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ARTICLE INFO ABSTRACT

Handling editor: C Selmi Background: Autoimmune and inflammatory diseases (AIDs) are a heterogeneous group of disorders with diverse
etiopathogenic mechanisms. This study explores the potential utility of family history, together with present and

Keywords: past comorbidities, in identifying distinct etiopathogenic subgroups. This approach may facilitate more accurate

Autoimmunity diagnosis, prognosis and personalized therapy.

Inflammation

Methods: We performed a multiple correspondence analysis on patients’ comorbidities, followed by hierarchical

C bidi o . . . .
E;)irgz;ilolgy principal component clustering of clinical data from 48 healthy volunteers and 327 patients with at least one of
Classification 19 selected AIDs included in the TRANSIMMUNOM cross-sectional study.

Clustering Results: We identified three distinct clusters characterized by: 1) the absence of comorbidities, 2) poly-
autoimmunity, and 3) polyinflammation. These clusters were further distinguished by specific comorbidities and
biological parameters. Autoantibodies, allergies, and viral infections characterized the polyautoimmunity clus-
ter, while older age, BMI, depression, cancer, hypertension, periodontal disease, and dyslipidemia characterized
the polyinflammation cluster. Rheumatoid arthritis patients were distributed across all three clusters. They had
higher DAS28 and prevalence of extra-articular manifestations when belonging to the polyinflammation and
polyautoimmunity clusters, and also lower ACPA and RF seropositivity and higher pain scores within the pol-
yinflammation cluster. We developed a model allowing to classify AID patients into comorbidity clusters.
Conclusions: In this study, we have uncovered three distinct comorbidity profiles among AID patients. These
profiles suggest the presence of distinct etiopathogenic mechanisms underlying these subgroups. Validation,
longitudinal stability assessment, and exploration of their impact on therapy efficacy are needed for a
comprehensive understanding of their potential role in personalized medicine.
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1. Introduction

Autoimmune and inflammatory diseases (AIDs) affect 10 % of the
population in Western civilization countries [1] and constitute a high
socio-economic burden as a cause of disability in young persons. The
cause of these diseases is incompletely understood and a complex
interaction of genetic and environmental factors is thought to play a role
[2]. Different autoimmune diseases may occur in members of a nuclear
family [3-6], and often more than one autoimmune disease coexist in
the same patient [1,6-8] confirming a role for both genes and envi-
ronmental factors and suggesting etiopathogenic mechanisms common
to a subset of these diseases. Although studies have suggested an impact
of polyautoimmunity on disease burden [9-11], familial aggregation
and disease co-occurrence have not been taken into account in the
investigation of inflammatory diseases as thoroughly as they have been
in autoimmune diseases.

In rare monogenic AIDs, either cells of the innate or adaptive im-
mune system are disturbed leading to a clear-cut distinction between
autoinflammation and autoimmunity, but this distinction is not always
apparent for the majority of AIDs with a complex polygenic origin. To
take into account the variable contribution of both autoimmune and
autoinflammatory mechanisms to a variety of AIDs in 2006 an immu-
nological disease continuum model was proposed [12], but the use of
biomarkers to aid in the classification of the patients’ diseases within
this continuum is only at its infancy [13]. The large heterogeneity in
symptoms, as well as in severity and response to therapy observed in
diseases such as rheumatoid arthritis (RA) suggests that patients with
the same disease might be classified differently within this continuum,
and a classification tool would improve the precision of their diagnosis,
prognosis and allow personalized medicine. For this purpose, the
“Translational phenomics in immunopathology and inflammation: from
cross phenotyping to biotherapy” clinical protocol (TRANSIMMUNOM,
NCT02466217) was designed to re-examine the nosology of a selection
of AIDs using a multiparametric systems immunology experimental
design [14]. Until present attempts to stratify autoimmune disease pa-
tients into subgroups through unsupervised clustering strategies have
mostly concentrated on one single autoimmune disease and used either
symptoms [15], autoantibodies [16], clinical data [17] or multiple omic
datasets [18].

In addition, non-immunological comorbidities such as cardiovascu-
lar disease are known to be associated with autoimmune diseases [19]
and to affect their morbidity and mortality. Comorbidities may be
associated to AID because of a shared aetiology, as a consequence of
long-standing inflammation or they may develop secondary to a treat-
ment adverse effect, and together with medical history they might give
hints on AID etiopathogenesis. Up to date comorbidity and multi-
morbidity studies on AIDs have focused on the impact of multimorbidity
on global health, quality of life [20-22] and therapy efficacy [23,24],
but these studies have overlooked the possibility that these outcomes
might reflect patient subgroups with distinct etiopathogeneses. In the
present study, we applied an unsupervised analysis to the TRAN-
SIMMUNOM study to explore the stratification of AIDs in disease sub-
groups using their comorbidities, medical history and familial history of
disease, which for ease of description from now on we will commonly
refer to as comorbidities.

2. Patients and methods
2.1. Study population

Here we analyze data from patients included in a multicentre
observational study (TRANSIMMUNOM, NCT02466217) in which dis-
eases were chosen to represent the AID continuum [12]. Selected dis-
eases were: Familial Mediterranean Fever (FMF), ulcerative colitis (UC),
Crohn’s disease (CD), knee osteoarthritis (OA), type 2 diabetes (T2D),
axial spondyloarthritis (SpA), myositis (in particular, polymyositis,
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dermatomyositis,  inclusion-body = myositis, necrotising  and
antisynthetase-related myositis), ANCA-related vasculitis (Churg--
Strauss disease and granulomatosis with polyangiitis (GPA)),
non-ANCA-related vasculitis (Behcet’s disease, giant cell arteritis (GCA)
and Takayasu’s disease), Rheumatoid arthritis (RA), type 1 diabetes
(T1D), latent autoimmune diabetes of the adult (LADA), Anti-
phospholipid Syndrome (APLS), Systemic Lupus Erythematosus (SLE),
Mixed Connective Tissue Disease (MCTD) and unclassified AIDs. The
patients recruited in this study are affected by at least one of the selected
diseases. If a patient had multiple diseases in the study, the main diag-
nosis was not necessarily the index disease (the first AID in order of
appearance), but the disease with the largest clinical component in
terms of severity and morbidity. Inclusion criteria and classification in
cohorts are detailed in the supplementary methods.

In this analysis we described the first 328 patients and 48 healthy
volunteers recruited in several departments of the Pitié-Salpétriere
Hospital, the Saint-Antoine Hospital and the Tenon Hospital in Paris,
France, between July 29, 2015 and March 01, 2019. In a 1-day visit, we
collected all samples and all clinical and biological data (hematology,
coagulation, biochemistry and urine analysis). A great effort was made
by all the clinicians involved in the study to code the clinical data in a
harmonious manner [25].

The TRANSIMMUNOM study was done in accordance with the
Declaration of Helsinki and good clinical practice and approved by the
ethics committee (CPP-IdFVI approval number 48-15). Written
informed consent was obtained from all participants before enrolment in
the study.

2.2. Study variables

The global workflow of variable curation, selection and analysis for
the TRANSIMMUNOM study is depicted in Supplementary Fig. 1.

Clinical data of the TRANSIMMUNOM study comprising de-
mographics, personal and family medical and surgical history,
concomitant medications, ECG and vital signs, Quality of Life (QoL)
questionnaires, concomitant treatments, routine biology and disease-
specific assessments were collected into an electronic Case Report
Form (eCRF) [25]. Presence of comorbidities was assessed through
clinical interview of the patient and through a detailed review of the
patient’s medical charts by a physician. If a comorbidity was not
recorded it was considered absent. Familial history of autoimmunity or
inflammatory disease was defined as having a first degree relative with
any autoimmune or inflammatory disease, including the main diagnosis
of the patient. A large set of medical history and treatment variables had
been pre-defined [25] but additional items were collected as free text
and were subsequently standardized using the SNOMED CT interna-
tional terminology [26] for the medical terms including diseases, pro-
cedures, symptoms and findings (Supplementary Tables 1 and 2) and the
MeSH Supplementary Chemical Records for the drugs (Supplementary
Table 3). New customized disease or treatment group variables were
created from standardized free text terms (Supplementary Tables 1 and
3). All the free text terms corresponding to AIDs, including mixed
pattern diseases, were classified as predominantly autoimmune or in-
flammatory (Supplementary Table 2) according to the AID continuum
[12] or according to the literature if the disease had not been included in
the AID continuum. The number of autoimmune or of inflammatory
diseases (classified according to Supplementary Table 2) co-occurring in
a patient were counted including the main diagnosis for which the pa-
tient was recruited in the study.

Autoantibody serology and calculations to derive the Rheumatic
Disease Comorbidity Index (RDCI), the Framingham cardiovascular
disease risk score, QoL and AID continuum score are described in sup-
plementary methods.
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2.3. Clustering

The data analysis strategy for the TRANSIMMUNOM  study,
including unsupervised analyses, was previously described [14]. All the
statistical analyses were performed using R version 4.2.1 and additional
R packages (FactoMineR 2.6, factoextra 1.0.7, ca 0.71.1, nnet 7.3-17,
FSA 0.9.4, FDRestimation 1.0.1, polycor 0.8-1, correlation 0.8.3, glmnet
4.1-7, cvms 1.5.0).

In order to search for clusters of patients with similar comorbidity
patterns we performed a multiple correspondence analysis (MCA) as a
multivariate dimension reduction on the comorbidities followed by a
hierarchical clustering on the first 12 dimensions to regroup the patients
into clusters, comprising 71.5 % of the variance (Supplementary Fig. 1).
Greenacre adjustment was performed on the percentage of variance
explained and the number of dimensions to be used for the hierarchical
clustering was selected for having Greenacre adjusted eigenvalues
higher than zero [27]. Euclidean distance and Ward agglomerative
method were used for the clustering. Personal and family medical his-
tory variables were selected to be used for the MCA if their prevalence in
the study was higher than 5 % (Supplementary Fig. 1, Supplementary
Tables 4 and 5). In addition to the most prevalent comorbidities, the
number of autoimmune and of inflammatory comorbidities were
included in the MCA as qualitative variables after regrouping the cate-
gories with the lowest number of subjects to obtain at least 10 patients in
each category (number of autoimmune diseases: 0, 1, 2, 3-6; number of
inflammatory diseases: 0, 1, 2-5). Finally, 30 variables with 63 different
categories were included in the analysis. The comorbidity variables
excluded from the analysis are listed in Supplementary Table 6. The
number of clusters was selected through the elbow method on inertia
gain.

2.4. Association testing

Patient characteristics were described by frequencies, mean and
standard deviation. The number of autoimmune and inflammatory dis-
eases and the number of autoantibodies were described by median and
interquartile range (IQR). Variables with more than 5 % missing data
were excluded from analyses (Supplementary Fig. 1, Supplementary
Table 7), else analyses were performed on complete cases. Association
tests with main diagnoses were only performed on 8 pathologies with at
least 10 subjects included. The association between the number of au-
toantibodies and number of AIDs (the latter as qualitative variables) was
tested through a Kruskal-Wallis test. Similarly, the association between
the mean AID rank score or the number of autoimmune or inflammatory
diseases or of autoantibodies (as quantitative variables) and the main
diagnosis was tested through a Kruskal-Wallis test. P-values for pairwise
comparisons (Dunn test) were corrected through the Benjamini-
Hochberg method. The association between the number of autoim-
mune and of inflammatory diseases, both considered as quantitative
variables, was tested through Spearman correlation. Enrichment of main
diagnoses in the clusters was tested through a chi-square test comparing
to a homogeneous distribution of 1/3 per cluster; only main pathologies
with at least 15 subjects were tested. All the comparisons of qualitative
variables between the comorbidity clusters were done through Fisher’s
exact tests and comparisons of quantitative variables through Kruskal-
Wallis tests (Supplementary Fig. 1). A correction for multiple tests was
done through the Benjamini-Hochberg method and tests were consid-
ered significant if they had a False Discovery Rate (FDR) lower than 5 %.

Pairwise comparisons between clusters were done only for variables
passing the 5 % FDR at the global comparison among all the clusters
through Benjamini-Hochberg-corrected Dunn’s test (quantitative vari-
ables) or univariate logistic regression models (qualitative variables).
Polychoric correlation was performed between all the comorbidities
significantly associated to the clusters and a 5 % FDR was applied. As-
sociation of the clusters with age and number of autoimmune and of
inflammatory diseases (the two latter considered as qualitative
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variables) or with age and a comorbidity variable was assessed through
multivariate polytomous logistic regression models. For AIDs present in
the 3 clusters with at least 10 subjects per cluster we considered all the
patients presenting the disease as main or secondary diagnosis
(Supplementary Table 8) and we tested the association of the clinical
characteristics, RDCI and autoantibodies with the clusters for each of the
diseases responding to the criteria (RA, OA, T2D and SpA). Association
of cardiovascular disease with clusters adjusted on Framingham score
was tested through a multivariate logistic regression model. Comor-
bidity cluster classification model construction is described in supple-
mentary methods.

3. Results

3.1. Number of immunological diseases and autoantibodies in
TRANSIMMUNOM patients

The initial study population comprised 376 subjects. One patient
initially enrolled in the T1D cohort was kept in the analysis but reclas-
sified as LADA, while another T1D patient suffered from a particular
genetic form of diabetes and was excluded from the analysis. The
eligible population thus comprised 375 subjects, including 48 healthy
volunteers, with a mean age of 44.7 years; 59.2 % of them were female
and 69.9 % were born in France (Table 1). The mean disease duration for
the patients was 5.10 years and their mean age at diagnosis was 40.5
years (Table 1). The most frequent treatments were conventional syn-
thetic DMARDs (csDMARDs) for RA, SLE and IBD, oral glucocorticoids
for vasculitis, NSAIDs for SpA, paracetamol for OA, insulin for T1D and
oral antidiabetics for T2D (Supplementary Table 9). The number of
autoimmune diseases per patient ranged between 0 and 6 with a median
of 1, whereas for inflammatory diseases the range was 0-5 with a me-
dian of 1 (Supplementary Figs. 4A and B). 13.5 % of the patients had
more than one autoimmune disease and 15.3 % more than one inflam-
matory disease.

Both patients and healthy volunteers had autoantibodies
(Supplementary Fig. 4C). There was a positive association between the
number of autoantibodies and the number of autoimmune diagnoses (p
< 10715, Fig. 1A) and a negative association between the number of
autoantibodies and the number of inflammatory diagnoses (p < 10712,
Fig. 1A). Of note, 31.2 % of healthy controls displayed at least one
autoantibody compared to 53.8%-98.4 % of patients (Supplementary
Fig. 4D) and the Odds Ratio of autoantibody positivity compared to
healthy was significantly higher than 1 for all the autoimmune main
diagnoses, which was expected since some autoantibodies have a diag-
nostic value, but surprisingly this was the case also for most inflam-
matory main diagnoses except for T2D (Supplementary Fig. 4E).

The number of autoimmune diseases was inversely correlated to the
number of inflammatory diseases (Spearman rho [95 % CI], —0.65
[-0.71, —0.58], p < 10’15). Patients with an inflammatory main diag-
nosis had a median of 0 associated autoimmune diseases (Fig. 1B and
Supplementary Table 10), while those with an autoimmune main
diagnosis had a median of 0 associated inflammatory diseases (Fig. 1B).
To evaluate the main type of immunological dysfunctions carried by
patients, we calculated a mean AID rank score using the rank order of
the diseases on the autoimmune to autoinflammatory continuum
described by McGonagle and McDermott [12]. The score was the mean
of scores for each of the primary and secondary AID diagnoses of a given
patient. While this would not change the classification of patients with
one single diagnosis, it might help to improve the classification of pa-
tients with multiple diagnoses. For RA, which has been considered an
autoimmune disease in the AID continuum, 6.4 % of patients had a
mixed phenotype, while 12.8 % were dominantly inflammatory and
80.8 % dominantly autoimmune (Fig. 1C and Supplementary Table 11).
Two other interesting cases were the mixed diseases SpA and Behcet:
although the majority had a mixed phenotype according to the mean
AID rank score, 5 % were classified as autoimmune and more than 20 %



Table 1
Demographic characteristics of the TRANSIMMUNOM study.
Healthy Rheumatoid Diabetes Ankylosing Vasculitis Osteo- Diabetes Other AID  Systemic lupus IBD (N = Unclassified AID ~ Overall (N
volunteer (N arthritis (N = 78) mellitus type 1 spondylitis (N = (N = 33) arthritis (N mellitus type 2 (N =18) erythematosus (N = 15) (N =10) = 375)
= 48) (N =61) 37) =32) (N =26) 17)
Age (years)
Mean (SD) 38.9 (12.8) 49.6 (13.8) 34.6 (11.3) 39.8 (12.5) 44.6 (13.9) 67.0 (8.53) 51.3 (13.1) 46.1 42.8 (9.04) 30.5 47.4 (17.2) 44.7
(13.5) (12.9) (15.4)
Median 37.5 [19.0, 51.0 [20.0, 76.0] 32.0 [19.0, 40.0 [20.0, 67.01  43.0 [18.0, 69.0 [40.0, 50.0 [28.0, 46.5 42.0 [28.0, 56.0] 26.0 52.0 [22.0, 44.0
[Min, Max] 68.0] 73.0] 81.0] 83.0] 74.0] [23.0, [19.0, 72.0] [18.0,
67.0] 71.0] 83.0]
Sex
Female 25 (52.1 %) 62 (79.5 %) 26 (42.6 %) 19 (51.4 %) 16 (48.5 %) 20 (62.5 %) 11 (42.3 %) 12 (66.7 16 (94.1 %) 6 (40.0 9 (90.0 %) 222 (59.2
%) %) %)
Male 23 (47.9 %) 16 (20.5 %) 35 (57.4 %) 18 (48.6 %) 17 (51.5 %) 12 (37.5 %) 15 (57.7 %) 6 (33.3 1 (5.9 %) 9 (60.0 1 (10.0 %) 153 (40.8
%) %) %)
Region of birth
France 45 (93.8 %) 57 (73.1 %) 45 (73.8 %) 25 (67.6 %) 18 (54.5 %) 20 (62.5 %) 14 (53.8 %) 12 (66.7 10 (58.8 %) 12 (80.0 4 (40.0 %) 262 (69.9
%) %) %)
North Africa 1 (2.1 %) 10 (12.8 %) 8 (13.1 %) 6 (16.2 %) 9 (27.3 %) 3 (9.4 %) 4 (15.4 %) 2 (111 1 (5.9 %) 0 (0 %) 3(30.0 %) 47 (12.5
%) %)
Other 0 (0 %) 2 (2.6 %) 1 (1.6 %) 1(2.7 %) 4(12.1 %) 2 (6.3 %) 1(3.8%) 0 (0 %) 3(17.6 %) 3(20.0 0 (0 %) 17 (4.5 %)
European %)
country
Africa 0 (0 %) 2 (2.6 %) 1 (1.6 %) 1(2.7 %) 2 (6.1 %) 2 (6.3 %) 4 (15.4 %) 1 (5.6 %) 1 (5.9 %) 0 (0 %) 0 (0 %) 14 (3.7 %)
Other 2 (4.2 %) 6 (7.7 %) 6 (9.8 %) 3 (8.1 %) 0 (0 %) 4 (12.5 %) 3(11.5 %) 3(16.7 2 (11.8 %) 0 (0 %) 2 (20.0 %) 31 (8.3 %)
region %)
Missing 0 (0 %) 1(1.3%) 0 (0 %) 1(2.7 %) 0 (0 %) 1(3.1 %) 0 (0 %) 0 (0 %) 0 (0 %) 0 (0 %) 1 (10.0 %) 4(1.1%)
Disease duration (years)
Mean (SD) NA (NA) 5.50 (7.93) 3.10 (2.20) 5.24 (7.51) 2.53 (2.36) 8.09 (8.52) 2.54 (2.97) 12.3 7.06 (7.06) 3.67 4.80 (6.78) 5.10
(17.2) (2.32) (7.47)
Median NA [NA, NA] 3.50 [0, 48.0] 3.00 [0, 9.00] 3.00 [0, 38.0] 1.50 [0, 5.00 [0, 1.00 [0, 9.00] 2.50 [0, 4.00 [0, 24.0] 3.00 [0, 1.50 [0, 21.0] 3.00 [0,
[Min, Max] 9.00] 33.0] 63.0] 8.00] 63.0]
Missing 48 (100 %) 0 (0 %) 0 (0 %) 0 (0 %) 1 (3.0 %) 0 (0 %) 0 (0 %) 0 (0 %) 0 (0 %) 0 (0 %) 0 (0 %) 49 (13.1
%)
Age at diagnosis (years)
Mean (SD) NA (NA) 44.1 (14.7) 31.5(11.1) 34.5 (13.1) 42.5 (13.7) 58.9 (14.0) 48.9 (14.3) 33.7 35.6 (12.8) 26.7 42.7 (15.5) 40.5
(21.5) (12.4) (16.3)
Median NA [NA, NA] 45.5 [4.00, 72.0] 30.0 [17.0, 30.0 [18.0, 64.01  40.5 [18.0, 62.0 [20.0, 48.5 [23.0, 40.5 37.0 [16.0, 53.0] 23.0 50.5 [17.0, 39.0
[Min, Max] 70.0] 75.0] 77.0] 74.0] [3.00, [11.0, 62.0] [3.00,
61.0] 65.0] 77.0]
Missing 48 (100 %) 0 (0 %) 0 (0 %) 0 (0 %) 1 (3.0 %) 0 (0 %) 0 (0 %) 0 (0 %) 0 (0 %) 0 (0 %) 0 (0 %) 49 (13.1

%)

AID- Autoimmune and Inflammatory Disease. IBD- Inflammatory Bowel Disease (Crohn’s and ulcerative colitis). Vasculitis regroups Behcet’s disease, Takayasu’s disease, Granulomatosis with polyangiitis, giant cell

arteritis, Churg-Strauss disease. Other AID regroups Antiphospholipid syndrome, Familial Mediterranean Fever, Latent Autoimmune Diabetes of the Adult, Mixed Connective Tissue Disease and Myositis.
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Fig. 1. Number of immunological diseases and autoantibodies in the TRANSIMMUNOM study. (A) Median and IQR of number of autoantibodies (quantitative)
by (left) number of autoimmune diseases (qualitative in 4 categories) or (right) number of inflammatory diseases (qualitative in 3 categories). Healthy volunteers
were excluded from these analyses. The asterisks indicate the level of significance (**** Benjamini-Hochberg —adjusted Wilcoxon, P,4j < 107 NS, not significant).
(B) Median and IQR values of the number of (left) autoimmune diseases, (center) inflammatory diseases and (right) autoantibodies by main diagnosis. Each point
represents a patient and for visualization purposes the jitter function has been applied. Colors represent disease type (green: healthy volunteers; red: inflammatory
diseases; blue: autoimmune diseases). Detailed p-values of all the pairwise comparisons are described in Supplementary Table 10. (C) Median and IQR of the mean
AID rank score by main diagnosis calculated on all the coexisting immunological diseases in each patient. Horizontal dashed lines indicate the thresholds for being

classified by the AID rank score as inflammatory, mixed or autoimmune respectively. AID- Autoimmune and Inflammatory Disease.

as inflammatory (Fig. 1C and Supplementary Table 11). 3.2. Clustering reveals different comorbidity patterns in dominantly
autoimmune and dominantly inflammatory diseases

The mean AID rank score is biased by the AID continuum rank as an a
priori. To strive for an improved classification of immunological disease
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patient subgroups, an unsupervised analysis was performed using the
most frequent family history of disease and non-immunological
comorbidities, in addition to the number of autoimmune and inflam-
matory diagnoses for each patient. Three clusters were identified
(Fig. 2A and B). Cluster 1 (n = 223) comprised both healthy volunteers
and patients with autoimmune or inflammatory main diagnoses; cluster
2 (n =73) and cluster 3 (n = 79) contained predominantly patients with
autoimmune main diagnoses or inflammatory main diagnoses, respec-
tively (Fig. 2C).

Of note, except for OA and T2D which were significantly enriched in
cluster 3 (p = 0.002 and p = 0.003 respectively, Fig. 2D), all the main
disease diagnoses were spread within the three clusters. Subjects in
cluster 3 were older (p < 0.001) and had a higher BMI reaching over-
weight (p < 0.001) compared to cluster 1 and 2 (Supplementary
Table 12), while both cluster 2 and 3 had a higher prevalence of women
compared to cluster 1 (p = 0.057, Supplementary Table 12). There were
no significant differences in disease duration between the clusters (p =
0.26, Supplementary Table 12). A projection of the number of autoim-
mune and inflammatory diseases on the first two axes of the MCA
revealed that the number of inflammatory diseases increased along the
first dimension while the number of autoimmune diseases increased
along the second one (Supplementary Fig. 5A). A projection of the
variables contributing most to the first two axes showed that cluster 1
was characterized by an absence of comorbidities, cluster 2 by atopy,
virus infections and a high number of autoimmune diseases, and cluster
3 by hypertension, dyslipidaemia, familial history of inflammatory

B

Hierarchical clustering on the factor map

A

cluster 1
cluster 2
cluster 3
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disease and a high number of inflammatory diseases (Fig. 3A).
Polychoric correlation confirmed that the comorbidities character-
ising the clusters were significantly correlated with each other (Fig. 3B).
A closer look at comorbidities associated with the clusters further
revealed an increased prevalence of allergy and fractures in cluster 2
compared to cluster 1 and 3 (Fig. 3C and Supplementary Table 13); an
increased prevalence of menopause, depression, periodontal disease,
gastrointestinal disease, cancer, joint disease, vision disorders and ap-
pendectomy in cluster 3 compared to cluster 1 and 2 (Fig. 3C and Sup-
plementary Table 13); an increased prevalence of atopy, anxiety,
cardiovascular disease, benign neoplasm, surgical conditions, endocrine
disorders, hepatobiliary disorders, respiratory tract disorders and fa-
milial history of cardiovascular disease in both cluster 2 and 3 compared
to cluster 1 (Fig. 3C and Supplementary Table 13). To verify whether the
higher number of inflammatory diseases and other comorbidities in
cluster 3 could be completely explained by a confusion bias due to the
older age a multivariate polytomous logistic regression of clusters
explained by age and number of autoimmune and inflammatory
comorbidities was performed. Both age and number of inflammatory
diseases were independently associated with cluster 3 compared to 1
(OR [95 % CI], Age: 1.10 [1.07-1.13]; inflammatory disease nr 1: 19.44
[6.6-57.3]; inflammatory disease nr 2-5: 200.9 [47.7-845.6], Supple-
mentary Table 14), while only the number of autoimmune diseases and
not the age was associated with cluster 2 compared to 1 (OR [95 % CI],
Age: 1.01 [0.99-1.03]; autoimmune disease nr 1: 2.34 [1.00-5.51];
autoimmune disease nr 2, 41.4 [12.7-135.2]; autoimmune disease nr
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Fig. 2. Hierarchical clustering of factors of a multiple correspondence analysis (MCA) on the 30 most prevalent comorbidities. (A) 3D dendrogram on the
first two dimensions of the MCA. (B) Factor map on the first two dimensions of the MCA. (C) Composition of clusters in percentage of main diagnosis AID classes. (D)
Prevalence of main diagnoses in the three comorbidity clusters and p-value of enrichment. Each diagnosis is labeled with the color of the cluster in which it is most

prevalent. AID- Autoimmune and Inflammatory Disease.
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Fig. 3. Qualitative and quantitative clinical variables associated to the comorbidity clusters. (A) Projection of the first 18 variable categories contributing
most to the first two dimensions of the MCA. Ovals visualize the superposition of the clusters (magenta: cluster 1; green: cluster 2; blue: cluster 3). (B) Correlogram of
the polychoric correlation between the 27 cluster-associated comorbidity variables. Significant correlations with FDR <5 % are shown in red for positive rho, blue for
negative rho according to the color scale on the right side. White squares represent non-significant correlations. (C) Prevalence in the clusters of cluster-associated
comorbidities. (D) Radar plots of the quantitative variables significantly associated to the clusters. 25th and 75th percentiles of each variable are shown. Detailed p-
\Lalues and pairwise comparisons may be found in Supplementary Table 13. MCA- Multiple Correspondence Analysis. FDR- False Discovery Rate.

3-6: 77.7 [8.78-687.3], Supplementary Table 14). Similarly, 4 other
comorbidities (cancer, joint disorders, vision disorders and menopause)
known to be associated with aging were used as covariates in polyto-
mous regression models. Age was always positively associated with
cluster 3 vs 1 in these models, while only cancer (OR [95 % CI], 3.85
[1.15-12.92]) and joint disorders (8.45 [3.1-23.05]) were still associ-
ated with cluster 3 vs 1 after adjustment on age (Table S15).

To further characterize the comorbidity clusters, quantitative pa-
rameters collected during the study were analysed. No cluster had me-
dian values out of the biological norms except for BMI, which was
increased above norm in cluster 3 (median [IQR]: 28.3 kg/rn2 [7.781)
and renal clearance, which was decreased below norm in cluster 3
(median [IQR]: 84.19 mL/min/1.73 m? [25.63]). Concerning vital signs
and ECG, systolic blood pressure and PR interval were significantly
increased, and oxygen saturation was decreased in cluster 3 compared to
cluster 1 and 2, while body temperature was increased in cluster 2
compared to cluster 1 and 3 (Fig. 3D and Supplementary Table 13).
Cluster 2 and even more cluster 3 displayed a worse Quality of life as
witnessed by a significantly decreasing EQ-5D-5L index value and
increasing Visual Analogic Scale (VAS) pain going from cluster 1 to
cluster 3, a lower FACIT score and higher VAS asthenia in cluster 2 and 3
compared to cluster 1 and a lower VAS global health in cluster 3
compared to 1 (Fig. 3D and Supplementary Table 13). Biochemical pa-
rameters related to diabetes and metabolic disease were consistent with
the enrichment of T2D in cluster 3, which displayed higher HbAlc, c-
peptide, triglycerides, gamma glutamyl transferase, alkaline phospha-
tase and blood urea nitrogen and lower renal clearance compared to
cluster 1 and 2, while despite enrichment of T1D in cluster 1 none of
these parameters was significantly different in cluster 1 compared to 2
(Fig. 3D and Supplementary Table 13). Immuno-hematology parameters
were also consistent with a highly inflammatory phenotype in cluster 3,
with higher numbers of monocytes and leukocytes and lower gamma
globulins compared to cluster 1 and 2; higher fibrinogen levels, lower
MCHC and albumin compared to cluster 1 (Fig. 3D and Supplementary
Table 13).

AIDs are often treated with glucocorticoids, csDMARDs, biological
DMARDs or NSAIDs, which are known to induce some comorbidities as
secondary effect [28,29]. For instance, long-term use of glucocorticoids
may induce infections, hypertension, insulin resistance and osteoporosis
while NSAIDs may induce gastrointestinal ulcers [30,31]. Analyses of
drug usage did not find any significant difference among the clusters
(Supplementary Table 16).

Prevalence of cardiovascular disease was increased in both cluster 2
and 3 compared to 1. In order to verify whether other factors associated
to cardiovascular disease such as age, hypertension, cholesterol, smok-
ing and diabetes were associated to the clusters, the Framingham car-
diovascular risk score which incorporates all these factors was compared
and found to be significantly increased in cluster 3 compared to cluster 1
and 2 (Supplementary Fig. 5B, cluster 3 vs 1, p = 3.6%10'3; cluster 3 vs
2, p = 1.8%1075; cluster 1 vs 2, p = 0.18), suggesting that increased
cardiovascular risk in cluster 3, but not in cluster 2, might be explained
by an increased prevalence of known risk factors such as T2D and hy-
pertension. A multivariate logistic regression model of cardiovascular
disease confirmed an increased cardiovascular disease risk in cluster 2
compared to 1 (Supplementary Table 17, OR [95 % CI], 3.98 [1.8-8.89])
independently of the Framingham score, which was itself associated
with an additional increased risk (Supplementary Table 16, OR [95 %
CI], 1.14 [1.08-1.21]), while cluster 3 was no longer associated after

adjustment on the Framingham score (Supplementary Table 17, p =
0.97).

3.3. Clusters suggest inmunological disease subtypes with distinct clinical
characteristics

Most diseases were spread across the three clusters. To investigate
whether patients with the same diagnosis but in different clusters had
different clinical characteristics, we analysed patients with the same
diagnoses, whether main or secondary (Supplementary Table 8), for
which there were at least 10 subjects in at least two clusters. RA patients
were similar for diagnosis age and disease duration across the clusters,
but they displayed an increasing DAS28 going from cluster 1 to cluster 3
(Table 2, p = 0.00018), a higher frequency of extra-articular manifes-
tations in cluster 2 and 3 compared to cluster 1 (OR [95 % CI], cluster 2
vs 1, 4.18 [1.04-18.51]; cluster 3 vs 1, 6.82 [1.73-30.74]; Table 2),
higher VAS pain in cluster 3 compared to 1 (Table 2, p = 0.056). T1D
patients were not different in age diagnosis, disease duration nor in QoL
scores but they displayed a higher IDAA1c score in cluster 1 compared to
cluster 2 (Supplementary Table 18, p = 0.0089). OA patients were
similar in age at diagnosis, disease duration and KOOS and WOMAC
pain scores but they had borderline significantly higher metabolic score
and lower EQ-5D-5L index in cluster 3 compared to 1 (Supplementary
Table 18, p = 0.053 and p = 0.061 respectively). T2D patients had a
higher age at diagnosis and higher VAS asthenia with lower EQ-5D-5L
index in cluster 3 compared to 1 (Supplementary Table 18, p =
0.0003, p = 0.045 and p = 0.0052 respectively), but no difference in
metabolic score, HOMA-IR nor HOMA-beta (Supplementary Table 18, p
=0.84, p=0.78 and p = 0.80 respectively). SpA patients did not display
any difference in BASDAI, BASFI nor QoL scores between the clusters but
had a higher diagnosis age in cluster 3 compared to 1 (Supplementary
Table 18, p = 0.04).

Comorbidity and multimorbidity in RA have previously been asso-
ciated with hospitalization, disability and healthcare utilization and a
RDCI predicting these outcomes has been developed [20,32]. RDCI was
significantly increased in cluster 2 and 3 compared to 1, but also in
cluster 3 compared to 2 when all the AID patients were compared
(Figs. 4Aand 1vs 2p=5*10"%1vs3p=2.210"17; 2 vs 3 p = 0.0022),
while in RA patients RDCI was increased only in cluster 2 and 3
compared to 1 with no difference between cluster 2 and 3 (Figs. 4A and 1
vs 2 p = 0.0036; 1 vs 3 p = 0.0003; 2 vs 3 p = 0.23).

Autoantibodies are considered a hallmark of autoimmunity and they
are included in the diagnostic criteria of some diseases such as T1D.
When we compared the seroprevalence of autoantibodies in all AID
patients (defined as presence of at least one autoantibody out of the 27
evaluated) a higher seroprevalence was observed in cluster 2, but not in
cluster 3, compared to cluster 1 (Fig. 4B, OR [95%CI], 2 vs 1: 3.11
[1.27-9.39]; 3 vs 1: p = 0.092). In RA patients no significant difference
between the clusters was observed (Figs. 4B and 2vs1p=0.99;3vs1p
= 0.25). In all AID patients the number of autoantibodies was signifi-
cantly increased in cluster 2 compared to cluster 1 and 3 and signifi-
cantly decreased in cluster 3 compared to 1 (Figs. 4C and 1 vs 2 p =
0.0020; 1 vs 3 p = 0.003; 2 vs 3 p = 7.2*1077). In RA patients there was
no significant difference in the number of autoantibodies between the
clusters (Fig. 4C, global Kruskal Wallis test, p = 0.26), while there was a
significantly lower seroprevalence of the RA-specific autoantibodies RF
and ACPA in cluster 3 but not in cluster 2 compared to 1 (Fig. 4D, OR
[95%CI], RF: 3 vs 1, 0.22 [0.05-0.79]; 2 vs 1 p = 0.67; ACPA: 3 vs 1,
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Table 2
Clinical characteristics of RA subgroups in comorbidity clusters.
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Cluster p-value pairwise comparisons
1(n=42) 2 (n=23) 3(n=14) p-value 1vs2 1vs3 2vs3
Age diagnosis (years)
Median (IQR) 42 (21) 46.5 (22) 49 (18.25) 0.71 NA NA NA
Missing 0 1 0
Disease duration (years)
Median (IQR) 34) 2.5(5) 5(3.5) 0.11 NA NA NA
Missing 0 1 0
DAS28-CRP
Median (IQR) 2.78 (1.65) 3.94 (1.67) 4.72 (2.13) 0.00018 0.056 0.0002 0.057
Missing 0 2 0
Erosive RA
N (%) 21 (51 %) 11 (50 %) 7 (53.8 %) 1 NA NA NA
Missing 1 1 1
Extrarticular manifestations
N (%) 3(7.5%) 6 (30 %) 7 (50 %) 0.0014 0.046 0.0076 ND
Missing 2 3 0
EQ5D5L index value
Median (IQR) 0.51 (0.40) 0.45 (0.39) 0.39 (0.47) 0.26 NA NA NA
Missing 1 1 0
VAS pain
Median (IQR) 45 (30) 60 (25) 70 (11) 0.035 0.14 0.056 0.38
Missing 0 0 0
FACIT score
Median (IQR) 14.5 (42.82) 2.56 (33.7) -7 (37.32) 0.17 NA NA NA
Missing 4 3 1
VAS asthenia
Median (IQR) 50 (50) 70 (35) 75 (10) 0.084 NA NA NA
Missing 0 0 1

IQR- InterQuartile Range; RA- Rheumatoid arthritis; CRP- C-Reactive Protein; VAS- Visual Analogic Scale.

0.18 [0.04-0.73]; 2 vs 1 p = 0.99) with 100 % ACPA seropositivity in
cluster 2 (Fig. 4D).

To classify AID patients into comorbidity clusters, we trained an
elastic net-penalized multinomial regression model on the TRAN-
SIMMUNOM dataset using the 30 comorbidities that defined the clusters
in the unsupervised analysis. Model performance was assessed on
TRANSIMMUNOM test data (Supplementary Figs. 3 and 6A) and yielded
93.6 % accuracy (95 % CI: 86.6, 97.6). All the comorbidities were
selected by the model, with highest regression coefficients for allergy,
which was positively associated with cluster 2, anxiety, positively
associated with cluster 3, and endocrine disorder, negatively associated
with cluster 1 (Supplementary Fig. 6B and Supplementary Table 19).

4. Discussion

Familial aggregation of AID, AID co-occurrence and clinical hetero-
geneity all point to the existence of multiple distinct etiopathogenic
mechanisms of AIDs. We took advantage of the broad spectrum of AIDs
recruited and the vast amount of high quality clinical data collected in
the TRANSIMMUNOM cross-sectional study to stratify AID patients into
etiopathogenic subgroups. We identified three comorbidity clusters of
AID patients. Their hallmarks were the absence of comorbidity (cluster
1), the presence of polyautoimmunity (cluster 2) or of polyinflammation
(cluster 3), respectively. The clusters were distinguished by different
non-immunological comorbidities, by different vital signs, biochem-
istry, serology and quality of life parameters. Noteworthy, we ruled out
that the clustering could be driven by AID-specific therapies. Most AIDs
had patients classified in all the clusters, suggesting different disease
endotypes. The majority of healthy controls were found in the low co-
morbidity cluster and a minority in the polyautoimmunity cluster,
which was due to the presence of non-AID comorbidities such as allergy
or history of viral infection.

Despite the high quality of the comorbidity data, medical events such
as infections may have been missed or underreported as they rely on
patient’s self-reporting. Also, no verification could be made for the
reporting of familial history of disease, and it is known that patients

often misclassify autoimmune diagnoses, for example T2D instead of
T1D and OA instead of RA [33]. Actually, we found familial history of
inflammatory disease associated to the cluster characterized by polyin-
flammation, but no association of familial history of autoimmune dis-
ease with the polyautoimmunity cluster. This is consistent with a
previous report [11], but should be interpreted with caution.

As all our patients had adult-onset AIDs, with the exception of FMF,
the comorbidity profiles that we describe cannot be inferred for
pediatric-onset AIDs, which will warrant a dedicated study.

Several observations related to the clusters’ definition are intriguing
and deserve further exploration.

It is interesting to observe a more prevalent history of viral infections
in the polyautoimmunity cluster. The study was conducted before the
COVID19 pandemic period and only highly symptomatic viral infections
such as viral hepatitis, dengue, labial or genital herpes, Human Papil-
loma Virus-induced warts or shingles were reported. An association
between viruses and autoimmunity has been known for a long time [34],
but up to date causality has only been proven for EBV in Multiple
Sclerosis [35]. Molecular mimicry of an autoantigen by a viral antigen
has been described as one mechanism behind the association of viruses
with autoimmunity, e.g. anti-C1q autoantibodies in SLE cross-react with
the EBNA1 protein from EBV and the similarity between influenza
nucleoprotein A and human hypocretin receptor 2 underlies the
pandemic flu vaccine-induced narcolepsia [36,37]. However, we
describe for the first time that some symptomatic viral infections are
associated with the development of multiple rather than single auto-
immune diseases. The different autoimmune diseases developed by the
same patient are involving different autoantigens, which does not fit
well with a classical molecular mimicry involving sequence or structure
similarity between a viral and a self-antigen epitope [37]. We recently
described a population of polyspecific CD8" T cells which are enriched
during thymic selection and which preferentially recognize viral anti-
gens from multiple viruses [38]. It would be interesting to investigate
whether these polyspecific T cells are also able to recognize multiple
autoantigens, which would give a reasonable explanation for the
development of polyautoimmunity upon viral trigger.



S. Hassler et al.

A

AID patients RA

Rheumatic Disease Comorbidity Index

2
Cluster

AID patients RA

100
,
120
)

100 %

95.2%

92.8%
70.9% 85.7%

D | I
: I
s -

2 3

AID patients

Autoantibody seroprevalence

20 40 60 0 100
L L L L

Autoantibody number

2 2
Cluster Cluster

RA RA

69.6%
100 %

84.3% g4
g4 881 %
286 %
2

1 2 3 1

57.4%

3
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toantibodies with comorbidity clusters. (A) Median and IQR of RDCI by
cluster in all AID patients (left panel) and RA only (right panel). The asterisks
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In contrast, we observed a more prevalent history of appendectomy
in the polyinflammation cluster. The association of appendectomy with
AID has previously been described, sometimes with conflicting results
[39-44]. In IBD appendectomy is usually associated with a decreased
incidence of UC and an increased incidence of Crohn’s disease, but the
latter might be due to diagnostic errors in the recognition of the first
symptoms of the disease as the risk decreases to background level 5
years after the appendectomy [41]. Other AIDs for which an increased
incidence has been reported after appendectomy are T2D, primary
sclerosing cholangitis and multiple sclerosis [42-44]. An increased risk
of developing a strong inflammation in the appendix, rather than the
consequent removal of the appendix might be the actual factor behind
this association, which might in part explain some of the contradictory
results reported to date. Thus, the association would not be causal, but
rather be a surrogate of an inflammatory phenotype carried by the pa-
tients, and therefore a marker of a common etiopathogenesis. The ap-
pendix has been associated with increased longevity in mammals [45]
and its role as a “safe house” for beneficial gut bacteria has recently
emerged [46]. Another possible explanation is therefore that the
removal of the appendix predisposes to gut dysbiosis, which causes
inflammation.

Atopic dermatitis was highly prevalent in the polyautoimmunity (78
%) and polyinflammation (46 %) clusters. This chronic inflammatory
disease of the skin comprises an IgE-mediated and a non-IgE-mediated
endotype [47], the latter being less frequent. IgE-mediated or extrinsic
atopic dermatitis has previously been associated to different AIDs [48]
and particularly to multiple AID syndromes [49] as well as to the
presence of IgE autoantibodies to skin antigens [50]. Interestingly we
find allergy exclusively associated to the polyautoimmunity cluster and
absent from the other clusters, suggesting that atopy might be
IgE-mediated in the polyautoimmunity cluster and non-IgE-mediated in
the polyinflammation cluster. A measurement of total serum IgE in the
clusters is needed to confirm this hypothesis as the clinical phenotype of
the two endotypes is undistinguishable.

The polyautoimmunity and polyinflammation clusters are associated
with an increased risk of cardiovascular disease and of familial history of
ischemic heart disease and myocardial infarction compared to the low
comorbidity cluster. A large recent population-based study clearly
established the association of cardiovascular disease with 19 different
AIDs independently of known cardiovascular risk factors, with a further
risk increase in patients with multiple AIDs [19], but they did not
distinguish autoimmune from inflammatory diagnoses. Yet in the same
study the main diagnoses with the highest hazard ratio of cardiovascular
disease were autoimmune diseases (systemic sclerosis, Addison’s dis-
ease, SLE and T1D). When we considered risk factors of cardiovascular
disease through the Framingham score, only the polyautoimmunity
cluster was still associated to an increased risk of cardiovascular disease,
suggesting that the increased risk of the polyinflammation cluster was
mainly due to other risk factors such as T2D, hyperlipidaemia and hy-
pertension, which were more prevalent in this cluster.

Periodontitis is a chronic inflammatory disease known to be associ-
ated with some AIDs including IBD, RA and T2D [51]. This association
might not only be explained by common risk factors, but also by an
increased risk to develop an AID as a consequence of the low-grade
inflammation and microbiome dysbiosis induced by periodontal dis-
ease [51]. Some oral bacterial species associated with periodontitis ex-
press citrullinating enzymes and have been implicated in the induction
of ACPA in RA [52]. In this study, we find an increased risk of peri-
odontitis in the polyinflammation cluster compared to the other clusters,
and this was also the case when comparing the prevalence of peri-
odontitis in ACPA seropositive RA patients which was 36 % in the pol-
yinflammation cluster, 5 % in the low comorbidity cluster and 0 % in the
polyautoimmunity cluster. This suggests that the citrullinating mecha-
nisms responsible for ACPA production could have different triggers:
periodontitis in the polyinflammation cluster and other sources in the
polyautoimmunity and low comorbidity clusters.
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An association of both cancer and mood disorders with chronic low-
grade inflammation is well recognized [53,54] and perhaps it is not
surprising that these comorbidities were more prevalent in the polyin-
flammation cluster. Noteworthily, while cancer prevalence was only
increased in the polyinflammation cluster, benign neoplasm was
increased to similar levels both in the polyinflammation and the poly-
autoimmunity cluster compared to the low comorbidity cluster. Alto-
gether, this supports that an inflammatory environment promotes
cancer, while benign neoplasm have other unknown triggers [53].

The association of endocrine disorder with AID is widely established
in the autoimmune polyendocrine syndromes, which constitute a het-
erogeneous group of disorders characterized by loss of immune toler-
ance to self-antigens. In the polyendocrine syndrome, secondary
endocrine disorders most frequently associated with autoimmune dis-
eases are thyroid anomalies, T1D, pernicious anaemia, vitiligo, prema-
ture ovarian failure and autoimmune thrombocytopaenia [55].
Endocrine disorders were highly prevalent in the polyautoimmunity
cluster, as expected, but also in the polyinflammation cluster.

The number of autoantibodies correlated positively with the number
of autoimmune diseases as previously reported [11], and negatively
with the number of inflammatory diseases. Nevertheless, the autoanti-
body seroprevalence was increased in inflammatory diseases compared
to healthy controls (53-73 % vs 31 %), suggesting that inflammation
may favour secondary autoimmune responses. Apart from the T1D-, RA-
and SLE-specific autoantibodies, the other specificities were only pre-
sent in a small number of patients, and we were not able to perform an
association analysis of each autoantibody with the clusters. However, in
RA patients, we clearly saw a lower RF- and ACPA-seropositivity in the
polyinflammation cluster than in the polyautoimmunity and low co-
morbidity clusters. Furthermore, RA patients in the polyinflammation
cluster also displayed a higher DAS28, VAS pain and number of
extra-articular manifestations, corroborating the hypothesis that RA
patients belonging to the different clusters represent distinct disease
endotypes.

Because of the cross-sectional design of the TRANSIMMUNOM study,
stability in time of cluster assignment could not be addressed and war-
rants further investigation. However, numerous omic datasets were
collected during the TRANSIMMUNOM study [14], which will allow a
molecular characterization of the comorbidity clusters. This should
provide further insights into the underlying etiopathogenic mechanisms
and will allow a finer classification of patients in the low comorbidity
cluster. It would be particularly interesting to analyze the results of the
microbiota studies performed on these patients, notably for gut micro-
biota metabolic pathways. Nevertheless, waiting for such refinements,
comorbidities that are easily collected even in primary care could be
useful for a first patient stratification. For this purpose, we have devel-
oped a classification model that will allow researchers and clinicians to
investigate comorbidity clusters in their studies.

One crucial question raised by this study is whether the disease
endotypes defined by the comorbidity profiles are associated with a
different therapy efficacy and could be used for personalized medicine.
Previous studies on this subject have focused mainly on RA and on either
some specific comorbidities or on comorbidity indexes not taking into
account different comorbidity profiles, yielding contradictory results
[20,21,56]. It will therefore be a high priority to evaluate the theranostic
value of the comorbidity clusters, which could be first analysed using
appropriate medico-administrative databases.

5. Conclusion

Through an unsupervised analysis of comorbidities in a broad spec-
trum of autoimmune and inflammatory diseases covering the immuno-
logical continuum we have defined three main profiles characterized by
low comorbidity, polyautoimmunity and polyinflammation. These co-
morbidity profiles may be used for patient stratification in primary care,
but an external validation and evaluation of their theranostic value is
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warranted to fully establish their impact on medical care.
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