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Genetic modifier loci influence the phenotypic expression of many
Mendelian traits; insight into disease pathogenesis gained from
their identification in animal disease models may impact the
treatment of human multigenic disorders. We previously described
an innate immune-driven model of spontaneous ulcerative colitis in
T-bet~~.Rag2~’~ double-deficient mice that resembles human ulcer-
ative colitis. On a BALB/c background, this disease is highly pene-
trant and results in the development of colorectal cancer. However,
we observed that colitis in T-bet™'~.Rag2~/~ mice on a C57BL/6 back-
ground was significantly less severe. Quantitative trait locus ana-
lysis using an N2 backcross strategy revealed a single major
quantitative trait locus on chromosome 3 that mapped to the Cdcs7
(cytokine deficiency-induced colitis susceptibility-1) locus previously
identified in the 170~~ and Gnai2™~ colitis models. Congenic intro-
duction of the susceptible Cdcs? interval from C3H/He into the
C57BL/6 background restored colitis severity. Bone marrow recon-
stitution experiments further mapped the effect of host genetics on
disease severity to the hematopoietic compartment. There were
distinct differences in the expression of several Cdcs7 genes in
bone marrow-derived dendritic cells from Cdcs? congenic mice.
We conclude that the Cdcs? locus controls colitis severity in T-
bet™'~.Rag2~'~ mice through innate immune cells.

G enetic predisposition plays an important role in the patho-
genesis of inflammatory bowel disease (IBD) (1). Significant
progress has been made toward identifying genomic variants that
confer an increased risk for developing IBD. Recent meta-analyses
of genome-wide association studies increased the number of
confirmed disease-associated risk loci to 71 for Crohn Disease
(CD) (2) and 47 for ulcerative colitis (UC) (3). Genome-wide
association studies have highlighted the importance of several
distinct biological pathways, most notably Nod2-mediated bacte-
rial sensing and autophagy in CD, and IL-23/Stat3 signaling in
both CD and UC (4, 5). However, the risk-conferring variant
marked by a particular SNP is often not known. The gene reported
to be associated with increased IBD risk represents in many cases
a “best guess” and its function in the context of IBD may be un-
certain (6).

Mouse models provide useful systems to genetically interro-
gate the pathways identified in human studies and to discover
additional genes and pathways (7). Quantitative trait locus
(QTL) analysis of differences in disease phenotype between two
inbred mouse strains followed by positional cloning of the un-
derlying gene is one such approach. Differential susceptibility
between inbred mouse strains has been noted in several estab-
lished murine IBD models. QTL mapping studies performed in
two spontaneous IBD models (11107~ and Gnai2™'~) identified
the same Cdcs! (cytokine deficienty-induced colitis susceptibil-
ity-1) locus on mouse chromosome 3 as the major QTL (8-10).
The identity of the susceptibility-controlling genetic variants

www.pnas.org/cgi/doi/10.1073/pnas. 1104234108

within this region and the cell type through which they exert their
effects are still unknown.

We recently described that T-bet”~.Rag2~'~ mice on a BALB/c
background in our colony develop spontaneous UC-like disease
(TRUC). This disease is driven by colitogenic intestinal micro-
biota, mediated by TNF, and results in spontaneous develop-
ment of colorectal cancer (11-13). We report here that colitis
in T-bet™~.Rag2™~ mice on a C57BL/6 background (B6.TRUC)
is significantly less severe compared with TRUC animals on
a BALB/c background (BALB/c.TRUC). QTL analysis per-
formed in an N2 backcross mapped Cdcs! as the major suscep-
tibility locus in the TRUC model. This finding was confirmed in
congenic mice generated by replacing the CdcslI interval in B6.
TRUC mice with the susceptible CdcsI locus from C3H/He. We
show further that Cdes! controls disease severity in the TRUC
model through hematopoietically derived innate immune cells.

Results and Discussion

To make use of the growing library of genetic mutant mouse
strains on a C57BL/6 background, we examined the colitis phe-
notype in our B6.TRUC colony. We found that B6.TRUC mice
had significantly milder disease than BALB/c. TRUC animals. In
contrast to BALB/c. TRUC mice with 100% penetrance of colitis
at 8 wk of age, both penetrance and severity were significantly
lower in B6.TRUC animals (Fig. 14) (mean colitis score 4.8 vs.
2.0 in this cohort of animals, P = 0.0009). Disease progressed in
severity over time and by 6 mo of age the majority of B6. TRUC
animals had developed colitis. However, the distribution of co-
litis scores in 6-mo-old B6.TRUC mice was broad (range 0-9)
(Fig. 1B), in contrast to what is observed in BALB/c.TRUC mice.
The incidence of dysplasia and adenocarcinoma was also re-
duced. In a cohort of 36 B6.TRUC animals analyzed at 6 mo of
age, 56% had no evidence of dysplasia, 29% had low-grade
dysplasia, 15% high-grade dysplasia, and there were two cases
(6%) of adenocarcinoma (Fig. 1C). This finding compares with
<4% of animals without dysplasia, 89% with high-grade dys-
plasia, and 42% with adenocarcinoma in 6-mo-old BALB/c.
TRUC mice (12).

Despite the difference in severity, colitis in B6. TRUC mice
appeared to be qualitatively the same as in BALB/c.TRUC
animals. The mucosal inflammatory changes consisted of a mixed
infiltrate of mononuclear and polymorphonuclear cells, crypt
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Fig. 1. Colitis severity in TRUC mice is influenced by genetic background. (A) Cohorts of B6.TRUC and BALB/c.TRUC mice were killed at 8 wk of age (n = 12, the
horizontal bar represents the group mean). Standard H&E sections of the entire colon were scored in a blinded fashion. (B) Colitis scores in B6. TRUC mice at 8
wk (n = 20) and 6 mo of age (n = 36). (C) The colon sections of the same cohort of 6-mo-old animals were evaluated for evidence of dysplasia. LGD, low-grade

dysplasia; HGD, high-grade dysplasia without carcinoma; Ca, carcinoma.

regeneration, variable architectural distortion, and injury ranging
from crypt dropout to surface erosions. The changes were usually
limited to the distal third of the colon, but could also focally spread
to more proximal regions (Fig. 24). Dysplasia, when present, was
characterized by nuclear atypia, stratification, glandular crowding,
and failed surface maturation. Systemic administration of anti-TNF
antibodies or adoptive transfer of CD4*CD25" regulatory T cells
prevented the development of colitis (Fig. 2 B and C), and the
disease was ameliorated by treating the animals with oral Metro-
nidazole or Gentamicin, but not Vancomycin, as reported pre-
viously for BALB/c. TRUC mice (Fig. 2D) (11, 13).

An important feature of TRUC disease is its dependence on
a colitogenic intestinal flora derived from the mother and po-
tentially other maternal factors. BALB/c.TRUC mice raised by
a BALB/c wild-type mother do not display colitis at 8 wk of age
(12). To evaluate whether maternal factors contributed to the
observed difference in colitis severity between BALB/c and B6.
TRUC animals, we performed a reciprocal cross-fostering ex-
periment. BALB/c and B6. TRUC litters were removed from
their mothers within 24 h after birth and raised by a foster
mother of opposite genetic background. Cross-fostered animals,
as well as BALB/c and B6.TRUC mice raised by their natural
mothers, were killed at 8 wk of age and colon histology was
analyzed (Fig. 3). Colitis scores were significantly higher in
BALB/c.TRUC mice than in B6.TRUC animals, regardless of
the genetic background of the mother (i.e., colitis severity cor-
related with the genomic background of the pups and not the
genomic background of the mother). Effects of genetic back-
ground on intestinal microbiota have been previously described
(14) and are likely to exist between BALB/c and B6. Neverthe-
less, the a priori colitogenicity of the microflora that a BALB/c or
B6.TRUC mother transmits to the pups appears to be similar.

To understand which genetic factors control disease severity in
the BALB/c vs. B6.TRUC animals, we performed a QTL analysis
using the histopathology score as the phenotypic variable. F1
hybrids from BALB/c. TRUC x B6. TRUC matings were back-
crossed to BALB/c.TRUC mice to generate a cohort of N2
backcross animals (Fig. 44). A total of 86 N2 mice were analyzed
at 8 wk of age. Colitis scores showed a bimodal distribution
(range 0-10), with 51.2% of animals having a score <3 and
48.8% a score >3 (Fig. 4B). Of the N2 animals, 29.1% had no
detectable colitis. All mice were genotyped for a panel of 99
markers and QTL analysis was performed using the colitis score
either as a discrete numeric variable or as a binary variable
(<3 colitis absent; >3 colitis present). The results from both
approaches agreed well and revealed a strong QTL on chro-
mosome 3 and a minor QTL on chromosome 18 (Fig. 4C). The
QTL on chromosome 3 localized to 58 ¢cM, with a LOD score of
12.3 for the normal model and 56 cM with a LOD score of 8.86
for the binary model. These positions convert to 126.4 Mbp and
129.0 Mbp, respectively, in National Center for Biotechnology
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Information build 37 (cgd.jax.org/mousemapconverter) (15). The
minor QTL on chromosome 18 localized to 33.5 cM with a LOD
score of 2.7 for the normal model and at 29.4 cM with a LOD
score of 3.8 for the binary model. A third possible peak on
chromosome 17 did not reach statistical significance with the
relatively small number of animals examined.

The coordinates of the strong QTL on chromosome 3 mapped
to the Cdcsl locus. Cdcsl was originally identified as the major
QTL in an F2 intercross of colitis-susceptible C3H/HeJBir.l[10~~
and -resistant B6.1/107'~ mice (8), which was re})licated in a
second study in C3H/HeJBir.l[10~~ and B6.1l10~"~ mice using
an N2 backcross strategy (10). Cdcsl was independently identi-
fied in a QTL analysis in the Gnai2™~ colitis model (9) also
comparing susceptible C3H/HeN and resistant B6 backgrounds.
More recently, analysis of a panel of reciprocal congenic 11107/~
lines (derived from C3H/HeJBir and B6 animals) defined three
Cdcsl subloci that independently affect susceptibility to in-
testinal inflammation (16). The most proximal sublocus, CdcsI.1
(located between 88.1 and 108.8 Mbp), controls cecal in-
flammation and the other two subloci, Cdcsl.2 (120-123 Mbp)
and Cdcsl.3 (125.6-128 Mbp), affect colitis severity. Only the
latter two subloci are relevant for the TRUC model, which lacks
cecal inflammation (13). We compared the genomic sequence of
B6, C3H/He, and BALB/c mice for the 120 to 128 Mbp region on
chromosome 3 using publicly available data (phenome.jax.org).
The “SNP landscape” (Fig. S1) demonstrates that the colitis
susceptible BALB/c and C3H/He strains are haploidentical
across this region, while the sequence of the colitis-resistant B6
reference strain differs significantly. To confirm the QTL asso-
ciation, we crossed the BCR3 congenic line containing the sus-
ceptible Cdcsl interval from C3H/HeJBir on a B6 background
(16) with B6.TRUC females to generate TRUC.CdcsI congenic
animals. TRUC.Cdcs”* mice (heterozygous for the Cdcs1” locus
from B6 and the CdcsI® locus from C3H/HelBir) were then
mated to produce litters with the three possible genotypes
Cdes1°, Cdes1P, and Cdes1®”®. The histopathological analysis of
colon tissue at 8 wk of age showed that TRUC.CdcsI® homo-
zygous animals had significantly more severe disease (mean co-
litis score 5.2) than heterozygous TRUC.Cdes1® mice (mean
colitis score 2.7, P = 0.0015) or littermates homozygous for the
B6-derived CdesI® locus (mean colitis score 1.3, P = 0.0038),
proving that CdcsI controls colitis severity in the TRUC model.
Disease in the heterozygous TRUC.CdcsI® animals was also
slightly more severe compared with TRUC.Cdcs1”” littermates
(P = 0.0474).

To determine how the Cdcsl locus modified intestinal in-
flammation, we generated bone marrow chimeras transferring
BALB/c and B6.TRUC bone marrow into lethally irradiated
adult BALB/c.TRUC animals. Colitis severity was analyzed at 20
wk of age to allow for recovery of the colitis phenotype following
bone marrow engraftment. Disease severity in recipients of
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Fig. 2. Colitis in B6.TRUC mice is less severe but qualitatively similar to BALB/c.
TRUC disease. (A) Representative colon histology of 8 wk-old B6.TRUC mice
with score 0 (normal, panel 1), score 3 (panels Il and 1V), and a rare animal with
score 7 (panels Il and V). H&E, panel | to Ill 40%, panels IV and V 100x. The
higher magnification views show mild crypt regeneration, lamina propria
mononuclear and neutrophilic inflammation (panel 1V, score 3), and marked
crypt regeneration with distortion, surface erosion, and mixed inflammatory
infiltrate (panel V, score 7). (B) B6.TRUC animals were treated with four weekly
intraperitoneal injections of a monoclonal hamster anti-TNF antibody or iso-
type control (n = 6-7) starting at weaning. (C) CD4*CD62L*CD25* Treg cells
were isolated from wild-type B6 donors and 75,000 cells were injected in-
traperitoneally at weaning (n = 8); control animals received no cells. (D) B6.
TRUC mice (n =5 per group) were treated with Vancomycin, Metronidazole, or
Gentamicin in the drinking water beginning at weaning. Colon histopathology
was analyzed at 8 wk of age for experiments (B-D).

BALB/c.TRUC bone marrow was significantly higher than in
recipients of B6.TRUC bone marrow (mean colitis score 3.9
versus 1.0, P = 0.0265) (Fig. 54). These data map the effect of
host genetics on colitis severity to the hematopoietic compart-
ment, although we have yet to establish whether there may also
be a contribution from radioresistant intestinal cells. Given the
central role of TNF produced by dendritic cells in the TRUC
model (13), we compared the production of TNF by bone marrow-
derived dendritic cells from Cdcs! congenic animals. There
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Fig. 3. Reciprocal cross-fostering of BALB/c.TRUC and B6.TRUC mice dem-
onstrates correlation between disease severity and genetic background of
the offspring but not the mother. Newborn litters of BALB/c.TRUC and B6.
TRUC mothers were exchanged within 24 h after birth. BALB/c.TRUC and B6.
TRUC mice raised by their natural mothers served as controls. Colitis scores at
8 wk of age were pooled from three litters per experimental group.

was no difference in the induction of TNF mRNA in response to
LPS stimulation (Fig. 5B). We also analyzed the expression of
the genes located in the CdcsI.2 and Cdcsl.3 subloci in bone
marrow-derived dendritic cells by real-time quantitative PCR.
Combined, these two regions contain 26 annotated genes and
4 expressed Riken sequences. Nine of the 30 genes were
not expressed in dendritic cells. Messenger RNA levels for
most of the remaining 21 genes were the same in CdesI“ and
CdcsI®® dendritic cells (Fig. 5C). However, there were a few
notable exceptions: Rwdd3 in Cdcsl.2, and Aplar and Camk2d in
Cdcsl.3 were more strongly expressed in cells from CdesI®*
animals, and these differences (Rwdd3 3.9-fold, P < 0.0001;
Aplar 3.6-fold, P < 0.0001; Camk2d 1.7-fold, P = 0.009)
remained statistically significant after Bonferroni correction for
multiple comparisons. Further exploration of the functional
outcome of sequence polymorphisms (16) and differential ex-
pression of the Cdcsl locus genes is in progress.

In summary, we have shown that the Cdcs! locus on mouse
chromosome 3 is the major QTL for colitis severity in the TRUC
model of IBD. We were able to map a disease-modulating
function of the Cdcs! locus to the hematopoietic compartment
and (by implication) cells of the innate immune system, as
TRUC disease, in contrast to the 1110~ and Gnai2™'~ colitis
models, is entirely innate immune-mediated. Consistent with
that conclusion, we found locus-intrinsic differences of Cdcsl
gene expression in bone marrow-derived dendritic cells serving
here as a model innate immune cell. Future research will focus
on Cdcsl effects on the function of additional innate immune-
cell subsets, including the recently described subset of innate
lymphoid helper cells (17). The human syntenic region of the 120
to 128 Mbp locus on mouse chromosome 3 is located in two parts
on human chromosome 1p21-22 and 4q25-26. None of the
published CD or UC-associated SNPs map to these regions
(2, 3). However, the fact that Cdcs! plays a role in three rather
different IBD models suggests that the biological pathways
controlled by Cdcsi affect inflammatory responses in the in-
testine in a meaningful way, and that the identification of the
disease susceptibility genes in Cdcs! will have important impli-
cations for understanding the pathogenesis of human IBD.

Materials and Methods

Mice. Cg-Thx21™™%/mRag2t™!F"a (T_bet™~.Rag2™'~, TRUC) mice have been
backcrossed to a BALB/c or C57BL/6 (B6) background for at least 10 gen-
erations. BCR3 is the informal designation for an //10-deficient C57BL/6J
congenic stock carrying a C3H/HelBir-derived chromosome 3 segment be-
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tween the markers D3Mit11 and D3Mit19 (BG.Cg—II10""’C9"Cdcs1(D3Mit11— carrying the CdcsT resistance QTL (designated Cdcs1?), selecting for the
D3Mit19)/JZtm) (16). This segment contains the colitogenic Cdcs7 QTL, herein congenic interval and against the targeted //70 gene to produce //70 intact
denoted Cdcs7¢. Male BCR3 mice were backcrossed with B6.TRUC females TRUC.Cdcs72 heterozygous mice. Mice were genotyped for their Cdcs? ge-
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notype using the markers D3Mit316 and D3Mit319 (www.informatics.jax.org).
Mice with discordant results indicative of a meiotic recombination event
were discarded. All mice were housed in microisolator cages in a specific
pathogen-free animal facility at the Harvard School of Public Health
and studies were performed according to institutional and National Insti-
tutes of Health guidelines for humane animal use. Sulfatrim (Sulfamethox-
azole 1 g/L + Trimethoprim 0.2 g/L; Hitech Pharmacal) was added to the
drinking water. Mice were weaned between 3 and 4 wk of age.

Cross-Fostering. Pregnant BALB/c and B6.TRUC females were monitored daily
for delivery. Mothers and newborn litters were reciprocally exchanged within
24 h of birth.

Histology. Animals were killed at the stated age, the colon was isolated in toto,
fixed in 4% paraformaldehyde, and embedded in paraffin. Standard H&E-
stained sections were examined and scored by an experienced Pathologist (J.
G.) in a blinded fashion. The parameters mononuclear cell infiltration, poly-
morphonuclear cell infiltration, epithelial hyperplasia, and epithelial injury
were scored as absent (0), mild (1), moderate (2), or severe (3), giving a total
score of 0 to 12 (13).

QTL Analysis. F1 mice derived from BALB/c x B6.TRUC matings were back-
crossed to BALB/c.TRUC males to generate N2 mice. A cohort of 86 animals
was killed at 8 wk of age and colitis was scored as described. Tail DNA was
prepared using the DNeasy kit (Qiagen). Genotyping and QTL analysis were
performed at The Jackson Laboratory.

Antibiotic Treatment. Starting at weaning, mice were placed continuously on
drinking water supplemented with Vancomycin (0.5 g/L; Sigma), Metroni-
dazole (1 g/L; Sigma), or Gentamicin (1 g/L; Cell Gro).

Anti-TNF Treatment. Mice received a total of four weekly injections (15 mg/kg)
of either hamster IgG1-anti-mouse TNF (clone TN3-19.12) or control antibody
(hamster IgG1 anti-GST) (both Leinco Technologies) starting at weaning.

Adoptive Transfer of Treg Cells. A single-cell suspension prepared from lymph
nodes and spleens of wild-type B6 animals was, after lysis of red blood cells,
stained with anti-CD25 PE, anti-CD62L FITC, and anti-CD4 APC (eBioscience),
followed by incubation with anti-PE beads (Miltenyi) and enrichment of
CD25* cells using an autoMACS system (Miltenyi). CD4*CD62L*CD25* Treg
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