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Abstract  22 

Objective: Individuals with newly diagnosed rheumatoid arthritis (RA) have a distinct 23 

microbiome when compared with healthy controls. However, little is known as to when these 24 

microbiome perturbations begin. Using a prospective at-risk cohort of individuals positive for 25 

anti-citrullinated protein (anti-CCP) antibody with new onset musculoskeletal symptoms, but 26 

without clinical arthritis, we investigated for the presence of a gut dysbiosis before the onset 27 

of RA. 28 

Methods: The gut microbiota of 25 anti-CCP positive individuals without clinical synovitis 29 

were sequenced targeting the V4 region of the 16S rRNA gene. Using a publicly available 30 

database, a control population of 44 individuals, approximately matched in age, gender, diet 31 

and ethnicity was selected for comparison, using the same sequencing methodology. Median 32 

interval between sample collection and progression to RA was 188 days. Taxonomic analysis 33 

was performed using QIIME and MEGAN, and statistical analysis using R software. 34 

Results: There were significant differences (p=0.01) at family level in gut microbiomes of 35 

anti-CCP positive individuals versus controls. The anti-CCP positive population had an 36 

overabundance of Lachnospiraceae, Helicobacteraceae, Ruminococcaceae, 37 

Erysipelotrichaceae and Bifidobacteriaceae, amongst others. Five individuals progressed to 38 

RA between sample collection and analysis. Clustering of the progressor population was 39 

observed on a phylogenetic network created using a probabilistic similarity index (Goodall’s 40 

index). 41 

Conclusions: Anti-CCP positive at-risk individuals without clinical synovitis appear to have 42 

a distinct gut microbiome compared to healthy controls. Phylogenetic clustering was 43 

observed in individuals who progressed to RA, suggesting that distinct taxa are associated 44 

with the development of RA many months before its onset.  45 
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Key messages 46 

• Phylogenetic clustering of CCP+progressors suggests microbial dysbiosis predates the 47 

onset of RA by many months. 48 

• Preserved microbial diversity between CCP+progressors and CCP+non-progressors 49 

suggests diversity decreases with progression along RA spectrum. 50 

 51 

Key words: Gut Microbiome, Pre-Rheumatoid Arthritis, 16S rRNA Sequencing, Microbial 52 

Dysbiosis 53 

 54 

1.Introduction 55 

Established rheumatoid arthritis (RA) is now recognised as the end point of a disease 56 

continuum, encompassing a preclinical phase where genetic and environmental factors 57 

interact, to initiate autoimmunity (1-3). The production of rheumatoid factor (RF) and more 58 

specifically anti-citrullinated protein (anti-CCP) antibody mark the presence of systemic 59 

autoimmunity (4), which may occur years before the development of clinical synovitis and 60 

RA (1). The presence of circulating immunoglobulin A (IgA) anti-CCP prior to joint 61 

inflammation in individuals at-risk of RA suggests that the joints are the target rather than the 62 

instigator of systemic auto-antibody production (5). Additionally, serum enrichment of IgA 63 

points to a mucosal driver in RA-related autoimmunity. As the gut mucosa receives a 64 

constant stream of antigenic stimulation from resident microbes, it is conceivable that a 65 

delicate innate immune homeostasis has evolved within the gut (6). Aberration of this 66 

symbiotic state, triggered by alterations of bacterial communities (dysbiosis), can lead to 67 

immune dysregulation (7). Interestingly, patients with established RA have been reported to 68 

have dysbiotic microbiomes when compared with those of healthy controls (8-15), although 69 

the detailed bacterial changes in such dysbiosis is still under investigation. Furthermore, the 70 
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question remains as to whether the dysbiotic changes observed are a cause or a consequence 71 

of the underlying disease process.  72 

Anti-CCP positivity combined with new arthralgia can be used to delineate those at the 73 

highest risk of RA progression (5). Thus, this at-risk cohort provides a unique opportunity to 74 

investigate RA disease before its onset. We have investigated using 16S rRNA sequencing 75 

whether there are common changes in gut microbiomes of anti-CCP positive patients, 76 

particularly in those who progress to RA onset.  77 

2. Methods 78 

2.1 Patient and public involvement 79 

Prior to commencement of this research patients were involved in the design and feasibility 80 

of this study, informing aspects of recruitment, sample return and dissemination of outputs 81 

using the patient focused discussion group at Chapel Allerton Hospital, Leeds. During the 82 

study period participant feedback was sough regarding the stool collection kit which was 83 

subsequently refashioned.   84 

2.2 Patient selection  85 

Twenty-five anti-CCP positive individuals with nonspecific musculoskeletal symptoms and 86 

without clinical evidence of synovitis on examination were included in this study. 87 

Participants were selected from the Leeds CCP ‘at-risk’ cohort which has been previously 88 

described (16, 17). Briefly, this cohort is recruited nationally via primary and secondary care 89 

referrals of individuals presenting with new onset non-specific musculoskeletal symptoms. 90 

These individuals are then tested for the presence of anti-CCP antibodies (CCP2 assay) using 91 

Bioplex 2200 kit (BioRad, positive test .2.99IU/ml). If positive for anti-CCP antibodies 92 

individuals are invited to attend screening clinics at Chapel Allerton Hospital, Leeds where 93 

participants are monitored for progression to RA. Individuals with inflammatory bowel 94 
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disease, gastrointestinal (GI) malignancy or previous GI surgery resulting in stoma formation 95 

were excluded from the study. In addition, those with recent (within 3 months) antibiotic, 96 

laxative or pre/probiotic use were also excluded.  A comparator population of 44 healthy 97 

controls was selected from a publicly available dataset (18), matched for sequencing method, 98 

western diet (high consumption of proteins, saturated fats, refined grains, sugar) and 99 

approximate age and gender.   100 

2.3 Stool collection  101 

20ml of stool was collected using an in-house collection kit and stored at room temperature. 102 

Samples were returned to Chapel Allerton Hospital, Leeds directly by the study participants. 103 

DNA was extracted and frozen at -80°C within 24hrs of stool production.   104 

2.4 DNA Extraction, Library preparation, Sequencing  105 

Faecal DNA was extracted from 200-400mg of unprocessed stool using QIAamp DNA stool 106 

mini kit and stored at -80°C. PCR amplification of 16S rRNA was preformed using specific 107 

primer sequences for the V4 region (V4F-5’-AYTGGGYDTAAAGNG, V4R- 5’ – 108 

TACNVGGGTATCTAATCC) (19). Libraries were prepared using the NEBNext® Ultra™ 109 

DNA Library Prep Kit for illumina sequencing, as previously described (20). Sequencing was 110 

performed at the University of Leeds sequencing centre using the illumina MiSeq 2500 to 111 

produce 2x 250bp paired-end output. Average amplicon size was 372bp. The average quality 112 

score for each read was 36, The median sequencing depth for anti-CCP positive population 113 

was 88320Kb (17240 - 157193Kb) and the comparator population was 67542kb (35159 – 114 

83517Kb).  115 

2.5 Diversity, composition and network analysis  116 

Adapter sequences were removed from demultiplexed FASTQ files using cutadapt (21). A 117 

python script (multiple_join_paired_ends.py) from QIIME script source was used to merge 118 
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pair ends and subsequently converted to FASTA format. Further analysis was performed 119 

using QIIME 1.8.0. (22) Operational taxonomy units (OTUs) were assigned using Usearch 120 

(23), and aligned to the Greengenes reference database using PyNAST (24), Taxonomy was 121 

assigned using the RDP 2.2 classifier (25). The resulting OTU ‘biom’ files from the above 122 

analyses were imported in MEGAN (26), for group analyses, annotations and plots. Data was 123 

normalised to the third lowest sequencing depth of 63,218Kb. Alpha and Beta diversity was 124 

calculated using Principal Coordinate Analysis (PCoA) based on the Shannon diversity index 125 

and the non-phylogenetic Bray-Curtis dissimilarity index respectively. The adonis function in 126 

vegan library (27), in R (28), was used to perform a permutation MANOVA between groups. 127 

Welch T test in R was used to investigate for significance between specific taxa. Network 128 

analysis of anti-CCP positive, including CCP+ progressors and CCP+ non-progressors, and 129 

the comparator population was created using the unrooted phylogenetic neighbour-net 130 

method using Goodall’s index as the output metric (29).  131 

3. Results 132 

3.1 Population characteristics 133 

A total number of 69 individuals were included in our study, 25 anti-CCP positive at-risk 134 

individuals and 44 healthy controls. Ethical approval was granted by Leeds (West) Research 135 

Ethics Committee (06/Q1205/169) and samples collected after informed written consent. 136 

Baseline characteristics of the both populations are outlined in table 1. In the anti-CCP 137 

positive group the median antibody titre was 58.5 IU/ml (seroprevalence of anti-CCP 138 

positivity in the general population is ≈ 1%, (30))  with no clinical synovitis demonstrated at 139 

the time of gut microbiome sampling, no anti-CCP positive individuals received DMARD 140 

therapy.  During the study period 5 anti-CCP positive individuals progressed to RA (CCP+ 141 

progressors), median time from stool collection to progression was 188 days (range 100- 457 142 
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days). Baseline characteristics of anti-CCP positive individuals that progressed to RA are 143 

described in table 2.   144 

3.2 Diversity  145 

No change was observed in the alpha diversity using the Shannon diversity index between the 146 

anti-CCP positive population and the control population, see figure 1A. Beta diversity was 147 

different between anti-CCP positive patients compared to healthy controls, evidenced by the 148 

distribution of the coordinates into two clusters, see figure 1B, as calculated using the Bray-149 

Curtis dissimilarity index.  A permutation MANOVA between anti-CCP positive individuals 150 

and controls showed significance, p=0.01. 151 

3.3 Gut bacterial composition  152 

Differences in bacterial taxa were noted between the anti-CCP positive population and the 153 

controls, see table 3 and figure 2. The anti-CCP positive population has an overabundance of 154 

Helicobacteraceae, Erysipelotrichaceae, Ruminococcaceae  (table 3), and a lower abundance 155 

of Bacteroidaceae, Barnesiellaceae, Methanobacteriaceae (figure 2) amongst others.  156 

3.4 Gut bacterial composition between anti-CCP positive and RA  157 

Five anti-CCP positive individuals progressed to RA (table 2). The median interval between 158 

sample collection and progression was 188 days (range 100-457 days). There were no 159 

significant differences between alpha (Shannon diversity) diversity Figure 1C, and beta 160 

(Bray-Curtis dissimilarity index) diversity Figure 1D, between CCP+ progressors and CCP+ 161 

non-progressors.  162 

 163 

 164 

 165 
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3.5 Network analysis  166 

A network analysis constructed using Goodall’s index demonstrated clustering of the anti-167 

CCP positive population and the healthy comparators, see figure 3. Furthermore, 4 out of 5 of 168 

the progressors clustered within the same arm of the network (figure 3).      169 

4. Discussion 170 

Our results demonstrate the gut microbiome of individuals at risk of RA is significantly 171 

different to that of a healthy control population. This supports the mucosal origins hypothesis 172 

theory (31), where inflammation and autoimmunity begins at mucosal sites, including the gut, 173 

and later transitions to involve the joints . Whilst the concept of a pre-RA dysbiosis has been 174 

reported, we have shown a compositional difference in gut microbiome structure compared to 175 

previous authors (32). This suggests that the mucosal origins hypothesis of RA maybe linked 176 

to multiple bacterial taxa rather than a single bacterial perpetrator, a hypothesis that has been 177 

suggested elsewhere (33). It is worth noting, the at-risk population investigated by Alpizar-178 

Rodriguez et al. included individuals with undifferentiated arthritis (32) (likely including 179 

those with spondyloarthritis), hence representing progression of the disease phenotype 180 

beyond the Leeds at-risk cohort investigated in this paper.  181 

It is worth noting, while the term at risk of RA has been used, it is currently unclear whether 182 

RA can be prevented or reversed at this stage. Early clinical RA may represent the endpoint 183 

of a disease continum, where individuals with genetic risk and/or environmental risk factors, 184 

develop autoantibodies, and subsequently progress to develop RA. In such a situation, the use 185 

of the term ‘at-risk’ may be more accurately replaced with ‘pre-RA’ but this is only possible 186 

on retrospective analysis (when a diagnosis of RA has already been made, which does not 187 

occur in all). Evidence from prospective anti-CCP positive observational cohorts has 188 

demonstrated certain factors (smoking, obesity, early morning stiffness, raised inflammatory 189 
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markers, HLA, imaging) to be associated with a higher risk of progression to RA (16, 34-36).  190 

Some at-risk individuals have subclinical joint inflammation on imaging (ultrasound and/or 191 

MRI) without clinically-apparent arthritis. These individuals are at particularly high risk of 192 

progression to clinical arthritis. These individuals may be considered a distinct group of at-193 

risk individuals with early subclinical RA, although the significance of this in terms of 194 

prevention is not clear.  195 

Our findings of increased Lachnospiraceae and Ruminococcaceae are in keeping with the 196 

preclinical phase of arthritis observed in collagen induced arthritis rodent models (37, 38). 197 

Furthermore, both Erysipelotrichaceae and Helicobacteraceae, which were also identified to 198 

be enriched in our anti-CCP positive population, exhibit highly immunogenic properties 199 

capable of stimulating the production of mucosal associated IgA, a key player in preclinical 200 

RA (39). Previous studies have demonstrated an overabundance of Prevotella copri in new 201 

onset RA (8), and indeed in the preclinical RA phases (32). We investigated for the presence 202 

of increased Prevotellaceae in our anti-CCP positive cohort, but no significant difference was 203 

found. These findings point towards underlying complex microbial and host interactions, 204 

which in turn may create a variety of ecological niches allowing the preferential expansion of 205 

certain bacterial taxa, possibly at various disease time points. Sequentially sampled 206 

individuals/cohorts will be needed to explore this hypothesis. 207 

Construction of the phylogenetic network using the neighbour-net method allows for the 208 

combination of ordination without the restraint of hierarchical clustering imposed by 209 

traditional network analysis (29). This allows for the visualisation of clusters linked by an 210 

appropriate ecological index, without the need to fit the metagenomic data into a rooted 211 

dendrogram. We have chosen to use Goodall’s index as the input for our network analysis, as 212 

it attributes increased weight to the rarer taxa present within a microbiome (40, 41), hence 213 

allowing for visual differentiation between taxa that are unique to clustering samples. As our 214 
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study was preformed prospectively, we identified 5 individuals that progressed to RA 215 

following sampling. Intriguingly, 4 of these 5 individuals cluster along the same arm of the 216 

Goodall’s network, suggesting a role for rarer taxa in RA development. Additionally, given a 217 

phylogenetic linkage was identified in those individuals that progressed, with a median 218 

duration of 188 days, a potential timeline as to when a microbial impetus may begin to act 219 

upon the immune system could be hypothesised. Again, a longitudinal dataset is needed to 220 

determine when microbiome changes occur along the RA continuum.  221 

It has been demonstrated that the gut microbiome of individuals with early RA possess 222 

decreased alpha diversity when compared with healthy controls (42). This is true of many 223 

autoimmune conditions, in which associations have been drawn to the gut microbiome (43, 224 

44). Our study demonstrates the presence of a dysbiosis with preserved alpha diversity in the 225 

preclinical phase of RA when compared with a healthy control population, and indeed 226 

between progressors and non-progressors. An attractive explanation would be to assume the 227 

inflammatory nature of the underlying autoimmune disease leads to an inhospitable microbial 228 

environment, and thus to decreased diversity at the time of sampling, which coincides with 229 

systemic inflammation related to clinically established disease. However, interval 230 

microbiome sampling up to and including the point of RA onset is key to understanding the 231 

changes in the gut microbiome’s diversity in preclinical RA.  232 

While an attempt has been made to minimise discrepancies between populations investigated, 233 

we acknowledge that the use of a publicly available dataset must be interpreted with some 234 

caveats, additionally, the anti-CCP, RF, HLA and smoking status of our comparator 235 

population is unknown and is a limitation of this study.  Also it is worth highlighting the 236 

sample size of the anti-CCP positive progressor population (n=5), where phylogenetic 237 

clustering may not be evident in a larger cohort. The ideal comparator dataset would include 238 

longitudinal sampling of the at risk population with comparison of phenotyped progressors 239 
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and non-progressors, including those with genetic risk factors such as first degree relatives 240 

and healthy household contacts.      241 

5. Conclusion  242 

Anti-CCP positive at-risk individuals without clinical synovitis have a different microbiome 243 

when compared with healthy controls. Those at-risk individuals that progressed to RA 244 

displayed clustering in a phylogenetic network suggesting a commonality of microbial taxa 245 

that predates disease onset by many months. Our data underscore the need for careful 246 

longitudinal sampling and analysis to understand the role of the host microbiome in RA 247 

development and its potential as a target for preventative intervention.  248 
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Tables 386 

Variable  Anti-CCP positive  

(n=25) 

Control (n=44) 

Age, mean (SD) 

Age, range  

50.5 (13.4) 

21 - 78 

42.2 (9.61) 

Female (%) 19 (76) 37 (84%) 

Anti-CCP, median  58.5 IU/ml - 

Rheumatoid factor positive  11 (44) - 

Shared epitope (%) 12 (48) - 

Early morning stiffness 

>30mins 

6 (24) NA 

Clinical evidence of synovitis 0 NA 

Joint tenderness (%)  10(40) NA 

Smoking status (%) 15(60) - 

History of vegetarian diet (%)  3 (12)  9 (20)  

Table 1. Participants characteristics. Shared epitope was considered positive with presence 387 

of one or two copies of HLA-DRB1*01, DRB1*04 or DRB1*10 in the HLA-DRB1 locus. 388 

Evidence of early morning stiffness was patient reported. Clinical synovitis and joint 389 

tenderness (small joints) was determined on examination by clinically qualified personnel. 390 

Smoking status included current or ex-smokers.   391 

 392 

 393 

 394 
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Variable  CCP+P1 CCP+P2 CCP+P3 CCP+P4 CPP+P5 

Age 46 52 71 46 56 

Gender Female Female Female Male Female 

CCP titre,  

IU/ml 

147 300 167 300 7.8 

Shared 

epitope 

Positive  Negative Negative Negative Positive 

Early 

morning 

stiffness 

>30mins 

Yes No No No No 

Joint 

tenderness 

Yes No Yes No Yes 

Smoking 

status 

Positive Positive Positive Negative Negative 

History of 

vegetarian 

diet  

No No No No No 

Table 2. Anti-CCP positive progressor population characteristics. Baseline characteristics 395 

for the five anti-CCP positive individuals that progressed (P) to RA; CCP+P1-P5. Shared 396 

epitope was considered positive with presence of one or two copies of HLA-DRB1*01, 397 

DRB1*04 or DRB1*10 in the HLA-DRB1 locus. Evidence of early morning stiffness 398 

(minutes) was patient reported. Joint tenderness (small joints of the hands and feet) was 399 

determined on examination by clinically qualified personnel. Smoking status included current 400 

or ex-smokers. Dietary status was patient reported.  401 

 402 
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Rank  Taxa: Family  P value  Taxa: Genus  P value  

1 Helicobacteraceae 5.00E-06 Coprococcus 1.61E-05 

2 Erysipelotrichaceae 3.98E-05 Oscillospira 2.49E-05 

3 Ruminococcaceae 0.001676261 Lachnospira 0.000716319 

4 Peptostreptococcaceae 0.002489999 Absiella 0.00096231 

5 Bifidobacteriaceae 0.008222693 Roseburia 0.003524867 

6 Gracilibacteraceae 0.009301412 Allobaculum 0.004513859 

7 Planococcaceae 0.011158723 Faecalibacterium 0.00484119 

8 Deferribacteraceae 0.012880422 Bifidobacterium 0.008167057 

9 Victivallaceae 0.014814023 Mucispirillum 0.012880422 

10 Lachnospiraceae 0.022368412 Helicobacter 0.021448002 

11 Peptococcaceae 0.046105165 Flexispira 0.036367237 

12   Oxobacter 0.04149263 

13   Gracilibacter 0.044984211 

14   Peptococcus 0.048977148 

Table 3. Welch T Test at family level between CCP positive individuals and control 408 

population. Table showing taxa that were significantly enriched in the anti-CCP positive 409 

population (including the  RA progressors) when compared to control population.   410 

 411 

 412 
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Figure 1 417 

418 

Figure 1. Microbiome diversity analysis. CCP+: Anti-CCP positive population, including 419 

CCP+ progressors and CCP+ non-progressors. CCP+P: CCP+ progressor, CCP+N: CCP+ 420 

non-progressor. Figure 1A: Box plot of alpha diversity using Shannon diversity index. 421 

Solid dots represent gut microbiomes outlying the interquartile range. Figure 1B: Box plot of 422 

alpha diversity using Shannon diversity index. No significant change in diversity between 423 

Figure 1C: Principal Coordinate Analysis (PCoA) of beta diversity using Bray-Curtis 424 

dissimilarity index. Two distinct populations are noted; the anti-CCP positive population 425 

(including CCP+ progressors and CCP+ non-progressors) and the control population. Figure 426 

1D: PCoA of beta diversity using Bray-Curtis dissimilarity index. No clustering of the 427 

CCP+ progressor population is noted within the PCoA plot. 428 
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Figure 2429 

 430 

Figure 2. Heat Map. Heat Map clustered by sample and by taxonomy at family level. 431 

CCP+P: CCP+ progressor, CCP+N: CCP+ non-progressor. Colour intensity of cells represent 432 

accompanying Z score. 433 
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Figure 3 438 

Figure 3. Phylogenetic network. Non-hierarchical phylogenetic network created using 439 

Goodall’s index via the neighbour-net method. Each terminal node, represented by a different 440 

shape, indicates an individual’s gut microbiome. Note 4 out of 5 progressors are united on a 441 

single arm of the network.   442 
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