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Background and aims: Histomorphology is a powerful and cost-efficient tool for evaluating inflammatory and
neoplastic conditions. Inflammatory bowel disease (IBD) is a widespread condition with globally rising in-
cidences, and a lot of research is done to better understand the pathogenesis of IBD and to identify potential
therapeutic approaches. However, standardized and reproducible scores for the histomorphological evaluation of
murine IBD models are lacking. Therefore, we aimed to develop an easy-to-use and reproducible score for
standardized assessment of colitis and associated cancer models.

Methods: In this study, samples from three different colitis models with and without associated cancer formation
were analyzed to develop a universal, robust, and reproducible score for the grading of murine colitis models
using the following three parameters: 1. Extent of leucocyte infiltration, 2. Tissue damage, 3. Architectural
disruption of the mucosa.

Results: A scoring system was established for different kinds of colitis models (genetically induced enterocolitis,
genetically induced metabolic injury, and chemically induced colitis-associated cancer) and all stages of the
disease, from mild inflammatory changes to severe inflammation with neoplastic changes as the extreme extent
of IBD. The scoring scheme is easy to use, can easily be learned, and proves to have a high interrater reliability.
Conclusions: We propose a robust histological scoring system for the assessment of murine colitis and colitis-
associated cancer models, giving more researchers access to conclusive and reliable histological assessment.

also playing a role (Charlebois et al., 2016; Wang et al., 2019; Wong
et al.,, 2016). However, the exact cause of IBD remains unknown
(Mentella et al., 2020). Therefore, numerous animal models have been

1. Introduction

The prevalence of inflammatory bowel diseases (IBD), including

Crohn’s disease and ulcerative colitis, is rising globally. While the age-
standardized prevalence rate of IBD was 79.5 (75.9-83.5) per 100,000
population in the 1990s, it increased to 84.3 (79.2-89.9) per 100,000
population in 2017 (GBD 2017 Inflammatory Bowel Disease Collabo-
rators., 2020). It is generally assumed that genetics and malfunction of
the immune system are essential factors in the pathogenesis of IBD (Chu
et al., 2016; Jostins et al., 2012; Khor et al., 2011), with diet and stress

developed to gain a deeper understanding of the pathophysiology of
IBD. Most commonly used are chemically induced models, adoptive T
cell transfer models of colitis, congenital mutant, and genetically engi-
neered models (Baydi et al., 2021). Dextran sodium sulfate (DSS),
Azoxymethane (AOM)/Dextran sodium sulfate (DSS), and 2,4,6-Trini-
trobenzenesulfonic acid (TNBS) are widely used to chemically induce
intestinal inflammation (for TNBS and DSS) or colitis-associated cancer

Abbreviations: AOM/DSS, Azoxymethane/Dextran sodium sulfate; DSS, Dextran sodium sulfate; FFPE, Formalin-fixed paraffin-embedded; H&E, Hematoxylin &
Eosin; IBD, Inflammatory bowel disease; IEC, Intestinal epithelial cells; IEL, Intraepithelial lymphocyte; MT-UPR, Mitochondrial unfolded protein response; PAS-AB,
Periodic acid Schiff - Alcian blue; SITHUMI, Simplified Human Intestinal Microbiota; WT, Wild type.
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(for AOM/DSS) (Waldner and Neurath, 2009). Genetic modifications
resulting in an inflammatory phenotype often target genes of the innate
immune system, including myeloid and epithelial cell mechanisms (Saez
et al., 2023) or the effector response of the adaptive immune system,
especially regulatory T-cell response (Geremia et al., 2014; Schirmer
et al., 2019). Furthermore, the transfer of T-helper cells into a lym-
phopenic host can induce colitis (Maschmeyer et al., 2021).

Pro-inflammatory factors and therapeutic effects are monitored by
various, often cost-intensive methods at cellular or molecular levels.
Although histomorphology is a powerful and cost-efficient tool in the
evaluation of intestinal inflammation, only a few research groups take
advantage of it as pathologists with expertise in comparative pathology
are not readily available (Steiger et al., 2019). There are few guidelines
for the histomorphological evaluation of intestinal inflammation in
mouse models (Erben et al., 2014; Katakura et al., 2005), however, none
of these cover the entire disease spectrum, including the development of
carcinomas as a late consequence of IBD. Additionally, they usually refer
to only one specific type of mouse model and are not directly transfer-
able to other models. One approach to improve the availability of his-
tomorphological scoring is computer-assisted analysis. Artificial
intelligence-based algorithms have already been successfully
employed in numerous studies (lacucci et al., 2023; Peyrin-Biroulet
et al., 2024; Uchikov et al., 2024), but these algorithms cover only parts
of the disease spectrum (e.g., infiltration by neutrophil granulocytes as a
measure of disease activity or detection of neoplastic changes), and most
algorithms were not established for murine tissue but for the use in
human tissue. However, the morphology in mouse models may well
differ from the morphology in human samples. For example, neutrophil
granulocytes have a different nuclear appearance in mice than in
humans (Pillay et al., 2013). Therefore, the automated, computer-
assisted evaluation of histological sections can make histomorpho-
logical analysis more efficient and accurate but cannot replace multi-
dimensional assessment by a pathologist or an experienced rater (Cheng
et al., 2021; Yoshida and Kiyuna, 2021).

Therefore, we generated an easy-to-use and universal guide for the
histomorphological scoring of murine colitis, which covers the whole
disease spectrum and can be applied to all kinds of colitis models,
including colitis-associated cancer models, allowing the comparison of
different models. The grading scheme we developed can be applied
without profound histopathological experience. This contributes to an
efficient use of resources in the department of pathology and conserves
valuable resources for processes that require a pathologist’s assessment,
such as the characterization of new models, the accurate interpretation
and integration of different histopathological methods, or the design of
appropriate studies. The score is intended for use in murine colitis
models and for research purposes only.

In general, inflammation is a non-specific reaction of the body to
eliminate the noxious agent and repair the damage done (Medzhitov,
2008, 2010; Weiss, 2008). Histologically, it is characterized by an im-
mune cell infiltrate, tissue damage, and reactive tissue changes. As a late
consequence, chronic inflammation can result in tumorigenesis (Singh
et al., 2019). The risk of colorectal cancer for patients with IBD, for
example, increases by approximately 1.0 % yearly, 8-10 years after
diagnosis (Kappelman et al., 2014; Munkholm, 2003). To cover the
whole spectrum of colitis, we semi-quantitatively assessed the immune
cell infiltration in different layers of the colon wall, graded tissue
damage, and rated alterations in mucosal architecture as signs of tissue
repair or neoplastic changes.

2. Materials and methods

In the following, we show the scoring results of three different
models with a total of 129 mice. All samples were obtained from the
Comparative Experimental Pathology (CEP) at the Institute of Pathol-
ogy, Technical University of Munich (TUM), one of Europe’s largest core
facilities for comparative pathology.
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Murine colitis models:

1. Metabolic injury induced by genetic deletion of the mitochondrial
chaperone Hsp60, specifically in intestinal epithelial cells (IEC)
(Hsp60A/ MEC), causing MT-UPR (mitochondrial unfolded protein
response) signaling and transient tissue injury in the murine intes-
tine. This metabolic injury was defined as a cell-autonomous process
of tissue wounding in response to mitochondrial perturbation (Rath
and Haller, 2022). Hsp601®/f%% mice and Hsp601¥f1°% x Villin-
CreER™* 8 mice (to generate IEC-specific Hsp60 knockout mice via
tamoxifen induction (HspGOA/ AIEC)) were generated as described
previously (Berger et al., 2016). Gene deletion took place at 11 weeks
of age, and mice were sacrificed 14 days later. A total of 24 male
animals were examined (experimental group: n = 12; control group:
n=12).

2. Chemically induced colitis-associated cancer using Azoxymethane
(AOM)/Dextran sodium sulfate (DSS), purchased from MP Biomed-
ical (DSS colitis grade, MP Biomedical, molecular weight distribution
36,000-50,000 Da). Following the principles of the 3Rs (Replace-
ment, Reduction, Refinement), we used samples of Bel10-flox/flox
mice with a C57BL/6 background, which did not undergo condi-
tional knockout and served as control animals in another study.

AOM/DSS treatment started at the age of 8 weeks and was carried
out as follows: 10 mg/kg AOM was injected i.p. in 8 ml/kg physio-
logical saline solution (day —5). On day 0 (5 days after AOM injec-
tion), the drinking water was replaced with water containing DSS
(concentration: 2.6 %). After 5 days, the DSS water was replaced
with normal drinking water. On days 21 to 25 (5 days), the drinking
water was replaced with water containing DSS. This was repeated on
days 42 to 46 (5 days). The experiment ended after 63 days or after
reaching the humane endpoint. A total of 74 animals (male and fe-
male) were examined. 53 underwent AOM/DSS treatment, and 21
served as control animals.

3. Spontaneous enterocolitis in interleukin-10 (IL-10) deficient mice.
Mice deficient in IL-10, an anti-inflammatory cytokine, develop
spontaneous enterocolitis when housed under specific pathogen-free
conditions. In contrast, IL-10—/— mice stay disease-free under germ-
free conditions (Sellon et al., 1998). The severity of the disease de-
pends on several factors, including the genetic background (Mahler
and Leiter, 2002). This study used C57BL/6 IL-10—/— mice and the
respective wild-type (WT) mice. The mice were gavaged with two
different modified versions of the Simplified Human Microbiota
(SIHUMI) (Eun et al., 2014) consisting of the following seven bac-
terial strains: Enterococcus faecalis OG1RF, Ruminococcus gnavus
ATCC 29149, Bacteroides vulgatus ATCC 8482, Lactobacillus plantarum
WCFS1, Bifidobacterium longum subsp. longum ATCC 15707, Fuso-
bacterium nucleatum subsp. nucleatum and either Escherichia coli
NC101 (SIHUMI pks+) or the mutant strain Escherichia coli NC101
Apks (SIHUMI Apks). Both Escherichia coli strains were kindly pro-
vided by Christian Jobin’s group (Arthur et al., 2012). The mice were
gavaged once orally (at 4 weeks of age) and colonized for 12 weeks.
A total of 31 animals (male and female) were analyzed (IL-10—/— —
SIHUMI pks+: n = 7; IL-10—/— — SIHUMI Apks: n = 12; WT -
SIHUMI pks+: n = 6; WT - SIHUMI Apks: n = 6).

For all three models, the experimental groups were age- and sex-
matched with the control groups. No difference in phenotype was
recognized between male and female animals. Mice of models 1 and 2
were housed under specific pathogen-free (SPF) conditions, and mice of
model 3 under germfree conditions according to the criteria of the
Federation for Laboratory Animal Science Associations (FELASA) (12 h
light/dark cycles at 24-26 °C) in the mouse facilities at the Technical
University of Munich (School of Life Sciences Weihenstephan and
TranslaTUM, Center for Translational Cancer Research, Munich, Ger-
many). All mice received a standard diet (autoclaved V1124-300, Ssniff)
ad libitum and autoclaved water and were sacrificed by COs, isoflurane,
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or cervical dislocation.

All animal experiments, maintenance, and breeding of mouse lines
were approved by the Committee on Animal Health Care and Use of the
state of Upper Bavaria (Regierung von Oberbayern; AZ ROB-55.2-2532.
Vet_02-14-217, AZ ROB-55.2-2532.Vet_02-20-58, AZ ROB-55.2-2532.
Vet 02-18-37, AZ ROB-55.2-2532.Vet_02-14-86, AZ ROB-55.2-2532.
Vet_02-20-9, AZ ROB-55.2-1-54-2532-109-2015) and performed in
strict compliance with the EEC recommendations for the care and use of
laboratory animals (European Communities Council Directive of 24
November 1986 (86/609/EEC)).

To generate the histologic samples, the intestines were removed
immediately after sacrifice and cleaned from stool. Colonic tissue was
cut open and prepared as a “Swiss roll.” Tissues were fixed in 4 % PBS-
buffered formaldehyde, dehydrated, and embedded in paraffin (FFPE).
For hematoxylin & eosin (H&E) staining, 2 to 4 pm sections were stained
with hematoxylin (of Mayer) and 0.2 % eosin (ethanolic solution; both
Medite, Burgdorf, Germany) in an automated staining machine (Leica,
Soest, Germany). For periodic acid-Schiff / Alcian blue (PAS-AB)
staining sections were stained manually with alcian blue (Fisher) for
detection of acidic mucins (0.5 % v/v in 3 % acetic acid, pH = 2.5, 5 min)
as well as periodic acid (0.5 % v/v, 10 min) co-stained with Schiff’s
reagent (Sigma-Aldrich) for neutral mucins (15 min). After laboratory
processing, slides were scanned in 40x magnification using a whole-
slide brightfield scanner (Aperio AT2, Leica Biosystems, Wetzlar, Ger-
many; PreciPoint M8 microscope, Precipoint, Garching bei Miinchen,
Germany) and displayed in the Aperio ImageScope 12.3 or Precipoint
ViewPoint software. Colonic sections were then blindly assessed for
immune cell infiltration, epithelial damage, and alterations in mucosal
architecture. The grading system described below resulted in a score
from 0 (no inflammation) to 12 (severe inflammation).

We initially developed the scoring scheme using an IBD mouse model
covering the entire disease spectrum, including tumorigenesis. Subse-
quently, we validated the scoring scheme in three additional mouse
models.

Finally, a PhD student in veterinary medicine and a resident in
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veterinary pathology with broad experience in intestinal mouse pa-
thology carried out a second assessment. Statistical analysis was per-
formed with IBM SPSS Statistics (1200) 29.0 and GraphPad Prism 5. For
comparison between two groups, Student’s two-tailed unpaired t-test
was used. Interrater variability was tested using Pearson’s correlation. P
< 0.05 was considered significant. *p <0.05; **p <0.01; ***p<0.001;

*dekk

*p <0.0001. Data is presented as mean + SD.

3. Results
3.1. Criteria for the histopathological evaluation of murine IBD models

We defined immune cell infiltration, mucosal damage, and changes
in mucosal architecture as the three main categories correlating with
inflammation. These categories were determined by 12 subordinate
criteria (Fig. 1). Since inflammation often shows a patchy pattern, in-
flammatory hotspots were chosen for the analysis.

Leucocyte infiltration is the most prominent histological feature of
inflammatory processes, and therefore, 6 of 12 score values were given
to the immune cell infiltrate in different wall layers. The analysis was
performed in a semi-quantitative manner. The infiltration by different
types of leucocytes (e.g., lymphocytes, macrophages, neutrophils, mast
cells) was not considered. Since leucocyte infiltration is generally most
prominent in the mucosal lamina propria and spreads to deeper layers
only in cases of severe inflammation, we assigned a maximum score of 3
to the immune cell infiltrate in the lamina propria (0 = no infiltrate, 1 =
mild infiltrate, 2 = moderate infiltrate, 3 = severe infiltrate), 2 to the
submucosa (0 = no infiltrate, 1 = mild to moderate infiltrate, 2 = severe
infiltrate) and 1 to the muscularis (0 = no to mild infiltrate, 1 = mod-
erate to severe infiltrate) (Fig. 2). A similar rating system has first been
described by Katakura et al. (2005). Since few leucocytes are always
detectable in the mucosa of non-germ-free mice, a score of 0 for immune
cell infiltrate can only be expected in germ-free or leucocyte-depleted
mice, whereas a normal and healthy colon will most likely reach a
score of 1 or 2.

Immune cell infiltrate
Mucosa - normal
Mucosa - mild
Mucosa - modest
Mucosa - severe
Submucosa - normal
Submucosa - mild to modest
Submucosa - severe
Muscularis — normal
Muscularis - moderate to severe
Epithelial damage
No change
Epithelial infiltrate
Crypt abscesses, erosion
Ulcerations
Mucosal architecture/atypia
No change
Simple hyperplasia without dysplasia
Low- and high-grade dysplasia
Invasive carcinoma

- ON =~ O W N =0

w N =~ O

w N -~ O

Max. Score 12

Fig. 1. Evaluation criteria. A representative cross-section of the inflammation-free colon wall in a control animal of model 1 (Score 0, H&E-staining) on the left. The
dashed lines mark the interfaces between individual wall layers. Scale bar: 100 pm. The table on the right shows an overview of the categories and scores to be
applied to the colitis score presented here. The total score can range from 0 (no inflammation) to 12 (severe acute and chronic inflammation with formation of an

invasive carcinoma).
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Fig. 2. Immune cell infiltrate. (a) Mild mucosal immune cell infiltrate (1 point in the colitis score); (b) Moderate mucosal immune cell infiltrate (2 points in the colitis
score); (c) Severe mucosal immune cell infiltrate (3 points in the colitis score); (d) Mild to moderate submucosal immune cell infiltrate (1 point in the colitis score);
(e) Severe submucosal immune cell infiltrate (2 points in the colitis score); (f) Immune cell infiltrate in muscularis propria (1 point in the colitis score). The ar-
rowheads mark the relevant immune cell infiltrate in the respective anatomical sites (mucosa, submucosa, muscularis). (a) shows a representative image of control
animals in model 1, (b-f) show representative H&E stainings of AOM/DSS-treated animals in model 2. Scale bars: 100 pm.
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The second hallmark of inflammation is tissue damage. Epithelial
damage due to inflammation was graded into 4 categories from 0 (no
epithelial damage) to 3. Enhancement of intraepithelial lymphocytes
(IELs) is graded as 1 (mild epithelial damage), erosions and crypt ab-
scesses are graded as 2 (moderate epithelial damage), and a score of 3
(severe epithelial damage) is accredited to ulcerations (Fig. 3). Healthy
colonic mucosa should have no ulcerations, erosions, crypt abscesses, or
increased IELs and is therefore assigned a score of 0 (Fig. 1). The main
histomorphological characteristics of erosions, ulcerations, IELs, and
crypt abscesses are listed in Table 1.

Since chronic inflammation and tumorigenesis have a strong func-
tional relationship (Kappelman et al., 2014), we also screened for
changes in mucosal architecture, which were graded in 4 categories.
Colonic mucosa without architectural changes was rated 0. A value of 1
corresponds to simple hyperplasia without dysplasia as a correlate of
increased tissue turn-around and tissue repair, whereas the values 2
(low- and high-grade dysplasia) and 3 (invasive carcinoma) correspond
to neoplastic lesions (Fig. 4).

Simple hyperplasia is defined by the thickening of the mucosa with
elongated crypts without dilation, mild nuclear enlargement without
significant stratification, or hyperchromasia of nuclei. Goblet cells are
rare. Low-grade dysplasia, however, is characterized by hyper-
chromatic, often elongated nuclei and nuclear stratification. Goblet cells
are depleted. High-grade dysplasia additionally shows loss of cell po-
larity, complex glandular crowding, and cribriform architecture. An
adenocarcinoma in the colon of rodents is, according to the International
Harmonization of Nomenclature and Diagnostic (INHAND) Criteria of
the Society of Toxicologic Pathology, defined by the spread of neoplastic
cells outside the lamina muscularis mucosae (Nolte et al., 2016)
(Table 1, Fig. 5).

3.2. Pitfalls in the evaluation of IBD mouse models

We are aware of some critical pitfalls in the histological assessment
of colitis models. The most crucial point is distinguishing between im-
mune cell infiltrates and regular lymphoid follicles / Peyer’s patches.
Peyer’s patches are collections of lymphoid follicles in the mucosa of the
small intestine but are also frequently observed in the caecum, espe-
cially in inflammatory bowel conditions. They are generally more
frequent in mice than in the human intestine, where they are typically
found in the terminal ileum. If these Peyer’s patches are cut centrally,
they can be easily recognized. However, if only the edge is visible on the
histological slide, Peyer’s patches can be mistaken for inflammatory
infiltrates of the mucosa or submucosa. In contrast to purely inflam-
matory infiltrates, Peyer’s patches have follicle-associated surface
epithelium and quite monomorphic lymphocyte aggregates (Fig. 6a-c).

One should be aware that to obtain a reliable evaluation, immune
cells in connective tissue along vessels penetrating the muscularis
propria should not be graded as infiltration of muscularis propria
(Fig. 6d). Additionally, simple mucosa folds can be misinterpreted as
tumors. Another reason for the misdiagnosis of invasive carcinoma is
mucosal invaginations, i.e., protrusions of the intestinal mucosa through
the lamina propria into the submucosa. However, specific histological
criteria of the surface epithelium must be fulfilled to diagnose a malig-
nant neoplasia. These include increased basophilia, a nucleus-plasma
ratio shifted in favor of the nucleus, and architectural irregularities
(Fig. 6e, f).

Artefacts might arise if the tissue is poorly fixed. Autolytically
damaged surface cells appear as small cells with dense chromatin and no
discernible cytoplasmic border and can easily be mistaken for infil-
trating lymphocytes. Poor fixation reduces the diagnostic certainty
because defining the cell type and analyzing the tissue architecture can
only be assessed to a limited extent. Sampling errors are another reason
for inaccurate results. Especially if the inflammation is patchy and
evaluation is done in hotspots, there is a considerable risk of incorrectly
low scores if only small tissue samples instead of whole Swiss rolls are
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submitted.

Since many strains and stocks of mice, including C57BL/6 mice,
develop lymphomas as a background lesion, especially seen in aging
mice, lymphomas should be considered as a differential diagnosis. The
possibility of lymphoma must especially be considered if there is a
striking monomorphic lymphocytic infiltrate that respects the archi-
tecture of the colon and other histomorphological features of colitis are
absent. Differentiating reactive inflammation from lymphoma can be
challenging (Ward et al., 2006; Ward et al., 2012). In doubtful cases,
immunohistochemical staining for B-cells (e.g., CD20) and T-cells (e.g.,
CD3) helps to differentiate between inflammation and lymphoma, as
reactive lymphocytic infiltrates always show a mixed inflammatory
infiltrate (B- and T-cells). In contrast, one cell type dominates in lym-
phomas depending on the cell of origin (Ward, 2006). If a lymphoma is
suspected, examining the other organs for lymphoma-typical changes
like enlarged lymph nodes or hepatosplenomegaly is also helpful.

3.3. Results from different models

To validate our colitis score, we used three different mouse models
covering the whole spectrum of inflammatory bowel disease (from acute
and transient inflammation to chronic inflammation, including tumor-
igenesis as a late sequela of IBD). All three colitis models showed clear
and significant discrimination between experimental and control groups
(Fig. 7). Images of representative hotspots of all three models are pro-
vided as supplementary material (Supplementary figures S1-S3).

In model 1 (genetic model developing metabolic injury), the exper-
imental group (Hsp60“/2E€) reached an average score of 5.42 + 0.96 (n
= 12) and hence differed significantly (p < 0.0001) from the control
group with an average score of 0.83 + 0.37 (n = 12) (Fig. 7a).

The chemically induced model (model 2) also showed a significantly
higher score (p < 0.0001) in the AOM/DSS-treated group (7.02 + 1.81,
n = 53) than in the control group (1.29 + 0.63, n = 21) (Fig. 7b).

In model 3 (spontaneous colitis in IL10-deficient mice), we compared
IL-10 deficient mice colonized with the Simplified Human Microbiota
(SIHUMI) containing E. coli NC101 (IL-10~/~ — SIHUMI pks+) and IL-10
deficient mice colonized with the Simplified Human Microbiota con-
taining E. coli NC101 Apks (IL-10~/~ — SIHUMI Apks) to corresponding
wild type animals (WT - SIHUMI pks + or WT - SITHUMI Apks). We could
show a significant difference between IL-10-deficient and wild-type
mice for both versions of the Simplified Human Microbiota. In the
SIHUMI pks + —setting, IL10-deficient mice had an average score of
2.13 £ 1.12 (n = 7), whereas wild-type mice showed an average score of
1.00 + 0.00 (n = 6) (p = 0.047). In the SIHUMI Apks-setting IL10-
deficient mice reached an average score of 4.25 + 2.01 (n = 12), and
wild-type mice reached an average score of 1.00 + 0.00 (n = 6) (p <
0.001). The comparison of IL-10~/~ — SIHUMI pks + vs. IL-10~/~ —
SIHUMI Apks proves the discriminatory power of our score. The dif-
ferences in the microbiome alone resulted in a significantly different
score (p = 0.013) (Fig. 7c).

3.4. Interrater reliability

To test for interrater reliability, 80 samples from different models
and all degrees of inflammation were evaluated independently by an
experienced human pathologist and an experienced veterinary pathol-
ogist. The results of both raters showed a strong correlation, r = 0.888, p
< 0.0001 (Fig. 8a, c).

Since we aimed to develop a scoring scheme that is also suitable for
researchers without a profound pathological background, the same
samples were assessed by a PhD student in veterinary medicine. The
results also showed a strong correlation, r = 0.780, p < 0.001 (Fig. 8b, c).

4. Discussion

Histomorphological grading is a powerful, easy, and cost-efficient
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Fig. 3. Epithelial damage. (a) Colon mucosa without significant epithelial damage; (b) Increased intraepithelial leucocytes (arrowheads) representing the mildest
form of epithelial damage (1 point in the colitis score); (c) Crypt abscesses (arrows) and (d) erosion (arrows) of surface epithelium as a correlate of moderate
epithelial damage (2 points in the colitis score); (e, f) Ulcerations as the maximum variant of epithelial damage (3 points in the colitis score, f corresponds to the insert
in e). (a) shows a representative H&E staining of control animals in model 1, (b, ¢) show representative H&E stainings of animals with metabolic injury in model 1,
(d-f) show representative H&E stainings of AOM/DSS-treated animals in model 2. Scale bars: 100 pm.
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Table 1

Nomenclature of inflammatory tissue changes with description of essential

histomorphological characteristics.

Nomenclature

Histomorphological
characteristics

Points in
colitis
score

Epithelial Intraepithelial
damage lymphocytes
(Fig. 3b)

Crypt abscesses
(Fig. 3c)

Erosion
(Fig. 3d)

Ulceration
(Fig. 3e, )

Hyperplasia
(Fig. 4b)

Architectural
alterations

Low-grade
dysplasia
(Fig. 4c, d;
Fig. 5a, b, d)

High-grade
dysplasia
(Fig. 4e, f; Fig. 5e)

Lymphocytes (small round
cells without discernible
cytoplasm) located between
epithelial cells of the
intestinal mucosa.

Masses of neutrophile
granulocytes (immune cells
with typically segmented
nuclei) accumulating in a
crypt lumen.

Loss of the epithelium,
intact basement membrane.
Fibrin depositions and
inflammatory cell infiltrate
distinguish true, intravital-
developed erosions from
artificial epithelial denuda-
tion due to aggressive tissue
handling.

Loss of epithelium in a
localized area.

Extends beyond the
basement membrane into
deeper tissue layers.

Often widespread and
broad-based thickening of
the mucosa.

Preserved polarity: The cell
nuclei are located basally
(above the basement
membrane), apical
cytoplasmic cap.

Nuclei are enlarged but
monomorphic and without
significant atypia (no
pronounced nuclear size
variations, chromatin
regularly distributed, no
increased staining of the
nuclei).

Mitoses (as a sign of
increased proliferative
activity) are limited to the
crypt bases (stem cell
niche).

Nuclei of the epithelial cells
enlarged, elongated, and
with increased staining
intensity (hyperchromasia).
Palisade-like arrangement
of the nuclei.

Increased mitoses, also
ascending (outside the crypt
bases).

Reduced mucin production
(no / only very small goblet
cells).

Crypts are elongated and
without irregular
branching.

e See low-grade dysplasia.
Additionally:

e Irregularly branching
crypts.

e Stronger cytological atypia
(enlarged hyperchromatic
nuclei with prominent
nucleoli, numerous mitoses,
occasional necrosis).

1

2
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Table 1 (continued)

Nomenclature Histomorphological Points in
characteristics colitis

score

Same cytological features as
high-grade dysplasia.
Invasive growth, defined by
. the spread of neoplastic
Invasive .
. cells below the lamina

adenocarcinoma muscularis mucosae s

Fig. 4e, f; Fig. 5 . :

(Fig 5 Fig- 50 Invasive cell nests are often
surrounded by dense
connective tissue
(desmoplastic stroma).

tool for evaluating murine colitis and colitis-associated cancer models.
However, many research groups do not take advantage of histo-
morphology due to the lack of expertise and due to the lack of (veteri-
nary) pathologists with knowledge in comparative medicine (Steiger
et al., 2019). To our knowledge, there is not yet an established colitis
score that can be applied to different models, enabling a comparison of
different models concerning inflammatory activity.

In this study, we established an easy and reliable method to score
different murine IBD models. We developed a scoring system that covers
all disease stages and phenotypes, from purely inflammatory changes to
tumorigenesis, allowing the comparison of different models regarding
inflammatory activity and inflammation-related lesions.

Many previously described scoring models were developed for one
specific mouse model, and the examined criteria often cannot be
transferred to all IBD models. Erben et al. (2014) created a systematic
overview of different damage patterns in the colon with corresponding
scoring schemes, allowing a differentiated evaluation of IBD models.
However, the associated complexity requires a high level of expertise in
intestinal histopathology on the part of the diagnostician, which is un-
fortunately not readily available in many institutes. The use of different
scores for different triggers of intestinal inflammation with different
maximum score values makes it difficult to compare individual models.
Additionally, neoplastic lesions are not included in scoring schemes
established by Erben et al. (2014).

Collaboration with non-pathologists has shown that simple and
universal evaluation criteria are needed, which can be reproduced and
applied by non-pathologists, too. Hence, we reduced the score to well-
recognizable features representing different stages of the disease
(acute colitis and colitis-associated tumorigenesis) and a simple, semi-
quantitative analysis of the immune cell infiltrate as a measure of
inflammation severity. The semi-quantitative analysis allows the trans-
formation of qualitative tissue data into numerical data for more robust
group comparisons. In contrast to quantitative tools, semi-quantitative
analysis is more reproducible and is more time-efficient (Meyerholz
and Beck, 2018).

As we intentionally developed a score that is as general as possible to
cover various mouse models and disease stages, the score may not
differentiate well between experimental groups that differ only slightly
in their phenotype. In these cases, it is useful to complement the score
with additional parameters. Parameters that have proven useful include
the percentage of tissue with the highest colitis score, the percentage of
tissue without significant inflammation (score 0-2), separate scores for
different colon segments (e.g., oral, middle, aboral), or the number of
detected tumors. Also, our score could lose some of its precision by not
accurately characterizing the type of inflammation. However, recog-
nizing different types of inflammatory cells or types of inflammation
(acute, chronic, granulomatous, etc.) is challenging for non-pathologists
and is associated with a high inter-rater variability. Some cell types, such
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Fig. 4. Architectural aberrations. (a) Architecturally regular colorectal mucosa without dysplasia (0 points in the colitis score); (b) Simple hyperplasia without
dysplasia (1 point in the colitis score); (c, d) Colorectal adenoma with low-grade intraepithelial neoplasia/dysplasia (2 points in the colitis score, d corresponds to the
insert in c); (e, f) Colorectal adenoma with high-grade intraepithelial neoplasia/dysplasia and focal transition to invasive growth (see insert in e; f). The findings,
therefore, correspond to an invasive adenocarcinoma (3 points in the colitis score). The dashed line in f represents the lamina muscularis mucosae. (a) Shows a
representative H&E staining of control animals in model 1, (b) shows a representative H&E staining of IL 10/~ SIHUMI A-pks animals in model 3, (c-f) show
representative H&E stainings of AOM/DSS-treated animals in model 2. Scale bars: 100 pm.
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Fig. 5. Mucosal architecture and neoplastic changes. (a) Regular colonic mucosa (bottom right) with transition to low-grade dysplasia (top left); (b) corresponds to
the insert in a. Note the increased basophilia in low-grade dysplasia due to enlarged, hyperchromatic nuclei and loss of goblet cells; (c) Loss of goblet cells in low-
grade dysplasia (left) compared to regular colonic mucosa (right), highlighted by PAS-AB staining; (d) Increased mitoses (circles) and palisade like arrangement of
nuclei (arrowheads) in low-grade dysplasia; (e) Crowded, enlarged and pleomorphic nuclei with prominent nucleoli (arrowheads), loss of cell polarity and complex
architecture with poorly formed crypts and cribriform architecture with formation of secondary lumina (asterisks) in high-grade dysplasia; (f) Invasive carcinoma
with penetration of the lamina muscularis mucosae (dashed line) and spread of neoplastic glands in the submucosa. The neoplastic glands in the submucosa are
surrounded by desmoplastic stroma (arrowheads). All images show representative H&E (a, b, d-f) or PAS-AB (c) stainings of AOM/DSS-treated animals in model 2.
Scale bars: 100 pm.
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Fig. 6. Pitfalls. (a) Big, centrally recorded Peyer’s patch; (b) Smaller, marginally recorded Peyer’s patch; (c) Inflammatory infiltrate; (d) Immune cell infiltrate along
connective tissue and vessels penetrating the muscularis propria; (e) Simple mucosa fold without dysplasia; (f) Adenoma with high-grade dysplasia. (a, b) show
representative H&E stainings of control animals in model 3, (c, d) show representative H&E stainings of IL. 10~/~ SIHUMI A-pks animals in model 3, (e, f) show
representative H&E stainings of AOM/DSS-treated animals in model 2. Scale bars: 100 pm.
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Fig. 7. Validation of our colitis score using three different mouse models. Model 1 (a): Colitis score is significantly higher in mice suffering from metabolic injury (n
= 12) than in littermates without metabolic injury (n = 12). Model 2 (b): Treatment with AOM/DSS results in a 5-fold higher score (n = 53) compared to untreated
controls (n = 21). Model 3 (c): IL10-deficient mice score significantly higher than wild-type mice colonized with the same microbiota. Our colitis score also shows
significant differences in IL-10 deficient mice colonized with different microbiota (IL. 10™/~ SIHUMI pks + vs. IL. 10/~ SIHUMI A-pks). P-values were calculated by t-
test: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. IL-10~~ — SIHUMI pks-+: n = 7; WT SIHUMI pks+: n = 6; [L-10™/~ — SIHUMI Apks: n = 12; WT SIHUMI

Apks: n = 6.

as mast cells, can only be reliably assessed with special stains (toluidine
blue or Giemsa) or immunohistochemistry (Groll et al., 2022). In addi-
tion, the type of inflammation within a model is usually uniform, so
precise classification can be neglected in inflammation scoring. How-
ever, the exact description of the inflammatory processes should still be
carried out by an experienced pathologist as part of the characterization
of new models.

If a measure of the type of inflammation or disease activity is
required, the score may be complemented by computer-assisted
methods for quantifying neutrophil granulocytes or other cell types.
Various open-source and commercially available software suits this
purpose (Bankhead et al., 2017).

To make scoring technically as simple as possible, we have also
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decided not to use additional stains like Alcian blue - periodic acid-
-Schiff (AB-PAS) staining for the visualization of goblet cells, as we are
convinced that goblet cells can also be assessed on H&E staining with
sufficient certainty. In the training phase, however, PAS-AB staining
could facilitate the detection of relevant lesions.

The score presented here has already been successfully used by
Urbauer et al. (2024). We could show that the score differentiates well
between the individual experimental groups in highly complex mouse
models, correlates with the results of molecular investigations (e.g.,
level of Trb3-mRNA as a correlate of mitochondrial unfolded protein
response and cellular stress response), and reproduces the temporal
course of inflammation. Furthermore, the score showed reliable signif-
icance not only in the colon but also in samples taken from the ileum,
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Fig. 8. Interrater reliability. (a) Score correlation between a human pathologist and a veterinary pathologist; (b) Results correlation between a human pathologist
and an unexperienced rater; (c) Statistical evaluation (Pearson correlation), n = 80.

highlighting its wide range of applicability.

Our results showed that the score allows a reliable assessment of
different murine IBD models and provides reproducible results. The
application of this score can be learned with little experience in histo-
morphology. The detailed histological illustrations included in this work
are intended to further facilitate this. Nevertheless, training and the
occasional discussion of findings by (veterinary) pathologists with
experience in murine IBD models are recommended. After training,
however, scientists can perform the scoring themselves under the su-
pervision of a pathologist, thus saving the limited personnel resources of
pathologists with experience in lab animal pathology. As a result, his-
tomorphology can gain importance as a cost-effective and reliable
analytical tool. We hope that this score will make the histomorpho-
logical assessment of IBD models accessible to more research groups and
helps histopathology regain its deserved status alongside the new mo-
lecular methods.

5. Conclusion

The scoring scheme we developed is easy to learn and reproducible,
and it discriminates well between different stages of inflammation. It
enables researchers to benefit from histomorphology as a cost-effective
and reliable tool in analyzing all kinds of murine IBD models.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.yexmp.2024.104938.
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