AN

s\\ &
U

TURUN
YLIOPISTO
UNIVERSITY
OF TURKU

TONSILS AS AN
IN VIVOMODEL

Virus infections, microbiome,
and immune responses

Lotta Ivaska

TURUN YLIOPISTON JULKAISUJA - ANNALES UNIVERSITATIS TURKUENSIS

SARJA — SER. D OSA - TOM. 1647 | MEDICA - ODONTOLOGICA | TURKU 2022






TURUN
YLIOPISTO
UNIVERSITY
OF TURKU

TONSILS AS AN
IN VIVO MODEL

Virus infections, microbiome,
and immune responses

Lotta Ivaska

TURUN YLIOPISTON JULKAISUJA — ANNALES UNIVERSITATIS TURKUENSIS

SARJA - SER. D OSA - TOM. 1647 | MEDICA — ODONTOLOGICA | TURKU 2022




University of Turku

Faculty of Medicine

Department of Paediatrics and Department of Otorhinolaryngology — Head and
Neck Surgery

Doctoral Programme in Clinical Research (DPCR)

Turku University Hospital, Finland

Supervised by

Professor Tuomas Jartti, MD, PhD Associate Professor Tuomo Puhakka, MD, PhD
Department of Paediatrics and Department of Otorhinolaryngology — Head
Adolescent Medicine and Neck Surgery

Turku University Hospital and Turku University Hospital and

University of Turku University of Turku

Turku, Finland Turku, Finland

Reviewed by

Professor Marjo Renko, MD, PhD Professor Anne Pitkaranta, MD, PhD
Department of Paediatrics Department of Otorhinolaryngology — Head
Kuopio University Hospital and and Neck Surgery

University of Eastern Finland Helsinki University Hospital and

Kuopio, Finland University of Helsinki

Helsinki, Finland

Opponent

Associate Professor Johanna Nokso-Koivisto, MD, PhD
Department of Otorhinolaryngology — Head and Neck Surgery
Helsinki University Hospital and

University of Helsinki

Helsinki, Finland

The originality of this publication has been checked in accordance with the University of
Turku quality assurance system using the Turnitin Originality Check service.

ISBN 978-951-29-8932-4 (PRINT)
ISBN 978-951-29-8933-1 (PDF)
ISSN 0355-9483 (Print)

ISSN 2343-3213 (Online)
Painosalama, Turku, Finland 2022



To my boys



UNIVERSITY OF TURKU

Faculty of Medicine

Department of Paediatrics and Department of Otorhinolaryngology — Head
and Neck Surgery

LOTTA IVASKA: Tonsils as an in vivo model — virus infections, microbiome,
and immune responses

Doctoral Dissertation, 109 pp.

Doctoral Programme in Clinical Research

June 2022

ABSTRACT

Tonsillectomy and adenotomy are two of the most common operations in the
otorhinolaryngology field. Recurrent infections and hypertrophy are the main
indications for these surgical procedures. Palatine tonsils and nasopharyngeal tonsil
(adenoid) continuously interact with our environment. Tonsils consist of mucosa-
associated lymphoid tissue and serve as a site for bacteria, viruses, and other antigens
to be presented to the immune cells. Physiologically complex tonsil tissue is crucial
in inducing and maintaining immune responses. However, the underlying
mechanisms of the pathological conditions are not fully understood.

This thesis primarily aimed to investigate tonsillar virus infections, microbiome,
and their association with immune responses. The diagnostics and
immunomodulatory effects of human bocavirus 1 (HBoV1) were particularly
emphasised.

Elective adeno-/tonsillectomy patients of all ages were recruited from Satakunta
Central Hospital 2008-2009 and Turku University Hospital 2013-2015. Adeno-
/tonsillectomy was performed according to routine clinical procedures; tonsil tissues,
nasopharyngeal aspirate (NPA), and serum samples were collected. Virus
diagnostics was done by polymerase chain reaction (PCR); the expression of
cytokine and transcription factors was analysed by reverse-transcription PCR. RNA
sequencing was used for microbial profiling.

Our results support earlier data that respiratory virus infections in palatine tonsil
tissue, adenoid tissue, and NPA are common (with a total detection rate of 94%) in
non-acutely ill adeno-/tonsillectomy patients. Additionally, in one or more of the
sample sites, human herpesviruses 6 and 7 and the Epstein-Barr virus were
commonly found (67%, 51%, and 35%, respectively). High HBoV1 DNA loads in
NPA had no correlation with serology or messenger RNA results. Furthermore,
HBoV1 infection was associated with suppressed expression of tonsillar cytokines,
suggesting the immunosuppressive capacity of the virus. Our study revealed that
atopy associated with lower intratonsillar bacterial diversity, suggesting differences
in microbial balance between atopic and non-atopic subjects.

Palatine tonsil and adenoid tissues serve as an in vivo model to investigate
viruses, bacteria, and their interactions with local immune responses.

KEYWORDS: adenoid, atopy, human bocavirus 1, immune responses, microbiome,
nasopharyngeal aspirate, tonsil, virus
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TIVISTELMA

Nielurisa- ja kitarisaleikkaus ovat yleisid toimenpiteitd korva-, nend- ja kurkku-
tautien alalla. Leikkausindikaatio on useimmiten risatulehdukset ja risojen liika-
kasvu. Nielu- ja kitarisat ovat jatkuvasti vuorovaikutuksessa ympariston kanssa.
Risakudos koostuu limakalvon ja lymfaattisen kudoksen yhdistelmastd ja toimii
antigeenin ja immuunijirjestelmén solujen kohtaamispaikkana. Fysiologisesti
monimuotoinen risakudos toimii merkittdvdssd roolissa immuunivasteiden
aktivoinnissa ja muokkaamisessa.

Tédmin viitdskirjan tarkoituksena oli tutkia risakudoksen virusinfektioita,
mikrobiomia ja niiden yhteyttd immuunivasteisiin. Erityisesti tutkittiin bokaviruksen
(HBoV1) diagnostiikkaa ja HBoV1 infektion yhteyttd immuunivasteisiin.

Aineistoon keréttiin kaiken ikéisia kita- ja nielurisaleikkauspotilaita Satakunnan
keskussairaalasta vuosina 2008—2009 ja Turun Yliopistollisesta keskussairaalasta
vuosina 2013-2015. Leikkauspotilaista otettiin verindytteet, nendn imulimanaytteet
(NPA) ja risakudosnéytteet. Virukset analysoitiin polymeraasiketjureaktio (PCR)
menetelmilld. Sytokiinigeenien ilmentymistd tutkittiin kéadnteistranskriptaasi-
polymeraariketjureaktiolla (RT-PCR) ja RNA-sekvensointia kéytettiin risakudoksen
mikrobiomin kartoittamiseen.

Kroonista risasairautta sairastavien leikkauspotilaiden risakudoksissa ja nenin
imulimassa esiintyy runsaasti hengitystieviruksia (esiintyvyys 94 %), kuten
aikaisemmin on osoitettu. Herpesvirus 6 (HHV6), herpesvirus 7 (HHV7) Epstein-
Barr virus olivat yleisid (67 %, 51 %, 35 %) yhdessé tai useammassa néytelaadussa.
HBoV1 korkea virusméédrd ei korreloinut vasta-ainetasoihin tai ldhetti RNA
tuloksiin. HBoV1 oli yhteydessd risakudoksen sytokiinigeenien vihidisempéain
ilmaantuvuuteen viitaten HBoV 1:n kapasiteettiin muokata immuunivastetta. Lisdksi
tutkimuksessa kavi ilmi, ettd atooppisilla potilailla nielurisakudoksen bakteerien
monimuotoisuus on alhaisempi.

Nielu- ja kitarisa soveltuvat kaytettdvdksi in vivo mallina tutkittaessa
risakudoksen viruksia, bakteereja ja niiden vaikutusta immuunivasteisiin.

AVAINSANAT: atopia, human bocavirus 1, immuunivaste, kitarisa, mikrobiomi,
nielurisa, nendnielun aspiraationdyte, virus
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Abbreviations

AdV Adenovirus

APC Antigen-presenting cell
cDNA Complementary DNA
CMV Cytomegalovirus

CoV Coronavirus

COVID-19 Coronavirus disease 2019
DNA Deoxyribonucleic acid
EBV Epstein-Barr virus

EV Enterovirus

FLU A Influenza A virus
FLUB Influenza B virus
FOXP3 Forkhead box protein 3
GATA GATA-binding factor 3

HBoV1 Human bocavirus 1

HHV Human herpesvirus

HPV Human papillomavirus
HSV Herpes simplex virus

IBD Inflammatory bowel disease
IFN Interferon

Ig Immunoglobulin

IL Interleukin

MPV Metapneumovirus

mRNA Messenger ribonucleic acid
NPA Nasopharynx aspirate

OME Otitis media with effusion
OTU Operational taxonomic unit
PCR Polymerase chain reaction
PIV Parainfluenza virus

gPCR Quantitative polymerase chain reaction
RNA Ribonucleic acid

RORC2 Retinoic acid receptor-related orphan receptor C2



rRNA
RSV
RT
RTI
RV
SARS
TGF-B
Th
Treg
\7A%

Ribosomal ribonucleic acid
Respiratory syncytial virus
Reverse transcription

Respiratory tract infection
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Severe acute respiratory syndrome
Transforming growth factor-3

T helper cell

T regulatory cell
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1 Introduction

Palatine tonsils in the oropharynx, adenoid in the nasopharynx, lingual tonsils in the
glosso-epiglottic space, and tubal tonsils at the pharyngeal site of the Eustachian tube
constitute a circumferential ring of lymphoepithelial tissue in the pharynx area
(Figure 1). German anatomist Wilhelm Gottfried von Waldeyer-Hartz first described
this group of lymphoid tissue in 1884. Therefore, this group is named Waldeyer’s
ring (Waldeyer, 1884). This ring of lymphoepithelial tissue is strategically located
at the entrances of the digestive and respiratory tracts (Figure 1). Furthermore,
everything we breathe and ingest includes potentially dangerous antigens (Arambula
et al., 2021). Consequently, the mucous membrane of the upper respiratory tract
comprises mucosa-associated lymphoid tissue (MALT). This distinctive mucosal
immune system specialises in sampling inhaled and ingested viruses, bacteria, and
other antigens, and initiates immune responses (van Kempen et al., 2000). Adenoid
and palatine tonsils are immunologically most active during childhood and
adolescence, respectively (Johnston et al., 2019; Mitchell et al., 2019).

Adenoid —
et S ~
/ \\\‘ UV"I/ ‘_//‘//\.‘
WS Tl e 7 Fa
Tubal tonsil & \

Palatine tonsil

. . i Y
Lingual tonsil A ‘ T‘"b’ |
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g | ) /
7 N } /
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\ L 7
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Figure 1. Waldeyer’s ring. Picture by Katariina Tamminen.
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Respiratory viruses and herpesviruses are often detected by a polymerase chain
reaction (PCR) from adenoid, tonsil tissue, and nasopharyngeal aspirate samples of
non-acutely ill adenotonsillar surgery patients (Berger et al., 2007; Kourieh et al.,
2019; Proenca-Modena et al., 2012). For example, human bocavirus 1 (HBoV1)
seems to persist in the respiratory tract for weeks, and the diagnosis by PCR is
insufficient (Christensen et al., 2019). Moreover, it is suggested that HBoV1 might
have immunomodulatory effects (Lukkarinen et al., 2014). The role of prolonged
intra-adenoid and intratonsillar virus infections in the pathogenesis of chronic
adenotonsillar disease and local immune responses remains unsolved.

Furthermore, next-generation sequencing techniques have revealed that the
abundance and diversity of the microbiome at the tissue levels also concern tonsil
tissue (Johnston & Douglas, 2018). The imbalance of the skin, respiratory tract, and
the gut microbiome is shown to be associated with allergic diseases, establishing the
connection between the microbiome and immunologically mediated disorders
(Huang et al., 2017). However, tonsillar microbiome related to atopy was not studied
earlier. Viruses and bacteria in tonsils and adenoids are in close contact with the
immune system, potentially modulating immune responses and participating in the
pathogenesis of diseases.

This thesis aimed to increase the knowledge of virus infections, immune responses,

and the microbiome in secondary lymphoid tissue using tonsils and adenoids as an
in vivo model.

12



2 Review of the Literature

2.1 Tonsils

2.1.1 Anatomy

Palatine tonsils are a paired organ of lymphoid tissue in the oropharynx — at the back
of the mouth behind the oral cavity (Figure 1). Tonsillar fossae, located laterally at
the oropharynx, are bordered by the palatoglossal arch anteriorly and the
palatopharyngeal arch posteriorly. These mucosal folds comprising muscle fibres are
also called anterior and posterior tonsil pillars (Masters et al., 2019). Laterally, the
tonsil is covered by a tonsillar capsule — a compact membrane separating the tonsil
tissue from the superior constrictor muscle. Five arteries provide the main blood
supply: the tonsillar branch of the facial artery, dorsal lingual artery, ascending
palatine artery, ascending pharyngeal artery, and lesser palatine artery. The internal
carotid artery lies lateral to the superior constrictor muscle, approximately 2,5 cm
posterolateral to the tonsillar fossa in adults; in children, the distance can be only
1,5 cm. Major venous drainage occurs through the paratonsillar vein connected to
the pharyngeal plexus of veins and the common facial vein. Lymphatic drainage
leads to the submandibular and retropharyngeal lymph nodes (Arambula et al., 2021;
Nave et al., 2001; Shah et al., 2015). Sensory innervation of the tonsils and tonsillar
fossae comes from two different cranial nerves: the trigeminal nerve and the
glossophagyngeal nerve (Smithard et al., 2009). Tonsils reach their maximum size
by puberty and reduce after that (Arambula et al., 2021; Shah et al., 2015).

2.1.2 Function

The purpose of the tonsil tissue is to interact with pathogens and immune cells. Non-
keratinised stratified squamous epithelium covers the surface of tonsils. Moreover,
the surface invaginates and forms crypts covered by stratified squamous epithelium
and reticulated crypt epithelium (i.e. lymphoepitelium which contains epithelial and
lymphoid cells). Histologically, tonsils are constructed of four lymphoid
compartments: reticulated crypt epithelium, follicular germinal centre surrounded by
the mantle zone, and an extrafollicular area. The antigen uptake occurs in the crypt

13
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epithelium (Fossum et al., 2017; Nave et al., 2001; Perry et al., 1998; van Kempen
et al., 2000). The crypts invaginate deep into the lymphoid tissue, increasing the
surface area for the antigen uptake (Fossum et al., 2017; Nave et al., 2001).
Membrane-cells (M-cells) are thought to be involved in the antigen uptake process
and initiation of the immune responses. After entering the epithelium, the antigen is
processed by antigen-presenting cells (APCs) such as macrophages and dendritic
cells. In the extrafollicular region, the antigens are presented to T-cells. If the antigen
is recognised, a secondary immune reaction is activated by T-cells and B-cells. If the
antigen is new, it is identified by T helper cells (Th), and naive T-cells are activated
and differentiated into antigen-specific T-cells. These T-cells stimulate B
lymphocytes to proliferate and migrate from the mantle zone (i.e. dark zone) of the
lymphoid follicle to the follicular germinal centre (i.e. light zone). The B-cells
differentiate into memory cells and immunoglobulin-producing plasma cells during
the migration. This process is mediated by numerous cytokines and chemokines
produced by T-cells (Arambula et al., 2021; Brandtzaeg, 2011, 2003; Nave et al.,
2001). Immunoglobulins (IgA, IgG, IgM, IgE, IgD) extravasate to and between
tonsillar epithelial cells and participate in immune responses (Arambula et al., 2021;
Fossum et al., 2017). An increase of poorly functioning macrophages and a decrease
of B-cells differentiating into plasma cells in tonsil tissue have been associated with
tonsil infections (Brandtzaeg, 2003; Gorfien et al., 2001). Since tonsils harbour
precursor B-cells responsibly for IgA production in oral mucosa, tonsillectomy in
small children is suggested to influence mucosal immunity (Brandtzaeg, 2003).
Interestingly, IgA nephropathy is associated with an excessive amount of IgA partly
produced by tonsillar plasma cells. In Japan, tonsillectomy is a choice for treating
IgA nephropathy (Barratt et al., 2018; Gesualdo et al., 2021). It has been shown in
vivo that tonsil tissue contains allergen-specific forkhead box protein 3 (FOXP3) T
regulatory cells (Treg), which participate actively in the oral tolerance for allergens.
Furthermore, the tolerance can be disrupted by Th2 and Thl7 type cytokines; in
atopic patients, the tonsillar immune profile is shifted towards type 2 response
(Kiiciiksezer et al., 2013; Palomares et al., 2011).

2.1.3 Disease

In several studies, the terminology concerning infection of the tonsils is unclear.
“Sore throat” is a term that means any painful condition in the oropharynx area.
Typically, an acute sore throat is a symptom of an inflammatory process in the
pharynx, tonsils, or nasopharynx during the common cold (Pelucchi et al., 2012;
Richardson, 1999). Viral or bacterial infection of the pharynx or palatine tonsils or
both is also called strep throat, acute tonsillitis, pharyngitis, or tonsillopharyngitis
(Mitchell et al., 2019). One of the most common causes of sore throat is acute
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tonsillitis, defined as swelling and redness of the palatine tonsils, possible exudate
on the tonsils, cervical lymphadenopathy, and fever >38.3°C (Shulman et al., 2012).
Respiratory viruses such as rhinovirus (RV), HBoV, coronavirus (CoV), adenovirus
(AdV), parainfluenza viruses (PIV), influenza viruses (FluV), respiratory syncytial
virus (RSV), coxsackie virus, and metapneumovirus (MPV) can cause acute
tonsillitis. Other viruses, namely the herpes simplex virus (HSV), Epstein—Barr virus
(EBV), and human immunodeficiency virus (HIV), can also act as causative agents
(Bathala et al., 2013; Richardson, 1999). Group A beeta-hemolytic Streptococcus
causes 15%-30% of the acute tonsillitis cases in children and 5%—-10% in adults,
respectively. Other bacteria that can cause acute tonsillitis are group C and G
Streptococci, Corynebacterium diphtheriae, Neisseria gonorrhoeae, Chlamydia
pneumoniae, and Mycoplasma pneumoniae (Bathala et al., 2013; Chan, 2010;
Windfuhr et al., 2016).

The most common complication of acute tonsillitis is a peritonsillar abscess, where
pus accumulates between the superior constrictor muscle and the tonsillar capsule
(Galioto, 2017). Parapharyngeal and retropharyngeal abscesses are rare
complications and may be associated with acute tonsillitis (Chang et al., 2010;
Friedrichs et al., 2004). Fusobacterium necrophorum is the etiologic agent of
Lemierre’s syndrome, which begins with tonsillitis or peritonsillar infection. Other
symptoms include unilateral neck swelling due to thrombophlebitis of the internal
jugular vein (Jensen et al., 2013).

Recurrent acute tonsillitis refers to repeated tonsillar infection episodes and may
indicate the need for a tonsillectomy. The term “chronic tonsillitis” is also used in
the literature and refers to prolonged sore throat symptoms and halitosis. Chronic
tonsillitis often presents the retention and secretion of a cheese-like crypt material.
Calcification of this crypt material may lead to tonsilloliths forming (Bamgbose et
al.,2014; Ferguson et al., 2014; Richardson, 1999). PFAPA (periodic fever, aphthous
stomatitis, pharyngitis and adenitis syndrome) is an inflammatory process that
usually begins in early childhood (11 months—4 years), often causing infection of the
tonsils and pharynx (Marshall et al., 1987; Renko et al., 2019). The aetiology and
pathogenesis of this syndrome are not completely known, but alterations in the serum
cytokine levels are observed compared to healthy controls (Stojanov et al., 2011). At
the tissue level, the tonsils of PFAPA patients contain fewer B-lymphocytes and
more naive T-cells than the tonsils of other tonsillectomy patients (Petra et al., 2015).
In a culture-based study, Candida albicans was found more often and
Staphylococcus aureus less often in the tonsils of PFAPA patients (Lantto et al.,
2015). Interestingly, tonsillectomy is the cure for PFAPA, even if all the criteria for
the syndrome are not fulfilled (Renko et al., 2019).
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Palatine tonsils reach their maximum size by puberty (Arambula et al., 2021; Perry
et al., 1998). Tonsillar hypertrophy can cause sleeping disorders such as snoring,
mouth breathing, and even obstructive sleep apnea (Marcus et al., 2013; Mitchell et
al., 2019). The mechanisms of tonsillar hypertrophy are not completely understood.
Recent studies suggest that increased cellular senescence (cessation of cell division)
in the germinal centres is associated with hypertrophic tonsils. Furthermore, the
increased number of the lymphoid cells may lead to enlargement of the tonsillar
follicles and tonsillar hypertrophy (Chen et al., 2020; Onal et al., 2015; Zhang et al.,
2003).

Most tonsil malignancies are squamous cell carcinoma. Other malignancies found
are minor salivary gland tumours and lymphomas (Guay et al., 1995). The human
papillomavirus (HPV) is one risk factor for tonsillar squamous cell carcinoma, and
the incidence of HPV-positive tonsil carcinomas has increased during the past years
(Ndsman et al., 2020).

2.2 Adenoid

2.21 Anatomy

Adenoid (i.e. pharyngeal tonsil) comprise a pyramidal mass of lymphoid tissue in
the midline of the nasopharynx (Figure 1) and is situated at the level of the occipital
and sphenoid bones in the upper and posterior wall of the nasopharynx. Adenoid is
not covered by a capsule like tonsils. However, there is a capsule superiorly,
separating the adenoid from the sphenoid bone periosteum. This capsule extends into
the adenoid tissue, dividing it into 4 to 6 segments. Deep into the inferior edge of the
adenoid lies the pharyngobasilar fascia. The blood supply to the adenoid is provided
by the ascending pharyngeal artery, facial artery, and maxillar artery. Venous
drainage passes from the pharyngeal plexus into the facial and internal jugular veins.
Lymphatic drainage runs through pharyngomaxillary and retropharyngeal lymph
nodes (Arambula et al., 2021; Mnatsakanian et al., 2021). The innervation of the
adenoid originates from two cranial nerves: the vagus and the glossopharyngeal
nerves (Geiger et al., 2021; Marseglia et al., 2009; Mnatsakanian et al., 2021).

2272 Function

The main function of the adenoid is similar to the tonsils: to entrap antigens and
initiate airway mucosal immune responses especially. Adenoid is exposed to
antigens from the outside air and the alimentary tract (Brambilla et al., 2014;
Ogasawara et al., 2010). The surface of the adenoid is covered by respiratory type
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ciliated epithelium. Adenoid tissue is structured of mucosal folds mainly composed
of pseudostratified ciliated columnar epithelium and the crypts have patches of
lymphoepithelium. The functional histological structure of the adenoid is similar to
the tonsils and composed of four lymphoid compartments: reticulated crypt
epithelium (i.e. lymphoepithelium), follicular germinal centre surrounded by the
mantle zone, and the extrafollicular area (Brandtzaeg, 2003; Marseglia et al., 2009;
van Kempen et al., 2000). After the antigen uptake into the crypt epithelium, the
APCs interact with the antigen and extrafollicular T-cells. In the case of a recognised
antigen, a secondary immune response is activated by T-cells and the antibody
production of B-cells. In the case of a novel antigen, T-cell activation, proliferation,
and differentiation occur. Naive B-cells, stimulated by the specific T-cells,
differentiate into plasma cells and memory B-cells. The most common antibodies
produced in adenoid tissue are secretory IgA and IgG. IgA is associated with
protecting mucosal membrane surfaces (Arambula et al., 2021; Brambilla et al.,
2014; B. Wang et al., 2012). Infections may influence the immune responses at the
tissue level. Streptococcus pneumoniae swabbed from adenoid tissue is associated
with higher intra-adenoid IL (interleukin) -17 levels than controls without the
bacteria in the nasopharynx (Huang et al., 2019).

Elevated specific IgE levels and high amounts of eosinophils can be detected in the
adenoid tissue of some patients with adenoid hypertrophy (Cho et al., 2018; Ekici et
al., 2018). Furthermore, Th1 type cytokine response was detected in the messenger
ribonucleic acid (mMRNA) obtained from the adenoid tissue of non-allergic children
compared to ones with a clinical allergy (Masieri et al., 2014). These results suggest
that local atopy exists in the adenoid tissue of allergic patients undergoing an
adenoidectomy.

2.2.3 Diseases

Adenoid hypertrophy is a common cause of upper airway obstruction in children and
can lead to nasal obstruction, mouth breathing, snoring, recurrent rhinosinusitis,
obstruction of the Eustachian tube, and sleep apnea. The prevalence of adenoid
hypertrophy in children is estimated to be around 35% (Dogru et al., 2017; Patel et
al., 2020; Pereira et al., 2017). The aetiology of adenoid hypertrophy is unknown.
However, infections, environmental exposures such as parental smoking, and
immune alterations such as allergic diseases are thought to play a role (Brambilla et
al., 2014; B. Wang et al., 2012). Adenoid tissue usually increases during childhood,
reaching its maximum size by 6—8 years, and then decreases during puberty (Geiger
et al., 2021; Pereira et al., 2017). A recent review suggests an association between
allergy and hypertrophic adenoids (De Corso et al., 2021). Adenoid hypertrophy is
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relatively rare in adults; the underlying cause can be HIV, lymphoma, or sinonasal
malignancy (Rout et al., 2013).

Adenoiditis is an inflammation process of the adenoid tissue caused by viruses,
bacteria, or both. Moreover, evidence of an association between laryngopharyngeal
reflux and adenoid hypertrophy and inflammation exists (Niu et al., 2018).
Adenoiditis can occur during or after an upper respiratory virus infection and is
usually seen as part of pharyngitis or rhinosinusitis. Symptoms of adenoiditis include
rhinorrhea, nasal obstruction, post-nasal drip, halitosis, and fever (Bowers et al.,
2021; H. Wang, 2020).

The virus detection rate in adenoid tissue in chronic adenotonsillar disease is 85%—
100% (Proenca-Modena et al., 2012; Sato et al., 2009). The most abundant bacterial
genera found from adenoid tissue by culture-based studies are Streptococcus,
Haemophilus, and Staphylococcus (Subtil et al., 2017). Using fluorescence in situ
hybridisation (FISH), Haemophilus influenzae, Streptococcus, and Bacteroidetes
were commonly detected from the adenoid and tonsil tissue samples of chronic
adenotonsillar disease patients (Swidsinski et al., 2007). Adenoids may serve as a
reservoir for bacteria, affecting the middle ear. An adenoidectomy reduces the
bacterial load in the nasopharynx and is recommended in certain cases adjunct to
tympanostomy in treating otitis media with effusion (OME) (Rosenfeld et al., 2022).

More than 300 distinct operational taxonomic units (OTUs) have been detected from
adenoid tissue using 16S rRNA (ribosomal ribonucleic acid) gene sequencing. The
most abundant genera found were Haemophilus, Moraxella, Fusobacterium,
Streptococcus, and Porphyromonas (Johnston et al., 2018a; Johnston & Douglas,
2018). Biofilm of adenoid tissue has been associated with OME (Nistico et al., 2011).
However, recent studies suggest that the microenvironment of the adenoids differs
from that of the middle ear (Johnston et al., 2019). However, Fag6-Olsen compared
the microbiome between tonsils and adenoids using 16S rRNA gene sequencing.
Classical pathogens causing otitis media, Streptococcus pneumoniae, Haemophilus
influenzae, and Moraxella catarrhalis were found almost solely in adenoids rather
than in tonsils. This finding suggests that adenoid tissue harbours potential pathogens
of OME (Fago-Olsen et al., 2019).
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2.3 Microbiology and immune functions of tonsils

2.3.1 Human Bocavirus 1 (HBoV1)

2.3.1.1 Clinical presentation

In 2005, Allander et al. discovered a new single-stranded DNA virus belonging to
the Parvoviridae family. It was originally found in samples from the respiratory
tracts of children with respiratory tract infections (RTIs). The virus was named
human bocavirus 1 (HBoV1) (Allander et al., 2005). HBoV1 is transmitted primarily
by respiratory tract droplets and can cause RTIs such as the common cold, acute
otitis media, bronchiolitis, wheezing, and pneumonia, typically in small children
younger than two years (Allander et al., 2007; Christensen et al., 2019; Norja et al.,
2012; Qiu et al., 2017; Xu et al., 2017). In a hospital-based study, sole HBoV1
infections were characterised by asthma exacerbation and pneumonia. However,
coinfections with other viruses are common (up to 75%), making knowing which
symptoms are due to HBoV1 and which result from a coinfection difficult (Calvo et
al., 2016; Christensen et al., 2010; Fry et al., 2007). HBoV types 2-3 are often found
in stool samples, but clinical relevance is controversial. Paloniemi et al. did not find
a causal connection between HBoV in hospitalised patients with gastroenteritis
(Paloniemi et al., 2014). However, a study of Latvian children showed that HBoV1
and HBoV?2 as a single pathogen could cause acute gastroenteritis (Nora-Krukle et
al., 2018).

The prevalence of HBoV in certain lung and colorectal carcinomas was
approximately 20% using PCR and fluorescence in situ (Schildgen et al., 2013).
Another study found a significantly higher prevalence of HBoV DNA in tonsil
squamous carcinoma than in chronically infected tonsils (Hopken et al., 2018). An
in vitro study using RNA sequencing showed that the pro-cancerogenic cytokine
expression was increased in HBoV1 infection (Schildgen et al., 2018), leading to
speculations on whether HBoV is associated with tumour genesis or if the virus has
tumour tissue tropism.

2.3.1.2 Diagnosis of HBoV1

HBoV1 can be detected by qualitative PCR from a nasopharyngeal aspirate in up to
25% of children suffering from an RTI. However, HBoV1 is also a common finding
in asymptomatic patients, the prevalence rate being similar to symptomatic patients,
especially in children under five. HBoVl DNA can persist for months in the
respiratory tract after a symptomatic infection (Blessing et al., 2009; Byington et al.,
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2015; Christensen et al., 2010, 2019; Martin et al., 2010; Petrarca et al., 2020)
(Figure 2). Because of its long persistence, qualitative PCR is not recommended for
detecting HBoV1 in acute respiratory infection (Christensen et al., 2013, 2019;
Wagner et al., 2016; Xu et al., 2017). Concerning serology, positive HBoV1-IgM
detection with low IgG or a 4-fold increase in IgG titre in the paired serum samples
is considered the gold standard for diagnosing acute HBoV1 infection (Séderlund-
Venermo et al., 2009; Xu et al., 2017). However, the downside of serodiagnosis is
the limitations in obtaining serum samples, HBoV1-4 cross-reactivity, and the
phenomenon of original antigen sin (Kantola et al., 2015; Xu et al., 2017). HBoV1
DNA load measured from respiratory tract specimens by quantitative PCR has been
studied. However, the results are controversial. The clinical sensitivity of HBoV1
DNA load measurement is thought to be moderate (Christensen et al., 2010, 2019;
Xu et al., 2017). Furthermore, HBoV1 mRNA detection by reverse transcription
PCR (RT-PCR) has shown high specificity in diagnosing symptomatic infections
since mRNA is a marker for viral replication (Christensen et al., 2013; Schlaberg et
al., 2017; Xu et al., 2017). A rapid HBoV1 antigen test based on immunodetection
was released in 2014. Generally, antigen tests have lower sensitivity than tests based
on nucleic acid detection (Bruning et al., 2016).

The mechanism of the HBoV1 persistency is not fully understood. HBoV1 has been
detected in elective adeno-/tonsillectomy patients suffering from chronic
adenotonsillar disease. The intratonsillar HBoV1 prevalence in most studies was
4%—-20%, and intra-adenoid prevalence was approximately 25% when detected
(Giinel et al., 2015; Jartti et al., 2014; Mikola et al., 2019; Norja et al., 2012; Proenca-
Modena et al., 2012, 2014; Silvoniemi et al., 2020). These studies concerning adeno-
/tonsillectomy patients clearly show how HBoV1 is found in patients without acute
infection.
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Figure 2. Clinically relevant variables during an acute primary HBoV1 infection in temporal order.
The course of HBoV1 DNA load in NPA is shown by the red curve. All other parameters
are represented by blue bars. The dotted ends of the blue bars indicate variation or
uncertainty. Modified from Christensen et al. (2019); used with permission of Elsevier.

2.3.1.3 Immune responses

There are studies concerning the possible immunomodulatory effects of HBoV1. In
young children with HBoV1 bronchiolitis, cytokines IL-4, IL-2, and IFN
(interferon)-y were elevated in the nasopharynx aspirate (NPA) samples compared
to control patients without HBoV1 infection (Chung et al., 2008). In vitro studies
have shown that HBoV affects the balance of IFN- regulators (Luo et al., 2013;
Zhang et al., 2012). Interestingly, co-infection of HBoV1 and RV caused a modified
non-Th2 type cytokine response. Thl, Th2, and proinflammatory cytokine levels in
serum were elevated in the RV group compared to the RV and HBoV1 co-infection
group (Lukkarinen et al., 2014). In our earlier study, HBoV1 was associated with
tonsillar hypertrophy compared to other indications. Furthermore, the expression of
IL-37 was elevated in the tonsillar hypertrophy group (Mikola et al., 2018).

2.3.2 Other respiratory viruses

As well as HBoV1, other respiratory viruses are often found in the tonsil tissue of
elective adeno-/tonsillectomy patients. The virus rates are quite high, and co-
infections are especially common in children and adolescents under 18 (Proenca-
Modena et al., 2012). AdV (3.3%—8%) and enterovirus (EV) (8%—17.7%) were the
two most prevalent intra-tonsillar respiratory viruses in two studies, including adult
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patients. However, the virus’s prevalence decreases by age (Jartti et al., 2014;
Silvoniemi et al., 2020). In children, intra-tonsillar AdV detection rates have been
up to 27% and EV rates over 30% in elective tonsillectomy patients (Faden et al.,
2016; Proenca-Modena et al., 2012, 2019; Proenga-Modena et al., 2014). AdV
causes acute respiratory infections and febrile exudative tonsillitis clinically similar
to Streptococcous disease (Proenca-Modena et al., 2019). In one study, EV was
associated with tonsillar hypertrophy, with the prevalence rate at 47% (Proenca-
Modena et al., 2012).

The most common cause of RTI in children is RV (Toivonen et al., 2016), often
found in the nasopharynx secretions, although the intratonsillar rates are low. In
children, intratonsillar RV prevalence is around 12%-13% (Faden et al., 2016;
Proenca-Modena et al., 2012). In the few studies including adults, the intratonsillar
RV prevalence had been only 2%-4% (Jartti et al., 2014; Silvoniemi et al., 2020).
Seasonal variations of RV infections in Finland are well-known (Mékela et al.,
1998). Furthermore, the detection rate of RV in the tonsils of children who had had
a tonsillectomy from February to March (Finland) using in situ hybridisation (RV-
ISH) was as high as 62% (Suvilehto et al., 2006). RSV, MPV, Flu A and B, PIV 1-
4, and seasonal CoV 229E, OC43, NL63, and HKU1 are detected in tonsil samples
by PCR 0-10% each (Jartti et al., 2014; Mikola et al., 2019; Proenca-Modena et al.,
2012; Silvoniemi et al., 2020).

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been detected
from tonsil tissue. Kadriyan et al. reported two cases in which the patients had
recovered from coronavirus disease 2019 (COVID-19). Preoperatively the nasal
swab tests using PCR were negative, serum IgM antibody for COVID-19 was
negative and IgG was positive in both cases indicating a past infection.
However, SARS-CoV-2 was detected by RT-PCR from tonsil tissue samples of both
patients (Kadriyan et al., 2021). COVID-19 mainly causes respiratory tract
symptoms, but the clinical manifestation and the disease burden in children are
especially obscure. Considering this, patient selection for adenotonsillectomy
becomes difficult concerning not only the patients but all the medical workers as
well (Torretta et al., 2020).

Usually, tonsil samples are obtained from elective adeno-/tonsillectomy patients
suffering from chronic adenotonsillar diseases. Therefore, only a few studies have
studied the tonsil tissue of healthy controls due to ethical aspects. Proenca-Modena
et al. took small punch biopsies from the tonsils of control patients (n=12) without
adenotonsillar disease. The intra-tonsillar adenovirus rate was 17% compared to the
disease group at 27% (Proenca-Modena et al., 2019). These studies show that tonsil
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tissue harbours multiple respiratory viruses, but the function of virus persistence or
prolonged virus infections remains unclear.

2.3.3 Herpesviruses

Herpesviruses are a group of enveloped, double-stranded DNA viruses. Nine of the
known herpesviruses infect humans. Human herpesviruses (HHV) include herpes
simplex 1 (HSV1), herpes simplex 2 (HSV2), varicella-zoster virus (VZV),
cytomegalovirus (CMV), human herpesvirus 6A and 6B (HHV6A, HHV6B), human
herpesvirus 7 (HHV7), EBV, and Kaposi’s sarcoma-associated herpesvirus (KSHV).
Ubiquitous HHV infections are usually acquired via respiratory tract secretions or
saliva droplets during childhood. Although the primary infections are symptomless
or cause only mild symptoms, the viruses persist for the rest of the host’s life
(Kourieh et al., 2019). EBV and KSHYV persist in B-cells, whereas HHV6, HHV7,
and CMYV persist in T-cells. HSV1 and HSV2 affect cells of the nervous system
(Berger et al., 2007). HHV6, HHV7, and EBV are commonly found in the tonsil
tissue of chronic adenotonsillar disease patients, the prevalence being around 70%,
54%—-70%, and 70%, respectively. Other human herpesviruses are rarely found in
tonsils, the prevalence being 1%—2% (Kourieh et al., 2019; Silvoniemi et al., 2020).

Primary EBV infection often occurs in childhood without symptoms or with mild
symptoms. In adolescents and young adults, EBV can cause acute mononucleosis.
Typical signs and findings include fever, sore throat, and swollen and exudative
tonsils. CMV can paint a similar clinical picture, especially in immunocompromised
patients (Ebell et al., 2016; Thorley-Lawson et al., 2009). EBV is associated with
certain  lymphomas, nasopharyngeal carcinoma, and  post-transplant
lymphoproliferative disorder, which shares similarities with non-Hodgkin’s
lymphoma (Shannon-Lowe et al., 2019; Thorley-Lawson et al., 2009). A large cohort
study published in February 2022 suggests that EBV has a causal effect on multiple
sclerosis (MS) (Bjornevik et al., 2022).

Primary HHV6 and HHV?7 infections cause childhood exanthema subitum (roseola
infantum); in adults, a connection to autoimmune diseases such as Sjogren’s disease
has been suggested (Caserta et al., 1993; Comar et al., 2010). HHVs can reactivate
in an immunocompromised host and cause severe morbidity. For example,
immunosuppressive medication after organ transplantation predisposes to clinically
significant herpesvirus infections. The symptoms range from mild fever to severe
infections such as hepatitis and encephalitis (Bai et al., 2000; Sanchez-Ponce et al.,
2018).
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2.34 Microbiome

The surface of the tonsils is composed of crypts and folds. Thus, this surface is
colonised by bacteria. In the cultivation studies or using PCR, the most common
pathogenic bacteria have been Streptococcus spp., Haemophilus spp.,
Staphylococcous aureus, Fusobacterium necrophorum, Helicobacter pylori and
Actinomyces. Moreover, Corynebacterium diphtheriae, Neisseria gonorrhoeae,
Chlamydia pneumoniae, and Mycoplasma pneumoniae have also been associated
with acute tonsillitis (Chan, 2010; Johnston et al., 2018a; Johnston & Douglas,
2018).

Currently, next-generation techniques utilising RNA or DNA sequencing are used to
define microbial communities in certain tissues or specific body sites. Data analysis
tools enable evaluating microbial richness (the number of species or taxa found in a
sample), evenness (relative distribution of species or taxa in a sample), and diversity.
Diversity is a calculated index that considers richness and species distribution. Alfa
diversity measures the richness and species distribution in a sample and beta
diversity between samples (Huang et al., 2017).

Recently, a method based on 16S ribosomal RNA (16S rRNA) gene sequencing has
been used to discover the microbiome of tonsil swabs or tonsil tissue. This method
is based on PCR amplification and searches 16S rRNA genes — present in all bacteria
and it enables identifying bacteria to the genus or even the species level (Jensen et
al., 2013; Johnston & Douglas, 2018). Using the 16S rRNA sequencing method to
identify pathogenic bacteria has shown the complexity of the tonsil microbiome.
Children suffering recurrent tonsillitis had a higher relative abundance of genera
Parvimonas, Prevotella, and Treponema in tonsil tissue than children with
obstructive sleep apnea, who had a higher relative abundance of Haemophilus and
Capnocytophaga (Johnston et al., 2018b). Another study showed a significant
difference between the tonsil microbiome of adults with recurrent tonsillitis and
healthy adults. Prevotella melaninogenica/histicola, Streptococcus intermedius, and
Fusobacterium necrophorum were associated with recurrent tonsillitis. Interestingly,
Streptococcus pyogenes and Staphylococcus aureus were not commonly found. The
same study compared the tonsil microbiome of adults and children. Streptococcus
pneumoniae, Haemophilus influenzae, and Neisseria species were almost solely
detected in children (Jensen et al., 2013). Moreover, the tonsil microbiome differs
depending on the sample site. A higher relative abundance of genera Streptococcus,
Actinobacillus, and Neisseria were found in the tonsil crypts than in the swab and
tissue samples (Johnston et al., 2018a). A recent study compared the tonsil tissue
microbiota of chronic tonsillitis patients and tonsillar hypertrophy patients. Tonsillar
hypertrophy patients had a higher relative abundance of bacterial genera
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Haemophilus, Streptococcus, Neisseria, Capnocytophaga, Kingella, Moraxella, and
Lachnospiraceae, whereas chronic tonsillitis patients had a higher relative
abundance of Dialister, Parvimonas, Bacteroidales, Aggregatibacter, and
Atopobium (S. Wu et al., 2021).

Non-communicable diseases such as asthma and atopic dermatitis have been
associated with the imbalance of the gut, respiratory, and skin microbiome (Huang
et al., 2017). Tonsil tissue sample studies of healthy individuals are rare. One study
used 16S rRNA gene sequencing to study the tonsil crypt microbiome of adults and
children with recurrent tonsillitis, children with tonsillar hyperplasia, and healthy
adults. Twelve abundant genera — Actinomyces, Rothia, Streptococcus, Gemella,
Granulicatella, Johnsonella, Prevotella, —Porphyromonas, Fusobacterium
Veillonella, Neisseria, and Haemophilus — were found in all samples despite age
and health, supporting the ideas of a core microbiome and the abundance of bacteria
closely connected to the immune system (Jensen et al., 2013).

24 Viruses in adenoid tissue

241 Respiratory viruses

Non-acutely ill adenotonsillectomy patients are known to harbour respiratory viruses
in adenoid tissue. According to literature, the detection rates using PCR of the most
common intra-adenoid respiratory viruses are Adv 14%—70%, EV 0-31%, RV 25%—
54% and HBoV 24%-28% (Faden et al., 2016; Proenca-Modena et al., 2012, 2019;
Vinicius et al., 2014). In-situ hybridisation was positive for RV in 45% of the adenoid
samples collected from children with adenoid hypertrophy, recurrent otitis media or
both (Rihkanen et al., 2004). Other viruses detected by PCR (prevalence rate < 10 %)
are seasonal CoV, PIV1-4, RSV, MPV, and influenza viruses (Proenca-Modena et al.,
2012). A few studies indicate an association between intra-adenoid AdV infection and
airway obstruction. However, the meaning of latent and persistent adenoid virus
infections remains unclear, and an association or causal relationship to adenotonsillar
diseases has not been made (Faden et al., 2016; Proenca-Modena et al., 2019).

24.2 Herpesviruses

According to a few studies, herpesviruses persist for life and are found in adenoid
tissue. All the studies concern children with chronic adenotonsillar disease. EBV is
the most common herpesvirus found in adenoid tissue, the prevalence being 40%—
80% (Berger et al., 2007; Giinel et al., 2015; Sato et al., 2009). CMV, HHV6, and
HHV7 prevalence rates vary from 3% to 50%, 3% to 67%, and 51% to 66%,
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respectively. Other herpesviruses have not been found in adenoids (Berger et al.,
2007; Comar et al., 2010; Sato et al., 2009). The morbidity of herpesviruses is
discussed earlier (tonsil herpesviruses). The significance of intra-adenoid
herpesviruses is unclear. Moreover, there are similarities in the prevalence of
herpesviruses in the tonsil and adenoid tissues (Berger et al., 2007).

2.5 Atopy

251 General aspects of atopy

Atopy is the genetic predisposition to produce an abnormal immunoglobulin E (IgE)
dependent reaction to harmless environmental substances: allergens. Common
allergens are grass and tree pollen, animals, and certain foods (e.g. codfish, cow’s
milk, egg, peanuts, wheat, and soybeans). Re-exposure to the specific allergen
triggers an allergic reaction in a sensitised subject (Galli et al., 2013). Testing for
IgE sensitisation is the basis for diagnosing a suspected allergic disease. Skin prick
tests and serum-specific IgE assays are the most commonly used tools for diagnosing
allergic sensitisation (Ansotegui et al., 2019). Allergic diseases are a growing
problem worldwide. The risk of allergic disease depends on genetic and
environmental factors. Exposure to animals, rural living, and infections to parasites
such as helminths may reduce the risk.

Conversely, high hygiene standards, low environmental biodiversity, and an urban
lifestyle increase the risk for allergic diseases (Cruz et al., 2017; Pawankar et al.,
2011). The loss of environmental biodiversity is suggested to influence the human
microbiome, leading to dysbiosis at the tissue level. Furthermore, dysbiosis affects
immune responses and the occurrence of allergic diseases (Haahtela, 2019; Haahtela
et al., 2013). Under normal conditions, type 2 immune response is responsible for
the defence against helminths and other parasites. However, due to the hosts’
genotype and certain environmental risk factors, the same mechanisms produce an
abnormal type 2 immune response to a specific allergen — clinically seen as an
allergic inflammation (Bohnacker et al., 2020; Galli et al., 2013). The association
between helminths and allergic disorders is under investigation. An inverse
correlation between parasitic infections and allergic diseases has been suggested, but
the results remain controversial. A helminth molecule may someday help treat
allergic diseases (Bohnacker et al., 2020; Cruz et al., 2017).
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252 Local immune functions

In asthma and allergic diseases, the local immune functions are disturbed, and the
balance is shifted towards a type 2 response (Galli et al., 2013). At the tissue level,
allergens are encountered and processed by dendritic cells and further transported to
regional lymph nodes. Processed allergens are presented to naive T-cells, in which
the presence of co-stimulatory molecules differentiate into Th2 cells (Figure 3). Th2
cells produce IL-4 and IL-13, stimulating B-cells to produce antigen-specific IgE.
IgE is then diffused systemically and binds to high-affinity immunoglobulin E
receptors on the mast cells and basophils (i.e. effector cells). This event is called
sensitisation. Re-exposure to the specific allergen produces symptoms by triggering
effector cells to release preformed biogenic mediators such as the proteases,
histamine, and leukotrienes responsible for allergic symptoms. Other Th2 cell
produced cytokines are IL-5, IL-9, and IL-31. IL-5 activates eosinophils, 1L-9
contributes to mucus production and eosinophilia, and IL-31 impacts itchiness.

However, the interleukins mentioned above are not only produced by Th2 cells.
Recently discovered retinoic acid receptor-related orphan receptor alpha (RORa)
and GATA-binding factor 3 (GATA3) dependent type 2 innate lymphoid cells
(ILC2) produce IL-13 to help dendritic cell migration to lymph nodes and boost the
Th2 cell reactions. Furthermore, eosinophils, ILC2, basophils, and mast cells
participate in IL-4 production during sensitisation. Activated ILC2 by epithelium-
derived cytokines can also produce IL-5 and IL-13, contributing to airway
inflammation (Alvaro-Lozano et al., 2020; Galli et al., 2013; Leung et al., 2020).
The expression of IL-22 is conducted by activated Th22 and Th17 cells, NK cells,
and ILCs. The role of IL-22 is controversial, and proinflammatory effects are seen
in allergic skin diseases. Conversely, IL-22 may have immunomodulatory effects on
allergic airway inflammation (Akdis et al., 2016; Fang et al., 2014).

Th1 and Treg (Figure 3) cell-derived cytokines counteract a type 2 response. Thl-
and Treg-derived suppressor cytokines maintain the peripheral tissue balance in a
healthy individual. The most important T cells controlling the immune responses of
the oral mucosa are FOXP3+ Treg cells. These cells produce cytokines such as IL-
10, transforming growth factor-p (TGF-B) and IL-35, which participate in the
immune suppression and homeostasis of oral mucosa and associated secondary
lymphoid tissue (Pelaez-Prestel et al., 2021).

In conclusion, the pathogenesis of allergy at the tissue level is a complex process
orchestrated by multiple immune cells, cytokines, and other immune-related
molecules. Whether the subject develops an allergic reaction to the allergen
encountered depends on the balance of type 2, Treg, and Th1 responses.
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The major cytokines expressed by Thl7 cells are IL-17A, IL-17F, and IL-22.
Differentiation of naive T-cells into activated Th17 cells is mediated by a retinoic
acid receptor-related orphan receptor C2 (RORC2) transcription factor. The
fundamental task of Th17 cells is to defend against bacterial and fungal infections
and also their role in autoimmune diseases is well-known. IL-17A and IL-17F are
structurally similar and broadly involved in stimulating proinflammatory cytokines.
However, in the presence of TGF-B, the T-cell differentiation results in Th17 cells,
which have more regulatory effects, including IL-10 expression. At the disease level,
IL-17A and IL-17F are connected to, for example, allergic asthma, allergic skin
diseases, rheumatoid arthritis, multiple sclerosis, inflammatory bowel disease,
psoriasis, contact hypersensitivity, and graft-versus-host-disease (Akdis et al., 2012,
2016).

By studying in vivo cytokine and transcription factor expression levels in tonsil
tissue, atopic dermatitis was associated with higher expression levels of intratonsillar
IL-37. Moreover, asthma was associated with lower IL-28 and IFN-a and allergic
rhinitis with lower IL-13 expression levels in tonsil tissue compared to non-allergic
study patients (Jartti et al., 2014). It has been shown in vivo that allergen-specific
suppressive FOXP3+ Treg cells exist in pharyngeal and lingual tonsils and that the
proportions were higher than in the peripheral blood (Palomares et al., 2011).
Furthermore, a distinctive cytokine pattern, including lower expression of IL-10,
IFN-A, and T-bet, was seen in the tonsil tissue of atopic tonsillectomy patients
compared to non-atopic (Kiiciiksezer et al., 2013). Interestingly, immune reactions
were studied in the adenoids of children without allergy, those with allergic disease,
and those whose allergy was treated with sublingual immunotherapy (SLIT). A Thl
pattern was seen in the adenoid tissue of non-allergic children, and SLIT induced a
down-regulated Th2 response in the allergy group (Masieri et al., 2014). When
considering the complexity of the mechanisms behind allergy and the recent results
concerning local secondary lymphoid tissue, the adenoids and tonsils offer multiple
routes to be studied.
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Figure 3. Differentiation of T-cells showing the main transcription factors and cytokines and
functions of T-cell subpopulations. (Figure by Lotta lvaska, modified from Leung et al.,
2010).
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3 Aims

This study aimed to define the ability of tonsil and adenoid tissues to serve as in vivo
models for investigating tonsillar/adenoid virus infections, the microbiome, and their
association with immune responses.

The specific objectives were as follows:

1. To evaluate whether an association between a high HBoV1 genome load
and mRNA and serology findings in elective adenotonsillar surgery
patients exists (I).

2. To compare the expression of tonsillar cytokines and transcription factors
in HBoV1-positive and -negative adenotonsillar surgery patients (II).

3. To study and compare herpesvirus and respiratory virus findings in the
adenoid and tonsil tissues of chronic adenotonsillar disease patients (III).

4. To compare the tonsillar microbiome between atopic and non-atopic
adeno-/tonsillectomy patients using RNA sequencing (IV).
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4 Materials and Methods

4.1 Study patients

Data for all studies I-IV was collected from the Boka-study carried out in the
Satakunta Central Hospital, Pori, Finland, between April 2008 and March 2009
(Jartti et al., 2014). The inclusion criteria were adenoidectomy, adenotonsillectomy,
or tonsillectomy due to chronic adenotonsillar disease and written informed approval
from the study subject or his/her guardians. Exclusion criteria were suspicion of
malignancy in adenoid or tonsil tissue. In total, 200 patients of all ages were
recruited.

Also, in study IV, the data of two patients from the Tons2-study was used. The
Tons2-study was carried out in the Turku University Hospital, Turku, Finland, and
Salo Regional Hospital, Salo, Finland, between October 2013 and December 2015
(Silvoniemi et al., 2020). The inclusion criteria were elective tonsillectomy,
according to chronic tonsillar disease, and written informed consent from the study
subject or his/her guardians. The exclusion criteria were suspicion of tonsil or
adenoid malignancy, systemic use of anti-inflammatory medication within four
weeks before surgery, or a chronic systemic disease affecting the immune system. In
total, 351 patients were recruited.

4.2 Study design and protocol

The Boka-study and Tons2-study were prospective, predefined, and observational
clinical studies using standard protocols. Concerning the Boka-study,
adenoidectomy, adenotonsillectomy, or tonsillectomy was performed by
otorhinolaryngologists according to routine clinical procedure. A part of internal
tonsil tissue, adenoid tissue or both was sterilely cut into 3—4 mm cubes by the
surgeon. For analysis of the cytokine and transcription factor expression levels and
RNA sequencing, the samples were stored in RNAlater — an RNA stabilisation
reagent (Qiagen, Hilden, Germany), incubated at +2—8°C until the next working day
and finally stored at -80°C (Jartti et al., 2014; Palomares et al., 2011). During general
anaesthesia, NPA samples were collected through a nostril using a standardised
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procedure (Osterback et al., 2013). For viral analyses, a piece of the removed tonsils
and the NPA sample were frozen in dry tubes at -80°C. Also, the first sample of the
paired serum samples was collected during the adeno-/tonsillectomy. The follow-up
sample was taken after a median of 58 days (range 36-104). In the Tons2-study, a
tonsillectomy was performed according to routine clinical practice. After tonsil
removal, the internal part was cut into pieces, put into dry tubes, and stored at -70°C.

A standard questionnaire was used to obtain information about the general health
condition, medication, allergic diseases, smoking habits, and respiratory symptoms
before surgery (Jartti et al., 2014).

4.3 Laboratory methods

4.3.1 PCR for respiratory- and herpesviruses

Regarding all studies (I-IV), viruses in tonsil tissue, NPA, and adenoid tissue were
detected by PCRs (including the reverse transcription step when applicable) on
nucleic acid extracts (Jartti et al., 2004). For respiratory virus detection in all sample
types, laboratory design real-time PCRs were used for HBoV1, EV, RV, and RSV,
including quantitative PCR (qPCR) to measure HBoV1 DNA load, as described
earlier (Koskenvuo et al., 2008; McLeish et al., 2012; Peltola et al., 2008). In tonsil
tissue and NPA samples, Seeplex RV12 ACE Detection (Seegene, Seoul, Korea)
multiplex PCR kit was used to detect respiratory viruses, including AdV, CoV
229E/NL63, and OC43/HKUI, Flu A and Flu B, MPV, PIV types 1-3, RSV group
A and B, and RV.

In adenoid tissue samples, Allplex respiratory panels I-III (Seegene, Seoul, South
Korea) were used for multiplex PCR detection of AdV, HBoV1-+4, CoV 229E,
NL63, and OC43, EV, FluA and FluB, MPV, PIV types 1-4, RSV, and RV (Jartti et
al., 2004; Koskenvuo et al., 2008; McLeish et al., 2012; Peltola et al., 2008;
Tiveljung-Lindell et al., 2009). GeneProof PCR kits (GeneProof, Brno, Czech
Republic) were used for CMV and EBV. Laboratory design real-time quantitative
PCRs were used for HSV1, HSV2, VZV, HHV6, and HHV7 (Mannonen et al., 2012;
Wada et al., 2009). All commercial tests were used according to the manufacturer's
instructions. PCR tests were done at the Department of Virology, University of
Turku, Finland. Also, HBoV1 qPCR was done at Karolinska University Hospital,
Stockholm, Sweden.
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4.3.2 Serology for HBoV1

Serology data were used in studies I-1I. Serum samples were collected from 123 adeno-
/tonsillectomy patients, and HBoV1-specific IgM and IgG were analysed. HBoV1-
specific serology was not analysed from sole adenoidectomy patients. The serum
samples analysed were blocked with HBoV2 and HBoV3 antigens to confirm that the
IgG result was specific to HboV 1. Serology was analysed at the Department of Virology,
University of Helsinki (Kantola et al., 2011; Séderlund-Venermo et al., 2009).

4.3.3 Messenger RNA (mRNA) for HBoV1

Reverse transcription PCR (RT-PCR) was used to analyse the expression levels of
HBoV1 in tonsil and NPA samples in study I (Christensen et al., 2013). An RT-PCR
detecting human beta-actin mRNA was used to control the intactness of mRNA in
the samples (Nystrom et al., 2004). HBoV1 mRNA RT-PCR was done at the
Norwegian University of Science and Technology, Trondheim, Norway.

434 Reverse-transcription PCR for cytokines and
transcription factors

To detect cytokines and transcription factor expressions (study II), total RNA was
directly isolated from tonsils by homogenising tissue (previously stabilised in
RNAlater) in grinding tubes containing ceramic beads. RNeasy mini kit (Qiagen,
Hilden, Germany) was used to isolate RNA from cell samples and Revert Aid M-
MuLV Reverse Transcriptase (Fermentas, St. Leon-Rot, Germany) to perform
reverse transcription. Commercial tests and kits were used according to the
manufacturers’ protocol. The mRNA expression levels of IFN-a, IFN-f, IFN-y, IL-
10, IL-13, IL-17, IL-28, IL-29, IL-37, TGF-B, FOXP3, GATA3, RORC2, and Tbet
(T-box transcription factor) were analysed in quantitative real-time PCR (Jartti et al.,
2014). The detection of cytokines and transcription factors was done at the Swiss
Institute of Allergy and Asthma Research, Davos, Switzerland.

4.3.5 RNA sequencing

Details of RNA sequencing are presented in the original publication: study IV. Here,
the principles of RNA sequencing are briefly illustrated (Koch et al., 2018) (Figure 4).
After isolating RNA from cell samples, the isolated RNA was converted into
complementary DNA (cDNA), which was additionally fragmented. Fragmented
cDNA was sequenced (“read”) by a high-throughput platform (Illumina HiSeq 2500).
Sequencing resulted in raw read data that was demultiplexed, aligned, and mapped into
genes to generate a raw counts table. Raw reads were assessed using FASTQC
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(Andrews, 2019) to filter low-quality reads. Trimmomatic (Bolger et al., 2014) was
used for removing low-quality reads, [llumina adapters, and short read-length. The
quality-filtered reads were aligned to the human genome (GRCh38-v93) using Hisat
(Kim et al., 2015). Human and non-human reads were separated. The non-human reads
were used as microbial reads for taxonomic identification of microbial communities.
Uniquely mapped reads differed between 41 and 50 million per sample. After filtering
out reads mapped to the human genome, the rest were considered microbial reads (~1
million reads on average, 6% of total). A taxonomic sequence classification system,
Kraken2, was used to get more functional units and increase the accuracy of the results
(Wood et al., 2014). Therefore, the reads were mapped into nucleotide databases using
Kraken2, and the outputs were converted into BIOM format using the Kraken-BIOM
tool. The BIOM file contained the read counts for every microbial species found in
any sample. RNA sequencing via [llumina HiSeq 2500 and subsequent transcriptomics
analysis for differential gene expression was performed at the Functional Genomics
Center Zurich, Switzerland, and the following bioinformatic analysis of RNA
sequencing at the University of Turku, Finland.

Samples of interest Isolate RNAs Generate cDNA, fragment,
size select, add linkers
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Figure 4. RNA seq data generation. A typical RNA seq experimental workflow involves isolating
RNA from samples of interest, generating sequencing libraries, using a high-throughput
sequencer to produce hundreds of millions of short paired-end reads, and aligning reads
against a reference genome or transcriptome, as well as downstream analysis for
expression estimation, differential expression, transcript isoform discovery, and other
applications. Reprinted from Griffith M, Walker JR, Spies NC, Ainscough BJ, Griffith OL
(2015) Informatics for RNA Sequencing: A Web Resource for Analysis on the Cloud.
PLOS Computational Biology 11(8): €1004393. (Griffith et al., 2015). Used with the
permission of Creative Commons Attribution License.
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4.3.6 Atopy diagnostics

Atopy diagnostics were used in study IV. Allergic sensitisation was analysed by
detecting allergen-specific immunoglobulin IgE antibodies in any of the common
acroallergens (cat, dog, horse, birch, mugwort, timothy, Cladosporium herbarum,
and Dermatophagoides pteronyssinus) or food (codfish, cow’s milk, egg, peanuts,
wheat, and soybeans) with a cut-off level of 0.35 > kU/L (Phadiatop Combi®,
Phadia, Uppsala, Sweden). Birch, mugwort, timothy, and Cladosporium herbarum
were considered pollen aeroallergens. Animal sensitisation was defined as positive
IgE antibodies to dogs, cats, horses, or Dermatophagoides pteronyssinus (Elenius et
al., 2017).

The clinical definition of allergy was based on the standard questionnaire. The
following questions were asked from the study patients or their guardians: any
allergy, yes/no; if yes, which/what; allergic rhinitis, yes/no; doctor-diagnosed atopic
eczema, yes/no; doctor-diagnosed asthma, yes/no.

4.4 Statistical analysis

In all studies, where applicable, conventional statistics comparing patient groups was
carried out using SPSS software Statistics for Windows, version 25.0-27.0 (IBM
SPSS Statistics for Macintosh, Armonk, NY). For continuous variables, the
statistical significances of the differences among the study groups were tested with
a student’s T-test, Mann—Whitney U test, or ANOVA. For categorical variables, the
statistical significance of the differences among frequencies and percentages were
tested with the Chi-square test or Fisher’s exact test when cell counts were <S5.
Statistical significance was established at the level of a two-sided p-value < 0.05.

In study I, the mean age was calculated. The rest of the data, such as indication for
operation, symptoms on operation day, HBoV1 positivity, HBoV1 mRNA results,
and the number of cases with a high HBoV1 viral load were described using
percentages. HBoV1 serology results were described as positive or negative.

In study II, we compared the cytokine and transcription values between HBoV1-
positive and -negative patients. Cytokine and transcription factor values were log-
transformed because of positively skewed distributions of the data, and clinical,
viral, and immunological differences between study groups were analysed using
unadjusted and multivariable linear model analyses. The analyses were adjusted for
virus infections and clinical factors — which significantly varied between the groups
— and age. The backward stepwise method was used for the final adjustment model
separately for each cytokine and transcription factor, keeping only significant factors
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in the final model. The relationships between virus load and cytokine/transcription
factor levels were computed using a Spearman correlation.

In study III, the primary aim was to analyse the presence of herpes and respiratory
viruses in adenoid tissue. The secondary aim was to compare the virus findings
among sample types of the same patient. Cohen’s Kappa was used to determine the
agreement regarding the detection of respiratory and herpesviruses among tonsil,
adenoid, and NPA samples. Agreement statistics between virus diagnostics of
sample types were calculated with kappa coefficients and could be interpreted as
follows: < 0.40 =poor, > 0.40 to < 0.75 = fair to good, and > 0.75 = excellent (Landis
etal., 1977). Virus DNA levels were tested for equality between adenoids and tonsils
using the Wilcoxon signed-rank test.

In study IV, the primary purpose was to compare the intratonsillar microbiome
between atopic and non-atopic study patients. After processing the tonsil RNA and
read mapping, bioinformatic analysis was done. Briefly, Phyloseq was used to
measure alfa diversity (a measure of richness and species distribution in a sample)
and beta diversity (a measure of diversity between samples) of microbial
communities (McMurdie et al., 2013). Alpha diversity in each sample was estimated
with Phyloseq using the Chaol index at the taxa-level. The Bray—Curtis index was
used to measure beta diversity. Differential abundance in atopic and non-atopic
subjects was assessed using EdgeR version 3.2.1 (Robinson et al., 2010).

4.5 Ethics

The Ethics Committee of Satakunta Central Hospital and the Ethics Committee of
the Hospital District of Southwest Finland approved the study protocols. Written
informed consent was obtained from all the study patients or their guardians.
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5 Results

5.1 Improved HBoV1 infection diagnostics (I)

5.1.1 Study population and patient characteristics

Initially, enrolling involved 200 patients (Boka-study), of whom 12 had insufficient
sample material. In total, 188 patients had adeno-/tonsillectomy (n=143) or an
adenoidectomy performed (n=45), yielding good-quality biopsy samples for microbial
and immunological studies. The median age of this study group was 12 (range 1-65).
The main indications for tonsillectomy were tonsillar hypertrophy in 48/143 (34%)
and recurrent tonsillitis in 43/143 (30%) of the patients. Adenotonsillar hypertrophy
was the most common indication for adenotonsillectomy in 40/143 (28%) of the cases.
Other indications for adeno-/tonsillectomy were peritonsillar abscess, recurrent fever,
and food remnants in tonsils and teeth braces in 12/143 (8%). The main indications for
sole adenoidectomy were recurrent otitis in 28/45 (62%) and adenoid hypertrophy in
17/45 (38%) of the patients. On operation day, 127/188 (67%) had no respiratory tract
symptoms, and 37/188 (20%) reported mild respiratory tract symptoms such as mild
rhinitis, cough, symptoms of otitis, throat pain, and upper airway obstruction
symptoms. No data was available for 24 (13%) study patients.

5.1.2 HBoV1 DNA load and mRNA

HBoV1 DNA in NPA, tonsillar tissue, or both samples was detected in 40 patients
(21%) with a median age of 5 (range 1-22 years). Of these HBoV 1-positive patients,
15/40 (38%) were sole adenoidectomy patients and 25/40 (63%) adeno-
/tonsillectomy patients. Mild respiratory tract symptoms were reported by 12 of the
40 patients (30%). In 28 patients, the HBoV1 result was only positive in NPA; in
seven patients, only in tonsillar; and in five, with both samples. In the sole
adenoidectomy group, five patients had a high (>10° copies/mL) viral load in NPA
using qPCR, but the mRNA result was negative. Concerning the adeno-
/tonsillectomy group, nine patients had a relatively high (>10* copies/mL) viral load
in NPA, but the mRNA results were negative (Table 1). Furthermore, all 29 NPA
and the eight tonsil samples analysed were HBoV1 mRNA-negative, despite HBoV1
DNA-positive results. Beta actin-mRNA PCR was strongly positive in the eight NPA
samples tested (with HBoV1 DNA load >10* copies/mL).
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51.3 HBoV IgM and IgG

An HBoV1 DNA finding was accompanied by IgG positivity in all but three patients,
signifying a prior infection. The corresponding sera available for the nine patients
with a relatively high HBoV1 DNA load in NPA and/or tonsils were HBoV1 IgM-
negative (Table 1). Only one patient with a positive HBoV1 PCR result in tonsils
had an IgM-positive test result (barely, with an absorbance level of 0.147). However,
the IgG absorbance in paired samples was stable, indicating a recent but nonacute
HBoV1 infection.

The three HBoV1 DNA-positive but seronegative children were HBoV2-IgG-
positive. This finding suggests their HBoV1 IgG-negative results can be explained
by an immunological phenomenon called original antigenic sin, meaning that a past
infection by a similar virus inhibits the immune response towards a subsequent,
slightly different virus (Kantola et al., 2015). Also, in the seven paired serum samples
of HBoV1 DNA-positive patients, HBoV1-IgG levels did not increase.

Table 1. Adenoidectomy (n=5) and adeno-/tonsillectomy patients (n=9) with high (>10°
copies/mL) or relatively high (>10* copies/mL) HBoV1 DNA-load in NPA and/or tonsil
tissue samples. Modified from study .
Case |[Age |Indication Symptoms?® |HBoV1 HBoV1 HBoV1 mRNA |HBoV |HBoV
no. (y) for the on the DNA load |PCR DNA load |NPA/ 11gG |1 IgM
operation operation (cp/ml), result, (cp/g), tonsils (abs.)
day NPA tonsils tonsils
B073 |3 ROM no 100396800 |- - neg/- - -
B087 |3 ROM yes 28269400 |- - neg/- - -
B100 |6 AH yes 19708800 |- - neg/- - -
B182 (2 ROM no 20537600 |- - neg/- - -
B184 |1 ROM no 2227000 - - neg/- - -
B051 7 ATH no 133200 neg 0 -/- pos® |neg
B113 12 ATH - 119200 neg 0 neg/- pos® |neg
B130 (5 ROM, ATH |- 30400 neg 0 neg/- pos neg
B162 |6 ATH no 210600 neg 0 neg/- pos neg
B056 |5 ATH yes 307800 pos 58400 neg/neg |- -
B082 (4 ATH no 32200 pos 2000 neg/neg |pos® |neg
B106 |4 ATH no 220800 pos 2400 neg/neg |pos® |neg
B150 |5 RT, ATH - 92400 pos 4400 neg/- pos®? | neg
B197 |3 ATH no 202600 pos 1400 neg/neg |neg® |neg

Abbreviations: y, years; ATH, adenotonsillar hypertrophy; TH, tonsillar hypertrophy, ROM, recurrent
otitis media; RT, recurrent tonsillitis; NPA, nasopharyngeal aspirate; cp, copies; -, not available;
abs., absorbance (cutoff =0.131)

aMild rhinitis, cough, symptoms of otitis, throat pain or upper airway obstruction symptoms

b Paired serum samples; no increase in IgG

°No acute-phase serum sample available

4HBoV2 IgG-positive; may influence induction of HBoV1 IgG through original antigenic sin (Kantola
etal.,, 2015)
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5.2 HBoV1 and tonsillar cytokines expression (ll)

5.2.1 Study population and patient characteristics

Of the 200 enrolled patients, 45 were sole adenoidectomy patients, and 12 had
otherwise insufficient sample material. Therefore, 143 suitable tonsil and NPA
samples from adenotonsillectomy or tonsillectomy patients were analysed. HBoV1
DNA in NPA, tonsil or both samples was detected by PCR in 25/143 (17%). The
rest, 118/143 (83%), were HBoV1 DNA-negative. The median age of the HBoV1-
positive patients was 6, and of the negative ones, 18 (p < 0.001).

The sex distribution between the study groups was equal. There was no difference
in sensitisation, allergic diseases, self-reported allergy, active/passive smoking, or
symptoms on the operation day between the groups. Tonsillar hypertrophy was a
more common indication for operation in the HBoVI1-positive group (64%)
compared to the HBoV1-negative group (27%) (p < 0.001). Conversely, recurrent
tonsillitis was a more common indication in the HBoV1-negative group compared
to the positive group (34% vs 12%) (p = 0.03).

5.2.2 Virus findings and serology

Eighteen of the 143 patients (13%) were positive for HBoV1 in NPA samples, 12
(8%) in tonsil tissue, and five (3%) in both. RV was the most common co-infection
with HBoV1 in both sample types. HBoV-specific serology was analysed from 123
of the 143 study patients. In 100 of the 123 (81%) patients, HBoV1-specific IgG was
detected, indicating a prior infection. Of the 25 HBoV1 DNA-positive patients, 18
showed a positive IgG and a negative IgM result.

5.2.3 Cytokine and transcription factor findings

The cytokine and transcription factor results were diverse between HBoV 1-positive
and -negative study patients. The expressions of Th17 type transcription factor
RORC?2 and Treg type transcription factor FOXP3 were significantly lower in the
HBoV1-positive group (p =0.021, p = 0.045) using linear regression analysis (Table
2, Figure 5). After adjusting for age, recurrent tonsillitis, tonsillar hypertrophy, RV
in NPA, AdV in NPA, tonsillar AdV, tonsillar EV, tonsillar RSV, AdV in tonsil and
NPA, RV in tonsil and NPA, two or more viruses in NPA, tonsil or both, the results
persisted. A negative correlation existed between tonsil HBoV1 DNA load and IL-
28 (p=0.004), IL-29 (p=0.019), and IL-13 expression levels (p=0.013).
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Table 2. Cytokine or transcription factor expression in tonsils of patients with HBoV1
DNA-positive or -negative NPA or tonsil tissue. Tbet, T-box transcription factor; TGF,
transforming growth factor. Modified from study Il.

Cytokine or HBoV1 HBoV1 p value p value Adjustments
transcription positive negative univariate multivariate
factor n=25 n=118
Th1 -type
IFN-y 65 65 0.96 0.58 RV NPA and
(35, 104) (34, 103) tonsil
Thbet 54 45 0.65 0.14 age, RV NPA,
(22, 79) (20, 71) and tonsil
Th2 -type
IL-13 14 0.5 0.19 -
(0.3, 3.2) (0.02, 4.1)
GATA3 24 24 0.27 -
(10, 31) (11, 39)
Th17 -type
IL-17 10 10 0.18 0.47 age, RSV
(7,19) (5, 18) tonsil
RORC2 11 21 0.021 -
(7,19) (11, 32)
Treg -type
IL-10 57 42 0.20 0.55 age
(25, 73) (23, 67)
IL-37 0.24 0.17** 0.10 0.91 age
(0.14, 0.35) (0.11, 0.34)
FOXP3 35 51 0.045 -
(14, 60) (28, 86)
TGF-B 140 163 0.89 -
(104, 234) (105, 217)
Type I/l
interferons
IFN-a 20 10** 0.23 -
(1, 181) (0.4, 128)
IFN-B 37 16* 0.23 -
(7, 154) (3, 100)
IL-28 40 17* 0.11 -
(8,78) (2,76)
IL-29 16 6 0.59 -
(3, 36) (2, 28)

Values are arbitrary units x 10* relative to EF1a.

Data are expressed as the median (interquartile range).

Adjustments are selected backward and stepwise from significant differences between groups
*n=117, ** n=116, *** n=115
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Figure 5. Tonsillar expression of transcription factors RORC2 and FOXP3 between HBoV1-
negative and -positive (PCR pos. in NPA and/or tonsil) patients. Modified from study II.

5.3 Viruses in adenoid and tonsil tissue (lII)

5.3.1 Study population and patient characteristics

Of the 200 patients originally enrolled, we included all the adenoidectomy (n=45)
and adenotonsillectomy (n=44) ones. Altogether, 89 patients had sufficient sample
material and were included. We analysed 45 autologous adenoid and NPA samples
and 44 autologous NPA, adenoid, and tonsil samples. Adenoid hypertrophy, tonsillar
hypertrophy or both in 43 of 89 (48%) patients were the most common reasons for
the operation. A mixed indication of otitis media with effusion, tonsillar/adenoid
hypertrophy, and recurrent tonsillitis was found in 33/89 (37%) of the cases. Mild
upper respiratory tract symptoms were reported by 24/77 (31%) of the study patients.

5.3.2 Virus findings

At least one virus was detected in 97% (86/89) of the adenoid samples. Also, 95%
(42/44) of the tonsil samples and 94% (84/89) of the NPA samples were positive for
more than one virus. Regarding overall prevalence, at least one of the seven
herpesviruses detected was found in 89% of the samples, and one of the 16
respiratory viruses was detected in 94%.

HHV6 was the most common intra-adenoid herpesvirus (33%), the second was
HHV7 (26%), and then EBV (25%). CMV and HSV1 were detected in one sample
each. HSV2 and VZV were not found in adenoid samples. CMV was found in 15%
(13/89) of the NPA samples; similar detection rates of herpesviruses were found in
NPA samples compared to adenoid samples (Table 3). The intra-tonsil herpesvirus
detection rates were HHV6, 45%; HHV7, 52%; and EBV, 23% (Table 3). The intra-
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adenoid genome levels of HHV6 and HHV7 were significantly higher compared to
genome levels of HHV6 and HHV7 in tonsils, with p-values of 0.002 and <0.001,
respectively. Intra-adenoid HHV6-positive patients were younger than negative ones
(median age 3 vs 6 years, respectively, p=0.017).

RV (60%) and HBoV1 (58%) were the two most prevalent respiratory viruses in
adenoid tissue and NPA samples (63% and 35%, respectively). HBoV1 (23%) was
the most prevalent virus detected in tonsils, followed by AdV (18%) (Table 3).

Table 3. Detected viruses in NPA, intra-adenoid, and intratonsillar samples. Values are
expressed as the number of positive findings (%). Modified from study Il.

Virus Intra-adenoid n=89 Intratonsillar n=44 Nasopharyngeal n=89
With or Sole With or Sole With or Sole
without other without other without other
virus virus virus

HHV6 29 (33%) 1(1%) 20 (45%) 5 (11%) 1 (46%) 0
HHV7 (26%) 1 (1%) 23 (52%) 6 (14%) 4 (38%) 1 (1%)
EBV (25%) 2 (2%) 10 (23%) 0 ( 5%) 1 (1%)
cMmv 1(1%) 0 0 0 3 (15%) 0
HSV1 (1%) 0 0 0 2 (2%) 0
HSV2 0 0 0 0 0 0
vzv 0 0 0 0 0 0
RV 53 (60%) 4 (4%) 3 (7%) 0 6 (63%) 9 (10%)
HBoV 52 (58%) 3 (3%) 10 (23%) 1(2%) 1 (35%) 1 (1%)
AdV 1 (12%) 1(1%) 8 (18%) 0 ( 6%) 1(1%)
EV 6 (7%) 0 7 (16%) 2 (5%) 9 (10%) 0
CoV** 1 (1%) 1 (1%) 0 0 8 (9%) 1 (1%)
PIV1-4 12 (13%) 2 (2%) 3 (7%) 0 6 (7%) 0
FLU A/B 1(1%) 0 0 0 4 (4%) 1(1%)
RSV 8 (9%) 0 2 (5%) 0 2 (2%) 0
MPV 0 0 1(2%) 0 0 0
no virus findings 3 (3%) 2 (5%) 5 (6%)

>1 viruses 86 (97%) 42 (95%) 84 (94%)

*Coronavirus types 229E, NL63, OC43, or HKU1

5.3.3 Agreement results

Detecting HHV7 in adenoids was agreeable with detecting the virus in corresponding
tonsils (kappa value 0.55, 95% confidence interval 0.34—0.77). EBV was frequently
detected in the adenoid and tonsil tissue of the same patient (kappa value 0.67, 95%
confidence interval 0.39-0.94). Moreover, EBV detection agreed between NPA and
tonsils (kappa value 0.53) and between adenoid and NPA samples (kappa value
0.58). There was no significant agreement in detecting any respiratory virus among
different sample types (Table 4).
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5.4 Microbiome of tonsils (IV)

5.4.1 Study population

Altogether, the Boka- and Tons2-studies enrolled 551 patients. Of the 200 patients
enrolled in the Boka-study, 45 were excluded because of a sole adenoidectomy and
12 because of low-quality samples. Of the 143 patients, 62 had sufficient sample
material available for RNA sequencing. The Tons2-study enrolled 351 patients, of
which 183 had tonsil viruses analysed. We selected three cases with HBoV 1-positive
results in tonsil tissue to carry on with RNA sequencing. RNA sequencing was used
to analyse the tonsil tissue transcriptome profile of 65 patients. Serum samples were
obtained from 55 of the 65 RNAseq cases, and the sensitisation (atopy) status was
defined by a positive IgE antibody to common food or aeroallergens. Outliers were
removed from the data, leaving 53 samples for study IV (Figure 6).

Enrolled in Boka- Enrolled in Tons2-
study, n=200 study, n=351
: |
I |
Tonsillectomy, Adenoidectomy, Tonsillectomy,
n=155 n=45 n=351
| |
[ ]
Excluded due to low Tonsil and NPA Sonsilviises
uality samples, viruses analysed, Zt
q ?{212 p 11:143}’ analysed, n=183
RNAseq analysis, n=3
RNAseq analysis, n=62 (also NPA viruses
analysed)
Serum a\'aila_b_le for Serum available for
allergen-specific IgE allergen-specific IgE
analysis, n=33 malysie L Figure 6. Flowchart of
the study. Two cohorts
(Boka- and Tons2-
study) were combined
RNAseq and atopy to find suitable cases
status analysed, n=55 for RNA Sequencing
analysis. The cases
included for RNA
sequencing  analysis
2outliers | were men and women,

preferably under 21
years, with different

combinations of
|| In total, 53 samples tc_)nS|IIar an_d NPA
included viruses. Modified from

study IV.
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Results

542 Patient characteristics

The median age of the study patients (n=53) was 11 (range 2—-38 years). The division
into two groups was made by a sensitisation result (allergen-specific IgE), and 24/53
(45%) were considered atopics. Recurrent tonsillitis and tonsillar hypertrophy were the
most common indications of the operation. The operations were not performed during
acute tonsillitis or any other acute infection. See patient characteristics in Table 5.

Table 5. Patient characteristics. Modified from the study IV.

Factor Atopic Non-atopic P
n=24 n=29
Median age (range), years 12.4 (2.0-38.1) | 7.5(3.0-21.1) 14
Male 12 (50%) 16 (55%) .70
Indication for adeno-/tonsillectomy
Recurrent tonsillitis 12 (50%) 13 (45%) .70
Tonsillar hypertrophy 11 (46%) 13 (45%) .94
Other indicationt 1 (4%) 3 (10%) .62
Self-reported allergy 12 (50%) 8 (28%) .07
Sensitisation
Food 6 (25%) 0 (0%)
Aero (i.e. pollen, animal, or house dust mite) 14 (58%) 0 (0%)
Food and aero 4 (17%) 0 (0%)
Physician-diagnosed asthma 6/22 (27%) 3/26 (12%) .16
Self-reported allergic rhinitis 11/20 (55%) 3/27 (11%) | .003
Physician-diagnosed atopic dermatitis (AD) 2/20 (10%) 6/29 (21%) .32
No clinical allergic disease (asthma, rhinitis, AD) 8/22 (36%) 17/29 (59%) A2
Respiratory viruses in tonsillar tissue 2 (50%) 5 (52%) .90
Respiratory viruses in nasopharynx 8 (75%) 24 (83%) 49
Smoking or exposure to smoking 1 1/23 (48%) 15/28 (54%) .68
Use of antibiotics (ab) within 1 year 16/20 (80%) 18/28 (64%) .24
Season of sampling
April-August 10 (42%) 11 (38%) .78
September— March 14 (58%) 18 (62%)

tChronic white patches in tonsils (n=1), teeth braces (n=1), periodic fever (n=2)

54.3 Microbial diversity and abundance between the groups

Alpha diversity measures the species richness and diversity in a sample. The alpha
diversity was lower in the tonsil samples of atopic patients compared to non-atopic
(Figure 7A). Beta diversity measures the variation of microbial diversity between
group levels. There was no significant difference in tonsil tissue microbial beta
diversity between atopic and non-atopic groups. The most abundant phylum was
Proteobacteria, but no significant difference in overall bacterial abundance between
atopic and non-atopic study patients existed (Figure 7B). In general, the microbiome
was not dependent on the sex or age of the study subjects. The interrelations of
pathogenic bacteria were stronger in the tonsils of atopic study patients than in non-
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atopic, as shown in the heatmap (Figure 8). The correlations of Burkholderia
cenocepacia and Morganella morganii were positive in the atopic group but negative
or indifferent in the non-atopic group (Figure 8).
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Figure 7. (A) Microbial diversity (alpha diversity) between atopic and non-atopic patients. Shown
in the mean and the standard error of the mean (SEM). * p=0.02 (B) Atopic subjects had
non-significantly lower abundance of Proteobacteria (largest phylum) than non-atopic

subjects (p=0.3). Modified from study IV.
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Figure 8. The heatmaps show stronger interrelations of pathogenic bacteria in tonsils of atopic
compared to non-atopic study patients. The blue-red colour scale shows the strength
and direction of the correlation (red=positive). p values < 0.001, 0.01, and 0.05 are
indicated with ***, ** and *, respectively. Modified from study IV.
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54.4 Diversity of tonsil microbiome in relation to
sensitisation and clinical allergy

In the atopy group, 12 of 24 (50%), and the non-atopy group, 8 of 29 (28%) patients
reported an allergy (yes/no). Conversely, 8/22 (36%) of the atopy group reported no
asthma, rhinitis, or atopic dermatitis, and 17/29 (59%) of the non-atopic,
respectively. Comparing allergic diseases between the study groups there was a
significant difference only in self-reported allergic rhinitis between the atopic and
non-atopic groups. Therefore, we performed another analysis of the microbial
diversity between groups: Patients who reported allergic disease and were sensitised
and those who reported no allergic disease and were not sensitised. Alpha diversity
was computed using the Chao index (estimate of diversity in the microbiome). In the
allergic sensitised group, alpha diversity was lower than in the non-allergic non-
sensitised group. (Figure 9).
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Figure 9. Alpha diversity compared in allergic and sensitised samples (n = 14) with non-allergic
and non-sensitised samples (n = 17) computed with Chao 1 index. Shown in mean and
quartiles.
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§) Discussion

6.1 Baseline characteristics

All the Boka-study patients were operated on according to clinical indications and
consecutively recruited year-round in a central hospital. The study population
represents typical patients with chronic adenotonsillar diseases. Earlier studies have
been made for similar patients (Berger et al., 2007; Jensen et al., 2013; Kourieh et
al., 2019; Proenca-Modena et al., 2012, 2014). Furthermore, the most common
indications for the operations were recurrent tonsillitis and hypertrophic
tonsils/adenoid, which align worldwide (Mitchell et al., 2019). The median age of
all 200 patients enrolled was 12. Approximately 7000 (adeno)tonsillectomies and
4000 adenoidectomies are performed in Finland annually, according to the statistics
from the Finnish Institute for Health and Welfare.

6.2 Human bocavirus diagnostics

The first aim of this thesis was to evaluate if patients without acute infection have a
high HBoV1 genome load in the nasopharynx and tonsils and whether it associates
with mRNA detection and serology findings. The diagnostics of the HBoV1 is
complicated since PCR often detects the virus from the nasopharynx of children
suffering RTI. However, HBoV1 is also commonly found in asymptomatic children.
Conversely, HBoV1 is a respiratory tract pathogen, which can cause even severe
infections (Christensen et al., 2019; Longtin et al., 2008; So6derlund-Venermo et al.,
2009; Xu et al., 2017). The risk factors for HBoV1 infection are age under two years,
immunosuppression, and a chronic medical condition such as cardiac or pulmonary
disease (Christensen et al., 2010; Ishiguro et al., 2020; Koskenvuo et al., 2008;
Martin et al., 2010; Windisch et al., 2016). HBoV1 is often found as a co-infection
with other respiratory tract viruses (Petrarca et al., 2020; Proenca-Modena et al.,
2012). However, whether the HBoV1 found in a symptomatic patient is an actual
pathogen remains challenging.

We studied mainly asymptomatic adeno-/tonsillectomy patients; the prevalence rate
of HBoV1 in tonsil tissue or NPA was 21%. The median age of the HBoV1-positive
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patients was five, aligning with the earlier literature and reflecting the fact that
children under six are more prone to have HBoV1 infection (Christensen et al.,
2019). Even a higher prevalence (43%) has been detected in younger children
undergoing adeno-/tonsillectomy or myringotomy (Longtin et al., 2008). All of our
study patients suffered from chronic adenotonsillar diseases, but no evidence that
HBoV1 would be a causative agent for these conditions exists (Proenca-Modena et
al.,2012,2014). Of the HBoV1-positive patients, 30% reported mild respiratory tract
symptoms. However, these study patients did not suffer from fever or other severe
symptoms associated with acute infection and fulfilled the criteria for general
anaesthesia.

HBoV1 is known to persist in the respiratory tract and the tonsils/adenoids for weeks
or even months after a symptomatic infection (Blessing et al., 2009; Norja et al.,
2012; Qiuetal., 2017; Szalmas et al., 2013; Xu et al., 2017). The prolonged shedding
of the virus has been shown, but the profound mechanisms of the virus’s persistence
are not fully understood (Martin et al., 2010; Wagner et al., 2016). Interestingly, a
recent study found persistent HBoV1 DNA in the germinal centres of the adenoid
tissue, mainly in monocytes and B-cells (Xu et al., 2021).

Due to the prolonged persistence of the virus in the respiratory tract, the standard
qualitative PCR test from the nasopharynx is an insufficient diagnostic tool for
HBoV1. Quantitative PCR was thought to solve the problem. Earlier studies have
suggested that the virus DNA reduces over time, and the high HBoV1 DNA loads
(>10* to 10° copies/mL) would signal acute bocavirus infection (Christensen et al.,
2010; Soderlund-Venermo et al., 2009; Zhao et al., 2013). Our study compared three
diagnostic methods for HBoV1 on patients without acute infection. Even high (>10°
copies/mL) HBoV DNA loads were detected from the nasopharynx of elective
adenoidectomy patients. Relatively high virus loads (>10* copies/mL) were detected
from tonsil, nasopharynx aspirate or both samples of adeno-/tonsillectomy patients.
However, the mRNA results or the serology results did not show signs of acute
infection in any of the study patients.

Messenger RNA reverse transcription PCR (mRNA RT-PCR) detects spliced viral
mRNA produced during active virus replication, meaning mRNA is a marker for
viral activity. HBoV1 mRNA has been used as a marker of viral activity for patients
with acute infection but not symptomless controls. Also, an association between a
high viral load and a positive mRNA result has been suggested (Christensen et al.,
2013; Proenca-Modena et al., 2011; Xu et al., 2017). Contrary to other studies, our
asymptomatic patients had negative mRNA results, suggesting no active virus
replications, despite a high viral load.
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Concerning serology, most of the HBoV1 DNA PCR-positive patients with sera
available were HBoV 1 IgG-positive, indicative of a prior infection. The infection is
usually acquired during childhood, and almost 100% of the adults are seropositive
for HBoV1-specific IgG (Soderlund-Venermo et al., 2009). Three HBoV1 DNA-
positive but seronegative patients had HBoV2 immunity, probably due to antigenic
sin (Kantola et al., 2011; Li et al., 2015).

In conclusion, no correlation existed between a high HBoV1-DNA load and mRNA
or serology results in chronic adenotonsillar disease patients. This study strengthens
the earlier results that qualitative and even quantitative PCR tests may be inadequate
for diagnosing acute HBoV1 infection. Due to the complexity of the HBoV1
diagnostics, a recent review recommended that at least two of the five components
should be fulfilled when diagnosing an acute HBoV1 infection: high (>10°) HBoV1
DNA load from NPA, positive HBoV1 mRNA from NPA, positive IgM, low IgG
avidity, or at least a 4-fold increase in IgG titre in paired serum samples (Christensen
etal., 2019).

6.3 HBoV1 infection and immune reactions

The second aim of this thesis was to evaluate if persistent HBoV1 infection causes
alterations in tonsillar cytokine responses. Local immunological consequences of
HBoV1 are not fully understood. In general, Th cells participate in antiviral
immunity by producing cytokines and helping B-cells and other T-cells (Guidotti et
al., 2003). HBoV1 infection increases Thl and Th2 type cytokine levels in the
nasopharyngeal aspirate of small children with bronchiolitis (Chung et al., 2008).
Furthermore, HBoV1 has been associated with elevated Th2 type cytokine levels in
bronchoalveolar lavage fluid of patients with lung fibrosis (Khalfaoui et al., 2016).
In vitro studies have shown that HBoV1 stimulates IFN-y, IL 10, and IL-13
responses in asymptomatic adults (Kumar et al., 2011; Lindner et al., 2008). Also, a
nearly full-length HBoV clone could modulate the IFN-f pathway in vitro (Luo et
al.,, 2013; Zhang et al., 2012). Interestingly, Lukkarinen et al. studied the co-
infections of HBoV1 and RV confirmed serologically. HBoV 1 infection in wheezing
children resulted in lower serum proinflammatory and Th2 type cytokine response
than in RV-positive wheezing children. Co-infection of HBoV1 and RV resulted in
altered non-Th2-type cytokine response. This study suggests a significant interaction
between HBoV1 and RV, with HBoV1 having a protective effect (Lukkarinen et al.,
2014). Different RV species have been reported to associate with distinct tonsil tissue
cytokine responses. An RV-C infection associated with decreased expression of
RORC2 (Mikola et al., 2019).
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Considering the previous literature, we wanted to study whether tonsillar cytokine
response differs between HBoVl1-positive and -negative adeno-/tonsillectomy
patients without symptoms of acute infection. The prevalence of HBoV1 in tonsil
and NPA samples using PCR was 17%, and the HBoV1 IgG seroprevalence was
81%; both results aligned with earlier studies (Proenca-Modena et al., 2012; Xu et
al., 2017). The major finding of our study was that HBoV1 positivity was associated
with the suppression of tonsillar cytokine and transcription factor expression.
Significant differences of RORC2 and FOXP3 transcription factor expressions
between HBoVl1-positive and -negative study patients were observed using
univariate and multivariant analysis.

RORC?2 is one of the main transcription factors for Th17 cell differentiation. Th17
cells originate from naive T-cells exposed to antigen-presenting cells, differentiation
cytokines, and RORC2. IL-17 and IL-22 expression is mainly produced by Th17
cells. Furthermore, Th17 derived cytokines contribute to mediating host defence for
infections and in the pathogenesis of autoimmune and inflammatory processes
(Akdis et al., 2016; Hymowitz et al., 2001).

We observed that HBoV 1-positive study patients had a lower expression of RORC2
in their tonsil tissue than HBoV1-negative patients, suggesting a link between
HBoV1 and Th17 type cytokine reactions via RORC2. As described, RORC2 is a
crucial player in cell-mediated immune responses, making our finding intriguing.
However, the expression levels of IL-17 between HBoV1-positive and -negative
groups did not differ significantly. NK cells, neutrophils, CD8+ T cells, and y0 T
cells also produce IL-17, which may explain the results (Akdis et al., 2016). A recent
study collected in vivo differentiated Th17 cells from IBD (inflammatory bowel
disease) and non-IBD subjects. RORC2 was inhibited by an inverse agonist,
increasing the production of anti-inflammatory IL-10 (Boardman et al., 2020). These
findings justify the future studies of RORC2 related to chronic inflammatory
diseases.

FOXP3 is the transcription factor conducting the differentiation of naive T-cells into
functioning Treg cells. Furthermore, specific Treg cells produce suppressive
cytokines such as IL-10 and TGF-B. The anti-inflammatory function of IL-10 is
associated with allergic diseases, whereas TGF-3 balances the expression of pro- and
anti-inflammatory cytokines. At the disease level, TGF-8 is linked to autoimmune
diseases, allergic rhinitis, fibrosis, Alzheimer’s disease, cardiovascular pathologies,
and cancer (Akdis et al., 2016). An earlier study identified functional allergen-
specific FOXP3+ T-reg cells in palatine and lingual tonsils at higher levels than in
peripheral blood (Palomares et al., 2011). We discovered that the expression of
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FOXP3 was lower in the tonsil tissue of HBoV1-positive patients. These findings
support the active role of tonsil tissue in the first line of immune tolerance.

Furthermore, we observed a negative correlation among IL-28, IL-29, IL-13, and
intra-tonsillar HBoV1-DNA loads. The IFN-A family (IL-28, IL-29) acts against
respiratory viral infections, especially in the epithelium of the respiratory tract
(Lazear et al., 2010). A clear negative correlation has been shown between RV load
and IFN-A expression in the bronchoepithelial cells (Contoli et al., 2006). IL-13 has
been related to allergic diseases and virus-induced immune reactions (Akdis et al.,
2016; Lucas et al., 2020). Does the high amount of HBoV1 consume all the cytokines
mentioned above, resulting in a negative correlation? Or is it other way around: High
cytokine levels keep the virus load low? This must be studied more.

In light of earlier studies, HBoV1 is evidently associated with immunomodulatory
effects. Furthermore, our study showed that HBoV1 positivity is associated with the
immune modulation of major transcription factors at the tonsil tissue level. Our study
patients had chronic adenotonsillar diseases but were not acutely ill. This finding
raises questions: Does HBoV1 participate in the pathogenesis of chronic
adenotonsillar disease?

6.4 Viruses of tonsil and adenoid tissue

In recent years, respiratory viruses of tonsil and adenoid tissue have been frequently
studied. Adenoidectomy, adenotonsillectomy, and tonsillectomy are common
surgeries among children and young adults everywhere, offering plenty of sample
material. It is known that the virus prevalence is high in the secondary lymphoid
tissue of patients with chronic adenotonsillar diseases. However, the virus
prevalence decreases with age (Jartti et al., 2014). The most common respiratory
viruses detected in tonsil and adenoid tissues have been AdV, EV, HBoV1, and RV,
with the prevalence rates depending on the study (Faden et al., 2016; Jartti et al.,
2014; Proenca-Modena et al., 2012; Proenga-Modena et al., 2014; Vinicius et al.,
2014). Furthermore, human herpesviruses in tonsils and adenoids have been studied
somewhat (Berger et al., 2007; Kourieh et al., 2019; Seishima et al., 2017;
Silvoniemi et al., 2020). There is a lack of information concerning respiratory virus
and herpesvirus co-infections in adenoids and tonsils. Therefore, the third aim of this
thesis was to characterise respiratory and herpesvirus findings in up to three sample
types of adenoidectomy/adenotonsillectomy patients: adenoids, tonsils, and NPA.

The overall virus rate was high in our study. There were only two adenoid, three
tonsil, and five NPA samples without any virus finding, and 100% of the study
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subjects had at least one virus in at least one of the sample types. An earlier study
found respiratory viruses in 86% of the adenoids, 69% of tonsils, and 79% of NPA
samples. Another study reported a 100% detection rate of at least one herpesvirus in
tonsil tissue (Berger et al., 2007; Proenca-Modena et al., 2012). HHV6, HHV7, and
EBV were commonly found in adenoid and tonsil tissues in our study. These results
reveal the abundance of different viruses in secondary lymphoid tissue in patients
with chronic adenotonsillar disease.

The most common herpesviruses in adenoid tissue were HHV6 (33%), followed by
HHV7 (26%), and then EBV (25%). Intratonsillar prevalence rates were similar:
45%, 52%, and 23%, respectively, aligning with earlier studies (Berger et al., 2007;
Kourieh et al., 2019; Sato et al., 2009; Silvoniemi et al., 2020). Interestingly, we
found that HHV6-positive patients were younger than HHV6-negative ones (3 years
vs 6), opposing the results of Comar et al., who reported that intra-adenoid HHV-
positivity was higher in the >5-year-old group than the younger one (Comar et al.,
2010). Our results are logical as they consider that HHV6 causes childhood
exanthema subitum — usually experienced in early childhood between 6 and 12
months of age (Mullins et al., 2021). In immunocompromised adults and children,
HHV®6 can cause severe infections (Caserta et al., 1993).

Moreover, HHV7 may act as an etiologic agent for childhood exanthema subitum.
The clinical presentation is unclear, but fever and seizures have been associated with
viremic HHV7 infection in small children (Hall et al., 2006; Kono et al., 2020). We
discovered that HHV7 was the most prevalent virus in the tonsils detected.
Moreover, intra-tonsillar HHV6 and HHV7 DNA levels were higher than in adenoid
tissue. Concerning HHV7, similar results have been reported (Berger et al., 2007).
In the same sample type, HHV6- and HHV7-DNA load levels were similar, possibly
due to the interaction between HHV6 and HHV7 in children (Hall et al., 2006).

EBYV was detected in similar prevalence rates in all three sample types. There was a
strong agreement between EBV detection in the adenoids and corresponding tonsils
in the same patient. Furthermore, an agreement was observed between detecting
EBYV in adenoids and NPA samples and between the tonsils and NPA samples. This
can be interpreted that if the subject has the virus, it can be detected in all three
sample types. Considering the agreement results, EBV seems to infect and persist in
lymphocytes in all sample types. The EBV positivity of the NPA samples might be
due to EBV-infected lymphocytes in the nasopharyngeal exudate.

In the present study, RV was the most prevalent respiratory virus in adenoids (60%)
and NPA samples (63%). The intratonsillar RV detection rate was only 7%. Earlier
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studies using PCR have seen similar results, where RV is more common in the
adenoid tissue than in the tonsil tissue (Faden et al., 2016; Proenca-Modena et al.,
2012). Whether the differences in RV’s prevalence are due to the location of the
secondary lymphoid tissue (adenoid in nasopharynx and tonsils in oropharynx) or
because of the differences in histological structures, is unknown.

Agreement between RV detection in tonsils and corresponding NPA samples was
unobserved. For example, most of the RV-positive NPA samples were virus-
negative in tonsils. Interestingly, RV was detected in 14 adenoid samples without
concurrent virus detection in NPA samples, which may be explained by the faster
resolution of RV from the nasopharynx than from the adenoids after infection.
Conversely, 17 NPA samples with positive RV findings were virus-negative in
corresponding adenoid samples. These results show that the true persistence of
infectious RV in adenoids is unknown.

The most common respiratory virus in tonsil tissue was HBoV 1. However, the virus
frequency was even higher in adenoid and NPA samples. Despite the high prevalence
rates of HBoV1 in all sample types, no strong agreement was observed,
demonstrating the diverse distribution of HBoV1 in different sample materials.
However, the tropism of HBoV1 for adenoid tissue was observed earlier (Faden et
al., 2016; Proenca-Modena et al., 2012). In our study, 38% of the HBoV1-positive
cases were found only in adenoid tissue samples, confirming earlier results: HBoV1
is likelier found in adenoid tissue than in tonsils or NPA.

In conclusion, to our knowledge, this was the first study to detect 7 of 8 human
herpesviruses from adenoid, tonsil, and NPA samples. Also, common respiratory
viruses were detected from the same sample types. This study offers vital
information about virus prevalence and herpesvirus persistence in secondary
lymphoid tissue. Tonsils and adenoids seem to serve as a virus reservoir in patients
with chronic adenotonsillar disease. How these chronic virus infections influence the
hosts” immunity and the pathogenesis of chronic adenotonsillar diseases remains
unsolved.

6.5 Tonsillar microbiome in atopic and non-atopic
patients

Allergic diseases are a growing problem worldwide, and recent studies have revealed
the connection between allergies and the host’s microbiome (Huang et al., 2017).
For example, the skin microbiota diversity in atopic eczema is deprived compared to
healthy skin. Moreover, an association of skin microbiota between age and one’s
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living environment has been suggested (Haahtela, 2019; Lehtimiki et al., 2017).
Asthma has been linked to, for example, alterations in lower respiratory tract
microbiota and the enrichment of Proteobacteria (Aho et al., 2015; Durack et al.,
2017). The studies of gut microbiota indicate that dysbiosis is associated with
allergic disorders and other non-communicable diseases (Haahtela et al., 2013).

The fourth aim of this thesis was to study the tonsillar microbiome and compare the
findings between atopic and non-atopic adeno-/tonsillectomy patients. Since tonsil
tissue is active secondary lymphoid tissue in close contact with inhaled and ingested
antigens, we hypothesised that a difference in tonsillar microbiome between the
study groups might exist. Our study was the first to describe the differences in
tonsillar microbial diversity, abundance, and interrelations between atopic and non-
atopic.

The main finding was that microbial alpha diversity was lower in the tonsils of atopic
patients than in the tonsil samples of non-atopic, aligning with earlier results
comprising other tissues (Huang et al., 2017). As tonsil tissue contains a rich
microbiome in close contact with the immune system, it is logical that the
sensitisation status is associated with microbial diversity. In this study, the most
abundant genera were Salmonella, Klebsiella, and Sodalis, belonging to the most
abundant phylum Proteobacteria. Earlier studies concerning microbiota of tonsil
tissue have discovered that Proteobacteria are highly associated with tonsillar
hyperplasia and recurrent tonsillitis in children (Jensen et al., 2013; Johnston et al.,
2018a). The mean age of our study patients was 11, and tonsillar hyperplasia and
recurrent tonsillitis were the main indications for the operation. Streptococcus.
pneumoniae, Haemophilus influenzae, and Moraxella catarrhalis are exclusively
found in adenoids but not in the tonsils of children with secretory otitis media or
adenotonsillar hyperplasia (Fagd-Olsen et al., 2019). A recent study compared the
tonsillar core and surface microbiota between chronic tonsillitis and tonsillar
hypertrophy patients. Four different tonsillar microbial types were found, in which
Haemophilus and Neisseria were especially associated with tonsillar hyperplasia and
Dialister and Parvimonas with chronic tonsillitis (S. Wu et al., 2021). Also,
comparing the tonsil microbiota of PFAPA patients with hypertrophic tonsils, a
difference was observed in the relative abundance of the phylum Cyanobacteria
(Tejesvi et al., 2016).

No significant difference existed in the overall bacterial abundance between the
study groups. However, the differential abundance of two specific taxas — Moraxella
Osloensis and Clostridium Botulinum — was lower in the atopic group. At the genus
level, Moraxella in the respiratory tract has been associated with asthma and
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Clostridia in the gut microbiome, with the resolution of food allergies later in life
(Bunyavanich et al., 2016; Huang et al., 2017).

The atopy was defined by allergen specific IgE in serum samples. Sensitisation does
not automatically mean the subject has a clinically relevant allergic disease.
Moreover, we did not use skin prick tests: Some atopy patients are [gE-negative but
skin prick test positive (Ansotegui et al., 2019). The questionnaire, which the study
patients filled in, was thorough regarding allergic diseases. However, clinical
allergies were not cross-checked with medical history; the information was based on
the questionnaire. Assessing clinical illness is difficult, so we believed the grouping
based on the sensitisation status was more objective. We did another analysis,
considering allergic symptoms. The diversity was lower in the allergic and sensitised
compared to the non-allergic and non-sensitised study patients.

In conclusion, RNA sequencing makes studying the tonsil microbiome possible,
even at the species level. Our study shows distinct differences in an intratonsillar
microbiome between atopic and non-atopic adenotonsillar surgery patients. These
results suggest an association between atopy status and a tonsillar microbiome,
encouraging more extensive study of the tonsil tissue microbiome.

6.6 Limitations

All the study patients were operated on due to clinical indications. Thus, they all had
chronic adenotonsillar diseases. Ethically, operating on the adenoid or tonsils of
healthy control patients would be inappropriate. On the other hand, most of the
earlier studies concerning the adenoid and tonsil tissues were done for similar
patients, making our study comparable with earlier ones. Boka-study patients were
recruited from Satakunta Central Hospital by otorhinolaryngologists working at the
clinic, so some variation concerning the indications exists. The study patients were
a heterogeneous group and we included patients of all ages. This can be considered
as a limitation. Furthermore, study subjects filled in a standard questionnaire for the
researchers to obtain information about medication, allergic symptoms/diseases, and
respiratory symptoms 30 days before the operation. Unfortunately, not all the
questions were answered appropriately. However, the information from the
questionnaire was comprehensive, resulting in thoroughly characterised study
subjects. The data set of the serum samples was incomplete; paired serum samples
were obtained from 63 of the 200 study patients.

Regarding study 1V, a methodological aspect must be considered. Most of the earlier
studies concerning the tonsillar microbiome have used 16S rRNA sequencing for
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detecting bacteria at the genus or even species level (Fago-Olsen et al., 2019; Jensen
et al., 2013; Johnston et al., 2019; Johnston et al., 2018a, 2018b; S. Wu et al., 2021).
This technique uses PCR amplification of the 16S rRNA genes — present in all
bacteria — to describe microbes. However, non-targeted RNA sequencing analyses
transcriptomes extensively, so detecting bacterial species and diversity is improved
compared to the 16S rRNA sequencing method. The RNA sequencing approach
lacks the risk of biases concerning primers used in 16S rRNA sequencing.
Previously, RNA sequencing has been used to detect microbiomes from whole blood
and nasal epithelium (Hanif et al., 2019; Olde Loohuis et al., 2018).

We studied common respiratory viruses and human herpesviruses. However, HPV
was not included in the studies. Considering the role of HPV in the oropharyngeal
region, analysing HPV from adenoid and tonsil tissues would have been interesting.

The virus diagnostics for NPA and tonsils were done earlier than the adenoids.
Therefore, a new test kit version replaced by the manufacturer was used for adenoid
samples. The HBoV1 DNA load was not measured from the adenoid tissue, and
serum samples of sole adenoidectomy patients were not analysed. The limitation
concerning all the studies includes the relatively small number of study subjects
(n=53-188).
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14 Summary and Conclusions

7.1 Main Findings

First, even high loads of HBoV1 DNA were found in the nasopharynx and tonsils of
adeno-/tonsillectomy patients without acute infection. Active virus replication was
not observed using mRNA detection, and HBoV 1-specific [gM was not detected
from the serum samples. There is no association among the HBoV1 DNA load,
mRNA, and serology findings in chronic adenotonsillar disease patients.
Quantitative PCR detecting HBoV1 appears insufficient for diagnosing acute
HBoV1 infection.

Second, persistent HBoV1 infection was associated with alterations in tonsillar
cytokine response. The tonsillar expression of the main transcription factors —
RORC2 and FOXP3 — was suppressed in the HBoV1-positive group. This finding
indicates that HBoV1 may have immunomodulatory effects.

Third, a broad spectrum of different herpes viruses and common respiratory viruses
were detected from the autologous adenoid and tonsil tissues of non-acutely ill
adenotonsillar surgery patients. HHV6, HHV7, and EBV were commonly found in
the corresponding adenoids and tonsils. Furthermore, differences in herpesvirus
prevalence among adenoid, tonsil, and NPA samples were observed. Adenoid and
tonsil tissues seemingly serve as virus reservoirs in non-acutely ill patients.

Fourth, a rich tonsillar microbiome was detected using RNA sequencing. The
bacterial diversity was lower in the tonsils of atopic than non-atopic subjects. We
observed stronger bacterial interrelations in the atopic group. Dysbiosis in atopic
patients appears to extend to the local tissue level.

Overall, persistent and prolonged respiratory virus and herpesvirus infections are
common in adenoid and tonsil tissues in adenotonsillar surgery patients. Virus
infections in close contact with the immune system may have immunomodulatory
effects. Furthermore, low tonsillar microbiome richness appears to associate with
systemic atopic illness. Tonsil (and adenoid) tissue is being developed as a new in
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vivo model to study local immune responses in health and disease. However, virus
and bacterial infections must be considered essential modulators. Local lymphoid
tissue is immunologically active.

7.2 Future considerations

Adenotomy, adenotonsillectomy, and tonsillectomy are common operations
everywhere. However, the pathogenesis underlying some of the conditions leading
to these operations is still unclear. The immunological function of secondary local
lymphoid tissue (i.e. tonsils and adenoids) has been under investigation for decades
(Perry et al., 1998; Surjan et al., 1978). The function of tonsils producing antibodies
and activating T-cells is well-known, but whether the immune functions change after
an adeno-/tonsillectomy remains debatable. A recent review stated that tonsillectomy
has no negative influence on humoral or cellular immunity in children (Altwairqi et
al., 2020).

Conversely, a large nationwide population-based study reported an association
between tonsillectomy and an increased risk of IBD (M. C. Wu et al., 2020). Changes
in immune function after tonsillectomy have been reported. However, the results are
incompatible and must be studied more. Furthermore, a shift has occurred in the
operation technique towards tonsillotomy instead of tonsillectomy (Hultcrantz et al.,
2013). Since tonsils are immunologically active, studying whether the potential
postoperative immunological changes differ after tonsillotomy when compared to
tonsillectomy would be interesting (Geil3ler et al., 2020).

In allergic diseases, the peripheral T-cell tolerance is lost. It has been shown in vitro
that the allergen-specific T-cell tolerance can be disrupted by activating Toll-like
receptors and proinflammatory cytokines (Kiicliksezer et al., 2013). Understanding
the mechanisms and breaking mechanisms of peripheral T-cell tolerance is crucial
to inventing new treatment modalities for allergic disorders and cancers.
Intralymphatic immunotherapy is under investigation to offer shorter allergen
immunotherapy treatments (Hellkvist et al., 2018). Earlier results and the
immunological activity of the tonsils raise the question of intratonsillar
immunotherapy. Using tonsils as an in vitro model to study immunotherapy could
be the first step in this field. Concerning patient studies, injection into the tonsil is
unpleasant and might compromise the airway. Therefore, administering the allergen
by nasal or mouth spray directed at the tonsils and adenoids could be possible.

Immunotherapy is a hot topic in cancer studies. Novel treatment modalities require
a fundamental understanding of the immunology behind the tumour’s genesis and
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host response. Concerning HPV-positive tonsil carcinoma, immune checkpoint
inhibitors have been widely studied recently (Stern et al., 2021). Tonsils as an in vivo
model could be used in cancer studies. An association between HBoV in tonsil
tumour development has been speculated (Hopken et al., 2018) and would be an
interesting topic to study more. Are the virus-induced immune reactions similar in
cancer tissue compared to non-cancerous tonsils?

Next-generation sequencing methods have expanded the field of studying microbes.
DNA- and RNA-based analyses provide enormous data sets, and microbiome and
metagenome studies are run by bioinformatic tools. Tonsil tissue provides an
excellent niche for metagenomic studies. Furthermore, studying the whole virome of
tonsil tissue could give answers about the mechanisms behind chronic adenotonsillar
disease. Virome study could reveal the potential of, for example, herpesviruses in
the pathogenesis of noncommunicable diseases. Our study found that HBoV1 is
associated with tonsillar immune reactions. Other viruses are also presumed to have
immunomodulatory effects, considering the prolonged virus infections in the tonsils
and adenoids. A recent paper proposed that children might have milder symptoms of
COVID-19 due to more active secondary lymphoid tissue in tonsils and adenoids
than adults (Onal et al., 2020). Studies of SARS-CoV-2 in tonsil and adenoid tissue
will reveal relevant information about the virus’s persistence. Furthermore, immune
alterations caused by SARS-CoV-2 at the local tissue level must be studied.

Although tonsillectomy is an extremely common procedure, especially in the
pediatric population, there are risks, the most significant and potentially fatal being
postoperative haemorrhage in 0.22%-3.5% of cases (Walner et al, 2017).
Postoperative pain, especially in the adult population, is a significant adverse event
(Burton et al., 2014). New operation techniques are introduced to reduce these risks
(Sakki et al., 2019). Profoundly understanding the mechanisms behind chronic
adenotonsillar diseases and even developing non-surgical treatments against these
common problems by utilising the knowledge of local immune responses would be
interesting. Future studies using tonsils as an in vivo model are warranted to achieve
these goals and ambitions.
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