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Abstract

Inflammatory bowel disease (IBD) is a complex disorder that imposes a growing health burden.
Multiple genetic associations have been identified in IBD, but the mechanisms underlying many of
these associations are poorly understood. Animal models are needed to bridge this gap, but
conventional laboratory mouse strains lack the genetic diversity of human populations. To more
accurately model human genetic diversity, we utilized a panel of chromosome (Chr) substitution
strains, carrying chromosomes from the wild-derived and genetically divergent PWD/PhJ (PWD)
strain on the commonly used C57BL/6J (B6) background, as well as their parental B6 and PWD
strains. Two models of IBD were used, TNBS- and DSS-induced colitis. Compared with B6 mice,
PWD mice were highly susceptible to TNBS-induced colitis, but resistant to DSS-induced colitis.
Using consomic mice, we identified several PWD-derived loci that exhibited profound effects on
IBD susceptibility. The most pronounced of these were loci on Chrl and Chr2, which yielded high
susceptibility in both IBD models, each acting at distinct phases of the disease. Leveraging
transcriptomic data from B6 and PWD immune cells, together with a machine learning approach
incorporating human IBD genetic associations, we identified lead candidate genes, including
Itga4, Pip4kZa, Len10, Lgmn, and Gpréb.
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Introduction

Crohn’s Disease and Ulcerative Colitis, and microscopic colitis, the two major forms of
inflammatory bowel disease (IBD), are common causes of chronic illness, and affect a large
and varied patient population. Patients with less severe forms of IBD can manage their
symptoms with a combination of steroids and immune modulators; however, patients with
more severe forms of the disease have limited medical options and often require surgical
resections of affected bowel 1. A better understanding of disease etiology could provide
improved therapeutic, diagnostic, and preventative strategies.

Recent evidence implicates both genetic and environmental factors in IBD pathogenesis,
whereby a combination of these factors leads to alterations in the gut epithelial barrier
function, allowing for translocation of luminal antigens (e.g. from gut bacteria) and
subsequent immune activation and initiation of inflammatory processes 2. With regard to the
genetic contribution to IBD, the existence of multiple genetic loci influencing disease
susceptibility was first clearly demonstrated in early animal studies using standard inbred
laboratory strains of mice 3-5. More recently, the explosion in human GWAS has identified
>200 genes associated with various forms of IBD 8-9. The most prominent of these
associations include missense variants in ATG16L 1, NODZ, and /L23R, genes involved in
autophagy, and innate, and adaptive immune responses, respectively 10, Nonetheless, we are
only beginning to understand the functional consequences of genetic variation contributing
to IBD, and GWAS explain only a minor proportion of the total heritability of IBD 11,
Additionally, the GWAS for most, if not all, immune-mediated diseases so far have defined
the genetic basis of disease susceptibility only, and have not clearly delineated the genetics
of disease progression, pathophysiology, and other critical sub-phenotypes. The mechanisms
underlying newly identified genetic associations, and the interactions of genetics with the
environment, such as the gut microbiome, are only beginning to be understood. Little is
understood about these complex bidirectional interactions, yet this knowledge will be critical
for the development of more effective personalized therapeutic and preventative modalities.
Such studies are difficult to carry out in humans, and relevant animal models are needed to
bridge this gap in our knowledge.

The laboratory mouse provides an indispensable, powerful, and genetically tractable tool to
understand the basic mechanisms of human disease, and to establish causality for genetic or
environmental factors. However, widely used knockout mice are rarely representative of
natural genetic variation, while commonly used laboratory mouse strains lack the genetic
diversity present in the human population. These problems can be overcome by the
introduction of so-called wild-derived inbred strains of mice into the experimental design.
Compared with conventional inbred laboratory mice such as, e.g., C57BL/6 and BALB/c,
these mice have much greater genetic divergence, thus more closely recapitulating the
natural evolutionarily selected genetic divergence of human populations 12-14, Perhaps more
importantly, these mice have not undergone extended artificial selection in the laboratory,
and thus genetically resemble their wild counterparts that encounter selective pressure from
infectious and/or commensal microorganisms, which is a particularly important point when
studying immune-mediated disease. Among these wild-derived strains are PWD/PhJ (PWD)
and PWK/PhJ mice, trapped in the Czech Republic and established as inbred strains by the
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Forejt group 1°. Importantly, this group also generated a panel of chromosome (Chr)
substitution (consomic) strains by introgressing each PWD chromosome one at a time onto
on the commonly used C57BL/6J (B6) background (notated as B6-Chr?WD) 16,

We have recently employed this model to identify genetic loci that control susceptibility to
experimental autoimmune encephalomyelitis (EAE) 17: 18, the principal autoimmune model
of multiple sclerosis (MS), an immune-mediated disease with similar genetic burden to IBD
19-21 gybsequently, we applied this approach to model and identify gene-environment
interactions in EAE/MS 22, Importantly, we have shown that baseline immune cell
transcriptomes differ profoundly between B6 and PWD mice, with significant enrichment of
not only MS-signature genes, but also of human IBD-susceptibility genes 17, suggesting that
PWD mice carry many naturally occurring genetic variants that regulate susceptibility to
IBD.

Here, we have employed a panel of select B6-Chr"WP consomic strains, as well as the B6
and PWD parental strains, across two widely used chemically induced models of IBD:
dextran sulfate sodium (DSS)- and 2,4,6-trinitrobenzenesulfonic acid (TNBS)-induced
colitis 23. We demonstrate that the two parental strains differ dramatically in their
susceptibility to each of these models. Additionally, we demonstrate that multiple PWD-
derived loci exert powerful bidirectional effects that are specific to each model of IBD, with
partial genetic overlap between experimental IBD and EAE susceptibility, similar to the
shared genetic burden of IBD and MS 21,

PWD mice are resistant to DSS-induced colitis compared with B6 mice

To determine the susceptibility of PWD mice to IBD, we first employed the widely used
DSS-induced colitis model. DSS disrupts the integrity of the intestinal epithelium, causing
subsequent acute intestinal inflammation that most closely resembles human ulcerative
colitis 23. To test the susceptibility of B6 and PWD mice to DSS-induced colitis, DSS (5%)
was administered in drinking water for 5 days, then discontinued, and weight loss and
disease activity were monitored as described in Materials and Methods. Compared with B6
mice, PWD mice showed more rapid weight loss initially, but after DSS discontinuation,
their weight stabilized, while B6 continued to lose weight (Fig. 1A). Similarly, PWD mice
exhibited a faster recovery as measured by disease activity score, a measure of disease
severity (Fig. 1B). As an additional quantitative indicator of colitis severity, we measured the
levels of fecal lipocalin 2 (LCNZ2), a highly sensitive, dynamic, and non-invasive biomarker
of intestinal inflammation 24. As expected, beginning around day 5 post-DSS initiation,
LCN2 production increased greatly in both strains, but PWD mice showed strikingly lower
levels of fecal LCN2 and faster recovery by day 10, while the inflammation in B6 mice
persisted (Fig. 1C). Consistent with this, semi-quantitative evaluation of histological damage
and inflammation of the mucosa performed at day 10 post DSS induction revealed reduced
levels of mucosal layer damage and inflammation in PWD mice compared with B6 (Fig.
1D). These results suggest that PWD mice are better able to resolve DSS-induced intestinal
inflammation compared with B6 mice.
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PWD mice are highly susceptible to TNBS-induced colitis compared with B6 mice

DSS-induced colitis recapitulates some, but not all aspects of human IBD. We employed
another commonly used chemical model of IBD, TNBS-induced colitis, which models
different aspects of IBD pathogenesis. TNBS is a reactive hapten that initiates a Th1/Th17-
driven acute inflammatory response against intestinal and/or microbial antigens, which
results in intestinal inflammation that mimics many immunologic and histopathologic
aspects of human I1BD, most closely resembling Crohn’s disease 23. Age and sex-matched
B6 and PWD mice received an intracolonic injection of 200 mg/kg TNBS in 50% ethanol, a
dose which induced mild-moderate clinical signs of colitis and weight loss in B6 mice (Fig.
2A and B). In contrast, PWD exhibited rapid and irreversible weight loss, signs of severe
colitis, and 100% lethality within 6 days, all of which were significantly greater compared
with B6 mice (Fig. 2A-C). These changes were not observed in vehicle (ethanol) injected
control B6 and PWD animals (data not shown).

Taken together, these data demonstrate that compared with B6, PWD mice exhibit highly
divergent responses in two different models of experimental colitis, strongly suggesting the
existence of genetic variants differentially controlling susceptibility to various aspects of
IBD.

PWD-derived loci regulate susceptibility to DSS-induced colitis

In order to identify PWD loci controlling IBD phenotypes, we studied a panel of select B6-
ChrPWD consomic strains. There are 27 B6-Chr"WD strains in all, one strain for each Chr,
with the exception of Chrs 10, 11, and X, each of which is represented by 3 sub-consomic
strains carrying reciprocal portions (~1/3) of the respective Chrs 16, Strain names are
abbreviated to include only the chromosome number that is derived from PWD, e.g., B6-
Chr1PWD is abbreviated as Chr1PWD, From this panel, we selected the following eight
strains on the basis of their susceptibility to EAE, an animal model of MS, since MS is an
immune-mediated disease with a partially overlapping genetic burden compared to IBD 21,
We selected Chr1PWD, Chr6PWD, Chr11.1PWP, Chr11.3PWD and Chr16PWP mice, which
are more susceptible to EAE compared with B6, and Chr2PWP, Chr10.3PWP, Chr15PWD
mice, which are more resistant to EAE compared with B6 18 22 Additionally, given the
prominent role of MHC in immune-mediated diseases, including 1BD 2% 26 we included
two Chr17PWD consomic strains. The first, designated Chr17SPWD (“S” for “short™) was the
original strain obtained from Jackson laboratories that we studied for EAE susceptibility 18,
which we previously discovered unexpectedly carries the H-ZIMHC-containing interval
derived from B6 22 (genotyping shown in Fig. S1A). The second, designated Chr17FPWD
(“F” for “full™), was provided directly by the Forejt laboratory. This strain was genotyped to
confirm that the entire Chr17 (including H-2) is of PWD-origin (Fig. S1B). We have also
confirmed that Chr17SPWP mice indeed carry the B6 MHC class 11 antigen, using allele-
specific antibodies and flow cytometry (data not shown).

Colitis was induced by administration of DSS in the drinking water, as described above. No
mortality was observed in B6 mice, and minimal mortality was seen in consomic strains,
with the dramatic exception of Chr2PWP mice, 89% of which succumbed by day 10 post-
induction (Fig. 3A). Accordingly, Chr2PWD mice exhibited very rapid weight loss and

Genes Immun. Author manuscript; available in PMC 2021 February 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lahue et al.

Page 5

exacerbated disease activity scores, compared with B6 mice (Fig. 3B—-D). Compared with
B6 mice, Chr1PWD and Chr17SPWP mice also exhibited more severe colitis, as indicated by
more severe weight loss and/or exacerbated disease activity (Fig. 3B-D). In contrast,
compared with B6, Chr11.1°WD mice exhibited reduced weight loss, and disease activity.
Chr10.3PWD, Chr11.3PWD, Chr15PWD, Chr16PWP and surprisingly, Chr17FPWP, exhibited
similar colitis severity parameters compared with B6 (Fig. 3B—D). LCN2 measurements and
histological analysis were carried out for select strains exhibiting significant or suggestive
differences in weight loss and/or disease activity, although samples for Chr2PWP mice were
not available due to early mortality and severe disease. LCN2 levels and histological
condition largely followed disease activity measurements, with elevated LCN2 levels and/or
more severe histological damage observed in Chr1PWP, Chr2PWP, and Chr17SPWP mice,
with a much earlier and acute onset for Chr2PWP compared with the other two strains (Fig.
3E and F). Chr16PWP mice exhibited histologic evidence of modestly exacerbated colitis
(Fig. 3F) in the absence of significant differences for other colitis indicators (Fig. 3A-E). A
summary of all quantitative colitis parameters across all of the consomic strains is provided
in Table 1, and additional kinetics of weight loss, disease activity, and LCN2 levels are
shown in (Fig. S2). Taken together, these data illustrate that PWD loci exert potent
bidirectional effects on multiple aspects of DSS-induced colitis severity.

PWD-derived loci regulate susceptibility to TNBS-induced colitis

In order to identify genes controlling severity across multiple models of IBD, we applied the
TNBS-induced colitis model to a subset of six of the B6-ChrPWD consomic strains that had
been studied in the DSS-induced colitis paradigm, namely: Chr1PWD, Chr2PWD,
Chr11.1PWD Chr16PWP, Chr17SPWPand Chr17FPWD, along with B6 controls. As in the
DSS model, B6 and other consomic strains exhibited relatively low mortality, with the
dramatic exception of Chr2PWP mice, which had 91% mortality (Fig. 4A) and rapid weight
loss (Fig. 4B and Fig. S3). As in the DSS model, samples for LCN2 levels and histology
from Chr2PWD mice were not available due to early mortality and severe disease.
Additionally, compared with B6, Chr1PWD mice had increased disease activity (Fig. 4C and
D), and greatly elevated LCNZ2 levels (Fig. 4E) particularly at later time points, indicating
that these mice fail to resolve TNBS-induced intestinal inflammation. Chr17F"WP mice had
significantly reduced weight loss, disease activity, and histologic damage scores (Fig. 4B, C,
D, and F). The other strains exhibited minimal differences compared with B6 (Fig. 4). A
summary of all quantitative colitis parameters across all of the consomic strains is provided
in Table 2, and additional kinetics of weight loss, disease activity, and LCNZ2 levels are
shown in (Fig. S3A-C). Taken together, these results suggest that PWD-derived loci on Chrl
and Chr2 potently exacerbate colitis, with effects on the chronic and acute phase,
respectively.

We next compared susceptibility of B6-Chr®WP consomic strains across three different
models of inflammatory disease: the TNBS- and DSS-induced colitis models, and the EAE;
the latter using our published data 17- 1822 Chr1PWD and Chr2PWD strains stand out as
having significant phenotypes across all three models. Interestingly, the direction of effect is
consistent for Chr1PWP mice, which exhibit more severe disease across all three models.
Thus, this chromosome likely carries PWD alleles that enhance inflammation across
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multiple tissues. In contrast, while Chr2PWP mice have extremely high susceptibility in both
colitis models, they are resistant to EAE. Thus, it is likely that PWD alleles on this
chromosome impact gut inflammation specifically, and may affect the baseline state of the
gut to an inflammation-predisposed state. We tested this idea by measuring baseline LCN2
levels prior to induction of colitis and found that indeed Chr2PWP mice exhibit elevated
LCN2 levels in the absence of overt inflammatory stimuli (Fig. S3D), although a
histopathological analysis did not reveal any overt signs of inflammation or barrier
disruption (data not shown). Taken together, our results suggest that novel PWD-derived
alleles on Chrl and Chr2 regulate gut inflammation, likely by distinct mechanisms.

IBD in the B6.ChrPWP consomic model recapitulates Collaborative Cross genetics

A key recent development for mouse genetics has been the introduction of the Collaborative
Cross (CC) systems genetics resource. The CC strains are derived from an eight-way
intercross between classic and wild-derived strains (including B6 and PWK/PhJ (PWK); the
latter a very close relative of the PWD strain 27). De Villena and colleagues recently
identified a CC strain, CC011/Unc, with a high penetrance of spontaneous IBD 28.
Subsequent backcross mapping by B6 identified four loci, with the major locus (CccZ) being
mostly PWK-derived, on distal Chr12 28, Our B6.ChrPWP consomic model yields an
opportunity to support or refute the candidacy of the CccZ locus for IBD susceptibility. To
test whether PWK-homologous PWD-derived loci on Chr12 could regulate IBD
susceptibility, we tested the susceptibility of Chr12PWP consomic mice to experimental
colitis. Of note, the Chr12PWD consomic strain was not part of the panel in our first study
(Fig. 3), which had only included strains with significant EAE phenotypes, which Chr12PWD
lacked (Tables 1-3). Unlike CC011/Unc, Chr12PWD consomic mice in our facility did not
exhibit spontaneous colitis, suggesting that epistatic interactions between CccI and
additional loci in CC011/Unc mice are required for spontaneous IBD, a notion supported by
the findings of De Villena and colleagues 28. Therefore, DSS treatment in Chr12PWD
consomic mice and matched set of B6 control mice was employed to bypass the requirement
for those epistatic interactions. Compared with B6 controls, Chr12PWP consomic mice
demonstrated significantly higher weight loss and disease severity index, as well as a trend
towards higher mortality (Fig. 5A-C). These results suggest that PWK-homologous PWD
loci on Chr12 promote experimental IBD, supporting the candidacy of the CccZ locus. These
results also demonstrate the utility of the B6.Chr®WP consomic model as a parallel and
complementary physical mapping approach to the more complex and expensive CC
approaches.

Identification of candidate genes regulating experimental IBD susceptibility

In order to identify candidate PWD alleles regulating IBD susceptibility in Chr1PWP and
Chr2PWD mice, we undertook a multipronged approach (Fig. 6A). We leveraged our
published transcriptional profiles across five different types of B6 and PWD immune cells
17 reasoning that IBD is an immune cell-mediated disease, and that differential expression
of genes between B6 and PWD is likely to result in functional differences. Five different
immune cells types were profiled: CD11b*CD11c™ antigen presenting cells (APCs), CD19*
B cells (Bcells), TCRB*CD4*CD25™ effector T cells (CD4), TCRB*CD8* T cells (CD8),
and TCRB*CD4*CD25+ regulatory T cells (Treg) (see Methods and 7). For the first
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approach (IBD GWAS 1:1 candidates), to increase the relevance to human IBD, we filtered
genes differentially expressed between B6 and PWD in a given cell type by published IBD
GWAS candidate loci. We selected the largest IBD GWAS meta-analysis to date, which had
identified a total of 241 associated loci, which implicate 619 candidate genes based on
proximity and linkage disequilibrium to the marker SNPs 9, (Table S1). The size of this gene
set is also optimal for our machine learning algorithm 22, below. This analysis identified 8
genes on Chrl, including known immune regulators Ca28, Piprc, and Slamf8, as well as 10
genes on Chr2, including Cad40, //2ra, and /tga4 (Fig. 6C).

The approach above is limited by the assumption that PWD alleles of orthologous IBD
GWAS genes are themselves regulating susceptibility to experimental IBD in our models.
An alternative possibility is that PWD alleles in genes that are functionally relatedto 1BD
GWAS genes are responsible. To address the latter possibility, we utilized an agnostic
machine learning approach to rank associated genes by functional relatedness to IBD GWAS
genes, as we recently published 30, Briefly, we used support vector machine (SVM)
classifiers together with the Functional Networks of Tissues in Mouse (FNTM) database 31
to infer the functional connectivity among IBD GWAS genes, i.e. to identify a functional
sub-network containing these genes. We trained two SVM classifiers, one with the intestinal
system network and another with the femolymphoid system network, reasoning that IBD
risk alleles could influence either gut physiology per se or the immune system more broadly.
We then applied the SVM classifier to score genes on mouse Chrl and Chr2 by their
functional association to IBD GWAS genes in either network (Table S2). To further enrich
our functional predictions using direct functional data from B6 and PWD immune cells, we
used the significance of differential expression between B6 and PWD immune cells (see
above) as a second ranking metric, together with the SVM score (Fig. 6B and Fig. S4). The
blue line in Fig. 6B indicates the Pareto front of the gene set in this space, and highlights the
tradeoff between functional scores and differential expression as candidate ranking metrics.
Some highly differentially expressed genes are not strongly functionally associated with
IBD GWAS candidates and vice versa (e.g., Len2vs. Len10in Fig. 6B). An ideal candidate
gene is a strong candidate on both measures, i.e. located in the top right corner of the Fig.
6B and Fig. S4 (e.g., Pip4kZain Fig. 6B). To obtain a final, integrated functional score, we
ranked every candidate gene by the number of genes on both Chrl and Chr2 in this space for
which the candidate is superior on both measures, i.e. the number of genes for which the
candidate is both more strongly differentially expressed and more functionally associated to
IBD GWAS genes (see Methods for details; integrated scores are provided in Table S3). The
top ten genes by this ranking cluster near the Pareto front toward the upper right corner or
the plot (highlighted by red dots in Fig. 6B and Fig. S4). To visualize the expression patterns
for these top-ranked genes, we generated differential expression heat maps for the genes that
were top-ten candidates in any of the five cell types for both tissues, or genes located on the
Pareto front (Fig. 6D). Overall, this approach prioritized a total of 46 unique genes (Table
S4), with only three of these genes (Cd40, F5, and Piprc) overlapping with the 1:1
candidates identified above (see Fig. 6E), suggesting that this approach has identified novel
candidate genes with higher functional connectivity compared with the 1:1 approach.
Interestingly, this approach identified LcnZ2, a known biomarker in colitis used in our studies
above, as highly functionally related to the IBD phenotype (Fig. 6B), but with marginal
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differential expression significance. As a more balanced candidate, this approach also
identified the related Lcn10gene, which not only has a high functional connectivity to IBD,
but is also highly differentially expressed between PWD and B6 specifically in T regulatory
(Treg) cells (Fig. 6C, D and Fig. S4). A visual example of functional connectivity between
1:1 IBD candidates on Chrl and Chr2 and highly functionally connected genes (inferred
using the FNTM network), including Pip4k2, is shown in Fig. 6F.

Additionally, given that our experiments in Chr12PWD mice (see Fig. 5) supported the
candidacy of the CccI locus identified in CC mice, we took advantage of the mapping
performed by De Villena and colleagues in their study, which narrowed this interval to 94.8—
112.3 Mb on Chr12. Using the network-based functional scoring approach described above,
we ranked candidate genes in this interval, identifying Lgmn as the top candidate identified
by both network SVMs, and Gpr65 by the hemolymphoid network SVM, with both
candidates showing robust differential expression between B6 and PWD (Fig. 6G and Table
S2). Taken together, we have used a machine learning approach to augment our own and
others’ physical mapping data, providing a manageable list of plausible candidate genes to
be pursued in follow-up studies.

Discussion

In this study, we have utilized the genetic diversity of wild-derived PWD mice to map
susceptibility loci across two different chemically induced models of IBD. Interestingly, the
parental B6 and PWD strains exhibited divergent susceptibility across the two models, with
PWD exhibiting low susceptibility to DSS- but high susceptibility to TNBS-induced colitis.
These disparate phenotypes likely have to do with the differing nature of these two models,
reviewed in detail elsewhere 23 32, Briefly, DSS treatment models an intestinal epithelial
barrier defect, followed by innate immune activation, whereas the hapten TNBS induces an
adaptive T cell response against bacterial or self-antigens 32. Additionally, in terms of
histopathology, localization, and tissue layers involved, the DSS and TNBS models more
closely resemble ulcerative colitis and Crohn’s disease, respectively 23. While there is a
large genetic overlap between these two types of IBD in humans, many susceptibility genes
are unique to each disease 8, thus it is possible that the differential response of the PWD
mice across the two different models reflects disease subtype-specific genes. This intriguing
possibility will be addressed in future studies.

Two of our B6.ChrPWD strains, Chr1PWP and Chr2PWP, exhibited markedly enhanced
susceptibility across both colitis models. Chr2PWD mice rapidly developed acute
inflammation and exhibited very high mortality. It appears that this strain carries alleles that
predispose it to intestinal inflammation, possibly due to a genetic defect in intestinal barrier
function, a notion that is supported by increased baseline inflammation in this strain (Fig.
S3D). In contrast, Chr1PWP mice exhibit enhanced inflammation at later time points,
suggestive of chronic inflammation. We hypothesize that this phenotype is likely due to a
genetically controlled state of heightened immune responsiveness, which is also consistent
with the finding that Chr1PWP mice have markedly enhanced severity of EAE 1822, The
latter is also consistent with the well-documented genetic overlap between IBD and other
immune-mediated diseases such as MS 21, Somewhat surprisingly, while parental PWD
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mice were resistant to DSS-induced colitis, only one of the consomic strains studied
(Chr11.1PWD) showed any evidence of resistance in this model. We suspect that either: 1)
the remaining consomic strains not included in our study can capture the DSS resistance loci
in parental PWD mice, or 2) that the resistance phenotype in PWD mice is dependent on
epistasis between loci on multiple chromosomes.

Augmenting our physical mapping data, we used 2 different gene prioritization approaches
to identify plausible candidate genes in our loci of interest. Using the simpler 1:1 IBD
GWAS candidate approach, we identified seventeen genes of interest, including Slamf8,
Cd40, and /tga4 (see Fig. 6C). With regard to the former gene, a non-synonymous SNP in
SLAMF8was recently associated with IBD susceptibility °. CD40/ Ca40encodes a
costimulatory molecule expressed on the surface of antigen presenting cells, whose
neutralization elicits spontaneous colitis in mice 33, similar to how neutralization of
costimulatory molecule CTLA-4 results in IBD in humans treated with checkpoint inhibitors
for cancer immunotherapy 3. With regard to /7TGA4//tga4, this gene encodes integrin alpha
4, which is known to regulate lymphocyte entry into inflamed gut and CNS tissues, and its
blockade by the drug natalizumab is therapeutic in Crohn’s disease and MS 3% 36, Strikingly,
recent human studies demonstrate that the IBD risk allele at /TGA4 results in differential
expression in activated immune cells ©, similar to our observations in B6 and PWD immune
cells, where the PWD /fga4 allele shows higher expression in all immune cell types except B
cells (Fig. 6C).

Using the SVM-based prioritization approach, we identified 46 genes of interest as highly
functionally related the IBD phenotype and highly differentially expressed in PWD vs. B6
immune cell types. Some of the top ranked genes across multiple cell types included
Pip4kZa, Ptpra, and Traf6, all exhibiting strongly downregulated expression in PWD across
all 5 cell types. Pjp4k2a encodes one of the many enzymes involved in the interconversion of
phosphoinositides, cellular membrane lipids involved in a variety of processes, including a
key role in inflammation 37, although a role for this particular isoform of this enzyme in
inflammation has not yet been established. Pfpra encodes a member of the protein tyrosine
phosphatases, which are well documented regulators of T cell receptor signaling 38. Ptora
was recently described to promote inflammation in a model of rheumatoid arthritis 3°. 77af6
encodes TRAF6, a key adaptor molecule involved in innate immune signaling in response to
bacterial signals 40, consistent with a potential role for this gene in modulating the response
against commensal or pathogenic bacteria driving intestinal inflammation. Future studies
will address the functional role of the candidates prioritized by our approaches.

There are two important limitations to our candidate gene approach. The first is that it
integrates our published gene expression data, which was microarray-based, and thus subject
to SNP variation in PWD transcripts that can affect microarray probe binding, since the
probes were designed using a B6 reference genome 41. This particularly applies to genes that
exhibit apparent downregulation in PWD, and such candidate genes will require additional
preliminary validation, e.g. by gRT-PCR, prior to further analysis, although we note that
functional connectivity as detected by our SVM algorithm is likely to rule out many such
spurious hits. A future possible approach will be to “de-SNP” the data by removing any
SNP-containing probes, as recently described for the Affymetrix platforms 41. A second
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limitation has to do with the input IBD GWAS gene dataset, in which many genes are
implicated across a given locus simply by proximity and linkage disequilibrium, resulting in
a number of likely false positives. As fine mapping continues to improve GWAS resolution
and accuracy, our analyses can incorporate these refined gene lists and improve our
prediction accuracy. However, because our SVM approach scores GWAS hits according to
how well they cohere with other hits within a functional network, we expect spurious
positional candidates to be de-prioritized, while multiple relevant genes in a locus regulated
by an intergenic SNP (e.g. a topologically associating domain) can all receive high scores.

The MHC locus in humans regulates susceptibility to multiple autoimmune or inflammatory
diseases in humans, including IBD 2, with prominent epistatic interactions 25, In this light,
our mapping results on mouse Chr17 are complex, but not unexpected. Chr17SPWP mice
(which carry the B6 H-2(MHC) haplotype, but most of their Chr17 is still PWD-derived,;
see Fig. S1A) are more susceptible to DSS-, but not TNBS-induced colitis compared with
B6 mice. In contrast, Chr17FPWP mice (which carry Chrl7 that is fully PWD-derived; see
Fig. S1A) are more resistant to TNBS- but not DSS-induced colitis compared with B6 mice.
These results suggest the existence of multiple interacting alleles regulating colitis
susceptibility on Chrl7. Additionally, the stronger potential effect of the PWD-derived H-2
locus in Chr17FPWD mice on TNBS- but not DSS-induced colitis susceptibility may be
related to the nature of the model, with TNBS hapten effects being more dependent on an
adaptive immune response 23, and thus more dependent on antigen presentation by MHC,
which is highly likely to be impacted by polymorphisms in the 4-2locus in Ch17FFPWD
mice. Lastly, we note that Chr17FPWP mice were imported from a different vivarium, and
likely harbor a distinct microbiome, which may interact with the host genetic background to
yield differential IBD susceptibility. Future studies can address these possibilities in more
detail.

Our work adds to an already extensive literature on genetic mapping of experimental IBD
determinants in inbred mice, although the majority of this work has been performed in
classic inbred strains. Early studies using spontaneous colitis in 1L-10 deficient mice and
crosses between the B6 and C3H/HeJBir (C3H) classic inbred strains have mapped
numerous loci, although the identity of the candidate genes remains unclear 42. Similar
linkage studies with classical inbred strains have been done in the DSS model (B6 * C3H
cross) and the TNBS model (B6 * SIL/J), with similar results (reviewed in 43). The studies
are subject to the aforementioned limitations of genetic diversity inherent to conventional
laboratory strains. To our knowledge, there is only one study to date that utilized genetics of
wild-derived mice to map IBD loci. De Villena and colleagues utilized the Collaborative
Cross resource to identify a partially inbred CC strain, CC011/Unc, with very high
penetrance of spontaneous IBD 28, Subsequent backcross mapping by B6 identified four
loci, one of them (Ccc) mostly PWK-derived, on Chr12, and another (Ccc3) WSB/EiJ-
derived locus on Chrl 28, We utilized the B6.Chr12PWP consomic strain to support their
association mapping data by physical mapping, supporting a role for PWD/PWK alleles at
the CccI locus in promoting IBD susceptibility. Additionally, our SVM prioritization
approaches identified several plausible candidate genes in this locus, including Lgmnand
Gpr65. The former gene encodes the cysteine protease legumain, which is highly expressed
by dendritic cells, and plays a key role for antigen processing and presentation 44, including
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self-antigens 4°. GPR65/Gpr65 encodes a lysosomal pH-sensing G protein-coupled receptor
that may be involved in clearance of intracellular bacteria, with a missense variant in this
gene associated with increased IBD risk 46, Interestingly, a SNP query (using the Mouse
Phenome Database) revealed the PWK allele of Gpré5 results in two missense variants
compared with B6. Our study illustrates the potential utility of the PWD-consomic mice as a
complementary resource to the CC that can be used for physical mapping and/or direct
editing of candidate alleles identified in CC mapping populations, on a uniform (B6)
background. On the other hand, future mapping studies of DSS- and TNBS-induced colitis
susceptibility loci using the CC resource would provide a logical extension of our current
study, and could provide the mapping resolution necessary to identify the candidate genes
responsible for the profound and divergent phenotypes described herein.

IBD, like most chronic diseases, has a complex and a multifactorial etiology. Our findings
demonstrate that this complexity, particularly the genetic etiology, can be modeled and
dissected using mouse models, where environmental and genetic variables can be precisely
controlled and manipulated. In this regard, incorporation of genetic diversity from wild-
derived mice is instrumental in trying to approximate the immense genetic diversity present
in human population. Future approaches will continue to identify novel genetic elements
controlling not only IBD susceptibility/incidence, but also various aspects of disease
progression and pathology, something that is still lacking in human genetic studies. The
results from such animal studies will be integrated with emerging genetic and epidemiologic
data from human IBD to generate a comprehensive picture of the complexities underlying
IBD etiology, aiming to provide future avenues for therapeutic and prophylactic
interventions.

Materials and Methods

Animals

C57BL/6J (B6), PWD/PhJ (PWD), and B6.Chr"WP consomic mice were purchased from
Jackson Laboratories (Bar Harbor, ME, USA), then bred and housed in a single room within
the vivarium at the Larner College of Medicine at the University of Vermont for five or more
generations. The experimental procedures used in this study were approved by the Animal
Care and Use Committee of the University of Vermont.

To ensure their correct identity and to enhance rigor and reproducibility of these studies,
B6.ChrPWD consomic mice were subjected to genome-wide SNP genotyping using
DartMouse genotyping services (Dartmouth College, NH, USA), as previously described by
us 22, All mice used in this study were of the expected genotypes, with the following
exception. Chr17SPWD mice were found to carry a homozygous B6-derived interval between
30 and 45 Mb on Chr17, encompassing H-2. Chr17FPWP mice with the full PWD-derived
Chr17 were generously provided by Dr. Jiri Forejt (Institute of Molecular Genetics of the
ASCR, Czech Republic) and housed in the vivarium at UVM for two or more generations
prior to experimentation.
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Induction and evaluation of colitis

Colitis was induced in age- and sex-matched (when practical, see below) male and female
B6, PWD, and B6.ChrPWD consomic mice between 8 and 14 weeks of age, essentially as
previously described by us 47. Comparable numbers of males and females were used when
available (see Tables 1 and 2), and data for both sexes were pooled. For the DSS-induced
colitis model, mice received a 5% solution of DSS (MP Biomedicals, USA) in their drinking
water for 5 days, which was replaced by regular drinking water for the subsequent 5 days.
Alternatively, for the TNBS-induced colitis model, mice received intracolonic enemas
containing 200mg/kg TNBS in 50% ethanol in 50-100 pL. The TNBS dose was weight-
adjusted.

The mice were monitored daily for weight loss, stool consistency, and the presence of blood
in the stool (either grossly visible or by hemoccult test), which together was used to
calculate classic colitis disease activity score 48, Note that we did not always succeed in
collection of fecal samples from each individual mouse, thus scores for those mice lacking
fecal samples were not determined for a given day of collection. All mice that survived
through day 10 of the study were euthanized, their colons were measured for length and
thickness, examined at the macroscopic level for evidence of ulceration and adhesion, and
assigned a macroscopic score on the basis of this criteria, as previously described. With the
exception of histological scoring (see below), the investigators were not blinded to the
identity of the consomic strains, although no pre-conceived notion about strain-specific
outcomes was present at the start of the experiments. For all comparisons that used statistical
tests that made the assumption of equal variance, the standard deviation did not differ
significantly (P>0.05) by group, with the exception of LCN2 measurements, for which the
standard deviation did differ significantly (P<0.05).

For histological evaluation of colitis severity, mice were euthanized at 4 weeks of age,
colons were removed, prepared using the “Swiss roll” technique, fixed overnight in
formalin, followed by 70% ethanol. Tissues were paraffin-embedded, sectioned, and stained
with H&E at the UVM Medical Center histology laboratory. Histological damage scoring
was performed on the basis of a semi-quantitative scoring system, as previously described by
our laboratory 49 50, The following features were considered and scored as follows: extent
of destruction of normal mucosal architecture (0 = normal; 3 = maximal damage), presence
and degree of cellular infiltration (0 = normal; 3 = maximal infiltration), extent of muscle
thickening (0 = normal; 3 = maximal thickness), presence or absence of crypt abscesses (0 =
absent; 1 = present) and the presence or absence of goblet cell mucus (0 = absent; 1 =
present). Scoring was done by trained lab personnel, blinded to the identity of the samples.

In keeping with the NIH mandate on inclusion of sex as a biological variable in preclinical
studies, we attempted to include male and female mice from each strain, when they were
available. While some modest differences in weight loss between males and females were
observed, these did not consistently extend to other parameters, and more importantly, differ
by strain (data not shown), and hence male and female data were pooled to maximize the
statistical power to detect genotype effects. In some cases when cohorts consisting of only a
single sex were available for initial studies, additional cohorts to balance the sexes were

Genes Immun. Author manuscript; available in PMC 2021 February 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lahue et al.

Page 13

included only in the case when a significant difference or a trend in disease severity was
observed, thereby minimizing unnecessary animal use. Hence some strains studied included
only a single sex (Chr11.3PWP and Chr15PWD for DSS, and Chr16PWP and Chr17SPWD for
TNBS). Sample sizes (N/strain) for experiments were chosen based on pilot experiments in
B6 mice and practical considerations such as breeding performance and age-matched cohort
availability. No randomization was used, since untreated controls were not part of the
experimental design and all mice were treated with DSS or TNBS.

Fecal LCN2 measurements

Fecal LCN2 levels were determined using a commercially available ELISA kit (R&D
Systems, cat# DY 1857), as follows. Fecal pellets were collected on ice and stored at —80°C.
Pellets weighed and PBS with 0.1% Tween-20 was added to achieve 100 mg feces/ml.
Silicon carbide beads (BioSpec Products, Bartlesville, OK, USA) were added to enhance
homogenization. Samples were homogenized by vortexing for 10 min at 4°C, insoluble
material was pelleted by centrifugation, and supernatants were used for ELISA at serial
dilutions ranging from 1:10 to 1:20,000.

Candidate gene prioritization and bioinformatics

For candidate gene prioritization, the following two datasets were used. The first was a
previously published transcriptomic analysis of differential gene expression between B6 and
PWD mice across five different cell types: CD4 T cells (CD45*NK1.1"CD19"TCR
*CD4*CD25-); CD8 T cells (CD45"NK1.1"CD19"TCR*CD8"); Treg cells
(CD45*NK1.1"CD19-TCR*CD4*CD25%); APCs (CD45*NK1.1-CD19"TCR-CD11b
*CD11c™), obtained by fluorescence activated cell sorting from the spleen and lymph nodes,
with RNA expression measured by microarray (Illumina Bead Array), as previously
described by us 17. The second was a list of 619 candidate genes from IBD GWAS °.

To generate quantitative scores for functional association with IBD, the IBD GWAS data set
and the Functional Networks of Tissues in Mouse (FNTM) were used to train support vector
machine classifiers (SVMs) 3. The “Intestine” and “Hemolymphoid” tissue-specific
functional genomic networks from FNTM were chosen for training. In these networks,
nodes are genes that are connected by weighted links, whose values are continuous between
0 and 1 encoding predicted relatedness. Genes that are functionally relevant to IBD are
expected to be functionally related in the FNTM networks to IDB GWAS genes, as the latter
have an established association to the disease. The intestine and hemolymphoid SVMs were
used to identify sub-networks of genes that are tightly interconnected to IBD GWAS genes
in the respective network. Specifically, every gene in the genome was represented by a
vector of network weights to each of the 619 IBD GWAS genes. Under the hypothesis that
the IBD GWAS genes are more functionally related to each other than they are to random
genes, the SVM was trained to distinguish the IBD GWAS genes from an equal-sized
random set of genes from the genome. The model then scores how functionally similar any
gene in the genome is to the IBD GWAS genes based on its functional connections. In order
to average over the stochasticity in the choice of random background genes, we trained 100
SVMs per network and computed a final score by averaging the estimated false positive rate
(FPR) from each model.
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The trained SVMs were used to score each positional candidate gene on Chrl, Chr2, and the
Cccl locus. The final output of this analysis for each gene is a pair of FPR values, one for
each tissue network, that encodes how strongly related a gene is to the IBD GWAS genes.
All machine learning was carried out as previously described 0.

To identify genes that had simultaneously high functional scores and differential expression
in immune cell subtypes between B6 and PWD mice, —log1o(FPR;) vs. —log1o(pj) were
plotted together, where FPR; and p; are the SVM FPR and differential expression p-value for
the it gene. Plots combining Chr 1 and 2 were generated for each immune cell type for both
networks. For visualization, all FPR and p-values are normalized by their smallest value so
that the highest —log1o(FPR;) and —log1g(p;) values equal one. The Pareto front marks the
tradeoff between the two axes, and genes that lie toward the top-right corner are both
strongly functionally related to IBD GWAS genes and differentially expressed. A combined
final gene score, S;, is defined as follows:

Sj=# of genes j with FPR_j > FPR_i & p_j > p_i

A gene’s final score is, therefore, the count of the number of other genes that have both a
higher (worse) FPR and differential expression p-value. A final gene score was computed for
every gene on Chr 1 and Chr 2 for each tissue network and each immune cell type, yielding
a total of ten scores. Genes that were either in the top ten list for at least one cell type or on
the Pareto front (or both) were ranked highly. Heat maps of differential expression fold
change were plotted for top-ranked genes and were ordered by their maximum final score
across all cell types.

A plot integrating SVM FPR values, genomic location, and the maximum differential
expression p-value across all cell types was generated for genes on the CccZ locus with both
networks overlaid on the plot. The ten genes with the highest SVM scores from each
network were selectively identified.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PWD mice are resistant to DSS-induced colitis.
A 5% solution of DSS was administered to B6 and PWD mice in drinking water from days 0

— 5. Weight loss (A), disease activity index (B), were monitored as described in Materials
and Methods. Disease activity index was calculated based on weight loss, stool consistency,
and presence of blood in stool. Fecal LCN2 levels (C) were measured by ELISA. (D)
Animals were euthanized on day 10, colons were fixed and processed for H&E sections,
followed by semi-quantitative evaluation, as described in the Materials and Methods.
Significance of differences between B6 and PWD were determined by two-way ANOVA
with Holm-Sidak post-hoc comparisons in (A—C), and by Mann Whitney test in (D), and are
indicated as follows: *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001. Numbers of
animals studied of each sex are provided in Table 1. These studies were performed in
parallel with those in Fig. 3.
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Figure 2. PWD mice are highly susceptible to TNBS-induced colitis.
B6 and PWD mice received an intracolonic enema of 200 mg/kg TNBS in 50% ethanol,

followed by monitoring of weight loss (A), disease activity index (B), and survival (C).
Significance of differences were determined by two-way ANOVA with Holm-Sidak post-hoc
comparisons in (A) and (B), and by Mantel-Cox test in (C), and are indicated as follows: *,
P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001. Numbers of animals studied were as
follows: B6 (N=7, 4 males and 3 females) and PWD (N=6, 3 males and 3 females). These
mice represent an independent cohort from those studied in Fig. 4.
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Figure 3. PWD loci regulate susceptibility to DSS-induced colitis.
DSS colitis was induced and evaluated in B6.ChrPWP consomic strains and B6 controls as

described in Fig. 1. (A) Survival is shown for B6 mice and any consomic strains that had
less than 100% survival. (B) Average weight loss was calculated as the average % weight
loss across all days that were measured. (C) Average disease activity was calculated as the
average disease activity score across time points measured, excluding DO (D3, D5, D7,
D10). (D) Disease activity scores at the indicated time points. (E) LCN2 levels were
measured by ELISA at the indicated time points. (F) Colonic tissue was collected from
surviving animals on D10 and evaluated by semiquantitative histology as in Fig. 1.
Significance of differences between each consomic strain and B6 controls was calculated
using: Mantel-Cox test in (A); ordinary one-way ANOVA with Dunnet’s post-hoc
comparisons in (B) (C), and (E); Kruskal-Wallis one-way ANOVA with Dunn’s post-hoc
comparisons in (D), and (F), and are indicated as follows: and are indicated as follows: *,
P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001. Numbers of animals studied of each sex
are provided in Table 2.
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Figure 4. PWD loci regulate susceptibility to TNBS-induced colitis.
DSS colitis was induced and evaluated in B6.ChrPWP consomic strains and B6 controls as

described in Fig. 2. (A) Survival is shown for all mice. (B) Average weight loss was
calculated as the average % weight loss across all days that were measured. (C) Average
disease activity was calculated as the average disease activity score across time points
measured, excluding DO (D4, D7, D10). (D) Disease activity scores at the indicated time
points. (E) LCN2 levels were measured by ELISA at the indicated time points. (F) Colonic
tissue was collected from surviving animals on D10 and evaluated by semi-quantitative
histology as in Fig. 1. Significance of differences between each consomic strain and B6
controls was calculated using: Mantel-Cox test in (A); ordinary one-way ANOVA with
Dunnet’s post-hoc comparisons in (B) (C), and (E); Kruskal-Wallis one-way ANOVA with
Dunn’s post-hoc comparisons in (D), and (F), and are indicated as follows: and are indicated
as follows: *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001. Numbers of animals
studied of each sex are provided in Table 2.
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Figure 5. B6.Chr12PWP mice are highly susceptible to DSS-induced colitis.
A 5% solution of DSS was administered in drinking water as in Fig. 2, followed by

monitoring of weight loss (A), disease activity index (B), and survival (C). Weights and
disease activity are shown up until day 7, since after this point data for some mice would be
missing due to mortality. Significance of differences were determined by two-way ANOVA
with Holm-Sidak post-hoc comparisons in (A) and (B), and by Mantel-Cox test in (C), and
are indicated as follows: **, P<0.01; ***, P<0.0001. Numbers of animals studied were as
follows: B6 (N=6, 3 males and 3 females), Chr12PWD (N=6, 4 males and 3 females). The B6
animals in this figure represent an independent cohort from those in Fig. 2, with colitis
induced simultaneously with Chr12PWD mice.
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Figure 6. Identification and prioritization of novel gene candidates associated with IBD
susceptibility.

(A) Schematic illustrating the two distinct workflows that were used to identify and
prioritize candidate genes. IBD 1:1 candidates were identified by the overlap of highly
differentially expressed genes in B6 vs. PWD immune cells and IBD GWAS candidate genes
(see C). Scores from tissue-specific “Intestine” and “Hemolymphoid” network SVMs that
were trained with IBD GWAS genes were integrated with differential expression to identify
functional IBD candidates (see B, D-F). (B) SVM using the intenstine network was
integrated with the differentially expressed gene dataset from PWD and B6 Tregs.
Significantly differentially expressed genes from chromosome 1 and 2 are plotted by
normalized —/ogyo(p-value) on the x-axis and normalized SVM -/ogyo(false positive rate)
(FPR)sym oOn the y-axis. FPRsy\v and p-values were normalized by their maximum value
(see Methods). Orange points denote genes located on the Pareto front, represented by the
blue line. Red points denote the top ten ranked genes based on the final score, which
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combines the count of the number of genes that have both a lower —/ogyo(p-value) and
—log10(FPR). Orange and red indicates top ranked genes that also fall on the Pareto front.
SVMgpr vs. differential expression plots for each of the five immune cell subtypes from the
intestine and hemolymphoid network SVMs can be found in Fig. S4. Heatmaps of
differential gene expression between PWD and B6 immune cell types (log2(fold change
PWD/B6)) for the top candidate genes identified by the 1:1 IBD candidate approach (C) or
the SVM approach (D). Purple and pink denote extreme differential expression values, and
gray denotes genes whose differential expression was not significant (false discovery rate
<0.05). (E) Overlap between genes identified using IBD 1:1 candidate approach and the
intestine and hemolymphoid networks SVMs. (F) Functional connectivity of the top 1:1 IBD
candidate genes on Chrl and Chr2 with 10 most functionally connected predicted interactor
genes was visualized using the FNTM tool. (G) Genes from the Ccc1 locus are plotted by
their genomic location on the x-axis and normalized —/og1o(FPRsv\) On the y-axis. Each
gene has a score from the intestine and hemolymphoid network SVM, and the size of each
point indicates normalized significance of differential expression (“DE norm /ogyo(P)”). The
names of top ten genes (ranked by SVM score) from each network are annotated.
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Table 1.
Summary of DSS-induced colitis severity parameters across the consomic panel.

Summary data from Fig. 1, Fig. 3 and Fig. 5. Comparisons with B6 controls are summarized as follows: “=",
not significantly different from B6; “J” significantly lower than B6, “1”, significantly higher than B6; “ref.”,
B6 reference; “ND”, not done. Significance of differences is indicated using asterisks, as in Fig. 3. For
measurements with comparisons across multiple time points (disease activity and LCNZ2), the measurement
with highest significance (if any) at any single time point comparison is provided. *EAE susceptibility was
determined in previous studies {Bearoff 2015; Bearoff 2016; Krementsov 2018}. Comparisons with B6
controls are summarized as follows: “=", not significantly different from B6; “!” significantly lower than B6,
“1” significantly higher than B6; “ref.”, B6 reference; “ND”, not done.

Strain  FemaleN MaleN Mortality Weight Loss Disease Activity LCN-2  Histology *EAE

B6 7 4 ref. ref. ref. ref. ref. ref.
PWD 5 4 = VEx Valaiad Valehad * \
Chrl 10 7 = = 1 = 1 0
Chr2 6 3 ke = e e ND \
Chr6 6 6 = = = ND ND 0

Chr10.3 4 3 = = = ND ND N
Chrl1.1 6 8 = Nl * = = 0
Chr11.3 6 0 = = = ND ND 0
Chr12 2 4 = Pk Areseden ND ND =
Chrl5 0 4 = = = ND ND \
Chr16 5 12 = = = = 1 0
Chrl7s 5 6 = Pk il ekl = =
Chrl7F 5 11 = = = = = ND
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Table 2.
Summary of TNBS-induced colitis severity parameters across the consomic panel.

Summary data from Fig. 2 and Fig. 4. Comparisons with B6 controls are summarized as follows: “=", not
significantly different from B6; “\” significantly lower than B6, “1”, significantly higher than B6; “ref.”, B6
reference; “ND”, not done. Significance of differences is indicated using asterisks, as in Fig. 4. For
measurements with comparisons across multiple time points (disease activity and LCNZ2), the measurement
with highest significance (if any) at any single time point comparison is provided. *EAE susceptibility was
determined in previous studies {Bearoff 2015; Bearoff 2016; Krementsov 2018}. Comparisons with B6
controls are summarized as follows: “=", not significantly different from B6; “!” significantly lower than B6,
“1” significantly higher than B6; “ref.”, B6 reference; “ND”, not done.

Strain  FemaleN MaleN Mortality Weight Loss Disease Activity LCN-2  Histology *EAE

B6 8 6 ref. ref. ref. ref. ref. ref.
PWD 3 3 Ak Ak Ao ND ND \
Chrl 6 8 = = x (el = 0
Chr2 6 5 ke Ao A e ND \

Chrll.1 8 8 = = * = = 0
Chr16 0 4 = = = = = 0

Chrl7s 0 5 = = = = = =

Chrl7F 4 8 = * * = Vol ND
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Table 3.
Comparison between B6.ChrPWP consomic strain susceptibility across two models of
experimental IBD and a model of MS.

Susceptibility to TNBS or DSS colitis is indicated as different from B6 if at least two parameters in Table 1 or
Table 2 were significantly different from B6, and consistent in direction of change. *EAE susceptibility was
determined in previous studies {Bearoff 2015; Bearoff 2016; Krementsov 2018}. Comparisons with B6
controls are summarized as follows: “=", not significantly different from B6; “\” significantly lower than B6,
“17, significantly higher than B6; “ref.”, B6 reference; “ND”, not done.

Strain  DSS TNBS *EAE

B6 ref. ref. ref.

PWD \ 0 v
Chrl 0 0 t
Chr2 0 0 v
Chré = ND 0
Chr10.3 = ND \
Chrll.1 N = t
Chr11.3 = ND 0
Chr12 0 ND =
Chr15 = ND \
Chr16 = = t
Chr17s 0 = =
Chrl7F = v ND
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