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ABSTRACT OF THE THESIS 
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Periodic fever, aphthous stomatitis, pharyngitis, and adenitis (PFAPA) syndrome is a 

pediatric immune disorder with unknown pathogenesis that is characterized by recurrent fevers 

of fixed periodicity, without evidence of infection. Tonsillectomy has been shown to be curative. 

We hypothesize that PFAPA patients have a dysregulated innate immune system that results in 

the predictable flares. To characterize the innate immune mechanisms underlying PFAPA 
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syndrome, we evaluated patient-derived tonsillar cells ex vivo and in vitro. Ex vivo analysis 

demonstrated increased IL-1 receptor antagonist (IL1RN) and tumor necrosis factor (TNF) gene 

expression in PFAPA tonsils, with persistent phosphorylation of IRF and NF-κB pathways. 

Febrile effects in vitro suggest an autoinflammatory feedback loop contributes to the 

pathogenesis behind PFAPA. Our results suggest that PFAPA patients experience ongoing 

subclinical inflammation in the tonsillar microenvironment, even during asymptomatic periods, 

and provide a mechanism for the success of tonsillectomy in this disease. The unique cytokine 

signature detected in the tonsil samples supports our recognition of PFAPA as an 

autoinflammatory disorder, but suggests the underlying pathology is of greater complexity than 

the previously described monogenic disorders. In addition, the distinct expression of cytokines in 

PFAPA tonsils compared to controls suggests that measurement of IL1RN and TNF expression, 

as performed in this study or in saliva may be a novel biomarker for the diagnosis of PFAPA.  
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INTRODUCTION 
 
Overview of the Immune System 

 The immune system is the body’s method of defending itself from microbes and 

malignant cells and consists of the innate immune system and the adaptive immune system. The 

innate immune system is the first line of defense when a foreign pathogen is encountered in the 

body. This is the crucial point where self and non-self-components are differentiated by host 

pattern-recognition receptors. Innate immune cells, such as macrophages and neutrophils, 

respond rapidly to invading pathogens and injured host cells resulting in inflammation through 

the release of proinflammatory cytokines including IL-1β, IL-6 and TNF (Liu et al., 2016). 

Release of chemokines attracts additional leukocytes to the local site. The adaptive immune 

system provides a mechanism of defense by B and T lymphocytes and conforms to the specific 

antigen detected, generating antibodies and memory immune cells for rapid and persisting 

responses (Stephen et al., 2017). Together, the innate and adaptive immune systems contribute to 

defending the host against foreign invaders. 

 

Intracellular Sensor and Pattern-Recognition Receptor Function 

Pattern-recognition receptors (PRRs) include sensors such as the Toll-like receptors 

(TLRs), the nucleotide binding and oligomerization, leucine-rich proteins (NLRs), retinoic acid-

like receptors (RLRs), absent in melanoma 2 (AIM2)-like receptors (ALRs), and cytosolic DNA 

receptors. TLRs may be present on the cell surface or in endosomal compartments, and act as a 

detection system for pathogen-associated molecular patterns (PAMPs) (Netea et al., 2011). 

Consequently, TLRs are commonly found in the upper airway and epithelial surfaces that 

frequently come in contact with pathogens, whereas the TLR3 and TLR9 pathways detect viral 
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double-stranded RNA and viral/bacterial DNA in the endosome, respectively (Claeys et al., 

2003; Netea et al., 2011). Upon ligand recognition, the various TLR pathways signal to the 

MyD88-dependent and/or TRIF-dependent pathways to activate the transcriptional factors 

nuclear factor-κB (NF-κB) and interferon regulatory factor (IRF) to produce proinflammatory 

cytokines and interferons (Supplementary Figure 1) (Netea et al., 2011; Liu et al., 2016). TLRs 

may also interact with the adaptive immune system, with TLR9-directed signals, for example, 

activating memory B cells in the peripheral blood to produce cytokines and chemokines 

(Agrawal et al., 2010). Efficient activation of PRR signaling is essential for antimicrobial host 

defense and tissue homeostasis, but a dysregulated or exaggerated innate immune response may 

result in pathological inflammation (Liu et al., 2016).  

Beyond microorganism-derived peptides and oligosaccharides, intracellular sensors also 

recognize nucleotides, though these cytosolic DNA sensing pathways are less well understood. 

While detection of intracellular DNA from pathogens is critical for defense against microbial 

infections, cells must also be able to distinguish microbial nucleotides from host DNA. Double-

stranded host DNA may be increased in the cytosol subsequent to cell death or injury, and can 

potentially activate cyclic guanosine monophosphate (GMP)- adenosine monophosphate (AMP) 

synthase (cGAS), a recently described innate immune sensor (Shu et al., 2014; Nakaya et al., 

2017). The cGAS pathway is an established molecular mechanism that links host, viral or 

bacterial dsDNA sensing to the production of IFN-β through the formation of the second 

messenger cyclic GMP-AMP (cGAMP) and activation of the adaptor molecule STING 

(stimulator of interferon genes) (Atianand et al., 2013). Inappropriate activation of the STING-

cGAS pathways has recently been linked to chronic inflammation (Gao et al., 2015).  
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Notably, cGAS is connected to the TLR pathways through the adaptor protein interferon 

regulatory transcription factor 3 (IRF3) (Li et al., 2016). Both cGAS and the TLR pathways can 

detect self and non-self-nucleotide fragments in different areas of the cell to mediate the 

production of proinflammatory cytokines and interferons (Supplementary Figure 1).  

 
Autoinflammatory Diseases 

 Autoinflammation is an overreactive immune response in the body caused by a 

dysfunction of the innate immune system and may be triggered by an external stimulus (Long et 

al., 1999). Proinflammatory cytokines and chemokines are often upregulated in 

autoinflammatory diseases during symptomatic periods and can lead to targeted tissue and organ 

damage over time (Broderick et al., 2014; Jesus et al., 2015). Genetic mutations have been 

identified in many autoinflammatory diseases including cryopyrin associated periodic syndrome 

(CAPS), tumor necrosis factor receptor associated periodic syndrome (TRAPS), and familial 

Mediterranean fever (FMF) (Reviewed in Jesus et al., 2015). Understanding the relationship 

between these genes and specific innate immune pathways has been critical for developing 

targeted therapeutic strategies and reducing patient morbidity (Holzinger et al., 2015). 

 

Interleukin-1-Mediated Autoinflammation 

The dysregulation of proinflammatory cytokine IL-1β is involved in the pathogenesis of 

several autoinflammatory diseases and hereditary fever syndromes (Dinarello 2005). Interleukin-

1α (IL-1α) and interleukin-1β (1L-1β), endogenous pyrogens that can result in systemic and 

organ-specific immune responses in IL-1 mediated autoinflammatory diseases, are key players in 

inflammation and fever (Sibley et al., 2012). IL-1 activation requires two danger signals, one 

through an exogenous trigger and the second through the assembly of the inflammasome, a 
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protein complex that ultimately results in the cleavage of pro-IL-1β to its active form (Martinon 

et al., 2002). IL-1 receptor antagonist (IL-1Ra) competes with and downregulates IL-1α and IL-

1β signaling. In the absence or inactivity of IL-1Ra, the cells become hyperresponsive to IL-1α 

and IL-1β, leading to the overproduction of proinflammatory cytokines and chemokines (Reddy 

et al., 2009; Jesus et al., 2011). The identification of the pathogenesis in many of these disorders, 

led to treatment with recombinant IL-1 receptor antagonist, anakinra. The success of these 

therapies demonstrated the important role of IL-1Ra in the negative regulation of IL-1 

(Aksentijevich et al., 2009, Hoffman 2009). The dysregulation of proinflammatory cytokine IL-

1β is involved in the pathogenesis of several autoinflammatory diseases and hereditary fever 

syndromes (Dinarello 2005).  

 

Interferon-Mediated Autoinflammation 

Interferons are known for their antiviral and antitumor effects, with roles involving 

immune-influencing functions, such as enhancing antigen presentation in dendritic cells, 

promoting T lymphocyte response and B lymphocyte antibody production, and proinflammatory 

cytokine production (Hall et al., 2010; Crow et al., 2011). Exposure to foreign pathogens allows 

for the robust and rapid response of interferon production upon viral detection. Interferons are 

commonly found in T lymphocyte zones of human lymphoid tissues, such as tonsils and lymph 

nodes, and consistent exposure to external pathogens may activate the production of interferons. 

Type I interferons activate the JAK-STAT pathway and the downstream mechanisms further 

promote the expression of interferon response genes, thereby amplifying interferon responses 

through a positive feedback loop. This suggests that interferons may play a key role in 

coordinating the host immune response (Fitzgerald-Bocarsly et al., 2007). Not unexpectedly, a 
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new category of autoinflammatory diseases resulting from upregulated interferon signaling has 

recently been defined (Crow 2011; Kim et al., 2016; Sanchez et al., 2018). 

 

Autoinflammatory Disorders and Translational Research 

Our understanding of autoinflammatory disorders has been driven by translational 

research, with clinical studies confirming key inflammatory cytokine pathways which allow for 

the classification of autoinflammatory diseases (Holzinger et al., 2015). Broad categories include 

disorders of the IL-1 and interferon pathways as described above. For IL-1 mediated 

autoinflammatory disease, treatment with IL-1 blocking therapies has provided an in vivo proof 

of principle for the role of IL-1 in disease pathogenesis (Hoffman 2009; Jesus et al., 2015; 

Nakanishi et al., 2017). Recent discoveries show that another growing group of 

autoinflammatory diseases have inflammatory responses as a result of interferon dysregulation. 

These interferonopathies have incomplete responses to IL-1 and TNF blockade, suggesting that 

the type I interferon pathway may be a key mediator. Early studies demonstrate success with 

JAK inhibition, downstream of interferon receptor signaling (Liu et al., 2012, Sanchez et al., 

2018). While more than 30 monogenic autoinflammatory diseases have been described to date, 

the ongoing identification of new patients and disorders suggests that much remains to be learned 

about autoinflammation and the innate immune system. Periodic fever, aphthous stomatitis, 

pharyngitis, and adenitis syndrome, also known as PFAPA, is among the most common periodic 

fever syndromes, but the genetic cause and mechanism behind this disorder are not yet 

understood. 
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Characteristics of the PFAPA Syndrome 
 

The periodic fever, aphthous stomatitis, pharyngitis, and adenitis (PFAPA) syndrome was 

first described by Marshall in 1987, characterized by predictable, monthly fevers that last for 

nearly one week and often reach 40°C (Supplementary Figure 2). These fevers are accompanied 

by a sore throat (pharyngitis), mouth sores (aphthous stomatitis), swollen lymph nodes (cervical 

adenitis), and elevated white blood cell counts, with an onset before the age of 5 years (Marshall 

et al., 1987; Thomas et al., 1999; Lierl et al., 2007). There is no evidence of infection, and the 

growth and development of the child are normal outside of the fever episodes (Tasher et al., 

2006). Several treatments, such as corticosteroids, colchicine, cimetidine, and montelukast, are 

effective in resolving the fever episodes, and surgical removal of the tonsils has been shown to 

be curative (Broderick et al., 2015; Vanoni et al., 2016). The efficacy of tonsillectomy suggests 

that the tonsils play a direct role in the pathogenesis of the PFAPA syndrome. 

Despite normal growth and development in pediatric patients with PFAPA, the recurrent 

nature results in significant morbidity and economic loss for patients and families. Parents often 

express their frustration regarding the lack of knowledge about PFAPA as well as the diminished 

quality of life for the patients and families during these febrile episodes, translating into missed 

school for patients and absent days from work for caregivers. From a medical perspective, much 

remains unknown about the pathophysiology of the PFAPA syndrome, with no specific 

diagnostic tests and biomarkers, making the diagnosis one of exclusion. As a result, medical care 

can be costly due to delays in diagnosis and the significant overlap of symptoms with other 

autoinflammatory diseases (Stojanov et al., 2011).  

While several groups have examined various pathways that may play a role in PFAPA, 

no consensus has been reached as to which pathway is primarily affected (Kraszewska-Głomba 
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et al., 2015). Given the high fevers and serologic inflammatory markers (such as C-reactive 

protein and erythrocyte sedimentation rate) measured during febrile episodes, IL-1 was proposed 

as a potential mediator of inflammation. To this end, a small cohort of PFAPA patients was 

treated with anakinra, a recombinant IL-1 receptor antagonist, but this resulted in an incomplete 

clinical response (Stojanov et al., 2011). In addition, the gene expression of IL-1 was measured 

in the peripheral blood of asymptomatic PFAPA patients, but there was no difference in cytokine 

levels when compared to control patients (Stojanov et al., 2011). At this time, it remains unclear 

if the incomplete response to anakinra implicates inflammatory pathways beyond IL-1 in the 

pathogenesis of PFAPA, or whether the tonsillar microenvironment specifically contributes to 

the inflammatory symptoms in a way not easily measured in the peripheral blood.   

 

Tonsil Architecture and Immune Response 

The palatine tonsils are lymphoid organs found in the Waldeyer’s ring located at the 

gateway of the respiratory and alimentary tract. Due to persistent exposure to the environment, 

the tonsils are thought to play a significant role in mucosal protection against pathogens 

(Hellings et al., 2000). The palatine tonsils sit at a critical junction between the host and the 

outside world, yet much of tonsillar immune function remains unknown. As described above, the 

innate immune system has various sensors to detect foreign proteins, polysaccharides and 

nucleotides, including the TLR family, and the cGAS pathway. Activation of nucleotide sensors 

including TLR3, TLR9, and cGAS, results in the transcription of proinflammatory cytokines and 

interferons downstream, but the role of these pathways has not been studied in PFAPA (Netea et 

al., 2011; Shu et al., 2014) (Supplementary Figure 2). The palatine tonsils are known to express 

several TLRs including TLR-2, -3, -9 (Eaton-Bassiri et al., 2004; Lange et al., 2009; McClure 
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and Massari, 2014). In addition, B cell subsets in the tonsils express TLR-1, -2, -7, -9 and -10, 

though the precise expression profiles and downstream activity may be altered by local infection 

and inflammation (Mansson, et al., 2006). Together, these studies demonstrate that the tonsils are 

a key part of the first line of defense in the immune system, through activation of the innate 

immune system as well as bridging with adaptive immune responses leading to production of 

antibodies and lymphocyte interaction (Mansson et al., 2006; Jovic et al., 2015). Given the 

effectiveness of tonsillectomy, we hypothesize that PFAPA patients have a dysregulated innate 

immune system, acting prominently in the tonsils, that results in the predictable flares.  

 

Tonsillectomy in PFAPA 

Several therapies are effective in mitigating the fever episodes but only tonsillectomy has 

been shown to be curative. The mechanism by which tonsillectomy resolves the systemic 

symptoms of PFAPA is not well understood (Licameli et al., 2008; Garavello et al., 2009; 

Broderick et al., 2015). However, tonsillectomy has been shown to be effective in other systemic 

disorders other than PFAPA syndrome, such as generalized pustular psoriasis, pustulosis 

Palmaris et plantaris, and chronic plaque psoriasis. The pathogenesis of these diseases is 

associated with anti-keratin antibodies or keratin-reactive T cells and recurrent inflammatory 

flares (Ueda et al., 2010; Takahara 2014; Wu et al., 2014). While PFAPA is not typically 

associated with dermatologic findings, the observations of persistent inflammatory episodes and 

hyperresponsiveness of the cells suggest that the palatine tonsil has a unique microenvironment 

and may drive or contribute to the febrile episodes. 
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Aims of Research 
 
 In vitro functional assays have helped characterize cellular dysfunctions in 

autoinflammatory diseases and contributed considerably to understanding the pathophysiology of 

these diseases (Banchereau et al., 2013, Holzinger et al., 2015). Since tonsillectomy is effective 

in curing patients of PFAPA, studying the tonsils directly may help us understand their role in 

PFAPA and contribute to the understanding of organ specificity of autoinflammatory disease in 

humans. In addition, we hope that this will lead to the identification of novel molecular targets 

and therapeutic strategies.  

We hypothesize that the PFAPA syndrome is an autoinflammatory disorder driven by 

tonsil tissue-specific inflammation. We will address this hypothesis through investigating the 

inflammatory mediators that underlie the pathogenesis of PFAPA, studying how febrile 

temperatures affect the tonsillar microenvironment, and evaluating the innate immune system 

signaling pathways that are affected in PFAPA derived-tonsils. Extensive characterization of 

tonsillar tissue from PFAPA patients has not previously been pursued, and may pave the way for 

discovering new biomarkers that can help diagnose PFAPA patients. 
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MATERIALS AND METHODS 

Patient samples 

Patients aged 1-17 years were recruited under an approved UCSD/RCHSD human research 

protection program protocol. Patients were diagnosed with PFAPA using the criteria proposed by 

Thomas et al., specifically periodic fever cycles of at least 2 days duration, with one or more of 

the following including pharyngitis, aphthous stomatitis and cervical lymphadenitis. In addition, 

patients underwent clinical exclusion of cyclic neutropenia, and were required to have 

asymptomatic intervals between episodes, with normal growth and development (Thomas et al., 

1999). Additionally, patients undergoing tonsillectomy for recurrent pharyngitis (diagnosed at 

the discretion of the otolaryngologist with a minimum of 4-6 episodes of Group A streptococcal 

infections per year) were recruited as an age-matched control group. 

  

Tonsillar Cell Culture 

Human tonsillar tissue was obtained post-operatively under an IRB approved protocol from 

patients with PFAPA and recurrent pharyngitis. On receipt, cells were mechanically isolated 

from human tonsillar tissue and frozen as single cell suspensions for long-term cryostorage. Cells 

were resuspended in Roswell Park Memorial Institute (RPMI) 1640 medium with 5% fetal 

bovine serum (FBS), 1% penicillin-streptomycin-glutamine (PSG), and 50μM beta-

mercaptoethanol and plated at a density of 106 cells/ml in duplicate in 24-well tissue culture 

plates (Olympus Plastics). 2×106 cells were saved for lysate preparation for baseline samples in 

Western blot (see below). After plating, the cells were incubated at 37°C for 7-10 hours to allow 

for recovery from liquid nitrogen freeze-thaw. Half of the plates are designated for 37°C 
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incubation and the other half was marked for 40°C incubation. Both the 37°C and 40°C 

incubated cells were incubated for six hours before sample collection. 

 

RNA Extraction  

Total RNA was isolated from the tonsil cells using the TRIzol reagent protocol, per the 

manufacturer’s instructions (Ambion Life Technologies). Briefly, phenol-chloroform extraction 

of RNA was used to separate the aqueous top layer, which contains the RNA, from the bottom 

organic layer, which contains the protein and the lipid of the cells. RNA was ethanol 

precipitated, dissolved in RNAse free water and stored at -70°C. In baseline samples, tonsillar 

tissue pieces were mechanically homogenized in TRIzol reagent and RNA was extracted using 

phenol-chloroform extraction as described above. 

 

RT-qPCR 

RNA was diluted to 25ng/µl prior to using the High Capacity Reverse Transcription kit to make 

cDNA per the manufacturer’s instructions (ThermoFisher). The online tool PrimerQuest from 

https://www.idtdna.com was used to design primers, selecting only for the exons and coding 

sequences, for a SYBR Green system. Primer sequences are shown in Supplemental Table 1. The 

samples were run in triplicate on a Bio-Rad C1000 Touch thermo cycler. The qPCR data was 

analyzed using the Bio-Rad CFX96 Real Time System. Excel and GraphPad PRISM were used 

to graph and statistically analyze data. Relative gene expression, determined by using the  

method, was normalized against control samples. 
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Enzyme-Linked Immunosorbent Assay  

The human IL-1Ra Quantikine enzyme-linked immunosorbent assay (ELISA) (R&D systems 

DRA00B) was used to measure the IL-1Ra protein levels in the supernatants collected from the 

cell culture experiments. The protocol was performed according to the manufacturer’s 

instructions. 

 

Lactate Dehydrogenase (LDH) Release Assay 

Cell death was assayed using a cytotoxicity detection kit (Pierce LDH Assay Kit) that measures 

the lactate dehydrogenase (LDH) released from damaged cells as a means to assess and compare 

the amount of cell death between the PFAPA and RP samples in the in vitro experiments. The 

LDH was measured in duplicates for each sample condition. The protocol was performed 

according to the manufacturer’s instructions. 

 

Western Blot 

From the baseline ex vivo samples and samples following in vitro culture, 2×106 cells tonsil cells 

were lysed and homogenized in Life Tech Lysis Buffer (50mM Tris pH 7.8, 150mM NaCl, 0.1% 

Nonidet P-40, and 1mM phenylmethylsulfonyl fluoride (PMSF)). The solubilized proteins were 

run on a 4-15% gradient gel (BioRad Mini-PROTEAN TGX Precast gel) and blotted onto a 

polyvinylidene fluoride (PVDF) membrane (Millipore Sigma IPVH00010). Anti-IL-1 receptor 

antagonist primary antibody (R&D systems AF-280-NA, used at a 1:2000 dilution) and rabbit 

anti-goat IgG HRP conjugated secondary antibody (R&D systems HAF017, used at a 1:1000 

dilution) were used to blot for IL-1Ra. Anti-phospho-IRF-3 (Ser396) (ThermoFisher 720012, 

used at 1:1000) and Goat anti-Rabbit IgG (H+L) Superclonal Secondary Antibody, HRP 
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conjugate (ThermoFisher A27036, 1:2500 dilution) was used to probe for phosphorylated IRF3. 

Anti-phosphorylated NF-κB p65 (27.Ser 536) primary antibody (Santa Cruz Biotech sc-136548) 

and anti-mouse HRP secondary antibody was used to blot for phosphorylated NF-κB p65. 

GAPDH (Abcam ab938) was used as a loading control to compare the protein concentration 

across patient samples. HeLa cells were used as a positive control for testing the antibodies. All 

Western blots were developed using enhanced chemiluminescence (Pierce ECL) or Super Signal 

West Femto reagents (Pierce) and radiography film. ImageJ was used to quantify and perform 

densitometry of bands. 

 
Statistical Analysis 

Data are expressed in means and standard error of mean (SEM) and comparisons between values 

were made using a student’s t test. A p value less than 0.05 was considered statistically 

significant. Statistics and graphing were performed in Microsoft Excel and GraphPad PRISM 

(version 5.03; Graph Pad Graph Pad Software Inc., CA). 
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RESULTS 
 
Patient characteristics 

Tonsillectomy has been shown in case series and two randomized controlled trials to lead 

to resolution of febrile episodes in PFAPA (Burton et al., 2014; Renko et al., 2007; Broderick et 

al., 2015). To evaluate the local inflammatory environment, we assessed tonsil samples from 

patients with PFAPA as defined in the Materials and Methods. On average, patients were 2.8 

years old (Table 1), and experienced fevers to a maximum of 40.1°C, lasting 3.7-5.7 days, with 

27-45 days between episodes, consistent with prior reports. In addition, reported rates of 

streptococcal negative pharyngitis (64%), aphthous stomatitis (51%) and adenitis (49%) were 

similar to earlier studies (Thomas et al., 1999; Marshall et al., 1987; Tasher et al., 2006). Less 

frequently, patients reported headache (28%), abdominal pain (26%), and arthralgias (26%) 

during episodes. All symptoms resolved between febrile episodes. PFAPA patients undergoing 

tonsillectomy had clinical courses similar to those choosing medical management (Table 1).  

 

IL1RN and TNF gene expression are significantly increased at baseline in PFAPA tonsils 

Dysregulation of the proinflammatory cytokines interleukin-1 (IL-1), interferon (IFN), 

and tumor necrosis-factor (TNF) drive the pathology of various autoinflammatory diseases 

(Jesus et al., 2015), but the etiology behind PFAPA remains undefined. To investigate which 

subtype of autoinflammatory disease best characterizes the PFAPA syndrome and define the 

tonsillar inflammatory mediators, we measured the gene expression of IL1A, IL1B, IL-1 receptor 

antagonist (IL1RN), IFNB, and TNF (Figure 1) in palatine tonsil samples. Tonsil samples from 

similarly age and gender-matched patients undergoing tonsillectomy for recurrent streptococcal 

pharyngitis were used as a control group (Table 2). While there was no difference in gene 
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expression of IL1A, IL1B, and IFNB between the patient groups, both IL1RN and TNF gene 

expression were significantly increased in the PFAPA tonsils compared to the RP tonsils.  

To compare the IL-1Ra protein expression in PFAPA to RP tonsils, Western blot was 

performed to measure IL-1Ra intracellularly. We observed IL-1Ra protein in the patient tonsil-

derived cells in both PFAPA and RP, and identified two isoforms: the secreted and intracellular 

forms. The intracellular form and overall IL-1Ra protein detected was greater in PFAPA tonsils 

compared to RP tonsils, consistent with the gene expression results observed at baseline. 

 

In vitro culture of PFAPA results in induction of inflammatory genes 

To begin to assess cell-cell interactions that may contribute to PFAPA, we cultured 

tonsil-derived cells in vitro, and measured the cytokine gene expression levels between PFAPA 

and RP tonsil-derived cells at physiologic temperatures. In contrast to the uncultured samples, 

we found differential expression of IL1A, IL1B and IFNB in PFAPA tonsil cells incubated at 

37°C, compared to RP derived cells (Figure 2). Given the known interactions between IL-1Ra 

and IFN pathways (Supplemental Figure 3) and the increased IL-1Ra we observed in baseline 

samples, this may be the first indication of an ongoing response to persistent local inflammation 

in PFAPA syndrome. 

 

Febrile temperature induces sterile inflammation in PFAPA tonsils 

Fever is the most prominent symptom that PFAPA patients experience. To determine the 

effects of febrile temperature on the cytokine signature, we incubated patient-derived tonsil cells 

in vitro at 37°C, to replicate physiologic temperature, and at 40°C, to replicate the febrile 

temperature measured in PFAPA patients (Stojanov et al., 2006). We observed that at febrile 
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temperatures, IL1A gene expression was increased in PFAPA tonsils while expression of other 

cytokines was not affected (Figure 3A). This increase was not seen in RP tonsil cells (data not 

shown). Since IL-1 is a known epithelial danger signal, indicating a sterile inflammatory 

response to cell death (Chen et al., 2007; Elkon 2007; England et al., 2014), we hypothesized 

that the increased IL1A gene expression may suggest that the PFAPA tonsils may have increased 

cell death compared to RP tonsils. Cell death was measured in our in vitro cultures via lactate 

dehydrogenase (LDH) release assays. At febrile temperatures, PFAPA tonsil cells demonstrated 

increased cell death compared to RP tonsil cells, which was not observed at physiologic 

temperatures (Figure 3B). This suggests that PFAPA derived cells have an inflammatory 

signature that is present at physiologic temperature, but responds to increased temperature with 

enhanced sterile inflammatory stress responses. 

 

Febrile temperatures lead to persistent IL-1Ra release from PFAPA tonsils 

We next asked whether febrile temperatures affected IL-1Ra release from PFAPA tonsils. 

To quantify the amount of IL-1Ra in the supernatant of the in vitro samples, ELISA was used to 

compare the IL-1Ra in the supernatant of RP and PFAPA tonsils cultures. There was no 

observed difference in IL-1Ra levels when comparing PFAPA to RP samples at 37°C, however 

there was an observed increase of IL-1Ra in the PFAPA samples at 40°C (Figure 4). This 

observation correlates with the increased cell death at febrile temperature observed from our in 

vitro experiments since cell death may result in the release of IL-1Ra into the culture 

supernatant.  
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Gene expression of TLR and cGAS signaling intermediates are not affected 

The innate immune system recognizes patterns including foreign or self-nucleotides via 

separate but interacting pathways including TLR and cGAS pathways. Receptor engagement and 

signaling induces production of proinflammatory cytokines including IL-1β and TNF (Liu et al., 

2016). With our identification of differential expression of IL1RN and TNF, we hypothesized 

that the gene expression of downstream components of the TLR and cGAS pathways may be 

altered in PFAPA tonsils compared to RP controls. RT-qPCR was performed to measure the 

gene expression of MYD88, TRIF, TBK1, and IRF3 in ex vivo tonsil samples. IRF3 gene 

expression was slightly decreased in PFAPA tonsils compared to RP tonsils at baseline, but there 

was no difference in gene expression when comparing the TRIF, MYD88, and TBK1 gene 

expression between PFAPA and RP tonsils (Figure 5).  

 

The IRF-3 and NF-κB pathways are activated in PFAPA tonsils 

 Given the subtle expression changes in IRF3 gene expression, we hypothesized that 

activation status of IRF-3 may be affected. We evaluated the phosphorylation state of IRF-3 

using Western blot and observed that PFAPA patients had increased phosphorylated IRF-3 

compared to RP patients (Figure 6A). Similarly, NF-κB also signals downstream in the TLR 

pathway and can lead to the downstream production of IL-1 and TNF. To investigate the role of 

the NF-κB in PFAPA, the phosphorylated state was measured using Western blot (Figure 6B). 

PFAPA patient tonsils had increased phosphorylated NF-κB expression compared to patients 

with RP. This suggests that both IRF-3 and NF-κB pathways are activated in PFAPA compared 

to RP tonsils. 
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DISCUSSION 
 

Autoinflammation is characterized as a defect in the innate immune system, which often 

results in systemic or organ-specific inflammation. PFAPA syndrome shares many features 

described in other autoinflammatory diseases, including recurrent fever, prominent neutrophil 

count, and mucosal findings (Marshall 1987). However, in contrast to other autoinflammatory 

diseases, much remains unknown about the pathophysiology of the PFAPA syndrome (Stojanov 

et al., 2011). While autoinflammatory diseases in general are rare in prevalence, ranging from 

1:10,000 in familial Mediterranean fever, to 1:1,000,000 for the cryopyrinopathies, a bench to 

bedside approach has led to significant understanding of the molecular mechanisms behind these 

disorders (Holzinger et al., 2015; Jesus et al., 2015). The unique efficacy of tonsillectomy in 

PFAPA syndrome suggests that the tonsils play a direct role in the pathogenesis, however much 

remains unknown about the contribution of the tonsils to disease pathophysiology and the 

success behind surgical therapy (Licameli et al., 2008; Garavello et al., 2009; Broderick et al., 

2015). A reverse translational approach was used in our experiments to understand the 

pathophysiology and to establish a link between PFAPA and autoinflammation. 

Increased levels of interleukin-1 (IL-1), type I interferons (IFN), and tumor necrosis 

factor (TNF) are cytokines often associated with inflammation and have been implicated in the 

autoinflammatory disease spectrum. Not only can these mediators act independently, but there is 

evidence of cross-talk resulting in type I interferon regulation of IL-1 and vice versa, and the 

imbalance of immune equilibrium can result in autoinflammation (Mayer-Barber et al., 2017) 

(Supplementary Figure 3). The most well-studied autoinflammatory cytokine is IL-1β, with its 

related inflammatory mediators, IL-1α, and anti-inflammatory IL-1 receptor antagonist (IL-1Ra). 

However, IL-1 may not be the only mediator in PFAPA due to the incomplete clinical response 
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to anakinra, a recombinant IL-1 receptor antagonist (Stojanov et al., 2011). A second group of 

autoinflammatory diseases are characterized as interferon-mediated, due to the efficacy of JAK 

inhibitors in resolving the symptoms, and failure to respond to IL-1 blockade (Sanchez et al., 

2018). To study the inflammatory pathways and better characterize PFAPA on the 

autoinflammatory disease spectrum, we evaluated the expression of various proinflammatory 

cytokines and interferons in tonsillar tissue in PFAPA and compared it to recurrent infectious 

pharyngitis (RP) patients. Our results suggest that PFAPA patients have tonsil-specific 

inflammation that is present even when the patients are asymptomatic. 

Ex vivo analysis of tonsillar samples showed that IL1RN (IL-1 receptor antagonist) 

mRNA expression is significantly increased in PFAPA tonsils when compared to RP tonsils. 

Protein expression was also compared intracellularly in patient tonsils and we identified two 

isoforms of IL-1Ra: the secreted and intracellular forms, with the intracellular form of IL-1Ra 

greater in PFAPA tonsils compared to RP. Beyond IL1RN, TNF showed significantly increased 

gene expression in PFAPA when compared to RP tonsils, further demonstrating evidence of 

tonsil tissue-specific inflammation in PFAPA patients even in the absence of symptoms. This 

unique cytokine signature supports our recognition of PFAPA as an autoinflammatory disorder, 

but suggests the underlying pathology is of greater complexity than the previously described 

monogenic disorders. 

To begin to assess cell-cell interactions in the tonsillar microenvironment that may 

contribute to PFAPA, we incubated tonsil-derived cells in vitro. In contrast to the single 

timepoint baseline samples, we observed that IL1A and IL1B expression levels are reduced while 

IFNB gene expression is significantly increased in PFAPA tonsils cultured at physiologic 

temperature, compared to controls. IFN-β is known to regulate the levels of IL-1α and IL-1β 
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through the induction of the anti-inflammatory cytokine IL-1Ra, which may explain the 

decreased IL-1 gene transcripts observed at physiologic temperature (Mayer-Barber et al., 2017).  

Recurrent fevers are a defining characteristic of PFAPA. To investigate the effects of 

fever on cytokine gene expression, PFAPA tonsillar cells were cultured in vitro at febrile 

temperature (40°C) to mimic a febrile episode (Jurczyluk et al., 2016). We showed that there was 

increased IL1A gene expression at febrile temperature in PFAPA tonsil cells, which was not 

observed in RP tonsil cells. IL-1 is a known epithelial danger signal, upregulated during sterile 

inflammatory responses to cell death. (Chen et al., 2007; Elkon 2007; England et al., 2014). 

Consistently, we observed increased cell death in PFAPA tonsil cells compared to RP tonsil 

cells, and this effect was more prominent at febrile temperatures. These in vitro observations 

correlate with clinical observations of malodorous, follicular exudative tonsillitis during febrile 

episodes and tissue friability during surgery during the afebrile interims. 

We also detected increased IL-1Ra in the supernatant of our in vitro PFAPA cultures, 

which may be indicative of the increased cell death at febrile temperature, and/or result of the 

feedback loop from IFN induction to regulate the levels of IL-1 and IL-1β (Mayer-Barber et al., 

2017) (Supplementary Figure 3). Together, our in vitro culture results suggested that PFAPA 

derived cells have an inflammatory signature that is present at physiologic temperature, but 

responds to temperature increases with IL1A expression and a sterile inflammatory response. 

This further supports our hypothesis that PFAPA tonsil cells express an autoinflammatory 

feedback loop that contributes to disease pathogenesis.   

To investigate the potential inflammatory pathways that are affected in PFAPA and to 

understand the relationship between the various cytokine mediators, we investigated the 

signaling pathways upstream of IL-1, TNF, and IFN-β. The TLR and cGAS pathways detect self 
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or foreign DNA and protein and signal downstream to induce the production of proinflammatory 

cytokines and interferons (Supplementary Figure 1). The gene expression of TRIF and MYD88, 

adaptor proteins in the TLR pathway, and TBK1, a signaling protein from the cGAS pathway, 

were unchanged compared to the baseline gene expression in RP patient tonsils. However, gene 

expression of IRF3 (interferon regulatory transcription factor 3), a transcription factor 

downstream and the connector of both the TLR and cGAS pathways, trended downwards in 

PFAPA tonsils compared to controls. To determine if the activation state was also affected, we 

evaluated the phosphorylation state of IRF-3 by Western blot. The increased phosphorylated 

IRF-3, in PFAPA samples compared to RP samples, with a decreased gene expression may 

represent a previously unrecognized feedback loop in the cGAS pathway.  

Recent studies have suggested that a complete innate immune response requires 

interaction of multiple PRR signaling pathways, including the IRF and NF-κB pathways 

(Iwanaszko and Kimmel, 2015). Similar to IRF3, evaluation of the phosphorylation status of NF-

κB revealed increased phosphorylated NF-κB in PFAPA tonsils, and is consistent with the 

observed increase in IL1RN and TNF gene expression. Together these results indicated that 

subclinical inflammation exists in the tonsillar microenvironment even between febrile episodes, 

and in the absence of clinical symptoms, and may explain the success of tonsillectomy in 

resolving febrile episodes of PFAPA. 

We recognize several limitations of our study. Control tonsillar samples are obtained 

from age-matched patients with culture-positive recurrent streptococcal pharyngitis since healthy 

patient tonsils are not readily available. While patients with RP similarly experience defined 

episodes with asymptomatic intervals, it is possible that some of the differences that we observed 

are a result of the underlying pathology in RP patients, which do not reflect the normal or 
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unaffected state. Our studies of the tonsillar microenvironment were limited to ex vivo and in 

vitro assays. Our baseline gene expression results were quantified from whole tonsillar tissue ex 

vivo, while our febrile response experiments were carried out in vitro and may be affected by 

culturing conditions. These methods provide us a snapshot into the mechanisms driving the 

pathogenesis of PFAPA at cellular and tissue levels outside of the patient’s body. How these 

studies differ from mechanisms occurring within the body remain unknown.  

The genetic etiology of PFAPA remains undefined, and diagnosis is limited to clinical 

features and exclusion of other autoinflammatory disorders. The identification of persistent 

inflammation in tonsils from PFAPA patients is consistent with the success of tonsillectomy, and 

provides clear rationale for consideration of surgical intervention. Furthermore, these studies lay 

key groundwork for understanding the pathophysiology behind PFAPA syndrome and direct 

future studies for validation of the proposed biomarkers. PFAPA patients expressed increased 

IL1RN and TNF gene expression when compared to pediatric patients with recurrent infectious 

pharyngitis. This distinction suggests that these cytokines may be used as potential biomarkers 

for the diagnosis of PFAPA.  Other studies have demonstrated the reliability of plasma and saliva 

as investigative tools for the measure of inflammatory marker levels (La Fratta et al., 2017). 

Measuring biomarkers through saliva may reflect the local immune processes of the oral cavity 

and characterize the localized inflammation present in PFAPA tonsils (St. John et al., 2004). 

While currently under evaluation for oropharyngeal cancers (Riis et al., 2015; Radhika et al., 

2016) the use of saliva to measure cytokine gene expression levels suggests that this 

methodology has potential to measure IL1RN or TNF as a biomarker for PFAPA diagnosis.  
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Table 1. Patients undergoing tonsillectomy have comparable clinical courses to those 
choosing medical treatment 
 

Characteristic All Patients (n = 94) Tonsillectomy (n = 63) 

Male : Female 45 : 49 (48% male) 34 : 29 (53% male) 

Age of onset 2.80 years 2.86 years 

Age at Surgery n.a. 5.78 years 

Febrile episodes 3.7-5.7 days 3.3-4.7 days 

Asymptomatic 
Intervals 

27-45 days 23-38 days 

Tmax (average, °C) 40.1°C 40.2°C  
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Table 2. Characteristics of patients undergoing tonsillectomy  
 

Patients PFAPA Patients 
Recurrent Pharyngitis 

Patients (Control) 

Male : Female 53% male 50% male 

Age of symptom 
onset 

2.86 years 4 years 

Episodes / year 9 - 13 5 – 8  

Age at Surgery 5.78 years 5.8 years 

Time to 
tonsillectomy 

3.7 years 1.8 years 
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Figure 1. IL1RN and TNF gene expression are significantly increased in PFAPA tonsils 
compared to RP tonsils. (A) RNA was isolated from whole tonsillar tissue and RT-qPCR was 
performed for IL1A, IL1B, IL1RN, IFNB, and TNF in RP (n=6) and PFAPA (n=12) tonsils. The 
data were normalized to the RP samples. Error bars are mean and standard error of the mean 
(SEM). An asterisk denotes a significant difference (*, p<0.05; **, p<0.01; by student’s t-test). 
(B) Cell lysates from patient-derived tonsillar cells were immunoblotted with anti-IL-1Ra 
antibody. The secreted form of IL-1Ra at 18kDa is the same in RP and PFAPA tonsils but 
intracellular IL-1Ra at 17kDa is slightly increased in PFAPA. Equal loading was verified by 
blotting with the loading control GAPDH. Each lane represents a different patient; RP (n=3) or 
PFAPA (n=3).  
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Figure 2. PFAPA tonsils exhibit altered inflammatory gene expression in vitro. RNA was 
isolated from recurrent pharyngitis (RP, n =5) and PFAPA (n=8) derived whole tonsillar tissue 
incubated at 37°C and RT-qPCR was performed for IL1A, IL1B, IFNB, and TNF. The data were 
compared relative to RP samples respective for each gene. Error bars are mean and standard 
error of the mean (SEM). An asterisk denotes a significant difference (*, p<0.05, by student’s t-
test).  
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Figure 3. Febrile temperature induces sterile inflammation in PFAPA tonsils. (A) RNA was 
isolated from PFAPA derived whole tonsillar tissue and RT-qPCR was performed for IL1A, 
IL1B, IFNB, and TNF. The data were compared relative to the untreated samples incubated at 
37°C (n=8). (B) The cell death was compared in PFAPA (n=4) and recurrent pharyngitis (RP, 
n=1) tonsils, measuring lactate dehydrogenase (LDH) release into the supernatant of the cell 
culture experiments, performed in duplicate. Error bars are mean and standard error of the mean 
(SEM). An asterisk denotes a significant difference (*, p<0.05, by student’s t-test). 
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Figure 4. Febrile temperatures lead to increased IL-1Ra release from PFAPA tonsils. IL-
1Ra protein concentration in the supernatant of the cell culture experiments was measured in an 
ELISA in PFAPA (n=10) tonsils and recurrent pharyngitis (RP, n=5) tonsils after incubation at 
37°C and 40°C. Error bars are mean and standard error of the mean (SEM). (*, p<0.05, by 
student’s t-test).  
 



 

 29 

 

RP PFAPA
0

1

2

3

M
Y

D
88

 R
el

at
iv

e 
G

en
e

 E
xp

re
ss

io
n

RP PFAPA
0

1

2

3

T
B

K
1

 R
el

at
iv

e 
G

e
n

e 
E

xp
re

ss
io

n

RP PFAPA
0

1

2

3

T
R

IF
 R

el
at

iv
e 

G
e

n
e 

E
xp

re
ss

io
n

RP PFAPA
0

1

2

3

IR
F

3
 R

el
at

iv
e 

G
en

e 
E

xp
re

ss
io

n

p=0.09

A B

DC

 
 

Figure 5. Gene expression of TLR and cGAS signaling intermediates are not affected. RNA 
was isolated from whole tonsillar tissue and RT-qPCR was performed for TRIF, MYD88, TBK1, 
and IRF3. (A) TRIF, (B) MYD88, and (C) TBK1 gene expression are the same in recurrent 
pharyngitis (RP, n=6) and PFAPA (n=11-12) patient tonsils. (D) IRF3 gene expression is slightly 
lower in PFAPA tonsils compared to RP tonsils (p=0.09). The data were normalized to the RP 
samples and the RP tonsil samples were normalized to a value of 1. Error bars are mean and 
standard error of the mean (SEM). Statistics performed by student’s t-test.  
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Figure 6. Phospho-IRF-3 and phospho- NF-κB pathways are activated in PFAPA. (A) Cell 
lysates from patient-derived tonsillar cells were immunoblotted with anti-phospho-IRF-3 
antibody and (B) immunoblotted with anti-phospho-NF-κB (RelA) antibody. Equal loading was 
verified by blotting with the loading control GAPDH. Each lane represents a different recurrent 
pharyngitis (RP, n=4) or PFAPA (n=4) patient. Densitometry is shown below each respective 
blot. Error bars are mean and standard error of the mean (SEM). An asterisk denotes a significant 
difference (*, p<0.05, by student’s t-test).  
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Supplementary Table 1. Sequence of Primers Used for Expression Analysis (RT-qPCR) 
 

Gene of Interest Primer Sequences 5' → 3' 

ACTB 
AAGTCAGTGTACAGGTAAGCC 
GTCCCCCAACTTGAGATGTATG 

IL1A 
AGTTCTTAGTGCCGTGAGTTTC 
GTGACTGCCCAAGATGAAGA 

IL1B IDT PrimeTime Assay Hs.PT.58.40959974 

IL1RN 
TTGTCCTGCTTTCTGTTCTCG 
CTGTCCTGTGTCAAGTCTGG 

TRIF 
CTGGAACAGTGAATGGGTAGG 
GAAGGCGCTAGGAAGTGATG 

MYD88 
CAGAGGAGGATTGCCAAAAG 

GGGGTCATCAAGTGTGGTG 

IRF3 
CTGCAGGGTTACGGGAATAA 

CCAGAATGTCTTCCTGGGTATC 

IFNB 
AGCTGAAGCAGTTCCAGAAG 
AGTCTCATTCCAGCCAGTGC 

TNF 
GGAGAAGGGTGACCGACTCA 

CTGCCCAGACTCGGCAA 

TBK1 
CCTCCCTAAAGTACATCCACG 
CAATCAGCCATCGTATCCCC 
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Supplementary Figure 1. The toll-like receptor pathway and cGAS pathway The toll-like 
receptor (TLR) pathway detects pathogenic components or nucleotides extracellularly or in the 
endosome to trigger downstream signaling through TRIF-dependent or MyD88-dependent 
pathways. cGAS is a sensor that detects double stranded DNA and can also signal to the TLR 
pathway through IRF3. Both cGAS and the TLR pathway can result in the production of 
proinflammatory cytokines and interferons.  
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Supplementary Figure 2. The fever cycle in PFAPA syndrome. PFAPA patients have fevers 
that occur on average every 3-6 weeks and last for 3-6 days. Surgical removal of the tonsils, 
typically performed during the asymptomatic periods, has shown to be curative (Renko et al., 
2007; Burton et al., 2014; Broderick et al., 2015).  
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Supplementary Figure 3. Cross-regulation between interleukin-1 and interferon pathways. 
The IL-1 and interferon inflammatory pathways interact by exerting opposite biological 
outcomes to regulate the opposing pathways. Type I interferons reduce IL-1α and IL-1β 
signaling through the induction of anti-inflammatory cytokines (Modified from Mayer-Barber et 
al., 2017).  
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