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The specific pathogenesis underlining inflammatory bowel disease (IBD) is very complicated, and it is further more difficult
to clearly explain the pathophysiology of 2 major forms of IBD, Crohn’s disease (CD) and ulcerative colitis (UC), and both dis-
orders affect individuals throughout life. Despite every extensive effort, the interplay among genetic factors, immunological
factors, environmental factors and intestinal microbes is still completely unrevealed. Animal models are indispensable to find
out mechanistic details that will facilitate better preclinical setting to target specific components involved in the pathogenesis
of IBD. Based on many recent reports, dysbiosis of the commensal microbiota is implicated in the pathogenesis of several dis-
eases, not only IBD but also colon cancer, obesity, psoriasis as well as allergic disorders, in both human and animal models. Ad-
vanced technologies including cell-specific and inducible knockout systems, which are recently employed to mouse IBD mod-
els, have further enhanced the ability of developing new therapeutic strategies for IBD. Furthermore, data from these mouse
models highlight the critical involvement of dysregulated immune responses and impaired colonic epithelial defense system in
the pathogenesis of IBD. In this review, we will explain from the history of animal models of IBD to the recent reports of the lat-
est compounds, therapeutic strategies, and approaches tested on IBD animal models. (Intest Res 2020;18:151-167)
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INTRODUCTION

Inflammatory bowel disease (IBD) is an intestinal inflamma-
tory condition that affects more than 2 million and 0.2 million
people in the United States and Japan, respectively. Initially,
the 3 major genetically manipulated mouse models of sponta-
neous intestinal inflammation including interleukin-10 knock-
out (IL-10 KO), IL-2 KO and T cell receptor alpha chain (TCRa)
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KO mice, were established in 1993."* Since then, experimental
murine models of intestinal inflammation that mimic IBD
have become increasingly common over the last 2.5 decades.
These include experimentally induced and genetically altered
models as well as spontaneously developed intestinal inflam-
matory models."® Currently, so many different kinds of spon-
taneous IBD animal models, which were generated by geneti-
cally engineered technologies, have emphasized the presence
of extremely complicated imbalance of internal/external fac-
tors during the development of IBD."" In particular, a distur-
bance to gut microbiota homeostasis, so called dysbiosis, has
been implicated a wide range of diseases including not only
IBD but also obesity, allergic disorders, diabetes mellitus, au-
tism spectrum disorders, and colon cancer.” Therefore, dysbi-
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osis should be always taken into consideration when we dis-
cuss the complicated pathogenesis of several disorders. Vari-
ous factors including genetic factors, immunological factors,
environmental factors, and diet are highly involved in the for-
mation of gut dysbiosis.” To closely understand the interplay
of the above factors, animal models of IBD are indispensable.
So far, at least 66 different kinds of animal models of IBD have
been established, and these are classified into chemically in-
duced, adaptive cell transfer, congenital mutant and genetical-
ly engineered models." Furthermore, recent advances on ge-
netically engineered techniques allowed us to utilize cell-spe-
cific/inducible KO as well as knock-in mouse systems in IBD
studies.""

Based on the result of human genome-wide association
studies (GWASs), several IBD susceptibility genes have been

identified so far."" ™"

In particular, IL-10 receptor and its signal-
ing components seem to be very critical in regulating intesti-
nal homeostasis and immunity, and polymorphisms of those

genes in innate immune cells are associated with dysregula-
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tion of mucosal immune tolerance and development of early
onset of IBD.""" To analyze animal models that manipulate
the IBD susceptibility genes may strongly enhance our under-
standing of their roles in IBD pathogenesis. Furthermore, ex-
perimental models of IBD have provided a way to closely dis-
sect mechanisms of understanding the pathogenesis of IBD,
which will be associated with developing multiple and critical
inventions for IBD therapeutic strategies (e.g., small mole-
cules, biologics) currently.

MOUSE MODELS OF IBD

Currently available mouse models of IBD have been divided
into the following 4 categories as shown below.

1. Genetically Engineered Murine Models of IBD

Recent advances on genetic engineering technologies allowed
us to analyze the influences of overexpression or deficiency of
particularly interesting genes during the development of IBD.

Fig. 1. Mouse models of IBD with gene targeting strategies. As
previously described, mouse models of IBD has been classified
into 9 groups based on the gene targeting strategies, which in-
clude conventional/cell-specific transgenic (Tg), conventional/
cell-specific knockout (KQ), inducible KO (iKQ), inducible Tg (iTg),
dominant negative (Dn), knock-in (KI), mutagen-induced and in-
nate models. AGR2, anterior gradient protein 2 homolog; Ahr,
aryl hydrocarbon receptor; ATF4, activating transcription factor
4; Bach2, BTB domain and CNC homolog 2; Blimp, B-lympho-
cyte-induced maturation protein; C1galt1, core 1 synthase, gly-
coprotein-N-acetylgalactosamine 3-beta-galactosyltransferase
1; Casp8, caspase 8; CD4, CD4 positive T cells; Cgamma, com-
mon gamma; CPX, carboxypeptidase X; dKO, double KO; Epi, epi-
thelial cells; GARP, glycoprotein-A repetitions predominant pro-
tein; GATA3, GATA binding protein 3; Gimap5, GTPase, IMAP
family member 5; IEC, intraepithelial lymphocytes; IKK, | kappa-
B kinase; IL, interleukin; IRE, inositol-requiring enzyme; ltch,
itchy E3 ubiquitin protein ligase; Len2, lipocalin-2; Mdr1a, multi-
drug resistance protein 1a; Mg, macrophages; Muc2, mucin 2;
NEMO, NF-kappa-B essential modulator; NFATc, nuclear factor
of activated T cells; Nr2f6; nuclear receptor subfamily 2, group F,
member 6; PC, proprotein convertases; PDK1, 3-phosphoinosit-
ide-dependent protein kinase 1; Pggt1b, protein geranylgeranyl-
transferase type 1 subunit beta; PTPN11, tyrosine-protein phos-
phatase non-receptor type 11; RAG, recombination-activating

gene; RBP, retinol-binding protein; Rhbdf2, rhomboid 5 homolog 2; ROR, RAR-related orphan receptor; SHIP, SH-2 containing inositol 5'
polyphosphatase; SOCS1, suppressor of cytokine signaling 1; STAT3, signal transducer and activator of transcription 3; TAK1, transform-
ing growth factor-beta-activated kinase 1; TCR, T cell receptor; TLR, Toll-like receptor; TGFR, transforming growth factor beta receptor;
TNFSF, TNF superfamily member 15; Treg, regulatory T cell; WASP, Wiskott-Aldrich syndrome protein; Yipf6, Yip1 domain family member
6; B, B cells; DC, dendritic cells; epi, epithelial cells; Foxp3, requlatory T cells. Modified from Mizoguchi A, et al. J Pathol 2016;238: 205-219."
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Based on the gene construction strategies, genetically engi-
neered murine models of IBD are classified into 9 groups,
which includes conventional transgenic (Tg) or KO mice
models, dominant negative Tg models, cell-specific Tg or KO
models, inducible KO models, knock-in models, innate mod-
els, and mutagen-induced models (Fig. 1). In particular, con-
ventional KO mice, which are genetically engineered to lack a
particular gene of interest in all cell types, are commonly used
to study the pathogenic/regulatory factors during the develop-
ment of spontaneous chronic colitis." It is dispensable to uti-
lize genetically engineered mouse models of IBD for under-
standing the pathogenesis of IBD and these models have been
providing important insights into the pathogenic mechanisms
of chronic colitis development. Although the intestinal inflam-
mation seen in these models does not exactly replicate hu-
man IBD and cannot be a complete surrogate for the human
disease, some characteristically pathological features are rela-
tively reproducible and open for investigation.'”

Cell-specific KO (conditional KO) mouse is made by cross-
ing the flox mouse (which gene loci sandwiching the target
gene region with the Cre recombinase target sequence loxP)
and the mouse with expressing tissue/cell-specific Cre recom-
binase. As a result, a particular target gene can be deleted in
tissues/cells that form specific organs. Inducible KO mice can
reversibly control the expression of the gene of interest. Con-
ventional Tg mice overexpress all cells by introducing the tar-
get gene. In contrast, cell-specific Tg mice can be overexpressed
in specific cells and organs by using viral vectors or electro-
poration (Fig. 1).

Dominant negative Tg mice are genetically engineered to
overexpress non-functional proteins that interfere with the
normal function of the target protein, whereas knock-in mice
have a mutation in the gene of interest including the IBD sus-
ceptibility genes. The innate model has a lack of specific genes
that cause immunodeficiency. Finally, in the mutagen-induced
model, genetic variation is induced by N-ethyl-N-nitrosourea
(ENU), a highly potent mutagen. In summary, these genetically
engineered mouse strains are very useful for analyzing gene
functions in elucidating the complex IBD mechanisms.

2. Chemically Induced IBD Models

Currently, chemically induced colitis models belong to one of
the most commonly used mouse IBD models since the onset
of inflammation is immediate and the procedure is generally
straightforward." Chemically induced colitis models are suit-
able for dissecting the pathogenic/regulatory components
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during different phases of colitis, such as acute, recovery and
chronic phases."” These models enable us to pick up some
novel genes that are highly involved in IBD susceptibility, and
also to identify some immunological/biological mechanisms
during the development of acute/chronic colitis. ™" Oral ad-
ministration of dextran sodium sulfate (DSS), induces colonic
epithelial injury and has been widely used as not only acute
but also chronic colitis model,"”*’ which is useful for assessing
mechanism of wound healing process and inflammation of
associated epithelial homeostasis. However, chemically in-
duced colitis models need to optimize concentration of chemi-
cals depending animal facilities. In addition, colitis induced by
some chemicals by single administration usually shows acute
colitis features and self-limiting without any treatment.

One cycle of 3% to 5% DSS administration for 4-7 days, fol-
lowed by regular water, results in acute injury with partial
crypt depletion on the distal segment of colon. The colon
shows multiple and skipped mucosal erosive lesions with
mixed inflammatory cell infiltration of mononuclear/poly-
morphonuclear cells.”” Since DSS termination induces the re-
covery of colonic mucosa gradually, this colitis model has
been frequently used for studying epithelial wound healing
during the recovery phase." After the late recovery phase,
macrophages and CD4" T cells become prominent in areas of
wound healing in the basal portion of the lamina propria.”
However, DSS-induced acute colitis can be still induced in the
absence of acquired immunity as severe combined immuno-
deficiency (scid) mice are also susceptible. Therefore, this coli-
tis is a simple model of acute chemical injury rather than
chronic inflammation, and researchers should not use it as a
model for human UC. Similar to the DSS colitis model, rectal
administration of hapten reagent 2,4,6-trinitrobenzene sulfon-
ic acid (TNBS) with ethanol is widely utilized as a model for
intestinal inflammation in rat and mouse.”"** This TNBS-colitis
model has many features of CD in humans, including severe
transmural colitis, which is induced by Th1/Th17-mediated
immune responses.” In contrast, rectal administration of eth-
anol suspended oxazolone, another haptenating agent, leads
to an IL-4 driven Th2-type colitis, which is limited to the distal
part of the colon with relatively superficial ulceration of epi-
thelium.*

In 1978, MacPherson and Pfeiffer” found that administra-
tion of 3% to 5% acetic acid induces acute colitis with initial
epithelial necrosis and edema in rats. Similarly, administration
of acetic acid also causes colonic epithelial destruction fol-
lowed by inflammatory cell infiltration in mice.”® In contrast,
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subcutaneous administration of indomethacin, a NSAID, in-
duces acute type of ileitis, in particular distal jejunum and
proximal ileum, in rats.”” In general, chemically induced colitis
models are easy to initiate inflammation and are very useful
for the screening of new drugs for human IBD.

3. Adaptive Cell Transferred Models
Naive CD4" T cell population are included in the CD45RB"*"
fraction, and memory CD4" T cells, which are already primed

low

by specific antigen, are included within CD45RB*" fraction.”
Powrie et al.”” reported that adaptive transfer of CD4"
CD45RB"" T cells, which are isolated from spleen of wild-type
mice, into scid mice result in subacute colitis approximately 6
to 12 weeks after cell transfer. However, scid mice that received
CD45RB"" and CD45RB"" fractions together do not develop
severe colitis since CD45RB"" fraction includes regulatory T
cells.*”* This model allows to examine some of the earliest im-
munological factors involved in the induction and/or perpetu-
ation of colitis.”' However, CD45RB cell transfer model needs
to purify the CD45RB"" cells by utilizing a cell sorter and the
expert intravenous injection skill is required to administer the
isolated CD45RB"™" cells to mice.

4. Congenital (Spontaneous Gene Multination) Models
C3H/HeJBir (C3Bir) mice, which have a missense mutation in
the third exon of the TIr4 (Toll-like receptor 4) gene, spontane-
ously develop inflammation in cecum and colon.” The in-
flammation peaks at 3-6 weeks old with resolution by 12
weeks old with an occasional recurrence of colitis after 1 year
old.” Interestingly, IL-10-deficient C3Bir mice developed
much more severe colitis with severe ulcerative inflammation,
epithelial hyperplasia as compared to IL-10 KO mice.”

The SAMP1/YitFc mouse strain develops CD-like ileitis
around 10 weeks of age with elevated interferon-gamma
(IFNy) and TNF-a.* Global expansion of the stem cells in
crypt epithelium, of which accompanied with severity of coli-
tis, can be observed in these mice.” Of note, both IL-13 and
IL-5 expression levels are significantly increased in these mice,
suggesting the Th2 pathway seems to also contribute during
the chronic stage of inflammation.” One of the highest advan-
tages of the SAMP1/YitFc mice model is that it can be utilized
as a close CD model, which shows perianal disease with fistu-
la formation in approximately 5% of mice. However, this spon-
taneous ileitis takes more long time (> 30 weeks of age) to de-
velop transmural inflammation in the terminal ileum with
100% penetrance.'”
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IBD SUSCEPTIBILITY GENES AND THOSE
ANIMAL MODELS

Since the identification of IBD susceptibility gene NOD2 (nu-
cleotide-binding oligomerization domain-containing protein
2) in 2001, more and more genes of IBD are being identified
by GWASs. In humans, more than 350 genes have now been
identified. In animal experiments of IBD, it has been reported
that more than 74 types of genetically engineered mouse
strains spontaneously develop colitis so far.' The IBD suscepti-
bility gene deficient mice models can be utilized to clarify the
function and the role of particular genes during the develop-
ment of intestinal inflammation. However, the phenotype may
be different depending on the cell or tissue type in which the
IBD susceptibility gene is abrogated.

Nod?2 is a CD-specific susceptibility gene and NOD2 recog-
nizes single-stranded RNA of bacteria and viruses, removes
foreign substances through the activation of nuclear factor-«B,
and is involved in innate immunity.” In addition, about 78
genes such as PTPN22, [L2RA, IL27, TNFSF11, and VAMP3
have been identified as CD-specific susceptibility genes so
far." In UG, there are about 59 UC-specific susceptibility genes
including HNF4A (involved in the intestinal epithelial barrier
mechanism) and CDH1 (encoding E-cadherin, a cell adhe-
sion molecule). More than 140 susceptibility genes common
to CD and UC have been reported. In particular, the IL23R/
Th17 signaling pathway of I1L-23R, IL-22, IL-10R2, STAT3 (sig-
nal transducer and activator of transcription 3) and MUC1
(mucin 1) is especially important for the development of coli-
tis.37,38
Genetically manipulated IBD animal models including KO
and Tg mice of the above human susceptibility genes are uti-
lized to further prove the direct/indirect association(s) of
those genes in IBD. Among them, IL-10RA and/or IL-10RB
mutations cause very severe early onset IBD due to unregulat-

519 In contrast, Nod2 KO mice

ed regulatory signals via IL-10.
as well as Atg16L1 mutant mice do not develop spontaneous
colitis or ileitis.”* Although Atg16L.1 mutant mice do not de-
velop spontaneous intestinal inflammation, these mice do
cause Paneth cell dysfunction and endotoxin overproduc-
tion."""" These results suggest that a single mutation of Nod2
or Atgl6L1 is not sufficient for spontaneous induction of coli-
tis, and the pathogenesis of IBD seems to be more complicat-

ed than we initially predicted."”

www.irjournal.org



INTESTINAL RESEARCH

PATHOGENIC FACTORS IN ANIMAL MODELS OF
IBD

There are many genetically modified mice that spontaneously
develop colitis (Fig. 1). Within those models, T cell receptor o
chain (TCRa) KO mice established by our group in 1993, have

been often used as a murine model of UC and useful for iden-

343,44
Ap-

proximately 60% of TCRa KO mice develop Th2-mediated

3,43

tification of many pathogenic factors involved in IBD.
colitis by 6 months of age.”™ However, the severity of colitis
and the frequency of onset of colitis in TCRa. deficient mice al-
ter depending on strains and animal facilities.” TCRa KO mice
have impaired thymic selection (abrogation of negative selec-
tion), resulting in the lack of regulatory T cells and differentia-
tion of CD4" TCRaB" T cells, which develop colitis mediated
the production of IL-4."*" These TCRaB" T cells are immuno-
logically functional as shown by cytokine profile and the TCR

46,47

repertoire pattern.”* Interestingly, it has been clarified that

these pathogenic TCRa/B" T cells are also present in human

Cell types Endogenous factors

-CD4* TCRaB* T cells
*VB8.2* T cells

‘IL-4
“TNFa,

+IL-6
=CD4* T cells with negatively *TNFR2
charged CDR3V chain L7 .Galectin-4
*Intestinal IL-17RMgh CD4* T cells e MHC class Il
*IFNy

=TCRy3 T cells
=CD11c* F4/80* cells

*PKC6 in CD4* T cells

Pathogenic factors
in the colitis of TCRa KO mice

-Nonsteroidal anti-inflammatory drug
*B cell-depletion
Epithelial self-antigens
-Bacteroides vulgatus
=Cryptosporidium parvum
= Helicobacter hepaticus

Exogenous factors

Fig. 2. Major pathogenic factors in T cell receptor alpha chain
(TCRa) knockout (KO) mice with colitis. Several factors are in-
volved in the pathogenesis of colitis in TCRo. KO mice.*" These
mice have unique CD4 TCRa 3" T cells, which actively produce IL-
4% |n addition to these characteristic T cells, endogenous as
well as exogenous factors are also involved in the pathogenesis
of TCRa. KO mice. CDR, complementarity determining region; IFN,
interferon; IL, interleukin; MHC, major histocompatibility complex;
PKC, protein kinase C; TNFR2, TNF receptor 2.
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with an autoimmune condition."

Under germ-free conditions, the onset of colitis was sup-
pressed in TCRa KO mice.” Moreover, TCRa KO mice sponta-
neously develop colitis independently of Helicobacter species,
whereas TCRB KO mice develop Helicobacter species depend-
***! Furthermore, the permeability of epithelial cells, which
is prone to increase in the context of bacterial infection, remains

ently.

unchanged in TCRo, KO mice."” Interestingly, the development
of colitis in TCRa KO mice was not observed in facility under
conventional conditions, and regulatory B-1 B cells seem to
prevent the development of colitis under non-hygienic condi-
tions.™*

As shown in Fig. 2, several cell types and factors have been
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Fig. 3. Major pathogenic pathways of IBD in innate versus adap-
tive immunity. Genetically manipulated murine models of IBD,
which are mainly focused on immunological responses have been
shown. Mouse models involved in innate immunity and adaptive
immunity are shown in light blue and light purple, respectively.
ADAR1, adenosine deaminase acting on RNA 1; Ahr, aryl hydro-
carbon receptor; Bach2, BTB domain and CNC homolog 2; Blimp1,
B-lymphocyte-induced maturation protein 1; DC, dendritic cell;
Dn, dominant-negative; GATA3, GATA binding protein 3; Gimap5,
GTPase, IMAP family member 5; Itch, itchy E3 ubiquitin protein li-
gase; Ki, knock-in; KO, knockout; Lrrc32, leucin rich repeat con-
taining 32; NFATc2, nuclear factor of activated T-cells, cytoplas-
mic 2; PDK1, 3-phosphoinositide-dependent protein kinase 1;
PP4, protein phosphatase 4; ROR, RAR-related orphan receptor;
Runx3, runt-related transcription factor 3; SHIP, SH-2 containing
inositol 5" polyphosphatase; Tbet, T-box protein 21; TGFRII, trans-
forming growth factor beta receptor type 2; Treg, requlatory T
cell; TNFSF15, TNF superfamily member 15; TSC1, tuberous scle-
rosis complex 1; Uhrf1, ubiquitin-like, containing PHD and RING
finger domains 1; WASP, Wiskott-Aldrich syndrome protein.
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Epithelial defense

Impaired mucus barrier
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Epi - C1galt1 KO
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Epi — TAK1 KO

Enhanced intestinal permeability
NR2F6 KO

4

Fig. 4. Major pathogenic pathways of IBD in epithelial defense
systems. Genetically manipulated murine models of IBD, which
are mainly focused on the deficiency of epithelial defense sys-
tems have been shown. AGR2, anterior gradient protein 2 homo-
log; AP1B, adaptor related protein complex 1 subunit beta 1; Atf4,
activating transcription factor 4; C1galt1, core 1 synthase, glyco-
protein-N-acetylgalactosamine 3-beta-galactosyltransferase 1;
(3 Gnt, core 3 beta 1,3-N-acetylglucosaminyltransferase; Casp8,
caspase 8; Epi, epithelial cells; FASyn, fatty acid synthase; GPX,
glutathione peroxidase; IRE1, inositol-requiring enzyme 1; Muc2,
mucin 2; NEMO, NF-kappa-B essential modulator; NR2F6, nuclear
receptor subfamily 2, group F, member 6; TAK1, transforming
growth factor-beta activated kinase 1; XBP1, X-box binding pro-
tein 1; Yipf6, Yip1 domain family member 6.

identified that play pathogenic roles in the colitis of TCRa KO
mice. Another interesting feature of TCRa KO mice is the im-
portant role of regulatory B cells, so called Breg, in the coli-
tis.”"* In B cell deficient TCRo. KO mice, colitis much more
worsened as compared to TCRa KO mice, suggesting that B
cells play a protective role in colitis.”** Although B cells were
previously thought not to be the main source of cytokines, the
B cells in colitis TCRa KO mice with colitis produce large
amounts of IL-10 and IL-12 (p70), suggesting that they con-
tribute to improvement of the disease.*”" These findings sug-
gest the existence of regulatory B cells as well as pathogenic B
cells in UC patients. Indeed, results of randomized placebo-
controlled trials have been shown that B cell depletion thera-
py by rituximab (humanized anti-CD20 monoclonal antibody

156

INTESTINAL RESEARCH

[mADb]) is ineffective in inducing remission of moderately ac-
tive UC.” Furthermore, a case report shows that B cell deple-
tion with the anti-CD20 mAb correlates with IL-10 production
and exacerbates UC.” In the other 3 case reports, the develop-
ment of UC patients progressed after B cell depletion therapy
and was induced complication of other autoimmune diseas-
es”

There are lots of genetically engineered mice, which develop
spontaneous colitis (Fig. 1). Pathogenic factors in IBD includ-
ing dysregulated immune responses, impaired epithelial bar-
rier function, the cytokines, and microbiota could be identified
by utilizing these mouse models of IBD.

Forty kinds of immune cell-specific KO mice are spontane-
ously induced the intestinal inflammation, which dues to the
reasons such as dysregulated innate and adaptive immunity
responses (Fig. 3). In addition, 18 kinds of intestinal epithelial
cell-specific KO mice develop spontaneous colitis, which are
caused by impaired mucosal barriers, unregulated necropto-
sis/apoptosis, reduction of antibacterial peptide and/or abnor-
mal response to endoplasmic reticulum stress (Fig. 4).

As shown in Fig. 1 as well as some of the references, IL-10 is
one of the most important anti-inflammatories and regulatory
cytokines, which is produced by many kinds of cells including
1% Kithn et al." established
IL-10 KO mice, which spontaneously develop chronic entero-

macrophages, T cells and B cells.

colitis after 3 months of age with marked regenerative crypt
hyperplasia in the colon. Enteric flora plays the key role during
the development of colitis in IL-10 KO mice: The inflammation
is much milder (restricted in the colon but not in the small in-
testine) under specific pathogen-free conditions as compared
to conventional conditions, and the colitis has been shown to
be dependent on Helicobacter-species infection.” Further-
more, colitis in IL-10 KO mice is abolished under germ-free
condition suggesting resident enteric bacteria are required for
spontaneous colitis and immune system activation in 1L-10
KO mice.” Interestingly, anaerobic bacteria and aerobic bacte-
ria play different role in this colitis: Metronidazole is effective
for the treatment of colitis but not typhlitis (inflammation in
the cecum), while Ciprofloxacin is beneficial for the treatment
of typhlitis but not colitis.”> Although the colitis in IL-10 KO
mice are often referred as Th1-type, IENy plays a protective
role in this colitis since IFNy xIL-10 DKO mice develop more
severe colitis as compared to IL-10 KO mice.” In fact, recent
GWAS have identified 1/10 as susceptibility gene for both UC
and CD, so we should not use IL-10 KO mice as a simple CD-
like model.”
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Signal transduction modulators

JAK inhibitors
Tofacitinib (Pfizer) FDA approved (UC)
Filgotinib (Gilead) Phase IlI (CD)
Upadacitinib (Abbvie) Phase Il (CD)
Peficitinib (Janssen) Phase Ilb terminated
TD-1473 (Theravance) Phase | (UC)

RIP1 kinase inhibitors
GSK-481/2982772 (GSK) Phase Il (UC)

— \

Novel steroids

Budesonide (TUD) Phase Ill (UC)

Cell trafficking modulators

S1P receptor inhibitors
Ozanimod (Celgene)|Phase Il (UC)|Phase Il (CD)
Etrasimod (Arena Pharm.) Phase Il (UC)

a4f7 inhibitors
Carotegrast (EA Pharma) Phase Il (UC)

CCR9 inhibitors
CCX282 (ChemoCentryx) Phase IIl (CD)

| —— == —

Others
BT-11 (Landos biopharma) Phase Il (UC)

ABX464 (Abivax) Phase Il (UC)

Apremilast (Celgene) Phase Il (UC)

Fig. 5. Key small molecule compounds. A summary of the key small molecule compounds under development that had undergone evalu-
ation in experimental colitis model and progressed onto successful clinical testing. JAK, Janus kinase; FDA, Food and Drug Administration;
S1P, sphingosine-1 phosphate; RIP1, receptor-interacting protein 1; CCR9, chemokine receptor 9.

ROLE OF ANIMAL MODELS IN IBD TREATMENT

Currently, several modalities of treatments could be consid-
ered for the management of IBD. These include (1) small mol-
ecules (e.g, corticosteroids and mesalazine), (2) biologics (e.g,
anti-TNF-a), (3) emerging therapies (e.g., stem cell therapy
and fecal microbiota transplantation [FMT]), as well as (4) al-
ternative therapies (e.g., traditional Chinese medicine). Ani-
mal models could provide a platform for inference of efficacy
and safety for the development of some of these treatments
and will continue to play a supporting role in facilitating the
discovery of new drugs and treatment for IBD.

Interestingly, in one of the highly cited studies on translation-
al of research evidence from animals to human showed that
only 10% of these interventions from animal studies were sub-
sequently developed into something that could be fit for pa-
tient use.” In the case of biologics, there are more than 60 po-
tential new targets involving more than 600 phase I clinical
trials, but only a few, including anti-TNF-o. agents, natalizumab,
ustekinumab and vedolizumab, made it to the clinical applica-
tion eventually. This is likely due in part to poor methodology
and failure of the models to accurately mimic the human dis-
ease condition and suggested improvements to increase trans-
lational success rates have been previously proposed.”

Certainly, there are limitations inferring observations from
animal models. Particularly, human IBD is polygenic and mul-
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tifactorial in nature, in contrast to experimental IBD animal
model that usually involves disruption or overexpression of
single genes and thus limiting systemic pathways. Another
limitation of extrapolating animal models into human safety
and efficacy is the qualitative and quantitative measurement
of outcomes. Human clinical trials for IBD measures disease
activities through various indexes that quantify symptoms re-
lated to active disease, including the CDAI and the Mayo Clin-
ic score for UC. In contrast, efficacies of interventions in ani-
mal models are usually assessed through histopathology
score of colonic inflammation and clinical score. These pa-
rameters might not be sufficient to make inference to clinical
remission in heterogeneous groups of patients. In addition,
other pharmacological considerations, including bioavailabili-
ty, time and route of administration, as well as dosing are also
important factors to affect the difference between experimen-
tal colitis data with actual human context.

The subsection below provides a deeper dive into how ani-
mal contributes towards the development of the 2 main mo-
dalities of treatment, small molecules, and biologics for IBD.

1. Small Molecules

Small molecules medications remain the most common used
first line of treatment for IBD. These include 5-aminosalicy-
lates and immunosuppressive agents such as methotrexate
and thiopurines, as well as corticosteroids which can be effec-
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tive in inducing remission but negative side effects preclude
their long-term use. However, many times the response rates
vary and disease recurrence are common and therefore there
remains a significant unmet medical need in IBD. The goal for
new therapies is to induce and maintain clinical remission in
a greater proportion of patients than is currently achievable
with standard-of-care agents. Fig. 5 summarizes some of the
key small molecule compounds under development that had
undergone evaluation in experimental colitis model and pro-
gressed onto successful clinical testing.

2. Signal Transduction Modulators

Signal transduction modulators are one of the major groups of
targets for the development of small molecule therapy for IBD.
One class that had been widely focused is the Janus kinase
(JAK)/STAT pathway, which has been implicated in the etiolo-
gy of many other diseases, in addition to IBD, and a number of
selective compounds have entered clinical development (Fig.
5). For example, Tofacitinib is a nonselective JAK inhibitor that
had been previously approved by Food and Drug Administra-
tion for rheumatoid arthritis and psoriatic arthritis. Tofacitinib
potently inhibits JAK1, JAK2, and JAK3 and, to a lesser extent,
TYK2 in biochemical assay (IC50=3.2, 4.1, 1.6, and 34 nM re-
spectively). It had been shown in rat oxazolone colitis model
that tofacitinib exhibit anti-inflammatory effects in vivo.*”" The
effect of tofacitinib had also been shown to exhibit similar effi-
cacy, when dosed orally or intra-cecally, in oxazolone-induced
colitis in mice, but noting that intra-cecal provides colonic tar-
get engagement which do not impact splenic natural killer
(NK) cell counts.” Consistent with the notion that oxazolone-
induced colitis represents features of human UC condition,
tofacitinib had been found effective for UC patients and was
approved recently in May 2019 for use in moderately to se-
verely active UC in clinical settings. Conversely, tofacitinib did
not show significant improvements in remission rates, in
comparison with placebo, in a phase 11 clinical trial for CD.”
Another major JAK inhibitor that is currently under clinical
phase III trial is Filgotinib, which has a human whole blood
EC50 of 629 nM displaying a 30-fold cellular selectively for
JAK1 over JAK2."""" Filgotinib efficacious effect was previously
evaluated in DSS-induced colitis model and showed good in
vitro ADME (absorption, distribution, metabolism, excretion)
properties and high oral bioavailability in animals. In addition,
upadacitinib is also another potent JAK1 inhibitor that effec-
tively inhibits production of pro-inflammatory cytokines IL-6,
oncostatin M, IL-2 and IFNy in a variety of cellular assay.” The
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compound is currently under clinical trial phase II evaluation.

3. Cell Trafficking Modulators
Cell trafficking modulators is the other major category that is
being explored for the development of small molecule treat-
ment for IBD. For example, sphingosine-1 phosphate (S1P) is a
key regulator of lymphocyte migration from lymph nodes, and
blocking this pathway has been considered as a potential ap-
proach to control aberrant leukocyte migration into the muco-
sa in IBD.” In this regard, ozanimod was developed as a potent
agonist of SIP1 (EC50=0.16 nM) and S1P5 (EC50=4.3 nM)
and binds directly to the S1P receptor. Administration of ozani-
mod into mouse T cell adoptive transfer model of colitis pro-
tects the animals from body weight loss and reduced inflam-
mation.” In addition, ozanimod administration at a 0.6 mg/kg
in TNBS-induced colitis model in rats also protected animals
from weight lost, reduce the number of circulating lympho-
cytes by 51%, resulting in significant improvements in disease
scores.” With such promising results, the compound pro-
gressed into both UC and CD clinical trials, in which they are
currently under phase III and phase II evaluation respectively.
In addition, etrasimod is another compound designed to target
S1P1, S1P4, and S1P5 receptor with EC50 values of 6.1, 147,
and 24.4 nM, respectively. It was shown in scid mice receiving
CD4' CD45RB"" T cells that administration of 3 mg/kg dose of
etrasimod provided significant protection towards weight loss
in the colitis-induced animals. The compound then progressed
onto clinical trials (currently at phase IT). Moderate-to-severe
UC patients were given 2 mg dose for 12 weeks, and 43% pa-
tients showed endoscopic improvements as compared to
16.3% in the placebo group.” The encouraging result had led to
propose extension of the clinical evaluation to CD.

a4f7 integrin is expressed on circulating T cells and medi-
ates cell trafficking throughout the body, whereas its natural li-
gand is the mucosal vascular addressin cell adhesion mole-
cule 1 (MadCAM) that is expressed predominately on the
mucosal endothelium of the GI tract. Binding of MadCAM to
a4p7-expressing T cells would render cell capture, adhesion
and extravasation, thus leading to infiltration of pro-inflamma-
tory T cells in the inflamed gut of IBD patients. Compounds
such as carotegrast (EC50=1.4 nM) had been shown to po-
tently inhibit the binding of a4B7 expressing cells to MadCAM.
Oral dosing of methyl ester prodrug of carotegrast in mice in-
hibited leukocytes homing to Peyer’s patches with an EC50 of
180 nM. In IL-10 deficient CD4" T cell transfer model of colitis,
administration of carotegrast reduced IL-17, IFNy, and TNF-o
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Table 1. Responses in Experimental Colitis Model to Biologics
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Table 1. Continued

. Ineffective . Ineffective
Target Type Effective model model Target Type Effective model model
TNF-a Prevention  Chronic DSS Acute DSS MAJdCAM-1/ Prevention  DSS
Tge26 IL-107" a4p7 Treatment  DSS SAMP1/YitFc
IL10R2™"~ X TGFBRII DN Chronic DSS DSS
TNF-a CD45RB""
high
CD45RB SAMP1/YitFc
Treatment  Chronic DSS ICAM-1/04f31 Prevention  DSS
TNBS TNBS
SAMP1fYitfe Treatment  DSS SAMP1Vit
TRUC DSS
[FNy Prevention ~ Chronic DSS TNBS VCAM-1 Prevention  TNBS
high
CD45RE Treatment  Cotton-top tamarin SAMP1/Yit
SAMP1/YitFe colitis
IL-107" DSS
/-
Hh/IL-10 DSS, dextran sodium sulfate; IL, interleukin; TNBS, 2,4,6-trinitrobenzene
dnKO colitis sulfonic acid; TRUC, T-bet-/- RAG2-/- UC; IFNy, interferon v; dnKO,
Anti-CD40 dominant-negative knockout; mAb, monoclonal antibody; IL-6R, IL-6
T 107 receptor; MAJCAM, mucosal vascular addressin cell adhesion molecule;
AL g ICAM, intracellular adhesion molecule; VCAM, vascular cell adhesion
Hh/IL-107" molecule.
IL-13 Prevention  Oxazolone . )
Treatment levels and significantly reduced the amount of T cells migra-
, tion in the lamina propria.” Carotegrast has now been evalu-
IL-17 Prevention - DSS
ated under a phase II study for UC and current result shows
Treatment - o o )
_ clinical remission of 23.5% versus 3.9 (placebo) at dose of 960
IL-12/23 (p40)  Prevention  TNBS 78
IL-107" e
: Another class of compound under development for IBD
26 . . 1 . .
?)8 \ therapy that aims to mediate cell trafficking is the chemokine
4 .
CDA40 mAb receptor 9. These receptors are G-protein-coupled receptor
Treatment  IL-107" . . .
superfamily cell surfaced receptors expressed on circulating
_ TNBS B lymphocytes, and its natural ligand (CCL25) is expressed on
ILZ5 i) ECU T e i the intestinal lumen epithelial cells. Ligand-receptor engage-
RO A ment results in the induction of chemotaxis of lymphocytes to
Uit = the intestines. Compounds such as CCX282 had been devel-
. high
IL-6R Prevention  CD45RB™ oped to break this interaction and inhibit chemotaxis of Baf-3
SAMP1/Yit cells, resulting in protection against inflammation in the
Treatment  TNBS TNE** mice model.” Currently, CCX282 at 250 mg had
/-
IL-10 shown promising results in a phase II study for CD, but
CD45RB™" showed less efficacy in subsequent phase I1I trials.”’
SAMP1/Yit
IL-18 Prevention  DSS 4. Biologics
TNBS Biological therapies have an increasing share in the modern

Treatment  TNBS

(Continued to the next)
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therapeutics of various diseases including IBD. Current bio-
logical treatments generally involve either (1) blockage of pro-
inflammatory cytokines produced by effector T cells, (2)
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blockage of pro-inflammatory cytokines produced by antigen
presenting cells (APCs), (3) inhibition of pathogenic T cell re-
sponses via administration of anti-inflammatory cytokines,
(4) targeting T cell activation, proliferation, and apoptosis, (5)
enhancement of the innate immune system, and (6) inhibi-
tion of leukocyte migration to mucosal sites.

In Table 1, we have summarized some of these biologics
and its responses in IBD animal models. Anti-TNF-a antibody
is currently the most widely applied biologics for IBD, but in-
terestingly this form of treatment did not exhibit encouraging
results in animal models prior to the first randomized con-
trolled trials (RCT). Studies in CD45RB"®" cell transfer model
of colitis prior to RCT in humans showed only partial protec-
tion by anti-TNF-a antibody treatment with no long-term im-
munomodulatory effects compared with IFNy neutralization

¥ TNF-a neutralization in an acute DSS-induced

methods.
colitis model also exhibits no effects or even aggravated in-
flammation and delayed recovery.” In addition, anti-TNF-a
antibody also failed to prevent or treat the disease in IL-10 KO
mice.” However, subsequent evaluation of effects of anti-
TNF-o therapy using other experimental colitis models con-
firmed its efficacy, including chronic DSS-induced colitis
model (Table 1). This also shows that variability of phenotypic
effect exists, and thus selection of the right animal model is
crucial to demonstrate effectiveness of treatment.

In the case of targeting IFNy, the aim is to reduce this pro-
inflammatory product of activated T cells, NK cells and mac-
rophages that had been shown to be elevated in human CD
inflamed mucosa. Fontolizumab is a mAb against IFNy that is
currently under phase II clinical testing. Previously studies
and data from experimental colitis model had demonstrated
protective effect using anti-IFNy, as seen in different model
such as SAMP1/YitFc and IL-10 KO murine models.”*"* How-
ever, in contrast to its protective effect, the ameliorative effect
of anti-IFNy of established colitis had not been well address.
IL-10 KO colitis model showed no improvements when treat-
ed with anti-IFNy antibody. These results inferred from animal
models appeared to be in sync with the fact that fontolizumab
did not reach the clinical response primary efficacy end point
at day 29.

Another popular target is IL-13, given its pathogenic role in
affecting epithelial tight junction, apoptosis and colonic epi-
thelial cell restitution. IL-13 is mainly produced by NK T cells
and CD4" T cells, and eliminating its effect either through IL-
13 neutralizing, depletion of NK T cells, or IL-13 deficiency in

85,86

CD4" T cells all protected mice from colitis.”" In contrast to
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its protective effect, there has been limited positive data on
ameliorating established disease. Currently, anrukinzumab
and tralokinumab are under phase II trials assessing pharma-
cokinetics and safety in UC patients, and QAX576 (i.e, an IL-
13 antagonist) is also under phase II clinical evaluation.

As mentioned above, blockage of pro-inflammatory cyto-
kines produced by APCs is another approach towards design-
ing IBD therapies. While mechanistically, experimental colitis
model, including IL-10 KO mice model, provided evidence
that the initiation and maintenance of Th1- and Th17-polar-
ized T cell responses during chronic intestinal inflammation
depends on the production of IL-12 (p35/p40) and IL-23
(p19/p40) from resident APCs. However, effects of treatment
in animal models targeting anti-p40 to ameliorate established
colitis are lacking. Most of the animal studies aiming at block-
ing APC-produced pro-inflammatory cytokines focuses on IL-
12 and IL-23 through either p19, p40, and STAT-4 genetic defi-
ciency. Antibodies against p40 (the common subunit of IL-12
and IL-23) include ustekinumab that had been shown to be
more effective in both remission induction and maintenance
in both CD and UC than placebo. Another antibody against
p40 that was evaluated recently is briakinumab. However,
studies have shown that briakinumab fail to demonstrate de-
sired efficacy in CD and thus further studies on this asset are
unlikely.” In addition, there are also several P19 mAbs cur-
rently undergoing clinical evaluation includes; brazikumab
(MEDI2070), risankizumab (BI 6555066), guselkumab, miriki-
zumab (LY3074828), and tildrakizumab (MK 3222).*

Another key cytokine central to IBD is IL-6 that is involved
in enhancing survival and resistance to apoptosis of lamina
propria of T cells. Neutralizing antibodies against the IL-6 re-
ceptor (IL-6R) in experimental colitis models, including TNBS,
IL-10 KO had been shown to prevent disease development

and also to ameliorate established colitis.**”

It was suggested
that the mechanism was via induction of T cell apoptosis
through STAT-3 signaling pathway preventing the upregula-
tion of anti-apoptotic gene expressions such as Bcl-2 and Bcl-
xl. Current biologics targeting 1L-6 associated effects include
PFF 04236931 (antibody against IL-6), as well as tocilizumab
(antibody against IL-6R).

Similar to small compounds that prevent leukocyte migra-
tion to mucosal sites by targeting oEf7 and MAdCAM-1, sev-
eral antibodies had also been developed to achieve such ef-
fect.” For example, etrolizumab, which acts on B7-integrin, is
currently undergoing clinical trials. It was shown that etroli-
zumab decreased the accumulation of CD8" and CD4" Th9

www.irjournal.org



INTESTINAL RESEARCH

cells in the mice intestines more strongly than vedolizumab.”
PE-00547569, which targets MAACAM-1, is also currently un-
dergoing clinical evaluation.

It is projected that many therapies will become available in
the coming years if supported by the results of current clinical
trials. This will provide IBD patients with a wide array of op-
tions and allow physicians to choose the best therapies for
each individual patient. Experimental models of colitis contin-
ue to provide a powerful tool to indicate effectiveness and
safety of these novel therapies, and the ability to infer mecha-
nisms of action.

5. Microbiota
Gut microbiota dysbiosis represents another key factor in-
volved in the pathogenesis of IBD and is now an attractive tar-
get for therapeutic development. Many reviews had described
the use of prebiotics and probiotics to ameliorate disease us-
ing experimental models to restore the normal composition of
altered microbial flora.” A more nascent approach is the use
of synbiotics, which is a combination of prebiotics and probi-
otics, to achieve greater treatment efficacy. In addition, FMT is
another option to achieve normobiosis restoration. Recent
studies on both acute and chronic experimental colitis
showed that the therapeutic effects of FMT are linked to func-
tional modulation of the mucosal immune system and of the
gut microbiota composition.”*” Specifically, expression of
pro-inflammatory genes, antimicrobial peptides, and mucins
were observed to decrease in animals receiving the treatment.
While experimental models provide a good platform to ex-
plore and develop novel therapeutics targeting the microbiota,
these organisms colonize not just the intestine but also many
other parts of the body. They are also affected by many other
factors including food, bedding, caging, and temperature.
Therefore, it is important to keep in mind the proper microbi-
ota standardization when conducting such studies. McCoy et
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al.” recently described a protocol that aims to reduce variabil-

ity and improve experimental reproducibility.

FUTURE OUTLOOK FOR THE ROLES AND USE
OF ANIMAL MODELS TO STUDY IBD

1. Humanized Mouse Model

While conventional approach towards leveraging the advan-
tages of animal model to gain insights towards both the patho-
genesis of IBD through chemical induction and/or genetic
manipulation of intestinal inflammation, as well as using it for
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preclinical studies for drug discovery and development, there
had been trends towards utilizing humanize mice to speed up
these efforts.”” The aim is to mimicry the human disease phys-
iopathology, particularly through the expression of human cy-
tokines or immune cells, and improves bench-to-bedside
transition for promising therapeutics. Humanized mouse
model also may provide alternative solutions to current meth-
ods of adoptive transfer of xenogeneic (human) hemato-lym-
phoid cells (e.g, hematopoietic stem cells or peripheral blood
mononuclear cells) into healthy wild-type mice, which on
many occasions results in rapid rejection of these cells and,
depending upon the type of cells injected, may result in lethal
xenogeneic graft versus host disease.

Advances in this regard of using humanized mice to study
IBD was demonstrated by Goettel et al,” on how such tools
allow the direct testing of therapeutics on human immune
cells which are engrafted into immunodeficient mice. The use
of explants or lamina propria mononuclear cells isolated di-
rectly from human IBD patient intestinal tissue enable investi-
gators to test therapeutic hypotheses directly on human cells
and/or tissue. More recently, Goettel et al.” from the Snapper
laboratory also showed how low-dose IL-2 can ameliorates
colitis in a preclinical humanized mouse model. Current com-
mercial humanized mouse suitable for IBD studies includes
the CIEA NOG mouse” that is engrafted with human CD34"
hematopoietic stem cells.

2. Artificial Intelligence

In the new era of leveraging the power of data (e.g, publica-
tions, clinical data, high throughput data, large scale genomic
data etc.), artificial intelligence (Al) and machine learning
(ML) technologies had advanced and matured to analyze
these large datasets. This results in increasing application of
AI/ML towards both the understanding of disease pathogene-
sis, as well as for drug discovery and development. These
might render that traditional use of expensive animal models
may be subsequently replaced by these alternatives in silico
method to provide inference and insights on biological re-
search with equivalent or even better outcomes.

Similarly, these Al technologies can also be used in con-
junction with animal models, (e.g, pattern recognition of ani-
mals in response to perturbation), to complement and pro-
vide greater insights and accelerate research. For example,
Kozlowski et al,' developed an entirely automated method
to score DSS-induced colitis in mice by digital image analysis
of pathology slides, allowing less dependence on professional
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pathologist and accurate and unbiased scoring,

Indeed, Al technologies could be used to accelerate IBD re-
search from fundamental studies including analysis of real-
world data, to drug discovery and development, and in the
clinic. The Nutritional Inmunology and Molecular Medicine
Laboratory, had created synthetic patient populations of CD
and UC patients with properties of actual patient cohorts, and
had built personalized predictive models of drug combina-
tions and unravel complex relationships between diet, gut mi-
crobiome, immune system, and genetic lineup to determine
the comparative treatment response in silico before testing in
patients. Another example of applications of Al technologies

for IBD was described by Romagnoni et al,'"!

where they took
the ImmunoChip dataset containing 18,227 CD patients and
34,050 healthy controls enrolled and genotyped by the Inter-
national Inflammatory Bowel Disease Genetics Consortium
to re-analyzed via a set of ML methods (i.e, penalized logistic
regression, gradient boosted trees, and artificial neural net-
works) and managed to detected nearly all the genetic vari-
ants previously identified by GWAS among the best predic-
tors, plus additional predictors with lower effects. Overall,
such approach may provide a more superior alternative
method to traditional experimental colitis method of under-
standing the disease by allowing analysis of complex systems
through crunching of big data.

3. Organoid Model

Increasingly sophisticated tissue organoids can model many
aspects of diseases, including IBD, which may provide an alter-
native method to experimental animal models. Such method
not only is more cost-effective, mimics the human body’s organ
structure, and also contains element of precision medicine. Use
of organoid might also be beneficial in countries with strong
regulations against animal testing. In addition, organoid models
can also help address rare forms of IBD, especially those with
very early onset in early childhood, are caused by monogenetic
aberrations, for example, in IL-10, IL-10R, X-linked Inhibitor of
apoptosis protein (XIAP), neutrophil cytosolic factor 2 (NCF2),
or tetratricopeptide repeat domain 7 (TTC7).'”

Several groups had demonstrated to ability to establish in-
testinal organoid system that can be used to understand dis-
ease pathogenesis. Specifically, Shin and Kim'* led a study in
2018 to use his “gut-inflammation-on-a-chip” technology to
confirm that intestinal barrier disruption is the upstream initi-
ator of gut inflammation and made inference for IBD. Xu et
al."" had also shown that transcriptional signature of epithelial
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organoid cultures generated from UC patients and non-IBD
controls had differentially gene expression associated with
epithelial secretory and antimicrobial defense to support the
power of organoid system to study epithelial barrier function.

In a separate study, Sarvestani et al,'”

also created patient-de-
rived primary-organoid cultures from UC and non-IBD colon-
ic epithelium, phenotyped them histologically and used next-
generation sequencing approaches to profile whole transcrip-
tomes and epigenomes of organoids. They concluded that
these primary colonic organoid cultures from UC and non-
IBD patients can be established that faithfully represent dis-
eased or normal colonic states.

However, some of the major drawbacks of using intestinal
enteroid/organoid cultures are the high cost involved. Specifi-
cally, a significant amount of expensive Matrigel, which is de-
rived from natural polymers secreted by mouse sarcoma cells,
is required to propagate intestinal enteroids/organoids. A
myriad of growth factors required in the culture medium also
adds on to the cost involved. In addition, both Matrigel and
growth factors from conditioned media contain varying
amounts of xenogeneic and undefined components, along
with the potential risk of pathogen/immunogen transmission
and batch-to-batch variability."”

CONCLUSIONS

Utilizing animal models have highly provided important in-
sights into the pathogenesis of IBD although only limited per-
centage of clinical interventions from animal studies were sub-
sequently developed into something that could be fit for pa-
tient use. However, major pathogenic factors as well as inflam-
matory modulators are unrevealed based on the genetically
engineered mouse IBD models. Alteration of multiple factors
including innate immunity, adaptive immunity and epithelial
defense play key roles during the development of IBD. In par-
ticular, animal models that incorporate variants of human IBD
susceptibility genes have become indispensable roles to study
these genes in chronic intestinal inflammation mechanistically
and therapeutically. It is apparent that no single model is per-
fect, and therefore we need to utilize ideal/appropriate animal
models to define safety and efficacy of designed novel thera-
peutic strategies for IBD as shown in this review article.
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