response patterns identified in chronic experimental
colitis
Levels of 16 cytokines were measured simultaneously using a biometric multiplex assay
from serum of mice induced with chronic DSS and TNBS-induced colitis. (A) Cytokine
profiles in chronic colitis is represented by an enhanced pro-humoral cytokine profile in
chronic DSS (IL-6, IFN-γ, and IL-4, IL-10), and a distinct cytotoxic and chemotactic
cytokine profile in chronic TNBS (IL-12, IL-17, and MIP-1α). (B) Acute inflammation in
DSS colitis converts to a predominant Th2-mediated inflammatory response in the chronic
state (lower levels of TNFα, IL-17 and KC, and elevated levels of IL-4, and IL-10), but
chronic TNBS colitis is characterized by an enhanced Th1-Th17 immune response (higher
IL-12 and IL-17 levels). (C) Levels of other cytokines, including chemokines did not change
significantly between the models.
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Figure 4. Multivariate analysis identifies novel subsets of discriminatory cytokines that can
distinguish disease types and severity, and further identifiy disease-specific sex-stratification
patterns
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DFA was used to identify subset of cytokines whose expression values can be linearly
combined in an equation, denoted a root, whose overall value is distinct for a given
characterized group. (A) A graphical representation of the discriminatory potential of DFA.
The variables identified by the DFA is plotted in three dimensions to visually represent the
relative differences in cytokines among the distinct populations. Each ball represents an
animal, and several clusters were mapped and had distinct relevance to the subgroups in
context. One subgroup of the chronic DSS and TNBS colitis mapped further away from
controls than the main group, marked by ovals, all of which were females. (B) Cytokine
analysis of both the chronic DSS and TNBS colitis groups identified elevations in IL-6 and
IL-12 in the females relative to males respectively, but not in acute colitis. There were no
significant changes in CAI, HAI, and MPO between the genders (data not shown). These
results suggest that the DFA is useful in evaluating relative disease activity, as more severe
disease maps distal to unaffected controls.
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Figure 5. Distinct cytokine profiles in tissues reflect and validate systemic cytokine levels
(A) Proteins were extracted from mucosa that was scraped from freshly excised colon, and
samples were analyzed with SDS-PAGE Western-blots using primary antibodies for IL-6,
IL-23p19, IL-12p40, IL-17, and IFNγ. While DSS colitis had significantly higher IL-6
protein expression in the colon than TNBS colitis, TNBS colitis had significantly higher
IL-12p40, IL-23p19 and IL-17 protein expression in the colon than DSS colitis. In addition,
acute TNBS colitis had higher IFNγ than acute DSS colitis. (B) Immunofluorescence
analysis was performed on paraffin embedded tissue sections of DSS and TNBS acute
colitis. IL-6 was significantly upregulated in DSS acute colitis, predominantly associated
with lamina propria infiltrating mononuclear cells, while IFNγ and IL-23p19 were highly
expressed in TNBS acute colitis. These suggest that cytokine profiles in tissues reflect that
present within systemic levels. Actin was used as a loading control. The results presented
are representative of 3 independent experiments.
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