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Abstract

PFAPA is an autoinflammatory syndrome characterized by periodic fever, aphthous stomatitis, sterile pharingitis, and
adenitis, with an onset usually before the age of five. While the condition is most commonly sporadic, a few cases are
familial and are usually compatible with an autosomal dominant (AD) transmission pattern, with reduced penetrance in some
pedigrees. We performed exome analysis in a family where PFAPA was present in three relatives in two generations
showing apparent AD segregation, identifying several rare and/or novel heterozygous variants in genes involved in the
autoinflammatory pathway. Following segregation analysis of candidate variants, only one, c. 2770T>C p.(S924P) in the
ALPK] gene, was found to be consistently present in affected family members. ALPK] is broadly expressed in different
tissues and its protein is the intracellular kinase activated by the bacterial ADP-heptose bisphosphate that phosphorylates and
activates TRAF-Interacting protein with Forkhead-Associated domain (TIFA) and triggers the immediate response to Gram-
negative bacterial invasion. Sequencing analysis of 13 additional sporadic cases and 10 familial PFAPA cases identified two
additional heterozygous missense variants c¢.1024G>C p.(D342H) and c¢.710C>T p.(T237M) in two sporadic patients,
suggesting that rare variants in ALPKI may represent a predisposing factor for recurrent periodic fever in a pediatric
population.

Introduction

PFAPA syndrome was described for the first time in 1987 in
12 children showing the association of recurrent periodic
fever along with aphthous stomatitis, pharyngitis and ade-
nitis, in the absence of evidence for infection [1]. The dis-
ease usually starts before the age of 5 years and it tends to
disappear before reaching adulthood, although occasionally
onset in adulthood has been described [2]. Recurrent fever
is the main symptom. It tends to recur weekly or monthly,
lasts up to 5 days and can reach up to 39.5 °C [3]. It usually
responds to low doses of corticosteroids, although this
treatment does not prevent its recurrence [4]. The condition
does not have an impact on the development of the children
with PFAPA. This syndrome has an incidence of 2.3 cases
per 10000 children per year [4]. The main burden for
patients and their families is represented by the difficulty of
excluding other potentially treatable causes of fever, such as
infections, autoimmune diseases or cancer. PFAPA should
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be considered as an autoinflammatory disease with a com-
plex pathogenic architecture, and predisposing genetic
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factors along with environmental triggers could contribute
to onset of the disease [5]. For this reason, PFAPA, unlike
other mendelian autoinflammatory syndromes, has been
considered a sporadic, non-hereditary condition [6].
Recently a series of familial cases have been published
highlighting the possibility that a mendelian transmission
may underlie also some sporadic occurrences [7-9]. Several
confounding factors, including penetrance defect (up to
50%) in some families [10], non-specific symptoms that can
overlap with other common pediatric illnesses, and the
disappearance of manifestations before adulthood, which
can easily induce to overlook familial recurrence, compli-
cate the assessment of genetic mechanisms. Recurrent fever
represents a symptom common to other autoinflammatory
conditions with known genetic bases and therefore it may
be difficult to distinguish PFAPA from the other periodic
fever syndromes especially for Familial Mediterranean
Fever in endemic countries. For this reason, PFAPA
patients are routinely tested for variants in genes already
implicated in mendelian periodic fever syndromes [11, 12].
However, so far no clear-cut pathogenic variants (PVs) in
known genes have been found in PFAPA cases either
sporadic or with family history. A de novo translocation
interrupting the SPAG7 gene was found in a sporadic
patient, but no additional PVs have been found in other
patients [13]. A common polymorphism in CARDS has
been shown to be associated with the disease in a single
study [14], but this result needs validation in other cohorts
of patients. An exome study on ten familial patients failed to
identify common PVs among them [10], while a panel of
genes involved in auto inflammation in a large patient series
failed to identify indisputably pathogenic variants [14].

For this reason, we decided to perform an exome analysis
in a family where PFAPA segregates with an autosomal
dominant pattern. After filtering, all novel/rare hetero-
zygous variants were prioritized based on their involvement
in the autoinflammatory pathway. All variants, but one in
the ALPKI gene, were excluded by segregation analysis.
Sanger sequencing of the coding region of ALPKI in 23
additional suspected PFAPA patients identified two addi-
tional variants.

This study suggests that rare heterozygous variants in the
ALPK] gene represent a predisposing factor that along with
environmental triggers can cause recurrent periodic fever in
a pediatric population.

Materials and methods

Patients

All patients were referred to the Medical Genetics Clinics of
Fondazione Policlinico A. Gemelli at the Universita
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Cattolica del Sacro Cuore with a suspicion of periodic
recurrent fever and/or autoinflammatory systemic disorder.
A total number of 200 patients were recruited from 2014
until present. Bioethical approval for this study and
informed consent was obtained to extend the molecular
analysis to other genes for research purposes, if the diag-
nostic test failed to show pathogenic variants.

We selected from this cohort of 200 patients, cases with a
clinical suspicion of PFAPA. Our clinical criteria for
PFAPA were not very stringent, as we included in this study
all patients with a pediatric onset of recurrent fever, and
decided that, at this stage, all the other symptoms associated
with PFAPA (such as aphtae and adenitis) should not be
considered strong enough criteria to make a clinical selec-
tion. Using these relaxed clinical criteria, we selected 23
patients. Clinical synopsis of our patients is described in
Supplementary Table 1. For each patient a blood sample
was obtained, and the DNA was extracted (using standard
procedures), coded and stored at 4 °C until the analysis was
performed. All PFAPA patients were tested for 10 genes,
described below, previously found involved in periodic
recurrent fever. None of them carried pathogenic variants or
variants of uncertain significance in any of these genes. Ten
of our PFAPA patients were familial cases with one or more
first-degree affected relatives showing a possible apparent
dominant inheritance, the remaining had a negative family
history or there were no information available.

Next generation sequencing (NGS) analysis of genes
involved in autoinflammatory diseases

Ten genes were selected based on their previous
association with periodic recurrent fever, ILIRN(OMIM
147679), LPIN2(OMIM605519), MEFV(OMIM608107),
MVK(OMIM251170), NLRP3(OMIM606416), NLRP12
(OMIM609648), NOD2(OMIM605956), PSMBS
(OMIM177046), TNFRSF1A(OMIM191190) and PSTPIP1
(OMIM606347). Some of those genes are involved in
syndromic forms of periodic fever, most with an autosomal
dominant inheritance. Libraries, emulsion PCR, sample
enrichment and sequencing were performed on an Ion
Torrent platform, using Life Technologies reagents
(Thermo Fisher Scientific), following manufacturer recom-
mendations. For each sample an average coverage of
600X for 98% of the exons was obtained. Sanger sequencing
filled up regions with no or poor coverage. Reads alignment,
variant calling and annotation were done using the Ion
Reporter software. For most variants a confirmation by
Sanger sequencing was not deemed necessary, however
some variants were confirmed when the segregation analysis
was performed in other family members. Sanger sequencing
was done also on a few variants where the low coverage did
not allow to immediately confirm their presence.
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Exome sequencing and analysis

Whole exome sequencing analysis was done on service at
Galseq SRL (Bresso, Milan) requesting an average cov-
erage of 60X on an Illumina platform. For each patient a
pair of fastq files was delivered. These were subsequently
mapped and filtered using the online platform Galaxy
[15]. We customized the following pipeline: we mapped
paired reads using Burrows Wheeler Aligner for Illumina
[16] then removed duplicates and performed variant
calling using FreeBayes. The ensuing vcf file was then
annotated using wAnnovar [17]. All bioinformatic ana-
lyses were done following best practices recommenda-
tions [18, 19]. To evaluate the frequency of each variant
we searched the gnomAD database, while the in-silico
analysis of each missense variants was done using the
website Varsome.com.

The variant annotated file was then filtered using func-
tions on Microsoft Excel. All the variants were then prior-
itized using Pubmed Fetcher and Genie online software,
interrogating Pubmed with the list of genes coming out
from our analysis and the following keywords (“innate
immunity”, “autoinflammatory disease”, “inflammasome”,
“periodic fever”, “recurrent fever”). From each search, a list
of genes was generated. All the genes and their variants
were manually inspected loading all the reads as a custom
track on the UCSC genome browser to confirm their pre-
sence and their frequency on gnomAD database.

LEINT3

Sanger sequencing of ALPK1

Intronic primers flanking coding exons were designed using
Primer3 application on the UCSC genome browser. Primer
sequences will be provided upon request. Each amplicon
was PCR amplified using the following standard cycles:
95°C 5min, 95°C 30s, 60°C 30s, 72°C 15s, for 34
cycles, final extension at 72 °C for 15 min. 2.5 microliters of
each amplicon were purified with 0.5 ul of a 1:1 mixture
of Exomicnuclease III and Shrimp Alkaline Phosphatase
at 37°C for 15min followed by heat inactivation at
80°C. Cleaned up PCR product was sequenced using
BigDye terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems, Foster City, CA) in a final volume of 10 pl
and run on a 3130 Genetic Analyzer (Applied Biosystems,
Foster City, CA). The electropherograms were analysed
by the Sequencing Analysis v5.2 software (Applied
Biosystems, Foster City, CA). Variants ¢.2770T>C,
¢.1024G>C, ¢.710C>T were submitted to LOVD database
(http://www.lovd.nl/ALPK1 patient ID #00218417,
#00218656, #00218657). The accession number for the
ALPKI1 sequence was NM_025144.3. Exons were counted
on the NM_ 025144.3 transcript using the UCSC genome
Browser.

Results

Patient #205 had a clinical diagnosis of PFAPA. In his
family recurrent fever was present in his father and paternal
aunt and was absent in his brother and sister (Fig. 1a). Panel
testing of 10 genes involved in recurrent fever syndromes
did not reveal any PV (see Supplemental Material and
Methods). We performed exome analysis and included in
the subsequent analyses all the variants identified within
the coding/splicing regions, with a good coverage, hetero-
zygous, absent in duplicated regions and with a minor allele
frequency <0.001 in the gnomAD population. About 1000
variants were left to be scrutinized. To prioritize them we
submitted each gene to several software programs to inter-
rogate Pubmed about proteins that have already been
involved in the autoinflammatory pathways, using as key-
words ‘“‘autoinflammatory”, “innate immune system”,
“inflammasome”, “periodic fever”, and “recurrent fever”.
From each search, a list of candidate genes was generated,
usually between 50 and 100. Each variant was manually
inspected to confirm that it had a good coverage and was
not a common polymorphism in gnomAD. After this search,
a list of nine variants was generated (Table 1). These were
validated by Sanger sequencing and their segregation ana-
lyzed in the remaining individuals of the family. The only
variant showing full co-segregation with the phenotype
according to an autosomal dominant model, fully penetrant,
was the variant ¢.2770T>C p.(S924P) in the ALPKI gene
(Fig. la). The frequency of this variant in gnomAD is
2/246066 (all alleles were in the non-Finnish European
population for a frequency of 2/111532): considering the
rarity of this variant compared to the estimated prevalence
of PFAPA in the general population, we considered this
gene a good candidate to be tested in other PEAPA patients.
Therefore, we investigated the coding sequence of ALPK]
in a cohort of 23 additional PFAPA patients to identify
additional potentially pathogenic variants. All these patients
have already been tested with negative results for variants in
genes known to be involved in other recurrent fever syn-
dromes (see Material and Methods). We found in a sporadic
case (#167) one additional variant, c.1024G>C p.(D342H).
This variant has a frequency of 18/276930, with a frequency
of 1/126488 in the non-Finnish European population in the
gnomAD dataset (Fig. 1b). We re-contacted the family to
investigate the parental origin, but the parents were not
available for further testing or clinical evaluation for
PFAPA symptoms. A third variant, ¢.710C>T p.(T237M),
was found in a sporadic case (#197) and it is absent in
gnomAD (Fig. 1c). When we re-contacted this patient to
investigate family history, we discovered that he had a more
complex phenotype with anhidrosis, blood pancytopenia,
splenomegaly, optic neuritis and panuveitis, in addition to
PFAPA symptoms. A detailed clinical description is
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p.(S924P)
b CcaceTGe GACGTGG
GAGAGATCATGAGCCT GACATGG
WT WT
p.(D342H) | p.(T237M)

substitution, segregating with the phenotype. b Variant p.(D342H) in
patient #167. ¢ Variant p.(T237M) is present only in the proband while
is absent in his first-degree cousins parents

Fig. 1 Pedigrees and electropherograms showing ALPKI variants.
a Pedigree of individual #205 (arrowhead), showing an autosomal
dominant transmission. Variant C>T predicts a p.(S924P) missense
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Table1 List of candidate variants identified through a Pubmed search of genes involved in the innate immunity. Exons are numbered according to
their corresponding accession number sequence

GENE Location (hgl9) Variant

CD34 chr1:208084391 CD34:NM_001773.2:exon1:c.35G>T:p.(R12M),CD34:NM_001025109.1:exon1:¢.35G>T:p.(R12M)

NFACT  chrl8:77246684 NFATCI1:NM_172387.2:ex0n9:¢.2490C>A:p.(C830Ter),NFATC1:NM_001278669.1:exon9:¢c.2529C>A:p.
(C843Ter),NFATC1:NM_001278673.1:exon8:c.1113C>A:p.(C371Ter)

LTBR chr12:6497581 LTBR:NM_002342.3:exon7:c.685G>T:p.(A229S),LTBR:NM_001270987.1:exon7:¢c.628G>T:p.(A210S)

MAPK7  chr17:19285538 MAPK7:NM_139032.2:exon3:c.1505A>C:p.(H502P),MAPK7:NM_139034.2:exon5:c.1922A>C:p.(H641P),
MAPK7:NM_002749.4:exon5:c.1922A>C:p.(H64 1P), MAPK7:NM_139033.2:exon5:c.1922A>C:p.(H641P)

BCR chr22:23523321 BCR:NM_021574.2:exonl:c.174C>A:p.(Y58Ter),BCR:NM_004327.3:exonl:c.174C>A:p.(Y58Ter)

HDACI11 chr3:13545744  HDACI11:NM_024827.4:exon9:c.800G>A:p.(R267H),HDAC11:NM_001136041.2:exon9:c.647G>A:p.(R216H)

CD70 chr19:6590962  CD70:NM_001252.5:exon1:c.52G>A:p.(V18I)

ROCK2  chr2:11427813  ROCK2:NM_004850.5:exon2:c.191 A>T:p.(K64I)

PKN2 chr1:89299076  PKN2:NM_006256.4:exon22:c.2900A>T:p.(D967V)

ALPKI1 chr4:113353473 ALPKI1:NM_025144.4:exonl1:¢c.2770T>C:p.(S924P),ALPK1:NM_001253884.1:exon10:¢c.2536T>C:p.(S846P),
ALPKI1:NM_001102406.1:exon11:¢c.2770T>C:p.(S924P)

PSMB9  chr6:32822060 PSMB9:NM_002800.5:exon1:c.54C>A:p.(H18Q)

BCR chr22:23523183 BCR:NM_021574.2:exon1:c.36G>T:p.(K12N),BCR:NM_004327.3:exon1:¢.36G>T:p.(K12N)

NRLP9Y chr19:56226545 NLRP9:NM_176820.3:exon6:c.2377G>A:p.(E793K)

TLR4 chr9:120466772 TLR4:NM_138554.5:exon1:c.22G>A:p.(A8T)

provided in Supplementary Table 2. His parents were also
first-degree cousins. Searching the web, looking for addi-
tional data on ALPKI, we came across a poster [20]
describing a Utahn family, where an almost identical phe-
notype was present in a mother and her two daughters, who
were half-sisters [21]. All three individuals were hetero-
zygotes of the ALPKI ¢.710C>T p.(T237M) variant, that
had occurred de novo in the affected mother. Segregation
analysis in our family showed that the p.(T237M) variant
was also de novo in our proband. In the light of parental
consanguinity, we decided to rule out the potential con-
tribution of other recessive homozygous alleles to the
phenotype. To this aim, we performed exome analysis on
patient #197. For variant priorization we used a scheme
similar to that described above, but no clear rare pathogenic
homozygous alleles that could explain some of the mani-
festations (see Supplementary Table 2) were present in our
patient and not shared by the Utahan family were.

The potential pathogenic role of the three variants in
ALPK] was evaluated using common in silico analyses
(Table 2). All different software were concordant in defin-
ing a strong predictive damaging effect for c. 710C>T p.
(T237M), while for the other two variants the predictions
were conflicting. However, the two mutated residues are
highly conserved, based on the GERP and DANN scores.

Discussion

In this study we identified through exome sequencing a
variant in the ALPKI gene in a patient with a clinical

diagnosis of PFAPA. Segregation analysis showed that the
variant was present in all affected individuals, while it was
absent in unaffected relatives. Two additional missense
ALPK] variants were found in 2 out of 23 patients with a
clinical diagnosis of PFAPA in whom ALPKI was tested by
Sanger sequencing. Given the extreme low frequency of
these variants, carriers of those variants in the gnomAD
population could represent individuals with PFAPA,
especially because in one of our cases periodic fever
disappeared during adolescence. The other possible expla-
nation is a potential penetrance defect of those variants, or
the complex pathogenic architecture of autoinflammatory
diseases requiring the presence of environmental triggers to
cause the disease, or the disease could have gone into
remission in adulthood and therefore could have been
“forgotten”. All these three missense variants were in dif-
ferent regions of the protein; according to common software
analysis, all three variants were present in highly conserved
genomic positions with a potential effect on the function of
the protein.

Compared to the other two ALPK] variants identified in
this study, p.(T237M) shows peculiar characteristics. The
patient who carried p.(T237M) had additional clinical
manifestations that are usually not associated with PFAPA.
p.(T237M) has been reported in an Utahan family with a
complex phenotype strikingly similar to that displayed by
our proband. The clinical manifestations in the Utahan
family [21] and the comparison with our patient are
described in Supplementary Table 1. The main difference
between the American patients and our patient is the lack of
the recurrent fever, or other signs of PFAPA in the former,

SPRINGER NATURE
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th missense variants identied p(5924P) p(D342H) p(T237M)
in our analysis DANN Score Score Score
0.9928 0.9803 0.9974
MutationTaster Prediction Prediction Prediction
Polymorphism Polymorphism Disease causing
FATHMM prediction prediction prediction
Tolerated Tolerated Tolerated

FATHMM-MKL

coding prediction

coding prediction

coding prediction

Neutral Neutral Damaging
MetaSVM prediction prediction prediction

Tolerated Tolerated Tolerated
MetalR prediction prediction prediction

Tolerated Tolerated Tolerated
GERP NR NR NR

5.25 5.7199 5.28
phyloP20way mammalian mammalian mammalian

0.9639 0.953 0.8519
phyloP100way vertebrate vertebrate vertebrate

10.149 12.469 33.139
SiPhy29way logOdds rankscore logOdds rankscore logOdds rankscore

fitCons-gm (GM12878)

0.3969

fitCons confidence value

0.2354

fitCons confidence value

0.4029

fitCons confidence value

0 0 0
phastCons20way mammalian mammalian mammalian
0.9509 0.1049 0.596
phastCons100way vertebrate vertebrate vertebrate
0.1209 0.001 0.995
LRT prediction prediction prediction
Neutral Neutral Neutral
MutationAssessor prediction prediction prediction
Low Low Medium
SIFT prediction prediction prediction
Damaging Damaging Damaging
Provean prediction prediction prediction
Neutral Neutral Neutral

despite extensive search for manifestations of autoimmune
reactivity, since anhidrosis, uveitis, optic nerve neuritis,
pancytopenia and splenomegaly were suspected to be the
consequence of an abnormal activation of the immune
system. Our patient also had keratoconus, enamel defects
and hyper-intense lesions in the brain white matter sug-
gesting a mild form of leukoencephalopathy. It is interesting
to note that although patient #197 in this study does not
have a classical PFAPA phenotype, most of his symptoms
are part of the autoinflammatory spectrum, including the
dyserythropoietic anemia that is described in Majeed syn-
drome [22].

Moreover, we excluded, by exome sequencing, the pre-
sence of other recessive alleles that could explain the

SPRINGER NATURE

recurrent fever, keratoconus and leukoencephalopathy.
There is a possibility that our patient and the Utahan patient
show just an accidental resemblance, but we found this
hypothesis extremely unlikely given the unique series of
symptoms present in both cases. All those symptoms are
per se not common and their combination has never been
described before. Different approaches for the identification
of the ALPKI variants were used in this case and in the
Utahan pedigree. In this study, ALPKI has been tested as a
candidate gene in a cohort of PFAPA patients, while in the
Utahan family exome testing was performed. Our finding
may provide independent evidence for a causative role of
ALPK], and specifically of variant p.(T237M), in patients
with this phenotypic condition.
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We are aware that variants with a low frequency do not
imply immediately pathogenicity, but the approach that led
to the identification of this gene and the three variants in our
cohort of PFAPA patients is noteworthy. We did not use a
biased candidate gene approach, but we started from var-
iants derived from the whole exome and prioritized them
using candidate keywords. In the short list presented
(Table 1), there were apparently more suitable candidates,
i.e. TLR4 or NLRP9, but the subsequent segregation ana-
lysis, that could provide unbiased evidence for candidate
genes, excluded them all, but ALPKI. Then, the two addi-
tional variants found in a limited cohort of PFAPA patients
made this finding stronger.

The role of the ALPK1 protein just recently emerged in
the literature [23-27]. It represents the intracytoplasmic
kinase activated upon contact with the ADP-heptose
biphosphate present in Gram-negative bacteria. This event
activates ALPK1 kinase that phosphorylates TIFA protein
leading to its oligomerization and to the activation of the
NLRP3 inflammasome, thus turning on several cytokines
involved in innate immunity [28]. We hypothesize that all
three variants could have an activating effect on the kinase;
this could happen in the absence of bacterial infections or it
could be triggered by a bacterial infection that causes
uncontrolled activation followed by fever and other sterile
inflammatory manifestations of PFAPA. The variant p.
(T237M) could represent an extreme phenotype of the same
spectrum, where NLRP3 inflammasome activation mediated
by an overactive ALPK1 kinase could trigger all the phe-
notypic aspects described in carriers of this variant. ALPK]
has never been implicated before in the periodic fever
syndromes, but its role in the innate immunity is well
established and previous genomic studies found an asso-
ciation, in some populations, between specific ALPKI var-
iants with gout [23, 29, 30], that is considered a polygenic
autoinflammatory disease. Future analyses on additional
patients, even with an extended autoinflammatory pheno-
typic spectrum and functional tests on mutated ALPKI
proteins, will help to identify a precise role for this gene in
the recurrent fever phenotype.

Web resources

Galaxy server https://usegalaxy.org/

Galaxy Biomina Server https://galaxyproject.org/public-ga
laxy-servers/biomina/

Pubmed Fetcher http://biominavm-galaxy.biomina.be/
Genie http://cbdm-01.zdv.uni-mainz.de/~jfontain/cms/
wAnnovar http://wannovar.wglab.org/

gnomAD http://gnomad.broadinstitute.org/

Varsome https://varsome.com/

Genome browser https://genome.ucsc.edu

Accession numbers

The accession number for the ALPKI sequence reported in
this paper is GENBANK: NM_025144.3.
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