
Computational and Structural Biotechnology Journal 19 (2021) 415–423
journal homepage: www.elsevier .com/locate /csbj
Nasal microbiome research in ANCA-associated vasculitis: Strengths,
limitations, and future directions
https://doi.org/10.1016/j.csbj.2020.12.031
2001-0370/Crown Copyright � 2020 Published by Elsevier B.V. on behalf of Research Network of Computational and Structural Biotechnology.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding author at: Department of Internal Medicine IV (Nephrology and Hypertension), Medical University Innsbruck, Innsbruck, Austria.
E-mail address: andreas.kronbichler@i-med.ac.at (A. Kronbichler).
Andreas Kronbichler a,b,⇑, Ewan M. Harrison b,c,d, Josef Wagner e

aDepartment of Internal Medicine IV (Nephrology and Hypertension), Medical University Innsbruck, Innsbruck, Austria
bDepartment of Medicine, University of Cambridge, CB2 0QQ, United Kingdom
cWellcome Sanger Institute, Wellcome Genome Campus, Hinxton, Cambridgeshire CD10 1SA, United Kingdom
dDepartment of Public Health and Primary Care, University of Cambridge, Strangeways Research Laboratory, Worts Causeway, Cambridge CB1 8RN, United Kingdom
eVictorian Infectious Diseases Reference Laboratory, The Peter Doherty Institute for Infection and Immunity, Royal Melbourne Hospital, Victoria, Australia

a r t i c l e i n f o a b s t r a c t
Article history:
Received 29 September 2020
Received in revised form 22 December 2020
Accepted 22 December 2020
Available online 27 December 2020

Keywords:
GPA
Vasculitis
ANCA
Staphylococcus aureus
Microbiome
The human nasal microbiome is characterized by biodiversity and undergoes changes during the span of
life. In granulomatosis with polyangiitis (GPA), the persistent nasal colonization by Staphylococcus aureus
(S. aureus) assessed by culture-based detection methods has been associated with increased relapse fre-
quency. Different research groups have characterized the nasal microbiome in patients with GPA and
found that patients have a distinct nasal microbiome compared to controls, but the reported results
between studies differed. In order to increase comparability, there is a need to standardize patient selec-
tion, sample preparation, and analytical methodology; particularly as low biomass samples like those
obtained by nasal swabbing are impacted by reagent contamination. Optimization in obtaining a sample
and processing with the inclusion of critical controls is needed for consistent comparative studies.
Ongoing studies will analyze the nasal microbiome in GPA in a longitudinal way and the results will
inform whether or not targeted antimicrobial management in a clinical trial should be pursued or not.
This review focuses on the proposed role of S. aureus in GPA, the (healthy) nasal microbiome, findings
in the first pilot studies in GPA, and will discuss future strategies.
Crown Copyright � 2020 Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Anti-neutrophil cytoplasmic antibody (ANCA)-associated vas-
culitis is a small vessel vasculitis, characterized by few or absent
immune deposits (negativity or low-grade positivity for comple-
ment or immunoglobulins) in the affected organs (referred to as
‘‘pauci-immune”). The diseases within this disease spectrum are
histologically presenting with necrotizing or granulomatous
inflammation. In most cases with systemic disease, serological
detection of ANCA is positive [1]. Three different entities exist:
granulomatosis with polyangiitis (GPA), microscopic polyangiitis
(MPA), and eosinophilic granulomatosis with polyangiitis (EGPA).

In cases with GPA (formerly Wegener’s granulomatosis), a cyto-
plasmic pattern of ANCA is detected in most cases (c-ANCA), with
the respective target antigen, proteinase 3 (PR3) [2]. GPA is a
necrotizing granulomatous disease usually involving the respira-
tory tract (most often the ear, nose and throat (ENT)-tract and to
a lesser degree the lower respiratory tract) [3]. More than half of
the patients with GPA present with PR3-ANCA/c-ANCA positivity
[2]. ANCA-negativity does not exclude a diagnosis of GPA and local-
ized antibody production, that is not detectable in circulation, has
been suggested to play a role in these cases [4]. These cases often
present with ENT-limited disease with a particularly severe nasal
involvement, which is often responsible for a delay in diagnosis
and an accrual of damage, including saddle nose deformity [1,5].
The development of a serologic test to allow for early diagnosis
would be of particular clinical utility, but no such biomarker exists
at the moment. ENT involvement during active disease is charac-
terized by bloody rhinorrhea, and rhinoscopy is a sensitive tool
to investigate disease activity, but lacks specificity as infections
may resemble active vasculitis [6].

The etiopathogenesis of GPA remains obscure, but a multi-
factorial mechanism of disease onset is discussed. Besides genetic
associations [7], a central role of the environment and associated
factors has been reported [8]. Microbial factors are among the envi-
ronmental factors thought to play a role, and a direct relation to
the presence of Staphylococcus aureus (S. aureus) in the nose has
been proposed [9]. Up to date, it is unclear whether dysbiosis is
causative in the development of autoimmunity, or is an effect of
immunosuppressive therapy or damage related to vasculitic pro-
cesses of the affected organs providing an altered niche.

This review will focus on the nasal microbiome in health and
particularly in GPA, strengths of such an analysis, and associated
limitations. A special focus will lie on potential strategies to over-
come these limitations, how these efforts should be driven for-
ward, and future directions of microbiome research in the field of
ANCA-associated vasculitis.
2. Granulomatosis with polyangiitis (GPA) – the Staphylococcus
aureus nasal carriage theory – clinical impact and possible
explanations

2.1. S. aureus positivity in GPA and impact on disease outcome

S. aureus represents an important commensal pathogen which
is permanently colonizing 20–30% of the general population and
approximately 60% intermittently, though a sizable subset seem
never to carry it [10]. S. aureus carriage is associated with the pres-
ence of autoimmune diseases, not only in GPA but also discussed to
be more prevalent in rheumatoid arthritis and psoriasis/psoriatic
arthritis. Several factors may contribute to the virulence of S. aur-
eus including surface structure, the production of exotoxins, and
exoenzymes [11]. In patients with GPA, presence of chronic S. aur-
eus colonization is an independent risk factor for relapse when
compared to non-carriers [12]. Persistent carriage in GPA patients
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is reported to be 60–70% in several independent investigations
[12,13]. Of importance, patients with chronic nasal S. aureus car-
riage had higher endoscopically proven endonasal activity. These
patients had their initial manifestation of GPA more often in the
ENT tract [13]. Though, more recent studies of the nasal micro-
biome in GPA have questioned whether S. aureus carriage is as
prevalent/abundant as historically reported using culture-based
methods [14,15]. One of these studies, conducted by the French
Vasculitis Study Group (FVSG), however, has not performed enrich-
ment (i.e., with a Staphylococcus spp. agar) and did not perform
swab analysis on fresh samples [14].

A randomized, placebo-controlled study to evaluate the efficacy
of trimethoprim-sulfamethoxazole twice daily for 24 months
revealed a significant reduction of disease relapses in patients with
GPA, particularly driven by reduced ENT-related disease recur-
rences [16]. While the authors did not state if treatment led to
the eradication of S. aureus in their patients’ nostrils, antibiotic
treatment might lead to the restoration of the nasal microbiome
with a reduction of pathogenic bacterial strains which might be
of importance to prevent disease activity. A smaller randomized,
controlled trial recruited 31 patients in disease remission, of whom
16 received 960 mg trimethoprim-sulfamethoxazole thrice weekly.
The use of trimethoprim-sulfamethoxazole and PR3-ANCA positiv-
ity at inclusion were associated with relapse-free survival. Chronic
S. aureus carriage was associated with disease recurrence [17].

The retrospective analysis by the FVSG focused on differences
between patients receiving antibiotic prophylaxis or no prophy-
laxis. Low-dose trimethoprim-sulfamethoxazole (480 mg a day)
reduced the number of persistent S. aureus carriers, and nasal car-
riage was more frequent in patients with GPA who did not receive
trimethoprim-sulfamethoxazole compared to controls. A subset of
patients had a follow-up period of four years, and nasal S. aureus
carriage was not significantly associated with disease relapse. No
effect on relapse rate was found in trimethoprim-
sulfamethoxazole users [14].

2.2. Toxic shock syndrome toxin-1-producing S. aureus and relapse

Several mechanisms have been proposed to be implicated in
persistent carriage and pathogenicity. The pathogenicity of S. aur-
eus in GPA may be attributed to the production of pyrogenic toxins.
Diverse antigens of S. aureus have been identified in patients with
GPA. Among these superantigens (SAg), the toxic shock syndrome
toxin-1 (tsst-1) is one of the most potent. A high proportion of
GPA patients (˃ 70%) carry strains that harbor at least one S. aureus
SAg [18]. In a single study the likelihood of isolating tsst-1 positive
S. aureus strains was higher in individuals with GPA (36%, in com-
parison to 5% expected in the general population), and was associ-
ated with an increase of disease relapses [18].

2.3. Immunologic aspects

T-cell expansion was present at a higher rate in patients with
GPA than in healthy individuals, but was neither associated with
the presence of S. aureus nor its SAg [19]. S. aureus-restricted T-
cell clones were of the ab-TCR+CD4+ phenotype and HLA-DR
restricted. Of particular interest, seven of the S. aureus-reactive T-
cell clones were capable of recognizing the PR3 antigen [20]. In
order to elucidate further pathogenetic consequences of S. aureus
presence, staphylococcal acid phosphatase (SAcP) and its binding
ability was studied in human umbilical vein endothelial cells. It
was demonstrated that SAcP is capable of binding to endothelial
cells in a concentration-dependent manner. Moreover, endothelial
cell-bound SAcP was recognized by sera of patients with GPA [21].

Examination of nasal epithelial cells obtained from patients
with GPA indicated an up-regulation of granulocyte-colony
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stimulating factor [22]. After stimulation with supernatants of S.
aureus, patients displayed a lower interleukin-8 secretion and a
diminished dynamic range of response towards the stimulus,
which may help explain the higher carriage rates of patients with
GPA [22]. Antimicrobial peptides from patients with either S. aur-
eus colonization or negative controls were assessed by ELISA. In
patients with colonization, significant higher levels of LL-37 could
be detected. After stimulation with S. aureus higher levels of LL-37
and human ß-defensin 3 could be detected in the supernatant of
nasal epithelial cells of GPA patients [23]. A transcriptomic
approach revealed differential expression of 10 transcripts, includ-
ing antimicrobial transcripts such as human ß-defensin 1, lyso-
zyme and human ß-defensin 4 [24].

More recently, lower anti-staphylococcal IgG levels against 59 S.
aureus antigens in GPA patients were reported in comparison to
healthy controls despite similar overall IgG levels [25]. In the same
study the authors reported an increased frequency of S. aureus
strains resistant to trimethoprim-sulfamethoxazole or ciprofloxa-
cin, which seemed to coincide with the increased treatment of
patients with trimethoprim-sulfamethoxazole [25]. PR3-ANCA
vasculitis patients carry similar S. aureus types as observed in the
general population [25]. There are differences in the distribution
of S. aureus clonal complexes (CCs) amongst PR3-ANCA and
MPO-ANCA vasculitis [26]. Several genetic loci were found to be
associated with either PR3-ANCA or MPO-ANCA vasculitis, and
investigations found a possible role of leukocidins in PR3-ANCA
vasculitis [26]. However, both these studies [25,26] only used
small numbers of isolates, which are not sufficient to reach
genome-wide significance, and no replication studies have been
conducted so far to confirm these findings. Recent studies investi-
gated the role of tissue-resident memory T (TRM) cells in autoim-
munity, which are induced by S. aureus and other bacteria, and
found that S. aureus infection induced TRM cells with a TH17 signa-
ture in the kidney. Kidney-resident TRM17 cells reinforced the local
inflammatory response by production of IL-17A, leading to an
exacerbation of the observed renal pathology [27]. Further studies
should address if immunologic changes in the nostrils resemble
changes observed in kidneys of humans and in experimental
models.

Overall, these findings suggest an impaired inflammatory
response, reduced response to a microbial stimulation leading to
alterations of the microbial composition of the nostrils, and differ-
ences in the distribution of specific S. aureus strains among patients
with PR3-ANCA vasculitis and comparators.

3. The (healthy) nasal microbiome and influences on diversity

The healthy human nasal microbiome contains a low number of
observed genera, and is dominated by a limited number of bacte-
rial genera [28]. Localized factors such as temperature, nutrient
availability and humidity may shape the nasal microbiome. The
biodiversity seems to be lower in the anterior nares in comparison
to the middle meatus and sphenoethmoidal recesses [29]. The
microbiome of the anterior nares is dominated by Propionibac-
terium, Corynebacterium, Staphylococcus and Moraxella [30]. S. aur-
eus, Staphylococcus epidermidis and Propionibacterium acnes are the
most prevalent and abundant microorganisms detected in the mid-
dle meatus [31]. Over the span of human life, the composition of
the nasal microbiome undergoes significant changes. Puberty has
a major impact on its composition, with Proteobacteria (Moraxella,
Haemophilus, and Neisseria) and Firmicutes (Streptococcus, Dolosi-
granulum, Gemella, and Granulicatella) overrepresented in prepu-
bertal children [32]. In contrast, the nasal microbiome of healthy
adults is dominated by Actinobacteria (Corynebacterium, Propioni-
bacterium, and Turicella) and Firmicutes (Staphylococcus spp.), and
to a variable degree Proteobacteria. Overall, analysis of the nasal
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cavity identified that among Actinobacteria, the most prevalent
families were Corynebacteriaceae (ranging from 1.5% to 62.8%)
and Propionibacteriaceae (ranging from 0.4% to 42.4%). Staphylo-
coccaceae were the most prevalent family amongst Firmicutes
and the overall percentage of the community ranged from 2.2%
to 55.0% [33]. Together, these three bacterial phyla account for over
80% of the colonizing species [34]. Insights into the shape of the
adult nasal microbiome can be generated by analysis of residents
living in different healthcare institutes, as different environmental
factors might influence the composition (i.e., cleaning processes,
disinfection of indoor air, or the source of ventilated air). A study
from Taiwan found that the nasal microbiome more strongly
relates to the environmental surface microbiome, and this was
the case when participants from three healthcare institutes were
analyzed [35]. A particular influence of the surface microbiome
was observed in participants who have been hospitalized in the
year prior to study enrollment, with a significantly higher propor-
tion of microbes derived from surfaces. Notably, the average age of
residents in both groups was over 70 years, with a significant
amount of co-morbidities, which might have influenced the indi-
vidual susceptibility to a change of the microbial composition [35].

The diversity of the healthy adult microbiome can be explained
by adaption processes executed by bacteria. In habitats with lim-
ited nutrient supply such as the nostrils, bacteria are under strong
selective pressure to increase their fitness to compete with other
competing species. Such competition can occur in a direct and indi-
rect manner. Direct competition may be exerted by the production
of antimicrobials that selectively kill competing susceptible species
(i.e. Esp-secreting S. epidermidis correlates with the absence of S.
aureus [36] or secretion of hydrogen peroxide by Streptococcus
pneumoniae [37]), whereas indirect competition may be related
to modified living conditions or competition for nutrients [38]. In
our pilot study investigating the nasal microbiome in patients with
GPA, we found that in most cases with presence of Staphylococcus
pseudintermedius the antagonistic relationship between S. aureus
and S. epidermidis is broken, indicating that all three occupy the
same niche [39].

Other studies investigated the effect of specific techniques to
obtain a robust sampling of the nasal microbiome. One large study
investigated the effect of three different swabs, and found that the
species diversity was comparable when flocked nylon, rayon or
polyurethane tipped swabs are used [40]. Further analyses
revealed that there was no difference in relative abundance of
selected genera when swabs were self-taken at home or collected
by designated staff, with the exception of a higher abundance of
Lactobacillus spp. in home-collected samples. Collection by nasal
brushes should be the preferred method, as investigations have
shown a significant reduction in phylogenetic diversity by nasal
washes [41]. Procession of nasal swabs after standard postage of
study participants may not influence the yield of specific bacteria
(S. aureus) in comparison to immediate procession [42]. Other
investigations found that storage at room temperature for 14 days
led to an undesired S. aureus growth. As storage at room tempera-
ture may impact the (relative) abundance of genera, a storage at
4 �C is advised until analyses are performed [43].

Notably, treatment with antibiotics is altering the micro-
biome. A study investigating the role of trimethoprim-
sulfamethoxazole on the gut microbiome found that the Shan-
non diversity at a phylum level declined by 17.95%, and espe-
cially patients with high baseline diversity were more likely to
lose diversity. Long-term treatment with trimethoprim-
sulfamethoxazole might exhibit detrimental effects on the com-
mensal microbiome, fueling the inflammatory response in some
cases. During treatment with trimethoprim-sulfamethoxazole,
an increase in Proteus vulgaris, Actinomyces meyeri and Acineto-
bacter lwoffii was observed [44].
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Colonization of S. aureus plays an important role in health and
disease. Several factors are discussed to affect the composition of
the nasal microbiome, including environmental factors [34,45]
and host genetic polymorphisms [34]. Seasonal variations were
observed including temperature changes, humidity, pollen or dust
levels, and smoking negatively correlated with S. aureus nasal col-
onization. Altered nasal colonization risk with S. aureus has been
associated with genetic polymorphisms in the genes encoding
the glucocorticoid receptor, C-reactive protein or ß-defensin 1
[34]. Importantly, direct or indirect mechanisms are involved in
the highly competitive colonization of the nasal cavity, including
the binding of bacterial adhesions to epithelial ligands, with S. aur-
eus producing different adhesins for different epithelia and thus
colonizing various anatomical regions of the nose in a similar man-
ner. Selection of the nasal microbiome is further characterized by
competition for nutrients, competition by antibiosis which are pro-
duced by certain bacterial strains, and competition by the induc-
tion of host defense mechanisms. Staphylococcus spp. produce
antimicrobial substances at a high frequency (86%), which seem
to be less harmful to S. aureus. Moreover, S. aureus is actively
inducing inflammatory host responses to make survival for com-
mensals within the nasal cavity more difficult [34]. These implica-
tions explain in part the complexity of understanding the diverse
composition of the healthy nasal microbiome and specifically the
colonization by S. aureus, and highlight that certain bacterial
strains co-occur with S. aureus (such as Corynebacterium accolens),
Table 1
Summary of three independent studies of the nasal microbiome in patients with GPA. Geog
treatment differences (i.e., antibiotics), storage, and analysis paths limit comparability of

Rhee et al. [47] Lamprecht et a

GPA patients
(number)

60 29

Country USA Germany
ANCA type PR3 (60%), MPO (25%), negative (15%) PR3 (83%), MP
New diagnosis 5 (8%) 0%
Disease status Remission (75%), severe flare (3%), limited flare

(17%), persistent disease (5%)
Remission (79

Current ENT
disease activity

10% 21%

Antibiotic
treatment

48% (in the past 6 months) No recent pres

Storage Freezer (swab; �80 �C) Immediately p
Main findings GPA patients had a lower relative abundance of

Propionibacterium (P. acnes) and S. epidermidis
compared to controls

GPA patients h
species assigne
Streptococcacea
Prevotellaceae;
Corynebacteria
Tissierellaceae,
Propionibacteri

S. aureus No difference in the relative abundance of S.
aureus between patients and controls

S. aureus was d
proportion of s
(compared wit
controls)

Strengths Additional analysis of the fungal community
composition; investigations focusing on non-
immunosuppression users versus patients on
immunosuppression; well characterized
patients

Comparison of
comparison gr
the bacterial c
of UMERS as a
distantly relat
characterized

Limitations Cross-sectional; small sample size; no
immediate processing of samples; no
information on current smoking status,
patients on immunosuppression (>50%) and
antibiotics (25%) at the time of nasal swab

Cross-sectiona
immunosuppr
majority on ad

Abbreviations used: ANCA (anti-neutrophil cytoplasmic antibody), ENT (ear, nose and t
teinase 3), RA (rheumatoid arthritis), UK (United Kingdom), USA (United States of Amer
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and others show a competitive interaction (such as C. pseudodiph-
theriticum) [46].

The healthy nasal microbiome undergoes changes from infancy
to adulthood. Different sites of the nasal cavity may exhibit a dif-
ferent spectrum of microorganisms, and these differences need to
be taken into account when analyzing the microbiome in health
and disease states. There are no single ‘‘healthy microbiome” as
significant inter-individual differences have been reported. Several
factors including adaption processes, locoregional changes, and
influences by recent drug prescriptions (i.e., antibiotics) are attri-
butable. Sampling should be performed by nasal swabs rather than
nasal washes. Recruited individuals may collect nasal swabs at
home, as there are no significant changes in the main selected gen-
era between staff- or home-collected nasal swabs.

4. Granulomatosis with polyangiitis – microbiome research

Three independent studies [39,47,48] have investigated the role
of the nasal microbiome in GPA. Differences in geographic back-
ground, disease activity status, and more importantly the analysis
paths (i.e., storage) lead to difficulties in direct comparison. Table 1
summarizes key demographics, laboratory findings (i.e., ANCA sta-
tus), and key results of these studies.

The nasal microbiome of 60 GPA patients (60% with a positive
PR3-ANCA test, 25% with active disease) and 41 healthy controls
was analyzed by 16S rRNA gene sequencing [47]. The Shannon
raphical differences, differences in disease activity status (especially in the ENT tract),
results.

l. [48] Wagner et al. [39]

56

UK
O (3%), negative (14%) Not reported

Not reported
%), active disease (21%) Remission (79%), active disease (21%)

21%

cription 17.9% (in the past months)

rocessed (swab) Immediately processed (swab)
ad an increase in bacterial
d to the families
e, Pasteurellaceae, and
and a decrease in
ceae, Moraxellaceae,
Staphylococcaceae, and
aceae

16S: GPA patients (grouped together) had a
distinct microbiome composition compared to
healthy controls WGSS: active GPA group was
different to the healthy and diseased controls

etected in a significantly higher
amples from GPA patients
h RA patients and healthy

Culture: S. aureus detection active group
(67%), inactive group (34%) 16S: no statistical
association between mean abundance and
disease outcome WGSS: S. aureus was
detected at statistically higher abundance in
active GPA patients compared with healthy
and diseased controls

GPA patients with a diseased
oup (RA); in depth analyses of
ommunity composition; the use
novel method that can detect

ed microorganisms; well
patients

First study to perform whole genome shotgun
sequencing from nasal swabs including study
of critical pathways involved; report of
significant findings with higher relative
abundance; well characterized patients;
Remission patients as comparators

l, small sample size, patients on
ession (28/29 on steroids; and a
ditional measures)

Cross-sectional; small sample size; no
information on current smoking status,
steroid prescription (75% active group, 47.6%
remission group), additional
immunosuppression (75% active group, 57.1%
inactive group)

hroat), GPA (granulomatosis with polyangiitis), MPO (myeloperoxidase), PR3 (pro-
ica), WGSS (whole genome shotgun sequencing).
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Diversity Index was not different between both cohorts, while
analysis of beta diversity calculated on UniFrac distances revealed
a significant difference in weighted UniFrac between individuals
with GPA and healthy controls. A relative lower abundance of
Propionibacterium (especially P. acnes) and S. epidermidis in the
cohort of GPA accounted for the difference observed in this study
[47]. Thus far, no study performed in-depth analyses of glucocor-
ticoid prescription on nasal microbiome alterations. It is tempting
to speculate that glucocorticoids exert similar effects as observed
on the gut microbiome [49,50], with a proposed involvement of
direct and indirect alterations, the latter potentially reducing
the pro-inflammatory local milieu caused by certain bacterial
strains. When assessing the impact of non-glucocorticoid
immunosuppression, a difference between participants with GPA
off immunosuppression and controls was found, while no differ-
ence was observed between those receiving immunosuppression
versus controls. These changes were mainly driven by a signifi-
cantly lower abundance of Propionibacterium in GPA patients off
immunosuppression versus controls. Glucocorticoid treatment
led to a lower abundance of fungi, and these alterations were par-
ticularly seen in cases with active disease, harboring the lowest
abundance compared to those in remission and controls. This
study indicates that immunosuppression is capable to alter the
nasal microbiome. On the other hand, a cross-sectional study in
this field with a low sample size is unlikely to report specific
changes implicated in relapse risk of an individual patient. A
follow-up time including periods off immunosuppression and
sequential sampling is necessary to predict the impact of the
microbiome on relapse risk.

In a prospective clinical study, 29 subjects with GPA, 21 with
rheumatoid arthritis (RA) and 27 healthy controls were included
[48]. 16S rRNA amplicon sequencing and unbiased metagenomic
RNA sequencing (UMERS) were performed. Differences were
observed among patients with GPA during active disease (n = 6)
and remission (n = 23), with a higher abundance of Staphylococ-
caceae during remission. Differences in the diversity of the micro-
bial composition was observed based on ENT activity, with the
families Streptococcaceae and Planococcaceae being found at higher
abundance in patients with active ENT disease, while a lower
abundance for Corynebacteriaceae was observed. Amongst the
three different groups, significant differences were reported, with
a higher abundance of Streptococcaceae and Pasteurellaceae and a
lower abundance of Aerococcaceae in patients with GPA compared
to the RA group. Planococcaceae were more abundant in both, the
GPA and RA group, while a lower abundance was found for
Moraxellaceae, Tissierellaceae, and Staphylococcaceae compared to
healthy controls. 16S analyses detected S. aureus in a significantly
higher proportion in individuals with GPA compared to RA patients
and healthy controls. UMERS, a novel method to detect known and
distantly related or novel pathogens of viral, bacteria, fungal, or
parasitic origin, was performed in a proportion of included patients
(nine patients with GPA and four healthy controls). Sequence reads
from patients with GPA displayed sequence homology to Hae-
mophilus influenzae, Rhinovirus A, S. aureus and Moraxella catarrha-
lis, indicating that patients had acute respiratory tract infection at
the time of sampling and presence of S. aureus and M. catarrhalis
indicated colonization. This study found that with the use of 16S
rRNA gene sequencing, S. aureus is more abundant in patients with
GPA compared to controls (either RA patients or healthy controls),
again highlighting a significant role of S. aureus in the pathogenesis
of GPA.

In another case-control study including 12 patients with active
GPA, 44 with remission, 13 diseased controls (either MPA or EGPA)
and healthy controls, culture-dependent analyses revealed that
more patients with active GPA were tested positive for S. aureus
[39]. Multivariate ordination analysis using bacterial 16S sequence
419
data indicated that samples from the healthy control group clus-
tered differently compared to patients with either active or inac-
tive GPA. When individuals with GPA were clustered together, a
significant different microbiome compared to healthy controls
was found. There was a non-significant higher abundance of S. aur-
eus in patients with relapsing GPA compared to those with long-
lasting remission using bacterial 16S sequence data. A proportion
of recruited individuals were followed up longitudinally and
swabbed again. While an inter-individual difference was observed,
the intra-individual profile remained consistent over time (within
3 months).

The same group also conducted deep shotgun metagenomic
sequencing in addition to bacterial 16S gene profiling. The analyses
focused on the retrieved Staphylococcus taxa since it was the most
abundantly observed. Multivariate ordination analysis and permu-
tational multivariate analysis of variance revealed that the differ-
ences among the patient and control groups were significant.
Individuals with active GPA had a different composition of Staphy-
lococci compared to healthy and diseased controls. The healthy
controls were different to GPA patients in remission. S. epidermidis
was detected at higher abundance in healthy controls compared
with active GPA patients. Contrary to this finding, S. aureus was
detected at statistically higher abundance in active GPA compared
with healthy and diseased controls. Another interesting finding
from the shotgun metagenomic sequencing was the detection of
S. pseudintermedius, which was observed in high abundances in
all groups. In most cases with presence of S. pseudintermedius, an
antagonistic relationship between S. aureus and S. epidermidis
was broken, with both species present at lower levels, suggesting
that S. pseudintermedius occupies the same niche [39]. In a single
patient, S. pseudintermedius was cultured in serial swabs [51].
Again, this study was performed in a cross-sectional manner and
only some patients were subsequently swabbed within a short per-
iod of follow-up. Within 1–3 months, the individual microbiome of
patients was stable over time. More investigations are needed to
investigate the influence of potential changes on relevant disease
outcomes (i.e., infectious risk or relapse risk).

Taken together, cross-sectional studies in the field of GPA
focused on the differences in microbial composition. The few stud-
ies and the inconsistencies between patient recruitment, laborato-
ries, and analysis pipeline, together with environmental and
reagent contamination issues, make it a challenging task to directly
compare and combine data from these studies.
5. (Nasal) microbiome analysis: impact of low biomass and
contamination

Despite the benefits of culture-independent analysis of the
microbial composition of a specimen, this method has key limita-
tions, especially when working with samples containing low bio-
mass (low DNA). The non-proportional target amplification and
the presence of laboratory and reagent contaminations have been
identified as potentially misleading taxonomic classifications in
many culture-independent low-biomass sequence analysis [52].

There are tools addressing the non-proportional target amplifi-
cation, but thus far no systematic requirement to report irregular-
ities or report contamination have been implemented as a standard
requirement. Many sources may lead to contaminant DNA despite
particular care in sample collection and preparation. These poten-
tial sources include sampling and laboratory environments,
researchers, plastic consumables, nucleic acid extraction kits, labo-
ratory reagents including polymerase chain reaction (PCR) master
mixes, and cross-contamination (most frequently due to transfer
of primary sample DNA from neighboring wells or tubes) from
other samples or sequencing runs [53].
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A variable degree of the impact of contaminant DNA and cross-
contamination has been reported, largely depending on the level of
microbial biomass. Measuring the microbial DNA in samples and
comparison to the amount of DNA extraction blank controls may
help to identify samples with low biomass, which are likely to be
influenced by contaminant DNA when undergoing further
sequencing [53]. The presence of contaminant DNA was demon-
strated in an elegant study using up to five rounds of serial ten-
fold dilutions of a pure Salmonella bongori culture. In the undiluted
samples, S. bongori was the sole organism identified, while with
subsequent dilutions a range of contaminating bacterial groups
increased and the S. bongori reads concurrently decreased. Further
analyses highlighted that sixty-three taxa were absent from all PCR
blank controls but present at >0.1% proportional abundance in one
or more serially diluted S. bongori samples, which suggests that
these taxa were introduced at the DNA extraction stage. Some of
the taxa were only abundant in samples processed by one or two
sites, possibly indicative of variation in contaminants between dif-
ferent batches of the same type of DNA extraction kit. This study
elegantly illustrated that bacterial DNA contamination of extrac-
tion kits and laboratory reagents can significantly alter results of
microbiome studies, particularly when low biomass samples are
treated [54].

To overcome limitations of contaminant DNA extraction and
PCR master mix, introduction of commercially available dsDNase
treatment to decontaminate the PCR master mix might be used.
A study demonstrated that large amounts of contamination was
derived from the PCR master mix and after treatment with
dsDNase this contamination was almost completely eliminated,
yielding a 99% reduction in contaminating bacterial reads [55].
Batch effects in DNA isolation may be identified by nonparametric
correlation analysis per batch on the different microbial species.
Another option is combination of unsupervised hierarchical clus-
tering analyses of microbial groups and samples in a heatmap that
indicates the relative abundance of these microbial groups. In the
case of nasal shotgun metagenomics, reagent-derived species were
present especially in samples which failed by 16S rRNA gene
Table 2
Overlapping and stand-alone recommendations/guidelines have been issued to control f
positive controls which help to identify batch effects and contamination between differen
ecological plausibility. Sample time points and essential confounders such as the use of a
Uniform sample collection and processing (i.e., storage) are necessary to guarantee reprodu
and validation cohorts are recruited.

Recommendations for the design and execution of microbiome studies
Confounding factors: antibiotic use, age, sex, diet, geography, and pet ownership
Animal studies: cage effects (each condition must be studied in multiple cages)
Sample storage: at �80 �C immediately after collection for most accurate results
Sample time point: importance to assess the relationship of possible longitudinal dyn
Negative controls: create and analyze negative controls – DNA extraction kits usually co

of the same kit
Positive controls: for each batch of samples; place controls asymmetrically in purifica
Low biomass samples: quantify the microbial load; different methods to measure DNA

be rejected
Statistical methods: control for multiple comparisons
Cohort selection: consider to study a separate discovery and validation cohorts
Cohort selection: history of daily medication intake (i.e., oral contraceptives, immunos

changes of the respiratory microbiome (i.e., smoking)

Contamination identification guidelines
Negative controls: every step of the process need to be covered
Positive controls: biomass and contamination levels should be assessed
Batch effects: create batch effects not by accident
Statistics: to control between and within batch variation patterns
Bioinformatics: increase identification resolution
Reproducibility: two different kits to isolate DNA should be used
Reproducibility: non-sequencing methods should be used to confirm results
Ecological plausibility: check the literature (what you should/can expect)
Use all available lines of defense
Standardized questionnaire
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sequencing. A further approach is measurement the correlation
between input DNA quantity and output species abundance [56].
Tools to identify the presence of contaminants have been estab-
lished, i.e. decontam which is an open-source R package and
showed that it effectively improves the quality of marker-gene
and metagenomics sequencing by removing contaminant DNA
sequences [57].

Several recommendations taking into account considerations as
stated above have been issued and are summarized in Table 2
[56,58]. Steps from sample collection to final analysis are high-
lighted in Fig. 1.
6. Summary and outlook

Microbiome research with the use of low biomass samples has
its strengths and limitations. The unsupervised analysis of samples
allows for identification of a broad spectrum of genera which
might be critically involved in disease pathogenesis. Nonetheless,
the nasal microbiome even in a healthy state is characterized by
a large biodiversity, undergoes significant changes during the span
of life, and might be influenced by the environment, host genetics,
and factors produced by bacteria leading to direct or indirect inhi-
bition of other genera. In the near future, large-scale studies with
the aim to further characterize the healthy microbiome are needed.
Influences such as recent systemic or local antibiotic treatment,
hospitalization, smoking status need to be excluded in such study.
In GPA, several different working groups have performed micro-
biome studies. No study could corroborate the high frequency of
S. aureus positivity as reported by culture-dependent investiga-
tions [39,47,48], while the three studies published [39,47,48] have
demonstrated different results. This can be explained by patient
selection, differences in the analysis paths and might in part be
attributable to the background of the patients (genetic differences,
‘‘other” background microbiome related to geographical
differences).

There is a clear need to standardize the reporting of microbiome
research, as generalizable conclusions are largely absent and physi-
or several lines of contamination. Importantly, studies should include negative and
t suppliers of DNA extraction kits. Results should be critically discussed in terms of
ntibiotics within a time period of a few weeks before sampling need to be recorded.
cibility of the results. The validity of the results is increased when a separate discovery

amics
ntain contaminants, and contamination may vary between suppliers and batches

tion plates
can be used; when all sequence data reflects contamination only, the idea might

uppressive medication) and account for environmental factors associated with



Fig. 1. The figure (1.1.) was provided by courtesy of Encyclopaedia Britannica, Inc.
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cians treating patients with GPA have difficulties to understand the
complexity of the findings. However, standardizing the reporting
of microbiome research is also associated with limitations and
421
does not take into account the fast-paced changes in sequencing
methodology and analysis pipeline. For example, the best bacterial
sequence region depends on the source of the sample to be ana-
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lyzed. One suboptimal solution would be to use full-length bacte-
rial 16S sequencing with long read sequence technology. But more
importantly is to provide all the details for the analysis pipeline to
ensure reproducibility and to implement a thorough pipeline to
remove contamination which is particularly important for low bio-
mass samples such as the nasal microbiome.

Further light needs to be shed on the role of S. aureus in disease
onset, progression (in localized forms), and relapse of GPA.
Research on the microbiome in the field of vasculitis needs to be
associated with these clinically meaningful endpoints and long-
term studies are necessary to understand the impact of different
genera. Further efforts to expand our understanding of the impact
of prescribed immunosuppressive measures (steroids, rituximab,
and others) on the shape of the microbiome and to underline crit-
ical pathways either restored or induced by these commonly used
drugs are needed. Currently ongoing studies will investigate
whether or not there is a change in the microbial composition
before relapse and if interventional trials (i.e., localized or systemic
antibiotics) make sense to improve the management of patients
with ANCA-associated vasculitis. A randomized controlled trial
showed that treatment with trimethoprim-sulfamethoxazole in a
therapeutic dosage is able to prevent disease relapses, especially
those related to the ENT-tract, in patients with GPA [16]. A positive
effect of prophylactic trimethoprim-sulfamethoxazole on relapse
risk was confirmed in a small study from Poland [17]. The question
remains how a ‘microbiome-based’ study can be conducted, but a
certain threshold of S. aureus abundance might be helpful to iden-
tify patients at risk of ENT-relapse. Efforts of such a sophisticated
trial design need to be driven forward by multi-national consortia.
Taken together, microbiome research with low biomass samples
(i.e., the nasal cavity) is still in its infancy. More efforts are needed
to understand the composition of the nasal microbiome in health
and disease, and if targeting the microbiome of the nostrils will
be a therapeutic approach in the management of GPA or not.
CRediT authorship contribution statement

Andreas Kronbichler: Conceptualization, Writing - original
draft. Ewan M. Harrison: Conceptualization, Writing - original
draft. Josef Wagner: Conceptualization, Writing - original draft.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

References

[1] Kronbichler A, Shin JI, Lee KH, Nakagomi D, Quintana LF, Busch M, Craven A,
Luqmani RA, Merkel PA, Mayer G, Jayne DRW, Watts RA. Clinical associations
of renal involvement in ANCA-associated vasculitis. Autoimmun Rev 2020;19
(4):102495. https://doi.org/10.1016/j.autrev.2020.102495.

[2] Millet A, Pederzoli-Ribeil M, Guillevin L, Witko-Sarsat V, Mouthon L.
Antineutrophil cytoplasmic antibody-associated vasculitides: is it time to
split up the group?. Ann Rheum Dis 2013;72(8):1273–9. https://doi.org/
10.1136/annrheumdis-2013-203255.

[3] Jennette JC, Falk RJ. Small-vessel vasculitis. N Engl J Med 1997;337
(21):1512–23. https://doi.org/10.1056/NEJM199711203372106.

[4] Kallenberg CGM. Pathophysiology of ANCA-associated small vessel vasculitis.
Curr Rheumatol Rep 2010;12(6):399–405. https://doi.org/10.1007/s11926-
010-0138-6.

[5] Berti A, Kronbichler A. Orbital masses in ANCA-associated vasculitis: an
unsolved challenge? Rheumatology (Oxford). 2019;58(9):1520-2.

[6] Martinez Del Pero M, Rasmussen N, Chaudhry A, Jani P, Jayne D. Structured
clinical assessment of the ear, nose and throat in patients with granulomatosis
with polyangiitis (Wegener’s). Eur Arch Otorhinolaryngol 2013;270
(1):345–54. https://doi.org/10.1007/s00405-012-2110-8.

[7] Lee KS, Kronbichler A, Pereira Vasconcelos DF, Pereira da Silva FR, Ko Y, Oh YS,
et al. Genetic variants in antineutrophil cytoplasmic antibody-associated
422
vasculitis: a Bayesian approach and systematic review. J Clin Med. 2019;8
(2):266.

[8] Furuta S, Jayne DRW. Antineutrophil cytoplasm antibody–associated
vasculitis: recent developments. Kidney Int 2013;84(2):244–9. https://doi.
org/10.1038/ki.2013.24.

[9] Kronbichler A, Kerschbaum J, Mayer G. The influence and role of microbial
factors in autoimmune kidney diseases: a systematic review. J Immunol Res
2015;2015:1–13. https://doi.org/10.1155/2015/858027.

[10] Sakr A, Brégeon F, Mège JL, Rolain JM, Blin O. Nasal colonization: an update on
mechanisms, epidemiology, risk factors, and subsequent infections. Front
Microbiol 2018;9:2419.

[11] Ceccarelli F, Perricone C, Olivieri G, Cipriano E, Spinelli FR, Valesini G, et al.
Nasal carriage and autoimmune diseases: from pathogenic mechanisms to
disease susceptibility and phenotype. Int J Mol Sci 2019;20(22):5624.

[12] Stegeman CA, Tervaert JW, Sluiter WJ, Manson WL, de Jong PE, Kallenberg
CG. Association of chronic nasal carriage of Staphylococcus aureus and
higher relapse rates in Wegener granulomatosis. Ann Intern Med 1994;120
(1):12–7.

[13] Laudien M, Gadola SD, Podschun R, Hedderich J, Paulsen J, Reinhold-Keller E,
et al. Nasal carriage of Staphylococcus aureus and endonasal activity in
Wegener s granulomatosis as compared to rheumatoid arthritis and chronic
Rhinosinusitis with nasal polyps. Clin Exp Rheumatol 2010;28(1 Suppl
57):51–5.

[14] Tan BK, Crabol Y, Tasse J, Laurent F, Nekkab N, Vinter C, et al. No evident
association of nasal carriage of Staphylococcus aureus or its small-colony
variants with cotrimoxazole use or ANCA-associated vasculitis relapses.
Rheumatology (Oxford) 2020;59(1):77–83.

[15] Salmela A, Rasmussen N, Tervaert JWC, Jayne DRW, Ekstrand A, Group EVS.
Chronic nasal Staphylococcus aureus carriage identifies a subset of newly
diagnosed granulomatosis with polyangiitis patients with high relapse rate.
Rheumatology (Oxford). 2017;56(6):965–72.

[16] Stegeman CA, Cohen Tervaert JW, de Jong PE, Kallenberg CGM. Trimethoprim–
sulfamethoxazole (co-trimoxazole) for the prevention of relapses of Wegener’s
granulomatosis. N Engl J Med 1996;335(1):16–20. https://doi.org/10.1056/
NEJM199607043350103.

[17] Zycinska K, Wardyn KA, Zielonka TM, Krupa R, Lukas W. Co-trimoxazole and
prevention of relapses of PR3-ANCA positive vasculitis with pulmonary
involvement. Eur J Med Res 2009;14(Suppl 4):265. https://doi.org/10.1186/
2047-783X-14-S4-265.

[18] Popa ER, Stegeman CA, Abdulahad WH, van der Meer B, Arends J, Manson WM,
et al. Staphylococcal toxic-shock-syndrome-toxin-1 as a risk factor for disease
relapse in Wegener’s granulomatosis. Rheumatology (Oxford) 2007;46
(6):1029–33.

[19] Popa ER, Stegeman CA, Bos NA, Kallenberg CG, Tervaert JW. Staphylococcal
superantigens and T cell expansions in Wegener’s granulomatosis. Clin Exp
Immunol. 2003;132(3):496–504.

[20] Mayet WJ, Märker-Hermann E, Schlaak J, Meyer Zum Büschenfelde KH.
Irregular cytokine pattern of CD4+ T lymphocytes in response to
Staphylococcus aureus in patients with Wegener’s granulomatosis. Scand J
Immunol 1999;49(6):585–94.

[21] Brons RH, Bakker HI, Van Wijk RT, Van Dijk NW, Muller Kobold AC, Limburg
PC, Manson WL, Kallenberg CGM, Cohen Tervaert JW. Staphylococcal acid
phosphatase binds to endothelial cells via charge interaction; a pathogenic
role in Wegener’s granulomatosis?: Staphylococcal acid phosphatase binds to
endothelial cells. Clin Exp Immunol 2000;119(3):566–73. https://doi.org/
10.1046/j.1365-2249.2000.01172.x.

[22] Wohlers J, Breucker K, Podschun R, Hedderich Jürgen, Lamprecht P, Ambrosch
P, Laudien M. Aberrant cytokine pattern of the nasal mucosa in granulomatosis
with polyangiitis. Arthritis Res Ther 2012;14(5):R203. https://doi.org/10.1186/
ar4041.

[23] Hui Y, Wohlers J, Podschun R, Hedderich J, Lamprecht P, Ambrosch P, et al.
Antimicrobial peptides in nasal secretion and mucosa with respect to S. aureus
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