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Abstract

Objective—The HLA-B27/p2 microglobulin (B2m) transgenic rat is a leading model of B27-
associated spondyloarthopathy and disease is dependent on the presence of intestinal bacteria. We
have shown previously that adult HLA-B27/p2m rats have an altered intestinal microbiota. In this
study we sought to better define age-dependent changes to both mucosal immune function and
dysbiosis in this model.

Methods—Intestinal contents were collected from wild type and HLA-B27/B2m+ rats post-
weaning (3 and 6 weeks), at disease onset (10 wks) and after the establishment of disease (16
wks). Microbial community structure was determined by 16s sequencing and gRT-PCR. Mucosal
and systemic Thl, Th17 and Treg responses were analyzed by flow cytometry, as was the
frequency of 1gA-coated intestinal bacteria. Intestinal expression of inflammatory cytokines and
antimicrobial peptides (AMPs) was determined by qRT-PCR.

Results—An inflammatory cytokine signature and elevated AMP expression during the post-
weaning period preceded the development of clinical bowel inflammation and dysbiosis in HLA-
B27/p2m+ rats. An early and sustained expansion of the Th17 pool was specifically observed in
cecal and colonic mucosa of HLA-B27/B2m rats. Strongly elevated Akkermansia mucinphilia
colonization and IgA coating of intestinal bacteria was significantly associated with HLA-B27
expression and arthritis development.

Conclusions and Perspectives—HLA-B27/32m expression in this rat model renders the host
hyper-responsive to microbial antigens from infancy. Early activation of innate immunity and
expansion of a mucosal Th17 signature are soon followed by dysbiosis in HLA-B27/g2m+ve
animals. Perturbed mucosal immunity and dysbiosis strongly merit further study in both pre-
diseased and diseased SpA patient populations.
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Health & Science University, 3181 SW Sam Jackson Park Rd, Portland, OR 97239-3098, Phone: (503) 494-3371, Fax: (503)
494-6875, asquith@ohsu.edu.
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INTRODUCTION

Spondyloarthropathies (SpAs) including ankylosing spondylitis (AS), reactive arthritis, and
uveitis represent a spectrum of clinically related diseases with complex genetic,
immunological and environmental etiology (1). MHC haplotype has the strongest genetic
association with these diseases, with Human Leukocyte Antigen (HLA)-B27 greatly
overrepresented in SpA patient populations (2). The strongest evidence that HLA-B27
mechanistically contributes to disease pathogenesis derives from the spondyloarthritis
phenotype of transgenic rats that express multiple copies of the human B27-transgene in
association with human p2-microglobulin (reviewed by (3)).

We have shown recently that HLA-B27/p2m rats have a distinct intestinal microbiota
compared to strain-matched WT control animals (4). Pediatric and adult patients with SpA
also exhibit an altered microbiota (termed dysbiosis) relative to healthy controls [5, 6]. This
complements mounting evidence that the intestinal microbiota functionally impact SpA
pathogenesis, as demonstrated by the absence of a disease phenotype in HLA-B27/82m rats
reared in germ free conditions or treated with antibiotics (7, 8). In humans, intestinal
Campylobacter, Salmonella, Shigellaand Yersiniaspp. orurogenital Chlamydia, are
established triggers of reactive arthritis, further indicating an intimate link between microbes
and joint pathology (reviewed in (1). Moreover, up to 50% of SpA patients exhibit signs of
microscopic bowel inflammation, and a significant proportion subsequently develop IBD (9,
10). AS patients also exhibit elevated levels of the fecal antimicrobial peptide (AMP)
calprotectin — a biomarker of disease activity in Crohn’s disease (CD) (11, 12).

From birth, an intricate relationship develops between the intestinal immune system and the
resident gut microbiota (13). Exposure of intestinal microbes may elicit immune responses
which promote homeostasis, for instance the induction of CD4+FoxP3+ Treg by Clostridial
spp. (14). Alternatively, the induction of immune effectors may contribute to inflammation
both locally and systemically such as the induction of Th17 signature effector cells by
intestinal microbe segmented filamentous bacteria (SFB) that may contribute to the
development of colitis, EAE and arthritis (14-16). The impact of HLA-B27 expression on
the development of these responses therefore demands further insight.

In this study we sought to determine the age-dependent ontogeny of dysbiosis in HLA-B27/
B2m rats and its relationship to immune status of the host. We examined the evolution of the
mucosal immune response in HLA-B27/2m animals from infancy (3 wks) until when
animals develop bowel inflammation (10 wks) and arthritis (16+ wks). We observed that
many parameters including AMP expression, microbiota-specific IgA response, Th17 and
Treg responses are grossly disturbed in a HLA-dependent manner. Several (but not all) of
these parameters were also disrupted prior to the onset of dyshiosis and HLA-B27 associated
disease.
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Ethics Statement

Animals

All animal experiments were carried out under the ethical and experimental standards of the
Association of Assessment and Accreditation of Laboratory Animal Care International and
the Institutional Animal Care and Use Committee of Oregon Health & Sciences University.

The derivation of rats bearing the HLA-B27/h,m (33-3 line) transgene has been described
previously [17]. In brief, the 33-3 locus encodes 55 copies of B27 with 28 copies of the
hBom gene [18]. HLA-B27/h,m transgenic rats on the Fischer 344 background (F33-3 line)
were maintained at OHSU by crossing hemizygous females with founder WT F344 males
(Jackson labs). Initial breeders for the F33-3 line were a generous gift of Maxime Breban.
Both F344 33-3 offspring and WT littermate controls were separated post weaning and
singly housed. All animals were maintained under specific pathogen free conditions and fed
a diet of standard laboratory chow.

For longitudinal analysis of the microbiota, stool samples were collected weekly from F33-3
animals and littermate controls and stored at —80C. For longitudinal assessment of joint
inflammation, a semi-quantitative scoring system was adopted. Each limb of the rat was
assessed for redness and swelling. Each limb was scored 0.0, 0.5 or 1.0 and the sum of the
four limbs is the noted score. A score of 0.0 is given for no disease, a score of 0.5 for minor
swelling and/or redness of the joint, and a score of 1.0 for a red and swollen joint.

Sample collection

Animals aged 3-20 weeks were euthanized and tissues collected using sterile instruments.
To collect mucosal samples, luminal contents were removed using phosphate buffered saline
(PBS) and the remaining tissue vigorously swabbed to remove mucosally-associated
microbes. Swabs and adjacent tissue were snap frozen and stored at —80C for subsequent
analysis of microbial DNA or host RNA expression respectively.

Assessment of intestinal inflammation

Animals were sacrificed at the indicated ages and cecum and three colon sections
(proximal/mid/distal) were fixed in 4% formalin. Sections were paraffin embedded, cut into
5um sections and stained with hematoxylin and eosin. Sections were then scored in a
blinded fashion using a scoring system described previously (19). This four parameter
scoring system encompasses epithelial hyperplasia/goblet cell depletion, leukocytic
infiltration of the lamina propria, markers of severe inflammation and total area of the
intestinal section affected. Each parameter is scored 0-3, for a total score of 12. Scores for
colon represent the mean scores of the three colon sections collected.

Analysis of microbial colonization by quantitative real-time PCR

Please see Supplementary Methods and Supp. Table 1 for full details. In brief, microbial
DNA was extracted using the PowerSoil DNA Isolation Kit (MoBio Laboratories Inc.,
Carlsbad, CA) and phylum- (Firmicutes, Proteobacteria) or species- (Akkermansia
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muciniphila) specific primers used as indicated to perform quantitative real-time PCR (qRT-
PCR). The AACt relative quantification method was used as described previously (4), using
the 16s rRNA gene as a reference gene.

Analysis of AMP and cytokine expression

Please see Supplementary Methods for full details. RNA was isolated from snap frozen
tissue using Trizol Reagent (Life Technologies, Carlsbad, CA) and cDNA synthesized using
High Capacity cDNA Reverse Transcription kit (Life Technologies). Tagman Gene
Expression Assays (Life Technologies) were used for RT-gPCR determination of
antimicrobial peptide mMRNA expression. Published primer sequences were used to
determine cytokine gene expression (for details see Supp. Table 2). Gene expression data
was normalized to HPRT expression.

Lymphocyte isolation and flow cytometry

Preparations of spleen and MLN suspensions were performed as described previously (20).
Intestinal lamina propria cells were isolated from either cecal or colonic tissue by EDTA
incubation, collagenase/DNAasel digestion and Percoll gradient (see (20) and
Supplementary Methods). For analysis of cellular cytokine production, 10”6 cells were
incubated per well of a 96 well plate at 37C for 4h in supplemented RPMI (3% FBS)
containing phorbol myristate acetate/ionomycin and Brelfeldin A. Unstimulated controls
were included with Brelfeldin A alone.

For flow cytometric analysis cells were incubated with cell surface antibodies (see below)
and AQUA Live/Dead stain (Invitrogen, San Diego, CA) prior to fixation, permeabilization
and intracellular staining with buffers from the FoxP3/Transcription Factor Staining Buffer
Set (eBioscience, San Diego, CA). Cell surface antibodies used were CD3, CD4 and TCRp
and intracellular antibodies used were IL-17, IFN+y (cytokine panel) and FoxP3 and Helios
(Treg panel). For antibody clones, conjugates and suppliers see Supp. Table 3. All flow
cytometry samples were acquired with a BD Fortessa instrument (BD Biosciences, San Jose,
CA) and analyzed using FlowJo software (TreeStar, Ashland, OR). Frequencies of cytokine-
producing cells represent the stimulated sample value minus that of its unstimulated control.

Bacterial IgA coating assay

To determine the frequency of IgA-coated bacteria, we modified an existing protocol (see
(21)). Full details are provided in Supplementary Methods. In brief bacterial suspensions
were prepared from fecal pellets and stained with mouse anti-Rat IgA (Acris antibodies, San
Diego, CA), followed by Brilliant Violet 421 conjugated goat anti-mouse Ig (BD
Bioscience). Cells were then co-stained with nuclear stain SYTO BC (Life Technologies)
prior to PFA fixation and acquisition on a BD Fortessa instrument. Frequencies represent
those of IgA+ cells amongst total SYTO BC +ve cells minus that of isotype controls.

Statistical Analysis

Statistical analysis to compare histological scores, bacterial colonization, gene expression
and immune cell frequencies of WT vs transgenic animals was performed with PRISM
software (GraphPad, San Diego, CA). Nonparametric data were compared using Mann-
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Whitney U test and parametric data were compared using student’s t test unless specified
otherwise. Repeated measures ANOVA was used to compare longitudinal bacterial
colonization. Linear regression was used for correlation analysis of Akkermansia
muciniphila colonization and cecal mMRNA expression of inflammatory cytokines.

Age-dependent development of dysbiosis in HLA-B27/p2m rats

To determine the impact of age on the intestinal microbiota in HLA-B27/B2m +ve rats, we
analyzed the cecal microbiota of post-weaning (3 wks), juvenile (6 wks), adult (10 wks) and
older animals (16+ ws) compared to littermate controls. WT and B27+ animals exhibited a
similar microbiota post weaning (3—-6 wks), yet exhibited significant changes to the
intestinal microbiota by 10 wks of age, with a significant decrease in the relative abundance
of Firmicutes spp., and a significant expansion of both Proteobacteria spp. and bacterium
Akkermansia muciniphila (Am) (Fig. 1A-C). This HLA-B27 -dependent dysbiotic
phenotype was also highly significant in older animals (16+ wks).

During the post-weaning period (3-6 wks), changes in the intestinal microbiota were
particularly dynamic with age, albeit not significantly impacted by their HLA-B27/p2m
expression. Strikingly, at 3 wks of age both HLA-B27 and WT controls exhibited a
dysbiotic-like phenotype most closely resembling that of older HLA-B27/f2m animals.
Since all animals were derived from transgenic HLA-B27/p2m mothers (see methods), these
data are consistent with high exposure to maternal microbes during infancy. Nonetheless, by
6 wks, all animals exhibited a low relative abundance of Am and Proteobacteria spp. and a
high relative abundance of Firmicutes spp. (Fig. LA-C). This indicates that despite early
exposure to and later development of a dysbiotic microbiota, HLA-B27/p2m animals may
transiently exhibit a ‘normal’ intestinal microbiota at 6 wks of age.

In light of these findings, we examined the temporal relationship between a dysbiotic
microbiota and the development of bowel inflammation (Fig. 1D). B27+ animals developed
severe typhlitis and moderate colitis commencing at 10 weeks of age (Fig. 1D), with chronic
intestinal inflammation persisting in older animals (16+ wks). By contrast, younger B27+
animals (3—-6 wks) were free from overt clinical bowel inflammation in the first weeks post
weaning (Fig. 1D).

HLA-B27 expression leads to early changes in inflammatory cytokine and AMP expression

We hypothesized that dysbiotic changes in HLA-B27/p2m+ animals might be preceded by
local changes in immune mediators that may modulate the microbiota. Thus we examined
mRNA levels of inflammatory cytokines and antimicrobial peptides in cecal tissue by RT-
gPCR. We observed significantly elevated expression of Th17 signature cytokines, 1L-23
and IL-17A (Fig. 2), in addition to Th1 signature cytokine, IFNvy, in 10 wk and 16 wk old
HLA-B27/B2m+ animals concomitant with the establishment of clinical bowel inflammation
(Fig. 1,2). These later time points were also accompanied by significantly elevated
expression of MRNA for canonical innate cytokines IL-18, TNFa and IL-8 (Fig. 2).
Moderately, albeit significantly increased levels of IFNy and IL-17 were also detected at 6
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wks. Interestingly, at the earliest time point in our study (3 wks) we observed significantly
increased expression of TNFa and IL-1f in HLA-B27/82m+ animals relative to controls
(Fig. 2). These latter findings indicate that HLA-B27/pm expression at an early age may
trigger innate immune hyper-responsiveness in the gut, coinciding with the presence of a
dysbiotic microbiota.

To further examine host factors impacting the microbiota that may be dysregulated in a
HLA-B27-depedent manner, we also measured expression of anti-microbial peptides
(AMPs). Strikingly, cecal mMRNA expression of SI00A8 and Reglll-y was significantly
increased in HLA-B27/p2m animals relative to age-matched controls (Fig. 3A,B).
Interestingly these differences were observed prior to the development of clinical bowel
inflammation at 6 wks, with S100A8 expression also significantly increased at weaning (3
wks). Expression of these mediators was elevated with increasing disease severity, but
expression was also higher in non-diseased HLA-B27/p2m animals vs WT controls (Supp.
Fig. 1). Expression of all AMPs measured however was not universally increased in HLA-
B27/B2m+ animals. Cathelicidin-related Antimicrobial Peptide (CRAMP) exhibited
equivalent expression in HLA-B27/p2m+ and WT control rats from 3-10 wks of age and
was significantly decreased at 16 wks (Fig. 3C).

HLA-B27 expression drives an early expansion of mucosal Th17 cells and a perturbed Treg
compartment

To further explore the evolving host immune response to the intestinal microbiota, we next
examined the development of Th17 responses in HLA-B27/p2m+ animals from infancy to
adulthood. At 10 wks, coincident with the development of clinical bowel inflammation (Fig.
1D), IL-17+CD4+ Th17 cells were greatly expanded in the intestinal mucosa (cecum and
colon) of HLA-B27/p2m + animals, and also significantly expanded in MLN and spleen
(Fig. 4A). At 16 wks, a significant expansion of mucosal and systemic Th17 cells was also
observed. By contrast, a minimal Th17 response was observed at all tissue sites at weaning
irrespective of genotype (3wks). Strikingly however, an early expansion of mucosal Th17
cells was observed in HLA-B27/p2m animals at 6wks, particularly in cecum. These findings
indicate HLA-B27 expression drives an early expansion of mucosal Th17 cells, with site-
specific differences to the degree of Th17 induction along the large intestinal tract.

We hypothesized that the observed perturbations in mucosal immunity might be
accompanied by a dysregulated homeostatic response. To examine this, we again determined
the frequency of CD4+ FoxP3+ Treg both mucosally and systemically (Fig. 4B). Notably,
HLA-B27 rats exhibited a markedly altered distribution of FoxP3+ Treg compared to WT
controls, with a reduced frequency of cecal CD4+FoxP3+ T cells at 16wks of age. By
contrast, the frequency of CD4+FoxP3+ T cells in the draining MLN was highly increased at
later time points in HLA-B27/B2m+ve animals. At 16wks, a modest yet significant increase
in CD4+FoxP3+ T cell frequency was also observed in spleen. We did not detect HLA-B27
dependent differences in Treg accumulation in younger animals (3 and 6 wks, Fig. 4B), with
the exception of a reduced cecal Treg frequency at the 3wk time point.
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An elevated frequency of IgA-coated bacteria is associated with both HLA-B27 expression
and arthritis

Since secretory IgA plays a critical role in shaping host immunity and the intestinal
microbiota, we next employed a flow-cytometry based approach to enumerate the frequency
of IgA-coated bacteria in HLA-B27/p2m animals relative to WT littermate controls (Fig.
5A-C). Notably, HLA-B27 expression was accompanied by a log-fold increase in the
frequency of IgA-coated fecal bacteria in the oldest animals in our study (16 wks). This
robust expansion of IgA-coated bacteria was a relatively late event in the evolving immune
response to the microbiota, only beginning to emerge at 10 wks (Fig. 5C). Since arthritis
onset typically occurs at 16 wks or older in Fischer 33-3 HLA-B27/p2m transgenic rats, and
there was a low incidence of arthritis in our cross-sectional study of IgA-coating (2/9
animals in the 16wk age group, data not shown), we next probed archival stool samples from
age-matched arthritic and non-arthritic HLA-B27/B2m rats using this IgA-coating assay (see
Supp. Table 4 for ages and disease scores). Strikingly, there was a significantly increased
frequency in fecal bacteria coated with IgA in arthritic vs non-arthritic animals (Fig. 5D). By
contrast to the marked IgA coating observed in HLA-B27/f2m rats in these experiments, we
found minimal coating of gut microbes with IgG in control experiments (Supp Fig. 2).

Akkermansia muciniphila colonization correlates with the severity of bowel inflammation
and incidence of joint inflammation in HLA-B27/B2m animals

Recently, separate microbiome surveys in pediatric and adult SpA groups reported that
Akkermansia muciniphilais over-represented, at least in a subset of patients (22). We
therefore examined how Am colonization levels related to the spectrum of HLA-B27
dependent disease in the Fischer 33-3 transgenic rat. Cecal colonization levels by Amin
HLA-B27/B2m animals showed a strong positive correlation with local mMRNA expression
levels of inflammatory cytokines IFN-y, IL-17A and 1L-23 (Fig 6A-C), correlations that
were not observed on the broader phylum level (Supp Fig. 3). To examine the relationship
between Arm colonization and the development of joint inflammation, we analyzed archived
fecal samples that we had collected longitudinally from transgenic rats that either developed
an arthritic or non-arthritic phenotype (Fig. 6D). Strikingly, HLA-B27/B2m animals that
progressed to arthritis exhibited significantly higher Am colonization longitudinally relative
to HLA-B27/B2m or WT animals that remained disease-free. Together these findings
indicate that Am colonization is a potential microbial indicator of the severity of bowel
inflammation and the development of joint inflammation in HLA-B27/g2m +ve rats.

DISCUSSION

Recently we have reported HLA-B27 expression profoundly shapes the intestinal microbiota
in multiple strains of HLA-B27 transgenic rats, a leading model of spondyloarthropathy [4].
Subsequently, it has been reported that AS patients have a distinct ileal microbiota
community profile compared to healthy controls and a dysbiotic phenotype is observed in
the stool of pediatric SpA patients (5, 6, 22). To date, however, no study of SpA has
examined temporal changes to the intestinal microbiota and their relationship to the evolving
mucosal immune response.
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In this study of Fischer 33-3 HLA-B27/p2m rats, we found HLA-B27 dependent changes in
the intestinal microbiota were largely manifest with the onset of clinical bowel
inflammation, with dysbiotic changes most evident at the later time points of our cross-
sectional study (10wks and 16wks). Thus, HLA-B27 driven local inflammation may be a
central driver of these dysbiotic changes. Previously, however, we have shown that adult
Lewis 21-3x283-2 rats also develop a dysbiotic phenotype, despite the absence of overt
bowel inflammation in this HLA-B27 transgenic line (4). This indicates active bowel
inflammation is not a pre-requisite for disruption to the normal gut microbiota. Nonetheless,
we observed that multiple immune parameters were significantly altered even in pre-
diseased HLA-B27/B2m animals, including elevated transcripts for AMP and inflammatory
cytokines and a large expansion of the local CD4+ Th17 compartment. These are plausible
mechanisms through which HLA-B27 expression may alter the intestinal microbiota in those
HLA-B27+ve AS patients or transgenic rat lines that exhibit histologically normal gut
architecture.

An established paradigm is that gene-environment interactions underpin the pathogenesis of
AS, CD and related diseases. Indeed the clear requirement for the microbiota to drive
disease in HLA-B27 transgenic animals (7) underscores this environmental component in
disease pathogenesis. We note that WT animals remained healthy throughout our study,
despite harboring a gut microbial community in infancy similar to their dysbiotic HLA-B27/
B2m+ mothers. Interestingly, another study by Rehaume et al found that in the murine SKG
model of SpA, transfer of microbiota from ZAP70-deficient mice transferred disease to
healthy WT recipients (23). By contrast, neonatal exposure of WT pups to maternal HLA-
B27/B2m+ feces during weaning did not induce disease in recipient animals in our study.
This indicates that in the SKG model, it is the microbiome driving disease, rather than the
ZAP70 variant. HLA-B27/B2m expression however appears to be strictly required for
genetic priming of the host immune system to induce disease. This reaffirms the idea that a
dysbiotic microbiota alone may be insufficient to induce disease and HLA-B27/32m
expression is also a key requirement for the loss of gut homeostasis and pathogenesis.
Indeed, identification of mechanisms underlying the ‘recovery’ of a dysbiotic to normal
microbiota in WT animals may also help identify some of these homeostatic pathways.
These pathways are incompletely understood, but could involve bactericidal mechanisms
(e.g. phagocytosis or AMP production) or provision of metabolites such as fucose to
promote outgrowth of benign commensal species (reviewed in (1)).

The mutualistic relationship between the microbiota and immune system develops from the
first exposure of the naive intestinal tract to microbial antigens at birth. Our findings that
TNFa, IL-1p and AMP expression are all elevated in infant (3wk old) cecal tissue of HLA-
B27/B2m animals relative to age-matched controls indicate HLA-B27 expression renders the
gut immunologically hyper-responsive from an early age. This exaggerated innate immune
response is followed by marked latter expansion in mucosal expression of Thl and Th17
signature cytokines (IFN+y and IL-17/IL-23) — whose upregulated colonic mRNA expression
in HLA-B27/p2m rats has also been described previously (24). Several studies indicate the
intestinal lamina propria may be a key inductive site for Th17 cells (25, 26). Consistently,
~30% of lamina propria T cells were IL-17+ve in HLA-B27/p2m animals at only 6 wks of
age, whereas expansion of extra-intestinal Th17 cells (MLN and spleen) was more moderate
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and observed at later time points. These latter findings mirror those of Glatigny et al, in
which a significant expansion in the frequency of popliteal and mesenteric lymph node Th17
cells commenced at 3 months of age in HLA-B27/B2m relative to controls (27). Recently it
has also been shown that arthritogenic T cells with high migratory capacity are primed in the
gut of K/BxN mice (16, 28). Thus, local induction of Th17-like cells in HLA-B27/B2m rats
may also potentiate effector populations capable of exiting the gut and inducing
inflammation at distal sites.

Our study also revealed that HLA-B27 expression may also perturb the relative tissue
distribution of CD4+FoxP3+ T cells. We found the inflamed intestine of older HLA-B27/
2m animals exhibited a loss of this homeostatic cell population (Figure 4B). This finding
was somewhat surprising given reports of their increased frequency in the gut of AS and CD
patients [29]. Either site-specific (e.g. ileum vs large intestine) or species-specific
differences may explain this discrepancy. By contrast to the gut however, HLA-B27
expression was associated with a marked accumulation of CD4+FoxP3+ T cells in the MLN
of inflamed animals. Indeed, a previous study reported that CD4+CD25+ T cells
accumulated in the MLN of HLA-B27+ rats relative to WT controls (30). Previously
however, it has been reported that HLA-B27 transgenic rats exhibit a loss of tolerogenic
CD103+ CD172!° DCs that traffic to the MLN — a site of Treg induction (31, 32). The
expanded Treg population in the MLN was therefore unexpected. A plausible hypothesis to
examine is that further to dysregulated DC trafficking, HLA-B27 expression may also
disrupt homing of Treg from the MLN to the intestinal lamina propria.

Loss of the dominant Firmicutes phylum is an observation reported in both IBD patients and
rodent colitis models (33-35). Interestingly, Clostridial spp. of this phylum are known
inducers of intestinal Treg (14), potentially through high production of short-chain fatty
acids [36]. These metabolites may promote epithelial fitness and limit inflammatory
cytokine production by enterocytes and leukocytes (Reviewed by (37)). The loss of
Firmicutes in a HLA-B27 dependent manner may thus promote breakdown of host-
microbiota homeostatic mechanisms and inflammation. Conversely, Proteobacteria
outgrowth was also observed in HLA-B27 rats in this and a previous study (38), and is
dysbiotic phenotype reported in IBD (39). This phylum includes £.coli and other
Enterobacterial spp. which may intimately associate with the intestinal mucosa and induce
local inflammation (reviewed in (40)). Nonetheless, given that these dysbiotic changes were
concomitant with bowel inflammation in HLA-B27 rats, we cannot determine whether they
are a cause or a result of HLA-B27 dependent disease.

We also examined expression mRNA levels of soluble mediators known to shape the
intestinal microbiota. We found both innate (AMPs Regllly and S100A8) and adaptive
mediators (secretory 1gA) were strongly impacted by HLA-B27 expression. Interestingly,
elevated fecal calprotectin (S100A8) levels have been reported in the stool of both AS
patients and first degree relatives compared to controls (11, 12, 41), mirroring their increased
cecal mMRNA expression found here. We propose that early and sustained elevated expression
of AMPs such as S100A8 and Reglll-y may deplete benign intestinal microbes, creating a
niche exploited by pathogenic organisms. Contrasting these early changes in AMP
expression, we found the dramatic HLA-B27 dependent increase in the frequency of IgA-
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coated bacteria was a relatively late event. This could merely reflect differences in sensitivity
of RT-gPCR and flow cytometric assays used to measure these mediators or be the result of
chronic intestinal inflammation in older animals. Alternatively, this may herald the onset of
HLA-B27 dependent pathology beyond the gut. Indeed, a higher frequency of IgA-coated
bacteria was observed in arthritic vs non-arthritic HLA-B27+ rats, despite the presence of
penetrant bowel inflammation in all older animals.

Elevated IgA responses to the enteric flora are a feature of IBD and AS patients. For
instance, bacterial flagellin is a dominant antigen in CD, and elicits robust IgA responses
(42). Moreover, elevated IgA responses have been reported against yeast Saccharomyces
cerevisiae (ASCA), a diagnostic marker in CD, in SpA patients (43, 44). Whereas these
studies used ELISA to assay IgA titers, we adopted a flow-based assay to identify IgA-
coated microbes. In WT animals, we found relatively few microbes coated with high levels
of IgA. This is consistent with reports that under homeostatic conditions, commensals elicit
an IgA response with relatively low affinity and specificity (reviewed by (45, 46). By
contrast, particularly robust IgA responses are elicited against pathogenic gut microbes and
recently it has been reported that IgA coating identifies colitogenic bacteria in CD (21). This
provides a strong impetus to establish whether IgA coating may be a marker of colitogenic
or arthritogenic bacteria in the HLA-B27 rat, or whether there is a direct mechanistic link
with disease pathology.

In the final part of our study, we observed a strong correlation between Akkermansia
muciniphila colonization and B27-dependent inflammation of gut and joint. Interestingly
increased Am colonization is a shared dysbiotic feature of HLA-B27/p2m rats and SpA
patient subpopulations (5, 22). Increased carriage of Am has also been reported in psoriatic
arthritis and in IBD pouchitis (47, 48). Am is as a mucin-degrading bacterium that closely
associates with enterocytes (49). Interestingly, HLA-B27/p2m+ rats produce increased
intestinal mucin (50), a substrate that may favor Am colonization. Moreover, Amis an
immunologically active microbiota constituent, inducing expression of a panoply of immune
genes including those involved in AMP synthesis and antigen presentation (51, 52).
Therefore enhanced Am colonization may not be merely be secondary to changes to the gut
milieu but contribute to the inflammatory cascade in SpA-associated disease. We interpret
this model however with caution. For instance, vancomycin is reported to induce a striking
outgrowth of Am (53), despite its ability to attenuate bowel inflammation in HLA-B27/p2m
rats (8). Moreover, Am has previously been shown to be protective in the DSS IBD model
that DSS treatment reduces its carriage (54). Thus, if Amis driving HLA-B27-associated
disease it may be doing so in concert with other members of the gut microbiota.

The authors note that a limitation of the current study was that we were unable to include an
MHC-class | control (for instance the HLA-B7 transgenic rat). The use of such strains in
future studies would help clarify which of the microbiota and immunological changes
described here were specific to HLA-B27 or potentially associated with expression of other
human HLA haplotypes. Further analogous studies in human SpA populations and controls
would also prove highly useful in this regard.
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In summary we report the progressive dysbiosis of HLA-B27/p2m+ rats is marked by
dynamic changes to the intestinal immune environment. These include dysregulated
expression of AMPs and increased production of bacterial-specific IgA. These changes are
accompanied by enhanced mucosal innate and adaptive cytokine expression, with local
perturbation of effector and regulatory T cell populations (Th17 and Tregs). Intriguingly,
both Am colonization and 1gA-coating of gut microbes were significantly associated with
arthritis development in HLA-B27/p2m rats. Thus, further dissection of dybiotic changes
and perturbed mucosal immune function may prove enlightening to further understand SpA
pathogenesis. Moveover, strategies to target the intestinal microbiota therapeutically, for
instance dietary intervention or fecal microbiota transplant (FMT) may limit these HLA-B27
dependent immune changes and offer novel therapeutic opportunities for the clinical
management of HLA-B27 associated spondyloarthropathies.
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Figure 1. Development of intestinal inflammation and an altered intestinal microbiotain HLA-
B27/p2m rats

Fischer 344 (33-3) HLA/B27/p2m transgenic and WT littermate control mice were
sacrificed at the indicated time points and cecal mucosal colonization determined by RT-
gPCR using phylum- or species-specific primers (A-C). Abundance of Firmicutes (A),
Proteobacteria (B) and Akkermansia muciphila (C) were calculated relative to 16s (arbitrary
units). (D) Cecal and colonic inflammation was assessed histologically. Each symbol
represents a single animal, and the data were pooled from two to three independent
experiments per time point (n=7-14 per age/genotype). Horizontal lines represent group
means. *p < 0.05, ** p <0.01, *** p < 0.001.
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Figure 2. Cecal cytokine expression in WT and HLA-B27/p2m rats
Fischer 344 (33-3) HLA/B27/p2m transgenic and WT littermate control mice were

sacrificed at the indicated time points and cecal cytokine mRNA expression determined by
RT-gPCR. Expression level of (A) IFNvy, IL-17A, 1L-23, IL-1pB, TNFa,IL-8 and IL-6 was
calculated relative to housekeeping gene HPRT. Each symbol represents a single animal, and
the data were pooled from two to three independent experiments per time point (n=7-14 per
age/genotype). Horizontal lines represent group means. *p < 0.05, ** p < 0.01, ***p <
0.001.
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Figure 3. Cecal antimicrobial peptide (AMP) expression in WT and HLA-B27/p2m rats
Fischer 344 (33-3) HLA/B27/p2m transgenic and WT littermate control mice were

sacrificed at the indicated time points and cecal AMP mRNA expression determined by RT-
gPCR. Expression level of (A) Reglll-y, (B) SI100A8 (C) cRAMP was calculated relative to
housekeeping gene HPRT. Each symbol represents a single animal, and the data were pooled
from two to three independent experiments per time point (n=7-14 per age/genotype).
Horizontal lines represent group means. *p < 0.05, ** p < 0.01, *** p < 0.001.

Arthritis Rheumatol. Author manuscript; available in PMC 2017 September 01.



1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

1duosnuep Joyiny

Asquith et al.

Page 18

>

'S
=)
I

w
o
i

amongst CD4 T cells
g 9

Frequency of IL-17+ve cells

o
L

SOR|EFP T R[PSS &R

6 WKS 10 WKS 16 WKS

@xo_,Q c?

w
5
3

*kk

(2
(=]
]

kK

N
o
1

Frequency of FoxP3+ve cells
amongst CD4 T cells
)

§ & & @\' 2 54
KS

T
R
%
1,
%
%

2
»
(o]
2

10 WKS 16 WKS

Figure 4. Disruption of the Th17/Treg compartment in HLA-B27/B2m rats
Fischer 344 (33-3) HLA/B27/p2m transgenic and WT littermate control mice were

sacrificed at the indicated time points. Lymphocytes were isolated from cecal and colonic
lamina propria, mesenteric lymph node (MLN) and Spleen and the frequency of (A)
CDA4+IL-17+ T cells and (B) CD4+FoxP3+ T cells was determined by flow cytometry
(n=5-12 animals/genotype/time point). Data represents two to three pooled experiments per
time point. Bars represent group means +/— SEM. *p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure5. HLA-B27/B2m rats harbor an increased frequency of 1gA-coated microbes
Feces were collected from Fischer 344 (33-3) HLA/B27/p2m transgenic and WT littermate

control mice at the indicated time points. To enumerate the frequency of IgA coated bacteria,
fecal contents were stained with SYTO BC nuclear stain and with anti-rat IgA. (A-B)
Representative flow cytometric plots of IgA staining in A) WT and B) HLA/B27/p2m
transgenic rats (16weeks). (C) The percentage of IgA+ve fecal bacteria at the indicated time
points. (D) Feces from adult (16-20wk) arthritic and non-arthritic H;A-B27/B2M rats were
analyzed for IgA coating (as in C). Each symbol represents a single animal, with data pooled

from two independent experiments. ** p < 0.01.
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Figure 6. Am colonization correlates with the severity of bowel inflammation and development of

arthritisin HLA-B27/p2m rats

(A-C) Linear regression was performed on log-transformed cecal mucosal Akkermansia
muciniphila colonization (relative to 16s) and cecal mMRNA expression of either (A) IFN-y,
(B) IL-17 or (C) IL-23 (calculated relative to HPRT). F and p values shown on figure. Each
symbol represents a single animal. (D) Longitudinal Am colonization (relative to 16s) was
determined at the indicated time points in WT (red line) animals or HLA-B27/82m animals
that either progressed to arthritis (blue line) or remained non-arthritic (green line). Bars
represent group means +/— SEM, n = 5-6 per group. *p < 0.05.
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