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ARTICLE
Analysis of Cdcsl colitogenic effects in the hematopoietic

compartment reveals distinct microbiome interaction
and a new subcongenic interval active in T cells

Inga Bruesch', Pascal Meier', Marius Vital?, Dietmar H. Pieper?, Kristin Selke’, Sebastian Bohlen', Marijana Basic', Martin Meier’,
Silke Glage', Joachim Hundrieser®, Dirk Wedekind', Manuela Buettner' and André Bleich'

Disease activity in Interleukin-10-deficient (/70~/~) mice, a model for IBD, depends on genetic background and microbiome
composition. B6.129P2/JZtm-1110"™'°9" (B6-1110~/~) mice are partially resistant to colitis, whereas mice carrying the Cdcs1*%"
haplotype on chromosome 3, B6.Cg-/10™'“9"MMU3(D3Mit11-D3Mit348)/JZtm (BC-R3-//70~'"), are susceptible. This study was
performed to clarify Cdcs7 and candidate gene effects on the colitogenic potential of hematopoietic cells using bone marrow (BM)
and T-cell transfer models. Acute and chronic graft versus host reaction was excluded by high-density genotyping, in vitro and
in vivo approaches. BM-chimeras were created with animals housed in two barriers (I and Il) with distinct microbiota composition as
identified by sequencing. BM-chimeras of all groups developed comparable moderate-to-severe colitis in Barrier I, however, in
Barrier Il only recipients of BC-R3-//70~~ BM. Subsequent adoptive T cell transfers pointed to a new subcongenic interval within
Cdcs1 affecting their colitogenic potential. Transfers excluded Larp7 and Alpk1 but highlighted /fi44 as potential candidate genes. In
this model-system, colitis development after cell transfer heavily depends on microbiome, though Cdcs1 acts mainly independently
in hematopoietic cells. A new subcongenic interval, provisionally named Cdcs1.4, modifies colitogenic T cell function. Within this

locus, Ifi44 represents an important candidate gene for colitis expression.

Mucosal Immunology (2019) 12:691-702; https://doi.org/10.1038/s41385-019-0133-9

INTRODUCTION
Inflammatory bowel disease (IBD) summarizes a group of chronic
intestinal disorders that predominantly includes ulcerative colitis and
Crohn’s disease. The development of inflammation may be
dependent on genetic background, microbes and environmental
factors.! Genetic and microbiota analyses were performed in IBD
patients and to determine colitis susceptibility in mice.>™ Several
genetic loci were identified on different chromosomes,® which
suggested an influence of e.g. Proteobacteria, or Actinobacteria.””'°
Quantitative trait locus (QTL) analysis of mice susceptible to
experimental IBD (C3H/HeJBir.129P2-110"""“") and mice mostly
resistant (C57BL/6J.129P2-//10"™"°9") highlighted 10 QTLs named
cytokine deficiency-induced colitis susceptibility (Cdcs)1 to 103" The
major locus Cdcs1 on chromosome 3 was further fine mapped.
Therefore, Il10-deficient subcongenic strains were analyzed in
detail and three independent regions (Cdcsi.1, Cdcs1.2 and
Cdcs1.3) were identified.'® The impact of Cdcs1.3 (125.6-128.0
Mbp) was found independently in another model for colitis.'® The
genetic and expression differences of both groups suggested that
Alpha-kinase 1 (Alpk1) and La ribonucleoprotein domain family
member 7 (Larp7) are potential candidate genes and modifiers in
the immune response during experimental colitis. Furthermore, on
the distal part of mouse chromosome 3 (MMU3) outside of

Cdcs1.3, the Interferon-induced protein 44 (/fi44) was identified as
a potential candidate gene that may have an impact on immune
cell proliferation and host-microbiota interactions.'*'> However,
although Larp7, Ifi44 and some other genes were proposed as
pivotal for the induction of inflammation, the only two Cdcs?
candidate genes with a proven effect on the colitis phenotype are
Vcam1, an endothelial receptor,'® and Alpk1.'” Experiments using
bone marrow-derived macrophages (BMDM), dendritic cells
(BMDC) and T cells revealed a Cdcsi-dependent response to
bacterial ligands as well as T cell hyperresponsiveness in vivo.'®

The microbiota of IBD patients show reduced diversity, with
decreases in Bacteroidetes and Firmicutes and the presence of E. coli
(specifically AIEC).'® Consistent with this finding, //70-deficient mice
housed in germfree (GF) conditions did not develop colitis, whereas
mice housed in specified pathogen free (SPF) conditions or in
conventional conditions developed inflammation dependent on
the microbial environment.?>? Until now, a number of pathogens
have been suggested to be associated with IBD, such as Yersinia
enterocolitica and Mycobacterium avium subsp. paratuberculosis.?>°
Furthermore, the introduction of Enterococcus faecalis, Helicobacter
spp. or Bilophila wadsworthia triggers inflammation.”’~2° In contrast,
the introduction of other bacterial strains, such as Lactobacillus or
Bifidobacterium improve colitis development.*'
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This study demonstrates the impact of microbiome on
the hematopoietic compartment in the //70~'~ mouse model
with distinct effects on Cdcs? mediated susceptibility.
Furthermore, for T cell-dependent disease progression, the
candidate genes Larp7 and Alpkl were excluded but a new
region, provisionally named Cdcs1.4, was highlighted as
relevant. Within this genetic interval, /fi44 was identified as a
potential gene that modifies the outcome of T cell-induced
experimental IBD.

MATERIALS AND METHODS

Mice

C57BL/6J.129P2-110"™'9"  (B6-110'"),  C3H/HeJBir.129P2-
110™1<9"  (C3Bir-I10~/7), B6.Cg-l10™'9"  MMU3 (D3Mit49-
D3Mit348)/JZtm  (BC-R2-110~7),  B6.Cg-l10"™'°9"  MMU3
(D3Mit11-D3Mit19)/JZtm (BC-R3-I107/7), B6.Cg-110"™'“9" MMU3
(D3Mia129.3-D3Mit17)/JZtm  (BC-R4-I110~'7),  B6.Cg-Il10"™ <"
MMU3  (D3Mia126.1-D3Mit19)/JZtm  (BC-R8-110~'"), C57BL/
6N-Alpk1e™2Wst (Alpk17/7), C57BL/6NCrl  (B6N) and C57BL/
6J-Rag1™™°™M/)7tm (B6-Rag1~’~) mice were obtained from the
Central Animal Facility (Hannover Medical School, Hannover,
Germany). This study was conducted in accordance with German
law for animal protection and with the European Directive 2010/
63/EU. All experiments were approved by the Local Institutional
Animal Care and Research Advisory committee and permitted by
the local government (No 10/0259; 15/2014; 17/2561). The animals
were bred in two different hygienic areas (Barrier | and Il). Barrier |
is defined as an experimental SPF area that scientists can access,
whereas Barrier Il is an exclusive breeding area.

Both barriers are routinely monitored according to FELASA
recommendations >' and did not reveal any evidence of infectious
agents except for occasional positive tests for Helicobacter species
and Helicobacter hepaticus in Barrier |.

Genotyping

Genotyping of the genetic background of strains B6-110~/~, C3Bir-
1110~ and BC-R2-110~"~, BC-R3-1110~'~, BC-R4-I110~"~ and BC-R8-
110~/~ as well as characterization of the congenic fragment was
performed using a MegaMUGA Array (Neogene Corporation,
Lansing, Michigan) containing > 77,000 SNP markers. The geno-
typing results were analyzed using a database on MySQL Server
Version  5.5.49-Oubuntu0.14.04.1, Webserver  Apache/2.4.7
(Ubuntu), Datenbankclient libmysql Version 5.5.49, phpMyAdmin
Version 4.0.10deb1. The positions of the SNP markers were
estimated using GRC38/mm?10.

Mixed lymphocyte culture (MLC)

Spleens from B6-1110~'~, BC-R2-110~~ and BC-R3-/10~"~ mice
were removed, and a single-cell suspension was prepared. Red
blood cells were lysed, and the cells were suspended in RPMI
supplemented with 10% FCS, 50U/mL penicillin, 50 ug/mL
streptomycin, 4mM L-glutamine, 1 mM sodium pyruvate, and
0.05mM B-mercaptoethanol. For the induction of proliferative
responses, 10° irradiated (30 Gy) spleen cell suspensions/100 pl
(stimulator cells) were mixed with 10° lymph node cells per 100 pl
(responder cells) in triplicate wells of Costar 96-well, round-bottom
plates and cultured at 37 °C with 5% CO, for 72 h. In parallel,
triplicates of 10° responder cells were cultured for 72 h without
stimulator cells. Triplicates of 10° responder cells were also
stimulated with Concanavalin A (2 pg/mL) for 48 h. Subsequently,
37 KBq H-3 thymidine/50 pl (Perkin Elmer, Waltham, Massachu-
setts, USA) was added per well, and the plates were incubated for
an additional 16h. To determine the extent of induced cell
divisions, we harvested cell nuclei after the respective incubation
periods with a FilterMate (Perkin Elmer LAS, Germany) and
assessed incorporation of H-3 thymidine by liquid scintillation
counting (Microbeta).
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Bone marrow chimeras

Donor mice were euthanized by CO, inhalation followed by
cervical dislocation. BM was isolated from the tibia and femur by
flushing with RPMI (Biochrom AG, Berlin, Germany). The cell
suspension was passed through a 70-um cell strainer (BD
Biosciences, San Jose, USA) and washed twice with RPMI. The
cell number was determined and adjusted to 1 x 10%/mL in PBS.
Six- to seven-week-old recipient mice were lethally irradiated
(9 Gy) using a Synergy linear accelerator (Elekta, Stockholm,
Sweden) and were intravenously injected with 1x 10’ donor BM
cells. Recipient mice received 5mL Cotrim K-ratiopharm®/| via
drinking water for 1 week (240 mg/5 mL syrup, Ratiopharm GmbH,
Ulm, Germany). The animals had a recovery period of 3 weeks and
an additional period of 4 weeks for the induction of colitis via
hematopoietic cells.

Cell Sorting

Single cell suspensions of splenocytes were achieved using a 40
pum cell strainer (Greiner Bio-One), and then the red blood cell
lysis spleen cells were washed twice in MACS buffer and
counted with a Scil Vet abc™ hematology analyzer (Scil Animal
Care Company, Viernheim, Germany). For cell sorting, 10 x 10’
cells were incubated with 100 pl of antibody mix (anti CD4-APC,
anti CD8-PE-Cy7 both from Biolegend and anti CD62L-PE, anti
B220-VioBlue (VB) from Miltenyi Biotec GmbH). Cells were
stained for 20 min with the respective antibodies, washed and
then resuspended in MACS buffer with an end concentration
between 30x 10% and 50 x 10° cells per mL. Cell sorting was
performed at the Cell Sorting Core Facility of the MHH using
FACSAria Fusion or a FACSAria llu, (Becton Dickinson). Cells were
selected using the positive markers CD4-APC and CD62L-PE and
negative markers B220-VB and CD8-PE-Cy7. The purity of the
sorted cells was determined for each sample, and it was over
95%. Isolated CD4" CD62L" T cells were used for RNA and
protein isolation or for T cell transfer experiments.

Transfer colitis

A total of 250,000 isolated naive CD4" CD62L" T cells from B6-
1110~ and BC-R2-110~'~, BC-R3-1110~/~, BC-R4-1110~"~ and BC-R8-
1110~~ mice as well as B6N and Alpk1~’~ mice were transferred
into B6-Rag1 '~ mice. Four weeks (BC-R2-1110~/~, BC-R3-I[107/~
mice), 6-7 weeks (BC-R4-1110~'~ and BC-R8-/10~'~ mice) or 8 weeks
(B6N and Alpk1™'~ mice) after the transfer, colon samples were
obtained for histological, flow cytometry and gPCR analyses.

Magnetic resonance imaging

Intestinal MR images were acquired using a high-field, small-
animal scanner (PharmaScan 70/16, Bruker BioSpin, Rheinstetten,
Germany). A dedicated rat brain coil was used as a whole-body
mouse coil for image acquisitions. Multislice multiecho (MSME) MR
sequences were utilized. A MSME sequence (TR 2658 ms and TE
11, 22, 33 ms, flip angle [FA] 180°) with a slice thickness of 0.8 mm
was used to generate high-resolution coronal images (2D matrix:
256 x 256, pixel size: 0.117 x0.195 mm). A T2W fat-suppression
setting was chosen since both wall thickness and edema can be
assessed in the same image (for MRI parameters.>?)

Image analysis

Image analysis was performed using ImageJ (Wayne Rasband). To
evaluate the severity of colitis, we determined colon wall thickness
as described earlier.>?

Histology

During the necropsy of the colon, the head, liver, bone marrow
and abdominal wall were obtained. Samples were fixed in neutral
buffered 4% formalin, embedded in paraffin, sectioned at 5-6 um,
and stained with hematoxylin and eosin. The hind legs and head
were additionally decalcified using Userapid® (Medite GmbH,
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Burgdorf, Germany) solution for three days. The hind leg was cut
longitudinally into halves to reveal the bone marrow cavity of the
femur and tibia. The head was cut transversally to subsequently
obtain the skin tissue and mucosal surfaces on one slide. Histology
slides were blindly scored based on previously described colitis
scores with histopathologic lesions graded separately for the
proximal, middle and distal colon.>®*** Skin and mucosal surfaces
in the abdominal wall and head were investigated, especially for
vacuolar degeneration on cells in the stratum basale and stratum
spinosum, hyperkeratosis and thickened dermis.>®

Microbiota analysis
The cecum content of healthy individuals (B6-1110~'~ and BC-R3-
110~"~ mice) was obtained from different cages under sterile
conditions, immediately snap frozen and stored at —80 °C until
further processing.

DNA extraction, amplification of the V1-V2 region of the 16S rRNA
gene and sequencing on a MiSeq lllumina platform was performed
as previously described.>® In brief, after sequencing, paired-end raw
reads were then merged and quality filtered yielding 63.065 +
20.069 sequences per sample that were subsequently directly
assigned a taxonomic affiliation down to the genus level using
RDP's naive Bayesian classifier>” All subsequent analyses were
performed on the genus level. Diversity indices were calculated from
data that were rarified to equal depth (38,396 sequences) using
the function rarefy_even_depth (rngseed =TRUE) from the R
phyloseq package.®® Sequences that were not reliably assigned a
genus by the classifier were binned into higher-order taxonomy.
Non-metric multidimensional scaling analysis was completed in R
(package: vegan) on percentage normalized and square-root
transformed data.

Flow cytometry

The large intestine was removed and flushed well with PBS. The
colon was opened longitudinally, transferred to buffer 1 (HBSS,
3.5% FCS and 100 mM DTT) and incubated at 37°C for 20 min
Next, buffer 1 was discarded, and the intestine was incubated in
buffer 2 (HBSS, 3.5% FCS and 0.5 M EDTA) at 37 °C for 15 min, the
incubation was repeated twice. The remaining tissue was treated
with buffer 3 (RPMI, 10% FCS, 5 mg/mL DNase and 125 U/mg
Collagenase D) for 60 min The cell suspensions were pooled,
centrifuged, washed and resuspended in 40% Percoll solution. A
70% Percoll solution was carefully overlaid with the cell
suspensions and centrifuged for 20 min at 850 rcf. The cells in
interphase were collected, washed twice and resuspended in T cell
medium (DMEM, 10% FCS, 1% penicillin/streptomycin and 50 pM
B-mercaptoethanol) to a density of 4 x 10° cells/mL and seeded in
a flat-bottom, 96-well plate (Greiner bio one). Seeded cells were
incubated for 90 min at 37 °C with 5% CO, together with a cell
stimulation cocktail (eBioscience, 1:500) according to the manu-
facturer's instructions. After the addition of Brefeldin A
(eBioscience, 1:1000) to each well, another incubation period of
90 min followed. Subsequently, the cells were thoroughly
resuspended, and surface and intracellular staining was per-
formed. Up to 1x10° cells per well were incubated with an
antibody mix for 20 min (anti-CD90-APC-Cy7 and anti-CD4-Vio-
green). Next, the cells were washed twice and treated with a True-
Nuclear™ Transcription Factor Buffer set (BioLegend, San Diego,
USA) according to the manufacturer’s instructions, including
incubation with intracellular dyes (anti-IL17A-AF700; anti-RORyt-
APC; anti-IFNy-PE and anti-TNFa-Pacific blue; all BioLegend). The
stained cells were analyzed using a Gallios (Beckmann-Coulter) 10-
color flow cytometer with Kaluza detection software, followed by
analysis with Kaluza analysis software Version 1.3.

RNA isolation and quantitative real-time PCR

Total RNA was purified from colon samples, isolated CD41CD62L+
T cells or lymphocytes using a RNeasy Kit (Qiagen, Hilden, Germany),
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including an additional step of on-column DNase digestion (RNase-
Free DNase Set, Qiagen, Hilden, Germany). Both kits were used
according to the manufacturer's instructions. Organ samples were
lysed and homogenized in the RLT lysis buffer by using an
ultrasound processor (Ultrasound processor Up50H). The obtained
RNA concentration was determined with a NanoDrop® (Peglab
Biotechnologie GmbH). Up to 1pug total RNA was used for
cDNA synthesis with a QuantiTect Reverse Transcription Kit (Qiagen)
following the manufacturer's protocol. For quantitative real-
time PCR analysis, a StepOnePlusTM Real-Time PCR cycler
(Applied Biosystems) was used in combination with TagMan®-based
assays (Actb: MmO00607939_s1; Tbx21: MmO00450960_m1; Tnfa:
Mm00443258_m1; Ifny: Mm01168134_m1; Rort: Mm01261022_m1;
Alpk1: Mm01320380_m1; Applied Biosystems) or TagMan® Assay
Primer and Probe for /fi44 (forward: 5-GGGAATGAAGAAGGCACAG
A-3', reverse: 5-AGAATTGCGATTGGTCCTTG-3' and probe: 5-FAM-
GACTGTGCCAGGGGAAAAGCACA-BHQ1-3' (Eurofins, Ebersberg, Ger-
many)) and Larp7 (forward: 5-GTGAAGATTGTGAGCGGAGAG-3/,
reverse: 5-TTCATTACTGCCTGAGCATCC-3’ (Eurofins, Ebersberg, Ger-
many) and probe: 5-FAM-AGAAGGAGATACTGAATGCCATGCCCG
ATT-BHQ-1-3' (biomers.net, Ulm, Germany)). Each sample was
measured in triplicate. The plate preparation and pipetting were
performed under a sterile working flow (UV Sterilizing PCR
Workstation, Peglab). Beta actin served as an endogenous control,
and relative gene expression was calculated using the 2-AACt
method.

Microarray analysis

The RNA of naive T cells was extracted using an RNeasy kit
(Qiagen) according to the manufactures’ instruction, and the RNA
quality and amount were determined (Agilent 2100 Bioanalyzer).
Labeled cDNA was hybridized on the Agilent SurePrint G3 Whole
Mouse Genome (4x180k) Quadruplicate Array. The referenced
microarray data used in this study were generated by the
Research Core Unit Transcriptomics (RCUTAS) of the MHH. Raw
data were processed by the RCUTAS and imported into Excel 2010
(Microsoft). For further analysis, the CoreModule v1.5.2 imple-
mented in Excel 2010 was used. The differences in gene
expression were determined by the fold change and the intensity
cutoff parameter. The former parameter was set to be greater than
two, and the latter was set to be greater than 50. For candidate
gene acquisition, the focus was set to the distal part of
chromosome 3 (> 130 Mbp).

Western blot of CD4TCD62LY T cells

Isolated naive T cells were resuspended in the lysis buffer and
lysed with two short ultrasound impulses. Undiluted proteins were
denaturated in a thermomixer (Mixing Block MB-102, BIOER
Technology Co). For sodium dodecyl-sulfate-polyacrylamide (SDS)
gel electrophoresis, a Mini PROTEAN® Tetra-Electrophoresis cell
(Bio-Rad Laboratories) was used. SDS-gelelectrophoresis was
performed on 10% gels, and the Precision plus Protein™ Standard
(Bio-Rad Laboratories) was used as a protein ladder. The separated
proteins were transferred to a nitrocellulose membrane (GE
Healthcare) using a semidry system (“Pegasus”, Gesellschaft fir
Phorese, Analytik und Separation mbH). After blocking, primary
antibodies (GAPDH (GenScript USA Inc, NJ USA) and IFl44
(MyBiosource, San Diego, USA)) were incubated overnight. After
incubation with the secondary antibody, the membrane was
incubated with a chemiluminescence solution. IFI44 was stained
and detected, and then a stripping step was performed, which
was required before GAPDH detection. GAPDH was used as an
internal control. Signals were detected with the ChemiDoc™ Touch
Imaging system (Bio-Rad Laboratories).

Statistical analysis
All analyses were performed in a blinded fashion. If not
otherwise stated, values are the means+ SEM. All statistical
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Position B6
110-/-

BC-R3
1110-/-

BC-R2
110-/-

BC-R4
1110-/-

BC-R8
1110-/-

C3Bir

SNP 110-/-

mm10

88192065  rs51193023
88367708  rs30408500
96743575  rs36729746
98778412  rs33209355
125486146  rs30436566
Larp7 125749892  rs46255391 C3Bir
Alpk1 127809720  rs37014574 C3Bir C3Bir
127857057  rs36671438 C3Bir C3Bir
128994851  rs37569935 C3Bir C3Bir
129212872 rs30507350 C3Bir C3Bir
143414703  rs37208838 C3Bir C3Bir
144328499  rs45739081 C3Bir C3Bir
144340395  rs31152536 C3Bir C3Bir
riaq (104877822 1547978238 C3Bir C3Bir
155749021  rs51899299 C3Bir C3Bir
156312766  rs31092876 C3Bir
159518497  rs36403089 C3Bir

Fig. 1 Genotyping of B6-/110~/~, C3Bir-Il10~’~ and congenic mice on MMU3. SNP analysis of B6-/10~/~, C3Bir-l10~'~ and BC-R2-/10~/~ BC-R3-
110"~ BC-R4-1I10~'~ and BC-R8-110~'~ mice was performed (n = 1-6). The SNP and position (Mbp) of MMU3 are shown. The CdcsT region is
highlighted in light gray. Of the 1365 informative SNP markers between C3Bir and B6, 10 selected SNP positions are shown for B6-1/10~/,
C3Bir-ll10~'~ and congenic mice. Annotations are based on the GRCm38/mm10 mouse genome assembly. The candidate genes Larp7, Alpk1

(red line) and Ifi44 (green line) are highlighted

analyses were performed using GraphPad Prism6®
software (GraphPad Software, La Jolla, USA). T-tests were
performed to compare data between BM chimeras. P<0.05
was considered significant. *P<0.05, **P<0.01, and ***P<
0.001.

RESULTS

Confirmation of the genetic authenticity of congenic substrains
Genotyping of BC-R2-1110/~, BC-R3-110~/~ BC-R4-1110~/~ and BC-
R8-1110~'~ using the MegaMUGA array verified that B6-//10~'~ and
subcongenic mice shared the same genetic background, with
the exception of different Cdcs1 fragments on MMU3 derived
from C3Bir-l107'~. The congenic Cdcs! fragment on MMU3
in subcongenic mice is defined by 735 out of 1365 single
nucleotide polymorphism (SNP) markers informative for MMU3
of C3Bir-I110~'~ and B6-1I10~/~. The BC-R2-110~/~ fragment was
defined by rs30408500 at position 88.367708 Mbp to rs37014574
at 127.809720 Mbp. The BC-R3-//10~/~ fragment is ~60 Mb and
extends from rs33209355 at position 98.778412 Mbp to
rs36403089 at 159.518497 Mbp at the telomeric end of the
chromosome. BC-R4-1110~'~ animals carried the smallest fragment
from rs30507350 at position 129.212872 Mbp to rs31152536 at
144.340395 Mbp. The BC-R8-l10~/~ fragment spanned from
rs46255391 at 125749892 bp to rs51899299 at position
155.749021 Mbp (Fig. 1). Thus, the genetic authenticity of the
strains was confirmed and consistent with previous studies.'*>?
Approximately 1265 annotated genes are located within the
transferred Cdcs1 fragment according to the NCBI Genome Data
Viewer. Three of those genes (Larp7, Alpkl and [fi44) were
identified as candidate genes involved in inflammatory develop-
ment.'*">'* Larp7 and Alpkl are located in Cdcsi.3 (MMU3:
127.536714 to 127.553349 Mbp and 127.670308 to 127.780553
Mbp, mm10) and identical in BC-R2-1/70~/~, BC-R3-1/10~/~, BC-R8-
1110~ and C3Bir-ll1T0~"~ mice but differed in BC-R4-110~"~ and
B6-1110~'~ mice. Alleles of Ifi44 (MMU3:151.730922 to 151.749959
Mbp, mm10) are derived from C3Bir-ll10~~ in BC-R3-l10~/~
and BC-R8-I10’~ and from B6-10'~ in BC-R2-I10’~ and
BC-R4-11107"".

o\
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No detectable graft versus host reaction

To exclude the possibility of an acute graft versus host (aGvH)
reaction between B6-//70~'~ and the subcongenic strains during
bone marrow (BM) transplantation, mixed lymphocyte culture
(MLC) experiments were performed with BC-R2-110~"~ (Supple-
ment Figure 1A) and BC-R3-l107'~ mice carrying the longest
fragment of Cdcsl. Isolated lymphocytes from B6-110~'~ mice
were cultured with irradiated splenic cells isolated from BC-R3-
1110~"~ mice (Fig. 2a). As expected, no proliferation was found in
the co-culture of B6-1110~'~ and BC-R3-/10~/~ cells. When the cells
in the co-cultures were swapped, similar results were observed
(Fig. 2b). These data indicate that lymphocytes from B6-1/107/~
mice showed no aGvH reaction against BC-R3-//70~/~ animals and
vice versa.

A chronic GvH (cGvH) reaction was excluded histologically. BM
chimeras of B6-1110~'~, BC-R2-110~'~ and BC-R3-//10~"~ animals
were created, and 7 weeks later, the abdominal skin, liver, bone
marrow and mucosal surfaces of the head were evaluated for
lymphocyte infiltration, vacuolar degeneration on cells in the
stratum basale and stratum spinosum or thickened dermis in the
skin and hyperkeratosis in the head (Supplement Figure 1C and
Figure 2Q). In all analyzed slices, no indicators of a cGvH reaction
were detected. Therefore, the intestinal inflammation of BM
chimeras is not due to a GvH reaction.

Distinct microbiota-CdcsT-haplotype interaction modifies the

colitogenic potential of hematopoietic cells in BM chimeras

In the first experiment, BM chimeras of B6-1/710~/~ and
BC-R3-//10~/~ animals (Table 1) were generated with mice
bred in Barrier | (experimental barrier). The onset of colitis
was determined in vivo by a MRI scan and finally confirmed
by histological scoring of the colon (Fig. 3a, b). The controls
as well as BM chimeras of all groups revealed a thickened
colon wall, hyperplasia of the crypts, strong infiltration
of lymphocytes up to the L. muscularis, peritonitis, a reduced
number of goblet cells and edema in the T. submucosa (Fig. 3¢),
indicating that animals from all groups developed colitis.
Due to high variation within the groups, no difference between
the groups and no impact of C3Bir-derived Cdcs? could
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Fig. 2 No graft versus host reaction was detectable. An acute as well as a chronic GvH reaction was excluded using mixed lymphocyte
cultures (MLC) and histological analysis, respectively. a B6-lI70~/~ responder cells were incubated with medium only, with medium containing
ConA, or BC-R3-/I10~/~ stimulator cells. No increased proliferation was detected when stimulator cells were incubated with irradiated splenic
cells from BC-R3-//70~/~ animals, while strong proliferation was observed when B6-/10~/~ responder cells were incubated with ConA. Means
and standard deviations from 6 independent experiments are presented. b MLC of BC-R3-//10~’~ mice. Means and standard deviations from 6
independent experiments are presented. ¢ Representative histological pictures of the skin, mucosa, liver and bone marrow from BM chimeras.
No signs of cGvH, such as hyperkeratosis, subepidermal clefts or thickened dermis, in the epidermal and mucosal tissue and no ductopenia or
portal fibrosis in the liver tissue were detectable. The BM is engrafted, and several hematopoietic progenitor cells are visible

Table 1. Bone marrow chimeras

Recipient

B6-1110~"~ BC-R3-110~/~

B6-110~'~/BC-R3-1110~/~

BC-R3-1110~/~/BC-R3-
o'~

Donor B6-110~/~ B6-1110~"~/B6-110~"~

BC-R3-I110~’~ BC-R3-1110~'~/B6-
o'~

be detected. However, the experiment was repeated with
animals bred in Barrier Il (breeding barrier), where the
spontaneous colitis onset in B6-1/10~/~ mice was reduced.
In Barrier I, no inflammatory changes were observed in the

Mucosal Immunology (2019) 12:691 -702

colons of B6-1110~/~ and BC-R3-/110~/~ control mice. In addition,
only minor signs of colitis were detected in the MRI scan
(Fig. 4a) or in histology (Fig. 4b, c) following transplantation of
B6-1/10~'~ BM cells into B6-1110~'~ or BC-R3-//10~/~ animals,
while transplantation of BC-R3-//710~/~ BM cells into either
B6-1110~'~ or BC-R3-/l107'~ mice led to the development of
intestinal inflammation. These mice showed increased colon
thickness in the MRI scan (Fig. 4a) and were histologically
characterized by cell infiltration in the lamina propria and
submucosa, abnormal crypt architecture and hyperplasia
(Fig. 4c). Thus, the hematopoietic compartment of BC-
R3-1110~/~ mice is a potential inducer of inflammation in the
intestine but seems to need an additional trigger to induce
colitis. However, the microbiota seems to have a strong impact
on colitis induction.
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Fig. 3 BM chimeric mice bred in Barrier | showed distinct colon inflammation. MRI (a) and histological scoring (b) of BM chimeras bred in
Barrier | were performed 7 weeks post BM transfer (n = 4-8). ¢ H&E staining was performed on colon sections obtained from BM chimeras

Microbiota composition is associated with inflammation in BM
chimeras

Next, a microbiome analysis of cecal contents obtained from
macroscopically healthy B6-//70~~ and BC-R3-//10~'~ mice housed
in Barrier | and Barrier Il was performed. The microbiota analysis
revealed distinct diversity between the two barriers (Fig. 5a, b)
and between the mice bred in Barrier | (Fig. 5b). However, the
overlap of the microbial composition between B6-/70~'~ and BC-
R3-1/10~’~ mice housed in Barrier | was much lower than that
observed in Barrier Il (Fig. 5¢c). Firmicutes were the most prevalent
phylum, and the majority belonged to the family Lachnospiraceae.
The second prominent phylum detected was Bacteroidetes, while
bacteria of the phyla Proteobacteria, Actinobacteria or Verruco-
microbia were found only rarely (Fig. 5d). Furthermore, almost no
bacteria of the genera Ruminococcus (2.25+2.49 sequences),
Roseburia (2.63 £2.26 sequences) or Akkermansia (0.63 +0.92
sequences) were identified, and no Helicobacter spp. were
observed in Barrier II.

Although the major phylum detected was still Firmicutes, the
ratio between Firmicutes and Bacteroidetes changed (Barrier I: B6-
1110~"~ 2:1 and BC-R3-/10"/~ 2:1; Barrier Il: B6-110'~ 7:1 and BC-
R3-/10~’~ 8:1), and a greater amount of Proteobacteria was
identified in Barrier |, especially in BC-R3-/70~/~ mice. Moreover,
elevated levels of Ruminococcus (1.55% of total bacteria),
Roseburia (0.06% of total bacteria) and Akkermansia (0.06% of
total bacteria) were observed in Barrier | compared with those in
Barrier Il. In addition, Clostridia spp. of the cluster XIVa was

o
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decreased. These differences in the microbial composition of
Barrier | and Il animals might be responsible for the increased
inflammatory phenotype of mice bred in Barrier I. Thus, our data
suggest that the composition of the microflora has an impact on
the induction of spontaneous colitis in the //710~~ mouse model.

T cell transfer induced colitis is not modified by Larp7 and Alpk1
Because the hematopoietic compartment of congenic mice seems
to be a potential inducer of inflammation in the intestine, a T cell
transfer was performed using naive T cells isolated from BC-R4-
110"~ and BC-R8-I10~/~ mice transferred into B6-Rag? ™'~ mice.
These congenic mouse strains were selected to discriminate the
effects of Alpk1 and Larp7 alleles derived from B6-110~'~ in BC-R4-
1110~ and from C3Bir-Il10~/~ in BC-R8-110~'~ mice (Fig. 1). T cell
transfer was performed, and 6-7 weeks later, a histopathological
analysis of the colon revealed higher histological scores in
recipients of BC-R8-I10~'~ cells compared to recipients of BC-
R4-1110~'~ cells (Fig. 6a). Increased lymphocytic infiltration, crypt
hyperplasia and goblet cell loss, crypt abscesses and crypt
architecture destruction were present in the recipients of BC-R8-
11107~ cells (Fig. 6a). Thus, genes within CdcsT expressed in naive
T cells from BC-R8-/110~'~ mice seem to induce increased colonic
inflammation. mRNA expression of Larp7 in lymphocytes revealed
similar expression levels in all substrains (Fig. 6b), although
different expression was observed for Alpk1. B6-l10~'~ and BC-
R4-1110~'~, which share the same genetic fragment, showed slight
Alpk1 expression levels while BC-R8-110~/~ and C3Bir-ll10~/~ mice

Mucosal Immunology (2019) 12:691-702
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Fig. 4 Cdcs1-dependent inflammation in SPF-housed BM chimera mice. MRI (a) and histological scoring (b) of BM chimeras bred in Barrier Il
were performed 7 weeks after generation (n = 3-4). Significant differences in unpaired t-test are indicated by *P < 0.05; ***P < 0.001. ¢ H&E

staining of colon tissue obtained from BM chimeras

showed increased expression levels (Fig. 6b). To investigate the
impact of Alpk1 in T cell transfer experiments, B6-Alpk1~'~ mice
were used. Eight weeks after transfer, mice were sacrificed and the
colons were histologically analyzed (Fig. 6c). Both groups
developed intestinal inflammations, and no histopathological
differences were detected in the transfer of naive T cells isolated
from B6 or B6-Alpk1 ™'~ mice. Thus, neither Larp7 nor Alpk1 seem
to be involved in colitis development in a T cell-dependent
manner.

Ifi44 as a candidate gene in T cell transfer-induced colitis

The severe colitis phenotype caused by BC-R8-/70~'~ but not by
BC-R4-110~"~ T cells might be caused by the C3Bir-fragment
between 125.7 to 129.0 Mbp or the distal part starting at
144.3 Mbp. To resolve this question T cell transfer was performed
using naive T cells isolated from B6-1/70~/~, BC-R2-110~'~ or
BC-R3-/I10~/~ mice, and recipient animals were necropsied 4 weeks
after transfer. The histopathological analysis of the colon revealed
colitis in all animals (Fig. 7a). Lesions observed in the colon were
characterized by massive lymphocytic infiltration, crypt hyperpla-
sia and goblet cell loss. However, recipients that received adoptive
transfer of BC-R3-110~'~ T cells displayed a significantly higher
histopathological colitis phenotype, which included epithelial
ulceration, crypt abscesses and destruction of the crypt architec-
ture. To more precisely characterize the T cell response in the
colon, we determined the cytokine and transcription factor
expression levels by gPCR and flow cytometry. The gene
expression levels of Tbx21, a master transcription factor for the

Mucosal Immunology (2019) 12:691 -702

Th1 response, Ifn and Tnfa were higher in the colon tissue of
animals that received cells from B6-1110~'~, BC-R2-I10~'~ and BC-
R3-//70'~ mice than those in untreated B6-Rag1 /'~ mice (Fig. 7b).
No differences were observed in Rort expression. ll17a was not
detected by qPCR in whole colon tissue. However, stimulated BC-
R3-i10~/~ T cells showed enhanced IL17A production and a
slightly increased amount of RORyt-positive cells (Fig. 7c).
Altogether, T cells from all strains mainly cause a Th1 response
after adoptive transfer, although BC-R3-/10~'~ T cells exhibited a
higher proportion of Th17 response (IL17A%)-positive cells.
Because intestinal inflammation in mice that had received
T cells isolated from BC-R2-/10~~ mice was reduced compared
with that of BC-R3-//70~/~ mice, the focus was put on the distal
region of MMU3 starting at rs47978238 (144.877822 Mbp).
Because this fragment was contained in the original Cdcs?
interval,> we provisionally denominate this interval as Cdcs1.4.
To identify candidate genes in the Cdcsi.4 interval, microarray
data were obtained from naive T cells, which revealed 5 genes
were upregulated and 4 genes were downregulated in BC-R3-
110~ but not in BC-R2-/I10~/~ T cells compared with B6-110~/~
T cells (Fig. 7d). Only Ifi44 and Ifi44] were located in the Cdcs1.4
region. Ifi44 was previously found to be expressed at a higher level
in C3H mice in mucosal response to bacterial colonization.'* A
gPCR analysis of the gene expression of /fi44 in T cells re-isolated
after adoptive transfer confirmed the low expression in B6-1110~/~
and BC-R2-/170~/~ mice but increased expression in BC-R3-110~/~
T cells (Fig. 7e). In addition, a western blot analysis of IFI44 in naive
T cells was consistent with the microarray results (Fig. 7). Thus, the
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genus level) of mice housed in Barrier | and Barrier Il was determined. Here, “unclassified” represents sequences that were not reliably assigned

a genus by the classifier and binned into higher-order taxonomy

distal part of MMU3 seems to contribute to intestinal inflamma-
tion in a T-cell-dependent manner. This new Cdcs1.4 region (144 to
155 Mbp) includes Ifi44 as a candidate gene involved in a
detrimental Th17 response when IL10 control is absent.

DISCUSSION

IBD is a multifactorial human disease suggested to be dependent
on genetic background, microbes and environmental factors. //10-
deficient mice are a suitable animal model for IBD.' Several //10-
deficient inbred mouse strains have shown that colitis severity
depends on the genetic background of the respective strain.
Linkage analysis using F2 and N2 populations derived from B6-

o
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1110~'~ and C3Bir-l10~/~ mice revealed 10 QTLs (Cdcs! to
Cdcs10)>"" Thus, Cdcs1 on chromosome 3 was identified as the
major modifier for colitis susceptibility.>®'" BC-R2-1110~/~, BC-R3-
1110~'~, BC-R4-1110~"~ and BC-R8-110~'~ are subcongenic inbred
strains on a B6 background, and they received their Cdcs1
fragment from the IBD-prone inbred strain C3Bir-//70~/~. These
subcongenic lines have been developed to enable fine mapping
of Cdcs1 using microsatellite markers and estimations of fragment
length '? and they are valuable for demonstrating that Cdcs7 is a
very complex locus that is split into at least three subfragments
(Cdcs1.1, 1.2 and 1.3). In the present study, all subfragments were
detected at the expected length, illustrating the stable inheritance
of these fragments.

Mucosal Immunology (2019) 12:691-702
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(n=11-12, samples from two experiments)

To investigate the impact of the hematopoietic compartment
regarding the impact of Cdcsl, bone marrow transplantation
experiments between congenic BC-R2-l10~/~ or BC-R3-1110~/~
and B6-110~'~ animals were performed. However, congenic mice
harbor the risk of a GvH reaction during BM chimera experiments
because of potentially incompatible donor genetic elements. A
GvH is primarily caused by the remaining T cells in the graft
reacting against surface proteins such as MHC molecules of the
host,*? although it can also evolve due to minor histocompatibility
complexes potentially located in the congenic element. In
humans, approximately 40% of stem cell transplantations with a
matched MHC between the donor and recipient lead to a GvH
caused by minor histocompatibility complexes.>*

An MHC-dependent acute GvH reaction was excluded in this
study by the MegaMUGA SNP array, which confirmed the B6-
derived MHC-haplotype on MMU17 in all congenic mice.
Furthermore, MLC did not reveal increased proliferation of B6-
1107/~ T cells against those isolated from BC-R2-110~'~ or BC-R3-
1110~’~ mice and vice versa. A chronic GvH reaction due to the
congenic element would almost be histologically indistinguish-
able from Cdcsi-mediated intestinal inflammation.>> However,
cGVH reaction is characterized by apoptotic bodies, cytoid bodies,
hyperkeratosis, subepidermal clefts and thickened dermis in the

Mucosal Immunology (2019) 12:691 -702

skin and the head.3® Histological determination of abdominal skin
and epidermal and mucosal surfaces on the head revealed no
signs of cGvH in the present study. Therefore, a GvH reaction did
not represent a likely cause of the intestinal inflammation in BM
chimeras.

Although the Cdcs1 locus is associated with a disturbed immune
response,'>32 a final confirmation of the relevant cell population is
still missing. In this study, the hematopoietic compartment of BC-
R3-110~/~ mice harboring the longest C3Bir-derived Cdcs? locus
was a potent inducer of inflammation in the intestine. This finding
is in line with previously data showing that after stimulation by
CBir1 flagellin, BMDM of C3Bir mice produced reduced levels of
proinflammatory cytokines, while T cells showed increased
proliferation compared with those from B6 mice.'® In addition,
genetic modifiers in other IBD-related models mapped to the
same genomic region (Hiccs, Cdcs1TRUC, Gpdc1),'*2"~*° and one
of these studies identified the hematopoietic cell population as
the pivotal compartment for colitis induction.'® Therefore, we
produced BM chimeras using recipient mice bred in two different
hygienic barriers, including a strict breeding barrier (Barrier Il) and
an experimental SPF barrier (Barrier I). The strict breeding barrier
displayed lower microbial complexity, a higher Firmicutes/
Bacteriodetes ratio, and an increase in Proteobacteria. The two
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major bacteria phyla detected in humans and mice are Firmicutes
and Bacteriodetes,”*' followed by Proteobacteria and Actinobac-
teria.” However, an altered Firmicutes/Bacteroidetes ratio as well
as an increase in Proteobacteria and Actinobacteria was described
in IBD patients.”?'° In the literature Akkermansia (with the only
species Akkermansia muciniphila) is found to both worsen
intestinal inflammation and improve metabolic disorders.#4**3 A
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recently published work found no impact of A. muciniphila on the
induction of chronic intestinal inflammation.** Furthermore, the
number of Clostridia cluster XIVa was decreased in mice housed in
Barrier |I. The Clostridia cluster XIVa favors the development of
Tregs ** and may produce short chain fatty acids, which seem to
have anti-inflammatory properties.***” In addition, the bacterial
diversity was reduced in patients with UC.>484°

Mucosal Immunology (2019) 12:691-702
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Fig. 7 T cell-mediated colitis development identified /fi44 as a candidate gene. a Histological scoring of animals that received cells isolated
from B6-1110~'~, BC-R3-/110~'~ and BC-R2-/I10~'~ mice (n = 6-12, **P < 0.01, samples from two independent experiments). Representative H&E
stained histological slides of the distal colon that received naive T cells isolated from B6-/10~'~, BC-R3-1110~'~ and BC-R2-//10~~ animals. b The
gene expression levels of Tbx21, Rort, Ifn and Tnf measured in the proximal colon of B6-Rag1 '~ animals compared with those in B6-Rag1 '~
animals, which received cells from B6-110~'~, BC-R3-1110~/~ and BC-R2-/110~/~ mice. The relative quantification (RQ) of gene expression was
measured by gqPCR and referred to a reference sample set to 1 (n =4-12; mean = SEM; samples from two independent experiments). ¢ The
percentage of IL17A*, RORyt™, IFNy" and TNFa™ CD3*CD4™" T cells of animals, which received T cells isolated from B6-1/10~/~, BC-R3-1I10~/~ or
BC-R2-110~"~ mice, was determined by flow cytometry (n = 3-9; mean + SEM; * P < 0.05, samples from two independent experiments). d Heat
map of genes differently expressed due to the distal MMU3. Naive T cells from BC-R3-/l10~'~ or BC-R2-//70~'~ mice were compared with B6-
o'~ samples (n =2, fold change > 2, intensity cutoff > 50). e Relative quantification (RQ) in gene expression of /fi44 in colitogenic T cells is
based on a reference sample set to 1 (n=4-8, mean = SEM; * =P < 0. 05, ***=<0.001, samples from two independent experiments).
f Densitometric quantification of IFI44 by western blot of lysates from naive T cells isolated from B6-//70~/~, BC-R3-//10~/~ or BC-R2-1110~/~

< normalized to the internal control GAPDH (n = 5). Representative western blot of IFI44 and GAPDH protein expression

In the present study, compositional differences of the gut
microbiota were associated with intestinal inflammation, suggest-
ing that gut bacteria play a role in colitis development in the
chimera model. While hematopoietic cells carrying the suscept-
ibility Cdcs? haplotype exerted similar detrimental effects under
both barrier conditions, the cells carrying the resistant haplotype
induced colitis under high microbiome complexity conditions
only. Therefore, the detrimental Cdcs? effect mediated by
hematopoietic cells is independent of the microbiome composi-
tion of the host. However, this finding also confirms our previous
hypothesis ' that microbiome effects can supersede genetic
susceptibility in the //70-deficiency model.

A candidate gene analysis revealed that various genes differed
in the sequence and expression patterns between susceptible and
resistant mice and showed that some of these genes may be
pivotal in the induction of colonic inflammation. /i44, Larp7 and
Alpk1 are genes located on MMU3, and Larp7 and Alpkl are
specifically located within Cdcs1.3. In this study the pivotal role of
Larp7 as well as Alpk1 in the induction of T cell-dependent colitis
induction was excluded. Larp7 was found to be similarly expressed
in lymphocytes in all substrains, thus indicating a minor role in T
cell proliferation or activation. Although Alpk1 was expressed at a
higher level in lymphocytes harboring the susceptible Cdcs1
fragment, the T cell transfer experiments using naive T cells from
knockout mice showed no differences in colitis development. This
result is consistent with the findings of Ryzhakov et al., who very
recently published similar results.'” However, they were able to
show that Alpk? impacted IL-12 production in phagocytes in a
Helicobacter hepaticus-induced colitis model. Thus, Alpk1 seems to
be a good candidate gene for colitis development.

In this study, the naive T cells of BC-R8-//70~/~ mice exerted a
pronounced colitogenic effect due to the C3Bir haplotype of Cdcs1
compared with the T cells from BC-R4-I110~/~ mice with the
B6 haplotype. These findings suggest a colitogenic region of
Cdcs1 that is proximal or distal to the congenic fragment of BC-R4-
I10~"~ animals. T cell transfer experiments using BC-R2-110~/~
and BC-R3-/110~'~ mice excluded the relevance of the proximal
region in this experimental setup, and a distal colitogenic region
called Cdcs1.4 was newly identified. This colitogenic effect is likely
mediated by a Th17-mediated response. Therefore, within the
hematopoietic compartment, CD4" T cells play a pivotal role in
Cdcs1-mediated  hyperresponsiveness. A gene-array analysis
revealed /fi44 as a candidate gene located at 151.730922 to
151.749959 Mbp, and its expression is higher in naive T cells of BC-
R3-1710~'~ mice. Until now, IFI44 was identified to have
antiproliferative activity,”® and it seems to be involved in an
appendicitis and appendectomy colitis model "> and genotype-
specific host responses to commensal gut bacteria.'®

In summary, this study clearly indicates the pivotal role of Cdcs1
in the induction of colitis by hematopoietic cells. Microbiome
effects determine colitis severity in this model, while Cdcs1 likely
exerts its effect in the hematopoietic compartment independent
of microbiome composition. These effects certainly underlie the
complexity of IBD development. Furthermore, Larp7 and Alpk1

Mucosal Immunology (2019) 12:691 -702

could be excluded as candidate genes but /fi44 seems to have an
impact in T cell-mediated colitis development.
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