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Abstract

Background: The relationships between tonsillar immune responses, and viral infection

and allergy are incompletely known.

Objective: To study intratonsillar/nasopharyngeal virus detections and in vivo expressions

of T-cell- and innate immune response-specific cytokines, transcription factors, and type

I/II/III interferons in human tonsils.

Methods: Palatine tonsil samples were obtained from 143 elective tonsillectomy patients.

Adenovirus, bocavirus-1, coronavirus, enteroviruses, influenza virus, metapneumovirus,

parainfluenza virus, rhinovirus, and respiratory syncytial virus were detected using PCR.

The mRNA expression levels of IFN-a, IFN-b, IFN-c, IL-10, IL-13, IL-17, IL-28, IL-29,
IL-37, TGF-b, FOXP3, GATA3, RORC2, and Tbet were directly analyzed by quantita-

tive RT-PCR.

Results: Fifty percentage of subjects reported allergy, 59% had ≥1 nasopharyngeal viruses,

and 24% had ≥1 intratonsillar viruses. Tonsillar virus detection showed a strong negative

association with age; especially rhinovirus or parainfluenza virus detection showed positive

association with IFN-c and Tbet expressions. IL-37 expression was positively associated

with atopic dermatitis, whereas IFN-a, IL-13, IL-28, and Tbet expressions were negatively

associated with allergic diseases. Network analyses demonstrated strongly polarized clusters

of immune regulatory (IL-10, IL-17, TGF-b, FOXP3, GATA3, RORC2, Tbet) and anti-

viral (IFN-a, IFN-b, IL-28, IL-29) genes. These two clusters became more distinctive in the

presence of viral infection or allergy. A negative correlation between antiviral cytokines and

IL-10, IL-17, IL-37, FOXP3, and RORC2 was observed only in the presence of viruses, and

interestingly, IL-13 strongly correlated with antiviral cytokines.

Conclusions: Tonsillar cytokine expression is closely related to existing viral infections,

age, and allergic illnesses and shows distinct clusters between antiviral and immune regu-

latory genes.

Exacerbations of childhood asthma, adult asthma, and

chronic obstructive pulmonary disease have been linked to

positive virus detections in 95%, 78%, and 64% of the cases,

respectively (1–3). Susceptibility to certain viral infections

and defects in viral clearance could play a role in pulmonary

inflammatory processes. Pediatric studies have shown a

strong link between susceptibility to rhinovirus-associated

wheezing and the development of asthma (4, 5). In addition,

respiratory syncytial virus (RSV)-induced bronchiolitis has

been linked to asthma and atopy development (6, 7). Studies

in adults have shown an association between persistent/latent
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adenovirus infections and chronic lung diseases (8). More-

over, the persistence of respiratory viruses, virus load, and

virus coinfections have been related to more severe respira-

tory illnesses (3, 9).

The susceptibility to rhinovirus infections has been associ-

ated with low interferon (IFN)-a/-b/-c/-k and interleukin

(IL)-10 responses and increased T helper cell (Th) 2-type

(IL-4, IL-5, IL-13) cytokine responses in peripheral blood

mononuclear cells (PBMC) (10, 11). Similarly, low IFN-c
response, increased IL-4/IFN-c ratio in PBMC, and low

FOXP3+ natural regulatory T-cell numbers in the circulation

have been suggested as risk factors for RSV-induced bronchio-

litis (12, 13). Factors linked to the persistence of adenovirus

infection are not well known (8). It is generally accepted that

low or deficient innate and adaptive immune responses may

contribute to the morbidity and mortality of viral infections.

Tonsils represent the primary nasopharyngeal lymphoid

tissue and constitute the first contact point of the immune

system to food and aeroallergens and infectious agents. A

peripheral T-cell repertoire exists in tonsils, and tonsils have

an active role in inducing and maintaining peripheral toler-

ance to allergens (14, 15). Peripheral T-cell tolerance to aller-

gens mediated by regulatory T (Treg) cells is an essential

mechanism in allergen tolerance developed by allergen-spe-

cific immunotherapy or natural high-dose allergen exposure

(16, 17). Considering tonsils as organs that have a role in

immune tolerance induction, intensive research has been

needed on the associations between the features of cytokine

response and viral infections to better understand the link

between respiratory viral infections and chronic respiratory

diseases. Therefore, we studied the associations between ton-

sillar cytokine and T-cell subset-related transcription factor

expressions and respiratory viral infections. We investigated

the in vivo intratonsillar mRNA expressions of Th1 (IFN-c,
Tbet), Th2 (IL-13, GATA3), Th17 (IL-17, RORC2), and

Treg type (IL-10, TGF-b, FOXP3) and type I/III interferons

(IFN-a, IFN-b, IL-28, IL-29) and the recently discovered IL-

1 family cytokine IL-37 in connection with intratonsillar

virus expressions in elective tonsillectomy patients.

Methods

Patients

Human tonsil samples were obtained from consecutive rou-

tine tonsillectomy patients of all ages with or without

reported allergy from Satakunta Central Hospital, Pori, Fin-

land. The inclusion criteria were elective tonsillectomy

according to clinical indication and written informed consent

from the study subject or his/her parents. The study protocol

was approved by the Ethics Committee of Satakunta Central

Hospital, Pori, Finland.

Sample collection

A standard questionnaire was used to obtain information on

allergic diseases and respiratory symptoms within 30 days

before the operation (Table S1). Tonsillectomy was per-

formed according to routine clinical procedure, and tonsils

were stored in RNAlater RNA stabilization reagent (Qiagen,

Hilden, Germany) (14). During anesthesia, nasopharyngeal

aspirate was also obtained using a standardized procedure

and stored at �80°C (18). More details are shown in Supple-

mentary methods.

Analysis of viruses and cytokines

Viral diagnostics of naive nasopharyngeal aspirates and in-

tratonsilar samples were performed according to clinical

routine using PCRs for adenovirus, bocavirus-1, coronavi-

ruses (229E, OC43, NL63, and HKU1), enteroviruses,

influenza A and B viruses, metapneumovirus, parainfluenza

virus types 1-4, respiratory syncytial virus and rhinovirus

for all samples, and polyomaviruses KI and WU for 47

samples (3, 18). Gene expressions of IFN-a, IFN-b, IFN-c,
IL-10, IL-13, IL-17, IL-28, IL-29, IL-37, TGF-b, FOXP3,

GATA3, RORC2, and Tbet were analyzed by quantitative

real-time PCR (Applied Biosystems, Foster City, CA,

USA) (14). For more details, see Suppl. methods and

Table S2.

Statistical analysis

In addition to conventional statistics, linear and logistic

regressions were used to analyze the associations between

virus detection, age, and atopic characteristics (version 8.0.2,

SAS Institute Inc. Cary, NC, USA). Agreement statistics

between intratonsillar and nasopharyngeal virus diagnostics

were calculated with kappa coefficients. In heatmaps, partial

Spearman correlations between gene expressions were com-

puted over different disease groups, controlling for age. The

differences between gene-to-gene correlations according to

disease groups were analyzed using the procedure developed

by Fisher (19). The statistically significant correlations are

also displayed in network representations (Cytoscape soft-

ware, www.cytoscape.org) (20). Statistical significance was

established at the level of P < 0.05. More details are in Sup-

pl. methods.

Results

Patient characteristics

Tonsil and nasopharyngeal aspirate samples were obtained

from 143 routine tonsillectomy patients. Patient characteris-

tics are shown in Table 1. Briefly, the median age of the

study subjects was 16 years and 49.6% reported allergy. All

operations were carried out during the ‘cold phase’ of

chronic tonsil condition. Main indications for tonsillectomy

were hypertrophic tonsils and/or recurrent tonsillitis

(Table 1). The median for the last day of respiratory symp-

toms was 20 days before the operation, excluding sore throat

in 40 subjects due to operation indication. Medication data

are shown in Suppl. results.
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Viruses detected in tonsils and nasopharyngeal aspirates

Fifty-nine percent of the nasopharyngeal aspirates were posi-

tive for ≥1 viruses and 20% for ≥2 viruses (Fig. 1A, Table

S3). Rhinovirus (48%) was the most prevalent virus followed

by bocavirus-1 (13%), adenovirus (10%), enteroviruses (8%),

coronavirus (6%), and other viruses (<5% each). Twenty-

four percentage of the tonsillar samples were positive for ≥1
viruses and 8% for ≥2 viruses. Bocavirus-1, adenovirus, and

enteroviruses were found 8% each, followed by parainfluenza

virus (5%) and other viruses (<5% each).

Both nasopharyngeal and intratonsillar virus detection

rates decreased by age (both P < 0.0001). Nasopharyngeal

samples were clear of viruses by the age 40 and tonsillar sam-

ples by the age 25, excluding one case (Fig. 1B). In nasopha-

ryngeal samples, rhinovirus, bocavirus-1, adenovirus, and

more than one virus detection rates decreased by age (all

P < 0.001). In tonsillar samples, bocavirus-1, enterovirus,

adenovirus, parainfluenza virus, and virus co-detection rates

decreased by age (all P < 0.05). Enterovirus, but not any

other virus, detection showed agreement between nasopha-

ryngeal and intratonsillar samples (kappa coefficient 0.48,

95% confidence interval 0.22, 0.74; Table S4).

Cytokine and transcription factor expression profiles in

tonsils

The intratonsillar mRNA expression levels of the analyzed

cytokines and transcription factors are listed in Table S5.

Increasing age showed a significant negative correlation with

IL-10, IL-17, IL-37, and Tbet mRNA expressions in tonsils

(all P < 0.01, Fig. 2), but did not show any correlation with

the other investigated cytokines and transcription factors

(Fig. S1). When allergic diseases were considered, atopic der-

matitis was associated with higher IL-37 expression in tonsils,

and this association remained significant after adjustment for

age (P = 0.018, Fig. 3A). The inverse correlation between IL-

37 and age was seen in patients without atopic dermatitis

(r = �0.38, P < 0.0001), but not in those with atopic derma-

titis (P > 0.7). Cytokine and transcription factor data and

their associations with clinical factors are shown in Tables S6

and S7. In brief, allergy was associated with lower Tbet

Table 1 Patient characteristics

Factor n = 143

Age (years)* 16 (8, 25)

Male 74 (52%)

Indication for tonsillectomy

Hypertrophic tonsils 48 (34%)

Recurrent tonsillitis 43 (30%)

Other indication† 6 (4%)

Mixed indications of these 46 (32%)

Tonsillectomy and adenotomy 39 (27%)

Self-reported allergy 63/127 (50%)

Food 14/109 (13%)

Drug 12/109 (11%)

Seasonal, i.e., pollen 10/109 (9%)

Perennial, i.e., animal or house dust mite 5/109 (5%)

Other 5/109 (5%)

Physician-diagnosed atopic dermatitis 19/132 (14%)

Self-reported allergic rhinitis 36/131 (27%)

Physician-diagnosed asthma 18/129 (14%)

Active smoking 24/127 (19%)

Respiratory symptoms at the operation day‡ 24/126 (19%)

Last day of respiratory symptoms, days ago§ 20 (6, 31)

Respiratory symptoms within 2 week 50/126 (40%)

Respiratory symptoms within 4 weeks 69/126 (55%)

Values are shown as medians (interquartile range) or n (%).

*Range 2, 65 years.

†Chronic white patches in tonsils (n = 2), recurrent fever (n = 1),

throat abscess (n = 1), teeth braces (n = 1), and food remnants in

tonsils (n = 1).

‡Seven subjects had cough, 4 had rhinitis, 3 had temperature

>38°C, and ≤1 had other symptoms. Forty subjects had sore throat,

but it was excluded from the count due to operation indication.

§If >30 days, 31 days was used in the calculation. Sore throat was

excluded from the calculation.

A

B

Figure 1 Detected viruses in nasopharyngeal and intratonsillar

samples (A) and age-dependent decrease in intratonsillar virus

detections (B). RV, rhinovirus; EV, enteroviruses; AdV adenovirus;

CV, coronavirus; BoV, bocavirus-1; Flu, influenza A or B virus; PIV,

parainfluenza virus types 1–4; MPV, metapneumovirus; RSV, respi-

ratory syncytial virus.
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expression and lower Tbet/GATA3 ratio, which both

remained significant after adjustment for age (both P < 0.01).

Allergic rhinitis was associated with lower IL-13 and IL-28

expressions, and asthma was associated with lower IFN-a
and IL-28 expressions (all P < 0.05, adjusted for age). In

addition, respiratory symptoms within the last 2 weeks before

tonsillectomy correlated negatively with FOXP3 expression

(mean difference �0.42, 95% confidence interval �0.78,

�0.047, P = 0.027).

Rhinovirus detection was independently associated with

higher IFN-c in tonsils (P = 0.011, Fig. 3B). Intratonsillar

virus detection overall, number of detected viruses, rhinovirus

detection, and parainfluenza virus detection were indepen-

dently associated with high Tbet expression (P < 0.05 for all,

adjusted for age and allergy, Fig. 3C). The significant uni-

variable associations between intratonsillar virus detection

and IL-10 or IL-37 expressions did not remain significant in

multivariable models, while age and/or atopic dermatitis

remained significant as adjustments (Fig. 3D). RORC2

expression was independently and negatively associated with

nasopharyngeal and/or tonsillar virus detection (P < 0.05).

The association between cytokine and transcription factor

data and virology are fully detailed in Tables S8 and S9 and

Fig. S2A and B.

Distinct expression profiles of cytokines and transcription

factors in tonsils

This study enabled us to investigate the correlations between

the expressions of cytokines and transcription factors,

because all of them were directly analyzed in the tonsils with-

out any further cell culture, representing the in vivo situation.

IL-37 expression most closely and positively correlated with

IL-10, IL-17, FOXP3, GATA3, RORC2, and Tbet expres-

sions (all P < 0.01, Fig. 4). In contrast, a negative correlation

of IL-37 was observed with IFN-a, IFN-b, and IFN-c when

all of the tonsils were considered (all, P < 0.05).

Age-adjusted gene-to-gene correlations are illustrated in

heatmaps in Fig 5. Overall, two clusters, which showed high

positive intracluster correlations, were observed as ‘antiviral’

cluster (IFN-a, IFN-b, IFN-c, IL-28, IL-29) and ‘immune

activation/regulatory’ cluster (IL-10, IL-17, IL-37, TGF-b,
FOXP3, GATA3, RORC2, Tbet) (see overall age-adjusted

data in Fig. S3). These two clusters showed strong negative

correlations between each other excluding IFN-c, which

appeared as an intermediary link between antiviral immune

response and general immune response. Interestingly, correla-

tions between IFN-c and other antiviral genes were less

prominent in the presence of a virus. The four key Th cell

lineage-specific transcription factors, namely FOXP3,

GATA3, RORC2, and Tbet, showed very strong positive

correlations with each other. The immune regulatory and

Treg cell-related factors IL-10, IL-37, TGF-b, and FOXP3

also closely and positively correlated with each other.

The presence of a tonsillar and/or nasopharyngeal viral

infection induced a very strong negative correlation between

the antiviral cluster cytokines and the regulatory cluster,

which mostly disappeared in the absence of a virus (Fig. 5A).

The negative correlation of FOXP3, IL-10, and particularly

IL-17 with antiviral cluster was most prominent only in the

Figure 2 Correlations between IL-10, IL-17, IL-37, and Tbet expressions and age. Spearman correlations are shown. Regression lines have

been added for better visulization.
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presence of a virus, which disappeared in the absence of a

virus. Interestingly, as a Th2 cytokine, IL-13 consistently

appeared in the antiviral cluster showing strong positive cor-

relations with antiviral cytokines. IL-13 showed a more

pronounced negative correlation with the regulatory cluster

in the presence of a tonsillar virus or allergy. The positive

correlation between IFN-c and other antiviral cytokines sig-

nificantly decreased in the presence of a virus.

A

C

D

B

Figure 3 Intratonsillar gene expression according to atopic derma-

titis and intratonsillar virus status. IL-37 expression vs atopic der-

matitis (A). IFN-c expression vs rhinovirus detection (B). Tbet

expression according to virus characteristics (C). IL-10 and IL-37

expressions vs virus detection (D). Medians and interquartile

ranges are shown. Log-transformed values were used. Adjusted P-

values are shown.
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The existence of allergy also modestly deepened the nega-

tive relationship between the immune regulatory and antiviral

clusters when compared to individuals without allergy

(Fig. 5B).

Interestingly, allergy was associated with strong positive

correlation between TGF-b and Tbet, whereas the positive

correlation between IL-10 and IL-17 in nonallergic patients

disappeared in the presence of allergy. Gene-to-gene correla-

tions are shown in more detail in Tables S10 and S11.

Gene network graphs in Fig. 6 illustrate the antiviral and

regulatory clusters in disease states of virus infection and

allergy and their negative interrelations, excluding the only

positive connection through IFN-c (P-values are shown in

Fig. 5). Overall, the distinction between the two clusters sig-

nificantly increased in the presence of a tonsillar virus or clin-

ical allergy.

Discussion

This study provides new insights into the immune regulation

and antiviral response in human tonsils in relation to age,

infection, and allergic illnesses. Interestingly, intratonsillar

virus detection strongly decreased by age, and only one

virus-positive case was found above the age of 25. The net-

work analyses showed two main clusters, antiviral and

immune activation/regulation-related clusters. These two

clusters had very strong negative intercluster correlation,

which became more distinctive in the presence of viral

infection or reported allergy.

It was remarkable that having allergy influenced many

gene-to-gene interactions by markedly deepening the negative

relationships between the antiviral and immune activation/

regulatory clusters. A fine balance between allergen-specific

T-cell activation vs allergen-specific tolerance lies in the

expression intensity of Th2 cells vs IL-10-secreting Treg cells

in human tonsils (14). Indeed, changes in gene-to-gene corre-

lations were found between IL-10 and IL-17 and between

TGF-b and Tbet in relation to allergy. Interestingly, the

newly discovered anti-inflammatory cytokine IL-37 was posi-

tively associated with atopic dermatitis, and subjects with

allergy showed lower Th1 expression and lower innate

immune responses than those without allergy. The presence

of asthma was negatively associated with type I/III interfer-

ons, which is in agreement with previous in vivo data (11).

The role of IL-37 (formerly IL-1 family member 7) in respi-

ratory viral infections or allergy development has not been

previously studied. It has previously been demonstrated as a

natural suppressor of innate inflammatory and immune

responses in vitro and in animal studies (21–23). Our data may

suggest that IL-37 may inhibit IFN-c expression as shown pre-

viously with T regulatory cells (24). In agreement, we showed

low-to-moderate positive correlation between IL-37 and IL-

10, IL-17 and FOXP3. Our findings on IL-37 expression, the

independent positive association with atopic dermatitis and

Figure 4 Significant correlations between the intratonsillar expres-

sions of IL-37 and other investigated genes, IFN-a, IFN-b, IFN-c, IL-

10, IL-13, IL-17, FOXP3, GATA3, RORC2, Tbet, and TGF-b. Spearman

correlations are shown. Regression lines have been added for better

visulization.

Allergy 69 (2014) 658–667 © 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd 663

Jartti et al. Immune response patterns in tonsils



nonindependent positive association with virus infection,

could imply that an inflammatory state in general, not just a

viral infection, is likely to increase the expression of IL-37 sim-

ilar to IL-10 expression (17). Several isoforms of IL-37 exist,

but our primer set covered them all. Moreover, IL-37 is pro-

duced as a precursor that needs to be activated by caspase 1

(21); therefore, the relationship between mRNA expression of

IL-37 and biological activity is not necessarily direct.

One of the key findings of the present study was that IL-

13 fell apart from typical T-cell activation response and

unexpectedly showed very strong correlation and clustered

with antiviral cytokines that became particularly significant

in the presence of a tonsillar virus or allergy status. This find-

ing may help to explain the role of IL-13 in virus-induced

exacerbation of asthma. Interestingly, our data suggest a dif-

ferent way of regulation in contrast to GATA3 (25). In virus

infection, IL-13 released together with antiviral interferons

may reduce the extent of inflammation and tissue injury,

because IL-13 inhibits monocyte and macrophage production

of proinflammatory factors (26). The data are scarce on the

disconnection between GATA3 and IL-13 in viral infection,

but specific viral infections may either decrease or increase

GATA3-mediated expression of Th2 cytokines (7, 27).

Moreover, IFN-b may induce the expression of IL-13 recep-

tor, leading to a consequential suppression of responsiveness

to IL-13 (28).

Our network analyses revealed that virus infection is also

associated with many alterations in gene-to-gene interactions

similar to allergy. In light of the recent demonstration of

breaking allergen-specific T-cell tolerance in human tonsils by

triggering of Toll-like receptor (TLR) 4 or TLR8 and the

proinflammatory cytokines IL-1b or IL-6 (29), we speculate

that viral infections may have an important role in breaking

peripheral tolerance and thereby promoting the development

or exacerbation of allergic diseases. Rhinovirus is particularly

interesting in this regard because it is the most important

trigger of wheeze and asthma, especially in atopic individuals

(5, 9, 30, 31). We demonstrate as a new finding that the in-

tratonsillar virus, especially rhinovirus and parainfluenzavi-

rus, detection was independently and positively associated

with Th1 type expression. IFN-c, which is mainly controlled

by Tbet, has an important antiviral activity and capacity to

downregulate Th2 type response (16, 25, 32, 33). The exis-

tence of virus infection and allergy increased the complexity

of the gene networks, and interestingly, both disease

conditions had similar polarizing influence on the overall

gene-to-gene correlation profiles. A negative correlation

between antiviral and regulatory genes, particularly IL-17,

A

B

Figure 5 Age-adjusted heatmaps of intratonsillar gene-to-gene cor-

relations and their differences according to intratonsillar and/or

nasopharyngeal virus infection (A) and reported allergy status (B).

The red–blue scale indicates the strength and direction of the

correlations, and the gray scale indicates the P-value of the differ-

ences between correlations. P-values < 0.001, 0.01, and 0.05 are

indicated with ***, **, and *, respectively.
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was observed only in the presence of a virus. IL-17 is a pro-

inflammatory cytokine, and its downregulation most likely

limits virus-induced inflammation (25). It was remarkable

that the only positive interaction between the antiviral and

regulatory clusters was through IFN-c.
In the search for covariates, we found that age showed low

negative correlation with the expressions of several genes and

viruses in tonsils. With high age, each component of immu-

nity is affected, T cells being most susceptible (34). Virology,

follicular helper T cells as a possible cellular source of inves-

tigated genes, and potential limitations of the study have

been discussed in more detail in Suppl. discussion.

Taken together, the present study provides several new and

potentially important findings considering tonsils as a new in

vivo model for the understanding of immune response devel-

opment and immune tolerance induction. Intranodal immu-

notherapy has been demonstrated highly effective (35), but

more data are needed on the basic immune mechanisms in

lymphnoids (36).
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