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Abstract

Background and Aims: Crohn's disease is a debilitating chronic inflammatory disorder of the mammalian gastrointestinal tract. Current inter-
ventions using anti-tumour necrosis factor [anti-TNF] biologics show long-term benefit in only half of patients. This study focused on the role of
the TNF receptor 1 [TNFR1] in pathogenesis in a TNFdriven model of ileitis.

Methods: We studied TNFAAUTichelementaREL+ [TNFJARE] mice, which develop progressive ileitis similar to Crohn's ileitis. Histopathological analysis
and gene expression profiling were used to characterize disease progression from 5 to 16 weeks. Mice with TNFR1 hemizygosity [TNFAARE/
R1het] allowed us to assess gene dosage effects. Transcriptional profiling established inflection points in disease progression; inflammatory
gene expression increased at 8 weeks with a plateau by 10 weeks, so these were selected as endpoints of treatment using the TNF biologic
infliximab and the TNFR1-specific XPro1595. Differences in recruitment of cells in the lamina propria were assessed using flow cytometry.

Results: TNFAARE/R1het mice displayed stable long-term protection from disease, associated with decreased recruitment of CD11b"F4/80°
monocytes and CD11bMLy6G" neutrophils, suggesting an important role of TNFR1 signalling in pathogenesis, and indicating potential benefit from
TNFR1-specific intervention. Treatment with infliximab and XPro1595 both showed a similar impact on disease in TNFAARE mice. Importantly,
these beneficial effects were greatly surpassed by hemizygosity at the TNFR1 locus.

Conclusions: Treatment with either infliximab or XPro1595 produced moderate protection from ileitis in TNFAARE mice. However, hemizygosity
at the TNFR1 locus in TNFAARE mice showed far better protection, implicating TNFR1 signalling as a key mediator of TNF-driven disease.
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1. Introduction

Crohn’s disease [CD] is a chronic, relapsing and remitting
inflammatory condition of the mammalian gastrointestinal
tract that primarily affects the small intestine, specifically the
terminal ileum. Although clinical features of this disease vary
broadly depending on the disease phenotypes, it is commonly
diagnosed with chronic diarrhoea, abdominal pain, fever and
weight loss."? Attempts to identify factors driving this disease
have led to the discovery of several susceptibility genes and
a better understanding of the involvement of dysregulated
immune responses in the disease pathogenesis. Studies using
preclinical mouse models of CD have revealed the influence of
diet, metabolism and intestinal microbiota and illustrated the
contributions of genetics and proinflammatory cytokines in
the development of CD.3~ Elevated mucosal levels of tumour
necrosis factor [TNF]a has been associated with the aetiology
of this disease®” and thus, over the years, various therapeutic
agents have been designed to target this proinflammatory
cytokine.

TNFa is a pleotropic cytokine, which regulates pathways
involving intestinal mucosal homeostasis as well as inflamma-
tion. TNF interacts with two transmembrane receptors, TNF
receptor 1 [TNFR1] and TNFR2, to exert a broad spectrum of
biological functions transcending immune system regulation
and neuropathology.®’ Both soluble and membrane-bound
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forms of TNF bind to both the receptors, but soluble TNF
primarily activates TNFR1!® whereas membrane-bound
TNF is a more potent ligand for TNFR2."! TNFR1 is ubi-
quitously expressed in the host and predominantly mediates
pro-inflammatory and pro-apoptotic signalling pathways;
TNFR2, by contrast, is primarily expressed on haematopoi-
etic and endothelial cells and exerts neuroprotective functions
and also promotes tissue regeneration and homeostasis.'>!*

Treatment with anti-TNF antibodies has been an integral
part of IBD therapy for the last two decades but existing
therapeutics are not universally effective. About 30% of pa-
tients respond to anti-TNF therapy but almost 50% lose clin-
ical benefits within the first year of their treatment.!> While it
is an ongoing challenge to understand the underlying mech-
anisms of clinical non-response in patients, it is also crucial to
develop broadly effective therapeutic approaches.

In the present work, we characterized the role of TNFR1 in
the pathogenesis of CD using TNFAARE mice, which harbour
a mutation in a regulatory element in the TNFa transcript re-
sulting in over-production of TNFa; these mice exhibit many
features similar to Crohn’s ileitis in humans.'® To this end, we
have developed a method based on the transcriptional expres-
sion of a distinct set of genes that correlate with the trajec-
tory of progressive ileitis in these mice. Using infliximab and
a TNFR1-specific inhibitor [XPro1595] in a controlled drug
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intervention study, we show that these therapeutic agents
produced a similar degree of protection in TNFAARE mice.
Interestingly, protective effects were more robust and stable in
TNFdARE/R1het mice, which underlines the potential bene-
fits of selective targeting of TNFR1 over global TNF blockade
in the treatment of CD.

2. Materials and Methods

2.1. Animals

Animal studies were performed using IACUC-approved proto-
cols and following guidelines from University of California,
Riverside [UCR] and the National Institutes of Health [NIH].
TNFJARE mice were obtained from Dr Fabio Cominelli at
the Case Western Reserve University to establish a breeding
colony and TNFdARE/R1het mice were generated by back-
crossing with TNFR1-- mice [Jax strain #003242; Jackson
laboratory] maintained in a C57BL/6 background in our
vivarium. TNFdARE mice were backcrossed to peptidogly-
can recognition protein-S [PGRP-S]-dsRed transgenic mice'”
to generate TNFdARE/PGRP-S-dsRed [dsRed+TNFdARE]
mice. TNFdARE/occludin-eGFP double transgenic mice were
generated by backcrossing dsRed+TNFdARE/R1het mice
with villin-eGFP-occludin transgenic mice [obtained from Dr
Jarrold R. Turner at the Brigham and Women’s Hospital and
Harvard Medical School] where expression of the occludin-
eGFP fusion reporter transgene was regulated by the villin
promoter.’® Some TNFJARE mice used in this study had
mixed genetic backgrounds as they were generated by back-
crossing TNFdARE mice on a C57BL/6] background with
PGRP-S-dsRed mice that had been maintained on a mixed
background with suspected BALB/c contamination of un-
known amount. In separate studies, TNFdARE mice were
backcrossed with BALB/c] mice [Jax strain #000651; Jackson
laboratory] so that F1 generation mice could be compared
with the TNFdARE mice harbouring suspected mixed back-
grounds. Mice were maintained in a conventional specific
pathogen-free facility at UCR and provided food and inhouse
RO water ad libitum.

TNFJARE mice [8 weeks old] were intraperitoneally
administered with either BSA [10 mg/kg; Invitrogen] or
XPro1595 [10 mg/kg; INmuneBio Inc.] and either Isotype
control [human IgG, ; 100 pg per mouse; Southern Biotech]
or infliximab [100 pg per mouse; Pfizer Inc.] twice a week
for 15 days before being killed at 10 weeks to determine
benefits from therapeutic drugs. Mice were anaesthetized
with isoflurane [Covetrus] and killed by cervical dislocation.
Approximately 1 cm of the distal ileum was dissected and
stored in 1 ml RNAlater [Invitrogen] at —-80°C for RNA ex-
traction. Then, 2-2.5 cm of the remaining distal ileum was
cut into ~1-mm pieces, half of which were embedded in
OCT, snap frozen in liquid nitrogen and stored at —80°C for
cryosectioning. The remaining tissue pieces were fixed in 10%
neutral buffered formalin [NBF] at 4°C for 24 h, which were
then washed twice with chilled 1x phosphate buffered saline
[PBS] and then stored in 70% ethanol at 4°C until further
processing.

2.2. RNA extraction

Tissues were removed from RNAlater and ~10-15 mg was
used to extract RNA using an RNeasy kit (Qiagen) follow-
ing the manufacturer’s instructions. Genomic DNA was di-
gested using DNase Max kit [Qiagen] and RNA was eluted in
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RNase-free water. The concentration of RNA was measured
using a NanoDrop 2000 [Thermo Scientific].

2.3. Gene expression analysis

Extracted RNA was diluted in RNase-free water and 50 ng was
run on an nCounter Sprint Profiler [Nanostring Technologies]
using the nCounter Mouse Immunology Panel following the
manufacturer’s instructions. Transcriptional expression of a
total of 561 genes was assessed using the nSolver 4.0 software
and false discovery rates were calculated by the Benjamini—
Hochberg method. Normalized data were used to calculate
fold changes in gene expression unless otherwise stated.

Differences in intestinal immune gene expression profiles
[from the nCounter Mouse Immunology Panel] for each
mouse sampled were analysed using principal component
analyses [PCAs]" using the DEseq2 package in R version
4.0.3 [R version 4.0.3; R Core Team 2020]. We used regu-
larized log transformation to transform the gene expression
data, using the rlog function. Matrices were constructed as
data points projected onto the 2-D plane, such that the vari-
ance is maximized. As dimensions were reduced, they spread
out in two directions to explain most of the differences in
the data. The x-axes [labelled as PC1] in the ordination space
represent the first principal component, which separates data
points to represent the most variation in the dataset; y-axes
[labelled as PC2] are orthogonal to PC1 and separate data
points to represent the next greatest amount of variation
within these gene expression datasets, across mouse geno-
types or ages. We used the function plotPCA to visualize
these PCA plots in R [R version 3.2.1; R Core Team 2017].
We conducted differential gene expression analyses with the
data object dds as the input for the function DESeq. DESeq2
performs a hypothesis test for each gene to see whether the
observed data provide enough evidence for confirming sig-
nificant differences in differentially expressed genes across
experimental conditions. The p-values were adjusted to con-
trol for multiple comparisons using the Benjamini-Hochberg
method. We compared the probability that a log2 FoldChange
in gene expression would change due to one group, as com-
pared to another sample group. Normalized raw data tables
mentioned in the text [Supplementary Tables] have been
posted to Dryad: [doi:10.5061/dryad.8cz8w9gr4].

2.4. Histology

Distal ileal tissues fixed in 10% NBF were processed in an auto-
mated processor, paraffin-embedded and sectioned at 5-pm
thickness for haematoxylin and eosin [H&E] staining. Images
were acquired using Keyence BX-X710 [Keyence Corp.].
Image composites were generated using Adobe Photoshop
22.4.2 and scored for accumulation of immune cells in the
villi and alterations in villous architecture on a scale of 1 to
4; 1 = healthy villi; 2 [mild disease] = <50% of the total num-
ber of villi counted had infiltrates with incidence of villous
blunting; 3 [moderate disease] = >50% but <75% of villi had
infiltrates with higher incidence of villous blunting, villous
clubbing may be visible; and 4 [severe disease] = >75% of
villi had infiltrates with severe villous blunting and increased
presence of clubbed-shaped villi.

Formalin [10% NBF]-fixed paraffin-embedded tissues were
used for Alcian Blue staining to identify goblet cells. After
deparaffinization and hydration, tissues were stained with
Alcian Blue reagent for 30 min. Then, tissues were washed
and counterstained with nuclear Fast Red for 5 min. Before
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mounting, tissues were washed, dehydrated and cleared in xy-
lene. Mucus-containing goblet cells were enumerated in 20
villi per sample and an average was calculated to determine
the number of mucus-containing goblet cells per villus.

For immunostaining, frozen tissues were sectioned at 15-
pm thickness in a cryostat and fixed in 4% paraformaldehyde
[PFA[ before permeabilization with 0.5% Tween-20/1x PBS
followed by blocking in 0.1% Tween-20/1x PBS containing
5% normal goat serum. Tissue sections were stained with an
antibody against B220 conjugated with fluorescein isothio-
cyanate [FITC; eBioscience] or Alexa Fluor 488 [eBioscience],
and DAPI [Invitrogen] was used to stain nuclei. Images were
acquired using a spinning-disc confocal microscope [Zeiss]
and analysed using Image] software and Adobe Photoshop
22.4.2.

2.5. lIsolation of immune cells from small intestinal
lamina propria

Small intestines were dissected from mice and cut longitudin-
ally to remove faecal material by washing in chilled 1x PBS.
Tissues were cut into ~5-mm pieces and treated with HBSS
medium supplemented with 5% fetal bovine serum [FBS],
1 mM DTT and 2 mM EDTA to remove mucus and loosen
cell junctions. Next, tissues were incubated in a solution con-
taining HBSS medium supplemented with 5% FBS and 2 mM
EDTA to strip epithelial cell lining followed by digestion in
RPMI supplemented with 5% FBS, collagenase D [Roche]
and DNase I [Worthington]. Digested tissues were mechan-
ically dissociated with a 3-mL syringe plunger and lamina
propria cells were washed with DMEM [with a high concen-
tration of glucose] supplemented with 5% FBS while filtering
successively through 100- and 40-pum cell strainers. Cells were
pelleted by centrifuging at 2000 r.p.m. for 5 min at 4°C and
then stained.

2.6. Flow cytometry

Small intestinal lamina propria cells were resuspended in a
1:50 dilution of F_. block [BD Pharmingen; Clone 2.4G2] in
FACS buffer containing 5 mM EDTA and incubated on ice for
10 min. Cells were then stained with fluorophore-conjugated
primary antibodies for 30 min on ice before fixing with 2%
PFA: anti-CD435 FITC [BioLegend; clone 30-F11], anti-CD19
APC [BD; clone 1D3], anti-CD3 Alexa Fluor 700 [BioLegend;
clone 17A2], anti-Ly6G BV510 [BioLegend; clone 1AS8],
anti-F4/80 PE [BioLegend; clone BMS8] and anti-CD11b
BV421 [BioLegend; clone M1/70]. Splenocytes were used
for single colour controls. Samples were run on a NovoCyte
Advanteon Flow Cytometer system [Agilent] and data ana-
lysis was performed using Flow]Jo [version 10.7.1].

2.7. Statistical analysis

All data presented are shown as mean = SD unless otherwise
mentioned. Statistical analysis was performed using Prism
software 9.1.2 [GraphPad]. Statistical significance was cal-
culated by either Student’s #-test with Welch’s correction or
non-parametric Mann—Whitney U test.

3. Results

3.1. Characterization of progressive ileitis in
TNFJARE mice

In this study, we used TNFdARE mice to investigate the role
of TNFR1 in progressive ileitis and to compare the benefits
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of global TNFa blockade vs selective modulation of TNFR1.
We used transcriptional profiling of immune-related genes as
a primary method to characterize disease progression in 5- to
16-week-old TNFAARE mice. Figure 1A shows relative quan-
tification of an array of genes, which were upregulated in
TNFJARE mice in comparison to wild-type [WT] littermate
controls. These genes showed unique expression trajector-
ies accompanied by either a gradual or sharp upregulation
starting from 8 weeks that plateaued after 10 weeks except
$100a8 and S100a9, which continued to increase over time.
Based on these differential patterns of expression, subsets
of genes were categorized into four clusters; ‘Cluster 1’ en-
compassed S100a8 and S100a9 that showed high induction
early around 6 weeks, followed by a slight decline and then a
steady increase; ‘Cluster 2° only had Ccl2 that showed early
high expression followed by a slow and shallow upregulation
up to 16 weeks; C3 and Il1b were included in ‘Cluster 3’,
which showed steady upregulation from 5 to 10 weeks,
reaching a plateau thereafter; and ‘Cluster 4’ included a group
of genes that showed sharp upregulation starting no sooner
than around 8 weeks and reaching a plateau at 10 weeks,
stabilizing in expression thereafter. These findings point
to a main inflection point in disease progression at around
8 weeks associated with abrupt upregulation in expression of
proinflammatory genes that, for many genes, stabilized at a
plateau after 10 weeks. Based on this gene expression profile,
we selected 8 and 10 weeks as the start and endpoints, re-
spectively, as a susceptible period to evaluate drug therapeutic
effects.

Fold changes in expression of genes in the immunology
panel are given in Supplementary Table 1. Some mice used in
these experiments had suspected mixed genetic backgrounds.
We compared expression of selected proinflammatory genes
from the gene clusters described above in 10- to 11-week-
old inhouse TNFAdARE mice harbouring suspected mixed
[C57BL/6;BALB/c] genetic backgrounds and TNFAdARE mice
heterozygous for BALB/c genetic background to determine
differences in disease activity. We observed no significant
differences in fold changes of proinflammatory gene expres-
sion [Supplementary Figure 1], suggesting no significant im-
pact of mouse genetic background on progressive ileitis in
TNFdJARE mice. A normalized dataset with fold changes in
gene expression in TNFAARE-BALB/c F1 mice is included
in Supplementary Table 2.

Using PCA, we illustrate the trajectory of disease progres-
sion of TNFAARE mice from 5 to 16 weeks of age, along
with comparisons to WT littermates [Figure 1B]. At early
time points, 5- and some 7-week-old TNFAdARE mice clus-
tered closer to their WT littermates, showing that the gene
expression profiles of these mice were, to some extent, com-
parable without clear evidence of disease. As mice got older,
gene expression changes representative of progressive ileitis
drove segregation of the TNFAARE mice further away from
younger mice as well as WT littermates. Moreover, among
the oldest TNFAARE mice, individual differences further in-
creased, with greater scatter of these data points. Interestingly,
16-week-old TNFAARE mice were clustered together, sug-
gesting a stable end-stage of disease. We did not observe
any noticeable influence of gender on ileitis progression in
TNFdJARE mice [data not shown].

To quantitatively assess the severity of disease pathogenesis
in TNFdARE mice, we performed histopathological scoring on
H&E-stained intestinal tissue sections from mice of different
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Figure 1. Characterization of ileitis progression in TNFAARE mice. [A] Kinetics of differential expression of gene clusters in 5- to 16-week-old TNFAARE
mice. Data were normalized to WT littermate controls at each time point. [B] PCA plot showing the spatial distribution of 5- to 16-week-old TNFAARE
mice and WT littermates across a two-dimensional plot; n = 3-9 mice per genotype. [C] H&E staining on paraffin-embedded terminal ileal tissue
sections obtained from 5- and 10-week-old TNFAARE mice and WT littermates. Villi blunting in 10-week-old TNFAARE mice indicated in black arrows;
scale bar = 50 pm. [D] H&E-stained ileal tissue sections from WT and TNFAARE mice were scored for villous aggregates of immune cells, surface
epithelial integrity and villous blunting [n = 3-7 mice per genotypel. [E] B cell staining [yellow arrows] with aB220 [FITC] antibody on ileal cryosections
obtained from 10-week-old PGRP-S-dsRed+ WT and TNFAARE mice showing neutrophil [dsRed+] accumulation [white arrows] in the villi. Nuclei stained
with DAPI. Scale bar = 50um; n = 3-5 mice per group. *, p < 0.05; **, p < 0.01 calculated by Student's t-test with Welch's correction.

ages [Figure 1C and D]. The scoring strategy was primarily
based on two criteria: accumulation of immune cells in the
lamina propria and increased incidence of villous clubbing,
defined here as accumulation of infiltrating immune cells near
the tip of the villi, with narrowing of the villi below the ac-
cumulated infiltrates. Increased accumulation of immune
cells was observed in the lamina propria of both younger

[5—6 weeks old] and older [8, 10 and 16 weeks old] TNFdARE
mice compared to that in WT littermates, suggesting an early
recruitment of proinflammatory cells that may drive disease
progression in these mice. Interestingly, villous clubbing ap-
peared to be more extensive in the older TNFdARE mice,
which was also accompanied by an increased incidence of vil-
lous blunting, here defined as a flattening of the villous tip
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due to accumulated infiltrates [Figure 1C, lower panel to the
right], previously identified as a distinct feature of progres-
sive ileitis in TNFAARE mice.'® Additionally, we performed
immunostaining on ileal cryosections obtained from 10-week-
old dsRed+ WT and TNFdARE mice to ascertain infiltration
of neutrophils and B cells in the villi. Unlike WT littermates,
dsRed+ TNFAARE mice exhibited increased accumulation of
neutrophils and B cells in the villi, suggesting marked acute
and chronic inflammation consistent with progression of ile-
itis [Figure 1E].

3.2. Stable protection from ileitis in TNFdARE/
R1het mice

Our preliminary observations suggested that TNFdARE/
R1het mice were, to some extent, protected from severe ileitis.
We decided to focus on TNFdARE/R 1het and not TNFAARE/
R1 knockout mice in this study because TNFdARE/R1
knockout mice have been described previously!®?® and be-
cause TNFR1 hemizygosity may more closely physiologically
resemble the effects of TNFR1-targeted therapeutics than a
homozygous knockout system as therapeutic strategies rarely
achieve complete blockade of any receptor signalling system
in vivo.

To characterize the protective effects in TNFAARE/R1het
mice, we first compared gene expression profiles of TNFdARE
and TNFdARE/R1lhet mice and focused on selected
proinflammatory genes from the gene clusters described in
Figure 1A. Quantification of these genes revealed distinct
suppression of progressive ileitis in 8-week-old TNFdARE/
R1lhet mice, which became more pronounced at 10 and
16 weeks [Figure 2A-C]. This was supported by PCA show-
ing a clear distinction in the overall gene expression pheno-
types of TNFAARE and TNFAARE/R1het mice at 16 weeks
of age [Figure 2D]. Normalized datasets with fold changes
in expression of genes in the immunology panel are shown
in Supplementary Table 1. Interestingly, histological analysis
of intestinal tissues from 8-, 10- and 16-week-old TNFAdARE
and TNFdARE/R1het mice showed almost overlapping de-
grees of immune cell accumulation in the villi, and villous
clubbing was also noticed, although to a lesser extent, in the
latter [Figure 2E and F] suggesting no significant contribution
of TNFR1 hemizygosity on histological benefits at least up to
16 weeks of age. Overall, these results reveal that TNFAdARE/
R1het mice developed a stable, low-grade ileitis phenotype
in contrast to the progressive severe disease in TNFdARE
mice, suggesting a critical role of TNFR1 signalling in disease
pathogenesis. We enumerated goblet cells in 10-week-old
WT, TNFdARE and TNFdARE/R1het mice to investigate
the effect of chronic inflammation or TNFR1 hemizygosity
respectively on goblet cell differentiation. We observed sig-
nificantly increased numbers of mucus-containing goblet cells
in both TNFJdARE and TNFJdARE/R1het mice compared to
that in WT littermates despite an apparent protective effect
of TNFR1 hemizygosity [Figure 2G and H]. The similar level
of induction in both TNFdARE and TNFdARE/R1het mice
suggests that induction of goblet cells requires only minimal
chronic inflammation.

3.3. TNFR1-specific blockade suppresses active
progression of ileitis inTNFAARE mice

Based on the evidence presented in Figure 2, we hypothesized
that selective targeting of TNFR1 could provide protective
benefits against ileitis. For these studies, we tested XPro1595
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to investigate beneficial effects in TNFAARE mice. XPro1595
is a second-generation TNF inhibitor that selectively inter-
acts with soluble, but not membrane-bound, TNEF, thereby
forming a heterotrimer and sequestering soluble TNF from
binding to TNFR1*'-** without altering signalling through
TNFR2. XPro1595 [10 mg/kg] or BSA [control] was adminis-
tered intraperitoneally to 8-week-old TNFAdARE mice, as this
was determined as the inflection point in disease progression
[Figure 1A], and after 2 weeks beneficial effects were studied
by transcriptional profiling and histological analysis. Using
relative quantification of the same set of proinflammatory
genes described in Figure 1A as disease biomarkers, we
showed that TNFAdARE mice treated with XPro1595 exhib-
ited a significant reduction in disease activity compared to
the BSA-treated controls or treatment-naive TNFdARE mice
[Figure 3A]. However, the magnitude of suppression, al-
though significant, was still not as pronounced as the effect
seen in TNFAARE/R1het mice. Supplementary Table 3 shows
normalized datasets with fold changes in expression of genes
used for transcriptional profiling. Additionally, histological
grading of TNFdARE mice treated with BSA or XPro1595
showed a marked decline in disease activity in many of the
drug-treated mice, which therefore qualified for a low histo-
logical score, compared to those treated with BSA, but this
difference was not statistically significant [Figure 3B]. We
also noted a high accumulation of neutrophils and B cells
in the villi of TNFdARE mice treated with BSA, which was
substantially reduced in mice treated with XPro1595 [Figure
3C]. No statistical significance was observed when goblet cell
counts were compared between TNFAdARE mice treated with
either BSA or XPro1595 [Supplementary Figure 2], suggest-
ing no effect of XPro1595 on goblet cell differentiation in
TNFdJARE mice.

3.4. Global TNF blockade mitigates ileitis in
TNFJARE mice

Infliximab was the first FDA-approved anti-TNF therapeutic
agent that showed promising clinical responses in treating
IBD-.22® We included infliximab in our drug intervention
studies as a reference to quantitatively assess the protective
benefits of XPro1595 in TNFAARE mice. Infliximab [100 pg]
or an isotype control antibody was intraperitoneally admin-
istered to 8-week-old TNFAARE mice for 2 weeks before
examining the beneficial effects by gene expression and histo-
logical analysis. Pairwise comparisons between the treatment
groups, using relative quantification of disease biomarker
genes, showed significant suppression of biomarker gene ex-
pression in infliximab-treated mice compared to isotype con-
trols or treatment naive TNFAARE mice [Figure 4A]. Despite
this effect, however, it was not as potent as the effect seen
in TNFdARE/R1het mice. Supplementary Table 3 shows
normalized datasets with fold changes in expression of genes
used for transcriptional profiling. As with XPro1595 treat-
ment, histological scores showed improvement in some indi-
vidual mice treated with infliximab but not enough to show
significant benefit among the whole treated group [Figure 4B].
Immunostaining of cryosections from TNFAARE mice treated
with either infliximab or an isotype control showed recruit-
ment of neutrophils and B cells in the villi that was comparable
between the two groups [Figure 4C], thereby corroborating
our results from histopathological scoring of these mice. We
did not observe any significant difference in the abundance of
goblet cells between TNFAARE mice treated with infliximab
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Figure 2. Suppression of ileitis in TNFAARE/R1het mice. Pairwise comparisons of relative expression of biomarker genes signifying active progression
of ileitis in 8- [A] 10- [B] and 16-week-old [C] TNFAARE and TNFAARE/R1het mice. Data normalized to gene expression in WT littermates at each

time point; n = 6-10 mice per genotype. [D] PCA plot showing the distribution of 16-week-old WT, TNFAARE and TNFAARE/R1het samples in a
two-dimensional plot; n = 6-8 mice per genotype. [E] Representative H&E-stained images from terminal ileum of 16-week old WT, TNFAARE and
TNFdARE/RThet mice; scale bar = 50 pmm. [F] H&E-stained ileal tissue sections from 8-, 10- and 16-week-old TNFAARE and TNFAARE/R1het mice
were scored for immune cell infiltration in the lamina propria, villous blunting and alteration in overall epithelial architecture [n = 3-7 mice per group].

[G] Representative images showing Alcian Blue staining for goblet cells in formalin-fixed, paraffin-embedded ileal tissue sections from 10-week-old WT
littermate control, TNFAARE and TNFAARE/R1het mice; scale bar = 50 um. [H] Mucus-containing goblet cells were enumerated from 20 villi per mouse
and the number of goblet cells per villi was represented; n = 4 mice per genotype. *, p < 0.05; **, p < 0.01;***, p < 0.001; **** p < 0.0001 calculated
by non-parametric Mann-Whitney U-test. A Student's t-test with Welch's correction was used to calculate statistical significance for goblet cell counts.
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Figure 3. Drug intervention using XPro1595 suppresses active progression of ileitis in TNFAARE mice. [A] Pairwise comparison of relative expression of
gene clusters used as signature biomarkers for progression of ileitis in TNFAARE mice. Transcriptional expression was normalized to that of treatment-
naive TNFAARE mice and compared between TNFAARE/R1het and TNFAARE mice treated with either BSA [control] or XPro1595; n = 7-11 mice per
group. [B] H&E staining on ileal tissue sections from BSA- and Xpro1595-treated TNFAARE mice [left] along with histology scores [right] [n = 67 mice
per group]. Scale bar = 50 pm. [C] Anti-B220 [Alexa 488] staining on ileal cryosections from PGRP-S-dsRed+ TNFAARE mice treated with either BSA or
XPro1595 showing aggregates of B cells [green] and neutrophils [dsRed+] in the villi. Nuclei stained with DAPI. Scale bar = 50 pm [n = 3—4 mice per
group]. ns, not significant; *, p < 0.05; **, p < 0.01; ****, p < 0.0001 calculated by non-parametric Mann-Whitney U-test.

or isotype control [Supplementary Figure 3], suggesting no
impact of infliximab on goblet cell differentiation.

3.5. TNFAARE/R1het mice show robust protection
against ileitis

Our studies treating TNFdARE mice with either infliximab or
XPro1595 showed that despite clear protective effects of both
treatments, neither treatment was as potent as the impact of
TNFR1 gene dosage. The basis of the TNFR1 hemizygosity-
mediated protective effect is not clear, but further analysis
provided some clues to the role of TNFR1 in both disease
progression and protection in TNFdARE/R1het mice. While
TNFdARE/R1het mice showed stable long-term protection

from progressive disease, they still maintained a persistent
low-grade inflammation in the lamina propria [Figure 2E and
F], suggesting that the inflammatory response in the ileum
had reached a point of steady-state equilibrium.

Further analysis comparing the effects of infliximab and
Xprol1595 with TNFR1 hemizygosity revealed a few genes of
interest [Figure 5]. Interestingly, while both drug treatments
had overall similar disease suppression effects, a few genes
showed differential regulation between the global blockade
of infliximab vs the TNFR1-selective drug XPro15935. Thus,
Abcb1la [a transmembrane drug transporter], Ccrll [an atyp-
ical chemokine receptor], 1118r1 and beta defensin 1 [Defb1]
were upregulated in TNFAARE/R1het and Xpro1595-treated
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Figure 4. Infliximab administration alleviates ileitis in TNFAARE mice. [A] Pairwise comparison of relative expression of gene clusters. Transcriptional
expression was normalized to that of treatment-naive TNFAARE mice and compared between TNFAARE/RThet and TNFAARE mice treated with either
an isotype control or infliximab; n = 8-12 mice per group. [B] Representative H&E-stained images from ileal tissue sections of isotype control and
infliximab-treated TNFAARE mice [left] along with histology scores [right] [n = 5-8 mice per group]. Scale bar = 50 um. [C] aB220 [Alexa 488] staining
on ileal cryosections from PGRP-S-dsRed+ TNFAARE mice treated with either isotype control [left] or infliximab [right] showing accumulation of B cells
[green] and neutrophils [dsRed+] in the villi. Nuclei stained with DAPI. Scale bar = 50 pm [n = 3-4 mice per groupl. ns, not significant; *, p < 0.05; **,
p < 0.01; **** p < 0.0001 calculated by non-parametric Mann-Whitney U-test.

mice, but downregulated in infliximab-treated mice. By con-
trast, Nfatc3 [a T cell transcription factor] was upregulated
in TNFAdARE/R1het but downregulated by XPro1595 and
infliximab. Trem2 [a myeloid cell triggering receptor] was
downregulated in both TNFdARE/R1het and Xpro-treated
mice, but upregulated by infliximab. Thus, if the protective
or homeostatic effect of TNFR1 hemizygosity is mimicked,
in part, by the selective targeting effect of XPro15935, these
genes, or genes showing similar patterns of regulation, may
be connected to this effect.

3.6. Beneficial effect inTNFAARE/R1het mice is
associated with enhanced mucosal barrier function

We hypothesized that if there are factors contributing to the
stable beneficial effect in TNFdARE/R1het mice, they may

be found among genes specifically upregulated in the older
TNFdARE/R1het compared to TNFAdARE mice. Accordingly,
we compared the transcriptional profiles of 10- and 16-week-
old TNFdARE/R1lhet mice with TNFdARE mice and
found significant upregulation in the expression of I1I-18r
and defensin beta 1, with further increases in expression
in older mice [Figure 6A]. Importantly, these genes possess
immunomodulatory functions and are known to mediate
anti-inflammatory responses in the context of microbial in-
fection, chronic inflammation including colitis and mainten-
ance of mucosal barrier functions at the steady state-.?-!
Additionally, histological analysis in TNFdARE mice har-
bouring an occludin-EGFP fusion reporter transgene revealed
discontinuous distribution of occludin throughout the villi,
with complete loss of occludin in some areas, associated
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with Welch's correction.

with increased infiltration of inflammatory cells in those villi
[Figure 6B]. Importantly, occludin expression was restored in
the TNFdARE/R1het mice almost to the levels observed in
WT mice that, at least in part, may be linked to the protective
benefits in these mice.

3.7. Protective benefit inTNFAARE/R1het mice

is associated with decreased inflammatory cell
recruitment in the small intestine

To determine whether protection from ileitis in TNFAdARE/
R1het mice could be mediated by alteration in immune cell
recruitment in the villi, we performed flow cytometry to
quantitatively measure accumulation of immune cells in the
small intestinal lamina propria. In Figure 7, we compare the
percentages of lymphocytes [CD3g*SSCP T cells and CD19*
SSC B cells], monocytes [CD11b"F4/80"], neutrophils
[CD11b"Ly6G"] and macrophages [CD11b*F4/80*] between
TNFJARE and TNFdARE/R1het mice. There was a signifi-
cant reduction in the percentages of both monocytes and
neutrophils in the TNFAARE/R1het mice in comparison with
TNFJARE mice while no significant differences were ob-
served in macrophage and lymphocyte populations. The gat-
ing strategy to identify various immune cell populations is
shown in Supplementary Figure 4. Collectively, these results
indicate that decreased recruitment of inflammatory mono-
cytes and neutrophils in the small intestinal lamina propria
of TNFAdARE/R1het mice may be directly or indirectly regu-
lated by TNFR1 hemizygosity, thereby contributing to stable
long-term protection from progressive ileitis.

4. Discussion

Anti-TNF therapeutics have been used as the major para-
digm of treatment in CD, but ‘deep remission’ encompassing
clinical, endoscopic, biomarker and histological remission

may be challenging to achieve.3>-35 Despite long-lasting clin-

ical benefits, up to 30-0% of CD patients show clinical and
histological non-response to anti-TNF therapy requiring dose
change or alternative therapy.>** Interestingly, the studies
reported here also highlight that treatment can promote a
significant reduction in inflammatory gene expression while
showing far less impressive impact on histological markers
of disease. Thus, it is important to develop broadly effect-
ive therapeutic approaches and perhaps even personalized
treatment modalities for patients with CD. We have shown
here that TNFR1 hemizygosity in genetically engineered
TNFJARE mice provides persistent protection from Crohn’s
ileitis with benefits more potent compared to that of the anti-
TNF biologics tested in this study. However, histological
benefits were not observed in TNFdARE/R1het mice des-
pite persistent suppression in inflammatory gene expression,
indicating that low-grade inflammation may persist in tissues
even when levels of TNFa are significantly reduced [Figure
2A-C]. Overall, our findings demonstrate a crucial role of
TNFRT1 signalling in the pathogenesis of Crohn’s ileitis, sug-
gesting potential benefits from selective targeting of this re-
ceptor in developing better therapeutic strategies.

A delicate balance prevails between inflammatory and
regulatory pathways through evolution that is essential to
maintain immunological tolerance at the intestinal mucosal
surface. Dysregulated microbial or immune signals may skew
this balance towards inflammation, surpassing the underlying
immunoregulatory processes. The phenotypic changes ob-
served in TNFAARE mice provide a close depiction of this situ-
ation where prolonged exposure to a highly proinflammatory
signal, TNFa, resulted in chronic intestinal inflammation and
progressive ileitis.'® If TNFR1 signalling is the primary medi-
ator of disease, then we can hypothesize that modulation of
TNFR1 will produce beneficial effects even in the presence of
an inflammatory milieu with chronic TNFa expression. Our
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Figure 6. Upregulation of mucosal barrier function in TNFAARE/R1het mice. [A] Comparison between 10- and 16-week-old WT, TNFAARE and TNFAARE/
R1het mice based on relative expression of 1118r1 and Defb1. Transcriptional expression was normalized to that in WT littermates; n = 6-10 mice per
group. [B] Representative immunofluorescence images showing B cell staining [with aB220-Alexa488 antibody] in distal ileal cryosections obtained
from 10-week-old PGRP-S-dsRed+ WT, TNFAARE and TNFAARE/R1het mice [all containing the occludin-eGFP fusion reporter transgene]. Accumulation
of B cells and neutrophils in the lamina propria is shown in green and red [dsRed+] respectively. Occludin distribution in the epithelium was determined
by green fluorescence originating from occludin-eGFP fusion reporter; n = 3 mice per group. Nuclei stained with DAPI. Scale bar = 50 pm. *, p < 0.05;
** p<0.01; ***, p < 0.001 calculated by Student's t-test with Welch's correction.

findings with TNFdARE/R1het mice support this hypoth-
esis, indicating that modulation of signalling downstream of
TNFR1 may shift the balance towards immune regulation and
suppression of disease rather than progression of severe in-
flammation. In line with this argument, we noted suppression
of ileitis in 8-week-old TNFAARE/R1het mice with a more
pronounced effect in older mice, suggesting a persistent dom-
inant effect of homeostatic, immune-regulatory mechanisms,
which were significantly upregulated in the 16-week-old mice.
Importantly, a simultaneous downregulation in Tnfo expres-
sion was observed in TNFdARE/R1het mice [Figure 2A-C],
which was associated with long-term relative protection from
disease, indicating a crucial role of TNFR1 hemizygosity on
the transcriptional regulation of TNFa at least in the dis-
tal ileum.

Notably, transcriptional expression of 1118r1 and Defb1
was upregulated in the older TNFJARE/R1lhet mice in

comparison with TNFdARE mice. Defensin betal is an
antimicrobial peptide that is constitutively expressed by all
epithelial surfaces including the intestinal epithelium. Its bac-
tericidal properties help mitigate epithelial transmigration of
bacterial pathogens, thus contributing to the fortification of
innate barrier defences in the gut.* I118r1, on the other hand,
is expressed on CD4+ T cells including Foxp3+ Tregs in the
intestinal lamina propria, and previous studies have shown
that 1118-1118r1 signalling is crucial in Treg-mediated sup-
pression of inflammation in models of T-cell-transfer-induced
colitis.’® Genetic polymorphisms of human Defb1 and 1118r1
have been implicated in CD and adult- and early-onset in-
flammatory bowel disease respectively,#** but their direct
contribution in disease pathogenesis is not clearly defined.
Although the exact nature of these homeostatic pathways
needs to be further explored, it can be speculated that attenu-
ation of TNFR1-mediated signalling in TNFAARE/R 1het mice
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Figure 7. Quantitative analysis of immune cell populations in the small intestinal lamina propria of TNFAARE and TNFAARE/R1het mice. Frequency of
immune cell populations in 10- to 12-week-old WT, TNFAARE and TNFAARE/R1het mice determined by flow cytometry. T cells and B cells were defined
as CD3e+SSCP and CD19+SSCP respectively, neutrophils were CD11b"Ly6G", monocytes were CD11b"F4/80° and macrophages were defined as
CD11b*F4/80*; n = 4-6 mice per group. *, p < 0.05 calculated by non-parametric Mann-\Whitney U-test.

contributes to disease suppression, at least in part by directly
or indirectly regulating the expression of the above-mentioned
and potentially other intestinal barrier-associated genes.

Surprisingly, the magnitude of disease suppression was
more robust in TNFdARE/R1het mice compared to that in
TNFJARE mice treated with either XPro1595 or infliximab,
suggesting involvement of different molecular mechanisms
or regulatory pathways in these differential beneficial effects.
One potential contributor to these effects is TNFR2; while
infliximab would provide global blockade affecting both
TNFR1 and TNFR2 signalling, the TNFR1-selective effect
of XPro1595 and TNFR1 hemizygosity will leave TNFR2
signalling intact. Its protective effect in other settings*¢
may play a role here as well.

Although no clear histological difference was observed be-
tween TNFAARE and TNFdARE/R 1het mice, flow cytometry
analysis with cells isolated from the small intestinal lamina
propria provided an interesting scenario. A significant reduc-
tion in the recruitment of both monocytes [CD11b"F4/80"]
and neutrophils [CD11b"Ly6G"] was observed in the small
intestinal lamina propria of TNFdARE/R1het mice in com-
parison to TNFAARE mice. In our gene expression analysis, to
characterize progression of ileitis in TNFdARE mice, we ob-
served an early induction of Ccl2 expression, which is also a
crucial chemoattractant for monocytes in inflamed tissues.*”**
Moreover, Il1b expression was also stably upregulated in
young as well as old TNFAdARE mice and has been reported
previously in patients with active IBD-.3>*-5! Studies in mur-
ine models of DSS-induced colitis showed that proportions of
[I1b-expressing monocytes were significantly elevated in the
colonic lamina propria compared to other myeloid cells.’? In
light of this evidence, we propose that early recruitment of
monocytes into the mucosa of young TNFdARE mice may
be triggered by local elevated levels of Ccl2 that may serve as
the initial stimulus promoting progression of ileitis in these
mice. This process may be aided by neutrophil recruitment
in the tissues, which then contributes to severe inflammation
and exacerbation of disease. Although the source and precise
role of I11b in TNFAARE model need to be established, it
may be fair to hypothesize that activation of recruited mono-
cytes in the lamina propria contributes to I11b production

and subsequent intestinal inflammation. Consequently, sig-
nificant downregulation in the transcriptional expression of
both Ccl2 and Il1b may constitute immune regulatory or sup-
pressive pathways mediating reduced monocyte recruitment
and activation, thereby contributing to disease suppression in
TNFdARE/R1het mice.

Supplementary Data

Supplementary data are available online at ECCO-JCC on-
line.
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