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Abstract:

Inflammatory bowel disease (IBD) is driven by host genetics and environmental factors,
including commensal microorganisms. Epigenetics facilitate integration of environmental
cues for transcriptional output. However, evidence of epigenetic dysregulation directly
causing host-commensal dysbiosis and IBD is lacking. Speckled Protein 140 (SP140) is an
immune-restricted chromatin ‘reader’ with homology to Autoimmune Regulator (AIRE).
SP140 mutations associate with three immune diseases: Crohn’s disease (CD), multiple
sclerosis (MS) and chronic lymphocytic leukemia (CLL), but disease-causing mechanisms
remain undefined. Here we identify a critical immune-intrinsic role for SP140 in preventing
expansion of inflammatory Proteobacteria, including Helicobacter in mice and
Enterobacteriaceae in humans. Mice harboring altered microbiota due to hematopoietic
Sp140 deficiency exhibited severe colitis which was transmissible upon co-housing and
ameliorated with antibiotics. SP140 was critical for calibration of macrophage microbicidal
responses required for normal host-commensal crosstalk and elimination of invasive
pathogens. Mutations within this epigenetic reader may constitute a predisposing event in
human diseases provoked by the microbiome, such as IBD and MS.

Introduction

Complex immune diseases, including inflammatory bowel disease (IBD) and multiple
sclerosis (MS) are multifactorial diseases that develop as a result of gene-environment
interactions (Graham and Xavier, 2020). Genome-wide association studies have identified over
240 genetic risk alleles that are associated with the two types of IBD: Ulcerative Colitis (UC) and
Crohn’s disease (CD) (Jostins et al., 2012; Liu et al., 2015; Rivas et al., 2011). Many of these risk
alleles overlap with loci that associate with MS (International Multiple Sclerosis Genetics et al.,
2013) suggesting common disease initiating mechanisms. One shared CD and MS risk allele is
SP140. SP140 is an immune-restricted member of the Speckled Protein (SP) epigenetic ‘reader’
family, consisting of SP100, SP110, SP140 and SP140L, which have high sequence homology
with Autoimmune Regulator (AIRE) (Fraschilla and Jeffrey, 2020). Epigenetic readers are diverse
proteins with specialized docking domains that ‘read’ covalent modifications primarily on histones
to regulate transcription (Arrowsmith et al., 2012). To achieve this function, SPs all contain 3
‘reader’ domains: 1) a SAND domain (named after the few SAND domain-containing proteins:
SP100, AIRE, NucP41/P75, and DEAF) that interacts with DNA directly or through protein-protein
interactions, 2) a plant homeodomain (PHD) that docks to histone methylation, and 3) a
bromodomain that binds acetylated histones (Bienz, 2006; Bottomley et al., 2001; Filippakopoulos
et al., 2012; Waterfield et al., 2014). Although, the PHD of SP140 may be atypical by facilitating
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52 SUMOylation of the bromodomain and associating with SETDB1, a histone methyltransferase of
53  H3K9 that promotes gene silencing (Garcia-Dominguez et al., 2008; lvanov et al., 2007; Peng
54  and Wysocka, 2008; Zhang et al., 2016; Zucchelli et al., 2019). In addition, SP140 contains a
55 caspase activation and recruitment domain (CARD) involved in multimerization and co-
56 localization to ‘speckled’ promyelocytic leukemia (PML) nuclear bodies, macromolecular
57  multiprotein complexes with diverse functionality including transcriptional repression (Corpet et
58 al., 2020; Hoischen et al., 2018; Huoh et al., 2020).
59 Consistent with the predicted role for SP140 in gene silencing, in human macrophages,
60 SP140 was found to predominantly occupy and maintain inaccessibility of promoters of
61 developmentally silenced loci, such as the HOXA cluster (Mehta et al., 2017). HOXA9 is a known
62  promoter of stem-like state in hematopoietic stem cells (HSCs) and an inhibitor of macrophage
63 differentiation and glycolysis (Argiropoulos and Humphries, 2007; Huang et al., 2012;
64  Thorsteinsdottir et al., 2002; Zhou et al., 2018). HOXA9 is therefore normally silenced in mature
65 macrophages (De Santa et al., 2007), but not in SP140-deficient mouse or human macrophages,
66 that ultimately display defective transcriptional responses to bacteria or viral ligands (Mehta et al.,
67 2017). A global proteomics analysis subsequently found that SP140 directly represses
68 topoisomerases to maintain heterochromatin, gene silencing, and macrophage responsiveness
69  (Amatullah et al., 2021). Furthermore, an array of studies has now implicated SP140 as an
70  essential factor in antibacterial, antiviral, and antiparasitic responses (Ji et al., 2021; Madani et
71 al., 2002; Matsushita et al., 2021; Regad and Chelbi-Alix, 2001). However, despite some progress
72 in understanding the function of this enigmatic epigenetic reader in macrophages, the role of
73 SP140 in the immune response to intestinal microbiota, and how disruption of this function due to
74  human genetic variation in SP140 may drive development of Crohn’s disease or MS remains
75  unclear.
76 Development of complex immune disorders, such as IBD and MS, is dependent on both
77  host genetics as well as cues derived from intestinal microbes and their metabolites (Amatullah
78 and Jeffrey, 2020; Blander et al., 2017; Graham and Xavier, 2020; lliev and Cadwell, 2021; Kaiko
79 etal, 2016; Schulthess et al., 2019; Vinolo et al., 2011; Wu et al., 2020). Innate immune pathways
80 are crucial for integrating bacterial, viral and fungal signals from the intestinal microenvironment
81 to regulate gene expression, microbial balance and intestinal homeostasis (Adiliaghdam et al.,
82 2021; lliev and Cadwell, 2021; Schulthess et al., 2019). Moreover, many |IBD-associated
83 mutations are within genes essential for innate immune defense pathways, emphasizing their
84  requirement for maintaining homeostatic host-microorganism relationships (Graham and Xavier,
85 2020; Jostins et al., 2012; Kugelberg, 2014). CD-associated mutations in SP740 result in
86  defective mRNA splicing and a reduction in SP140 protein (Matesanz et al., 2015; Mehta et al.,
87 2017) rendering innate immune cells hypo-responsive. Further, mouse models support that
88 SP140 is normally required for intestinal homeostasis via an innate immune function, as
89 hematopoietic knockdown (Mehta et al., 2017) or whole mouse deletion of Sp140 exacerbates
90 dextran sulfate sodium (DSS)-induced colitis in a manner dependent on macrophages (Amatullah
91 et al, 2021). In this study, we investigated the possible link between intestinal microbial
92  communities and SP140 control of intestinal homeostasis. We found that disruptions in SP140
93 resultin a defective microbicidal transcriptome in phagocytes but enhanced activation of CD8+ T
94  cells in colonic lamina propria and colitis. Remarkably, these intestinal malfunctions were
95 dependent on the expansion of Proteobacteria, including Helicobacter, that was transmissible
96 upon co-housing with wild-type mice and treated with antibiotics. This was further corroborated in
97 CD patients bearing SP140 loss-of-function mutations that displayed significant elevation in
98 Proteobacteria Enterobacteriaceae. Taken together, we have identified a key innate immune-
99 intrinsic role for epigenetic reader SP140 in preventing intestinal inflammation by restricting the

100 pathological expansion of a common member of the intestinal microbiota.

101

102 Results and discussion
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103  SP140 is essential for antibacterial pathways in mice and human

104 SP140 is an essential host regulator of antibacterial defense to Mycobacterium
105 tuberculosis (Mtb) (Ji et al., 2021; Pan et al., 2005; Pichugin et al., 2009) and gram negative
106  bacteria (Salmonella enterica serovar Typhimurium, Escherichia coli, and Citrobacter rodentium)
107  (Amatullah et al., 2021). Therefore, we sought to understand the mechanism by which SP140
108 contributes to antibacterial host defense and how SP140 deficiency may impact intestinal
109  microbial dysbiosis and inflammation in CD patients bearing loss-of-function mutations. We
110 examined transcriptional programs of human peripheral blood mononuclear cells (PBMCs)
111  obtained from healthy controls expressing wild-type SP140 (HC SP140"), Crohn’s disease (CD)
112  patients expressing wildtype SP740(CD SP140"), or CD patients that were homozygous for CD-
113  associated SP140 mutations (CD SP140™"), obtained through the Prospective Registry
114  in IBD Study at MGH (PRISM) cohort. A prominent gene set downregulated in CD SP140™"cells
115 compared to both healthy controls and CD SP7140" PBMCs included genes associated with
116  bacterial defense (Fig. 1A). CD SP140™" cells had reduced expression of transcripts encoding
117  for subunits of NADPH oxidase (CYBB, NCF1, NCF2, NCF4) and H*-ATPase (ATP6V0A1,
118 ATP6VOD1), which are known complexes that act at the phagosome to produce antibacterial
119 reactive oxygen species (ROS) and low pH, respectively. Moreover, at steady state, genes
120 essential for the degradation or killing of bacteria, including calprotectin subunits (S700A8,
121 S700A9), lysozyme (LYZ), and cathepsins (CTSB, CTSH), were also reduced in CD SP140™"
122 cells. Since calprotectin is a well-studied antimicrobial protein capable of enhancing bacterial
123 killing, we confirmed reduced protein levels of calprotectin component S100A8 in CD SP140™"
124  PBMCs compared to SP140"! CD patient donors (Fig. 1B).

125 Human and mouse SP140 are only 54% homologous at the amino acid level, owing to
126  inclusion of an intrinsically disorder region (IDR) in human SP140 (Fraschilla and Jeffrey, 2020).
127  However, we found that antimicrobial transcripts, such as S700a8, Lyz2 and Lcn2, were also
128  downregulated in Sp740” bone-marrow derived macrophages (BMDMs) (Fig. 1C). The
129  conserved role of SP140 in controlling antimicrobial gene programs suggests that this chromatin
130 reader plays an essential role in host defense. Since previous analysis of genome-wide
131  occupancy of SP140 in human macrophages found that SP140 did not directly occupy
132 antimicrobial gene loci and promoted gene repression at silenced chromatin regions (Mehta et
133  al, 2017), SP140 likely promotes an antibacterial gene program via maintenance of
134  heterochromatin and macrophage identity.

135 SP140 expression has been shown to be immune-restricted and particularly high in
136  macrophages (Mehta et al., 2017). Intestinal macrophages, which differentiate from circulating
137 monocytes (Bain et al., 2014), and other phagocytes in the intestine are responsible for
138  bactericidal responses, namely production of ROS and antimicrobial proteins (Schulthess et al.,
139  2019; Smythies et al., 2005). Furthermore, other IBD-associated loci have similarly been shown
140 to regulate microbial responses in the intestine via epithelial cells (Conway et al., 2013; Graham
141  and Xavier, 2020; Ramanan et al., 2014), which are resistant to irradiation. To determine whether
142  SP140 expression in immune cells is sufficient to protect against intestinal inflammation, we
143  irradiated wildtype (WT) mice and reconstituted them with WT or Sp740”- bone marrow. Mice with
144  specific Sp140 deficiency in the hematopoietic compartment displayed significantly exacerbated
145 DSS-colitis compared to WT controls, as determined by weight loss (Fig. 1D) and colon length
146  (Fig. 1E). Thus, Sp140 within the immune compartment is essential for intestinal homeostasis.
147  To extend our ex vivo characterization of antibacterial programs in mouse and human primary
148 cells, we next investigated whether Sp140 deficiency alters the development of intestinal
149 phagocyte populations that are necessary for bacterial clearance. We performed
150  immunophenotyping of colonic lamina propria CD45" cells by flow cytometry analysis in Sp140™
151 and WT mice. Sp140 deficiency did not affect the proportions of mononuclear phagocyte
152 populations (Fig. S1C) or B cells (Fig. S1A, B) suggesting that recruitment and development of
153  these cell types is intact in Sp740” mice. However, a dysfunctional response to the microbiota
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154  can lead to adaptive immune cell infiltration in the gut (Feng et al., 2010). Indeed, we observed a
155  significant and specific expansion of total CD8" T cells (Fig. 1F, G) as well as a significant increase
156 in the frequency and number of activated CD8'CD44" T cells (Fig. 1H, 1) in the colonic lamina
157  propria of Sp740" mice. Intriguingly, this defect was specific to CD8" T cells as CD4" T cells and
158 CD4'CD44" T cell frequencies and numbers were unaltered with Sp140 deficiency (Fig. 1F-I).
159 Taken together, these results show that Sp140 is required for macrophage antibacterial
160 responses and this defect leads to CD8" T cell activation in the gut lamina propria prior to the
161  manifestation of disease.

162
163  Cohousing wild-type mice with Sp740"" mice increased severity of induced colitis
164 Mice with an shRNA-mediated hematopoietic knockdown of Sp740 and Sp7140" mice

165 generated by CRISPR/Cas9 targeting are more susceptible to DSS-mediated colitis, in a manner
166 dependent on Sp140 control of cytokine production and bacterial killing in macrophages
167  (Amatullah et al., 2021; Mehta et al., 2017). Further, an abundance of studies has demonstrated
168 that mice deficient in innate immune system components, or cytokines, have altered microbiota
169  with increased inflammatory capacity (Caruso et al., 2019; Elinav et al., 2011; Frederic et al.,
170  2012; Ramanan et al., 2014; Zenewicz et al., 2013). Moreover, presence of activated CD8" T cells
171  in the colon is frequently the result of microbiota dysbiosis (Ramanan et al., 2014; Tanoue et al.,
172 2019; Yu et al., 2020). We therefore questioned whether the microbiota of Sp740” mice could
173  contribute to the exacerbated colitis phenotype. We designed an experiment in which WT mice
174  were cohoused with Sp740” mice or were housed separately. After 4 weeks of cohousing, a
175  period previously established to be sufficient for the transmission of microbiota between mice via
176  coprophagia (Stappenbeck and Virgin, 2016; Zenewicz et al., 2013), we administered DSS and
177  examined the resulting weight loss and inflammation associated with colitis. Whereas Sp140™
178 mice exhibit exacerbated colitis compared to WT mice when housed separately, cohousing WT
179  mice with Sp740™ mice led to enhanced weight loss of WT mice, similar to separated or cohoused
180  Sp740" mice (Fig. 2A, B). To examine inflammation, we measured colon lengths at day 12 post-
181 DSS administration and found significantly shorter colons in WT mice that were cohoused with
182  the Sp740™ mice than WT mice that were housed separately (Fig. 2C). Histological examination
183  of colons confirmed an increase in inflammation in WT mice specifically upon co-housing as
184  shown by crypt elongation, thickening of the mucosa, and a leukocyte infiltrate to the level of the
185  lamina submucosa (Fig. 2D). The transmission of the altered gut microbiota from Sp740™ mice
186 to cohoused WT mice, along with increased susceptibility to DSS-induced colitis, indicates that
187  the altered gut microbiota works as a contributing factor for, rather than a consequence of, the
188  disease. To understand whether the microbiome of Sp740” mice is colitogenic due to increased
189  inflammatory capacity, we collected and filtered stool homogenates from untreated Sp 740" mice
190 and controls and stimulated BMDMs in vitro. Stool homogenates obtained from Sp740™ mice
191  proved to be hyperinflammatory compared to WT stool, as shown by a significant increase in the
192 production of the pro-inflammatory cytokine Interleukin (IL)-6 (Fig. 2E).

193
194  Sp140" mice have altered commensal microbiota that is transmissible
195 Our data support the hypothesis that Sp740” mice have an altered microbiota that is

196 transmissible to wild-type mice. Thus, we undertook bacterial 16S rRNA gene pyrosequencing to
197  examine the microbiome in four groups of mice: WT mice, Sp140” mice, and WT mice or Sp140°
198 " mice cohoused with each other. Prior to DSS treatment we collected fecal samples from each
199 mouse, prepared fecal DNA, and used barcoded pyrosequencing of the 16S rRNA gene V4 region
200 to explore the change in the microbiome. A significant increase in community richness in Sp7140°
201 "~mice was observed. Furthermore, this increase in richness was transferred to cohoused WT
202  mice compared to non-cohoused WT controls (Fig. 3A). UniFrac-based principal component
203  analysis (PCA) determined that WT and Sp740" microbiome communities were significantly


https://doi.org/10.1101/2022.03.29.486273
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.29.486273; this version posted March 30, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

204  dissimilar from each other (Fig. 3B). Moreover, this difference was lost upon cohousing whereby
205 WT microbiomes now overlapped with Sp740" communities, demonstrating a dominance of
206  Sp140" microbiota (Fig. 3B). Proportional taxonomy analysis revealed that Sp740” mouse stool
207 contained a higher percentage of Proteobacteria phyla than WT mice, and Proteobacteria then
208 bloomed in WT cohoused mice (Fig. 3C) thus identifying a putative, transmissible bacteria of the
209  Sp7140" mouse microbiome that may confer sensitivity to colitis. Proteobacteria expansion is
210 associated with worsened colitis in mouse models (Garrett et al., 2010; Ni et al., 2017).
211  Furthermore, we specifically determined that Sp740” intestines were colonized by a greater
212  percentage of classes Epsilonproteobacteria and Alphaproteobacteria (Fig. 3D). Conversely,
213  Sp1407 exhibited reduced Verrucomicrobia phyla that are present in wild-type controls (Fig. 3C).
214  Unbiased Linear discriminant analysis Effect Size (LEfSe) analysis determined a significant
215 elevation of colitis-driving Helicobacter genera of the Epsilonproteobacteria class and
216  Mucispirillum genera of the Deferribacteria phylum in Sp740” mice compared to WT controls (Fig.
217  3E). Notably, a significant reduction in the protective Akkermansia muciniphila was also observed
218  in Sp7140" mice (Fig. 3E). Furthermore, the Sp140 deficient microbiome was efficiently transferred
219 to cohoused WT mice (Fig. 3F) to the point where no significant differences were detected
220 between Sp7140” mice and WT cohoused mice by LEfSe analysis (Fig. 3G-H). Thus, Sp140
221  deficiency triggers the development of a colitogenic microbiome, that is efficiently transferred
222 upon cohousing.

223 The Helicobacter genus can drive colitis and inflammation in mice (Cahill et al., 1997; Chai
224 etal., 2017; Kullberg et al., 1998; Yang et al., 2013) while A. muciniphila promotes mucosal wound
225  healing and ameliorates colitis in mouse models (Alam et al., 2016; Ansaldo et al., 2019). We
226 therefore confirmed the significant elevation in Helicobacter and reduction in A. muciniphila in
227  Sp1407 feces by gPCR (Fig. 3l). To assess if Sp140 control of microbiota was intrinsic to innate
228 immune cells, or if there was a role for lymphocytes, we crossed Sp740” mice with lymphocyte-
229  deficient Rag7’ mice and found that feces from double mutant Sp740""Rag1”~ mice still displayed
230 significantly elevated Helicobacter and reduced A. muciniphila (Fig. 3J). Thus, Sp140 deficiency
231  specifically in innate cells drives proteobacteria expansion. Furthermore, this data demonstrates
232 that the elevation in activated CD8" T cells in the colonic lamina propria of Sp740” mice (Fig. 1F-
233 1) is indeed a consequence of microbiota disruption.

234

235 Crohn’s disease patients with SP740 mutations exhibit increase in intestinal
236  Enterobacteriaceae

237 Our analysis of intestinal bacterial populations in Sp740” mice suggest that a bloom of
238 pathogenic Proteobacteria results in exacerbated colitis. To demonstrate that expanded
239  Proteobacteria was a driving factor of exacerbated colitis in Sp740” mice, we administered mice
240 the antibiotic metronidazole via drinking water for 2 weeks before DSS-colitis induction. Indeed,
241  metronidazole treatment protected Sp740™ mice from inflammation associated with colitis as
242  determined by increased colon length (Fig. 4A) and reduced crypt hyperplasia (Fig. 4B)
243  compared to Sp740" mice that did not receive antibiotics. Metronidazole targets gram-negative
244  anaerobes, including species within the Proteobacteria phylum, and is used in the clinic to treat
245  CD. In order to determine whether manipulation of the microbiota might be a beneficial route of
246  treatment in CD patients bearing SP740 loss-of-function mutations, we sought to determine
247  whether the architecture of microbial communities in Sp740” mice recapitulated species
248  dominance in humans with SP140 loss-of-function. We performed 16S sequencing analysis of
249  stool obtained from healthy controls, CD SP140", and CD SP140™"individuals (Fig. S2A). Alpha-
250 diversity analysis determined that stool from CD patients exhibited reduced Shannon diversity
251  compared to healthy controls (Fig. 4C) as previously reported (Franzosa et al., 2019). However,
252  each group segregated from each other in principal component analysis (Fig. 4D) demonstrating
253  that while both CD SP140" and CD SP140™" individuals lose bacterial diversity, there are
254  compositional differences between these two groups of CD patients. Proportional taxonomy
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255  analysis demonstrated that Proteobacteria diversity was lost in CD SP140™" individuals whereby
256  Gammaproteobacteria dominates (Fig. 4E). Specifically, we observed a significant increase in
257  Enterobacteriaceae, a family of Gammaproteobacteria, in CD patients bearing SP140 loss-of-
258 function mutations (Fig. 4F). The Enterobacteriaceae family of the Proteobacteria phylum
259 encompasses gram negative facultative anaerobes including Escherichia coli, Citrobacter
260 rodentium, and Salmonella enterica. Blooming of facultative anaerobes, particularly
261  Enterobacteriaceae, with a concomitant depletion of obligate anaerobes associated with short
262  chain fatty acid production is a common feature of IBD gut microbiomes (Knights et al., 2014;
263  Lloyd-Price et al., 2019; Morgan et al., 2012). Furthermore, Enterobacteriaceae blooms are
264  associated with chronic inflammation and treatment failure in IBD (Olbjgrn et al., 2019; Walujkar
265 et al., 2014). We predict that the inability to initiate production of toxic reactive oxygen species
266 and antibacterial proteins in SP140-deficient CD patients permits expansion of
267  Enterobacteriaceae as has been suggested for individuals with loss-of-function mutations in
268 NAPDH oxidase subunits (Denson et al., 2018; Muise et al., 2012; Plichta et al., 2019).

269 IBD symptoms and severity are a spectrum, suggesting that subtypes of disease are
270  dependent on an axis of genetics, environmental cues, and epigenetics. Understanding how risk
271  alleles contribute to pathogenicity and how epigenetic dysregulation is a contributing factor to IBD
272  is essential for identifying disease subtypes as well as developing precision medicine treatment
273  options. Here we have identified a key regulatory role for a novel epigenetic reader protein,
274  SP140, thatis also arisk allele for IBD, in the maintenance of macrophage function and prevention
275  of intestinal microbe expansion, specifically Proteobacteria members. These findings have
276  important implications for not only CD patients with loss-of-function SP140 mutations but also for
277  MS that is driven by an altered microbiota. Genetic loss of SP140 has drastic consequences on
278 the composition of the microbial communities leading to a shift towards a pro-inflammatory
279  configuration that could predispose, and contribute to phenotypes of, both CD and MS (Berer et
280 al., 2011) (Berer et al., 2017; Britton et al., 2019; Britton et al., 2020; Cekanaviciute et al., 2017),
281  as well as other diseases influenced by genetics and microbe-derived factors. These results shed
282  light on the etiology of CD and provide insight into the relationship between genetic susceptibility,
283  epigenetics, microbial dysbiosis and the immune response in the gut. Patients with SP140
284  mutations may benefit from targeting pro-inflammatory commensals through targeted antibiotics
285  or fecal transplants.
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Figure 1. SP140 is essential for antimicrobial gene programs in mouse and human. (A) Heat
map of genes down-regulated (log2FC>2) in human peripheral blood mononuclear cells (PBMC)
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from healthy controls (HC), Crohn’s disease (CD) patients bearing wildtype SP140 (SP140") or
CD-risk SP140 genetic variant (SP140™") (n=2, RNA-seq) from GSE89876. (B) Immunoblot of
S100A8 in PBMC from SP140" or SP140™" CD patients after 0 or 4 hours LPS stimulation (100
ng/mL). (C) Expression of mouse S100a8, Lcn2, and Lyz2 mRNA relative to Tbp, as determined
by gPCR, in mouse bone marrow-derived macrophages (BMDMs) from wildtype (WT) and Sp7140
" mice. (D) Daily body weight of WT and Sp740™ mice and (E) quantification of day 12 colon
lengths after 2% dextran sodium sulfate (DSS) administration (n=5). (F-l) Flow cytometry analysis
of WT and Sp740™ mouse colon lamina propria (n=6). (F) Representative flow cytometry plots of
live CD45"CD3" cells gated on CD4" and CD8" T cells. (G) Quantification of frequency and total
count of CD4" and CD8" T cells. (H) Representative histogram overlay of CD44 expression in
CD4%and CD8" T cells. (I) Quantification of frequency and total count of CD44*CD4" and CD8" T
cells. Data are mean of 2-6 biological replicates. *P<0.05, **P<0.01, ***P< 0.001, ****P<0.0001;
unpaired t tests for (C), (E), (F), (H), two-way ANOVA for (D). Error bars represent s.e.m.
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Figure 2. The pro-inflammatory intestinal microbiome of Sp740” mice is transferable and
exacerbates colitis. (A) Daily body weight of separately housed wildtype (WT) and Sp740™ mice
after 2% dextran sodium sulfate (DSS) administration (n=6). (B) Daily body weight of cohoused
WT and Sp740" mice after 2% dextran sodium sulfate (DSS) administration (n=6). (C) Day 12
colon lengths of separated or cohoused WT and Sp740™ mice after 2% DSS administration (n=6).
(D) Representative hematoxylin and eosin-stained sections of day 12 distal colon tissue from
separated or cohoused WT and Sp740™ mice after 2% DSS administration. (E) IL-6 production,
as determined by ELISA, of bone marrow-derived macrophages (BMDMs) supernatants after 16
hours stimulation with LPS (1mg/mL) or stool homogenates (1mg/mL) from WT (n=5), Sp140™
(n=6), or broad-spectrum antibiotic treated WT mice (n=3); representative of 3 experiments. *P <
0.05, **P < 0.01, ***P < 0.001, ****P<0.0001, two-way ANOVA for (A) and (B), one-way ANOVA
for (C) and (E). Error bars represent s.e.m.
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Figure 3. Sp140 deficiency in mice permits a Helicobacter bloom and a reduction in
Akkermansia. (A) Diversity of fecal bacterial communities of separately housed or cohoused
wildtype (WT) and Sp740” mice as determined by Shannon Index. (B) Principal Coordinate
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Analysis (PCA), P<0.05, PERMANOVA on unweighted UniFrac distance. (C) Distribution of
bacterial phyla operational taxonomic units presented as relative abundance in each sample. (D)
Distribution of bacterial class operational taxonomic units presented as relative abundance of
Proteobacteria in each sample. (E) The compositional differences between separately housed
WT and Sp740" mice, (F) separately housed WT and WT cohoused with Sp740™ mice, (G)
separately house Sp740" and cohoused Sp740" mice, and (H) cohoused WT and Sp7140" mice
were determined by a linear discriminant analysis using LEfSe
(https://huttenhower.sph.harvard.edu/galaxy/). (I) Expression of Helicobacter species (spp.) and
Akkermansia muciniphila 16S rRNA relative to total 16S rRNA, as determined by qPCR, in stool
from WT and Sp740" mice (n=4-5). (J) Expression of Helicobacter species (spp.) and
Akkermansia muciniphila 16S rRNA relative to total 16S rRNA in stool from WT, Sp740™, and
Sp140"Rag1™ mice (n=3-5). *P < 0.05, **P < 0.01, ***P < 0.001, ****P<0.0001. Error bars
represent s.e.m. (I) unpaired t tests. (A, J) one-way ANOVA. *P< 0.05, **P<0.01, ***P<0.001,
****P<0.0001. Error bars represent s.e.m.
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Figure 4. CD-associated SP140 loss-of-function variant associates with increased
intestinal Enterobacteriaceae in humans. (A) Day 12 colon lengths of WT, Sp740™, and Sp140
" mice treated with or without metronidazole and administered 2% dextran sodium sulfate (DSS).
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(B) Representative hematoxylin and eosin-stained sections of day 12 distal colon tissue after 2%
DSS administration to WT, Sp740", and Sp740" mice treated with metronidazole (metro). (C)
Diversity of fecal bacterial communities of healthy controls, Crohn’s disease (CD) patients
expressing wildtype SP140 (SP140"), and CD patients bearing the common SP140 genetic
variant (SP140™"). (D) Principal Coordinate Analysis (PCA), P<0.05, PERMANOVA on
unweighted UniFrac distance. (E) Distribution of bacterial class operational taxonomic units
presented as relative abundance of Proteobacteria in each sample. (F) Expression of
Enterobacteriaceae 16S rRNA relative to total 16S rRNA in human stool. (A-B) n=5-8; (C-F) n=3,
one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001, ****P<0.0001. Error bars represent s.e.m.
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Materials and Methods

Mice

C57BL/6J mice were originally purchased from Jackson Laboratory and bred in-house. All mice
were bred and housed under specific pathogen-free conditions according to the National Institutes
of Health (NIH). All animal experiments were conducted under protocols approved by the MGH
Institutional Animal Care and Use Committee (IACUC), and in compliance and appropriate ethical
regulations. For all experiments, age- and sex-matched mice were used. Sp140” mice were made
on C57BL/6J background as previously characterized (Ji et al., 2021). Rag1” mice were
purchased from Jackson Laboratory and crossed to Sp740” mice. For cohousing experiments,
WT and Sp740" mice were cohoused from weaning for 4 weeks at a 2:2 ratio per cage.

Human blood and stool samples

All human samples were collected under Institutional Review Board (IRB)-approved protocols by
Massachusetts General Hospital (MGH), including informed consent obtained in accordance with
relevant ethical regulations. Blood and stool samples were collected from patients that were
enrolled in the “Prospective Registry in IBD Study at Massachusetts General Hospital (PRISM,
IRB# FWAO00003136). Study research coordinators obtained consent, and medical history was
obtained and confirmed by review of the electronic medical record. Human peripheral blood
mononuclear cells (PBMCs) were obtained from healthy human volunteers (Blood Components
Lab, Massachusetts General Hospital) or from Crohn’s disease patients from the Prospective
Registry in IBD study at Massachusetts General Hospital (PRISM) genotyped by CD-risk SP140
SNPs rs28445040 and rs6716753. Patient metadata is provided in Figure S2. Briefly,
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mononuclear cells were isolated by density gradient centrifugation of PBS-diluted buffy coat/blood
(1:2) over Ficoll-Paque Plus (GE Healthcare). The PBMC layer was carefully removed and
washed 3 times with PBS.

Western blot

For Immunoblotting of PBMCs or human macrophages, 2.5 million cells were used and cell
lysates were prepared by incubation and sonication of cells in RIPA buffer (10 mM Tris-Cl (pH
8.0), 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 140
mM NaCl). 20 ug protein was electrophoresed per lane on NUPAGE Novex Bis-Tris 4-12% Gels
(Invitrogen) and transferred to PVDF membranes using iBlot dry blotting system (Invitrogen). The
following antibodies were used: anti-S100A8 (Abcam; ab92331), anti-H3 (Abcam; ab18521).

Quantitative PCR

RNA was extracted from cells using the RNeasy Mini Kit (Qiagen) with on-column DNase digest
(Qiagen) according to manufacturer’s instructions. cDNA was synthesized from isolated RNA by
reverse transcription using the iScript cDNA Synthesis Kit (Bio-Rad) according to the
manufacturer’s instructions. In the case of quantitative PCR performed on stool DNA, QlAamp
DNA Stool Mini Kit was used to extract DNA from feces. Quantitative PCR was performed using
iTaq Universal SYBR Green Supermix (Bio-Rad) according to the manufacturer’s instructions. To
analyze relative mRNA levels, derived values were normalized to indicated housekeeping genes.
gPCR primers were purchased from Sigma-Aldrich. A complete list of primer sequences is
provided in Supplementary Table 1.

Bone marrow-derived macrophages

Bone marrow-derived macrophages (BMDMs) were produced from WT or Sp140-deficient mice.
Bone marrow was flushed from tibia and femur and allowed to adhere to a non-treated tissue
culture plate for 1 day. Non-adherent cells were then differentiated to macrophages in DMEM
containing 10% FBS, 1% L-Glutamine, 1% penicillin/streptomycin, 0.1% p-mercaptoethanol,
5ng/mL of interleukin 3 (IL-3, Peprotech) and macrophage colony stimulating factor (M-CSF,
Peprotech) for 7 days. Macrophage maturity was assessed by surface expression of CD11b and
F4/80 with flow cytometry.

Flow cytometry

For flow cytometric analysis, colons were dissected, and caeca were removed. The tissue was
placed in RPMI containing 5% FBS and fat was removed by careful dissection followed by gentle
rolling along a moist paper towel. The tissue was cut open longitudinally and rinsed to remove
loose fat and fecal matter. Colon was cut into 1-2 cm pieces and transferred to RPMI containing
5% FBS, 5mM EDTA, and 1mM DTT and incubated at 37C for 20 minutes with shaking (400rpm).
To remove epithelial cells, colons were next vigorously shaken in complete RPMI with 2mM
EDTA. Colon was minced into fine pieces and digested in complete RPMI containing 0.5 mg/mL
Dispase Il (Gibco) and 1.5 mg/mL type IV collagenase (Gibco) for 45 minutes at 37C shaking
(400rpm). Single-cell suspensions were prepared using a 40um nylon cell strainer. Cells were
stained with fixable live/dead stain, Fc Block, counting beads, and fluorochrome-conjugated
antibodies for 20 min on ice then fixed on ice for 30 min using Fixation/Permeabilization Solution
Kit. Data were acquired using a BD FACSAria running FACSDiva software and analyzed with
FlowJo software. Mononuclear phagocytes were analyzed using a previously described gating
strategy (Adiliaghdam et al., 2021). See Supplemental Table 2 for a list of FACS antibodies and
reagents used.

Mouse bone marrow reconstitution
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Bone marrow progenitor cells obtained from C57BL/6 donor mice were placed in 24-well tissue
culture dishes (1 x 10° cells per well) in fresh media containing 15% fetal bovine serum, IL-3 (20
ng/ml), IL-6 (50 ng/ml), and stem cell factor (SCF) (50 ng/ml). On day 4, the cells were harvested
and washed twice in PBS. For bone marrow transplantation, C57BL/6 recipient mice were
irradiated with 131Cs at 10 gray on day 0 and injected retro-orbitally with 2.5 x 10°® bone marrow
cells in 200 pl of Dulbecco’s modified Eagle’s medium, after which the mice were monitored for 6
weeks to allow for immune reconstitution.

Dextran sodium sulfate (DSS)-colitis

Mice were administered 2% dextran sodium sulfate salt (DSS, MW = 36,000-50,000 Da; MP
Biomedicals) in drinking water ad libitum for 7 days (freshly prepared every other day), followed
by regular drinking water for 5 days. Mice were sacrificed on day 12. Colon length was measured.
For histology, tissue was collected from the distal part of the colon, and hematoxylin and eosin
staining were performed. Images were obtained on an EVOS XL Core Imaging System
microscope (ThermoFisher). Metronizadole treated mice were administered 1g/L metronidazole
drinking water with 8mg/mL Sweet’'N Low for 2 weeks prior to the start of DSS administration and
continued through day 12.

16S rRNA gene sequencing

QlAamp DNA Stool Mini Kit was used to extract DNA from mouse and human feces. The
hypervariable region (V4) of the 16S rRNA gene sequences were amplified by using PCR with
adaptor primer set containing 12bp multiplex identifier sequences (Integrated DNA Technologies,
Coralville, IA). Each reaction contained template DNA, each primer (0.2 uM), and 2x Platinum™
Hot Start PCR Master Mix (Invitrogen, Carlsbad, CA). PCR conditions were as follows: 94°C for
3 min, followed by 22 cycles at 94°C for 45 sec, 52°C for 1 min, and 72°C for 1.5 min and a final
extension step at 72°C for 10 min. Triplicate reactions were prepared, pooled, and purified using
SpeedBead™ carboxylate magnetic bead solution (GE Healthcare, Marlborough, MA). The
amplicons were quantified using KAPA Library Quantitation kit (KAPA, Cape Town, South Africa)
and an equimolar amount of each sample was sequenced on the MiSeq System (lllumina, San
Diego, CA) with 2x150 paired-end run parameters. Microbiome bioinformatics analysis was
performed with QIIME 2 release 2018.11. In brief, cutadapt was used to trim 515F/806R primers
in the paired end sequences. Subsequently, the sequences were stripped of noise by using the
DADAZ2 denoiser program. The denoised, timmed and higher quality amplicon sequence variants
(ASVs) were aligned with MAFFT and used to construct a phylogeny with fasttree2. All ASVs
were assigned taxonomy using the q2-feature-classifier . In brief, a naive Bayes classifier was
trained on the Greengenes 13_8 99% OTUs reference sequences to assign taxonomy to each
ASV. The compositional differences among the groups were determined by a linear discriminant
analysis using LEfSe (Segata et al., 2011) with a threshold of 2.0 on the logarithmic score and
alpha value of 0.01 for the factorial Kruskal-Wallis test among classes using Galaxy
(https://huttenhower.sph.harvard.edu/galaxy/). 16S rRNA sequencing data are deposited at
Sequencing Read Archive (SRA) under accession number SAMN26873569.

Macrophage stimulations with stool homogenates

Stool pellets were weighed and resuspended in 40mg/mL complete DMEM then homogenized
using a BeadBug 3 microtube homogenizer (Benchmark Scientific) for 9 minutes at highest speed
in BeadBug tubes containing 1.5mm Zirconium beads. Homogenized stool was centrifuged at
4009 for 1 min. Supernatant was collected and passed through 70um strainer. Stool homogenates
were then added to 0.5x10° bone marrow-derived macrophages (BMDMs) in a 96 well plate at a
final concentration of 1mg/mL. Antibiotic treated mice were administered a broad-spectrum
antibiotic cocktail (1g/L metronidazole, 0.5g/L vancomycin, 1g/L ampicillin, 1g/L neomycin)
containing 8mg/mL Sweet'N Low via drinking water. Stool was collected after 4 weeks of antibiotic
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treatment. Mouse IL-6 was measured in cell supernatants using a DuoSet ELISA kit per
manufacturer instructions (R&D Systems).

Software
Flow cytometry samples were acquired using FACSDiva and analyzed using FlowJo version 10.
Statistical analysis was performed using GraphPad Prism version 7.
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